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Abstract

The Standard Model (SM) of particle physics explains the nature of the universe.
On the other hand, shortcomings of this framework are also pointed out by sev-
eral observations in cosmologies and theoretical unnatural assumptions. Several
physics models beyond the Standard Model (BSM) are proposed to describe a
complementary solution. These models have been investigated, but no evidences
have been observed yet. Lepton-Flavor-Violating decay of the charged leptons
(cLFV) is one of the important probes to search for the BSM signature because
it is strictly suppressed in the SM framework. The cLFV processes in decay of
muons and 7 leptons have been searched for in several experiments using col-
liders and muon beams. The 7 — 3u decay is the one of the cLFV channels
motivated by several models beyond the SM. No signatures have been observed
in this channel, but the sensitivity is worth improving.

Large Hadron Collider (LHC) provided proton-proton collisions with the center-
of-mass energy of 8 TeV and 13 TeV in 2012 and after 2015, respectively. This is
the highest energy to date, and enables to search for several BSM signatures in
higher energy scale. Large number of 7 leptons are also produced in the proton-
proton collisions. Therefore, this enables to search for not only direct production
of new particles, but also rare decays of 7 leptons. The ATLAS experiment is
one of the experiments running in the LHC. The detector is designed to detect
SM particles with large acceptance, therefore the BSM signatures are searched
widely.

The search for 7 — 3u signature had not been considered in ATLAS before,
but it is possible by using 7 leptons from decay of W bosons and heavy flavored
(HF) mesons. In this thesis, the first result of the search in ATLAS is described
using the data with an integrated luminosity of 19.2fb~! in 2012. The evidence of
the cLFV signature was not found in this search, and the upper limit for branching
ratio of 7 — 3 is set to be 3.67 x 1077, focusing on the W-originated signature.
This is not the most stringent limit, although the possibility of the search in
ATLAS is established. In addition, the prospects in the future run with 100 fb™!
is described. The sensitivity should be improved by the increased number of 7
lepton with the higher center-of-mass energy, luminosity and efficiency in Run 2.
A new approach using HF-originated 7 leptons is also considered in the future
analysis. The expected sensitivities of the branching ratio to 3u decay is estimated
using data taken in 2016 to be 4.1 x 10~8(W) and 5.6 x 10~7(HF). These numbers
are expected to be further improved by the optimization for each channel and the
combination.
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Part 1

Introduction to 7 — 3u search in
the ATLAS experiment



Chapter 1

Motivation and overview of the
search

The frontiers of experimental technique and instruments allow us to investigate
the most essential description of nature in elementary particle physics. Most of
results from high energy physics experiments support the Standard Model (SM)
framework of the particle physics, while there are still several mysteries which
cannot be explained. In order to discover the theory complementing such short-
comings of the framework, it is necessary to search for new phenomena Beyond
the Standard Model (BSM). High energy experiments can explore the evidence
with both direct and indirect approaches. One of the most important probes of
anomaly in SM is to search for violation of the flavor conservation. This flavor
violation signature has historically led to the physics of mixing of quarks, and
is also expected to lead to BSM in decay of leptons. In this chapter, theoretical
and historical background are described, focusing on the flavor conservation and
violation.

1.1 The Standard Model of Particle Physics

The SM framework describes particles and interactions in the universe [1, 2].
These particles are composed of fermions (Table 1.1) and bosons (Table 1.2).
Fermions construct the matter, while bosons play a role in interactions and the
Higgs mechanism.

Fermions are separated into quark and lepton sectors. Each sector consists of
six kinds of particles which are classified by their charges and flavors. A quark has
color charge of the strong interaction (also known as Quantum ChromoDynam-
ics), in addition to charge of electroweak interaction. On the other hand, leptons
do not possess color charge and hence do not interact via QCD. Nature of the
particles in each sector is similar to each other, nevertheless these are recognized
as different particles by the flavor. This flavor is defined as the eigennumber of
each kind of particle, and invariance of the initial state and final state of the par-
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Table 1.1: Fermions in the SM framework. In the row under the symbol of each
particle, the mass which is measured or limited by the experiments is shown.

generation L )
1st 2nd 3rd cHarge | spin
e 1 T 1
511 keV 105.7 MeV 1.777 GeV
Leptons 1/2
Ve vy, v, 0
< 22eV < 0.17MeV < 15.5MeV
U C t 2/3
~23MeV ~1275GeV ~ 173.07 GeV
Quarks 7 . : 1/2
~48MeV  ~ 95MeV ~ 4.18 GeV -1/3

Table 1.2: Bosons in the SM framework. In the same way as Table 1.1, the mass
of each boson is also shown.

charge | spin | Interaction(mechanism)
gluoon(g) 0 1 strong
photgn(fy) 0 1 electro-magnetic
Gauge bosson
Z 0 1
91.2GeV weak
w +1 1
80.4 GeV
Scalar bosson | Higgs(h) : :
1256 CeV 0 0 Higgs mechanism

ticle interaction holds except for charged current electroweak interaction (quark
mixing). In the quark sector, flavor is determined for each particle, i.e. flavor
of up, down, strange, charm, bottom, and top are defined. Flavors for the lep-
ton sector are also determined for electron, muon, tau, and each corresponding
neutrino. Furthermore, three generations of doublets are defined for the pair of
up type-down type and charged-neutral for quarks and leptons, respectively. The
quantum number of flavor is inverted by the charge conjugation transformation,
hence the anti-particle has the negative number while with the same flavor.
Three types of interactions are represented by the field and bosons propagat-
ing between particles. Interactions are described as the exchange of the bosons
based on the gauge theory. Therefore, gluon, photon, and weak bosons (/W and
Z) are called as gauge bosons, and represent QCD, electro-magnetic, and weak
interactions, respectively. These bosons are introduced as the particle by quan-
tization of the vector field, which confirms the invariance of the Lagrangian with
a transformation of the free property (gauge). In other words, propagation of
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the force is caused by the conservation of the gauge symmetry. Higgs mechanism
introduces the scaler field to express the mass of the particles by the coupling
with the boson of the field, called as Higgs boson. In order to accommodate these
gauge invariant interactions with fermions and the Higgs mechanism inclusively,
the SM Lagrangian is defined as

1
ESM - — ZFNVFHV

+ i?ﬁ’y”D#w + h.c.
+ iyyhio + hec.
+[Dugl? =V (9), (1.1)

where ' and D are the field strength tensor and the covariant derivative for
each gauge field, respectively, and « is the Dirac matrix for the dimension. y;
and V(¢) describe the Yukawa coupling matrix and the scalar potential by the
Higgs mechanism. Each term of the Lagrangian describes the operation of gauge
fields, fermion interactions, fermion masses by the Yukawa coupling, and Higgs
field. QCD and Electro-Weak (EW) interaction are described in Section 1.1.1
and 1.1.2, respectively.

1.1.1 Quantum Chromo-Dynamics

For the QCD, color charge of quarks is related to the coupling [3-5]. Color charges,
r, g, and b, are described as Dirac fields in the fundamental representation of the
gauge group SU(3). Gluons also compose color octant through the exchange of
the color of the quarks. Therefore, gluon also has color charges and causes self
coupling of the gluons. The Lagrangian of QCD interaction (Lqep) is introduced
as

1 .
EQCD = —ZGMVG“V + q‘(Z’y“DM — m)q. (1.2)

where ¢ (§) represents (anti-)quarks. Covariant derivative of the Dirac field (D,,)
and gluon field strength tensor (G,,) are given as

8
: Z Ak
DH = aﬂ + 14gs £ Gk“? (13)
G;uz = 8[,LGV - 8VGM + gsGu X Gua (14)

where g5 is the coupling constant of the strong interaction, and A; are the 3 x 3
Hermite matrices to operate the color current. The coupling strength of the
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interaction is described as a function of the scale of energy transfer ¢ as

as ()
7 q*
1+ Eas(/ﬂ) In (E)

__ (1.5)

2N )
q
Bln | —

where p? is the renormalization scale introduced to avoid divergence of oy , and
transformed to the simple form with B (= 7/4w) and A (= p? exp(—1/Ba,(u?))).

From Equation 1.5, one finds an important feature of the interaction that the
coupling strength does not decrease with lower energy i.e. the coupling strength
increases at longer distance (called asymptotic freedom in QCD). Quarks and
gluons cannot exist independently from other colored particles. Instead, quarks
and gluons form hadrons (mesons and baryons) composed of two or three va-
lence quarks to make the sum of the color charge zero. This process is called
hadronization, which produces many hadrons in the final state from QCD inter-
action. Furthermore, QCD is known to be independent of the flavor of the quarks.
The particle flavor is conserved in the decay and collision. Therefore the heavy
flavored quarks b and c are basically generated as pair with the anti-quark, i.e.
bb and c¢ by the gluon splitting in the proton-proton collision.

QS(QQ) =

1.1.2 Electro-Weak interaction

First, Quantum ElectroDynamics (QED) is introduced to describe the electro
magnetic interaction. The Lagrangian of QED is defined as

1 L=
'CQED = _ZFNVFM + QZS(Z’}/MDM — m)gb (16)
Covariant derivative and field strength tensor of the interaction are given as

D, = 8, +ieA, (1.7)
Fo = 0,A, — 0,4, (1.8)

where e is the electric charge and A, is the vector field representing electro-
magnetic propagation.
The coupling strength of the electro-megnetic interaction is defined in a similar

form as QCD:

T P—— O] (1.9

1__em 21
—Qem (1%) In

112

At the value of y = 1GeV, ag,, is approximately 1/137 and 1/128 at ¢ ~ my.
The strength should decrease with distance in this case, unlike QCD.
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On the other hand, weak interaction is mediated by the weak bosons, W* and
Z" which represent the charged and neutral current interactions. Historically, this
theory was designed to explain the small semi-leptonic decay rate of the hadrons
by the relation with the mixing angle 6., called the Cabbibo angle. When this
scheme was proposed, quark doublet was defined as pair of u and d cos 6.+ ssin 6,
because only these three types of quarks were known. But in this case, the neutral
current of these particles is described to be proportional to the product:

utl + (dd cos® 0., + s5 cos? 6,.) + (sd + d5) sin 6, cos 0, (1.10)

where u, d, and s are the wavefunction of each quark. This description conflicted
against the fact that flavor changing neutral current (FCNC) was suppressed
strongly in the observation of K meson decay. In order to solve the contradiction,
charm quark ¢ was introduced and made another pair with scosf, — dsin6..
Equation 1.10 were thus replaced by the following form:

ut + cé + (dd + s5) cos? 6. + (s5 + dd) sin? 0,
+ (sd + d5 — ds — sd) sin f,. cos 0... (1.11)

This is called as GIM mechanism, which gave a prediction of prohibition of FCNC
at the leading order interaction. Cabbibo-Kobayashi-Maskawa theory introduced
the six types of quarks, and flavor eigenstates are defined as the mixing of the
mass eigenstates of the particles with CKM matrix:

d
(u ¢ t)fzcwor' §
Flavor
Vua Vus Vap d
:(u c t)mass- Vi Ve Vi s , (1.12)
Vie Vis Vo) cinr \0/ s

where V,, represents the mixing parameter of ¢ and ¢'. All these quarks have
been discovered and their properties are well measured. The absolute value of
mixing parameters are determined by several kinds of experiments [6]:

’Vud’ ’Vus‘ ‘Vub‘
Veal  [Ves| [V
Vi Vil Vil ) o
0.97417 4 0.00021  0.2248 £0.0006  (4.09 4= 0.39) x 1073
= | 0.22040.005 0.995+0.016  (40.5+15)x 1073 |. (1.13)

(82+0.6) x 1073 (40.0+2.7) x 1073 1.009 =+ 0.031

Thus, the flavor physics mechanism is established. This mechanism is also applied
to the lepton sector, but doublets for leptons consist of a charged lepton and a
corresponding neutrino. Although the mixing structure is different between quark
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and lepton sector, only the weak interaction can change the flavor of the fermions
in the SM.

The Electroweak (EW) description is completed by the unification of these
interactions, based on Weinberg-Salam theory [7-9]. This theory introduced
SU(2)xU(1) symmetry, which require three bosons (W, = Wi, w2 wi)
with I = 1 and one boson (B,) with I = 0 arising from each symmetry. The
weak iso-spin I and hypercharge Y are defined by the pair of leptons or quarks,
following Q = I3 + Y, where @) is the electric charge. The Lagrangian of the
EW description is defined using the weak iso-spin and weak hypercharge current,
denoted as J, and J}:

Lew =g W, +4g'J) B,. (1.14)

g and ¢ are introduced as coupling constant for each interaction via W and
B intermediation, respectively. JE[ represents interaction changing Y (= @ —

I3), therefore can be transformed into J;m—J,S?’) using electro-magnetic and weak
isospin coupling. As a result of the mixing in the third term of the weak current,
two charged bosons (W) and two neutral bosons (A, Z,) are realized as

1
+ 1 . 2
W= (W +iw ] (1.15)
W — 9Znt g Au (1.16)
H g2 +g/2 )

—g'Z, + gA

B, = 92n*9% (1.17)
92 _|_g/2

Hence, Equation 1.14 can be transformed into

g

Lo =——
. \/i
9

+ muﬁ”) — sin® 0w J™) Z,

+ gsinOw J" A, (1.18)

(S, Wi+ Jiw,))

where 6y is defined as weak mixing angle by gsinfy = e, and J j: = J,Sl) + iJ;(f).
This theory leads to unify the QED and Weak interactions at the high energy
scale of approximately 100 GeV.

The masses of the weak bosons are not explained by the gauge interaction
mechanism. Higgs mechanism [10, 11] introduced scalar field dealing with the
origin of these masses by spontaneous symmetry breaking. The Higgs Lagrangian
is generally defined as:

1A¢4, (1.19)

1 1
‘CHiggs = §(au¢)2 - 5#2¢2 - 4
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where g is the particle mass and A is the coupling constant of the 4-boson vertex.
In case that p? is negative, the minimum value of the Higgs potential is given at
two Gmin (—v, +v). Therefore, Equation 1.19 is transformed by introducing the
oas ¢=uv+o0:

1 1
Liggs = 5(8,@)2 — MW?o? — ()\v03 + Z)\<74> + constant. (1.20)

The mass term of this equation is described as

m = V22 = /22 (1.21)

Thus, it was suggested that the massive weak bosons are given by the Higgs
mechanism. By the discovery of the Higgs boson in 2012 [12,13], this theory was
established and all particles in the SM framework have been observed.

1.1.3 Shortcomings of the SM framework

The SM is successful at describing the nature of elementary particles, although
there are several issues which are not addressed. Lack of the statement for the
dark matter (and energy) [14] is one of the most important issues in the SM.
Existence of additional matters is pointed out by the astrophysical observations,
however such particles are not included in the SM. Therefore, an alternative
theory which introduces such "missing” particles is necessary.

The hierarchy problem of the Higgs mechanism is also a major problem. In
the Higgs mechanism, extremely large radiative corrections to the Higgs mass
divergence is necessary, considering the observed mass of Higgs boson. This
means un-natural cancelation with very high accuracy. Therefore, the reason of
the fine tuning is hoped to be explained by an alternative physics model.

Furthermore, the interactions and particles should be unified at a very high
energy scale close to the beginning of the universe. This is called the Grand
Unification Theory (GUT). The flavor of the fermions is also unified at the energy
scale, therefore, this is one of the major motivations of the search for violation of
the flavor conservation.

In order to solve these problems of the SM, several BSM models have been pro-
posed and pursued, but the signature has not yet been discovered. It is therefore
important to search for the evidence with various complementary approaches.

1.2 Physics in Lepton Flavor Violation

One of the most important probes to search for evidence of BSM physics is Lepton-
Flavor-Violation (LF'V) signature, which is forbidden strictly in the SM as shown
in Section 1.1. Although discovery of neutrino oscillation leads to LF'V in neutral
sector with a tiny level, L'V in the charged sector (cLFV) has not been observed
yet. On the other hand, several BSM physics theories predict visible branching
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ratios (BR) of cLFV decay modes. Hence, observation of a cLF'V decay supports
the evidence of BSM directly. In this section, new physics expecting the cLF'V
signature, and overviews of the searches are described.

1.2.1 Neutrino oscilation

The evidence of neutrino oscillation was discovered by water-Cherenkov exper-
iments [?,?,?]. This phenomenon causes the mixing of the flavor of neutrinos,
therefore leads to LF'V in the neutral sector [15,16]. In a similar manner to the
quark sector, flavor eigenstates are described by the mixing of mass eigenstates:

Ve n
v, | =U 1w ], (1.22)
Vs V3

where U is the mixing matrix, called Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix [17], and v o 3 are mass eigenstates. The flavor eigenstate can be described
as dependent on time ¢t. If the flavor was o at ¢ = 0, their time evolution is
determined as

Vo (t) = cos Oy (t) + sin vy (t)
= (cos® e~ + sin® fe ") v, + sinfcos O (e + e ) g, (1.23)
where 6 is the mixing parameter with another state assuming only two flavors for

simplification. Hence, the flavor changing probability of v, — v can be expressed
as

P(vo — vg) = sin® 20 sin® <1.27 (1.24)

AmzL)
where L is the flight length of the neutrino in kilometers, and Am? and E are the
mass squared difference and energy of the neutrinos in eV? and GeV, respectively.
The illustration of the mixing mechanism is shown in Figure 1.1. This shows
the flavor of neutrinos can change if they have masses which are different each
other. Therefore, it has been indirectly established that at least some neutrinos
are massive and cause flavor violation by the observation. cLFV signatures is
also allowed with very small order by involving the neutrino oscillation loop with
higher order diagrams.

1.2.2 Motivation of the cLFYV search

cLFV signature is expected by various BSM physics predictions [19,20].

The most simplified case is the extension of the SM by heavy gauge bosons (7’
and W) with universal coupling with leptons [21]. This leads to the cLFV decay
of leptons, as well as direct production of Z' decaying to different flavor lepton
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Figure 1.1: Illustration of the oscillation of the neutrino flavor by mixing of mass
eigenstates [18].

(b)

Figure 1.2: (a)Direct and (b)indirect processes by introducing Z’.

pair. Figure 1.2 shows these processes. This extension is introduced by sev-
eral theoretical motivations; the Left-Right (LR) symmetric, Extra-Dimension,
as well as U(1)" group as a simple scale extension of the weak interaction in the
SM. The LR symmetric models [22] are simple extensions of the SM. These mod-
els are expected to explain the tiny neutrino masses and parity violation of the
weak interaction in the SM by introducing SU(2)g x U(1)p. in addition. The
Extra-Dimension model introduces the other spatial dimension with compactifi-
cation [23]. This is one of the theories including gravity propagating in the extra
dimension. In this model, Z’ is predicted by the excitation of the Z boson by the
propagation in the additional dimension.

An alternative physics model with SUper-SYmmetry (SUSY) mechanism [24-
27] is also highly motivated. The SUSY can explain the shortcomings in the SM
(mainly existence of dark matter and hierarchy problems of Higgs mechanism)
by introducing SUSY fermion (boson) partners for the SM bosons (fermions).
These SUSY particles are called sfermions and bosinos, respectively. Therefore,
it was expected that the direct production would be observed in high energy
collider experiments, however such signature has not yet been validated. For
example, the Minimal Supersymmetric extension of the Standard Model (MSSM)
also predicts cLF'V processes between muon and tau leptons [28]. In this model,
it is supposed that mass matrices of sleptons are tuned to allow cLLE'V processes
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Figure 1.3: Diagrams of the cLLE'V process predicted by the SUSY framework. The
simple MSSM description introduces the flavor violation via a charged slepton
and a neutralino(a). By introducing Higgs-mediation, R-parity violation, or LR
symmetry in addition to the MSSM framework, cLLE'V processes are given as
described in (b), (c) or (d), respectively.

to arise at one loop level by exchanging of neutralinos (charginos) and charged
sleptons (sneutrinos) as shown in Figure 1.3(a). Higgs-mediated extension is
also proposed in addition to the fundamental MSSM model [29]. The diagram
of simplified process is described in Figure 1.3(b). A rare decay mode of Higgs
decay into charged leptons with different flavor is another sensitive probe, but
this model predicts the cLF'V decay of charged leptons too. Therefore, these
searches are important and complementary for the verification. There is another
possibility of the MSSM expecting cLF'V signature to introduce the R-parity
violation [30,31], which allows SUSY particles to decay into SM particles. Figure
1.3(c) shows the flavor-changing process via a sneutrino (7) by the direct coupling
with the SM particles. The combination of the MSSM and LR [32] also allow
cLFV processes with doubly-charged boson (A**). A doubly charged boson A**
is derived from the model, and couples with leptons universally. Figure 1.3(d)
describes an example of cLFV process mediated by this model.

Challenge to search for cLEF'V signature has been carried out by several exper-
iments using direct, and indirect measurements. It is a major approach to search
for the cLF'V decay of the SM leptons. Electrons cannot decay into lighter visible
particles, therefore ;1 and 7 leptons are used as probes in the searches.

The MEG experiment [33] at Paul Scherrer Institute (PSI) is a representative
project searching for cLLF'V decay of muon using u — ey channel. This experiment
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Figure 1.4: Summary plot of the progress and future prospects of cLFV search
in muon decay [41].

set stringent limit for the BR(u — ey)< 4.2 x 107'% at 90% confidence level,
using 7.5 x 10 stopped muons [34]. This is the best upper limit going over
the result by SINDRUM-II experiment [35], however excess from the SM has
not been observed. In order to upgrade the sensitivity for the decay, several
new experiments are being prepared; DeeMe [36], COMET experiments [37] for
1 — e conversion process at J-PARC in Japan and Mu2e experiment at Fermilab
in USA [38]. Mu3e experiment [39] is also planned to search for ;1 — eee, which
is another important channel for cLFV. Currently, the most stringent limit for
BR(1 — eee) is set by SINDRUM as 1072 [40], which is looser than p — e7.
Thus, cLFV search in muon decay is eagerly carried out currently as shown in
Figure 1.4.

7 decay is also a useful probe for the cLFV evidence. Figure 1.5 shows the
summary of the limit of each LF'V decay channel. These limits were mainly set
by the collider experiments with high luminosity electron-positron collision; the
CLEO [42], BaBar [43], and Belle experiments [44,45]. LHCb also sets limits for
three channels [46,47], using 7 leptons produced by pp collision. Currently, the
limits for BR were mostly set by the Belle experiment.

Direct search for a massive boson decaying into different flavor leptons is also
a sensitive approach. The target bosons are the SM gauge and scaler bosons
(Z,h), and the heavy new particles (Z’, H°, A°) predicted by the BSM. The AT-
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Figure 1.5: Summary of the limits for each cLFV process in 7 lepton decay [48].

LAS and CMS experiments searched for h, Z — 7u signature independently, but
no evidence was observed [419-52]. Signature of heavy LFV particles have neither
been observed yet [53,54]. These results show that the cLF'V process with a light
propagator or large coupling does not exist. Nevertheless, the indirect measure-
ments using huge amount of the SM particles can explore a tiny signature by a
very heavy propagator or very small coupling. Hence, searching for the cLFV
signature in lepton decay should play an important role at Large Hadron Collider
(LHC) era.

1.2.3 Target of 7 — 3u search

T — 3u is a probe of the flavor violation between 7 and p using decays of 7
leptons. The limits on the branching ratio of the other 7-u violation channels
are strictly set by the 7 — pvy, 7 — un®, and X — 7u. However, there are
several BSM models which can be probed by the 7 — ull but cannot be done by
the others. In addition, it has a characteristic final state which is composed of
muons only. Especially for hadron collider experiments, muons are more clearly
detectable and identifiable than electrons and hadrons. Therefore, this channel
is expected to have the highest feasibility in the 7 — pll channels. Expected
BR(T — 3u) from several BSM physics models are summarized in Table 1.3.

In the SM framework, 7 — 3u can be produced by introducing neutrino
oscillation as described in Figure 1.6. The branching ratio of the 7 — 3u decay
of this process is estimated using PMNS matrix and the masses of the neutrinos:
Rfe! . Amyo
397 ZZ Un'UmM—gv
~ 107, (1.25)

2

BR(T — 3u)sm =
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Table 1.3: Summary table of the BR(7 — 3u) predicted by each BSM physics,
as well as only by neutrino oscillation.

Physics Model Maximal Expected BR
Simplified Z" [21] 1078
LR-symmetric Z' [22] 1078
Extra-Dimension Z’ [23] 1077
MSSM [28] 1078
Higgs-mediated MSSM [29] 1078
RPV-MSSM [31] 10710
LR-MSSM [32] 108
Netrino Oscillation [55] 1075
v on
1
-
Z/
1

Figure 1.6: Diagram of 7 — 3u process with the neutrino oscillation.

The expected BR of the target signal is too small to detect significantly when
considering the neutrino oscillation only.

On the other hand, the BSM physics models predict experimentally visible
values at approximately 1078 level because of the additional cL.FV coupling. For
example, in the simplified Z’ model, the branching ratio is determined as

TrMy

BR(T — 31) 5 = — 07
(7= 30z = {53601y,

(202, + L, 1) L,7p® + (297, + R, 1*) R, 7%,
(1.26)

where 7. and m, are the life time and mass of the 7 lepton. gr(r),; and gg(r),i; rep-
resent the left(right)-handed coupling parameter between the same and different
flavors, introduced by the Z’ mediated interaction:

Ly = fi’yu(gL,iPL + gR,iPR>fiZ;nu + Zi’Y“(gL,ijPL + gR,ijPR)ljZ:nua (1-27)

where f; and [; represent the fermions and charged leptons in the SM, respectively.
Prr) is the chiral projector operator for left(right)-handed coupling defined as
(14 v5)/2. The first term shows the universal coupling between the same flavor
fermions, while the second represents the cLF'V term. In this case, BR(T —
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3u) depends on the Z’ mass and coupling strength as shown in Eq (1.26). For
the assumption of Mz = 2000GeV and gg(1), ~ 0.1, BR(T — 3pu)~ 1078 is
predicted.

For an example of the SUSY models, the effective Lagrangian of Higgs-mediated
MSSM by the Higgs exchange is described as

Liriggs = —V2G pmym, (Co figi® + C_pC ) (Agp’t + Aj ut€) + h.c., (1.28)

where C. is determined as ~ 2tan® 3/m? by tan 3 (fraction of the vacuum po-
tential of A and H) and mass of A. The Ay gy represents the cLE'V coupling for
the left(right)-handed leptons. The branching ratio can be determined as

tan 5\ [100GeV\ BR(A — ur)
40 ma BR(A — 77)

BR(7T = 31) miggs ~ 4.0 x 107° ( (1.29)

Hence, this depends on the parameters of A and H. This theory proposes that
BR(7T — 3u)~ 107 at least for the available parameter combination [29].

For the experimental aspect, this signature has never been observed, and
the most stringent limit is set as 2.1 x 107® [45], as also shown in Figure 1.5.
LHCDb experiment also set the limit as 4.6 x 1078, which is the first result by
the hadron collider experiment [47]. However, all these results have not reached
the sensitivity of 1.0 x 10~® yet. Currently, the Belle project is in the process of
upgrading to Belle-II with higher luminosity [56], thereby improving the sensitiv-
ity for this channel. Therefore, it is also important to search for this channel by
the hadron collider, whose feasibility has been established by the LHCb result.
At the LHC experiment, it is expected to increase the 7 production cross-section
by the higher center-of-mass energy, and integrated luminosity in the current
run. These approaches for the target signature are important as validation, and
possibly improve the search.



Chapter 2

Experimental Setup

The LHC succeeded in producing the highest center-of-mass energy physics with
proton-proton collision, reaching 8 TeV in 2012 and 13 TeV in 2015. This achieve-
ment makes it possible to search for new physics at the unexplored high energy
scale. To maximize the physics capability of LHC and explore the signature pre-
dicted from various new physics models, several different approaches should be
taken in the experiments which include direct search for heavy new particles,
search for missing particle signatures, and rare decay search of the SM particles.
Such require a general detector with large acceptance. A Toroidal LHC Appara-
tuS (ATLAS) detector is a combined detector of tracker, calorimeter, and muon
specific detectors with approximately 47 solid angle coverage. In this chapter,
details of the LHC collider and the ATLAS detector are described, as well as the
data acquisition system.

2.1 The Large Hadron Collider

LHC is designed to achieve proton-proton collisions with a center-of-mass energy
of 14 TeV using two rings of circumference of 26.7 km and strong magnetic field
of 8.33 T. This circular collider is located 100 m underground at CERN, as well
as Super Proton Synchrotron (SPS), the proton booster accelerator. Proton (or
heavy ion) bunches which are boosted by SPS are injected into two circulation
rings for opposite direction proton beams in this collider, and collide at four
bunch crossing points, where the ATLAS, CMS, LHCb, and ALICE detectors are
located. Four detectors were designed and constructed by different collaborations
putting focus on each physics subject. The ATLAS and CMS experiments propose
to search for several new physics widely by their large solid angle and acceptance
of the detector, while LHCb focuses on forward region to study B-physics. The
target of these three experiments is to study high energy pp collisions. On the
other hand, the ALICE experiment is dedicated to study heavy ion collisions.
Figure.2.1 is the overview of the LHC and SPS layout, as well as the experiments
at the crossing points.

22



CHAPTER 2. EXPERIMENTAL SETUP 23

Figure 2.1: (a)Overview of the LHC and SPS [57,58]. They are located between
50 m and 150 m underground. Proton bunches are accelerated by SPS and LHC
up-to 480 GeVand 7TeV as design value, respectively. (b)General schema and
experiments at each crossing point. Opposite proton beams are squeezed and

focussed for collision at the crossing points of ATLAS, CMS, LHCb and ALICE.

One of the most important factors of collider physics is the instantaneous
luminosity of the collision, represented by £. Higher luminosity enables to search
for rare processes which could be driven by new physics or help to make precise
measurements of the known processes. This parameter is determined by beam
parameters as:

o Ngnbfrevf)/r

= 2.1
£ dre B+ (2.1)

where Ny, is number of particles per bunch, n, number of bunches per beam. f.q,
is the revolution frequency, v, the relativistic gamma factor, €, the normalized
transverse beam emittance, S the beta function at the collision point, and F' the
geometric luminosity reduction factor. F is determined by the crossing angle at
the interaction point and given by:

F= (1 + (92;7)2) B 7 (2.2)

where 6, and o, are the full crossing angle at the interaction point and the RMS
bunch length, respectively. In principle, number of interactions is given by the
cross section, represented by oprocess, and integrated luminosity of the data taking
period:

Nevt = Uprocess/ﬁdt- (23)
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Table 2.1: Parameters of LHC in each year. In the 2012 run, center-of-mass energy
was 8 TeV, while it was upgraded up to 13 TeV after the 2015 run. Bunch crossing
rate in the Run2 is also higher than Runl because of higher beam intensity. These
values achieved nearly the design parameters already.

Parameter Runl1(2012) Run2(2015) Run2(2016) Design value
Eca[TeV] 8 13 13 14
Ny[10M] 1.7 1.1 1.1 1.15
np'** 1374 2244 2076 2808
eum] 2.5 3.5 3.4 3.75
f*[cm] 60 80 40 55

0. [urad] 290 290 370 285
L[10%em 2~ 0.77 0.51 1.37 1.0

Hence, amount of the data for physics analysis is determined by [ Ldt.

The run period from 2010 to 2012 is called as Runl. However, the center-
of-mass energy of pp collision in 2010 and 2011 was set as 7TeV, while that in
2012 was set as 8 TeV. Therefore, it is difficult to use these data together due
to the difference of the energy and the configuration of the data acquisition. In
this thesis, the data taken during 2012 is called the Runl data, excluding those
from 2010 to 2011. In this period, the maximum instantaneous luminosity was
L ="77x10% cm ?s~! as nearly 80% of the design value. Figure 2.2 shows the
evolution of the maximum instantaneous luminosity in 2012. The long shutdown
for upgrade toward higher energy and luminosity was finished by the end of 2014,
and pp collision with center-of-mass energy of 13 TeV started in 2015 spring. The
instantaneous luminosities in 2015 and 2016 are shown in Figure 2.3. Maximum
instantaneous luminosity in 2015 was 5.0 x 10?3, which is lower than 2012 run
because it was the start-up period of the 13 TeV run. The maximum £ value of
2016 run was up to 1.2 x 1034, which is around design value. Detailed parameters
of the LHC collider in 2012, 2015 and 2016 runs are summarized in Table.2.1.
LHC has been running stably, and evolving with the machine.

2.2 The ATLAS Detector

The ATLAS detector is a multi-purpose detector to collect pp collision data at
the LHC. This detector is separated into cylindrical (barrel) and disk-shaped
(endcap) parts, covering almost 47 rad in solid angle. Its size is 25 m in height
and 44 m in length, and the weight is approximately 7000 t. Overview of the
ATLAS detector is shown in Figure 2.4.

Both Cartesian and cylindrical coordinate systems with its origin at the Inter-
action Point (IP) are used in ATLAS. The z-axis of the right-handed coordinate
system is the beam direction. The positive z-axis and y-axis of the system are
defined as toward the center of the LHC ring and upwards from the [P, respec-
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Figure 2.3: The maximum instantaneous luminosity per day recorded by the
ATLAS experiment in Run2 [59]. (a)In the 2015 run, instantaneous luminosity
was raised gradually since the beginning of the 13 TeV collision. Although the
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improvement of the beam intensity. (b)The maximum value reached 10** in the
2016 run. Even after the achievement of the design value of 1.0x 10** cm =257, the
luminosity has been further increased thanks to continuous efforts by accelerator
working team.
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Figure 2.4: Overview of the ATLAS detector [60].

tively. In the cylindrical coordinate system, the beam direction is defined as the
longitudinal z-axis and the transverse plane are described with polar axis r» and
azimuthal coordinate ¢. The pseudorapidity 7 is defined using the polar angle
with respect to the z axis:

0
n = —Intan 3" (2.4)
Generally, detector location, coverage and particle directions are described using

¢ and 7. As well as the position and direction of each particle, the angular
distance between two particles is also defined using these angular parameters as:

An; g = 0 — 1] (2.5)
A¢; ; = arccos(cos(¢; — ¢;)) (2.6)
ARy =/ Ani, 2 + Adi, 12 (2.7)

Energy and momentum of the detected particles are divided into longitudinal
and transverse components. The vector sum of transverse momentum (pr) of
emitted particles from I[P must be zero because the transverse momentum of the
initial partons are always zero. On the other hand, longitudinal momentum of
the colliding partons (quarks and gluons) are not fixed but randomly distributed.
Hence, transverse parameters of detectable particles and missing energy (ER)
of the event assuming transverse momentum balance are used in analyses.
Several specific sub-detector systems compose the ATLAS detector. The in-
nermost sub-detector of ATLAS is the Inner Detector (ID) which measures tracks
of charged particles. The ID is enclosed in a superconducting solenoid providing
a 2 T axial magnetic field. The track parameters of charged particle and location
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Table 2.2: Typical resolution for measured parameters and coverage of each sub-
detector.

Sub-detector Typical Resolution Coverage in n
Precision | Trigger
ID Tracking Opp = 0.05 X pp(GeV) & 1% | |n| < 2.5 -
EM Calorimetry op =10/VE(GeV)®0.7% | |n| <3.2 | |n| <25
Hadron Calorimetry
Barrel,Endcap or = 50/VE(GeV) ® 3% In| < 3.2
Forward op = 100/VE(GeV) ® 10% 3.1<|n < 4.9
Muon Spectrometry | o, = 10% at pr=1TeV In] <2.7 | |n| <24

’ End-cap semiconductor fracker

Figure 2.5: Overview of the ATLAS inner detector [61]. Its total length and
height are 6.2 m and 2.1 m, respectively.

of the vertices are determined precisely by this detector system. Details of the
ID are described in Section 2.2.1. The calorimeters is placed so as to surround
the ID. Energies of photons, electrons, and hadrons are measured by the several
kinds of calorimeters as described in Section 2.2.2. The outermost part of the
detector is a Muon Spectrometer (MS). The MS is located inside these toroidal
magnetic fields with bending integral of about 0.5 T, generated by superconduct-
ing air-core toroid magnets, one in barrel and two in each endcap. Section 2.2.3
describes details of the MS. The performance and coverage of these sub-detector
systems are summarized in Table 2.2.

2.2.1 Inner Detector

The ID system is composed of the Pixel detector (Pixel), the Semi-Conductor
Tracker (SCT) and the Transition Radiation Tracker (TRT), as shown in Figure
2.5.

The Pixel is a silicon detector and located at the innermost of the ID. Robust-
ness against radiation and high resolution of the hits are required for the stable
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Figure 2.6: The sketch of the ATLAS pixel detector module [62].

and precise measurement of the vertices and track parameters. One Pixel sensor
is equipped with a small detection unit of 50 x 400 um? sensitive area with 250
pm thickness, having 46,080 channels per sensor. Hits from typically 500-1000
charged particle tracks on the pixel detector are recorded in each bunch crossing.
The design of a detector module and the overall structure are shown in Figure
2.6 and 2.7, respectively. In a heavy radiation environment, it is difficult to
reconstruct tracks and vertices correctly because the number of tracks increases.
In addition, stable performance of the detector against radiation damage must
be kept. The Pixel detector system consists of three layers in 2012. Since 2015
run, Insertable B-Layer (IBL) was installed into the innermost layer of the Pixel
to solve the difficulty of the operation and performance in the harder radiation
situation with increased beam intensity. The layout of the IBL is shown in Figure
2.8.

The SCT is also a silicon detector surrounding the Pixel layers and covering
an acceptance of |n] < 2.5. The detector system consists of 4088 modules tiling
four co-axial cylindrical layers in the barrel region and two end-caps each con-
taining nine disk layers. For the barrel layers, 80 pum pitch micro-strip sensors
are employed. Figure 2.9 is a drawing of a barrel SCT module. The four sensors,
two each on the top and bottom side, are rotated by 20 mrad each other to
measure the hit positions both on r-¢ and z directions. The typical accuracies
per module in the barrel are 17 pum (r¢) and 580 pm (z). On the other hand,
for the endcap module, there are three types of modules and two sets of sensors
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End-cap disk layers

Figure 2.7: Support structure of the pixel detector extracted from Figure 2.5 [63].
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Figure 2.9: Layout of the SCT sensor module [62].

with a relative rotation of 420 mrad are located to obtain the resolution in r-¢
and r. The typical accuracies per module in the endcap are also 17 ym (r¢) and
580 pm (r).

The outermost part of the ID is TRT, which is composed of 73 layers of straws
with fibers in the barrel and 160 straw planes with foils in the endcap. The overall
coverage of the TRT is |5 < 2.0 (boundary between the barrel and endcap is at
|n| = 1.0). The straw tube is 4 mm diameter polymide-made drift tube, which
consists of 35 um thick multi-layer films and mixed gas of 70% Xe, 27% CO, and
3% O;. The films are made of a 25 um thick polyimide film coated on one side
with a 0.2 pm Al layer, and protected by a 56 um thick graphite-polyimide layer.
Low energy transition radiation photons, whose probability of the emission is
proportional to the Lorentz boost factor, are absorbed in the gas. As the Lorentz
boost factor depends on the mass of the incident particle, particle types can be
discriminated using low and high thresholds in the front-end electronics. The
TRT provides the hits on r-¢ direction with an accuracy of 130 um per straw.

2.2.2 Calorimeter

The Calorimeter consists of a number of sub-components with full ¢-symmetry
and coverage around the beam axis as depicted in Figure 2.10. These sub-
components, called sampling detectors, are made of absorbers and active sensors.
The energy of the particles is measured from the energy deposit of electromag-
netic or hadronic showers in the active sensors generated by the interaction in
absorbers. The Calorimeter covers the range || < 4.9 and consists of several
kinds of absorbers and active materials considering the physics processes and the
radiation environment. Both of electromagnetic and hadronic calorimeters are
placed, to measure the energy of electrons, photons and hadrons. The electro-
magnetic calorimeters use liquid argon (LAr) as the active detector medium. The
hadronic calorimeters employ steel as absorber material and scintillating tiles as
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Figure 2.10: Overview of the calorimeter [62]. Three LAr calorimeters for electro-
magnetic and hadronic interactions and a tile calorimeter for hadronic interactions
are placed over a large acceptance up to || = 4.9.

active medium for || < 1.7 and LAr calorimeter for 1.5 < |n| < 3.2. Hence,
four kinds of detectors for each region are used in ATLAS: the precision elec-
tromagnetic calorimeter (EM), a hadronic end-cap calorimeter (HEC), a forward
calorimeter (FCal), and a hadronic tile calorimeter (Tile). The interaction length
(A), determined by the material thickness of the detector, is shown in Figure 2.11
as a function of |n|. The interaction length of the calorimeter is larger than 10 A
for || < 4.9, which is large enough to keep high energy resolution and to suppress
hadronic particles penetrating into muon spectrometer.

The EM calorimeter is made of accordion-shape lead absorber and electron-
odes as described in Figure 2.12. As shown in Figure 2.10, the combination of the
barrel EM detector (covering |n| < 1.475), and the endcap EM detector (covering
1.375 < |n| < 3.2) achieves its continuous acceptance for || < 3.2 excluding an
azimuthal crack around || = 0.

The hadronic calorimeters cover up to |n| = 4.9 by the Tile placed for || < 1.7,
the HEC for 1.5 < || < 3.2, and the FCal for 3.1 < |n| < 4.9. The Tile
calorimeter is located outside the EM calorimeter and consists of a barrel covering
In| < 1.0 and two extended-barrel covering 0.8 < |n| < 1.7 as shown in Figure
2.13. The HEC calorimeter is placed behind the endcap EM calorimeter as shown
in Figure 2.14. The FCal covers the highest 7 region of the calorimeters, composed
by three layers as shown in Fig.2.14. The benefit of the FCal is not only large
coverage of the calorimeter, but also reduction of the radiation background levels
in the muon spectrometer.
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Figure 2.11: Interaction length which represents the amount of materials distri-
butions as function of |n| [62]. Over the calorimeter coverage, interaction lengths
as large as about 10 are provided by each types of calorimeters. This is impor-
tant for high resolution and suppression of the radiation background for the muon
detectors.
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Figure 2.12: Sketch of a accordion-shape barrel module [62]. The granularity in
7 and ¢ direction of the cells is also shown.
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Figure 2.14: Structure of the hadron calorimeters in the endcap region [62]. Two
layers of HEC and three layer of FCal are located at the low and high 7 region,
respectively. These detectors are also symmetric about the IP at the origin.



CHAPTER 2. EXPERIMENTAL SETUP 34

y View from IP to Side A
T Scale 1:200

y , EML EOL
/ Al - A
/ RPC's 7/ 7 e
N 5 P

- " L " " T | PR

Lt T2 f 38 [/4 5 | 6 7 5
/ / 2l - L
x . { // == - 4
[+ T 2/ 3 T a/ 5] 6] [
z v lls "7l
| H/ﬂ // //// !
ElL4_~~ - B
// /2 =~
o | = T6C's 4
g L

_____ } z
14 16 18 20 m

Figure 2.15: (a) Overview of the barrel detectors as perpendicular to the beam
axis and (b) detector location of the detectors in a plane containing the beam
axis [62]. Muons with infinite momentum typically traverse three precision and
three trigger detector stations even around transition region at |n| = 1.05. There
are eight large and eight small chambers in the barrel region, and chambers around
feet of the detector are different and named as large-special and small-special.

2.2.3 Muon Spectrometer

The ATLAS muon detector focuses on the precise momentum measurement using
spectrometers. It consists of four kinds of detectors, the Monitored Drift Cham-
ber (MDT), the Cathode Strip Chamber (CSC), the Resistive Plate Chamber
(RPC), and the Thin Gap Chamber (TGC). Muons penetrate the 1D, calorime-
ter, and other materials in the detectors, therefore all these spectrometers are
placed outside of the calorimeters as shown in Figure 2.15. The region inside and
outside |7| = 1.05 are referred as barrel and endcap of the MS, respectively, and
each region is equipped with different detector configuration. At the endcap re-
gion, these chambers are tiled like a disk-shape, while cylindrical structure at the
barrel region is made by tiling with chambers. The detector construction in both
regions are eight-fold rotational symmetric on the basis of the beam direction.

The MDT and CSC covering up to |n| = 2.7 are used for precision measure-
ment of the track parameters of muons. On the other hand, the RPC at the barrel
and TGC at the endcap are specialized for trigger decision described in Section
2.2.4. Table 2.3 shows the properties and typical performances. The response
speed and resolution of these detectors are optimized for their usage and amount
of radiation background.

The MDT is a set of drift tubes made of anode wire, cathode tube, and gas
mixture. Figure 2.16 shows the structure of a barrel chamber composed by drift
tube multi-layers and support frame. Four optical alignment rays, two parallel
and two diagonal, monitor the internal geometry of the chamber. The gas mixture
component is 93% Ar, 7% CO, and less than 1000 ppm H,O. Relatively long drift
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Figure 2.16: Structure of the MDT [62]. It consists of three spacer bars, two
multi-layers of three or four drift tube layers, and alignment optimal rays. RO
and HV are the readout electronics and high voltage supplies, respectively.
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Figure 2.17: Tllustration of the CSC mechanism [62]. The left figure is the look-
ing down the wire, while the right is perpendicular view down the readout and
intermediate strips.

time (700 ns at the maximum) enables to measure the position with high spacial
resolution (~ 35 pm). Three MDT layers are placed at both of barrel and endcap
regions and cover the full MS coverage excluding the most inner layer at the
endcap region, which is covered by CSC.

The CSC is also a MWPC composed by anode wire, cathode plate, and gas
mixture as shown in Figure 2.17. At high || region above 2.0, the rate of muons
and fake background is too high for MDT to be handled. Hence, the innermost
layer of the MDT at such high || region is covered by the CSC, whose response
speed is faster than MDT (approximately 7 ns). The CSC is capable of operating
with up to 1000 Hz/cm? counting rate. The resolution of CSC for the r direction
is typically 40 pm.

The RPC consists of two plastic plates and gas mixture of CoHsF5 @ IsoCyHyg
: SFg = 94.7 : 5.0 : 0.3. The characteristic feature of the RPC is its response
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Table 2.3: Parameters of the muon spectrometers in ATLAS. Both of the precision
detectors and trigger detectors cover up to |n| = 2.7.

Detectable Region | |n| < 2.7(inner layer:|n| < 2.0)
# of chamber 1088(1150)
MDT | # of channel 339000(354000)
Resolution(z /1) 35 pm
Usage Precise measurement
Detectable Region 20< |n| <27
# of chamber 32
# of chamber 31000
CSC | Resolution(z/r) 40 pm (r)
Resolution(¢) 5 mm
Response Speed 7 ns
Usage Precise measurement
Detectable Region In| < 1.05
# of chamber 544(606)
# of channel 359000(373000)
RPC | Resolution(z/r) 10 mm (z)
Resolution(¢) 10 mm
Response Speed 1.5 ns
Usage Trigger
Detectable Region 1.05 < |n| < 2.7
# of chamber 3588
# of channel 318000
TGC | Resolution(z/r) 2—6 mm (r)
Resolution(¢) 3 — 7 mm
Response Speed 4 ns
Usage Trigger

speed approximately 1.5 ns and its typical efficiency for muons higher than 98.5%.
As shown in Figure 2.15, three RPC layers are placed at inside and outside of the
middle MDT layer and outside of the outer MDT" layer.

The TGC is a multi-wire proportional chamber covering 1.05 < |n| < 2.7.
The gas mixture is CO, : n-pentane = 55 : 45. The position resolution of TGC
is 2-7 mm depending on direction and location, and the response speed is 4 ns.

2.2.4 Trigger system

The proton bunches cross every 50 (25) ns at the IP in Runl (Run2), hence bare
event rate is around 20 (40) MHz, which are mostly occupied by the trivial QCD
interactions. In the ATLAS experiment, more interesting events having particles
with large pp or E are selected in running and recorded. This is called trigger
for the data acquisition. The trigger flow chart in Runl and Run2 are shown in
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Figure 2.18. The first step of the trigger system is a decision on hardware level
named as Level-1 (L1), afterwards the High Level Trigger (HLT) decision works
on a software level. In the Runl trigger structure, HLT is further divided into
the Level-2 (L2) and Event Filter (EF) by their requirement for processing speed.
On the other hand, these steps are merged into one HLT system for simplification
and resource sharing in Run2. This makes the processing time fast and enables
to implement flexible algorithms at HLT because of the seamless reconstruction
for the sub-detectors such as the calorimeters and the muon spectrometer. Thus,
the trigger scheme is changed for the improvement of the processing speed and
flexibility against the higher energy and luminosity of the pp collisions in Run2.

The limits of the output rates at each trigger step are upgraded in Run2 as
shown in Figure 2.18. The L1 processing is required to work with the same rate
as the bunch crossing of 20 (40) MHz, and its output rate must be below 75
(100) kHz in Runl (Run2) due the upper limit on the HLT input rate. In order
to reduce the rate and amount of the data down to writable rate of 200 (1000)
Hz, more detailed decision using precise tracking and kinematics is processed on
the HLT. A combination of the L1 and HLT is defined as a trigger chain, which
determines the total data acquisition efficiency.

There are many kinds of trigger chains using characteristic signal of muons,
electrons, photons, jets, and EM5, These are running in parallel, and event
data are recorded in case that one or more of these are fired. The name of the
trigger chain is defined to contain required particle species, pr (or Et) thresholds,
and multiplicity. For example, EF (HLT) 2mul0 is the trigger chain requiring two
muons above 10 GeV in Runl (Run2), and a L1 part is also named like L1_2MU10
following the same name convention. The name of a combined trigger chain is
also defined like EF_2mu8 _xe80, which require two muons above 8 GeV and large
EXss above 80 GeV.

In order to acquire the 7 — 3u event efficiently, the specific feature of the
event must be required at the trigger level because these are similar to QCD jet
events including multi-muons, whose rate is very high and hence the event data
are not acquired by nominal trigger chains. The multi-muon triggers are mainly
used for this analysis as the most efficient configuration and a multi-muon- F3ss
trigger is also used only for W originated 7 — 3u search. In the Run2, dedicated
triggers to 7 — 3u search were developed and installed to improve the trigger
efficiency as described in Section 9.1.2. The general procedure of muon and Ess
trigger decision are described in this section, and their performance will be shown
in Section 7.2. Trigger chains with low pr or EX threshold are difficult to be
used for all bunch crossings due to their very high event rate. These chains are
used in some parts of collisions by suppression factor, referred to as the Pre-Scale
(PS) factor, for validation and performance measurement of the nominal trigger
chains.
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Figure 2.18: Flow chart of the ATLAS triggers system in (a) Runl and (b)
Run2 [64]. Typical requirement for output rates for each step are also shown in
left column. These numbers were improved by the hardware and software used
in trigger processing. The software decision was divided into two steps in Runl,
which were merged into one step in Run2.
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Muon trigger

The L1 muon trigger determines the Region of Interest (Rol) for muons using RPC
and TGC. Rol defines the location of the muon track and only the hit information
around Rol is read in downstream triggers to minimize computing time. At this
level, there is no time for precise tracking and momentum measurement owing to
the very tight requirement for the processing speed. Therefore, six variations of
the coincidence windows shown in Figure 2.19 are used for determination of muon
signature in accordance with the transverse momentum. A coincidence of two or
three layers of the trigger detector is required for low and high pt muon decision,
respectively. A degree of bend of low pr muon by the toroidal magnetic field is
larger than that of high pr muon, hence the difference of hit positions between
the layers becomes larger. The width of the coincidence window is defined to
contain the bending track of muons above certain pr and therefore represents the
pr threshold. The thresholds coincidence windows for pr threshold of 4, 6, 10,
11, 15, and 20 GeV are registered in the L1 trigger system for the decision.

The HLT algorithm uses hits on not only the MDT and CSC but also ID
tracks around a Rol determined in the L1. At the beginning of this step, called
as Trigl2MuonStandAlone (muonSA), pr of the muons are estimated by the
bending angle at the MS layers without the detailed tracking. Hence, looser pr
thresholds than the required value at the end of the HLT is applied because of
the low resolution of this estimation. In the next step, it is required to have a
reconstructed track in the ID with the same direction and momentum, and the
combined muon track is defined using the MS and ID track parameters. This step
is named as TrigL2MuonCombined (muComb), whose pr resolution is improved
by the ID tracking. The thresholds on muComb are tighter than that on the
muonSA. TrigMuonEventFilter (muonEF) makes the final decision of the muon
trigger based on precise tracking with almost the same resolution as the offline
reconstruction algorithms. Although muonSA and muComb work only around
Rol, muonEF algorithms can make use of the muons even outside of the Rol.
This function allows to recover the inefficiency at the previous steps for the multi-
muon triggers. For example, a trigger chain with L1 for one 20 GeV (L1_MU20) and
HLT for one 20 GeV and additional one 8 GeV muon (HLT_mu20_mu8noL1) is more
efficient than trigger with L1 _MU20_MU6 due to inefficiency of L1_MU6 efficiency for
the second muon.

EXss trigger

The EXS trigger is not based on the Rol, but defined as one variable per event.
EXiss on the L1 trigger step is calculated only by the energy deposition in the
calorimeter. Therefore, muons are also recognized as EX'* at this level. At the
L2, refinements can be made to correct using pr of muons, however inefficiency by
the mis-reconstructed E¥* at L1 cannot be recovered in this step. The resolution
of the EXs is affected by the pile-up events especially in the trigger level, because
it is difficult to calculate the energy balance of the explicit interaction point in
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Figure 2.19: Schema of the coincidence window in (a) barrel and (b) endcap
[62]. The required number of layers and the width of coincidence window are set
depending on the pr.
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Figure 2.20: Strategy illustration of the particle identification in ATLAS [65].
Charged particles are shown as solid lines, while neutral particles are shown as
dashed lines.

case more than one interactions occur in the same bunch crossing. Hence, the
threshold for B is set at relatively high value at 100 GeV for EMss trigger while
lower threshold can be used in combination with other signatures.

2.2.5 Object reconstruction and identification

The general flow of the reconstruction and identification of the objects for physics
analysis is described here. The details of the reconstruction process of muons,
jets and EXs5 are shown in a later section for analysis (Section 5.2) because the
requirements in these process are optimized and specified for each analysis.

The detectable SM particles, photons, hadrons, electrons, and muons, are
reconstructed and identified in the ATLAS detector. EX* is also defined using
momentum balance of these detectable particles. Figure 2.20 shows the overview
of the methods to detect and identity each kind of particle. Charged hadrons,
electrons and muons, are generally reconstructed as tracks in the ID and detected
at the hadron calorimeter, EM calorimeter, and the MS, respectively. On the
other hand, neutral particles like neutrons and photons are not reconstructed as
tracks but detected only in the hadron and EM calorimeter. Neutrinos are neither
detected by trackers nor calorimeters, therefore recognized as a component of
EXiss Vertices of the interaction point and the decay of the particles are also
reconstructed in the ID. The vertex is defined as a crossing point of emitted
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Figure 2.21: Display of the event with large number of tracks with 20 vertices.
Left top picture shows the z-y view and right top shows the r-z view of the event.
Bottom figure is zoomed around beam line and interaction point in the r-z view.

multi-tracks from the point. This is used to ensure that the tracks are from
proton-proton collision as well as to measure the flight length of decaying particle
from the distance between the primary and secondary vertices. Even in hard
environment with large number of tracks in the same bunch crossing, several
vertices can be reconstructed as shown in Figure 2.21.



Chapter 3

Signal Feature and Analysis
Strategy

In order to realize an effective search for the 7 — 3u signature, we need to under-
stand the characteristic feature of the signal that discriminates it from background
phenomena in the SM. Not only the selection at the analysis level, but the op-
timization of the trigger requirement is also necessary to collect sufficient signal
for the search of rare process. The 7 leptons are generated by decays of several
kinds of parent particle in ATLAS, and therefore analysis strategy needs to be
optimized separately for each signature to maximize the sensitivity. In this chap-
ter, the feature of the target signal and the strategy to search for the signature
from each 7 production process are described.

3.1 7 — 3u signature in the ATLAS experiment

One of the most important aspects of this analysis is the statistics of the 7 leptons.
This directly affects the sensitivity for the search of rare process. The W boson,
decaying into 7 and v, with Branching Ratio (BR) of approximately 11%, is a
significant source of 7 production in this analysis. The 7 leptons are also emitted
by the Z boson decay, however its production cross section is about one-tenth of
the W boson'. On the other hand, Heavy Flavor (HF) hadrons also decay into
7 with associated particles. Hence, the search in the ATLAS experiment focused
on the W and HF-originated 7. Typically, the number of the HF-originated 7
is 1000 times larger than the W boson whereas 7 from W boson decay typically
has higher momentum and hence the selection is easier. As shown in Table 3.1,
expected numbers of 7 leptons are large enough for the target sensitivity of the
BR of 1.0 x 107 (Section 1.2) in principle, while the number is suppressed by
trigger and selection efficiencies. These signatures should be searched for by
different analysis flow owing to the significant difference of their kinematics and
the background sources. In this section, the signal feature and analysis flow are

tand BRto 7= 77 is even lower (3.3%)

43
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Table 3.1: Sources of 7 leptons and their expected numbers (production cross-
section) with the typical momentum of emitted 7 leptons in the assumption of
the luminosity of 100fb™! and the c.m.s. energy of 13 TeV.

Production process | Expected number (cross-section) | Typical momentum
W — tv, 2.0 x 10 (2.0 x 10" nb) ~ 40 GeV
Z =TT 3.0 x 10® (3.0 x 10° nb) ~ 45 GeV
B meson — 7+ X 6.0 x 10! (6.0 x 10° nb) 0—20GeV
D meson — 7+ X 7.0 x 1012 (7.0 x 10* nb) 0—20GeV
Dy — T, 6.0 x 10'2 (6.0 x 10* nb) 0 —20GeV

3 muons (U 1,2,3)

- My ~0.106 GeV
* pr.u < 40 GeV
- AR<0.3

T lepton

Mz ~ 1.778 GeV
Neutrino (v ) - p1,r ~ 40 GeV
- My << My R -CcT ~87 um
- p1.v ~ 40 GeV '/ W boson
* (Missing) /' - Mw ~ 80 GeV
» * ptw~ 0 GeV

Figure 3.1: Simplified illustration of the W-originated 7 — 3u event, composed by
the collimated muons from displaced secondary vertex and large missing energy
of neutrino.

explained for the signature via W and HF decay separately.

3.1.1 W-originated signature

The production process of 7 leptons via W decay is illustrated in Figure 3.1. This
7 lepton is a boosted object with momentum of typically 40 GeV. The muons
generated by a decay of such boosted particle are collimated because the mass of 7
lepton is significantly smaller than the momentum. Typically, the AR (Equation
2.7) of the decay products of the boosted parent particle (ARyq0st) Of particles
can be estimated as

2- M, aren
ARboost ~ —pt’ (31)

PT,parent

where Mparent and Pr parent are the mass and momentum of the parent particle.
AR between these muons from W-originated 7 decay are less than 0.3 and mostly
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Figure 3.2: Illustration of the Ly, and agy definition on the x-y plane. Decay of
the long life time particle should have a long Ly, and a small ag, .

around 0.1.

The flight length of 7 lepton is measurable and hence a useful feature to
discriminate from accidental combination of three muons. The Secondary Vertex
(SV) of the cLFV decay is reconstructed from the muon tracks and displaced
from the Primary Vertex (PV) defined as W production point. To account for
the difference of the direction from the PV to SV and the momentum vector, the
Lyy and al, are defined as

L. = (SV — PV) (3.2)
|pT,T|
a2, = \/(SV - PV - 12, (3.3)

where Lﬁ/) and P—l} are the position vectors of the SV and PV, and pr; is the
transverse momentum of the reconstructed 7 candidate from the three muons.
L, is the projection of the distance from PV to SV on x —y plane to the parallel
direction to pr of the reconstructed particle, whereas agy is the projection to the
perpendicular direction to the pr of the particle as shown in Figure 3.2. Therefore,
Ly and agy represent the flight length of the particle and the degree of agreement
of the pr direction and the distance direction.

Large E™ induced by the missing neutrino is also a characteristic feature of
the signal event. This neutrino is emitted backward against the 7 lepton, so that
the AR, gmiss should be close to 3.14. Moreover, the invariant mass reconstructed
by the 7 lepton and the missing energy of the neutrino (M, gmi=) should be re-
constructed as My. However, only the transverse mass, denoted as Mt can be
reconstructed in a pp collision because the longitudinal component of the missing
energy cannot be calculated. The transverse mass of a visible particle and Emiss,
denoted as My part, is defined as

MT’path = \/2pT7partE’III‘liSS(1 — COS Agbpart,E%iSS)? (34)

where pr part and Aqﬁpart,E?iSS are the pr of the visible particle and A¢ between the
visible particle and B, Since the 7 component of the missing energy cannot be
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Figure 3.3: Dominant production channels of the W boson. (a) is a production
without any jets. (b) and (c) describe the production associated with a jet.
The production cross-section of (a) and (c) are similar to each other, and larger
than (b). These associated jets are not collinear to three muons from 7 decay
kinematically.

determined, this parameter is used as a representative of the mass reconstructed
with the visible and invisible particles. This distribution makes a gentle bump
below My by the projection to the xy plane instead of narrow peak at Myy.

An additional important feature of the signal event is that collinear hadronic
jets along 7 are absent. Although W bosons can also be produced with associated
jets as shown in Figure 3.3, momentum of these jets are relatively small and non-
collinear to 7. Hence, low jet multiplicity and isolated 7 from jets are expected.

In order to calculate BR(7 — 3pu), at least one relatively well measured or
known channel is necessary for the normalization. In the W boson case, Lepton
Universality is a good assumption between W — pur and W — 7v. Following
this assumption, the number of muons from W decay with the same dataset is
used for BR calculation. The BR(7 — 3p) in this case is simply defined as

N TV 174
BR(r — 3p) = % (3.5)
— v

where Nw_,+,—3,, and Ny _,,, are the bare number of generated signals.
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Figure 3.4: Topology of the 7 production from D, decay. This meson is generated
by (a) the hadronization of the prompt charm quark and (b) the decay of heavier
charm or bottom hadrons. In (a), secondary vertex of the 7 decay is displaced
more than W-originated case by the flight length of the Ds. On the other hand
in (b), flight length of the parent particle make the distance between SV and PV
even longer, although other hadronic particles are around the three muons. The
flight length and mass, written for the B meson, are typical values and different
depending on the kind of hadron.

3.1.2 HF-originated signature

As shown in Table 3.1, number of 7 leptons from B and D meson decays is
nearly 1000 times larger than those from W boson decays. Among these mesons,
the most important production process is via Dy — 7v, whose BR is 5.55 &
0.24%. This simple leptonic decay channel is dominant and the cleanest of the
HF-originated signatures. Therefore, a search for Dy, — 7v — 3uv is the target
in this part.

D%, composed of a charm (anti-charm) quark and an anti-strange (strange)
quark, is generated not only by hadronization, but also by decay of heavier charm
hadron and bottom hadron as shown in Figure 3.4. Momentum of the 7 lepton
from decay of D, is much lower than W-originated case, however L., (flight
length) tends to be longer as D, decays after ~ 160 ym flight. EX from the D,
decay is not large enough to be recognized as a clear signal. A major advantage of
this channel is the large statistics of 7 leptons, while the only significant features of
the signal kinematics against the background are the characteristic flight lengths
of Dy and 7 lepton. Hence, it is more important in HF-originated analysis to
utilize the SV effectively.

BR(T — 3u) is calculated in the same logic as the W-originated analysis.
The normalization channel in this analysis is not Dy — pv, since the lepton
universality does not work in the few GeV scale. Instead, Dy, — ¢m — pum is
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used as the alternative normalization channel. BR(7 — 3u) is calculated as

ND5—>TV—>3;,LV . BR(‘DS — gbﬂ- — :uﬂ'ﬂ-)

BR(7 = 3p) = Noo—om s BR(D, = 10)

(3.6)

where BR(Ds — ¢m — purn) and BR(Ds; — Tv) were determined precisely by
the previous experiments. Therefore, BR(7 — 3u) is determined by the observed
numbers of Dy, — 7v — 3uv and D, — ¢m — pumw events, which are denoted
by Np,rv—3u and Np, ér—suur, Tespectively. This normalization channel is
also used to ensure the robustness of this analysis. For example, a long flight
length and a small x? of the SV fitting were expected from the simulation of
Dy — 7v — 3uv signals, although the reliability of these parameters should be
confirmed by the data. The D, — ¢m — pum events provide such validation
due to their similar kinematics. In addition, the efficiencies of the trigger and
reconstruction should also be similar to Dy — 7v — 3uvr events. Hence, this
channel is useful for this analysis.

3.1.3 Background components

To optimize the signal selection and evaluate the sensitivity, background compo-
nents must be understood precisely. The Standard-Model events which contain
three muons are candidates for the background of this analysis. These can be
background in the case the invariant mass of the three muon system is in the
signal window.

Most multi-muon events are generated by decays of heavy-flavor hadrons,
while the decay products of charged light flavor mesons composed of u, d, and s
quarks do not include multi-muons due to their lighter masses. For example, as
shown in Figure 3.5(a), Dy — ¢ur — 3uv decay (BR= 7.1 x 107%) can produce
three muons with a small invariant mass around 7 lepton. These three muons,
generated at the vertices away from PV, hence can mimic the signal. While this
background component has an opposite-sign muon pair from the ¢ resonance
decay, it has smaller EX than W — 7v — 3uv events, and generally has a
collinear hadron jet in the three muon direction. Therefore, the contamination of
this component can be suppressed by the requirements on these features.

The second dominant background component is a combinatorial one shown in
Figure 3.5(b). This occurs when muons from different sources are recognized as
a signal coming from a shared origin, accidentally. Unlike the multi-muon events
from HF hadron decay, they tend to have a short flight length and poor proba-
bility of the SV fitting. Figure 3.5(c) shows another candidate of the background
involving a mis-identified muon (fake muon). Although muon identification by
the hits on the MS is almost 100% reliable, muons from 7 and K meson can be
recognized as a prompt muon. In this case, track parameters in the ID and MS
are mismatched due to the kink of the decay. As a result of such kink tracks, the
track reconstruction probability is poor for the fake muons. Hence, these can be
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Figure 3.5: Dominant processes of the background events from (a) heavy flavored
meson decay, (b) combinatorial, and (c) fake muons.

suppressed by the track quality selection based on their detector hits and by the
fitting probability.

3.2 Analysis strategy in the experiment

This analysis aims to show the first result and the possibility of its extension at
the ATLAS experiment. The strategies of the trigger for the data acquisition, the
event selections, and the evaluation of the branching ratio are considered first.
In summary, the analysis procedure consists of a search for 7 — 3u signature
and a measurement of the number of generated 7 leptons. However, in order to
evaluate the significance of the signal or to set an appropriate limit, experimental
and technical aspects should also be considered in the actual analysis, especially
for the trigger and reconstruction in the ATLAS experiment. First, pr thresholds
of muon triggers are set sufficiently high to acquire all the generated 7 — 3u
signatures. The way to discriminate the signature from the huge number of the HF
background (Section 3.1.3) is also an important issue. Hence, the effective analysis
channel in the run depends largely on the trigger configuration and background
cross-section of the run.

3.2.1 Experimental challenge

Although experiments at the LHC have a merit of a huge number of 7 leptons
produced in pp collisions for the search, several challenges still exist in the exper-
iment in practice.

A large number of background events with multi-muons by the QCD inter-
action are the most essential problem at the hadron colliders. Generally, these
events are suppressed by the requirements for the muon momentum thresholds
at the trigger level. However it is difficult to avoid critical efficiency loss for the
target signature especially for the HF-originated signature, with low pr muons
by the online selection. The inefficiency is also caused by the case that muons
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are too close in space to resolve them as separate muons. This issue is crucial for
this search because three muons from 7 decay are always highly collimated by the
high momentum thresholds for muons. Although these issues are more significant
at the trigger level because of the low resolution of momentum and position due
to limited computing time, reconstruction also has slight inefficiency for the colli-
mated muons. Therefore, the efficiencies of the trigger and reconstruction should
be carefully checked in this analysis. For the trigger study, a dedicated trigger
for the target signal has been developed and used in ATLAS. The efficiency of
the multi-muon trigger could be estimated by the product of single-muon trigger
efficiencies in principle. However, this estimation was not suitable for this anal-
ysis because of additional inefficiency of close-by muons. Therefore, it is critical
in this study to evaluate inefficiency of such collimated muon pairs.

The similarity of the background events by the QCD to the target signal is
another important issue. Simple cut-based selections for the muons and recon-
structed 7 candidates were not enough to discriminate target events from the
backgrounds while keeping high signal efficiency. This is because the signal and
background have different shapes of the measurable kinematic variables while
they are not clearly separated. In order to improve the signal and background
separation, the Multi-Variate-Analysis (MVA) selection, which can evaluate the
signal likelihood of an event using several variables comprehensively, was em-
ployed. Especially for HF — 7 — 3u analysis, this technique is essential because
the HF — 7 — 3pu signature does not have large X and is not isolated from
hadron jets. This MVA technique is also effective for the Dy, — ¢ — pum
analysis and thus employed.

3.2.2 Targets in Runl and Run2

In the Runl period, none of the dedicated triggers were implemented. Since the
HF — 7 — 3u signature was hard to be triggered effectively without a dedicated
trigger, the search requires more complicated analysis to discriminate signal from
background. By this reason, W — 7v — 3uv was the main target in the Runl
analysis. The analysis procedure and results in Runl are described in Part II.

On the other hand, dedicated triggers were developed and implemented in
the Run2 period. Accordingly, HF — 7 — 3p analysis could be carried out from
this period by referring to the W — 7v — 3uv analysis procedure in Runl. The
prospects for W — 7v — 3uv and HF — 7 — 3pu analyses with the 2016 data
are described in Part III.
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Analysis using Runl data with
Vs =8TeV
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Chapter 4

Data and Monte-Carlo
Simulation

In Runl data taken in 2012, W-originated 7 — 3 was the target of the search.
The details of the acquired data in pp collision with /s = 8 TeV and triggers
used for data taking are described in the first section of this chapter. Simulation
samples were also generated to estimate the number of signal, to validate the
distribution of the background, and to evaluate the difference of the simulation
with the data. Details of the simulation samples are shown in the second section.

4.1 Data in pp collisions with /s =8 TeV

4.1.1 Status of 2012 run

LHC was running at the center-of-mass energy of 8 TeV in the 2012 period. The
amount of data is represented by the time-integrated luminosity which is the sum
of instantaneous luminosity in the bunch crossing. The instantaneous luminosity
is defined by cross-section (o) and rate (Rine) of the inelastic scattering events
as

Rinel

Oinel

L= (4.1)
These values of the inelastic interactions are measured by the van der Meer (vdM)
method [66] using dedicated detectors [67]. Figure 4.1 shows the time evolution of
the integrated luminosity in 2012. The bare luminosity of the pp collisions reached
22.8tb™ !, of which 21.3fb™! of data was recorded by the ATLAS trigger system.
This efficiency loss is caused by dead or stopped time of the ATLAS detector
system. On the other hand, the actual amount of analyzed data is approximately
20.3fb™! due to requirement of stable performance of the detector system. The
uncertainty of this luminosity determination is estimated to be £2.8% during this
year [67].
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Figure 4.1: Evolution of the integrated luminosity in 2012 run as a function of the
date [68]. The ATLAS experiment recorded 21.3fb™" in the delivered 22.8 fb™*
collision.

4.1.2 Trigger

As mentioned in Section 3.2.2, the target signature consists of three muons
and large ERs. These six trigger chains with multi-muon (and EX¥¥) require-
ment were employed as efficient chains for this analysis: HLT 2mu13, HLT 3mu4T,
HLT 3mu6_msonly, HLT mul8_tight mu8 EFFS, HLT mul8_tight 2mu4 EFFS, and
HLT 2mu8 EFxe80_tclcw. The events which are fired by at least one of these
chains are derived from whole acquired data, and used in the analysis procedure.
Hence, the efficiency has to be evaluated as the inclusive efficiency for combina-
tion of these, which will be described in Section 7.2. In this period, the dedicated
triggers using the topological feature of the signal were not developed. Therefore,
only the chains designed with simple requirement for muons and EX without
any relations between these were used in 2012.

4.2 Monte-carlo simulation

The Monte-Carlo (MC) simulation for the W — 7v — 3uv signature is necessary
for determination of the event selection efficiency for the search. In addition to the
signal sample, several simulation samples for the validation are also important to
check the robustness of the analysis procedure. As the first step of the simulation,
the target events are generated using the proper configuration of physics models
and Parton Distribution Function (PDF) set. These are used as the inputs for
the ATLAS detector simulation based on GEANT4 package [69,70]. This output
is derived in the same formats as that of the actual data taking. The physics
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objects are reconstructed in the same way as for the data, based on the response
of detector simulation. Therefore, the simulated samples can be compared with
the data directly, although the difference in the performance must be evaluated.

4.2.1 Signal sample of W — 7v — 3uv

A signal sample of W — 7v — 3uv is produced by a generator for parton-
level (PyTHIA8 [71]) with the configuration as AU2 [72] and the PDF set of
MSTW2008LO [73]. Hadronization of the quarks(gluons) and the hadron decay
are also simulated by PYTHIA8 package, based on the leading order calculation.
The BR of the 7 — 3u decay is assumed to be 100%' without any specific BSM
physics model in the event generation in order to search this generally. Finally,
the cross-section of the signature is determined by the number of W — 7v events
and BR of the 7 decay. The production cross-section of W — 7v is confirmed
by the data (Section 6.1), and BR(7 — 3pu) is considered as a free parameter
representing the sensitivity for the 7 — 3u signature. The number of generated
events of this sample was 10°.

4.2.2 Background samples

In order to emulate the background events from the heavy flavor hadron decays,
events composed of muons from the parton-level initial states of bb and c¢ were
generated independently. For the bb background, two samples are prepared; bb
originated events composed of at least one muon whose pr is above 15 GeV, and at
least two muons whose pr’s are above 4 GeV. On the other hand, c¢ background
events with one muon with pr> 15GeV are also generated. These three samples
are used only for validation of the background distribution shapes, but not for
the direct estimation of the number of background events. This is because it is
difficult to simulate all the components of backgrounds, especially the accidental
background explained in Section 3.1.3. Therefore background rate is estimated
by the sideband data in the invariant mass distribution. The PYTHIAS tuned for
heavy flavor physics (PYTHIASB) with AU2 tune and the MSTW2008LO PDF
set is used for the generation of the events in the same way as the signal sample.

In order to validate the background contribution of multi-jet and Z, W associ-
ated events, inclusive multi-jet samples, W — uv + jets and Z — pp + jets were
also produced. However these events have negligible contribution to low invariant
mass events to be considered as background. Hence, these were discarded from
the background estimation and validation. The background samples are listed in
Table 4.1.

!The SM decays of T leptons were not simulated since contamination of these decays to the
signal selection is negligible
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Table 4.1: Summary of the cross-sections of the background samples from the
heavy flavor hadron decays.

Description Oprod|nb]
bb, pru > 15GeV | 1.99 x 10°
bb, pr e > 4,4GeV | 1.15 x 10°
cC, pr > 15 GeV 8.0 x 104

Table 4.2: Summary of the cross-sections of the W — 7v + jets events. These
samples are used for the variation of the estimation of number of the W — 7v
events

Description Oprod [11D]
W — v + jets with Npgrions = 0 8.036
W — v+ jets With Npgrions = 1 1.579
W — v + jets With Npgrions = 2 | 4.778 X 1071
3
4
=5

W — v + jets With Npgrions = 1.3401 x 107!
W — 1v + jets with Npartons = 3.526 x 1072
W — v + jets with Npartons 1.065 x 1072
Sum of Npgrtons < O 10.27

4.2.3 Normalization samples

The W — 71v + jets signature is also produced for estimation of the number of 7.
This sample is generated using different parton-shower generator (ALPGEN [74]
and JiMMY [75]), instead of PYTHIAS for the signal sample. A higher order
correction is applied in the calculation of this configuration. Therefore, these
samples are suitable with the better accuracy of cross-section of W boson pro-
duction than PYTHIAS with the leading order calculation. These samples are
separately produced by the number of associated partons in the final state, noted
as Npartons- Cross-sections of W — 7v events are listed in Table 4.2. The number
of W — 71 events is estimated by the theoretical extrapolation of the cross-
section measurements at 7TeV as described in Section 6.2. These samples are
used for the variation of the estimation.

4.2.4 J/v» — pp simulation for efficiency measurement

A large number of J/¢) — up events are also needed to estimate the efficiency
of the trigger and reconstruction. This sample is produced by PYTHIA8B in
the same configuration as the heavy-flavor-based background sample generation.
First, two types of samples are produced with the threshold of pr,; > 4GeV
& prye > 4GeV and pr, > 15GeV & pr e > 2.5GeV, respectively. This
is because boosted J/1» — pp events including at least one high pr muon are
used in the efficiency measurement (Section 7.1.2). The latter sample contains
more events with such high pr muon used for measurement of the efficiency.
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The secondary .J/v¢ events, which is emitted from the B hadron decays, are not
included in this sample.



Chapter 5

Event Selection

As described in Section 3.1.1, the characteristic feature of the signal is collimated
and isolated three muons and large E. First, physics objects are defined and
reconstructed. The baseline requirement for each object is applied for reduction
of fakes. The combinations of variables are also determined using each object
after baseline selection. In order to maximize the sensitivity, MVA technique is
employed after the loose selection for each physics object and combined variable
is calculated. Hence, this event selection procedure consists of three steps: object
selection; pre-selection using each object and the combination variables for MVA;
and final MVA selection. In this chapter, details of these selections are explained.

5.1 Region definition

The object reconstructed by three muons, which is defined as the triplet, is the
candidate of 7 lepton in this analysis. The most characteristic feature is the
invariant mass of the triplet (Miiplet). Events are divided into several samples
by the Miyipler and MVA tuning is optimized for each region. These ranges of the
regions are set depending on the expected resolution of the 7 — 3u signal by the
simulation shown in Figure 5.1.

The region for counting the signal events for the search is defined as the
Signal Region (SR), whose range is set as twice of 0,,45s and the center is the
7 lepton mass. The Sideband region (SB) and the training region for MVA are
defined for the validation of the background distribution and optimization of the
event selection. In order to minimize the signal contamination in the SB and the
training region, the region of three times of ¢,,,ss is blinded, which is larger than
the SR with the same center value. The SB is mainly used for validation and
comparison with data with similar mass to the signal, therefore defined by loose
window.

The training region was used for MVA training, described in Section 5.3. In
this chapter, data distribution in the SB region is shown together with the signal
and background simulation in order to evaluate the discriminating power of the

o7
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Figure 5.1: Invariant mass distribution of the triplet of the signal simulation. The
mean value and the width (0,,,ss) are estimated to be 1778 MeV and 31.72 MeV
by the Gaussian fitting (blue line), respectively.
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Figure 5.2: Definition of each region; signal, blind, sideband, and MVA training,
as the invariant mass limitation. The reconstruction procedure and resolution of
the mass is described in Section 5.2.5 and 5.3.

selection. The definitions of these regions are
e Signal Region (SR) : [1715, 1842 MeV
e Blinded Region : [1690, 1870] MeV
e Sideband Region (SB): [1450, 2290] MeV (excluding the blinded region)
e Training for MVA : [1300,2320] MeV (excluding the blinded region)

as also shown in Figure 5.2.

5.2 Signal reconstruction and selection

Several physics objects, i.e. ID tracks, muons, hadron jets, and EM are used
in this analysis procedure. These physics objects are reconstructed based on
the baseline procedure in ATLAS, while several requirements are optimized for
this analysis. Especially for tracks and muons, requirements for the hit qualities
and reconstructed parameters are set to maximize the efficiency for the specific
kinematics with collimated and low momentum muons of the signal.

The combination variables of these reconstructed objects are also defined. The
kinematic feature of the triplet, which is reconstructed as the candidate of 7 lepton
decaying into three muons, is also useful for event selection. It is important for
event selection to consider the correlation between the objects. The definitions,
reconstruction procedures, and requirements for these variables are described in
this section.
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5.2.1 ID Track and vertex

Charged particles are reconstructed as tracks using hits at the ID. In the first
step of tracking, track candidates are reconstructed by hits on Pixel and SCT
with Kalman filter [76] assuming the origin is the IP. Using TRT hits around the
extended track candidates, the track parameters are determined minimizing y? of
the fitting with associated hits of all the detector systems. The track parameter
set consists of impact parameters (dy, 29), track direction angles (6, ¢), and in-
verted momentum multiplied by the charge (¢/p). dy and zy represent transverse
and longitudinal projection of the distance from reference point to the perigee
point of the track, respectively. The 6, ¢, and momentum are also calculated at
the perigee point. The covariance error matrix of these parameters are also calcu-
lated. pr and 7 distributions of the signal simulation, HF-originated background
and inclusive muons of the sideband region are shown in Figure 5.3. These dis-
tributions for the signal and background simulations do not have differences for
discrimination, and the thresholds for these are determined by the acceptance of
the detector geometry and the reconstruction. Also, the SB data shows a similar
distribution to the background simulation. This means that the most background
events consist of the HF-originated events.

All tracks with high enough momentum above 400 MeV are reconstructed,
but there is large contamination arising from fake tracks. Fake tracks are mostly
due to accidental coincidence of noise hits or hits by independent tracks. Follow-
ing requirements for the number of detector hits, 7 region, and momentum are
additionally applied for these tracks in order to reduce these fake tracks.

e If a hit on the inner most Pixel layer (B-layer) is expected, the number of
hits on the B-layer should be larger than or equal to 1

® Npits Pixel = 2

® NpitsscT = 9

® Nholes,Pixel+SCT < 2

® Npits trr > 6 and Noythits TRT/Nhits TR < 90% (|| < 1.9)
Nhits TRT > 6 0 Noytnits TRT/Nhits, T < 90% (|77] > 1.9)

o || <25

e pr for leading, 2nd leading, and 3rd leading tracks should be larger than
5.5GeV, 3.5GeV, and 2.5 GeV, respectively

Nhits detector T€Presents the number of hits at the corresponding detector. The
number of dead sensors on the track path is also involved in that of hits in each
detector. The number of detector holes (Nyojes detector) 1S defined by that of layers
with the track path at insensitive position. The hits on the edge of the TRT
on the track path are defined as the outlier hits on the TRT, whose number
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is denoted as Noutnits,TrT, Used for the quality of the TRT tracking. These are
required for ID tracks associated with muon, and are used for a track quality
selection in the analysis procedure. The requirements for 7 and pr of the muon
tracks are determined by considering the discrimination from the fake tracks.

The interaction vertices are also reconstructed as a crossing point of the 1D
tracks. Several vertices are reconstructed in an event. This is processed at the
same time of the tracking with Kalman filter. The vertex with the largest scalar
sum of pr of the associated tracks of among all reconstructed vertices is defined
as the PV of the event. The SV is reconstructed by fitting using three tracks
of signal muon with the same procedure as in the PV reconstruction. Then, the
PV is also re-fitted after subtraction of the tracks used for the SV reconstruction.
The track parameters of the signal muons are also re-defined with the associated
vertex as the reference point, i.e. re-defined the PV or the SV. The SV is defined
as the decay point of three muon decay, while the PV as the generated point of
the initial particles. These vertices are used for the evaluation of the flight of the
triplet using Ly, and agy shown in Section 3.1.1. Furthermore, the number of
tracks which are used for the PV reconstruction is used to represent the strength
of the interaction, and the probability of the SV is used to establish whether the
three tracks cross the point.

5.2.2 Muons

There are two types of reconstruction procedure for muons. The basic procedure
of muon reconstruction is performed by hits on the ID and precision detector of
the MS, i.e. MDT and CSC. This muon, called combined muon, is determined as
a combination of the ID track and MS stand-alone track, which is reconstructed
using only MDT and CSC. In the MS stand-alone track reconstruction, segments
on the detector layers which is defined as a set of the hits are used for fitting.
This fitting procedure is based on an assumption that a track is emitted from
the center of the detector, considering the curvature and energy deposit in the
calorimeter. The precision of the ID tracks is much better than the MS stand-
alone track, therefore the combined muon precision is improved by the ID track
with the good identification of the muon by the MS stand-alone track. The
efficiency of the muon reconstruction is understood as a combination of those at
ID and MS, and the measurement procedure is described in Section 7.3.

Another reconstruction procedure is performed with the ID track and MS
detector hits without tracking. In this procedure, at least one segment around
extended ID track is required instead of the MS stand-alone track. This muon
track, called as Muon-Associated-Track-Particle (TPa), shows worse separation
from fake muons, however efficiency loss at the MS stand-alone track reconstruc-
tion is suppressed. The efficiency of TPa was also measured in Section 7.3, as
well as the combined muon.

The quality selections for muons are defined separately for these types of
muons. The common selection for the ID tracks are shown below:
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Figure 5.3: pr and 7 distribution of each track in the reconstructed triplet of
W — 7tv — 3uv signal (gray filled), HF-originated background simulation (red
and blue lines), and the sideband data (black points). Figures in the left side
show pr distributions for (a) leading muon, (c¢) 2nd leading muon, and (e) 3rd
leading muon, respectively. In the right side, 1 distributions for (b) leading muon,
(d) 2nd leading muon, and (f) 3rd leading muon are shown.



CHAPTER 5. EVENT SELECTION 63

—+— Data

° E

&  f [Lot=2031" Wotvssuv

< E [ bB—un(>4,4GeV)+X
g F Vs=8TeV [ cBu(>15GeV)+X
5 E

z

o

I
0.6 0.7 0.8 0.9 1

Nhits,TRT(High)/ Nhits,TRT

Figure 5.4: Ratio of number of hits with the high energy deposition to the total
number of hits for muons in the reconstructed triplet of W — 7v — 3uv signal
(gray filled), HF-originated background simulation (red and blue lines), and the
sideband data (black points). Most of hits by muons from signal events are below
0.35.

e Track quality selection in Section 5.2.1

e Ratio of the number of TRT hits with high energy deposition to that of all
the hits associated to the track should be smaller than or equal to 0.35

The hits with high energy deposit at TRT are specific for the electron as shown
in Section 2.2.1. Hence, electron tracks are rejected by requirements of low ratio
of the high TRT hits, as shown in Figure 5.4.

Specific selections are applied for combined muons using the number of hits in
the muon detectors and parameters rerated to MS stand-alone tracks. The muon
momentum balance significance (op,, 1a1.) is defined as the difference between the
momentum measured by ID and MS, concerning the weight by accuracy. In
principle, ID and MS momentum should match with each other for muons, i.e.
should sharply peak around zero. The tail of this distribution is made by the
kink track by the pion or K meson. The muon scattering angle significance
(0O ,1,5car.) Tepresents the difference of the track directions reconstructed in ID
and MS. Therefore, this tail is also understood by the kink tracks. Selections
are applied for rejection of the fake muons by pions and K mesons. Figure 5.5
shows the muon momentum balance significance and the muon scattering angle
significance. Figure 5.6 shows the distribution of number of hits on precision
detector (MDT and CSC) and number of trigger layers (RPC and TGC) with
hits for each muon. The selections for muons are commonly set to make the
fraction of signal muons higher than fake-like muons in data and HF background
simulation. The following selection criteria are applied for the combined muons:

e —3< OPpbal. < +4
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Figure 5.5: (a) Muon momentum balance significance and (b) muon scattering
angle significance for the simulation and the data. W — 7v — 3uv signal, HF-
originated background simulation, and the sideband data are shown as a gray
filled histogram, red and blue lines, and black points, respectively.

i |0@u,scat.| <4
® Nyits MpT+CSsc > 12

® Nyits RPc+TGC = 2

For TPa muons, tighter selections are applied for the hits on the MS:
® Npits MpT+CSc > 13

® Nyits,rPC+TGC = 3

e The track must have either TGC or RPC hits (7 or ¢) to exclude shared
tracks in TGC-RPC transition region.

The probability of track (p-valuey,,) is determined by the x? fitting of hits on the
ID track. The quality of the ID tracking is more important because reconstruction
procedure is based on ID tracking for the TPa muons. The muon sample with
small p-value,,;, is dominated by a lot of fake tracks as shown as the discrepancy
of the sideband data and HF-originated background simulation in Figure 5.7.
The condition on p-valuey, is not required for each track, but for the product
of the three tracks in order to evaluate as a whole event. Figure 5.8 shows the
distribution of the number of hits in the precision detector and trigger layers.
The peak around 12 in precision hits distribution is validated for each muon in
data, furthermore the number of hits tends to be smaller than combined muons.
The requirement for this parameter is set to be larger than 13 in order to remove
fakes. The number of trigger layers in the data is not significantly different from
combined muon case. While the most of signal muons has 4 associated trigger
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Figure 5.6: Number of hits on the MDT and CSC for (a) leading muon, (c) 2nd
leading muon, and (e) 3rd leading muon, as well as a number of TGC and RPC
layers with hit for each muon in (b), (d), and (f). Signal muons had a large
number of the hits on precision and trigger detectors, while data and background
simulation involved muons with few number of hits. W — 7v — 3uv signal
(gray filled), HF-originated background simulation (red and blue lines), and the
sideband data (black points) are shown respectively in each plot.
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Figure 5.7: The probability of ID tracking for TPa muons in the data and sim-
ulation. Signal muons (gray filled) showed higher value than the sideband data
(black points) and background simulations (red and blue lines), while muons with
small value also remained in data.

layers, the requirement is set to be 3 for combined muons. However, there are
shared hits at both TGC and RPC around the transition region for TPa muon as
shown in Figure 5.9. In order to suppress the fake tracks by the accidental hits

on across both trigger detectors, hits on trigger layer are required to be at either
TGC or RPC.

5.2.3 Hadronic jet

Hadron jets are reconstructed using energy deposition in the calorimeter and
associated ID tracks. In this analysis, this object is used for rejection of contam-
ination of the background originating from QCD jets. Also, missing energy is
calculated based on reconstructed jets as shown in Figure 5.2.4.

For the first step of the jet reconstruction, initial clusters of the energy depo-
sition in the calorimeter are defined using Topo-cluster algorithm [77] with local
cluster weighting (LCW) calibration [78]. These clusters are merged by the anti-
kr algorithm [79], and used as an anti-ky jet in this analysis. In this algorithm,
distances d;; between clusters ¢ and j, and d;p between cluster 7 and the beam
(B) are introduced as

1 1 JANY
di; = min | ——, —— | =2 5.1
J min (k%yz k%’]) R2 ( )
1
dip = — 2
iB k%ﬂ-’ (5 )

where A;; is a AR like 2-dimensional angular distance defined as ((y; —y;)*+ (¢: —
$;)*)V/2, and kr;, y;, and ¢; are the transverse momentum, rapidity and azimuthal
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Figure 5.8: Number of hits on the MDT and CSC for (a) leading muon, (c)
2nd leading muon, and (e) 3rd leading muon, as well as number of TGC and
RPC layers with hit for each muon in (b), (d), and (f), respectively. TPa muons
are selected in these pictures. Signal muons had a large number of the hits on
precision and trigger detectors, while data and background simulation involved

muons with few number of hits.

W — tv — 3uv signal (gray filled), HF-

originated background simulation (red and blue lines), and the sideband data
(black points) are shown respectively in each plot.
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Figure 5.9: 2-dimensional distribution of number of hits on 7 (a,b) and ¢ (c,d)
layers of TGC and RPC. The sideband data are shown in left side, i.e. (a) and
(c), and W — 7v — 3uv signal are shown in right side, i.e. (b) and (d). Although
hits on trigger plane should be either on TGC or RPC typically, muons could be
reconstructed using hits on both plane around transition region of these trigger
chambers. Such muons in transition region involve a lot of fakes, therefore should
be removed.

]
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Figure 5.10: Reconstructed anti-kr jets with R = 1.0 of a parton level event by
HERWIG [80] with soft particles, discriminated by their color [79]. The height of
a bin represents the pr at the cells, and cells filled by the same color are merged
into a jet.

angle of cluster ¢, respectively. R is the cone size of the jet reconstruction and
takes a role as the threshold of the distance between clusters. Identifying the
smallest of the distances, merged cluster parameters (k7, y, ¢) are re-defined
using initial cluster ¢ and j removed from the candidates. If d;p is the smallest
candidate, i-th cluster is defined as a jet and removed from the candidates for
merging. This merging procedure is repeated until no cluster candidates for
merging are left. Then, the reconstructed jet is made by simply accumulating all
the soft particles within R, resulting in a conical jet as shown in Figure 5.10. In
this analysis, anti-k7 jets with R = 0.4 is used as hadron jets.

5.2.4 Euis

The total transverse energy in an event is calculated using the vector sum of the
reconstructed particles on z-y plane, which is denoted as Er.

Er = Ef + Ep + By + BT, (5.3)

where E%et’e’“ o/t are the 2-dimensional vector sum of each kind of particles
(jet,e, ), and topo-clusters or tracks within || < 4.9 which are not associated
with any reconstructed objects are defined as soft terms, noted as soft. This cal-
culation uses electrons, which is not used as an object in the analysis procedure.
The electrons are reconstructed by the combination of tracks at ID and energy
deposit in the EM calorimeter. The identification, discriminating from photons
and charged hadrons, are determined by the shower shape in the calorimater,
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Figure 5.11: (a) CaloE™® and (b) Track EXs distribution of W — 7v — 3uv
signal (gray filled), HF-originated background simulation (red and blue lines), and
the sideband data (black points). A large ET of the signal events is generated
by the neutrino from W decay.

matching with tracks and balance of energy and momentum, and the transition
radiation at TRT. The inversion of x and y components of the Er is defined as
the EIiss:

By = |Ey|, B = —Ef. (5.4)

Two types of E variables with the different methods of the soft term cal-
culation are used to ensure the significance of EX'*; one of these is based on the
energy deposit at the calorimeter (Calo M%) and another is based on the tracks
at the ID (Track Eis®). In this analysis, Track BI®* is particularly useful because
there should be the three muon tracks which balance with the missing energy.
Furthermore, Track B2 accounts for the tracks of mis-reconstructed muons with
the MS requirements failed while the CaloEX'* does not. These reasons also lead
to a better resolution of TrackEM®s for the missing energy calculated by the
three muons than CaloE®. CaloE¥* is mainly used for validation of the ef-
fect of using clusters by the comparison with Track Emis*. The CaloERs and
Track EX5 distributions of the signal and background simulation, and the data
in the sideband range are shown in Figure 5.11 with quality selection for the
each reconstructed muon. As the loose selection criteria, 10 < B < 250 GeV is
required for both of CaloER* and Track FXss.

5.2.5 Triplet properties and related physics variables

A triplet consists of three combined muons or the combination of two combined
muons and a TPa muon as the candidate of the 7 lepton in this analysis. The
properties of the triplet are used for discrimination from background events, as
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well as for region definition and the final discriminant. One of the characteristic
feature of the signature is the significant life-time of 7 lepton. This can be used as
flight length on the z-y plane, denoted as Ly, as explained in Section 3.1.1. The
degree of pointing of the Ly is also defined as a?(y, which is also a characteristic
feature. For the calculation of Ly, and a’. . the SV is reconstructed with three

muons in a triplet in addition, and also thye PV is also recalculated subtracting
the tracks which are used in the SV reconstruction. The distributions of the Ly,
and a, are shown in Figure 5.12(a), (b), respectively. The Ly, distribution of the
signal events shows a tail above 0, but the sideband data and the HF-originated
background simulations show longer tails. This is because of the long life time of
the HF mesons. Therefore, this is not effective to discriminate from HF-originated
background, however it can be used for rejection of the background from other
sources, i.e. accidental events and fakes. The a?{y distribution of the signal events
tend to be concentrated around zero, while the background events have tails due
to the other emitted particles by the HF meson decays, especially for B meson.
The flight length of the W — 7v — 3uv events is generated by the 7, therefore
it can be used for the discrimination from the HF-background. In order to
consider the accuracy of the measurement of these parameters, their significance
(0Ly, and aagy) are also defined by dividing by their own uncertainties. The
probability of the SV is defined by the x? for number degree of freedom (ndof)
of the vertex fitting. High probability means that these three tracks come from
one point spatially, which is useful for discrimination from the background events
by the accidental matching of irrelevant tracks. Hence, in the comparison of
the probability distributions shown in Figure 5.12(c), the sideband data cannot
be understood by only the HF-originated background due to accidental events.
The requirement of higher probability of the SV is expected to be effective to
reduce such backgrounds. The triplet kinematic variables, pr, 77, ¢, and invariant
mass, are reconstructed by the re-fitted tracks, which are corrected by the SV
fitting process. The invariant mass of the signal triplet should be the mass of
7, therefore used as the final discriminant in the analysis. Using these variables
of the triplet, the loose selection, also noted as the pre-selection (hereafter loose
selection criteria), is set as

e Product of the three track probabilities in the triplet as Py = H?Zl -
value;_nirack should be larger than 107

o —10 <Lyy/0Lyy< 50

o a) /oal, < 25

e p-value of the SV reconstruction should be larger than 0.01

® D7 piplet > 10 GeV

e Absolute value of the total charge of the three muons is equal to 1

o Miyiplet< 4.0 GeV (a loose mass window for triplet mass)
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Figure 5.12: (a) Ly, and (b) a, distribution which are reconstructed by the PV
and the re-fitted SV, as well as (c¢) probability of the SV reconstruction. W —
Tv — 3uv signal (gray filled), HF-originated background simulation (red and
blue lines), and the sideband data (black points) are shown as blue filled, red and
green meshed, and black points, respectively. Large number of HF background
also comes from displaced vertex, however these tend to be less pointing and with
low probability of the SV.
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M riplet,piss and Ay pmiss are defined using the triplet and Ef™ (both
Calo and Track-based) as shown in Figure 5.13. These are important to en-
hance the signal from W — 7v as shown in Section 3.1.1. The requirement of
My griplet, pmiss> 20 GeV are applied for the event as the loose selection for both
of CaloE™ and Track B2, These variables are also used in the tight selection
described in Section 5.3.

The sum of the transverse momenta of visible particles ﬁT is also defined as

4

I'_jT = DT, triplet + ZﬁT,jot i) (5.5)

=1

where the pr riplet and pr et i are the momentum vector of the triplet and i-th
leading hadron jet, respectively. Up to four jets with large pr above 30 GeV
are taken into account. This variable is used to ensure the significant FMss
from W decay by calculating Mt g, using Hr and Emiss Figure 5.14 shows the
distribution of the ﬁT and My, after the selection of muons. My g, is also
required to be larger than 30 GeV as well as M triplet-

The track isolation of triplet is defined as the sum of the track pr (with
500 MeVor above) in a cone excluding the three tracks constructing triplet

Athriplet,track <cone

EpT,traCk = Z PT track i (56)
i=0
cone = AR, + margin, (5.7)

where ARiiplet track 18 AR between the triplet and the track. The cone size is
determined by the fixed margin of 0.2 (and 0.3) and AR .| which is the max-

triplet’

imum of the AR of all pairs of three tracks. The AR{T depends on the degree
of boost of the triplet, i.e. pririplet- Other objects in the cone also tends to be
close to highly boosted triplet, which mostly come from boosted object decays.
Therefore, isolation requirements should be set for Xpr track /DT triplet, denoted as
Isolationiyiplet, marginsize; considering the degree of collimation. Figure 5.15 shows
the distribution of the isolation value Isogipie; With the margin size of 0.2 and 0.3.
A triplet in a hadron jet has a large track isolation value, therefore the require-
ment of low Isogipet, is useful to reduce background events. The loose requirement
for the isolation for triplet is set as ISOguiplet,0.2(0.3) < 0.3(1.0).

The events in the loose selection criteria are used for the training and op-
timization of the MVA (will be shown in Section 5.3), while the tight selection
criteria is also defined to use together with the selection based on the MVA. In
this selection, three muon-pairs in the triplet are also used. Two of them are
opposite-sign (OS1 and OS2) pairs, and another is same-sign (SS) pair. OS1
is defined as reconstructed by two muons with higher pr than muons of OS2.
In particular, the invariant masses of the OS1 and OS2 (Mogs1, Mos2) are used
to reject the light resonances decaying into two muons, ¢ and w mesons, whose
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Figure 513 (a) MT,triplet,'I‘l.rackEEF“iSS and (b) A(Z)triplet,TrackEfP“iss dlStI‘lbutiOH deﬁned
by the triplet and Track E4" in the event, as well as (¢) M gipiet,Calormi== and (d)
A@iplet,cators distribution using CaloEF™ instead of Track Ef™. W — v —

3uv signal (gray filled) shows a large Mr yipler and opposite direction B against
the triplet in -y plane, while HF-originated background simulation (red and blue
lines), and the sideband data (black points) show similar smooth distributions.
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Figure 5.14: (a) Hy and (b) Mr ., distributions of W — 7v — 3uv signal (gray
filled), while HF-originated background simulation (red and blue lines), and the
sideband data (black points). The small cutoff around Hy = 20 GeV is due to
the loose threshold for pr gipler by 20 GeV.
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Figure 5.15: ISogipier distributions with the margin size of (a) 0.2 and (b) 0.3 for
W — 7tv — 3uv signal (gray filled), HF-originated background simulation (red
and blue lines), and the sideband data (black points). Signal triplets concentrate
around zero, while backgrounds are distributed broadly.
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masses (Mg, M,) are 1020 MeV and 782MeV, respectively. The tight selection
requirements are shown as follows:

o P = Hf’zl p-value;_iherack should be larger than 8.0 x 107
o 1 <Ly,/oLy< 50

o a) /oal,< 25

e p-value of the SV reconstruction should be larger than 0.2
L MT,triplet,Calo(Tmck)ErT"iSs> 45.0 GeV

e A¢Hr,Calo(Track) ERiss> 2

e Mog1, Mos2, and Mgg (invariant mass of the SS) should be larger than
300 MeV

e If either of the pr yipler Or the Calo(Track) B3 is lower than 35.0 GeV, the
differences of Mogi(0g2) from My and M, should be larger than 50 MeV

e In order to reject the Dy — ¢m — ppm originated background events,
the difference of Mogi(0s2) from My should be smaller than 40 MeV, if the
difference of Miyipier from Mp, (1968 MeV) is larger than 100 MeV

5.3 Multi-Variate Analysis procedure

The main event selection procedure of this analysis was based on a MVA tech-
nique. This is an effective method especially for the case without any clear dis-
criminant variables from background events. Considering the several aspects of
the signal events, it is expected to give a better separation than applying a sim-
ple threshold for each variable. On the other hand, the degree of ”signal-like”
for an event, called as score of the event, was determined by the training using
background and signal samples. The score depends on the way of training, the
number of sample events, and quality of samples for background. Furthermore,
an appropriate set of variables for MVA score calculation is also important not
only for higher selection efficiency, but also avoiding the bias by enhancing the
triplet with mass of 7 accidentally.

5.3.1 Configuration and options

The MVA selection strategy is not for each variable separately, but a score of an
event is determined using all variables inclusively and totally. Then, the score
calculation is based on the "training” step using the signal (S) and background (B)
event samples. Boosted Decision Tree (BDT) [81], constructed by the decision
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tree with variables considering the weight of each, was employed in the score
determination.

In the basic decision tree method even without boost, the best separation
value into one side having mostly signal and the other mostly background for each
variable is decided first. Variable giving the best separation in all the variables
is used as the the first selection of the decision tree, and other variables are also
ordered by their separation values. Figure 5.16 shows a simple case with three
variables: A; B; and C. The input events are separated into two sides of the signal-
like (S-side) and background-like (B-side) by each variable. These two parts are
called "sons” of the variable. If the contamination of background (signal) events
in the S-side (B-side) was large, the next leading variable is used for further
separation. The selection point for each variable should be optimized to accept
the signal samples as S-side and the background samples as B-side. The purity
of the selection, which is used for the optimization, is given as:

P* ZSWS
ZSWS_{—ZbWb,

where W and W, are weights for each event in signal and background samples,
respectively. These weights are set to be constant,1.0, initially. Therefore, P
value should be worse by the contamination of background events in the S-side.
The weight is re-obtained to represent the importance for the mis-classified event,
i.e. an weight for a signal (background) event which is classified as the B-side
(S-side) by the decision tree is set higher. The selection of each variable is re-
optimized using these weights. This step is called ”Boost” of the decision tree.
For this boost process, the goodness of the selection is defined as:

Gini = (i m) P(1-P), (5.9)

where n is number of events, and W; is weight of the event. In order to minimize
the sum of Gini for sons, the criterion for the optimization is also defined as:

(5.8)

Criterion = Ginipanen — Ginig_siqe — Ginip_gide- (5.10)

By minimizing this criterion, the mis-classified events are enhanced in the ”boosted”
optimization process. After the boost, the score is determined based on the P
value. The score for the highest P value should be set as 1.0, and lowest one
should be set as -1.0. Therefore, the tight selection for the score can keep pu-
rity of the signal higher, although the signal efficiency also should be lower. For
usage of the BDT method, the depth of the decision tree, the number of boost
steps, and the limitation of the purity for a variable should be set considering the
number of events in S and B samples.

In this analysis, S sample is signal simulation, while B sample is extracted from
data in the training region. The triplet mass distribution with loose selection and
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Figure 5.16: Brief illustration of the BDT flow. Events in each sample are clas-
sified into signal-like (blue boxes) or background-like (red boxes), however the
classified events with loose selection (black boxes) is further classified by the next
leading variable. The final terminals are called leaf of the tree, i.e. blue and red
boxes. On the other hand, the black boxes are called branches of the tree. A,
B, and C represent the variables used for the selection, and x, y, and z are the
requirement for each variable.

regions defined in Section 5.1 are shown in Figure 5.17. The shape in the sideband
and training region is distributed gently enough to use as the same component in
the whole region including SR. Finally, S and B samples are defined by splitting
randomly into training sample and validation sample of the selection efficiency,
to ensure there is no overtraining. Number of events for S and B samples which
are used for training are 6400 and 3500, respectively. The options of the BDT
method is to set the number of variables, as well as the amount of events.

5.3.2 Choice of variables

16 variables of tracks, triplet, E¥5 and their combination were inclusively used
for the training and score calculation of the BDT as follows:

e Product of the three track probabilities in the triplet as Py = Hle Di—thtrack
e Number of tracks which were used for the PV reconstruction NIV

e Probability of the SV re-fitting p-valuepiet-

e Significance of Ly, (Lyxy/ALxy)

e Significance of al, (a2, /Aal,)

e Transverse momentum of the triplet pr tripiet

e Isolation variable with the AR margin of 0.2 ISosipier0.2

e Vector sum of the visible energy Hr
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Figure 5.17: Triplet mass distribution with region definition for background sam-
ple (data). The events within the blinded region is not used for the optimization
of the selections.

e (Calo-based missing transverse energy Calo s

e Transverse mass reconstructed by the triplet and CalOEr?iSSMT,triplet,cabE?iss
e Degree of agreement of the triplet momentum and missing energy pr triplet/ CaloE&iss—1

e Angular difference of the triplet and CaloE¥™* on the transverse plane

A¢triplet,CaLloE%‘iSS
e Track-based missing transverse energy Track Fiss

e Transverse mass reconstructed by the triplet and TrackE%lissMT,tripMTrackE%liss

e Degree of agreement of the triplet momentum and missing energy pr yiplet/ Track s —1

e Angular difference of the CaloEX*s and Track B2 on the transverse plane
AgbCauloEl}“ss,TrackEEf“iss
The distributions of these variables are shown in the next section (Section 5.3.3)

with the loose requirement for the BDT score in order to compare between with
and without selections.

5.3.3 MVA response and selection

MVA score is calculated for the validation sample for signal and background.
Figure 5.18 shows the response distributions of the BD'T with the loose selection
criteria, and after the tight selection criteria and BDT score > xy requirement.



CHAPTER 5. EVENT SELECTION 80

8 _I T T I T T I_I$I_ISIBIdaI.taI'(|Iolos|6)l T I LU I L I L I L I L
o 10 —e— SB data (tight+x>x,)
— E Si 1(l B
s e Sl tiomeoxy V5=8 TeV, 20.3 fb”
C —
2
L =

Lo

10° = o
- o0
C OQQQQ 50
.(?
=
.

-08 -06 -04 -02 0 02 04 06 08 1
BDT score

Figure 5.18: Distribution of the BDT score. The signal simulation (and the side-
band data) after the loose selection criteria is shown as light gray filled histograms
(black hollow circles) and those after the tight selection criteria with zq require-
ment for the BDT response is shown as dark gray filled histograms (black solid
circles).
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Few events remained in the sideband region after the tight selection even without
a BDT requirement.

Based on the distribution shape of the BDT response for signal and back-
ground samples, the lower limit was set in order to define the tight selected SR.
The loose threshold for the validation and estimation of the background contam-
ination (Section 6.1) is defined as x, and the tight one for the signal selection is
defined as z1. xg is fixed to be —0.9, and distributions for the variables are shown
in Figure 5.19 and 5.20 after the x( requirement with the tight selection criteria,
as well as after the loose selection criteria only. x; should be optimized consider-
ing the number of background events in the region of 1 < BDT response < 1.0.
On the other hand, it is difficult to estimate the number of background by the
counting in the region due to few events with the tight selection. Hence, z; = 0.9
is initially set in this step and re-optimized with proper background estimation
procedure (Section 6.1).
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Chapter 6

Background Estimation and
Normalization

Not only the search for signal events in the data, but also other measurements
are necessary to exploit a sensitive result. The number of background events is
important to evaluate the significance of the remaining signal in the signal region.
It is also important to estimate the number of W — 7v events in the 8 TeV pp
collision for the calculation of BR(r — 3u). In this chapter, the procedure to
estimate these numbers are described.

6.1 Background estimation

The background components are difficult to split into several obvious sources
correctly because these are similar to each other and kinds of considerable sources
are too many to estimate the cross section of each. The background components
in the SB region are assumed to be the same as in the SR region, therefore the
background is extracted from the SB distribution of data in this analysis. On
the other hand, two issues need to be considered, that is (1) events in the SB
region are used for MVA training, (2) number of events are not enough to make
precise estimation. In order to resolve the problem, it is essential to use the MVA
score distribution of SB events not used for training, i.e. "validation” side of the
splitting in Section 5.3.1. Furthermore, amount of background events is one of the
important factors for sensitivity of the signal. As explained in the MVA selection
(Section 5.3.3), the tight SR range is re-optimized depending on the background
estimation.

6.1.1 Extrapolation from loose M VA selection

First, two control regions, denoted as CRg and CR;, are defined as the SB re-
gion with loose and tight selections for the BDT response (g < BDT < 27 and
x; <BDT < 1.0), respectively. SRy and SR; were also defined with the same
thresholds in the SR mass window. Ideally, background contamination in SR;

84
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Figure 6.1: Overview of the strategy of extrapolation for background distribu-
tion. It makes the estimation of background robust to use the fitting in mass
distribution of CRq instead of CR;, which has only few events. fy_; is deter-
mined for extrapolation from SR (extracted from CRy by fitting the triplet mass
distribution) to SRy by counts in CRy and CR; using BDT response shape by
fitting. In this figure, o and x; are set as -0.8 and 0.9 in this figure.

should be extracted from the CR; by fitting of the triplet mass distribution. But
in this analysis, in order to resolve the lack of statistics in CRy, it was estimated
by extrapolation from SRy to SR; with a transfer factor (fy_,1) defined as the
fraction of CR; in CRy using the shape of BDT response. Figure 6.1 describes
the procedure overview and region definition of CR.

Background contamination in the SRq is determined by fitting of CRy as the
SB region. BDT response and the triplet mass distributions after zy requirement
(fixed to be —0.9 in Section 5.3.3) are fitted by, respectively,

B = pog + p1 exp(xps) + ps|z[** (6.1)
SB :NBernstein X BernStein(y|p07plap2) (62)
+ NArgus X Afgus(y’mo == Mtripletm“za Kj)a (63)

where p;’s are free parameters for fit, and x and my are the BDT response and
the triplet mass, respectively. Berstein and Argus functions in the sideband fit
of mass distribution are described in [82,83]. Although B and SB are used as
nominal functions, it is necessary to evaluate fluctuation of the fitting by using
alternative functions. Alternative functions of B are

b1
B = —_— 1)P4 6.4
Alt.A = Do + T +p3(z+1) (6.4)

Baw.p = po+p1 % (p2)°. (6.5)
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Figure 6.2: Fitting results for (a) BDT response and (b) triplet mass by the
nominal and alternative functions. Black markers show distributions of SB data,
and blue solid lines show fit by the nominal function. The alternative functions
drawn as dashed lines.

Alternative functions of SB are

SBaia = ChebycheV(ylpo,pl) (6-6)
SBai.p = Chebychev(y|po, p1, p2) (6.7)
SBai.c = Chebychev(y|po, p1, p2, p3), (6.8)

where Chebychev(y|po, ..., pn) are Chebychev polynomials of first kind with the
triplet mass (z) for n=1, 2, 3. Figure 6.2 shows the fitting results for BDT
response and triplet mass distribution with nominal and alternative functions.
The difference between nominal function and alternative functions was quoted as
the systematic uncertainty of the fit.

On the other hand, the estimated value should fluctuate by the cutoff of z.
This is considered as the uncertainty of the background modeling. Therefore, the
variation of responses for zy from —0.9 to —0.8 is confirmed with a step of 0.01.
The SB range definition can also fluctuate the estimation of the background.
The lower and upper limits of the SB definition are changed by the combination
of [1300, 1330, - - - , 1540] and [2260, 2230, - - - ,2020]. The maximal differences for
each x; requirement for the signal region are evaluated as shown in Figure 6.3.
The total uncertainty of the background estimation is determined to be [45-80]%
depending on the z; value.

6.1.2 Number of background and SR determination

The number of background events change as a function of 1, as well as the number
of signal events. Therefore, the threshold of z; should be optimized, considering
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Figure 6.3: Uncertainty components for the variation of the zy (BDT cutoff)
and SB range definition. The fluctuation of fit functions Af for the variations
and nominal configuration are considered as the uncertainties. The difference
of the sideband events (Nggg) is also considered. The total uncertainty of the
background modeling is given by the combination of the statistical uncertainty
and all components.

the expected signal (NS&"*9) and background (NSE'*9) with the value. Not
only the number of background events in SR1, but also the expected sensitivity
was determined at this step. In order to optimize z, the exclusion limit with
the assumption of no signal event is used as the criteria. The expected limit
was estimated with the statistical and systematic uncertainty from background
modeling and simulated cross-section of W — 7v. Figure 6.4 shows the expected
exclusion limit as a function of z;, which is set to be 0.933 to maximize the

sensitivity. Hereafter, systematic uncertainty is estimated for this selection.

6.2 Estimation of Ny _,,,

To calculate the upper limit of the BR(7 — 3u), the number of observed events
is normalized by the generated number of W — 7v — 3uv events (Ny _.,).
Precise estimation of the cross-section of W — 7v is necessary to set the limit on
BR(T — 3u). In the mass scale of the W boson, the difference of the masses of
charged leptons can be assumed to be negligible. Therefore, the BR(W — Tv)
is the same as that of W — erv and W — uv. The average of these modes is
denoted as W — [v inclusively. The cross-section of W — [v had been measured
using the W — ev and W — pv modes in ATLAS at /s = 7TeV [84] as:

omrey = 10.207 4 0.021(stat) 4 0.121(syst) & 0.347(lumi) £ 0.164(acc) n](o, |
6.9
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Figure 6.4: Sensitivity for BR(7 — 3u) as a function of BDT selection value

(x1). Yellow and green bands represent the significance range of 1 and 20 for the

sensitivity. Black dotted line shows the signal efficiency, which is related with the

number of signal events. Blue and red solid lines describe the limits from LHCb

experiment and expected by ATLAS.

where the uncertainties by lum: and acc are obtained by the luminosity measure-
ment and detector acceptance, respectively. This is in agreement with the NNLO
theoretical calculation of 10.46 & 0.52 nb shown in Table 4.2. o[*°Y was esti-
mated using this measured cross-section with scaling to account for the difference
between 7TeV and 8 TeV, based on the theoretical estimation. The number was
determined as:

8 TeV,theory

8TeV _ 7TV Ow iy
W—lv =™ YW—=lv _7TeV theory
Ow i
= 11.89 4+ 0.24 nb. (6.10)

This estimation is based on the measurement in the same experiment, therefore
the systematic errors by experimental setup cancel. Furthermore, the largest
uncertainty of the theoretical NNLO calculation is due to PDF, which also cancel
in the ratio. With these reasons, systematic uncertainties were not considered
in the cross-section, o$1Y . The total number of the W — 7v events with
L= 20.28fb~" were given as:

NV = offey % 20.28 x 106
= (2.41 £ 0.08) x 10%. (6.11)



Chapter 7

Efficiency Measurement

The efficiency measurement is one of the most important subjects in the analy-
sis. First, it is difficult to collect highly collimated low pr muons for efficiency
measurement. In order to ensure the robustness of the analysis, it is essential
to establish a method to acquire enough amount of low pt muons. In addition,
highly collimated muons are hard to be recognized separately. The efficiency loss
by this issue is called as close-by-muon inefficiency, and known to be significant
at the trigger level and seen even at the reconstruction level if the opening angle
of muons are very small. In order to validate the signal efficiency from the simu-
lation, it is necessary to understand the close-by-muon inefficiency and compare
between the data and simulation. The method of efficiency measurement, called
Tag&Probe, and the efficiency evaluation at the trigger and reconstruction level
are described in this chapter.

7.1 Tag&Probe method

In order to measure the efficiency of the target signature, bias in the efficiency
measurement must be considered as the data themselves are acquired by the
trigger requirement. The Tag&Probe method is used for the measurement of
single muon trigger efficiency using pairs of muon from resonance decays to avoid
such bias [85]. By requiring a muon in the pair to be triggered by a single muon
trigger, the other muon is used for efficiency measurement. The trigger efficiency
measurement for the signal event in this analysis is also based on this method
using J/1 meson decay.

7.1.1 Using Z — pp event

As the simple case, Tag&sProbe procedure using Z — ppu is described. As the first
step of the method, the event was required to be acquired by a single muon trigger
with 24 GeV threshold, named EF mu24i _tight. This trigger chain also requires
the isolation of the muon with no or a small energy deposit in calorimeter cells

89
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Figure 7.1: Invariant mass distribution of the data around Z mass.

around the muon direction. It is required that at least one opposite sign muon
pair passes the following selections.

e Each muon has enough number of hits at each sub-detector of the ID
e pp,> 10GeV and |1,| < 2.5 for each muon
o 80 < My1,2 < 100GeV for muon pair

The third cut selects muon pairs from Z boson decay, whose mass distribution
is shown in Figure 7.1 peaks at 91 GeV. Among two muons, the one which fired
EF mu24i tight trigger chain is defined as the tag muon, while the other muon is
defined as the probe muon, which can be used for efficiency measurement without
trigger bias. Distributions of the probe muon of Z — uu Tag&Probe is shown in
Figure 7.2.

The Z — pp events have large statistics of high pr muons above 10 GeV,
while smaller statistics at low pr below 10 GeV. Therefore, this method is not
suitable for the analysis composed mostly at low pr muons. This method was
used only for validation of efficiency at the high pr region. An alternative method
is thus developed for low pr muons from the decays of lighter mass resonances.
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Figure 7.2: pr distributions of probe muons which are defined by Z Tag&Probe for
the data (black points) and simulation (yellow filled histogram). The distributions
at the barrel region and endcap region are shown in (a) and (b), respectively.

7.1.2 Using boosted J/¢ — upu

As an alternative resonance decaying into muon pair with lower pr, J/1v — pp is
the most suitable candidate. However, it was difficult to require the trigger with
high pr threshold and isolation for tag muon, because pr of the tag muon is also
low, typically at a few GeV. Single low pr muon triggers, for example EF _mu4, are
heavily prescaled due to high rate. Thus, high pr, at least 20 GeV, is desirable for
the tag muon. In the muon pair from decay of J/¢) with approximately 20 GeV
at least one muon should have high pt while another muon may have pr of a few
GeV. Hence, the boosted J/1 — pp events enable to measure the efficiency for
low pr muons. This method is named as boosted J/1» — up Tag&Probe, whose
procedure flow is almost the same as Z — upu Tag&Probe while the mass window
is optimized for J/1 as 2.8 < Mj;,, < 3.3GeV based on Figure 7.3. Figure 7.4
shows the pr distributions of the probe muon selected by this method.

There are many muon pairs close to each other within a cone of AR, ,2< 0.3
as shown in Figure 7.5. Therefore, the close-by-muon inefficiency can be evaluated
by the probe muons. For this analysis, Correlation Factor (CF) is measured as
a function of AR between tag and probe muons. CF represents the additional
inefficiency for close-by-muon. Efficiency of muon at small AR is defined as

CFtag,probe X €probe -
These two important aspects for the analysis were measured precisely using

boosted J/1¢ — pp Tag&Probe.
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the data (black points) and simulation (yellow filled histogram). The distributions
at the barrel region and endcap region are shown in (a) and (b), respectively.



CHAPTER 7. EFFICIENCY MEASUREMENT 93

80000

()
Q
-
e Jhp — pp
()]
c

70000 Is=8 TeV, f Ldt=19.2 fo"
60000
50000

40000

30000

20000

10000

0
0 005 0.1 0.15 0.2 0.25 03 0.35 04 0.45 05
dR

uu

Figure 7.5: Distribution of AR between the tag and probe muons in the data.

7.2 'Trigger efficiency measurement

It is not possible in practice to measure the efficiency with respect to true muon
events using data, but the relative efficiency of the data to that of the simula-
tion can be evaluated by the efficiency with respect to the reconstructed muon.
Therefore, the trigger efficiency (e44) of this measurement is defined as

Number of trigger passed and reconstructed muon

(7.1)

Cirig = Number of reconstructed muons
Several trigger chains with multi-muon requirement were used in this analysis as
shown in Section 4.1.2. Hence, efficiency of each trigger chain and the combination
with or condition, as the difference between the data and simulation, need to be
evaluated as well as systematic uncertainties. As the first step, the efficiencies
of the single muon triggers are measured as a function of pr, 7, and ¢ of the
reconstructed muons. The CF for muon pair was also defined as a function of
AR, 2. The efficiency of the multi-muon trigger can be emulated by the single
muon trigger efficiency and the CF, measured by the data and simulation. As
the last step, combination of these triggers with or condition was estimated for
the target signature for both data and simulation. In this section, this procedure
is described in detail.
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7.2.1 Single muon trigger with low pr threshold

The efficiency of the low pr threshold muon trigger was estimated by boosted
J/1 — pp Tag&Probe method. In this method, two types of J/1 specific trigger
chains were used to acquire the data.

e EF mul8_tight_Jpsi EFFS

e EF mul8_ tight L2 2mu4T_Jpsimumu

EF mu18_tight_Jpsi_EFFS is designed based on EF mu18_tight, which is the sin-
gle muon trigger with the threshold for pr of 18 GeV. But the other muon is
required at the EF level and the invariant mass of these two muons is required
to be around the J/v¢ mass (from 2.5 GeV to 4.0 GeV). Therefore, efficiencies at
L1 and L2 steps can be measured by requiring tag muon to pass EF mul8_tight.
On the other hand, EF mu18_tight_L2_2mu4T_Jpsimumu required two muons with
the invariant mass around J/¢) mass at the L2 step. Only EF efficiency of the
target trigger can be measured by the triggered event by the same way as the
former case. The total efficiency of a trigger chain was calculated as a product of
the L2 efficiency with respect to the probe muon and the EF efficiency with re-
spect to the L2 passed probe muon. Thus, using the combination of independent
measurements, the threshold for tag muon can be kept lower without isolation
requirement like EF_mu24i_tight in Z Tag&Probe. In this case, AR, 2> 0.25
was required for the independent efficiency measurement from close-by muon.

Single muon trigger component needed for the emulation of the efficiency of the
target trigger chain were; HLT mu4, HLT mu6, HLT mul10, HLT mu18, and HLT mu24.
The trigger efficiency at the barrel and endcap regions are clearly different due
to the different muon spectrometer acceptance and configuration, therefore the
efficiency should be evaluated separately. The efficiency of the HLT mu4 at the
barrel and endcap regions are shown as a function of pr of the probe muon in
Figure 7.6 for both data and simulation. The simulated J/¢¥ — pu events were
filtered by the pr cuts on both muons as pr,1 > 15GeV and pr o > 2.5GeV
at generator level. The difference of the plateau value and shape of the turn-on
curve between the barrel and endcap are clear, while the data and simulation
agree well in both regions.

The efficiency depends on the detector geometry of the muon spectrometer.
Figure 7.7 shows the HLT mu4 efficiency maps on the Qxn — pr and Qxn — ¢
planes, where Q is the charge of the probe muon. There are inefficient area at
n~0,|n ~ 1.0, and —2 < ¢ < —1, which are the crack region of the barrel,
transition region of the barrel and endcap, and feet region of the ATLAS detector,
respectively. Using the Qx7 instead of 77, dependence on the bending direction by
the toroidal magnetic field could be evaluated in these figures. Those features of
the muon trigger efficiency necessitate the precise parametrization for Qxn and
¢ as well as pr of the muon.

In addition, the EF efficiency without L1 nor L2 requirements is necessary for
the estimation of the Full-Scan trigger, for example EF mu18_tight 2mu4 EFFS.
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Figure 7.6: pr dependence of HLT mu4 efficiency is shown for (a) barrel region and
(b) endcap region. The plateau values of the trigger at the barrel and endcap are
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Figure 7.7: Efficiency map of the HLT mu4 as a function of (a) Qxn—pr and
(b) Qxn—¢. For high pr muons of above 20 GeV, efficiency dependency was
symmetric for ¢ because the degree of bend in the magnetic field was negligible
with respect to geometrical difference. The specific detector construction around
the middle of the detector, and feet of the detector, and transition region of the
barrel and endcap are also clearly seen as inefficient regions.
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Figure 7.8: pr dependency of mud_FS trigger efficiency is shown for the (a) barrel
region and (b) endcap region.

The specific part of the trigger is noted as mu4_FS, whose efficiency was measured
by the latter method of the boosted .J/¢ Tag&Probe. Although this efficiency was
measured with respect to L2 passed events, the difference is negligible because
L2 requirement is much looser than the requirement of the offline reconstruction.
Figure 7.8 shows the efficiency of mu4_FS is approximately 95% in both regions.
Although these efficiencies barely depend on the Qx7 and ¢ compared to the
nominal efficiency, they are also parametrized with the same variables of muons.

7.2.2 AR dependence of trigger efficiency

The efficiency of the single muon trigger is usually measured with an isolation
cut which requires that there is no nearly muon around the probe muon. On the
other hand, in order to measure the CF for muon pairs as a function of AR, 2,
AR requirement for the single muon trigger efficiency was removed. When the
tag and probe muons were close to each other, the efficiency for the probe muon
was not independent from the tag muon and defined as

E;tm'g = €trig X CF(ARNL’“Q). (72)

AR dependence of the €1 ., was validated below 0.2, and stable above 0.25 as
shown in Figure 7.9. This correlation is understood by the size of the Rol given
by the L1 trigger. Muons in the same Rol region are recognized as one muon
at the L1 trigger. The difference between the barrel and endcap regions and the
end point of the upturn are explained by the typical Rol sizes at the barrel and
endcap regions which are about 0.15 and 0.1, respectively. The shape of the AR
dependence is determined by the fit with a Fermi function F(AR,; ,2) as

A
exp(—B X AR,U«LIQ + C) + D

F(ARNL,U«Q) - + E, (73)
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Figure 7.9: AR dependence between tag and probe muons is shown for (a) barrel
region and (b) endcap region. The fitting functions for the data and simulation
are shown as the blue and red lines, respectively.

where five free parameters, A, B, C', D, and E, were used in the fit. Normalizing
the efficiency at plateau to 1.0, the CF is defined as

D

CF<ARM1,M2) — mF(ARuLug). (74)
In order to evaluate the difference of the simulation from the data, this factor
should be measured with simulation and data separately for the endcap and
barrel regions. Moreover, these variations for the FS case must be determined
separately as shown in Figure 7.10. In the end, eight CFs are determined for
combination of (normal, FS) x (data, simulation) x (barrel, endcap) as shown
in Table 7.1.

Table 7.1: Fitting results of the AR dependence each combination
Type Sample Region A B C D E
Data Barrel 1.00 | 26.0 0.539 | - 0.816 | -0.446
Normal Endcap | 1.24 | 36.0 | -0.410 | 0.682 | -0.970

Simulation Barrel 1.14 | 22.1 | -0.0547 | 0.738 | -0.775

Endcap | 1.43 | 29.0 -1.24 0.526 -1.87

Barrel | 0.836 | 22.1 0.863 | 0.860 | -0.0280
Endcap | 0.820 | 12.4 -1.63 | 0.875 | -0.0220
Simulation Barrel | 0.826 | 22.1 | -0.572 | 0.863 | -0.0283
Endcap | 0.820 | 19.5 -1.24 0.874 | -0.0221

Data
FS
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Figure 7.10: AR dependency between tag and probe muons of the full scan
(FS) trigger case is shown for (a) barrel region and (b) endcap region. The
fitting functions for the data and simulation are shown as the blue and red lines,
respectively.

7.2.3 Efficiency estimation of multi-muon trigger

Combining the efficiency of the single muon trigger and CF for close-by two muons
measured by the boosted J/1¢ Tag&Probe, the multi-muon trigger efficiency can
be emulated. If there are two reconstructed muons in an event, the emulated
trigger efficiency for the event is defined as

€omuX,pul,p2 = €muX,pul X €mux,p2 X CF<AR;L1,/,L2)> (75)

where €puy,, represents the HLT muX efficiency for pr, n, and ¢ of each muon.
This equation form with three muons is complicated because many patterns of
the combination of the passed muons. Also, the calculation of the HLT 2muX,
HLT 3muX and Full-Scan triggers were determined in different ways due to the
same reason. All these equations are written in Appendix. In this method,
€Trigger,ul,u2,u3 18 determined for the three muon candidate in each event, but not
the efficiency for the signal events. The total signal efficiency errigger repro can
be estimated by the sum of efficiency for each event, instead of the fraction of
the trigger-passed events in the generated events which is used in the analysis
procedure (€rrigger trigmaten)- Lhese definitions can be described as

1 N
6Trlgger repro — N E Trlgger pl,u2,u3 (76)
N
€Trigger,trigmatch — E passed or O(not passed) (77)

where N represents of the number of target events. The former efficiency is
based on the "measured” efficiency by both data and simulation, while the latter
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Figure 7.11: The emulated efficiency of several kinds of trigger chains for W
originated signal. Red and blue histograms show the efficiency considering the
CF from the data and simulation, respectively. The results without CF are shown
as cyan and pink for the data and simulation, respectively.

one is estimated by the simulation. Therefore, the difference between the data
and simulation can be evaluated by the comparison between the data-based and
simulation-based €rrigger repro- €rrigger,trigmatch 18 also used for validation of the
method by comparing with the simulation-based €rrigger,repro- Figure 7.11 shows
the emulated efficiency for the various trigger chains for the data and simulation,
and the results without CF consideration are also shown for the confirmation of
the close-by muon inefficiency. Effective correction for the multi-muon trigger
chains are clear in the plot. Efficiencies of single muon trigger chains are also
suppressed by CF which can be understood by close-by muon inefficiency at L1
for the components. The EFFS trigger is less affected by the CF like a single
muon trigger, nevertheless these required multi-muons. This is because the close-
by inefficiency for the EFFS is less effective as shown in Figure 7.10.

As an alternative validation of the CF, pt dependence of the emulated effi-
ciency was also calculated as shown in Figure 7.12. The CF affects the efficiency
heavily because three muons composing high pr candidates is highly boosted. In
Figure 7.12, emulated trigger efficiency is also compared with the true efficiency
by the simulation as a fraction of trigger passed events. The comparison between
emulated efficiency with simulation templates and the true efficiency ensures the
accuracy of this method.

For the analysis, the estimation of the inclusive efficiency with all trigger
chains was necessary. The inclusive efficiency was estimated using the scale factor
(SF) defined as the ratio of the emulated efficiency by the data to that of the
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simulation. When an event passed several triggers, the event is weighted by the
average of the SF for them. Figure 7.13 describes the efficiency for these triggers
and inclusive total efficiency. The efficiency and SF for both of each trigger chain
and inclusive values are summarized in Table 7.2. Difference of the inclusive
efficiencies with and without SF was considered as the systematic uncertainty in
the trigger efficiency of 11%.

Table 7.2: Summary table of the signal efficiency and SF for each trigger chain.
Total efficiency and SF are also shown.

Trigger chain Etrig|J0] SF4rig
HLT 2muil3 9.1 1] 1.13+0.18
HLT_3mu4T 16.3 | 1.20+£0.10
HLT_3mu6_msonly 6.9 | 1.20£0.16
HLT mul8_tight mu8_EFFS 21.2 | 1.0440.01
HLT mul8_tight_2mu4_EFFS 18.6 | 1.07+0.06
HLT_2mu8_EFxe80_tclcw 12.4 | 1.09+0.09
Inclusive 42.3 | 1.114+0.09

7.3 Reconstruction efficiency measurement

Efficiency of the muon reconstruction was also measured using boosted J/v
Tag&Probe. The reconstruction efficiency can be simply defined as a ratio of the
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reconstructed by the ID and MS to the truth particles. However, the efficiency of
muon reconstruction at the ID is nearly 100% and truth particles cannot be used
for the data. Therefore, as an approximation, the reconstruction efficiency(€,cco)
1s

Number of reconstructed muon defined as at MS and ID

(7.8)

Creco = Number of reconstructed muons at ID
For this reason, J/1 candidates in this measurement were reconstructed with the
pair of a muon and a track without MS requirement. This track was required
to pass the same selection of the quality as in the event selection. The event
trigger was HLT mu24_tight, which is rather similar to Z Tag&Probe but without
isolation requirement. This setup is different from the trigger case because they
cannot be required to have two muons at any trigger levels.

7.3.1 Measurement of the efficiency and AR dependence

The probe of the method is a track reconstructed at least in the ID. There are large
number of background events in this case with non-muon ID track as the probe
as shown in Figure 7.14. Therefore, the background contamination should be
subtracted in order to extract the number of muon tracks for the reconstruction
efficiency calculation. The subtraction was executed considering the pr (AR)
dependence of the purity for the measurement of pr (AR) dependence of the
efficiency. Mass distribution of each pr (or AR) bin was independently fitted
with a function composed by a Gaussian and an exponential. The Gaussian
component was treated as the muon from J/1, while the exponential component
was considered as background including non-muon tracks and subtracted as non-
J/1. This fitting procedure is also applied for the numerator which is required
to match with muons. Mass distributions for each pr bin of the denominator
(ID track) and numerator (muon track) are shown in Figure 7.15 together with
their fitting results. (The binning of the pr distribution is the same as shown
in Figure 7.16.) The subtracted pr distribution is shown in Figure 7.16. The
reconstruction efficiency was calculated as the ratio defined in Equation 7.8 after
subtraction of background in denominator and numerator. On the other hand,
there was no underlying background event in the J/i — pp simulation sample,
therefore this subtraction procedure was not applied for the efficiency calculation
using the simulation. Figure 7.17 shows the reconstruction efficiency of muons as
a function of muon pr and AR between two muons.

7.3.2 Uncertainty of the close-by muon reconstruction

The dominant aspect of the reconstruction efficiency in our case is the uncertainty
for the collimated muons with small AR rather than dependence of the muon pr.
Therefore, the difference between the data and simulation at small AR should
be considered in this analysis since the maximum AR of three muons of target
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Figure 7.14: Mass distributions with the probe ID tracks and muon tracks as
black and red, respectively. It is clearly seen that the probe tracks include large
number of background by non-muon tracks.

signal is 0.3 at most as shown in Section 5.2. Therefore, the fluctuation for the
collimated muons was estimated using the first three bins of Figure 7.17(b) as

3
Oreco = 1.0 — Z:;:l /0 (79)
Zi:l 10/01
— 0.08 £ 0.05, (7.10)

where R; and o; are the ratio of efficiency and statistical error of the i-th bin,
respectively. However, statistical uncertainties for each bin of the data and simu-
lation are relatively large. Therefore, the systematic uncertainty for this analysis
is set as the maximum value of the fluctuation 8 + 5 = 13% conservatively.
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Figure 7.17: (a) pr and (b) AR dependence of the reconstruction efficiency after
the bin-by-bin subtraction. Results of data and simulation are shown as black
points and green lines, and the ratio of these are also shown in the bottom panel
as black points with yellow error bands. These show a good agreement, however
the difference between data and simulation was taken as uncertainty in the next
section.



Chapter 8

Result

In this chapter, the final result is described after all event selections and evaluation
of the uncertainty. The result of the search is shown as BR(r — 3u) by the
statistical evaluation. The expected sensitivity with or without the signal events
in the signal region and the results for this analysis will be shown, as well as the
method for the determination.

8.1 Expected numbers for the BR(7 — 3u)

BR(T — 3u) is calculated by three numbers; acceptance times efficiency (A X €),
number of observed events N, and number of W — 7v events Ny,

Nobs
(A X E)NW—)TV

BR(T — 3u) = (8.1)
A x € and Ny _,,, are determined in Chapter 7 and Chapter 6. Therefore, the
expected limit can be set for the expected number of events in the signal region
(SR). Number of background events N, are used for the evaluation of the signal
strength of the observed events. These numbers are summarized in Table 8.1.

8.2 Summary of systematic uncertainties

Systematic uncertainties in A X €, Ny, and Ny, (SB) are evaluated separately
and summarized in Table 8.2.

Table 8.1: A X €, Ny_,, and Ny, in the SR and SB determined by the mea-
surement in the previous sections.

AXxe 2.31%

Nw _sry 2.41 x 108

Niig(SR) 0.193

Niig(SB) 0.726
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Table 8.2: Summary table of the systematic uncertainties.

Source | Uncertainty[%]
AXe

Reconstruction efficiency 13
Trigger efficiency 11
Signal modeling 4

Jet energy 2.1

N W—Ttv

Extrapolation from 7 TeV \ 3.9

kag

Background modeling \ 68

The first category summarizes the systematic uncertainties in A x e. This
comes from the efficiency and resolution of the measurements for each physics
object. Uncertainties associated with the efficiency was estimated by the dif-
ference between the data and simulation as described in Chapter 7 to be 11%
and 13% for the trigger and reconstruction, respectively. The uncertainty in the
measurement of hadron jets and E¥S was evalulated to be small (~ 2.1%). This
estimation is based on the measurement of Jet Energy Scale (JES) and Jet Energy
Resolution (JER) [86]. JES is obtained by the energy calibration of the hadron
jet based on the energy deposit at the calorimeters. Biases of the energy scale
and resolution were evaluated from comparison of the data with the simulation
and assigned as the systematic uncertainties on the JES and JER.

The modeling of the simulation is also considered as a source of systematic
uncertainty. Because the selection efficiency for the signal can be estimated only
by the simulation, W — uvr event candidates are used in order to validate it with
the data in comparison with the simulation. As the SV for the event cannot be
defined differently from W — 7 — 3uv signature, it is not possible to follow the
full analysis procedure within an independent validation sample. Instead, it is
alternated by the BDT selection without SV-based variables. The uncertainty on
the signal modeling is determined to be 4% using the difference of the selection
response between W — pv and W — 7v — 3uv signals.

The uncertainties in the Ny _,;, and Ny, are described in the previous sec-
tions. The uncertainty associated with the Ny _,,, determination was estimated
to be 3.9% based in Section 6.2, considering the precision of luminosity measure-
ment for each year. As shown in Section 6.1, the uncertainty by the background
modeling is 68% which is the dominant component.

Using the numbers and their uncertainties, the upper limit for BR(r — 3pu)
is set as follows

(A X €) Ny = (5.567 x 10°) & 18% 4y, (8.2)
Nipieg(SR) = 0.193 = 19% 1. + 68 %yt (8.3)
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Then, 6 (11) events in the SR is needed for the observation of the excess with
significance of 3 (5)o, which means that BR(7 — 3u)~ 1.0(1.9) x 10°. On the
other hand, the expected limit when N is the equivalent to Ny (SR) = 0.193
is given as 3.94 x 1077 at the 90% CL' by the CLs method [87].

8.3 Result of the W — 7v — 3ur search

In order to derive the result, N, is obtained by the selection with BDT score
of ;1 = 0.933 as described in Section 6.1.2. The result with loose selection with
xo = —0.9 is also shown as the validation of the sideband and the BD'T shape fit.
Figure 8.1 shows the distributions of BD'T score and invariant masses with the
cut values of zy and x;. Finally, no events were found in the SR after BDT cut,
however one event candidate remained in the crack region between the SB and
the SR [88]. Although this is not the candidate of the target signal because this
region is not used for the signal counting by the definition, the event display is
shown in Figure 8.2. This event is composed of collimated three muons isolated
from hadron jets and large EX5. This event is presumed to be from a decay
of heavy flavor hadron into a very small number of energetic non-muon tracks
with a particle not detected in the opposite-side (which could be neutrinos). The
emulation of such case is difficult as it is a quite rare situation. The result,
considering the event in the crack, shows no evidence for 7 — 3u signature. The
upper limit at 90% CL is set to be, with Ny,s = 0,

BR(t — 3u) < 3.76 x 107". (8.4)

This is the first result of the search for 7 — 3u at the ATLAS experiment, using
the new approach with the characteristic signature of the boosted three muons.

1Usually, upper limits are set at 95% CL in ATLAS. However, the limit for the 7 — 3u
search in the past is set at 90% CL, hence, this benchmark is employed in this search.
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Figure 8.1: (a) Sideband fit result for the BDT score distribution, and (b) the
result as the triplet mass distribution. In the left figure, the distribution and
fit result with the uncertainty are shown after the loose selection by zy = —0.9.
The final results show the both selection by zy and x; as black and red markers,
respectively. There are no events in the SR, while one event in the crack region
between the SR and SB. Therefore, this shows no evidence of the existence of
T — 3 signature.

ATLAS

EXPERIMENT

Figure 8.2: Event display of the event in the crack region. This event is composed
by three muons (red lines), large B (green dashed lines) for Calo and Track,
and small number of non-muon tracks. This is similar to the target signature,
however this can be understood as an accidental event by a decay of heavy fla-
vor hadron with the mis-reconstructed or undetectable particles. Although it is
difficult to simulate such rare case, the number is in the uncertainty range.
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Chapter 9

Data and Monte-Carlo
Simulation

The ATLAS experiment plans to collect data of integrated luminosity of 100 fb™*
at the center-of-mass energy of 13-14 TeV in 2015-2018 (Run2). For the 7 — 3pu
search, a significant improvement is expected with the higher luminosity and en-
ergy than those in 2012. Especially for the HF originated signature, which is
associated with the QCD interaction, the production rate will increase dramati-
cally. Therefore, the sensitivity should be further improved by an inclusive search
with W and HF-originated signatures. The status of the data and simulation for
the Run2 analysis is described in this chapter.

9.1 Dataset in pp collision with /s = 13 TeV

In 2015 and 2016, LHC was running with a center-of-mass energy of 13 TeV.
Prospects for the sensitivity in Run2 can be estimated using these runs. The
integrated luminosity of the data in 2016 is ten times larger than that in 2015 as
shown in Figure 9.1.

The signal efficiency is expected to be improved by the additional dedicated
trigger chains for the search of 7 — 3u. These chains have been implemented
since 2015, however, configurations of triggers are different run-by-run in 2015,
while it was relatively stable in 2016. Because of the integrated luminosity and
trigger stability, only the data in 2016 are used for the sensitivity estimation of
the whole data in Run2.

9.1.1 Status in 2016 run

Figure 9.1 shows the recorded integrated luminosity by the ATLAS detector in
2016, which reached 36.0fb~'. After the data quality requirement in a similar
way to 2012 run, the luminosity for the analysis is obtained to be 33.2fb~'. This
is larger than 2012 run, therefore the sensitivity should be improved. However,

111



CHAPTER 9. DATA AND MONTE-CARLO SIMULATION 112

— T e e T o M — R e e B e T B p

2 r ATLAS Online Luminosity Vs=13TeV o 2 50— ATLAS Online Luminosity Vs =13 TeVv -

2 5 [ LHC Delivered 7 2 I [ LHc pelivered

_g E ] ATLAS Recorded B _g 40— [ ATLAS Recorded ]

€ - £ r

3 4 [ Total Delivered: 4.2 fb™ B 3 [ Total Delivered: 38.9 fb™

> F  Total Recorded: 3.9 b B > [ Total Recorded: 36.0 fb™

54 r N @ 30

s % E g f

g ] 2 Lo

S 2 - IS 20 B

8 r ] g F <

(e} L 4 o I 5

I = - =g
o) m— HHHHMHMH: ob— P Y A R R
23/05 20/06 18/07 15/08 12/09 10/10 07/11 18/04 16/05 13/06 11/07 08/08 05/09 03/10 31/10

Day in 2015 Day in 2016
(a) (b)

Figure 9.1: Evolution of the integrated luminosity in (a) 2015 and (b) 2016 as a
function of date [59].

the instantaneous luminosity has also increased. The peak value in the 2016 was
1.37 x 103 cm 257!, while that in the 2012 run was 0.77 x 10** cm~2s~! as shown
in Figure 2.3 and 2.2, respectively. Therefore, it was difficult to use the same
trigger menu as that of 2012 run due to the higher rates. Thresholds for muon
trigger chains are tuned in order to suppress the rates as follows:

e EF mul18 mu8_EFFS — HLT mu22 mu8nol1l
e EF mul18_2mu4_EFFS — HLT mu22_2mu4dnol1
o EF _3mu4T — HLT_mu6_2mu4d

The signal efficiency of the combination of general trigger chains decreased from
2012 by these tighter thresholds. Furthermore, the combination chain with FMss
requirement is discarded because the threshold for EX* at the trigger level is also
tightened to 80 GeV (while it was 40 GeV). With these reasons, it was essential to
develop dedicated trigger chains in order to avoid efficiency loss. The dedicated
chains are described in Section 9.1.2.

In this run, other improvements are involved for precision of the tracking and
reconstruction efficiency. The installation of IBL detector at the innermost layer
of ID is the effective upgrade for the target signature. The precision of the tracking
and vertexing are improved by the additional layer. The significance of L, and
a?(y are determined with higher precision for the SV of 7 — 3pu signature. This
is more effective for HF-originated signature, for which requirement of displaced
SV is effective because of the long life-time of the B and D mesons. In addition,
an alternative reconstruction algorithm for muons has been developed to keep
the efficiency flat for highly collimated muons. For the analysis with 2012 data,
reconstruction efficiency decreased for highly collimated signature as shown in

Section 7.3. Therefore, this improvement is also effective for the analysis.
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Figure 9.2: pr dependence of L1 MU4 and L1 _MUS6 for (a) the barrel and (b) endcap
regions. Although L1 MU6 shows lower efficiency below 6 GeV, approximately
40% of events with 4-6 GeVcan be taken. Therefore, it can be a solution for rate
suppression to require L1_MU6 while 4 GeV threshold is applied at the HLT.

9.1.2 Implementation of dedicated triggers

In order to improve the trigger efficiency, both inefficiencies by close-by muons
and pr thresholds should be considered. As described in Section 7.2, the close-by
muon inefficiency is mainly caused by L1 due to the size of Rol. Therefore, the
trigger efficiency loss can be suppressed by reducing the number of muon Rol
required at the L1. For example, for HLT mu11_2mu4 requiring three muons at the
HLT, L1 MU11 MU4 is employed at the upstream of the chain. The additional muon
at HLT is then required nearby the L1 triggered muon. This algorithm is called
narrow scan (nscan), focusing on the collimated muons at the most downstream
of the HLT. However, considering the maximal luminosity assumption of 1.5 x 1034
cm 257!, the expected rate of L1_MU11_MU4 is still too high. Therefore, instead of
L1 MU4, L1 MU6 is employed for the second leg of the L1 requirement. Although
the threshold for coincidence of L1_MU6 is tighter than L1_MU4, L1_MU6 can acquire
muons with below 6 GeV as shown in Figure 9.2.

In addition, mass window for the three (or two) muons is set around the
7 lepton mass at the trigger level. This requirement is applied as the range
from 1000 MeV to 2700 MeV at the HLT because of its higher precision of the
parameter measurement than that of the LL1. The mass range is set wider than
the mass resolution for the 7 lepton mass in order to record the sideband region
inclusively. This can suppress the signature from J/¢) — pu and other heavier
hadrons decaying to multi-muons. bTau represents this specific mass window.

Thus, new trigger chains are developed to have lower threshold for each muon,
while inefficiency for the close-by muon is minimized. The implemented trigger
chains in this run are shown below:
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e HLT mull 2mu4noll nscan L1 MU11 MU6 _bTau
e HLT mull mu6noll nscan L1 MU11 MU6_bTau
e HLT mu20 mu6noll nscan L1 MU20_bTau
These are used inclusively with the following nominal multi-muon triggers:
e HLT mu6_2mu4
e HLT 2muil4d
e HLT mu22 2mu4noll

This trigger setup is used for both searches of W and HF-originated signatures.

However, HLT _mul1_mu6nol1 _nscan_L.1_ MU11 _MU6_bTau and HLT mu20_mu6noL1_
nscan_L1 MU20 bTau were implemented in the middle of the run period. There-
fore, this combination can be used after the implementation, and the integrated
luminosity for the configuration is determined to be 18.9fb™!.

9.2 Monte-carlo simulation

Monte-Carlo simulation samples for both analyses of W — 7v — 3uv and HF —
T — 3u searches are generated. W — 7v — 3uv samples are generated based on
the same configuration as in the 2012 analysis with the modification of the center-
of-mass energy, PDF set, and additional decay model by EVTGEN package [89,
90]. EVTGEN achieves to simulate more correct kinematics of resonance decays
(especially for B mesons) by using decay amplitude instead of the probability.
Therefore, this is employed for the decay process instead of PYTHIAS, which is
still used for the parton level simulation. HF — 7 — 3pu analysis needs the
samples for normalization channel in addition to signal samples. These samples
are produced in the same configuration as the W — 7v — 3uv signature.

9.2.1 Samples for W — 7v — 3uv search

The signal samples are generated by PYTHIA8 and EVTGEN with NNPDF [91] of
version 2.3. NNPDF is a PDF set calculated by neural network technique based
on measurements in several experiments, including measurements of QCD jets
in the LHC experiments. The samples for W' and W~ are generated with the
production cross-section calculated independently. This separation is introduced
to consider the charge difference of the W boson production, and to avoid making
two 7 — 3 signatures in an event when two opposite-sign 7 leptons are generated.
Another 7 lepton can be emitted from decays of mesons in the W — 7v decay.
Although its contamination is tiny, both 7 leptons are forced to decay into three
muons in this case. Such events are hard to be produced, considering the small BR
of 7 — 3u events. Therefore, it is suppressed by the requirement for the charge of
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Table 9.1: Configuration and cross-section of the W — 7v — 3uv signature with
each charge of W.

Description \ O prod 1] Eff. x BR(W — 1v)  0yo[nb]
W — v — 3uv, pr,.> 10 GeV

W=, prpies > 4,2,1GeV | 2.1300 x 102 4.03 x 1072 8.58
WH pr 123 >4,2,1GeV | 1.6155 x 102 8.33 x 1072 13.5

7 because the production rate of same-sign 7 leptons should be smaller than the
opposite-sign ones. These samples are filtered by pr 1 > 4GeV, pr o > 2GeV,
and pr 3 > 1GeV, considering the thresholds at trigger level. |n| for each muon
is limited to be less than 3.0 by the detector acceptance. pr ; is also restricted to
be higher than 10 GeV. These threshold tunings are set mainly for HF-originated
signature with many low pt muons, and the effect for WW-originated signature is
not significant. The cross-section of new W — 7v — 3uv samples are summarized
in Table 9.1.

9.2.2 Samples for HF — 7 — 3u search

These are additional samples to the previous analysis procedure in 2012. The
combination of PYTHIA8B and EVTGEN is employed as the event generator with
the same PDF set as W — 7v — 3uv samples. As described in Section 3.1.2, the
main process of the search is Dy — 7v — 3uv because of large branching ratio
of Dy — Tv decay (BR(Ds — v — 3uv) = 5.55 £ 0.24%). Dy — ¢m — pum
events are also generated in order to use as the normalization process to measure
the cross-section of D, meson production. On the other hand, it is difficult to
discriminate the Dy — 7 — 3uv signature from other HF-processes (for example,
B — 7+ X — 3u+X). Therefore, inclusive samples are also generated, which are
required to have bb or c¢ at the parton level process by PYTHIA8B. The signal
feature of the inclusive sample should be similar to D, — 7v — 3ur. Hence,
the target of this search can be extended to inclusive HF-orginated signature by
factorization using the fraction of Dy, after validation of the similarity between
these simulated events.

These events include a large number of low pr muons which are less efficient
to be reconstructed and triggered. In order to keep actual number of events
in the analysis procedure high, the filter for muons and a pion was introduced
considering thresholds at the reconstruction and trigger levels. As shown in Sec-
tion 9.1, the lowest unprescaled threshold combination was pr 1 > 10 GeV and
pr.pu2 > 6GeV for di-muon, and pr 1 > 6 GeV, pr o > 4GeV, and pr 3 > 4 GeV
for three muons. In order to keep a margin for the generator level thresholds,
the requirement for HF — 7 — 3p is set to be: pr 1 > 4GeV; pr o > 2GeV;
and pr,3 > 1GeV, while the requirement for Dy — ¢m — ppm is set to be
pr > 8GeV; pr o > 4GeV; and pr, > 1GeV.

Table 9.2 is the summary of the signal and normalization samples for HF —
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Table 9.2: Configuration and cross-section for the search of HF — 7 — 3u. The
signal samples from decay of Dy mesons are used as the main target, however
inclusive HF-originated signal samples are also generated. The normalization
samples (Dy — ¢m — pum) are prepared focusing on the Dg-based analysis.
D* — ¢m — ppr samples are used for the measurement of the D, — ¢m — pum
due to its close invariant mass to 7. The production cross-sections (oppod) of
these samples show values before the hadronization, therefore, these are the same
values. The efficiency of the selection at the production (Eff.) and the fixed
branching ratio (BR) for each sample is also shown. The total cross-section of
each sample (o) is estimated by the product of these factors.

Description ‘ Oprod (1] Eff. BR Ttot D]
Dy — v — 3uv, prp.> 10 GeV

Do prpras > 4,2,1GeV [ 414 x 10° 8.02x10° 55x 102  1.83 x 10°
D prnas >4,2,1GeV | 414 x 10° 8.10x 1073 55x 1072 1.84 x 10°
HF — 7 — 3u, pr.> 10 GeV

T pr 123 > 4,2,1GeV | 414 x 10° 8.08 x 107*  1.0(fixed)  3.34 x 107
T s > 4,2,1GeV | 414 x 105 8.03 x 1074 1.0(fixed)  3.32 x 102
Dy — ¢m — ppm, prp,> 10 GeV

Do prpron > 8,4,1GeV [ 414 x 10° 771 x 107 128 x 100 4.09 x 103
D prjas > 8,4,1GeV | 414 x 10° 7.85x 1074 1.28 x 1075 4.16 x 103
D* — ¢1 — pum, prp> 10 GeV

D™ prpion > 8,4,1GeV | 414 x 10° 1.97 x 10° 2.03x 100 1.66 x 103
D* prjan > 8,4,1GeV | 414 x 10° 2.00 x 1072 2.03 x 1076 1.68 x 103

T — 3 search.



Chapter 10

Improvement of the W-originated
Analysis

The analysis procedure of W-originated 7 — 3 search is basically the same as
that for 2012 data described in Part I, however sensitivity should improve by the
increasing efficiency and number of the 7 leptons. This benefit is mainly from
implementation of dedicated triggers. On the other hand, optional reconstruc-
tion algorithm is also developed to avoid the close-by muon inefficiency at the
reconstruction. These improvements can be estimated by the scale of acceptance
times efficiency (A x €) in BR calculation with respect to Runl. The factor of
efficiency improvement is determined by the data and simulation in 2016. Not
only the integrated luminosity but the production cross-section also increases in
Run2 with higher proton beam energy. In this chapter, the impact of efficiency
improvement and the sensitivity prospect in Run2 are described.

10.1 Improvement of the signal efficiency

By the measurement in 2012, it was clarified that the trigger efficiency was low
(42.3 £ 4.6%) and this indicates possible improvements in Run2 if the efficiency
can be increased. The dedicated triggers for 7 — 3u search were developed as
described in Section 9.1 for this purpose and employed in ATLAS trigger system
since 2016. The impact of this improvement is estimated as a factor, called
improvement factor, for the A x € in the analysis procedure in 2012. Evaluation
of the reconstruction efficiency is also described and involved in the improvement
factor.

10.1.1 Trigger efficiency

Trigger efficiency is evaluated with respect to three muon reconstructed events
with the same quality selection as in 2012. The selection criteria for each muon is a
bit different from that in 2012 analysis considering improved detector performance
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and reconstruction algorithms. However, this difference is negligible for the trigger
study.

The efficiencies of the nominal muon trigger chains and dedicated trigger
chains are shown in Figure 10.1 as a function of pr and AR, of the triplets,
respectively. HLT mu6_2mu4 bTau is efficient for triplet with pr below 20 GeV,
while it is inefficient for highly boosted signature due to requirement of three
muons at L1. This effect is also found in A R,;;, dependence. HLT mul1_2mu4noL1_
nscan_L1MU11 MU6_bTau and HLT mull muénoll nscan L1MU11 _MU6_bTau are less
affected by the close-by muon inefficiency because only two muons are required at
L1. HLT mu20_mu6noll _nscan_bTau requires only one muon at L1, therefore this
chain is most efficient for highly boosted signature. However, these triggers with
smaller number of muon requirement at L1 is applied with high pt threshold.
HLT 2mul4 is a simple di-muon trigger. The efficiency is lower than other chains,
however the threshold for the leading muon pr is 10 GeV, which is lower than
L1 MU11 MU6-based triggers. Therefore, this chain has unique efficient region for
leading muon pt around 10 GeV, although has large overlap region. Inefficiency
of these chains can be compensated each other by using them inclusively.

Figure 10.2 shows the expected efficiencies of each chain and their combina-
tion. In this figure, efficiency of each chain is calculated independently, while the
overlap of these chains is considered for the inclusive efficiency calculation. The
inclusive efficiency is estimated to be 64.3%, which is higher than that in 2012.
Hence, the improvement factor by additional trigger chains (Fg) is found to be
64.3/42.3 = 1.5.

10.1.2 Reconstruction efficiency

The close-by muon inefficiency at the reconstruction is caused by shared-hits in
the muon spectrometer. If two muons share hits, one muon can be reconstructed
as a muon while the other is identified as an ID track due to missing hits at
muon spectrometer by overlap removal. Approximately 10% of the signal events
consist of two muons and one ID track in the reconstruction algorithm used in
2012. Therefore, the requirement for the overlap removal should be loosened to
improve the efficiency. In the nominal overlap removal requirement, all hits used
for a muon are removed from the candidates for the other muons. This selection
is modified to allow for having shared-hits up to 10% of all hits which are used
for the reconstruction.

Figure 10.3 shows the performance difference between 2012 and 2016 for
W — tv — 3uv signature. Events with only two reconstructed muons in 2012,
which are not used in analysis, are recovered in 2016 with another reconstructed
muon. Number of events with four or more muons did not increase, hence it is val-
idated that this improvement of the efficiency does not raise rates of fake muons
by misidentification of an ID track. The improvement factor for reconstruction
(Freco) is obtained to be 1.08 from the ratio of the number of three muon events
with the new overlap removal to that with the old one.
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Figure 10.1: (a) pr and (b) AR, dependence of the efficiency for each trigger
chain. It is validated that the combination makes efficiency higher than only
using one chain. It is found in these figures that inefficient region of each chain
is different each other, and can be recovered by the combination.
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Figure 10.3: (a) Muon multiplicity distribution of the W — 7v — 3uv signal
events and (b) pr dependence of the reconstruction efficiency. Black and red
markers represent old and new algorithms used for the reconstruction, respec-
tively. By recovering the close-by muon inefficiency, number of events with three
muons has increased.
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Figure 10.4: Cross-section times BR(W — [v) as a function of center-of-mass
energy [92]. Green and brown dashed lines represent the theoretical predictions
for W+ and W~ respectively. The total cross-section which is measured by pp
(pp) collider experiment is shown as a black solid (blue dashed) line. Markers
represent the results by the experiments with the same color convention as the
prediction lines.

10.2 Expected sensitivity in Run2

Considering the improvement of the efficiency, the signal yield of the data in 2016
can be estimated. In addition, the production cross-section of W — 7v increases.
The expected limit for BR(7 — 3p) with 100 fb™" of whole Run2 is estimated by
using these improvement factors and luminosity evolution.

10.2.1 Extrapolation of number of W — 7v

Production cross-section of W* at the center-of-mass energy of 13 TeV is mea-
sured in the ATLAS experiment [92], using W — v mode. This result shows
good agreement with the expected value by theoretical extrapolation from the
measured values in 7TeV and 8 TeV as shown in Figure 10.4. According to this
result, production cross-sections of W~ — =, W+ — [Tv and the sum of these
are determined as

ow- -, = 8.38 £ 0.02(stat.) £ 0.35(syst.) £ 0.75(lumi.)nb, (10.1)
ow+ s+, = 10.96 £ 0.02(stat.) £+ 0.35(syst.) £ 0.99(lumi.)nb, (10.2)
oW+, = 19.35 £ 0.02(stat.) £ 0.76(syst.) & 1.74(lumi.)nb. (10.3)

Comparing this to the production cross-section in 8 TeV collision, which is shown
in Section 6.2, the improvement factor for number of W — 7v events (Fy_.,) is
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determined as

o3V 19.35

fW*)TI/ = ‘S/VTGV - 11 89 (104)
—TV :
— 1.63. (10.5)

10.2.2 Sensitivity prospect for W — 7v — 3ur search

As explained in previous sections, A x € and number of W — 7v (Ny ., ) have
increased in Run2 analysis by the improvement factors. By multiplying Fi,;, and
Freco 10 A X € in 2012 analysis (Section 7.2, 77), A X € in Run2 analysis is obtained
as:

A x € =2.32 X Fig X Freco (10.6)
= 3.74%. (10.7)
Nw_sr, which was 2.41 x10® in Runl (Section 6.2), is estimated to increase

in Run2 by Fy -, and evolution of the integrated luminosity from 19.2fb™! to
100fb~" as

[:I{unZ

Ny = (2.41 x 10%) X Fiyyr X (10.8)

132012
=1.96 x 10°. (10.9)

On the other hand, number of background events (N, ), which was estimated
to be 0.193 in Runl in Section 6.1.2, should also increase with the larger inte-
grated luminosity in Run2. Therefore, assuming the accidental background is the
dominant source, Ny, is estimated by the ratio of the integrated luminosity of
Run2 to that of 2012:

LRun
Nig = 0.193 x =22 — 0,965, (10.10)

2012

In fact, it is not certain that the number of background events increase linearly.
Therefore, although the relative uncertainty is expected to be reduced by the
increasing sideband events, the uncertainty of the estimation is set to be the
same as that in 2012 conservatively. These numbers are summarized in Table
10.1.

The sensitivity prospect of the search without any changes in the analysis
procedure from that in 2012 can be estimated by these improved parameters. In
this estimation, systematic uncertainties are fixed as the same values as those in
2012. For the discovery with the significance of 30 (50), 7 (11) events in the SR
is necessary to remain, which mean BR(7 — 3u)~ 8.2(14.0) x 1078, But if the
number of observed events are fewer for the significant observation of the signal,
the limits with 90% CL are expected' to follow the pseudo number of observed

!Usually for the rare decay searches, a single event sensitivity (1/(A x € x Nyy_,,)) is used
as a benchmark. In this case, this value is estimated to be 1.4 x 1078,
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Table 10.1: A X €, Nyw_,7,, and Ny in the SR with their systematic uncertain-
ties. The right row shows the improvement factor for each element including the
integrated luminosity evolution.

Expected in Run2 Improvement factor F
Axe 3.74% £ 0.67 (syst. = 18%) 1.5 (trig.) x 1.08 (reco.)
Ny _sry (1.96 £+ 0.076) x 10° (syst. = 3.9%) | 1.63 (ow—r,) X 5.0 (lumi.)
Nikg(SR) 0.965 + 0.652 (syst. = 68%) 5.0 (lumi.)

events (Nops) of 0, 1, and 2.

BR(T = 3p) N0 < 2.4 x 107 (10.11)
BR(T — 3p)ny=1 < 4.1 x 1078 (10.12)
BR(T — 3u) =2 < 5.8 x 1078 (10.13)

These limits are obtained by CLs method used in the analysis in 2012 (Section
8.3). If no signal events are observed in the signal region, the most probable
value of Nops should be 1.0 because Ny, is estimated to be 0.965. Therefore, the
sensitivity will be improved to 4.1 x 10~8 without any upgrades in the analysis
procedure. This shows approximately ten times better than 2012 result, and more
stringent than that by LHCb [47] (4.6 x 1078). However, it is still looser than
the limit by Belle [45] (2.1 x 107®). On the other hand, this limit can be further
improved by the reduction of the systematic uncertainties associated with the
background estimation and efficiency measurement to around 1078, at the level
predicted new physics beyond the SM.



Chapter 11

Prospect of the HF-originated
Analysis

Search for HF-originated signature can be considered in Run2 thanks to the
improvement of the efficiency and the large production cross-section of heavy
flavored mesons. The analysis procedure is designed based on that of W — 7v —
3uv search. However, HF events do not have a large EX* which is a characteristic
feature of W — 7v — 3uv signature. Furthermore, 7 leptons from decay of HF
hadrons are less boosted and less isolated from hadron jets than those from W
boson decay. Therefore, the analysis strategy should be modified as suitable for
this search as described in Section 3.2.

In order to evaluate the sensitivity, number of HF-originated 7 leptons needs
to be estimated. Although lepton universality can be assumed in W — [ mode,
it cannot be made for the HF-originated leptons due to the lower mass scale.
Hence, focusing on Dy — 7v — 3uv signature, number of D, mesons (Np;) is
used for BR(t — 3u) calculation. Npg is obtained by the measurement of the
Dy — ¢m — ppm signature.

In this chapter, the event selections for the Dy, — 7v — 3uv search and the
Dy — ¢m — ppum measurement are described. Extension from Dy, — 7v — 3uv
search to inclusive HF — 7 — 3pu search is also discussed using the similarity
of the HF-originated signatures. Finally, the possibility of the approach and
expectation are shown.

11.1 Event selection for D, — 7v — 3uv

The trigger efficiency and analysis procedure for the HF-originated signature are
different from W — 7v — 3uv signature because of lower pr of 7 leptons and
similarity to background events. The trigger response for D, — 7v — 3uv signa-
ture is first checked to ensure the difference from W-originated one. The analysis
procedure is designed based on that of W — 7v — 3uv search. The muon recon-
struction improvement enables to merge two types of muons (combined muons

124
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Figure 11.1: (a) pr and (b) minimum AR distributions of the signal events.
W — 7v — 3pv sample (red dashed line) is also shown for comparison with
Dy — tv — 3uv sample (blue dashed line).

o
o

and TPa muons in Runl) into an alternative combined muon inclusively. How-
ever, quality selections for tracks and muons are not different. Also, this signature
does not have characteristic features in hadron jets and ER* distribution. There-
fore, the event selection criteria should be optimized by only the combined muons
and their combination.

11.1.1 Trigger efficiency

The same trigger combination as W — 7 — 3uv in Run2 is used for this analysis.
As previously described, pr of HF-originated 7 lepton is lower, and the minimum
AR of three muons is larger than that of W-originated signal as shown in Figure
11.1. Therefore, the trigger efficiency is lower due to pr thresholds at trigger
level, although the close-by muon inefficiency also less affects the efficiency. It
is expected that lower threshold triggers are effective even if these require three
muons at L1.

Figure 11.2 shows the response of each trigger chain and their combination.
HLT mu6_2mu4 is the most effective chain, and HLT _mul1-based triggers compen-
sate the inefficiency due to third muon requirement. The other chains also help
to acquire highly boosted signature. This is validated as a reasonable difference
of trigger efficiency from W — 7v — 3uv case (Figure 10.2). The inclusive
efficiency is estimated as 25% by the signal simulation. The systematic uncer-
tainty of the trigger efficiency is assumed to be 11%, which is the same as that of
W — 1v — 3uv search determined in the measurement in 2012.
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Figure 11.2: Efficiency of each trigger chain and the combination. The inclusive
efficiency is lower than that of W — 7v — 3uv case, although it is above 25%.

11.1.2 Object selections

In this analysis, only muons are used for the event selection. Although the com-
bination of these muons are used, selection criteria for each muon are described
first. Requirements for the properties of hits at the ID and MS are set as follows
based on those of W — 7v — 3uv search (meanings of the variables are described
in Section 5.2):

e If a hit at the innermost Pixel layer (B-layer or IBL) is expected, number
of the hits should be larger than or equal to 1

® Npits Pixel = 2
® Nits,scT = 5
® Nhgles,Pixel+SCT < 2

® Npits,trr > 6 and Noyenits TrRT/Nhits,rrr < 90% (1] < 1.9)
Nhits,rRT = 6 08 Nouenits, TRT/Nhits, TR < 90% (0] > 1.9)

® Nhits MDT4+CSC > 12

® Npits RPC+TGC = 2

e Ratio of the TRT hits with high energy deposition to all the associated hits
on TRT should be larger than or equal to 0.35
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On the other hand, track parameters and qualities of the muons are also validated.
These variables are defined based on those described in Section 5.2. Selections
for pr and 7 are set by the limits of the reconstruction and the acceptance of the
detector. Figure 11.3 shows pr and 7 distributions. In these figures, distributions
of the sideband data, whose region definition is described in Figure 5.2, are also
shown. These plots are shown after looser selections for pr and 7 are applied at
the data preparation level in order to consider the thresholds at generator level for
comparison with data. The pr thresholds are set as pr 1 > 4 GeV, pr 2 > 2GeV,
and pr s > 2GeV. The 7 threshold is set to be || < 2.7 for all muons at the
loose selection. The muon momentum balance significance (opy,.) and the muon
scattering angle significance (0O, ) are introduced for evaluation of the ”kink”
of the muon track using the difference of tracks parameters at the ID and MS as
shown in Figure 11.4. The requirements for these kink variables are set to reduce
fake muons from decay of 7 and K mesons. In addition, a quality of each track
is represented by the probability (p-value) of the track fitting. The track p-value
distributions of these tracks are shown in Figure 11.5 and used as input to MVA
procedure. Quality selections for muon tracks are set as follows:

o —3 < 0Ppa. < +4
L U@scat. < 4
e |n| <25

e pr for leading, 2nd leading, and 3rd leading tracks should be larger than
5.5GeV, 3.5GeV, and 2.5 GeV, respectively

These requirements are the same as those of W — 7v — 3ur analysis, because
no significant difference is found between Dy — 7v — 3uv and W — 7v — 3uv
samples. Therefore, it can be assumed that the muon reconstruction efficiency is
the same as that described in Sections 7.3 and 10.1.2.

On the other hand, selections for the SV reconstructed by these signal muons
are important to discriminate the signal from the background events. Figure
11.6 shows the distributions of Ly, and its significance of the signal events, the
sideband data, and W -originated signal events for a reference. It is expected that
Dy — Tv — 3uv signature has longer life-time, which is a characteristic feature,
than W — 7v — 3uv signature. The distributions of af, (and its significance)
and provability of the SV are shown in Figure 11.7 and 11.8, respectively. The
significance of agy is a discriminant in W-originated analysis, but it is less useful
in HF-originated. This is because D, mesons can be generated from decays of B
mesons with other associated particles, while those from W decays are produced
at interaction point directly. A threshold for probability of the SV is applied to
be larger than 10~* at the data preparation level in order to keep the size of the
data small without losing the signal. These are similar to those of W — 7v — 3uv
signature, and used for discrimination from background events. Because of the
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selections are applied for pr and 7 in order to consider the thresholds at generator

level.
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Figure 11.4: Distributions of (a,c,e) muon momentum balance and (b,d,f) muon
scattering angle. Blue dashed line, red dashed line, and black solid line represent
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muon, 2nd leading muon, and 3rd leading muon, respectively.
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and (b) its significance distributions of the signal events.

The distribution of Dy — 7v — 3uv (blue dashed line) is not sharply like that
of W — 7v — 3uv (red dashed line), and rather similar to that of the sideband
data (black solid line).
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significant difference of Ly, a?(y, and prtriplet, the pre-selection requirements for

MVA selections are set as follows:

Probability of the SV should be larger than 10~* (at the data preparation
level)

0 < Ly

No limitation for af,

No limitation for pr tiplet
e Absolute value of the total charge of the three muons is equal to 1

Emiss agsociated variables, jet associated variables, and the isolation variable used
in the W — 7v — 3uv analysis, are discarded from the selection for the Dy —
TV — 3uv search.

In addition, invariant masses of opposite-sign muon pairs in a triplet (OS1
and OS2) are defined in order to reject di-muons from decay of light mesons.
This rejection is more important for this analysis because HF-originated back-
ground events cannot be reduced by the requirements for EX* and hadron jets.
However, the vetoes on their masses also reduce large number of signal events.
Therefore, the masses of OS1(0S2) and probability of the SVpg1(0s2) are used for
the MVA selection, while any pre-selections are not applied for these variables.
The definition of the order of OS1 and OS2 are defined in Section 5.2. The dis-
tributions of Mogi(os2) and SVpsi(osz) are shown in Figure 11.9. The peaks of
the resonances are found in the mass distributions.
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Figure 11.9: Distributions of invariant mass and probability of the SV for each
opposite-sign muons. (a) and (c) shows the invariant masses for OS1 and OS2,
respectively. On the other hand, (b) and (d) shows the probabilities for OS1
and OS2, respectively. The peaks of p — pup (M, ~ 770MeV), w — pup (M, ~
782MeV), and ¢ — pp (My ~ 1020 MeV) can be seen in the distribution of the
sideband data (black solid line), while the distributions of the signal samples (red
and blue dashed lines) are smooth without any peaks.
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Figure 11.10: Correlation matrix (in %) of the variables used in BDT. The SV-
based variables of the triplet, OS1, and OS2 are correlated but with approximately
50%, which means the discriminate power independently.

11.1.3 MVA selection

A MVA technique is employed also in the search for the HF-originated signature.
The BDT method is used with the same configuration as that in the 2012 analysis,
while the set of the variables is modified. The variables which are used for the
training and the calculation of the score are chosen to be:

e Probability of the SV.

e Significance of Ly, and al,

e Invariant masses of the two pairs of opposite-sign muons in the triplet (Mog;
and MOSQ)

e Provabilities of the SV with two pair of opposite-sign muons in the triplet
(SV051 .’:LIld SVOS2)

e Probability of each muon track in the triplet (p-value,i .2 ,3)

e Muon momentum balance and muon scattering angle for each muon.

The correlation matrix is shown in Figure 11.10, and the responses for the signal
and the sideband data are shown in Figure 11.11. Loose selection criteria were
defined in the analysis procedure in 2012 in order to estimate the number of
background events. However, the number of sideband events is expected to be
larger than the W — 7v — 3uv search due to the looser separation of the BDT.
Therefore, the sideband region with the tight criteria (z;), which is set to be 0.95
for now, is used for the estimation of background events.
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Figure 11.11: BDT response distributions for the signal sample (blue dashed line)
and the sideband data (black solid line).

11.1.4 Background estimation

The triplet mass distributions of the sideband data and the signal are shown in
Figure 11.12 after the tight selection criteria (BDT score > x) is applied. In
order to determine the shape of the background events, the sideband distribution
is fitted by a cubic polynomial. Number of background events in the signal region
is estimated to be 55.6 by the integration of the sideband fit function within the
range. This number is obtained for the integrated luminosity of 18.9fb™*, there-
fore it should be multiplied for the prospect for the 100fb~*. The systematic
uncertainty of the background estimation was set to be 68% from the variation of
the fitting functions in the W — 7v — 3uv analysis, and the value is conserva-
tively kept to be the same for HF-originated signal search. The number of signal
events is also obtained after the all selections. The selection efficiency, including
the acceptance, the trigger requirements, and the event selections, is estimated
to be 0.36%, which is approximately one-tenth of W — 7v — 3uv case (3.74%).
This is estimated only by the signal simulation.

11.2 Measurement of D, — ¢m — pum

Dy — ¢m — ppm events are used for normalization of the number of D, mesons
and validation of the reconstruction of three collimated tracks. There are two
muons in the final state, therefore trigger chains requiring three muons cannot be
used for this analysis. In addition, in order to simplify the kinematics mixture,
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only HLT mul1 mu6noLl nscan L1MU11 MU6 is used in this measurement. Fraction
of data set with integrated luminosity of 14.8fb™! is used in this measurement.
The basic procedure of the event selections are the same as that of Dy, — 7 —
3uv search but an opposite-sign muon pair and a non-muon track are required
instead of three muons. Hence, the selections for an opposite-sign muon pair and
a non-muon track should be used instead of two opposite-sign muon pairs and
only muons.

The production cross-section of Dy which is determined by this measurement
is used for the BR(7 — 3u) calculation. However, the difference between the data
and the simulation also should be validated. Comparison of the Ly, distribution
between the data and simulation is important for validation of the fraction of
direct and indirect production processes, i.e. B — D,+ X. The differences of the
cross-section and the fraction between the data and simulation are evaluated.

11.2.1 Event selection for 2 and one ID track

The quality requirements for muons are the same as in Section 11.1. Therefore,
only the requirements for the non-muon track is described in this section. First,
ID tracks which is used for the reconstructed muons without the quality selection
are rejected. The remaining tracks are defined as non-muon tracks, and required
to pass the following selections:
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e If a hit at the innermost Pixel layer (B-layer or IBL) is expected, the number
of hits should be larger than or equal to 1

® Nhits Pixel = 2
® NpitsscT = 9

® Nhioles Pixel+SCT < 2

® Nits,rrr > 6 and Noygnits TR/ Nhits, rrr < 90% (1] < 1.9)
Nhits,TRT > 6 0F Noythits TRT/Nhits,rrr < 90% (0] > 1.9)

e Ratio of the TRT hits with high energy deposition to all the associated hits
on TRT should be larger than or equal to 0.35

These selections are applied only for hits at the ID. After the quality selections
for muons and non-muon tracks are applied, their pr and 7 are also limited by
the detector acceptance. These selections are set as follows:

o —3 < 0ppa. < +4 (only for muons)
® 00 < 4 (only for muons)
o 1] <25

e pr for leading, 2nd leading muons, and non-muon track should be larger
than 10.5 GeV, 5.5 GeV, and 2.5 GeV, respectively

The thresholds for the leading and 2nd leading muons are tightened, considering
the thresholds at the trigger level.

In this measurement, a cut-based selection is employed because the statistics
is enough for measurement. The signal selection criteria are defined as below:

o p-valueyipler > 1072
® Lyy/ALy >3.0and al,/Aa), <2.5.

e Invariant mass of the opposite-sign muons within the ¢ mass range from
1000 MeV to 1040 MeV.

The distribution of p-value of the triplet SV is shown in Figure 11.13. In the
same manner as the 7 — 3u analysis procedure, the sideband region is defined to
be [1600,1750] MeVand [2150,2400] MeV. It distributes broadly, therefore a loose
threshold is applied in order to reject bad SVs with small probability. Ly, agy,
and their significances are shown in Figure 11.14. Large Ly, and small agy are
expected in the signal events, therefore the tight selections are applied for the
significance. The invariant mass peak of ¢ — pp, shown in Figure 11.15, is an
important characteristic feature. Hence, the window is required for the invariant
mass of opposite-sign muons.
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Figure 11.13: Distribution of the probability of triplet SV. Red and blue dashed
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respectively. The black points represent the data.

11.2.2 Validation of the D, production

Figure 11.16 shows the invariant mass distribution of the triplet after the signal
selection criteria are applied. In this figure, peaks of D¥ — ¢m — ppr and
Dy — ¢m — ppm are found. Numbers of events of these signals are determined
by fitting the distribution with two Gaussian for signals and an exponential for
the background component:

NDS—>¢7r—>u,u7r70bs = 3170 &+ 74(stat), (111)
Nty gmospymobs = 824 £ 58(stat). (11.2)

The uncertainties for these numbers are obtained by the parameters in fitting
function. The inclusive selection efficiency (A X €p,ypr—spuur) is estimated to be
2.4% by the simulation. The dominant systematic uncertainty of the efficiency
is assumed to originate from the trigger efficiency. This is estimated to be 8.5%,
which is smaller than 7 — 3 case because it used only one chain, in the same
method as that of the measurement in 2012.

The production cross-section of D, (op,) is calculated by Np, s ¢r—suur,obs USING
the selection efficiency and the integrated luminosity (Ldt):

NDS —¢pm—pp,0bs
A X €p,Spmopur X BR(Dg — ¢m — ppum) X Ldt
= (6.70 & 0.78) x 10%nb, (11.3)

UDS:(
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where BR(Ds — ¢m — pum) is well measured by several experiments and de-
termined to be (1.63 £ 0.12) x 107 [93]. The uncertainty of the branching ratio
is also considered as a systematic uncertainty of the measurement. As the pro-
duction cross-section of D, mesons is measured using a similar final state to that
of the Dy — 7v — 3puv signature, the comparison with the simulation gives the
validation of the expected number of Dy — 7v signature. The production cross-
section of the signal simulation by PYTHIA8B with leading order calculation is
estimated to be 6.44 x 10 nb. This value shows a good agreement with that from
the data within the uncertainty. The uncertainty of the Np, measurement is not
set by the difference between the data and simulation, but set to be 11% as the
same as that for the measurement conservatively.

In this measurement, the indirect production process from B meson decay is
inclusively measured. This process is also involved in the Dy — 7 — 3uv search,
therefore the fraction of this process should be validated. This is evaluated by
the fitting of the Ly, distribution which is sensitive to the additional lifetime
by a B meson. Figure 11.17 shows the L.y, distributions of direct and indirect
processes, as well as the sideband data. The distribution in the signal region can
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be understood by the mixture of these three contributions:

ftot(ny) = SsigA : fsz’gA(ny> + SsigB . fsigB(ny) + B- fbkg(ny)a (114>

where Sgiga, Ssign, and B are the number of events of the direct production,
the indirect production, and the sideband data, respectively. Total number of
signal (S ) is defined as sum of the direct and indirect production, i.e. Sy =
Ssiga+Ssign. Then, S and B are determined and fixed by fitting of the invariant
mass distributions. fsga(Lxy), fsigp(Lxy), and forg(Lyxy) are the fixed template
distribution of each process shown in Figure 11.17. Therefore, the Sz5/Siot,
which represents the fraction of the indirect process, is obtained by the fitting
with the Equation 11.4. In this procedure, the tighter mass range [1940 MeV —
1990 MeV] is required in order to reject the D* — ¢m — pum contamination.
Figure 11.18 shows the fitting result of the L, distribution, and the fraction is
determined to be:

Ssign/Stot(0bs.) = 14.7 £+ 2.8(stat.) £ 1.8(syst.)%. (11.5)

The systematic uncertainty of the fraction is determined from the error of fitting
parameters. On the other hand, the fraction in the simulation is 14.8%, in good
agreement with the measurement. This confirms the mixture of indirect produc-
tion in simulation is appropriate. This precision is sufficient to validate the signal
modeling with negligible sensitivity to the mixture of indirect process.
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11.3 Extension to inclusive search of HF — 7 —
Sp

In the Dy — 7v — 3ur search described in the previous section, the contam-
ination of the signals from the decay of B mesons is not considered. There-
fore, the other processes also should be included in the estimation of number of
signal events. It should be a good assumption to scale by the fraction of the
Dy — v — 3pv in the all HF — 7 — 3p processes because the feature of
HEF — 7 — 3p events is expected to be similar to that of Dy — 7v — 3uv.
This assumption is validated by the comparison between Dy — 7v — 3uv sig-
nal and inclusive HF — 7 — 3u events. The fraction is estimated by using the
simulation samples, and the difference of the selections efficiency with the same
requirements is considered as the systematic uncertainty of the extension to the
inclusive HF — 7 — 3u search.

11.3.1 Validation of the similarity

First, the similarity of Dy — 7v — 3uv and HF — 7 — 3p signal features needs to
be validated in order to ensure that this assumption is appropriate. Figure 11.19
shows the comparison of the Ly, agy, and their significance distributions. The Ly,
distributions show a good similarity, while the agy distributions show a difference.
This difference can be understood to be caused by the large multiplicity of the
other emitted particles from B decay. For example, in the B* — D°7*v process,
pp of the 7 lepton is not on the direction of the flight length of the B* by
the momentum of the D° meson. The probabilities of the SV also show good
agreement as shown in Figure 11.20. Therefore, the signal selection efficiency
can be affected by the al, difference. However, this affects the difference of the
response of the BDT trained for Dy — 7v — 3uv signature as shown in Figure
11.21.

11.3.2 Fraction of the source of 7 lepton

The fraction of Dy — v — 3uv is determined by the expected number of events
after the BDT selection. Figure 11.22 shows the triplet mass distributions of
inclusive HF — 7 — 3u. The expected numbers in the SR with BR(7 — 3u)=
1079 are estimated to be 42.8, while that of the Dy — 7 — 3uv signature is 25.2.
Therefore, the fraction (Fps/ur) is set to be (1/1.69) and the expected number
of HF-originated 7 leptons are expected by the following equation:

Nps X BR(Dy — TV
Niaporix = 2208 fHF ) (11.6)

The uncertainty of the extension is estimated by the efficiency difference after the
event selection in the Dy — 7v — 3uv search. The selection efficiency for the
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Figure 11.20: Distributions of p-value of the SV for the D, — 7v — 3uv signal
(blue dashed line) and the inclusive HF — 7 — 3 sample (green dashed line).
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Figure 11.21: BDT response of the Dy — 7 — 3puv and the inclusive HF — 7 —
3 signature. The difference can be understood as the effect of agy.
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Figure 11.22: Mass distributions for inclusive HF — 7 — 3 signature and the
sideband data in the same manner as Figure 11.12. The yield of the Dy, — 7v —
3upv limited case is an under-estimated value, because the 7 leptons from decay
of B mesons is not considered. Therefore, factorization for the inclusive search is
necessary.
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Table 11.1: A x €, Nps (BR(Ds; — 7)), Fps/ur, and Ny, in the SR determined
in the previous sections. Integrated luminosity of 100 fb™'is assumed.

Ax e 0.36% = 0.065 (syst. — 18%)
No, (3.67 + 0.40) x 1010 (syst. = 11%)
Fps/ur 1/(1.69 £ 0.09) (syst. = 5.6%)
Nuo(SR) | 294.2 £ 200.1 (syst. = 68%)

inclusive HF — 7 — 3u signature is estimated to be 0.36% by the simulation.
Therefore, the uncertainty is determined to be {1 — (0.34/0.36)} x 100 = 5.6%.

11.4 Prospect of the HF — 7 — 3u search

The expectations of the signal efficiency, the number of background, and the
number of HF-originated 7 leptons are described above. In this section, sensitivity
to BR(T — 3u) from HF — 7 — 3p is estimated.

11.4.1 Numbers for the BR calculation
The BR(T — 3u) is calculated by the following equation in this channel:

N, obs

(A x€) X Ngrorix
Nobs X FDs HF .
~ (Ax€) x Np, % 87/2(D S )l Bauation 11.6). - (11.8)

BR(T — 3u) =

(11.7)

A X ¢ is determined to be 0.36% by the selection efficiency for the simulation
samples of D, — 7v — 3uv, and its systematic uncertainty is assumed to be 18%
as the same as that of W — 7v — 3uv search. Np, is estimated to be 3.67 x 10*°
by the production cross-section of D, — 7v — 3uv, which is validated by the
measurement of D, — ¢m — ppum signature. The systematic uncertainty is set to
be 11% by this validation measurement. Fp, sur is determined by the fraction of
the Dy — 7v — 3puv in the inclusive process of HF — 7 — 3u. The value is set to
be 1.69 fully based on the simulation, and the systematic uncertainty is estimated
to be 5.6% by the difference of the selection efficiency for the same procedure.
In addition, Ny, is also estimated by the fitting of the triplet invariant mass in
the sideband region. This is estimated to be 294.2 for the integrated luminosity
of 100fb™", based on the result with 18.9fb~*. The systematic uncertainty is
conservatively set to be 68%, which is the same as that in W — 7v — 3uv
analysis. These measured and estimated numbers are summarized in Table 11.1.
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11.4.2 Expected sensitivity in Run2

The sensitivity is estimated with the pseudo observed number of events (N) as
the same as Ny,. The upper limit for the BR(7 — 3u) with 100 fb™'of data is
expected as follows:

BR(T = 31)Nypo=Np, < 5.6 x 1077 (11.9)

This is worse than that of W — 7v — 3uv search, however it can be understood
by the lower efficiency and worse separation from background events due to the
lack of discriminating variables. Nevertheless, it is the importance of this prospect
that another approach in the ATLAS experiment is shown. This analysis proce-
dure is still preliminary for the inclusive search of HF-originated 7 — 3u search.
The development of the variables enhancing the signal feature will improve the
efficiency. In addition, the systematic uncertainty of the background estimation
should be reduced by using large amount of the sideband data in the integrated
luminosity of 100fb™!. Therefore, it is expected to be improved in the actual
analysis using the whole Run2 data.
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Chapter 12

Summary of the Analysis and
Future Prospect

In this thesis, existence of BSM physics is investigated by searching for a cLF'V
signature, which is strictly suppressed in the SM framework. This search is a
complementary approach to direct searches for the production of new heavy par-
ticles. Experiments with electron-positron colliders and muon beams have played
main roles in such rare decay searches of leptons. On the other hand, the LHC
provides a large number of 7 leptons in the high energy proton-proton collisions.
It enables us to search for rare decays of 7 leptons in hadron collider experiments.

The target of search in the ATLAS experiment is 7 — 3u signature, which has
several characteristic features. W — 7v and HF— 7+ X are dominant processes
of 7 production in pp collisions. However, these signatures have different kine-
matic features in ER_ collinear hadron jets, flight length, and their momenta.
Therefore, it is necessary to optimize the analysis strategy separately for each
channel. One of the most challenging issues of this search is the efficiency of the
triggers used in data acquisition. The tight thresholds for the muons and ineffi-
ciency for highly collimated muons at the trigger requirements kill large amount
of the events relevant to the signature. Hence, estimations and improvements of
the trigger efficiencies are critical tasks.

Using the data taken in 2012, analysis of W — 7v — 3ur search was per-
formed and the first result from ATLAS was presented. In the analysis in 2012, it
was clarified that there is a sizable room for further improvements in this search
in ATLAS including the addition of HF — 7 — 3pu channel. Hence, in addition
to the result of 2012 analysis, prospects for Run2 with several improvements were
studied in this thesis.

In this chapter, the summary and conclusion of the search are described.
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12.1 Result and lessons from 2012

The target signature of the analysis in 2012 was W — 7v — 3ur. This search
has characteristic features in several distributions of physics objects; three muons,
hadron jets, E2 and their combination. In order to maximize the sensitivity
of the signature, MVA technique is employed in the final event selection instead
of cut-based approach. The selection with MVA achieves to suppress number
of background events below one event in the signal region, keeping the signal
efficiency high.

On the other hand, the efficiency of the trigger and reconstruction needs
to be estimated. The correlation between highly collimated muons has to be
considered, therefore the efficiency for the target signature cannot be estimated
by simply multiplying the efficiency for each muon. Evaluation of the correlation
effect as a function of AR between muons enables to take account for this effect
for efficiency calculation of multi-muon triggers. The estimated efficiency with
the correlation factor measured in the data shows a good agreement with that in
the simulation, and the difference is used as a systematic uncertainty.

The number of background events and W — 7v events are estimated. The
sideband, which is defined as the region around 7 lepton mass excluding the
signal region, is used for the background estimation. This number is also used for
optimization of the final selection criteria for MVA score. Number of W — 7v
events is estimated by extrapolating the measurement in 7 TeV analysis. This is
used for the calculation of BR(7 — 3u) from the observed number of events.

As a result of the search, no event is found in the signal region. Hence, the
upper limit for the BR(7 — 3u) is set to be 3.76 x 1077 at 90% CL. Although
this is not the most stringent limit, it is the first result of the search with the
specific analysis procedure at a hadron collider and shows the possibility of a
search for 7 — 3u signature in the future of the ATLAS experiment. Also, this
shows that there are rooms for improvements. FEspecially for the efficiency, it
should be considered to avoid close-by muon inefficiency. This should be solved
by the implementation of dedicated triggers and an alternative reconstruction al-
gorithm. The addition of HF-originated analysis is also the important extension
for the sensitivity improvements. This channel was not the target of this search in
2012 because of the low efficiency and worse separation from background events,
although it has ten times larger amount of 7 leptons. Hence, this also will be sen-
sitive in future analyses with the improvement of efficiency and selection tuning.

12.2 Future of 7 — 3y search in ATLAS

In order to improve the sensitivity of the search using the data taken in Run2
period (2015-2018), several approaches are considered. One of them is the im-
provement of the efficiency of the trigger and reconstruction. Implementation of
dedicated trigger chains and the alternative reconstruction algorithm is expected
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to increase the signal efficiency. In addition, the production rate of W boson also
increases by the high center-of-mass energy of 13 TeV. Therefore, sensitivity of
the W — 7v — 3uv search will be improved and reach the level of 4.1 x 108 if
there would be no event in the signal region.

On the other hand, HF — 7 — 3u search is suggested to be effective in
addition to W — 7 — 3uv search because of the larger production cross-section
of HF-originated 7 lepton. The dominant process of HF— 7+ X is D, — 7v.
Therefore, this method is designed to focus on Dy — 7v — 3uv events. The
D, production in the simulation is validated using Dy — ¢m — ppm channel,
which can be measured in the data. Not only the number of D, — 7v events, but
the fraction of the direct and indirect process is also validated with this channel.
Finally, this is extended to inclusive HF — 7 — 3pu search because other HF-
originated processes cannot be rejected. The number of 7 leptons are scaled by
the fraction of the Dy — 7v in all HF-originated processes, assuming similarity of
the event feature. The sensitivity with the integrated luminosity of 100 fb~! and
presence of SM background in the signal region is expected to be 5.6 x 10~7. This
sensitivity is not more stringent than W-originated analysis in Run2, although
it can reach the same level as that of result in 2012. In addition, this analysis
procedure is still the baseline, which has several possibilities to improve by the
discriminant variables, the selection optimization, and the uncertainty reduction.
Therefore, this approach is also worth considering in the future analysis.

12.3 Conclusion

A 7 — 3u search at a hadron collider is a challenging search due to the low
efficiency of the trigger and reconstruction, and large number of background from
QCD events. Nevertheless, it should be considered to use the large number of 7
leptons from the decay of W bosons and heavy flavored hadrons as effective as
possible.

In the analysis of the ATLAS experiment in 2012, the limit for BR(7 — 3pu)
is set for the first time [88]. Although this limit does not improve that by the
Belle experiment, this is important for showing the possibility of the search in
hadron collider experiments. In addition, a room for improvement is realized by
the experience of the analysis development.

For the W-originated signature search, its sensitivity should be improved by
the increase of the efficiency and the integrated luminosity from 2016 to 2018.
Furthermore, HF-originated analysis can also be developed thanks to the im-
provement of the trigger efficiency. This is a new approach in ATLAS, and the
production cross-section should be larger than W-originated signature. In fact,
there are rooms for optimization in event selections, estimation of the number
of background, and the normalization. Furthermore, the combination of the two
approaches is not considered in this thesis, but it should be considered in the fu-
ture. The ATLAS experiment also plans high luminosity runs after 2022, which
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will record huge amount of data of 3000fb~*. It is hoped that the 7 — 3u
signature will be observed with more sensitive searches with these and further
improvements.

This analysis focusses on the characteristic feature of the highly collimated
muons. Therefore, the analysis procedure, the technique of the efficiency mea-
surement and uncertainty verification can also be applied for other analyses, not
only 7 — 3u search. For example, in the event that Higgs boson decays into
new light neutral particles decaying to muon pairs (h — X + X — up + pp),
the muon pairs are highly collimated, called "muon-jets” [94]. it is necessary for
the search for the "muon-jets” to apply a similar strategy to this 7 — 3u search.
Also, these techniques can be applied for rare decay searches of B and D mesons.
B — 2p (or 4p) are the probes for the verification of the SM and signature of the
BSM [95,96]. Since these signatures are composed of the muons from the decay
of light mass of a few GeV, the analysis for the collimated muons is necessary.
Thus, the analysis technique which is developed in the 7 — 3p search is expected
to be applied for the other searches in ATLAS.

Finally, in order to explore for the BSM evidence, it is necessary to continue
many kinds of approaches from various angles. The ATLAS experiment has
several direct and indirect approaches for cLF'V searches. Hence, this experiment
should play an important role to find out the existence of the BSM by several
approaches.
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n Pseudo rapidity defined as Equation 2.4. 26, 28, 30-36, 60-62, 64, 68, 69, 71,
90, 93-96, 127, 128, 137

AR Angular distance determined by 7 and ¢ of the particles as Equation 2.7.
44, 78,91, 93, 96-98, 102, 105, 118, 119, 125, 151, 163

BDT Boosted Decision Tree. 76-83, 85—88, 107-109, 134, 135, 143, 145

BSM Beyond the Standard Model. 8, 14, 15, 18-20, 54, 150, 153

cLFV Lepton-Flavor-Violation in the charged sector. 14-21, 45, 150, 153

CSC Cathode Strip Chamber. 34, 35, 39, 61, 63, 65, 67

HF Heavy Flavor. 43, 44, 47-49, 60, 62-65, 67, 70-72, 74, 75, 111, 112, 114-116,
124, 125, 127, 132, 134, 135, 143, 147, 148, 150-152

ID Inner Detector. 26, 27, 30, 34, 39, 41, 48, 59-61, 63, 64, 66, 69, 70, 90, 102,
103, 112, 118, 126, 136, 137

IP Interaction Point. 24, 26, 33, 36, 60

LFV Lepton-Flavor-Violation. 14, 15, 18

LHC Large Hadron Collider. 19, 21-24, 49, 52, 111, 114, 150

MDT Monitored Drift Chamber. 34-36, 39, 61, 63, 65, 67
MS Muon Spectrometer. 27, 34, 35, 39, 41, 48, 61, 63, 64, 70, 102, 126

MVA Multi-Variate-Analysis. 50, 57, 59, 73, 76, 79, 84, 127, 132, 134, 151

PDF Parton Distribution Function. 53, 54, 88, 114, 115

PV Primary Vertex. 45, 47, 48, 61, 71, 72, 78

RPC Resistive Plate Chamber. 34-36, 39, 6368
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SM Standard Model. 810, 13-20, 22, 41, 43, 54, 123, 150, 152

SV Secondary Vertex. 45, 47, 61, 71, 72, 78, 107, 112, 127, 132-134, 137, 138,
143, 145

TGC Thin Gap Chamber. 34, 36, 39, 6368

TPa One of the types of the reconstructed muons in ATLAS, which is called
Muon-Associated-Track-Particle. 61, 64, 66, 67, 70, 125
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Appendix A

Trigger Efficiency for Collimated
Three Muons

Although trigger efficiency measurement for the collimated multi-muons are de-
scribed in Section 7.2, the calculation for the three muons are omitted due to
the complicated formation. This is designed as an extension of that of two muon
case (Equation 7.5) using properties of three muons and AR between them. But
the terms of correlation need to be considered for the three pairs, as well as the
overlap of the each term. First, details of design philosophy of the two muon case
are described, including the case with a single muon trigger requirement. The
extension to three muon case is based on the same philosophy.

A.1 Efficiency calculation for two reconstructed
muons

Using two reconstructed two muons for the analysis procedure, the data which
is acquired by a single-muon trigger and di-muon trigger can be used. The most
simple case is the calculation of the di-muon trigger efficiency shown as Equation
7.5. This equation consists of the efficiency for each muon and correlation factor
(CF) between these triggered muons. In other words, these factors are understood
as the probability of triggered and separated.

The single-muon trigger efficiency for an event which consists of two recon-
structed muons are also described as:

€muX,pl,p02 —C€muX,pul X €nux,p2
+ €muX,pl X (1 - EmuX,p2) X OF(ARul,p2)
+ €muX,p2 X (1 — EmuX,,ul) X OF(ARML.UQ)' (Al)

In the first term of the equation, CF does not a matter because both muons
are assumed to pass the trigger requirement. On the other hand, the second
(and third) term considers the u2 (mul) does not pass the trigger requirement.

163
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1 u passed
€1 €2 M 2u passed

Figure A.1: Venn diagram of the efficiency for two muon events. The blue and
yellow regions should be considered separately in the calculation because the
correlation effects are different.

Therefore, these muons are necessary to be recognized independently, i.e. these
terms should be factored by CF. Figure A.1 describes this equation as a Venn
diagram. This is the essence of the multi-muon trigger efficiency calculation
considering the correlation between muons.

A.2 Efficiency calculation for three reconstructed
muons

Venn diagram for the three-muon case is described in Figure A.2. For the event
with three muons, three-muon trigger is also used for the data acquisition. This is
the most simplest because all muons are required to be triggered and separated.
CF(AR,;,;) is simplified as C'F;; because each term is long. Therefore, the
efficiency is calculated as:

2 2 2
€3muX,pl,u2,143 — EmuX,pl €muX, 2 €muX, 42 X CF120F13CF237 (AQ)

where the CF for each pair is multiplied twice because each muon should be
separated from all the other muons, i.e. it is obtained by the tranceformation
from:

3
€3muX,pul,u2,u3 — H EmuX, i X OEJOFZkJ (A3)

i=1

where i, j, k are assumed to be 1, 2, 3, and 7 # j # k.

The di-muon trigger efficiency is also calculated by the similar equation. In
this case, at least two in the three muons are required to be triggered. There-
fore, number of the combination patterns increased from three-muon case. The
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€1

1 u passed
B 2 u passed

€ €3 B 3 passed

Figure A.2: Venn diagram of the efficiency for three muon events. This is the
simple extension of Figure A.1 with an additional muon. The red, blue, and yellow
regions should be considered separately in the calculation because the correlation
effects are different.

equation is defined as:

EomuX 12,03 =Emux, il €mux,p2€mux 3 X (1 — (1 — CF12)(1 — CFi3)(1 — CFys))
+ €mux 1 €mux 2 (1 — €mux p3) X CFLC Fi30 Fas
+ €mux 1 €mux 3 (1 — €muxp2) X CF1230F12CF23
+ €mux p2€max 3 (1 — €mux,p1) X CFgchmCFls, (A4)

where the first term represents of the case that all muons pass the single-trigger
requirement, while the other terms are for the case that one of the muon does
not pass. In the former case, at least one of the pairs has to be separated. On
the other hand, the trigger-failed muon does not have to separated from the
other (trigger-passed) muons in the latter case. Therefore, only the CF for the
trigger-passed muons is multiplied twice in each term.

Efficiency calculation of a single-muon trigger for the three muons is the most
complicated case because three cases should be considered: one of the three muons
is triggered; two of these are triggered; and all of these muons are triggered by
the requirement. The equation of this case can be defined as:

€muX,p1,42,43 —€muX,p1 €muX, 2 €muX, 13

+ €mux 1 €mux 2 (1 — €muxu3) X (1 — (1 — CFi3)(1 — C'Fy))

+ €mux 1 €max 3 (1 — €muxp2) X (1 — (1 — CFi3)(1 — CFy))

+ €mux p2€mux 3 (1 — €mux 1) X (1 — (1 — CFi3)(1 — CFi3))

+ €mux 1 (1 — €mux p2) (1 — €mux pz) X CF12CF13C Fog

+ €mux 2 (1 — €mux 1) (1 — €muxpg) X CF12CF13C Fog

+ €mux 13 (1 — €max 1) (1 — €mux p2) X CF1oCF13C Fas. (A.5)

If the all muons are passed the single muon requirement, CF does not matter.
However, if one of the muons is failed to pass the single trigger requirement, at
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least one of the other muons has to be separated from the trigger-failed muon. In
addition, only one of the muons passes the single-muon trigger requirement, all
muons have to be separated.

Although the trigger efficiency can be extended to the three muon case for
the normal chains, the Full-Scan (FS) triggers also should be considered. As
explained in Section 2.2.4, this trigger chain requires an additional muon (or
muons) is required at the last step of the HLT. Therefore, the efficiency can be
assumed as single-muon trigger which is multiplied by the additional efficiency
of the FS muon requirement. The efficiency of the trigger chain composed by
a single normal muon (> X GeV) and an FS muon (> Y GeV) requirements is

defined as:

€muX_muY_FS,ul,p2,43 —€muX muY_FS,u1 €muX_muY_FS,u2 €muX_muY FS,u3
+ EmuXJnuYJ:'S,/.LIEmuXJnuYJS,p,Q(1 — emuXJnuYJ'S,u?)) X (1= (1—CFy3)(1—CFy))
+ €muXJnuYJS,ul€muXJnuYIS,u3(1 - GmuXJnu‘{j‘S,uQ) X (1 - (1 - OF12)(1 - CF23))
+ €mux muy 8, p2€mux may 75,43 (1 — Emuxmay s, 1) X (1 — (1 — CFi3)(1 — CFi3))
+ €muxmay 75,11 (1 — €muxmuy 75 p2) (1 — €muxmay 75 p3) X CF12CF13C Fyg
+ EmuXJnuYJ‘S,;Q(l - EmuXJnuYJS,ul)(l - Gmuleuy,l-"s,u:s) X CF19CF13CFys

+ EmuXJnuYJ‘S,u?)(l - 6muXJuu‘{j'S,ul)(l - 6muXJnuY,FS,uQ) X CF120F13CF23a

(A.6)

where €pux muy rs i Tepresents the single-muon trigger with the F'S requirement as
described as:

EmuXJnuY,FS,ui - EmuX,ui(]- - (]— - EmuYJS,uj X C-F;,J)(l - EmuY,FS,uk X C i/k))a (A7)

where €ngy s shows the efficiency of the 'S requirement, and C’Fz’j shows the
correlation factor with a FS object. This equation form is similar to the single-
muon trigger case, but €mux i is replaced by €nux muy rsi- The efficiency for the
two muon requirement at FS level, can be estimated by the same method while
Emux_muy Fs,ui 15 replaced by €pux omuy rs i Which is defined as:

/ /
EmuX,ZmuYJS,p,i - EmuX,,ui(EmuYJ'S,p,jemuYJS,p,k X OEJO Zk) (A8)



