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Abstract

Despite the success of the standard model, there are still unexplained phenomena

that are not explained by the theory. The observation of the neutrino oscillation is

a clear evidence of the physics beyond the standard model where the mass of the

neutrinos are assumed to be zero. Multiple theories have been proposed to explain

the existence of the neutrino masses, but the absence of the right-handed neutrinos

is the stumbling block of the neutrino physics and the observation of such particles

will open a new chapter of the particle physics. The seesaw mechanism is one of

the most popular theories that explain the origin and the smallness of the neutrino

masses. The model predicts a heavy Majorana neutrino which can mix with the SM

neutrinos with a strength proportional to the size of the mixing matrix element. In

addition, the left-right symmetric extension of the SM can explain the mechanism of

the parity violation, and can incorporate the seesaw mechanism to explain the mass

of the neutrino. The heavy neutrinos, which are predicted from both models, can be

probed at the LHC thought the proton-proton collision. In this thesis, analyses that

searched for the heavy neutrinos and the new charge gauge boson are presented, using

the proton-proton collision data collected at the CMS detector, at a center-of-mass

energy of 13 TeV. The former analysis used the data corresponds to the integrated

luminosity of 35.9 fb−1. This analysis improved the previous analysis in two folds;

adding new production channel of the signal that is dominant in the heavier mass,

and adding new signal regions which restores the inefficiencies in the previous analysis.

The latter analysis used the full Run 2 data of 137 fb−1. A new analysis region which

enhances the sensitivity for small mN/mWR signals are introduced, and a significant

improvement of the exclusion area is obtained.
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Chapter 1

Introduction

The discovery of the Higgs boson [1, 2] is the most important achievement in the

particle physics in the last decade, which was the last puzzle piece of the standard

model (SM) and the electroweak symmetric breaking (EWSB). The properties of

the Higgs boson have been precisely measured at the Large Hadron Collider (LHC),

including its mass, decay width, spin, and couplings to bosons and fermions. Most

recently, the decay of a Higgs boson into two muons have been measured [3, 4], which

marked a point at 105.7 MeV in Fig. 1.1 and shows a great agreement from the SM

prediction up to the top quark mass (172.8 GeV). This is a remarkable accomplishment

of the SM ranged over three order of magnitude, and shows the model’s successful

explanation of the observation.

Nonetheless, the SM is not the end of the physics and there are multiple evidences

that there must be physics beyond the standard model (BSM). In the SM, the mass

of the neutrinos are assumed to be zero, based on the fact that we have never ob-

served a right-handed neutrino. In the 1960s, it was predicted that the nuclear fusion

inside the Sun produces a measurable amount of neutrinos that can be captured on
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the earth [5]. The Homestake experiment [6] was the first experiment measured the

neutrino flux coming from the Sun. The result was surprising since only one third of

the neutrinos that was predicted from the Standard Solar Model was measured. In

1968, it was suggested that if neutrinos have nonzero masses, they will change their

flavors while travelling from the Sun, and the flux of electron neutrino is reduced [7].

The “oscillation” of solar neutrinos could be confirmed by the SNO experiment [8],

by measuring the flux of all three neutrino flavors, which agrees to the solar neutrino

model.

Triggered by the “solar neutrino problem”, precise measurements on the mixing

between the other two pairs are measured [8–12], and confirmed that the neutrinos

have masses. Numerous theories have been proposed to explain the origin of the

neutrino mass, and one of the popular and simple models that have been tested

in multiple experiments is the “seesaw mechanism”. A heavy right-handed Majorana

neutrino is introduced in the model, and generates the mass of the SM neutrinos which

is proportional to the inverse of the Majorana mass. The heavier the Majorana particle

is, the smaller the SM neutrinos are, thus it successfully explains both the origin and

the smallness of the neutrino mass. It attracts scientists with its accessibility from

colliders and neutrino laboratories, and attempts were made to observed the heavy

state of neutrinos in multiple form of experiments [13–22].

Another mystery of the SM is the violation of parity, which was proved by the

Wu’s experiment [23]. The missing “right-handed” gauge symmetry can be recovered

at a much higher energy scale. The symmetry will spontaneously broken into the

known SM gauge group, while generating new gauge bosons and heavy neutrinos.

The seesaw mechanism can be embedded in the model, and the mass of the neutrinos

can be explained together.

In this thesis, the results of two analyses are presented, using the proton-proton

collision data collected at the LHC using the CMS detector. The first analysis is
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the search for the heavy Majorana neutrinos in the same-sign dilepton events, which

set the world-best limit on the mixing matrix element between the light and heavy

neutrinos and their masses. The analysis technique for estimating same-sign dilepton

events are highlighted. The second analysis is the search for the right-handed charged

gauge boson (WR) and heavy neutrino (N) under the left-right symmetric extension

of the SM. This analysis significantly improved the sensitivity of the relatively “light”

heavy neutrino masses compared to that of WR, and extended the exclusion area in

the two dimensional phase space of (mWR ,mN) from the previous analysis [24].

In Chapter 2, a brief introduction of the SM is given, covering the structure of the

SM gauge group and the spontaneous symmetry breaking. In Chapter 3, the physics

related to the neutrino sector is shown; the neutrino oscillation, the mass of the

neutrino, the seesaw mechanism, and the left-right symmetric model. In Chapter 4

and Chapter 5, the LHC and the CMS detector are explained. In Chapter 6, the

analysis of the TypeI seesaw mechanism is given. In Chapter 7, the analysis of the

left-right symmetric model is given. Fianlly in Chapter 8, we conclude the thesis with

a brief summary.
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Chapter 2

The standard model

The standard model (SM) is a gauge theory which describes the interactions between

the elementary particles, using the language of the field theory and gauge symmetry.

The elementary particles, quarks and leptons, are represented by fermionic fields,

and their interactions are mediated by bosonic fields. The strong, weak, and electro-

magnetic (EM) interactions are the outcome of requiring SU(3)C, SU(2)L, and U(1)Y

symmetries to the free fermion system, respectively. SU(3)C denotes a special unitary

group of degree 3, and the subscript C represents that the symmetry holds for color

triplet. SU(2)L is similar to SU(3)C, but with degree 2 and acts on left-chiral doublet.

Finally, U(1)Y is a unitary group with degree 1 and the subscript Y stands for a

quantum number called “hypercharge”.

Throughout this chapter, we will focus on the electroweak sector, which corre-

sponds to SU(2)L ⊗ U(1)Y symmetry, and the mechanism of generating masses, the

electroweak symmetry breaking (EWSB).
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2.1 Lorentz group and its representations

QFT is a relativistic field theory. Thus the theory we are interested in is invariant

under the Lorentz transformation, and such a group of the transformations are called

the Lorentz group. Lorentz transformation is a transformation acts on 4-vector, which

is an object consists of four components;

xµ = (x0, x1, x2, x3) (2.1)

and the metric ηµν is defined as a 4 × 4 diagonal matrix

ηµν =



−1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1


. (2.2)

Not only Equation 2.2 but the minus sign of it also works, but we will use this

convention.

Any Lorentz transformation Λµν must satisfies

ηµνΛµαΛνβ = ηαβ (2.3)

, where the repeated indices (e.g., µ and ν in the left-hand side) are summed over.

Equation 2.3 corresponds to the invariance of the inner product of two four-vectors,

and it defines Λµν . An identity matrix, δµν is obviously included in the group, and let’s

consider an infinitesimal transform from it;

Λµν = δµν + iwµν (2.4)

, where wµν ≪ 1. Equation 2.3 up to the first order in w gives 0 = wµν + wνµ, thus

wµν is an antisymmetric and leave six independent parameters. wµν can be expressed

as a linear combination of six antisymmetric matrices;

{wµν} =
∑
(a,b)

wab

{(
iMab

)
µν

}
, (2.5)
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where (a, b) runs over (0,1), (0,2), (0,3), (1,2), (1,3), and (2,3), which are the upper-

right off-diagonal parts. The explicit form of the basis matrices,
(
Mab

)
µν

:= −i(gaµgbν−

gaνg
b
µ) are as follows:

M01 = −i



0 1 0 0

−1 0 0 0

0 0 0 0

0 0 0 0


,M02 = −i



0 0 1 0

0 0 0 0

−1 0 0 0

0 0 0 0


,

M03 = −i



0 0 0 1

0 0 0 0

0 0 0 0

−1 0 0 0


,M12 = −i



0 0 0 0

0 0 1 0

0 −1 0 0

0 0 0 0


,

M13 = −i



0 0 0 0

0 0 0 1

0 0 0 0

0 −1 0 0


,M23 = −i



0 0 0 0

0 0 0 0

0 0 0 1

0 0 −1 0


.

(2.6)

To link the Mab’s to rotation and boost transformation, we now define matrices J ’s

and K’s as follows:

J l := 1
2ϵ

lmnMmn

K l := M0l,

(2.7)

where ϵlmn is tensor. One can calculate the commutator relations between J and K:

[J l, Jm] = iϵlmnJn

[K l,Km] = −iϵlmnJn

[J l,Km] = iϵlmnKn.

(2.8)
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Consider a new basis, J±l := 1
2(J l ∓ iK l). The new commutator relations are

[J±l, J±m] = iϵlmnJ±n

[J+l,K−m] = 0.
(2.9)

Equation 2.9 indicates that J+’s and J−’s are the generators of SU(2), hence the

Lorentz group, denoted as SO(3, 1), is isomorphic to SU(2)
⊕

SU(2). Now, Equa-

tion 2.4 becomes

Λµν = I + iα⃗ · J⃗ + iβ⃗ · K⃗

= I + i(α⃗+ iβ⃗) · J⃗+ + i(α⃗− iβ⃗) · J⃗−,
(2.10)

and using Equation 2.9, any finite amount of transformation can be expressed as

Λµν = e
[
i(α⃗+iβ⃗)·J⃗+

]
e
[
i(α⃗−iβ⃗)·J⃗−

]
(2.11)

The representation of the Lorentz group can be characterized by two distinct

representations of SU(2). Equation 2.9 resembles the relations between the angular

momentum operators in the quantum mechanics, and the representation can be easily

obtained from the same technique :

Ladder operators of J+ : J+
± := J+,1 ± iJ+,2

Ladder operators of J− : J−
± := J−,1 ± iJ−,2

J+
± |j+,m+; j−,m−⟩ = |j+,m+ ± 1; j−,m−⟩

J−
± |j+,m+; j−,m−⟩ = |j+,m+; j−,m− ± 1⟩

J+,3|j+,m+; j−,m−⟩ = m+|j+,m+; j−,m−⟩

J−,3|j+,m+; j−,m−⟩ = m−|j+,m+; j−,m−⟩

(J+)2|j+,m+; j−,m−⟩ = j+(j+ + 1)|j+,m+; j−,m−⟩

(J−)2|j+,m+; j−,m−⟩ = j−(j− + 1)|j+,m+; j−,m−⟩.

(2.12)

The combination of (j+, j−) determines the “spin” of the field, and an example is

shown in Table 2.1. For the cases of (j+, j−) = (1
2 , 0) and (0, 1

2), both representations
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correspond to a spin-1
2 particle, but their rotations are distinguishable. This charac-

teristic is called the “handedness” and we will call (1
2 , 0) ((0, 1

2)) as left(right)-handed

spinor. The generators in the spinor representations are the Pauli matrices:

J1 = σx
2 = 1

2

0 1

1 0

 ,
J2 = σy

2 = 1
2

0 −i

i 0

 ,
J3 = σz

2 = 1
2

1 0

0 −1

 .
(2.13)

Table 2.1: Examples of the irreducible representations of (m+,m−)

m=0 1
2

n=0 Scalar Left-handed spinor
1
2 Right-handed spinor Vector

2.2 The Dirac equation

An attempt to formulate a relativistic version of the Schrödinger equation of fermions

were done by Dirac [25, 26]. The Klein-Gordon equation starts from the relativistic

relation E2 = P 2 + m2, where E is the energy, P is the momentum, and m is the

mass. The quantized version of the formula gives the wave equation of scalar particle:

E2 = P 2 +m2

Quantized → (i ∂
∂t

)2ψ(x, t) = (− ▽2 +m2)ψ(x, t)

Rearranged →
[
∂µ∂µ −m2

]
ψ(xµ) = 0 : Klein-Gordon equation.

(2.14)
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Equation 2.14 is a second-order in the derivatives, Dirac tried to obtain a first-order

equation by introducing matrices as the coefficients:

H = α · (−i▽⃗) + βm, (2.15)

where α and β are matrices. To keep Equation 2.15 relativistic, the two matrices

should satisfy:

H2 =
[
α · (−i▽⃗) + βm

] [
α · (−i▽⃗) + βm

]
= (−i▽⃗)2 +m2. (2.16)

Thus the the relations that α and β are

α2
i = β2 = I, αi, αj = 0(i ̸= j), αi, β = 0. (2.17)

Multiplying β on the left in Equation 2.15 and replacing H to i ∂∂t gives

i

[
β
∂

∂t
+ βα⃗ · ▽⃗

]
ψ = β2mψ = mψ (2.18)

Now define γµ := (β, βα⃗) and rewriting Equation above gives the Dirac equation:

(iγµ∂µ −m)ψ = 0 (2.19)

A 4 matrix solution of γ is

γ0 =

0 I

I 0

 , γk =

 0 σk

−σk 0.

 (2.20)

The form of γµ is not unique, and Equation 2.20 is called the Weyl basis. The advan-

tage of choosing the basis is that the solution of Equation 2.20 is a bispinor of left-

and right-handed spinors:

ψ =

ψL

ψR.

 (2.21)
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It is useful to define additional gamma matrix, γ5 := iγ0γ1γ2γ3 = diag(−I, I). Then,

we can define two projection operators :

PL := 1 − γ5

2 , PR := 1 + γ5

2 , (2.22)

which satisfies

PLψ =

ψL

0

 := ψL, PRψ =

 0

ψR

 := ψR. (2.23)

A corresponding Lagrangian density LDirac is

LDirac = ψ(iγµ∂µ −m)ψ, (2.24)

where ψ := ψ†γ0.

Equation 2.24 is the Lagrangian density of a free fermion, i.e., without interac-

tion. The fundamental interactions in the SM appears once we require additional

symmetries to LDirac. In the next Section, we will discuss how the weak and the EM

interactions are introduced in the SM.

2.3 Quantum electrodynamics

The fermions in the SM are the quarks and leptons. Three generations have been

discovered [27–36] and Table 2.2 is a summary of those twelve elementary particles.

These particles are fermions, i.e., spin-1
2 particles, thus follows they are described by

LDirac. As mentioned in the previous section, LDirac is only relevant for free particles.

One can easily show that LDirac is invariant under the global U(1) transformation:

ψ → eiaθψ. (2.25)

The transformation can be generalized by taking θ as a spacetime-dependent variable:

ψ → eiaθ(x)ψ, (2.26)

11



, where x is the spacetime coordinate and a is a constant which is called “charge”.

The difference on LDirac under such a transformation is

δLDirac = −a(ψγµψ)(∂µθ), (2.27)

thus the Lagrangian density is not invariant under local U(1) transformation. The

invariance can be kept once we introduce a vector field Aµ which transforms as:

Aµ → Aµ + 1
g1
∂µθ(x). (2.28)

The kinetic term of Aµ is Lphoton = −1
4F

µνFµν where Fµν := ∂µAν − ∂νAµ, whose

equation of motion gives the Maxwell equation, and is invariant under the transform

in Equation 2.28. Now let’s add an (Lorentz invariant) interacting term, LEM =

ag1(ψγµψ)Aµ to the Lagrangian density, and construct LQED as follows:

LQED = ψ(iγµ∂µ −m)ψ − 1
4F

µνFµν + ag1(ψγµψ)Aµ. (2.29)

LQED is invariant under the U(1) transform:

δLQED = −a(ψγµψ)(∂µθ) + ag1(ψγµψ) 1
g1
∂µθ(x)

= 0.
(2.30)

Aµ is called “gauge field”, and property to have the invariance under the local U(1)

transformation is called “U(1) gauge symmetry”. Equation 2.29 can be also written

as

LQED = ψ(iγµDµ −m)ψ − 1
4F

µνFµν , (2.31)

where Dµ := ∂µ − iag1Aµ. Dµ is invariant under the gauge transformation, so it is

called the “covariant derivative”.

In summary, requiring a U(1) gauge symmetry to a free Dirac field yields a new

system consists of a Dirac field, a vector field and their interaction. More interactions

can be added in the same manner, and in the next Section, we will see how the weak

interaction arises from SU(2) symmetry.
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Table 2.2: Three generations of quarks and leptons.

First generation Second generation Third generation

Quarks
up (u) charm (c) top (t)

down (d) strange (s) bottom (b)

Leptons
electron (e) muon (µ) tau (τ)

electron neutrino (νe) muon neutrino (νµ) tau neutrino (ντ )

2.4 Electroweak interaction and spontaneous symmetry
breaking

Wu’s experiment [23] was performed in 1956 to test the conservation of parity in

the β-decay. The experiment measured the rate of β particles in one direction but

changing the polarization of 60
27Co. If the parity is conserved during the β-decay, the

rate should be same regardless of the polarization. Figure 2.1 shows that the β particle

prefers the same direction of the polarization, which indicates that the the parity is

not conserved in the weak interaction. The spin properties of the decay products can

be obtained easily:

• Polarized 60
27Co has spin quantum number 5.

• The daughter nucleus 60
28Ni is a spin-4, and the electron and anti-neutrino are

spin-1
2 .

• The only spin solution is |5,+5⟩ → |4,+4⟩ + |1
2 ,+

1
2⟩ + |1

2 ,+
1
2⟩.

The result can be explained if one assumes that the weak interaction only occurs

between the left-handed particle and right-handed antiparticle.

• Only electron (left-handed) and anti-neutrino (right-handed) suffer the weak

interaction.
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• The helicity (projection of the spin onto the momentum direction) is identical

to the chirality (left- and right-handedness in the spinor representation) when

the mass is very small compared to the energy level of the system.

• Anti-neutrino has right-handed helicity, thus goes opposite to the polarization.

Furthermore, we have never observed a right-handed neutrino, and only left-handed

neutrinos have been observed experimentally [37]. To wrap up the facts on the weak

interaction, a) only left-handed particles and right-handed antiparticles participates in

the interaction b) neutrino is left-handed. In this section, we will show that engaging

a chiral SU(2) symmetry (SU(2)L) to LQED realizes the weak interaction.

The SU(2)L gauge symmetry can be accomplished by forming a left-handed dou-

blet within the same generation of fermions and right-handed singlets:

Left-handed doublet : QiL =

ui
di


L

, LiL =

νi
ℓi


L

Right-handed singlet : uiR, diR, ℓiR,

(2.32)

where i runs from 1 to 3, corresponds to the generation in Table 2.2. u and d represent

the up-like and down-like quarks, i.e., first and the second row in the “Quarks” row.

There is one important thing to be pointed out before we go further. In LDirac, we

have inserted the mass term,

mψψ = m(ψL + ψR)(ψL + ψR)

= m(ψLψL + ψLψR + ψRψL + ψRψR).
(2.33)

Using the properties of γ matrices, PLPL = PRPR = 0. Hence, the mass term becomes

mψψ = m(ψLψR + ψRψL). (2.34)

Equation 2.34 is not invariant under SU(2)L, since ψL is doublet and ψR is singlet. Ob-

viously, the elementary particles have masses, but to cope with the gauge invariance,

we are giving up the mass term of fermions for now.
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FIG. 2. Gamma anisotropy and beta asymmetry for
polarizing field pointing up and pointing down.

one unit and no change of parity, it can be given only
by the Gamow-Teller interaction. This is almost im-
perative for this experiment. The thickness of the
radioactive layer used was about 0.002 inch and con-
tained a few microcuries of activity. Upon demagnetiza-
tion, the magnet is opened and a vertical solenoid is
raised around the lower part of the cryostat. The
whole process takes about 20 sec. The beta and gamma
counting is then started. The beta pulses are analyzed
on a 10-channel pulse-height analyzer with a counting
interval of 1 minute, and a recording interval of about
40 seconds. The two gamma counters are biased to
accept only the pulses from the photopeaks in order to
discriminate against pulses from Compton scattering.
A large beta asymmetry was observed. In Fig. 2 we

have plotted the gamma anisotropy and beta asym-
metry vs time for polarizing field pointing up and
pointing down. The time for disappearance of the beta
asymmetry coincides well with that of gamma ani-
sotropy. The warm-up time is generally about 6 minutes,
and the warm counting rates are independent of the
field direction. The observed beta asymmetry does not
change sign with reversal of the direction of the de-
magnetization field, indicating that it is not caused by
remanent magnetization in the sample.

The sign of the asymmetry coeAicient, o., is negative,
that is, the emission of beta particles is more favored in
the direction opposit. e to that of the nuclear spin. This
naturally implies that the sign for Cr and Cr' (parity
conserved and pa. rity not conserved) must be opposite.
The exact evaluation of o. is difficult because of the
many eA'ects involved. The lower limit of n can be
estimated roughly, however, from the observed value
of asymmetry corrected for backscattering. AL velocity
v(c=0.6, the value of n is about 0.4. The value of
(I,)/I can be calculated from the observed anisotropy
of the gamma radiation to be about 0.6. These two
quantities give the lower limit of the asymmetry
parameter P(n P(=I,)/I) approximately equal to 0.7.
In order to evaluate o, accurately, many supplementary
experiments must be carried out to determine the
various correction factors. It is estimated here only to
show the large asymmetry effect. According to I-ee and
Yang' the present experiment indicates not only that
conservation of parity is violated but also that invari-
ance under charge conjugation is violated. 4 Further-
more, the invariance under time reversal can also be
decided from the momentum dependence of the asym-
metry parameter P. This effect will be studied later.
The double nitrate cooling salt has a highly aniso-

tropic g value. If the symmetry axis of a crysial is not
set parallel to the polarizing field, a small magnetic
field vill be produced perpendicular to the latter. To
check whether the beta asymmetry could be caused by
such a magnetic field distortion, we allowed a drop of
CoC12 solution to dry on a thin plastic disk and cemented
the disk to the bottom of the same housing. In this way
the cobalt nuclei should not be cooled su%ciently to
produce an appreciable nuclear polarization, whereas
the housing will behave as before. The large beta asym-
mef. ry was not observed. Furthermore, to investigate
possible internal magnetic effects on the paths of the
electrons as they find their way to the surface of the
crystal, we prepared another source by rubbing CoC1&
solution on the surface of the cooling salt until a
reasonable amount of the crystal was dissolved. AVe then
allowed the solution to dry. No beta asymmetry was
observed with this specimen.
3lore rigorous experimental checks are being initi-

ated, but in view of the important implications of these
observations, we report them now in the hope that they
Diay stimulate and encourage further experimental
investigations on the parity question in either beta or
hyperon and meson decays.
The inspiring discussions held with Professor T. D.

Lee and Professor C. N. Yang by one of us (C. S. Ku)
are gratefully acknowledged.
*YVork partially supported by the U. S. Atomic Energy

Commission.' T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956).
~ Ambler, Grace, Halban, Kurti, Durand, and Johnson, Phil.

Mag. 44, 216 (1953).' Lee, Oehme, and Yang, Phys. Rev. (to be published' ).Figure 2.1: The measurement of the β-asymmetry from 60
27Co → 60

28Ni + e− + νe + 2γ.
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The SU(2)L gauge transform acts on the left-handed doublet, so the structure

is the same as what we saw in Section 2.1. Before we move on to the most general

case, let’s add a SU(2) symmetry to a one left-handed doublet system. The doublet

transforms as follows:

Ψ → eig
σ⃗
2 ·θ⃗ (2.35)

A similar resolution we used for U(1) gauge symmetry is viable but not exactly same

due to the non-Abelian nature of SU(2) group. This is a N = 2 case of Yang-Mills

theory [38] of SU(N), and the relevant covariant derivative (Dµ), gauge fields (Wa
µ)

and their transformation, and the field tensors (Wa
µν) are as follows:

Dµ = ∂µ − ig
−→Wµ ·

−→σ
2 , (2.36a)

−→Wµ →
−→Wµ + 1

g2
∂µ

−→
θ +

−→
θ ×

−→W, (2.36b)

−−→Wµν := ∂µ
−→Wν − ∂ν

−→Wµ − g2
−→Wµ ×

−→Wν , (2.36c)

where −→Wµ := (W1
µ,W2

µ,W3
µ)

It is now trivial to require SU(2)L ⊗U(1)Y gauge symmetry to the fermion system:

Left-handed doublet : ΨL :=

uL

dL

 → eig
σ⃗
2 ·α⃗+i g

′
2 Y βΨL, (2.37a)

Right-handed singlet : ψR → ei
g′
2 YψβψR, ψ = u or d (2.37b)

U(1)Y gauge field : Bµ → Bµ + 1
g′∂µβ, (2.37c)

SU(2)L gauge fields : −→Wµ →
−→Wµ + 1

g2
∂µ

−→α + −→α ×
−→W, (2.37d)

Covariant derivative : Dµ = ∂µ − ig
−→Wµ ·

−→σ
2 − i

g′

2 Y Bµ, (2.37e)

Lagrangian density : L =ΨL(iγµDµ)ΨL +
∑
ψ=u,d

ψR(iγµDµ)ψR

− 1
4B

µνBµν − 1
4

−−→
Wµν ·

−−→Wµν ,

(2.37f)
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where g and g′ are the coupling constants, and Y is charge of U(1)Y called “hyper-

charge”. The second term in the covariant derivative does not act on ψR, but we are

abusing the same notation, Dµ, for simplicity. We should notice that Equation 2.37f

does not contain any mass term, which does not explain the experimental observa-

tions. Here, a doublet of scalar field comes into play, which is called the electroweak

symmetry breaking, or the “Higgs mechanism” [39, 40].

2.4.1 The masses of gauge bosons

Let’s consider a SU(2)L doublet of scalar field, the “Higgs scalar doublet”, ϕ :=

ϕ+

ϕ0

.

ϕ+ and ϕ0 also carry U(1)Y hypercharge of +1. Let’s consider a Lagrangian density

of a scalar doublet with the following self-interacting potential:

L = (Dµϕ)†Dµϕ−
(

−1
2µ

2ϕ†ϕ+ 1
4λ(ϕ†ϕ)2

)
, (2.38)

with µ2 > 0 and λ > 0. In Equation 2.38, we omitted the kinetic terms of the gauge

fields, just for the simplicity. The second term has opposite sign to the the typical

mass term of scalar field, and this can be misled to a imaginary mass. However, due

to the specific shape of the potential, the ϕ = 0 is not the vacuum and perturbation

should not be done around it. The true vacua are |ϕ|2 = µ2

λ , as ϕ = 0 is a local

maximum of the “Mexican hat” (Figure 2.2). We will now choose a vacuum among

the infinite possibilities;

ϕ = 1√
2

 0

v + h(x),

 (2.39)

where ⟨ϕ⟩ := v√
2 =

√
µ2

λ . v is the “vacuum expectation value (VEV)” (divided by
√

2, depends on the notation). Since ϕ is a doublet of complex scalar fields, it has

four parameters. We used three of them, manipulating the symmetry, and set ϕ to

be real. This choice of vacuum indeed removes the SU(2)L ⊗ U(1)Y symmetries, but
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we will see that one of them survived in the next section. Such a process is called the

“spontaneous symmetry breaking (SSB)”.

1.5− 1− 0.5− 0 0.5 1 1.5
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Figure 2.2: “Mexican hat”.

We will now look at the covariant derivative of ϕ. Terms with h represent the

interactions between h and gauge fields, but we are more interested in the terns in v.
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This real scalar field h is the Higgs boson.

Dµϕ =
(
∂µ − ig

−→Wµ ·
−→σ
2 − i

g′

2 Y Bµ

)
1√
2

 0

v + h(x)


(in terms of v) → − i√

2

(
g

2
−→Wµ · −→σ + g′

2 Y Bµ
)0

v


= − i

2
√

2

g
 W3

µ W1
µ − iW2

µ

W1
µ + iW2

µ −W3
µ


+g′

Y Bµ 0

0 Y Bµ



0

v


= −i v

2
√

2

 g(W1
µ − iW2

µ)

−gW3
µ + g′Y Bµ



(2.40a)

(Dµϕ)† in terms of v = +i v

2
√

2

(
g(W1

µ + iW2
µ) −gW3

µ + g′Y Bµ

)
(2.40b)

Hence, the kinetic term of ϕ in terms of v is

(Dµϕ)†(Dµϕ) = v2

8 [g2(W1µW1
µ + W2µW2

µ)

+ (−gW3µ + g′Y Bµ)(−gW3
µ + g′Y Bµ)]

(2.41)

Let’s define W±
µ := 1√

2(W1
µ ∓ iW2

µ), and rewrite Equation 2.41 :

(Dµϕ)†(Dµϕ) = 1
2

(
gv

2

)2
(W1µW1

µ + W2µW2
µ)

+ 1
2

(
v

2

)2 (
W3µ Bµ

) g2 −gg′Y

−gg′Y g′2Y 2


︸ ︷︷ ︸

G

W3
µ

Bµ

 (2.42)

The matrix G can be diagonalized by an unitary matrix U :

U = 1√
g2 + g′2

g −g′

g′ g

 :=

cos θW − sin θW

sin θW cos θW

 (2.43a)
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θW := arctan g
′

g
(2.43b)

→ G = U †

g2 + g′2 0

0 0

U, (2.43c)

U is a rotation matrix with an angle of θW. θW is called the Weinberg angle which is

one of the free fundamental parameters of the SM. We now redefine the fields after

the rotation : Zµ
Aµ

 :=

cos θWW3
µ − sin θWBµ

sin θWW3
µ + cos θWBµ

 (2.44)

Rewriting Equation 2.42 gives

(Dµϕ)†(Dµϕ) = 1
2m

2
W(W1µW1

µ + W2µW2
µ) + 1

2m
2
ZZµZµ

+ 1
2 · 0 ·AµAµ,

(2.45a)

mW = gv

2 ,mZ = gv

2 cos θW
. (2.45b)

To sum up, we started from scalar field doublet with massless gauge bosons in

Equation 2.38 with SU(2)L ⊗ U(1)Y symmetry. We then chose a vacuum as in Equa-

tion 2.39, which costs a loss of the symmetry, but we obtained the masses of gauge

boson in return. Equation 2.45 contains the masses of the W boson (mW) and Z

boson (mZ), and explains the photon is massless.
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2.4.2 Electroweak interaction

We can investigate the interactions between fermions and the massive gauge bosons

by looking at the first two terms in Equation 2.37f.

LEW
Int. = iΨLγ

µ
(

−ig2(W1
µσ

1 + W2
µσ

2 + W3
µσ

3) − i
g′

2 Y Bµ
)

ΨL

+
∑
ψ=u,d

iψRγ
µ
(

−ig
′

2 YψBµ
)
ψR

= g′

2 (ΨLγ
µYΨL)︸ ︷︷ ︸
JY µL

Bµ + g

( 3∑
k=1

ΨLγ
µσ

k

2 ΨL︸ ︷︷ ︸
JkµL

Wk
µ

)

+
∑
ψ=u,d

g′

2 (ψRγ
µYψψR)︸ ︷︷ ︸
JY µ
ψR

Bµ

(2.46)

Jµ are the fermion currents, but defining J±µ is more useful:

J±µ := J1µ ± iJ2µ =


uLγ

µdL, +

dLγ
µuL, − .

(2.47)

LEW
Int. can be rewritten using W±

µ , Zµ, Aµ, and J±µ:

LEW
Int. = g√

2
(W+

µ J
+µ + W−

µ J
−µ)

+
(
g′ cos θW

2 JY µL + g sin θWJ
3µ
)
Aµ

+
(

−g′ sin θW
2 JY µL + g cos θWJ

3µ
)

Zµ

+
∑
ψ=u,d

g′

2 J
Yψµ
ψR (− sin θWZµ + cos θWAµ)

(2.48)
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Charged current

The first term in Equation 2.48 can be written with u(d) =

u(d)L

u(d)R

 using the

properties of the projection operators:

LCC = g√
2


uγµ 1 − γ5

2︸ ︷︷ ︸
PL

d

W+
µ +

dγµ 1 − γ5

2︸ ︷︷ ︸
PL

u

W+
µ

 , (2.49)

and it clearly shows the coupling to charged W boson only occurs between left-handed

fermions.

EM interaction

Before we go further, let’s define a quantity, “EM charge (Q)” which satisfies the

conditions below (Table 2.3):

• Q := T3 + Y
2 , where T3 is the weak isospin and Y is the hypercharge,

• QL=QR: left-handed and right-handed fermion have same EM charge.

The Aµ term in Equation 2.48 becomes

LEM =

eΨLγ
µ

Qu 0

0 Qd

ΨL + e
∑
ψ=u,d

ψRγ
µQψψR

Aµ
= e

 ∑
ψ=u,d

ψγµQψψ

Aµ
(2.50)

with e := g sin θW = g′ cos θW. Comparing Equation 2.50 to Equation 2.29, the

fermion system now have a U(1) symmetry with a charge Q. This is the remain-

ing symmetry after breaking the SU(2)L ⊗ U(1)Y.
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Table 2.3: The weak isospin (T3), hypercharge (Y ), and EM charge (Q) of fermions.

T3 Y QuL

dL

 +1
2

YL

1
2+YL

2

−1
2 -1

2+YL
2

uR 0 YR,u
YR,u

2

dR 0 YR,d
YR,d

2

Neutral current

The Zµ term in Equation 2.48 becomes

LNC = g

cos θW

ΨLγ
µσ

3

2 ΨL − sin 2θW
∑
ψ=u,d

(ψγµQψψ)



= g

cos θW

1
2uγ

µ 1 − γ5

2︸ ︷︷ ︸
PL

u− 1
2dγ

µ 1 − γ5

2︸ ︷︷ ︸
PL

d− sin 2θW
∑
ψ=u,d

(ψγµQψψ)


= g

cos θW

[
uγµ

1
2

(
1 − γ5

2 − 2Qu sin 2θW

)
u

+ dγµ
1
2

(
−1 − γ5

2 − 2Qd sin 2θW

)
d

]

= g

cos θW

[
uγµ

1
2

(1
2 − 2Qu sin 2θW − 1

2γ
5
)
u

+ dγµ
1
2

(
−1

2 − 2Qu sin 2θW −
(

−1
2

)
γ5
)
d

]
:= g

cos θW

[
uγµ

(
cuV − cuAγ

5

2

)
u+ dγµ

(
cdV − cdAγ

5

2

)
d

]
.

(2.51)

The vector and axial vector coefficients, cV ’s and cA’s of the quarks and leptons are

summarized in Table 2.4.
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Table 2.4: The vector and axial vector coefficients, cV ’s and cA’s of the quarks and

leptons.

cV cA

νe, νµ, ντ 1
2

1
2

e, µ, τ −1
2 + 2 sin 2θW −1

2

u, c, t 1
2 − 4

3 sin 2θW
1
2

d, s, b −1
2 + 2

3 sin 2θW −1
2

2.4.3 The masses of fermions

In Equation 2.34, we have seen that the fermion mass term is not invariant SU(2)L.

After the choice of vacuum as in Equation 2.39, the symmetry is gone, hence the mass

term is allowed. Let’s consider an interaction between scalar doublet, which is called

the “Yukawa interaction”:

LYukawa = −
∑
i,j

(
gdijQiLϕddjR + guijQiLϕuujR + gℓijLiLϕℓℓjR

)
+ (h.c.), (2.52)

where (h.c.) stands for the hermitian conjugate term of the former term, and i and

j run over the generations of quarks or leptons. Due to the absence of right-handed

neutrinos, there is no LiLϕℓνjR term. LYukawa is SU(2)L invariant thanks to the ad-

dition of a SU(2)L scalar doublet, ϕu,d. Not only SU(2)L but also U(1)Y symmetry

must be satisfied to be added in the SM Lagrangian. Using the relations in Table 2.3

and the condition QL = QR, the hypercharge of ϕu,d,ℓ is determined for u, d, and ℓ

separately: 
Yϕu = YL − YR,u = −1

Yϕd = YL − YR,d = +1

Yϕℓ = YL − YR,ℓ = +1

(2.53)
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The Higgs scalar doublet, ϕ =

ϕ+

ϕ0

, is set to have hypercharge +1, so can be used

as ϕd and ϕℓ. A scalar doublet with hypercharge= −1 can be constructed by the

“charge-conjugate” operator, C := iσ2:

ϕC := iσ2ϕ∗ =

 0 1

−1 0


ϕ+∗

ϕ∗
0

 =

 ϕ∗
0

ϕ+∗

 . (2.54)

Due to the complex conjugation (∗), ϕC has hypercharge= −1. The “Higgs-Yukawa”

interaction term becomes

LYukawa = −
∑
i,j

(
gdijQiLϕdjR + guijQiLϕ

CujR + gℓijLiLϕℓjR
)

+ (h.c.) (2.55)

We again break the SU(2)L ⊗ U(1)Y symmetry, and obtain the terms with v:

LYukawa = − v√
2
∑
i,j

(
diLg

d
ijdjR + uiLg

u
ijujR + ℓiLg

ℓ
ijℓjR

)
+ (h.c.) (2.56)

The coupling constants, gψij can be considered as a 3×3 matrix, gψ. For the quark sec-

tor, we can rotate the weak-interaction eigenstates to obatin proper mass eigenstates,

i.e., the basis which diagonalizes gψ. Let’s define such a unitary transformations as

follows: 
u′

L,R

c′
L,R

t′L,R

 = V u†
L,R


uL,R

cL,R

tL,R

 , (2.57a)


d′

L,R

s′
L,R

b′
L,R

 = V d†
L,R


dL,R

sL,R

bL,R

 , (2.57b)


e′

L,R

µ′
L,R

τ ′
L,R

 = V ℓ†
L,R


eL,R

µL,R

τL,R

 , (2.57c)
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Mψ := V ψ†
L
gψv√

2
V ψ

R , (2.57d)

where the primed fields represent the mass eigenstates. We can now write the fermion

mass terms as follows:

LYukawa
SSB−−→ −

(
d′ s′ b′

)
Md 0 0

0 Ms 0

0 0 Mb



d′

s′

b′



−
(
u′ c′ t′

)
Mu 0 0

0 Mc 0

0 0 Mt



u′

c′

t′



−
(

e′ µ′ τ ′
)

Me 0 0

0 Mµ 0

0 0 Mτ




e′

µ′

τ ′



(2.58)

Due to the absence of the right-handed neutrino, Equation 2.58 only contains the

mass term of charged leptons.

The first term of the charged current (Equation 2.49) can be rewritten with the
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mass eigenstates:

LCC = g√
2

(
uL cL tL

)
γµ


dL

sL

bL

W+
µ + g√

2

(
νeL νµL ντL

)
γµ


eL

µL

τL

W+
µ

= g√
2

(
u′

L c′
L t′L

)
γµ(V u†

L V d
L )


d′

L

s′
L

b′
L

W+
µ

+ g√
2

(
νeL νµL ντL

)
γµ(V ℓ

L)


e′

L

µ′
L

τ ′
L

W+
µ

(2.59)

We define the “Cabibbo-Kobayashi-Maskawa (CKM) matrix [41, 42]” as V CKM :=

V u†
L V d

L . For the quarks, the mass eigenstates are more useful because they are also

eigenstates of strong and EM interactions. Thus, we drop the ′ signs from the quarks,

and interprete the first term in Equation 2.59 as:

• u-quark interacts with V CKM
ud d+ V CKM

us s+ V CKM
ub b

• c-quark interacts with V CKM
cd d+ V CKM

cs s+ V CKM
cb b

• t-quark interacts with V CKM
td d+ V CKM

ts s+ V CKM
tb b

In the lepton side however, because we don’t have neutrino mass term in the SM, we

let the neutrino fields absorb V ℓ†
L and redefine the them. The neutrinos remains same

in the SM with the new definition, and the charged leptons have the same mass and

the interaction eigenstates.

The Higgs potential has a specific form, which makes ϕ = 0 not the vacuum. The

true vacuum is chosen through a spontaneous process, and breaks the symmetries that
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the system originally owned. The outcome of this spontaneous symmetry breaking is

rather remarkable. Firstly, the gauge bosons of the weak interaction, W and Z, become

massive. The photon, which is the gauge boson corresponds to the EM interaction,

remains massless, indicating that we still have one U(1) symmetry left out of the

SU(2)L ⊗ U(1)Y, thus we have the EM charge conserved in the SM. The fermions

under SU(2)L ⊗U(1)Y symmetry cannot be massive. The Yukawa interaction between

the Higgs scalar field and fermions gives the mass of the fermions after the symmetry

breaking.

One caveat is that the neutrinos are massless, since there is no right-handed

neutrinos in the SM. The mass of neutrinos, however, even with the facts that they

are 10−6 times smaller than electrons, turned out to be nonzero [8–12]. This is the

clear evidence of a physics beyond the SM (BSM). In the next section, we will explore

the theoretical attempts to make the neutrino massive.
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Chapter 3

The mass of neutrinos

3.1 The neutrino oscillation

The theoretical calculation predicted a measurable amount of neutrinos would be cap-

tured at the earth [5], through νe + 37Cl → 37Ar + e−, with the threshold of neutrino

energy of 0.814 MeV. In the year 1968, Raymond Davis and his colleagues mea-

sured the flux of solar neutrinos produced from the nuclear fusion (“The Homestake

experiment [6]”), using 390 000 liters (520 tons chlorine) of liquid tetrachloroethy-

lene, C2Cl4. The flux was measured to be less than 3 SNU (1 SNU = 10−36 cap-

tures per target atom per second), which is only one-third of the predicted value.

The deficit of the solar neutrino, called “the solar neutrino problem”, was con-

firmed by Kamiokande [43, 44] and Super-Kamiokande [45, 46] using water, and

GALLEX+GNO [47] and SAGE [48] experiments in lower energy thresholds using

gallium.

As it is described in Section 2, neutrinos are massless in the SM, and it was

long believed to be true. In 1968, Pontecorvo, in his paper [7], predicted neutrinos
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can change their flavors when travelling in the space, if they have nonzero masses.

Analogous to the CKM matrix [41, 42], let’s assume that the mass and interaction

eigenstates (|νi=1,2,3⟩ and |να=e,µ,τ ⟩, respectively), are mixed:

|να⟩ =
∑
i

U∗
αi|νi⟩, (3.1a)

|νi⟩ =
∑
α

Uαi|να⟩, (3.1b)

where the 3 × 3 matrix U is unitary, and called “the Pontecorvo-Maki-Nakagawa-

Sakata (PMNS) matrix”. If a neutrino of interaction eigenstate α (να) is produced

at time t = 0 through weak interaction, and travels the distance L until it interacts

with matters, the neutrino state evolves as

|να(t)⟩ =
∑
i

U∗
αi|νi(t)⟩ (3.2)

If a charged lepton of flavor β (ℓβ) is produced inside the detector through να(t)X ′ →

ℓβY , for instance, the probability of this reaction is

Pαβ = |⟨νβ|να⟩|2 =

∣∣∣∣∣∣
3∑
i=1

3∑
j=1

U∗
αiUβj⟨νj |νi(t)⟩

∣∣∣∣∣∣
2

. (3.3)

The propagation of mass eigenstates is described by a plane wave solution:

|νi(t)⟩ = e−i(Eit−−→pi ·−→x )/ℏ|νi(0)⟩. (3.4)

From the fact that the mass of neutrinos are much smaller than that of charged

leptons [49], we easily go with ultrarelativistic limit:

Ei =
√
p2
i c

2 +m2
i c

4 ≃ pic+ m2
i c

2

2pi
≈ E + m2

i c
4

2E , (3.5a)

Eit− −→pi · −→x ≈ (E + m2
i c

4

2E )L
c

− E

c
∗ L = m2

i c
3L

2E , (3.5b)
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where we assumed all mass eigenstates have same energy, E, and this is known to give

the same result under the ultrarelativistic limit [50]. Rewriting Equation 3.3 gives

Pαβ =
∣∣∣∣∣∑
i

U∗
αiUβie

−i
m2
i
c3L

2Eℏ

∣∣∣∣∣
2

=
∑
i,j

U∗
αiUβiUαjU

∗
βje

−i
(m2
i

−m2
j

)c3L
2Eℏ

:=
∑
i,j

M ij
αβe

−i
∆m2

ij
c3L

2Eℏ

:=
∑
i,j

M ij
αβe

−iΦij .

(3.6)

We not rearrange Equation 3.6 as follows:

Pαβ =
∑
i=j

M ij
αβ +

∑
i>j

M ij
αβe

−iΦij +
∑
i<j

M ij
αβe

−iΦij

=
∑
i

|Uαi|2|Uβi|2 +
∑
i>j

(
M ij
αβe

−iΦij +M ij∗
αβ e

+iΦij
) (3.7)

Using the unitarity condition δαβ =
∑
i U

∗
αiUβi and δαβδ

∗
αβ = δαβ, we get

δαβ =
∑
i

|Uαi|2|Uβi|2 +
∑
i>j

(
M ij
αβ +M ij∗

αβ

)
(3.8)

Combining Equation 3.7 and Equation 3.8 then gives

Pαβ = δαβ −
∑
i>j

(
M ij
αβ +M ij∗

αβ

)
+
∑
i>j

(
M ij
αβe

−iΦij +M ij∗
αβ e

+iΦij
)

= δαβ −
∑
i>j

(
M ij
αβ +M ij∗

αβ

)
+
∑
i>j

(
M ij
αβ +M ij∗

αβ

)
cos Φij −

∑
i>j

i
(
M ij
αβ −M ij∗

αβ

)
sin Φij

= δαβ − 2
∑
i>j

(
M ij
αβ +M ij∗

αβ

) 1 − cos Φij

2 −
∑
i>j

i
(
M ij
αβ −M ij∗

αβ

)
sin Φij

= δαβ − 4
∑
i>j

ℜ
[
M ij
αβ

]
sin 2 Φij

2 + 2
∑
i>j

ℑ
[
M ij
αβ

]
sin Φij .

(3.9)
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The phase Φij
2 = ∆m2

ijc
3L

4Eℏ expressed in the units of typical neutrino experiments is

Φij

2 =
∆m2

ijc
3L

4Eℏ
= 1.267 ×

(
∆m2

ij

eV2

)(
L

km

)(GeV
E

)
. (3.10)

The SNO experiment [8] measured the muon and tau neutrino flux together with

the electron neutrino flux. The detector consists of 6-meter radius acrylic vessel filled

with heavy water (D2O), surrounded by normal water. The charged current (CC)

reaction is only sensitive to electron neutrino, while the neutral current (NC) reac-

tion is equally sensitive to all active neutrinos. The elastic scattering (ES) is also

sensitive to all flavors, but more sensitive to electron, again due to the existence of

the charged current. The SNO experiment measured ϕSNOCC , ϕSNOES , and ϕSNONC , and

the non-oscillation interpretation gives > 5σ effect. Together with the improvement

in the understanding of the oscillation inside matters (“MSW effect [51, 52]”), the

result verified that the summation of the three neutrino flux agrees the prediction,

which gives the strong evidence for the neutrino oscillation.

The mixing angles and the squared-mass differences are measured in solar, atmo-

spheric, and reactor neutrino experiments [53]. The combined results bases on the

3-neutrino mixing scheme [53] are summarized in Table 3.1.

3.2 The Majorana mass

Let’s consider a bispinor with the EM interaction:

Dirac equation : (iγµ∂µ + eγµAµ −m)ψ(x) = 0
∗=⇒ (−iγµ∗∂µ + eγµ∗Aµ −m)ψ(x)∗ = 0

γ2×==⇒ (−iγ2γµ∗∂µ + eγ2γµ∗Aµ −mγ2)ψ(x)∗ = 0,

(3.11)

32



Table 3.1: The combined results bases on the 3-neutrino mixing scheme.

Parameter Value

sin 2θ12 0.307 ± 0.013

∆m2
21 (7.53 ± 0.18) × 10−5 eV2

sin 2θ23 (Inverted order) 0.547 ± 0.021

sin 2θ23 (Normal order) 0.545 ± 0.021

∆m2
32 (Inverted order) (−2.546+0.034

−0.040) × 10−3 eV2

∆m2
32 (Normal order) (2.453 ± 0.034) × 10−3 eV2

sin 2θ13 (2.18 ± 0.07) × 10−2

where Aµ = (ϕ,−→A ) is the electromagnetic field. Under the Wely basis, where γ2 is

pure-imaginary while others are real, γ2γµ∗ = −γµγ2 is hold. Equation 3.11 becomes

(iγµγ2∂µ − eγµγ2Aµ −mγ2)ψ(x)∗ = 0

(iγµ∂µ − eγµAµ −m)(γ2ψ(x)∗) = 0

(iγµ∂µ − eγµAµ −m)(−iγ2ψ(x)∗) = 0.

(3.12)

Thus, −iγ2ψ(x)∗ satisfies the Dirac equation with an opposite EM charge to the

original field. We define a charge conjugation operator as ψC := −iγ2ψ(x)∗. A two-

component right-handed spinor ψR, which transforms as

ψR → ei(
−→α−i

−→
β )·

−→σ
2 ψR, (3.13)

can be written as a bispinor,

 0

ψR

, under the Wely basis. The charge conjugated

field of it is

− iγ2

 0

ψ∗
R

 = −i

 0 σ2

−σ2 0


 0

ψ∗
R

 =

−iσ2ψ∗
R

0

 (3.14)
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Using the fact that σ2−→σ ∗ = −−→σ σ2, an infinitesimal transformation of the (two-

component) charged conjugated field is

δ(−iσ2ψ∗
R) = −iσ2(−i)(−→α + i

−→
β ) ·

−→σ ∗

2 ψ∗
R

= +i(−→α + i
−→
β ) ·

−→σ
2 (−iσ2ψ∗

R),
(3.15)

which is exactly same as a left-handed transformation. For neutrinos, which has zero

EM charge, we can combine −iσ2ψ∗
R and ψR into a four-component bispinor, ψ =−iσ2ψ∗

R

ψR

, which satisfies ψC = ψ, i.e., the particle is identical to its antiparticle.

In 1937, Ettore Majorana proposed that one it is possible write a Lorentz invariant

mass term using single chiral spinor [54], using the charge conjugated field described

above:

L = −1
2MψRψ

C
R + (h.c.). (3.16)

Equation 3.16 is called the “Majorana mass” term.

3.3 The seesaw mechanism

Let’s consider an extension of the SM, by adding m number of right-handed “ster-

ile” neutrinos, which is defined as the neutrinos which are singlet of the SM gauge

symmetries. We can add the two types of mass terms, without losing the SM gauge

symmetries:

− Lν = MDijNiνjL + 1
2MMijNiN

C
j + (h.c.), (3.17)

where νL is the SM lepton, and N is the right-handed sterile neutrino. The first term

comes from the Higgs-Yukawa coupling, gνijLLϕ
CN + (h.c.), while the second term is

the Majorana mass term. Equation 3.17 can be written as

− Lν = 1
2

(−→
νCL

−→
N

) 0 MT
D

MD MM


 −→νL

−−→
NC

+ (h.c.) := 1
2

−→
νCMν

−→ν + (h.c.), (3.18)
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where −→ν := (νe, νµ, ντ , NC
1 , N

C
2 , ..., N

C
m)T . The matrix Mν is a (3+m)× (3+m) com-

plex and symmetric matrix, and can be diagonalized by a unitary matrix (“Autonne–

Takagi factorization”) V ν : (V ν)TMνV
ν = diag(m1,m2, ...,m3+m). The mass eigen-

state states are
−→
ν ′ := (V ν)†−→ν , and Lν becomes

− Lν = 1
2

3+m∑
i=1

mk

(
ν ′C
i ν

′
i + ν ′

iν
′C
i

)
:= 1

2

3+m∑
i=1

mkν
C
MiνMi, (3.19)

with defining a new field, νMi := ν ′
i + ν ′C

i .

For the case when MN = 0, with three sterile neutrinos, we can interpret them as

the right-handed partners of the SM neutrinos, except that they are singlet under the

SM gauge interactions. The neutrinos then obtain masses through the EWSB, but it

does not explain the enormous mass gap between other fermions and neutrinos.

When MM ≫ MD, we can perform the diagonalization of Mν up to O(MD/MM )

(Appendix A) :

(V ν)TMνV
ν =

−V T
l M

T
DM

−1
M MDVl 0

0 V T
h MMVh,

 :=

M l 0

0 Mh

 , (3.20)

where

V ν =

(I − 1
2M

†
DM

∗−1
M M−1

M MD)Vl M †
DM

∗−1
M Vh

−M−1
M MDVl (I − 1

2M
−1
M MDM

†
DM

∗−1
M )Vh

 , (3.21)

and Vl(h) is a unitary 3 × 3 (m×m) matrix. The mass eigenstates can be obtained by

V ν†

 −→νL
−−→
NC

 :=

−→νl
−→νh

 . (3.22)

The mass and the charged-current Lagrangian density become

− Lν = 1
2

−→
νCl Ml

−→νl + 1
2

−→
νChMh

−→νh + (h.c.), (3.23a)
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LCC,lepton = g√
2

3∑
n=1

τ∑
ℓ=e

U †
nℓνlnγ

µℓ′LW+
µ + g√

2

m∑
n=1

τ∑
ℓ=e

V †
nℓνhnγ

µℓ′LW+
µ

= g√
2

3∑
n=1

τ∑
ℓ=e

U∗
ℓnνlnγ

µℓ′LW+
µ + g√

2

m∑
n=1

τ∑
ℓ=e

V ∗
ℓnνhnγ

µℓ′LW+
µ .

(3.23b)

In Equation 3.23b, the first term represents how a neutrino in an interacting eigenstate

is mixed to the light mass eigenstates. The coefficient, U∗
ℓn, is O(1) and corresponds

to the PMNS matrix. The second term in Equation 3.23b indicates an interaction

between a heavy mass eigenstate and a charged lepton via the W boson. The coeffi-

cient, V ∗
ℓn describes how a neutrino in an interacting eigenstate is mixed to the heavy

mass eigenstates.

In this Section, we have examined an addition of sterile (i.e., single of the SM

symmetries) right-handed neutrinos to the SM particles. The Higgs-Yukawa cou-

pling between the left-handed neutrinos (νL) and sterile neutrinos (NC), gνijLLϕ
CN ,

gives the Dirac mass term after the EWSB; MDijNiνjL. We also introduced a Majo-

rana mass term, 1
2MMijNiN

C
j + (h.c.). The full neutrino mass term can be diagonal-

ized, and when we assume MM ≫ MD, the mass matrix for the light neutrinos are

O(|MD|2/|MM |), and the matrix for the heavy neutrinos are O(|MM |). This mecha-

nism is called “the seesaw mechanism”; the heavier the heavy neutrinos are, the lighter

the lighter neutrinos are. Particularly, we call the mechanism as “Type-I”, when we

have no additional interactions (i.e., no extra symmetries). The mixing element, V ∗
ℓn

(n : index of a heavy mass eigenstate), which appears in the charged-current interac-

tion between the heavy neutrino and charged leptons, is O(|MD|/|MM |). The mass

of the light neutrinos can be expressed using the mass of the heavy neutrinos and the

mixing elements; Ml ∼ |V |2|MM |. Hence, we obtain O( eV) of light neutrinos with

TeV scale heavy neutrinos, followed by a mixing elements squared of O(10−6). Such

a heavy neutrinos can be search in the proton-proton collision events at the Large

Hadron Collider (LHC) (Section 6).
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3.4 Left-right symmetric model

The left-right symmetric model (LRSM) is an extension of the SM, which requires

a symmetry between left- and right-handed particles at a higher energy scale. It is

attractive that the parity violation can be explained by the spontaneous symmetry

breaking, and the seesaw mechanism is already implemented within the model.

In the LRSM, we impose the following gauge symmetry:

SU(3)C ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)B-L. (3.24)

The charge of U(1)B-L is the deference in the baryon and lepton number. The fermion

contents and their representation except for the SU(3)C are as follow:

QiL =

ui
di


L

: (2, 1, 1/3)

LiL =

νi
ℓi


L

: (2, 1,−1)

QiR =

ui
di


R

: (1, 2, 1/3)

LiR =

νi
ℓi


R

: (1, 2,−1)

(3.25)

The covariant derivative becomes

Dµ = ∂µ − igL
−−→WLµ ·

−→σ
2 − igR

−−−→WRµ ·
−→σ
2 − igB−L

B − L

2 Bµ, (3.26)

followed by the addition of gauge bosons with their transformation as below:

Bµ → Bµ + 1
gB−L

∂µβ

−→σ
2 ·

−→Wµ → U
−→σ
2 ·

−→WµU
† + i

g
(∂µU)U †,

(3.27)
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where U is the SU(2) transformation under the fundamental representation. It is

conventional to assume gL = gR ≡ g. To break SU(2)L ⊗ SU(2)R ⊗ U(1)B-L down to

SU(2)L ⊗ U(1)Y, we introduce two Higgs bidoublets and a Higgs triplet:

Φ =

ϕ0
1 ϕ+

2

ϕ−
1 ϕ0

2

 : (2, 2, 0)

∆L,R =

δ+
L,R/

√
2 δ++

L,R

δ0
L,R −δ+

L,R/
√

2

 : (3, 1, 2)((1, 3, 2)).

(3.28)

The Higgs bidoublet, Φ transforms as

Ψ → ULΦU †
R (3.29)

The Higgs triplet, ∆L,R is the 2 × 2 adjoint representation of SU(2) triplet, which

transforms as

∆ → e−igB−LβU∆U † (3.30)

The kinetic term of the scalar fields is

LS = Tr [(DµΦ)†(DµΦ) + (Dµ∆L)†(Dµ∆L) + (Dµ∆R)†(Dµ∆R)], (3.31)

and the covariant derivatives act on scalar fields as follow:

DµΦ = ∂µΦ + ig

(−→σ
2 ·

−−→WLµΦ − Φ
−→σ
2 ·

−−−→WRµ

)

Dµ∆L,R = ∂µ∆L,R + ig

[−→σ
2 ·

−−−−→WL,Rµ,∆L,R

]
+ igB−LBµ∆L,R

(3.32)

Similar to Section 2.4, we now choose vacua, but to keep a U(1) symmetry in the

end, the neutral Higgs are chosen:

⟨Φ⟩ = 1√
2

v 0

0 w


⟨∆L,R⟩ = 1√

2

 0 0

uL,R 0

 .
(3.33)
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Collecting the v, w, and u terms in Equation 3.31, we get

LS → g2

4

(
W−

L W−
R

)
µ

|v|2 + |w|2 + 2|uL|2 −2w∗v

−2v∗w |v|2 + |w|2 + 2|uR|2


W+

L

W+
R


µ

+ g2

4
|v|2 + |w|2

2 (W3
L − W3

R) · (W3
L − W3

R)

+ |uL|2

2 (gB−LB − gW3
L) · (gB−LB − gW3

L)

+ |uR|2

2 (gB−LB − gW3
R) · (gB−LB − gW3

R).

(3.34)

The eigenvalues of the first term are

m2
W1,2 = (|v|2 + |w|2 + |uL|2 + |uR|2) ∓

√
(|uR|2 − |uL|2)2 + 4|v|2|w|2. (3.35)

We require the hierarchy between the VEVs as uR ≫ v, w ≫ uL, which ensures

the undetected right-handed gauge bosons until now. Then, the eigenvalues, i.e., the

masses of charged gauge bosons are

m2
W1,2 ≃


g2

4

(
|v|2 + |w|2 − 2|v|2|w|2

|uR|2
)

g2

2 |uR|2.
(3.36)

Then, the first term in Equation 3.34 now becomes

g2

4

(
W−

1 W−
2

)
µ

m2
W1

0

0 m2
W2


W+

1

W+
2


µ

, (3.37)

where W±
L

W±
R


µ

=

 1 − w∗v
|uR|2

v∗w
|uR|2 1


W±

1

W±
2


µ

. (3.38)

The mixing between left- and right-handed W bosons are suppressed, thus the inter-

action and mass eigenstates are almost identical. WL represents the SM W boson,

while the WR with much higher mass corresponds to the right-handed W boson.
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The remaining terms in Equation 3.34 can be rewritten as

1
2

(
W3

L W3
R B

)
µ
M2

0


W3

L

W3
R

B


µ

, (3.39)

with

M2
0 =


g2

4 (|v|2 + |w|2 + 4|uL|2) −g2

4 (|v|2 + |w|2) −ggB−L|uL|2

−g2

4 (|v|2 + |w|2) g2

4 (|v|2 + |w|2 + 4|uR|2) −ggB−L|uR|2

−ggB−L|uL|2 −ggB−L|uR|2 g2
B−L(|uL|2 + |uR|2)

 .
(3.40)

In the limit of uL → 0, the eigenvalues are 0, mZ1 and mZ2 where

m2
Z1,2 =g2

4 (|v|2 + |w|2) +
g2 + g2

B−L
2 |uR|2

∓

√
g4

16(|v|2 + |w|2)2 +
(g2 + g2

B−L)2

4 |uR|4 −
g2g2

B−L
4 (|v|2 + |w|2)|uR|2

∼


g2(|v|2+|w|2)

4

[
g2+2g2

B−L
g2+g2

B−L
− |v|2+|w|2

4|uR|2
g2

g2+g2
B−L

]
(g2 + g2

B−L)|uR|2

=


g2(|v|2+|w|2)

4 cos 2θW

[
1 − |v|2+|w|2

4|uR|2 cos 2θW cos 2θY
]

(g2 + g2
B−L)|uR|2,

(3.41)

with

cos θW =

√√√√ g2 + g2
B−L

g2 + 2g2
B−L

, cos θY =
√

g

g2 + g2
B−L

. (3.42)

Equation 3.39 can be written as

1
2

(
Z1 Z2 A

)
µ


mZ1 0

0 mZ2 0

0 0 0




Z1

Z2

A


µ

, (3.43)
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where
W3

L

W3
R

B


µ

=


cos θW − |v|2+|w|2

4|uR|4 cos 3θY sin θW
− sin θW sin θY cos θY cos θW sin θY
− sin θW cos θY − sin θY cos θW cos θY




Z1

Z2

A


µ

=


cos θW 0 sin θW

− sin θW sin θY cos θY cos θW sin θY
− sin θW cos θY − sin θY cos θW cos θY




Z1

Z2

A


µ

=


1 0 0

0 cos θY sin θY
0 − sin θY cos θY




cos θW 0 sin θW
0 1 0

− sin θW 0 cos θW




Z1

Z2

A


µ

.

(3.44)

Thus, we again have a massless gauge boson (photon) and the two massive neutral

gauge bosons. The mixing between the two Z bosons is gone once we introduce the

hierarchy between the VEVs as we discussed above. Similarly, Z1 represents the SM Z

boson, while the Z2 with much higher mass corresponds to the right-handed Z boson.

The ratio of the mass between the SM gauge bosons is

mW1

mZ1

∼ cos θW , (3.45)

same as we obtained in Equation 2.45. More interestingly, the ratio of the mass

between the heavy gauge bosons is

mW2

mZ2

=
√

g2

2(g2 + g2
B−L)

=
√

1
2

1 − 2 sin 2θW
cos 2θW

∼ 0.5971, (3.46)

i.e. mZ2 ∼ 1.67mW2 , using the values from the latest results [53].

The Dirac Yukawa term in the LRSM can be written as

LYukawa,D = QiL(Y q
ijΦ + Ỹ q

ijΦ̃)QjR + LiL(Y ℓ
ijΦ + Ỹ ℓ

ijΦ̃)LjR + (h.c.). (3.47)

Φ̃ is defined as σ2Φ∗σ2 and these terms are added to generate the mixing between the

up- and down-type quarks. The Majorana Yukawa term can be constructed through
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the Higgs triplet:

LYukawa,M = LiRY
M
ij (iσ2∆R)LCjR + (h.c.), (3.48)

where the SU(2)L ⊗ SU(2)R ⊗ U(1)B-L symmetry is kept. After the spontaneous sym-

metry breaking, the Yukawa term turns into the mass terms of the fermions:

LYukawa,D + LYukawa,M → uiLMuujR + diLMddjR + ℓiLMℓℓjR

+ νiLMDνjR + νiRMDν
C
jR + (h.c.),

(3.49)

where

Mu = 1√
2

(Y q
ijv + Ỹ q

ijw)

Md = 1√
2

(Y q
ijw + Ỹ q

ijv)

MD = 1√
2

(Y ℓ
ijv + Ỹ ℓ

ijw)

Mℓ = 1√
2

(Y ℓ
ijw + Ỹ ℓ

ijv)

MM = 1√
2
YM
ij uR.

(3.50)

Due to the existence of Ỹ q
ij in Mu and Md, the two mass matrices are not always

simultaneously diagonalizable, i.e., V CKM := V u†
L V d

L can differ from unity. The two

mass matrices for the neutrino sector undergo the same seesaw mechanism, which in

turn explain the existence and the smallness of the SM neutrino masses.
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Chapter 4

The LHC

The Large Hadron Collider (LHC) [55, 56] is a hadron accelerator consists of two su-

perconducting rings, located near Geneva, Switzerland across the Switzerland-France

border. The beam lines are installed inside the tunnel, which lies between 45 m and

170 m below the surface, reusing the existing tunnel from LEP collider [57]. The cir-

cumference of the ring is about 27 km, and has eight arcs and straight section, which

is illustrated in Fig. 4.1. A dispersion suppressor (DS), which uses standard arc cells

without dipole magnets, is installed between an arc and a straight section; in total

of 16 DS sections. A DS cancels the beam dispersion originated inside the arc or

generated by the dipole magnets and the crossing angle bumps.

4.1 The beam injection chain

The initial proton beam is generated from duoplasmatron. The hydrogen gas (H2)

is fed into the cathode chamber, then the thermal electrons dissociate the hydrogen

gas yielding a plasma consists of protons and electrons. About 70% of the hydrogen
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Figure 4.1: The layout of the LHC. Beam 1 (2) rotates (counter-)clockwise [55].
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gas forms the plasma with this process. A DC voltage of 90 kV is applied in the

duoplasmatron, thus the protons are separated and also accelerated. The extracted

proton beam is passed to radio-frequency quadrupole [58], which is a linear accelerator

which focuses and accelerates the beam up to 750 keV. The protons are then injected

to LINAC2, which is also a linear accelerator, increasing the energy of the protons

up to 50 MeV.

The beams are then injected to the “Proton Synchrotron Booster (PSB)”, which

are four circular accelerators. Six bunches are generated out of two batches from PSB

(either 3 + 3 or 4 + 2 using the four rings), and then transferred to the “Proton

Synchrotron (PS)”. We defined the “harmonic number (h)” as the ratio of the fre-

quencies between the RF cavity and the beam revolution. For example, if h = 2, it

indicates we can have two bunches in one ring. The six bunches in the PS are kept

with h = 7 (Fig. 4.2). The bunches are split into three (“triple splitting scheme”),

yielding bunches with h = 7 in the end (Fig. 4.3). The beam is accelerated up to

25 GeV, while two more splittings are performed, thus 72 bunches are produced in

the PS ring, with h = 84 and 25 ns of bunch spacing (Fig. 4.4), also with 12 consec-

utive empty buckets. The size of the bunch is also reduced down to ∼ 4 ns to match

the RF frequency of the next circular accelerator, the “Super Proton Synchrotron

(SPS)”.

Figure 4.2: An illustration of PSB-to-PS bunch filling [56].

At most three or four PS batches can be filled in the SPS ring, depending on the
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Figure 4.3: The simulation of the triple splitting [59].
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Figure 4.4: The multiple splitting scheme in the PS [59].
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SPS peak intensity. SPS increases the beam energy up to 450 GeV, and the beams are

ready to be sent to the LHC. The LHC ring can contain at most 3564 bunches with

25 ns bunch spacing. To secure enough time for the magnet kickings, not all positions

can be filled and empty bunches are necessary. Let’s denote b (e) as the filled (empty)

bunch. The filling scheme in the PS can be written as

fPS + 4e = 72b8e+ 4e, (4.1)

where 8e is the minimum gap for the SPS injection kicker magnet. The LHC filling

scheme can be expressed as the series of integers, where each number indicates the

number of PS batches per SPS cycle:

fLHC = {234}{334}{334}{334}

= {(2fPS + 30e) + (3fPS + 30e) + (4fPS + 31e)}

+ 3{(3fPS + 30e) + (3fPS + 30e) + (4fPS + 31e)} + 80e.

(4.2)

Putting b = e = 1 in Equation 4.2 gives the number of all possible bunch positions,

3564, and putting b = 1 and e = 0 gives the number of filled bunches, 2808.

4.2 The arc of the LHC

Figure 4.5: The layout of the LHC half-cell [55].
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The arc is a part of the ring occupied by 23 cells, which consists of two arc half-

cells (Fig. 4.5). Each of the arc cells is 106.9 m long, and contains one 5.355 m long

cold mass and a short straight section (SSS), and three 14.3 m long dipole magnets.

The LHC is designed for a proton-proton collider, thus a separate ring was neces-

sary to accelerate protons in a opposite direction. “Two-in-one” design was chosen to

accommodate with the limited volume of the cryostat, which is still challenging to cope

with the magnetic and mechanical couplings. Niobium–titanium (NbTi) Rutherford

cables are used in magnet system, which cools the magnets below 2 K with superfluid

helium. The magnet operates at 8 T, which is higher then Tevatron-FNAL, HERA-

DESY and RHIC-BNL accelerators. Figure 4.6 shows the transverse cross section of

the dipole system. The dipole magnet consists of two layers; inner (outer) layer has 28

(36) strands, each having a diameter of 1.065 (0.825) mm, and the size of the filament

is 7 (6) µm. The overall length of the dipole magnet is about 16.5 m with a diameter

of 570 mm, which weighs about 27.5 t.

The SSS contains the main quadrupole magnets (MQs), and corrector magnets.

On the upstream end, these corrector magnets consist of either octupoles (MOs),

tuning quadrupoles (MQTs), or skew quadrupole correctors (MQSs), while on the

downstream end, the combined sextupole-dipole correctors (MSCB) are installed.

The layout of a SSS is shown in Fig. 4.7.

4.3 The straight section of the LHC

The length of each of the straight sections is 528 m, and is used as a beam inser-

tion. The ATLAS (Point 1) and CMS (Point 5) experiments are where the two high

luminosity insertion are operated, and the ALICE (Point 2) and LHCb (Point 8) ex-

periments are located in the other two injection systems. The remaining four straight

sections does not involve beam crossing; Point 3 and 7 for beam cleaning, Point 4
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Figure 4.6: The cross section of the dipole coil (top) and the cryodipole (bottom) of

the LHC magnet [56].
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Figure 4.7: The overall layout (top) and the cross section (bottom) of the SSS [55].
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contains two radio-frequency systems, and Point 6 for beam dumping.

The injected beam in the LHC is accelerated and store the inside the LHC ring.

In the relativistic limit (i.e., β = c/v ∼ 1), when a particle gain energies, the changes

in the speed of the particles is smaller than the increment in the radius; the particle

arrives later in the next revolution. For the same reason, if the magnetic field is

increased, the bunch earlier and feels the acceleration. Figure 4.9 shows how the

phase of the beam circulates.
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Figure 4.8: An illustration of bunch particles under the RF cavity. Particle A is

synchronized with the RF frequency, thus it always arrives when the RF voltage is

zero. However, if particle B (C) got larger (smaller) energy than A, the rotation radius

gets larger (smaller), thus it arrives later (earlier) in the next revolution.

53



Figure 4.9: The phase space of the proton beam under the RF cavity in the circular

accelerator [60].
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Chapter 5

The CMS detector

The LHC is proposed to perform a precise investigation of the SM and EWSB, and

search for the physics beyond the SM which can possibly reveal its signature at TeV

scale. The proton-proton collisions at the CMS had been operated with the center-

of-energy (
√
s) of 7, 8 and 13 TeV. The two particle beams generated through the

process described in Chapter 4 rotates in opposite directions around the LHC beam

lines, and collides each other at the interaction points. Dedicated detector systems

are built around the interaction points to capture the particles produced from the

collisions.

The Compact Muon Solenoid (CMS) detector is built at Point 5, 100 m under-

ground. The most important feature of the CMS detector is the strong magnetic field

which is required to achieve a good momentum resolution of charged particles, par-

ticularly muons. The detector has a cylindrical shape, with a length and diameter

of 21 m and 15 m respectively. The center of the detector consists of silicon-based

pixel and strip trackers, which collects the hits of charged particles. Outside the inner

tracking system is covered by the electromagnetic calorimeters (ECAL) which are
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made of lead tungstate (PbWO4) crystals. The last components inside the supercon-

ducting solenoid is the brass/scintillator sampling hadron calorimeter (HCAL), where

the neutral hadrons are stopped and leave the energies. A strong magnetic field is

required to have a muon momentum resolution of ∆p/p ≈ 10% at p = 1 TeV. A large

superconducting solenoid is chosen to provide a field strength of 4 T, with the param-

eters given in Table 5.1. The most exterior part of the CMS is the muon system. The

CMS uses three types of gaseous detectors for the muon measurement; drift tubes

(DTs) and cathode strip chambers (CSCs) for the barrel and endcap, respectively,

and resistive plate chambers (RPS) in both sectors. In the following Sections, a more

detailed description of each sub-detectors is handled.

Figure 5.1: The exploded view of the CMS detector [61].
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Figure 5.2: A schematic figure of a slice of the CMS detector which shows how different

particles interact with the subdetectors [62].

Table 5.1: The parameters of the CMS superconducting solenoid [61].

Field 4 T

Inner bore 5.9 m

Length 12.9 m

Number of turns 2168

Current 19.5 kA

Stored energy 2.7 GJ

Hoop stress 64 atm
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5.1 The tracker system

The initial proposal of the pixel detectors consists of three-layer barrel and two-disk

endcap system. After the Phase-1 pixel upgrade [63], they are replaced by a four-

layer barrel and three-disk endcap system (Fig. 5.3), which provides the four-hit

pixel coverage up to pseudorapidities of ±2.5.

Figure 5.3: A schematic figure showing the pixel detectors before (“Current”) and

after (“Upgrade”) the Phase-1 pixel upgrade [63].

The pixel detectors are located at mean radii of 3.0 cm, 6.8 cm, 10.2 cm, and

16.0 cm, with a length of 548.8 mm. The size of a pixel is ≈ 100 × 150µm2, and

79 (45) million pixel counts are used in the barrel (forward/backward) pixel layers

(disks).

The barrel silicon strip trackers are divided into two regions; TIB (tracker inner

barrel) and TOB (tracker outer barrel). The TIB (TOB) contains four (six) layers

which covers up to |z| < 65 (110) cm, and a strip-shaped sensors with a thickness

of 320 (500)µm are used. The endcap regions contains two sectors, TID (tracker

inner disks) and TEC (tracker endcap). The three TID disks fill the gap between

the TIB and TEC, and the nine disks of TEC are ranged in the region of 120 cm <

|z| < 280 cm. The total number of detector strips are approximately 10 million, and
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the overall layout is shown in Fig. 5.4. The tracking system provide stable tracking

efficiencies even with an instantaneous luminosity of 2 × 1034 cm−2 s−1.

4.0η

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
1.6

1.8

2.0

2.2
2.4
2.6
2.8
3.0

z [mm]0 500 1000 1500 2000 2500
0

200

400

600

800

1000

1200

r 
[m

m
]

Figure 5.4: A schematic figure of the tracker system of the CMS. The pixel detectors

are shown in green. The silicon strip trackers with single-(double-)sided method are

shown in red (blue).

5.2 The electromagnetic calorimeter

The electromagnetic calorimeter in the CMS uses lead tungstate (PbWO4) crystals.

The radiation length (X0) and Molière radius are 0.89 cm and 2.2 cm, which allows

the ECAL system to be compact and have fine granularity. The crystal itself is a

scintillator, and ≈ 80 of the scintillating light is emitted within 25 ns. The light

emission is changed by −1.9% when the temperature is increased by 1◦ C, thus a

cooling system is required to retain the ECAL system within ±0.05◦ C. The size of

the crystal is different for barrel (|η| < 1.479) and endcap (1.479 < |η| < 3.0) regions;

22 × 22 × 230 mm3 in the barrel and 28.6 × 28.6 × 220 mm3 in the endcap region. In

the barrel region, a single crystal covers 0.0174 × 0.0174◦ in η − ϕ space.

The light yield of a crystal is 30 γ/MeV, and the emitted photons are amplified by

the photodetectors. Silicon avalanche photodiodes (APDs) are used as the photode-
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Figure 5.5: The tracking efficiency (left) and fake rate (right) measured with the

simulation samples of pair-top production [63]. The results obtained with the pixel

detectors before (“Current”) and after (“Upgrade”) the Phase-1 pixel upgrade are

shown in the top and bottom figures, respectively.
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tectors in the barrel region, which has a mean gain of 50, and the quantum efficiency

for a 430 nm wavelength is 75±2%. It has an active area of 5 mm×5 mm, and two are

paired and attached to the end of the crystal (Fig. 5.6). On the other hand, vacuum

phototriodes (VPTs) are used in the endcap region, which has a mean gain of 10.2.

The diameter of of each VPT is 25 mm, and the bialkali photocathode (SbKCs) has

a quantum efficiency of 22% for a wavelength of 430 nm (Fig. 5.7).

When a neutral pion is produced, it has a proper lifetime of (8.52±0.18)×10−17 s

and mostly decays into two photons (branching ratio ≈ 99%) [53]. If the two pions

reach the endcap region, the opening angles can be small enough that they are not

possible identified as two distinct photons. The ECAL preshower (ES) detector is

installed in front of the endcap ECAL crystals to identify neutral pions in the region

of 1.653 < |η| < 2.6. The ES is a 2-layered sampling calorimeter, each layer consists

of lead radiators and silicon strip sensors placed alternatively, and has much finer

granularity (≈ 2 mm) compared to the ECAL crystals (≈ 3 cm).

5.3 The hadron calorimeter

The hadron calorimeters (HCAL) surround the ECAL and fully contained within the

superconducting solenoid. The barrel and endcap HCAL have overlapping regions,

covering |η| < 1.4 and 1.3 < |η| < 3.0, respectively. To improve the measurement

of the missing transverse energy and tag punch-through particles, additional sets of

HCAL is installed in the forward region, 11.2 m away from the interaction point,

which extend the coverage from |η| = 2.9 to |η| = 5. For the region of |η| < 1.26,

an additional array of scintillators are installed outside the superconducting solenoid.

Figure. 5.8 shows the schematic figure of the HCAL towers in r − z plane.

The basic concept of the HCAL in the CMS is the sampling calorimeter, using

brass as the absorber and plastic scintillator. The barrel hadron calorimeters (HB)
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Figure 5.6: Photos of the silicon avalanche photodiode (APD) used in the CMS ECAL

in the barrel region [64].
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Figure 5.7: A photo of the vacuum phototriode (VPT) used in the CMS ECAL in the

end region [65].

Figure 5.8: A schematic figure of the HCAL towers in r − z plane [61].
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consists of two half-barrels, each divided into 18 wedges in ϕ direction. Each wedge is

made of 17 layers, with the an inner and outer radius of 1777 mm and 2876.5 mm, and

covers 0.087 × 0.087 in the η−ϕ plane. The endcap hadron calorimeters (HE) consist

of 36 “megatile” (Fig. 5.9). The the ϕ-granularity of the high-η region (|η| > 1.84)

is reduced by half to cope with the bending radius of the wavelength-shifting (WLS)

fibers. Thus, the η − ϕ coverage of the HE are the same as HB, except that the η

size is increased for the high-η region. Finally, the forward hadron calorimeters (HF)

covers 3 < |η| < 5.0, and installed at |z| = 11.2 m. Unlike the HB and HE, HF

is a steel absorber plate with optical fibers embedded inside. Fibers with different

length (1.65 m and 1.43 m) are placed alternatively with a 5 mm separation. From the

fact that the hadronic shower lasts longer and broader than EM shower, the ratio

of the energy deposit from the long and the short fibers are used for the particle

identification.

Figure 5.9: A schematic figure of the a HCAL megatile [66].
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Figure 5.10: A schematic figure of a one quadrant of the CMS detector, detailed in

the muon subdetectors.
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5.4 The muon chamber

The muon detectors are the outermost subdetectors of the CMS, hence required

to span the largest area than other detectors. In the barrel region (|η| < 1.2), the

background and signal (muon) rates are low and the magnetic field strength is low

enough that drift tube (DT) chambers can be used. The barrel muon detector have

four concentric stations at radii of 4.0, 4.9, 5.9 and 7.0 m, and each divided into five

wheels. Each wheels are again divided into 12 sectors which covers 30◦ in the azimuthal

angle. The three inner stations has 12 chambers, and each chambers consists of 12

aluminium DT planes (Fig. 5.11); 4 planes for the r − ϕ measurement in top and

bottom “superlayers” (SL1 and SL3), and 4 planes for the r − z measurement (SL2)

between SL1 and SL3. Each plane is a stack of drift tube cells with an anode wire

place at the center, and filled with an Ar/CO2(85/15%) gas mixture. The maximum

drift length is 2.0 cm, and the hit resolution is ≈ 200µm. In the outermost station, the

top and bottom sector contain two chambers, thus it has in total 14 chambers, and

each chamber does not contain a r − z plane. Finally, each DT chamber is attached

with one (the outer two stations) or two (the inner two stations) RPCs to improve

the time resolution (≈ 2 ns) utilizing its fast response.

The endcap region has higher background and signal (muon) rates and uneven

magnetic field. Cathode strip chambers (CSCs) are used for the endcap muon detector,

which consists of 4 stations in each endcaps. Each station are divided into two or three

(the innermost station) rings1, and each ring is subdivided into 36 chambers, except

for the ME2/1, ME3/1, and ME4/1 which has 18 chambers. The CSC chamber has 6

gas gaps and anode wires are embedded inside. In addition, the cathode planes contain

cathode strips, aligned almost perpendicular to the anode wires, providing a image

charge when charged particles traverse the chamber. The center-of-gravity of the the
1The naming convention of muon endcap station “X” with ring “Y” is MEX/Y
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Figure 5.11: A figure of a DT chamber slice [67].
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charge distribution from the cathode strips is used to determined the position of the

tracks. The signals from the wire has fast response time, and the charge distribution

from the cathode strips offer good position resolution, typically 200µm (100µm for

ME1/1). Similar to the barrel muon detectors, CSC chambers within |η| < 1.6 are

coupled to RPC chambers which helps the time resolution.

As described above, the resistive plate chambers (RPC) are attached in both DT

chambers and CSCs to improve the time resolutions. A double-gap design had bee

chosen for the CMS RPC (Fig. 5.12). Phenolic resin (bakelite) is used for the resistive

plate. The resistivity (1010–1011Ω cm) is high enough so that it is transparent for the

electrons produced from the avalanche, thus the electrons are easily collected by the

readout strips. The typical time and space resolutions are 2 ns and few cm.

Figure 5.12: A figure of a RPC slice which shows the double-gap design [68].
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5.5 The trigger system

Considering the total cross section of proton-proton collision (≈ 100 mb) and the

nominal instantaneous luminosity of the LHC (≈ 1034 cm−2 s−1), the expected event

rate at the interaction point exceeds GHz. Due to the limitation of the CMS readout

electronics and from the fact that only a small fraction of the events are interesting

in terms of the CMS physics program, two-level trigger system is employed.

5.5.1 The L1 trigger

The first stage (L1) is a hardware-based trigger which is required to make the decision

whether to keep or reject the event within 4µs, and reduce the event rates to 100 kHz.

The decision is made out of the information on the trigger primitives (TPs) from the

muon detectors (DT, CSC, and RPC) and the calorimeters (ECAL and HCAL). An

overview of the CMS L1 trigger system is shown in Fig. 5.13.

The L1 muon trigger system consists of three muon track finders (MTF) in the

barrel (BMTF), overlap (OMTF) and endcap (EMTF) region, and the global muon

trigger (µGMT) for the final selection. The muon hits from the three types of muon

subdetectors are combined in each pseudorapidity regions and the trigger primitives

(TPs) are generated which contains the coordinates, timing, and the quality informa-

tion. The BMTF uses DT and RPC, and all three detectors are used for the OMTF.

CSC and RPC information are used in the EMTF. The track finder algorithm uses

the muon TPs and calculate the quality, charge, and the pT from the amount of the

bending. Each sector transmits at most 36 muons to the µGMT, and up to 8 muons

of the highest rank (pT and quality) are sent to µGT.

The calorimeter trigger towers (TTs) in the barrel consists of a 5×5 array of ECAL

crystal coupled to the HCAL tower behind it, which corresponds to 0.087 × 0.087 in

the η − ϕ plane. In the endcap, the size of a TT is 0.17 × 0.17 due to layout of

the crystals. The Layer-1 calorimeter trigger calibrates the energy deposits in both
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Figure 5.13: An overview of the CMS Level-1 trigger system [69].
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ECAL and HCAL towers using a look-up table. The sum of the ECAL and HCAL

energy, ECAL/HCAL energy ratio, a fine-grain bit (η spread) and a minimum-bias

collision bit from the HF are sent to the Layer-2 calorimeter trigger. Since no tracker

information is used in the L1, electrons (e) and photons (γ) are not distinguishable in

this stage. The e/γ reconstruction starts from a seed TT which is defined as the local

energy maximum above 2 GeV. The neighboring TTs above 1 GeV are clustered up to

8 TTs. The position of an e/γ is determined by the energy-weighted mean of the TTs.

A fine grain veto bit and H/E veto are applied to the objects with transverse energy

ET < 128 GeV to reduce background rates. The isolation variable is also computed,

by adding up the ET in the 6 × 9 TT region in η − ϕ around seed, except the TTs

used in the certain e/γ object (Fig. 5.14), and used to define isolated e/γ.
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Figure 5.14: The TTs used in the L1 e/γ clustering and the isolation computation [69].

The hadronic decay of a τ lepton (τh) is characterized by one, two, or three
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charged or neutral pions. The same clustering algorithm can be used for individual

clusters, and then merged to reconstruct a single τh object (Fig. 5.15). An isolation

requirement is applied to reduce background rates from the QCD-induced jets which

typically have more multiplicity and isolation activities.
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Figure 5.15: L1 τh reconstruction by merging two calorimeter clusters [69].

The L1 jet is reconstructed by clustering 9 × 9 TT centered at the local maxi-

mum (“jet seed”). The contribution from other proton-proton interactions (pileup)

are estimated from the four 3 × 9 regions. The energies from the three regions with

the lowest energies are summed and subtracted from each jet energy.

The µGT collects all the information from µMGT and calorimeter Layer-2, and

run the L1 trigger menu algorithm to make the trigger decision.. An overlap between

different type of L1 objects is possible, e.g., jet and τh. For a trigger decision which

requires two jets, the jets must satisfy ∆R =
√

∆Φ2 + ∆η2 > 0.2 from the τh.

5.5.2 The high-level trigger

The high-level trigger (HLT) is a software-based triggering system which targets to

reduce the events rates from the L1 down to 1 kHz. The HLT farm consists of more
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Figure 5.16: L1 τh reconstruction by merging two calorimeters clusters [69].
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than 30 000 CPU cores. Similar to the offline reconstruction, physics objects (elec-

trons, muons and jets) are used in the HLT trigger decisions. Particularly, unlike the

case in the L1 trigger, a sufficient amount of CPU time is allocated in the HLT to

make use of the track information, which helps improving the momentum resolution,

and more precise computation of isolation and b-jet tagging is possible.

5.6 Offline reconstruction

The CMS offline reconstruction uses particle-flow (PF) algorithm [70], which combines

the information from all subdetectors to reconstruct each physics object. The PF

elements are firstly built; tracks for the charged particles, electron and muon tracks,

and calorimeter clusters. Kalman filter [71] is used to build tracks which are seeded

by at least two hits from consecutive pixel layers. The minimum pT requirement of

0.9 GeV is applied to reject misidentified tracks. In Figure 5.17 (top), the efficiency of

the track reconstruction from this condition is shown in black squared markers. The

efficiency for the track with pT ∼ 1 GeV is about 70%. A jet commonly leaves 65%

of its energy as the charged particles, 25% as photons, and 10% as neutral hadrons.

The missing tracks from the charged hadrons mislead the corresponding calorimeteric

deposits into neutral hadrons, and overestimate the contribution of neutral hadrons

of a jet. To enhance the efficiency, the minimum number of hits and pT are relaxed,

it is expected that the misreconstructed track rate will be increased. An iterative

approach is implemented to reduce the background. The seed conditions and the

targeted tracks of the ten iterations are shown in Table 5.2. The algorithm intended

to reconstruct tracks with tighter conditions in the earlier stage, and the hits used in

the previous iteration are masked and not used in the next iterations. The red circled

markers in Fig. 5.17 show a significant improvement in the efficiency, while keeping

a similar level of misreconstruction rate with the iterative tracking. The sixth and

seventh iteration are aiming for the tracks originated from the nuclear interactions in
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the tracker materials. A dedicated algorithm was developed to build the secondary

vertices which are linked to displace tracks.

Table 5.2: The seed condition and the target tracks of each iteration of the PF iterative
tracking.

Iteration Name Seeding Targeted tracks
1 InitialStep pixel triplets prompt, high pT
2 DetachedTriplet pixel triplets from b hadron decays, R ≲ 5 cm
3 LowPtTriplet pixel triplets prompt, low pT
4 PixelPair pixel pairs recover high pT
5 MixedTriplet pixel+strip triplets displaced, R ≲ 7 cm
6 PixelLess strip triplets/pairs very displaced, R ≲ 25 cm
7 TobTec strip triplets/pairs very displaced, R ≲ 60 cm
8 JetCoreRegional pixel+strip pairs inside high pT jets
9 MuonSeededInOut muon-tagged tracks muons
10 MuonSeededOutIn muon detectors muons

The ECAL-based electrons are reconstructed using the ECAL clusters with an ex-

tension to ϕ direction to take into account the bending. This ECAL-only reconstruc-

tion of electrons cannot consider the sizable bremsstrahlung radiations of electrons

within the tracker system. The tracker-based electrons are seeded by the tracks with

pT > 2 GeV, and the track is refitted based on the gaussian-sum filter (GSF) up to

5 components [70] limited by the CPU time. Finally, ECAL-based and tracker-based

electrons are merged with a 12-component GSF.

There are three muon reconstruction algorithms used to make the muon collection:

• standalone muon: The hits in the DT or CSC are seeded and muon segments

are built. The DT, CSC, and RPC hits are then clustered.

• global muon: The standalone muons are matched to the inner tracks. If they

are compatible, the hits from the inner tracker and the muon chambers are

combined and refitted.

• tracker muon: The inner tracks with pT > 0.5 GeV and total momentum p >

2.5 GeV are extrapolated to the muon chambers. If at least one of the muon
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lated from simulated QCD samples are shown.
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segment satisfies ∆x < 3 cm and pull < 4 (x : the direction of a better resolu-

tion in the local coordinate system), the track is assigned to the tracker muon

collection.

The last PF element is the cluster of calorimeter deposits. They are separately

clustered in ECAL barrel, ECAL endcap, HCAL barrel, HCAL endcap, preshower

1 and 2. The purpose of the calorimeter clusters are (i) determine the energy and

direction of stable γ and neutral hadron (NH) (ii) distinguish NH from charged hadron

(CH) (iii) collect bremsstrahlung photons of each electrons (iv) improve the low-

quality tracks of low-pT charged particles. The clustering is seeded by the cell with

an energy larger than its neighboring cells, where the size of a cell in ECAL (HCAL) is

0.0174×0.0174 (0.087×0.087) in η−ϕ. Depending on the parameter setup, the 4 or 8

neighboring cells form a topological cluster. An expectation-maximization algorithm

is used to determined the final energy and position of topological clusters. Each

topological cluster are initialized with an gaussian distribution centered at the seed

position, and the next position is determined by the maximum-likelihood fit.

As illustrated in Fig. 5.2, each type of particles can leave signature in multiple

subdetectors. The PF elements are linked when they satisfy certain matching con-

ditions. Firstly, the tracker tracks are extrapolated to ECAL preshower, ECAL and

HCAL. If a track is within a cluster cell extended by one more cell, the track and the

calorimeter cluster is linked. The tangent of gsf electrons at each tracker layers are

extrapolated to ECAL, and linked when the track is within ∆η < 0.05. To take into

account bremsstrahlung photons converted into e+e−, a dedicated conversion finder

algorithm has been developed, and link two tracks if one is assigned as a conversion

track. The calorimeter clusters between two different subdetectors are linked when

the more granular cluster is within the less granular cluster’s envelop. The tracks can

also be linked to a common secondary vertex, if at least three tracks are matched to

the vertex and the invariant mass exceeds 0.2 GeV. Finally, inner tracks and muon
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tracks are matched if they form a global muon or a tracker muon.

Once the linking is done, the particle identification starts from reconstructing

muons with additional quality cuts. The PF elements used in the muon reconstruction

are masked, and electron and isolated photon reconstruction are performed. Similarly,

CH, NH and nonisolated photons are reconstructed in the next step. Finally, once

the all of the object reconstructions are finished, a global event quantity (i.e., missing

transverse energy) is estimiated and check if a misidentification or misreconstruction

has occured, e.g., a punch-through CH (charged hadron penetrated into muon cham-

bers) misidentified as a muon plus neutral hadron. If changing such a muon into CH

and removing NH reduced the missing transvers energy by a half, we consider this

event suffered a misreconstruction, and keep the changed event description.
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Chapter 6

Search for heavy Majorana neutrinos
in same-sign dilepton channels

6.1 Introduction

As described in Section 3.3, seesaw mechanism not only explains the origin but also

the the smallness of the mass of the neutrinos. If the neutrinos are Majorana type

particles, it can be the solution of the the matter-antimatter asymmetry problem [72,

73]. The neutrino minimal standard model (νMSM) contains a right-handed neutrino

without a new gauge boson, and provides a rich experimental properties [72–75].

Various experiments have searched for these heavy neutrinos in a wide range of heavy

neutrino mass (mN), keV to some hundred GeV, and Fig. 6.1 shows a summary of

the |VℓN|2 versus mN, where VℓN is the matrix element of the neutrino mass matrix

described in Equation 3.23b. mN and VℓN are set to be free parameters in these

searches. The DELPHI [16] and L3 [17, 18] Collaborations searched for heavy neutrino

productions from the e+e− → Nνℓ process for mN < 90(200) GeV for ℓ = µ, τ (ℓ = e),

and LHCb Collaboration [19] looked at B− → π+µ−µ− decays to search for heavy
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neutrinos with mN < 5 GeV. These experiments considered the case where the lifetime

of N is long enough to have displaced signature within the detectors, while in our

analysis however, due to the typical higher mass range (mN > 20 GeV), the decay

length of N is smaller than 10−10 m [76].

Figure 6.1: Current limits on VℓN for e and µ, as well as the expected sensitivity from
future experiments [77].

The heavy neutrinos (N) can be produced at the LHC through proton-proton

collisions. In this analysis, we probed this new particle from the decay of a W boson

(W → Nℓ). In the previous CMS analyses [20, 21], only the Drell–Yan (DY) produc-

tion of N (the diagram on the left of Fig. 6.2) was considered. In this analysis, the

search range of the mass of N (mN) is extended up to ≈ 1.7 TeV, thus a second pro-

duction channel has been taken into account (the diagram on the right of Fig. 6.2).

The new production channel involves a W boson produced by a vector boson fusion

(VBF) process between a quark and a photon initiated from the proton [78, 79]. The

cross section of the VBF production exceeds that of DY for mN > 800 GeV (Fig 6.3),

hence the inclusion of this VBF channel improves the sensitivity.

We search for the N decays into lepton and jets, yielding two leptons and two jets

in the final state. Dilepton events are dominated by the Z → ℓ±ℓ∓ events with the

opposite-sign dileptons. Assuming the N to be Majorana particle, the requirement of

same-sign (SS) dilepton significantly reduces the background, while keeping the half
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trino (N), via the s-channel Drell–Yan process (left) and its decay into a lepton and
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of the N events, hence increases the sensitivity the search. The final state in the DY

channel is ℓ+ℓ′+q′q and its charge-conjugate, while an additional jet in the forward

region is added in the VBF channel. Three channels are studied in this analysis; the

dielectron (ee), dimuon (µµ), and electron-muon (eµ) channels, where we constrain

|VeN|2, |VµN|2, and |VeNV
∗
µN|2/(|VeN|2 + |VµN|2), respectively [76]. A search for heavy

Majorana neutrinos in trilepton events have been performed in the CMS Collaboration

using the 2016 data set [22], but the ambiguity about which of the three leptons have

mixed to N does not allow the trilepton to probe |VeNV
∗
µN|2/(|VeN|2 + |VµN|2).

For mN < mW, one of the jets decay from N is often out of the acceptance due

to the low momentum, thus only one jet is reconstructed in the event. Using the

events with dileptons and one jet improves the sensitivity of the low mass signals. In

the previous CMS analysis at
√
s = 8 TeV [20, 21], the signal efficiency decreased for

mN > 400 GeV, due to the Lorentz-boosted topology of the N, causing the two jets

to be merged in to a one object. The inclusion of using wide-cone jet enhances the

signal acceptance for heavy N.

In this analysis, we performed a new search for N using the dielectron, dimuon,

and electron-muon events using CMS data collected in 2016 at
√
s = 13 TeV. For

mN < 100 GeV, the increased cross section due to the larger
√
s from 8 to 13 TeV

is similar between the signal and background, while for heavy N, i.e., mN > 1 TeV,

the signal cross section is an order of magnitude larger than that of background. The

search range in N ranged between 20 to 1700 GeV. The signal events are characterized

by same-sign dilepton (SS2ℓ) final states, and the event selections are categorized by

the jet requirements; a) two or more jets, with no wide jet, b) exactly one jet, with no

wide jet, or c) at least one wide jet. The analysis is further optimized for each mass

hypothesis, varying the selection criteria which maximizes the figure of merit.

There are three types of background with SS2ℓ signature; events that contain two

prompt leptons (multiboson and tt production in association with boson), at least one
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misidentified leptons (W+jets, Z+jets, and tt), and intrinsic opposite-sign (OS) dilep-

ton events in which a charge is mismeasured for a lepton (Z → ℓ±ℓ∓). A prompt lepton

is defined as an electron or muon from a W/Z/γ∗ boson, N, or the leptonic decay of τ .

The misidentified leptons are originated from the decay products of heavy-flavor jets,

light meson, or photons within jets. The size of the last source of background is pro-

portional to the large cross section of SM processes with opposite-sign dilepton and

the sign-mismeasurment rate. The sign-mismeasurment rate is measured to be less

than 10−5 for muons, hence the contributions in the µµ and eµ channel is negligible.

Further discussion of the background estimation is covered in Section 6.5.

6.2 Data set and simulated samples
6.2.1 Data set

The proton-proton collision data at a center-of-mass energy of 13 TeV collected at the

CMS during 2016, corresponding to an integrated luminosity of 35.9 fb−1, is analyzed.

Events that are selected by dilepton HLT paths are used. The dilepton triggers require

two leptons with loose isolation criteria, where the leading- (trailing-)pT lepton must

have pT > 23 (12) GeV for the ee, pT > 17 (8) GeV for the µµ, and pT > 23 (8) GeV

for the eµ triggers. The offline pT thresholds are set to be slightly larger than that

of HLT to ensure to be safe from the turn-on region; the leading (trailing) lepton pT

are pT > 25 (15) GeV for the ee, pT > 20 (10) GeV for the µµ, and pT > 25 (10) GeV

for the eµ channels. The trigger efficiencies for signal events are above 0.88, 0.94, and

0.88 in the ee, µµ, and eµ channels, respectively.

6.2.2 Simulated samples

The SM processes containing two prompt same-sign dileptons in the hard-scattering

are one of the main background. Monte Carlo (MC)-based generators are used to

simulate these samples. Diboson (WZ and ZZ) processes, which are the dominant
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source of prompt SS2ℓ background, are simulated at next-to-leading order (NLO) in

perturbative quantum chromodynamics (QCD) with the powheg v2 [80–83] genera-

tor, except for gg → ZZ process which is simulated at leading-order (LO) with mcfm

7.0 [84] generator. Other prompt SS2ℓ background processes are generated with the

MadGraph5 amc@nlo 2.2.2 or 2.3.3 generator [85]. Parton distribution function

(PDF) is an important input of the hadron collision simulation. The NNPDF3.0 [86]

LO and NLO PDF sets are used for the simulated samples at LO and NLO, respec-

tively. The pythia 8.212 [87] generator is used to describe the the parton showering

and hadronization, and the CUETP8M1 [88] parameter sets are used to tune the un-

derlying events. The response of the detector materials is simulated by Geant4 [89].

The possible double counting of partons between the hard scattering and showering

is removed by the matching algorithms, using the MLM [90] and FxFx [91] in LO

and NLO, respectively.

The signal samples are generated with the MadGraph5 amc@nlo 2.6.0 at NLO,

interfaced with MadSpin [92] which handles the decay of N [93, 94]. For the DY pro-

cess, the NNPDF31 nnlo hessian pdfas PDF set [86] is used, while the LUXqed17 plus PDF4LHC15 nnlo 100

PDF set [95] is used for the VBF process.

For each proton-proton collision, multiple proton-proton collisions can occur from

the same or adjacent bunch crossing (pileup), and the generators used in the back-

ground simulation does not handle this effect. For this purpose, minimum bias inter-

actions are simulated by pythia. A random number, nPU, is chosen from the MC

probability density, illustrated in Fig. 6.4 with red lines, and that number of minimum

bias events are mixed into one “premix” event. Each premix event is combined into a

hard-scattering event that we are interested in, which in turn gives an event with nPU

number of pileup events. The MC probability density is determined before the full

data taking is finished, and is not exactly same as data (Fig. 6.4), thus a dedicated

reweighting is applied to the MC samples.
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Figure 6.4: The number of pileup distributions of data and simulation in 2016, 2017,
and 2018 data taking.
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6.3 Object identification

The offline objects are reconstructed by the particle-flow algorithm as described in

Section 5.6. The interaction vertices are reconstructed by deterministic annealing

(DA) algorithm [96], which clusters the tracks to build primary vertices (PVs) in

analogous to the minimization of free energy in statistical mechanics. The leading

primary vertex is defined by the vertex with the largest p2
T sum of p2

T of jets and

missing transverse momentum. Throughout this thesis, the “primary vertex” refers

to the leading primary vertex. The jets are obtained by the jet finding algorithm [97,

98] with the tracks associated to each vertex as inputs. The missing transverse mo-

mentum, pmiss
T , is defined as the negative vectorial sum of the pT of the jets.

6.3.1 Lepton selection

For both electrons and muons, there are three working points of identification, refers

to as “tight”, “loose”, and “veto”. “Tight” leptons are expected to be originating

from hard-scattering process, and have well-measured properties within the resolution

and isolated from other activities. “Loose” leptons are used to use the “Loose-to-

tight” method when estimating the background with misidentified leptons, and will

be described in Section 6.5.2. The number of “veto” leptons are used to reject the

events containing more leptons than what we want.

Lepton isolation

The background containing one or more misidentified leptons is one of the dominant

background, and particularly challenging in the low-mass regions. The relative iso-

lation (Iℓrel) is a powerful variable to discriminate between prompt and misidentified

lepton. The isolation of a lepton is defined as the scalar pT sum of the charged hadrons

(CH) originating from the PV, the neutral hadrons (NH), and photons (PG), con-

tained in a predefined size of cone (∆R =
√

(∆η)2 + (∆ϕ)2 = 0.3 (0.4)) centered at
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each electron (muon). For the latter two terms does not make use of the information

of PV, thus the contribution from pileup must be subtracted.

Two different statistical approaches are used for electrons and muons; For elec-

trons, the average energy density, ρ, is multiplied by the effective area (Aeff) as an

estimate of the pileup contribution [99]. The calculation ρ is initiated by adding a

nonphysical particles with infinitesimal momenta to the jet clustering algorithm, in

a random direction in (η, ϕ) space. Few jets from hard-scattering process have high

momenta, and most of the jets are soft and originating from the underlying event.

By collecting the size of pT divided by the jet area from all jets, the median of the

distribution is defined as ρ;

ρ = median
[
pT,j
Aj

]
. (6.1)

The effective area is calculated for several supercluser’s η regions (ηSC) using MC

samples, by making a two-dimensional distribution of (IsolationNH+Ph, ρ). For each ρ

bins, a 90% criterion (IsolationNH+Ph < I90) is calculated, and I90 values are linearly

fitted as a function of ρ. The slope of the fitted function is taken as the effective area

(Table 6.1).

Table 6.1: The effective area of electrons for each ηSC regions.

|ηSC| range Aeff
0.0000 ≤ |ηSC| < 1.0000 0.1703
1.0000 ≤ |ηSC| < 1.4790 0.1715
1.4790 ≤ |ηSC| < 2.0000 0.1213
2.0000 ≤ |ηSC| < 2.2000 0.1230
2.2000 ≤ |ηSC| < 2.3000 0.1635
2.3000 ≤ |ηSC| < 2.4000 0.1937
2.4000 ≤ |ηSC| < 5.0000 0.2393

For muons, the neutral composition of pileup is estimated from the CH deposits

from pileup vertices (CHpileup) [100]. A correction factor 0.5 is multiplied to CHpileup,
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from the ratio of charged and neutral production from the inelastic proton-proton

collisions (π± : π0 ≈ 2 : 1). The resulting formula of Iℓrel is

Iℓrel = ICH + max(0, INH + IPh − IPU)
pT

. (6.2)

Electron identification

The electrons used in this analysis are within the coverage of the tracker system

(|η| < 2.5), but rejected if they lies in 1.44 < |ηSC| < 1.57 region, where the transition

between the barrel and endcap ECAL system occurs. The energy of superclusters

are corrected using an multivariate (MVA) regression technique [99, 101]. A further

fine-tuning of the scale and resolution of the energy to match that of data is done

by measuring scale factors from Z → e+e− events. The identification of electrons are

done by a MVA discriminant, which uses the shower shape and track quality as in-

puts. To reject the electrons from photon conversions within the detector materials,

electrons with any missing hits in the innermost layers are considered as conversion

electrons. Moreover, electrons which are matched to secondary vertex containing any

electron is also considered as conversion electrons, and not used in the analysis. To

reduce the charge-mismeasurement rate, the charge measured by three methods must

be the same; a) the curvature of the GSF track, b) the curvature of the track matched

to the GSF track by sharing at least one pixel hit, and c) the supercluster charge,

which is obtained by the ϕ difference between “beamspot-to-supercluster vector” and

“beamspot-to-first hit vector”. The summary of the electron identification is summa-

rized in Table 6.2.

When measuring the lepton misidentification rate (Section 6.5.2), single lepton

HLT paths are used and no trigger requirement is applied to the probe lepton. For

electrons, the online trigger requirements are not always tighter than that of offline

(Table 6.2), thus a “trigger-safe” or “trigger-emulation” cuts are applied in addition

to offline criteria.
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Table 6.2: Requirements of electron selections. “—” means nothing is required. For
MVA values are written in order of (0 < |ηSC| < 0.8, 0.8 < |ηSC| < 1.479, 1.479 <
|ηSC| < 2.5), where ηSC is the η of supercluster used to reconstruct the electron.

Variable Veto Loose Tight
pT > 10 GeV > 10 GeV > 10 GeV

|ηSC| < 2.5 < 2.5 < 2.5
MVA (> −0.1, > 0.1, > −0.1) (> −0.1, > 0.1, > −0.1) (> 0.9, > 0.825, > 0.5)
dxy < 0.2 cm < 0.2 cm < 0.01 cm

|dxy|/σ(dxy) — < 10.0 < 4.0
dz < 0.5 cm < 0.1 cm < 0.04 cm
Iℓrel < 0.6 < 0.6 < 0.08

conversion veto — true true
tight charge — true true

Table 6.3: The trigger-emulation cuts used for the electrons. ∆ηin and ∆ϕin are the
geometrical differences between the supercluster and track at the vertex. σiηiη is the
dispersion of cluster energy deposits within 5 × 5 crystals. H/E is the ratio between
the HCAL and ECAL energy deposit matched the the electron. ECAL, HCAL and
tracker isolations are the isolation using ECAL, HCAL, and tracker information only,
respectively.

Variable |η| < 1.4442 1.56 < |η| < 2.5
|∆ηin| < 0.0095 —
|∆ϕin| < 0.065 —
|σiηiη| < 0.012 < 0.033
H/E 0.09 0.09
Relative ECAL isolation (∆R < 0.3) 0.37 0.45
Relative HCAL isolation (∆R < 0.3) 0.25 0.28
Relative tracker isolation (∆R < 0.3) 0.18 0.18
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Muon identification

Several muon identification (ID) criteria are defined in Ref. [100] for multiple purpose.

“Loose” ID is used to identify prompt muons, as well as muons from heavy and light-

flavored hadron decays; muons reconstructed by the particle-flow algorithm, and also

a standalone or global muon. “Tight” ID is designed to reject muons from hadron

decays and punch-through of mesons from loose muons; a) loose ID is satisfied, b)

the normalized χ2 is smaller than 10, c) at least one muon hit is used in the global

fit, d) at least one pixel hit and at least 6 tracker layers are used in the tracker track,

e) at least two muon segments are matched, f) |dxy| < 0.2 cm and |dz| < 0.5 cm. The

veto, loose, and tight muon ID used in this analysis are based on the “Loose” and

“Tight” muon, and summarized in Table 6.4.

Table 6.4: Requirements of muon selections. “—” means nothing is required.

Variable Veto Loose Tight
pT > 5 GeV > 10 GeV > 10 GeV
|η| < 2.4 < 2.4 < 2.4

Predefined Muon ID [100] Loose Loose Tight
dxy < 0.2 cm < 0.2 cm < 0.005 cm

|dxy|/σ(dxy) — < 3.0 < 3.0
dz < 0.5 cm < 0.1 cm < 0.04 cm
Iℓrel < 0.6 < 0.4 < 0.07

χ2 of global fitting < 50 < 50 < 10

6.3.2 Jet selection

The particle-flow objects are clustered by the anti-kT algorithm [97], which is both

infrared and collinear (IRC) safe, which is implemented in the FastJet package [98].

kT algorithm is also IRC safe, but the fact the soft particles are clustered and merged

in the earlier stage, the jet direction is changed dramatically at each step. In anti-kT

algorithm, soft particles remains until the last steps, and merged to hard particles,

thus the shape of jets are stable. AK4(8) jets are clustered with a cone size of R =
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0.4 (0.8) in (η, ϕ) space. AK4 jets aims to reconstruct the two individual quark jets

decayed from W boson. For the case of the Lorentz-boosted W boson, a single AK8

jet is used to reconstruct the whole decay products.

To reject the randomly clustered energy deposits or mismeasurement jets, jet

quality requirements are applied to both AK4 and AK8 jets. The criteria is based

on the fraction, multiplicity of neutral/charged hadron/EM objects. The efficiency of

this “loose” ID is > 99.8% for |η| < 0.5, and the rejection rate, which is defined as

the rate of jets from minimum bias sample pass the ID, above 99.999% [102].

Multiple soft particles from pileup vertices can be reconstructed as jets, particu-

larly for AK4 jets where the pT goes down to 20 GeV. This contribution comes from

the same bunch crossing as PV, and called in-time pileup (IT PU). Charged-hadron

subtraction (CHS) [103] is applied for the jets used in this analysis, which removes

the charged hadrons associated to pileup vertices before the clustering. CHS reduces

the rate of pileup jets by a factor of 5. Due to the decay time of calorimeters, the

activities from previous bunch crossings can also contribute to the current reconstruc-

tion. This is called out-of-time pileup (OOT PU), and can be corrected by adjusting

the time window of the calorimeters. After the clustering, a MVA technique is used

using multiple variables which are related to the fraction of tracks associated to the

PV and the shape of jets are used to discriminate between signal jets and pileup jets.

For the jets with 30 < pT < 50 GeV and |η| < 2.5, 96% of gluon jets are kept while

rejecting 89% of pileup jets.

After the pileup correction (without the pileup MVA criteria, as this is optional

for generic analyses), The response on the pT of reconstructed with respect to the

matched particle-level jet is corrected, where the particle-level jets are obtained by

clustering all stable particles except neutrinos, using the generator information. The

corrected pT response agrees to unity within 0.5% from pT of 20 GeV to 2 TeV.

Finally, the residual different in pT of jets between data and simulation is cor-
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rected. The correction is measured from dijet events, where the “tag” jet lies in the

barrel region (|η| < 1.3), and the “probe” jet has no restriction on η. After the correc-

tions described above are already applied, the Z+jet and γ+jet samples are used to

correct for pT between 30 and 800 GeV, by replacing the tag jet to precisely measured

pT of Z or γ. The jet pT after all correction applied agrees to true parton momenta

by 5–10%, throughout the whole pT range and detector acceptance.

The jet energy resolution is also corrected for simulations to match the data, by

looking at the distribution of the response and its width. Similarly to the energy

scale correction, γ+jet and Z+jet samples are used. The typical jet energy resolution

is 15% at 10 GeV, 8% at 100 GeV, and 4% at 1 TeV.

For AK8 jets, which aims to reconstruct the decay products of a boosted W boson,

it is easier to contain particles not coming from W boson (e.g., pileup) due to its larger

cone size than AK4 jets. A dedicated “grooming” technique is used to remove soft and

wide-angle particles from the jet constituents [104, 105]. Each AK8 jet is reclustered

by the Cambridge–Aachen algorithm [106, 107], and checking two conditions when

trying to merge to protojets (1 + 2 → 3); a) z ≡ min(pT,1, pT,2)/pT,3 < zcut, b)

∆R12 > Dcut = mJ/pT,J , where J stands for the original jet. When the two conditions

are met, the two protojets are not merged, and the softer protojet is discarded. In this

analysis, zcut = 0.1 is used. After the grooming, the jet mass is recalculated (“pruned

mass”), and used to tag the W-jet.

To increase the purity of W-jets, the substructure of each jet is investigated. “N -

subjettiness” of jets [108, 109] measures how a jet is well-described by N number of

jet axes. For a given number N , the corresponding N subjet axes are determined by

the configuration which gives the minimum τN ;

τN =
∑
i pT,imin {(∆R1, i), (∆R2, i), . . . , (∆RN , i)}∑

i pT,iR0
, (6.3)

where the index i runs over the jet constituents, and R0 is the radius of the original
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jet, 0.8. Smaller τ2 indicates that the original jet is well-described by two subjets,

and the ratio between τ2 and τ1, τ21 ≡ τ2/τ1, has better discriminating power. In

this analysis, τ21 < 0.6 is applied, and the data-to-simulation scale factor of the cut

efficiency is measured in the semi-leptonic tt samples; 1.11 ± 0.08. The identification

criteria of AK4 and AK8 are summarized in Table 6.5.

Table 6.5: AK4 and AK8 jet selection requirements.

Variable AK4 AK8
|η| < 2.7 < 2.7
pT > 200 GeV > 20 GeV

“Loose” ID
Neutral hadron fraction < 0.99 < 0.99

Neutral EM fraction < 0.99 < 0.99
Number of constituents > 1 > 1

If |η| < 2.4, Charged hadron fraction > 0 > 0
If |η| < 2.4, Charged multiplicity > 0 > 0
If |η| < 2.4, Charged EM fraction < 0.99 < 0.99

Pileup “loose” working point
If pT < 30 GeV and |η| < 2.50, Pileup MVA > −0.97 —
If pT < 30 GeV and |η| < 2.75, Pileup MVA > −0.68 —

If 30 < pT < 50 GeV and |η| < 2.50, Pileup MVA > −0.89 —
If 30 < pT < 50 GeV and |η| < 2.75, Pileup MVA > −0.52 —

W-tagging
Pruned mass — [40, 130] GeV

τ21 — < 0.60

The tt background are characterized by the jets originating from bottom quarks.

B meson has a life time of ps, and a typical displacement from the PV is a few mm

to one cm (Figure 6.5). The reconstruction of the secondary vertices and its impact

parameter is the key variables used in the “b tagging” based on the MVA technique

(CSVv2 tagger) [110]. In this analysis, a working point of 64% b tagging efficiency

for 20 GeV is chosen, with a misidentification rate of 1%, which helps rejecting the

background from tt process.

AK4 and AK8 jets uses the same input particle-flow elements for the clustering,
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Figure 6.5: An illustration of heavy-flavor jet decay [110]. Due to the typical life time,
a secondary vertex (SV) is reconstructed.

and same objects can be reconstructed as both type of jets. To prevent the double

counting between AK4 and AK8 jets, any AK4 jet that is within ∆R < 0.8 of an

AK8 jet is not used. The lepton can be also reconstructed as jets, and can be double

counted in the analysis using leptons and jets at the same time. Thus, any AK4 (AK8)

jet within ∆R < 0.4 (1.0) of a lepton is not used.

6.4 Event selection

The signal extraction and background control have been done in multiple analysis

regions. The “signal regions” (SRs) aims to have high signal acceptance and mini-

mize the background contributions. The methods on the background estimation are

validated in the “control regions” (CRs). In the CRs, the contribution from signal

events are negligible and dominated by background processes.
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6.4.1 Preselection criteria

The “preselection” is defined to contain SS dileptons, and no extra leptons satisfying

veto ID. To reduce the background from low-mass meson decays, the invariant mass

of the dilepton system, m(ℓℓ), is required to be greater than 10 GeV. Only for dielec-

tron channel, where we have large charge-mismeasured background from Z → e±e∓

process, events with m(ee) within 10 GeV from the nominal Z boson mass [53] are

rejected. Finally, the events must satisfy one of the three jet requirements:

1. Two or more AK4 jets, without any AK8 jet.

2. One AK4 jet without any AK8 jet, and m(ℓℓ) < 80 GeV.

3. At least one AK8 jets.

The item 1. is what was considered in the previous 8 TeV analyses [20, 21]. Item 2.

aims for the low-mass signals with one of the jets is out of the acceptance, and item

3. is dedicated to the high-mass signals with a boosted W boson decays.

6.4.2 Signal region criteria

The signal region is defined by applying further requirements after the preselection.

The kinematic properties of the final-state particles are different for mN below and

above the mass of W boson, and separate signal regions are defined for each hypothe-

sis; low-mass SR and high-mass SR. Wjet is defined for each signal regions as the jet(s)

corresponds to the hadronically decaying W boson. For both low-mass and high-mass

SRs, “SR1” is defined to contain at least two AK4 jets. In the low-mass SR1, where

N decays from an on-shell W boson, the two AK4 jets (j jet) with m(ℓℓjj) closest to

the mass of W boson are chosen as Wjet. In the high-mass SR1, where the W boson

decayed from N is on-shell, the two AK4 jets with m(jj) closest to the mass of W

boson are chosen as Wjet.
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To enhance the sensitivity for the low-mass signals, events containing only one

AK4 jet is also considered as the SR (“low-mass SR2”). The invariant mass of dilep-

tons and a single AK4 jet (m(ℓℓj)) is used as the proxy of the mass of W boson, i.e.,

Wjet. For massive Ns where the decayed W boson is boosted, it is more efficient to

use a single AK8 jet rather than two AK4 jets. The “high-mass SR2” is defined to

contain at least one AK8 jet. If multiple AK8 jets exist, the jet with the mass closest

to the mass of W boson is chosen as Wjet.

Further reduction of background events are made by adding more requirements

on the low- and high-mass SR1 and SR2. In the dilepton channel, there is no intrinsic

pmiss
T originating from the SM neutrinos, thus requiring a maximum value on pmiss

T

helps increasing the signal sensitivity. For high-mass signals, the absolute resolution

of the momentum or energy measurements on the final objects yields a large pmiss
T . In

the high-mass regions, (pmiss
T )2/ST is used instead of pmiss

T , where ST is defined as the

scalar pT sum of dileptons, jets and pmiss
T . Table 6.6 shows the summary of the final

selection of signal regions.

Table 6.6: Selection requirements, after applying the preselection criteria, for the low-
and high-mass signal regions. A dash indicates that the variable is not used in the
selection.

Region pmiss
T (pmiss

T )2/ST m(ℓ±ℓ±Wjet) m(Wjet) pj
T

(GeV) (GeV) (GeV) (GeV) (GeV)
Low-mass SR1 and SR2 < 80 — < 300 — > 20

High-mass SR1 — < 15 — 30–150 > 25
High-mass SR2 — < 15 — 40–130 > 200

The enhancements from the addition of SR2 is shown in Fig. 6.6; For mN =

40 (1000) GeV, the ratio of the acceptance between (SR1+SR2) and SR1-only is ≈2.5–

3 (1.2–1.3).
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Figure 6.6: The signal efficiencies for each N hypothesis in dielectron (top) and dimuon
channel (bottom).
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Per-mass optimized selection

The signal region criteria described in Section 6.4.2 is further optimized for each

mN hypothesis. A modified Punzi figure of merit [111], ϵS/(a/2 + δB) with a = 2

is used, where ϵS is the acceptance of the signal, and δB is the uncertainty of the

background estimation. The optimization is done for dielectron, dimuon and electron-

muon channel, separately.

The variables used in the optimization are as follows:

• number of AK4 jets,

• pT of the leading jet of Wjet,

• ∆R between the subleading lepton and Wjet,

• ∆R between the two leptons,

• pT of the leptons,

• invariant mass of Wjet,

• invariant mass of ℓℓWjet,

• invariant mass of the leading lepton and Wjet,

• invariant mass of the subleading lepton and Wjet,

• invariant mass of the dilepton,

• pmiss
T and (pmiss

T )2/ST.

Table 6.7 shows the list of variables used in the optimization, and the final optimized

selections are shown in Section 6.9.
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Table 6.7: Variables used for the signal optimizations. ℓ1 (2) stands for the
(sub)leading lepton.

Variable Low-mass High-mass
SR1 SR2 SR1 SR2

Number of AK4 jets ✓ - ✓ -
pT of leading jet of Wjet - - ✓ -

∆R(ℓ1,Wjet) - - ✓ -
∆R(ℓ1, ℓ2) ✓ ✓ ✓ -

pT,ℓ1 ✓ ✓ ✓ ✓
pT,ℓ2 ✓ ✓ ✓ ✓

m(Wjet) - - ✓ ✓
m(ℓℓWjet) ✓ ✓ ✓ ✓
m(ℓ1Wjet) ✓ ✓

✓ ✓
m(ℓ2Wjet) ✓ ✓
m(ℓℓ) ✓ ✓ - -
pmiss

T ✓ ✓ - -
(pmiss

T )2/ST - - ✓ ✓

6.4.3 Control region criteria

The validation of the background estimation is performed in the control regions (CRs),

by comparing the observe data and the prediction. Following six CRs are defined for

each of the three channels:

• CR1: (SS2ℓ), at least one b-tagged AK4 jet,

• CR2: (SS2ℓ), ∆R(ℓ1, ℓ2) > 2.5 and no AK4 jet,

• CR3: (SS2ℓ), low-mass SR1 and either ≥ 1 b-tagged jet or pmiss
T > 100 GeV,

• CR4: (SS2ℓ), low-mass SR2 and either ≥ 1 b-tagged jet or pmiss
T > 100 GeV,

• CR5: (SS2ℓ), high-mass SR1 and either ≥ 1 b-tagged jet or (pmiss
T )2/ST >

20 GeV,
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• CR6: (SS2ℓ), high-mass SR2 and either ≥ 1 b-tagged jet or (pmiss
T )2/ST >

20 GeV.

In CR1 and CR2 are designed to be dominated by misidentified-lepton background,

from heavy- and light-flavor jets, respectively. The remaining CRs are similar to the

SRs, but inverted in the number of b-tagged jets, pmiss
T or (pmiss

T )2/ST. The contribu-

tion from the signal is mostly less than 1%, and at most 5% of the total background.

6.5 Background estimation
6.5.1 Prompt background

SM processes that contain prompt SS2ℓ are estimated from simulation. To prevent the

double counting between the background with misidentified lepton (Section 6.5.2),

the generator information is used to check whether the lepton originates from the

decay of W/Z/γ∗ boson, N, or the leptonic decay of τ . The dominant processes are

WZ, ZZ, and asymmetric photon conversions, which refers to as Wγ and Zγ, and

dedicated control regions which are designed to be dominated by each process are

used to constrain the rate.

WZ control region

The most important background with two prompt leptons are from WZ production,

where both bosons decay leptonically. This process gives three prompt leptons, and

pmiss
T as a result of the escaping neutrino.

A powheg NLO MC sample is used to estimate WZ contribution to the signal

region. This simulation sample includes invariant masses of the Z/γ∗ down to 4 GeV.

The full phase space is recovered using the NLO Wγ sample which includes masses

below 4 GeV.

A control region is defined as below to validate the WZ simulation (“WZ CR”):

• three leptons passing tight ID,
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• remove events containing fourth lepton passing veto ID,

• at least one of the invariant mass of opposite-sign-same-flavor (OSSF) lepton

pair, |m(OSSF)−m(Z)| < 15 GeV, where m(Z) is the invariant mass of Z boson

(91.1876 GeV),

– if there are more than two OSSF pairs satisfying the above requirement,

we call the closest one as Z-tagged pair,

– lepton which is not Z-tagged is denoted as W-lepton,

• m(OSSF) > 10 GeV

• pmiss
T > 50 GeV,

• transverse mass of W-lepton and pmiss
T , mT (W-lepton, pmiss

T ) > 20 GeV

• invariant mass of three leptons, m(ℓℓℓ) > m(Z) + 15 GeV,

• remove event with at least one b-tagged jet,

– jets containing leptons within ∆R < 0.4 are not removed,

– CSVv2 loose working point is used.

The normalization scale factor of WZ simulation is obtained by matching the

expected yield to the observed data. The normalization procedure is done simultane-

ously with three prompt CRs, and is described in Section 6.5.1, The normalization

scale factor of WZ is found to be 1.051 ± 0.065. After normalizing the WZ back-

ground with this correction, we check the prediction of the kinematic variables that

are important in this analysis in both data and MC (Fig. 6.7). The overall agreement

between the expected backgrounds and the data after this correction is good.
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Figure 6.7: The kinematic distributions in the WZ CR. Leading Z-tagged lepton
pT (upper left), subleading Z-tagged lepton pT (upper right), PW -tagged lepton pT
(center left), pmiss

T (center right), (pmiss
T )2/ST (lower left) and mT (W-lepton, pmiss

T )
(lower right).
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ZZ control region

Another SM background with prompt leptons is ZZ production, in which both Z

bosons decay leptonically. This can give SS2ℓ if one of the leptons from both Z decays

is out of the acceptance.

A powheg NLO MC sample is used to estimate ZZ contribution to the signal

region. This sample is corrected using a NLO-to-NNLO K-factor of 1.16 [112]. The

contribution of the ZZ production from gluon fusion is also included using a LO MC

sample, which is corrected to NLO using a K-factor of 1.67 [113]. A control region is

defined as below to validate the ZZ simulation (“ZZ CR”):

• four leptons passing tight ID,

• remove events containing fifth lepton passing veto ID,

• two exclusive OSSF lepton pairs are made which satisfies |m(OSSF) −m(Z)| <

15 GeV, where m(Z) is the invariant mass of Z boson (91.1876 GeV),

• m(OSSF) > 10 GeV

• remove event with at least one b-tagged jet,

– jets containing leptons within ∆R < 0.4 are not removed,

– CSVv2 loose working point is used.

The normalization scale factor of ZZ is found to be 0.979 ± 0.079. The ZZ simula-

tions used in this analysis does not contain electroweak corrections [114–116]. Since

these corrections are dependent on the pT of the system, which is not used in the

analysis, and this background is small overall, we apply a flat systematic uncertainty

of 25% to this background, which is larger than the uncertainty on the normalization.

The final normalization scale factor of ZZ is found to be 0.979 ± 0.250.
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After normalizing the ZZ background with this correction, we check the prediction

of the kinematic variables that are important in this analysis in both data and MC

(Fig. 6.8). The overall agreement between the expected backgrounds and the data

after this correction is good.

Zγ control region

A MadGraph5 amc@nlo MC sample is used to estimate Zγ contribution to the

signal region. A control region is defined as below to validate the Zγ simulation (“Zγ

CR”):

• three leptons passing tight ID,

• remove events containing fourth lepton passing veto ID,

• invariant mass of three leptons, |m(ℓℓℓ) −m(Z)| < 15 GeV,

• none of the invariant mass of opposite-sign-same-flavor (OSSF) lepton pair,

|m(OSSF) − m(Z)| < 15 GeV, where m(Z) is the invariant mass of Z boson

(91.1876 GeV),

• m(OSSF) > 10 GeV,

• pmiss
T < 50 GeV,

• remove event with at least one b-tagged jet,

– jets containing leptons within ∆R < 0.4 are not removed,

– CSVv2 loose working point is used.

The normalization scale factor of Zγ is found to be 1.093 ± 0.075. After normaliz-

ing the Zγ background with this correction, we check the prediction of the kinematic
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Figure 6.8: The kinematic distributions in the ZZ CR. Leading lepton pT (upper
left), subleading lepton pT (upper right), third leading lepton pT (center left), fourth
leading lepton pT (center right), pmiss

T (lower left) and (pmiss
T )2/ST (lower right).
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variables that are important in this analysis in both data and MC (Fig. 6.9). The over-

all agreement between the expected backgrounds and the data after this correction is

good.

Extracting the normalization scale factors

Events selected by the WZ CR are dominated by WZ process, but still a mixture

of other SM events. This is same for ZZ or Zγ CRs, thus a simultaneous fitting is

required to obtain exact normalization. A 3 × 3 matrix, Aij is defined by the rate in

i-th CR of j-th process:

A =



WZ MC Zγ MC ZZ MC

WZ CR 1307.0 17.0 74.6

Zγ CR 24.0 715.7 182.7

ZZ CR 0 0 228.7

 (6.4)

A 3 × 1 matrix Di is defined by the observed data at i-th CR:

D =


1559

1035

229

 (6.5)

The rate of background except WZ, Zγ and ZZ is defined as D′ :

D′ =


93.0

48.6

5.3

 (6.6)

A 3 × 1 matrix Bi is a vector of the three normalization scale factors:

B =


SFWZ

SFZγ

SFZZ

 (6.7)
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Figure 6.9: The kinematic distributions in the Zγ CR. Leading lepton pT (upper
left), subleading lepton pT (upper right), trailing lepton pT (center left), pmiss

T (center
right), (pmiss

T )2/ST (lower left) and m(ℓℓℓ) (lower right).
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To extract B, a matrix equation is solved:

AB = D −D′ ≡ C (6.8)

Multiplying the inverse matrix of A gives a solution of B:

B = A−1C (6.9)

Considering the uncertainties of A and C (δA and δC, respectively), we can write B

with its uncertainty.

B = A−1C + [A−1(δC) −A−1(δA)B] (6.10)

First term gives the central value of B, while the second and the third give the

uncertainty. As a perturbative method, we obtain central value and then apply it

to third term. Final uncertainties of the scale factors are the squared sum of the

second and the third term. The scale factors are given in Table 6.8, and Fig. 6.10

shows the yields before and after applying these scale factors. For ZZ, as described in

Section 6.5.1, 25% of uncertainty is used instead of the value in Table 6.8.

Table 6.8: The normalization scale factors for WZ, Zγ and ZZ samples.

WZ Zγ ZZ
SF 1.051 ± 0.065 1.093 ± 0.075 0.979 ± 0.079

Wγ control region

Regarding Wγ sample compared to WZ, the sample has a cut on the photon mass

in the matrix element level: m(γ∗) < 4 GeV. We normalize diboson samples in the

Z peak, so it is necessary to check their availability in the other mass ranges. In

our same-sign dilepton analysis, one of the lepton coming from virtual photon with
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Figure 6.10: Observed and predicted yields at WZ, Zγ and ZZ control regions, before
(left) and after (right) applying the normalization scale factors.

small mass is important, considering their relatively larger cross sections. Wγ-enriched

control region is defined as below (Wγ CR):

• three leptons passing tight ID

• remove events containing fourth lepton passing veto ID

• at least one opposite-sign-same-flavor (OSSF) lepton pair with m(OSSF) <

4 GeV exist

• transverse mass of three lepton and pmiss
T , mT (ℓℓℓ, pmiss

T ) > 30 GeV

• pmiss
T > 30 GeV

• remove event with at least one b-tagged jet

– jets containing leptons within ∆R < 0.4 are not removed

– CSVv2 loose working point is used
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The kinematic distributions in the Wγ is shown if Fig. 6.11. Upper left plot in

Fig. 6.11 shows a good agreement, except near mass ranges near meson resonances.

We did not obtain normalization scale factor for Wγ sample because this control

region clearly contains meson resonances (upper left plot of Fig. 6.11) which we do

not samples to estimate them. We assign systematic uncertainty same as Zγ sample

because two samples are produced with same generator.

Prompt dilepton events from Wγ process are possible if the lepton from W boson

decay and one of the leptons from photon conversion passes the selection requirements.

Hence, the probability of having same-sign events from Wγ is the same as having

opposite-sign events. Using all charge combination of Wγ process and reweighting

by half give same-sign events with doubled statistics. Figure 6.12 shows comparison

between two predictions in preselection.

Rare SM processes

The category of “rare SM” backgrounds includes triboson production (WWW, WWZ,

WZZ, ZZZ) and processes with tt in association with gauge bosons (ttZ, ttW, ttH,

tZq). Backgrounds from WW vector boson scattering (VBS), where the two W bosons

have the same-charge contributes to our signal region. The WW VBS process also

has two jets in the final state. Both QCD and EWK induced same-sign W pair

production are considered. These processes have a few percent of contribution to the

total background, and are estimated using MC simulation. We assign 50% as the

systematic on the these backgrounds.

6.5.2 Background with misidentified leptons

The misidentified leptons are not well-modelled by the simulation, and statistically

poor due to the low misidenfication rate; typically, one out of thousand generic jets

produces a misidentified lepton. Hence, a data-driven approach is used to estimate
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Figure 6.11: The kinematic distributions in the Wγ CR. Minimum OSSF lepton pair
mass (upper left), leading lepton pT (upper right), subleading lepton pT (center left),
trailing lepton pT (center right), pmiss

T (lower left) and (pmiss
T )2/ST (lower right). The

MC normalization scale factors obtained in Section 6.5.1 are applied here.
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Figure 6.12: Comparison between same-sign only events and reweighted events of all
charge combination of Wγ sample. Results are obtained in preselection.

this type background.

Measurement of the fake rate

Firstly, the “misidenfication rate (fake rate, FR)”, which is defined as the probability

of an lepton pass loose ID also pass tight ID. FR can be measured from the data using

the dijet events. The measurement sample is collected by the single lepton triggers,

which has low pT threshold and prescaled to control the rates. To collect data with a

high-purity of QCD dijet events, the following event selections are used:

• a single lepton passing the loose ID,

• at least one away-side jet, with ∆ϕ between the lepton and the jet greater than

2.5,

• the away-jet pT is required to be greater than 40 GeV.
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With this selection, data events are dominated by QCD dijet events with some prompt

lepton contributions from W+jets, DY and tt. To reduce the prompt contribution even

more, the following additional cuts are applied:

• pmiss
T < 80 GeV (to avoid the effect of pmiss

T mismodeling),

• mT (ℓ, pmiss
T ) < 25 GeV (to reduce prompt contributions from W+jets events,

which is dominant),

• pT(away−jet)
pT(lepton) > 1 cut applied for muons and electrons,

• fraction of away-jet energy from charged particles’ in ECAL shower is required

to be lower than 0.65 for electrons.

Events passing these selections are referred to as the measurement region. Loose

leptons in the measurement region are used to fill the denominator of the FR. The

numerator is filled using events in the denominator that pass the tight selection.

The kinematic distributions of loose and tight leptons for the two variables used to

parameterize the fake rate are shown in Fig. 6.13–6.16. The FR is parameterized as

a function of pcone
T and η. pcone

T is a proxy of the mother hadron momentum, which is

defined as

pcone
T = pT × (1 + max(0, Iℓrel − Iℓ, tight

rel )). (6.11)

pcone
T is the summation of the pT of the lepton and its isolation, which effectively

collects all the decay products of the mother hadron. For any leptons pass tight ID,

pcone
T is the same as pT. For leptons pass loose ID but fail tight ID, pcone

T is larger

than their pT. The fake rates for both electron and muon (inclusive in η) are shown

in Fig. 6.17.

113



Ptcone_UseEvent_loose

1

10

210

310

410

510

610

710

E
ve

nt
s/

5 
(G

eV
)

data

Wjets

DY

top

VV

0 20 40 60 80 100 120 140 160 180 200

(1st e) (GeV)cone
TP

0
1
2
3
4
5
6
7
8
9

10

P
re

d.
O

bs
.

30% Band Obs./Pred.

Preliminary CMS  (13 TeV)-135.9 fb

Ptcone_UseEvent_tight

1

10

210

310

410

510

610

E
ve

nt
s/

5 
(G

eV
)

data

Wjets

DY

top

VV

0 20 40 60 80 100 120 140 160 180 200

(1st e) (GeV)cone
TP

0

0.5

1

1.5

2

2.5

P
re

d.
O

bs
.

30% Band Obs./Pred.

Preliminary CMS  (13 TeV)-135.9 fb

Figure 6.13: pcone
T of electrons in the measurement region, for loose electrons (left)

and tight electrons (right).
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Figure 6.14: η of electrons in the measurement region, for loose electrons (left) and
tight electrons (right).
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Figure 6.15: pcone
T of muons in the measurement region, for loose muons (left) and

tight muons (right).
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Figure 6.16: η of muons in the measurement region, for loose muons (left) and tight
muons (right).
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Figure 6.17: Fake rate for electrons (left) and muons (right) before and after subtract-
ing prompt from numerator and denominator.

Application of the fake rate

The number of events from the misidentified lepton in the SR (Nnn) can be estimated

from the data sideband, which contains one (Nnn) or two (Nnn) leptons pass the

loose ID but fail the tight ID (“tight-but-not-loose”). The weight factor, FRn
(1−FRn) is

multiplied per “tight-but-not-loose” lepton, which converts the rate of sideband events

to the signal region:

Nnn =
∑
Nnn̄

FRn

(1 − FRn) −
∑
Nn̄n̄

FRnFRn

(1 − FRn)(1 − FRn) (6.12)

Systematic uncertainties on the misidentified-lepton background

The systematic uncertainty of misidentified-lepton background is obtained by varying

the criteria of the measurement. Firstly, the loose ID criteria is varied; the isolation

criteria of the loose ID, the transverse impact parameter (dxy), the pull of the trans-

verse impact parameter (|dxy|/σ(dxy)), and the longitudinal impact parameter (dz)

(Table 6.9). The FR is measured for each variation, and Nnn from Equation 6.12 is

calculated. The difference of Nnn between the nominal and variations are taken as the
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systematic uncertainties. Variations on the impact parameter cut give an uncertainty

of less than 1.5%. The total uncertainty on the expected event yield at preselection

is found to be 13.83% for muons and 5.96% for electrons. From this result, we assign

a systematic on the loose ID selection of 15% for dimuon channel, 7% for dielectron

channel, and 15% for the electron-muon channel.

Table 6.9: Loose ID variables sensitive to fake rate and its variation to measure
systematic uncertainty for electrons (muons).

Criteria Iℓrel (∆R = 0.4) dxy (cm) |dxy|/σ(dxy) dz (cm)
Nominal 0.4 (0.4) 0.2 10 (3) 0.1
Variation 0.5, 0.7 (0.3, 0.5) 0.05, 0.3, 0.5 4.5, 8, 12 (6, 8) 0.08, 0.12

The conditions on the away-jet are also varied and the systematic uncertainties

are obtained at the preselection (Table 6.10).

Table 6.10: Varied cut values to estimate the systematic uncertainty from cuts related
with the away-jet selection.

Criteria ∆ϕ(j, ℓ) pT,j
pT(away−jet)
pT(lepton)

Nominal 2.5 40 GeV 1.0
Variation 1.5, 2.0, 3.0 20, 30, 60 GeV 0.8, 1.2

There are additional chances to make leptons via semi-leptonic decay of B mesons

for b-tagged jets. We measured fake rates with or without b-tagged jets in the events,

separately. We used jets (without lepton cleaning) with CSVv2 medium working

point [110]. Figure 6.18–6.19 show FRs for each eta regions for electron and muon,

respectively. By doing this, we got 0.1% to 6.8% systematic uncertainty.

The prompt contribution in the FR measurement region, expected from MC sim-

ulation, is varied within the uncertainties. The simulation is varied within one sigma

uncertainties for the jet energy scale (JES), jet energy resolution (JER), and lepton

energy scale. Energy variations of leptons are propagated into the pmiss
T . The uncer-

tainties of unclustered energy and lepton ID scale factors are also considered. For
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Figure 6.18: FRs of electron with or without b-tagged jets in the events, at each |η|
region, inner barrel (left), outer barrel (middle), and endcap (right).
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Figure 6.19: FRs of muon with or without b-tagged jets in the events, at each |η|
region, inner barrel (left), outer barrel (middle), and endcap (right).
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electrons, an uncertainty of 5% is obtained. For muons, less than 13% deviation is

observed.

These systematic uncertainties are tested in a W-enriched control region to check

whether the assigned systematic can cover the discrepancy between data and MC

prediction in this region. The control region is defined as 60 < mT (ℓ, pmiss
T ) < 100,

with no pmiss
T requirement. This region is dominated by W+jets events. From Fig. 6.20

and Fig. 6.21, we assigned 30% and 13% (50% for endcap region) as the uncertain-

ties on the prompt contributions in the measurement region, for the electron and

muon, respectively. This uncertainties are propagated to the calculation of Nnn at

the preselection to obtain the uncertainties on the rate.
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Figure 6.20: The electron prompt normalization systematic is tested in the control
region. pT (left) and |η| (right) plots are shown, with 30% error bar shown on the
ratio plot. We assigned 30% error for inner barrel and outer barrel region, and 50%
error for endcap region.

Table 6.11–6.13 are the summary of the systematic uncertainties on the misidentified-

lepton background estimation, described above.

FRs of electrons and muons are measured using the electron- and muon-enriched

QCD MC, respectively. Using DY, W+jets, and tt MCs, we obtained the “measured”

rates of the misidentified-lepton events by requiring at least one of the leptons are not
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Figure 6.21: The muon prompt normalization systematic is tested in the control re-
gion. pT (left) and |η| (right) plots are shown, with 13% error bar on ratio plot. We
can see assigned error can cover discrepancy between data and MC prediction.

Table 6.11: Systematic uncertainty summary table for dimuon channel.

Region Stat Error of FR Prompt Norm. b jet Away-jet pT Away-jet ∆ϕ pT(away−jet)
pT(lepton) Loose ID Total

Preselection 1.6 % 0.4 % 1.6 % 4.2 % 4.2 % 1.6 % 15.0 % 16.4 %
Low-mass SR1 1.7 % 0.3 % 4.3 % 4.7 % 3.9 % 1.4 % 15.0 % 16.9 %
Low-mass SR2 1.8 % 0.2 % 3.2 % 3.2 % 3.2 % 0.4 % 15.0 % 16.1 %
High-mass SR1 1.6 % 0.4 % 4.5 % 4.7 % 4.3 % 1.8 % 15.0 % 17.1 %
High-mass SR2 1.4 % 0.4 % 5.7 % 7.9 % 7.3 % 2.4 % 15.0 % 19.5 %

Table 6.12: Systematic uncertainty summary table for dielectron channel.

Region Stat Error of FR Prompt Norm. b jet Away-jet pT Away-jet ∆ϕ pT(away−jet)
pT(lepton) Loose ID Total

Preselection 1.6 % 1.4 % 0.1 % 1.6 % 1.1 % 4.8 % 7.0 % 8.9 %
Low-mass SR1 1.6 % 1.4 % 6.8 % 1.4 % 1.0 % 4.9 % 7.0 % 11.2 %
Low-mass SR2 1.6 % 1.0 % 6.5 % 1.9 % 1.9 % 3.0 % 7.0 % 10.5 %
High-mass SR1 1.6 % 1.6 % 6.5 % 1.2 % 1.2 % 5.3 % 7.0 % 11.2 %
High-mass SR2 1.6 % 1.9 % 5.8 % 1.6 % 2.9 % 5.4 % 7.0 % 11.2 %

Table 6.13: Systematic uncertainty summary table for emu channel.

Region Stat Error of FR Prompt Norm. b jet Away-jet pT Away-jet ∆ϕ pT(away−jet)
pT(lepton) Loose ID Total

Preselection 2.1 % 0.9 % 0.9 % 1.7 % 3.0 % 2.1 % 15.0 % 15.7 %
Low-mass SR1 2.2 % 0.8 % 5.3 % 2.0 % 3.0 % 1.8 % 15.0 % 16.5 %
Low-mass SR2 2.4 % 0.6 % 4.6 % 1.4 % 2.9 % 1.1 % 15.0 % 16.2 %
High-mass SR1 2.1 % 0.9 % 5.3 % 2.0 % 2.9 % 2.2 % 15.0 % 16.6 %
High-mass SR2 2.3 % 0.9 % 6.4 % 1.4 % 3.6 % 2.6 % 15.0 % 17.1 %
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prompt, using the generator information. We compared this rates to the “expected”

rates, which are obtained by using Equation 6.12 on DY, W+jets, and tt MCs, with

the FRs measured from QCD samples. The preselection yields from the three sources

are shown in Fig. 6.22. The result of MC closure tests for each MC sample are shown

in Fig. 6.23. The largest disagreement is observed in the tt events which is 25% and

taken as a systematic source. Plots show that the observed and predicted yields in

DY and W+jets MC simulation agree within the statistical band, but not for tt. This

disagreement mainly comes from flavor dependency of the FRs.

Combining the uncertainties from Table 6.11–6.13 and the MC closure test, we

assign 30% uncertainty for the misidentified-lepton backgrounds. This is used for all

signal regions, and is the dominant source in low-mass regions.

6.5.3 Background with charge-mismeasured leptons

A charge-mismeasurement (“charge flip”, CF) can occur due to the pT resolution of

leptons or bremsstrahlung radiation. We study the CF probability of electrons as a

function of p−1
T and ηSC using the DY MC simulation. The CF probability of muons

are measured to be in order of 10−5, and has negligible contributions in all of the

analysis regions.

Measurement of the charge flip probability

For each reconstructed electron from the simulation, a ∆R matching to a true electron

is done to access the true charge. The CF denominator and numerator of the CF rate

is as follows:

• Denominator : An isolated electron with pT > 25 GeV passing the tight ID.

• Numerator : Among isolated electrons in denominator, electrons having opposite

charges compared to their true charge information.
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Figure 6.22: Stacked predicted and observed background in MC for preselection for
ee (top), µµ(middle) and eµ (bottom). The pcone

T of the second lepton is shown on
the left and the pmiss

T is shown on the right.
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Figure 6.23: Result of MC closure test for three MC samples. Dielectron channel
(left), dimuon channel (middle) and emu channel (right).

We parameterize the probability as a function of p−1
T for three different ηSC regions:

|ηSC| < 0.8, 0.8 ≤ |ηSC| < 1.4442, and 1.556 ≤ |ηSC| < 2.5. We fit the probabilities

for two or three different momentum regions separately using first-order polynomial

of p−1
T . The probabilities for the three separate |ηSC| regions are shown in Fig. 6.24.

The parameterized functions (PCF) for 3 different |ηSC| regions are written as:

PCF (|ηSC | < 0.8) =

 3.055e-05 - 0.001008/pT (1/pT < 0.023)

1.208e-05 - 0.0002274/pT (0.023≤ 1/pT)

 . (6.13)

PCF (0.8 ≤ |ηSC | < 1.4442) =


0.0007158 - 0.03484/pT (1/pT<0.015)

0.0004098 - 0.01439/pT (0.015 ≤ 1/pT < 0.023)

0.0001343 - 0.002442/pT (0.023 ≤ 1/pT)

 .
(6.14)

PCF (1.556 ≤ |ηSC | < 2.5) =


0.006359 - 0.4065/pT (1/pT < 0.012)

0.002914 - 0.1111/pT (0.012 ≤ 1/pT < 0.021)

0.001051 - 0.02092/pT (0.021 ≤ 1/pT)

 .
(6.15)

For the electrons with p−1
T > 0.013, an uncertainty of 20% is assigned to the
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Figure 6.24: Charge flip probability as a function of p−1
T in 3 different |ηSC | regions.

The top plot is |η| < 0.8, middle is 0.8 ≤ |ηSC | < 1.4442 and bottom is 1.556 ≤
|ηSC | < 2.5. The band is the added to cover statistical uncertainties on the fit.
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measured CF probability, to cover the statistical uncertainty. For the electrons with

p−1
T < 0.013, an uncertainty of 100% is assigned to the measured CF probability, to

cover the statistical uncertainty. Since the contribution of this background is small,

this only contributes to 2% to the total background estimation in the SRs.

MC closure test

The number of SS2ℓ events (NSS) coming from OS2ℓ (NOS) through CF can be

estimated in a similar way its done for FR application:

NSS =
[

PCF(e1)
(1 − PCF(e1)) + PCF(e2)

(1 − PCF(e2))

]
NOS, (6.16)

where PCF(e1 (2)) is the charge flip probability for the (sub)leading electron. The

method is validated within the MC (MC closure test), by comparing the number of

SS2ℓ events and the prediction of Equation 6.16. The dilepton mass spectrum for

the weighted OS2ℓ and SS2ℓ are seen to disagree. This is because electrons in the

SS2ℓ events have lost their energy when the electron that has a charge flip emits a

bremsstrahlung photon. Therefore, before directly comparing the observed and pre-

dicted number of events, we obtain the energy shift which is to introduce a Z mass

shift in SS2ℓ events. To estimate the optimized shift, we use the following procedure;

• “Z-selection” criteria is satisfied

– two electrons pass tight ID.

– invariant mass of dielectron within the Z boson mass window; |mee −

91.1876| < 15 GeV.

• electron energies are reduced by a shift X%, (where X is varied between 0.1%

and 5.0%),

• compare with SS spectrum and select the shift which gives the minimum χ2

value.
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With this method, shift X for the flipped electrons was estimated to be 1.3%. The

ratio of the observed number of events and the predicted number of events with a

1.3% energy shift is 0.9331±0.0212. We assign a 7% systematic uncertainty from this

closure test. Figure 6.25 shows the invariant mass, pT of (sub)leading electrons, and
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Figure 6.25: MC closure test results : leading lepton pT (top left), subleading lepton
pT (top right), invariant mass of dilepton (bottom left), pmiss

T (bottom right).
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Half-sample test

With finite statistics in the MC sample, the parameterization of CF probability can

only account for pT and ηSC which show the most dependence on the charge flip.

To account for systematic uncertainties relating to non-parameterized variables, the

“half-sample” test technique is used. We use pmiss
T and (pmiss

T )2/ST for additional

parameterization. Firstly, we separated the MC events into two equal sets, randomly.

The first set is used for measuring CF probability as a function of p−1
T and ηSC, as

used in the analysis. A histogram of pmiss
T and (pmiss

T )2/ST is then filled with events

in the second set, weighted with the probability measured in the first set, which are

referred to “measured” probability. The second set is used for measuring as a function

of pmiss
T and (pmiss

T )2/ST, which are referred to “predicted” probability. A comparison

of measured and predicted probabilities is then used to assign systematic uncertainty

from this method. The measured and predicted probabilities with the half sample

test as a function of the pmiss
T and (pmiss

T )2/ST are shown in Fig. 6.26. With additional

systematic uncertainty 11% assigned, the error bars were able to cover up the ratio

to be 1.0.
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Figure 6.26: Half-sample test results : charge flip probability as a function of pmiss
T

(left) and (pmiss
T )2/ST (right). The green lines represent the directly measured charge

flip probability and blue lines represent the charge flip probability estimated by the
other half from the MC sample
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Scale factor of the CF probability

The difference in the CF probability between data and MC is corrected by the scale

factor. We checked the charge flip scale factors (CFSF) in the barrel and endcap

separately. Firstly, we use the events following selection criteria below :

• events collected by the dielectron trigger,

• for OS2ℓ electron pair events, both electron energies are reduced by 1.3%,

• events the ”Z-selection” criteria.

These events are then divided into three different classes, where both electrons lies in

the barrel region (BB), both in the endcap region (EE), and one electron in the barrel

and the other in the endcap region (BE). The ratio of the observed and predicted

number of events in BB is then used as the scale factor for barrel region electrons.

Observed number of events is counted after the non-Z background contribution is

removed. The non-Z background is estimated from a fitting, using a Gaussian function

(Z signal) and a third-order polynomial (non-Z background) function. The predicted

SS2ℓ events are estimated from the Z → e+e−, while the observed SS2ℓ contains

contamination from conversion (Zγ∗). The contribution of Zγ∗ is subtracted from the

observed SS2ℓ events, by using the simulation. The scale factors measured in BB (EE)

is used as the scale factor for the barrel (endcap) electrons; the scale factor for barrel

is found to be 0.8014 ± 0.0307 and endcap to be 0.8658 ± 0.0300.

With the BE events, we validate the CF probability and the scale factors obtained

for barrel and endcap electrons. The number of observed Z signal events is 919.712,

and the prediction with the scale factors applied is 1043.57, thus the ratio between

the observed and predicted number of events is 0.8813 ± 0.0209. This difference is

covered by total systematic uncertainty 16% which is evaluated using MC closure

test, half sample test, scale factor uncertainties.
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6.6 Overlap between the misidentified lepton and charge-
mismeasured lepton

The loose ID are relaxed in both relative isolation and the impact parameters. In the

data sideband of the FR application, the contributions from charge-flipped leptons

is double counted from the charge-mismeasured background estimation. The double-

counted events are dominated by the Wγ and Zγ processes, and subtracted from the

misidentified-lepton background.

The effect of this subtraction is small in most control regions and signal regions.

The region where this subtraction is most important is in the CR2, where the charge-

mismeasured background is relatively the largest. Before this subtraction the ratio

between the background and data was 30%, but after this subtraction, the agreement

is good, which is shown in Section 6.7. A further check was done using events with an

invariant mass close to the mass of the Z boson, and requiring the presence of at least

one AK4 jet. A couple of distributions used in our analysis are shown in Fig. 6.27,

which have no removal of the prompt contamination and in Fig. 6.28 with the removal

of the prompt contamination.

6.7 Results in the control regions

The kinematic distributions in CR1 to CR6 are shown in Appendix B. The number of

observed and predicted events in the CRs are shown in Table 6.14. The agreement be-

tween the observation and prediction is within uncertainties described in Section 6.8.

6.8 Systematic uncertainties

The background estimation and the signal acceptance involves multiple source of

systematic uncertainties. The contributions of three background categories to the total

systematics are shown in Table 6.15, for mN = 50 and 500 GeV hypotheses. Table 6.16
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Figure 6.27: Distribution (pmiss
T )2/ST (left) and mℓ2j in SS2ℓ electron events with one

AK4 jet and an invariant mass with 10 GeV of mZ without overlap removal.
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Figure 6.28: Distribution (pmiss
T )2/ST (left) and mℓ2j in SS2ℓ electron events with one

AK4 jet and an invariant mass with 10 GeV of mZ, with overlap removal.
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Table 6.14: Observed event yields and estimated background in the control regions.
The uncertainties in the background yields are the sums in quadrature of the statis-
tical and systematic components.

Channel Control region Estimated background Observed

ee

CR1 366 ± 73 378
CR2 690 ± 100 671
CR3 222 ± 42 242
CR4 48 ± 11 38
CR5 334 ± 56 347
CR6 25.7 ± 4.3 28

µµ

CR1 880 ± 230 925
CR2 890 ± 200 1013
CR3 420 ± 100 439
CR4 156 ± 42 174
CR5 560 ± 120 568
CR6 35.1 ± 7.0 38

eµ

CR1 1010 ± 240 1106
CR2 1350 ± 230 1403
CR3 650 ± 140 706
CR4 143 ± 32 150
CR5 920 ± 180 988
CR6 62 ± 11 64

shows the relative sizes of the uncertainties with respect to each background category

in the SRs.

6.8.1 Uncertainties on the background estimation

The largest uncertainty comes from the misidentified-lepton background estimation.

As described in Section 6.5.2, we assigned 30% uncertainties on the predicted misidentified-

lepton background rate. The systematic uncertainties in the charge-mismeasured

background comes from the scale factor (16%) and statistical uncertainties of the CF

probability, which is described in Section 6.5.3. This type of background is only con-

sidered in the dielectron channel, since the contributions from the other two channels
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Table 6.15: Fractional contributions to the total background systematic uncertain-
ties related to the uncertainties in the prompt SS lepton, misidentified-lepton, and
mismeasured-sign background. The numbers are for the SR1 (SR2) in the case of mN
= 50 and 500 GeV.

Channel mN Prompt-lepton Misidentified-lepton Mismeasured-sign
(GeV) (%) (%) (%)

ee 50 53 (49) 43 (46) 4.5 (4.9)
500 60 (75) 3.6 (4.6) 37 (21)

µµ
50 38 (42) 62 (58) —
500 100 (100) 0.0 (0.0) —

eµ 50 52 (45) 48 (55) —
500 99 (100) 1.3 (0.0) —

Table 6.16: Summary of the relative systematic uncertainties in heavy Majorana neu-
trino signal yields and in the background from prompt SS leptons, both estimated
from simulation. The relative systematic uncertainties assigned to the misidentified-
lepton and mismeasured-sign background estimated from control regions in data and
simulation are also shown. The uncertainties are given for the low- (high-)mass se-
lections. The range given for each systematic uncertainty source covers the variation
across the mass range. Upper limits are presented for the uncertainty related to the
PDF choice in the background estimates, however this source of uncertainty is con-
sidered to be accounted for via the normalization uncertainty and was not applied
explicitly as an uncertainty in the background.

Source / Channel ee signal ee bkgd. µµ signal µµ bkgd. eµ signal eµ bkgd.
(%) (%) (%) (%) (%) (%)

Simulation:
SM cross section — 12–14 (15–27) — 13–18 (22–41) — 12–14 (16–30)
Jet energy scale 2–5 (0–1) 2–6 (5–6) 2–8 (0–1) 3–5 (4–7) 1–6 (0–1) 1–4 (3)
Jet energy resolution 1–2 (0–0.3) 1–2 (2–6) 1–2 (0–0.3) 0–0.8 (1–3) 0.8 (0–0.3) 0–0.8 (0–3)
Jet mass scale 0–0.3 (0–0.1) 0–1 (1–3) 0–0.2 (0–0.1) 0–0.3 (0.7) 0–0.1 (0–0.1) 0–0.2 (0–5)
Jet mass resolution 0–0.4 (0–0.3) 0–1 (0–2) 0–0.1 (0–0.2) 0–0.1 (0–0.5) 0–0.4 (0–0.3) 0–0.4 (0–3)
Subjettiness 0–1 (0–8) 0–1.0 (1–7) 0–0.3 (0–8) 0–0.1 (0–8) 0–0.2 (0–8) 0–0.4 (0–8)
Pileup 2–3 (1) 2 (0–2) 0–1 (0–1) 0–1 (0–3) 0.7 (0.8) 2 (2–4)
Unclustered energy 0–0.7 (0–0.1) 1 (2–5) 0–1 (0–0.1) 0–1 (3–4) 0–0.5 (0–0.1) 0.9 (1–2)
Integrated luminosity 2.5 (2.5) 2.5 (2.5) 2.5 (2.5) 2.5 (2.5) 2.5 (2.5) 2.5 (2.5)
Lepton selection 2–4 (4) 2–4 (2–6) 3 (3–4) 3 (3–5) 2 (3) 2 (2–6)
Trigger selection 3–4 (1) 3 (3–5) 0–0.9 (0–0.4) 0–1 (0–0.8) 3 (0–0.2) 3 (2)
b tagging 0–0.8 (0–1) 0.7 (1) 0–0.5 (0–0.6) 0–1 (1–3) 0–0.7 (0–0.7) 0–1 (1–4)

Theory:
PDF variation 0–0.7 (0–0.2) < 15 (< 20) 0–0.7 (0–0.1) < 15 (< 20) 0–0.7 (0–0.2) < 15 (< 20)
Scale variation 1–5 (0–0.1) — 1–4 (0–0.3) — 1–5 (0–0.2) —
Estimated from data:
Misidentified leptons — 30 (30) — 30 (30) — 30 (30)
Mismeasured sign — 29–41 (53–88) — — — —
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are found to be negligible. The combined uncertainty for background from charge-

mismeasured electrons is 29–88%, which get larger for the case of high-pT electrons.

Due to the small contribution to the total background, the contribution to the total

uncertainty of charge-mismeasured background is at most 5%.

6.8.2 Uncertainties on the simulation

The uncertainties of the dominant prompt SS2ℓ processes are measured in the dedi-

cated control regions (Section 6.5.1). The assigned uncertainties on the normalizaion

are 6% for WZ, 25% for ZZ and 8% for Zγ and Wγ background. The rare SM pro-

cesses have small contribution in the analysis regions, thus a conservative uncertainty

of 50% is assigned to the normalizaion uncertainties. In the low(high)-mass selec-

tion, the overall systematic uncertainty from the prompt SS2ℓ processes is 12–18%

(16–43%).

The major experimental sources of uncertainties for simulated backgrounds and

signals include:

• Integrated luminosity: The systematic uncertainty on the integrated lumi-

nosity is 2.5% [117].

• Theoretical uncertainties: For signal only the uncertainties on the rate and

acceptance of the signal are derived from the variation of the QCD scale, the

parton distribution functions (PDFs) and αs. The PDF and αS uncertainties for

the MadGraph signal samples are estimated from the standard deviation of the

weights from the pdf errorsets provided in the NNPDF3.0 parton distribution

set. The procedure for estimating the uncertainties associated with the PDF

follows the recommendations issued by the PDF4LHC group [118].

• Lepton trigger and selection: The efficiencies of the lepton reconstruction

and identification are measured by “tag-and-probe” method from the Z → ℓℓ
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events. The discrepancy between data and simulation are corrected by applying

a scale factor to all the simulated samples. The scale factors, which depend on

the pT and η, varied by ±σ and the change in the yield in the signal region is

taken as the systematic.

• Lepton momentum scale: The lepton momentum scale uncertainty is com-

puted by varying the momentum of the leptons by their uncertainties. The

variation is propagated into the pmiss
T . For electrons, 0.6 (0.015)% are assigned

for barrel (endcap) electron energy [99], which results in 2–5% systematic uncer-

tainties in the prompt lepton yields. The muon “Rochester corrections” were ap-

plied to the muon momentum, which removes bias from detector misalignment

or magnetic fields. Systematic uncertainties considered are follows; root-mean-

squared (RMS) of pre-generated error sets, difference between results without

Z momentum reweighting and variation of profile and fitting mass window,

which results in in 0.1–3.3% depending on the signal regions (3.3 % for dimuon

high-mass SR2, where statistical uncertainty is 16.6%).

• Jet energy scale: The uncertainties on the jet energy scale are measured in

Ref. [102]. This variation effects the acceptance of the jet requirements and the

assignment of the jets used to reconstruct the neutrino mass. The resulting sys-

tematic uncertainty is between 4%–9% for the low-mass region, that decreases

to 1%–2% in the high-mass region.

• Jet energy resolution: The variation of the jet energy resolution is treated

in a similar way to the jet energy scale. In order have the resolution in the

simulation similar to that in the data the momentum of the jets is smeared as:

pT → max[0, pgen
T + c±1σ · (pT = pgen

T )] (6.17)

in which c±1σ are the data/MC scale factors, which are shifted by ±σ.
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• Unclustered energy: The unclustered energy affects our signal efficiency due

to the upper pmiss
T cut. This uncertainty is below 1.5% for the low-mass selection

and about 0.1% for the high-mass region.

• b-tagging efficiency and misidentification rate: events in the signal region

are required to have no jet tagged as a b-jet. The b taggging efficiency and

misidentification rate are varied on a jet-by-jet basis, independently for heavy

and light flavors. The effect is almost mass-independent, and less than 1%.

• Pileup modeling: The simulated samples in this analysis are reweighted with

a 69.2 mb minimum bias cross section, in order to correct the pileup conditions

to match data. The minimum bias cross-section is varied by 5% to change the

pileup profile. This results in a systematic uncertainty of less than 1% for all

mass hypotheses.

• Jet mass scale : The pruned mass of the AK8 jets are varied within the

jet mass scale uncertainty. The effect on the signal yields are observed and

variations from the central value are taken as a systematic.

• Jet mass resolution : The pruned jet mass is smeared with the measured

resolution scale factor for the central value. This scale factor is varied within jet

mass resolution uncertainty and the impact on the signal selection efficiency is

calculated. The smearing used the stochastic method using the MC resolution.

• N-subjettiness : AK8 jets that pass the τ21 cuts are corrected using a scale

factor that makes the selection efficiency in simulation the same as that in the

data. These scale factors are varied within their uncertainty.

All the systematic uncertainties on normalizations are given a log-normal distribution.
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Table 6.17: The observed and predicted events in the SRs. The background predictions
from prompt SS leptons, misidentified leptons, leptons with mismeasured sign, and
the total background are shown together with the number of events observed in data.
The uncertainties shown are the statistical and systematic components, respectively.
A dash indicates that the background is considered negligible.

SR Prompt-lepton Misidentified-lepton Mismeasured-sign Total bkgd. Nobs
ee channel

Low-mass SR1 206 ± 10 ± 21 128 ± 5 ± 38 29.8 ± 0.2 ± 12.3 364 ± 11 ± 45 324
Low-mass SR2 281 ± 12 ± 28 143 ± 7 ± 43 36.4 ± 0.2 ± 10.7 461 ± 14 ± 53 460
High-mass SR1 236 ± 10 ± 25 141 ± 6 ± 42 45.2 ± 0.3 ± 24.0 422 ± 12 ± 55 382
High-mass SR2 8.0 ± 1.3 ± 1.6 2.0 ± 0.6 ± 0.6 0.91 ± 0.05 ± 0.80 10.9 ± 1.5 ± 1.9 10
µµ channel

Low-mass SR1 151 ± 6 ± 16 276 ± 7 ± 83 — 426 ± 9 ± 84 487
Low-mass SR2 209 ± 8 ± 19 393 ± 9 ± 118 — 602 ± 12 ± 120 663
High-mass SR1 166 ± 6 ± 20 244 ± 6 ± 73 — 410 ± 9 ± 76 502
High-mass SR2 7.1 ± 0.8 ± 1.9 4.4 ± 0.8 ± 1.3 — 11.5 ± 1.1 ± 2.3 13

eµ channel
Low-mass SR1 418 ± 13 ± 37 432 ± 10 ± 130 — 850 ± 17 ± 135 907
Low-mass SR2 566 ± 17 ± 47 464 ± 12 ± 139 — 1031 ± 21 ± 147 1042
High-mass SR1 463 ± 14 ± 42 409 ± 10 ± 123 — 871 ± 17 ± 129 901
High-mass SR2 16.8 ± 1.9 ± 3.6 7.4 ± 1.3 ± 2.2 — 24.2 ± 2.3 ± 4.2 31

6.9 Results

The invariant mass of dileptons, and lepton(s) plus Wjet in the SRs are shown in

Fig. 6.29 (low-mass) and Fig. 6.30 (high-mass). The distributions show good agree-

ment between the observed data and the prediction. The integrated yields are shown

in Table 6.17.

As described in Section 6.4, each SR is further optimized for each mN hypothesis.

The optimized selections are summarized in Table 6.18–6.21, together with the num-

ber of observed and expected background events, and the acceptance of the signals

for each mN hypothesis. The data and the prediction show good agreement in three

channels, and the largest deviation found in the µµ channel of SR1 for mN = 600 GeV,

which corresponds to a local significance of 2.3 standard deviations. For the same mN,

SR2 does not show a matching deviation.

Since no significant deviation has been observed, we set the upper limit on the

the heavy Majorana neutrino mixing matrix elements as a function of mN, using the
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Figure 6.29: The distributions of the invariant mass of the two leptons (upper), in-
variant mass of the subleading lepton and jets (middle), and the invariant mass of
the reconstructed W propagator (lower) are shown for the low-mass SR1 (left) and
SR2 (right). The result from the three channels, ee, µµ, and eµ, are combined. The
hatched bands represent the sums in quadrature of the statistical and systematic
uncertainties. The solid and dashed lines show the kinematic distributions of two
possible signal hypotheses. The lower panels show the ratio between the observed
and expected events in each bin, including the uncertainty bands that represent the
statistical (brown) and total uncertainties (gray).
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Figure 6.30: The distributions of the invariant mass of the leading lepton and jets
(upper), invariant mass of the subleading lepton and jets (middle), and the invari-
ant mass of the reconstructed W propagator (lower), are shown for the high-mass
SR1 (left) and SR2 (right). The result from the three channels, ee, µµ, and eµ, are
combined. The hatched bands represent the sums in quadrature of the statistical
and systematic uncertainties. The solid and dashed lines show the kinematic distri-
butions of two possible signal hypotheses. The lower panels show the ratio between
the observed and expected events in each bin, including the uncertainty bands that
represent the statistical (brown) and total uncertainties (gray).
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Table 6.18: Selection requirements on discriminating variables determined by the op-
timization for each Majorana neutrino mass point in the low-mass signal regions.
Columns 8 and 9 show the total background yields (Total bkgd.) and the number of
observed data (Nobs), respectively. The last column shows the overall signal accep-
tances for the DY channel. The quoted uncertainties include both the statistical and
systematic contributions.

mN pℓ1T pℓ2T m(ℓ±ℓ±Wjet) m(ℓ1Wjet) m(ℓ2Wjet) m(ℓ±ℓ±) Total bkgd. Nobs DY Aϵ
(GeV) (GeV) (GeV) (GeV) (GeV) (GeV) (GeV) (%)

ee channel SR1
20 25–70 60 <190 <160 <160 10–60 48.9 ± 9.5 45 0.12 ± 0.02
30 25–70 60 <190 <160 <160 10–60 48.9 ± 9.5 45 0.13 ± 0.02
40 25–70 60 <190 <160 <160 10–60 48.9 ± 9.5 45 0.21 ± 0.03
50 25–70 60 <190 <160 <160 10–60 48.9 ± 9.5 45 0.24 ± 0.03
60 25–70 60 <190 <160 <160 10–60 48.9 ± 9.5 45 0.18 ± 0.02
70 25–70 60 <190 <160 <160 10–75 64 ± 12 58 0.10 ± 0.01
75 25–70 60 <190 <160 <160 10–100 68 ± 12 67 0.13 ± 0.02

ee channel SR2
20 25–70 60 <100 <70 <70 10–60 50.3 ± 8.5 55 0.26 ± 0.03
30 25–70 60 <100 <70 <70 10–60 50.3 ± 8.5 55 0.30 ± 0.04
40 25–70 60 <100 <70 <70 10–60 50.3 ± 8.5 55 0.35 ± 0.04
50 25–70 60 <100 <70 <70 10–60 50.3 ± 8.5 55 0.32 ± 0.03
60 25–70 60 <100 <70 <70 10–60 50.3 ± 8.5 55 0.24 ± 0.03
70 25–70 60 <100 <70 <70 10–75 65 ± 10 70 0.06 ± 0.01
75 25–70 60 <100 <70 <70 10–80 67 ± 10 70 0.11 ± 0.02

µµ channel SR1
20 20–80 15–50 <160 <150 <150 20–60 15.3 ± 3.4 18 0.10 ± 0.02
30 20–80 15–50 <160 <150 <150 20–60 15.3 ± 3.4 18 0.18 ± 0.03
40 20–80 15–50 <160 <150 <150 20–60 15.3 ± 3.4 18 0.34 ± 0.05
50 20–80 15–50 <160 <150 <150 20–60 15.3 ± 3.4 18 0.40 ± 0.04
60 20–80 15–50 <160 <150 <150 20–60 15.3 ± 3.4 18 0.33 ± 0.04
70 20–80 15–50 <160 <150 <150 10–75 20.3 ± 4.4 21 0.17 ± 0.02
75 20–80 15–50 <160 <150 <150 20–100 18.9 ± 4.0 19 0.19 ± 0.03

µµ channel SR2
20 20–80 15–50 <100 <70 <70 20–60 25.9 ± 5.9 29 0.28 ± 0.03
30 20–80 15–50 <100 <70 <70 20–60 25.9 ± 5.9 29 0.51 ± 0.05
40 20–80 15–50 <100 <70 <70 20–60 25.9 ± 5.9 29 0.8 ± 0.1
50 20–80 15–50 <100 <70 <70 20–60 25.9 ± 5.9 29 1.1 ± 0.1
60 20–80 15–50 <100 <70 <70 20–60 25.9 ± 5.9 29 0.73 ± 0.07
70 20–80 15–50 <100 <70 <70 10–75 37.5 ± 7.1 41 0.20 ± 0.03
75 20–80 15–50 <100 <70 <70 20–80 29.7 ± 6.7 34 0.24 ± 0.03

eµ channel SR1
20 25–60 15–40 <185 <135 <135 20–60 34.0 ± 6.4 34 0.08 ± 0.02
30 25–60 15–40 <185 <135 <135 20–60 34.0 ± 6.4 34 0.12 ± 0.02
40 25–60 15–40 <185 <135 <135 20–60 34.0 ± 6.4 34 0.21 ± 0.02
50 25–60 15–40 <185 <135 <135 20–60 34.0 ± 6.4 34 0.20 ± 0.03
60 25–60 15–40 <185 <135 <135 20–60 34.0 ± 6.4 34 0.17 ± 0.02
70 25–60 15–40 <185 <135 <135 10–75 51 ± 10 49 0.09 ± 0.01
75 25–60 15–40 <185 <135 <135 20–100 46.5 ± 8.7 49 0.17 ± 0.03

eµ channel SR2
20 25–60 15–40 <100 <65 <65 20–60 51.7 ± 9.2 50 0.21 ± 0.02
30 25–60 15–40 <100 <65 <65 20–60 51.7 ± 9.2 50 0.27 ± 0.03
40 25–60 15–40 <100 <65 <65 20–60 51.7 ± 9.2 50 0.45 ± 0.04
50 25–60 15–40 <100 <65 <65 20–60 51.7 ± 9.2 50 0.40 ± 0.03
60 25–60 15–40 <100 <65 <65 20–60 51.7 ± 9.2 50 0.24 ± 0.03
70 25–60 15–40 <100 <65 <65 10–75 75.8 ± 12.4 65 0.09 ± 0.01
75 25–60 15–40 <100 <65 <65 20–80 62.8 ± 10.9 57 0.12 ± 0.03
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Table 6.19: Selection requirements on discriminating variables determined by the op-
timization for each Majorana neutrino mass point in the ee channel high-mass SRs.
Columns 7 and 8 show the total background yields (Total bkgd.) and the number
of observed data (Nobs), respectively. The last columns show the overall signal ac-
ceptance for the DY and VBF channels. The quoted uncertainties include both the
statistical and systematic contributions. The dash indicates that no selection require-
ment is made.

mN pℓ1T pℓ2T m(ℓ±ℓ±Wjet) m(ℓWjet) (pmiss
T )2/ST Total bkgd. Nobs DY Aϵ VBF Aϵ

(GeV) (GeV) (GeV) (GeV) (GeV) (GeV) (%) (%)
ee channel SR1

85 >25 >15 >110 45–95 <6 9.5 ± 2.8 9 0.11 ± 0.02 —
90 >25 >15 >110 50–100 <6 12.5 ± 3.5 10 0.23 ± 0.05 —
100 >25 >15 >120 50–110 <6 20.3 ± 5.0 15 1.1 ± 0.1 —
125 >30 >25 >120 90–140 <6 17.7 ± 4.5 17 2.6 ± 0.2 —
150 >40 >25 >180 130–160 <6 14.7 ± 3.8 9 3.1 ± 0.2 —
200 >55 >40 >220 160–225 <6 12.4 ± 2.7 10 4.9 ± 0.4 —
250 >70 >60 >310 220–270 <6 6.0 ± 1.7 4 5.9 ± 0.4 —
300 >80 >60 >370 235–335 <6 8.2 ± 2.1 6 7.6 ± 0.5 3.0 ± 0.3
400 >100 >65 >450 335–450 <6 2.5 ± 1.4 4 6.6 ± 0.5 3.0 ± 0.2
500 >125 >65 >560 400–555 <6 1.5 ± 0.8 5 5.5 ± 0.4 2.7 ± 0.2
600 >125 — >760 400–690 <6 0.9 ± 0.6 1 3.8 ± 0.3 1.7 ± 0.2
700 >125 — >760 400–955 <6 1.7 ± 0.7 1 4.0 ± 0.3 2.8 ± 0.2
800 >125 — >760 400–1130 <6 1.7 ± 0.7 1 3.6 ± 0.3 3.0 ± 0.3
900 >125 — >760 400–1300 <6 1.7 ± 0.7 1 3.2 ± 0.2 2.9 ± 0.2
1000 >125 — >760 400–1490 <6 1.7 ± 0.7 1 2.6 ± 0.2 2.4 ± 0.2
1100 >125 — >760 400–1490 <6 1.7 ± 0.7 1 2.2 ± 0.2 2.0 ± 0.2
1200 >125 — >760 400–1600 <6 1.7 ± 0.7 1 2.0 ± 0.2 1.8 ± 0.2
1300 >125 — >760 400–1930 <6 1.7 ± 0.7 1 1.8 ± 0.1 1.6 ± 0.2
1400 >125 — >760 400–1930 <6 1.7 ± 0.7 1 1.5 ± 0.1 1.3 ± 0.1
1500 >125 — >760 400–1930 <6 1.7 ± 0.7 1 1.3 ± 0.1 1.2 ± 0.2

ee channel SR2
85 >25 >15 — — <15 10.9 ± 2.9 10 0.001 ± 0.001 —
90 >25 >15 — 90–220 <15 3.4 ± 1.0 2 0.003 ± 0.002 —
100 >25 >15 — 100–220 <15 3.4 ± 1.0 2 0.005 ± 0.003 —
125 >60 >15 — 123–145 <15 0.2 ± 0.1 0 0.04 ± 0.01 —
150 >90 >15 — 125–185 <15 1.3 ± 0.5 0 0.19 ± 0.03 —
200 >100 >20 — 173–220 <15 0.8 ± 0.3 1 0.60 ± 0.07 —
250 >100 >25 — 220–305 <15 2.1 ± 1.2 3 2.2 ± 0.2 —
300 >100 >30 — 270–330 <15 1.3 ± 0.6 1 3.5 ± 0.4 0.6 ± 0.1
400 >100 >35 — 330–440 <15 3.1 ± 1.3 3 9.1 ± 0.9 2.9 ± 0.3
500 >120 >35 — 440–565 <15 2.8 ± 1.0 1 14.3 ± 1.4 6.1 ± 0.6
600 >120 — — 565–675 <15 0.8 ± 0.3 1 17.4 ± 1.8 11.0 ± 1.0
700 >140 — — 635–775 <15 0.8 ± 0.3 2 19.4 ± 2.0 13.1 ± 1.3
800 >140 — — 740–1005 <15 0.9 ± 0.4 0 20.8 ± 2.1 14.0 ± 1.3
900 >140 — — 865–1030 <15 0.2 ± 0.1 0 19.2 ± 2.0 13.2 ± 1.3
1000 >140 — — 890–1185 <15 0.3 ± 0.1 1 21.5 ± 2.2 15.3 ± 1.5
1100 >140 — — 1035–1395 <15 0.1 ± 0.1 1 20.3 ± 2.1 14.7 ± 1.4
1200 >140 — — 1085–1460 <15 0.1 ± 0.0 1 20.8 ± 2.2 15.3 ± 1.5
1300 >140 — — 1140–1590 <15 0.1 ± 0.0 1 20.5 ± 2.2 15.5 ± 1.6
1400 >140 — — 1245–1700 <15 0.1 ± 0.0 0 19.6 ± 2.1 15.1 ± 1.6
1500 >140 — — 1300–1800 <15 0.04 ± 0.02 0 19.5 ± 2.1 15.2 ± 1.6
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Table 6.20: Selection requirements on discriminating variables determined by the op-
timization for each Majorana neutrino mass point in the µµ channel high-mass SRs.
Columns 7 and 8 show the total background yields (Total bkgd.) and the number
of observed data (Nobs), respectively. The last columns show the overall signal ac-
ceptance for the DY and VBF channels. The quoted uncertainties include both the
statistical and systematic contributions. The dash indicates that no selection require-
ment is made.

mN pℓ1T pℓ2T m(ℓ±ℓ±Wjet) m(ℓWjet) (pmiss
T )2/ST Total bkgd. Nobs DY Aϵ VBF Aϵ

(GeV) (GeV) (GeV) (GeV) (GeV) (GeV) (%) (%)
µµ channel SR1

85 >25 >10 >90 40–100 <9 26.0 ± 6.3 30 0.50 ± 0.05 —
90 >25 >10 >90 45–105 <9 34.5 ± 7.5 35 1.2 ± 0.1 —
100 >25 >15 >110 55–115 <9 18.6 ± 4.2 20 2.6 ± 0.2 —
125 >25 >25 >140 85–140 <7 11.7 ± 2.7 12 5.1 ± 0.4 —
150 >35 >35 >150 110–170 <7 8.9 ± 1.9 11 6.6 ± 0.5 —
200 >50 >40 >250 160–215 <7 4.6 ± 1.2 4 8.1 ± 0.6 —
250 >85 >45 >310 215–270 <7 3.0 ± 0.9 2 11.0 ± 0.8 —
300 >100 >50 >370 225–340 <7 2.6 ± 1.0 2 13.2 ± 0.9 5.2 ± 0.4
400 >110 >60 >490 295–490 <7 0.9 ± 0.4 3 11.7 ± 0.8 5.1 ± 0.4
500 >110 >60 >610 370–550 <7 0.4 + 0.6

− 0.4 3 8.6 ± 0.6 4.1 ± 0.3
600 >110 — >680 370–630 <7 0.3 + 0.3

− 0.3 3 7.4 ± 0.5 4.1 ± 0.3
700 >110 — >800 370–885 <7 0.2 + 0.4

− 0.2 2 6.7 ± 0.4 3.9 ± 0.3
800 >110 — >800 370–890 <7 0.2 + 0.4

− 0.2 2 6.0 ± 0.4 5.4 ± 0.3
900 >110 — >800 370–1225 <7 0.3 + 0.4

− 0.3 2 5.4 ± 0.4 5.0 ± 0.3
1000 >110 — >800 370–1230 <7 0.3 + 0.4

− 0.3 2 4.6 ± 0.3 4.2 ± 0.3
1100 >110 — >800 370–1245 <7 0.3 + 0.4

− 0.3 2 4.1 ± 0.3 3.8 ± 0.3
1200 >110 — >800 370–1690 <7 0.3 + 0.4

− 0.3 2 3.6 ± 0.2 3.4 ± 0.3
1300 >110 — >800 370–1890 <7 0.3 + 0.4

− 0.3 2 3.2 ± 0.2 3.0 ± 0.2
1400 >110 — >800 370–1940 <7 0.3 + 0.4

− 0.3 2 2.7 ± 0.2 2.7 ± 0.2
1500 >110 — >800 370–2220 <7 0.3 + 0.4

− 0.3 2 2.5 ± 0.2 2.3 ± 0.2
µµ channel SR2

85 >25 >10 — — <15 11.4 ± 3.5 13 0.001 ± 0.001 —
90 >25 >10 — 90–170 <15 4.1 ± 1.3 4 0.003 ± 0.003 —
100 >25 >15 — 98–145 <15 1.0 ± 0.3 0 0.006 ± 0.003 —
125 >60 >15 — 110–150 <15 0.8 ± 0.3 0 0.08 ± 0.01 —
150 >70 >15 — 145–175 <15 1.0 ± 0.4 2 0.28 ± 0.04 —
200 >100 >20 — 175–235 <15 1.3 ± 0.8 0 1.4 ± 0.1 —
250 >140 >25 — 226–280 <15 0.3 ± 0.2 0 3.0 ± 0.3 —
300 >140 >40 — 280–340 <15 0.4 ± 0.3 0 5.4 ± 0.5 0.7 ± 0.1
400 >140 >65 — 340–445 <15 0.5 ± 0.3 2 13.3 ± 1.3 2.7 ± 0.3
500 >140 >65 — 445–560 <15 0.8 ± 0.5 0 22.4 ± 2.2 6.8 ± 0.7
600 >140 — — 560–685 <15 0.7 ± 0.4 0 30.2 ± 2.9 20.4 ± 1.8
700 >140 — — 635–825 <15 0.8 ± 0.4 2 34.6 ± 3.4 24.7 ± 2.2
800 >140 — — 755–960 <15 0.4 ± 0.3 0 34.8 ± 3.5 24.9 ± 2.3
900 >140 — — 840–1055 <15 0.2 + 0.2

− 0.2 1 35.8 ± 3.6 26.9 ± 2.5
1000 >140 — — 900–1205 <15 0.1 + 0.2

− 0.1 1 38.4 ± 3.9 28.9 ± 2.7
1100 >140 — — 990–1250 <15 0.1 + 0.2

− 0.1 1 36.7 ± 3.7 29.2 ± 2.7
1200 >140 — — 1035–1430 <15 0.2 + 0.3

− 0.2 1 38.5 ± 4.0 30.1 ± 2.8
1300 >140 — — 1100–1595 <15 0.3 ± 0.3 1 38.5 ± 4.0 30.7 ± 3.0
1400 >140 — — 1285–1700 <15 0.1 + 0.2

− 0.1 1 35.9 ± 3.8 29.4 ± 2.8
1500 >140 — — 1330–1800 <15 0.1 + 0.2

− 0.1 1 36.4 ± 3.9 30.0 ± 2.9
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Table 6.21: Selection requirements on discriminating variables determined by the op-
timization for each Majorana neutrino mass point in the eµ channel high-mass SRs.
Columns 7 and 8 show the total background yields (Total bkgd.) and the number
of observed data (Nobs), respectively. The last columns show the overall signal ac-
ceptance for the DY and VBF channels. The quoted uncertainties include both the
statistical and systematic contributions. The dash indicates that no selection require-
ment is made.

mN pℓ1T pℓ2T m(ℓ±ℓ±Wjet) m(ℓWjet) (pmiss
T )2/ST Total bkgd. Nobs DY Aϵ VBF Aϵ

(GeV) (GeV) (GeV) (GeV) (GeV) (GeV) (%) (%)
eµ channel SR1

85 >30 >10 >120 55–95 <7 26.1 ± 6.2 25 0.21 ± 0.03 —
90 >30 >10 >120 60–100 <7 37.4 ± 8.4 32 0.59 ± 0.07 —
100 >25 >20 >110 60–115 <7 23.6 ± 4.8 21 1.3 ± 0.1 —
125 >30 >30 >140 90–140 <7 25.5 ± 5.9 16 3.1 ± 0.2 —
150 >45 >35 >150 100–170 <7 34.1 ± 6.0 26 5.1 ± 0.3 —
200 >65 >35 >270 170–230 <7 11.1 ± 2.8 14 6.1 ± 0.4 —
250 >75 >60 >300 200–280 <7 11.1 ± 2.3 9 8.9 ± 0.5 —
300 >95 >60 >340 255–325 <7 5.8 ± 1.7 8 9.0 ± 0.6 3.4 ± 0.3
400 >120 >60 >530 325–450 <7 2.2 ± 1.0 7 7.4 ± 0.4 3.0 ± 0.3
500 >150 >60 >580 315–530 <7 1.8 ± 1.1 6 6.6 ± 0.5 3.0 ± 0.2
600 >175 — >670 315–740 <7 1.2 ± 0.9 4 5.9 ± 0.4 3.5 ± 0.3
700 >180 — >720 350–1030 <7 1.6 ± 1.1 3 5.2 ± 0.3 3.8 ± 0.2
800 >180 — >720 400–1030 <7 1.6 ± 1.1 3 4.5 ± 0.3 3.7 ± 0.2
900 >185 — >720 450–1040 <7 1.0 ± 0.7 2 3.8 ± 0.2 3.3 ± 0.2
1000 >185 — >720 500–1415 <7 1.0 ± 0.7 2 3.4 ± 0.2 3.0 ± 0.2
1100 >185 — >720 550–1640 <7 1.0 ± 0.7 1 2.8 ± 0.2 2.6 ± 0.2
1200 >185 — >720 600–1780 <7 1.0 ± 0.7 1 2.4 ± 0.2 2.3 ± 0.2
1300 >185 — >720 650–1880 <7 0.8 ± 0.7 1 2.1 ± 0.1 1.9 ± 0.2
1400 >185 — >720 650–1885 <7 0.8 ± 0.7 1 1.8 ± 0.1 1.7 ± 0.2
1500 >185 — >720 650–1885 <7 0.8 ± 0.7 1 1.5 ± 0.1 1.5 ± 0.1
1700 >185 — >720 650–2085 <7 0.8 ± 0.7 1 1.2 ± 0.1 1.3 ± 0.1

eµ channel SR2
85 >25 >10 — — <15 24.2 ± 6.4 31 0.001 ± 0.002 —
90 >25 >10 — 90–240 <15 13.4 ± 3.7 22 0.003 ± 0.002 —
100 >30 >15 — 100–335 <15 14.1 ± 4.1 21 0.009 ± 0.003 —
125 >35 >25 — 115–150 <15 0.6 ± 0.4 2 0.03 ± 0.01 —
150 >45 >30 — 132–180 <15 1.4 ± 0.5 2 0.14 ± 0.02 —
200 >70 >30 — 180–225 <15 1.5 ± 0.5 3 0.86 ± 0.09 —
250 >75 >55 — 225–280 <15 1.2 ± 0.4 2 1.7 ± 0.2 —
300 >95 >55 — 280–340 <15 1.2 ± 0.7 1 4.4 ± 0.4 0.8 ± 0.1
400 >125 >55 — 340–475 <15 2.0 ± 1.2 1 11.8 ± 1.1 2.7 ± 0.3
500 >145 >60 — 460–555 <15 0.7 ± 0.3 0 16.7 ± 1.6 5.2 ± 0.5
600 >160 — — 555–645 <15 1.4 ± 0.9 1 20.2 ± 1.9 13.2 ± 1.2
700 >170 — — 610–780 <15 2.0 ± 0.9 2 25.0 ± 2.4 17.6 ± 1.6
800 >170 — — 730–895 <15 0.8 ± 0.4 2 26.1 ± 2.5 18.3 ± 1.6
900 >180 — — 845–1015 <15 0.5 ± 0.2 0 25.6 ± 2.5 18.5 ± 1.7
1000 >180 — — 930–1075 <15 0.2 ± 0.2 0 23.5 ± 2.3 17.6 ± 1.6
1100 >180 — — 1020–1340 <15 0.3 ± 0.3 0 26.9 ± 2.7 19.6 ± 1.7
1200 >180 — — 1080–1340 <15 0.1 + 0.2

− 0.1 0 25.9 ± 2.6 19.9 ± 1.8
1300 >180 — — 1155–1595 <15 0.2 + 0.2

− 0.2 0 27.1 ± 2.7 20.7 ± 1.9
1400 >180 — — 1155–1615 <15 0.2 + 0.3

− 0.2 0 26.7 ± 2.7 20.8 ± 2.0
1500 >180 — — 1345–1615 <15 0.0 + 0.1

− 0.0 0 21.6 ± 2.2 18.0 ± 1.7
1700 >180 — — 1400–1800 <15 0.7 ± 0.6 0 19.8 ± 2.1 17.0 ± 1.7
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CLs criterion [119, 120]. The calculation is based a one-binned likelihood distribution,

where the uncertainties are treated as nuisance parameter which follow the log-normal

distributions. The results from SR1 and SR2 are combined, and the systematic un-

certainties in SR1 and SR2 to be fully correlated. The limits on the absolute values

of the matrix elements |VeN|2, |VµN|2, and |VeNV
∗
µN|2/(|VeN|2 + |VµN|2) are shown in

Fig. 6.31 and Fig. 6.32. For an N mass of 40 GeV the observed (expected) limits are

|VeN|2 < 9.5 (8.0)×10−5, |VµN|2 < 2.3 (1.9)×10−5, and |VeNV
∗
µN|2/(|VeN|2 + |VµN|2) <

2.7 (2.7) × 10−5, and for an N mass of 1000 GeV the limits are |VeN|2 < 0.42 (0.32),

|VµN|2 < 0.27 (0.16), and |VeNV
∗
µN|2/(|VeN|2 + |VµN|2) < 0.14 (0.14).

The typical structure of the limit curve around mN = 80 GeV is due to the tran-

sition between the on-shell and off-shell production of W boson, which results in a

very soft lepton originates from the the N decay.

The inclusion of SR2 and the usage of VBF signal production, together with the

increased signal cross-section in a larger
√
s improved the result in both lower and

higher N masses compared to the previous CMS 8 TeV analyses [20, 21]; as shown in

Fig. 6.31 and Fig. 6.32, the search range of N masses is from 20 to 1600 GeV. The

region from ≈60–80 GeV does not show improvement, which was directly affected by

the increased pileup and higher trigger thresholds. This phase space is more sensitive

to the trilepton analysis [22], where three leptons are used instead of using jet objects.

The LEP analyses also searched for the s- and t-channel production of N from the

e+e− collider which had much lower background than the current LHC environment.

Both DELPHI and L3 had strong sensitivity for neutrino masses below the W boson

mass. The t-channel production was only possible for electron channel and not for

muon channel, which made the L3 results possible to have strong limits up to 205 GeV.

The trilepton analysis [22] has better sensitivity for the low-mass signals, as a

consequence of the less background from misidentified leptons and higher signal ac-

ceptance. The efficiencies for high-mass signals are rather comparable, but with the
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Figure 6.31: Exclusion region at 95% CL in the |VeN|2 (upper) and |VµN|2 (lower)
vs. mN plane. The dashed black curve is the expected upper limit, with one and
two standard-deviation bands shown in green and yellow, respectively. The solid
black curve is the observed upper limit. The dashed cyan line shows constraints
from EWPD [121]. Also shown are the upper limits from other direct searches: DEL-
PHI [16], L3 [17, 18], ATLAS [122], and the upper limits from the CMS

√
s = 8 TeV

2012 data [21] and the trilepton analysis [22] based on the same 2016 data set as used
in this analysis.
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observed upper limit. Also shown are the upper limits from the CMS

√
s = 8 TeV

2012 data [21].
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usage of AK8 jets followed by a better efficiency and acceptance, this analysis is

strong for N masses above 100 GeV than the trilepton analysis.

6.10 Summary

A search for heavy Majorana neutrinos (N) using the events with same-sign dileptons

and jets has been performed. The proton-proton collision data collected at the CMS

at a center-of-mass energy of 13 TeV is used, which corresponds to an integrated

luminosity of 35.9 fb−1. We did not observe significant deviation from the standard

model prediction. The upper limits at 95% confidence level on the mixing matrix

elements between standard model neutrinos and N under the Type-I seesaw model

are set, as a function of the mass of N. The results are improved in both low- and high-

mass N compared to the previous 8 TeV CMS analysis, as a result of the inclusion

of single-jet events and the VBF production channel, together with the increased

center-of-mass energy. For an N mass of 40 GeV the observed (expected) limits are

|VeN|2 < 9.5 (8.0)×10−5, |VµN|2 < 2.3 (1.9)×10−5, and |VeNV
∗
µN|2/(|VeN|2 + |VµN|2) <

2.7 (2.7) × 10−5, and for an N mass of 1000 GeV the limits are |VeN|2 < 0.42 (0.32),

|VµN|2 < 0.27 (0.16), and |VeNV
∗
µN|2/(|VeN|2 + |VµN|2) < 0.14 (0.14). N from 20 to

1600 GeV are searched in this analysis, and the limits on the mixing matrix elements

are placed up to 1240 GeV for |VeN|2, 1430 GeV for the |VµN|2, and 1600 GeV for

|VeNV
∗
µN|2/(|VeN|2 + |VµN|2). These are the most restrictive direct limits on the N

mixing parameters for heavy Majorana neutrino masses greater than 430 GeV, and

are the first for masses greater than 1200 GeV.
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Chapter 7

Search for a charged right-handed
boson and heavy neutrino

7.1 Introduction

As described in Section 3.4, the left-right symmetric extension of the standard model

(LRSM) gives a clue to the parity violation of the weak interaction [123–126]. In

this model, two additional heavy gauge bosons, WR and Z′ are predicted, together

with heavy right-handed neutrinos (Ns). The seesaw mechanism can be naturally

introduced in the LRSM, thus the model is also relevant to explain the origin of the

neutrino mass [127–129].

Searches for WR bosons and heavy neutrinos have been performed by the AT-

LAS [130–132] and CMS [24, 133] Collaborations, using the proton-proton collision

data collected at the LHC, at the center-of-mass energy of
√
s = 8 and 13 TeV. The

phase space of the masses of WR (mWR) and N (mN) have been excluded up to several

TeV.

When mN gets smaller enough than mWR so that N suffers Lorentz-boosted, the
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the geometrical separation between the decay products of N are small enough to

be considered as a one reconstructed object. The previous CMS search [24] for WR

used the events with two same-flavor leptons and two jets (“resolved” topology), and

the four objects are not well-reconstructed for the case of small mN/mWR . In this

analysis, we extended the previous CMS search [24] for WR bosons using the events

with two same-flavor leptons and two jets in two aspects; a) full Run2 data collected

in 2016–2018 with the CMS detector at the LHC which corresponds to an integrated

luminosity of 137 fb−1 is analysed, b) analysis is optimized to be also sensitive for

the case of small mN/mWR (“boosted” topology). The inclusion of boosted events

significantly improved the search sensitivity in the region where mN < 0.5 TeV. The

resolved and boosted analysis are set to be statistically orthogonal, thus the results

from both regimes are combined.

At the LHC, WR is dominantly produced through s-channel (Fig. 7.1). The sub-

sequent decay of WR yields a lepton and N, followed by the decay of N to additional

lepton and two jets. For a very small mN, typically mN ≲ 400 GeV, the contribution

from off-shell WR becomes important [134]. We considered the full spectrum of mWR ,

including both on- and off-shell production in the signal sample generation. We as-

sumed WR interacts with one flavor of N, which in turn yields same-flavor dilepton

in the final state. In this analysis, ee and µµ channels are studied. For the boosted

topology, the lepton originates from N decay lies inside a jet, which is challenging to

being distinguished from the leptons originate from hadron. We utilize the “lepton

subjet fraction” (LSD) variable to identify the prompt lepton inside a jet [135]. For

the resolved analysis, we investigated the invariant mass of the four final-state ob-

jects, two leptons and two jets, to find any deviation from the standard model (SM)

prediction. For the boosted analysis, the invariant mass of a lepton and a wide-cone

jet (AK8 jet) is used.
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Figure 7.1: Feynman diagram for the production of the heavy neutrino via the decay
of a WR boson.

7.2 Data set and simulated samples
7.2.1 Data set

The proton-proton collision data at a center-of-mass energy of 13 TeV collected at

the CMS during 2016–2018, corresponding to an integrated luminosity of 137 fb−1,

is analyzed. Since the final-state leptons are expected to be energetic for TeV-scale

mWR , events that are selected by high-momentum single lepton HLT paths are used.

For the ee channel, a combination of isolated and nonisolated single-electron, and

single-photon triggers are used, with corresponding pT thresholds of 27, 115, and

175 GeV in 2016, and 32, 115, and 200 GeV in 2018. During the data taking in 2017,

the nonisolated single-electron was prescaled, thus only the isolated single-electron

and nonisolated single-photon triggers, with pT thresholds of 35 and 200 GeV are

used to select events. For the µµ channel, a nonisolated single-muon trigger with a

pT threshold of 50 GeV is used. For 2018, a tracker-based single muon trigger with a

pT threshold of 100 GeV is used to restore the inefficiency in high pT muons.
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L1 pre-firing trigger inefficiency

The L1 detector performance group discovered that ECAL trigger primitives (TPs),

located in the innermost rings of the endcap region (2.5 < |η| < 3.0), exhibit a timing

drift during 2016 and 2017 data-taking, leading to an increase of the L1 pre-firing

rate for any calorimeter based trigger.

Pre-firing of L1 triggers represents a problem because of the unfortunate CMS

trigger rules, which were developed to prevent buffer overflows. Trigger rules are

enforced by the timing and control distribution system (TCDS) right after the final

decision of the Global Trigger (GT). They prevent the acceptance of more than one

L1 trigger (L1A) in three consecutive bunch crossing (BX), more than two L1A in 25

consecutive BXs, etc. A given L1 trigger pre-fires when the decision of a mis-timed

TP, with energy above a minimum threshold required in the L1 menu, is wrongly

assigned to the earlier interaction (BX-1) compared to the current one (BX0). Due

to the trigger rules, the interesting event in BX0 is discarded by the TCDS, while the

previous one in BX-1 will be readout. In addition, the readout event in BX-1 will likely

be rejected by the HLT. In fact, the event in BX-1 corresponds to a set minimum-bias

interactions, which are typically rejected by the HLT decision. Therefore, the main

consequence of the pre-firing is an inefficiency in recording potentially interesting

event by the L1 trigger system.

The pre-firing rate cannot be measured with standard techniques because, even

if a pre-fired event passes the HLT decision, it is not possible to know whether it

has been selected because of a pre-firing or because it is a genuine interesting event.

To estimate the pre-firing rate, the standard technique is to use the trigger rules to

collect a set of un-prefirable events, which are used as a denominator in the pre-firing

measurement. An event in BX0 is called “un-prefirable” when the event in BX-3 was

already accepted by the L1 trigger. In fact, because of the trigger rules, BX-2 and
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BX-1 are vetoed by the TCDS system and cannot prevent the acquisition of BX0.

Therefore, even if a mis-timed TP in BX0 pre-fires, BX-1 will not be readout. In

addition, for every interesting event accepted by the L1 trigger, all L1-objects and

GT decision bits are stored in a window of ±2 BXs. Therefore, from a set of selected

un-prefirable events, the pre-firing probability can be computed for a specific analysis

selection. This set of events can be used to estimate the probability of a wrong BX

assignment by performing a standard tag-and-probe method making sure that the

tag candidate is not responsible for the pre-firing.

The pre-firing probabilities are measured as a function of the pT and η of a given

object. In this analysis, a set of pre-firing probability maps are used for jet objects.

These probability maps are measured using events from the SingleMuon dataset. The

event selection requires exactly one muon matched to HLT IsoMu24/27. An electron

veto is also required. The probed jet is requested to pass the tight identification

requirements and is required to be the only jet with pT > 40 GeV found in the

1.75 < |η| < 3.5 region. This ensures that the probe is the object responsible for the

possible pre-firing. The jet pre-firing probability maps for 2016 and 2017 are shown in

Fig. ??, and are used to correct the MC, for 2016–2017, to account for the probability

of an event not to pre-fire.

Figure 7.2: Jet pre-firing probability maps for 2016 (left) and 2017 (right).
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The impact of pre-firing is calculated for mWR = 5 TeV (Table 7.1).
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Table 7.1: The fraction (%) of prefirable events of signals in ee (µµ) channel.

(mWR ,mN) GeV 2016 2017
Resolved Boosted Resolved Boosted

(5000,100) 3.50 (1.31) 2.17 (0.66) 6.61 (2.19) 3.99 (1.13)
(5000,200) 2.76 (1.17) 1.40 (0.63) 4.94 (1.94) 2.58 (1.08)
(5000,400) 2.43 (1.16) 0.92 (0.70) 4.24 (1.86) 1.64 (1.08)
(5000,600) 2.20 (1.11) 0.89 (0.73) 3.82 (1.81) 1.67 (1.04)
(5000,800) 1.87 (1.05) 0.89 (0.81) 3.32 (1.66) 1.44 (1.54)
(5000,1000) 1.87 (1.03) 1.14 (0.75) 3.31 (1.74) 1.67 (1.71)
(5000,1200) 1.89 (1.14) 1.19 (0.89) 3.23 (1.77) 2.43 (1.74)
(5000,1400) 1.73 (1.03) 1.40 (1.05) 3.19 (1.90) 2.35 (2.12)
(5000,1600) 1.80 (1.09) 1.47 (1.16) 3.41 (1.72) 2.37 (1.97)
(5000,1800) 1.88 (1.12) 1.62 (1.07) 3.28 (1.80) 2.85 (2.10)
(5000,2000) 1.83 (1.11) 1.78 (1.08) 3.22 (1.69) 2.35 (2.24)
(5000,2200) 1.85 (1.14) 1.79 (1.47) 3.30 (1.79) 2.86 (1.94)
(5000,2400) 1.87 (1.12) 1.99 (1.58) 3.29 (1.80) 2.40 (2.07)
(5000,2600) 1.86 (1.15) 1.78 (1.11) 3.16 (1.84) 2.95 (2.10)
(5000,2800) 1.92 (1.24) 2.12 (1.42) 3.44 (1.88) 3.35 (1.51)
(5000,3000) 1.90 (1.18) 1.65 (1.39) 3.39 (1.92) 3.22 (2.19)
(5000,3200) 1.92 (1.23) 1.96 (1.37) 3.50 (2.07) 2.33 (1.96)
(5000,3400) 1.96 (1.26) 1.77 (1.10) 3.54 (2.06) 2.94 (2.00)
(5000,3600) 1.95 (1.28) 1.71 (1.12) 3.52 (2.15) 2.77 (2.10)
(5000,3800) 1.99 (1.33) 2.55 (1.39) 3.53 (2.19) 3.13 (2.50)
(5000,4000) 1.96 (1.39) 1.84 (1.24) 3.54 (2.22) 3.30 (2.30)
(5000,4200) 2.08 (1.41) 1.66 (1.20) 3.66 (2.32) 3.20 (2.45)
(5000,4400) 2.11 (1.45) 1.91 (1.31) 3.58 (2.45) 3.14 (2.04)
(5000,4600) 2.06 (1.48) 1.96 (1.45) 3.36 (2.38) 2.77 (2.39)
(5000,4800) 2.04 (1.57) 1.76 (1.48) 3.64 (2.44) 2.55 (2.62)
(5000,4900) 1.97 (1.48) 1.69 (1.70) 3.59 (2.47) 2.59 (2.07)
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7.2.2 Simulated samples

The background processes that can enter the signal region are tt, Z boson in associa-

tion with jets, single top quark production, and W boson in association with jets. The

last process contains a misidentified lepton originates from the initial-state radiation

jets. The Z and W boson, samples are generated with the MadGraph5 amc@nlo

generator [85] at leading-order (LO) accuracy in perturbative quantum chromody-

namics (QCD). The possible double counting of partons between the hard scattering

and showering is removed by the the MLM [90] matching scheme. The powheg

2.0 [81] generator is used to simulate tt, and tW- and t-channel production of sin-

gle top quark production at NLO accuracy. The s-channel single top production is

generated with MadGraph5 amc@nlo generator at LO (NLO) accuracy for 2018

(2016 and 2017) samples. The inclusive decay of tt production in association with

a gauge boson is simulated by MadGraph5 amc@nlo at LO accuracy, except that

the exclusive decays of tt production in association with Wboson process is simu-

lated at NLO, which is only used in the 2016 sample. The pythia generator [87] is

used to simulate diboson processes; WW, WZ and ZZ. Triple vector boson (WWW,

WWZ, WZZ, and ZZZ) events is generated at NLO using MadGraph5 amc@nlo.

The underlying events are described by the pythia parameter sets; CUETP8M1 [88]

(2016) and CP5 [136] tune (2017 and 2018). The NNPDF3.0 [86] parton distribution

functions (PDFs) sets are used to produced the background samples used in 2016. For

the 2017 and 2018 background simulations, the NNPDF3.1 next-to-next-to-leading

order (NNLO) PDF sets [137] are used.

The WR signals are generated by the MadGraph5 amc@nlo 2.6.0 [85] generator

at LO accuracy, The model card is based on Refs. [134, 138]. The coupling constant

of the SU(2)R, gR, is assumed to be same as the value in the SM. To enhance the

processing time, the CKM matrix is assumed to be identity. The samples are produced
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for various (mWR ,mN) hypotheses; ranged in 200–7000 GeV of mWR with N masses

between 100 GeV and mWR . ee and µµ final states are generated, with an assumption

that WR only interacts to one flavor of N. A NLO-to-LO K factor is obtained to

calculate the cross section of the signal samples at NLO precision. The NNPDF3.1

NNLO PDFs are used to simulate the signal samples in all three years.

The response of the detector materials is simulated by Geant4 [89]. The addi-

tional proton-proton collision from the same or adjacent bunch crossing (pileup) are

described by mixing the minimum bias samples, as already described in Section 6.2.2.

7.3 Object identification
7.3.1 Lepton identification

In the resolved analysis, both leptons are geometrically well-separated from other

lepton and jets. A isolated lepton identifications (“tight” ID) are used to reconstruct

both leptons in the resolve events. In the boosted analysis, the lepton originate from

the N decay lies inside the jet, and the typical isolation criteria is inefficient. A looser

ID criteria (“loose” ID) than the tight ID is used to identify the lepton inside the

jet, and the same tight ID used in the resolved analysis is used to identify the lepton

produced together with N. To reject the misidentified lepton originate from the hadron

decay, a new type of isolation variable in introduced, and described in Section 7.3.2.

Leptons from the signal events are expected to have high momentum, thus a

dedicated large-pT electron [99] and muon ID [139] are used in this analysis. Both

leptons are required to have pT > 53 GeV, and has pseudorapidity, |η| < 2.4.

For large-pT electrons which has pT starts from 35 GeV and up to 1 TeV, “High

Energy Electron Pairs (HEEP)” ID criteria is used [99] as the tight electron ID.

Instead of the particle-flow-based isolation, detector-based isolations (tracker-based

and calorimeter-based) criteria is used for the HEEP electrons. In the barrel region,

the shower-shape variable, σiηiη is replaced to E1×5/E5×5 or E2×5/E5×5, which was
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found to be more efficient for the energetic electrons. The full list of the variables and

criteria used in the HEEP identification is shown in Table 7.2.

Table 7.2: Requirements of HEEP electron ID.

Variable Barrel (|ηSC| < 1.4442) Endcap (1.566|ηSC| < 2.4)
pT > 35 GeV > 35 GeV

ECAL-driven true true
|∆ηin| < 0.004 < 0.006
|∆ϕin| < 0.06 < 0.06
H/E < 1 GeV/E + 0.05 5 GeV/E + 0.05
σiηiη — < 0.03

E2×5/E5×5 > 0.94 or E1×5/E5×5¿0.83 —
Sum of ECAL- and

< 2 + 0.03pT/GeV + 0.28ρ < 2.5 + 0.28ρ if pT < 50 GeV
HCAL-based isolation < 2.5 + 0.03(pT/GeV − 50) + 0.28ρ if pT ≥ 50 GeV

For the loose electrons, a predefined cut-based electron ID with an average ef-

ficiency of 90% is used as the baseline selection, and removed the relative isolation

and the H/E requirements. The list of the variables used in the loose ID is shown in

Table 7.3.

Table 7.3: Requirements of loose electron ID.

Variable Barrel (|ηSC| < 1.4442) Endcap (1.566|ηSC| < 2.4)
σiηiη < 0.0112 0.0425

|∆ηin| < 0.00377 < 0.00674
|∆ϕin| < 0.0884 < 0.169

|1/E − 1/p| < 0.193 < 0.111
missing inner tracker hits ≤ 1 ≤ 1

conversion veto true true

Muons with pT > 200 GeV can have total momentum greater than the critical

energy for iron, i.e., the energy at which the radiative energy loss becomes comparable

to the ionization energy loss. Multiple track-finding algorithms have been developed

to deal with the high-pT muons [139]; a) The tracker muon algorithm (Section 5.6)

which extrapolates the track to the muon chambers, and perform a matching to

muon segments (tracker-only track), b) The “Picky” algorithm identifies the muon

stations which contains muon showers based on the hit multiplicity, c) The tracker-
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plus-first-muon-station (TPFMS) algorithm uses the hits from the tracker and the

innermost muon station, which is least affected by the shower, d) The DYT algorithm

extrapolates the track outwards, but ignore the muon hits that are not compatible

with the extrapolating track. The “TuneP” algorithm makes use of all four track

reconstruction algorithms, and choose the “best” track to determine the momentum;

The algorithm starts from using the Picky track, and compare its σpT/pT to that

of DYT track. The track with smaller σpT/pT is chosen, and then compared to the

tracker-only track and TPFMS track. The track with the smaller normalized χ2 among

the three tracks are chosen as the final track, and assigns the momentum of the muon.

If pT of the final track is below 200 GeV, the tracker-only track is used.

A dedicated high-pT muon ID has been also developed in Run 1, and improved

during Run 2. The Run 1 high-pT muon ID required the muon to a global muon, and

have at least two matched muon segments. In the barrel region, where gaps between

muons chambers exist at |η| = 0.3, some muons are not expected to have more than

one matched muon station. During Run 2, if a muon is expected to have less than

two matched station, the updated high-pT muon ID allows the muon to have only

one matched muon station. This increase the muon ID efficiency by 1–2% at high pT,

and also improves the agreement between data and simulation. Instead of requiring

at least one valid muon hits only from the global muon fit, muons with at least one

valid muons hits from the TuneP track is also accepted. The remaining conditions on

the Run 2 high-pT muon ID are: at least one pixel hit, and at least 6 tracker layers are

used in tracker track, |dxy| < 0.2 cm and |dz| < 0.5 cm, and the relative uncertainty

of pT is smaller than 30%.

In this analysis, both loose and tight muons are based on the high-pT muon ID

which is described above. For the tight muons, the tracker-based relative isolation is

required to be smaller than 0.1.
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7.3.2 Jet identification

In this resolved analysis, AK4 jets are used to identify the two quark jets originate

from N decay. In the boosted analysis, an AK8 jet is used to reconstruct the whole

decay products of N, i.e., a lepton embedded in a jet.

During the data taking in 2017 and 2018, the average number of pileup has been

increased from ≈ 23 to ≈ 32 (Fig. 6.4). The pileup mitigation of jets was done by

the charged-hadron subtraction (CHS) [103], as described in Section 6.3.2. With the

full Run 2 data analysis, more pileup-stable algorithm was used for the AK8 jet

reconstruction.

The pileup per particle identification (PUPPI) algorithm evaluates the probability

of each particle coming from pileup vertices [140]. A “weight” ranged between 0 and

1 is assigned to each particle; smaller (larger) weight indicates the particle originates

from pileup (primary vertex, PV). For charged particles that are associated to the PV

(pileup vertex), a weight of 1 (0) is assigned. Charged particles that are not associated

to any vertex, but the impact parameter with respect to the PV smaller than 0.3 cm

get a weight of 1. All other cases of charged particles get a weight of 0.

To evaluate the weight of the neutral particles, a variable α is calculated:

αi = log
∑

j ̸=i,∆Rij<0.4

(
pT, j
∆Rij

)2


for |ηi| < 2.5, j: charged particles from PV,

for |ηi| > 2.5, j: all particles,
(7.1)

A value of 0 is assigned to α if there is no particles within the radius R0 = 0.4 around

the particle i. The distribution of α is obtained for charged particles originates from

pileup vertices in |η| < 2.5, and the median αPU and root-mean-square αRMS
PU are

calculated. The signed χ2 is then obtained:

signed χ2
i = (αi − αPU)|αi − αPU|

(αRMS
PU )2 . (7.2)
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The cumulative distribution of χ2
i is taken as the pT weight of each particle. Particles

with weights smaller than 0.01 are not used in the jet-clustering. For the particles

with |η| > 2.5, where tracker information is not available, a tunable transfer factors

are used to estimate the median and the RMS of α, and the threshold of the weight,

w < (A+BNvertices) GeV (Table 7.4).

Table 7.4: The tunable parameters of PUPPI optimized for application in 2016 data
analysis [140].

|η| of particle A [ GeV ] B [ GeV ] TF αPU TF αRMS
PU

[0, 2.5] 0.2 0.015 1 1
[2.5, 3] 2.0 0.13 0.9 1.2
[3, 5] 2.0 0.13 0.75 0.95

For the AK4 jets, which has smaller jet radius, previous CHS algorithm is used.

For the jet identification, “tight ID with lepton-veto cut” is used for the AK4 jets,

and “tight ID” is used for the AK8 jets, which are the pre-defined working points

in Ref. ??. The details of “tight ID with lepton-veto cut” is as follows: These recon-

structed jets must pass the following requirements:

• the neutral hadron and EM fractions must be less than 90%,

• there were at least two constituents in the jet,

• the muon energy fraction must be less than 80%,

• there is at least one charged hadron in the jet and the charged hadronic fraction

must be greater than zero,

• the charged EM fraction must be less than 90% (2016) or 80% (2017,2018)

The detail of “tight ID” is as follows:

• the neutral hadron and EM fractions must be less than 90%,
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• there were at least two constituents in the jet,

• there is at least one charged hadron in the jet and the charged hadronic fraction

must be greater than zero,

• the charged EM fraction must be less than 99% for 2016 only.

For the AK8 jets, the pruned mass described in Section 6.3.2 is used to remove

the jets originate from low-mass resonances; pruned mass > 40 GeV. Furthermore, to

identify the lepton inside the jets, a variable which replaces the lepton isolation is

introduced. The detail is described in the following section.

Lepton subjet fraction

The typical isolation variable used to identify prompt leptons are not applicable for

the lepton originates from N decay, when N is boosted. The relative isolation criteria

does reject large amount of QCD background, but the signal events with boosted

signatures are also rejected (Fig. 7.3, left plot).

The distance parameter of the kT algorithm is defined as

dij = min(k2
T,i, k

2
T,j)(∆R)2/R2. (7.3)

The soft and collinear particles are clustered in the earlier stage, and particles from

hard process remains until the last steps, which is effectively a rewind of the parton

shower. The lepton subjet fraction (LSF) [135], which is an alternative of the lepton

isolation, is calculated after reclustering each AK8 jet with exclusive the kT algorithm

with 3 subjets for the N decay. As described above, the lepton which is from the hard

scattering left until the last stage of the clustering, and clustered away from the other

two quark jets. For one of the subjet that are associated to the lepton, the LSF is

defined as the ratio of pT between the lepton and the subjet. For the background jets,

the lepton is clustered together with the mother hadron, and LSF value is close small,
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while in the signal jets, LSF is close to 1. The LSF variable is proposed to be able to

better discriminate signal from background in this highly boosted regime (Fig. 7.3,

right plot)..

Figure 7.3: The distribution of typical lepton isolations for QCD background (red
solid line) and SUSY model (dashed lines) are shown in the left plot [135]. With the
relative isolation smaller than 0.2 (shade area), not only the QCD background but
also the BSM signal events are rejected by large amount. In the right plot, the LSF
distribution shown for the same QCD background and SUSY signals. The cut on the
minimum LSF still rejects large amount of background jets, but keep more signals
than the typical lepton isolation.

The LSF distribution in our boosted signal region (defined in Section 7.4) is

shown in Fig. 7.4. The result clearly shows that large fraction of misidentified leptons

(“nonprompt”) are removed once we require LSF > 0.75 to the jets, while keeping

most of the signal jets (dashed lines).

Table 7.5: Jet selection requirements.

Cut AK8 AK4
|η| < 2.4 < 2.4
pT > 200 GeV > 40 GeV

Baseline ID Tight Tight with lepton-veto cut
Soft drop Mass > 40 GeV —

LSF > 0.75 —
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Figure 7.4: The LSF3 distributions of the leading AK8 jet. Data and simulated back-
ground from three data periods are compared. Also plotted are the distributions for
the simulated WR signals of masses 5 TeV. The number of signal and background
events correspond to an integrated luminosity of 137 fb−1 and the NLO signal cross
sections are scaled by a factor of 30. The events are required to pass the full electron
channel (left) and muon channel (right) boosted event selection except for the LSF3
requirement.

7.4 Event selection
7.4.1 Definition of a resolved event

The event selection aims to be sensitive to both resolved and boosted signal events,

while keeping the orthogonality. An event is labelled as “resolved” event if following

conditions are satisfied:

• the number of tight leptons (ℓTight) is exactly two,

– leading lepton pT > 60 GeV,

– subleading lepton pT > 53 GeV,

• contains at least two AK4 jets that pass the jet selection,

• ∆R between any pair of the two tight leptons and the two leading AK4 jets are

greater than 0.4.
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7.4.2 Dilepton mass cut optimization for the resolved signal region

The requirements for the resolved signal region are similar to what was used in the

precious CMS analyiss [24], but the minimum dilepton mass cut is optimized to max-

imize the signal sensitivity. The optimal value of the mℓℓ selection in our resolved

analysis is chosen using the expected limit as a figure of merit. A comparison be-

tween the expected limits with mℓℓ > 200 GeV and mℓℓ > 400 GeV selections in the

muon channel can be seen in Fig. 7.5. The mℓℓ > 400 GeV has at least a 10 − 20%

improvement for all signals with mWR
> 1 TeV.

A comparison is then done between the mℓℓ > 400 GeV selection and mℓℓ >

450 500 550 GeV selections. The ratio of the expected limits for these selections can

be seen in Fig. 7.6. The mll > 400 GeV gives the best expected limits, but only by

∼ 1% for mWR
< 3.2 TeV. The degradation of expected limits at low mWR

becomes

much more pronounced with the mll > 550 GeV selection.

7.4.3 Event selections

If the resolved criteria are not satisfied, the event is a possible “boosted” event and the

boosted event selection is applied. The selection criteria for the ee and µµ channels

are identical except for the triggers.

1. Resolved regions and selections:

• Event is classed as ”resolved” as described above.

• Resolved DY sideband:

– 60 < m(ℓTightℓTight) < 150 GeV.

• Resolved signal region and flavor-sideband:

– m(ℓTightℓTight) > 400 GeV,

– m(ℓTightℓTightjj) > 800 GeV.
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Figure 7.5: Ratio of the expected limits in the Muon channel of the resolved analysis
with the mℓℓ > 400 GeV and mℓℓ > 200 GeV. The expected limits are calculated for
signals with mWR = mN/2. The expected limits are stronger for the mℓℓ > 400 GeV
selection for all signals with mWR > 1 TeV.
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Figure 7.6: Ratio of the expected limits in the µµ channel of the resolved analysis
with the mℓℓ > 400 GeV and mℓℓ > 450 500 550 GeV (top left, top right, bottom). The
expected limits are calculated for signals with mWR = mN/2. The expected limits are
stronger for the mℓℓ > 400 GeV selection for all signals with mWR > 1 TeV.
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• Resolved low-mass control region:

– m(ℓTightℓTight) > 200 GeV,

– m(ℓTightℓTightjj) < 800 GeV.

2. Boosted regions and selections:

• Event is not ”resolved”.

• The leading (ℓTight) has pT > 60 GeV.

• Boosted DY sideband:

– at least one loose lepton, ℓLoose, satisfies 60 < m(ℓTightℓLoose) < 150 GeV,

– at least one AK8 jet (J) without LSF requirement satisfies ∆ϕ(ℓTight, J) >

2.0,

• If none of the loose lepton satisfies 60 < m(ℓTightℓLoose) < 150 GeV:

– at least one AK8 jets with LSF requirement satisfies ∆ϕ(ℓTight, J) >

2.0; leading jet is selected,

– at least one loose lepton satisfies ∆R(ℓLoose, J) < 0.8; leading lepton

is selected,

– only one flavor of ℓLoose can exist; e.g., if a loose muon satisfies the

requirement above, no loose electron satisfies the same requirement,

– no extra lepton pass tight ID except ℓTight and ℓLoose.

– Boosted signal region and flavor-sideband:

∗ m(ℓTightℓLoose) > 200 GeV,

∗ m(ℓTightJ) > 800 GeV.

– Boosted low-mass control region:

∗ m(ℓTightℓLoose) > 200 GeV,

∗ m(ℓTightJ) < 800 GeV.
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7.5 Background estimation

The dominant background process that can enter the signal regions are high-mass tail

of DY in association with jets, tt, single top production, and W in association with

jets. We used simulations to estimate the contribution of background to the signal

regions, and control their properties in the control regions.

7.5.1 DY+jets background

The high-mass tail of DY process with energetic ISR jets can enter the signal regions.

To make use of the large statistics, DY events are simulated with the MadGraph

generator at LO accuracy, and binned in the scalar pT sum of quarks and gluons

from the hard scattering. A downside of using LO samples is the worse description

of Z boson pT. This is corrected by applying a Z-pT reweighting as a function of

both mass and pT of the true Z boson. The Z-pT reweighting is obtained by taking

the ratio between the NLO and LO DY simulations, without applying any event

selection. Fig. 7.7 shows the reweighting values. The reweighting is applied to all DY

estimation, using the mass and pT of the true Z boson as input parameters. The

impact of correction can be observed by comparing the pT of dileptons, before and

after applying the correction. The dilepton pT distributions before and after applying

the pT corrections in resolved (Fig. 7.8 in ee, and Fig. 7.9 in µµ) and boosted (Fig. 7.10

in ee, and Fig. 7.11 in µµ) DY CR.

After applying the Z-pT reweighting, the DY simulation is normalized at each

regions. The obtained normalization scale factors are summarized in Table 7.6.

The jet pT distributions in the DY CRs are shown in Fig. 7.12–7.13, after apply-

ing the Z-pT correction. As can be seen, the simulation predicts harder jets than is

observed in the data. This is due to the absence of a loop correction in the LO DY

sample. The discrepancy is also apparent in m(ℓℓjj) and m(ℓJ) distributions shown

in Fig 7.14–7.15. To correct this discrepancy, we derive a bin-by-bin ratio in the
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Figure 7.7: The Z-pT correction functions, for 2016 (upper), 2017 (middle) and 2018
(lower).
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Figure 7.8: The pT of dilepton in the low mℓℓ resolved control regions, before (left)
and after (right) applying the Z-pT correction. Results for dielectron channel is shown
for 2016 (upper), 2017 (middle) and 2018 (lower).
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Figure 7.9: The pT of dilepton in the low mℓℓ resolved control regions, before (left)
and after (right) applying the Z-pT correction. Results for dimuon channel is shown
for 2016 (upper), 2017 (middle) and 2018 (lower).
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Figure 7.10: The pT of dilepton in the low mℓℓ boosted control regions, before (left)
and after (right) applying the Z-pT correction. Results for dielectron channel is shown
for 2016 (upper), 2017 (middle) and 2018 (lower).
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Figure 7.11: The pT of dilepton in the low mℓℓ boosted control regions, before (left)
and after (right) applying the Z-pT correction. Results for dimuon channel is shown
for 2016 (upper), 2017 (middle) and 2018 (lower).
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Table 7.6: The normalization scale factor of the Z+jets MC samples. The quoted
uncertainties include both the statistical and systematic contributions.

Year Event type ee µµ

2016 Resolved 1.033 ± 0.049 1.025 ± 0.040
Boosted 0.843 ± 0.042 0.696 ± 0.035

2017 Resolved 1.027 ± 0.050 1.035 ± 0.040
Boosted 1.036 ± 0.051 0.940 ± 0.046

2018 Resolved 0.958 ± 0.053 0.982 ± 0.046
Boosted 0.921 ± 0.040 0.805 ± 0.034

sidebands:

(Data− nonDY )/(DYMC), (7.4)

which we apply to our DY distributions in all regions. Since the discrepancy originates

from higher order corrections on the jets and should be independent of the lepton

flavor of the Z decay, we combine the dielectron and dimuon sidebands to obtain

the nominal ratio for each year. The systematic uncertainty applied to the correction

factor is the combined statistical and systematic uncertainties from data and simu-

lation in the DY CR and since the statistical uncertainty dominates the uncertainty

is uncorrelated across bins in the invariant mass spectrum. The ratios and uncertain-

ties for each year are shown in Fig 7.16. The m(ℓℓjj) and m(ℓJ) distributions in the

sideband after the ratios are applied are shown in Fig 7.17–7.18.

Finally, the DY background is estimated in the signal region by performing a

simultaneous fit across both channels and all control regions where the normalization

of the DY is allowed to float in the simultaneous fit and the fitted values can be seen

in Table 7.7, and the values are consistent with 1.

To validate the DY ratio correction method, a couple of studies were performed.

First, the method was validated in the low dilepton invariant mass control region

by splitting the region into two, 60 < mℓℓ < 100 GeV (DY CR1) and 100 < mℓℓ <

150 GeV (DY CR2). The correction ratios are derived in the DY CR1 and applied to
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Figure 7.12: The pT of the leading jet in the low mℓℓ resolved control regions, after
applying the Z-pT correction and the normalization scale factors. Results for dielec-
tron (dimuon) channel is shown on the left (right), for 2016 (upper), 2017 (middle)
and 2018 (lower).

173



1

10

210

310

410
E

ve
nt

s 
/ 2

0 
G

eV Stat.+syst. uncert.

Data

Z+Jets

tt

Other backgrounds

0 50 100 150 200 250 300 350 400 450 500
 of the subleading jet

T
p

0
0.5

1
1.5

2

S
im

.
D

at
a

Preliminary CMS  (13 TeV)-135.92 fb

Resolved DY CR
ee

1

10

210

310

410

E
ve

nt
s 

/ 2
0 

G
eV Stat.+syst. uncert.

Data

Z+Jets

tt

Other backgrounds

0 50 100 150 200 250 300 350 400 450 500
 of the subleading jet

T
p

0
0.5

1
1.5

2

S
im

.
D

at
a

Preliminary CMS  (13 TeV)-135.92 fb

Resolved DY CR
µµ

1

10

210

310

410

E
ve

nt
s 

/ 2
0 

G
eV Stat.+syst. uncert.

Data

Z+Jets

tt

Other backgrounds

0 50 100 150 200 250 300 350 400 450 500
 of the subleading jet

T
p

0
0.5

1
1.5

2

S
im

.
D

at
a

Preliminary CMS  (13 TeV)-141.53 fb

Resolved DY CR
ee

1

10

210

310

410
E

ve
nt

s 
/ 2

0 
G

eV Stat.+syst. uncert.

Data

Z+Jets

tt

Other backgrounds

0 50 100 150 200 250 300 350 400 450 500
 of the subleading jet

T
p

0
0.5

1
1.5

2

S
im

.
D

at
a

Preliminary CMS  (13 TeV)-141.53 fb

Resolved DY CR
µµ

1

10

210

310

410

E
ve

nt
s 

/ 2
0 

G
eV Stat.+syst. uncert.

Data

Z+Jets

tt

Other backgrounds

0 50 100 150 200 250 300 350 400 450 500
 of the subleading jet

T
p

0
0.5

1
1.5

2

S
im

.
D

at
a

Preliminary CMS  (13 TeV)-159.74 fb

Resolved DY CR
ee

1

10

210

310

410

E
ve

nt
s 

/ 2
0 

G
eV Stat.+syst. uncert.

Data

Z+Jets

tt

Other backgrounds

0 50 100 150 200 250 300 350 400 450 500
 of the subleading jet

T
p

0
0.5

1
1.5

2

S
im

.
D

at
a

Preliminary CMS  (13 TeV)-159.74 fb

Resolved DY CR
µµ

Figure 7.13: The pT of the subleading jet in the low mℓℓ resolved control regions, after
applying the Z-pT correction and the normalization scale factors. Results for dielec-
tron (dimuon) channel is shown on the left (right), for 2016 (upper), 2017 (middle)
and 2018 (lower).
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Figure 7.14: The m(ℓℓjj) in the low mℓℓ resolved control regions, after applying the
Z-pT correction and the normalization scale factors. Results for dielectron (dimuon)
channel is shown on the left (right), for 2016 (upper), 2017 (middle) and 2018 (lower).
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Figure 7.15: The m(ℓJ) of dilepton in the low mℓℓ boosted control regions, after ap-
plying the Z-pT correction and the normalization scale factors. Results for dielectron
(dimuon) channel is shown on the left (right), for 2016 (upper), 2017 (middle) and
2018 (lower).
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Figure 7.16: The (Data - nonDY)/(DY MC) obtained in the DY sidebands. The error
bars in black solid line indicate the statistical and systematic uncertainties of the
data and MCs propagated to the ratios. The green and blue solid lines are the ratios
obtained using ee and µµ data, respectively.
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Figure 7.17: The m(ℓℓjj) in the low mℓℓ Resolved control regions, after applying the
DY ratio. Results for dielectron (dimuon) channel is shown on the left (right), for
2016 (upper), 2017 (middle) and 2018 (lower).
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Figure 7.18: The m(ℓJ) of dilepton in the low mℓℓ boosted control regions, after
applying the DY ratio. Results for dielectron (dimuon) channel is shown on the left
(right), for 2016 (upper), 2017 (middle) and 2018 (lower).
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Table 7.7: The fitted rate parameter of DY background.

Year Event type Fitted with ee SRs Fitted with µµ SRs

2016 Resolved 1.00 ± 0.04 0.99 ± 0.04
Boosted 0.99 ± 0.09 0.99 ± 0.08

2017 Resolved 1.00 ± 0.04 0.99 ± 0.04
Boosted 1.00 ± 0.08 0.96 ± 0.08

2018 Resolved 1.00 ± 0.05 1.00 ± 0.05
Boosted 0.98 ± 0.08 1.00 ± 0.07

the DY CR2. The m(ℓℓjj) (m(ℓJ)) distributions in the DY CR2, before and after the

ratios obtained in the DY CR1 are applied are shown in Fig 7.19–7.22, and show that

application of the ratios brings better agreement between data and simulation.

Additionally, to validate the use of the ratios to our higher dilepton invariant mass

signal region, we use a NLO DY sample as pseudo-data. The NLO sample is limited

by a lack of statistics, so we can not use it in our final background estimation, but it is

suitable for the validation. First, we compare the NLO/LO DY ratio to the Data/LO

DY ratio in the DY control region in Fig 7.23 and see fairly good agreement across the

ratios. Then we compare the NLO/LO ratio in the control region and signal region

in Fig 7.24 and see that most bins agree with the exceptions agreeing within 2σ.

The postfit distributions in the DY CRs are shown in Fig. 7.25–7.27.

7.5.2 Pair top production and single top+W background estimation

In the previous iteration of the analysis, tt contributions in the SRs were estimated

from the data events flavor sideband CR, weighted by the eµ–to–ℓℓ ratio (“eµ-

method”). In this analysis, we combine the tt and single top+W processes (eµ sym-

metric backgrounds) and use tt and single top+W MC and fit its normalization by

performing the simultaneous fit with the flavor sideband CR and SRs, which helps

constrain the uncertainties. The pre- and post-fit invariant mass distributions in the

flavor sideband are shown in Figs. 7.28–7.31. The final fitted normalizations are listed
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Figure 7.19: The m(ℓℓjj) in the resolved DY CR2, before (left) and after (right)
applying the DY ratio obtained in the DY CR1. Results for dielectron channel is
shown, for 2016 (upper), 2017 (middle) and 2018 (lower).

181



1

10

210

310

E
ve

nt
s 

/ b
in

Stat.+syst. uncert.

Data

Z+Jets

tt

Other backgrounds

0 1000 2000 3000 4000 5000 6000 7000 8000
 (GeV)lljjm

0.5

1

1.5

S
im

.
D

at
a

Preliminary CMS  (13 TeV)-135.92 fb

Resolved DY CR2
µµ

1

10

210

310

E
ve

nt
s 

/ b
in

Stat.+syst. uncert.

Data

Z+Jets

tt

Other backgrounds

0 1000 2000 3000 4000 5000 6000 7000 8000
 (GeV)lljjm

0.5

1

1.5

S
im

.
D

at
a

Preliminary CMS  (13 TeV)-135.92 fb

Resolved DY CR2
µµ

1

10

210

310

410

E
ve

nt
s 

/ b
in

Stat.+syst. uncert.

Data

Z+Jets

tt

Other backgrounds

0 1000 2000 3000 4000 5000 6000 7000 8000
 (GeV)lljjm

0.5

1

1.5

S
im

.
D

at
a

Preliminary CMS  (13 TeV)-141.53 fb

Resolved DY CR2
µµ

1

10

210

310

410

E
ve

nt
s 

/ b
in

Stat.+syst. uncert.

Data

Z+Jets

tt

Other backgrounds

0 1000 2000 3000 4000 5000 6000 7000 8000
 (GeV)lljjm

0.5

1

1.5

S
im

.
D

at
a

Preliminary CMS  (13 TeV)-141.53 fb

Resolved DY CR2
µµ

1

10

210

310

410

E
ve

nt
s 

/ b
in

Stat.+syst. uncert.

Data

Z+Jets

tt

Other backgrounds

0 1000 2000 3000 4000 5000 6000 7000 8000
 (GeV)lljjm

0.5

1

1.5

S
im

.
D

at
a

Preliminary CMS  (13 TeV)-159.74 fb

Resolved DY CR2
µµ

1

10

210

310

410

E
ve

nt
s 

/ b
in

Stat.+syst. uncert.

Data

Z+Jets

tt

Other backgrounds

0 1000 2000 3000 4000 5000 6000 7000 8000
 (GeV)lljjm

0.5

1

1.5

S
im

.
D

at
a

Preliminary CMS  (13 TeV)-159.74 fb

Resolved DY CR2
µµ

Figure 7.20: The m(ℓℓjj) in the resolved DY CR2, before (left) and after (right)
applying the DY ratio obtained in the DY CR1. Results for dimuon channel is shown,
for 2016 (upper), 2017 (middle) and 2018 (lower).
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Figure 7.21: The m(ℓℓjj) in the boosted DY CR2, before (left) and after (right)
applying the DY ratio obtained in the DY CR1. Results for dielectron channel is
shown, for 2016 (upper), 2017 (middle) and 2018 (lower).
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Figure 7.22: The m(ℓℓjj) in the boosted DY CR2, before (left) and after (right)
applying the DY ratio obtained in the DY CR1. Results for dimuon channel is shown,
for 2016 (upper), 2017 (middle) and 2018 (lower).
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Figure 7.23: The comparison between NLO/LO (black solid line) and Data/LO (blue
solid line) at the DY CRs.

185



0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
N

LO
/L

O
 r

at
io

µµ, ee+DYCRRatio

µµ, ee+SRRatio

1000 2000 3000 4000 5000 6000 7000 8000
) (GeV)

RECO
m(WR

0
0.5

1
1.5

2

D
Y

C
R

R
at

io
S

R
R

at
io

Preliminary CMS  (13 TeV)-135.92 fb

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

N
LO

/L
O

 r
at

io

µµ, ee+DYCRRatio

µµ, ee+SRRatio

1000 2000 3000 4000 5000 6000 7000 8000
) (GeV)

RECO
m(WR

0
0.5

1
1.5

2

D
Y

C
R

R
at

io
S

R
R

at
io

Preliminary CMS  (13 TeV)-135.92 fb

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

N
LO

/L
O

 r
at

io

µµ, ee+DYCRRatio

µµ, ee+SRRatio

1000 2000 3000 4000 5000 6000 7000 8000
) (GeV)

RECO
m(WR

0
0.5

1
1.5

2

D
Y

C
R

R
at

io
S

R
R

at
io

Preliminary CMS  (13 TeV)-141.53 fb

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

N
LO

/L
O

 r
at

io
µµ, ee+DYCRRatio

µµ, ee+SRRatio

1000 2000 3000 4000 5000 6000 7000 8000
) (GeV)

RECO
m(WR

0
0.5

1
1.5

2

D
Y

C
R

R
at

io
S

R
R

at
io

Preliminary CMS  (13 TeV)-141.53 fb

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

N
LO

/L
O

 r
at

io

µµ, ee+DYCRRatio

µµ, ee+SRRatio

1000 2000 3000 4000 5000 6000 7000 8000
) (GeV)

RECO
m(WR

0
0.5

1
1.5

2

D
Y

C
R

R
at

io
S

R
R

at
io

Preliminary CMS  (13 TeV)-159.74 fb

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

N
LO

/L
O

 r
at

io

µµ, ee+DYCRRatio

µµ, ee+SRRatio

1000 2000 3000 4000 5000 6000 7000 8000
) (GeV)

RECO
m(WR

0
0.5

1
1.5

2

D
Y

C
R

R
at

io
S

R
R

at
io

Preliminary CMS  (13 TeV)-159.74 fb

Figure 7.24: The DY NLO/LO ratios in the DY CR and SR. The ratios obtained
from the DY CR (SR) is shown in the black solid (dashed) lines.
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Figure 7.25: The postfit m(ℓℓjj) of dilepton in the low mℓℓ resolved control regions.
Results for dielectron (dimuon) channel is shown on the left (right), for 2016 (upper),
2017 (middle) and 2018 (lower).
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Figure 7.26: The postfit m(ℓJ) of dilepton in the low mℓℓ boosted control regions.
Results for dielectron (dimuon) channel is shown on the left (right), for 2016 (upper),
2017 (middle) and 2018 (lower).
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Figure 7.27: The postfit m(ℓℓjj) and m(ℓJ) of dilepton in the low mℓℓ control regions
with three years stacked. Results for dielectron (dimuon) channel is shown on the left
(right), for resolved (upper) and boosted (lower).
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in Table 7.8.

Table 7.8: The fitted rate parameter of tt and single top+W background.

Year Event type Fitted with ee SRs Fitted with µµ SRs

2016
Resolved 0.95 ± 0.05 0.92 ± 0.05

Boosted with e-Jet 0.86 ± 0.14 0.84 ± 0.14
Boosted with µ-Jet 0.75 ± 0.09 0.75 ± 0.08

2017
Resolved 1.05 ± 0.05 1.02 ± 0.05

Boosted with e-Jet 1.04 ± 0.17 0.92 ± 0.17
Boosted with µ-Jet 0.93 ± 0.12 0.91 ± 0.11

2018
Resolved 0.99 ± 0.05 0.98 ± 0.05

Boosted with e-Jet 0.87 ± 0.14 0.86 ± 0.14
Boosted with µ-Jet 0.64 ± 0.08 0.76 ± 0.08

7.6 Systematic uncertainties

The uncertainties we consider in our analysis for both signal and backgrounds are

discussed in the following section in detail. The major experimental sources of uncer-

tainties for simulated backgrounds and signals include:

• Integrated luminosity: The systematic uncertainty on the integrated lumi-

nosity are 2.5 %, 2.3 %, and 2.5 % for 2016, 2017 and 2018, respectively [117,

141, 142].

• Pileup: An uncertainty is estimated by varying the nominal minimum bias

cross section of pp collisions at 13 TeV (69.2 mb) by 5%.

• Theoretical uncertainties: For signal only the uncertainties on the rate and

acceptance of the signal are derived from the variation of the QCD scale, the

PDFs and αS . The PDF and αS uncertainties for the MadGraph signal sam-

ples are estimated from the standard deviation of the weights from the pdf

errorsets provided in the NNPDF3.1 parton distribution set. The procedure for
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Figure 7.28: The reconstructed mass of WR in the resolved flavor sideband, for 2016
(upper), 2017 (middle) and 2018 (lower). Pre(Post)fit results are shown in left (right).
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Figure 7.29: The reconstructed mass of WR in the boosted flavor sideband with e–jet,
for 2016 (upper), 2017 (middle) and 2018 (lower). Pre(Post)fit results are shown in
left (right).
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Figure 7.30: The reconstructed mass of WR in the boosted flavor sideband with µ–jet,
for 2016 (upper), 2017 (middle) and 2018 (lower). Pre(Post)fit results are shown in
left (right).
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Figure 7.31: The reconstructed mass of WR in the resolved flavor sideband (upper),
boosted flavor sideband with e–jet (middle), and boosted flavor sideband with
mu–jet (lower) with three year stacked. Pre(Post)fit results are shown in left (right).
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estimating the uncertainties associated with the PDF follows the recommenda-

tions issued by the PDF4LHC group [118].

• Lepton trigger and selection: Discrepancies in the lepton reconstruction,

identification, and isolation efficiencies between data and simulation are cor-

rected by applying a scale factor to all the simulated samples. For the modified

loose electron ID, the discrepancy between data and simulation is calculated

as part of our LSF SF. The scale factors, which depend on the pT and η, are

varied by ±σ and the change in the yield in the signal region is taken as the

systematic. Electron identification (HEEP ID) and trigger give 3.1–3.2 (1.8–

1.9)% and 0–0.1 (0.2–0.4)% uncertainties in the background estimation in the

resolved (boosted) region. Muon identification, isolation and trigger give 0.2–

1.2 (0.1–0.6)%, 0.1–0.2 (0–0.1)%, and 0.1–0.2 (0.1–0.2)% uncertainties in the

background estimation in the resolved (boosted) region.

• Lepton momentum scale and resolution: The lepton momentum scale un-

certainty is computed by varying the momentum of the leptons by their uncer-

tainties.

For muons with pT < 200 GeV, the Rochester corrections were applied to the

muon momentum, which removes bias from detector misalignment or mag-

netic fields. Systematic uncertainties considered are follows; root-mean-squared

(RMS) of pre-generated error sets, difference between results without Z momen-

tum reweighting and variation of profile and fitting mass window, For muons

with pT ≥ 200 GeV, generalized–endpoint (GE) method. was applied, and the

uncertainties on the muon curvature bias are taken from a gaussian distribu-

tion. Electron reconstruction, energy resolution, and energy scale give 1.0–1.6

(0.5–0.8)%, < 0.1 (< 0.1)%, and 0.5–1.8 (0.5–2.3)% uncertainties in the back-

ground estimation in the resolved (boosted) region. Muon reconstruction and
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momentum scale give 0.4–1.0 (0.3–0.7)% and 0.4–2.5 (0.4–3.6)% uncertainties

in the background estimation in the resolved (boosted) region.

• Jet energy scale and resolution: In order to have the resolution in the

simulation match that in the data the momentum of the jets is smeared as:

pT → max[0, pgen
T + c±1σ · (pT = pgen

T )] (7.5)

in which c±1σ are the data/MC scale factors, which are shifted by ±σ. This

results in a systematic uncertainty of less than 1% for all masses.

• MC statistics: A bin-wise statistical uncertainty is included to take into ac-

count the limited statistics available in our MC samples. This uncertainty is

implemented through the Barlow-Beeston approach, where a single nuisance

parameter is used in each bin to scale the sum of the process yields.

• Monte Carlo normalization: For our minor backgrounds, we assigned a nor-

malization uncertainty on them to conservatively estimate the directly from

simulation. For the nonprompt backgrounds, where an energetic fake lepton

passes our selection, we assigned a 100% normalization uncertainty due to fakes

not being well modeled in simulation. For the remaining background, we as-

signed a standard 50% normalization uncertainty.

• LSF scale factor: The difference in efficiency between data and MC on our

LSF selection is taken into account with a dedicated scale factor.

• Pre-firing probabilities: A 20 % systematic uncertainty is applied in addition

to the statistcial uncertainty.

To combine our results across all three years of data taking, we treat the un-

certainties that depend on run conditions as uncorrelated while ones that do not are

treated as correlated. A complete list of systematic uncertainties is given in Table 7.9.
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Table 7.9: Summary of the relative systematic uncertainties in signal and DY+jets
background. The uncertainties are given for the resolved (boosted) SR. The num-
bers for signal is obtained for mWR = 5 TeV. The range given for each systematic
uncertainty source covers the variation across the years.

Source Bkgd./Signal process Year-to-year treatment ee bkgd. ee signal µµ bkgd. µµ signal
(%) (%) (%) (%)

Integrated luminosity All bkgd./Signal Uncorrelated 2.3–2.5 (2.3–2.5) 2.3–2.5 (2.3–2.5) 2.3–2.5 (2.3–2.5) 2.3–2.5 (2.3–2.5)
Jet energy resolution All bkgd./Signal Uncorrelated 0.5–1.4 (0.7–1.9) 0–0.3 (0–0.4) 0.2–1.2 (0.2–1.1) 0–0.3 (0–0.3)
Jet energy scale All bkgd./Signal Correlated 1.9–4.1 (0.9–2.0) 0–0.2 (0–0.2) 2.1–3.4 (0.6–1.0) 0–0.2 (0–0.4)
Muon reconstruction All bkgd./Signal Correlated — — 0.4–1.0 (0.3–0.7) 4.4–36.8 (5.8–30.6)
Muon momentum scale All bkgd./Signal Correlated — — 0.4–2.5 (0.4–3.6) 0.1–0.2 (0–0.3)
Muon identification All bkgd./Signal Correlated — — 0.2–1.2 (0.1–0.6) 0.2–1.1 (0.1–0.5)
Muon isolation All bkgd./Signal Correlated — — 0.1–0.2 (0–0.1) 0.1–0.2 (0–0.1)
Muon trigger All bkgd./Signal Uncorrelated — — 0.1–0.2 (0.1–0.2) 0.7–1.6 (0.5–1.3)
Electron reconstruction All bkgd./Signal Correlated 1.0–1.6 (0.5–0.8) 0.8–1.4 (0.4–0.8) — —
Electron energy resolution All bkgd./Signal Correlated < 0.1 (< 0.1) < 0.1 (< 0.1) — —
Electron energy scale All bkgd./Signal Correlated 0.5–1.8 (0.5–2.3) 0–0.3 (0–0.5) — —
Electron identification All bkgd./Signal Correlated 3.1–3.2 (1.8–1.9) 4.1–4.4 (2.1–2.4) — —
Electron trigger All bkgd./Signal Uncorrelated 0–0.1 (0.2–0.4) < 0.1 (0.1–0.2) — —
LSF scale factor All bkgd./Signal Uncorrelated — (7.2–8.7) — (< 0.1) — (5.7–7.1) — (< 0.1)
Pileup modeling All bkgd./Signal Correlated 0.2–1.1 (0.5–1.1) 0.1–0.8 (0.1–0.7) 0.3–0.5 (0.3–1.1) 0.1–0.5 (0.1–0.4)
Prefire reweighting All bkgd./Signal Correlated 0–1.4 (0–1.1) 0–0.8 (0–0.9) 0–0.5 (0–0.4) 0–0.4 (0–0.2)
Z pT DY+jets Correlated 2.6–3.3 (2.7–3.5) — 2.7–3.1 (2.8–3.4) —
DY reshape DY+jets Correlated 3.9–4.6 (4.6–5.5) — 4.0–4.6 (4.6–5.5) —
Nonprompt normalizaion Nonprompt Uncorrelated 100 (100) — 100 (100) —
Rare SM normalizaion Others Correlated 50 (50) — 50 (50) —
PDF error Signal Correlated — 5.9–11.1 (9.9–39.7) — 2.8–6.8 (20.7–41.2)
αS Signal Correlated — 0–0.2 (0.1–1.2) — 0–0.2 (0.3–1.1)
renormalization/factorization scales Signal Correlated — 0–0.1 (0.3–2.3) — 0–0.1 (2.1–2.9)

7.7 Results

The prefit (postfit) observed invariant mass distributions in the resolved and boosted

signal regions including the expected backgrounds, for both ee and µµ channels, are

shown for each year of data taking separately in Fig. 7.32 and 7.34 (Fig. 7.33 and 7.35).

Figure 7.36 and 7.37 show the prefit and postfit observed invariant mass distributions

and expected background for the combination of all three data periods.

Figure 7.38 shows the excluded phase space in (mWR ,mN), at a 95 % CL asymp-

totic CLs, taking into account all the systematic and statistical uncertainties described

in Section 7.6. The expected and observed exclusions are also shown.

The expected limits for the 2016-only analysis are shown to be improved when

compared to the expected limits from the previous 2016 limits [24]. This is due to

the tightening of the dilepton invariant mass cut, the optimization of can be seen

in Section 7.4.2. The combined result of the three years extended the exclusion of

the phase space. For the WR model, with mN = 1/2mWR , the expected (observed)
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Figure 7.32: The prefit reconstructed mass of WR in the resolved signal region. Results
for the dielectron (dimuon) channel are shown on the left (right), for 2016 (top), 2017
(middle) and 2018 (bottom).
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Figure 7.33: The postfit reconstructed mass of WR in the resolved signal region.
Results for the dielectron (dimuon) channel are shown on the left (right), for 2016
(top), 2017 (middle) and 2018 (bottom).
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Figure 7.34: The prefit reconstructed mass of WR in the boosted signal region. Results
for the dielectron (dimuon) channel are shown on the left (right), for 2016 (top), 2017
(middle) and 2018 (bottom).
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Figure 7.35: The postfit reconstructed mass of WR in the boosted signal region.
Results for the dielectron (dimuon) channel are shown on the left (right), for 2016
(top), 2017 (middle) and 2018 (bottom).
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Figure 7.36: The prefit reconstructed mass of WR in the signal regions with three year
stacked. Results for the dielectron (dimuon) channel are shown on the left (right), for
resolved (upper) and boosted (lower).
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Figure 7.37: The postfit reconstructed mass of WR in the signal regions with three
year stacked. Results for the dielectron (dimuon) channel are shown on the left (right),
for resolved (upper) and boosted (lower).
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Table 7.10: Yields of the last three mass bins in the signal regions.

Year Channel Event type DY tt + tW Nonprompt Others Total background Data

2016
ee Resolved 3.87 ± 0.16 2.36 ± 0.25 1.35 ± 0.73 0.56 ± 0.78 8.14 ± 1.16 10

Boosted 5.52 ± 0.87 18.70 ± 1.82 7.27 ± 3.83 2.13 ± 0.72 33.62 ± 3.09 39

µµ
Resolved 5.87 ± 0.38 4.02 ± 0.26 0.21 ± 0.38 2.12 ± 1.16 12.23 ± 1.38 9
Boosted 3.48 ± 1.02 21.77 ± 1.22 1.62 ± 0.35 2.04 ± 0.78 28.91 ± 2.12 27

2017
ee Resolved 5.11 ± 0.27 3.82 ± 0.44 0.36 ± 0.23 1.32 ± 0.81 10.61 ± 1.19 11

Boosted 7.37 ± 1.01 20.26 ± 2.44 7.64 ± 4.14 0.52 ± 0.14 35.79 ± 3.64 44

µµ
Resolved 6.66 ± 0.48 4.83 ± 0.33 0.08 ± 0.05 2.90 ± 1.34 14.47 ± 1.63 19
Boosted 7.23 ± 1.38 27.17 ± 1.69 2.81 ± 0.89 2.02 ± 0.90 39.23 ± 2.62 46

2018
ee Resolved 8.56 ± 0.83 5.13 ± 0.47 1.13 ± 0.98 1.91 ± 1.20 16.73 ± 1.88 27

Boosted 15.96 ± 1.86 30.76 ± 3.57 15.92 ± 6.13 1.72 ± 0.64 64.36 ± 5.14 73

µµ
Resolved 9.35 ± 0.54 8.60 ± 1.01 0.13 ± 0.10 1.06 ± 0.57 19.13 ± 1.52 26
Boosted 9.10 ± 1.11 37.17 ± 2.20 4.71 ± 1.10 1.16 ± 0.28 52.14 ± 2.84 46

Combinded
ee Resolved 17.54 ± 1.17 11.31 ± 1.00 2.84 ± 1.28 3.79 ± 1.83 35.48 ± 2.60 48

Boosted 28.85 ± 3.23 69.71 ± 5.58 30.84 ± 8.51 4.37 ± 1.63 133.77 ± 7.69 156

µµ
Resolved 21.88 ± 1.17 17.45 ± 1.38 0.43 ± 0.41 6.07 ± 2.39 45.83 ± 3.06 54
Boosted 19.81 ± 2.58 86.11 ± 3.72 9.14 ± 1.97 5.21 ± 1.94 120.27 ± 4.49 119

lower limit at 95% CL on the mass of the right-handed W boson is 5.2 (4.7) TeV for

the electron channel, and 5.2 (5.0) TeV for the muon channel. The expected limits

for boosted signals are shown to have improved significantly, which is expected as

we now have dedicated signal regions that are designed to probe this phase space.

For mN = 200 GeV, the expected (observed) limit excluded the phase space up to

mWR = 5.0 (4.6) TeV for the electron channel, and mWR = 5.3 (5.4) GeV for the muon

channel.

In Fig 7.39 are the upper limits on the cross section at a fixed WR mass for

mN = mWR/2 and mN = 200 GeV using the Full Run2 data.

7.8 Summary

A search for right-handed bosons WR and heavy right-handed neutrinos N in the

left-right symmetric extension of the standard model has been presented. The anal-

ysis is based on proton-proton collision data collected at
√
s = 13 TeV by the CMS

detector, and corresponding to an integrated luminosity of 137 fb−1. The final state

consists of events with two same-flavor leptons (ee or µµ) and two quarks, and was

identified through two regions: the resolved region, where all four objects were well
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Figure 7.38: Upper limit on σ(pp → WR) × BR(WR → ee(µµ)jj) cross section limit
are shown on the left (right) for the entire Run2 data set. The expected exclusions
are shown.

isolated, and the boosted region, where the heavy neutrino decay was identified using

jet substructure techniques applied to large area jets. No significant excess over the

standard model background expectations is observed in the invariant mass distribu-

tions. Upper limits are set on the products of the WR and N production cross sections

and their branching fraction to two leptons and two quarks assuming that couplings

are identical to those of the standard model. The mass of the W is excluded at 95%

confidence level to approximately 5 TeV for heavy neutrino masses between 0.1 and

2.5 TeV, providing the most stringent limit to date.
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Figure 7.39: Upper limit on σ(pp → WR) × BR(WR → ee(µµ)jj) cross section limit
are shown on the left (right) for the entire Run2 data set. The expected exclusions
are shown.
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Chapter 8

Conclusion

In this thesis, two analyses which aim to search for heavy neutrinos (N) are presented.

This hypothetical particle is responsible for the origin of neutrino masses.

The first analysis is the search for heavy neutrinos under the Type-I seesaw mech-

anism, using the events contain same-sign dilepton. The previous analyses performed

at the CMS analyzed 8 TeV proton-proton collision data, and searched for heavy neu-

trinos with mass between 40 and 500 GeV. In this analysis, a proton-proton collision

data at a center-of-mass energy of 13 TeV has been analyzed. Two improvements have

been made; a) restore the inefficiencies at the low- and high-mass tails, b) add a new

signal production channel (VBF channel) which enhances the cross section of high-

mass signals (mN > 800 GeV). With these two new features, this analysis have set

the world-best direct limit for the heavy neutrinos heavier than 430 GeV. The search

range has been extended from [40, 500] GeV to [20, 1600] GeV.

The second analysis is the search for a right-handed gauge boson (WR) and heavy

neutrinos under the left-right symmetric model. The previous analyses performed at

the CMS and ATLAS were not optimized to look for signals with mN/mWR ≪ 1. In
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this analysis, a new technique, the “lepton subjet fraction” has been introduced to

identify a lepton inside jets, which helps the reconstruction of a boosted N decay. The

proton-proton collision data corresponds to an integrated luminosity of 137 fb−1 has

been analyzed, and set a enhanced 95% CL exclusion on the mass of WRand N. For

the WR model, with mN = 1/2mWR , the expected (observed) lower limit at 95% CL

on the mass of the right-handed W boson is 5.2 (4.7) TeV for the electron channel, and

5.2 (5.0) TeV for the muon channel. The expected limits for boosted signals have been

improved significantly, which is expected as we now have dedicated signal regions that

are designed to probe this phase space. For mN = 200 GeV, the expected (observed)

limit excluded the phase space up to mWR = 5.0 (4.6) TeV for the electron channel,

and mWR = 5.3 (5.4) GeV for the muon channel. A ∼ 2σ excesses have been observed

in the resolved and boosted ee channel results, in the highest mass bin. With current

data statistics and the large uncertainty coming from the nonprompt background

estimation, it is not possible to distinguish the excess and statistical fluctuations. I

expect a more dedicated search will be performed in the Run 3 era of the LHC, which

must be very interesting to identify the exceeded events observed in this analysis.
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production and electroweak corrections in HERWIG++”. In: Eur. Phys. J.
C 74 (2014), p. 2988. doi: 10 . 1140 / epjc / s10052 - 014 - 2988 - y. arXiv:
1401.3964 [hep-ph].

[116] Julien Baglio, Le Duc Ninh, and Marcus M. Weber. “Massive gauge boson
pair production at the LHC: A next-to-leading order story”. In: Phys. Rev. D
88 (2013), p. 113005. doi: 10.1103/PhysRevD.88.113005. arXiv: 1307.4331
[hep-ph].

[117] CMS Collaboration. CMS Luminosity Measurements for the 2016 Data Tak-
ing Period. CMS Physics Analysis Summary CMS-PAS-LUM-17-001. CERN,
2017. url: https://cds.cern.ch/record/2257069.

[118] Jon Butterworth et al. “PDF4LHC recommendations for LHC Run II”. In: J.
Phys. G 43 (2016), p. 023001. doi: 10.1088/0954-3899/43/2/023001. arXiv:
1510.03865 [hep-ph].

[119] Thomas Junk. “Confidence level computation for combining searches with
small statistics”. In: Nucl. Instrum. Meth. A 434 (1999), p. 435. doi: 10.
1016/S0168-9002(99)00498-2. arXiv: hep-ex/9902006 [hep-ex].

[120] A L Read. “Presentation of search results: the CLs technique”. In: J. Phys.
G 28 (2002), p. 2693. doi: 10.1088/0954-3899/28/10/313. url: https:
//doi.org/10.1088%5C%2F0954-3899%5C%2F28%5C%2F10%5C%2F313.

[121] J. de Blas. “Electroweak limits on physics beyond the Standard Model”. In:
European Physical Journal Web of Conferences. Vol. 60. European Physical
Journal Web of Conferences. Nov. 2013, p. 19008. doi: 10.1051/epjconf/
20136019008. arXiv: 1307.6173 [hep-ph].

[122] Georges Aad et al. “Search for heavy Majorana neutrinos with the ATLAS
detector in pp collisions at

√
s = 8 TeV”. In: JHEP 07 (2015), p. 162. doi:

10.1007/JHEP07(2015)162. arXiv: 1506.06020 [hep-ex].
[123] J. C. Pati and A. Salam. “Lepton number as the fourth “color””. In: Phys.

Rev. D 10 (1974), p. 275. doi: 10.1103/PhysRevD.10.275.
[124] R. N. Mohapatra and J. C. Pati. “A Natural Left-Right Symmetry”. In: Phys.

Rev. D 11 (1975), p. 2558. doi: 10.1103/PhysRevD.11.2558.
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Appendix A

Diagonalizing the neutrino mass
matrix

For the case of Mν for MM ≫ MD, the neutrino mass matrix, Mν can be written as

Mν =

 0 MT
D

MD MM

 =

0 0

0 MM

+

 0 MT
D

MD 0

 , (A.1)

where the first term is block-diagonal, and the second term gives the off-block-diagonal

terms. Since the first term is dominant, a unitary matrix,

W ∼ I +

 0 ϵ1

ϵ2 0

 (A.2)

with ϵ1,2 in order of MD/MM can block-diagonalize Mν . Using

W T = W †∗ = W−1∗ = I −

 0 ϵ∗1

ϵ∗2 0

 , (A.3)
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the block-diagonalization of Mν can be written as

W TMνW =

 I −ϵ∗1
−ϵ∗2 I


 0 MT

D

MD MM


 I ϵ1

ϵ2 I


=

−ϵ∗1MD +MT
Dϵ2 − ϵ∗1MM ϵ2 −ϵ∗1MDϵ1 +MT

D − ϵ∗1MM

MD − ϵ∗2M
T
Dϵ2 +MM ϵ2 MDϵ1 − ϵ∗2M

T
D +MM


≃

−ϵ∗1MD +MT
Dϵ2 − ϵ∗1MM ϵ2 MT

D − ϵ∗1MM

MD +MM ϵ2 MDϵ1 − ϵ∗2M
T
D +MM


=

Aν 0

0 Bν .



(A.4)

The off-block-diagonal elements of Equation A.4 gives

ϵ1 = M †
DM

∗−1
M

ϵ2 = −M−1
M MD.

(A.5)

The matrix W above can be normalized by adding second-order temrs in the diagonal

elements:

W =

 I − ∆1 M †
DM

∗−1
M

−M−1
M MD I − ∆2


W † =

 I − ∆†
1 −M †

DM
∗−1
M

M−1
M MD I − ∆†

2

 .
(A.6)

Solving W †W = I gives,

∆1 = 1
2M

†
DM

∗−1
M M−1

M MD

∆2 = 1
2M

−1
M MDM

†
DM

∗−1
M .

(A.7)

To wrap up, W and the block-diagonalized matrix becomes

W =

I − 1
2M

†
DM

∗−1
M M−1

M MD M †
DM

∗−1
M

−M−1
M MD I − 1

2M
−1
M MDM

†
DM

∗−1
M

 (A.8a)
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W TMνW =

−MT
DM

−1
M MD 0

0 MM .

 (A.8b)

The (1, 1) component, −MT
DM

−1
M MD, which is a 3 × 3 matrix, is proportional to

|MD|2/|MM |, which can be very small for MM ≫ MD. while the (2, 2) component,

MM , which is a m × m matrix, can be very large. We now diagonalize the two

block-diagonal elements with two unitary matrices Vl and Vh, and obatain the full

diagonalization of Mν :

V ν = W

Vl 0

0 Vh


=

(I − 1
2M

†
DM

∗−1
M M−1

M MD)Vl M †
DM

∗−1
M Vh

−M−1
M MDVl (I − 1

2M
−1
M MDM

†
DM

∗−1
M )Vh


(A.9a)

(V ν)TMνV
ν =

−V T
l M

T
DM

−1
M MDVl 0

0 V T
h MMVh,

 :=

M l 0

0 Mh

 (A.9b)

V ν†

 −→νL
−−→
NC

 :=

−→νl
−→νh

 (A.9c)

− Lν = 1
2

−→
νCl Ml

−→νl + 1
2

−→
νChMh

−→νh + (h.c.), (A.9d)

where l (h) denote light (heavy) neutrinos, and νl,h are the mass eigenstates. From

Equation 3.22, the interaction eigenstates of neutrinos, νL can be expressed with the

mass eigenstates:

νL = Vlνl +M †
DM

∗−1
M Vhνh. (A.10)

Firstly, in Equation A.8a and Equations A.8b, we have already separated light

and heavy neutrinos, and Vl and Vh are the mixing matrix within light and heavy
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neutrinos, respectively. The M †
DM

∗−1
M in the (1, 2) component represent that the

interaction eigenstates of the SM neutrinos are mixture of light and heavy mass

eigenstates, by an angle of sin θ ∼ |MD|/|MM |.

Secondly, the PMNS matrix, which describes the mixing within the light neutrinos,

corresponds to Vl, describes the mixing within the light neutrinos, which corresponds

the the PMNS matrix, but m

We can write the charged-current term using the neutrino mass eigenstates:

LCC,lepton = g√
2

(
νeL νµL ντL

)
γµ(V ℓ

L)


e′

L

µ′
L

τ ′
L

W+
µ

= g√
2
Vlνl +M †

DM
∗−1
M Vhνhγ

µ(V ℓ
L)


e′

L

µ′
L

τ ′
L

W+
µ

= g√
2

(
νl1 νl2 νl3

)
︸ ︷︷ ︸

light mass eigenstates

γµ(V †
l V

ℓ
L)


e′

L

µ′
L

τ ′
L


︸ ︷︷ ︸

mass eigenstates

W+
µ

+ g√
2

(
νh1 ... νhm

)
︸ ︷︷ ︸

heavy mass eigenstates

γµ(V †
hM

−1
M MDV

ℓ
L)


e′

L

µ′
L

τ ′
L


︸ ︷︷ ︸

mass eigenstates

W+
µ .

(A.11)

Defining U := V ℓ†
L Vl and V := V ℓ†

L M †
DM

∗−1
M Vh gives

LCC,lepton = g√
2

3∑
n=1

τ∑
ℓ=e

U †
nℓνlnγ

µℓ′LW+
µ + g√

2

m∑
n=1

τ∑
ℓ=e

V †
nℓνhnγ

µℓ′LW+
µ

= g√
2

3∑
n=1

τ∑
ℓ=e

U∗
ℓnνlnγ

µℓ′LW+
µ + g√

2

m∑
n=1

τ∑
ℓ=e

V ∗
ℓnνhnγ

µℓ′LW+
µ .

(A.12)
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Appendix B

Control region plots

B.1 Figures for same-sign dilepton with b-tagged jet (CR1)
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Figure B.1: The kinematic distributions at same-sign leptons with b-tagged jets (in-
cluding jets even if close to a lepton) region (CR1). Here we show pT of subleading
lepton and pmiss

T , for ee (upper left and right), µµ (centre left and right) and eµ (lower
left and right).

228



B.2 Figures for same-sign back-to-back dilepton without
jets or b-tagged jets (including jets even if close to a
lepton) (CR2)
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Figure B.2: The kinematic distributions with back-to-back same-sign leptons without
jets or b-tagged jets (including jets even if close to a lepton) region (Non-prompt
CR2). Here we show pT of subleading lepton and pmiss

T , for ee (upper left and right),
µµ (centre left and right) and eµ (lower left and right).
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B.3 Figures for low-mass CRs (CR3 and CR4)
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Figure B.3: The kinematic distributions at ee low mass control region with “two
jets”. pT of leading lepton (upper left), pT of subleading lepton (upper right), m(ℓ1jj)
(centre left), m(ℓ2jj) (centre right), number of b-tagged jets (including jets even if
close to a lepton) (lower left) and pmiss

T (lower right).
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Figure B.4: The kinematic distributions at µµ low mass control region with “two
jets”. pT of leading lepton (upper left), pT of subleading lepton (upper right), m(ℓ1jj)
(centre left), m(ℓ2jj) (centre right), number of b-tagged jets (including jets even if
close to a lepton) (lower left) and pmiss

T (lower right).
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Figure B.5: The kinematic distributions at eµ low mass control region with “two
jets”. pT of leading lepton (upper left), pT of subleading lepton (upper right), m(ℓ1jj)
(centre left), m(ℓ2jj) (centre right), number of b-tagged jets (including jets even if
close to a lepton) (lower left) and pmiss

T (lower right).
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Figure B.6: The kinematic distributions at ee low mass control region with “one jets”.
pT of leading lepton (upper left), pT of subleading lepton (upper right), m(ℓ1j) (centre
left), m(ℓ2j) (centre right), number of b-tagged jets (including jets even if close to a
lepton) (lower left) and pmiss

T (lower right).
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Figure B.7: The kinematic distributions at µµ low mass control region with “one jets”.
pT of leading lepton (upper left), pT of subleading lepton (upper right), m(ℓ1j) (centre
left), m(ℓ2j) (centre right), number of b-tagged jets (including jets even if close to a
lepton) (lower left) and pmiss

T (lower right).
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Figure B.8: The kinematic distributions at eµ low mass control region with “one jets”.
pT of leading lepton (upper left), pT of subleading lepton (upper right), m(ℓ1j) (centre
left), m(ℓ2j) (centre right), number of b-tagged jets (including jets even if close to a
lepton) (lower left) and pmiss

T (lower right).
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B.4 Figures for high-mass CRs (CR5 and CR6)
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Figure B.9: The kinematic distributions at ee high mass control region with “two
jets”. pT of leading lepton (upper left), pT of subleading lepton (upper right), m(ℓ1jj)
(centre left), m(ℓ2jj) (centre right), number of b-tagged jets (including jets even if
close to a lepton) (lower left) and pmiss

T (lower right).
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Figure B.10: The kinematic distributions at µµ high mass control region with “two
jets”. pT of leading lepton (upper left), pT of subleading lepton (upper right), m(ℓ1jj)
(centre left), m(ℓ2jj) (centre right), number of b-tagged jets (including jets even if
close to a lepton) (lower left) and pmiss

T (lower right).
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Figure B.11: The kinematic distributions at eµ high mass control region with “two
jets”. pT of leading lepton (upper left), pT of subleading lepton (upper right), m(ℓ1jj)
(centre left), m(ℓ2jj) (centre right), number of b-tagged jets (including jets even if
close to a lepton) (lower left) and pmiss

T (lower right).
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Figure B.12: The kinematic distributions at ee high mass control region with “fat jet”.
pT of leading lepton (upper left), pT of subleading lepton (upper right), pT of fatjet
(centre left), pruned mass of fatjet (centre right), number of b-tagged jets (including
jets even if close to a lepton) (lower left) and pmiss

T (lower right). Here, fatjet is selected
whose pruned mass is closest to mW.
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Figure B.13: The kinematic distributions at µµ high mass control region with “fat jet”.
pT of leading lepton (upper left), pT of subleading lepton (upper right), pT of fatjet
(centre left), pruned mass of fatjet (centre right), number of b-tagged jets (including
jets even if close to a lepton) (lower left) and pmiss

T (lower right). Here, fatjet is selected
whose pruned mass is closest to mW.
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Figure B.14: The kinematic distributions at eµ high mass control region with “fat jet”.
pT of leading lepton (upper left), pT of subleading lepton (upper right), pT of fatjet
(centre left), pruned mass of fatjet (centre right), number of b-tagged jets (including
jets even if close to a lepton) (lower left) and pmiss

T (lower right). Here, fatjet is selected
whose pruned mass is closest to mW.
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Abstract

표준모형이 수많은 실험결과를 성공적으로 설명함에도 불구하고, 자연에는 여전히 위

모형으로는 설명 불가능한 것들이 많이 남아있다. 중성미자의 진동변환의 발견은, 중성

미자의질량을설명하지못하는표준모형을넘어서는,새로운물리가반드시존재한다는

것을 암시한다. 수많은 이론모형들이 중성미자의 질량 설명하기위해 제시되었지만, 오

른손잡이중성미자의부재는중성미자물리학의큰걸림돌이되고있으며,이러한입자를

발견하기위해 많은 실험들이 진행되고 있다. 시소 모형은 중성미자 질량의 기원을 설명

함과동시에,그크기가다른페르미온입자와비교했을때월등히작은사실도설명할수

있는모델이다.시소모형에서예측되는무거운마요라나타입의중성미자는표준모형의

중성미자와의 섞임이 가능하다. 또한, 더 높은 에너지 스케일에서 왼손잡이-오른손잡이

간의 대칭성을 도입한뒤, 자발적 대칭성 깨짐을통해 약한상호작용의 패리티 대칭성 깨

짐을 설명하는 모델은 위의 시소 모형을 자연스럽게 포함할 수 있는 장점이있다. 이 학

위논문은 대형 강입자 충돌기의 CMS 검출기에서 수집된 양성자-양성자 충돌 데이터를

이용해, 위에서 언급된 무거운 중성미자와 오른손잡이 게이지 보존을 찾는 연구결과를

포함한다. 시소모형을 다룬 연구는 2016년에 수집된 35.9 fb−1 의 데이터를 이용했다.

이 연구는, 이전에 시행된 연구를 두가지 방향에서 향상시켰다. 첫째, 더 무거운 질량의

시그널에서 더 많이 생성되는 새로운 채널을 추가했다. 둘째, 이전 연구에서 놓쳤던 시

그널 이벤트를 포함할 수 있는 새로운 연구 영역을 추가했다. 두번째 연구는 오른손잡이

게이지 보존과 무거운 중성미자를 함께 탐색했으며, 2016년 부터 2018년에 걸쳐 수집된

137 fb−1 의 데이터를 분석한 결과이다. 이전에 시행된 연구의 약 4배에 해당하는 데이

터를 사용했으며, 상대적으로 가벼운 무거운 중성미자를 탐색할 수 있는 새로운 연구

영역을 추가해, 시그널 이벤트의 발견 가능성을 향상시켰다.

Keywords: SNU, High Energy Physics, LHC, CMS, thesis, Neutrino, Heavy Neu-

trino, Heavy Neutral Lepton, Seesaw Mechanism, Left-right symmetric model

244



Student Number: 2014-21365

245



Acknowledgements

I want to start the acknowledgement by showing gratitude to my supervisor, Unki

Yang for his unstinting advise on my works. He showed a good example of a good

scientist, and encouraged us to always keep curiosity on what we are doing.

The experiment I have been participated for last seven years, the CMS Collabo-

ration, is one of the largest international scientific collaboration consists of approx-

imately 5 000 people involved in numerous aspects, including physicists, engineers,

technicians, students and support staffs. What I have learn during my Ph.D studies,

was not merely the beautiful structure of nature, but more importantly, how to work

with other people.

Sangbaek Lee and I first met at a private academy, where we learned physics

and prepared to enter the science high school. We went to different schools, but met

often when preparing for the physics department of the university. Both of us were

accepted to the university and spent a lot of time studying, doing loads of homework,

playing billiards and drinking. After he finished his military service, I entered the

graduate school. In my second year, I took the quantum field theory class, and he

also took the same class. Junho Hong, who was preparing for going abroad for the

graduate school together with Sangbaek, also joined the class. The level of difficulties

of the assignments were quite high, and I had to spend whole a week or two. Without

246



the help from both of them, I do not think I can finalize them and learn how the

standard model is built and works. Both of them are now working enthusiastically

in the theoretical and experimental particle physics in the states, and I am proud of

them and myself that we are continuing our studies.

I joined the heavy neutrino analysis team and started my first research as a

graduate student. In this team, we had a good postdoc, Dr. John Almond, who

stayed at CERN but responded to my questions through email or Skype even in the

very late time. During my long-term stay at CERN, he helped me a lot with my

first foreign habitation, which could have been boring 10 months of only working. I

appreciate the beers and whiskeys that he introduced to me and they were helpful

spending times after the work.

When I first joined the group, I could barely write a simplest C code and had

no idea what a Class is. I had never run any python script before I spend the first

week as a member of SNU CMS, which is not the best situation for a person who just

joined an experiment involves a heavy data analysis. In fact, I am certain that I am

not the only student one who encountered similar difficulties. Whenever I got stuck

while working, there were always my colleagues sitting next to me in the office, whom

I can ask for their helps. With Sungbin Oh, we discussed heavily about our heavy

neutrino analyses, and we always found good answers to improve them. He kindly

spent his time to give several useful lecture to the students which were full of key

information about our experiments. I cannot thank him enough consider how much

he helped me doing my analyses, writing my thesis and also preparing the defense.

Sihyun Jeon, who have known each other since the first year in the university, is

my friend and colleague, took the responsibility for all of the MC sample production

in our group. We had couple of issues when producing the signal samples for both the

Type-I and LRSM, and he resolved the troubles by organizing multiple conversations

and meetings with people who were involved. With the rich experience he achieved, he

247



is now taking care of all of the generator and MC related tasks for the exotic searches,

as the convener of CMS EXO MC group. Both the Type-I and LRSM analyses could

not be finished without his help on the sample productions.

Finally, I want to thank to my parents and all of my family members who are

always supportive throughout my career. I enjoyed the seven years of research as a

graduate student, but it did not always go smoothly and sometimes it was tough. My

family is the reason why I did not give up, and gave me strength to carry on. I could

not achieve what I have now without them.

248


	1 Introduction
	2 The standard model
	2.1 Lorentzgroupanditsrepresentations 
	2.2 TheDiracequation.
	2.3 Quantumelectrodynamics.
	2.4 Electroweak interaction and spontaneous symmetry breaking . . . . .
	2.4.1 Themassesofgaugebosons
	2.4.2 Electroweakinteraction 
	2.4.3 Themassesoffermions 


	3 The mass of neutrinos
	3.1 Theneutrinooscillation 
	3.2 TheMajoranamass 
	3.3 Theseesawmechanism.
	3.4 Left-rightsymmetricmodel 

	4 TheLHC
	4.1 Thebeaminjectionchain .
	4.2 ThearcoftheLHC 
	4.3 ThestraightsectionoftheLHC

	5 The CMS detector
	5.1 Thetrackersystem.
	5.2 Theelectromagneticcalorimeter .
	5.3 Thehadroncalorimeter 
	5.4 Themuonchamber.
	5.5 Thetriggersystem .
	5.5.1 TheL1trigger .
	5.5.2 Thehigh-leveltrigger .

	5.6 Offlinereconstruction .

	6 Search for heavy Majorana neutrinos in same-sign dilepton channels
	6.1 Introduction.
	6.2 Datasetandsimulatedsamples 83 6.2.1 Dataset.
	6.2.2 Simulatedsamples .

	6.3 Objectidentification 
	6.3.1 Leptonselection 
	6.3.2 Jetselection.

	6.4 Eventselection .
	6.4.1 Preselectioncriteria 
	6.4.2 Signalregioncriteria
	6.4.3 Controlregioncriteria .

	6.5 Backgroundestimation.
	6.5.1 Promptbackground 
	6.5.2 Backgroundwithmisidentifiedleptons . . . . . . . . . . . . . .
	6.5.3 Background with charge-mismeasured leptons . . . . . . . . . .

	6.6 Overlap between the misidentified lepton and charge-mismeasured lepton
	6.7 Resultsinthecontrolregions .
	6.8 Systematicuncertainties
	6.8.1 Uncertainties on the background estimation . . . . . . . . . . .
	6.8.2 Uncertaintiesonthesimulation

	6.9
	6.10 Summary

	7 Search for a charged right-handed boson and heavy neutrino
	7.1 Introduction.
	7.2 Datasetandsimulatedsamples
	7.2.1
	7.2.2 Simulatedsamples .

	7.3 Objectidentification 
	7.3.1 Leptonidentification
	7.3.2 Jetidentification 

	7.4 Eventselection .
	7.4.1 Definitionofaresolvedevent .
	7.4.2 Dilepton mass cut optimization for the resolved signal region .
	7.4.3 Eventselections.

	7.5 Backgroundestimation.
	7.5.1 DY+jetsbackground
	7.5.2 Pair top production and single top+W background estimation 180

	7.6Systematicuncertainties
	7.7
	7.8 Summary

	8 Conclusion
	A Diagonalizing the neutrino mass matrix
	B Control region plots
	B.1 Figures for same-sign dilepton with b-tagged jet (CR1) . . . . . . . . .
	B.2 Figures for same-sign back-to-back dilepton without jets or b-tagged jets(includingjetsevenifclosetoalepton)(CR2) . . . . . . . . . . .
	B.3 Figuresforlow-massCRs(CR3andCR4)
	B.4 Figuresforhigh-massCRs(CR5andCR6) . . . . . . . . . . . . . . .


	Abstract
	Acknowledgements


<startpage>32
1 Introduction 1
2 The standard model 5
 2.1 Lorentzgroupanditsrepresentations  6
 2.2 TheDiracequation. 9
 2.3 Quantumelectrodynamics. 11
 2.4 Electroweak interaction and spontaneous symmetry breaking . . . . . 13
  2.4.1 Themassesofgaugebosons 17
  2.4.2 Electroweakinteraction  21
  2.4.3 Themassesoffermions  24
3 The mass of neutrinos 29
 3.1 Theneutrinooscillation  29
 3.2 TheMajoranamass  32
 3.3 Theseesawmechanism. 34
 3.4 Left-rightsymmetricmodel  37
4 TheLHC 43
 4.1 Thebeaminjectionchain . 43
 4.2 ThearcoftheLHC  48
 4.3 ThestraightsectionoftheLHC 49
5 The CMS detector 55
 5.1 Thetrackersystem. 58
 5.2 Theelectromagneticcalorimeter . 59
 5.3 Thehadroncalorimeter  61
 5.4 Themuonchamber. 66
 5.5 Thetriggersystem . 69
  5.5.1 TheL1trigger . 69
  5.5.2 Thehigh-leveltrigger . 72
 5.6 Offlinereconstruction . 74
6 Search for heavy Majorana neutrinos in same-sign dilepton channels 79
 6.1 Introduction. 79
 6.2 Datasetandsimulatedsamples 83 6.2.1 Dataset. 83
  6.2.2 Simulatedsamples . 83
 6.3 Objectidentification  86
  6.3.1 Leptonselection  86
  6.3.2 Jetselection. 90
 6.4 Eventselection . 94
  6.4.1 Preselectioncriteria  95
  6.4.2 Signalregioncriteria 95
  6.4.3 Controlregioncriteria . 99
 6.5 Backgroundestimation. 100
  6.5.1 Promptbackground  100
  6.5.2 Backgroundwithmisidentifiedleptons . . . . . . . . . . . . . . 110
  6.5.3 Background with charge-mismeasured leptons . . . . . . . . . . 121
 6.6 Overlap between the misidentified lepton and charge-mismeasured lepton 129
 6.7 Resultsinthecontrolregions . 129
 6.8 Systematicuncertainties 129
  6.8.1 Uncertainties on the background estimation . . . . . . . . . . . 131
  6.8.2 Uncertaintiesonthesimulation 133
 6.9 Results136
 6.10 Summary 146
7 Search for a charged right-handed boson and heavy neutrino 147
 7.1 Introduction. 147
 7.2 Datasetandsimulatedsamples 149
  7.2.1 Dataset.149
  7.2.2 Simulatedsamples . 153
 7.3 Objectidentification  154
  7.3.1 Leptonidentification 154
  7.3.2 Jetidentification  157
 7.4 Eventselection . 161
  7.4.1 Definitionofaresolvedevent . 161
  7.4.2 Dilepton mass cut optimization for the resolved signal region . 162
  7.4.3 Eventselections. 162
 7.5 Backgroundestimation. 166
  7.5.1 DY+jetsbackground 166
  7.5.2 Pair top production and single top+W background estimation 180 7.6
 7.6Systematicuncertainties 190
 7.7 Results197
 7.8 Summary 204
8 Conclusion 207
 A Diagonalizing the neutrino mass matrix 223
 B Control region plots 227
  B.1 Figures for same-sign dilepton with b-tagged jet (CR1) . . . . . . . . . 227
  B.2 Figures for same-sign back-to-back dilepton without jets or b-tagged jets(includingjetsevenifclosetoalepton)(CR2) . . . . . . . . . . . 229
  B.3 Figuresforlow-massCRs(CR3andCR4) 230
  B.4 Figuresforhigh-massCRs(CR5andCR6) . . . . . . . . . . . . . . . 237
Abstract 244
Acknowledgements 246
</body>

