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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 35.9fb~!. 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 137fb~!. A new analysis region which
enhances the sensitivity for small my/my,, 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. [[.I] 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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Figure 1.1: The coupling parameters for fermions and weak bosons to the Higgs

boson [3].
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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 [§],
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 [13H22].

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



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 (Wg) 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 W, and extended the exclusion area in
the two dimensional phase space of (mwy, 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 [
and Chapter 5] the LHC and the CMS detector are explained. In Chapter [6] the
analysis of the Typel seesaw mechanism is given. In Chapter [7] the analysis of the
left-right symmetric model is given. Fianlly in Chapter [§] we conclude the thesis with

a brief summary.



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)¢, SU(2)r,, 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)y, is similar to SU(3)¢, 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);, ® U(1)y symmetry, and the mechanism of generating masses, the

electroweak symmetry breaking (EWSB).



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;
at = (20, 2t 2%, 23) (2.1)

and the metric 7, is defined as a 4 x 4 diagonal matrix

-1 0 0 O
0O 1 00
Nuv = (2.2)
0O 010
0O 0 0 1

Not only Equation [2:2] but the minus sign of it also works, but we will use this
convention.

Any Lorentz transformation A#, must satisfies

anA'uaAVB = Nap (2.3)

, where the repeated indices (e.g., u and v 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 A#,. An identity matrix, 6% is obviously included in the group, and let’s

consider an infinitesimal transform from it;
B SE ok
Ab, = 08 +iwh, (2.4)
, where w#, < 1. Equation 2.3 up to the first order in w gives 0 = wy, + w,,, thus
Wy, is an antisymmetric and leave six independent parameters. w,, can be expressed
as a linear combination of six antisymmetric matrices;

{wuw} = wap {(iM“b)W} : (2.5)

(a,b)



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, (M ab) W = —z'(g‘Lgb,,—

g“,,gbu) are as follows:

0 100 0 010
A0 _1OOO,M02:—1' 0 0007
0 000 -1.00 0
0 000 0 000
0 00 1 0 0 00
0 000 0 0 10
M = M2 = : (2.6)
0 000 0 -1 0 0
-1.0 0 0 0 0 00
0 0 00 00 0 0
M13:—i0 0 017M23:_i00 0 0
0 0 00 00 0 1
0 -1 0 0 00 —1 0

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

and K'’s as follows:

Jl — }6lmann

2 (2.7)
K= MY
where €™ is tensor. One can calculate the commutator relations between J and K:

[Jl7 Jm] _ ielmnjn
(K, K™ = —iémn (2.8)

[J', K™ = ie™ K™,



Consider a new basis, J* := %(J ! +4iK"). The new commutator relations are

[J:I:l7 J:I:m] — Z-elan:I:n
(2.9)
[JTL K™ = 0.

Equation 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 2.4l becomes
AN =T+id-J+if-K
L L (2.10)
= [ +i(@+if) J*+i@—if) J-,

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

A — e[i(a‘+iﬁ)~f+]e[i(d—iﬁ)ﬁ] (2.11)

v

The representation of the Lorentz group can be characterized by two distinct
representations of SU(2). Equation 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* : Jf := g5l £4772
Ladder operators of J~ : J := J ! £iJ 7?2
T mysjomo) = iy, my £1;5,m_)

J:t|]+7m+a] m— > |]+7m+7,7 m— :l:1>
(2.12)

DARY ljy masj,m_ m+‘]+7m+a] ,m_)

m— ‘]-‘rvm-i-ﬂj m— >

( J+ + 1)|j+7m+;j—7m—>

)
TP mas i, me)
(T2 [dgsmasjoym)

)

(J )2 g g ) = (= + Dl mgs o me).
The combination of (ji,j_) determines the “spin” of the field, and an example is

shown in Table For the cases of (j4+,j-) = (3,0) and (0, 3), both representations

5 A L] &



correspond to a spin—% particle, but their rotations are distinguishable. This charac-

teristic is called the “handedness” and we will call (3,0) ((0, 3)) as left(right)-handed

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

Jl—%—l 0 1
2 2 1 0 ’
1[0 —2
JQZ%:§ : (2.13)
i 0
2 2 0 —1

Table 2.1: Examples of the irreducible representations of (m4,m_)

1

n=0 Scalar Left-handed spinor
% Right-handed spinor Vector

2.2 The Dirac equation

An attempt to formulate a relativistic version of the Schrodinger equation of fermions
were done by Dirac 25} 26]. The Klein-Gordon equation starts from the relativistic
relation E? = P2 + m?, 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:

E? = P? 4+ m?
Quantized — (z'gt)Qw(m,t) = (= 2 +m?)ip(x, 1) (2.14)

Rearranged — {8“8“ — mﬂ Y(x#) =0 : Klein-Gordon equation.



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

equation by introducing matrices as the coefficients:
H=a-(-iv)+ Bm, (2.15)

where o and 3 are matrices. To keep Equation [2.15] relativistic, the two matrices

should satisfy:

H? = |a- (=) + Bm| [a- (=i7) + Bm| = (=iv)? + m?. (2.16)
Thus the the relations that o and 5 are
a?=p*=1,0;,0; =0(i # j), v, 3 = 0. (2.17)

7

Multiplying 8 on the left in Equation and replacing H to i% gives
. 6 - 2 2

Now define v* := (3, fd@) and rewriting Equation above gives the Dirac equation:

(ty* Oy —m)yp =0 (2.19)
A 4 matrix solution of ~ is
0 I 0 oF
20 = = (2.20)
I 0 -k 0

The form of v* is not unique, and Equation 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:

o= (2.21)
YR
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It is useful to define additional gamma matrix, v° := i7°y'42y3 = diag(—1I,I). Then,

we can define two projection operators :

Py = Pgr = 2.22
L 9 y 'R 9 5 ( )
which satisfies
(9 0
Pryp = =Y, PRy = = YR. (2.23)
0 YR

A corresponding Lagrangian density Lpigac iS

»CDirac = w(i,yﬂau - m)¢’ (224)

where 1 := 1140,

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 Lpirac. 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 is a summary of those twelve elementary particles.
These particles are fermions, i.e., spin—% particles, thus follows they are described by
LDirac- As mentioned in the previous section, Lpjrc is only relevant for free particles.

One can easily show that Lpipac is invariant under the global U(1) transformation:
Y — ey, (2.25)
The transformation can be generalized by taking 0 as a spacetime-dependent variable:

P — 0@y, (2.26)

3 =11 =1
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, where x is the spacetime coordinate and a is a constant which is called “charge”.

The difference on Lpjac under such a transformation is
5£Dirac = _G(E’VH’(b)(aue)) (227)

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

invariance can be kept once we introduce a vector field A, which transforms as:
1
Ay — A+ —0,0(x). (2.28)
g1

The kinetic term of A, is Lphoton = —iFWFW where F* := 0,A, — 0,A,, whose
equation of motion gives the Maxwell equation, and is invariant under the transform
in Equation Now let’s add an (Lorentz invariant) interacting term, Lpy =

agi(Yy*p)A, to the Lagrangian density, and construct Lqrp as follows:

. 1 _
£QED = w(z')/ua,u - m)¢ - ZFN F,w/ +ag WW“WAM- (2'29)
LqEp is invariant under the U(1) transform:

5Lapp = —a(@y" ) (0,8) + ag) (Tr™)—0,6(z)
g (2.30)

=0.
A, is called “gauge field”, and property to have the invariance under the local U(1)
transformation is called “U(1) gauge symmetry”. Equation can be also written
as

. 1 4
LqeD = 1#(27”1% —m) — ZFM Fl, (2.31)

where D, := 0, —iag1A,. D, 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
up (u) charm (c) top (t)
Quarks
down (d) strange (s) bottom (b)
electron (e) muon () tau (7)
Leptons
electron neutrino (v,) muon neutrino (v,) tau neutrino (vr)

2.4 Electroweak interaction and spontaneous symmetry

breaking

Wu’s experiment [23] was performed in 1956 to test the conservation of parity in
the (B-decay. The experiment measured the rate of 8 particles in one direction but
changing the polarization of $2Co. If the parity is conserved during the 3-decay, the
rate should be same regardless of the polarization. Figure [2.1shows that the 3 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:
e Polarized $2Co has spin quantum number 5.

e The daughter nucleus ggNi is a spin-4, and the electron and anti-neutrino are

Spin—%.
e The only spin solution is |5, +5) — |4, +4) + |3, +3) + |3, +1).

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

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

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

interaction.



e 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.

e 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)1,) to Lqgp realizes the weak interaction.

The SU(2)1, gauge symmetry can be accomplished by forming a left-handed dou-

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

Uy v
Left-handed doublet : Q;1, = , Ly, =
d; l; (2.32)

Right-handed singlet : w;r, d;r, liR,
where ¢ runs from 1 to 3, corresponds to the generation in Table 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 Lpjrac, we

have inserted the mass term,

mp = m(Pr, + Yr) (Y1, + Ur)
= m(YLYr + YrLYr + YrYL + YRYR)-

Using the properties of v matrices, Pr,P;, = PrPr = 0. Hence, the mass term becomes

(2.33)

mytp = m(YLyr + YrYL). (2.34)

Equation is not invariant under SU(2)y,, since v, is doublet and v 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.

3 =11 =1
y &0 8



1.3 I I T T T T I T
GAMMA-ANISOTROPY

a) EQUATORIAL COUNTER
b) POLAR COUNTER

COUNTING RATE
<COUNTING RATE>y,qm

|
I

1 ] ] 1 I I |

GAMMA-ANISOTROPY CALCULATED FROM (a)8(b)

03~ W(T )~ W(0) B
W(7)
67 02 2 ]
FOR BOTH POLARIZING FIELD
UP 8 DOWN

ol N
o I 1 ! 1 1 l
T T T 7T T T
1.20 B ASYMMETRY (AT PULSE —
z HEIGHT 10V}
< H| EXCHANGE
wl A LI0 x GASJ IN
—iw
<f
@ &( .X
® 1,00 Y 8 o~ L
Z|o X
e
§; 030 ]
ol3
(&)
V 080 —
| L | ] ! | i {
070——% 2 6 8 10 12 14 16 18

TIME IN MINUTES

Figure 2.1: The measurement of the S-asymmetry from $3Co — §INi + e~ + 7 + 27.

gl

15



The SU(2);, gauge transform acts on the left-handed doublet, so the structure
is the same as what we saw in Section [2.I] 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:

U €950 (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 (D)), gauge fields (W)

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

D, =0, —igW, = (2.36a)
1. = =
VT;—WTZJFQ—QLH + 0 x W, (2.36D)
2
W = Wy — O, W, — gsW,, x W,, (2.36¢)

—
where W, := (W), W2, W2)

It is now trivial to require SU(2);, ® U(1)y gauge symmetry to the fermion system:

u Y
Left-handed doublet : Uy, := | = | — 95 a+i§YBy, (2.37a)
dr,
Right-handed singlet : g — €' 7P g, 1 = u or d (2.37b)
1
U(1)y gauge field : B, — B, + ?%B, (2.37c)
—  — 1 —
SU(2)r, gauge fields : W, — W, + g—aﬁ +d xW, (2.37d)
2
— 7 !
Covariant derivative : D,, = 0, —igW/ - Cl i%YBu, (2.37e)
Lagrangian density : £ =W, (iv*D,,) ¥y, + Z Yr(iv" D) YR
Y=u.d (2.37f)
1 l—0p —
_ ZB/WBMV _ ZWM . Wum

2] O 1 &) -
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where g and ¢’ 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 g, but we are
abusing the same notation, D,,, for simplicity. We should notice that Equation
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

¢+
b0
¢T and ¢q also carry U(1)y hypercharge of +1. Let’s consider a Lagrangian density

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

of a scalar doublet with the following self-interacting potential:
gt L 2sto+ Iaale?
£ = (D"6)1 Dy — (—512010 + M610)? ). (2:38)

with 2 > 0 and A > 0. In Equation 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 ¢ = 0 is not the vacuum and perturbation
should not be done around it. The true vacua are |¢|? = “72, as ¢ = 0 is a local
maximum of the “Mexican hat” (Figure [2.2)). We will now choose a vacuum among
the infinite possibilities;
1 0

= 2.39
’ V2 v+ h(z), (239

where (@) = % = \/”72. v is the “vacuum expectation value (VEV)” (divided by
V2, depends on the notation). Since ¢ is a doublet of complex scalar fields, it has
four parameters. We used three of them, manipulating the symmetry, and set ¢ to

be real. This choice of vacuum indeed removes the SU(2)r, ® U(1)y symmetries, but

3 =11 =1
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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)”.

Figure 2.2: “Mexican hat”.

We will now look at the covariant derivative of ¢. 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.

(in terms of v) — —

A 1 0
Do = <a“ —igWy - — — zYB#> —
2 2 V2 |y h(z)
i (957 g 0
2w, F+%vB
V2 (2W“ 7 “) .
. 3 1 YAT72
i W WL w2
2v2 [T A\wL w2 w3
YB 0 0
+q .
0 YB, v
v Q(W,lﬁ - ZW,%)
v
2v2 | W3 4 ¢'Y'B,

(D,$)" in terms of v = +22f ( (W1 + sz) —gWi + g/YBM)

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

(D"¢)! (Dyo) =

Let’s define Wff =

(D"¢)T(Dyo)

2

[ 2(WHW), + WHW?2)

+ (—9W3“ +gYB*)(—gW?, + 'Y B,)]

1 (gv 2 1 1 2 2
:2<) (WHW! + W2w2)

2

(5 (v )
+5(5) (W3 B~

2

%(W}L TiW?), and rewrite Equation ﬂ :

3
—g9'Y | (W5,
g?Y?2 B,

G

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

g —g
g g

19
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cos Ow

sin 9W

—sin Hw

cos Ow

(2.40a)

(2.40b)

(2.41)

(2.42)

(2.43a)



/

Ow := arctan % (2.43b)

2 2
+4¢? 0
Sa=ut|? Y U, (2.43c)
0 0

U is a rotation matrix with an angle of fyw. fw is called the Weinberg angle which is
one of the free fundamental parameters of the SM. We now redefine the fields after

the rotation :

Z cos Ow W3 — sin Oy B
= W W (2.44)
A, sin OwW? + cos Ow By,
Rewriting Equation [2.42] gives
1 1
(D7) (D) = 5miy (WH W, + WHW]) + Smi 27,
1 (2.45a)
+510- 414,
gv gv
=2 = . 2.45b
MW= n M2 = g s Ow ( )

To sum up, we started from scalar field doublet with massless gauge bosons in
Equation with SU(2)r, ® 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 contains the masses of the W boson (mw) and Z

boson (myz), 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 [2.371
/
LR = iy (—i§<W101 F Wit Wie) - iV B,)

+ > WRW“( Z*YQp )¢R

Y=u,d
= % (UpA"Y Uy) B, + g( Z \IILW?‘I!L W"‘) (2.46)
e el e—
JL Jk,u

L

+ Z wR’Y”waR)
%,_/

PY=u,d R

J# are the fermion currents, but defining J*# is more useful:

ugyHdy, +
JE = W g g = (2.47)

E’Y“ULa -
Elm can be rewritten using Wf, Z,, Ay, and J +u,

LEW — ji(w;ﬁ“ + W T
g’ cos Ow
+ ( :

! o3 9
+ (—gSI;lWJE/“ —|—gcos€wJ3“> 7

I M+ gsin HWJ3“> Ay
(2.48)

+ Z ng (—sinbwZ, + cosbwA,)
Y=u,d

) 3 =11 =1 —
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Charged current

u(d
The first term in Equation [2.48| can be written with u(d) = () using the
u(d)r
properties of the projection operators:
1— 5 i 1— 5
Leo= L ||la =L a|wta |dr — L w|WH|, (2.49)
V2 2 ’ 2 a
—— N——
P P

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)):

o (Q:=T5+ %, where T3 is the weak isospin and Y is the hypercharge,
e (J1,=QR: left-handed and right-handed fermion have same EM charge.

The A, term in Equation becomes

_ fo. o .
Ly = | ePry” Up+e > UrY'Quir | Ay
0 Qd P=u,d

=€ ( Z w')/qupU)) A,u

PY=u,d

(2.50)

with e := gsinfw = ¢ cosfyw. Comparing Equation to Equation the
fermion system now have a U(1) symmetry with a charge @. This is the remain-

ing symmetry after breaking the SU(2)r, ® U(1)y.
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Table 2.3: The weak isospin (73), hypercharge (Y), and EM charge (Q) of fermions.

5 Y Q
uL) | +3 3+
Ly
di | | —3 2ty
YR,u

UR 0 YR,u Pé’
Y1

dro | 0 Yig e

Neutral current

The Z,, term in Equation [2.4§ becomes

g
cos O

Lnc =

cos Ow

g
cos Ow

cos Ow

[ 1 [1—4°
uyH = ( T 2@, sin 20W> u
cos Ow I

3
Uiyt Tw, iy Y (W@M)

PY=u,d
1Lo,1=97 1o 1—9"
§u7" u- idfyu — —d—sin Ow Y (U Quy)
, Y=u,d

P, P,

2 2

(2.51)
_AD
+ 8"}/“% (—1 27 — QQd sin29W> d]

1 /1 1
[u7“2 <2 — 2Q, sin 20w — 75> U

2
+ 8%% (—; — 2Q, sin %Oy — (—1) 75) d]

5 d d 5
[m“ (Cl‘t/ _QCM ) u+ dy* (CV _;ﬂ ) d] .

The vector and axial vector coefficients, cy’s and c4’s of the quarks and leptons are

summarized in Table 2.4]

y 2 11 &- -
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Table 2.4: The vector and axial vector coefficients, cy’s and c4’s of the quarks and

leptons.
cy cA
1 1
Ve, V/u Vr 2 2
1 in 26 1
e, [, T —5 t2sin“by —3
u, ¢, t % — %sinQHW %
d,s,b | —3+Zsin0y —3

2.4.3 The masses of fermions

In Equation we have seen that the fermion mass term is not invariant SU(2)y,.
After the choice of vacuum as in Equation 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 = — Y (ij@%dﬂ{ + 95 QiLduur + gijTLqﬁeij) + (hc),  (2.52)

1,J

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 L;,¢pv;r term. Lyukawa is SU(2)y, invariant thanks to the ad-
dition of a SU(2);, scalar doublet, ¢, 4. Not only SU(2);, 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 @1, = @R, the hypercharge of ¢, 4 is determined for u, d, and ¢
separately:

Yy, =Y, — YR = —1
Yy, =YL — Yra=+1 (2.53)

qué = YL — YR,E =41
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The Higgs scalar doublet, ¢ = ¢ , is set to have hypercharge +1, so can be used
b0

as ¢q and ¢p. A scalar doublet with hypercharge= —1 can be constructed by the

“charge-conjugate” operator, C := io?:

—+* *
¢ = iop* = O e = % . (2.54)

-1 0/ \ ¢ ¢
Due to the complex conjugation (*), ¢¢ has hypercharge= —1. The “Higgs-Yukawa”
interaction term becomes
Lyukawa = — Y (Q%ﬁéf)dm + g4QiLd ujr + gijTLMjR) + (h.c.) (2.55)
i,

We again break the SU(2)p, ® U(1)y symmetry, and obtain the terms with v:
ukawa \/5 - iL9ij 4R iLgi; UjR iL9ijt iR .C. (256)
Z’J

The coupling constants, gfj can be considered as a 3 x 3 matrix, g¥. For the quark sec-
tor, we can rotate the weak-interaction eigenstates to obatin proper mass eigenstates,

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

follows:
ur, R ur,R
u
C£7R - VL,“I‘% CL,R 5 (2573,)
tLR tLR
' d
L,R LR
v = v 2.57b
str | = ViR | sLr | (2.57D)
/
L,R bL,R
/
LR €L,R
e =V 2.57¢)
PLr | = VLR [ HLR | > (2.57c
/
LR TLR
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VW Sy

V2

(2.57d)

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

mass terms as follows:

SSB
ACYukawa — —

(@

V2
~

Q\‘

~

=

)
)

0 0 d

s s’

0 M, b

0 o0 u’

M. 0 d

0 M, t
0 0 e
M, 0 !
0 M, 7!

(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

26



mass eigenstates:

dr, €L
Lo = (— 7| A Wt 9 (o= 7= =)~ W
CC—\/§ u, ¢, t ] SL M+\/§ Ve VuL VrL )7 ML 1
b, TL
U
L
g - -
_ﬂ<u'L ) th) VTV | s, | Wi
L
el
g (__ /
+\/§<VeL Uil VTL) YL | i, W/JLr
A

(2.59)

We define the “Cabibbo-Kobayashi-Maskawa (CKM) matrix [41} 42]” as VCEM .=
v TVﬁi. 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:
e u-quark interacts with V.GKMq + V,GKMg 4 17 GKMy,
e c-quark interacts with VC%KMd + VKM 4 VC%KMb
e t-quark interacts with VthMd + VKM 4 VthMb

In the lepton side however, because we don’t have neutrino mass term in the SM, we
let the neutrino fields absorb VIfT 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 ¢ = 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);, ® 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 107% 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 v, +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 390000 liters (520 tons chlorine) of liquid tetrachloroethy-
lene, C,Cl,. The flux was measured to be less than 3 SNU (1 SNU = 10736 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 (|vj—123) and |Va—e ), respectively), are mixed:

|Va Z |Vz (31&)

vi) = > Uailva), (3.1b)

where the 3 x 3 matrix U is unitary, and called “the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix”. If a neutrino of interaction eigenstate o (v4) is produced
at time ¢ = 0 through weak interaction, and travels the distance L until it interacts

with matters, the neutrino state evolves as

|V (t) Z ilvi(t) (3.2)

If a charged lepton of flavor 3 (¢3) is produced inside the detector through v, (t) X" —
£gY , for instance, the probability of this reaction is

3 3 2

Pag = [(vslva)® = DD UsiUsi{vilvi(®))]| - (3-3)

i=1j=1

The propagation of mass eigenstates is described by a plane wave solution:
[vi(#)) = e BT My 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:

2.2 2.4

m;cC mc
E; = \[p2c + m2ct = pic + o~ T (3.5a)
m2c¢t* L FE m2c3L
Eit—7pl -7 ~(E ) L= .
=Pl T R (B4 )T T (3.5b)
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where we assumed all mass eigenstates have same energy, F, and this is known to give
the same result under the ultrarelativistic limit [50]. Rewriting Equation gives

2
,m2c3L

Pog = | UkUge ' 2mm
7

(mlgfm?)c:iL

= 3 UiUpiUajUgge™ 80—
.3

Am?.cBL (36)
= Z M;jﬁe_i SER
i’j
=y Mgﬁe*i(b'f.
,J
We not rearrange Equation [3.6] as follows:
P =S M9 + 3 M9 e~ 1N MY e~ 1P
B af af af
1= 1> ) ’L<“7 ) | (37)
= Z |Uwi|2|Ups: > + Z (Méfﬁe"q)“ + Méjﬁ*e“@ii)
i i>j
Using the unitarity condition 6,3 = >, U;;Us; and 5aﬁ625 = 0q3, We get
Sap = > |Uai*|Usil* + > (M;%+M§;) (3-8)
i i>j
Combining Equation [3.7] and Equation [3.8| then gives
B y i o, e i,
Pap = 0o — 3 (M7 + M) + 3 (MZe ™ 4 M5et i)
i>j (]
_ i 1%
1>
ij ijix N (A rid i\ e
+§<Ma5+Maﬁ)cos@w—§z<Ma5—Maﬁ>sm®U (3.9)
1> L)
i i\ 1 — cos P , i e\
= bas — 2> (M, + M) =Y (M, — M) sin @
i>j 1>7

=dap —4) R [Mgﬂ] sin ? q;ij +2)°9 {M;J/B] sin ®;;.

i>7 i>7
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P - Am2.c3L . . . . . .
The phase % = — 74— expressed in the units of typical neutrino experiments is

D, Am?jc?’L Am% L GeV
=—Y  —1967 (=) (=). 3.10
5 AEh a2 (km)( 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 (D,O), 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 ¢€~](\§O, ¢%]§O, and ¢%}(\go7 and
the non-oscillation interpretation gives > 50 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

3.2 The Majorana mass

Let’s consider a bispinor with the EM interaction:

Dirac equation : (iv*0, + ey* A, —m)y(xz) =0
= (=" 0, + ey Ay — m)(z)* =0 (3.11)

2

L5 (=i, 4 e A, — my)d(x)* =0,
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Table 3.1: The combined results bases on the 3-neutrino mixing scheme.

Parameter Value
sin 2619 0.307 £ 0.013
Am3, (7.53 £0.18) x 107° eV?
sin 2093 (Inverted order) 0.547 + 0.021
sin 2653 (Normal order) 0.545 4 0.021

Am3, (Inverted order) | (—2.5467093%) x 1073 eV?
Am3, (Normal order) | (2.453 4+0.034) x 1073 eV?
sin 2013 (2.18 £ 0.07) x 1072

where A" = (¢, X) is the electromagnetic field. Under the Wely basis, where +? is

pure-imaginary while others are real, y2y** = —y#~2 is hold. Equation becomes
g y
(7"° 0 — eV * Ay = myP)p(w)" = 0
("0 — e Ay — m)(v*)(2)") = 0 (3.12)
(9" — ey Ay — m) (—i*(2)") = 0.
Thus, —iy?y(z)* satisfies the Dirac equation with an opposite EM charge to the

original field. We define a charge conjugation operator as ¢ := —iy?ah(z)*. A two-

component right-handed spinor g, which transforms as

YR — ei(ﬁfi?)'gwf{, (3.13)

0

can be written as a bispinor, , under the Wely basis. The charge conjugated
YR

field of it is

0 0 o2 0 —io2
— i - — Vi (3.14)

) 3 1] &=L —
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Using the fact that 020* = —¢0?, an infinitesimal transformation of the (two-

component) charged conjugated field is

S(miobi) = —io*(—)(@ + ) L v

= +i(@ + i) 2 (Cirtu)

(3.15)

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

EM charge, we can combine —ia%ﬁi’i and R into a four-component bispinor, ¥ =

—Z'U%/Jﬁ
YR

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

, which satisfies ¥ = 1, i.e., the particle is identical to its antiparticle.

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

L= —%Mﬁng + (he). (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:

_ 1 _
— L, = Mp,, Ny, + EMMijNiNjC + (h.c.), (3.17)

where vy, is the SM lepton, and N is the right-handed sterile neutrino. The first term
comes from the Higgs-Yukawa coupling, gg’jLLqZ)CN + (h.c.), while the second term is

the Majorana mass term. Equation [3.17] can be written as

1 0 Mh\ [ w 1=z
—£u=2<v? ﬁ) M +(he) = S0OM T + (e, (3.18)

3 =11 =1
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where 7 := (v, Vs Ve, NEU NS L, NE)T. The matrix M, is a (3+m) x (3+m) com-
plex and symmetric matrix, and can be diagonalized by a unitary matrix (“Autonne—
Takagi factorization”) V¥: (V¥)T M, V" = diag(m1,ms, ..., m31.m). The mass eigen-
state states are 7 = (V) and L, becomes
1 34+m - L 3+m .
— L, =2 my (VQCVZ{ - V{VZ{C) =3 > muv§va, (3.19)

2 i=1 i=1

with defining a new field, vys; = v} + V€.

For the case when My = 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 M)y; > Mp, we can perform the diagonalization of M, up to O(Mp/Mys)
(Appendix [A)) :

—VIMIMMpV; 0 MY 0
(VV)TMVVV — l DM DVi = , (320)
0 ViI My Vi, 0 M"
where
v (U= BbM G MV My .
~My' MpVq (I — 5 My Mp M}, M Vi,

and V() is a unitary 3 x 3 (m x m) matrix. The mass eigenstates can be obtained by

v g A (3.22)

The mass and the charged-current Lagrangian density become

1 1
L= LM 4 LM+ (e, (3.23)

) -11 =1
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ﬁCC,lepton = Z Z Ungylnﬂ)/ gLW—i_ 7 Z Z VJ{%’YMK/LWZ

n 1/=e n=1 {=e
3 g I (3.23b)
Z Z Up T W+ == Z Vi Uy W

\/> n=1 {=e " \/§ n=1 {=e " 8

In Equation [3.:23D] the first term represents how a neutrino in an interacting eigenstate
is mixed to the light mass eigenstates. The coefficient, U;; , is O(1) and corresponds
to the PMNS matrix. The second term in Equation indicates an interaction
between a heavy mass eigenstate and a charged lepton via the W boson. The coeffi-
cient, V,; 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 (v1) and sterile neutrinos (N¢), ngLde
gives the Dirac mass term after the EWSB; M Dijﬁiij. We also introduced a Majo-
rana mass term, %M MijﬁiNjC + (h.c.). The full neutrino mass term can be diagonal-
ized, and when we assume Mjy; > Mp, the mass matrix for the light neutrinos are
O(|Mpl|?/| M), and the matrix for the heavy neutrinos are O(|My|). 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-1”, when we
have no additional interactions (i.e., no extra symmetries). The mixing element, V,
(n : index of a heavy mass eigenstate), which appears in the charged-current interac-
tion between the heavy neutrino and charged leptons, is O(|Mp|/|Mps|). The mass
of the light neutrinos can be expressed using the mass of the heavy neutrinos and the
mixing elements; M; ~ |V |?|My;|. Hence, we obtain O(eV) of light neutrinos with
TeV scale heavy neutrinos, followed by a mixing elements squared of O(107°). Such

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

Hadron Collider (LHC) (Section [6).

) 3 1] &=L —
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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:
SU3)c ® SU(2)1, ® SU(2)r ® U(1)B.1.. (3.24)

The charge of U(1)p_1, is the deference in the baryon and lepton number. The fermion

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

Uj
QiL = 1(2,1,1/3)
d;
L
Vi
L, = :(2,1,-1)
l;
L (3.25)
Uj
Qir = :(1,2,1/3)
d;
R
7
LiR: : (172a_1)
¢
R
The covariant derivative becomes
e . A . S B-L
D# = 8# — ZgLWLM . ? — ZgRWRM . ? —1gB—L 9 B‘u, (3.26)
followed by the addition of gauge bosons with their transformation as below:
1
B, — B, + oup
9gB—L
= . (3.27)

e
o W, v WUt é(&MU)UT,

¥ [ 1] =1
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where U is the SU(2) transformation under the fundamental representation. It is
conventional to assume gy, = ggr = g. To break SU(2);, ® SU(2)g ® U(1)p.1, down to
SU(2)1, ® U(1)y, we introduce two Higgs bidoublets and a Higgs triplet:

0 +
o |9 9. (2,2,0)
o ¢
(3.28)
5+ \/§ 5++
A= [RVEOE )51 ,,2)).
Nr  —Or/V2
The Higgs bidoublet, ® transforms as
U — U ®U} (3.29)

The Higgs triplet, Ar, g is the 2 x 2 adjoint representation of SU(2) triplet, which

transforms as

A — e 9B-LBUAUT (3.30)

The kinetic term of the scalar fields is
Ls = Tr[(D,®)(D"®) + (D,AL) (D*AL) + (D,AR)T(DHAR)], (3.31)

and the covariant derivatives act on scalar fields as follow:

T — T —
Du® = 0,8 +ig <2 Wi — &2 Wi,
3.32
= (3.32)
5 WL Ry, ALR

DHALR = GMAL,R + 19 + igB—LBpAL,R

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

end, the neutral Higgs are chosen:

@=L
_\/i 0 w
(3.33)
1 0 0
(ALR) = —=
2 uL,r 0

) 3 1] &=L —
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Collecting the v, w, and u terms in Equation [3.31] we get

“
P\ [P A w2 ? —2uw*v Wi
Ls— 7 \WL R
—2v*w | + |w? + 2Jug|? | \ W
2 2 2
9% [v[? + w|
+ (Wi = Wi) - (W — W)
il B gw? B - gW}
+ 5 (95-LB — gWi) - (95-LB — gWyi)
2
uR
. 2' (95-LB — gWR) - (95-1.B — gWi).
(3.34)

The eigenvalues of the first term are

M,y = (0 + [wf + fur? + fur|?) F /(Jur 2 — Ju[2)2 + 4o2lw]2. (3.35)

We require the hierarchy between the VEVs as ur > v,w > wur, which ensures
the undetected right-handed gauge bosons until now. Then, the eigenvalues, i.e., the

masses of charged gauge bosons are

2 Ill2 w2
%(|v\2+|wl2— v |‘w| )

[ur[?

M, = (3.36)
T lur?
Then, the first term in Equation [3.34] now becomes
92 m%v 0 Wi’— g
T (W; W;) b e (3.37)
L0 myy, W3
where
+ _ w*v +
Wi = 1 fur® Wi (3.38)
vw
Wk " [ug [* 1 W3 "

The mixing between left- and right-handed W bosons are suppressed, thus the inter-
action and mass eigenstates are almost identical. Wy, represents the SM W boson,

while the Wi with much higher mass corresponds to the right-handed W boson.

3 =11 =1
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The remaining terms in Equation can be rewritten as

“w
w7
1 2
5 (Wi wi B)M M wa | (3.39)
B
with
2 2
T (l? + |w]* + 4fur]?) — 4 (Jo]? + Jw]?) —g99B—-r|uL|?
2 2 2
My = — % ([0 + [w]?) (P + w]* + 4fur[?) —998-r|ur |’
—gg9B—r|ur|? —99B—1|ur|? g%_r(JuL* + [ur[?)
(3.40)
In the limit of uy, — 0, the eigenvalues are 0, mz, and myz, where
2 2 2
2 9 2 o, 9 TIs-L, 2
mz, , == ([v]" + [w[*) + =———|ug]
4 2
4 2 2 2 2.2
g (9*+95_1) 929%_1,
F \/(\v!2 +w?)? + —— == |ug|* — — = (Jv* + |w|?) [ur [?
16 4 4
P(P+w?) [9°+205 1 oPHwl? g
N 4 9*+9%_; dlurl? ¢2+g%_,
(> + g5_1)ur|?
g2 ([v[2+|w[*) v]?+]w|? 2 2
_ Tcos 20y {1 — “Aun? €08 Ow cos Gy}
(9% + gB_p)|ur|?,
(3.41)

with

2 2
+
COS HW = %#,COS 0Y = # (342)
9°+29p 1 9"+ 9B-1

1
2(21 Zs A) 0 mg Of|Z] , (3.43)
nw
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where

2 2
Wi cos By — %’flr cos 30y sin Oy 71
W‘E{ = | —sin Oy sin Oy cos by cos Oy sin Oy 7o
B — sin Oy cos By — sin Oy cos By cos By A
2 i
cos Oy 0 sin Oy 74
= | —sinfy sinfy cosby  cos by sinby 7o (3.44)
—sinfy cosfy —sinfy cos By cos by A
o
1 0 0 cosby 0 sinfy YAl
=10 cosfy sinfy 0 1 0 Zo
0 —sinfy cosfy —sinfy 0 cosfy A

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, Z; represents the SM Z

boson, while the Zs with much higher mass corresponds to the right-handed Z boson.
The ratio of the mass between the SM gauge bosons is

mwy

~ cos Oy, (3.45)
myz,

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

between the heavy gauge bosons is

2 11— 2sin2
W o = W oo, (3.46)
mz, 209> +95_1) 2 cos?Ow

i.e. mgz, ~ 1.67myy,, using the values from the latest results [53].

The Dirac Yukawa term in the LRSM can be written as
Lyukawad = QL(Yi1® + Y1®)Qsr + LiL (V50 + Y5®) Lig + (h.c.). (3.47)

® is defined as 02®*02 and these terms are added to generate the mixing between the

up- and down-type quarks. The Majorana Yukawa term can be constructed through

X 11 ==
41 A = TH e 0



the Higgs triplet:
EYukawa,M = szRY;J (ZJ2AR>LJR + (h‘c')a (348)

where the SU(2)r, ® SU(2)g ® U(1)p.1, symmetry is kept. After the spontaneous sym-

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

£Yukawa,D + [:Yukawa,M — TiLMuujR + @Mdde + EMKBJ'R

(3.49)
+ L Mpvr + GrMpr§ iR+ (hc),
where
Mu = T(Yq’l] + Yq )
My = —(qu + Vi)
f
Mp = 7(5/% + Yiw) 3.50
73 (3.50)
1 _
M, = E(Yiﬁ-w +Yv)
1
My = —=Y} ug

V2
Due to the existence of }713 in M, and My, the two mass matrices are not always

VOERM = TVIfl can differ from unity. The two

simultaneously diagonalizable, i.e.,
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. 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 (Hs)
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 .
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gas forms the plasma with this process. A DC voltage of 90kV 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. . The bunches are split into three (“triple splitting scheme”),
yielding bunches with A = 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 25ns of bunch spacing (Fig. , also with 12 consec-
utive empty buckets. The size of the bunch is also reduced down to ~ 4ns to match
the RF frequency of the next circular accelerator, the “Super Proton Synchrotron

(SPS)”.

)
w)
sy}
=
I

Two—batch filling for LHC
2 i 3 PS h=7

QR
(

1* batch 2" batch

1.2sec later

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 .
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320 ns beam gap | L

PS ejection:
72 bunches
on h=84 in 1 turn

Quadruple splitting " :
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6 (4+2) bunches
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Empty
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Figure 4.4: The multiple splitting scheme in the PS .
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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
frs + 4e = 72b8e + 4e, (4.1)

where 8¢ 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:

fune = {234}{334}{334}{334}
= {(2fps + 30e) + (3fps + 30¢e) + (4fps + 31e)} (4.2)
+ 3{(3fps + 30e) + (3fps + 30e) + (4fps + 31e)} + 80e.

Putting b = e = 1 in Equation [£.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

MBA MBB MQ MBA MBB MBA MQ MBB MB
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The arc is a part of the ring occupied by 23 cells, which consists of two arc half-
cells (Fig. . Each of the arc cells is 106.9m long, and contains one 5.355m 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 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) pm. The overall length of the dipole magnet is about 16.5m with a diameter
of 570 mm, which weighs about 27.5t.

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. [1.7]

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

1] =1L —
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Figure 4.6: The cross section of the dipole coil (top) and the cryodipole (bottom) of
the LHC magnet .
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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., § = ¢/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 [£.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.
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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 (1/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 15m 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 (PbWO,) 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 Ap/p ~ 10% at p = 1TeV. 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.

Superconducting Solenoid
Silicon Tracker

Very-forward Pixel Detector

Calorimeter

Calorimeter
Electromagnetic

Calorimeter )
Detectors

Compact Muon Solenoid

Figure 5.1: The exploded view of the CMS detector ||
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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 .

Table 5.1: The parameters of the CMS superconducting solenoid .

Field 4T
Inner bore 5.9m
Length 12.9m

Number of turns 2168
Current 19.5 kA

Stored energy 2.7GJ

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. , which provides the four-hit

pixel coverage up to pseudorapidities of +2.5.

Upgrade
4 barrel layers

Upgrade Outer rings
n=0 1

=0.5 =1.0 =1.5
77/ ) ! ./'FZ.O
/ ///i/ n=2.5
_l l Innerrings
.0 +

Current
3 barrel layers

Current \ -
=0

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

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

The pixel detectors are located at mean radii of 3.0cm, 6.8 cm, 10.2cm, and
16.0cm, with a length of 548.8 mm. The size of a pixel is ~ 100 x 150 ym?, 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) pm 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 120cm <

|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. The tracking system provide stable tracking

efficiencies even with an instantaneous luminosity of 2 x 1034 cm=2s71.
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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 (PbWO,) crystals.
The radiation length (X() and Moliére 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 25ns. 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 (|n| < 1.479) and endcap (1.479 < |n| < 3.0) regions;
22 x 22 x 230 mm? in the barrel and 28.6 x 28.6 x 220 mm? in the endcap region. In
the barrel region, a single crystal covers 0.0174 x 0.0174° in 1 — ¢ space.

The light yield of a crystal is 30 v/ 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 x 5 mm, and two are
paired and attached to the end of the crystal (Fig. . 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) x 107 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 < |n| < 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 (/= 2mm) compared to the ECAL crystals (= 3cm).

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 |n| < 1.4 and 1.3 < |n| < 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, 11.2m away from the interaction point,
which extend the coverage from |n| = 2.9 to |n| = 5. For the region of |n| < 1.26,
an additional array of scintillators are installed outside the superconducting solenoid.
Figure. 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)

11 ==
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Figure 5.6: Photos of the silicon avalanche photodiode (APD) used in the CMS ECAL
in the barrel region ||
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Figure 5.7: A photo of the vacuum phototriode (VPT) used in the CMS ECAL in the
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consists of two half-barrels, each divided into 18 wedges in ¢ 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 x 0.087 in the 1 — ¢ plane. The endcap hadron calorimeters (HE) consist
of 36 “megatile” (Fig. [5.9). The the ¢-granularity of the high-n region (|n| > 1.84)
is reduced by half to cope with the bending radius of the wavelength-shifting (WLS)
fibers. Thus, the n — ¢ coverage of the HE are the same as HB, except that the 7
size is increased for the high-n region. Finally, the forward hadron calorimeters (HF)
covers 3 < |n| < 5.0, and installed at |z| = 11.2m. Unlike the HB and HE, HF
is a steel absorber plate with optical fibers embedded inside. Fibers with different
length (1.65m and 1.43m) 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.

Optical connectors Brass frame xX-y plane
Scintillators

¢ WLS fibers
c
RS :
o~ o
0 e
b 5 E =]
S i 7
in 17 18 19 20 1 22 23 24 25 26 27 28 29
Clear fibers adioactive source tubes Quartz fibers
Radlal direction to beam >

Figure 5.9: A schematic figure of the a HCAL megatile .
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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 (|n| < 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 7.0m, 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. ; 4 planes for the r — ¢ 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/CO,(85/15%) gas mixture. The maximum
drift length is 2.0 cm, and the hit resolution is ~ 200 um. 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 (& 2ns) 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) ringﬁﬂ 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

!The 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 .
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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 200 gm (100 pm for
ME1/1). Similar to the barrel muon detectors, CSC chambers within |n| < 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 (101°-10'1Q 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 2ns and few cm.

Graphite coating
Bakelite Spacer | Hotmelt glue

iy \ [ Mylar sheets
N \ 4.\'

Gas gaps Anode strips —

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 (~ 100mb) and the
nominal instantaneous luminosity of the LHC (= 10 cm=2s71), 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 4 us, 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 (uGMT) 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 pr from the amount of the
bending. Each sector transmits at most 36 muons to the uGMT, and up to 8 muons
of the highest rank (pr and quality) are sent to uGT.

The calorimeter trigger towers (T'Ts) in the barrel consists of a 5 x5 array of ECAL
crystal coupled to the HCAL tower behind it, which corresponds to 0.087 x 0.087 in
the n — ¢ plane. In the endcap, the size of a TT is 0.17 x 0.17 due to layout of

the crystals. The Layer-1 calorimeter trigger calibrates the energy deposits in both

1] =1L —
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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 (7 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 () are not distinguishable in
this stage. The e/~ reconstruction starts from a seed TT which is defined as the local
energy maximum above 2 GeV. The neighboring T'Ts above 1 GeV are clustered up to
8 TTs. The position of an e/ is determined by the energy-weighted mean of the TTs.
A fine grain veto bit and H/FE veto are applied to the objects with transverse energy
Er < 128 GeV to reduce background rates. The isolation variable is also computed,
by adding up the E7 in the 6 x 9 TT region in n — ¢ around seed, except the TTs
used in the certain e/ object (Fig.[5.14)), and used to define isolated e/.

n n HCAL

2 | Second neighbours . Isolation region

Figure 5.14: The T'Ts used in the L1 e/ clustering and the isolation computation .

The hadronic decay of a 7 lepton (7,) 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 7, 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 7, reconstruction by merging two calorimeter clusters .

The L1 jet is reconstructed by clustering 9 x 9 TT centered at the local maxi-
mum (“jet seed”). The contribution from other proton-proton interactions (pileup)
are estimated from the four 3 x 9 regions. The energies from the three regions with
the lowest energies are summed and subtracted from each jet energy.

The pGT collects all the information from pMGT 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 7. For a trigger decision which
requires two jets, the jets must satisfy AR = \/A®2 + An2 > 0.2 from the 7.

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 1kHz. The HLT farm consists of more
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Figure 5.16: L1 7, reconstruction by merging two calorimeters clusters [69].
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than 30000 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 pp requirement of
0.9 GeV is applied to reject misidentified tracks. In Figure (top), the efficiency of
the track reconstruction from this condition is shown in black squared markers. The
efficiency for the track with ppr ~ 1GeV 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 p 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 pr
2 DetachedTriplet pixel triplets from b hadron decays, R < 5cm
3 LowPtTriplet pixel triplets prompt, low pp
4 PixelPair pixel pairs recover high pp
5 MixedTriplet pixel+strip triplets displaced, R < 7cm
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 pr jets
9 MuonSeededInOut  muon-tagged tracks muons
10 MuonSeededOutIn muon detectors muons

The FECAL-based electrons are reconstructed using the ECAL clusters with an ex-
tension to ¢ 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
pr > 2GeV, 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:

e 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.

e 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.

e tracker muon: The inner tracks with pr > 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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Figure 5.17: The tracking efficiency (top) and misreconstruction rate (bottom) calcu-
lated from simulated QCD samples are shown.
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segment satisfies Az < 3cm and pull < 4 (z : 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 v and neutral hadron (NH) (i) distinguish NH from charged hadron
(CH) (i) collect bremsstrahlung photons of each electrons (iv) improve the low-
quality tracks of low-pp 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 x 0.087) in n— ¢. 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 An < 0.05. To take into
account bremsstrahlung photons converted into eTe™, 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 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 (vMSM) contains a right-handed neutrino
without a new gauge boson, and provides a rich experimental properties [72H75].
Various experiments have searched for these heavy neutrinos in a wide range of heavy
neutrino mass (my), keV to some hundred GeV, and Fig. shows a summary of
the |Viyn|? versus my, where Vpx is the matrix element of the neutrino mass matrix
described in Equation my and Vyn are set to be free parameters in these
searches. The DELPHI [16] and L3 [17] 18] Collaborations searched for heavy neutrino
productions from the ete™ — Ny process for my < 90(200) GeV for £ = p, 7 (¢ = e),

and LHCDb Collaboration [19] looked at B~ — 7T u~u~ decays to search for heavy
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neutrinos with my < 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 (myx > 20 GeV), the decay
length of N is smaller than 1071%m .

ILC

[Vex P

GERDA

. Seesay—

-12
10 0.1 1 10 100

My (GeV) My (GeV)

100

Figure 6.1: Current limits on Vyy for e and u, as well as the expected sensitivity from
future experiments .

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 — NY). In the previous CMS analyses 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 (my) 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 79]. The
cross section of the VBF production exceeds that of DY for my > 800 GeV (Fig,
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 — (*¢T 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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Figure 6.2: Feynman diagram representing a resonant production of a Majorana neu-
trino (N), via the s-channel Drell-Yan process (left) and its decay into a lepton and
two quarks, resulting in a final state with two same-sign leptons and two quarks from
a W boson decay. Feynman diagram for the photon-initiated process (right).
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Figure 6.3: The exclusive cross section of DY and VBF production of N decays into
same-sign dilepton and two jets.
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of the N events, hence increases the sensitivity the search. The final state in the DY
channel is ¢t¢'*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 (uu), and electron-muon (eu) channels, where we constrain
Ve |?, [Vun|?, and |VeNV:N\2/(|VeN\2 + |V,n|?), 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 |VeNVJN|2/(|VeN\2 + [Vun]?).

For myx < 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
my > 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 = 13TeV. For
my < 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., my > 1TeV,
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 (SS2¢) 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 ¢) 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 SS2/ 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 — ¢*¢F). A prompt lepton
is defined as an electron or muon from a W/Z/~v* boson, N, or the leptonic decay of 7.
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~° for muons, hence the contributions in the pu and ey 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~!, 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-)pr lepton must
have pr > 23 (12) GeV for the ee, pr > 17(8) GeV for the puu, and pr > 23 (8) GeV
for the ey triggers. The offline pr 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 pp
are pr > 25(15) GeV for the ee, pt > 20 (10) GeV for the ppu, and pr > 25 (10) GeV
for the ep channels. The trigger efficiencies for signal events are above 0.88, 0.94, and

0.88 in the ee, uu, and ey 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 SS2¢ 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 SS2¢ background processes are generated with the
MADGRAPH5_aMC@QNLO 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 MADGRAPHS _aMC@QNLO 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_P
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, npy, is chosen from the MC
probability density, illustrated in Fig. 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 npy
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. , thus a dedicated

reweighting is applied to the MC samples.
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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 p3 sum of p3 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, pPi is defined as the negative vectorial sum of the pr 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 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 (Ifel) is a powerful variable to discriminate between prompt and misidentified
lepton. The isolation of a lepton is defined as the scalar pp 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 (AR = V(An)? + (A¢)? = 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, p, is multiplied by the effective area (A.g) as an
estimate of the pileup contribution [99]. The calculation p is initiated by adding a
nonphysical particles with infinitesimal momenta to the jet clustering algorithm, in
a random direction in (7, ¢) 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 p;

p = median [ZZJ]] . (6.1)
The effective area is calculated for several supercluser’s n regions (ngc) using MC
samples, by making a two-dimensional distribution of (Isolationnipn, ). For each p
bins, a 90% criterion (Isolationngipn < Igo) is calculated, and Igy values are linearly

fitted as a function of p. 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 ngg regions.

[nsc| range Acsr
0.0000 < |nsc| < 1.0000 0.1703
1.0000 < |nsc| < 1.4790  0.1715
1.4790 < |nsc| < 2.0000 0.1213
2.0000 < |ngc| < 2.2000 0.1230
2.2000 < |nsc| < 2.3000  0.1635
2.3000 < |ngc| < 2.4000 0.1937
2.4000 < |ngc| < 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 (7% : 7 & 2 : 1). The resulting formula of I’ is

Icu + max(0, Ing + Ipn — Ipu)
pr '

IZ

rel —

(6.2)

Electron identification

The electrons used in this analysis are within the coverage of the tracker system
(In| < 2.5), but rejected if they lies in 1.44 < |nsc| < 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 ¢ difference between “beamspot-to-supercluster vector” and
“beamspot-to-first hit vector”. The summary of the electron identification is summa-
rized in Table

When measuring the lepton misidentification rate (Section , 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 , 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 < |nsc| < 0.8,0.8 < |nsc| < 1.479,1.479 <
Insc| < 2.5), where ngc is the n of supercluster used to reconstruct the electron.

Variable Veto Loose Tight
pT > 10 GeV > 10 GeV > 10 GeV
Insc| <25 < 2.5 < 2.5
MVA (>-0.1,>0.1,> -0.1) (> -0.1,>0.1,> —0.1) (> 0.9,> 0.825,> 0.5)
dzy < 0.2cm < 0.2cm < 0.01cm
|deyl/o(day) — < 10.0 <4.0
d, < 0.5cm < 0.1cm < 0.04cm
It <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. Ay, and Agy, are the
geometrical differences between the supercluster and track at the vertex. oy, is the
dispersion of cluster energy deposits within 5 x 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 In| < 1.4442 1.56 < |n| < 2.5
A ] <0.0095 —

| Abin| < 0.065 —

\Taninl <0.012 < 0.033
H/E 0.09 0.09
Relative ECAL isolation (AR < 0.3) 0.37 0.45
Relative HCAL isolation (AR < 0.3) 0.25 0.28
Relative tracker isolation (AR < 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 x? 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) |dyy| < 0.2cm and |d,| < 0.5cm. The
veto, loose, and tight muon ID used in this analysis are based on the “Loose” and

“Tight” muon, and summarized in Table

“

Table 6.4: Requirements of muon selections. “—” means nothing is required.

Variable Veto Loose Tight
pT >5GeV >10GeV > 10GeV
n| <24 <24 <24

Predefined Muon ID [100]  Loose Loose Tight
dzy <02cm <02cm < 0.005cm

|day| /o (day) — < 3.0 <3.0
d, <05cm <0lcm <0.04dcm

It < 0.6 <04 < 0.07

x? of global fitting < 50 < 50 <10

6.3.2 Jet selection

The particle-flow objects are clustered by the anti-kr algorithm [97], which is both
infrared and collinear (IRC) safe, which is implemented in the FASTJET package [98].
kr 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-kp
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 (n, ¢) 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 AKS8
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 AKS8 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 |n| < 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 < pp < 50GeV and |n| < 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 pp 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 pr response agrees to unity within 0.5% from pr 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 (|n| < 1.3), and the “probe” jet has no restriction on 7. After the correc-
tions described above are already applied, the Z+jet and v+jet samples are used to
correct for pr between 30 and 800 GeV, by replacing the tag jet to precisely measured
pr of Z or . The jet pp 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, v+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 AKS 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 AKS 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(pr.1,pr2)/PT3 < Zeut, b)
AR13 > Deyt = myj/pr, s, 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, zcyt = 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 7;

_ Zz pT,imin {(ARl, 2), (ARQ, ’L), ceey (ARN, Z)}
>ipriRo ’

N (6.3)

where the index 4 runs over the jet constituents, and Ry is the radius of the original
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jet, 0.8. Smaller 79 indicates that the original jet is well-described by two subjets,
and the ratio between 7o and 71, 791 = 79/71, has better discriminating power. In
this analysis, 791 < 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 4 0.08. The identification
criteria of AK4 and AKS8 are summarized in Table [6.5

Table 6.5: AK4 and AKS jet selection requirements.

Variable AK4 AKS
In| <27 <27
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 |n| < 2.4, Charged hadron fraction >0 >0
If |n| < 2.4, Charged multiplicity >0 >0
If |n| < 2.4, Charged EM fraction < 0.99 < 0.99
Pileup “loose” working point
If pr < 30GeV and |n| < 2.50, Pileup MVA > —0.97 —
If pr < 30GeV and || < 2.75, Pileup MVA > —0.68 —

If 30 < pr < 50GeV and |n| < 2.50, Pileup MVA > —0.89 —
If 30 < pr < 50GeV and |n| < 2.75, Pileup MVA > —0.52 —
W-tagging
Pruned mass — [40, 130] GeV
T21 — < 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 . 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 AKS 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 \\ 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 AKS jets, any AK4 jet that is within AR < 0.8 of an
AKS 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 (AKS)
jet within AR < 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(¢/¢), is required to be greater than 10 GeV. Only for dielec-
tron channel, where we have large charge-mismeasured background from Z — eteT
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 AKS jet.
2. One AK4 jet without any AKS8 jet, and m(¢f) < 80 GeV.
3. At least one AKS 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 my 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. Wje; 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(€4jj) closest to
the mass of W boson are chosen as Wie. 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 Wiet.
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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(¢4j)) is used as the proxy of the mass of W boson, i.e.,
Wiet. For massive Ns where the decayed W boson is boosted, it is more efficient to
use a single AKS8 jet rather than two AK4 jets. The “high-mass SR2” is defined to
contain at least one AKS jet. If multiple AKS jets exist, the jet with the mass closest
to the mass of W boson is chosen as Wiet.

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
PSS originating from the SM neutrinos, thus requiring a maximum value on p&iss
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 p%iss. In

the high-mass regions, (p215)2 /St is used instead of pss, where St is defined as the
scalar pr sum of dileptons, jets and piss. Table 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 PR (pR)? /St m(C 0 Wie) m(Wie) Py

(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. For my =
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).

97

_H



Per-mass optimized selection

The signal region criteria described in Section is further optimized for each
mn hypothesis. A modified Punzi figure of merit [111], es/(a/2 + dB) with a = 2
is used, where eg is the acceptance of the signal, and é B 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:
e number of AK4 jets,

e pr of the leading jet of Wi,

e AR between the subleading lepton and Wi,

e AR between the two leptons,

e pr of the leptons,

e invariant mass of Wiet,

e invariant mass of {/Wiet,

e invariant mass of the leading lepton and Wiet,

e invariant mass of the subleading lepton and Wi,
e invariant mass of the dilepton,

o P and (pP)2/Sr.

Table shows the list of variables used in the optimization, and the final optimized

selections are shown in Section
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Table 6.7: Variables used for the signal optimizations. ¢1(2) stands for the
(sub)leading lepton.

. Low-mass | High-mass

Variable SR1 ] SR2 | SR1 | SR2
Number of AK4 jets v - v -
pr of leading jet of Wit - - v -
AR(11, Wiet) - - v -
AR(£1,02) v v v -
P A A A
PT,02 v v v v
m(Wjet) - - v v
m(Wiet) I v vV

m(ﬁleet) v v

m(2W o) clv | VY
m(¢0) v v - -
p%}iss v v _ _
(PE=)2/ S -l

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:

e CR1: (SS2¢), at least one b-tagged AK4 jet,

CR2: (SS2¢), AR({1,02) > 2.5 and no AKA4 jet,

CR3: (SS2¢), low-mass SR1 and either > 1 b-tagged jet or piss > 100 GeV,

CR4: (SS2¢), low-mass SR2 and either > 1 b-tagged jet or piss > 100 GeV,

CR5: (SS2¢), high-mass SR1 and either > 1 b-tagged jet or (pii®)%/Sp >
20 GeV,
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e CR6: (SS2¢), high-mass SR2 and either > 1 b-tagged jet or (p&i®)%/Sp >
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
miss miss

SRs, but inverted in the number of b-tagged jets, pss or (ps5)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 SS2¢ are estimated from simulation. To prevent the
double counting between the background with misidentified lepton (Section ,
the generator information is used to check whether the lepton originates from the
decay of W/Z/~* boson, N, or the leptonic decay of 7. The dominant processes are
WZ, 7Z, and asymmetric photon conversions, which refers to as W+~ and Z~, 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
p%liss 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/v* down to 4 GeV.
The full phase space is recovered using the NLO W~ sample which includes masses

below 4 GeV.
A control region is defined as below to validate the WZ simulation (“WZ CR”):

e three leptons passing tight ID,

1] =1L —
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e remove events containing fourth lepton passing veto 1D,

e 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,
e m(OSSF) > 10 GeV

° p%iss > 50 GeV,

miss miss

e transverse mass of W-lepton and p'™s*, mp(W-lepton, p1'%%) > 20 GeV
e invariant mass of three leptons, m(€4¢) > m(Z) + 15 GeV,
e remove event with at least one b-tagged jet,

— jets containing leptons within AR < 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 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. . 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
pr (upper left), subleading Z-tagged lepton pr (upper right), PW-tagged lepton pp
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77 control region

Another SM background with prompt leptons is ZZ production, in which both Z
bosons decay leptonically. This can give SS2¢ 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”):

e four leptons passing tight 1D,
e remove events containing fifth lepton passing veto ID,

e 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),

e m(OSSF) > 10 GeV
e remove event with at least one b-tagged jet,

— jets containing leptons within AR < 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 [114H116]. Since
these corrections are dependent on the pr 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. . The overall agreement between the expected backgrounds and the data

after this correction is good.

7~ control region

A MADGRAPHS aMC@NLO MC sample is used to estimate Z~ contribution to the

signal region. A control region is defined as below to validate the Zv simulation (“Z~y

CR”):
e three leptons passing tight ID,
e remove events containing fourth lepton passing veto ID,
e invariant mass of three leptons, |m(€00) — m(Z)| < 15 GeV,

e none of the invariant mass of opposite-sign-same-flavor (OSSF) lepton pair,
|m(OSSF) — m(Z)| < 15GeV, where m(Z) is the invariant mass of Z boson
(91.1876 GeV),

e m(OSSF) > 10GeV,
o PSS < 50 GeV,
e remove event with at least one b-tagged jet,

— jets containing leptons within AR < 0.4 are not removed,

— CSVv2 loose working point is used.

The normalization scale factor of Z~v is found to be 1.093 £+ 0.075. After normaliz-

ing the Zv 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 pr (upper
left), subleading lepton pr (upper right), third leading lepton pr (center left), fourth
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variables that are important in this analysis in both data and MC (Fig. . 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 Zv CRs, thus a simultaneous fitting is
required to obtain exact normalization. A 3 x 3 matrix, A;; is defined by the rate in

i-th CR of j-th process:
WZ MC Zy MC ZZ MC
WZ CR [ 1307.0 17.0 74.6
A= 7~ CR 24.0 715.7  182.7 (6.4)
727 CR 0 0 228.7
A 3 x 1 matrix D; is defined by the observed data at i-th CR:
1559

D = 11035 (6.5)
229

The rate of background except WZ, Z~ and ZZ is defined as D’ :
93.0
D' = |48.6 (6.6)
5.3

A 3 x 1 matrix B; is a vector of the three normalization scale factors:

SFwz
B=|sFy, (6.7)
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Figure 6.9: The kinematic distributions in the Zvy CR. Leading lepton py (upper
miss

left), subleading lepton pr (upper right), trailing lepton pr (center left), pi™° (center
right), (p5)2 /St (lower left) and m(£6¢) (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"'C (6.9)

Considering the uncertainties of A and C' (6 A and §C, respectively), we can write B

with its uncertainty.
B=A'C+[AT16C) - A7H(5A)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 25% of uncertainty is used instead of the value in Table

Table 6.8: The normalization scale factors for WZ, Z~ and ZZ samples.

WZ 7y 77
SF 1.051 +0.065 1.093+0.075 0.979 £ 0.079

W~ control region

Regarding W~ sample compared to WZ, the sample has a cut on the photon mass
in the matrix element level: m(y*) < 4 GeV. We normalize diboson samples in the
7 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, Z~ and ZZ control regions, before
(left) and after (right) applying the normalization scale factors.

small mass is important, considering their relatively larger cross sections. W~y-enriched

control region is defined as below (W CR):

e three leptons passing tight ID
e remove events containing fourth lepton passing veto ID

e at least one opposite-sign-same-flavor (OSSF) lepton pair with m(OSSF) <
4 GeV exist

e transverse mass of three lepton and piiss, mp (000, piss) > 30 GeV
o PSS > 30 GeV
e remove event with at least one b-tagged jet

— jets containing leptons within AR < 0.4 are not removed

— CSVv2 loose working point is used
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The kinematic distributions in the W+ is shown if Fig. 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 W+ sample because this control
region clearly contains meson resonances (upper left plot of Fig. which we do
not samples to estimate them. We assign systematic uncertainty same as Zvy sample
because two samples are produced with same generator.

Prompt dilepton events from W+ 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 W+ is the same as having
opposite-sign events. Using all charge combination of W+ process and reweighting
by half give same-sign events with doubled statistics. Figure shows comparison

between two predictions in preselection.

Rare SM processes

The category of “rare SM” backgrounds includes triboson production (WWW, WWZ,
WZZ, Z77) 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

11 =1
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Figure 6.11: The kinematic distributions in the W~ CR. Minimum OSSF lepton pair
mass (upper left), leading lepton pr (upper right), subleading lepton pr (center left),
trailing lepton pr (center right), piss (lower left) and (p&i%5)2/St (lower right). The
MC normalization scale factors obtained in Section are applied here.

111 ; xﬂ *E 1_'.]'| '{11[ T

o



MS Preiiminary 359 fb? (13 TeV) MS Preliminary 35.91b” (13 TeV) MS preiiminary 359 b (13 TeV)
601 F
Preselection ¢ ssony

e
]
3

[ ee
[ Preselection ¢ ssony

Reweighted OS+SS [ ﬁ Reweighted OS+SS
80

60—
Wy Reweighting t E Wy Reweighting

F o
25[~ Preselection ¢ ssonly

Events
Events
Events

Reweighted 0S+SS
20

40—
15|
Wy Reweighting

10F a0~

C T o B B 2o e e o 10
Leading Lepton P, (GeV) ﬂ‘ss IS, (GeV) Leading Lepton P, (GeVv)
@ CMS Ppreliminary 35.9 b’ (13 Tev) " MS_Preliminary 35.9 b (13 TeV) " CMS preliminary 35.9b* (13 TeV)
},’5, 0L Breselection ¢ ssony % 200? Preselection ¢ ssony E ¢ ssony
|-|>J Reweighted OS+SS LJ>J 180;— ﬁ Reweighted OS+SS |-|>J Reweighted OS+SS
160

Wy Reweighting

**w

s a0

120
Wy Reweighting 100F s Wy Reweighting

5 0o 2 B B R 0 20 a0 60 80 100 120 140

E:\lss s, (Gev) Leading Lepton P, (GeV) /S (GeVv)

Figure 6.12: Comparison between same-sign only events and reweighted events of all
charge combination of W~ 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 pr threshold and prescaled to control the rates. To collect data with a

high-purity of QCD dijet events, the following event selections are used:
e a single lepton passing the loose ID,

e at least one away-side jet, with A¢ between the lepton and the jet greater than
2.5,

e the away-jet pp 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:

o PSS < 80 GeV (to avoid the effect of pss mismodeling),

miss

o mp({,pp') < 25GeV (to reduce prompt contributions from W+jets events,

which is dominant),

pr(away —jet)

pr(lepton) > 1 cut applied for muons and electrons,

e 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. [6.13H6.16] The FR is parameterized as

cone cone

a function of p7"° and 7. p™"¢ is a proxy of the mother hadron momentum, which is

defined as

P = pr x (1 + max(0, I, — I%,18M)). (6.11)

rel

pT¢ is the summation of the pr of the lepton and its isolation, which effectively
collects all the decay products of the mother hadron. For any leptons pass tight 1D,

cone

pT¢ is the same as pr. For leptons pass loose ID but fail tight ID, p$"¢ is larger

than their pp. The fake rates for both electron and muon (inclusive in 7)) are shown

in Fig.
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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 (N,;,) can be estimated
from the data sideband, which contains one (N,7) or two (Nzgm) leptons pass the

loose ID but fail the tight ID (“tight-but-not-loose”). The weight factor, % is

multiplied per “tight-but-not-loose” lepton, which converts the rate of sideband events

to the signal region:

FR, FR,FR,
Npn = —_— — 6.12
NX; (1 - FRn) Z (1 - FRn)(l - FRn) ( )

nn

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 (dgy), the pull of the trans-
verse impact parameter (|dgy|/0(dgy)), and the longitudinal impact parameter (d,)
(Table . The FR is measured for each variation, and N,, from Equation is

calculated. The difference of IV,,,, between the nominal and variations are taken as the

11 =1
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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  I’; (AR =0.4) day (cm) |day /o (day) d, (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.

.- . (away —jet)
Criteria Ao(j, 0) DT, pi;;(le?icos
Nominal 2.5 40 GeV 1.0

Variation 1.5, 2.0, 3.0 20, 30, 60GeV 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 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 p&is5. The uncer-

tainties of unclustered energy and lepton ID scale factors are also considered. For
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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 < my (¢, ps5) < 100,
with no p%iss requirement. This region is dominated by W+jets events. From Fig.|6.20
and Fig. 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 N, at

the preselection to obtain the uncertainties on the rate.

CMS Preliminary 35.9 fb™ (13 TeV) CMS Preliminary 35.9 b (13 Tev)
—
> 107 o data E « data
3 1 [ Wess £ [ Wess
‘LB’ [Jov > [Jovy
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esagat byt 4 dﬁ !
h + O F ‘+I

——

20 40 60 80 100 120 140 160 180 200 = -2 -1 0 1 2

PY™ (e) Inice)

Figure 6.20: The electron prompt normalization systematic is tested in the control
region. p (left) and |n| (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[6.11H6.13|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. pr (left) and |n| (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 pr  Away-jet A¢ % Loose ID  Total
Preselection 1.6 % 0.4 % 1.6 % 42 % 42 % 1.6 % 15.0% 164 %
Low-mass SR1 1.7 % 0.3 % 4.3 % 4.7 % 3.9% 1.4 % 150% 169 %
Low-mass SR2 1.8 % 0.2 % 32 % 3.2 % 32 % 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 % 57 % 79 % 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 pr  Away-jet A¢ % 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 % 14 % 1.0 % 49 % 70% | 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 % 12 % 12 % 5.3 % 70% | 11.2%
High-mass SR2 1.6 % 1.9 % 58 % 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 pr Away-jet A¢ % 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 % 53 % 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 % 53 % 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 %
. o =1.
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prompt, using the generator information. We compared this rates to the “expected”
rates, which are obtained by using Equation 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. 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 [6.11H6.13] 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 pr resolution of
leptons or bremsstrahlung radiation. We study the CF probability of electrons as a
function of p%l and ngc using the DY MC simulation. The CF probability of muons
are measured to be in order of 1075, and has negligible contributions in all of the

analysis regions.
Measurement of the charge flip probability

For each reconstructed electron from the simulation, a AR matching to a true electron
is done to access the true charge. The CF denominator and numerator of the CF rate

is as follows:
e Denominator : An isolated electron with pr > 25 GeV passing the tight 1D.

e Numerator : Among isolated electrons in denominator, electrons having opposite

charges compared to their true charge information.

1] =1L —
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Figure 6.22: Stacked predicted and observed background in MC for preselection for
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We parameterize the probability as a function of p}l for three different ngc regions:
Insc| < 0.8, 0.8 < |nsc| < 1.4442; and 1.556 < |nsc| < 2.5. We fit the probabilities
for two or three different momentum regions separately using first-order polynomial
of p}l. The probabilities for the three separate |nsc| regions are shown in Fig. [6.24

The parameterized functions (Pcr) for 3 different |nsc| regions are written as:

3.055e-05 - 0.001008/p (1/pr < 0.023)
Per(Insc| < 0.8) = . (6.13)
1.208e-05 - 0.0002274/pr  (0.023< 1/pT)

0.0007158 - 0.03484/pr  (1/p1<0.015)
Per(0.8 < |nsc| < 1.4442) = | 0.0004098 - 0.01439/pr  (0.015 < 1/pr < 0.023)

0.0001343 - 0.002442/pr  (0.023 < 1/p7)
(6.14)

0.006359 - 0.4065/py  (1/pp < 0.012)
Por(1.556 < |nsc| < 2.5) = | 0.002914 - 0.1111/pr  (0.012 < 1/pp < 0.021)

0.001051 - 0.02092/pr  (0.021 < 1/pr)
(6.15)

1

For the electrons with pp* > 0.013, an uncertainty of 20% is assigned to the
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measured CF probability, to cover the statistical uncertainty. For the electrons with
p%l < 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 SS2¢ events (Ngg) coming from OS2¢ (Npg) through CF can be

estimated in a similar way its done for FR application:

Pcr(er) Pcr(e2)
(1—Fer(e1)) (1 — Por(e2))

where Pcr(eq(2)) is the charge flip probability for the (sub)leading electron. The

Nss = Nos, (6.16)

method is validated within the MC (MC closure test), by comparing the number of
SS2¢ events and the prediction of Equation [6.16] The dilepton mass spectrum for
the weighted OS2¢ and SS2¢ are seen to disagree. This is because electrons in the
SS2¢ 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 SS2¢ events. To estimate the optimized shift, we use the following procedure;

e “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.

e clectron energies are reduced by a shift X%, (where X is varied between 0.1%

and 5.0%),

e compare with SS spectrum and select the shift which gives the minimum x?

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 0.933140.0212. We assign a 7% systematic uncertainty from this

closure test. Figure shows the invariant mass, pr of (sub)leading electrons, and
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Half-sample test

With finite statistics in the MC sample, the parameterization of CF probability can
only account for pr and ngc 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 piss and (p2%)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%l and ngc, as
used in the analysis. A histogram of piiss and (piis5)2/S 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 pHiss and (piis$)2 /S, 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 piiss and (ps%)2 /St are shown in Fig. 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 pf
(left) and (p%i%)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 :
e events collected by the dielectron trigger,
e for OS2/ electron pair events, both electron energies are reduced by 1.3%,
e 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
SS2¢ events are estimated from the Z — ete™, while the observed SS2¢ contains
contamination from conversion (Zv*). The contribution of Zv* is subtracted from the
observed SS2/ 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 4 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 W~ and Z~ 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 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. [6.2
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 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 for my = 50 and 500 GeV hypotheses. Table
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Figure 6.27: Distribution (p*5)2/St (left) and myg; in SS2¢ electron events with one
AK4 jet and an invariant mass with 10 GeV of myz without 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

CRI1 366 + 73 378
CR2 690 4 100 671
CR3 9292 + 42 9249
ee CR4 A8 + 11 38
CR5 334 4 56 347
CR6 95.7+4.3 28
CRI1 880 4 230 925
CR2 890 4 200 1013
CR3 420 + 100 439
s CR4 156 + 42 174
CR5 560 4 120 568
CR6 3514 7.0 38
CR1 1010 + 240 1106
CR2 1350 + 230 1403
o CR3 650 4 140 706
CR4 143 4 32 150
CR5 920 4 180 988
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 my
= 50 and 500 GeV.

Channel  my Prompt-lepton Misidentified-lepton Mismeasured-sign

(GeV) (%) (%) (%)

50 53 (49) 43 (46) 15 (4.9)

e 500 60 (75) 3.6 (4.6) 37 (21)
50 38 (42) 62 (58) —
aa 500 100 (100) 0.0 (0.0) —
50 52 (45) 48 (55) —
CH 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. o signal e bkgd. ey signal ep 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 004(003) 01(02  001(002 001005 004003 004(03)
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) 0-05(0-06) 01(1-3) 007007  01(14)
Theory:
PDF variation 0-0.7 (0-0.2) <15(<20) 007 (0-0.1) <15(<20) 0-0.7(0-02) <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-pr 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 SS2¢ 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 Z~ and W~ 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 SS2¢ processes is 12-18%
(16-43%).

The major experimental sources of uncertainties for simulated backgrounds and

signals include:

e Integrated luminosity: The systematic uncertainty on the integrated lumi-

nosity is 2.5% [117].

e 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 as. The PDF and «g 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 PDFALHC group [118].

e Lepton trigger and selection: The efficiencies of the lepton reconstruction

and identification are measured by “tag-and-probe” method from the Z — £¢
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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 pr and 7, varied by 0 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 pf. 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:

pr — max[0,p5" + cx10 - (pr = P57 (6.17)

in which ¢4, are the data/MC scale factors, which are shifted by +o.

A5
134 M=



e Unclustered energy: The unclustered energy affects our signal efficiency due
to the upper p%iss cut. This uncertainty is below 1.5% for the low-mass selection

and about 0.1% for the high-mass region.

e 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%.

e 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.

e Jet mass scale : The pruned mass of the AKS8 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.

e 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.

e N-subjettiness : AKS jets that pass the 1 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 bked. Nobs
ee channel
Low-mass SR1 206 £ 10+ 21 128 =5+ 38 29.8+0.2+12.3 364+ 11445 324
Low-mass SR2 281+ 12428 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 4224+ 12455 382
High-mass SR2 8.0+1.3+1.6 20+0.6=+0.6 0.91+£0.05+0.80 109+1.5+1.9 10
pp 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 44+£08+1.3 — 11.5+£1.14+2.3 13
ep channel
Low-mass SR1 418+ 13+ 37 432 £10+ 130 — 850 £ 17+ 135 907
Low-mass SR2 566 4+ 17 + 47 464 + 12+ 139 — 1031 £214+147 1042
High-mass SR1 463 + 14 + 42 409 £10+ 123 — 871 +£17+129 901
High-mass SR2 16.8 £1.9+ 3.6 74+13+22 — 24.24+23+4.2 31

6.9 Results

The invariant mass of dileptons, and lepton(s) plus Wje in the SRs are shown in
Fig. (low-mass) and Fig. (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 each SR is further optimized for each my hypothesis.
The optimized selections are summarized in Table [6.1846.21] together with the num-
ber of observed and expected background events, and the acceptance of the signals
for each my hypothesis. The data and the prediction show good agreement in three
channels, and the largest deviation found in the ppu channel of SR1 for my = 600 GeV,
which corresponds to a local significance of 2.3 standard deviations. For the same my,
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 my, 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, uu, and eu, 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, pu, and epu, 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 (Ngps), 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 p{f‘ pffz m(filiVVjet) m(lWier)  m(laWiet) m((*¢F) Total bkgd. Ngps DY Ae
(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 0.3240.03
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
5 25-70 60 <100 <70 <70 10-80 67 £ 10 70 0.1140.02
ppe channel SR1
20 20-80 15-50 <160 <150 <150 20-60 15.3+34 18 0.10+0.02
30 20-80 15-50 <160 <150 <150 20-60 153+ 3.4 18  0.18+0.03
40 20-80  15-50 <160 <150 <150 20-60 153+ 34 18  0.34+£0.05
50 20-80 15-50 <160 <150 <150 20-60 153+ 3.4 18 0.40+0.04
60 20-80 15-50 <160 <150 <150 20-60 15.3+34 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
ppe channel SR2
20 20-80 15-50 <100 <70 <70 20-60 259+59 29  0.28 £0.03
30 20-80 15-50 <100 <70 <70 20-60 259+5.9 29  0.51£0.05
40 20-80 15-50 <100 <70 <70 20-60 259+59 29 0.8£0.1
50 20-80 15-50 <100 <70 <70 20-60 259+5.9 29 1.1+0.1
60 20-80 15-50 <100 <70 <70 20-60 259£5.9 29  0.73£0.07
70 20-80 15-50 <100 <70 <70 10-75 375£7.1 41 0.20+0.03
75 20-80 15-50 <100 <70 <70 20-80 29.7+£6.7 34 0.2440.03
ep channel SR1
20 25-60 1540 <185 <135 <135 20-60 34.0+64 34 0.08+0.02
30 25-60 1540 <185 <135 <135 20-60 34.0+64 34 0.1240.02
40 25-60 15-40 <185 <135 <135 20-60 34.0+64 34 0.21+0.02
50 25-60 1540 <185 <135 <135 20-60 34.0+64 34 0.20+0.03
60 25-60 15-40 <185 <135 <135 20-60 34.0+64 34 0.17+0.02
70 25-60 1540 <185 <135 <135 10-75 51+ 10 49 0.09+0.01
5 25-60 1540 <185 <135 <135 20-100  46.5£8.7 49 0.17+0.03
e 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 5-40 <100 <65 <65 20-60 51.7£9.2 50  0.40+0.03
60 25-60 5-40 <100 <65 <65 20-60 51.7£9.2 50  0.24+0.03
70 25-60 5-40 <100 <65 <65 10-75 75.8 £12.4 65  0.09£+0.01
75 25-60 1540 <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 (Ngps), 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.

mx Pl PR m(FEWi) m((Wie) (PF™)?/St  Total bkgd.  Nops DY Ae VBF Aec

(GeV) (GeV)  (GeV) (GeV) (GeV) (GeV) (%) (%)
ee channel SR1

85 >25 >15 >110 45-95 <6 9.5+£28 9 0.11£0.02

90 >25 >15 >110 50-100 <6 12.5+3.5 10 0.2340.05

100 >25 >15 >120 50-110 <6 20.3+5.0 15 1.140.1 —

125 >30 >25 >120 90-140 <6 17.7+£45 17 26+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 49+04 —

250 >70 >60 >310 220-270 <6 6.0+1.7 4 59+04

300 >80 >60 >370 235-335 <6 82+21 6 7.6+0.5 3.0+£0.3
400 >100  >65 >450 335-450 <6 25+14 4 6.6+£0.5 3.0+£0.2

500 >125  >65 >560 400-555 <6 1.5+0.8 5 55+04 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 1.740.7 1 4.0+0.3 2.8+0.2
800 >125 — >760 400-1130 <6 1.740.7 1 3.6+£0.3 3.0£0.3
900 >125 >T760 400-1300 <6 1.74+0.7 1 3.240.2 2.9+0.2
1000 >125 >760 400-1490 <6 1.7£0.7 1 2.6+0.2 24402
1100 >125 >760 400-1490 <6 1.7£0.7 1 2.24+0.2 2.0+£0.2
1200 >125 — >760 400-1600 <6 1.74+0.7 1 2.0+0.2 1.84+0.2
1300 >125 — >760 400-1930 <6 1.7+£0.7 1 1.84+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 1.740.7 1 1.340.1 12402

ee channel SR2

85 >25 >15 <15 10.9£29 10 0.001 £ 0.001

90 >25 >15 90-220 <15 34410 2 0.003 £ 0.002

100 >25 >15 — 100-220 <15 34+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 21+1.2 3 22402

300 >100 >30 270-330 <15 1.3+£0.6 1 3.5+04 0.6+0.1
400 >100  >35 330-440 <15 31+13 3 9.1£0.9 29+0.3

500 >120 >35 — 440-565 <15 2.8+1.0 1 143+14 6.1+0.6
600 >120 — — 565-675 <15 0.8+0.3 1 174+£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 09+04 0 20.842.1 14.0£1.3
900 >140 865-1030 <15 0.2+0.1 0 19.242.0 13.24+1.3
1000 >140 890-1185 <15 0.3+£0.1 1 21.5+2.2 153+1.5
1100 >140 1035-1395 <15 0.1+£0.1 1 20.3+2.1 147+14
1200 >140 — — 1085-1460 <15 0.1+£0.0 1 20.8+2.2 153+1.5
1300 >140 — — 1140-1590 <15 0.1+£0.0 1 20.5+2.2 155+ 1.6
1400 >140 — — 1245-1700 <15 0.1+0.0 0 19.6 + 2.1 151+ 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 pg channel high-mass SRs.
Columns 7 and 8 show the total background yields (Total bkgd.) and the number
of observed data (Ngps), 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.

my pﬁ? pﬁ? mEEWier)  m(Wie)  (p)?/Sr  Total bkgd. Nops DY Ae VBF Ae

(GeV) (GeV)  (GeV) (GeV) (GeV) (GeV) (%) (%)
ppe channel SR1

85 >25  >10 >90 40-100 <9 260+63 30 0.50 £ 0.05 —

90 >25  >10 >90 45-105 <9 345+75 35 1.240.1

100 >25  >15 >110 55-115 <9 186+4.2 20 2.6 £0.2 —

125 >25  >25 >140 85-140 <7 17+£27 12 51404 —

150 >35  >35 >150 110-170 <7 89+19 11 6.6+0.5

200 >50  >40 >250 160-215 <7 4.6+1.2 4 81406 —
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 52404
400 >110  >60 >490 295-490 <7 0.9+04 3 11.7+08 51+0.4
500 >110  >60 >610 370-550 <7 047508 3 8.6+ 0.6 41403
600 >110 >680 370-630 <7 0.3 03 3 74£05 41403
700 >110 >800 370-885 <7 02705 2 6.7+04 3.94+03
800 >110 >800 370-890 <7 02701 2 6.0+£0.4 54403
900 >110 — >800 370-1225 <7 0.3+ 02 2 54+04 5003
1000 >110  — >800 370-1230 <7 0.3 703 2 46403 42403
1100 >110 >800 370-1245 <7 0.3 703 2 41£0.3 3.8+0.3
1200 >110 >800 370-1690 <7 0.3 704 2 3.6£0.2 34403
1300 >110 — >800 370-1890 <7 0.3 T 0% 2 3.240.2 3.0+0.2
1400 >110  — >800 370-1940 <7 0303 2 2.74+0.2 2.74+0.2
1500 >110 >800 370-2220 <7 0.3+ 04 2 2.5+0.2 2.3£0.2

ppe channel SR2

85 >25  >10 <15 114435 13 0.001 £ 0.001

90 >25  >10 — 90-170 <15 41413 4 0.003 £ 0.003 —
100 >25  >15 — 98-145 <15 1.040.3 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 1.340.8 0 1440.1 —
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 54£0.5 0.7+0.1
400 >140  >65 — 340-445 <15 0.5+0.3 2 133+ 1.3 27403
500 >140  >65 445-560 <15 0.8+0.5 0 224422 6.8+0.7
600 >140 — 560-685 <15 0.7+04 0 30.2+2.9 204+ 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 0 348+3.5 24.9+23
900 >140  — — 840-1055 <15 027952 1 35.8+£3.6 26.9 £ 2.5
1000 >140 — 900-1205 <15 0.1+02 1 38.4+3.9 28.9+ 2.7
1100 >140 — 990-1250 <15 01702 1 36.7+£3.7 29.2+2.7
1200 >140  — — 1035-1430 <15 0.2 %03 1 38.5+4.0 30.1+28
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+92 1 35.9+3.8 29.4+28
1500 >140 — — 1330-1800 <15 01793 1 36.4 3.9 30.0+2.9

141 , .H kl 1_'.]'| ‘ﬂr T



Table 6.21: Selection requirements on discriminating variables determined by the op-
timization for each Majorana neutrino mass point in the ey channel high-mass SRs.
Columns 7 and 8 show the total background yields (Total bkgd.) and the number
of observed data (Ngps), 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.

mx P P mEFWi) m(Wie)  (PF™)?/St  Total bkgd. Nops DY Ae VBF Ae
(GeV) (GeV)  (GeV) (GeV) (GeV) (GeV) (%) (%)
ep channel SR1
85 >30  >10 >120 55-95 <7 261462 25 0.21+0.03
90 >30  >10 >120 60-100 <7 374+84 32 0.59 +0.07 —
100 >25  >20 >110 60-115 <7 23.6+48 21 1.3£0.1
125 >30  >30 >140 90-140 <7 255459 16 3.140.2 —
150 >45  >35 >150 100-170 <7 341460 26 51403 —
200 >65  >35 >270 170-230 <7 11428 14 6.140.4 —
250 >75 60 >300 200-280 <7 1m1+23 9 8.9+ 0.5 —
300 >95  >60 >340 255-325 <7 58+17 8 9.0+ 0.6 34+0.3
400 >120  >60 >530 325-450 <7 22410 7 74404 3.0+0.3
500 >150  >60 >580 315-530 <7 18411 6 6.640.5 3.040.2
600 >175 >670 315-740 <7 12409 4 5.940.4 35+0.3
700 >180 >720 350-1030 <7 L6+11 3 52403 3.8+0.2
800 >180 — >720 400-1030 <7 16+11 3 45+03 37402
900 >185 >720 450-1040 <7 L0407 2 3.8+0.2 3.3+0.2
1000 >185 >720 5001415 <7 1L0+£07 2 34402 3.040.2
1100 >185 — >720 550-1640 <7 1.0£07 1 2.840.2 2.6+0.2
1200 >185 >720 6001780 <7 L0407 1 24402 23402
1300 185  — >720 6501880 <7 08+07 1 21+0.1 1.9+0.2
1400 >185 >720 6501885 <7 08407 1 18+0.1 1.740.2
1500 >185 — >720 6501885 <7 08+07 1 15+0.1 15+0.1
1700 S185 >720 6502085 <7 08407 1 12401 1.340.1
ep channel SR2
85 >25  >10 — — <15 242464 31 0.001+0.002 —
90 >25  >10 90-240 <15 134437 22 0.003+0.002
100 >30  >15 — 100-335 <15 141441 21 0.009+0.003 —
125 >35  >25 115-150 <15 06+04 2 0.03 £ 0.01
150 >45  >30 — 132-180 <15 14405 2 0.14 +0.02 —
200 >70 >30 — 180-225 <15 15405 3 0.86 % 0.09 —
250 >75  >55 — 225-280 <15 12404 2 L7402 —
300 >95  >55 — 280-340 <15 12407 1 44+04 0.8+0.1
400 >125  >55 340-475 <15 20412 1 118+ 1.1 27403
500 >145  >60 — 460-555 <15 07+03 0 16.7+ 1.6 52405
600 >160 555-645 <15 14409 1 20.2+ 1.9 13.241.2
700 >170 — — 610-780 <15 20409 2 25.0+ 2.4 176+ 1.6
800 S170 — 730-895 <15 08+04 2 26.1+2.5 18.3+1.6
900 >180 — 845-1015 <15 05+02 0 25.6+ 2.5 185+ 1.7
1000 >180 — — 930-1075 <15 02402 0 23.5+2.3 17.6 £ 1.6
1100 >180 1020-1340 <15 03+03 0 26.9+ 2.7 19.6 4+ 1.7
1200 >180 1080-1340 <15 017503 0 25.9+2.6 19.9+1.8
1300 >180 1155-1595 <15 0203 0 27.1+2.7 20.7+1.9
1400 >180 1155-1615 <15 02 %03 0 26.7 +2.7 20.8+2.0
1500 >180 1345-1615 <15 0.0 * 00 0 21.6£2.2 18.0+1.7
1700 >180 — — 1400-1800 <15 07+06 0 19.8+ 2.1 170+ 1.7
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CLg 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 |Von|?, [V n|?, and ]%NVJN|2/(|%N|2 + |V,n|?) are shown in
Fig. and Fig. For an N mass of 40 GeV the observed (expected) limits are
[Vex|? < 9.5(8.0) x 1075, [V,n|? < 2.3 (1.9) x 1072, and |[Ven Vix 2/ (|Ven > +[Vyx [?) <
2.7(2.7) x 107, and for an N mass of 1000 GeV the limits are |Von|? < 0.42(0.32),
[Vin[? < 0.27(0.16), and |Ven Vi [/ ([Vex[* + [Vin[?) < 0.14(0.14).

The typical structure of the limit curve around my = 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. and Fig. 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 ¢-channel production of N from the
eTe™ 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|? (upper) and |V,n|* (lower)
vs. my 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
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in this analysis.

. Also shown are the upper limits from other direct searches: DEL-
18], ATLAS [122], and the upper limits from the CMS /s = 8 TeV
2012 data and the trilepton analysis based on the same 2016 data set as used
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usage of AKS 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 13TeV is used, which corresponds to an integrated
luminosity of 35.9fb~!. 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|? < 9.5(8.0) x 1072, [Vx[? < 2.3(1.9) x 1075, and [Ven Vi |?/(IVen|? +Vyn[?) <
2.7(2.7) x 107, and for an N mass of 1000 GeV the limits are |Ven|? < 0.42(0.32),
[Vun|? < 0.27(0.16), and [VenVixl?/([Ven|* + [Vn[?) < 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|?, 1430 GeV for the |V,n|?, and 1600 GeV for
]%NVJN\Q /([Vex|? 4+ |Vux|?). 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 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, Wgr 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 Wi bosons and heavy neutrinos have been performed by the AT-
LAS [130H132] 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 Wg (mwy, ) and N (my) have been excluded up to several
TeV.

When my gets smaller enough than myy, 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 Wg
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 my/mwy. In this
analysis, we extended the previous CMS search [24] for Wi 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 137fb~! is analysed, b) analysis is optimized to be also sensitive for
the case of small my/mw, (“boosted” topology). The inclusion of boosted events
significantly improved the search sensitivity in the region where my < 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, Wy is dominantly produced through s-channel (Fig. . The sub-
sequent decay of Wy yields a lepton and N, followed by the decay of N to additional
lepton and two jets. For a very small my, typically myx < 400 GeV, the contribution
from off-shell Wg becomes important [134]. We considered the full spectrum of my,,
including both on- and off-shell production in the signal sample generation. We as-
sumed Wpg interacts with one flavor of N, which in turn yields same-flavor dilepton
in the final state. In this analysis, ee and uu 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 (AKS jet) is used.
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Figure 7.1: Feynman diagram for the production of the heavy neutrino via the decay
of a WgR 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
mwy, 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 prt 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 pp thresholds of 35 and 200 GeV are
used to select events. For the pp channel, a nonisolated single-muon trigger with a
pr threshold of 50 GeV is used. For 2018, a tracker-based single muon trigger with a
pr 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 < |n| < 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 BXO0 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 BXO0.
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 7 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 ppr > 40GeV found in the
1.75 < |n| < 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. 7?7, 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).

2016, 13 TeV 2017, 13 TeV
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The impact of pre-firing is calculated for myy, = 5TeV (Table|7.1]).
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2016 2017
(Mg, my) GeV 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@QNLO
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 ¢-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_aMCQNLO at LO accuracy, except that
the exclusive decays of tt production in association with Whoson 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 Wg 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 (mwy, mn) hypotheses; ranged in 200-7000 GeV of mw, with N masses
between 100 GeV and myy,, . ee and ppu final states are generated, with an assumption
that Wg 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-pr electron [99] and muon ID [139] are used in this analysis. Both
leptons are required to have pr > 53 GeV, and has pseudorapidity, |n| < 2.4.

For large-pt electrons which has pr starts from 35 GeV and up to 1TeV, “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, 0y, is replaced to Eix5/FEsx5 or Eayxs/FEsxs, which was

1 &1 —
154 -"x_g = L] '-'l_ 11’



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
Table 7.2: Requirements of HEEP electron ID.

Variable Barrel (|nsc| < 1.4442) Endcap (1.566|nsc| < 2.4)
pr > 35 GeV > 35 GeV
ECAL-driven true true
| A < 0.004 < 0.006
|Adia <0.06 <0.06
H/E < 1GeV/E +0.05 5GeV/E +0.05
Tinin — < 0.03
Eyx5/Esxs > 0.94 or E1x5/F5x5,0.83 —
Sum of ECAL- and < 2.5+ 0.28p if pr < 50 GeV
HCAL-based isolation < >+ 03P/ GV A 0280 o 51 () 03(pr/ GeV — 50) + 0.28p if pr > 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/FE requirements. The list of the variables used in the loose ID is shown in

Table [7.3l

Table 7.3: Requirements of loose electron ID.

Variable Barrel (|nsc| < 1.4442) Endcap (1.566|nsc| < 2.4)
Tinin < 0.0112 0.0425
[ Anin | < 0.00377 < 0.00674
|Adin| < 0.0884 < 0.169
|[1/E —1/p| < 0.193 < 0.111
missing inner tracker hits <1 <1
conversion veto true true

Muons with pp > 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-pr muons [139]; a) The tracker muon algorithm (Section
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, ¢) 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 o,,/pr to that
of DYT track. The track with smaller o, /pr is chosen, and then compared to the
tracker-only track and TPFMS track. The track with the smaller normalized x? among
the three tracks are chosen as the final track, and assigns the momentum of the muon.
If pp of the final track is below 200 GeV, the tracker-only track is used.

A dedicated high-pr 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 || = 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-pr muon ID allows the muon to have only
one matched muon station. This increase the muon ID efficiency by 1-2% at high pr,
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, |dgy| < 0.2cm and |d;| < 0.5cm, and the relative uncertainty
of pr 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 AKS 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. . The pileup mitigation of jets was done by
the charged-hadron subtraction (CHS) [103], as described in Section With the
full Run 2 data analysis, more pileup-stable algorithm was used for the AKS 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 « is calculated:

a; = log Z

( pr. )2 for |n;| < 2.5, j: charged particles from PV,
7, ARij <0.4

Al for |n;| > 2.5, j: all particles,

(7.1)
A value of 0 is assigned to « if there is no particles within the radius Ry = 0.4 around
the particle 7. The distribution of « is obtained for charged particles originates from

pileup vertices in |n| < 2.5, and the median @py and root-mean-square abud are

calculated. The signed x? is then obtained:

(a; — apu)|o; — apy
(aftf)?

signed X? =
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The cumulative distribution of x? 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 |n| > 2.5, where tracker information is not available, a tunable transfer factors
are used to estimate the median and the RMS of «, and the threshold of the weight,
w < (A 4+ BNyertices) GeV (Table .

Table 7.4: The tunable parameters of PUPPI optimized for application in 2016 data
analysis [140].

| of particle A [GeV] B[GeV]| TF apy TF abd®
[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 AKS jets, which are the pre-defined working points
in Ref. 77. The details of “tight ID with lepton-veto cut” is as follows: These recon-

structed jets must pass the following requirements:
e the neutral hadron and EM fractions must be less than 90%,
e there were at least two constituents in the jet,
e the muon energy fraction must be less than 80%,

e there is at least one charged hadron in the jet and the charged hadronic fraction

must be greater than zero,
e the charged EM fraction must be less than 90% (2016) or 80% (2017,2018)
The detail of “tight ID” is as follows:

e the neutral hadron and EM fractions must be less than 90%,
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e there were at least two constituents in the jet,

e there is at least one charged hadron in the jet and the charged hadronic fraction

must be greater than zero,
e the charged EM fraction must be less than 99% for 2016 only.

For the AKS 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. left plot).

The distance parameter of the kt algorithm is defined as
dij = min(k?;, k7 ;) (AR)*/ R®. (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 AKS8 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 pp 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)..
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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 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 AKS AK4
| <24 <24
T > 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 AKS8 jet. Data and simulated back-
ground from three data periods are compared. Also plotted are the distributions for
the simulated Wy signals of masses 5TeV. The number of signal and background
events correspond to an integrated luminosity of 137 fb~! 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:
e the number of tight leptons ({right) is exactly two,

— leading lepton pt > 60 GeV,

— subleading lepton pr > 53 GeV,
e contains at least two AK4 jets that pass the jet selection,

e AR 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 my, selection in our resolved
analysis is chosen using the expected limit as a figure of merit. A comparison be-
tween the expected limits with myg > 200 GeV and my > 400 GeV selections in the
muon channel can be seen in Fig. The myy > 400 GeV has at least a 10 — 20%
improvement for all signals with my, > 1 TeV.

A comparison is then done between the my, > 400 GeV selection and my, >
450500550 GeV selections. The ratio of the expected limits for these selections can
be seen in Fig. [7.6 The my; > 400 GeV gives the best expected limits, but only by
~ 1% for my,, < 3.2 TeV. The degradation of expected limits at low myy, becomes

much more pronounced with the my; > 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 pp channels

are identical except for the triggers.

1. Resolved regions and selections:

e Event is classed as "resolved” as described above.
e Resolved DY sideband:
— 60 < m(rightTight) < 150 GeV.
¢ Resolved signal region and flavor-sideband:
— m(lrightlTight) > 400 GeV,

— m(lTigntlTigntij) > 800 GeV.
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Figure 7.5: Ratio of the expected limits in the Muon channel of the resolved analysis
with the myy > 400 GeV and my > 200 GeV. The expected limits are calculated for
signals with mw, = mn/2. The expected limits are stronger for the my > 400 GeV
selection for all signals with my, > 1TeV.
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Figure 7.6: Ratio of the expected limits in the pp channel of the resolved analysis
with the my, > 400 GeV and my, > 450500 550 GeV (top left, top right, bottom). The
expected limits are calculated for signals with myy, = mn/2. The expected limits are
stronger for the my > 400 GeV selection for all signals with my, > 1TeV.
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e Resolved low-mass control region:

M (LTight{Tight) > 200 GeV,

M (Lright{Tightjj) < 800 GeV.

2. Boosted regions and selections:

e Event is not "resolved”.

e The leading (fright) has pr > 60 GeV.

e Boosted DY sideband:

at least one loose lepton, £1,pose, satisfies 60 < m(€right1.00se) < 150 GeV,

at least one AKS jet (J) without LSF requirement satisfies A¢(Lrigns, J) >
2.0,

e If none of the loose lepton satisfies 60 < m(¢rightlro0se) < 150 GeV:

at least one AKS jets with LSF requirement satisfies A¢(lright,J) >

2.0; leading jet is selected,

at least one loose lepton satisfies AR(£00se,J) < 0.8; leading lepton

is selected,

only one flavor of £, 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 {1ignt and f1oose-
Boosted signal region and flavor-sideband:
% M (LTight {Loose) > 200 GeV,
% m(lrightJ) > 800 GeV.
Boosted low-mass control region:
% M(LTight {Loose) > 200 GeV,
* m(lrightd) < 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 pp sum of quarks and gluons
from the hard scattering. A downside of using LO samples is the worse description
of Z boson prp. This is corrected by applying a Z-pr reweighting as a function of
both mass and pt of the true Z boson. The Z-pr 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 pp 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 pr distributions before and after applying
the pr corrections in resolved (Fig. min ee, and Fig. in ui) and boosted (Fig.|7.10!
in ee, and Fig. [7.11]in pp) 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 pr distributions in the DY CRs are shown in Fig. [T.12H7.13] 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(¢4jj) and m(¢J) distributions shown

in Fig |7.14] To correct this discrepancy, we derive a bin-by-bin ratio in the
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and after (right) applying the Z-p correction. Results for dielectron channel is shown
for 2016 (upper), 2017 (middle) and 2018 (lower).
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Figure 7.9: The pr of dilepton in the low my resolved control regions, before (left)
and after (right) applying the Z-pr correction. Results for dimuon channel is shown
for 2016 (upper), 2017 (middle) and 2018 (lower).
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Figure 7.10: The pr of dilepton in the low mys boosted control regions, before (left)
and after (right) applying the Z-p correction. Results for dielectron 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 Lo
92016 Resolved  1.033 £0.049 1.025 +£ 0.040
Boosted  0.843 £0.042 0.696 £ 0.035
92017 Resolved  1.027 £0.050 1.035 4 0.040
Boosted  1.036 +0.051 0.940 + 0.046
92018 Resolved  0.958 £0.053 0.982 4 0.046
Boosted  0.921 +£0.040 0.805 + 0.034
sidebands:
(Data —nonDY) /(DY MC), (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(£(jj) and m(¢J) distributions in the
sideband after the ratios are applied are shown in Fig [7.T7H7.18|

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 < my < 100 GeV (DY CR1) and 100 < my <
150 GeV (DY CR2). The correction ratios are derived in the DY CR1 and applied to
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applying the Z-pt correction and the normalization scale factors. Results for dielec-
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Z-pr correction and the normalization scale factors. Results for dielectron (dimuon)
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Figure 7.15: The m(¢J) of dilepton in the low mys boosted control regions, after ap-
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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
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Figure 7.17: The m(¢(jj) in the low my 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(¢J) of dilepton in the low my 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 pu SRs
92016 Resolved 1.00 £0.04 0.99 £0.04
Boosted 0.99 +0.09 0.99 +£0.08
92017 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(€¢jj) (m(¢£J)) distributions in the DY CR2, before and after the
ratios obtained in the DY CR1 are applied are shown in Fig 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 and see that most bins agree with the exceptions agreeing within 2o.
The postfit distributions in the DY CRs are shown in Fig.

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 eu—to—¢¢ ratio (“eu-
method”). In this analysis, we combine the tt and single top+W processes (eu 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. [7:28H{7.31] The final fitted normalizations are listed
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Figure 7.19: The m(¢/4jj) 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 % A—I - E” ﬂ T

e |
—



CMS Preliminary 35.92 fb* (13 TeV) CMS Preliminary 35.92 fb? (13 TeV)
T

c T B A - T T e e e g
o F R Stat.+syst. uncert. s} £ R Stat+syst. uncert.
= © ResolvedDYCRz G Y ] = | ResolvedDyCRz ik Y ]
2] [ —¢— Data b 1] [ —4— Data 7
S 100 . — c ok . 4
E F Z+Jets E :>J’ E Z+dets E
L - . N C L d = ]
A T ] o . :
10% E - Other backgrounds | 102 E - Other backgrounds E
r * ] I o ]

10

0 1000 2000 3000 4000 5000 6000 7000 8000

05 0.5)""1000 2000 3000 4000 5000 6000 7000 8000
my; (GeV) My (GeV)

4 CMS Preliminary 4153 fb™ (13 TeV) , CMS Preliminary 4153 fb™ (13 TeV)
= 105‘m‘l“u“‘H"HH‘HH‘HH‘HH‘H‘E E= 105‘m“l‘uH"H“‘H“HH‘HH‘HH“HE
Qo E Stat.+syst. . 3 Qo F Stat.+syst. t.
= " Resolved DY CRz ki Stat+syst uncert. 3 = © Resolved Dy R  f Stat+syst.uncert.
,,g r —4— Data b ,.g r —4— Data 7

3L — 3L —
o w0Eg = Z+Jets E Q we = Z+Jets 3
[T E . B | E - 7

r % M ] r IS ]
100 - Other backgrounds - 102 - Other backgrounds -
E e ] § e 3
101 10
S| 15F 5
m.(% E
o 1 5
0561000 2000 3000 4000 5000 6000 7000 8000 0.5"1000 2000 3000 4000 5000 6000 7000 8000
my; (GeV) my; (GeV)
CMS Preliminary 59.74 fb (13 TeV) CMS Preliminary 59.74 fb? (13 TeV)
= 1011;“”‘1‘”HWH‘HHWHWHWH_H‘T c 104:‘;‘;‘mWmWH_m‘mwm‘m;
Q E Stat.+syst. t. 3 o E Stat.+syst. t 3
= E Resolved DY CR  fis Statrsyst uncert. 3 = | Resolved Dy CR2 i Statrsyst.uncert. 3
§2] C —4— Data ] 12 L —4— Data ]
c or < -
O 10 Z+Jets = Q 10°: Z+Jets -
|_|>J E - 3 |_|>J E - E
C # - tt J C & - tt ]
[ Other backgrounds ) [ Other backgrounds b
i [ | i i || 4
: % ] g . ]
10 2 10 -
1 L
S| 15F 8|g 15
m% F %
fal g aon
0.55—"1000 2000 3000 4000 5000 6000 7000 8000 0.5 ~"1000 2000 3000 4000 5000 6000 7000 8000
my; (GeV) m; (GeV)

Figure 7.20: The m(¢/4jj) 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(¢¢jj) 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(¢¢jj) 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.
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186




Events / bin

10

CMS Preliminary

35.92 fb* (13 TeV)

ee
Resolved DY CR
Postfit

B8 stat.+syst. uncert.
—4— Data
Z+Jets
B v
- Nonprompt

- Other backgrounds

2000

3000

CMS Preliminary

4000 5000 6000 7000 8000

my; (GeV)

4153 fb™ (13 TeV)

c T T e
ks ee B8 Stat+syst. uncert.
- Resolved DY CR 4 7
o 10°= Postfit —4— Data =
c 3
g Z+Jets B
. B v B
I Nonprompt 3
- Other backgrounds E
10° , E
%= E
T
| r
g|E 12
ale gp
08F
000 2000 3000 4000 5000 6000 7000 8000
my; (GeV)
CMS Preliminary 59.74 fb (13 TeV)
c L o LA e
o ee B8 stat.+syst. uncert.
- Resolved DY CR Y ]
B il Postfit —+— pata _
c 3
) Z+Jets 1
o [, B oo ]
10° e I Nonprompt =
—.— - Other backgrounds E
= N 3
10 -
S| = 4 oF
g€ 12F
old 4
0.8F
1000 2000 3000 4000 5000 6000 7000 8000
My (GeV)

CMS Preliminary
T

35.92 fb? (13 TeV)

- R B e B et
o HU S8 Stat+syst.uncert.
~ Resolved DY CR Y —
g 10% L Postfit —4— pata
o) Z+Jets B
o Bl w 4
3
10 - Nonprompt
-Other backgrounds |
107
=4 4
10
1 P AR AR IR AR
o =
g 12
[a(%]
0.8F
1000 2000 3000 4000 5000 6000 7000 8000
my; (GeV)
CMS Preliminary 41.53 o (13 TeV)
c T T e g
o HH B stat.+syst. uncert.
- Resolved DY CR Y ]
8B ¢l Postiit —+- pata
S L Z+Jets
O - Bl v ]
10° e I Nonprompt

- Other backgrounds

1000

2000 3000 4000 5000 6000 7000 8000
my; (GeV)
CMS Preliminary 59.74 fb? (13 TeV)
£ 10 ‘u‘u‘wH‘wHH‘HH‘HH‘HH‘HH
Qo B8 stat.+syst. uncert.
-~ Resolved DY CR 4 7
$ L Postfit $— Data
% 10° =, Z+Jets
o - B v q
.
10° = - Nonprompt
= [ other backgrounds ]
= 1
107 =
2 3
10
@
SE 12
an
08F E
1000 2000 3000 4000 5000 6000 7000 8000
my; (GeV)

Figure 7.25: The postfit m(¢4jj) of dilepton in the low my, resolved control regions.
Results for dielectron (dimuon) channel is shown on the left (right), for 2016 (upper),
2017 (middle) and 2018 (lower).

187

3 A=

5} it



CMS Preliminary 35.92 fb* (13 TeV)

c e R N S i
o ee B8 stat.+syst. uncert.

< 10'= Boosted DY CR Y E

2] Postfit 4 Data E

e ]

> Z+Jets ]

o @ B v -

- Nonprompt b

- ]

= - Other backgrounds 7

10° =

v B

10 —-

1000

2000 3000 4000 5000 6000 7000 8000

m; (GeV)

CMS Preliminary 4153 b (13 TeV)

= e e e
o ee B Stat+syst. uncert. |
Z 10*E Boosted DY CR 4 -
%) Postfit —4— Data E
g Z+Jets ]
Lﬁ 10° I i 3
I Nonprompt 3
= - Other backgrounds
10° =
- N E
1
ol
EE 1.2
alp
0.8
1000 2000 3000 4000 5000 6000 7000 8000
m; (GeV)
CMS Preliminary 59.74 fb (13 TeV)
c B A e e
o ee B stat.+syst. uncert.
~ 10 Boosted DY CR Y _
0 Postfit t- pata 3
QC) Z+Jets 7
g B o ]
L, I Nonprompt 3
e [ other backgrounds
10% G |

2000

3000 4000 5000 6000 7000

m, (GeV)

8000

CMS Preliminary 35.92 fb? (13 TeV)
T

I R R e B e
s} HU S8 Stat.+syst. uncert.
< 10'F Boosted DY CR Y E
0 Postfit t- Data E
S Z+Jets ]
Li 10° I v
L. - Nonprompt 5
~ [ other backgrounds
107
e ol +

1000

2000 3000 4000 5000 6000 7000 8000
m, (GeV)
CMS Preliminary 41.53 b (13 Te
= T S B
o [ B stat.+syst. uncert.
< 10*L- Boosted DY CR v
%) Postfit —+- pata
S Z+Jets ]
Lﬁ 10° B v _
-~ - Nonprompt
o -Other backgrounds |
10? "~ =

1000 2000 3000 4000 5000 6000 7000 8000
m; (GeV)
CMS Preliminary 59.74 fb? (13 TeV)
c e ey
o Hu $58 stat+syst.uncert. 4
~ 0 Boosted DY CR 4
%) Postfit $— Data
c
g Z-+Jets 1
O 1 I v
L. I Nonprompt
~ [ other backgrounds |
102 -
10
@l
SIE 12
[a) (I
0.8F
1000 2000 3000 4000 5000 6000 7000 8000
m; (GeV)

Figure 7.26: The postfit m(¢J) of dilepton in the low myg boosted control regions.
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in Table [Z.8
Table 7.8: The fitted rate parameter of tt and single top+W background.

Year Event type Fitted with ee SRs Fitted with pu SRs
Resolved 0.95+£0.05 0.92£0.05
2016 Boosted with e-Jet 0.86 £0.14 0.84 £0.14
Boosted with p-Jet 0.75 £ 0.09 0.75 £ 0.08
Resolved 1.05+0.05 1.02 +0.05
2017 Boosted with e-Jet 1.04 £0.17 0.92 £0.17
Boosted with p-Jet 0.93 £0.12 0.91+£0.11
Resolved 0.99 £0.05 0.98 £0.05
2018 Boosted with e-Jet 0.87+0.14 0.86 £ 0.14
Boosted with p-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:

e 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] [149).

e Pileup: An uncertainty is estimated by varying the nominal minimum bias

cross section of pp collisions at 13 TeV (69.2mb) by 5%.

e 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 ag. The PDF and ag 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 Wg 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 Wg 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 Wg in the boosted flavor sideband with p—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 Wg 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 7, are
varied by ¢ 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 pp < 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 pp > 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

1 3
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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.

e 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:

pr — max[0,p5" + cx15 - (pr =5 )] (7.5)

in which ¢4, are the data/MC scale factors, which are shifted by +o. This

results in a systematic uncertainty of less than 1% for all masses.

e 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.

e 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.

e LSF scale factor: The difference in efficiency between data and MC on our

LSF selection is taken into account with a dedicated scale factor.

e 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

11 =1
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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 mwy, = 57TeV. The range given for each systematic
uncertainty source covers the variation across the years.

Source Bkgd. /Signal process  Year-to-year treatment e ()?/l,: )gd. ce ;{17%;‘&1 s (;Sg'd' e (;il]al
Tntegrated Tuminosity Al bkgd./Signal Uncorrelated 2325 (23 25) 2325 (23 25) 2325 (2325) 2325 (23 25)
Jet energy resolution All bkgd. /Signal Uncorrelated 0514 (0.7-1.9) 003 (0-04) 02120211 003 (00.3)
Jet ener, All bkgd. /Signal Correlated 19-41(09-20)  002(002) 213406100 002 (0-04)
Muon reconstruction All bkgd./ Correlated 0.4-1.0 (0.3-0.7) 4.4-36.8 (5.8-30.6)
Muon momentum scale All bkgd./ Correlated — — 0.4-25 (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 energ . All bkgd./ Correlated 05-1.8 (0.5-23)  0-0.3 (0-0.5) — —
Flectron ident All bkgd./ Correlated 31-3.2 (1.8-1.9)  4.1-4.4 (2.1-2.4) — —
Flectron trigger All bkgd. /Sig Uncorrelated 00.1(0204)  <0.1(0.1-0.2)

LSF scale factor All bked. /Signal Uncorrelated (7.2-8.7) (<0.1) (5.77.1) (<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 pr DY+jets Correlated 2.6-3.3 (2.7-3.5) — 2.7-3.1 (2.8-3.4) —

DY reshape DY-jets Corre .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) 2.86.8 (20.7-41.2)
as 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 pp 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 shows the excluded phase space in (mwy, mn), at a 95 % CL asymp-
totic CLg, 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 . This is due to
the tightening of the dilepton invariant mass cut, the optimization of can be seen
in Section The combined result of the three years extended the exclusion of

the phase space. For the W model, with my = 1/2mw,,, the expected (observed)
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Figure 7.32: The prefit reconstructed mass of Wy 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 Wy 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 Wg in the boosted signal region. Results
for the dielectron (dimuon) channel are shown on the left (right), for 2016 (top), 2017
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Figure 7.35: The postfit reconstructed mass of Wg 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 Wg 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 Wg 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
- Resolved  3.87+0.16 236025 1.35+0.73 0.56£0.78 814+ 1.16 10
2016 Boosted 5524087 1870+1.82 7.27+3.83 213+£0.72  33.62+3.00 39
Resolved  5.87+0.38 4.024+0.26 0214038 212+1.16  12.23+1.38 9
e Boosted ~ 3.48+1.02 2L.77+122 1624035 2.04+078  28.91+2.12 27
i Resolved  5.11+027 382+044 0.36+023 1.32+£081  10.61 %119 11
2017 Boosted ~ 7.37+£1.01 20.26+244 7.64+414 052+014  35.79+ 3.64 44
Resolved  6.66+£0.48 4.83+0.33 0.08+0.05 290+134 1447+ 1.63 19
B Boosted  7.23+£138 27.17+£1.69 2.81+0.89 2.02+0.90  39.23+2.62 46
- Resolved 856 £0.83 513+047 1.13+0098 1.91+£1.20  16.73+1.88 27
2018 Boosted  15.96+1.86 30.76 £3.57 15.92+6.13 1.72+£0.64  64.36+£5.14 73
Resolved  9.35+0.54 8.60+1.01 0.13+0.10 1.06+£0.57  19.13+1.52 26
b Boosted 9.0+ 1.11 37.17+£220 471+1.10 116+0.28  52.14+2.84 46
i Resolved 1754 £1.17 11.31+£1.00 2.84+1.28 3.70E1.83 3548 % 2.60 8

Combinded Boosted  28.85+3.23 69.71+£558 30.84+£8.51 4.37+1.63 133.77+£7.690 156
Resolved 21.88+1.17 17.45+1.38 043+041 6.07+239  45.83 +3.06 54

B Boosted  19.81+£258 86.11+£3.72 9.14+1.97 521+1.94  12027+£449 119

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 my = 200 GeV, the expected (observed) limit excluded the phase space up to
mwy = 5.0 (4.6) TeV for the electron channel, and my, = 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 = mwyg /2 and my = 200 GeV using the Full Run2 data.
7.8 Summary

A search for right-handed bosons Wgr 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~!. The final state
consists of events with two same-flavor leptons (ee or uu) 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 o(pp — Wgr) X BR(WRr — ee(up)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 Wg 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 5TeV for heavy neutrino masses between 0.1 and

2.5 TeV, providing the most stringent limit to date.
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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 (my > 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 (Wg) 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 my/mw, < 1. In

207 A= TH o5



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~! has
been analyzed, and set a enhanced 95% CL exclusion on the mass of Wrand N. For
the Wi model, with my = 1/2myy,,, 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 my = 200 GeV, the expected (observed)
limit excluded the phase space up to mwy, = 5.0(4.6) TeV for the electron channel,
and mwy, = 5.3 (5.4) GeV for the muon channel. A ~ 20 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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Appendix A

Diagonalizing the neutrino mass
matrix

For the case of M, for M; > Mp, the neutrino mass matrix, M, can be written as

0 M} 0 0 0 M}
M, = = 4 , (A1)
Mp My 0 My Mp O

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,

0 €1
W~ T+ (A.2)

e 0
with €; 9 in order of Mp/Mjs can block-diagonalize M,,. Using

Wlh=whr=w1l=r1—- , (A.3)
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the block-diagonalization of M, can be written as
I —€ 0 M} I &
—e5 1 Mp My e I

wWrM,W =

—e]Mp + Mgez —€eiMyea —€]Mper + Mg — 1My
Mp — esMPbes + Myes Mper — esME + My

(A.4)
—e]Mp + MgEQ — €1 Mprer Mg — 1My
Mp + Mpses MD61—€§M5+MM
A, 0
0 B,
The off-block-diagonal elements of Equation [A4] gives
T x—1
€=M M
P (A.5)
€2 = —M,; Mp.

The matrix W above can be normalized by adding second-order temrs in the diagonal
elements:
I—Ay MM
~My'Mp  T— Ay

(A.6)
wh - I—AL —MpMt
My Mp  I—A}
Solving W1W = I gives,
1 *—1 -1
Ay = ngMM My Mp
N (A.7)
Ay = §M;41MDM;M;;1.
To wrap up, W and the block-diagonalized matrix becomes
17T x—1as7—1 T x—1
o [T MBI M M MM (A5
— M, Mp I — Myt Mp MMt
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~MEM Mp 0
0 My

wim,w = (A.8b)

The (1,1) component, —MEMA_;MD, which is a 3 x 3 matrix, is proportional to
|Mp|?/| M|, which can be very small for My, > Mp. while the (2,2) component,
Myr, which is a m X m matrix, can be very large. We now diagonalize the two
block-diagonal elements with two unitary matrices V; and V},, and obatain the full

diagonalization of M,:

Vi 0
Vi=W
0 V
(A.9a)
(U= MM M M) MbMTV,
—M;;' MpV, (I — My MpMLMETYV;,
—VIMEM MV, 0 M0
(VI/)TMVVV — l D M DVi — (Agb)
0 VhTMMVh, 0 M"
%
UL, U
%l = (A.9¢)
N \a
1 1
~Ly= P M+ LM (e, (A.94)

where [ (h) denote light (heavy) neutrinos, and v}, are the mass eigenstates. From
Equation the interaction eigenstates of neutrinos, v;, can be expressed with the
mass eigenstates:

v, = iy + MLMXZIV}LZ/;L. (AlO)

Firstly, in Equation and Equations we have already separated light

and heavy neutrinos, and V; and V}, are the mixing matrix within light and heavy
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neutrinos, respectively. The M]TDM]TZI 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 @ ~ |Mp|/| M.

Secondly, the PMNS matrix, which describes the mixing within the light neutrinos,
corresponds to Vj, 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:

/
S

g (__ ___ ___ l
ECC,lepton:\/i(VeL VuL VTL) ’YH(VL) ,U,i le

!
T,
/
°L

:%WWJFM{)M;(;WWW“(%) | Wi

o
e, (A.11)
9 (__ __ __ ¢
:ﬁ (yu Vg 1/13) ’Y“(VZTVL) m, W:
R ——
light mass eigenstates TI/_,
——

mass eigenstates

€L
g _ -1 14
+ 0= (Vm th> ’Y“(VJMM MpVy,) H Wi
V2
heavy mass eigenstates T,
N——

mass eigenstates

Defining U := VL“VI and V := VfTMLMX/I_IVh gives

£CC,lepton = Z ZU anV”g W+ + == Z ngyhnﬂ)/ gLW—i_
n 1/4=e n 14=e (A12)
Z ZUZTLV[”'Y o VVJr + = Z anyhn")/ KLWJr.
n 1/4=e \/>n 14=e
7] '-.;.'2 1 i =1 —7
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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 pr of subleading
lepton and p%liss, for ee (upper left and right), pp (centre left and right) and ey (lower
left and right).
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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 pr of subleading lepton and p2s%, for ee (upper left and right),

ppe (centre left and right) and ey (lower left and right).
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B.3 Figures for low-mass CRs (CR3 and CR4)
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B.4 Figures for high-mass CRs (CR5 and CR6)
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Figure B.12: The kinematic distributions at ee high mass control region with “fat jet”.
pr of leading lepton (upper left), pr of subleading lepton (upper right), p 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 pii(lower right). Here, fatjet is selected

whose pruned mass is closest to mwy.
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Figure B.13: The kinematic distributions at uu high mass control region with “fat jet”.
pr of leading lepton (upper left), pr of subleading lepton (upper right), pr 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 pii(lower right). Here, fatjet is selected

whose pruned mass is closest to mwy.
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