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ABSTRACT

The search for new physics beyond the Standard Model can follow one of two tracks: direct

searches for new particles at the collider or indirect probes for new physics from precision

measurements. In the direct searches for third generation squarks in SUSY at the LHC, the

common practice has been to assume a 100% decay branching fraction for a given search

channel. In realistic MSSM scenarios, there is often more than one significant decay mode

present, which significantly weakens the current search limits on third generation squarks

at the LHC. On the other hand, the combination of multiple decay modes as well as the

new open decay modes offer alternative discovery channels for third generation squarks

searches. In this work, we present the third generation squarks decay and the collider

signatures in a few representative mass parameter scenarios. We then analyze the reach

of the stop/sbottom signal for the pair production in QCD at the 14 TeV LHC with 300

fb−1 integrated luminosity and of the 100 TeV future collider with 3000 fb−1 integrated

luminosity in a few representative scenarios.

In the scenario of Bino LSP with Wino NLSP, we investigate stop/sbottom pair pro-

duction at the LHC with one stop/sbottom decaying via t̃→ tχ0
1, tχ

0
2/b̃→ bχ0

1, bχ
0
2, and

the other one decaying via t̃ → bχ±1 /b̃ → tχ±1 . With the gaugino subsequent decaying to

gauge bosons or a Higgs boson χ0
2 → Zχ0

1, hχ
0
1 and χ±1 → W±χ0

1, leading to bbbbjj` 6ET
final states for the Higgs channel and bbjjjj`` 6ET final states for the Z channel, we study

the reach of those signals at the 14 TeV LHC with 300 fb−1 integrated luminosity. Because

the sbottom and stop signals in the same SUSY parameter scenario have undistinguishable

final states, they are combined to obtain optimal sensitivity, which is about 150 GeV better

than the individual reaches of the sbottom or stop.

In the scenario of Bino LSP with Higgsino NLSP. The light stop pair production at
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the 14 TeV LHC, with stops decaying via t̃1 → tχ0
2/χ

0
3 and the neutralino subsequently

decaying to a gauge boson or a Higgs boson χ0
2/χ

0
3 → χ0

1h/Z, leads to tt̄hh 6ET , tt̄hZ 6ET
or tt̄ZZ 6ET final states. The above decay channels give rise to final states containing one

or more leptons, therefore our search strategy is to divide the signal regions based on the

multiplicity of leptons. We find that the one lepton signal region of channel tt̄hZ 6ET has

the best reach sensitivity of light stop searches at the 14 TeV LHC with 300 fb−1 integrated

luminosity. We then combine all the signal regions for a given decay channel or combine

all the decay channels for a given signal region to maximize the reach sensitivity of the

stop search. For the light stop pair production at the
√
s = 100 TeV future machine with

3000 fb−1 integrated luminosity, we find that a stop with a mass up to 6 TeV can be

discovered at 5σ significance, while a mass up to 6.8 TeV can be excluded at 95% C.L. for

the combined results of all three channels.

In the indirect probes for new physics, we utilize the Z-pole Oblique Parameters S,

T , U and Higgs precision measurements complementarily in the framework of the Two

Higgs Doublet Model at current and future colliders. The S, T , U is not that sensitive to

the rotation angle β − α, while the Higgs precision measurements set strong constrains on

β − α. Also the T is very sensitive to the mass difference of Higgs bosons, leading to the

mass of charged Higgs (H±) aligning either along with the mass of neutral Higgs H or A.

As for the Higgs precision measurements, we consider the tree level corrections to Higgs

coupling constants as well as the radiative corrections to Higgs coupling constants at one

loop level for the future collider. The combination of Z-pole precision measurements and

Higgs precision measurements complementarily set strong constraints on the parameter

space of the 2HDM, especially in the future e+e− circular collider compared to the current

collider due to much cleaner backgrounds and higher luminosity.
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CHAPTER 1

Introduction

The breakthrough discovery of a Standard Model (SM) like Higgs boson completed the

last missing piece of fundamental particles [1, 2]. The SM has evolved into a spectacularly

successful theoretical framework to describe the strong, the weak and the electromagnetic

(EM) interactions of all the elementary particles, which is governed by the SU(3)C ×
SU(2)L × U(1)Y gauge symmetry.

After a few decades, the Standard Model has become an incredibly successful theory,

of which the Quantum Chromodynamics (QCD), Quantum Electrodynamics (QED), and

Glashow-Weinberg-Salam (GWS) theory are robust theoretical frameworks describing the

strong, the electromagnetic and the weak interactions of fundamental fields, respectively.

Rigorous tests have found these theories to give correct predictions with astounding accu-

racy. The electroweak sector of the Standard Model has been extensively studied at the

Large Electron-Positron (LEP) [3, 4], with measurements of the W , Z bosons masses and

width, and the effective weak mixing angle sin2 θlepeff with high precision. The top quark

mass is now measured with uncertainties below 0.76 GeV by the ATLAS, CDF, CMS and

D0 groups [5]. The QED prediction of the anomalous magnetic moment of the electron (g

- 2) matches experiment to 10 significant figures and is the most precisely known quantity

in all of physics [6]. The Higgs mass and coupling strengths are measured by the ATLAS

and CMS groups [7–9] and will be discussed in Chapter 2.

Despite the great success of the Standard Model theory, it is still not complete. It is

now widely argued that while the SM is an effective low energy description of nature, a

more fundamental theory of physics which will incorporate the gravitational force is yet

to be established. There are still a few puzzles that are beyond the explanation in the

framework of the Standard Model. The first puzzle is the quadratic divergency of the



16

Higgs mass. A light Higgs at the weak scale receives unstable quadratic corrections to its

mass, and requires a cancellation of 17 orders of magnitude to recover the physical Higgs

mass measured at 125.36 GeV. This is referred to as the “hierarchy problem” [10]. Another

puzzle concerns the matter content of the Universe, where observations indicate that the

majority of matter in the Universe is composed of an unknown component, so-called Dark

Matter (DM). However, no SM particles can be the DM candidate, indicating that we

need new physics beyond the SM to explain the existence of the DM particle. The third

puzzle is the neutrino mass. Disappearance of the solor νe and atmospheric νµ due to

the oscillations have been observed respectively, in the solor neutrino [11–19], KamLAND

[20, 21] and Super-Kamokande [22, 23] experiments, indicating that the neutrino has mass.

However, the SM can not provide a mechanism for neutrino to acquire mass.

All puzzles indicate the need of new physics beyond the SM to explain the observed

phenomena. Indeed, there are a variety of interesting extensions to the SM, among which

Supersymmetry (SUSY) is a well motivated model beyond the SM. SUSY postulates a new

symmetry relating fermions to bosons, with their intrinsic spin differing by 1/2. Therefore,

the quadratic divergence to the Higgs mass induced by the SM fermions is cancelled out

by that of the corresponding superpartners, effectively solving the hierarchy problem. In

addition, the SUSY model accommodates a light Higgs, with properties close to that

of the Standard Model Higgs. Finally, the SUSY model also provides a mechanism for

approaching the grand unified theory (GUT), which can naturally accommodate gauge

coupling unification below the Plank scale. Another feature of the SUSY model is that it

can provide a good dark matter candidate - the lightest supersymmetric particle (LSP).

In the Minimal Supersymmetric Standard Model (MSSM), the third generation squark

sector might be the most relevant supersymmetric partner in connection to the Higgs

physics given the large top and bottom Yukawa couplings. The top squark (stop) loops

provide the dominant radiative corrections to the Higgs mass, which sets strong constraints

on the stop sector and favors heavily mixed stops and at least one light stop [24]. The

left-handed squark (t̃L, b̃L) is grouped as SU(2)L doublets, with masses controlled by the

same soft SUSY breaking mass parameter [25, 26], therefore the bottom squark (sbottom)

is also of interest. In the region of higher ratios of the Higgs vacuum expectation values:
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tan β = v2/v1, the bottom Yukawa coupling is large and could allow large corrections to

the Higgs physics from the sbottom sector as well [27].

Although the LHC program has been carrying out a rather broad and impressive SUSY

search plan, many searches are still limited by strong assumptions for the sake of simplicity.

Most of the current searches for the third generation squarks carried out by the ATLAS

and CMS groups focus on the decay t̃1 → tχ0
1 (b̃1 → bχ0

1) or t̃1 → bχ±1 → bWχ0
1 (b̃1 →

tχ±1 → bWWχ0
1), with χ0

1 being the stable LSP appearing as missing energy ( 6ET ) at

colliders. For stop/sbottom pair production at the LHC, such processes lead to tt+ 6ET or

bbWW+ 6ET final states. However, due to the lhuge SM backgrounds from tt̄, searches for

the stop/sbottom can be very challenging. Unfortunately, until now still no SUSY signal

over Standard Model backgrounds has been found.

In realistic MSSM scenarios, there is often more than one significant decay mode present

because of the different mass hierarchies between stop/sbottom, gauginos and Higgsinos.

The decays of the light stop or sbottom highly depend on the low-lying neutralino/chargino

spectrum, as well as the composition of the light stop and sbottom. Therefore, third

generation squarks posses very rich decay patterns. A few prominent scenarios stand out:

A left-handed stop (sbottom) in the Bino LSP with Wino NLSP scenario has a decay of

t̃ → tχ0
2 → th/Z (b̃ → bχ0

2 → bh/Z) with a branching fraction as high as 20% − 40%,

along with the leading decay t̃ → bχ±1 (b̃ → tχ±1 ), leading to tt̄h/Z final states; a left-

handed stop in the Bino LSP with Higgsino NLSP scenario has two almost equal decays

t̃ → tχ0
2 → th/Zχ0

1 and t̃ → tχ0
3 → th/Zχ0

1 with a branching fractions as high as 45%,

leading to tt̄hh, tt̄hZ and tt̄ZZ final states. Similarly, a right-handed sbottom in the

Bino LSP with Higgsino NLSP scenario may have the leading decay mode b̃ → bχ0
1 with

a branching fraction of only 40% − 60%, along with a sub-leading decay of b̃ → tχ±1 of

20%− 30%. Those additional channels dilute the leading signals currently being searched

for at the LHC and significantly weaken the stop/sbottom search limits when assuming a

100% branching fraction for a given search channel. On the other hand, the new decay

modes and a combination of the multiple decay modes offer alternative discovery channels

for stop/sbottom searches, that must be taken into account.

In this work, we present the stop/sbottom decay patterns in three representative sce-



18

narios with different mass hierarchies between stop/sbottom, gauginos and Higgsinos. We

then analyze the possible collider signatures for the stop/sbottom pair production with

the stop/sbottom decay channels. We study the reach of those signals at the 14 TeV LHC

with 300 fb−1 integrated luminosity and those of the 100 TeV future collider with 3000

fb−1 integrated luminosity. Because the final states may contain 1 or 2 Z bosons and

the Z boson has clean lepton channels, our analysis is divided in to a few signal regions

based on the multiplicity of leptons. Because of the similarity of the final state signatures

and the potential correlation of the left-handed soft mass, the sbottom and stop signals

are combined to obtain the optimal sensitivity for the same SUSY parameter region. The

combined discovery reach of the stop/sbottom can be greatly improved by a factor of 2 at

the 14 TeV LHC or by a factor of 10 at the 100 TeV future collider.

Another extension to the SM is the Two Higgs Doublet Model (2HDM). In the Standard

Model, the fermion structure contains more than one family and allows family mixing,

while the scalar structure only contains one SU(2) doublet. So it is natural to explore

the possibility of introducing another scalar doublet. The 2HDM incorporates two SU(2)

doublets, which can fit in the SUSY model with Higgs quartic couplings governed by the

gauge couplings. The 2HDM can generate a baryon asymmetry of the universe of sufficient

size, due to the flexibility of its scalar mass spectrum and the existence of additional

sources of CP violation. With two complex scalar SU(2) doublets, there are eight degrees

of freedom, three of which are eaten as the longitudinal components of the W± and Z

bosons. The remaining five degrees of freedom are the physical Higgs bosons, with one

CP-even Higgs (h), two CP-odd Higgs bosons (H, A) and two charged Higgs bosons (H±).

The tree level corrections as well as the radiative corrections, (at one loop level due to

the additional Higgs bosons,) to hff , hV V (V V = ZZ, WW ) coupling constants will

introduce deviations on the Standard Model observables, which can be probed from the

precision measurements at the current LHC or the future e+e− collider.

In this work, our goal is to explore the detectability of new physics in the framework

of the 2HDM in aspects of Z-pole and Higgs precision measurements. The potential new

physics in the radiative corrections to electroweak sectors can be parameterized by the

Oblique Parameters S, T , U [28–32]. We do a global fit of the S, T , U parameters
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from the current precision measurements and those of the future e+e− collider, to obtain

constraints on the parameter space of the 2HDM. The Higgs physics in the framework of

the 2HDM is very rich because of the extra Higgs bosons and tree level corrections to hff ,

hV V coupling constants. For instance, the hZZ coupling constant of the 2HDM at tree

level, given by the multiplication of the factor sin(β − α) to the SM coupling constant,

can deviate from the Standard Model values due to the Higgs mixing effect. The radiative

corrections to the hZZ coupling constant from extra Higgs bosons in the loop can also

be significant. In the future e+e− collider, the Higgs signal strengths can be measured

at precision of one percent or less, which sets strong constraints on the parameter space

of the 2HDM. We then combine the Z-pole and Higgs precision measurements to do a

complementary probe of the 2HDM.

The rest of the dissertation is organized as follows. In Chapter 2, I review the significant

structure of the Standard Model, especially the gauge structure and the electroweak sym-

metry breaking mechanism, and point out the unsolved puzzles. In Chapter 3, I review the

formalism and the gauge structure of the Supersymmetry model. I highlight the general

MSSM soft breaking Lagrangian, Higgs sectors, electroweak gaugino sectors and the third

generation sectors. In the last section of Chapter 3, I have a brief review of the general

2HDM, including the physical Higgs masses, the couplings of the Higgses to the fermions

and gauge bosons. In Chapter 4, the decay channels and possible collider signatures of third

generation squarks are investigated in detail for a few representative scenarios. In Chapter

5, I present detailed collider analysis of direct searches for third generation squarks in the

scenario of Bino LSP with Wino NLSP and Bino LSP with Higgsino NLSP. In Chapter

6, an indirect probe for the Two Higgs Double Model is presented with both Z-pole and

Higgs precision measurements. In Chapter 7, I give my conclusions.
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CHAPTER 2

Standard Model

The core of the Standard Model is symmetry. In QED, QCD and the Glashow-Weinberg-

Salam weak theory, local gauge symmetry provides the interactions between the gauge

fields and fermion fields. Any attempts to extend the SM almost exclusively seek new

symmetry embedded in the SM. For instance, the SUSY introduces another space time

symmetry relating fermions to bosons. Below we briefly review the gauge symmetry in

the SM as well as the spontaneous symmetry breaking and the Higgs mechanism. For a

complete and comprehensive review of the SM, refer to Ref. [33].

2.1 Gauge symmetry and Lagrangian of the SM

The SM gauge symmetry is expressed in terms of groups. The gauge symmetry of strong

interaction follows the group SU(3)c, where the subscript c stands for color, describing the

interaction between quarks and gluons with color charge. The electroweak gauge symmetry

is governed by the group SU(2)L ⊗ U(1)Y , corresponding to weak isospin and hypercharge.

The charges of the fundamental particles in the SM under the symmetry groups are shown

in Table 2.1. The fermions are split into two chiral states: the left-handed (LH) state and

the right-handed (RH) state: ψ =
(
ψL
ψR

)
. The LH fields are grouped as an SU(2)L doublet,

QL =

(
uL
dL

)
, EL =

(
νL
eL

)
(2.1)

while the RH ones uR, dR and eR are SU(2)L singlets. In the current SM theory, we

assume there is no RH neutrino, therefore we do not list it in Table 2.1. There exist three

generations for each fermion. The gauge bosons sit in the adjoint representation of the

corresponding symmetry groups. There are 8 gluons with color charge for SU(3)c QCD, 3
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weak bosons for SU(2)L and one for the hypercharge. The only scalar field in the SM is

represented as an SU(2)L doublet:

Φ =

(
φ+

φ0

)
(2.2)

Field SU(3)c, SU(2)L, U(1)Y Q

QL =
(
uL
dL

) (
3,2, 1

6

) ( 2
3

− 1
3

)

uR
(
3,1, 2

3

)
2
3

dR
(
3,1,−1

3

)
−1

3

EL =
(
νL
eL

) (
1,2,−1

2

) (
0
−1

)

eR (1,1,−1) -1

gµ (8,1, 0) 0

(W±
µ ,W

0
µ) (1,3, 0) (±1,0)

Bµ (1,1, 0) 0

Φ =
(
φ+

φ0

) (
1,2, 1

2

) (
1
0

)

Table 2.1: Charges of the SM fields in the gauge representation. Particles listed include
the fermions, gauge bosons and the Higgs.

The gauge invariant Standard Model Lagrangian consists of several pieces, can be writ-

ten down concisely as:

LSM = Lgauge + Lfermion + LHiggs + LYukawa (2.3)

The meaning of each part is quite clear by the subscripts. Each individual part is reviewed

in detail below.

The Lagrangian of the three gauge fields is expressed as:

Lgauge = −(
1

4
Ga
µνG

a
µν +

1

4
W i
µνW

i
µν +

1

4
BµνBµν) (2.4)
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containing the SU(3)c, SU(2)L and U(1)Y field strength Ga
µν , W

i
µν and Bµν , respectively:

Ga
µν = ∂µA

a
ν − ∂νAaµ + gsf

abcAbµA
c
ν

W i
µν = ∂µW

i
ν − ∂νW i

µ + gεijkW i
µW

j
ν

Bµν = ∂µBν − ∂νBµ

(2.5)

where a, b, c ⊂ 1 ... 8, is the color index, i, j, k ⊂ 1 ... 3, is the weak index, gs and g are the

strong and weak coupling constants, respectively. fabc and εijk are the SU(3)c and SU(2)L

structure constants, respectively, defined as:

[T a, T b] = ifabcT c (2.6)

for the generators of SU(3)c, and a similar relation holds for SU(2)L.

The fermion gauge interactions are represented in the Lagragian as:

Lfermion = Q̄Li /DQLi + ūRi /DuRi + d̄Ri /DdRi + ēLi /DeLi + ēRi /DeRi (2.7)

where we sum over the index i⊂ 1 ... 3, representing the family index. The “slash” notation

is short for a contraction with a γµ matrix, like /D ≡ γµDµ. The covariant derivative Dµ is

defined as:

Dµ = ∂µ − igsT aGa
µ − ig

τ i

2
W i
µ − ig′Y Bµ, for LH quarks

Dµ = ∂µ − igsT aGa
µ − ig′Y Bµ, for RH quarks

Dµ = ∂µ − ig
τ i

2
W i
µ − ig′Y Bµ, for LH leptons

Dµ = ∂µ − ig′Y Bµ, for RH leptons

(2.8)

which provides the kinetic term and the gauge interaction term for the SU(3)c, SU(2)L

and U(1)Y gauge groups with coupling strengths gs, g and g′, respectively. Because the

leptons have no SU(3)c interactions, therefore there is no igsT
aGa

µ term in the leptons’

covariant derivative. τa is the SU(2)L generator, corresponding to the Pauli matrices. T a

is the SU(3)c generator, corresponding to the Gell-Mann matrices.

So far all fermions and gauge bosons are massless, we do not write any mass term

like
m2
A

2
AµA

µ or mψψ̄ψ = mψ(ψ†LψR + ψ†RψL). Those terms are not allowed for the sake
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of gauge symmetry. In the Standard Model, the LH fermions and RH fermions carry

different gauge charges, therefore any term such as mψψ̄ψ will break the gauge symmetry.

For the gauge boson, even in the simplest case of U(1)Y under a gauge transformation:

Aµ → Aµ+ 1
e
∂µα(x), the mass term is not gauge invariant under the gauge transformations

as:

AµA
µ → AµA

µ +
2

e
Aµ∂µα +

1

e2
∂µα∂

µα (2.9)

But all particles are massive from the experimental measurements. What is the origin

of the particle masses? We will reveal the mystery in the following section.

2.2 Electroweak symmetry breaking and the Higgs Mechanism

The Higgs field is the only scalar field in the Standard Model. It is responsible for Sponta-

neous Symmetry Breaking [34–37], giving mass to weak gauge bosons as described in the

GWS theory of weak interactions [38–40], and giving mass to the fermions through the

Yukawa interactions. The Lagrangian for the Higgs sector is:

LHiggs = |DµΦ|2 + µ2Φ†Φ− λ

2
(Φ†Φ)2, Φ =

(
φ+

φ0

)
(2.10)

which consists of a kinetic term and potential terms with µ2 > 0 and self-coupling strength

λ > 0. The Higgs field is an SU(2)L complex doublet with the U(1)Y hypercharge Y =

+1 as defined in Eq. 2.10. The covariant derivative of Φ is defined as:

DµΦ = (∂µ − ig
τ i

2
W i
µ − ig′Y Bµ)Φ (2.11)

The minimum of the potential occurs at:

Φ =

(
0

v

)
(2.12)

with a vacuum expectation value (VEV) v =
√

µ2

λ
. After the spontaneous symmetry

breaking, the Higgs potential contains a mass term with mass m =
√

2µ and φ3, φ4

interaction terms. The spontaneous symmetry breaking also leads to the original SU(2)L

× U(1)Y symmetry breaking down to U(1)EM . Three massless scalar particles are created
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according to Goldstone’s theorem [41], and are absorbed by the gauge bosons, becoming the

longitudinal degrees of freedom of the gauge bosons. Therefore the gauge bosons become

massive. The masses and mass eigenstates of the gauge bosons can be calculated from the

first term in Eq. 2.10 with Φ replaced with the VEV.

∆L =
1

2
(0 v)(gW a

µ τ
a +

1

2
g′Bµ)(gW bµτ b +

1

2
g′Bµ)

(
0

v

)

=
1

2

v2

4
[g2(W 1µ)2 + g2(W 2µ)2 + (−gW 3

µ + g′Bµ)2]

(2.13)

The gauge eigenstates W 1 and W 2 mix together to form mass eigenstates W±, with mass

mW± = g v
2
; whereas the W 3 and B fields mix to form the neutral Z0 boson, with mass

mZ =
√
g2 + g′2 v

2
and massless photon Aµ:

W±
µ =

1√
2

(W 1
µ ∓W 2

µ), with mass mW± = g
v

2

Z0
µ =

1√
g2 + g′2

(gW 3
µ − g′Bµ), with mass mZ =

√
g2 + g′2

v

2

Aµ =
1√

g2 + g′2
(g′W 3

µ + gBµ), massless

(2.14)

We define the weak mixing angle θw to be the angle that appears in the change of basis

from (W 3, B) to (Z0,A):

(
Z0

A

)
=


cos θw − sin θw

sin θw cos θw



(
W 3

B

)

cos θw =
g√

g2 + g′2
, sin θw =

g′√
g2 + g′2

(2.15)

The masses of W± and Z0 are not independent, since it follows the Eq.2.15:

mW = mZ cos θw (2.16)

The covariant derivative (Eq. 2.11) uniquely determines the couplings of Higgs to

gauge bosons and the masses of gauge bosons. Similarly, fermion masses are also generated

through the Higgs boson VEV in the Standard Model. The Lagragian of Higgs-fermion

Yukawa interactions can be written as:

LYukawa = yuQ̄ΦcuR + ydQ̄ΦdR + yeL̄ΦeR (2.17)
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where Φc = −iτ2Φ is the charge conjugate of the Higgs field, yu,d,e are 3 × 3 complex

matrices, and the generation indices are hidden. After electroweak symmetry breaking,

the Yukawa interaction term for an electron, as an example, is:

∆Le = − 1√
2
yevēLeR + h.c., with mass me =

1√
2
yev (2.18)

similar relations hold for other fermions with masses proportional to the corresponding

Yukawa coupling constants. One feature of the above Lagrangian is that it causes mixing

between the generations of quarks when transfering from the gauge basis to the physical

basis. The physical states are obtained by diagonalizing yu,d by four unitary matrices, V u,d
L,R,

as mf = V f
L y

fvV f†
R , f = u, d. As a result, the W boson couples to the physical uLj and

dLj quarks with couplings given by:

−g
2

(ūL, c̄L, t̄L)γµW+
µ VCKM




dL

sL

bL


+ h.c. (2.19)

where VCKM = V u
L V

d†
L is Cabibbo-Kobayashi-Maskawa (CKM) 3 × 3 unitary matrix [42,

43], defined as:

VCKM = V u
L V

d†
L =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


 (2.20)

The VCKM can be parameterized by three mixing angles and one CP-violating phase δ

[43]. The SM very successfully generates all interactions and masses to gauge bosons and

fermions, and they are consistent with the experimental measurements with astonishing

accuracy.

2.3 Precision tests

Precision experiments have been essential in establishing the Standard Model. With the

observation of weak neutral/charge currents [44], and the discovery of the W and Z bosons

in CERN [45, 46], these key features of the Standard Model of electroweak interactions as

well as the gauge structure are well established. By combining experimental inputs and
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the EW theory, the existence of the top quark was predicted and later confirmed by the

CDF and D0 Collaboration at Tevatron [47]. The Higgs boson was predicted theoretically

a half-century ago, and was finally discovered by the ATLAS and CMS groups [1, 2]. As

the tests match the SM theory with higher and higher accuracy in the current experiments

at the LEP and the LHC, the SM is becoming more and more powerful in correlating

experimental observables to predictions. However, as people now firmly believe that the

SM is not the end of the story, it is reasonable to probe new physics from those precision

tests from current experiments and future experiments. Here we briefly review the precision

tests from the LEP and the LHC.

The mass and width of the Z boson, mZ and ΓZ , the mass of W boson, mW and the

weak mixing angle are precisely measured at LEP [4]:

mZ = 91.1875± 0.0021 GeV

ΓZ = 2.4952± 0.0023 GeV

mW = 80.363± 0.032 GeV

sin2 θw = 0.23153± 0.00016

(2.21)

The sensitivity of the SM observables to the mass of the top quark from LEP is shown

in the left panel of Fig 2.1. The LEP experiment measured the SM observables at Z-pole,

while the Tevatron and the LHC can measure the properties of the top quark and Higgs

boson more accurately. The top quark mass is measured accurately by combining the

measurements of the CDF and D0 experiments at the Tevatron collider and the ATLAS

and CMS experiments at the LHC [5], which reads mt = 173.34± 0.27 (stat)± 0.71 (syst)

GeV. An improved measurement of the mass of the Higgs boson is made by both the

ATLAS and CMS group. From the high-resolution γγ and ZZ channel with about 25 fb−1

data collected at the
√
s = 7 and 8 TeV LHC, the Higgs mass is measured at mh = 125.36±

0.37 (stat)±0.18 (syst) GeV by the ATLAS group [7] and mh = 125.02+0.26
−0.27 (stat)+0.14

−0.15 (syst)

GeV by the CMS group [9]. Combined analyses of the Higgs boson production and decay

rates as well as its coupling strengths to vector bosons and fermions are presented by both

the ATLAS and CMS group. Combining all production modes and decay channels (h →
γγ, ZZ,W+W−, Zγ, bb̄, ττ, µµ), the measured signal yield, normalised to the Standard
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Figure 2.1: Left panel shows the sensitivity of each pseudo-observable to the mass of the top
quark, defined as the partial derivative of the SM calculation of the observable with respect
to mt, figure extracted from Ref.[4]. A summary of the signal-strength measurements of
the Higgs boson is in the right panel, figure extracted from Ref.[8]

Model expectation is 1.18+0.15
−0.14 [8]. The summary of the signal-strength measurements

of the Higgs boson is shown in the right panel of Fig 2.1.

2.4 Unsolved puzzles

Even though the SM has achieved great success, it is still incomplete. There are some

puzzles beyond the explaination of the Standard Model, including the “hierarchy problem”,

the dark matter issue, gauge coupling unification and baryon asymmetry. In this section,

we will investigate those puzzles in detail.
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2.4.1 The Hierarchy Problem

The Higgs boson was discovered by the ATLAS and CMS group [1, 2], with mass mh

= 125.36 GeV. This is a great success completing the last missing piece of the Standard

Model, however, there is still an unsatisfactory feature in the model. The problem lies in

the radiative corrections to Higgs mass from loops of higher order, which is quadratically

divergent. The contribution from the top quark is dominant because of the large top

Yukawa coupling, as shown in Fig 2.2, yielding a correction as [25]:

∆m2
h = − y2

t

8π2

(
Λ2 − 2m2

t log Λ/mt + ...
)

(2.22)

where yt is the top Yukawa coupling and Λ is an ultraviolet momentum cutoff used to

regulate the loop integral. It should be interpreted as the energy scale at which new physics

enters to alter the high-energy behavior of the theory. A natural scale for new physics is

the Plank scale MP = 1√
8πG
∼ 1019 GeV, at which the quantum gravity effect starts to be

manifest. The problem is that the quadratically divergent quantum correction Λ2 is about

34 orders of magnitude larger than the Higgs mass squared, measured at (125.36 GeV)2.

To mitigate this problem, the counter terms need to be precisely tuned to 1 part in 1034

to recover the physical Higgs mass of 125.36 GeV. This disparity between the weak and

gravitational scale is, in essence, the “Hierarchy Problem” [10]. SUSY proposes a new

space time symmetry relating the fermions to bosons. The bosonic one-loop corrections

to the Higgs mass square is the same magnitude as that of fermions but with opposite

sign, resolving the “Hierarchy Problem” elegantly. The SUSY will be discussed in detail

in Chapter 3.

2.4.2 Dark matter puzzle

The observed expansion of the Universe is a natural (almost inevitable) result of any ho-

mogeneous and isotropic cosmological model based on Einstein’s general relativity. The

Robertson-Walker metric and Friedmann equations of motion incorporating a Λ term which

is known as vacuum energy, describe the Universe with a high correlation to observations.

The “Standard Model” of cosmology states that the Universe is spatially flat and is ex-

panding at an increasing rate [48, 49]. And it is made up of radiation, baryonic matter,
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Figure 2.2: One-loop quantum corrections to the Higgs mass squared from the top quark.

some unknown matter which is referred to as Dark Matter, and a dark energy component

which is the Λ term in the Friedmann equations. Moreover, the Universe is dominated by

the unknown Cold Dark Matter (CMD) and energy components; thus the model is referred

to as ΛCDM. As the Universe expanded and cooled, the density of particles became too

low to support frequent interactions and conditions for thermal equilibrium were violated.

Then particles are said to “freeze out” and the number density remained constant. The

density of a specific particle at the time of freeze out is known as the relic density of

that particle. Observations including galaxy rotation curve [50], weak gravitational lens-

ing of distant galaxies by foreground structure [51], and the velocity dispersions of dwarf

spheroidal galaxies [52] all indicate the existence of dark matter. From the analysis of the

Wilkinson Microwave Anisotropy Probe (WMAP) data, Planck data, Cosmic Microwave

Background (CMB) data and Baryon Acoustic Oscillations (BAO) data, the relic densities

can be extracted [53]:

Ωbh
2 = 0.02211± 0.00034, Ωch

2 = 0.1162± 0.0020

ΩΛh
2 = 0.33465± 0.0128, h = 0.688± 0.008

(2.23)

where h is the Hubble constant in units of 100 km/(sMpc).

The composition of the dark matter component of our Universe is relatively unknown.

From observations, we have the following constraints on dark matter [54]: It is

• Massive, otherwise the relic density of dark matter does not match the observations.

This criterion excludes the SM neutrinos because the relic density of the neutrino is
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too small (Ωνh
2 < 0.07) given the upper limit on the neutrino mass mν < 2.05 eV

(95% C.L.) [54], while the observation value in Eq. 2.23 shows the relic density of

DM is about 0.1162.

• Stable, that is its lifetime should be at a scale comparable to the age of the Universe,

otherwise the current shape of the Universe can not be formed.

• “Weakly” interacting.

• Cold, that is it propagates non-relativistically, for the same reasoning as item 2.

These constraints rule out all particles of the Standard Model, so the existence of

dark matter implies new physics beyond the Standard Model. A common type of dark

matter falls in the category of a weakly interacting massive particle (WIMP) with a mass

roughly between 10 GeV and a few TeV [53]. After the WIMPs freeze out when the rate

of reactions that change SM particles into WIMPs or vice versa becomes smaller than the

Hubble expansion rate of the Universe, the co-moving WIMP density remains essentially

constant, is given by [53]:

ΩDMh
2 ' 0.1pb× c

〈σAv〉
(2.24)

where σA is the total annihilation cross section of a pair of WIMPs into SM particles, v

is the relative velocity and 〈...〉 denotes thermal averaging. Given the WIMP mass region

and couplings, the calculated relic density falls in the observed range. Many extensions

of the Standard Model have WIMP candidates. One well motivated WIMP candidate

is the LSP in the supersymmetric model with exact R-parity. This will be discussed in

detail in Chapter 3. Other WIMP candidates include the “Little Higgs” model [55–58]

which contains possible dark matter candidates [59], Kaluza-Klein excitation states of the

Standard Model fields which appear in models of universal extra dimensions [60], and light

scalar dark matter [61, 62].

2.4.3 Gauge coupling unification

The SM is a renormalized theory of gauge group SU(3)c × SU(2)L × U(1)Y . It can be

described by the Renormalization Group Equation (RGE, also called β function), giving
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the rate at which the renormalized coupling constant changes as the renormalization scale

Q is increased. The β function of the non-Abelian gauge group is significantly different

from that of the Abelian gauge group. In a non-Abelian gauge group like QCD with a

strong coupling constant, it obeys the Asymptotic freedom [63, 64], which states that the

gauge coupling constant becomes progressively larger as the renormalization scale Q is

decreased. The 1-loop RGE for the Standard Model gauge couplings g1, g2 and g3 are

[25, 65, 66]:

βga ≡
d

dt
ga =

1

16π2
bag

3
a, (b1, b2, b3) =





(41/10,−19/6,−7) Standard Model

(33/5, 1,−3) MSSM
(2.25)

where t = ln(Q/Q0), with Q the RG scale. The MSSM coefficients are larger because of

the extra MSSM particles in the loops. Thus, in terms of the conventional electroweak

gauge couplings g and g′, one has g1 =
√

5
3
g′, g2 = g. The quantities αa = g2

a/4π have the

nice property that their reciprocals run linearly with the logarithmic RG scale at one-loop

order:
d

dt
α−1
a = − ba

2π
(2.26)

Figure 2.3 compares the RG evolution of the quantities α−1
a including two-loop radiative

corrections in the Standard Model (dashed lines) and MSSM (solid lines). Unlike the

Standard Model, the MSSM includes just the exact particle content to ensure that the

gauge couplings can unify, at a scale of Q ∼ 1.5× 1016 GeV.
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Figure 2.3: Two-loop renormalization group evolution of α−1
a in the Standard Model

(dashed lines) and MSSM (solid lines), figure credited to Ref.[25].
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CHAPTER 3

Minimal Supersymmetric Standard Model and Two

Higgs Doublet Model

The Standard Model provides a remarkably successful description of presently known phe-

nomena. However, the unknown theoretical dilemma, experimental measurements and

cosmological observations are beyond the explanations of the Standard Model, all of which

imply new physics beyond the Standard Model. There are many extensions of the Stan-

dard Model, of which I will focus on one supersymmetric extension of the Standard Model

- Minimum Supersymmetric Standard Model (MSSM) and the Two Higgs Doublet Model

(2HDM). There are many motivations of MSSM, including: the MSSM provides a solution

to the hierarchy problem by postulating a new symmetry relating fermions to bosons; the

MSSM can provide a potential candidate for dark matter assuming R-parity conservation

and the MSSM can also provide a solution to the unification of gauge couplings at two-loop

radiative corrections. In this chapter, I will review the MSSM and 2HDM including the

theoretical structure, particle contents and interactions in detail. For a more complete

review, please read Ref. [25, 67].

3.1 Motivation for SUSY

The “Hierarchy Problem” in the Standard Model can be solved by assuming that there

exists a heavy scalar particle S with mass mS that couples to the Higgs with a φ4 interaction

term as −λS |H|2 |S|2. Then the one-loop Feymann diagram in Figure 3.1 gives a correction

to Higgs mass square:

∆m2
h =

λS
16π2

(
Λ2 − 2m2

S log Λ/mS + ...
)

(3.1)



34

h h

S

Figure 3.1: One-loop quantum corrections to the Higgs mass square from a scalar with φ4

interaction to Higgs boson.

where Λ is the momentum cutoff where new physics enters. The radiative correction at

one loop level by fermions is given in Eq. 2.22. Fortunately, SUSY postulates that the

couplings of corresponding fermions and bosons are equal, such that the Λ2 contributions

from fermions and bosons are neatly cancelled out. The remaining corrections to the Higgs

are only logarithmically divergent. Such symmetry relating fermions to bosons, is called a

Supersymmetry.

A supersymmetric transformation with generators QS, turns a fermionic state into a

bosonic state, and vice versa, therefore the operator QS must be an anti-commuting spinor:

QS|Boson〉 = |Fermion〉, QS|Fermion〉 = |Boson〉 (3.2)

The corresponding fermionic and bosonic states, which are superpartners of each other,

fall into irreducible representations of the supersymmetry algebra, called supermultiplets.

Importantly, the generators QS, Q†S commute with the generators of gauge transformations,

therefore particles in the same supermultiplet must also be in the same representation of

the gauge group, and so must have the same electric charges, weak and color degrees of

freedom. The superpartners of quark and lepton are called squark and slepton, short for

“scalar quark” and “scalar lepton”, or sometimes sfermion. The superpartners of gauge

bosons (B, W and gluon) are called gaugino (Bino, Wino, gluino). The particle states fall

into two irreducible representations of the supersymmetry algebra: a chiral supermultiplet

with a two-component Weyl fermion and a complex scalar field, and a gauge supermultiplet

with spin-1/2 gauginos and spin-1 gauge bosons. It turns out that one Higgs doublet is

not suffcient in the SUSY model, so an extra Higgs doublet is added for two reasons. First,
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spin 0 spin 1/2 SU(3)c, SU(2)L, U(1)Y Q

Q̃L =
(ũL
d̃L

)
QL =

(
uL
dL

) (
3,2, 1

6

) ( 2
3

− 1
3

)

ũR uR
(
3,1, 2

3

)
2
3

d̃R dR
(
3,1,−1

3

)
−1

3

ẼL =
(
ν̃L
ẽL

)
EL =

(
νL
eL

) (
1,2,−1

2

) (
0
−1

)

ẽR eR (1,1,−1) -1

Hu =
(
H+
u

H0
u

)
H̃u =

(
H̃+
u

H̃0
u

) (
1,2, 1

2

) (
1
0

)

Hd =
(H0

d

H−
d

)
H̃d =

( H̃0
d

H̃−
d

) (
1,2,−1

2

) (
0
−1

)

Table 3.1: Charges of Chiral supermultiplets in the gauge representation in the MSSM.

the extra Higgs doublet cancels the gauge anomalies from the two fermionic members of

the Higgs chiral supermultiplets, which satisfies the gauge anomalies cancellation. Second,

because of the structure of supersymmetric theories, a Y = 1
2

Higgs doublet can only have

the necessary Yukawa couplings to give masses to the up-type quarks (up, charm, top),

and a Y = −1
2

Higgs doublet can only have the necessary Yukawa couplings to give masses

to the down-type quarks (down, strange, bottom) and the charged leptons. The particle

contents in MSSM are shown in Table 3.1 and Table 3.2.

The particle contents within a supermultiplet have exactly same quantum numbers and

coupling constants, therefore the particles and corresponding superpartners are expected to

have exactly the same masses if supersymmetry is an exact symmetry. In fact, all Standard

Model particles are already discovered while none of their corresponding superpartners

have been discovered. This interesting feature of the theory indicates clearly that the

supersymmetry must be a broken symmetry, incorporating other mass sources for the

superpartners.
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spin 1/2 spin 1 SU(3)c, SU(2)L, U(1)Y Q

g̃µ g (8,1, 0) 0

(W̃±
µ , W̃

0
µ) (W±

µ ,W
0
µ) (1,3, 0) (±1,0)

B̃µ Bµ (1,1, 0) 0

Table 3.2: Charges of gauge supermultiplets in the gauge representation in the MSSM.

3.2 The Minimal Supersymmetric Standard Model and Soft Su-

persymmetry Breaking

The superpotential for the MSSM is:

WMSSM = ūyuQHu − d̄ydQHd − ēyeQHd + µHuHd (3.3)

where all the gauge (SU(3)c and SU(2)L) and family indices are suppressed. The dimen-

sionless Yukawa coupling parameters yu,yd,ye are 3 × 3 matrices in family space. The

Lagrangian including all interaction terms can be written down from the MSSM superpo-

tential as:

L = −W iW ∗
i −

1

2
(W ijψiψj +W ∗

ijψ
†iψ†j) (3.4)

with definitions:

W i ≡ δW

δφi
= M ijφj +

1

2
yijkφjφk

W ij ≡ δ2

δφiδφj
W = M ij + yijkφk

(3.5)

where M ij is the mass term for the chiral superfield and yijk is the Yukawa coupling

corresponding to yu,yd,ye in the above equation.

Since the third generation fermions have the largest Yukawa coupling and SUSY super-

partners have the same Yukawa coupling as the corresponding Standard Model particles,



37

it is reasonable to make an approximation to the Yukawa 3× 3 parameter matrices:

yu ≈




0 0 0

0 0 0

0 0 yt


 , yd ≈




0 0 0

0 0 0

0 0 yb


 , ye ≈




0 0 0

0 0 0

0 0 yτ


 (3.6)

After the approximation, the superpotential for the MSSM is:

WMSSM ≈ yt(t̄tH
0
u − t̄bH+

u )− yb(b̄tH−d − b̄bH0
d)− yτ (τ̄ ντH−d − τ̄ τH0

d) + µ(H+
u H

−
d −H0

uH
0
d)

(3.7)

In the Standard Model, the Higgs boson couples to lepton-lepton or quark-quark

through Yukawa interactions, while the Yukawa terms yu,yd,ye in the MSSM superpo-

tential implies the Higgsino-squark-quark and Higgsino-slepton-lepton interactions. The

φ3 and φ4 interactions are quite rich in the MSSM: the φ3 terms include Higgs-squark-

squark, Higgs-slepton-slepton with a mass parameter µ, and (Higgs)3; the φ4 terms in-

clude (squark)4, (slepton)4, (squark)2(slepton)2, (squark)2(Higgs)2, (slepton)2(Higgs)2,

and (Higgs)4. Other than the normal gauge interactions in the Standard Model, there are

squark-quark-gaugino, slepton-lepton-gaugino, and Higgs-Higgsino-gaugino interactions.

Some of the Feymann diagrams are shown in Figure 3.2, Figure 3.3 and Figure 3.4.

H0
u

tL t†R

H̃0
u

t̃L t†R

H̃0
u

tL t̃∗R

Figure 3.2: The Higgs-quark-quark and its supersymmetric version Higgsino-squark-quark
interactions.

From the last term in the MSSM potential of Eq. 3.7, the mass term for the Higgsinos

can be writen as:

LH̃ = −µ(H̃+
u H̃

−
d − H̃0

uH̃
0
d) + c.c. (3.8)
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Figure 3.3: The φ3 and φ4 interactions are on the top panel and bottom panel, respectively.
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Figure 3.4: Interactions of the Gluino, Wino, and Bino to MSSM (scalar, fermion) pairs.
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From a theoretical perspective, we expect supersymmetry to be an exact symmetry at

a certain high energy scale, but to be spontaneously broken at low energy, in a manner

analogous to the electroweak symmetry breaking in the Standard Model. The mechanism of

SUSY breaking is still unknown, however, many models of spontaneous symmetry breaking

have been proposed, including gravity mediated (MSUGRA), gauge mediated (GMSB), and

a anomaly mediated (AMSB) symmetry breaking mechanism. Here we will not review the

various conjectured mechanisms of spontaneous symmetry breaking, for a detailed review,

refer to Ref. [68–72]. The soft supersymmetry breaking terms introduce the mass terms

for the SUSY particles, leading to different masses for Standard Model particles and their

corresponding superpartners. Therefore, the SUSY particles can be hidden at a certain

high energy scale, which matches the null searching results from the ATLAS and CMS

experimental searches. The most general form of the SUSY breaking term is:

Lsoft = −1

2
(M3g̃g̃ +M2W̃W̃ +M1B̃B̃ + c.c.)

− (˜̄u auQ̃Hu − ˜̄d adQ̃Hd − ˜̄e aeL̃Hd + c.c.)

− Q̃†m2
QQ̃− ˜̄u†m2

u
˜̄u− ˜̄d†m2

d
˜̄d− L̃†m2

LL̃− ˜̄e†m2
e
˜̄e

−m2
HuH

∗
uHu −m2

Hd
H∗dHd − (bHuHd + c.c.)

(3.9)

where M1, M2 and M3 are the Bino, Wino and Gluino mass terms. au, ad and ae are

the couplings for the φ3 interaction terms; they are a 3 × 3 matrix in family space with

dimensions of [mass]. The third line contains the squark and slepton mass terms, with a

m2
Q,m

2
u,m

2
d,m

2
L,m

2
e 3×3 matrix in family space. The last line consists of supersymmetry-

breaking mass terms to the Higgs potential. The coupling and mass parameters are ex-

pected to be “soft” at a energy scale of TeV, to retain the cancellation of the quadratic

divergence of the Higgs mass without large fine tuning. There are a total of 105 parame-

ters [73] in the MSSM, including masses, phases, mixing angles which can not be rotated

away by any symmetry, and CP violating phase angles. In fact, the soft breaking terms

introduce a tremendous arbitrariness in the Lagrangian and have no counterparts in the

Standard Model.

According to the structure of superpotential, we can write down some terms which

are gauge invariant, supersymmetric invariant and renormalizable but violate the lepton
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Figure 3.5: Feynman diagram of proton decay via B- and L-violating terms of the form
shown in Eq. 3.10.

number and baryon number:

W∆L=1 =
1

2
λijkLiLj ēk + λ′ijkLiQj d̄k + µ′iLiHu

W∆B=1 =
1

2
λ′′ijkūid̄j d̄k

(3.10)

These terms cause severe problems because the Standard Model does not allow the lep-

ton and baryon violating processes which have not been observed experimentally. If the

couplings λ’s and µ′ were unsuppressed, the above two terms would cause proton decay,

leading to an extremely short lifetime of the proton. However, the lifetime of the proton

is strongly constrained by experiment [74]. The Feymann diagram in Figure 3.5 shows the

proton decay p+ → e+π0 induced by the B- and L-violating terms. Therefore, to avoid

the proton decay phenomenologically, we add a new symmetry in the MSSM, which has

the effect of eliminating the possibility of B and L violating terms in the renormalizable

superpotential, while keeping the allowed terms in Eq. 3.3. The new symmetry is called

“R-parity” [75], which is defined as below:

PR = (−1)3(B−L)+2s (3.11)

where B is the baryon number, L is the lepton number, and s is the spin of the parti-

cle. It can be seen that all of the Standard Model particles and the Higgs bosons have

even R-parity (PR = 1), while all of the squarks, sleptons, gauginos, and higgsinos have

odd R-parity (PR = −1). The R-parity conservation is very useful from the sense of

phenomenology:

• The terms that violate the baryon and lepton numbers are now forbidden.
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• There is no mixing between particles with positive R-parity and its superpartners

with negative R-parity.

• The SUSY particles must be produced in even number in collider experiments.

• The lightest supersymmetric particle (LSP) must be absolutely stable, which makes

it an attractive non-baryonic dark matter candidate.

• Other SUSY particles will eventually decay into Standard Model particles and an

odd number of LSPs.

3.3 The Higgs sector and Electroweak Symmetry Breaking

In the MSSM, the Higgs sector contains two complex doublets Hu = (H+
u , H

0
u) and Hd =

(H+
d , H

0
d), which makes the electroweak symmetry breaking more complicated. The scalar

potential for the Higgs sector in the MSSM is described as:

V = (|µ|2 +m2
Hu)(

∣∣H0
u

∣∣2 +
∣∣H+

u

∣∣2) + (|µ|2 +m2
Hd

)(
∣∣H0

d

∣∣2 +
∣∣H−d

∣∣2)

+ [b(H+
u H

−
d −H0

uH
0
d) + c.c.] +

1

2
g2
∣∣H+

u H
0∗
d +H0

uH
−∗
d

∣∣2

+
1

8
(g2 + g′2)(

∣∣H0
u

∣∣2 +
∣∣H+

u

∣∣2 −
∣∣H0

d

∣∣2 −
∣∣H−d

∣∣2)2

(3.12)

where the |µ|2 terms come from the F -term which is introduced to balance the degrees of

freedom when the chiral supermultiplet is off shell, the g2 and g′2 terms come from the

D-term contribution which is introduced to balance the degrees of freedom when the gauge

supermultiplet is off shell, the m2
Hu

, m2
Hd

and b terms are the soft breaking mass terms,

and the g and g′ are the couplings of the SU(2)L and U(1)Y gauge groups, respectively.

Similar to the Standard Model, the two Higgs doublets get VEVs to break the Electroweak

symmetry, SU(2)L × U(1)Y → U(1)EM . The VEVs can be writen as:

1√
2
vu =

〈
H0
u

〉
,

1√
2
vd =

〈
H0
d

〉
, (3.13)

satisfying the condition:

v2 = v2
u + v2

d = (247 GeV)2. (3.14)
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The ratio of the two VEVs is defined as:

tan β = vu/vd. (3.15)

where the β is chosen to be in the first quadrant (0 < β < π/2) by convention. The

conditions of the potential minimum ∂V/∂H0
u = ∂V/∂H0

d = 0 can be expressed as:

m2
Hu + |µ|2 − b cot β − 1

2
m2
Z cos(2β) = 0

m2
Hd

+ |µ|2 − b tan β +
1

2
m2
Z cos(2β) = 0

(3.16)

After spontaneous symmetry breaking, three bosons are the would-be Nambu-Goldstone

bosons G0, G±, which become the longitudinal modes of the Z0 and W± bosons, giving

masses to the Z0 and W± bosons as in the mechanism in the SM. The remaining five

physical Higgs bosons consist of two CP-even neutral scalars h and H, one CP-odd neutral

scalar A, and two charge scalars H±. The gauge-eigenstate fields can be expressed in terms

of the mass eigenstate fields as:
(
H0
u

H+
u

)
=

( 1√
2
(vu + h+G0)

G+

)

(
H−d
H0
d

)
=

(
H−

1√
2
(vd +H + A)

)
(3.17)

Pluging Eq. 3.17 into the Higgs scalar potential, obtains the mass matrices for the mass

eigenstates. The mass matrix of CP-odd neutral scalar can be written as:

M2
A =


|µ|

2 +m2
Hd

+ 1
2
m2
Z cos(2β) −b

−b |µ|2 +m2
Hu
− 1

2
m2
Z cos(2β)


 = b


tan β −1

−1 cot β




(3.18)

the second equation is derived from Eq. 3.16. Then the masses and the mass eigenstates

are obtained after diagonalizing the mass matrix:

m2
A = 2b/ sin(2β) = 2 |µ|2 +m2

Hd
+m2

Hu

m2
G0 = 0

(
G0

A

)
=


sin β − cos β

cos β sin β



(
H0
u

H0
d

) (3.19)
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The charged Higgs has the following mass matrix:

M2
H± =


|µ|

2 +m2
Hd

+ 1
2
m2
Z cos(2β) +m2

W cos2 β b+m2
W sin β cos β

b+m2
W sin β cos β |µ|2 +m2

Hu
− 1

2
m2
Z cos(2β) +m2

Z sin2 β




(3.20)

with masses and mass eigenstates:

m2
H± = 2 |µ|2 +m2

Hd
+m2

Hu +m2
W = m2

A +m2
W

m2
G± = 0

(
G+

H+

)
=


sin β − cos β

cos β sin β



(
H+
u

H−∗d

) (3.21)

For the CP-even neutral scalars:

M2
h,H =


|µ|

2 +m2
Hd

+ 1
2
m2
Z cos(2β) +m2

Z cos2 β −b−m2
Z sin β cos β

−b−m2
Z sin β cos β |µ|2 +m2

Hu
− 1

2
m2
Z cos(2β) +m2

Z sin2 β




(3.22)

the masses and mass eigenstates for h and H can be obtained to diagonalize its mass

matrix:

m2
h =

1

2

(
m2
A +m2

Z −
√

(m2
A −m2

Z)2 + 4m2
Am

2
Z sin2(2β)

)

m2
H =

1

2

(
m2
A +m2

Z +
√

(m2
A −m2

Z)2 + 4m2
Am

2
Z sin2(2β)

)

(
h

H

)
=


cosα − sinα

sinα cosα



(
H0
u

H0
d

)
(3.23)

The mixing angle α is determined, at tree-level, by

sin 2α

sin 2β
= −m

2
H +m2

h

m2
H −m2

h

,
tan 2α

tan 2β
=
m2
A +m2

Z

m2
A −m2

Z

(3.24)

In the MSSM, the masses of quarks and leptons are determined not only by the Yukawa

coupling, but also by the parameter tan β. This is because the up-type quarks (top,

charm and up) couple to Hu, with a mass proportional to vu = v sin β and the down-type

quarks (bottom, strange, and down) and the charged leptons couple to Hd, with a mass
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Figure 3.6: One loop quantum corrections to Higgs mass square from both top quark and
top squark. The quadratic divergence of Higgs mass square is cancelled perfectly between
the first and third Feymann diagrams. The left correction is only logarithm divergent.

proportional to vd = v cos β. In other words, the Yukawa couplings of the MSSM are scaled

compared to the Standard Model, especially for the third generation. We have:

yt =
mt

v sin β
, yb =

mb

v cos β
, yτ =

mτ

v cos β
(3.25)

In principle, there is a constraint on both sin β and cos β in order to keep yt and yb, yτ

from becoming nonperturbatively large, giving us a rough bound on tan β of:

1.2 . tan β . 65 (3.26)

3.4 A constraint

The masses of Higgs H, A and H± can be arbitrarily large, while the mass of h is bounded

above [76] from Eq. 3.23:

mh ≤ mZ |cos(2β)| (3.27)

However, the observed value of the Higgs mass is 125.36 GeV [1, 2], which is way over

the above limit. Fortunately, the Higgs mass is subject to significant quantum corrections

at one-loop level. Given the large top Yukawa coupling, the dominant one loop quantum

corrections to the Higgs mass square are from the top quark and top squark, as shown in

Figure 3.6. This gives the following corrections in the limits of m2
t̃1
∼ m2

t̃2
� mt [25]:

∆m2
h =

3

4π2
cos2 αy2

tm
2
t [ln(m2

t̃1
m2
t̃2

)/m2
t + ...] (3.28)

Incorporating all the corrections, the Higgs mass is bounded above by:

mh . 135 GeV (3.29)
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a limit within which the discovery of 125 GeV Higgs lies.

Given the large top Yukawa coupling, the top squark couples to the Higgs boson most

tightly. Therefore, the Higgs mass constraint plays a significant role in the top squark

mass. It will be discussed in detail in the following sections.

3.5 Neutralinos and charginos

There is significant mixing between Higgsinos and electroweak gauginos after electroweak

symmetry breaking due to the Higgs-Higgsino-gaugino interactions with Higgs replaced

with VEVs. The neutral Higgsinos and neutral electroweak gauginos mix together to

form mass eigenstates, called neutralinos, while the charged Higgsinos and charged elec-

troweak gauginos mix together to form mass eigenstates, called charginos. The exis-

tence of neutralinos and charginos greatly enriches but also complicates the decay pat-

terns in the MSSM. This will be discussed in Chapter 4. In the gauge-eigenstate basis

ψ0 = (B̃, W̃ 0, H̃0
d , H̃

0
u), the mass matrix can be written:

Mχ =




M1 0 −g′vd/
√

2 g′vu/
√

2

0 M2 gvd/
√

2 −gvu/
√

2

−g′vd/
√

2 gvd/
√

2 0 −µ
g′vu/

√
2 −gvu/

√
2 −µ 0




(3.30)

where the M1 and M2 terms are the soft breaking mass terms for Bino and Wino, and the

µ term is the Higgsino mass term expressed in Eq. 3.8. All the g and g′ terms are the

Higgs-Higgsino-gaugino interaction terms with Higgs replaced with VEVs. The masses and

mass eigenstates, namely neutralinos (χ0
1, χ0

2, χ0
3, χ0

4), can be obtained by diagonalizing

the mass matrix with a unitary matrix N:

N∗MχN
−1 =




mχ0
1

0 0 0

0 mχ0
2

0 0

0 0 mχ0
3

0

0 0 0 mχ0
4




(3.31)

If the off-diagonal terms (g and g′ terms) are small, in other words if the mZ meets:

mZ � |µ±M1| , |µ±M2| (3.32)
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because mZ can be expressed as mZ =
√
g2 + g′2v/2, then we can do the following approx-

imation:

• χ0
1 ≈ B̃ is Bino-like , with mass mχ0

1
≈M1 − m2

Zs
2
W (M1+µ sin 2β)

µ2−M2
1

+ ...

• χ0
2 ≈ W̃ is Wino-like, with mass mχ0

2
≈M2 − m2

W (M2+µ sin 2β)

µ2−M2
2

+ ...

• χ0
3,4 ≈ (H̃0

u ± H̃0
d)/
√

2 is Higgsino-like, with masses mχ0
3,4

= |µ|+ ...

where for simplicity we assume the mass hierarchy M1 < M2 � |µ|, but in general the

masses can be arbitrary.

The lightest neutralino χ0
1 is usually assumed to be the LSP, unless there is a lighter

gravitino or R-parity violation. Therefore, it is the only particle in the MSSM that is an

attractive dark matter candidate.

The chargino sector is similar to the neutralino with neutral Higgsinos and electroweak

gauginos replaced with charged ones. In the gauge basis ψ± = (W̃+, H̃+
u , W̃

−, H̃−d ), the

mass matrix can be written as:

Mχ± =


0 XT

X 0


 (3.33)

with

X =


M2 gvu

gvd µ


 =


 M2

√
2sβmW√

2cβmW µ


 . (3.34)

the mass eigenstates, namely charginos (χ±1 , χ±2 ), and masses can be obtained by diago-

nalizing the mass matrix with a unitary matrices V and and U:

U∗XV−1 =


mχ±

1
0

0 mχ±
2


 (3.35)

In the same limit of Eq. 3.32, we can do the following approximation:

• χ±1 ≈ W̃± is Wino-like, with mass mχ±
1
≈M2 − m2

W (M2+µ sin 2β)

µ2−M2
2

+ ...

• χ±2 ≈ (H̃±u ± H̃±d )/
√

2 is Higgsino-like, with masses mχ±
2
≈ |µ| − Sm2

W (M2+µ sin 2β)

µ2−M2
2

+ ...,

where S is the sign of µ, which can be either + or -.
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where for simplicity we assume the mass hierarchy M2 � |µ|, but in general the masses

can be arbitrary. The masses above are calculated at tree level, however, loop corrections

to the masses can be significant, for a detail review please refer to Ref. [77–79].

3.6 Third generation squark

The third generation might be the most relevant SUSY partners in connection to Higgs

because of its large Yukawa couplings. On one hand, it plays an important role in the

recovery of the observed Higgs mass, on the other hand, the Higgs-squark-squark interac-

tions contribute to the masses of third generation squarks. In the gauge basis (t̃L, t̃R), the

mass matrix for the stop can be written as:

m2
t̃

=


M

2
3SQ +m2

t + ∆ũL mtÃt

mtÃt M2
3SU +m2

t + ∆ũR


 . (3.36)

Along the diagonal, the M2
3SQ and M2

3SU are the soft SUSY breaking mass terms, the m2
t

term comes from the φ4 F -term of the form y2
tH

0∗
u H

0
u t̃
∗
Lt̃L (y2

tH
0∗
u H

0
u t̃
∗
Rt̃R) with Higgs fields

replaced with the VEVs, and the ∆ term is the D-term contribution which is expressed

below. The off-diagonal terms consist of the φ3 F -term of the form −µ∗ytt̃Lt̃∗RH0∗
d + c.c.

and the φ3 soft SUSY breaking mass term of the form Att̃Lt̃
∗
RH

0
u + c.c. with Higgs fields

replaced with the respective VEVs.

∆ũL =

(
1

2
− 2

3
sin2 θW

)
m2
Z cos 2β

∆ũR =
2

3
sin2 θW m2

Z cos 2β

Ãt = At − µ cot β

(3.37)

The hermitian matrix can be diagonalized by a unitary matrix to give masses and mass

eigenstates: 
t̃1
t̃2


 =


cos θt − sin θt

sin θt cos θt




t̃L
t̃R


 (3.38)
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t̃
t̃

t̃ t

Figure 3.7: One loop quantum corrections to Higgs quartic coupling from both the top
quark and the top squark.

with masses and mixing angle

m2
t̃ =

1

2

(
M2

3SQ +M2
3SU + 2m2

t + ∆ũL + ∆ũR

)
± 1

2
∆m2

t̃

∆m2
t̃ =

√(
M2

3SQ −M2
3SU + ∆ũL −∆ũR

)2
+ 4m2

t Ã
2
t

tan 2θt =
2mtÃt

M2
3SQ −M2

3SU + ∆ũL −∆ũR

(3.39)

The off-diagonal term Ãt plays a significant role in the stop phenomenology since it controls

the mass difference and mixing between the two stops. In certain cases, the mixing between

t̃L and t̃R is large, resulting in a heavy stop and a light stop. Because the off-diagonal

terms originate from the Higgs-stop-stop interactions, the Ãt is also important in the loop

corrections to the Higgs mass. The Higgs mass corrections can be calculated from the

quartic coupling corrections, as shown in Figure 3.7. For nearly degenerate soft SUSY

breaking parameters in the stop sector, M2
3SQ ∼ M2

3SU ∼ M2
S, the correction is [80, 81]:

∆m2
h =

3

4π2

m4
t

v2

[
log

M2
S

m2
t

+
Ã2
t

M2
S

(
1− Ã2

t

12M2
S

)]
+ ... (3.40)

A very similar analysis can be performed for the bottom squarks in the gauge basis

(b̃L, b̃R), the mass matrix can be written:

m2
b̃

=


M

2
3SQ +m2

b + ∆d̃L
mbÃb

mbÃb M2
3SD +m2

b + ∆d̃R


 (3.41)

where,

Ãb = Ab − µ tan β (3.42)
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Given the suppression of the off-diagonal terms by the small bottom mass, mixing

among the sbottom mass eigenstates is typically small. For Ãb ∼ TeV, the sbottom mixing

angle is about one degree for M3SQ ∼M3SD ∼TeV.

3.7 Two Higgs Doublet Model

Among all the new physics models, one of the simplest possible extensions of the Standard

Model is the Two Higgs Doublet Model (2HDM). 2HDM is a well motivated extension of

the Standard Model. First, the Higgs sector in a few new physics models has the structure

of 2HDM, like the Higgs sector in SUSY and the radiative seesaw models of neutrino

masses [82–86]. Second, the mass hierarchy between the top quark and bottom quark can

be naturally explained by the 2HDM [87]. Furthermore, the 2HDM can provide additional

CP violation phases and a strong first order electroweak phase transition effect to explain

the baryogenesis.

In general, the vacuum structure and mass spectrum of 2HDM is very rich. Let Φ1

and Φ2 denote the complex hypercharge Y = ±1/2, SU(2)L doublet scalar fields, then the

most general form of the gauge invariant scalar potential is written as [88, 89]:

V (Φ1,Φ2) = m2
11Φ†1Φ1 +m2

22Φ†2Φ2 −m2
12(Φ†1Φ2 + Φ†2Φ1)

+
1

2
λ1(Φ†1Φ1)

2
+

1

2
λ2(Φ†2Φ2)

2
+ λ3(Φ†1Φ1)(Φ†2Φ2) + λ4(Φ†1Φ2)(Φ†2Φ1)

+
{1

2
λ5(Φ†1Φ2)

2
+
[
λ6(Φ†1Φ1) + λ7(Φ†2Φ2)

]
(Φ†1Φ2) + h.c.

}
(3.43)

In principle, m2
12, λ5, λ6, λ7 can be complex while λ1−4, m2

11 and m2
22 are real. The

potential with real coefficients does not induce CP violation in the Higgs sector, but CP

violation becomes possible due to the complex values of some coefficients [90]. The λ6,

λ7 terms can cause severe flavor-changing neutral currents (FCNC) at tree-level, which is

highly constrained in the Standard Model by the phenomenological dilemma of K − K̄

mixing at tree-level [91, 92]. Those terms can be avoided by imposing a discrete symmetry

Φ1 → −Φ1 on the scalar potential. Such a symmetry would also require m2
12 = 0, however,

we will relax this constraint (m2
12 6= 0) to allow soft breaking of the discrete symmetry.

After electroweak symmetry breaking, the two complex Higgs doublets acquire the vacuum
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expectation value:

〈Φ1〉0 =
1√
2

(
0

v1

)
, 〈Φ2〉0 =

1√
2

(
0

v2

)
(3.44)

with

v2 = v2
1 + v2

2 = (247 GeV)2. (3.45)

The ratio of the two VEVs is defined as:

tβ ≡ tan β ≡ v2/v1. (3.46)

The angle β is chosen to be in the first quadrant by convention. The minima conditions

of the scalar potential can be expressed as:

m2
11 − tβm2

12 +
1

2
v2c2

β(λ1 + λ345t
2
β) = 0

m2
22 − t−1

β m2
12 +

1

2
v2s2

β(λ2 + λ345t
−2
β ) = 0

(3.47)

where we use the following abbreviations: sβ = sin β, cβ = cos β and λ345 = λ3 + λ4 + λ5.

Of the original eight scalar degrees of freedom, the three Nambu-Goldstone bosons G0,

G± become the longitudinal modes of the Z0 and W±, giving them mass. The remaining

five physical Higgs scalars are: two CP-even neutral scalars h and H, one CP-odd neutral

scalar A, and two charge scalar H±. The gauge-eigenstate Higgs fields can be written as:

Φi =


 φ+

i

(vi + φ0
i + iηi)/

√
2


 , i = 1, 2 (3.48)

The mass matrix for the CP-odd scalar is:

MA =
(
m2

12 − λ5v
2sβcβ

)

 tβ −1

−1 t−1
β


 (3.49)

the masses and mass eigenstate can be obtained:

m2
A =

m2
12

sβcβ
− λ5v

2, m2
G = 0

A = η1 sin β − η2 cos β

G = η1 cos β + η2 sin β

(3.50)
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There is a zero eigenvalue corresponding to the Goldstone boson which gets eaten by the

neutral Z boson. The mass matrix for the charged scalar is:

MH± =
[
m2

12 −
1

2
v2(λ4sβcβ + λ5sβcβ)

]

 tβ −1

−1 t−1
β


 (3.51)

the masses and mass eigenstates of the charged Higgs are:

m2
H± =

m2
12

sβcβ
− 1

2
v2(λ4 + λ5), m2

G± = 0

H± = φ±1 sin β − φ±2 cos β

G± = φ±1 cos β + φ±2 sin β

(3.52)

Again there is a zero eigenvalue corresponding to the Goldstone boson which gets eaten by

the charged W± boson. The mass matrix for the CP-even scalars is:

MH = m2
12


 tβ −1

−1 t−1
β


+ v2sβcβ


λ1t

−1
β λ345

λ345 λ2tβ




=


 m2

12tβ + λ1v
2c2
β −m2

12 + λ345v
2sβcβ

−m2
12 + λ345v

2sβcβ m2
12t
−1
β + λ1v

2s2
β




(3.53)

The masses and mass eigenstates can be obtained by diagonalizing the mass matrix:

A = m2
12tβ + λ1v

2c2
β, B = m2

12t
−1
β + λ1v

2s2
β, C = −m2

12 + λ345v
2sβcβ (3.54)

mh,H =
1

2

[
A+B ±

√
(A−B)2 + 4C2

]
(3.55)

h = φ0
1 sinα− φ0

2 cosα (3.56)

H = −φ0
1 cosα + φ0

2 sinα (3.57)

The charged Higgs mass can be expressed by the neutral CP-even Higgs mass:

m2
H± = m2

A +
1

2
(λ5 − λ4) (3.58)

The most general Yukawa interactions of quarks, charged leptons and Higgs can be (for

example, for Q = -1/3 quarks):

L = y1Q̄Φ1dR + y2Q̄Φ2dR (3.59)
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The mass matrix is then:

Mij = y1
ij

v1√
2

+ y2
ij

v2√
2

(3.60)

where i, j are the family indices.

In general, the two matrices y1 and y2 can not be simultaneously diagonalizd, leading to

the Yukawa coupling not being diagonal in flavor space. The non-diagonal Yukawa coupling

will cause serious FCNC. However, if all the fermions with the same quantum number

couple to the same Higgs multiplet, then FCNC will be absent. This was formalized by

the Paschos- GlashowWeinberg theorem [93, 94]. According to the theorem, there are two

ways for the quarks and charged leptons to couple to the Higgs fields. In the Type I 2HDM,

all quarks and RH charged leptons couple to just one of the Higgs doublets (conventionally

chosen to be Φ2). In the Type II 2HDM, the Q = 2/3 RH quarks couple to one Higgs

doublet (conventionally chosen to be Φ2), and the Q = 1/3 RH quarks and all RH charged

leptons couple to the other (Φ1). There are two more models: lepton-specific 2HDM and

flipped 2HDM. In the lepton-specific 2HDM, the RH quarks all couple to Φ2 and the RH

leptons couple to Φ1. In the flipped 2HMD, the RH quarks couplings are the same as in

the Type II 2HDM, but the RH charged leptons couple to Φ2.

The couplings of the CP-even Higgs bosons and CP-odd Higgs to the SM gauge bosons

and fermions are the same as the SM value except for one multiplicative factor for the four

different types of 2HDM models, which is presented in Table 3.3. It can be seen that the

Higgs h branching fractions receive tree level corrections by a multiplicative factor related

to the rotation angle α and β.

In the MSSM, the Higgs sector is a Type II model in the 2HDM. Unlike the fact that

the light CP-even Higgs mass is bounded above and the mass spectrum for heavy Higgs

bosons is determined by the CP-odd Higgs mass in the MSSM, the spectrum in the general

2HDM is quite arbitrary. Therefore, the Higgs decay patterns in the general 2HDM is also

richer. The relation between the Higgs self-coupling constants in the general 2HDM and
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Type I Type II Lepton-specific Flipped
ξhV V sin(β − α) sin(β − α) sin(β − α) sin(β − α)
ξuh cosα/ sin β cosα/ sin β cosα/ sin β cosα/ sin β
ξdh cosα/ sin β − sinα/ sin β cosα/ sin β − sinα/ sin β
ξ`h cosα/ sin β − sinα/ sin β − sinα/ sin β cosα/ sin β

ξHV V cos(β − α) cos(β − α) cos(β − α) cos(β − α)
ξuH sinα/ sin β sinα/ sin β sinα/ sin β sinα/ sin β
ξdH sinα/ sin β cosα/ sin β sinα/ sin β cosα/ sin β
ξ`H sinα/ sin β cosα/ sin β cosα/ sin β sinα/ sin β
ξAV V 0 0 0 0
ξuA cot β cot β cot β cot β
ξdA − cot β tan β − cot β tan β
ξ`A − cot β tan β tan β − cot β

Table 3.3: The multiplicative factor ξ of the SM Yukawa couplings of V , u, d, ` to the
neutral Higgs bosons h, H, A in the four different models.

the gauge coupling constants in the MSSM can be expressed [88, 95]:

λ1 = λ2 =
1

4
(g2 + g′2)

λ3 =
1

4
(g2 − g′2)

λ4 = −1

2
g2

λ5 = λ6 = λ7 = 0

(3.61)

3.7.1 Theoretical constraints

In order for the vacuum configuration to be positive, bounded from below and stable, the

following conditions have to be fulfilled [96, 97]:

λ1 > 0, λ2 > 0, λ3 > −
√
λ1λ2

λ3 + λ4 + |λ5| > −
√
λ1λ2

(3.62)

In addition to the constraints on the stability of the Higgs potential, its parameters

can be further constrained by applying tree-level unitarity for the scattering of the Higgs

bosons including the absorbed Goldstone boson’s degree of freedom. It has been stated
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that the eigenvalues of the tree level scattering matrix need to be less than 1/8π [98–102]:

8πSY=2,σ=1 =




λ1 λ5

√
2λ6

λ∗5 λ2

√
2λ∗7√

2λ∗6
√

2λ7 λ3 + λ4




8πSY=2,σ=0 = λ3 − λ4

8πSY=0,σ=1 =




λ1 λ4 λ6 λ∗6

λ4 λ2 λ7 λ∗7

λ∗6 λ∗7 λ3 λ∗5

λ6 λ7 λ5 λ3




8πSY=0,σ=0 =




3λ1 2λ3 + λ4 3λ6 3λ∗6

2λ3 + λ4 3λ2 3λ7 3λ∗7

3λ∗6 3λ∗7 λ3 + 2λ4 3λ∗5

3λ6 3λ7 3λ5 λ3 + 2λ4




(3.63)

where Y is the total hypercharge and σ is the total weak isospin, both of which are conserved

in the high energy Higgs Higgs scattering process. Remember we already set λ6 and λ7 to

be zero to avoid the FCNC problem. The unitarity constraint requires that the eigenvalues

Λi of the above matrices should meet:

|Λi| <
1

8π
(3.64)

Now the eigenvalues Λi of the above scattering matrices can be obtained in the simple



55

case without λ6 and λ7:

Λ1 = λ3 + λ4

Λ2 = λ3 − λ4

Λ3 = λ3 ± |λ5|

Λ4 = λ3 + 2λ4 ± 3 |λ5|

Λ5 =
1

2

(
λ1 + λ2 ±

√
(λ1 − λ2)2 + 4 |λ5|2

)

Λ6 =
1

2

(
λ1 + λ2 ±

√
(λ1 − λ2)2 + 4λ2

4

)

Λ7 =
1

2

(
3(λ1 + λ2)±

√
9(λ1 − λ2)2 + 4(2λ3 + λ4)2

)

(3.65)

Because the parameter m12 does not involve the Higgs quartic interactions, the unitarity

constraints, in general, do not set any limits on the masses of the observable Higgs bosons,

as stated in Ref. [100].

3.7.2 The LHC and LEP Constraints

The direct searches for new scalars are conducted at the LEP and the LHC. The LEP

set mass bounds on a charged Higgs of mH± > 80 (72) GeV for the Type II (I) 2HDM

[103]. The constaints on the sum of two neutral Higgs bosons mA + mH from channel

e+e− → AH (H → bb/ττ, A → bb/ττ) requires mA + mH & 209 GeV [104]. At the LHC,

direct searches for A/H in bb-associated production with a ττ channel by ATLAS and CMS

set strong constraints on the high tan β region in the Type II 2HDM. Direct searches by

ATLAS/CMS for H using channels H → W+W−, ZZ [105–107] and H → hh→ bbγγ, bbbb

[108–110], and for A using channel A→ hZ (h→ bb) [111, 112] yield strong constaints on

the rotation angle plane cos(β−α) vs tan β in a few representative masses of mH and mA.

ATLAS/CMS also conduct searches for the charged scalar and impose constraints on it

[113, 114] beyond those of the LEP. A light charged Higgs with a mass less than top quark

is mostly excluded by the the null result of top pair production at the LHC with channel

t→ H+b→ τνb. For the charged Higgs with a higher mass mH± > mt, current limits are

not strong and impose constraints on the charged Higgs mass that are not much above the
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top mass.

The flavour measurements can provide indirect constraints on the charged Higgs mass

as a function of tan β. The most stringent constraints come from the measurements of the

b quark decay branching fraction b → sγ (B0
d → Xsγ), which sets the mass bound on the

charged Higgs mass ofmH± > 480 GeV at 95% C.L. [115]. In the range of a large tan β & 20,

the limits on mH± from the branching fraction measurements of B+
d → τ+ν is significantly

stronger, for instance, mH± > 700 GeV is obtained for tan β = 30. Note that the flavour

constraints on the Higgs masses are typically very model dependent. Contributions from

additional sectors in the model could relax the constraints significantly. Therefore, we will

not consider flavour measurements as a hard constraint in the framework of 2HDM.

3.7.3 Oblique Parameters

The Z-pole precision observables, in particular, the Oblique Parameters S, T , U [28–

32], parameterize potential new physics contributions to electroweak radiative corrections,

providing an indirect probe of new physics beyond the Standard Model. The Oblique

Parameters S, T , U receive contributions from either the coupling corrections at tree

level shown in Table 3.3 or from the extra Higgs bosons that couple to the vector bosons

in the framework of the 2HDM. The S and T parameters absorb possible new physics

contributions to the neutral currents and the difference between the neutral and charged

currants, respectively, while the U parameter is sensitive to the changes in masses and the

W boson width. The potential new physics effects in gauge-boson self energies δΠ(q2)ab at

scale q2, where a, b = W,Z, γ, can be parameterized by the three parameters S, T and U ,

defined as:

αT =
δΠWW (0)

M2
W

− δΠZZ(0)

M2
Z

(3.66)

αS

4c2
W s

2
W

= [
δΠZZ(M2

Z)− δΠZZ(0)

M2
Z

]− c2
W − s2

W

cW sW
δΠ′Zγ(0)− δΠ′γγ(0) (3.67)
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αU

4s2
W

= [
δΠWW (M2

W )− δΠWW (0)

M2
W

]− c2
W [
δΠZZ(M2

Z)− δΠZZ(0)

M2
Z

]

− s2
W δΠ

′
γγ(0)− 2cW sW δΠ

′
Zγ(0)

(3.68)

In the 2HDM, the one-loo contributions from the Higgs bosons (h, H, A, H±) with

masses (mh, mH , mA, mH±) to the Oblique Parameters S, T , U , after subtracting the SM

Higgs corrections can be expressed as [95, 116]:

S =
1

πm2
Z

{sin2(β − α)B22(m2
Z ;m2

H ,m
2
A)− B22(m2

Z ;m2
H± ,m2

H±)

+ cos2(β − α)[B22(m2
Z ;m2

h,m
2
A) + B22(m2

Z ;m2
Z ,m

2
H)− B22(m2

Z ;m2
Z ,m

2
h)

−m2
ZB22(m2

Z ;m2
Z ,m

2
H) +m2

ZB22(m2
Z ;m2

Z ,m
2
h)]}

(3.69)

T =
1

16πm2
W s

2
W

{F (m2
H± ,m2

A) + sin2(β − α)[F (m2
H± ,m2

H)− F (m2
A,m

2
H)]

+ cos2(β − α)[F (m2
H± ,m2

h)− F (m2
A,m

2
h) + F (m2

W ,m
2
H)− F (m2

W ,m
2
h)]

− F (m2
Z ,m

2
H) + F (m2

Z ,m
2
h) + 4m2

ZB̄0(m2
Z ,m

2
H ,m

2
h)− 4m2

W B̄0(m2
W ,m

2
H ,m

2
h)}
(3.70)

U = − S +
1

πm2
Z

{B22(m2
W ;m2

A,m
2
H±)− 2B22(m2

W ;m2
H± ,m2

H±)

+ sin2(β − α)B22(m2
W ;m2

H ,m
2
H±) + cos2(β − α)[cos2(β − α)B22(m2

W ;m2
h,m

2
H±)

+ B22(m2
W ;m2

W ,m
2
H)− B22(m2

W ;m2
W ,m

2
h)−m2

WB0(m2
W ;m2

W ,m
2
H) +m2

WB0(m2
W ;m2

W ,m
2
h)]}

(3.71)

where the B and F functions can be found in Ref.[116].

In 2HDM with a general Higgs mass spectrum, significant contributions to S, T , U can

arise in large regions of the parameter space. The contribution T can be either positive

or negative depending on the Higgs boson’s mass spectrum and the rotation angle α − β.

Therefore, an improvement of the precision measurements on S, T , U can help constrain

the parameter space in 2HDM.
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CHAPTER 4

Phenomenology of Third Generation Squarks

Given the large top Yukawa coupling, the top and top squark (stop) sectors of the Minimal

Supersymmetric Standard Model (MSSM) provide the largest radiative corrections to the

Higgs mass. However, stop masses can not be too heavy in order to avoid excessive fine

tuning of the Higgs mass. A TeV scale stop typically leads to a fine tuning of about 1% [117].

Given the tight connection between the stop and the Higgs sectors, it is important to fully

explore the discovery potential of the stop at the LHC; the bottom squark (sbottom) sector

is also of great interest. The left-handed sbottom mass is related to the left-handed stop

mass since they are controlled by the same soft SUSY breaking mass parameter. Although

the LHC program has been carrying out a rather broad and impressive SUSY search plan,

many searches are still limited by strong assumptions for the sake of simplicity. In preparing

to exploit the large amount of the incoming data from the LHC experiments, it is thus

of priority to embrace the SUSY searches in a comprehensive way. In realistic MSSM

scenarios, there is often more than one significant decay mode present.

In this study, we work in the framework of the MSSM and focus primarily on the third

generation squark sector. We decouple other SUSY particles: the gluino, sleptons, and the

first two generations of squarks. We also decouple the non-SM Higgs particles by setting

MA large. Besides the third generation squarks, the other relevant SUSY states are a Bino

(with a soft SUSY breaking mass M1), Winos (with a soft SUSY breaking mass M2), and

Higgsinos (with bilinear Higgs mass parameter µ). After the mass diagonalization, they

form neutralinos (χ0
1,2,3,4) and charginos (χ±1,2).

We consider the neutralino/chargino spectrum with a Bino-like LSP and three repre-

sentative SUSY mass hierarchy scenarios:
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• Case I, Bino-like LSP with decoupled Winos and Higgsinos: M1 < mt̃,b̃1
� |µ|,M2.

• Case IA, Bino-like LSP with Wino-like NLSPs: M1 < M2 < mt̃,b̃1
� |µ|.

• Case IB, Bino-like LSP with Higgsino-like NLSPs: M1 < |µ| < mt̃,b̃1
�M2.

The decays of the light stop or sbottom highly depend on the low-lying neutralino/chargino

spectrum, as well as on the composition of the light stop and sbottom.

In each scenario, we consider two limiting cases with different stop left-right mixing. In

the minimal mixing case, Ãt = At−µ cot β = 0, the lightest stop mass eigenstate t̃1 is either

purely t̃L (M3SQ < M3SU) or purely t̃R (M3SQ > M3SU). We decouple t̃2 for simplicity.

In the maximal mixing case with M3SQ = M3SU = MSUSY and |Ãt| =
√

6MSUSY , both

t̃1,2 are a mixture of t̃L and t̃R, with mass squared splitting ∆m2
t̃
≈ 2
√

6mtMSUSY . In

our analysis below, we use Ãt > 0. Negative values of Ãt introduce little changes to the

numerical results. Since M3SQ also controls the mass for b̃L, there is a light b̃1 ∼ b̃L for the

light M3SQ case, assuming small sbottom left-right mixing and a decoupled b̃R.
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Figure 4.1: The mass spectra for stops and sbottom for the minimal mixing case (left
panel) and the maximal mixing case with M3SQ = M3SU = MSUSY (right panel).

The mass spectra for stops and sbottom are shown in Fig. 4.1. In the minimal mixing

case (left panel), mt̃L
(mt̃R

), mb̃1
∼ M3SQ(M3SU), especially for large M3SQ (M3SU). In
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the maximal mixing case (right panel), the mass difference between b̃1 and t̃1 is typically

about 250 GeV while the mass difference between t̃2 and t̃1 is about 350 GeV or larger.

We used SUSY-HIT [118] to calculate the supersymmetric particle spectrum and decay

branching fractions. In this section, unless otherwise specified, we have set the Bino-like

LSP mass parameter M1 = 150 GeV, the intermediate gaugino mass parameters M2, µ =

300 GeV in both Cases IA and IB, and tan β = 10.

4.1 Case I: Bino-like LSP with decoupled Wino and Higgsino

The simplest case has a mass spectrum with stop(s), the left-handed sbottom, and only

the low-lying neutralino being the Bino-like LSP.

In the minimal mixing case with the light stop t̃1 as a pure left- or right-handed state,

t̃1 either directly decays to tχ0
1 when it is kinematically accessible or through bW ∗χ0

1 with

100% branching fraction. Similarly, in the case of a small M3SQ, b̃1 decays directly through

bχ0
1 with a 100% branching fraction.

In the maximal mixing case, t̃1, t̃2, and b̃1 appear in the spectrum, with a typical mass

order of mt̃1 < mb̃1
< mt̃2 and with a relatively large mass splitting of 150 GeV or larger.

While the decay of t̃1 is straightforward (100% into bW (∗)χ0
1), the decays of b̃1 and t̃2 could

have multiple competing channels, as shown in Fig. 4.2. For b̃1, it dominantly decays into

Wt̃1 while the branching fraction of the b̃1 → bχ0
1 channel is only a few percent or less.

For t̃2, it dominantly decays into a light stop/sbottom with a gauge boson: Zt̃1 about 75%

and Wb̃1 about 20%. The direct decay down to tχ0
1 is less than 10%.

The pair production of stops and sbottoms at the LHC and their subsequent decays

result in the appearance of various final states. In the left panel of Fig. 4.3, we show

the σ × BR of final states tt/bbWW+ 6ET for t̃1 in the minimal and maximal mixing

scenarios, as well as bb+ 6ET for b̃1 in the minimal mixing scenario at the 14 TeV LHC.

All the cross sections shown in the plots are for stop and sbottom pair production at

14 TeV including NLO supersymmetric QCD correction as well as resummation of soft-

gluon emission at next-to-leading logarithmic accuracy [119–121]. Since t̃1 → t/bWχ0
1 and

b̃1 → bχ0
1 dominate in those channels, σ×BR is the same as the production cross sections
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Figure 4.2: Branching fractions for t̃1 (left), b̃1 (middle) and t̃2 (right) in the maximal
mixing scenario with a Bino-like LSP (Case I). We set M1 = 150 GeV, M2 = 2 TeV, µ =
2 TeV, and tan β = 10, which corresponds to mχ0

1
= 151 GeV.
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Figure 4.3: Case I: left panel shows σ × BR of final states for t̃1 pair production in both
the minimal and maximal mixing scenarios, as well as b̃1 pair production in the minimal
mixing scenario. The middle and right panel show σ × BR for various final states of b̃1

and t̃2 pair production, respectively, in the maximal mixing scenario. All channels include
6ET in the final states. All the cross sections are for the 14 TeV LHC stop and sbottom
pair production, calculated including NLO + NLL corrections [119–121]. The choice of
neutralino and chargino mass parameters is the same as in Fig. 4.2.
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for the stop pair and sbottom pair. The middle panel of Fig. 4.3 shows the σ×BR for b̃1b̃1

pair production in the maximal mixing scenario. The bb+ 6ET channel is highly suppressed,

while bbWWWW+ 6ET becomes dominant. The right panel of Fig. 4.3 shows the σ×BR for

t̃2t̃2 pair production in the maximal mixing scenario. The dominant channel is ttZZ+ 6ET ,

with ttWWZ being the second dominant channel. The cross section, however, is relatively

small, less than about 10 fb formt̃2 & 800 GeV, given the heaviness of the second stop. Note

that the range of the stop and sbottom masses are controlled by the choice of parameter

M3SQ = M3SU = MSUSY = 600 . . . 1500 GeV in the maximal mixing case(see Fig. 4.1).

4.2 Case IA: Bino LSP with Wino NLSP
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Figure 4.4: Case IA: branching fractions for left-handed t̃1 (left), b̃1 (middle), right-handed
t̃1 (right) in the minimal mixing scenario. We set M1 = 150 GeV, M2 = 300 GeV, µ =
2 TeV, and tan β = 10, which corresponds to mχ0

1
= 151 GeV, mχ0

2
= 319 GeV and

mχ±
1

= 319 GeV.

The low lying neutralino/chargino spectrum in Case IA comprises of a Bino-like LSP,

as well as a pair of Wino-like states: χ0
2 and χ±1 with nearly degenerate masses. In the

minimal mixing scenario, the decay branching fractions are shown in Fig. 4.4 for left-

handed t̃1 (left), b̃1 (middle), and right-handed t̃1 (right). For the left-handed t̃1, decays

to bχ±1 (∼ 70% for large mt̃1) and tχ0
2 (∼ 30% for large mt̃1) dominate over tχ0

1 once
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kinematically accessible, due to the stronger SU(2)L coupling compared to the relatively

weaker U(1)Y coupling. Similarly, b̃1 → tχ±1 (∼ 65%) and b̃1 → bχ0
2 (∼ 30%) dominate

over the bχ0
1 channel for sbottom. Given the dominant decay channels of the Wino-like

neutralino/chargino1: χ±1 → Wχ0
1, χ0

2 → Z/hχ0
1, the dominant decay modes for t̃1 and b̃1

are: t̃1 → bWχ0
1, tZ/hχ

0
1, b̃1 → tWχ0

1, bZ/hχ
0
1. When t̃1 is mostly right-handed, it decays

to tχ0
1 almost 100%, since its couplings to the Wino-like neutralino/charginos are highly

suppressed.

400 800 1200

mt̃1 [GeV]

10−1

100

101

102

103

104

σ
×

B
R

[f
b]

t̃L

bbWW
bbWWZ/h
bbWWZ/hZ/h

400 800 1200

mt̃1 [GeV]

t̃R

bbWW

400 800 1200

mb̃1
[GeV]

b̃L

bbWWZ/h
bbWWWW
bbZ/hZ/h
bbWW
bbZ/h
bb

Minimal Mixing Case IA

Figure 4.5: Case IA: σ × BR of various final states for pair production of left-handed t̃1
(left), b̃1 (middle), and right-handed t̃1 (right) in the minimal mixing scenario at the 14 TeV
LHC. The choice of neutralino and chargino mass parameters is the same as in Fig. 4.4.

The left, middle and right panels of Fig. 4.5 show the σ × BR for pure left-handed

t̃1t̃1, b̃1b̃1 and pure right-handed t̃1t̃1 pair production, respectively, in the minimal mix-

ing scenario of Case IA. For pure left-handed t̃1, bbWWZ/h+ 6ET is as abundant as the

bbWW+ 6ET channel, which could be an important new search channel for the stop. For

pure left-handed b̃1, the bb+ 6ET channel is highly suppressed. New final states of bbWWZ/h

and bbWWWW are dominant and comparable in size, with bbZ/hZ/h being subdominant,

opening up new channels for sbottom searches. The final state for the pure right-handed

1For χ0
2, whether it decays preferably to Zχ0

1 or hχ0
1 depends on the sign of µ, as explained in detail in

Ref. [122].
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t̃1 is still bbWW+ 6ET , despite the existence of light Wino NLSPs in the spectrum.
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Figure 4.6: Case IA: Branching fractions for t̃1 (left), b̃1 (middle) and t̃2 (right) in the
maximal mixing scenario. The choice of neutralino and chargino mass parameters is the
same as in Fig. 4.4.

For the maximally mixed scenario, the decay of t̃1, b̃1 and t̃2 are shown in the left,

middle and right panels of Fig. 4.6, respectively. For t̃1 with a large mass, the decay to

bχ±1 , tχ0
2 still dominates over tχ0

1, but the corresponding branching fractions are smaller

compared to the pure left-handed case (Fig. 4.4) due to the decrease of the coupling to

the Wino-like state caused by the right-handed stop component. For b̃1, while the tχ±1 and

bχ0
2 modes still dominate the bχ0

1 mode, the new decay channel of Wt̃1 opens up and even

dominates most of the mass range. Its branching fraction varies between 100% to about

40% for mb̃1
between 600 GeV to 1500 GeV. For t̃2, in addition to bχ±1 and tχ0

1,2 (from a

few percent to 20%), the decays to a light stop/sbottom plus a gauge boson [123] become

comparable or even dominant: about 50% − 70% for Zt̃1 and about 20% − 15% for Wb̃1.

The left, middle and right panels of Fig. 4.7 show the σ × BR for t̃1t̃1, b̃1b̃1, and

t̃2t̃2 respectively for the maximal mixing scenario of Case IA at the 14 TeV LHC. For

the light stop, while the dominant channel is still bbWW+ 6ET , the subdominant chan-

nel bbWWZ/h+ 6ET could still have a sizable cross section. For the light sbottom,

bbWWWW+ 6ET becomes dominant. For the heavy stop, multiple channels open, with
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Figure 4.7: Case IA: σ × BR of various final states for pair production of t̃1 (left), b̃1

(middle), and t̃1 (right) in the maximal mixing scenario at the 14 TeV LHC. The choice of
neutralino and chargino mass parameters is the same as in Fig. 4.4.

bbWWZ/hZ/h+ 6ET being dominant, followed by bbWWZ/h+ 6ET , bbWWWWZ/h+ 6ET ,

and bbWWZ/hZ/hZ/h+ 6ET .

4.3 Case IB: Bino-LSP with Higgsino-NLSP

The low lying neutralino/chargino spectrum in Case IB is comprised of a Bino-like LSP,

as well a pair of Higgsino-like neutralino states χ0
2,3 and chargino states χ±1 with nearly

degenerate masses. Fig. 4.8 shows the branching fractions of left-handed t̃1 and b̃1 and

right-handed t̃1 in the left, middle and right panels for the minimal mixing scenario. For

t̃1, decays to tχ0
2,3 dominate over bχ±1 and tχ0

1 since the former are controlled by the large

top Yukawa coupling, compared to the small bottom Yukawa coupling and U(1)Y couplings

for the latter two. However, for b̃1, the decay of tχ±1 becomes dominant since the b̃Lt̄RH̃
+
u

coupling is proportional to the top Yukawa while its couplings to χ0
2,3 and χ0

1 are suppressed

by the bottom Yukawa coupling and U(1)Y couplings. The right-handed t̃1 case dominantly

decays to bχ±1 , reaching almost 50%, while decays to tχ0
2 + tχ0

3 are about 20%. All channels

are controlled by the top Yukawa coupling while the latter ones have extra phase space

suppression. Given the near degeneracy of the two Higgsino states χ0
2,3, contributions from
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Figure 4.8: Case IB: branching fractions for left-handed t̃1 (left), b̃1 (middle), right-handed
t̃1 (right) in the minimal mixing scenario. We set M1 = 150 GeV, µ = 300 GeV, M2 = 2
TeV, and tan β = 10, which corresponds to mχ0

1
= 145 GeV, mχ0

2
= 308 GeV, mχ0

3
= 310

GeV and mχ±
1

= 304 GeV.

final states involving χ0
2,3 are usually summed over in collider analyses.
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Figure 4.9: Case IB: σ × BR of various final states for pair production of left-handed t̃1
(left), b̃1 (middle), and right-handed t̃1 (right) in the minimal mixing scenario at the 14 TeV
LHC. The choice of neutralino and chargino mass parameters is the same as in Fig. 4.8.

Given the further decays of χ±1 → Wχ0
1, χ0

2,3 → Zχ0
1/hχ

0
1 as discussed in detail in [122],

the pair production of stops and sbottoms lead to complicated final states at the collider.
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The left, middle and right panels of Fig. 4.9 show the σ×BR for pure left-handed t̃1t̃1, b̃1b̃1

and pure right-handed t̃1t̃1 pair production in the minimal mixing scenarios of Case IB. For

pure left-handed t̃1, bbWWZ/hZ/h+ 6ET is the dominant final state with the stop search

channel bbWW+ 6ET being highly suppressed. For pure left-handed b̃1, bbWWWW+ 6ET is

the dominant channel. The dominant final states for pure right-handed t̃1 are bbWWZ/h+ 6
ET as well as bbWW+ 6ET .
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Figure 4.10: Case IB: Branching fractions for t̃1 (left), b̃1 (middle) and t̃2 (right) in the
maximal mixing scenario. The choice of neutralino and chargino mass parameters is the
same as in Fig. 4.8.

For the maximal mixing scenario, the decay branching fractions for t̃1, b̃1, and t̃2 are

shown in the left, middle and right panels of Fig. 4.10, respectively. Since t̃1 is an equal

mixture of left- and right-handed components, the decays to tχ0
2,3 (dominant for t̃L) and

bχ±1 (dominant for t̃R) (see the left and right panel of Fig. 4.8) have roughly the same

decay branching fraction, around 30% each. Decay to the final state of tχ0
1 is typically a

few percent, unless other decay modes are kinematically unaccessible at small mt̃1 .

For b̃1, the relative strength of tχ±1 and bχ0
2,3 is similar to that of the b̃1 in the minimal

mixing scenario, but the opening of the Wt̃1 mode dominates the decay for most of the

mass range, leading to the suppression of the tχ±1 and bχ0
2,3 modes. With increasing mb̃1

,

tχ±1 becomes more and more important, which dominates over Wt̃1 when mb̃1
& 1200 GeV.
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For t̃2, decay to Zt̃1 is dominant, about 60% − 30% for mt̃2 in the range of 700 −
1600 GeV. Decays to bχ±1 , tχ0

2,3 are sub-dominant, around 10% − 20% for each channel.

t̃2 → Wb̃1 is typically around 10% to only a few percent, while t̃2 → tχ0
1 is only at a few

percent level.
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Figure 4.11: Case IB: σ × BR of various final states for pair production of t̃1 (left), b̃1

(middle), and t̃2 (right) in the maximal mixing scenario at the 14 TeV LHC. The choice of
neutralino and chargino mass parameters is the same as in Fig. 4.8.

The left, middle and right panel of Fig. 4.11 show the σ × BR for t̃1t̃1, b̃1b̃1, and t̃2t̃2

for the maximal mixing scenario of Case IB at the 14 TeV LHC. For the light stop, the

dominant channel is bbWWZ/h+ 6ET , followed by bbWWZ/hZ/h+ 6ET . The bbWW+ 6ET
channel is suppressed by about a factor of 5. For the light sbottom, bbWWWW+ 6ET
and bbWWWWZ/h+ 6ET are dominant. For the heavy stop, multiple channels open,

with bbWWZ/hZ/h+ 6ET being dominant, followed by bbWWZ/hZ/hZ/h+ 6ET and

bbWWZ/h+ 6ET .

4.4 More on Sbottom Decays

The most commonly studied channel in experimental searches is the case b̃1 → bχ0
1 with a

branching fraction of 100%. This is true for the case with the Bino-LSP and the sbottom-

NLSP, or for the case with the stop-NLSP but mb̃ < mt̃ + MW , or for the case with the
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Wino-NLSP for a right-handed sbottom. In a more general ground, sbottom decays lead

to a much richer pattern.

4.4.1 The decay of b̃L

For a more general electroweakino spectrum, other decay channels may appear or even

dominate, as analyzed in detail in Ref. [124]. Here we first consider the case of the lighter

sbottom being mainly left-handed b̃1 ∼ b̃L. The mass spectrum of sbottom and gaugino

would severely influence the decay modes of sbottom. We discuss the (mainly left-handed)

sbottom decay in detail in two general situations with a Bino-LSP:

mb̃1
> M2 > M1 (Wino− NLSP), (4.1)

mb̃1
> |µ| > M1 (Higgsino− NLSP). (4.2)

The more complex cases where both Winos and Higgsinos are below the sbottom mass

threshold

mb̃1
> |µ| > M2 > M1 (Wino− NLSP/Higgsino− NNLSP), (4.3)

mb̃1
> M2 > |µ| > M1 (Higgsino− NLSP/Wino− NNLSP), (4.4)

are also included when distinct features are present (sometimes referred as mixed NLSP’s).

We illustrate the sbottom decay in Fig. 4.12 for these four different situations. Each

corresponds to a different mass spectrum of gaugino and sbottom for a Bino-LSP. The

usually considered channel bχ0
1 is suppressed, if other channels are open, since the bino

U(1)Y coupling is smaller than the wino SU(2)L coupling or top Yukawa coupling. In

Fig. 4.12(a), where b̃1 → tχ±1 and b̃1 → bχ0
2 are open while the Higgsinos-like neutrali-

nos/charginos are decoupling (|µ| > Mb̃1
> M2 > M1), sbottom decays dominantly into

tχ±1 and bχ0
2. Contrarily, in Fig. 4.12(b), we decouple Wino-like gaugino while leaving the

channel containing Higgsino-like gaugino opening (M2 > Mb̃1
> |µ| > M1), b̃1 → tχ±1 will

soon dominant other possible channels when the phase space is open due to the large top

Yukawa coupling. b̃1 → bχ0
2,3 are suppressed due to the relatively small bottom Yukawa

coupling. Here we have adopted tan β = 10. For a larger value of tan β, bχ0
2, bχ

0
3 channels

will be relatively more important. For more complicated situation, in the lower two panels,
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Figure 4.12: Branch fractions of the left-handed sbottom decay versus its mass in four
different cases: (a) mb̃1

> M2 > M1, Wino-NLSP; (b) mb̃1
> |µ| > M1, Higgsino-NLSP;

(c) mb̃1
> |µ| > M2 > M1, Wino-NLSP/Higgsino-NNLSP, and (d) mb̃1

> M2 > |µ| > M1,
Higgsino-NLSP/Wino-NNLSP. Here we have adopted tan β = 10.
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we consider the cases of Mb̃1
> |µ| > M2 > M1 (Fig. 4.12(c)) and Mb̃1

> M2 > |µ| > M1

(Fig. 4.12(d)). In both cases, sbottom decays dominantly into Higgsino-like chargino, then

Wino-like chargino and finally Wino-like neutralino. Other channels are highly suppressed

since the U(1)Y coupling and bottom Yukawa coupling are much smaller.

A special remark is in order. Although b̃L and t̃L share the same soft mass parameter

M3SQ, the large mixing between t̃L − t̃R due to the large trilinear soft SUSY breaking At

often drags the mass of the (mixed) stop below that of the (mainly left-handed) sbottom.

The decay b̃1 → Wt̃1 usually dominates once it is kinematically open. However, the above

decay patterns still hold as long as Mb̃1
< Mt̃1 +mW .

4.4.2 The decay of b̃R

For the b̃R, the usually considered channel bχ0
1 is the dominant mode. We present the

branching fractions of b̃R in Fig. 4.13, for (a) the Wino-NLSP and (b) the Higgsino-NLSP.

We see that the channel b̃1 → bχ0
1 in the Wino-NLSP scenario is almost 100%, since the

right-handed squark has no SU(2)L coupling. However, this channel in the Higgsino-NLSP

scenario presents a branching fraction of about 40% − 60%, followed by the channel of

b̃1 → tχ±1 about 20%− 30%, since the coupling effects of the right-handed squark to Bino

and Higgsino is U(1)Y and bottom Yukawa, respectively.
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Figure 4.13: Branch fractions of the right-handed sbottom decay versus its mass for (a)
mb̃1

> M2 > M1, Wino-NLSP and (b) mb̃1
> |µ| > M1, Higgsino-NLSP. Here we have

adopted tan β = 10.
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CHAPTER 5

Collider Analysis

5.1 Collider physics

High energy experiments played a critical role in the development of the Standard Model,

including the discovery of vector bosons, the top quark and the Higgs boson. These dis-

coveries promote the establishment of the Electroweak theory and the Higgs Mechanism.

In this section, I will introduce (1) the QCD and parton model to understand the proton

at high speed, (2) the detectors at the current LHC to understand the collision processes,

and (3) the detection of particles. Since various tools are used for Monte Carlo simulation

for phenomenology studies, it is necessary to introduce those simulation tools.

5.1.1 QCD

As discussed in Chapter 2, the gauge symmetry of QCD follows the group SU(3)c. The

gauge theory of SU(3)c is non-Abelian, leading to two peculiar properties: asymptotic

freedom and color confinement. Asymptotic freedom states that the interaction strength

decreases as the transferred momentum in the interaction increases. After careful calcu-

lations of gauge-invariant one-loop radiative corrections to the quarks, gluons as well as

ghosts, one can obtain the β function [125, 126] for QCD:

β(gs) ≡
∂gs

∂ logQ
= − g3

s

(4π)2
(11− 2nf

3
) (5.1)

where Q is the energy scale, nf is the number of quark flavors, and gs is the coupling

constant of strong interaction. In the Standard Model nf = 6, then the coefficient of the β

function is -7, which means the coupling strength becomes weaker at a higher energy scale.
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The quantity αs = g2
s/(4π)2, being similar to the fine structure, has the following feature:

∂α−1
s

∂ log(Q/M)
= − b0

2π
(5.2)

with b0 ≡ 11− 2nf
3

and initial condition αs(M) = αs. The solution to the above renormal-

ization group equation is:

αs(Q) =
αs

1 + (b0αs/2π) log(Q/M)
(5.3)

We define a mass scale called ΛQCD satisfying:

1 =
g2b0

8π2
log(M/ΛQCD) (5.4)

For “massless” quarks, ΛQCD is typically 200 MeV. At an energy scale less than ΛQCD,

the perturbative approach is not valid any more.

The evolution of αs has been confirmed by various experiments, shown in Figure 5.1.

In contrast to the electromagnetic screening at large distance, the coupling constant of

strong interaction is amplified at large distance, instead. This can be explained by the

behavior of gluons. In QED, virtual particle and anti-particle pairs act as electric dipoles

and align themselves along with the electric field produced by the electric charge in the

vacuum. Therefore the net effect is to partially cancel out the field, leading to screening

of the electric charge. However, there are gluons in QCD in addition to quark-antiquark

pairs, and these gluons carry color charges and can interact with themselves, contributing

to augmenting the field instead of screening the field. So the net effect of quark-antiquark

and gluons is anti-screening of the field. This phenomenon , called “asympotic freedom”,

was discovered by Gross and Wilczek [63], and Politzer [64].

The proton is a bound state of light quarks uud, called “Valence quarks”. Inside a

proton, the light quarks are not static. Instead, enormous virtual processes of gluons self

interaction, quarks creation and annihilation happen inside proton, especially when the

proton is accelerated nearly to the speed of light. The internal structure of the proton can

be well described by the parton distribution functions (PDF). The PDF denoted as fq(x)

states the probability of finding a certain flavor quark q with momentum fraction x. The
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Figure 5.1: Running of αs as a function of energy scale, figure taken from Ref [33].

proton should contain an excess of two u quarks and one d quark, from which we can get

the following constraints,

∫ 1

0

dx [fu(x)− fū(x)] = 2

∫ 1

0

dx [fd(x)− fd̄(x)] = 1 (5.5)

Calculations of PDF are non-perturbative and challenging. Therefore, the PDF is

usually determined by the data-driven method. Figure 5.2 shows the proton PDF at

energy scale Q2 = 10 (10000) GeV2. At a high momentum fraction regime, the PDF is

dominated by the valence quarks as expected, with a 2:1 ratio of u to d quarks. We also find

a large contribution of gluons (scaled by a factor of 10), which is the dominant contributor

to the Higgs boson production through gluon gluon fusion at the LHC. Comparing the left

and right panels, we find that the gluons and sea quarks PDF shift to a higher momentum

fraction regime, at a higher energy scale Q. In high center of mass energy colliders like

the current LHC and the future 100 TeV collider, heavy quarks such as charm quarks and

bottom quarks have non-trivial contributions to the proton PDF.

Due to the Asymptotic freedom, any non-Abelian gauge structure will exhibit the
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Figure 5.2: Proton PDF at energy scale Q2 = 10 GeV2 (left) and Q2 = 10000 GeV2 (right)
compiled by the MSTW collaboration and taken from Ref [33].

“confinement of color” for sufficiently strong coupling, leading to the phenomena of

hadronization. So the only asymptotic states are those that are singlets of SU(3) color.

If one attempts to separate a color-singlet state into colored components, for instance, to

dissociate a meson into a quark and an antiquark state, then a tube of gauge field forms

between the two sources. The potential between the two sources increases with the dis-

tance V (r) ∼ r, contrary to the potential decreasing with distance V (r) ∼ 1
r

in QED.

When free quarks are created, they will soon be captured by other quarks or gluons to

form color-singlet state, and this process will continue to form a bunch of hardons and

mesons, called “jet” in experimental high energy physics.

5.1.2 Detectors

The Large Hadron Collider (LHC) at CERN in Geneva, Switzerland, is designed to have

proton proton collision at
√
s = 14 TeV. The LHC has not reached its full design. During

2015, the LHC began to run at the center-of-mass energy of 13 TeV. Later upgrades will
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increase the center-of-mass energy to 14 TeV in the near future. At center-of-mass energy

of 14 TeV, the LHC is expected to collect 300 fb−1 of data. Future high luminosity upgrades

are planned to run at the High Luminosity LHC (HL-LHC) to collect about 3000 fb−1 of

data [127]. The two important detectors in connection to this work, ATLAS and CMS, are

similar in the structure [128, 129]. The ATLAS and CMS detectors consist of four parts:

the tracker, electromagnetic calorimeter, hadronic calorimeter, and muon spectrometer.

There exists a strong magnetic field inside the detector which is used to deflect charged

particles. Here I give a brief introduction to the detectors, using ATLAS as the example.

Tracker

The tracker is the innermost part of the detector, near the interaction point. The

Tracker is composed of pixel silicon microstrip (SCT) and the straw tubes of the Transi-

tion Radiation Tracker (TRT), used to capture the the tracks of charged particles. From

this the charge and vertex locations of the tracks can be extracted to help identify parti-

cles. The inner detector (Tracker) is contained in a solenoid magnet of 2 Tesla, and the

strong magnetic field bends the trajectory of charge particles thus allowing it to measure

the momentum of the particle from the curvature of the tracks. The secondary vertex

measurement is also conducted in the innermost layer of pixels. Therefore, the tracker

is particularly critical in the identification of jets originating from bottom quarks, called

b-jets. Hadrons containing b quarks are relatively long lived before they decay, leaving a

secondary interaction vertex. The process containing one or more b jet in the final state is

very important to reduce huge QCD backgrounds.

Calorimeters

Outside the Tracker live LAr electromagnetic (EM) calorimeters and hadronic calorime-

ters. The main function of the calorimeters is to contain the electromagnetic and hadronic

showers produced in pp collisions. The EM calorimeter is divided into a barrel part (|η| <
1.475) and two end-cap components (1.375 < |η| < 3.2), to achieve the desired calorimeter

performance. The EM calorimeter uses lead as the absorbption material to fully absorb

incident particles, uses a scintillator for light output and uses liquid argon for ionization

information. The hadronic calorimeters are directly placed outside the EM calorimeter

envelope. The hadronic calorimeters are divided into three parts: the tile calorimeter, LAr
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hadronic end-cap calorimeter and LAr forward calorimeter. The hadronic calorimeters are

the same as the EM calorimeters in principle except that the hadronic calorimeters are

deeper and denser, due to the larger interaction length of the hadronic processes.

Muon spectrometer

The muon spectrometer is the outermost and largest detector of ATLAS and CMS, and

is designed to measure high-pT muons with high resolution. The muon is approximately

200 times as massive as the electron and has a long half life time. As a result, muons

do not deposit all of their energy in the electromagnetic calorimeters and can travel all

the way to the outermost muon spectrometer before they decay. The spectrometer can

measure trajectories of muons to determine their direction, their electric charge and their

momentum due to the strong magnetic field induced by toroid magnets. Because the muon

spectrometer sits outermost from the process interaction point, very few particles can reach

or leave signals in the muon spectrometer.

Although all the above detectors can collect information of the particles, it is a difficult

task to reconstruct particles especially jets from detector readouts, due to the huge QCD

backgrounds.

5.1.3 Monte Carlo Simulation

The Monte Carlo simulation is essential in both experimental study and phenomenology

research to understand how physics processes work and present themselves in data. Specif-

ically, the Monte Carlo simulation is critical for new physics beyond the Standard Model

like SUSY, since it helps phenomenology researchers to visualize the feasibility of a new

physics model and provides hints to improve it. The simulations fall into two categories:

numerical calculations to obtain the matrix elements as well as the cross sections up to

next leading order (NLO) for a process, and stochastic process generation to simulate

the stochastic processes of event generation, hadronization, and detector simulation. The

CalcHEP [130] is used to calculate the cross sections of physical processes.

The software package Madgraph [131] is a framework which can provide the computa-

tions of cross sections, the generation of hard processes, their shower matching and merging

with event generators, and a variety of tools relevant to event analysis. It has been up-



79

graded to include calculations of NLO cross sections. It implements models of the Standard

Model, SUSY, 2HDM and other new physics models. The stage at which processes are

generated by Madgraph is referred to as the parton level, which can help to calibrate the

performance of the simulation in the comparison to the detector reconstructions. The next

step incorporates particle showers, fragmentation and hadronization. In our Monte Carlo

studies, Pythia [132] is used for this purpose. Pythia is a framework containing theory

and models for a variety of aspects in physics, including hard and soft processes, parton

distributions, initial state and final state parton showers, fragmentation, hadronization and

decay. Lastly, the whole process will go through PGS [133] or Delphes [134] for the detector

simulation. The simulation includes the track system, a magnetic field, calorimeters and

a muon spectrometer. The goal of the detector simulation is to turn the Pythia outputs

into detector objects: electrons, photons, muons, jets, and missing energy.

5.2 Current bounds on third generation squarks

Most of the current searches for the light stop focus on the decay t̃1 → tχ0
1 or t̃1 → bχ±1 →

bWχ0
1. For stop pair production at the LHC, such processes lead to tt+ 6ET or bbWW+ 6ET

final states. However, due to the large SM backgrounds from tt̄, searches for the stop

can be very challenging. Searches for direct stop and sbottom pair production have been

performed at both ATLAS and CMS, with about 20 fb−1 data at
√
s = 8 TeV, and about

5 fb−1 data at
√
s = 7 TeV [135–153]. Here we summarize the current experimental search

channels and exclusion bounds assuming a stable neutralino LSP. Stop searches in scenarios

with a Gravitino LSP have been analyzed in Refs. [143, 146].

• t̃1 → t(∗)χ0
1 and t̃1 → bχ±1 → bW (∗)χ0

1 [135–140]

ATLAS results on fully hadronic final states [135] exclude stops in the regions of 270

< mt̃1 < 645 GeV for mχ̃0
1
< 30 GeV, assuming both stops decay 100% via t̃1 → tχ0

1.

Regions of 245 < mt̃1 < 400 GeV for mχ̃0
1
< 60 GeV, mχ±

1
= 2mχ0

1
are excluded when

both stops decay 100% via t̃1 → bW (∗)χ0
1. For BR(t̃1 → bW (∗)χ0

1) = BR(t̃1 → tχ0
1) =

50%, stop masses in the range of 250 − 550 GeV are excluded for mχ̃0
1
< 60 GeV,

mχ±
1

= 2mχ0
1
.
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For semileptonic channels, stop masses between 210 GeV and 640 GeV are excluded

at 95% C.L. for a massless LSP, and stop masses around 550 GeV are excluded for

LSP mass below 230 GeV [136], assuming BR(t̃1 → tχ0
1) =100%. For BR(t̃1 →

bχ±1 → bW (∗)χ0
1) =100%, the excluded stop and LSP masses depend strongly on the

mass of the χ±1 . For mχ±
1

= 2mχ0
1
, stop masses up to 500 GeV are excluded for LSP

masses in the range of 100 and 150 GeV. For the compressed spectrum case when

mχ±
1
−mχ0

1
is small with soft leptons from χ±1 decay, stop masses between 265 (240)

GeV and 600 GeV are excluded for mχ±
1
−mχ0

1
= 5(20) GeV with an LSP mass of 100

GeV. For small mass splitting between t̃1 and χ±1 (for example, 10 GeV) with soft b

jets, stop masses below 390 GeV are excluded for a massless LSP. When both decay

modes t̃1 → tχ0
1 and t̃1 → bχ±1 are open, the excluded stop masses increase from 530

GeV to 660 GeV for an LSP mass of 100 GeV when BR(t̃1 → tχ0
1) is increased from

0% to 100% and mχ±
1

= 2mχ0
1
. The limits get weaker with an increased branching

ratio to decays other than t̃1 → tχ0
1 and t̃1 → bχ±1 .

Limits from the pure leptonic channels are weaker [137]. Stops with masses between

215 GeV and 530 GeV decaying to an on-shell t-quark and a neutralino are excluded

at 95% C. L. for a 1 GeV neutralino. For mb +mW +mχ0
1
< mt̃1 < mt +mχ0

1
with an

off-shell top and a neutralino LSP, the stop masses are excluded between 90 GeV and

170 GeV. For BR(t̃1 → bχ±1 ) = 100%, the limits on the stop mass depend on both

the LSP mass and mχ±
1

. mt̃1 between 150 GeV and 445 GeV is excluded at 95% C.

L. for mt̃1 = mχ±
1

+ 10 GeV, in the case of a 1 GeV neutralino LSP. For mt̃1 = 2mχ±
1

,

stop masses between 210 GeV and 340 GeV are excluded for an LSP mass of 100

GeV. For a fixed mχ±
1

= 106 GeV, stop masses between 240 GeV to 325 GeV are

excluded with an LSP mass of 1 GeV.

Limits from CMS are very similar [138–140]. Note that limits on the stop exclusion

depend on the branching fractions of t̃1 → t(∗)χ0
1 and t̃1 → bχ±1 . For t̃1 → bχ±1 , the

limits also depend on the mass of the intermediate chargino.

• t̃1 → cχ0
1 or t̃1 → bff ′χ0

1 [141, 142]

For small mass splitting between mt̃1 and mχ0
1
, stop decays via t̃1 → cχ0

1 or t̃1 →
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bff ′χ0
1 [141, 142]. For 100% branching fraction of t̃1 → cχ0

1, searches on charm

tagged events and monojet-like events exclude stop masses around 240 GeV for ∆m =

mt̃1 −mχ0
1
< 85 GeV. Stop masses up to 270 GeV are excluded for an LSP mass of

200 GeV. For nearly degenerate stop and LSP, stop masses up to about 260 GeV are

excluded. For 100% branching fraction of t̃1 → bff ′χ0
1, searches based on monojet

plus 6ET exclude stop masses up to about 255 GeV for ∆m ∼ mb and about 150 (200)

GeV for mb < ∆m < 50(35) GeV.

For small mass splitting between mχ±
1

and mχ0
1

with undetectable decay products of

χ±1 , pair production of stop with t̃1 → bχ±1 leads to two b jets plus 6ET events. Results

from ATLAS [147] exclude stop masses up to 580 (440) GeV for mχ±
1
−mχ0

1
= 5(20)

GeV and mχ0
1

= 100 GeV.

• t̃2 → t̃1Z/h [143–145]

Searches for the second stop utilize the decay of t̃2 → t̃1Z/h, looking for signals

including b-jets and large 6ET with either same flavor leptons reconstruction of the

Z boson [143] and/or high pT jet and b-jet multiplicities with additional leptons

[144, 145]. The interpretation is performed in the region mt̃1 −mχ0
1
∼ mt, which is

hard to probe by the t̃1 → tχ0
1 channel given the relative small 6ET . For BR(t̃2 →

t̃1Z) = 100%, the second stop mass is excluded up to about 600 GeV for a light LSP

mass. For BR(t̃2 → t̃1h) = 100%, the second stop mass exclusion limit is about 540

GeV. When the decay branching fraction to t̃1Z and t̃1h is 50% each, the exclusion

limit is about 580 GeV for a light LSP mass.

• b̃1 → bχ0
1 [141, 147, 148]

Sbottom pair production with b̃1 → bχ0
1 leads to signals with two b jets and large

6ET . The null results from ATLAS [147] exclude sbottom masses up to 620 GeV for

mχ0
1
<120 GeV. mb̃1

−mχ0
1

is excluded up to 50 GeV for sbottom masses up to 300

GeV. The exclusion limits depend largely on the branching fraction of b̃1 → bχ0
1.

For 60% branching fractions, the sbottom exclusion limit is reduced to 520 GeV.

The CMS exclusion limits are about 70 GeV stronger [148]. For small mass splitting



82

between sbottom and the LSP: mb̃1
− mχ0

1
∼ mb, monojet plus 6ET search excludes

sbottom masses up to about 255 GeV [141].

• b̃1 → bχ0
2 [149, 150]

Sbottom searches on direct sbottom pair production with b̃1 → bχ0
2 with 100% decay

branching fraction of χ0
2 → χ0

1h have been performed at ATLAS [149], searching for

signals with zero lepton, large 6ET , high jet multiplicity and at least three b-tagged

jets. Null search results exclude the sbottom masses between 340 and 600 GeV for

mχ0
2

= 300 GeV and mχ0
1

= 60 GeV. No sensitivity is obtained for mχ0
2
< 240 GeV

due to the soft 6ET in the signal events. For b̃1 → bχ0
2 with 100% decay branching

fraction of χ0
2 → χ0

1Z, three leptons plus one b jet plus 6ET search at the CMS

excludes sbottom masses up to 450 GeV for LSP masses between 100 to 125 GeV

and mχ±
1
−mχ0

1
= 110 GeV [150].

• b̃1 → tχ±1 [150–153]

Sbottom searches on direct sbottom pair production with b̃1 → tχ±1 with 100% decay

branching fraction of χ±1 → Wχ0
1 have been performed at both ATLAS and CMS [151,

152], looking for signals with two same charge leptons or three leptons plus multiple

jets. The interpretation was done for fixed mχ0
1

= 60 GeV as well as varying mχ0
1

with

mχ±
1

= 2mχ0
1
. The sbottom mass limit is about 440 GeV in both cases for mχ±

1
<

mb̃1
−mt [151]. The CMS limits are about 50 to 100 GeV stronger [150, 152, 153].

At the 14 TeV LHC, with the dominant decay channel of t̃1 → tχ0
1, studies using

semileptonic channel and fully hadronic channel show that for LSP masses below 200 GeV,

a 5σ reach of stop discovery is possible for stop masses up to about 1 TeV with 300 fb−1

integrated luminosity [154]. For the high luminosity option of LHC (HL-LHC) with 3000

fb−1 integrated luminosity, the discovery reach is extended by about 200 GeV. The 95%

exclusion limit is about 1.2 TeV (1.45 TeV) with 300 (3000) fb−1 integrated luminosity.

For sbottom searches with b̃1 → bχ0
1, the discovery reach is about 1.1 (1.3) TeV and the

exclusion reach is about 1.4 (1.55) TeV with 300 (3000) fb−1 integrated luminosity [155].

CMS analyses using specific full spectrum benchmark points show similar sensitivities [156].
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Decay channels Mass bounds mb̃ BR Assumptions

b̃1 → bχ0
1 (ATLAS [147])

620 100% mχ0
1
< 120

520 60% mχ0
1
< 150

b̃1 → bχ0
1 (ATLAS [141]) 255 100% mb̃ −mχ0

1
∼ mb

b̃1 → bχ0
1 (CMS [148]) 700 100% Small mχ0

1

b̃1 → bχ0
2 → bhχ0

1 (ATLAS [149]) 340 - 600 100%
mχ0

2
= 300

mχ0
1

= 60

b̃1 → bχ0
2 → bZχ0

1 (CMS [150]) 450 100%
100 < mχ0

1
< 125

mχ0
2
−mχ0

1
= 110

b̃1 → tχ−1 (ATLAS [151]) 440 100% mχ±
1
< mb̃ −mt

b̃1 → tχ−1 (CMS [150])

575 100%
150 < mχ±

1
< 375

mχ0
1

= 50

575 100%
25 < mχ0

1
< 150

m
χ01

m
χ±1

= 0.5

525 100%
25 < mχ0

1
< 200

m
χ01

m
χ±1

= 0.8

b̃1 → tχ−1 (CMS [152]) 500 100%
m
χ01

m
χ±1

= 0.5 (0.8)

b̃1 → tχ−1 (CMS [153]) 550 100% mχ0
1

= 50

Table 5.1: Current mass bounds on the sbottom from the direct searches at the LHC. All
units are in GeV for mass.

Other theoretical studies in the literature on the stop searches at the LHC mostly focus

on the light stop decaying to light generation quarks [157–161] with little missing energy,

which mimics the WW signal at the LHC [162–166] or on multi-b jets final states from a

light stop [167]. For the sbottom, in a parameter space with a highly degenerate sbottom

and LSP masses, a strategy has been proposed to search for sbottom based on boosting

bottoms through an energetic initial radiation jet [168].

We summarize the current search bounds in Table 5.1 and Table 5.2.
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Decay channels Mass bounds mt̃1 BR Assumptions

t̃1 → tχ0
1 (ATLAS 0` [135])

270 - 645 100% mχ0
1
< 30

250 - 550 50% mχ0
1
< 60, mχ±

1
= 2mχ0

1

t̃1 → tχ0
1 (ATLAS 1` [136])

210 - 640 100% mχ0
1

= 0

550 100% mχ0
1
< 230

t̃1 → tχ0
1 (ATLAS 2` [137]) 215 - 530 100% mχ0

1
= 1

t̃1 → tχ0
1 (CMS 0` [138]) 535 100% mχ0

1
< 10

t̃1 → tχ0
1 (CMS 1` [139])

750 100% mχ0
1

= 100

680 50% mχ0
1

= 100

t̃1 → tχ0
1 (CMS 1` [140]) 150 - 650 100% mχ0

1
< 250

t̃1 → bχ±1 (ATLAS 0` [135]) 245 - 400 100% mχ0
1
< 60

t̃1 → bχ±1 (ATLAS 1` [136]) 500 100% 100 < mχ0
1
< 150, mχ±

1
= 2mχ0

1

t̃1 → bχ±1 (ATLAS 2` [137]) 150 - 445 100% mχ0
1

= 1, mχ±
1
∼ mt̃1

t̃1 → bχ±1 (CMS 1` [139])
700 100% mχ±

1
−mχ0

1
= 5, mχ0

1
= 100

670 50% mχ±
1
−mχ0

1
= 5, mχ0

1
= 100

t̃1 → bχ±1 (CMS 1` [140])
620 100% mχ±

1
= 0.25 mχ0

1
+ 0.75 mt̃1 , mχ0

1
= 130

680 100% mχ±
1

= 0.75 mχ0
1

+ 0.25 mt̃1 , mχ0
1

= 0

t̃1 → cχ0
1 (ATLAS [141])

240 100% mt̃1 −mχ±
1
< 85

270 100% mχ0
1

= 200

260 100% mχ0
1
∼ mt̃1

t̃1 → cχ0
1 (CMS [142]) 250 100% mt̃1 −mχ0

1
< 10

t̃1 → bff ′χ0
1 (ATLAS [141]) 255 100% mt̃1 −mχ0

1
∼ mb

Table 5.2: Current mass bounds on the stop from the direct searches at the LHC. The 0`,
1` and 2` mean the all-hadronic, semileptonic and dileptonic final states. All units are for
GeV for mass.

5.3 Searches for third generation squarks in Bino LSP with Wino

NLSP

In this section, we study the collider phenomenology of the light third generation squarks

at the 14 TeV LHC. The key point in this work is to explore the mixed decay channels

according to the mass hierarchies beyond the common assumption of 100% branching

fraction of a given channel.

Including those channels listed in Table 5.1 and Table 5.2 with realistic branching

fractions would help increase the overall sensitivity, but we did not repeat the analyses.

We note that Ref. [169] also exploited mixed decays to search for stop. They introduced a

new variable “topness” for the top-rich signal events to help efficiently reduce the top pair
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backgrounds.

Given a different neutralino/chargino mass spectrum, many new decay channels for

stop and sbottom appear, while the channels of t̃1 → tχ0
1, bχ

±
1 and b̃1 → bχ0

1 cand be highly

suppressed. This leads to the relaxation of current collider search limits based on those

above mentioned channels. At the same time, those new channels provide new discov-

ery opportunities. We do a complete collider analyses to demonstrate the new discovery

potential for a few representative SUSY scenarios.

We study the detectability of the light stop/sbottom in Case IA with a mass hierarchy

of M1 < M2 < M3SQ � |µ|,M3SU , resulting in a mass spectrum including a mostly left-

handed stop and a mostly left-handed sbottom, Wino-like NLSPs, and a Bino-like LSP.

Other soft SUSY breaking parameters are decoupled to be 2 TeV, and Ãt is set to be large

such that the SM-like Higgs is around 125 GeV. Note that even though Ãt is set to a large

value, the large mass splitting between M3SQ and M3SU results in a mostly left-handed t̃1

and mostly right-handed t̃2. Therefore, the decay patterns of t̃1 and b̃1 follow those of the

Case IA: purely left-handed stop/sbottom in the minimal mixing scenario. In our analyses,

we consider the kinematic region of mt̃1−mχ0
2
> mt and mχ0

2
−mχ0

1
> mh such that t̃1 → tχ0

2

(b̃1 → bχ0
2) and χ0

2 → hχ0
1 are kinematically open. The collider analyses of the current

event topology can not be applied for the more compressed scenarios when either M3SQ is

close to M2 or M2 is close to M1. The value of µ is chosen such that χ0
2 dominantly decays

to hχ0
1 for µ > 0 and to Zχ0

1 for µ < 01. The decay channels and the corresponding decay

branching fractions for b̃1, t̃1, as well as χ0
2 and χ±1 are listed in Table. 5.4. The conventional

channels t̃1 → tχ0
1 and b̃1 → bχ0

1 are highly suppressed, having only about 2% branching

fraction, which dramatically weakens the current experimental search limit. Instead, the

decay channels of t̃1 → tχ0
2 (b̃1 → bχ0

2) and t̃1 → bχ+
1 (b̃1 → tχ−1 ) are comparable and

dominant instead. In particular, with one stop (sbottom) decaying to χ0
2 and one stop

(sbottom) decaying to χ±1 , t̃1t̃
∗
1 (b̃1b̃

∗
1) pair production leads to interesting final states of

bbWW+h/Z+ 6ET . Note that unmixed decays of b̃1b̃
∗
1 → bbhh+ 6ET , bbZZ+ 6ET , ttWW+ 6ET

have been studied at the LHC [149–153], assuming 100% decay branching fractions. Given

1Note that χ0
2 → Zχ0

1 is not always dominated for µ < 0, as pointed out in Refs. [170, 171]. We have

chosen the value of µ in the µ < 0 case to guarantee the Z channel dominance.
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M1 M2 M3SQ At µ tan β mχ0
1

mχ0
2

mχ±
1

mb̃1
mt̃1 mh

BP1 150 300 650 2950 +2000 10 152 320 320 640 650 125
BP2 150 300 650 2950 −1300 10 150 320 320 640 630 125

Table 5.3: MSSM parameters and mass spectrum of SUSY particles for the two benchmark
points. All masses are in units of GeV.

Decay Channel BR Decay Channel BR Decay Channel BR

BP1 (µ > 0)
b̃1 → bχ0

1 2% t̃1 → tχ0
1 2% χ0

2 → hχ0
1 97%

b̃1 → bχ0
2 39% t̃1 → tχ0

2 27% χ0
2 → Zχ0

1 3%

b̃1 → tχ−1 59% t̃1 → bχ±1 71% χ±1 → W±χ0
1 100%

BP2 (µ < 0)
b̃1 → bχ0

1 2% t̃1 → tχ0
1 2% χ0

2 → hχ0
1 6%

b̃1 → bχ0
2 39% t̃1 → tχ0

2 27 % χ0
2 → Zχ0

1 94%

b̃1 → tχ−1 59% t̃1 → bχ±1 71% χ±1 → W±χ0
1 100%

Table 5.4: Decay channels and the corresponding branching fractions of b̃1, t̃1, χ0
2 and χ±1

for the two benchmark points, which correspond to the cases of µ > 0 and µ < 0.

the more realistic branching fractions of about 40% (27%) for b̃1 → bχ0
2 (t̃1 → tχ0

2) and

about 60% (71%) for b̃1 → tχ−1 (t̃1 → bχ+
1 ), the collider limits for those channels will be

relaxed. Including all the mixed and unmixed channels further increases the collider reach

for the stop/sbottom.

The branching fraction for such decay is about 38% (48%) for stop (sbottom) in our

benchmark points and varies between 25% and 50% for a stop (sbottom) mass larger than

500 GeV with M2 = M1 + 150 GeV. Since we choose the CP-odd Higgs mass mA to be

2000 GeV, we are in the decoupling region of the Higgs sector with the light CP-even

Higgs being SM-like. Given that we are in the Bino-LSP scenario with M2 = M1 + 150

GeV, additional possible decay modes of h into neutralino/charginos are either highly

suppressed or kinematically forbidden. Therefore, the light CP-even Higgs is consistent

with the observed signal of a 125 GeV SM-like Higgs boson. In our analyses, we have

taken the branching fraction of h→ bb̄ to be the SM value of 57.7%.

The two benchmark points listed in Table. 5.3 are only for illustration whenever in-

structive. In our following analyses, we perform a broad scan over the mass parameter

space.
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• M3SQ from 400 to 1075 GeV with a step size of 25 GeV, corresponding to mb̃1
from

about 350 GeV to about 1085 GeV and mt̃1 from about 367 GeV to about 1090 GeV.

• M1 is scanned from 3 GeV to 700 GeV, in the step of 25 GeV.

• M2 is fixed to be M2 = M1 + 150 GeV.

• We further require mt̃1 − mχ0
2
> mt and mb̃1

> mχ±
1

+ mt such that t̃1 → tχ0
2 and

b̃1 → tχ±1 can be open.

Event samples are generated using Madgraph MG5 aMC V2 2 1 [131], processed

through Pythia 6.420 [132] for fragmentation and hadronization and then through Delphes-

3.1.2 [134] with the Snowmass combined LHC No-Pile-up detector card [172] for detector

simulation. Both the SM backgrounds and the stop pair production signals are normal-

ized to theoretical cross sections, calculated including higher-order QCD corrections [119–

121, 173–177]. For event generation, we have set mt to be 173 GeV, and the Higgs mass mh

to be 125 GeV. The renormalization scale and factorization scale are taken to be
√
M2 + p2

T

for a single heavy particle. For pair production of heavy particles, the geometric mean of
√
M2 + p2

T for each particle is used.

5.3.1 The Case of µ > 0: final states with a Higgs

In the case of µ > 0, the leading signal under consideration for the pair production of

sbottom (stop), with b̃1 → bχ0
2 → bhχ0

1 (t̃1 → tχ0
2 → thχ0

1 → bW+hχ0
1) and b̃∗1 → tχ−1 →

bW+ W−χ0
1 (t̃∗1 → bχ+

1 → bW+χ0
1), is

b̃1b̃
∗
1 → bb WW h 6ET → ` bbbb jj 6ET

t̃1t̃
∗
1 → bb WW h 6ET → ` bbbb jj 6ET

The signal contains four b-jets, two light flavor jets, one isolated lepton (e or µ), and large

missing energy. The dominant backgrounds will be from tt̄+jets and tt̄bb̄ with large cross

sections and similar final states. While tt̄h is an irreducible background, the production

cross section is relatively small. Other SM backgrounds include tt̄W , tt̄Z and bb̄WW , with

typically smaller cross sections.

We apply the following basic event selection cuts:
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• Events are required to have at least four isolated jets2 with

pj1,j2,j3T > 40 GeV, pj4T > 25 GeV, |ηj| < 2.5. (5.6)

All isolated jets satisfying pjT > 25 GeV, |ηj| < 2.5 are counted in Nj.

• Among the jets, at least two are b-tagged jets. The b-tagging efficiency depends on

the pT and η of the jets, which is 0 for pT < 15 GeV or |η| > 2.5, about 70% for

|ηj| < 1.2 and about 60% for 1.2 < |ηj| < 2.5 with pjT & 200 GeV. The mistag rate

depends on the quark species, as well as pT and η of the jets. It is about 15% for

c-quark and a constant 2% for light jets.

• One isolated lepton3 (e or µ) is required to have

p`T > 20 GeV with |η`| < 2.5. (5.7)

Beside these basic cuts, we further optimize the cuts and divide the events into signal

regions on the following variables:

• Missing energy 6ET , which is the magnitude of the the missing transverse momentum,

to be above 100, 120, 140, 160 180, and 200 GeV.

• HT , the scalar sum of the jet transverse momentum of all surviving isolated jets:

HT =
∑

jets |pjT |, to be above 400, 450, 500, 550, 600 GeV.

• MT , the transverse mass, defined as the invariant mass of the lepton and missing

energy:

MT (p`T ,p
miss
T ) =

√
2p`Tp

miss
T (1− cosφ`, 6ET ), (5.8)

to be above 100, 120, 140, 160, 180, 200 GeV.

• Nj, the multiplicity of all surviving isolated jets, being at least 4, 5 and 6.

2 The anti-kt jet algorithm is used in the reconstruction of jets, with the jet radius being 0.5. For

isolated jets, we require any jet within ∆R = 0.2 of a lepton be discarded. An event is discarded if the

distance between 6ET and all jets, ∆Φ(6ET , j), is less than 0.8.
3 For an isolated lepton, we require ∆R(`, j) > 0.4.
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• Nb, the multiplicity of tagged b-jets, being at least 2, 3 and 4.

The normalized distributions of /ET and HT are shown in Fig. 5.3. As expected, the

signal process has larger /ET from the missing neutralino-LSP than the background pro-

cesses, which is typically bounded by mW/2 due to the primary contribution W → `ν.

Given the relatively large stop/sbottom mass, the signal process typically has larger HT

than the SM backgrounds as well.

In Table. 5.5, we list the cumulative cut efficiencies after different levels of cuts, as well

as cross sections before and after cuts for both the sbottom and stop signals as well as the

SM backgrounds for the benchmark point listed in Table 5.3 for µ > 0. The cross section

for each process is normalized to their theoretical values including NLO QCD corrections

[178–184]. The background processes are significantly suppressed after strong 6ET , HT , MT

cuts. The leading background left is tt̄, followed by tt̄bb̄. We scan over the combinations

of the signal regions, to select the optimal combination which gives the best significance

for each mass grid point, including 10% systematic uncertainty. At
√
s = 14 TeV with

300 fb−1 integrated luminosity, the significance could reach about 17σ (14σ) for b̃1 (t̃1) of

about 640 GeV.
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Figure 5.3: Normalized distributions of 6ET (left panel) and HT (right panel) for the signal
b̃1b̃
∗
1 (red curves), t̃1t̃

∗
1 (blue curves) → bbWWh 6ET → ` bbbb jj 6ET after basic cuts with

mb̃1
= 637 GeV, mt̃1 = 646 GeV, as well as SM backgrounds at the 14 TeV LHC.

Signal significance contours are shown in Fig. 5.4 with the 5σ discovery reach (black
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Process σ (fb) Basic /ET > HT > MT > Nj ≥ Nb ≥ σ (fb)
cuts 200 GeV 500 GeV 160 GeV 5 2 after cuts

b̃1b̃1 13 39% 17% 14% 5.8% 4.3% 2.7% 3.4× 10−1

t̃1t̃1 10 39% 18% 16% 5.9% 4.4% 2.9% 2.9× 10−1

tt̄ 260,000 14% 0.24% 7.4× 10−4 1.7× 10−6 9.3× 10−7 2.4× 10−7 6.3× 10−2

tt̄bb̄ 2,300 24% 0.6% 0.3% 3.5× 10−5 2.3× 10−5 1.2× 10−5 2.8× 10−2

tt̄h 100 31% 1.2% 0.8% 5.8× 10−5 3.4× 10−5 1.9× 10−5 2.0× 10−3

tt̄Z 230 30% 1.2% 0.8% 6.6× 10−5 3.9× 10−5 9.8× 10−6 2.2× 10−3

tt̄W± 224 25% 1.2% 0.7% 4.8× 10−5 2.3× 10−5 6.3× 10−6 1.4× 10−3

√
s = 14 TeV

∫
L dt = 300 fb−1

S√
B+(10%B)2

= 17 (14) for b̃1 (t̃1)

Table 5.5: Cut efficiencies and cross sections before and after cuts for the signal b̃1b̃
∗
1, t̃1t̃

∗
1 →

bbWWh 6ET → ` bbbb jj 6ET for BP1 listed in Table 5.3 for µ > 0, as well as SM backgrounds
at the 14 TeV LHC. The significance is obtained for

∫
Ldt = 300 fb−1 with 10% systematic

error combining both sbottom and stop signals.

curve) and 95% C.L. exclusion limit (red curve) for 14 TeV LHC with 300 fb−1 integrated

luminosity. Fig. 5.4 (a) shows the mb̃1
−mχ0

1
plane and Fig. 5.4 (b) shows the mt̃1 −mχ0

1

plane. We find that 5σ discovery can reach approximately 750 GeV for b̃1 (t̃1) when χ0
1

is almost massless and reach about 920 GeV (900 GeV) when χ0
1 is roughly 200 GeV to

300 GeV. The 95% C.L. exclusion reach is about 100 GeV better.

Since the (mostly left-handed) sbottom and stop have the same undistinguishable final

states with their masses controlled by the same parameter M3SQ, we present the combined

reach of stop and sbottom in Fig. 5.4 (c) in M3SQ −mχ0
1

plane4. The 5σ discovery reach

in M3SQ increases to 820 GeV for a massless LSP and 1080 GeV for mχ0
1
∼ 300 GeV. The

masses up to 980 GeV can be excluded for a massless LSP, and the masses up to 1180 GeV

can be excluded for mχ0
1
∼ 300 GeV at 95% C.L.

We would like to reiterate that the mixing in sbottom and stop sectors governs the

mass spectrum of the sbottom and stop. Small mixing in the sbottom sector is always

a good approximation given the small bottom Yukawa coupling, while the mixing in the

stop sector may be large enough to suppress the mass of the lighter stop further. In our

cases (including the µ < 0 case discussed below), the right-handed stop is assumed to be

4The mass difference between the stop and sbottom does not affect the combination of the stop and

sbottom signals, since the same cuts are used for both the stop and sbottom events.
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very heavy (decoupled to be 2 TeV), which will result in a smaller mixing for a large range

of At ∈ [−4000, 4000] GeV. Furthermore, even if a large mixing in the stop sector gives

a much lighter stop compared with the sbottom, this would potentially lead to a better

signal in the stop sector. The combination of the stop and sbottom signals, however, does

not depend on the mass difference between the stop and sbottom. In the parameter space

that we are considering with a relatively small stop and sbottom mass difference, both

channels contribute significantly to the combined reach. In cases when the mass difference

between the stop and sbottom is large, only one channel will contribute dominantly to the

combined significance.
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Figure 5.4: Signal significance contours for b̃1b̃
∗, t̃1t̃

∗
1 → bbWWh 6ET → ` bbbb jj 6ET final

states for 14 TeV LHC with
∫
L dt = 300 fb−1 luminosity. The 5σ discovery reach (black

curves) and 95% C.L exclusion limit (red curves) for the sbottom only are shown in the (a)
mb̃1
−mχ0

1
plane, (b) mt̃1 −mχ0

1
plane and in the (c) M3SQ −mχ0

1
plane for the combined

reach for sbottom and stop.
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5.3.2 The Case of µ < 0: final states with a Z-boson

For the case of µ < 0, the dominant decay channel of χ0
2 is χ0

2 → Zχ0
1 instead [122]. The

leading signal under consideration for the pair production of sbottom and stop with b̃1 →
bχ0

2 → bZχ0
1, b̃∗1 → tχ−1 → bW+ W−χ0

1 and t̃1 → tχ0
2 → bW+Zχ0

1, t̃∗1 → bχ−1 → bW−χ0
1, is

then

b̃1b̃
∗
1 → bb WW Z 6ET → `+`− bb jjjj 6ET

t̃1t̃
∗
1 → bb WW Z 6ET → `+`− bb jjjj 6ET

The signal contains two b-jets, four light flavor jets, two same flavor but opposite sign

leptons, and large missing energy. The two leptons are used to reconstruct the Z boson,

which will significantly reduce the SM backgrounds. The dominant background is tt̄ plus

one or two additional QCD jets.

We impose the basic event selection cuts as the previous case. We again optimize the

cuts and divide the events into signal regions:

• /ET to be above 100, 120, 140, 160 180, and 200 GeV.

• HT to be above 400, 450, 500, 550, 600 GeV.

• MT2, the lepton-bashed transverse mass [185–187]:

MT2(p`1T ,p
`2
T ,p

miss
T ) = min

pmiss
T,1 +pmiss

T,2 =pmiss
T

{max{MT (p`1T ,p
miss
T,1 ),MT (p`2T ,p

miss
T,2 )}} (5.9)

to be above 75, 80, 85, 90 GeV.

• ∆M`` = |M`` −mZ |, being less than 10 GeV.

• Nj being at least 4, 5 and 6.

• Nb being at least 1 to suppress the enormous QCD backgrounds with light flavor jets.

The normalized distributions of 6ET and MT2 for both the sbottom and stop signal,

as well as the SM backgrounds are presented in Fig. 5.5. The 6ET distributions for the

signal typically extends to larger values. The MT2(p`1T ,p
`2
T ,p

miss
T ) distributions for SM
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backgrounds with the lepton pair coming from leptonic W decay are cut off at mW , while

the signal as well as the bbZZ background have much flatter MT2 distributions. Note that

while the distribution of the bbZZ background is similar to that of the signal, the overall

cross section for bbZZ is negligibly small.

Another interesting variable for the sbottom case is M``b, which is related to mb̃1
if the

b jet and the lepton pair from the same sbottom cascade decay chain b̃1 → bχ0
2 → bZχ0

1 can

be identified. While we will not use it for event selection in our analyses, M``b distribution

could provide information on mb̃1
as well as mχ0

2
if a sbottom signal is discovered.

The advanced cuts and the corresponding cumulative cut efficiencies as well as the

cross sections for sbottom and stop signal for BP2 with µ < 0 and SM backgrounds before

and after cuts are given in Table 5.6. The dominant SM background is tt̄ plus jets. A

significance of about 12σ (8.7σ) can be reached for b̃1 (t̃1) for the benchmark point at the

14 TeV LHC with 300 fb−1 luminosity, including 10% systematic error.
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Figure 5.5: Normalized distributions 6ET (left panel) and MT2 (right panel) for the signal
b̃1b̃
∗ (red curve), t̃1t̃

∗
1 (blue curves)→ bbWWZ 6ET → `+`− bb jjjj 6ET after basic cuts with

mb̃1
= 637 GeV, mt̃1 = 634 GeV, as well as SM backgrounds at the 14 TeV LHC.

Signal significance contours are shown in Fig. 5.6 with the 5σ discovery reach (black

curve) and 95% C.L. exclusion limit (red curve) for 14 TeV LHC with 300 fb−1 integrated

luminosity, in the (a) mb̃1
−mχ0

1
plane, (b) mt̃1−mχ0

1
plane, and (c) M3SQ−mχ0

1
plane. For

massless χ0
1, sbottom (stop) masses up to 650 (680) GeV can be discovered and 720 (760)
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Process σ (fb) Basic /ET > HT > MT2 > ∆Mll < Nj ≥ Nb ≥ σ (fb)
cuts 175 GeV 400 GeV 90 GeV 10 GeV 4 1 after cuts

b̃1b̃1 2.1 32% 17% 16% 5.8% 5.3% 5.3% 4.2% 8.8× 10−2

t̃1t̃1 1.8 27% 16% 11.2% 4.9% 4.4% 4.4% 3.6% 6.5× 10−2

tt̄ 33,000 1.3% 0.09% 0.06% 5.0× 10−6 4.9× 10−7 4.9× 10−7 3.7× 10−7 1.2× 10−2

tt̄Z 71 11% 0.25% 0.16% 5.8× 10−5 4.2× 10−5 4.2× 10−5 2.7× 10−5 1.9× 10−3

tt̄bb̄ 400 3.2% 0.20% 0.12% 1.4× 10−5 2.0× 10−6 2.0× 10−6 1.8× 10−6 6.9× 10−4

tt̄ZZ 0.16 16% 0.86% 0.64% 0.31% 0.27% 0.27% 0.18% 3.0× 10−4

bb̄ZZ 2.3 0.39% 0.11% 0.06% 2.9× 10−4 2.6× 10−4 2.6× 10−4 2.1× 10−4 4.8× 10−4

√
s = 14 TeV

∫
L dt = 300 fb−1

S√
B+(10%B)2

= 12 (8.7) for b̃1 (t̃1)

Table 5.6: Cut efficiencies and cross sections before and after cuts for the signal b̃1b̃
∗
1, t̃1t̃

∗
1 →

bbWWZ 6ET → `+`− bb jjjj 6ET , for BP2 in Table 5.3 for µ < 0, as well as dominant SM
backgrounds at the 14 TeV LHC. The significance is obtained for

∫
L dt = 300 fb−1 with

10% systematic error combining both sbottom and stop signals.

will be excluded at 95% C.L. if there is found over SM backgrounds. For moderate mass of

χ0
1 around 200 ∼ 300 GeV, the 5σ discovery can reach up to 820 (840) GeV, and the 95%

exclusion limit can go up to 890 (900) GeV for sbottom (stop). The combined reach of the

stop and sbottom is shown in Fig. 5.6 (c) in the M3SQ versus mχ0
1

plane. About 980 GeV

can be achieved in M3SQ for the 5σ discovery reach and about 1025 GeV for the 95% C.L.

exclusion. The experimental reach for the case of µ < 0 is lower than that for the case of

µ > 0.

5.3.3 Signature of b̃1 ∼ b̃R

To complete our exploration for the sbottom signal, we consider another scenario with the

low energy mass spectrum containing a light mostly right-handed sbottom, a Bino-like LSP

and Higgsino-like NLSPs. Here, the sign of µ does not affect the decay modes of sbottom

and neutralinos. The typical benchmark point is listed in Table 5.7, and the corresponding

branching fractions are listed in Table 5.8. Other soft SUSY breaking parameters are

decoupled by setting them to be 2 TeV. In this scenario, the right-handed sbottom couples

to the Bino and Higgsino through the U(1)Y or the bottom Yukawa couplings, which results

in the sbottom dominantly decaying to bχ0
1 due to the large phase space, followed by the

channel tχ±1 when it is kinematically open. We will focus on the signal reach of the sbottom
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Figure 5.6: Signal significance contours for b̃1b̃
∗, t̃1t̃

∗
1 → bbWWZ 6ET → `+`−bbjjjj 6ET final

states for 14 TeV LHC with
∫
L dt = 300 fb−1 luminosity. The 5σ discovery reach (black

curves) and 95% C.L. exclusion limit (red curves) are show in the (a) mb̃1
−mχ0

1
plane, in

the (b) mt̃1 −mχ0
1

plane, and the combined reach in the (c) M3SQ −mχ0
1

plane.
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M1 M2 M3SD At µ tan β mχ0
1

mχ±
1

mb̃1
mh

BP3 150 2000 650 2895 300 10 145 307 635 125

Table 5.7: MSSM parameters and mass spectrum of SUSY particles for the the benchmark
point in the case of Right-handed sbottom. All masses are in units of GeV.

Decay Channel BR Decay Channel BR

BP3
b̃1 → bχ0

1 58% χ±1 → χ0
1W

± 100%

b̃1 → tχ−1 18%

Table 5.8: Decay channels and the corresponding branching fractions of b̃1 and χ±1 for the
benchmark point, which corresponds to the case of Right-handed sbottom.

pair production

b̃1b̃
∗
1 → bχ0

1 tχ
±
1 → bχ0

1 tW
±χ0

1 → ` bb jj 6ET .

The SM backgrounds are somewhat similar to that of the µ > 0 case of left-handed sbottom

with fewer jets. We also include vector bosons plus additional jets as another background

[188].

We scan over a broad mass parameter space: M1 from 3 GeV to 800 GeV in steps

of 30 GeV, M3SD from 400 GeV to 1180 GeV in step of 30 GeV, µ is fixed to be µ =

M1 + 150 GeV. We further require that mb̃1
> mχ±

1
+ mt so that the decay channel

b̃1 → tχ±1 is kinematically accessible. Since the final state particles are stiffer than the

previous cases with cascade decays, we apply stronger basic cuts than before. The basic

event selection cuts are

• Jet:

|ηj| < 2.5, pjT > 40 GeV, ∆φj,6ET > 0.8. (5.10)

• Lepton:

|η`| < 2.5, p`T > 30 GeV, ∆R`j > 0.4. (5.11)

• at least three jets satisfying the requirement of Eq. (5.10), within which at least one

b-tagged, and exactly one lepton satisfying requirement Eq. (5.11).
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Process σ (fb) Basic /ET > HT > MT > Nj ≥ Nb ≥ σ (fb)
Cuts 200 GeV 500 GeV 160 GeV 4 1 after Cuts

b̃1b̃1 9.7 30% 20% 14% 8.1% 5.6% 5.6% 5.4× 10−1

tt̄ 260,000 5.3% 0.14% 4.7× 10−4 1.6× 10−6 8.1× 10−7 8.1× 10−7 2.1× 10−1

tt̄bb̄ 2,300 13% 0.4% 0.2% 3.7× 10−5 2.6× 10−5 2.6× 10−5 6.1× 10−2

tt̄h 100 20% 1% 0.7% 7.8× 10−5 5.2× 10−5 5.2× 10−5 5.3× 10−3

tt̄Z 230 14% 0.7% 0.5% 8.1× 10−5 4.5× 10−5 4.5× 10−5 1× 10−2

tt̄W± 224 11% 0.7% 0.5% 6.6× 10−5 3.4× 10−5 3.4× 10−5 7.6× 10−3

V jj 3.7× 107 4.8× 10−5 2.9× 10−6 1.8× 10−6 2.9× 10−9 1× 10−9 1× 10−9 3.8× 10−2

√
s = 14 TeV L = 300fb−1 S/

√
B + (10%B)2 11.4

Table 5.9: Cut efficiencies and cross sections before and after cuts for the signal b̃1b̃
∗
1 →

bbWW 6ET → ` bb jj 6ET , for BP3 in Table 5.7, as well as SM backgrounds at the 14 TeV
LHC. The significance is obtained for

∫
Ldt = 300 fb−1 with 10% systematic error.

• the leading b-jet pT is required to be larger than 100 GeV since one b-jet originates

directly from a heavy sbottom decay.

Besides the basic event selection cuts, we apply the same advanced event selection cuts

in the signal regions (HT , 6ET , MT , Nj and Nb) as in Sec. 5.3.1, and optimize them for

different mass parameters. In Table 5.9, we list the cross section before and after the

above cuts and also the resultant efficiency after every cut for the benchmark point listed

in Table 5.7.

Signal significance contours are shown in Fig. 5.7 with the 5σ discovery reach (black

curve) and 95% C.L. exclusion limit (red curve) for 14 TeV LHC with 300 fb−1 integrated

luminosity, in the mb̃1
−mχ0

1
plane. For a large range of mass of χ0

1 (from massless to about

300 GeV), sbottom masses up to approximately 880 GeV can be discovered or 1050 GeV

will be excluded at 95% C.L. if there is no SUSY signal found over SM backgrounds. The

reach at the lower mass of χ0
1 is better than that of the left-handed case, since lowering

the mass of χ0
1 will increase the pT of the b-jet produced together with χ0

1. This effect is

suppressed in the left-handed case where the leading b-jets are produced together with χ0
2

or χ±1 which are always heavier than χ0
1.
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Figure 5.7: Signal significance contours for b̃1b̃
∗
1 → bbWW 6ET → `± bb jj 6ET final state for

the right-handed sbottom in the mb̃1
−mχ0

1
plane for 14 TeV LHC with

∫
L dt = 300 fb−1

luminosity. The 5σ discovery reach (black curves) and 95% C.L. exclusion limit (red curves)
are shown.

5.4 Third generation squarks search in Bino LSP with Higgsino

NLSP

In the scenario of a Higgiso-like NLSP and a Bino-like LSP, in addition to the third gener-

ation squark sector, the relevant SUSY parameters are the Bino LSP with mass parameter

M1 and the Higgsino NLSP with mass parameter µ. After mass diagonalization, the SUSY

particles in the model are the lighter stop (t̃1), the neutralinos (χ0
1, χ0

2 and χ0
3) and charginos

(χ±1 ). Other SUSY particles, the wino, gluino, sleptons, and the first and second genera-

tion squarks, are decoupled to be 2 TeV. We also decouple the non-SM Higgs particles by

setting MA to be 2 TeV.

The two neutralinos χ0
2, χ0

3 and chargino χ±1 are almost degenerate, leading to undis-

tinguished collider signals due to the resolution of the detector, so we will not distinguish

the intermediate states χ0
2 and χ0

3 hereafter. The light stop dominantly decays to tχ0
2/χ

0
3

over tχ0
1 and bχ±1 given the large SU(2)L and the top Yukawa coupling. The neutralinos

χ0
2/χ

0
3 further decay to either a Z boson or a Higgs boson, which is discussed in detail in

Ref.[122], leading to tt̄hh 6ET , tt̄hZ 6ET and tt̄ZZ 6ET final states. Figure 5.8 shows the
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branching fractions of the three channels tt̄hh 6ET , tt̄hZ 6ET and tt̄ZZ 6ET for three different

M1 values, with µ = 150 GeV + M1. When M1 is small, the phase space of Higgs channel

is suppressed compared to the Z boson channel, resulting in a small branching fraction of

the channel χ0
2/χ

0
3 → hχ0

1, which leads to a suppressed channel tt̄hh 6ET of approximately

4%. As the M1 increases, the phase space has little impact on the decay branching frac-

tion, then B(χ0
2/χ

0
3 → hχ0

1) ≈ B(χ0
2/χ

0
3 → Zχ0

1) ≈ 50%, making the branching fraction of

t̃1 → tχ0
2/χ

0
3 → thχ0

1 and t̃1 → tχ0
2/χ

0
3 → tZχ0

1 almost equal, about 45% each.
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Figure 5.8: Branching fractions of three different channels tt̄hh 6ET , tt̄hZ 6ET and tt̄ZZ 6ET
as a function of light stop mass for the stop pair production. From left to right, three
different cases M1 = 3, 150, 300 GeV are considered, with µ fixed to be M1 + 150 GeV.

5.4.1 Recasting the CMS search results

The CMS group performed a search for the heavier stop (t̃2) [144] utilizing the same

searching final states. The channels for their search were: t̃2 → t̃1h and t̃2 → t̃1Z with

t̃1 further decaying via t̃1 → tχ0
1 assuming the mass relation mt̃1 −mχ0

1
= mt. This leads

to the finals states of tthh 6ET , tthZ 6ET and ttZZ 6ET for the pair production of t̃2 at the
√
s = 8 TeV LHC. The analysis by the CMS group is based on the multiplicities of the

leptons, multiplicities of jets, multiplicities of b-jets, missing energy 6ET , transverse mass

mT and HT , as demonstrated in Table I in Ref. [144]. We recast the experimental results
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of the CMS group using exactly the same event selections to obtain our own simulated

signal event yields as well as background predictions and observed data yields. Because

the reach of the two same-sign (SS) signal region is very low, we neglect it in this analysis.

The background predictions and observed data yields for the various signal regions are

listed in Tables II, III and IV in Ref. [144]. The root package TLimit [189] is used to

calculate the 95% confidence level upper limits. Figure 5.9 shows the comparison of the

contour plots of the CMS work [144] and our recast for 95% C.L. upper limits in the plane

of the mt̃2 vs mt̃1 for t̃2 → t̃1h (left) and t̃2 → t̃1Z (right) decay channel assuming a 100%

branching fraction, in which the NLO + NLL cross section [120] of the signal process at
√
s = 8 TeV is taken to calculate the signal yields. As can be seen from the figure, our

recast results match the CMS results quite well except for the edge region, validating the

procedures which were used to recast the results to the plane mt̃1 vs mχ0
1
. The discrepancy

between the CMS results and our simulations are due to the different detector simulations

of the signal process and the different methods used to calculate the 95% C.L. upper limits.

The 95% upper limits in the plane of mt̃2 vs mt̃1 for the three choices of the branching

fraction B(t̃2 → t̃1Z) is shown in left panel of Figure 5.10.

We also translated the CMS heavier stop t̃2 search exclusion limits at
√
s = 8 TeV to

that of the lighter stop mt̃1 vs mχ0
1

in the scenario of Higgsino NLSP and Bino LSP, since

those two processes lead to the same final states (pp→ t̃1t̃1 → ttχ0
2/χ

0
3 → tth/Z h/Z). We

use exactly the same event selections to obtain our own simulated signal event yields as

well as the background predictions and observed data yields to get the lighter stop search

reach. As can be seen in Figure 5.8, the tt̄hh 6ET channel is highly suppressed in the low χ0
1

mass region, leading to no reach in the current situation; there is a suppression of about

1/3 for the branching fractions of the channels tt̄hZ and tt̄ZZ, leading to lower exclusion

limits (less than 500 GeV) as shown in right panel of Figure 5.10.

5.4.2 Collider analysis at
√
s = 14 TeV

In the large parameter regions of the MSSM with light neutralinos and charginos, many

new decay channels of stop will open and even dominate in certain scenarios. Thus the

current searching channels of t̃1 → tχ0
1/bχ

+
1 will be highly suppressed, leading to large
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Figure 5.9: The comparison of 95% C.L. upper limits between CMS results and our simu-
lations are shown in the plane of MSSM parameter space mt̃2 vs mt̃1 , with the LSP mass
fixed to be mt̃1−mχ0

1
= 175 GeV. The left panel is the 95% C.L. upper limit for the process

t̃2 → t̃1h assuming 100% branching fraction for 1` signal region plus 2 OS ` signal region,
at least 3 ` signal region, and the combination of those two signal regions. The right panel
is the 95% C.L. upper limit for the process t̃2 → t̃1Z assuming 100% branching ratio for
the “on-Z” signal region. The CMS results are digitized and shown in asterisk. Our results
match with the CMS results quite well except the region near the edge.
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typical choices of B(t̃2 → t̃1Z) (assuming B(t̃2 → t̃1Z) + B(t̃2 → t̃1h) = 100%). The
decay channel of t̃2 → t̃1h is only consider when the Higgs boson production is kinematically
open. The signal regions of 1`, 2 OS ` and 3` “off-Z” are combined for the B(t̃2 → t̃1Z) =
0% case. For the mixed decay mode, both “off-Z” and “on-Z” signal regions are used to
set the 95% upper limit. Only “on-Z” signal regions are considered for the B(t̃2 → t̃1Z)
= 100% case. The right panel shows the reach contour plot for the recast light stop case
in the plane mt̃1 vs mχ0

1
for the decay pp→ t̃1t̃1 → ttχ0

2/χ
0
3 → tthZ, ttZZ. The light stop

mass up to 550 GeV are excluded at 95% C.L. upper limits.
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relaxation of the current searching limits using the above channels. In this analysis, we

consider the scenario with a Bino LSP and a Higgsino NLSP assuming the mass hierarchy

of M1 < µ < M3SQ � M2, which is studied phenomenologically in detail in Ref. [124].

The mass spectrum of the benchmark point is shown in Table 5.10. It consists of a mostly

left-handed stop and mostly left-handed sbottom, almost degenerate Higgsino-like NLSPs

(χ0
2, χ0

3 and χ±1 ), and a Bino-like LSP (χ0
1). The off diagonal term Ãt in the stop mass

matrix plays an important role in the mass of the SM-like Higgs, accordingly the value of

Ãt is chosen such that the SM-like Higgs mass is around 125 ∼ 126 GeV. Even though the

Ãt term is large, the mixing between t̃L and t̃R is small because of the large mass difference

between those two components, leading to a most left-handed stop. The branching fraction

of sbottom decay modes b̃1 → bχ0
2/χ

0
3 is highly suppressed due to the small bottom Yukawa

couplings, while b̃1 → tχ±1 is the dominant channel with a branching fraction as high as

98%. Therefore the sbottom signals will not contaminate the stop signals.

M1 µ M2 Ãt M3SQ M3SU χ0
1 χ0

2 χ0
3 χ+

1 t̃1 h
150 300 2000 2890 650 2000 145 308 311 305 620 125

Table 5.10: Mass parameters and mass spectrum of SUSY particles and the SM-like Higgs
for the benchmark point. There are two almost degenerate neutral NLSPs and one charged
NLSP. All masses are in units of GeV.

The existence of two degenerate neutralinos introduces complexity into the stop decay

which is shown in Table 5.11. The decay channels of t̃1 → tχ0
2 and t̃1 → tχ0

3 are dominant

with a branching fraction of about 50% each, with subsequent decay of neutralinos χ0
2/χ

0
3

to either a Higgs boson or a Z boson, while the decay channels of t̃1 → tχ0
1/bχ

+
1 are highly

suppressed, about only 3 ∼ 4%, leading to large relaxation of the current search limits. In

the case of positive µ, the χ0
2 (χ0

3) dominantly decays to Zχ0
1 (hχ0

1), while the negative µ

leads to the opposite case, so changing the sign of µ has a negligible impact on the collider

analysis. Given the degeneracy of χ0
2 and χ0

3, the stop dominantly decays to thχ0
1 and tZχ0

1,

respectively, with a branching fraction of about 45%. In LHC, the t̃1t̃
∗
1 pair production

leads to interesting final states of bbWWhh 6ET , bbWWhZ 6ET and bbWWZZ 6ET .

The benchmark points listed in Table 5.10 and 5.11 are only for illustration whenever

instructive. In the following analysis, we perform a broad scan over the mass parameter
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Decay channel Branching ratio
t̃1 → tχ0

1 3%
t̃1 → tχ0

2 44%
t̃1 → tχ0

3 49%
t̃1 → bχ+

1 4%

Decay channel Branching ratio
χ0

2 → Zχ0
1 96%

χ0
2 → hχ0

1 4%
χ0

3 → Zχ0
1 16%

χ0
3 → hχ0

1 84%

Table 5.11: The decay branching fractions of t̃1, χ0
2 and χ0

3 for the benchmark point listed
in Table5.10, and χ+

1 is 100% decaying to W+χ0
1.

space.

• M3SQ from 400 to 1250 GeV with a step of 25 GeV, corresponding to mt̃1 from about

352 GeV to about 1256 GeV.

• M1 is scanned from 3 GeV to 750 GeV, in the step of 25 GeV.

• µ is fixed to be µ = M1 + 150 GeV.

• We further require mt̃1 > mχ0
2
/mχ0

3
+ mt such that t̃1 → tχ0

2/χ
0
3 is kinematically

open.

Event samples, including all SM backgrounds and signals, are generated using Mad-

graph 5 [131], processed through Pythia 6 [132] for fragmentation and hadronization and

then through Delphes 3 [134] with the Snowmass combined LHC No-Pile-up detector card

[172] for the detector simulation. Both the SM backgrounds and the stop pair production

signal are normalized to theoretical cross sections, calculated including higher-order QCD

corrections [119–121, 173–177]. For the event generation, the top quark mass mt is set to

be 175 GeV and the Higgs mass mh to be 125 GeV.

Events Selection

In the phenomenological studies, we divide the signal regions into three primary categories:

1) the one lepton signal region (1`), 2) the two opposite-sign leptons signal region (2OS

`), 3) and the at-least-three leptons signal region (≥ 3`) for the three dominant channels

tt̄hh 6ET , tt̄hZ 6ET and tt̄ZZ 6ET . The signal region of the two same-sign leptons is not

considered in this analysis since the reach of this signal region is small.

The jets are reconstructed using the anti-kt algorithm with a cone radius of 0.5. All jets
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1` 2OS ` ≥ 3`

Basic cuts

Leading three jets pT > 40 Leading two jets pT > 40 -
Nj ≥ 4, Nb ≥ 2 Nj ≥ 4, Nb ≥ 2 Nj ≥ 2, Nb ≥ 1

Exact one lepton with pT > 25 Exact two leptons with pT > 25 ≥ 3 leptons with pT > 10
∆R(j, l) > 0.4 ∆R(j, l) > 0.4, ∆R(l, l) > 0.4 same

∆Φ(j,pmissT ) > 0.8 same same
- - “off-Z”, “on-Z”

Advanced cuts

6ET > 100, 125, 150, 175, 200 6ET > ..., 225, 250 same
HT > 400, 450, 500, 550, 600 same same
mT > 100, 125, 150, 175, 200 MT2 > 60, 70, 80, 90 -

- |m`` −mZ | < 5, 10, 15 same
Nj ≥ 4, 5, 6, 7 Nj ≥ 4, 5, 6 Nj ≥ 2, 3, 4, 5
Nb ≥ 2, 3, 4, 5 Nb ≥ 2, 3, 4 Nb ≥ 1, 2, 3

Table 5.12: All units are in GeV. The basic cuts and the finer signal regions on the variables
for the three primary signal regions 1`, 2 OS ` and ≥ 3`. All combinations of the advanced
cuts are examined, the specific one that gives the best significance will be used.

are required to meet pT > 30 GeV and η < 2.5, all leptons (e or µ) are required to meet η <

2.5. For the at-least-three leptons signal region, the events are divided into two categories:

the “on-Z” region, if there are pairs such that the invariant mass of two opposite sign same

flavor leptons is within 15 GeV of a Z boson mass, and the “off-Z” region, if there is no

such pair or the invariant mass is outside the mass window of the Z boson mass. All the

cuts are summarized in Table 5.12, and the cut variables are defined below:

• 6ET , defined as the magnitude of the missing transpose momentum pmissT .

• HT , defined as the scalar sum of the pT of all the jets which meet the basic selection

cuts: HT =
∑

jet p
jet
T .

• mT , defined as the invariant mass of the lepton and the missing transpose momentum:

mT =
√

2p`T 6ET (1− cosφ(p`T ,p
miss
T )), (5.12)

• MT2 [185–187], defined as the lower bound on the transverse mass resulting from the

two missing energies.

MT2(p`1T ,p
`2
T ,p

miss
T ) = min

pmiss
T,1 +pmiss

T,2 =pmiss
T

{max{mT (p`1T ,p
miss
T,1 ),mT (p`2T ,p

miss
T,2 )}} (5.13)
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Process σ (fb) Basic 6ET > HT > mT > Nj ≥ Nb ≥ σ (fb)
cuts 175 GeV 500 GeV 150 GeV 7 2 after cuts

t̃1t̃1(tt̄hh) 35 11.0% 4.6% 3.6% 1.6% 0.5% 0.5% 0.175
t̃1t̃1(tt̄hZ) 80 8.7% 4.3% 3.4% 1.6% 0.45% 0.45% 0.36
t̃1t̃1(tt̄ZZ) 46 5.7% 3.1% 2.3% 1.3% 0.31% 0.31% 0.14

tt̄ 261230 1.9% 5.2× 10−4 1.6× 10−4 8.4× 10−7 5× 10−8 5× 10−8 0.013
tt̄bb̄ 8305 3.2% 0.17% 9.3× 10−4 7.4× 10−5 6.6× 10−6 6.6× 10−6 0.055
tt̄Z 1095 2.3% 0.23% 0.12% 2.7× 10−4 2.2× 10−5 2.2× 10−5 0.024
tt̄W± 747 1.8% 0.18% 0.11% 9.7× 10−5 4.8× 10−6 4.8× 10−6 3.6× 10−3

tt̄h 572 4.6% 0.34% 0.22% 1.6× 10−4 1.4× 10−5 1.4× 10−5 8.1× 10−3

tt̄hh 0.83 10.8% 1.1% 0.87% 0.012% 1.7× 10−4 1.7× 10−4 1.5× 10−4

tt̄hZ 1.41 7.4% 1.2% 0.85% 0.022% 3.3× 10−4 3.3× 10−4 4.6× 10−4

tt̄ZZ 1.73 4.1% 0.74% 0.51% 0.016% 2.0× 10−4 2.0× 10−4 3.5× 10−4

Table 5.13: Cut efficiencies and cross sections before and after advanced selection cuts for
the signal t̃1t̃

∗
1 → bbWWhh 6ET , bbWWhZ 6ET and bbWWZZ 6ET with one lepton in the

final states as well as SM backgrounds at the 14 TeV LHC. Here the cross section of tt̄
is that of semileptonic decay, the cross sections of other backgrounds are the production
cross sections at

√
s = 14 TeV LHC.

• m``, the invariant mass of two OS leptons which survive from the basic selection cuts.

• Nj, the number of all the jets which meet the basic selection cuts.

• Nb, the number of all the b jets which meet the basic selection cuts.

Results of the one lepton signal region

In this section and the following, we focus on the discovery/exclusion reach of the light stop

at the 14 TeV LHC with an integrated luminosity of 300 fb−1. In the one lepton signal

region, the advanced selection cuts HT , 6ET , mT , Nj and Nbj are used to cut down the

huge SM backgrounds. Table 5.13 shows the cut efficiencies and cross sections before and

after one set of advanced cuts for the signals as well as the SM backgrounds. As expected,

the signal process has larger mT as well as extra 6ET contributions from the missing LSP

than the background processes, which is typically bounded at mW because of the primary

process W → `ν. tt̄, tt̄bb̄ and tt̄Z are the dominant backgrounds after strong mT , HT and

6ET cuts. While the irreducible SM backgrounds tt̄hh, tt̄hZ and tt̄ZZ are almost negligible

due to the very low cross sections.
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In Figure 5.11, the 95% C.L. upper limits (black curve) and 5σ discovery (red curve)

reach are shown in the plane of the MSSM parameter space mt̃1 vs mχ0
1

for the stop pair

production pp → t̃1t̃1 → tt̄χ0
2/χ

0
3 → tt̄hh 6ET (top left), tt̄hZ 6ET (top right) and tt̄ZZ 6ET

(bottom) at 14 TeV LHC with 300 fb−1 integrated luminosity. µ is fixed to be M1 + 150

GeV and 10% (20%) systematic uncertainties are assumed for solid (dotted) curves. For

each mass point of (mt̃1 ,mχ0
1
), given the mass dependence of the production cross section

and decay branching fractions shown in Figure 5.8, the signal σ × BR for each individual

point has been used. All combinations of the advanced selection cuts, 6ET , HT , mT , Nj

and Nbj are examined. The optimized combination that gives the best significance is used

for that particular mass point. The channel tt̄hh 6ET has no sensitivity in the low χ0
1 mass

region because of the very low branching fraction of the tt̄hh 6ET channel in the low χ0
1

mass region, on the contrary, the channel tt̄ZZ 6ET has the largest reach in the low χ0
1 mass

region, due to the large branching fraction in the low χ0
1 mass region. The tt̄hZ 6ET has the

best reach in the whole mass parameter region because of the comparably large branching

fraction. For the channel tt̄hh 6ET , stop masses up to 750 GeV can be discovered at the 5

σ significance level for mχ0
1

= 220 GeV, and the 95% C.L. exclusion limits are about 950

GeV for mχ0
1

= 250 GeV, assuming 10% systematic uncertainties. The 5 σ discovery reach

can go up to 920 GeV (840 GeV), or the stop masses up to 1050 GeV (1000 GeV) can be

excluded at the 95% C.L for the channel tt̄hZ 6ET (tt̄ZZ 6ET ). Limits with 20% systematic

uncertainties are about 100 GeV worse.

Results of the two OS leptons signal region

In the two OS leptons signal region, advanced selection cuts including HT , 6ET , MT2, Nj

and Nbj are used for the channel tt̄hh 6ET ; one more cut besides the above mentioned cuts,

m``, is used for the channels tt̄hZ 6ET and tt̄ZZ 6ET . The normalized distributions of MT2

and m`` for the signal processes and SM backgrounds are shown in Figure 5.12. The MT2

distribution for the signal extends to larger values, while the MT2 distributions for the SM

backgrounds are cut off at mW mass given that the two leptons of the SM backgrounds

come from leptonic W Decay. The m`` distributions for the signal and tt̄Z has a sharp peak

at about the Z boson mass, contrarily, the m`` distributions for the other SM backgrounds
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Figure 5.11: The 95% C.L. upper limits (black) and 5σ discovery reach (red) are shown in
the plane of MSSM parameter space mt̃1 vs mχ0

1
for the stop pair production pp→ t̃1t̃1 →

tt̄χ0
2/χ

0
3 → tt̄hh 6ET (top left), tt̄hZ 6ET (top right) and tt̄ZZ 6ET (bottom) with exact one

lepton in the final states at 14 TeV LHC with 300 fb−1 integrated luminosity. µ is fixed to
be M1 + 150 GeV and 10% (20%) systematic uncertainties are assumed for solid (dotted)
curves. The color coding on the right indicates the signal significance defined simply as
S/
√
B to guide the eye.
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are flat because the two leptons are not from the Z boson decay.
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Figure 5.12: Normalized distributions of MT2 (left) and m`` (right) for the signal channel
tt̄hZ and tt̄ZZ at the benchmark point with mt̃1 = 625 GeV and the SM backgrounds
after basic selection cuts.

Table 5.14 illustrates the cumulative cut efficiencies and cross sections before and after

one set of advanced selection cuts for the signals and SM backgrounds. The dominant

background for the two OS leptons signal region is tt̄Z, given its relatively large cross

section and similar final states to the signal process. tt̄ is the second dominant background

due to its large cross section. A significance of about 12σ (7.7σ) can be reached for signal

channel tt̄hZ 6ET (tt̄ZZ 6ET ) for the benchmark point at the 14 TeV LHC with 300 fb−1

integrated luminosity, including 10% systematic error.

Signal significance contours are shown in Figure 5.13 with 5σ discovery reach (red curve)

and 95% C.L. exclusion limit (black curve) in the plane of mt̃1 versus mχ0
1

for the 14 TeV

LHC with 300 fb−1 integrated luminosity, including 10% (solid curve) and 20% (dashed

curve) systematic uncertainties, for the stop pair production pp → t̃1t̃1 → tt̄χ0
2/χ

0
3 →

tt̄hZ 6ET (left) and tt̄ZZ 6ET (right). µ is fixed to be M1 + 150 GeV. The same procedure

to pick the exact combination of cuts, 6ET , HT , MT2, m``, Nj and Nbj is applied here as

the previous section. The channel tt̄hh 6ET has no reach sensitivity, in that the branching

fraction of the dilepton channel is very low and its final states are similar to the large SM
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Process σ (fb) Basic 6ET > HT > MT2 > |m`` −mZ | < Nj ≥ Nb ≥ σ (fb)
cuts 100 GeV 400 GeV 80 GeV 5 GeV 6 2 after cuts

t̃1t̃1(tt̄hZ) 80 1.7% 1.3% 1.1% 0.34% 0.2% 0.1% 0.1 0.08

t̃1t̃1(tt̄ZZ) 46 1.6% 1.2% 1.1% 0.35% 0.24% 0.11% 0.11% 0.051
tt̄ 33330 0.4% 0.14 5× 10−4 2× 10−5 1× 10−6 9× 10−8 9× 10−8 0.003
tt̄bb̄ 8305 0.18% 6× 10−4 3× 10−4 1× 10−5 4× 10−7 1.2× 10−7 1.2× 10−7 0.001
tt̄Z 1095 0.4% 9× 10−4 5.3× 10−4 5× 10−5 2.7× 10−5 5.4× 10−6 5.4× 10−6 0.0056
tt̄W± 747 0.2% 9.3× 10−4 5.1× 10−4 1.1× 10−5 3.2× 10−7 1.2× 10−7 1.2× 10−7 -
tt̄h 572 0.6% 0.2% 0.1% 2.9× 10−5 1.2× 10−6 3.5× 10−7 3.5× 10−7 -
tt̄hh 0.83 3.1% 1.2% 1.0% 3.5× 10−4 1.9× 10−5 4.8× 10−6 2.5× 10−6 -
tt̄hZ 1.41 2.2% 0.8% 0.7% 6× 10−4 2.4× 10−4 5.9× 10−5 5.9× 10−5 -
tt̄ZZ 1.73 1.2% 0.4% 0.3% 6× 10−4 3× 10−4 9× 10−5 9× 10−5 -

Table 5.14: Cut efficiencies and cross sections before and after advanced selection cuts for
the signal t̃1t̃

∗
1 → bbWWhZ 6ET and bbWWZZ 6ET with two OS leptons in the final states

as well as SM backgrounds at the 14 TeV LHC. We do not list the information for the
channel bbWWhh 6ET in that there is no reach for this channel. Here the cross section of
tt̄ is that of dileptonic decay, the cross sections of other backgrounds are the production
cross section at

√
s = 14 TeV LHC.

backgrounds. Stop masses up to 800 GeV (920 GeV) can be discovered at 5σ significance,

or stop masses up to 900 GeV (1000 GeV) can be excluded at 95% C.L. for the channels

tt̄hZ 6ET (tt̄ZZ 6ET ) if there is no SUSY signal found over SM backgrounds. Limits with

20% systematic uncertainties are very close to that of 10% case.

Results of the at-least-three leptons signal region

The at-least-three leptons signal region is further divided into two signal regions: the “off-

Z” and “on-Z” signal region as defined in Section 5.4.2. The “off-Z” signal region is applied

to the tt̄hh 6ET channel, the “on-Z” signal region is applied to the tt̄hZ 6ET and tt̄ZZ 6ET
channels. The cut efficiencies and cross sections before and after one set of advanced

selection cuts for the “on-Z” signal region are shown in Table 5.15. We do not list the

tables of cut efficiencies and cross sections for the “off-Z” signal region because the reach

is very small for all the three channels. As can be seen from Table 5.15, the tt̄Z is the

dominant background, followed by the tt̄h process. The at least three leptons channel are

highly suppressed for the tt̄ and tt̄bb̄ processes such that they are always cut to be 0.

In Figure 5.14, the 95% C.L. upper limits (black curve) and 5σ discovery reach (red
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Figure 5.13: The 95% C.L. upper limits (black) and 5σ discovery reach (red) are shown in
the plane of MSSM parameter space mt̃1 vs mχ0

1
for the stop pair production pp→ t̃1t̃1 →

tt̄χ0
2/χ

0
3 → tt̄hZ 6ET (left) and tt̄ZZ 6ET (right) with two OS leptons in the final states at

14 TeV LHC with 300 fb−1 integrated luminosity. The channel tt̄hh 6ET has no reach due
to the very low branching fraction and large SM backgrounds. µ is fixed to be M1 + 150
GeV and 10% (20%) systematic uncertainties are assumed for solid (dotted) curves. The
color coding on the right indicates the signal significance defined simply as S/

√
B to guide

the eye.
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on-Z

Process σ (fb) Basic 6ET > HT > |m`` −mZ | < Nj ≥ Nb ≥ σ (fb)
cuts 175 GeV 400 GeV 5 4 1 after cuts

t̃1t̃1(tt̄hZ) 80 1% 0.4% 0.3% 0.27% 0.23% 0.23% 0.19
t̃1t̃1(tt̄ZZ) 46 1.5% 0.7% 0.5% 0.46% 0.35% 0.35% 0.16

tt̄Z 1095 0.8% 5× 10−4 2× 10−4 1.7× 10−4 8.1× 10−5 8.1× 10−5 0.09
tt̄W± 747 7× 10−4 6.6× 10−5 1.8× 10−5 6.4× 10−6 2.4× 10−6 2.4× 10−6 0.002
tt̄h 572 0.1% 1.1× 10−4 4.4× 10−5 1.6× 10−5 9.4× 10−6 9.4× 10−6 0.005
tt̄hh 0.83 0.7% 9× 10−4 5× 10−4 2× 10−4 1.4× 10−4 1.4× 10−4 -
tt̄hZ 1.41 1.8% 0.21% 0.1% 9× 10−4 5.7× 10−4 5.7× 10−4 -
tt̄ZZ 1.73 2.2% 0.32% 0.17% 0.14% 8.3× 10−4 8.3× 10−4 -

Table 5.15: Cut efficiencies and cross sections before and after cuts for the signal t̃1t̃
∗
1 →

bbWWhZ 6ET and bbWWZZ 6ET with at least three leptons in the final states as well as SM
backgrounds for the “on-Z” signal region at the 14 TeV LHC. The bbWWhh has no reach,
so we will not consider it here. The tt̄ and tt̄bb̄ can only have dileptonic decay channel, so
the at least three leptons channel are extremely suppressed such that they can be ignored.

curve) are shown in the plane of MSSM parameter space mt̃1 vs mχ0
1

for the stop pair

production pp → t̃1t̃1 → tt̄χ0
2/χ

0
3 → tt̄hZ 6ET and tt̄ZZ 6ET at 14 TeV LHC with 300

fb−1 integrated luminosity. µ is fixed to be M1 + 150 GeV and 10% (20%) systematic

uncertainties are assumed for solid (dotted) curves. The same procedure used to pick the

exact combination of cuts, 6ET , HT , m``, Nj and Nbj is applied here as the previous section.

Again there is no reach for the tt̄hh 6ET channel due to the very low branching fraction of at

least three leptons final states and large SM backgrounds. In the “on-Z” signal region, stop

masses up to 800 GeV (850 GeV) for the channel tt̄hZ 6ET (tt̄ZZ 6ET ) can be discovered at

the 5σ significance, assuming 10% systematic uncertainties. The 95% C.L. exclusion limits

can reach about 880 GeV (1000 GeV) for the channel tt̄hZ 6ET (tt̄ZZ 6ET ) if there is no

SUSY signal found over SM backgrounds. Limits with 20% systematic uncertainties are

almost the same as that of 10% systematic uncertainties. The reach for the “off-Z” signa

region is much smaller than that of “on-Z” signal region.

Results of combined channels

In this section, we perform two different combination approaches: 1) combine the three

channels tt̄hh 6ET , tt̄hZ 6ET and tt̄ZZ 6ET to obtain the 5σ and 95% C.L. reach for the three

primary signal regions. 2) combine the three primary signal regions to obtain the 5σ and
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Figure 5.14: The 95% CL upper limits (black curve) and 5σ discovery reach (red curve)
are shown in the plane of MSSM parameter space mt̃1 vs mχ0

1
for the stop pair production

pp → t̃1t̃1 → tt̄χ0
2/χ

0
3 → tt̄hZ 6ET (left) and tt̄ZZ 6ET (right) with at least three leptons in

the final states at 14 TeV LHC with 300 fb−1 integrated luminosity. µ is fixed to be M1

+ 150 GeV and 10% (20%) systematic uncertainties are assumed for solid (dotted) curves.
The two panels are for the “on-Z” signal region, the reach plots for the “off-Z” signal region
are not shown here because of the very low reach. The color coding on the right indicates
the signal significance defined simply as S/

√
B to guide the eye.
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95% C.L. reach for the three channels tt̄hh 6ET , tt̄hZ 6ET and tt̄ZZ 6ET . We take one specific

set of advanced selection cuts to do the combinations, which are listed in Table 5.16.
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Figure 5.15: The 95% CL upper limits (black curve) and 5σ discovery reach (red curve) are
shown in the plane of MSSM parameter space mt̃1 vs mχ0

1
for the combined signal regions

in the two channels tt̄hZ and tt̄ZZ at 14 TeV LHC with 300 fb−1 integrated luminosity.
µ is fixed to be M1 + 150 GeV and 10% systematic uncertainties are assumed. Because
the reaches of the two OS leptons signal region and at-least-three leptons signal region are
much smaller than that of the one lepton signal region, therefore the combined reach is very
close to that of the one lepton signal region. The dotted line in right panel represents the
case of 100% decay branching fraction assumption. The color coding on the right indicates
the signal significance defined simply as S/

√
B to guide the eye.

We again use the root package TLimit [189] to calculate the 95% C.L. upper limits

and use S/
√
B to calculate the 5 σ significance. Combined signal significance contours of

5σ discovery reach (red curve) and 95% C.L. exclusion limit (black curve) are shown in

Figure 5.15 and Figure 5.16 in the plane of mt̃1 versus mχ0
1

for the 14 TeV LHC with

300 fb−1 integrated luminosity, including 10% systematic error. Because tt̄hh 6ET has no

reach in either the two OS signal region or the at least three leptons signal region, it is

not considered for the combinations for the the two signal regions. As can be seen in

Figure 5.15, the one lepton signal region contributes most to both tt̄hZ 6ET and tt̄ZZ 6ET
channels. The 5σ reach can go up to 920 GeV, and the 95% exclusion limits can extend

to 1100 GeV for the channel tt̄hZ 6ET .
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In the combined reach of the three channels tt̄hh 6ET , tt̄hZ 6ET and tt̄ZZ 6ET shown

in Figure 5.16, the one lepton signal region has the best reach sensitivity, in which the

channel tt̄hZ 6ET has the largest contribution. The top mass can be discovered up to 1030

GeV, or excluded up to 1200 GeV for the one lepton signal region. For the 2OS ` signal

region and at least 3` signal region, the combined reach is almost the average of the two

channels tt̄hZ 6ET and tt̄ZZ 6ET , leading to an almost vertical right boundary. A stop mass

up to 930 GeV for mχ0
1
∼ 120 GeV can be discovered, or a stop mass between 370 GeV and

1060 GeV is excluded at the 95% C.L. for the 2OS ` signal region. For the at-least-three

lepton “on-Z” signal region, the 5σ reach of a stop mass can go to 880 GeV for a small

LSP mass, and the 95% C.L. exclusion limit can reach 1000 GeV for a broad LSP mass

region.

Signal region 6ET > HT > mT |m`` −mZ | < MT2 > Nj ≥ Nb ≥
One lepton 200 GeV 550 GeV 200 GeV - - 7 2

Two OS leptons 150 GeV 500 GeV - 5 GeV 80 GeV 5 2
At least three leptons 200 GeV 500 GeV - 5 GeV - 5 1

Table 5.16: The set of advanced selection cuts for the three primary signal regions. There
are total 11.57±0.82 background events for the one lepton signal region, 2.66±0.57 back-
ground events for the two OS leptons signal region, and 6.55±0.28 background events for
the at least three leptons signal region.

5.4.3 Collider analysis at
√
s = 100 TeV

We focus on the
√
s = 100 TeV collider phenomenology under the same assumption:

Higgsino NLSP and Bino LSP with mass hierarchies of M1 < µ < M3SQ � M2, other

irrelevant SUSY particles are decoupled to be 20 TeV. We fix µ to be M1 + 500 GeV

because we believe the low mass particles are not degenerate. Under this assumption, the

branching fractions of χ0
2/χ

0
3 → χ0

1h ≈ χ0
2/χ

0
3 → χ0

1Z ≈ 50% as discussed in Ref[122], so

the decay branching fractions of tt̄hh 6ET , tt̄hZ 6ET , tt̄ZZ 6ET are roughly 25%, 50%, 25% for

the entire mass region. We perform a broad scan over the high mass parameter regions:

• M3SQ from 1000 to 8000 GeV in steps of 250 GeV, corresponding to mt̃1 from about

1009 GeV to about 8001 GeV.
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Figure 5.16: The 95% CL upper limits (black curve) and 5σ discovery reach (red curve) are
shown in the plane of MSSM parameter space mt̃1 vs mχ0

1
for the combined decay channels

of tt̄hh, tt̄hZ and tt̄ZZ in the three primary signal regions at 14 TeV LHC with 300 fb−1

integrated luminosity. µ is fixed to be M1 + 150 GeV and 10% systematic uncertainties
are assumed. The color coding on the right indicates the signal significance defined simply
as S/

√
B to guide the eye.
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• M1 is scanned from 5 GeV to 5000 GeV, in steps of 250 GeV.

• µ is fixed to be µ = M1 + 500 GeV.

• We further require mt̃1 > mχ0
2
/mχ0

3
+ mt such that t̃1 → tχ0

2/χ
0
3 is kinematically

open.

The top quark from the large mass stop is highly boosted as discussed in Ref. [190],

which leads to the leptons collinear with the high pT jets. So at the event generation,

we do not require the separation ∆R between jets and leptons to be larger than 0.5.

Event samples including all SM backgrounds and signals are generated using Madgraph 5

[131], processed through Pythia 6 [132] for the fragmentation and hadronization and then

through Delphes 3 [134] with the Snowmass combined LHC No-Pile-up detector card [172]

for the detector simulation. We allow up to one additional parton in the final state, and

adopt the MLM matching scheme [191] with xqcut = 80 GeV for tt̄j background. Both

the SM backgrounds and the stop pair production signal are normalized to theoretical

cross sections, calculated including higher-order QCD corrections [121, 188]. For the event

generation, the top quark mass mt is set to be 175 GeV, and the Higgs mass mh to be 125

GeV. At the generator level, we apply the ST cut (pT scalar sum of all partons) as follows:

ST ≥ 3 TeV for the tt̄j background and ST ≥ 1 TeV for the tt̄B background, where B

stands for bosons including W , Z and h.

For the signal events of the whole parameter space and all SM backgrounds, we have

the following requirements:

• All jets reconstructed using the anti-kt algorithm [192] with a cone radius R = 0.4,

are required to have pT > 50 GeV and |η| < 2.5, and include at least two jets with

pT > 500 (1000) GeV.

• All leptons (e or µ) are required to have pT > 30 GeV and |η| < 2.5, and include at

lest one lepton with pT > 100 (200) GeV contained within a ∆R = 0.5 cone centered

around one of the leading two jets.

• The missing transverse momentum is separated from any jet with pT > 100 (200)

GeV and |η| < 2.5, ∆Φ(pmissT , j) > 1.0.
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• mT , defined as the invariant mass of the leading lepton and the missing transpose

momentum, to be greater than 500, 750, 1000, 1250, 1500 GeV.

• 6ET to be greater than 1, 1.5, 2, 2.5, 3, 3.5, 4 TeV.

• HT to be greater than 2, 3, 4, 5, 6 TeV.

• Nj to be at least 4, 5, 6, 7; Nbj to be at least 2, 3 ,4 ,5.
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Figure 5.17: Normalized distributions of 6ET (left) and mT (right) for the signal channel
tt̄hZ 6ET with mt̃1 = 4000 GeV and mχ0

1
= 1000 GeV as well as SM backgrounds after the

Nj, N` and ∆Φ(j, 6ET ) cuts.

After imposing the requirement that leptons are collinear to the two leading jets on the SM

backgrounds, the selected samples mainly contain the boosted heavy quarks. The neutrinos

in the form of 6ET from the W ’s decays are highly aligned with the jet momenta, while 6ET
of signals mainly come from the LSP, which is not usually aligned with the jet momenta.

Therefore it is useful to impose the angle separation ∆Φ cut between 6ET and the jets with

pT > 100 (200) GeV and |η| < 2.5. The normalized distributions after the above cuts of 6ET
and mT are displayed in Figure 5.17. The 6ET and mT distribution of SM backgrounds are

typically bounded by mW because 6ET and mT mainly come from the decay W → `ν, while

the signal has much broader distribution because of the LSP contribution, as expected.
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Description t̃1t̃1 (tt̄hh) t̃1t̃1 (tt̄hZ) t̃1t̃1 (tt̄ZZ) tt̄j tt̄B

CS (fb) before cuts 0.66 1.32 0.67 2670 2003
Nj ≥ 2 94% 93% 92% 93% 40%
N` ≥ 1 37% 37% 35% 40.6% 8.6%

∆Φ(j, 6ET ) 5.5% 6.6% 7.5% 1.7% 7.3× 10−3

6ET > 1500 GeV 2.5% 3.3% 4.1% 2.9× 10−5 6.6× 10−5

HT > 4000 GeV 1.2% 1.6% 1.9% 1.0× 10−5 8.5× 10−6

mT > 1000 GeV 7.4× 10−3 1.1% 1.4% 3.2× 10−6 5.4× 10−6

Nj ≥ 5 5.8× 10−3 8.3× 10−3 8.7× 10−3 1.8× 10−6 2.4× 10−6

Nbj ≥ 2 4.9× 10−3 6.0× 10−3 5.5× 10−3 3.1× 10−7 1.3× 10−6

CS (fb) after cuts 3.2× 10−3 8.0× 10−3 3.7× 10−3 8.3× 10−4 2.6× 10−3

Yields 9.6 24 11.1 2.5 7.8

Table 5.17: The cumulative cut efficiencies, cross sections and yields for the signal with
mt̃1 = 4000 GeV and mχ0

1
= 1000 GeV as well as SM backgrounds. The B in tt̄B stands

for bosons including W , Z and h.

Table 5.17 shows the cross sections, yields and cut efficiencies after each level of one set of

cuts for the signals as well as the SM backgrounds. The tt̄B (B = W,Z, h) is the dominant

background after all strong cuts, other SM backgrounds are typically small after strong HT

and 6ET cuts, therefore they are not considered in this analysis. The discovery significance

of 7σ for channel tt̄hZ 6ET can be reached after the strong cuts.

In Figure 5.18, the 95% C.L. upper limits (black curve) and 5σ discovery reach (red

curve) are shown in the plane of the MSSM parameter space mt̃1 vs mχ0
1

for the stop pair

production pp → t̃1t̃1 → tt̄χ0
2/χ

0
3 → tt̄hh 6ET (top left), tt̄hZ 6ET (top right), tt̄ZZ 6ET

(bottom left) and combined channels (bottom right) at 100 TeV LHC with 3000 fb−1

integrated luminosity. µ is fixed to be M1 + 500 GeV and 10% systematic uncertainties are

assumed. For each mass point of (mt̃1 ,mχ0
1
), given the mass dependence of the production

cross section and decay branching fractions shown in Figure 5.8, the signal σ×BR for each

individual point has been used. All combinations of the advanced selection cuts of 6ET , HT ,

mT , Nj and Nbj are examined. The optimized combination that gives the best significance

is used for each particular mass point. The channel tt̄hZ 6ET has the best reach sensitivity

due to the large branching fractions. The stop masses up to 5 TeV for the channel tt̄hZ 6ET
can be discovered at the 5σ significance, assuming 10% systematic uncertainties. The 95%
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C.L. exclusion limits can reach about 6 TeV for the channel tt̄hZ 6ET if there is no SUSY

signal found over SM backgrounds. In the simplified model, assuming the stop pair 100%

decaying to tt̄hh 6ET or tt̄ZZ 6ET , the stop mass up to 6.2 TeV can be discovered at 5σ

significance, or can be excluded up to 6.8 TeV. The combined reach of all three channels

can also push the discovery limit to 6 TeV just as that of the simplified model. This

greatly improves our understanding of the TeV scale SUSY and the nature of electroweak

breaking.
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Figure 5.18: The 95% CL upper limits (black curve) and 5σ discovery reach (red curve)
are shown in the plane of MSSM parameter space mt̃1 vs mχ0

1
for the stop pair production

pp→ t̃1t̃1 → tt̄χ0
2/χ

0
3 → tt̄hh 6ET (top left), tt̄hZ 6ET (top right), tt̄ZZ 6ET (bottom left) and

combined channels (bottom right) at 100 TeV LHC with 3000 fb−1 integrated luminosity.
µ is fixed to be M1 + 500 GeV and 10% systematic uncertainties are assumed. Solid line
stands for the real situation in the scenario and dotted line represents the case of 100%
decay branching fraction assumption. The color coding on the right indicates the signal
significance defined simply as S/

√
B to guide the eye.
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CHAPTER 6

Precision Measurements

Precision measurements have been essential in establishing the theory of the Standard

Model, furthermore, they provide a complimentary approach to probe new physics in ad-

dition to the direct collider searches. Although the LHC is entering the TeV scale era,

the Higgs couplings to fermions and vector bosons (W , Z) can only be measured approx-

imately at a 5 ∼ 10 % precision level [193–195] at the
√
s = 14 TeV LHC with 300 fb−1

integrated luminosity due to the huge QCD backgrounds in the proton proton collision.

Therefore, future e+ e− colliders like the Circular Electron Positron Collider (CEPC) [196]

are critical to both the Z-pole and the Higgs precision measurements. One of the greatest

advantages of a lepton collider Higgs factory like CEPC is the capability to determine

the Higgs coupling constants model independently. In this chapter, we aim to study the

implementation of Higgs and Z-pole precision measurements on the constraints of the

Two-Higgs-Doublet-Model (2HDM) parameter space for current and future colliders.

6.1 NLO radiative corrections to Higgs couplings

The Higgs boson couplings to quarks (except top quark) and τ lepton can be measured

through the Higgs decay branching fractions to the corresponding fermions. In the same

way, the Higgs boson couplings to vector bosons and photons can also be determined

by measuring the Higgs decay branching fractions to them. Furthermore, the tri-linear

coupling of the Higgs boson hhh [89, 197–202] is essential to understand the structure

of the Higgs potential. Studying possible deviations of the Higgs couplings in the new

physics models is useful in understanding discriminative phenomenological properties. In

this section, we will study the theoretical prediction of Higgs couplings in the framework
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of the 2HDM at the NLO level.

6.1.1 hff couplings

The tree level scale factor of Higgs for hff and hV V (V = W,Z) coupling constants

compared to the Standard Model values are listed in Table 3.3. In the alignment limit,

namely sin(β − α) = 1, all scale factors become unity, which means all the tree level hV V

and hff couplings are the same as the Standard Model values. In the non-alignment

limit, the tree level deviations of hV V and hff couplings can be significant. The on-shell

renormalization scheme of the one-loop corrected Yukawa couplings hff is discussed in

Ref. [203]. The renormalized hff vertex can be expressed as:

Γ̂hff (p
2
1, p

2
2, q

2) = Γ0
hff + δΓhff + Γ1PI

hff (p
2
1, p

2
2, q

2) (6.1)

where Γ0
hff is the tree level vertex, p1 and p2 are the incoming momenta for the fermion

and anti-fermion, and q = p1 + p2 is the outgoing momentum for h. The counter term

contribution is given by:

δΓhff = −imf

v
ξfh

[
δmf

mf

+ δZf
V +

1

2
δZh +

δξfh
ξfh

+
δξfh
ξfh

(δCh + δα)− δv

v

]
(6.2)

where δξfh is the counter term of the Yukawa coupling scale factor, depending on the type

of Yukawa interaction. δZh is the counter term for h wave function renormalization. δCh is

the counter term for the off-diagonal term in the CP-even Higgs matrix. δα and δv are the

counter terms for the rotation angle α and VEV, respectively. The counter terms for the

fermion mass and the left-handed and right-handed fermion wave function renormalization

are given as:

mf → mf + δmf , ψL →
(
1 +

1

2
δZf

L

)
ψL, ψR →

(
1 +

1

2
δZf

R

)
ψR (6.3)

The renormalized fermion two point Green function can be split into the vector, axial

vector parts:

Π̂ff (p
2) = Π̂ff,V (p2) + Π̂ff,A(p2) (6.4)
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where the two parts can be expressed in terms of the 1PI diagram contributions and the

counter terms:

Π̂ff,V (p2) = /p
[
Π1PI
ff,V (p2) + δZf

V

]
+mf

[
Π1PI
ff,S(p2)− δZf

V −
δmf

mf

]

Π̂ff,A(p2) = /pγ5

[
Π1PI
ff,A(p2) + δZf

A

] (6.5)

where Π1PI
ff,V , Π1PI

ff,A and Π1PI
ff,S are the vector, axial vector and scalar parts of the 1PI

diagram contributions at one-loop level, respectively. The wave function renormalization

counter term can be expressed as:

δZf
V =

δZf
L + δZf

R

2
, δZf

A =
δZf

L − δZf
R

2
(6.6)

The counter terms δmf , δZ
f
V and δZf

A can be obtained from the three renormalization

conditions:

Π̂ff,V (m2
f ) = 0

d

d/p
Π̂ff,V (p2)

∣∣∣
p2=m2

f

= 0,
d

d/p
Π̂ff,A(p2)

∣∣∣
p2=m2

f

= 0
(6.7)

with

δmf

mf

= Π1PI
ff,V (m2

f ) + Π1PI
ff,S(m2

f )

δZf
V = −Π1PI

ff,V (m2
f )− 2m2

f

[ d

dp2
Π̂1PI
ff,V (p2)

∣∣∣
p2=m2

f

+
d

dp2
Π̂1PI
ff,S(p2)

∣∣∣
p2=m2

f

]

δZf
A = −Π1PI

ff,A(m2
f ) + 2m2

f

d

dp2
Π̂1PI
ff,A(p2)

∣∣∣
p2=m2

f

(6.8)

The same strategy applies to the derivation of the other counter terms δZh, δCh and

δα, which are absorbed in the CP even Higgs sectors, from the on-shell conditions for the

scalar two point functions:

d

dp2
Π̂hh(p

2)
∣∣∣
p2=m2

h

= 0, Π̂Hh(p
2 = m2

H) = Π̂Hh(p
2 = m2

h) = 0 (6.9)

The counter term for the VEV δv is determined from the renormalization of the elec-

troweak sectors: the masses of the W and Z bosons and the fine structure constant. The

1PI diagram contributions to hff couplings can be obtained from the one loop level shown

in Figure 6.1 using hbb as an example.
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Figure 6.1: The one loop radiative corrections to hbb coupling constant from the extra
Higgs bosons in the framework of the 2HDM.

6.1.2 hV V (V = W,Z) couplings

In the future e+e− collider, the Higgs boson is produced mainly via the Higgsstrahlung

process e+e− → Zh and e+e− → νν̄h for a relative low center of mass energy. The hZZ

coupling is expected to be measured at a sub-percent level at CEPC [196]. Therefore,

the thorough calculations the hV V couplings including the NLO radiative corrections are

becoming essential in preparation for the future colliders.

The tree level hZZ coupling can be read out:

M
hZZ (tree)
1 =

m2
Z

v
sin(β − α) (6.10)

The same renormalization scheme as that of the hff couplings can be applied here [204].

All the counter terms can be obtained from the (on-shell) renormalization conditions. The
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counter terms for the hZZ vertex are:

LhZZ = −m
2
Z

v
sin(β − α)gµνZ

µZνh

→ −m
2
Z

v

{
sin(β − α)

(
1 +

δm2
Z

m2
Z

− δv

v
+ δZZ +

1

2
δZh

)

+ cos(β − α)(δβ − δCh)
}
gµνZ

µZνh+ ...

(6.11)

Finally, the renormalized hZZ vertex can be expressed as:

MhZZ(p2
1, p

2
2, q

2) = MhZZ (tree) +MhZZ (1PI)(p2
1, p

2
2, q

2) + δMhZZ (6.12)

The hZZ coupling constant deviation from the SM predictions occurs due to two

sources: the tree level scale factor sin(β−α) and the radiative corrections at loop level from

the extra Higgs bosons which is shown in Figure 6.2. In the alignment limit, sin(β − α) '
1, let x = β − α− π/2, the one loop corrected hZZ coupling can be obtained in the limit

of x� 1:

MhZZ =
2m2

Z

v

{
1− 1

2
x2 +

1

64π2v2
(m2

H +m2
A + 2m2

H±)− m2
H

96π2v2

(
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m2
H

)

− m2
A

96π2v2

(
1− M2

m2
A

)
− m2

H±

96π2v2

(
1− M2

m2
H±

)
− 5Nctm

2
t

96π2v2
+ ...

} (6.13)

where M is defined to be M = m2
12/ sin β cos β.

6.2 Current constraints

The theoretical constraints in the case of an exact Z2 symmetry (m2
12 = 0) based on the

potential stability, perturbativity and unitarity lead to upper limits on the four Higgs

masses of mH . 870 GeV, mA . 870 GeV, mH± . 780 GeV [205]. If we allow soft Z2

symmetry breaking (m2
12 6= 0), the upper bounds on the Higgs masses can be relaxed.

The current limits from Z-pole precision measurements set strong constraints on the mass

difference between charged Higgs and neutral Higgs bosons. The flavor physics of BR(B →
Xsγ) require a charged Higgs mass larger than 480 GeV at 95% C.L level [115]. The search

from the current ATLAS and CMS groups [114, 206–209] shows null results at 95% C.L.

level in the H± mass range of 200 - 300 GeV for a small tan β 0.5 . tan β . 0.6, and in

the H+ mass range of 350 - 400 GeV for tan β ≈ 0.5.
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Figure 6.2: The one loop radiative corrections to the hZZ coupling constant from the extra
Higgs bosons in the framework of the 2HDM.
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6.2.1 Z-pole precision measurements

The Z-pole precision measurements S, T , U in the framework of 2HDM are discussed in

detail in Chapter 3. The global fitting of the Standard Model observables and S, T , U

can be accomplished by the GFitter package [210–213]. The Standard Model observables

can be expressed in terms of S/T/U and three other Z-pole precision observables X/Y/W

which are defined in Ref. [214]. The more precise measurements of the Standard Model

observables can lead to better constraints on the S/T/U using the global fitting of all the

Standard Model observables, as stated in Eq. 6.14. The current experimental observables,

their values and uncertainties used in the fit, is given in the first two columns of Table 6.1.

We then use the experimental observables as well as the uncertainties to do a global fitting

using the Gfitter package. The global fitting results of all Standard Model observables

from the GFitter group and ours are listed in the last two columns of Table 6.1. The fit

results and correlation matrix of S, T , U are listed in Table 6.2 and Table 6.3, in which

the GFitter results are listed for reference. The non-zero S, T , U parameters represent an

unambiguous indication of new physics beyond the Standard Model.

ΓZ = (ΓZ)SM − 0.00961S + 0.0263T + 0.0194V − 0.0207X

m2
W = (m2

W )SM (1− 0.00723S + 0.0111T + 0.00849U)

ΓW = (ΓW )SM (10.00723S + 0.0111T + 0.00849U + 0.00781W )

(6.14)

The constraints on the S, T , U parameters for the current experimental measurements

are shown in Figure 6.3. The large parameter space of the S, T , U parameters still survives,

about -0.2 (-0.25) < S, T < 0.3 (0.35) for the 95% (99%) C.L.

In the framework of 2HDM, we require the contributions from the extra Higgs bosons

to S and T to fall within the 68%, 95% and 99% C.L. S-T contour shown in Figure 6.3 for

a SM Higgs reference mass of 125 GeV. Then we can obtain the constraints on the Higgs

masses of 2HDM. Here we show the constraints in the mass plane mH vs mA in the left

panel of Figure 6.4 and mH vs mH± in the right panel of Figure 6.4 for three representative

Higgs masses.

As can be seen from Figure 6.4, the allowed mass regions behave the same for different

mH± or mA values in the alignment limit (β − α = π/2): the charged Higgs mass tend to
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Parameter Input value GFitter Fit Result Our Fit Result
MH [GeV] 125.14 ± 0.24 125.14±0.24 125.14 ± 0.24
∆αhad(M

2
Z) 0.02757 ± 0.00010 0.02756±0.00010 0.02756 ± 0.00010

MZ [GeV] 91.1875 ± 0.0021 91.1880 ± 0.0021 91.1879 ± 0.0021
mt [GeV] 173.34 ± 0.76 173.81±0.85 173.79 ± 0.85
αs(M

2
Z) – 0.1196 ± 0.0030 0.1196 ± 0.0021

MW [GeV] 80.385 ± 0.015 80.364±0.007 80.364 ± 0.007
ΓW [GeV] 2.085 ± 0.042 2.091±0.001 2.09142 ± 0.00096
ΓZ [GeV] 2.4952 ± 0.0023 2.4950±0.0014 2.4951 ± 0.0011
sin2 θleff 0.2324 ± 0.0012 0.23150±0.00006 0.231450 ± 0.00006

Table 6.1: The current experimental precision measurements extracted from Ref [210] and
global fit results of all Standard Model observables.

Parameter GFitter Fit Result Our Fit Result
S 0.05 ± 0.11 0.05 ± 0.10
T 0.09 ± 0.13 0.078 ± 0.114
U 0.01 ± 0.11 0.018 ± 0.094

Table 6.2: The fitting results of S/T/U from electroweak precision measurement.

align to either the CP-odd Higgs mass or CP-even Higgs mass. As the angle β−α deviates

from the alignment limit, the charged Higgs mass can deviate away from the two neutral

Higgs masses and the mass region is split into two parts for large Higgs masses. Imagine

that mH± is continuous instead of being fixed to some certain values in the plane of mA vs

mH , then the survived mass region after S/T/U cut is still very large.

Ours (GFitter) S T U
S 1 0.89 (0.90) -0.50 (-0.59)
T – 1 -0.78 (-0.83)
U – – 1

Table 6.3: The Correlation matrix of S/T/U from the electroweak precision measurement.
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Figure 6.3: The T − S contour constraints for free U parameter (left) and fixed U = 0
(right). The color codes from the innermost to outmost represent the 68%, 95%, 99% C.L.
exclusion upper limits.

 [GeV]Hm

200 400 600 800 1000 1200

 [
G

e
V

]
A

m

200

400

600

800

1000

1200
/2π| = α­β = 125 GeV |hm

 = 250 GeV±H
m

 = 500 GeV±H
m

 = 750 GeV±H
m

 [GeV]Hm

200 400 600 800 1000 1200

 [
G

e
V

]
A

m

200

400

600

800

1000

1200
/3π| = α­β = 125 GeV |hm

 = 250 GeV±H
m

 = 500 GeV±H
m

 = 750 GeV±H
m
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in the alignment limit α− β = π/2 (left) and away from the alignment limit α− β = π/3
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exclusion upper limit.
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6.2.2 Higgs precision measurements

The breakthrough discovery of the Higgs boson by both the ATLAS and CMS groups on

one hand completes the last missing piece of the Standard Model, on the other hand it

provides us an extra window to look for new physics beyond the Standard Model. The

properties of the Higgs boson including its mass and its decay channels are studied in

detail by the ATLAS and CMS groups subsequently. In this work, we use the package called

“2HDMC” [215] to calculate the mass spectra of the 2HDM, the Higgs couplings, the decay

branching fractions of the Higgs bosons, and implement all the theoretical constraints. We

use two other packages HiggsBounds [216] and HiggsSignals [217] to set constraints using

experimental searches of the Higgs boson signal rates, masses and cross section limits

from LEP, the Tevatron and the LHC. The degrees of freedom include the five Higgs

masses mh, mH , mA, and mH± , the ratio of the two VEVs tan β, the mixing angle of

the two CP-even Higgs cos(β − α), and m2
12 since we allow soft breaking of the discrete

symmetry. Incorporating all the current experimental Higgs precision measurements, the

constraints on the 2HDM parameter space can be obtained. Due to the comparably low

precision measurements of Higgs decay branching fractions, the constraints from current

experimental direct searches are not strong.

6.2.3 Complementary constraints

In this section, we combine all the constraints to do a complementary probe in the 2HDM

parameter space. In order to perform as broad a scan of the parameter space as possible,

we randomly throw ten million points in the plane of mH , mA, mH± , tan β and m2
12. The

surviving parameter space can be obtained after each level of constraints. We project

the results in the two-parameter plane, as shown in Figure 6.12 and Figure 6.13. The

parameter space we scan over are:

• 150 GeV < mH ,mA,mH± < 1000 GeV

• 0 GeV < m12 < 300 GeV

• 0 < tan β < 20

As can be clearly seen, the theoretical constraints from the potential stability, pertur-
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bativity, and unitarity lead to upper limits on the Higgs masses of mH . 900 GeV, mA .

900 GeV, mH± . 800 GeV except for a few points in the high mass region, matching the

limits in the case of exact Z2 symmetry (m2
12 = 0) from Ref. [205] well. The Oblique

Parameters S, T , U set strong constraints on the mass differences of Higgs bosons: the

charged Higgs mass either align with the mass of the CP-even Higgs mass or the CP-odd

Higgs mass. The experimental search does not set strong constraints on the Higgs masses.

In the plane of mA vs mH , the region of mH > 350 GeV and mA < 300 GeV are excluded

at 95% C.L. level. In the plane of mH± vs mA, the mass region within mH± > 250 GeV

and mA < 300 GeV are excluded at 95% C.L. level.

Figure 6.5: The surviving mass regions in the projected mass planes. The red region
corresponds to the surviving region after the theoretical constraints, the green region to
the Oblique Parameters S, T , U constraints and the blue region to the experimental
constraints.

The constraints on the angle tan β are much stronger. There are only very sparse points

for tan β > 5, indicating that the parameter space for tan β > 5 is highly constrained. The
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masses of Higgs bosons are required from the direct experimental search to be larger than

∼ 350 GeV in the small tan β . 1 region.

Figure 6.6: The surviving tan β-mass regions in the projected mass planes. The color
coding is the same as in Figure 6.12.

6.3 Constraints in the future collider

The Circular Electron Positron Collider (CEPC) is designed to have e+e− collision at
√
s =

250 GeV, which can produce 1 million h events with 5 ab−1 integrated luminosity. It can

also run at Z-pole, which is expected to collect 1010 Z events for an integrated luminosity

of 500 fb−1. With this wealth of statistics, the precision of most of the observables here

can be improved by at least an order of magnitude, presented in Table 6.4.
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Parameter CEPC Precision
MH [GeV] < ±0.1
MZ [GeV] ±(0.0005 - 0.001)

∆αhad(M
2
Z) ±4.7× 10−5

mt [GeV] ±0.6exp ± 0.25th
αs(M

2
Z) ±1.0× 10−4

MW [GeV] (±(3− 5)exp ± 1th)× 10−3

sin2 θleff (±(4.6− 5.1)exp ± 1.5th)× 10−5

ΓZ [GeV] (±(5− 10)exp ± 0.8th)× 10−4

Table 6.4: The precisions of the Standard Model observables in the simplified electroweak
fit at the CEPC.

6.3.1 Z-pole precision measurements

In the S/T/U fitting, the S − T contour is not at the center of the SM-point (0,0) when

fixing U=0. If we take the precision in Table 6.4 into account without changing the center

values of all the observables, then we might end up excluding the Standard Model, which

is not our purpose. Thus, our strategy is using the center value of each observable listed

in the fourth column of Table 6.1 with the uncertainties listed in Table 6.4. For those

observables that we lack predictions of their precision measurements in CEPC, we still use

current precision (the second column of Table 6.1). Then, using these inputs for S/T/U

fitting in the case of CEPC, leads to the center values of S/T/U as being around zero. The

fitting result of the Oblique Parameters is given in Figure 6.7 in terms of the confidence

level contour in T − S plane, with both U free and U fixed at 0. The new precision

measurements can greatly improve the constraints on the new physics. In the framework

of 2HMD, we require the contributions from theextra Higgs bosons to S and T to fall

within the 68%, 95% and 99% C.L. S-T contour for a SM Higgs reference mass of 125

GeV. Then the constraints on the parameters of 2HMD are shown in Figure 6.8.

As can be seen from Figure 6.8, the allowed mass regions behave the same as the current

constraints except for having a much smaller parameter space region in the alignment limit,

which is because the S/T/U parameter space is much smaller at the CEPC than the current

limits. As the angle β −α deviates from the alignment limit, the allowed mass regions are

split into two parts for large Higgs masses. And the region of which the three Higgs masses



135

S

0.2− 0.15− 0.1− 0.05− 0 0.05 0.1 0.15 0.2

T

0.2−

0.15−

0.1−

0.05−

0

0.05

0.1

0.15

0.2

Fit Contour for Free U

68%,95% and 99% CL

S

0.2− 0.15− 0.1− 0.05− 0 0.05 0.1 0.15 0.2

T

0.2−

0.15−

0.1−

0.05−

0

0.05

0.1

0.15

0.2

Fit Contour for U=0

68%, 95% and 99% CL

Figure 6.7: The T-S contour at precision level of the CEPC.

are decoupled (mA = mH = mH±) is excluded.
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Figure 6.8: The allowed mass regions in the plane of mH vs mA for three fixed mH± values
in the alignment limit α− β = π/2 (left) and away from the alignment limit α− β = π/3
(right) at the future e+e− CEPC collider. The color codes from the innermost to outmost
represent the 68%, 95%, 99% C.L. exclusion upper limit.

6.3.2 Higgs precision measurements

The precision of Higgs decay branching fractions can be greatly improved at the CEPC.

With the measurements of inclusive cross section σ(Zh) and the cross sections of the

individual Higgs boson decay mode σ(Zh) × BR, the Higgs boson individual branching

fraction can be extracted, as shown in Table 6.5. A relative precision of 0.51% on σ(Zh)

can be achieved at the CEPC by combining all three channels of the Z boson decay for
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an integrated luminosity of 5 ab−1. The best achievable precision at the CEPC is 0.28%

for σ(e+e− → Zh) × BR(h → bb) due to the very clean backgrounds for b jets. The

other two measurements σ(e+e− → Zh)× BR(h→ cc, gg) can also achieve high precision

level since the flavour tagging algorithms and vertex/inner tracking system design can be

greatly improved at the CEPC. We work in the alighment limit (sin(β−α) = 1), otherwised

mentioned.

Figure 6.9 presents the NLO correction of σ(Zh) in the framework of the 2HDM in

the plane of mH vs mH± or mA vs mH± . The NLO correction of σ(Zh) for both Type I

and Type II 2HDM are comparable except for the high mass region, where the program

of HiggsBounds crashed. In the limit of mH± > mH or mH± < mA, the larger correction

happens and can reach as high as ∼ 1%.

Decay mode σ(Zh) × BR BR

h→ bb 0.28% 0.57%

h→ cc 2.2% 2.3%

h→ gg 1.6% 1.7%

h→ ττ 1.2% 1.3%

h→ WW 1.5% 1.6%

h→ ZZ 4.3% 4.3%

h→ γγ 9.0% 9.0%

h→ µµ 17% 17%

h→ inv - 0.28%

Table 6.5: Estimated precision measurements of Higgs boson branching fractions with 5
ab−1 integrated luminosity at the CEPC [196].

The deviation (denoted by κ) from the Standard Model Higgs coupling constants can

be derived from Table 6.5, as shown in Table 6.6. The κZ can reach the sub-percent

precision level, which can be used to greatly constrain the parameter space of the 2HDM.
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Figure 6.9: The NLO correction of σ(Zh) in the framework of the 2HDM for Type I (top
two) and Type II (bottom two) in the plane of mH vs mH± or mA vs mH± . The color
coding is the precision of σ(Zh). The data points already survived from the theoretical
and CEPC S/T/U constraints.

The deviations are denoted as:

κf =
g(hff)

g(hff ; SM)
, κV =

g(hV V )

g(hV V ; SM)
(6.15)

The Higgs boson coupling deviations κ are shown in Figure 6.10 for Type I 2HDM

and in Figure 6.11 for Type II 2HDM. The scattering of data points in Type II 2HDM is

much wider than that in Type I 2HDM due to the different couplings constants. As can

be seen, κγ has very large deviation, which can reach as high as 5%. κb, κZ and κτ have

relatively small deviation, most of which are around or within 0.5%, because of the small

couplings of SM particles and the extra Higgs bosons in the 2HDM. If we apply the precision

measurements of the CEPC, we can set very strong constraints on the parameter space
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Luminosity (ab−1) 0.5 2 5 10

κb 3.7 1.9 1.2 0.83

κc 5.1 3.2 1.6 1.2

κg 4.7 2.3 1.5 1.0

κτ 4.2 2.1 1.3 0.94

κW 3.8 1.9 1.2 0.84

κZ 0.51 0.25 0.16 0.11

κγ 15 7.4 4.7 3.3

Table 6.6: Estimated precision measurements in percentage of Higgs boson coupling con-
stant deviations for several benchmark integrated luminosity of the CEPC [196].

of the 2HDM. The color coding in Figure 6.10 is the charged Higgs mass. The deviation

decreases as the Higgs mass increases. The NLO corrections from the extra Higgs bosons

of the 2HDM tend to decrease the coupling instead of increasing it. We obtain similar

results if we replace the charged Higgs mass with CP-odd neutral Higgs masses.

6.3.3 Complementary constraints

In this section, we combine all the constraints to do a complementary probe in the 2HDM

parameter space as in Sec. 6.2.3. The same parameter space is scanned with the im-

plementation of CEPC S/T/U precision measurements. We use current Higgs precision

measurements here because the future Higgs precision measurements are still under con-

struction.

The S/T/U precision measurements at the CEPC can greatly help to constrain the

parameter space of the 2HDM. Specifically, in the mass plane mH± vs mH or mA, the

off-diagonal region are highly discarded. Since the Higgs precision measurements can be

improved by an order of magnitude at the CEPC over the current measurements, we can

imagine how strong it will be to constrain the parameter space of the 2HDM.

The constraints on the angle tan β are much stronger than those in Sec. 6.2.3. The

parameter space at the CEPC has more space than the current one for tan β > 5. The
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Figure 6.10: The Higgs boson coupling constant deviations κ for hbb, hττ , hγγ and hZZ
in Type I 2HDM. The color coding is the charged Higgs mass. The data points already
survived from the theoretical and CEPC S/T/U constraints.

tan β is even constrained to be less than 3.5 at the CEPC instead of 5 as in the current

experiment. The masses of Higgs bosons are required to be larger than ∼ 350 GeV in the

small tan β . 1 region from the direct experimental search.
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Figure 6.11: The Higgs boson coupling constant deviations κ for hbb, hττ , hγγ and hZZ
in Type II 2HDM. The color coding is the charged Higgs mass. The data points already
survived from the theoretical and CEPC S/T/U constraints.
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Figure 6.12: The surviving mass regions in the projected mass planes at the CEPC. The
red region corresponds to the surviving region after the theoretical constraints. The green
region for the Oblique Parameters S, T , U constraints and the blue region for the experi-
mental constraints.
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Figure 6.13: The surviving tan β-mass regions in the projected mass planes at the CEPC.
The color coding is the same as in Figure 6.12.
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CHAPTER 7

Conclusion

In this dissertation, we stress that in a realistic situation in a generic MSSM, the

stop/sbottom decay can be far from 100% to a specific channel, as assumed in most of

the current studies and all the LHC stop/sbottom searches. It is only true for the Bino-

LSP and with either the left-handed stop/sbottom being the NLSP, or the right-handed

stop/sbottom (or Wino) being the NLSP. On a more general ground, stop/sbottom decays

lead to a much richer pattern. The inclusion of the ignored decay channels will signifi-

cantly weaken the current stop/sbottom search limits and also open new decay modes for

alternative discovery channels for stop/sbottom searches.

We studied in detail the stop/sbottom decay patterns and dominant collider signatures

in a few representative SUSY mass scenarios. For the left-handed stop/sbottom, we found

that:

(1) in the Bino LSP and Wino NLSP case with minimal mixing between the stop sector,

t̃1 → bχ±1 ∼ 70% dominates, with t̃1 → tχ0
2 ∼ 30% subdominant for the stop,

the sbottom has b̃1 → tχ±1 ∼ 70% and b̃1 → bχ0
2 ∼ 30%. The stop/sbottom pair

production to the above decay channels lead to final states bbWWh for the parameter

µ > 0 and bbWWZ for the parameter µ < 0.

(2) in the Bino LSP and Wino NLSP case with maximal mixing between the stop sector,

the t̃1 → bχ±1 ∼ 63% still dominates, with t̃1 → tχ0
2 ∼ 27% subdominant for the stop,

while the branching fraction of conventional decay t̃1 → tχ0
1 increases to about 10%.

The maximal mixing leads to the sbottom mass being larger than the stop mass, then

the sbottom directly decaying to stop opens and dominates, while the b̃1 → tχ±1 and

b̃1 → bχ0
2 are suppressed. The stop pair production to the decay channels still lead
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to feasible final states bbWWh/Z for a positive/negative µ as in case 1, however, the

dominant final states for the sbottom becomes bbWWWW .

(3) in the Bino LSP and Higgsino NLSP case with minimal mixing between the stop sec-

tor, the stop dominantly decays to tχ0
2,3 at about 50% each, while channels t̃1 → bχ±1

and t̃1 → tχ0
1 are highly suppressed, due to the large SU(2) coupling constant over

the small U(1) coupling constant. However, the decay channel of sbottom b̃1 → bχ0
2,3

is highly suppressed, and b̃1 → tχ±1 ∼ 100% dominates, due to the large top Yukawa

coupling constant compared to the bottom Yukawa coupling constant. Then the stop

pair production to the decay channels leads to very interesting bbWWZ/h Z/h final

states and the sbottom pair production to the decay channels lead to bbWWWW .

(4) in the Bino LSP and Higgsino NLSP case with maxmal mixing between the stop

sector, the decay channel of t̃1 → bχ±1 increases to be as dominant as t̃1 → tχ0
3 ∼

35% with t̃1 → tχ0
2 ∼ 30% being subdominant. For sbottom decay, the channel of

b̃1 → Wt̃1 still dominates as in case 3, while b̃1 → tχ±1 also has an increasing large

branching fraction as the sbottom mass increases. The stop pair production to the

decay channels lead to two almost equal final states bbWWZ/h and bbWWZ/h Z/h,

while the sbottom pair production gives rise to the dominant final states bbWWWW

and bbWWWWZ/h.

(5) in mixed NLSP cases for the sbottom case, BR(b̃1 → bχ0
2) ∼ BR(b̃1 → tχ±1 ) ∼

BR(b̃1 → tχ±2 ) ∼ 30% and BR(b̃1 → bχ0
1) ∼ 3% when |µ| > M2; while BR(b̃1 →

tχ±1 ) ∼ BR(b̃1 → tχ±2 ) ∼ 30% and BR(b̃1 → bχ0
1) < 10% when M2 > |µ|.

For the right-handed sbottom case, decays of b̃1 → bχ0
1 dominate for the case of Bino-

LSP with Wino-NLSP. In the case of Bino-LSP with Higgsino-NLSP, however, the branch-

ing fraction of b̃1 → bχ0
1 is reduced to about 40%−60%, while b̃1 → tχ±1 is about 20−30%,

followed by b̃1 → bχ0
2,3 of about 10% each.

We analyzed in detail the stop/sbottom pair production signals with the mixed decay

channels. We focused on the search sensitivity at the 14 TeV LHC with a 300 fb−1 inte-

grated luminosity. We scanned over a large SUSY mass parameter region and performed
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semi-realisc detector simulations. For the left-handed stop/sbottom pair production, we

focused on the scenario of Bino LSP with Wino NLSP and Bino LSP with Higgsino NLSP.

For the scenario of Bino LSP with Wino NLSP, with one stop (sbottom) decaying via

t̃ → tχ0
2 (b̃ → bχ0

2) and the other stop (sbottom) decaying via t̃ → bχ±1 (b̃ → tχ±1 ), we

found that

• With χ0
2 → hχ0

2 (µ > 0) and χ±1 → W±χ0
1, the leading signal is the bbbb jj `+ 6ET

final state. From Fig. 5.4(a), we see that a 5σ discovery can be made up to 920 GeV,

and the 95% C.L exclusion limit can reach 1050 GeV for this Higgs channel. The

reach of the combined sbottom and stop signals of the same final states is about 120

GeV higher, as shown in Fig. 5.4(b).

• With χ0
2 → Zχ0

2 (µ < 0) and χ±1 → W±χ0
1, we studied the reach of the bb jjjj ``+ 6ET

final state. As seen from Fig. 5.6, a 5σ discovery can be made up to 840 GeV, and

the 95% C.L exclusion limit can reach up to 900 GeV for the Z channel. The 5σ

discovery potential of the combined sbottom and stop signals can reach up to 980

GeV, and the 95% exclusion limit is about 1025 GeV.

In the case of the Bino LSP with Higgsino NLSP, we focused on the stop search sensi-

tivity for the three decay channels of stop pair production in three primary signal regions

based on lepton multiplicities. We found that

• In the one lepton signal region, for the channel tt̄hh 6ET , stop masses up to 750 GeV

can be discovered at the 5σ significance level for mχ0
1

= 220 GeV, and the 95% C.L.

exclusion limits are about 950 GeV for mχ0
1

= 250 GeV, assuming 10% systematic

uncertainties. The 5σ discovery reach can go up to 900 GeV (840 GeV), or the stop

masses up to 1050 GeV (1000 GeV) can be excluded at the 95% C.L for the channel

tt̄hZ 6ET (tt̄ZZ 6ET ). Limits with 20% systematic uncertainties are about 100 GeV

worse. The combined results of the one lepton signal region achieves the best reach

sensitivity, a stop mass up to 1030 GeV can be discovered at 5σ significance, or

excluded up to 1200 GeV at 95% C.L. if there is no SUSY signal found over the SM

backgrounds.
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• In the two OS leptons signal region, there is no reach for the tt̄hh 6ET channel due to

the very low branching fraction and the large SM backgrounds. Stop masses up to

800 GeV (920 GeV) can be discovered at 5σ significance, or stop masses up to 900

GeV (1000 GeV) can be excluded at 95% C.L. if there is no SUSY signal found over

SM backgrounds for the channel tt̄hZ 6ET (tt̄ZZ 6ET ). Limits with 20% systematic

uncertainties are very similar to that of 10% case. The combined results of channels

tt̄hZ 6ET and tt̄ZZ 6ET show that a stop mass up to 930 GeV for mχ0
1
∼ 120 GeV

can be discovered, or a stop mass between 370 GeV and 1060 GeV is excluded at the

95% C.L. for the two OS leptons signal region.

• In the at-least-three leptons signal region, again there is no reach for the tt̄hh 6ET
channel due to the very low branching fraction of at least three leptons and large SM

backgrounds. In the “on-Z” signal region, stop masses up to 800 GeV (850 GeV) for

the channel tt̄hZ 6ET (tt̄ZZ 6ET ) can be discovered at the 5σ significance, assuming

10% systematic uncertainties. The 95% C.L. exclusion limits reach about 880 GeV

(1000 GeV) for the channel tt̄hZ 6ET (tt̄ZZ 6ET ) if there is no SUSY signal over SM

backgrounds. Limits with 20% systematic uncertainties are pretty much the same.

The reach for the “off-Z” signa region is much much smaller than that of the “on-Z”

signal region because both channels tt̄hZ 6ET and tt̄ZZ 6ET have small branching

fractions for the off-Z signal region. The combined results of channels tt̄hZ 6ET and

tt̄ZZ 6ET show that the 5σ reach of a stop mass can go to 880 GeV for the small LSP

mass, and the 95% C.L. exclusion limit can reach to 1000 GeV for a broad LSP mass

region, for the at-least-three leptons “on-Z” signal region.

We also performed a compact collider analysis of the future
√
s = 100 TeV machine

with 3000 fb−1 integrated luminosity. The large parameter space of the SUSY model is

covered, which is critical to understand the TeV scale SUSY and the origin of electroweak

breaking. We find that the stop can be discovered up to 6 TeV at 5σ significance level, or

excluded up to 6.8 TeV at 95% C.L. if there is still no SUSY signal over SM backgrounds

being found for the combined reach of all three channels.

Although we only consider one very interesting scenario of the MSSM parameter space,
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it is important to identify all the leading decay channels in various regions of the parameter

space to fully explore the reach of the LHC for the third generation squarks. It has

important implications for the stabilization of the electroweak scale in supersymmetric

models. The strategy developed in our analysis can be applied to the study of the top

partners in other new physics scenarios as well.

In this work, we also study the indirect probe for new physics through Z-pole and Higgs

precision measurements. The Higgs couplings are calculated in detail including radiative

corrections at the one loop level for the future collider. The Higgs couplings deviation from

the SM predictions occurs due to two sources: the tree level scale factor shown in Table

3.3, and the radiative corrections at loop level from the extra Higgs bosons which is shown

in Figures 6.2 and 6.1.

The S, T , U is not that sensitive to the rotation angle β−α, while the Higgs precision

measurements set strong constrains on the angle β−α. Therefore, we mainly focus on the

alignment limit (β − α = π/2), in which the Higgs couplings recover the Standard Model

predictions. Applying the S/T/U , the allowed mass regions behave the same for different

mH± or mA values in the alignment limit (β − α = π/2): the charged Higgs mass tend to

align to either the CP-odd Higgs mass or the CP-even Higgs mass. As the angle β − α
deviates from the alignment limit, the charged Higgs mass can deviate away from the two

neutral Higgs masses and the mass region is split into two parts for large Higgs masses.

Imagine that mH± is continuous instead of being fixed to some certain values in the plane

of mA vs mH , then the surviving mass region after the S/T/U cut is still very large. The

constraints from current experimental direct search is not strong due to the comparably

low precision measurements of the Higgs decay branching fractions.

The combination of the Z-pole and Higgs precision measurements complementarily set

constraints on the 2HDM parameter space. The experimental search does not set strong

constraints on the Higgs masses. In the plane of mA vs mH , the region of mH > 350 GeV

and mA < 300 GeV are excluded at 95% C.L. level. In the plane of mH± vs mA, the mass

region within mH± > 250 GeV and mA < 300 GeV are excluded at 95% C.L. level. The

constraints on the angle tan β are much stronger. There are only very sparse points for

tan β > 5, indicating that the parameter space for tan β > 5 is highly constrained. The
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masses of Higgs bosons are required to be larger than ∼ 350 GeV in the small tan β . 1

region from the direct experimental search.

The Higgs coupling constants can only be measured at ∼ 10% precision level at the
√
s = 14 TeV LHC with 300 fb−1 integrated luminosity, therefore the future circular e+e−

colliders are critical to study Higgs physics and probe new physics beyond the Standard

Model. The Higgs decay branching fractions can be precisely measured at the CEPC. The

deviation of g(hZZ) from the Standard Model Higgs coupling constant can achieve sub-

percent precision level. The Z-pole precision measurements can also be greatly improved.
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