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Abstract

The LHC discovered the Higgs boson but has not discovered any supersymmetric (SUSY) par-
ticles. The heavy sfermion scenario, or the SUSY scenario in which the SUSY scalar partners
of the SM fermions (sfermions) are heavy > O(1-10)TeV, is compatible with these results. In
addition, the constraints from the flavor changing neutral current problem is relaxed. Thus, the
heavy sfermion scenarios have attracted attentions. In this case, the neutralino lightest SUSY
particle (LSP) can be the candidate for the dark matter (DM) only in limited cases. The Bino-
Higgsino resonant DM model is one of the attractive models. In this model, the DM candidate
is the Bino LSP which mixes with the Higgsino slightly. When the mass of the LSP is half of
the Higgs boson mass or the Z boson mass, the current relic abundance can be explained with
the resonant annihilation.

This model contains the light DM (Bino LSP) with the O(10) GeV mass and the heavy neu-
tralinos and the chargino (Higgsinos) with the O(100) GeV masses. It makes the phenomenology
rich in many experiments. Especially, the direct detections, the invisible decay and the LHC
searches are sensitive to this model. In this thesis, we investigate the phenomenology of the
Bino-Higgsino resonant DM model with combining these experiments. We consider the case
that all the sfermions are heavy and the model is described by only three SUSY parameters.
We study all parameter space comprehensively to investigate the rich phenomenology especially
in the blind spot where the DM-DM-Higgs couplings vanishes. As a result, it is shown that
there is still large viable parameter space. It is also shown that the combination of the future

experiments can reveal almost all region of this model.
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Chapter 1

Introduction

The standard model (SM) is a well-established model which can explain many experimental
results in the particle physics. In addition, the Higgs boson was discovered at the LHC in July
2012 [1,2]. Although all particles in the SM have been found, there are still many problems
and mysteries about the SM. For example, there exists the hierarchy problem and there is no
candidate for the dark matter (DM). To solve these problems, supersymmetric (SUSY) model is

considered as one of the promising candidates for the new physics models beyond the SM [3,4].

SUSY is the symmetry between bosons and fermions, and SUSY models contain the partner
particle (SUSY particle) for each SM particle. The contributions from the SUSY particles cancel
out the quadratic divergence of the quantum corrections to the Higgs boson mass. Although the
little fine tuning with the size of @(1072 ~ 107°) remains, the hierarchy problem which need
the unnatural fine tuning with the size of O(10732) is solved. In addition, the lightest SUSY
particle (LSP) can be a dark matter candidate if the R-parity is conserved.

To search these SUSY particles directly, the LHC had run at /s =7 TeV during 2010 to 2011,
at 8 TeV during 2012 and the LHC is running at 13 TeV now (from 2015). However, there is no
sign of new particles yet and the mass bounds for new particles have been becoming stronger.
For example, the squark mass should be larger than 1.6 TeV and the lower mass bound for the
gluino is 1.4 TeV in mSUGRA model [5]. In addition, the masses of the stops are required to
be heavier than O(1-10) TeV to explain the Higgs boson mass 125GeV in the minimal SUSY
extension of the SM (MSSM) [6-8]. From these facts, the heavy sfermion scenarios, or the SUSY
scenarios in which the scalar partners of the SM fermions (sfermions) are heavy > O(1-10) TeV,
have attracted attentions [9-16]. In these scenarios, not only the Higgs boson mass can be
explained but also the constraints from the LHC can be evaded. In addition, the constraints
from the flavor changing neutral current (FCNC) problem are also relaxed [17,18]. Thus, the
heavy sfermion scenarios are considered as one of the attractive SUSY scenarios. We consider

the heavy sfermion scenario in this thesis.

In the heavy sfermion scenario, although the lightest neutralino can be a DM candidate,

the correct thermal relic abundance, €2, ~ 0.120 [19], can be obtained only in limited cases. It

1 Chapter 1 Introduction



happens when the mass of the pure Wino DM is about 3 TeV [20,21], when the mass of the
(almost) pure Higgsino DM is about 1 TeV [21,22], when the gaugino coannihilation occurs [23—
27] or when the Bino mixes with the Higgsino sizably [28-36].

The Wino DM and the Higgsino DM with the mass O(100) GeV tend to give small thermal
relic abundance since they can annihilate to the SM particles effectively. Since heavier mass
decreases the annihilation cross section, the mass of the Wino (Higgsino) should be 3 (1) TeV to
explain the current relic abundance [20-22]. In contrast, the Bino DM is typically overabundant
if all the sfermions are heavy > O(1-10) TeV and the mixing with the Higgsinos is small.
There are two ways for the Bino DM to give the correct thermal relic abundance: the Bino
DM coannihilates with the other gauginos, or the mixing with the Higgsinos become sizable
with O(100) GeV Higgsinos. The former case, the gaugino coannihilation scenario, is valid for
the DM mass O(0.1-1) TeV [23-27]. In this case, with nearly degenerated Bino and gauginos,
the coannihilation can decrease the number density of the DM and the current relic abundance
can be obtained. The latter case, the Bino-Higgsino DM scenario, has two parameter regions:
where the Bino-Higgsino mixing is tuned (well-tempered scenario) [28-30], and where the DM
annihilate resonantly via the Higgs boson or the Z boson (resonant scenario) [30-37]. In the well-
tempered scenario, the Higgsinos are nearly degenerated with the Bino. The mixing between the
Bino and the Higgsino is maximized and the coannihilations among the neutralinos and chargino
become also effective. These make the DM annihilation cross section large and the current relic
abundance can be explained. However, almost all region except the blind spot where the DM-
Higgs coupling vanishes [38] is excluded already [38,39]. In the resonant scenario, although
the mixing between the Bino and the Higgsino is not so large as the well-tempered model, the
resonant annihilation can enhance the DM annihilation cross section. It happens when the mass
X0~ mp/2 or Mz/2, and the

DM annihilation cross section is enhanced by the Higgs- or Z-resonance. In these regions, the

of the DM, myo, is a half of the Higgs boson or the Z boson, m

DM mass is less than 100 GeV and the masses of the second and third heavier neutralino and
the lightest chargino are 0(0.1-1) TeV.

Although the heavy sfermion scenario is one of the attractive SUSY scenarios, the sfermions
are heavy and it is difficult to search them directly by the experiments. Thus, the studies
about the neutralinos/charginos, especially the DM, become necessary. Among the above DM
models, the Bino-Higgsino resonant DM model gives variety of phenomena in the energy scale
10~1000 GeV: the DM scattering with nuclei, the invisible decays of the Higgs/Z boson to the
DMs and the productions of the heavy neutralinos/chargino at the colliders. Thus, there are rich
phenomena in the experiments even in the case where all the sfermions are heavy. Studying such
phenomenology is important not only theoretically but also experimentally since the combining
the results of various experiments is shown to be important to reveal this SUSY scenario. Thus,

we study the phenomenology of the Bino-Higgsino resonant DM model in this thesis.

To investigate this Bino-Higgsino resonant model comprehensively, we include the following

experimental constraints and future prospects: the relic abundance [19], the DM direct detec-



tion [40-43], the invisible decays of the Higgs/Z boson [44-49] and the chargino/neutralino
searches [50,51]. In this thesis, we assume the gluino and the Winos are heavier than a few TeV
while the sfermions are assumed to be heavy > O(1-10) TeV. This is because the Wino with the
mass = 500-700 GeV and the gluino do not affect the DM phenomenology. In addition, since
the existence of O(100) GeV gluino and Winos enlarges the covered region of the constraints and
the future prospects of the LHC SUSY searches, to evade the constraints and to give the con-
servative future prospects, we assume they do not contribute to the LHC SUSY searches. Thus,
the gluino and the Winos are assumed to be heavier than a few TeV and we do not consider
their effects. Then, the model is determined only by the three parameters: the Bino mass, M7,
the Higgsino mass, u, and the ratio of the up-type and down-type Higgs vacuum expectation
value, tan 8. Nevertheless, this scenario gives a variety of phenomena, especially near the blind
spot where the DM-Higgs coupling vanishes. We will show that large parameter region is still
viable and almost all region will be searched complementarily by the future experiments.

Let us comment on the standpoint of our study. There are studies which investigate the
Bino-Higgsino DM model with resonant annihilation [32-36]. However, in these papers, only
the scatter plots are performed. In contrast, we investigate essentially the whole parameter
space of (My, p, tan 8). It makes the existence of the blind spot clear, and the importance of it
for the phenomenology is emphasized in our study which none of the previous works has done.
In addition, we comprehensively include all the possible phenomena and experiments. Although
the study for the spin independent (SI) cross section is performed in all papers [32-37], the study
of the spin dependent (SD) cross section is partially done only in Ref. [36] . The Higgs boson
invisible decay is also only commented in Ref. [33]. The LHC search with the 8 TeV analysis is
investigated in Ref. [34-36]. On the other hand, the 14 TeV prospects are discussed with their

original analysis only up to m g < 320 GeV in Ref. [34]. Furthermore, none of the previous

X
studies have analyzed the 14 TeV LHC prospects for the current model by using the results of
the LHC [51]. We investigate all these phenomenology and show the importance of combining
these experiments.

This thesis is based on the work by the author [52].

This thesis is outlined as follows.

First, in Chapter 2, we review the SUSY models. The minimal SUSY extension of the
SM (MSSM) and the heavy sfermion models are reviewed. We also review the Bino-Higgsino
resonant DM model briefly in Sec. 2.2.6.

Second, in Chapter 3, we review the phenomenology of the DM, especially of the Majorana
DM. The thermal relic abundance, the direct detections, the invisible decays, the collider searches
and the indirect detections are reviewed.

Then in Chapter 4, we introduce the Bino-Higgsino resonant DM model which we investigate
in this thesis. The typical behavior of the masses and the couplings are also shown. We discuss

the blind spot and the typical behavior of the heavy neutralinos/chargino at the LHC.

3 Chapter 1 Introduction



We analyze the Bino-Higgsino resonant DM model in Chapter 5. We calculate, analyze
and discuss the following phenomena: relic abundance, SI scattering, SD Scattering, invisible
decay, heavy neutralinos/chargino searches at the LHC, mono-photon/jet searches and indirect
detections. We show the calculation of our analysis and the method of the simulations.

The results of our analysis are shown in Sec. 6. Especially, the main results are given in
Figures 6.1-6.5. Sec. 7 is devoted to the conclusion.

In Appendix A, we show the SM values used in this thesis. We show the Wino contributions
to the DM phenomenology in Appendix B. In Appendix C, we show the analytical calculations
in the Bino-Higgsino resonant model. Especially, we perform O(Mzsy /u) expansion. Ap-
pendix D is devoted to the detailed calculation whose results are used in our analysis. Finally,

in Appendix E, we show the validation of our analysis for the LHC searches.



Chapter 2
Supersymmetry

The standard model (SM) is a well-established model in the particle physics. However, there
is a hierarchy problem and the SM does not have a candidate for the dark matter (DM). As
one of the solutions to these problems, supersymmetry (SUSY) is considered to be a promising
candidate for new physics beyond the SM [3]. Here, we briefly review SUSY models, especially
the minimal SUSY extension of the SM (MSSM) in Sec. 2.1 and the heavy sfermion models in
Sec. 2.2.

2.1 MSSM

First, we introduce the minimal SUSY extension of the SM (MSSM). Since SUSY is the sym-
metry between bosons and fermions, it adds the new partner particles (SUSY particles) for each
SM particle (see Sec. 2.1.1). In Sec. 2.1.2, we see the spontaneous symmetry breaking of the
Higgs fields. We show the solution to the hierarchy problem in Sec. 2.1.3: the contributions
from the SUSY particles cancel out the quadratic divergence of the quantum corrections to the
Higgs boson mass. In addition, the MSSM contains the candidate for the DM if the R-parity is
conserved (Sec. 2.1.4). In this case, the lightest SUSY particle (LSP) can be a candidate for the
DM. We also review the constraints from the Higgs boson mass (Sec. 2.1.5), the LHC searches
(Sec. 2.1.6) and the FCNC problem (Sec. 2.1.7).

2.1.1 Lagrangian

The matter content of the MSSM is shown in Table 2.1. The charges under the gauge (SU(3)¢,
SU(2)r, U(1)y) and the global symmetry (U(1)p and U(1)r) are also shown. Note that two
Higgs multiplets are necessary due to the holomorphy of the superpotential and the anomaly
cancelation.

In the SUSY, the fermion yx and its corresponding boson ¢x are combined into one su-

perfield with the superspace coordinates #, 0 and the auxiliary field. The chiral superfield X is

5 Chapter 2 Supersymmetry



superfield | boson fermion SUB)e SU2)r Uy | UML) U1)L

¢ef Xef

Ey Pef Xef 1 1 1 0 -1
bu Xu

Qs bqf = < f Xaf = f 3 2 1/6 | 1/3 0
bar Xdf

Ur | b Xuf 3 1 -2/3 | -1/3 0

Dy bas X 3 1 1/3 | -1/3 0

B B, XB 1 1 0 0 0

Wi W, (i=1~3) | xiy 1 3 0 0 0

Ge Go (a=1~8) | x& 8 1 0 0 0
HTt

H, |H,=|[ " xm, = | N 1 2 1/2 0 0
HS XH?
HO

Hy | Hy= ( d > XH, = ( X ) 1 2 12| 0 0
Hy XH]

Table 2.1: Matter content of the MSSM. The subscript f denotes the family and f = 1,2, 3.

written with the auxiliary field Fx as [4]

X = ¢x(y) + V20xx(y) + 00Fx (y) (2.1)

where y#* = x4+ i05"0. The vector superfield V¢ for the gauge field is written with the auxiliary
field D® in the Wess-Zumino gauge as

_ __ _ 1 __
V=050V (y) + 000xv (y) + 000xv (y) + 59090D§‘/(y) . (2.2)
The field strength W$ of the vector superfield VV* where « is a spinor index is also written with
the field strength of the gauge field Fy;, as

1
Wo = (x{), + 0aD" + 5@ (0"5"0),, Fo, + 100 (0, V YY), » (2.3)

a T py

where ViXY, = O*X{ +gv fabCVle%.l Here, gy denotes the gauge coupling for the gauge field V'
where ¢/, g, gs are the U(1)y, SU(2)r, SU(3)¢c gauge couplings respectively. f®€ is the structure
constant of the gauge [T“,Tb] = i f%T¢ and T® is the representation matrix of SU(2)z and
SU(3)c.

The Lagrangian is composed of the Kahler potential which includes kinetic terms, the su-

perpotential and the field strength terms as [4]

_ 1
L= /d02d02K+ (/ do*W + h.c.) +3 > (/ do*W, W + h.c.) . (2.4)
Vv

!Note that for U(1)y, the superscript a does not exist and V*xp = 9*Y5.
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K is the Kéahler potential

K=Y XLeXvavT™V'xp, (2.5)
P
where P runs all the chiral superfields. W is the superpotential

3
W= > (YL HOBp + Y (Q - BT = YT Qs H) Dy + pHy - Ha) 5 (26)
£f=1

with Yukawa couplings Y and the mu parameter p.?2 After the auxiliary fields are integrated
out, the Lagrangian becomes as:
1 uv —  — 1 P Ny —7  — % 1 a apv —a —[L a
L = _ZF’WF +1iXpo"0uXxB — ZW‘“'W +ixXw o' Duxyy — ZG‘“’G +iXGo" DuxG

+ [(Du(ﬁp)T Dyu¢p +ixpa"Dyxp — V2Ypg' <¢}XB “XP+Xp 'YquP)
P

~V32g (b T Xp + Xp - XwT'0p) — V20, (SpXET" xp +Xp - XET 0P ) |

THXH,XHg — Z Y1 (D2 Xps Xps + PpsXpa Xpa + PpaXpaXps) + I-C.
{p1,p2,p3.pa}

ol (P2 1) = > Yol (19m6pal” + 16000 + 169,

{p1,p2,p3,p4}
g t ’ g° b i g2 t ’
=S\ 2 Ypopor | = DoepTier | =5 | Do epT0r | (2.7)
P P P

where P runs all the superfields and {p1,p2, p3,pa} = {ey, Hq, Ly, Ef}, {ur, Hy, Qy, Uf}, {ds, Hy,
Qf, D ¢}. Yp is a charge of U(1)y for multiplet P and T, T® are the representation matrices of
SU(2)r, SU(3)¢.

At this stage, the SUSY particles’ masses are the same as the SM particles. However, since
the SUSY particles which have such masses are not discovered, the SUSY should be broken and

the masses of the SUSY particles should be increased. In order not to violate the cancellation

2

of the quadratic divergence, the SUSY should be broken softly. The breaking terms are called

soft terms and given as [4]

1 . .
Lsojt = —35 > Mxx XY + hee. - > m%ff'¢Lf¢Pf’ — miy, H{H, —m, HiHq
X=B,W,G P.ff

3

- > (_Agf/(QbLf CHy)pgp + Al (6qp - Hu)dgy — AL (6r - Hd)¢ﬁf’) + h.c.
=

—BuH, - Hi + h.c. (2.8)

We denote M 23 = Mp g respectively. The phenomenology of SUSY models are determined
by these soft terms.

2Here, we assume R-parity conservation.
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2.1.2 Spontaneous Electroweak Symmetry Breaking

In the MSSM, two Higgs fields have the vacuum expectation values (vev) after the spontaneous
electroweak symmetry breaking. The tree level potential of the Higgs fields VF°® is obtained
from the Lagrangian (2.7) and (2.8),

Ve = (ul?+m) [Hol* + (|uf? +m3,) |Hal* + (BuH, - Hq + h.c.)
2 12 2
9 +9g 2. g
5 ([ = | Ha?) + 5 | HYHL . (2.9)

Here we assume the charged fields and the colored fields do not have the vev in order not to break
the U(1)y and SU(3)¢c symmetries. In addition, since we assume the R-parity is conserved, the
sneutrinos also do not have vevs. Then only the Higgs fields have vevs. We can redefine the
Higgs fields to satisfy (H,") = 0 by using the degree of freedom of SU(2)x U(1) symmetry, and
the vev of the Higgs fields can be written as

= <v s?n5> ,(Hy) = (%Cl) = (” Cgsﬁ> . (2.10)

The Higgs fields have non-zero vev when H? = Hg = 0 is not the minimum,

5
I
VRS
S o
~
|

82VI§Iree o2 Vgee
8(HY)2  9HOOH?
det agvlt{r)ee 82V1t{reed <0,
OHQOHy  O(HY)? ) p.—p,=0
= (u? + m3,) (ul +m3,) < |Bul. (2.11)

In this case, v? = <Hu>2 + <Hd>2 becomes the SM Higgs vacuum expectation value v ~ 174 GeV.

The condition for the potential minimization can be written as

aVIt}ree 8V;[ree
= =0. 2.12
OH 8 vev OH c(l) vev ( )

From these equations, the following relations among the SUSY parameters can be obtained,

9 2 245 .2
M2 mHutanﬁ my,

2
- 2.13
|l s T T tas (2.13)
B Lin2gns + tan (m% - mi]d) (2.14)
= ——==Sn .
# 2 z 1 —tan? 3 ’

where M% = (92 + g’2) v%/2 is the mass of the Z boson.

As we see in Sec. 2.1.5, it is important to include the radiative corrections to the Higgs sector
when we calculate the SM Higgs boson mass. Since the radiative corrections change Eq. (2.13)
and (2.14), we show the contribution here. As an example, we show the one-loop corrections

from the top and stops which give the largest contribution to the SM Higgs mass. Including the

2.1. MSSM 8



one-loop corrections from the tops and stops, the potential of the Higgs fields changes as [53]

Vir = VE*+Vf, (2.15)
2
1 M 3 M? 3
Vi = — |3 M (ln—2 -S| —6M} (In—=L — =
H 3272 2‘212 t; <Il Q2 2) t 1 Q2 2 ’
where (@ is the renormalization scale and
1

2 2| 770|2 2 2

2, = 5 (VAP 44 md 2 -2+ aVEXPHOP) , (2.16)

M; = Y;HC. (2.17)
Here, mtg = m%33,mtg = m%g?),Xt = A; — peot B, Ay = A3 and we assume that the stops do
not mix with the other squarks, e.g. mégf = 0 for f # 3 (see also Eq. (2.8)). Including these
corrections, the condition for the potential minimization (2.12) changes as % = gVTIé =0

u vev vev
and the following relations are obtained
1 oV 1 oV
B = 2 1 —tan?f3 1 —tan?p ' '
13 13
1 2 tanIB (m%{“ B mi{d) tanﬂ (i% vev B qu)d% Vev)
By = ——=sin28M = .(2.19
a g S pMz + 1 —tan? 3 + 1 —tan? (2.19)

After the spontaneous symmetry breaking, the SM fermions have the mass. For example,
the top quark get the mass m; = Y;vsin 5. In order for the Yukawa coupling Y; not to blow
up in high energy scale, tan 8 > 1 is considered. tan 3 = (H,,)/(Hy) is the ratio of the vacuum
expectation values of the up- and down-type Higgs and it is the important parameter for the

phenomenology.

2.1.3 Hierarchy Problem

Here, we see the cancellation of the quadratic divergence between the SUSY particles and the
SM particles.
First, let us see the hierarchy problem [54-57]. In the SM, the Higgs sector is written as

L > (D"Hsw) (D Hsm) — pdaiHiy Hov — Asn(Hly Hn)? (2.20)
where Hgyr is the SM Higgs field. Thus the Higgs boson mass m,zl at the tree level is given by
mi = —2uy . (2.21)

The problem is that quantum corrections for this parameter have the quadratic divergences. For

example, the radiative correction from the top loop (Figure 2.1 (a)) is

Y2
m2 = —2udy — 8%1\2 + O (log(A?)) , (2.22)

9 Chapter 2 Supersymmetry



Figure 2.1: An example of the cancellation of the quadratic divergence between the SM particle
(a: top) and the SUSY particle (b: stop).

where A is a cutoff scale of the SM. If we consider that the SM is valid up to Planck scale
(O (10") GeV), the second term of the right hand side of Eq. (2.22) becomes O (10%%) GeVZ.
Since my, = 125 GeV [58], the left hand side of Eq. (2.22) becomes O (10*) GeV? and psm
should be tuned to satisfy Eq. (2.22). Thus, the unnatural fine tuning with the size of 10732 is
needed. This is the hierarchy problem.

In SUSY, the partner particles of the SM particles which give the quadratic divergence
cancel out the divergence from the SM particles. Let us see the divergence of the top particle
for example. In the MSSM, there are two stops. By the symmetry, the stops’ couplings to the
Higgs field is proportional to the top’s coupling Y; as shown in Eq. (2.7)

L5 =YiHxoxe = Y72 HP|0d* = Y2 Hyl* 6l - (2.23)

u

Then, calculating the the contributions from Figure 2.1 (a) and (b), the quadratic divergence is

cancelled as [4]

2 _ (e - Y0 p VP ho o 0 (10g(a2)) (2.24)
my = (my, ]2 1672 08 ’ .

where the third term comes from the stop contributions. As a result, the problem of the
unnatural fine tuning seems to be solved.

On the other hand, the logarithm terms become large when the SUSY particles are heavy
> 0(100)GeV. For example, the logarithm term from the stops in Eq. (2.24) is given as

2 Y2 A?
mi = (mire)” — 8—;2Mt~2 I+ (2.25)
f
where - -- denote the terms which are independent of A and the higher loop corrections. Here,

we assume that two stops have the same mass M;. From this equation, if we consider the very
heavy SUSY particles > O(100)GeV, the problem of the unnatural fine tuning arises again.
Thus, the hierarchy problem is solved when the masses of the SUSY particles are not different
so much with the electroweak scale. When the stops are 1 (100) TeV, the logarithm term
becomes O(10%10)) GeV? and the size of the tuning becomes O(10726)). In SUSY, although
the problem of the unnatural fine tuning (the size of 10732) is solved, there still remains the
little fine tuning (the size of O(1072~76)) when the masses of the SUSY particles are O(1-100)
TeV.

2.1. MSSM 10
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Figure 2.2: An example of the proton decay process is shown. Here, we assume R-parity is

violated and there exist non-zero coupling célf and c}llf .

2.1.4 Dark Matter

In Eq. (2.6), we assume R-parity conservation. R-parity is a discrete symmetry defined as
Ry = (—1)*PHE+25, (2.26)

where S is a spin and B (L) is the baryon (lepton) number defined in Table. 2.1. With this
definition, the SM particles have R, = 1 and the SUSY particles have R, = —1. If R-parity is

violated, the following terms can exist in the superpotential [4]
W elH, L+ Ly Ly B+ Qp - LpDyn + 7 0 USDI DL, (2.27)

where «, 3,7 denote color indices. ¢; ~ c3 terms violate the lepton number and ¢4 term violates
the baryon number. If both of the lepton number breaking term and the baryon number breaking
term exist, the proton can decay. For example, if there exist célf and cilf , sdown(d ) exchange
process for proton decay p — et 7 arises (see Figure 2.2). The decay width for this process can

be roughly estimated by dimensional analysis as [4]

I 111
;’;m4~ st el )2 (2.28)
af

L(p—etn’) ~m

When the proton decays only by this process, the lifetime of the proton 7, becomes as

4
1 mcjf 1
T, = ~
P L(p — etn?) m;i |Cé1fc}11f|2
, mi N (1.9 x 1027\
~ 82 x 1033years< af ) : 2.29
1TeV ‘célfczlllf‘ ( )

From the Super-Kamiokande experiment, the lifetime of the proton is strongly constrained [59]:
Tp < 8.2 X 1033 years. When there is the above process only and the mass of the sdown m gi 18
1 (100) TeV, the constraints become \célfc}llﬂ < 10727(10723). Thus, one of c3 or ¢4 should be

suppressed at least. In order to suppress these terms, we assume R-parity conservation.
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When R-parity is conserved, the lightest SUSY particle (LSP) becomes stable since it has
R, = —1 and can not decay to the SM particles. Especially, when all scalar SUSY particles
(sfermions) are heavy, the lightest neutralino LSP can be a good candidate for the DM. There

are four neutralinos in the MSSM and the mass term is written as,

My 0 —Mzsweg Mgzswsg XB
1 0 Mo Mgcewc —Mzews X3
L>— (x5 xi xag ximg) ’ S
_MZSWC,B MZCW% 0 — U XHg
MZ8W35 —Mzcwsg — K 0 XHg
the.  (2.30)

sg = sinfl,cg = cosf and sy = sinfy = ¢'/\/9>+ "%, cww = cosby denote the Weinberg
angle.

This 4x4 mass matrix, M,, can be diagonalized by an orthogonal matrix, O,,, as

€170 0 0 0 Xy XB
0 em 0 0 3
0, M, 0T = 21 | M=o, [ (2.31)
0 0 €310 0 Xx2 XHO
0 0 0 €470 Xy0 XHY

€; = 1 and we define as 0 < myo < myo < myo < Mmyo. The lightest neutralino, xY, can be a
DM candidate. We call the DM model as X-ino DM model when X-ino is the main component
of x{: for example, Bino DM model for x{ ~ xp and Bino-Higgsino DM model where x{ is

composed of xp, XHO and X po.

2.1.5 Higgs Boson Mass

The Higgs boson was discovered at the LHC in July 2012 [1,2]. Its mass has also been determined
by combining the results of the ATLAS and the CMS [58]

mp, = 125.09 + 0.21(stat.) & 0.11(syst.)GeV . (2.32)

Here, we briefly review the Higgs boson mass in the MSSM.

After the spontaneous symmetry breaking, the Higgs fields becomes as
H} va+ 3= (ha +iA
H, = L , Hy=| ¢ va 2 : (2.33)
v+ 5 (hy +iAy)

where A, 4 is the pseudo scalar Higgs, H™ is the charged Higgs and the hy, 4 is the neutral Higgs.
The mass matrix for the neutral Higgs is calculated from the potential Eq. (2.9) as

1 \u|?> +m2, — %czﬁM% + S%M% —Bu — %SQBM% hay
L > =5 (huha) u 1 2 2 2 1 2 2172
2 — B — 5508M7 |ul® +mf, + ge28 M7 + caMz ) \ ha
_ 1 (b ha) c%mi - S%M% —3s05(m? + M2)\ [ hu | (2.34)
2 —1505(m? + M2) szm% + M7 hq
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where mi = 2B/ s9p is the diagonalized mass of the pseudo scalar Higgs and we use the relation

Eq. (2.13) and (2.14). We can diagonalize this matrix by the mixing angle « as

h cosa —sino ha,
= , (2.35)
H sinae  cos« hq

1 2
m%H =35 <m?4 + M2 F \/(m?4 - MZ)" + 4m?4M%s§5> , (2.36)
m2 4+ M2
tan20 = —A——Z tan 243 (2.37)
mi — M%

In the limit m4 > Mz, h becomes the SM Higgs boson. Thus, at the tree level, the mass of the

Higgs boson is written as

(mtree) 2 —

6 (mz1 e - - Mg) 4m?4M%s§5> . (2.38)

N

Note that this value can not exceed the Z boson mass Mz and mp; = 125 GeV can not be
explained.

On the other hand, the radiative corrections can raise this Higgs boson mass [6,7]. Including
the radiative corrections, mj = 125GeV can be explained in the MSSM. Here, we show the
one-loop contributions from the top and stops which give the largest corrections. Including the
contribution from the top and stops, the potential of the Higgs fields changes as Eq. (2.15).

Then, the mass matrix for the neutral Higgs changes as

L> —% (hy hq) M (Z:) : (2.39)
M =
o2y, — ess M3+ BME+ Y] By YeMp o+ ot
~By— hsosME + o] P miy, + deasME + M2+ hgd|
(EmE MR+ bl — | —hsaa(md + MB) + S|
T e 11 S s

Here, m? = 2Bp/so3 with the conditions (2.18) and (2.19). In the case ma > My, the mixing
angle o does not change compared to the tree level one and the diagonalization is performed as

Eq. (2.35). Then the mass of the Higgs boson is calculated as

mi = (mzree)2 + Am3 (2.40)
Am2 — cosa [ O*V, 1 ov},
h 2 8([{8)2 vev Uy 8H3 vev

1 oV}

1 OV
vev Vd o0H 3

— sin & cos & .
VeV) 8H3 aHg vev

sin o 82VI§
2 \oHy)*
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Then substituting Eq. (2.15), the Higgs boson mass becomes as

4 2 2 2
2 tree) 2 3my Mg Xi Xi
= —(In{ —=2 — 11— . 2.41
my, (mh ) + 471'2’[)2 < n <m?> + Mg 12M§1 ( )
Here, M g = m%lmi where my = M£i|vcv is the mass of the stop. In this expression, for

example when Mg ~ 1 TeV and X; = 0, mp = 125 GeV can be explained.

As we saw, my, = 125 GeV can be explained if we include the radiative corrections. However,
there are other contributions from the down type particles and higher loops which can give the
negative corrections. Thus, including these contributions are also important. The results with
including two-loop level calculation are shown in Ref. [8]. In the High-scale Supersymmetric
model where all the SUSY particles have the same mass as the supersymmetry breaking scale
and X is tuned to give a maximal contribution, the result is shown in the left of Figure 2.3. The
result of the Split Supersymmetric model is shown in the right of Figure 2.3 where the fermonic
SUSY particles are assumed to be relatively light My = my = My/2 = p/2 = M3/6.4 and the
other SUSY particles have the same mass as the supersymmetry breaking scale. Although the
mass of the Higgs boson depends on the spectra of the SUSY particles and the A-terms, typically
the SUSY breaking scale are needed to be O(2-107) TeV to explain the Higgs boson mass 125
GeV. Thus, in the MSSM, sfermions, especially stops, are supposed to be heavier than 1 ~ 10
TeV.

2.1.6 LHC Searches

The LHC is the proton-proton collider and searching new physical signals. The discovery of the
Higgs boson is the prominent result. In addition, the SUSY particles have been searched at the
LHC. However, there is no signal of the SUSY particles yet. Thus, the mass spectra of them are
constrained. Here, we briefly review these constraints.

At the LHC, there are experiments called as the ATLAS and the CMS. Since they give the
similar results, we review results of the ATLAS here. The LHC had run from 2010 to 2011 at
Vs =7 TeV and in 2012 at /s = 8 TeV. The ATLAS recorded the integrated luminosity 4.7
fb~! at 7 TeV and 20.3 fb~! at 8 TeV. For the preparation to run in the high energy, the LHC
had stopped during 2013 to 2014. And now, in 2015, the run at 13 TeV is starting.

The SUSY particles, especially colored particles, are the main targets at the LHC. This is
because the LHC is the proton-proton collider and the production cross sections of the colored
particles are large. Especially, the gluino and the squarks are easily produced at the LHC
with the processes like pp — gg or pp — ¢¢ and so on where g,G denotes gluino and squark
respectively. The produced gluinos and squarks decay to the SM particles and the DMs since
the gluino and squarks have odd R-parity and the final state should also contain odd R-parity
lightest particle, i.e. the LSP. Since the gluino/squark decay produces many quarks and the
DMs, the typical signal is composed of many jets, a few leptons and the missing energy. This

is because the light quark is observed as a jet, the top quark can decay to leptons via the W
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Figure 2.3: The contours of the Higgs boson mass is shown. These are the results of Ref. [§].
(left) The result of the High-scale Supersymmetric model where all the SUSY particles have the
same mass as the supersymmetry breaking scale and X} is tuned to give a maximal contribution.
(right) The result of the Split Supersymmetric model where the fermonic SUSY particles are
relatively light My = my = My/2 = /2 = M3 /6.4 and the other SUSY particles have the same
mass as the supersymmetry breaking scale. The green shaded region denote 124 GeV< my <126
GeV.

boson and the DM which can not be detected is observed as missing energy. Thus, multi-jets
plus missing energy processes including a few (or zero) leptons have been searched.

Since no significant excess of number of events is discovered, the mass spectra of the gluino
and the squarks are constrained. Although the constraints depend on the mass spectra, here we
show some results of simple model in Figure 2.4. The left upper figure and the lower figures are
the results in Ref. [5] and the right upper figure is the result in Ref. [60]. First, let us see the
result for the mSUGRA /CMSSM model (the left upper figure of Figure 2.4). In this model, the
soft terms are determined only by four parameters: the universal sfermion mass mg, the universal
gaugino mass my p, the universal A-term A and the sign of y. In addition, tan 3 is also the
parameter. These masses and A-terms are assumed to be same for all sfermions (gauginos) at
the grand unified theory scale ~ 106 GeV. At the low energy ~ 1TeV, these values of each SUSY
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particle become different since the dependence of the Yukawa couplings or the gauge couplings
and their radiative effects are different for each SUSY particle. Especially, the stops tends to
be lighter than the other squarks and the gaugino masses become as My : My : M3 ~1:2: 7.
With these mass spectra, the constraints are obtained as the left upper figure of Figure 2.4. In
this case, the constraints become mgz 2 1.4 TeV and mg 2 1.6 TeV.

Next, let us see the result of the simplified model. The left lower figure shows the constraints
on the mass of the gluino when the squarks are heavy enough and the gluino decay to the top
pairs and the DM via virtual stop. The constraint becomes mgz 2 1.4 TeV when the DM is
relatively light Mo ~ O(100) GeV. The right lower figure shows the constraints on the masses
of the first and second generation squarks when the gluino is heavy enough. The constraint
becomes mg 2 0.9 TeV when Mo ~ O(100) GeV. The right upper figure shows the constraints
on the mass of the stop in Ref. [60]. This is the case when the gluino is heavy enough and the
constraint becomes mj 2 0.7 TeV when m,o ~ O(10) GeV.

Although the results change by the mass spectrum, the light SUSY particles with the mass
O(100) GeV are constrained now. The productions of the neutralinos/charginos are also searched
at the LHC. We review this in Sec. 3.4.2.

2.1.7 Flavor Changing Neutral Current

In the MSSM, if no symmetries are assumed in the soft terms, there can be sizable off-diagonal

soft mass terms, i.e. Agf " with f # f'. These terms results flavor changing neutral

M
current (FCNC) process. However, no FCNC process for the SM leptons are observed and
constraints are set by experiments. Especially, the MEG experiment sets strongest bound on
the branching ratio of the process p — ey: Br(u — ey) < 5.7 x 10713 [61].

In the MSSM, the diagrams shown in Figure 2.5 contribute to the process y — ev if there
exists non-zero value of m?2 m% s The effective Lagrangian related to this process can be

Lrf
written as

1 _
L Semu o (AL P, + ARPR) 1 F* + h.c.. (2.42)

From this Lagrangian, the decay width for ;4 — ey can be calculated as

2
T(p—ey) = —md (JA"]> +|A%P) (2.43)

16m
AL AR are calculated from the diagrams in Figure 2.5. Although the detailed calculations are

given in Ref. [62], here we show a simple example case to estimate the constraints. For example,

let us consider the loop contribution from the Wino-slepton loop assuming that there exist non-
2

112
and can be estimated by mass insertion approximation as [18]

zero value of m?2 _ and other off-diagonal terms are zero. In this case, only A becomes non-zero

2
9" Opo

Al — T 2.44

12872 mlg ’ ( )

2.1. MSSM 16
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Figure 2.4: The current constraints for the gluino
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and the squarks are shown. The left upper

figure and the lower figures are the results in Ref. [5]. The right upper figure is the results in

Ref. [60]. See text for details.

2

2

2 2

where 655 = (m7,, — mlg)/mlg and we assume m: = mz = mz,, and Mz ~ |u| < mj. Then the
branching ratio Br(u — e7) becomes as
r
Br(u — 6"}/) = M
Ly
1 62 5 g2(5l~ 2
12
~N —— — s 2.45
T, 167 \ 12872m? (2.45)
675\ (6 TeV\*
~ 5Tx107B x (H2) (T 2.46
. “\ 03 m; ) (246)

where I', is the total decay width of 4 and I',
MEG constraints, m; 2 6 TeV is needed for 47,

17

= 2.99 x 107! GeV [63]. Thus, to evade the
=0.3.
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Figure 2.5: The diagrams which contribute to the p — ey process are shown.

The calculations for the heavy sfermion models are performed in Ref. [17,18] (see Figure 2.6).
In Ref. [17] (left figure of Figure 2.6), two models, the heavy gaugino model and the AMSB model,
are considered with p = my,tan § = 50,87, = 0519 = 0.1 where Jz5 = (m2,, — m2)/m?2 and
other off-diagonal terms are zero. In the heavy gaugino model, the masses of the gauginos are

assumed as M3 = mj with the GUT relation %% = % = ];423. In the AMSB model, the masses

big
1672
right figure of Figure 2.6 is the result of Ref. [18] with assuming M; = My = |u|, tanf = 5

and all relevant off-diagonal terms sizable ¢z = 0.3. Although the constraints change by the

2
of the gauginos are assumed as M; = ——=

mg/y where b; = (=11, —1,3) and m3/5 = 5m;. The

mass spectra of the gauginos and the Higgsinos, typically m; 2 O(10) TeV is needed for sizable
off-diagonal soft term 65 f f' ~ ©0(0.1).

2.2 Heavy Sfermion Models

As shown in Sec. 2.1.5, to explain the Higgs boson mass 125 GeV in the MSSM, the SUSY
breaking scale is needed to be higher than ~1 TeV. Especially, when the SUSY breaking scale is
larger than O(1-10)TeV, not only the Higgs boson mass can be explained but also the constraints
from the LHC can be evaded (Sec. 2.1.6). In addition, the constraints from the FCNC problem
are also relaxed (Sec. 2.1.7). Thus, the high scale SUSY models, especially the heavy sfermion
models, are one of the attractive SUSY models and have attracted attentions. Here, we review
the heavy sfermion scenario (Sec. 2.2.1).

In the SUSY models, the lightest neutralino can be a candidate for the DM . However, in the
heavy sfermion scenario, the correct thermal relic abundance can be obtained only in limited
cases (Sec. 2.2.2): pure Wino DM with the mass about 3 TeV [20,21] (Sec. 2.2.3), (almost)
pure Higgsino DM with the mass about 1 TeV [21,22] (Sec. 2.2.4), gaugino coannihilation
scenario [23-27] (Sec. 2.2.5) and Bino-Higgsino DM [28-36] (Sec. 2.2.6).

Although the heavy sfermion model is one of the attractive SUSY models, the sfermions are
heavy and it is difficult to search them directly by the experiments. Thus the studies about
the neutralinos/charginos, especially the DM, become necessarily. Among the DM models, the
Bino-Higgsino resonant DM model gives variety of phenomena in the energy scale 10~1000 GeV.

It is important to study such phenomenology combining the possible experiments. In this thesis,
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Figure 2.6: The example of the constraints from p — ey are shown. The left figure is the result
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terms 515ff’ =0.3.

we investigate the Bino-Higgsino resonant DM comprehensively (Sec. 2.2.6).

2.2.1 Heavy Sfermion Scenarios

As written above, the SUSY model with the SUSY breaking scale larger than O(1-10)TeV is
one of the attractive models since it can explain the Higgs boson mass, it is compatible with the
LHC results and it can evade the FCNC problem. In this case, the sfermions are heavy as the
SUSY breaking scale. On the other hand, the gauginos are suggested to be relatively light when
the DM is the thermal relic DM. Thus, there have been studies to explain the gap between the
size of the soft terms for the sfermion masses and for the gauging masses (for example there are
Refs. [9-16)).

In the heavy sfermion scenarios, typically the soft terms for the sfermion masses are given
in the tree level while the soft terms for the gaugino masses are given in the one loop level. It
occurs when the SUSY breaking fields are charged under some global symmetries. Since the
representation of the SUSY breaking fields and the shapes of the couplings are different in each
model, the mass spectra are a little bit different in these scenarios. For example, in the split
SUSY [9-11], the sfermions are very heavy > O(10) TeV while the Bino, the Wino and the
Higgsino are within O(0.1-1) TeV and each neutralino can be a candidate for the DM. In the
spread SUSY [12,13], the mass spectra of the gauginos and Higgsinos become wider than the
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split SUSY and the candidates for the DM is the Wino or the Higgsino. In the pure gravity
mediation model [14-16], the sfemions are heavy (O(10-1000) TeV and the gauginos are O(1)
TeV. The Wino is the LSP and can be a candidate for the DM.

Although there are many studies to explain the size of the soft terms, we concentrate on

the phenomenology of the DM and we assume the low energy effective Lagrangian as shown in
Sec. 4.

2.2.2 DM in Heavy Sfermion Scenarios

In the heavy sfermion scenarios, the lightest neutralino LSP can be a candidate for the DM.
However, the correct thermal relic abundance can be obtained only in limited cases. There
are cases where the dominant component of the DM is the Wino, the Higgsino and the Bino.
In the Wino DM case, the thermal relic abundance can be explained with the mass about 3
TeV [20,21]. The Higgsino DM is also the candidate of the thermal relic DM when the mass
is about 1 TeV [21,22]. We show these models in Sec. 2.2.3 and 2.2.4. On the other hand,
when the dominant component of the DM is the Bino and there is almost no contribution
from the Wino and the Higgsino, the DM is typically overabundant. In this case, the Bino
DM should coannihilate with the gauginos [23-27] or the mixing with the Higgsino should be
increased [28-36]. The former case, gaugino coannihilation model, is reviewed in Sec. 2.2.5. The

latter case, the Bino-Higgsino model is also discussed in Sec. 2.2.6.

2.2.3 Pure Wino DM

In the Wino DM case, the DM can annihilate to the SM particles effectively since the Wino
couples to the gauge bosons. When the mass of the Wino is O(100) GeV, the annihilation cross

3571 and it makes the relic abundance to be too small

section becomes larger than ~ 10~ 26cm
compared to the current value (see also Sec. 3.1). The annihilation cross section decreases as
the mass increases. Thus, the heavier the Wino become, the larger the relic abundance become.
When the mass of the Wino become ~ 3 TeV, the relic abundance can be explained [20,21].

When the soft masses of the gauginos are given by the one loop level supergravity effects
which are called as the anomaly mediated gaugino masses, the Wino tends to become the
LSP [64,65]. In this case, the charged Wino is nearly degenerated with the lightest neutral
Wino. Thus, the coannihilations among the charged Wino and the neutral Wino contribute to
the annihilation cross section. In addition, the non-perturbative effects called as the Sommerfeld
enhancement give the large contribution to the annihilation cross section [20,21]. This occurs
because the nearly degenerated Winos attract each other. Including these effects, the mass of
the Wino in order to explain the current relic abundance becomes ~ 3 TeV [20,21].

Although this model contains about 3 TeV Winos and other heavier 22 O(10) TeV SUSY
particles, the LHC can probe this model with searching the disappearing track of the chargino
decay [66—68]. With the indirect detections, for example detection of cosmic rays such as photons,

anti-protons and positrons, this model also can be probed [69-74]
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2.2.4 (Almost) Pure Higgsino DM

The (almost) pure Higgsino DM case is similar to the pure Wino DM case. The Higgsino couples
to the gauge bosons and its annihilation cross section is larger than ~ 10726cm?s~! when the
mass is @(100) GeV. Thus, the relic abundance is typically small for O(100) GeV Higgsino and
the mass of the Higgsino ~ 1 TeV is necessary [21,22].

There are the charged Higgsino and two neutral Higgsinos in this model. Since the Higgsino
mix with the gauginos, the masses of the two neutral Higgsinos are different. Thus, in this model,
the two neutral Higgsinos form the two Majorana neutralinos and the lightest one becomes the
Majorana DM. The mass difference between the two Majorana neutralinos decreases as the
mixing with the gauginos decreases. When the Bino and the Wino become heavier than ~ 108
GeV, the mass differences becomes small ~ 1074 GeV and it is constrained from the inelastic
scattering with the nucleus [22]. Thus, the mixing between the Higgsinos and the Bino/Wino
can not become too small and we call this model as (almost) pure Higgsino DM model.

In this model, it is different from the pure Wino case that there is small Sommerfeld en-
hancement in the annihilation cross section since the Higgsino forms SU(2) doublets while the
Wino forms SU(2) triplet [20,21]. Since the mass splitting of the chargino and the neutralino is
not small enough, there are no disappearing track in the LHC which is different form the pure
Wino case: in pure Wino case the mass differences between the chargino and the LSP is ~160
MeV and the chargino travels O(1-10) cm before decay [67], in (almost) pure Higgsino case the
mass differences is ~ 350 MeV and the chargino travels < lem [22]. Thus the LHC can not
search this model easily. However, since the two neutral Higgsinos are nearly degenerated, this

model is sensitive to the inelastic scattering with the nucleus [22].

2.2.5 Gaugino Coannihilation

When the gauginos are nearly degenerated, the coannihilation can occur [23-27]. The coan-
nihilation is the process that the DM and the gaugino which is slightly heavier than the DM
annihilate to the SM particles: i.e. the process like DM xJ — SM SM where x is the nearly
degenerated gaugino. In this case, these particles freeze out at approximately the same tempera-
ture and the coannihilation process decreases the DM number density. Thus, even the Bino DM
which does not mix with the Higgsino sufficiently can explain the current relic abundance. The
Bino-Wino coannihilation and the Bino-Gluino coannihilation can give the proper relic abun-
dance when their masses are O(0.1-1) TeV. In these cases, the Higgsinos are considered to be
heavy and there is no DM scattering with the nucleus. However, since the gauginos are within
the reach of the LHC, this model can be probed by the LHC experiments [75-77].

2.2.6 Bino-Higgsino DM

When the dominant component of the DM is the Bino and the all sfermions are heavy enough,

this pure Bino DM can not explain the current thermal relic abundance. This is because ob-
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viously the pure Bino does not couple to any other particles sufficiently in this case. There
is almost no annihilation cross section and the freeze out occurs at the early time. It results
in an overabundant DM (See also Sec. 3.1). Thus, to explain the current relic abundance, the
pure Bino should coannihilate with other gauginos or mix with the Higgsinos sizably to increase
the annihilation cross section. The gaugino coannihilation case is shown in Sec. 2.2.5. Here we

consider the latter case that the Bino mixes with the Higgsino sufficiently.

The Bino-Higgsino DM is one of the good candidates for the DM. To enhance the annihilation
cross section, there are two mechanisms: (i) enhance the couplings and include coannihilations
with tunings, or (ii) enhance the cross section by resonant annihilation. The former type (i)
is called well-tempered model [28-30]. In this model, the Bino and the Higgsino are tuned to
be nearly degenerated, m o~ m

g~ Mo~ M This tuning gives maximal mixing of the
1

Bino and the Higgsino an?l the D>1§/[’s cou?alings to the SM particles become large. In addition,
with nearly degenerated neutralinos and charginos, new processes contribute to increase the DM
annihilation cross section: for example, the process DM DM— W*+W~ with t-channel chargino
exchange and the coannihilation process DM xy — SM SM are added. From these two effects,
the DM annihilation cross section becomes large enough to explain the current relic abundance.
Although the current relic abundance can be explained in the wide range of the parameter space
100 GeV< |p| < 1000 GeV with My ~ |u|, almost all regions except for the blind spot where

the DM-Higgs coupling vanishes are already excluded by the DM direct searches [38,39].

On the other hand, in the latter case (ii), the DM annihilation cross section is enhanced
by the resonant annihilation. Since the Bino mixes with the Higgsino slightly, the Bino can
annihilate to SM particles especially via the Higgs boson or the Z bosons. When the mass of
the DM is about half of the particle X which the DM couples, the cross section of the process
DM DM — X — SM SM is enhanced. The candidates for the resonant particle are the Higgs
boson and the Z boson when all other SUSY particles are heavy [30-36]. The allowed mass
range is m.o ~ My ~ my,/2 or Mz/2 while y1 can change in wider range (100 GeVS |u| $2500
GeV).

Since the mass of the DM is O(10) GeV and the masses of the heavier neutralinos and
charginos are O(100) GeV, this model gives a variety of phenomena in the experiments. Espe-
cially, when all the sfermions are heavy, the light neutralinos and charginos are one of the clues to
reveal the SUSY models. As shown in Sec. 3, the direct detections have good sensitivity in this
mass range, the invisible decay can occur and the LHC can search these particles. Combining
these experiments, we can extract information about the new particles and identify the model.
Thus, it is very important to investigate the light DM model in the heavy sfermion scenario now.
The light DM is the special property of the Bino-Higgsino resonant model. To prepare for the
discovery or the exclusion by the experiments and to give the insight to new experiments, we

investigate this Bino-Higgsino model with resonant annihilation comprehensively in this thesis.

In this thesis, we investigate essentially the whole parameter space while the previous
works [32-36] has done only the scatter plots. With this analysis, the existence of the blind
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spot becomes clear, and the importance of investigating the blind spot region is emphasized (see
Chapter 4, 5 and 6). In addition, we comprehensively study the phenomenology including the
direct detection, the invisible decays and the LHC searches. The study for the SI cross section
is performed in all papers [32-36]. However, the study for the SD cross section is partially done
only in Ref. [36] and the Higgs boson invisible decay is also only commented in Ref. [33]. Al-
though the LHC search with 8 TeV analysis is investigated in Ref. [34-36], the 14 TeV prospects
are discussed with their original analysis only up to m,o < 320 GeV in Ref. [34]. Furthermore,
none of the previous studies have analyzed the 14 TeV LHC prospects of the current model
by using the results of the LHC [51]. We investigate all these phenomenology and show the
importance of combining these experiments. The detailed description of this model is given in
Chapter 4.
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Chapter 3

Dark Matter

The dark matter (DM) is one of the clue to the new physics since the SM does not contain
a candidate for the DM. Especially, weakly interacting massive particles (WIMPs) are good
candidates for the DM. In order to search the DM, there are many experiments. Here we briefly
review the phenomenology of the DM, especially the Majorana DM.

First, we see about the thermal relic abundance in Sec. 3.1. In Sec. 3.2, the current status
of the direct detections for the spin independent scattering and the spin dependent scattering
are discussed. Sec. 3.3 is written about the invisible decay of the Higgs boson and the Z boson.
The collider searches for the DM is also discussed in Sec. 3.4. Finally, we take a glance at the

indirect searches in Sec. 3.5.

3.1 Thermal Relic Abundance

Here, we briefly show the calculation of the thermal relic abundance [78,79]. At the early
stage of the Universe, the DM is thermalized. Then the number density of the DM evolves
by the expansion of the Universe and the balance of the creation and annihilation. When the
temperature is higher than the mass of the DM, the DM is in thermal equilibrium. However, as
the temperature decreases, the number density deviates from the equilibrium number density.
Then the yield which is the ratio of the number density of the DM and the entropy density
becomes constant. It is called as freeze out (see Figure 3.1). Finally, the DM remains until
today. The current DM relic abundance is observed as Qh? =0.120 by the Planck [19].
Next, we show the calculation of the thermal relic abundance. The thermal relic abundance
of the DM is calculated by solving the Boltzmann equation [78]
1d (a3n) _dn

an _ 2 _ 2
T T +3Hn = (ov)(ng, — n), (3.1)

where n is the DM number density, a is the cosmological scale factor and t is the cosmic time.
Here, H = a~'da/dt = \/87Gp/3 is the Hubble parameter with the gravitational constant G
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Figure 3.1: The evolution of the DM abundance is shown in (m/T,Y)-plane. The black line
denotes the equilibrium yield Y,q. The red, green and blue lines show the yield with changing

the value of (ov).

and the total energy density p = 772ng 4/30. T denotes the temperature which is related to ¢ by

dt 1 1d(Ings)
dT ~ HT <1 * 3d(1nT)> ' (32)

Here, parameters g; and g, are the relativistic degrees of freedom associated to the entropy
density and the energy density respectively. As shown in Eq. (3.1), the evolution of the DM
number is determined by the Hubble expansion and the balance on the equilibrium number
density neq with the thermally averaged annihilation cross section (ov). With the modified

Bessel functions of the first and second kind K 2, neq and (ov) are written as [79]

m2T

Neq = QXWKQ(m/T) (3.3)
fd3p1d3p2 e /T e=E2/T 5y,

[ d3p1d3py e=F1/Te—F2/T

_ 1 S o .
8T (Ky(m/T))? Amf(s)\/g(s Am*) K1 (Vs/T)ds . (3.4)

{o0)(T)

where m is the DM mass and g, = 2 for the Majorana DM. o(s) is the annihilation cross section
of the DM and it depends on the model. The Boltzmann equation is rewritten by using Y = n/s
with the entropy density s = 272g,T3/45,

ay
E = S(O”U>(Yve%] — Y2) . (35)
Let us see the behavior of the Boltzmann equation (3.1) (see also Figure 3.1). At the early
epoch T' > m, H < (0v)neq is satisfied and Eq. (3.1) becomes %? ~ (ov)(nZ, —n?). In this

time, the DM is in the equilibrium n ~ neq and the number density decreases by n o T3. After

the temperature decreases T' < m, the equilibrium number density decreases exponentially
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Neq X exp(—m/T). Then near T ~ m/20, the production of the DMs becomes suppressed
and Eq. (3.1) becomes % ~ —3Hn — (ov)n?. As the number density obeys this equation,
it decreases differently from the equilibrium number density, neq. After the number density
decreases further, the annihilation of the DMs becomes also suppressed. Finally, when T" < m,
Eq. (3.1) becomes ‘é—? ~ —3Hn and the number density evolves only by the Hubble expansion.
At this stage Y = n/s becomes constant and the DM remains until today. This is the freeze
out. The relic abundance 2 is given by
B ms(To)Y (Tp)

3H?(T,
Q=——"—", pait = p(To) = 3H™(Tn)

3.6
Perit G ( )

where Tp is the current temperature of the Universe. The relic abundance is determined by the
mass of the DM, m, and the annihilation cross section of the DM, ¢. As shown in Figure 3.1,
the small value of (ov) tends to make the DM abundance large and the large value tends to
make the DM abundance small.

As we can see from Figure 3.1, the size of the annihilation cross section o or (ov) is important
to explain the current relic abundance value. With too small annihilation cross section, the DM
can not annihilate to the SM particles enough and it becomes overabundant. On the other
hand, with too large annihilation cross section, the DM tends to annihilate more than necessary
and it does not remain enough. If the annihilation cross section is constant, it is needed to be

~ 3 x 107%cm3s™! to explain the current DM abundance.

3.2 Direct Detection

The DM has been searched by direct detection experiments. Especially, the LUX [40] and the
XENON [41-43] have high sensitivity in the vast region of the DM mass, mpy = O(1-10%) GeV.
In these experiments, the nuclei (xenon) can be scattered by the DM if the interaction between
the DM and the nuclei exists. They see the recoil energy of the nuclei. However, there is no
signal of the DM yet, and they give constraints. Here we briefly show the current status and
the future sensitivity for the spin-independent (SI) cross section of the DM (Sec. 3.2.1) and the
spin-dependent (SD) cross section of the DM (Sec. 3.2.2).

3.2.1 Spin Independent Scattering

The spin independent (SI) scattering cross section is determined by the coupling between the
nucleon and the DM. When the DM is a Majorana fermion, the effective coupling is given as
L3> Nepmn ANYpv¥pMNN. b With this coupling, the SI cross section can be calculated as

4 2 2
oS = 23— NTIDM (3.7)
T (mpm + my)

!Note that the term as 9y y,4¥pm vanishes for the Majorana fermion DM.
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Figure 3.2: Current status for the SI scattering cross section. The constraints from the LUX [40]
(left: blue line) and the future prospects from the XENON [41] (right: red line) are shown.

where my is the mass of the nucleon. The scalar exchanging process, for example the Higgs
boson exchange, can contribute to this cross section.

Now, the LUX [40] sets the strongest constraints on this SI scattering cross section ot
(Figure. 3.2). It reaches to O(10~%°~10%) cm? depending on the mass of the DM. The future
prospect of the XENON [41] is also shown in Figure. 3.2. The XENON 1T can reach up to
O(10747) em? for 20 < mpy < 200 GeV.

3.2.2 Spin Dependent Scattering

The spin dependent (SD) scattering cross section is similar to the SI scattering cross section
except that it corresponds to the spin dependent process. The effective coupling between the
nucleon and the DM is given by L 3 > Nepn §N@DM75%¢DMN757“N . The cross section

becomes as

2.2
sp _ 12 mMyMpMm

2
on = —¢&N

T (mDM + mN)2 (3'8)

For example, the vector boson exchanging process like the Z boson exchanging process can
contribute to this process.

The current constraints come from the XENON100 [42].2 The future prospects of the
XENON 1T are estimated in Ref. [43]. We show these results in Figure. 3.3. Note that the
constraints and the future prospects for the cross section between the neutron and the DM
are stronger than those for the one between the proton and the DM. The constraints reach to
O(107%%) ecm? and the future prospects reach to O(1074!) cm?.

2The LUX has not published the results of the SD scattering. There is a study [80] giving the SD constraints
which is based on the LUX data.
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Figure 3.3: Current status for the SD scattering cross section. The constraints from the
XENON100 [42](left: blue line) and the future prospects estimated in Ref. [43] (right: red

line) are shown.

3.3 Invisible Decay

If the DM is a fermion and has a coupling to the boson X with a form like X-DM-DM, the
boson X decays to two DMs for mpy < mx /2. Especially, the Higgs boson and the Z boson
can decay to two DMs for mpy < my,/2 and mpv < Mz /2 respectively. Since the DM can
not be detected in the collider experiments, these boson seem to decay invisibly. The process
which X decays invisibly is called as invisible decay of the particle X. There are experiments
to search these processes [44-49]. We briefly review the invisible decay of the Higgs boson and
the Z boson here.

3.3.1 Higgs boson Invisible Decay

In the SM, the Higgs boson can decay invisibly only by the process h — ZZ* — vvvr with
small fraction Br(h — vvvv) = I'(h — vvvw)/T(h — SM) ~ 1 x 1073.3 On the other hand, in
new physics models if the DM couples to the Higgs boson with mpy < my /2, the Higgs boson
can also decay invisibly by the process h — DMs. In this case, the branching ratio of the Higgs
boson invisible decay becomes

I'(h — vvvv) + +I'(h — DMs)
T(h — SM) + ['(h — DMs)

Br(h — invisible) = (3.9)

This Higgs boson invisible decay process is searched and planed to be searched [44—48].
At present, there are constraints by the global fits of the Higgs boson which use the data from
the Tevatron and the LHC [44,45]. In the analyses, the x? fittings on the experimental cross

3Here, we estimate the branching ratio by multiplying the theoretical Higgs branching ratio Br(h —» ZZ* —
4f) = 0.0264 [63] and the square of the Z boson branching ratio Br(Z — vv)=0.200010.0006 [63] where f denotes
the SM fermion except the top and the Higgs boson mass is 125 GeV.
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sections of the Higgs boson production processes are performed. As the fitting parameters, the
Higgs boson couplings to the SM particles and the Higgs boson invisible decay width are used.
As the experimental cross sections, they consider the combination of the production processes
(gluon gluon fusion, vector boson fusion, and associated production with a top pair) and the
decay processes (h — ZZ* WW*,~yv,7r77,bb). Various constraints are obtained by changing
the assumption for the fitting parameters. In the case all the Higgs boson couplings are assumed
to be the SM value and only the Higgs boson invisible decay width is the fitting parameter, the
constraints become as Br(h — invisible) < 0.17 (95% CL.) [44] and Br(h — invisible) < 0.19
(95% CL.) [45]. In the case the Higgs boson couplings to the gluon and the photon are also added
to the fitting parameters, the constraints become as Br(h — invisible) < 0.26 (95% CL.) [44]
and Br(h — invisible) < 0.29 (95% CL.) [45].

There are plans to search the invisible decay of the Higgs boson directly. At the High-
Luminosity (HL) LHC, there are studies for the process pp — Zh, h —invisible. The sensitivity
for this process with 3000 fb~! is estimated [46,47]. The sensitivity depends on the size of the
systematic uncertainties: for “realistic scenario” in Ref. [46] Br(h — invisible) < 0.062 (95%
CL), for “conservative scenario” in Ref. [46] Br(h — invisible) < 0.14 (95% CL) and in Ref. [47]
Br(h — invisible) < 0.08-0.16 for the ATLAS and 0.06-0.17 for the CMS (95% CL). The ILC
is also planning to measure the Higgs boson invisible decay width directly with the process
e~ et — Zh, h —invisible. The sensitivity is estimated as Br(h — invisible) < 0.004 (95% CL)
with 1150 fb=1 at /s = 250 GeV [48].

3.3.2 Z boson Invisible Decay

The difference between the Higgs boson invisible decay and the Z boson invisible decay is that
the Z boson can decay invisibly with a large fractions even in the SM. It is because the Z boson
couples to the neutrinos and it can decay to two neutrinos. This decay width I'(Z — vv) is
well measured at the LEP [49]. If the DM couples to the Z boson with mpy < Mz/2, new

contribution to the invisible decay width is added,
I'(Z — invisible) = I'(Z — vv) + I'(Z — DM DM). (3.10)

Thus, a gap between the experimental value of I'(Z — invisible) and the SM prediction value
of FSM(Z — vv) is used to set the constraint on new physical invisible decay width like a decay
to the DMs: AT'(Z — invisible) = I'(Z — invisible) — I'M(Z — vv) < 2.0 MeV (95% CL) [49].

3.4 Collider Searches

The DM can be produced at the colliders and there are experiments to search it. There are
two types of the production: (i) the direct production [80,81] and (ii) the production by other
particle’s decay [50,51,82,83]. In the former case (i), the DMs are produced by the process
like pp — DM DM or ete~ — DM DM. However, since the DM can not be detected at the
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collider, these processes give no signals in events. Thus, the additional radiation process, i.e.
mono-jet or mono-photon process, is considered pp — DM DM j or eTe”™ — DM DM ~. We
review these searches in Sec. 3.4.1. The later case (ii) depends on not only the DM itself but
also the model which includes the DM. The models which contain the DM candidates typically
introduce additional particles and the Zs symmetry. The Zs charge of the DM is odd and the
additional particles which also have odd charge can decay to DM. Thus, when the additional
particles are within the range of the collider, they are produced and decay to the DMs. The
processes like pp — Y1Ys — X DM DM can appear in the experiments where Y; denotes the
additional particles and X denotes the combination of the SM particles. For example, in the
SUSY case, the heavy neutralino xJ and the chargino Xf can be produced at the LHC with
the process like pp — W+ — ngic — ZX(fWiX(f — 1xJ1vx) where [ denotes the SM lepton
and x? is the DM (see also Sec. 2.1.6). As same as the direct production, the DMs can not be
detected. Thus the final states with the SM particles and the missing energy are searched. We
review this heavy neutralino and chargino production searches of the SUSY models at the LHC
in Sec. 3.4.2.

3.4.1 Mono-photon and Mono-jet

The mono-photon events and the mono-jet events are the typical signature of the DM production.
Since the DM can not be detected in the collider experiments, the initial state radiations (ISR)
become the clues to search the DM. The DMs are measured as the missing energy and the signal
contains the ISR and the missing energy.

In the eTe™ collision, the process e™e™ — DM DM ~ can occur where the ISR is the photon.
The LEP searched this process [81]. However, the results are consistent with the value of the
SM prediction process eTe™ — vvvy. The constraint is set on the unknown process ete™ — Xn:
its cross section should be < 0.05-0.2 pb at /s = 205 GeV depending on the missing energy
60200 GeV (see Figure 3.4).

In the LHC, the process pp — DM DM j can occur where the ISR is the jet. It is the same case
as the LEP that there is no excess in the signal. In Ref. [80], the constraints from the CMS [84]
at /s = 8 TeV 19.5fb~! are translated to the constraints on the generic vector mediator model.
In Ref. [80], two vector mediator models are considered: vector model L > Zq quL@q’y“wq +
gDMZ,/ﬂ,/_JDM’Y“wDM and axial-vector model L 3> ) ; quLQZq'y“'y5@/)q + gDMZ}Q&DM7M75¢DM where
q denotes the SM quarks. The constraints are set on the couplings g4, gpm and the masses of
ZL and the DM. The results with assuming g, = gpwm is shown in the blue lines of Figure 3.5.
Here, we roughly extract the constraints for the case that the mediator is the SM Z boson and
the DM couples to the SM Z boson with the axial-vector coupling. For the SM Z boson, there
exists both of the vector and axial-vector couplings L > Zq(g;/Zud_Jq’yuqu —&—g;‘Zquqv“fd}q) and
gV =0.07,94 = 0.19,91‘{ = —O.lS,gé? = —0.19 while the constraints are set by assuming there is
only vector (axial-vector) coupling. However, since the cross section becomes o (g(‘]/ )2+ (gf;‘)2

in the massless limit m, — 0 and the results for the vector model are almost same as the axial-
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Figure 3.4: The constraints from the LEP mono-photon search [81] are shown. Depending on

the missing mass, the cross section for eTe™ — X+ is constrained at /s = 205 GeV.

vector model (see Figure 3.5), we roughly estimates that the constraints in this case becomes
same as those of the axial-vector model with g, ~ 0.2 and M,eq = Mz = 91.2 GeV. Then the
constraints on the DM coupling to the Z boson become as |gpm| < 0.2-0.6 for the mass of the
DM 10-100 GeV.

3.4.2 Heavy Neutralino/Chargino Production

The production of the neutralinos/charginos are searched at the LHC like those of the col-
ored SUSY particles (see Sec. 2.1.6). Although the production cross sections of the neutrali-
nos/charginos are smaller than those of the colored SUSY particle, typically the decay prod-
uct contains the leptons and the QCD background can be suppressed. Thus, the neutrali-
nos/charginos can be searched at the LHC.

As shown in Sec. 2.2, the heavy sfermion scenarios in the SUSY models are well studied.
In these scenarios, the neutralinos/charginos searches become important since the sfermions are
heavy and not produced at the LHC. In this case, the pair of the neutralinos/charginos are pro-
duced by the electroweak process. If kinematically arrowed, the produced neutralino/chargino
decay to the DM associated with the gauge boson or the Higgs boson. These processes are

searched and especially the process,
pp = X3XT — ZxXAWHXY = I flvad (3.11)

(I denotes e, u,7) are well studied by the ATLAS and CMS since this process gives a high

sensitivity [50,51,82,83]. Here, we review the searches for this process.
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Figure 3.5: The constraints from the mono-jet search are shown. These are the results of Ref. [80]
and the constraints from the CMS [84] at /s = 8 TeV 19.5fb~! are translated to the constraints
on the generic vector mediator model (left: vector model, right: axial-vector model). See text

for details.

At 8 TeV, since there is no discovery of the signal for these searches, the constraints are set
by the ATLAS with 20.3 fb=! [50]. Note that the CMS also gives the constraints which are
weaker than the ATLAS results [82]. When the sleptons are absent, the process (3.11) gives
the strongest constraints. Although there is also analysis for the Wh process, pp — ngf —
hx?Wix? — 1VvxY, it gives very weak constraints. The constraints for the process (3.11)
given by the ATLAS [50] are shown in Figure 3.6. This constraints are set by assuming the

simplified pure Bino-Wino model:

(i) There exist the pure Bino DM xY, the pure Wino neutralino x3 and the pure Wino chargino
+
X1 -

(ii) The masses of X9 and xi are the same, myg =m,

+.

1

(iii) They decay as xy — Zx{ and X{E — WEXY with 100%, i.e. Br(xd — Zx?) :Br()dE —
WHxP)=1.

Note that the pure Wino can not decay to the Bino. The slight mixing with the Higgsino makes
it possible for the pure Wino to decay to the Higgs boson and the Bino. Even in this case, the
(almost) pure Wino can not decay to the Z boson and the Bino with larger fraction. Thus, this
pure Bino-Wino model is a toy model and only the benchmark of the searches. In addition, in
this analysis, the production cross section is calculated by assuming the pure Wino. It makes
the cross section larger than that of the neutralinos which contain the Higgsino component.
In order to translate these constraints to the physical model, we need to simulate the ATLAS
analysis and reinterpret the constraints in that model (see also Sec. 5.5). As a benchmark, the
pure Wino mass up to 350 GeV is excluded when the mass of the DM is 0-100 GeV.
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Figure 3.6: The constraints and the future prospects of the neutralino/chargino searches by the
ATLAS are shown. (left) The constraints set by the ATLAS [50] at 8 TeV are shown. (right)
The future prospects by the ATLAS [51] at 14 TeV with 300 fb~! and 3000 fb ~! are shown. In

these plots, the pure Bino-Wino model is assumed (see text for details).

The future prospects at 14 TeV are also given by the ATLAS [51] and the CMS [83]. Since
the ATLAS and the CMS give the similar results, we review the ATLAS analysis. It is the same
as the 8 TeV case, the process (3.11) gives a highest sensitivity while the Wh process gives a
weaker sensitivity. The future prospects for the process (3.11) given by the ATLAS [51] is shown
in Figure 3.6. Here, the pure Bino-Wino model is also assumed. Thus, we need to simulate and
reinterpret the future prospects in order to apply them to the physical model. In Figure 3.6, the
results with 300 fb~! and 3000 fb ~! are shown. The exclusion limit for the Wino mass can be
800 GeV and 1100 GeV for the DM mass 0-100GeV with 300 fb~! and 3000 fb ~! respectively.

3.5 Indirect Detection

The DM can annihilate in the present Universe. There are many experiments to search this
phenomenon. Especially, the observation of the cosmic rays (Sec. 3.5.1) and the observation of

the neutrinos from the Sun (Sec. 3.5.2) exist. Here, we briefly review these observations.

3.5.1 Cosmic Rays

In the present Universe, the DM can annihilate to the SM particles in the high DM density
regions. The produced SM particles emit the photons, positrons, anti-protons and so on which
lead cosmic rays. For the light DM, the strong constraints come from the observation by the
Fermi-LAT [85]. In the experiment, the targets are the gamma rays from the dwarf spheroidal
satellite galaxies of the Milky Way where the dwarf spheroidal satellite galaxies contain the
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Figure 3.7: The constraints from the observations of the gamma rays from the dwarf spheroidal
satellite galaxies by the Fermi-LAT are shown [85]. The constraints on the each annihilation
channel ete™, utp=, 7777, uii, bb, W W~ are shown where 100% branching fraction is assumed

for each channel.

substantial DM component. Since there is no excess of the signal, there are constraints. The
constraints are set on the DM annihilation cross section in the present Universe: (ov) with the
limit v — 0. The results are shown in Figure 3.7. Here, the constraints on the each annihilation
channel ete™, utp=, 7777, uii, bb, W W~ are shown where 100% branching fraction is assumed
for each channel. W W~ channel is considered when the DM mass is larger than the W boson
mass. As shown, the constraints are similar for all channels since the gamma ray spectra are
similar and it mainly depends on the mass of the DM. The constraints reach up to 10727 ~
10726cm3s~! for the mass of the DM 10-100 GeV.

3.5.2 DM Annihilation in the Sun

In the present Universe, the DM can be captured in the Sun. The captured DMs annihilate to
the SM particles and it leads to generate the neutrinos. The emitted neutrinos from the Sun

are searched. However, there is no excess now and the Super-Kamiokande gives the strongest

35 Chapter 3 Dark Matter



bound [86]. The constraints are set on the effective scattering cross section as [87]

oSU/SD(E) _ SI/SD a2 (th) , (3.12)

SI/SD
where o) /

is the SI/SD scattering cross section, Pcap., Lann. are the capture rate and the
annihilation rate of the DM in the Sun and ts ~4.5 billion years is the age of the solar system.

Here, /I'cap.I'ann.te can be calculated as [87]

SI/sp\ 1/2 1/2 1/4
rcap_Fann.t@:LS(l.?,)x(%) <<U“>|1Ho> (E’()GW) . (3.13)

10~40¢m? 10~29¢m3s—1 MpM

Note that the DM annihilation cross section is the one in the present Universe, i.e. (ov) with the
limit v — 0. When \/m te > 1 is satisfied, the DMs are in the equilibrium between the
capture and the annihilation. In this case, the capture and the annihilation occur continuously
and the effective scattering cross section become as O'SI/ SD(eff) O'EI/ D Note that tanh(x) =1
for > 1 and tanh(z) = 0 for = = 0.

The constraints are set by the Super-Kamiokande [86] (Figure 3.8). The results are shown
with assuming the branching fraction 100% for each bb, 7+7~, W+ W ™) channel. W+ W~ channel
is considered when the mass of the DM exceeds the mass of the W boson. The constraints for
the 777~ channel is stronger than the bb channel. This is because 7 emits the neutrino directly
by its decay while b emits the neutrons from the hadronic decays. The constraints on the SI
effective scattering cross section are much weaker than those of the direct detections (Sec. 3.2.1).
On the other hand, the constraints on the SD effective scattering cross section are same order
with those of the direct detections (Sec. 3.2.2). However, these constraints are set on the effective
cross section (3.12) where the branching fraction is assumed to be 100%. Note that there are
differences of the branching ratio factor and the tanh? factor between these constraints and the
constraints from the direct detections. Thus, these constraints can be weaker than those of the

direct detections depending on the branching ratio and the annihilation cross section.
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Chapter 4
Bino-Higgsino Resonant DM model

In this thesis, we investigate the phenomenology of the Bino-Higgsino resonant DM model. As
we see in Sec. 2.2, the heavy sfermion scenario is one of the attractive scenario since it can
explain the Higgs boson mass, evade the LHC constraints and improve the FCNC problem. In
that case, the Bino-Higgsino resonant DM model is one of the good candidate for the DM models
as discussed in Sec. 2.2.6. The current relic abundance is explained by the resonant enhancement
of the annihilation cross section. Here, we consider the Bino-Higgsino resonant DM model as
one of the heavy sfermion scenarios. We assume all the sfermions and heavy Higgses are heavy
> O(1-10) TeV and do not consider their effects.! We also assume the gluino and the Winos
are heavier than a few TeV which do not affect the phenomenology of the Bino-Higgsino system
and we do not consider their effects (Sec. 4.1). Then, these models are determined by only three
parameters, the Bino mass M7, the Higgsino mass p and tan 8. Although it is simple, this model
gives a variety of phenomena. We investigate this model comprehensively. Our study includes
the investigation of the whole parameter space of (M, u, tan 3), the phenomenology of the blind
spot and all the possible phenomena and experiments (see Sec. 5).

In Sec. 4.1, we introduce the Bino-Higgsino resonant DM model. The Lagrangian is shown
in Sec. 4.2. In Sec. 4.3 and 4.4, the behavior of the masses and the couplings of the DM are
shown. The brief description of the DM is also shown in Sec. 4.4. In Sec. 4.5, the behavior of
the couplings of the heavy neutralinos and the chargino is discussed which is important in the

LHC analyses. The detailed analysis and the results will be discussed in Chapter 5 and 6.

4.1 Matter Content and Conditions

The matter content in the Bino-Higgsino model is shown in Table 4.1. Here, we consider the case
where all the sfermions and heavy Higgses are heavy > O(1-10) TeV and do not consider their

effects. We also assume that the masses of the gluino and the Winos are heavier than a few TeV.

1 As shown in Sec. 2.1.5, to explain the Higgs mass, the masses and A-terms of heavy particles, especially of
the stops, are restricted in some parameter spaces. However, since they are heavy enough, we do not consider

their effects and we set the Higgs boson mass 125 GeV.
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SM fermions (quarks, leptons)
SM gauge bosons
HO(ho, Au) Z >—> heavy > O(1 — 10)TeV
Hg(ha, Aq)
h

XB X(1)

XHO = X5

X X3

e = X7

XHd—

Table 4.1: The matter content of the Bino-Higgsino resonant model. The Higgs fields, the

neutralino fields and the chargino fields are diagonalized and the heavy Higgses become heavy.

There are following reasons. First, the gluino does not mix with the Higgsino and the Bino and
does not affect the phenomenology of the DM. On the other hand, the Wino mixes with the Bino
via the mixing with the Higgsino. However, when the mass of the Wino are heavier than ~500-
700 GeV, the Wino also does not affect the phenomenology of the DM as shown in Appendix B.
Second, when the gluino and/or the Winos are light O(100) GeV, the LHC phenomenology
changes. However, it is independent from the DM phenomenology and the existence of these light
gluino and Winos enlarges the covered region of the constraints and the future prospects of the
LHC SUSY searches. To evade the constraints and to give the conservative future prospects, the
masses of the gluino and the Winos are assumed heavier than a few TeV where the gluino/Winos
does not change the LHC phenomenology of the Bino/Higgsinos. Thus, we do not consider their
effects.

Here, we do not consider the CP-violation terms in the Lagrangian.? Then the Lagrangian
is determined only by three parameters, the Bino mass M; > 0, the real Higgsino mass p and
tan f (see the next section Sec. 4.2). As we will see in Sec. 5.1, the current relic abundance can
be explained at m,o ~ mj/2 or Mz/2 and |u| < 2500 GeV. Thus, here we consider the following

parameter range,

20GeV < M; < 80GeV, (4.1)
100GeV < || < 2500GeV, (4.2)
2 <tanf <50, (4.3)

where the condition for p is to satisfy the LEP bound for the chargino m+ = || [63]. In the
outer region of Eq. (4.1) and (4.2), the DM becomes overabundant except the well-tempered

2The existence of the CP-violation terms adds the terms like L 3 /\hzﬁngfwx(l). It changes the phenomenology
of the DM. It is interesting to investigate such case but it is beyond this thesis and we simply assume there is no

CP-violating terms.
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Figure 4.1: The mass spectrum of the Bino-Higgsino resonant model is shown.

region (see Sec. 2.2.6). The mass spectrum of this model is shown in Figure. 4.1. We define z, z;
as
Mzsw M1

, 1= —. (4.4)
7 7

z

Note that |z|,|z1] < 1. In the following subsections, we show the expansions of the masses or
the couplings by these values.
4.2 Lagrangian

The Lagrangian after the spontaneous symmetry breaking, integrating out the heavy fields and

neglecting the gluino/Winos in Eq. (2.7) is written as follows

L 1
L = Lsu+ Y iXx0"duxx + <—2M1XBXB + IXHOXHY — X X + h-c'>
X
1 / 1 / 1 / 1 /
/37 VSeXBXHY T B VCAXBXHY ~ 59 calXBXH) = 59 SahxBXHY + .
—eX 0 X+ Ap + eXHd—H“XHd—A”
1 1
gV TH + v, ot -
+ < ﬁgXHJU xmoW, ﬂgXH;a Xngu + h.c.) (4.5)
e _ e . _ c _ _ e __ —
+%XHEU“XHEZM — %XH((}J#XHO?ZM — %XH;LU“XH;LZM + %XH;UNXH‘;Z/“

where X = B, H, H?, Hg, H,; . When the heavy Higgses are heavy enough, a ~ 3 — 7/2 (i.e.
Ca ~ S8, 5a ~ —cg) is satisfied (see also Eq. (2.37)).
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The mass matrix of the neutralinos (Eq. (2.30)) becomes 3x3 matrix,

) M,y —Mzsweg Mzswsp XB
L> _i(XB XHY XHQ) —Mzsweg 0 — i Xu9 | + h.c.. (4.6)
Mzswsg —p 0 X HY

Note that Mzsy = g'v/2. We diagonalize this matrix M, with a real orthogonal matrix O,

€170 0 0 X(1) XB
OnM,Op=| 0 e@mg 0 |, |X3|=0n|xu| - (4.7)
0 0 €310 3 X HO
€; = £1 and the negative mass ¢;, = —1 is absorbed by the additional rotation of the neutralino

fields with a diagonal matrix ¥,, where (¥,);; = 6;m and n; = 1 for ¢ = 1, m; = ¢ for
€; = —1. The chargino is composed only by the Higgsino. The mass of the chargino is €, where
€, = sign(p).

After diagonalizing the neutralino mass matrix, the Lagrangian is rewritten with the Majo-

T
. . . o . 27T
rana neutralinos wx?) and the Dirac chargino (wxli = (e“w Xp- X HJ) ) as

| — _ 1 _ _
L = Lem+t 9 Z W07 Oty + wxliVHauwxli D) Z M0\ 0¥y — et 1),

i=1,2,3 i=1,2,3
+h Z Vo (A}iijPL T )‘}Il%ijPR) Uno + Zy Z ax?'VM)‘%Z'J‘Pwa?
i,j=1,2,3 1,j=1,2,3
+WE Y b (\ThiPr + AjiiPr) 0 + hec.
i=1,2,3
— e —
—eTﬁxli’Y“wxliAu - %wﬁ’wl/}xfzu’ (4.8)
where
N = 20 (O (ca (On)ss + 50 (O)5) i (4.9)
Lij 9 nJj)gil (e nJ)j3 [} n)j2 ;i 77] ) .
/\I}cij = (A%ji> ) (4.10)
€ *
/\gij = %772'773' ((On)ia (On)ja — (On)in (On)jz) ) (4.11)
1
AV = g (0p) s 4.12
L1i \/59771 ( )23 ( )
1
)‘%i = Ege/ﬂh‘ (On)iz - (4.13)

All phenomenology is determined by these couplings and the masses of the neutralinos and the

chargino which depend on only M7, ;4 and tan 5.

4.3 Masses

Here, we show the behavior of the masses.
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With the expansion by z = Mzsy /u, the eigenvalues of the mass matrix are written as (see
Appendix C)

1 1
my = M <1—22 2(1—52/3)"'0('24)) ;
1-— 1 Z1
1
my = —p <1+2z21+21(1—325)+0(z4)> , (4.14)

1
mg = u(l—i—zQ

2 1—21(1+S2B)+O(24)> '

Here, m; denotes the eigenvalues of the mass matrix M, (Eq. (4.6)) and it does not equivalent

to the mass of X?, m.o. The relations between m; and m, o are depending on the parameters.

X Xi
Especially in our parameter regions, for y > 0, the relation becomes as m; = €;m,0. On the

other hand, for u < 0, the relation changes as ma3 = €2,31M,0 . OT M23 = €321 depending

Xg,z
on the parameters. For example, in the case of p < 0, if we change the value of M; fixing other
parameters, the flip of |ma| > |ms| — |ma| < |ms| can occur. The relation between |mg| and

|ms]| is calculated as

[ms| = [mal = 2% T——5 (214 825) + O (") . (4.15)

2
Obviously, the order of |ms| and |m3| flips at?
M1 ~ —US23 . (4.16)

With this flip, the couplings seems to change discontinuously when one keeps track of the
couplings of xJ (x3). Now, we define Xg (x%) as the heavy neutralino whose ¢ is positive
(negative): i.e. XS = x93 and X%, = x3 when €2 > 0 and €3 < 0, XS = xJ and X!, = x3 when
€9 < 0 and €3 > 0.4 Then, if we keep track of the couplings of xg (x%,), there is no discontinuous
change. This is because the subscript 2,3 of x9, xJ is only determined by the order of the mass
and it is not determined by its component (i.e. more like y g9 Or more like X 0).

From Eq. (4.14), the mass of the DM becomes m,
neutralinos become m g~ M0 ~ || Note that the mass of the chargino is €,u as shown in

X
Sec. 4.2. Note that, m;, < 2|mx8 3| ~ ZmXIi and My, < Mo +m, & are satisfied. Thus, the Higgs

0 ~ M; and the masses of two heavy

boson and the Z boson can not decay to the heavy neutralinos/charginos and the W boson can

not decay to the DM and the chargino.

4.4 Dark Matter

In the current set up, the lightest neutralino LSP x{ can be a candidate for the DM. This DM is
mainly composed of the Bino and slightly couples with the Higgsino (see Eq. (4.6)). Thus, we call

3This is the same condition of the blind spot which we see in Eq. (4.22).
“Note that €, = 1 and €2 x €3 = —1 holds when |u| > M;.
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this model as the Bino-Higgsino DM model. The phenomenologies of this DM are determined

only by its mass m 0 and the two couplings A", \?:

X
1— 1 — N Zog T

Lpyv = i’th(l)’y 8H¢X(f - §mX(1”’/}X(1JwX(1) + 5)\ hwx(l)wx(lj + A Z“@bx(l)’y PL¢X? , (4.17)

where
N = A A M = =" (On) 1y (ca (On) 15+ 5a (On) 1) (4.18)

e
M= M= —— ((0u)ig)* = (O)1)?) - (419)
SoW

Note that A, = A, e; = 1. See also Eq. (4.8) and Eq.(4.9)—(4.13). We can expand these

couplings by z as

1 1

Moo= Sgla——g (21 525) T O (7) (4.20)
2 1— 2]

A o= Cgyp? O (%) . 421
82W6252 1—z%+ (=) (4.21)

(see also Appendix C). The relic abundance, the SI/SD scattering cross section and the Higgs/Z
invisible decay width are all determined only by these mass and couplings.

Let us briefly discuss the thermal relic abundance. Since the pure Bino DM is overabundant,
it should mix with the Higgsino and the annihilation cross section should be increased. As we
can see from Eq. (4.6), the Bino mixes with the Higgsino with the mixing size ~ My /u. It
makes possible for the DM to couple with the Higgs boson and the Z boson. The DM can
annihilate to the SM particles only via these bosons. However, as shown in Eq. (4.20) and
(4.21), the couplings are small when |u| > M;, Mz holds and they are not sufficiently large to
increase the annihilation cross section. Meanwhile, when the mass of the DM is half of the Higgs
boson mass or the Z boson mass, the annihilation cross section can be also increased drastically
by the resonant enhancement. With non-zero couplings (Eq. (4.20) and (4.21)), this resonant
enhancement works well. This is the main feature of the Bino-Higgsino model with resonant
annihilation. We will see the detailed calculations in Sec. 5.1 and the results in Sec. 6.1.

x X9~ My / 2, the

current relic abundance can be explained. However, as we can see in Eq. (4.20), the DM-DM-

In the region with the Higgs resonance m 0~ My /2 and the Z resonance m

Higgs coupling vanishes when the following relation holds:
My ~ —psag . (4.22)

This is called as the blind spot [38]. In this region, the annihilation cross section of the DM
becomes too small even when the resonant annihilation occurs m,o ~ my /2. Thus the current
0 ~ mp/2 and Eq. (4.22) hold. This

gives very interesting phenomena. Especially, since even in the blind spot region the DM-DM-Z

relic abundance can not be explained when p < 0, m

coupling A\? does not vanish, the combination of the experiments becomes important to cover

these region. We will see these in Chapter 5 and 6.
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Figure 4.2: The behaviors of the mass and the couplings are shown. The values of tan 5 = 10
are shown with p < 0 (left) and p > (right). The black lines denote the mass of the lightest
neutralino or the mass of the DM myo. The lines with myo = 30,45.6 ~ Mz/2,62.5 ~ my /2,79
GeV are shown. The blue and green lines denote the size of the DM-DM-Higgs coupling \".
Note that the sign of A" changes in p < 0 region. The size of the DM-DM-Z coupling A\Z is also

shown in the red lines.

We show the behaviors of the mass and the couplings in Figure 4.2. The mass and the
couplings are calculated by solving the equations in Sec. 4.2 and we do not assume any ap-
proximations like |u| > Mj, Mz. The black lines denote the mass of the lightest neutralino or
the mass of the DM m,o. The lines with m,o = 45.6 GeV ~ Mz/2 and 62.5 GeV ~ my, /2
are shown. The blue and green lines denote the size of the DM-DM-Higgs coupling A\". The
size of the DM-DM-Z coupling A\Z is also shown in the red lines. Although the behavior of the
tan 8 = 10 case is shown, other value of tan 3 gives similar results. Note that in the u < 0 plane,
the blind spot A" ~ 0 is clearly seen. The behavior of A* depends on the sign of x drastically.
On the other hand, the behavior of A? does not depend on the sign of x and M;. It is easily
understood by Eq. (4.21). In addition, A% does not depend on tan 3 so much as far as tan 3 > 2.
In our setup, |A\?| becomes maximum A\ = —0.0775 at M; = 80 GeV, u = —100 GeV and
tan 8 = 2, i.e.

—0.078 < M < 0. (4.23)

4.5 Heavy Neutralinos and Chargino

Here, we see the branching ratios and the couplings of the heavy neutralinos and the chargino.

These are important in the LHC analyses. Especially, since the LHC phenomenology does not
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Figure 4.3: The branching ratios of the heavy neutralinos are shown (left: u < 0, right:u > 0).
The red line shows Br(xJ — ZxY) and the blue line shows Br(x3 — Zx9). Here, we set M; = 50
GeV and tan 8 = 10 for an example.

depend on A" and \?, the LHC can shed a light even on the blind spot.

First, let us see the decays of the heavy neutralinos and the chargino. The chargino decays
to the DM and the W boson exclusively when m = > myo + Myy. On the other hand, the heavy
neutralinos can decay with two processes depending on their mass.

X935 — Zx7, for myg > myo + Mz, (4.24)

Xg,g — ZxY and X8,3 — hxY, for Mo > Mo +my . (4.25)
The decay widths of these particles are shown in Appendix C.4. We can see that the widths are
narrow.

The branching ratios of the heavy neutralinos are important in the LHC analyses since the
results depend on the final states. The branching ratio of the process X8’3 — ZxY becomes as

(Appendix C.4)

Br(X%g = 7ZxY) = 10, for m,o +mp > Mg > Myo + Mgy, (4.26)
= %(1 + 21)%(1 £ 523) g 2z1i25 s +0(2?),
for Mg > Mg + M. (4.27)
Note that the following relation is satisfied
Br(x3 = Zx)) +Br(x§ — Zx}) = 1 + O(2?), for My > Mo+ My (4.28)

The typical behavior of the branching ratio is shown in Figure 4.3. Here, we set M; = 50 GeV
and tan 8 = 10 for an example. We can see that the branching ratio of the process x23 — Z %!

is 1 for myo +mp > myg > myo + M. In the p < 0 case, the flip occurs at p ~ —225GeV (see

X5,
also Sec. 4.4). If we draw the graph with ngm instead of X8,37 the lines become continuos.
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Next, let us see the couplings. The couplings and their z expansions are shown in Ap-

pendix C.3. As we can see in Sec. 3.4.2 and 5.5, the following processes are important.
pp — WE = X(2)73X1i — ZX(I)WiX(I). (4.29)

The production, pp — W* — X873xf, depends on the couplings /\EVIJ-, /\‘1/%‘/1]' where 7 = 2,3.
However, as we can see in Eq. (C.40)—(C.43), these couplings are almost constants. In the decay
of the chargino, Xli — WXV, the corresponding couplings )\EVH and A%l can be converted to the
decay width Fxli and the ratio )\EVH )\%1. Although the width depends on mainly u, the width
is already narrow enough and the value does not change the LHC phenomenology. On the other
hand, the ratio depend on tan 8 as we can see from Eq. (C.38) and (C.39). This may change
the chirality of the produced W boson. In the decay of the heavy neutralino, X873 — ZxY, the
related couplings are only )\%12’ 113 - These couplings can be converted to the decay widths Fxg,g‘
The width do not affect the LHC phenomenology as same as the chargino case. The chirality
of the produced Z boson also does not change since they have only left handed couplings. The

detailed analysis is shown in Sec. 5.5.
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Chapter 5
Analysis

In this section, we investigate the phenomenology of the Bino-Higgsino resonant DM model
introduced in Chapter 4. We consider the thermal relic abundance, the SI scattering cross
section, the SD scattering cross section, the invisible decays, the LHC searches, the mono-
photon/jet searches and the indirect searches. We show the detailed studies of these phenomena
to investigate this model comprehensively. We summarize the analyses and the experimental
results considered in this thesis in Table 5.1. The SM values used in our analysis are given in
Appendix A. In our analysis, we assume the standard halo model for the DM [88,89]: the local
density pg =0.3 GeVem ™3, the local velocity vg = 220kms™! and the galactic escape velocity
Vese = H44kms™1.

Before going to the detailed studies, we show the dependences of each phenomenon on the
masses and couplings in Table 5.2. Although the relic abundance and the invisible decays seem
to depend on both of A* and A\? in this table, actually they depend on only one of \* and A%
in each Higgs or Z region: the relic abundance in the Higgs (Z) resonant region depends on
only M (A\%) and the invisible decay of the Higgs (Z) boson depends on only A\* (\?). Since
each phenomenon depends on different combination of the masses and couplings, study of these
phenomenology can reveal this model comprehensively. Especially, the blind spot where A* ~ 0

holds exhibits interesting behaviors.
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relic abundance (Sec. 5.1)

Planck result

Qh? =0.120 [19)]

SI scattering cross section (Sec. 5.2)
LUX constraints
XENON 1T prospects

left figure of Figure 3.2 [40]
right figure of Figure 3.2 [41]

SD scattering cross section (Sec. 5.3)
XENON100 constraints
XENON 1T prospects

left figure of Figure 3.3 [42]
right figure of Figure 3.3 [43]

Higgs invisible decay (Sec. 5.4)
global fit constraints
(HL) LHC prospects
ILC prospects

Br(h — x9xY) < 0.19 [45]
Br(h — x{x?) < 0.062 [46]
Br(h — xx?) < 0.004 [48]

Z invisible decay (Sec. 5.4)
LEP constraints

['(Z — xIxY}) < 2.0 MeV  [49]

LHC chargino/neutralino search (Sec. 5.5)
8 TeV constraints

14 TeV prospects

reinterpretation of left figure of Figure 3.6 [50]

reinterpretation of right figure of Figure 3.6 [51]

mono-photon search (Sec. 5.6)
LEP constraints

Figure 3.4 [81]

mono-jet search (Sec. 5.6)
CMS constraints

IA?| < 0.2-0.6 [80] (Sec. 3.4.1)

cosmic rays (Sec. 5.6)

Fermi-LAT constraints

Figure 3.7 [85]

DM annihilation in the Sun (Sec. 5.6)

Super-Kamiokande constraints

Figure 3.8 [86]

Table 5.1: The analyses and the results used to set the constraints and estimate the future

prospects are summarized.
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myo M| AZ | heavy neutralinos/charginos
relic abundance (Sec. 5.1) o o | o —
SI scattering (Sec. 5.2) o o | — —
SD scattering (Sec. 5.3) o — | o —
invisible decays (Sec. 5.4) o o | o —
LHC productions (Sec. 5.5) | o | — | — o

Table 5.2: The dependences of each phenomenon on the masses and couplings are shown. o
denotes that the phenomenon depends on the mass or couplings, and — denotes that it does not
depend on them. “heavy neutralinos/charginos” includes the masses of the heavy neutralinos
and charginos m,, & and the couplings which related to them like )\}ii ; where ¢ > 2 or (and)

J > 2 (see also Sec. 4.5).

0o ,m
2,3
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5.1 Relic Abundance

First, we calculate the thermal relic abundance of the Bino-Higgsino resonant DM. Since the
DM couples only with the Higgs boson and the Z boson (see Eq. (4.8) and (4.17)), the DM
can annihilate to the SM particles only through the Higgs boson and the Z boson as shown in

Figure 5.1. The annihilation cross section of the DM, ¢®"™(s), is calculated as

o (s5) = o(xIx? = SM particles)(s)

= > oMY = h = Hs)+ D o0 = Z = f)ls), (5.1)
7 7

where f denotes possible final states and

2

00 5 h ~ Loy ! > r(n 5.2
J(XIXI — — f)(S) — 5( ) - s (S _ m}QZ)Q + (mhrh)2 mp, ( — f) ) ( . )
4m20 1
0.0 o~ (\Z\24]71 _ _ Xxi s

s denotes the squared center of mass energy. I';, (I'z) is the total decay width of the Higgs (Z)
boson and I'(h(Z) — f) is the partial decay width of the process h(Z) — f. Here, we neglect the
SM fermion mass terms which is proportional to (my/ mxtl))2 < 1. The detailed calculations are
written in Appendix D.1. Note that there is no interference term since the Higgs boson and the
Z boson have different spins. Then with summing all the possible final states, the annihilation

cross section can be written as

4m?
1 / 0 1 s
ann. _ = )\h 24/1 = X1 .
g (8) 2( ) S (S _ m%)2 + (mhrh)Q mp, h
4m20 1
PEORRY ) pp— 21, 5.4
+( ) S (S—M%)2+(Mzrz)2 My Z ( )

As described in the previous chapters, the resonant annihilation is important since the DM’s

couplings with the SM particles are not large enough. That is, typical size of the annihilation
cross section o®™(s) is small except the resonant region. As we can see from Eq. (5.4), when
s ~m3 or s ~ M2 is satisfied, the annihilation cross section is enhanced drastically. We show
this behavior in Figure 5.2. The left figure corresponds to the Higgs resonance with ()\h)2 =
2mpIy, and A4 = 0. The right figure corresponds to the Z resonance with ()\Z)2 =myzI'z and
A = 0. Although the actual annihilation cross section is determined by A" and A\?, the typical
behavior becomes the sum of these resonances. The resonance condition s ~ m%, M% is satisfied
especially for My0 ~ M, /2, M7 /2 respectively.

As we show in Sec. 3.1, the relic abundance of the DM is calculated by solving the Boltzmann
equation (3.1). The relic abundance depends on (ov)(T) i.e. o®™(s) strongly. Here, let us see

the typical behavior of the thermal average of the annihilation cross section (ov)(T) in the
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Figure 5.1: The diagrams which contribute to the annihilation cross section are shown. The
Higgs boson exchange (left) and the Z boson exchange (right) are the only process where the
DM x{ can annihilate to the SM particles.
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Figure 5.2: The annihilation cross sections with the Higgs resonance (left) and the Z resonance
(right) are shown. Here, to exhibit the shape of the resonance, the couplings are set as follows:
(left) (A*)* = 2my L), and AZ = 0, (right) (A)® = mzT7 and A" = 0.

resonant region. (ov)(T') is calculated by Eq. (3.4) with Eq. (5.4). The behavior of (ov)(T) is
shown in Figure 5.3. When the mass is 60.0 GeV (the blue line in Figure 5.3) which is a little
smaller than the half of the Higgs boson mass, my/2 ~ 62.5 GeV, the thermal average of the
annihilation cross section is enhanced at small m/T ~ O(10). This is because s = 4(mi? + p?)
can satisfy s ~ m,% with sizable p ~ 18 GeV for Mo = 60.0 GeV where p is the DM momentum.
When the mass goes near the half of the Higgs boson (the green/black line), s ~ m? can be
satisfied only with small momentum. Thus, the temperature when the enhancement occurs goes
lower, m/T ~ O(100). When the mass exceeds my,/2 (the red line), obviously the enhancement
disappears since s ~ m7 can not be satisfied. The enhancement which occurs at m/T ~ O(10)
is important to explain the current relic abundance.

The final relic abundance of the DM is calculated by solving the Boltzmann equation (3.1)
using the annihilation cross section Eq. (5.4).! It depends on the mass of the DM, M0, and the

!We have checked that the values of the relic abundance in our calculation agree with the values using mi-
crOMEGAs [90-92] within a few % (mictOMEGAs is the public program which can calculate the relic abundance,
the scattering cross sections, the annihilation cross sections and so on). In the calculation, as the value of the
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Figure 5.3: The thermal average of the annihilation cross sections is shown with changing the

DM mass myo. For simplicity, ()\h)2 = 2mpT, and A = 0 are assumed.

couplings A", \?. We show the results where the current DM relic abundance QA% =0.120 [19]

can be explained in Sec. 6.1.

5.2 Spin Independent Scattering

Here, we calculate the SI scattering cross section. It is constrained now and the future ex-
periments are planed as shown in Sec. 3.2.1. In the Bino-Higgsino resonant model, the SI
X0 and the coupling A"
This is because the process which contribute to the SI scatteing is only the Higgs boson ex-
change process which is shown in the left side of Figure 5.4.2 The DM-DM-N-N coupling Ay,

L3> Nepn A Naxng?NN , can be calculated with \* by integrating out the Higgs boson as

scattering cross section is determined only by the mass of the DM, m

)\h
AN=———m . 5.5
N v NIN (5.5)
Here,
2 2 7
In = Z fév‘i‘gfé\[:g‘i‘g Z qu, (5.6)
q=u,d,s q=u,d,s

relativistic degrees of freedom g, and g,, we use the fitting formula in Ref. [93].
2The heavy SUSY particle (heavy Higgs or sfermion) exchange process can contribute to the SI scattering if
their masses are relatively light ~ a few TeV. Here, we assume they are heavy enough and do not consider their

contributions.
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Figure 5.4: The diagrams which contribute to the scattering cross sections are shown. The Higgs
boson exchange process (left) is sensitive only to the SI scattering cross section. The Z boson

exchange process (right) corresponds only to the SD scattering cross section.

and

meéN = <N|mq$qwq|N>a (5.7)
myf = —Z‘:‘T (N|G,, G"|N). (5.8)

See also Appendix D.2 for the detailed calculation.

The SI scattering cross section is calculated by Eq. (3.7) using the coupling Eq. (5.5). In our
numerical analysis, we use fy = 0.284. This is the default value used in micrOMEGAs [90-92]
where fi = 0.0153, f} = 0.0191 and f{ = 0.0447. The value fy changes a lot by choosing
different values of f¥ which are the results of the lattice simulations and can be O(0.1). Here,
the value f§ = 0.0447 is the weighted mean value of the lattice results and it is already small.
If we use the value f¥ ~ 0.009 in Ref. [94], fy becomes fx =~ 0.256. Thus, the SI cross section

may decrease up to 20%. If we use fy = 0.284, the SI cross section becomes as

2

hat 2
(mX? - [cm?]. (5.9)

m
on =5.2x10"1 x (A2

It depends on the coupling A" and slightly on the mass of the DM myo. As a result, the SI
scattering searches have no sensitivity in the blind spot region, \* ~ 0.

As the constraints, we use the LUX [40] results which give the strongest constraints now:
O(107%5-10"%) cm? (see left side of Figure 3.2). We also consider the future prospect of the
XENON [41] which can reach up to O(10747) ¢cm? (see right side of Figure 3.2). The results are

shown in Sec. 6.2.3

3We have checked that the SI scattering cross sections in our calculation agree with those in using mi-
crOMEGASs [90-92] within a few %.
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5.3 Spin Dependent Scattering

In contrast to the SI scattering cross section, the SD scattering cross section depends on the mass
of the DM Mo and the coupling A?. This is because the process which contribute to the SD
scattering is only the Z boson exchange process which is shown in the right side of Figure 5.4.%
The SD scattering cross section is constrained and the future experiments are planed as shown
in Sec. 3.2.2.
The DM-DM-N-N coupling &y in this case, L = ZN:p,n §NEX?7“V5¢X?N’M75N, can be
calculated with A\Z as
eN” 3AN
XS AN, (5.10)

N= 2soym
W2 g=ud,s

See also Appendix D.3 for the detailed calculation. The SD scattering cross section is cal-
culated by Eq. (3.8) with Eq. (5.10). In our numerical analysis, we use the values used in
mictOMEGAs [90-92], A} = A = 0.842, Al = A7 = —0.427, and AY = A? = —0.085. In
this case, the sum becomes T;’Ag(p) = 0.677 (—0.592). This value of AF(A?) is determined
by the HERMES experiments [95]. The value of AL™ can be larger if we use the early exper-
imental results of EMC and SMC [96]. In this case A = Al = 0.78, Al = Al = —0.48,
AY = A} = —0.15 [90] and the sum becomes -, T;’Ag(p) = 0.705 (—0.555). Thus, the SD
cross section may increase/decrease up to 10% for the proton/neutron respectively. Here, we
use the latest values (former values) used in micrOMEGAs which leads to 3, T;Ag(p ) = 0.677

(—0.592). Then the cross section becomes as

2
X3
(mxtl) +mpy)?

m

ahiy = 2:3 (3.0) x 10797 x (\¥)?

n(p [cm?] . (5.11)

Similarly to the SI scattering cross section, it depends on the coupling A? and slightly on the
mass of the DM myo. However, since this does not depend on \*, the search for the SD scattering
can cover even in the blind spot region, A" ~ 0.

The current constraints come from the XENON100 [42] and the estimated future prospects
of the XENON 1T [43] are taken into account in our analysis. They reach up to O(10~4°) cm?

and O(107%!) ecm? respectively (see Figure 3.2). The results are shown in Sec. 6.3.%

5.4 Invisible Decay

As shown in Sec. 3.3, when the mass of the DM is less than the half of the Higgs boson mass
or the Z boson mass, the Higgs boson or (and) the Z boson can decay to the DMs. Especially,

“The heavy SUSY particle (heavy Higgs or sfermion) exchange process can contribute to the SD scattering
cross section if their masses are relatively light ~ a few TeV. Here, we assume they are heavy enough and do not
consider their contributions.

®We have checked that the SD cross sections in our calculation agree with those in using micrOMEGAs [90-92]

within a few %.

5.3. SPIN DEPENDENT SCATTERING 56



X1 X1
h )\h 7 )\Z
—_ —_ S —
XY X1

Figure 5.5: The diagrams which contribute to the invisible decays are shown. The Higgs boson

decay (left) and the Z boson decay (right) can exist depending on the mass of the DM.

in our case, when myo < myp/2 ~ 62.5 GeV, the Higgs boson can decay to two DMs and when
M0 < Mz/2 ~ 45.6 GeV, not only the Higgs boson but also the Z boson can decay to two DMs.
The diagrams which contribute to these invisible decays are shown in Figure 5.5. Obviously,
both of these invisible decays depend on the mass of the DM my0 and the Higgs (Z) boson
invisible decay also depend on the coupling A" (A?) respectively.

The decay width of the Higgs boson to the DMs can be calculated as

3/2
4m20 / 1
, formye < 3 - (5.12)

)\h2
F(h%x?x?)z( )mh (1—

X1
2
167 my

The decay width of the process Z — xVx! is also calculated as

3/2
Dz =) = Dy —4m’2<(1) / f <lu
(Z = xix1) = o Mz 1- 2 , formyo <o Mz. (5.13)
See also Appendix D.4.
For the Higgs boson invisible decay, the constraints and the future prospects are set on the
branching ratio Br(h — invisible). This branching ratio can be calculated from Eq. (3.9) with

Eq. (5.12). To see the behavior we can write as

X 1
Br(h — invisible) = 1T x for m,o < S (5.14)
- D= xix) 1 A
I'(h — SM) Br(h — x9x?)

3/2
(NN (e Y
0.04 62.5 GeV ’

where we use I'(h — SM) = 4.07 x 1073 GeV [63]. Here, we neglect the SM contribution
h — ZZ* — vvvv.5 As the constraints, we use the results from the global fit [45]. In our setup,

5Tt does not change the results of the global fit constraints and the (HL) LHC prospects since Br(h — ZZ* —
vvvv) ~ 0.001. Although the result of the ILC prospects may change, we do not include this contribution for
simplicity which leads conservative results.
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the Higgs couplings to the SM particles become SM like as follows. The Higgs couplings to the
gauge bosons normalized by the SM Higgs couplings are sin(5 — «). The Higgs couplings to the
up (down) type fermions normalized by the SM Higgs couplings are cos «/ sin  (— sin o/ cos 3).
In our setup, these factors become 1 since the heavy Higgses are heavy enough, i.e. a ~ 3 —m/2
(see Sec. 4.2). Thus, we use the global fit results Br(h — invisible) < 0.19 which is derived
by assuming the Higgs couplings are same as the SM values (see also Sec. 3.3.1). This value
corresponds to X < 0.235. As the future prospects, we consider the (HL) LHC [46] and the
ILC [48]. As the future prospects from the (HL) LHC, we use the value Br(h — invisible) < 0.062
which is the “realistic scenario” for the systematic uncertainties. The sensitivity of the ILC is
Br(h — invisible) < 0.004. These values correspond to X < 0.066 and X < 0.004 respectively.
In our numerical analysis, we calculate the branching ratio and set the limits on it (not on X).
The results are shown in Sec. 6.4.

For the Z invisible decay, the constraints are set on the decay width as shown in Sec. 3.3.2.

From Eq. (5.13), the decay width of the process Z — x{x{ can be written as

Z\ 2 2\ 3/2
0.0 A Mxg 1
F(Z — Xle) ~ m 1 — m MeV, fOI' mX? S §MZ . (515)

The constraints on the process Z — DM DM are calculated by subtracting the decay width to
the neutrinos from the Z invisible decay width. The constraint becomes I'(Z — x{x¥) < 2.0
MeV [49]. The results are shown in Sec. 6.4.

5.5 Heavy Neutralinos/Chargino Searches at the LHC

In our model, since the heavy neutralinos and the chargino are O(100) GeV, they can be pro-
duced at the LHC. As we can see in Sec. 3.4.2, the following process give the high sensitivity
when all the other SUSY particles are heavy,

pp = X9sxiE = ZIWHENT — i diwyd. (5.16)

Note that [ denotes the SM leptons e, ;1,7 and v denotes the neutrinos ve, v, V. The relevant
diagram is shown in Figure 5.6. As the constraints, we reinterpret the ATLAS 8 TeV analysis
which gives the strongest constraints [50]. We analyze the future prospects at 14 TeV given by
the ATLAS [51].

As shown in Sec. 3.4.2, these ATLAS analyses assume the pure Bino-Wino model. In the
Bino-Higgsino resonant model, there are several different points compared to this pure Bino-

Wino model:

(i) There exist the Bino DM XY, two Higgsino neutralinos X873 and the Higgsino chargino Xf,
and the Bino and the neutral Higgsinos mix slightly.
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Figure 5.6: The diagrams which contribute to the neutralinos/chargino searches at the LHC are

shown.

(ii) The masses of X8,3 and xi are different, Mk < Mg < My The differences become
large especially when |u| is small: e.g. at most 35 GeV for |u| =100 GeV and 5 GeV for

|1 = 400 GeV.

(iii) There are two processes of the heavy neutralinos decay, X(z],g — ZxY and X(z),g — hxy,
while the chargino decays as xi — W¥x{ with 100%, i.e. Br(ng) — Zx}) = 0(1),
Br(x5; — hx?) = O(1) and Br(xj” — Wx{)=1.

These differences change the LHC phenomenology. First, the cross section o changes as follows:

(a) The production cross section of the Higgsino is about a fourth of the pure Wino case, i.e.

U(pp — (X(Q))Higgsino(Xit)Higgsino) ~ ia(pp — (Xg)Wino(Xit)Wino) for the same mass since
the Higgsino-W couplings is about half of the Wino-W coupling.

(b) There are two processes pp — ngf and pp — ngf, and the sum of all the production
cross sections ), o(pp — X?xli) becomes roughly a half of the pure Wino case.

(c) The cross section changes by the mass differences of M My 0, T 0 especially for small

X
|p|: for example, o(pp — ngf) > o(pp — ngic) and o(pp — ngf:)\mxg:mxi > o(pp —
1

X%xf)]mxg >m s for the same m, and the same couplings.
1

(d) The branching ratio with Br(xgg — ZxY) <1 decreases the relevant cross sections for the
process (5.16).

In addition, the acceptance A (the efficiency of the cut, see Eq. (5.18)) also changes:

(e) The acceptance depends on the masses not only LOESN NION but also M0, i.e. in
] (

the two parameter points which give the same cross section but the different masses, the

acceptances are not the same.
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(f) The acceptance changes by the mass differences of T, My, My especially for small |pl:

for example Alm o—m . # Alm_o>m 4 for the same m, + and the same couplings.
X9 X1 X9 X1 1

(g) The acceptances of pp — ngli and pp — ngli are different especially for small |u| since

the masses are different.

The differences (c), (f) and (g) can be seen only in the small |u| region since the mass differences
(difference (ii)) can be neglected in the large || region. However, even in the large |u| region,
the rescale of the ATLAS results by the cross section gives wrong results due to the other
differences (a), (b), (d) and (e). Thus, we can not apply the ATLAS results directly and the
reinterpretations are necessary. In order to investigate the LHC analysis, we need to perform
the simulations.

In the ATLAS analysis [50,51], several signal regions (SRs) are defined by various kinemat-
ical cuts. The expected numbers of events for each SR are simulated in the SM. In the 8 TeV
analysis [50], the observed numbers and these expected SM numbers are compared and the con-
straints are set on the numbers of events which are caused by the additional non-SM processes.
For the 14 TeV prospects [51], the expected exclusion/discovery limits on the numbers of the
non-SM process events are estimated. Thus, in order to reinterpret the ATLAS analysis, we
simulate and obtain the expected numbers of events in the Bino-Higgsino resonant model and
compare these numbers with the numbers of the ATLAS constraints and the prospects.

We investigate the process (5.16). Then the expected number of events for the SR X is

calculated as

Nspx = Y > olop = xIx7) x Br(xi = WY = wxd) x Br(x§ — Z20x) — 11x})
Jj=2,3 Xi
XASRX X /ﬁdt, (5.17)

where [ Ldt denotes the integrated luminosity. Asgx is the acceptance and defined by

# of events which pass the cuts of SR-X
A = (5.18)
SRX = # of generated events in pp — X?Xj[ — WEENOZE N — 1§ S

Here, we consider only the leptonic decays of the W boson and the Z boson for simplicity since
three leptons are needed in each events as we see in the definition of the SR X (see Sec. 5.5.1

and 5.5.2). The branching ratios are given by (when kinematically allowed)

Br(xi — W) = ) = Br(xi — W) x Br(W* - ), (5.19)

Br(x] — Zx} = lix]) = Br(x] — Zx}) x Br(Z = l). (5.20)

Note that Br(xf — Wix(l)) = 1. See also Sec. 4.5 for the branching ratio of the neutralinos and
Appendix A for those of the W, Z bosons.

We also include other all possible processes like pp — ngg, XT X7 in the 8 TeV analysis for

sample points shown in Sec. 6.5.1. Note that the cross sections with the conditions that the
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final state contains more than two leptons, i.e. o(pp — xx — X) where X includes more than
two leptons, for these processes are at most 10% of those of the process (5.16). However, since
the O(10)% differences are important in the 8 TeV case as shown in Sec. 6.5.1, we include and
simulate their effects. In 14 TeV case, since O(10)% differences do not change the result much
as shown in Sec. 6.5.2, we do not include these processes due to the limitation of the machine
power.

In the numerical calculations, we generate the events with MadGraph5_aMC@QNLO 2.2.3 [97]
in combination with PYTHIA 6.4 [98] at the leading order (LO). Delphes 3 [99] is used to simulate
the detector effects. Then, the acceptance is calculated by applying the cuts. We calculate the
cross section at the next-leading order (NLO) by Prospino 2.1 [100,101] with CTEQG6L1 parton
distribution functions [102]. We show the detailed analysis of 8 TeV and 14 TeV in Sec. 5.5.1
and 5.5.2 respectively.

5.5.1 8TeV

In the 8 TeV analysis [50], many SRs are considered depending on the target model. Among
them, we consider the SRO7a, which is sensitive to the process (5.16). The SRO7a is composed
of 20 disjoint bins, SRO7al-SR07a20 defined by different kinematical cuts. In these SRs, the
following cuts are applied [50]. First, the candidates for the lepton and the jets are selected with
the condition for the pseudorapidity n, azimuthal angle ¢ and the transverse momentum py. The
electron, muon and hadronic decaying tau candidates are required as |n| < 2.47,2.5,2.47 and
pr > 10 GeV respectively. The jets candidates reconstructed with the anti-k; algorithm [103]
with AR = /(d¢)? + (dn)2 = 0.4 are required as |n| < 2.5 and pr > 20 GeV. Here, the
jets generated by the bottom quark are identified as bottom-tagged jet with 80% and the jets
generated by the light quarks are miss-identified with 4%. The missing energy E?iss is calculated
by the sum of pr of all candidates and calorimeters. In order to remove double counting of the
leptons and jets, the following cuts are performed: discard the smaller py electron if two electrons
exist within AR < 0.1, discard the jet which exists within AR < 0.2 from an electron, discard
the hadronic decaying tau which exists within AR < 0.2 from an electron or a muon, discard
the electron (muon) which exists within AR < 0.4 from a jet, discard the jet which exists within

AR < 0.2 from a tau. Then the events are selected as follows:
e Exactly three isolated leptons with no taus are required.

e At least one pair of same flavor opposite sign (SFOS) leptons should exist. Among the
SOF'S pairs, the SOFS mass which is closest to the Z boson mass should be in the range
defined in each SR, for example mgros = 60-81.2 GeV for SR07a9-12 and mgrpos = 81.2—
101.2 GeV for SR07al3-16 (see Table 5.3).

e Events including the b-tagged jets are vetoed.

e The events are further divided into four bins depending on the missing transverse energy
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E%liss and the transverse mass my, where myp is calculated with missing energy and the
lepton which does not form the SFOS lepton pair whose mass is closest to the Z boson
mass (see Table 5.3). For example EX >90 GeV and mr =0-110 GeV for SROral4,
Emiss =50-135 GeV and my >110 GeV for SROral5 and EXis® >135 GeV and mp =>110
GeV for SR0OTal6.

e In some SRs (SRO7a5, SRO7al3, SRO7al9), additional requirement on the trilepton mass,
|ms; — Mz| > 10 GeV, is applied (see Table 5.3).

Note that m% = 2plTET(1 — cos A¢) where A¢ is the angle between the lepton and the missing

transverse energy.

SR MSFOS mr E%‘iss 3l mass
SROral 12-40 0-80 | 50-90 no
SR0OTa2 12-40 0-80 > 90 no
SROTa3 1240 >80 | 50-75 no
SROTa4 12-40 > 80 > 75 no
SROTab 40-60 0-80 | 50-75 yes
SROTa6 40-60 0-80 > 75 no

SROTa7 40-60 >80 | 50-135 no
SROTa8 40-60 >80 | > 135 no
SRO7a9 60-81.2 0-80 | 50-75 yes
SRO7al0 | 60-81.2 >80 | 50-75 no
SROTall 60-81.2 0-110 > 75 no
SROTal2 | 60-81.2 | >110| > 75 no
SRO7al3 | 81.2-101.2 | 0-110 | 50-90 yes
SROTal4 | 81.2-101.2 | 0-110 | > 90 no
SRO7alb | 81.2-101.2 | > 110 | 50-135 no
SRO7al6 | 81.2-101.2 | > 110 | > 135 no
SRO7al7 | > 101.2 | 0-180 | 50210 no
SRO7al8 | >101.2 | > 180 | 50-210 no
SR07al9 > 101.2 0-120 | > 210 no
SRO7a20 > 101.2 > 120 | > 210 no

Table 5.3: The definition of the SRs for the 8 TeV analysis are shown. In all SRs, the requirement
of three isolated leptons with no taus and the veto of including the b-tagged jets are also imposed.

The all values are shown in units of GeV.

To analyze these cuts, we use the CheckMATE program [104] in the 8 TeV analysis.” The

validation of our analysis is shown in Appendix E.1. We simulate this analysis in all the param-

"CheckMATE uses Delphes 3 [99], FastJet [105,106], and the anti-kr jet algorithm [103].
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eter space. However, since the machine power is limited and not enough, we simulate as follows.
We calculate the cross sections and the acceptance for 100 < |u| < 400 GeV since for |u| > 400
GeV the constraints are not sensitive due to the small cross sections. We take 31 sample points
for |p| per 10 GeV, ie. |u| = 100,110,120,---,400 GeV. For each |ul|, the sample points for
other parameters are taken as follows. Cross sections : For each |u| < 200 GeV, we take
6 x 2 x 3 = 36 sample points as the combination of M; = 30,40, ---,80 GeV, sign(u) = £+ and
tan 8 = 2,5,50. For each |u| > 200 GeV, we take 2 sample points as (M, sign(u), tan §) = (80
GeV,+,2) and (30 GeV,+,50). From these sample points, for each |u| ,we can get two dimen-
sional data sets {(m

X
the cross sections normalized by the couplings, o/ = o/(|(Op)2|* + [(On);3/%), and the data

0 — mxf,a)} where j = 2,3.%2 Note that ms = |pe|. Next, we calculate
J

sets {(m0 — mxli,a' )} are obtained (See Figure 5.7.). We make the interpolated function of
J
o’ as the function of Mmyo —m, & for each |p|. Then, the cross section ¢’ for the points with
J

M; = 30,35,40,---,80 GeV, sign(u) = + and tan 5 = 2,3,4,---,50 are calculated with the
interpolated function. Then the cross section is obtained by o = o’ x (|(On);2]? + |(On)j3]?).
Since the normalized cross sections o’ depend almost only on the masses m

0 ,Mm_+ as we see in
2,3 1

X X
Sec. 4.5, this approximation give good accuracy, at most ~ 5% errors for small |u|. Acceptance:

we calculate the acceptances with changing the masses LN N while keeping the couplings
as the fixed values of M7 = 50 GeV, u = 200 GeV, tan f=5. This is because the acceptances
depend almost on the masses as discussed in Sec. 4.5 and the simulation needs much machine
power and times. We have checked that actually the differences of the couplings in our cur-
rent setup does not change the acceptance.? Thus, we calculate the acceptances with changing
M0, Mg X X2 mX{E) GeV and
myo = 30, 35,40, --- ,80 GeV. We make the interpolation function of acceptance as the function
X0~ mx%,mxg). Then, the acceptances for the points with M; = 30,35,40,---,80 GeV,

sign(u) = + and tan 8 = 2,3,4,---,50 are calculated with the interpolated function. Finally,

. The sample points are taken as m.,o — m+ = 0,10, - - ,max(m
J

of (m

the number of events are calculated by Eq. (5.17). The results are shown in Sec. 6.5.1.

5.5.2 14TeV

Here, we investigate the future prospects of the LHC at 14 TeV. In the ATLAS analysis [51],
there are three (four) SRs for 300 (3000) fb~!, denoted as SRA-SRC (SRA-SRD). The cuts are

8The above sample points (M1, sign(u), tan 8) = (80 GeV, +,2), (30 GeV,+,50) are taken because the calcula-
tions of these points give the smallest value of Myg — M+ and largest value of Mg — M+ for given |ul.

9We have calculated the acceptance with randomly changing the couplings while the masses are fixed. We
have changed the couplings within the values which can be realized in our setup. We have checked with 4 x 10
sample points where 4 sample points for the fixed masses and 10 sample points for changing the couplings are
taken into account. As a result, the acceptances for each fixed mass point agree within the statistical uncertainties
of the Monte-Carlo events. Note that although the acceptance does not change when we change the couplings
within the values realized in our setup, if we take the extreme value of the ratio )\va/ll/)\%l such as < —1 or > 1,
the acceptances changes a lot (in our case, )\%1/)\%1 ~ 0(0.1)). Thus, the chirality of the chargino decay is
important and we should include the spin correlations for the decays properly (we did in our simulation).
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Figure 5.7: The cross sections normalized by the couplings for the heavy neutralinos/chargino
productions are shown. The cross sections is normalized by the couplings, o/ = o /(|(O,)2|* +
|(On);3]?). Each set of the alined points denotes the results with fixing the value of |u|. Here,
for simplicity we show the results with || = 100,110, ---,190 GeV.

similar with the 8 TeV analysis. First, the candidates for the electrons (muons) are selected
as |n| < 2.47(2.4) and pp > 10 GeV. The jets reconstructed with the anti-k; algorithm with
AR = \/(6¢)%2 + (6n)2 = 0.4 are required as |n| < 2.5 and pr > 20 GeV. The bottom tagging
efficiency is 80% and the miss-identification rate is 1% for the light quarks. In order to remove
double counting of the leptons and jets, the following cuts are imposed: discard the jet which
exists within AR < 0.2 from an electron, discard the leptons which form SFOS mass mgrog < 12
GeV, discard the lepton if it is not isolated i.e. the sum of the transverse momentum of the
track within AR < 0.3 around the lepton should be < 15 %, discard the two leptons which exist
within AR < 0.1 from each other, discard the lepton which exists within AR < 0.4 from a jet.
Then the following cuts are applied.

There should be exactly three leptons in each event, and at least one SFOS lepton pair is

required to have invariant mass |mgros — Mz| < 10 GeV.

Events with b-tagged jets are discarded.

The pr of three leptons should be larger than 50 GeV.

Then, the events are divided into SRs depending on the missing transverse energy E%liss

and the transverse mass my, where myp is calculated with the missing transverse energy
and the lepton which does not form the SFOS lepton pair whose mass is closest to the Z

boson mass (see Table. 5.4).
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We analyze these cuts by our original code. The validation of our analysis is shown in Ap-
pendix E.2.

cut SRA | SRB | SRC | SRD
MSFOS 81.2-101.2

# of b-tagged jets 0

lepton pp > 50

Emiss > 250 | > 300 | > 400 | > 500
mrp > 150 | > 200 | > 200 | > 200

Table 5.4: The definition of the SRs for the 14 TeV analysis are shown. The lepton pr cut is
imposed on all three leptons. The all values except the number (#) of b-tagged jets are shown
in units of GeV. SRD is considered only in 3000 fb~! analysis.

In the ATLAS analysis [51], the expected 95% exclusion limit is calculated by combining the
disjoint SRs. The disjoint SRs (we denote this as SR dis. X) are defined in order to make each
SR independent:

SRdis. D = SRD,

SRdis. C = SRC-SRD,

SRdis. B = SRB-—SRC, (5.21)
SRdis. A = SRA-SRB.

Here subtraction is in the sense of the set theory. In our analysis, we simulate the expected
exclusion limit as follows. (i) For each disjoint SR X, we calculate the expected upper limit on
the number of non-SM events N¥ from the number of the background events given in Ref. [51].
(ii) At each model point, the expected number of the signal events in each SR is calculated. (iii)
The model point is excluded if and only if it is excluded in at least one of the SRs. First, we
calculate (i). In Ref. [51], the Monte-Carlo simulation data of the number of the SM background
events for SR X, NbX, is given as

NiA =163, NP =47.9, N{™C =174, Nf™P =103, (5.22)
for 3000 fb~! and
NgA =651, NP =354, NI© =235, (5.23)

for 300 fb~! . In addition, the error of these numbers, 5,5(, are estimated as 55( = NbX x 0.3.
With the number of the non-SM signal events of the SR X, N¥, the significance-like variable
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Z¥ can be defined as [107]

1 z
Z% = o) a6 = o= [ e

- ¥ (b—N;%)2
X / PN +5,00) 1 =568 g (5.24)
o DINY+b) arsy ’

where I'(a,b) = [;° t*"'e'dt is the incomplete gamma function and I'(a) = I'(a,0), I'(a,b,c) =
I'(a,b) — T'(a, c). From this expression (5.24), the expected number N which results the given
significance Zx can be obtained. We denote the number as N (Zx = z) for the given significant
z. The expected exclusion limit on N at 95% CL is derived by solving Eq. (5.24) with Zx =

1.64 in Ref. [51]. Thus, we calculate these numbers. The results become as

NAsA(ZdsA —164) = 21.7, (5.25)
NdlsAB(Z](%[iS B _ 164) = 12.2, (526)
NdlS’C(ZjdViS C _ 164) = T7.70, (527)
NUsD(zdisD _ 1 64) = 6.12, (5.28)
for 3000 fb~! and
Ndis.A(z]d\./js.A — 164) — 492’ (529)
NUsB(zdsB _ 164) = 381, (5.30)
Ndis.C(Z](%[iS.C — 164) _ 323’ (531)

for 300 fb~!. Using these number, we set on the expected exclusion limit with the calculation
(i), (iii).

We calculate the cross sections and the acceptance for 100 < |u| < 1000 GeV. We take 91
sample points for |u| per 10 GeV, i.e. |u| = 100,110,120, ---,1000 GeV. For each |u/|, the sample
points for other parameters are taken as follows. Cross sections : We take 2 sample points as
(M, sign(p), tan ) = (80 GeV, +,2) and (30 GeV,+,50). From these sample points, in the same
X0 —mxli,a’)} where 0’ = o /(|(On)j2|* +

|(On);3|?). Then, interpolating o’ as the function of m

way written in Sec. 5.5.1, we can get the data sets {(m
X0 T M the cross section o’ for the
points with M; = 30, 35,40, --- ,80 GeV, sign(u) = + and tan § = 2,3,4,--- ,50 are calculated.
Then the cross section is obtained by o = o’ x (|(Oy);2]* 4+ |(On);3]?). Acceptance: we calculate
the acceptances changing the masses M9 Mhg
of M1 =50 GeV, u = 200 GeV, tan §=5. This is the same reason written in Sec. 5.5.1. We have
checked that actually the differences of the couplings in our current setup does not change the

?_mxf) GeV and

while keeping the couplings as the fixed values

acceptance.!? The sample points are taken as m.o —m,x = 0,10, - ;max(m
J 1

X X

10We have checked in the same way written in Sec. 5.5.1 with 4 x 8 sample points where 4 sample points for the
fixed masses and 8 sample points for changing the couplings are taken into account. As a result, the acceptances

for each fixed mass point agree within the statistical uncertainties of the Monte-Carlo events.
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myo = 30,35,40, - -, 80 GeV for each |u| < 300 GeV and myo = 30,40,50, - -, 80 GeV for each
|| > 300 GeV. Interpolating the acceptance as the function of (mx? —m, &, mx(l)), the acceptances
for the points with M; = 30,35,40,---,80 GeV, sign(u) = + and tan = 2,3,4,---,50 are
calculated. Finally, the number of events are calculated by Eq. (5.17). Here, we do not consider

the region of m. o — myo <Mz, for simplicity. The results are shown in Sec. 6.5.2.
J

X

5.6 Mono-photon/jet Searches and Indirect Detections

We analyze the mono-photon/jet process and the indirect detections. Here, we briefly discuss

the calculations.

5.6.1 Mono-photon and Mono-jet

The mono-photon search is performed by the LEP [81]. In our model, only the process ete™ —
Z — x9x%v contributes to the mono-photon process. To compare the results from the LEP [81],
we calculate the cross section of this process at /s = 205 GeV. In the calculation, we use
the MadGraph5_aMCQ@NLO 2.2.3 [97]. As the constraints, we use the results for the unknown
process ete” — X which give o(ete™ — X~) < 0.05-0.2 pb depending on the missing energy
60-200 GeV (see Figure 3.4). The results are shown in Sec. 6.6.

The mono-jet search is performed by the LHC [84]. The constraints from the CMS [84] are
translated to the generic vector mediator model in Ref. [80]. In our model, only the process
pp = Z — xIx¥j contributes. In Sec. 3.4.1, we reinterpret the constraints on the Z boson
mediated process. With rough estimation, |A?| < 0.2-0.6 is obtained. Although this estimation
is rough, our model seems not to be sensitive to this constraint (see Eq. (4.23)). We calculate

A in all points and compare with the constraint. The results are shown in Sec. 6.6.

5.6.2 Cosmic Rays

As we can see in Sec. 3.5.1, the DM can annihilate in the present Universe. In our model, the
annihilation occurs in only two ways: x{x{ — h —SMs and x{x{ — Z — SMs. However,
these process are mainly the p-wave process, i.e. the cross section is proportional to the velocity
v (see Eq. (5.2) and (5.3)). Only the terms Eq. (D.11) which are neglected in Eq. (5.3) and
proportional to the SM fermion masses m; give the s-wave process, i.e. the cross section is
not proportional to the velocity. Since the annihilation in the present Universe occurs in the
limit v — 0, only the process which is the Z boson exchange process and is proportional to the
SM fermion masses contribute to this phenomenology. Especially, since the dominant masses

of the SM fermions which the Z boson can decay to are m; and m,, we consider the process
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xIx) — Z — bb, 7~ 7F. The annihilation cross section is calculated as

<av>b |v—>0 = <U'U(X(1)X? = Z = bl_))> ‘v—)O
_ ii(AZFLmI%
8 53 m3,
~ 25x 1072 (A%)? cms7, (5.32)
(00) oo = (oo(xX] = Z = 7577)) oo
= L e
8T S5y m’,
~ 29x 10727 (A%)? cm?s7L. (5.33)

We use the mass of the tau lepton m, = 1.777GeV [63] and the running mass for the bottom
quark mMS ~ 3GeV [108].1! The constraints are given by the Fermi-LAT [85]. The constraints
are set by comparing the above annihilation cross sections and the Fermi-LAT constraints Fig-

ure 3.7 for each channel bb and 777—. The results are shown in Sec. 6.6.

5.6.3 DM Annihilation in the Sun

The DM annihilation in the Sun is also constrained now from the Super-Kamiokande [86] (see
Sec. 3.5.2). It is the same as the cosmic rays that only the s-wave process x{x} — Z —
bb, 77T contribute to this phenomenology. Thus, only the spin dependent process contributes
and the constraints are set on USD(GH) (see Eq. (3.12)). Note that since the constraints from
the Super-Kamiokande are obtained by assuming 100% branching ratio, we need multiply the
branching ratio. Thus we calculate the following effective cross sections (JSD(eH))b’T = JSD(eH) X
~ (09)" o0 ~ 22 2 2y

Br(b,7) where Br(b,7) ~ E T — Here, Br(b) ~ 3m;/(3m; + mz) ~ 0.90, and
Br(r) ~ m?/(3m? + m2) ~ 0.10. The effective cross sections multiplied these branching ratios

are compared to the constraints set by the Super-Kamiokande for each channel bb, 77~ [86]
(Figure 3.8). Note that not only the above branching ratios but also the tanh? factors in

Eq. (3.12) are taken into account. The results are shown in Sec. 6.6.

""'We have checked that the cross sections in our calculation agree with those in using micrOMEGAs [90-92]
within O(1)% for 7~ 71 channel and ©(10)% for bb channel.
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Chapter 6

Results

Here, we show the results of our analysis. Main results are shown in Figures 6.1-6.5. Here we
present the results in the (mxg,mxli)—planes for 2 < tan 8 < 50. In the outer region of the
shown region, the DM becomes overabundant. In the figures, each line corresponds to each

experimental constraints/prospects as follows:

black line . relic abundance, k% = 0.120 (Sec. 6.1)
gray shaded region : excluded region by the current constraints as below
— blue dashed line :  the LUX constraints
on the SI scattering cross section (Sec. 6.2)
— green dashed line : the XENON100 constraints

on the SD scattering cross section (Sec. 6.3)
— magenta dashed line :  the global fit constraints

on the Higgs invisible decay (Sec. 6.4)
light yellow region : region which can be probed

by the future experiments as below

— blue solid line :  the XENON 1T prospects
on the SI scattering cross section (Sec. 6.2)
— green solid line :  the XENON 1T prospects

on the SD scattering cross section (Sec. 6.3)
— magenta dot-dashed line : the (HL) LHC prospects
on the Higgs invisible decay (Sec. 6.4)

— magenta solid line : the ILC prospects on the Higgs invisible decay (Sec. 6.4)
— red dotted line : the 14 TeV LHC prospects with 300 fb~! (Sec. 6.5.2)

— red solid line : the 14 TeV LHC prospects with 3000 fb=! (Sec. 6.5.2)
— light orange region : region which can be probed by the 14 TeV LHC

with 300 fb~! (Sec. 6.5.2)
The blind spot, \* = 0, is also shown with a brown dotted line for y < 0. There are no con-
straints from the Z boson invisible decay (Sec. 6.4), the LHC 8TeV analysis (Sec. 6.5.1), the

mono-photon/jet searches and the indirect searches (Sec. 6.6). In the following sections, we
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Figure 6.1: Main results of tan = 2 and 3, and of u < 0 (left) and p > 0 (right). The

explanation of the lines are written in the text.

show the results in detail.
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Figure 6.2: Results of tan 3 = 4, 5 and 6. For u < 0, the blind spot A* = 0 is shown with the
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6.1 Relic Abundance

The contours of the relic abundance with Qh? = 0.120 are shown with the black lines in Fig-
ures 6.1-6.5. As we can see, clearly there are the regions where the Z boson resonance or the
Higgs boson resonance occur, Mo ~ Myz/2 ~45.6 GeV and My ~ mp/2 ~ 62.5 GeV. In these
regions, the annihilation cross sections become large as shown in Sec. 5.1, and the couplings A%
and A" can be small. It results that the current relic abundance can be explained with the large
value of the chargino mass, mx = || The upper bounds of the chargino mass to explain the
relic abundance are about 500 GeV for the Z resonance and 2500 GeV for the Higgs resonance.
Since the chargino and the heavy neutralinos with the masses O(100) GeV can be produced
within the LHC, the LHC searches for the heavy neutralinos/chargino become important.

In the Z resonant region, the relic abundance shows the universal behavior for all tan 8 > 1.
This is because the DM-DM-Z coupling A\? is almost independent of tan 8 for tan 3 > 1, as
shown in Eq. (4.21). In this region, the coupling is about [A?| > 0.0034.

In the Higgs resonant region, the behavior of the relic abundance strongly depends on tan 3
as well as sign(y). This is also understood in terms of the DM-DM-Higgs coupling A" (see
Eq. (4.20)). As shown in Figure 6.2, for p < 0 and 4 < tan 5 < 6, we can clearly see the blind
spot, A" = 0, corresponding to Eq. (4.22) which is denoted with the brown dotted line. There
are two regions corresponding to Qh? < 0.120 above and below this line. The coupling A" has
opposite signs in the two separate regions. For y < 0 and tan 8 2 7, the region of large m,
disappears because a sufficiently large || can no longer be obtained there. For both u < 0
and g > 0 and for all tan 3, the coupling is about |\?| ~ 0.0052 at the tip of the Higgs resonant
region. For tanf 2> 10, the upper bound on the chargino mass to explain the current relic
abundance is as small as m,+ < 400 GeV for p < 0 and m, < 500-800 GeV for p > 0. It
is the same as the Z resonance case that the LHC searches become important in these regions.
For small tan 8, however, a much larger chargino mass is allowed: for example at most m, <
2500 GeV for tan = 2 and p > 0. Although such a heavy chargino is out of the 14 TeV LHC

reach, the direct detection can cover most of the region, as we see in Sec. 6.2.

6.2 SI Scattering

The direct detection constraints/prospects for the SI scattering cross section can cover large
region. The constraints from the LUX [40] and the future prospects of XENON 1T [41] are
shown in the blue dashed and solid lines respectively in Figures 6.1-6.5. Since the SI scattering

cross section depends only on the mass of the DM, m. o, and the coupling A" (see also Sec. 5.2),

0,
the results are understood in terms of the coupling /\>’51
As shown in the figures, for x4 > 0, the region with m,+ < 120-400 GeV (150-400 GeV) are
already excluded by the LUX for the Z resonance and the Higgs resonance respectively. The
XENON 1T can cover most of the viable parameter space for u > 0, except for the tip of the

Higgs resonance and the tip of the Z resonance for tan 8 2 30. Here, the couplings become as
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AP~ 0.0052 (see Sec. 6.1) and the cross section becomes o3} ~ 1.4 x 10~*7cm?. Note that the
ST scattering cross sections in these regions are just below the sensitivity shown in Ref. [41].
Therefore, it is expected that future experiments with higher sensitivity [109] can cover the
whole parameter region for p > 0.

For p < 0, because of the blind spot, the constraint and the sensitivity are significantly
reduced. As we can see in Figure 6.2, for u < 0 and 4 < tan 8 < 6, the blind spot can not be
probed by the XENON 1T while the Higgs resonant region can still be mostly covered. This is
because both of the relic abundance and the SI scattering cross section are determined by the
same coupling \". However, in the Z resonant region, the relic abundance and the SI scattering
cross section are determined by the different couplings, A? and \*, respectively. This results in a
large parameter region which gives the correct relic abundance but very small SI scattering cross
section, as can be seen in Figures. 6.3-6.5. Thus, the Z resonant region in the blind spot can
not be probed by the SI scattering. To explore these region, we should consider the experiments
which do not depend on A" such as the SD scattering (Sec. 6.3) and the LHC searches (Sec. 6.5).

6.3 SD scattering

Next, let us show the direct detection constraints/prospects for the SD scattering cross section.
The constraints from the XENON100 [42] and the future prospects of XENON 1T [43] are shown
in the green dashed and solid lines respectively in Figures 6.1-6.5.

As shown in Sec. 5.3, the SD scattering cross section depends only on the mass of the DM,
myo, and the coupling \?. Since the coupling A is almost independent of tan 3 as shown in
Eq. (4.21), the results are similar in all tan . The constraints and the future prospects are less
sensitive than the SI scattering for u > 0. However, in the blind spot region with small m,
for pu < 0, these gives strongest constraints m, < 100140 GeV. The prospects are also more
sensitive than the SI scattering and the Higgs invisible decay: m, < 280-350 GeV. These are
understood by the blind spot behavior as discussed in Sec. 6.2. Since there is the blind spot,
these region can not be probed by the SI scattering and the Higgs invisible decay. On the other
hand, since the SD scattering depends on A? and not on A", the constraints and prospects are
not suppressed with A* ~ 0. Thus, although the constraints and the prospects are weak for
u > 0, the searches for the SD scattering plays a complementary role to probe the blind spot

for p < 0.

6.4 Invisible Decay

Here, we show the constraints and the future prospects by the searches for the Higgs boson
invisible decays. The constraints from the global fit Br(h — invisible) < 0.19 [45], and the future
prospects of the (HL) LHC Br(h — invisible) < 0.062 [46] and the ILC Br(h — invisible) <
0.004 [48] are shown with magenta dashed, dot-dashed and solid lines respectively in Figures 6.1
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6.5.

As we can see in the figures, a large parameter space is covered by the Higgs invisible decay
search. For p > 0, in the part of the Z resonant region, the constraints from the global fits give
the strongest constraints. In addition, the whole Z resonant region will be covered by the ILC
even though the XENON 1T searches for the SI scattering can not probe. The tip of the Higgs
resonant can not be probed since the decay width for m
(see Eq. (5.12)).

N /2 is suppressed kinematically

For p < 0, the blind spots are again clearly seen. As is the same case with the SI scattering,
the Higgs boson invisible decays can not probe the blind spot as clearly shown in Figure 6.2.
Thus, the combination of the searches for the SD scattering and the heavy neutralinos/chargino

at the LHC is necessary.

The constraints from the Z boson invisible decays result no constraints. This is because
simply the constraints from the LEP [49] are weak in the present scenario. We can calculate
from Eq. (5.15) that the Z boson decay width to the DMs is I'(Z — x{x?) =~ 0.43 x (A% /0.03)?
MeV for m,o = 30 GeV and I'(Z — x{x{) =~ 0.11 x (A7/0.03)> MeV for m o = 40 GeV.
Although A\? can be at most [A?| = 0.078 in our setup (see Eq. (4.23)), this value is obtained
at m,o =~ 80 GeV and it can not be satisfied in the present case myo < Mz/2 = 45.6 GeV. In
the mass range where the Z boson invisible decay occurs, the maximal value of |A?| becomes
@~ 30 GeV, |A?| can be maximum |A\?| = 0.063 at M; = 35
GeV, u = —100 GeV, tan 8 = 20 which leads to I'(Z — x{x}) = 1.9 MeV. For Mo ~ 40
GeV, |A\?] can be maximum |[A\?| = 0.067 at M; = 45 GeV, u = —100 GeV, tan 8 = 10 which
leads to I'(Z — x9x?) = 0.53 MeV. The larger |u| becomes, the smaller |A\?| becomes as shown
0 < 45.6 GeV and |u| = 110 GeV, the maximal value of INZ|
becomes |A\?| = 0.057 at M; = 50 GeV, tan 8 = 10. Thus, I'(Z — x?x!) in our model is always
smaller than the LEP constraint I'(Z — x{x?) < 2 MeV.

smaller. For example, for m

in Figure 4.2. Note that for m

6.5 Heavy Neutralinos/Chargino Searches at the LHC

Here, we show the results of the heavy neutralinos/chargino searches at the LHC. There are no
constrains from the 8 TeV analysis while the future prospects of the 14 TeV analysis cover wider

range. We see this in Sec. 6.5.1 and 6.5.2 respectively.

6.5.1 8TeV

The heavy neutralinos/chargino searches at the LHC 8 TeV with the ATLAS analysis give no

constraints on the Bino-Higgsino resonant model. Here, we check this results in detail.

In order to investigate carefully, we show the detailed results in Table 6.1 for the following
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12 model points

(., my,) = (200,50), (200,25), (150, 37.5) GeV,,
tan 8 = 5,40, sign(p) = £. (6.1)

In this table, the masses of heavy neutralinos m 9,5 the NLO production cross sections

lei o(pp — X{EXE)‘), the branching ratio of thg WZ mode Br(WZ) = Br(x? — Zx9),! the
acceptance Agrora1g of SRO7al6 and the expected number of signal events Ngrgra1 in SRO7al6
are shown. Note that SROTal6 gives the strongest constraints in our set up. For comparison,
we also show the case of pure Bino-Wino model (pBW) with Br(xJ — Zx{) = 1. As we can see,
the acceptance in the present scenario is slightly better than the pure Bino-Wino case. Note

that larger m 9, lead to larger acceptance. On the other hand, the production cross section,

Zj=2,3 o(pp —X> ‘xfxg), is about a half of the pure Bino-Wino case as we see in Sec. 5.5. The
branching fraction of the W Z mode is also smaller for (mxf’ m,0) = (200,50) and (200,25) GeV.
As a result, the expected number of events in SR07a16, Nsroraig, becomes less than about 40%
and 65% of the pure Bino-Wino case for (mxit,mx(f) = (200,50/25) GeV and (150, 37.5) GeV,
respectively.

So far, we have considered only the process (5.16). In order to check the contributions from
the other channels, we have generated all the possible processes: all the possible pair production
processes, pp — X?x?,x?xic, XTXL (1,7 = 1,2,3), the decay into the Higgs boson, Xg,s — hx?,
and the hadronic decays of the W boson and the Z boson. The expected number of events in
SR07al6 including all these processes, Né%malﬁ, are shown in the last column of Table 6.1.2 They
are at most about 15% larger than Nsrora16. We have checked that the additional contributions
mainly come from the production channel pp — x9x35.

In Table 6.2, we show the expected number of events in SRO7al4, 15, and 16. Here, we have
included all the processes discussed above. We compare them with the upper limit constraints
at 95% CL on the number of non-SM events for each signal region, NSSS [50]. In the other signal
regions, i.e. SROTal-13 and 17-20, the signal events are less than about 10% and 25% of the
upper limits for (mX%,mX?) = (200,50/25) GeV and (150, 37.5) GeV, respectively. We find
that none of these model points are excluded. In order to check the difference of the simulation
programs, we have also simulated with Herwig++ 2.7 [110] in all the parameter points written
above. The results by using Herwig++ agree with the above results by using MadGraph and
PYTHIA within the statistical uncertainties of the Monte-Carlo events.

Note that as shown in Appendix E.1 our results for the pure Bino-Wino model are about
20% weaker than those of the ATLAS. It may be due to the differences of the hadronic tau
identification efficiencies since it is considered difficult to simulate the identification in the fast
simulations and the latest efficiency is not available in Ref. [50]. Anyway, we should consider
the effects of the O(10)% uncertainties. If we change the result with O(10)%, the result for

'Note that Br(xf — W*xJ) =1.
2We have generated 3,000,000 events for each model point to calculate Ny ai6-
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ijj tgen  XJ myo O (x%xg’) Br(WZ) Asrorais X 10® |  Nggroraie N e
5+ x| 2023 192 0.958 16.9 + 0.2 | 2.08 + 0.02
xJ | 208.8 171 0.328 1874+ 0.2 | 0.70 + 0.01 | 2.91 + 0.10
5 — x5 12039 185 0.697 18.0 £ 0.2 1.55 + 0.02
xJ | 205.3 183 0.819 18.2 + 0.2 1.82 + 0.02 | 3.75 + 0.12
200, | 40, + xJ | 203.6 188 0.919 17.7+£ 0.2 | 2.05 + 0.02
50 xJ | 206.7 177 0.490 18.1 + 0.2 1.05 + 0.01 | 3.25 + 0.11
40, — X3 | 204.0 186 0.902 18.0+£ 0.2 | 2.01 £+ 0.02
xJ | 206.0 179 0.538 18.5 + 0.2 1.19 + 0.01 | 3.53 + 0.12
pBW  x§ | 200 788 1.0 155 +£0.2 | 815+ 0.09
5+  xJ | 2026 191 0.902 22.4+ 0.2 2.58 + 0.02
X3 | 207.6 176 0.405 24.1+ 0.2 1.14 + 0.01 | 3.84 + 0.12
5 — Xy |203.3 188 0.761 23.3+0.2 |223+0.02
xJ | 205.9 182 0.657 23.7 £ 0.2 1.89 + 0.02 | 4.49 + 0.13
200, | 40, + xJ | 204.0 186 0.822 23.1+02 |235+0.02
25 X3 | 205.7 180 0.572 23.4 + 0.2 1.61 + 0.01 | 4.18 + 0.13
40, — XY | 204.4 186 0.792 228 £ 0.2 | 224+ 0.02
xJ | 205.2 182 0.618 23.1 £ 0.2 1.74 + 0.02 | 4.47 + 0.13
pBW 9 | 200 788 1.0 20.3 + 0.1 10.7 £ 0.1
5+  xJ | 153.0 575 1.0 2.76 + 0.07 | 1.06 + 0.03
xJ | 161.7 474 1.0 3.67 £0.09 | 1.16 + 0.03 | 2.41 + 0.16
5 — x5 155.1 545 1.0 3.06 £ 0.08 | 1.11 + 0.03
X | 157.0 536 1.0 3.15 £ 0.08 | 1.13 + 0.03 | 2.46 + 0.17
150, | 40, + X9 | 154.7 558 1.0 3.08 £ 0.08 | 1.15 + 0.03
37.5 xJ | 158.8 503 1.0 3.42 +£0.08 | 1.15+0.03 | 2.68 + 0.17
40, — X3 | 155.2 553 1.0 3.23 £ 0.08 | 1.19 + 0.03
xJ | 158.0 513 1.0 3.49 £ 0.08 | 1.19 + 0.03 | 2.43 + 0.16
pBW  x9 | 150 2427 1.0 2.26 £ 0.07 | 3.66 £+ 0.11

Table 6.1: The detailed results of the 8 TeV analysis are shown. The masses of heavy neutralinos
mye the NLO production cross sections cr(xfx?) = lei oNO (pp — xfx?), the branching
ratio of the WZ mode Br(WZ) = Br(Xg — Zx9), the acceptance Asroraig of SROTal6, and
the expected number of signal events Ngrgra16 in SRO7al6 are shown. For comparison, we also
show the results for the pure Bino-Wino model (pBW). The errors of Agrorais are the statistical
errors of Monte-Carlo events only. Ngrorai6 is calculated by using Eq. (5.17). ]\7SAPI{IOTa16 is the
expected number including all the production and decay channels. The masses and the cross

sections are in units of [GeV] and [fb], respectively.

79 Chapter 6 Results



(mys,my0) | (200, 50) [GeV] (200, 25) [GeV] (150, 37.5) [GeV]

X
tan 3 5 5 40 40| 5 5 40 40| 5 5 40 40
sign(u) + - 4+ -4+ - 4+ -]+ - + - |N% 50

N L, |72 77 79 81|77 82 82 81219 229 222 224 65
NG s |69 82 75 79|72 78 74 80/(192 210 212 21.0| 276
NG 16 129 38 33 35[38 45 42 45| 24 25 27 24 5.2

Table 6.2: The expected numbers of events including all processes for the 8 TeV analysis are

shown. N9

oLe is the upper limit constraints at 95% CL on the number of non-SM events for each

signal region given in Ref. [50].

tan 8 = 5 becomes as Figure 6.6. Here, we include all the possible processes and the numbers of
signal events are multiplied by 1.3 (blue line), 1.5 (red line) and 1.7 (green line). As we can see,
in this mass range, the expected number of signal events are same order for all parameter points
and the difference of O(10)% changes the results drastically. Thus, when we set the limit, we
should deal with O(10)% differences carefully. However, even including these uncertainties, our
results do not change since our results are already conservative which do not set the exclusion
limits.

This result does not agree with the previous work [35] where m, = < 250 GeV is excluded

depending on tan 5 and m,o. Our analysis would lead to the similar bounds in Ref. [35] if

the event numbers are incrfeased by about 50%. As shown above, we simulate including all
possible processes pp — XX, the hadronic decay of gauge bosons and the decay X(Q),g — hxJ. In
addition, we also simulate with Herwig++. Although this setup is same [111] for our analysis
and Ref. [35], our analysis results no exclusion. The detailed date like the cross sections, the
branching ratios, the acceptances and so on is not available [111] and we can not compare with
them. Thus, we can not identify the origin of the difference. However, as noted above, since

O(10)% uncertainties change the results drastically, we should be careful to give the constraints.

6.5.2 14TeV

The future prospects of the 14 TeV LHC analysis at 3000 fb~! are shown with the red lines in
Figure 6.1-6.5. The expected exclusion region at 300 fb~! is also shown in the light orange region
with the red dotted lines. We can see that the tip of the Z resonance in the whole parameter
space can be probed at 300 fb~! even in the blind spot. For tan 3 > 30, the Higgs tip can also
be covered. The small m region is not covered because of the small mass differences between
X33, X1 and x{.

At 3000 fb~!, much larger parameter space will be probed, up to myx ~ 800 GeV. The
Higgs resonant regions are covered for tan 5 2 15 (tan 5 > 6) for 4 > 0 (u < 0). Although the

small m, region can not be covered even at 3000 fb~!, combination with other experiments
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Figure 6.6: The exclusion limits with the number of signal events multiplied by a factor 1.3

(blue line), 1.5 (red line) and 1.7 (green line) for tan 8 = 5 are shown. See text for details.

such as the direct detections can probe almost all the parameter region of the present scenario.

As can be seen in the figures, the expected reach at 3000 fb~! for the chargino mass, My ~
800 GeV, is almost independent of tan 8 and M0 This can be understood as follows. In the
large m region, the cross section is mainly determined by |u| because the mass difference

among \J 3, Xli are small m g X Mg 2 mx = |ie|. The coupling which corresponds to the
’ 1

X

production of X873xf is also almost constant as shown in Sec. 4.5. In addition, because of the

large mass hierarchy My =M+ > myo, Mz, Myy, the acceptance is determined almost only
B 1

by |p]. Thus, from Eq. (5.17), the number of events for the SR X, Ngrx, can be written as

Ngprx =~ Za(pp — Xix2) x Br(xi — WE\Y) x Br(W* — Iv) x Agrx x /Edt

Xi

x [ >0 Br(x = 2x)) | x Br(Z — 11). (6.2)
§=2,3

The first line of this equation is determined almost only by |u|. The first term of the second
line can be expanded in terms of O(Mzsw/u) as Br(xd — Zx9) + Br(xd — Zx)) = 1 +
O((Mzsw/u)?) (see Eq. 4.28). Thus Ngrx is almost independent of tan 3 and m,o, and the
results become similar for all tan 5 and m,yo.
As shown in Appendix E.2, it is different from the 8 TeV analysis that our results for the
pure Bino-Wino model agree well with those of the ATLAS. This may be due to that the tau
identification is not used in 14 TeV analysis. In addition, even if we include O(10)% uncertainties,

the results for the Bino-Higgsino resonant model do not change much since the numbers of the
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signal events are much different for different mass points.

Finally, we comment on the importance of the simulation to reinterpret the ATLAS analysis.
If we simply set the future prospects by rescaling the ATLAS results with the cross sections,
the expected exclusion limit becomes m < 900 GeV for 3000 fb~! and m, < 650 GeV for
300 fb=!. These results are much different from our results m, < 800 GeV for 3000 fb~! and
m < 500 GeV for 300 fb~!. Thus, taking account of the differences between our model and
the pure Bino-Wino model written in Sec. 5.5 is very important and the detailed simulations

are necessary.

6.6 Mono-photon/jet Searches and Indirect Detections

There are no constraints from the mono-photon/jet searches and the indirect detections. For
the mono-photon process, we calculate the cross section ee™ — Z — x{x{7y at \/s = 205 GeV
as shown in Sec. 5.6.1. The cross section decreases as || increases since the mass m,
and the coupling A\? decrease as |u| increases. Thus, the cross section becomes maximum at

0 increases

|| = 100 GeV in our setup. We show the cross sections for || = 100 GeV in Figure 6.7. Here,
we take the 7 x 2 x 2 = 28 sample points with the combination of M; = 20,30, --,80 GeV,
sign(p) = £ and tan 8 = 2,50. Since these sample points are at the edge of our parameter region,
the cross sections for other parameters with |u| = 100 GeV result within the range between the
smallest value 0.03 fb and the largest value 21 fb in Figure 6.7. Note that for myo < 30 GeV,
the DM become overabundant. As a result, the cross section is at most 15 fb for myo > 30 GeV.
Thus, the upper bound 0.05-0.2 pb (Figure 3.4) is too weak and there is no constraints.

The mono-jet process also gives no constraints. As estimated in Sec. 5.6.1, the constraints
IA?| <0.2-0.6 are much weak in our setup where |A\?| < 0.078 is satisfied (see Eq. (4.23)).

The cosmic rays from the DM annihilation in the present Universe is constrained from the
Fermi-LAT [85] as shown in Sec. 5.6.2. Since |A\?| is at most 0.078 in our setup (see Eq. (4.23)),
the annihilation cross sections become at most (50’ [y—y0 ~ O(1072%) cm3s™! and (o0)7 |y_0 ~
O(1073%) cm3s™! (see Eq. (5.32) and (5.33)). The constraints are O(10~27-10726) cm3s~!
(Figure 3.7) and very weak compared to the annihilation cross section in our parameter space.

Finally, we see the constraint come from the DM annihilation in the Sun. As we can calculate
from Eq. (3.13), in the present case, the annihilation rate is not saturated by the scattering rate,
\/th < 1. Note that O'SD is at most 10740 ¢cm? in our model. Thus the effective cross

sections become at most (USD(GH))Z’ ~ 1074%m? and (JED(BH))T ~ 107*cm? which are smaller

than the constraints (USD(eﬁ))b <2-3x107%%m? and (JSD(GH))T <1-2x10"*%cm? (Figure 3.8).
These results are understood as follows. The mono-photon/jet constraints are simply weak
due to the difficulties of the experiments. In the indirect detections, cosmic rays and the DM
annihilation in the Sun, the point is that the annihilation cross section is mainly p-wave sup-
pressed. The only contributions from the s-wave processes are proportional to the SM fermion

masses and tend to be small. Thus, these constraints become weak.
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Figure 6.7: The cross sections of the mono-photon process ete™ — Z — xIx¥v for |u| = 100
GeV are shown. Sample points are taken as the combination of M; = 20,30, ---,80 GeV,
sign(p) = + and tan 8 = 2,50. The blue (green) points denote the cross sections for tan 5 = 2
and sign(u) = + (—) while the red (orange) points denote the cross sections for tan § = 50 and
sign(p) = + (—).
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Chapter 7

Conclusion

In this thesis, we have investigated the Bino-Higgsino resonant DM model. The Bino-Higgsino
resonant DM model is one of the attractive DM models when all the sfermions are heavy > O(1-
10) TeV. In this model, the Bino LSP mixes with the Higgsino slightly and can be the candidate
for the DM. When the mass of the DM is half of the Higgs boson mass or the Z boson mass,
Mo ~ My /2, Mz /2, the current relic abundance can be explained with the resonant annihilation.
Since the annihilation cross section is enhanced resonantly, the mixing between the Bino and
the Higgsino can be small, i.e. Higgsino can be heavy as O(100-1000) GeV. Thus, this model
contains O(10) GeV light Bino DM, two heavy neutralinos and the chargino with the masses
O(100-1000) GeV. This mass spectrum gives rich phenomena in many experiments. We have

investigated all the possible phenomenology and the experiments comprehensively.

We assumed that all the sfermions are heavy enough > O(1-10) TeV. The masses of the
gluino and winos are assumed to be heavier than a few TeV which do not affect the phenomenol-
ogy of the Bino/Higgsino system and we do not consider their effects. Then, the phenomenology
of this model is determined only by three parameters, the Bino mass M7, the Higgsino mass p and
tan 8. We have investigated the current constraints and the future prospects comprehensively
for essentially all the parameter space. We have included the following phenomena: the relic
abundance, the direct detection for the SI scattering, the direct detection for the SD scattering,
the Higgs boson invisible decay and the heavy neutralinos/charginos productions at the 14 TeV
LHC. We have also considered the Z boson invisible decay, the mono-photon/jet searches, the
8 TeV LHC searches and the indirect detections. However, these results no constraints in our

parameter space.

It was shown that there is still a large viable parameter space, and almost all the parameter
space of the scenario will be covered complementarily by the direct detection experiments,
the Higgs invisible decay searches and the LHC searches. It is interesting that, depending on
the parameters, M;, p and tan 3, different combinations of positive and negative signals from
different experiments may appear. Especially, the blind spot is rich in the phenomenology. In

this thesis, it was shown that the current constraints come from all of the SI scattering, the SD
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scattering and the invisible decay. The combination of these experiments is important not only
for the current constraints but also for the future prospects. The experiment which can probe
the given parameter point depends on its parameter. The direct detection for the SI scattering
can probe the large region except the tip of the Higgs resonant region and the blind spot. The
direct detection for the SD scattering is sensitive in the lighter Higgsino region |u| < 300 GeV
even in the blind spot. The Higgs invisible decay can cover the Z resonant region except the
blind spot. The 14 TeV LHC searches can reveal almost all region for 200 < |u| < 800 GeV.
Thus, exploring these experiments is important to investigate this model.

In this thesis, we have investigated the phenomenology of the Bino-Higgsino resonant DM
model and found that the comprehensive analyses is necessary. The combination of the future

experiments can reveal the Bino-Higgsino resonant DM model.
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Appendix A

Physical Values

Here, we show the physical values which we use in this thesis. We use the values in Ref. [63] if

it is not mentioned with other references. The parentheses denote the error of the value.
Gauge Couplings
a Y (Mz) =127.944(14), s%(Mz) = 0.23126(5), (A1)

where a = e2/47. From these values, we can calculate as

e

g (Myz) =0.35744(2), g(Mz) = 0.65169(7), . (Mz) = 0.37164(3). (A.2)
2W
Masses and Widths
My = 80.385(15) GeV, Mz =91.1876(21) GeV, (A.3)
Iy = 2.085(42) GeV, Tz =2.4952(23) GeV. (A.4)

The Higgs boson mass has been determined by the ATLAS and the CMS [58]
myp, = 125.09 + 0.21(stat.) = 0.11(syst.)GeV . (A.5)

As the width of the Higgs boson, we use I';, = 4.07 x 1072 GeV which is the theoretical SM
value for my, = 125 GeV in this thesis.
The Branching ratio is also important in the LHC analyses. We use the following values

where [ denotes e, u, T,

Br(W — Iv) = 0.3258(27), Br(Z — Il) = 0.100974(69) . (A.6)

Astrophysical Constants The DM abundance of the Universe is given by Ref. [19]

Qpmh? = 0.1199(27), h=0.673(12). (A7)
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We use the following critical density of the Universe
Perit = 1.05375(13) x 107°h? GeV cm™3. (A.8)
The present temperature of the Universe Ty is
To = 2.755(6) K. (A.9)

These values are written in GeV units as puic = 8.06 x 10747h? GeV*4, Ty = 2.35 x 10713 GeV.

The gravitational constants G is given as

G = 6.70837(80) x 10739GeV 2. (A.10)

SI/SD Scattering The masses of the proton and the neutron are
my = 0.938272046(21) GeV, m, = 0.939565379(21) GeV . (A.11)

As the nucleon quark form factors, the following values which are the default values in mi-
ctOMEGAs [91] are used

f2=0.0153, f2=0.0191, fP=0.0447, (A.12)
AP = A =0842, AP =A"=_-0427, AZ=A”"=—0.085. (A.13)
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Appendix B

Wino Contribution to the DM

Phenomenology

Here, we consider the contributions from the Wino to the DM phenomenology in the Bino-
Higgsino resonant DM model introduced in Sec. 4. The DM phenomenology is determined by
the mass of the DM M0 and the DM couplings to the Higgs boson and the Z boson A", \? as
shown in Sec. 4.4. We show the Wino dependence for these parameters.

If we take the Wino into account, the mass matrix for the neutralinos in the Bino-Higgsino
system Eq. (4.6) becomes as Eq. (2.30). Thus, first, the mass of the DM x! which is the
lightest eigenvalue of the mass matrix changes. In addition, the diagonalization matrix changes.
We denote the 4 x 4 diagonalization matrix in this case O/,. Then, the DM couplings in the

Lagrangian (4.17) becomes as

Moo= (g (0n)11 = 9(0n)13) (ca (On) 4 + 50 (Oh),3) - (B.1)
Vo= (000 (00))°) (B.2)

Note that the subscripts of the diagonalization matrix change from Eq. (4.18) and (4.19) since
the basis of the mass matrix changes as (xp XHY Xmo) = (xB X%/V XHY XHO)-

Here, we show the dependence of Ms to myo, N M\Z. Note that for tan 8 > 2, cg becomes
maximum cg = 0.45 at tan3 = 2 and cg decreases as tan 3 increases while sg ~ 1. Thus,
in the case of tan 8 = 2, the Wino contributions become maximum since the Wino and the
Bino mixes with not only xpgo but also X9 with sizable cg. For M7, in the case of M; = 80
GeV, the Wino contributions become maximum since the mass differences between the Bino
and the Wino becomes the smallest and the mixing become the largest. Although M; = 80 GeV
results M0 ~ 80 GeV and it results overabundant DM, we show the results with M; = 80 GeV,
tan 8 = 2 since for other cases the My dependences become weaker.

The M, dependences on M0, N A% are shown in Figure B.1, B.2, B.3 respectively. In all
cases, if My > 500-700 GeV, the dependences of the Wino become negligible. From these results,
it is shown that the phenomenology of the DM is not affected by the Winos for Ms > 500-700
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Figure B.1: The contributions from the Wino to the DM mass are shown. The lines denote

the contour of the DM mass m,o in the units of GeV. The red (blue) lines are the results (not)

including the Wino contributions. The left (right) figure is the case of < 0 (u > 0).

GeV.
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Figure B.2: The contributions from the Wino to the DM-DM-Higgs coupling are shown. The
lines denote the contour of the coupling A\*. The red (blue) lines are the results (not) including
the Wino contributions. The left (right) figure is the case of < 0 (u > 0).
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Figure B.3: The contributions from the Wino to the DM-DM-Z coupling are shown. The lines
denote the contour of the coupling A?. The red (blue) lines are the results (not) including the
Wino contributions. The left (right) figure is the case of u < 0 (u > 0).
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Appendix C

Analytical Calculations in the

Bino-Higgsino Resonant model

The analytical calculations of the masses and the couplings in the Bino-Higgsino resonant

model are written here. See also Sec. 4.

First, we see the mass eigenvalues of Eq. (4.6) in Appendix C.1. Then, in Appendix C.2, the

calculations of the diagonalization matrix are shown. We also show the behavior of the couplings

with the expansion of O(Mz/u) in Appendix C.3. Finally, we calculate the decay widths of the

heavy neutralinos and the chargino in Appendix C.4.

C.1 Masses

Here, we calculate the mass eigenvalues of Eq. (4.6).

The mass matrix is written as

M1 _MZSWC,B Mzswsﬁ
Mn = —Mzswcﬁ 0 — K
MZsWsB — K 0

The eigenvalues of this matrix, A, are calculated by solving the following equation,

A—A —-B -C
-B A —-D| = 0,
-C =D A
A= M, B=—-Mzswcg, C = Mzswsg, D= —p,

i.e. solving the next equation,
N — AN? — (B? + C% + D*)A\ + AD* —2BCD = 0.
Here, the three solutions of the cubic equation,

x3—|—a2x2—|—a1x—|—ao:(),
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can be written as

az

T = u—i—v—%,uwl—{—vwz—%,uwg—i—vwl——, (C.5)
3 3 3
where
wy = —145\/31' 7 wy = w? = —1—2 3
u=(Q+VQ@+PYP,  w=(Q-VQ + P, (C.6)
Q= —3a0 + ga1az — 5=a3, P = ja; — ga3.
Now, the following relations are satisfied,
ap =My, a; =—p®— M%S%/V, ag = Mip? — ,LLM%SI%VSQB. (C.7)

Thus, from Eq. (C.6), v and v are calculated as

1 1 1
w(?) = —§M2M1 + iuM%s%VSQﬁ + 5—4M1 (2M12 + QM%S%V)
1
iﬁ |: — /,66 —+ /.L4 (2M12 — 3M%S%/V) — 9M3M1M%S%/V82,B

9
—u? <M{1 + 5MEME sy, + 3My sty <1 — 4535»
2 2 2 9 2 2 1 4 4 2 2 2 1/2
UM My sap ( ME + SMEshy ) — 3 Mpsly (M +4MZSW)} . (C.8)

If we expand this solution by Mzsw /i, u(v) becomes as

1 1 1
u(v) = 5,u[l ~ 34 + z% (14 2) (C.9)
+12 ! (1+s )iil ! (1 — 3525 + 21 (=3 + s23)) —1—(’)(24)}
2 11—z 26 \/§ 1+ 2 26 ! 26
where
M M
z = ZSW, n=t (C.10)
H H
Then the mass eigenvalues can be written as
1
mip = uwg -+ vwi + §M1
= M |1 722;(1 - iSQ )+ O (z4)
1-— Z% Z1 d ’
1
mo = uwi + vws + §M1
= uf14l2 (1—s28)+0 (") ), (C.11)
2 1 + 21
1
ms = u-+uv+ §M1

1yl !
= —z
K 2°1—- 2

(1+526) + O (24)) :
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The relation between m,o and these eigenvalues m; are written in Sec. 4.3 in detail. Note that

|m;| = m,o satisfies for > 0 and p > M;. However, the relation changes as |ma3| = m,o or

‘mQ’g‘ =m

0
X2,3
10, depending on the parameters for o < 0 and |u| > Mi: ie. |[mg| > [ms| can occur.
See also Sec. 4.3 for details.

C.2 Diagonalization Matrix

The diagonalization matrix, a real orthogonal matrix O,, (Eq. (4.7)) with

61mx(1) 0 0
OnM, 05 =| 0  emg 0 : (C.12)
0 0 Egmxg

can be obtained by the following calculations. First, let us define O,, as

1 .2 .3

ay ay a4

T _ 1 .2 .3
O,=1ay a5 a3| . (C.13)

ay a3 aj

Then the three equations can be obtained by Eq. (C.12) as

A B C al al
B 0 D||ay|=empo|db]| . (C.14)
C D 0 a al

We can solve these equations and get the solutions as

1
ai 67.'T)1XQB+CD 1
; i | ; icg+
ay | =K' TmIoDr | = | M b (C.15)
ai eimXQC—&-BD My sw Yisg+ca
’ Tw?, D7 Wl
where y; = €;m,o/p and
, 2_1 2 _1
Ki_ ly; — 1] _ \y,Xi | (C.16)
\/(Z% -1+ 222)1/1'2 + 22(z1 + 3s28)ys + 1 — zf + 22 4 2122598
Thus, the solutions can be written as
al lyfxi |
aj | = | —sign(y? — 1)222%2 | (C.17)
aé sign(yi2 — 1)2%85(#
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In the case that |u| > M; and |u| > Mz, y? < 1 and y3,y3 > 1 are satisfied from Eq. (C.11). In

this case, with Eq. (C.11) and the expansion by z, the diagonalizing matrix is shown as

1.9 1 1—s 1 1+s 1
L= 27 gy AV e e A
X (1 + 221898 + z%)
1 1 1 _24/1-528 1 1 _24/1+s28
of = | *rz st ac BRI A e A R A ey
x (255 + z1(cg +55))  x (255 + 21(cg — 58))
1 1 2V 1528 1 1 2V 1ts2g
—rez(tass) —5 -0t Wmr vat et ()
X (2c5 4 z1(cg+55)) X (—2c3 + z1(cg — s))
+0 (2*) , (C.18)

Here, we choose the relation [mg3| = m,g . When the order of |mal, [ms| changes as [ma3| =

0
X2,

Mg, the above expression of O should be changed as (O;‘f)i2 - (O,:C)i3 (see also Sec. 4.3).

C.3 Couplings

Here, we show all the couplings in Eq. (4.9) ~ (4.13) with the expansion by z using the results of
Appendix C.1 and C.2. See also the Lagrangian (4.8). The couplings are shown in the relation

Ima,3| = m,g . When the order of [ma], |ms| changes as [ma3| = m,q , these expression should

be read as Ay <> A5 and Ay, ¢ ASas (see also Sec. 4.3).

X
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h couplings

1 Xk
Ny = =59 (On)ir (¢a (On) 5+ 50 (On) ) min; (C.19)
U — E 'z ! (21 +s )—I—(’)(z3) (C.20)
L11 29 1_ 2 1 283 ) .
i
1 1
ALz = 97T (1—s28)+ 0O (2%) , (C.21)
1 1
h
Migs = —39'zes7 - (14 s25) + O (2%) , (C.22)
1 1-—
Mg = 59/775 2826 +0(2%) , (C.23)
1,, /1+s
Mg = —59,773 5 2NN (Z2) ; (C.24)
1 1 — 595 1
Moar = 595/ 2 o (* C.25
1 [1+ s93 1
Ah P 2 4 9
L31 29 UES 2 z (1_2%)(1_21)(21+52B)+O(z ) ) (C 6)
1
Moz = 7id o (< C.27
L23 19 |C2B‘2’1+Z1 +0(2%), ( )
1
h - 3
ALz = —119/|025|21 o +0(2%) . (C.28)

Note that )\f}{ij = ()\}Llji)* and cop < 0 for 1 < tanf.

7 couplings

My = o ((On)is (On)s = (0n)2 (On);a) (C.29)
N = 50252’21 _12% +0 (%), (C.30)
M\, = _232W 025z21 _i21 +0 (24) , (C.31)
Ny = — QSiWczﬁzQ : _121 +0 (Y, (C.32)

N, = 51/ o C.33
L12 32W772 5 “1_ ) +0(2%), ( )

VA o e * ]. + SQﬁ ]. 3
A3 = - 3 5 Zl T + 0 (z ) , (C.34)
e *
Mz = —mn;+0O (22) . (C.35)
Sow
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Note that )\%ij = ()\%ﬁ)

W couplings
1

)‘EVM = _Egﬁf (On)iz (C.36)
A = \}596*"” (On)ia » (C.37)
MW, = \2921 ! %(Cﬁ+2185) +0 (23) , (C.38)
A = \29%21 ! 5 (85 + 21c8) + O (2%) (C.39)
A = %gné +0 (2 ) : (C.40)
Apie = —%gmeﬁO(z?), (C.41)
Az = —%sm% +0 (%), (C.42)
Az = —%gngew(?(z?). (C.43)

C.4 Decay Width

The decay widths of the heavy neutralinos X(z),g and the chargino X%E can be calculated from the
Lagrangian (4.8). Here, we assume the relation [mg3| = m,g . When the flip occurs, change
the couplings as A, <> A5 (see also Appendix C.3 and Sec. 4.3).

The decay width of the chargino which decays to the DM and the W boson only is calculated

as

1
Do = DOGE = WED) = oomes (1= —w)?) ' (1= (g +w)?) (C.44)
2

1— 2
(()‘L11|2 + A mi ) (1 +yi — 20w + (,wgl)) — 61 (szll ()‘g/ll) + (ATh) )‘R11>> ;

where y; = mX?/mxf’w = Mw/mxit (see also Appendix D.4). Note that My = €yt and we

assume m, = > m,o + Myy. The heavy neutralinos can decay in two ways, x53 — Zx) and
1 y
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X873 — hx). Each partial decay width can be calculated as

‘)‘%12 LIS)
, 1/2 1/2
F(Xg,3 — ZxY) T len ™8 (1- (7“%,3 - 7"5,3)2) (1- (7“%73 + 7“5,3)2)
(1—(r33)%)?
x| 1+ 662,37"%,3 + (7“%,3)2 - 2(7“5,3)2 t— | (C.45)
(7“2,3)
for mxgg > mX(I) + My,
h | h i
. . ALi2,n13 T ()‘R12,R13> ‘ ) 12
F()(2,3 — hxi) = 167 Mg, (1 - (7“2,3 - 7"2,3) )
1/2
x (1= (s +182)?) (L4 earda)® - (52)7) (C.46)
for Mg > Mo + my, ,

where r3 3 = myo/myg 133 = mz/mg 3,7’5‘73 = mp/m,g . The total decay width depends on
whether the decay can occur or not,
0 0
Fxg,g = T'(x23 = Zxi), for myo + my, > myg > Mo+ My, (C.47)

= T(x35— Z2x}) + F(ngg) — hyY), form 9, > My + My (C.48)

X

The z expansions for the decay widths in the case p > 0 with using the results of Ap-
pendix C.1 and C.3 become as

1
D = o0l - D+ 22mp+ D) 100G, (C49)

1
POds = 208 = oIl 201 F 2)(1 £ 2) + O(),  (C.50)
POds = ) = gl F 2291 £ 2)(1F 2 + OG), (C51)

T(x33 = Zx1) + Tlxss — hx?)

1
0PIl = )1+ 221855+ 2) + O(:2) (C.52)

The results for the case p < 0 are similar to these expressions.

The branching ratio of the process X%g — ZxY can be obtained as follows.

L(x33 = Zx9)

Br(xss — Zx}) = T

X2,3
= 1.0, for my0 + myp > TTLX%3 > my0 + My, (0.53)
1 1
= Z(1+xx)%(1+ 0(z?),
121 (1 ) gy +O(2)
for myg > m,0 +mp. (C.54)
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Appendix D

Calculations

Here, we show the detailed calculations whose results are used in the text. The annihilation
cross section used in Sec. 5.1 is calculated in Appendix D.1. The calculations for the spin
independent and spin dependent scattering cross sections (used in Sec. 5.2 and 5.3) are shown in
Appendix D.2 and D.3. The decay width used in Sec. 5.4 and Appendix C.4 is also calculated
in Appendix D.4.

D.1 Annihilation Cross Section

We show the calculations of the annihilation cross sections which are used in Sec. 5.1. First,
we calculate the annihilation cross section for the process x{x? — h — SMs. Here, we use the

optical theorem,

Im M(x9x) = h = xIx?)

ZO’ (X(l)X(l) —h— f) = ) (D.1)

7 2EcMmpom

where f denotes all possible states and M is the amplitude of the forward scattering. Note that

FEcowm and peoum are the energy and the momentum of the DM in the center of the mass frame,

s =4 (mig +P2CM) = Etu (D.2)

2Ecnvpom = /5,5 — 4mi(l, . (D.3)

The spin averaged amplitude of the forward scattering M (x?(p1)x{(p2) — h — x9(p1)x)(p2))
can be calculated with the Lagrangian L > %h)\hixgwxg as

11
55 2 MOA@)XT(P2) = h = X3 ()1 (p2))
spin
h\2 (5 — m?2 s
G (5 —4m?y) (o — 1) + ioba /o (D.4)
2 1 (s—m%) +52F%/mi
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where I'y, is the total width of the Higgs boson. Thus, the annihilation cross section for the

Higgs boson exchange process can be calculated as

(A)? 1 dmi, sU'n/ma

! . (D.5)
5 (s—mj)" + 8T /mp

oY= h—f) =
f

Note that since the term s?T'Z /m3 in the denominator is effective only when s ~ m3, the
approximation of s?I'2 /m? — m3I' in the denominator does not change the cross section.
Next, let us calculate the Z boson exchange process xx? — Z — SMs. Here, we can write

the Lagrangian as

L3 Nho' PribeZ, + 3 67" (05 - C{m) V7, (D.6)

f
where 1y denotes the SM fermions and C’{;, Cfl are couplings with cl = _2ch (T35 — 28‘2/VQf),
Cj; = —%gw T3p. T3y is % (—%) for up (down) type fermions and @ is the electric charge for the

particle f. Then the cross section of the process x)x? — Z — SMs can be calculated as

11 am?,\ 2 4m?
R X
ZU(X?X?%Z—)J%) = Tons <1— S 1) ZNc,f 1—78 Fy(s),

! !
4 (\)? f zmiom} 212

Fi(s) = - 2P (s - M

r(s) 3(s— M2)%+ M2I?% il M} ( 7)

+ (10125 + 2m3) + O (s — 4m3) ) (5 — 4m2y)] . (D7)

Here, N. s = 1,3 for the leptons and the quarks. If we neglect the term proportional to m?c, the

cross section becomes

> oY = Z = )

f

Then we use the relation of the total decay width of the Z boson,

1 f2 12
Iz = ﬁ Z;Nc,f (lcv‘ + ‘CA’ ) ’ (D_9)

and the cross section becomes

4m20 P M
0= Z— [ =01 - —2 5Tz /My . D.10
ZJ(X1X1_> = ff) =) s (s— M2)2+ M2T% ( )

f
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The non vanishing terms in the limit v — 0 (s — 4mi0) which are proportional to m? and
1

neglected above are also calculated as

2 2\ —1/2
R l()\Z)Q (S_M%)2 mX?} 1 4mX?
v ™ (s — M2)2+ M2T% M} s s

f12, 2 4m3
X Y N g|ChPm3 - (D.11)

f

D.2 Spin Independent Scattering Cross Section

We calculate the spin independent scattering cross section in the Higgs boson exchange process

(see Sec. 5.2). After integrating out the top quark, the relevant terms are given as

L > ——mhh2 — 721/ Mgty + ———hG ., G* + )\hhq/) oo,  (D.12)

2x/§

where ¢; denotes the quark except the top and G*¥ is the field strength of the gluon. If we
integrate out the Higgs boson, this Lagrangian becomes

a A\l

L= Z\f 2 Xlwxlz quzqu 24\@771)771 w wOG VG

h
= en ) ) _ % v -
= CNT/’x?wx? ( : (mqi¢qi¢qi) 12WGWG ) , CN = 2\/§m}21v . (D.13)
We used the relation mg, = Y;v. To calculate the scattering with the nucleon, we consider the

quark/gluon contribution to the nucleon state

<N‘qu&Qz¢ql|N> = mn/fq, (D.14)

~ 9a y
o —(N|GwGFIN) = mpnfy. (D.15)

From the trace anomaly, the following relation is satisfied [112]
~ 9ag y -
my = (N|T}|N) = = 2(N|GuwG"|N) + 3 (Nlmgtbg|N),
q=u,d,s

—S1=fo+ > fq. (D.16)

q:u7d7s

Here, we define fy as
_ Qg u
In = (| Z (qu'w%‘wfh) - EGWGM |N)/mpy

= (N Y (maduts) = GG IN)/my

q=u,d,s
2 2 7
= Z fq+§fg:§+§ Z fq- (D.17)
q=u,d,s q=u,d,s
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We used the relation (N|mgibg,vg,|N) = —3=(N|GuwGH|N) for ¢; = ¢,b [112]. Note that
Eq. (D.13) is a Lagrangian at the scale ~ mj, (~ 125 GeV) and Eq. (D.17) is the relation at
the scale ~ my (~ 1 GeV). The value of s depends on the scale strongly, e.g. as(Myz) ~ 0.12
and as(m;) ~ 0.33 [63] where My ~ 91.2 GeV and m, ~ 1.78 GeV [63]. However, the
operator oG, G* is scale independent at the leading order [113]. Thus, the scale dependence
of Eq. (D.13) seems not to be large and we do not include the effects of the renormalization
group running. Then the cross section for the process x{(pa)N(ps) — x)(p1)N(p2) can be

calculated as follows,

o)t —pa— L’ &
2E42FEB|vs — vp)| P (2m)32E),
where
M = 1664 fimd (pr-pa+m2y ) (p2-pp +m3) - (D.19)
The cross section becomes
/d C?vf?vm?v(?mig + [pI*)(2m3 + [p[?) D20

where we consider in the center of mass frame (p4a = (F4,0,0,p)). Now, since the velocity of
the DM is small v ~ 0.001¢, we neglect the momentum and the cross section can be written as
46?\[ f]%,mﬁlva

X1
= . D.21
7 m(myo + my)? ( )

D.3 Spin Dependent Scattering Cross Section

Next, we calculate the spin dependent scattering cross section in the Z boson exchange process

(see Sec. 5.3). We assume the following Lagrangian,

1 e _
L > §M%Z#Z“ e D gt (2T Pr — 253y Qqi) g, Zu + N o Pripyo 2y, . (D.22)
)

After integrating out the Z boson, this Lagrangian becomes

e s B . ,
L > SQWM% ¢X?’7MPL¢JX(1) ; wqi’}/‘u (QTqZPL — QSWqu) wqi
dnh. ot 7 3 dn — e ?
> wa(l),y 751/})((1) ZZ: /l/)qifyM'YE)Tqid}qi y N = m . (D23)

Note that J’x? 7“¢Xcl) = 0 for the Majorana fermions. We neglected the terms Q/GX?'W%wX? &q/ﬂtd)qi
since they vanish in the limit of the zero momentum transfer. As is the same case of the SI

scattering cross section, we consider the quark/gluon spin contribution to the neutron state

(Nltgvurs¥e N) = 25,47, (D.24)
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where s, is the spin vector of the nucleon and AfIV is the quark contribution to the nucleon spin.

Then the cross section is calculated as
2

1252 m2 m_o

SD N''°N X1 3AN

= =d T°A D.25
7 s (mx(l) + mN)Z’ £N N Z 474q 7 ( )

u,d,s

in the zero momentum limit. Here, we neglect the contributions from the heavy quarks (c, b, t)

since they are small enough [114].

D.4 Decay Width

Here, we briefly calculate the decay rates in generic expressions. These results are used in
Sec. 5.4 and Appendix C.4.
The differential decay rate (at the rest frame) of particle A to n particles (k=1,--- n) can

be written as

@) (e~ pa) ﬁ ( dpy M2, (D.26)

2mA 27r)32Ek

k=1

where M is the transition amplitude.
Here, we assume that the scalars have no color and the fermions have N, color (N, = 1 for

non-colored particle.)

* o= by
First, let us consider the process that the particle A (real scalar) decays to two Bs (Majo-

rana fermions). We assume m4 > 2mp and the interacting term as

1 _
Lint = 5A0AVBYB - (D.27)

From this Lagrangian, the squared matrix element (spin summed) can be calculated as
|IM|? = 2NcA? (m% —4m%) . (D.28)

Note that this is the same results as the one with the Dirac fermions. However, the decay

rate I should be divided by two since two final state particle is identical,

1 1 [ (2m)%é* —pa) 2NeA? (m? — 4m?
I = /dF: /( ™) "0 (g Pk — pa) 2NcA? (m mB)d3p1d3p2
2 2 2ma (2m)02E12E>
B Ne )2 9N 3/2
= o.M (1—4b°)"", (D.29)

where b =mp/m4.

i Zu — Yy
Next, let us consider the process that particle Z (real vector boson) decays to two Bs

(Majorana fermions). We assume myz > 2mp and the interacting term as

Lint = Moy PLyypZ, . (D.30)
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The squared matrix element (spin summed) can be calculated as

4
IM|? = gNC)\Z (m% — 4m%) . (D.31)
The decay rate I' is
1 NC)\2 213/2
r = - = 1—4 D.32
2/d 2gr 2 (L= 40 (D-32)

where b = mp/m4 and note that the division by two is necessary.

Ypa — YW
Next, let us consider the process that particle A (Dirac fermion) decays to particle B
(Majorana fermion) and particle W (charged vector boson). We assume my > mp + my

and the interacting term as

Lin: = IZMB'YM (ALPr + A\rPgR) LbDAWu_ + h.c.. (D.33)
The squared matrix element (spin summed) is calculated as
1 m2 — m2,)2
MP = 3 (Al nal) (1 + iy = 2+ 2B )
My
—3mamp ()\LX][% + )\R)\TL) . (D.34)
The decay rate I is
1
r = /dr:%mA (1= b-w?)"? (1= (b+w)?)" (D.35)

2 2 2 5,2 (1—b2)2 . T T
x| (AL + rl?) (1407 — 2w T 60 (ALAR +ARAL ) |

where b = mp/ma,w = my /ma.

Yma — YuBZ
Next, let us consider the process that particle A (Majorana fermion) decays to particle B
(Majorana fermion) and particle Z (real vector boson). We assume m4 > mp + my and

the interacting term as
Lint = MonrV! PripyraZy, + hec.. (D.36)

The squared matrix element (spin summed) is calculated as

2 2 2 2 2 (m,24 - m23)2 2 12
M| = |}l mA_‘_mB_QmZ"‘T + 3N+ (A )mamp. (D.37)
A

The decay rate I' is

r — /dP — %mA 1=b-23)"" 1= 0b+2?2)"
X (yw (1 + 02 —222 4 (1252)2> +3b(\2 + (AT)2)> : (D.38)

where b =mp/ma,z=mz/may.
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® Yya— Yuph

Finally, let us consider the process that particle A (Majorana fermion) decays to particle
B (Majorana fermion) and particle h (real boson). We assume my4 > mp + mj, and the

interacting term as
Lint = hopg(ALPL + ApPr)Yaa + hec.. (D.39)
The squared matrix element (spin summed) can be calculated as
M|? = (|/\L\2 + [ Arl* + ALAR + ATLA}L) (m% +mp —mj)
+tmamp (()\L)2 +(R)2+ D2 )2+ 20 s + 2ALA;) . (D.40)
The decay rate I is

I' = /dP: %m/& (1_(b_h)2)1/2 (1—(b+h)2)1/2
Y[
M2 INRIZ A AR £ ML) (1482 — A2
<[ UL+ IARE + ALAR + AR ) (1 + )
5 ()2 + () + AL+ OR)? + 200 Ar +2200k) | (D)

where b =mp/ma,h =mp/ma.
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Appendix E

Validation of the LHC Analysis

In this appendix, we show the validation of our analysis for the heavy neutralinos/chargino
searches at the LHC. We show the 8 TeV analysis in Appendix E.1 and the 14 TeV analysis in
Appendix E.2. See also Sec. 5.5.

E.1 8 TeV

Here, we show the validation of our 8 TeV analysis. See also Sec. 5.5.1. To compare with the
ATLAS results, we use the pure Bino-Wino model. First, we show the cut flows of some SRs. We
check the following two model points which are validated by the Check MATE collaboration [115]

(myg,my i, my0) = (175,175, 100), (350,350, 50) GeV . (E.1)

Here, we assume Br(xf — WD) :Br(xg — ZxY) = 1 for kinematically allowed region, and
Br(xf — W) — lw\?) =Br(W* — Iv) and Br(x? — Z*x) = UxY) =Br(Z — 1) for
kinematically forbidden region. The results are shown in Table E.1. The cut flows are defined
in Sec. 5.5.1. The initial event number is normalized to the one of Ref. [115]. Our results agree
with the ones of Ref. [115] within 10%. In particular, in the SRO7al6 which gives the strongest
constraint in most of the parameter region, the acceptance in our analysis agrees very well with
Ref. [115].

Second, in Table E.2, we compare the cross section and the acceptance of our analysis with
those of the ATLAS analysis for the model points (m,q = m, &, myo) = (200,50), (200, 25) and
(150, 37.5) GeV.! Here, the acceptance Agroraig is defined as Eq. (5.18). The effective acceptance
of the ATLAS is calculated as ATAS . = [A x ] 4TEAS . x Br(Z — 1) 'Br(W* — lv)~1, where

the acceptance times the efficiency [A x €]420A5, is taken from the HepData [116].2 Compared

!These model points are chosen because the efficiency, the acceptance, and the production cross section in the

ATLAS analysis are available in Ref. [116].
2In our simulation, the contributions from the hadronic decays of the W boson and the Z boson are negligibly

small.
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Point myg =m+ = 175 GeV, myo = 100 GeV
Source ATLAS [50,116] CheckMATE [115]  our analysis
Generated events 20000 50000 50000
Initial Events 897 + 0 897 £ 0 897 +£ 0
3 isol. lep., no tau 148 + 24 142 £ 1.5 138 £ 1.6
SFOS, mgros = 60-81.2 GeV 78 + 1.8 73.9 + 1.1 67.7 £ 1.1
b-veto 7 £+ 1.8 71.1 £ 1.1 65.8 &+ 1.1
SROTa9 | ERss = 50-75 GeV 20 + 0.94 19.4 4+ 0.58 17.7 + 0.56
mp = 0-80 GeV 13 £ 0.76 13.5 + 0.49 12.4 + 0.47
|mse — mz| > 10 GeV 10 + 0.67 9.45 + 0.41 8.16 £+ 0.38
SROTal0 | ERsS = 50-75 GeV 20 + 0.94 19.4 4+ 0.58 17.7 + 0.56
mr > 80 GeV 7+ 0.56 5.95 + 0.33 547 + 0.31
SROTall | ERsS > 75 GeV 19 + 0.91 18.8 + 0.57 16.7 + 0.55
mp = 0-100 GeV 15 £ 0.81 15.7 + 0.53 13.9 4+ 0.50
SROTal2 | ERiss > 75 GeV 19 + 0.91 18.8 + 0.57 16.7 + 0.55
mp > 100 GeV 44+ 0.42 3.07 £ 0.23 2.93 + 0.23
Point Mg =m+ = 350 GeV, Mo = 50 GeV
Source ATLAS [50,116] CheckMATE [115]  our analysis
Generated events 20000 50000 50000
Initial Events 492 £ 0 49.2 £ 0 49.2 £ 0
3 isol. lep., no tau 11 +£0.14 11.9 + 0.094 11.7 £ 0.11
SFOS, msros = 81.2-101.2 GeV 10 + 0.14 9.87 + 0.088 9.47 + 0.097
b-veto 10 £ 0.14 9.39 + 0.086 9.11 £ 0.095
SROTal3 | EWiss = 50-90 GeV 1.1 + 0.051 1.03 4+ 0.031 1.03 4+ 0.032
mp = 0-110 GeV 0.6 + 0.038 0.673 4+ 0.026 0.671 4+ 0.026
|mse —mz| > 10 GeV 0.6 + 0.038 0.665 4+ 0.025 0.665 4+ 0.026
SROTald | ERiss > 90 GeV 8 +£0.13 7.87 + 0.081 7.63 + 0.0866
mp = 0-110 GeV 2.4 4+ 0.075 2.53 + 0.049 2.34 + 0.048
SROTal5 | Emiss = 50-135 GeV 2.9 4+ 0.082 2.78 + 0.051 2.66 + 0.051
mp > 110 GeV 1.6 + 0.062 1.29 4+ 0.035 1.25 4+ 0.035
SROTal6 | ERiss > 135 GeV 7+0.12 6.12 + 0.073 6.00 £+ 0.077
mp > 110 GeV 5+ 0.11 4.4 + 0.063 4.40 + 0.066

Table E.1: The cut flow validation of the 8 TeV analysis is shown. The errors are the statistical

errors of Monte-Carlo events.
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Mg =M, =, M0 [GeV] a}ljlfgg [fb] U;?II;?S [fb] | Asroraie x 103 AZEEAS 5 103
200, 50 788 802 15.5 £ 0.2 18.5
200, 25 788 802 203 £ 0.1 24.0
150, 37.5 2427 2452 2.26 £ 0.07 2.71

Table E.2: The validation of the cross section and the acceptance for the ATLAS 8 TeV analysis

is shown. The errors for the acceptances are the statistical errors of Monte-Carlo events.

1507*””

100 {
mx

[GeV] | ]
500 o i

100 150 200 250 300 350 400
mx, [GeV]

Figure E.1: The reinterpretation of the ATLAS 8 TeV analysis [50]. The black line shows the
ATLAS result given in Ref. [50,116]. The red line denotes the result of our analysis.

to the ATLAS analysis [50, 116], the estimated acceptance is about 20% smaller. The cross

sections are well reproduced within 1-2%.

Finally, we perform the same analysis in the (mx87 mx(l))—plane, and show the exclusion con-
tour in Figure E.1. Here, all the 20 SRs (SR07al-20) are taken into account. The ATLAS
result [50] is shown in the black line (see also Figure 3.6).> The red line denotes the result of
our analysis. In this plane, our results agree with the ATLAS analysis within 20%. Although
the shape near the kinematical edge m g —m

Y X0 M7 seems to be different, the differences of

the event numbers between our results and the ATLAS analysis are within 20%.

In order to check the differences between the simulation programs, we also simulate with
Herwig++. The results using Herwig++ agree with the above results using MadGraph and
PYTHIA within the statistical uncertainties of the Monte-Carlo events.

3The black line is drawn using the data of Ref. [116].
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(Mg, my0) SRA SRB
ATLAS [51] | our analysis | ATLAS [51] | our analysis
(400,0) 407+6 408.8+7.3 22445 209.24+5.2
(600,0) 194.84+2.0 205.8£3.1 148.9+1.7 153.4+2.6
(800,0) 69.6+0.6 68.6+0.9 59.1£0.6 58.7+0.8
(1000,0) 22.94+0.19 21.9£0.3 20.42+0.18 19.54+0.3
(mXo , mxo) SRC SRD
ATLAS [51] | our analysis | ATLAS [51] | our analysis
(400,0) 67.9+2.6 55.8+2.7 19.7£1.4 14.94+1.4
(600,0) 81.6+1.3 78.6£1.9 33.5+0.8 28.9£1.1
(800,0) 42.4+0.5 41.240.7 25.240.4 22.9+0.5
(1000,0) 16.36+0.16 15.7£0.2 11.554+0.14 10.9£0.2

Table E.3: The validation of the number of events for the ATLAS 14 TeV analysis is shown.

The errors are the statistical errors of Monte-Carlo events.

E.2 14 TeV

Here, we show the validation of our 14 TeV analysis. See also Sec. 5.5.2.
As a validation of our analysis, we simulate with the pure Bino-Wino model. In Table E.3,
we show the comparison of the expected number of events at 3000 fb~! for the model points

=(400,0), (600,0), (800,0), (1000,0) GeV. The ATLAS results are given in
1]. They are in good agreement with the ATLAS analysis.

(myg = m &, m 0)
Ref. [5

We also show perform the validation for the (mXo,m o) plane in Figure E.2. The exclusion
limits are set by the method as written in Sec. 5.5.2. The envelopes denoted by the black lines
are the discovery/exclusion prospects of our analysis where the yellow, red, blue and green lines
denote the results from the SR A, B, C and D respectively. The black lines correspond to the
black lines in Figure 3.6. Here, not only the 95% CL exclusion prospects (dashed lines) but also
the 5 o discovery prospects (solid lines) are shown. To calculate the 5 o discovery prospects

where Z])\g =5, we use the following value which is calculated as in Sec. 5.5.2

NasA(ZzUsA —5) — 772, (E.2)
NsB(zdisB _ 5y — 437, (E.3)
NUsC(zAUC — 5y =979, (E.4)
NasD(zdisD _ 5y — 994 (E.5)

for 3000 fb~!. As we can see, the results of the ATLAS can be reproduced.
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Figure E.2: The reinterpretation of the ATLAS 14 TeV analysis [51] is shown. The yellow,
red, blue and green lines denote the results from the SR A, B, C and D respectively. The solid
lines correspond to the 5 o discovery prospects and the dashed lines correspond to the 95%
CL exclusion prospects. The envelopes denoted by the black lines are the discovery/exclusion

prospects of our analysis which correspond to the black lines in Figure 3.6.
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