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In this thesis, we investigate allowed parameter region in the next-to-minimal supersymmetric
standard model (NMSSM) where correct dark matter relic density, light elements abundances, and
the Higgs mass are obtained simultaneously.

First, we review some phenomenological problems in the standard model (SM) of particle physics.
There are several shortcomings in the SM though it have been precisely confirmed by many experi-
ments. In this thesis we especially focus on the lepton flavor violation (LFV), the existence of dark
matter, and the lithium problems in the standard Big-bang nucleosynthesis (BBN).

Next, we confirm that observed light elements (including lithium(s)) abundances are obtained
as well as dark matter relic density in the minimal supersymmetric standard model (MSSM). We
consider slepton coannihilation scenario to obtain observed dark matter relic density, where the bino-
like neutralino is the lightest supersymmetric particle (LSP), the lightest slepton is the next-to-lightest
one (NLSP), and their masses are tightly degenerated. The slepton can be long-lived due to the mass
degeneracy and affect the BBN forming bound state with light element nucleus. The success of such
exotic BBN requires sufficient longevity and the number density of the slepton and the rates of the
exotic BBN processes caused by bound state effects. We note that the LF'V decay of the slepton can
make the lifetime much shorter than that in case where the slepton has only stau component. We show
that in both case with/without LFV, there exists the parameter region of the MSSM where observed
dark matter relic density and light elements abundances are obtained.

Finally, we extend the framework into the NMSSM and observed Higgs mass is also obtained. In
the NMSSM a singlet scalar contributes to the Higgs sector. It arises new tree contributions with
couplings, A and «, in the Higgs boson mass, and they can push it up to the experimental value easier
comparing to the case of the MSSM. In the neutralino sector, singlino, which is superpartner of the
singlet scalar, exist and we mainly consider the case where the lightest neutralino is singlino-like. The
coupling relevant to the decay of the slepton includes the NMSSM parameters, A and k, and is typically
much smaller than that in case where the lightest neutralino is bino-like in the MSSM. We know the
favorable range of the lifetime of the slepton and relevant timescales of the exotic BBN processes for
solving lithium problems. However, the small couplings easily lead to too long lifetime of the slepton
and/or timescales of the exotic BBN processes. Thus we first calculate those values and require them
to be in favorable range for solving lithium problems to obtain a favored region on A-x plane. Next we
choose several points on the favored region, and calculate the dark matter relic density and the Higgs
mass at each point using a numerical calculation code to confirm whether the values are consistent
with the observations. Then we calculate the slepton relic density and light elements abundances at
each point where observed dark matter relic density and the Higgs mass are obtained. In this thesis we
investigate such allowed region following the above procedure in three cases; (i) small A-x region with
large tan 8 for singlino-like LSP, (ii) large A-x region with small tan 5 for singlino-like LSP, and (iii)
large A-x region with small tan 8 for bino-like LSP. At last, we show the allowed parameter region in
the NMSSM where correct dark matter relic density, light elements abundances, and the Higgs mass
are obtained simultaneously.
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Chapter 1

Introduction

The flame work of the SM of particle physics is established in 1970s, and since then, it has been precisely
verified by many experiments. All the particle contents in the SM had finally been obtained by the
discovery of the Higgs boson in 2012 [1, 2]. However, a number of questions which suggest the presence
of a more fundamental theory has still been left. For instance, the existence of dark matter has often
been discussed in many extended models since it verified by observations. Supersymmetric models
are attractive candidates for such a theory. The simplest extension, the MSSM, is often analyzed.
The LSP should be neutral and stable, and thus can be a candidate of the dark matter. One of the
other extension is the NMSSM which includes an extra singlet scalar sueprmultiplet. This account
for so-called p-problem [3] that complicates the MSSM, and better reconciles with the observed Higgs
mass. The MSSM predicts a Higgs mass lighter than that of the Z boson at the tree level, and requires
significant loop contribution to lift it up to the observed value, about 125 GeV. On the other hand,
the Higgs mass in the NMSSM has additional terms contributed from the singlet, and it potentially
offers a straight forward interpretation of the observations.

A series of works by the present authors explored impacts of the supersymmetry on the nucle-
osynthesis in the early universe [4, 5, 6, 7, 8]. Focus in these works have been on the case where
the next-to-lightest supersymmetric particle (NLSP) is charged and long-lived so that it survives until
the time of nucleosynthesis after the big-bang. It takes part in the nuclear reactions and alters the
present-day abundance of the light elements. Possible disagreement indeed persists on the abundance
of lithium compared with the calculation based on the Standard Model. The standard calculation
predicts the ratio of abundance Log;y("Li/H) to be —9.35 £ 0.06 [7], while the observation indicates
—9.63 £ 0.06 [9]. Lithium 6 provides another possible disagreement; its observed ratio of abundance
6Li/"Li = 0.046 4 0.022 is about 102-10% larger than the theoretical prediction [10]. These discrepan-
cies can be the trace of the interaction between nuclei and the NLSP which is absent in the standard
BBN sceanrio. Our scenario can thereby account for the abundance of the dark matter and of the
lithium in a single framework. We analyzed if this scenario works within the MSSM with staus as
the NLSP and neutralinos as the LSP, and found the parameter region that can account for these
observational handles to the new physics [4, 5, 6, 7.

Now that the mass of Higgs particle is determined, we are to examine whether it is compatible
with our scenario. Our previous work analyzed the constrained minimal supersymmetric standard
model [11]. There we found allowed regions in the parameter space, and presented phenomenological
predictions such as mass spectra and branching ratios. In the present paper, we further extend our
scenario to the NMSSM with the flavor violation and search for its further applications. We demon-
strate that the NMSSM under our scenario can simultaneously account for the three phenomenological
clues: the abundance of dark matter, that of lithium, and Higgs mass. We explore parameter space
and discover parameter points that qualify the requirements. Special interest is in the case where the
NMSSM singlet is the major component of the neutralino LSP in expectation of the difference from
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the MSSM. The case of bino-like neutralino is analyzed as well.

This thesis is organized as followes: In Chap. 2, we introduce some shortcomings of the Standard
Model which motivate this study; lepton flavor violation, dark matter, and lithium problems in the
standard theory of the big-bang nucleosynthesis. In Chap. 3, we show the parameter region where
correct dark matter relic density and light elements abundances including lithiums are obtained in
the MSSM. In Chap. 4, we extend the model into the NMSSM and investigate the parameter region
where observed light element abundances are obtained as well as the Higgs mass and dark matter relic
density. Finally we summarize this study in Chap. 5.



Chapter 2

Phenomenological shortcomings in the
Standard Model

As we introduced in the previous chapter, several shortcomings exist in the SM, and so, many types
of extended models have been suggested in order to overcome them. In this thesis we focus on the
following three points;

(1) light element abundances
(2) relic density of dark matter
(3) the Higgs mass

We investigate allowed parameter region where consistent values of the above quantities with their
observational /experimental values are obtained at the same time in an extended model, the NMSSM.
This is the main theme of this thesis. In this chapter, we consider the lepton flavor violation, dark
matter, and the standard BBN theory as the topics relevant to (1), (2), and (3) before extending the
SM.

2.1 Lepton Flavor Violation

Leptons have their lepton flavor number, and the sum of the numbers for initial state particles is equal
to that for final state in an interaction, i.e., the lepton flavor number is conserved in the SM. However,
lepton flavor violating phenomena have already been observed.

Neutrino ocsillation

The neutrino oscillations have been searched and observed as lepton flavor violating phenomena.
The probability that v, converts into v, when the initial state is electron neutrino in the oscillation
between two generations is given by

Am? (eV)?

P(ve — v,;t) = sin® 20 sin? |1.27 B Gov

L km]|, (2.1)
where 6 is the mixing angle between the two states, Am? is the absolute value of the squared mass
difference between the two mass eigenstates, E is the energy of the neutrino, and L(= ct) is flight
length. The discovery of the neutrino oscillation means that the neutrinos have non-zero masses, since
the squared mass difference, Am?, must not be zero in order for the probability not to be zero. On
the other hand neutrinos are massless in the SM, and hence, the discovery of the neutrino oscillation
indicates the existence of the physics beyond the SM.

7
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Table 2.1: Present experimental bounds and future sensitivities of BR and CR by cLFV search ex-
periments. This table is from Ref. [12].

LFV process | Present bound Future sensitivity
BR(p — e7) 57x 1078 [13] 6 x10~11 [14]
BR(T — e7) 3.3x107%  [15] 1079 [16]
BR(T — ) 4.4x1078  [15] 1079 [16]
BR(1 — 3e) 1.0 x 10712 [17] ~ 10716 [18]
BR(T — 3e) 2.7x 1078 [19] 2.3 x 10710 [16]
BR(T — 3p) 21x107%  [19] 8.2 x 10710 [16]
CR(p—e,Ti) | 43x10712  [20] 0(10718) [21]
CR(u — e, Au) 7 x 10713 [22]
CR(u — e, Al) 0O(10710) [23]

Charged Lepton Flavor Violation (cLFV)

Flavor violating phenomena is supposed to exist not only in the neutrino sector but also in the
charged lepton sector (charged Lepton Flavor Violation; cLFV). While many search experiments for
several cLFV processes have been done, no cLFV signal has been observed. Figure. 2.1 shows the
upper limits and future sensitivity of the branching (or conversion) ratios for several violating processes
(left column) given by the corresponding search experiments.

We take cLFV into account in the MSSM (Chap. 3) and the NMSSM (Chap. 4) which are models
beyond the SM. The cLFV of a new particle, slepton, which appear both in the MSSM and the
NMSSM, plays a crucial role in this study.

2.2 Dark Matter

In 1933, F. Zwicky pointed out the existence of dark matter for the first time observing large velocity
dispersion of galaxies in the Coma cluster which can not be explained by only gravitation of luminous
matter [24]. Since then, many observational evidences of the existence of dark matter have been
acquired. One of the most famous and classical evidence is the rotation curve of spiral galaxies [25].
Figure 2.1 shows rotation velocity of NGC3198 as a function of distance from galactic center. The top
curve is fitted one to observational results (dots with error bars). The other two curves show those of
the galactic disc and halo, respectively. We see that the observed flat velocity distribution can not be
reproduced by only luminous component (disc), and the existence of non-luminous component (halo)
enable us to reproduce observed distribution. The non-luminous component is considered to be dark
matter. Many other evidences of the existence of dark matter have been obtained in these decades,
e.g., by observation of the bullet cluster [26], weak [27] and strong [28] lensing, and so on.

The non-luminous nature means that dark matter does not interact with other matters by elec-
tromagnetic interaction. Dark matter is known as one of the main components (which occupies about
27% of the total energy) in the present universe from the observation of the Cosmic Microwave Back-
ground (CMB) [29]. From the result, dark matter is considered to be stable or at least has a lifetime
as long as the age of the Universe. The observational relic density of dark matter is consistent with
weak scale mass and interactions.

The particle species which were in thermal equilibrium at the time of decoupling is called as thermal
relic (we do not consider non-thermal ones in this thesis). Thermal relic density is different depending
on whether the particle species are relativistic at the time of decoupling. The (non-)relativistic species



2.3. STANDARD BIG-BANG NUCLEOSYNTHESIS AND LITHIUM PROBLEMS 9

200 II|II|TII_I'|UII'IIII|IIII

150

100

Vi (km/s)

50

0 10 20 30 40 50
Radius (kpc)

Figure 2.1: Rotation curve of NGC3198, an evidence of the existence of dark matter. The horizontal
axis is the distance from galactic center (kpc), and the vertical axis is rotation velocity (km/s). This
figure is from Ref. [25].

is called as hot(cold) relics. For example neutrino in the SM is one of the hot relics. However, it is
known that if the neutrino is the main component of dark matter, present structure of the Universe
can not be reproduced though it is neutral and interacts with other particles by weak interaction. Fur-
thermore, the mass of neutrinos are quite small comparing to those of the other elementary particles.
Therefore they can not be the main component of the dark matter particles, and thus no suitable can-
didate of dark matter particle exist in the SM. In this thesis, we consider Weakly Interacting Massive
Particle, WIMP, as dark matter particle. It is one of the cold relics appear in many particle theories
beyond the SM, and is one of the most promising candidates with possible mass range from 1 GeV to
100 TeV and interaction cross section with ordinary matter from 1074° to 107°° cm?.

Many kinds of dark matter search experiments have been carried out since the possibility of direct
detection through the interactions between dark matter and ordinary matter discussed in [30]. There
are several approaches to probe the interaction of dark matter with ordinary matter as shown in
Fig. 2.2.

As an example we show the latest result of direct detection experiment by the LUX Collabora-
tion [32] in Fig. 2.3. The blue line represents 90% confidence level limit (shaded region: £1o error)
on upper bound of spin-independent cross section of WIMP-nucleon elastic scattering as a function of
WIMP mass.

2.3 Standard Big-Bang Nucleosynthesis and Lithium problems

Primordial nucleosynthesis, which is so-called Big-Bang Nucleosynthesis, is occurred in the cosmic
time ¢ ~ 1-103s (correspond to the temperature of the Universe 7' ~ 1-0.01MeV) . Figure 2.4 shows
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Dark Matter
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Figure 2.2: Theoretically dark matter may interact with many known particles and other dark matters.
These interactions are probed by several different ways. This figure is from Ref. [31].

time and temperature evolution of the number density of light elements by the standard BBN theory
[44]. The curves with H and N are number densities of proton and neutron divided by that of baryon,
respectively. The curve with Y, is number density of 4He divided by that of proton. The number
densities of the other light elements are also divided by that of proton.

In the standard BBN theory, light element abundances synthesized in the primordial nucleosyn-
thesis are decided by only one parameter, baryon-to-photon ratio 7. Its observational value is known
from the result by observation of the Cosmic Microwave Background (CMB). Figure 2.5 shows ratios
of number denseties of “He, D, ®He, and 7Li to that of H as a function of baryon-to-photon ratio 7
(x10'°) given by the standard BBN theory (horizontal colored bands). The vertical width of each band
means theoretical uncertainty. The narrow vertical band indicates observational value of n from CMB
and the wider one indicates the BBN concordance range (both at 95% level). Therefore the crossed
region of each horizontal band and vertical band indicates theoretical prediction of each number den-
sity ratio. The small (large) boxes show the observational values with +20 statistical (statistical and
systematic) error. Thus we see in the top and middle panels that the standard BBN predicts correct
number densities for *He and D. However, for “Li in the bottom panel, theoretical value is a few times
larger than that of observational one. This discrepancy between observation and theory is called as
the "Li problem [46]. Actually such discrepancy exists also for 6Li but in this case theoretical value is
smaller than observational one. This is called as the 5Li problem [10].

In particle physics, it is known that the lithium problems could be solved by exotic nuclear reactions
with a long-lived charged massive particles called as slepton in the MSSM. In the next chapter, we
introduce the MSSM. Then we show the Li problems can be solved in the framework by the exotic
BBN reactions with a long-lived slepton. After that in Chap. 4, we finally confirm that they can be
solved also in the framework of the NMSSM.
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Figure 2.3: First result of LUX experiment. The horizontal axis is a WIMP mass and the vertical
axis is spin-independent cross section of WIMP-nucleon elastic scattering. The blue line is 90%
confidence level limit and the blue shade is +1¢ error. The other lines are the results of Edelweiss
IT [33] (dark yellow), CDMS II [34] (green line), ZEPLIN-III [35] (magenta), and XENON100 100
live-day [36] (orange), and 225 live-day [37] (red). The minimum cross section is 7.6 x 10~4cm? which
is given at mwmvp = 33GeV. In the smaller square, the axies are same as those of larger one. The
other results are shown; the regions measured from annual modulation in CoGeNT [38] (light red,
shaded), along with exclusion limits from low threshold re-analysis of CDMS II data [39] (upper green
line), 95% allowed region from CDMS II silcon detectors [40] (green shaded) and centroid (green x),
90% allowed region from CRESST II [41] (yellow shaded) and DAMA/LIBRA allowed region [42]
interpreted by [43] (grey shaded). This figure is from Ref. [32].
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Figure 2.4: Time and temperature evolution of nuclear number density for each element synthesized
by the standard BBN. The number density of protons (H) and neutrons (N) are shown as relative
ones to that of baryons, n,. The curve with Y, is number density of He divided by that of proton.
The number densities of the other light elements are also divided by that of proton. The light nuclei
are synthesized among cosmic time ¢ ~ 1-103s and then frozen out. This figure is from Ref. [44].
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Chapter 3

Big-Bang Nucleosynthesis with a
long-lived slepton in the MSSM

In this chapter we investigate allowed exotic BBN and flavor mixing of the slepton in the MSSM,
before we extend to the NMSSM.

3.1 Neutralino dark matter

We consider the lightest neutralino as a candidate of dark matter. First of all we introduce R-parity
which guarantees stability of the lightest neutralino, and then we introduce neutralinos in the MSSM.

R-parity conservation

We introduce a new symmetry, so-called R-parity. R-parity violating terms leads to rapid decay
of proton, and thus we require that R-parity is conserved. Actually, this result in stabilizing the LSP
not only prohibiting proton decay as we see in the following. R-parity is defined as follows:

Pr = (_1)3(BfL)Jr237 (31)

where B, L, and s are baryon number, lepton number, and spin of each particle, respectively. Quarks
and squarks have B = 1/3 and L = 0, and leptons and sleptons have B = 0 and L = 1 while the
the other particles have B = L = 0. As a result of the assignment, for the SM particles and SUSY
particles, Pr are assigned as +1 and —1, respectively. R-parity conservation means that the product
of the values is invariant in an interaction. Therefore the LSP can not decay into an other SUSY
particle and a SM particle, i.e., is stable. The LSP can be a candidate of dark matter due to the
stability.

Neutralinos
We consider the lightest neutralino, a kind of WIMPs, as the dark matter particle in the MSSM.
The MSSM includes four neutralinos, which are linear combinations of bino B, wino W, and higgsinos
HY and HY:
)Z?:NiBB—f—NiWw-i-Niggﬁg-i-NiggﬁIS (3.2)
where ¢ runs from 1 to 4. The mass matrix of the neutralinos is given by the following symmetric

15
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expression in the basis (B, W, ﬁg, PNIS):

My 0 —cgswmyz sgswmg 0
Moo — MQ CaCwmyz —SpCwimz 0 (3'3)
X 0 — — S
0 —pcg

where cg = cos 8,55 = sin 8, cy = cosby, and sy = sinfy . Here Oy is the Weinberg angle. The
masses of bino, wino, and higgsinos are denoted by M;j, Ms, and u, respectively. In this chapter we
consider the case where the lightest neutralino is mainly composed of bino () = B) The observed
dark matter relic density can be obtained especially when the NLSP is the lighter stau and the mass
difference between the stau and the neutralino, dm, is quite small. At most a few percent of the
degeneracy (dm/ Mg ~ a few %) is required. In this case, pair annihilation between the stau and the
neutralino, and two staus must be taken into account when we calculate dark matter relic density by
solving the Boltzmann equations for total number density of SUSY particles (we will see them later).
This mechanism to obtain observed dark matter relic density is called as coannihilation [47, 48]. Small
dm can make the lifetime of the stau NLSP much longer compared to that of the other SUSY particles
due to phase space suppression. Next we consider the stau and its lifetime, and then generalize it to
have flavor mixings.

3.2 Long-lived slepton and its flavor violating decay

The flavor eigenstates of the stau, 71, and 7g, are expressed by linear combinations of the mass

eigenstates, 71 and 7o:
T cosf, sinf er T
=1 - 4
<7‘R> <sm 0, cos 0, T (3.4)

where 0, and ~, are the left-right mixing angle and the C P-violating phase, respectively. The lighter
one of the two mass eigenstates can be the NLSP, and we denote it by 7 in the followings. We now
consider the case where the lifetime of the stau is long due to small mass difference between the stau
and the neutralino.

The interaction Lagrangian relevant to the decay of the stau is

~Lio =7 XW(9LPL + grPr)T + hc., (3.5)

where the couplings are
gL :% tan Oy cos 0, (3.6)
gr =V'2gs tan Oy sin 0,e7 (3.7)

and the lightest neutralino is assumed to be purely bino, X} = B. We consider the following decay
modes of the stau (each mode corresponds to (a), (b), and (c) in Fig. 3.1, respectively):

S ek (3.8a)
R L (3.8b)
o XVt 1E Yy (I€ep) (3.8¢)

The top panel in Fig. 3.2 shows the lifetime of the stau as a function of the mass difference dm
(red-solid line). We see that the lifetime strongly depends on the mass difference, and it suddenly
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becomes long at dm = m,. This is because the two-body decay Eq. (3.8a) is kinematically forbiden
when dm < m,. Furthermore, as the mass difference becomes smaller, the lifetime gets longer by
phase space suppression. In this thesis we focus on the range where ém < 0.1 GeV. The lifetime can
reach O(1) s in the range, and then the stau can affect the BBN. In the following sections, we will
require such long-lived stau to form bound state with nucleus and modify the BBN through some
exotic nuclear reactions so that observed light element abundances are obtained.

We have to note the case where the stau has flavor mixings. Now we consider the state in which
the stau is mixed with other flavor eigenstates of smuon and selectron. We call it as slepton and
denote as

[= Z Cff, f = cos HffL + sinte”ffR, (3.9)
f=e,u,T

where f;, and fg are the flavor eigenstates. The coefficients c,, cu, and ¢, are the mixing parameters.
These are in ranges from zero to unity and normalized as ¢ + ci + ¢2 = 1. In this thesis, we assume
Ces €y, and c; to be real and positive parameters for simplicity. In addition, for the left-right mixings
and the CP-violating phase, we assume that sinf, = sinf, = sinf; and vy = 0 for f = e, u, and
7. If we consider the slepton with non-zero ¢, and/or c,, we must take the following flavor violating
two-body decays into account when we calculate the lifetime (each mode corresponds to (d) and (e)
in Fig. 3.1, respectively):

Fo 0 +1F (leep). (3.10)

These modes are kinematically allowed for m > m. and m,,, respectively. The two-body decay rates
are quite large compared to those of three- and four-body decays. Therefore, the flavor violating
two-body decays can shorten the lifetime significantly even for tiny flavor mixings. The bottom panel
in Fig. 3.2 shows the lifetime of the slepton with/without flavor mixings as a function of the mass
difference. The solid line is the lifetime without flavor mixings and the other four lines are those with
flavor mixings whose magnitudes are attached along the lines. We see that the lifetime is very sensitive
to the magnitude of the flavor mixings. In the followings we call the stau as the slepton even if it does
not have flavor mixing.

3.3 Exotic BBN reactions with long-lived slepton

We consider the effects of the long-lived slepton on the BBN. The sleptons survived until the BBN
era form bound states with light element nuclei synthesized in that time. Then the bound state effect
leads to exotic nuclear reactions which are not included in the standard BBN. The Li problems can
be solved by the exotic BBN reactions. We will see the results of the calculation of light element
abundances in which these processes are included in the last section of this chapter.

3.3.1 Internal conversion processes

The internal conversion processes are known as a possible solution of the “Li problem[4, 52]. In these
processes, the slepton firstly form bound state with nucleus and then the nucleus is converted into
lighter one (Fig. 3.3):
(MBe ™) — "Li+ Xy 4w, (3.11a)
("Lil™) — "™He+ 0+, (3.11b)

where (X lN*) denotes bound state between a nucleus X and the slepton. The timescale of the bound
state formation is O(10%) s and that of the conversion is typically small compared to the formation
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Figure 3.1: Decay modes of the slepton. Flavor conserving processes (a) [ — W+, (b) Z—) O+v,+m,
and (c) | — X} + v, + 1 + v, and flavor violating processes (d) [ — X} + u and (e) | — X} + e are
shown.

timescale. The abundance of “Li observed in the present Universe is sum of the abundances of "Li
and "Be produced in the BBN era, since “Be is unstable and decay into “Li by electron capture after
the BBN era.

The internal conversion processes (3.11) reduce "Li and "Be abundances, and thus the "Li problem
could be solved. Without the bound state formation, there exists similar processes which reduce "Be
and “Li by the interaction between a nucleus and a real pion arisen from the decay of free slepton:

=0+ +rt
™+ Li— "Be
7+ "Be— "Li
7 + "Li— "He
However, the internal conversion processes are more effective than these processes, since the overlap
of wave functions between the nucleus and the slepton is large. Furthermore, the distance between

the nucleus and the slepton is short, and virtual exchange of the hadronic current is possible even for
om < m .

3.3.2 Slepton-catalyzed fusion process

The catalyzed fusion process is known as a possible solution to the 5Li problem [54, 55]. In this process
the slepton forms bound state with *He, and the *He is catalyzed by the slepton with D to produce
6Li:

(‘*He ")+ D — ®Li+1i. (3.16)
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Figure 3.2: The lifetime of the stau (red-solid line in the top panel) and the slepton (dotted lines in
the bottom panel) as a function of the mass difference. Parameters are myo = 300GeV, 0, = 7/3, and
7= = 0 in the top panel, and myo = 350GeV, sinf; = 0.8, and v, = 0 in the bottom panel. The top
panel is from Ref. [49].
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¥ v Li(He)
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Figure 3.3: Internal conversion processes. This figure is from Ref. [4].

The cross section of this process is much larger than that of another production process for 5Li in the
standard BBN,

He +d — °Li+~. (3.17)

The timescale of the bound state formation between “He and the slepton is O(10*)s, which is longer
than that of ("Be I~) and (“Li [~) formations in the internal conversion processes, ©(10%)s. Therefore
6Li can be overproduced when the lifetime of the slepton is too long, while the lifetime must be at
least longer than the timescale of the internal conversion in order to solve the “Li problem. However,
sufficient longevity of the slepton could lead to produce sufficient amount of °Li and solve the 5Li
problem.

Figure 3.4: Production processes for °Li in the standard BBN (left) and catalyzed BBN (right). This
figure is from Ref. [54].

3.3.3 “He spallation processes

We must include the 4He spallation processes due to bound state effect which have the bound state
(*He () as well as the catalyzed fusion process. In these processes ‘He is destroyed into triton (T),
deuteron (D), and neutron (n) (corresponding diagrams are shown in Fig. 3.5 ) :

(*He I7) = XV + v + T +n, (3.18a)
(*He 1) = ¥V + v+ D + 2n, (3.18b)
(‘He I7) = XV 4+ v +p+3n. (3.18¢)
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The timescale of these processes can be shorter than that of the catalyzed fusion process (3.16),
since these processes proceed only by the bound state effects while the catalyzed fusion process needs
external deuteron. We note that these spallation processes could arise overproduction of T and D, and
modify the standard BBN prediction of the abundance of d and *He. Figure 3.6 shows the lifetime of
the slepton (curve with “stau lifetime”) and timescales of the *He spallation processes (curves with
“tn” for (3.18a), “dnn” for (3.18b), and “pnnn” for (3.18¢c)) and catalyzed fusion process at T' = 30
keV (which corresponds to the cosmic time of 103 s) as functions of the mass difference between the
slepton and the neutralino. The parameters used in the calculation are mz = 350 GeV, sinf, = 0.8,
and 7, = 0. Overproduction of t and d could arise for m > 0.026 GeV where the *He spallation
processes are open.

X4

Figure 3.5: Diagrams of the *He spallation processes. This figure is from Ref. [7].
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Figure 3.6: Comparison of the timescales among the “He spallation processes (3.18a) (solid curve),
(3.18b) (dash-dotted curve), and (3.18¢c) (dotted curve), and the catalyzed fusion (3.16) , for T' = 30K
(horizontal dotted line). This figure is from Ref. [7].

3.4 Number density of the long-lived slepton

As we discuss in the previous section, longevity of the slepton is quite important for solving lithium
problems by the exotic BBN reactions. Predicted light element abundances by the exotic BBN depend
also on the number density of the slepton at the BBN era. Indeed, the number density is quite sensitive
to the flavor mixing parameters of the slepton c. and ¢, in the mass-degenerate scenario. Therefore,
the number density has to be accurately calculated as a function of the mixing parameters in order to
constrain the flavor mixing. In the end of this chapter, we show the allowed parameter region for the
mixing parameters constrained from our successful exotic BBN.

Calculation of the number density evolution of the slepton has two steps. For the first step, we
calculate total number density of the SUSY particles at the time of their chemical decoupling. The
number density of the slepton continues to evolve by scattering among the slepton and cosmic thermal
background till the temperature T' ~ dm even after the chemical decoupling. In addition the number
density of the slepton is reduced by its own natural decay. Then, as the second step, the evolution of
the number density is acquired by solving relevant Boltzmann equations implementing the scatterings
and the decays. We first explain the calculation of the number density, and then present a set of
Boltzmann equations for the calculation.

3.4.1 Total number density of SUSY particles

Firstly we calculate the total number density of SUSY particles. All SUSY particles eventually decay
into LSP, the lightest neutralino in our case, due to R-parity conservation. Thus the total number
density of SUSY particles,

N=> n (3.19)

where 7 denotes all SUSY particle species, is equal to the relic density of dark matter in the present
Universe. Calculation of the relic density of the neutralino dark matter in the stau-neutralino coanni-
hilation scenario has been developed so far [47, 48]. Assuming the flavor mixing is not so large and the
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main component of the slepton is stau, ¢, >~ 1, the calculation method is applicable to our situation.
That is, cross sections of the coannihilation processes are firstly calculated, and then we solve the
Boltzmann equations for the total number density of SUSY particles.

After the chemical decoupling, the total number density of SUSY particles remains the value at
that time. This value does not have correlation with the flavor mixing. This value is required as the
initial condition for calculating the slepton number densety as a function of the flavor mixing.

3.4.2 Ratio of the number density between the slepton to the neutralino

Even after the chemical decoupling, the number density ratio of the slepton to the neutralino continues
to evolve via exchange processes,

Fryeo+u5 Frryeo N+ N+7e 5407 (leep). (3.20)

Contribution of the other exchange processes, e.g., [+e+ e > O+ vy, [+v, O+ pu+ vy, and so
on, are negligible due to weak interactions. Note here that =+ v ¢+ X9 4 e must not be included.
The decay mode [ — 1) + e is open when ¢, # 0, so the exchange process contributes as a radiative
correction to the decay and inverse decay modes. We thus do not include the exchange process to
(3.20) in order to avoid double counting. Another exchange process * +y < x0+ pt is also excluded
when [ — ) + p by the same reason.

These exchange processes (3.20) keep the slepton and the neutralino in kinematical equilibrium.
The number density ratio of the slepton to the neutralino maintain the Boltzmann distribution due
to this kinematical equilibrium. The number density of the slepton for a fixed dm therefore decreases
as the temperature of the Universe decreases;

7 nf(? N = e—ém/T N

g g g+ g 21+ e=om/T)’

ny = (3.21)

where T' is the temperature, and N is a sum of the densities of the slepton and the neutralino that
are obtained in the first step (see Sec. 3.4.1). The kinematical equilibrium is broken when the Hubble
expansion rate overwhelms the reaction rates of the exchange processes. Hence it is important to
know when the Hubble expansion rate overwhelms the reaction rate. We numerically solve a set of
Boltzmann equations to obtain accurate resultant number density of the slepton.

3.4.3 Boltzmann equations for relic number density of the slepton

The evolutions of the number densities of the negatively charged slepton n;_, the positively charged
slepton ny,, and the neutralino ngo are described by the following set of Boltzmann equations:

X1
dnll / eq / eq
7t +3Hn;. = — Z [<O‘ v)iynpny — (o v)l;Xan}
XY
3 [Dsoxy.ni — <F)l~,n>~<(1>n§gn§?...], (3.22)
XY,...
dn["’ [/ eq / eq
7 +3Hnj = — Z (cv)iynpny — (o U)Z+Xniny]
XY
=S {<r>>~<xy,,‘nl~+ - <F>l~+n>~<(1)n§?n;q...], (3.23)

X,Y,...
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dnco

d;ﬁ + 3H’I’L>~<? — Z |:<U,’U>z'Yn5<n§g — <O—'U>>~<Xnm§/q}
iL,X,Y
-y krpnﬂn§n$“.—awﬁXyﬂuy (3.24)
LX),

where ¢ is time and H is the Hubble parameter. In the right-hand side of each equation, (c'v) is
the thermal averaged cross sections of the exchange processes in Eq. (3.20), and (I') is the thermal
averaged decay rate (or inverse decay rate). The index i represents relevant SUSY particles, and
indices X and Y represent the SM particles, respectively. Subscripts to both (¢’v) and (I') denote
the final states of each processes. In the equations, we assumed that the relevant SM particles are
thermalized.

In the presence of the flavor mixing, (o’v) and (I') depend on the mixing parameters. Solving a set
of the Boltzmann equations above, the number density of the slepton at the BBN era is obtained as a
function of the mixing parameters. Then we perform the BBN calculations and predict light element
abundances by using obtained number density. Comparing them with observational values, we can
constrain or predict the mixing parameters.

3.5 Analytical constraint on the flavor mixing

We give analytical estimations for bounds on the mixing parameters ¢, and ¢, in Eq. (3.9). The mixing
parameters are constrained from above by two requirements. The first one is the sufficient longevity
of the slepton, and the second one is the sufficient number density of the slepton at the moment of
decoupling from the exchange processes. For the first requirement, the lifetime of the slepton must
be longer than O(10%) s to solve the "Li problem through the internal conversion processes as we
discussed in Sec. 3.2. The lifetime varies by a few order of magnitudes as dm and c. , vary. Due to
the kinematical thresholds for the decays, the dependence on both c. and ¢, is different for dm > m,,
or 6m < m,, as in the bottom panel of Fig. 3.2. Therefore, the lifetime should be studied in each dm
region to obtain bounds on the mixing parameters.

To obtain the bounds analytically, we consider two cases in which either ¢, = 0 or ¢, = 0 for
simplicity. For the case where ¢, = 0, the slepton decays into an electron and the lightest neutralino
(2-body decay). Then the lifetime of the slepton is approximately given by

8w my 1 1
g% tan? Oy (6m)? cos? 6, + 4sin’ 6, 2’

TZ(Z—> O te) (3.25)

where mj; is the mass of the slepton. Inserting cosf. = 0.6 for a reference value, the lifetime is

mj } [0.1Ge\/}2 [ 4 —3(0.6)2 } [10105}2&

(=0 ~1.34 x 10°
i X1t e) x [BOOGeV dm 4 — 3cos? 4, Ce

Requiring 77 > O(103s), we obtain the bound on the selectron component, ¢, < 3.2 x 107! for
dm = 0.1 GeV and m; = 300 GeV. Similarly, for the case where c. = 0, the lifetime is approximately
represented by

- 10-1057270.12GeV %[ m- 25 [0.12GeV 1%\ ~1/2
(1= 70 ~ 103 I 1 - 2|ty : 92
7 (= X+ ) = 10 [ cn ] [ om } [300Ge\/]< 36[ om ] > s (320

where cosf, = 0.6. Then the upper bound on ¢, is obtained as 3.2 x 10~ for m = 0.1 GeV and
m; = 300 GeV.
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We can derive another upper bounds on the mixing parameters from the second requirement
that the number density should be sufficient at the decoupling time from the exchange processes to
destroy the "Li and "Be nuclei. Again in the case where ¢y = 0, the relevant exchange processes are
[+e¢ )+~ and [+7 ¢ %) + . The former process keeps working even after the freeze out of the
latter process. This is because densities of electron and photon are still quite large in thermal bath
for T < m,. Therefore the slepton number density continues to decrease as explained in the previous
section. The reaction rate of the former process is proportional to c2. Hence the larger the mixing is,
the more the number density decreases. The reaction rate of [+e < X} + 7 must be suppressed to
ensure a sufficient number density of the slepton. The bound on c. is estimated by comparing this
reaction rate with that of processes with tau.

In the absence of the flavor mixing or pure stau case, freeze out of the exchange processes (l~jE +v <
N+ 75 and X+ < * + 7F) occurs at T' ~ 70MeV, and is almost independent of both ém and
mj [6]. Then the number density of the slepton manages to be a sufficient amount. This fact suggests
that the reaction rate of le <+ )y must be smaller than that of the processes in the absence of the
flavor mixing at T' = 70 MeV. Parameterizing the cross section of this process as (0'v). = c¢2{0"v),
the ratio of these reaction rates at T'= 70 MeV is given by

(0"v)cYiYe 9y .2
———— ~ (1.08 x 107)cZ, 3.27
<O-/'U>7-}/2~YT ( ) e ( )
where Y; and Y, are the yield values of the slepton and electron/tau, respectively. The mixing
parameter Ce 18 therefore required to be < 3 x 107°. For the case where ¢, = 0, the reaction rate of the
process [ + pu <> ) + 7 is compared Wlth that without the mixing. Parameterizing the cross section
of the process as (o'v), = ci(a v)r, the ratio of the reaction rates is given by

(0'v) V7Y, 7,2
— Lt 0~ (993 x 10 3.28
<O—/U>7—}/}~YT ( X )CM’ ( )
at temperature 7' = 70 MeV. From Eq. (3.28), ¢, must be smaller than 107

As we will see later, we can constrain c. from below by the relic abundance of light elements. Thus
we will get an allowed region for c,.

3.6 Results of the BBN with a long-lived slepton in the MSSM

Now we search for an allowed region of the slepton mixing parameters and show that light element
abundances are obtained correctly as well as dark matter relic density in the MSSM. First we see
that the upper bounds on c. and ¢, obtained in the previous section are in a good agreement with
numerical analysis. Then we numerically compute reaction networks of light elements including the
exotic nuclear reactions we saw in Sec. 3.3, and find parameter regions as a function of dm allowed
by the observational light element abundances in case with/without the flavor mixing. After that we
finally show the allowed region on c.—c, plane where the "Li and/or SLi problems can be solved.

3.6.1 Constraint on slepton flavor mixing

First we show bounds on the mixing parameter c, for dm < m,. We fix Y7 = 2 x 10~ for the
sufficient number density to solve the “Li problem based on Ref. [4].

Figure 3.7 shows the temperature evolution of the yield values of the slepton for each values
of ¢, attached along the curve. From top to bottom panels, the mass differences are taken to be
om = 20 MeV, 60 MeV, and 100 MeV, respectively. The curves tagged by “stau” represent the
yield values without flavor mixing, and the curves tagged by “Equilibrium” are the yield values of
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the slepton in kinetic equilibrium. In shaded region, number density of the slepton is insufficient to
solve the "Li problem. In each panel, we took ¢, = 0, because bound on ¢, is ¢, < 1071 and hence
contributions of ¢, are negligible when the exchange processes are still working. As is expected, larger
value of ¢, keeps yield values of the slepton to be in kinetic equilibrium and leads smaller number
densities of the slepton.

The bound on ¢, <5 x 107° for dm = 20 MeV (Fig. 3.7(a)) accurately reproduces our estimation
in the previous section. For larger dm, the bounds on ¢, become more stringent; ¢, < 2 X 1076 for
ém = 60 MeV (Fig. 3.7(b)), and ¢, < 2 x 1077 for §m = 100 MeV (Fig. 3.7(c)). This is understood
as follows. The cross sections for the processes (3.20) are not so dependent on dm for dm < m,,.
They are more dependent on the muon number density and hence the temperature. It means that the
decoupling temperature of these processes are almost same as long as ¢, is same. Then these processes
must decouple earlier for larger mass difference to have a sufficient yield. See Eq. (3.21). Thus less
intergenarational mixing is allowed for larger mass difference.

In the case of ém > m,,, more stringent bounds on ¢, are derived from the requirement on lifetimes
of the slepton. To solve the “Li problem, sufficient amount of the bound states of the slepton and
"Be ("Li) have to be formed. This formation requires the lifetime of the slepton to be at least 1000s,
preferably 2000s (see Fig. 1 in Ref. [5]). Fig. 3.8 shows bounds both on ¢, and ¢, for 0m = 106 MeV,
114 MeV, and 122 MeV, respectively. Values near each curves are the lifetime of the slepton. In shaded
region, the lifetime of the slepton is shorter than 1000 s, and hence the parameters in this region are
excluded. In left-side and down-side region in each panel, 4-body decay process is dominant because
the mixing parameters are so small. This result is consistent with the result in Fig. 3.2. The upper
bounds on ¢, obtained here are ¢, < 2 x 10719 for §m = 106 MeV, which is just above the threshold
of the decay of the slepton into a muon, and ¢, < 6 x 10~ for ém = 114 MeV, and cu S 2 X% 1071
for dm = 122 MeV.
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3.6.2 Allowed regions by Big-Bang Nucleosynthesis

By numerically solving the Boltzmann equations, we obtain time evolutions of the bound states such
as (*He [7), ("Li i), and ("Be I™) including charge-exchange reactions [50, 51]. Once those bound
states are formed, the elements are immediately destroyed through the internal conversion processes
for "Ii and "Be, and the spallation processes for *He, induced by bound-state effects [4, 52, 5, 6].
Then by solving coupled equations of the reactions including those nonstandard processes, we can
obtain final abundances of the light elements. We adopt a value of baryon to photon ratio n =
(6.225 4+ 0.170) x 1071% (68% C.L.) which was reported by the WMAP satellite [53]. "Be and ‘Li
are efficiently destroyed through the internal conversion processes (3.11a) with a following standard
process 'Li + p —*He+*He, or another subdominant internal conversion process (3.11b). Then we
can compare this theoretical value with the observational abundance. It is notable that most of
primordial “Li is produced by primordial “Be through its electron capture at a much later time for
the adopted value of 7. We have also included the production process of °Li through the bound-state
effect (3.16) [54, 55].

On the other hand, D and He are nonthermally produced by the *He spallation processes (3.18),
and subsequent standard processes for n and p [6]. Note that “Li or “Be is also secondarily produced
by those nonthermally-produced energetic T and *He, which may worsen the “Li problem partly in
the parameter spaces.

In Fig. 3.9 we plot regions allowed by observational light element abundances in m~-Y;_ planes
in cases of c. = 107! (top panel), 5 x 107! (middle panel), and 1071° (bottom panel). Lines of the
constraints are plotted for D/H, 3He/D, and ®Li/"Li at 20. An exception is ‘Li/H whose lines are
denoted by both dotted lines at 20, and solid lines at 3o. The theoretical curve of the relic abundance
is also plotted as a thick solid line. For simplicity, here we have assumed ¢, = 0. Figure 3.10 is the
result in case without flavor mixings [7]. The parameters used in the calculation for this figure is same
as those for Fig. 3.9. We see that this result is almost same as that with ¢, = 107!, the top panel in
Fig. 3.9 though the constraints for ®Li/"Li is not imposed in this figure.

In Fig. 3.11, we also plot allowed regions in the dm—c, plane by using the theoretical value of the
relic abundance for the negatively charged slepton at each point of the plane. Each panel is plotted
with same parameters. The region on the bottom-left side of thick dotted line is free from Li problem
at 30, and the region on the other side of the line is excluded due to insufficient density of the slepton.
The regions between two blue-solid lines are allowed for %Li/"Li at 20. The “He spallation processes
exclude shaded, light shaded, and dark shaded regions due to over-productions of D/H, *He/D, and
"Li/H at 20, respectively. The region on the bottom-left side of left blue-solid line is excluded by ®Li
overproduction. Thus the white region in top panel (bottom panel) is the parameter space which is
consistent with all of observational light element abundances including “Li (both "Li and °Li).
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Figure 3.9: Allowed regions by observational light element abundances in dm~Y;_ planes in cases
of cc = 107! (top panel), 5 x 107! (middle panel), and 1071 (bottom panel). The lines of the
constraints are plotted for D/H, 3He/D, and °Li/"Li at 20 . An exception is "Li/H whose constraints
are denoted by both dotted lines at 20, and solid lines at 30. The theoretical curve of the relic
abundance is also plotted as a thick solid line.
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Figure 3.10: Allowed regions from observational light element abundances at 20. Here we have adopted
higher value of the observational "Li/H in [9] denoted by ("Li/H)y, and have plotted both the 20 (thin
line) and 3¢ (thick line) only for "Li/H. The horizontal band mean the observationally-allowed dark
matter density. We have adopted m; = 350 GeV, sin 6 = 0.8, y; = 0, respectively. This figure is from
Ref. [7].
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Figure 3.11: Allowed region in the dm—c, plane. Each panel is plotted with same parameters. The
region on the bottom-left side of thick dotted line is free from 7Li problem at 30. The regions between
two blue-solid lines are allowed for 5Li/"Li. The*He spallation processes exclude shaded, light shaded,
and dark shaded regions due to over-productions of D/H, 3He/D, and “Li/H, respectively. The region
on the bottom-left side of left blue-solid line is excluded by SLi over-production. The white region
in top panel (bottom panel) is the parameter space which is consistent with all of observational light
element abundances including “Li (both "Li and SLi).






Chapter 4

Big-Bang Nucleosynthesis with a
long-lived slepton in the NMSSM

We finally extend the MSSM into the NMSSM adding a singlet superfield and show that observed
light element abundances are obtained as well as dark matter relic density and the Higgs mass.

In the following we first introduce the NMSSM with Z3 invariance and especially focus on the
Higgs mass and neutralino sector in the model. We consider two types of the lightest neutralino,
singlino- and bino-ilke ones. Then we propose a strategy to search for the parameter sets which
explain observed light element abundances, dark matter relic density, and the Higgs mass. Finally we
show the parameter sets desired parameter points are acquired along the strategy.

4.1 The Next-to-Minimal Supersymmetric Standard Model

We recapitulate the Higgs and neutralino sectors, and explain exotic BBN processes with a long-lived
slepton in the NMSSM.

4.1.1 Higgs bosons
The NMSSM specific part of the superpotential and the soft-breaking terms are

~ A A 1 4
WNMSSM SASH, - |, + 5,{53, (4.1)
1
—LIMSSM 521512 + (AAAHd - H,S + gmAHS3 - h.c.) , (4.2)

where Z3 parity conservation is assumed. In Eq. (4.1), f[d, H, and S are Higgs superfields and the
singlet superfield. The couplings A and  are dimensionless parameters. In Eq. (4.2),

0 +
Hy = <§d> H, = @o) S (4.3)
d u

are two Higgs doublets and a singlet scalar. We denote vacuum expectation values of their neutral
components by vy, vy, and s, respectively. The soft-breaking parameters are mg, Ay and A.. The free
parameters in the Higgs sector are A, k, Ay, Ay, tan 5(= v, /vq), and peg (= As).

The Higgs mass up to dominant 1-loop contribution is

AQ
m3 =m% cos® 26 4+ A\2v? sin? 23 — —202()\ — K sin243)?
K

3m? m? X? X?
—— o dlog [ —2 )+ =L (1 - 2L 4.4
T { 8 (m?) * m2 12m2) |’ (44)
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where my is Z boson mass, ms = ,/m; My, is geometric mean of stop masses, X; = Ay — pef cot 3,

and v = (/v3 +v2. The second and third tree terms are characteristic in the NMSSM, and can lift

up the Higgs mass. This is one of the attractive features of the model. In contrast, significant 1-loop
contribution (the last term in Eq. (4.4)) is required to obtain the Higgs mass around 125 GeV in
the MSSM since the tree contribution is at most mz. The 1-loop contribution is maximized by the
relation, X; = v/6m,, with large stop mass scale. In the NMSSM we do not need to rely on such
conditions to obtain observed Higgs mass.

Figure 4.1 shows upper bound (mpyax) on the Higgs mass in the NMSSM and the MSSM as a
function of tan 8 [56]. For the calculation, not only the leading 1-loop term but also higher order
perturbation terms are included. Two solid lines (thick: m; = 178 GeV, thin: m; = 171.4 GeV) are
Mmax for arbitrary value of the CP-odd scalar mass m 4 and two dotted lines are those for m4 = 1 TeV
in the NMSSM. Thick-(thin-)dashed line is that for m; = 178(171.4) GeV in the MSSM. Squark and
gluino masses are 1 TeV and A; = Ay = 2.5 TeV. We see that myay is maximized for large tan 5 in
the MSSM, but it is typically smaller than that in the NMSSM especially for small tan 8 region.
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Figure 4.1: Upper bound on the Higgs mass in the NMSSM and the MSSM as a function of tan 5.
For the calculation, not only the leading 1-loop term but also higher order perturbation terms are
included. Two solid lines (thick: m; = 178 GeV, thin: m; = 171.4 GeV) are mypay for arbitrary value
of the CP-odd scalar mass m4 and two dotted lines are those for my = 1 TeV in NMSSM. Thick-
(thin-)dashed line is that for m; = 178(171.4) GeV in the MSSM. Squark and gluino masses are 1 TeV
and Ay = A, = 2.5 TeV. This figure is from Ref. [56].
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4.1.2 Neutralinos

In the NMSSM the neutralinos are linear combinations of bino B, wino W, neutral higgsinos f[g and
HY?, and singlino S, the supersymmetric partner of the singlet scalar:

where ¢ runs from 1 to 5. The mass matrix of the neutralinos is given by the following symmetric
expression in the basis (B, W, HY, H2, S):

My 0 —cgswmyz sgswmyg 0
My  cgewmyz  —sgewmy 0
./\/lfco = 0 — Loff —uxSs | » (4.6)
0 O\
Mk

where M; and Mj are masses of the gauginos, cg = cos3,s3 = sin8,cyy = cosby, sy = sinfy,
ux = Av, and u, = 2xs. Here Oy is the Weinberg angle. We consider the case where the LSP is the
lightest neutralino, ¥}, and the NLSP is the lightest slepton, L.

As we will see later, the interaction among XY, [, and a lepton f is a key ingredient in this study.
The interaction Lagrangian is written as

_ﬁfc(f—f—i = Z*;?(GLJCPL + GRfPR)f + h.c., (4.7)
where
mgg2 .
GLf =Cy |:\£;2§ COSHf(taDQWNlé + NIW) — Wslnef]vlﬁg] y (48)
GRf =cy |:\/§gg Sinef taneleé + % Ccos efN11:IO:| . (4.9)
V2mw cos 3 d

Here my is the mass of the lepton f, and f = e, u, and 7. The slepton is expanded as a linear
combination of the flavor eigenstates Eq. (3.9).

We study two scenarios where the lightest neutralino is singlino- and bino-like. The detailed
expressions of X! and the couplings Gy and Ggy are different between the two cases. In the followings,
we explicitly write down the mixing of the lightest neutralino in each case up to the second order in
perturbation theory.

Singlino-like neutralino LSP
Up to the second order perturbative expansion, the singlino-like neutralino is

0 _ M7 eff UASW C23 ~ MZ [eff UNCW C28 W
(o — M) (2 = pdg) (b — M2) (3 — 1idg)

. px(fefiCp — f1r53) px(feft g — HrCB)
12— plg (2 — plg

HY + HY + 8, (4.10)

where ¢y = cos 23, and the normalization factor is omitted. If the neutralino Eq. (4.10) is the LSP,
the mixings N, 5, N, and ngg in Egs. (4.8) and (4.9) can be read off by comparing Egs. (4.5) and
(4.10). The free parameters in G,y and Gry are My, Ma, A\, k,tan 3, c¢, and 6.
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Bino-like neutralino LSP

Up to the second order perturbative expansion, the bino-like neutralino is

5(0 —-B mQZSWCW(Ml + NeffSQB) = szW(Mlc/g + Meﬁsﬁ)ﬁo
=B — - d
(My — Ma) (M7 — pZg) M} — p2g
mzsw(Misg + peffC8) =0 MZUAHPNSWC28 &
O - S, (4.11)
]\412 - szf “ (Ml - Nf-c)(M12 - /’Lzﬁ)

where s93 = sin 23, and the normalization factor is omitted. If the neutralino Eq. (4.11) is the LSP,
the mixings N, 5, N, and ngg in Egs. (4.8) and (4.9) can be read off by comparing Egs. (4.5) and
(4.11). The free parameters in Gy and Gry are My, My, A, tan 3, g, c¢, and 0¢. The couplings do
not depend on k.

4.1.3 BBN with a long-lived slepton

We explain exotic BBN processes caused by a long-lived slepton. Then we explain the difference of
the couplings G,y and Gry between the NMSSM and the MSSM.

A long-lived slepton

The relic density of dark mater is well described by the coannihilation mechanism [47]. It requires
the small mass difference dm between the neutralino LSP and the slepton NLSP. The two-body decay
[ — ) + 7 is kinematically forbidden when §m < m.. Let us first consider the case where c, = cu =0
and ¢; = 1. In this case, the flavor is conserved and the slepton is stau. The only allowed decay
channel is three- and four-body decay. These decay rates are suppressed due to the small phase space
and the small couplings, and hence the sleptons become long-lived. Then it survives until the BBN
era to form bound states with nuclei. Such long-lived slepton can account for the discrepancy of the
lithium by exotic nuclear reactions with the bound state.

This situation radically changes when ¢, and/or ¢, are nonzero as the flavor violating two-body
decay channels

(> 0+ 1, faen (4.12)

open up. These channels do not suffer from the phase-space suppressions and the coupling suppres-
sions, and thus may make the slepton lifetime much shorter. We note that the lifetime is proportional
to (GLf + Gry) 2 where f =y and e.

Exotic BBN reactions

As we saw in Sec. 3.3, there are three types of exotic BBN reactions with long-lived slepton, the internal
conversion processes (3.11), the catalyzed fusion process (3.16), and the *He spallation processes (3.18).

The timescale to form bound state ("Be [~) is @(10%) s [5]. This timescale is important because
the primordial 7Li exists as "Be in the BBN era. The internal conversion processes (3.11) proceed
much faster and thus "Be is very efficiently destroyed. We note that Li from (3.11a) is also destroyed
by background protons. Thus if the slepton lifetime is longer than 10% s, we can obtain observed
abundance of Li through the internal conversion processes. We can control the timescales of the
internal conversion processes (3.11) by changing free parameters in G-, Grr, and dm.

The timescale to form bound state (*He [7) is O(10%) s [5]. The abundance of °Li has sever upper
bound. The abundance through the catalyzed fusion process (3.16) strongly depends on the slepton
lifetime. Therefore, since the process can overproduce °Li, it gives an upper bound of the slepton
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lifetime. We can solve the %Li problem by producing tiny amount of °Li through the catalyzed fusion
process (3.16). In the situation, the slepton lifetime has to be tuned so that sufficient amount of °Li
is produced. Therefore, the catalyzed fusion process (3.16) can also give lower bound of the slepton
lifetime. The amount of %Li can be controlled by changing free parameters in Gf, 7 and Gy through
the slepton lifetime since the timescale of the catalyzed fusion process (3.16) depend on neither Gy,f
nor Gry where f = 7, 1, and e.

The standard BBN can predict observed abundances of *He and D. Therefore, the *He spallation
processes (3.18) should not be efficient, which gives upper bound on their timescales and the slepton
lifetime. We can also control these timescales by changing the parameters in Gy, and Ggr, so that
the overproduction of T (*He in later time) and D does not occur.

Difference between the NMSSM and the MSSM

In the limit of \,x — 0 fixing peg, the NMSSM with bino-like LSP is reduced to the MSSM as long
as we consider the exotic BBN processes [6, 7, 8]. In the singlino-like LSP scenario, the couplings
G1y and Gry are in general smaller than those in the MSSM, and hence the slepton lifetime tends
to be much longer than that in the MSSM. The couplings G1,, and Ggr, need to be large so that the
timescales of the internal conversion processes (3.11) are sufficiently short to solve the “Li problem. In
such situation, however, the timescales of the “He spallation processes (3.18) are also short, and thus
3He and D can be overproduced. We have to adjust the slepton lifetime to avoid the overproduction
taking the flavor mixings of the slepton into account.

Taking these facts into account, we will search for parameter sets which can solve the lithium
problems along the strategy that we show in the next section.

4.2 Strategy

We acquire parameter sets giving observed light element abundances, the Higgs mass, and dark matter
relic density according to the following strategy.

4.2.1 Search for candidate region on \-x plane

We narrow the parameter space on A\-x plane requiring that the slepton lifetime, 77, and the timescale
of the internal conversion processes, Tic, are in range where the lithium problems can be solved. Then
the parameter region on A-x plane can be constrained since the lifetime and the timescale depend
on the couplings G,y and Gry. We require following condition to be satisfied when ém is around
0.1 GeV.

The requirement for the slepton lifetime is
10° s <77 < 10° s. (4.13)

As we mentioned in Sec. 4.1.3, the slepton lifetime must be at least longer than the timescale of bound-
state formation for the internal conversion processes Eq. (3.11), O(10%) s, in order to obtain observed
"Li abundance. The upper bound 10° s comes from the requirement that the slepton has sufficient
longevity to produce sufficient amount of Li avoiding the overproduction through the catalyzed fusion
process (3.16).

We require the timescale of the internal conversion processes to be much shorter than the slepton
lifetime so that the internal conversion (3.11) works sufficiently and then solve the “Li problem,

Tic < 0.17’[. (4.14)
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Since the parameter dependence on the timescale is different from that of the slepton lifetime, we
introduce the requirement Eq. (4.14) independently from the requirement of the lifetime Eq. (4.13).
In addition, we require that the fraction of singlino in the neutralino LSP is larger than 90%,

N> 0.9, (4.15)
for the singlino-like LSP scenario and the fraction of bino in the neutralino LSP is larger than 90%,
N?5 > 0.9, (4.16)

for the bino-like LSP scenario.

4.2.2 Selection of parameter sets

We impose constraints from the recent results of observational relic density of dark matter and ex-
perimental value of the Higgs mass in addition to those in Sec. 4.2.1. We use NMSSMTools 4.1.1
[57, 58, 59, 60, 61]. to calculate dark matter relic density and the Higgs mass. ' Then we select
several parameter sets from the region we obtained in the previous step.

The latest result for observed abundance of dark matter is reported by the Planck Collaboration
as

0.1118 < Qpyh? < 0.1280 (4.17)

at the 3o level [29], and we apply this result as a constraint. In the calculation, we use Mi-
crOMEGAs [63] included in NMSSMTools.
The latest experimental value of the Higgs mass is

myp, = 125.7 + 0.3(stat.) + 0.3(syst.) GeV (4.18)
by the CMS Collaboration [64], and
mp, = 125.5 + 0.2(stat.) 702 (syst.) GeV (4.19)

by the ATLAS Collaboration [65], respectively. There are several public codes for calculation of
the Higgs mass, and it is known that uncertainty of about +3 GeV exists among their calculations
[66, 67, 68, 69, 70]. Then we take the uncertainty into account in this study and require that

myp = 125.6 + 3.0 GeV. (4.20)

4.2.3 Constraints from BBIN

We perform reaction network calculations for light elements including the exotic nuclear-reactions
with the bound-state effects. The baryon to photon ratio is taken to be 7 = (6.044-0.08) x 1071 [29].
Then we obtain allowed regions in the parameters as a function of dm to fit observational light element
abundances.

We adopt following observational bounds on light element abundances: the lithium 7 to hydrogen
ratio Log,o("Li/H) = —9.63 £ 0.06 [9], the lithium 6 to lithium 7 ratio 5Li/"Li = 0.046 4 0.022 [10],
the deuterium to hydrogen ratio D/H = (2.80 + 0.20) x 107° [71], and the helium 3 to deuterium
ratio He/D < 0.87 + 0.27 [72]. It is notable that our scenario does not change the abundance of *He
significantly.

'In the neutralino sector, NMSSMTools includes 1-loop radiative corrections for M7, M2, and peg when it numerically
diagonalyze the mass matrix of the neutralino Eq. (4.6). On the other hand, we do not include the loop contribution in
calculations of the neutralino masses and mixings for simplicity since the loop effects are negligible in our discussion.
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For the moment, in order to obtain milder bounds as conservatively as possible we do not adopt
newer observational bounds on the abundance of deuterium such as D/H = (2.54 + 0.05) x 1075 and
D/H = (2.53 4+ 0.04) x 1075, They were quite-recently reported by Pettini and Cooke 2012 [73] and
Cooke et al 2013 [74], respectively. About such small errors, we need third-party verifications as soon
as possible.

4.3 Results of the BBN with a long-lived slepton in NMSSM

Now we show the results following the strategy shown in the previous section. The neutralino LSP
is either singlino- or bino-like. We have two types of phenomenologically favored parameter spaces in
each case: one is the region where A and k are relatively small, and tan 5 is large; the other is the
region where X\ and k are relatively large, and tan § is small. Therefore, we have four cases. However,
we do not consider the case where the neutralino LSP is bino-like, A and k are relatively small, and
tan 8 is large. In the limit of A,k — 0 with fixed peg, the NMSSM is reduced to the MSSM, so the
results are same as that in the MSSM [6, 7, 8]. We consider the other three cases in the followings.

First we consider the case where the neutralino LSP is singlino-like, A and « are relatively small
(k S A< 1), and tan g is large (2 30) [59]. We take four points of parameter sets and denote them
by SS-1, SS-2, SS-3, and SS-4, respectively. Here “SS” stands for the “S”inglino-like neutralino LSP
and “S”mall couplings region.

Next we consider the case where the neutralino LSP is singlino-like, A and « are relatively large
(0.5 < A < 0.7 and at most same order value of k < A) and tanf is small (~ 2). Large A\ with
small tan 5 leads to large tree contributions to the Higgs mass (the second and the third terms in
Eq. (4.4)) while it is small in the region of the first case. Actually, A has its maximal value ~ 0.7
though it depends on « (see for example Table 1 in [62]). This comes from the requirement to avoid
the Landau pole up to the GUT scale. The value of x should not be much smaller than A in order
to obtain large tree contributions to the Higgs mass; in this case the negative contribution (the third
term in Eq. (4.4)) do not become significant. Therefore, we investigate the range from at least 0.5 to
0.7 for A, and same order of magnitude but relatively small range of k. We take tan 8 ~ 2 since the
tree contributions in Eq. (4.4) are maximized around the value with large A. We take four points of
parameter sets and denote them by SL-1, SL-2, SL-3, and SL-4, respectively. Here “SL” stands for
the “S”inglino-like neutralino LSP and “L”arge couplings region.

In the third case we consider the bino-like neutralino LSP and search the same region on M- plane
as in the second case [59, 62]. In the NMSSM the tree contributions to the Higgs mass are large,
which is different from those the MSSM where well tuned 1-loop contribution is required. We take
four points of parameter sets and denote them by BL-1, BL-2, BL-3, and BL-4, respectively. Here
“BL” stands for the “B”ino-like neutralino LSP and “L”arge couplings region.

In the following results, we fix the parameters as mgo = 350 GeV, and sinfly = 0.8 for f = e, p,
and 7.

4.3.1 Singlino-like neutralino LSP; small A\-x region with large tan
Benchmark points

Figure 4.2 shows the region on a A-x plane with large tan 5 where the requirements, Eqgs. (4.13)-(4.15),
are satisfied. The left and right panels show the results for ¢, = 2 x 107 and 1077, respectively. We
discuss only the case for tan 8 = 30 in each panel since we obtain almost same results for tan 8 > 30.
The mass of the lightest neutralino, MPpr,, > is almost equal to that of the next-to-lightest one,
Moo ™~ leff, On the dotted line. Above the dotted line, the singlino-like neutralino is no longer the

. X2
lightest one.
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We can see that larger A and smaller x are allowed by larger ¢, with fixed tan 5. This is explained
by the requirement Eq. (4.13) and the dependence of the couplings, Egs. (4.8) and (4.9), on A and k.
These couplings become large as k increase, and/or A decreases. The slepton lifetime becomes short
as the couplings and/or ¢, increase. Therefore, larger c. gives shorter slepton lifetime and allows the
region with larger A and smaller k.

To check which requirements determine the favored region in Fig. 4.2, we draw Fig. 4.3 to show
the distribution of the quantities which are relevant to the requirements, Eqs. (4.13)-(4.15). The
parameters used are ¢, = 2 x 1079, mgo = 350 GeV, dm = 0.1 GeV, sinfly = 0.8,tan 8 = 30, My =
500 GeV, and M; = 1000 GeV. From the result we can see the favored region is determined by the
requirement for the slepton lifetime of Eq. (4.13).

We take four reference points in the favored region for tan § = 30 (red region in Fig. 4.2) as shown
in Table 4.1. Table 4.2 shows the spectra and observables at these points. We omit small flavor mixing
of the slepton in this calculation, and thus SS-1 and SS-2 give same results. All the dimensionful values
are shown in GeV. The top rows show input parameters. We assume the relations for gaugino masses

My = My/2, M3 = 3Mo, (4.21)

similar to the GUT relation, and, for simplicity, universal input soft-masses for each squark and
slepton,

M@ = MGy = Mgy, = Mgy = Mpy, = My
mi/l,Q - mis’ mELz = mEg‘ (4'22)

The middle rows show output spectra. Every points give the observed Higgs mass Eq.(4.20). At these
points, my, receives significant contribution from the 1-loop correction (the fourth term in Eq. (4.4))
by the maximal mixing and large stop masses because the tree contributions (the second and third
terms in Eq. (4.4)) are small.

In the bottom rows, we show relic density of the lightest neutralino, spin-independent cross section
between the lightest neutralino and nucleon, the SUSY contribution to the muon anomalous magnetic
moment, and the branching ratios of rare decays B, — u"pu~ and b — sv, from top to bottom. At
each point, the dark matter relic density is in range of the measured value [29]. The spin-independent
cross section at each point is about four order of magnitude smaller than the present experimental
bound [32]. The latest experimental result for the SUSY contribution to the anomalous magnetic
moment is,

da, = af® —ai™M = (26.1 £ 8.0) x 10717, (4.23)

where a, = (9 — 2),/2 [75, 76, 77]. For the branching ratio of By — u*u~, the CMS Collaboration
recently reported in Ref. [78] as

BR(Bs — ptpu~) =3.0709 x 107° (4.24)
and also the LHCb Collaboration reported in Ref. [79] as
BR(B; — ptp™) = 2.97 14 (stat.) T3 (syst.) x 1077, (4.25)
The branching ratio of B — X, [80] is given by
BR(B — X,7) = (3.43+0.21 £ 0.07) x 1074, (4.26)

)
At each point, da, and BR(Bs — ptp~) are in the ranges of 20 and lo. The branching ratio of
b — s7v is in the 20 range at SS-3 and SS-4
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BBN results at the benchmark points

The left panels in Fig. 4.4 show the slepton lifetime 77 (red-solid line; “slepton lifetime” ), the timescales
of the internal conversion processes (3.11a) (blue-solid line; ““Be—"Li”), (3.11b) (blue-dash-dotted
line; ““"Li—"He”), the 4He spallation processes (3.18a) (brown-solid line; “tn”), (3.18b) (brown-dashed
line; “dnn”), and (3.18c) (brown-dash-dotted line; “pnnn”), as a function of the mass difference
between the slepton and the neutralino at SS-1, SS-2, SS-3, and SS-4 from top to bottom, respectively.
The horizontal black-dashed line represents the timescale of the catalyzed fusion process (3.16) [55]
at the temperature T = 5 keV (5 x 10* s) when (*He ™) is formed.

We show the allowed regions in the right panels of Fig. 4.4 which we obtain by comparing theo-
retical values to observational ones for light element abundances at SS-1, SS-2, SS-3, and SS-4 from
top to bottom, respectively. Horizontal axis is the mass difference between the slepton NLSP and
the neutralino LSP, and vertical axis is the yield value of the slepton at the beginning of the BBN,
Y7 = nj_/s, where n;_ is the number density of the slepton and s is the entropy density. The regions
surrounded by magenta-dotted(-solid) lines are allowed by observed 7Li/H abundance at 20(30). The
regions between the blue-solid line and the blue region are allowed by observed ®Li/Li abundance
at 20. The orange-solid lines (“Theoretical”) represent the yield value of the slepton calculated with
the parameters in Table. 4.2. The colored regions are excluded for %Li/7Li (blue region; “0Li/7Li
excluded”), 3He/D (red region; “*He/D excluded”), and D/H (cyan region; “D/H excluded”), re-
spectively. The shaded and dotted regions are allowed by only "Li/H (30) and both "Li/H (30) and
Li/7Li (20), respectively. At each point, we obtain allowed region from “Li/H (3¢) and %Li/"Li (20)
simultaneously.

We see in the right panels of Fig. 4.4 that the allowed region from "Li/H on the curve of the slepton
yield value is in the range of dm ~ (0.04,0.07), (0.07,0.1), (0.07,0.1), and 0.1 GeV at the point SS-1,
SS-2, SS-3, and SS-4 respectively. We note that the catalyzed fusion process affects the abundance of
the %Li in these allowed regions even if the time scale of the reaction is much longer than the slepton
lifetime and the timescales of the “He spallation proscesses. This is because the yield value of the
slepton is much larger than observed abundance of the 5Li. We roughly calculate a yield value of the
6Li through the catalyzed fusion as follows;

Lo,
Fgp. + I+ Tor. ’

AYsp; = Y e TBr/T (4.27)

where AYer,; is the yield value of the 6Li, 7pr. is a timescale of (4He Z‘) formation, I'; is a decay rate
of the slepton, I's, and I'c ., are a reaction rate of the 4He spallation processes and the catalyzed
fusion process, respectively. In the equation, Y;_e™™8F /77 represents a yield value of the bound state,
and the factor at the last of right hand side is the branching ratio of the bound state to the catalyzed
fusion reaction. Here we consider the predicted value of the Li along with the slepton yield value
which we calculate with the parameters shown in Table 4.2. We put the constraint from the observed
value on the calculated value as follows;

Yori,0b 8 ; Fer
ZLLOb. 08B /T F. 7 4.98
Yi- Isp. + T4+ Tor. (4.28)

where we choose the yield value as Y; ~ 10~13 and Yori0b. = O(1072') which is the observed yield
value of Li [10]. We take the timescale of the bound state formation 5 x 10* s (see the Fig. 1 of
Ref. [5]), and I'c p. ~ O(10719) s~1. We see that T~ 10* s and Igp. ~ 1075 s~ ! in the allowed region
at the left panels of Fig. 4.4. We confirm that the calculated yield value of ®Li is consistent with that
of the observational value at the allowed region.

We also see that the allowed range of the mass difference is different in each point. This difference
can be explained as follows. The selectron mixing is smaller at SS-2 than at SS-1. The smaller mixing
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results in smaller coupling G';, re and hence longer slepton lifetimes than that at SS-1 shown in the
left panels in Fig. 4.4. The longer the lifetime is, the more the exotic BBN reactions occur because a
larger number of the sleptons remains until they form bound state with "Be. More "Be are destroyed
by the internal conversion processe at SS-2 than at SS-1. In such a situation, the yield value of the
slepton required by observed “Li abundance can be smaller for the same ém. In fact, comparing the
right panels of Fig. 4.4 of SS-1 and SS-2, we see that the 2 and 3 o lines of "Li/H allows lower yield
values and larger dm at SS-2. This result also can be understood in terms of the slepton lifetime. The
lifetime must be adjusted to a certain range to solve the Li problems. As mentioned in Sec. 4.1.3, the
lifetime is determined by both G g. and dm. For a fixed lifetime that can explain the observed "Li
abundance, dm is larger when Gy, g is smaller. As a result, the allowed region extends to larger dm
at SS-2 than at SS-1. For a longer slepton lifetime, on the other hand, more 3He and D are produced
by the *He spallation processes, and more SLi is produced by the catalyzed fusion process. Thus,
the excluded regions caused by the “He spallation processes (red and cyan regions) and the catalyzed
fusion process (blue region) are large compared to those at SS-1.

At the point SS-3, X is taken slightly larger than the one at SS-1 while ¢, and k are taken the
same. We see that the allowed region is in the range of jm ~ (0.07,0.1) GeV and is larger than that at
SS-1. It is because the lifetime is longer than that at SS-1. However, the reason to make the lifetime
longer is different from the case of SS-2. At SS-3, larger A gives longer slepton lifetime (see top-left
panel of Fig. 4.2), because G'1, ge become smaller than those at SS-1 as shown in Table 4.2, due to the
small mixing weights Ni’s in the lightest neutralino. In Eq. (4.10), the mixing weights are inversely
proportional to u2 — ,ugﬁ. In the singlino-like LSP case, p,; and peg, hence x and A, must be tuned so
that G, r are enough large. In fact, x and A are tuned well at SS-1. Taking A larger than that at SS-1
even by a few %, G re becomes smaller and hence the lifetime becomes longer. At the same time,
G, rr become smaller. It is still enough large to reduce "Be by the internal conversion processes but
is small for the *He spallation processes. Thus, the excluded regions by >He and D are narrower than
those at SS-2.

At SS-4, k is taken by 1 % smaller than the one at SS-1 while the other parameters are taken
the same. Again, due to the smaller k, the lifetime of the slepton is longer than at SS-1, and indeed
is the longest among the four parameters (see the left panels in Fig. 4.4). Then 3He and D are too
much produced even for smaller slepton yield values so that the excluded region from D/H narrows
the allowed region. Furthermore, the timescales of the internal conversion processes (3.11) are longer
than those at the other points. Thus more slepton yield value is necessary to obtain the observed
abundance of "Li, and hence the allowed region at SS-1 is narrower.

In the end, it is important to notice that in the singlino-like LSP case, x and A must be well tuned
to obtain fast internal conversion processes. As we have shown, only a few % of difference in the
parameters drastically change the results. Thus, due to this tuning, our scenario is very predictable.
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Figure 4.2: Favored region (red region; “tan 8 = 30”) in terms of requirements Eqs. (4.13)-(4.15) in
M- plane. Parameters are taken as tan 8 = 30 and c. = 2 x 107Y(left panel) and c. = 10~%(right
panel). Other parameters are fixed as my = 350 GeV, dm = 0.1 GeV, sinfl; = 0.8, M7 = 500 GeV,
and M = 1000 GeV. The singlino-like neutralino is no longer the lightest one above the dotted line.
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Figure 4.3: The distribution of the quantities relevant to the requirements, Eqgs. (4.13)-(4.15), in the
favored region from ¢, = 2 x 107 and tan 8 = 30. The color bar in each panel shows 77 (top-left),
0.17;/7c for ("Be I7) = "Li+ x4y (top-right), 0.17;/mc for ("Li I7) = "He+x?+1; (bottom-left),
and N12§ (bottom-right).
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Table 4.1: Benchmark points in the favored region of Fig. 4.2.

Parameters SS-1 SS-2 SS-3 SS-4
Ce 2x1079 1072 2x1079 2x107Y
A 0.0042  0.0042  0.00425  0.0042

K 0.002 0.002 0.002 0.00195
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Table 4.2: Spectra and observables at each point (see Tab. 4.1). All the dimensionful values are shown
in GeV. The top rows show input parameters. SS-1 and SS-2 give common results since we omit small
flavor mixing of the slepton. The middle rows show output spectra. The bottom rows show relic
density of the lightest neutralino, spin-independent cross section between the lightest neutralino and
nucleon, the SUSY contribution to the muon anomalous magnetic moment, and the branching ratios
of rare decays B; — pp~ and b — sv, and couplings Egs. (4.8) and (4.9) from top to bottom.

Input SS-1, SS-2 SS-3 SS-4
Mo 1000.0 1000.0 1000.0
A —3000.0 —4800.0 —7500.0
mg, 391.30 397.06 405.43
mp, 372.99 376.34 381.29
me, 1500.0 2000.0 3000.0
A 0.0042 0.00425 0.0042
K 0.0020 0.0020 0.00195
Ay 1000.0 1300.0 1000.00
Ay —100.00 —100.00 —100.00
Lheft 359.82 363.07 366.76

tan 3 30.000 30.000 30.000

Output

hY 123.89 126.16 127.30

h9 316.70 317.05 314.58

h$ 3513.4 3939.4 3499.3

al 226.72 226.40 226.02

a) 3513.4 3939.4 3499.3

H* 3514.2 3940.1 3500.0

t 1367.9 1897.7 2025.2

to 1650.6 2235.9 3271.5

71 350.10 350.10 350.10

) 416.67 425.01 437.11

W 350.00 350.00 350.00

%) 355.27 359.35 364.03

Y 370.74 375.08 380.10

e 498.84 498.04 496.76

0% 1021.1 1027.8 1035.7
Qqoh® 0.11236 0.12656 0.12490
osi[cm?] 9.4085 x 10~49 1.4012 x 10~ 3.8721 x 107°°

Say 1.1967 x 1079(20)  1.2656 x 107?(20) 1.2347 x 1072(20)

Br(BY — utu™)  3.3924 x 107%(1o)  3.4349 x 107%(10)  3.4442 x 107%(10)
Br(b — sv) 2.5984 x 1074(> 30) 2.8109 x 107%(20) 3.0311 x 107%(20)

GLr/cr —0.014882 —0.0084607 —0.0055185
GRrr/cr 0.019332 0.011050 0.0072524
GlLe/ce 0.00066840 0.00038490 0.00025476

GRe/ce 0.0076689 0.0044158 0.0029225
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Figure 4.4: The left panels show the slepton lifetime 7; (red-solid line; “slepton lifetime”), the
timescales of the internal conversion processes (3.11a) (blue-solid line; “"Be—7Li”), (3.11b) (blue-dash-
dotted line; “"Li—7He”), the *He spallation processes (3.18a) (brown-solid line; “tn”), (3.18b) (brown-
dashed line; “dnn”), and (3.18c) (brown-dash-dotted line; “pnnn”), as a function of the mass difference
between the slepton and the neutralino at SS-1 (top panel) and SS-2 (bottom panel). We also show
the timescale of the catalyzed fusion (3.16) at the temperature T' = 5 keV (5 x 10* s) when (*He [7) is
formed as horizontal black-dashed line. In shaded regions Eq. (4.13) is not satisfied. The right panels
show the allowed regions from observational light element abundances on ém-Y;_ plane at SS-1 (top
panel) and SS-2 (bottom panel). The regions surrounded by magenta-dotted(-solid) lines are allowed
by observed "Li/H abundance at 20(3c). The regions between the blue-solid line and the blue region
are allowed by observed 5Li/7Li abundance at 20. The orange-solid lines (“Theoretical”) represent
the yield value of the slepton at the begging of the BBN as a function of the mass difference. The
colored regions are excluded for ®Li/"Li (blue region; “SLi/"Li excluded”), 3He/D (red region; “*He/D
excluded”), and D/H (cyan region; “D/H excluded”), respectively. The shaded and dotted regions
are allowed by only "Li/H (3¢) and both "Li/H (30) and °Li/"Li (20), respectively.
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Figure 4.3: The results at SS-3 (top panels) and SS-4 (bottom panels) are shown. The lines and
regions stand for the same meanings as those in the previous page.



48CHAPTER 4. BIG-BANG NUCLEOSYNTHESIS WITH A LONG-LIVED SLEPTON IN THE NMSSM

4.3.2 Singlino-like neutralino LSP; large \-x region with small tan 3
Benchmark points

Figure 4.4 shows the favored region on A-x plane with small tan 8 where the requirements, Eqs. (4.13)-
(4.15), are satisfied. The left and right panels show the results for c. = 5 x 10719 and 2 x 10719,
respectively. The red and hatched regions are allowed by tan 5 = 2 and 2.5, respectively.

To check which requirements determine the favored region in Fig. 4.4, we draw Fig. 4.5 to show
the distribution of the quantities which are relevant to Eqgs. (4.13)-(4.15). The parameters are ¢, =
5x10719, mgo = 350 GeV, dm = 0.1 GeV, siny = 0.8, tan 3 = 2, M = 500 GeV, and M> = 1000 GeV.
From the result we see the favored region is determined by the requirement for the slepton lifetime
Eq. (4.13).

We take four reference points in the favored region for tan § = 2 (red regions in Fig. 4.4) as shown
in Table 4.3. Table 4.4 shows the spectra and observables at these points. We omit small flavor
mixing of the slepton in the calculation, and show the dimensionful values in GeV. Every points give
the observed Higgs mass. In this case where )\ and k are large and tan (8 is small, the tree contributions
in Eq. (4.4) (the second and the third terms) are significant, and 1-loop contribution (the forth term)
is not so large.

In the bottom rows, we show relic density of the lightest neutralino, spin-independent cross section
between the lightest neutralino and nucleon, the SUSY contribution to the muon anomalous magnetic
moment, and the branching ratios of rare decays B; — u™p~ and b — s7, from top to bottom. At
each point, the dark matter relic density is in range of the measured value [29]. The spin-independent
cross section at each point is much larger than those at the points in the previous section and just
below the present experimental bound. The calculated values of da,, at the points are out of 30 range,
since tan 3 is relatively small in this case. For the branching ratio of By — putp~ and b — sv, we
obtained the values within 1o and 20, respectively.

BBN results at the benchmark points

The left panels in Fig. 4.6 show the slepton lifetime 7; (red-solid line; “slepton lifetime”), the timescales
of the internal conversion processes (3.11a) (blue-solid line; ““Be—"Li”), (3.11b) (blue-dash-dotted
line; ““"Li—"He"), the *He spallation processes (3.18a) (brown-solid line; “tn”), (3.18b) (brown-dashed
line; “dnn”), and (3.18c) (brown-dash-dotted line; “pnnn”), as a function of the mass difference
between the slepton and the neutralino at SL-1, SL-2, SL-3, and SL-4 from top to bottom, respectively.
The horizontal black-dashed line represents the timescale of the catalyzed fusion process (3.16) [55] at
the temperature T = 5 keV (5 x 10* s) when (*He [7) is formed. In the right panels horizontal axis is
the mass difference between the slepton NLSP and the neutralino LSP, and vertical axis is the yield
value of the slepton at the beginning of the BBN.

We show the allowed regions in the right panels of Fig. 4.6 which we obtain by comparing theoretical
values to observational ones for light element abundances at SL-1, SL-2, SL-3, and SL-4 from top to
bottom, respectively. The lines and regions are the same as in Fig. 4.4. Thus we obtain allowed region
from "Li/H (30) and °Li/7Li (20) simultaneously at each point.

The points SL-3 and SL-4 have larger A and smaller x compared with those at SL-1, respectively.
The couplings G r at these points, however, are not different from each other, since A and x are
enough large so that we can get large G, r without tuning in contrast to SS case. Thus we get similar
result at these points.

On the contrary, at SL-2 the selectron mixing is small compared with that of SL-1, and hence the
slepton lifetime is longer than the other points. This result in more spallation processes and make the
allowed region narrower.
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Figure 4.4: Favored region in terms of requirements Eqgs. (4.13)-(4.15) in A-x plane. We took tan 5 = 2
and 2.5 and ¢, = 5 x 10719 in left panel (ce = 2 X 10719 in right panel). Fixed parameters are
mgo = 350 GeV, om = 0.1 GeV, sinf; = 0.8, M; = 500 GeV, and My = 1000 GeV. Red and shaded
regions are the favored region from tan 8 = 2 and 2.5, respectively. The singlino-like neutralino is no
longer the lightest one above the dotted line.
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Figure 4.5: The distribution of the quantities relevant to the requirements, Eqgs. (4.13)-(4.15), in the
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Table 4.3: Benchmark points in the favored region of Fig. 4.4 for tan 8 = 2.

Parameters SL-1 SL-2 SL-3 SL-4
Ce 5x10710 2x 10719 5x 10719 5x 1019
A 0.68 0.68 0.695 0.68

K 0.22 0.22 0.22 0.215
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Table 4.4: Spectra and observables at each point (see Tab. 4.3). All the dimensionful values are shown
in GeV. The top rows show input parameters. SL-1 and SL-2 give common results since we omit
small flavor mixing of the slepton. The middle rows show output spectra. The bottom rows show relic
density of the lightest neutralino, spin-independent cross section between the lightest neutralino and
nucleon, the SUSY contribution to the muon anomalous magnetic moment, and the branching ratios
of rare decays B; — pp~ and b — sv, and couplings Egs. (4.8) and (4.9) from top to bottom.

Input SL-1, SL-2 SL-3 SL-4
Mo 1000.0 1000.0 1000.0
Ay —1500.0 —1800.0 —2800.0
mg, 356.86 357.93 361.23
mp, 353.36 353.96 355.84
ma, 1000.0 1000.0 1000.0
A 0.6800 0.6950 0.6800
K 0.2200 0.2200 0.2150
Ay 1120.0 1180.0 1100.0
Ay —10.000 —10.000 —10.000
Heft 527.17 537.90 538.91
tan 3 2.0000 2.0000 2.0000
Output
hY 127.13 126.66 124.36
hY 370.96 354.77 369.96
h3 1303.6 1348.4 1313.9
af 152.72 262.92 150.73
a9 1303.8 1348.8 1313.8
H* 1295.0 1339.0 1304.3
t 696.15 660.83 528.37
ta 959.18 983.66 1059.9
1 350.10 350.10 350.10
7 363.35 364.99 370.03
b%l 350.00 350.00 350.00
Y 468.58 471.30 471.37
Y 547.60 558.78 559.13
por 553.96 561.55 562.02
© 1013.7 1014.1 1014.1
Qgoh® 0.12684 0.12672 0.12489
osi[cm?] 1.8983 x 10~4° 3.1914 x 1074 1.7546 x 10~4°
Say, 1.0707 x 1071%(> 30) 1.1346 x 107 19(> 30) 1.3675 x 107°(> 30)
Br(B? — utu~) 35373 x 1079(10) 3.5374 x 107%(10) 3.5365 x 107?(10)
Br(b — sv) 3.2030 x 1074(20) 3.1658 x 1074(20) 3.0507 x 107%(20)
Grr/er 0.0012549 0.0013068 0.0012826
GRrr/cr 0.030877 0.029833 0.029090
Gre/ce 0.0026200 0.0025373 0.0024746

GRe/ce 0.029853 0.028910 0.028196
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Figure 4.6: The left panels show the slepton lifetime 7; (red-solid line; “slepton lifetime”), the
timescales of the internal conversion processes (3.11a) (blue-solid line; “"Be—7Li"), (3.11b) (blue-dash-
dotted line; “"Li—"He”), the *He spallation processes (3.18a) (brown-solid line; “tn”), (3.18b) (brown-
dashed line; “dnn”), and (3.18¢) (brown-dash-dotted line; “pnnn”), as a function of the mass difference
between the slepton and the neutralino at SL-1 (top panel) and SL-2 (bottom panel). We also show
the timescale of the catalyzed fusion (3.16) at the temperature T =5 keV (5 x 10* s) when (*He [7)
is formed as horizontal black-dashed line. In the shaded regions, Eq. (4.13) is not satisfied. The right
panels show the allowed regions from observational light element abundances on ém-Y;_ plane at SL-1
(top panel) and SL-2 (bottom panel). The regions surrounded by magenta-dotted(-solid) lines are
allowed by observed "Li/H abundance at 20(3c). The regions between the blue-solid line and the
blue region are allowed by observed 5Li/“Li abundance at 20. The orange-solid lines (“Theoretical”)
represent the yield value of the slepton when the BBN starts as a function of the mass difference. The
colored regions are excluded for ®Li/"Li (blue region; “SLi/"Li excluded”), 3He/D (red region; “*He/D
excluded”), and D/H (cyan region; “D/H excluded”), respectively. The shadowed and dotted regions
are allowed by only “Li/H (3¢) and both "Li/H (30) and °Li/"Li (20), respectively.
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Figure 4.6: The results at SL-3 (top panels) and SL-4 (bottom panels) are shown. The meanings of
the lines and regions are same as those in the previous page.
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4.3.3 Bino-like neutralino LSP; large \-x region with small tan

We finally show the results in the third case where the neutralino LSP is bino-like with relatively large
A, k and small tan 5. In this case, the first term is dominant in the couplings Egs. (4.8) and (4.9), and
they hardly depend on the parameters, A, k,tan 3, e, M1, and Mo, since N12B’ ~ 1. Therefore, we do
not have to check the dependence on these parameters of the slepton lifetime and relevant timescales
of the exotic BBN reactions (3.11) and (3.18) since they also do not depend on these parameters.

Benchmark points

We take four reference points in the favored region for tan 8 = 2 as shown in Table 4.5. Table 4.6
shows the spectra and observables at these points. All the dimensionful values are represented in GeV.
The top rows show input parameters and the middle rows show output spectra. Every points give
the observed Higgs mass. As in the results of Sec. 4.3.2, observed Higgs mass is obtained by virtue of
large contribution of the tree terms. In this respect, the result is completely different from the case
with bino-like neutralino in the MSSM, where the 1-loop contribution lifts up the Higgs mass.

In the bottom rows, we show relic density of the lightest neutralino, spin-independent cross section
between the lightest neutralino and nucleon, the SUSY contribution to the muon anomalous magnetic
moment, and the branching ratios of rare decays B; — u*p~ and b — sv, from top to bottom. At
each point, the dark matter relic density is in range of the measured value [29]. The spin-independent
cross sections are about one order of magnitude smaller than those at points we chose in the previous
section, and below the present experimental bound. The calculated values of da, at the points are
below 30 range which is caused by small tan 3. For the branching ratio of By — putu~ and b — s7,
we obtained the values within 1o and 20, respectively.

BBN results at the benchmark points

The left panels in Fig. 4.7 show the slepton lifetime 7; (red-solid line; “slepton lifetime” ), the timescales
of the internal conversion processes (3.11a) (blue-solid line; ““Be—"Li”), (3.11b) (blue-dash-dotted
line; ““Li—"He"), the 4He spallation processes (3.18a) (brown-solid line; “tn”), (3.18b) (brown-dashed
line; “dnn”), and (3.18c) (brown-dash-dotted line; “pnnn”), as a function of the mass difference
between the slepton NLSP and the neutralino LSP at BL-1, BL-2, BL-3, and BL-4 from top to bottom,
respectively. The horizontal black-dashed line represents the timescale of the catalyzed fusion process
(3.16) [55] at the temperature T = 5 keV (5 x 10* s) when (*He [7) is formed. In the right panels
horizontal axis is the mass difference between the slepton NLSP and the neutralino LSP, and vertical
axis is the yield value of the slepton at the beginning of the BBN.

We show the allowed regions in the right panels of Fig. 4.7 which we obtain by comparing theoretical
values to observational ones for light element abundances at BL-1, BL-2, BL-3, and BL-4 from top to
bottom, respectively. The lines and regions are the same as those in the previous section. At BL-1,
BL-2, and BL-3, we obtain allowed region only for "Li/H (30) while at BL-4, that for 5Li/"Li (20) is
also obtained simultaneously.

At BL-2 and BL-3, x and A are small compared with those at BL-1, respectively. As was mentioned
in the beginning of this section, the slepton lifetime and timescales of the internal conversion processes
(3.11) and the *He spallation processes (3.18) hardly depend on the NMSSM parameters. This is the
reason why almost no difference exists among the results at BL-1, BL-2, and BL-3. The couplings G1.¢
and GRry are large compared with those in the singlino-like LSP scenario, and hence the timescales of
the internal conversion processes (3.11) and the 4He spallation processes (3.18) are one or two order of
magnitude shorter than those in the singlino-like LSP scenario. Therefore, the observed abundance of
"Li/H is obtained in smaller slepton yield value compared with the singlino-like LSP scenarios, Fig. 4.4
and 4.6. In addition, the excluded regions by He/D and D/H lie downward compared to those of
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the singlino-LSP secnario (e.g., compare the results at SL-2 and BL-1). Indeed, the results at BL-1,
BL-2, and BL-3 are almost same as the result in the MSSM, Fig. 3 in Ref. [7], where the same values
for ce, mgo, sinfy and CP-violating phase are used.

Only at BL-4, tiny flavor mixing exists. This result is similar to that in the MSSM, Fig. 4 (middle

panel) in Ref. [8], where same values for c,, mgo, sin f; and CP-violating phase are used.

Table 4.5: Benchmark points on A-x plane for tan 8 = 2.

Parameters BL-1 BL-2 BL-3 BL-4
Ce 0 0 0 5x10~
A 0.68 0.68 0.6 0.68

K 0.32 0.2 0.32 0.32
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Table 4.6: Spectra and observables at each point (see Tab. 4.5). All the dimensionful values are shown
in GeV. The top rows show input parameters. BL-1 and BL-4 give common results since we omit
small flavor mixing of the slepton. The middle rows show output spectra. The bottom rows show relic
density of the lightest neutralino, spin-independent cross section between the lightest neutralino and
nucleon, the SUSY contribution to the muon anomalous magnetic moment, and the branching ratios
of rare decays B; — pp~ and b — sv, and couplings Egs. (4.8) and (4.9) from top to bottom.

Input BL-1, BL-4 BL-2 BL-3
Mo 713.36 713.25 712.97
Ay —1500.0 —1500.0 —1500.0
mg, 359.32 359.32 359.32
mp, 354.76 354.76 354.76
ma, 1000.0 1000.0 1000.0
A 0.6800 0.6800 0.6000
K 0.3200 0.2000 0.3200
Ay 1000.0 1480.0 1500.0
Ay —100.00 —100.00 —100.00
Lot 900.00 900.00 900.00
tan 3 2.0000 2.0000 2.0000
Output
hY 125.23 126.51 124.35
R 844.57 552.89 960.06
h3 1793.5 1983.6 2115.8
al 372.60 289.22 379.68
a9 1792.3 1983.7 2114.5
H* 1783.8 1974.3 2108.5
t 853.37 853.41 853.51
t9 1132.1 1132.1 1132.2
1 350.10 350.10 350.10
7 367.13 367.13 367.13
b%l 350.00 350.00 350.00
e 696.36 534.28 697.51
Y 842.69 699.36 906.34
por 908.00 909.78 914.24
b% 944.68 934.66 984.08
Qgoh® 0.11956 0.11964 0.11968
osi[cm?] 3.6870 x 10746 3.7874 x 10746 3.7116 x 10746
Say, 1.3398 x 1071°(> 30) 1.3370 x 1071°(> 30) 1.3296 x 1071°(> 30)
Br(B? — utu~) 35381 x 107?(10) 3.5382 x 1079(10) 3.5383 x 107(10)
Br(b — sv) 3.1907 x 1074(20) 3.1754 x 1074(20) 3.1668 x 10~%(20)
Grr/er 0.15080 0.15080 0.15076
GRrr/cr 0.40310 0.40310 0.40313
GLe/ce 0.15108 0.15108 0.15108

GRe/ce 0.40289 0.40289 0.40289
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Figure 4.7: The left panels show the slepton lifetime 7; (red-solid line; “slepton lifetime”), the
timescales of the internal conversion processes, Eqgs. (3.11a) (blue-solid line; “"Be—'Li”) and
(3.11b) (blue-dash-dotted line; “"Li—"He”), the “*He spallation processes, Eqs. (3.18a) (brown-solid
line; “tn”), (3.18b) (brown-dashed line; “dnn”), and (3.18¢c) (brown-dash-dotted line; “pnnn”), as
a function of the mass difference between the slepton and the neutralino at BL-1 (top panel) and
BL-2 (bottom panel). We also show the timescale of the catalyzed fusion (3.16) at the temperature
T =5 keV (5 x 10* s) when (*He [~) is formed as horizontal black-dashed line. In the shaded regions,
Eq. (4.13) is not satisfied. The right panels show the allowed regions from observational light element
abundances on dm-Y;_ plane at BL-1 (top panel) and BL-2 (bottom panel). The regions surrounded
by magenta-dotted(-solid) lines are allowed by observed "Li/H abundance at 20(3c). The regions
between the blue-solid line and the blue region are allowed by observed °Li/Li abundance at 20. The
orange-solid lines (“Theoretical”) represent the yield value of the slepton when the BBN starts as a
function of the mass difference. The colored regions are excluded for 5Li/7Li (blue region; “0Li/7Li
excluded”), ®He/D (red region; “*He/D excluded”), and D/H (cyan region; “D/H excluded”), respec-
tively. The shadowed and dotted regions are allowed by only "Li/H (3¢) and both "Li/H (30) and
Li/TLi (20), respectively.
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Figure 4.7: The results at BL-3 (top panels) and BL-4 (bottom panels) are shown. The meanings of
the lines and regions are same as those in the previous page.



Chapter 5

Summary

We have considered a scenario of the NMSSM where the slepton NLSP is long-lived due to the
degenerated masses between the NLSP and the neutralino LSP. In the scenario, we have confirmed
that the "Li and SLi problems can be solved, and observed dark matter relic density and the Higgs
mass can be obtained simultaneously.

In Chap. 2, we have explained three shortcomings that we focus on in this study: lepton flavor
violation, dark matter, and light element abundances.

In Chap. 3, we have considered the secnario in the MSSM. In the scenario, the slepton NLSP is
long-lived so that it can survive until the BBN era due to small mass difference between the NLSP
and the LSP. Then the sleptons can form bound states with nuclei, and exotic nuclear reactions are
induced by the bound state effects. We have taken three exotic reactions into account. First one
is the internal conversion processes where the sleptons form bound states with “Be and “Li and the
nuclei are converted into lighter ones to reduce “Li abundance, and solve the “Li problem. Second
one is the catalyzed fusion process where the slepton forms bound state with ‘He. This process
produces %Li, and thus can solve the °Li problem. This can give upper bound on the lifetime of the
slepton, since the time scale of this process is longer than those of the internal conversion processes,
and the catalyzed fusion process can overproduce SLi. The final one is the ‘He spallation processes
where the sleptons form bound states with “He and they are destroyed into T, D, p, and n. The
overproduction of the spallation products can ruin successful BBN. We have analyzed the yield value
and the slepton lifetime with the intergenerational mixings as well as the relic abundances of the
light elements including above exotic processes. Then we have found allowed regions for light element
abundances and the flavor mixing parameters of the slepton.

In Chap. 4, we extended the MSSM into the NMSSM and have confirmed that the scenario we
had introduced is also hold in the NMSSM. We specifically considered the case where the neutralino
is the stable LSP and the lightest slepton is the NLSP, and where the mass difference of the two is so
tiny that the slepton becomes long-lived enough to survive until the time of the nucleosynthesis in the
early universe. The sleptons interact with the synthesized nuclei and turn into the LSP staying until
today as dark matter particles, while the light elements alter their relic abundance.

We searched for benchmark set of parameters that can successfully drive this scenario and simulta-
neously can reproduce the mass of Higgs particle within (125.6 +3.0) GeV. Three cases of benchmark
parameters are presented: (1) Singlino-like neutralino, small A-x with large tan 3, (2) Singlino-like
neutralino, large A-x with small tan 8, and (3) Bino-like neutralino, large A\-x with small tan 5. In
every three cases, we found the successful benchmark values of (ce, A,x) We confirmed that they
lead to the permissible abundance of dark matter and are consistent with other experimental bounds
(Tables 4.2, 4.4, and 4.6).

We then traced the BBN reaction network including the exotic nuclear reactions. We employed

Y- (slepton yield value)-6m (LSP-NLSP mass difference) parameter plane to present the regions of

ll
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parameters that can account for the observed abundance of light elements. These results are illustrated
in terms of timescales for the relevant exotic BBN reactions. The slepton need to be long-lived enough
to form the bound state with “Be. The coupling GL,r, should be however large enough so that
the internal conversion processes occur sufficiently. The other important processes are the catalyzed
fusion process and the *He spallation processes, both of which arise from (*He Z_) Although the
overproduction of the light elements produced through the processes are not desired, the suitable
amount of 6Li created from the catalyzed fusion process is favored to achieve the observed abundance
of 5Li. From this, we can give the upper limit on the slepton lifetime. Furthermore, we have to consider
the fact that the ‘He spallation processes, in general, work more efficiently than the catalyzed fusion
process. For such a reason, we need the short lifetime of slepton not to make the bound state with
4He. Thus, the slepton is desired to make the bound state with “Be and not with *He. Incidentally we
can obtain suitable °Li abundance from the catalyzed fusion process with adequate slepton lifetime,
since the observed abundance is quite tiny as explained around Eq. (4.28). As a result, the upper and
lower limits for the slepton lifetime are imposed. In the case of (1), the specific relation between A
and x is necessary to make the couplings Gz g large so that "Be is reduced by the internal conversion
processes. Indeed, we tune the parameters A and x to make u2 — ugﬁ small, that is, G g, large at
SS-1. Even under the circumstances, we also need a sizable flavor mixing, ¢, in order to make the
slepton lifetime short and hence reduce a number of (*He [_) Thus we obtain the allowed region at
SS-1. On the contrary, at SS-2 the flavor mixing ¢, is small and hence the slepton lifetime becomes
longer. It shifts the allowed region to larger dm. Outside of the tuned parameter region for A and k,
Gr.r can be rapidly small so that the allowed region becomes small (SS-4) (Fig. 4.4). In the case of
(2), due to large A and k, G g are large so that the internal conversion processes occur efficiently.
In the same reason as (1), a suitable flavor mixings are also necessary to avoid the extra amount of
(*He [7) (Fig. 4.6), otherwise, we may miss the allowed region (SL-2). In the case of (3), the coupling
Gr,r, does not depend mainly on A and . Therefore, the results of the case (3) are same as in the
case of the MSSM (Fig. 4.7).

We conclude that our scenario successfully works in the NMSSM and can simultaneously account
for the abundance of dark matter, that of light elements, and the mass of Higgs particle. Since all the
three cases we considered here are consistent to the present phenomenological bounds, they should
be distinguished through the characteristic signals of accelerator experiments. Search for such signals
are left for future works.
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