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Abstract

We explore the coannihilation region of the constrained minimal supersymmetric standard model
(CMSSM) being consistent with current experimental/observational results. The requirements from
the experimental/observational results are the 125GeV Higgs boson mass and the relic abundances
of both the dark matter and light elements, especially the lithium-7. We put these requirements
on the calculated values, and thus we obtain the allowed region. Then we give predictions to the
mass spectra of the SUSY particles, the anomalous magnetic moment of muon, branching fractions
of the B-meson rare decays, the direct detection of the neutralino dark matter, and the number of
SUSY particles produced in a 14TeV run at the LHC experiment. Comparing these predictions with
current bounds, we show the feasibility of the test for this scenario in near future experiment.
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Chapter 1

Introduction

The challenges of the LHC are to discover the Higgs boson and to search for new physics beyond
the standard model (SM). The discovery of the Higgs boson was reported by the ATLAS [1] and
the CMS collaborations [2]. Meanwhile no signals of new physics have been observed so far from
the LHC. However, nature indicates the existence of physics beyond the SM that accounts for the
shortcomings in the SM, e.g., no candidate of dark matter, the origin of neutrino mass, the baryon
asymmetry of the universe, and so on.

It is a challenge to confirm the new physics from only experimental /observational data. The-
oretical studies in advance are essential to identify the signatures of new physics. We now have
measurement data of the Higgs boson, the relic abundance of the dark matter, and so on. What we
should do, therefore, is to precisely extract probable parameter space, and predict the signatures in
each scenario of new physics by using the measured data.

One of the leading candidates of the new physics is the supersymmetric (SUSY) extension of the
SM. A scenario in this extension is the constrained minimal supersymmetric SM (CMSSM) which
is a simple but phenomenologically successful framework. In the CMSSM, all of the observables are
described by only five parameters, and these parameters are tightly connected with the property of
the Higgs boson [3, 4, 5, 6, 7, 8. The reported mass of the Higgs boson, m; ~ 125GeV, suggests
heavy SUSY particles [9, 10, 11, 12]. This suggestion is consistent with a null signal of exotics at
the LHC. The heavy SUSY particles imply the heavy dark matter in this framework, because the
lightest SUSY particle (LSP) works as the dark matter.

Cosmological and astrophysical measurements strongly indicate the existence of dark matter,
and numerical simulations suggest that weakly interacting massive particles (WIMPs) are the most
feasible candidate for the dark matter [13, 14, 15, 16, 17, 18]. In the CMSSM with R-parity conser-
vation, the bino-like neutralino is the LSP and consequently is a WIMP dark matter candidate. The
measured abundance of the neutralino dark matter can be acquired in the coannihilation region®.
The heavy neutralino dark matter requires a large coannihilation rate. The large coannihilation
rate sufficiently reduces the relic number density of the neutralino, and can reproduce the measured
abundance of dark matter. The large coannihilation rate needs the tight degeneracy in mass between
the neutralino LSP and the stau NLSP (NLSP: next to the lightest SUSY particle) [24, 25]. Indeed
in large part of parameter space wherein the mass of the Higgs boson is consistent with the reported
one, the mass difference between the neutralino LSP and the stau NLSP is smaller than the mass of
tau lepton, m, [26, 27]. Such a tight degeneracy makes the stau NLSP a long-lived charged massive
particle (CHAMP) [28, 29].

The long-lived CHAMPs can modify the chain of nuclear reactions in a stage of big-bang nucle-
osynthesis (BBN), and hence distort the primordial abundances of light elements. The success and
failure of the nucleosynthesis are quite sensitive to the property of the long-lived CHAMPs, e.g., the

IThe measured abundance is obtained also in the focus-point region in which measured abundance of dark matter
can be reproduced by the large mixing of the bino and the Higgsino components [19, 20]. The latest XENON100 dark
matter search, however, excludes most of parameter spaces of the focus-point region [21, 22, 23]



lifetime, the number density, the electric charge, and so on [30, 31, 32, 33, 34, 35, 36, 37, 38, 39,
40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61]. The success of
the nucleosynthesis means to reproduce the measured abundances of light elements. Notice that the
measured abundance of lithium-7 (“Li) is reported to be inconsistent with the theoretical prediction
in the standard BBN; the measured one is "Li/H = 1.48 £0.41 x 107! [62] and the theoretical pre-
diction is “Li/H = 5.24 x 10719 [63]. This inconsistency is known as the lithium-7 problem [64], and
the success of the nucleosynthesis includes also solving the problem. It is important to emphasize
that the success of the nucleosynthesis constrains and predicts the property of the stau NLSP.

In this thesis we give predictions to experimentally identify the CMSSM as the new physics in
the light of the natures of the Higgs boson, the measured abundance of dark matter, and the success
of the nucleosynthesis. We concentrate on the scenario wherein the mass difference of the neutralino
LSP and the stau NLSP is smaller than the mass of tau lepton, and the longevity of the stau is
guaranteed by the tight phase space.

Both the mass and the signal strength of the Higgs boson are correlated with parameters of
the stop sector. So it sheds light on the sign(u), mg, Ao, and tan 8 which we defer to sfermion
parameters. The predictability of the derived relations, however, is not strong because the parameter
space contains too many degrees of freedom. It should be noted that, combining the relations from
the natures of the Higgs boson and the values of sfermion parameters from the BBN, as we will find,
simple relations between mgy and Ag are shown. Furthermore the degeneracy of the neutralino LSP
and the stau NLSP in the coannihilation region set a relation between M /5 and sfermion parameters.
Thus accumulating all of relations and constraints, we give theoretical clues on the likely parameter
space of the CMSSM. Then we calculate the observables of terrestrial experiments based on the
analysis. After the discovery of SUSY signals, by checking observables with the calculation we make
it possible to confirm the CMSSM in the near future.

This thesis is organized as follows. In next chapter, we briefly review the Big Bang Nucleosyn-
thesis and explain Lithium problem. In chapter III, we review the Stau BBN scenario. We show in
this chapter that the longevity of the stau, the formation of the bound state between long lived stau
and nuclei, exotic nuclear reactions, and relic density of stau at he BBN era. We show the solution
for the lithium problem and relic abundance of the dark matter in the light of MSSM. In chapter
IV, we explore allowed parameter space of the CMSSM. In Sec. 4.1 we recall the framework of the
CMSSM, keeping an eye on the coannihilation scenario. Then we set the constraint on some input
parameters from the viewpoint of the report of the Higgs boson and the observed abundances of both
dark matter and light elements. The derived model space is for stau-neutralino coannihilation region
and that solves the Li problem. The constraints is substantially weakened without considering the
Li problem, and hence the assumption is important. In Sec. 4.2, we show the allowed region of the
CMSSM parameters obtained by the constraints. The relations of the parameters are derived from
the results. In Sec. 4.3, we show the predictions for SUSY mass spectrum, the anomalous magnetic
moment of the muon, branching fractions of the B-meson rare decays, and direct detection of the
neutralino dark matter in the allowed region. We show the number of the signals of the long-lived
stau and the neutralino at the LHC experiment, and then we discuss the verification of the scenario
in Sec 4.4. Chap. 5 is devoted to a summary and a discussion.



Chapter 2

Review of the Big Bang
Nucleosynthesis

We review the mechanism of the Big Bang Nucleosynthesis (BBN) in this chapter. We roughly
divide the processes of the BBN into three part as follow. Firstly the ratio between number density
of neutron (n) and proton (p) is fixed by chemical equilibrium through weak interaction. Next n
and p make the deuteron (d). At the last, helium (He) is made from n, p, and d. We explain each
part in detail from now. We refer [56, 65, 66, 67, 68] through the chapter.

2.1 Neutron - Proton ratio (7' < 0.8MeV)

Before explaining the BBN, we consider the condition of the universe when the temperature of the
that is higher than 1 MeV. p and n exchange each other through the following reactions,

nepte U, (2-1-1a)
Vet+n<—p+e, (2-1-1b)
et +n e p+u.. (2-1-1¢)

If the timescale of these reactions is shorter than the age of the universe, the system is in the chemical
equilibrium. Then the chemical potential of these particles have a relation as follows:

Hn + fy = fp + He. (2-1-2)

Here we consider that the temperature of the universe is O(1MeV), (anti) electron and (anti) neutrino
are relativistic particles. Then the number density of the (anti) electron n,.- (n.+) and (anti) neutrino
n,,(ng,) have a relation with 7" and chemical potential as follows:

1

Ne— — Net+ = 7M6T23
i (2-1-3)
ve — Mo, = ZHy T2-
n e n e 6//L e

We use following facts that i) n, = np/n, =~ 107! (n;, is the baryon to photon ratio) and ii) the
universe is neutral, i.e., ny, ~ n,- — n.+ to derive a relation as follows:

pe < T (2-1-4)

Therefore we neglect the chemical potential of e. Here we assume that the chemical potential of p,
is also negligible. Then the relation Eq. (2-1-2) becomes as follows:

o = 11y (2-1-5)



Meanwhile n and p are non-relativistic particles, and hence n, and n, are expressed as follows:

myT 3/2 my — [y
() [ ] 2
3/2
=2 () [ tn], e

Np Q _1-
e (7). o
Q =my —m,=1293 [MeV]. (2-1-9)

In this way, the weak interaction reactions fix the ratio between n,, and n,. We see from Egs. (2-1-8)
and (2-1-9) that the number density of n is smaller than that of p because the mass of n is larger
than that of p.

However the reaction rates of the exchange process between n and p decrease with decreasing the
temperature of the universe. When the reaction rates become smaller than the Hubble expansion
rate (H), n and p decouple from the thermal bath, and the ratio between n, and n, is frozen-
out. Here we show the temperature of the universe when the ratio is frozen-out. To do this, we
consider the reaction rate of the exchange processes between n and p. We obtain the reaction rate
by integrating the square amplitude of reaction process times the density in the phase space through
the all momentum of final state. For the conservation of the energy and the momentum, we put the
delta function in the calculation. For example, the reaction rate of inverse process of Eq.(2-1-1b) is
given by

d3p, d3p,
9E, 2E,

Tpe v = ﬁ / Fo(BO[ = Fu(BMPsn8(pp + e — Do — i) (2-1-10)

where f;(E;) is the density in the phase space, and E; and p; are the energy and four momentum of
particlei, respectively. Reaction amplitudes of Egs. (2-1-1a), (2-1-1b), and (2-1-1c) are proportional
to that of 8 decay, and hence expressed as follows,

IMJ? o GZ.(1 + 342), (2-1-11)

where G g is the fermi coupling constant and ga =~ 1.26 is the axial vector coupling constant.
The value both of () and electron mass determine the integral range. We here define following
physical parameters with no dimension for simplicity of the calculation.

q_Q e_Ee Z_mez_me
= 2 = =— 2, =—
Mme Me T’ T,’

(2-1-12)

where T}, is the temperature of the neutrino. Using the parameters, we give the reaction rate as
followings,

2 1 2Y,.5 [0 —o2Ve —1

Lo — w / P ) Ve( & (2.1-13)

27 q (14 e)(1 + ela—e)z)

The behavior in the limits of high or low temperature is given by,
2] 2Vm5 /T \°
% <> exp <—g> for T < Q,m,
™ Me

Fpe—»un - (2—1—14)

7
@w(l +3¢9%)GZT5 for T > Q,m.



We compare the reaction rate with the Hubble expansion rate to check which the system being in the
nuclear statistical equilibrium (NSE) or no NSE. Taking the fact that the universe was dominated
by radiation into account, we express the Hubble expansion rate as follows;
T2 T2
H ~1.66¢./*— ~ 55—, (2-1-15)
mp1 mpl
where g, is the sum of the freedom degree of relativistic particles, mpi(= 1.22 x 10 GeV) is the
planck mass. Using Eq. (2-1-14) and (2-1-15), we obtain the ratio given by

r T \°
H - \08Mev) - (21-16)

We see from the equation that the exchange processes occur rapidly when the temperature of the
universe is higher than 0.8 MeV, and hence the ratio of number density between p and n is as same
as that in NSE. On the other hand, when the temperature of the universe is lower than 0.8 MeV,
the exchange processes between n and p become frozen-out, and then the ratio is fixed. Left panel in
Fig.2.1 shows I',,_,,, and H as a function of T', and right panel shows the ratio n,,/n, as a function of
T. At the T = 0.1 MeV, n-p ratio is about 1/7. Almost all n at the temperature make the *He, and
hence the abundance of “*He, Y = ppe /pv (here pp is the density of He, and py, is that of baryon)
finally become as follows:

2(nn/n
y = 20n/m) o5 (2-1-17)
14 nn/nyp
n-p ratio
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Figure 2.1: Left panel:T',_,, and H as a function of T. Right panel:The ratio n,/n, as a function
of T.

2.2 Deuteron synthesis

We can make a rough estimation for the last abundance of He. However we must know the mechanism
of deuteron synthesis to make a accurate estimation. Deuteron synthesis is needed to occur helium
synthesis.

The fusion of n and p forms the d.

p+n—d+ry (2-2-1)

The binding energy of d, E; is 2.22 MeV, and hence photon with energy > E,; can break a d into
its component n and p.



From now on, we show a rough estimation for the relative numbers density of p, n, and d and
derive the starting temperature of deuteron synthesis T;. Here we define T, as the temperature at
which ng/n, =1

Firstly we express the number density of d like Egs. (2-1-6) and (2-1-7) as follows:

3/2
mgl ( md)
- ——2). 2-2-2
ng =3 ( 5 ) exp (=75 ( )
Using Eqs.(2-1-6), (2-1-7) and (2-2-2), we show the relative numbers density of p, n, and d as follows:
3/2
ng s Ed
= —@ 2-9-
NpNy, 0 (mnT) P ( T ) ’ (2-2:3)

where we approximate m, = mgq/2 = m,,.
Next we show the T,. As long as the Eq. (2-2-3) holds true, d - n ratio is expressed as follows:

3/2
nq 7T Ed
nin = 6np <M) exp <T> ; (2—2—4)

We can write the d-n ratio as a function of T and the 7 if we make some simple assumptions. We
see from the Fig. 2.1 that n-p ratio is 0.2 when the exchange processes are frozen-out. Using the
fact, we approximate n,, as follows:

ny, =~ 0.8ny, = 0.8nyn., = 0.8n, [0.2437°] (2-2-5)
Substituting Eq. (2-2-5) into Eq. (2-2-4), we find that the d-n ratio is a relatively simple function
of T 52
Nng T Ed
-~ ~6. — — 2-2-
- 6.5m (mn) exp<T> (2-2-6)
The temperature T, of deuteron synthesis can be found by solving the equation.
T \*? E
1 ~6.5m (mn) exp (Td) (2-2-7)

With m,, = 939.6 MeV, E; = 2.22 MeV, and 1, = 6.05x1071°, the temperature of deuteron synthesis
is T; ~ 0.070 MeV. Therefore, when the temperature of the universe decreases to 0.070 MeV, the
abundance of d rapidly increases and then the helium synthes is ready to start.

2.3 Beyond Deuteron

The d-n ratio does not remain indefinitely at the equilibrium value given by Eq. (2-2-6). Once a
significant amount of d forms, many possible nuclear reactions are available. For example, d reacts
with p to form 3He:

d+p <> He + 7, (2-3-1)

Alternatively, d also reacts with n to form *H, also known as ¢:
d+n—t+7, (2-3-2)

Triton is unstable;it spontaneously decays to *He as(t —3 He + e + ). However, the decay time
of t is approximately 18 year ; during the brief time that BBN lasts, tcan be regarded as effectively
stable.

Deuteron also reacts with each other to form *He:

d+d —* He + . (2-3-3)



Table 2.1: Binding energy and freedom

AZ BA [MeV] aga

d 2.22 3
t 6.92 2
SHe 7.72 2
1He 28.3 1
2C 92.2 1

However, it is more likely that the interaction of two d will end in the formation of ¢ or *He as
follows:
d+d—t+p,, (2-3-4)
d+d <> He + n. (2-3-5)
A large amount of t or *He is never present during the BBN era. Soon after they are formed, they
are converted to *He by reactions such as
t+p e’ Het,
SHe + p —* He + 7,
t +d —* He + n,
3He 4 p «* He + p.
All reactions from Eq. (2-3-1) to Eq. (2-3-7) does not involve neutrinos; they involve the strong
nuclear force, and have large cross-sections and fast reaction rates. Thus, once nucleosynthesis
begins, d, t, and 3He are all efficiently converted to *He.
Once “He is reached, however, the orderly march of nucleosynthesis to heavier and heavier nuclei
reaches a roadblock. For such a light nucleus, *he is exceptionally tightly bound, as shown at
Tab.2.1. By contrast, there are no stable nuclei with A = 5. 5He and °Li are not stable nuclei.

Thus, “He is resistant to destruct by p and n. Small amounts of Li and “Li, the two stable isotopes
of lithium, are made by reactions such as

‘He + d <5 Li+ 1+, (2-3-10)
‘He+t <" Li+ 1. (2-3-11)

In addition, small amounts of "Be are made by reactions such as
*He +° He <7 Be + 1. (2-3-12)

The synthesis of nuclei with A > 7 is hindered by the absence of stable nuclei with A = 8. For
example, if®Be is made by the reaction

‘He +* He — ®Be, (2-3-13)

then the ®Be nucleus falls back apart into a pair of *He nuclei with a decay time of only 7 = 3x 107165,

2.4 SBBN reaction network

Figure.2.2 shows the output of the SBBN reaction network [56]. We obtain this time evolution of
number density of each nucleus by solving the set of Boltzmann equations on the abundances of the
different species,
dy;
dt

dy;
T

—H(T)T

(LY + i Y Yr + ..0), (2-4-1)



where Y; = n;/ny, are the time ¢(or temperature T')-dependent ratios between the number density n;
and the baryon number density ny, of light elements i = p,n, d,* He, and so on. The I';;... represent
generalized rates for element internal conversion and decay that can be determined in experiments
and/or inferred from theoretical calculations. H(T') is the temperature dependent Hubble expansion
rate.

The full form of the Boltzmann equations should be given in terms of particle distribution func-
tions over energy and momenta. However, in practice, the system of Eq. (2-4-1), which assumes
thermal distributions for nuclei, provides an excellent approximation because the frequent interac-
tions with the numerous vs and e*s in the plasma keep the light elements tightly coupled to the
radiation field. The dependence of H(T') on the temperature of the primordial plasma can be further
specified; ,

3 1/2
H(T) = T2 (&T‘SBQV) ,  whereg. = gboson + ggfermionv (2-4—2)
where the gs denote the excited relativistic degrees of freedom. This expression needs to be
interpolated across the electron-positron annihilation epoch, in which the photon bath is heated
with respect to the neutrino reservoir. The neutrinos maintain a quasi-thermal spectrum with

temperature
4 1/3
T,/ ~ (11> T’7 (2—4—3)

in the approximation of full neutrino decoupling at the time of electron-positron annihilation[with
small calculable corrections] Following e* annihilation, the Hubble rate is given by H(T) ~ T¢ /(2 x
178s), where Ty denotes the photon temperature T in units of 10° K.

Beginning from the earliest times, the following sequence of of events occurs:

a) the chemical decoupling of neutrinos from the thermal bath,

(c
(d

(a)

(b) the annihilation of electrons and positrons,
) the freeze-out of neutrons and photons,
)

an intermission” between the n/p freeze-out and the deuteron ignition at the end of the “bot-
tleneck”,

(e) helium synthesis at Ty ~ 0.85 (70keV), and

(f) a follow-up stage in which the main nuclear reactions gradually drop out of equilibrium and
the abundances of all light elements freeze out.

We explain the Figure from now on. Initially, at T > 10°K, almost aall baryon is in the form of
free p and n. As the deuteron density increases upward, however, the point is eventually reached
where significant amounts of ¢, >He, and *He are formed. By the time the temperature has dropped
to T ~ x10%K, at t ~ 600sec, BBN is essentially over. Nearly all the baryons are in the form of free
p or “He nuclei. The small residue of free n decays into p. Small amounts of d, ¢, and 3He are left
over, a tribute to the incomplete nature of BBN. (¢ later decays to *He.) Very small amounts of 5Li,
"Li, and "Be are made. ("Be is later converted to "Li by electron capture:"Be + e~ — Li + v,.)
The freeze-out abundances are given by the horizontal lines on the right-hand side of the graph.
Although some neutrons are still generated by residual deuteron (d) fusion below Ty ~ 0.1 (10keV),
they are too few in number to cause any further change in the elemental abundances.

Fig. 2.3 shows the abundance of *He (mass fraction), d, >He and “Li (in number of atoms rel-
ative to H) as a function of the baryonic density. The thickness of the curves reflect the nuclear
uncertainties. They were obtained by a Monte-Carlo calculation using for the nuclear rate uncer-
tainties those obtained by [69] with the notable exception of *He(a,~)"Be [70] and 'H(n,~)d[71].
The horizontal lines represent the limits on the “He, d, and “Li primordial abundances deduced
from spectroscopic observations. The vertical stripe represents the baryonic density deduced from



0.1 1 10 100 1000 104 10° 108
LAY LI SELFURRLE ™| T REURESAA | LT S B | U R R | USSR AR | LSS UL AR | USSR SRR |
D b.n
H }
1 F —— =
............ e — Y,
1072 | | SBBN f.o. -
\ —_—
1074
106
10~8
10710
10—12
10—-14
1000 100 10 1
T /keV

Figure 2.2: Time and temperature evolution of all standard BBN (SBBN) relevant nuclear abun-
dances. The vertical arrow indicates the moment at Ty; ~ 0.85 at which most of the helium nuclei
are synthesized. The gray vertical bands indicate main BBN stages. From left to right: neutrino
decoupling, electron-positron annihilation and n/p freeze-out, d bottleneck, and freeze-out of all
nuclear reactions. Proton (p) and neutron (n) are fiven relative to ny, whereas Y, denotes the ‘He
mass fraction [56].

CMB observations.[72]. The concordance between BBN and observations is in perfect agreement for
deuteron. Considering the large uncertainty associated with “He observations, the agreement with
CMB+BBN is fair. The calculated *He values is close to its galactic value showing that its abun-
dance has little changed during galactic chemical evolution. On the contrary, the “Li, CMB+BBN
calculated abundance is significantly higher than the spectroscopic observations:from a factor of
~ 3 [73] when using the Descouvemont et al. library [69] only and the Ryan et al. observations [74]
(dotted lines in lower panel of Fig. 2.3), to a factor of ~ 5[75, 76] when using the new rates and Li
observations [77]. Table 2.4 displays the comparison between BBN abundances deduced from the
WMAP results and the spectroscopic observation. The origin of this lithium discrepancy between
CMB+BBN and spectroscopic observations remains an open question. Note also that with the new
determination of *He primordial abundances [78, 79], the agreement for “He becomes marginal. As
shown on the figure, and increase of the rate of expansion of the universe during BBN (simulated
by an additional effective neutrino family) would improve the situation.
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Figure 2.3: Abundances of *He (mass fraction), d, *He and “Li (by number relative to p) as a

function of the baryon to photon ratio 7, showing

e effect of nuclear uncertainties [76]. The vertical

stripe corresponds to the WMAP baryonic density while the horizontal area represent the adopted
primordial abundances (dotted lines those adopted in CV10 [76]). The dashed curves represent
previous calculations[73] before the re-evaluatioin [70] of the *He(c,y)"Be rate. The dot-dashed

lines correspond to 4 effective neutrino families.



Table 2.2: Yields at WMAP baryonic density compared to observations.

Cyburt et al 2008 [75] CV10 [76] Observations Factor

THe 0.2486 + 0.0002 0.2476 +0.0004  0.2534 & 0.0083 [79]  x10°
d/p 2.49 +0.17 2.68 +0.15 3.02 4 0.23 [80] x107°
3He/p 1.00 £ 0.07 1.05 4 0.04 1.14+0.2 [81] x10-5
Li/p 524971 5.14 £ 0.50 1.58 £ 0.31 [77] x10~10

12



Chapter 3

Stau BBIN Scenario

In this chapter we review the Stau BBN scenario. We simultaneously solve the Lithium Problem
and the relic abundance of the dark matter in this scenario as follows.

The Standard Model extended with supersymmetry(SUSY) is one of the models that can ac-
commodate long-lived charged massive particles (CHAMPs). With the R-Parity conservation, the
lightest SUSY particle (LSP) is stable and become a cold dark matter. Interestingly, it can offer a
long-lived CHAMPs if the LSP is the bino-like neutralino, x9. Coannihilation mechanism is required
to account for the dark matter abundance in this case [114], where the LSP and the next-lightest
SUSY particle (NLSP) are almost degenerate in mass. Staus can acquire a long lifetime when the
mass difference with the LSP is less than the mass of tau lepton. If the stau lives long sufficient to
survive until the BBN era, the staus has an influence on the abundance of light elements through
exotic nuclear reactions. The influence depends on the character of the stau, and the character
depends on the MSSM parameter space. Therefore we solve the Litium problem and explain the
relic abundance of the dark matter by choosing the allowed region in MSSM parameter space.

The outline of this chapter is as follows. In Sec. 3.1 we explain the mechanism of the longevity of
the stau. Here we show the analytical equation for the decay of the stau and the dependence of the
lifetime of the stau on the mass difference. In Sec. 3.2, we explain how to calculate the bound energy
between a stau and nucleus, the cross section and reaction rate for forming the bound state. In this
scenario the exotic nuclear reaction happens through the bound state, and hence these calcularion
is important. In Sec. 3.3, we review the mechanism of the exotic nuclear reactions. The long-lived
stau forms bound state with light nuclei, and then change the nuclei to other nuclei. We calculate
the decay rate of these exotic nuclear reactions and show the timescales. In Sec. 3.4 we calculate the
relic density of stau at the beginning of the BBN era. We put constraints on the parameter space
of MSSM by connecting the calculation of the relic density of stau to the observation of the light
elements abundance, which strongly depends on the relic density of stau.

3.1 Long lived stau

In this section, we show analytical calculation for the lifetime of the stau and numerical results of
the lifetime [29]. The stau is a mass eigenstate consisting of superpartner pf left- and right-hand
taus. The relation between a mass eigenstate and a gauge eigenstate is given as follows,

T\ cos 6 sin 0,e"rr 1
(f’p) o (—sin@Te_”T cos 0, T )’ (3-1-1)
where 0. is mixing angle, v, is CP violating phase, and 7y(3) is the lighter (heavier) stau. We
represent the lighter stau as 7 in this paper, and the stau is expressed by 71, 7r as follows,

7 = cos 0,7, + sin e " 7g. (3-1-2)
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The decay modes of the stau governed by the mass difference between the stau and the neutralino,
according to the kinematics. In this paper we interested in the small mass difference, we consider
following four decay modes and show the diagrams in Fig.3.1.

FoxXi+T,
F= O +uv+, (3-1-3)
Fe v +l+y (e,pel)

74 7
(a) (b) (c)

Figure 3.1: Feynmann diagrams of stau decay:(a)7 — xJ7, (b)7 — x{v,m, ()7 — X{v iy,
The interaction Lagrangian describing the stau decay is given by
0 4Gy - _
L=7X3(9.Pr + gr + Pr)T + \/iGFV-,—’yMPLTJM + W(ZVMPLW)(VT’YMPLT) + h.c. (3-1-4)

The first, second, and third terms describe decay mode of two, three, and four body, respectively.
Here P; and Pg are the projection operators, G is the Fermi constant, and gy and gr are the
coupling constants given by

- g
gL V2 cos Oy

where ¢ is the weak coupling constant and 0y is the Weinberg angle. The expression of J# is given
by

29 sin Oy sin 0, €7, (3-1-5)

sin @y, cosb,, gr=
cos Oy

JH" = fr cosO.ph, (3-1-6)
where fr >~ 92.4 GeV is the pion decay constant, 6, ~ 0.974 is the Cabibbo angle, and p# is the four
momentum of the pion.

Using the interaction Lagrangian, we obtain the decay rates for the two body as follows,

1
Lo body = m(mi + m;lz(l) +mi — QmEmfz? —2mim? — mez(l)mi)l/2 .
2 2Y(,0,2 2 2
x {(g% + lgnl*)(m2 — m2y — m2) — 4Re[grglm,myg |
For 3-body decay, the decay rate is given by
GEfx cos 0Z((dm)? —m3)

I3 body = -

12875 m2

1 (¢F —m3)?

« /0 dac\/((5m)2—Q?)(((sm"‘Qmi?)Q_ql%)(q)%—mT)QJr(mTFT)Q a;

% (g3 = m2) [(g33 + lgn|*m?)((5m)? + 2mgdm — g3) — ARelgrgrlm gmeaz] -
(3-1-8)
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Here qj% is given by
qf = (6m)* — ((6m)* — m)a, (3-1-9)

where the index f > 7, e, u denotes a massive particle, except for the neutralino, in the final state,
f = 7 in the three body decay. I'; is the decay width.
In the 4-body decay processes, the decay rate is given by

GE((0m)? —mf)

F _ =
A-body 24(2m)5m?
/ dx\/ ((0m)? — q7)((6m + 2my0)? —q?) ! !
! (qj% —m3?)? + (m.I';) ;lf
. (3-1-10)
XHﬂﬁﬁH%mMWW+%wM ) = Relgsgalmsgmr ;|
2
X {12mzq log [fg +(qp —mi)(a} — 8miq} + m?)} ]
m;
where | = e, u and q; is given by Eq.(3-1-9).
[T T
1015 11 T
; total —

electron — —

1010 e : ,,,,,,,,,,,,,,,, ..... Pl .

105 | . ,,,,,,,,,,,,,, ...............................................

lifetime (s)
=
(&)

Sm (GeV)

Figure 3.2: Total lifetime and partial lifetimes of each decay mode as a function of §m. The lines label
electron, muon, pion, and tau correspond to the processes ¥ — YJev, v, 7 — )Z(l),uVTDH, 7 — v,
and 7 — 7, respectively. Here we take mgo = 300 GeV, 0, =7/3, and v, = 0.

We show the total lifetime and partial lifetimes of each decay mode of the stau as a function of
om. Here we take mgo = 300 GeV, 0, = /3, and v, = 0. It is important to emphasize here that
the lifetime is increases drastically with increasing dm. The 2-body decay is kinematically allowed

in the region with dm > m,, and the 2-body decay rate is lager than the 3/4 body decay rate. In the
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region with dm < m., the 2-body decay is kinematically forbidden, and hence the stau must decay
into mainly 3-body, 7 — YJv,m. Thus, a discontinuity is at §m = m, and the life time drastically
increase in 0m < m,. At the dm = m, the lifetime increases slightly. This is due to the fact
that the dominant mode changes from 3-body to 4-body decay. In contrast, the life time does not
increase much at m = m,, even though the decay mode of 7 — )2(1);11/7.17# is kinematically forbidden
in 6m < m,. This is because the muon production processes is already kinematically suppressed
and the electron production processes govern the stau decay.

Here we also point that the lifetime of the stau is larger than 10® seconds in the region with
ém < 0.1 GeV. The values are important for stau-BBN scenario as we explained later.

3.2 Formation of stau-nucleus bound states

As we explain in sec.(3.1), the stau become long lived if the mass difference is smaller than the mass
of tau lepton. In the case that the stau survives until the BBN era, the stau forms bound state with
nucleus. Through the bound state, the stau induce exotic nuclear reactions.

In this section, we firstly review mechanism for formation of stau-nucleus bound state [34]. We
show capture rate of stau for nucleus, universe temperature at which a bound state is formed. Next,
we explain exotic nuclear reactions induced by the stau. We numerically estimate time scale of these
reactions. taking into account of the time scales, we show the allowed region in parameter space of
stau where calculated abundances of light element is consistent with the observed values.

3.2.1 Evaluation of binding energy

If the stau survive in BBN era, the stau forms bound state with nucleus. Assuming uniform charge
distribution in side the light element, we review the calculation for binding energy of the bound
state.

Hamiltonian for a stau and a nucleus is given as follows,

2 ZvZ.a  ZxZ. 2
b zx2ea, 2x a(r) for (r < rx),

H— 277’%)( 2rx 2rx rx (3-2-1)
p ZXan
- for (r > rx),
2mx r

where « is the fine structure constant, ry ~ 1.2/11/3/200Me\/_1 is the nuclear radius, Zx is the
electric charge of the nucleus, and Z,. is the electric charge of the stau. A is the atomic number,
and mx is the mass of the nucleus X. Here we assumed mx < m. ~ O(100)GeV, which means the
reduced mass 1/pu=1/m.+ 1/mx ~1/mx.

Given hamiltonian as eq.(3-2-1), the binding energy for the bound state is given as follows,

1
§Z§(Z62a2m§( for 0 < ZxZ.amxrx <1,

X \mxrx
3[szca 1 <ZXZCa

1 1
Fpn ~ { — ( F(ZXZCaerX)> forl < ZxZ.amxrx < 2, (3-2-2)

2

In this way, the expressions for the binding energy are different each others. This is because approx-
imation used in calculation is different. For 0 < 0 < ZxZ.amxrx < 1, the Coulomb model gives
a good approximation. On the other hand, the harmonic oscillator approximation gives a better
approximation for 2 < ZxZ.amxryxy < oo. We see from the above equations that the binding
energies depends on charge, radius of each nucleus, and the mass of nucleus.

Table.3.1 shows the nuclear radius, the nuclear mass excess, the nuclear mass, and the binding
energy. The nuclear mass and mass excess are expressed by using atomic mass unit as follows,

mx = Au+ Ax, (3-2-3)

)} for 2 < ZxZ.amxrx < oo,

X rx \mxrx

16



Table 3.1: parameters

X Zx rx(fm/GeV7) ax(fm/GeV™1) Ax(1073GeV) mx(GeV) Epin(MeV)
p 1 1.200/6.081 28.80/146.0 7.289 0.9388 0.025
d 1 1.512/7.662 14.41/73.04 13.14 1.876 0.050
t 1 1.731/8.772 9.625/48.78 14.95 2.809 0.075
3He 2 1.731/8.772 4.813/24.39 14.93 2.809 0.270
THe 2 1.905/9.654 3.626/18.38 2.425 3728 0311
5He 2 2.181/11.05 2.412/12.22 17.59 5.607 0.597
SLi 3 2.181/11.05 1.609/8.153 14.09 5.603 0.014
14 3 2.296/11.64 1.379/6.989 14.91 6.535 0.952
"Be 4 2.296/11.64 1.034/5.241 15.77 6.536 1.490
SBe 4 2.400/12.16  0.9066/4.594 1.942 7457 1.550

where A is the mass number. The Bohr radius of each nucleus is expressed as follows,

Me

ax agp. (3-2-4)

Zmred

Here m, is the mass of electron, ag is the Bohr radius of the hydrogen, ap = 0.52918 x 10~ 1%m

3.2.2 Recombination Cross Section

We describe the equation for the recombination cross section from the free state to the 1S bound
state. In this evaluation, we assume a hydrogen-type bound state through a dipole photon emission[82]
and a point like particle for the captured light element. The cross section is expressed as follows,

2FEbin -1 [ mxv?
mxv2 tan ( 2FEhin

2FEbin
mxv?

2°120Z% Fuin (
op =

Eyin )2 eXp [_4
3 m3.v

1
Epin + imXUQ 1—exp [727r (3-2-5)

N 2971'204Z§( Frin

4 30
3e mxv

where v is the relative velocity of a stau and a nucleus. Note that we have mxv?/2 ~ 3T/2 >
Ey;in for NR particles in kinetic equilibrium. Here we use the Coulomb model (hydrogen type) to
evaluate the capture rate, where the binding energy Fyi, = a?Z2Z%mx /2 and the Bohr radius
T‘El >~ aZCZXmX.

The thermal-averaged cross section is written as

2
1 g 3 3 Ei+ Ey
d°pld - oy
nins ((27r)3> / pla paexp [ T orv

1 ) ? 3 ma PQG / 3,3 v}
_ < _ i I 3-2-6
ngn, ((27r)3) /d Paexp [ T } eXP 2meT d"prorvexp 2uT ( )

297rozZ§( V2 FErin
3et m3v/mxT’

where mg = m1 +mg and p = mxme/(mx + me) ~ mx with

<UTU>

2
g 3 mg Pg
- d {_ } N ’
nG (2w)3/ PG exp |~ eXp{ 2mgT}
2
g 3 pr
d’p, - .
(27r)3/ ! exp{ M}
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Here we have assumed that only one stau is captured by a nucleus. Since the photon emission from
a stau is suppressed, the recombination cross section for the further capture of an additional stau
by the bound state would be much smaller. Therefore, as a first step, it would reasonable to ignore
the multiple capture of staus by a nucleus.

3.2.3 Boltzmann equations

We firstly consider the case in which the kinetic and chemical equilibrium between the staus and
the nuclei are not established. Here we must solve the Boltzmann equations for the staus, a nucleus
and a bound states to obtain the number density. For staus,

0 0
— H = | — _2_
gi'c +3Hne [at”Cmem’ (3-2:8)

where H is the Hubble expansion rate. For a nucleus,

0 0 0
—nx +3Hnyx = {nx} + {nx] (3-2-9)
ot ot fusion ot capture
For the bound state,
0 0 0
= H = | = — | = -2-1
atn(c,X) 3 n(C7X) |:atn(07X):| fusion |:8t nc:| capture (3 0)

By using the detailed balance relation between the forward process X + C — v + (X,C) an the
reverse process v + (X,C) — X 4 C, the capture reaction may be written by

0 0
—ny = |=nc ~ —(o,0)[nenx —ne,xny(E > Eyin)l, (3-2-11)
6t capture 8t capture
where 5 5
T mx Epin
E> Euy) = ny—— (—) _ Dhbing 3-2-12
and 2(3)
_ 3
ny=—5 T (3-2-13)
For a light element, if (o, v)nc/H < 1 is satisfied and the kinetic equilibrium is well established, we
can get the Saha equation by requiring an equilibrium condition {n X] = 0 in this equation.
capture

When the temperature is higher than the binding energy of light nucleus, the destruction rate of
the bound states by scatterings off the thermal photons with E > FEj, is rapid. Then only a small
fraction of bound states can be formed, n(c x) ~ ncnx /1y (E > Epin) > nx. Once the temperature
becomes lower than the binding energy, the capture starts, and the bound state becomes stable if
the other destruction processes among the nuclei are inefficient. The critical temperature at which
the capture becomes efficient is estimated as follows. In the case of nx > n¢, taking nc ~ n(c x),
we get a relation

3/2 I in
(me) exp {— = } ~ %X — O(10719). (3-2-14)
Y

On the other hand, in the case of nx < n¢, taking nx ~ n(c x), we have

mx \3/2 Eyin nc 10y [ 100GeV Qc
=X - ~ 2 o ) (e 2-1
( T ) exp{ T } .y O™ —he 0.23)° (3-2-15)

where ()¢ is the abundance of the stau.
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This analysis shows that the critical temperature is approximately

. Ebin

T, ~ -2-1
10 (3-2-16)

The number density of the bound state is calculated by solving the Boltzmann equations. Fig-
ure.3.3 shows the evolution of the bound ratios of “He,” Li and "Be as a function of the universe
temperature of T' [45]. Here we defined the bound ratio as ne x)/nx. The value of Yz pr is the
yield value of staus at the time of the formation of the bound state with nuclei tgr. The value of
Y: pr is expressed by the yield value of the stau at the freeze-out time and the lifetime of the stau
as follows,

Yz Br = Y7 ro exp [—tiF] ; (3-2-17)
where 7z is the lifetime of the stau.

We see from this figure that the critical temperature is different in case of *He, "Li, and "Be.
We estimate the critical temperature by using eq.(3-2-16) and Tab.3.1 as follows,

E in|He

T, |pe ~ 7'040|H = 7.8keV,
Epin|Li

Te|ui ~ b4O|L = 23.8keV, (3-2-18)
E in

Tc|Be ~ b40|Be = 373keV,

and these values mainly depend on the charge number of nucleus.

(A) Age of the Universe / [sec] B Age of the Universe / [sec] C) Age of the Universe / [sec]
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Figure 3.3: Evolution of the bound ratio of the nuclei *He,” Be, and “Li. We vary the abundance
of the stau at the time of the formation of the bound state from 107'° to 107! in each figure.
In Fig.3.3(a), we also plotted lines corresponding curves predicted using the Saha equation for
reference [45].

3.3 Exotic Nuclear Reactions

We explain exotic nuclear reactions induced by the long lived stau. We take into account following
three reactions;

e Stau-Catalyzed Fusion Reaction [33, 37],

e Internal Conversion Reaction [40],
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e “He Spallation Reactions [58].

In following subsections, we show how to calculate timescale of these reactions in details.

3.3.1 Stau-Catalayzed Fusion

Lithium 6 is produced by following reactions in Standard BBN scenario,
He+d —°Li++. (3-3-1)

The reaction rate is smaller than those of reactions producing other light elements.
If the stau has sufficient lifetime to survive the BBN era, the stau makes bound state with *He
and then reacts with d as follows,
(7*He) +d —° Li + 1. (3-3-2)

Here the stau act as catalyst and enhance the reaction rate about six times larger than that of
Eq.(3-3-1). The cross section of the reaction Eq.(3-3-2) is expressed as follows,
_2 _1 .
Na{ocpv) = 2.37 x 10% x (1 — 0.34T) Ty *exp (75.33T9 3) [em®s ™ mol], (3-3-3)

where N4 is the Avogadro constant and Ty is dimensionless quantity defined as follows,

T

To = 15

(3-3-4)

3.3.2 Internal Conversions

When a stau forms a bound state with a nucleus, the bound state decays through as follows,

74+ "Be — (7"Be) — X0 + v, +7 Li,

3-3-5
74 "Li — (77Li) — ¥ + v, +7 He. (8-3-5)

Fig.(3.3.2) show these reactions.

X° v, TLi(He)

7 "Be (7Li)

bound state

Figure 3.4: The Feynmann diagrams of internal conversion of "Be ("Li).
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After these reactions, “Li and 7 He are broken to another particles due to a reaction with back
ground particles.
The reaction rates of Egs. (3-3-5) is given by

T = [U%o1c0, (3-3-6)

where [)|? expresses the overlap of the wave function between a stau and a nucleus. When we
assume that the bound state is in S-state of hydrogen-like atom, the overlap of the wave function is
expressed as follows,

1
2
91" = —5

p— (3-3-7)

where rx is a nuclear radius and ojcv is a cross section of the reactions. The cross secton is fiven
by

/ dLIPS| (X907 Li| Line |7 Be)|?

gicv =

2B;2EBe (3-3-8)
x (27)*6™ (ps + ppe — Pxo — Pu, — PLi)-
where 2
dLips = [ (%)ﬁ (3-3-9)

,and i € X{,v,,” Li in the case.
We calculate the reaction rates of Eqgs. (3-3-5) by using the Lagrangian in Eq. (3-1-4). The
squared amplitude in the Eq. (3-3-8) is expressed as follows

(XOVTLA| Line |7 Be) = ("Li| .| "Be) (Xvr |7 X0 (9L Pr + 9rPr)T X V2Gru, A" Pr7|7).  (3-3-10)
Here the matrix element of the hadronic part is given by

1 +3¢%)167° B Erilogy2 1

713 7 2 _ (
(Ll Be) = i .

(3-3-11)

where we fixes ft = 1033 sec. In thsi equation, we approximately calculate only temr of © = 0 and
we omit other terms. Then we calculate the matrix element of the leptonic part as follows

4m>”<(1’G1~2“|9R‘2EvT

(v 17X (gL PL + grPr)™ % V2Gypu 4" Purl|F) = — (3-3-12)
We calculate the cross section of the reactions by using these equations as follows,
_ (1 + 39124)2‘9R|210g102 p{/{ax 1
oIcv = CYNCIR.
105 mzmimi,m2 ft (3-3-13)

PMax = \/szi(mi— — Mg + MBe — ML — FEbin:Be)

These reactions occur more efficiently than standard nuclear reactions due to two reasons: i) the
overlap of the wave functions of the two becomes large since the stau and particle are packed in the
small space, ii) the small difference between the two allows virtual exchange of the hadronic current
even if odm < m.;.

We show the timescales of internal conversion processes as the function of § m in Fig.(3.5). We
see from the figure that the timescales in dm ~ 1.0(0.1) GeV is about 1075(1073) sec. Meanwhile
the timescales of forming bound state between the stau and "Li/"Be are about 10® sec. From the
fact we see that the bound state is broken to other state soon after forming.
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Figure 3.5: The timescales of internal conversion processes as the function of § m. Left pane;:
(7"Be) — X! + vr +7 Li, right panel:(77Li) — X{ + v, +7 He. We take mgo = 300GeV, 0, = /3,
and v, = 0 in both figures.

3.3.3 “He Spallation Reactions

The exotic nuclear reaction through the bound state between stau-*He is not only the 5Li catalyzed
fusion reaction. The bound state, (7*He), is also broken to other states as follows,

(7*He) — XV + v +t 41, (3-3-14a)
(7*He) — X + v, +d +n+n, (3-3-14b)
(7*He) — XV + v, +p+n+n+n. (3-3-14c¢)

These reactions are expressed as Fig. 3.6. The reaction rates of Eq. (3-3-14) are calculated from

Figure 3.6: The spallation processes of *He induced by the long-lived stau.

the Lagrangian in Eq. (3-1-4).

22



(7*He) —» X! + v, +t+n
First we consider the process Eq. (3-3-14a). The rate of this process is expressed as

1
Lin = — = [Y o (3-3-15)

tn

where || stands for the overlap of the wave functions of the stau and the *He nucleus, and 7, is
the timescale of this reaction. We estimate the overlap by

(Zampe)?

[Wl* = (3-3-16)

™

where Z and mpye represent the atomic number and the mass of *He, respectively, and « is the fine
structure constant. We assumed that the stau is pointlike particle and is much heavier than *He
nucleus so that the reduced mass of the bound state is equal to the mass of *He nucleus itself. The
cross section of the elementary process for this reaction is denoted by sigma,v and calculated as

Otn = Jv( 7#He) — X\ tn)

/ dgpu & pi? dSqn dBQt
T 2F- 2m)32E, (2m)32E50 (2m)3 (2m)3 (3-3-17)

x |M((7*He) — {v,tn)|?
x (2m)*6™ (pz + PHe — Py — @& — u)-

Here p; and E; are the momentum and the energy of the particle species i, respectively.
We briefly show the calculation of the amplitude of this process. The amplitude is deconstructed
as

M((7*He) — Vv tn) = (tnx v, | Ling| *HeT)

3-3-18
— (tnl*[PHe) (0, 1,17 (3-418)

Here we omitted the delta function for the momentum conservation and the spatial integral . The
weak current J, consists of a vector current V), and an axial vector current A, as J, =V, +gad,,
where ga is the axial coupling constant. The relevant components of the currents in this reaction
are V0 and A (i = 1,2, 3). We take these operators as a sum of a single-nucleon operators as

ZT* e, Zr olelaTe (3-3-19)

where q is the momentum carried by the current, r, is the spatial coordinate of the a—th nucleon
(a € {1,2,3,4}), and 7, and o, denote the isospin ladder operator and the spin operator of the
a—th nucleon, respectively. Each component leads to a part of hadronic matrix element:

tn(tn|V°[*He) = vV2Min, (3-3-20)
(tn|ga A™[*He) = v2ga M, (3-3-21)
(tn|ga AT |'He) = —v2ga M, (3-3-22)
(tn|ga A°|*He) = —v/2gA M, (3-3-23)

where A* = (A! +iA?)/\/2. Given the relevant wave functions of a “He nucleus, a triton, and a
neutron, we obtain the hadronic matrix element as

My, — (128w chaf> )3/4 {exp [ a? ]exp { @ <qt+qn>2]} (3-3.24)

3 (ame + at)? 3aHe 3age 6(ame + at)
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Table 3.2: Input values of the matter radius Ry, for d, t, and “He, the magnetic radius Rpyag for
p and n, nucleus mass mx, excess energy Ax for the nucleus X, and each reference.

nucleus  Riag(mag) [fm]/[GeV™!]  mx [GeV] Ax [GeV]

p 0.876 / 4.439 [83] 0.9383 [88] 6.778 x 10~3 [89]
n 0.873 / 4.424 [84] 0.9396 [88] 8.071 x 10~3 [89]
d 1.966 / 9.962 [85] 1.876 [89]  1.314 x 10~2 [89]
t 1.928 / 9.770 [86] 2.809 [89]  1.495 x 1072 [89]
1He 1.49 / 7.55 [87] 3.728 [89]  2.425 x 10~3 [89]

Here g; and @, are three-momenta of the triton and the neutron, respectively, and aye and a; are
related to the mean square matter radius Ry.; by

9 1 1 1

_3 = 3-3-25
16 (Rmat)%{e ' 2 (Rmat)‘% ( )

GHe

We list in Tab. 3.2 input values of the matter radius for the numerical calculation in this article.
The remaining part is straightforwardly calculated to be

m~0El,
[(X0vrljol ) ? = [(X1wr i |7) 1P = 4G%|QR|2%a (3-3-26)
meoF z
~ . ~ v py
(X7 = 4GE|gn|*— 25— (1 ¥ E) , (3-3-27)

where E), and p? are the energy and z—component of the momentum of the tau neutrino, respectively.
We assumed that the stau and the neutralino are non-relativistic. This equation includes not only
all the couplings such as G, g1, and gr, but also the effect of the virtual tau propagation in the
Fig. 3.6. Note here that g, coupling does not contribute. This is because the virtual tau ought to be
left-handed at the weak current, and it flips its chirality during the propagation since the transferred
momentum is much less than its mass.

Combining hadronic part with the other part, we obtain the squared amplitude as

8mcoG2|gr|?
|/\/l((7-4He) — X?VTtn)F — L'R'(l + 3gi)M§nEV (3—3—28)

m2
Integrating on the phase of the final states, we obtain the cross section as
8 32\
Ot = —5 <3> g* tan? Oy sin? 0, (1 + 3¢%4) G2
T 0
(3-3-29)

3/2 3
4 MMy Gy, a3

Y mem?2 (ame + ag)’

1 V1—s2
Iin = 12/ ds/ dt(1 —s* —t%)2st
0 0

1 kiky 2 k2 1 2 k2 1 k252 + k2t? 2 kiky
X { — st exp [—ttﬂ + S exp {— T i ] sinh [t st]

x A

Itna

6 age + Qg 3 aHe 4 3 aHe 3 ape + at 3 ayge + ay
1E2s% + k212 1 k22 + K227 . 1 kikn
—exp |—= - = sinh | - ———st }
3 AHe 6 ame + a¢ 3 aye + ay

(3-3-30)
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Here Ay, ki, and k,, are defined as
A = 0m + Ape — Ay — A, — By, (3-3-31)
ky == /2mi A, (3-3-32)
ko == V/2m Ay (3-3-33)

where Ay is the excess energy of the nucleus X, and Fj, is the binding energy of (7*He) system.

(7*He) - X! +v, +d+n+n

The rate of another spallation process of Eq. (3-3-14b) is similarly calculated. The cross section is
calculated to be

3/2
192 2 A mpMmq 2aq
TVann = —3 — g% tan? Oy sin® 0, G2 AL mam? (aHe(ad a2 Tann, (3-3-34)

where

1 V1—s2 V1—s2—t2
Idnn = / dS/ dt/ du(l — 82 — t2 — ’U,2)2
0 0 0

k3s? + 4k2u? knk
X {(1 + 397 aneks st?u exp {—W] sinh [ dsu]
GHe

GHe

3k2s2% + 2K2t2 + 2k242 1 knkq
—V2(1 + ¢2) amek stu® ex [— d = 2 ] h[ t}
(1+ ga)ax P dape V2 ane (3-3-35)
k2(2t2 +u?)  k3s% +2k32t2 1 kqk
+2V203 (ape + aq)kdstu? ex [— = —d = i — st
gA( H d) P 2aHe 4(aHe + ad) \/i aHe + Gq
— 16\[ 2 \/5aHe + 6ageaq + 2adk Su
X exp( Alkds — Aok?t? — Ask?u?)sinh(Aykqkyst) Sinh(Ag,kIQltu)}
Here Agnn, kd, kn and A;(i = 1 — 5) are defined as follows:
Adnn = 0m + Age — Ag — 27,
kn =V anAdnna
ka = v/2maQAdnn,
A = 4age + 3aq ’
8ane(aHe0a)
22a3;, + 44a?;.aq + 30amea? + Tad
Az =4 > ) (3-3-36)
ape(ane + aq)(5ajy, + anead + 2a3)
A = 8aHe + 9apeaq + 3ad
4ape(5a%, + ameaq + 2a3)’
1
Ay = —\/10a2 + 12ageaq + 462,
' dane(ape + aq) He et d
_ (ame + aq)?
As = 3 57
2ame(5agy, + 6ameaq + 2a3)
(7"He) » X} + v, +p+n+n+n
The cross section of spallation process of Eq. (3-3-14c¢) is calculated to be
3/2 5
8 (32 ) m
OVpnnn = — (a%) g° tan? Oy sin” 0, (1 + SQi)G%aHeA;nnnﬁ;ngnnn, (3-3-37)
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where

1 VI=s? VISP Nl
Tpnnn = / ds/ dt/ du/ dv(1 — 8% —t* —u? — v?)?st?uv®
0 0

0 0
1 k2 2k32 k2 k3
X {\@ exp [_2(111\;(382 + 1%+ 2u2)} sinh [\{;{CN su] — exp [—261]1\;(382 +2+u+ ’U2):| sinh [ali su} }
(3-3-38)
where Apnnn and ky are defined as follows:
Apnnn = 0m + Ape — A, — 34, — By,
P te o (3-3-39)

kn = /2mNxApnnn.

In this calculation, we assumed proton and neutron have an identical kinetic energy, and then the
factor ky, and ky,, which are introduced to factorize their kinetic energies, are also identical. ky is
the identical factor, and here we took myx = my,.

3.3.4 Comparing the rate of spallation reaction with that of stau-catalyzed

fusion
1010 r
s | ; Mistau = 350GCV_
10 -
= 100t 8 . catalyzed fusion (T=30KeV) 1
3) 5
= 104} o Stay 1:
2 & ubfetfme
20
)
1t
—]
102 ¢
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Mass difference (GeV)

Figure 3.7: Timescale of spallation processes as a function of dm and the stau-catalyzed fusion at
the universe temperature 7' = 30keV [37]. The lifetime of free 7 (solid line) is also depicted. Here
we took mz = 350GeV, sinf, = 0.8, and ~, = 0.

We compare the rate of the spallation and that of the stau-catalyzed fusion. We first note that
the rate of stau-catalyzed fusion strongly depends on the temperature [37], and we fix the reference
temperature to be 30keV. Staus begin to form a bound state with “He at this temperature, which
corresponds to cosmic time of 103s. Thus the bound state is formed when the lifetime of staus is
longer than 103s.

Figure 3.7 shows the timescale of the spallation processes as a function of dm. The lifetime of
free stau is plotted by a solid line. We took the reference values of mz = 350GeV, sinf, = 0.8,
and v, = 0. The inverted rate of the stau-catalyzed fusion at the temperature of 30keV is also
shown by the horizontal dashed line. Once a bound state is formed, as long as the phase space
of spallation processes are open sufficiently that is dm 2 0.026GeV, those processes dominate over
other processes. There 7 property is constrained to evade the over-production of d and/or t. For
dm < 0.026GeV, the dominant process of (74He) is stau-catalyzed fusion, since the free 7 lifetime
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is longer than the timescale of stau-catalyzed fusion. Thus light gray region is forbidden due to the
over-production of SLi.

This interpretation of Fig.2 is not much altered by varying the parameters relevant with 7. First
cross sections of spallation processes are inversely proportional to msz, and then the timescale of
each process linearly increases as m; increases. Thus, even when m; is larger than m; = 350GeV
by up to a factor of ten, the region of 6Li over-production scarcely changes. Next we point out
that our result depend only mildly on the left-right mixing of the stau. Indeed, cross section of
the *He spallation is proportional to sin 6. Its order of magnitude will not change as long as the
right-handed component is significant.

3.4 Relic density of Stau at the BBN era

In this subsection, we calculate the relic density of stau at the BBN era. Firstly, we briefly review
the Boltzmann equations for the number density of stau and neutralino based on the thermal relic
scenario. Then, we discuss the number desnisty evolution of stau and neutralino quantitatively. In
subsec.3.4.2, we investigate the significant processes for the calculation of the relic density of stau.
Finally, we obtain the Boltzmann equations for the relic density of stau in a convenient form.

3.4.1 Boltzmann equations for the number density evolution of stau and
neutralino

In this subsubsection, we show the Boltzmann equations of stau and neutralino.

We are interested in the relic density of stau in the coannihilation scenario. In this scenario, stau
and neutralino are quasi-degenerate in mass and decouple from the thermal bath almost at the same
time. Thus the relic density of stau is given by solving a coupled set of the Boltzmann equations
for stau and neutralino as simultaneous differential equation. For simplicity, we use the Maxwell-
Boltzmann statistics for all species instead of the Fermi-Dirac for fermions and the Bose-Einstein
for bosons, and assume T-invariance. With these simplifications, the Boltzmann equations of them
are given as follows,

dn;z- e nxmn
p +3Hn;7:—zz<m/>%wexy {n;nz ”qn ( e); ZZ):|

i XY nxny
- Z Z {(o"v)z- x iy [n7-nx] — (0'0)iy 72— x [niny]}, (3-4-1)
i XY

dn7—+ nxny
+3Hnz+ = E (V) sticxy |netni —nging? T

dt i xNy
Z U U 7T+ X—iY [ T+nX] - <UIU>iY—>7_'+X [niny]}7 (3_4-2)
iA7+t XY
TR g =~ Y Y (ov gt (2o
B = =3 S (o g i (T
i XY
Z Z { ROX iy [n onx} — <UIU>iY—>)2?X [nmy]} . (3-4-3)
i#x) X,Y

Here n and n®? represent the actual number density and the equilibrium number density of each
particle. Index i denotes stau and neutralino, and index X and Y denote SM particles. Note that
if relevant SM particles are in thermal equilibrium, nx = n%¢,ny = ny, and (nxny /n¢ny’) =1
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then these equations are reduced into a familiar form. (¢’v) and (ov) are the thermal averaged cross
sections, which is defined by

[ dP®p1d®p2fifa(ov)i2—34
J d*p1d3p2fife

= g0 J @®p1d®pafifa(ov)ia a4

eq_eq
ny Ny

<Gv>1zﬂ34 = 912

(3-4-4)

where f is the distribution function of a particle, v is the relative velocity between initial state
particles, and g2 = 2(1) for same(different) particles 1 and 2. In this work, we assume that all of
the supersymmetric particles except for stau and neutralino are heavy, and therefore do not involve
them in the coannihilation processes.

The first line on the right hand side of Egs. (3-4-1), (3-4-2) and (3-4-3) accounts for the anni-
hilation and the inverse annihilation processes of the supersymmetric particles (ij < XY). Here
index j denotes stau and neutralino. As long as R-parity is conserved, the final number density
of neutralino DM is controlled only by these processes. The second line accounts for the exchange
processes by scattering off the cosmic thermal background (iX < jY'). These processes exchange
stau with neutralino and vice versa, and thermalize them. Consequently, the number density ratio
between them is controlled by these processes. Instead, these processes leave the total number den-
sity of the supersymmetric particles. Note that in general, although there are terms which account
for decay and inverse decay processes of stau (7 «» ¥{XY...) in the Boltzmann equations, we omit
them. It is because we are interested in solving the “Li problem by the long-lived stau, and the whole
intention of this work is to search parameters which can provide the solution for the “Li problem.
Hence we assume that the stau is stable enough to survive until the BBN era, and focusing on the
mass difference between stau and neutralino is small enough to make it possible.

In this subsection, we discuss the evolution of the number density of each species. Firstly, we dis-
cuss the number density evolution of neutralino DM. Since we have assumed R-parity conservation,
all of the supersymmetric particles eventually decay into the LSP neutralino. Thus its final number
density is simply described by the sum of the number density of all the supersymmetric particles

N=> n. (3-4-5)

For N, that is the number density of the neutralino, we get the Boltzmann equation by summing
Egs (3-4-1), (3-4-2) and (3-4-3),

Z~ 4 3HN = —(00)sum [NN — N°IN*I] (3-4-6)

(OV) sum = Z <UU>>2?1'<—>XY (3-4-7)

Solving the Eq. (3-4-6), we obtain N and find the freeze out temperature of the total number density
of all the SUSY particles Ty by using the standard technique [25]:

My 0.038gmyymeo{ov
Xy grmyimyg >225. (3-4-8)

1/2
Ty 9.2 (mgo /T)

Here, g and mgo are the internal degrees of freedom and the mass of neutralino, respectively. The
Plank mass m,; = 1.22x 10'? GeV, and g, are the total number of the relativistic degrees of freedom.
Consequently, we see that 4GeV < Ty < 40GeV for 100GeV < mgo < 1000GeV.

To obtain the relic density of stau, we solve a coupled set of the Boltzmann equations, (3-4-1),
(3-4-2) and (3-4-3) as simultaneous differential equation. Each Boltzmann equation contains the
contribution of the exchange processes. These processes exchange stau with neutralino and vice
verse. At the temperature T, the interaction rate of the exchange processes is much larger than
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that of the annihilation and the inverse annihilation processes. This is because the cross sections
of the exchange processes are in the same order of magnitude as that of the annihilation and the
inverse annihilation, but the number density of the SM particles is much larger than that of the
supersymmetric particles which is suppressed by the Boltzmann factor. Thus even if the total
number density of stau and neutralino is frozen out at the temperature T, each number density of
them continue to evolve through the exchange processes.

Thus, to calculate the relic density of stau, we have to follow the two-step procedures. As a first
step, we calculate the total relic density of the SUSY particles by solving the Eq. (3-4-6). We use
the publicly available program micrOMEGAs [90] to calculate it. The second step is the calculation
of the number density ratio of stau and neutralino. The second step is significant for calculating the
relic density of stau at the BBN era, and hence we will discuss it in detail in latter.

3.4.2 The exchange processes and Lagrangian for describing them

After the freeze-out of the total number density of stau and neutralino, each of them is exchanged
through the following processes

Fye— X1, Xy e— T (3-4-9)
These processes Eq. (3-4-9) are described by the Lagrangian
L =7#XUgr P + grPr)T — ie(7*(07) — (9,7")7) A" + h.c., (3-4-10)

where e is the electromagnetic coupling constant, and | € {e.u}. g¢gr and gr are the coupling
constants defined by Eq. (3-1-5).

The evolution of the stau number density is governed only by the exchange processes (Eq. (3-4-
9)) after the freeze-out of the total relic density of stau and neutralino. When we calculate it, we
should pay attention to two essential points relevant to the exchange processes.

One is the competition between the interaction rate of the exchange processes and the Hubble
expansion rate, since when these interaction rates get smaller than the Hubble expansion rate, the
relic density of stau would be frozen out. The other is whether tau leptons are in the thermal bath
or not. The interaction rate of the exchange processes strongly depends on the number density of
tau leptons. When tau leptons are in the thermal bath, the number density ratio between stau and
neutralino are given by the thermal ratio,

—msz/T )
(& m
= efmi?/T = exp (_T) ) (3-4-11)

n

Bl

through the exchange processes. On the contrary, once tau leptons decouple from the thermal bath,
the ratio cannot reach this value. To calculate the relic density of stau, we have to comprehend the
temperature of tau lepton decoupling.

To see whether tau leptons are in the thermal bath or not, we consider the Boltzmann equation
for its number density,

dn, nynz nxny ...
3Hn, = — nx —nInsd | e || = (D) |0y — 087 | ——— |,
e {ov) [n nx T ey <n§qneZq>} () {n fir (nigni,q

(ov) = Z (ov)rxevz, ()= Z (Droxy..,

X\Y,Z X\Y,...

(3-4-12)

where indices X, Y, andZ denote the SM particles, and (I') represents the thermal averaged decay rate
of tau lepton. When the SM particles X, Y,and Z are in the thermal equilibrium, (ny )nz)/(ny)®n%})
(nx)ny)---/(nx)®n$?---) = 1, and hence tau leptons are sufficiently produced through the in-
verse annihilation and/or the inverse decay processes as long as these interaction rates are larger
than the Hubble expansion rate. Therefore, whether tau leptons are in the thermal bath or not
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can be distinguished by comparing the Hubble expansion rate H with the inverse annhilation rate
of tau lepton (ov)n<¢, and the inverse decay rate of tau lepton (I'). In other words, the inequality

expression
(ov)nd > H and/or(l') > H (3-4-13)

indicates that tau leptons are in the thermal bath. Fig.3.8 shows (I')n%{,(T'), and H as a function
of the thermal bath temperature. As shown in Fig.3.8, the inverse decay rate of tau lepton is much
larger than the Hubble expansion rate. Thus, we can conclude that tau leptons remain in the
thermal bath still at the beginning of the BBN.

DM abundance

10-12 WMAP

Relic density of the stau Y:

10 MeV.
) 10 MeV/(thermal} ~"~._
.......... —_ 50 MeV(thermal) 50 Mev b
10-13 T 2100 MeV
100 MeV/thermal} .. _
0.1 0.07 0.04 0.01

Temperature (GeV)

Figure 3.8: The evolution of the number density of negative charged stay. Each line attached [dm]
shows the actual evolution of the number density of stau, while the one atattched [dm(thermal)]
shows its evolution under the equilibrium determined given by Eq. (3-4-11) and the total relic
abundance. Yellow band represents the allowed region from the WMAP observation at the 2 o
level.

3.4.3 Calculation of the number density ratio of stau and neutralino

The right-hand side of the Boltzmann equations (Eqs.(3-4-1), (3-4-2) and (3-4-3)) depends only
on temperature, and hence it is convenient to use temperature 7T instead of time ¢ as independent
variable. To do this, we reformulate the Boltzmann equations by using the ratio of the number
density to the entropy density s :

Y, = % (3-4-14)

Consequently, we obtain the Boltzmann equations for the number density evolution of stau and

neutralino

dY;-
dT

— BHTg. (1)) [3g* (1) +T

X {<O—U>7‘77~>)2(1)T7Y7:_Y’Y — <O—v>)~(?T*~>7~'*"/Y)~(?YT_ + <0"U>7:—T+4,>2?,\/Y;,'—— YT+ - <UU>X?VH%77+YX?YV}

30



dYz+ -1 dg.(T)

= [3HTg.(T (T T
=BT a7

X {<O—v>%+'y~>)2?'r+y‘7'+y’y - <UU>X?T+H%+7Y>Z? + 7+ <Jv>7"'+‘rfﬂ)”<[l"yy‘?*y‘r* - <UU>X?7H%+T*Y>Z?Y’Y}

(3-4-16)
dY.o d (T)
X —1 Jx
L = [3HTq.(T (T T

T = BT [0+ T

X {<O-U>)~((1)T*—>7~'*’~/Y)Z?YT* - <O-U>'F*’y—>>2?7'* Y?*Y"/ =+ <UU>)2?'\/—>7~'*T+Y)Z[1)Y"/ - <UU>7~'*T+—>)~(?7Y‘F*YT+

+ <UU>>2‘1’T+—>%+VY>29YT+ - <UU>%+~,—>>2‘;T+Y%+Y7 + <UU>>297—>%+T—Y>29Y7 - <UU>%+T——>>2%Y%+YT*

(3-4-17)
Here g.(T) is the relativistic degrees of freedom, and we use
27‘(’2 1/2 T2
= 0. (D)T?, H=1.66¢">—. 3-4-18
5= gu(T) 0 (3-4-18)

We obtain the relic density of stau at the BBN era by integrating these equations from T to
the temperature for beginning the BBN under the initial condition of the total number density of
stau and neutralino. These equations make it clear that if the tau number density is out of the
equilibrium, the ratio between those of stau and neutralino does not satisfy the Eq. (3-4-11).

)

3.4.4 Long-lived stau and BBN

We numerically calculate the primordial abundances of light elements including *He spallation pro-
cesses and 7 catalyzed nuclear fusion. Then we can search for allowed regions of the parameter space
to fit observational light element abundances.

So far it has been reported that there is a discrepancy between the theoretical value of 7Li
abundance predicted in the standard BBN (SBBN) and the observational one. This is called "Li
problem. SBBN predicts the "Li to H ratio to be Log;o("Li/H) = —9.35 + 0.06 when we adopt
a recent value of baryon to photon ratio n = (6.225 4 0.170) x 10710 (68% C.L.) reported by the
WMAP satellite [72], and experimental data of the rate for the “Li or "Be production through
3He + *“He — "Be + v [75] ("Li is produced from "Be by its electron capture, "Be + e~ — "Li + v,
at a later epoch). On the other hand, the primordial "Li abundance is observed in metal-poor halo
stars as absorption lines [64]. Recent observationally-inferred value of the primordial “Li to hydrogen
ratio is Log,o("Li/H) = —9.63 £ 0.06 [119] for a high value, and Log;,("Li/H) = —9.90 & 0.09 [120]
for a low value. (See also Refs. [74, 121, 122] for another values.) Therefore there is a discrepancy at
more than three sigma between theoretical and observational values even when we adopt the high
value of [119]. This discrepancy can be hardly attributed to the correction of the cross section of
nuclear reaction [123, 124]. Even if we consider nonstandard astrophysical models such as those
including diffusion effects [125, 126], it might be difficult to fit all of the data consistently [127].

In Figs. 3.4.4 and 3.4.4, we plot the allowed parameter regions which are obtained by comparing
the theoretical values to observational ones for the high and low "Li/H, respectively. Vertical axis is
the yield value of 7 at the time of the formation of the bound states with nuclei, Yz = n;z/s (s is the
entropy density), and horizontal axis is the mass difference of 7 and x}. We have adopted following
another observational constraints on the light element abundances: an upper bound on the 6Li to "Li
ratio, 5Li/"Li < 0.046 +0.022 [121], the deuteron to hydrogen ratio, D/H=(2.80+0.20) x 1075 [128],
and an upper bound on the 3He to deuteron ratio, *He/D < 0.87 + 0.27 [129].

The solid line (orange line) denotes a theoretical value of the thermal relic abundance for staus [53]
while keeping observationally-allowed dark matter density Qpyh? = 0.11 +0.01 (2 o) [72] as total
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X} + 7 abundance. For reference, we also plot the observationally-allowed dark matter density in

the figures by a horizontal band.

At around dm ~ 0.1 GeV, we find that "Li/H can be fitted to the observational value without
conflicting with the other light element abundances. ! As shown in Fig. 3.4.4, it should be impressive
that the relic density is consistent with the allowed region at Yz = 2 x 1073 at 3 ¢ in case of the

high value of "Li/H in [119].
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Figure 3.9: Left Panel: Allowed regions from observational light element abundances at 2 o. Here
we have adopted the higher value of the observational “Li/H in [119] denoted by (“Li/H)q, and have
plotted both the 20 (thin line) and 3¢ (thick line ) only for “Li/H. The horizontal band means the
observationally-allowed dark matter density. We have adopted mz = 350 GeV, sinf, = 0.8, and
v- = 0, respectively. Right Panel:Same as left panel, but for the lower value of observational "Li/H
reported in [120], which is denoted by ("Li/H)L.

ISee also [30, 38, 55, 57, 130] for another mechanisms to reduce "Li/H.
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Chapter 4

The discovery potential of the
CMSSM at the LHC

We have shown the solution of the Li problem and the DM abundance in the MSSM. From now
on, we will explain the solusion in the constrained MSSM. Furthermore, we simultaneously explain
125 GeV Higgs boson mass.

In the CMSSM, all of the observables are described by only five parameters. We constrain the
five parameters to be consistent with the phenomenological requirements, e.g., the success of the
BBN, suitable DM abundance, and 125 GeV Higgs boson mass. Therefore we narrow the parameter
space of the CMSSM.

In addition, we give predictions to the anomalous magnetic moment of muon, branching fractions
of the B-meson rare decays, the direct detection of the neutralino dark matter, and the number of
SUSY particles produced in 14 TeV run at the LHC experiment in the allowed region. We compare
these predictions with current bounds, and thus we show the predictability of this scenario.

4.1 Constraints

In this section, we start our discussion to briefly review the CMSSM and show our constraints to
derive the allowed region of the parameter space in the CMSSM.
The CMSSM is described by four parameters and a sign,

mo, My 2, Ao, tan 3, sign(p), (4-1-1)

where the first three parameters are the universal scalar mass, the universal gaugino mass, and the
universal trilinear coupling at the scale of grand unification, respectively. Here, tan 8 is the ratio
of the vacuum expectation values of two Higgs bosons, and p is the supersymmetric Higgsino mass
parameter. In the CMSSM, we describe all observables by these parameters, and, hence, we can
derive the favored parameter space by putting the experimental/observational constraints on the
calculated observables.

From now on, we explain in more detail our constraints and how to apply those to our numerical
calculations. The first requirement comes from the Higgs boson mass. The latest reports on its

mass my, are
myp, = 125.8 £+ 0.4(stat) & 0.4(syst) GeV, (4-1-2)

by the CMS Collaboration [91], and
myp, = 125.2 £+ 0.3(stat) & 0.6(syst) GeV, (4-1-3)

by the ATLAS Collaboration [92]. It is known that the Higgs boson mass calculated by each public
code fluctuates by about +3 GeV [93, 94, 95, 96]. Taking into account these uncertainties, we apply
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a more conservative constraint as
mp, = 125.0 £ 3.0 GeV. (4-1-4)

The second constraint comes from the observation for the relic abundance of dark matter. The
WMAP satellite reported the value at the 3 o level [18],

0.089 < Qpumh? < 0.136. (4-1-5)

In most of the CMSSM parameter space, the relic abundance of the neutralino LSP is overabun-
dant against the measured value. The correct dark matter abundance requires unique parameter
space where the bino-like neutralino LSP and the stau NLSP are degenerate in mass so that the
coannihilation mechanism works well [24, 25].

The third and fourth constraints are required from solving the lithium-7 problem. The stau
NLSP is long-lived if the mass difference is smaller than the mass of the tau lepton [28, 29]. In
the case where the stau survives until the BBN epoch, the lithium-7 density can be reduced to the
measured value with the exotic nuclear reactions induced by the stau. As the third condition, we
impose the mass difference dm to be

om=msz — mgo < 0.1 GeV, (4-1-6)

where mz, and mgo are the masses of the stau NLSP and the neutralino LSP, respectively. With
this mass dlfference the stau NLSP is sufficiently long-lived so that it can survive until the BBN
era [40, 53, 58]. In our numerical calculation, we use the pole mass of the top quark as an input
which involves an uncertainty of O(1) GeV. It is expected that the SUSY spectrum also includes
the same order of uncertainties. For this reason, in the numerical results in the next section, we
show also the case of

om <1 GeV (4-1-7)

to make a more conservative prediction of the CMSSM parameters.’
The forth constraint is the upper bound on the mass of the neutralino LSP,

meo < 450 GeV. 4-1-8
X1

This upper bound is derived from the requirement of the abundances of both dark matter and light
elements.

We showed in Ref. [58] that a yield value of the negatively charged stau Yz = nz/s (s is the
entropy density) must be larger than a minimum value

Yim=10x10"" (4-1-9)
to obtain the appropriate abundance of light elements, mainly, that of lithium 7, as

Yim < Vi (4-1-10)

At the same time, the abundance of stau is bound from above by the abundance of dark matter.
From Eq.(4-1-5), we obtain the following bound as

2
mxlnDMh

< 0.136. (4-1-11)
Pe

n a precise sense, a too small mass difference makes the stau too long-lived. If the stau lives long, sufficient to
form a bound state with helium, the stau converts it into other nuclei, a triton (or a deuteron) and neutron(s). Those
reactions make the number densities of the converted nuclei too large compared with those of the observations [58].
The number densities of these nuclei, therefore, become inconsistent with the observed values through those reactions,
and the too small mass difference is not allowed. This is, however, considerably relaxed by introducing a tiny lepton
flavor violation [60].
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Here, npy is today’s number density of the dark matter, p. is the critical density of the Universe,
pe = 1.054 x 107° GeV cm 2, and h is the scale factor for the Hubble expansion rate, h = 0.710.
We express npy by using the Yz to be

npm = 250(1 + ™/ 1) Yz, (4-1-12)

Here, sq is today’s entropy density, so = 2889.2 cm™2, and T} is the freeze-out temperature for the
exchange process between the stau and the neutralino and given by

m, —om
25

Here, m, = 1.777 GeV and we took m = 0.1 GeV as a reference value. Using Eqgs.(4-1-9)-(4-1-12),
we obtain the lower and upper bounds for the yield value of the stau as follows:

pe 0.136

Tp ~ (4-1-13)

LOx 1078 <V;: < 4-1-14
>~ = 2(1+66m/Tf)50h2 mf(? ( )

From the equation, we put the following bound as
mgo < 450 GeV (4-1-15)

on the mass of the neutralino.

4.2 Allowed region in the CMSSM

In this section, we show the allowed region in the CMSSM parameter space by imposing the con-
straints explained in Sec. 4.1. Throughout this paper, we take tan 8 = 10, 20, and 30 as illustrating
examples. In the case of the tan 8 < 10, the Higgs boson mass hardly reaches 125 GeV because its
tree-level mass is proportional to | cos 23| and radiative corrections are not large enough. On the
other hand, in the case of tan 8 > 30, the dark matter abundance lowers the observational value. This
is because the annihilation rates are enhanced by large tan 3. As is shown in Eq. (4-1-8), the mass
of the neutralino LSP is bound from above and cannot compensate the small number density. Thus,
it is expected that most of the allowed parameter space is obtained in this range of tan 5. We cal-
culate the SUSY spectrum, the DM abundance, and the other observables using micrOMEGAs [90]
implementing SPheno [97, 98] and the lightest Higgs mass using FeynHiggs [99, 100, 101, 102].

4.2.1 Ay - my plane

In Fig. 4.1, we show the allowed region in the mg-Ag plane for tan 8 = 10, 20, and 30 from top to
bottom and ém < 1 and 0.1 GeV in the left and right panels, respectively. Color represents M /5.

Notably, one can see that Ay and mg have an almost linear relation for fixed M, /,. The relations
can be parametrized as

(=5.5 x 1073 Ay + 5.15) tan 8 + 67.67
for lower line,

(—5.5 x 1073 Ag + 4.65) tan 3 + 140.67
for upper line,

mo =

(4-2-1)

for tan 8 3 (10,20, 30). These linear relations come from the tight degeneracy in mass between the
stau and the neutralino. We explain the linear relation as follows. First, we note that the signs of p
and A are opposite from each other due to obtaining the large Higgs boson mass, as we will explain
later. In this scenario, we choose p > 0 and Ay < 0. For a fixed myo, in response to an increasing
myg, the mass of the lighter stau is also increased. In order to keep the mass difference smaller than
1 GeV (0.1 GeV), |Ap| has to be increased also. Increasing of |Ag| makes a nondiagonal element of
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the stau mass matrix large, and, hence, the mass eigenvalue of the lighter stau is decreased after
diagonalization to be within the small mass difference. As a result, the linear behavior in the Ag-myg
plane is found.

One can see in Fig. 4.1 that mg in the allowed region increases as tan § increases. This is because
the soft masses of the staus are decreased more for larger tan 8 in the renormalization group (RG)
running due to the tau Yukawa couplings. The terms with a tau Yukawa coupling in RG Equation
(RGE) decrease the soft masses in the running [103]. These become significant when tan 3 is large
because the tau Yukawa coupling is proportional to 1/cos 8. Thus, a larger my is required for a
larger tan 3 to obtain the stau mass satisfying Eqgs. (4-1-6) or (4-1-7).

The upper and lower edges of the allowed region in all panels of Fig. 4.1 are determined by the
constraints of the correct abundances of dark matter and the light elements. This can be understood
as follows. Since the dark matter abundance depends on the neutralino LSP mass as shown in Eq. (4-
1-5), the dark matter abundance gives the lower bound on the neutralino mass. On the other hand,
the light element’s abundance gives the upper bound as shown in Eq. (4-1-8). The bounds for the
lighter stau mass are nearly the same as that for the neutralino mass due to the tight degeneracy.
Therefore, once Ag is fixed, mg can vary in a range that satisfies the bound for the lighter stau mass.
Thus, the upper and lower edges are determined by the constraints.

On the other hand, the right side of the allowed region is determined by the lower bound on the
Higgs boson mass. We can see from the left panel of Fig. 4.2 that the Higgs boson mass reaches
122 GeV. The mass squared of the Higgs boson with one-loop corrections is given by

m3 = m% cos® 23

3mi m? X? X?

1 i 2 SRR 422
+ 167‘[’2’02 [Og (mf) + mtg 12mtg ) ( )
(Xt = Ay — peotB, my = \/mz mg,),

where the first line represents the tree-level mass square, and the second one is the one-loop correc-
tions [11, 10, 9, 12]. The tree-level contribution is simply given by the Z-boson mass myz, while the
radiative corrections are given by the masses of the top m, the lighter /heavier stop mg, Jias the stop

mixing parameter X, and the vacuum expectation values of the Higgs bosons, v = y/v2 + v3; here,
v, and vy are the vacuum expectation values of up-type and down-type Higgs bosons, respectively.
The radiative corrections are sensitive to the stop mixing parameter. As is well known, the second
term in the bracket decreases quadratically from its maximum at

| X¢| = \/67”{- (4-2-3)

To obtain the maximum value of |X;|, the signs of p and Ay have to be opposite each other, and
we choose 1 > 0 and Ag < 0 in this paper. The right panel of Fig. 4.2 shows |Xt\/\/€mt~ in the
allowed region for tan 3 = 20 and dm < 1 GeV. It can be seen that | X;| is smaller than v/6m; at the
right side edge, and, hence, the one-loop corrections are not so large that my, is pushed up to the
lower bound. Similarly, the left side edge is also determined by the Higgs boson mass bound. The
value of | X;|/v/6m; gradually becomes large as |Ag| increases. At a large (] Ag|, mo) point, the value
of | X¢|/v/6m; is equal to 1, and, therefore, m;, receives the maximal loop correction. In the region
where | X;|/v/6m; > 1, the loop corrections to my, are smaller and m;, decreases from the maximal
value. Therefore, my, is smaller than 122 GeV again at the left side edge, as can be seen in the right
panel of Fig. 4.2.
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Figure 4.1: The allowed region in the Ap-mg plane. We fix tan  to 10, 20, and 30 from top to
bottom and dm < 1 and 0.1 GeV from left to right, respectively. A gradation of colors represents
M /5. Light color indicates large value, and dark color indicates small value.
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Figure 4.2: Left panel:the value of the Higgs boson mass. Right panel: the ratio of | X;| to v6m;. A
gradation of colors represents each value. Light édlor indicates large value and dark color indicates
small value. We fix tan 3 to 20 and §m < 1 GeV in each figure.



4.2.2 mg - M, plane

We show in Fig. 4.3 the allowed region in the mg-Mj /; plane for tan 8 = 10, 20, and 30 from top to
bottom and dm < 1 and 0.1 GeV in the left and right panels, respectively. Color and the contours
represent Ag. Figure 4.4 shows the Higgs boson mass in the left panel and the relic abundance of
the dark matter in the right panel by color on the allowed region. We fix tan 5 to 20 and édm < 1
GeV in the panels.

In Fig. 4.3, it can be seen that |Ag| gets larger as mg gets larger while it is slightly dependent
on Mj ;. This is because the lighter stau mass is mainly determined by mo and Ag as explained in
Sec. 4.2.1. In the figure, we obtain mj, ~ 126 GeV, at (mg, M} /2) = (350,1000) GeV for tan 3 = 10,
(640, 1050) GeV for tan 8 = 20, and (800, 1050) GeV for tan 8 = 30, respectively. These points are
located at the middle of mq and the upper edge of M; /5 in the allowed region. The value of |X| is
equal to \/ém,; at these points, and, hence, my, receives the large loop corrections. Furthermore, the
logarithmic term in Eq. (4-2-2) becomes large as M, /5 increases since the stops become heavy, as we
show later in Fig. 4.6. Thus, the Higgs boson mass is pushed up to 126 GeV. The Higgs boson mass
decreases as the parameters deviate from these points. In the left panel of Fig. 4.4, it is clearly seen
that the lower bound on the Higgs boson mass determines the left and right edges in the allowed
region. Since |Ag| is small at the left edge, the value of | X;| is smaller than v/6m;. Therefore, my,
receives a small one-loop correction. On the contrary, |Ag| is large at the right edge, and |Xy| is
larger than \/6mg. This means that my, receives a small one-loop correction, as we explained in the
previous subsection.

Note that the minimum value of M/, in the allowed region is different in each panel. The
minimum value is determined by the lower bound on the relic abundance of the dark matter. In
the right panel of Fig. 4.4, we can see that the neutralino relic abundance reaches the lower bound
at the bottom edge of the allowed region.? The minimum value of M; 2 becomes large as tan (3
increases and/or the mass difference becomes small.

The tan 3 dependence on the relic abundance is understood as follows. In the favored parameter
region, the stau NLSP consists mostly of the right-handed stau. Then the dominant contribution
to the total coannihilation rate of the dark matter is the stau-stau annihilation into tau leptons
via Higgsino exchange for large tan 8 [104]. The interactions of the stau-tau lepton Higgsino is
proportional to tan 3, and so the large tan § leads the large coannihilation rate of the dark matter.
Larger tan 3, therefore, makes the relic abundance smaller.

The dependence of the relic number density on the mass difference is understood in terms of the
ratio of the number density of the stau to the neutralino. At the freeze-out of the total number of
all SUSY particles, the ratio is proportional to e %™/ 77" Since the freeze-out temperature T}Otal
is almost the same for jm = 0.1 and 1 GeV as long as myo is fixed, the stau number density is
relatively large for dm = 0.1 GeV. This leads to a larger total coannihilation rate and, hence, the
relic number density of the neutralino is reduced. Such a reduction of the number density can be
compensated by increasing the neutralino mass. Thus, the minimum value of M /5 should be larger
for larger tan 8 and smaller m to meet the lower bound for the dark matter abundance.

On the other hand, the maximum value of M, is fixed from the upper bound in Eq. (4-1-8).
Note that the upper bound is derived by the fact that the large number density of the stau is required
to reduce the lithium-7 to the measured abundance. This requirement forbids a too large mass of
the neutralino. As there is a relation between the neutralino mass and M, /o, i.e. ; Mgo ™ 0. 43M1/2,
the upper bound of M, is estimated by the neutralino mass and is fixed to be 1.1 TeV in the
present paper.

We emphasize here that the maximum value of M/, in the allowed region is unique in the
parameter space. If we do not take into account the lithium-7 problem, a heavier neutralino or M; /o
is allowed, and, hence, the resultant range of M/, is wider.

2In the panel, we see moderate stripes on the allowed region. These stripes result from the loss accuracy of the
numerical calculation. We are not able to collect all data with the mass difference within 0.1 GeV. If we collect all
data, these stripes are not on the allowed region.
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4.3 SUSY spectrum, (g —2),, B-meson rare decays, and dark
matter detection

In this section, we show our predictions for the SUSY spectrum, the muon anomalous magnetic
moment, rare decays of B mesons, and the dark matter direct detections. We calculate the mass
spectrum of SUSY particles by using SPheno [97, 98] and that of the Higgs boson by using Feyn-
Higgs [99, 100, 101, 102].

4.3.1 Spectra of SUSY particles with current limits

We show the mass spectra of the SUSY particles in the allowed region. Figure 4.5 shows the masses
of the gluino and the first and second generation squarks with respect to the lightest neutralino
mass. From top to bottom, tan § is varied with 10, 20, and 30, and in the left and right panels
om < 1 and 0.1 GeV. Similarly, the masses of the stop and sbottom are shown in Fig. 4.6, those
of the neutralino, slepton and the heavier Higgs in Figs. 4.7, 4.8, and 4.9, respectively. Note that
in all of the figures we have excluded the region with mgo(~ mz ) < 339 GeV, which is the direct
bound on the long-lived CHAMP at the LHC [105]. We explain the behaviors of these figures in the
following subsections.

Gluino, neutralinos and heavy Higgs boson masses

In the CMSSM, the gluino mass parameters M3 is related to the bino and the wino mass parameter
M, and My at one-loop RGE as follows:

s . 3
My = 22 sin? 0y My = 222 cos? Oy M. (4-3-1)
« 5«
From this relation, we can obtain the ratio
Mg :My: M ~6:2:1 (4-3-2)

around the TeV scale. We can see that mj is nearly 6 times larger than mgo in Fig. 4.5, and myg
is about twice as large as that in Fig. 4.7. This means that the second lightest neutralino is almost
the neutral wino. On the other hand, Mg and my, 0 extend above 1 TeV because these consist of the

neutral Higgsinos. Their masses are given by a u parameter that is sensitive to mg for fixed myo.
The modulus |u| is determined by the EWSB conditions. At tree level, the corresponding formula
for the correct EWSB reads

% [tan23 (M7, tan 3 — Mj; cot 3) —m3], (4-3-3)

where My, and My, are the down-type and up-type Higgs soft SUSY breaking masses. For tan § >
1, Eq. (4-3-3) is approximated as follows :

lul* =

Il = — M. (4-3-4)

The soft mass Mlz-lu is sensitive to mg. The approximate solution of the one-loop RGE for MI%,u is
given by

m3, ~ —3.5 x 10° cot® Bmf

+ 87 cot BMy jompy — 2.8My 5,

where m( = mo — b, and b is defined as b ~ 5.15tan 8 + 67.67(for the lower line) and 4.65tan 3 +

140.67(for the upper line) given by Eq. (4-2-1). Therefore, mgo and mgo become large with increas-

ing myg.
Meanwhile, the mass of the CP-odd Higgs boson m 4 is given by
2~ | (4-3-6)
Thus, the masses of the heavy Higgs boson and the CP-odd Higgs boson are determined by |u|, and

these are close to mso and mso as shown in Figs. 4.7 and 4.9.

(4-3-5)

40



First and second generation squarks and sleptons masses

For the first and second generation squarks and sleptons, the effects of the corresponding Yukawa
couplings are negligible in RG evolutions of their soft masses. The soft SUSY breaking masses are
parametrized up to the one-loop order as [103]

mZ, ~mg+4.7M; )y, (4-3-Ta
mg«R ~m3+ 4.3M12/2, (

mZ, ~mg+0.5M; )y, (4-3-Tc
mz, ~mg+0.1M7,. (4-3-7d

Note that the slepton masses are sensitive to mg in Fig. 4.8, while the squark masses are insensitive
to mo in Fig. 4.5. As shown in Fig. 4.3, mg is smaller than Mj 5 in most of the allowed region.
Then, in Egs. (4-3-7a) and (4-3-7b), the second term is dominant, and, hence, we approximate these
equations more roughly as follows:

mg, ~ 2.2Mj /9,
qrL 1/2 (4—3—8)
Mgr = 2.1M1/2.

These relations can be clearly seen in Fig. 4.5. The relations lead to the fact that the first and the
second generation squarks are always lighter than the gluino, which results in the production cross
sections of the squarks are larger than that of the gluino. Meanwhile, in Eqgs. (4-3-7¢) and (4-3-7d),
the contributions to the soft masses from the first term are comparable to those of the second term.
Therefore, the slepton masses are sensitive to my.

One can see in Fig. 4.5 that the masses of the gluino, sup, and sdown are below 2300 GeV for
tan 5 = 10, 20, and 30. This light spectrum is the direct consequence of the constraint on the
lithium-7 abundance, and, hence, on the neutralino mass. The parameter M 5 is bound below 1.1
TeV. As we will discuss in Sec.4.4, such light spectrum is, indeed, in the range of the 14 TeV run at
the LHC, and the order of 100 — 1000 SUSY events can be expected with luminosity of 100 fb~!.

Stop mass spectra

Figure 4.6 shows the masses of the stops. Unlike in the case of the other sfermions, the distributions
of the stop masses are in nonlinear relation. The spread of the distributions in the lightest neutralino
mass-stop mass plane is understood as follows.

The masses of the stops in the mass eigenstate are given by

1
mtgl,sz = 5 (méB + m%].’i)

1
¥ 5\/ (m, —m?,)? +4(m2_ )2, (4-3-9a)
= my(A — pcot 3), (4-3-9b)

mtgLR
where mg, and my, are the soft SUSY breaking masses, and A; is the stop trilinear coupling.
In Eq. (4-3-9a), the first term is dominant, and it is a decreasing function of mZ because of the
top and bottom Yukawa couplings. Meanwhile, the second term in Eq. (4-3-9a) is an increasing
function of m3. This is because the dominant term in the square root is mtgLR involving Ay, and the
coupling A; is proportional to mg due to the relation between Ay and mg in Eq. (4-2-1). Hence, for
a fixed lightest neutralino mass, stop masses are not simply determined as a function of the lightest
neutralino mass; rather, they are spread depending on the m2.
The ATLAS Collaboration gives the bound for the stop mass from the direct stop search at the
8 TeV LHC run [106]. Note that our results of the stop mass are safely above the bound.
We can see in Fig.4.6 that the mass of the lighter stop can be relatively light, 700 to 1400 GeV

for 330 to 450 GeV of the lighter stau, respectively. Again, these light spectra come from the bound
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on M, /;. The mass degeneracy between the stau and the neutralino correlates mq, Ao, i1, and tan 8
with M/, and sets the scale of the SUSY spectrum. As we will see in Sec. 4.4, the production cross
sections of such light stop are large and comparable to those of sup and sdown.
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Figure 4.5: The mass spectra of the gluino and the first and second generation squarks.
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horizontal axis represents the mass of the LSP neutralino. We fix tan 3 to 10, 20, and 30 from top
to bottom and dm < 1 and 0.1 GeV from left to right, respectively. We have excluded the region
with mgo (== mz ) < 339 GeV, which is the direct bound on the long-lived CHAMP at the LHC [105].
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Figure 4.6: The mass spectra of the stop and the sbottom. The horizontal axis expresses the mass
of the LSP neutralino. We fix tan 8 to 10, 20, and 30 from top to bottom and dm < 1 and 0.1 GeV
from left to right, respectively. We have excluded the region with mgo(~ mz) < 339 GeV, which is
the direct bound on the long-lived CHAMP at the LHC [105].
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Figure 4.7: The mass spectra of the neutralino. The horizontal axis represents the mass of the LSP
neutralino. We fix tan 3 to 10, 20, and 30 from top to bottom and dm < 1 and 0.1 GeV from left to
right, respectively. We have excluded the region with mi?(: mz ) < 339 GeV, which is the direct
bound on the long-lived CHAMP at the LHC [105].
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Figure 4.8: The mass spectra of the slepton. The horizontal axis represents the mass of the LSP
neutralino. We fix tan 5 to 10, 20, and 30 from top to bottom and dm < 1 and 0.1 GeV from left to
right, respectively. We have excluded the region with mi?(z mz ) S 339 GeV, which is the direct
bound on the long-lived CHAMP at the LHC [105].
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Figure 4.9: The mass spectra of the heavy Higgs boson. The horizontal axis represents the mass of
the LSP neutralino. We fix tan 3 to 10, 20, and 30 from top to bottom and édm < 1 and 0.1 GeV
from left to right, respectively. We have excluded the region with mgo(~ mz) < 339 GeV, which is
the direct bound on the long-lived CHAMP at the LHC [105].
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N N N
N [ /Y £ o)
P 0.0153 0.0191 0.0447
n 0.011 0.0273 0.0447

Table 4.1: The mass fraction of light quarks in a proton p and a neutron n [90, 113].

4.3.2 Muon g —2

We show the muon anomalous magnetic moment, (g—2),, in the allowed region. The latest results on
(9—2), have reported that there is a 3.30 deviation between the SM prediction and the experimental
data [107, 108, 109]:

Sa, = afP — )M = (26.1£8.0) x 10717, (4-3-10)

where a, = (9 —2),/2.

For a fixed tan 3, lighter SUSY particles yield larger contributions. The masses are light as my
and M, /o are small. The small my is, however, excluded by the constraint on the Higgs boson mass
as shown in Sec. 4.2.2. The sizable contributions to da,, are obtained in the regions of small M, ;.
When we take into account ém < 1 and 0.1 GeV, the dominant SUSY contributions come from
the smuon-bino like neutraino loop and the muon sneutrino-charged Higgsino loop. Since we took
1 > 0, both contributions are positive. In Fig. 4.10, the SUSY contributions in the allowed region
are shown for dm < 1 and 0.1 GeV in the top and bottom panel, respectively. In the panels, tan 3
is taken to be 10, 20, and 30. It should be noted that the muon anomalous magnetic moment is
consistent with current measurements within 3o levels in this scenario.

4.3.3 Rare decays of B mesons

We show that the branching ratios of By — pu*u~ and B — X, are consistent with the experimental
results.

The evidence for the decay Bs — p*p~ has been discovered by the LHCb Collaboration [110]
and the CMS collaboration [111]. The branching ratio has been measured as

BR(B; — pup™) = (3.0559) x 107° (4-3-11)
by the CMS Collaboration, and
BR(B, — pp™) = 2.97 - (stat 793 (syst)) x 107° (4-3-12)

by the LHCb Collaboration. It is also reported by Ref. [112] that the other important rare decay
B — X7 is strongly suppressed as

BR(B — X,v) = (3.43+0.21 £ 0.07) x 10~*. (4-3-13)

Figure 4.11 shows the branching ratios of the two rare decays for ém < 1 GeV. The top panel is for
By, — pTp~ and the bottom is for B, — X,v. We apply the experimental value reported by the
CMS Collaboration in the top panel[111]. One can see that the branching ratios are within the 3o
in our allowed region, and, hence, are consistent with the experiments.

4.3.4 Direct detection of neutralino dark matter

One of the promising approaches to the neutralino dark matter is its direct detection. The sce-
nario we are discussing can be examined by the direct detection measurements combining other
measurements for the Higgs boson and the neutralino LSP.

The spin-independent (SI) scatterings are given by the Higgs and squark exchanges. The squark
exchange contributions are suppressed by heavy masses of squarks mg47 where mg ~ 2TeV in the
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scenario (see Fig. 4.5), and, hence, the SI scattering is dominated by the Higgs exchange contribu-
tions. In order to examine the scenario, we have to analyze the dependence of the SI scatterings
on the measurements for the Higgs boson and neutralinos. The SI scattering cross section of the
neutralino and target nucleon (7') is given by [114]

4 ( mgomr

2
— 2
o1 = —— mT) (npfp + 1nfn)”, (4-3-14)

™

where my is the mass of the target nucleus. The symbol n,(ny) is the number of protons (neutrons)
in the target nucleus, and the effective coupling of the neutralino to a proton f, is given as

> falplaalp)

_ Jq (p) 2 fq
= Y Lo s 2 X L,

q=u,d,s g=cbt 1

fo
(4-3-15)

where f{P) = plmqqq|p)/m, is the mass fraction of light quarks in a proton (listed in Table I), and
Tq q P

Jre = 1= 0 as ;’; ). For the neutron, f, is derived in the same manner. The effective coupling of
the neutralino to quarks f; is calculated as follows:

fa

93 (Chfc?x?chqq +OHX?>”<?CH“), (4-3-16)

=M Amyy m3 m?
Here, Chqq and Cpyq are the Yukawa couplings of the lighter and heavier Higgs bosons and quarks
(detailed formulas are given in Ref. [114]). For the bino-like neutralino LSP (M; < My, i), the
coupling of the neutralino and the Higgs bosons, Ch)%?)%? and CH)Z?)Z?’ is perturbatively calculated
as follows:

my sin Oy tan Oy,

Cr 00 >~ M; si
hO%0 NP2 [M sin 8 + pcos ],
. (4-3-17)
o my sin Oy tan Oy, 3
S0c0 sin 3.
HXIxY M12 — u2 H

In the scenario, the mass of the heavier CP-even Higgs boson is much larger than the mass of the
lighter Higgs boson (see Fig. 4.9), and, therefore, the contribution from the H exchange is negligible.

Figure 4.12 shows the SI scattering cross section in the allowed region as a function of the mass of
the neutralino dark matter for jm < 1 GeV, and tan 3 is taken to be 10, 20, and 30 from the upper
panel to the lower one. The curves represent the current limit [115] and future limit [116, 117]. The
colors correspond to the mass of the heavier CP-even Higgs boson.

In Fig. 4.12, we can see that the SI scattering cross section is smaller as tan 3 and/or the
neutralino mass is larger. Such behavior can be easily understood by Eq.(4-3-17). We can also see
from the contour lines that the lighter mass of the heavy Higgs boson leads to larger SI cross sections
for all tan 8. This is understood as follows. The mass of the heavy Higgs boson is determined by
the condition of the radiative electroweak symmetry breaking in the scenario and is almost equal
to my ~ p (see the discussion in Sec. 4.3.1). As is given in Eq. (4-3-17), a smaller p makes the
neutralino mixing value larger, and, hence, large couplings between the neutralino dark matter and
the Higgs bosons are obtained. Thus a clear correlation of the mass of the heavy Higgs boson and
the cross section appears.

In the end, one can see that future direct detection experiments will reach the sensitivity to
detect the neutralino dark matter in the scenario. The mass of the heavy Higgs boson can be
estimated from the measurements of the cross section and the mass of the neutralino at the direct
detection and the LHC experiments. Thus the interplay of both experiments will play important
roles to examine our scenario.
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4.4 Direct search at the LHC

Here we show the expected number of events of the long-lived stau and the neutralino at the LHC
experiment with center-of-mass energy 14 TeV and luminosity 100 fb~! and discuss the feasibility
of the verification of the scenario.

We choose 12 sets of the CMSSM parameters in the allowed region for tan 3 = 10, 20, and 30.
The parameters of the sample points and the mass spectrum of the SUSY particles are shown in
Tables 4.2, 4.8, and 4.14. These points correspond to the mass of the neutralino, 350, 375, 400,
and 425 GeV for tan 8 = 10, 350, 375, 400, 425, and 450 GeV for tan 3 = 20, and 400, 425, and
450 GeV for tan 8 = 30, respectively. We calculate the branching ratios and the pair production
cross sections of the SUSY particles with CalcHEP 3.4 [118] implementing SPheno [97, 98]. The
branching ratios are shown in Tables 4.3, 4.4, 4.9, 4.10, 4.15, and 4.16. The first column is the
parent particles and the second one is the final states. The production cross sections of the SUSY
particles are shown in Tables 4.5, 4.6, 4.11, 4.12, 4.17, and 4.18. The first column o(a,b) is
the production cross sections of particles a and b from p-p collision with the center-of-mass energy
14TeV. The last rows of Tables 4.6, 4.12, and 4.18, 0 (all SUSY) is the sum of the production cross
sections of SUSY particles.

Using the numbers given in the tables, we calculate the number of the stau from SUSY cascade
decays and direct productions. The branching fraction of the cascade decays of a SUSY particle ¢
to the stau is denoted as BR(¢) — 71). The symbol o (1)) represents the sum of the cross sections of
the SUSY particles. Then, the effective total production cross section of the stau is

all SUSY

o7 = > o) xBR@H — 7). (4-4-1)

¥

Since the long-lived staus penetrate the LHC detectors, the number of missing energy events is
calculated as follows:

N(XY) = {o(all SUSY) — o(71) — o(7])} X Lint, (4-4-2)

where Liy is the integrated luminosity. Assuming the integrated luminosity is Liny = 100fb~ 1, the
expected number of staus and neutralinos is 1570 and 7200 for mz = 350 GeV and 490 and 2100
for mz = 425 GeV for tan = 10 (see Table 4.7), 4270 and 3680 for mz = 350 GeV and 790
and 940 for mz = 450 GeV for tan 3 = 20 (see Table 4.13), 1810 and 1210 for mz = 400 GeV
and 790 and 590 for mjz, = 450 GeV for tan 8 = 30 (see Table 4.19), respectively. Since the stau
is very long-lived in our scenario, it penetrates the detectors leaving the charged tracks. One can
expect that such long-lived stau can be identified easily, and its mass as well as the production cross
section of relatively lighter sup and sdown will be measured. Thus, the number of the events will
be sufficient to compare the predictions with measurements.?

In Tables 4.6, 4.12, and 4.18, one can see that the production cross sections of the stops are
comparable to those of gluino and light squarks. Those are obtained as 5.57 tb for mz = 350 GeV
and 1.76 fb for mz = 425 GeV for tanf = 10; 4.40 tb for mz = 350 GeV and 2.66 fb for
mz, = 450 GeV for tan 8 = 20; 0.47 fb for mz, = 400 GeV and 1.24 fb for mz = 450 GeV for
tan 8 = 30. It is important to emphasize here that such production cross sections of stops are the
results of our constraint that leads to a relatively heavy SUSY spectrum.

The predictions presented here are based on the CMSSM framework by requiring the constraints
on the relic abundance of lithium-7, dark matter, and Higgs mass. In this scenario, the masses,
hence, the production cross sections, of the sup, sdown, and gluino have clear relations with that
of the stau. Such relations enable us to examine our scenario. Therefore, the early discovery of the
long-lived stau and the light stop at the 14 TeV run is the important prediction in our scenario.

3The efficiency to identify the stau and the neutralino with 350 and 450 GeV is about O(10)% in Ref. [105]. Thus,
it is possible to examine our scenario with Lin; = 100 fb~1. Detailed simulation is beyond the scope of this paper
and is left for our future work.
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Input parameters Point 1 (GeV) Point 2 (GeV) Point 3 (GeV) Point 4 (GeV)

M, /5 822.0 878.0 934.0 990.0
mo 266.0 285.0 302.0 325.0
A -2264.5 -2418.7 -2540.6 -2759.9
Particle

h 123.7 124.1 124.4 124.8
H 1581.7 1684.0 1777.8 1895.9
A 1582.3 1684.5 1778.2 1896.4
H* 1584.6 1686.7 1780.3 1898.4
g 1823.0 1937.7 2052.0 2165.8
e 665.2 711.9 758.5 805.2
be 1492.1 1586.7 1672.3 1784.0
%1 349.6 374.6 399.6 424.8
X3 665.0 711.7 758.3 805.2
X3 1488.0 1582.9 1668.5 1780.5
X9 1491.5 1586.3 1671.8 1783.8
ér 611.3 652.4 692.6 735.5
er 409.2 437.2 463.9 494.5
Ve 606.0 647.4 687.9 731.0
i 350.3 375.3 400.1 425.3
T2 597.5 637.3 676.6 7175
Uy 588.7 629.1 668.8 710.1
ar, 1678.3 1783.4 1887.6 1992.4
UR 1611.8 1712.0 1811.3 1911.3
d 1680.0 1785.0 1889.1 1993.8
dr 1604.8 1704.4 1803.1 1902.5
t 913.8 971.8 1038.7 1075.8
ta 1436.3 1519.6 1605.6 1682.4
by 1389.9 1475.5 1563.8 1642.3
b 1583.0 1681.1 1778.6 1875.9

Table 4.2: Input parameters and the mass spectrum of sample points. The value of tan ( is fixed to
10 and sign(u) > 0. We choose these parameters as the mgo 1S fixed to 350, 375, 400, and 425 GeV,
respectively.
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Particle Final states Point 1 (%) Point 2 (%) Point 3 (%) Point 4 (%)

7 t.th 20.7 20.7 20.6 20.9
t, 1 20.7 20.7 20.6 20.9
b, by 7.4 7.4 7.3 7.3
b, b 7.4 7.4 7.3 7.3
t,ts 7.1 7.2 7.2 7.2
t,t5 7.1 7.2 7.2 7.2
b, by 2.6 2.6 2.6 2.5
b, b} 2.6 2.6 2.6 2.5
ar, d, X7 65.8 65.8 65.7 65.7
u, X9 32.9 32.9 32.9 32.9
u, XY 1.4 1.4 1.4 1.4
dr. Uy X7 65.6 65.6 65.6 65.6
d, X3 32.8 32.8 32.8 32.8
d,x? 1.5 1.5 1.5 1.5
th t, XY 80.7 82.7 83.7 86.5
b, X+ 14.3 12.8 11.8 9.8
t, X9 4.9 4.6 4.5 3.7
to Z,t 43.1 42.7 42.1 42.4
h,t 30.4 31.2 31.7 32.8
b, X+ 17.3 17.0 17.1 16.2
t, X9 8.2 8.1 8.2 7.8
by W=t 73.4 73.8 73.7 75.2
t,XT 17.1 16.8 17.0 16.0
b, X5 9.1 8.9 8.9 8.4
by b, Y 57.2 58.2 59.5 59.6
W=, 4t 26.2 24.0 22.1 20.4
h, by 6.4 6.8 6.9 75
Z,by 4.1 4.4 4.5 5.0
Wty 3.0 3.7 4.3 5.3
t, X1 1.6 1.4 1.3 1.1
vy W+, 7 62.0 62.7 63.0 63.9
Ve, X3 38.0 37.3 37.0 36.1
7o Z, 71 30.0 30.3 30.5 30.9
h, 71 32.2 32.5 32.8 33.2
% 37.9 37.1 36.8 35.8
Iy Uy, Uy 11.5 11.4 11.3 11.3
Ur, UE 11.5 11.4 11.3 11.3
7, 7o 9.1 9.3 9.5 9.7
T, 73 9.1 9.3 9.5 9.7
e, Ve Uy Uy 7.1 7.1 7.2 7.1
Ve, U} [V, U 7.1 7.1 7.2 7.1
€, ¢/, fi 6.0 6.2 6.4 6.4
e, &/, i* 6.0 6.2 6.4 6.4
7,71 2.8 2.4 2.0 1.8
T, 7 2.8 2.4 2.0 1.8
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Table 4.3: Branching ratios of the SUSY particles on the sample points for tan 8 = 10.



Particle  Final states Point 1 (%) Point 2 (%) Point 3 (%) Point 4 (%)

0 t,t1 24.7 24.9 24.6 25.8
t, 11 24.7 24.9 24.6 25.8

W, x5 14.8 14.7 14.9 14.2

W, Xy 14.8 14.7 14.9 14.2

A 13.3 13.2 13.4 12.8

Z, XY 4.0 4.0 4.1 3.9

h, X3 1.3 1.3 1.3 1.3

X t,t, 28.5 28.3 27.8 28.4
t, 11 28.5 28.3 27.8 28.4

W, xF 12.3 12.4 12.8 12.4

W, Xy 12.3 12.4 12.8 12.4

h, X3 11.6 11.8 12.2 11.9

h, X9 3.1 3.2 3.3 3.2

Z, X9 1.1 1.1 1.1 1.1

X5 7, Uy 23.3 23.1 22.7 22.8
Ur, T 18.0 18.4 18.7 19.2

RNITRN 14.4 14.4 14.5 14.3

Ve, €% [V, 5 11.9 12.3 12.6 12.7

U, T 5.5 4.7 4.0 3.6

Xa bt 51.4 51.5 50.7 52.5
hy Xy 14.3 14.4 14.6 14.1

Z Xt 13.8 13.8 14.0 13.5

W+ Xy 14.0 14.0 14.2 13.7

w9 4.5 4.5 4.6 4.5

H b, b 49.0 48.6 48.4 47.6
t,t 19.4 19.4 19.3 19.1

T, T 8.6 8.5 8.5 8.5

h,h 3.4 3.8 4.2 4.7

T, T 8.2 8.3 8.2 8.5

T T 8.2 8.3 8.2 8.5

A b, b 50.1 50.1 50.3 49.9
t,t 18.8 18.8 18.9 18.8

T, T 8.7 8.8 8.9 8.9

T, T 9.0 9.1 9.1 9.4

T T 9.0 9.1 9.1 9.4

Ht b, t 72.1 71.9 71.9 71.4
Uy 17.5 17.7 17.6 18.1

T U, 8.6 8.6 8.7 8.6

Table 4.4: Branching ratios of the SUSY particles on the sample points for tan 5 = 10.
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Cross section Point 1 (fb) Point 2 (fb) Point 3 (tb) Point 4 (tb)

o(ar,ar) 3.285 2.253 1.554 1.072
o(r,iR) 1.856 1.214 0.800 0.528
o(ig,iR) 3.366 2.332 1.628 1.137
o(dr,dr) 0.434 0.279 0.181 0.117
o(dr,dR) 0.220 0.135 0.084 0.052
o(dr,dR) 0.442 0.288 0.189 0.124
o(ig,dr) 3.697 2.469 1.657 1.113
o(tr,dg) 0.625 0.397 0.254 0.163
o(ig,dr) 0.618 0.392 0.230 0.160
o(ig,dg) 3.068 2.065 1.400 0.951
o(§, 1) 2.935 1.717 1.016 0.606
o(§,iR) 3.407 2.009 1.199 0.720
o(g,dr) 0.891 0.506 0.290 0.168
o(§,dg) 1.063 0.610 0.354 0.207
o(4,9) 0.444 0.232 0.123 0.065
oy, k) 0.090 0.051 0.029 0.017
oy, %) 0.257 0.160 0.101 0.063
o (g, @}) 0.257 0.160 0.101 0.063
o (g, 0%) 0.130 0.076 0.046 0.027
o(dp,d}) 0.063 0.035 0.021 0.011
o(dp,dy) 0.095 0.055 0.032 0.019
o(dg,di) 0.095 0.055 0.032 0.019
o(dg,ds) 0.094 0.048 0.030 0.019
o(tr,ds) 0.300 0.180 0.104 0.066
o(ig,d;) 0.294 0.176 0.106 0.064
o(ir,ds) 0.040 0.026 0.013 0.007
(g, d%) 0.065 0.037 0.022 0.013
o(dp, %) 0.011 0.006 0.003 0.002
o(dg,a}) 0.081 0.049 0.030 0.018
o(dp, %) 0.080 0.048 0.029 0.017
o(dg, i) 0.018 0.010 0.006 0.004
o(g,a%) 0.055 0.030 0.016 0.009
o(g, %) 0.066 0.036 0.020 0.011
o(g,d%) 0.050 0.025 0.013 0.007
o(g,dy) 0.062 0.032 0.016 0.009

Table 4.5: Cross sections of SUSY particles on the sample points for tan 5 = 10. We assume the
energy in the center-of-mass system as 14 TeV at the LHC experiment.
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Cross section Point 1 (fb) Point 2 (fb) Point 3 (fb) Point 4 (fb)

o(t,1}) 5.565 3.637 2.264 1.757
o(ta, 13) 0.186 0.111 0.071 0.046
o(b1,b%) 0.245 0.148 0.089 0.058
o (ba, b3) 0.080 0.046 0.028 0.014
(%9, X9) 0.106 0.075 0.054 0.038
(%9, %9) 0.015 0.011 0.008 0.006
a(x%,x9) 0.109 0.083 0.062 0.048
o(x9,9) 0.207 0.132 0.085 0.056
(%%, 9) 0.235 0.157 0.106 0.072
o(XT,%7) 2.406 1.726 1.254 0.922
(X7, %9) 3.416 2.489 1.834 1.363
o(X7,%9) 1.200 0.849 0.610 0.443
o(x7,%9) 0.025 0.018 0.013 0.010
o(X7,xY) 0.008 0.006 0.004 0.003
o(X7,9) 0.355 0.224 0.143 0.092
o(X1,9) 0.097 0.061 0.039 0.025
o(71,7F) 0.853 0.645 0.494 0.381
o(71,73) 0.008 0.005 0.003 0.001
o (72, 7) 0.008 0.005 0.003 0.001
o(72,73) 0.187 0.136 0.102 0.076
o(all SUSY) 43.881 28.767 19.000 13.001

Table 4.6: Cross sections of SUSY particles on the sample points for tan 5 = 10. We assume the
energy in the center-of-mass system as 14 TeV at the LHC experiment.
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Cross section xbranching ratio Point 1 (fb) Point 2 (fb) Point 3 (fb) Point 4 (fb)
o(3) X BR(§ — 1) 0.430 0.235 0.134 0.073
o(3) x BR(§ — 77) 0.430 0.235 0.134 0.073
o(ir) x BR(ag — 71) 2.394 1.565 1.012 0.678
o(ig) x BR(ag — 77) 2.735 1.692 1.087 0.719
o(dy) x BR(dy — 71) 1.051 0.661 0.415 0.274
o(dy) x BR(dp, — 77) 0.955 0.612 0.388 0.259
o(f1) x BR(f; — 71) 0.157 0.093 0.054 0.035
o(t) x BR(f; — 7}) 0.175 0.101 0.058 0.037
o(f2) x BR(iy — 71) 0.011 0.007 0.004 0.003
o(ta) x BR(fy — 77) 0.013 0.007 0.004 0.003
o(by) x BR(by — 71) 0.016 0.009 0.005 0.003
o(by) x BR(by — 77) 0.015 0.009 0.005 0.003
o(by) x BR(by — 71) 0.002 0.001

o(by) x BR(by — 7) 0.002 0.001

o(@}) x BR(@h — 71) 0.083 0.047 0.027 0.017
o(at) x BR(a — 77) 0.072 0.043 0.026 0.016
o(d;) x BR(dE — 71) 0.079 0.046 0.027 0.016
o(dy) x BR(dE — 77) 0.087 0.050 0.028 0.017
o(f3) x BR(&F — 71) 0.157 0.093 0.054 0.035
a(t;) x BR(t} — 77) 0.157 0.093 0.054 0.035
o(13) x BR(f5 — 71) 0.012 0.007 0.004 0.002
o(t3) x BR(5 — 77) 0.011 0.006 0.004 0.002
o(b¥) x BR(b¥ — 71) 0.015 0.009 0.005 0.003
o(b¥) x BR(b: — 77) 0.016 0.009 0.005 0.003
o(b) x BR(b5 — 71) 0.002 0.001

o(b5) x BR(b5 — 77) 0.002 0.001 o cos
o(x9) x BR(X9 — 71) 0.787 0.559 0.400 0.297
o(x9) x BR(X§ — 77) 0.787 0.559 0.400 0.297
a(x7) x BR(X{ — 71) 0.896 0.645 0.464 0.348
o(x¥) x BR(X{ — 7) 1.036 0.725 0.513 0.380
o(X7) x BR(X] — 71) 0.620 0.430 0.301 0.222
o(X7) x BR(X] — 77) 0.536 0.383 0.273 0.203
o(72) x BR(7, — 71) 0.102 0.067 0.049 0.037
o(75) x BR(7 — 77) 0.102 0.067 0.049 0.037
o(p—7) 0.428 0.317 0.245 0.190
o(p — 71) 0.428 0.317 0.245 0.190
Total : o(7y) 7.714 5.153 3.480 2.439
Total : o(7) 8.012 5.263 3.543 2.477
Number of produced %1(*)

N(7) 771 515 348 243
N(7) 801 526 354 247
Number of produced x§

NKX9) 7203 4711 3097 2108

Table 4.7: Summary of the cross sections and branching ratios and number of the produced staus
and neutralinos for tan 3 = 10. We assume the emgrgy in the center-of-mass system as 14 TeV at the
LHC experiment. In the estimation of the number of produced staus and neutralinos, we assume
the luminosity as 100 fb™.



Input parameters Point 5 (GeV) Point 6 (GeV) Point 7 (GeV) Point 8 (GeV) Point 9 (GeV)

M s 818.6 878.0 932.8 986.0 1038.0
mg 452.0 517.7 557.7 601.7 639.7

A -2264.7 -2683.6 -2918.4 -3177.9 -3397.0
Particle

h 123.8 124.4 124.6 124.8 124.9

H 1494.6 1659.5 1775.7 1894.0 2002.0
A 1495.1 1660.3 1776.5 1895.1 2003.3
H* 1497.0 1662.0 1778.1 1896.5 2004.6
g 1822.4 1945.4 2057.8 2166.7 2272.6
)Zli 665.6 716.3 762.4 807.4 851.2

)ZQi 1470.6 1638.9 1753.5 1873.7 1981.4
%t 349.3 376.3 400.9 425.0 448.5

% 665.3 716.1 762.4 807.4 851.2

X 1466.8 1635.3 1750.1 1870.5 1978.4
X4 1469.7 1638.4 1753.1 1873.3 1981.0
€r, 709.6 781.6 834.9 890.0 940.6

€R 547.5 614.2 658.7 706.2 748.6

Ue 749.2 7774 830.9 886.2 937.0

T 350.3 377.0 401.0 425.6 449.1

Ty 656.0 713.7 759.3 805.9 849.4

Uy 642.7 701.2 7474 794.6 838.7

Uy, 1710.9 1834.4 1942.2 2048.0 2149.7
UR 1646.6 1765.6 1869.0 1970.6 2068.0
dr, 1712.6 1835.9 1943.7 2049.4 2151.0
dr 1639.9 1758.3 1861.1 1962.1 2059.0
t 945.8 936.5 968.6 987.7 1016.3
to 1432.8 1497.5 1573.1 1641.3 1710.8
by 1384.6 1452.8 1528.4 1598.2 1669.3
by 1561.6 1665.8 1760.5 1852.6 1942.0

Table 4.8: Input parameters and the mass spectrum of sample points. The value of tan 3 is fixed
to 20 and sign(p) > 0. We choose these parameters as the mso is fixed to 350, 375, 400, 425, and
450 GeV, respectively.
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Particle Final states Point 5 (%) Point 6 (%) Point 7 (%) Point 8 (%) Point 9 (%)

7 t.h 21.4 22.6 22.9 23.3 23.6
t, 1% 21.4 22.6 22.9 23.3 23.6

b, by 8.3 8.4 8.4 8.5 8.5

b, b 8.3 8.4 8.4 8.5 8.5

T, 7.9 8.2 8.3 8.3 8.4

t, 7.9 8.2 8.3 8.3 8.4

b, by 3.3 3.1 3.0 3.0 2.9

b, b} 3.3 3.1 3.0 3.0 2.9

i, d, X7 65.8 65.8 65.8 65.8 65.7
u, X9 32.8 32.9 32.9 32.9 32.9

u, XY 1.4 1.4 1.4 1.4 1.4

dr, U, Xy 65.6 65.6 65.7 65.7 65.7
d, X3 32.9 32.9 32.9 32.9 32.9

d, X9 1.5 1.5 1.5 1.5 1.5

t X9 78.4 86.3 89.4 92.7 94.8
b, Xy 15.8 10.5 8.3 6.0 4.6

t, X9 5.9 3.2 2.4 1.3 0.6

ta Zh 41.7 43.5 43.7 44.1 44.3
h,t, 29.1 32.0 33.2 34.4 35.3

b, Xy 19.1 16.0 15.1 14.0 13.4

t, X9 9.1 7.7 7.2 6.7 6.4

by Wt 69.9 83.7 76.9 78.7 79.8
t X1 19.3 15.9 14.9 13.7 13.0

b, X3 10.2 8.4 7.8 7.9 6.8

by Wt 44.0 39.7 36.5 33.4 30.9
h, X9 31.6 30.2 30.2 29.8 29.7

h, by 9.4 12.6 13.8 15.0 15.8

Z,by 5.7 7.7 8.5 9.4 9.9

W=, ts 3.3 6.6 8.3 10.2 11.7

t X1 2.9 2.1 1.8 1.5 1.3

b, X9 1.5 1.1 0.9 0.8 0.7

Uy Wt A 81.8 83.0 83.4 83.8 84.0
v, X0 18.2 17.0 16.6 16.2 16.0

o Z,7 41.3 41.8 41.9 42.0 42.0
h, 7 39.0 39.9 40.5 40.9 41.2

7, X0 19.7 18.3 17.7 14.2 16.8

iy 7,7 40.1 45.0 45.0 46.1 46.2
T, T 40.1 45.0 45.0 46.1 46.2

7 7.3 3.6 3.6 2.6 2.5

v, 7.3 3.6 3.6 2.6 2.5

h, X9 2.5 2.5 2.5 2.5 2.4

Table 4.9: Branching ratios of the SUSY particles on the sample points for tan 8 = 20.
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Particle Final states Point 5 (%) Point 6 (%) Point 7 (%) Point 8 (%) Point 9 (%)
0 t,t 22.6 26.7 26.7 26.9 27.0
t,th 22.6 26.7 26.7 26.9 27.0
W, x5 15.0 12.6 11.6 10.7 10.3
W+ X, 15.0 12.6 11.6 10.7 10.3
Z, X9 13.2 11.0 10.1 9.3 8.9
Z,xX) 4.0 3.3 3.0 2.8 2.7
h, X3 1.6 1.4 1.3 1.3 1.2
t,to 1.8 3.1 3.7
t,t5 1.8 3.1 3.7
0 t,t, 27.0 29.8 29.9 30.0 29.9
t, 27.0 29.8 29.9 30.0 29.9
W= Xt 12.3 10.7 10.3 9.8 9.5
W Xy 12.3 10.7 10.3 9.8 9.5
h, X3 11.4 9.9 9.6 9.1 8.9
% 3.1 2.6 2.5 2.4 2.3
Z,X5 1.3 1.2 1.2 1.1 1.1
5 Ve, T 79.3 89.1 89.2 91.3 91.5
T Uy 15.0 7.5 7.3 5.4 5.2
WXy 3.1 3.2 3.1 3.2 3.2
Xa b, t 48.4 53.0 53.3 53.9 54.1
hy XY 14.2 11.9 11.3 10.6 10.3
Z Xt 13.8 11.5 10.9 10.2 9.9
W+, Xy 14.0 11.7 11.1 10.4 10.0
WX 4.7 3.9 3.7 3.5 3.4
t, bt 4.8 3.4 5.1 6.8 7.8
U, Tf 2.1 1.8 1.8 1.7 1.6
T Uy 1.9 1.6 1.5 1.4 1.4
H b, b 63.3 61.1 60.4 59.6 59.2
T, 7T 11.6 11.4 11.4 11.3 11.3
1,7 10.0 11.3 11.7 12.2 12.6
T, T 10.0 11.3 11.7 12.2 12.6
R 1.9 1.8 1.7 1.6 1.4
t,t 1.6 1.6 1.6 1.6 1.6
A b, b 62.4 60.8 60.2 59.5 59.1
T, 7T 11.6 11.4 11.3 11.3 11.3
LT 11.5 12.7 13.1 13.5 13.7
T, T 11.5 12.7 13.1 13.5 13.7
t,t 1.6 1.5 1.5 1.5 1.5
o+ b,t 62.9 63.9 64.8 65.2 66.2
1,0y 25.9 24.9 23.9 23.4 22.2
Ty 10.3 10.5 10.6 10.8 11.0

Table 4.10: Branching ratios of the SUSY particles on the sample points for tan 8 = 20.
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Cross section Point 5 (tb) Point 6 (fb) Point 7 (tb) Point 8 (tb) Point 9 (tb)

o(ar,ar) 2.915 1.873 1.277 0.879 0.614
o(ir, iR) 1.672 1.024 0.668 0.441 0.296
o(ig, ig) 2.970 1.926 1.327 0.923 0.652
o(dp,dr) 0.377 0.225 0.144 0.093 0.061
o(dr,dr) 0.194 0.110 0.068 0.042 0.026
o(dr,dR) 0.381 0.230 0.149 0.098 0.065
o(ir,dr) 3.243 2.016 1.335 0.894 0.608
o(ir,dg) 0.557 0.329 0.208 0.133 0.087
o(ig,dy) 0.551 0.325 0.205 0.131 0.086
o(ig,dR) 2.680 1.680 1.124 0.759 0.522
o(§, L) 2.735 1.506 0.899 0.537 0.330
o(§, ir) 3.156 1.750 1.041 0.633 0.391
o(g,dz) 0.826 0.440 0.252 0.148 0.088
o(§,dr) 0.981 0.527 0.305 0.180 0.109
(3, 9) 0.440 0.219 0.118 0.065 0.036
oy, @}) 0.076 0.040 0.024 0.015 0.007
o, %) 0.220 0.126 0.078 0.049 0.031
o(ig, %) 0.220 0.126 0.078 0.049 0.031
o (g, i) 0.109 0.060 0.034 0.020 0.013
o(dp,dy) 0.054 0.027 0.016 0.009 0.004
o(dp,dy) 0.080 0.042 0.024 0.014 0.008
o(dg,dy) 0.080 0.042 0.024 0.014 0.008
o(dg,ds) 0.078 0.040 0.023 0.013 0.007
o(tr,dy) 0.254 0.139 0.083 0.050 0.030
o(ig,d;) 0.249 0.136 0.083 0.048 0.029
o(r,ds) 0.035 0.018 0.010 0.005 0.003
o(ig,dy) 0.056 0.029 0.017 0.009 0.006
o(dp,ut) 0.010 0.005 0.003 0.002 0.001
o(dg,}) 0.069 0.038 0.023 0.014 0.009
o(dp, %) 0.069 0.037 0.022 0.014 0.008
o(dg, i) 0.015 0.008 0.005 0.003 0.002
o(g,a%) 0.051 0.025 0.014 0.008 0.004
o (g, %) 0.061 0.030 0.017 0.009 0.005
o(g,d%) 0.045 0.021 0.011 0.006 0.003
o(g,d%) 0.056 0.027 0.014 0.007 0.004

Table 4.11: Cross sections of SUSY particles on the sample points for tan 3 = 20. We assume the
energy in the center-of-mass system as 14 TeV at the LHC experiment.
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Cross section Point 5 (fb) Point 6 (fb) Point 7 (fb) Point 8 (fb) Point 9 (fb)

o(t,1}) 4.399 4.704 3.662 3.245 2.655
o(ta,15) 0.190 0.128 0.085 0.058 0.039
o(by,b%) 0.252 0.169 0.108 0.074 0.049
o(ba, b}) 0.089 0.050 0.030 0.018 0.011
(%9, X9) 0.102 0.069 0.049 0.036 0.027
(%9, %9) 0.014 0.010 0.008 0.006 0.004
(%%, %9) 0.103 0.075 0.057 0.043 0.034
o(x9,9) 0.202 0.123 0.080 0.053 0.035
a(x%,9) 0.227 0.146 0.099 0.068 0.048
o(X¥,%7) 2.459 1.722 1.274 0.939 0.711
o(xF,%9) 3.510 2.505 1.858 1.403 1.076
(X7, %) 1.231 0.852 0.616 0.455 0.341
a(x,%x9) 0.023 0.017 0.012 0.009 0.007
a(X7,xY) 0.008 0.005 0.004 0.003 0.002
(X7, 9) 0.344 0.209 0.134 0.087 0.058
(X1, 9) 0.085 0.057 0.036 0.024 0.016
o(71,75) 0.844 0.626 0.484 0.37 0.298
o(71,73) 0.012 0.007 0.005 0.003 0.002
o (72, 7F) 0.012 0.007 0.005 0.003 0.002
o(72,73) 0.115 0.075 0.055 0.040 0.036
o(all SUSY) 39.798 26.761 18.387 13.258 8.681

Table 4.12: Cross sections of SUSY particles on the sample points for tan 3 = 20. We assume the
energy in the center-of-mass system as 14 TeV at the LHC experiment.

64



Cross section x branching ratio Point 5 (fb) Point 6 (fb) Point 7 (fb) Point 8 (fb) Point 9 (fb)

o(3) X BR(§ — 1) 1.129 0.464 0.231 0.111 0.062
o(j) x BR(g — 77) 1.129 0.464 0.231 0.111 0.062
o(iiz) x BR(ap — 71) 3.391 1.779 1.161 0.733 0.284
o(ig) x BR(ap — 77) 11.021 7.023 4.600 3.066 1.195
o(dr) x BR(dp — 71) 4.349 2.704 1.735 1.136 0.750
o(dr) x BR(dp — 77) 1.342 0.687 0.439 0.272 0.179
o(f1) x BR(f; — 71) 0.204 0.103 0.060 0.029 0.011
o(f1) x BR(#; — 77) 0.755 0.544 0.330 0.207 0.106
o(ty) x BR(ty — 71) 0.020 0.008 0.005 0.003 0.002
o(l2) x BR(fy — 77) 0.067 0.037 0.022 0.013 0.007
o(b1) x BR(by — 71) 0.053 0.029 0.017 0.010 0.006
o(b1) x BR(by — 7}) 0.036 0.018 0.008 0.004 0.002
o(by) x BR(by — 71) 0.008 0.004 0.002 0.001 0.001
o(by) x BR(by — 7) 0.010 0.005 0.002 0.001 0.001
o(u}) x BR(a} — 71) 0.321 0.184 0.111 0.069 0.041
o(}) x BR(a} — 77) 0.099 0.047 0.028 0.017 0.010
o(d:) x BR(d} — 71) 0.107 0.049 0.028 0.015 0.009
o(dy) x BR(dE — 77) 0.348 0.191 0.111 0.065 0.037
o(%) x BR(i* — 71) 0.755 0.544 0.330 0.207 0.106
o(%) x BR(#F — 77) 0.204 0.103 0.060 0.029 0.011
o(i5) x BR(i5 — 71) 0.064 0.035 0.021 0.013 0.007
o(15) x BR(#5 — 77) 0.019 0.008 0.005 0.003 0.002
o(b¥) x BR(b¥ — 71) 0.037 0.018 0.009 0.004 0.002
o(b¥) x BR(br — 77) 0.053 0.029 0.017 0.010 0.006
o(b3) x BR(bs — 71) 0.010 0.005 0.002 0.001 0.001
o(b) x BR(b5 — 77) 0.008 0.004 0.002 0.001 0.001
a(x9) x BR(X9 — 71) 2.379 1.742 1.276 0.961 0.730
a(x9) x BR(XJ — 77) 2.379 1.742 1.276 0.961 0.730
o(X7) x BR(X{ — #1) 0.777 0.277 0.201 0.111 0.081
o(X7) x BR(x{ — 7) 5.802 4.245 3.125 2.337 1.776
o(X7) x BR(X] — 71) 3.464 2.512 1.840 1.362 1.026
o(X7) X BR(X] — 7) 0.464 0.164 0.119 0.065 0.047
o(72) x BR(7 — 71) 0.102 0.067 0.049 0.036 0.032
o(75) x BR(7 — 71) 0.102 0.067 0.049 0.036 0.032
o(p — 71) 0.428 0.317 0.245 0.190 0.150
o(p— 7) 0.428 0.317 0.245 0.190 0.150
Total : o(71) 18.026 11.157 7.568 5.182 3.451
Total : o(7}) 24.694 16.009 10.913 7.576 4.502
Number of produced %1(*)

N(7) 1802 1115 756 518 345

N(75) 2469 1600 1091 757 450

Number of produced !

N(KX9) 3687 2635 1829 1375 940

Table 4.13: Summary of the cross sections and branching ratios and number of the produced staus
and neutralinos for tan 3 = 20. We assume the ei@rgy in the center-of-mass system as 14 TeV at the
LHC experiment. In the estimation of the number of produced staus and neutralinos, we assume
the luminosity as 100 fb~.



Input parameters Point 10 (GeV) Point 11 (GeV) Point 12 (GeV)

M, )5 932.6 986.0 1038.0
mo 560.0 704.5 935.0

Ao -1653.9 -2319.8 -3377.8
Particle

h 123.3 124.7 126.3

H 1353.2 1534.9 1811.8
A 1353.2 1535.0 1812.2
H* 1356.1 1537.6 1814.4
g 2060.1 2174.1 2289.8
X5 759.1 807.0 855.4

X 1410.4 1621.9 1946.4
%0 399.9 425.0 450.3

e 758.9 806.8 855.2

X3 1406.1 1618.3 1943.5
ol 1408.9 1620.6 1946.0
ér 835.5 961.2 1159.7
ér 660.7 795.7 1012.1
De 831.4 957.6 1156.7
1 400.3 425.6 450.4

7o 763.1 849.1 978.4

7 748.3 835.3 966.3

i 1941.0 2078.9 2252.2
iR 1867.3 2002.5 2175.3
dr, 1942.5 2080.3 2253.4
dr 1859.6 1994.4 2166.9
t 1295.1 1272.0 1127.5
to 1666.0 1721.3 1741.8
by 1622.1 1677.6 1697.8
by 1733.6 1829.6 1935.9

Table 4.14: Input parameters and the mass spectrum of sample points. The value of tan 3 is fixed
to 30 and sign(u) > 0. We choose these parameters as the mso is fixed to 400, 425, and 450 GeV,
respectively.
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Particle Final states Point 10 (%) Point 11 (%) Point 12 (%)

7 .t 18.1 20.8 24.9
t, 1 18.1 20.8 24.9
b, by 7.4 7.4 7.3
b, b 7.4 7.4 7.3
t,to 8.1 8.7 9.4
t,t 8.1 8.7 9.4
b, by 5.0 4.7 3.9
b, b} 5.0 4.7 3.9
ar, d, X7 65.7 65.7 65.8
u, X3 32.8 32.8 32.9
u, XY 1.4 1.4 1.4
dr, Uy Xy 65.4 65.6 65.7
d, X9 32.8 32.8 32.9
d,x? 1.5 1.4 1.4
th £, X0 67.6 75.4 88.4
b, X+ 22.3 17.0 8.4
£, X9 10.1 7.6 3.2
ta Z,t 27.5 35.3 42.2
h,t 19.4 26.0 33.1
b, X+ 28.6 25.0 16.1
£, X9 13.7 12.0 7.8
£, XY 1.6 1.3 e
t, X9 2.1 e
t, %9 4.3
b, 32; 28 .. S
by Wt 44.6 58.9 74.9
t, X1 32.1 26.3 16.1
b, %9 16.8 13.7 8.4
b, X9 1.3 e
b, Xy 3.6
by W=t 34.5 43.2 39.8
W, - 17.0 10.4
b, X9 15.8 20.6 19.4
b, %9 e 2.4 1.1
b, X9 8.3 4.1
b, X9 8.5 4.2 e
h, by e 6.2 17.0
Z, by e 3.9 10.1
t, X1 6.0 4.6 20.7
t, Xy 22.9 9.1 e
r Wt A 87.2 87.2 81.7
v, X0 12.8 11.9 10.4
7 Z, 71 45.6 44.7 41.3
h, 71 40.1 40.5 38.7
7, X% 14.3 12.9 11.8
I 7,71 46.967 48.5 48.9
T, 7 46.9 48.5 48.9
h, X9 3.5 2.8 2.1

Table 4.15: Branching ratios of the SUSY particles on the sample points for tan 8 = 30.



Particle Final states Point 10 (%) Point 11 (%) Point 12 (%)

e W=, X7 25.0 19.3 11.3
W X7 25.0 19.3 11.3
t,t e 11.3 24.3
t, 1 e 11.3 24.3
Z, XY 7.2 5.3 2.9
h, X9 1.8 1.5 e
Z, %9 22.6 17.3 9.8
h, X3 1.8 1.8 1.4
7,71 5.1 3.9 2.3
T, 7 5.1 3.9 2.3
7, 7o 3.2 2.5 1.5
T, 7 3.2 2.5 1.5
X W=, X7 24.4 16.6 10.2
W+, 1 24.4 16.6 10.2
t,t e 16.1 27.3
t, 1 e 16.1 27.3
A% 1.9 1.3 .
h, X9 6.6 4.3 2.5
Z,%9 1.9 1.5 1.2
h, X3 23.5 15.8 9.6
7, 4.7 3.3 2.1
T, 7 4.7 3.3 2.1
7, T2 3.4 2.3 1.4
T, 7 3.4 2.3 1.4
el Ur, T 93.3 96.5 97.3
w9 4.2 3.5 2.7
T, Uy 25 o e
X h, X7 23.5 18.2 11.1
Z, Xt 22.8 17.6 10.7
WX 8.1 6.1 3.7
W+, %9 23.3 17.9 10.9
b, 11 6.3 28.1 49.2
Ur, 7 8.3 6.6 4.2
T,0r 8.3 4.6 2.5
t,b% e . 5.6
H b,b 74.1 69.6 63.3
T, 7 14.0 13.5 12.6
1,7 1.4 1.5 1.5
T, T 5.0 7.5 11.0
7, T 5.0 7.5 11.0
A b,b 73.8 69.3 62.9
T, 7 14.0 13.5 12.6
1,75 5.9 8.4 12.0
T, T 5.9 8.4 12.0
HT b,t 77.5 73.7 68.2
7 Ur 12.2 11.7 20.7
7, U, 10.298 14.5 11.0

Table 4.16: Branching ratios of the SUSY particles on the sample points for tan 8 = 30.



Cross section Point 10 (tb) Point 11 (fb) Point 12 (fb)

o(ar,ar) 1.283 0.786 0.425
o(r,@R) 0.670 0.397 0.209
o (g, ig) 1.336 0.825 0.447
o(dr,dr) 0.145 0.082 0.040
o(dr,dR) 0.068 0.037 0.018
o(dr,dR) 0.150 0.085 0.048
olig,dy) 1.341 0.790 0.406
olip,dg) 0.209 0.119 0.059
o(ig,dr) 0.206 0.117 0.058
o(ig,dg) 1.132 0.672 0.347
o (g, L) 0.887 0.493 0.255
o (g, ig) 1.040 0.580 0.299
o(g,dr) 0.251 0.135 0.070
o(§,dg) 0.304 0.164 0.080
(4, 9) 0.112 0.062 0.033
o, @}) 0.024 0.012 0.005
o(tr, %) 0.079 0.043 0.020
o(tig, @%) 0.079 0.043 0.020
o (g, 0%) 0.035 0.017 0.007
o(dp,d3) 0.016 0.007 0.003
o(dp,dy) 0.024 0.012 0.005
o(dg,di) 0.024 0.012 0.005
o(dg,ds) 0.023 0.011 0.004
o(tr,ds) 0.083 0.043 0.018
o(ig,ds) 0.081 0.041 0.017
o(ir,ds) 0.010 0.005 0.002
o(ig,ds) 0.017 0.008 0.003
o(dp,a}) 0.003 0.001 0.001
o(dg,a}) 0.023 0.012 0.005
o(dp, %) 0.023 0.012 0.006
o(dg, %) 0.005 0.002 0.001
o(g,at) 0.014 0.007 0.003
o(g, %) 0.016 0.008 0.004
o(g,d3) 0.011 0.005 0.002
o (g, d%) 0.014 0.006 0.003

Table 4.17: Cross sections of SUSY particles on the sample points for tan 3 = 30. We assume the
energy in the center-of-mass system as 14 TeV at the LHC experiment.
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Cross section Point 10 (tb) Point 11 (fb) Point 12 (fb)

o(ty, t7) 0.468 0.494 1.244
o(ta, 3) 0.052 0.038 0.032
o(b1,b%) 0.061 0.046 0.039
o (ba, b3) 0.034 0.021 0.011
(%3, %9) 0.049 0.038 0.024
a(x9,%9) 0.008 0.005 0.003
a(x9, %)) 0.047 0.041 0.030
(%9, 9) 0.080 0.050 0.031
a(x0,9) 0.098 0.065 0.041
a(XT,%7) 1.289 0.959 0.729
a(xX, xX9) 1.904 1.439 1.117
o(X7,X9) 0.632 0.466 0.354
a(X5, %)) 0.012 0.009 0.006
a(xy,xY) 0.004 0.003 0.002
(X7, 9) 0.134 0.084 0.051
(X1, 9) 0.036 0.023 0.014
o(#1,77) 0.482 0.375 0.295
o(F1,75) 0.007 0.003 0.001
o (2, 71) 0.007 0.003 0.001
o (o, 75) 0.053 0.030 0.004
o(all SUSY) 15.199 9.842 6.957

Table 4.18: Cross sections of SUSY particles on the sample points for tan 5 = 30. We assume the
energy in the center-of-mass system as 14 TeV at the LHC experiment.
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Cross section x branching ratio

Point 10 (fb)

Point 11 (fb)

Point 12 (fb)

o(g) X BR(§ — 1) 0.555 0.278 0.088
o(g) x BR(§ — 77) 0.555 0.278 0.088
o(iiz) x BR(ap — 71) 0.922 0.553 0.293
o(iz) x BR(ap — 77) 4.620 2.754 1.461
o(dr) x BR(dy — 71) 1.743 1.010 0.518
o(dr) x BR(dp — 77) 0.349 0.203 0.104
o(f1) x BR(f; — 71) 0.023 0.018 0.019
o(ty) x BR(t; — 77) 0.123 0.099 0.121
o(t2) x BR(ty — 1) 0.006 0.003 0.002
o(f2) x BR(fy — 77) 0.026 0.016 0.008
o(by) x BR(by — 71) 0.025 0.016 0.008
o(by) x BR(by — 7}) 0.013 0.008 0.004
o(by) x BR(by — 71) 0.008 0.004 0.001
o(by) x BR(by — 7}) 0.007 0.005 0.001
o(@%) x BR(a — 71) 0.113 0.059 0.027
o(}) x BR(a} — 77) 0.022 0.012 0.005
o(d:) x BR(d — 71) 0.022 0.012 0.005
o(dy) x BR(dE — 77) 0.111 0.055 0.023
o(tr) x BR(t; — 1) 0.123 0.099 0.121
o(t5) x BR(tf — 77) 0.023 0.018 0.019
o(i5) x BR(i5 — 71) 0.026 0.016 0.008
o(t5) x BR(f5 — 77) 0.006 0.003 0.002
o(b7) x BR(b} — 71) 0.013 0.008 0.004
o(b) x BR(b¥ — 77) 0.025 0.016 0.008
o(b3) x BR(b3 — 71) 0.007 0.005 0.001
o(b3) x BR(bs — 77) 0.008 0.004 0.001
o(x9) x BR(X9 — 71) 1.304 0.987 0.759
o(x9) x BR(XJ — 77) 1.304 0.987 0.759
o(X7) x BR(x{ — 7) 3.202 2.404 1.852
o(X7) X BR(X] — 71) 1.881 1.400 1.069
o(72) x BR(7, — 71) 0.051 0.028 0.004
o(75) x BR(7 — 7) 0.051 0.028 0.004
o(p — 1) 0.245 0.189 0.148
o(p — 77) 0.245 0.189 0.148
Total : o(71) 7.309 4.874 3.224
Total : o(7}) 10.893 7.269 4.758
Number of produced ’7'( )

N(7) 730 487 322

N(7}) 1089 726 475

Number of produced Y

N(KX9) 1215 754 593

Table 4.19: Summary of the cross sections and branching ratios and number of the produced staus
and neutralinos for tan 3 = 30. We assume the energy in the center-of-mass system as 14 TeV at the
LHC experiment. In the estimation of the number of produced staus and neutralinos, we assume
the luminosity as 100 fb~. 71



Chapter 5
Summary

We have studied the scenario of the CMSSM in which the so-called lithium-7 problem can be solved
via internal conversion processes with long-lived staus. For the abundance of lithium-7 to be reduced
to the observed one, we imposed the following conditions, that (i) the mass difference of the stau
NLSP and the neutralino LSP is smaller than 0.1 (1)GeV, and (ii) the yield value of the stau NLSP
is larger than 10713, The first condition that guarantees enough long lifetime of the stau constrains
the stau mass for a fixed neutralino mass, hence the scalar soft mass mgy and the trilinear coupling
Ap, while the second one that guarantees the sufficient reduction of the lithium-7 constrains the
upper bound on the neutralino mass or the gaugino soft mass M; ;. We analyzed the parameter
space as well as the SUSY spectrum of the CMSSM by taking the recent results on the Higgs mass,
SUSY searches and the dark matter abundance into account.

In Sec. III, we have shown the allowed region on the Ag-mg and mg-M; /o plane for dm < 0.1
and 1GeV varying tan § = 10, 20 and 30, respectively. We found a linear relation between Ay and
mo in all cases as given in Eq.(4-2-1). The relation originates from the tightly degenerate mass of
the stau and the relic abundance of the neutralino. It was also found that the allowed region on
Ag-myg plane shifts to higher scale as tan 3 increases. Thus the SUSY spectrum is heavier for large
tan 3. On the other hand, as seen in Fig.4.3, M/, is constrained between 750(950) and 1050GeV
for tan 8 = 10(30). The upper bound comes from the yield value of the stau while the lower one
from the small mass difference and the dark matter abundance. Thus, the conditions required to
solve the lithium-7 problem play an important role to determine the allowed region of the CMSSM
parameters. Notably, these results naturally lead to heavy SUSY spectrum. The bounds on M;
lead to the stau mass between 310(400) and 450GeV. Such heavy staus evade the present bound
from direct searches at LHC.

In Figs.4.5-4.9, we have shown the SUSY spectrum and the heavier Higgs mass in the allowed
region. One can see that the whole spectrum is relatively heavy so that it is consistent with the null
results of the SUSY searches at the LHC experiment. Among the spectrum, one of the important
predictions is the masses of the gluino and the 1st/2nd generation squarks. In Fig.4.5, it was shown
that the the masses are clearly correlated with the neutralino mass. This is the direct consequences
from the linear relation of Ag and mg. Thus in our scenario, once one of them is determined, the
others can be predicted. It is important to emphasize here that the masses of gluino and squarks
are constrained between 1.6(1.8) and 2.3TeV for tan 8 = 10(30). These gluino and squark masses
are out of reach at 8 TeV LHC run but really in reach of 14TeV LHC run. The expected numbers
of the long-lived staus (nearly degenerate neutralino) to 100fb=! are about 1570 (7200) for the light
neutralino mass and 490 (2100) for the heavy one in the case of tan 3 = 10, respectively. With these
numbers, the long-lived stau and the nearly degenerate neutralino will be identified easily. Thus
our scenario explains why SUSY has not been found yet, and at the same time predicts the early
discovery of SUSY in the coming few years. The other important prediction is the stop mass. The
stops are also relatively heavy in our scenario. Such stop masses gives large radiative corrections
to the Higgs mass, and in fact the Higgs mass is pushed up to 125GeV in sizable regions of the

72



parameter space. The production cross section of such a lighter stop pair is comparable to those of
the gluino and the squarks, and the expected number of the stops to 100fb=! are between 880 and
540. Thus we can expect that the lighter stops also will be found at the 14TeV run of LHC.

The SUSY spectrum is consistent with the present results on muon anomalous magnetic moment
within 3 o0 and b — s+ and By, — pp within 1 0. The direct detection cross section of the neutralino
is from 3 x 10747 to 6 x 10~*8cm? and is in reach of LUX/ZEP 20ton.

In conclusion, our scenario is predictive and indeed testable in the coming 14TeV LHC run.
When SUSY is the solution of the lithium-7 problem and its breaking is controlled in the CMSSM
framework, the time to discover SUSY is coming soon.
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Calculation for changes in yield
values of light elements through
exotic nuclear reactions

We calculate changes in yield values of light elements through exotic nuclear reactions, e.g. internal
conversions, catalyzed fusion reactions, and *He spallation processes.

Abundances of light elements The observed values of light elements are [119, 121, 128, 129],

np/np = (2.80 £ 0.20) x 1077, (-0-1)
nspge/np = 0.87 £ 0.27, (-0-2)
nepi/n, = (2.34 £ 1.15) x 1071, (-0-3)
nep;/ner; = 0.046 £ 0.022, (0-4)

We express 9Li/n,, as follows from Eqgs. (-0-4) and (-0-4).

ner,i ner,; N71,4

Np niL; Ny
= (0.108 £ 0.051) x 10717, (-0-5)

We calculate production of light elements in the form of yield value, and so we rewrote the
observed abundances as yield value. Firstly we represent yield value of the p. We calculate the value
as follows; Baryon density of the universe is represented in Ref. [131],

Qh? =2.207 x 1072 = p’ih% (-0-6)
crit

where h is the scale factor of the Hubble expansion rate, h = 0.673, p; is the energy density of the
baryon, and pei; is the critical density of the universe, perir = 1.054 x 107°h?(GeV/c?) em 3. The
energy density of the baryon is defined as follows;

Pb X NpMy, + Nape + MAaye
&~ 2npMy,. (-0-7)

Here we approximate nag, ~ 1/4n, and may, =~ 4m,. The value of n; is
np = 2.482 x 10~ "cm ™2, (-0-8)
Therefore, we calculate the value of n, as follows;

_ prcrit

=1.239x 10 "em ™3 -0-9
2m, X cm™°, (-0-9)

Np

(0]



where m,, = 938.27 MeV is the mass of a proton. Using n,, we can calculate the yield value of p as
follows;
p

Y, =7 =4.287x 1071, (-0-10)

Here s is the entropy density of the universe, and we use the today’s value, sop = 2891.2 cm ™3 [131].
Using Egs. (-0-1), (-0-4), (-0-3) and (-0-10), we calculate yield value of light elements as follows;

Yp = (1.200 £ 0.086) x 107*°, (-0-11)
Yo = (1.00 £ 0.49) x 10720, (-0-12)
Yor,; = (4.63 £2.19) x 10722, (-0-13)

Numder density of p and D at T' We need the number density of D at temperature 7 in a
calculation of the catalyzed fusion, and so we calculate the number density. Firstly we calculate the
numder density of p at T, and then we calculate that of D. Since the yield value of p is same at any
temperature, we express the number density of p as follows;

np(T) = Np,0

T 3
~(z;) mo (0-14)

where T} is today’s temperature, Ty = 2.725 K. We express T in a unit of keV. Using Boltzmann
constant kg = 8.617 eV K1, we rewite the first factor at the right hand side of Eq. (-0-14) as
follows;

T T
To  2.725 x 8.617 x 10—8 keV
= 4.26 x 10°Tiev, (-0-15)

where Tiev is dimensionless quantity normalized by keV. Therefore, we calculate the number density
of p as follows;
ny(T) = 7.72 x 10* x 1.24 x 107 "T2 ;em ™3
= 9.57 x 10" Tjeyem ™. (-0-16)

Using Egs. (-0-16) and (-0-1), we also calculate the number density of D.

np(T) = 2.68 x 10872 y,cm 3. (-0-17)

Timescale of the catalyzed fusion We calculate the timescale of the catalyzed fusion from now.
The analytical expression of the reaction rate is given by [37]

Na(ocpv) = 2.37 x 108 x (1 — 0.34T%) Ty >3 exp(—5.33T, */*)em®s ™ 'mol, (-0-18)

where N4 is the Avogadro constant, N4 = 6.02 x 10%* mol, ¢ is the cross section of the reaction, v
is relative velocity, () expresses the thermal average, and Ty is dimensionless temperature in unit of
10° K. Here we express Ty as Tiev as follows;

T
109K

T

 86.17keV

= 1.161 x 10 *Tiev. (-0-19)

Ty =
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Using the equation, we rewrite Eq. (-0-18) as follows;
(0opv) = 7.68 x 10713(1 — 3.95 x 103 Theey ) Tys! ® exp(—23.5T ot/ *)em3 tewts ™ (-0-20)
Conecting the Egs. (-0-17) and (-0-20), we obtain the reaction rate of the catalyzed fusion as follows;

FCF = <UCFU>

—2.06 x 107 °T7/3(1 — 3.94 x 1073 ey exp(—23.5T1r/ *)s™ ! (-0-21)

The reaction rates at T = 30,10,and 5 keV are 2.60 x 1076 s71, 7.65 x 1072 s~! and 9.05 x 10~!!

s~1, respectively.

Effect of the catalyzed fusion on the °Li abundance We roughly calculate the effect of the
catalyzed fusion on the 6Li abundance. The change of the abudance is reperesented as follows;

Icr

AYor; =Yz o€ T
oL 0. Isp. +T'z +T'cr

(-0-22)

where AYsy; is the yield value of the °Li, 75 . is a timescale of (‘He l~_) formation, I'; is a decay rate
of the slepton, I's, and I'c . are a reaction rate of the *He spallation processes and the catalyzed
fusion process, respectively. In the equation, Y;_ e~ ™F./7 represent 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 allowed region in Fig. 3.4.4, dm ~= 0.1 GeV and
Y: ~ 2 x 10713, We put the constraint from the observed value on the calculated value as follows;

Yori00 _g _ i} Fcr
O 0 (2314+1.09) x 1070 > e R/ — 2 -0-23

S0 ) > O (0-23)
We take the timescale of the bound state formation 5x 10* s (see the Fig. 3.3), and I'cp ~ 7.65x 10~°
s~1. We see that 77 ~ 10? s and I'sp, ~ 1 s7! in the allowed region(see Fig. 3.2) and Fig. (3.7)). We
confirm that the calculated yield value of Li is consistent with that of the observational value at
the allowed region.

Effect of the “He spallation processes on the D abundance We calculate the effect same
way as that of the catalyzed fusion. The change of the abudance is reperesented as follows;

I'sp

AYp =Yipoe ™R/ 0
P o Isp. + 1T +T'cr

(-0-24)

Here we also conside the allowed region in Fig. 3.4.4. We put the constraint from the observed value
on the calculated value as follows;

Yi T
ZDOb: . (6.00 +0.43) x 1073 > e~ BE /T CF

_—, -0-25
Yz Fgp. + T+ Tor ( )

We also confirm that the calculated yield value of D is consistent with that of the observational
value at the allowed region.
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