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1 Introduction

The standard model (SM) is the successful theory which describes the interactions of el-
ementary particles, in agreement with all the experimental results below the electroweak
(EW) scale. However, there are several unsolved theoretical and observational problems
such as the mass hierarchy of elementary particles, non-existence of the viable dark matter
candidates and even the gravitational interactions in the SM.

When we consider the extension of the SM, there are two important ideas indicated
from the string theory which is expected as the consistent theory of quantum gravity. One
of them is the supersymmetry (SUSY). From the phenomenological point of view, the
supersymmetric models are also attractive scenario beyond the SM, because the minimal
supersymmetric standard model (MSSM) gives rise to the gauge coupling unification at
a high energy scale around 2.1 x 10'6 GeV, stable SUSY particles as dark matter candi-
dates, and so on. In addition, the local supersymmetric models, i.e., supergravity models
describe the gravitational interactions in the framework of four-dimensional supergravity
(4D SUGRA). The other idea is the extra dimension. In the extra-dimensional models, the
hierarchical Yukawa couplings arise from the wavefunction profiles of quarks, leptons and
Higgs, propagating in the bulk of the extra-dimensional space. (See for more details, e.g.,
ref. [1, 2] in the five-dimensional cases.)

Based on these ideas, we consider the five-dimensional supergravity model (5D
SUGRA) which is the minimal extension of the SM with local supersymmetry and a sin-
gle extra dimension. Among them, 5D SUGRA compactified on S'/Z, is the simplest
but a workable theory, where the four dimensional chirality arises from the orbifolding
of fifth dimension. Although there are several systematic studies focusing on the par-
ticle phenomenology [3-6] or cosmology [7-9] based on the off-shell formulation of 5D



SUGRA [10-17], it would be quite important to treat them on the same footing and per-
form a complementary study. For such a purpose, in this paper we propose the realistic 5D
SUGRA model, consistent with the recent LHC experiments [18-20] as well as the Planck
results [21].

Before discussing the details of the 5D SUGRA, we review the recent implications
from the LHC experiments. The LHC Run I results indicate no evidence for SUSY up to
a scale of O(1) TeV [18-20], and the observed Higgs boson mass my, ~ 126 GeV [22, 23]
is considerably larger than that expected in the framework of MSSM with a low-scale
SUSY breaking, although a few possibilities are pointed out to raise the Higgs boson
mass within the low-scale SUSY scenarios [24-27]. As a class of models compatible with
the observed Higgs boson mass in the MSSM, the high-scale SUSY breaking scenarios
are often considered, such as Split SUSY [28, 29], Spread SUSY [30] and Pure gravity
mediation [31, 32]. In these scenarios, the gaugino masses are relatively lighter than the
soft SUSY-breaking masses. For example, in the case of pure gravity mediation, the gaugino
masses are determined by the anomaly mediation [33, 34], whereas the other soft SUSY-
breaking terms are determined by the gravity mediation. Then, the lightest supersymmetric
particle (LSP) is the wino. [33, 34].1 However, the relic abundance of wino depends on the
thermal history of the universe after the inflation. Especially, the non-thermal productions
of the wino LSP is highly model-dependent. Indeed, the wino LSP is produced by the decays
of gravitino [35], moduli [36] and Q-ball [37] after the inflation. Therefore, we discuss such
high-scale SUSY breaking models with the wino dark matter based on the concrete model,
i.e., 5D SUGRA on S'/Z, in which the successful inflation mechanism can be realized [9].

The paper is organized as follows. In section 2.1, we briefly review the matter con-
tents and their interactions in our model derived from the 5D SUGRA. Then, the moduli
stabilization, inflation dynamics and SUSY breaking mechanism are shown in section 2.2.
Section 3 is devoted to the thermal history of the universe in our model, and then the
relevant decay processes into the wino dark matter are discussed. We find that the relic
abundance of the wino is determined by the non-thermal productions from the gravitino
decay, whereas the other decay process via the inflaton decay is not relevant to the present
dark matter abundance. Finally, section 4 is devoted to the conclusion.

2 Setup

2.1 Four-dimensional effective action on S'/Z

In this section, we now to proceed to details of the 5D SUGRA on S'/Zs with flat 5D
spacetime whose coordinates are denoted as z™ = (zt,y) with p=0,1,2,3 and y is fifth
coordinate within the range 0 < y < L. The matter contents in this background are
classified as two types of fields, such as Zs-even and Zs-odd fields, where only Zs-even
fields appear in the low energy effective theory after the dimensional reduction of the fifth
dimension.

!The higgsino dark matter is also considered in the pure gravity mediation scenario [38].



First of all, we show the moduli chiral multiplets involved in 5D Zs-odd U(1) vector
multiplets V', Since the 5D SUSY is broken into the 4D A = 1 SUSY by the Zo-
orbifolding, these vector multiplets are decomposed into the 4D Zs-odd vector multiplets
V1" and Zs-even chiral multiplets X7, ie., V' = {VI' 2"} with I’ = 1,2, -n». Only
the zero-modes of X! appear in the low-energy effective theory below the compactification
scale, whereas V' do not have zero-modes. We denote the zero-modes of %! as T
whose imaginary parts of scalar components correspond to the fifth components of U(1)
gauge fields A{\;[, and then T are called as the moduli chiral multiplets. For 5D Zs-even
vector multiplets V! and hypermultiplets H,,, they are also decomposed into the 4D Z,-
even vector multiplets V! and chiral multiplets ¥/, ®, and ®¢, ie., VI = {V! %1} and
H,={d,,®(} withI =1,2,--- ,nyrand a = 1,2,---ng + 1. Here, we assume the single
compensator multiplet, for simplicity. As for these zero-modes of V! and ®,, we further
assume the following MSSM matter contents plus three right-handed (s)neutrino multiplets
N;, stabilizer multiplets H, (a = 1,2,--- ,np,) and SUSY breaking multiplet X;

(V1, Vo, V3) @ gauge vector multiplets,

(Qi,U;, D;) : quark chiral multiplets,
(Li, &, N;) : lepton chiral multiplets,
(Huy, Hq) : Higgs chiral multiplets,
(H,) : stabilizer chiral multiplets,
(X) : SUSY breaking chiral multiplet, (2.1)

where Vi, Vi, V3 denote the gauge multiplets for U(1)y, SU(2)z, SU(3)¢, and ¢ denotes
the flavor index. As shown later, H, and X are responsible for the moduli stabilization
and the spontaneous SUSY breaking, respectively. It is remarkable that these chiral
multiplets originating from the hypermultiplets H, have extra U(1) charges cg?‘) under
the U(1);r gauge symmetries.

From the 5D conformal supergravity action [10-17], we can obtain the effective Kéhler
potential and gauge kinetic function after the off-shell dimensional reduction [39-42] in
terms of the 4D N = 1 superspace [43, 44]. (See refs. [45, 46] for more general description

of 5D SUGRA including the Zs-odd fields.) Then, 4D effective Lagrangian becomes

Leg = —i [ / 4?0 > fr(T)tr(W" W) + hc.

+ [ PP Rer)

1 U 4?0 PPW(Q,T) —|—h.c.] : (2.2)

where ¢ is the compensator multiplet, W™ are the field strength supermultiplet for 4D gauge
multiplets V" with » = 1,2, 3 and @, stand for all the 4D chiral multiplets given by eq. (2.1).
Such 5D action is characterized by the cubic polynomial of vector multiplets,
ny
NM)= > CrjeM M/ M¥, (2.3)
ILJEK=1



where Cy s i is the real constant. If the 5D supergravity models are embedded in the more
higher-dimensional theories, such as heterotic M-theory, these coefficients Cr, ; i correspond
to the intersection numbers of the internal Calabi-Yau manifolds [47, 48]. By identifying
the real coefficients Cp ;i with £}, the gauge kinetic functions f.(T") in eq. (2.2) are

represented as
nvI/

(@) =3 g1’ (2.4)

I'=1

In addition, the effective Kéhler potential in eq. (2.2) is

Qr(QF ReT) = —aN"A(ReT) |1 2 ¥ (e 1)[Qul + 3 0L (ReDIQa I + 0<Q6>} 7
a o,B
(

2.5)
where cg?‘) denote the U(1) charges of @, whose kinetic term is given by

1— e—QReZ

Y(z) = “Res (2.6)

where the exponential factor can be extracted from the exponential form of the localized
wavefunctions propagating in the bulk, controlled by the bulk mass, i.e., U(1) charges in

our framework. Moreover, the four-point couplings ij)ﬂ are defined as

aWw — (C(a) . Pa~ ! .C(B)){y((c(a) 4 c(ﬂ)) -T) — y(c(a) .T)y(c(ﬂ) -T)} B Y((C(a) 4 C(B)) -T)
B = 3(c(@ - ReT)(c® - ReT) 9 ’
(2.7)
where P!, = 61 ; — XTN;/3N project the moduli multiplets out the radion multiplet
which corresponds to the single modulus 77'=! in the case nyr = 1. In contrast to the

Kahler potential, the superpotential is only allowed at the orbifold fixed points y = 0, L
due to its holomorphicity.

2.2 Brief review of moduli inflation

Along the line of refs. [9] and [49], we briefly review the supersymmetric moduli inflation
which cannot be realized in the single modulus case. In order to obtain the Yukawa hierar-
chies between generations as shown in section 3, we consider the case of three moduli multi-
plets, and at the same time, three stabilizer multiplets are introduced to generate the mod-
uli potential, i.e., ny,;» = ny, = 3. The norm function for the moduli multiplets is chosen as

N(ReT) = (ReTh)(ReT?)(ReT?), (2.8)

for simplicity. In addition to the bulk configurations in the 5D SUGRA on S'/Z given
by eq. (2.5), we set the following superpotential at the orbifold fixed points y = 0, L,

W = I H.6(y) — T ULy — L), (2.9)

where JéaL) are real constants and H, are the stabilizer chiral multiplets. Here, we assume

that such linear terms at the fixed points are dominant terms protected by certain



symmetries and dynamics. By integrating the 5D action over the fifth dimension [39-42],
we find the following superpotential W,

" Q) et
W= (J\ = g\ W= T H,, (2.10)

and the Kéahler potential for the moduli and stabilizer fields,

3
K = —InN(ReT) + Y Zp, (ReT"'=")|H,|?, (2.11)
a=1

where /
1— 67205.7’) ReT!

Zy, (ReT!'=%) = (2.12)

cgcf)ReT r
It is then assumed that the stabilizer fields H, have only U(1);—, charge, for simplicity.

Next, let us discuss the moduli stabilization from the scalar potential in 4D N = 1
SUGRA by employing the above Kéhler and superpotential,?

V = e (K™'D,,WDyW — 3|W|?), (2.13)

where D,,W = W, + K, W, Wy, = 0, W, Ky = 0K, Kinin = 0 On K, K™ = (K1) 1,
m,n = {I',a}, and at the moment, we omit the contributions from the other fields expect
for the moduli and stabilizer chiral multiplets, 7! /, H,. The extremal conditions of them
(Vpr) = (Vi,) = 0 with V,, = 0,V are satisfied under the supersymmetric conditions,
ie., (DppW) = (Dy,W) = 0 which lead to their vacuum expectation values (VEVs),

, J(a)
ATy =1 JLa) , (H,) =0, (2.14)
0

and the vanishing cosmological constant (V) = 0.3 At the extrema given by eq. (2.14),
moduli 77" and stabilizer fields H, have same supersymmetric masses,

2 W)

my, =~ s 215
I'a K[/]_/Kaﬁ ( )

where Wy, = —c(ﬁ)Jéa) efcy’l)Tﬂ, Wi; = 0;0;W, and the real and imaginary parts of them
also have the same masses at the vacuum. From the mass formula (2.15), the one pair of
modulus and stabilizer fields, e.g. (TIIZI, H,—1) is lighter enough than the other pairs
(TT'#1, Hop1) by choosing [ci/2)| < |efy=)| and |[J$Y] < (57| in eq. (2.12). In
such cases, the pairs (T!'7, H,.1) are fixed at their supersymmetric minimum given
by eq. (2.14), and then the only remaining pair (TIIZI7 H,_;) appears in the low energy

effective action given by the following Kéhler and superpotential,

K = —InReT" + Zy, (ReTY)|[H1|* + -+ -,

2Here and hereafter, we employ the reduced Planck mass unit, i.e., Mp; = 1.
3Similar moduli stabilizations are discussed in the single modulus case [50] and in the case of multi
compensators [51].



W= (0 = gWe=a" T g, (2.16)

where the ellipsis stands for the VEVs of the other moduli fields 77'#!. With the 4D
scalar potential (2.13) replaced with eq. (2.16), the effective potential for the modulus 7"

becomes ( o
1) (1) _—ctM712

5 J = Jy e A
Vi eKKHlHlmrH1’2 - BA L ‘

— (2.17)
(ReT?)(ReT3)(1 —e~c 17
on the H; = 0 hypersurface. When the inflaton is identified with the real part of modulus
ReT!, our obtained effective scalar potential on the Im 7" = 0 hypersurface is similar to
the one in Starobinsky model [52]. During the inflation, H' and ImT" are fixed at the
origin due to the Hubble-induced mass and real parameters J(gflL), respectively. By solving

the equation of motion for ReT! with the following parameter settings,
1 e 3) m_ 1 so_ 3 @

AR Ay R S N e g = =Y =
0T T LTI TR0 Tp00 L T 30000 2 T T 00 T T 10

(2.18)

the cosmological observables such as the power spectrum of the scalar curvature perturba-

@_L o_1

tion Pe(k), its spectral index ng, and the tensor-to-scalar ratio r with an enough amount
of e-foldings IV ~ 58 are obtained,

Pe(ky) =22 x107% ng~0.96, r~ 1075, (2.19)

at the pivot scale k, = 0.05 [Mpc~!]. These results are consistent with the recent Planck
data, reported in ref. [21],

Pe(ky) ~2.204+0.10 x 1072, ng = 0.9655 + 0.0062, 7 < 0.11. (2.20)
The supersymmetric masses of moduli and stabilizer fields are also given by
mpe =~ mps ~mpg, ~ mpg, ~ 4.8 x 10° GeV, mpm ~ mp, ~ 4 x 102 GeV, (2.21)

with the numerical values of the parameters (2.18), which shows that the fields except for
the pair (T 1 l:1, H,—1) are decoupled from the inflaton dynamics as mentioned before. It
turns out that the typical Kaluza-Klein mass is also larger than the inflaton mass,

™ s

Mc = 7~ (N1/2)

~ 2.1 x 10'GeV, (2.22)

with the moduli VEVs,
(Re(Th), Re(T?), Re(T?)) ~ (11, 110, 110), (2.23)

by utilizing the parameters given by eq. (2.18). So far, the F-terms of moduli and stabilizer
fields vanish at the vacuum, because there are no source of SUSY breaking in the current
setup.

For the SUSY breaking sector, as an example, we take an O’Raifeartaigh model [53]
determined by the following Kéahler and superpotential of the SUSY breaking field X,

1
K = Zx(ReT? ReT?)| X |* — ﬁyxrl, W =w+vX, (2.24)



where w, v are the real parameters and the loop corrections in the Kéahler potential are
characterized by the scale of heavy mode or dynamical scale A [54, 55]. It is then assumed
that the SUSY breaking field X have no charge for U(1); gauge symmetry, which forbids
the inflaton decay into the SUSY breaking field at the classical level.

As discussed in refs. [9] and [49], when the SUSY breaking scale is enough lighter than
the inflation mass, the moduli and stabilizer fields remain stabilized at the values close to
their minimum (2.14) during the inflation. In fact, the deviations from them and VEV of X,

2 2 2

m , m A (Zx)*w

SHy ~ 2 571" ~ <3/2> X~ M)W 1, (2.25)
mmy, Moy 4y

are small enough, where mgz/,, = eE)2(W).  Furthermore, the F-terms of these fields
are estimated at their minimum involving the deviations (2.25) from the supersymmetric
minimum (2.14),

3 3
Ko FT ~ 0 M3/2 K. - FHan O M3z KoopXm_ Vv
T - m%ﬂ ) H.,H, — mQHa ) XX - <N>1/2<ZX>1/27

(2.26)
from which the F-terms of moduli and stabilizer fields are suppressed by the gravitino
mass. Thus, one can discuss the low-and high-scale SUSY breaking scenarios, as long as
such scales are lower than the inflation scale.

3 Wino dark matter in the high-scale SUSY breaking

In this section, we discuss the particle phenomenology of 5D SUGRA based on the moduli
inflation in section 2.2. Since the moduli do not induce the SUSY breaking at the vacuum,
the sizable gaugino masses are not generated at the tree-level as seen in eq. (2.4). Through-
out this paper, we do not consider the gauge kinetic function at the boundary fixed point
y =0, such as f(O) = ¢, X with &, being the real parameter, from which the F-term of X in-
duces the sizable gaugino masses, although the R-symmetry is explicitly broken.? Thus, the
dominant contributions to the gaugino masses come from the anomaly mediation [33, 34],
2
M, = fgfrgm?,/z, (3.1)

where the VEV of the conformal compensator, (F?)/(¢) is replaced by the gravitino mass

m3/p due to the almost vanishing F-terms of the moduli and the stabilizer fields (2.26)

and tiny VEV of X (2.25), V8 = 161”2 (%yo‘myzm - QgTQCT(Sa)(Sg) are the anomalous
dimension with S, being the fields in the MSSM, C,(S,) are the quadratic Casimir
invariants and b, = (33/5,1,—3) are the beta function coefficients in the MSSM. As

pointed out in refs. [34, 35|, there are the threshold corrections to the gaugino masses at

the one-loop level. In particular, when the p-term is of order the gravitino mass mg/,, the
heavy higgsino threshold corrections give rise to

brcr.92 : m,zél ‘:UJ‘Q
M, = 259 Gnag— Ay I 3.2
TN 6|u|2 —m% " m3 (3:2)

“Such situation is discussed in refs. [49].



in the limit of my < p,ma, where ¢, = (1/11,1,0), tan 8 = vg/v, with v, 4 being the
VEVs of up-and down-type Higgs fields, myy and my4 are the masses of W-boson and
CP-odd heavy Higgs boson, respectively. The origin of the py-and Bpu-terms is shown later.

By contrast, the soft SUSY-breaking masses are generated via the four-point couplings
between X and the matter multiplets S, in the MSSM (2.7). Although they depend on
the U(1); charge of S,, typical sparticle masses are of order the gravitino mass which is
larger than the gaugino masses by one-loop factor (3.1). It turns out that these spectra
are similar to those of pure gravity mediation [31, 32]. In such cases, the LSP is the wino
by the nature of renormalization group (RG) effects, and the thermal abundance of wino is
determined by the wino mass, i.e., gravitino mass, whereas the non-thermal abundance of
wino is highly model-dependent. Therefore, we investigate these abundances by focusing
on the wino productions from the gravitino decay based on our moduli stabilization as
well as the inflation. These gravitinos are produced by the thermal bath and scalar field
(1! "Hy X ) decays after the inflation in section 2.2. In the following, we discuss the details
of the sparticle spectra and the relic abundance of wino step by step.

3.1 Yukawa hierarchies and Sparticle spectra

So far, we discuss the inflaton and SUSY breaking sectors. To complete our discussion, we
set the superpotential for the fields in the MSSM and (s)neutrinos. For the matter chiral
multiplets involved in the hypermultiplets ®,, we put the following Yukawa couplings at
the boundary fixed point y = 0,

Whtssm = A QiHull; + A QiHaD; + N LiHaE; + N LiHu N, (3.3)

where \¥ (r = u,d,e,n) are the holomorphic Yukawa couplings. We assign the R-charge
to the chiral multiplets in eq. (2.1) as Rx = Ry, = 2, Rg, = Ry, = Rp, = R, =
Re; = Ry, = 1, Ry, = Ry, = 0, where Ry is the R-charge of ¢. When the matter chiral
multiplets are canonically normalized, the physical Yukawa couplings are expressed as

) A ’ N Y ; A
gl =y = = = - ,
\/ Yo, Y, YZ/_{J- \/ Yo, Yn, Yﬁj \/ Y, Y, ng Y Y, Y]\_fj
where
Yo = 02050 = NV3(ReT) (2Y(c(a) “T) = 3Qu x| X2 + 0(|X|4)) . (3.5)

With the U(1)p charge assignments of the matter multiplets as summarized in table 1 and
the O(1) value of the holomorphic Yukawa couplings AY (z = u, d, e,n), the observed quark
and lepton masses and their mixing angles are realized as shown in ref. [49].> Here, the
theoretical values are evaluated in terms of the one-loop RG equations of the MSSM from
the EW scale to the compactification scale M.

®By changing the R-charges of fields and introducing the mass terms of the Majorana neutrinos, the
tiny masses of the neutrinos are also explained. These terms are put on the superpotential at the other
boundary fixed point y = L, such as W = K/ije_Qc;\:iTI/NiNjy where k;; are O(1) parameters and ng/vi)
(i =1,2,3) are the U(1)/—; charge of the Majorana neutrino chiral multiplets NN; for the linear combination
of the vector multiplets V™', Such terms induce the non-thermal leptogenesis [56, 57] via the non-thermal

inflaton decay into the Majorana neutrino, i.e., T2 — N3 N3 as also discussed in ref. [58].



g, =(0.1, 01, 1.1) | 54 =(0.1, 0.1, 1.6) =0
¢, =(-0.1,-0.1,0.8) | ¢, =(-0.1,-0.1, 0) =01
cpi, =(0.1, 04, 1) 5 = (0.1, 0.5, 0) M =09
&y =(0.1, 0.1, 0.6) | &i_y=1(0.1, 0.2, 0.2) =0
i =(-0.1,-0.1,0.3) | 5i_, = (~0.1,-0.1,0) M~
&y =(=02, 02, 1) i =(-0.2, 0, —0.5) e = 0.1
D, =(01, 01, 02) | cNi,=(01, 01, 0.1)
chiy=(-01,-0.1,0) | i, =(-0.3,-0.3,-0.3)

D =(03,02, —05) |, =(-07, —0.7, —0.7)

Table 1. U(1);s charges of the quarks, leptons and Higgs.

Moreover, we set the following superpotential as the counterpart of u-term,

3
W,u—term = Z kaH HyHa, (36)

a=1

where k% (a = 1,2,3) are the real parameters, and then the VEVs of H, generate the
effective p-term,

3
p=y —— (3.7)

a=1 YH Yy.[u Yq.[d

a

where the relevant fields are canonically normalized. By assuming that p-term is only
generated by the VEV of Hs, ie., k1 = kg = 0, the scale of u-term is of order the
gravitino mass which is required for the successful EW symmetry breaking in high-scale
SUSY breaking scenario,

_3 M3/
U 5.7 x 10 Iﬁg*Mp] ~ O(mg/g), (38)

M,
where the U(1);, charges of relevant fields given by eq. (2.18) and table 1, the VEVs of
T (2.23) and the mass of stabilizer field (2.21) are employed. Note that the mild large
volume of the fifth dimension y reduces the scale of u-term by the factor 5.7 x 1073, and
furthermore the existence of this three-point couplings do not depend on the dynamics of
inflaton and stabilizer fields thanks to the tiny VEVs of Higgs fields. In order to realize the
successful EW symmetry breaking, we add the Giudice-Masiero terms [59] to the Kéahler

potential at the boundary fixed point y = 0 as the origin of py-and Bu-terms,

KO = ¢, Hy+hec., (3.9)

where ¢ is a constant and the mass scales of u-and Bu-terms are close to the gravitino
mass. These holomorphic terms cannot be derived from the bulk Ké&hler potential (2.5)
due to the structure of N'= 2 SUSY.



The U(1); charge assignments of the matter multiplets determine not only the ob-
served masses and mixing angles of the elementary particles, but also the flavor structure of
the soft SUSY-breaking terms through the four-point couplings between the SUSY break-
ing field X and the matter multiplets in the effective Kéhler potential (2.7). They are
characterized as

3
1 S |
Loty = —»_m3 |Sal” — 5 > 1 M A"+ 6 Eﬁ a8y SaSSy + Buhyhg +hec. |,
a = By
(3.10)

where S, = hu,hd,(ji,ﬂi,czi,ii,éi,ﬁi and the scalar components of
Huy, Ha, Qi, Ui, Diy Liy E;y N; and X (r = 1,2,3) are the gauginos. These soft terms
except for the gaugino masses are given by the well known formulas [60, 61],

m?, = —(FIF79;0;10(Ys,)), B~ —M3/9, Gapy = Yasy(F O In(Vs,Ys,Ys,)), (3.11)

where the indices I and J run over all the chiral multiplets. Since the moduli and the
stabilizer fields do not induce the SUSY breaking effects, the gaugino masses and the A-
terms are almost vanishing. Therefore, the leading contribution to them are the one-loop
anomaly mediated effects which are expressed as eq. (3.1) for gaugino masses and

Gapy = — (7§ycﬂv + ’Yé?/acw + ngwc) m3/2, (3.12)

for A-terms. On the other hand, the anomaly mediation for the soft SUSY-breaking masses
can be negligible relative to the gravity mediation for them. It should be noted that there
are the experimental constraints to the wino mass. Since the unstable gravitino have
to decay before the Big-Bang Nucleosynthesis (BBN), the wino mass is constrained to
Ms > 200 — 250 GeV. The LHC experiments also give the lower bound for the wino mass
My > 270 GeV by searching for the disappearing tracks [62, 63].

3.2 The relic abundance of wino dark matter

Next, we discuss the relic abundance of the wino LSP from the gravitino decays. The
gravitino is produced by the thermal bath and non-thermal decays of scalar fields such
as the inflaton Re T, real parts of lightest stabilizer field Re H; and SUSY breaking field
Re X after the inflation. The other moduli and stabilizer fields are decoupled from the
inflaton dynamics and fixed at their minimum. Especially, the imaginary parts of fields,
Im7", Im H; and Im X do not oscillate around their minimum after the inflation, because
we set the real parameters in the superpotential (2.12) and (2.24). Thus, we focus on the
non-thermal productions of the wino LSP given through the decays of Re T, Re H;, Re X
after the inflation. As summarized in ref. [49], the gravitino yield Y3/, = ng3/5/s where n3 /5
is the number density of gravitino and s is the entropy density of universe is estimated.
First, from the inflaton decay into the gravitino(s), the gravitino yield is given by

2
1 3TR 1 3m3 QTR
Yijn = Br(o! = WapWy)n) . 4
myr - 288w (K )Ty 4Mp)
_ mg/2 \?2 Tr
~ 2% 10719 ( ) 3.13
. 105GeV/) \109GeV )~ (3.13)
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where 0! = ReT", Fglll ~ 3.95GeV is the total decay width of inflaton which is obtained
from the inflaton decay into the gauge boson pairs. The reheating temperature Tg is
estimated by equaling the expansion rate of the universe, Hr = H(TR) to Fgﬁ,

2o (T
Tp = (ggéR) \/% ~ 1.38 x 10° GeV, (3.14)

where g.(Tr) = 915/4 is the effective degrees of freedom in the MSSM at the reheating Tg.
Next, the gravitino yield is produced by the h; = Re H; decay,

2
_ 2o, 1M3pTR 55 % 10-18 ( m3/2 )2 102GeV\® [ T (3.15)
mm,s 4 my, ' 10° GeV M, 10°GeV )"

where pg, is the energy density of S,. Finally, the SUSY breaking field + = Re X also
produces the gravitino,

2/3
vo, ~ S IR (M2 (T / ~1.2x 10718 ( M3/2 )20/3 10°GeV\*? 1 Ty
T 2mx A mx Tw) 10° GeV mx 10°GeV )’

h
Yoo =

(3.16)
where I'?}; is the total decay width of =,
1 m%
Iy =~ — W3 ,0U 3.17
an = [ 3/2 3/2) %6n m§/2M ( )

As a result, the gravitino productions from ¢! and h; decay after the inflation are
suppressed due to the almost vanishing F-terms of 7' and H;. However, the gravitinos are
sufficiently produced by the decays of x for the particular values of mx and ms /2.6 Note
that we focus on the situation where the coherent oscillation of inflaton field dominates
the energy density of the universe after the inflation, and then inflaton release the entropy
and reheat the universe at its decay.

Moreover, the gravitino is also produced by the thermal bath in the era of radiation
domination and it decay into the wino hereafter. The thermal abundance of gravitino is
given [65-68] in terms of dimensionless Hubble parameter i and the numerical parameters
Yr, kyr defined in [68],

M,(Tg)? k. Tr
= v 9r(TR) 1 — ], 1
i Zyg “ ( 3md, ) \or(Tk) | 1010Gev (319

where M, (Tgr) and g¢,(Tg) are the gaugino masses and gauge couplings at the reheating

Tr. The non-thermal abundance of the wino LSP is determined by solving the Boltzmann

equation [36, 37],
45 1
v v N 1
32t 3/2 + Y30 + Yo, 8729 (T3.2) MP1T3/2<Gannv>]’ (3.19)

5The details of them are also discussed in ref. [64].

Ynt ~ min
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where XY denotes the wino-like neutralino and the entropy release from the gravitino decay
is neglected. g.(T3/5) >~ 10.75 is the effective degrees of freedom in the MSSM at decay
temperature of the gravitino,

10 L/4

and I'3 /5 is the gravitino decay width into the gauginos,

12 m3/2

Iy = — . 3.21
3/2 — 397 M}%] ( )

It is then supposed that the sparticles except for the gauginos are heavier than the gravitino
as can be seen in table 2. (0anyv) is the thermally averaged annihilation cross section of
the wino-like neutralino which is roughly estimated as

395
(CannV) = 16ﬂf42, (3.22)
in the limit of my < Ma, go is the gauge coupling of SU(2); at the EW scale. (See for
more details, e.g., ref. [69].) Because of the large cross section of wino, the annihilation
of the wino after the non-thermal production is negligible. Therefore, the non-thermal
production of wino is approximately given by Y;?th o~ Y;/h2 Yg% Yg% }%96/2
On the other hand, the thermal abundance of the wino LSP is roughly estimated as,

-1

8m2g,(To
To-T) (Tannv) MpiT5o (3.23)

Vi = 15
where g*(Tﬁ)) ~ 80 is the effective degree of freedom at the freeze out temperature of
wino-like neutralino Txo. As pointed out in ref. [70], the thermal abundance of the wino
LSP depends on the non-perturbative effects, and then the observed dark matter density
is realized for mgo 2.7TeV in the case of pure thermal wino.

As a result, the relic density of the wino LSP is approximately given by the sum
of thermal and non-thermal abundances, that is, Yo Yth + Ynth. Since Yo becomes

constant of time at low enough temperature, the total relic den51ty 'of the wino 1s given by
2 _ thy2 thy 2
Q)Z‘fh = Qi?h + 929 h*, (3.24)
where h ~ 0.673 is the present Hubble constant in units of 100km/sec/Mpc [21], and

th(nth) _  y-th(nth) Snow
QXO =mgoY oo Tcr ) (3.25)
with per and spow being the critical density and the present entropy density of the universe,
respectively. Its ratio is given by per/snow = 3.6 h%2 x 1072 GeV [21]. In figure 1, the total
relic density of the wino LSP is drawn as functions of m3/, and mx, and then the dark

matter abundance is constrained within the range 0.1175 < Q)Z?h2 < 0.1219 reported by
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Figure 1. Contours of the relic abundance of the wino LSP, Q40 h? = 0.1 (dotted), ) h? =0.11
(dashed) and $40 h? = 0.12 (solid) as a functions of the gravitino mass mg/, and the mass of SUSY
breaking field mx.

the Planck collaboration [21]. Although we do not include the non-perturbative effects for
the annihilation cross sections of wino [70], we expect that the discussion is not altered
within the mass range, mge < 1TeV. Even if the Sommerfeld effect significantly reduce
the thermal abundance of wino-like neutralino in the mass region above O(1)TeV, the

non-thermal abundance of it compensate the relic abundance of it.

When we set the gravitino mass mg/,, = 1.4 X 10° GeV and my = 2.9 x 102 GeV,
where the total relic abundance of the wino is consistent with the Planck data [21], the
sparticle spectra as well as the Higgs boson mass are estimated as those in table 2 by
choosing tan f = 4 and the U(1); charge in table 1. Now, the parameters w,v, A in the
superpotential (2.24) are properly chosen to realize the above situation. We employ the one-
loop RG equations of MSSM from the SUSY breaking scale m3/ to the compactification
scale M¢, whereas the Higgs boson mass is evaluated by employing the result in ref. [71].
From the table 2, the sparticles except for the wino and chargino are of order the gravitino
mass which lead to no flavor and CP-problems peculiar to the supergravity models.

In this paper, we focus on the relic abundance of the wino LSP in the concrete 5D
SUGRA model on S'/Z5 where the successful inflation can be realized. The wino dark
matter can be checked by the 100 fb~! data at LHC 14 TeV running [72] and cosmological
observations such as the observation of the cosmic rays from the Fermi Gamma-Ray Space
Telescope [73], AMS-02 experiment [31, 32, 74, 75]. If the large mass of wino is prohibited
by such collider experiments as well as the cosmological observations, the non-thermal
process is important to realize the correct relic abundance of the wino-like neutalino as

explicitly shown in our model.
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mass[GeV] mass[GeV]
ma, | 1.3x 105 | mg | 1.2 x 106
ma, | 1.2x 105 | meg, | 9.3 x 109
me | 9.1 x10° | mp, | 1.0 x 10°
ms | 8.9 x10° | mp, | 9.0 x 10°
my, | T.0x10° | mz | 9.0 x10°
mg, | 41x10° | mz | 8.6 x10°
mg | 1.3x10° | mp, | 1.2x10°
mg, | 1.3x10° | mg, | 1.4x10°
mg | 1.3x10% | mg, | 1.0 x 10
mg, | 8.9x10° | mg, | 1.4x10°
my | 6.7x10° | mp, | 8.6x10°

my, | 41x10° | my, | 1.4x10°
2 2

mgo | 7.3x10° | mx 377

4 X1

myo | 73 x10° | mes | 7.3 x10°
mgo 1227 Mgy | 1.4 x 10
mzo 377 mp, 125.5
M3 3896

Table 2. The mass eigenvalues of sparctile spectra, the Higgs boson mass my,, the gravitino mass
mg/2, and the gluino mass Mj. The subscripts indicate the mass eigenvalues of sparticles, that is,

the up (@), charm (é), top (£), down (d), strange (3), bottom (b) squarks, the scalar electron (é),
muon (fi), tauon (7), neutrino (#), the neutralino (Y) and the chargino (Y).

4 Conclusion

We have investigated the high-scale SUSY breaking scenario with the wino dark matter
in the framework of 5D SUGRA on S!/Z; in which the successful moduli inflation can
be realized [9]. The systematic studies on the particle phenomenology as well as the
cosmology are quite important to discuss the thermal history of the universe. Especially,
the nonthermal dark matter abundance is highly model-dependent.

In our model, the moduli stabilization as well as the moduli inflation have been achieved
in a supersymmetric way, so that the gaugino masses are not generated at the tree-level.
Even if we consider the SUSY breaking field, the leading contributions to the gaugino
masses are anomaly mediation, whereas the gravity mediation determines the other soft
SUSY-breaking terms which are controlled by the extra U(1) symmetries broken by the
orbifold projection. Then, the obtained sparticle spectra are similar to those of pure gravity
mediation [31, 32] and the dark matter candidate is the wino LSP whose abundance is
determined by the thermal and non-thermal processes after the inflation. Since the inflaton
and moduli are stabilized at their supersymmetric minimum, their decay into the gravitinos

— 14 —



are suppressed by the almost vanishing F-terms of them. As a result, the non-thermal
productions of the wino LSP produced by these fields decays are negligible.

By contrast, the gravitinos are generated by the thermal bath and the decay of SUSY
breaking field, and the wino LSP is produced by the gravitino decays hereafter. Although
the relic abundance of the wino LSP is the sum of the thermal and the non-thermal abun-
dances, it is found that the non-thermal process dominates the dark matter abundance con-
sistent with the recent Planck data [21] even when the thermal abundance of it is negligible.
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