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In order to significantly reduce the fine-tuning associated with the electroweak symmetry breaking in the
minimal supersymmetric standard model (MSSM), we consider not only the minimal gravity mediation
effects but also the minimal gauge mediation ones for a common supersymmetry breaking source at a
hidden sector. In this “minimal mixed mediation model,” the minimal forms for the Kahler potential and the
gauge kinetic function are employed at tree level. The MSSM gaugino masses are radiatively generated
through the gauge mediation. Since a “focus point” of the soft Higgs mass parameter, m%" appears around
3-4 TeV energy scale in this case, m% is quite insensitive to top squark masses. Instead, the naturalness of
the small mﬁ is more closely associated with the gluino mass rather than the top squark mass, unlike the
conventional scenario. As a result, even a 3—4 TeV top squark mass, which is known to explain the
125 GeV Higgs mass at three-loop level, can still be compatible with the naturalness of the electroweak
scale. On the other hand, the requirements of various fine-tuning measures much smaller than 100 and
|u| < 600 GeV constrain the gluino mass to be 1.6 TeV $m; $2.2 TeV, which is well inside the

discovery potential range of LHC Run II
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I. INTRODUCTION

How to naturally keep the small Higgs boson mass
against its quadratically divergent radiative corrections has
been one of the most important issues in the particle
physics community for the last four decades. Since this
question raised in the Standard Model (SM) is associated
with stabilization of the EW scale against the grand unified
theory (GUT) scale or the Planck scale, many ideas and
theories beyond the SM and towards the fundamental
theory have been motivated and suggested in order to
address this question. The supersymmetric (SUSY) reso-
lution to it is to cancel the quadratic divergences by
introducing superpartners with spins different by 1/2 from
those of the SM particles, and their interactions with the
same strength as those of the SM. All of them can
consistently be controlled within the SUSY framework [1].

Since the top quark and its superpartner the top squark
dominantly contribute to the radiative Higgs mass via the
large top quark Yukawa coupling, the top squark mass has
been regarded as a barometer for naturalness of the minimal
SUSY SM (MSSM): a top squark mass lighter than 1 TeV
is quite essential for keeping the naturalness of the EW
scale and the Higgs boson mass. However, the experimental
mass bound on the top squark has already exceeded
700 GeV [2]. Thus, it would be very timely to ask whether
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the low energy SUSY can still remain natural even with a
somewhat heavy top squark mass greater than 1 TeV.

On the other hand, the gluino is not directly involved in
this issue, because it does not couple to the Higgs boson at
tree level. Instead, the gluino mass dominantly influences
the renormalization group (RG) evolution of the top squark
mass parameters. In this sense, the gluino affects the Higgs
mass parameter m; just indirectly in the ordinary MSSM.
In this paper, however, we attempt to investigate another
possibility: the gluino can play a more important role in the
naturalness of the small Higgs boson mass. As a conse-
quence, the top squark mass can be much less responsible
for it: it can be much heavier than the present experimental
bound. Indeed, the gluino can be more easily explored than
the top squark at the Large Hadron Collider (LHC). Thus, if
a relatively light gluino mass turns out to be needed, this
scenario could readily be tested at LHC Run II.

Because of the top quark Yukawa coupling constant y, of
order unity, as mentioned above, the top quark and top
squark make the dominant contributions not only to the
renormalization of a soft mass parameter of the Higgs £,
(EAmIZIU), but also to the radiative physical Higgs mass

(=Am2) [1.3]:
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where m;, (m,) denotes the top quark (top squark) mass, and
vy, is the vacuum expectation value (VEV) of the Higgs
boson, v, =+/(h,)* + (h;)* ~ 174 GeV with tanp=
(hy,)/(hg). For simplicity, here we assumed that the
SU(2),-doublet and SU(2),-singlet top squarks (“LH
and RH top squarks”) are degenerate, and the “A-term”
coefficient corresponding to the top quark Yukawa cou-
pling, A,, dominates over p-cotf, where u is the
“Higgsino” mass. By introducing SUSY, thus, the quadratic
dependence on the ultraviolet (UV) cutoff A in the SM for
Am%uh_loop is replaced by a logarithmic one as seen in

Eq. (1). For a small enough Am%u however, the top

|l—loop’
squark mass should necessarily be small enough.
Otherwise, the Higgs mass parameters, mj; and mj ,

should be finely tuned with y to yield the measured value
of the Z boson mass m; =~ 91 GeV, because they are
related to each other via the minimization condition of
the Higgs potential [1],

2 2 tan?
mj, —m;, tan” f

Lk ()

1

2"z
As seen in Eq. (2), the radiative correction to the physical
Higgs mass depends logarithmically on the top squark
mass. Actually the tree level Higgs mass in the MSSM
should be lighter even than the Z boson mass
(< myz-cos2p) [1]. Thus, the radiative Higgs mass
Eq. (2) is also quite essential for explaining the observed
Higgs boson mass. In view of Eq. (2), however, the recently
measured Higgs boson mass, 125 GeV [4] is indeed too
heavy as a SUSY Higgs mass, because it would require a
too heavy top squark mass (“little hierarchy problem”).
Many SUSY models have been proposed for raising the
Higgs boson mass by extending the MSSM, but still
assuming a relatively light top squark, m, $1 TeV [5].
However, the experimental mass bound on the top squark
has already exceeded 700 GeV [2], as mentioned above. Of
course, the second term in Eq. (2) could be helpful for
raising the Higgs mass, when it is almost maximized,
A?/m? ~ 6 [1,3]. But it is not easy to realize at low energies
from a UV model via its RG running, unless we suppose a

tachyonic top squark at the GUT scale (M) [6].
According to the recent analysis based on three-loop
calculations in Ref. [7], a 3—4 TeV top squark mass can
account for the 125 GeV Higgs boson mass with ignorable
A, terms. Such a heavy top squark mass would give rise to a
more serious fine-tuning problem associated with the light
Z boson mass as seen in Egs. (1) and (3), particularly, when
the cutoff scale A is about GUT scale (~10!¢ GeV):
apparently a fine-tuning of order 10~* (or Az~ 10** in
terms of the fine-tuning measure defined later) looks
unavoidable in the MSSM. To more precisely discuss
the UV dependence of m%lu, addressing the little hierarchy

problem, however, one should analyze the full RG
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equations under a given specific UV model. If a SUSY
UV model turns out to be simple enough, addressing the
above question, SUSY could still be recognized as an
attractive solution to the gauge hierarchy problem.

A potentially promising UV model is the “focus point
(FP) scenario” [8]. Since it is based on the minimal gravity
mediation (mGrM) of SUSY breaking, all the soft squared
masses, including the two Higgs mass parameters m%l and

2 , 2 2
mj, , LH and RH top squark’s squared masses m;, and Mo

etc., as well as the MSSM gaugino masses, take the
universal forms [1,9]:

2 2 2 o =2
My, = M, = Mg =My = - =g and
M3:M2:M15m1/2, (4)

where M3, denote the gluino, wino, and bino masses,
respectively. In this case, as noticed in Ref. [8], the RG
flows of m%u converge about the Z boson mass scale to a
small negative value, regardless of its initial values taken at
the GUT scale, i.e., various m(z) values, only if the A, and
my, are sufficiently suppressed. Since m%u is almost
independent of m(z), a small enough m, turns out to be
responsible for a small negative m%lu, naturally explaining

the smallness of the EW scale or m, compared to the GUT
or Planck scale. Such a parameter choice can indeed reduce
the fine-tuning considerably. Several different definitions of
the fine-tuning report a similar tendency around the “FP
region” in the MSSM parameter space [10]. On the other
hand, the low energy values of other soft mass parameters

such as m and m,. are very sensitive to m§ values. These
3

features in the mGrM might open a possibility to naturally
explain the smallness of mf,u in contrast to large top squark

mass parameters.

However, the experimental gluino mass bound has
already exceeded 1.3 TeV [11], and so the unified gaugino
mass m, /, cannot be small any longer. Also the naturalness
on a small A-term would be questionable. Most of all, if the
top squark masses are around 3-4 TeV, they should
decouple below the 3—4 TeV energy scale from the ordinary
MSSM RG equations, and so the FP behavior of m,zZ

becomes seriously spoiled below the top squark mass scale
[12]. Basically the FP scale in the mGrM is too far below
the top squark mass scale desired for explaining the
125 GeV Higgs boson mass. All such problems in the
FP scenario arise because heavier masses for the Higgs, top
squark, and gluino are experimentally and/or theoretically
compelled.

The best resolution to such problems would be to
somehow push the FP scale from the Z boson mass scale
to the desired top squark mass scale (“shifted FP” [13])

such that the m} dependence of mf,u becomes suppressed

before top squarks are decoupled from the RG equation of
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miu [12,13]. Actually, it is indispensable for restoring the
naturalness of the low energy SUSY in the framework of
the FP scenario. m%u below the top squark mass scale or at

the Z boson mass scale can be estimated using the
Coleman-Weinberg potential [1,14]:

3|)’t|

2
mlz{logﬁ - 1}
1672 [ZC A%
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- 2m, {logA—2 — IH
Ar

3ly
zmhu( T)— |t| {méﬁ'mig}
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where the cutoff Ay is set to the top squark decoupling scale
(~ \/W). The last term of the second line in Eq. (5) is

relatively suppressed. Since the m3 dependence of top
squark masses would be loop suppressed, mﬁu needs to be

well focused around A;. Due to the additional negative

contribution to m? (mz) below Az, a small positive

mﬁ (Ar) would be more desirable.

In order to push the FP scale up to the desired top squark
mass scale, 3—4 TeV, we will consider the gauge mediation
effects as well as the mGrM effects for a common SUSY
breaking source at the hidden sector, introducing some
messenger fields: we will attempt to combine the two
representative SUSY breaking mediation scenarios, the
mGrM and the minimal gauge mediation (mGgM) at the
GUT scale in a single supergravity (SUGRA) framework
[13]. We call it the “minimal mixed mediation” of SUSY
breaking. For a qualitative understanding on the FP
behaviors, in this paper we will present the semianalytic
solutions to the relevant RG equations for small tan f cases.
Also we will perform their full numerical analyses for large
tan # cases. Based on these results, we will explore the
parameter space that can naturally explain the small Higgs
mass parameter, and then derive the gluino mass bound
consistent with it.

This paper is organized as follows: in Sec. II we will
present semianalytic RG solutions for m% and the top
squark masses in the MSSM with a small tan,b’ They will
be utilized in the subsequent sections. We will leave the
details of their derivations to the Appendix. In Sec. III, we
will discuss why the fine-tunings become more serious in
the mGrM with relatively heavy top squark masses. In
Sec. IV, we will introduce the minimal mixed mediation of
SUSY breaking and show that it significantly reduces the
fine-tunings of the MSSM. In this section, we will derive a
proper gluino mass bound consistent with the naturalness
of the EW scale and the Higgs boson mass. Section V will
be devoted to the Conclusion.
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II. SEMIANALYTIC RG SOLUTIONS

In this section, we will first present our semianalytic
solutions to the RG equations of some soft SUSY breaking
mass parameters in small tan  cases. When tan f is large,
the expressions on them are not simple enough, and so one
should perform a full numerical analysis. As will be seen
later, however, large tan § cases turn out to be much more
useful for reducing the fine-tuning of the EW scale.
Nonetheless, discussions on the small tanf case would
be helpful for a qualitative understanding on the structure of
the FP of m% and for getting an intuition on how to resolve
the problem.

When tanf is small enough and the RH neutrinos are
decoupled (by assuming their small Yukawa couplings), the

RG evolutions of the soft mass parameters, m(zh, mlzlc,
3
m; , and A, are described with the following simple

equations [1]:

2

m 32

1672 dtq3:2y?(Xt+A?)_?g%M%_6g%M2 lsglM%,
(6)

2dmiu ) ) 32 2 ) 2
16z —dt3 =4y; (X, + A7) - 39 sM3 _92M . (D

dm;, 6

167° — 2 = 637 (X, + A7) — 663M3 — _giM7, (8)
8ﬂ2d—tt = 6y74, —?9%M3 —3gM, - 1591M1’ ©)

where ¢ parametrizes the renormalization scale Q,
t—ty=log;>, and X, is defined as mg, + Mie + mj, .
Here we neglected the bottom quark Yukawa coupling y,,
the sbottom quark’s squared mass m? s and also the leptonic
contributions due to the smallness of tan p. In the above
equations, the RG evolutions for the MSSM gauge cou-
plings g3, and the gaugino masses M3, ; are already well
known [1]:

gz
galt) =—————. and =—-. (10)
1—%b,(1—1p)

where gy and m;/, denote the unified gauge coupling
constant and the unified gaugino mass, respectively, and b,,
(a=3,2,1) means the beta function coefficients for

the MSSM field contents, (b3, b,,b;) = (-3, 1,353) For

the full RG equations valid when tan /3 is large, refer to the

Appendlx of Ref. [12]. The semianalytic solutions for mqg,

ug, and m%l turn out to take the following forms:
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where A) = A,(t = 1), and G, and G% are defined as

Gal0) = |40 + 34400 + 124100 ang

GR(1) = |5 40) +3680) + 1380 (15)

respectively. For details of the above solutions, refer to the
Appendix. Numerical calculation shows that the sign of
F(r) is negative, and |F(¢)/2] is larger than the second line
of Eq. (13), which is positive. Consequently larger values
of (my),/g5) and A lead to large negative values of mj at
low energies [12].

The initial values, mlzho,

determined by a UV model. They would be associated
with a SUSY breaking mechanism. We will discuss it in the
following sections.

m2.,, and mj o, should be
3 u

II1. MINIMAL GRAVITY MEDIATION

The FP scenario is based on the mGrM model. In this
section, we will first review the mGrM of SUSY breaking,
particularly investigating the UV boundary conditions on
the relevant soft mass parameters, and then discuss the FP
in the mGrM model.

PHYSICAL REVIEW D 92, 075025 (2015)

my, (t):mho‘F?[“”fdt - }—l—@
- (%)2 B{g‘z‘(t) - g0} +%{g‘;(;) — g,

(13)

. . 2
where the subscript 0 in my g,

(Emfho + mggo + m%uo) means the values of the correspond-

2 2
Moucos M0 and X

ing mass parameters at the GUT scale, or t =1y =
log(M;/GeV). In these solutions, F(¢) is given by

’ ///2
e“” o /dtG / dt"G, e“” Y

(14)

A. Basic setup in the minimal gravity mediation

The N =1 SUGRA Lagrangian is described basically
with the Kihler potential K, superpotential W, and gauge
kinetic function f,,. In the mGrM scenario or minimal
SUGRA (mSUGRA) model, particularly, the minimal form
of the Kihler potential is employed, and the superpotentials
of the hidden and observable sectors are separated:

K= Z|Zi|2 +Z|¢r|2v

W=Wy(z;)+Wo(e,). (16)

where z; (¢,) denotes scalar fields in the hidden (observ-
able) sector. The kinetic terms of z; and ¢,, hence, have the
canonical form. For the hidden sector scalar fields z;’s and
the hidden sector superpotential Wy, nonzero VEVs are
assumed [9]:

(z;) =b:iMp, =mM3%, (17)

<az,-WH> =aimMp, (W)

where a; and b; are dimensionless numbers and Mp
(2.4 x 10'® GeV) means the reduced Planck mass.
Then, (Wy) or m yields the gravitino mass, mj;, =
KV M) (W | /M3 = €221 2

The soft SUSY breaking terms can read from the scalar
potential in SUGRA:
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K
Ve =e" [Z|in|2 + Z|F¢r|2
i r

where the “F-terms,” Fy [= (DxW)* = (0xW+
OxK W/M%)*], are, in the minimal SUGRA, given by

- we| s
P

ow w
= O = Mo (a4 0m 4 )
F aW0+</)* id 8W0+¢* + %o (19)
— = m—+—.
o, My 0, T M3

Note that VEVs of F, are of order O(mMp). For the
vanishing cosmological constant (C.C.), a fine-tuning
between (F. ) and (W), S,(1F. ) = 3[(Wy) /M3, or
Silai + b;|* = 3, is required from Eq. (18). Neglecting the
Planck-suppressed nonrenormalizable terms, Eq. (18) is
rewritten as [9]

Vi \3¢,‘7V0|2 + mj|ep, |

+ m0[¢,8¢r WO + (AZ - 3>W0 + H.C.}, (20)
where summations for ¢, are assumed. Ay is defined as
Ay = ;bi(a; + b;) and my is identified with the gravitino
mass ms (= ezi“""z/zm). VVO (= ezilh"|z/2W0) means
the rescaled W . From now on, we will drop out the “tilde”
for simplicity. In Eq. (20), the first term is nothing but the
F-term scalar potential in global SUSY. The second and
other terms imply that the soft scalar mass terms and soft
SUSY breaking A-terms parametrized with my, are univer-
sal at the GUT scale in the mGrM. If there are no quadratic
or higher powers of ¢, in Wy, one can get negative
(positive) A-terms with Ay < 2 (As > 2). Here the univer-
sal A-parameter (=A, = A;) does not include Yukawa
coupling constants, but it is proportional to mg. We will
set the universal A-term to

Ay = aymy, (21)

where ay is a dimensionless number. Using the
vanishing C.C. condition, the universal soft mass param-
eter, my (= eK/@M) (W) /M2) can be expressed as

K)/CM3) (37 (F. )[2)'/?//3Mp. 1t is the conventional
form of m in the mGrM scenario.

In N = 1 SUGRA, the gauge kinetic function f,;,, which
is a holomorphic function of scalar fields, not only
determines the form of the gauge fields’ kinetic terms

— 1 (Ref ;) F“F",], but also contributes to the gaugino
mass term [9]:

Mp 6/0m2) 0w 9G japp _ L S0 bkr2 O ap b
4 A% CFIA,
4 0z} 0z; T4 0z}

(22)
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where G is defined as G = K + M%1log(W/M3), and A%?
stand for the gaugino fields. If SUSY is broken (F, # 0)
and the gauge kinetic function is nontrivial (Of ,,/0z; # 0),
the gaugino masses can be generated. In the mGrM
scenario, the unified gaugino mass m;, is regarded as
an independent parameter, assuming the canonical kinetic
terms for the gauge fields. In our model that will be
discussed in Sec. IV, however, we will employ the minimal
form of the gauge kinetic function (= J,;,) at tree level: the
gaugino masses can be generated radiatively.

B. Focus point in the minimal gravity mediation

As seen in Eq. (20), the soft SUSY breaking masses
squared for the superpartners of chiral fermions are
universal at the GUT scale in the mGrM. Accordingly,
the mq 0 u c» and mh oin Eqs (11), (12), and (13) should
be set to be the same as m} in the mGrM:

My = Mo =mj o =mg, andso Xo=3mg.  (23)
Thus, the semianalytic RG solutions take the following
form:

XE{Q() 9} + 55 {gl() gg}] (24)

and

3 2 31 g2 1 F(t
{mgh (t) —|—mg%(l‘)} :% |:e4,,2 J;O dr'y; +_:| +Q

+ ()5 0 -ty

-0 ) ~ g (0 - )
(25)

where F(r) has been presented in Eq. (14). The A-term
contributions to the above solutions are all included in F ().
The independent parameters in Egs. (24) and (25) are, thus,
mg, (my2/g5), and ay: we regard 1y (or M) as a given
parameter, whose value is determined with the MSSM field
contents and their interactions. Note that the above semi-
analytic solutions are valid only for small tanf cases.
For the solutions in larger tan # cases, numerical analyses
on the full RG equations should be implemented. Most of
all, the above solutions are not valid any longer below the
top squark mass scale, since the top squarks should
decouple from the RG equations: the RG equations should
be modified below that scale.

In the original FP scenario [8], it was pointed out that
3 [7 /2
e4ﬂ2 0 Yi

in Eq. (24) happens to be almost % for t~1t,
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[=1log(M;/GeV)], if the top squarks were not decoupled
and Eq. (24) was valid down to the Z boson mass scale. In

that case, the coefficient of m3 in Eq. (24) becomes very
small, and so mf, can almost be independent of m3 around
the Z boson mass scale. It implies that a FP of mj, (1)

appears around the Z boson mass scale. Note that the top

squark masses squared are quite sensitive to mj for

3 f7 /2
e4;r d }’

N%, as seen in Eq. (25). The coefficient of

(my 2 / g3)? included in F(z)/2, which is generically bigger
than those in the second line of Eq. (24), turns out to be
negative. Unlike the top squark masses, therefore, m%u can
be naturally small at the Z boson mass scale, only if

(my2/g3) and ay are small enough.

m}, (t7) ~[0.03 — 0.11a}]m} —025<

{m2,(t7) + m2.(t7)} ~ [1.03 = Ollay]mo—i—lZO(

which are the values at the top squark decoupling scale,
t=tr~82(e. Qr = 3 5 TeV) with tan f = 5. From the

above expression of m, (tT) we can expect that a FP of

mﬁ appears below (above) ty (or Qr = 3.5 TeV) when

a3 < 0.03/0.11 ~ 0.27 (a? 2 0.27). As mentioned above,
{mﬁg(tT) + mg (t7)} should be constrained to be around

2-(3.5 TeV)? in order to get the 126 GeV Higgs boson
mass. While the top squark masses would be frozen, thus,

mﬁ further decreases below the top squark mass scale

2
5, at
the Z boson mass scale can be estimated using Eq. (5). It

has the following structure:

my 2 1/2
m%“ (tZ) - Csm% - Cg <g—2/> —= Cpaymyg <—/>,

90

dommantly through the top quark Yukawa coupling: m

(27)

where the coefficients, Cy, Cy, and C,, are approximately
given by

C. 2003 —011a2 - 2 o (103 —0.11a2
5003 -0.1lay - £ (1.03 = 0.11ay),
C 025 4+ i % 120, and
g 1672
3 2
C, ~0.16 - |y’| % 0.16, (28)

for tanf = 5. Since the SU(3), gauge coupling becomes
almost unity around the 3.5 TeV energy scale, (my»/g3) in

PHYSICAL REVIEW D 92, 075025 (2015)

As mentioned in the Introduction, however, the top
squark mass needs to be about 3—4 TeV for explaining
the 126 GeV Higgs mass. It means that Eqs. (24) and (25)
are valid just down to 3—4 TeV, and below the top squark
mass scale the estimation Eq. (5) should be applied for m? i,
This process would leave a sizable coefficient of m} in

2“( 2), particularly in large tan /8 cases. Hence a quite
heavy top squark mass would spoil the FP behavior of
m2 3 (7). To get a top squark mass of 3—4 TeV, moreover, m}
needs to be large enough in Eq. (25), which could require a
large enough (m,,/g3)* for EW symmetry breaking in
large tan f# cases.

The coefficients of m§, (my,2/g5)*, ...,
and (25) can numerically be calculated:

1/2 my
/ ) O.l6<—2/> aymy,
9() 9

'/2> 0. 16( 1/2>aymo, (26)

go 90

etc. in Egs. (24)

the above equations can approximately be regarded as the
low energy gluino (running) mass:

mi M;(tr)
9% g (1r)

~ M;(tr). (29)

For m3> M3(t7) and a} <1, m}~ (42 TeV)>-
(5.6 TeV)? is needed for 3-4 TeV top squark masses in
Eq. (26). Although the semianalytic solutions, Egs. (24)
and (25), are not valid any longer for large tan f§ cases, the
basic structure of m% () in those cases would still have the
form of Eq. (27), but with different values for C,, C,, and
C,, from Eq. (27).

Figure 1 displays the full numerical results on the RG
behaviors of mj, (1) for tan f = 50 (solid lines) and tan ff =
5 (dotted lmes) under various trial mo, based on the full
RG equations including y;,., A, mﬁ’r,hd, etc., when
(my)2/g5) =2.3 TeV and A, = ay = 0 at the GUT scale.
In fact the RG runnings of m%, (1) had to be modified below
the top squark decoupling scale. Nonetheless, we extrapo-
late m,% (1)’s below t = t7, keeping heavy superpartners in
the RG evolutions, in order to discuss the FPs of m%l As
seen in Fig. 1, the FP appears at a scale relatively close to 5
for tanf =5, when ay = 0. That is the reason why the
coefficient of mf in mj (t7) of Eq. (26) is small. For
tan # = 50, thus, we can expect that the coefficient of m3 is
quite sizable, since the FP is relatively far from #;.

From Eq. (27), we see that the gluino mass should be
heavier than 1.3 TeV for EW symmetry breaking, i.e.
mj, (tz) < 0 with mg ~ (4.5 TeV)? and a5 < 1. To meet
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FIG. 1 (color online). RG evolutions of m%“ in the mGrM with ¢
[=log(Q/GeV)] for m§ = (7 TeV)? (red), (4.5 TeV)? (green),
and (2 TeV)? (blue), when m /g5 = 2.3 TeV and A, = 0 at the
GUT scale. The tilted solid (dotted) lines correspond to the case
of tan # = 50 (tan # = 5). The vertical dotted line at t = t; ~ 8.2
(Qr = 3.5 TeV) indicates the desired top squark mass scale.
Below the top squark decoupling scale, in fact, the RG evolutions
should be modified from this figure. The FP of m,21 would appear
around r~5.3 (Q~200 GeV) [t~7.0 (Q~1.1 TeV)], how-
ever, if its RG evolutions are extrapolated below ¢ = f7, keeping
heavy superpartners.

the experimental bound M;(77) > 1.3 TeV, therefore, tan
should be larger than 5, when top squark masses are
3—4 TeV top squark masses and |ay| < 1. For larger
tan S cases, heavier low energy gluino masses are necessary
for EW symmetry breaking. Since y,; ;, A, ., etc. are quite
small in small tan cases, however, the RG evolution of

m%d would be negligible and so its low energy values are

almost the same as mJ. As a result, |u| consistent with
mz ~ 91 GeV in Eq. (3) exceeds 900 GeV for tanf =5
and m§ = (4.5 TeV)?. A larger m} or a larger (m;,2/g3)*
requires a larger |u|* in general.

In fact, the RG equation of y is completely separated
from those of the soft parameters at one-loop level.
Moreover, its generation scale is quite model dependent.
Thus, we do not discuss them in this paper. To avoid a
potentially problematic fine-tuning issue associated with g,
however, we will consider only the cases of %m%/ lu|? >
0.01 or |u| < 600 GeV. Numerical analyses show that tan /3
should be larger than 8 for || < 600 GeV, when m} =
(4.5 TeV)? and |ay| < 1. In this case, the low energy
gluino mass should be heavier than 1.9 TeV for EW
symmetry breaking.

Since the coefficients of m3 change slowly under a small
variation §mg, the small change of &mj, under &mg at the Z
boson mass scale is roughly estimated as

2
5mhu N

C
c, - =m <—m” 2>, (30)

omg 2my \ @R
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which makes contribution to the fine-tuning measure [15],

o 5log m? :m_(z)ém%
"0 Slogmd  m% omj

L (m] (5’”%[,/ dmg) — tanzﬂ(émiu/ smg)
n <2> [ tan?f — 1 ’

(31)

mz
Note that (m3/m%) is a very large number, because a
quite large m3 [(4.2 TeV)>—(5.6 TeV)?] is necessary for a
3—4 TeV top squark mass. Hence, the other parts in Eq. (31)
should sufficiently be suppressed to get a small enough
Am(z). As clearly seen in Eq. (30), the variation of m%u under

mg, (6mj, /6mg) cannot be zero at the top squark mass
scale, unless ay is finely tuned. As mentioned above,

moreover, low energy values of m%ld are almost the same as

m§’s in small tan § cases. Accordingly, (6mj, /mj) would
be about unity in Eq. (31). Therefore, Az and |¢| cannot be
small enough in small tan  cases, when top squark masses
are 3—4 TeV or heavier.

In large tan j cases, (6mj, /6mg) is relatively suppressed
as seen in Eq. (31). In fact, m,%d is not focused at all. Hence,
a larger tan # would be more desirable in the FP scenario. In
the case of tanf = 50, for instance, the physical (low
energy running) gluino mass should be heavier than
2.6 TeV (2.2 TeV) for EW symmetry breaking, but lighter
than 2.8 TeV (2.6 TeV) for |u| < 600 GeV, when mj =
(4.5 TeV)? and |ay| < 1. However, the FP scale is
basically too far from the top squark mass scale as shown
in Fig. 1. Consequently, (6mj, /6mg) in Eq. (31) or C in
Eq. (27) is quite sizable, and so Amg is hard to be small
enough also in large tan f cases. We should note here that a
sizable C, in Eq. (27) requires also a sizable C,(m, 2/ g5)*
or C,,ay(my,/g5) for EW symmetry breaking.

Table I lists soft squared masses of the top squarks and
Higgs bosons at t = t7 ~ 8.2 (Q7 = 3.5 TeV) for various
trial m’s and Ay, when tan # = 50 and M;(17) = 2.5 TeV.
They are results generated by SOFTSUSY-3.6.2 [ 16], analyzing

the full RG equations. We can see that A,,>’s for m%l are of

order 10 for |u| < 600 GeV. It is because the FP of mj,
appears too far below ¢ = ¢ as discussed above.

To summarize, |u| and A, are too large in small tan
cases in the mGrM, even if the FP emerges somewhat close
to the top squark mass scale. It is because the m% needed for
the desired top squark mass is quite heavy, and m%ld (~m3)
is not focused at all. In large tan 3 cases, on the other hand,
the FP scale of m%lu is too low compared with the top squark
mass scale.

To keep a small enough u even with 3—4 TeV top squark
masses, thus, we should consider a large tan f§ case. But we
need to somehow push the FP scale up to the desired top
squark mass scale in order to reduce Az in this case. Of

course, there still remains a possibility to achieve it by
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TABLE 1. Soft squared masses of the top squarks and Higgs
bosons at t = t7 & 8.2 (Q7 = 3.5 TeV) in the mGrM for various
trial m3’s when tan 8 = 50. A,z indicates the fine-tuning measure

for m3 around (4.5 TeV)? for each case.

m3 (5.5 TeV)? (4.5 TeV)? (3.5 TeV)?
m2 (tr) (4437 GeV)?> (3817 GeV)? (3238 GeV)?
e (1) (3857 GeV)*> (3329 GeV)? (2839 GeV)?
m; (ty) (461 GeV)?  —(694 GeV)? —(1007 GeV)?
m;, (t7) (2585 GeV)? (2032 GeV)? (1450 GeV)?
Ao/mg =0 Ms(tr)=25TeV [u|=387GeV A, =378
m3 (5.5 TeV)? (4.5 TeV)? (3.5 TeV)?
m} (tr) (4497 GeV)? (3870 GeV)* (3285 GeV)?
e (t7) (3933 GeV)? (3396 GeV)? (2897 GeV)?
m; (tr) (1044 GeV)? (442 GeV)? —(721 GeV)?
mj, (tr) (2749 GeV)? (2189 GeV)? (1607 GeV)?
Ag/my==1.0 M5(17)=2.5TeV |u|=753GeV A, =83
m3 (5.5 TeV)? (45 TeV)? (3.5 TeV)?
m2 (17) (4427 GeV)? (3840 GeV)* (3289 GeV)?
mie (t7) (3840 GeV)? (3354 GeV)? (2900 GeV)?
m; (tr) (105 GeV)?  —(478 GeV)? —(702 GeV)?
m2 (tr) (2385 GeV)? (1952 GeV)? (1498 GeV)?
hq

assuming a (fine-tuned) ay with a large tan . A fine-tuned
Dirac Yukawa coupling of a RH neutrino, yy, is also
helpful for pushing the FP [12,17]. However, it is very hard
to contrive a model to naturally explain such a special value
of ay or yy, reducing also A, or A, . In the next section,
we will propose another way to move the FP scale up to the
desired top squark mass scale in a large tan 8 case.

IV. MINIMAL MIXED MEDIATION

In large tan # cases, as mentioned above, C; is sizable
in Eq. (27) because the FP of m%l is far below the
top squark decoupling scale, and C,(m;,,/gj)* and/or
Cpay(my 2/ g3) are also required to be large enough for
EW symmetry breaking. While the C; term makes a
positive contribution to mj, () for small ay’s, the other
terms make negative contributions to it. In this section, we
will attempt to investigate a mechanism in which the two
sizable contributions can automatically be canceled to
eventually yield a small enough C, even in a large
tan f case.

A. Basic setup in the minimal mixed mediation

On top of the mGrM setup, we consider also the mGgM
effects by introducing one pair of messenger fields

PHYSICAL REVIEW D 92, 075025 (2015)

{54,5y} which are the SU(5) fundamental representa-
tions. Through their coupling with an MSSM singlet
superfield S,

W, = ysS5,5u, (32)

the soft masses of the MSSM gauginos and scalar super-
partners are generated at one- and two-loop levels, respec-
tively, if the scalar and F-term components of S develop
nonzero VEVs [1]:

| ~ ga(ty)(Fs)
T
3 2 2
ol =22 [—g“l(gjﬁfgﬂ Ca(r).  (33)

where C,(r) denotes the quadratic Casimir invariant for a
superfield ®,; (T°T*)" = C,(r)8,; and g, (a = 3,2,1) is
the MSSM gauge couplings. (S) and (F) are VEVs of the
scalar and F-term components of the superfield S. Note that
M, and m%l,r are almost independent of yg only if (Fg) <

ys(S)? [1]. However, such mGgM effects appear below the
messenger mass scale, yg(S). In this paper, we assume the
messenger mass scale is lower than the GUT scale.
Otherwise, émj [y, and M|y could become relatively
universal at the GUT scale (as in the mGrM), respecting
the relations required by a given GUT, since non-MSSM
gauge sectors contained in a SUSY GUT such as “X” and
“Y” in the SU(5) GUT also contribute to 6my, |.

Once the hidden sector superpotential Wy develops a
VEV, the F-term of S and the F-terms of superfields in the
hidden sector can also get VEVs proportional to (W)
(EmM%,). For instance, let us consider the following Kéhler
potential in addition to Eq. (16):

KD f(z)S+H.c., (34)

where f(z) is a holomorphic monomial of hidden sector
fields z;’s with VEVs of order M p in Eq. (17), and so f(z)
should be of order O(Mp). Its specific form can be
controlled by introducing hidden local symmetries. Note
that the above term leaves intact the kinetic terms of z;’s,
and so they still remain as the canonical form. Mpf(z)S
in the superpotential can be forbidden by the U(1)g
symmetry. By including the SUGRA corrections with
(Wy) = mM3, then, (Fg) can be

(F5) = m[(f(2)) + (S)], (35)

if (0sW) is relatively suppressed by relevant small (or zero)
Yukawa couplings. Thus, the VEV of Fg is of order
O(mMp) like F, in Eq. (19). They should be fine-tuned
for the vanishing C.C.: a precise determination of (F) is
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indeed associated with the C.C. problem. Here we set
(Fg) = moMp. F is still given by Eq. (19), which induces
the universal soft mass terms at tree level for the observable
scalar fields. Consequently, both the gravity and gauge
mediation effects are induced from a single SUSY breaking
source, and they all are parametrized with m,.

We assume that (S) has the same magnitude as the
VEV of the SU(5) breaking Higgs (=vg), (24y) =
vg x diag(2,2,2; -3, —3)/\/@. It can be realized by
constructing a proper model, in which a GUT breaking
mechanism causes (S). For example, let us consider the
following Kihler potential and superpotential:

K D z°7°S + H.c.,
W D (22)28°S¢ + (z¢7°)*Tr[2424] + T Tr[24'24']
+ Tr24'{(S + A22)24¢ — (2z)?24°24°}), (36)

where we drop the O(1) dimensionless coupling constants
and set Mp =1 for simple expressions except for A
(~1072). Here we introduced a U(1), gauge symmetry
and supposed that some hidden sector fields {z, 7, z,z°}
[C {z;} in Eq. (16)], which are nontrivial representations of
a hidden gauge group Gy ({R, R}), carry U(1), charges as
well. We also introduce the global U(1), symmetry and the
SU(5) visible gauge symmetry [18], under which
{z,7,z% 7} remain neutral. The other relevant superfields
and their charges are presented in Table II. {24',24,24¢}
are all SU(5) adjoint representations, while {S,S°} are
singlets. X5 denotes a spurion field, whose VEV breaks the
U(l)g to the Z, symmetry. W, in Eq. (32) can be
reproduced by assigning the unit U(1), charge to
{5y, 5y} from W, = z°7¢S5,5,,. Note that the field
contents in Table II do not yield any gauge anomaly.

As in {z;} of Eq. (17), {z,z.z°.2°} in Eq. (36) are
assumed to get VEVs of the Planck scale. Note that the
combinations of them, zz¢ (=u) and zz° (=v) do not carry
any quantum numbers. Thus, the Kihler potential and
superpotential in the hidden sector would take the forms
of Ky = Ky(u,v) and Wy = Wy(u,v), neglecting the
asymmetric term K D z°z°S + H.c. because of its small-
ness: the consistency of (S) < Mp will be confirmed.
Accordingly, the F-terms of {z, Z, z,z°} are given by F} =
azWH+WH81KH:ZC<8L¢WH+WH8MKH>’ F;:()ZuWH-i-
Wy0-Ky=2(0,Wy+Wy0,Ky), etc., which are all
assumed to be of order O(mMp). Since |z| = |z¢| mini-
mizes |F_|* +|F|* [= (|z]” + 2|0, Wp + Wy O, Kul*],
(z) and (z) would be developed along the direction of
|(z)] = |(z¢)|. Note that the minimization of |9,Wy +
Wy0,Ky|* would determine just u or ». Similarly, (z€)
and (z°) would be developed along the |(z°)|= |(z)|
direction, minimizing |F|? + |F_.|*. Moreover, such direc-
tions are the D-flat directions of Gg. Although the full
F-term potential could be further minimized, both |(z)| =
|(z¢)| and [(z¢)| = [(z°)| should still be maintained.

PHYSICAL REVIEW D 92, 075025 (2015)

TABLE II.  Quantum numbers of superfields for a local U(1),,
hidden gauge Gy, and the global U(1), symmetries. Only the
hidden sector fields {z, z, z¢, z°} carry proper nontrivial quantum
numbers {R, R} under a hidden gauge group Gy,.

S s 24 24 24 7 oz £ I I
U(l), +1 -1 0 +1 -1 £ = =t =1 9
Gy 1 1 1 1 1 R R R R 1
Ul)y 0 1 2 1 0 0 0 0 0 =2

Due to the mass terms by the VEVs of {z,7,2,z°} and
X in the superpotential of Eq. (36), then, we have (S¢) =
(24) = (24') = 0 even after including the SUGRA correc-
tions. On the other hand, 24¢ can develop a VEV of the
order GUT scale in the U(1), direction from the second
line of W in Eq. (34) as in the ordinary minimal SU(5) GUT
[19]. It is identified with 24 discussed above. Both (24¢)
and (S) are completely determined by the minimum
conditions for F,y and the D-term of U(1), [9],

0
®;
J

= g.(IS]? = Trl24P + - --), (37)

where g, and ¢; mean the U(1),_ gauge coupling and charge
of a field ¢;. “ -7 contains the contributions by
{z,7,2,z°} and other scalar fields with zero VEVs.
However, the VEVs of z; are canceled out from Eq. (37)
because of |(z)| = |(z°)| and [(z°)| = [(z°)]. In the SUSY
limit, thus, all the VEVs of the fields in Table II have been
determined: (S) = v and others are vanishing. By includ-
ing the SUGRA corrections by (Wy) = mM3, we can
read the SUSY breaking effects: (F§) = m(z°z° + §*) >
(Fa4c) = mvg. Thus, VEVs of Fg and {F,, F:,F ., F=}
are all O(mMp). They should be fine-tuned for the
vanishing C.C.: precise determination of (F's) is associated
with the C.C. problem as mentioned above.

vg induces the superheavy masses of X and Y gauge
bosons and their superpartners in the SU(5) GUT, My and
My. Since the GUT gauge interactions would become
active above their mass scale, My = M3 = 2 g v% [19], it
is identified with the MSSM gauge coupling unification
scale. Thus, (S) (= vg) is fixed by the relation with the
unification scale. When the superpartners of the SM chiral
fermions are heavier than 3—4 TeV, the unification scale is
about (0.9-1.7) x 10'® GeV. In fact, the three MSSM
gauge couplings are not exactly unified at a unique scale
only with the MSSM field contents, because the super-
partners are relatively heavy in this case. However, various
threshold effects would arise around that scale. Here we
will take the central value of the above range, i.e. 1.3 x
10'® GeV for the unification scale. Then the mGgM SUSY

075025-9



DOYOUN KIM AND BUMSEOK KYAE
breaking effects in Eq. (33) can be estimated with a

parameter f:

m()MP i
1672My \ 24

__(Fs) _
f G'm°:16n25<s>_

g ~ 0.36m,. (38)

Note that the m, dependence appears because Fg is
proportional to m, in the minimal mixed mediation as
discussed above. f is basically a parameter determined by
a model. From now on, however, we will leave f; as an
unknown parameter.

From Eq. (33), the soft squared masses for the MSSM
Higgs and the superpartners of (the third generation of)
chiral fermions at the messenger scale are expressed as
follows:

5m%zu|M = 5m%d|M = 5m123|M

3 3
R ) T

8 3
o = P [ 4(00) + 3040w + 35010 40

8 8
om2|y = femb|= g3 (ty) +-—=41(tm) |- (41)
3 3 15
2 2 8 2
5md; u = f&mg 393(%) 1591(IM) (42)
2 2 6
AES &M Sgl(tM) (43)

where g,(ty)’s (a =3,2,1) denote the MSSM gauge
coupling constants at the messenger scale. Hence, 5X|,,
(=6ml |y + 5mi§ |y 4 6mj; |5 is given by

16 13
Xl = S35 o)+ 368(0n) + 30k (49
Note that the above soft masses, Eqgs. (39)—(43) are not
universal even around the GUT scale unlike the mGrM,
since only the MSSM gauge sector makes contributions to
5m,2/)'_ |, and superheavy gauge sectors contained in a SUSY

GUT would decouple at the GUT scale.

In contrast to the soft masses for the superpartners of SM
chiral fermions, the gaugino masses are assumed to be
generated dominantly only by the mGgM effect, i.e., M, of
Eq. (33). It is possible by employing the constant gauge
kinetic function (= J,;,) at tree level, which is the minimal
gauge kinetic function, yielding the canonical kinetic terms
for gauge fields. Above the messenger mass scale, hence,
the gaugino mass contributions to the RG equation should
be negligible: the gaugino masses via mGrM must be small
as seen in Eq. (22). On the contrary, A-terms in the mGgM

PHYSICAL REVIEW D 92, 075025 (2015)

are generically much suppressed compared to those in the
mGrM [1]. So the universal A-terms coming from Eq. (20),
which are proportional to m, should be dominant ones.

Since the MSSM RG equations are valid below the
messenger scale, the boundary conditions at the messenger
scale, Egs. (33) and (38), yield

My(t)  M,(ty)
g2 (t)  gi(im)

Hence, the low energy gaugino (running) masses are
determined with the low energy values of the SM gauge
couplings and f;my:

= fc - my. (45)

M, (17) = fomo x ga(tr). (46)
As discussed before, my is determined such that the low
energy top squark masses are around 3—4 TeV for explaining
the 126 GeV Higgs mass. We will discuss the valid range of
fc inview of naturalness. Note that the low energy gaugino
masses, Eq. (46), are not affected by a messenger scale.

Above the messenger mass scale, however, the RG
evolution of the MSSM gauge couplings should be modi-
fied by the messenger fields, {5,,5,,}: the mGgM effects
enter in the RG equations at the messenger mass scale
ys(S). Accordingly, all the RG evolutions of the MSSM
Yukawa couplings and soft mass parameters should also be
modified above the messenger scale.

Although y¢ does not contribute to the soft masses in
Eq. (33), it does to the messenger mass scale. Nonetheless,
we will show later that the low energy mass spectra are not
sensitive to yg. Since F'g is proportional to m, the MSSM
gaugino masses are also proportional to m,. As a result,
they could be useful for reducing the size of the m}
coefficient, and so for improving the fine-tuning associ-
ated with the EW scale and the Higgs boson mass in the
mGrM or mSUGRA. We will discuss this issue in more
detail later.

B. Focus point in the minimal mixed mediation

In this subsection we will discuss the focus point of m? 3
and fine-tunings in the minimal mixed mediation of SUSY
breaking.

1. Case for Qy SMgur

We first consider the case that the messenger mass scale
is of order the GUT scale or slightly lower. It corresponds to
the case of |yg|~ O(1), assuming (S)~ O(Mg). For
simplicity, we neglect the contributions from GUT gauge
multiplets such as X, Y, and their superpartners to Eq. (33),
since they would not much affect the low energy values
of {mj, ,m?h,m2 } as in the case of |ys(S)| < O(Mg).
The discussion on such a relatively simple case is necessary
also for the discussion on the case of |ys| < O(1), i.e., the
case of low messenger scale. As will be seen later, how
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small the messenger mass scale is compared to the GUT
scale is indeed not very important. Since the gaugino
masses are assumed to be generated dominantly by mGgM,
“(my/2/g%)” in Egs. (9)—(14) is just replaced by

m
ﬂ ~ fomo, (47)
90

Ma(’())
9a(t0)
fomgy (a = 3,2, 1) in this case. As a result, we can expect
|

because they are generated around the GUT scale,

PHYSICAL REVIEW D 92, 075025 (2015)

that in the minimal mixed mediation, the C, terms, as
well as the C,, terms in Eq. (27), are converted to members
of C; terms. Since they make negative contributions to
mﬁu(tT), they would be helpful for reducing the size
of C; and eventually Ay [20], particularly in large
tan  cases.

On the other hand, the soft squared masses are induced
by both the mGrM and mGgM effects at the GUT scale. In
Egs. (11), (12), and (13), hence, mj o, mye, mj, 5, and Xg
are written down as follows: )

8 3 1 21
i+ [ 54(0) + S8t + st | = (143 (48)
R e L 8 2( 16 5 4 49
mu§o~mo+meo 393(10) 159 gi(to) | = m +5fG90 (49)
3 3
m%oN””o"'meoLg‘z‘(to) 109100)]“’"%(14‘ ngo> (50)

16 13
Xo ®3m§ + femg [?9‘3‘@0) +3g3(10) + Bg?(fo)] ~ 3mg (1

46
Sl 51)

For t < t,, therefore, the semianalytic RG solutions Eqs. (11)-(13) are given as the following expressions in the mGgM

case:
m, (1)~
Zm3 [16
#1702 800 + 3980 +
F(1)
2
and
3m3

{m2 (1) + m2 (1)} 750

1'y? 3 3
%[ 2y 407 _ }—f—fc;mo{ 95 (to) + Eg?(IO)]

13 S [ ary
— 4 (tO):| [64}[2 “[;0 dr'yy _ 11|

15

- P4 [0 = a4} + 35 410 = 00} (52

2o (tary: 1 16 3 17
[e“” St +§] + fEm} [;gé‘(to)+59‘2‘(ro)+@9‘1‘(fo>]

19132080 + 3080 + 20t [ 5 < 1] 4 T
+ femg [ 96 {g3(t) — gi(20)} - 5{93(0 - g5(10)} — 119—78{9‘1‘0) - gﬁ(to)}} (53)

where F(t) is basically given by Eq. (14) except that m, ,/ g(z) should be replaced by fsm. In fact, 9‘3"2’1 (tp) in the above
equations are all the same as the unified gauge coupling constant gg. For future convenience, however, we leave them in the
present form. Note that these solutions are valid only when tan § is small enough to neglect y; ;, Aj ;, m%zg,eg, 1.4, €t€. The

above semianalytic solutions admit the following numerical estimations:

2 (tr) ~ m3[0.03 — 0.52f% — 0.16f gay — 0.1},
{m3,(tr) + m2 (i7)} ~ m3[1.03 +2.22% = 0.16f gay — 0.11a}] (54)

fortanff =5 and t = 17 =% 8.2 (Qr = 3.5 TeV).
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TABLE III.  Soft squared masses of the top squarks and Higgs
bosons at 1 = 17 # 8.2 (Q7 = 3.5 TeV) for various trial mg’s
when the messenger scale is Q) ~ 1.3 x 10! GeV with f2 =
0.13 [13]. Ay indicates the fine-tuning measure for m, =

4.5 TeV for each case. mj ’s further decrease to be negative

below ¢ =t;. The above mass spectra are generated using
SOFTSUSY.

Case | Ay=0 tan f = 50 Amﬁ =1
m3 (5.5 TeV)? (4.5 TeV)? (3.5 TeV)?
my (tr) (4363 GeV)? (3551 GeV)? (2744 GeV)?
mﬁg(zT) (3789 GeV)? (3098 GeV)? (2406 GeV)?
mflu(tT) (431 GeV)? (189 GeV)? —(251 GeV)?
mﬁd(tT) (2022 GeV)? (1512 GeV)? (1008 GeV)?
Case 11 Ay = —0.2m, tan f = 50 A 2 = 16
m3 (5.5 TeV)? (4.5 TeV)? (3.5 TeV)?
my (tr) (4376 GeV)? (3563 GeV)? (2752 GeV)?
mﬁg(zT) (3798 GeV)? (3106 GeV)? (2413 GeV)?
mfl“(tT) (539 GeV)? (361 GeV)? —(44 GeV)?
mﬁd(tT) (2053 GeV)? (1565 GeV)? (1046 GeV)?
Case III Ay = —0.5m, tan f = 50 Am[z) =9
m} (5.5 TeV)? (4.5 TeV)? (3.5 TeV)?
my () (4284 GeV)? (3532 GeV)? (2630 GeV)?
mﬁg(zT) (3755 GeV)? (3088 GeV)? (2373 GeV)?
m; (ty)  —(363 GeV)’ —(41 GeV)? —(546 GeV)?
m, (tr) (1447 GeV)? (1359 GeV)?  —(950 GeV)?
Case IV Ay=0 tan f = 25 Amg =57
m3 (5.5 TeV)? (4.5 TeV)? (3.5 TeV)?
mj (tr) (4915 GeV)? (4025 GeV)? (3134 GeV)?
mﬁg(tT) (3770 GeV)? (3086 GeV)? (2400 GeV)?
m; (tr) (152 GeV)? —(220 GeV)?  —(293 GeV)?
mﬁd(tT) (5057 GeV)? (4136 GeV)? (3215 GeV)?

For larger tanf cases, refer to Table III: it shows the
results obtained by performing numerical analyses for the
full RG equations with tan # = 50 (cases I, II, and III) and
tan # = 25 (case IV) [13]. In all the cases, f2G is set to be

0.13 (.. f5=~0.36). The fine-tuning measure A, 2

|3112§ZZ| :ZZ gmﬂ [15]) listed for each case is indeed
amazing:

A,q~{1,16,9;57} (55)

around m} = (4.5 TeV)? for cases I, 1I, 1II, and IV,

respectively. Case I in Table III actually gives almost the

minimum value of it for tanf = 50. A, (= | Ag a:lz ) are

PHYSICAL REVIEW D 92, 075025 (2015)
Ay, ~{0,10,118;0} (56)

for cases I, II, III, and IV, respectively. The m%u’s at the top
squark mass scale in Table I1I further decrease to be negative at

for the desired value of m% ~ (91 GeV)? are estimated as
lu| ~ {485 GeV. 392 GeV., 516 GeV; 586 GeV}  (57)

for cases I, I, 111, and IV, respectively. When A, /my = +0.1,
{A,2.Apy |u]} tun out to be about {22,33,569 GeV}.

Therefore, we can conclude that the parameter range

~0.5 < Ag/my<+0.1 and tanf=25  (58)

allows {Am A4} and |u| to be smaller than 100 and

600 GeV, respectively. Note that tanf =50 is easily
achieved, e.g., from the minimal SO(10) [19] or even from
the MSSM embedded in a class of the heterotic stringy
models [21].

fg 1s also a UV parameter in the minimal mixed
mediation and so a comment on Ay might be needed.
While (S) can be fixed to be v by a GUT model, (Fg)/m;
is associated with the vanishing C.C. as discussed in
Sec. I1I. Once (Fs)/m is determined through a fine-tuning
with other F-term VEVs divided by mg and (W) /m such
that the C.C. vanishes, its variation yields a nonzero C.C.
This problem also arises even in the mGrM or mSUGRA,
as discussed below Eq. (19). Also in the mGgM scenario, a
variation of (Fg)/(S) could give a different C.C.
Discussions on the vanishing C.C. are beyond the scope
of our paper. We will present the valid range of f; in
Sec. IV C.

With fZ = 0.13 and m} = (4.5 TeV)?, Eq. (46) yields
the gluino, wino, and bino masses as follows:

M;,, ~{1.7 TeV,660 GeV,360 GeV}  (59)

for all the cases considered in Table III. Note that they are
all low energy running masses. The physical mass particu-
larly for the gluino would be a bit heavier than it [22]. Since
low energy gaugino masses are not affected by a messenger
scale, Eq. (59) should be valid even for other choices of yg.

In the above cases, the sbottom and sleptons turn out to
be quite heavier than 3 TeV. The first two generations
of SUSY particles must be much heavier than them because
of their extremely small relevant Yukawa couplings.
Accordingly, the bino is the lightest superparticle (LSP).
To avoid overclose of the bino dark matter in the Universe,
some entropy production [23] or other lighter dark matter
such as the axino and axion is needed [24].
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2. Case for Qy < Mgyur

Since the mass of the messenger fields {5,,,5,,} is given
by ys(S), the RG evolutions of the gauge and Yukawa
coupling constants and soft mass parameters should be
modified by them from those of the MSSM above the
messenger mass scale, Q > yg¢(S). Although (S) can be
fixed with a proper UV model, yg still remains as a free
parameter. Thus, one might anticipate that low energy
values of m%lu would be quite sensitive to yg. In this

2 2
P mug at

the top squark decoupling scale are very insensitive to yg
unlike the naive expectation. Although we first discuss a
small tanf case for a qualitative understanding, using
semianalytic expressions, the result is quite general:
we will display later the numerical result for a large
tan f case.

In the energy scale between the GUT and the
messenger scales, only the mGrM effects are active:
the mGgM effects come in below the messenger scale.
Since we neglect the gaugino masses by mGrM in

this paper, m2, m?, and m; for 1, <t<1, are
simply

subsection, we attempt to show that {mﬁm

b
a3 usy

Fi(1)

qs1 ’ (60)

2 ¢
m ST dr?
=0 [e“”z Jo i _ 1] +

3
m? | (t) = m} + g

X, (¢ S
m2 (1) = m2 (1) +4’(6M*) [ b

73 [0 = 1)} =3 6400 = g4} -

X, () 1 2 [ ary?
mi (1) = mig(lM) += w) [e“”z f'M o 1]

<
s
W |

i (1) = m, (1) + =

1]+

F()

- Fm [{gm (1)} —

) [eﬁﬁ; ary; 1] LB
2
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3 2 31 g2 F ¢
mi_gl(t) = m% + ’;10 {64”2 f,o diy; 1] +#’ (61)
3 2 3 [ g2 F ¢
RO P P

where ¥, means the top quark Yukawa coupling constant
modified by the messenger fields for ¢ > t;,. They can
be obtained from Egs. (11)—(13) and (23). F,(t) in the
above equations is obtained just by neglecting m;,/ %
and setting Ay = aymg in Eq. (14):

Fl(t)—a%,m%e“”f "[“Zf i _ } (63)
Hence, we have

Xoy (1) = migy (£) + mige, (£) + mj, (1)

= 3m%emﬁ0 o + F(1). (64)

At the messenger scale t =t,, the mGgM effects
become active: the additional soft masses squared,
Egs. (39)—(41), and the gaugino masses by Eq. (33) should
be imposed to the RG solutions, Eqs. (11)—-(13), at t = ¢),.
For t; <t < ty, therefore, we get

Fy(t)
6

5 () = st} . (65)

55 (510 =it} (66)

2|3 (0400 = ()} + 35 610 = o) . 67

where g (1) = mg | (ty) + 5’” mlzlg(tM) = mgg(tM) + 5’"3; ws my () = mj, (1) Xi(tm) =
X1 (ty) + 6X,| - etc., and so ' ' '
3mg [1 =2 (™ gy Fi(ty) 3 gt(ty)

mg, () = =+ [ge“”z s g} + 6M + femg gs(fM) +59(tm) +% , (68)

3m2 [2 3 [ ary? F 8
2, (1) = 20 [3 e b o] p )y { i) + 15 gl(tM)] (69)

32 [ = (g 1] Fy(t) 3 3
o, () =250 | R 2 g 2 b)) (10)

2 [ ars 16 13

X,(ty) = 3mge*” ‘|‘ Fi(ty) + femyg 3 —~ G3(tu) + 393 (tar) + 159 gi(tm) |- (71)

075025-13



DOYOUN KIM AND BUMSEOK KYAE PHYSICAL REVIEW D 92, 075025 (2015)

Here, g}(t)y)’s (i = 3,2, 1) are extrapolated from their low energy values, using the ordinary MSSM RG equations without
the messenger fields. In the above equations, F,(¢) is basically given by Eq. (14), but 7, should be replaced by ¢,,. For its
definition, refer to the Appendix.

We should note that the top quark Yukawa coupling in the presence of the messengers {5, 5y}, 3(¢) is not much
different from y,(7), i.e., that in the absence of them above the messenger scale. As a result, we have

642 ftM dty?

=

even for 1 ~23.0 (Qy ~ 1.0 x 101 GeV) [1, ~ 184 (04 = 1.0 x 108 GeV), 1, ~ 13.8 (Qy = 1.0 x 10° GeV)],
namely, yg ~ O(107%) [O(107%), O(107'°)]. For a higher scale f,,, of course, the ratio must be closer to unity. With

3 [M g2
— €4ﬂ2 1o dty’

~1.005[1.014, 1.032] (72)

3
dr
much larger tan f’s, we get almost the same results. From now on, thus, we will set e~ f'o i

show the insensitivity of m (¢7) to ys. Then, one can arrive at the following results:

, just when we

3m dr'y 3 3
mj, (1) ~ 20[42f - }+meo{ 9 (tu) + 109 gi(t )}
Zm3 [16 13 3 ary?
+ {3 gA(tu) + 393 (twr) +159‘1‘(w)] [e4n Jogat? _ 1}

atm} 2 [Cary [ 3 (M arg? F,(t) 3 1
# G L R ] T 24680 - ) + 55 (010 - bt} )

and

3m? aryr 1 16 3 17
3,0+ (0 298 [ T 2 om0 b+ h) + S|

2m2 716 13 5[ gy
+2G0 ?gg(tM)'i_?’gg(tM)_"BgAl‘(tM) [WZIW ’ _1}

2
N a%2m% o e Ju st _ 1] +—F22(t)

i 73m [ (640) = 00} =80 - om)} - o (1) - o). 79

where F,(7) is recast to

t a0 [t 3 (" 2\ 2 Ay 2
Fa(t) J;i 0[( = dty,/dt’GAe“ﬂzf'MdU’) 2@4” /dtG / di"Gy e“” ty’}
nt tM

2 2 3 1 /1,2 t 3 (7 a2 1

- dt'y = dr"y
G 0 |:€4”2 ﬁM 1 / dl/G§(€4”2 ﬁM 1 _/ dt/G§:|
4n? ¢ t

M M
2 3 [t 1 _ 4 5
aymgy 35 |taryr | [? S|t ary: [t =3 |" ar'y?
+ fG4 Y2 0 pir? f’o Y |:/ dr'Gy — e ‘/;M Vi dl/GA€4”2 "/;M T
z Im Im
31 g2 T B [T gp2 3 rM 152
S [T diy? T =25 | dly dr'y?
+ aympe” Syt [e“”z Jo 7 — et } (75)

The coefficients of a% in Egs. (73) and (74) are determined which is coincident with those of Egs. (52) and (53). See
from the third lines of them and the last line of Eq. (75): the last line of Eq. (14).
Now let us compare Eq. (73) with (52). The first two
2

aYm% eﬁ ﬁ ; dr'y? [eﬁ ﬁ ; dry? 1} (76) terms of Eq. (73) are the same as those of (52). The largest
2 ' terms among the other ones would be those proportional to
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L1f 1

S S S S S S S S S S S S S S |

10 15 20 25 30 35 40
t

FIG. 2 (color online).  Left-hand side/right-hand side of Eq. (77)
vs 1 [=1og(Q/GeV)]. The solid (dotted) line corresponds to the
case of tanff =5 (tan # = 50). In both cases, Eq. (77) becomes
approximately valid for > 18.4 (or Q = 103 GeV).

g4(ty). Interestingly enough, the terms in the second line of
both equations are almost the same:

16 13 3T ary?
{79‘3‘(% + 345 (tu) +EQA1‘<fM)] {34” f o 1}

< [ ot + 30800 + ot | [0 7 - 1]
™)

even for t); < t,. Figure 2 shows the ratio between the left-
hand side (“L”) and the right-hand side (“R”) of Eq. (77)
with # [=10g(Q/GeV)]: Eq. (77) becomes approximately
valid for t > 18.4 or Q > 10 GeV regardless of the size of
tan 3. Note that both g}(#;,)’s in Eq. (73) and g}(#y)’s in
Eq. (52) are determined from their low energy values with
the ordinary MSSM RG equations without the messenger
fields.

J

PHYSICAL REVIEW D 92, 075025 (2015)
5x107F: ' ' ' ' ' '
4x 107

a 3X107E:

Mpy

2x 10"

1x107

RG evolutions of m% with ¢

(7 TeV)? (red), (4.5 TeV) (green),

FIG. 3 (color online)
[=log(Q/GeV)] for m3 =
and (2 TeV)? (blue) when f% = 0.13, Ay = —0.2my, and tan f =
50 [13]. The tilted solid (dotted) lines correspond to the case of
ty~37 (or Qy~13x10' GeV, “Case A”) [ty ~23 (or
Oy = 1.0 x 10'° GeV, “Case B”)]. The vertical dotted line at
t =1ty ~82 (Qr = 3.5 TeV) indicates the desired top squark
decoupling scale. The discontinuities of m%u (t) should appear at

the messenger scales.

Both ¢;5(ty) and ¢{(ty,) are quite small for 7, < f.
Since the beta function coefficient of g3(¢) is still small
enough (= 1), ¢3(#y) of Eq. (73) is similar to g3(¢y) of
Eq. (52): g5(ty)/g5(ty) is about 0.943, 0.848, and
0767 for ty~322 (Oy = 10" GeV), 1, ~23.0
(Qy =10'°GeV), and 1, ~13.8 (Qy = 10° GeV),
respectively. g¢(f) is more suppressed than ¢3(z). F(t)
and F,(t) cannot make a big difference between Eqs. (52)
and (73): although they contain g3, ¢5, etc., they are
suppressed with large numbers (like 64z*) and/or effec-
tively cancel each other. As shown before, moreover, the
coefficients of a must be the same.

The numerical results for the semianalytic solutions,
Egs. (73) and (74) are given by

m}, (tr) & m3[0.03 — 0.641% — 0.07fgay —0.11a})],
2
O

{mq3(tT) + m3, (fr)} ~

1.03 + 2.73f% — 0.07fgay —
G

0.11d3] (78)

for tan = 5 and ), ~ 23.0 (Q,, = 10'° GeV). The main difference in mfl“(tT)’s of Eqgs. (52) and (73) arises from the

difference between ¢3(ty) and g4 (ty),

Am%lu(tT) ~

which is approximately the difference between Eqs. (54)
and (78). Similarly, the main difference in {m2 (¢r) +
my(tr)} comes from the f&mf parts in the first and last
lines of Egs. (53) and (74). Considering the extremely large
energy scale difference between the GUT and 10'° GeV,
the differences in Eqgs. (54) and (78) are quite small.
Moreover, such differences become more negligible

GmO X 3[92<t0)

95 (tw)] ~ fmi x 0.10, (79)

[

for a small enough f% [~O(0.1)]. Actually, we need
such a small f% also to suppress the m3 dependence of
mj, (t7).

F1gure 3 exhibits some RG evolutions of m,1 under
various trial m2 when f% =0.13, Ay =—0.2m,, and
tanff = 50 [13]. The solid (dotted) lines correspond to
the case of t,, ~ 37 (or Q) ~ 1.3 x 10'° GeV, “Case A”)
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[ty =~ 23 (or Oy = 1.0 x 10'° GeV, “Case B”)]. Since the
soft masses induced by the mGgM effect are added at the
messenger scale, the discontinuities of m%“ (t) should arise

there. As seen in Fig. 3, in the case of the minimal mixed

mediation, the FP of mi always appears at the desired top

squark mass scale (t = t7 ~ 8.2) regardless of the mes-
senger scales: the FP scale is not affected by messenger
scales or the size of yg. As defined in Sec. III, in fact, m, is
originally a parameter associated with the VEV of the
hidden sector superpotential, (W), which triggers SUSY
breaking in the observable sector, via both the gravity and
gauge mediations, determining the soft mass spectrum.

Hence, the low energy value of m7 can remain insensitive
u

A

ay

280

240

200

160

120

720

640

560

480

400

320

240

160

—0.5 0.0 0.5 1.0
ay

(©)

-1.0

FIG. 4 (color online).  Scatter plots for (a) A, (b) Am%
and tan f = 50. The top squark mass scale is about 3.0 TeV.
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to the scale of (W) and the coupling strength to the hidden
sector: the wide ranges of UV parameters can allow almost

the same m,zl ’s at low energy. Under this situation, one can
u

guess that mj~ (4.5 TeV)? happens to be selected by
nature, yielding the 3—4 TeV top squark mass and even-
tually also the 126 GeV Higgs mass. As mentioned above,
the gaugino masses are also not affected by a messenger
scale. In both cases of Fig. 3, thus, the gaugino masses are
given by Eq. (59).

C. Gluino mass bound

Figures 4 and 5 show various scatter plots for given
ranges of {f, ay} with tan = 50. m} in Figs. 4 and 5 are

Az
04 18
| 1
0.3} 11 460
L
- 11445
02| 115
I 1815
0.1 |
Il Il Il Il O
1.0 ~05 0.0 0.5 1.0
ay
(b)
my [GeV]
w 2000
04l 1 14 1800
- 11 41600
031 11 41400
L
- 11 41200
02f 114 1000
- 1B 800
0'1 7\ Il Il Il ] 600
1.0 05 0.0 0.5 1.0
ay
(d

,and (c) |u| at the M scale, and (d) physical gluino mass when m3 = (4 TeV)?
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taken, respectively, to be (4 TeV)? and (5 TeV)>. As a
result, the top squark mass scales are about 3.0 and 3.7 TeV,
respectively. Here we set M as the scale where the EW
gauge couplings, ¢, and g;, meet. It is approximately
1.7 x 10'® GeV in these cases. They all are drawn using
SOFTSUSY-3.6.2. As expected from Egs. (54) and (78), they
have “rainbow” shapes. The two “legs” of the “rainbow” in
those figures, which are located in the left and
right sides of the figures, are relatively narrow. Note that
the origin of disconnected points on the left legs is the
convergence problem of the iterations of the SOFTSUSY
calculation. Their colors are, therefore, supposed to be
interpolated continuously since they are not physically
forbidden.

ay
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420

360
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FIG. 5 (color online).  Scatter plots for (a) A, (b) Am%
and tan f = 50. The top squark mass scale is about 3.7 TeV.
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. . 2 .
As ay (or Ay/my) is deviated from zero, m h, 1S expected

to rapidly change from Eqs. (54) and (78). Accordingly, m%
would also rapidly change. It implies that A, would
rapidly increase as shown in Figs. 4(a) and 5(a), which
was seen also in Eq. (56). For a small enough A, , thus, we
are more interested in the thick central parts around ay = 0
in the figures,

-0.75ay 505, (80)
which satisfies Aay < 100. As discussed before, in addi-
tion, we confine our discussion to cases of |u| < 600 GeV.

In fact, the constraint associated with u or heavy gluino
effects could be relaxed by assuming very heavy masses for

A,z

my

‘ 160
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sl 1] 41800
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fa
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,and (c) |u| at the M scale, and (d) physical gluino mass when m3 = (5 TeV)?
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the superpartners of the first and second generations of the
SM chiral fermions [12]. For simplicity, however, we do
not consider such a possibility in this paper. Below
fc=~0.3, the EW symmetry breaking does not occur.
From Figs. 4(c) and 5(c), thus, f is constrained to

03 < f6 <04, (81)

which is consistent with Am(z) < 100 as seen in Figs. 4(b)
and 5(b). From Figs. 4(d) and 5(d), we see that the above
ranges confine the physical gluino mass to

1.6 TeV Smy; $2.2 TeV. (82)
Note that this gluino mass bound is a theoretical constraint
obtained by considering the naturalness of the EW scale in
the minimal mixed mediation scenario. It is well inside the
discovery potential range of LHC Run II. Actually the
relevant energy scale for the naturalness of the low energy
SUSY in the minimal mixed mediation scenario was
outside the range of LHC Run I, but it can be covered
by LHC Run II. Accordingly, the future exploration for the
SUSY particle, particularly the gluino at the LHC, would
be more important.

V. CONCLUSION

In this paper, we have studied the SUSY breaking effects
by the mGrM parametrized with m,, combined with the
mGgM parametrized with fs - my for a common SUSY
breaking source at a hidden sector, (W) (~myM3) in a
SUGRA framework. When the minimal Kahler potential
and the minimal gauge kinetic function (= Jd,,) are

PHYSICAL REVIEW D 92, 075025 (2015)

energy scale than mj, (shifted FP), depending on f.
Basically fg is a parameter determined by a model. For
0.3 < fi 0.4, the FP of m? », emerges at the 3—4 TeV scale,

which is the top squark mass scale desired for explaining

the 125 GeV Higgs mass, and so mﬁ becomes quite

insensitive to top squark masses or m0 Thus, this range of
fcand —0.7 < ay < 0.3 can admit the fine-tuning measures
and u to be much smaller than 100 and 600 GeV,
respectively. The range 0.3 < f; < 0.4 is directly translated
into, e.g., the gluino mass bound, 1.6 TeV Sm;<
2.2 TeV, which could readily be tested at LHC Run II
in the near future.
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APPENDIX: RG EQUATIONS AND SOLUTIONS

We present our semianalytic solutions to the RG equa-
tions. When tan f is small enough and the RH neutrinos are
decoupled, the RG evolutions of the soft mass parameters,

employed at tree level, a FP of mj appears at a bit higher  mg,, mig, mj , and A, are simplified approximately as
| E
L dmg, 2 2y 32 2
167 T:Zy,(X,—I—A,) ?g3 - 6g5M3 — 59 aM3, (A1)
2dm5§ 2 2y 32 M2 — 2
167z t‘ =4dyr(X, + A7) — 3 M3 gzM , (A2)
i 6
1677 = 6y (X, + A?) — 665M3 — 5 aM3, (A3)
dA 16 13 12
87527;:6)’?&—?9%1”3 ~3M; — 1591M1 = 6y7A, — < 90/ )GA, (A4)
assuming A;z“((tt)) = mg‘{Z (a=3,2,1). Summation of Egs. (Al), (A2), and (A3) yields the RG equation for X,
a o

— 2 2 2.
(=my, +my +mj, ):

dx, 3y,2 (
dt  4x*

X, +A?) -
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In Egs. (A4) and (A5), G, and G% are defined in Eq. (15). The solutions of A, and X, are given by

S dr'y? 1 ml/z / f dr'y?
A1) = =1 Ag—— [ —£ di'G e “, A6
t( ) ¢ i |: 0 8”2 < 9(2) > to ¢ ( )
X,(1) = & do ™ [XO+ / tdt’{ S yaar - ! (—m‘/z) G2 }w o4 2] (A7)
! o 4r2" 42\ R X

where A, and X, denote the GUT scale values of A, and X,, Ay = A,(t = ty), and Xo = X,(r = 15) = mé}o + mﬁgo + m%uo.
With Egs. (AS5) and (A7), one can solve Egs. (Al), (A2), and (A3):

i 1) = g+ [0 1] T ()[R0 = ) =5 (080 - o) ~ g 0 = )] (A9
) = g+ 3 [T 1] B () Rt - s o a0 - ). (49
) = w5 I ] B () S - i)+ 5 a0 -t} (10

where F(7) is defined as

3 T2 1 2 3 1 g T2 t
/dt 2y%A2e4n 4 —2<mlz/2> [e“ﬁo"” / dthe4”f e _/ dt’Gﬁ]. (A11)
to 4 9 fo fo

Using Eq. (10), one can obtain the following results:

F(t)= e“” o

t 471'2 mi» 2
[ =25 () 0 - (a12)
fo i 9
8 2
[ argm, = (m#){g%m—ga}, (A13)
fo bi 9
t
/ dig = {g, - (A14)
fy

which are useful to get the solutions, Egs. (A8), (A9), and (A10).
With Eq. (A6), the first line of Eq. (A11) is recast to

3 [t gu,, 1 =3 1,2
R R e e /dtG (A1) o
47T 9 to

64z 90
3 ” ///2
—2e# /dtG / dt"G, o Jo }

+-— AO <m12/2) o ZJ;; 4 |:/ dt/GA - emf':) dt/yz/ dtG e4rr ft dt”vfzi|
47‘[ to )

+A(2)em£0 aryi [eﬁf‘o dryi _ 1] (A15)
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(
Galtm

PHYSICAL REVIEW D 92, 075025 (2015)

= femg (a = 3,2, 1), the solutions for 7, < 1; < t}; are

m (i) = m2, (1) + & {x (1)) = X,(1)} + 2422/ e
+famo[ {g3(ty) = gé‘(ti)}—%{g‘z‘(tf)—g‘z‘(ti)} To8 —=1gi(1y) - g‘f(ti)}} (Al6)
2 2 1 2 mg 8 4 4 8 4 4
myg (1) = g (1) + 51X, (1) = X, (1 )} =0 1 2/ dth+meo[9{ 3(tf)_g3(ti)}_®{gl(tf)_gl<ti)}]’ (A17)
mzu(zf):mﬁu(r,»)%{xt(rf) x<r)}+f 0 / diG}, = femi B{g‘z‘(tf)—g‘z‘(ti)}+%{g‘l‘(tf)—g‘,‘(n)}], (A18)
where
X,(tf)—X,(ti)IX,(t)[e“ 2 J, ot —1} + e bl i / " ar (432 y2A2 _ :"ZOGZ> 2 J art (A19)
and
Aty) = el “’“{ (1) =Le™ fo / G e ,-"’”yz]. (A20)
In the main text, we set t; = t);, t; = t, and define F »(t) as
Fy(t) = e o 4 / ar s 3 g f i:”%{ 2 Jg / L Grent I / tdt’Gi]. (A21)
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