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Precise focus point scenario for a natural Higgs boson in the MSSM

Bumseok Kyae'" and Chang Sub Shin>"

lDepartment of Physics, Pusan National University, Busan 609-735, Korea
2Department of Physics and Astronomy, New High Energy Theory Center, Rutgers University,
Piscataway, New Jersey 08854, USA
(Received 19 May 2014; published 26 August 2014)

A small Higgs mass parameter mfl can be insensitive to various trial heavy stop masses, if a universal
soft squared mass is assumed for the chiral superpartners and the Higgs boson at the grand unification
(GUT) scale, and a focus point (FP) of m,zl appears around the stop mass scale. The challenges in the FP
scenario are (1) a too heavy stop mass (x5 TeV) needed for the 126 GeV Higgs mass and (2) the too high
gluino mass bound (Z1.4 TeV). For a successful FP scenario, we consider (1) a superheavy right-hand
(RH) neutrino and (2) the first and second generations of hierarchically heavier chiral superpartners. The
RH neutrino can move a FP in the higher energy direction in the space of (Q, m% (Q)), where Q denotes the
renormalization scale. On the other hand, the hierarchically heavier chiral superpartners can lift up a FP in
that space through two-loop gauge interactions. Precise focusing of mf,(Q) is achieved with the RH
neutrino mass of ~10'* GeV together with an order one (0.9-1.2) Yukawa coupling to the Higgs boson,
and the hierarchically heavy masses of 15-20 TeV for the heavier generations of superpartners, when the
U(1), breaking soft parameters n;,, and A, are set to be 1 TeV at the GUT scale. Those values can
naturally explain the small neutrino mass through the seesaw mechanism, and suppress the flavor violating

processes in supersymmetric models.
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I. INTRODUCTION

The naturalness problem of the electroweak scale (EW)
and the Higgs boson mass has been the most important
issue for the last four decades in the theoretical particle
physics community. It has provided a strong motivation
to study various theories beyond the standard model
(SM). Particularly, the minimal supersymmetric SM
(MSSM) has been regarded as the most promising
candidate among new physics models beyond the SM.
However, any evidence of new physics beyond the SM
including supersymmetry (SUSY) has not been observed
yet at the large hadron collider (LHC), and experimental
bounds on SUSY particles are increasing gradually.
Nonetheless, a better new idea that can replace the
present status of SUSY has not seemed to appear yet.
Accordingly, it would be worthwhile to explore a break-
through within the SUSY framework.

Concerning the radiative Higgs mass and EW sym-
metry breaking, the top quark Yukawa coupling (y,) of
order unity plays the key role in the MSSM: through
the sizable top quark Yukawa coupling, the top quark
and stop make a dominant contribution to the renorm-
alization of the soft mass parameter of the Higgs boson
(m,zzu) as well as the radiative physical Higgs mass

squared (m2) [1]:
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where m, (m,) denotes the top quark (stop) mass,
and v, is the vacuum expectation value (VEV) of

the Higgs boson, v, = \/(h,)?* + (h;)* ~ 174 GeV with
tanf = (h,)/(h;). A means a cutoff scale. A messenger
scale of SUSY breaking is usually adopted for it. Here,
we set the left-hand (LH) and right-hand (RH) stop
squared masses, m; and mﬁg, equal to m? for simplicity.

Note that Am3 can be a large negative value for a large

stop mass and a high messenger scale.

As seen in Eq. (1), a large stop mass can raise the
radiative Higgs mass. According to the recent analysis
based on three-loop calculations [2], a 3—4 or 5 TeV stop
mass is necessary for explaining the recently observed
126 GeV Higgs mass [3] without a stop mixing effect.
From Eq. (2), however, such a heavy stop mass is expected
to significantly enhance the renormalization effect on m7 ,
and eventually it gives rise to a fine-tuning problem
associated with naturalness of the EW scale. It is because
a negative m; triggers the EW symmetry breaking, and
eventually determines the Z boson mass in the MSSM, as
seen in the extremum condition of the MSSM Higgs
potential [1]:
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where m2% denotes the Z boson mass and y is the “u-term”
coefficient in the MSSM superpotential. If —m%,u is exces-

sively large, it should be compensated with |u|>. Thus, a
fine-tuning of 107~10~* does not seem to be avoidable in
the MSSM, unless the messenger scale A is low enough.
Due to this reason, a relatively smaller stop mass
(< 1 TeV) has been assumed for naturalness of the EW
scale, and various extensions of the Higgs sector have been
proposed for explaining the observed 126 GeV Higgs mass
[4-6]. Unfortunately, however, the stop mass bound has
already reached 700 GeV [7], which starts threatening the
traditional status of SUSY as a solution to the naturalness
problem of the EW phase transition. Thus, in this paper, we
intend to discuss the naturalness problem in case the stop is
quite heavy (~5 TeV).

In fact, the renormalization of mf, Eq. (2), is necessarily
affected by ultraviolet (UV) physics. Thus, for a more
complete expression of it, the full renormalization group
(RG) equations should be studied for a given UV model,
even though Eq. (2) would not be very sensitive to an UV
physics in SUSY models. Unlike the expectation based on
low energy physics, however, it was claimed that the Z
boson and Higgs masses at low energy are quite insensitive
to the stop mass in the “focus point (FP) scenario” [8—10]:
under the simple initial condition for the stops and Higgs

2 2 2 =2
squared masses, Mg, =Mye=my =---=mg at the grand

unification (GUT) scale, the RG solution of m%l turns out

to be almost independent of mJ at the EW scale, unlike
those of g, and my,. It is because the coefficient of m{ in

3

the RG solution of m%, at the EW scale turns out to be quite
small. Accordingly, m%l can remain small enough even for

relatively large trial m3s (~ multi-TeV) unlike other super-
particles in the chiral sector. Interestingly enough, more-
over, the FP scenario favors the simplest version of SUSY
model with the minimal field contents and the universal
initial condition for the soft squared masses at the GUT
scale: many careless extensions of the MSSM at low energy
would destroy the FP mechanism.

The insensitivity of m7 to m3 or stop masses implies that

Eq. (2) is effectively canceled by other ingredients. One
might expect that a fine-tuning for smallness of m%l would
be hidden somewhere in this scenario. This guess is
actually true. As will be seen later, the smallness of the
coefficient of mg in mj; originates from the fact that

=3 ﬁ 0 dry? 1

L 3 (4)

Here, ¢ parametrizes the renormalization scale Q,

t—1 zlogM%;. tw and t, correspond to the EW and
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GUT scale M (=2 x 10'% GeV), respectively. Actually,
Eq. (4) is an accidental relation in some sense. Just the
quark and lepton masses, the low energy values of the
SM gauge couplings, and the MSSM field contents
completely determine y,(¢), and the Z boson mass scale
and the gauge coupling unification scales provide
exactly the needed energy interval. In the sense that
Eq. (4) is not artificially designed, but nature might
permit it, we will call it “natural tuning.” Of course,
there might exist a deep reason for it. In this paper,
however, we will not attempt to explain the origin, but
take a rather pragmatic attitude: we will just accept,
utilize, and improve it.

However, the recently observed 126 GeV Higgs mass is
challenging also in the FP scenario. Since the FP scenario
works well with the minimal field contents and a sup-
pressed stop mixing effect, the Higgs mass can be raised
only through the radiative correction by the quite heavy
stop, m, ~ 3—4 or 5 TeV [2]. To get a heavier stop mass, we

need a larger m3. In order for m3 to remain insensitive even
u

to much larger m3s [> (5 TeV)?], a more precise focusing
is quite essential. That is to say, the coefficient of m% in

the m%,s RG solution should be much closer to zero.

Moreover, m3 does not follow the original FP scenario

below the stop mass scale, because the stops are decoupled
there. Thus, for a predictive EW scale, the FP should appear
around the stop mass scale rather than the conventional EW
or Z boson mass scale. The present heavy gluino mass
bound at the LHC, M3 = 1.4 TeV [11], also spoils the
success of the FP scenario [12—14]. The heavy gluino leads

to a too large negative m%u at the EW scale through RG

evolution. Such an RG effect by a heavy gluino mass
should be compensated properly for a small enough Z
boson mass.

In this paper, we will attempt just to trim the FP
scenario such that the FP is made located around the stop
mass scale and the heavy gluino effect becomes mild. In
order to accomplish that goal, we will consider a super-
heavy RH neutrino [15,16], and the two-loop gauge
interactions by the hierarchically heavier first and second
generations of chiral superpartners (sfermions) [17,18].
Hierarchically heavy masses for the first two generations
of sfermions (215 TeV) could also sufficiently suppress
unwanted SUSY flavor and SUSY charge parity (CP)
violating processes as in the “effective SUSY model”
[19]. Once the location of the FP is successfully modified
to a desirable position, even a quite heavy stop mass
could still be naturally compatible with the Z boson mass
scale, and the 126 GeV Higgs mass can be supported
dominantly by the radiative correction from such a
heavy stop.

This paper is organized as follows: we will review the
FP scenario and discuss the problems associated with the
recent experimental results in Sec. II. In Sec. III, we will
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explore the ways to move the location of the FP into a
desirable position in the space of (Q, m? (Q)). In Sec. 1V,
we will propose a simple model and discuss phenom-
enological constraints. Section V will be a conclusion.
For convenience, in our discussion in the main text, we
will leave the details of the full RG equations and
derivation of some semianalytic solutions to them in
the Appendix.

II. FOCUS POINT SCENARIO

Based on our semianalytic solutions to the RG equations,
let us discuss first the RG behaviors of soft parameters
associated with the Higgs boson and the third generation of
sfermions. When tanf is small enough, the top quark
Yukawa coupling, y,, dominantly drives the RG running of
{m%’ mzl ,mZ A}, while the bottom quark and tau lep-
ton’s Yukawa couplings, y, and y,, are safely ignored.

Here, A, denotes the “A-term” coefficient corresponding
to the top quark Yukawa coupling. Thus, for small tan f,

the one-loop RG equations for {mh ,m (,qu,A} are
written as
2 d 5, 2 a0 2
16z Emhu _6Yt(Xt+Az)_692M2_§g%M ) (5)
d 32 32
1622 % 2 = 43X, +4) =S M3 =T M3, (6)
d 32
167[2—m§3 =2y?(X, + A?) - — g3 M3
dt 3
_6g%M2 ISQIM%’ (7)
d 16 13
B2 A, = 67A, == GiMs — 3g3Mz — 2 giM1. (8)

2

where X, = mj, + m + m . t parametrizes the renorm-

alization scale Q, t — to = log Mg 9321 and M5, in the
above equations stand for the three MSSM gauge couplings
and gaugino masses. Our semianalytic solutions to them are
approximately given by

Xo [ = [ ary? F(t
m} (1) m} o+ 5 gl _y] £
u 2 2
3 my,» 2
-5 (") 1ot - ). ©
0
/ Fl(t
mig(l) NmuCO +— |: 4” f an - :| +—§)
8 (mip\?, 4
*3 2 {93(1)—90}, (10)
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Xo | 25 [Mary? F(t
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mi;n\2[8 3 11
v () {ggﬁ(f)—igﬁ(f)+ﬁgg o
3 /72
A,(t)=e4"zf [ —/ dr'G, i o } (12)

where we ignored the bino mass M; and the relevant
U(1), gauge contributions due to their smallness. For
the complete expressions and derivation of the above
solutions, refer to the Appendix (setting m> = 0).
Here, {mj, g.mjeo.mg 0. Ao} denote the values of

{m%,(t)mi(t)mi(t)f\l()} at the GUT scale, and
Xo Emiuo“‘migo"'mio- go and my, are the unified
gauge coupling and gaugino mass at the GUT scale,
respectively. F(7) in the above solutions is defined as

3 (7 g2

3 3 (" g2 t =3
F(f)=—e* ﬁo dr'y; dr'y?AZ e ‘ﬁo i
47? f

! {e“ ﬁodty’/ dr' G% o f d[”v%—/tdt’Ggg].
47[ 1y )
(13)

G, in Eq. (12) and G% in Eq. (13) are given, respectively,
by

16 13
Ga(1) = ?93M3 +33M; + 15

m1/2 16 13
= (—£ 3 , 14
<g(2) >[3 3+ 92 ]591 (14)

16 13
G (1) =5 G3M3 + 3G3M3 + < giM}

mi2\ 216 13
= 3 15
() [7+at 5]
Note that F(t) is independent of {mj . mjo, mj o}, so

{mj, 0. m3co. m. o} appear only in the first three terms in the

above RG solutions, Egs. (9), (10), and (11).

F(t) depends on tan f§ in principle. But it turns out to be
almost insensitive to tan /. For instance, F(r) at Q = 5 TeV
[= F(t7)] is estimated as

glMl

F(t7) ~ {~1.03, —1.02} x (%)2 (16)

0

for {tanf = 5,tan f# = 50} and A, = 0. Here, the numeri-
cal estimation for tan f = 50 was performed by including
yp and y, effects with mj = mg. =mj = mg. For the

complete RG equation we used, see the Appendix. Thus,
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the last three terms in Eq. (9) at Q =5 TeV yield
{=1.43,-1.41} x m%/z for {tanf = 5,tan =50} and
Ay = 0. Note that the F(r) term dominates over the last
two terms in Eq. (9) at Q = 5 TeV. Although the last two
terms provide a positive coefficient of m? /2> the large gluino
mass effect contained in F(r) flips the sign.

If the gauge sector’s contributions proportional to m? 2
are relatively suppressed, A,(¢) and F(¢) are simplified as
follows:

3 7 W)
A, (1) = Age'” ffo 0 and
3 [t g2 3 [t 0.2
F(1) » Aje” Jo [e“”z Jo ot _ 1} . (17)

In this case, {mj, (1), mig(t),

mj (1)} thus reduce to

X 3" ary?
my, (1) = mj, o +70 [64"2 Sy _ 1]

A2 : 'y2
+70642£0 »z{ufd’) ]+ (18)
X d
mie (1) & My + 30 [e“” " 1}
2 N E )
+%eﬁﬁod’y3[e4i2ﬁod’ﬁ_1}+-.-, (19)
X
i 1) g+ [ o]
2 ‘o2 LN}
+ Oejzj;odlyr[:?fz yr_1:|_|_...’ (20)

where “ - - doesn’t contain m3 and A,. As emphasized in
Eq. (4) the most important notice should be taken here that

3 dl/ 2 .
e ~ 1 for 1 = 1y + log 155 10° GeV GeV (=ty,) when tan f is

moderately small [8]. Thus, if umversal soft squared masses
are assumed, mj, o = mj. = mg o = mg, and Ay = 0 is set
at the GUT scale, Egs. (18)—(20) are recast into [8]

3 L] 1
m2 (tw)~ %{ s —§]+-~-z0.006m%+--~, 21)

3m2 [2 f’Od 1
2 N_O 2 w yt e ) — 2 ce e
mye (tw) ~ 5 |:3€4 —l—O]—i— 3Mot (22)
3mi 1 = (ogrye 1 2
2 ~ 0 22 Jt St _ ~Z 2
qu(tW)NT[ge“fw +3 +---~3m0+--~, (23)
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- doesn’t contain m3. Hence, m3 () almost
u

13

where
vanishes at the EW sale (¢ =~ ty). It means that m% can be
light enough at the EW scale, almost indepenudent of
m3, only if the “---” in Eq. (21) was also suppressed.
Since mj, is very insensitive to mg, even a large enough mg
guarantees the smallness of m%l at the EW scale, whereas it
makes stop masses quite heavy m? (tW) ~m}/3 and

q3(tw) 2m3/3. In the FP scenario, therefore, the natu-
ralness of the EW scale and the Higgs mass is based on
natural tuning.

Although A is comparable to other soft parameters, m,%
can still remain small at the EW scale, provided
(mj, o mﬁgo, m o, Aj) are very specially related, satisfying,
e.g., m3(1,1+x—3y,1—x,9y) at the GUT scale, where
x, y are arbitrary numbers [20]. However, such a relation
looks hard to realize in a supergravity (SUGRA) model.
For simplicity, we will assume in this paper that
|x|, [y| < 1; namely, A, is quite suppressed compared to
mg (= mj, o = mi = mj ). Actually, this is possible,
e.g., in the gauge mediated SUSY breaking scenario with
a GUT scale messenger. To get a universal soft squared
mass in the gauge mediation, the SM gauge group should
be embedded in a simple group at the GUT scale. However,
the effect by nonvanishing A, on m%l can be compensated

by another ingredient introduced later. Hence, the gravity
mediated SUSY breaking scenario with the universal
soft squared mass and A, # 0 can also be consistent with
the FP scenario.

Unlike the naive expectation, the low energy value of

m3 is not sensitive to the stop masses in the FP scenario.
u

Hence, apparently, the naturalness of the Higgs boson
seems to be guaranteed in this framework. It is a result of
(1) the employed initial conditions,

2 o2 —
my o = mg and Ag = 0, and

. =3 f Odry? .

(2) the accidental result, e Jmw ~ 3 (natural tuning).

The first condition is associated with a model-building
problem. Actually, it can easily be realized in a large class
of simple SUGRA models. However, the second condition
would be a kind of fine-tuning condition, because the top
quark Yukawa coupling y,(¢) and the interval of the energy
scales between the EW and the GUT scales should specially
be related. But it is not artificially designed. As mentioned
in the introduction, we will simply accept such a natural
tuning phenomenon.

However, the recent experimental results at the LHC
seem to spoil the nice picture of the original FP scenario.
Most of all, the gauge contributions in Egs. (9)—(12) cannot
be ignored any longer, since the mass bound for the gluino
has been increased, M3 2 1.4 TeV [11]. As a result, the
unified gaugino mass m;, should be heavier than at least

550 GeV. Since a large m7 , leads to a large negative mj,

2 2
M0 = Mugo =

and large positive m2. and m?
3

2, at low energy, as seen in
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FIG. 1 (color online).
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RG evolutions of m% for m} = (7 TeV)? (red), (5 TeV)? (green), and (3 TeV)? (blue), and for (a) tanff =5

and (b) tan # = 50, when m, ;, = 1 TeV and A, = 0. Here, we take ag = 1/25. The unit of the vertical axis is (GeV)?2. The dotted lines

at t~0.92 denote the assumed stop decoupling scale,

0 =5 TeV.

t~-23 [t~29.9] corresponds to Q =200 GeV

[Q =2 x 10'® GeV]. Below the stop decoupling scale, the above RG runnings must be modified. The above figures show that

2

the extrapolated FP, where mj, is negative, appears at a relatively higher (lower) energy scale for small (large) tan j.

Egs. (9)—(11) and (16), —mi“ cannot be small enough at the

EW scale. A too large negative m%l should be finely tuned

with |u|? to be matched to M% in Eq. (3). Moreover, the
observed Higgs mass, 126 GeV, is somewhat heavy as a
SUSY Higgs mass. Once we suppose A, = 0, a quite heavy
stop mass (~5 TeV) is needed for explaining the observed
Higgs mass [2]." A very large m? /o fora’5 TeV stop mass

would require a serious fine-tuning between m? and |u|?
u

or m% 2 and m(z). Alternatively, one can try to extend the

MSSM for raising the Higgs mass. However, many
extensions of the MSSM Higgs sector end up ruining
the FP scenario, as will be commented later.

Since the stops are decoupled around 5 TeV (¢ = 1), m3,
follows the RG running of the SM below ¢ ~ ¢;. Hence, the
FP mechanism based on the SUSY RG equations would not
work well anymore. Actually, Eq. (21) is valid when the
stop is not too much heavier than the Z boson. The heavy
fields’ correction to the RG solution can be estimated using
the formula on the Coleman-Weinberg’s effective potential
[21]. In fact, the RG solution is a result of one-loop effects
by massless fields, while the Coleman-Weinberg’s one-
loop effective potential is dominated by the heavy fields.
The signs of both loop effects are opposite. Thus, the low
energy value of m3 below the stop decoupling scale is
roughly estimated as [1,22]

"To be precise, a 3-5 TeV stop mass is needed for a 126 GeV
Higgs mass at three-loop level when A, = 0. According to
Ref. [2], parametric uncertainty in the top quark mass
(mP™ = 1733 + 1.8 GeV) results in uncertainty of 0.5 to
2 GeV in the Higgs mass. Among public codes providing the
two-loop results, moreover, inconsistencies of up to 4 GeV are
observed. In this paper, we adopt the three-loop result of Ref. [2].
To be conservative, however, we will take 5 TeV as the stop mass
needed for the 126 GeV Higgs mass, although a stop mass lighter
than 5 TeV turns out to further decrease the fine-tuning.

3y, 2T 2+ m2
(o) o+ |+ ) L hog ™ -
T
2
—m?{log%—l”
T
3yl* -
~ ,21" A~ 87;2 m2, (24)

where m, (m,) denotes the top quark (stop) mass, and the

cutoff Ay [~(m? +m?)'/?] is the scale where the stops

are decoupled, and so mj |y = mj (17). Here, we set

m2. ~ml =m7 for Note that
¢ :

simple estimation.

%nﬁtz ~ (800 GeV)?. Accordingly, mj at =ty (or
mj, |5,) should be smaller than (1 TeV)? in order for
—mj, at the EW scale to be smaller than (1 TeV)?.
Since ¢ =ty is more or less far from ty, however, the
coefficient of m3 in Eq. (9) is not suppressed enough,
my (t7) = 0.1mg —---,  where  mg§ > (5TeV)*>  for
obtaining 5 TeV stop masses. Hence, m%u(tT) is quite
sensitive to m3, and it should be tuned with m? /2 in Eq. (9)
and/or |u[*. Thus, for a predictively small mj, , the FP
should somehow appear around the stop decoupling scale
[13,14]. That s to say, the coefficient of m% should be much
closer to zero around the stop mass scale, as mentioned in
the introduction.

Figures 1(a) and 1(b) display the RG behaviors of
mj,  for m§=(7TeV)?>, (5TeV)?>, (3 TeV)’, when
myp=1TeV, Ay =0, tanff =5 [Fig. 1(a)] and tanp =
50 [Fig. 1(b)] with ag = 1/25. Note that m;;,, = 1 TeV
yields the gluino mass of 2.4 TeV at TeV scale, which is
well above the present experimental lower bound, 1.4 TeV
[11]. Although we presented the simple RG equations valid
for small tan S in Egs. (5)—(7), the figures in Fig. 1 are based
on the full one-loop RG equations including y;, and y, with
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TABLE L. Soft squared masses of the stops and Higgs boson at Q =5 TeV for m3 = (7 TeV)?2, (5 TeV)?, and (3 TeV)?, when
myj, = 1 TeV and Ay = 0 with ag = 1/25. The left (right) four columns correspond to the results of tan = 5 (tan f = 50).

tanf =35 tan # = 50
m} (7 TeV)? (5 TeV)? (3 TeV)? m3 (7 TeV)? (5 TeV)? (3 TeV)?
m? (tr) (6.1 TeV)? (4.5 TeV)? (3.1 TeV)? m3 (tr) (5.2 TeV)? (3.9 TeV)? (2.8 TeV)?
mig(tT) (4.6 TeV)? (3.4 TeV)? (2.4 TeV)? mﬁg(tr) (4.7 TeV)? (3.5 TeV)? (2.5 TeV)?
m; (tr) (1.3 TeV)? —(0.4 Tev)? —(0.9 TeV)? m} (tr) (1.8 TeV)? (1.1 TeV)? —(0.6 TeV)?

the universal boundary condition imposed also for m%l ,
Figures 1(a) and 1(b) show that the FP is

located at a slightly higher (lower) energy scale for a small
(large) tan 3. Table I lists the values of {mg . m..mj } at
t =ty (i.e.,, at Q =5 TeV) in these cases. It shows that
mj, (tr) is quite sensitive to mg, as mentioned above. For
tan # = 50, particularly, the fine-tuning measure defined in
Ref. [23] is estimated as

meg, and m,

dlog m> 20
A, = ng — @ﬂ ~ 875 (25)
o | dlogmg m% Om3
around the m3 = (7 TeV)?. A similar analysis with ag =

1/24 turns out to yield a worse result, Am(z) ~ 1474. They

are quite large. It is because the locations of their FPs are
too far from the point (¢ = t7, m%l =0).

In order to get m? that is small enough and insensitive to

m3, the location of the FP needs to be moved somehow to a
position around the stop mass scale. See Fig. 2. € in

Figs. 2(a) and 2(b) should be as small as possible for a

predictable m%u at the EW scale. In addition, at a location of

the FP near f = fty, m%u should be in the range of
0 <mj < (1 TeV)>. Since the heavy gluino makes a large
negative contribution to m3 (¢7), we need some other
ingredients to overcome theuheavy gluino effect. Below
t = tr, mj, further decreases by ~(800 GeV)* down to

t = ty, as discussed in Eq. (24). In order to mitigate the m;
dependence via 727 in Eq. (24), reducing the fine-tuning, a

2
m hu

(1 TeV)?

(a) (b)

FIG. 2. Desirable locations of the focus point in the (7, m , )
space. The straight lines sketch different RG evolutions of m for
various mgs. t corresponds to the assumed stop decoupling scale
(Q =5 TeV). € needs to be as small as possible.

FP of m%l appearing at a slightly lower energy scale than
(but still around) #7 is more preferred: the coefficient of m(z)
in mj, |, needs to be of order O(1072).

III. PRECISE FOCUSING

In this section, we will discuss how to move the FP to the
desirable locations presented in the previous section in the
(, mh (1)) space. We intend to argue that the Higgs mass
happens to be 126 GeV by 5 TeV stop mass, after m% at
t = t is made insensitive to m3. It would be a way to trim

the original idea of the natural tuning.

A. Pushing up the focus point to higher energy scale

As tanf increases, the size of the top quark Yukawa
coupling decreases. As a consequence, the factor

e 5 [ dry? —1'in E i

2 3 g. (21) vanishes at a lower energy
scale t (< ty) for a smaller y,. It implies that the FP moves
to a lower energy scale for a larger tanf [8,24]. The
numerical analysis including y;, and y,, Figs. 1(a) and 1(b),
confirm such a behavior of the FP. Since we intend to move
the FP in the higher energy direction, a large tan S is not
helpful.

A much larger top quark Yukawa coupling y,(#) at higher
energy scales can move the FP to a new location at a
higher energy scale. Actually, y,() can be easily raised at
higher energy scales, e.g., by introducing a new Yukawa
coupling of the Higgs boson. For instance, let us consider a
coupling between %, and a new singlet S in the next-to-
MSSM (NMSSM) [4]:

In this case, the RG equations of y, and 4 are given by

16 , 13

d
87 —yi = y; {/12 + 6y7 —795 =39 -15

a 7l @

4 3
822 42 = 12 [4&2 +3y7 = 3¢5 - gg?} (28)

for small tan 8. Because of the additional positive contri-
bution by 4% to the RG equation of y,, y?> becomes larger
than that in the absence of 1. Moreover, the A coupling
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introduces a positive contribution also to the RG equation

2.
for mj,

d
1672 Emiu =222(X, + A?) + 6y7 (X, + A?)

695M3 — 92M2, (29)

where X, = (mj + m. + m3,). It turns out, however, that
u 3

the FP’s location is too sensitive to A. According to our
analysis, 4 should be smaller than at least 0.1. Otherwise,
the FP moves too far away in the high energy direction. For
example, 4 = 0.6 and tan § = 3 moves the location of FP to
103 GeV energy scale. Hence, the parameter window
satisfying the 126 GeV Higgs mass and the Landau pole
constraint in the NMSSM, 0.6 <1 <0.7and 1 <tanf <3
[25], cannot be compatible with the FP scenario. As seen in
this example, extensions of the MSSM Higgs sector with a
new sizable Yukawa coupling, e.g., for raising the Higgs
mass could result in ruin of the FP scenario.

The RG effect of A coupling on y, can be reduced just by
assuming that S is superheavy and so decoupled at a very
high energy scale. One well-motivated superheavy particle
is the RH neutrino (N¢), which is introduced to explain the
smallness of the active neutrino mass through the seesaw
mechanism [26] by the superpotential,

1
WN = le3huNC + EMNNCNC, (30)

where /5 is a lepton doublet in the MSSM. We assume that
the Majorana mass of N¢ is My =2 x 10'* GeV. If
the RH neutrino is embedded in a multiplet of a GUT
with the B —L charge, Eq. (30) can be naturally
obtained from the nonrenormalizable term in GUTs,
WD (Hg)(Hg)N°N¢/Mp, where (Hg) and Mp are a
VEV of a GUT breaking Higgs boson (~10'® GeV) and
the reduced Planck mass (22.4 x 10'8 GeV), respectively.
For My ~ 10'* GeV, the Yukawa coupling yy should be of
order unity to get a neutrino mass of order 0.1 eV. Here, we
suppose that only one Yukawa coupling with &, yy is of
order unity: for simplicity, we assume that other Yukawa
couplings of 4, to other RH neutrinos are small enough.
Accordingly, other RH neutrinos should be relatively
lighter than M. Since N¢ would be decoupled at a very
hight energy scale (Q = My ~2 x 10'* GeV), its RG
effect on y, could be mild, and the FP would relatively
slowly move as yy varied. Consequently, m,% at t =ty

could become less sensitive to m% [16]. If the heaviest RH
neutrino was lighter than ~10'3 GeV, its RG effect on y,

*With a relatively lighter stop mass (<1 TeV), the (singlet)
extensions of the MSSM can significantly reduce the fine-tuning
by adding an additional tree level [4,5] or a radiative Higgs
mass [6].
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would be negligible because the required Yukawa coupling
becomes too small.

Similar to Eq. (29), the RG evolution of m%l between
Q = Mg and Q = My is described by '

d M
6
—gg%M%, (31)

where the y3Xy [=yy(m; +mi +mj)] and yyAY
terms are additional positive contributions coming from
the RH neutrino. On the other hand, the RG equations for

m?. and m2. maintain the same forms with those in the

uy a3
absence of the RH neutrino, Egs. (6) and (7). They are just
affected only through the modified value of y?(X, + A?),
which appears also in Eq. (31). For the complete form of
the RG equations, refer to the Appendix. Because of the
v (Xy +A%) terms in Eq. (31), m%u/mﬁ; and mj, /mg,
more rapidly decrease from Q = M to Q = M than the
case without the RH neutrino. Below QO = M, however,
the RH neutrino becomes decoupled, and so m%u, mﬁg, and

33 respect the same RG equations with Egs. (5)—(7).

Considering Eq. (9), one can see that the RG solution
of mﬁ valid only below Q = My (t < t;) should be
written as

m

X 3" ary?
m,%“(t) = m%ul +71 |:e4”2ff1 T _ 1] N
2
-3 Lﬁff’d’”’% - (1 Y- >]
2 mhu1+mu§1+mq3[

where {mj ;. mi.;.mg ;} denote the values of {mj ,mg.

2
a mhul + mu3'1+

m%h ;- Note that “--” in Eq (32) does not contain the
dependence of {mj, ;. my;.
2 2
{mhu()’ Mo
mlzhl} and X, in Eq. (32). On the contrary, y? in Eq. (32) is
the same as y? of Eq. (9) for ¢ < t,, because y? should be set
to explain the top quark mass at low energy and undergoes
the same RG evolution as the case of Eq. (9). The RH
neutrino makes y?> larger only above Q = M. Since
mj, i /mye; and mj /mg ; are more suppressed at Q =
My by the RH neutrino effect above Q = My, 1—
2my [ (my, [ +m, vl +m ;) or 1 —=2m; /X, in Eq. (32)
is larger than that evaluated at Q = My in the absence of
the RH neutrino. As a result, exp[3 [/ d/'y7] — (1 -
me,u ;/X) vanishes at a r larger than fy. It implies that
a FP must still exist and appear at a scale higher than #.

m at Q = My, respectively, and X; =

m;. ;}+. Comparing with Eq. (9),

2 )
my o} and XO are replaced by {mj ;,m i
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Therefore, we can move the FP to around 7 = 7y using a
sizable yy. We will discuss it again later.

B. Uplifting the focus point

Toward the desirable FP location, we need to somehow
lift up the FP in the (r,mj (1)) space as mentioned
before. As a trial, let us turn on a small A, in Eq. (12),
keeping mj, 0 = Myeo = mg o = mg. Then Eq. (18) yields

(tW) —A3/9. So the FP moves in the opposite direc-
t10n to our desire. From Egs. (9) and (16), increase of m1 2
also moves the FP in the negative direction. Because of the
experimental gluino mass constramt (M5 zZ 1.4 TeV), how-
ever, one cannot decrease m? /o sufficiently.

Indeed, the largest negative contribution to m%l comes
from the gluino mass M3, as seen from Egs. (13)-(16):
Equation (13) is dominated by the g3M3 and g3M?3 terms in
Egs. (14) and (15), which eventually give a negative F(¢;)

as seen in Eq. (16). A too large negative m%lu at the EW

scale should be fine-tuned with |u|? to yield the desired size
of m%. One way to compensate the negative gluino mass

effect on m7 is to cancel it with the positive contribution

from the wino mass effect, sacrificing the gaugino mass
unification, M3 < M3, at the GUT scale [12,13]: such
nonuniversal gaugino masses at the GUT scale could
improve the FP behavior but also soften significantly the
limits on the gluino mass. Alternatively, a fine-tuning
between mg and mj,, could also leave a light enough
m%u, as seen in Egs. (9) and (16): a FP achieved through
such a fine-tuning can remain insensitive, e.g., to the
scaling of (mg,m7,,) — A*(mg, mj ), keeping the ratio
between m} and m? /» [14]. However, the idea of natural
tuning is lost in this mechanism.

In this paper, we propose to consider the two-loop
gauge effects by the first and second generations of
hierarchically heavier sfermions, maintaining the gaugino
mass unification. Their two-loop Yukawa interactions are
extremely suppressed by their tiny Yukawa couplings.
For simplicity, we suppose a universal heavy mass for
them (=m?). If m* > mj,, the RG running of m* is
negligible. Then the gauge contributions to the RG
equations for the soft masses of the Higgs boson and
sfermions are modified as [17,27]

s i o)

i=32,1
m1/2 ﬁ’lz
:—85 Cf o6 A,
i=3.2,1 [< ) 4”291]4_
(33)

where f = h,,u§, g3, etc., and C{ denotes the Casimir
for f. With the universal soft mass condition, the

PHYSICAL REVIEW D 90, 035023 (2014)

contributions by the “D-term” potential to Eq. (33)
vamsh Since ¢?M?s are always accompanied with
91 in Egs. (5)-(7), they all should be modified into

g; M2 - # g7. As a result, the heavy gluino effect can be
compensated to be milder by the 7> terms [18]. If 7 is
much heavier than the gluino mass, moreover, it can be
comparable to it or even dominate over it. Thus, a heavy

enough /m? could raise mf, up even to a positive value at
t = t7. Note that > does not appear in X, in Eq. (9): the
heavier sfermions’ effects on Eqs. (5)—(8) via the Yukawa
interactions are extremely tiny. So /> does not touch the
FP mechanism. Indeed, any Yukawa couplings and tan f

are not involved in g?M? — 25 . Since both contribu-
tions originate from the gauge interactions, their relation
could be more easily realized in a UV model [28] than
the relation between 7, and mg. Note that they leave

intact the A-term RG equation Eq. (8). For the full
expressions of the semianalytic solutions, refer to the
Appendix.

The hierarchical mass pattern between the first/second
and the third generations can be realized by employing the
two different SUSY breaking mediations, e.g., the gravity
or gauge mediation and U(1)" mediation. For instance, the
first two generations of matter could carry nonzero (but
opposite) U(1)’ charges and they could receive additional
U(1)" SUSY breaking mediation effects proportional to
their charge squareds [29] for their hierarchically heavier
masses [18,30]. Their desired relation could be achieved
from the hierarchy between g, and the U(1)’ gauge
coupling, and also the messengers’ masses with a common
SUSY breaking source. In such a setup, a relation between
m* and mj, could also be obtained. Since the third
generation of sfermions do not carry U(1)" charges, its
soft masses are determined only by the gravity mediation
effect. Ay can also remain small enough to avoid unwanted
color breaking minimum at low energies [31]. We will
propose a simple model realizing a desired relation between
them later.

To summarize our discussion so far, in Table II we
present the FP’s movements for the various variations of
parameters. We can move the FP into the desirable
positions of Fig. 2 by using, e.g., yy and m>.

C. Numerical results

Let us attempt to reduce the fine-tuning by introducing a
superheavy RH neutrino and taking heavy soft masses for

TABLE II. Movement of the focus point for increases of the
various parameters in the (z, mi (1)) space.

Variations tanpf ¥4 A5 A miL,f m
Focus point &= = (i (i i
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(b)

(9 TeV)? (red), (7 TeV)? (green), and (5 TeV)? (blue), and for (a) y%, = 0.8,
<2O TeV)?, when tanf = 5 and my; =Ag =1 TeV with ag = 1/24. The unit of the
Below the seesaw scale, t = 1; ~25.3 [Q ~ 2 x 10'* GeV], the RH neutrino is decoupled. The dotted lines at

t ~0.92 denote the assumed stop decoupling scale, Q = 5 TeV. Below the stop decoupling scale, the above RG runnings must be
modified. The above figures show that the (extrapolated) FP appears at desirable locations.

the first two generations of sfermions. Figures 3(a) and 3(b)
show the numerical results for the RG evolutions of m% for
m} = (9 TeV)?, (7 TeV)?, and (5 TeV)?, when {y%; =
0.8,m> = (15 TeV)?} and {y%,; = 1.0, m*> = (20 TeV)?},
respectively. Here, yy; means yy evaluated at the RH
neutrino decoupling scale (Q = My ~2 x 10'* GeV). y3,
of yN, 0.8 (1.0) reaches 0.95 (1.2) at the GUT scale,
while its RG evolution becomes frozen below Q = M. In
both cases, we set tanf = 5 and m,, = Ay = 1 TeV with
ag = 1/24. Note that m,,, and A, are U(1); breaking
parameters. Thus, e.g., if U(1), breaking scale is relatively
lower than the SUSY breaking scale, they can be smaller
than other soft SUSY breaking parameters, m3 and m?> as
desired. In Ref. [32], conformal sequestering was consid-
ered to suppress them. In “pure gravity mediation,” m; /,
and A, are suppressed at the tree level [33]. Below the
seesaw scale, t = t; #25.3 [Q ~2 x 10'* GeV], the RH
neutrino is decoupled. Thus, m%us in Figs. 3(a) and 3(b)
follow the RG equations without the RH neutrino below
t = t;, while they are governed by the full RG equations
including the RH neutrino between ¢t =1, and = {,.
For the analyses in Figs. 3(a) and 3(b), we used the full
RG equations in the Appendix with the boundary

In Fig. 3(a) [3(b)], the FP appears at a slightly lower
(higher) scale than the stop decoupling scale
(t =ty = 0.92). Since m%; is well focused in both cases,
mj, (tr) is quite insensitive to the various trial mgs as seen

in Table III: for 5 TeV < m} <9 TeV at the GUT scale,
mj  just changes from —(0.3 TeV)* [(0.6 TeV)’] to
(0.9 TeV)? [—(0.2 TeV)?] at the stop decoupling scale.
Hence, for precise focusing, it is required that

0.8 <y%, <10 and

(15 TeV)? < in? < (20 TeV)?,

(34)

when tanff=35 and m;; =Ay=1TeV. Under the
situation that mj, at r = 7 is insensitive to mg and stop
masses, mj can happen to be around (8 TeV)? at the
GUT scale, which leads to 5 TeV stop masses and the
126 GeV Higgs mass at the EW scale. However, if a
larger y%, is taken, e.g., y%; = 1.4, the FP emerges
around r~3 (Q~40 TeV). For m? 2 (24 TeV)? and
y%; = 1.0, the EW symmetry breaking does not arise,
because mj, (t7) > (1 TeV)*. Hence, the above range of

yy and m? for a desirable FP needs to be supported by a

i 2 0 .0 .0 0 L .
conditions, —m; —mug =coo=mj, =-=my.=m; and Uy model. Once My is fixed by a GUT as explained
mﬁiz =m - =m. above, however, the above range of y%, could be
TABLE III.  Soft squared masses of the stops and Higgs boson at t = t7 % 0.92 (Q = 5 TeV) for m3 = (9 TeV)?, (7 TeV)?, and
(5 TeV) when tanf# = 5 and m, 2= Ao =1 TeV with a; = 1/24. The left (right) four columns correspond to the results of {y3,; =
0.8, 2 = (15 TeV)?} [{y%, = 1.0, ? = (20 TeV)?}].

tanff =5 v, =0.8 m =15 TeV tanff =35 i, =10 m =20 TeV
m} 9 TeV)? 7 TeV)? 5 TeV)? m;] 9 TeV)? 7 TeV)? 5 TeV)?
0 ( ) 0
my () (7.3 TeV)? (5.6 TeV)? (3.7 TeV)? my (tr) (6.9 TeV)? (5.0 TeV)? (2.8 TeV)?
e (17) (57 TeV): (43 TeV) (2.8 TeV)? me (17) (5.3 TeV)? (3.8 TeV)? (1.9 TeV)?
m; (tr) (0.9 TeV)? (0.5 TeV)? —(0.3 TeV)? m§ (tr) —(0.2 TeV)? (0.4 TeV)? (0.6 TeV)?
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(9 TeV)? (red), (7 TeV)? (green), and (5 TeV)? (blue), and for (a) y3,; = 1.0,
when tan # = 50 and m,;, = Ay = 1 TeV with ag = 1/24. The unit of the
. Below the seesaw scale, r = t;  25.3 [Q & 2 X 10'* GeV], the RH neutrino is decoupled. The dotted lines at

t = 0.92 denote the assumed stop decoupling scale, Q = 5 TeV. Below the stop decoupling scale, the above RG runnings must be
modified. The above figures show that the (extrapolated) FP appears at desirable locations.

regarded as another natural tuning, since y3 can be
determined by the active neutrino mass. The tuning issue
introduced for the desired /m?> could be converted to a
model-building problem [28].

Similarly, Figs. 4(a) and 4(b) and Table IV present

the results of mj; for mg = (9 TeV)?, (7 TeV)?, and

(5 TeV)?, when tan 8 = 50 and my;; = Ay =1 TeV with
ag = 1/24. Here, we take {y%; = 1.0,m> = (15 TeV)?}
and {y%, = 1.2,m> = (20 TeV)?} in Figs. 4(a) and 4(b),
respectively. y% of y%,; = 1.0 (1.2) reaches 1.25 (1.6) at the
GUT scale. Thus, the parameter ranges required for precise
focusing are

1.0<y3, <12 and

(15 TeV)? < m? < (20 TeV)?,

(35)

when tanf =50 and m;,, = Ay =1 TeV. Particularly,
{y%, = 1.2, m* = (20 TeV)?} leads to a quite exact focus-
ing, and so mj, (t7) is almost invariant under variation of
m3. Again, m} ~ (8 TeV)? at the GUT scale happens to
yield 5 TeV stop masses and eventually the 126 GeV Higgs
boson mass. Around m} = (8 TeV)?, the fine-tuning
measure is estimated as

dlog m2
COSMZl ~66 and 306

A :' (36)

dlog m3

for {y%; =1.0,m>=(15TeV)?} and {y%, =12,
m* = (20 TeV)?}, respectively. They are remarkably
small compared to Eq. (25). Even for {y%; = 1.0,

= (10TeV)*, (20TeV)?*}, A, turns out to be just
around 65-67. However, it is rather sensitive to y3,:
e.g., for {y%; =0.8,1.2,m> = (15 TeV)?}, A, turns
out to be 438 and 290, respectively. With the hlerarchy

i/my, =15-20, A,z can thus reduce to O(10%) or
smaller at one-loop level
As mentioned before, the case that the FP emerges at a
scale slightly lower than 77 yields a smaller fine-tuning.
Once {mj ,m; } are determined at low energy, u
should be properly adjusted to give m2 ~ (91 GeV)?
as seen in Eq. (3). Actually, the RG equation for yu is

decoupled from those of {m3, mzmﬁ etc.} at one-

loop level, and so its evolut10n does not affect our
previous discussions. For the case of a small enough

9 . .
Ay, A, (= |2” i [) could become dominant over it

2 () 9,2

[36,37]. For mhu(tT) <(1TeV)?, should be
smaller than (1 TeV)?. Thus, u*/m} [~ —mj (ty)/m7]
in A, is not excessively large (< 100). Moreover, A, is
closely associated with the mechanism that x4 is gener-
ated. If p is generated at an intermediate scale (rather
than the GUT scale), dm%/0u? can reduce a bit, which
further decreases A,,.

however,

IV. U(1)) MEDIATION AND
PHENOMENOLOGICAL CONSTRAINTS

As seen above, the hierarchy of 7i/m;,, ~O(10) is
essential for a successful FP scenario. It can be realized,

3Using the public codes, “SARAH4.2.2” [34] and
“SPheno3.3.2” [35] after properly modifying them, one could
estimate also other fine-tuning measures at two-loop level:
e.g., A, = {106,32,75,543,71} for a = {m%,mz,ml/z,Ao,y},
when yy; =0.8 and ﬁ12 (15 TeV)? with agur ~ 1/25,
my, = (1 TeV)?, and m§ = Af = (7 TeV)?. A of 7 TeV leads
to arelatively large A4 . In this case, the stop mixing effect on the
Higgs mass is still negligible [(A,//m,)? =~ 0.07] at low energies,
yielding m2, ~ (126 GeV)?. The mass spectra for the neutralino,
charginos, and gluino are {454 GeV, 505 GeV, 519 GeV,
945 GeV}, {496 GeV, 944 GeV}, and 2.8 TeV, respectively,
with y = 510 GeV.
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TABLE IV. Soft squared masses of the stops and Higgs boson at 1 = 17 % 0.92 (Q =5 TeV) for m3 = (9 TeV)?, (7 TeV)?, and
(5 TeV)?, when tan 8 = 50 and m, 2 =Ag=1TeV with ag = 1/24. The left (right) four columns correspond to the results of

{2, = 1.0,m* = (15 TeV)?} [{12, = 1.2, % = (20 TeV)2}.

tan 8 = 50 Vi = 1.0 =15 TeV tan § = 50 Vi =12 i =20 TeV
m} (9 TeV)? (7 TeV)? (5 TeV)? m} (9 TeV)? (7 TeV)? (5 TeV)?
m2 (tr) (6.3 TeV)? (4.8 TeV)? (3.1 TeV)? m? (tr) (5.9 TeV)? (4.2 TeV)? (2.1 TeV)?
mig(zT) (5.9 TeV)? (4.4 TeV)? (2.9 TeV)? mﬁg(tT) (5.5 TeV)? (3.9 TeV)? (2.1 TeV)?
m; (tr) (1.2 TeV)? (0.8 TeV)? (0.4 TeV)? m{ (tr) (0.7 TeV)? (0.7 TeV)? (0.7 TeV)?

e.g., by employing also the U(1)" mediated SUSY breaking
[29]. Let us consider the following interaction among
vectorlike superfields:

W = (M + PF)XX + y, XOUC + y,X DU
+ Mp®PC + M, Ve, (37)

where M and F denotes the scalar and F-components of a
spurion superfield (¥£) parametrizing SUSY breaking effect.
Mgy (~Mg) and y, , are dimensionful and dimensionless
parameters, respectively. For the above superpotential, one
can assign, e.g., U(1)p charges of 2 and 1 to ¥ and
{®, @, U, U}, respectively. {X, X}, which are neutral
under U(1)g, play the role of the messenger for SUSY
breaking effects on the MSSM sector. While {X, X¢} are
U(1)" charged but SM singlet superfields, {®, ®°} are
superfields carrying both U(1)" and SM gauge charges.
{U, ¥} carry only SM gauge quantum numbers. In the
U(1) mediated SUSY breaking scenario [29], the U(1)’
gaugino mass (=M3) is of order (g3,/162%)F/M. On the
other hand, the soft squared masses of U(1)’ charged scalars,
i.e., the first and second generations of sfermions in our case
are given by Mz, in* ~ (q7 g3,/ 167> ) M7, mj can be induced
just through the ordinary gravity mediated SUSY breaking
effect, which is always there. Thus, the soft squared masses
for the third generation of sfermions are given by m3.

Since the SM charged superfields have Yukawa inter-
actions with the messengers, the threshold correction to the
wave function renormalization for W€ has the following
form:

2
AZye ~ 2 log|M + 62F ], (38)
167

It contributes to the MSSM gaugino masses:

mi 1 2 /e
— L~ ———Tr|T% (V)] [log Zy-
g%; 82 | ol log Zye]|
2
_ o F
a O<(16ﬂ2)2 M)
o MZ/
~ofiz). -

We regard it as the dominant contribution to the MSSM
gaugino masses. Hence, in this setup, we can achieve the
desired hierarchy, m/m;,, ~ O(4x).

According to the effective SUSY (or “more minimal
SUSY”), the masses of the first two generations of
sfermions are required to be about 5-20 TeV in order to
avoid the SUSY flavor and SUSY CP problems, while
the third ones and gauginos are lighter than 1 TeV for
naturalness of the Higgs boson [19]. In our case, the third
generations of sfermions are heavier than 1 TeV, but the
naturalness problem can be addressed depending on the
FP scenario. As in the effective SUSY, the hierarchically
heavy masses for the first two generations of sfermions
(15-20 TeV) with CP violating phases of O(0.1) can solve
the SUSY flavor and SUSY CP problems. In Ref. [17], it
was pointed out that such heavy masses for the first two
generations of sfermions drive the stop mass squared too
small or even negative at the EW scale via RG evolutions.
As seen in Tables III and IV, however, such a thing does not
occur. It is because the gluino mass is quite heavy in our
case. Moreover, the initial value of stop squared masses at
the GUT scale, m%, can be quite large without a serious
fine-tuning only if mj, (r) is well focused near the stop
mass scale.

Since all the sfermions are very heavy in this model, the
pair annihilation cross section of the lightest neutralino is
quite suppressed, and so it would overclose the Universe.
However, this problem could be resolved, e.g., if a
sufficient amount of entropy is somehow produced after
thermal freeze-out of the neutralino [16]. In this paper, we
do not discuss this issue in detail. Instead, let us discuss
phenomenological constraints coming from flavor viola-
tions in more detail.

In the squark mass matrix, the diagonal components,
(1, 1) and (2, 2), are almost degenerate with a squared mass
of (15-20 TeV)?, e.g., by the U(1) SUSY breaking
mediation, while the (3, 3) is filled dominantly by the
gravity mediation effect, which is quite suppressed com-
pared to the (1, 1) and (2, 2) components. In the other
components, nonzero values can be generated by a U(1)’
breaking effect. (We do not specify a U(1) breaking
mechanism here.) After diagonalization in the fermionic
quarks sector, (1, 2), (2, 1), and (i, 3), (3, i) can be induced
after U(1)" breaking.
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The (1, 2) and (2, 1) components affect, e.g., K-K
mixing. The amplitude of K-K mixing by the squark
mixing is roughly estimated as [1,38]

402 (A2
./\/IKI_(z a3< ~2q> ’ (40)

~>
my \ My

where /2 ~ (20 TeV)?, and Am2 denotes the off-diagonal
component of the squark mass matrix. Note that RG
runnings of the heavy masses for the first two generations
of sfermions are negligible [17,18], and so their low energy
values are almost the same as those at the GUT scale.
Since the SM still explains the observed data well,
Eq. (40) should be smaller than the SM prediction,
MM~ azsin®0,.cos?0,(m? /My, ), where 6. stands for the

Cabibbo mixing angle. The condition M gz < M3¥ yields

Am3 n
1.6 x 107! 7). 41
( 2 ) S HX AT (20 TeV) (41)

If the mixing among the d-type quarks is given fully by the
Cabibbo-Kobayashi-Maskawa (CKM) matrix (or a similar
order mixing matrix) and the elements induced by gravity
mediation are of order TeVZ, this constraint can be
satisfied.*

Unlike the quark sector, the lepton sector requires large
mixing to explain the observed neutrino oscillations.
Thus, although (1, 1) and (2, 2) components of the slepton
mass matrices acquire very large squared masses
[~(15-20 TeV)?] from the U(1) mediation effect, other
components can also receive large squared masses after
diagonalization of the fermion mass matrices. Nonzero off-
diagonal components in the slepton matrix can induce
lepton flavor violations (LFV), which is absent in the SM.
The branching ratio for y~ — e~y by such a slepton mixing
is estimated as [38]

BR(: = )
BR(u™ = e"v,0,)

12703 M- 2
~ s, + G| +L R}
20 TeV)*
~6.7x10713 (4
X x [ P
1 ’ M; ’ 2
x E<521)LL+%(521)LR +L<R,, (42)

where the functions of x, I3(x), and 7, (x) approach to 1/12
and 1/2, respectively, for x = MZ /g < 1. i is the mass

“In fact, even m2 ~ (10 TeV)? is enough to avoid the SUSY
flavor and SUSY CP problems in the quark sector [39].
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of the first or second generation of SU(2), doublet
(i.e., LH) slepton. (83,),, is associated with the A-term
vertex proportional to a very small Yukawa coupling. It is
at most of order m,/m,, which suppresses the second
term, because the photino mass M; would be smaller than
1 TeV in our case. This process is possible through, e.g.,
the 7y ,-chargino and é,,-neutralino loops. Even if the
slepton mixing (8,),, is of order unity, sleptons of
20 TeV are heavy enough to meet the current bound,
BR(u~ — e7y) < 5.7 x 10713 [40].

Similarly, such heavy slepton masses suppress also
7~ > ey [BR(z7 = e7y) <33x107® [41]] and 7~ —
wy [BR(z™ = u7y) < 4.4 x107%], which are actually
much less stringent, because they are still involved in
those processes. Even if the first two generations of
sleptons are quite heavy, however, 7 can still decay with a
sizable rate through the r5; -chargino and e, -neutralino
loops without a slepton mixing insertion, provided that
the 7—e or 7—u mixing in the fermion sector is large [42].
So it is desirable to assume that the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix comes dominantly
from the neutrino sector [18], only if the first two
generations of sleptons are quite heavy. Then additional
large off-diagonal components of sneutrino mass matrix,
which are induced after diagonalization of the neutrino
mass matrix, can suppress the unwanted 7~ — ey
and 77 - u7y.

Now we propose a model, in which the PMNS matrix
results from mixing of the neutrino sector. Let us introduce
extra singlet fields. Their charge assignments under U(1)’
and U(1), are listed in Table V. One can see that the
charged lepton mass matrix should have a diagonal form at
the renormalizable level because of the U(1)" and U(1)g
symmetries. Through the U(1)" mediated SUSY breaking
mechanism, sfermions with nonzero U(1)’ charges receive
quite heavy soft masses. Hence, as discussed above, LFV
can adequately be suppressed by U(1)". Note that the RH
neutrinos, v{,,, carry only the U(1); [and U(1)p_,]
charge(s). So they can freely be mixed. Note that the
mixing in the RH (s)neutrino sector is almost irrelevant to
LFV, while RH neutrinos’ mixing still contributes to the
PMNS matrix.

The superpotential of the neutrino sector consistent with
U(1) x U(1)g is written as

TABLE V. U(1)" and U(1), charges for various superfields.
The MSSM Higgs doublets are neutral under both symmetries.
The subscripts of the MSSM superfields are family indices. U(1)’
is assumed to be broken by nonzero VEVs of Z;, around the
GUT scale.

Superfields Lo ef, I3, €5, ”?2,3 Sio Sfﬁz Ziy

u(1y 2 F2 0 F2 41 4]
U(1)g 1 1 1 1 1 0
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. 1 . .
Wy= Y [y;z3huyf + 5 MUY+ (A 2,85 + B2, 85)uf
i=1.23
+ > ISk + A5 2,585 + MS) S + Mige S§S5,
k=12
(43)

where M/ ({Mg, M }) denotes dimensionful parameters
of order 10" GeV or smaller (10'®© GeV or smaller),
while ys and As are dimensionless ones. [M" breaks
U(1)g_;.] In terms of Eq. (43), N¢ in Eq. (30) can be

identified as (ylv§ + y2u5 + y315)/v/>.;(v})?, and yy as
VODF+ (322 + (v))%. The other two components
orthogonal to N¢ have no direct couplings to the MSSM
lepton doublets. They obtain such couplings via the
mediation of {S,,,S{,} after Z,, get GUT scale VEVs,
breaking U(1)’, and {S;,,S¢,} are integrated out. We
assume that the resulting effective Dirac Yukawa couplings
are somewhat smaller than y,. The sizable (effective) Dirac
Yukawa couplings could radiatively generate the mixing
soft mass squareds such as (Amsy),,, (Ams,), ., etc. for
sneutrinos via the RH neutrino-Higgsino loops above the
seesaw scale.’ As discussed above, however, such mixing
terms cannot give rise to sizable LFV because the heavy
soft masses for sleptons should always be involved there.
After integrating out the RH neutrinos v{, ;, the general
results of the type-I seesaw mechanism can eventually be
reproduced. Unlike the charged lepton sector, the neutrinos
can thus fully be mixed below the seesaw scale, yielding
the desired form of the PMNS matrix in principle. In a
similar way, one can achieve the CKM mixing of the quarks
by introducing extra vectorlike quarks at the GUT scale,
which play the role of the mediators {S ,, S{,}. However,
the absence of the extra vectorlike charged leptons guar-
antees the almost diagonal mass matrix for the SM charged
leptons even at low energies.

V. CONCLUSION

According to the recent analysis based on three-loop
calculations, the radiative correction by 5 TeV stop masses
can support the 126 GeV Higgs mass without a large stop
mixing effect. The 5 TeV stop decoupling scale is much
higher than the FP scale determined in the original FP
scenario. As a result, m7 evaluated at low energy becomes
sensitive to mﬁ chosen at the GUT scale, and so to the low
energy value of stop mass, unlike the original FP scenario.
Moreover, the present high gluino mass bound (2 1.4 TeV)
results in a too large negative m2 at low energy, which
gives rise to a serious fine-tuning Nproblem in the MSSM
Higgs sector.

’If the U(1)’ breaking scale and the mass scale of S 5‘% are lower
than the seesaw scale, they are not radiatively generated at all,
even with sizable Dirac neutrino Yukawa couplings.
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In this paper, we have discussed how the location of the
FP changes under various variations of parameters. In
particular, we noted that the FP can move to the desirable
location under increases of both the Yukawa coupling of a
superheavy RH neutrino to the Higgs, and the masses of the
first and second generations of sfermions. On the other
hand, the “A coupling” in the NMSSM should be more
suppressed than 0.1 to be consistent with the FP scenario, if
it is introduced.

We have shown that an order one Dirac Yukawa coupling
(~1.0) of the superheavy RH neutrino (~10'* GeV) at the
seesaw scale can move the FP to the desired stop decou-
pling scale, and two-loop gauge interactions by the hier-
archically heavy masses (15-20 TeV) of the first
two generations of sfermions can effectively compensate
the heavy gluino effects in the RG evolution of mj7 .
Here, we set the U(l), breaking soft parameters,
my; = Ag = 1 TeV, at the GUT scale. The gaugino mass
unification is maintained in this setup. Such heavy masses
of the RH neutrino and the first two generations of
sfermions can also provide a natural explanation of the
small active neutrino mass via the seesaw mechanism, and
suppress the flavor violating processes in SUSY models. At
the new location of the FP, m3 can be insensitive to m3 or
trial heavy stop squared masses, remarkably improving the
naturalness of the small EW scale. Under this setup, the
126 GeV Higgs mass can be naturally explained by an
accidentally selected m3 of about (8 TeV)?, which gives
5 TeV stop mass at low energy.
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APPENDIX A

In the Appendix, we present the full RG equations
utilized in our analyses and some semianalytic solutions on
which the discussions in the main text are based. The
notations here follow those of the main text of this paper.

1. The full RG equations

The RG equations for the gauge couplings, g;,; and
gaugino masses, M , ; are integrable. The RG solutions for
them are given by [1]
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2

g M(t) myp

A= wa TR )
— ez bi(t—1y) i 9

where b; (i = 3,2,2) denotes the beta function coeffi-

cients for the case of the MSSM field contents,

(b3, by, by) = (-3, 1,353). ¢ parametrizes the renormaliza-
tion scale Q, t —ty = log A,% The relevant superpotential

in this paper is
W D y,qsh,u§ + ypq3heds + y lshge§ + yylzh,N¢

1
+ —MNNCNC +ﬂhuhd7

: (A2)

where g3 (l3) and {u§,d§} (e5) stand for the third
generations of quark (lepton) doublet and singlets. The
Majoran mass of the RH neutrino N is assumed to be
My ~2 x 10" GeV. Thus, below the energy scale of
My, the RH neutrino N¢ is decoupled from dynamics.
The one-loop RG equations for the above renormalizable
couplings are given by

dy 16 13

8 2d’—y1[6yt+yb+y1v—?gs—39% 159%], (A3)
dy? 16 7

8n2d—[”—yi[y?+6yi+y3—?g%—3g%—gg%} (A4)
2dy$ 2|22 2 2 » 9,

8n W:y’[ 3yy +4y; +y1v_392_§91 ) (AS)
2d)’12v 2 2 2 2 » 3,

8a* — ==y |3Vi v+ vy =39 591 (A6)
2d/‘2 21242 2 2 2 » 3,

8a* — == |3y; 3y, + v +yy =30 541 (A7)

and the RG equations of the A-term coefficients
corresponding to the Yukawa couplings of Eq. (A2) are

dA, 16
8772; = 6y7A, + y3A, + YR AN — 3 — 3M;
, 13
- 39M, — 1591]‘417 (AS)
dA, 16
8= = VA 63A, + A = S M
7
—3Q%M2—EQ%M11 (A9)
dA, 9
8x? T 3y3A, + 4y7 A, + y3 Ay — 3g5M, — gg%Ml,
(A10)
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3
_—Q%My

3(]2[14
2712 5

dAy
R ap— 7 N _ 3y24, 424, +4yX Ay —

Below the scale of My, the RG evolutions of yy and Ay
become frozen, and they should be decoupled from the
above equations.

The RG evolutions for the soft squared masses are
governed by the following equations:

dm?
1677 — 2 = 6y7(X, + A?) + 23 (Xy + A}) - 663M3
6 7 6
—siMi [692+591] (A12)
16 2dm‘2‘§_4 2(X, + A2) 32 2M2 32 2M2
TTar 3 BT 59
i [32 4 32
— = Al
+47T2|: +159]} (A13)
2dmc213 2 2 2 2
167[ 7:2}), (X,+At) +2yb(Xb +Ab)
32 2
— 3 GM3 — 65M3 — = M7
m* [32 2
|4 6gh + =gt Al4
mj,
16”27(1 = 6y;(X, +A}) + 2y7 (X, + A7) — 695M3
6 5o W[ 6,
—gglM +F 692"‘591 ) (AlS)
2 mg’é' 2 232 , 8 2
1671' 7:4yb(Xb+Ab)—? M —E Ml
32 8
Al6
+4 2 [3 3+15 } (A16)
dm 24 2 [24
1672 —2 = 4y2(X, + A2) - = @M? +— | = g*|,
w g = X AY) - 4ﬂ2[5 91]
(A17)
dei 2 2 2 2 2
167 T 2y3(X, + A2) + 2y3, (Xy + A%) — 665M3
6 m? 6
—591M2 +4— {692 "’591} (AIS)
d 2('
1672 78 — 43 (Xy + A3, (A19)

where X;, X,, X;, and Xy are defined as X,=mj +

=2 2 2
m2. +mq3, Xb_mh +mdL+qu, X,=mhd+meg+ml3,
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and Xy =mj +mj. +mj, respectively. The /* terms
denote the contributions coming from the two-loop gauge
interactions by the first and second generations of sfer-
mions, which are assumed to be hierarchically heavier than
the third ones. The RG running of m?is negligible [17,18],
and so its low energy value is almost the same as that at
the GUT scale. Here, we suppose a universal soft mass for
the first two generations of sfermions, which eliminates the
contributions by the D-term potential from the above
equations. Since these effects are comparable to the one-
loop gaugino mass terms, we take them into account. m% and
Xy as well as yy and Ay are dropped out from the above
equations below Q = M.

2. Semianalytic RG solutions

Let us present our semianalytic solutions to the RG
equations. When tanf is small enough and the RH
neutrino is decoupled, the RG evolutions of the soft mass
parameters, 1, , mﬁg, m? , and A, are approximately
simplified as

dm? 6
1677 — 2 = 6y (X, + A7) — 693M3 — < giM]
ﬂﬂ 6
4 12 [6924’591} (A20)
16 2% 4y2(X, + A?) 2 M3 32 M3
T T 39 1591
M 32, 32
+P[?g3+15 } (A21)
dm?, 32
167 — & = 207(X, + A7) = = 3M3 — 663M5

2 o 32 2
_ = 6q* _4’
5O+ g | 3+ 6+ 30

(A22)
dA 16 13
Sﬂzd—;z 6}’?141—?9%1"13 - 395M, — 1591M1
= 6)2A, - G,,. (A23)

Summation of Egs. (A20), (A21), and (A22) yields the RG
equation for X,:

ax, 3y,

A24
dr  an? (A24)

1
(X, + A?) — WG%.

In Egs. (A23) and (A24), G4 and Gg( are defined as

my,» 16
Gu(1) = <g2/> {3 g3+ 395 +
0

13,
, A25
1591 ( )
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ml 2 16 13
0

16 13
4 2[3 93+392+1591]v (A26)
respectively, assuming [gwg'—((tt)) = % (i=3,2,1).
The solutions of A, and X, are given by
3 (V)
A, (1) = et ly,[ 0—/ drG, e4” H'}
(A27)
X,(1) = e Jo
! 3 1 =3 [Tary?
X |:XO +/t(; dt/ <my?A% EG%) 64” ﬁo :|,
(A28)

where A, and X, denote the GUT scale values of A, and X,
Ag=A,(t=1y), and Xg=X,(t=1y) = m%uo +m§§0 +m§30.

With Egs. (A24), (A27), and (A28), one can solve
Egs. (A20), (A21), and (A22):

+ () a0 -y + ko -]
(A29)

mﬁg(f) = mﬁgo +=

Xo f dr'y? 1
472
3 {e 1] +3F( )

# (1) Bt -ty - gt - )]

9

- (1) [s w0 -d -5

Xo [ = [ ary 1
ol b )] 41

(G - g%;}] |
(A30)

mfh(t) = mgao +

o (2) 2 g0 - gty -2 (a00) - )
(2) s z

0

155 0 - i}
_ (4”) 5 R0~ 8} - 330 - §)

- 55 R0 - 3. (A3)

where F(7) is defined as
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2" ary? t 3 242 = r/dt”yz
F(1) = e o '/ dt/mytAt€4”2 U
0
1 3 [t o2 [t YN t
——Z{e‘wzﬁomy’/ dt’G%e‘*”zﬁodt g —/ dt’G%}
47
to )
(A32)

Note that F(z) in Eq. (A32) is independent of the initial
values for the squared masses, m%uo, migo’ and mé}o. Using

Eq. (A1), one can obtain the following useful results:
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1 472 (m 2
[ aeame = (M) a0 -ty a3
to i 9
t 87[2 m
[, =5 (M2 @0 - @) (as
to i 9
foa 8T 2
dr'g; = b {g: (1) — g5} (A35)
fo i
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