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ABSTRACT: We build explicit supersymmetric unification models where grand unified gauge
symmetry breaking and supersymmetry (SUSY) breaking are caused by the same sector.
Besides, the SM-charged particles are also predicted by the symmetry breaking sector,
and they give the soft SUSY breaking terms through the so-called gauge mediation. We
investigate the mass spectrums in an explicit model with SU(5) and additional gauge
groups, and discuss its phenomenological aspects. Especially, nonzero A-term and B-term
are generated at one-loop level according to the mediation via the vector superfields, so
that the electro-weak symmetry breaking and 125 GeV Higgs mass may be achieved by the
large B-term and A-term even if the stop mass is around 1TeV.
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1 Introduction

As well-known, the Standard Model (SM) is very successful in describing our nature, and
it is firmly established by the Higgs discovery at the LHC [1, 2]. There are still some ambi-
guities in not only the signal strength of the Higgs particle but also the other observations
such as flavor physics, but it would be getting more difficult to consider new-physics effects
in any signals.

On the other hand, we are sure that the SM remains several mysteries about our
nature: the origin of the fermion generations, the hyper-charge assignment, the Higgs
mass, and so on. Many Beyond Standard Models (BSM) were proposed so far motivated
by those mysteries, and some of them are expected to be found near future. One of the
candidates is the supersymmetric grand unified theory (GUT), which reveals the origin
of the Higgs mass and the fermion charges. There are some issues in Yukawa couplings,
for instance, how to generate realistic Yukawa couplings and heavy colored Higgs, but it
succeeds in the charge quantization (|Q. + @Qp| < 1072! [3]) and naturally deriving the
electro-weak (EW) scale, if the supersymmetry (SUSY) scale (Agysy) is close to the EW
scale. The supersymmetric GUT scenario is constrained by the observation of the proton



decay, the direct search of SUSY particles, and the SM measurements. KEspecially, the
Higgs discovery around 125 GeV may require high-scale SUSY (Agyusy > O(1)TeV) [4, 5],
which may discard the strong motivation of SUSY, that is, the natural explanation of the
EW scale. Furthermore, the gauge coupling unification of supersymmetric SU(5) GUT
might be lost in high-scale SUSY, depending on the mass spectrum of the SUSY particles.
The supersymmetric models could have so many parameters in the bottom-up approach, so
that we could have some solutions for the Higgs mass and the gauge coupling unification.
However, it is very important to find how to derive such a specific SUSY mass spectrum.

In this paper, we propose an explicit supersymmetric GUT with SU(5) p xSU(2) xU(1)4
gauge groups. We discard the miracle of the gauge coupling unification in the Minimal
Supersymmetric SM (MSSM), but SUSY breaking and GUT breaking sectors are unified.!
The SM-charged particles also appear after the symmetry breaking, so the messenger fields
for the gauge mediation is also introduced by the breaking sector in our model.? The SM
fields are only charged under the SU(5)r gauge group, so that the charge quantization
is realized.

The breaking sector consists of one SU(5)r adjoint plus singlet filed (®) and SU(5)r
fundamental and anti-fundamental fields (¢, 5) The vector-like pairs (¢, 5) are also
charged under SU(2) x U(1)y. As discussed in ref. [23], this type of gauge theory causes
SUSY breaking along with the gauge symmetry breaking. In our model, SU(5)p x SU(2) x
U(1)y symmetry breaks down to the SM gauge groups, SU(3). x SU(2)r, x U(1)y, where
SU(3), is from the subgroup of SU(5)r, and SU(2); x U(1)y are the linear combinations
of the subgroup of SU(5)r and SU(2) x U(1),. SUSY is broken by the F-component of
the part of ®. After the symmetry breaking, SM-charged particles are generated by the
fluctuation of ® and (¢, 5) around the vacuum expectation values (VEVs). One interesting
point is that the massive gauge boson of SU(5)r and the fermionic partners could mediate
the SUSY breaking effect through the gauge coupling with ®, and play a crucial role in
generating the non-zero A-term and B-term as discussed in refs. [24, 25]. It is well-known
that SUSY-scale A-term could shift the upper bound on the lightest Higgs mass in the
MSSM, even if squark is light, and the SUSY-scale B-term is required to realize the EW
symmetry breaking. Our A-term and B-term are given at one-loop level, so that they are
the same order as the squark masses and gaugino masses. In fact, we will see that Higgs
mass could be around 125 GeV, even if Agugy is less than O(1) TeV, and the B-term could
be consistent with the EW symmetry breaking.

In section 2, we introduce the SUSY and GUT breaking sector in generic SU(Np)p X
SU(N) x U(1), gauge theory. There, we discuss not only the symmetry breaking, but
also the behavior of the gauge couplings and soft SUSY breaking terms according to the
gauge mediation with the mediators of the chiral superfields and the vector superfields.
In section 3, we apply the breaking sector to the SU(5)r x SU(2) x U(1)4 gauge theory.
As we mentioned above, an interesting aspect of this model is the improvement of the
consistency with the EW symmetry breaking and Higgs mass in the case with low-scale

!This type of scenario has been proposed in refs. [6-11].
?The messenger sector and SUSY breaking sector are unified, for instance, in refs. [12-22].
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Table 1. Chiral superfields in SU(Ng)p x SU(N) x U(1), gauge theory.

SUSY. We investigate the soft SUSY breaking terms, and discuss how well it is achieved in
our scenario. In section 4, we give a comment on the possibility that the breaking sector
is applied to other GUT models. Section 5 is devoted to the summary. In appendix A, we
give the mass spectrum in the SUSY breaking sector. In appendix B, we show examples
of mass spectrums in the MSSM sector.

2 SU(N) x SU(Np)r x U(1)y gauge theory

In this section, we introduce the model which causes SUSY breaking together with gauge
symmetry breaking, based on ref. [23].

We consider SU(Np)p x SU(N) x U(1), gauge theory with Np > N. The matter
content is shown in table 1: ® is the SU(Np)p adjoint plus singlet field and (¢, 5) pair is
the vector-like under SU(Np)p x SU(N) x U(1), gauge group.

The superpotential is given by

Wg = —hTrn(¢®) + hAgTry, (P), (2.1)

assigning U(1)r symmetry: the R-charge of ® is 2 and the R-charge of (¢, ¢) is vanishing.
However, there would be an issue about how to break R-symmetry and how to avoid the
massless particle according the U(1) g symmetry breaking. Let us introduce explicit U(1)g
breaking terms,

WR = mqurN(ngb) + ¢, (2.2)

and discuss the superpotential as Wsg = Wr + Wp. In ref. [23], Wk is generated, con-
sidering the dual side of SU(Np)p x SU(N + Np) gauge theory with the Np vector-like
pairs (qq,qq) of SU(N + Np) gauge group. @ is interpreted as the composite operator as
® = G4qq4, and hAgTry, (®) in Wg corresponds to the mass term of the (g4, gq)-

Some ideas to induce Wy, have been proposed in ref. [26], where the small wave-function
factor of ® suppresses ®? and ®3 terms according to the strong dynamics or the profile in
the extra dimension. In ref. [27], the effect of the explicit R-symmetry breaking terms is well
studied. Here, we simply start the discussion from the superpotential Wgp assuming that
such a mechanism, as discussed in ref. [26], works in underlying theories above the GUT,
and study the symmetry breaking. In the global SUSY with canonical Kéhler potential,
the scalar potential is given by V = |0Wsp|? + |0sWsp|? + |8$WSB\2, and SUSY vacua
satisfy Op Wsp = 0,Wsp = 8$WSB = 0. In this model, 0 Wgp is given by

9o, Wsp = —h(99)ij + hAgdi;, (2.3)



and all elements cannot be vanishing, because Np x Np matrix (¢¢) has the rank N
(< Np). This means that SUSY is broken by the F-components of (Np — N) elements in
® and SU(Npg)p would be also broken.

Following ref. [23], we decompose ® and (¢, b) as

B (Uy)lN—l—f/ Z
¢ = ( 7 (Ux)lﬁ—i-)z)? (2:4)
Vy 1y + v ~ ) 2T
¢:<< i x)) ¢T:<<X>15NT+X ) (25)

where Y, { and x are N x N matrices, X is an N x N matrix (N = Ng — N), Z and p
(Z and p) are N x N matrices (N x N matrices). The VEVs, vy and v,, are fixed by the
stationary conditions

m
Vy = T(ba (26)

vy = Ag. (2.7)

This solution also satisfies the D-flat conditions. vy is a flat direction in global SUSY.
If we consider gravity and one-loop corrections, it would be stabilized at the nonzero
value [23, 28].

The nonzero VEVs break SU(N) x SU(Ng)r x U(1)s gauge symmetry to SU(N) x
SU(N)p x U(l)y. SU(N)p and U(l)y are the linear combinations of the subgroups of
SU(NF)F and SU(N) X U(l)(b.

2.1 Gauge bosons

After the symmetry breaking, massive gauge bosons appear according to the Higgs mech-
anism. Let us decompose the vector field (V}) for SU(Np)p as

(Wg—aB’M (X1 )

1 N /
Xt G KB

VE = (2.8)

VN
V2N(N+N)
subgroups of SU(Ng)p: SU(N)p and SU(N). X, is the anti-fundamental and fundamental
representations of SU(N)p x SU(N), and By, is the U(1)r vector field, where U(1)p is
from SU(NF)F

The nonzero VEVs generate the following mass terms,

1

where a = is defined. Wy and G* are the adjoint representations of the

1

Ly = MIX[XV + o M WAW A + o M7, 7,7, (2.9)
M3 = g2+ M), (2.10)
Mgy = 2(gp + g3, (2.11)
Mz = AN(Q3g; + a’gF)v?, (2.12)
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Table 2. Extra Chiral superfields charged under the SU(N) x SU(N)p x U(1)y.

where Av = vy — vy is defined. W/4* and Z'* are given by the linear combinations of
W?“ and SU(N) gauge boson (Wﬁ”), and B and U(1),4 gauge boson (Ag) respectively:

B'* cosfy  sinfy B*
— 2.13
(Ag) (— sin Oy Cosﬁy) (Z’“) ’ ( )

Wj;‘“ cosf —sinéb WAR
= 2.14
<WJ’3“> (sin 0 cosf ) (W’A“ ’ ( )

where cos 6y and cos @ are defined as

/
cosbly = Qoo , cosf = —IN__ (2.15)

Q395 + a*gi 9% + 9%

G, Wy, and B, are the gauge bosons for SU(N) x SU(N)p x U(1)y gauge symmetry, and
their gauge couplings are given by

gN = grcosl, gz = gr, gy = aNg1 = aNgp cosfy. (2.16)

2.2 SM-charged fields from symmetry breaking sector

According to the decomposition in egs. (2.4) and (2.5), we introduce the charge assignment
of (Z, Z), (p,0), Y, (x,X), and X in table 2. Y, (x,X), and X are the adjoint parts of
Y, (X, ;), and X. The singlet parts are not charged under the SM, and they are not so
relevant to our analysis. The mass matrices are studied in appendix A.

These fields obtain masses according to the nonzero VEVs, vy, vy and vx as we see in
the appendix A. They decouple at some scales above the EW scale. In the next subsection,
we investigate the RG flows of the gauge couplings including the threshold corrections and
discuss the soft SUSY breaking terms mediated by the heavy fields.

2.3 RG flows of the gauge couplings

In this model, two kinds of symmetry breaking actually happen: one is SU(Ng)p breaking,
SU(NF)F — SU(N) X SU(N)F X U(l)p, and the other is SU(N)F X U(l)p X SU(N) X U(1)¢
breaking: SU(N)p xSU(N) — SU(N)p and U(1)pxU(1)s, — U(1)y. The former is caused
by Aw, and the later is by v,. We consider a simple scenario assuming Av > v,.

As we see in appendix A, there will be several intermediate scales, where heavy particles
in the symmetry breaking sector are decoupled and the RG flow of gauge couplings is



modify. According to the one-loop RG equations, the gauge couplings at the EW scale (My)
are evaluated as follows: SU(N)p, SU(N) and SU(N)p gauge couplings (ap, , &y, an) are

M2 T2
dmayt (Mg) = dmag) (Tyy) + 4maly (Tyy) + by In < 3 > + ABY, ( > , (2.17)

XN A2
Tx TZ,
47T04}11V (Tyy) = 4mag' (A) + Aby In (A2 > (by —2N)In A2 , (2.18)
. T2 T2
dmaly (Tyy) = 4maly (M) + Abyy In (1@) Nln ( Xg) : (2.19)

SU(N) gauge coupling (ay) is

M3 T%
dra '(Mz) = dmag'(A) + by In < e ) + Abg In A2

5 T2 T2 T2
+Abgy In <A2> + Ab, . In A2 + Abx In A2 . (2.20)

U(1)r, U(1)g, and U(1)y gauge couplings (af,, g, 1) are

4ra?

@

T2 T2 T2
47Toz1;11 (Ty,) = 47raG (A)+Aby In (A > +Ab,, In A2 + (b1 + Aby, ) In A ,(2.22)

M2 T2,
drayt(My) = 477(11}11(TX1) + a;l( Ty,) +biln (T ) + Abl, In <A2> , (2.21)

X1

T T?
47TO‘¢_>1(TX1) = 47TO£¢ (A) + Aby, In <A2 ) + Aby, In <A2 ) (2.23)

A is the cut-off scale and Tj, T\, and T, (i = N, N ,1) are the intermediate scales where
X, Xilxz = X), and p; decouple respecitvely. According to the mass spectrums at each
scale in appendix A, T;, T\, and T}, (i = N, N, 1) are estimated as

(Tn, Ty, Tw) = (Mx, hAv, VhMer), (2.24)
<T]\~7’T ~,T ~) = (Mx,hAU,mx), (225)
(T1, Ty, Tyy) = (Mx, hAv, VhMy). (2.26)

The factor in front of each intermediate scale describes the freedom of the particles decou-
pling at the scale:

(AbN’ AbﬂN) = (2(NF - N)7 _N)7 (227)
(Abg, Ab, ,Abx) = (2(Np — N),—N,—N), (2.28)
(Aby, Aby,, Aby,) = <2NF,—a2N22],]\7V,—2a2N2) : (2.29)
(Aby,, Aby,) = (—2NNQ3, —2N?Q3). (2.30)



We may also have to introduce additional particles charged under the gauge symmetry, in
order to achieve realistic mass spectrums. For instance, colored Higgs would be necessary
to derive the MSSM Higgs doublet at the low scale in section 3, and it is charged under
SU(N) x U(1) in our explicit model. Such an extra intermediate scale and the coefficient
is defined as Toy and AbZ (J = N, 1).

We also study the soft SUSY breaking terms of sfermions in the next subsection. Let us
also introduce the wave function renormalization factor (Z;) for SU(N)p-charged field (q).
The one-loop renormalization group for Z, can be integrated analytically, if the Yukawa
coupling is negligible,

2c}, ag(A) 2¢] arp, (T;)
InZy,(Mz) = InZy(A) + Te In (OéG(Tz‘)) + Y In <aFi(Tex))
N 26? 1 <O¢Fi (Tex)>
bg — Ab; — AbL, ap, (Ty,)

2¢! ag (T,,) 2c! a;(Ty,)
+ L 4 ln( : pz>—|—zln< XI), 2.31
be — Ab; — Ab,, — Abi \or (Ty,) bs a;(Mz) (231)

where (K;p;, ZE;;,KBP/I) = (0,Ab,, Aby, ) is defined and T; > Tex > T, is assumed.
¢l and ¢! are the second Casimir of the field ¢, corresponding to the gauge groups. The
masses squared of sfermions can be derived by the vx-dependence in Z,. vx appears in
the gauge couplings, so that vx-dependence on the gauge couplings is only relevant to the

sfermion masses [29].

2.4 Soft SUSY breaking terms

Based on the above results, we investigate soft SUSY breaking terms which relate to parti-
cles charged under the gauge symmetry. Soft SUSY breaking terms in SU(N ) x SU(N)p x
U(1) are calculated by substituting vx + 6?Fx for vy in the gauge couplings [29]. Com-
pared to typical gauge mediation, where messengers are only chiral superfields, massive
gauge bosons and the fermionic partners also work as the mediators to generate the soft
SUSY breaking terms, in our models [24, 25, 30, 31].

In egs. (2.17) , (2.20), and (2.21), the only intermediate scales, T3, T),, and Tex depend
on vy. This leads the masses (Mg, My, M1) of the gauginos, which are the superpartner
of SU(N)p x SU(N) x U(1) gauge bosons, as follows:

o No yon(p) Fx
My () = —(Aby + Ab,y + Abén) T Al (2.32)
N az(p) Fy
Mu(p) = —(Abg + Ab, . 4+ AbN o) N2 — 2 2.
N(lu’) ( bN+ pr+ bex N) 47‘(’ ’A'U|’ ( 33)
a? a1(p) Fx
M =—|A A —A Ab! ) 2.34
102 ( bt b+ g b ¥ bex&) woay O3

En, fﬁ, and &1 describe the vy dependence on the mass scale of extra particles, Tex. For
example, the holomorphic mass of extra particles may be given by mex + Aex(vx + 02Fx),
where meyx and ey are a supersymmetric mass term and Yukawa coupling involving the



extra particles. That is, the gaugino mass contribution of In(7%y) would be proportional
t0 Aex F'x/Mex, if mex is larger than Aexvy. In this case, & is approximately given by
& = Aex|Av|/Mex.

Let us consider the soft SUSY breaking terms corresponding to the trilinear (A-term)
and bilinear couplings (B-term) of the scalar components of the SU(Npg)p-charged fields
(qr). They are relevant to the vy-dependence of the wave renormalization factor. For
instance, the A-terms corresponding to the Yukawa couplings y77xqrqsqx in the superpo-
tential are given by Ajjx = Ar+ Ay + Ak, where A; = gllﬁvz; is defined and the trilinear
coupling is described as yrrx Arrxkqrqiqx -

Eventually, A; is obtained from eq. (2.31),

I Oég(j ) QbGC;" ar; (11)
A[ = G —
47 bG - Abl 4m

2¢! Tox)

ag,(
‘ - b + Abz 1-— s
bG Ab bG — Ab; — Ang> (bg ( £)) An

2! ar, (T,
_ ( b Ab AT P
(ba Ab Ably  bg — Ab; — Abi, — Ab,, ) (be = A1 =) 4m

2(Ab; + Abéx& + A%;z)c{ aF; (TXi) _ 2(Ab; + Abéxg + Ablpi)cil @y (sz’)
ba — Ab; — Abi — Ab,, A

+< 2(Ab; + AbL, £+Ab;i)c{> ai(u)} Fx

b; 4w

2.

assuming {y = {5 =& =& apg =g is defined.

The masses squared (m?) of ¢ could be also estimated by the eq. (2.31), seeing the |vx|?-
dependence of Z; [29]. As discussed in ref. [30], the gauge mediation with gauge messengers
may contribute to the masses squared at the one-loop level, if the gauge symmetry breaking
and SUSY breaking are caused by the VEVs and F-components of several fields. In our
case, we simply assume v, < Aw, so that the gauge symmetry breaking and SUSY breaking
are caused by only Av and the F-component of Av.? The one-loop correction is strongly
suppressed by (v, /Av)? according to ref. [30], so that we have to investigate the two-loop
corrections, as discussed in refs. [24, 29].

Following refs. 24, 29], m?2 could be written as

2 (T 2.9 o2 (T

2 _ q ag(Th) 2bg,c; O‘Fi( i)
—J9 _

mq (1) { b6 T b — Ay (A7)

2¢] 2¢] 5 AT
<bG —Ab;  bg — Ab; — Ang> (ba& + Abi(1 =) (47)2

2c2 2¢4 . a%_ (T,,)
+ : _ i) (bg — Ab (1 —¢£))? L
<bc — Abi — Abg  bg — Ab; — Abiy — Abpi> ( =9 (4m)?

3 Av corresponds to the VEV of one adjoint field.
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(280 A& + Ay )l o (Tx)
bo — Ab; — Abi, — Ab,,

K3

<2<Ab,- + AbLE + Ab@)%;l)
_ :

(A + A £ + AV )2\ o2(n)) F2

b; (4m)2 [ |Av[?’

where Ab), is (A, , Ab), , Ab), ) = (Abyy, Abp,, Ab,, + aQAbpd)/Qé);

In the next section, we discuss one explicit model, where SU(N) x SU(N)p x U(1)y
is the SM gauge groups corresponding to (Np, N) = (5,2). In the explicit model, we see
that a few parameters control all soft SUSY breaking terms according to this analysis.
Then, Asysy is roughly given by (aqg/(4m)) x (Fx/|Av|), and A-term and B-term are
of O(Agusy), which we could expect that are consistent with the condition for the EW
symmetry breaking. We study the compatibility with the EW condition and the Higgs
mass, in section 3.4.

3 SU(5)r x SU(2) x U(1)4 gauge theory: (Ng, N) = (5,2)

In this section, we consider a SU(5)p x SU(2) x U(1)4 gauge symmetric model, which cor-
respond to the (Np, N) = (5,2) case. We expect that the MSSM fields are embedded in to
10 and 5 representation as in the Georgi-Glashow SU(5) GUT. Involving 5-representation
Higgs (H, H), the superpotential for the Yukawa couplings in the visible sector is

Wois = 95 H10810! + 3¢ 510/, (3.1)

where 5" and 10! are defined as the matter fields. As well-known, ¢}, and g)gl may require ®
and (¢, 5) dependences in order to generate realistic mass matrices at the EW scale accord-
ing to the higher-dimensional operators. Here, we simply assume that the contributions to
the soft SUSY breaking terms are enough small.

One serious problem in the SU(5) GUT is how to generate the mass splitting be-
tween the colored Higgs and the MSSM Higgs doublet. The mass of colored Higgs
should be around the GUT scale to avoid the too short life time of proton: mpg, 2

101°GeV x (1TeV /Asusy) [32, 33]. In our SU(5)p x SU(2) x U(1), model, the relevant

terms to the Higgs masses is written as

After the symmetry breaking, the colored Higgs mass and MSSM Higgs mass are given by
p+Avx and p+ Agvy. If vy = mg/h is the GUT scale, p should be also around the GUT
scale and then the fine-tuning between p and Avy is required: pu + Agvy ~ O(Mz). On
the other hand, we could expect that the colored Higgs is enough heavy because of p, if
there is no cancellation between p and Agvx. Let us also consider the case that vx is the
GUT scale. In this case, the MSSM Higgs mass could be light if y and vy are around the
weak scale, and the colored Higgs is heavy: mpg, ~ Agvx.
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Figure 1. Gravitino mass (mg/9) and the scale T'x with 1016 GeV < T < M,. Tx should be

small to rase the GUT scale above 1016 GeV. T\ is T\ =~ \/Mpmg/. The constraints, T}, > T, and
Tx > ms3/s, are also assigned. All gauge couplings and Yukawa couplings satisfy the perturbative
bounds as ap, < 4.

In both cases, the colored Higgs couples with vy + Fx6?, so it mediates the SUSY
breaking effect to the soft SUSY breaking terms. The supersymmetric mass for SU(2),
Higgs doublet is pus = p + Agvy = O(Myz). On the other hand, the colored-Higgs
mass is my, = pu+ Agvx =~ Ag(vy — vx), so that £ for the colored Higgs in soft
SUSY breaking terms is approximately estimated as { ~ sign(Ag). The one-loop cor-
rection of H, to mg would be suppressed, because the mp -dependence appears in Z; as
In(|mp, + Ay Fx0?%?) according to the study in ref. [29]. We could apply our analysis in
section 2.4 to this scenario.

3.1 Gauge couplings

In this model, SU(5)p x SU(2) x U(1), breaks down to the SM gauge group, SU(3). x
SU(2)r x U(1)y. SU(3). is the subgroup of SU(5)r and SU(2);, x U(1)y are the linear
combination of SU(2)r x U(1)p and SU(2) x U(1)4.

On the other hand, there are several intermediate scales: (Tg,T),, Ty, T x).4 T is the
GUT scale, where X,, decouples, and 7}, is the messenger scale fixed by the parameter h
and the GUT scale. T is interpreted as the SUSY breaking scale, because Ty, ~ /Fx =
/My, s, so that it is almost fixed around O(10'%) GeV when mg/, = O(100) GeV. Tx is
fixed by the mass scale of X (mx ), which is massless at the tree-level. X could be expected
to be O(Agyusy), because the one-loop corrections shift the mass, but it may be difficult
to clearly fix the masses of bosonic and fermonic X in our model. Let us simply treat mx
as the free parameter, and figure 1 shows the allowed region for T, which may not be
far from O(Agusy). Figure 2 shows the gauge couplings, (ap2, g, ap1, ) at the SUSY
breaking scale. Figure 3 describes RG flows of the gauge couplings (as, as(arg,), a1(ag)),
when T = 107 GeV, T\ = 3.8 x 1019 GeV, T, = 7.9 x 10" GeV, and Tgur = 2 x 101¢ GeV.

Ty, = Tyys Toy = Tpy, and Tg = Ty = To = T are assumed.
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Figure 2. ap, vs. o) and ap, vs. a4 at the symmetry breaking scale, 7).
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Figure 3. RG flows of the subgroups of SU(5)p, with Tx = 107 GeV, T, = 3.8 x 10*° GeV,
T, =179 x 10" GeV, and Tgur = 2 x 10'° GeV. The green, blue, and red lines correspond to the
gauge couplings of U(1)y x SU(2)y x SU(3). below T}, and U(1)p x SU(2)r x SU(3). above T}
respectively. The input parameters for the couplings are in eq. (3.6).

3.2 Soft SUSY breaking terms

We qualitatively evaluate the soft SUSY breaking terms in this scenario. According to the
analysis in section 2.4, the gaugino masses at p < T, are written as

Ma(r) = 322 (33)
Maly) = ~(2 - 952X, (3.
M) = - (TS A (3.5)

Let us consider the case with £ = 1 and the gaugino masses at the EW scale. The gauge
couplings at the EW scale are [3]

al(Mz) ~ 0.01695, ag(Mz) ~ 0.03382, 053(Mz) ~ 0.1185, (3.6)
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so that we could derive the following mass relation:

M (M)
M3(Mz)

Ms(Mz)

~1.001, —=—22
Ms(My)

~ 0.856. (3.7)
The masses are almost degenerate, and this may be a specific feature of the gauge messenger
model [24, 34].% If all intermediate scales are close to the GUT scale, the fine-tuning of p
term may be drastically reduced, as discussed in ref. [36]. Figure 2 tells us that the extra
SU(3)-adjoint field reside in the low-scale, so that the condition for the small p-term would
be modified. The one-loop running correction of m%{u with Tx = 107 GeV from T’ \ to Mz
is estimated as

AmF; ~ —0.276M3(Mz)? — 0.047Mo(Mz)Ms(Mz) + 0.221Ms(Mz)* + ..., (3.8)

where the ellipsis denotes the terms including A-term and scalar masses and those are not
important when they are comparable to the gluino mass. This leads that the condition to
cancel the large contribution of gluino is My/Ms3(Mz) =~ 1.23, which suggests the almost
degenerate mass spectrum. However, we have a large A-term contribution to Amlzqu in our
model, so that it may be difficult to avoid a certain fine-tuning even if the gaugino masses
are degenerate.

According to egs. (2.36) and (2.35), the masses squared of superpartners and A-term
are evaluated explicitly. Setting T = Ty, > T, > T and § = 1, stop masses at T\ are

given by
2 2 2
a3 (T,) ag, (Ty) ag, (Ty)
m(Ty) ~ (8.83 - 6.67% — 10.80;72 - 0.33;72 Adusy, (3.9
G G G

2(T a2 (T. o2 (T,

m¥(Ty) ~ | 8.60 — 6.67a3(2 o) _ 5.30# —0.01 Fl(z 2 Ausy.  (3.10)
@G @G @G

As we see, large stop masses are generated by the large second casimir (¢}, = 18/5), but
they might be driven to the tachyonic if T\ and 7T}, are close to the GUT scale. The SUSY
scale (Agugy) from the gauge mediation is defined as

A (6 7€ FX (6 7€ Mp
= ~ —m .
ST m) [Au] T (dm) T

(3.11)

ag is of O(0.1) when T is around 10'® GeV, so that Agusy might be compatible with ms/o.
If Ti is smaller, the situation, Agusy > mg)s, is achieved but suffers from the constraint
from proton decay. The correction from the gravity mediation is naively estimated as
O(ms /2). It is almost the same order as the one from the gauge mediation in our model,
and it may make it difficult to control flavors. In fact, the gauge-mediation contributions
are typically at least 5 times as large as the gravitino mass in our model, as we see in table 4.
In this case, we could expect the gravity-mediation effect is sub-dominant, and the SUSY
scale is governed by the gauge-mediation. However, the gravity-mediation contribution

®The gaugino masses are degenerate in the TeV-scale mirage mediation scenario, too [35].
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should be O(1072) times suppressed, if it contributes to the sparticles masses squared
flavor-universally [37]. In order to realize such a suppression and control flavor in the
MSSM, we have to consider flavor symmetry or some dynamics above the GUT scale,
as discussed in refs. [38-44].5 Indeed, explicit contributions on soft masses through the
gravity mediation depend on the UV completion of our model. In this letter, one of our
main motivations is to achieve 125 GeV Higgs mass and realistic EW symmetry breaking,
which may be independent of this issue about the constraint from flavor physics, so that
we will discuss our SUSY mass spectrums assuming that the gauge-mediation is dominant.
The underlying theory above the GUT scale will be studied in ref. [55].
Ay, which is the trilinear coupling of stops (t) as y; At Hytg is given by

T T T T
AT ~ <22.57 5002300 _ g gon) _ggon (T 0.01O‘Fl(p)> Asusy,
ag aG aG aG
(3.12)

and the B-term, which is the bilinear coupling of two Higgs uBH, H,, is estimated as

T T T
B(T,) ~ (10.27 _ 56022 T0 g0 0.01‘“”1(’))) Asusy- (3.13)
ag ag ag
As we see, the A-term and B-term might be large as O(10)Agysy. This may be good to
achieve the EW symmetry breaking, but too large A-term makes the stop masses tachyonic

because of the running correction such as
AmE (Myz) = —0.08A4(Ty)? + 1.54M3(Ty)* — 0.15A,(T,) M3(T). (3.14)

In our model, the gluino mass Mj is relatively small as wee see in eq. (3.4), so AmZ;(Mz)
becomes easily negative and stop mass becomes tachyonic even if the positive m%, is gener-
ated at the SUSY breaking scale T,. In order to avoid the tachyonic stop masses, we add
an extra contribution to the gluino mass, as we see below.

3.3 Shift of the gluino mass

We consider an extra term, which contributes to the gluino mass,
1
W = TTT5(¢W5W5). (315)
0

There are several ways to introduce this term, such as gravity effect. Here, we simply
assume that Nexira extra heavy SU(5) vector-like pairs (1), 1) with the masses ¥ (Ag+Ax @)y
induce this term, integrating out them at the scale Ag. After the SU(5) breaking, the gauge
coupling would have the extra vx dependence as

_ 4 N, (Ao + Ax (vx + Fx60?)]?)
1 1 xt 0 x(Ux X
Qg — g — Zﬂra In ( A2 . (3.16)
This additional coupling could shift the gluino mass as
asNeg Fx
M3 — M3 — 1
s 3 4 |Av|’ (3.17)

SIn fact, such strong dynamics has been proposed not only to suppress flavor changing currents but also
to realize the superpotential Wsgp in section 2 [26].
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Figure 4. X, /mgop VS. Mgiop and tan § vs. the lightest Higgs mass in the case with (Tgur,Tx) =
(2 x 1015GeV, 107GeV) and 0 < Ng < 6 (light blue), 6 < Nog < 8 (light red). The dashed line
corresponds to X;/mgpop = V6. In the right figure, my, is calculated at the two-loop level using
my = 172.9 GeV, and myiop is lighter than 2 TeV. The green band is the CMS result on Higgs mass
from h — v, ZZ channels [47].

where Neg may not be Neyira because of the scale difference between Ag and the GUT
scale. Including Ngg, the gluino mass becomes
as(p) Fx
M. = —(1 — Neg) ———"— 3.18
3(1“’) ( ef‘f) A ‘Avl ) ( )
s0 Neg should be bigger than 2 in order to shift Ms. In fact, we discuss large Nog cases
and find that Neg enables us to evade the negative squared masses and achieve the large
SM Higgs mass.

3.4 Consistency with the Higgs mass and the EW symmetry breaking

One issue in supersymmetric models is how to realize the g and B terms which are con-
sistent with the EW scale. Especially, p relates to the lightest Higgs mass, because of
the upper bound in MSSM, so that the recent Higgs discovery with the mass 125 GeV
may impose unnatural SUSY scenarios on us. In fact, 125 GeV Higgs mass may require
Asusy 2 O(10) TeV in the simple scenarios as discussed in refs. [4, 5]. O(10)-TeV SUSY
scale would require 0.01% fine-tuning against p without any cancellation in m%{u. As
pointed out in refs. [45, 46], it is known that a special relation between A; and squark
mass relaxes the fine-tuning, maximizing the loop corrections in the Higgs mass in the
MSSM. This relation is so-called “maximal mixing” and described as X /mstOID = \/5,

where Xy = Ay — p/tan 8 and mg,, = \/mgmi; are defined. If this relation is satisfied,
the 125 GeV Higgs mass could be achieved even if the stop is light. We can see our pre-
diction on X; and the upper bound on the Higgs mass in the case with 0 < Neg < 6
(light blue), 6 < Neg < 8 (light red) in figure 4. On the all regions, all masses squared of
the superpartners are positive and (Tg, Tx) are fixed at (2 x 10°GeV, 10"GeV). We find
that our A-term is too large to realize X;/mgiop = \/6, but the maximal mixing could be
achieved, if we allow large Neg, and enhance the Higgs mass, even if mgiop is around 1 TeV.

On the other hand, we notice that there is no special cancellation in m#; and m%{d, as

we see in figure 5. Large msgiop corresponds to large p, so that 1-TeV squark mass requires
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Figure 5. mgiop vs. v and tan S vs. B-term in the case with (Tqur, Tx) = (2 x 10*°GeV, 107GeV)
and 0 < Neg < (blue), 6 < Neg < 8 (red). In the right figure, mgiop is lighter than 2TeV. The
dashed line is consistent with the condition for the EW symmetry breaking.

1% fine-tuning against p. The right figure in figure 5 shows that small tan § is consistent
with the EW symmetry breaking. Bgw is the value to realize the EW symmetry breaking,

1
Bpw = —T{(m%{d —mj;, ) tan 283 + M7 sin 23}, (3.19)
1%

and B is our prediction via the gauge mediation. It seems that 2 < tan 5 < 6 is necessary to
achieve 125 GeV Higgs mass. The tan 3 region may be inconsistent with the one required
by 125GeV Higgs (tanS 2 4) with mgoep < 2TeV. Table 4 in appendix B shows the
parameter sets in our model, which satisfy mj, ~ 125 GeV and |Bgw/B| ~ 1. There, mgop
and |u| are around 3 TeV, and O(0.1) % fine-tuning is required against p term.

4 SU(5)r x SU(3) x U(1)4 gauge theory: (Ng, N) = (5,3)

Our symmetry breaking model could be embed into other type GUT model. One simple
example would be the SU(5)r x SU(3) x U(1)s gauge symmetric model, and we could
consider the same setup as in the SU(5)r x SU(2) x U(1)y gauge theory. The visible
sector is given by eq. (3.1). However, the modification of the Higgs sector may be required
because NH®H term gives the very large B-term, A\Fx H,H,;. There may be a solution
to realize the EW symmetry breaking, but the serious fine-tuning may be required. Here,
we consider another solution to shift the colored Higgs mass which maybe favor high-scale
SUSY.

We introduce SU(3) vector-like fields (Hs, H3) and assign Z3 symmetry to the fields
as in table 3. Zs symmetry is broken by the VEV of S. The superpotential for the Higgs
sector is given by

Wy = \sSHH + N\gHH36 + A(;%H?,H + %53. (4.1)

After the GUT symmetry breaking, (H,H) are decomposed as ((H,, H}), (Hd,ﬁg))
and the mass terms for (H 3,?&) and (H}, H3) pairs appear as

Wi = AgvyHyHs + A g0, HyHj,. (4.2)
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5 10, H H | Hy Hy S| ¢ ¢ ®

SUB)F | b 10 5 5 1 5 5 adjs+1
SU3) | 1 1 1 1| 3 3 13 3 1
U(1)g 0 0 0 Qo —Qp 0 |Qp —Q 0
Zs w w w w w? w? w 1 1 1

Table 3. Chiral superfields in SU(5)r x SU(3) x U(1) gauge theory.

H, and H, correspond to the Higgs SU(2); doublets in MSSM, and they could get the
supersymmetric mass term according to the nonzero VEV of S. In refs. [48-54], we can
see not only the SU(5)r x SU(2) x U(1)4-type but also this type of product-GUT.

In order to avoid the bound from the proton decay caused by the five dimensional
operators, v, should be large as

(4.3)

1T
Uy 2 10%6GeV x < eV > .
Asusy

Fx is given by —hvi, so that very tiny h is necessary to achieve the low-scale SUSY. When
vy & 101 GeV and Agygy = 1 TeV are set, h should be around O(10719), because of

16 2 3
B 3BV ey ~ 10710 % (10 Gev) <ASUSY> <1071 x (ASUSY> . (44)

aq 1))2( Uy 1TeV 1TeV

We conclude that high-scale SUSY is favored to avoid such an extremely small A.
We can consider the applications of our symmetry breaking models to the other BSMs,
such as

L] SU(?))C X SU(Q)L X SU(2)R X U(l)B_L — SU(3)C X SU(Z)L X U(l)y,
e SU(4) x SU(2)r x U(1) = SU(3). x SU(2)r x U(1)y.

We would study such patterns elsewhere [55]. In these models, all of chiral superfields
appear as adjoint representations and bi-fundamental representations. Such models can
be constructed in D-brane models, e.g. intersecting/magnetized D-brane models (see for
a review [56, 57| and references therein). Thus, the above models are interesting from the
viewpoint of superstring theory.

5 Summary

The MSSM is one of the attractive BSMs to solve the hierarchy problem in the SM and it
may be expected to be found near future. One big issue in the MSSM is how to control the
SUSY breaking parameters, so that many ideas and works on spontaneous SUSY breaking
and mediation mechanisms of the SUSY breaking effects have been discussed so far. In this
paper, we proposed an explicit and simple supersymmetric model, where the spontaneous
SUSY breaking and GUT breaking are achieved by the same sector. The origin of the
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hyper-charge assignment in the MSSM is also explained by the analogy with the Georgi-
Glashow SU(5) GUT. The SM-charged particles are also introduced by the breaking sector,
so that we could also predict the soft SUSY breaking terms via the gauge mediation with the
gauge and chiral messenger superfields. The crucial role of the gauge-messenger mediation
is to induce large A-terms and B-terms at the one-loop level. We investigated the scenario
with light superpartners that such a large A-term realizes the maximal mixing and shift
the lightest Higgs mass. In fact, we have to introduce additional contribution to the gluino
mass, but 125 GeV Higgs mass could be achieved, even if stop is light. msiop should be
as light as possible to relax the fine-tuning of p parameter. On the other hand, the one-
loop B-term could be also consistent with the EW symmetry breaking, if tan § is within
2 < tanf8 < 6. Such small tan § may require large stop mass, as we see in figures 4
and 5. In fact, we see that about 3 TeV mgio, can achieve 125 GeV Higgs mass and the
EW symmetry breaking in table 4.

Our light SUSY particles are wino, bino, and gravitino, and the mass difference is not
so big. The lightest particle is bino, and wino is heavier than bino. The mass difference is
0O(0.1) x mg/5 GeV. This might be one specific feature of the gauge messenger scenario in
SU(5) GUT, as discussed in ref. [34].

Acknowledgments

We are grateful to Hiroyuki Abe for useful discussions and comments. This work is sup-
ported by Grant-in-Aid for Scientific research from the Ministry of Education, Science,
Sports, and Culture (MEXT), Japan, NO. 25400252 (T.K.) and No. 23104011 (Y.O.).

A Mass spectrums of the particles in the symmetry breaking sector

We investigate the mass matrices for the remnant fields in the symmetry breaking sector.
First, let us discuss (Z, Z) and (p, p) components. We define Zy and p1 as

Z+ 7t p+pt
7y = Cpp=P=P Al
+ \/i P+ \/5 ( )
The fermion masses are given by
Ao At
Ly = —(T_Ztm> M|z | - (szi) M|z |, (A.2)
P+ pP—
where the mass matrices (Mi) are
0 —gAv gvy 0 —gAv gv,
M_{ =|—-gAv 0 —hvuy |, M = —gAv 0 hvy |, (A.3)
gvy —hv, —hAv gvy  hvy hAwv
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and Ay are the linear combinations of the gauginos (X)) which are the suparpartners
of X,
X, +X
Ap = ———.
V2

The masses for the bosonic superpartners are

Lp =~ (7} o) M2 (i) (71 ot) M2 (i:) , (A.5)

where the mass matrices (M3) are given by

(A.4)

2,2 2
M2 - ( h*vy —h*v, Av > (A.6)
—h*uyAv B? (v} + Av?) + Fx
e ( h2v>2< + g?Av? —(h? + g2)Ava ) (A7)
- —(h* 4 g°)Avvy, B* (v + Av?) + g% — Fx

The F-term Fx is 'y = —hzvi, so that M}r includes the Goldstone mode.
The fermion masses for the other particles are also generated by the VEVs:

1/~ x4 1 - wA
— (WA VYA M —f<A A)MT .C. A.
Ly = =5 (WA v4) Y(%A> s () M (U ) ke, (A.8)
where W is the superpartner of W’ and My are defined as
— L Mo L Moo
My = 27 W v (A.9)
—hvy —hvy

The eigenvalues are My, My, ﬁhvx, \/ihvx and the bosonic masses are given by the
same mass spectrum. The imaginary part of y — X corresponds to the Goldstone boson,
and the real part has the mass, My, according to the D-term. The other masses, ﬁhvx,
correspond to the ones of x + X and Y.

The singlet components (Yo, xo, Xo) of Y and (X, f(') also get masses, according to the

nonzero vy. The fermionic mass matrix is

1/~ 1, zZ'

where My, are defined as

L ar,, LM,
My, = V277 v277 . (A.11)
—hvy —hv,

The mass spectrums are given, relplacing My with M.
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Neg = 6 Neg = 6 Neg = 6.97 Neg = 7.83
ms /o 588.84 GeV 741.31 GeV 495.79 GeV 245.02 GeV
T, 2.39 x 101 GeV | 5.76 x 10'2 GeV | 5.66 x 10'2 GeV | 2.74 x 10'9 GeV
Tx 1.00 x 10" GeV | 1.00 x 107 GeV | 1.00 x 107 GeV | 1.00 x 107 GeV
tan 3 3.69 3.93 3.43 4.04
mp, 126.20 GeV 125.89 GeV 124.65 GeV 124.03 GeV
Mstop 3.05 TeV 3.61 TeV 2.93 TeV 1.90 TeV
X; 3.43X Mistop 3.41X Maggop 2.98X Mistop 2.39X Magtop
|| 3.72 TeV 4.38 TeV 3.27TeV 1.93 TeV
|B| 4.21 TeV 4.72 TeV 3.22 TeV 1.97 TeV
| Bew /B 0.92 1.00 0.91 0.5
| M| 5.73 X mgp 5.73 X mgp 6.85 X m3 /9 7.83 X Mgy
| M| 0.98 x m3 9 0.98 x mg /9 0.98 x m3 /9 0.98 x mg /9
| M| 0.75 X m3 /2 0.75 X m3 o 0.69 x mg /o 0.64 x My
mg, 3.52TeV 4.12 TeV 3.31 TeV 2.15TeV
mg, 2.62 TeV 3.17TeV 2.57TeV 1.65 TeV
m%L 11.72 TeV? 16.56 TeV? 10.36 TeV? 4.24 TeV?
ng 15.97 TeV? 22.52 TeV? 13.60 TeV? 5.40 TeV?
ml%L 0.78 TeV? 0.93 TeV? 0.44 TeV? 0.18 TeV?
m3. 1.42 TeV? 1.75 TeV? 0.81 TeV? 0.31 TeV?

Table 4. SUSY mass spectrums and parameters with Aqur = 2 x 10 GeV. Higgs mass is
calculated by FeynHiggs [46, 58-61].

B Concrete parameter set

The parameter sets which predict mj =~ 125GeV are in table 4. The Higgs mass is
calculated by FeynHiggs [46, 58-61]. my, , are the stop masses in the mass eigenstate.

m% , m% , m2 and m2 are the soft SUSY breaking terms of the squarks (@L,JR) and
QL dr lr €R

sleptons (I1,,¢R).
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