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We propose an SO(10) supersymmetric grand unified theory (SUSY GUT), where the SO(10) gauge
symmetry breaks down to SU(3). x SU(2); x U(1)y x U(1)x at the GUT scale and U(1)x is radiatively
broken at the SUSY-braking scale. In order to achieve the observed Higgs mass around 126 GeV and also
to satisfy constraints on flavor- and/or CP-violating processes, we assume that the SUSY-breaking scale is
0(100) TeV, so that the U(1)x breaking scale is also O(100) TeV. One big issue in the SO(10) GUTs is
how to realize realistic Yukawa couplings. In our model, not only 16-dimensional but also 10-dimensional
matter fields are introduced to predict the observed fermion masses and mixings. The Standard-Model
quarks and leptons are linear combinations of the 16- and 10-dimensional fields so that the U(1)x
gauge interaction may be flavor-violating. We investigate the current constraints on the flavor-violating

Z' interaction from the flavor physics and discuss prospects for future experiments.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The Grand Unified Theories (GUTs) are longstanding hypotheses,
and continue to fascinate us because of the excellent explanation
of mysteries in the Standard Model (SM). The GUTs unify not only
the gauge groups but also quarks and leptons, and reveal the origin
of the structure of the SM, such as the hypercharge assignment for
the SM particles.

The gauge groups in the SM are SUQ3). x SU2);, x U(1)y
(= Gsy). The minimal candidate for the unified gauge group is
SU(5), which was originally proposed by Georgi and Glashow [1].
There, quarks and leptons belong to 10- and 5-dimensional repre-
sentations in SU(5), and the SM Higgs doublet is embedded into 5,
introducing additional colored Higgs particle. One big issue is the
unification of the SM gauge coupling constants, and it could be re-
alized in the supersymmetric (SUSY) extension. It is well-known
that the minimal SU(5) SUSY GUT realizes the gauge coupling uni-
fication around 2 x 106 GeV, if SUSY particle masses are around
1 TeV [2].

Another candidate for the unified gauge group would be SO(10).
It is non-minimal, but it would be an attractive extension because
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the SO(10) GUT explains the anomaly-free conditions in the SM.
Furthermore, all leptons and quarks, including the right-handed
neutrinos, in one generation may belong to one 16-dimensional
representation in the minimal setup [3].

On the other hand, the GUTs face several problems, especially
because of the experimental constraints. One stringent constraint
is from nonobservation of proton decay [1,4]. While the GUT scale
in the SUSY GUT may be high enough to suppress the proton de-
cay induced by the so-called X-boson exchange, the dimension-five
operator generated by the colored Higgs exchange is severely con-
strained. Another stringent constraint is from the observed fermion
masses and mixings. The SU(5) GUT predicts a common mass ratio
of down-type quark and charged lepton in each generation. Fur-
thermore, in the SO(10) GUT, the up-type, down-type quarks, and
charged lepton in each generation would have common mass ra-
tios if the all matter fields in one generation are embedded in one
16-dimensional representation. The predictions obviously conflict
with the observation, and the modifications should be achieved
by, for instance, higher-dimensional operators [5], additional Higgs
fields [6] and additional matter fields [7].

In this letter, we propose an SO(10) SUSY GUT model, where
the realistic fermion masses and mixings may be achieved by
introducing extra 10-dimensional matter fields. The SM quarks
and leptons come from 10- and 16-dimensional fields, and es-
pecially, the right-handed down-type quarks and left-handed lep-
tons in the SM are given by the linear combinations of 10- and
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Table 1

Charge assignment for matter fields, which belong to 16 and 10 representations in SO(10) gauge symmetry. Charge assignment for Gsy is denoted as (SU(3)¢, SU2)L, U(1)y).
U(1)x gauge coupling constant is normalized as gx = g/+/40 at GUT scale, where g is SO(10) gauge coupling constant.

16 QL ug ES, L A NG
SU(5) x U(1)x | (10, —1) | 5,3) | 1,-5)
Gsm 3.2 (3.1,-2) 1,1,1) 1.2,-b G119 1,1,0)
10 Ly D% . 3

SU5) x U(1)x | (5,-2) \ (5,2)

Gsm 1,2,-1) 31D 1,20 3.1.-D

16-dimensional fields. We assume that SO(10) gauge symmetry
breaks down to Gsy x U(1)x around 10!® GeV according to the
nonzero vacuum expectation values (VEVs) of SO(10) adjoint fields.
Thus, the low-energy effective theory is a U(1)x extension of the
SUSY SM with extra matters. The additional gauge symmetry will
survive up to the SUSY scale, but we could expect that it is radia-
tively broken, as the electroweak (EW) symmetry breaking in the
minimal supersymmetry Standard Model (MSSM).

We assume that SUSY particles in the SUSY SM, except for
gauginos, reside around 100 TeV, in order to realize the observed
126 GeV Higgs mass and also to satisfy constraints on flavor-
and/or CP-violating processes. This type of setup is called the
high-scale SUSY [8]. In the high-scale SUSY, the gauge coupling
unification is rather improved when only the gaugino masses are
around 1 TeV [9], and the dangerous dimension-five proton de-
cay is suppressed [10]. On the other hand, since tan g (the ratio
of the VEVs of the two Higgs doublets in the SUSY SM) is close
to one, it is difficult to explain the large hierarchy between top
and bottom quarks when all the matter fields are embedded into
only 16 representational representations. In our model, the intro-
duction of 10-representational matter fields makes it possible to
explain the large hierarchy. In the high-scale SUSY, the UV the-
ory of the SM need not be the MSSM. The U(1)x extension of the
SUSY SM with extra matters is an alternative model, motivated by
the SO(10) SUSY GUTs.

The mass of the Z’ boson associated with the gauged U(1)x
may be 0(100) TeV so that it may be viable in the searches
for flavor violations. The right-handed down-type quarks and left-
handed leptons in the SM are given by linear combinations of the
parts of 10- and 16-dimensional fields. Thus, that generically leads
flavor-violating Z’ interaction and crucial promises against flavor
experiments. We will see that tree-level Flavor Changing Neutral
Currents (FCNC) induced by the Z’ boson are generated and they
largely contribute to the flavor violation processes: for instance,
W — 3e, w—-e conversion in nuclei, and K — K and Bg/s — Eg/s
mixings.

This paper is organized as follows. We introduce our setup of
the SO(10) SUSY GUT model in Section 2. We see not only how
to break SO(10), but also how to realize realistic fermion masses
and mixings. The conventional seesaw mechanism, in which the
Majorana masses for the right-handed neutrinos are much higher
than the EW scale, could not work, since the U(1)x gauge symme-
try forbids the Majorana masses. We show our solution according
to the so-called inverted hierarchy [11] in Section 2.1. The small
parameters could be controlled with the global U(1)pg symmetry
there. In Section 2.2, we discuss the tree-level FCNCs correspond-
ing to the realistic fermion masses and mixings. Section 3 is de-
voted to the flavor physics induced by the Z’ interaction. Section 4
is conclusion and discussion.

2. Setup of SO(10) SUSY GUT

The SO(10) gauge group has been considered to unify the three
gauge symmetry in the SM. In the simple setup, the SM mat-
ter fields are also unified into 16-dimensional representation in
the each generation, and the number of Yukawa couplings for the
fermions masses is less than in the SM. When the SM Higgs field
belongs to 10-dimensional field 10y, the only Yukawa couplings
are

W min = hij16;16;10y (1)

where i, j =1, 2, 3 are defined. This assumption is too strict to ex-
plain the observed fermion masses and mixings, even if we include
radiative corrections. The observed mass hierarchies are different
in the up-type and down-type quarks, and the CKM mixing will be
vanishing without other Yukawa couplings.

Now, we introduce a 10-dimensional matter field in the each
generation in addition to 16-dimensional matter fields. Three
S0(10)-singlet matter fields S; are also introduced to achieve the
realistic masses of neutrinos. The matter fields 10; and 16; are de-
composed as the ones in Table 1. For convenience, the assignment
of SU(5) x U(1)x is also shown in Table 1.

Let us show the superpotential relevant to the Yukawa cou-
plings for the matter fields in our model;

Wy = h;j16;16;10y + fij'lGiEHSj + gij10;16;16y
+ pr16516y + 10510y + (£10;10;10;
+ sijSiSj. (2)

Here, the 16- and 16-dimensional Higgs fields 16y and 16y are
introduced to break the U(1)x gauge symmetry in SO(10). We as-
sume that the mass parameters upy, (10 and py are around SUSY
scale (msysy) and ws is much smaller to realize the tiny neutrino
masses. It may be important to pursue the origin of the mass
scales. In Section 2.1, we show that the global U(1)pg symmetry
may control their mass scales.

We assume that two SO(10) adjoint Higgs fields, 45y and 45},
develop nonzero VEVs so that the SO(10) gauge symmetry breaks
down to Gsy x U(1)x at the GUT scale [12]. The low-energy effec-
tive theory is the U(1)x extension of the SUSY SM with 10- and
16-dimensional matter fields. The Gsy-singlet fields charged under
U(1)x, ® and ®, which are originated from 16y and 16y, should
be included there. ® and ® would develop the nonzero VEVs as
(®) = ve and (®) = Vg around msysy, and the U(1)x symmetry
is spontaneously broken. For simplicity, we assume that the other
fields in 16y and 16y have masses at the GUT scale. If they stay
at the low energy spectrum, the gauge coupling constants at the
GUT scale is not perturbative.

The superpotential in the U(1)x extension of the SUSY SM is
given as follows,
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W = hyijQuiU§ jHu + (huij + €4i) QuiD jHa
+ (huij + €eij) LLiEG jHa + gij®(D'% D + ULl j)
+ t10ij(D’ RID/RJ + Ll ) +h1]LL1NRJHu
+ fij®NR;Sj + 1sijSiSj+ up @ + upHyHg. (3)

The effective Yukawa couplings will be deviated from the ones in
Eq. (2), because of the higher-order terms involving 45y and 45/1_1.1
hy is Yukawa coupling for up-type quark including effect of higher-
dimensional operators. €5 and €, describe the size of higher-
dimensional operators for the down-type quarks and charged lep-
tons, which suppressed by (45y)/A and (45},)/A.

After the U(1)x symmetry breaking, the chiral superfields ﬁfﬁ
and D'%; (L;; and L’;;) mix each other, and we find the mass-
less modes which correspond to the SM right-handed down-type
quarks and left-handed leptons. gjjve and 1pij give the mass
mixing between DR, and D'%; (L;; and L';). Eventually, the rel-
evant Yukawa couplings for quarks and charged leptons are de-
scribed as

W™ = hyijQriUf jHu + YaijQriDg jHa + YeijLiiER jHa
+ i (DS i D pj + Lnilin j)- (4)

D% DGy Lri and Lpp; are the chiral superfields of right-handed

down-type quarks and left-handed leptons in the mass bases de-

fined by

) U, 0O

V)=u (U)=(g) 0 ). (5)

¥ Yn U,/, Yn
where ¢ denotes D and L;. v and Yy, are massless modes which
correspond to the SM matters and the superheavy modes with
masses O (msysy), respectively. Uy, is the 6 x 6 unitary matrix, and
Uw, 0¢, B U(ﬁ and U:ph satisfy not only the unitarity condition for
Uy but also the following relations,

0=give(Uy)y +M10ik(l:’{b)kj, (6)
i :gikVCD(Uzj/h)kj+M1Oik(0:/,h)kj~ (7)

Using the couplings in Eq. (3), the Yukawa coupling constants for
the SM down-type quarks and charged leptons in Eq. (4) are de-
scribed as

(Ya)ij = (hyik + €ai) U pe g (Yedij = (O] i (hurj + €erj)- (8)

In general, the up-type quark Yukawa coupling constants hy ;; are
given by

My i
uii = inp U 9)
vsinB (vcospB) is the VEV of the neutral component of H, (Hg)
and my; are the up-type quark masses. We define the diagonaliz-

ing matrices Vcgy and Ve, for (Yq)ij and (Ye);j as below:

(Yo)ij = (VEanijmaj. (Y= (V3 )ijmej. (10)

vcosp vcosp

where mg; and me; are the down-type quark and the charged
lepton masses. Note that we take the flavor basis that the right-
handed down-type quarks and left-handed charged leptons are in

! In general, the other parameters such as ps and p19 would be effectively
modified by the higher-dimensional operators as well. We disregard these extra cor-
rections to the parameters because they are not essential in this discussion.

Table 2
Charge assignment of global U(1)pp symmetry.
16; 10y 16y 16y 10; Si P T
5S0(10) 16 10 16 16 10 1 1 1
U(1)po 1 -2 -1/3 5/3 —2/3 —8/3 -2/3 2

the mass eigenstates. Then Vg is the CKM matrix and Ve, satis-
fies Vep = Vg in the SU(5) limit.

The size of higher-dimensional terms is depicted by €; and
€. and expected to be small, compared to the third generation,
hy 33 =m¢/(vsinB). According to Eq. (8), (0¢)ij could be described
by the observables as,

(my iSik + €qixVv sin B) (Uqu)kj = tanﬁ(VéKM)ijmdj,
(mu iSik + €L ;v sin ,3> (U1 = tan BV ijme ;. (11)

If €411V sin B is sufficiently smaller than m,, the (1, j) elements
of LAlDfa are too large to satisfy the unitary condition for Uy. In
order to achieve the consistency, the extra term €411V sin 8 should
be larger than O (tan 8(Vcxkm)13mp)-

2.1. Neutrino mass

Let us briefly mention the neutrino sector in our model. Weff
in Eq. (3) includes neutral particles after the EW symmetry break-
ing. They reside in the neutral components of SU(2); doublets
(Loi, Ui U L,} and the singlets {Ng;, Si}. Let us decompose LL,,
L';; and L’;; as the charged and neutral ones: LT = (DL, EL,)

U'li=O'"i E'tp) and [ Uil =0/ E'L L,) The mass matrix for the
neutral particles in the ba51s of (i, N Vi Vi, Sp) is

0 hijVSiHﬂ 0 SijVo 0
h,-jv sin,B 0 0 0 f,‘j%
M, = 0 0 0 H10ij 0 . (12)
gijVo 0 H10ij 0 0
0 fijve 0 0 s ij

When we admit the large hierarchy between ps and the other
elements, the neutrino mass matrix (m,) is given by

(my)ij = (hf™ MSf lh)u (VSIZIS) s (13)

following Ref. [11]. For instance, v = 0(100) TeV and vsing =
0(100) GeV lead O(1)-eV neutrino masses, if us is 0(1) MeV
and h and f are O(1). The masses of the other neutral elements
are O(msysy), and the phenomenology has been well investigated
in Ref. [11].

One may wonder why (s is so tiny and (10 gL 5 are O (Msysy)-
We show one mechanism to explain the large mass hierarchy. In
order to induce the dimensional parameters in Eq. (2) effectively,
let us assign the global U(1)pg symmetry to the matter and Higgs
fields as in Table 2. The global U(1)pg symmetry, under which the
SM fields are charged anomalously, has been proposed motivated
by the strong CP problem [13]. We introduce SO(10)-singlet fields,
P and T, whose U(1)pg charges are fixed to allow the 6qu3T
term in the superpotential. Assuming canonical Kdller potential
and their soft SUSY breaking terms, the scale potential for P and
T is derived from the superpotential as

CpQ
A

ml% and mT are the soft SUSY breaking masses, and they could
be estimated as mgusy- The mass squared would be driven to the

C
Vpo = P3‘ +‘ 19 p2 T‘ +m2 (PR +md|TP. (14)
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negative value due to the radiative corrections, so that the negative
mass squared leads the nonzero VEVs of P and T,

~ y/ Almsysy|, (15)

and breaks U(1)pg spontaneously. This leads a light scalar, so-
called axion, corresponding to the Nambu-Goldstone boson. As
discussed in Ref. [14], it is favorable that the U(1)pp symmetry
breaking scale is around 10'2 GeV, to explain the correct relic den-
sity of dark matter. That is, A should be almost the Planck scale
(0(10"9) GeV), when msysy is 0(100) TeV, for instance.

On the other hand, the U(1)pg charge assignment for the other
chiral superfields forbids dimensional parameters like us and
10,1, H- Using higher dimensional parameters, us and ft10.Br.H
are effectively generated after U(1)pg breaking:

(T) ~(P)

P (P2 M (PT)?
Hio=—— MBL="——» HH= "= HS= A3
ignoring the dimensionless couplings in front of the higher-order
couplings. The above estimation tells that w19 pr,n = O (msysy) and
s =msysy X O (msysy/A). If msysy < A is satisfied, very small us,
compared to msysy, is predicted, and could realize the observed
light neutrino masses, as we discussed above.

., (16)

2.2. Flavor violating gauge interaction

As we see above, the SM right-handed down-type quarks and
left-handed leptons are given by the linear combinations of quarks
and leptons in 10- and 16-dimensional matter fields, respectively.
Since the fields in 10 and 16 representations carry different U(1)x
charges, the SM fields may have flavor-dependent U(1)x interac-
tion.

Let us see it more explicitly. The U(1)x gauge interactions of
right-handed down-type quarks and left-handed leptons are de-
scribed in the interaction basis as

Lg=—igx(GPi'¢i —2¢"i2'¢)), (17)
where the factors 3 and —2 are U(1)x charges for the fermionic
components @; and ¢; of the chiral superfields ¥i and Y. Z'is the
U(1)x gauge boson and gy is defined as gx = g/+/40 at GUT scale,
where g is the SO(10) gauge coupling constant. We have obtained
the mass eigenstates for the fermions in Egs. (5) and (8). Using the
unitary matrix Uy, we define the flavor-violating couplings A:.‘} for
the SM fermions as

Lg=—igxPi (5(01001#),';' - 25ij) YATES

where ¢ is the fermion component of the chiral superfield ¢ in
the mass base and denotes right-handed down-type quark (df)
and left-handed lepton (Ir).

Here we discuss the size of flavor violating couplings AE’.. Ac-
cording to Eq. (11), (Ung)ij and (0LL)ij are depicted by the ob-
servables in the SM. The flavor violating couplings Ag depend on
the parameters, €5 and €.. They are required to satisfy the uni-
tary condition for Uy, as discussed in Egs. (11). In other words,
they should be sizable in some elements, compared to h% =
my /v cosd;j, in order to break the GUT relation and to realize re-
alistic mass matrices. Assuming €4;j = €;d;j, at least €; > O(10‘5)
is required to compensate for the small up quark mass.

Let us show one example to demonstrate the size of the flavor

lngU(plZ (p]’ (18)

violating coupling A dy . Assuming €; > 0(107%) and €; = €3 =0,

d
Ain is approx1mately estimated as

& 5tan® fmgimg ;
A~ ————ZE (Va1 (V1) — 2835 (19)
le1vsin B|

. d5 . .
Setting the extra parameter to €; =5 x 1074, Ain is estimated as

B 19 06 03
(AUR) ~ ( 06 16 2.2 ) (20)
03 22 -03

We find that all elements of the flavor violating couplings are
0(1), so that we need careful analyses of their contributions to
flavor physics, even if the Z’ boson is quite heavy.

Note that the alignment of AIL differs from the one of A ]R be-
cause of the different mass spectrum between charged leptons and
down-type quarks. In any case, however, the size of Aij would be
also 0(1), because of the small electron mass. The detail analysis
on the relation between the FCNCs and the realistic mass spectrum
will be given in Ref. [15]. In Section 3, we introduce the flavor con-
straints relevant to our model and scan the current experimental
bounds and future prospects in flavor physics.

2.3. Gauge coupling unification

Before phenomenology, let us briefly comment on the gauge
coupling unification and the predicted Z’ coupling (gx). As well-
known, the MSSM miraculously achieves the unification of the
three SM gauge couplings, if at least gaugino masses are close
to the EW scale. We assume the SUSY mass spectrum, where
gauginos reside around the TeV-scale and the other SUSY particle
masses are around 100 TeV. It is shown in Ref. [9] that the unifi-
cation of the gauge coupling constants is improved compared with
the MSSM with the SUSY particle masses O (1) TeV.

Once we determine the SO(10) gauge coupling at the GUT scale
according to the gauge coupling unification, the U(1)x gauge cou-
pling gx(w) is derived with the renormalization group equation at
the one-loop level as

dra=\ () = -1 AZ
oy () =4mo; x40+ bxln ﬁ , (21)

where ax = g%/(47) and ag = g%(A¢)/(4r) are defined and Ag
is the unification scale. by is fixed by the number of U(1)x-charged
particles from @ to Ag. In our scenario, right-handed neutrinos,
additional three 10s of SO(10), and the U(1)x breaking Higgs fields
as well as MSSM particles contribute to by between msysy and Ag,
so that they lead by = 426. At the scale u =100 TeV, gx is esti-
mated as

gx(100 TeV) = 0.073, (22)

where the GUT scale and the gauge coupling with msysy = 100 TeV
are given by

A¢ =8.7 x 10"° GeV, ag = 0.062. (23)

Note that the introduction of additional matter fields increases
the gauge coupling constant at the GUT scale «. Furthermore,
heavier gaugino masses than the EW scale decrease the GUT scale
Ac. This means that the proton decay rate may be enhanced in
our model [9,16], and could be tested at the future proton decay
searches.

3. Flavor physics

As discussed in Subsection 2.2, the tree-level FCNCs involving
the Z’ boson may be promised in our model. The flavor changing
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couplings denoted by A:f; could be O(1) in the all elements, as
we see in Eq. (20). Here, we sketch the relevant constraints on
the flavor-violating Z’ interactions and give prospects for future
experiments.

In our model, the SUSY SM Higgs doublets are charged under
U(1)x, so that their nonzero VEVs contribute to the Z’ mass (mz)
as well as the SM gauge bosons. The U(1)x charges of Higgs dou-
blets are +2 respectively, and then the mass mixing between Z
and Z’ is generated by the VEVs as well. The mixing angle be-
tween Z and Z’ is approximately estimated as

2
&x mz

sinf ~ 4 ,
8z my,

(24)

where g is the gauge coupling of Z boson and my is the Z boson
mass. sind is about 3.4 x 10~7 when Z’ mass and coupling are
fixed at mz =100 TeV and gx = 0.073. Since the mixing is quite
small as long as the Z’ mass is 0(100) TeV, we treat with Z and
Z' as the fields in the mass basis and discuss the mixing effect up
to 0(9?).

The gauge interactions of Z and Z’ and SM fermions are given
by

L =—i(gzcosO [, + gxsind Jor) Zu
—i(gxcosO Jbr — gzsind J&,) Z,, (25)

where &, is the SM weak neutral current, and J{;; is defined by

I d$ — _
JgUT = Ais'lLiVILle - AindRiVMde + ERiJ/H'GRi
—quiy’qui + ugiy ugi. (26)

The fermions in ]gUT describe the fermionic components of the
MSSM chiral superfields in the mass base denoted by the capi-
tal letters. The neutral current | ’G‘UT may significantly contribute to
flavor violating processes: Bg/S—Eg/S and K°-K° mixings, flavor-
violating decays, and w-e conversion in nuclei. Below, we sum-
marize the constraints relevant to the Z’ interaction, and discuss
the predictions in flavor physics. Note that we ignore contribution
from SUSY flavor violating processes, because the sfermion masses
are 0(100) TeV.

3.1. Flavor violating decays of leptons

First, let us discuss the contributions to flavor violating de-
cays of leptons. There are two types of flavor violating decays in
the presence of Z’ FCNCs: one is three-body flavor violating de-
cays lj — Lilily and the other is radiative flavor violating decays
lj — l;y. With the Z’ FCNCs, the three-body flavor violating decays
occur at the tree level, while the radiative flavor violating decays
occur at the loop level. The radiative flavor violating decays have
smaller rates by 0(1073) than the tree-level decays. If flavor vi-
olating interactions stem from both left- and right-handed lepton
(quark) sector, there might be a strong enhancement in radiative
flavor violating decays via a chirality flip on an internal heavy
fermion [17]. In our model, however, there exists no such an en-
hancement because only left-handed lepton (right-handed quark)
have the flavor violating interactions. Hence we focus on the three-
body flavor violating decays.

Let us discuss the p — 3e process. The current upper bound
on the branching ratio of i — 3e is 1.0 x 10712 [18] and future
experimental limit is expected to be 1.0 x 10~'6 [19]. In this model
the branching ratio of  — 3e is evaluated as follows,

4
B 15/ & \4(100TeV o
BR(u — 3¢) = 1.1 x 10 (0‘073) ( ) A

2
}. 27)

This is below the current experimental bound as long as my is
0(100) TeV. It is also important to emphasize that BR(u — 3e)
in our scenario has an additive structure in last bracket, and
our prediction may yield to the stringent bound. If we assume
mz =100 TeV and AllL1 = —2, the Mu3e experiment will cover
4| so0.1.

We also evaluate the branching ratios of other lepton flavor vi-

olating decays, and we find that they are also much below the
current experimental upper bounds.

x {1 +0.63|1 - 0.934%,

3.2. u—e conversion in nuclei

The flavor violating coupling AI1L2 also gives rise to the p-e con-
version process. The SINDRUM-II experiment, which searched for
the p-e conversion signal with the Au target, gave the upper limit
on the branching ratio: BR(u~Au — e~Au) < 7 x 10713 [20]. The
DeeMe [21] and the COMET-I [22] will launch soon and they aim
to reach to 0 (10~') for the branching ratio with different targets.
Furthermore, COMET-II and Mu2e [23] are planed to improve the
sensitivity up to 0(10~17).2

In our model, the branching ratio for the Au target is predicted
as [24]

4 /100 TeV\*
BR(,u_Au—>e_Au)=2.2><10_13(0%);3> ( — ¢ )
. Vi

2

2 c
x ()" |1+ 05847, (28)

which is close to the current upper bound at the SINDRUM-IIL The
branching ratio for the Al target, which is a candidate target of
COMET, Mu2e, and PRISM experiments, is evaluated as

4 /100 TeV\*
BR(M*A1—>e*A1)=6.3x10*14(0‘%’;3) < — ¢ )
. Z’

2

% dy
x ()" [1+06147; (29)

The branching ratios for the other materials could be estimated
as 0(10713) as well, so that we expect that our model could be
proved in the future experiments.

3.3. Neutral meson mixing

The Z’ FCNCs contribute to the mass splitting and CP violation
in neutral meson systems. The UTfit Collaboration analyzes the ex-
perimentally allowed ranges for the effective couplings of 4-Fermi
interactions [25]. We obtain the limits on the Z’ interaction as fol-
lows:

2
B 4/ gx \?[100Tev &
9.8 x 10 <(0.073) ( o) ImIATE))
<1.6x1072, (30)
gx \2 (100 TeV 2‘ d;z‘
(0_073) ( " ) Re[(A%)?]] < 3.4, (31)

2 1t is discussed that the sensitivity might be improved to 0(10~(18=19) in the
PRISM experiment [22].
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gx \2 (100 TeV 2‘ &
A% ‘ 81, 32
(0.073) ( my (A3 < (32)
gx 100 TeV 2‘ 3
(0‘073) < " ‘(A 52| <3.9 % 10%. (33)

The measurement of K°-K° oscillation is a strong probe on

both real and imaginary part of (Adg)2 Especially, the CP viola-
tion gives a sever constraint on the FCNC as we see in Eq (30), so

that the Z’ mass has to be heavier than a few PeV, if A12 possesses
0(1) CP phase.

4. Conclusion and discussion

We have proposed an SO(10) SUSY GUT, where the SO(10)
gauge symmetry breaks down to SU3). x SU2); x U(1)y x
U(1)x at the GUT scale and U(1)x is radiatively broken at
the SUSY-breaking scale. In order to achieve the observed Higgs
mass around 126 GeV and also to satisfy constraints on flavor-
and/or CP-violating processes, we assume that the SUSY-breaking
scale is O(100) TeV, so that the U(1)x breaking scale is also
0(100) TeV. In order to realize realistic Yukawa couplings, not only
16-dimensional but also 10-dimensional matter fields are intro-
duced. The SM quarks and leptons are linear combinations of the
16- and 10-dimensional fields so that the U(1)x gauge interaction
may be flavor violating. We investigate the current constraints on
the flavor violating Z’ interaction from the flavor physics and dis-
cuss prospects for future experiments. Our model could be tested
in the flavor experiments, especially searches for the pu-e conver-
sion processes, even if the Z’ mass is 0(100) TeV.

In this paper, we did not mention the GUT mass hierarchy prob-
lem such as the doublet-triplet splitting problem. In fact, there is
another mass hierarchy between the singlet of 16y and the other
components of 16y in our model. The Z’ mass is given by the
VEV of the singlet, while other components reside around the GUT
scale. We need more careful study on physics at the GUT scale to
complete our discussion.
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