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In this talk, we investigate predictions of the SO(10) Grand Unified Theory (GUT), where an
extra U(1)’ gauge symmetry remains up to the supersymmetry (SUSY) breaking scale. The min-
imal setup of SO(10) GUT unifies quarks and leptons into a 16-representational field in each
generations. The setup, however, suffers from the realization of the realistic Yukawa couplings
at the electroweak scale. In order to solve this problem, we introduce 10-representational matter
fields, and then the two kinds of matter fields mix with each other at the SUSY breaking scale,
where the extra U(1)’ gauge symmetry breaks down radiatively. One crucial prediction is that
the Standard Model quarks and leptons are given by the linear combinations of the fields with
two different U(1)' charges. The mixing also depends on the flavor. Consequently, the U(1)’
interaction becomes flavor violating, and the flavor physics is the smoking-gun signal of our GUT
model. The flavor violating Z' couplings are related to the fermion masses and the CKM matrix,
so that we can derive some explicit predictions in flavor physics. We especially disdGssix-

ing, B(s)-% mixing and the (semi)leptonic decayskfandB in our model. We also study the
flavor violating u and T decays and discuss the correlations among the physical observables in
this SO(10) GUT framework.
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1. Introduction

In the minimal SO(10) Grand Unified Theory (GUT) model, all the Standard Model (SM) mat-
ter fields can be unified into three-familyg-representational fieldg[[Z]. This means that Yukawa
couplings for up-type quark, down-type quark and charged lepton are unified before the SO(10)
gauge group are broken. This is very attractive hypothesis, but this unified Yukawa couplings
cannot explain the experimental measurements of the masses of fermions and the parameters of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix. In order to explain these experimental measure-
ments, many solutions have been proposed.

In this work, we focus on one of the solutions, introducing additional matter fields. In addition
to thel6 matter fields, we introduce three-familp matter field€, []. The crucial point is that two
kinds of SU(5)5-representational fields originated frak6 and 10 fields are mix with each other,
and then the Yukawa couplings are modified by this mixing. To obtain the realistic Yukawa cou-
plings, we also consider the effects of higher-dimensional operators. For this set up, an interesting
pointis thatZ’ interaction which is predicted by SO(10) gauge symmetry becomes flavor-dependent
because these SU(§)representationaI fields carry different U(tharges. Once we assume that
U(1) is radiatively broken at the SUSY breaking scale, the flavor violating processes cauged by
are verifiable in the flavor experiments.

Thus, we investigate the predictions of this model by calculating flavor viol@irguplings
guantitatively. Since our flavor violating couplings (FVCs) can induce large Flavor Changing Neu-
tral Currents (FCNCs), we should check the consistencies with the observables related to the first
and second generations, el§-K mixing and lepton flavor violating (LFVu decays. We also
investigate the predictions which is related to the third generation. Then we discuss the possibility
for the observation in the future experiments.

2. Setup and FVCs

In our work, we introducé O-representational chiral superfields in additiod@representational
chiral superfields as matter. Then, we have the following superpotential for Yukawa couplings and
mass terms at the renormalizable level:

W:hij1616j10|_| +gij1610j16|_| —|—u10ile10j, (2.1)

wherei, j = 1,2,3 is indices for the generation4Qy is the chiral superfield for the Higgs of
minimal set up and 6 is an extra Higgs to break the remaining U dymmetry. Important point

is that we have two kinds d?—representational fields of SU(5), which are originated fit8nand

1G. If the scalar component df6y denoted byd gets nonzero vacuum expectation value (VEV)
(P) # 0, these fields mix with each other. As a result, we obtain the following Yukawa couplings,
including the effects of higher-dimensional operamcﬁ":

hidj = TE(VSKM)H = (Ofe)ik (”VE &j +£ng) ) h!j = ﬁ(VR*)ji = (Olle)ik (r‘rvij &j +8CLj> ,(2.2)
wherenf(f = u,d,l) are the fermion masses amtiand\® are the VEV of up- and down-type
Higgs doublets, respectivelyy is the unitary matrix and identical to the CKM matriddkm) in
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the SU(5) limit. ( ).J are the elements @x 6 mixing matrix for sfermion mass matrices, which
determine the relation between the SM modg;,(.;) and the original f|eldso§§1i6 ,Iﬁﬁ) (10)).
For exampledgr; = (Ofle)ij déljs) + (AUq)ij d,(quo), where(AUy);j are also the elements 6 6 mixing
matrix and satisfy the unitary conditions as lif&S)i (U%) jk + (AUg)i (AU jk = &;.

Because of mixing between two kinds ®fepresentational fieldg/ couplings with the SM
mode are modified:

Ly =92y (AL — Al G dh— aLyHal + U th - i ek) (2.3)

A = 5(0fe)i(Ufe)j — 23, Ajj = 5(U1e)ik(Ulg) ik — 283, (2.4)
whereq , uk andek are the mass eigenstates of the left-handed quarks, right-handed up-type quarks
and right-handed charged leptons. Note that the unitary conditions are used 24qWe can
obtain the numerical values of FV@%' by computing(Ufé')ij from Eq. 2. In Eq. 23, 2;1 is
not mass eigenstate since there is the mass mixing be@pendz boson. This mixing is given

~ 49 M
bytan29_4gz Mz

3. Flavor physics

In this section, we investigate the predictions of our SO(10) GUT. In our model, there are some
tree level processes induced By We mainly show the results &¢-K mixing, 4 — 3e and u-e
conversion because these are tree level processes and important for our model. Some of the results
for the other processes are commented in the last of this section. The details are showridh Ref. [

The induced operators in our model and the Wilson coefficients for these processes are

KK = %65(% = %61( (SRYudR) (SRY*'dR), (3.1)
% = C¥ ey ) (ryHeL) + G (LY ) (BRyHew), (3.2)
SHC = CLe(@yua) (BryH ), (3.3)
g%cog6  ¢?sirf8) _ (Ad)?
CK = (Ady? ( Mz + M2 ) =N, (3.4)
Ay e A
ce— /\éj (Ale—cos@w), C3 /\“ (1+2sirf B) , (3.5)
o Ay e Ay A+l (1 2
Che = =% (2—35n26w>,cg‘ __/\g,{ 5 +<2—35n26w>}. (3.6)

The physical observables are indirect CP-violation paransgtand mass differenc&My of K-K
mixing and branching ratios. These are evaluated in our model as
Ke€l9e

1~ ~
B = 73 At M) OV = 2ReM) (M= M)y + 5CE Q) ) 327

e 3e|2
BR(i — 3€) = W(z\c P |, (3.8)
2
BR(UN — eN) = 2Xonv _ 20U | pcpe . che)v (P 1 (et 2che) v |, (3.9)
%apt O-l:apt
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Figure 1: Our predictions fodex and 6(AMk) of K meson (left panel), BR(— 3e) (center panel) and
BR(u Al — eAl) (right panel). We sef\zx = 1400TeV. The coefficients of higher-dimensional operators
satisfy\ecﬂ-| < 1072 (red) and|scidj| < 1072 (blue). In these panels, black dashed, solid and dotted line
show the deviation from SM b$0% 20% and30%, respectively. In the center panel, the green region is
excluded by the SINDRUM experimeiif][and the green dashed line is the future prospected b@jnth[

the right panel, two green dashed lines show future sensitivity from COMET-I (upper one) and COMET-II
(lower one) experimenB| [1J.

The matrix element@@, can be extracted from the SM prediction, because the only difference
is the chiralityf:lK(u) is the Wilson coefficient derived from Ed3.@) and renormalization group
correction. m, andl",* are mass and total decay width far respectively.V(P) andV® are
overlap integrals which depend on the nucleus speciesugggis the muon capture rate. These
have been calculated in Ref§][ We use the following values for parameters: = 0.944-0.02,
¢e = 0.2417x 1T, (AMK )exp = 3.484(6) x 10 12 MeV, |&c | = (2.228(11)) x 103, m,, = 1057 MeV
andF;,1 =2.196981122) x 1076 s[g].

The result is shown in Figll For this figure, we sehy = 1.4 x 10° TeV, which corresponds
to Mz = 100 TeV andg ~ 0.073@]. The left panel of Figdl shows the result foK-K mixing.
In this figure, we define the deviations of the physical observables from SM predictidag as
& /(&k)sm— 1 andd(AMk ) = AMk /(AMk )sm — 1. The black dashed, solid and dotted line show
the deviation from SM byl0% 20% and 30%, respectively. From this result, we found that
&k largely departs from the SM prediction. Then, we have to consider the consistencgkwith
whenever we discuss the other observables. The center and right panels[B&Rayy the result
for u — 3e and u-e conversion, respectivelyu — 3e has been investigated at the SIMDRUM
experiment: BRu — 3e) < 1.0 x 10712 []. The coming experiment will react¥(10~16) [g).
The predictions of our model doesn't reach the future prospected bound. On the othepiteand,
conversion in Al is predicted at the range of future sensitivity from COMHEIgIplthough there
is no constraints in this branching ratio. Of course, these branching ratios depend on the mass of
Z', so we can expect that there are some signals in future experiments for these processes when
is smaller thare’(10?) TeV. Note that in this casédek | is also enhanced.

We will comment on the other processes. Actually, our FVCs are proportional to correspond-
ing fermion masses, so the FVCs related to 3rd generation@&.@ mgmﬂ tend to be large. Then
we also investigated the predictions of the other tree level processes which include 3rd generation
fermion. However, these are not so important for our model because of the largeness of the mass
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of Z'. For example, the deviation for the mass differencB(gF% mixing is only a few % when

Nz = 1400TeV. When the mass d' is around?’(10) TeV, this deviation can reach 10 %. The
(semi)leptonic decays & andB can be also induced at the tree level in our model. However, these
processes are also dominated by the SM predictions even when the nZass 6f10) TeV. LFV

T decays are also caused Aye andA'w. Although the typical values of the branching ratiorof
decays are similar to the predictions for—+ 3e or u-e conversion (Fig), the current bounds for
these branching ratios are still largé (@0~ (7-9)) level)[d).

4. Summary and Discussion

In this work, we focus on SO(10) GUT model and its flavor physics inducef] bigspecially,
we introducelO-representational matter fields in additiori®representational fields and consider
a certain scenario in which the SM modes are given by the linear combination of these fields,
We also consider the contributions from higher-dimensional operators to the Yukawa couplings.
Therefore, the realistic Yukawa couplings can be realized in our work.

The important and interesting feature of our model is that there are some F\A safised
by the field mixing and the difference of the extra U(&parges. Then, the flavor violatirgf
interactions are induced when the U(§ymmetry are spontaneously broken. Moreover, some
processes are induced at the tree level and the FVCs cd(be so we can expect that tH#
contributions cause large deviation from the SM predictions. Thus we focused on the tree level
processes and investigated the predictions of our model. We founéktigthe most sensitive to
our model. The LFV processes, suchras+ 3e and/oru-e conversion, are also important if the
experimental bounds are improved in future.
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