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D.N. Dinh,1 D.T. Huong,1 N.T. Duy,2 N.T. Nhuan,2 L.D. Thien,2 and Phung Van Dong3’4’*

nstitute of Physics, Vietnam Academy of Science and Technology,
10 Dao Tan, Ba Dinh, Hanoi 100000, Vietnam
*Graduate University of Science and Technology, Vietnam Academy of Science and Technology,
18 Hoang Quoc Viet, Cau Giay, Hanoi 100000, Vietnam
3Phenikaa Institute for Advanced Study, Phenikaa University, Hanoi 100000, Vietnam
4Faculty of Basic Science and Faculty of Materials Science and Engineering, Phenikaa University,
Hanoi 100000, Vietnam

® (Received 23 January 2019; published 8 March 2019)

The flipped trinification, a framework for unifying the 3-3-1 and left-right symmetries, has recently
been proposed in order to solve profound questions, the weak parity violation and the number of
families, besides the implication for neutrino mass generation and dark matter stability. In this work, we
argue that this gauge completion naturally provides flavor-changing neutral currents in both quark and
lepton sectors. The quark flavor changing happens at the tree level due to the nonuniversal couplings of
Z} » while the lepton flavor changing I — I'y starts from the one-loop level, which is significantly

contributed by the new charged currents of Y, p that couple ordinary leptons to exotic leptons. These
effects disappear in the minimal left-right model but are present in the framework characterizing a

flipped trinification symmetry.

DOI: 10.1103/PhysRevD.99.055005

I. INTRODUCTION

The experiments of neutrino oscillations caused by non-
zero small neutrino masses and flavor mixing have provided
the most important evidence that proves the new physics
beyond the standard model [1]. The compelling way to
address the neutrino masses is to introduce right-handed
neutrinos into the standard model, by which the neutrino
mass generation is done by seesaw mechanisms [2]. The
pioneering model that recognizes the seesaw mechanisms is
the minimal left-right symmetric model [3], in which the
neutrino masses were predicted before the experimental
confirmations.

The minimal left-right symmetric model offers the
possibility to understand the origin of the parity violation
of weak interactions, but as the standard model, it neither
shows why there are only three fermion generations nor
addresses dark matter stability that accounts for more than
25% mass-energy density of the Universe [4]. Indeed, the
lightest right-handed neutrino may have a kilo-electron-volt
mass responsible for warm dark matter, but it would
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overpopulate the Universe due to gauge interactions, which
require nonstandard dilution mechanisms [5]. On the other
hand, the cold dark matter scenario that adds a new field as
well as imposes a stabilizing symmetry is arbitrary, ad hoc
included [6].

It is well established that the 3-3-1 model [7] provides a
potential solution to the generation number and addresses
the issue of dark matter naturally [8]. Hence, we have
recently proposed a theoretical model that unifies both the
left-right and 3-3-1 symmetries, resulting in a SU(3), ®
SU(3);, ® SU(3), ® U(1)y gauge group, called flipped
trinification [9] (for other interpretations, see Ref. [10]).
This model inherits all the nice features of both left-right
and 3-3-1 models. Particularly, dark matter naturally exists
and along with normal matter forms gauge multiplets by the
gauge symmetry, whereas the three generations emerge as a
result of anomaly cancellation. Moreover, the origin of the
matter parity and the dark matter stability are determined by
a residual gauge symmetry. The new physics predicted
occurs at tera-electron-volt scale, giving rise to interesting
signatures at current colliders.

An intriguing feature of the flipped trinification is that
flavor-violating interactions appear in both quark and
lepton sectors. As a trinification symmetry is flipped, both
left- and right-handed quark flavors transform differently
under SU(3); z. Consequently, they lead to tree-level
flavor-changing neutral currents (FCNCs) that couple to

7.r» and the relevant observables after integrating out Zj »
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depend on both left- and right-handed quark mixing
matrices. Further, the discovery of neutrino oscillations
suggests lepton flavor violation (LFV), but the charged
LFV has never been observed. As the minimal left-right
gauge symmetry is enlarged to trinification, the model
predicts new non-Hermitian gauge bosons Y;  that couple
charged leptons to new heavy leptons. This is the main
source for charged LFV processes [ — [’y that are mediated
by Y, x in one-loop corrections, since the new leptons mix.
Additionally, the contributions of W, x due to the neutrino
mixing and of new Higgs bosons to such charged LFV
processes will be taken into account. Moreover, the
flipped trinification has scalar fields that couple both
charged leptons and flavor change. This leads to tree-level
charged LFV processes such as 7 — 3u(3e), p — 3e, and
so forth.

Letus recall that, due to the left-right symmetry, the model
requires a bitriplet ¢, two triplets y; and yr, and two sextets
o and ok, which provide the gauge symmetry breaking and
mass generation. Since y; and o; have small vacuum
expectation values (VEVs), their roles were ignored in the
previous study [9]. In this work, we will turn on their effects
when including the full scalar sector, which contributes to the
gauge symmetry breaking pattern and mass spectra. We show
that the VEVs of y; and o; do not significantly affect the
gauge boson masses, but the neutrino and Higgs spectra are
modified.

The rest of this paper is organized as follows. In Sec. II,
we reconsider the model with the complete scalar content.
In Sec. III, we study the tree-level FCNCs and their
contributions to neutral meson mixings, which are mediated
by new gauge bosons Z; and Zj. In Sec. IV, we present
analytic expressions and numerical results for the specific
charged LFV processes. Finally, we conclude this work
in Sec. V.

II. REVIEW OF THE MODEL

This section necessarily imposes y; and o; due to the
left-right symmetry, which were omitted in the previous
study for mathematical simplicity [9].

A. Symmetry and field content

Left-right symmetrizing the 3-3-1 group [7], we obtain a
gauge symmetry,

SUB)c®SUB), @SUB)R Uy, (1)
which matches a flipped trinification and preserves the
SU(3), and SU(3); interchange. The electric charge

operator is given by

Q = T3 + Tag + (T + Tsg) + X, (2)

where T g (i =1,2,3,...,8) and X are SU(3), » and
U(1)y charges, respectively. The baryon minus lepton
number is identified as

(B-L)=p(Tg, + Tsg) + X, (3)

| =

which is noncommutative, in contrast to the usual (Abelian)
extensions. We further define a basic electric charge

as ¢ = —(1++/38)/2.
Analogously, the fermion content is obtained from those
of the 3-3-1 model by left-right symmetrization, which yields

-1
YaL = €alL N<153a15q >»

Yar = €aR

Our =
e
daR
Our =

Uz,

|
dy | ~ (3,3,1,ﬂ),

g+
‘]3L

O3 =

Usg

|
dig | ~ (3, 1,3,i), (6)

q+3
J3R

O3 =

where a = 1, 2, 3 and a = 1, 2 are generation indices. The
model predicts new fermions N,, J,, besides the right-
handed neutrinos v,x. The fermion sector is more economi-
cal than that of the well-known trinification [11]. In contrast
to the trinification, the SU(3); or SU(3), anomaly cancel-
lation requires the number of generations to match that of
colors and the third quark generation to transform under
SU(3), x differently from the first two quark generations,
analogous to the 3-3-1 model [7].

To break the gauge symmetry and generate the masses
appropriately, the scalar multiplets are supplied as
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which reflect the left-right symmetry. The corresponding
VEVs are given by

. u 0 0
(@)=—72|(0 « 0], (8)
V2 0 0 w
0
o] w=p|0] ©
<)(L> \/E , s R \/E . )

‘CYukawa = Xab (U_/(CJRGIQWbR =+ U_/ZLO-ZWbL) + yabl/_/ansl//bR +

/ /

[ed

khy = k{g - . 13
+ ﬁQn)(LZ}EQm +M1/QaL)(LZRQﬂR + M(

l = . _
+ ﬁ(QaLQb YrQ3r + Qurtby1Q31) + Hee.,

where M is a new physics scale that defines the effective
interactions. The left-right symmetry demands that the
couplings y, z, k, and k' are Hermitian, whereas x and ¢
are generic.

After the symmetry breaking, the Yukawa Lagrangian
yields fermion masses. The new leptons get a large mass at
the new physical scale as follows:

LM 00
o)=—| 0 0 0],
2
V2o 0 0
(M 00
=—o0o 0o 10
(or) 7 (10)
0 00

As shown in Ref. [9], the symmetry breaking proceeds
through several schemes, depending on the hierarchy
arrangements of the VEVs. All the schemes lead to the
existence of a residual discrete gauge symmetry that
conserves every VEV, called matter parity,

Wp = (_1)3(B—L)+2s _ (_I)GW(T8,4+T8R)+X]+2s'

(11)

This parity ensures the stability of dark matter, which is
unified with normal matter in the gauge multiplets (see
Ref. [9] for details of the dark sector and dark matter
candidates). For consistency, we assume Ag,wg,w >
u,u' > A;,w;y, appropriate for the potential minimization.
(Indeed, the minimization conditions imply A; ~0,
wy ~0, where the small nonzero values come from
abnormal perturbative interactions, as seen in the next
section). This means that the flipped trinification is broken
down to the standard model and matter parity and then to
the remnant SU(3). ® U(1), ® Wp, where the left-right
asymmetry is explicitly recognized at the electroweak
phase due to w # 0, wg # w;, and Ag # A;.

B. Fermion masses

First, we consider the physical states and masses of
fermions. They arise from the Yukawa interactions as

Zab

ﬁll_/aL)(Lﬁell/bR + k33031003 + kopQurd* Opr

Q3L¢)(}E Our + Q3R¢*)(2 Qur)

(12)

Z -
E%ass = <yLbW + LbWLWR> NaLNbR + H.c.

N (13)

The ordinary charged leptons obtain a mass at the weak
scale,
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o <y—” u’>7aleR +Hec. (14)

V2

Note that the new leptons do not mix with the ordinary
leptons due to the matter parity conservation. If the
effective interactions are neglected, they have the same
mixing matrices.

The Lagrangian (12) allows neutrinos to have both kinds
of mass terms: Dirac and Majorana. In the basis (v, ,1%),
the neutrino mass matrix is given by

M; M7
M, = ((MD)T MR), (15)
where the explicit forms of M?, ML, and MR are
Yab
MLL/) ab = T U,
( ) b \/i
<M£>ab = _\/ExabALv
(Mg)ab = _\/ExabAR‘ (16)

Because of the condition A; <« u <« Ag, the active neu-
trinos (~v; ) gain small masses via the seesaw mechanisms,
|

kll”/
MH ! kot
- 0= 21
\/§ 131 u<w +W) I3
M2 AL R} M2
k”u
d 1
M ——75 k21u

131 I3

M\/E u/(WL + WR)

Applying biunitary transformations, the mass matrices can
be diagonalized as

M= Vi MYy, MY = Vi MW, (21)

where M* and M¢ are diagonal matrices that consist of
respective physical quark masses at the weak scale, given
that M ~ wy. Note that the mass eigenstates u’' = (u, ¢, )7
and d’' = (d, s, b)T are related to the gauge states by u; z =
Vurriy g and dp g = Vg gdy g-

M\/EMI(WL + wg)

1 u?
—=yx T —,

2V/2 Ag

M, ~ —\/2xA; + (17)

whereas the sterile neutrinos (~vy) have large masses at the
Ag scale, M!, ~ —/2xAg.

The exotic quarks do not mix with ordinary quarks due to
the matter parity conservation and have the mass terms
given from (12) by

k K _
Lihass = < 2 +ﬁWLWR>J3LJ3R

NAREY
ky, K _
+ <7gw + ﬁWLWR>JaLJﬂR +He., (18)

which are all at the new physics scale.
Denoting uy g = (U, us, 1)} x and dp g = (dy, ds,
d3)! ¢, the ordinary quarks achieve mass terms

£ = —j; M up — dy, M9d, + H.c., (19)
where
klzl/l/ 1\;[1\/% M/(WL + WR)
kypu' ﬁ% u'(wp +wg) |,
u(wy +wg) kyzu
kiu [;I:l/%u(WL + wg)
k221/£ ]l;iz/% M(WL + WR) (20)

k33 I/l/

C. Gauge boson masses

The presence of the scalar multiplets ¢; and y; does not
significantly change the mass spectrum of the gauge bosons
that was derived in Ref. [9]. Hereafter, we summarize the
main results of the gauge sector. The gauge bosons W; and
Wpg slightly mix, which yields eigenstates

Wl = CgWL - S§WR7 W2 = SchL + C§WR’ (22)

where the mixing angle £ is defined by
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4tpuu 2uu!

t = ~ —
TN AL — (B - D +u?) T 1A

< 1. (23)

The W, masses are given by

4tku*u” g
(1% = 1) (u? + u'?) + 2t5A% — 2A%} vy

(u? +u), (24)

42 uu'? _gR A2 (25)
(= 1) +u?) +2A —2A7 | 2%

miy, = 7 [u +u? +2A% +

where g, and gg are SU(3);  couplings, respectively, which match 7z = gr/g; = 1 at the flipped trinification scale due to
the left-right symmetry. At the low energy, they may separate, 7z # 1, due to the different contributions to the running
couplings. W, is identical to the standard model W boson, 1mply1ng u2 + u’2 = (246 GeV)?, while W, is new.

Besides, the model predicts new non-Hermitian gauge bosons X7 g and Y; L. R ) that couple to the charges T, F iT5 and
T¢ F iT, respectively. The physical states are

+ + + + ﬂ:
X171 = ce Xp" =5, Xz, X' = S§1X + g, Xg". (26)
Yli(H‘Q) — C@yi(lJffl) _ S§2Y§(1+Q), Yzi(1+fl) — S‘szi(lJrq) 4 C§2Y:RS:(1+‘I). (27)

Here, the mixing angles &; and &, are obtained as

4[RMW

u
t = ~—, 28
% u? +wr+w? +2A7 — (U +w? +wh +2A%) w (28)
4tpu'w u
2 u? +w? +wk —5(u? +wr +w?) ow (29)
And the gauge boson masses are given by
m3 9 w2 +w? +wh +2A7 + g —gLW2 (30)
Xy k u? + w? +WL+2A2—I%(M +w? +wk +2A%)| 4

2 2.2 2
2 IR |2 02 12 DAL hcw IR (42 2 4 oAl 31
My, =7 [“ Twh A wg +20% W w1 2N — Rt wR +wa 1 2AD)) T 4 (w* +wg +2A%).  (31)

2.1 2 2

2 9% 2 Arguw 9L o
my = [u/ + w? +WL+u’2+w2+w%—t%(u’2+w2+w%)} =W (32)
2.2
2 gR ” 4uw 9R (2 2

+ ~ZR ) 33
Ty [u Wt Wi - u’z—l—wz—i—w%—t%(u’z—i-wz—i—wﬁe)} 4 (w" + wg) (33)

The neutral gauge bosons A3, g, Agy g, and B, which couple to the charges T3, g, Tg g, and X, respectively, mix via a
5 x 5 mass matrix, given in the Appendix. The photon field is

t t t
A = syAz + oy <_WA3R + BtwAgs + P Agg + —WB>1 (34)
Ir Ir Ix

which is massless, where ty =gy/g; is U(1)y/SU(3), coupling ratio. The sine of the Weinberg angle is
sy = txtg/\/1x(1 + ) + 13(1 + t3(1 + %)), obtained by matching the electromagnetic gauge coupling [12]. As usual,
the standard model Z boson is given orthogonally to A by
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t t t
Z; = cwAzp — Sw <t—WA3R + frwAgL +ﬁt_WA8R + [—WB>
R R X

(35)

New neutral gauge bosons take the forms that are orthogo-
nal to both A and Z;, i.e., to the U(1), gauge field in
parentheses,

Ty

Agp + Gitxtw P Agg + G irtwPB.
SiIxIg

Z; = ¢ txtyPAsg —
(36)
¢
AR _?IAI%R + ¢611%PAsk + SS11x1RB, (37)
Zp = ¢(tgAgg — txpB), (38)

where ¢ = 1/1/t3 + f*1% and ¢; = 1//1% + (1 + ).

In the new basis (A,Z;,Z},Zg,Z%), A is decoupled,
while Z; infinitesimally mixes with (Z},Zg,Z%) where
the relevant mixing angles are suppressed by (u,u’)?/
(w, wg, Ag)? < 1. Neglecting the mixing, Z; is a physical
field and decoupled as the photon. We are left with diagonal-
izing the mass matrix of (Z),Zg,Z}), which yields the
eigenstates Z), Zp, and Z% and corresponding masses as

Zy 27, ZpeceZp—sgZp,  ZpseZptce Zy,
(39)
o LG GRR R
2, =73 222 ’
SilRlx

Vo = ugTr(@'d) + 4 [Tr(¢"$)]* + 1 Tr[(47¢)°).

, BRI RUP + WV + (VAP

%3 A+ (V34 (13/1)] ’
(1)
mt, =g+ VAP (@)

provided that Az > w, wg, where the Z — Z, mixing angle
is finite,

23+ BB+ VLIV i+ 5 (1+4)
B A 2R (V3= - (V3P

(43)

Analogously, we can diagonalize the mass matrix for the case
Ag < w, wg, where Z is decoupled, while Z}  finitely mix.
For the case Ag ~w, wg, all the gauge bosons Z’,_, g and Zp
finitely mix, which can be parametrized by the Euler angles.
Note that w and wy are always taken in the same order, since
they simultaneously break SU(3), ® SU(3)z — SU(2), ®
SU(2)g and correspondingly reduce the left-right symmetry.

D. Higgs masses

Let us rewrite the scalar potential that includes the full
scalar content. The full scalar potential takes the form,
V=V,+V,+V,+ Vni, where

V, = wlriae +xkrr] + k1 [(eixn)* + (k)™ + <2 (eire) k)
Vo= ﬂzzr[TmZUL + Tra;gR] +P1{[TY(UZGL)]2 + [TY(UEUR)]Z} +P2{Tf[(520'L)2] + Tr[(”;ﬁkﬂ} + P3TT[GZUL]TY[5£0R]7
Viix = Cilebre + 10 Tr(@'¢) + Glxi v Tr(o)01) + xixrTr(ogor)] + Gilxio10 01 + X kOrORIR]
+ Calrixn Te(okor) + xixrTr(o100)] + Csleidd xr + 2k dr) + Co[Tr(o)0,) + Tr(chor)| Tr(4 )
+ [Tr(¢ poroy) + Tr(dg 0,01)] + Lsle eaprrid il +Hel
+Colovipidy ok” +He] + [fre¥eu, ¢ didl + faridxe +Hel. (44)

Here, the interactions {3 ¢ and f, are abnormal and subdominant since they can be removed by a global symmetry U(1)

that nontrivially transforms any one of the fields.

Expanding the neutral scalar fields around their VEVs, we find minimization conditions, mass terms, and interactions. The
mass terms are divided as V. = Vg + V4 + Vipargea» Where Vg and V4 include those of CP-even and CP-odd scalar fields,

q+1)

respectively, whereas V pareq CODSists of those of the charged scalars. Considering g + 1-charged scalars, four fields (¢2i3( ,

1 1
¢§t2([1+ ) (g+1)

+
> XR

, and ;(f(‘”l)) mix via a 4 x 4 matrix, which by diagonalization provides two massless Goldstone bosons,

Gaqﬂ) and Gi(qﬂ), and two massive Higgs fields, Hlﬂqﬂ) and Hzi(q+l). These states are related to the gauge states by

L R

(¢;t3(q+1)¢§t2(q+l)xi(q+l))(f(q+l))r _

R

P(G¢(4+l)G?}SQJFI)HT(‘FFI)H;(Q*U)T’ (45)

L
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where

0 _ (u?=w?)2+ww? 0 Wwy
\/(14’2—w2)2+(wz-&-u’2)wfe \/(u’z—w2)2+(w2+u’2)wi,

w2 —u? u'wwpe 0 wwg
P . \/u/z_WZ)ZJrWZW?? \/((u’z—wz)2+w2w§))((u’z—w2)2+(w2+u’2)w§) \/(u/z_W2)2+(W2+Wu/2)wi

- wwgce, u'wy (u?=w?)ce, s (w?—u)cg, ’
\/Lt’z—w2)2+w2w§ \/((u’z—w2)2+w2w§))((u’Z—w2)2+(w2+u’2)wi) & \/(,l/z_wz>2+(W2+Wu/2)w%e
_ WWRSE, _ M/WR<M/2—W2)S€~4 —c (W’Z—Ll/z)S54

\/u’z—wz)erwzwfe \/((u’z—wz)erwzwfe))((u’z—wz)er(weru’z)wi,) ! \/(u’z—w2)2+(w2+wu’2)wﬁ,

where the mixing angle &, is defined by

2Lour/u* + u'* + 2uP Ny — 2u*(u? — A3)

tan 254 = [254 ~ —

A . (46)

Concerning the singly charged scalars, the model contains two massless Goldstone bosons (G%VL and Gﬁ,k), which are
eaten by Wi and Wi, respectively, and two physical massive fields, H{ and H;. They are related to the gauge states
through (ai5z, $i3, $31,012)" = ,C(G:VEVHG%:VR’ HY, Hy)", where

0 2(u?+u?) A (=1 ) s, (=1 e,
\/(u’z—u2)2+2Af?(u2+u’2) \/(u’z—uz)z-&-ZAfe(uz-&-u’z) \/(u’z—u2)2+2Ai(u2+u’2)
W _ u(u?—u'?) _ \/EuAngS \/EW\R%5
2N 2, n V) T 2.7 7_,2\2 2,21 712 2_,2\2 22 7
IC~ \/u +u \/u +u" \/(u’ —u?) 2205 (uP+u'?) \/(u u?)> 205 (w0 +-u'?) \/(u w? ) 205 (u +u') ,
u W (u?—u?) _ \/§L¢’ARs55 \/Eu’ARc¢5
w2 +u \/u2+u'2\/(u'z—u2)2+2A§(u2+u’2) \/(u/z_u2)2+2A§(uz+ulz> \/(M/Z_M2)2+2Ai(u2+u/2)
0 0

with the mixing angel &5 defined by

Ces Ses

_ 2u'wwywry/ (W 4+ wi) (W2 +wi) (Wi 4 wh 4+ 2(w? — u?))

fre = 47
2% (w2 —w2) (u*w? + u?wiwk —w?(w? + w?)(W? + wk)) (47)

The model also contains two heavy doubly charged scalars H{* and H3*, defined by
HY™ = cq055p = S5,000,  Hy™ = 85,0550 + ¢5,000, (48)

2”9 AL Ag
(AL =AR) (—1*Co+2AL Ag)"
Ag > A, the mixing angle &; ~0; hence, 0,,; and oyr
are physical states by themselves.

For the neutral scalars, they split into two parts: CP odd
and CP even. The model contains only a light CP-even
neutral scalar that is identified as the standard model Higgs
boson, while the other CP-even states achieve large masses
at the new physical scale. Additionally, the CP-odd part
contains four massless Goldstone bosons—which are
correspondingly eaten by the four massive gauge bosons
Z, Zg, Z;, and Zp—and three heavy scalar states.

Because of the limit

where 1,; =

III. FCNC

As mentioned, the tree-level FCNCs arise due to the
discrimination of quark generations; i.e., the third gener-
ations of left- and right-handed quarks Qs; z transform

|
differently from the first two Q,; x under SU(3); » ®
U(1)y gauge symmetry, respectively. Hence, the neutral
currents will change ordinary quark flavors that nonun-
iversally couple to T, g, since X is related to T'g; p by the
electric charge operator and Q and T5; p conserve every
flavor.

Indeed, with the aid of X =Q— (T3 + T3z)—
PB(Tg; + Tgg), the neutral currents of quarks take the form

Lne = =0L gV, [90.(T5 RAS, & + Ts1.RASL &)

+ 9x(Q = Tsr.r — BTsL.r)B"| QL k: (49)
where Q; y are summed over all the quark multiplets. All the
terms coupled to T3, z and Q do not change flavor because
uy g and d; p are identical under such charges. Hence, the
FCNC:s exist only for the terms that couple to Tg; g,
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3
LneD - Z OurrYuTsr.8Qar.r(9L.RASL g —B9xB"). (50)

a=1

In the basis (Z , Zg, Z% ), the Lagrangian (50) is rewritten
as

Lne D _ZI/L}/ﬂ(V;LTSqVqL)q/L (91 Z} + 9 Zl + 9324

- Z]}QY#(VLLTSqVqR)q;?fMZ;g’ (51)
1

where we denote ¢’ as either u’ or &', T, :mdiag( 1,1,-1),

91 = griglx cotOws, 9o = gLPIRIxcS1, 93 = —gLixPe,
and g, = —%L.
Taking, for instance, the limit A > w, wy and changing

to the mass basis, we obtain

Lxc D _EI/LJ//t(VZLTSqVqL)q/L (91 Z} + (92ce, — g35:,) 2
+ (925¢, +93C§3)Zm
- Q}?yﬂ(V(;LT&]VqR)Q%.g‘l(_Ségz!;? + 6632%)' (52)

It is noted that since grAgg — fgxB ~ Z% and due to the
large mixing Z, — Zg, both Z} and Z; contribute to the
right current, whereas the left current composes Z; and
these fields (Z/; and Zg), as g, Ag; — PgxB is not
orthogonal to Z%. Consequently, the three fields Z, Zp,
and Z}% dominantly couple to the tree-level FCNCs,

1
Lrene :%q/iLyﬂq}L(V;L)y(qu)3j 912

+(g2ce, — 935¢,) 2 + (925¢, +93053)Z;l;]

Iy
L

1 -
+7§q/iL7ﬂ¢I}L (VZR)3,-(VqR)3j94(—S§3Z7e +Ce, Z’,’{),
(53)

fori # j. The new observation is that Z changes flavor due
to the large mixing with Z%, in contrast to the minimal left-
right symmetric model.

Integrating the heavy gauge bosons Z, Z%, and Z) out,
we determine the effective Lagrangian that describes the
meson mixings,

‘C%féNC = _T1L]<é/iL7yq}L)2 - T%((}/iR}’ﬂfI}R)z, (54)
where
1 i ; 92 (920.5 — 93¢ )2
1Y = [V VPP - (25 )
3\ "q q mz mzzk
St + gyce )?
+(92 & 293 53) } (55)
Mz
1 : GiSE,  9act
TY = Z[(V* 3i \% 3j12 3 3 56
F= 3V Ve PR (56)

Generally, the fields Z; , Zg, and Z, mix viaa 3 x 3 mass
matrix, as given in Appendix. In this case, the mass
eigenstates, V= (2, 2,,2;), are related to V=
(Z},,Zg, Z) by V = U?V. Therefore, the couplings given
in Eq. (56) are generalized by

i L s - [ Uf + 92U3, + g3U%))?
T/LJ _ § [( qL)Sl(VqL>3]]2 [ 11 m221 31
Z
Lo U% + g U%, + 93U%)?
m2Z2
_|_(91U%3 +92Uz§3+93U§3)2} (57)
ms,
1 ; 5 [(94U5)?  (94U%)*  (94U%)?
T%]ZE[(VZR)31(VQR)3]]2|: 231 + 232 + 233 .
Mz, Mz, Mz,
(58)

This effective Lagrangian contributes to mass splittings
Am,, between neutral mesons M° — M°, where M denotes
B, or K. With the help of the mass matrix elements in
Ref. [13], the mass differences computed from (57) and
(58) are

Amg = 2P 4 T meff (99)
Amg, = SRR TR, (60)
Amg, = SR(TE - X my f (61)
The total mass differences can be decomposed as
(Amyg )i = (Ampy )y + Amyy, (62)

where the first term comes from the standard model con-
tribution given in Ref. [14] and the second term is the new
physics contribution as derived in (59)—(61). These predic-
tions are compared to the experimental values [14]. Here, for
the neutral kaon mixing, we assume that the theory predicts
the mass difference within 30% since the potential long-
range uncertainties are large. In contrast, the intrinsic
theoretical uncertainties for By ; mass differences are small,
assumed to be within 5%. In other words, the meson mass
differences obey

0.37044 x 1072/ ps < (Amg),,, < 0.68796 x 1072/ ps,

(63)
0.480225/ps < (Amy )., < 0.530775/ps,  (64)
16.8692/ ps < (Amp ), < 18.6449/ps.  (65)

For a numerical investigation, we take w = wg, g; = gr
(.e,tg =1),V,, = V,g = I,and Ay and w are beyond the
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FIG. 1. Contours of Amg, Amyg , and Amy, as a function of (w, Ag) according to f = —\/% (left panel) and f = \/Lg (right panel).

weak scale and free to float. We have V;; = V r = Vexm
(i.e., the misalignment in Vy tight to the down-quark
sector), where the left and right values equal due to the left-
right symmetry. With the input parameters Vcgw, Mk, .
and fgp , given in Ref. [15] and the new neutral gauge
boson masses derived by numerical diagonalization of the
M;,; matrix in Appendix, we make contours of the mass
differences, Amyg and Amg, in the w— Ag plane as in
Fig. 1. The viable regime (gray) for the kaon mass differ-
ence is almost the whole frame. The red and olive regimes
are viable for the mass differences Amp and Amyg,
respectively. Combining all the bounds, we obtain w >
85 TeV and Ap > 54 TeV for the model with f = —%,

whereas w > 99 TeV and Ay > 66 TeV for the model with
p= \/ig Here, the f values chosen correspond to the dark

matter versions [9].

IV. CHARGED LFV

One of the strongest bounds on the charged LFV is the
decay y — ey. Hence, in this work, we study that channel in
detail and discuss other charged LFV processes which are
potentially troublesome.

A. u — ey decay rate

We are going to derive an expression for the branching
decay ratio of u — ey in the flipped trinification, based
upon SU(3)- ® SU(3), ® SU(3)x ® U(1)y gauge sym-
metry, completed by a left-right symmetry of SU(3), and
SU(3) interchange. Similarly to the standard model, the
decay p — ey in the present model cannot occur at tree
level, but happens through one-loop diagrams, which are
contributed by new Higgs scalars, new gauge bosons, and
new leptons.

Suppose that the gauge states and the mass eigenstates of
the new (N) and ordinary charged (/) leptons are related as

Na = (Ug)akNchv Nug = (URIY)akN;cR’

€aL = (Ui)akeZL’ €ar = (Uﬁi)ake;CR’ (66)
where UY  and UIL’ g are basis-changing (mixing) matrices
and unitary. If the left-right symmetry is not imposed, i.e.,
wy, = 0 as in the previous study [9], U}  and UIL, g are not
independent because the mass matrices of N and [ are
solely generated by the same Yukawa coupling y,,
[cf. Egs. (13) and (14)]. It is easily realized that the one-
loop diagrams with the mediation of charged gauge Y+(¢+1)
or Higgs H**1) bosons that couple to / and N do not
contribute to the decay u — ey, since the new leptons do
not mix in the basis of charged lepton eigenstates due to the
mentioned m;, my ~y. Alternatively, when the left-right
symmetry is included, the mass matrices of / and N
generally differ due to the z,, coupling contribution, in
which one should note that 0 #w; < w,wr ~ M recog-
nize a left-right asymmetry at the low energy. In this case,
the new fields Y*(@*+1)/H*a+) and N significantly con-
tribute. That said, the two cases must be taken into account
when we parametrize the mixing matrices for numerical
investigation, in the following section.

The neutrino mixing matrix is denoted as U*, which is a
6 x 6 unitary matrix, relating the gauge state X; =
(ve, (vg))T to the mass eigenstate X}, such as
X, = U*X},. We write U in terms of

=t o) = ()
\Up Ug) \U%)

Hence, the Yukawa coupling x can be easily written in
terms of diagonal light (called m;) and heavy (called mp)
mass matrices and the mixing matrices Uy g 4 g,

(67)

__(Upm Uy +UmgUy) _ (UgmgUp + Upm, Uy)
V2A, V2Ag

(68)
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TABLE I.  Vertices that contribute to the decay rates £ — ¢'y.

Vertex Coupling

¢ X H; Vi = —i(UL) (xy) (U) e, (se,)

eRX, H; Yﬁi_ = —i(UR) (yx)U¥s¢, (ce,)

e, NiH; (¢+1) Y7L{(q+1) = (UL) yUNC§4 (s§4)

éRNl H (q+1) Y;:—(IHU = (UR)TyUL S@(C&)
H - —ig in =1 1

(ef,y yf)wl;t \/‘%L UL = \/qvl (UTUZ)Cf(Sg)

o M - —i in —i i

(ekr Z/R)W . \/gZR UR ( :) \/g_R(UZ Uy) .f(Caf)
HN' g+l =i Yijqﬂ =i

(€L NL)Y, WU = (U U (5z,)
NG (q+1) _; Y;(‘Hl) _ i

(eR}/ N )Y \l/%R URK = i (U I )ng(sz)

epefH;™ Yﬁ;- = (UL) (UL) ce,(se,)

e YE = —i(Ul) x(U) sy, (ce,)

Similarly, the Yukawa coupling y can be expressed in terms
of the diagonal matrices m; and m,, that include respective
charged and new lepton masses and the mixing matrices

LN
UL,R’

To derive the decay rate y — ey at one-loop approxi-
mation, we necessarily calculate the form factors of the
relevant one-loop diagrams that contribute to the process.
We list in Table I the vertices that are present in the current
model and involved in the phenomenon of interest. In the
table, we denote i = 1 (2) according to either c; or s; out
(in) the brackets, respectively. The previous works have
calculated the form factors for the process y — ey by
taking into account the contributions of singly charged
gauge bosons (W boson), doubly charged Higgs scalars
[16-21], and singly charged Higgs scalars, where the last
contribution was considered for the first time in Ref. [22].
In this paper, we present the results for the form factors of
one-loop diagrams with the exchange of virtual general
charged Higgs scalars and gauge bosons. To our best
knowledge, this has not been done so far.

The effective Lagrangian derived from calculations of
the form factors of one-loop diagrams for 4 — ey with the
participation of virtual scalars and gauge bosons in the
considering model can be simply expressed as

G
Ler = —467; (Areo,, Pru + Apeo,, P u)F* + H.c.
I V2UL my(UL)T _ V2U my(UR)T  wpwg
u w V2Mw' (70)
(69)
Here, A; y are the form factors,
|
x my x
A= =3 s T | (VYA < Q)+ () u(Fh ) 3 Pl 0)
HOk
1 M . . My
+3 e (), (U ), 08 ) = (U5), (U5 ), e 892 1)
A2 k
m
== T | T8 < Q)+ B ) u () 3 Flrse )
HO )
1 M gk R L R 0
—= — R A 72
= et (VAU 080 (U4, L) RS ™)
where HY = H;’,H;“J“,Hf(qﬂ),A,? = Wj;, Hath) (i = 1,2), and m,, are the masses of associated fermions that, along with

either H2 or A2, form loops. The functions F (Q) F(r,si. Q), G2 (x),and R (x) appearing in Eqs. (71) and (72) are defined as

(73)

F(r..0) = 05— (1) x { +10g(sk)+<1—2—jk>\/1+74ﬂ1 <\/\/T%+§>} (74)

G0 = 02 2)x? —

(120-5x+30-1 32

(Ox—0+1)

4(x—1)>

T loel) (75)
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O-1x*+20-1)x—-4(Q+1)

R(x) = -
7 (%) 2x— 1)
3x(0x—Q0-1)
— 1 , 76
S losl) (76)
where we have defined A =m/M,, sp=mi/Mjp,,
r= —qz/MIZqQ, and that ¢ = p,—p; 1is transferred
momentum.

The branching ratio of 4 — e + y decay is obtained as
[17,18]

Br(u — e +y) = 384x*(4naem ) (|Ag > + |AL)?),  (77)

where a.,, = 1/128 is the fine-structure constant.

B. Numerical analysis/discussion: w; =0

Before performing numerical calculations using the
branching decay formula obtained in the previous section,
let us estimate the magnitudes of relevant VEVs. Among
the VEVs introduced, the smallest one could be A;, which
is at electron-volt scale responsible for the neutrino masses,
much smaller than the weak scales u and u satisfying the
constraint u? + u> = (246 GeV)?. Hence, we safely
neglect the contributions of A;. The quark FCNC con-
straints imply w, wg, Ag 2 O(50-100) TeV, appropriate
for the collision bounds [9], in which such VEVs break the
flipped trinification to the standard model, significantly
greater than the weak scales. Finally, A can take a value,
such that (i) Ag > w, wg, (i) Ag ~ w, wg, or (iii) Ap K w,
wg, depending on the symmetry breaking scheme. The
viable dark mater scenarios [9,23] prefer cases i and ii,
which will be taken into account.

Because of the condition Ag, w, wg > u,u' > w;, A,
the masses of the gauge bosons relevant to the process are

; 2 L2 2) 2 ~TA2 2 L2
approximated as my, ~%(u®+u'?), my, =5 Ak, my ~4w?,

2 8 (2 2 o
and my, ~% (w* + wg), where we have used g, = gg = g.

Note that W, has the mass identical to the standard model,
while my, and my , are large, at tera-electron-volt scale or
higher. The masses of relevant new Higgs bosons H*, H**,
and H*(4*1) depend on unknown parameters present in the
scalar potential, which cannot be estimated precisely.
However, their masses are all proportional to the new physics
scales A, w, and wg, which should be large enough to escape
detection [15]. That said, it is reasonable to choose the new
Higgs masses from hundreds of giga-electron-volts to a few
tera-electron-volts. Particularly, in hierarchical cases, the
largest masses can be chosen up to hundreds of tera-
electron-volts.

Let us parametrize the Yukawa couplings and mixing
matrices, involved in the branching ratio 4 — ey in (77), in
forms convenient for numerical investigation using the
current data. Without lost of generality, we work in the

basis of charged lepton mass eigenstates, i.e., m; = yu'//2
is diagonal, implying U IL x = 1, in the same criteria used in
the standard model. Besides, the new lepton masses are
generated by the same Yukawa matrix y, with the relation
between both kinds of masses given in (69), where w; = 0.
Hence, the choice of U} ; leads to U}, = 1. Without
depending of basis, the ratio mi/my (i=1, 2, 3) is
universal for any generation,

i /
m u

, (78)

L=—
my w

which implies mjv > 50 MeV, 10 GeV, and 170 GeV for
i =1, 2, 3, respectively, given that w/u’ = 100. We are
interested in the two dark matter versions according to
p = £1/+/3, where we note that N is a standard model
singlet for # = —1/1/3, whereas it has an electric charge
g=—1 for f=1/v/3. The former is always viable,
similarly to the case of a light sterile neutrino. However,
the latter should be ruled out due to the electroweak
precision test, unless the new physics scale is unexpectedly
raised, w/u’ > 107, so that the lightest new lepton is heavy
enough to suppress the dangerous processes, e.g.,
Z — NN.

Note that at one-loop approximations the diagrams with
virtual neutral Higgs scalars do not contribute to LFV
processes, including 4 — ey decay, because the interacting
vertices of two leptons with such a neutral scalar do not
change flavor (i.e., conserving flavor). The vertex couplings
are governed by the magnitudes of diagonal elements of the
Yukawa matrix y as well as a mixing factor among neutral
scalars. These vertices are also constrained by the current
experiments through the channels of the standard model-like
Higgs decay into two leptons h — ££’. According to
Ref. [15], h — 7T has been observed at a quite high precision,
while 2 — pjiis likely observed, but at large uncertainty, and
the branching decay & — ee can only be set by an upper
limit, Br(h — ee) < 1.9 x 1073, All these agree with the
strengths of hZ¢ interactions, set by the corresponding lepton
masses. Because of the mixing, / can decay into light N’s, but
the rate is highly suppressed by (u, u')?/(w, wg, Ag)? < 1.
The light N’s are undetectable due to weak interaction
strengths. However, since no constraint has been placed
on their masses, they can take any values consistent with the
scenario of interest.

Our study is interested in a model in which the new
physics scale is not too high, thus presenting rich physical
phenomena at the current and future experiments. Let us fix
the benchmark values for #’ and w, based upon the relation
(78) and the others. Close to the standard model, we choose
' near its maximum, u’ ~ 246 GeV. Another advantage of
this choice leads to the smallness of u, thus having a
significant reduction of Ay satisfying the required con-
dition for the seesaw mechanism, u”>/Ag ~ eV. Choosing
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the lower bound for the heaviest new lepton to be 50, 200,
or 500 GeV, one has w > 7,28, or 70 TeV, respectively. In
the seesaw mechanism, note that U; and Uy diagonalize
the mass matrix M, and My, respectively. Thus, U; and Uy
generally differ. The observed neutrino masses imply the
sizes of M; and MEMz' M, in electron-volts. The small-
ness of M is ensured by small A;, say A; ~ 1eV, while
the magnitude of MIMz'M ), depends on the correlation
between y, u, and My. Since y has been fixed before
diag(y) = (3 x 107°,6 x 1074, 1072), the lower bound set
for the right-handed neutrino masses My is 10 and
1000 TeV according to u = 0.1 and 1 GeV, respectively.
Summarizing all, the parmetrization for numerical inves-
tigation is now performed. First of all, U; coincides with
the Pontecorvo-Maki-Nakagawa-Sakata matrix Upyns.
determined with a high accuracy by the oscillation experi-
ments, except for the Dirac CP-violation phase (where the
Majorana CP-violation phases are neither determined nor
contributing to the process). The 3 x 3 unitary matrix Uy is
parametrized in the same way as Upyng, but its angles and
phase are freely chosen in the calculation. Last, M can be

calculated using the relation My = UM% U, where

M(Ii;ag has a diagonal form of the heavy neutrino masses.
The Yukawa matrix x is derived from My as x =
—ULMS™ U/ (V2Ag). In the following, we will present
the results of numerical calculations for the case in which
the involved parameters are chosen as u=0.1GeV,
w=10TeV, wp=20TeV, diag(M%")=(10,20,30)TeV,
and Ug(0,,.0)5,0%.8) = Ug(n/4,7/4,0,0). Note that
the choice u =0.1 GeV is in order to conserve the
condition u’ ~246 GeV, the important implications of
which have been discussed before. The other quantities
such as A, w;, and light neutrino masses are neglected due
to the small effects for the process.

Although Y; and H; are listed in Table I, it is realized that
their vertices do not contribute to the y — ey branching
ratio at the one-loop level, as mentioned. The reason is
similar to the case of vertices of neutral Higgs scalars,
which conserve lepton flavors. Indeed, all of the matrices
relevant to them, such as Uf ;, UY,, and y, are diagonal.

In Figs. 2-5, we respectively show the dependence of the
branching ratio Br(u — ey) on the relevant parameters in
this kind of model. To produce the results, we have
separately considered the contributions to the decay rate
corresponding to the exchanges of the virtual gauge
boson and charged Higgs scalar. As has been introduced
above and expressed in detail from Eq. (70)-(77), in the
model under consideration, the y — ey branching ratio
depends complicatedly on many parameters, most of which
are unknown. Moreover, the variation of a parameter might
change the contribution of the involving channel to few
orders, e.g., the mixing angles between the left and right
sectors &; see the figures for details. Therefore, presenting
individual contributions would provide more information

-12
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FIG. 2. The branching ratio Br(u — ey) governed by inter-
mediate Wi, gauge bosons, which is given as a function of A, for
the selected values of their mixing angle &,,. The upper and lower
blue lines correspond to the MEG current bound and near-future
sensitivity limit.

and better understanding about the phenomenon. We also
suppose that heavy Higgs H and HF* (i = 1, 2) possess
equivalent masses, commonly called My. Additionally, the
mixing angles between HY and H5 as well as between
H{* and H5* are equally taken and denoted as &p.
Figure 2 describes the dependence of ;4 — ey upon the
diagrams that exchange virtual gauge bosons W, (i = 1, 2),
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FIG. 3. The branching ratio Br(y — ey) governed by inter-

mediate Higgs bosons Hi, and H{75', which is given as a function
of Ay for the selected values of the mixing angle &;. Here, we
have set My = 10 TeV as a common mass for all Hy, and H{3
and supposed that the pairs H{-H3 and Hi*-H5= have the same
mixing angle (&p).
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FIG. 4. The branching ratio Br(u — ey) governed by either virtual singly charged scalars (left panel) or virtual doubly charged scalars
(right panel), all given as a function of the Higgs common mass M (all the Higgs bosons presumably have the same mass) for different

values of their mixing angle £, with fixed A = 100 TeV.

given as a function of Ag. The choice of diag(M$"¢) =
(10,20,30) TeV and U;  has canceled out the depend-
ence of U, on Agp. Moreover, W; is the standard model
W boson of which the mass is fixed as My, = 80 GeV.
Therefore, the branching ratio lines shown in Fig. 2 are
depicted as a function of the new boson mass My, ~ Ag
and mixing angle &,,. For each value of &, the branching
ratio goes down due to the dominant contribution of W, to a
constant value, as increasing Ag. The constant line is
preserved by a constant contribution of W,. Using the Mu
to E Gamma experiment (MEG) current bound on the
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FIG. 5. Dependence of the branching ratio Br(u — ey) as
governed by the exchanges of virtual singly and doubly charged
scalars, given as a function of the Higgs common mass My for
different cases of the mixing angle &, where A = 100 TeV
is fixed.

u — ey decay, one roughly estimates the lower bound A, >
12 and 10 TeV for &, = 1073 and &, < 107, respectively.
The strong dependence of the branching ratio on the mixing
angle &,,, which separates about two orders between two
successive lines for the range of large Ay, suggests the
domination of the interference terms in A; » [cf. Egs. (71)
and (72)]. Indeed, the interference terms are proportional to
Z—: siné,, cos €, ~ Z—z &,,- Thus, the branching ratio is propor-
tional to %éfv ~ £2, which is consistent with the observa-
tion from the figure, whereas the other terms are either
proportional to cos &2 =~ 1 or suppressed by a factor &2, It is
figured out that the dominant interference terms are

provided by the factor % ~ 10, for instance, for the case
"

of heavy neutrino mass n1;, ~ 10* GeV. Similarly, we have
the same domination of the interference terms in Figs. 3-5.

The branching ratio in Fig. 3 is a monotonically
decreasing function of Ay, which enters the decay rate
through the interaction vertices, which have strengths
depending on the elements of the Yukawa coupling matrix
x ~ 1/Ag. The behavior of the branching ratio is consid-
ered for different values of the mixing angle &. The
figure implies that, consistent with the current MEG upper
bound, Br(u — ey) <4.2x 10713, the lower limits are
Ag > 1100, 105, 13, 10.2 TeV according to &y = 107!,
1072, 1073, 1074, respectively. Besides the sensitivity of the
future MEG are possible to probe u — ey signal, provided
that Ag < 1300, 120, 15.5, 13 TeV for &; = 107!, 1072,
1073, 1074, respectively.

In the next two figures, we demonstrate the dependence
of the branching ratio as a single variable function of the
new Higgs mass My, where Ay, is fixed as 100 TeV. As we
see from Figs. 4 and 5, the smaller the mixing angle & is,
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the smaller the lower bound is set for the heavy Higgs
masses. If the contributions to the diagrams include only
the virtual singly charged scalar (Fig. 4, left panel), the
lower bound for the scalar masses reduces from My =
53 TeV at £ = 107! down to My < 10 TeV at £ = 107,
We get almost the same limits for the case with doubly
charged scalar exchanges (Fig. 4, right panel).

C. Numerical analysis/discussion: w; # 0

The flipped trinification discriminates from the minimal
left-right symmetric model especially in the extended particle
sectors, governed by the new gauge symmetry. Part of them
produces the interesting quark FCNCs, as studied above. In
this section, we argue that the presence of other part of them
gives novel contributions to the charged LFV. It is stressed
that such LFV processes, e.g., 4 — ey, can be altered in the
case of nonvanishing w; . Although w; is constrained to be
much smaller than M, Ag, wg, and w as well as not modifying
the results discussed in the previous section related to H; and
W;, the nonvanishing w; causes the mass matrices of
ordinary charged and new leptons to be not simultaneously
diagonalized. This provides the new sources of the LFV,
which involve the (¢ 4 1)-charged Higgs and gauge bosons
(H15, Y1 ,) as well as the new leptons (V) in the loops for
u — ey, which is a new feature of the model.

In the basis of ordinary charged lepton mass eigenstates,
the mentioned, new lepton mass matrix can be expressed as

My =M% + AMy, (79)
where
my, 0 0
My=-224w=1 0 ml o0 [. (80
V2 0
0 My
a by b
Zq
AMN = —T‘ZWLWR = Bl ar b3 . (81)
B, B3 a3

Here, |y|| ~ ||M,||/u’ ~1073-107% is constrained by the
ordinary charged lepton masses and small. The coupling
matrix z is generic and maybe sizable, but it generally
obeys ||z]| ~ 1 < ||y||(w/wp), provided that w/w; = 103
For instance, if w = 10 TeV, one takes w; < 10 GeV. This
leads to ||[AM || < |[|M% ||, which is also expected due to
the contribution of the effective interactions. To find the
mixing matrix, we pertubatively dialgonalize the squared
mass matrix, MM, while taking into account AM, as
a subdominant contribution compared to M%. The final
result is

1 bjm‘}z]l+Blm([1,2 b;m%IjLBzmom
(m3,) =(mQ, > (mQ3)*=(m))*
U= _ blmﬂNl-‘,—BTmON2 1 b;rn%z-‘rB}mom (82)
() =(my,)* (miy3)?=(m3)?
_b2m9v1+B;m?13 _b3m%2+B§m%3 1

(miys)=(m)* (miys)*=(m3)*

For brevity, in numerical calculation, we assume z,, as a
real symmetric matrix with z;, = z;3 = zp3 = 1, which
means that the new lepton mass matrix is invariant under
the charge-conjugation and parity transformations. This
choice leads to an approximation, U¥ ~ U ~ U. We fix
M =100 TeV,w = 30 TeV, and w; appropriately ranging
from an infinitesimal value to a few giga-electron-volts. All
the remaining parameters take the same values as in the
previous subsection.

In Fig. 6, we depict the dependence of the branching
ratio Br(u — ey), contributed by the exchanges of virtual
Y;_réq“) gauge bosons, in terms of w; for several values of
the mixing angle £y. With the set of the parameters used in
the numerical calculation, the branching ratio of y — ey is
within the sensitivities of the current and near-future
experiments. The upper bounds w; = 0.35, 3.53 GeV
are set for & = 107!, 1072, respectively. While the next
MEG upgrade might probe the decay signal if w; > 0.13,
1.34 GeV corresponding to &, = 107!, 1072, respectively.

The contributions to the decay u — ey by virtual charged

Higgs Hfg‘”l) exchanges are extremely small, compared to

those by Yfgﬁl) gauge bosons, if one uses the same values
of the model’s parameters involved in the process. The
branching ratios shown in Fig. 7 are smaller than the gauge
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FIG. 6. Dependence of the branching ratio Br(u — ey), gov-

erned by the virtual Yfgqﬂ) gauge boson exchanges, on w; for

different values of the mixing angle &y. The upper and lower lines
correspond to the MEG current bound and the near-future
sensitivity limit.
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FIG. 7. Dependence of the branching ratio Br(u — ey), gov-
erned by the virtual charged Higgs Hli’(qu) exchanges, as a
function of wy, for different values of the mixing angle &5, , where
we fixed the Higgs masses My = 10 TeV.

ones by 14 orders of magnitude, which are about 13 orders
of magnitude below the future MEG sensitivity. It is not
hard to see that the branching ratios are strongly suppressed
by the ordinary charged-lepton Yukawa couplings y*,
where the biggest element is only y; ~ 1072, which are
much smaller than the gauge contribution.

D. Other charged LFV processes

In this model, the charged LFV processes such as y —
3e and 7 — 3u(3e) can exist at the tree level, exchanged by
the charged Higgs Hi . The 4 — 3e branching ratio in the
present scheme with a low scale of new physics of order
10-100 TeV is expected to be in the sensitive ranges of the
current and near-future experiments. The present upper
bounds on branching ratios of 7 — 3u(3e) are in the order
of 1078 [15], which are four orders bigger than those of
u — 3e decay at 107!2 [15]. Moreover, the y — 3e experi-
ment at Paul Scherrer Institute (PSI) is expected to
determine the signal of Br(u — 3e) > 107", and its
upgrade is sensitive to the y — 3e branching ratio not
smaller than 107!¢ [24]. Therefore, we need to consider
only the process of y — 3e decay in which we are
concerned with this search.

It is easily verified that, in contrast to the previously
mentioned processes, the charged-LFV neutral-Higgs
decays, e.g., h — urt, receive only one-loop contributions.
On the theoretical side, they are strictly suppressed by the
heavy particle masses and the loop factor 1/16z2. It is
easily proved that such processes satisfy all the current
bounds with the chosen parameter regime, since such
experimental bounds are less tight [15].

Using the relevant LFV vertices given in Table I, while
keeping in mind that the doubly charged Higgs bosons that
dominantly contribute to the y — 3e decay have the
transferred momenta much smaller than their masses,
one can write down the effective Lagrangian as

Le(u — 3e) = gis(efur)(efer) + grs(ezur)(eqer)
+ gr§(efp)(erer) + gis (egpr)(efer).
(83)

Here, we denote M H, (i =1, 2) to be the masses of doubly
charged Higgs bosons and

2

A== (Mi_)z 08, (%) (84)
2001

9%? == Z (MH‘)Q (YH,)W(YH,)M
I |

=3 Gy OB ) (85)

The branching ratio is straightforwardly obtained as [25]

1
32G2

Br(u — 3e) (lgzs? + 19§ 1> + 19L8 1 + lgks]?)-

(86)

where Gy = 1.166 x 1075 GeV? is the Fermi coupling
constant.

For numerical evaluation, without loss of generality, we
assume that both of the doubly charged Higgs bosons have
the same mass; thus, My =My (i=1, 2). It is not
necessary to consider the mixing angle, &y, between
H{" and HJ " for the process in which we are currently
interested. Because of the &y smallness (&5 < 1), the
dominated contributions come from the terms involving
20%,),, 05 )/ (M )P and 208) (%), / (M, ).
which are easily realized as proportional to cos&y? ~ 1,
whereas the others are suppressed by a factor either sin &y
or sin &4, In the following discussion, we take & = 0.1.
The branching ratio expressed in Eq. (86) is, in fact,
inversely proportional to M7 A% because it is proportional

to Yi" ~x, where x = —UpM$2UL/(V2Ag), Ug =

Ur(0)5.015.055.8), and gy ~1/M3,. Therefore,

the ratio will be strongly suppressed in the large ranges
of Ag and M ;. Taking M5*® = (10,20,30) TeV as chosen
before, while varying 0),, €5, and 0); in the range of
[0,7/2] and & in [0, 2x], one gets a bound,
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FIG. 8. Branching ratio Br(u — 3e) as a function of doubly

charged Higgs masses. The three blue lines, Br(y — 3e¢) =
10712, 10715, 107'®, correspond to the current experimental
upper bound and the sensitivities of PSI and PSI upgraded
experiments, respectively.

4
0 < Br(u — 3e) < 1.64 x 10° [1 Tev} [1 Tev

A r. (87)

H

As a specific case, taking 60, = 6,; = 60, = 7/4 and
& = 0,Fig. 8 describes the behavior of the 4 — 3e branching
ratio as a function of the doubly charged Higgs masses. The
figure reveals a line of a monotonically decreasing function
as increasing of My, which is consistent with the fact that the
branching ratio is inversely proportional to M%,, mentioned
above. The lower bounds of the doubly charged Higgs
masses corresponding to the current limit, PSI experiment,
and its upgraded sensitivities are 14, 79, and 143 TeV,
respectively. Thus, we apparently conclude that the future
PSI experiment is more sensitive to the new physics of the
considering model than the MEG, which gives the lower
bound My = 53 TeV for the case &y = 0.1.

V. CONCLUSION

When a gauge symmetry is flipped, it leads to a deeper
structure that defines a more fundamental theory. For

instance, SU(2), flipped yields electroweak unification;
SU(5) flipped defines a seesaw mechanism; and SO(10)
flipped leads to E¢ and promising superstring theories.
In this work, we have addressed such a nontrivial task,
the flipped trinification and its novel consequences. First
of all, a trinification flipped unifies both the 3-3-1 and
left-right symmetries. Consequently, this flipped trinifica-
tion resolves the generation number and the weak parity
violation. Additionally, it generates neutrino masses and
dark matter naturally via the gauge symmetry.

An important feature of the flipped trinification is that it
presents the flavor-changing currents in both quark and
lepton sectors. We have probed that the quark FCNCs bound
the new physics scale to be at or beyond several tens of tera-
electron-volts via the neutral meson mixings, By -BY . The
charged LFV via the decay y — ey yield mostly the same
bound, whereas the other processes such as 7 — 3u(3e) and
h — pt are easily experimentally satisfied. The process u —
3e receives tree-level contributions by the doubly charged
Higgs bosons and presents the same limit on the new physics
as the meson mixing and ¢ — ey do.

All the results indicate that the trinification is possibly
flipped at tens of tera-electron-volts. Additionally, the
contributions of the new particles other than the left-right
symmetric model are important to set the charged LFV and
quark FCNC observables, which can be used to prove or
rule out this proposal.
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APPENDIX: NEUTRAL GAUGE BOSON
MASS MATRICES

For convenience in reading, in this Appendix, we supply
the full neutral gauge boson mass matrix as well as the
3 x 3 mass matrix of new neutral gauge bosons.

After the symmetry breaking, the neutral gauge bosons
(Azr, Asg, Agr, Aggr, and B) in such order possess a mass
matrix,

i+ +4N] (] + u3) LRl ) s
| i ) G+ 4A7) fR“é;“ﬂ % s
% % tR(“%\/guﬁ ms3 — % tR(u% + Lt% + 4W2) Mss ,
tk(ugx/;u%) W —31g(u} + ul + 4w?) Myy Mys
mis Mmys Mss Mas s
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where we define for short

mys — _4ix(3 +3\/§ﬂ)/\12_ ’ s = _4f1efx\/§(\3/§ +A)Ak 7 (A1)

s — dix(wip + (3\/§ +B)AL) ’ s = — gty (Wph +3(\/§ +B)Ak) , (A2)
gy = B 40 (V3 4 P8+ M), (3

s — u%+u§+4(v;2+w% +A§)’ o — 1% (u? +u%+4(3wz+w%+A%))‘ (Ad)

Changing to the new basis (A, Z;,Z, ., Zg, Zy), we obtain A and Z; identical to the standard model photon and Z boson,
respectively, which are light and decoupled. The remaining fields (Z , Z, and Z}) are new and mix via a3 x 3 mass matrix,

!

myy My Ny
g / /

Miuz ==5 | my my nmy |, (A5)
/

myz  Mp3 My

where m;; are defined as

m, =  Aeyw?
3(ciy = swh?)
Atpwcy s>
miy = = = ,
3(cyy = swh) Vg — (1 +1R)(1 +ﬂ2)5%/\/f%e(1 e
. 25w ey,
1

’ 31+ —(1+3)(F - (1 + o) (1 + ti—(1+§;§‘1’+ﬂ2)s%v>(l + tﬁ—(lggﬁ)z)livﬂl)sgv) ’
,_AC1AR — 613 (1 + B2)Agsiy + (FPw? + 3t (1 + F°)°AR)sy)

e 3T+ A5y = V(3 + (1 + G(1+52)sh)

—4iw?B(1 + ) = 415 (pw* + (V3 = 3)AR) (1 + B — i) = 4V3GAR(1 + 7 — oi)?

3(1+ 13(1+ ) = trey?) (1 + 13) (1 + B?) = tgey?) m

e = ROV + AR 4 wi) (i = (1+ ) (1+ )siy)” + M)
o 3% — (1+ ) (1L+ F)siy + Psiy)

El

—
my3 =

’

9

where M3; takes the form

Mz = 268B((V3 + B)AL + pwi)st + B((—2V3 + = = 26(V3 + B)(1 + B2)) AR5ty
— Bst (2 + B* + 262(1 + B2))wh.
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