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Abstract

We study lepton flavor violating meson decays induced by box diagrams involving a
vector leptoquark (LQ) and scalar fields in Pati-Salam (PS) unification with vector-like
families. The vector LQ corresponds to the massive gauge boson associated with the PS
gauge symmetry breaking and the scalar fields are the physical degrees of freedom of the PS
breaking field. The LQ generally causes the rapid flavor violating decays, such as Kj — pue,
at the tree-level unless its mass scale is higher than PeV scale. The vector-like families
are introduced to suppress the tree-level contributions mediated by the LQ and explain
the realistic fermion mass matrices. In this paper, we point out that there are inevitable
one-loop contributions to those meson decays from the box diagrams mediated by both one
LQ and one scalar field, even if the tree-level contributions are suppressed. We consider
a concrete model for demonstration, and find that the vector-like fermion masses have an
upper bound for a given LQ mass when the one-loop induced meson decays are consistent
with the experimental limits. The vector-like fermion mass should be lighter than 3 TeV
for 20 TeV LQ, if a combination of the couplings does not suppress Ky — pe decay. Our
findings would illustrate importance of the box diagrams involving both LQ and physical
modes of symmetry breaking scalars in generic models.
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1 Introduction

The Pati-Salam (PS) unification [1] is a compelling new physics scenario, given an ambitious
motivation as a potential pathway toward grand unified theories. In recent years, with growing
interests in empirical hints for new physics found in flavor violating observables, significant atten-
tion has been paid to PS models and variants thereof with TeV scale symmetry breaking. Indeed,
a vector leptoquark (LQ), appearing as a result of the PS symmetry breaking, has the same
quantum number as a well-studied single mediator solution to the Ry [2-10] and Rpe) [11-20]
anomalies. Furthermore, such a particle could also account for the muon g — 2 anomaly [21-25].

In the basic construction of the PS unification, lowering the PS symmetry breaking scale faces
two difficulties. First, PS models partly unify quarks and leptons and hence predict the common
mass matrices to them, that obviously contradicts the observed fermion spectra. Secondly, the
vector L(Q) associated with the symmetry breaking carries both baryon and lepton numbers and
couples quarks and leptons flavor-dependently at the tree-level. These couplings easily induce
various lepton flavor violating meson decays that are almost forbidden in the Standard Model
(SM) [26]. In the conventional setup, the K — pe decay brings the most severe limit and pushes
the PS breaking scale to be heavier than 1 PeV [27,28].

In recent studies, mainly stimulated by the B meson anomalies, it has been shown that
both problems can be resolved by introducing vector-like fermions mixed with the SM chiral
fermions [29-31]. In this way, imposing relations between PS conserving vector-like masses and
those originated from PS breaking, the vector LQ does not couple to a SM lepton and quark
simultaneously and thus the leptonic neutral meson decays are absent at the tree-level. This so-
lution, however, relies on a 0.1% level tuning between the PS conserving and breaking masses to
have the TeV-scale vector LQ without conflicting with the strong flavor constraints [31]. Since any
symmetry does not forbid the flavor violations through the LQ in this scenario and the constraint
from the K — pe decay requires much higher PS breaking scale based on the naive dimensional
analysis, even loop induced effects may exclude the TeV-scale LQ in the PS models with vector-like
fermions.

Loop effects on flavor violations in new physics models with LQs have been discussed in
connection with the B anomalies based on a PS model [29], 4321 models [32,33] and composite
model [34]. In these works, the b — ¢ transition turns out to correlate with the By mixing induced
by box diagrams with two LQs or two scalars. It has been found that the R anomaly can be
explained consistently when the Glashow-Iliopoulos-Maiani (GIM) like mechanism [35] works for
those box diagrams.

In this paper, we study another class of box diagrams which involve one vector L(Q and one
scalar, and evaluate the impact of such diagrams on the leptonic neutral meson decays. As
a demonstration, we consider a simple PS model only with vector-like copies of the SM chiral
fermions and an SU(4)¢ adjoint scalar field in addition to the three generations of chiral fermions.".
We especially focus on flavor violating processes among down-type quarks and charged leptons.
In this setup, we compute all box diagrams relevant to the rare meson decays of our interest. As

! Additional scalar fields are necessary to break the residual SU(2)g x U(1)p_1 gauge symmetry as well as the
see-saw mechanism for the neutrino masses. We do not discuss its explicit realization since this would not affect
the flavor violations discussed in this work.



Table 1: The matter content in the Pati-Salam model.

fields | spin ~ SU(4)c SU(2)g SU(2)r
L |12 4 2 1
F, | 12 4 2 1
Fr | 1/2 4 2 1
R |12 4 1 2
fr | 1/2 4 1 2
£ |12 4 1 2
A 0 15 1 1
P 0 1 2 2

a result, we shall identify the specific coupling structures in the Wilson coefficients of the semi-
leptonic operators. We find that some coefficients are cancelled because of the GIM-like mechanism
due to the unitarity of the L(Q couplings, while such cancellation is absent in the coefficients induced
by the box diagrams involving both LQ and adjoint scalar. The latter coefficients are, thus, not
suppressed by the GIM-like mechanism and induce the rapid lepton flavor violating meson decays.
We also observe that these unsuppressed pieces are proportional to the power of the ratio of the
vector-like fermion mass to the L(Q mass. This indicates that upper limits on the vector-like
fermion masses are obtained for a given LQ mass when the limit from the rare meson decays is
respected. Interestingly, the vector-like fermions reside below the TeV scale if the PS symmetry
breaking scale is TeV-scale as favored by the anomalies of the B-meson decays.

This paper is organized as follows. In Sec. 2, we construct our PS model and explain how the
observed mass spectra are realized by introducing vector-like fermions in addition to chiral ones.
We also explain the reason that the box diagrams involving both the LQ and the scalars induce
the leptonic neutral meson decays. In Sec. 3, the box-diagram contributions to the semi-leptonic
operators are evaluated and the non-vanishing coupling structures are identified. We perform
numerical analysis of the one-loop contributions in Sec. 4 and discuss the impact on the PS model
construction. Section 5 is devoted to summary.

2 Pati-Salam model with TeV-scale vector LQ

2.1 Schematic picture to suppress tree-level flavor violation

We consider a model with the PS gauge symmetry, SU(4)c x SU(2) x SU(2)g. The PS symmetry
identifies the lepton number as a fourth color of the SU(4)¢, and SM chiral quark and lepton fields
with the same SU(2), representation are unified in chiral fields, L; and R; (i = 1,2,3), whose
representations are respectively (4,2,1) and (4,1,2) under the PS symmetry. The electroweak
(EW) doublet Higgs field is embedded in a bi-doublet field of SU(2), x SU(2)g, namely ¢ whose



representation is (1,2,2), leading to two EW doublet Higgs fields at the low energy. With this
minimal content, general Yukawa interaction is given by

—LP" = LY1®R + LY ®*eR + h.c., (2.1)

where € := i09 acts onto the SU(2), and SU(2)g indices and Y; and Y3 are 3x3 Yukawa matrices in
the flavor space. A massive vector LQ, X*, appears as a result of the SU(4)¢ — SU(3)exU(1)p—1,
breaking. The gauge interaction is

Lx = %X“ (827“62 + WAV + dpytely + ﬂ%v“u}é) + h.c.. (2.2)
Note that the gauge interaction is flavor diagonal and universal unless the SU(4) breaking effects
to the fermion masses are taken into account. The interaction terms in Egs. (2.1) and (2.2)
explicitly show two problems inherent in the minimal construction of the PS model. One is that
the minimal Yukawa terms Eq. (2.1) predict the same mass matrices for quarks and leptons, i.e.
m¥ = m% and m¥ = m¥. The other is that the LQ interaction Eq.(2.2) mediates d;d; — €;e;
processes at the tree-level and triggers the rapid K — pe decay.

These problems are resolved by introducing SU(4)c charged scalar fields and vector-like
fermions in addition to L* and R’. Before proceeding to the general argument, we briefly demon-
strate our basic idea to create the mass splitting with a particular focus on the down-type quarks
and charged leptons. The up-type quark and neutrino masses can be achieved independently of
the discussion below. For the demonstrative purpose, we only focus on a single generation of L
and add one vector-like copy Fr g = (4,2,1) and an SU(4)¢ adjoint scalar field A [29,31]. With
this extended content, we can write down additional interaction terms,

—ﬁM :f(ijL/iLA) FR—FFL (ML+YLA) FR+h.C., (23)

where my and My, are the PS symmetric mass parameters. Decomposing the fermions

Ny E
L= ("""}, m= (271, (2.4)
uLdL UA DA

with A = L, R and after the adjoint field develops the vacuum expectation value (VEV) (A) =
va/(2v/3)diag(3, —1, —1, —1), the mass terms split as

I KU —_— Yiv
—Ly =dp, (mL_ L A>DR+DL (ML—L—A) Dp

2v/3 2v/3

3/€LUA) — ( 3YLUA>
E,+EL [ M, + Bt 2.5
o0v3 ) TR\ o3 )T (2:5)

where we only show the down-type quarks and charged leptons. Imposing the cancellation condi-
tions,

—|—5(mL+

KLUA 3Yrva
my — =0, M+
L 23 L

s =0, (2.6)



only (D, Dg) and (er, Er) have vector-like masses,

Yiva 3KLvA
2v/3 2v/3

whereas d; and E; remain massless which are identified as the SM fermions. These massless
quark and lepton respectively originate in the different PS multiplets, L and F. This indicates
that unlike the minimal model, they have different Yukawa couplings to the bi-doublet scalar P,
which in turn results in different mass matrices for the quark and lepton. The left-handed LQ
couplings are now in the form of

Ly = (ML - ) DiDg + (mL + ) erkp+ -, (2.7)

Lx = L X, (dy"er + DA EL) + - . (2.8)
V2
Since e, and Dy are heavy, the LQ) coupling always involves heavy fermions, not mediating the
leptonic meson decays at the tree level. It should be noted that the EW gauge interactions remain
unchanged under this exchanging of the SU(2), doublets e, and Ej. The mass splitting of the
right-handed quark and lepton is realized by introducing a corresponding vector-like copy in an
analogous way.

Now we have seen the generation of the mass splitting by introducing the vector-like fermions.
Following this method and adding more vector-like families, we can realize the observed mass
spectra and the suppressed neutral meson decays in the three generation case [31]. On the other
hand, this trick predicts a specific interaction structure that will revive the meson decays via
one-loop box diagrams. To see this, we explicitly keep the radial mode of A by the replacement
va = va + ha in Eq. (2.5). We then obtain Yukawa interactions of hn,
3Yr,

Ry, —_ —_—
—Ly=——=had,Dp+ —F=haELEg+---. 2.9
M 2\/§ AULL/R 2\/§ ALLLER ( )

Although there is no mass term in the form of dDp and E; Eg, the couplings of hady Dy and
haFEp ERr are present. Thus, the d — e transition comes back via the interaction to the radial
mode A,

g4k
2v/6Mp

where we assume that the vector-like fermions are heavy and integrate them out (see also Fig. 1).
We note that E is a SM-like lepton. Further integrating out the LQ and ha, we will obtain
semi-leptonic operators that contribute to the leptonic neutral meson decays such as K — pue.

One may wonder if other box diagrams involving two LQs or two ha scalars can also induce the
same semileptonic operators. This is true indeed, but as we will show in the rest of this paper, such
contributions enjoy the GIM-like suppression and can be negligibly small. On the contrary, the
LQ-scalar box contributions via the combination of Eqs. (2.8) and (2.9) have no such suppression
and thus are unavoidable. The evaluation of the LQ-scalar box diagrams is the main aim of this
paper. In the following, we will study a realistic version of the PS extension highlighted above
and perform analytical and numerical analyses to derive quantitative limits on the model.

haX,diy"Ey, (2.10)



Mp

£y, dr,

Figure 1: A schematic picture of regenerating the d — e transition via the interaction to the
radial mode of the PS symmetry breaking scalar ha.

2.2 Realistic model

In this section, we generalize the discussion above to accommodate the realistic quark and lepton
masses. We introduce Ny, vector-like SU(2);, doublet fermions Fi r and Ng vector-like SU(2),
singlet fermions fr g in addition to L, R* and ®. F}, and fr are assumed to possess the same
quantum numbers as that of L and R, respectively, and Fr and f; are their vector-like pairs. The
relevant part of Lagrangian is given by

—Ly=Fp (Mp+ YL A)Fr+ L(mp + kD) Fr+ f (Mg + YgA) fr+ fr (mr+ KkrA)R+ -+ -,
(2.11)

where all couplings and masses are considered as matrices in the flavor space and the ellipsis
represents interactions between the fermions and the Higgs bi-doublet field ®. The fermions are
decomposed to quarks and leptons as

Ny E &
L= VL CL ) R = VR R s Fy= 4 ) fA = NA g ) (212)
ur, dL UR dR UA DA UA DA

where the index A = L, R. The scalar fields obtain non-vanishing VEVs,

_ua 3 0 . cosfp 0
B =505 (o —13>’ @) = H( 0 siw)' (2.13)

The matter contents of the model is summarized in Table 1.

2.3 Mass matrix

We shall see the mass mixing of the fermions, which is directly linked to the coupling structure
of the LQ and scalars. We mainly discuss flavor violating processes among the down-type quarks



and charged leptons in this paper, so that we only show the terms relevant to them.? Without
loss of generality, the fermion mass terms are given by

—,Cmass = aLMddR + éLMeeR (214)
_ T T
dr, mg33 MM3R 03><NL dr €r, msa3 msr Mg €Rr
= EL mr3z MMLR DdL Dr | + EL mrs mrr Mg Er
Dy Ongx3 Da, mrL Dgr Er Mg. Mge mpgr Er

where D, is an Ny x N4 diagonal matrix with A = L, R and m,s (o, 5 = 3, L, R) is an N, x Nj
mass matrix of O (vg). Here, N, = 3 for a = 3. Note that the structure of m,s is common to
My and M, due to the PS symmetry. We define the mass basis for the fermions:

&A = U:erdAa éA = UeTAeA. (2.15)
The unitary matrices, Uy, (f = e,d), diagonalize the mass matrices as
U}LMfoR = diag (m{, mb,mb, - 7m{VL+NR+3> . (2.16)

The three lightest fermions correspond to the SM fermions and there are Nj + Ng extra fermions.

We are interested in the approximate forms of the unitary matrices when 7 := mgs/va < 17,
and only keep the leading contribution by neglecting O(n) effects. Assuming the elements of Dy,
and Dy, are larger than the other elements, the masses of the chiral three families (dr, dg) are
expected to be given by ms3 dominantly. We note that the elements of mg3 are O (vy). Then,
(dr, dgr) does not mix with the vector-like families at the leading order in 7, and these down-type
quarks are SM-like. The charged leptons (ey,er) do not, on the other hand, correspond to the
SM families due to the vector-like masses Mg, and M.g. The vector-like masses for the charged
leptons can be, in general, decomposed as

MeE DeL t T
= VL WR? (Mge Mgg) = WL <ONR><3 DeR) VR’ (217)
MEgg O3x Ny,

where V4 and Wy are (3 + Na) x (3 + Ny) and Nx x Ny unitary matrices, respectively, where

A denotes the opposite chirality of A, ie. A= R L for A= L,R. D,, is a diagonal Ny x N4
matrix with real positive entries. Hence, the unitary matrices are approximately given by

]-3 0 0 13 0 0

Uy=10 0 1y, |, Um=]01y, 0 |, (2.18)
0 1y, 0 0 0 1y,

U, — Vi Owevian) poogp _ (Owevmxnn Vi P
ONpx(3+N7) Wy Wr ON, x(3+NR)

2See Ref. [31] for the full detail of the mass mixing and diagonalization including the up-type quarks and
neutrinos.
3If the O (vy) entries are at most the bottom quark mass, we find 7 < 1073 for va ~ 4 TeV.



with

0 0 1y,
01y, O

Here, the matrix Vi, (Vg) represents the mixing within the SU(2), doublets (singlets) in the left-
handed (right-handed) sectors, while the matrix W, (Wg) is the mixing within the SU(2), singlets
(doublets) in the left-handed (right-handed) sector. The vanishing blocks of U, , P! reflect the
fact that the SU(2), doublet and singlet do not mix each other without the VEV of ®. These
blocks have non-vanishing entries of O(n) or smaller in fact. With the unitary matrices Uy, and

U, in this form, the mass matrices are approximately diagonalized as

ms3 mag 0 mgs Mmap 0
U;LMdUdR =| 0 D4 mpr | = Das U MU, =] 0 D inpr | = De,  (2:20)
mr3 MrLr DdL mr3 MLR DeL
where
ms33 M3R mrs MLR ~
Vg VR = . . s WszLWR = MRr. (221)
mr3 MLR mg33 M3R

Neglecting the sub-dominant effects suppressed by 7, the mass matrices of the SM down-type
quarks and charged leptons are determined by ms3 and mgs, respectively. Their singular values
should be consistent with the SM fermion masses up to O(n) corrections. The other elements
of map and m,s give only sub-dominant effects to the mixing matrices as far as the vector-like
fermions are sufficiently heavier than the EW scale.

2.4 Couplings with the vector LQ and scalars in A

The SU(4)¢ gauge symmetry is broken by the VEV of the adjoint scalar A. The massive gauge
boson X, associated with the SU(4)c — SU(3). x U(1)—1, breaking arises as a vector LQ. If A
only breaks the SU(4)c symmetry, the LQ mass mx is given by

2
ﬁgwm
where g4 denotes the SU(4)¢ gauge coupling. This relation is modified if further scalars contribute

to the SU(4)¢ breaking.

The gauge couplings to the fermions are given by

myx =

(2.22)

94 = =1
Lx = Toxr (derer + dren) + hue. (2.23)

= X+ <aL§L’yuéL + EleRfyﬂéR> + h.c..



The LQ couplings in the mass basis are expressed by

S

Ao 9 : qt ot
qgr, \/§QL7 gr = EQR, with QL = UdLUEL’ QR = UdRUER,‘ (224)
Defining
Vap X Xgr V-
V= | "), ve= T8, (2.25)
YL VL3 VR3 YR
(1 r are approximately given by
XL 0 V3L XR V?;R 0
Q=10 W, 0|, Qr=|Vas Yz 0 |. (2.26)
Vis 0 Yp 0 0 Wg

It should be noted that the 3 x 3 matrix X4 in V), represents overlapping of the SM charged
leptons ¢, with the first three PS multiplets L' and R’ which the SM down-type quarks d’y mostly
originate in. Thus, we see in Eq. (2.26) that X 4 stands for the LQ couplings to two SM fermions.
As a reminder, taking X4 = 0 corresponds to the cancellation in Eq. (2.6).

After the SU(4)¢ breaking, the adjoint scalar A is decomposed into a singlet scalar ha and
an SU(3). adjoint scalar Ag:

1 ha\ (3 0 00
A= 75 (UA + ﬁ) (0 _13) + <0 Ag) : (2.27)

where 1,, denotes an n x n identity matrix. The Yukawa couplings involving ha and Ag are given
by

3 _ i
—La= ) \/; haQf FLYafr + Asd Yadg + hoc., (2.28)
f=d,e

where Q% _; = —1/3 and Q%_; = +1 are the B—L charges. In the mass basis, the couplings are
given by

. 1
Vi = (U}j) YaUL,  f=d,e. (2.29)

Since the interaction to A generates the mass splitting of the down-type quarks and charged
leptons, there is a close relation between the Yukawa coupling matrices in the gauge basis and the
fermion mass matrices,

Ya = V3 (M, — My). (2.30)
2’UA



Using this relation, the Yukawa matrices in the mass basis are expressed as

.. V3 ~q V3
ye= Y2 (De - QTLDdQR> +0(@m). Yi=2L2 (QLDeQL2 - Dd) +0(n). (2.31)
20 VAN

It follows that the flavor violating couplings are induced via

0 0 V),Dy Wg

QN DyQr ~ | WDy, Vas WiDy,Ye 0 + O (mag) , (2.32)
0 0 Y, Dy Wg
0 0 VaD., W}

Q.DQY ~ | WD, Vi, WD, Y, 0 + O (M) . (2.33)
0 0 YD, W}

The tree-level couplings of ha and Ag to the SM families are suppressed by 7.

3 Flavor violations from box diagrams

In this section, we look at box contributions to flavor violating processes, using the LQ and scalar
couplings to the fermions derived in the previous section.

3.1 Tree-level constraints

We first summarize the constraints set by considering only the tree-level LQ exchange, which
motivate us to impose a primary suppression condition. It follows from Eq.(2.26) that the LQ
couplings to the SM fermions are given by X and Xz. With these couplings, the tree LQ) exchange
induces the semi-leptonic operators in the form of

2
g i (7 - j
Lo =55 > (Xa)"(XR) (dyr"eh) @rrudp), (3.1)

—2m?2
X A,B=L,R

leading to various leptonic meson decays, e.g. K — pe, By — 1e, Bs — T and so on. We show
in Appendix B rough estimates of experimental bounds on X and Xg, assuming my = 5TeV
and g4 = 1. This set of bounds suggests that if all elements of X4 have comparable size, each
matrix element should satisfy

|(X)Y], [(XR)7| £ O(107%). (3.2)
This limit motivates us to set a condition for suppressed flavor violation:

() X, =Xp=0.

10



(9]
A
(9]

X/G X/G

47

A

Figure 2: The box diagram involving LQ and Goldstone boson.

Given this condition, the unitarity of V, requires that N4 > 3 and
VaaVily = VigVag = 15, (3.3)

It is noted that the exchange of ha and Ag does not cause flavor violation at the tree-level, since
the Yukawa couplings of ha and Ag always contain heavy fermions as seen in Egs. (2.31), (2.32)
and (2.33). Therefore, once the condition (i) is imposed, the model is free from the flavor violation
at the tree-level.

3.2 Box contributions

We shall look at box-diagram contributions to semi-leptonic operators. Let us start with the box
diagrams involving two LQs shown in Fig. 2. Under the condition (i), the LQ couplings with two
SM fermions are vanishing (i.e. X4 = 0), so that we can only consider the vector-like fermions in
the loop. In the diagram where the internal fermion mass is not picked up, the external fermions
maintain the chirality. Such contribution is given in the form of

(g4)* Z f(m§, mG;mx, my) [QHH Q4] ,, [QBLJ[QH g0 (3.4)

I,J>4

where A, B=L,Rand I,J =4,5,--- , Ny + Nr+ 3 run only over the vector-like fermions. Given
the unitarity of the LQ couplings 24, this equation reminds us of the well-known GIM mechanism.
Hence, we now suggest another suppression condition,

(ii) vector-like fermion masses are universal: m¢ =: mp and m$ =: mp for [ > 4 .

This condition corresponds to Dy, ~ mply,, Dg, ~ mply,, D., ~ mgly, and D., ~ mgly,
up to O (n) contributions. In case the conditions (ii) is satisfied as well as the condition (i), the
loop function f(m$, m%;mx,myx) can be pulled out of the summation over the internal fermion
species and then we recognize the GIM-like suppression:

Z [QL] 7] [QA} "~ [VLT3VL3} ™~ Otk (3.5)

>4

11



4 e & e
el dt p d
dl < et 4 < ek
I I
I I
ha : X/G X/G : ha
I I
I I
I ) I .
el | < d el < | d'

47

di

Figure 3: The box diagrams involving scalars and L(Q)/Goldstone.

where Eq. (3.3) is used. We can also show that the unitarity assures a similar suppression in the
other combination [Q B:|j J[QH 5™ 0;; where the summation over vector-like species J is taken.
Flavor violating processes with ¢ # j or k # [ are therefore suppressed by the unitarity of €24.
When the internal fermion mass is picked up, the chirality of the external fermions is flipped
and different coupling combinations, e.g. QTLDdQ r, appear in the Wilson coefficients. Such con-

tribution contains the factor,

Mmp Z [Qm 1 [Qﬂ e~ (3.6)

1>4

where the condition (ii) is assumed. This result reflects the fact that there is no mixing between
SU(2)r, singlet and doublet fermions. Thus, any sizable flavor violation is not induced via the box
diagram involving two LQs once the conditions (i) and (ii) are imposed.

12



| | N s
! ! \\ //
I I ha ~ N

hAI ! }LA \\’/
: : 2

7 N
I I ) L7 ~
b | < | d' dJ < < > d'

Figure 4: The box diagrams involving only scalars.

We next examine the box diagrams with ha or Ag in the loop. There are two categories of
diagrams: box diagrams involving one L(Q and one scalar shown Fig.3 and diagrams involving
only scalars shown Fig.4. These diagrams generate the semi-leptonic operators,

Lo = C‘%ﬂ]g <3ijdi> (eL’y“eL) + C‘%ﬁé (%ﬁ'ﬁd}z%) (E}l{yﬂeé)
+ O (dindi) (ehmel) + O (diudi) (Ehomek)
+ Ot (dnds ) (@hes) + Ol (41a4) (Fhek)
+ CIM (c_lid,é) (Ehel) + Corn <deL> (@ien) (3.7)

where the flavors of the quarks and leptons are different (i # j and k # ), in which the experimen-
tal constraints are the most stringent. Under the conditions (i) and (ii) and assuming my,, = ma,
for simplicity, the Wilson coefficients are given by

Cliy = ?gnff—mj’ RO [ 36G1 (Mg, mp; M, mpy ) — %%f Go (mE,mD;mX,mhA)l . (38)

Cax =0, (3.9)

Csiia :% ﬁkﬁ%iﬁo(m&mmmhwmm), (3.10)

C;i;%l %THTTJW [_%Gl(mE,mD;mX7mhA) + gingGo(mE,mD;mx,mhA)} (3.11)
+ QEZEWM\PZﬂFO(mE,mD,mhA,mhA)

where the loop functions fo, Go and G, are defined in App. A. The diagrams with one LQ and

one scalar contribute to Cy 44 and Cg,5, while the diagrams with two ha contributes to Csaa

and Cg 5. Note that the box diagram involving one LQ and one Goldstone boson is vanishing.
Those box contributions are expressed in terms of the combinations of the unitary matrices,

Ta= QL POg R0, Uy = QL PP Py, Uy = Qu R0 PP, (3.12)
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where P; := diag (0,0,0,1,---,1) is a projection matrix to the vector-like families. ¥ and ¥ are
originated from the diagrams only with the scalars. Using Eq. (2.26), the explicit structures are
given by

0 0 VI WRY W
U= | WIYaW]Vis WIYRW] Y5 0 : (3.13)
0 0 Y WRY] W
0 VWL YW 0
Up= 0 YW, Yiw, 0 : (3.14)
WEY WV 0 WEY WY,
0 0 Ve, WLY W
Uy = | Wy wo vl woyiwp vl 0 : (3.15)
0 0 YWy wi
0 VarWiYpWwi 0
Uy = 0 YW YeW] 0 . (3.16)
WrY, WrVS, 0 WRY,WgY,

Since the top-left 3 x 3 blocks are zero, flavor violations via these coupling structures are expected
to be suppressed under the conditions (i) and (ii). The situation is different in the diagrams
involving both L(Q) and adjoint scalars. The contributions are proportional to T or T which are
given by

VEWeVa, 0 VWY, Vi WiVip VisWiYy 0
T, = 0 Wiviw!i 0 , Yr=| Vi vl viwyl oo . (3.17)
YiWeVY, 0 Y]wRy) 0 0 Why,wh

We find that the SM top-left blocks are 3 x 3 unitary matrices and cannot be vanishing. Note that
one of the two indices of Tlf;’ r represents quark flavor and the other represents lepton flavor. Thus,
even if the SM blocks in TZ r are diagonal, it does not indicate that flavor violating processes
with ¢ # j and k # [ are vanishing. Indeed, we will see in the next section that when we take
TZL"R = 0y, the rapid K — pe decay is caused.

The above results can be understood as follows. Without the SU(2), breaking effects, the
Yukawa couplings of A with the SM leptons ey, p are schematically given by

A (éLY'eLER + EL}/eReR) + h.C., (318)

where Er (&) is the SU(2),, doublet (singlet) heavy lepton. Hence, the SM leptons with different
chirality cannot participate in the same Yukawa couplings of A without the SU(2), breaking
effects. As a result, non-zero box contributions with two scalars are proportional to YJLYeL or

14



Table 2: Values of masses my,, lifetimes 7, and decay constants f,; of the mesons M =
K, By, Bs [36,37].

M | ma [GeV] 7y [x10"2-GeV ™Y far [GeV]
K 0.4976 7.773 x 10* 0.1552
By 5.280 2.308 0.1920
B, 5.367 2.320 0.2284

Y;TRYC » which are diagonal under the condition (ii). Thus, no flavor violating interaction is induced
via those diagrams. On the other hand, once the LQ interactions of the SM down quarks d;, r

X" (9a, drvuBL + 9andru€r) + hec., (3.19)

are considered, the SM down-type quarks can interact with the SM charged leptons via the vector-
like leptons. Such contribution has the coupling structure of Y, g4, or YJL 9a, , which corresponds
to Y1 r and hence is non-vanishing. Y g is also understood as a generalized version of g4~y in
Eq. (2.10).

As a side remark, we comment on the flavor violation in four-quark and four-lepton operators.
Based on our finding in this section, the unsuppressed coupling structure Y r is obtained only
from the box diagrams with one LQ and one ha (or Ag). Such diagrams only show up in the
Eidj — ege; processes and do not induce the four-quark and four-lepton operators. The latter
operators are only generated from the box diagrams with two LQs or two ha, providing the
coupling structures of €2 AQL, Q AQTZ, U, or ¥ that only contain flavor-conserving or vanishing
elements for the SM fermions. Therefore, the flavor violations originated from four-quark and
four-lepton operators are suppressed under the conditions (i) and (ii).

4 Phenomenology

We evaluate the lepton flavor violating meson decays, assuming the condition (i) and (ii). We see
that there is an upper limit on the vector-like fermion mass for a given L() mass when experimental
bounds from those decays are respected.

4.1 Flavor violating leptonic decays of neutral mesons

Rare meson decays M;; — e, e, where M;; is a meson composed of Ejdi, are the key processes
induced from the semi-leptonic operators of our interest. In general, the partial decay width of
M;; — e, e/ is given by

D(M;; — epef) = M [(m?w —m] — mi) a Pk — bij’kl] , (4.1)
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2
.kl ikl .kl .kl
a”"™t = E ’mMSX —lej{ +mkV£ ‘, (42)
A=L,R

BIM — A, myRe [(mMSZj,kl - mlvzj,kl I mkvémkl) (mMSg’kl - leéj’kl i mkVLij’kl> ] . (4.3)

ij,kl ij.kl ij,kl ij,kl
ij,kl — CV]RA — C\;LA7 Si‘j,kl — CS]RA — CSJLA’ (4.4)
2 2
where fj; and mj; is a decay constant and mass of a meson M, and
2 2 2 _ ,2)2
B 1 oM (i ) (4.5)
U My
Here, we used
(Oldjv"v5ds| Mij) = ifarPyy,  (Oldjysdi| Mij) = —ifaTiia, (4.6)

where P} is a four momentum of a meson M and My, := m3,;/(ma, + mq,) with mg, being mass
of quark d;. Since the mass scales of the meson and LQ are hierarchically different, the RG
corrections of the strong coupling constant are included by replacing in Eq. (4.6), [30]

where
Ry(mx) := R (mpr, me; 3) R (me, mp; 4) R (myp, my; 5) R (my, my;6), (4.8)
with
93(M1))“‘§"f/3
Ry, posny) := . 4.9
(nopiny) = (2402 (49

Here we assume that all the new particles are O (mx) and much higher than the top quark mass.
Values of the meson parameters used in our calculation are shown in Table 2. Hence, the branching
fractions are given by

BR (M;; — eyer) ~ TM{F(MU —epef )+ (M — efe)) } (4.10)
The experimental upper bounds on the branching fractions are shown in Table 3.

4.2 Simplified analysis

We shall compare the box-induced meson decays with the experimental limits. For concreteness,
we consider Ny = Np = 3 that is the minimal option to realize X; = Xz = 0. We neglect the
sub-dominant effects suppressed by n, and thus the flavor violation is induced only via Tg r Which
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Table 3: Decay modes of neutral mesons. The leptonic indices (k, ) are added with its counterpart
(I, k).

observable upper limit  (7,7), (k,I) Ref.
BR (K}, — pe) | 47x 1072 (1,2), (1,2) [36]
BR(By — pe) | 1.0x 107 (1,3), (1,2) [36]
BR(By — 7e) | 28 x107°  (1,3), (1,3) [36]
BR(By— i) | 1.4x 1075 (1,3), (2,3) [36]
BR (B, — pe) | 54x107°  (2,3), (1,2) [36]
BR (B, — 7¢) ; (2,3), (1,3)  [36]
BR (B, — ) | 42x 1075 (2,3), (2,3) [36]

corresponds to the SM blocks of T, . In this case, TiLj R are 3 X 3 unitary matrices and are treated
as input parameters in our study. We further assume that the SM down-type fermions are in the
mass basis for a given T7 p, i.e.

mass ~ diag (mg, ms, my), sy =~ vggmLRng ~ diag (me, m,, m.) . (4.11)
We impose the relations to the mass parameters
myy = Mg = Mp, Mp, =Mx (412)

and Eq. (2.22) for the LQ mass with g, = 1 to be consistent with the strong coupling constant at
the TeV scale. Input parameters in our analysis are

mx, myy,, TIL], Tg (413)

Among the decays, K — pe is the most sensitive to new physics contribution. The branching
fraction is given by

2
N TKMK [ 2 mi 22| — 15 Muneip|?
A=L,Rp=12
where p = 2,1 for p=1,2, and
Imiy (1
Co := 1601 ZGl(mVLamVLSmXamX) — Go(myr, myr; mx, mx) (4.15)
A

are defined and the electron mass is neglected. With the sizable chiral enhancement proportional

to Mg, we find the branching fraction to be
2 (|Col \* (5 TeV\*
—_— 4.16
(1671'2) mx ’ ( )

BR (K}, — pe) ~ 3.5 x 1075 x (Tiprg’
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S 1014 g
m m
Br(By-1€)
107"} Br(By-te/ty)
10—17,
é 16 1‘5 2‘0 2‘5 30 4 6 10
mx[TeV] mx[TeV]
Figure 5: Values of the branching fractions in the simplified scenarios with my = 2 TeV.
BR (By — 1¢) ~ BR (B; — ) in the case (b).
while without the chiral enhancement,
2 4
_ 52 1Col 5 TeV
BR (K} — pe) ~3.0 x 107 x |21 : 4.17

Hence there should be O (1077) and O (1073) suppression from the couplings and masses with and
without the chiral enhancement. It is illuminating to give the scaling of the loop function Cy with
myL < mMx,

mé 7 m?
Col ~ — YL [ = 4 log—YL ) . 4.18
ol 8m2mi (4 +log m% (4.18)

In this limit, the branching fraction is proportional to (myr,/mx)®. The mass splitting of the LQ
and the vector-like fermions will help to suppress the branching fraction.
We consider the two simplified cases:

010 001
(a) Y/ =719 =6; and (b) T?=]001], T2=]010]. (4.19)
100 100

In the case (a), there is a large contribution to Kz — pe via T} T2, Whereas, in the case (b),
there is no contribution to K; — pe and By — pe and further the chiral enhanced contributions
to By — pe are vanishing. Hence, the analyses in the cases (a) and (b) result in the strongest and
weakest limits, respectively.
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Figure 6: Values of the branching fractions in the simplified scenarios with myx = 20 (2) TeV in
the left (right) panel. BR (By — 7¢) ~ BR (B; — ) in the case (b).

Figures 5 and 6 show values of the branching fractions in the cases (a) and (b). The solid lines
are our predictions in this model and the horizontal dashed lines are the experimental limits. Note
that the other decay modes not shown in the figures are vanishing in the simplified scenarios. In
the case (a), the LQ mass should be heavier than 15 TeV for myy, = 2 TeV and there is an upper
bound on myr, < 3 TeV when my = 20 TeV from BR (K, — pe), whereas BR (By — 71) and
BR (B, — 7€) are much smaller than the experimental limits of O (107°). It is remarkable that
the branching fraction is suppressed via m{; /v4 in Cy, providing an upper bound on the vector-
like masses for a given L(Q) mass. In the case (b), the limits are weaker because of the vanishing
contribution to BR (K — pe), and hence my = 2 TeV is heavy enough to be consistent with
the limits. Among the decay modes, BR (B; — 7u) provides the most stringent limit of 4 TeV.
The limits from BR (B — pe) is weaker in spite of the severe experimental limits, since the chiral
enhancement contribution is absent in this case.

Let us comment on the LHC constraints on the model. In our analysis, we consider the vector-
like fermions heavier than 2 TeV that are significantly higher than the current LHC limits around
1 TeV [38,39]. Thus we need higher energy colliders, e.g. /s = 100 TeV to explore the allowed
parameter space shown in Fig6. There is also the strong constraint of 5 TeV on Z’ from the
di-muon resonance search [40]. Hence the light LQ scenarios would be excluded if a scalar field
which violates U(1)p_r gives a large contribution to the LQ mass. In fact, 2 TeV LQ is not
allowed when the U(1)p_1, is broken by a scalar field with (10,1, 3) under the PS symmetry [31].
Thus, the LQ lighter than a few TeV may be excluded by the Z’ boson search depending on the
model.
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Figure 7: Example one-loop penguin contributions to semi-leptonic operators, (d;T'd;)(e,Te;) and
(@,Td;)(IT0).

4.3 Comments on penguin diagrams

We comment on contributions from one-loop penguin diagrams, which may generate flavor vi-
olation comparable with the box contributions.* Figure7 shows examples of the contributing
diagrams. They fall into two categories; one violates both quark and lepton flavor and another
violates either of them but not both. Diagrams in the first and second lines of Fig.7 belong
to the first category and can generate quark and lepton flavor violating operators in the form
(d;T'd;)(exle;) where I represents an arbitrary Lorentz structure. As discussed above, such oper-
ators lead to the K — e decay and thus to the severe constraint. These contributions, however,
contain a tree-level coupling, namely Q]Lk m (YE)M or (V)7 and are always suppressed under the
condition (i).

In the second category, lepton flavor conserving processes d_jdi — 00 are induced via photon
and Vp_p penguin diagrams (the third line of Fig.7) even though we require the condition (i).

4There are two-loop contributions: two sets of one-loop vertex corrections involving a LQ and an adjoint scalar.
However, such contributions are suppressed by the loop factor, couplings and the power of m%,L /mg( and thus
expected to be smaller than the one-loop box contribution.
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Here, let us have a closer look at the coupling structure of such contributions. In the diagrams
with the LQ loop, the amplitudes of such processes contain the following structures

Y Q) (O R)" fmGmx), D (P (QR)" g(mG,mx), (4.20)

1 1

where f and g are loop functions. Now they depend on the LQ couplings to the vector-like
families. Assuming the condition (ii), the former contribution is vanishing for i # j because
of the unitarity of the LQ couplings 2y, g, Eq.(3.3). The latter contribution is proportional to
(Q)1(QE) o (V)7 4+ O(n), and it is also vanishing. In the case of ha and Ag loops, the
amplitudes contain the following coupling structure

Z(}}K)]](YXT)IZ f/(mcll’ mhA)’ Z(YAd)ﬂ(Y/X)IZ g/(mcll’ mhA)’ (4'21)

1 I

where f" and ¢ are different loop functions from f and g. Under the conditions (i) and (ii), these
are proportional to 3, (YA (YA ~ ¢/ and 32, (YA (Y o (W) ~ 0, respectively, and
thus the d_jdi — 00 processes do not appear. Moreover, diagrams belonging to the second category
allow a lepton flavor violation, such as p — e conversion and & — e7, but one can readily show
that it is suppressed in a similar manner. We thus conclude that the conditions (i) and (ii) are
sufficient to suppress all penguin contributions in the model.

5 Summary

In this paper, we study the one-loop contributions to lepton flavor violating decays of neutral
mesons composed of down-type quarks in the PS model with vector-like families. These decay
modes are known to strongly constrain the scale of the PS symmetry. We clarify the conditions
to suppress these decays up to at the one-loop level:

(i) LQ couplings to the SM families are vanishing, i.e. X, = Xg ~ 0.
(ii) Masses of vector-like down-type quarks and charged leptons are individually universal.
(iii) T and Tg have a certain structure such that K — pe is sufficiently small.

These are the conditions at the leading order in 7 := maug/va.

The condition (i) is required to suppress the flavor violations via the tree-level LQ exchange,
while the one-loop box diagrams only with the LQ cause the flavor violations only with the condi-
tion (i). Note that the tree-level flavor violations via the scalar fields are suppressed independently
of the condition (i), as shown in Eqgs. (2.32) and (2.33). Once we impose the condition (ii) besides
the condition (i), the flavor violating processes from the box diagrams only with the LQ are sup-
pressed due to the unitarity of the LQ gauge couplings, in analogy with the W boson coupling in
the SM.

The condition (iii) is necessary to alleviate the constraints from the lepton flavor violating
decays induced by the box diagrams involving both vector LQ and scalars. We found that those
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diagrams are not suppressed even with the conditions (i) and (ii). Such contribution is well
represented by a coupling structure Y4 (A = L, R) defined in Eq. (3.17), whose SM blocks T4 are
the 3 x 3 unitary matrices. Because of the unitarity of Ti{, we cannot realize ng = 0 namely no
flavor violation. Thus, Ti{ should have a structure in such a way that K; — pe among the flavor
violating decays is sufficiently suppressed. This is what the condition (iii) means.

To evaluate the change of the limit depending on the Ti{ structure, we studied two simplified
cases defined in Eq. (4.19), which correspond to the strongest and weakest limits respectively. In
the case (a), the structure of T4 allows the chiral enhanced K, — pe decay, and hence O (10 TeV)
LQ mass is required to be consistent with the experimental limit. It is remarkable that there are
upper bounds on the vector-like fermions masses of O (TeV) to respect K; — pe. This result
would encourage direct searches for the vector-like fermions at the LHC and other future collider
experiments to test this scenario. In the case (b), K, — pe is not induced because of the structure
of Tg, and hence B; — 7u gives the most stringent bound. Since the experimental limits are
much weaker for this decay mode, 2 TeV LQ is not excluded by the leptonic decays of the neutral
mesons.

In this paper, we suggested the conditions (i)-(iii) to suppress the lepton flavor violating decays
of neutral mesons, especially K; — pe. It will be interesting to study what will be caused by
violations of these conditions. In particular, the tree-level contributions, namely the violation of
the condition (i) is required to explain the Ry ) anomaly, so the full numerical analysis with both
tree-level and 1-loop contributions is important. Furthermore, this model could perhaps explain
the anomaly in muon g — 2 via the loop diagrams involving LQ, vector-like fermions and exotic
scalar particles. We leave those extended studies including the violations of three conditions for
future work.
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A Loop functions
The forms of the loop functions are shown in this appendix. Defining

d4p p2n
(4m)* (p? — m3)(p? — m3)(p? — ME)(p? — M3)’

Fn(ml,mg;Ml,Mg) = / (Al)
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those for n = 0,1 are given by

—; 1

Fo(mhmz; M, M2) = @W {F($1,$2>77) + F(%,xlﬂ?) + F(Ua%,@)} ) (A-Q)
1

—1

Fy(mq, mo; My, My) = T6:2

1
W {$1F($1,$27 77) + $2F($27 T, 7)) + 77F(777 T, IE2)}7 (A'3)
i

where x1 = m?/ M}, xo = m3/M3?, n= M3 /M?. The function F is defined as

r1ln g
F(xy,29,7m) = ) A4
0221 = G D o — a0 — 1) 54
If m :=my = my and M := M; = M, these are simplified to
—i 21—2)+ (1+x)logx
F M) = A.
olm, M) = {5 1— )3 ’ (A.5)
_q _ 22
Fi(m, M) = i 1—2°+2xlogx (A.6)

16r2M2 (1—x)?

where z := m?/M?. The dimensionless functions G,, n = 0, 1, are the linear combinations of Fj
and Fi, given by
11

m3 G (mp, mp;mx, my,) = an(mE’mE;mX’mhA) * an(mD’mD;mX’mhA)

+1Fn(mE,mD;mX,mhA). (A.7)

We also define Fy(mg, mp;mx,mpu,) := miFo(mg, mp;mx,my, ), where Fy is a dimensionless
function.

B Tree-level constraints

When the LQ mass is 5 TeV, tree-level LQ exchange contributes to lepton flavor violating processes.
In particular, e—pu flavor violating phenomena strongly constrain the coupling products involving
first two generations (Table4). The LQ carries a lepton number, and the family number conserving
couplings with LQ lead lepton flavor violating processes e.g. K;, — pe. p—e conversion process
also brings a stringent constraint on the coupling products. In order to avoid the the experimental
constraints, those couplings need to be smaller than O(1072~3), assuming that all the couplings
have a comparable size. Furthermore one-loop induced p — ey can constrain coupling products.
It however depends on the L(Q couplings to the vector-like quarks [31], so that we do not discuss
it further. For the more generic analysis readers are referred to Ref. [41].

The ha and Ag exchanging also contributes to flavor violating processes. The scalar couplings
with the SM fermions are generally flavor violating and linear to

3205 G5 s (0) 1 mb (325 s - (B.1)
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Table 4: The upper limit on the coupling products contributing to the u—e flavor violating
processes.

coupling product upper limit process bound
(gi)de (gc)i;)su ) (gé;)de (gé(L)su $107° Kp — pe [36]
(93,) e (9) 4] | ) o (92) | | S 2077 Kp = pe [36]
(QC)J(L ) de (Q(i ) du <1074 [i—e conversion [42]
(ng)de (ﬁé;)du <107 p—e conversion | [42]
(f]ﬁi) de (ﬁﬁ;) du <1075 j—e conversion [42]
(Qé)se (Qé;) o <1078 p—e conversion | [42]

As we see in the main text, the scalar couplings are related to the LQ couplings involving heavy
fermions as well as SM fermions. Taking into account the tree-level exchanging of ha and Ag
and fixing my, = ma, = 5TeV, we can also derive the experimental constraints on the scalar

couplings
5x 1072 1075 1073
%\/%( ) < 107 1x10725x1073 1, (B.2)
1073 5x1073 1

N

d
YA

1 1x10°20.5
) <lix10®* 1 o0s5]. (B.3)
0.5 0.5 1

The upper bounds on off-diagonal elements of f/ﬁ ;; are given by K -K, B-B and B,-B, mixings.
The bounds on off-diagonal elements of SA/Ae ;; are derived from p — 3e, 7 — €00, by setting all
diagonal elements to unity. The bounds on diagonal elements of Ygij are derived from the pu-e

conversion with the maximally allowed Y§ eur As is discussed in the main text, the conditions (i)
and (ii) suppress those dangerous couplings.
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