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ABSTRACT: We propose a quark-lepton symmetric Pati-Salam (PS) model based on the gauge

group SU(2)r, x SU(2)r x SU(4)¢ with an Fg-inspired particle spectrum which naturally

2
'3
plays a crucial role in realizing this scenario, under which the Standard Model (SM) fermions

accommodates a multi-TeV leptoquark gauge boson X, (3,1, 2). A softly broken Zs symmetry
are even, while new vector-like fermions present in the model are odd. A notable feature of
this model is that the PS gauge boson X, itself is Z>-odd, causing it to couple exclusively
between SM fermions and the vector-like fermions, except in the right-handed down-quark
sector, where mixing is induced by the soft breaking of Zs. This structure leads to helicity
suppression of tree-level meson decays mediated by X, with Z;-unsuppressed contributions
arising only via one-loop diagrams. We show that X, can be as light as 1.1 TeV while
being compatible with all flavor-violating constraints. However, mass relations among the
(W/ﬁ, Z,,, X,;) gauge bosons push the X, mass limit up to 4.3 TeV from the stringent LHC
bounds on the Z’ mass. This comparatively low PS-breaking scale opens up promising collider
opportunities for probing the leptoquark gauge boson, as well as the distinctive signature
of vector-like down-type quarks carrying an unusual baryon number of 2/3. The model
can be further tested via lepton flavor-violating processes induced by the leptoquark gauge
boson, such as p — ey, u — eee, and p-e conversion in nuclei. Neutrino masses arise in
the model through dimension-seven operators at tree-level, as well as from dimension-five
operators via one-loop diagrams.
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1 Introduction

The first successful attempt to unify quarks and leptons is the Pati-Salam [1, 2] (PS) model,
where they transform as common multiplets of the gauge symmetry SU(2)z x SU(2)gp xSU(4)c.
Lepton number is treated as the fourth color of the enhanced color group SU(4)c. Beyond
quark-lepton unification, the PS model has several attractive features: its non-Abelian nature
implies that electric charge is quantized; the presence of right-handed neutrinos dictated
by the gauge structure paves the way for light neutrino mass generation via the seesaw
mechanism; and the matter-antimatter asymmetry of the universe can be explained via
leptogenesis arising from the decays of the right-handed neutrinos. Furthermore, unlike
Grand Unified Theories (GUTs) based on simple gauge groups, the new leptoquark gauge



boson in the PS model, X, (3,1, %), where the quantum numbers refer to the Standard
Model symmetry SU(3)¢ x SU(2) x U(1)y, does not mediate proton decay, allowing the
PS-breaking scale to be much lower than the traditional GUT scale of order 10'® GeV. There
is, however, a strong lower limit on the PS-breaking scale from meson decay to leptons. In
particular K9 — p*eT constraint requires My > O(2500) TeV [3-5]. This scale is still well
beyond the reach of any foreseeable collider experiments.

The goal of this paper is to realize Pati-Salam symmetry at the multi-TeV scale, which
can be probed directly at the Large Hadron Collider (LHC) and other near-future collider
experiments. Our proposal makes use of an Fg-inspired particle spectrum, which enables us
to evade the stringent lower limits on X, mass from meson decay constraints. In Eg GUTs [6],
all fermions of a generation are unified in a 27p-dimensional representation. Apart from
the Standard Model (SM) fermions, this contains new vector-like fermions — an iso-singlet
down-type quark, a vector-like lepton doublet, and two singlet neutrinos v and N. An
additional vector-like fermion belonging to (1, 1,6) of the Pati-Salam gauge symmetry is also
introduced for realizing quark-lepton symmetry in the multi-TeV range. We are agnostic
about the origin of this multiplet, but we note that it has no gauge anomaly and it can arise
in specific compactification schemes that break Fg down to the PS gauge group.

Our proposed model incorporates a softly broken Z, symmetry, under which all SM
fermions are even, while the new vector-like fermions are odd. An exception to this assignment
is that a vectorlike quark with baryon number of +2/3, D', is odd under Zs. An important
feature of the model is that the PS gauge boson X, is also Z>-odd, causing its coupling
to involve one SM fermion and one vector-like fermion. The Z5 symmetry is softly broken,
which leads to mixing of the dr quarks of the SM with Dpg vector-like quarks. Meson decays
arising at tree-level through the dr — Dg mixings and mediated by the X, gauge boson
are helicity suppressed, with Zs-unsuppressed contributions arising only via loop diagrams.
Consequently, the X, gauge boson can be remarkably as light as a TeV, while being consistent
with all flavor-violating constraints. Although the model introduced in this work is new,
the idea of suppressing meson decays through the inclusion of vector-like fermions has been
explored previously in the context of the PS framework in refs. [3-5, 7-12]. What is genuinely
novel in our construction, however, is that the specific set of exotic fermionic multiplets we
introduce allows the softly broken Zs symmetry to play a significant role in the suppression
mechanism and admits a consistent baryon-number assignment for all fields, thereby ensuring
absolute proton stability. This combination of features — PS structure, vector-like fermions
with a softly broken Z5 symmetry, and exact baryon-number conservation — has not been
realized in any of the prior models.

Our detailed analysis shows that the mass of the leptoquark gauge boson X, can be as
low as 1.1 TeV while being fully consistent with all flavor-violating constraints. Such a low
bound on My is obtained by eliminating the kaon decay at tree level by a suitable choice of
flavor structure. The most stringent flavor bound then arises from By — pe and By — up
decays in this scenario. However, current LHC experiments set a lower limit of 5.6 TeV on the
Z' mass, from the production and decay Z’' — ¢/ process. Taking account of the theoretical
relations among the masses of Z’ and X, this translates into an indirect collider limit of
Mx 2z 4.3 TeV. Such a low PS-breaking scale opens up promising opportunities for collider



probes. While direct searches for W/ and X gauge bosons are less sensitive, we find that the
high-luminosity LHC (HL-LHC) can probe the Z’ mass up to 6.6 TeV, whereas the FCC-hh
has the potential to reach a sensitivity of order O(40) TeV [13]. Owing to the mass relations
among the gauge bosons, this reach would also probe indirectly X, mass of the same order.
The model predicts the existence of vector-like down-type quarks D’ with an unusual baryon
number of 2/3. Pair production of D’ would lead to multi-jet final states, which already place
a lower bound of O(1.5) TeV on D’ mass, which can be further tested in upcoming LHC
upgrades and at future colliders. The leptoquark gauge boson also mediates lepton flavor
violation (LFV), with the most stringent constraints arising from u — ey, u — eee, and
1 — e conversion in nuclei. If we assume a CKM-like mixing structure for the mixing matrix
involving X,,, these processes would yield a lower bound of roughly Mx 2 1.64 TeV. The
model proposed, therefore, can be tested indirectly by the observation of these LE'V processes.

Within this setup, we find that there are two comparable sources of neutrino masses. The
first one arises through mixing of v with the other neutral leptons v and N present in the
model, leading to an effective dimension-7 operator LLHHH'H (with L and H denoting
the lepton and SM Higgs doublet) [14, 15]. The second contribution arises from one-loop
diagrams analogous to neutrino mass generation in the scotogenic model [16, 17]. Neutrino
masses arising from either of these sources are sufficiently small and allow for the PS breaking
scale to be in the multi-TeV range. Depending on the choice of parameters of the model,
one or the other can dominate, or both can be comparable. We also point out that, due
to low-scale PS breaking, monopoles produced at a temperature of TeV are cosmologically
harmless [8, 18, 19]. In sum, TeV-scale PS-breaking is not only theoretically motivated and
consistent, but also ensures that the model remains fully accessible to experimental probes.

Extended versions of low scale Pati-Salam models have been studied in the context
of explaining certain B-meson decay anomalies [20-25]. In contrast to these extended
models, the model proposed here is more traditional. There have been several studies on
realizing Pati-Salam theory in four dimensions from string compactification, see for example,
refs. [26-30]. For discussions on various other aspects of the Pati-Salam model, such as its
origin from SO(10) unified theory, baryon number violation, solution to the gauge hierarchy
problem, and symmetry breaking sector, see refs. [31-36]. A modified realization of the
PS gauge group, SU(4) x SU(2)1 x U(1)g, has also been investigated in the literature; see,
for example, refs. [37, 38].

The layout of the paper is as follows. In section 2, we introduce the model and provide
all necessary details. These include the fermion, gauge boson and Higgs boson spectra,
interconnections among the gauge boson masses, and gauge interactions in the physical basis
of fermions. Collider implications are discussed in section 3. A detailed analysis of flavor-
violating processes, including meson decays, meson-antimeson oscillations, and lepton flavor
violation (LFV), is presented in section 4. This analysis includes tree-level induced processes
as well as loop-induced processes. Finally, we conclude in section 5. Some computational
details are relegated to appendices A, B, and C.

2 FEg-inspired Pati-Salam model

In this section, we introduce the proposed Pati-Salam model with an Fg-inspired fermion
spectrum and provide the relevant details necessary to develop strategies to test the model.



2.1 Fermionic content

The proposed model is based on the Pati-Salam gauge symmetry Gps = SU(2)1, x SU(2)r x
SU(4)c. The fermionic content of the theory is inspired by Fg GUT. To see this, first consider
the decomposition of the fundamental representation 27 of Eg under its maximal subgroup
SO(10) x U(1) as well as its subgroup Gpg x U(1):

27 =161 © 102 ® 14 [Eg D SO(10) x U(1)]

=(2,1,4)1 @ (1,241 B (2,2,1) 2@ (1,1,6) o @ (1,1,1)4 [Es D Gps x U(1)]. (2.1)

Our model contains three families of these fermion fields arising from 27. In addition, we
introduce the multiplet Q = (1,1,6)r of fermions, one per family, which may have its origin
from a pair of vector-like fermions 27 + 27, or from compactification of a higher dimensional
theory. The  field is crucial for defining baryon number consistently. The full fermionic
content of the theory is given below, where all fields are taken to be left-handed.

up ug uz Vg
=(2,1,4) = 2.2
w (,,) <d1d2d3E>’ ( )

¥ = (1,2,3) = (Dl D% Ds ) , (2.3)
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X:(2,2,1):<EC”>, (2.4)
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A feature worth noting about this assignment is the flipping of d° <» D¢ and (v, e) <> (vg, E),
compared to the standard PS assignment, which does not include the x,w, N, and 2 fields.
This flipping plays an important role in realizing the PS symmetry at the multi-TeV scale,
as we shall see later. The new fermions D', D’® are denoted in red color throughout, to
easily distinguish them from the usual quarks and the D vector-like quarks, as they carry
an unusual baryon number of +2/3.



Z9 Even Zo Odd
Field | Type B Field | Type B
u,d F 3 D, D¢ F | (3-3)
wed | F | =% | D F -2
e,V F 0 v° F 0
e’ F 0 | vg,E | F 0
D' F 2 | Evg | F 0
e S 0 N F 0
U S 0 a,d S 1
7 S 0 ue S -1
De s | -+ | e S 0
E S 0 ec S 0
Ee | S 0 | x,*| GB 1
Z, | GB | 0 | W* | GB 0

Table 1. Z,-parity and baryon number B for all fermions (F), scalars (S), and gauge bosons (GB) of
the theory.

2.2 Scalar content

The scalar sector of our theory is rather minimal and consists of the following Higgs fields:

~ U] Uy U3 Vg
—(2,1,4)= |2 WYEY 2.8
G- () ©3)

0¢ = (1,2,4) = (Df g Dg > , (2.9)

WU ug v

. ~
;:(2,2,1):(3 f). (2.10)

vy e
Here we have used common symbols for the scalars and the fermions with the same quantum
numbers, but with a tilde added for the scalars. Note again that these states can arise from
275 D (2,1,4) @ (1,2,4) @ (2,2,1), with the remaining submultiplets of 275 assumed to
be decoupled and residing at the high scale.

The full particle content of the theory, as given in egs. (2.2)-(2.7) and egs. (2.8)—(2.10),
allows the imposition of a discrete Zs symmetry. Table 1 shows the relevant transformations
of the particle content under this Zs. It is apparent that all SM are even and exotic fermions
(except D'“), including the right-handed neutrino v¢, are odd under this symmetry. Note
that the Zs symmetry does not commute with the gauge symmetry. Such a discrete Zs
has been known to be present in Eg-inspired left-right symmetric models [39, 40] where
the symmetry may remain unbroken. In the context of low scale Pati-Salam model, the
Zo has to be softly broken, otherwise baryon number violation would occur through the
exchange of scalar leptoquarks, or some of the vector-like quarks would be massless. As



will be discussed in section 2.4, the soft breaking of Z; arises through a w — {2 mass mixing,
which is necessary to give D’ a mass.

The neutral components of the Higgs fields 12, @C, and X all acquire vacuum expectation
values (VEV) which are denoted as:

g) =k, (%) =krp,  (PY) =v, (D) =uw. (2.11)

While the VEVs of 7g, v¢ and 1/% do not break the Zs symmetry, the VEV of 7 breaks
the Z5 and is thus shown in magenta color. The soft breaking of Zs through the fermionic
w —  mixing implies that there is a linear term in 7 in the Higgs potential that needs to be
shifted away, leading to a nonzero w with a hierarchy w < kp,v. The spontaneous symmetry
breaking proceeds in two stages as follows:

SU(Q)L X SU(2)R X SU(4)C @) SU(3)C X SU(Q)L X U(l)y @ SU(?))C X U(l)em.

(2.12)

We are interested in a scenario with kg ~ O(few TeV) > kp,v ~ O(100GeV) > w ~
O(100 MeV).
2.3 Yukawa interactions and charged fermion masses

With the particle spectrum specified, we can write down the most general Yukawa interactions
involving the fermions and the scalars of the model. In doing so, we impose baryon number as
well as the Zs symmetry given in table 1, but we allow for a soft breaking of the Z; symmetry.
The gauge-invariant Yukawa Lagrangian for the charged fermions can be written as

Lk = Yithai (V)5 X 536" € + Yitoai ()i x 5567 € + Yetbas (V)i x g™ e’

Y. N . . M g
+ %waiwklwweo‘ﬁe”kl + ﬁYD(wc)gQij (wc)geaﬁ + TWWZ']‘QMG”M +h.c.. (2.13)

where «, 5 denotes SU(2), indices, ¢, B denotes SU(2) g indices, and i, j, k, [ presents SU(4)c
indices. The last term in eq. (2.13) breaks Zs softly. In component form Ly reads as

Ly =Yy ((ch + vge®)e — (vu’ + vpr©)vg — (dD° + Eef)v + (du® + EVC)EC>
+Yg ((uf)c + vpe®)e — (ull + v s — (dDC + Ee®)v + (duc + EDC)EC>
+Y. ((QIDC + vge)e — (s + Upr°) — (dD + Eef)v + (du® + EVC)EC)
+ Yo (d°(WE — dirg) + d*(Bii - vigd) + D'su;dye ™ + D'idjite'’*)
+Yp ((D/C)i(Dc)j(ﬂc)keijk — (D');(u®);(D°) e + DDD® — Decu
+Dv* D" — Du‘e) + M, (d°D + D'D") + h.. (2.14)
The soft breaking of Zs symmetry by the M, term allows us to generate a mass term for

D’ D’¢ which forms a Dirac fermion. The Yukawa interactions of the singlet fermion N field
will be discussed in section 2.5, where we also discuss the neutrino mass spectrum.



The charged fermion mass matrices obtained from eq. (2.14), with the VEVs defined in
eq. (2.11), have the following form in a basis fZTMZ]fJc (for f =u,d,e, E,D,D’):

}/ETRL 0 —YTHL —Yuw
ngg = Yu v, MI37>’<3 = Mw, M6E><6 - (-YU'LU YEHR> ) M6D><6 = ( ]\Z'T YD"QR ’ (215)

Here, the basis chosen for the 2 x 2 block matrices is e — F and d — D. We define, for
these matrices,

Mp=Ypkgr, Mp=Y}Lkg (2.16)

and proceed to diagonalize them perturbatively. The elements of the blocks in the first row
of Mp are much smaller than those in the second row, due to the hierarchy w <« kK, < kg
realized in the model. Similarly, the first column of Mg is much smaller than the nonzero
second column. A general block matrix of the form

M= (ﬁ? A”;) (2.17)

with mg,m < M’, M can be block-diagonalized to second order in m,mg by the following
transformation:

UL MUR = MBlock, (2.18)
where Ugr and U, are unitary matrices given, to linear order linear in mg, m, as

—1/2
(1 +ate)~12 2ty (M1 + zaf) M) /

I p*
a . Up= < ) . (2.19)
1/2
—a(l+ate) V2 M (M1 + 2t M) / —p" 1

Here we have defined the 3 x 3 matrices x and p as

Ur =

r=M1M, p=(moxl +m)I+zz")" ML, (2.20)
The block diagonal mass matrix has the form

- 1+ ztz)=1/2 (@)
JyBlock _ (mo —ma)( 291
( ©) (MM + M'M'T)/2 (2.21)

Here we use the symbols I to denote the 3 x 3 identity matrix and @ for the 3 x 3 zero
matrix with all elements equal to zero.
Each of the block diagonal matrix, written as f'7 MPBlok f/¢  where

f=Urf, f*=Urf", (2.22)
is further diagonalized by the transformation
f"=Vifo, [=Vpf§ (2.23)

with the fy and f§ denoting the mass eigenstates (for f = u,d,e, E, D, D). These unitary
matrices Vi, Vye diagonalize the block mass matrix:

VfTMBlockvfc — Jydiagonal (2.24)



The transformation from the gauge eigenstates to the mass eigenstates can then be obtained
from the combined effects of eq. (2.18), eq. (2.22) and eq. (2.24).
These general results can be applied to block diagonalize Mp of eq. (2.15). We identify

M = MNp, ==My*MLY, p=—VTrpat + Vo)1 4 zah) N5t (2.25)

We can now write down the transformations that take (d, D) and (d¢, D€) into their respective
mass eigenstates as

d Vi O d d° Ve O dg
- €5 o

More explicitly, we have

d = Vydy + p*Vp Dy

D = Vp Dy — p"'Vady

—1/2
d° = (T+ 2t2) "2 Ve d§ + 2T M1 (M(]I+x:cT)MT) / VpeDE

—-1/2
D¢ = —x (T +2t2) Y2 Ve ds + M7 (M(JI + mT)MT) / VpeDE (2.27)

with M, x and p defined in eq. (2.25).
Similarly, the 6 x 6 matrix M% arising from eq. (2.15) can be block diagonalized with
the identification

r=0, pg=—(YIw)Mg". (2.28)

u

The block-diagonal matrices are then diagonalized following the definitions of eq. (2.24). We
find explicitly the following transformation equations (with Ug being an identity matrix):

e=Veeo
E =VgE
e = Vee ey + py Ve E
E¢ = —pt'Vie €§ + Vie ES . (2.29)

As an application, the gauge interactions of X, in the original basis given as Dery, e XH
will contain light fermion fields as

Deéry, e X* D dj [—th (I + )~/ 22t Vec] Yueg XH . (2.30)

We shall present the complete interactions of the gauge bosons with the mass eigenstate
fermions later in section 2.6 using these results.

2.4 Softly broken Zs symmetry

Within the model, baryon number B of each particle can be uniquely determined from
its gauge interactions, which are listed in table 1. We shall assume that B is an exact
symmetry of the Lagrangian. All quarks carry B = 1/3, except for D" which has B = —2/3.



Note also that scalars with identical quantum numbers carry the same B-charge as the
corresponding fermions.

The couplings 1w {bv ¢ ww, and Q) are absent in Lyyk (see eq. (2.13)), since they do not
conserve baryon number. But the last term in eq. (2.13), % wij Qg €% does conserve baryon
number and is necessary to generate a Dirac mass for the down-type state D’ with B charge
of —2/3. This term breaks the Zs symmetry softly, and will induce mixing between d¢ and
D¢ anti-quark fields. Such mixings are proportional to the matrix x defined in eq. (2.25), viz.,

wij = (Mp"M)ij ~ 0.2V i, . (2.31)

Here M p = Ypkpr. This numerical choice is motivated by the desire to realize the lowest
mass leptoquark gauge boson X, in the model. The logic behind this is as follows. The
x;j parameters control the d° — D¢ mixing angles, which lead to tree-level meson decays
mediated by X,,. Only right-handed quarks take part in these decays. To suppress these
tree-level decays, we wish to have x;; as small as possible. Reducing M,, would help, but
collider bounds on the vector-like quark D’ require M, 2 1.3 TeV (see section 3). Increasing
kg would also suppress z;;, but at the price of raising the leptoquark gauge boson mass Mx
(see eq. (2.62)). We therefore go with the smallest kr allowed by the Mz mass limit, and
require that all elements of z;; are of the same order.! We assume Yp ~ O(1) (consistent
with perturbative unitarity [41]), M, ~ 1.3 TeV, and xr>6.3 TeV, the lowest value allowed
by the limit Mz > 5.6 TeV, and arrive at x;; ~ 0.2. A benchmark point for the matrix
elements x;; is given in eq. (4.6). In principle, all soft Z5 breaking terms that conserve baryon
number should be allowed in the Lagrangian. These include the terms

Loofe O My XX + MZ XX + pd°X* + h.c. (2.32)

Among these three, only the third term ¥¢°¥* will get induced in the presence of the term
soft Zy breaking M, w. This can be seen by the induced trilinear term shown in figure 1
which is log-divergent. Therefore, we must allow this term in the Lagrangian. On the other
hand, the terms M, xx and M)% xX will not be induced through M,Qw coupling. We can
think of M, as arising from the VEV of a spurion field (1,1,15)y through the coupling
Qw (1,1,15)y. But this putative Higgs cannot couple to yx or xx. Thus, it is consistent to
consider only the soft breaking term pi)°Y* in the Lagrangian, along with the M, Qw mass
term. To summarize, the soft Z, breaking Lagrangian is taken to be

Loty 25 = MoQw + " + hc, (2.33)

To get an estimate of the order of magnitude for the coefficient x in eq. (2.33) we evaluate
the log-divergent correction from figure 1, which is found to be

TS

A2
ool (YuYngYdT ) (m) : (2.34)

Mp,

'Flavor effects may further lower the d° — D® mixing parameters. If we consider the presence of ®(1,1,15)
Higgs with (®) = va/(2v/6) diag (1,1,1, —3), the coupling Q**®¢e,.qrw¥ is allowed, as well as a bare mass
term, and the D' D’ mass becomes (Mw + 11@/\/6), and d° — D entry will be now (Mw — Uq>/\/6). In this
case, d° — D° mixing may even vanish.



Figure 1. Induced cubic scalar coupling ¥9¢x* through the softly broken Z, mass term M, Qw.

where 3 is the color factor. With the assumption that the cut-off scale for the theory
is A ~ 10" GeV, Yip ~ YD ~ 1, Yhottom ~ 1.6 x 1072, Mp ~ 6.3TeV, M, ~ 1.3TeV,
eq. (2.34) yields

o~ 13GeV. (2.35)

We may translate this naturalness bound on p into a constraint on the induced vacuum
expectation value (7) = w using py ~ 10 TeV for the mass of the corresponding scalar:

w=HEEER 100 Mev. (2.36)

X

Here, we have used kg > 6.3 TeV using the limit Mz > 5.6 TeV, see figure 5.

2.5 Neutrino mass generation

With the choice of N being Z odd (see table 1), we can write down the Yukawa couplings
involving N:

- o . |
Lose =Yopbaith N + Ve (W) (F)ON + Yixaa(r2X"2) ys Ve e 4 ZMyN? + e,
(2.37)
Expanding in component form, this becomes
LY =Y, (i + vptl + dd* + EE*)N 4 Ye (ua® + v°0% 4+ DD + %€ )N

~ 1
+ Y, (ECE™ + vgvs + vi* 4 ee*)N + 5MNN2 + h.c. (2.38)

The term XadiﬂBN B¢ is absent here because it would be a hard breaking of Z, by a
dimension four operator. Collecting terms from eq. (2.14) and eq. (2.38), we can write down
the neutral lepton mass matrix in the basis (v, vg, v§,v° N) as:

0 B
M, = (BT H) (2.39)

,10,



with
0 —YEIQR —YU’U YVEIQL
— anR 0 —YeTFcL Y, v*
~YIv —YTkp, 0 Yierg
YVI;FLL YI;TU* Y,};K:R MN

B=(000Y,uw), H= (2.40)

Integrating out the heavy block H [42, 43] one would get the tree-level light neutrino mass
matrix as

miree = —BH BT = —(Y,w") [’H*l]NN (YV’U/’*)T‘ (2.41)

To calculate the closed form expression for [’H_l} Ny let’s partition H into 2 X 2 blocks by

H = (CAT g) . (2.42)

2

grouping (vg,vy,) and (v¢, N):

With the assumption that Ygkp is invertible, the Schur complement can be written as

S =D-CcTa'C = (8” 812) (2.43)
821 $22
which gives
[H_l]NN = (§_1)22 = (322 — 521 81_11 812)71 . (2.44)

With the definition £ = Ygkpg, the block multiplication leads to the relations
S$11 = VK[, (YuT(E_l)TY;T + YeE_IYu)’ (
s12=Yyekp + [0V, (E"HTY, +KIY.ETYY,,, (

S21 = S1, (2.47
52 = My + ko (YL (ET)TY, + Y E7'Y,, ). (
In the hierarchical limit kg > kr, v, the (vg,v§) block dominates the heavy sector. Let’s

define,
X=Y.Y;%V., So=X+XT (2.49)

Then from eq. (2.45), we see that sy = ﬂﬁo, while s19 &~ Y,ckp and s99 = My +
KRR
O(kv*/kR). Keeping the leading term in v/kg, k1 /kr we find from eq. (2.44)

M vy = o (

—1
Yjﬁggly,,c) (2.50)

2For the inverse of a 2x2 block matrix, assuming that the (1,1) block is non-singular, we can implement
the following recipe [44]:

AB\ ' (AT'+AT'BST'CATN —AT'BST!
¢p) —s7'cA™! s

where the Schur complement S = D — CA~!'B of A is invertible.
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Figure 2. (a) Tree-level neutrino mass through seesaw diagram, (b) One-loop neutrino mass through
Scotogenic-type diagram.

Here, the explicit My dependence is sub-leading provided that My < /{% /(v kp) after the
Yukawa factors have been accounted for. In this controlled limit, we see a “triple seesaw”
structure for neutrino mass:

-1
mire o () (YEST Vi) (YT (2.51)

KR
The effective operator that generates this mass is of dimension-seven, given as (LLHH)
(HYH) [14]. Thus, we can write down the light neutrino mass matrix in terms of the original

matrices explicitly as

myee ~ %(wa*)lﬁ;l VoY Y+ YL ()Y | (v T (v T (2.52)
R
We note in passing that in the opposite limit where My > k% /(v k), the neutrino
mass matrix takes the form m®® ~ — (Y, w*)M ]Ql (Y,,w*)T. This is a dimension-five operator
shown in figure 2(a). However, in this limit, the mass of the right-handed neutrino states v°
will be well below the electroweak scale, which we wish to avoid in our setup.
We now present a benchmark point that gives the right order of magnitude of the neutrino

masses from mU® given in eq. (2.52):

Input : kg = 7TeV, kr = v = 123 GeV, w=0.1GeV,
Y, = 0.24, Y, = 1072, Ypl=1, Y,=1, Y, =0.10,
Output : m7® ~ 5 x 1072 V.

Radiative (scotogenic-type) neutrino mass. The tree-level contribution to neutrino
mass shown in eq. (2.52) is proportional to w?, where w ~ 100 MeV. There are also one-loop
corrections to the neutrino mass from the diagram shown in figure 2(b). These loop corrections
are independent of the small VEV w and can be comparable to or exceed the tree-level
mass. Here we evaluate these loop-induced neutrino masses in the limit of neglecting w. In
this limit, the discrete Zs symmetry is unbroken, and the diagram shown in figure 2(b) is
analogous to the radiative neutrino mass generation in the Scotogenic model [16, 17].
The scalar field that couples with the external v line in figure 2(b) is ¥ which is Z-odd
(see table 1), which does not mix with the other neutral scalars in the limit of setting w to
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zero. The real and imaginary components of the v will acquire slightly different masses from
the quartic couplings in the Higgs potential. We define their mass splitting as
2 2, 1 2 2 o 1 2
My = My + §Ama, My, =m; — iAm“' (2.53)
Am? is small since the splitting is proportional to v2, while the ¥ is in the multi-TeV range.
To evaluate the loop diagrams we choose a basis where the mass matrix for the N fields, My,
is real and diagonal. The radiatively induced neutrino mass is found to be

2 2 2
Am My, m

1 ~
(myoop af — 167’(’2 Z Bk MN’“ m2 — M]2\7 1= m2 — MJQV 1nM]2V (254>
k k k

with m = my, and Am? = Am2 is defined in eq. (2.53).
We present a benchmark point where the right order of magnitude for the neutrino mass
arises from the loop corrections.

Input : kr = 7TeV, kr = 123GeV, v =123GeV, w=0GeV,
m=1.5 TeV, MN =1.0 TeV, Y,, = 0.1, (YVVN)ak(YVVN)Bk ~ 0.01.
Output : ml°P ~5x 1072 eV, (2.55)

with a modest CP-even/odd splitting of Am = 0.05GeV.

This analysis shows that naturally small neutrino masses can be generated in the model
even with the PS breaking scale being in the multi-TeV range. The mass generation mechanism
may be either tree-level d = 7 operator, or loop-induced d = 5 operator, or a combination
of the two.

2.6 (auge sector

Now we turn to the masses of the various gauge bosons in the model.

2.6.1 Charged gauge boson masses

The kinetic terms for each scalar field are given by:
L8 = Tr [(Du) (D*) + (D) (DM) + (D) (D)) (2.56)
The covariant derivatives are defined as:
~ . ot Tf ~
D" = 0,0~ igu (W, G ) 0 i (G175 ) g
Teya N b 0\ s aTf
DL = 0,02 — ign(Wh 5 ) (5°)] +in G2 )
B
b

Sad Sad . g a~ '
Dt = 0 —ign (WH, 5 ) —zgR(WRM) (2.57)
B

Here, b = 1 — 3 runs over SU(2)y,/r generators, while d = 1 — 15 runs over SU(4)¢ generators.
The indices «, &, and i, respectively, denote the indices for SU(2)z, SU(2)g, and SU(4)¢

,13,



The charged gauge bosons Wfﬂ and Wécu mix, with the mixing angle being proportional to
the soft Z, breaking term, and their mass matrix is given by:

391 (k] +v* +w?)  grgrvw
M2,y = { (2.58)
° %g%(/@% + 02 + w?)
We can define the physical states as,
I/Vlui = cos ( WHE —sin ¢ WHE, Wy = sin ¢ WHE + cos ¢ W/HE,
with the mixing angle ¢ given by
49Lgrvw
tan 2¢ = : —~. 2.59
¢ 9% (k% + v2 4+ w?) — g2 (k% + v2 + w?) (2.59)
Their mass eigenvalues are given by
1 ‘
MI%V{“E o~ ig%(m% + 02 + w?), (2.60)
1 .,
M5V§i o~ 59%{(&% + 0?2 + w?). (2.61)
With w = 0, W/ * is identified as the W boson.
The mass of the leptoquark gauge boson X,(3,1, %) is given by
1
M5, = Sgi(k] + KR). (2.62)

2
2.6.2 Neutral gauge boson masses
The neutral gauge bosons associated with the diagonal generators of SU(2)r,, SU(2)g, and

SU(4)c are denoted as W9,, W%, and G2, respectively. These gauge fields will mix and
pL nR 7

produce the massless photon field A,,, while the other two orthogonal states Z,;, and Z, g will

further mix. The corresponding mass-squared matrix in the basis (WBL, WgR, G}f’) reads as

L3 (63 + 02+ w?) —Lgrgr(@®+w®) —\/3gugun}
2 _
My = . 295 (k% + 02 4+ w?) —\/294913&% . (2.63)
. . 193(k7 + K)

where ‘@’ represents the symmetric elements. The compositions of these fields, expressed
in a suitable basis, take the form:

 VBgagrWp, + V30491 Wik + V2919rG))

A, , (2.64)
V20393 + 393(97 + 63)
g 9393 + 203)W 2, — 3939rW ok — V69704G,P 065
He 2 2 2 2 202 , 2 (2.65)
\/(394 + 2QR)(29L9R + 395 (QL + gR))
7, = YRR T VT (2.66)

V393 + 2%

— 14 —



In this basis, the photon field decouples from other gauge fields, leading to a 2 x 2 mass-
mixing matrix B? for Z — Z’ which reads as:

2 2
‘ 91+ 9
(97 +9%) (87 + 02 +w?) [ (VP +w?) (9% — 93) — 9%KT)

) 1 9% — 9%
M-z = 2 2 2\ (2 2V2 4,2 4,2
. (v +w”) (9% — 9v) > + 9y KL + 9rKR
2 2
9r — 9y
(2.67)
Here we have traded g4 in favor of gy using the following coupling matching condition
L + 21 (2.68)
9% 9r 391 '
The physical states can be written as
Z =cos&Z —sinéZg, Z' =sinéZp +cosé Zp. (2.69)
with the small mixing angle ¢ given approximately by
2 2 (12 2 2,2
agp — g V7 + W) — gy K
= Wm0 ) SV S ) (- b 2.10)
9IRER
The mass eigenvalues of Z and Z’ are given by
1 ‘
MZ ~ E(g% + ¢2) (K2 4 v* + w?), (2.71)
A2~ L+ w?) (9h — 68) % + gy R + gie; (2.72)
Zl —_ 2 2 _ 2 . .
9dr — 9y

With small &, Z is identified as the SM Z boson.
To get the relations among the gauge boson masses, we solve the two-loop renormalization
group equations for the gauge couplings within the SM:
dgi _ 1

1
— (1) (2) 9
i )y By, + : (2.73)

(471')4 gi

Since the new particles present in the model lie around or above the PS breaking scale, they
do not contribute to the running of the gauge couplings below the scale of PS symmetry
breaking. Thus, we include the two-loop beta functions in the SM given as

B = bilgi ()], (2.74)

B = gi () | Dby g7 () — Cou Te (YY) = Cia Tr(YaY,)) = Cie Tr(YY) | (2.75)
J

with b;, bij, Ci(ya,e) are the SM two-loop coefficients (summarized in appendix A) and
Yy, Yy, Ye are the SM Yukawa matrices. g; has the usual SU(5) normalization g7 = (5/3)g%.
The PS gauge couplings are related to the SM gauge couplings at the PS breaking scale
(ups) by the following matching conditions:

39% (1ups)g3 (1ps)

2 2 2 2 2
g =g y g = ;g =g : 2.76
L(nps) = g2(nps),  gr(ues) = 3 R (ups) — 262 (ups) 1(ps) = g5(pps) (2.76)
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ps[TeV]

Figure 3. Masses of the heavy gauge bosons for different choices of the Pati-Salam breaking scale
pps. The curves for My, Mx, and My, are obtained numerically from egs. (2.61), (2.62), and (2.72)
respectively, using gauge couplings fixed by the matching conditions in eq. (2.76) and by running the
Standard Model gauge couplings up to ppg with their renormalization group equations as discussed in
section 2.6.2. The horizontal dashed line at 5.6 TeV corresponds to the lower limit on the Z’ mass from
LHC constraints on the Z’ — £ process (see section 3). This collider constraint on Mz indirectly
sets the lower bounds on the masses of X,, and W;/l/

With these considerations, we show in figure 3 the interplay of the heavy gauge boson masses
due to the presence of a single (1,2,4) Higgs VEV, kr. The neutral gauge boson, Z', is
heavier (Mz > Mx > Myy) than the charged ones due to the additional mixing effects
occurring in the neutral sector. If we take the limit on the mass of Z’ from LHC for our setup
(see figure 5), which is Mz ~ 5.6 TeV, that immediately puts a lower limit on Mx and My
given by Mx > 4.3 TeV and My > 1.8 TeV. Later, we will see that this LHC limit on My
is the most stringent bound on the mass of the leptoquark gauge boson X, in the model.

2.7 Higgs sector

Now we turn to the symmetry-breaking sector of the theory. One of the goals here is to
establish the consistency of the two-step symmetry breaking. The most general renormalizable
potential involving the (¢, X) fields can be written as:

V = — pdhaith™ — ph(9°)4 ()8 — 13 Xaa X + AL (Daith®)? + Ap1 (9°)% (99)F)?
+ A (R X2 + Arathaath® 0% + A4 (0°)3 (6)4(59)7
+ AL R1Yaith™ (%) F (), + AL R2Wadth™ (V)5 (V)G + Ayy Xaa X pih™
+ Mo X X (095 (097 + Mo D™ DX Kot + A (w N >Bxaﬂxaa
+ A (Raae® T 5567%)? + hc.) + Ay Yaae® X567 €057 e X0
1+ (p §%eagX™ e (B)F +hc) + (U0 Faa ()8 + huc.) (2.77)
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Here, we have used the notation ¥ = (¢*)a; () = ((¢€)*)4 and ¥ = (Y*)aa- The
parameters p and p are complex in general. One of these, which we take to be p, can be
made real by field redefinitions, in which case the other (x) will remain complex. Since this
is a small parameter that breaks Z; symmetry softly with its value estimated in eq. (2.35),
its complexity will have little effect on the Higgs boson spectrum. Therefore, for simplicity,
we take p and p to be real.

Among the 40 real degrees of freedom — 16 come from the SU(2);, doublet {/;, 16 from the
SU(2) g doublet {/;C, and 8 from the bi-doublet ¥ — 28 fields get mass, while the remaining 12
fields are Nambu-Goldstone modes absorbed by the 12 massive gauge bosons. To determine
the Higgs mass spectrum, it is necessary to consider small oscillations around the true
vacuum. We choose to eliminate u?, u%, ,u% and p in favor of the VEVs given in eq. (2.11)

through the extrema conditions:

2

v K
13 =200 + M)l + 5 (Arnarh — 42M = Ay) (0% = 0?)) + 22 (02 4+ 0?)
KT w K[,
+ (ALm1 + )\LRQ)’QQR + (A, + )\LXQ)(UQ + wg), (2.78)
v’ K KL
ph =20+ Am)rh + (Aaa = 420 = ) (07 = %))+ 2 (0% + )
+ (ALr1 + ALr2)RL + ARy + Arya) (07 4+ 0%), (2.79)
1 =Ang + )‘sz)"i% + (Ary, + )‘sz)"&%% + 220 (v® +w?) - 4(2My, — )‘xa)v + - s w LRR
(2.80)
v 1
p= (M 4 Aot B0 a(h = A) 0P - ) (2:81)
kL W KL KR

With these conditions, we derive the mass spectrum of all scalars by taking the second
derivatives of the potential with respect to the fields. Our results are summarized below,
sector by sector.

Leptoquark scalars with +2/3 charge. The SU(3) fundamental and Z5 odd up-type
charged leptoquark fields, @ (u°), coming from v (1¢¢), have the following mixing matrix in
the (u, (u®)*) basis:

1 kL

2 KR
ME=Aa| . o2 |- (2.82)

kR KL

Here we have defined

2
v ‘
Aﬁ = ?(4(2AX2 - )\XB)(U2 — wz) — )‘RX2’%%2) /J) /;Z (1) + w ) )\LlefR ALX2 2. (2.83)
L
The physical state and its mass is given by

_ —KRU + KL (u®)*

dx = e m3, = Aq (14} /%) (2.84)
\/K], T KR
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while the orthogonal state, given by

Gy = it RR() (2.85)

) 2
K7 + KR

corresponds to the Goldstone mode, which gets absorbed and becomes the longitudinal
component of leptoquark gauge bosons X*.

Leptoquark scalars with +1/3 charge. The colored £1/3 charged Higgs field d(D°),
coming from 1 ()¢), has the following mixing matrix on the basis (d, (D°)*):

M2 = (AJ B‘i) : (2.86)

B; Cg
where
v? f K . ‘
AJ = %(4(2>‘X2_)‘Xs)('UQ_“*'Z)_ )‘sz’%%%) - gf( 2 + ’1172) - 2)\L25%_)\LR1’€%{_)\L><2“}2'
(2.87)
w v 2 2 2 K)L
B;=— (42N — Ay3) (V7 — w7) = ARyokR) + 200 + —= ALy, w v (2.88)
RLKR KRR
v2 ‘ w? WKL
C;= %(4(2)\)(2 — )\Xg)(vz — wz) — ARy pel H%%) — E%(iﬂ + ’wQ) — 2)\32/%%
2 "f% 2
— )\LRlK,L — )\LX2 /172 v, (289)
R

Here d is Z» odd and D€ is Z, even, and the elements of the off-diagonal block depend on
(v) = w as well as the parameter p of the Zy soft-breaking Lagrangian of eq. (2.32). Note
that there is no Goldstone mode appearing from this sector.

Color singlet scalars with +1 charge. The Z5 odd electron-type charged Higgs fields €(e*)
originating from x(1)¢) and the Zs even electron-type charged Higgs fields E(E°) originating
from () mix, with the mass matrix is given in the (€, (e°)*, E, (E°)*) as:

2 2
[ e | (mEg),,

T (), (m3)
m<~ m<=
EE/ 2x2 EJox2

The off-diagonal (m%E>2 ) block arises from the mixing of the Z5 even and odd sectors due
e X

(2.90)

to its soft breaking, and the various blocks have the following structures:
As Bs

= 7. (2.91)
Bz Cq
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where

Ag = 4U2 (2)‘)(2 — )‘Xs) — /\Lx2/€% — uﬁ"’fL/iRa (2.92)
v
B; = %(4(2)\X2 — Ays) (V2 — w?) = Ay, kt) — gnLv, (2.93)
2
(% KR, ‘
Cs =~ (420, — M) (0% = 02) = Apyoid) — B2 (02 4 0?) = Mgy, (2.94)
KT, W KR
e The non-diagonal block:
A.x B
mia=| . (2.95)
Ce Deg
where
Az = ALy, W EL + IR, (2.96)
Bz =40 w(2\y, — M), (2.97)
Cor= = (420 — M) (02 — 02) = ALyak2 — Aryahid) + 2000 (2.98)
éE — KLKR X2 X3 Lx2fL Rx2™R uv, .
D.p = Apy,WKR + LK. (2.99)
e The lower-half block:
Ax B:
e (2.100)
Bp Cp
where
v? f K . .
Ap = (420 — M) (02 — 07) = Apyoki%) — B (02 4 w?) = Apyw?,  (2.101)
K9 WKL
v : [
By = g(zl(%\x2 —Ayy) (02— w?) = Apyoh%) — L ER Y, (2.102)
Cp = 4220 — Ays) — Arxohih — kLkR. (2.103)
w

The combinations of orthogonal massless states, denoted by Gy and Gy are given by:

Gw = (—111(112—’11;2—1—&%) e —20wrR(&) — kp (V2 4w’ +k%) E + v(vz—u,v2—|—/<;%.)(l~?c)*)/N1,
(2.104)
where the normalization factor Nj is given by

Ny = \/(v2 +w? + k%) (V2 = w?)2 + (V2 + w?)r% + (V2 + w? + £%)K7), (2.105)

and

G = (—vE+KR(E)" +w(EB)) [Na, with Np= /s + 0%+ . (2.106)

These states are eaten by the charged gauge bosons Wﬁc, and W;Li by the Higgs mechanism.
Later, we will take the limit w = 0 in our calculations of flavor observables, and the definition
of Gy /Gw- becomes identical to Gw, /Gwy:

G = —K,LE"‘U(E ) Gw. = _U6+/€R(e ) ) (2107)

L ? R
\/ K2+ 02 \/ K%+ 02
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Neutral Higgs. Among the four complex neutral Higgs fields, vg, v¢, Uf,, and v three are
Zy-even, namely vg, v¢, and vf,, and naturally acquire vacuum expectation values. On the
other hand, although v is Zs-odd, due to the soft Zs breaking, it will acquire a small VEV

w. The absence of scalar-pseudo-scalar mixing allows us to express the field as, for example,
~ 1

U= \/E(Re[ﬁ] + ¢ Im[7]), and consider the real and imaginary components separately.
The mass matrix for the neutral Higgs fields in the basis (Im[vg|, Im[p¢], Im[7], Im[0/§)])
is given by:
KL
AIm[N] _%Alm[]\ﬂ HER Blm[m
2
o — A s — UK ——B; &
Mp 5 = K%, N HEL kg ] (2.108)
. . 16X, 0% — Erprp —16 0w
° ° ° Clin (]
where

v? : 1 KR
Az = %(4(2%@ — M) (02 = 0?) = Apyokg) — ——(v¥ + w?) — ALy, v?,  (2.109)

w K,
v

Bpm = —g(4(2>\x2 — Ay) (V2 = w?) = Apyo k%) + %mR + ALys KLU, (2.110)

Clm(n] = 407 (205 — Ays) 40 (205 + Ays) — %/@K;R — Aol — ARyokRe  (2.111)

Among these four states, two orthogonal states,

Gz = (kpIm[vg] + wIm[D] + vIm[Pg]) /Ny, with Ny = /K2 +v2 + w?, (2.112)
and
% = (hL(0? + w?) Im[Fg] + kpNs Im[P°] - £} 0 Im[7] - k3o mlDg]) /N5, (2.113)

where the normalization factor N3 is given by:

N5 = \/(H% + 02 4+ w?) (5%(1,2 + w?) + m%(n% +02 4+ w2)), (2.114)

are massless and are absorbed by Z and Z’, respectively.
The mass matrix for the real components of the neutral Higgs fields in the basis
(Re[vg], Re[v¢], Re[V], Re[vf,]) can be expressed as:

AgeN) Brepny 2(ALyy + Ayo)wir + pkr CRe(
v | Dreiny 2(Ary; + ARyo)whkR + piig ERe(N] (2.115)
Re[N] o . A w? — ErikR 4( Ay — 4, + 205 )vw S
[ ] [ ] [ FRG[N]
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where

’U2

: K KR
Agein) = ?(4(2)\” — As) (V2 = 0%) = ALyokt — ARy K R) — —ﬁ—(v + w?)
L L
+4(Ap1 + A2)K7, (2.116)
02
K], U KR
BRe[N] - kR </<;% (420, — )‘xa)(vz —w 2) /\sz"iL )‘sz"f%%) E?L(U tw )
—2(A\p1 + AL2)K%) (2.117)
v 2 2 2 M 2
C’Re[]\7] = _;L (4(2)‘X2 - >‘X3)(U —w’) — ARx2 KR — E”L“R - (2>‘LX1 + Asz)’£L>:
(2.118)
v? 2 2 H KL
Dy = l€—2(41(2)\x2 ~ Aya) (V2 = 0) = ALyo ki — ARyo b %) — In—(v + w?)
R R
+4(Ag1 + Ag2)K%, (2.119)
v 2 2 2 M 2
ERe[N] - KR (4(2)‘X2 = Mxg) (V7 — W) = Ay, K7 — o ERR T (2ARy, + )‘RX2)"€R>7
(2.121)
Frei) = 420, — M) (0 = 0%) = Ay, — Apyok — gnLnR +Ady, 02 (2.123)

All the mass eigenvalues of physical scalars of the model are positive for a wide range of
parameter space of the model, which shows consistency with symmetry breaking.

In summary, this subsection establishes a consistent Higgs spectrum that is compatible
with the spontaneous symmetry breaking pattern. We have identified the physical scalar
states and the Goldstone modes eaten by the gauge bosons, and expressed the neutral and
charged Higgs sectors in such a form that will be used. In particular, the neutral Higgs
analysis has already entered our discussion of neutrino mass generation (see section 2.5), and
the identification of the Goldstone modes will be needed when we compute flavor-violating
processes in the 't Hooft-Feynman gauge in subsequent sections.

2.8 Interactions of the gauge bosons with light and heavy fermions

The gauge bosons couple to fermions that are charged under the corresponding gauge groups
through their kinetic terms:

Lyin = QI + i Py° 4 ixPx + iwPw + iQPQ. (2.124)

For fields in the (1,1, 6) representation, say w (same for  as well), we can define the covariant

derivative as follows:
k

aT" o T
D,wi; = Ouwij — 194 <G“2> Whj 194 <Gu2> Wik, (2.125)
i J
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where d runs over the SU(4)¢ generators and 14, j, k are SU(4)¢ indices. The definitions of
the other fields charged under the gauge group are given in eq. (2.57).

Couplings of leptoquark gauge boson, X,,. We can expand the covariant derivative to
get the explicit couplings of X, to fermions in the gauge eigenstates:

Ligh = % |(@vi + A" B) X, + (Doye” + ufy™v) X + €9 (@541 D, + Dy Dg) X
+hee (2.126)

Now we rotate the gauge eigenstates to the mass eigenstates following the definitions used in
section 2.3 for charged fermions and section 2.5 for neutral lepton, and write down the light-
light (L-L) fermion and light-heavy (L-H) fermion interactions with X, (the heavy-heavy
interactions are irrelevant for our analysis):

L = \édfg Kgeeey" €5 X5 + hc. (2.127)
X 4 [— — —_ " N .
EL MH = \g/i [UOVUE’}/MUEQXM + dOVdE’YMEOX,u + d8 chEc’y“ESXM + DEKDCEC’)/“@(C)XM

—HTﬁVuc,,cry#po* + el]k(dc) Kgepry DkOXw + € Jk(D/(>0KD/Cd'y dk-oXm} + h.c.

(2.128)
where we have defined

Kgeee = =V (I+ztz) 22t Ve, (2.129)

Virg = VIV, (2.130)

Kgege = =V (1+ 2T2) ™22t Vi, (2.131)

Kpeee =V}, (MD(]I + o )MD) Mp Ve, (2.132)

Kgep = VL (I + zta) "2V, (2.133)

Kpeq =—V},.p" V. (2.134)

Here the definition for Mp can be found in eq. (2.16), z and p are given in eq. (2.25) and
pe in eq. (2.28). Later, for the flavor-violating processes, we would follow 't Hooft-Feynman
gauge, and we would require the couplings of the unphysical mode of X, (defined as Gx
in eq. (2.85)) with the fermions. One such example is given by

Lox = \[ |(d5) Kgece MEP2e — df M 8K gecee§| G + huc. (2.135)
X
L% 5 7[ WV My e (05, )* Gx + d Vap M8 (ES)* G x — DE MY K pece’Gy
V2Mx

() VaeremNgE (V) G + €95 (d5)§ K ey ME# (D) (G )] + b (2.136)
In the EL 1 equation, we have not shown the couplings proportional to the light quark

mass and the couplings involving the terms p, py proportional to soft breaking, but they
can be arrived at similarly.
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Couplings of SU(2)r gauge boson W/ . Ignoring the mixing between W-W’, we can
expand the covariant derivative to get the couplings of W}’L to fermions:

W, _ 9R [ e — ’ e — ’
L.l = NG [(Dcfy“uc + EOYW, + (Bt + V%vl‘e)Wlf‘} +hec, (2.137)
Here, the generation indices and color indices are implicit. Rotating the gauge eigenstates to
the mass eigenstates allows us to write down the interactions with light-light (L-L) fermion
and light-heavy (L-H) fermions as:

EK‘ILL = % [di(c] K geyey" ug W/;+ + €5 Keey V" 119 Wl/f +h.c. (2.138)

i 97% (DS K peuru§ W, + BgVper' W, + VVigerteaW' | +he. (2139
where we have defined

Kgewe = =V (14 aT2) 722" Ve, (2.140)

Keey = —V3ph, (2.141)

Kpey = Vi (MD(]I + mT)M})) N Ve, (2.142)

The couplings with the associated Goldstone, GY;, (see eq. (2.107) for definition) can be
understood similarly as discussed in eq. (2.135)—(2.136).

Couplings of SM neutral gauge boson Z,,. Ignoring the mixing between Z-Z’, we can
expand the covariant derivative in eq. (2.124) to get the couplings of Z,, (see eq. (2.65) for
the definition of Z, basis) with fermions in their gauge eigenstates:

Zy 9L r f 22 n T 2 2 e
Ll = P [f {T3L @ fsin HW}fy I+ fc( Q fsin GW) ~Hf } Zy. (2.143)
Here, tanfy = gy /g1 and TSfL is the SU(2

) generator (third component of weak isospin)
acting on f. T:{L charge assignment for x(2,2,1) is

1 c 1 1 1
EC 17
TE = 5 T,f = —5 Ty, = 3 Ts, = —5 (2.144)
The interactions of light fermions in their mass eigenbasis with Z,, become:
£ = I T LAkdy + dg LY P dS + T Ly ug + ug L™ v us
LfL_COSGW[ oLy do + dg L™ " dg + U L7y ug + ug L v ug+
e Loy eq + eS L el + Z/T)L”'y“l/o} Zy. (2.145)
where we have defined
1 1
L' = —3 T+ gsinfy (1+ Voo™ Va) (2.146)
c 1
L = —gsin20W I, (2.147)
1 2
LY = F1- §sm‘ﬁ’ew I, (2.148)
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2

LY = gsin29W I, (2.149)
Lf = —% I+ sin?6yy 1, (2.150)
L = —sin’by (1+ Vi pjpf Ve ), (2.151)
L= %11. (2.152)

Couplings of heavy neutral gauge boson Z[,L' Similarly, we can get the couplings of
Z,, (see eq. (2.66) for the definition of Zj, basis) with fermions in their gauge eigenstates:

2 2
zZ' g — Y J— c ch c
Ly = —% [f’Y“ <T?fR ;g> [+ fet (T;R - g g) f 12/“- (2.153)
\ 9% — 9% 9r 9r

Here d,u,u® have the usual hypercharge with the normalization Y,c = 2. Thus, Y; =
—2/3,Y, = 4/3,Yye = —4/3. For D° coming from (1,2,4) also has the usual assignment
Ype = 2/3 follows. For (1,1,6), we identify d® as SM right-handed down quark with the usual
Yge = 2/3, then the gauge interactions fix Yp, Yy = —2/3, Ype = 2/3 and Yge = 1. T?fR is
the SU(2)r generator (third component of weak isospin) acting on f, its charge assignments
for the components of x(2,2,1) are

(2.154)

We can now write down the interactions of light fermions in their mass eigenbasis with ZL as:

2
7! - [ e
Lily, =~ % (Ao Py dy + dG P™ 4 d + W Py + UG P v+
ok — %

2Py ey + eGPyt el + %PVW“VO} Zy,. (2.155)

Here, we have defined

1 2
P g% (—]ijp*pTVd) (2.156)
9r
1 1 2
P — v+ x)—1/2(m—(]1+xf )ég)(]ux D72V, (2157)
2 3 9%
1g2
Pt =— 6—’2”]1, (2.158)
9r
e 1 2 g2
P =14 224Y7 2.159
2 +3g%2 ( )
1 1¢?
Pe= T+ -2X1 2.160
TRy (2.160)
1 9y
P =3 (]1 Vipipf Vee )‘ gz( VecﬂzPeV )7 (2.161)
R
1 1 g3
pPr=—c14+-97p 2.162
2
2 29%
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From now on, for notational simplicity, we drop the subscript “0” on mass-eigenstate fields,
thus d° should be understood as dg, e as efj, and so on.

To summarize, in this subsection, we have collected the couplings of the light-light
and light-heavy fermion combinations with the gauge bosons X, WZL, Z,, and Z;L. These
couplings form the basic ingredients for the rest of the paper. They will enter the collider
analysis to get constraints on the new gauge boson masses and production channels, and
all subsequent calculations of flavor-violating observables.

3 Collider implications

Realizing TeV-scale Pati-Salam symmetry in our model, together with the presence of new
vector-like fermions and a softly broken Zs symmetry, opens up unique opportunities for
collider probes. The relatively light leptoquark gauge boson X, as well as Z' and W' gauge
bosons, and the vector-like quarks carrying unusual baryon number —2/3, lead to distinct
experimental signatures. In this section, we explore the current bounds from the LHC and
discuss the prospects of discovery at the high-luminosity LHC. The limits derived from
direct searches will then be used in the subsequent discussion of flavor violation mediated
by these particles.

Phenomenology of Z’. First, we investigate the production and the leptonic decay of Z’
at the LHC, which proceeds through the Drell-Yan (DY) processes, as shown in figure 4. The
relevant interactions of Z’ are provided in eq. (2.153), which we implemented in FeynRules [45]
(similarly, other processes, to be discussed below, are also implemented in FeynRules for the
purpose of computing the production cross sections). The associated Universal FeynRules
Output (UFQ) [46] file is then fed to MadGraph5 aMCONLO (MG5aMC) [47] to compute the
production cross section. For this numerical analysis, we use gauge coupling values at 1 TeV,
which are (g1, gr, 92, 9c) = (0.467,0.377,0.638,1.060). The decay branching ratios of Z’, on
the other hand, are dependent on the mass spectrum of the BSM states. Following the
aforementioned discussion on flavor constraints, here we fix the mass ratio My /Mp ~ 0.2
as a benchmark value and take Mp, = 1.5TeV, Mg ,, = 1TeV. Furthermore, 7' decays to
scalars are not considered, which can be arranged by taking their masses somewhat heavy.
The corresponding relevant branching ratio, namely, Z’ — € ({ = e,u) is presented in
figure 4 (left panel). With these, we obtain a very strong constraint of Mz 2> 5.6 TeV from
the current LHC searches [48], as shown in the left panel of figure 5. By appropriately
assigning the couplings, the procedure adopted correctly reproduces the sequential SM Z’ [49]
mass limit from LHC, which is an independent check of our method. Moreover, the future
sensitivity [50] of HL-LHC is also depicted in figure 5 (right panel). This figure shows that, if
not discovered, the LHC operating at high luminosity can rule out a Z’-boson mass up to
Mz 2 6.6 TeV. Intriguingly, if the FCC-hh is built, it could potentially reach a sensitivity
of order Mz =z O(40) TeV [13].

~

Phenomenology of W’. Although, in most of the models, W’ gauge boson mass is also
strongly constrained from LHC searches, within our model, its production, see figure 6, is
highly suppressed. It is because W', in the flavor basis, couples to u®D¢, see eq. (2.137).
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Figure 4. Left panel: production and decay of Z’ gauge boson at the LHC. Right panel: branching
ratio of Z' — (¢ (£ = e, ;1) in our theory. Here, we have assumed the masses of all three generations
of D' (E,vg) to Mp = 1.5TeV (Mg,,, = 1 TeV). Moreover, Z’' decays to scalars is not considered,
which can be arranged by taking their masses somewhat heavy, see text for details.
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Figure 5. Left panel: branching ratio of Z’ — £¢ (¢ = e, ). Right left panel: current LHC limit on
Z' mass from pp — Z' — 00 searches. Lower right panel: future reach for the same process at the
HL-LHC.

Therefore, the production pp — W' as well as the decay W/ — tb are d° — D¢ mixing
suppressed. Consequently, current LHC searches cannot provide a meaningful bound to its
mass. However, for completeness, in figure 6, we show the corresponding production cross
section times the branching ratio along with the current LHC bounds [51] as a function of
its mass. For producing this plot, as before, we take M/ /Mp ~ 0.2 and to incorporate the
rest of its decays, we assumed 2M,c = Mpg,, = 1TeV.

Phenomenology of X,,. Since the Pati-Salam gauge boson, X, carries color charge, they
can be pair produced at the LHC through gluon fusion, as shown in figure 7. Each gauge boson
then decays to three quarks and a lepton, leading to, for example, pp — X X* — 65 + £/.
To estimate an approximate collider bound on the mass of this exotic gauge boson, we
employ the LHC limit [52] on 65 final state. Ref. [52] considered R-parity violating (RPV)
supersymmetric (SUSY) scenario, where gluinos are pair produced, and subsequently, each
gluino decays to three quarks utilizing RVP coupling, already present within the minimal

— 26 —



102 —

fn,. Low Scale Pati-Salam
= —— LHC (ATLAS): current limit
q t S 10° |
1
S 1072
, o
w aa) Vs =13TeV,139 fb!
x 1074+ _ b
g W' -tb
B T lofﬁk
q b [}
S
-8 vy
© 10 1 2 3 4 5
My (TeV)

Figure 6. Current LHC limit on W’ mass from pp — W' — tb searches. The W’ production is d®— D¢
mixing suppressed, and as before, we have assumed Mp/ /Mp ~ 0.2 and 2M,c = Mg ,,, = 1 TeV.
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Figure 7. Pair-production of Pati-Salam gauge boson at the LHC pp — X X*. The left panel shows
the production cross section pp — X X* (for simplicity, here, the branching ratio is set to unity) along
with the current LHC limit on 67 final state.

SUSY extension of the SM. As can be seen in figure 7, this, however, for our scenario, does
not provide a meaningful bound on its mass.

Phenomenology of D’ VLQ. To realize multi-TeV scale Pati-Salam theory, one of the
main predictions of our model is that the vector-like quark D', having a baryon number of
—2/3, must be as light as possible. However, LHC searches restrict its mass to lie below
the TeV scale. In our model, the pair-produced VLQs, through cascade decays, lead to
multi-jet final states along with two leptons. In finding collider limit on its mass, relevant
decay chains are shown in figure 8.

The process on the left panel in figure 8 somewhat mimics the RPV SUSY model where
cascade decays from pair-produced gluinos eventually lead to high jet-multiplicity [53]. For
this case of pp — D'D’ — 8j + ¢¢, an exact bound depends also on the mass of v¢. For
a dedicated study, see ref. [53]. However, taking the model independent limit quoted in
ref. [53], which is applicable for My > M,c, our study (for simplicity, we set branching ratio
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Figure 8. The VLQ can be pair produced at the LHC via gluon fusion pp — D’D’. Through cascade
decay, the process on the left leads to pp — D'D’ — 8j + £/ final states. Whereas, the process on the
right can give rise to 4 jets+opposite sign leptons, or 4 jets+lepton and missing energy, 4 jets+missing
energy.
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Figure 9. Left panel: LHC (model independent) limit on pair-produced VLQ, pp — D'D’, decaying
into 8 jets and leptons. Right panel: instead, decay of the type D’ — ¢g+MET (leading to 4j+MET
in the final state) is assumed.

to unity) shows that current LHC searches provide mp 2 1.5 TeV, as shown in figure 9.
This estimated bound can be somewhat relaxed in our scenario once all branching ratios
are incorporated, as well as by engaging the mass dependence of M, (which is, however,

beyond the scope of this work).

Finally, we also obtain a similar bound (namely, M 2 1.3 TeV) from the process on
the right panel of figure 8, where we consider D' — ¢qg+MET (missing transverse energy).
This scenario mimics the SUSY model where, after direct gluino pair production, each gluino
undergoes a three-body decay to light-flavor quarks and a neutralino, where the latter gives
rise to MET [54]. For the estimation of this limit, we again assumed the branching ratio to
be unity. The right panel in figure 9 depicts the production cross section and the current
LHC limit, which is taken from ref. [54] for a vanishing neutralino mass.
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4 Flavor violating processes

In this section, we analyze various flavor-changing processes that are mediated by the new
gauge bosons of the model. These include meson decays such as K; — pe which arise by
the tree-level exchanges of the leptoquark gauge boson X, as well as loop-induced processes
such as K0 — K0 mixing, and leptonic decays of mesons. We also address charged lepton
flavor violation that arises in the model, both at tree-level (u — e conversion in nuclei) as
well as via loops (@ — ey, u — 3e, etc).

Before going into the details, let’s briefly discuss the main point. In low-scale Pati-Salam
models, the strongest flavor constraint usually comes from the K; — pe channel. In our
setup, this bound, along with the other meson decay bounds, is already much weaker at
tree level. The suppression mechanism works in three stages: the chiral structure of the
couplings, the small mixing induced by the soft breaking of Z5, and then an additional
flavor suppression. The first two steps already relax the usual bound substantially, when
the remaining step down to the TeV range is achieved through the flavor structure in our
benchmark scenarios. In the usual low scale Pati-Salam case, the K; — pe decay gets a
helicity-unsuppressed (HU) tree-level contribution from the pseudoscalar-current piece, which
is proportional to m% /(ms + mg), and this is the reason that makes the usual bound on the
Pati-Salam scale strong. In contrast, in our model, the tree-level contribution is fully helicity
suppressed (HS), so the amplitude comes only from the axial-current piece and is therefore
proportional to the charged-lepton mass. This gives the rough estimate

FHUN4

e (4.1)

for K7, — pe. Since the branching ratio scales as M )}4, this structure alone lowers the usual
bound on Mx from about 2500 TeV to about 450 TeV. Without the soft Zy breaking, the
tree-level decay would be absent. In our model, the soft breaking induces the small d“—D¢
mixing, and the decay is generated only through this mixing. Thus, the branching ratio
gets an additional suppression factor (0.2)* (see subsection 2.4 for the suppression factor of
0.2), which lowers the Mx bound by another factor of 0.2, down to about 90 TeV. Lowering
the scale further down to Mx ~ 1.1 TeV asks for an additional flavor suppression beyond
the helicity and soft-Z, effects, as realized in our benchmark scenarios. In kaon decay, the
required suppression is roughly of the order Ky, Kg. S 10~%. At present, we do not have
a dynamical reason for this additional suppression. These benchmark scenarios are not
sharply unstable under moderate variations of the relevant entries for the dominant decay
bounds. If we vary these entries by 10%, it changes the lower limit on Mx mildly, from about
1.10 TeV to at most about 1.16 TeV. It is also important to emphasize an important feature
of our setup. In conventional low-scale Pati-Salam realizations, suppressing the dangerous
K-meson constraints generally requires imposing special structures directly on both the left-
and right-handed mixing matrices. In our case, because of the chiral structure of the setup,
the left-handed CKM-like matrix does not need any special structure. Moreover, as we will
discuss in benchmark scenario 2, it is also not necessary to impose a special structure on
the right-handed CKM-like matrix itself. The required suppression may instead arise from
the soft-breaking matrix x (see eq. (2.25) for the definition of x), while the right-handed
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Figure 10. Representative diagrams for meson decay (K — pe, By — Te, By — )

CKM-like matrix can have an arbitrary form. For a generic choice of parameters, the tree-level
contribution still gives the dominant bound, while the Z-unsuppressed one-loop contribution
depends on a different set of couplings and on exotic fermions running in the loop, and
becomes relevant only in some parts of parameter space. As we will see below, this setup
makes it possible to satisfy all flavor constraints with the Pati-Salam breaking scale as low
as 1.1 TeV in our benchmark scenarios.

4.1 Meson decay at tree level

Due to the Z; odd nature, X, gauge boson couples SM fermions to new vector-like fermions.
In the limit of exact Zs symmetry, tree-level meson decays are forbidden in our model.
However, once the Zo symmetry is softly broken, a mixing between d° and D¢ is induced, as
discussed in section 2.4. These processes are helicity suppressed, since the leptoquark gauge
boson X, does not have a coupling of the type ELvue . X* in our setup. The most stringent
constraint on the mass of X, arises from neutral meson decay channels with charged-lepton
final states of opposite sign and without neutrinos in the final states, as summarized in table 2.
In our framework, such decays occur only for neutral mesons composed of down-type quarks.
The relevant coupling for this process can be found in eq. (2.127). The 3 x 3 matrix K jeec
appearing in this equation is not a unitary matrix due to the appearance of the r matrix,
unlike in the standard Pati-Salam setup. While the matrix elements of x are taken to be
small, |z;;| ~ 0.2 (see eq. (2.31), the matrix x must have rank-three, since the eigenvalues of
x times kR are the masses of the D’ quarks. This is because we wish to satisfy the collider
limits on the masses of all three families of D’ (see figure 9).

To get the mass limit on the X, let’s consider the X ,-induced leptonic decays, ®,, —
EZW; (for examples, see figure 10) where the pseudoscalar mesons ®,, = (d,d,) are bound
states of quark-antiquark pairs. The decay width for helicity-suppressed meson decay is
given by [5, 11]

4 r2
ma,, [91(mx)]" f3 2 2
HS
Fd)pq_wjz; - - 2567 m‘)l( - <1 B (Mzi + ij) ) (1 - (Mzi B Mej) )

x (1= = ) (md +md) = dpgpememe, ) (’ngec i K,

2) (4.2)

where py, = my,/ me,, and fq;pq is the decay constant of the pseudoscalar meson.

Benchmark scenario-1. For a simple numerical illustration, we first consider a case where
the strongest kaon bound is absent for a specific flavor choice. This allows us to see how
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’ Process ‘ Measured value/upper limit ‘

R(KY — ee) 9.0750 x 10712 [55, 56]
BR(KY — puu) 6.847011 x 10712 [57]
BR(KY? — pue) < 4.7 x 10712 [58]
BR(BY — ee) < 2.5 x 1079 [59]

BR(BY — ) < 3.6 x 10710 [60]
BR(BY — 77) < 2.1 x 1073 [61]

BR(BY — pe) < 1.0 x 1072 [62]

BR(BY — 7e) < 1.6 x 107° [63]

BR(BY — 1) < 1.5 x107° [63]
BR(B? — ee < 9.4 x 1072 [59]

BR(B? — pp) 3.0734 x 1072 [60, 64, 65
BR(B? — 77) < 6.8 x 1073 [61]

BR(B? — pe) < 5.4 x 1077 [62]

K9 KO : AMp (3.484 4 0.006) x 10715 GeV [66]
DD’ : AMp (6.257279) x 10-15 GeV [66]
BY-BY : AM, (3.334 4 0.013) x 10713 GeV [66]

BY-BY : AM, (1.1683 4 0.0013) x 10~! GeV [66]

BR(u — ev) < 4.2 x 10713 [67]
BR(T — e7) < 3.3 x 1078 [68]
BR(T — ) < 4.4 x 1078 [68]
BR(u — ece) < 1.0 x 10712 [69]
BR(T — eee) < 2.7 x 1078 [70]
BR(T — ppup) < 2.1 x 1078 [70]
BR(7™ — e up) < 2.7 x 1078 [70]
BR(7™ — u"ee) < 1.8 x 1078 [70]
BR(7™ = eTpu—pu™) < 1.7 x 1078 [70]
BR(7~ — pute e™) < 1.5 x 1078 [70]

Table 2. Experimental constraints on rare meson decays, meson-antimeson oscillations, and other
cLFV processes.

the remaining meson decay constraints bound the model when the kaon decay is absent. At
the same time, the helicity suppression together with the softly broken Zs structure remains
essential for realizing the low-scale solution. Let’s first take the matrix x to be proportional
to I, which means (I 4+ zfz)~1/2z" ~ 0.21 (see subsection 2.4 for an explanation for the
suppression of 0.2). In that case, Kgc.c which follows from eq. (2.129) is

chec ~ —0.2 ‘/vdcec7 (43)
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Figure 11. Minimum leptoquark gauge boson mass Mx that is required to satisfy all meson decay
constraints, as a function of the mixing angles 612 and 6053, with fixed 615 = 7/2, § = 0.

with Vjeee = chrc Vee for which we assume a CKM matrix-like form, with the angle 63 set
to m/2, given by

0 0 1
Vdcec = —S812C23 — 612823€i6 C12C23 — €i6812823 0 . (4.4)

—c12023 + € 519803 —Cazs12 — € V12803 0
Here s;; = sinf;; and c¢;; = cos 0;;. The motivation for this choice, with a third angle 613 in
the unitary matrix set to 7/2, is clear from table 2 which shows that this choice eliminates
the most stringent limit on the mass of X, arising from the decay Kj — pe. We can
perform a numerical scan of the angle space (612, 623) for fixed 613 = /2, and fixed CP
phase § = 0, that will compute the minimum Mx required to satisfy all the experimental
bounds simultaneously (see table 2). The resulting pattern is shown in figure 11, where
the color-bar corresponds to Mx coming from the strongest constraint among the relevant

flavor-violating meson decays.

Now, we can optimize all the processes in order to get the lowest allowed limit on Mx for
the specific configuration of 615, 23, . We find that the anglular configuration 615 = 0.16 rad,
A3 = 0.36 rad, and & = 0.81 rad provides the lowest value of the leptoquark gauge boson mass
Mx consistent with the five decay constraints, which is Mx > 1.1 TeV. As seen in table 3,
this bound is primarily driven by the rare decay process Bs — pu, with Bs — pe providing
a nearly identical lower limit. The constraints from By — 7e, By — 7u, and Bs — ee are
significantly weaker and are automatically satisfied.

Benchmark scenario-2. This benchmark is the more general representative realization
of the low-scale solution in our setup, and it will also be the one used in the downstream
cLFV analysis. An interesting feature of our model is that, to suppress K-meson decays,
imposing a specific structure on the CKM-like matrix is unnecessary. The required flavor
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Decay process

Limit on Mx (GeV)

1. By — Te
2. Bg—Tu
3. B; — ce
4. Bs — pp
5. By — pe

> 5.7 x 10?
> 4.1 x 102
> 58.4
> 1.1 x 10°
> 1.1 x 103

Table 3. Lower bounds on Mx from various meson decay processes (Benchmark-1).

Decay process | Limit on Mx (GeV)

K — ee >47

K — pup >8.1 x 102
K1 — e >9.1 x 102
B; — ee >2.3

Bg — pp > 48

By — 7T >0.10

By — pe >31

By — Te > 5.8 x 102
By — T > 4.3 x 102
Bs; — ee >57.4

By — >1.1x 103
By, — 711 >0.04

B, — pe >1.1 x 103

Table 4. Lower bounds on Mx from meson decays (Benchmark-2).

suppression can arise from the matrix x instead, which is proportional to the D’ mass matrix.
To illustrate this, let’s take Vye to be similar to the CKM matrix:

0.9745 0.2243 0.00143 — 0.00367 ¢
Vae = | —0.2241 — 0.000167 0.9736 — 0.00004 ¢ 0.04215 ) (4.5)
0.00839 — 0.00350¢ —0.0410 — 0.00072¢ 0.9991

and we take V. ~ I3 for definiteness. We now take x to be a general 3 x 3 matrix, subject
to the condition that it has full rank. This would guarantee that all three of the D’ quarks
have similar masses of order 1.5 TeV. Using the helicity-suppressed decay formula given in
eq. (4.2), we compute the branching ratios for all 13 flavor-violating meson decay channels
listed in table 2, and minimize the X, gauge boson mass consistent with all bounds. We
summarize the resulting lower bounds on Mx for this benchmark scenario in table 4. For the
best-fit point, we obtain a representative numerical solution for the matrix x:

0.0173 +0.01081
0.0401 4 0.00201
—0.2110

0.0690 + 0.04951
0.1750 + 0.00591
0.0487

—0.180 + 0.0062 1
0.0711 — 0.0506 1 ,
—0.00190 — 0.000687 i

(4.6)

Tr =

corresponding to physical eigenvalues o(x) ~ {0.22, 0.20, 0.20}. These eigenvalues, multiplied
by kg ~ 6TeV are the masses of the D’ quarks. The corresponding CKM-like matrix
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K geee takes the form

9.48 x 107° —7.08 x 107° 2.12 x 107!
Kieee = — | =7.70 x 1072+ 4.95 x 10721 —1.73 x 1071 +8.05 x 10731 2.54 x 107° 4+ 2.10 x 10~ °{
1.73x 1071 +8.05 x 10731 —7.70 x 1072 —4.95 x 10721 1.12 x 1074 +2.18 x 107%i

(4.7)
The most stringent constraints in this benchmark also come from the By — pu and By — pe
channels for this benchmark point, which require

Mx > 1.1 x 10%GeV. (4.8)

We wish to make an important comment here: In this second benchmark, when the flavor
structure is pushed into x, Kjcee = —VJG (I+ xTx)*l/QmT Vee is no longer unitary. A priori,
dipole amplitudes in charged lepton flavor-violating (cLFV) processes can be in danger because
of the absence of a GIM suppression owing to the non-unitarity. For example, the dipole
amplitude for 1 — ey will depend on the off-diagonal combination S = 37 e (K)geee (K)je e
when a light state propagates in the loop. (Loops with an internal exotic fermion carry
free X,-F couplings and do not involve Kgee, so they are unaffected by its non-unitarity.)
Accordingly, in optimizing the matrices in eq. (4.7), we required S to be numerically small,
so that the predicted cLFV processes comfortably satisfy existing bounds. Therefore, we
will adopt the same Kye.e quoted in eq. (4.7) in all downstream cLFV analyses; the detailed
u— ey, u— eee, and e conversion formulas and limits are presented in section 4.4.

4.2 Kj — pe at one loop level

We should also consider meson decays into lepton pairs at the loop level, because we can
have box diagrams containing leptoquark gauge boson and new vector-like quarks, where
the suppression coming from the Zs soft breaking will be absent. It is not obvious that
the one-loop contribution will be subdominant for all of the parameter space of the model.
We focus on the Kj — pe process because it provides the most stringent limit with the
CKM-like matrices taken to be identical to the generic CKM matrix (the same structure used
in eq. (4.5) for V). We will perform the calculations in 't Hooft-Feynman gauge, where one
should also include contributions from the unphysical Goldstone bosons, which is reflected in
figure 12. We consider the effective operators under the approximation of vanishing external
momenta and negligible light quark masses:

Leg D Crr (s°7,d°)(py"e) + CLr (57,d) (py"e) + hoc., (4.9)

with the leading-order expressions for the Wilson coefficients:

a (& 1
Clottra = 2<3t> A2 M2 (ZfDancA(TD’ rDn)+ 35 ZEDMD A(rpy,, 7D, )T D, Dy

_ZSD;HT]DC TD;n’TDn)TD'/mTDn>7

1 1
C(d+e+f) 2<94> ( §B, D A(TE s D)+ 55 D §BMDs A(TE,, 7D, )TE,,TD,
V2) an2M% n; " 32 ;L !

- Z gEmTID%B(TEm ’ TDn )TEm,an) ° (410)
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Figure 12. Box diagrams with leptoquark gauge boson and its Goldstone mode contributing to
the K — pe decay process. Here, m,n are flavor indices. For topology (c) and (f), there is an
additional diagram obtained by interchanging X, and Gx on the internal lines. These will give
identical contributions to the Wilson coefficients, which has been included in our results.

s o * _ * _ *
Here we have used the definitions {p = Kgepr chDin’ ¢e,, = Vg, VdEn, Npe = KD;:LMCKDWCLBC,
re = M2/M%, and

Az, xj) = ! + L [ %2 Inx; — x? Inx ]
P U ma)(—xy)  (m—ay) [(U—x)? Tt (=) Y
1 1 l’j N — Ty N
Blai 2;) = (=) (1 — ) i (2 — x5) [(1 - IL’j)Ql - l‘z’)21 Z] ' (4.11)

The notation C’l(_gg ") indicates that diagrams (a), (b), and (c) in figure 12 contribute to

Crr. We use the standard definition of the axial current matrix element [4],

(0] dy*ys5 | K (prc)) = i frcple (4.12)
where fr is the kaon decay constant. The decay width at one-loop in our setup can be
written as

2
_ m 2 2
I“;?:HISOP = 7flé47rK M2, re) (1 =1y —1e) (my —me)” |CLr — Cra] (4.13)

2
with the definitions of dimensionless ratios ry = n%’ (¢ = p,e), and the dimensionless Kéllén
K

function A(1,z,y) =1 + 2% + 9% — 2 (2 + y + zy). Our four-fermion operators contain only
vector /axial quark currents, and because of their non-singlet Ward identities, which enforce
Zy = Zg = 1 (zero anomalous dimensions) for V#* = ¢gy*T,q and A¥* = gyFy5Thq, all
long-distance QCD can be absorbed into fx. By contrast, scalar/pseudo-scalar densities
would require a running factor [71, 72].

Now that we have the setup in place, we can proceed with a benchmark parameter scan to
gain an understanding of the variation in the PS scale with vector-like fermion masses involved
in the loop. As mentioned before, we will take the benchmark CKM-like matrices (¢g,,, np,,
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Figure 13. Heatmap showing the contour of My (TeV) required to suppress the branching ratio
Br(Ky — pFeF) < 4.7 x 10712, as a function of vector-like fermion mass Mp,. For this benchmark,
we assume all the heavy fermions have similar masses, and the CKM-like matrices have structures
aligned with the standard CKM matrix.

etc) to be identical to the CKM matrix. We want to emphasize the point that the entries of
the CKM-like matrices entering the amplitude are free input parameters here. In fact, for
many choices (such as a diagonal structure), the new physics contributions to meson decay
can be minimal. But we are interested in asking the following question: assuming that the
mixing is not fine-tuned to minimize the contribution to Ky — pe, how low can Mx be while
satisfying the experimental flavor constraints? Figure 13 presents one benchmark scenario,
where we vary the exotic fermion masses for a single generation, under the assumption that
Mp = (1.5,1.7,2.1) TeV and Mp, Mp exotics lie around a common scale. Specifically, we
scan over Mp = (Mp,, 7.7, 8.5) TeV and Mg = (Mg,, 7.9, 8.6) TeV. We have shown the
contours of My up-to 4 TeV satisfying the constraints with different choices of (Mp,, Mg, ).

4.3 Limit on Mx from mass difference of neutral mesons

Neutral meson systems, #°— @0 with ¢0 = (K V. DY BY, Bg) are known to exhibit oscillations
due to neutral current interactions that change flavor by two units (AF = 2). The propagating
physical neutral mesons are not CP eigenstates but rather mass eigenstates, My and M7,
which are combinations of ®° and ®°. The small mass difference AM = My — M; =
2 Re(®0|HES{=2|®Y) arises from off-diagonal contributions in the meson mixing matrix. In
the SM, this occurs at the one-loop level through the familiar box diagrams involving W
and up-type quarks and is loop and CKM suppressed. So, these mass differences can be
highly sensitive to new-physics contributions, especially if the scenario introduces new sources
of flavor violation or right-handed currents.

In our model, additional contributions to the AF = 2 processes are induced through box
diagrams involving X,,, WI’“ and vector-like fermions. Thus, it is necessary to AM for some
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benchmark scenarios to check whether it sets a more stringent limit on the Pati-Salam scale
compared to tree-level meson decay and direct collider bounds.
The effective Hamiltonian for these processes can be written as:

HEG = Zc Qi + Zc Qi (4.14)

=1 =1

where ¢;q; = ds, cu, bd, bs label the quark flavors involved in the meson mixing. The operator
basis is given by [73-76]:

QFY = (QaiWMQ%j)((ﬁiquﬁj)? A = (@ qRJ)(‘ﬁzﬂuqlgj)a
5 = (%zqg])(quqgj) gij = (QLiQRj)(qgiquj)v
QY = (@l Tpdly). Q4T = (q3ia) (@50,
QY = (@2 (TLaz;).
DU = (qha) ) (@) (4.15)

where qr g = PL g q, with P, g = (1 F+°)/2, and «, B are color indices. As we will see in
the next section, the operators Q1, @1, Q4, and Q5 are generated at the Pati-Salam scale in
our setup. Their hadronic matrix elements can be conveniently expressed in terms of bag
parameters B;. For a neutral meson system ®° = q)o one has [75]

(@°1Q1 ()| @) = (2°|Q1 (1) |2°) = gMéfthl( 1), (4.16)
_ 1 Mg ?
(@°)Qu(p)|@%) = 1 (qu_(,u) T g, (H)) Mg f3Ba(1), (4.17)

(2°1Qs (n)|2°) =

1 Mg 2
12 (quu) +my, (u)) Ma f5.B5(1). (4.18)

where Mg is the mass of the ®° meson, fg is its decay constant. Here, the meson states are
normalized to (®°|®%) = (#°|®%) = 1. The definitions in eq. (4.16)—(4.18) are such that in

the vacuum-insertion approximation (VIA) one can write,

[B1(1)]yia =1, (4.19)
2

[Ba()lyia =1+ é (in (M)n";mqg'(ﬂ)> ) (4.20)
2

[Bs(,u)}VIA _ 1+g (mqi(u)ni‘émqj(/ﬁ)> . (4.21)

The central values for the B;(u) and the other relevant parameters to calculate AM for
oY = (K DY, B?, BY) have been provided in appendix B.1.

Now, to connect new contributions at high scales to low-energy observables such as neutral
meson mass differences, it is necessary to evolve the Wilson coefficients C; from eq. (4.14),
which is defined at the Pati-Salam scale (A ~ My ), down to the appropriate hadronic scale p
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where the matrix elements are evaluated. This renormalization group running will account for
QCD effects, which can mix operators and change the values of the coefficients. The hadronic
scale depends on the meson that we are considering: for examples, for kaons we should use
wr = 2GeV, for charm mesons pup = 2.8 GeV, and for bottom mesons g = 4.6 GeV, which
align with the lattice QCD computations [74]. The analytical formula for the running of
the coefficients can be represented as [77]:

Co() = 3D (6 ™) (), (4.22)

where 1 = as(A)/as(my), and the parameters a;, bgr’i), cg.r’i) are called the magic numbers.
With A =4.3TeV, as(mz) = 0.118, and m}:\TS(mt) = 162.7GeV, we get n = as(A)/as(my) =
0.078/0.108 = 0.716. The magic numbers for ®° meson systems have been provided in
appendix B.1. The magic numbers that are used to evolve the coefficients 6’1_3 are identical
to those for C}_3, since QCD running is independent of chirality structure in these cases.
Neglecting this running may introduce larger theoretical uncertainties, and there will be
possibilities that we may end up with incorrect estimations of AM due to the strong operator
mixing under QCD. So, we will consider all possible induced four-fermion operators @; at
the Pati-Salam scale, compute the corresponding Wilson coefficients C;(A) at that scale,
and evolve them to the hadronic scale using eq. (4.22). This will enable us to consistently
evaluate their contribution to the meson mass splittings at low energies. At the hadronic

scale, for K° system, we find,

Co(pr) = 2.82C(A), C3(ur) = —5.01 x 1073 Cy(A),
Culpr) = 5.66 C4(A) + 1.64 C5(A), Cs (i) = 0.22C4(A) + 0.87 C5(A). (4.23)

For the D? meson, we find the coefficients to be

Ca(up) = 2.54 Co(A), C3(pp) = —2.5 x 1072 Cy(A),
Cu(up) = 4.70 C4(A) + 1.27 C5(A), Cs(up) = 0.17 C4(A) + 0.87 C5(A). (4.24)

And for the B&S systems, we get

Ca(up) = 2.20 Ca(A), C3(pp) = —4 x 1072 Cy(A),
C4(u3) = 3.67 C4(A) +0.92 C5(A), C5(/LB) =0.11 C4(A) + 0.87 05(1\) (4.25)

4.3.1 K9 — K9 oscillation

We first compute the leptoquark gauge-boson (X,) contributions to the AS = 2 effec-
tive Hamiltonian. We can read the Feynman rules for the relevant box diagrams from
egs. (2.127)—(2.136).

Figure 14 shows the box diagrams involving the leptoquark gauge boson and its Goldstone
mode, as well as the mixed gauge-Goldstone diagrams that will induce the relevant Wilson
coefficients at the Pati-Salam scale. Each topology in figure 14 should be understood as
the sum of two diagrams with the crossing of the internal lines. For example, the box in
figure 14(a) corresponds to the sum of the “annihilation” and “scattering” diagrams shown in
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Figure 14. Representative Feynman diagrams contributing to the K-meson oscillation. Here, m, n
are the flavor indices for the vector-like fermions, and the color indices are implicit.

figure 15(a-1) and figure 15(a-2). For the mixed gauge-Goldstone diagrams in figure 14(g)—(i),
there is, in addition, a second diagram that we obtain by interchanging X, and Gx on
the internal lines. This diagram makes the same contribution to the Wilson coefficients,
and we account for it through an overall multiplicity factor, even though we show only one
representative diagram. The same comments hold for D° — DO mixing topologies as well.
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Figure 15. Decomposition of the box topology in figure 14(a). The “annihilation” term of diagram
(a-1) is equal to the “scattering” term of diagram (a-2).

As mentioned earlier, we see that the operators @1, @1, 4, and @5 contribute to K-meson
mixing in our setup. The leading-order expressions for the corresponding Wilson coefficients
are computed under the approximation of vanishing external momenta and negligible light
quark masses:

4
a C 1
clotbre) _ _( 94) S €pnbm Alte,. te,) +16 § :gEngn (tg, te e, tE, |,

V2) Am?M% s
(4.26)
Gle+ets+a) _ 2(?) 47r21M2 ngmgm (tp, ,to, )+— 62 ZgDng A(tp, .tp )t tor
+ 7 ZfDme; (tpr ,tpr )tor, tD;‘| (4.27)
CAEh+i+j) -4 (\g;§>4 87r21M2 mdms lngngn (tpr ,tp) + %gEmenA(tEm,tETL)
+> &y py Blto,, to oy, tD;l‘| , (4.28)
o

(k+l+m) _ g4 1 e
“ 2<\/§) 167T2M)2(L;1§Em577n (tE,,tp:,)

1
1Y sEméDc,AaEm,tD;,)tEmtD;,} - (4.29)
m,n

Here we have defined {p, = Kyepr Kiop 5 &g, = Vag,Vig,, ta = M?2/M?%, and,
A(zi, xj), B(x;, xj) is already defined in eq. (4.11). As before, the notation C£a+b+c)
that diagrams (a), (b), and (c) in figure 14 generate 1 = (cj%i'y“q%j)(cjgi’yquj) operator.

We should make several comments here:

indicates

(i) The extra factor of 2 in the contribution from Cy compared to Cy comes after considering
the color flow. Specifically, after decomposing diagrams d, f, and g, we see that 8
diagrams contribute to the right-chirality structure, compared to only 4 diagrams for
the left-chirality diagram (a).
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Minimum My for AM < 3.48 x 1071 GeV
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Required My [TeV]
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Figure 16. Minimum leptoquark mass Mx (in TeV) required by the K 0-K° mixing bound AMp <
3.48 x 1071 GeV, shown as a function of the exotic-fermion masses M p; and Mp,. The CKM-like
mixing matrices are fixed according to Benchmark 2, eq. (4.5), and the star denotes the global
minimum in the scan.

(ii) Even though the Wilson coefficient C’ihHH ) is proportional to light quark masses as
mams/M%, eq. (4.23) shows that it can induce Cj at the hadronic scale through QCD
running, which will contribute to the mixing.

(iii) The factor of 2 in C’ék+l+m) appears from matching the induced operator
(cj%i’y“qgj)(cjgify#qgj) to the operator Q5 using a Fierz transformation:

(@02 ) (@) = 200500, (Anat)-

With all the ingredients in our hands, we can go ahead and check a numerical ex-
ample by considering the CKM-like matrices ({g,,,{p; ) to have the structure like
in eq. (4.5) (Benchmark-2). Figure 16 presents this benchmark, where we vary
the vector-like fermion masses for a single generation, assuming that the exotics
have a similar scale. Specifically, we scan over Mp = (M D5 1.7, 1.5) TeV and
Mg = (Mg,, 5.9, 6.5) TeV. We find that in this setup, Mx can be as low as ~ 964 GeV,
for the choice (Mp,, Mp,) = (1.73,5.92) TeV.

4.3.2 D° — DO oscillation

The recipe to obtain a lower limit on leptoquark gauge boson mass, My, from DY — D°
oscillation is the same as K° — K oscillation. First, we read the Feynman rules from
eq. (2.136)(2.137) that identify the diagrams that contribute to D° — DO mixing in figure 17.
Now, the W’ gauge boson will have new contributions to D%~D° mixing, which were absent
in the K9-KO case. The contribution from the W-W’ box diagrams is negligible in our setup,
as it will be suppressed by the small soft Zy breaking VEV w.
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Figure 17. Representative Feynman diagrams contributing to the D-meson oscillation with heavy
fermions running in the loop. Here, m, n are the flavor indices for the exotic fermions, and color
indices are implicit.

We now present the individual new physics contributions from the gauge boson, the
Goldstone boson, and the mixed gauge-Goldstone boson. As shown in figure 17, the operators
Q1, @1, Q4, and Qs are induced similar to the K%K oscillation. We can write down
the leading-order expressions for Wilson coefficients following the conventions mentioned

in section 2.8:

4
(atbte) _ (94 1 ,
Cl (\/5) 47T2M§< %CEWCEn (tEmytEn)

1
+ 16 > B, Alts,, te,) te,tE, |, (4.30)
m,n
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Adtetfrg+h) _ [ 94 1 o A(be b
Cl <\/§) 47T2M)2( %Cumgun (ym, yn)

4
9dRr 1
(%) o [ZCD%CD%A“DWDQ
W' Lm,n

1
+ 6 Z Cpe,Cpe A(TDyy s "D, ) DDy
m,n

1
+ 5 Z CD%L CD%B(TD’IYL’ an) rDmrD7L] ) (43]‘>
m,n

4
(i+j) _ ([ 9Rr 1 My Me
Ci = (ﬂ) 167202, M2, lZCD%CDﬁB(TD’"’TD")TD’"TD"

m,n
+2_ Co5, (o Alrp,, TDn)] , (4.32)
m,n
(k) g\t 1
o =2 (%) T2y 2o oo o Altor, s Lo, (4.33)
Here we use the definition (g,, = Vug,, Vg , G, = VU%VCZCH, Cpe, = KE@,UKD%@

ta = M2/M%, ro = M2/M2,, and, A(zi,z;), B(x;, x;) are already defined in eq. (4.11).
Now, to get a rough numerical estimation, we take the same CKM-like structure as in
eq. (4.5), and perform a parameter scan over M,, o ~ M; = (Mp,5.9,6.2) TeV and
Mp ~ My = (Mp,,7.7,6.5) TeV. We find that Mx can be as low as 500 GeV for the choice
(Mp,, Mp,) = (5.91,7.70) TeV, while satisfying the experimental constraint AMp < 6.25 x
1071 GeV, as illustrated in figure 18.

4.3.3 B? — B, oscillation

The calculation of new contributions to Bg — Bg oscillation (¢ = d, s) closely follows that
of the K — K© system. The only difference is that it involves different generations of the
down-type quarks. As a result, the hadronic matrix elements and the magic numbers would
differ, as given in appendix B.3.

For the benchmark scenario, we adopt the CKM-like matrices structured as defined in
eq. (4.5) and perform a scan over exotic fermion masses: Mp = (Mp;, 1.7, 1.5) TeV and
Mg = (Mg,, 5.9, 6.5) TeV. We observe from figure 19 that the required value of Mx can be
as low as ~ 500 GeV from BY — BY oscillation and as ~ 330 GeV from BY — BY oscillation.

4.3.4 Tree-level meson mixing processes

Here we present the tree-level meson mixing processes mediated by heavy neutral gauge
boson and neutral Higgs boson interactions that change flavor. They will contribute to
K% — K% and B° — B mass differences.

Neutral Higgs boson effects. Since we are interested in the stringent limits that can be
placed on kg through meson oscillation, let us consider X(2,2,1), and ignore the possible
mixings of X with other fields which has been discussed in section 2.7 extensively. It is obvious
from eq. (2.14) that v§, interactions are flavor diagonal and the absence of scalar-pseudo-scalar
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Figure 18. Heatmap showing the minimum value of Mx (in TeV) required to satisfy the constraint
AMp < 6.25 x 10715 GeV, as a function of the exotic fermion masses. For benchmark scenarios where
the heavy fermions vg,v°, D are of similar mass scale and the CKM-like mixing matrices are followed
by benchmark-2, the required value of My can be as low as ~ 500 GeV.

Minimum My for AMg < 1.168 x 10~ GeV Minimum My for AMy < 3.33 x 107%3 GeV

°
&
8

°
&
g
Required My [TeV]
Required My [TeV]

30
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Figure 19. With a comparable benchmark scenario as K°-K° oscillation, we show the required
value of Mx with the variation of the vector-like fermion masses for BY — BY oscillation (left), and for
BY — BY oscillation (right).

mixing allows us to write 7 = Re[P] + 4 Im([7]. In the limit of soft Zy breaking VEV w = 0,
the physical states become H; = Im([7] and Hr = Re[7] with mass m¥; ~ m3;, ~ ax} where
a parameter can be determined from the Higgs-boson self interactions [78]. Therefore, the
relevant interaction becomes (for example, for AS = 1 processes)

ﬁozi< py ) Hi5vsd — Hpad), 4.34
Y= oy, > Nimi ) (Hisvs R5d) (4.34)

1=u,c,t
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Figure 21. K- and B-meson mixing diagrams induced by Z’.

with \; = Ve Kjege where Vy; = (VjVu)si and Kjege = KchCiC = (—VJC x(H+le‘)_1/2Vdc)icdc as
defined in eq. (2.140). The interactions given in eq. (4.34) lead to (K — K) oscillation, and the
corresponding diagrams are shown in figure 20. Now we can write the effective Hamiltonian
leading to meson mixing using the conventional effective operators defined in eq. (4.15) as:

2 2 B 2 2
= (S0, 0 (g gp) (S0 gr g

2
2mH1 2mHR Hp miy,

IL (> Aim;) and we evolve the Wilson coefficients from the
Wi i=u,c,t
high scale kg down to the hadronic scale using renormalization group running. To estimate

this effect, let us take my, ~ mpy, ~ 2 TeV, V,; given by the CKM matrix, Vie, Ve as
identity, and the benchmark matrix x from eq. (4.6). For this choice, we obtain

where A ~ kg and C =

AMY) ~ 2.8 x 10713 GeV, (4.36)

which is satisfied by the K-meson mixing bound (see table 2). An interesting point to note
here is that the flavor-changing matrix x allows us to realize neutral Higgs bosons at a lower
scale than the conventional limits from meson mixing in left-right symmetric models, where
he limit is about 20 TeV [79, 80].

Neutral heavy gauge boson Z’ effects. As we have seen already, because of the soft
breaking of Zs symmetry, the fields d° and D¢ mix, and as a consequence, the neutral
gauge boson Z’ has flavor changing effect (d° and D¢ do not have the same T3p charge) and
contributes to K- and B-meson mixing at tree level through its coupling with d° shown in
eq. (2.157). However, this contribution is highly suppressed in our setup. The tree-level
exchange, as shown in figure 21, will induce the operator @1, so that

=~ N jod 2 c c
W =CiQu,  Cu~ Sl (PT)TPT, (4.37)
Z/
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where P is defined in eq. (2.157). For a numerical estimation we take Mz = 5.6 TeV, Ve
to be the same structure as in eq. (4.5), and let’s use the benchmark matrix « shown in
eq. (4.6). Including the appropriate hadronic matrix elements, we find,

AMY) ~13x 1072 Gev, AMY) ~12x10717 GV, AMY) ~58x107'% GeV,

(4.38)
and all of them are well within the experimental limits.

There are also flavor-changing processes induced by the Z-boson at tree-level in the
model. The relevant couplings are given in eq. (2.146). However, these processes are highly
suppressed, as the off-diagonal couplings of the Z, such as EL’)/HSZ“ have coeflicients of
order Y7v?/k% < 107® (with the largest Y, identified as Y, ~ 1.6 x 1072). The resulting
contributions to K9 — K0 mixing, for example, are several orders of magnitude below the
experimental limit.

4.4 Limit on Mx from cLFV through leptoquark gauge boson X,

Charged lepton-flavor violation (cLFV) processes such as y — ey decay are highly suppressed
in the SM, with a branching ratio in the unobservable range of order ~ 10~°%, induced
by non-zero neutrino masses and mixing angles [81, 82]. Thus, any positive signal in the
experimental searches for such processes will be clear evidence for a new dynamics. In
this section, we present the detailed calculations for lepton-flavor violation (LFV) processes
through leptoquark gauge boson X, exchange in the muonic sector, focusing on pu — ey
radiative decay, u — eee decay, and pu-e conversion in a muonic atom in our setup.

4.4.1 p — ey decay

One of the most studied processes of LF'V is y — ey decay. This decay probes the dipole
operator with a chirality flip on the external muon and can provide dominant constraints on
flavor structure in scenarios with quark-lepton correlation at the TeV scale. The amplitude
for the physical decay process u(p1) — e(p2) + v(g) can be written purely in terms of the
gauge-invariant dipole form,

T = e7) = e3(q) fe(p2) [0 40 (01.Pr + o2 PR) | (). (4:39)

where €%(g) is the polarization vector of the outgoing photon, o = (i/2)[y*,~"] is the
antisymmetric tensor, and Pr 1 = (1 & v5)/2 are the chirality projectors. The form factors
or,r are obtained by computing the diagrams shown in figure 22.

In the limit me — 0, the decay width can be written as [83, 84]

3
T(p—ey) = % (loL)® +|orl?). (4.40)
s
In our setup, X, couples only to right-handed leptons (their left-handed partners are not
charged under SU(4)¢), as can be seen from the relevant Lagrangian terms in eqs. (2.127)
and (2.128). Thus, the chirality flip must occur on the external lepton legs in these diagrams.
From eq. (4.39), this implies o7, o< m,, and or x m.. Taking m. ~ 0, it is justified to neglect
or and to work in the limit |op|> > |og|%.
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Figure 22. One loop contributions from leptoquark gauge boson to u¢ — ey amplitude in Feynman-
't Hooft gauge. The chirality of the fermions and couplings can be understood from eqgs. (2.127)
and (2.128).

3
1 A i

—s > ~—>- H diny Dy,

H dins D, €

We perform the calculations in ’t Hooft-Feynman gauge instead of unitary gauge following
ref. [84]. Summing the vector and would-be Goldstone boson exchanges provides a finite,
gauge-invariant result, which can be expressed as follows:

Ne

o1, =

2692 %j [0 (QaTa(tm) + Qx Taltm)) + o2 (@0 Tu(tm) + Qx Talt))].  (4.41)

M2
Here m is the flavor index, t,, = M—T;, Qi =Qp =-1/3,Qx = 2/3 are the electric charges

of the internal down-type fermion and the gauge boson X, respectively, in the units of e, and
N, = 3 is the number of color flow in the loop. The loop kernels can be expressed as:

m —5t3 +9t2 — 30t + 8 3t2Int
T, (t) = = 4.42
1(t) (—i) 16m2 M2 < 12(t—1)3 HETCE A (442)
m —4t3 + 45t2 — 33t + 10 3t3Int
To(t) = = — ) 4.43
2(t) (—i) 16m2 M2 ( 12(t—1)3 2(t— 1) (4.43)

where the three-gauge-boson vertex (see figure 22(a)) of the outgoing photon 7, with momen-
tum ¢, incoming X, and X} with momentum p and p has the Feynman rule: ie @ X( g (p—
D) — g*(qg+p)’ + g™ (q + ﬁ)“) . And the coupling of the vertex of v, with incoming X7
and Gx has the form ie Qx MxgH®.

As for the coefficient p,, in eq. (4.41), we decompose it into two physically distinct pieces,

depending on whether a light quark (p%) or a heavy quark (p2) runs in the loop. When light
quarks, d¢, = (d¢, s% b°), are flowing internally, eq. (2.127) gives us the form of p,:

Pl =Kl o Kag e (4.44)

where the definition of Kgeee can be read from eq. (2.129) which is not necessarily unitary (see
the discussion in section 4.1). A sizable deviation of Kjec.c from unitarity will not guarantee
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GIM cancellation in eq. (4.41) anymore, and it can have a large impact on cLFV, since the
loop kernels in eqs. (4.42)—(4.43) will pick up contributions which are not suppressed by
the small quark masses. This type of enhanced cLFV rates at observable levels has been
studied for low-scale right-handed neutrinos [85, 86]. As discussed earlier in section 4.1, while
optimizing the for meson decays, we already took this situation into account, and made sure
that the optimized K (see eq. (4.7)) simultaneously takes care of the meson decays and the
cLFV processes while lowering the scale of the PS gauge boson. And the matrix x carries the
information of the overall suppression coming from the softly broken Z5 symmetry, which
further limits direct couplings of X to purely SM states.
(&

When heavy vector-like quarks D¢, = (DY, DS, D§) run in the loops, we get the form
of pp, from eq. (2.128):

P = Khe Kb e, (4.45)

where K. .c can be read from eq. (2.132). When evaluating pP . we use the benchmark-2
structure as in eq. (4.5) for Kpeee in the scans and we present the results in figure 23. Now,
to have a quantitative estimation, we scan over (Mp,, Mp,) while fixing Mp, = 6.7 TeV. At
each point, we compute the u — ey branching ratio using the expression

3
My

2
o ool (4.46)

BR(p — ey) =

with I, = G%mz /(19273) and determine the minimum My required at that point by solving
the constraint BR < 4.2 x 10713 (see table 2). Figure 23 shows the resulting contours of
the required Mx throughout the (Mp,, Mp,) plane.

One comment about the diagonal valley that we see in this plot: it is not any special
requirement of lowering the PS scale; rather, it is an artifact of the choice for CKM-like
matrices. In detail, with the benchmark choice for our case, the dominant contribution comes
when heavy quarks D¢, run in the loop. The CKM-weighted dipole sum from eq. (4.41)
in that case reads as,

3
o ~ Z anqu, Om— QDII(tm) + QXI2(tm) .
m=1

Unitarity requires Y, p¥ = 0. Along the degenerate line Mp, = Mp, (so F| = [, = F),
we have

or = (pf + pP)F + p§ Fy = pf (F3 — F),

leaving only the small weight pf’ ~ VD*gechg ue times a loop difference, that is the reason we
see the valley. Moving away from the degeneracy with Fy o = F £ §F, will lift |oz|,

o = py (Fs = F) + (pf — pb') 6F.

Since we will be using the same benchmark throughout, this pattern will also appear in
the subsequent sections.
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Figure 23. Minimum My required by the BR(u—evy) < 4.2 x 10713 across the (Mp,, Mp,) plane
(with Mp, = 6.7TeV fixed). The colorbar indicates the required My in TeV, with the white lines
representing iso-Mx contours. The red star marks the global minimum on the scan.

4.4.2 p — eee

This flavor-violating decay arises at one-loop in our setup (see figure 24-25). Unlike p — e,
this mode receives contributions from the off-shell photon. In addition, Z penguins and box
diagrams also contribute to this process, which involve leptoquark gauge bosons in the loop.
As a result, even when the dipole form factor oy, is suppressed and p — ey is effectively
absent, these contributions can make p — eee competitive and more constraining.

We start with the effective Lagrangian (at the scale m,) which contributes to the y — eee
process [87]:

L,u—)eee = _@ [m,uAR ,u_La-lweR F;w + muAL M_RO-#VeL F;w

V2

+ hi(frer)(erer) + ha(izer)(ezer) + h3(BrRY"er) (ERVuCR) (4.47)
+ ha(pry*er)(€cvuer) + hs(rY"er)(€Lyuer) + h6(M_L’Y“€L)(@%€R)} +h.c.

where the Fierz rearrangement has been used in the four-fermion operators. Here, G is the
Fermi constant, and Az, g and h; are dimensionless coupling constants for the corresponding
operators with the assumption that the momentum dependencies of the form factors are
negligible. Several comments on the Lagrangian are warranted:

The first comment is about the photonic contribution to this decay process. There are two
types of amplitudes for photonic transition u — ev*, the monopole and dipole transitions. In
the Lagrangian, we have converted the monopole contribution to the vector-vector interaction.
The smallness of Ar in our model has already been discussed previously in section 4.4.1,
and the matching between egs. (4.39) and (4.47) gives us Ay, = o01,/(4v/2Gprm,). The extra
factor of 1/2 comes from the basis change between €,q, and F),, = i(que, — quey)-
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Figure 24. Penguin topologies contributing to the p — eee decay through monopole and dipole
transitions. m indicates the flavor index of the internal fermion field. The chirality and the coupling
for the external fermion lines can be understood from egs. (2.127) and (2.128). The set of diagrams
related by p; <> po is implied.

The second comment is on the vector-vector interactions (terms with hg, hg, hs, and hg
coefficients). We are considering lepton flavor violation mediated by the leptoquark gauge
boson, X,,. As we know, in our setup, X, would couple right-handed leptons to the down
isospin dominantly. So, only h3 and hs will contribute through penguins and boxes. The
other two coefficients, hy and hg, will be induced only through self-energy corrections or
Goldstone contributions in boxes which are strongly suppressed. For example, in the topology
of figure 25 (g), hy is induced with a suppression of m,m?/M$ with external momentum
set to zero, which gives essentially zero contribution.

The third comment is about the scalar four-fermion operators, h; and he. From fig-
ure 25(d, e, f), we see that they also suffer suppression from light lepton mass ~ m,m./M%.
As a result, they are also subleading in the parameter space of our model.

Since we presented the detailed expression for the dipole form factor oy, in the previous
section, we now concentrate on the neutral-current Wilson coefficients hg and hs. These
coefficients capture the short-distance neutral-current effects arising from +/Z penguins and
box diagrams mediated by the vector leptoquark X, (see figures 24-25). They are finite,
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Figure 25. Box topologies contributing to the u — eee decay. m, n denotes the flavor indices of the
internal heavy field. The set of diagrams related by p; <> po is implied as well.

gauge-independent, and satisfy the Slavnov-Taylor identities when the self-energy subtractions
are included, following the procedure of refs. [88, 89]. These coefficients have the general form:

3 (9N (Mw )\ T o 02) | 202, 2 (B)
hs = 1o (gL> (Mx) [e (]—"1 + 7 )+g4f ] (4.48)
3¢ (9a\*(Mw\?((v2) | +(22)
h5_16772(gL> <MX> (FO2 + 707, (4.49)

The functions ]-'1(72Z) and FB) are the gauge- independent combinations of the photon
penguin with the Z penguin and the photon penguin with the box diagrams. For ]-"1(722), we
implement the same method used in u — ey of separating the light d,,, = (d, s, b) and heavy
D,, = (D1, D2, D3) internal fermions flowing in the loop. We define

3
FOO =3 o [QrFly(tn) + QuvE) 5 (tn)], (4.50)
m=1
3
F =3 on[QrEZ(Tn) + QuEy7(T)), (451)
m=1
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with QpF = —3, Qv = +3, ; mfli/mg(, and T; = m%i/mg(, and the flavor structure p&P
follows the same definition as in eqs. (4.44)—(4.45). The penguin form factors are given as:

1462 — 21t +1 —9t2 + 16t — 4

EL(t) = Int 4.52

12(t) 12(t — 1)3 + 6(t—1nF 0 (452)
6t — 183 — 32¢2 + 87t — 37 (8> — 2t% — 15t + 6)

EY,(t) = Int. 4.53

12 (t) 12(t— 1) + 6(t — 1) " (4.53)

We see that the function F’,z(t) develops an infrared log-singularity in the limit ¢t = mfc /m3 —
0, corresponding to a light-fermion loop in the effective theory. In the Standard Model, this
logarithm reproduces the leading term associated with the operator mixing Q7, — Qg [90].
In our framework, the same light fermion contribution cancels against the Standard Model
part, and we end up having a finite, gauge-independent short-distance contribution in the
Wilson coefficients hg.

As for the box diagram form factor, we can express it as follows:

Z PR [P (T, T) + 1P 2 (T, ) (4.54)

m,n=1

where the symmetric two-mass kernels are given by

RBZ () %y [396(961/(3:1/ +o- (6; J_r 432@(;_—11))2(9621(%@/ —2)+4),
Tt Y G T (459)
v = x‘Ty [393@(951/ : 90(;2_) I)g(wy )(19; P (ygg(f);r(:fy_—?)2 iy
o i”)y(z - 255__15] (4.56)

which are UV-finite and symmetric under = < y exchange.
Now that we have finite, gauge-independent contributions to y — eee in hand, we can
write down the kinematically integrated branching ratio, following ref. [87]:

mz !
In m2 vy

Br(p—eee)= 2(01 +CQ) (C34+Cy)+ 32 (C5+CG)+16(C7+08)+8(09+010)

(4.57)
Here the coefficients are given by
’hl‘ 2 ’hg‘ 2 - 9 B 5
Ci = 16 + |h3|*, Co= 16 + |h4|*, Cs3=|hs|?, Cy = |he|%,
= |eAg|?, Cs = |eAr|?, Or = R(eArhl), Cs=R(eALhL), (4.58)

Cg = %(BARhE), Cl() = ?R(eAth).

For completeness, we have included all the contributions here, but as we discussed, not all
will have significant contributions to this decay in our setup. To have a clear picture, we plot

,52,



]O—IO ,

— Br(u—> eee)
— 2(G+Gy)
10-11L — G

m,,z

— @2logl-15]-1)Gs

2
me

— 16G

-2l
107°°¢ 8 Cuo

10 13

Partial contributions

10714k

10715¢

loflﬁ N . L N . A " ! " L " L
1000 1500 2000 2500 3000
My [GeV]

Figure 26. Decomposition of Br(u — eee) as a function of My at fixed mixings and heavy down-
quark masses Mp = (7640, 7600,6700) GeV. The black curve represents the total rate, while the
colored curves show the relevant individual terms in eq. (4.57). When the dipole piece Cg is suppressed,
the contact contributions C' 23 can dominate.

in figure 26 the major contributors. As expected, Ar, hs, and hs play important roles. The
contribution coming from the pure dipole term Cg will always show up in u — ey process
first, because here they will always have a kinematic suppression given by

2
Blpzece) |ty (M) Z 1L g oo, (4.59)
B(p—ey) — 3m

which we can check with any benchmark case in our setup. For example, with Mp =
(7.64,7.60,6.70) TeV, independent of My, the ratio is ~ 0.006. For the scan in figure 27,
we use the same benchmark scenario as in p — e, since the same mixing and couplings
enter into the calculation. The plot shows the minimum Myx that is required to satisfy
Br(p — eee) < 10712 (see table 2) in the (Mp,, Mp,) plane, keeping Mp, = 6.7 TeV fixed.
The diagonal valley is also visible in the plot, as we were expecting from the discussions
of the previous section.

4.4.3 p-e conversion in nuclei

Among the well-studied cLF'V processes, coherent 1 —e conversion in nuclei has a special place.
When an atom captures a negative muon, it can fall to the 1s orbital and form a muonic
atom. Instead of the usual decay or nuclear capture, this muon can convert into an electron
through a flavor-violating transition, leaving the nucleus intact [91]. This neutrino-less
process will conserve lepton number but violate flavor by one unit. We are interested in the
coherent conversion where all nucleons contribute constructively. As a result, its rate can be
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Figure 27. Minimum My required by the BR(u — eee) < 1.0 x 10712 in the (Mp,, Mp,) plane
(with Mp, = 6.7 TeV fixed). The color bar indicates the required Mx in TeV, with the white lines
representing iso-Mx contours. We show the global minimum on the scan with a red star.

significantly enhanced, especially when flavor-violating gauge boson interactions are present in
the theory. This process can be more constraining in some parts of the parameter space where
u — ey and/or p — eee rates remain small. Unlike these two processes, tree-level diagrams
contribute to u — e conversion. It is also induced at the one-loop level as shown in figure 28.

We can write down the most general LFV interaction Lagrangian that contributes to
the 1 — e conversion in nuclei following ref. [92]:

4G
»Cint: ——F(mNAR ﬁU‘uVPLe F,w + mMAL ﬂa“"PRe FNV)

V2

Gr _ _ _ _ _ _
~ 7 > [(QLS(q) ePrpL + grs(g) €PLIL) G4 + (9Lp(q) EPRIL+ 9RP(g) EPLIL) GV5G
q

+(9Lv(g) € Prit + grv(q) €Y" Pr1Y) @Vuq +(9racg) € Prit + gra(q) €Y' Prit) 4759

+ %(QLT(q) ea!"” Priv+ grr(g) €0 PLit) q@wq} +h.c.. (4.60)
where all the ¢’s are all dimensionless coupling constants for the corresponding operators,
where the momentum dependencies have been neglected. The magnitude of each coupling
depends on the type of new physics under consideration that contributes to LFV. Actually,
many of the terms won’t play a significant role in our setup. First, since we are interested in
the coherent processes in which the final state of the nucleus is the same as the initial one, the
matrix elements (N|qysq|N), (N|qy.v59|N), and (N|gou,q|N) vanish. And specific to our
setup, as discussed in the previous section, Ar and the scalar current gq are negligible. Only
the dipole term with Ay, vector current gv,q with lepton flavor violation in the right-handed
chirality, e¢y#u¢ and their interference will contribute.
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Figure 28. Some representative diagrams that contribute to the u — e conversion. (a) shows the
tree-level contribution mediated by the leptoquark gauge boson X,,. (b) and (c) represent «y/Z penguin
diagrams, other diagrams with the unphysical modes can be inferred by replacing the external lepton
legs in pt — eee process (see figure 24) with valence quarks. (d)—(f) are the box diagrams involving two
different classes of VLQ where p — e conversion can happen while interacting with both chiralities of
quarks.

Now there are a few new features in this conversion that are absent in the yu — eee
process. First, here we have a tree-level contribution mediated by the leptoquark gauge boson
X, Second, in the box diagrams, different classes of vector-like fermions can run in the loop,
and p¢y,e current can couple to both chiral currents ¢¢y,¢° and ¢v,q (see figure 28). This
simplifies the interaction Lagrangian specific to our setup:

4G v _c 1 ~ ¢\ (= < c
[/,u%e conv — _TQF [m,uAL /LO‘H € F/U/ + Z ZgRV(q) (607“# ) (qu,uq + qcr}/,uq ) +h.c.
(4.61)
As a result, the final formula will be simplified as well and take this simple form:
2
Teonv = 2GH[ALD + g2, V) + gl v (4.62)

Here A, =01,/ (4\/§ GFrmy,) has already been discussed elaborately in the previous sections
and can be used directly from eqs. (4.41)—(4.43). The effective couplings §g‘//n) in eq. (4.62)

are given by

s?%’& =29rv(w) t 9RV(4) (4.63)

lex)/ = 9RV(v) T 29RV(d)- (4.64)

and the overlap integrals D, V®) V(") are listed in the appendix C for convenience. We follow
closely the discussions of the previous section on p — eee from refs. [88, 89] for the calculation
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Figure 29. Individual and interference contributions to the y — e conversion rate in gold [93]. The left
panel shows the partial branching fractions from dipole and vector (proton and neutron) terms without
interference, and the right panel presents their interference terms. The vector contributions dominate
over the dipole part, and the total rate surpasses the current experimental limit BRyiy, (u — €) =
7.0 x 10713 for My < 2.5 TeV. For this plot, we take the exotic mass benchmark (Mp,, Mp,, Mp,) =
(7640, 7600,6700) GeV, the same combination that was taken to plot figure 26.

of gry(q)- Here, we should make one comment on the tree-level contribution to the vector
current (see figure 28(a)). It is extremely suppressed in our setup due to the structure of the
optimized CKM-like matrix (see eq. (4.7)), which was needed to eliminate the K-meson decays.
Thus, the same flavor alignment that ensures vanishing Br(K — pe) also guarantees that the
tree-level 1 — e conversion is highly suppressed. For an order of magnitude estimate, we use

ree 2G MW n * 2
BrL%e con(Tl) FTIF ‘2 (gL) (MX> (V(p) + 2V( )) (chec)ll(KdCeC)12‘ (465)
capt

5/2

with the overlap integrals, V® v in units of my/~ and the total capture rate, Fcapt in
units of 106s™! listed in table 9, the choice for K;; from eq. (4.7) and Mx ~ 1TeV, we find
the Brtree (Ti) ~ 2 x 107!, The gauge invariant and finite combinations from penguins

pu—e con
and box diagrams yields the expression
3 94>2 (MW> (12) | £02)
= — 4.
IRV(@) = Y672 (gL Mx [ (]: + 72 )—i—g g } (4.66)

where the form for ];1(72)7 ]:2(7Z) has been discussed in egs. (4.50)—(4.53). For the box
contribution GZ, we have taken the different classes of vector-like fermions D', E, vg at the
same mass scale and the CKM-like mixing exactly as p (see eq. (4.5) in benchmark-2), so
that G® ~ FB and we use the mass kernels defined in eqs. (4.55)—(4.56) for the parameter
scan. To emphasize the point that 1 — e conversion in itself can be more constraining
when © — ey and pu — eee processes are absent, we present figure 29. The left panel
shows the individual contributions, and the right panel includes the interference terms to
keep track of possible cancellations. In our setup, the vector contribution (p- or n-type,
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Figure 30. Minimum Mx required to satisfy the experimental and projected bounds on Br(u —
econv) from various targets: Plots in (a) and (b) correspond to the current SINDRUM II limits
on Ti [94] and Au [93], respectively. Plots (c) and (d) represent the expected sensitivities of future
experiments, COMET Phase I [95] and Mu2e [96] respectively, both using aluminum targets. Each
plot shows contours of the minimum My required in the (Mp,, Mp,) plane (with Mp, = 6.7 TeV
fixed).

depending on the relevant mass scale) clearly surpasses the dipole part. Because of the
attractiveness from the experimental point of view (the emitted electron has a mono-energetic
spectrum at E. ~ 105MeV, well above the Michel endpoint (52.8 MeV), so no need for
coincidence measurement), several experiments have already searched for it [93, 94, 97], and
future experiments [95, 96] are aiming to push the sensitivity much further. Specially, the
upcoming Mu2e experiment at Fermilab will improve the sensitivity by nearly four orders of
magnitude [96], which will enable us to probe our low-scale leptoquark gauge boson X, up
to about 20 TeV in the benchmark scenarios considered here (see figure 30(d)). For all plots
in figure 30, we have made our usual choice for CKM-like mixings from eq. (4.5) and plotted
the contours of minimum Mx required to satisfy the experimental bounds on Br(u— e conv)
in the (Mp,, Mp,) plane, with Mp, = 6.7 TeV fixed.
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Figure 31. Global requirement on Mx from the combined constraints BR(u — ey) < 4.2 x 10713,
Br(p — eee) < 1.0 x 10712, and BR(uz — e conv.; Au)< 7.0 x 10713, The color at each point in the
(Mp,, Mp,) plane with Mp, = 6.7 TeV fixed gives the information of the smallest mediator mass Mx
that satisfies all three limits simultaneously. White curves are contours of constant Mx. Throughout
the scenario, we have made sure that all three processes share the same CKM-like structure and
exotic-fermion content.

4.4.4 Global fit with the three cLFV processes

Now we proceed to combine the three cLFV channels in a single fit, since they depend on the
same parameters in the flavor sector. For loops involving light down-type quarks, we use the
CKM matrix with soft-breaking suppression (see eq. (4.7)). For loops involving vector-like
quarks, we use the same CKM-like matrix (see eq. (4.5)), ensuring that all processes share
a common flavor ansatz. At each point in the (Mp,, Mp,) plane (where Mp, = 6.7 TeV is
fixed), we scan over the mediator mass Mx and determine the minimum value that satisfies
all current bounds simultaneously:

M;?q(MDl : MD2) — max {M%%e'y% Mgﬁeee), M%fe conv; Au)}7

with BR(p — ey) < 4.2 x 10713, Br(u — eee) < 1.0 x 10712, and BR(u — e conv.; Au) <
7.0 x 10713 (see table 2). The resulting heat map in figure 31 shows the required M¥* with
iso-lines indicating constant values of My. We have also shown the global minimum (Mx ~
2.8 TeV with (Mp,, Mp,) ~ (6.00,6.07)TeV) within the scan for this benchmark. Now, it is
possible that for some combination of this benchmark parameter, destructive interference
among dipole, v — Z, and box diagrams is locally relaxing one channel, but the global fit
would automatically select the most constraining process at each point, which is the reason
for showing this fit. Figure 31 represents the resulting My surface and its iso-contours.

5 Conclusions

In this work, we have presented a concrete model of low-scale quark-lepton unification based
on the Pati-Salam gauge symmetry SU(2);, x SU(2)r x SU(4)¢ with an Fg-inspired particle
spectrum. In addition to the SM fermions, our model features multi-TeV vector-like down-type
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quarks and leptons, together with a minimal Higgs sector that achieves two-step breaking of
the Pati-Salam gauge group. One of the crucial components of this construction is a softly
broken Z; symmetry, under which the SM fermions are even, while the exotic states (except
D'®), including X, W;/L are odd, which allows for realizing the low-scale unification. The soft
breaking in the right-handed down-quark sector induces small mixings that permit tree-level
meson decays mediated by X,,, but the branching ratios are helicity and mixing suppressed,
with Zs unsuppressed contributions arising at one loop.

We have analyzed the collider signatures, meson decays, neutral meson oscillations,
as well as charged lepton flavor violation mediated by X, and we have shown that this
framework can realize quark-lepton unification at accessible energies in a phenomenologically
rich way, while remaining compatible with current collider and flavor constraints. While
flavor observables by themselves are consistent with Mx being as low as 1.1 TeV, the LHC
limit on the Zlfb boson translates into an indirect bound on Mx 2 4.3 TeV. We have also
discussed the distinctive collider signatures of the TeV-scale vector-like down-type quark with
baryon number —2/3, whose existence is a natural consequence of a consistent baryon-number
assignment in the model.

Within this setup, neutrino masses arise from two sources. One is through an effective
dimension-7 operator, which is generated after integrating out the heavy neutral leptons of
the model. The second source is a radiative contribution of the scotogenic type. Depending
on the region of the parameter space, either mechanism can dominate, or both can participate
comparably to explain the observed neutrino masses with TeV-scale new physics.

Looking ahead, our results show that this low-scale realization is a well-defined target for
both the energy and intensity frontiers. The same leptoquark gauge boson X, and vector-
like fermions that are essential for low-scale unification also control the rates for u — e,
1 — eee, and u — e conversion, which makes flavor experiments such as MEG II, Mu3e,
Mu2e, and COMET directly sensitive to the relevant parameter space. Parallel searches for
leptoquark gauge bosons and vector-like quarks at the LHC and future colliders can probe
the same structure from the high-energy side, providing complementary tests of quark-lepton
unification at accessible scales.

In summary, the heart of our work is to show that quarks and leptons can be made
indistinguishable by a gauge symmetry realized at experimentally accessible energy scales.
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A Coefficients in renormalization group equations

The beta function coefficients used for the running of the SM gauge couplings of
eq. (2.74)—(2.75) are given below: [98],

199 27 4 1713
50 10 5 10 2 2
41 19 9 35
() e | R T
10 6 10 6 2 22
11
- gf% 2 20
10 2

with f = u,d, e. For completeness, we also note the Yukawa sector beta functions that enter
into the coupled equations with gauge coupling running,

167257 0de _y ( 57%,6 + 5752316) : (A.2)

where we considered only the one-loop contributions in our numerical analysis. At one-loop,

they can be written as,

T, 9,
B =3 (YTYU — Y, Ya) + Ya(S ( 51+ 7% + 893> (A.3)
3 9 ,

(1) =3 YTYd — YJY) + Y- < g+ 4g2 + 8g3> (A4)

a _ 3 V979 o
Be =5 T YIY, +Y5(S) - 7 i +92) ; (A.5)

with

Ya(S) = Tr(3Y,[ Y, + 8V Yy + Y]Y.) . (A.6)

B Input parameters for meson mixing

B.1 K9 — KP° oscillation

The non-vanishing magic numbers used in eq. (4.22) for the kaon system are given below [77]:

ai = (0.29, —0.69, 0.79, —1.1, 0.14)

b = (0.82, 0, 0, 0, 0), (1) — (~0.016, 0, 0, 0, 0),
b\*? = (0, 2.4, 0.011, 0, 0), 22) _ (0, —0.23, —0.002, 0, 0),
b*¥ = (0, ~0.63, 0.17, 0, 0), (29) _ (0, ~0.018, 0.0049, 0, 0),
b* = (0, ~0.019, 0.028, 0, 0), (2 _ (0, 0.0028, —0.0093, 0, 0),
b = (0, 0.0049, 0.43, 0, 0), %) = (0, 0.00021, 0.023, 0, 0),
" = (0,0, 0, 4.4, 0), U9 _ (0, 0, 0, —0.68, 0.0055),
b = (0, 0,0, 1.5, ~0.17), ) _ (0, 0,0, —0.35, —0.0062),
o™ = (0,0, 0, 0.18, 0), 54 _ (0, 0, 0, —0.026, —0.016),
( ( —

55)

" = (0, 0, 0, 0.061, 0.82), 0, 0, 0, —0.013, 0.018).

Table 5 gives the relevant constants for the K — K° phenomenological analysis [75]:
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% M s (ma +ms) Bj4 Bj? B!
2GeV | 497.67MeV | 156.1 MeV | 1354+ 18MeV | 0.5274+0.022 | 0.94+0.2 | 0.6 =0.1
Table 5. Input parameters used for AMyg estimation.

B.2 D° — DY oscillation

The non-vanishing magic numbers are given below [74]:
a; = (0.286, —0.692, 0.787, —1.143, 0.143)
b = (0.837, 0, 0, 0, 0), M = (—0.016, 0, 0, 0, 0),
% = (0, 2.163, 0.012, 0, 0), t# = (0, —0.20, —0.002, 0, 0),
B*¥ = (0, —0.567, 0.176, 0, 0), * = (0, —0.016, 0.006, 0, 0),
b!*® = (0, —0.032, 0.031, 0, 0), *) = (0, —0.004, —0.010, 0, 0),
b!*3) = (0, 0.008, 0.474, 0, 0), %) = (0, 0, 0.025, 0, 0),
B* = (0, 0, 0, 3.63, 0), A = (0,0, 0, —0.56, 0.006),
B\*) = (0, 0, 0, 1.21, —0.19), %) = (0,0, 0, —0.29, —0.006),
™ = (0, 0, 0, 0.14, 0), " = (0,0, 0, —0.019, —0.016),
" = (0, 0, 0, 0.045, 0.839), 4" = (0, 0, 0, —0.009, 0.018).

Table 6 gives the constants in the D° —

D? phenomenological analysis [75]:

Iz Mp Ip (my +me) Bt B Bg*
2.8GeV | 1.86GeV | 212+ 14 MeV | 1.174+0.12GeV | 0.85+0.09 | 1.10+£0.11 | 1.37+0.14
Table 6. Input parameters used for AMp estimation.
B.3 Bg — B_q0 oscillation

The non-vanishing magic numbers are given below [99]:

= (0.286, —0.692, 0.787, —1.143, 0.143)

= (0.865, 0, 0, 0, 0),

= (0, 1.879, 0.012, 0, 0),
= (0, —0.493, 0.18, 0, 0),
= (0, —0.044, 0.035, 0, 0),
= (0, 0.011, 0.54, 0, 0),
= (0, 0, 0, 2.87, 0),

= (0, 0, 0, 0.961, —0.22),
= (0, 0, 0, 0.09, 0),

= (0, 0, 0, 0.029, 0.863),

,61,

(—0.017, 0, 0, 0, 0),
(0, —0.18, —0.003, 0, 0),
(0, —0.014, 0.008, 0, 0),
(0, —0.005, —0.012, 0, 0),

%) — (0, 0, 0.028, 0, 0),
= (
= (
= (
= (

(22
(23
(32 _

W = (0, 0,0, —0.48, —0.005),
0, 0, 0, —0.25, —0.006),
0, 0, 0, —0.013, —0.016),
0, 0, 0, —0.007, 0.019).

(
)
245
Z(54
;

55)




Table 7 and 8 gives the relevant constants for the Bg — 337 s phenomenological analysis
respectively [75]:

j Mp, IB4 (mp + ma) By By B4
4.2 GeV | 5.2795 GeV (200 + 20) MeV | 4.224+0.08GeV | 0.81+0.08 | 1.144+0.13 | 1.72+0.19

Table 7. Input parameters used for AMp, estimation.

0 Mgp, IB. (myp + ms) BYs By B
4.2GeV | 497.67GeV | 245+ 25MeV | 4.30 £ 0.08GeV | 0.5274+0.022 | 0.94+0.2 | 0.6 £0.1

Table 8. Input parameters used for AMp, estimation.

C Input parameters for 4 — e conversion in nuclei

The overlap integrals, D, V®  and V™ in units of m,5/ 2 are listed in the table from ref. [92].
The total capture rates, I'capy in units of 105s~! are used from ref. [100].

Nucleus D V) v LCeapt
Al 0.0362 0.0161 0.0173 0.69
Ti 0.0864 0.0396 0.0468 2.59
Au 0.1890 0.0974 0.1460 13.07

Table 9. Values of the input parameters for different nuclei used in the calculation.
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