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Building on our recent proposal to explain the experimental hints of new physics in B meson decays
within the framework of Pati-Salam quark-lepton unification, through the interactions of the (3, 1), vector

leptoquark, we construct a realistic model of this type based on the gauge group SU(4), x SU(4), x
SU(2), x U(1)’ and consistent with all experimental constraints. The key feature of the model is that SU(4)
is broken at a high scale, which suppresses right-handed lepton flavor changing currents at the low scale and
evades the stringent bounds from searches for lepton flavor violation. The mass of the leptoquark can be as low
as 10 TeV without the need to introduce mixing of quarks or leptons with new vectorlike fermions. We provide
a comprehensive list of model-independent bounds from low energy processes on the couplings in the
effective Hamiltonian that arises from generic leptoquark interactions, and then apply these to the model
presented here. We discuss various meson decay channels that can be used to probe the model and we
investigate the prospects for discovering the new gauge boson at future colliders.
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I. INTRODUCTION

The Standard Model (SM) provides a remarkably suc-
cessful description of nature at the elementary particle level
and, so far, there are only a handful of experimental
indications of deviations from its predictions. Perhaps the
most significant direct hint of physics beyond the SM are
the recently observed anomalies in B meson decays [1,2],
which suggest that lepton universality might be violated.
Assuming that those anomalies are not a result of exper-
imental systematics, they are best accounted for by the vector
leptoquark (3, 1),/5 or (3,3),/; [3-5]. However, building
viable UV complete models involving those particles is
challenging, especially in light of very stringent constraints
on lepton flavor violation (LFV) from various experimental
searches.

The first attempt to construct a vector leptoquark model
for the R () anomalies was made in [6], where we proposed
that the vector leptoquark (3, 1),/; explaining the anoma-
lies might be the gauge boson of a theory with Pati-Salam
unification. The conclusion was that the minimal model
based on SU(4) x SU(2), x SU(2), is not capable of this
because of strict bounds on kaon and B meson rare decays
[7-12]. The underlying problem in that model arises from
the interference between left-handed (LH) and right-handed
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(RH) lepton flavor changing currents. We outlined a
possible solution to this: extending the gauge group to
SU(4), x SU(4)g x SU(2), x U(1)" and breaking SU(4) 5
at a high scale, such that the RH lepton flavor changing
currents are suppressed.

A viable realization of this idea is the subject of this paper.
We demonstrate that a Pati-Salam gauge leptoquark as light
as 10 TeV can explain the Ry anomalies and remain
consistent with all experimental bounds without introducing
any mixing of quarks and leptons with new fermions. We
discuss in detail the constraints arising from LFV searches
and show that the absence of RH lepton flavor changing
currents relaxes the bounds considerably. The model is
expected to have clean signatures at future colliders, which
we investigate in the case of the prospective 100 TeV
machine.

Several other models for the flavor anomalies based on
Pati-Salam unification have been proposed, some appear-
ing almost immediately after our initial work [13-19].
Those models overcome the experimental constraints by
mixing all or a subset of SM quarks and leptons with new
vectorlike fermions. Other approaches to account for the
B meson decay anomalies involving scalar leptoquarks or
7' rather than vector leptoquarks have been also proposed
(see, e.g., [20-27]).

In Appendix C we provide a model-independent analysis
of the low energy consequences of a (3,1),/; vector
leptoquark that interacts with both LH and RH fields.
We present an extensive list of bounds from flavor physics
on generic coupling constants in this model-independent
approach; Appendix C is thus a resource in its own right, of

Published by the American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.99.055025&domain=pdf&date_stamp=2019-03-18
https://doi.org/10.1103/PhysRevD.99.055025
https://doi.org/10.1103/PhysRevD.99.055025
https://doi.org/10.1103/PhysRevD.99.055025
https://doi.org/10.1103/PhysRevD.99.055025
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

FORNAL, GADAM, and GRINSTEIN

PHYS. REV. D 99, 055025 (2019)

use to researchers interested in any specific model of this
type. Appendix D is one such example, where we apply the
results of Appendix C to the specific Pati-Salam model
constructed in this work. The calculations in Appendix C
update and extend previous results [7—12]. For instance, for
B decays we use the most recent lattice results for the form
factors [28], which weaken the bounds considerably com-
pared to assuming the nonphysical values f,=fy=1
adopted previously in the literature.

II. THE MODEL
The theory we propose is based on the gauge group

SU(4), x SU(4), x SU(2), x U(1Y. (1)

The crucial feature of the model is that the subgroup SU(4) .
is broken at a much higher scale than SU(4), , leading to a
suppression of RH lepton flavor changing currents.

1. Fermion particle content

The matter fields in the model, along with their decom-
position into SU(3),. x SU(2), x U(1), multiplets, are

W =(4,1,2,00= (3.2, & (1,2)

—1,
2

P — <1,4, 1,-%) =GB (1.1)_,
=031.2.0=032.(1.2),
ir=1(1,4,2,0)=(3.2) @ (1.2), 2)

for each generation, where ‘i’,_, lil;lg, \IAl[dg contain the SM
fields Q;, L, ug, dg, eg and a RH neutrino vg, whereas 7, ,
#r assure gauge anomaly cancellation and result in two
vectorlike pairs of fields Q) , Q% and L, L) that are heavy
and do not mix with SM fermions. This is the minimal
fermion content for a consistent theory based on the gauge

group (1).

2. Scalar sector and symmetry breaking

The Higgs sector contains the scalar representations
A 1 A l 2 -
ZL: 4,1,1,5 ) ZR: 1,4,1,5 N 22(4,4,1,0),

A=(432)). #,=(232-] (3)
d— 77727 u ,,,2.

The scalar potential is given in Appendix A. The param-
eters can be chosen such that the fields X;, X; and X
develop the vacuum expectation values (VEVs)

0 0
A vy, 0 A Vg 0
%) =— . R =— ,
1 1
1 000
~ v 01 00
)y =— : (4)
V210010
00 0 z

where z > 0. This results in the symmetry breaking pattern
SU4), x SU(4)g x SU(2), x U(1)
— SU(3), x SU(2), x U(1)y. (5)

The relation between the SM hypercharge Y and the U(1)’
charge Y’ is given by

2
y— vt \fg (715 4 T15). (6)
where
715 — 715 — _Giag(1,1,1,-3). (7)
26

The scalar representations decompose into SM fields as

£ =0B1@(L1)y  Z=0G1:® (1),
E=(81)® (3. 1):® (. 1) &2(1 1),
Hy=(82),®(3.2:0(3.2)_.®2(,2)
=0,0T, T, ®S, & S,.
H,=(82)10(3.21&(3.2).:82(1.2)

-1 1 -1
2 6 2

=0,0T;®T,®S;® S, (8)

Under the symmetry breaking pattern (5) the H,, H, fields
have (4,4) > 3@®1)® 3@ 1); S, S; stand for the
singlets in 1 ® 1, while S,, S, are the singlets in 3 ® 3.
The components of ) R> ) L 3 have masses on the order of the
SU(4)g and SU(4), breaking scales. This is also the natural
mass scale for the components of H, and H,. However, as
shown in Appendix B, it is possible to fine-tune the
parameters of the potential such that only one linear combi-
nation of the fields S| ; 3 4 is light. In particular, there exists a
choice of parameters for which the light state is given by

H = —CESI - CdSZ + CDS3 + CMS4, (9)

where ¢, & 1> c;> ¢, and 1 > ¢, > c,, with the ratio
cq-c, = my.m,. This reduces the scalar sector of the model
to that of the SM at low energies.
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3. Gauge sector

The gauge and kinetic terms are

1

'Cg+k = -G}

1
Apv
4 L/wGLM - _GA

1

5 Ghu G = Wi W
1 N A

- ZY;:DY,”D + |D/42L‘2 + |D;42R|2

+ |Dﬂi|2 + |D/41:1d|2 + |Duﬁu|2

L, DY, + WeipPy + Whipdd, (10)
with A=1,...,15 and a = 1,2,3. The gauge covariant
derivative takes the form

DM = aﬂ —+ lgLGéﬂT? + lgRG?}”T}%
+igp Wyt + i, Y}/‘Y’, (11)
where T4, T4, 1%, Y are the SU(4),, SU(4),
SU(2),, U(1) generators. The gauge couplings at the

low scale are related to the SM strong and hypercharge
couplings via

The new gauge bosons are
Xy = (3. 1),
Z; = (1, 1),

Xp=(0 G =81,
Zh = (1,1),. (13)
The mass of G’ is Mg = J%‘/g% + g% vy. The squared
mass matrix for the gauge leptoquarks X;, X is

JM2_1<ﬁﬁ%+vﬂl+fﬂ

=299 ”%Z >
4= .
4 —29L9R”§Z

grlvk + v3(1 +2%)]
(14)

The leptoquark mass eigenstates can be written as

(X1> < cos b, sin94><XL> (15)
X, ~ \ —sin 0, cosb, Xz /)’
where the mixing angle 8, depends on the parameters in

Eq. (14). In the limit vz > v; and vy > vy the mixing
vanishes, sin, = 0, and the leptoquark masses become

1

1V[X1 = EgL l}% + 1}%(1 + Zz),
_ 9L9r
s = NCET 1
gL+gR 1‘4){2 :EgR’UR. (16)
- g’lngR (12)
91 = \/gg’z(gz )+ 292' The Z, and Z) squared masses are given by the two
390k T 91) T ILIR nonzero eigenvalues of the matrix
|
20,2 2(1 2 _ 2(1 2 V2 2
gr|vL +rs(3+2 gLIrvs(3+2 BNILVL
3
P
My = 8 —9L9R11§<%+ Zz) g% {v% + v%(% + Zz)} _%%QRU% : (17)

—%QQQLU%

Taking the limit vz > v; and vg > vy yields

Btk 300+ )

Mo — (9P 9R) 3919k
zZ, — 8(a2 122
(97 +39%)

\/312% + v}(1 +32%),

1 3
My ZE\M/EJFEQ% UR- (18)

4. Fermion masses

The Yukawa interactions are

Ly =y ¥ + ys ¥ B, 1,70 S ik + He.

b

D yfiLySiex + y§0L Sady + yiiLy Sivk + y01 Sjuk +—=Y ;v (Q Q% + L] LR) + He.

V2

- . - - . - . 1 - . .
D —c. YLy Hep — cqy$, Qi Hdy + c,yiLi Hup + ¢,y05 Hup +—=Y;v5(0f T4 ZLPLY) +He., (19)

J

V2

TP

where i, j = 1,2, 3 are family indices and the coefficients “c” are those in Eq. (9). Typically, in theories with quark-lepton
unification, the up-type quark and neutrino masses of a given generation are the same at the unification scale, and similarly
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the down-type quark and charged lepton masses. In our
model this is not the case, but since there are only two
Yukawa matrices y* and y?, without additional mass
contributions the hierarchy of the up-type quark masses
is, a priori, the same as for the neutrinos, and the down-
type quark mass hierarchy the same as for the charged
leptons at the unification scale.

Regarding the up-type quarks and neutrinos, for which
the experimentally determined mass hierarchies differ
considerably, this is solved by introducing a new scalar
representation &,y = (1,10,1,—1). If the SM singlet
component of @, develops a VEV v, at a high scale,
this provides a seesaw mechanism for the neutrinos via the
interaction

Vi (P ) D Py (20)

The contribution to the up-type quarks vanishes. Therefore,
the up-type quark masses are m, ~ y*v, whereas the
neutrino masses are m, ~ (¢,y“v)?/(y"vo)-

The relative mass hierarchies of the down-type quarks
versus charged leptons are not in vast disagreement with
experiment. The running of the masses will largely account
for my,/m,. One can also introduce the scalar representation
Ci)15 = (15,1,1,0) into the model, with the SM singlet
component developing the VEV wsdiag(l,1,1,-3).
New mass contributions to the down-type quarks and
charged leptons would then result from loop processes,
parametrized via the effective dimension five interaction

y,‘-lj"i‘_ilil d‘i’f{ ®,5/A, and mediated, e.g., by heavy vector-
like fermions, leading to additional mass splitting.

5. Flavor structure
In terms of SM fermion mass eigenstates, the interactions

of the vector leptoquarks with quarks and leptons are
given by

£oiL ZLX, (L

V2
+9R

V2

MUSIZRE lej(ai}’”PLej)]

Xpgu[RY (@' y* Pre/) + R (d'y* Prel)] + H.c.,

(21)

where L*/4, R"/? are unitary mixing matrices. They are
related via L* = VLU and R* = VRU, where V is the
Cabibbo-Kobayashi-Maskawa matrix and U is the
Pontecorvo-Maki-Nakagawa-Sakata matrix.

6. Proton stability

The vector boson (3,1),,; does not mediate proton
decay [6] and neither do any of the scalars in our model.
In particular, for the scalar (3,2); 6, which by itself would

be problematic [29], gauge invariance forbids tree-level

proton decay. In broader terms, the Lagrangian in Eq. (19)
is invariant under the global symmetries U(1)% and U(1)],
with the matter fields ¥;, W% and W% carrying charges
B'=L"=1/4 and all scalar fields being neutral. After
symmetry breaking the charges under the remaining global
U(1)z and U(1), are

1
B:B/+ T15+T15,
\/6( L R)
6
L= —[(T? +T5), (22)

which are simply the SM baryon and lepton number. Proton
decay is thus forbidden at all orders in perturbation theory.

III. FLAVOR ANOMALIES

In this section we discuss how the vector leptoquark of
SU(4), can explain the recent hints of physics beyond the
SM in B meson decays, i.e., the deficit in the ratios

R — Br(B" - K putu™)
K= Br(B" > Ktete)’
B BO K*O +
Br(BY - K*%¢Te™)

with respect to SM predictions [1,2]. For an analysis of the
anomalies at the effective operator level see [30-37].

To describe the decays in Eq. (23) quantitatively, it is
convenient to start out from the effective Lagrangian for
flavor changing neutral current processes with a b — s
transition. Up to four-quark operators, it can be written as

4 o

L= \% vV Vi Z[cho + /O
i,j =

+ VoI 4 ol “} (24)

The operators O;j and Oéj correspond to electromagnetic

and chromomagnetic moment transitions; the (’)gj (/), (’)’ijo(/),

Okl are the semileptonic operators

2

O30y = 72 SruP o) 7 (rs)V),
. e2 _ ‘
019](/1 = 167 16,2 (syﬂPRb)[ll}’”(YS)lj]’
Of = 86 3 (57, PLb) (@' PLo)); (25)
T

and Ofgjm, (’)g(') are the scalar operators
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2
ijy _ € i
OF = - [Pru)b)(I'),
2 - .
O = < [5Prty Bl(rsi). (26)

Tensor operators were neglected since they cannot arise from
short-distance new physics with SM linearly realized [4].
Global fits to the R(., anomalies and other b — s£¢ data
have been performed [30-37]. These analyses yield similar
best fit values for the Wilson coefficients. In what follows
we adopt the results of [30], i.e.,
Re(ACY — ACE) = —Re(ACH) — ACSE) = —0.6,  (27)
with the contributions to the remaining Wilson coefficients
being small. In our model, the vector leptoquarks X, X,
modify the coefficients by

ACZJ _ ACl] o \/Eﬂz 2Ld Ld* |:COS 94 Sin204:|
9 Gpe®V,, Vi MXl Mg(z )
ACT — Acl]’ ﬁﬂzgﬁRgiRgf sind,  cos’0,
9 GFeZthV;} M%(l M%(z ’
ACY = —ACY
 V2rgugeRYLY sin20, T 1 1]
- GreVyVie M}, MZ[
ACY = ACY
V2rlggrLSRY sin20, [ 1 1]
GV Vi, MM
AC/ =0. (28)

Guided by the tightness of the bounds from LFV searches
(discussed in Sec. IV and Appendix C), we assume that
SU(4) is broken at a much higher scale than SU(4), , i.e.,

VR > Up, and VR > Vy. (29)

This suppresses RH lepton flavor changing currents and
results in the contributions to the Wilson coefficients other

than AC;{ 10 being small. The condition in Eq. (27) becomes

My,

~ 23 TeV. (30)

g\ /Re(L, Ld* L4,L)

IV. EXPERIMENTAL CONSTRAINTS

The leptoquark masses and the mixing matrices are subject
to experimental constraints from a number of null searches
for LFV, with the most stringent bounds coming from rare

decays of pions [38-40], kaons [41-46], B mesons [47-54], 7
leptons [55-58] and p — e conversion [59].

Implications of those constraints for Pati-Salam unifi-
cation have been considered in the literature [7-12], but
focused on models in which the vector leptoquark (3, 1), 3
couples to both LH and RH fermion fields with similar
strength. The conclusion of those analyses, updated with
the most recent experimental bounds [52-54], is that the
leptoquark mass has to be =90 TeV [12]. In addition,
constraints from searches for y — ey when both LH and
RH leptoquark interactions are present can push this limit
much higher due to the bottom quark mass enhancement of
the one-loop diagram (see Appendix C and also [60] for a
discussion of a similar effect in scalar leptoquark models).
Such a heavy leptoquark would not explain the Ry
anomalies, since the required relation, analogous to the
one in Eq. (30), could not be satisfied for a perturbative
gauge coupling and unitary mixing matrices.

In our model, for a sufficiently high scale of SU(4),
breaking, the constraints arising from the presence of
leptoquark RH couplings to fermions are eliminated and
the remaining bounds on LH interactions can be satisfied
for a significantly lower leptoquark mass. The tightest
limits are listed in the Appendix, for arbitrary LH and RH
leptoquark interactions in Appendix C and for the case of
just LH interactions in Appendix D.

If the mixing matrix entries L,, L%, are O(1), the limits
from searches for KY — e*u® and p—e conversion
a priori push the leptoquark mass up to hundreds of
TeV in our model (thousands of TeV for models in which
both LH and RH leptoquark interactions are present, due to
the enhancement of the scalar current contribution; see
Appendix C). The bounds, however, are satisfied for a
much lighter leptoquark provided L‘lil,L‘li2 < 1. Unitarity
then implies that LY, ~ 1 and LY, L, < 1; therefore L?
takes the form

5, 5 1
e’ cosd  esinf 55 |, (31)

—e"25in@ e cos® b,

L o'

where |§;] < 1. Note that the suppression of RH flavor
changing currents in our model implies that there are no
significant bounds from z° — v or K — vi.

The remaining entries of L¢ are subject to further
constraints, mainly from B meson and 7 decays. If both
LH and RH leptoquark interactions were present, the B —
utu~ decay would provide the most stringent bound.
However, with only LH interactions the tightest limits
arise from searches for B — K*e*uT. We calculated the
corresponding branching fractions (see Appendix C) using
the most recent lattice results for the form factors [28] based
on the Bourrely-Caprini-Lellouch parametrization [61],
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which relaxes the bounds considerably compared to taking
the nonphysical values f, = fo =1 [11].

The resulting bound on My, is minimized for 0 =~ z/4
and requires merely My /g; 2 9.2 TeV. Given the relation
between the gauge couplings in Eq. (12) and assuming gp ~
V37 (close to the perturbative limit) implies g, ~ 1.06g;,
where g, ~ 0.96 is the strong coupling constant at 10 TeV.
This leads to the constraint

My, %10 TeV. (32)

(If one chose instead g; = gr = v/2g,, this would result in
the constraint My, % 14 TeV.) Saturating the bound in
Eq. (32), the condition in Eq. (30) for explaining the Ry
anomalies is fulfilled if cos(¢; + ¢,) ~ 0.18. We also note
that for My, ~ 10 TeV one could have |§;| ~ 0.02, so the
matrix L¢ in Eq. (31) does not need to be highly tuned.

Finally, let us note that all loop-level constraints,
including K — K, B — B, B; — B, mixing; radiative decays
u — ey (see Appendix C), 7 — ey; anomalous magnetic
and electric moments of leptons; Z — bb and others [62],
are satisfied due to the unitarity of L¢ and a leptoquark
mass in excess of 10 TeV.

V. COLLIDER PHENOMENOLOGY

The aim of this limited phenomenological analysis is to
simply demonstrate that the leptoquark X; in our model
accounting for the flavor anomalies can be searched for at
the next generation collider. Focusing on the proposed
100 TeV Future Circular Collider (FCC), we find that one
of the best signatures to look for is provided by the single
leptoquark production process

pp = Xpju~ = jjutu. (33)

In an in-depth analysis one could also investigate final
states involving other leptons, which for the case of
neutrinos would lead to missing energy signatures. Pair
production of 10 TeV leptoquarks is suppressed even at a
100 TeV collider.

To simulate the SM background and the leptoquark
signal for the process (33) we used MadGraph 5 [63]
(version 2.6.3) with the default cuts apart from the
lower cut on the transverse momentum of jets and leptons,
which was set to 300 GeV. The leptoquark model file for
MadGraph was implemented using FeynRules [64]
(version 2.3.32).

Figure 1 plots the number of background (B) and signal
(S) events for a leptoquark mass 10, 12 and 14 TeV
expected within the first year of FCC running (estimated
to be 250 fb~! of data [65]) as a function of the invariant
mass of the highest transverse momentum jet j and u™.
Implementing the invariant mass cut [M;,+ — My | < TY,
where ['y is the width of the leptoquark, the significance of

Events/bin

14

M, [TeV]

FIG. 1. Expected number of events in 250 fb~' of data
collected by a 100 TeV pp collider for the SM background pp —
JjuTu~ (blue) and the leptoquark signal pp — X, ju~ — jjutu~
for masses My, = 10,12, 14 TeV (red, orange, gray) as a
function of the invariant mass of the highest p; jet and u™.
The values of parameters discussed in Sec. IV were used.

the signal, S/\/E, is very high: 19¢ for My, = 10 TeV,
6.70 for 12 TeV and 4.5¢ for 14 TeV. More sophisticated
cuts may make the search more efficient. A detailed
analysis of the X; vector leptoquark collider phenomenol-
ogy is beyond the scope of this paper.

Were the B decay anomalies in Rg and Rg- confirmed and
established, inspection of Eq. (30) indicates that this model
could be ruled out ata future 100 TeV high luminosity hadron
collider. Not only does the right-hand side of Eq. (30) provide
an upper bound on the mass of the vector leptoquark, but
Eq. (12) shows that the strength of the coupling constant g; is
bounded from below, and therefore the height of the resonant
signal in Fig. 1 is bounded from below.

VI. CONCLUSIONS

We have constructed a new model to account for the
recently observed anomalies in B meson decays set within
the framework of Pati-Salam unification. The theory avoids
all experimental bounds without introducing any vectorlike
fields mixing with the Standard Model fermions. This was
achieved by suppressing the leptoquark right-handed inter-
actions by associating them with a symmetry broken at a high
scale, which eliminates the most stringent constraints arising
from the simultaneous presence of left- and right-handed
lepton flavor changing currents. In some regions of param-
eter space the mass of the leptoquark can be as low as 10 TeV
while remaining consistent with all experimental data.

The tightest constraints on the model come from the
experimental limits on rare kaon, B meson and 7 decays, as
well as y — e conversion. In the appendix we presented
general model-independent formulas for the various decay
rates and listed the corresponding bounds. Those results
can be used to read off the constraints on any model with
one or more (3,1),/; vector leptoquarks with arbitrary
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left- and right-handed interactions with Standard Model
quarks and leptons.

In our analysis we chose parameters to explain the Ry
flavor anomalies. As shown in [3], phenomenological
models of the vector leptoquark (3, 1), /5 can also account
for R, anomalies [66—68] (see [69] for an updated fit).
The vector leptoquark (3, 1), 5 in our model is too heavy to
account also for the R anomalies. Still, it has been
shown [70] that the scalar leptoquark (3,2),, might be a
good candidate for that. This leptoquark appears in the
scalar sector of our model and can be made sufficiently
light. It would be interesting to investigate this in more

detail. |

Currently, there exist many models that account for the hints
of lepton universality violation in B meson decays. If these
anomalies are established, new physics must emerge at a scale
similar to that of the mass of the “left-handed” leptoquark in
our model. We have demonstrated that simple kinematic cuts
can isolate clearly observable signals with 250 fb=! of
accumulated data at a 100 TeV pp collider. Further analysis
is badly required to determine whether such an apparatus
could distinguish among the many proposed models.
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APPENDIX A: SU(4); x SU(4) SYMMETRY BREAKING

The scalar potential of the model is given by

V= B[P+ 4| — 315k + Aol Erl* — 132 + A3 (B + 4 |ZETP — 3| Hy P + Aa(HH))? + 2, H H P
— 3| H[? + As(H L) + 25| H P+ 2 20 P ER P+ A [ELPIEP 4 AalZ PIH P + 4|0 PP + Ao Er P2
+ s | ZR P H 2 + Aos | g P H P + Aaa | EPIH o + A3 [EPIH, P 4 Aas | Hy P HLP + 205|222 + 20|20 Hy P
+ M| ELH P+ Zog | EREP + 2y | ErH o + Mo [SrH [P + 2y | EH > + 2551 [P + s | LA )P + 25, Te (SH ,HET)

A

+ AU Te(SH HETY 4+ 2 Te(HH B H ) +
+ /1/3/115’1—‘1‘([:1 i i[:]u) + KELZZR + H.C.],

where we have adopted the notation [£;|*> =
(£0)q, (B BN (ED ™, 1EH P = (E)a (H o)y (

-
g

Let us consider (£;), (2¢) and (). Via a suitable
SU(4),; and SU(4), transformation, it is possible to bring
(£;) and (£g) to the form

0 0

A vy, 0 A Ugr 0

X)) =—= , Zp) = —= , (A2
1 1

where v; and vy are real and positive.
The remaining SU(3) invariance can be utilized to obtain

a 0 0 bl

A 0 ar 0 b2
(z) = (A3)

0 0 as b3

cp ¢ c3 d

To argue that () can be brought to the diagonal form as in
Eq. (4), it is sufficient to consider the potential terms £,
(EEN)2, |£272, 1,22 |£5E? and £, 357, Since

(£0)a, (£1),
7 (ET)

[’1/345(212111)(2121 )+ ’1345Tr(21:1dﬁ?ﬁlu)

(A1)

PP = (2)aL(Eh)ar, (iﬁd)E(i) LHa, 2EP=
Te(SH,EH,) = (£)as (B3 () (A5, ete.

AslEL 2P = _/113%( i+t +d),

ot & 1
M| R = 5430k (BT + b3 + b3 + &%),

—BIEP + (EEN = (@} + a3+ di+ b+ b3+ b3
+ i+ 3+ G+ d*—v3)? — 1308,

(A4)

the potential is minimized for ()
addition, the terms

= diag(a,, a,, a3, d). In

BIEET? = X (at + ai + ad + d*),

PN
k2, 255 = EKUL’URd (AS5)

imply that the minimum occurs at a; = a, = as. Finally,
we are free to choose x to be real and negative, which
through an appropriate redefinition of 3 leads to real d > 0;
therefore
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1 0 0 O

N 01 0 O
(&) =2 (A6)

V210 0 1 0

0 0 0 z

with z being real and positive. Note that only one of the
parameters 1%,s, 45,5 and 455 can be made real by a field
redefinition. If any of the other two has a nonzero
imaginary part, the scalar potential is CP-violating.
A rigorous minimization procedure is beyond the scope

of this work.

APPENDIX B: SCALAR MASSES

To show that Eq. (9) can be satisfied, it is again sufficient
to consider only a few terms in the scalar potential. In terms
of hard masses, the relevant part of the Lagrangian is

L, 3M¢21|I:Id|2 +M2|H, > - /24|2Rgd\2 _/1/25|ER1:1L¢|2

— My [SH, [ - 25|, P 25 (EH,)(2H,). (B

This results in the masses for the color octets and triplets,

_ _ — 2
mol = mTl = I’l’lT2 =Md’

mo, = my, = my, = M3. (B2)

The mass squared matrix for the fields ;534 is

M?+ay 0 33452703 @’1/34520%
Mi— 0 M?%+b, \/75/1/3452”§ %’1{345”% ’
345203 \/751/3451”% M +a, 0
\/7§/1/345Z”% %’1/345”% 0 Mi+b,
(B3)
where
R ST 32
g =504V + 5 2T05, by =S H0%,
1 1 3
@y =5 hsVp + 5457005, by =3hsz. (B4

We have verified that there exists a class of solutions with
only one linear combination of the four scalars being light.
To reproduce the SM fermion masses while keeping the
Yukawas perturbative, it is sufficient to have the light mass
eigenstate, identified with the SM Higgs, given by

H = _CeSI —CdSZ‘f'CDSg +CMS4, (BS)
where ¢, & 1> ¢;> ¢, and 1 > ¢, > c,, with the ratio
Cq.Co XMy, M.

APPENDIX C: FLAVOR CONSTRAINTS:
MODEL-INDEPENDENT ANALYSIS

The general form of the Lagrangian describing inter-
actions of vector leptoquarks (3,1),,; with fermions is
given by

£ X[k @iy Pd) + fRe (a'y Py

+ fiLj?a) (d'y"Pre’) + f,]%,)(leMPRe/)]’ (C1)
where the field X ,(f’) corresponds to a leptoquark with mass
M ,. The resulting contributions to rare processes are listed
below, along with the most severe experimental bounds.

The numerical values for particle masses and lifetimes
were adopted from PDG [71]. The single-particle state
normalization chosen is

(p|p') =2E(27)*6%(p - p')

and the decay constant f,, for a meson consisting of
quarks/antiquarks ¢q;, ¢, is defined via

(C2)

2
m
(01217’ 2| M(p)) = —ifpg —24—.

ml]l + ml]z

(01g177° g2l M(p)) = if mp*. (C3)

The following values for the meson decay constants were
adopted from the PDG,

far =130MeV,  fyo = fgr =156 MeV,
fp=191MeV, [z =187MeV, fp=227MeV,
(C4)

and were obtained by averaging the lattice results.
The other decay constants needed in our analysis are

Sy =238 MeV,
fY'(2S) ~ 496 MCV,

fY(lS) ~ 700 MGV,

fY(3S) ~ 430 MeV, (CS)

where f, was determined from the lattice [72] and fy,s)
(n =1, 2, 3) were extracted from the experimental results
for Y(nS) —» £=¢7 (see [69,73)).

Below, we present constraints on a general model with
(3,1), /3 vector leptoquarks described by the Lagrangian
(C1). The constraints arise from the following processes:

1. Neutral meson decays to two charged leptons
a. Neutral kaon decays
b. Neutral B meson decays
c. Y decays
2. Charged meson decays to a charged lepton and
neutrino
a. Charged pion decays
b. Charged kaon decays
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3. Charged meson three-body decays to a meson and
charged leptons
a. Charged kaon decays
b. Charged B meson decays
4. Tau decays
5. Radiative charged lepton decay
6. IJ — I conversion
The relevant formulas are listed below. The numbering of
the sections matches that in the table of contents above.

1. Neutral meson decays to two charged leptons

The leptoquark contribution to the decay of a pseudo-
scalar meson M with mass m 4 to two charged leptons, /;

with mass m; and [ with mass m;, is given by
2 m2+m?2 dm.-m
F(M—)lﬂf)x:meM |:Aij<1_ — ‘]> +BU%}
64r mi, mi,
] 2 2
x\/[limﬁ’"ﬂ][l_(“ m>]
M M
(Co)
where
ak® 12 akL 12
A = ij(a) + ij(a) ’
=] 2
LR , RLx
B,=Y" Relayjio)%ij(p)]
ij = 2172 ’
oy MaM
LR(KY) _ d £Rdx dx
aij(a) V= 7 |: Ilel (a) 123((1) 11 (@) fé] (a)
2m? 00
K Rdx* 1 2
+m +my f } +(1<2),
( X %
a j(a)  — mlffzdrl 3/ a) + m]ffzd(z 3] (a)
BOQ Ld* f
my, + my
LR(BY d d+ ¢Ld
aij( = lf];z () f3/ (@) m; éi((l) gj(a)
2
2mB?Q Ldx f
mb_’_m‘ 2i(a) 3j(a)
ag.%a) = {?I(Qa) (L < R). (C7)

In Eq. (C7) the quark masses m,, and the factor Q depend
on the energy scale, m, = m,(u) and Q = Q(u), with
Q(u) given by the formula

e

al® (M o (m,)

Bls

{ a®) () r (c8)

at® (my)

Ou) = [

L

applicable for mj; > u > m,.. The coupling constant a is
calculated from

47
(11 =2N;/3) log(u?/A?)’

a(Nf) (Iu

A) = (€9)

where N is the number of quark flavors at a given scale, by
matching

0‘(6)(”%) a® (m;, Ag) =a® (m,, As) =
O (my) =ald (my,. As)

a®) (m,),

=a® (my,A))=a® (m,). (C10)
The ratio Q(u)/m,(u) is a renormalization group invariant.
Adopting the PDG values for the quark masses at u =
2 GeV and for the strong coupling constant at y = M,
[71], the value of O depends only on the leptoquark mass
scale through

0.45

0(2 GeV) = W.

(C11)

As evident from Eq. (C7), the constraints on the
leptoquark contribution to the branching fraction of kaon
and B meson decays are much weaker when the lepto-
quarks have only LH or only RH interactions with SM
fermions, as opposed to models with both LH and RH
interactions. The bounds on the branching fraction are
milder by a factor of

2m3\/[ Q/(mlmq)’

which is reflected by the much weaker constraints on the
leptoquark mass in our model compared to generic lep-
toquark models (see Appendix D).

For the majority of decays considered here only the
upper bound on the rate was experimentally established.
However, in the four cases K — ete™, K — u"pu=, B —
utu~ and BY — pt ™ nonzero rates have been measured.
For those particular decays not only the pure leptoquark
contribution is relevant, but also the interference effects
with the SM short-distance (SD) contribution. This can be
taken into account by making the following substitution in
the expressions for A;; and B;; in Eq. (C7):

R fednT(M = L), @i
R T

M fi

(C12)

where the +/— depends on the decay considered and
corresponds to the SM short-distance amplitude for M —
I [; being negative/positive. The leptoquark-induced con-
tribution is then obtained by subtracting off the pure
SM part.
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a. Neutral kaon decays

The decays K9 — e*uT are absent in the SM and the
constraint on the leptoquark mass is derived directly from
the experimental bound on the branching fraction,
Bry < ABr. The rates for K¢ — eTe™, u"u~ were mea-
sured [41,71]. They are dominated by long-distance SM
effects [74,75]. For K¢ — eTe™ the experimental branch-
ing fraction (8.7737) x 107'? [41] agrees well with the SM
long-distance estimate of (9.0 +0.5) x 1072 [74]. In that
case we use the experimental uncertainty for the measured
branching fraction as the upper bound for the leptoquark
contribution. For K9 — u*u~ the measured branching
fraction is (6.84 £0.11) x 107 [43], but it was shown
that the short-distance SM contribution is only 0.9 x 10~°
[74], whereas the upper bound on the total short-distance
contribution is 2.5 x 10~ [75].

The constraints below reflect the most conservative
bound on the leptoquark mass obtained using Eq. (C6)
(the branching fractions were left in explicitly for easier
use of the formulas given future experimental improve-
ments):

0
Al - [Br(KOL —ete)

2, 5.7 %1077

L ](672TeV)‘4, [41]  (C13)

(KD) | A(KD) 0 _, +
A A Br(K *
' A" [ rKL = e p )} (689 TeV)~, [42]
Mo 4.7x10
(C14)
A’gz{(Z> +0.2B'§1§2) - Br(KY —utyu~)
m%o ~l 2.5%x107°
x (140 TeV)™, [75] (C15)
where A’ gb is given by Agg) with the substitution (C12)

with T(K9 - p"u™)35 = 0.9 x 107, and similarly for

(K9)
B',".

b. Neutral B meson decays

For most of the B® and B? decays only the limit on the
branching fraction is determined; therefore the bounds on
leptoquark parameters are derived using Bry < ABr. In the
case of B® — ptu~ and BY — u*u~ the branching fractions
were actually measured, Br(B® - u*u~)=(1.6110)x 10710
[71] and Br(BY — ptp~) = (3.0 £0.6703) x 10~ [53],
and they are dominated by short-distance SM effects.
We arrive at the following set of constraints:

B° _
A [Br(BO = eter)

2,71 83x10°®

| }(29.4 TeV)™, [51] (Cl6)

A(go) —I—Aglf()) - Br(B® — e*u¥)
2 1.0x 1079

mBO
x (88.6 TeV)™, [52] (C17)
AE) _Br(B” > )
< 140 TeV)™, [71] (CI8
m, L6 x 1010 |40 TeV)™ 71T (C18)
0 0
Ag ) +A;lf ) - Br(B? — e*7¥)
mi,  ~ | 28x107
x (6.4 TeV)=™, [50] (C19)
AR+ Al Br(B” - pteT)
m2, 22x 107
x (6.8 TeV)~™, [50] (C20)
A 1+ 05988 _ [Br(B’ - r'1)
m, ~o2.1x1073
x (2.0 TeV)™,  [54] (C21)
(BY) 0 + -
Ay, Br(BY —» ete™) 4
< : 239 TeV)™, [51]  (C22
m, ”[ 28x 107 |20 TVIT B (€2)
A A (BB 57)
mé? ~ 54 x107°
x (64.1 TeV)™, [52] (C23)
A Br(BY = )
< : 107 TeV)=, [53] (C24
mlgq”[ 0.7 x 10~ }( V)™ 153 (C24)
AR 105688 _ [Br(B) - r71)
mi ~ | 6.8x107?
x (1.7 TeV)™, [54] (C25)
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(B .. (B . o
where A’;, ' is given by A,, ’ with the substitution (C12)

with T'(B® - pu™)3h = 1.6 x 10719, and similarly for
A'E) with T(BY — ptu~)3D = 3.0 x 10~ We listed the
constraint on the leptoquark contribution to Br(BY —
utu~) for completeness, but this branching fraction is
actually determined by the fit that yields ACy and AC
in Eq. (27).

c. Y decays

This set of constraints arises from the vector meson
decays Y'(nS) — e*zT and Y'(nS) — u*77. Neglecting the
electron and muon mass, the corresponding branching
fraction is given by Eq. (C6) (only the term with A;; is
nonzero), where

aws) _ [8( fhd

ij(a) —\/3
2
59
% Y *
] gldaf my, Ld f )’

RL(Y(nS)) _ LR(Y(nS))
Uiy =@ Lo R). (C26)

Of all Y'(nS) — £*77 decays, the Y(3S) — u*7T gives the
tightest constraints. From the corresponding experimental
bounds we have

Br(Y(3S) — u*z)
3.1 x107°

x (0.5 TeV)™, [52]

Y(3S Y(3S
ARES) | 4(Y09)

2 ~
My ;s)

(C27)

which, however, is still much weaker than all other
constraints considered here.

2. Charged meson decays to a
charged lepton and a neutrino

Decays of mesons to a charged lepton and a neutrino
exist in the SM. The leading order leptoquark contribution
comes from interference effects. The theoretical uncertainty
in the SM calculation is reduced by taking ratios of decay
rates,

L L 1 , C28
FM=1v) TIM=1v)|sy " V2G, £
where

1
D, = ZWRe[d“g A (C29)

For the case of Dirac neutrinos,

JERE) Uij | ;ra rRus i 2m72r+Q Ld  fRux
IR AT LAY R e ATCONAV]
2
dLR(K+> = Uij Rd  fRux + 2mK+Q fRu*
ij(a) - Vs li(a)’ 2j(a) mi(ms + mu) ll (@) 2j(a) |*
RL — LR
dfL, = dE (L < R), (C30)

whereas for Majorana neutrinos the only nonzero terms are

RL(7™) — & Ld fLux dR (K™) — ﬂ fLu*
ijla)  — Vid li(a)’ 1j(a)’ ijla) Vi 2j(a)
(C31)

The tightest bounds of this type originate from measure-
ments of the branching fraction ratios:

[zt - efv)
C(zt - ptv)’

K™ - etv)
(KT - utv)

R(zxt) = R(K™)

a. Charged pion decays

The experimental measurement and the SM prediction
yield

R(z") = (1.2327 £0.0023) x 107+ [71],
R(z")gy = (1.2352 £ 0.0001) x 10+ [76],

which, given Eq. (C28), leads to

D) — D{")| < (3.9 Tev)2 (C32)
b. Charged kaon decays
In this case,
R(K') = (2.493 £0.031) x 107 [46],
R(K")gy = (2.477 £0.001) x 107 [76],
which results in
D) — DY) < (3.1 Tev)2 (C33)

3. Charged meson three-body decays
to a meson and charged leptons

When the leptoquark has both LH and RH interactions
with SM fermions, the three-body meson decays are less
restrictive than the two-body decays. However, in the case
of our model, with predominantly LH interactions, the
bounds arising from B* — Kte*uT impose the most
severe constraints on the leptoquark mass. The correspond-
ing decay rate is expressed in terms of the form factors
f+(g?) and fo(q*) defined via
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2 AM2
qﬂ +f0<q2> q2 q”7

0 A
(M (P)lar*aIM(p)) = f1(¢) | p* + p* — 3;1

- AM?
(M'(P)2192lM(p)) = fold®) ———. (C34)
Mg, — Mg,
where the four-momentum transfer ¢ = p’ — p and the meson squared mass difference AM? = m mfw. The
contribution to the decay rate mediated by leptoquarks is
1 1 (mp=my ) dg?
A 2 2 2 2 2 2
LM~ M I5)x = msﬂzmm/<> VA 8 AP )
I (m? —m3)* _
- { %N; <2q2 - mlz - mf - T]> + 2Nijmimjj| i(q2, mﬁw m%\/y)|f+(‘]2>|2
+( 2 2 (m7 — m?)z 2 2 2 -2
+ | NG mi +ms — 7 —2N;mim; +4Puq (q° —m; —m3) — 8P q*m;m;
ARG+ RE? = )+ RS = Rom(a? + = )| (o = Pl
(C35)
where
R N
My = ooy —2P —dye = |3 5o il S
LR RL LR RL nlL RR
Pt = Z%‘(a) t P Zpij(a) ~ Pij(a)|? RE = ZR"'K i) £ M) (Pisly £ Pijip)]
Y ~ M2 ~ M2 ' oL 7 MM 5 '
LL(K*.x%) Ld* LL(B*.x%) _ rLd rLd*
Pij(a) o2 Pijw) = it Sjay
LL(B*.K") Ld* RR _
Pij(a) o5 i) = "u<a>(L < K),
Rd* Rdx* Rdx
LR(K*,7") o f Q LR(B* ") o f Q LR(BT.K") o f Q RL LR (L PN R)
ij(a) 7," “m, ij(a) —mb my ij(a) 7,% “m, ~ Pi@ = Pija :

(C36)

The form factors f, (¢*) and f(g*) are calculated using lattice methods. For the K — 7 form factor we use the linear fit
givenin [77]. For the B — 7z and B — K form factors we adopt the results of [28,78], where the interpolating functions were

obtained using the Bourrely-Caprini-Lellouch parametrization [61].
The K — 7 form factor is [77]

7
f{+,0}(q2)1(7r :f+( ) [1 +/1{+0} }

ﬂ+

with f,(0)g, = 0.9636, 2’ = 0.0308 and Ay = 0.0198.
The B — 7 and B — K form factors are given by

N, -1 " No
f+(q%) [ - 1)”_N*N—ZN*} folg?) = Zb(()n)Z",
+ n=0

where

=z(q’) = Bl el LA
Vie =@+ i =1

In the B — 7 case [78],
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l’+ = (mB+ + mﬂ+)2’ = (’,nBJr _ mﬂ+)2,

fy = (mB+ + m,,+)(\/m—3+— W)z,

b =042, b)) = —1.46b, b = —4.75,
b = 0516, b)) = =3.94by, b = 076",
P (¢*) = 1= g¢*/m}., mp = 5325 GeV,
whereas for B — K [28]

ty = (mge +mg+ ), t- = (mge —mg+)?,

ty = (mp+ + my+ ) (/g — /mgr )%,

b = 0432, b1 = —0.65, b'? = -0.97,

b =0.550, b\ = —1.89, b = 1.98, b} = —0.02,

P (q*) =1—=q*/(mg+ + A%)?, A% = 0.04578 GeV.

The resulting constraints on B* decays are much weaker
than the corresponding bounds presented in [11]. This is
due to the fact that the calculation in [11] assumed
f+(q*) = fo(g*) = 1. This assumption for the B — x
and B — K form factors is quite far from their actual shape.

a. Charged kaon decays

Experimental constraints from searches for the processes K+ — zetu¥ yield

+ + + —(K+ 1t Br(K* Tetu~
NS 1054 Gev)PE ) 4+ (0.83 GeV) (RS ) — R < { r(s 2:1’2)_610” >] (32.1 TeV)™, [44]
(C40)
+ + + o (Kt 1t Br(K* Teut
NLE ) 1 0.54 Gev2) P K — (083 GeV)(REK) + R < { 1 1 3:172)_8”” >] (80.6 TeV)™. [4]
(C41)
b. Charged B meson decays
The experimental bounds on the decays B* — nte*uT, Bt - K*e*uT and Bt — Kt u*rT give
+ ot + ot + ot (Bt .2t Br(B* Tetu~
NEE) 1 (138 Gev2) PP ) 4 (076 Gev) (RP ) — RTFT) < [ a 92_:( Tofs a )](13.5 TeV)™, [48]
(C42)
+ ot + + ot (Bt at Br(B* Te u"
N3P 4 (138 Gev?) P ) — (076 GeV) (Ry )+ RyP ) < [ d 0310 )] (13.5 Tev)™,  [48]
(C43)
+ + + K+ _(B+ K+ Br(B* Ktetu )]
NHE KD 4 (100 Gev2)PHE K | (10 Gev) (REE K — g8y < Bl 5 1_; 10_68 ) (162 Tev) <, 47
(C44)
+ gt + gt + gt (Bt K+ Br(B* Kte u™)]
NEE ) | (109 Gev2)PHE X)) (10 Gev)(RIE K 4 g8 Ky < [ Bl 1 3‘)’( 10_‘37 “l (149 Tev),  [47]
(C45)
+ gt + gt + gt _ (Bt K+ Br(B* Ktutt
NEEKD (96 Gev2)PHE K 1 (103 Gev)(REE K — 12R;1F KD < { l - 7_; 10_’2 ‘ )} (2.7 TeV)™,  [49]
(C46)
+ gt + gt + gt _ (Bt K+ Br(B* Ktu "
NHEED 196 Gev2) Py E KD — (103 GeV)(RLE X + 1.2R;1F K < { i - 7_; 10_’,‘5 £ )} (2.7 TeV)™.  [49]

(C47)
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4. Tau decays

The leptoquark contribution to the rate of z decays to a
pseudoscalar meson and a lepton, neglecting the mass of
the lepton in the final state, is

mf2 2 N\ 2

I(z~ )y = — M (1 M 4

(= M) =T (1T e
where

L2 R
— i(a) i(a)
=g [
2
L) _ Rd R 2mnQ g R
i(a) 13(a)’ li(a) mr(md+m) 13(a)’ li(a)’
tL(KO):_ Rd  ¢Rd+ 2mK° Ld  ¢Rd+
i(a) _\/_ 13(a)’ 2i(a) mr(ms+md) 13(a)’ 2i(a)
- (1« 2),

tf(a) = tl.L(a) (L < R) (C49)
and f0 = f,+/v/2. The bounds are
@) _ [Br(z™ = ") 4
T ' < |———— | (5.0 TeV
b N{ 50 <10 (5.0 TeV)™, [56] (C50)
(%) BI‘(‘L'_ - ﬂ'oﬂ_) 4
Ty ' < |————=|(4.7 TeV 1
O e et s s
(k%) _ [Br(r~ = Kge™)
T, < 4 TeV 7 2
e [ I
(K9) Br(t™ — K%u™) 4
T, < .6 TeV)™. 7
s [P se T s (s

There are also constraints from z decays to a vector
meson and a lepton, e.g., 7~ — ¢I;. The resulting lepto-
quark contribution to the rate is given by Eq. (C48) with

2m2 m2Q
L(p) _ Rd  ¢Rdx , 9% Rd*
fiw =1+ T(zs() 2@ T oy f )

tﬁ((f) = tl{‘(g)(L < R). (C54)
The experimental bounds yield
@)  [Br(z™ = pe7)] 4
TV < |———=—1(9.6 TeV)™, [58 C55
75 P o |06 TV 58 (Cs9)
@) < [Br(™ = du7)] ”
Ty < |—————=|(7.5 TeV)™. |58 C56
Y5 Peano | ST 158 (c56)

5. Radiative charged lepton decay

The vector leptoquark contribution to the process
l; = l;y is induced at the loop level. Unlike for scalar
leptoquarks, in the case of vector leptoquarks this effect
cannot be computed in the general case, since the result is
infinite and requires arbitrary subtractions that are well
defined only in a UV complete model. We parametrize our
ignorance of this UV completion with the coefficients c;
and ¢ RL>

Ld*

T(If > Iiy)x = 40967[ HZ g (L < R)]
2 3 2 f Rd*
+€ ms; msb CLR Z 2
40967 — A4
+(L<—>R)]+---, (C57)

where k = 1,2, 3 and we expect ¢  and cg; tobe O(1), with
their values dependent on the UV details of the model. The
ellipsis denotes interference and mass-suppressed terms.

If the matrices f; are proportional to unitary matrices, the
terms in the first line of Eq. (C57) vanish. The experimental
bounds, neglecting higher order terms, become

Ld Rd+ Rd Ldx
2 Z 31(a)d 32(a) |2 ) Z 31(a)) 32(a) [? - Br(u — ey) (332 TeV)™, [79] (C58)
LR _ M2 RL — M? 42 %1078 ’
> L] st/ S * o [Briz=en] o) 1o 1o C59
Ld R Rd Ldx r
S LU RN ik > _ [Br(z > py) (2.9 TeV)=. (0] (C60)
LR M2 RL M? ~144x%x1078 ) '
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In our model the leading order terms contributing to
I} = Iy are O(m}/M%,) and the resulting constraints
are negligible compared to tree-level bounds.

6.1 — l+ conversion

The effective Hamlltonlan for the IJ — lJr conversion
consists of the dipole transition part correspondlng to
IF - l;ry and terms arising from integrating out the heavy
vector leptoquarks, i.e.,

ff _ emy CLR
?*—»lJr - 167 ZZMZf
Ld* 7
Z M2 f

+ ZW [ffn?(a)ffnii:a) (ZijﬂliL)(a]lc,yﬂd]i)

Rd* z UﬂvliLF’w

v
GybliLF”

- 2Qfﬁg(a)frk;j(*a) (le llR) (dﬁdﬁ)]
+(L<R)+---, (Co61)
where m = 1, 2. The steps required to match the effective
Hamiltonian (C61) to the Hamiltonian at the nucleon level
and compute the conversion rate are provided in [81,82].

The tightest experimental constraint from ;" — [} con-
version arises from u — e conversion on gold [59]. Since
the resulting bound on the dipole transition contribution
is less restrictive than the constraint from g — ey in
Eq. (C58), we concentrate only on the second part of
the Hamiltonian (C61). Following [81], the 4 — e conver-
sion rate is then given by

T — e) = m|ghV, + 80V, + 35S, + 50S, 2

+ (L < R), (C62)
where
o) = ;g;"& - z# ol
= —2QZ a7z 43 Tl 2503 3]
g(Ls) = _ZQZ M2 [5. 1f12 (a) Rd* + 2. 5f22 () §1dt1)]
(C63)

with similar relations obtained upon switching (L <> R).
The numerical coefficients were adopted from [83]. For the
157Au nucleus, which provides the most stringent bound,
the parameters in Eq. (C62) are

V,=0.0974,

V,=0.146, §,=0.0614, §,=0.0918,

and they are the result of the calculation using “method 1” in
Sec. III A of [81]. The best bound on i — e conversion is [59]

I'(g - einAu)
I['(p capture in Au)

7 x 10713, (C64)

The constraints on general (3, 1), /5 leptoquark models
are derived by inserting Eq. (C62) into (C64) and using the
total y~ capture rate in }’Au, I'(u capturein Au) = 8.6 x
10~'% GeV [84]. In the case of our model, with just LH
leptoquark couplings, the constraint simplifies to

Ld Ldx

12(a)’ 11(a) |~
Z M%{

a

2
> 762 TeV. (C65)

Finally, let us note that the bounds on generic leptoquark
models were considered in [7—12]. Our formulas reproduce
those results up to the difference in the adopted values of
quark masses, meson decay constants and form factors used.

APPENDIX D: FLAVOR CONSTRAINTS:
SU(4), x SU(4), MODEL

In our model X(") = X, and X» = X, given by Eq. (15);
therefore the coefficients in Eq. (C1) are

u _ 9grcosfy 1a _ 9rcosfy

L =22 T U o ===——LY%,
flj(l) \/i ij ftj(l) \/z J

sin @ sin 6

ity =T R TS =R,

" grcosOy gg cos O
fﬁuFiR\@ R, fhG) = R\/§ “RY,

Le __grsinfy La _ _gusinby
oy ===5 Lir  fiw=-""5 Li (DY

Constraints on the model parameters are obtained by
substituting the expressions in Eq. (D1) into the bounds
derived in Appendix C. In the limit vz > v; and vy > vy,
for which sind, ~ 0, X; = X; and X, = X, one arrives at
the constraints listed below. It is explicitly shown which
equation in Appendix C a given constraint originated from.

1. K) decays

M
(C13): X >212TevV, (D2)
Re(L{,L3})|
M
(C14): X >225TevV, (D3)
\/|Ld Ld* d Ld*'
M
(C15): X >51.0 TeV.  (D4)
|Re(L(112L§l§)|

055025-15



FORNAL, GADAM, and GRINSTEIN

PHYS. REV. D 99, 055025 (2019)

2. B® decays
M
(C16): —=2t——>0.24 TeV, (D5)
gry/ |L{111L§IT|
M
(C17): X >89 TeV, (D6)
9L</|L‘111L§l§|2 + ILGLLEG P
M
(C18): — =L >10.7 TeV (D7)
gry/ |L‘112L§§|
M
(C19): X >2.6TeV, (D8)
9L</|L[1[1L§l§|2 + [LLE P
M
(C20): X >28TeV, (DY)
gL </|L‘112L§1§|2 + [LGLG)
M
(C21): — =X >1.0 TeV. (D10)
g/ |LL113L§1§|
3. B decays
M
(C22): — =2 >02 TeV, (D11)
gL |L31L§T|
M
(C23): X >6.4TeV, (D12)
JL </|L(211L§l§|2 + LS LE P
M
(C24): — 2 >6.0 TeV, (D13)
gL |L32L§1§|
M
(C25): — =L >0.7 TeV. (D14)
gL |L§i3L§1§|
4. ©* decays
M
(C32): X >2.8TeV.
gL \/|Re[L‘111 (VLd)Tl _4~3L€12(VLd)Tz]|
(D15)

5. K* decays
M
(C33): X1 >22TeV,
9o/ IRelL, (VL3 =431 (VL) |
(D16)
M
(C40): — =X >27.0 TeV, (D17)
gL |LC1!1LL213|
M
(Ca1): — X >678 TeV.  (DI8)
gL |Lf2L§f|
6. B* decays
M
(C42): — X >114Tev, (DI19)
gL |L‘111L§i§|
M
(C43): — 2> 114 TeV, (D20)
gL/ |Lil2L§lT|
M
(C44): — X >13.6 TeV, (D21)
gry/ |L§l1L§l§|
M
(C45): — =2 >125TeV,  (D22)
g/ |L‘212L§1T|
M
(C46): — 2 >23 TeV, (D23)
gL/ |L§2L§J§\
M
(C47): — =2 >23 TeV. (D24)
gL |L§13L§1§‘
7. T decays
M
(C50): — =L >36 TeV, (D25)
gL |Lf1Lm
M
(C51): — =L >33 TeV, (D26)
gL |L[112Lf§‘
M
(C52): X >50TeV, (D27)

gL \/|L31L£11§ - L{lingﬂ
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M
X >5.1 TeV,

(C53):
gL \/|LL212L‘11§ - LtllzL‘21§|

(D28)

M
X >68TeV,

gL/ |L§11Lg§k|

(C55): (D29)

M
(C56): ——2L__>53 TeV. (D30)
gL |L‘212Lg§‘
8. p—e conversion
M
(C65): XL >539 TeV. (D31)

g/ |L‘112L(fl>1k|
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