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Abstract

Leptoquarks (LQs) have attracted increasing attention within recent years,
mainly since they can explain the flavor anomalies found in R(D(∗)), b →
s`+`− transitions and the anomalous magnetic moment of the muon. In this
article, we lay the groundwork for further automated analyses by present-
ing the complete Lagrangian and the corresponding set of Feynman rules
for scalar leptoquarks. This means we consider the five representations
Φ1,Φ1̃,Φ2,Φ2̃ and Φ3 and include the triple and quartic self-interactions, as
well as couplings to the Standard Model (SM) fermions, gauge bosons and the
Higgs. The calculations are performed using FeynRules and all model files are
publicly available online at https://gitlab.com/lucschnell/SLQrules.

Keywords: Scalar Leptoquarks, Feynman rules, FeynRules, FeynArts,
MadGraph

∗Corresponding author.
E-mail address: schnell@mpp.mpg.de

CERN-TH-2021-074, PSI-PR-21-08, ZU-TH 19/21 June 22, 2022

ar
X

iv
:2

10
5.

04
84

4v
3 

 [
he

p-
ph

] 
 2

0 
Ju

n 
20

22

https://gitlab.com/lucschnell/SLQrules


PROGRAM SUMMARY
Program Title: SLQrules
CPC Library link to program files: (to be added by Technical Editor)
Developer’s repository link: https://gitlab.com/lucschnell/SLQrules

Code Ocean capsule: (to be added by Technical Editor)
Licensing provisions: CC By 4.0
Programming language: Mathematica, FeynRules
Nature of problem: In order to explain the deviations from SM predictions in
R(D(∗)), b→ `+`− transitions and the muon AMM jointly, models involving mul-
tiple LQ representations are necessary. This significantly increases the number of
possible interactions and creates the need for computational tools that allow for
studying the phenomenology of these LQ models in an automated manner. While
model files exist for each LQ representation individually [1], we are not aware of
any publicly available model files that combine all scalar LQ representations as
well as their self-interactions.
Solution method: We implemented the complete scalar LQ Lagrangian in a Feyn-
Rules [2] model file and provide the corresponding MOD and UFO model files.
These can be imported directly in FeynArts [3] and MadGraph [4] to obtain a
versatile toolbox for the study of scalar LQs.
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1. Introduction

Leptoquarks (LQs) are hypothetical beyond the Standard Model (BSM)
particles that were first proposed in the context of Grand Unified Theo-
ries [1–4]. What makes them stand out, and defines them, are their direct
couplings to leptons and quarks (i.e. they convert a quark into a lepton and
vice versa). LQs were first systematically classified in Ref. [5], where ten pos-
sible LQ representations under the Standard Model (SM) gauge group were
found, of which five are scalar (spin 0) and five are vector (spin 1) particles.
While they have received varying degrees of attention since then, LQs have
undergone a renaissance in recent years. This can be attributed to the emer-
gence of observed flavor anomalies, i.e. the deviations from the SM predic-
tions measured in several flavour observables. In particular, R(D(∗)) [6–11],
b → s`+`− observables [12–18] and the muon anomalous magnetic moment
aµ [19, 20] deviate from their SM predictions by > 3σ [21–25], > 5σ [26–33]
and > 4.2σ [34], respectively. Recently, the authors of Ref. [35] unveiled a
further ≈ 4σ tension with the SM prediction in the forward-backward asym-
metry of B̄ → D∗`ν. While these hints for new physics are by themselves
interesting, it is intriguing to note that they all fall into a common pattern,
namely lepton flavour universality violation.

Models with LQs can account for b → s`+`− data [36–63], R(D(∗)) [36,
37, 39–43, 45–47, 49, 50, 54–57, 59–98] and/or aµ [59, 60, 62, 68, 76, 79,
82, 93, 98–117], making them prime NP candidates. Also the deviation in
the B̄ → D∗`ν forward-backward asymmetry can be explained with LQs, as
was pointed out by Ref. [118]. As a result, LQs have been studied in direct
searches at LHC [119–135], leptonic observables [136] and oblique electroweak
(EW) parameters, Higgs couplings to gauge bosons [137–142] and a wide
range of low energy precision probes [103, 135, 143–163].

Many models that are now being proposed to explain the flavour anoma-
lies jointly contain multiple scalar leptoquark representations [59–63, 68, 93,
95, 114, 116, 164, 165]. In addition to couplings of LQs to the SM fermions
and gauge bosons, also interactions with the particles of the Higgs sector
and between the LQs themselves are present in such a setup. In this arti-
cle, we lay the groundwork for future automated LQ analyses by presenting
the complete set of Feynman rules for all five scalar LQs. We include the
LQ-LQ-Higgs(-Higgs), LQ-LQ-LQ(-Higgs) and LQ-LQ-LQ-LQ couplings, as
well as all couplings to the SM fermions and gauge bosons. The Feyn-
Rules [166] model files as well as the corresponding MOD and UFO files
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are publicly available online at https://gitlab.com/lucschnell/SLQrules
and can be used for automatized LQ phenomenology using FeynArts [167]
or MadGraph [168].

In Sections 2 and 3, we present our conventions by defining the com-
plete Lagrangian for the SM extended with all five scalar LQ representa-
tions. Sec. 4 gives an overview on the computational tools and in Sec. 5,
the Feynman rules for the SM interactions are listed, while the ones for the
scalar LQs are given in Sec. 6. A detailed description of our treatment of
charge-conjugate fermions can be found in Appendix A.

2. SM Lagrangian

The SM fermions and the Higgs field transform under the SU(3)c ×
SU(2)L × U(1)Y gauge group as

Q′i u′i d′i L′i `′i H

SU(3)c 3 3 3 1 1 1

SU(2)L 2 1 1 2 1 2

U(1)Y
1
6

2
3

-1
3

-1
2

-1 1
2

. (1)

The prime indicates that these are the weak eigenstates. With this conven-
tion, the electric charge Q can be calculated via the Gell-Mann-Nishijima
formula

Q = I3 + Y , (2)

where Y is the U(1)Y hypercharge and I3 the third component of the weak
isospin. The left-handed quarks are components of the SU(2)L-doublet Q′

and the right-handed ones correspond to the singlets u′, d′

Q′i =

(
u′i,L
d′i,L

)
, u′i =

(
u′i,R
)

and d′i =
(
d′i,R
)
, (3)

where i = 1, 2, 3 is the flavor index. Analogous conventions hold for the
leptons

L′i =

(
ν ′i,L
`′i,L

)
and `′i =

(
`′i,R
)
. (4)
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Note that right-handed neutrinos are not considered in this work. The SM
Lagrangian then takes the form

LSM = −1

4
BµνBµν −

1

4
W I,µνWI,µν −

1

4
Gα,µνGα,µν

+ i
(
Q̄′ᵀi /DQ

′
i

)
+ i
(
L̄′ᵀi /DL

′
i

)
+ iū′i /Du

′
i + id̄′i /Dd

′
i + i¯̀′i /D`

′
i

+
(

(DµH)†DµH
)

+ µ2
H

(
H†H

)
− λH

(
H†H

)2

−
(
Y d
ij

(
Q̄′ᵀi H

)
d′j + Y `

ij

(
L̄′ᵀi H

)
`′j + Y u

ij

(
Q̄′ᵀi H̃

)
u′j + h.c.

)
+ Lgauge-fixing .

(5)

We use brackets to indicate the SU(2)L contractions and denote the transpose
of a SU(2)L multiplet Φ as Φᵀ. Bµν ,W I,µν (with I ∈ {1, 2, 3}) and Gα,µν

(with α ∈ {1, . . . , 8}) are the field strength tensors

Bµν = ∂µBν − ∂νBµ ,

W I
µν = ∂µW

I
ν − ∂νW I

µ + gf IJKW J
µW

K
ν ,

Gα
µν = ∂µG

α
ν − ∂νGα

µ + gfαβγW β
µW

γ
ν ,

(6)

where Bµ,W
I
µ , G

α
µ are the gauge fields corresponding to U(1)Y , SU(2)L and

SU(3)c, respectively. f IJK , fαβγ denote the structure constants of SU(2)L,
SU(3)c. Y

d, Y `, Y u are the Yukawa couplings and H̃ ≡ iσ2H
†, where σ2 is

the second Pauli matrix. In our conventions, the Pauli matrices are given by

σ1 =

(
0 1
1 0

)
, σ2 =

(
0 −i
i 0

)
, σ3 =

(
1 0
0 −1

)
. (7)

The covariant derivative is defined as

Dµφ = ∂µφ− ig1Y Bµφ− ig2τIW
I
µφ− igsTαGα

µφ , (8)

with I ∈ {1, 2, 3}, α ∈ {1, . . . , 8}. τI = σI
2
, Tα = λα

2
refer to the generators

of the fundamental SU(2)L, SU(3)c representations here. The gauge-fixing
part Lgauge-fixing of the Lagrangian is described in Eq. (21).

Having acquired a non-zero vacuum expectation value (VEV) v ≈ 246
GeV after spontaneous symmetry breaking, the Higgs doublet H can be
expanded in modes around v

H =

(
−iϕ+

v+h+iϕZ√
2

)
, (9)
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where ϕ+ and ϕZ are the Goldstone bosons and h the physical Higgs field with
mh ≈ 125 GeV. Expressed in terms of the couplings µH , λH (see Eq. (5)),
the parameters v,mh read

mh =
√

2µH ,

v =
µH√
λH

.
(10)

The non-vanishing VEV leads to mixing of the U(1)Y gauge boson with the
neutral component of the SU(2)L ones(

Aµ
Zµ

)
=

(
cos θw sin θw
− sin θw cos θw

)(
Bµ

W 3
µ

)
, (11)

where θw is the Weinberg angle. The remaining two SU(2)L gauge bosons
form electric charge eigenstates

W±
µ =

1√
2

(
W 1
µ ∓ iW 2

µ

)
. (12)

In the following, cos θw, sin θw will be abbreviated as cw, sw. Instead of using
the coupling constants g1, g2 directly, we will state the Feynman rules using
the electric charge e. The conversion back to g1, g2 is easily carried out using

e = cwg1 ,

e = swg2 .
(13)

The masses acquired by the gauge bosons in Eqs. (11) and (12) via sponta-
neous symmetry breaking are

mA = 0 ,

mW =
v

2

e

sw
,

mZ =
v

2

e

swcw
,

(14)

from which it becomes clear that Aµ corresponds to the photon. As stated
above, Y d, Y u, Y ` denote the Yukawa couplings of the Higgs doublet for the
down-type quarks, up-type quarks and leptons, respectively. After sponta-
neous symmetry breaking, they yield non-diagonal mass terms in the weak
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basis
mu
ijū
′
iu
′
j =

v√
2
Y u
ij ū

′
iu
′
j ,

md
ij d̄
′
id
′
j =

v√
2
Y d
ij d̄

′
id
′
j ,

m`
ij

¯̀′
i`
′
j =

v√
2
Y `
ij

¯̀′
i`
′
j .

(15)

These can be diagonalized by rotating the fermion fields

u′i,L ≡ UuL
ij uj,L , u′i,R ≡ UuR

ij uj,R ,

d′i,L ≡ UdL
ij dj,L , d′i,R ≡ UdR

ij dj,R ,

`′i,L ≡ U `L
ij `j,L , `′i,R ≡ U `R

ij `j,R ,

(16)

where UuL, UuR, UdL, UdR, U `L, U `R are unitary matrices, u′, d′, `′ the weak
eigenstates and u, d, ` the mass eigenstates. The Yukawa couplings in this
new basis

Ŷ u ≡
(
UuL

)†
Y uUuR ,

Ŷ d ≡
(
UdL

)†
Y dUdR ,

Ŷ ` ≡
(
U `L
)†
Y `U `R ,

(17)

are diagonal and are related to the fermion masses by

v√
2
Ŷ u = diag(mu1 ,mu2 ,mu3) ,

v√
2
Ŷ d = diag(md1 ,md2 ,md3) ,

v√
2
Ŷ ` = diag(m`1 ,m`2 ,m`3) .

(18)

The unitary matrices in Eq. (16) can for the most part be absorbed into
redefinitions of the fermion fields, the only remaining physical matrix being
in the weak charged current for quarks, the CKM matrix V

LSM ⊃ e√
2sw

W+
µ ū
′
i,Lγ

µd′i,L + h.c.

=
e√
2sw

W+
µ ūk,Lγ

µ
(
UuL

)†
ki

(
UdL

)
il︸ ︷︷ ︸

Vkl

dl,L + h.c. .
(19)
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Without loss of generality, we can therefore assume that the relations between
the weak eigenstates u′, d′, `′, ν ′ and the mass eigenstates u, d, `, ν take the
form

u′i,L = ui,L , u′i,R = ui,R ,

d′i,L = Vijdj,L , d′i,R = di,R ,

`′i,L = `i,L , `′i,R = `i,R ,

ν ′i,L = νi,L ,

(20)

meaning that CKM elements only appear in couplings involving left-handed
down-type quarks (corresponding to the up basis). Note that while this
choice does not affect the SM Feynman rules, it becomes relevant in LQ
interactions with SM fermions. The gauge freedoms of the SM gauge bosons
are given in Ref. [169] (our conventions correspond to ηY , ηZ , ηθ, ηG = 1 and
η, ηs, ηe, η

′ = −1). They are fixed using the Fadeev-Popov prescription [170].
Working in the Feynman gauge, we add the following gauge-fixing terms,
after spontaneous symmetry breaking and expressed in terms of the physical
fields Aµ, Zµ,W

±
µ , G

α
µ and their corresponding ghost fields cA, cZ , cW± , cGα ,

to the Lagrangian

Lgauge-fixing = −1

2
(∂µAµ)2 − 1

2
(∂µZµ −mZϕZ)2

−
(
∂µW−

µ + imWϕ
−) (∂µW+

µ − imWϕ
+
)

− 1

2

(
∂µGα

µ

)2

+
∑

B∈{A,Z,W±}

(
c̄W+

∂(δFW+)

∂αB
+ c̄W−

∂(δFW+)

∂αB

+ c̄Z
∂(δFZ)

∂αB
+ c̄A

∂(δFA)

∂αB

)
cB

+
8∑

α,β=1

c̄Gα
∂(δFGα)

∂αGβ
cGβ .

(21)

The explicit expressions for δFW+ , δFZ , δFA, δFGα are given in Ref. [169].
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3. LQ Lagrangian

The five possible scalar LQ representations Φ1,Φ1̃,Φ2,Φ2̃,Φ3 transform
under the SU(3)c × SU(2)L × U(1)Y gauge group as [5]

Φ1, Φ1̃ Φ2 Φ2̃ Φ3

SU(3)c 3 3 3 3 3

SU(2)L 1 1 2 2 3

U(1)Y −1
3
−4

3
7
6

1
6
−1

3

. (22)

Note that we adopt the convention that all scalar LQs transform in the
fundamental SU(3)c representation. Expanding the SU(2)L multiplets into
their components, the following electric charge eigenstates are found

Φ1 =
(

Φ
−1/3
1

)
, Φ1̃ =

(
Φ
−4/3

1̃

)
, Φ2 =

Φ
+5/3
2

Φ
+2/3
2

 ,

Φ2̃ =

Φ
+2/3

2̃

Φ
−1/3

2̃

 , σ · Φ3 =

 Φ
−1/3
3

√
2Φ

+2/3
3

√
2Φ
−4/3
3 −Φ

−1/3
3

 .

(23)

We decompose the scalar LQ Lagrangian as

LLQ = L2Φ + Lkin + Lf + L3Φ + L4Φ , (24)

where L2Φ contains the LQ masses and the LQ-LQ-Higgs(-Higgs) couplings,
Lkin the kinetic terms and the couplings to the SM gauge bosons, Lf the
couplings to the SM fermions, L3Φ the LQ-LQ-LQ(-Higgs) couplings and
finally L4Φ the LQ-LQ-LQ-LQ interaction terms. The individual parts of the
Lagrangians are discussed in more detail below.
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3.1. LQ Masses and Higgs Interactions (L2Φ)

The LQ masses and the LQ-LQ-Higgs(-Higgs) interactions are imple-
mented by the Lagrangian [142, 171]

L2Φ =−
3∑

a=1

(
m2
a + Ya

(
H†H

) )(
Φ†aΦa

)
−

2∑
a=1

(
m2
ã + Yã

(
H†H

) )(
Φ†ãΦã

)
− Y22

(
Hᵀiσ2Φ2

)†(
Hᵀiσ2Φ2

)
− Y2̃2̃

(
Hᵀiσ2Φ2̃

)†(
Hᵀiσ2Φ2̃

)
− iY33ε

IJK
(
H†σIH

)
ΦJ†

3 ΦK
3[

− A12̃

(
Φ†

2̃
H
)
Φ1 + A2̃3

(
Φ†

2̃
(σ · Φ3)H

)
+ Y22̃

(
Φ†2H

)(
Hᵀiσ2Φ2̃

)
+ Y1̃3

(
Hᵀiσ2 (σ · Φ3)†H

)
Φ1̃ + Y13

(
H† (σ · Φ3)H

)
Φ†1 + h.c.

]
.

(25)
The color indices are omitted since they just involve trivial contractions.
For example, the term with Y22 in Eq. (25) would be −Y22 (Hᵀiσ2Φ2,c1)

†

(Hᵀiσ2Φ2,c1) in full notation. We use the convention that couplings with
mass dimension one (zero) are denoted by A (Y ).

The terms in Eq. (25) lead to mixing among the LQ eigenstates of the
same electric charge after EW symmetry breaking. It is therefore convenient
to collect them in the electric charge eigenstate vectors

Φ−1/3 ≡


Φ
−1/3
1

Φ
−1/3

2̃

Φ
−1/3
3

 , Φ+2/3 ≡


Φ

+2/3
2

Φ
+2/3

2̃

Φ
+2/3
3

 ,

Φ−4/3 ≡

Φ
−4/3

1̃

Φ
−4/3
3

 , Φ+5/3 ≡
(

Φ
+5/3
2

)
.

(26)

After spontaneous symmetry breaking, non-diagonal mass matrices Mq in

L2Φ ⊃ −
∑
q∈Q

Φq†
M

qΦq (27)
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are generated with Q =
{
−4

3
,−1

3
,+2

3
,+5

3

}
and [142, 171, 172]

M
−1/3 =


m2

1 + v2

2
Y1

v√
2
A∗

12̃
v2

2
Y13

v√
2
A12̃ m2

2̃
+ v2

2
Y2̃

v√
2
A2̃3

v2

2
Y ∗13

v√
2
A∗

2̃3
m2

3 + v2

2
Y3

 ,

M
+2/3 =


m2

2 + v2

2
Y2

v2

2
Y22̃ 0

v2

2
Y ∗

22̃
m2

2̃
+ v2

2
(Y2̃ + Y2̃2̃) −vA2̃3

0 −vA∗
2̃3

m2
3 + v2

2
(Y3 + Y33)

 ,

M
−4/3 =

m2
1̃

+ v2

2
Y1̃

v2√
2
Y ∗

1̃3

v2√
2
Y1̃3 m2

3 + v2

2
(Y3 − Y33)

 ,

M
+5/3 = m2

2 +
v2

2
(Y2 + Y22) .

(28)

They can be diagonalized by rotating the LQs with unitary matrices

W qΦq ≡ Φ̂q , (29)

in order to arrive at the physical basis with digonal mass matrices. W q can
be calculated perturbatively to arbitrary order in v [142, 173]. At O(v2) one
finds

W−1/3 ≈


1− v2|A12̃|2

4(m2
12̃

)2
vA∗

12̃√
2m2

12̃

v2(Y13m2
12̃

+A∗
12̃
A2̃3)

2m2
13m

2
12̃

−vA12̃√
2m2

12̃

1− v2

4

(
|A12̃|2
(m2

12̃
)2

+
|A2̃3|2
(m2

32̃
)2

)
−vA2̃3√

2m2
32̃

−v2(Y ∗13(m2
32̃

)+A12̃A
∗
2̃3

)

2m2
13m

2
32̃

vA∗
2̃3√

2m2
32̃

1− v2|A2̃3|2
4(m2

32̃
)2

 ,

W+2/3 ≈


1

v2Y22̃
2m2

22̃

0

−v2Y ∗
22̃

2m2
22̃

1− v2|A2̃3|2
2(m2

32̃
)2

−vA2̃3

m2
2̃3

0
vA∗

2̃3

m2
2̃3

1− v2|A2̃3|2
2(m2

32̃
)2

 , W−4/3 ≈

 1
v2Y ∗

1̃3√
2m2

1̃3

−v2Y1̃3√
2m2

1̃3

1

 ,

W+5/3 = 1 ,

(30)
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where m2
ab ≡ m2

a −m2
b for a, b ∈

{
1, 1̃, 2, 2̃, 3

}
. The diagonal mass matrices

M̂
q ≡ W q

M
q (W q)† (31)

then read [142]

M̂
−1/3 ≈ diag

(
m2

1 +
v2

2

(
Y1−
|A12̃|2

m2
2̃1

)
, m2

2̃
+
v2

2

(
Y2̃+
|A12̃|2

m2
2̃1

+
|A2̃3|2

m2
2̃3

)
,

m2
3 +

v2

2

(
Y3−
|A2̃3|2

m2
2̃3

))
,

M̂
+2/3 ≈ diag

(
m2

2 +
v2

2
Y2, m

2
2̃

+
v2

2

(
Y2̃ +Y2̃2̃+

2|A2̃3|2

m2
2̃3

)
,

m2
3 +

v2

2

(
Y3 + Y33−

2|A2̃3|2

m2
2̃3

))
,

M̂
−4/3 ≈ diag

(
m2

1̃
+
v2

2
Y1̃, m

2
3 +

v2

2
(Y3 − Y33)

)
,

M̂
+5/3 = m2

2 +
v2

2
(Y2 + Y22) ,

(32)
up to order v2.

The interactions of LQs with the Higgs field h are determined by

L2Φ ⊃
∑
q∈Q

(
Φq†�qΦq

)
h+

1

2

∑
q∈Q

(
Φq†�qΦq

)
hh

=
∑
q∈Q

(
Φ̂q†�̂qΦ̂q

)
h+

1

2

∑
q∈Q

(
Φ̂q†�̂qΦ̂q

)
hh ,

(33)

with

�−1/3 = −v


Y1

A∗
12̃√
2v
Y13

A12̃√
2v

Y2̃
A2̃3√

2v

Y ∗13

A∗
2̃3√
2v

Y3

 , �+2/3 = −v


Y2 Y22̃ 0

Y ∗
22̃
Y2̃ + Y2̃2̃ −A23

v

0 −A∗23
v

Y3 + Y33

 ,

14



�−4/3 = −v

 Y1̃

√
2Y ∗

1̃3√
2Y1̃3 Y3 − Y33

 , �+5/3 = −v
(
Y2 + Y22

)
,

�−1/3 = −


Y1 0 Y13

0 Y2̃ 0

Y ∗13 0 Y3

 , �+2/3 = −


Y2 Y22̃ 0

Y ∗
22̃
Y2̃ + Y2̃2̃ 0

0 0 Y3 + Y33

 ,

�−4/3 = −

 Y1̃

√
2Y ∗

1̃3√
2Y1̃3 Y3 − Y33

 , �+5/3 = −
(
Y2 + Y22

)
,

(34)
and

�̂q = W q�q (W q)† for q ∈ Q ,
�̂q = W q�q (W q)† for q ∈ Q .

(35)

The explicit expressions for these coupling matrices up to O(v2) are given in
Ref. [142].

When listing the Feynman rules for interactions involving LQs of the same
charge, we will have to relate the LQ label a ∈

{
1, 1̃, 2, 2̃, 3

}
to the position

in Φq. For this we use the coefficients

nqa with q ∈
{
−4

3
,−1

3
,+

2

3
,+

5

3

}
and a ∈ {1, 1̃, 2, 2̃, 3}. (36)

Explicitly, we have

nqa a = 1 a = 1̃ a = 2 a = 2̃ a = 3

q = −1
3

1 0 0 2 3

q = +2
3

0 0 1 2 3

q = −4
3

0 1 0 0 2

q = +5
3

0 0 1 0 0

.

Whenever q is clear from the context, we write nqa as na to simplify the
notation.

15



3.2. Kinetic Terms and Interactions with SM Gauge Bosons (Lkin)

The kinetic terms for the LQs as well as their couplings to the SM gauge
bosons are presented in this section. The same conventions as for the SM
are used. For the three-dimensional adjoint representation of SU(2)L, the
Ith generator (I ∈ {1, 2, 3}) has the 3× 3 matrix form (ε̃I)JK ≡ iεIJK , where
εIJK is the three-dimensional Levi-Civita tensor. We use the convention
ε123 = +1.

Lkin Dµ

Φ1

(
(DµΦ1)†DµΦ1

)
∂µ + i

3
g1Bµ − igs λα2 G

α
µ

Φ1̃

(
(DµΦ1̃)†DµΦ1̃

)
∂µ + 4i

3
g1Bµ − igs λα2 G

α
µ

Φ2

(
(DµΦ2)†DµΦ2

)
∂µ − 7i

6
g1Bµ − ig2

σI
2
W I
µ − igs λα2 G

α
µ

Φ2̃

(
(DµΦ2̃)†DµΦ2̃

)
∂µ − i

6
g1Bµ − ig2

σI
2
W I
µ − igs λα2 G

α
µ

Φ3

(
(DµΦ3)†DµΦ3

)
∂µ + i

3
g1Bµ − ig2ε̃IW

I
µ − igs λα2 G

α
µ

(37)

By definition, the Φq couple to the photon with the electric charge q. The
couplings to the electroweak SM gauge bosons are given by

Lkin ⊃ i
e

swcw

∑
q∈Q

(
Φq†
Z
q
↔
∂µΦq

)
Zµ

+ i
e

sw

∑
q∈Q\{+ 5

3}

((
Φq+1

)†
W

q+1
q

↔
∂µΦq

)
W+
µ ,

(38)
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where Φ†
↔
∂µΦ ≡ Φ†∂µΦ−

(
∂µΦ†

)
Φ, Q =

{
−4

3
,−1

3
,+2

3
,+5

3

}
and

Z
−1/3 =


1

3
s2
w 0 0

0 −1

2
+

1

3
s2
w 0

0 0
1

3
s2
w

 , Z
−4/3 =

4

3
s2
w 0

0 −1 +
4

3
s2
w

 ,

Z
+2/3 =


−1

2
− 2

3
s2
w 0 0

0
1

2
− 2

3
s2
w 0

0 0 1− 2

3
s2
w

 , Z+5/3 =

(
1

2
− 5

3
s2
w

)
,

W
+2/3
−1/3 =

0 0 0
0 1 0

0 0 −
√

2

 , W
−1/3
−4/3 =

0 0
0 0

0
√

2

 , W
+5/3
+2/3 =

(
1 0 0

)
. (39)

Such interactions were first considered in Ref. [174]. Expressed in the mass
basis for the LQs, they take the form

Lkin ⊃ +i
e

swcw

∑
q∈Q

(
Φ̂q†
Ẑ
q
↔
∂µΦ̂q

)
Zµ

+ i
e

sw

∑
q∈Q\{+ 5

3
}

((
Φ̂q+1

)†
Ŵ

q+1
q

↔
∂µΦ̂q

)
W+
µ .

(40)

with

Ẑ
q ≡ W q

Z
q (W q)† for q ∈ Q ,

Ŵ
q+1
q ≡ W q+1

W
q+1
q (W q)† for q ∈ Q\

{
+

5

3

}
.

(41)
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Explicitly, the matrices Ẑq, Ŵq+1
q are given by

Ẑ
−1/3 ≈


1
3
s2
w −

v2|A12̃|2
4(m2

12̃
)
2 − vA∗

12̃

2
√

2m2
12̃

−v2A2̃3A
∗
12̃

4m2
12̃
m2

32̃

− vA12̃

2
√

2m2
12̃

−1
2

+ 1
3
s2
w + v2

4

(
|A12̃|2

(m2
12̃

)
2 +
|A2̃3|2

(m2
32̃

)
2

)
− vA2̃3

2
√

2m2
32̃

−v2A12̃A
∗
2̃3

4m2
12̃
m2

32̃

− vA∗
2̃3

2
√

2m2
32̃

1
3
s2
w −

v2|A2̃3|2
4(m2

32̃
)
2

 ,

Ẑ
+2/3 ≈


−1

2
− 2

3
s2
w

v2Y22̃
2m2

22̃

0

v2Y ∗
22̃

2m2
22̃

1
2
− 2

3
s2
w +

v2|A2̃3|2
2(m2

2̃3
)
2 − vA2̃3

2m2
2̃3

0 − vA∗
2̃3

2m2
2̃3

1− 2
3
s2
w −

v2|A2̃3|2
2(m2

2̃3
)
2

 ,

Ẑ
−4/3 ≈

 4
3
s2
w − v2Y ∗

1̃3√
2m2

1̃3

− v2Y1̃3√
2m2

1̃3

−1 + 4
3
s2
w

 , Ẑ+5/3 =

(
1

2
− 5

3
s2
w

)
,

Ŵ
+2/3
−1/3 ≈


0

v2Y22̃
2m2

22̃

0

vA12̃√
2m2

12̃

1 + v2

4

(
|A2̃3|2

(m2
2̃3

)
2 −
|A12̃|2

(m2
12̃

)
2

)
vA2̃3√
2m2

2̃3

v2√
2m2

13

(
A12̃A

∗
2̃3

m2
2̃3

− Y ∗13

)
0 −

√
2 +

v2|A2̃3|2
2
√

2(m2
32̃

)
2


,

Ŵ
−1/3
−4/3 ≈


0 v2√

2m2
13

(
Y13 +

A2̃3A
∗
12̃

m2
12̃

)
0

vA2̃3

m2
2̃3

v2Y1̃3
m2

1̃3

√
2− v2|A2̃3|2

2
√

2(m2
2̃3

)
2

 , Ŵ
+5/3
+2/3 ≈

(
1 −v2Y22̃

2m2
22̃

0
)
,

(42)

up to O(v2), where again m2
ab ≡ m2

a −m2
b for a, b ∈

{
1, 1̃, 2, 2̃, 3

}
.
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3.3. Interactions with SM Fermions (Lf)
The interactions between the five scalar LQs and the SM fermions are

listed below. Y AB
a with a ∈ {1, 1̃, 2, 2̃, 3} and A,B ∈ {L,R} are arbitrary

complex 3 × 3 matrices coupling LQs to a quark and a lepton. Y Q,AA
a with

a ∈
{

1, 1̃, 2, 2̃, 3
}

and A ∈ {L,R} couple LQs to two quarks. Y Q,LL
1 is

symmetric in flavour space (i.e. Y Q,LL
1,ij = Y Q,LL

1,ji ), Y Q,RR

1̃
and Y Q,LL

3 are anti-

symmetric and Y Q,RR
1 is again an arbitrary complex matrix. We omit the

color indices whenever they just involve trivial contractions.

Lf

Φ1

Y RR
1,ij ū

′c
i `
′
jΦ
†
1 + Y LL

1,ij

(
Q̄′cᵀi iσ2L

′
j

)
Φ†1 + h.c.

Y Q,LL
1,ij

(
Q̄′cᵀi,c1iσ2Q

′
j,c2

)
Φ1,c3ε

c1c2c3 + h.c.

Y Q,RR
1,ij ū′ci,c1d

′
j,c2

Φ1,c3ε
c1c2c3 + h.c.

Φ1̃

Y RR
1̃,ij

d̄′ci `
′
jΦ
†
1̃

+ h.c.

Y Q,RR

1̃,ij
ū′ci,c1u

′
j,c2

Φ1̃,c3
εc1c2c3 + h.c.

Φ2 Y RL
2,ij

(
Φᵀ

2ū
′
iiσ2L

′
j

)
+ Y LR

2,ij

(
Q̄′ᵀi `

′
jΦ2

)
+ h.c.

Φ2̃ Y RL
2̃,ij

(
Φᵀ

2̃
d̄′iiσ2L

′
j

)
+ h.c.

Φ3

Y LL
3,ij

(
Q̄′cᵀi iσ2 (σ · Φ3)† L′j

)
+ h.c.

Y Q,LL
3,ij

(
Q̄′cᵀi,c1iσ2 (σ · Φ3,c3)Q

′
j,c2

)
εc1c2c3 + h.c.

(43)

Again, we use brackets to indicate the SU(2)L contractions. Note that we
stated the Lagrangian above before EW symmetry breaking using the weak
eigenstates of the fermions (indicated by the prime). When going to the
mass eigenbasis (after EW symmetry breaking), CKM matrix elements enter
interactions involving left-handed down-type quarks according to Eq. (20).
The charge-conjugate of a fermion field Ψ is denoted as Ψc, where

Ψc = CΨ̄ᵀ ,

Ψ̄c = −ΨᵀC−1 ,
(44)

with C the charge conjugation matrix. A detailed description of our treat-
ment of charge-conjugate SM fermions is given in Appendix A.
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LQ Fields (and their Y )

Φ1 Φ1̃ Φ2 Φ2̃ Φ3 H H†

−1
3
−4

3
7
6

1
6
−1

3
1
2
−1

2

In
te

ra
ct

io
n

T
er

m
s

Y112 2 0 1 0 0 0 1

Y112̃ 2 0 0 1 0 1 0

Y11̃2 1 1 1 0 0 1 0

Y123 1 0 1 0 1 0 1

A12̃2̃ 1 0 0 2 0 0 0

Y12̃3 1 0 0 1 1 1 0

A1̃22̃ 0 1 1 1 0 0 0

Y1̃23 0 1 1 0 1 1 0

Y233 0 0 1 0 2 0 1

Y2̃2̃2̃ 0 0 0 3 0 0 1

A2̃2̃3 0 0 0 2 1 0 0

Y2̃33 0 0 0 1 2 1 0

Table 1: Collection of all interaction terms with three LQ fields that result in a van-
ishing total weak hypercharge Y . The numbers in the table indicate the number of the
corresponding LQ fields interacting in the vertex. The same combinations with all fields
replaced by their anti-fields correspond to the Hermitian conjugates and are also valid
solutions.

3.4. Triple LQ Interactions (L3Φ)

Let us now turn to the LQ-LQ-LQ(-Higgs) interactions. In order to get
a SU(3)c singlet, either three LQs or three anti-LQs have to be combined,
since

3⊗ 3⊗ 3 = 1⊕ 8⊕ 8⊕ 10

3⊗ 3⊗ 3 = 1⊕ 8⊕ 8⊕ 10
(45)

are the only tensor products of three SU(3) (anti-)triplets 3, 3 that contain
a singlet. Regarding the hypercharge Y , one finds the possible combinations
listed in Table 1. However, not all of these combinations can be imple-
mented. Since the Lagrangian is symmetric under the exchange of identi-
cal bosons and the color terms are totally anti-symmetric, the SU(2)L part
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needs to be anti-symmetric for identical bosons as well. This is not satisfied
by Y112, Y112̃, Y2̃2̃2̃, A2̃2̃3 in Table 1. Hence, the Lagrangian is composed of the
terms [175–178]

L3Φ = A12̃2̃ Φ1,c1

(
Φᵀ

2̃,c2
iσ2Φ2̃,c3

)
+ A1̃22̃ Φ1̃,c1

(
Φᵀ

2,c2
iσ2Φ2̃,c3

)
+ Y11̃2 Φ1,c1Φ1̃,c2

(
Φᵀ

2,c3
iσ2H

)
+ Y123 Φ1,c1

(
H† (σ · Φ3,c3) Φ2,c2

)
+ Y12̃3 Φ1,c1

(
Φᵀ

2̃,c2
iσ2 (σ · Φ3,c3)H

)
+ Y1̃23 Φ1̃,c1

(
Φᵀ

2,c2
iσ2 (σ · Φ3,c3)H

)
+ Y233

(
H†σIΦ2,c1

) (
ΦJ

3,c2
iεIJKΦK

3,c3

)
+ Y2̃33

(
Φᵀ

2̃,c1
iσ2σ

IH
) (

ΦJ
3,c2
iεIJKΦK

3,c3

)
+ h.c. .

(46)

The Levi-Civita tensors εc1c2c3 are omitted, such that i.e. the first term would

read A12̃2̃ε
c1c2c3 Φ1,c1

(
Φᵀ

2̃,c2
iσ2Φ2̃,c3

)
in the full notation.

3.5. Quartic LQ Interactions (L4Φ)

To get four-LQ interaction terms in the Lagrangian, one needs to combine
two LQs and two anti-LQs, since

3⊗ 3⊗ 3⊗ 3 = 1⊕ 1⊕ 8⊕ 8⊕ 8⊕ 8⊕ 10⊕ 10⊕ 27 (47)

is the only tensor product of four SU(3)c fundamental representations
(
3, 3
)

that contains a singlet. Trivial combinations of LQ fields that contribute to
the four-LQ Lagrangian are of the type

Y (1)
a

(
Φ†a,c1Φa,c1

) (
Φ†a,c2Φa,c2

)
,

Y
(1)
ab

(
Φ†a,c1Φa,c1

) (
Φ†b,c2Φb,c2

)
,

(48)

where a 6= b ∈
{

1, 1̃, 2, 2̃, 3
}

. All additional combinations that result in a
vanishing total weak hypercharge Y are given in Tab. 2. Taking into ac-
count SU(2)L invariance, the terms corresponding to Y1113 and Y11̃1̃3 cannot

be implemented, but besides Y
(1)

2 , Y
(1)

2̃
, Y

(1)
3 , Y

(1)

22̃
, Y

(1)
23 and Y

(1)

2̃3
, further in-

dependent terms with the same fields exist, originating from the different
SU(2)L singlets that can be constructed. Regarding SU(3)c, except for the
case when two fields are identical, there are two possibilities to contract the
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LQ Fields (and their Y )

Φ1,Φ
†
1 Φ1̃,Φ

†
1̃

Φ2,Φ
†
2 Φ2̃,Φ

†
2̃

Φ3,Φ
†
3

−1
3
, 1

3
−4

3
, 4

3
7
6
,−7

6
1
6
,−1

6
−1

3
, 1

3
In

te
ra

ct
io

n
T

er
m

s
Y1113 1, 2 0, 0 0, 0 0, 0 1, 0

Y11̃1̃3 0, 1 1, 1 0, 0 0, 0 1, 0

Y11̃2̃2 0, 1 1, 0 1, 0 0, 1 0, 0

Y1223 0, 1 0, 0 1, 1 0, 0 1, 0

Y12̃2̃3 0, 1 0, 0 0, 0 1, 1 1, 0

Y1313 0, 2 0, 0 0, 0 0, 0 2, 0

Y1333 0, 1 0, 0 0, 0 0, 0 2, 1

Y1̃2̃23 0, 0 0, 1 0, 1 1, 0 1, 0

Table 2: Collection of all interaction terms with four LQ fields that result in a vanishing
total weak hypercharge Y . We do not include the trivial combinations stated in Eq. (48).
The numbers in the table indicate the number of the corresponding LQ fields in the
interaction term. The same combinations with all fields replaced by their anti-fields (i.e.
with the pairs listed in the table permuted) correspond to the Hermitian conjugates and
are also valid solutions.

color indices tracing back to the two singlets in Eq. 47. We distinguish them
by different couplings Y and Y ′ for full generality. This yields the Lagrangian

L4Φ =
1

2

∑
a

Y (1)
a

(
Φ†a,c1Φa,c1

) (
Φ†a,c2Φa,c2

)
+

1

2

∑
a=2,2̃,3

Y (3)
a

(
Φ†a,c1Φa,c2

) (
Φ†a,c2Φa,c1

)
+

1

2
Y

(5)
3

(
ΦI†

3,c1
ΦJ

3,c1
ΦI†

3,c2
ΦJ

3,c2

)
+
∑
a6=b

(
Y

(1)
ab δc1c2δc3c4 + Y

′(1)
ab δc1c4δc2c3

) (
Φ†a,c1Φa,c2

) (
Φ†b,c3Φb,c4

)
+
(
Y

(3)

22̃
δc1c2δc3c4 + Y

′(3)

22̃
δc1c4δc2c3

)(
Φ†2,c1Φ2̃,c2

)(
Φ†

2̃,c3
Φ2,c4

)
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+
∑
a=2,2̃

(
Y

(3)
a3 δc1c2δc3c4 + Y

′(3)
a3 δc1c4δc2c3

) (
Φ†a,c1σ

IΦa,c2

) (
ΦJ†

3,c3
iεIJKΦK

3,c4

)

+

[ ∑
a=2,2̃

(Y1aa3 δc1c2δc3c4 + Y ′1aa3 δc1c4δc2c3) Φ†1,c1
(
Φ†a,c3

(
σ · Φ3,c4

)
Φa,c2

)
+
(
Y1̃2̃23 δc1c2δc3c4 + Y ′

1̃2̃23
δc1c4δc2c3

)
Φ†

1̃,c1

(
Φ†2,c3

(
σ · Φ3,c4

)
Φ2̃,c2

)
+
(
Y11̃2̃2 δc1c2δc3c4 + Y ′

11̃2̃2
δc1c4δc2c3

)
Φ†1,c1Φ1̃,c2

(
Φ†

2̃,c3
Φ2,c4

)
+

1

2
Y1313 δc1c2δc3c4

(
Φ†1,c1Φ

I
3,c2

Φ†1,c3Φ
I
3,c4

)
+ Y1333 δc1c2δc3c4

(
Φ†1,c1Φ

I
3,c2

ΦJ†
3,c3

ΦK
3,c4
iεIJK

)
+ h.c.

]
,

(49)

with a, b ∈
{

1, 1̃, 2, 2̃, 3
}

unless stated otherwise. Note that we set Y
(1)
ab = Y

(1)
ba

and Y
(1)′
ab = Y

(1)′
ba for a 6= b, since they correspond to the same terms. The

Feynman rules are expressed using only one of them, i.e. Y
(1)

1̃3
, but not Y

(1)

31̃
.
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4. Methods

The determination of the Feynman rules to be presented in Chapters 5
and 6 is carried out using the Mathematica package FeynRules 2.3.36 [166].
All model files and the Mathematica notebook needed to display and export
the Feynman rules can be found online at GitLab. In the following, the
structure of the code files will be discussed. For more information about
FeynRules, the interested reader is referred to Ref. [166].

4.1. GitLab Project

This GitLab project can be accessed under

https://gitlab.com/lucschnell/SLQrules.

SLQrules.nb contains a Mathematica notebook that is used to determine
the Feynman rules and to export them to MadGraph or FeynArts. The
FeynRules model files can be found in the folder SLQrules. In order to
use them, download the entire folder and add it to the FeynRules directory
FeynRules/Models on your computer. We also provide prefabricated MOD
and UFO model files that can be used in FeynArts [167] and MadGraph
[168].

4.1.1. Mathematica Notebook

The notebook SLQrules.nb is used to display and export the Feynman
rules. Having loaded the model files, the different parts of the Lagrangian
can be accessed via the FeynRules variable names shown in Table 3.

Lagrangian Variable name

LLQ LQall

L2Φ LQ2Phi

Lkin LQkin

Lf LQf

L3Φ LQ3Phi

L4Φ LQ4Phi

.

Table 3: Variable names of the Lagrangians defined in Sec. 3.
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For example,

1 FeynmanRules[LQall];

is used to determine the Feynman rules for the entire Lagrangian LLQ. The
Feynman rules can be exported as UFO files for MadGraph. This is done via
the command

1 FeynmanGauge = False;

2 WriteUFO[LSM + LQall , Output -> "SLQrules -UFO"];

The boolean FeynmanGauge on line 1 is used to switch between Feynman
and unitary gauge. The files are exported to SLQrules/SLQrules-UFO in
your FeynRules directory. We also provide ready-to-use UFO files for LLQ,
these can be found under SLQrules/UFO in the GitLab project. Similarly,
the export for FeynArts is carried out using

1 FeynmanGauge = False;

2 WriteFeynArtsOutput[LSM + LQall , Output -> "SLQrules -FA"];

We provide prefabricated FeynArts files under SLQrules/FeynArts. Addi-
tionally, the export to Sherpa, CalcHep or Whizard is possible. The corre-
sponding commands can be found in SLQrules.nb, but we opt not to include
prefabricated files for these applications. The package NLOCT 1.0 [179]
even allows for the automatic determination of UV and R2 counterterms,
making the export of NLO models possible. We include corresponding com-
mands in SLQrules.nb, but note that these determinations become highly
time-consuming for complex models (i.e. involving LQ mixing). In this work
we only consider models at tree-level.

4.1.2. Model Files

The FeynRules model files are located in the folder SLQrules. They are
based on existing model files for the SM [166] and the individual scalar LQ
representations [180]. The scalar LQ fields defined in Ref. [180] were merged
into the model file SLQrules/SLQrules.fr and their interactions with two SM
quarks, as well as the LQ-LQ-Higgs(-Higgs), LQ-LQ-LQ(-Higgs) and LQ-
LQ-LQ-LQ interactions were added. The file SLQrules.fr consists of three
parts:

(i) the parameter definitions,

(ii) the definition of the LQ fields and

(iii) the LQ Lagrangian.
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To exemplify (i), a generic parameter definition is shown in Listing 1. The full
list of all parameter definitions is given in the README.md file of SLQrules.

1 Y13 == {

2 ParameterType -> External ,

3 ComplexParameter -> True ,

4 Indices -> {},

5 BlockName -> Y13 ,

6 TeX -> Subscript[Y, "13"],

7 Value -> 1.0,

8 InteractionOrder -> {QED , 2},

9 Description -> "S3-S1 scalar leptoquark mixing

10 coupling"

11 },

Listing 1: Parameter definition (coupling Y13)

We set the values of all couplings to unity per default. The QED interaction
order of Y13 is set to 2, since this interaction involves two Higgs fields. An ex-
ample for (ii), the definition of a LQ field, is given in Listing 2. The original
fields Φa before the diagonalization of the mass terms are defined as unphysi-
cal fields, whereas the fields Φ̂a represent the physical fields in the FeynRules
code. In this way, Φa can be used when defining LQ Lagrangians (see below)
and the FeynRules code automatically replaces them by the corresponding
mass eigenstates Φ̂a and the rotation matrices W q

Φq
a = W q∗

nbna
Φ̂q
b (50)

Such a replacement is defined for Φ1 on the lines 25-30 of Listing 2.

1 (* physical fields *)

2 S[100] == {

3 ClassName -> S1m13hat ,

4 Mass -> {m1m13hat , Internal},

5 Width -> {W1m13hat , Internal},

6 SelfConjugate -> False ,

7 PropagatorLabel -> "S1m13hat",

8 PropagatorType -> ScalarDash ,

9 PropagatorArrow -> None ,

10 QuantumNumbers -> {Q -> -1/3},

11 Indices -> {Index[Colour]},

12 ParticleName -> "S1m13hat",

13 AntiParticleName -> "S1m13hat~",

14 FullName -> "S1m13hat"
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15 },

16

17 (* unphysical fields *)

18 S[101] == {

19 ClassName -> S1m13 ,

20 Unphysical -> True ,

21 SelfConjugate -> False ,

22 QuantumNumbers -> {Y -> -1/3},

23 Indices -> {Index[Colour]},

24 Definitions -> {S1m13[cc_] :> HC[W13mat [1 ,1]]

25 S1m13hat[cc]

26 + HC[W13mat [2 ,1]]

27 R2tm13hat[cc]

28 + HC[W13mat [3 ,1]]

29 S3m13hat[cc]}

30 },

Listing 2: Leptoquark field definition (singlet field Φ1)

Finally, to exemplify the definition of (iii), the Lagrangian for the LQ-
LQ-LQ-Higgs interaction

Y2̃33

(
Φᵀ

2̃,c1
iσ2σ

IH
) (

ΦJ
3,c2
iεIJKΦK

3,c3

)
+ h.c. , (51)

is given in Listing 3. Single lowercase letters (a, b, c) are used to refer to
the weak doublet indices, single capital letters (D,E, F ) to refer to the weak
triplet indices and double lowercase letters (aa, bb, cc) are color indices. As
described above, so-called unphysical fields (Φ2̃,Φ3) are used in the definition
of the Lagrangian, which are later replaced automatically by the physical
fields (Φ̂

+2/3

2̃
, Φ̂
−1/3

2̃
, Φ̂
−1/3
3 , Φ̂

+2/3
3 and Φ̂

−4/3
3 in this case).

1 L2t33NonHC := Module[ {a,b,c,D,E,F,aa,bb,cc},

2 ExpandIndices[ Y2t33 R2t[a,aa] Eps[a,b]

3 2*Ta[D,b,c] Phi[c] S3[E,bb] I*Eps[D,E,F] S3[F,cc]

4 Eps[aa ,bb ,cc],

5 FlavorExpand ->{SU2D , SU2W }]];

6 L2t33 := L2t33NonHC + HC[L2t33NonHC ];

Listing 3: Lagrangian definition (LQ interaction corresponding to Y2̃33).

The assignment of FlavorExpand on line 5 makes sure that both Φ2̃ and Φ3

are expanded into their SU(2)L components.
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5. SM Feynman Rules

5.1. External Fields

The Feynman rules for the external legs are listed in this subsection.
See Ref. [181] for details. u(s) and v(s) denote the spinors for particles and
antiparticles, respectively, and s is the spin. The polarization tensors for the
gauge bosons are denoted by εµ. The circles denote the generic reminder of
the Feynman diagram.

External Fermions

Diagram Feynman Rule

u(s)(~p)

ū(s)(~p)

v̄(s)(~p)

v(s)(~p)
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External Gauge Bosons

Diagram Feynman Rule

εµ(~k)

ε∗µ(~k)

External Higgs and Goldstone Fields

Diagram Feynman Rule

1

1
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5.2. Propagators

The propagators for the SM particles are given below. We work in Feyn-
man gauge. The fermion masses m`i ,mui ,mdi are defined in Eq. (18), the
gauge boson masses mW ,mZ in Eq. (14).

Fermion Propagators

Diagram Feynman Rule

i
(
/p+m`i

)
p2 −m2

`i
+ iε

i/p

p2 + iε

i
(
/p+mui

)
p2 −m2

ui
+ iε

i
(
/p+mdi

)
p2 −m2

di
+ iε
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Gauge Boson Propagators

Diagram Feynman Rule

−igµν

k2 + iε

−igµν

k2 −m2
Z + iε

−igµν

k2 −m2
W + iε

−igµν

k2 + iε

Higgs and Goldstone Boson Propagators

Diagram Feynman Rule

i

p2 −m2
h + iε

i

p2 −m2
Z + iε

i

p2 −m2
W + iε
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Ghost Propagators

Diagram Feynman Rule

i

k2 + iε

i

k2 −m2
Z + iε

i

k2 −m2
W + iε

i

k2 + iε
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5.3. SM Fermions

The Feynman rules for the interactions of SM fermions with gauge bosons
are given below. All fields are defined to be incoming. The bar labels an
antifermion. We omit the color indices whenever they just involve trivial
contractions.

Interactions with Photons

Diagram Feynman Rule

− ieδijγ
µ

+
2i

3
eδijγ

µ

− i

3
eδijγ

µ
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Interactions with Z Bosons

Diagram Feynman Rule

+
i

2

e

swcw
δijγ

µ PL

+ i
e

swcw
δijγ

µ

(
−1

2
+ s2

w

)
PL

+ ie
sw
cw
δijγ

µ PR

+ i
e

swcw
δijγ

µ

(
1

2
− 2

3
s2
w

)
PL

− 2i

3
e
sw
cw
δijγ

µ PR

+ i
e

swcw
δijγ

µ

(
−1

2
+

1

3
s2
w

)
PL

+
i

3
e
sw
cw
δijγ

µ PR
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Interactions with W Bosons

Diagram Feynman Rule

+
i√
2

e

sw
δijγ

µ PL

+
i√
2

e

sw
Vijγ

µ PL

Interactions with Gluons

Diagram Feynman Rule

+ igsδijT
α
c1c2

γµ

+ igsδijT
α
c1c2

γµ
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5.4. SM Gauge Bosons

The Feynman rules for SM gauge boson self-interactions as well as the
SM gauge boson interactions with ghost fields are given below.

Triple Self-Interactions

Diagram Feynman Rule

+ ieηµρ (q′ − p)ν + ieηµν (p− q)ρ

+ ieηνρ (q − q′)µ

+ ie
cw
sw
ηµρ (q′ − p)ν

+ ie
cw
sw
ηµν (p− q)ρ

+ ie
cw
sw
ηνρ (q − q′)µ

+ gsf
αβγηµν (p− q)ρ

+ gsf
αβγηµρ (q′ − p)ν

+ gsf
αβγηνρ (q − q′)µ
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Quartic Self-Interactions

Diagram Feynman Rule

+ ie2ηµρηνσ

+ ie2ηµσηνρ

− 2ie2ηµνησρ

+ ie2 cw
sw
ηµρηνσ

+ ie2 cw
sw
ηµσηνρ

− 2ie2 cw
sw
ηµνηρσ

+ ie2

(
cw
sw

)2

ηµρηνσ

+ ie2

(
cw
sw

)2

ηµσηνρ

− 2ie2

(
cw
sw

)2

ηµνηρσ

− i

(
e

sw

)2

ηµνηρσ

− i
(
e

sw

)2

ηµσηνρ

+ 2i

(
e

sw

)2

ηµρηνσ
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Quartic Self-Interactions

Diagram Feynman Rule

+ ig2
s η

µσηνρ
(
fαγεfβδε + fαβεfγδε

)
+ ig2

s η
µρηνσ

(
fαδεfβγε − fαβεfγδε

)
− ig2

s η
µνηρσ

(
fαδεfβγε + fαγεfβδε

)

Triple Interactions with Ghosts

Diagram Feynman Rule

∓ ieqµ

∓ ie
cw
sw
qµ

∓ ieqµ
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Triple Interactions with Ghosts

Diagram Feynman Rule

± ieqµ

± ie
cw
sw
qµ

± ie
cw
sw
qµ

− gsf
αβγqµ
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5.5. Higgs Interactions

The Feynman rules for the Higgs field self-interactions as well as the Higgs
field interactions with the SM gauge bosons, fermions and ghost fields are
given below.

Triple Self-Interaction

Diagram Feynman Rule

−3i
m2
h

v

Quartic Self-Interaction

Diagram Feynman Rule

−3i
m2
h

v2
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Interactions with SM Fermions

Diagram Feynman Rule

− i
m`i

v
δij

− i
mui

v
δij

− i
mdi

v
δij

Triple Interactions with SM Gauge Bosons

Diagram Feynman Rule

+
i

2

(
e

cwsw

)2

v ηµν

+
i

2

(
e

sw

)2

v ηµν
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Quartic Interactions with SM Gauge Bosons

Diagram Feynman Rule

+
i

2

(
e

cwsw

)2

ηµν

+
i

2

(
e

sw

)2

ηµν

Interactions with Ghosts

Diagram Feynman Rule

− i

4

(
e

cwsw

)2

v

− i

4

(
e

sw

)2

v
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5.6. Goldstone Interactions

The diagrams for the Goldstone boson self-interactions as well as the
Goldstone boson interactions with the Higgs field, SM gauge bosons, fermions
and ghost fields are given below.

Triple Higgs Interactions

Diagram Feynman Rule

− i
m2
h

v

− i
m2
h

v
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Quartic Higgs Interactions

Diagram Feynman Rule

− 3i
m2
h

v2

− i
m2
h

v2

− 2i
m2
h

v2

− i
m2
h

v2
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Interactions with SM Fermions

Diagram Feynman Rule

+
m`i

v
γ5δij

−mui

v
γ5δij

+
mdi

v
γ5δij

Interactions with SM Fermions

Diagram Feynman Rule

−
√

2

v
m`iδij PR

+

√
2

v
Vij (muiPL −mdiPR)
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Triple Interactions with SM Gauge Bosons

Diagram Feynman Rule

± 1

2

e2

sw
v ηµν

∓ 1

2

e2

cw
v ηµν

∓ i

2

e

sw
(pµ − qµ)

+
1

2

e

sw
(pµ − qµ)

+ie (pµ − qµ)
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Triple Interactions with SM Gauge Bosons

Diagram Feynman Rule

+
i

2

e

cwsw
(c2
w − s2

w) (pµ − qµ)

−1

2

e

cwsw
(pµ − qµ)

Quartic Interactions with SM Gauge Bosons

Diagram Feynman Rule

+
i

2

(
e

cwsw

)2

ηµν

+
i

2

(
e

sw

)2

ηµν
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Quartic Interactions with SM Gauge Bosons

Diagram Feynman Rule

− i

2

e2

sw
ηµν

± 1

2

e2

sw
ηµν

+
i

2

e2

cw
ηµν

∓ 1

2

e2

cw
ηµν
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Quartic Interactions with SM Gauge Bosons

Diagram Feynman Rule

+ 2ie2ηµν

+
i

2

(
e

swcw

)2

ηµν (c2
w − s2

w)
2

+
i

2

(
e

sw

)2

ηµν

+ i
e2

swcw
ηµν (c2

w − s2
w)
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Triple Interactions with Ghosts

Diagram Feynman Rule

± 1

4

(
e

sw

)2

v

∓ 1

2

e2

sw
v

∓ 1

4

e2

cws2
w

v (c2
w − s2

w)

± 1

4

e2

cws2
w

v
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6. Scalar LQ Feynman Rules

In this section we state the Feynman rules for all LQ interactions. We
write Φq

a with q ∈ {−4
3
,−1

3
,+2

3
,+5

3
} and a ∈ {1, 1̃, 2, 2̃, 3}. For q = +5

3
,

Φ̂+5/3 is just a single field, therefore the subscript a is omitted. The LQ
electric charge eigenstate vectors are given in Eq. (26).

6.1. External Fields

In this subsection, the Feynman rules for the external legs are listed. The
circles denote the generic reminder of the Feynman diagram.

External LQs

Diagram Feynman Rule

1

6.2. Propagators

The propagator for the LQ fields is listed below. The diagonalized mass
matrices M̂q

ab are given in Eq. (32).

LQ Propagator

Diagram Feynman Rule

i

p2 −
(
M̂

q
aa

)2

+ iε
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6.3. Interactions with SM Fermions

The Feynman rules for LQ interactions with the SM fermions are given
below. All fields are defined to be incoming. We omit the color indices when-
ever they just involve trivial contractions. We express some of the rules using
nqa, which is defined in Eq. (36). Whenever q is clear from the context, we
write nqa as na to simplify the notation. The bar labels an antifermion. Note
that while there is an equivalence between a fermion field f and f̄ c, stat-
ing Feynman rules for f̄ c makes sense in our treatment of charge-conjugate
fermions. A detailed explanation is given in Appendix A.

6.3.1. Charge 1/3

Charge 1/3

Diagram Feynman Rule

− iY RL
2̃,ij

W
−1/3∗
na2 PL

+ iY LL∗
1,ji W

−1/3∗
na1 PR

− iY LL∗
3,ji W

−1/3∗
na3 PR

+ iY RR∗
1,ji W

−1/3∗
na1 PL

+ iY LL∗
1,ij W

−1/3∗
na1 PR

− iY LL∗
3,ij W

−1/3∗
na3 PR

+ iY RR∗
1,ij W

−1/3∗
na1 PL

− iV ∗kj Y
LL∗

1,ki W
−1/3∗
na1 PR

− iV ∗kj Y
LL∗

3,ki W
−1/3∗
na3 PR
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Charge 1/3

Diagram Feynman Rule

− iV ∗ki Y
LL∗

1,kj W
−1/3∗
na1 PR

− iV ∗ki Y
LL∗

3,kj W
−1/3∗
na3 PR

+ 2iVkj Y
Q, LL

1,ik W
−1/3∗
na1 εc1c2c3 PL

+ iY Q, RR
1,ij W

−1/3∗
na1 εc1c2c3 PR

− 2iVkj Y
Q, LL

3,ik W
−1/3∗
na3 εc1c2c3 PL

− 2iVki Y
Q, LL

1,jk W
−1/3∗
na1 εc1c2c3 PL

− iY Q, RR
1,ji W

−1/3∗
na1 εc1c2c3 PR

+ 2iVkiY
Q, LL

3,jk W
−1/3∗
na3 εc1c2c3 PL

6.3.2. Charge 2/3

Charge 2/3

Diagram Feynman Rule

+ iV ∗ki Y
LR

2,kj W
+2/3∗
na1 PR

+ iY RL
2̃,ij

W
+2/3∗
na2 PL
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Charge 2/3

Diagram Feynman Rule

− iY RL
2,ij W

+2/3∗
na1 PL

+
√

2iY LL∗
3,ji W

+2/3∗
na3 PR

+
√

2iY LL∗
3,ij W

+2/3∗
na3 PR

− 2
√

2iVkiVlj Y
Q, LL

3,kl W
+2/3∗
na3 εc1c2c3 PL
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6.3.3. Charge 4/3

Charge 4/3

Diagram Feynman Rule

+ iY RR∗
1̃,ji

W
−4/3∗
na1 PL

−
√

2iV ∗kj Y
LL∗

3,ki W
−4/3∗
na2 PR

+ iY RR∗
1̃,ij

W
−4/3∗
na1 PL

−
√

2iV ∗ki Y
LL∗

3,kj W
−4/3∗
na2 PR

+ 2iY Q, RR

1̃,ij
W
−4/3∗
na1 εc1c2c3 PR

+ 2
√

2iY Q, LL
3,ij W

−4/3∗
na2 εc1c2c3 PL

6.3.4. Charge 5/3

Charge 5/3

Diagram Feynman Rule

+ iY LR
2,ij PR

+ iY RL
2,ij PL

55



6.4. Interactions with SM Gauge Bosons

The Feynman rules for the LQ interactions with the SM gauge bosons
are given below.

6.4.1. Charge 1/3

Charge 1/3, Interactions with Photons

Diagram Feynman Rule

− i

3
e (qµ − pµ) δab

+
2i

9
e2ηµνδab
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Charge 1/3, Interactions with Z Bosons

Diagram Feynman Rule

+ i
e

swcw
(qµ − pµ) Ẑ

−1/3
nanb

+ 2i

(
e

swcw

)2

ηµν
(
Ẑ
−1/3†

Ẑ
−1/3

)
nanb

Charge 1/3, Interactions with W Bosons

Diagram Feynman Rule

+ i

(
e√
2sw

)2

ηµν
(
Ŵ

+2/3†
−1/3 Ŵ

+2/3
−1/3

)
nanb

+ i

(
e√
2sw

)2

ηµν
(
Ŵ
−1/3
−4/3 Ŵ

−1/3†
−4/3

)
nanb
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Charge 1/3, Electroweak Interactions

Diagram Feynman Rule

− 2i

3

e2

swcw
ηµν Ẑ

−1/3
nanb
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Charge 1/3, Strong Interactions

Diagram Feynman Rule

+ igs (qµ − pµ) δab T
α
c1c2

+ ig2
sη

µνδab
(
TαT β + T βTα

)
c1c2

− 2i

3
gse η

µνδab T
α
c1c2

+ 2i
gse

cwsw
ηµν Tαc1c2 Ẑ

−1/3
nanb
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6.4.2. Charge 2/3

Charge 2/3, Interactions with Photons

Diagram Feynman Rule

+
2i

3
e (qµ − pµ) δab

+
8i

9
e2ηµνδab

Charge 2/3, Interactions with Z Bosons

Diagram Feynman Rule

+ i
e

swcw
(qµ − pµ) Ẑ

+2/3
nanb
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Charge 2/3, Interactions with Z Bosons

Diagram Feynman Rule

+ 2i

(
e

swcw

)2

ηµν
(
Ẑ

+2/3†
Ẑ

+2/3
)
nanb

Charge 2/3, Interactions with W Bosons

Diagram Feynman Rule

+ i

(
e√
2sw

)2

ηµν
(
Ŵ

+2/3
−1/3 Ŵ

+2/3†
−1/3

)
nanb

+ i

(
e√
2sw

)2

ηµν
(
Ŵ

+5/3†
+2/3 Ŵ

+5/3
+2/3

)
nanb

Charge 2/3, Electroweak Interactions

Diagram Feynman Rule

+
4i

3

e2

swcw
ηµνẐ

+2/3
nanb
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Charge 2/3, Strong Interactions

Diagram Feynman Rule

+ igs (qµ − pµ) δab T
α
c1c2

+ ig2
sη

µνδab
(
TαT β + T βTα

)
c1c2

+
4i

3
gse η

µνδab T
α
c1c2

+ 2i
gse

cwsw
ηµν Tαc1c2 Ẑ

+2/3
nanb
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6.4.3. Charge 4/3

Charge 4/3, Interactions with Photons

Diagram Feynman Rule

− 4i

3
e (qµ − pµ) δab

+
32i

9
e2ηµνδab

Charge 4/3, Interactions with Z Bosons

Diagram Feynman Rule

+ i
e

swcw
(qµ − pµ) Ẑ

−4/3
nanb
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Charge 4/3, Interactions with Z Bosons

Diagram Feynman Rule

+ 2i

(
e

swcw

)2

ηµν
(
Ẑ
−4/3†

Ẑ
−4/3

)
nanb

Charge 4/3, Interactions with W Bosons

Diagram Feynman Rule

+ i

(
e√
2sw

)2

ηµν
(
Ŵ
−1/3†
−4/3 Ŵ

−1/3
−4/3

)
nanb

Charge 4/3, Electroweak Interactions

Diagram Feynman Rule

− 8i

3

e2

swcw
ηµν Ẑ

−4/3
nanb
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Charge 4/3, Strong Interactions

Diagram Feynman Rule

+ igs (qµ − pµ) δab T
α
c1c2

+ ig2
sη

µνδab
(
TαT β + T βTα

)
c1c2

− 8i

3
gse η

µνδabT
α
c1c2

+ 2i
gse

cwsw
ηµν Tαc1c2 Ẑ

−4/3
nanb
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6.4.4. Charge 5/3

Charge 5/3, Interactions with Photons

Diagram Feynman Rule

+
5i

3
e (qµ − pµ)

+
50i

9
e2ηµν

Charge 5/3, Interactions with Z Bosons

Diagram Feynman Rule

+ i
e

swcw
(qµ − pµ) Ẑ+5/3
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Charge 5/3, Interactions with Z Bosons

Diagram Feynman Rule

+ 2i

(
e

swcw

)2

ηµν
(
Ẑ

+5/3†
Ẑ

+5/3
)

Charge 5/3, Interactions with W Bosons

Diagram Feynman Rule

+ i

(
e√
2sw

)2

ηµν
(
Ŵ

+5/3
+2/3Ŵ

+5/3†
+2/3

)

Charge 5/3, Electroweak Interactions

Diagram Feynman Rule

+
10i

3

e2

swcw
ηµν Ẑ+5/3
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Charge 5/3, Strong Interactions

Diagram Feynman Rule

+ igs (qµ − pµ)Tαc1c2

+ ig2
sη

µν
(
TαT β + T βTα

)
c1c2

+
10i

3
gse η

µνδab T
α
c1c2

+ 2i
gse

cwsw
ηµν Tαc1c2 Ẑ

+5/3
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6.4.5. Charge 1/3 and 2/3

Charge 1/3 and 2/3

Diagram Feynman Rule

+ i
e√
2sw

(qµ − pν)
(
Ŵ

+2/3
−1/3

)
nanb

+ i
e2

√
2s2

wcw
ηµν
(
Ẑ

+2/3
Ŵ

+2/3
−1/3

)
nanb

+ i
e2

√
2s2

wcw
ηµν
(
Ŵ

+2/3
−1/3 Ẑ

−1/3
)
nanb

+
i

3

e2

√
2sw

ηµν
(
Ŵ

+2/3
−1/3

)
nanb

+ 2i
gse√
2sw

ηµν Tαc1c2

(
Ŵ

+2/3
−1/3

)
nanb
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6.4.6. Charge 1/3 and 4/3

Charge 1/3 and 4/3

Diagram Feynman Rule

+ i
e√
2sw

(qµ − pν)
(
Ŵ
−1/3
−4/3

)
nanb

+ i
e2

√
2s2

wcw
ηµν
(
Ŵ
−1/3
−4/3 Ẑ

−4/3
)
nanb

+ i
e2

√
2s2

wcw
ηµν
(
Ẑ
−1/3

Ŵ
−1/3
−4/3

)
nanb

− 5i

3

e2

√
2sw

ηµν
(
Ŵ
−1/3
−4/3

)
nanb

+ 2i
gse√
2sw

ηµν Tαc1c2

(
Ŵ
−1/3
−4/3

)
nanb
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6.4.7. Charge 2/3 and 4/3

Charge 2/3 and 4/3

Diagram Feynman Rule

+ 2i

(
e√
2sw

)2

ηµν
(
Ŵ

+2/3
−1/3 Ŵ

−1/3
−4/3

)
nanb

6.4.8. Charge 2/3 and 5/3

Charge 2/3 and 5/3

Diagram Feynman Rule

+ i
e√
2sw

(qµ − pν)
(
Ŵ

+5/3
+2/3

)
na

+ i
e2

√
2s2

wcw
ηµν
(
Ẑ

+5/3
Ŵ

+5/3
+2/3

)
na

+ i
e2

√
2s2

wcw
ηµν
(
Ŵ

+5/3
+2/3 Ẑ

+2/3
)
na
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Charge 2/3 and 5/3

Diagram Feynman Rule

+
7i

3

e2

√
2sw

ηµν
(
Ŵ

+5/3
+2/3

)
na

+ 2i
gse√
2sw

ηµνTαc1c2

(
Ŵ

+5/3
+2/3

)
na
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6.5. Higgs Interactions

The Feynman rules for LQ interactions with the SM Higgs field are given
below.

6.5.1. Charge 1/3

Charge 1/3

Diagram Feynman Rule

+ i�̂−1/3
nanb

+ i�̂−1/3
nanb
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6.5.2. Charge 2/3

Charge 2/3

Diagram Feynman Rule

+ i�̂+2/3
nanb

+ i�̂+2/3
nanb

6.5.3. Charge 4/3

Charge 4/3

Diagram Feynman Rule

+ i�̂−4/3
nanb
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Charge 4/3

Diagram Feynman Rule

+ i�̂−4/3
nanb

6.5.4. Charge 5/3

Charge 5/3

Diagram Feynman Rule

+ i�̂+5/3

+ i�̂+5/3
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6.6. Goldstone Interactions

The Feynman rules for LQ interactions with the SM Goldstone fields are
given below.

6.6.1. Charge 1/3

Charge 1/3

Diagram Feynman Rule

W−1/3


0 −A∗

12̃√
2

0

A12̃√
2

0
A2̃3√

2

0 −A∗
2̃3√
2

0

W−1/3†


nanb

− i

W−1/3


Y1 0 Y13

0 Y2̃ 0

Y ∗13 0 Y3

W−1/3†


nanb

−i

W−1/3


Y1 0 −Y13

0 Y2̃ + Y2̃2̃ 0

−Y ∗13 0 Y3

W−1/3†


nanb

76



6.6.2. Charge 2/3

Charge 2/3

Diagram Feynman Rule

W+2/3


0 vY22̃ 0

−vY ∗
22̃

0 −A2̃3

0 A∗
2̃3

0

W+2/3†


nanb

− i

W+2/3


Y2 −Y22̃ 0

−Y ∗
22̃
Y2̃ + Y22̃ 0

0 0 Y3 + Y33

W+2/3†


nanb

+ i

W+2/3


0 Y22̃ 0

−Y ∗
22̃

0 0

0 0 0

W+2/3†


nanb

− i

W+2/3


Y2 + Y22 0 0

0 Y2̃ 0

0 0 Y3 − Y33

W+2/3†


nanb
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6.6.3. Charge 4/3

Charge 4/3

Diagram Feynman Rule

W−4/3

 0 −
√

2vY ∗
1̃3√

2vY1̃3 0

W−4/3†


nanb

− i

W−4/3

 Y1̃ −
√

2Y ∗
1̃3√

2Y1̃3 Y3 − Y33

W−4/3†


nanb

+ i

W−4/3

 0 −
√

2Y ∗
1̃3√

2Y1̃3 0

W−4/3†


nanb

− i

W−4/3

Y1̃ 0

0 Y3 + Y33

W−4/3†


nanb
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6.6.4. Charge 5/3

Charge 5/3

Diagram Feynman Rule

− i (Y2 + Y22)

− iY2
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6.6.5. Charge 1/3 and 2/3

Charge 1/3 and 2/3

Diagram Feynman Rule

+ v

W+2/3


0

Y22̃√
2

0

−A12̃
v

Y2̃2̃√
2

A2̃3
v

Y ∗13 0 −Y33

W−1/3†


nanb

− i

W+2/3


0 −Y22̃√

2
0

0
Y2̃2̃√

2
0

Y ∗13 0 −Y33

W−1/3†


nanb

+

W+2/3


0

Y22̃√
2

0

0
Y2̃2̃√

2
0

Y ∗13 0 −Y33

W−1/3†


nanb
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6.6.6. Charge 1/3 and 4/3

Charge 1/3 and 4/3

Diagram Feynman Rule

+ v

W−1/3


0 Y13

0
√

2A2̃3
v

−
√

2Y1̃3 Y33

W−4/3†


nanb

− i

W−1/3


0 Y13

0 0
√

2Y1̃3 Y33

W−4/3†


nanb

W−1/3


0 Y13

0 0

−
√

2Y1̃3 Y33

W−4/3†


nanb
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6.6.7. Charge 1/3 and 5/3

Charge 1/3 and 5/3

Diagram Feynman Rule

− 2i
((

0 Y22̃ 0

)
W−1/3†

)
na

6.6.8. Charge 2/3 and 4/3

Charge 2/3 and 4/3

Diagram Feynman Rule

− 2i

W+2/3


0 0

0 0
√

2Y1̃3 0

W−4/3†


nanb
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6.6.9. Charge 2/3 and 5/3

Charge 2/3 and 5/3

Diagram Feynman Rule

+ v√
2

((
Y22 −Y22̃ 0

)
W+2/3†

)
na

− i√
2

((
Y22 Y22̃ 0

)
W+2/3†

)
na

+ 1√
2

((
Y22 −Y22̃ 0

)
W+2/3†

)
na
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6.7. LQ Triple Interactions

The LQ self-interactions involving three LQs are given below.

Triple Interactions

Diagram Feynman Rule

− 2iA12̃2̃ W
+2/3∗
na2

(
εij3 W

−1/3∗
nbi

W
−1/3∗
ncj

)
+ iv√

2
Y123 W

+2/3∗
na1

(
εi2j W

−1/3∗
nbi

W
−1/3∗
ncj

)
+ iv√

2
Y12̃3 W

+2/3∗
na2

(
εi2j W

−1/3∗
nbi

W
−1/3∗
ncj

)
− ivY12̃3 W

+2/3∗
na3

(
εij3 W

−1/3∗
nbi

W
−1/3∗
ncj

)
− 2ivY2̃33 W

+2/3∗
na3

(
ε1ij W

−1/3∗
nbi

W
−1/3∗
ncj

)
− iA1̃22̃ W

−4/3∗
na1

(
εij3 W

+2/3∗
nbi

W
+2/3∗
ncj

)
− ivY1̃23 W

−4/3∗
na1

(
εi2j W

+2/3∗
nbi

W
+2/3∗
ncj

)
−
√

2ivY233 W
−4/3∗
na2

(
εi2j W

+2/3∗
nbi

W
+2/3∗
ncj

)
−
√

2ivY2̃33 W
−4/3∗
na2

(
ε1ij W

+2/3∗
nbi

W
+2/3∗
ncj

)
− iA1̃22̃ W

−4/3∗
na1 W

−1/3∗
nb2

− iv√
2
Y11̃2 W

−4/3∗
na1 W

−1/3∗
nb1

+ ivY123 W
−4/3∗
na2 W

−1/3∗
nb1

+ iv√
2
Y1̃23 W

−4/3∗
na1 W

−1/3∗
nb3

+ 2ivY233 W
−4/3∗
na2 W

−1/3∗
nb3

84



Interactions with Higgs Boson

Diagram Feynman Rule

+ i√
2
Y123 W

+2/3∗
na1

(
εi2j W

−1/3∗
nbi

W
−1/3∗
ncj

)
+ i√

2
Y12̃3 W

+2/3∗
na2

(
εi2j W

−1/3∗
nbi

W
−1/3∗
ncj

)
− iY12̃3 W

+2/3∗
na3

(
εij3 W

−1/3∗
nbi

W
−1/3∗
ncj

)
− 2iY2̃33 W

+2/3∗
na3

(
ε1ij W

−1/3∗
nbi

W
−1/3∗
ncj

)

− iY1̃23 W
−4/3∗
na1

(
εi2j W

+2/3∗
nbi

W
+2/3∗
ncj

)
−
√

2iY233 W
−4/3∗
na2

(
εi2j W

+2/3∗
nbi

W
+2/3∗
ncj

)
−
√

2iY2̃33 W
−4/3∗
na2

(
ε1ij W

+2/3∗
nbi

W
+2/3∗
ncj

)

− i√
2
Y11̃2 W

−4/3∗
na1 W

−1/3∗
nb1

+ iY123 W
−4/3∗
na2 W

−1/3∗
nb1

+ i√
2
Y1̃23 W

−4/3∗
na1 W

−1/3∗
nb3

+ 2iY233 W
−4/3∗
na2 W

−1/3∗
nb3
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Interactions with Goldstone Bosons

Diagram Feynman Rule

+ 1√
2
Y123 W

+2/3∗
na1

(
εi2j W

−1/3∗
nbi

W
−1/3∗
ncj

)
− 1√

2
Y12̃3 W

+2/3∗
na2

(
εi2j W

−1/3∗
nbi

W
−1/3∗
ncj

)
+ Y12̃3 W

+2/3∗
na3

(
εij3 W

−1/3∗
nbi

W
−1/3∗
ncj

)
+ 2Y2̃33 W

+2/3∗
na3

(
ε1ij W

−1/3∗
nbi

W
−1/3∗
ncj

)

+ Y1̃23 W
−4/3∗
na1

(
εi2j W

+2/3∗
nbi

W
+2/3∗
ncj

)
−
√

2Y233 W
−4/3∗
na2

(
εi2j W

+2/3∗
nbi

W
+2/3∗
ncj

)
+
√

2Y2̃33 W
−4/3∗
na2

(
ε1ij W

+2/3∗
nbi

W
+2/3∗
ncj

)

+ 1√
2
Y11̃2 W

−4/3∗
na1 W

−1/3∗
nb1

+ Y123 W
−4/3∗
na2 W

−1/3∗
nb1

− 1√
2
Y1̃23 W

−4/3∗
na1 W

−1/3∗
nb3

+ 2Y233 W
−4/3∗
na2 W

−1/3∗
nb3

− Y11̃2 W
−1/3∗
na1 W

−4/3∗
nb1

W
+2/3∗
nc1

−
√

2Y12̃3 W
−1/3∗
na1 W

−4/3∗
nb2

W
+2/3∗
nc2

− Y1̃23 W
−1/3∗
na3 W

−4/3∗
nb1

W
+2/3∗
nc1

− 2
√

2Y2̃33 W
−1/3∗
na3 W

−4/3∗
nb2

W
+2/3∗
nc2

+ 2Y2̃33 W
−1/3∗
na2 W

−4/3∗
nb2

W
+2/3∗
nc3
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Interactions with Goldstone Bosons

Diagram Feynman Rule

−
√

2Y123 W
−1/3∗
na1

(
εi2j W

+2/3∗
nbi

W
+2/3∗
ncj

)
+ 2
√

2Y233 W
−1/3∗
na3

(
εi2j W

+2/3∗
nbi

W
+2/3∗
ncj

)

+ Y123

(
εi2j W

−1/3∗
nai

W
−1/3∗
nbj

)

−
√

2Y1̃23

(
εij3 W

−4/3∗
nai

W
−4/3∗
nbj

)
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Interactions with Goldstone Bosons

Diagram Feynman Rule

− Y12̃3

(
εijk W

−1/3∗
nai

W
−1/3∗
nbj

W
−1/3∗
nck

)

− 2Y233 W
+2/3∗
na3 W

−4/3∗
nb2
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6.8. LQ Quartic Interactions

In the following, the Feynman rules for the LQ self-interactions involving
four LQs are listed. If na or nb are equal to zero, W q

nanb
should be set to zero

(i.e. the corresponding term neglected).

Quartic Interactions

Diagram Feynman Rule

+i
∑

e∈{2̃,3}

(
Y

(1)
e δc1c2δc3c4 + Y

(3)
e δc1c4δc2c3

)
W
−1/3
nane W

−1/3∗
nbne W

+2/3
ncne W

+2/3∗
ndne

+i
∑

(e,f)∈{(1,2),(1,2̃),(1,3),(2,2̃),(2,3),(2̃,3)}(
Y

(1)
ef δc1c2δc3c4 + Y

′(1)
ef δc1c4δc2c3

)
(
W
−1/3
nane W

−1/3∗
nbne W

+2/3
ncnf W

+2/3∗
ndnf

+W
−1/3
nanf W

−1/3∗
nbnf W

+2/3
ncne W

+2/3∗
ndne

)
+i
(
Y

(3)

22̃
δc1c4δc2c3 + Y

′(3)

22̃
δc1c2δc3c4

)
W
−1/3
na2 W

−1/3∗
nb2

W
+2/3
nc1 W

+2/3∗
nd1

+
√

2i
(
Y

(3)

2̃3
δc1c4δc2c3 + Y

′(3)

2̃3
δc1c2δc3c4

)
(
W
−1/3
na3 W

−1/3∗
nb2

W
+2/3
nc2 W

+2/3∗
nd3

+W
−1/3
na2 W

−1/3∗
nb3

W
+2/3
nc3 W

+2/3∗
nd2

)
+i
(
Y

(3)

2̃3
δc1c2δc3c4 + Y

′(3)

2̃3
δc1c4δc2c3

)
W
−1/3
na2 W

−1/3∗
nb2

W
+2/3
nc3 W

+2/3∗
nd3

−i (Y1223 δc1c4δc2c3 + Y ′1223 δc1c2δc3c4)

W
−1/3
na1 W

−1/3∗
nb3

W
+2/3
nc1 W

+2/3∗
nd1

(more of this diagram on next page)
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Quartic Interactions

Diagram Feynman Rule

(more of this diagram on previous page)

−i (Y ∗1223 δc1c4δc2c3 + Y ′∗1223 δc1c2δc3c4)

W
−1/3
na3 W

−1/3∗
nb1

W
+2/3
nc1 W

+2/3∗
nd1

+i
(
Y12̃2̃3 δc1c4δc2c3 + Y ′

12̃2̃3
δc1c2δc3c4

)
W
−1/3
na1 W

−1/3∗
nb3

W
+2/3
nc2 W

+2/3∗
nd2

+
√

2i
(
Y12̃2̃3 δc1c2δc3c4 + Y ′

12̃2̃3
δc1c4δc2c3

)
W
−1/3
na1 W

−1/3∗
nb2

W
+2/3
nc2 W

+2/3∗
nd3

+i
(
Y ∗

12̃2̃3
δc1c4δc2c3 + Y ′∗

12̃2̃3
δc1c2δc3c4

)
W
−1/3
na3 W

−1/3∗
nb1

W
+2/3
nc2 W

+2/3∗
nd2

+
√

2i
(
Y ∗

12̃2̃3
δc1c2δc3c4 + Y ′∗

12̃2̃3
δc1c4δc2c3

)
W
−1/3
na2 W

−1/3∗
nb1

W
+2/3
nc3 W

+2/3∗
nd2

−iY1333 (δc1c2δc3c4 − δc1c4δc2c3)
W
−1/3
na1 W

−1/3∗
nb3

W
+2/3
nc3 W

+2/3∗
nd3

+iY ∗1333 (δc1c4δc2c3 − δc1c2δc3c4)
W
−1/3
na3 W

−1/3∗
nb1

W
+2/3
nc3 W

+2/3∗
nd3
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Quartic Interactions

Diagram Feynman Rule

+i
(
Y

(1)
3 δc1c2δc3c4 + Y

(3)
3 δc1c4δc2c3

)
W
−1/3
na3 W

−1/3∗
nb3

W
−4/3
nc2 W

−4/3∗
nd2

+i
∑

(e,f)∈{(1,1̃),(1,3),(1̃,2̃),(1̃,3),(2̃,3)}(
Y

(1)
ef δc1c2δc3c4 + Y

′(1)
ef δc1c4δc2c3

)
(
W
−1/3
nane W

−1/3∗
nbne W

−4/3
ncnf W

−4/3∗
ndnf

+W
−1/3
nanf W

−1/3∗
nbnf W

−4/3
ncne W

−4/3∗
ndne

)
−i
(
Y

(3)

2̃3
δc1c2δc3c4 + Y

′(3)

2̃3
δc1c4δc2c3

)
W
−1/3
na2 W

−1/3∗
nb2

W
−4/3
nc2 W

−4/3∗
nd2

+iY1333 (δc1c2δc3c4 − δc1c4δc2c3)
W
−1/3
na1 W

−1/3∗
nb3

W
−4/3
nc2 W

−4/3∗
nd2

−iY ∗1333 (δc1c4δc2c3 − δc1c2δc3c4)
W
−1/3
na3 W

−1/3∗
nb1

W
−4/3
nc2 W

−4/3∗
nd2
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Quartic Interactions

Diagram Feynman Rule

+i
∑

(e,f)∈{(1,2),(2,2̃),(2,3)}(
Y

(1)
ef δc1c2δc3c4 + Y

′(1)
ef δc1c4δc2c3

)
(
W
−1/3
nane W

−1/3∗
nbne +W

−1/3
nanf W

−1/3∗
nbnf

)
+i (Y1223 δc1c4δc2c3 + Y ′1223 δc1c2δc3c4)

W
−1/3
na1 W

−1/3∗
nb3

+i (Y ∗1223 δc1c4δc2c3 + Y ′∗1223 δc1c2δc3c4)

W
−1/3
na3 W

−1/3∗
nb1
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Quartic Interactions

Diagram Feynman Rule

+i
(
Y

(1)
3 δc1c2δc3c4 + Y

(3)
3 δc1c4δc2c3

)
W

+2/3
na3 W

+2/3∗
nb3

W
−4/3
nc2 W

−4/3∗
nd2

+iY
(5)

3 (δc1c2δc3c4 + δc1c4δc2c3)

W
+2/3
na3 W

+2/3∗
nb3

W
−4/3
nc2 W

−4/3∗
nd2

+i
∑

(e,f)∈{(1̃,2),(1̃,2̃),(1̃,3),(2,3),(2̃,3)}(
Y

(1)
ef δc1c2δc3c4 + Y

′(1)
ef δc1c4δc2c3

)
(
W

+2/3
nane W

+2/3∗
nbne W

−4/3
ncnf W

−4/3∗
ndnf

+W
+2/3
nanf W

+2/3∗
nbnf W

−4/3
ncne W

−4/3∗
ndne

)
−i
(
Y

(3)
23 δc1c2δc3c4 + Y

′(3)
23 δc1c4δc2c3

)
W

+2/3
na1 W

+2/3∗
nb1

W
−4/3
nc2 W

−4/3∗
nd2

+i
(
Y

(3)

2̃3
δc1c2δc3c4 + Y

′(3)

2̃3
δc1c4δc2c3

)
W

+2/3
na2 W

+2/3∗
nb2

W
−4/3
nc2 W

−4/3∗
nd2

+
√

2i
(
Y1̃2̃23 δc1c4δc2c3 + Y ′

1̃22̃3
δc1c2δc3c4

)
W

+2/3
na1 W

+2/3∗
nb2

W
−4/3
nc1 W

−4/3∗
nd2

+
√

2i
(
Y ∗

1̃2̃23
δc1c4δc2c3 + Y ′∗

1̃22̃3
δc1c2δc3c4

)
W

+2/3
na2 W

+2/3∗
nb1

W
−4/3
nc2 W

−4/3∗
nd1
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Quartic Interactions

Diagram Feynman Rule

+i
(
Y

(1)
2 δc1c2δc3c4 + Y

(3)
2 δc1c4δc2c3

)
W

+2/3
na1 W

+2/3∗
nb1

+i
∑

(e,f)∈{(2,2̃),(2,3)}(
Y

(1)
ef δc1c2δc3c4 + Y

′(1)
ef δc1c4δc2c3

)
W

+2/3
nanf W

+2/3∗
nbnf

+i
(
Y

(3)

22̃
δc1c4δc2c3 + Y

′(3)

22̃
δc1c2δc3c4

)
W

+2/3
na2 W

+2/3∗
nb2

−i
(
Y

(3)
23 δc1c2δc3c4 + Y

′(3)
23 δc1c4δc2c3

)
W

+2/3
na3 W

+2/3∗
nb3

+i
∑

(e,f)∈{(1̃,2),(2,3)}(
Y

(1)
ef δc1c2δc3c4 + Y

′(1)
ef δc1c4δc2c3

)
(
W
−4/3
nane W

−4/3∗
nbne +W

−4/3
nanf W

−4/3∗
nbnf

)
+i
(
Y

(3)
23 δc1c2δc3c4 + Y

′(3)
23 δc1c4δc2c3

)
W
−4/3
na2 W

−4/3∗
nb2
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Quartic Interactions

Diagram Feynman Rule

+i
∑

e∈{1,2̃,3}
(
Y

(1)
e (δc1c2δc3c4 + δc1c4δc2c3)

)
W
−1/3
nane W

−1/3∗
nbne W

−1/3
ncne W

−1/3∗
ndne

+i
∑

e∈{2̃,3}
(
Y

(3)
e (δc1c2δc3c4 + δc1c4δc2c3)

)
W
−1/3
nane W

−1/3∗
nbne W

−1/3
ncne W

−1/3∗
ndne

+iY
(5)

3 (δc1c2δc3c4 + δc1c4δc2c3)

W
−1/3
na3 W

−1/3∗
nb3

W
−1/3
nc3 W

−1/3∗
nd3

+i
∑

(e,f)∈{(1,2̃),(1,3),(2̃,3)}(
Y

(1)
ef δc1c2δc3c4 + Y

′(1)
ef δc1c4δc2c3

)
(
W
−1/3
nane W

−1/3∗
nbne W

−1/3
ncnf W

−1/3∗
ndnf

+W
−1/3
nanf W

−1/3∗
nbnf W

−1/3
ncne W

−1/3∗
ndne

)
+i
∑

(e,f)∈{(1,2̃),(1,3),(2̃,3)}(
Y

(1)
ef δc1c4δc2c3 + Y

′(1)
ef δc1c2δc3c4

)
(
W
−1/3
nane W

−1/3∗
nbnf W

−1/3
ncnf W

−1/3∗
ndne

+W
−1/3
nanf W

−1/3∗
nbne W

−1/3
ncne W

−1/3∗
ndnf

)
−i
(
Y12̃2̃3δc1c4δc2c3 + Y ′

12̃2̃3
δc1c2δc3c4

)(
W
−1/3
na2 W

−1/3∗
nb2

W
−1/3
nc1 W

−1/3∗
nd3

+W
−1/3
na1 W

−1/3∗
nb3

W
−1/3
nc2 W

−1/3∗
nd2

)
(more of this diagram on next page)
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Quartic Interactions

Diagram Feynman Rule

(more of this diagram on previous page)

−i
(
Y12̃2̃3δc1c2δc3c4 + Y ′

12̃2̃3
δc1c4δc2c3

)(
W
−1/3
na1 W

−1/3∗
nb2

W
−1/3
nc2 W

−1/3∗
nd3

+W
−1/3
na2 W

−1/3∗
nb3

W
−1/3
nc1 W

−1/3∗
nd2

)
−i
(
Y ∗

12̃2̃3
δc1c4δc2c3 + Y ′∗

12̃2̃3
δc1c2δc3c4

)(
W
−1/3
na3 W

−1/3∗
nb1

W
−1/3
nc2 W

−1/3∗
nd2

+W
−1/3
na2 W

−1/3∗
nb2

W
−1/3
nc3 W

−1/3∗
nd1

)
−i
(
Y ∗

12̃2̃3
δc1c2δc3c4 + Y ′∗

12̃2̃3
δc1c4δc2c3

)(
W
−1/3
na3 W

−1/3∗
nb2

W
−1/3
nc2 W

−1/3∗
nd1

+W
−1/3
na2 W

−1/3∗
nb1

W
−1/3
nc3 W

−1/3∗
nd2

)
+iY1313 (δc1c2δc3c4 + δc1c4δc2c3)

W
−1/3
na1 W

−1/3∗
nb3

W
−1/3
nc1 W

−1/3∗
nd3

+iY ∗1313 (δc1c2δc3c4 + δc1c4δc2c3)

W
−1/3
na3 W

−1/3∗
nb1

W
−1/3
nc3 W

−1/3∗
nd1
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Quartic Interactions

Diagram Feynman Rule

+i
∑

e∈{2,2̃,3}
(
Y

(1)
e + Y

(3)
e

)
(δc1c2δc3c4 + δc1c4δc2c3)

W
+2/3
nane W

+2/3∗
nbne W

+2/3
ncne W

+2/3∗
ndne

+i
∑

(e,f)∈{(2,2̃),(2,3),(2̃,3)}(
Y

(1)
ef δc1c2δc3c4 + Y

′(1)
ef δc1c4δc2c3

)
(
W

+2/3
nane W

+2/3∗
nbne W

+2/3
ncnf W

+2/3∗
ndnf

+W
+2/3
nanf W

+2/3∗
nbnf W

+2/3
ncne W

+2/3∗
ndne

)
+i
∑

(e,f)∈{(2,2̃),(2,3),(2̃,3)}(
Y

(1)
ef δc1c4δc2c3 + Y

′(1)
ef δc1c2δc3c4

)
(
W

+2/3
nane W

+2/3∗
nbnf W

+2/3
ncnf W

+2/3∗
ndne

+W
+2/3
nanf W

+2/3∗
nbne W

+2/3
ncne W

+2/3∗
ndnf

)
+i
(
Y

(3)
23 δc1c2δc3c4 + Y

′(3)
23 δc1c4δc2c3

)
(
W

+2/3
na1 W

+2/3∗
nb1

W
+2/3
nc3 W

+2/3∗
nd3

+W
+2/3
na3 W

+2/3∗
nb3

W
+2/3
nc1 W

+2/3∗
nd1

)
+i
(
Y

(3)
23 δc1c4δc2c3 + Y

′(3)
23 δc1c2δc3c4

)
(
W

+2/3
na1 W

+2/3∗
nb3

W
+2/3
nc3 W

+2/3∗
nd1

+W
+2/3
na3 W

+2/3∗
nb1

W
+2/3
nc1 W

+2/3∗
nd3

)
(more of this diagram on next page)
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Quartic Interactions

Diagram Feynman Rule

(more of this diagram on previous page)

−i
(
Y

(3)

2̃3
δc1c2δc3c4 + Y

′(3)

2̃3
δc1c4δc2c3

)
(
W

+2/3
na2 W

+2/3∗
nb2

W
+2/3
nc3 W

+2/3∗
nd3

+W
+2/3
na3 W

+2/3∗
nb3

W
+2/3
nc2 W

+2/3∗
nd2

)
−i
(
Y

(3)

2̃3
δc1c4δc2c3 + Y

′(3)

2̃3
δc1c2δc3c4

)
(
W

+2/3
na2 W

+2/3∗
nb3

W
+2/3
nc2 W

+2/3∗
nd3

+W
+2/3
na3 W

+2/3∗
nb2

W
+2/3
nc2 W

+2/3∗
nd3

)
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Quartic Interactions

Diagram Feynman Rule

+i
∑

e∈{1̃,3}
(
Y

(1)
e (δc1c2δc3c4 + δc1c4δc2c3)

)
W
−4/3
nane W

−4/3∗
nbne W

−4/3
ncne W

−4/3∗
ndne

+iY
(3)

3 (δc1c2δc3c4 + δc1c4δc2c3)

W
−4/3
nane W

−4/3∗
nbne W

−4/3
ncne W

−4/3∗
ndne

+i
(
Y

(1)

1̃3
δc1c2δc3c4 + Y

′(1)

1̃3
δc1c4δc2c3

)
(
W
−4/3
na1 W

−4/3∗
nb1

W
−4/3
nc2 W

−4/3∗
nd2

+W
−4/3
na2 W

−4/3∗
nb2

W
−4/3
nc1 W

−4/3∗
nd1

)
+i
(
Y

(1)

1̃3
δc1c4δc2c3 + Y

′(1)

1̃3
δc1c2δc3c4

)
(
W
−4/3
na1 W

−4/3∗
nb2

W
−4/3
nc2 W

−4/3∗
nd1

+W
−4/3
na2 W

−4/3∗
nb1

W
−4/3
nc1 W

−4/3∗
nd2

)
+i
(
Y1̃1̃33 δc1c2δc3c4 + Y ′

1̃1̃33
δc1c4δc2c3

)(
W
−4/3
na1 W

−4/3∗
nb1

W
−4/3
nc2 W

−4/3∗
nd2

+W
−4/3
na2 W

−4/3∗
nb2

W
−4/3
nc1 W

−4/3∗
nd1

)
+i
(
Y1̃1̃33 δc1c4δc2c3 + Y ′

1̃1̃33
δc1c2δc3c4

)(
W
−4/3
na1 W

−4/3∗
nb2

W
−4/3
nc2 W

−4/3∗
nd1

+W
−4/3
na2 W

−4/3∗
nb1

W
−4/3
nc1 W

−4/3∗
nd2

)
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Quartic Interactions

Diagram Feynman Rule

+i
(
Y

(1)
2 + Y

(3)
2

)
(δc1c2δc3c4 + δc1c4δc2c3)

Quartic Interactions

Diagram Feynman Rule

+i
(
Y

(3)

22̃
δc1c2δc3c4 + Y

′(3)

22̃
δc1c4δc2c3

)
W

+2/3∗
na1 W

−1/3
nb2

W
+2/3∗
nc2

+i
(
Y

(3)

22̃
δc1c4δc2c3 + Y

′(3)

22̃
δc1c2δc3c4

)
W

+2/3∗
na2 W

−1/3
nb2

W
+2/3∗
nc1

+
√

2i
(
Y

(3)
23 δc1c2δc3c4 + Y

′(3)
23 δc1c4δc2c3

)
W

+2/3∗
na3 W

−1/3
nb3

W
+2/3∗
nc1

+
√

2i
(
Y

(3)
23 δc1c4δc2c3 + Y

′(3)
23 δc1c2δc3c4

)
W

+2/3∗
na1 W

−1/3
nb3

W
+2/3∗
nc3

+
√

2i (Y1223 δc1c4δc2c3 + Y ′1223 δc1c2δc3c4)

W
+2/3∗
na3 W

−1/3
nb1

W
+2/3∗
nc1

+
√

2i (Y1223 δc1c2δc3c4 + Y ′1223 δc1c4δc2c3)

W
+2/3∗
na1 W

−1/3
nb1

W
+2/3∗
nc3
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Quartic Interactions

Diagram Feynman Rule

−
√

2i
(
Y

(3)
23 δc1c2δc3c4 + Y

′(3)
23 δc1c4δc2c3

)
W
−4/3∗
na2 W

−1/3
nb3

W
+2/3
nc1

+
√

2i (Y1223 δc1c4δc2c3 + Y ′1223 δc1c2δc3c4)

W
−4/3∗
na2 W

−1/3
nb1

W
+2/3
nc1

+i
(
Y11̃2̃2 δc1c2δc3c4 + Y ′

11̃2̃2
δc1c4δc2c3

)
W
−4/3∗
na1 W

−1/3
nb1

W
+2/3
nc2

+i
(
Y ∗

1̃2̃23
δc1c4δc2c3 + Y ′∗

1̃2̃23
δc1c2δc3c4

)
W
−4/3∗
na1 W

−1/3
nb3

W
+2/3
nc2

+
√

2i
(
Y ∗

1̃2̃23
δc1c2δc3c4 + Y ′∗

1̃2̃23
δc1c4δc2c3

)
W
−4/3∗
na1 W

−1/3
nb2

W
+2/3
nc3
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Quartic Interactions

Diagram Feynman Rule

+iY
(5)

3 (δc1c2δc3c4 + δc1c4δc2c3)

W
−4/3∗
na2 W

−1/3
nb3

W
+2/3∗
nc3 W

−1/3
nd3

−
√

2i
(
Y

(3)

2̃3
δc1c2δc3c4 + Y

′(3)

2̃3
δc1c4δc2c3

)
W
−4/3∗
na2 W

−1/3
nb3

W
+2/3∗
nc2 W

−1/3
nd2

−
√

2i
(
Y

(3)

2̃3
δc1c4δc2c3 + Y

′(3)

2̃3
δc1c2δc3c4

)
W
−4/3∗
na2 W

−1/3
nb2

W
+2/3∗
nc2 W

−1/3
nd3

+
√

2i
(
Y12̃2̃3 δc1c4δc2c3 + Y ′

12̃2̃3
δc1c2δc3c4

)
W
−4/3∗
na2 W

−1/3
nb1

W
+2/3∗
nc2 W

−1/3
nd2

+
√

2i
(
Y12̃2̃3 δc1c2δc3c4 + Y ′

12̃2̃3
δc1c4δc2c3

)
W
−4/3∗
na2 W

−1/3
nb2

W
+2/3∗
nc2 W

−1/3
nd1

+i
(
Y11̃2̃2 δc1c2δc3c4 + Y ′

11̃2̃2
δc1c4δc2c3

)
W
−4/3∗
na1 W

−1/3
nb1

W
+2/3∗
nc1 W

−1/3
nd2

+i
(
Y11̃2̃2 δc1c4δc2c3 + Y ′

11̃2̃2
δc1c2δc3c4

)
W
−4/3∗
na1 W

−1/3
nb2

W
+2/3∗
nc1 W

−1/3
nd1

−i
(
Y ∗

1̃2̃23
δc1c4δc2c3 + Y ′∗

1̃2̃23
δc1c2δc3c4

)
W
−4/3∗
na1 W

−1/3
nb3

W
+2/3∗
nc1 W

−1/3
nd2

−i
(
Y ∗

1̃2̃23
δc1c2δc3c4 + Y ′∗

1̃2̃23
δc1c4δc2c3

)
W
−4/3∗
na1 W

−1/3
nb2

W
+2/3∗
nc1 W

−1/3
nd3

(more of this diagram on next page)
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Quartic Interactions

Diagram Feynman Rule

(more of this diagram on previous page)

+iY1313 (δc1c2δc3c4 + δc1c4δc2c3)

W
−4/3∗
na2 W

−1/3
nb1

W
+2/3∗
nc3 W

−1/3
nd1

+iY1333 (δc1c2δc3c4 − δc1c4δc2c3)
W
−4/3∗
na2 W

−1/3
nb1

W
+2/3∗
nc3 W

−1/3
nd3

−iY1333 (δc1c2δc3c4 − δc1c4δc2c3)
W
−4/3∗
na2 W

−1/3
nb3

W
+2/3∗
nc3 W

−1/3
nd1
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7. Conclusions

In this article we provided the complete scalar LQ Lagrangian, including
all interactions with SM fermions, gauge bosons and the Higgs. After EW
symmetry breaking the mass terms of the Lagrangian are diagonalized, lead-
ing to mixing among different LQ representations. We present all Feynman
rules, including for the first time the LQ-LQ-LQ(-Higgs) and LQ-LQ-LQ-LQ
interactions. On the computational side, we provided a FeynRules model
file containing the complete scalar LQ Lagrangian, as well as a Mathematica
notebook to access it. The export to MadGraph and FeynArts is possible
and the corresponding files are provided, rendering this a powerful tool for
the automatization of studies of scalar LQ phenomenology.
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Appendix A. Charge-Conjugate SM Fermions

Appendix A.1. Treatment of Charge-Conjugate SM Fermions

Our treatment of interactions involving charge-conjugate SM fermions is
based on the method of Ref. [181]. It uses the properties of the charge-
conjugation matrix C (introduced in Eq. (44)) [181, 182]

C† = C−1 ,

Cᵀ = −C ,
CΓᵀ

iC
−1 = ηiΓi ≡ Γ′i ,

(A.1)

with Γi = 1, iγ5, γµ, γµγ5, σµν and

ηi =

{
+1, for Γi = 1, iγ5, γµγ5

−1, for Γi = γµ, σµν
(A.2)

to derive two equivalent sets of Feynman rules for internal propagators, ex-
ternal lines and vertices involving (anti-)fermions. The first set corresponds
to the expressions ψ̄1Γiψ2 that appear in the Lagrangian, the second set to
their charge-conjugate analogues ψ̄c2Γ′iψ

c
1. The two are equivalent

ψ̄1Γiψ2 = ψ̄c2Γ′iψ
c
1 . (A.3)

This double allocation allows for an intuitive treatment of interactions in-
volving charge-conjugate fermion fields. While the underlying principle is
the same, our notation differs from Ref. [181]. We use two types of arrows
on the fermion lines (black and white ones) instead of additional arrows
next to them. This avoids potential confusion with momentum arrows as
well as having clashing fermion arrows. We proceed by stating the recipe
for calculating Feynman amplitudes for processes involving charge-conjugate
fermions, which we demonstrate using an example. The Feynman rules for
diagrams featuring charge-conjugate SM fermions only are given in Appendix
A.2.
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Prescription for the Evaluation of Feynman diagrams

The amplitudes for specific processes are determined according to the
following prescription:

• Draw all Feynman diagrams for a given process. Two fermion lines
with clashing arrows (i.e. one line ending in a fermion and the other in
its charge-conjugate) may be connected by inverting the direction and
the colors of the arrows for one of the two lines. It does not matter
which of the two lines are inverted.

• For each internal propagator, external line and vertex write down the
appropriate analytic expressions proceeding opposite to the fermion
flow. The Feynman rules for normal fermions (black arrows) are given
in Sec. 5, the rules for charge-conjugated fermions (white arrows) in
Appendix A.2 and the rules involving both in Sec. 6.3.

• Multiply by a factor (−1) for every closed loop.

• Multiply by the permutation parity of the spinors in the obtained an-
alytical expression with respect to some reference order.

The evaluation of the bosonic parts of a diagram proceed as usual.

Example

In order to exemplify our Feynman rules, we calculate the Feynman am-
plitude for the process eνµ → Φ

−1/3
1 Φ

−2/3
2 with an up quark t-channel contri-

bution. A similar example is given in Sec. 4 of Ref. [181], which allows for
a direct comparison of our notation to theirs. For simplicity, we neglect the
mixing among the LQs and take the SM fermions to be massless.

The Feynman diagram is shown in Fig. A.1. Fig. A.1a shows two parts of
the diagram with clashing fermion line arrows for the up quark. In order to
combine the two parts, the fermion arrows of one of them have to be inverted.
In Fig. A.1b, the arrows of the upper part are inverted, in Fig. A.1c the ones
of the lower part. In the following, we will derive the analytic expressions for
both of them, showing their equivalence. Choosing the reference order (1, 2)
for the external states, the Feynman amplitude for the diagram in Fig. A.1b
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a b c

Figure A.1: Feynman diagrams for the process eνµ → Φ
−1/3
1 Φ

−2/3
2 involving a t-channel

up quark. The up quark fermion lines with clashing arrows shown in the diagram on the
left can be combined by inverting the fermion arrows (color and direction) of one of the
two subdiagrams. This yields the two equivalent diagrams on the right.

reads

iM = v̄(s1)(~p1)
(
+iY LL

1,11PL + iY RR
1,11PR

) −i/q
q2 + iε

(
−iY RL

2,12PL

)
u(s2)(~p2)

= −i
Y RR

1,11Y
RL

2,12

q2 + iε
v̄(s1)(~p1) /qPL u

(s2)(~p2) .

(A.4)

The amplitude for the diagram in Fig. A.1c is

iM′ = (−1)v̄(s2)(~p2)
(
−iY RL

2,12PL

) i/q

q2 + iε

(
+iY LL

1,11PL + iY RR
1,11PR

)
u(s1)(~p1)

= −i
Y RR

1,11Y
RL

2,12

q2 + iε
v̄(s2)(~p2) /qPR u(s1)(~p1) ,

(A.5)
where the factor (−1) is added since the order of the external states is now
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reversed. The two amplitudes are equivalent, since

iM∝ v̄(s1)(~p1) /qPL u
(s2)(~p2) = qµv̄

(s1)(~p1)
γµ − γµγ5

2
u(s2)(~p2)

= qµu
(s2)(~p2)ᵀ

γµᵀ − (γµγ5)
ᵀ

2
v̄(s1)(~p1)ᵀ

= qµu
(s2)(~p2)ᵀ C−1−γµ − γµγ5

2
C v̄(s1)(~p1)ᵀ

= qµv̄
(s2)(~p2)

γµ + γµγ5

2
u(s1)(~p1) = v̄(s2)(~p2) /qPR u(s1)(~p1) ∝ iM′ ,

(A.6)
where we have used Eq. (A.1) and

u(s)(~p) = Cv̄(s)(~p)ᵀ ,

v(s)(~p) = Cū(s)(~p)ᵀ
(A.7)

for spinors u, v, which can be derived from Eq. (44). This equivalence is true
for all Feynman diagrams involving charge-conjugate fermions, as argued in
Ref. [181].
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Appendix A.2. Charge-Conjugate SM Fermion Feynman Rules

External Fields

The Feynman rules for the external charge-conjugate fermions are listed
in this section. See Ref. [181] for details.

External Fermions

Diagram Feynman Rule

u(s)(~p)

ū(s)(~p)

v̄(s)(~p)

v(s)(~p)
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Propagators

The propagators for the charge-conjugate SM fermions are given below.
The fermion masses m`i ,mui ,mdi are defined in Eq. (18).

Fermion Propagators

Diagram Feynman Rule

i
(
/p+m`i

)
p2 −m2

`i
+ iε

i/p

p2 + iε

i
(
/p+mui

)
p2 −m2

ui
+ iε

i
(
/p+mdi

)
p2 −m2

di
+ iε
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Interactions with SM Gauge Bosons

The Feynman rules for charge-conjugate SM fermion fields interacting
with SM gauge fields are given below.

Interactions with Photons

Diagrams Feynman Rules

+ ieδijγ
µ

− 2i

3
eδijγ

µ

+
i

3
eδijγ

µ
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Interactions with Z Bosons

Diagrams Feynman Rules

− i

2

e

swcw
δijγ

µ PR

+ i
e

swcw
δijγ

µ

(
+

1

2
− s2

w

)
PR

− iesw
cw
δijγ

µ PL

+ i
e

swcw
δijγ

µ

(
−1

2
+

2

3
s2
w

)
PR

+
2i

3
e
sw
cw
δijγ

µ PL

+ i
e

swcw
δijγ

µ

(
+

1

2
− 1

3
s2
w

)
PR

− i

3
e
sw
cw
δijγ

µ PL
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Interactions with W Bosons

Diagrams Feynman Rules

− i√
2

e

sw
δijγ

µ PR

− i√
2

e

sw
Vjiγ

µ PR

Interactions with Gluons

Diagrams Feynman Rules

− igsδijT
α
c2c1

γµ

− igsδijT
α
c2c1

γµ
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Interactions with the Higgs Field

The Feynman rules for charge-conjugate SM fermion fields interacting
with Higgs field are given below.

Interactions with Higgs Field

Diagrams Feynman Rules

− i
m`i

v
δij

− i
mui

v
δij

− i
mdi

v
δij
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Interactions with the Goldstone Bosons

The Feynman rules for charge-conjugate SM fermion fields interacting
with SM Goldstone bosons are given below.

Interactions with Goldstone Bosons

Diagrams Feynman Rules

+
m`i

v
γ5δij

−mui

v
γ5δij

+
mdi

v
γ5δij
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Interactions with Goldstone Bosons

Diagrams Feynman Rules

−
√

2

v
m`iδij PR

+

√
2

v
Vji (muiPL −mdiPR)
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Interactions with LQs

The Feynman rules for LQ interactions with the charge-conjugate SM
fermions are given below.

Charge 1/3

Diagram Feynman Rule

− iY RL
2̃,ji

W
−1/3∗
na2 PL

Charge 2/3

Diagram Feynman Rule

+ iV ∗kjY
LR

2,ki W
+2/3∗
na1 PR

+ iY RL
2̃,ji

W
+2/3∗
na2 PL

− iY RL
2,ji W

+2/3∗
na1 PL
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Charge 5/3

Diagram Feynman Rule

+ iY LR
2,ji PR

+ i Y RL
2,ji PL
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[88] A. Angelescu, D. Bečirević, D. A. Faroughy, O. Sumensari, Clos-
ing the window on single leptoquark solutions to the B-physics
anomalies, JHEP 10 (2018) 183. arXiv:1808.08179, doi:10.1007/

JHEP10(2018)183.

[89] T. J. Kim, P. Ko, J. Li, J. Park, P. Wu, Correlation between RD(∗) and
top quark FCNC decays in leptoquark models, JHEP 07 (2019) 025.
arXiv:1812.08484, doi:10.1007/JHEP07(2019)025.

[90] U. Aydemir, T. Mandal, S. Mitra, Addressing the RD(∗) anomalies
with an S1 leptoquark from SO(10) grand unification, Phys. Rev. D
101 (1) (2020) 015011. arXiv:1902.08108, doi:10.1103/PhysRevD.
101.015011.

[91] A. Crivellin, F. Saturnino, Correlating tauonic B decays with the neu-
tron electric dipole moment via a scalar leptoquark, Phys. Rev. D
100 (11) (2019) 115014. arXiv:1905.08257, doi:10.1103/PhysRevD.
100.115014.

[92] H. Yan, Y.-D. Yang, X.-B. Yuan, Phenomenology of b → cτ ν̄ decays
in a scalar leptoquark model, Chin. Phys. C 43 (8) (2019) 083105.
arXiv:1905.01795, doi:10.1088/1674-1137/43/8/083105.

[93] A. Crivellin, D. Müller, T. Ota, Simultaneous explanation of R(D(∗))
and b→ sµ+µ−: the last scalar leptoquarks standing, JHEP 09 (2017)
040. arXiv:1703.09226, doi:10.1007/JHEP09(2017)040.

128

http://arxiv.org/abs/1811.03561
https://doi.org/10.1103/PhysRevD.99.055028
https://doi.org/10.1103/PhysRevD.99.055028
http://arxiv.org/abs/1805.03209
https://doi.org/10.1007/JHEP11(2018)187
https://doi.org/10.1007/JHEP11(2018)187
http://arxiv.org/abs/1801.00917
http://arxiv.org/abs/1801.00917
https://doi.org/10.1016/j.nuclphysb.2018.07.011
http://arxiv.org/abs/1808.08179
https://doi.org/10.1007/JHEP10(2018)183
https://doi.org/10.1007/JHEP10(2018)183
http://arxiv.org/abs/1812.08484
https://doi.org/10.1007/JHEP07(2019)025
http://arxiv.org/abs/1902.08108
https://doi.org/10.1103/PhysRevD.101.015011
https://doi.org/10.1103/PhysRevD.101.015011
http://arxiv.org/abs/1905.08257
https://doi.org/10.1103/PhysRevD.100.115014
https://doi.org/10.1103/PhysRevD.100.115014
http://arxiv.org/abs/1905.01795
https://doi.org/10.1088/1674-1137/43/8/083105
http://arxiv.org/abs/1703.09226
https://doi.org/10.1007/JHEP09(2017)040


[94] D. Marzocca, Addressing the B-physics anomalies in a fundamental
Composite Higgs Model, JHEP 07 (2018) 121. arXiv:1803.10972,
doi:10.1007/JHEP07(2018)121.

[95] I. Bigaran, J. Gargalionis, R. R. Volkas, A near-minimal leptoquark
model for reconciling flavour anomalies and generating radiative neu-
trino masses, JHEP 10 (2019) 106. arXiv:1906.01870, doi:10.1007/
JHEP10(2019)106.

[96] P. S. Bhupal Dev, R. Mohanta, S. Patra, S. Sahoo, Unified explana-
tion of flavor anomalies, radiative neutrino masses, and ANITA anoma-
lous events in a vector leptoquark model, Phys. Rev. D 102 (9) (2020)
095012. arXiv:2004.09464, doi:10.1103/PhysRevD.102.095012.

[97] W. Altmannshofer, P. S. B. Dev, A. Soni, Y. Sui, Addressing RD(∗) ,
RK(∗) , muon g− 2 and ANITA anomalies in a minimal R-parity violat-
ing supersymmetric framework, Phys. Rev. D 102 (1) (2020) 015031.
arXiv:2002.12910, doi:10.1103/PhysRevD.102.015031.

[98] J. Fuentes-Mart́ın, P. Stangl, Third-family quark-lepton unification
with a fundamental composite Higgs, Phys. Lett. B 811 (2020) 135953.
arXiv:2004.11376, doi:10.1016/j.physletb.2020.135953.

[99] A. Djouadi, T. Kohler, M. Spira, J. Tutas, (e b), (e t) TYPE LEP-
TOQUARKS AT e p COLLIDERS, Z. Phys. C 46 (1990) 679–686.
doi:10.1007/BF01560270.

[100] D. Chakraverty, D. Choudhury, A. Datta, A Nonsupersymmetric
resolution of the anomalous muon magnetic moment, Phys. Lett.
B 506 (2001) 103–108. arXiv:hep-ph/0102180, doi:10.1016/

S0370-2693(01)00419-1.

[101] K.-m. Cheung, Muon anomalous magnetic moment and leptoquark
solutions, Phys. Rev. D 64 (2001) 033001. arXiv:hep-ph/0102238,
doi:10.1103/PhysRevD.64.033001.

[102] C. Biggio, M. Bordone, L. Di Luzio, G. Ridolfi, Massive vectors and
loop observables: the g − 2 case, JHEP 10 (2016) 002. arXiv:1607.

07621, doi:10.1007/JHEP10(2016)002.

129

http://arxiv.org/abs/1803.10972
https://doi.org/10.1007/JHEP07(2018)121
http://arxiv.org/abs/1906.01870
https://doi.org/10.1007/JHEP10(2019)106
https://doi.org/10.1007/JHEP10(2019)106
http://arxiv.org/abs/2004.09464
https://doi.org/10.1103/PhysRevD.102.095012
http://arxiv.org/abs/2002.12910
https://doi.org/10.1103/PhysRevD.102.015031
http://arxiv.org/abs/2004.11376
https://doi.org/10.1016/j.physletb.2020.135953
https://doi.org/10.1007/BF01560270
http://arxiv.org/abs/hep-ph/0102180
https://doi.org/10.1016/S0370-2693(01)00419-1
https://doi.org/10.1016/S0370-2693(01)00419-1
http://arxiv.org/abs/hep-ph/0102238
https://doi.org/10.1103/PhysRevD.64.033001
http://arxiv.org/abs/1607.07621
http://arxiv.org/abs/1607.07621
https://doi.org/10.1007/JHEP10(2016)002


[103] S. Davidson, D. C. Bailey, B. A. Campbell, Model independent con-
straints on leptoquarks from rare processes, Z. Phys. C 61 (1994) 613–
644. arXiv:hep-ph/9309310, doi:10.1007/BF01552629.

[104] G. Couture, H. Konig, Bounds on second generation scalar leptoquarks
from the anomalous magnetic moment of the muon, Phys. Rev. D
53 (1996) 555–557. arXiv:hep-ph/9507263, doi:10.1103/PhysRevD.
53.555.

[105] U. Mahanta, Implications of BNL measurement of delta a(mu) on a
class of scalar leptoquark interactions, Eur. Phys. J. C 21 (2001) 171–
173. arXiv:hep-ph/0102176, doi:10.1007/s100520100705.

[106] F. S. Queiroz, K. Sinha, A. Strumia, Leptoquarks, Dark Matter, and
Anomalous LHC Events, Phys. Rev. D 91 (3) (2015) 035006. arXiv:

1409.6301, doi:10.1103/PhysRevD.91.035006.

[107] E. Coluccio Leskow, G. D’Ambrosio, A. Crivellin, D. Müller, (g− 2)µ,
lepton flavor violation, and Z decays with leptoquarks: Correlations
and future prospects, Phys. Rev. D 95 (5) (2017) 055018. arXiv:

1612.06858, doi:10.1103/PhysRevD.95.055018.

[108] C.-H. Chen, T. Nomura, H. Okada, Excesses of muon g − 2, RD(∗) ,
and RK in a leptoquark model, Phys. Lett. B 774 (2017) 456–464.
arXiv:1703.03251, doi:10.1016/j.physletb.2017.10.005.

[109] D. Das, C. Hati, G. Kumar, N. Mahajan, Towards a unified explana-
tion of RD(∗) , RK and (g − 2)µ anomalies in a left-right model with
leptoquarks, Phys. Rev. D 94 (2016) 055034. arXiv:1605.06313,
doi:10.1103/PhysRevD.94.055034.

[110] A. Crivellin, M. Hoferichter, P. Schmidt-Wellenburg, Combined expla-
nations of (g − 2)µ,e and implications for a large muon EDM, Phys.
Rev. D 98 (11) (2018) 113002. arXiv:1807.11484, doi:10.1103/

PhysRevD.98.113002.

[111] K. Kowalska, E. M. Sessolo, Y. Yamamoto, Constraints on charmphilic
solutions to the muon g-2 with leptoquarks, Phys. Rev. D 99 (5) (2019)
055007. arXiv:1812.06851, doi:10.1103/PhysRevD.99.055007.

130

http://arxiv.org/abs/hep-ph/9309310
https://doi.org/10.1007/BF01552629
http://arxiv.org/abs/hep-ph/9507263
https://doi.org/10.1103/PhysRevD.53.555
https://doi.org/10.1103/PhysRevD.53.555
http://arxiv.org/abs/hep-ph/0102176
https://doi.org/10.1007/s100520100705
http://arxiv.org/abs/1409.6301
http://arxiv.org/abs/1409.6301
https://doi.org/10.1103/PhysRevD.91.035006
http://arxiv.org/abs/1612.06858
http://arxiv.org/abs/1612.06858
https://doi.org/10.1103/PhysRevD.95.055018
http://arxiv.org/abs/1703.03251
https://doi.org/10.1016/j.physletb.2017.10.005
http://arxiv.org/abs/1605.06313
https://doi.org/10.1103/PhysRevD.94.055034
http://arxiv.org/abs/1807.11484
https://doi.org/10.1103/PhysRevD.98.113002
https://doi.org/10.1103/PhysRevD.98.113002
http://arxiv.org/abs/1812.06851
https://doi.org/10.1103/PhysRevD.99.055007
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