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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¢T¢~ 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
by, P;, Py, 5 and P3 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.
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PROGRAM SUMMARY

Program Title: SLQrules

CPC Library link to program files: https://doi.org/10.17632/s£8s89rhmv. 1
Developer’s repository link: https://gitlab.com/lucschnell/SLQrules
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.

References

[1] Dorsner, Ilja, and Admir Greljo. ”Leptoquark toolbox for precision collider
studies.” Journal of High Energy Physics 2018.5 (2018): 1-21.

[2] Alloul, Adam, et al. "FeynRules 2.0—A complete toolbox for tree-level phe-
nomenology.” Computer Physics Communications 185.8 (2014): 2250-2300.

[3] Hahn, Thomas. ” Generating Feynman diagrams and amplitudes with FeynArts
3.” Computer Physics Communications 140.3 (2001): 418-431.

[4] Alwall, Johan, et al. ”The automated computation of tree-level and next-to-
leading order differential cross sections, and their matching to parton shower
simulations.” Journal of High Energy Physics 2014.7 (2014): 79.



Contents

1

2

Introduction 5
SM Lagrangian 6
LQ Lagrangian 11
3.1 LQ Masses and Higgs Interactions (Logp) . . . . . . . . . . . . 12
3.2 Kinetic Terms and Interactions with SM Gauge Bosons (Ly,) 16
3.3 Interactions with SM Fermions (L¢) . . . . . . . ... .. ... 19
3.4 Triple LQ Interactions (L3¢) - . .« . . o o o oo oo 20
3.5 Quartic LQ Interactions (L4o) - . . . . . . . ..o 21
Methods 24
4.1 GitLab Project . . . . ... ... 24
4.1.1 Mathematica Notebook . . . . . . . .. .. ... .... 24
4.1.2 Model Files . . . . . ... ... ... ... 25
SM Feynman Rules 28
5.1 External Fields . . . .. ... ... ... ... ... ... . 28
5.2 Propagators . . . . . . ... Lo 30
5.3 SM Fermions . . . . .. ... .. ... ... 33
54 SM Gauge Bosons . . . . . . . ... ... 36
5.5 Higgs Interactions . . . . . . . . .. .. .. 0. 40
5.6 Goldstone Interactions . . . . . .. ... ... ... 43
Scalar LQ Feynman Rules 51
6.1 External Fields . . . .. ... ... ... ... ... ..., . 51
6.2 Propagators . . . . . . ... o1
6.3 Interactions with SM Fermions . . . . .. ... .. ... ... 52
6.3.1 Charge 1/3 . . .. ... ... ... .. 52
6.3.2 Charge2/3 . ... ... ... ... 53
6.3.3 Charge4/3 . . .. ... ... 55
6.3.4 Chargeb/3 . . .. ... ... 55
6.4 Interactions with SM Gauge Bosons . . . . . . . ... ... .. 56
6.4.1 Charge1/3 . . .. ... ... ... .. 56
6.4.2 Charge2/3 . ... ... ... ... 60
6.4.3 Charge4/3 . . . . . .. 63
6.44 Chargeb/3 . . . . ... ... 66



6.4.5 Charge1/3and2/3. ... ... ... ... .. ..... 69

6.4.6 Chargel/3and4/3. ... ... ... .. ... ..... 70
6.4.7 Charge2/3and4/3. ... .. ... ... . ... .. 71
6.4.8 Charge2/3and 5/3. ... .. ... ... ... ..... 71

6.5 Higgs Interactions . . . . . . . ... ... 73
6.5.1 Charge 1/3 . . .. ... ... 73
6.5.2 Charge2/3 . ... ... ... ... ... .. ... 74
6.5.3 Charge4/3 . ... . ... ... ... .. 74
6.5.4 Charge5/3 . . . . ... 75

6.6 Goldstone Interactions . . . . . .. ... ... ... ... .. 76
6.6.1 Charge 1/3 . . .. .. ... 76
6.6.2 Charge2/3 . . ... ... ... ... ... ... 7
6.6.3 Charge4/3 . ... ... ... ... .. 78
6.6.4 Chargeb/3 . . . . .. ... 79
6.6.5 Chargel1/3and2/3. ... ... ... ... ....... 80
6.6.6 Chargel/3and4/3. ... .. ... ... ... ..... 81
6.6.7 Charge 1/3and 5/3. . . . ... ... ... ... ... 82
6.6.8 Charge2/3and4/3. ... ... ... ... ... .. 82
6.6.9 Charge2/3and5/3. ... ... .. ... . ....... 83

6.7 LQ Triple Interactions . . . . . . ... .. ... ... ..... 84
6.8 LQ Quartic Interactions . . . . ... ... ... ... ... .. 89
7 Conclusions 99
Appendix A  Charge-Conjugate SM Fermions 100

Appendix A.1 Treatment of Charge-Conjugate SM Fermions . . 100
Appendix A.2 Charge-Conjugate SM Fermion Feynman Rules . 104



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¢T¢~ observables [12-18] and the muon anomalous magnetic moment
a, [19, 20] deviate from their SM predictions by > 30 [21-25], > 50 [26-33]
and > 4.20 [34], respectively. Recently, the authors of Ref. [35] unveiled a
further ~ 40 tension with the SM prediction in the forward-backward asym-
metry of B — D*(v. 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 a, [59, 60, 62, 68, 76, 79,
82, 93, 98-117], making them prime NP candidates. Also the deviation in
the B — D*{v 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



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 L(Q) 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 LQ)s 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). x
SU(2)r, x U(1)y gauge group as

Qw4 L 4 H

SUB. |3 3 3 1 1 1
: (1)

SU2)r |2 1 1 2 1 2

Uy |43 4

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

Q=L+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) -doublet @’
and the right-handed ones correspond to the singlets «/, d’

/
Qi = (Zf’i) ;= () and d; = (di ) @)

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

L - (Z,’i) and €, = (€,) (4)



Note that right-handed neutrinos are not considered in this work. The SM
Lagrangian then takes the form

1 1 1
ESM = ——B‘W/B;w - ZWI“LWWLMV - ZGO{MVGOMW

1
+i (QPQ;) + i (LT L) + it Puj + id; P} + il DL,
+ ((D"H) D, H) + i3 (H'H) = Ay (H'H)’ (5)

- (K-? (QTH) d; + Y (LTH) £} + Y (Q?ﬁ) o + h.c.)
+ ‘Cgauge—ﬁxing .

We use brackets to indicate the SU(2), contractions and denote the transpose
of a SU(2); multiplet ® as ®T. B* W+ (with I € {1,2,3}) and G**
(with a € {1,...,8}) are the field strength tensors

B,, =0,B, - 90,B,,

Wi, =0.W, — oW, +gf " WIwr, (6)

G, = 0,Gs — 0,G5 + gf*"WIW) |

v

where B,, W, G are the gauge fields corresponding to U(1)y, SU(2)., and
SU(3)., respectively. fI7K = £ denote the structure constants of SU(2)y,
SU(3),. Y Y* Y* are the Yukawa couplings and H = ioyH', where oy is
the second Pauli matrix. In our conventions, the Pauli matrices are given by

(e () (). e

The covariant derivative is defined as
D#gﬁ = a,u(b - iQIYB,u(b - ngTIW;{¢ - igsTan{¢a (8>

with I € {1,2,3}, a € {1,...,8}. 77 = &, T, = ’\7" refer to the generators
of the fundamental SU(2)., SU(3). 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

_ZQO+
H= (v+h+isoz> : (9)
V2
7



where ¢ and ¢z are the Goldstone bosons and h the physical Higgs field with
myp, ~ 125 GeV. Expressed in terms of the couplings pg, Ag (see Eq. (5)),
the parameters v, m; read

mp = \/§MH )
s (10)
Vi

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

A,\ [ cosb, sindb, B, (11)
Zy)  \—sinb, cosb,) \W?:)’
where 0, is the Weinberg angle. The remaining two SU(2), gauge bosons
form electric charge eigenstates

v =

1 .
W, = 7 (W, FiW?) . (12)

In the following, cos ,,, sin #,, will be abbreviated as c¢,,, s,,. Instead of using
the coupling constants gy, go directly, we will state the Feynman rules using
the electric charge e. The conversion back to g1, g2 is easily carried out using

€ = Cyl1,

€ = SwG2 -

(13)

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

mAZO,
_wve

T e, (14)
_voe

mz_§swcw’

from which it becomes clear that A, corresponds to the photon. As stated
above, Y2 Y* 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



basis

v

_ w —/, !
My U _\/§Y;J u;uy
midd, = —Y¢ dd,

(Yt sl \/5 (VI (15>
ol v L gl pt
mljflﬁj = 7}/;] gzgj .
2

These can be diagonalized by rotating the fermion fields

zL_U Uj.L zR_U UjR,
zL — Ude zR - UdeJR7 <16>
zL_U£L€JL7 zR_U'ngREJR7

where UL, UUR UL IR U UR are unitary matrices, v/, d’, ¢’ the weak
eigenstates and u, d, ¢ the mass eigenstates

. The Yukawa couplings in this

new basis
}A/u = (UuL)T YuUuR :
yd = (UdL)T YdUdR7

(17)
YZ (U€L> YEUZR
are diagonal and are related to the fermion masses by

(VS )

EY = diag(mu, , Muy, M) 5
v o~

— Y = diag(m LMy, My )

NG g(may, May, Mas) (18)
v

EYE = diag<m€17 My, még) .

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

£SM

\/—8 W+ /Lfyud;L_‘_ hC

Wiy U)ot b )

Vki




Without loss of generality, we can therefore assume that the relations between
the weak eigenstates u/,d’, ',/ and the mass eigenstates u,d, ¢, v take the
form

/
W =i,  Up=UR,
!
r=Vidjr, digp=dig,
/ (20)
— g / — f
i, L — Yi,L > iR — Y,R>
/
Vi, = Vi,L,

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 1y, 7z, ns, N = 1 and
7,Ms,Ne, i = —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 A,, Z,, Wj,Gl‘j and their corresponding ghost fields c4, cz, ey, cge,
to the Lagrangian

1 1
»Cgauge—ﬁxing = _5 (8HAM)2 - 5 (aMZu - mZ(PZ>2

— (O"W, +imwe™) ("W, —imp ™)
(0"c)”

_ a(éFmﬁ—) _ 8(5FW+>
Z (Cw+ aC(B + Cw— 8043 (21>

_ 0(0Fy) L 8(5FA)>CB

Cz CA
8aB 8aB

6FGa
+ CGa .
;1 Oags o

er—t

_|_
Be{A,Z,W+}

The explicit expressions for 0 Fyy+,0Fz,0F4,0Fga are given in Ref. [169].

10



3. LQ Lagrangian

The five possible scalar L() representations &, @7, &y, $5, 3 transform
under the SU(3). x SU(2), x U(1)y gauge group as [5]

| &1, By Dy Dy Py

SU3).| 3 3 3 3 3

22
SU(2,| 1 1 2 2 3 (22)
Uy | =3 -3 & & —3

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

1/3 4/3 (I)2+5/3
(bl:(q)l >7q)i:< i >7q)2: q)+2/3 ;
2
2/3 1/3 2/3 (23)
o o7 20y
©; = 2—1/3 , 003 = i —4/3 —31/3
O, V20,7 — 0,
We decompose the scalar LQ Lagrangian as
LM = Lo + Liin + Ls+ L3o + Las (24)

where Lo contains the LQ masses and the LQ-LQ-Higgs(-Higgs) couplings,
Lyin the kinetic terms and the couplings to the SM gauge bosons, L¢ the
couplings to the SM fermions, L3¢ the LQ-LQ-LQ(-Higgs) couplings and
finally L4 the LQ-LQ-LQ-LQ interaction terms. The individual parts of the
Lagrangians are discussed in more detail below.

11



3.1. LQ Masses and Higgs Interactions (Lag)

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

3 2
Lop=—Y (m2+Y,(H'H))(®,) Z (m2+Ys (H'H) ) (®L®;)
a=1 =1
— Yoo (HTioy®,) (HTio®,) — YQQ(H i0y®;) " (HTio,®)
— Ve (HioH) @) 0F
[ A (BLH) By + Agy (B (0 - D) H) + Yo (DY H) (HTios )

+ Yig(HTio (0 - ®3)T H) By + Yag(H' (0 - ®5) H) D] + h.c.} .
(25)
The color indices are omitted since they just involve trivial contractions.
For example, the term with Y3, in Eq. (25) would be —Ya (HTZ'UQCI)ZCI)T
(HTioy®y.,) in full notation. We use the convention that couplings with
mass dimension one (zero) are denoted by A (V).

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

(1)1—1/3 @;2/3
d-1/3 = (1)51/3 o = q);z/z 7
@;1/3 @;2/3 (26)
-4/3
P43 = i P+i/3 = <q)+5/3> .
q)—4/3 ’ 2
3

After spontaneous symmetry breaking, non-diagonal mass matrices M9 in

Lop D — ) OGP (27)
q€Q

12



are generated with Q = {—%,—% % +2 } and [142, 171, 172]

’U2 v * ’U2
mit g AL 5V
-1/3 — v ’U2 v
M = 751412 mg +5Y5 ﬁAis )
U2 * v * ’U2
7Yl3 fA23 m% + ?YE”
m} + LY, ”—Yzé 0
2/3 2y *
M2 = SYE o omi+ g (Y + Y33) _'UA§3 , (28)
0 —vA3, m3 + (Yg + Y33)
2 + 'UQY Y*
M43 — mi T oIy T i3
U2
UV, omi+ 5 (Vs — Vi)
2
v
M+5/3 :mg—i‘?(}@—i‘Ym) .
They can be diagonalized by rotating the LQs with unitary matrices
Wit = 9 (29)

in order to arrive at the physical basis with digonal mass matrices. W? can

be calculated perturbatively to arbitrary order in v [142, 173]. At O(v?) one
finds

1 B v2|A21§|2 'L)A’l‘i v2(Y13mf2§+z;l A )
4(m1§)2 Zm% 2m13m1§
W*1/3 ~ —vAjs 1— v2 <|A1§ 2 |A§3‘2> vAsg
Va2, 7 \m2)7 T (w2, 2 T2, )
—v? (Vs (mis)+A1545,) vAZs 1 YAzl
2m%3m§i \/im?,i 4(m§§)2
v2Y, 5
R 0 v
W+2/3 —~ —UQYQ*Q 1Y |A23\ —vAsg W_4/3 Zm%g
2m22 2(m32)2 m§3 —v?Yi, 1 ’
0 vA2§3 1 v2|Aé3| 2171%3
M3 2(m3;)*

(30)

13



2,=m?2 —mj for a,b € {1,1,2,2,3}. The diagonal mass matrices

where m

M7 = WM (We)f (31)
then read [142]

R 2 A 2 2 As 2
M3 ~ diag | m U_ Y, — | 22| mg “ Ny +| 12| +| 223| ’
2 M3y 2 m21 M3

2 As. |2
mg—i—%(}/}, | 23|>>
Ys5

2
M+2/3Nd1ag<m2+ 2Y2,m + 3 ( + Y35+ 2 23'),

2 2A~ 2
m3+— Y3+ Ya3— | §3| :
M3q

Cr—4/3 o 1 2 v? 2 v?

M™" ~ diag m1+§Yiam3+§(Y3—Y33) ;
2

- v

M+5/3:m§—|—5(Y2+Y22),

(32)
up to order v2.
The interactions of LQs with the Higgs field h are determined by
1
Log O ;2 (@7 107) b+ % (07" 109) hhy
q 1q (33)
_ pat " aF - pat " a§
- ¥ (cbq qqﬂ) hts> <<I>q qqﬂ) hh.
qe@ q€Q
with
Ar
le fv Y’13 }/2 }/25 0
~1/3 Ays As, 2/3 . )
/ = — E YQ \[_2;5) , + / ) }/2é }/2 + }/22 ﬂ R
Az .
iy A Y 0~ Yy Yy

14



—4/3 _ _,, Yi \/§Y13 7 +5/3:—U<YQ—|—Y22>,
ﬁyig}g_}/iifi
Yi 0 Vi Yo Y o0
==l oyvo0 |, = yEvieY 0 |,
Y 0 Y 0 0 Yi+Yi
—4/3 _ _ Yi \/§Y1*3 +5/3 _ _ (Yz—i—ng>
\/§Y13Y3—Y33
(34)
and
Tg e q(Wq)T forge Q, (35)

=W q (W forge Q.

The explicit expressions for these coupling matrices up to O(v?) 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, 1,2,2, 3} to the position
in ®¢. For this we use the coefficients

nd with ¢ € {—%,—%,—l—;,%—g} and a € {1,1,2,2,3}. (36)
Explicitly, we have
ntla=1 a=1 a=2 a=2 a=3
q= —% 1 0 0 2 3
g=+%| 0 0 1 2 3
g=-3| O 1 0 0 2
g=+21 0 0 1 0 0

Whenever ¢ is clear from the context, we write ng as n, to simplify the
notation.

15



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

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)., the
I'™ generator (I € {1,2,3}) has the 3 x 3 matrix form (¢;);x = i€rx, where

€7k 1is the three-dimensional Levi-Civita tensor.
€123 — +1.

We use the convention

Ekin DN

(D@ Do,
E DHdy ) Oy + 3ng z'gs’\?‘lej .
((

2) D"%) Oy — Go1By — ig2a G W, —ig 3G

((Du%)* D“%) Ou + 501B — igat Wy, — igs % Gy,

Oy + 3ng zgs’\‘lGo‘

D, ®,)
(D, 5 z'gg%WI zgs’\D‘GO‘

6
) ' Dray) 8, - igiB

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

e s
Liin D i 1799497 | Z
w (v
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where O104d = 14D — (94DT) &, Q = {4 —1 +2 43} and

1
27— o “Lile o |, gvs_ (3% 0|
2 3 1 9 0 —1+ gSw
0 0 -
3w
1 2,
—5 - gsw 0 0 , -
723 — 0 1 _ 282 0 g+5/3 _ [ 2 22
2 3 w 2 ? 2 3 w )
00 O 00
+2/3 _ -1/3 _ +5/3
W—1/3 =101 0 ’ W_4/3 =100 y W+2/3 (1 0 0) . (39)
00-v2 02

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

N A .
Liin D +i— 3 (@qTanﬂ@q) Z
SwCuw 25

. € Pat! TWq—Hé_/Z(i)q wt (40)
+ Z; Z ( ) q
q€Q\{+3}
with
79 =WIz2 (W9 for g € Q,
(41)

5
WQ-H WQ+1WQ+1 (WQ) for qe Q\ {+§} )
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Explicitly, the matrices VA Wg“ are given by

5-1/3

Z+2/3

7—4/3

=173
wfz;/g ~

up to O(v?

2
1 2l _ vy _ gy
2
S a(m3y) 2v2m?, dmizmss
2 2
_vAs 1412 2 |Ali|2 |Aéa|2 __vAs
2 2
Wamiy 2T R T\ ()R,
2 _A* * 2 _
_ Ay, oA 1g2 _ VlAml
2
4m1§m3§ 2ﬂmsi 3w 4(m§§)
2
_1_22 VY5
2~ 3% 2m2. 0
22 2
2 2| AL
v 1;2*5 1 282 |A23|2 _vAg3
2m2i 2 37w 2(m§5> 2m§3 . )
0  vAz |22 v?| Asg
2 2
2M3s B 2(m§3)
v2Y*
35 s . 15
mi, g5/ _ [ 2 _ 22
o ’U2Yig 1 _|_ Z—LSQ 2 3 w ’
V2m?2 37w
13
v2Y,;5
22
0 o 0
2 2
vA5 1+ﬁ |A§3| B |A1é| vAs,
2 2 2 2
vami ! (mi3) (m?2) M3y
2
2
v?2 <A1§2A%3 _ *) 0 _ 2+ v ’A§3| 5
Vam3, \m 13 2v2(m3;)
2 Az, A
O v <Y’13 + 232 12)
\/im%:)) mis
As A 15/3 2y -
0 Va5 +5/ ~ _vTYe5
m§3 7W+2/3 1 2m§§ 0),
Vi, 2 v?|As|
m?2 - 2 \?2
13 Qﬂ(més)

), where again m2, = m2 — m? for a,b € {1,1,2,2,3}.

a
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3.3. Interactions with SM Fermions (Ly)

The interactions between the five scalar LQs and the SM fermions are
listed below. YAB with a € {1,1,2,2,3} and A, B € {L, R} are arbitrary
complex 3 x 3 matrices coupling LQs to a quark and a lepton. Y944 with
a € {1,1,2,@,3} and A € {L,R} couple LQs to two quarks. YlQ’LL is
symmetric in flavour space (i.e. XG%;LL = YlQNL Ly, YiQ’RR and V2" are anti-
symmetric and YlQ’RR is again an arbitrary complex matrix. We omit the
color indices whenever they just involve trivial contractions.

Ly

YRRt @] + Vi (QfTion L) @] + hec.

1,ij Lyig

(I)l YQ’LL (Q/CT Z.O'QQ, ) @1’036610203 + h.c.

1,45 %,C1 Jyc2

Q,RR —Ic ! Cc1C2C3
Y5 Ui @) e, Pres€ +h.c.

YR et ol + he.
,J J 1
Y g o) @

1,ij t,er ez T Les

(43)

€123 | h.c.

(I)Q YRL (@;’Zj;lO}Lg) -+ YLR (Q;ngq)g) -+ h.c.

2,ij 2,45
®; Y (@1djion L)) + hec.

YISLI? (Q;CTZ'JQ (o - ‘I’:a)Jr L;) + h.c.
y@LL (Q/CT ioy (0 Dy.,) ;m) €ere2es 4 ] e

3,tj i,c1

Again, we use brackets to indicate the SU(2), 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 W is denoted as V¢, where

Ve =CUT,

U= —0TC,
with C' the charge conjugation matrix. A detailed description of our treat-
ment of charge-conjugate SM fermions is given in Appendix A.

(44)
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LQ Fields (and their Y)

d b Py Dy D3 H H

1 4 7 1 _1 1 _1

3 3 6 6 3 2 2

Yio| 2 0 1 0 0 0 1
Yis| 2 0 0 1 0 1 0
iyl 1 1 1 0 0 1 0

2 Yip| 1 0 1 0 1 0 1
E Am| 1l 0 0 2 0 0 0
= Y| 1 0 0 1 1 1 0
§ Ayl 0 1 1 1 0 0 0
§ Y| 0 1 1 0 1 1 0
= Y| 0 0 1 0 2 0 1
Y3/ 0 0 0 3 0 0 1
A1 0 0 0 2 1 0 0
Yis | O 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 (L3q)

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

3R3I®R3I=106808®10

cerEe - (45)
30393=10838a10

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), part
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needs to be anti-symmetric for identical bosons as well. This is not satisfied
by Y112, Y115, Y353, As35 in Table 1. Hence, the Lagrangian is composed of the
terms

£3¢, = Alﬁé (131,01 (q);

+ Yigy Pre, @i, (BT ,i00H) + Yigs O1e, (H' (0 Pey) Doy,

2,c3

+Yisg Prey (‘I);CQ@'@ (0 P3c,) H) + Yip3 @i, (D002 (0 yey) H)
+ }/233 ([_[]L (U : (I)3,02) (U : q)?;,t:g) q)Q,cl)
Vi (@102 (0 By (0 @) H)

+h.c..

iy )+Am ;. (@]

2,c3 L1 2,6220-2(1)5703)

(46)

The Levi-Civita tensors €12 are omitted, such that i.e. the first term would

read A;35€712% Oy <<I>%762i02<]ﬁ>§’63> in the full notation.

3.5. Quartic LQ Interactions (Lie)

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

33R3R3=1010830808®8® 104 10® 27 (47)

is the only tensor product of four SU(3). fundamental representations (3,3)
that contains a singlet. Trivial combinations of LQ) fields that contribute to
the four-L(Q Lagrangian are of the type

(@}0,) (@]@) . (48)

where a,b € {1, 1,2,2, 3}. All additional combinations that result in a van-
ishing total weak hypercharge Y are given in Tab. 2.

Taking into account SU(2);, invariance and the symmetry properties of
identical bosons, the terms corresponding to Y713, Y)iis, Y1313, Y1333 cannot
be implemented, but in addition to Y5435 also Y55,5 is possible. Regarding
SU(3)., except for the case when all involved LQs are of the same representa-
tion, there are two possibilities to contract the color indices. We distinguish
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LQ Fields (and their Y)
Oy, ] D7, dL Dy, ®f D5, B D5, B

4 1 _1 1
3’3 6 6 6 6 37

Y3 | 1,2 0,0 0,0 00 1,0
Yis| 0,1 1,1 0,0 00 1,0
Yy, | 0,1 1,0 1,0 0,1 0,0
Yigs | 0,1 0,0 1,1 00 1,0
Y5 | 0,1 0,0 0,0 1,1 1,0
Yisz| 0,2 0,0 0,0 00 20
Yisss | 0,1 0,0 0,0 00 21
Yiss | 0,0 0,1 0,1 1,0 1,0

Wl

Interaction Terms

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.

them by different couplings Y and Y’ for full generality. This yields the
Lagrangian

1
Lig = 5 Z (Y:wbb 5610250304 + Y;z/abb 5610460263) ((I)jz,cl (I)(Z,CQ) <q)lt,03(1)b704>
a#b

+ ) Yaaaa Oeresbeses (Ph ey Paes) (21, Parcy)
+ (}/2@2 5010250364 + Y;QQz 5016450203) ((I);,cl ®é7c2> <(I)J[ (I)2,64)

2,c3

+ Z (1/1&&3 6810256364 + Yilaa3 6610466203) (I)J{,cl (¢L,Cg (U ’ CI)3,C4)CI)&,C2)

a:2,§
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=+ (}/—1223 5016256364 + Yi/§23 5010450203) (I);Cl (q);c;g (U : (1)3,64)(1)5,@)

+ (leiQQ 5816250304 + 1/122 50104502(:3) (I)JLcl(I)LQ (q)t’cgq)g C4) + h.c.

(49)

with a,b € {1, 1 2,?,3} unless stated otherwise. Note that we set Yo =
Yibaa and Y, = Y., for a # b, since they correspond to the same terms.
The Feynman rules are expressed using only one of them, i.e. Yjis4, but not
Yaa11-
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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
o LQall
Log LQ2Phi
[,km LQkin
Ly LQf
L3 LQ3Phi
Ly LQ4Phi

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

FeynmanRules [LQalll];

is used to determine the Feynman rules for the entire Lagrangian £*2. 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-UF0"];

)

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 £,
these can be found under SLQrules/UFO in the GitLab project. Similarly,
the export for FeynArts is carried out using

FeynmanGauge = False;
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 [175]
even allows for the automatic determination of UV and R, 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 [176]. The scalar LQ fields defined in Ref. [176] 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.

Y13 == {
ParameterType -> External,
ComplexParameter -> True,
Indices -> {1},
BlockName -> Y13,
TeX -> Subscript[Y, "13"],
Value -> 1.0,
InteractionOrder -> {QED, 2},
Description -> "83-81 scalar leptoquark mixing

coupling"
},

Listing 1: Parameter definition (coupling Yi3)

We set the values of all couplings to unity per default. The QED interaction
order of Yi3 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 @, before the diagonalization of the mass terms are defined as unphysi-
cal fields, whereas the fields o, represent the physical fields in the FeynRules
code. In this way, ®, can be used when defining L.QQ Lagrangians (see below)
and the FeynRules code automatically replaces them by the corresponding
mass eigenstates d, and the rotation matrices W4

I =W Pl (50)

npNg

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

S[100] == {
ClassName -> S1mi13hat,
Mass -> {m1m13hat, Intermall,
Width -> {Wim13hat, Intermnall,
SelfConjugate -> False,
PropagatorLabel -> "Siml3hat",
PropagatorType -> ScalarDash,
PropagatorArrow -> None,
QuantumNumbers -> {Q -> -1/3%},
Indices -> {Index[Colourl},
ParticleName -> "S1im13hat",
AntiParticleName -> "Simi1i3hat™",
FullName -> "S1m13hat"
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oW N =

50},

S[101] == {
ClassName -> S1m13,
Unphysical -> True,
SelfConjugate -> False,
QuantumNumbers -> {Yy -> -1/33%},
Indices -> {Index[Colourl},
Definitions -> {S1m13[cc_] :> HC[Wi3mat [1,1]]
Simi3hat [cc]
+ HC[W13mat[2,1]]
R2tm13hat [cc]
+ HC[W13mat [3,1]]
S3m13hat [ccl}
},

Listing 2: Leptoquark field definition (singlet field ®)

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

Vasy (@0,,102 (0 @) (0 @) H ) + hic, (51)

is given in Listing 3. Single lowercase letters (a, b, ¢, d) are used to refer to the
weak doublet indices, single capital letters (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 (®5, ®3) are used in the definition of the
Lagrangian, which are later replaced automatically by the physical fields

(@;2/3, A;/?’, @gl/?’, @;2/3 and <i>3_4/3 in this case).

L2t33 := Module[ {a,b,c,d,E,F,aa,bb,cc},

ExpandIndices[ Y2t33 R2t[a,aal] Epsl[a,b]
(2*TalE,b,c] S3[E,bb]l) (2*Tal[F,c,d] S3[F,cc])
Phi[d] Epsl[aa,bb,cc],
FlavorExpand ->{SU2D, SU2W}]];

L2t33tot := L2t33 + HC[L2t33];

Listing 3: Lagrangian definition (LQ interaction corresponding to Y335).

The assignment of FlavorExpand on line 5 makes sure that both ®5 and ®;
are expanded into their SU(2);, 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. [177] for details. u(®) and v(*) denote the spinors for particles and
antiparticles, respectively, and s is the spin. The polarization tensors for the
gauge bosons are denoted by ¢,. The circles denote the generic reminder of
the Feynman diagram.

External Fermions

Diagram

Feynman Rule

F—=
p

\ et
p

F=\

p

®1*f

p

u(7)

1|

=
—
S
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External Gauge Bosons

Diagram Feynman Rule
R\ )
k eu(k)
k
k EH(E)
_—>
k
External Higgs and Goldstone Fields
Diagram Feynman Rule
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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 my,, m,,, mq, are defined in Eq. (18), the
gauge boson masses my, mz in Eq. (14).

Fermion Propagators

Diagram

Feynman Rule

b —>——

p

Vi —»— U
_—

p

Uje; ——— Uiy
 —

p

di,q — di,cl

i(p—l—mgi)
p? —mj +ie

p

p? + e

1 (p + mui)

p? — m%i + g€

‘ (Z’j + mdz‘)

p? —m? +ie
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Gauge Boson Propagators

Diagram Feynman Rule
AH AV _Zgl"/lj
k k2 + ie
Z, Z, —ig"”
L k? —m? + ie
k k% — m%/ + i€
Gy e G —ig"”

k k2 + ie

Higgs and Goldstone Boson Propagators

Diagram Feynman Rule
R h J
P p? —m3 + ie
Pz -~ Pz i
D p? —m% + i€
ot oo ot i |
) p? — mi, + ie
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Ghost Propagators

Diagram Feynman Rule
CA .................. CA Z
_— T . .
D k? + ie
C weemnnnnnneeeens cyz 7
_— T o9 . .
p k% —m? + ie
(617 72 SRTTTTTRTIOO Cw+ ]
0 2 _ 2 -
p k? —my, + i€
CQa weemneeeneens Caa 2
BN ,
p k? + ie
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5.8. 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
AH
/%\ — 7:652']"}/“
l; Z
Ay
9
/j\ " éediﬂ#
U Uj
Ay
/é\ B %652‘3‘7”
d; d;
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Interactions with Z Bosons

Diagram Feynman Rule
Zy
1 e
Z 5ii vt P
/3\\ + 2 SwCuw i
Vi Vj
Zy,
1
+i——b" (_§+812v) PL
/i\ : Sw(s " p
Zi 4 +7/€a V" Pr
Zy e 1 2
' 0; — -2 P
/j\ +stw " (2 3Sw> .
21 Sy
i TE L
Zy 11
/E\\ _'_Z w w5ij’)/u (_5 - 5812“> PL
1 Sw
_ ZplWs am
d; dj + 3€Cw(sl]7 Pr
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Interactions with "W Bosons

Diagram Feynman Rule
Wi
1 €
/j\ MRVCTA
v l;
Wi
1€
/é\ RVrRCHR
U; dj

Interactions with Gluons

Diagram Feynman Rule

)g\ + 1950415 ., V"
)i\ + 19504515 ., "
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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
AH
Pls ¢ + ien” (¢ —p)” +ien"” (p — q)°
o +ien” (g —¢')"
W, g W
L Cwp (o v
p +ie =" (¢ —p)
" w
CCw
p| . +ie =" (p - q)”
CCw
Wy Tq Wi Hie (g q)
Ga
! + g S (p = q)°
/ 14
| & + g5 f7 (¢ — p)
e e +9:f" (q — )"
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Quartic Self-Interactions

Diagram Feynman Rule
Ay
+ 2'6277,up771/a'
— Qiezn“”n”p
A,
All'
+ je2Lprryve
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Quartic Self-Interactions

Diagram Feynman Rule

4 Zgg nuanup (fa'yefﬁée =+ faBefvée)
Gz Gg + Zg? nppnlxo (faéefﬁ'ye o fa,@efwée)
- 293 nuunpa (f'adef,@ve 4 fa'yefﬂ&)

G,
Triple Interactions with Ghosts
Diagram Feynman Rule
Ay
§ F ieq”

Ewi /q Cw+

%
c
§ F ie—q"
Cw+ /q Cw=+
Wi
§ F ieqh
EA /,q - -
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Triple Interactions with Ghosts

Diagram

Feynman Rule

W,

Cyw+ /q “ca
+
W,

Cy+ /q Ty

_ 7 .CW¥

EGB /q Cagv

+ ieq”

Cw
+ ie—qg*

w

c
+ ie—qg*

w

_ gsfaﬂvqu
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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
h
! 2
I Tl
//)\\\ —327
h- “h

Quartic Self-Interaction

Diagram Feynman Rule
h
| 2
OEEEEEE - h _ ;"
| v?
h
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Interactions with SM Fermions

Diagram Feynman Rule
h
: My,
l — 2 52 .
N I
gz‘ ¢
h
/:\\ a Zm% 5ij
(5 Uj
h
: .My,
1 _ i 51 .
N To
d; d;

Triple Interactions with SM Gauge Bosons

Diagram Feynman Rule

. 2

1 e

Z pv
MJJ“H% + 2 (cwsw> v

Z, z,
h
; L
! -+ 3 i v nHv
r\/\/\}\’\'\‘ 2 (Sw) 7
Wy WS
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Quartic Interactions with SM Gauge Bosons

Diagram Feynman Rule
h
Zu i Zy + 5 < > n,ul/
| CuwSw
h
h
- : + i [e\?
w; : weoo4d (_) "
| Sw
h
Interactions with Ghosts
Diagram Feynman Rule
h
| , 9
! ) e
| - = v
RS 4 (cwsw>
Cz ‘ . Cz
h
: . 2
! 1 [ e
l —=(— ] v
4 (sw)
Cyy+ Cw+
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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
h
|
|
2
| 'm
| — i
JPEI v
Yz Yz
h
|
|
2
| m
| e
v
- +
¥ ¥
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Quartic Higgs Interactions

Diagram Feynman Rule
Yz
| 2
e Yz — 32'%
: v?
Yz
Yz
| 2
------ -------h _ Z%
: v?
Yz
o
| 2
—————— beeeopt g™
| V2
(p‘+
wz/h
| p
______ foone- (10+ B Z%
| /]_}2
¢z/h
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Interactions with SM Fermions

Diagram Feynman Rule
Yz
| my.
1 +l755ij
B /\ v
¢ gj
Yz
i ELTIN-Y
/l\\ v ’y K
U; Uj
Pz
: my.
I TR R
/\ U
Cii dj
Interactions with SM Fermions
Diagram Feynman Rule
ot

V2

|

|

! — —my,0;; Pr
v

2
+ \/T—WJ' (my, PL — mg,Pr)
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Triple Interactions with SM Gauge Bosons

Diagram

Feynman Rule

+

1e?
+ ——v
2511,2”7

1 e?
LC
-+ QCwU n

+ie (p" — ¢*)
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Triple Interactions with SM Gauge Bosons

Diagram Feynman Rule
ot
q ilp v e (2 —s2) (p" — q")
/M% 2CuSw Y b
N / Z,
h
q ilp _1 € B g
/;"L»K 2 CySu (P = ")
Yz Z,

Quartic Interactions with SM Gauge Bosons

Diagram Feynman Rule
Yz
7 5 7 7 (& 2
pomTTTTT T v + - pv
| 2 <cwsw> "
oz
Yz
W= i W+ 7 e 2
w77 Tt v — | — 124
I * 2 <sw) 1
oz

47



Quartic Interactions with SM Gauge Bosons

Diagram Feynman Rule
o*
| . 9
,,,,,, b + te v
I P
oz
o*
| 2
Ay ------ 1o WF + %e_nw
l Sw
h
(pi
| .
' e
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oz
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i 1e?
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Quartic Interactions with SM Gauge Bosons

Diagram Feynman Rule
o
Ay e foooes A + 2ie?n
o
o
Z : Z Z € 2
poTTo R v + = (e, — )
! 2 (swcw) " ( U))
o
o
- | + i e\’
Wi oo C e + 5 (—) U
! 2 Sw
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o
A : Z ¢
W e v i (e, = s)
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Triple Interactions with Ghosts

Diagram Feynman Rule
Yz
I
! 2
! 1 /e
Cw+ Cyw+
+
¥
1
I 1e?
| :F —_—
. . S
Ewi ’ CaA
+
¥
1
| 2
= T (-5
et 4 ¢p82,
Cyy+ . Cz
+
¥
|
l 1 €2 y
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b 4cys?,
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6. Scalar LQ Feynman Rules

In this section we state the Feynman rules for all LQ interactions. We
vAvrite ®? with ¢ € {—%,—%,—i—%,—i—g} and a € {1,1,2,2,3}. For ¢ = —|—§,
d1+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
iy
A p 1
-0
p

6.2. Propagators

The propagator for the LQ fields is listed below. The diagonalized mass
matrices MY, are given in Eq. (32).

LQ Propagator

Diagram Feynman Rule
. . 1
by > by -
D p— <Mga> + i€

51



6.3. Interactions with SM Fermions

The Feynman rules for L(Q 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
nd, which is defined in Eq. (36). Whenever ¢ is clear from the context, we
write nd as n, to simplify the notation. The bar labels an antifermion. Note
that while there is an equivalence between a fermion field f and f°, stat-
ing Feynman rules for f° 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

-1/
i — i WA Py

n

@;1/3 4 /l}/lljﬁ* Wn—all/S* PR

1
| -y LLx% —1/3x
I — Y35 W3 Pr

_ /\ + iYRR* W—1/3* P

1,ji Nl
2 _1/3 -y LL —1/3x
oY +aYEE W Py
1
| -y LLx* —1/3x

N + YR W Py

L,ij

n

a
v+ v LLs pp7—1/3%
- @ij Y1kz W,.1 Pr

v % yLLs p7—1/3%
/\ - Zij }/:?kz W3~ Pr
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Charge 1/3

Diagram Feynman Rule
$-1/3
@ Tk LLx* —1/3%
l — iV Yl,k:j W.i~ Pr
| . LLx —1/3x
o — Vi Ysi W™ Pr
di I/JC
H-1/3 . Q, LL 117—1/3% cieqc
+ 20V YW, e py
A + e p
c ; Q, LL —1/3% ciezes
U ey dj,cz - lekj Y:“S,ik Wna3 € PL
qA)_lr/?) . Q, LL _1/3* cicacs
aic“ — 20V, YVl,ij Wnal € Py
L S agmwenar,
ds » + 20V Y M W P p
i,c1 Uj,c Wil ik na3 € L
6.3.2. Charge 2/3
Charge 2/3
Diagram Feynman Rule
$r2/3

e N

d; ¢

Yo% LR +2/3*

+ ILVk,L }/2,]6‘_] Wnal PR
v RL 177+2/3%

+ YR W Py

53



Charge 2/3

Diagram

Feynman Rule

H+2/3

Vj
2 42/3
o
1
1
1
1
/\ .
uj
£ 42/3
a
|
|
I
]
] c
v;
£ +2/3
(D(l,C:;
|
1
1
1
djﬁz

— YR WA py

2,ig Na

VB W Py

+ V20V W py

3,17 Na

n

- V2V, Yt W e Py
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6.3.3. Charge 4/3

Charge 4/3

Diagram Feynman Rule

| + iy W, % Py,
P v 20V} Yol W™ Py

+ YRR A py

|
| 1,ij
|

e — V2V Y WL Pr

d; e
boet”
| + 20y MR e py
N + 2V2 zi/;%;“ W, > eaces py
alg,cl ujvc2
6.3.4. Charge 5/3
Charge 5/3
Diagram Feynman Rule
d+5/3
E YQLE]{ PR
P + Yy P
U; fj
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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
Ay
p § i
72 = 3¢(d" = ") dar
AN
Au
24+1/3 _ 0 ___ 2 _1/3 20 5
®a q)b + ge 77“ 6ab
A,
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Charge 1/3, Interactions with Z Bosons

Diagram Feynman Rule
ZN
. e ~
P, § + i (q" = p") Lo,

R SwCuw

2
O SR &, g ( ) "z @—1/3# Z—1/3>

SwCuw

NaNp

Charge 1/3, Interactions with W Bosons

Diagram Feynman Rule

2
. € v (wxr+2/31 wit2/3
+Z(\/§s ) e (WE Wi

V25,

>nanb

b . e 2 v (wxr—1/3 w5r—1/3t
+ 1 ( ) n* (W_4§3 W_ys )n .
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Charge 1/3, Electroweak Interactions

Diagram Feynman Rule

; 2
21 e w7 —1/3
Nany

3 SuwCuw
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Charge 1/3, Strong Interactions

Diagram Feynman Rule
Gy
b /%\ + ng (q# - p#) 5ab TSCQ
s

2 -1/3
@2‘;1/3 q (I)b,CQ/

Gy
By i,
G
G
(i)zgs ********** q};cl 2/3
A,

G
qA’jg?’ —————————— (i)b_ C1 2/3
Zy

+ ig?n" bay (T*TP + TPT)

9
— ggse N Oap T

Cc1C2

gs€
CwSw

v o 5—1/3
n,u T0102 Znanb

+ 2
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6.4.2. Charge 2/3

Charge 2/3, Interactions with Photons

Diagram Feynman Rule
Ay
21
p’§ +§e(qu_pu)5ab
s o3 ™ 24973
(I)a 2/3 q ®b /
AIL
. 81
e A A + —e2nM
Ay

Charge 2/3, Interactions with Z Bosons

Diagram Feynman Rule
Zy
P, § + i (q* — p) L

PRAEN

- wcw

A _ ~ 2 +2/3
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Charge 2/3, Interactions with Z Bosons

Diagram Feynman Rule

2
e W ai () e (2 )
SwCuw NaNy

Charge 2/3, Interactions with W Bosons

Diagram Feynman Rule

2
. € v (w3 +2/3 wxr+2/3t
+ H (wf W )
i 213 (\/581) ! V8

S S— ] ,
. € v (Wut+5/3t wi+5/3
+Z( )77/L (W+23W23>
254 /3 A3 pm
Wj \/_8 b
Charge 2/3, Electroweak Interactions
Diagram Feynman Rule
AN
4i e’ vy +2/3
S S S @;2/3 gsw_cw N Zingny
Z,
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Charge 2/3, Strong Interactions

Diagram Feynman Rule
G
b /% + ng (q# - p#) 5ab TSCQ
N I NS
v
G
R Gt gty (TOTP + TPT®)
G}
G
A _ 2 42/3 47
(I)az{g 7777777777 (Db,cz/ + ggse nwjéab TCD;CQ
A,
G
. 5 . gs€ .
(S AR SR o N I L K /e
CwSw
Zy
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6.4.3. Charge 4/3

Charge 4/3, Interactions with Photons

Diagram Feynman Rule
Ay
4q
p//é - geld =) dw
2 4+4/3 /q\ ) H4/3
AIL
SO S b P,
A,

Charge 4/3, Interactions with Z Bosons

Diagram Feynman Rule
Zﬂ
. e .
p/é\ + i (" — ") Lt

wrw
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Charge 4/3, Interactions with Z Bosons

Diagram Feynman Rule

2
LI S b1/ Y i <Z_4/3T 2—4/3>
SwCuw NaNp
Zy
Charge 4/3, Interactions with W Bosons
Diagram Feynman Rule
Wi
e\ /31 /
. . - w (T—1/3t —1/3
e o T (ﬁsy) o (W2 W3),L
W,
Charge 4/3, Electroweak Interactions
Diagram Feynman Rule
Ay
81 62 5 —4/3
~ ~ Ry 1 7
(I)(-li-4/3 __________ (I)b—4/3 3 SuCu TaTp
Zy
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Charge 4/3, Strong Interactions

Diagram Feynman Rule
G
P .
/%\ + 195 (qu - p“) 5111) Tcoic2
. I NP
or? g (I)b,jz/ ’
G
el -k Bt g ee (TOTP + TPT®)
Gy
Gu
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Ay
G
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P RN E LN
CwSw
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6.4.4. Charge 5/3

Charge 5/3, Interactions with Photons

Diagram Feynman Rule
Au
5Y)
a8 +geld = p)

Charge 5/3, Interactions with Z Bosons

Diagram Feynman Rule
ZN
p/ ) <qu _ p,u) Z+5/3

S Cop
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Charge 5/3, Interactions with Z Bosons

Diagram Feynman Rule

2
H—5/3 —--- -3~ §H+5/3 19 ( ) o <Z+5/3f Z+5/3>

SawCw

Charge 5/3, Interactions with W Bosons

Diagram Feynman Rule
W
2
: € w (53 +5/3t
A $+5/3 +Z<\/§s ) ' <w+2/3w+2/3>
W

Charge 5/3, Electroweak Interactions

Diagram Feynman Rule
AIL
100 e? A
,5/3 7777777777 A+5/3 e nMV Z+5/3
@ @ 3 SuCuw
Z,
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Charge 5/3, Strong Interactions

Diagram Feynman Rule
Gu
p/% + igs (qﬂ - pu> Tcoic2

Gy
2—5/3 ____N_____ 2+5/3 . v
P, e, + 29377“ (TotTﬁ + TﬁTa)clcz
Gy
Gy
.\ . 10z
(13015/3 7777777777 (I);;5/3 + ?gse 77#”5(16 Tgcz
A,
Gy
Fe/C L S $+5/3 + 92 Ys€ o Gis/3
c1 c2 Cwswn c1C2
Z,
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6.4.5. Charge 1/8 and 2/3

Charge 1/3 and 2/3

Diagram

Feynman Rule

Zu
& = —1/3
(ba 2/3 _ ___ Q2 ____ (Pb /
W+
Au
A £ _1/3
& 2/3 ____ o ____ q)b /
W+
G
s 2—-1/3
QG,EI/S 7777777777 (I)b,CQ
W+

. € Yr+2/3
+1 H—p” (W_ )
V250 (g p") Y3)

2

. € v (+2/3 [yt+2/3
e (W)
2

€ nuu <W+2/3 2—1/3)
NaMp
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6.4.6. Charge 1/3 and 4/3

Charge 1/3 and 4/3

Diagram Feynman Rule
W
e A —1/3
nwo_ v
p/'/i\ * Z\/§Sw (q b ) <W_4/3>nanb
G g G
Z,
e? N .
b (W 2
£ 41/3 £ _4/3 ﬁs%ucw NaNp
R S b e? 5—1/3 wy—1/3
NI R — (Z— W- )
\/Esqzucwn —4/3 NaNp
W,
AM
- - 5i €2 A
GFL/B g b, 1/ ot " (W 1/3>
3 \/Eswn 74/3 NaNp
Wt
G
~+1/3 © 2—4/3 . gs€ S —1/3
@a,cl @b,cz + 22 2 77“ T(21€2 <W—4/3)
Sw NaNp
wy
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6.4.7. Charge 2/3 and 4/3

Charge 2/3 and 4/3

Diagram Feynman Rule
Wi
2
e R @;4/3 + 2 ( © ) v (W+2/3 W_1/3>
\/§Sw g -1/3 —4/3 NaNp

6.4.8. Charge 2/3 and 5/3

Charge 2/3 and 5/3

Diagram Feynman Rule
Wi
g § +1 ¢ (#_u<w+5/3
g ¢ =) (Wi
V254, +2/3)
S5/ ¢ Hr3
Zl‘
+1 e " <Z+5/3 \7\7+5/3>
R b3 V22 ey +2/3) .,
’ 2
) e 14 $ +5/3 A+2/3>
— pm
" Z\/is? Cwﬁ <W+2/3 Z e
W
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Charge 2/3 and 5/3

Diagram Feynman Rule
Ay
c 2
23 —5/3 - - oo mG e = x+42/3 ﬁ € uv X +5/3>
o O, + 3 \/§3w/’7 YWH/3 .
Wy
Gu
& _5/3 % ____ £ 12/3 . 9s€¢ g 37+5/3
q)Cl (I)a,cz + ZZTST]M Tclc2 (W+2/3 n
W
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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
h
| + i e
< Y
o1/ o,
h
(i)jl/3 _____i _____ (i);l/3 + AT_Lalél::,
h
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6.5.2. Charge 2/3

Charge 2/3
Diagram Feynman Rule
h
+ i
G2 G
h
e B
h
6.5.3. Charge 4/3
Charge 4/3
Diagram Feynman Rule
h
: + i s

PRAEN
~

. ’ S 473
(1)2-4/3 cI)b

74



Charge 4/3

Diagram Feynman Rule
h
R R
h

6.5.4. Charge 5/3

Charge 5/3
Diagram Feynman Rule
h
| 44 +5/3
<I>+5/3 ’ ) cI)_5/3

h

R CIRE R Ht5/3 4 +5/3
h
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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
Yz
0 -2 0
(i)-au/s/ \\(i)gl/S U /\‘(/;5 233’?(/)229 W/t
oz .
‘PIZ
| Y1 0 Y3
S e L R R
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oz
(pl,
| i 0 -V
AR ————— Gvr — | WL 0 Y4y 0 [ WM
i Y3 0 Y3 _—
o
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6.6.2. Charge 2/3

Charge 2/3
Diagram Feynman Rule
Yz
| 0 wYy 0
A WHB L _ove 0 —As, | WH/
$-2/3 §2/3 23 23
’ ’ 0 AL 0
33 —
Yz
B2/% -onetonnes G~ | WEE Y ¥4 Yy 0 W2/
| 0 0 Y3+ Va3
: NaNp
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Yz
3 0 Y50
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| 0 00
: NaNp
h
o
| Yot Y 0 0
G2 S [ W0y 0 W
| 0 0 Ys—Ya
1 NaNp
ot

77



6.6.3. Charge 4/3

Charge 4/3
Diagram Feynman Rule
Yz
It TW—4/3 0 —V2uY3 ——y
s +4/3 G- SuY;
8 o, e V20V, 0 -
Yz
: Y:  —V/2Y
HT4/3 R $-43 — i | W43 1 13 | yy—4/3t
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: NaNnp
h
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’ | ' 0 Y3+ Y3
: NaNp
ot
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6.6.4. Charge 5/3

Charge 5/3
Diagram Feynman Rule
Yz
S OH5/3 — i (Yo + Yao)
vz
o
H-5/3 ----- 3, ----- H+5/3 iYs
ot
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6.6.5. Charge 1/3 and 2/3

Charge 1/3 and 2/3

Diagram Feynman Rule
Y ~
" 0 % 0
+o | Wt _% % 2 W-1/3t
o Yi5 0 —Yis
- £ 1/3 .
Ho2/3 & / s
ot
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6.6.6. Charge 1/3 and 4/3

Charge 1/3 and 4/3

Diagram Feynman Rule
ot 0 Yi3
| + v W—1/3 0 \/iAis I/V—4/31L
. v
o _\/iyig Y33
2 2 _4/3
13 d;
ot
| 0 Vi
O SIC R U I R
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! NaNp
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: NaNyp
h
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6.6.7. Charge 1/3 and 5/3

Charge 1/3 and 5/3

Diagram Feynman Rule
ot
H-5/3 ----- R oo T 2 ((0 \ 0) W—1/3T)n
ot

6.6.8. Charge 2/3 and 4/3

Charge 2/3 and 4/3

Diagram Feynman Rule
§0+
| 0 0
23 [ _____ ci)b—m — 2i | W23 o ol w-st
| V2Y7;5 0 -
ot
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6.6.9. Charge 2/3 and 5/3

Charge 2/3 and 5/3

Diagram Feynman Rule
ot
:k + \% <(Y22 —Yy5 0) W+2/3T>
. > Ng
H-5/3 @32/3
SO-i-
_ b +2/3
T Y (A
Pz
S0+
5 L +2/3
H—5/3 -----1----- (i)j2/3 + V2 <<Y22 —1/25 O> |74 / T>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
— 2idy5 W, +2/3* ( W, Vs g 1/3*)
(Djz-g{?’ + \7’/—%}/12 +2/3* < i2j Wnbi/S* 1/3*>
SR
q)b_clg/s \ @;013/3 - Z./U}/l§3 W+2/3* < 173 Wn_lj/g* W_1/3*>
- 27:1}}/533 +2/3* ( 135 W 1/3* W_1/3*)
' —4/8 +2/3% 17 +2/3x
(i)—4/3 - ZAiQQ W ( 153 Wnbi Wncj )
a,c1
E _ ZUY'123 W 4/3* < 123 Wyj;j/g* W,:j/g*)
- - 4/3* i2j i +2/3% pte/3x
e
b,c2 c,C . B . ) *
3 — \/§sz'§33 Wna42/3 ( 1ij W;j/:s WH/S )
— 1A W, 4/3* W712/3*
np
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(I)a Cl/ a %Yih W / Wnbl/
| + ivYi0 W—4/3* W
S _4/3* —1/3%
®, ,0° Lo/ %Yhs W, W
- ” —4 3% —1/3x
+ 27/0}/233 W / Wnb3/
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Interactions with Higgs Boson

Diagram Feynman Rule
2 +4+2/3 . 2/3% 9 —1/3x% —1/3x%
Qa‘,cl + \/L§Y123 W+ / (672] W / Wnc]/ >
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h
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Interactions with Goldstone Bosons

Diagram Feynman Rule
p2/3 2/3% ( i2i txr—1/3% 1xr—1/3%
%Ecl + %3/123 W+ / <€ % Wnbi/ Wncj/ )
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Interactions with Goldstone Bosons

Diagram Feynman Rule

H-1/3

a,c1

— V2V123 W_11/3* <€i2j W8 W+2-/3*>

/3 Y na X ftel
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o
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o
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Interactions with Goldstone Bosons

Diagram Feynman Rule
2 —-1/3
by
5—1/3 : ~_1/3 i -1/3 -1/3 —1/3
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o
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o
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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 n, or ny are equal to zero, Wi ~should be set to zero
(i.e. the corresponding term neglected).

Quartic Interactions

Diagram Feynman Rule

D0 ne{(1,0,2),08),23,28),0.9)}
(}/eeff 5810256304 + ng%ff 601046C2C3)
<W7;11n/63 W{l,;/f* W;ﬁ/fzs W@%z/fg*
Wl Wod? WSS W)

—|—27, Zee{i,?)} (}/;eee 6010250304)
a,c1 -1/3 W—I/S* +2/3 W+2/3*

NaNe npNe NeNe ngne
- : . /
(AD*Q/?) ___________ (I)+2/3 +2 (}/2222 5616450203 + }/2552 5C162503C4)
—1/3 yqr—1/3% 1rr42/3 1pr+2/3%
Wi Wyo ™ W17 W, o
/s —i (Y1223 OcyesOupes + Yiags OcrcyOcncs)
b,c2 /1223 61/04 ca2c3 / 1223 /6102 c3cy
—-1/3 —1/3x% +2/3 +2/3%
W, 1 Wnb3 W, 1 T/Vnd1
N * Ix
-t (1}//%223 5011/%1 50203 42_/3/1223 g/cécz 50304>
- —1/3% + +2/3%
W, 3" W, W, 1" W,

nyl ngl

(more of this diagram on next page)
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Quartic Interactions

Diagram

Feynman Rule

H-2/3
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Ha/3

c,c3

___________

,,,,,,,,,,,

(more of this diagram on previous page)

+1 (}/1553 561 ca 50263 + }/1/523 561 c2 50364)

—1/3 15, —1/3% 11,+2/3 Ty +2/3%

Wna 1/ Wnb 3/ Wnc 2/ Wnd 2/

+V/2i (Y333 Ocsey0cses T Yiaq OcrcsOcses )
—1/3 15, —1/3% 11 +2/3 11 +2/3%

Wna]-/ w, / Wnc2/ W, /

np2 ng3

+i (Yl*iis 56164 50263 + Yggg 561c2 60364)

-1/3 —1/3x +2/3 +2/3%

Wna3/ Wnbl/ WnCZ/ WndQ/

V20 (Y554 OcreyOcses T Yiins OcrcsOcses )
-1/3 —1/3x +2/3 +2/3%

W, P W Wi w

Ng2 nyl ng2

2 e el LD, 18),(1,2,(1,9,3)}
()/%ff 6616256304 + e,eff 50164(56203)
—-1/3 —1/3x% —4/3 —4/3x%
(Wil Wl Wik} Wi
FWadly Wl Woitl? Wl

+2i (Y3333 5c/1c25cac4)/ y
~1/3 —1/3x% —4/3 —4/3x%
Wood? W™ w, P Wy

n n Ne n,
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Quartic Interactions

Diagram Feynman Rule

+ Z(e,f)6{(172),(23),(273)}
(}/;eff 50102 56364 + YZ@ff 50164 60203)
i (W,;a%f’ Wl + Will? W,;b}ﬁ*)

é+5/3 ——————————— (i)—5/3 +Z (}/1223 5016450283 + }/1/223 6610250364)
e W—1/3 W—I/S*
Ngl np3
bez +i (};1;223 5011/0356283 + }/1/;23 50102563C4>
W, W
a bl

n n

+i Z(e,f)e{(1,2),(Lé>,(i,3),(2,3),(23>}

(}/;eff 5016256304 + e/eff 5616456203>
2/3 2/3% —4/3 —4/3x%

(Wt Wil wackl}

+2/3 +2/3 —4/3 —4/3
oo’ +W"a"/f Wnb"/f " Wi W, *>
3 +2Z (}%333 5010250304)
A I ~_4/3 +2/3 +2/3x% —4/3 —4/3%
(1)2:33/3 R e (I)d,ci Wna3 Wan WnCQ Wnd2
ci>-~-i2/3 +\/§/Z (}/i§23/501045026/3 + }/'112?3 6010260304)
b,c +2/3 +2/3% —-4/3 —4/3x%
’ Wnal Wnb2 Wncl Wnd2

V20 (Y OcreiOeses + Yty OcicyOcsen)
+2/3 2/3% —4/3 —4/3%
WP W WL w

n n
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Quartic Interactions

Diagram Feynman Rule
s 2 e nefea e}
;CI 2/3 2/3
® ' (Y:aeff 5010250304 + Yzeff 5016450203) W’V;n/f W;;n/f ’
A i A . 2/3 2/3x%
q>c_35/3 i @2;5/3 +2Z (}/2222 6610250364) er;l/ W’rj;l/
, 12/3 1r,4+2/3%
H+2/3 +1 (}/2522 5016460263 + }/2/522 5018250364) Wna2 Wan
b,co
il
| e el 2.0}
&);35/3 ————— E ————— &225/3 (Y;eff 5c10250364 + Y;Ieff 6clc460203)
5 (Wi Wikl + Wiy Wil
Iy
b,ca
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Quartic Interactions

Diagram Feynman Rule

e ne{(19,1,9),09)}

()/%ff 5616256304 + e/eff 6010466203)
—-1/3 —1/3x% —-1/3 —1/3x%

(Wit Wbl walkl?

FWadly Wl Wodl? W)

boel’
| 02 e e{1,2,08),0.9)}
B/ : $-1/3 (Yeeff OcreOczes + Ye/eff 5010256304)
ces T T ca —1/3 1r,—1/3% 11,—1/3 11,—1/3x
. & < nan/g Wnbn/f Wncn/f Wndln/e
: —-1/3 —1/3% —-1/3 —1/3%
s F Wl Wl Woll? W)
b,co

+21 Zee{l,éﬁ} (Yveeee (51210250304 + 5610450203))
—1/3 —1/3% —1/3 —1/3x%
I/Vnan/e Wnbn/e Wncn/e Wndn/e

(more of this diagram on next page)
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Quartic Interactions

Diagram Feynman Rule

(more of this diagram on previous page)

—1 <}/li§3601(345€203 + }/1/2235(3162 50304)
—1/3 —1/3x% —1/3 —1/3x%
(W B w B wY

n n

+W 1/3 W—l/s* W71/3 W71/3*)

np3 ne2 ng2

o3 —t (}/1§§3681025€304 + Y1,22350164502C3)
—1/3 yrr—1/3% 1/3 1/3%
(Wn 1/ Wnb2/ Wnc2/ WndS/

/B 3 Wy 1/3 W*bé/ff* W W;12/3*>

c,c3 n Ne n

—i (Y122350164562C3 + }/1,;235610250304)

b,co —1/3 —1/3x% —1/3 —1/3x%
<Wn 3/ Wnbl/ WnCQ/ WndQ/

—I—W_1/3 W_bé/g* W_é/?’ W_,111/3*>

n Ne n,

—1 <Y12235010250304 + }/1/;2350104502‘33)
—1/3 17,—1/3% 17,—1/3 11,—1/3%
<Wn 3/ Wan/ Wn 2/ Wndl/

1/3 1/3% —-1/3 —1/3%
WL W W W)

n
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Quartic Interactions

Diagram Feynman Rule

e nef2).2.09)}

(}/;eff 5016256304 + e/eff 5610456203>
< +2/3 W+2/3* W+2/3 W+2/3*

NgNe npNe Nen g ngny

+2/3 +2/3 +2/3 +2/3
(i)72/3 +Wnan/f Wnbn/f * V[/ncn/e Wndn/e *>

g 2 e ne{2).23).09)

2—2/3 +

(I)C’Cg/ T : _____ (I)d,a; (Yveeff 501C4502C3 + YZeff 5c102 50304)
! < +2/3 rt2/3e )3 2/

NaNe npny Nen g nqNe

£42/3 +2/3 +2/3x% +2/3 +2/3%
(Db,cg +Wnan/f Wnbn/c ncn/c Wndn/f >

+2i Ze€{2,§,3} (Yveeee (5010250364 + 5610450203))

+2/3 +2/3% +2/3 +2/3%
Wnane Wnbne Wncne Wndne

+ (5/1133 5016256364 + }/%/133 5016460203)
—4/3 —4/3% —4/3 —4/3x%
<Wna 1/ Wnb 1/ WnCQ/ WndQ/

oy —4/3 1r—4/3% 1xr—4/3 1r,—4/3%
oyl +W, 2/ WbQ/ w, 1/ Wdl/ >

Ng n Ne n,

= +4/3 2 —4/3 e (Yﬁ33 OcresOcscs + Vg 5610250304)
L P, —4/3 1 —A)3% Tr,—4)3 11 —4/3%
g <W Al o AR LR

n n, n n
n Ne n,

—4/3 —4/3% —4/3 —4/3%
W, WL WL W)

—|—27, ZEE{LS} (Y;eee (5010250304 + 5610450203))
—4/3 —4/3% —4/3 —4/3%
anan/e Vann/8 Wncn/e Wndn/e
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Quartic Interactions

Diagram Feynman Rule
$5/3
<i>c735/3 ””” :‘ """ @L‘E’/S +20 (}/2222 (50102 50364 + 5010450203))
(i)j25/3
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Quartic Interactions

Diagram Feynman Rule

+ (}/2@2 5010256304 + }/;QQQ 5010456203)
12/3% 1rr—1/3 1rr42/3%
Wna 1/ Wnb 2/ Wnc 2/
“o +t (}/2@2 5010456203 + }/;QQQ 50102 50304)
| 12/3% 11, —1/3 11 42/3%
. Wna2/ Wan/ Wncl/
R R
i +\£g/i3(n223 1(/%104 53_22073”‘ Y1/223 5C162 50304)
&)#1/3 Wna3 Wnbl Wncl
+\/g/z.3(Y1223 %162 5C32073+ Y1,223 501645@03)
+2/3% -1 +2/3%
W Woi™ Wi

Ngl n

+ \/45};3(}/1223 1?51 cq 6i220/33+ }/1/223 501 c2 50364 )
Wna2 Wnbl Wncl

a:cl —|—Z (1/1122 5018256364 + }/1/122 501646C203)

E W74/3* W71/3 Wnt22/3

Nal npl

+Z (1/:((~ 501 Cq 56203 + }/Jf 501 c2 56364 )

4 /}))223 13 L2/ 1223

A4/ o

(i>+|1/3 Wnal Wan Wnc2

+\/§Z ( 1*223 5016260304 + %’523 5616460203)
—4/3% 17,~1/3 11,+2/3

W, W, b2 WnCS

Nal n,
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Quartic Interactions

Diagram Feynman Rule

+\/_Z ( 1223 016450263 + Y1/223 50102(503c4)
—4/3% 1/3 +2/3% -1/3
W Wt W
+\/_Z ( 1223 016250364 + Y1/223 50104(502c3)
W—4/3* W—;/?) W+2/3* W—1/3
b

n ngl

(i)‘:é{g +i (}/1122 50162 50304 + }/1/122 50164 50203)
i W—4/3* Wn_bll/3 W+2/3* Wn—1112/3
o : _____ (i);if’,
i +Z (}/1122 5015450203 + }/1/122 5016260364)
we

* /%
—t (Y1223 OcyesOeses + Yi5o3 5010250304)

—4/3x% —1/3 +2/3% —-1/3
WP w P w R w

(Y1*223 6016256304 + Y1/;23 6616456203)
W—4/3* W—b;/?) W+2/3* W_dlg/3

n n
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7. Conclusions

In this article we provided the complete scalar L.Q 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 L.QQ phenomenology.
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Appendix A. Charge-Conjugate SM Fermions

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

Our treatment of interactions involving charge-conjugate SM fermions is
based on the method of Ref. [177]. It uses the properties of the charge-
conjugation matrix C' (introduced in Eq. (44)) [177, 178§]

ct=ct,
CT=-C, (A1)
CrIC™t =ny =17,

with Ty = 1,495, y#, v#5, 0" and
+17 for Fz = L 7:7577H’y5
-1, for I'; = ~* o*

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 11 ;40» that appear in the Lagrangian, the second set to
their charge-conjugate analogues ¥5I¢)¢. The two are equivalent

1Dty = PSTis (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. [177]. 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
A2.
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Prescription for the Fvaluation of Feynman diagrams
The amplitudes for specific processes are determined according to the
following prescription:

e 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.

e 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.

e Multiply by a factor (—1) for every closed loop.

e 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.

Ezample

In order to exemplify our Feynman rules, we calculate the Feynman am-
plitude for the process ev, — <I>f1/ 3@; 2% with an up quark ¢-channel contri-
bution. A similar example is given in Sec. 4 of Ref. [177], 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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_h kg
& : . @1—1/3 e e ‘I’fl/3
ud | q ul | q u°y (4
D2 D2 D2
v, Il S @2—2/3 Vu R @;2/3 I G @2—2/3
a b c
Figure A.1: Feynman diagrams for the process ev,, — (I>1_1/ 3<I>2_ 2/3 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

R | —if e
M = 00 (Y HPy Y 8EP) L (VL) )
YRRy RL (A.4)

Y.
L2560 (5,) ¢PL ul*?) ()

=
q? + ie

The amplitude for the diagram in Fig. A.lc is

i
iM = (=1)0") (py) (—iY5T5PL) T¢ (+iYEE Py + VPR ) ul) (7))

q2 1€
RRy/RL
= IR ) ) Py o(5,),
q2 + 1€

(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

B AMAD
IM o B () Py u () = .0 (51) T u) ()

2
s — ’yuT B 7#75 i —(s —
— quu( 2 (Py)T % o D (py)T
A AHAS
= g™ ()7 O O )T
N R Ly ()= ) (e
= 02 () T w () = 39 () P ) (Br) ox M,
(A.6)
where we have used Eq. (A.1) and
) (5) — O3 (7T
u =Cv :
() = Co7) "

o (p) = Cu'® ()T

for spinors w, v, which can be derived from Eq. (44). This equivalence is true

for all Feynman diagrams involving charge-conjugate fermions, as argued in
Ref. [177].
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Appendiz 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. [177] for details.

External Fermions

Diagram Feynman Rule
/e »—@_} u®(p)
p
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Propagators
The propagators for the charge-conjugate SM fermions are given below.
The fermion masses my,, m,,,, mg, are defined in Eq. (18).

Fermion Propagators

Diagram Feynman Rule

06 ——— 1 i(pt+my)

D P2 — m?i + i€

Ve I i
> ORI

P p° =+ 1€
U,,icl — u1¢761 Z (p + mul)

D p? —m? +ie
dio —o— iy 1(Pma)

P p? —mj +ie
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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
Ay
}/%\ + ie5,-j'y”
i 5
Ay
21
/&\ - geéiﬂu
g
Ay
‘ n
+ 565@"7
d; d;
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Interactions with Z Bosons

Diagrams Feynman Rules
ZM
1 e
_ Syt P
z v;
Z, 1
+i— dij V" <+§—53}) Pr
. Sw "
Zf f; —zeaéijv PL
Zn e 12
' S [ —=+ =82 | P
/&\ +stcw 7 ( 2+38w) t
21 Sy
e us +§€a5zﬂ“ PL
Zn e 11
' S [ +=—=s2 | P
}j\\ . whw " (+2 3Sw) A
1 Sw
& R L

w
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Interactions with W Bosons

Diagrams Feynman Rules
Wi
1 €
- — 5" P
_ }éw\ V2 su o
i v
Wi
1 oe
- V" P
\/§ Su 3i7 R
d; uj
Interactions with Gluons
Diagrams Feynman Rules
Gu
— 1950 Toy e, V"
ﬂg,cl u§a02
Gu
- igséijT(201/7“
ng,cl d;,CZ
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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
h
: My,
| _ i 51 X
/\ T
i 65
h
: My,
] __q i 5Z .
/\ Ty 0
uy uj
h
J\ .My,
I _ _751
A vy 0
de dj
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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
Yz
| m,
l +—29%;5
/\ v
& &
Pz
: My,
I — 70
/\ v
ug uj
Yz
I my,
| +—55
/\ v
d; d;
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Interactions with Goldstone Bosons

Diagrams

Feynman Rules

V2

— ——my,0i; Pr

2
+ %Vﬂ (my, Pr, — mg,Pr)
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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
b1/
| — iYW Py
A
Charge 2/3
Diagram Feynman Rule
<i>:{2/3
3 + iV YER W P

+ YR W Py

(2

_ jYRL V[/J;21/3>k P

2.5i "V
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Charge 5/3

Diagram Feynman Rule
H+5/3
+iYy5) Pr
el YRRy
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