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Abstract
We describe the implementation of the 2HDM model using the FeynRules package.
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1 Introduction

We describe the implementation of the 2HDM model using the FeynRules [1] package.

2 Gauge Symmetries

The gauge group of this model is

UlY x SU2L x SU3C.

Details of these gauge groups can be found in Table 1.

. Gauge | Coupling Structure | Symmetric
Group | Abelian Boson | Constant Charge Constant Tensor Reps Defs
U1y T B gl Y
SU2L F Wi gw Eps FSU2Ly, | FSU2L[a$_, b$_, c$_] — -I Eps[a$, b$,
SU3C F G gs f dSUN T FSU3CJa$., b$_, c¢$.] — -I f[a$, b3, ¢
FSU3C,

Table 1: Details of gauge groups.

The definitions of the indices can be found in Table 2.

Index Symbol | Range
Generation f 1-3
Colour i 1-3
Gluon a 1-8
SU2W k 1-3
Higgs j 1-3

Table 2: Definition of the indices.



3 Fields

In this section, we describe the field content of our model implementation.

3.1 Vector Fields

In this subsection, we describe the vector fields of our model. The details of the physical vectors can be found in Table 3.

Class | SC | T | FI QN Mem M W PDG
A T A 0 0 22
Z T Z MZ= 91.188 WZ= 2.4414 23
W F Q=1 W | MW= Internal | WW= 2.0476 24
G T | a G 0 0 21

Table 3: Details of physical vector fields. The headers are as follows: SC = self conjugate, I = indices, FI = flavor index,
QN = quantum numbers, Mem = members, M = mass, W = width, and PDG = particle data group number.

The details of the unphysical vectors can be found in Table 4.

Class | SC | I | FI | QN | Mem Definitions

. . . Wt W, T
Wi T | k| k Wi Wi, 1 — 7z

. i(=Wut W)
Wi, o — 7(‘7‘

Wi, 3 — swAy +cwZy
B T B B, — cwAy — swy

Table 4: Details of unphysical vector fields. The headers are as follows: SC = self conjugate, I = indices, FI = flavor index,
QN = quantum numbers, and Mem = members.

3.2 Fermion Fields

In this subsection, we describe the fermion fields of our model. The details of the physical fermions can be found in Table 5.

3.3 Scalar Fields

In this subsection, we describe the scalar fields of our model. The details of the physical scalars can be found in Table 6.
The details of the unphysical scalars can be found in Table 7.

3.4 Ghost Fields
In this subsection, we describe the ghost fields of our model. The details of the physical ghosts can be found in Table 8.



Class | SC | I | FI QN Mem M W PDG
vl F f f | LeptonNumber =1
ve 12
v 14
vt 16
1 F f f Q=-1 Ml
LeptonNumber = 1 e ME=0 11
m MM= 0.106 13
tt MTA= 1.777 15
uq F |fi] f Q=2/3 Mu
u MU= 0 0 2
c MC= 1.42 0 4
MT= 174.3 | WT= 1.50834 6
dq F | fi] f Q=-1/3 Md
d MD=0 1
s MS= 0.1 3
b MB= 4.7 5

Table 5: Details of physical fermion fields. The headers are as follows: SC = self conjugate, I = indices, FI = flavor index,
QN = quantum numbers, Mem = members, M = mass, W = width, and PDG = particle data group number.

Class | SC | I | FI | QN | Mem M W PDG
Hce F Q=1 Hc | mhe= 120 | whe=1 37
H T |j| ] MH WH

hl mhl= 120 | Whl=1 25
h2 mh2= 130 | Wh2=1 35
h3 mh3= 140 | Wh3=1 36

Table 6: Details of physical scalar fields. The headers are as follows: SC = self conjugate, I = indices, FI = flavor index, QN
= quantum numbers, Mem = members, M = mass, W = width, and PDG = particle data group number.

Class | SC | T | FI QN Mem Definitions

Phi]lP | F Q=1 | Phi]lP $1P — 0

PhiJ10 | F Phi]10 $10 — %

Phi2P | F Q =1 | Phi]2P $2P — Hc

Phi]20 | F Phi]20 $20 — Nh+7ﬂNhs

Nh T |j] ]

Nh1l th :— Module [{]}, THi,jHj]
Nh2
Nh3

Table 7: Details of unphysical scalar fields. The headers are as follows: SC = self conjugate, I = indices, FI = flavor index,
QN = quantum numbers, and Mem = members.



Class | SC | I | FI QN Mem | M | W | PDG

| ghG | F [a]| | GhostNumber =1 ghG | 0 [ | |

Table 8: Details of physical ghost fields. The headers are as follows: SC = self conjugate, I = indices, FI = flavor index, QN
= quantum numbers, Mem = members, M = mass, W = width, and PDG = particle data group number.



4 Lagrangian

In this section, we describe the Lagrangian of our model implementation.

4.1 L,

—4 (=0, [Bu] + 0, [B,]) ? —

% ( Oy [GH dl] + a [Gl/ al] + gsfdl a2 dSGu,aQGu a3 ( [ 1, al] + 6u [Gu,al] + gsfal,a4,a5Gu,a4Gl/,a5) -

7 (=0, Wi ] + 5 Wiy 1] + guwéin,iz,isWip,ie Wiy i3) (=0, [Wig 1] + 0u [Wivit] + Guwéitia,is Wip,ia Wiy is)

—mu2P2s2 — mul (¢10410" + ¢p1PG1PT) — Ay (¢10¢10F + p1Pp1PT) 2 + mu3 (410720 + ¢1PT$2P) +
mu3? (¢104207 + p1PG2PT) — Ay (¢107¢20 + p1PT¢2P) (104207 + p1PG2PT) —
A3 (¢109107 + ¢1PG1PT) (209207 4+ ¢2P¢2PT) — Ay (204207 + ¢p2P$2PT) 2
As (410720 + ¢1PT¢2P) 2 4 (¢104207 + p1P@2PT) 2) —
(109107 4+ ¢p1PP1PT) (A6 (¢107¢20 + ¢1PTp2P) + (4104207 + ¢p1PG2PT) Ag*) —
(209207 4+ ¢p2Pp2P1) (A7 (107920 4+ ¢p1PT$2P) + (106207 4+ ¢p1Pp2PT) A7*) +
edﬂOBu +i8,[610] + e(d)lP(Wiu,l+iWi#,2)f¢10Wi“,3)) <e¢1OTBu — i0, [$101] + e(‘z’lPT(Wiml_iWiu,Z)—‘i’lOTWiu,s)) "

28w

Sw

ed)lPBM + Za ¢1P] e(d)lO(WlM 1 Z\QAQM 2)+p1PWi,, 3)

e¢1P B” 0, [1PT] + e($10T (Wi, 1 +iWi, 2)+$1P Wiy, 3))

28w

+

25w 254

ed)?PB“ + 8 [$2P] + e(¢p20(Wi, 1 — 1\21\;1: 2)+¢2PW1,,L3)

i i Wi i e (Wi, 1 —iWi Twi
( (bQOBM + Za ¢20] e(d)QP(Wl”,l+1W1u,2)—¢20W1u,3) ( ¢20 B” _ z@u |:¢20T] + (d)QP (Wi, 1 —iWiy 2)—¢20" Wiy, 3 )
(2 ) (5 |

e¢2P B, 1'8# [¢2Pw ((1520 (Wi, 1+Z\;\il: 2)+¢2PTWi, 3 >

4.3 Ls

.1 - .= . eB“Jq.w’L.P,.dq eB“(;q.w’L.P+.dq eB#;.'y“.P,.l eBuz.'y”.PJF.l

idq.y*.0,[dq) + il .A4*.0,[l] + iuq.y*.0,[ug] + vlAy*.0p V] + S - " - T - - +

eB uq ~*.P_.uq 2eB uq yH.P. uqg  eB ;l.v“.P,.vl T =

o + oo + T +gs | dq.T*~*.dq +uq.T*~*uq | Gua +

e(ﬂ\jl.v“.P,.lW,L—l—\/ilfq.CKM.w”.P,.dun-i-ﬂf.y”.P,.VIWMT+\/§(17q.CKMT.'y“.P,.qu,LT—c;q.y’L.P,.dquuyg—z.'y“.P,.lWi,hg-i-Jq.w’L.P,.quiuyg-i-;l.
28w

4.4 L,

\/_<¢10qu DD'.P_.dq+¢20dq.GD'.P_.dq+¢2PTdq.GD'.P_ uq> ﬂ(moﬁ.DLT.P,.z+¢2oTY.GLT.P,.1+¢2PW.GLT.P,.v1>
_ . _
\/§<¢1Odq.DD.P+.dq+¢20dq.GD.P+.dq+¢2P1fq.GD.P+.dq) ( #2PTdq.QU. P, .ugq+$10Tuq.DU. P} .uq+620Tiq.GU. P, uq>

v

V2 (¢101{q,DUT P_.uq—$2Puq.GU' . P_.dq+$20uq.GUT. P_ ,uq> V2 (qmof,DL.P+ 1+¢201.GL. P, .1+ $2Pv].GL. P, .z)

v v

4.5 Ls

—gsghGaT- (w + fa,a2$1086,a3$1086 (5u [ghGa3$1086] Gu-,a2$1086 + 6u [Gu-,a2$1086} ghGa3$1086))



5 Parameters

In this section, we describe the parameters of our model implementation.

5.1 External Parameters

In this subsection, we describe the external parameters of our model. The details of the external parameters can be found

P C| 1 \% D PN BN OB 10 Description

aEWMI1 | F 127.934 aEWM1 | SMINPUTS QED, -2 | Inverse of the electroweak
coupling constant

Gf 0.0000116637 SMINPUTS QED, 2 | Fermi constant

aS F 0.1172 aS SMINPUTS QCD, 2 | Strong coupling constant at
the Z pole.

yuku F| f yuku; — 0. YUKAWAU QED, 1 | Up Yukawa mass

yuku, — 0.6

eS|

yukug — 175.
yukd F| f yukd; — 0. YUKAWAD QED, 1 | Down Yukawa mass
yukd, — 0.
yukds; — 3.
yukl F f yukl; — 0. YUKAWAL QED, 1 | Lepton Yukawa mass
yukl, — 0.
yukly — 1.777
CKMR | F | f,f| CKMR;; — 1. CKMR Real Part of the CKM-Matrix
CKMR, 2 — 1
CKMR, 3 — 1
CKMRy; — 1
CKMRg 2 — 1
CKMR3 3 — 1
CKMR3,; — 1
CKMR32 — 1
CKMR33 — 1
CKMI | F |f f| CKMI;; — 1. CKMI Imaginary Part of the
CKMI; 2 — 1 CKM-Matrix
CKMI; 3 — 1
CKMIy; — 1
CKMI 9 — 1
CKMI; 3 — 1
CKMIz; — 1
CKMIz5 — 1
CKMIz3 — 1
1. 11 Higgs QED, 2
1. 12 Higgs QED, 2
1. 13 Higgs QED, 2
0.5 14 Higgs QED, 2

A1
A2
A3
A

eSS Ite S I S|

Table 9: Details of external parameters. The headers are as follows: P = parameter, C = complex, I = indices, V = value,
D = definition, PN = parameter name, BN = block name, OB = order block, and IO = interaction order.

in Tables 9, 10, 11.



-
Q

\% D | PN BN OB 10 Description

0.4 15 Higgs QED, 2
0.3 IR6 Higgs QED, 2
0. 116 Higgs QED, 2
0.2 IR7 Higgs QED, 2
0. 117 Higgs QED, 2
f,f| I'vr1,1 — 0. YukawaGUR
I'yri2 — 0.

e S Ieo B> Bies M|

I'vri,3 — 0.
I'vr2,1 — 0.
I'ure,2 — 0.
I'ura,3 — 0.
I'urs,1 — 0.
I'vrs,2 — 0.
I'vrs,z — 0.
GUI | F |ff| T'utiqg—0. YukawaGUI
I'uri,2 — 0.
I'viiz — 0.
I'ure,1 — 0.
I'ur2,2 — 0.
I'yr2,3 — 0.
I'yis,1 — 0.
I'viz2 — 0.
I'uis,z — 0.
GDR | F | f,f| I'br1,1 — 0. YukawaGDR
I'pri,2 — 0.
I'bri,z — 0.
I'brz2,1 — 0.
I'pbra2,2 — 0.
I'pre,z — 0.
I'prs,1 — 0.
I'br3,2 — 0.
I'br3,;z — 0.
GDI | F | ff]| I'pni,i — 0. YukawaGDI
I'bri2 — 0.
I'pri,3 — 0.
I'pr2,1 — 0.
I'prz,2 — 0.
I'pre,z — 0.
I'p1z,;1 — 0.

I'p1z2 — 0.

I'pis,z — 0.

Table 10: Details of external parameters. The headers are as follows: P = parameter, C = complex, I = indices, V = value,
D = definition, PN = parameter name, BN = block name, OB = order block, and IO = interaction order.



P Cl| 1 A% D | PN BN OB | IO | Description

GLR | F | f,f]| 'tr11 — 0. YukawaGLR
I'tri2 — 0.
T'triz — 0.
T'tre,1 — 0.
T'tro2 — 0.
I'ir2,3 — 0.
I'Lrs,1 — 0.
I'Lr32 — 0.
I'Lrs,z — 0.
GLI | F | ff]| I'uii,1 — 0. YukawaGLI
T'tire — 0.
T'iiz — 0.
TI'tizn — 0.
TI'tiz2 — 0.
I'riz,3 — 0.
Iz — 0.
Lz — 0.
ILiss — 0.
™ | F |jij| Tuiq— 1 HiggsMix
Tr1,2 — 0.
TrH1,3 — 0.
THa,1 — 0.
THo2 — 1
ThH2,3 — 0.
TH31 — 0.
Ty3z2 — 0.

Th3sz—1

Table 11: Details of external parameters. The headers are as follows: P = parameter, C = complex, I = indices, V = value,
D = definition, PN = parameter name, BN = block name, OB = order block, and IO = interaction order.



5.2 Internal Parameters

In this subsection, we describe the internal parameters of our model. The details of the internal parameters can be
P C| I A% NV D | PN 10 Description
aoEW | F Eq. 2 0.00781653 aEW | QED, 2 | Electroweak coupling contant
MW | F Eq. 3 79.829 W mass
sw2 | F Eq. 4 0.23361 Squared Sin of the Weinberg
angle
e F Eq. 5 0.313409 QED, 1 | Electric coupling constant
Cuw F Eq. 6 0.875437 Cos of the Weinberg angle
Sw F Eq. 7 0.483332 Sin of the Weinberg angle
Juw F Eq. 8 0.648435 QED, 1 | Weak coupling constant
g1 F Eq. 9 0.358003 QED, 1 | U(1)Y coupling constant
Js F Eq. 10 1.21358 G QCD, 1 | Strong coupling constant
v F Eq. 11 246.221 QED, -1 | Higgs VEV
CKM | T | f f | Eq 12 | CKM;; — 0.974589+ 0.1 CKM-Matrix
CKM; 2 — 0.224+ 0.1
CKM; 3 — 0.
CKMy; — —0.224 + 0.1
CKM;j 2 — 0.974589 + 0.1
CKM3,3 — 0.
CKM3,; — 0.
CKM3,2 — 0.
CKM3,3 — 1.
A6 T Eq. 13 0.3+ 0.1 16 QED, 2
A7 T Eq. 14 0.2+ 0.1 17 QED, 2
DU T |ff]| Eq. 15 Ayi,1 — 0.
Ayi2 — 0.
Ay — 0.
Aya,1 — 0.
Aya2 — 0.6
Ayaz — 0.
Aysq — 0.
Ayszz — 0.
AUg_’g — 175.

found

Table 12: Details of internal parameters. The headers are as follows: P = parameter, C = complex, I = Indices, V = value,
NV = numerical value, D = definition, PN = parameter name, and 10 = interaction order.

in Tables 12, 13, 14. The values and definitions of the internal parameters will be written below.

1
EW=—__
@ aEWM1
2 4 2
MW — MZ MZ*  MZ2moEW
2 4 V2Gf
MW?

10



NV

PN

10

Description

GU

DD

GD

DL

f, f

f, f

f, f

f, f

Eq. 16

Eq. 17

Eq. 18

Eq. 19

I'viqn —0.4+0.0
I'vi2—0.4+0.1
FU173 —0.4+0.1
Tyaq — 0.+0.1
Iyoo —2.4+0.0
I'yes — 0.4+0.0
FU371 —0.+0.1
I'yse—1.4+0.0
Tyss — 100.+ 0.1
Api11 — 0.
Api12— 0.
AD173 — 0
ADQJ — 0
Apso — 0.
Apasz — 0.
Aps — 0.
Aps2 — 0.
Apsz — 3.
I'pig—0.40.01
I'pio—0.40.01
FD173 — 0. + 0.1
FDQJ — 0. + 0.1
Ipas — 0.4+ 0.7
I'p23—0.40.1
FD371 — 0. + 0.1
Tpsa — 0.240.1
I'psz—5.4+0.0
Api1— 0.
Apio— 0.
Arpi3—0.
Ara1 — 0.
Apgo — 0.

AL273 — 0.

Table 13: Details of internal parameters. The headers are as follows: P = parameter, C = complex, I = Indices, V = value,
NV = numerical value, D = definition, PN = parameter name, and 10 = interaction order.

e = 2y/1vVaEW
Cw = V1—sw2

Juw =

g1 =



NV D | PN

10

Description

GL

mul
mu2

mu3d

F
F
F

f, £

Eq. 20

Eq. 21
Eq. 22
Eq. 23

Arsi — 0.
Apgo — 0.
Apss — 1777
FL171 — 0. + 0.1
I'ri2—0.+01
I'ri3—0.+0.1
FLQJ — 0. + 0.1
o2 —01+0.1
T'r23—0.+0.1
Iz —0.+0.1
I'pgo— 05400
FL373 — 3.4+ 0.1
—60624.6
59687.7
—9093.69 4 0.1

Phil mass term
Phi2 mass term
Phil Phi2 mass term

Table 14: Details of internal parameters. The headers are as follows: P = parameter, C = complex, I = Indices, V = value,
NV = numerical value, D = definition, PN = parameter name, and 10 = interaction order.

gs = 2v/mVaS
2MWs,,
V= —
e
CKM;; = iCKMI;;+CKMR;,
A6 = 1A16 + AR
A7 = iA17 + ARz
AUi,j = 0
I'vi; = vt +TUuRe
ADi,j =0
I'pij = il'pii,j +T'briy
ALi,j = 0
T'riy = iy +Tiriy
mul = —v? )\
2
A
mu?2 = mhc? — v23

1
3=—=0v\
mu 21} 6

12
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