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1. Motivation



Searching for new physics through Higgs-boson measurements
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e Higgs couplings agree with the Standard Model

o Current measurements still allow additional Higgs
states

o New measurements will give us precision
improvements in:
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Searching for new physics through Higgs-boson measurements
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Reasons to study Two-Higgs-Doublet Models

e Two-Higgs-Doublet Models (THDMs) are simple extensions of the SM.
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Reasons to study Two-Higgs-Doublet Models

e Two-Higgs-Doublet Models (THDMs) are simple extensions of the SM.

o The p parameter remains 1 at tree level, as in the SM:

. . 2
_ NC interaction strength My

p= CC interaction strength m% cos? Oy

Pexp = 1.00031 = 0.00019 PhysRevD.110.030001
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Reasons to study Two-Higgs-Doublet Models

e Two-Higgs-Doublet Models (THDMs) are simple extensions of the SM.

o The p parameter remains 1 at tree level, as in the SM:
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p= CC interaction strength m% cos? Oy
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o THDMs can provide additional sources of CP violation relevant for the baryogenesis.
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Reasons to study Two-Higgs-Doublet Models

e Two-Higgs-Doublet Models (THDMs) are simple extensions of the SM.

o The p parameter remains 1 at tree level, as in the SM:

_ NC interaction strength m\QN
p= CC interaction strength m% cos? Oy
Pexp = 1.00031 £ 0.00019 PhysRevD.110.030001

o THDMs can provide additional sources of CP violation relevant for the baryogenesis.

o The general THDM can reproduce many specific THDM scenarios.
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2. The general Two-Higgs-Doublet
Model



The scalar potential and Yukawa Lagrangian of the Standard Model

Scalar potential of the Standard Model:

V(D) = % (<1>T<I>)2 2 (@ch) :

Gt 12
= 1 . ) v = ) >\7H2 > 0.
7% (v+ h+iGp) A

Tadpole and bilinear terms of the scalar potential:

1 1 Lt 0\ (Go
V((I))’Tadpole = _thh’ V((I))’Bilinear = _;thGJrG + 5 <G0 h) < 0 2) ( h ) ’

2
VA A th
th:v<,u24>, m%z2§v2f;.
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The general THDM in the generic basis

Most general renormalizable scalar potential with two complex SU(2), doublets:
A 2
Vrrpm (@1, ®2) = m7, <<I> <I>1) +m3, <® <I>2) - [m%z ((I)I%) + h.c.} + 71 (‘ﬂ%)

ey (vhos)"+ 3 (alon) (olen) + 5 (afos) (afo)

[)\5 (qﬂ%) + 2 (@]@r) (of@s) + A7 (alz) (o@,) + h,c} _
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The general THDM in the generic basis

Most general renormalizable scalar potential with two complex SU(2), doublets:

Vrrom (@1, B2) = m?2, <<I> @1) +m, <c1> <1>2) — [m%z (@{@2) + h.c.} + % (@{@1)2
+5 (oles) + 3 (vle) (ohe) + 5 (ol0s) (ale)

[AS (@T@g) + 2 (@]@r) (of@s) + A7 (alz) (o@,) + h.c.] .

In the generic basis, the Higgs doublets have a non-vanishing vacuum expectation value (vev):

o = 1 CL);'_ . by = ei(g 1 w;_ ) tan 8 — Q
1 ﬁ(”l*‘ﬂl-ﬂm) ’ 2 3(122+P2+m2) ’ ST
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The general THDM in the generic basis

Most general renormalizable scalar potential with two complex SU(2), doublets:

Vrrom (@1, B2) = m?2, <<I> @1) +m, <c1> <1>2) — [m%z (@{@2) + h.c.} + % (@{@1)2
+5 (oles) + 3 (vle) (ohe) + 5 (ol0s) (ale)

[AS (@T@g) + 2 (@]@r) (of@s) + A7 (alz) (o@,) + h.c.] .

In the generic basis, the Higgs doublets have a non-vanishing vacuum expectation value (vev):

o = 1 CL);'_ . by = ei(g 1 w;_ ) tan 8 — Q
1 ﬁ(”l*‘ﬂl-ﬂm) ’ 2 3(122+P2+m2) ’ ST

General Yukawa structure in the general THDM (fermions couple to both doublets):

2
Lk R 'L ~uwk Rzc | AL ~dk yR
Lyukawa, THDM = —ZZ( Gl O+ Q; G 0 + Q; GiZ°d; <I>k+h.c.>.
k=1 1,
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Conversion from the generic basis to the Higgs basis

It is more convenient to work in the Higgs basis (only one doublet has a non-vanishing vev).

Generic basis Higgs basis
+ Gt
P, = Hy = .
: % (v1 + p1 +im) U (8, ) ! % (v+ N1 +iGyo)
Ht
Dy = ¢t Hy = .
’ ( 12 v2 + ,02 + 1772)> ’ (\% (N2 + ZN3)>

H, | cs Sge_i‘s P4
<H2> = U(/B 6) <(I) > <—Sﬁ 056_i5) ((I)2>’

v? = v% + v%, vy = wvsinf, wv; = vcosp.
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Bilinear terms of the scalar potential in the Higgs basis

Bilinear terms of the scalar potential in the Higgs basis:

Go
— (Gt H* G Yot N N N N3
VTHDM‘BiIinear - (G H ) AUCharged H~ T 5 ( 0 3 2 1) ]wneutral Ny
Ny
Charged scalar mass matrix:
_tyy _tnptitng
A [charged = f ! .
_tN2 thNS m%{+
Neutral scalar mass matrix:
_ vy 27y Ing 0
—t% m2. + % (5\4 - Re[5\5]) v? — 1 m[\s]0? —Im[\g]v? — t%
Afneutral - tn 1 ~ 9 9 1/~ ~ 9 - 9 .
- —5 Im[As]v My + 35 ()\4 + Re[)\5]) v®  Re[\glv? — =2
N 1092 _ Ing N 10,2 _ Ing X2 tay
0 —Im[Xg]v? — =2 Re[Ag]v? — =2 Ave — =t
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Bilinear terms of the scalar potential in the Higgs basis

Bilinear terms of the scalar potential in the Higgs basis:

Go
V- - (Gt HY Vil v m N N
THDM‘BiIinear - (G H ) AUCharged H~ T 5 ( 0 3 2 1) ]\/[neutral Ny
N
Charged scalar mass matrix:
iy _ Inptitng
M, = Y Y .
charged (_ tN2:)th3 m%H )
Neutral scalar mass matrix:
tNl tN2 tn.
- — o 0
—t% mi, + 3 ()\4 — Rc[/\5]> v? — 3 Im[A5]0? —Tm[\gJo? — 2
Afneutral = I 1 ~ 9 9 1 (< < 2 T 2 tny
- —5 Im[As]v My + 3 (/\4 + RC[)\!;]) v®  Re[Ag]v® — 2
0 — Im[\gJv? — f% Re[\g]v? — f\z Av? — f“
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Mass eigenstates and Yukawa structure in the Higgs basis

Mass eigenstates of the neutral scalar fields

G-
VTHDM‘BiIinear: (GJF H+) Aucharged (H) + <GO Ag h H) Nheutral

NS = RT(01,00,05) M%) R(01,0,05) = diag (m?,,m3,m¥) .

neutral neutral
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Mass eigenstates and Yukawa structure in the Higgs basis

Mass eigenstates of the neutral scalar fields

G-
VTHDM‘BiIinear: <G+ H+) Aucharged (H) + <GO AO h H) Nneutral

N(?X?) _ RT(91,02,93)]V[(3X3) R(91762793) = dlag (mio,m%,nﬂ ) .

neutral — neutral

The Yukawa matrix associated to the Higgs doublet H; is diagonalized

K f:l7u7d'
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Mass eigenstates and Yukawa structure in the Higgs basis

Mass eigenstates of the neutral scalar fields

G-
VTHDM‘BiIinear: <G+ H+) Aucharged (H) + <GO AO h H) Nneutral

NS = RT(01,00,05) M%) R(01,0,05) = diag (m?,,m3,m¥) .

neutral neutral

The Yukawa matrix associated to the Higgs doublet H; is diagonalized

K f:l7u7d'

March 23, 2026 José Angel Hernandez Cuevas



Tadpole terms of the scalar potential in the Higgs basis

Tadpole terms of the scalar potential in the Higgs basis

VTHDM‘TadpdeS = —tn, N1 — N, N2 — tN, N3,
tn, = —mHv — M3, ty, = Re{mdy}v — s Re{d6}v?, ty, = — Im{m3y}v + L Im{Xg}v?.
After diagonalizing the neutral mass matrix, the tadpole constants are rotated
VTHDMm ‘Tadpdes = —tgH — tph — ta, Ao,
tH tN,

th | = R(01,62,03)7 | tn,
ta, tN,
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From the generic basis to physical parameters

Parameters in the generic basis:

fl f2
ij 7Gij )

The following steps rewrite the theory in terms of the physical parameters.

2 2 2
pgeneric = {777‘11) myg, Mooy, )\17 )\27 )‘37 >‘47 )‘57 )\Ga )\77 G

'Ul,'UQ,(S}.

Higgs Basis
H, H,

v

N1, No, N3

tN1, EN2s TN

M neutral

Generic Basis

@1, D2

Uy

Vo
INIS=3)_ diag

neutral

Mass eigenstates

R(6,,0,,05) H, h, Ao
u, th, tA(,

(M, mi, M)

arXiv:9411288

Physical parameters associated with the mass eigenstates:

2 2 22 BV VY ~
Pmass = {tHath?tAm/nLHJra "LA(,7 mp, NI/I]7617027037)\27 /\37)‘77mf,i7G

2
lfj , U}
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3. Renormalization of the general
Two-Higgs-Doublet Model



Bare input parameters and bare scalar fields

The general THDM introduces additional bare parameters in the Higgs and Yukawa sectors:

Y YN N Af2
po = {tH,tAO,m%{,mio,m%ﬁ,01,92,93,)\2,)\3,)\7,sz]? }

Do P + op
~ ~—~ ~—

bare parameter renormalized parameter renormalization constant
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Bare input parameters and bare scalar fields

The general THDM introduces additional bare parameters in the Higgs and Yukawa sectors:

Y YN N Af2
po = {tH,tAO,m%{,mio,m%ﬁ,01,92,93,)\2,)\3,)\7,sz]? }

Do P + op
~ ~—~ ~—

bare parameter renormalized parameter renormalization constant

The additional Higgs fields must also be renormalized.

H___Q___h AO___Q___GO’
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Previous work in the renormalization of THDM

Significant progress has been made in the literature in renormalizing THDMs:
o Kanemura et al (see e.g. arXiv:2408.08033)
o Miihlleitner et al (see e.g. arXiv:1605.04853)

Denner et al (see e.g. arXiv:1607.07352)

Dittmaier et al (see e.g. arXiv:1704.02645)

Degrande (see e.g. arXiv:1406.3030)
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On-shell renormalization conditions

Masses and fields were renormalized by on-shell conditions (see e.g. arXiv:1912.06823):

o Masses are defined from the location of the real part of the poles of the propagators.

o Fields correspond to canonically normalized mass eigenstates.
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Modified Minimal Subtraction (MS) conditions

o Higgs mixing angles, coupling lambda parameters, and Yukawa matrices were
renormalized using MS conditions
e The terms proportional to the UV divergence are subtracted (see e.g. arXiv:9212285).

FgZZ(501,502,593)‘UV =0, TR77 (561,30, 593)‘uv =0, Ty HH (6017502’693)‘UV =0,
Z 4 Z

iTHZZ _ £ + M + R + O(eh).

Z Z Z

There are other renormalization schemes that have been applied for mixing angles.
o Kanemura—Okada—Senahan—Yuan scheme (arXiv:0408364).
e Pinched scheme (arXiv:0909.2536).
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Tadpole renormalization

o Three tadpole contributions arise in the scalar potential due to a non-vanishing vev

VIHDM | Tadpoles = —LHH — thh —ta, Ao

o The vacuum is fixed to vanish the tadpole contributions at tree level

o Higher order tadpole contributions arise from Feynman diagrams containing

S = H,h,Ag.

e Tadpole renormalization schemes are based on linear/non-linear parametrizations of the
Higgs doublets
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Tadpole renormalization: Linear parametrization of the Higgs doublets

o Most EW corrections are computed using the linear parametrization.

By = (95, Pn) = J5 (o + pu) L +2i¢a], b = 257, wif = L)y — g,

o Higgs fields and tadpole contributions are gauge dependent
o One-loop tadpole contributions:

S 2 S S S S S s
TS = 2--4 )+-——O+———{:}+———~; A -
N - T \5/

SaslevhaA()? f: 6),“’77-7U)C7t)d757b) V: Wi,Z, u = uzauia ¢: GivGO
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Tadpole renormalization: Non-linear parametrization of the Higgs doublets

o A non-linear parametrization of the Higgs doublets can be used to avoid gauge
dependences.

@, =oxp () - L l(vn+p) L +2ibu@] . (=9 @= 27 b= s by=cs.

o Higgs fields and tadpole contributions are gauge invariant

e One-loop tadpole contributions (no ghost loops):

s’ o

f 14
S 2 S S S r N
TS:FI':————Q )+——— +———‘{::}+____. )
\‘/ \\/

S,8' =H,h, Ay, f= e pmuctdsb V=W=EZ ¢= GG
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Tadpole renormalization: Tadpole schemes

Three different tadpole schemes were used to define the tadpole renormalization constants:

o Parameter Renormalized Tadpole Scheme (PRTS)
o Fleischer—Jegerlehner Tadpole Scheme (FJTS)
e Gauve-Invariant Vacuum expectation value Scheme (GIVS)

arXiv:0709.1075
PhysRevD:23.2001
arXiv:2206.01479

Tadpole schemes

Parametrization

Counterterms per
neutral scalar

Counterterm introduction

Gauge invariant

Small corrections

linear

PRTS Linear 1 Renormalization No Yes
FJTS Linear 1 Shifting fields Yes No*
GIVS Non-linear and 2 Both Yes Yes
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Tadpole renormalization: Tadpole schemes

Three different tadpole schemes were used to define the tadpole renormalization constants:

o Parameter Renormalized Tadpole Scheme (PRTS) arXiv:0709.1075

o Fleischer—Jegerlehner Tadpole Scheme (FJTS)
e Gauve-Invariant Vacuum expectation value Scheme (GIVS)

PhysRevD:23.2001
arXiv:2206.01479

Tadpole schemes | Parametrization Counterterms per Counterterm introduction | Gauge invariant | Small corrections
neutral scalar
PRTS Linear 1 Renormalization No Yes
FJTS Linear 1 Shifting fields Yes No*
GIVS Non-!mear and 2 Both Yes Yes
linear
PRTS
Sty oty 5tAO
H h A
tuo=tu+(-T7),  tho=th+(=T"),  tago= ta, +(-T7°)
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Tadpole renormalization: Tadpole schemes

Three different tadpole schemes were used to define the tadpole renormalization constants:

o Parameter Renormalized Tadpole Scheme (PRTS)
o Fleischer—Jegerlehner Tadpole Scheme (FJTS)
e Gauve-Invariant Vacuum expectation value Scheme (GIVS)

arXiv:0709.1075
PhysRevD:23.2001
arXiv:2206.01479

Tadpole schemes

Parametrization

Counterterms per
neutral scalar

Counterterm introduction

Gauge invariant

Small corrections

—~
H — H+ (TH) /m?%,
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PN
h— h+ (T") /m2,

PRTS Linear 1 Renormalization No Yes
FJTS Linear 1 Shifting fields Yes No*
GIVS Non—!lnear and 2 Both Yes Yes
linear
FJTS
—O5ty —oty, *5tA0

—~
A() — AO + (TAO) /mio
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Tadpole renormalization: Tadpole schemes

Three different tadpole schemes were used to define the tadpole renormalization constants:

o Parameter Renormalized Tadpole Scheme (PRTS)
o Fleischer—Jegerlehner Tadpole Scheme (FJTS)
e Gauve-Invariant Vacuum expectation value Scheme (GIVS)

arXiv:0709.1075
PhysRevD:23.2001
arXiv:2206.01479

Tadpole schemes

Parametrization

Counterterms per
neutral scalar

Counterterm introduction

Gauge invariant

Small corrections

H,nl
tH,O: tH—|-(—T N ),

March 23, 2026

—6tm,2
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H — H+ (TH —TH") /m?2,,

h—h+ (T
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h,nl
th70 =ty + (—T n ),

b i) 2,

7575},,,2

PRTS Linear 1 Renormalization No Yes
FJTS Linear 1 Shifting fields Yes No*
GIVS Non-!lnear and 2 Both Yes Yes
linear
GIVS
Ot Oth,1 dtag,1

Ag,nl
Lag,0 = ta, + (_T D’n)

—dtag,2

—_—
AO — AO + (TAO — TAO’nl) /m1240

Katharsis of Ultimate Theory Standards - Meeting 15




4. Electroweak NLO corrections to

the h — bb and h — 77
decay widths



Dominant fermionic decays of the SM Higgs boson

8
®
2
% 10*1;‘5‘5 )

SM Higgs boson branching ratios @ F

with m;, = 125 GeV

B(h — bb) =|0.5824 | B(h — WW) = 0.2137 102+

B(h — gg) = 0.0819 B(h — 7777) = |0.0627

B(h — cc) = 0.0289 B(h— ZZ)= 0.0262

1 0—3 L L TR R N L
100 120 140 160 180 200
M, [GeV]

arXiv:1101.0593
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Electroweak NLO corrections in the Type | and Type || THDM

o NLO corrections computed for h — bb and h — 77
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Electroweak NLO corrections in the Type | and Type || THDM

o NLO corrections computed for h — bb and h — 77

@ Model setup
o CP-conserving Type | and Type || THDM
o Near the alignment limit (cos(8 — a) ~ 0.0707)
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Electroweak NLO corrections in the Type | and Type || THDM

o NLO corrections computed for h — bb and h — 77
@ Model setup

o CP-conserving Type | and Type || THDM
o Near the alignment limit (cos(8 — a) ~ 0.0707)
@ Two benchmark scenarios considered

Xg M+ mp mpg ma,
GeV GeV GeV GeV
Scenario A 0.6 500 125.25 200 — 500 550
Scenario B 0.6 500 125.25 250 200 — 500
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Electroweak NLO corrections in the Type | and Type || THDM

o NLO corrections computed for h — bb and h — 77

@ Model setup

o CP-conserving Type | and Type || THDM
o Near the alignment limit (cos(8 — a) ~ 0.0707)
@ Two benchmark scenarios considered

@ Parameter space checked for (arXiv:2210.00024)
o Perturbative unitarity

Az

Scenario A 0.6

Scenario B 0.6

myg ma,
GeV GeV
200 — 500 550
250 200 — 500

o Bounded-from-below

e Vacuum stability (at the TeV scale)
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Electroweak NLO corrections in the Type | and Type || THDM

o NLO corrections computed for h — bb and h — 77
@ Model setup

o CP-conserving Type | and Type || THDM
o Near the alignment limit (cos(8 — a) ~ 0.0707)
@ Two benchmark scenarios considered

Xz M+ mp mpg ma,
GeV GeV GeV GeV
Scenario A 0.6 500 125.25 200 — 500 550
Scenario B 0.6 500 125.25 250 200 — 500
@ Parameter space checked for (arXiv:2210.00024)
o Perturbative unitarity

o Bounded-from-below

e Vacuum stability (at the TeV scale)
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o Comparison with the 2HDECAY program (M. Krause, M. Mihlleitner, and M. Spira
arXiv:1810.00768).
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Electroweak NLO corrections in the Type | THDM

Scenario A
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Electroweak NLO corrections in the Type || THDM

Scenario A
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Electroweak NLO corrections in the Type | and || THDM

2HDECAY program implements these couplings instead of the Yukawa matrices:

Sr2 V2mye
G33 5]’(5) 25Wimw
gu éd fl
Type | cot 8 cot 8 cot
Type 1l cot 3 —tan 3 —tan 3

Therefore, the respective counterterms of these couplings are:

\/W((Smf Ssw 0m, P 6£f(6)>.

my swo 2myy £r(B)

3G = &(B)

25me
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Comparison of the tadpole schemes in the Type | THDM

Scenario A

= PRTS
— FJTS
GIVS
m— AJ/§ (FITS-PRTS)
A/ (GIVS-PRTS)

10

04
<
25 —107
21 ]
) ]

—204

—30
S o
S ]
S —2004
4

March 23, 2026

200 250 300 350 400 450 500
my [GeV|

S(NLO) — (T(NLO) _ (L0} /1 (L0},

José Angel Hernandez Cuevas

Scenario B

/

s === ]
= PRTS
[ JTS
GIVS

= A /8 (FITS-PRTS)

A§/d (GIVS-PRTS)

200 250 300 350 400 450 500

ma, [GeV]

AG/6(rirs/avs-prTs) = (O srs/aivs — Oprrs)/Oprrs

Katharsis of Ultimate Theory Standards - Meeting 15



Comparison of the tadpole schemes in the Type | THDM
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Comparison of the tadpole schemes in the Type || THDM
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Electroweak NLO corrections in the Type | THDM
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Electroweak NLO corrections in the Type || THDM
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Comparison of the tadpole schemes in the Type | THDM
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Comparison of the tadpole schemes in the Type || THDM
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5. Summary and outlook



Summary

m An independent set of parameters and fields was chosen to define the general THDM.
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m An independent set of parameters and fields was chosen to define the general THDM.

m These parameters and fields were renormalized using on-shell and MS conditions,
together with the tadpole schemes FJTS, PRTS, and GIVS.
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m An independent set of parameters and fields was chosen to define the general THDM.

m These parameters and fields were renormalized using on-shell and MS conditions,
together with the tadpole schemes FJTS, PRTS, and GIVS.

m Electroweak NLO corrections to the decay widths h — bb/77 were computed in the
CP-conserving Type | and Type || THDM.
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m An independent set of parameters and fields was chosen to define the general THDM.

m These parameters and fields were renormalized using on-shell and MS conditions,
together with the tadpole schemes FJTS, PRTS, and GIVS.

m Electroweak NLO corrections to the decay widths h — bb/77 were computed in the
CP-conserving Type | and Type || THDM.

m Results were compared with the predictions of the 2HDECAY program, confirming
agreement.
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Outlook

» Apply experimental constraints and perform more parameter scans to study the
phenomenological impact on the decay widths.
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» Apply experimental constraints and perform more parameter scans to study the
phenomenological impact on the decay widths.

» Compute NLO corrections to the decays of the remaining Higgs bosons.
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» Apply experimental constraints and perform more parameter scans to study the
phenomenological impact on the decay widths.

» Compute NLO corrections to the decays of the remaining Higgs bosons.
» Implement on-shell renormalization conditions for the mixing angles, based on A.

Denner, S. Dittmaier, and J. Lang renormalization procedure for mixing angles
(arXiv:1808.03466).
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» Apply experimental constraints and perform more parameter scans to study the
phenomenological impact on the decay widths.

» Compute NLO corrections to the decays of the remaining Higgs bosons.
» Implement on-shell renormalization conditions for the mixing angles, based on A.
Denner, S. Dittmaier, and J. Lang renormalization procedure for mixing angles

(arXiv:1808.03466).

» Extend the analysis to the Type X and Type Y variants of the THDM and to the
MSSM Higgs sector in the low-energy limit.
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Thank you!
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The p parameter

The p parameter is an important quantity in electroweak physics that measures the ratio
between neutral and charged current interaction strengths in the low-energy limit [?]:

n

B L
— — k= , = f scal Itiplets. 7
P w2 cos” Oy n = # of scalar multiplets (7)

N 12,2
> 2V vp
k=1
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Conversion from the generic basis to the Higgs basis

In the generic basis, the Higgs doublets are linearly expanded according to

+ +
o, = < L “1 ) ) , Dy = ( L w2 ] ) . (8)
ﬁ(vl + p1+ i) 7 (v2 + p2 +ing)
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Conversion from the generic basis to the Higgs basis

In the generic basis, the Higgs doublets are linearly expanded according to

+ +
o, = < L “1 ) ) , Dy = ( L w2 ] ) . (8)
ﬁ(vl + p1+ i) 7 (v2 + p2 +ing)

It is more convenient to rotate the Higgs doublets to the Higgs basis [?], where only one of the Higgs
doublets (H;) has a non-vanishing vacuum expectation value v in the neutral component,

H, ] S8 (o} Gt HT
= y H'l = 1 . ) H2 = 1 . )
Ho —Sg  ¢g (O 7 (’U+N1 +ZGO) 7 (N2+ZN3)

v
v? = vl 402 tanf = —. (9)
U1
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Conversion from the generic basis to the Higgs basis

In the generic basis, the Higgs doublets are linearly expanded according to

+ +
o, = < L “1 ) ) , Dy = ( L w2 ] ) . (8)
5 (014 p1 +im) 75 (V2 + p2 + i)

It is more convenient to rotate the Higgs doublets to the Higgs basis [?], where only one of the Higgs
doublets (H;) has a non-vanishing vacuum expectation value v in the neutral component,

H, ] S8 (o} Gt HT
= y H'l = 1 . ) H2 = 1 . )
Ho —Sg  ¢g (O 7 (’U+N1 +ZGO) 7 (N2+ZN3)

v
v? = vl 402 tanf = —. (9)
vy

Here, the scalar fields in the generic basis and the Higgs basis are related through the following field
rotations
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Higgs and Yukawa Lagrangians of the THDM in the Higgs basis

The parameters of the potential in both basis are related according to the following equations
miy =mi ch +miysh — Re[miplsag, M3y = miysh +miych + Re[mis]sas,

mipy = % (m%y —m3y) s25 + Re[miyleas + i Im[mi,],

X1 = Ak + dosh + %,\345555 + 2505 (cg Re[Ag] + 53 Re[)\7]) ,

%o = Aush + dach + %A345s§5 ~ 253 (3 Relde] + 3 Ref]) (11)

X3 = A3 + 3833 (A1 + A2 — 2X345) — sagcap Re[As — A7],

X=X+ 3835 (A1 + A2 — 2X345) — s2gcap Re[Ae — A7],

N 1 . .
A5 = ngﬁ ()\1 + A2 — 2/\345) + Re[)\5] + icog Im[)\s] — 828C28 Re[AG — )\7] —iS23 Im[x\ﬁ - /\7},

~ 1 . . .

X = — 5526 (/\1023 — /\25% — A345C28 — zIm[)\s]) + cgesp Re[hg] + sgs3g Re[A7] + zc% Im[X6] + zs% Im[A7],
~ 1

A7 = — 5526 (/\15% — )\QC% + A345c28 + iIm[)\s]) + sgs3p Re[Ag] + cgesg Re[A7] + is% Im[X6] + ic% Im[A7].
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Physical Higgs bosons in the THDM

Mo — ftt% mi. + % <5\4 - R,e[;\gD v? -1 ]Nm[j\:,]q;z N — [m~[/~\6]l;2 j /_7:3 .
% f% Im[As]v? 7“511 + % (/\,1 + Ro[k;]) v? Re[\¢]v? — T-’
0 — Im[e]v? — [? Re[As]v? — [1\;2 Aov? — ”:1
(3x3)

Now we diagonalize /' (i.e. the components of M.l associated with the mixing terms
of the fields Ny, Ny, and Ng)

Go Go 1 0 0 0 Go
N3 Ao 0 c2c3  S18203 —C1S3  C€152¢3 + 5183 Ao

= Ro,,0,,05 = )
NQ h 0 C2S53 818283 + C1C3 C18283 — S1C3 h
Ny H 0 —s9 S1C2 c1C2 H

Taocy Tconre Tceon TooH

2

1A
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Mass eigenstates and Yukawa structure in the Higgs basis

Mass eigenstates of the neutral scalar fields

Go
G~ 1 A

VTHDM’Bi“near = <G+ H+) Aucharged (H) + 5 <G0 Ao h H) Nheutral hO )
H

NS = RT(61,60,05) M2 R(61,05,05) = diag (m?,,m3, m3) .

neutral neutral
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Mass eigenstates and Yukawa structure in the Higgs basis

Mass eigenstates of the neutral scalar fields

Go
G~ 1 A

VTHDM‘BiIinear = <G+ H+) A\jcharged (H) + 5 <G0 Ay h H) Nhpeutral hO :
H

N33 — BT (9,05, 05) M >

neutral —

%) R(01,02,05) = diag (m?,, m3, m%) .

neutral

The Yukawa matrix associated to the Higgs doublet H; is diagonalized as in the SM

~ V2my; L/R L/R /L/R
szyzl - L 0ij = szi Gir’nLU;TquRTCSz], fi/ = ZVli/ k/ ) f=1u,d.
k,m k

In contrast, the Yukawa matrix associated with the doublet Hy remains more general
512 L R
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Relations between quartic couplings, Higgs masses and mixing angles

A1 = 0—12 (mFcics +misics +m? s3) + tj)\g ,
A = 4%)2 (3m§{ + 3m} + 2m§10 — 8m%. + 2(mi — m¥)earch — (m¥ +mi — Qmio)cm)
Re[\s] = 4%2((2(7”%1 +mj, — 2m )cs + (mfy — my)ea(can — 3))eas + 4(miy — miy)sa150523),
(18)
Im[};] = 4%2((2(7”%1 +mj —2m% )5 + (m3y —mi)ear(ca2 — 3))sa3 — 4(mj, — miy)s2152¢23),
Re[X¢] = 1712((7”%1 —m¥)sicics + (myc +mist —ma,)s2s3)co + %,
Im[Xg] = —2((m,2l - m%{)slclsg + (m%{cf — m%s% —ma,)S2C3)Ca — A\ (19)

v3
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Modified Minimal Subtraction conditions

The renormalization constants fixed by modified minimal subtraction (MS) conditions only
subtract the terms proportional to the UV divergence (i.e. Ayy = 1/¢ — e + In(4m)).
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Modified Minimal Subtraction conditions

The renormalization constants fixed by modified minimal subtraction (MS) conditions only
subtract the terms proportional to the UV divergence (i.e. Ayy = 1/¢ — e + In(4m)).

Higgs mixing angles:
TH772 (861,605, 805)| =0, TA*22(661,802,665)| ,, = 0, TW 71" (561,802,665)] ,, = 0,
z z z
iTHZZ . + + - + O(et).

Z Z Z
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Modified Minimal Subtraction conditions

The renormalization constants fixed by modified minimal subtraction (MS) conditions only
subtract the terms proportional to the UV divergence (i.e. Ayy = 1/¢ — e + In(4m)).

Higgs mixing angles:
TH772 (861,605, 805)| =0, TA*22(661,802,665)| ,, = 0, TW 71" (561,802,665)] ,, = 0,
z z z
iTHZZ . + M + - + O(et).

Z Z Z

Scalar quartic couplings:

DRI (5)s, 5X7)|uv =0, TR (6)s, 5X7)|Uv =0, TR (o), 5X7)|UV =0,
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Modified Minimal Subtraction conditions

The renormalization constants fixed by modified minimal subtraction (MS) conditions only
subtract the terms proportional to the UV divergence (i.e. Ayy = 1/¢ — e + In(4m)).

Higgs mixing angles:
TH772 (861,605, 805)| =0, TA*22(661,802,665)| ,, = 0, TW 71" (561,802,665)] ,, = 0,
z z z
iTHZZ . + M + - + O(et).

Z Z Z

Scalar quartic couplings:

DRI (5)s, 5X7)|uv =0, TR (6)s, 5X7)|Uv =0, TR (o), 5X7)|UV =0,
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Tadpole renormalization (TR): Linear parametrization

At higher orders, tadpole contributions are given by Feynman diagrams containing subdiagrams

r$=7%= - (8),  S=Hh A, (23)

of the form
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Tadpole renormalization (TR): Linear parametrization

At higher orders, tadpole contributions are given by Feynman diagrams containing subdiagrams

of the form
FS:TS:§——, S = H, h, Ap. (23)

Most of the EW corrections are computed by parametrizing the Higgs doublets in the linear
representation [?]:

(24)

_ L
V2

March 23, 2026

José Angel Hernandez Cuevas

Katharsis of Ultimate Theory Standards - Meeting 15



Tadpole renormalization (TR): Linear parametrization

At higher orders, tadpole contributions are given by Feynman diagrams containing subdiagrams

of the form
FS:TS:§——, S = H, h, Ap. (23)

Most of the EW corrections are computed by parametrizing the Higgs doublets in the linear
representation [?]:

(24)

In this parametrization, the Higgs fields H,h, Ay and the tadpole contributions 7740 are
gauge dependent

S 2 S S S P S T
M¥=T%=>--4 ) + ———O - ———{:} SRR I S S E T S
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Tadpole renormalization (TR): Non-linear parametrization

Additionally, a non-linear parametrization can be used in the calculation of EW corrections to
avoid gauge dependences [?]

21 1 . O Yo
P = exp (f) . \ﬁ (U, + pn)1 + 2ibyp], ¢ = CJT], ¢ = %, b1 = —sg, by =cg.

()= (2 2)C) G- () ()= () e
Ny —s3 cg) \p2 7 N3 ¢3) H* V2 \¢y +ig))
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Tadpole renormalization (TR): Non-linear parametrization

Additionally, a non-linear parametrization can be used in the calculation of EW corrections to
avoid gauge dependences [?]

® = exp (jf) c— [(vn + o)1 + 2iby], ¢ = C’UJ, = M, by = —sg, by =cp,

V2 2 2
Ny —s3 cg) \p2 N3 ®3 H* V2 \ gy +igy
In this representation, the Higgs fields H,h, Ag and the tadpole contributions Trﬁl’h’AO are

gauge-invariant

' ¢
S s S S S PRai
gt 5t OO D




TR: Fleischer—Jegerlehner Tadpole Scheme (FJTS)

In this scheme [?], the bare tadpole constants t?g% tFJTS tFJTS are set to zero and the tadpole

counterterms are introduced by shifting the bare nggs flelds accordlng to

Hp —)HB—FA’UEIJTS, hp —)hB—i-A’U}EJTS, A()B —>AOB+AUFJTS. (28)
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TR: Fleischer—Jegerlehner Tadpole Scheme (FJTS)

FJTS tFJTS tFJTS

In this scheme [?], the bare tadpole constants t}; >, are set to zero and the tadpole

counterterms are introduced by shifting the bare nggs flelds according to
Hp —)HB—FA’UEIJTS, hp —)hB—i-A’U}EJTS, A()B —>AOB+AUFJTS. (28)
This shifting yields the terms

2 FJTS 2 FJTS 2 JTS
Lhiggs D me,OAUH -Hp — mh,oAvh -hg — my, OAUAO - Ao.B (29)

FJTS FJTS FJTS
s Avp= 2, Avgy

where the constants Avy; are determined by

AT = — TS iy = T i,
ASITS = — 5tPITS 2 = T Y2 (30)

FJTS _ FJTS 2 _ mA 2
AUAO = _6tA0 /mAO—T O/mAO
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TR: Fleischer—Jegerlehner Tadpole Scheme (FJTS)

FJTS tFJTS tFJTS

In this scheme [?], the bare tadpole constants t}; >, are set to zero and the tadpole

counterterms are introduced by shifting the bare nggs flelds accordlng to
Hp —)HB—FA’UEIJTS, hp —)hB—i-A’U}EJTS, A()B —>AOB+AUFJTS. (28)
This shifting yields the terms

2 FJTS 2 FJTS 2 JTS
Lhiggs D me,OAUH -Hp — mh,oAvh -hg — my, OAUAO - Ao.B (29)

FJTS FJTS FJTS
s Avp= 2, Avgy

where the constants Avy; are determined by

AT = — TS iy = T i,

ASITS = — 5tPITS 2 = T Y2 (30)
FJTS FJTS 2 A 2

AUAO = —6tAO /mAO:T O/mAO

e Might lead to large corrections to the mass renormalization constants in the MS scheme.

e Predictions for observables in the OS and MS schemes are gauge independent.
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TR: Parameter Renormalized Tadpole Scheme (PRTS)

In this scheme [?], the bare tadpole constants t7RI'>, tPRTS tPRTS are renormalized according
to
tPRTS {PRTS | 5;PRTS, SIPRTS — _pH
tPRTS PRTS + 5¢PRTS, §tPRTS — _ph, (31)
tPRTS _ tzlsTs + 5tERTS, 5tERTS — Ao,

Katharsis of Ultimate Theory Standards - Meeting 15
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TR: Parameter Renormalized Tadpole Scheme (PRTS)

In this scheme [?], the bare tadpole constants t7RI'>, tPRTS tPRTS are renormalized according

to

1ERTS — (RS 4 5tPRTS 5tPRTS _ _pH
tPRTS PRTS + §1PRTS, §tPRTS — _h, (31)
tPRTS _ tZI:Ts + 65RTS StPRTS — _4o,

Additionally, the renormalized tadpole constants tEIRTS,t,F;RTS tPRTS are set to zero, which
is equivalent to expanding the Higgs doublet H; about the Iocat|on of the minimum of the

renormalized Higgs potential.
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TR: Parameter Renormalized Tadpole Scheme (PRTS)

In this scheme [?], the bare tadpole constants t7RI'>, tPRTS tPRTS are renormalized according

to

1ERTS — (RS 4 5tPRTS 5tPRTS _ _pH
tPRTS PRTS + §1PRTS, §tPRTS — _h, (31)
tPRTS _ tzr:Ts + 65RTS StPRTS — _4o,

Additionally, the renormalized tadpole constants tEIRTS,t,F;RTS tPRTS are set to zero, which
is equivalent to expanding the Higgs doublet H; about the Iocat|on of the minimum of the

renormalized Higgs potential.

e Leads to small contributions to the mass renormalization constants in the MS scheme.

e Introduces a gauge dependence in predictions for observables in the MS scheme.
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TR: Gauge-Invariant Vacuum expectation value Scheme (GIVS)

This tadpole scheme constructs the tadpole counterterms 6tSVS (S = H, h, Ay) from two
kind of tadpole counterterms 5tG'VS and 5tG'VS [?]. The first kind of counterterms 5tG'V5

introduced through the appllcatlon of the PRTS in the non-linear Higgs expansion to take
advantage of the gauge independence of T nl'

tg!(\)/s _ thVS + 5tgj}/87 tg!(\)/s = tgrli'gs’ thVS = tngTTS =0, &LGIVS — (57555—'—5 _ _Tf
(32)
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TR: Gauge-Invariant Vacuum expectation value Scheme (GIVS)

This tadpole scheme constructs the tadpole counterterms 6tSVS (S = H, h, Ay) from two
kind of tadpole counterterms 5tG'VS and 5tG'VS [?]. The first kind of counterterms 5tG'V5
introduced through the appllcatlon of the PRTS in the non-linear Higgs expansion to take

advantage of the gauge independence of T nl'

tg!(\)/s _ thVS + 5tgj}/87 tg!(\)/s = tg,?,—l(;s’ thVS = tngTTS — 07 &LGIVS —_ 5tg§TS _ —Tr‘
(32)
(51%%'\{5 are not sufficient to fully cancel the tadpole contributions T (i.e., T # Tfl) The
GIVS

complete cancellation is achieved by the second kind of counterterms 5ts,2 , which are intro-
duced by shifting the bare Higgs fields as in the FJTS,

Sp = Sp+Avg™>,  AvgVS = 55 /m3, (33)
such that
otgVe = otSS 4 otdY® = -19, = st = T - T°. (34)
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TR: Gauge-Invariant Vacuum expectation value Scheme (GIVS)

This tadpole scheme constructs the tadpole counterterms 6tSVS (S = H, h, Ay) from two
kind of tadpole counterterms 5tG'VS and 5tG'VS [?]. The first kind of counterterms 5tG'V5
introduced through the appllcatlon of the PRTS in the non-linear Higgs expansion to take

advantage of the gauge independence of T nl'

tg!(\)/s _ thVS + 5tgj}/87 tg!(\)/s = tg,?,—l(;s’ thVS = tngTTS — 07 &LGIVS —_ 5tg§TS _ —Tr‘
(32)
(51%%'\{5 are not sufficient to fully cancel the tadpole contributions T (i.e., T # Tfl) The
GIVS

complete cancellation is achieved by the second kind of counterterms 5ts,2 , which are intro-
duced by shifting the bare Higgs fields as in the FJTS,

Sp = Sp+Avg™>,  AvgVS = 55 /m3, (33)
such that
otgVe = otSS 4 otdY® = -19, = st = T - T°. (34)
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Dominant decay channel of the SM Higgs boson

SM Higgs boson branching ratios with m;, = 125 GeV [?].

B(h — bb) = B(h — WW) = 0.2137

B(h — gg) = 0.0819 B(h— tt77) = 0.0627
B(h — c¢) = 0.0289 B(h— ZZ)= 0.0262

b,c, 7" W, Z g

be, 7t W, Z* g
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Electroweak NLO correction in the CP-conserving Type | THDM with

softly broken Z, symmetry

To compare our calculation for a specific point of the space input parameter with the results

given by the 2HDECAY program developed by Krause, Miihlleitner, and Spira [?], we diagonal-

(3x3)

ize the neutral mass matrix M __ .~ of the bilinear terms excluding the tadpole contributions:

n
0 0 0 0 —tny,  —tn,  INg 0
0 m?p + % <5\4 — Re[;\s]) v? *% hn[S‘S]UZ - 1111[5‘6]'”2 1 —tN, 0 0 —ing
Mheutral = 1 T2 2 1 (3 N 2 X 10,2 + v ’
0 —5 Im[As]v My + 35 ()\4 + R(‘[/\5]) v Re[Ag]v N 0 0 —tn,
e 3 102 02
0 —Im[X¢]v Re[Ae]v Arv 0 —tn;  —tn,  —tny
0 0 0 0 Taoay, Taoay Taohy Taon
. ’ 0 mi, 0 0 Tagcy Taga,  Tagh  Tagm
Nheutral = R91,92,03]\/[neutralR01,92,93 = 5 + (35)
0 0 mi O Thoco  Tha, Thn  Thu
2
0 0 0 my Tucy, Tway, Tun Tam
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