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Current status of the 
Higgs boson 

measurements at the LHC



• From Run-1 to Run-2


• NP will show up in 
high pT region


• Significant increase in 
production rate due to 
higher center-of-mass 
energy from LHC 
Run-1 to Run-2!

Is this good enough? No!
• Coupling to fermions not fully established yet in Run-1  

(coupling to top and bottom quarks not directly observed)

• Generic size of (inclusive) Higgs  
couplings modifiers expected for new physics (BSM) at ~O(TeV):  
 
 
 
 
 
 
 

• BSM effects may be enhanced at high transverse  
momentum, in tails of distribution

• Great progress! Will show some of the highlights  
from ATLAS and CMS based on 36 or 80 fb-1 of  
Run-2 data  (up to 3x the Run-1 luminosity)

[Snowmass 2013 study, https://arxiv.org/pdf/1310.8361.pdf]

[Grazzini et al.,  
JHEP 1703, 115 (2017)]

NEW → result released for ICHEP!
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In the EFT approach



ProductionHiggs boson production at the LHC
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[LHC Higgs X-sec WG] Production modes

~4M

~300k

~200k

~40k• Significant increase in production 
rate due to higher center-of-mass  
energy from LHC Run-1 to Run-2!  
  

2.3x

3.8x

Higgs bosons  
produced in Run 2 
(2015-2017)
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DecaysZZ, γγ: high mass  
resolution channels 
mass and precise  
differential  
measurements

Higgs boson decay modes

WW: High BR, but low  
mass resolution

bb, ττ: high BR, but  
low S/B, important to  
directly probe  
Higgs boson  
coupling to fermions

μμ: very small BR, but  
access to coupling to  
2nd generation  
fermions

bb
58.2% 

cc
2.9% 

tt
6.3% 

µµ
0.02% 

WW*
21.4% 

ZZ*
2.6% 

gg
8.2% 

gg
0.23% 

Zg
0.15% 

1.1% (e,µ)

0.012% (e,µ)

0.008% (e,µ)
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Inputs to combination
Production

D
ec

ay

ATLAS
CMS

80 fb-1 80 fb-1µ�

[ATLAS-CONF-2018-031]

80 fb-1 80 fb-1 80 fb-1 80 fb-1

80 fb-1 80 fb-1 80 fb-1 80 fb-1

[CMS-PAS-HIG-17-031]
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Another way to probe 
NP in the Higgs 

sector: 
New scalar bosons



Another way to probe 
NP in the Higgs 

sector: 
Charged Higgs boson



2 kinds of NP
• Doublet models


• 5 scalars

Beyond the SM Higgs sector
✤ Theoretical motivation for an extended Higgs sector is broad: coupling 
constant unification, CP violation, neutrino masses, hierarchy problem… 

✤ Charged Higgs bosons (H+) appear in many extensions → sign of BSM physics

2

Triplet models 
✤ Addition of scalar triplet(s)  

✤ Georgi-Machacek model:  
add one real and one 
complex SU(2) triplet  

✤ H+ phenomenology different 
from the doublet models 
✤ H+WZ couplings at tree level 
✤ Double-charged Higgs  
bosons H++ 

Doublet models 
✤ Add another doublet → two Higgs-
Doublet Models (2HDM) 
✤ 5 scalar bosons: h, H, A, H+, H- 
✤ Classes of models (no FCNCs):

Φ1 Φ2
Type I (Fermiophobic) Type II (MSSM-like)

Type X (Lepton-specific) Type Y (Flipped)

d u
e Φ1 Φ2

d u

e

Φ1 Φ2
d u
e Φ1 Φ2

d u
e
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2HDM



Two Higgs doublets

I. INTRODUCTION

II. THE TWO HIGGS DOUBLET MODEL

h0, H0, A0, H+, H−

mh, MH , MA, MH±

The general 2HDM [? ] involves Φ1 and Φ2 which are two complex Y = 1, SU(2)L Higgs

doublet scalar fields. The most general potential with CP invariance and softly broken Z2

symmetry is given by [? ]

V = m2
11Φ

†
1Φ1 +m2

22Φ
†
2Φ2 −m2

12(Φ
†
1Φ2 + h.c.)

+
1

2
λ1(Φ

†
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†
2Φ2)

2 + λ3(Φ
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†
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†
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(Φ†

1Φ2)
2 + h.c.

]
(1)

where all of the parameters are real.

The scalar potential (??) is bounded from below only if the following conditions are

satisfied [? ? ? ? ]

λ1 > 0, λ2 > 0, λ3 > −
√

λ1λ2, λ3 + λ4 − |λ5| > −
√

λ1λ2. (2)

In addition, we demand perturbativity as

|λi| < 4π. (3)

After spontaneous symmetry breaking, the doublets have the vacuum expectation values as

follows,

⟨Φ1⟩ =
1√
2

⎛

⎝ 0

v1

⎞

⎠ , ⟨Φ2⟩ =
1√
2

⎛

⎝ 0

v2

⎞

⎠ , (4)

where v1 and v2 are are taken to be real. For CP conservation, we further require

v2 ≡ v21 + v22 = (246 GeV)2,
v2
v1

= tan β. (5)

Before, we defined tan β = vu/vd, which implies

Φu = Φ1, Φd = Φ2. (6)

1

which determine m11 and m22 as

m2
11 = m2

12 tan β − v2

2

(
λ1 cos

2 β + λ345 sin
2 β

)
, (8)

m2
22 = m2

12 cot β − v2

2

(
λ2 sin

2 β + λ345 cos
2 β

)
,

Therefore, 8 parameters are

(
m2

11,m
2
22,m12,λ1,λ2,λ3,λ4,λ5

)
→ (v, tan β,m12,λ1,λ2,λ3,λ4,λ5) . (9)

With two complex scalar SU(2) doublets there are eight fields:
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2
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With the above minimum, the mass terms for the charged scalars are given by

Vφ± mass =
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12 − (λ4 + λ5)v1v2
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)
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There is a zero eigenvalue corresponding to the charged Goldstone boson G± which gets

eaten by the W±. The mass-squared of the ‘charged Higgs’ is

m2
H+ =

m2
12

cos β sin β
− (λ4 + λ5)v

2. (12)

The mass terms for the pseudoscalars are given by

Vηmass =
1

2
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A

v21 + v22

(
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⎝ v22 −v1v2

−v1v2 v21
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One eigenvalue is zero, which corresponds to a pseudoscalar Goldstone mode. The mass-

squared of the physical pseudoscalar is

m2
A =

m2
12

cos β sin β
− 2λ5v

2. (14)

Note that, when m2
12 = 0 and λ5 = 0, the pseudoscalar becomes massless. This is due to

the existence, in that limit, of an additional global U(1) symmetry which is spontaneously

broken.
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Before, we defined tan β = vu/vd, which implies

Φu = Φ1, Φd = Φ2. (5)

If one redefines the doublets as

H1 = cos βΦ1 + sin βΦ2, H2 = − sin βΦ1 + cos βΦ2, (6)

the lower component of H1 has a (real and positive) VEV v/
√
2, while H2 has null VEV.

If we replace the Higgs field in Eq.(1) by its VEV, the potential should take its minimum.

This is called the tadpole condition:
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Five physical Higgs bosons

h
0
, H

0
, A

0
, H

±



Two Higgs doublets

In order to suppress FCNC at tree level,
we impose Z2 symmetry
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model (MSSM) is the THDM with a supersymmetric rela-
tion [2] among the parameters of the Higgs sector, whose
Yukawa interaction is of type II, in which only a Higgs
doublet couples to up-type quarks and the other couples to
down-type quarks and charged leptons. On the other hand,
a TeV-scale model to try to explain neutrino masses, dark
matter, and baryogenesis has been proposed in Ref. [7]. In
this model the Higgs sector is the two Higgs doublet with
extra scalar singlets, and the Yukawa interaction corre-
sponds to the type-X THDM, in which only a Higgs
doublet couples to quarks and the other couples to leptons.
Therefore, in order to select the true model from various
new physics candidates that predict THDMs (and their
variations with singlets), it is important to experimentally
determine the type of Yukawa interaction.

There have been many studies for the phenomenological
properties of the type-II THDM, often in the context of the
MSSM [2]. On the contrary, there have been fewer studies
for the other types of Yukawa interactions in the THDM.
The purpose of this paper is to clarify phenomenological
differences among these types of Yukawa interactions in
the THDM at the LHC and the International Linear
Collider (ILC) [15]. We first study the decay rates and
the decay branching ratios of the CP-even (h and H) and
CP-odd (A) neutral Higgs bosons and the charged Higgs
bosons (H!) in various types of Yukawa interactions. It is
confirmed that there are large differences in the Higgs
boson decays among these types of Yukawa interactions
in the THDM. In particular, in the case where the CP-even
Higgs boson h is approximately SM-like, H and A decay
mainly into !þ!# in the type-X scenario for the wide range
of parameter space, while they decay mainly into b !b in the
type-II scenario. We then summarize constraints on the
mass of H! from current experimental bounds in various
types of Yukawa interactions. In addition to the lower
bounds on the mass (mH!) from CERN LEP and
Tevatron direct searches [16,17], mH! can also be con-
strained by the B-meson decay data such as B ! Xs" [18–
21] and B ! !# [22,23], depending on the model of
Yukawa interaction. The B ! Xs" results give a severe
lower bound, mH! * 295 GeV, at the next-to-next-to-
leading order (NNLO) in the (nonsupersymmetric) type-
II THDM and the type-Y THDM [20,21], but provide no
effective bound in the type-I (type-X) THDM for tan$ *
2, where tan$ is the ratio of the vacuum expectation values
(VEVs) of the CP-even Higgs bosons. We also discuss the
experimental bounds on the charged Higgs sector from
purely leptonic observables ! ! % !## [24] and the muon
anomalous magnetic moment [25,26].

We finally discuss the possibility of discriminating be-
tween the types of Yukawa interactions at the LHC and
also at the ILC. We mainly study collider phenomenology
in the type-X THDM in the light extra Higgs boson sce-
nario, and see differences from the results in the MSSM
(the type-II THDM). We discuss the signal of neutral and

charged Higgs bosons at the LHC, which may be useful to
distinguish the type of Yukawa interaction. The feasibility
of the direct production processes from gluon fusion gg !
A (H) and the associated production from pp ! b !bA
(b !bH) is studied, and the difference in the signal signifi-
cance of their leptonic decay channels is evaluated in the
type-X THDM and the MSSM.We also consider the Higgs
boson pair production pp ! AH!,HH!, AH and find that
the leptonic decay modes are also useful to explore the type
of Yukawa interaction. At the ILC, the process eþe# !
AH is useful to examine the type-X THDM, because the
final states are completely different from the case of the
MSSM.
In Sec. II, we give a brief review of the types of Yukawa

interactions in the THDM. In Sec. III, the decay widths and
the branching ratios are evaluated in the four different
types of Yukawa interactions. Section IV is devoted to a
discussion of current experimental constraints on the
THDM in each type of Yukawa interaction. In Sec. V, the
possibility of discriminating the type of Yukawa interac-
tion at the LHC and the ILC is discussed. Conclusions are
given in Sec. VI. The formulas of the decay rates of the
Higgs bosons are listed in the Appendix.

II. TWO HIGGS DOUBLET MODELS UNDER THE
Z2 SYMMETRY

In the THDM with isospin doublet scalar fields "1 and
"2 and a hypercharge of Y ¼ 1=2, the discrete Z2 sym-
metry ("1 ! "1 and "2 ! #"2) may be imposed to
avoid FCNC at the lowest order [10]. The most general
Yukawa interaction under the Z2 symmetry can be written
as

LTHDM
yukawa ¼ # !QLYu

~"u uR # !QLYd"ddR

# !LLY‘"‘‘R þ H:c:; (1)

where "f (f ¼ u , d, or ‘) is either "1 or "2. There are
four independent Z2 charge assignments on quarks and
charged leptons, as summarized in Table I [11,12]. In the
type-I THDM, all quarks and charged leptons obtain their
masses from the VEVof"2. In the type-II THDM, masses
of up-type quarks are generated by the VEV of "2, while
those of down-type quarks and charged leptons are ac-
quired by that of "1. The Higgs sector of the MSSM is a
special THDMwhose Yukawa interaction is of type II. The
type-X Yukawa interaction (all quarks couple to "2 while

TABLE I. Variation in charge assignments of the Z2 symmetry.

"1 "2 uR dR ‘R QL, LL

Type I þ # # # # þ
Type II þ # # þ þ þ
Type X þ # # # þ þ
Type Y þ # # þ # þ

AOKI, KANEMURA, TSUMURA, AND YAGYU PHYSICAL REVIEW D 80, 015017 (2009)

015017-2



Higgs potential  

II. BRIEF REVIEW OF THE 2HDM

A 2HDM [79] introduces two complex Y = 1, SU(2)L Higgs doublet scalar fields, Φ1

and Φ2. As both Φ1 and Φ2 develop nonzero VEVs as ⟨Φ1,2⟩ =
(
0, v1/

√
2
)T

, electroweak

symmetry breaking occurs. When parameterizing tβ = v2/v1, one linear combination H1 =

cβΦ1 + sβΦ2 has nonzero VEV v =
√

v2a + v22 = 246 GeV while its orthogonal combination

H2 = −sβΦ1 + cβΦ2 acquires zero VEV. We define the fluctuation fields about the minima

v1 and v2 as
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⎜⎝
φ+
i

vi + ρi + iηi√
2

⎞

⎟⎠ , i = 1, 2 . (1)

The most general potential with CP invariance and softly broken Z2 symmetry is

V = m2
11Φ

†
1Φ1 +m2

22Φ
†
2Φ2 −m2

12(Φ
†
1Φ2 +H.c.)

+
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†
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[
(Φ†

1Φ2)
2 +H.c.

]
(2)

where CP invariance requires all of the parameters to be real, and m2
12 breaks the Z2 symme-

try softly. Note that m2
12 parameter can be negative. Using the tadpole condition, m11 and

m22 can be written in terms of v, tβ, and λi=1,··· ,5. The Higgs potential has 7 free parameters

of m2
12, tβ, and λi=1,··· ,5.

The changed Higgs boson is one linear combination of φ+
1 and φ+

1 , and the pseudo scalar

A0 is one of η1 and η1, of which the orthogonal state is a Goldstone mode G+ and G0

respectively. their mixing angle is β through
⎛

⎝ φ+
1

φ+
2

⎞
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⎛

⎝ sβ cβ
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⎠
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⎠
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And their masses are

m2
H+ =

m2
12

cβsβ
− (λ4 + λ5)v

2, m2
A =

m2
12

cβsβ
− 2λ5v

2. (4)

The CP-even Higgs bosons h0 and H0 are obtained by diagonalising the mass squared

matrix M2
0 given by

M2
0 =

⎛

⎝ M2
11 M2

12

M2
12 M2

22

⎞

⎠ (5)
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Softly broken Z2 

Q. What can all of the data tell about the potential? 

Important roles of Yukawa interaction 



4 types 
according to the charge assignment 

under Z2 symmetry
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properties of the type-II THDM, often in the context of the
MSSM [2]. On the contrary, there have been fewer studies
for the other types of Yukawa interactions in the THDM.
The purpose of this paper is to clarify phenomenological
differences among these types of Yukawa interactions in
the THDM at the LHC and the International Linear
Collider (ILC) [15]. We first study the decay rates and
the decay branching ratios of the CP-even (h and H) and
CP-odd (A) neutral Higgs bosons and the charged Higgs
bosons (H!) in various types of Yukawa interactions. It is
confirmed that there are large differences in the Higgs
boson decays among these types of Yukawa interactions
in the THDM. In particular, in the case where the CP-even
Higgs boson h is approximately SM-like, H and A decay
mainly into !þ!# in the type-X scenario for the wide range
of parameter space, while they decay mainly into b !b in the
type-II scenario. We then summarize constraints on the
mass of H! from current experimental bounds in various
types of Yukawa interactions. In addition to the lower
bounds on the mass (mH!) from CERN LEP and
Tevatron direct searches [16,17], mH! can also be con-
strained by the B-meson decay data such as B ! Xs" [18–
21] and B ! !# [22,23], depending on the model of
Yukawa interaction. The B ! Xs" results give a severe
lower bound, mH! * 295 GeV, at the next-to-next-to-
leading order (NNLO) in the (nonsupersymmetric) type-
II THDM and the type-Y THDM [20,21], but provide no
effective bound in the type-I (type-X) THDM for tan$ *
2, where tan$ is the ratio of the vacuum expectation values
(VEVs) of the CP-even Higgs bosons. We also discuss the
experimental bounds on the charged Higgs sector from
purely leptonic observables ! ! % !## [24] and the muon
anomalous magnetic moment [25,26].

We finally discuss the possibility of discriminating be-
tween the types of Yukawa interactions at the LHC and
also at the ILC. We mainly study collider phenomenology
in the type-X THDM in the light extra Higgs boson sce-
nario, and see differences from the results in the MSSM
(the type-II THDM). We discuss the signal of neutral and

charged Higgs bosons at the LHC, which may be useful to
distinguish the type of Yukawa interaction. The feasibility
of the direct production processes from gluon fusion gg !
A (H) and the associated production from pp ! b !bA
(b !bH) is studied, and the difference in the signal signifi-
cance of their leptonic decay channels is evaluated in the
type-X THDM and the MSSM.We also consider the Higgs
boson pair production pp ! AH!,HH!, AH and find that
the leptonic decay modes are also useful to explore the type
of Yukawa interaction. At the ILC, the process eþe# !
AH is useful to examine the type-X THDM, because the
final states are completely different from the case of the
MSSM.
In Sec. II, we give a brief review of the types of Yukawa

interactions in the THDM. In Sec. III, the decay widths and
the branching ratios are evaluated in the four different
types of Yukawa interactions. Section IV is devoted to a
discussion of current experimental constraints on the
THDM in each type of Yukawa interaction. In Sec. V, the
possibility of discriminating the type of Yukawa interac-
tion at the LHC and the ILC is discussed. Conclusions are
given in Sec. VI. The formulas of the decay rates of the
Higgs bosons are listed in the Appendix.

II. TWO HIGGS DOUBLET MODELS UNDER THE
Z2 SYMMETRY

In the THDM with isospin doublet scalar fields "1 and
"2 and a hypercharge of Y ¼ 1=2, the discrete Z2 sym-
metry ("1 ! "1 and "2 ! #"2) may be imposed to
avoid FCNC at the lowest order [10]. The most general
Yukawa interaction under the Z2 symmetry can be written
as

LTHDM
yukawa ¼ # !QLYu

~"u uR # !QLYd"ddR

# !LLY‘"‘‘R þ H:c:; (1)

where "f (f ¼ u , d, or ‘) is either "1 or "2. There are
four independent Z2 charge assignments on quarks and
charged leptons, as summarized in Table I [11,12]. In the
type-I THDM, all quarks and charged leptons obtain their
masses from the VEVof"2. In the type-II THDM, masses
of up-type quarks are generated by the VEV of "2, while
those of down-type quarks and charged leptons are ac-
quired by that of "1. The Higgs sector of the MSSM is a
special THDMwhose Yukawa interaction is of type II. The
type-X Yukawa interaction (all quarks couple to "2 while

TABLE I. Variation in charge assignments of the Z2 symmetry.

"1 "2 uR dR ‘R QL, LL

Type I þ # # # # þ
Type II þ # # þ þ þ
Type X þ # # # þ þ
Type Y þ # # þ # þ
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4 types 
according to the charge assignment 

under Z2 symmetry

model (MSSM) is the THDM with a supersymmetric rela-
tion [2] among the parameters of the Higgs sector, whose
Yukawa interaction is of type II, in which only a Higgs
doublet couples to up-type quarks and the other couples to
down-type quarks and charged leptons. On the other hand,
a TeV-scale model to try to explain neutrino masses, dark
matter, and baryogenesis has been proposed in Ref. [7]. In
this model the Higgs sector is the two Higgs doublet with
extra scalar singlets, and the Yukawa interaction corre-
sponds to the type-X THDM, in which only a Higgs
doublet couples to quarks and the other couples to leptons.
Therefore, in order to select the true model from various
new physics candidates that predict THDMs (and their
variations with singlets), it is important to experimentally
determine the type of Yukawa interaction.

There have been many studies for the phenomenological
properties of the type-II THDM, often in the context of the
MSSM [2]. On the contrary, there have been fewer studies
for the other types of Yukawa interactions in the THDM.
The purpose of this paper is to clarify phenomenological
differences among these types of Yukawa interactions in
the THDM at the LHC and the International Linear
Collider (ILC) [15]. We first study the decay rates and
the decay branching ratios of the CP-even (h and H) and
CP-odd (A) neutral Higgs bosons and the charged Higgs
bosons (H!) in various types of Yukawa interactions. It is
confirmed that there are large differences in the Higgs
boson decays among these types of Yukawa interactions
in the THDM. In particular, in the case where the CP-even
Higgs boson h is approximately SM-like, H and A decay
mainly into !þ!# in the type-X scenario for the wide range
of parameter space, while they decay mainly into b !b in the
type-II scenario. We then summarize constraints on the
mass of H! from current experimental bounds in various
types of Yukawa interactions. In addition to the lower
bounds on the mass (mH!) from CERN LEP and
Tevatron direct searches [16,17], mH! can also be con-
strained by the B-meson decay data such as B ! Xs" [18–
21] and B ! !# [22,23], depending on the model of
Yukawa interaction. The B ! Xs" results give a severe
lower bound, mH! * 295 GeV, at the next-to-next-to-
leading order (NNLO) in the (nonsupersymmetric) type-
II THDM and the type-Y THDM [20,21], but provide no
effective bound in the type-I (type-X) THDM for tan$ *
2, where tan$ is the ratio of the vacuum expectation values
(VEVs) of the CP-even Higgs bosons. We also discuss the
experimental bounds on the charged Higgs sector from
purely leptonic observables ! ! % !## [24] and the muon
anomalous magnetic moment [25,26].

We finally discuss the possibility of discriminating be-
tween the types of Yukawa interactions at the LHC and
also at the ILC. We mainly study collider phenomenology
in the type-X THDM in the light extra Higgs boson sce-
nario, and see differences from the results in the MSSM
(the type-II THDM). We discuss the signal of neutral and

charged Higgs bosons at the LHC, which may be useful to
distinguish the type of Yukawa interaction. The feasibility
of the direct production processes from gluon fusion gg !
A (H) and the associated production from pp ! b !bA
(b !bH) is studied, and the difference in the signal signifi-
cance of their leptonic decay channels is evaluated in the
type-X THDM and the MSSM.We also consider the Higgs
boson pair production pp ! AH!,HH!, AH and find that
the leptonic decay modes are also useful to explore the type
of Yukawa interaction. At the ILC, the process eþe# !
AH is useful to examine the type-X THDM, because the
final states are completely different from the case of the
MSSM.
In Sec. II, we give a brief review of the types of Yukawa

interactions in the THDM. In Sec. III, the decay widths and
the branching ratios are evaluated in the four different
types of Yukawa interactions. Section IV is devoted to a
discussion of current experimental constraints on the
THDM in each type of Yukawa interaction. In Sec. V, the
possibility of discriminating the type of Yukawa interac-
tion at the LHC and the ILC is discussed. Conclusions are
given in Sec. VI. The formulas of the decay rates of the
Higgs bosons are listed in the Appendix.

II. TWO HIGGS DOUBLET MODELS UNDER THE
Z2 SYMMETRY

In the THDM with isospin doublet scalar fields "1 and
"2 and a hypercharge of Y ¼ 1=2, the discrete Z2 sym-
metry ("1 ! "1 and "2 ! #"2) may be imposed to
avoid FCNC at the lowest order [10]. The most general
Yukawa interaction under the Z2 symmetry can be written
as

LTHDM
yukawa ¼ # !QLYu

~"u uR # !QLYd"ddR

# !LLY‘"‘‘R þ H:c:; (1)

where "f (f ¼ u , d, or ‘) is either "1 or "2. There are
four independent Z2 charge assignments on quarks and
charged leptons, as summarized in Table I [11,12]. In the
type-I THDM, all quarks and charged leptons obtain their
masses from the VEVof"2. In the type-II THDM, masses
of up-type quarks are generated by the VEV of "2, while
those of down-type quarks and charged leptons are ac-
quired by that of "1. The Higgs sector of the MSSM is a
special THDMwhose Yukawa interaction is of type II. The
type-X Yukawa interaction (all quarks couple to "2 while

TABLE I. Variation in charge assignments of the Z2 symmetry.

"1 "2 uR dR ‘R QL, LL

Type I þ # # # # þ
Type II þ # # þ þ þ
Type X þ # # # þ þ
Type Y þ # # þ # þ
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model (MSSM) is the THDM with a supersymmetric rela-
tion [2] among the parameters of the Higgs sector, whose
Yukawa interaction is of type II, in which only a Higgs
doublet couples to up-type quarks and the other couples to
down-type quarks and charged leptons. On the other hand,
a TeV-scale model to try to explain neutrino masses, dark
matter, and baryogenesis has been proposed in Ref. [7]. In
this model the Higgs sector is the two Higgs doublet with
extra scalar singlets, and the Yukawa interaction corre-
sponds to the type-X THDM, in which only a Higgs
doublet couples to quarks and the other couples to leptons.
Therefore, in order to select the true model from various
new physics candidates that predict THDMs (and their
variations with singlets), it is important to experimentally
determine the type of Yukawa interaction.

There have been many studies for the phenomenological
properties of the type-II THDM, often in the context of the
MSSM [2]. On the contrary, there have been fewer studies
for the other types of Yukawa interactions in the THDM.
The purpose of this paper is to clarify phenomenological
differences among these types of Yukawa interactions in
the THDM at the LHC and the International Linear
Collider (ILC) [15]. We first study the decay rates and
the decay branching ratios of the CP-even (h and H) and
CP-odd (A) neutral Higgs bosons and the charged Higgs
bosons (H!) in various types of Yukawa interactions. It is
confirmed that there are large differences in the Higgs
boson decays among these types of Yukawa interactions
in the THDM. In particular, in the case where the CP-even
Higgs boson h is approximately SM-like, H and A decay
mainly into !þ!# in the type-X scenario for the wide range
of parameter space, while they decay mainly into b !b in the
type-II scenario. We then summarize constraints on the
mass of H! from current experimental bounds in various
types of Yukawa interactions. In addition to the lower
bounds on the mass (mH!) from CERN LEP and
Tevatron direct searches [16,17], mH! can also be con-
strained by the B-meson decay data such as B ! Xs" [18–
21] and B ! !# [22,23], depending on the model of
Yukawa interaction. The B ! Xs" results give a severe
lower bound, mH! * 295 GeV, at the next-to-next-to-
leading order (NNLO) in the (nonsupersymmetric) type-
II THDM and the type-Y THDM [20,21], but provide no
effective bound in the type-I (type-X) THDM for tan$ *
2, where tan$ is the ratio of the vacuum expectation values
(VEVs) of the CP-even Higgs bosons. We also discuss the
experimental bounds on the charged Higgs sector from
purely leptonic observables ! ! % !## [24] and the muon
anomalous magnetic moment [25,26].

We finally discuss the possibility of discriminating be-
tween the types of Yukawa interactions at the LHC and
also at the ILC. We mainly study collider phenomenology
in the type-X THDM in the light extra Higgs boson sce-
nario, and see differences from the results in the MSSM
(the type-II THDM). We discuss the signal of neutral and

charged Higgs bosons at the LHC, which may be useful to
distinguish the type of Yukawa interaction. The feasibility
of the direct production processes from gluon fusion gg !
A (H) and the associated production from pp ! b !bA
(b !bH) is studied, and the difference in the signal signifi-
cance of their leptonic decay channels is evaluated in the
type-X THDM and the MSSM.We also consider the Higgs
boson pair production pp ! AH!,HH!, AH and find that
the leptonic decay modes are also useful to explore the type
of Yukawa interaction. At the ILC, the process eþe# !
AH is useful to examine the type-X THDM, because the
final states are completely different from the case of the
MSSM.
In Sec. II, we give a brief review of the types of Yukawa

interactions in the THDM. In Sec. III, the decay widths and
the branching ratios are evaluated in the four different
types of Yukawa interactions. Section IV is devoted to a
discussion of current experimental constraints on the
THDM in each type of Yukawa interaction. In Sec. V, the
possibility of discriminating the type of Yukawa interac-
tion at the LHC and the ILC is discussed. Conclusions are
given in Sec. VI. The formulas of the decay rates of the
Higgs bosons are listed in the Appendix.

II. TWO HIGGS DOUBLET MODELS UNDER THE
Z2 SYMMETRY

In the THDM with isospin doublet scalar fields "1 and
"2 and a hypercharge of Y ¼ 1=2, the discrete Z2 sym-
metry ("1 ! "1 and "2 ! #"2) may be imposed to
avoid FCNC at the lowest order [10]. The most general
Yukawa interaction under the Z2 symmetry can be written
as

LTHDM
yukawa ¼ # !QLYu

~"u uR # !QLYd"ddR

# !LLY‘"‘‘R þ H:c:; (1)

where "f (f ¼ u , d, or ‘) is either "1 or "2. There are
four independent Z2 charge assignments on quarks and
charged leptons, as summarized in Table I [11,12]. In the
type-I THDM, all quarks and charged leptons obtain their
masses from the VEVof"2. In the type-II THDM, masses
of up-type quarks are generated by the VEV of "2, while
those of down-type quarks and charged leptons are ac-
quired by that of "1. The Higgs sector of the MSSM is a
special THDMwhose Yukawa interaction is of type II. The
type-X Yukawa interaction (all quarks couple to "2 while

TABLE I. Variation in charge assignments of the Z2 symmetry.

"1 "2 uR dR ‘R QL, LL

Type I þ # # # # þ
Type II þ # # þ þ þ
Type X þ # # # þ þ
Type Y þ # # þ # þ
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VI contains our conclusions.

II. BRIEF REVIEW OF THE 2HDM

A 2HDM [14] introduces two complex SU(2)L Higgs doublet scalar fields, Φ1 and Φ2. Both

Φ1 and Φ2 develop nonzero vacuum expectation values (VEVs) as ⟨Φ1,2⟩ =
(
0, v1,2/

√
2
)T

,

which generate the electroweak symmetry breaking. When parametrising tβ = v2/v1, one

linear combination H1 = cβΦ1 + sβΦ2 has nonzero VEV of v =
√

v21 + v22 = 246 GeV,

while its orthogonal combination H2 = −sβΦ1 + cβΦ2 acquires zero VEV. For simplicity of

notation, we take sx = sin x, cx = cos x, and tx = tan x. We define the fluctuation fields

about the minima v1 and v2 as

Φi =

⎛

⎜⎝
φ+
i

vi + ρi + iηi√
2

⎞

⎟⎠ , i = 1, 2 . (1)

In order to avoid FCNC at the lowest order, a discrete Z2 symmetry is imposed, under which

Φ1 → Φ1 and Φ2 → −Φ2 [15].

The most general potential with CP invariance and softly broken Z2 symmetry is

V = m2
11Φ

†
1Φ1 +m2

22Φ
†
2Φ2 −m2

12(Φ
†
1Φ2 +H.c.)
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2
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†
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[
(Φ†

1Φ2)
2 +H.c.

]
. (2)

The CP invariance requires all of the parameters to be real, andm2
12 breaks the Z2 symmetry

softly. Note that the m2
12 parameter can be negative. Using the tadpole condition, m11 and

m22 can be written in terms of v, tβ, and λ1,··· ,5. The Higgs potential has 7 free parameters

of m2
12, tβ, and λ1,··· ,5.

The charged Higgs boson H± is a linear combination of φ±
1 and φ±

2 , and the pseudoscalar

A0 is a linear combination of η1 and η2. Their orthogonal states are Goldstone modes G±

and G0, respectively. And their masses are

m2
H± =

m2
12

cβsβ
− (λ4 + λ5)v

2, m2
A =

m2
12

cβsβ
− 2λ5v

2. (3)

The physical CP -even Higgs bosons h0 and H0 are obtained through the diagonalization of
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Alignment limit

If sin(β − α) = 1

Type I Type II Type X Type Y

ŷHu = −ŷAu − 1
tanβ − 1

tanβ − 1
tanβ − 1

tanβ

ŷHd = ŷAd − 1
tanβ tanβ − 1

tanβ tanβ

ŷHℓ = ŷAℓ − 1
tanβ tanβ tanβ − 1

tanβ

TABLE I: In the limit of sin(β − α) = 1, the Yukawa couplings of H0 and A0 with the up-type

quarks (u), down-type quarks (d), and the charged lepton (ℓ), normalized by the SM Yukawa

coupling mf/v.

several Higgs triple vertices. The triple couplings of Higgs bosons with weak gauge bosons

or other Higgs bosons can be classified into two categories, one proportional to sin(β − α)

and the other proportional to cos(β − α):

sin(β − α) : ghW+W− , ghZZ , gZAH , gW±H∓H , (2)

cos(β − α) : gHW+W− , gHZZ , gZAh, gW±H∓h, gHhh.

The couplings proportional to cos(β − α) vanish in the alignment limit.

The exact alignment limit simplifies the total Higgs phenomenologies greatly. The most

important implication is that it guarantees the SM-like nature of the observed 125 GeV

state. In addition to the same couplings of h0 as in the SM, this limit prohibits the dangerous

“feed-down” contributions to the observed Higgs rates from the production of heavier Higgs

bosons through their decay into h0 [23, 37]. Dominant “feed-down” sources are A0 → Zh0

and H0 → h0h0. Their couplings are proportional to cos(β − α), and thus vanish in the

exact alignment limit. Second, no excess of events in the ZZ and WW decay channels is

still consistent with H0 and/or A0 having mass below 600 GeV. In particular, the CP-even

H0 coupling with WW and ZZ vanish in this alignment limit as in Eq. (2). Finally, the

Yukawa couplings of all heavy Higgs bosons are determined by a single parameter tan β. In

the alignment limit, the Yukawa couplings normalized by the SM ones, denoted by ŷH,A
f , are

summarized in Table I. The general expressions for ŷ’s are in Ref. [10, 26].

Focused on the heavy Higgs searches in γγ, τ+τ−, and tt̄ channels, the assumption in

Eq. (1) leaves practically the following four parameters:

mH , mA, mH± , tan β. (3)

5

For

where

M2
11 = m2

12t
2
β +

λ1v2

1 + t2β
, (6)

M2
12 = −m2

12 + λ345v
2 tβ
1 + t2β

,

M2
22 =

m2
12

t2β
+ λ2v

2
t2β

1 + t2β
.

The mixing angle is α ∈
[
−π

2 ,
π
2

]
:

⎛

⎝ ρ1

ρ2

⎞

⎠ =

⎛

⎝ cα −sα

sα cα

⎞

⎠

⎛

⎝ H0

h0

⎞

⎠ (7)

and the masses as

m2
H,h =

1

2

[
M2

11 +M2
22 ±

√
(M2

11 −M2
22)

2 + 4(M2
12)

2
]
, (8)

The SM Higgs field, which corresponds to H1, are expressed in terms of h0 and H0 as

HSM = sβ−αh
0 + cβ−αH

0 (9)

In the light hidden Higgs scenario, the condition of cβ−α = 0 guarantees very SM-like H0,

called the alignment limit.

The alignment limit if H0 = h125: cβ−α = 1 (10)

As shall be shown, the surviving parameters from all the constraints are distributed around

the alignment limit. It is interesting to observe that this limit maximizes or minimizes some

triple couplings of Higgs bosons with weak gauge bosons or other Higgs bosons, which are

divided into wo categories, one proportional to sβ−α and the other proportional to cβ−α:

sβ−α : ghW+W− , ghZZ , gZAH , gW±H∓H , (11)

cβ−α : gHW+W− , gHZZ , gZAh, gW±H∓h, gHhh.

The couplings proportional to cβ−α vanish in the alignment limit.

Yukawa couplings of Higgs bosons are different according to type, i.e., the Z2 charges

of the SM fermions. The general expressions for the Yukawa couplings are referred to

Ref. [8, 14].
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HHV couplings HV V couplings

Coupling Tree–level? Loop? Coupling Tree–level? Loop?

HiHiZ, AiAiZ NO: Bose statistics HiZZ, HiWW YES –

HiHiγ, AiAiγ NO (Bose statistics) Hiγγ, HiγZ NO (Q = 0) 1–loop

HiHjγ, AiAjγ NO (Q=0) 3–loop Higg NO (col=0) 1–loop

HiHjZ, AiAjZ NO (CPc) 3–loop AiZZ, AiWW NO (Cc) 1–loop

HiAjγ∗ NO (Q = 0) 1–loop Aiγγ, AiγZ NO (Cc,Q = 0) 1–loop

HiAjZ YES – Aigg NO (Cc, col= 0) 1–loop

H+H−Z(γ) YES – H+W−Z NO for doublets 1–loop

H+W−Hi(Ai) YES – H+W−γ NO (U(1)Q–c) 1–loop

Table 1.3: The tree–level and loop induced Higgs couplings to one gauge boson and two gauge
bosons in a general model with Higgs doublets where CP symmetry is assumed to be conserved
in the Higgs and fermionic (except in the CKM matrix) sectors; Cc, CPc, Q = 0, col = 0
mean, respectively C, CP, charge and color conservation.

Φ gΦūu gΦd̄d gΦV V

Type I Type II Type I Type II Type I/II

h cosα/ sin β cosα/ sin β cosα/ sinβ − sinα/ cosβ sin(β − α)

H sinα/ sinβ sinα/ sinβ sinα/ sin β cosα/ cosβ cos(β − α)

A cotβ cot β cot β tan β 0

Table 1.4: The neutral Higgs couplings to fermions and gauge bosons in 2HDMs of Type I
and II compared to the SM Higgs couplings. The H± couplings to fermions follow that of A.

Finally, the coupling among Higgs bosons are completely different in the two scenarios.

Using the same normalization as in the case of the λ couplings in the MSSM, the CP–even

Higgs boson couplings to H± bosons are, for instance, given by [95]

λhH+H− =
M2

h − λ5v2

M2
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2M2
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and may diverge in the limit of very heavy H± bosons contrary to the MSSM case, if the

decoupling limit is not properly taken; see e.g. Ref. [101].
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Yukawa couplings
charged leptons couple to !1) is used in the model in
Ref. [7]. The remaining one is referred to as the type-Y
THDM.

The most general Higgs potential under the softly bro-
ken Z2 symmetry is given by

VTHDM ¼ m2
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where the parametersm2
3 and !5 are complex, in general. In

this paper, they are taken to be real by assuming CP
invariance. The Higgs doublet fields can be parametrized
as

!i ¼
!þ

i
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2
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; (3)

and the mass eigenstates are defined by
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where the rotation matrix is given by

Rð$Þ ¼ cos$ # sin$
sin$ cos$

" #
: (5)

There are five physical Higgs bosons, i.e., two CP-even
states h and H, one CP-odd state A, and a pair of charged
statesH( , and z and!( are Nambu-Goldstone bosons that
are eaten as the longitudinal components of the massive
gauge bosons. The eight parameters m2

1–m
2
3 and !1–!5 in

the Higgs sector are replaced by eight physical parameters:

i.e., the VEV v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2
1 þ v2

2

q
’ 246 GeV, the mixing an-

gles" and# ( tan# ¼ v2=v1), the Higgs boson massesmh ,
mH, mA, mH( , and the soft breaking mass parameter M ¼
m3=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin# cos#

p
. The mixing angle " is defined such that h

is the SM-like Higgs boson when sinð## "Þ ¼ 1.
The Yukawa interactions are expressed in terms of mass

eigenstates of the Higgs bosons as
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(6)

where PL=R are projection operators for left-/right-handed

fermions, and the factors %f
’ are listed in Table II.

For the successful electroweak symmetry breaking, a
combination of quartic coupling constants should satisfy
the condition of vacuum stability [27,28]. We also take into
account bounds from perturbative unitarity [29] to restrict
parameters in the Higgs potential [30,31]. The top and
bottom Yukawa coupling constants cannot be taken too
large. The requirement jYt;bj2 < ( at tree level can provide

a milder constraint, 0:4 & tan# & 91, where jYtj ¼
ð

ffiffiffi
2

p
=vÞmt cot# and jYbj ¼ ð

ffiffiffi
2

p
=vÞmb tan#.

III. DECAYS OF HIGGS BOSONS

In this section, we discuss the difference in decays of the
Higgs bosons for the types of Yukawa interactions in the
THDM. We calculate the decay rates of the Higgs bosons
and evaluate the total widths and the branching ratios. In
particular, we show here the result with sinð## "Þ ’ 1
[32,33], where h is the SM-like Higgs boson while the
VEVof H is very small or negligible. The decay pattern of
h is almost the same as that of the SMHiggs boson with the
same mass at the leading order except for the loop-induced
channels when sinð## "Þ ¼ 1. In this case, H does not
decay into the gauge boson pair at tree level, so it mainly
decays into fermion pairs.2 We note that A and H( do not
decay into the gauge boson pair at tree level for all values
of sinð## "Þ.
The decay patterns are therefore completely different

among the different types of Yukawa interactions [11,12].
For the decays of H and A, we take into account the decay
channels ofq"q, ‘þ‘#, [WWð)Þ, ZZð)Þ] at tree level, and gg,
&&, Z& at leading order, where qrepresents s, c, b (and t),

TABLE II. The mixing factors in Yukawa interactions in Eq. (6).

%u
h %d

h %‘
h %u

H %d
H %‘

H %u
A %d

A %‘
A

Type I c"=s# c"=s# c"=s# s"=s# s"=s# s"=s# cot# # cot# # cot#
Type II c"=s# #s"=c# #s"=c# s"=s# c"=c# c"=c# cot# tan# tan#
Type X c"=s# c"=s# #s"=c# s"=s# s"=s# c"=c# cot# # cot# tan#
Type Y c"=s# #s"=c# c"=s# s"=s# c"=c# s"=s# cot# tan# # cot#

2In the case with a more complicated mass spectrum, a heavy
Higgs boson can decay into the states which contain lighter
Higgs bosons [34].
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FCNC constraint

V. MODELS WITH AYUKAWA Z2 SYMMETRY

Having discussed constraints on the general model in the
previous section, we now specialize to the 2HDM with a
Yukawa Z2 symmetry. In the language of the general
model, this corresponds to universal couplings over the
fermion generations and types with tan! the only free
parameter, e.g. 1="tt ¼ 1="cc ¼ ""bb ¼ ""ss ¼ tan!
for type II couplings. The coupling patterns in the four
different models we consider are described in Table I. The
results, as shown in Fig. 10 in the ðm Hþ ; tan!Þplane, are
superimposed to combine the exclusion regions of all
flavor observables in the same figure. This also means
that some regions of the parameter space are excluded by
more than one observable, such as the high tan! region in
the type II model.

From Fig. 10, we first note the exclusion of low tan!<
1 in all four models for m Hþ < 500 GeV. This exclusion
comes as a result of three observables: BRðB ! Xs#Þ, !0,
and!MBd

. The constraints at low tan! are similar between
the models, since the couplings to the up-type quarks are
universal. In the type I model, a value of tan!> 1 signals
decoupling of one Higgs doublet from the whole fermion
sector. In 2HDM types II and III, which share the same
coupling pattern for the quarks, there exists a
tan!-independent lower limit of m Hþ * 300 GeV im-
posed by BRðB ! Xs#Þ. No generic lower limit on m Hþ

is found in type I and type IV models. Constraints for high

tan! are only obtained in the type II model. The reason
behind this is that the leptonic and semileptonic observ-
ables require tan!-enhanced couplings "dd"‘‘ & tan2! '
1 (d ¼ d, s, b) for the contributions to be interesting. In the
2HDM III, and IV these couplings are instead always
"dd"‘‘ ¼ "1, while in type I they are proportional to
cot2!.
An alternative approach to constraining the parameter

space is to assume the 2HDM is the correct theory and
estimate the parameters by fitting to the available data. To
compare with our results in Fig. 10, we perform a basic $2

fit to the flavor data of the parameters ðm Hþ ; tan!Þfor the
Z2 symmetric models. The $2 measure is constructed in the

usual way $2¼P
i
ðOexp

i "O2HDM
i Þ2

%2
i

, where %2
i ¼ð%exp

i Þ2þ
ð%2HDM

i Þ2 combines experimental and theoretical uncer-
tainties in quadrature. Parametric uncertainties are not
included. We use the eight observables listed in Table III
as independent probes of the 2HDM. Minimizing the $2,
the first observation is that the 2HDM types I, III, and IV,
do not contain enough predictive power for the flavor
observables to restrict the parameter space ðm Hþ ; tan!Þ.
In all these models, the decoupling limit in one variable (or
both) is essentially the best fit. For the 2HDM II on the
other hand, we obtain a best fit point: m Hþ ¼ 609 GeV,
tan! ¼ 5. The fit is illustrated in Fig. 11. The obtained
exclusion region is similar to the combination presented
in Fig. 10. At the level of 2%, charged Higgs masses
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FIG. 10 (color online). Excluded regions of the ðm Hþ ; tan!Þparameter space for Z2-symmetric 2HDM types. The color coding is as
follows: BRðB ! Xs#Þ(red), !0" (black contour), !MBd

(cyan), Bu ! &'& (blue), B ! D&'& (yellow), K ! ('( (gray contour),

Ds ! &'& (light green), and Ds ! ('( (dark green). The white region is not excluded by any of these constraints.
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"dd"‘‘ ¼ "1, while in type I they are proportional to
cot2!.
An alternative approach to constraining the parameter

space is to assume the 2HDM is the correct theory and
estimate the parameters by fitting to the available data. To
compare with our results in Fig. 10, we perform a basic $2

fit to the flavor data of the parameters ðm Hþ ; tan!Þfor the
Z2 symmetric models. The $2 measure is constructed in the

usual way $2¼P
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, where %2
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tainties in quadrature. Parametric uncertainties are not
included. We use the eight observables listed in Table III
as independent probes of the 2HDM. Minimizing the $2,
the first observation is that the 2HDM types I, III, and IV,
do not contain enough predictive power for the flavor
observables to restrict the parameter space ðm Hþ ; tan!Þ.
In all these models, the decoupling limit in one variable (or
both) is essentially the best fit. For the 2HDM II on the
other hand, we obtain a best fit point: m Hþ ¼ 609 GeV,
tan! ¼ 5. The fit is illustrated in Fig. 11. The obtained
exclusion region is similar to the combination presented
in Fig. 10. At the level of 2%, charged Higgs masses
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V. MODELS WITH AYUKAWA Z2 SYMMETRY

Having discussed constraints on the general model in the
previous section, we now specialize to the 2HDM with a
Yukawa Z2 symmetry. In the language of the general
model, this corresponds to universal couplings over the
fermion generations and types with tan! the only free
parameter, e.g. 1="tt ¼ 1="cc ¼ ""bb ¼ ""ss ¼ tan!
for type II couplings. The coupling patterns in the four
different models we consider are described in Table I. The
results, as shown in Fig. 10 in the ðm Hþ ; tan!Þplane, are
superimposed to combine the exclusion regions of all
flavor observables in the same figure. This also means
that some regions of the parameter space are excluded by
more than one observable, such as the high tan! region in
the type II model.
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posed by BRðB ! Xs#Þ. No generic lower limit on m Hþ

is found in type I and type IV models. Constraints for high
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ables require tan!-enhanced couplings "dd"‘‘ & tan2! '
1 (d ¼ d, s, b) for the contributions to be interesting. In the
2HDM III, and IV these couplings are instead always
"dd"‘‘ ¼ "1, while in type I they are proportional to
cot2!.
An alternative approach to constraining the parameter

space is to assume the 2HDM is the correct theory and
estimate the parameters by fitting to the available data. To
compare with our results in Fig. 10, we perform a basic $2

fit to the flavor data of the parameters ðm Hþ ; tan!Þfor the
Z2 symmetric models. The $2 measure is constructed in the
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tainties in quadrature. Parametric uncertainties are not
included. We use the eight observables listed in Table III
as independent probes of the 2HDM. Minimizing the $2,
the first observation is that the 2HDM types I, III, and IV,
do not contain enough predictive power for the flavor
observables to restrict the parameter space ðm Hþ ; tan!Þ.
In all these models, the decoupling limit in one variable (or
both) is essentially the best fit. For the 2HDM II on the
other hand, we obtain a best fit point: m Hþ ¼ 609 GeV,
tan! ¼ 5. The fit is illustrated in Fig. 11. The obtained
exclusion region is similar to the combination presented
in Fig. 10. At the level of 2%, charged Higgs masses
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decay of H into a gauge boson pair !! or Z! can increase
for large tan" values, because all the other fermionic
decays (including the gg mode) are suppressed but the
charged scalar loop contribution to !! and Z! decay
modes is not always suppressed for large tan". Such an
enhancement of the bosonic decay modes cannot be seen in
the decay of A since there is no AHþH" coupling. In the
type-X THDM, the main decay mode of H and A is #þ#"

for tan" * 2, and the leptonic decays #þ#" and $þ$"

become almost 99% and 0.35% for tan" * 10, while the
b !b(or gg) mode is always the main decay mode in all other
cases. In the type-Y THDM, the leptonic decay modes ofH
and A are rapidly suppressed for large tan" values, and
only the branching ratios of b!b and gg modes are sizable
for tan" * 10. In charged Higgs boson decays with
mH# ¼ 150 GeV, the decay into #% is dominant in the
type-I, type-II, and type-X THDMs for tan" * 1, while

hadronic decay modes can also be dominant in the type-Y
THDM [11].
In Fig. 3, we show the decay branching ratios of

CP-even Higgs bosons, where mh ¼ 120 GeV, m"ð¼
mH ¼ mA ¼ mH#Þ ¼ 150 GeV, M ¼ 148 GeV, and
sin2ð"" &Þ ¼ 0:96 are taken. Because of the CP-even
Higgs boson mixing, the lightest Higgs boson h is no
longer purely SM-like. Instead, H can decay into massive
gauge bosons via off-shell modes such as WW' and ZZ'.
Decay patterns of h and H depend on tan" and also on the
type of Yukawa interaction. When tan" ( 5, the angle & is
nearly zero. In such a case coupling constants become
small, so that some of the fermionic decay modes are
suppressed. In order to satisfy the unitarity constraints for
the large tan" region, the soft breaking mass scaleM must
be degenerate to the mass of the decaying bosons [30].
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FIG. 2 (color online). Decay branching ratios of H, A, and H# in the four different types of THDM as a function of tan" for
mH ¼ mA ¼ mH# ¼ 150 GeV and M ¼ 149 GeV. The SM-like limit sinð"" &Þ ¼ 1 is taken, where h is the SM-like Higgs boson.
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decay of H into a gauge boson pair !! or Z! can increase
for large tan" values, because all the other fermionic
decays (including the gg mode) are suppressed but the
charged scalar loop contribution to !! and Z! decay
modes is not always suppressed for large tan". Such an
enhancement of the bosonic decay modes cannot be seen in
the decay of A since there is no AHþH" coupling. In the
type-X THDM, the main decay mode of H and A is #þ#"

for tan" * 2, and the leptonic decays #þ#" and $þ$"

become almost 99% and 0.35% for tan" * 10, while the
b !b(or gg) mode is always the main decay mode in all other
cases. In the type-Y THDM, the leptonic decay modes ofH
and A are rapidly suppressed for large tan" values, and
only the branching ratios of b!b and gg modes are sizable
for tan" * 10. In charged Higgs boson decays with
mH# ¼ 150 GeV, the decay into #% is dominant in the
type-I, type-II, and type-X THDMs for tan" * 1, while

hadronic decay modes can also be dominant in the type-Y
THDM [11].
In Fig. 3, we show the decay branching ratios of

CP-even Higgs bosons, where mh ¼ 120 GeV, m"ð¼
mH ¼ mA ¼ mH#Þ ¼ 150 GeV, M ¼ 148 GeV, and
sin2ð"" &Þ ¼ 0:96 are taken. Because of the CP-even
Higgs boson mixing, the lightest Higgs boson h is no
longer purely SM-like. Instead, H can decay into massive
gauge bosons via off-shell modes such as WW' and ZZ'.
Decay patterns of h and H depend on tan" and also on the
type of Yukawa interaction. When tan" ( 5, the angle & is
nearly zero. In such a case coupling constants become
small, so that some of the fermionic decay modes are
suppressed. In order to satisfy the unitarity constraints for
the large tan" region, the soft breaking mass scaleM must
be degenerate to the mass of the decaying bosons [30].
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FIG. 2 (color online). Decay branching ratios of H, A, and H# in the four different types of THDM as a function of tan" for
mH ¼ mA ¼ mH# ¼ 150 GeV and M ¼ 149 GeV. The SM-like limit sinð"" &Þ ¼ 1 is taken, where h is the SM-like Higgs boson.
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Experimental signatures for H+

✤ H+  production and decay are model-dependent 
→ Different searches constrain different scenarios
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FIG. 2: Decay branching ratios of H, A and H± in the four different types of THDM as a function

of tan β for mH = mA = mH± = 150 GeV and M = 149 GeV. The SM-like limit sin(β − α) = 1 is

taken, where h is the SM-like Higgs boson.

small or negligible. The decay pattern of h is almost the same as that of the SM Higgs

boson with the same mass at the leading order except for the loop-induced channels when

sin(β − α) = 1. In this case, H does not decay into the gauge boson pair at tree level, so

it mainly decays into fermion pairs2. We note that A and H± do not decay into the gauge

boson pair at the tree level for all values of sin(β − α).

The decay patterns are therefore completely different among the different types of Yukawa

interactions [11, 12]. For the decays of H and A, we take into account the decay channels

2 In the case with a more complicated mass spectrum a heavy Higgs boson can decay into the states which

contain lighter Higgs bosons [34].
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Experimental signatures for H+

✤ H+  production and decay are model-dependent 
→ Different searches constrain different scenarios
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FIG. 2: Decay branching ratios of H, A and H± in the four different types of THDM as a function

of tan β for mH = mA = mH± = 150 GeV and M = 149 GeV. The SM-like limit sin(β − α) = 1 is

taken, where h is the SM-like Higgs boson.

small or negligible. The decay pattern of h is almost the same as that of the SM Higgs

boson with the same mass at the leading order except for the loop-induced channels when

sin(β − α) = 1. In this case, H does not decay into the gauge boson pair at tree level, so

it mainly decays into fermion pairs2. We note that A and H± do not decay into the gauge

boson pair at the tree level for all values of sin(β − α).

The decay patterns are therefore completely different among the different types of Yukawa

interactions [11, 12]. For the decays of H and A, we take into account the decay channels

2 In the case with a more complicated mass spectrum a heavy Higgs boson can decay into the states which

contain lighter Higgs bosons [34].
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Experimental signatures for H+

✤ H+  production and decay are model-dependent 
→ Different searches constrain different scenarios
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FIG. 2: Decay branching ratios of H, A and H± in the four different types of THDM as a function

of tan β for mH = mA = mH± = 150 GeV and M = 149 GeV. The SM-like limit sin(β − α) = 1 is

taken, where h is the SM-like Higgs boson.

small or negligible. The decay pattern of h is almost the same as that of the SM Higgs

boson with the same mass at the leading order except for the loop-induced channels when

sin(β − α) = 1. In this case, H does not decay into the gauge boson pair at tree level, so

it mainly decays into fermion pairs2. We note that A and H± do not decay into the gauge

boson pair at the tree level for all values of sin(β − α).

The decay patterns are therefore completely different among the different types of Yukawa

interactions [11, 12]. For the decays of H and A, we take into account the decay channels

2 In the case with a more complicated mass spectrum a heavy Higgs boson can decay into the states which

contain lighter Higgs bosons [34].
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Production of H+ 

Key parameter: MH+

Heavy MH± > mt

Light MH± < mt
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ü Many BSM models include extended Higgs sector with at least one pair of 
charged Higgs bosons (2HDM, Higgs triplets…) 

Ø Single- (double-) resonant top contribution dominates at large (low) H+ mass
Ø Interference becomes most relevant in the intermediate region

ü In 2HDM the decay is controlled by two parameters (besides mass)
Ø tanβ: ratio of v.e.v. of two Higgs doublets
Ø α: mixing angle between two CP-even Higgs bosons
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tb
<latexit sha1_base64="Wz7unJZmaloS4q5AZAStYsBnYV0=">AAAB63icbVBNT8JAEJ3iF+IX6tFLI5h4Ii0XPRK9eMREwAQasl22sGF32+xOTUjDX/DiQWO8+oe8+W/cQg8KvmSSl/dmMjMvTAQ36HnfTmljc2t7p7xb2ds/ODyqHp90TZxqyjo0FrF+DIlhgivWQY6CPSaaERkK1gunt7nfe2La8Fg94CxhgSRjxSNOCeZSHcP6sFrzGt4C7jrxC1KDAu1h9WswimkqmUIqiDF930swyIhGTgWbVwapYQmhUzJmfUsVkcwE2eLWuXthlZEbxdqWQneh/p7IiDRmJkPbKQlOzKqXi/95/RSj6yDjKkmRKbpcFKXCxdjNH3dHXDOKYmYJoZrbW106IZpQtPFUbAj+6svrpNts+F7Dv2/WWjdFHGU4g3O4BB+uoAV30IYOUJjAM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVG3jb4=</latexit><latexit sha1_base64="Wz7unJZmaloS4q5AZAStYsBnYV0=">AAAB63icbVBNT8JAEJ3iF+IX6tFLI5h4Ii0XPRK9eMREwAQasl22sGF32+xOTUjDX/DiQWO8+oe8+W/cQg8KvmSSl/dmMjMvTAQ36HnfTmljc2t7p7xb2ds/ODyqHp90TZxqyjo0FrF+DIlhgivWQY6CPSaaERkK1gunt7nfe2La8Fg94CxhgSRjxSNOCeZSHcP6sFrzGt4C7jrxC1KDAu1h9WswimkqmUIqiDF930swyIhGTgWbVwapYQmhUzJmfUsVkcwE2eLWuXthlZEbxdqWQneh/p7IiDRmJkPbKQlOzKqXi/95/RSj6yDjKkmRKbpcFKXCxdjNH3dHXDOKYmYJoZrbW106IZpQtPFUbAj+6svrpNts+F7Dv2/WWjdFHGU4g3O4BB+uoAV30IYOUJjAM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVG3jb4=</latexit><latexit sha1_base64="Wz7unJZmaloS4q5AZAStYsBnYV0=">AAAB63icbVBNT8JAEJ3iF+IX6tFLI5h4Ii0XPRK9eMREwAQasl22sGF32+xOTUjDX/DiQWO8+oe8+W/cQg8KvmSSl/dmMjMvTAQ36HnfTmljc2t7p7xb2ds/ODyqHp90TZxqyjo0FrF+DIlhgivWQY6CPSaaERkK1gunt7nfe2La8Fg94CxhgSRjxSNOCeZSHcP6sFrzGt4C7jrxC1KDAu1h9WswimkqmUIqiDF930swyIhGTgWbVwapYQmhUzJmfUsVkcwE2eLWuXthlZEbxdqWQneh/p7IiDRmJkPbKQlOzKqXi/95/RSj6yDjKkmRKbpcFKXCxdjNH3dHXDOKYmYJoZrbW106IZpQtPFUbAj+6svrpNts+F7Dv2/WWjdFHGU4g3O4BB+uoAV30IYOUJjAM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVG3jb4=</latexit><latexit sha1_base64="Wz7unJZmaloS4q5AZAStYsBnYV0=">AAAB63icbVBNT8JAEJ3iF+IX6tFLI5h4Ii0XPRK9eMREwAQasl22sGF32+xOTUjDX/DiQWO8+oe8+W/cQg8KvmSSl/dmMjMvTAQ36HnfTmljc2t7p7xb2ds/ODyqHp90TZxqyjo0FrF+DIlhgivWQY6CPSaaERkK1gunt7nfe2La8Fg94CxhgSRjxSNOCeZSHcP6sFrzGt4C7jrxC1KDAu1h9WswimkqmUIqiDF930swyIhGTgWbVwapYQmhUzJmfUsVkcwE2eLWuXthlZEbxdqWQneh/p7IiDRmJkPbKQlOzKqXi/95/RSj6yDjKkmRKbpcFKXCxdjNH3dHXDOKYmYJoZrbW106IZpQtPFUbAj+6svrpNts+F7Dv2/WWjdFHGU4g3O4BB+uoAV30IYOUJjAM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVG3jb4=</latexit>

b
<latexit sha1_base64="V7QToc5yk8/AIrP8LeN3VoVJuDM=">AAAB6nicdVBNSwMxEJ31s9avqkcvwVbwVLKFansrevFY0X5Au5Rsmm1Ds9klyQpl6U/w4kERr/4ib/4b03YFFX0w8Hhvhpl5fiy4Nhh/OCura+sbm7mt/PbO7t5+4eCwraNEUdaikYhU1yeaCS5Zy3AjWDdWjIS+YB1/cjX3O/dMaR7JOzONmReSkeQBp8RY6bbklwaFIi5XqrhewwiX8QKWVLFbP3eRmylFyNAcFN77w4gmIZOGCqJ1z8Wx8VKiDKeCzfL9RLOY0AkZsZ6lkoRMe+ni1Bk6tcoQBZGyJQ1aqN8nUhJqPQ192xkSM9a/vbn4l9dLTFDzUi7jxDBJl4uCRCATofnfaMgVo0ZMLSFUcXsromOiCDU2nbwN4etT9D9pV8ouLrs3lWLjMosjB8dwAmfgwgU04Bqa0AIKI3iAJ3h2hPPovDivy9YVJ5s5gh9w3j4BvoKNbg==</latexit><latexit sha1_base64="V7QToc5yk8/AIrP8LeN3VoVJuDM=">AAAB6nicdVBNSwMxEJ31s9avqkcvwVbwVLKFansrevFY0X5Au5Rsmm1Ds9klyQpl6U/w4kERr/4ib/4b03YFFX0w8Hhvhpl5fiy4Nhh/OCura+sbm7mt/PbO7t5+4eCwraNEUdaikYhU1yeaCS5Zy3AjWDdWjIS+YB1/cjX3O/dMaR7JOzONmReSkeQBp8RY6bbklwaFIi5XqrhewwiX8QKWVLFbP3eRmylFyNAcFN77w4gmIZOGCqJ1z8Wx8VKiDKeCzfL9RLOY0AkZsZ6lkoRMe+ni1Bk6tcoQBZGyJQ1aqN8nUhJqPQ192xkSM9a/vbn4l9dLTFDzUi7jxDBJl4uCRCATofnfaMgVo0ZMLSFUcXsromOiCDU2nbwN4etT9D9pV8ouLrs3lWLjMosjB8dwAmfgwgU04Bqa0AIKI3iAJ3h2hPPovDivy9YVJ5s5gh9w3j4BvoKNbg==</latexit><latexit sha1_base64="V7QToc5yk8/AIrP8LeN3VoVJuDM=">AAAB6nicdVBNSwMxEJ31s9avqkcvwVbwVLKFansrevFY0X5Au5Rsmm1Ds9klyQpl6U/w4kERr/4ib/4b03YFFX0w8Hhvhpl5fiy4Nhh/OCura+sbm7mt/PbO7t5+4eCwraNEUdaikYhU1yeaCS5Zy3AjWDdWjIS+YB1/cjX3O/dMaR7JOzONmReSkeQBp8RY6bbklwaFIi5XqrhewwiX8QKWVLFbP3eRmylFyNAcFN77w4gmIZOGCqJ1z8Wx8VKiDKeCzfL9RLOY0AkZsZ6lkoRMe+ni1Bk6tcoQBZGyJQ1aqN8nUhJqPQ192xkSM9a/vbn4l9dLTFDzUi7jxDBJl4uCRCATofnfaMgVo0ZMLSFUcXsromOiCDU2nbwN4etT9D9pV8ouLrs3lWLjMosjB8dwAmfgwgU04Bqa0AIKI3iAJ3h2hPPovDivy9YVJ5s5gh9w3j4BvoKNbg==</latexit><latexit sha1_base64="V7QToc5yk8/AIrP8LeN3VoVJuDM=">AAAB6nicdVBNSwMxEJ31s9avqkcvwVbwVLKFansrevFY0X5Au5Rsmm1Ds9klyQpl6U/w4kERr/4ib/4b03YFFX0w8Hhvhpl5fiy4Nhh/OCura+sbm7mt/PbO7t5+4eCwraNEUdaikYhU1yeaCS5Zy3AjWDdWjIS+YB1/cjX3O/dMaR7JOzONmReSkeQBp8RY6bbklwaFIi5XqrhewwiX8QKWVLFbP3eRmylFyNAcFN77w4gmIZOGCqJ1z8Wx8VKiDKeCzfL9RLOY0AkZsZ6lkoRMe+ni1Bk6tcoQBZGyJQ1aqN8nUhJqPQ192xkSM9a/vbn4l9dLTFDzUi7jxDBJl4uCRCATofnfaMgVo0ZMLSFUcXsromOiCDU2nbwN4etT9D9pV8ouLrs3lWLjMosjB8dwAmfgwgU04Bqa0AIKI3iAJ3h2hPPovDivy9YVJ5s5gh9w3j4BvoKNbg==</latexit>

t
<latexit sha1_base64="02U9heEYuktFd57K+UguO/sfN/k=">AAAB6nicdVBNSwMxEM36WetX1aOXYCt4KtlCtb0VvXisaD+gXUo2zbah2eySzApl6U/w4kERr/4ib/4b03YFFX0w8Hhvhpl5fiyFAUI+nJXVtfWNzdxWfntnd2+/cHDYNlGiGW+xSEa661PDpVC8BQIk78aa09CXvONPruZ+555rIyJ1B9OYeyEdKREIRsFKtyUoDQpFUq5USb1GMCmTBSypErd+7mI3U4ooQ3NQeO8PI5aEXAGT1JieS2LwUqpBMMln+X5ieEzZhI54z1JFQ268dHHqDJ9aZYiDSNtSgBfq94mUhsZMQ992hhTG5rc3F//yegkENS8VKk6AK7ZcFCQSQ4Tnf+Oh0JyBnFpCmRb2VszGVFMGNp28DeHrU/w/aVfKLim7N5Vi4zKLI4eO0Qk6Qy66QA10jZqohRgaoQf0hJ4d6Tw6L87rsnXFyWaO0A84b5/Z3I2A</latexit><latexit sha1_base64="02U9heEYuktFd57K+UguO/sfN/k=">AAAB6nicdVBNSwMxEM36WetX1aOXYCt4KtlCtb0VvXisaD+gXUo2zbah2eySzApl6U/w4kERr/4ib/4b03YFFX0w8Hhvhpl5fiyFAUI+nJXVtfWNzdxWfntnd2+/cHDYNlGiGW+xSEa661PDpVC8BQIk78aa09CXvONPruZ+555rIyJ1B9OYeyEdKREIRsFKtyUoDQpFUq5USb1GMCmTBSypErd+7mI3U4ooQ3NQeO8PI5aEXAGT1JieS2LwUqpBMMln+X5ieEzZhI54z1JFQ268dHHqDJ9aZYiDSNtSgBfq94mUhsZMQ992hhTG5rc3F//yegkENS8VKk6AK7ZcFCQSQ4Tnf+Oh0JyBnFpCmRb2VszGVFMGNp28DeHrU/w/aVfKLim7N5Vi4zKLI4eO0Qk6Qy66QA10jZqohRgaoQf0hJ4d6Tw6L87rsnXFyWaO0A84b5/Z3I2A</latexit><latexit sha1_base64="02U9heEYuktFd57K+UguO/sfN/k=">AAAB6nicdVBNSwMxEM36WetX1aOXYCt4KtlCtb0VvXisaD+gXUo2zbah2eySzApl6U/w4kERr/4ib/4b03YFFX0w8Hhvhpl5fiyFAUI+nJXVtfWNzdxWfntnd2+/cHDYNlGiGW+xSEa661PDpVC8BQIk78aa09CXvONPruZ+555rIyJ1B9OYeyEdKREIRsFKtyUoDQpFUq5USb1GMCmTBSypErd+7mI3U4ooQ3NQeO8PI5aEXAGT1JieS2LwUqpBMMln+X5ieEzZhI54z1JFQ268dHHqDJ9aZYiDSNtSgBfq94mUhsZMQ992hhTG5rc3F//yegkENS8VKk6AK7ZcFCQSQ4Tnf+Oh0JyBnFpCmRb2VszGVFMGNp28DeHrU/w/aVfKLim7N5Vi4zKLI4eO0Qk6Qy66QA10jZqohRgaoQf0hJ4d6Tw6L87rsnXFyWaO0A84b5/Z3I2A</latexit><latexit sha1_base64="02U9heEYuktFd57K+UguO/sfN/k=">AAAB6nicdVBNSwMxEM36WetX1aOXYCt4KtlCtb0VvXisaD+gXUo2zbah2eySzApl6U/w4kERr/4ib/4b03YFFX0w8Hhvhpl5fiyFAUI+nJXVtfWNzdxWfntnd2+/cHDYNlGiGW+xSEa661PDpVC8BQIk78aa09CXvONPruZ+555rIyJ1B9OYeyEdKREIRsFKtyUoDQpFUq5USb1GMCmTBSypErd+7mI3U4ooQ3NQeO8PI5aEXAGT1JieS2LwUqpBMMln+X5ieEzZhI54z1JFQ268dHHqDJ9aZYiDSNtSgBfq94mUhsZMQ992hhTG5rc3F//yegkENS8VKk6AK7ZcFCQSQ4Tnf+Oh0JyBnFpCmRb2VszGVFMGNp28DeHrU/w/aVfKLim7N5Vi4zKLI4eO0Qk6Qy66QA10jZqohRgaoQf0hJ4d6Tw6L87rsnXFyWaO0A84b5/Z3I2A</latexit>



Heavy MH± > mt

Light MH± < mt
<latexit sha1_base64="7ZHj4ycrmU1AE7jrnWq1CRh/wdU=">AAACGHicbVDLSgNBEJz1GddX1KOXwUTwFHdz0YNI0EsOChHMA5K4zE4myZCZ3WWmNxCW+Bde/BUvHhTxmpt/4+QBamJBQ1HVTXeXHwmuwXG+rKXlldW19dSGvbm1vbOb3tuv6DBWlJVpKEJV84lmggesDBwEq0WKEekLVvV712O/2mdK8zC4h0HEmpJ0At7mlICRvPRpkZH+AGdvvaT40Ijk8BJLD7K2fcM7XcCPP8bFxPDSGSfnTIAXiTsjGTRDyUuPGq2QxpIFQAXRuu46ETQTooBTwYZ2I9YsIrRHOqxuaEAk081k8tgQHxulhduhMhUAnqi/JxIitR5I33RKAl09743F/7x6DO3zZsKDKAYW0OmidiwwhHicEm5xxSiIgSGEKm5uxbRLFKFgsrRNCO78y4ukks+5Ts69y2cKV7M4UugQHaET5KIzVEBFVEJlRNETekFv6N16tl6tD+tz2rpkzWYO0B9Yo29eYZ4W</latexit><latexit sha1_base64="7ZHj4ycrmU1AE7jrnWq1CRh/wdU=">AAACGHicbVDLSgNBEJz1GddX1KOXwUTwFHdz0YNI0EsOChHMA5K4zE4myZCZ3WWmNxCW+Bde/BUvHhTxmpt/4+QBamJBQ1HVTXeXHwmuwXG+rKXlldW19dSGvbm1vbOb3tuv6DBWlJVpKEJV84lmggesDBwEq0WKEekLVvV712O/2mdK8zC4h0HEmpJ0At7mlICRvPRpkZH+AGdvvaT40Ijk8BJLD7K2fcM7XcCPP8bFxPDSGSfnTIAXiTsjGTRDyUuPGq2QxpIFQAXRuu46ETQTooBTwYZ2I9YsIrRHOqxuaEAk081k8tgQHxulhduhMhUAnqi/JxIitR5I33RKAl09743F/7x6DO3zZsKDKAYW0OmidiwwhHicEm5xxSiIgSGEKm5uxbRLFKFgsrRNCO78y4ukks+5Ts69y2cKV7M4UugQHaET5KIzVEBFVEJlRNETekFv6N16tl6tD+tz2rpkzWYO0B9Yo29eYZ4W</latexit><latexit sha1_base64="7ZHj4ycrmU1AE7jrnWq1CRh/wdU=">AAACGHicbVDLSgNBEJz1GddX1KOXwUTwFHdz0YNI0EsOChHMA5K4zE4myZCZ3WWmNxCW+Bde/BUvHhTxmpt/4+QBamJBQ1HVTXeXHwmuwXG+rKXlldW19dSGvbm1vbOb3tuv6DBWlJVpKEJV84lmggesDBwEq0WKEekLVvV712O/2mdK8zC4h0HEmpJ0At7mlICRvPRpkZH+AGdvvaT40Ijk8BJLD7K2fcM7XcCPP8bFxPDSGSfnTIAXiTsjGTRDyUuPGq2QxpIFQAXRuu46ETQTooBTwYZ2I9YsIrRHOqxuaEAk081k8tgQHxulhduhMhUAnqi/JxIitR5I33RKAl09743F/7x6DO3zZsKDKAYW0OmidiwwhHicEm5xxSiIgSGEKm5uxbRLFKFgsrRNCO78y4ukks+5Ts69y2cKV7M4UugQHaET5KIzVEBFVEJlRNETekFv6N16tl6tD+tz2rpkzWYO0B9Yo29eYZ4W</latexit><latexit sha1_base64="7ZHj4ycrmU1AE7jrnWq1CRh/wdU=">AAACGHicbVDLSgNBEJz1GddX1KOXwUTwFHdz0YNI0EsOChHMA5K4zE4myZCZ3WWmNxCW+Bde/BUvHhTxmpt/4+QBamJBQ1HVTXeXHwmuwXG+rKXlldW19dSGvbm1vbOb3tuv6DBWlJVpKEJV84lmggesDBwEq0WKEekLVvV712O/2mdK8zC4h0HEmpJ0At7mlICRvPRpkZH+AGdvvaT40Ijk8BJLD7K2fcM7XcCPP8bFxPDSGSfnTIAXiTsjGTRDyUuPGq2QxpIFQAXRuu46ETQTooBTwYZ2I9YsIrRHOqxuaEAk081k8tgQHxulhduhMhUAnqi/JxIitR5I33RKAl09743F/7x6DO3zZsKDKAYW0OmidiwwhHicEm5xxSiIgSGEKm5uxbRLFKFgsrRNCO78y4ukks+5Ts69y2cKV7M4UugQHaET5KIzVEBFVEJlRNETekFv6N16tl6tD+tz2rpkzWYO0B9Yo29eYZ4W</latexit>

ü Many BSM models include extended Higgs sector with at least one pair of 
charged Higgs bosons (2HDM, Higgs triplets…) 

Ø Single- (double-) resonant top contribution dominates at large (low) H+ mass
Ø Interference becomes most relevant in the intermediate region

ü In 2HDM the decay is controlled by two parameters (besides mass)
Ø tanβ: ratio of v.e.v. of two Higgs doublets
Ø α: mixing angle between two CP-even Higgs bosons
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Heavy MH± > mt

Light MH± < mt
<latexit sha1_base64="7ZHj4ycrmU1AE7jrnWq1CRh/wdU=">AAACGHicbVDLSgNBEJz1GddX1KOXwUTwFHdz0YNI0EsOChHMA5K4zE4myZCZ3WWmNxCW+Bde/BUvHhTxmpt/4+QBamJBQ1HVTXeXHwmuwXG+rKXlldW19dSGvbm1vbOb3tuv6DBWlJVpKEJV84lmggesDBwEq0WKEekLVvV712O/2mdK8zC4h0HEmpJ0At7mlICRvPRpkZH+AGdvvaT40Ijk8BJLD7K2fcM7XcCPP8bFxPDSGSfnTIAXiTsjGTRDyUuPGq2QxpIFQAXRuu46ETQTooBTwYZ2I9YsIrRHOqxuaEAk081k8tgQHxulhduhMhUAnqi/JxIitR5I33RKAl09743F/7x6DO3zZsKDKAYW0OmidiwwhHicEm5xxSiIgSGEKm5uxbRLFKFgsrRNCO78y4ukks+5Ts69y2cKV7M4UugQHaET5KIzVEBFVEJlRNETekFv6N16tl6tD+tz2rpkzWYO0B9Yo29eYZ4W</latexit><latexit sha1_base64="7ZHj4ycrmU1AE7jrnWq1CRh/wdU=">AAACGHicbVDLSgNBEJz1GddX1KOXwUTwFHdz0YNI0EsOChHMA5K4zE4myZCZ3WWmNxCW+Bde/BUvHhTxmpt/4+QBamJBQ1HVTXeXHwmuwXG+rKXlldW19dSGvbm1vbOb3tuv6DBWlJVpKEJV84lmggesDBwEq0WKEekLVvV712O/2mdK8zC4h0HEmpJ0At7mlICRvPRpkZH+AGdvvaT40Ijk8BJLD7K2fcM7XcCPP8bFxPDSGSfnTIAXiTsjGTRDyUuPGq2QxpIFQAXRuu46ETQTooBTwYZ2I9YsIrRHOqxuaEAk081k8tgQHxulhduhMhUAnqi/JxIitR5I33RKAl09743F/7x6DO3zZsKDKAYW0OmidiwwhHicEm5xxSiIgSGEKm5uxbRLFKFgsrRNCO78y4ukks+5Ts69y2cKV7M4UugQHaET5KIzVEBFVEJlRNETekFv6N16tl6tD+tz2rpkzWYO0B9Yo29eYZ4W</latexit><latexit sha1_base64="7ZHj4ycrmU1AE7jrnWq1CRh/wdU=">AAACGHicbVDLSgNBEJz1GddX1KOXwUTwFHdz0YNI0EsOChHMA5K4zE4myZCZ3WWmNxCW+Bde/BUvHhTxmpt/4+QBamJBQ1HVTXeXHwmuwXG+rKXlldW19dSGvbm1vbOb3tuv6DBWlJVpKEJV84lmggesDBwEq0WKEekLVvV712O/2mdK8zC4h0HEmpJ0At7mlICRvPRpkZH+AGdvvaT40Ijk8BJLD7K2fcM7XcCPP8bFxPDSGSfnTIAXiTsjGTRDyUuPGq2QxpIFQAXRuu46ETQTooBTwYZ2I9YsIrRHOqxuaEAk081k8tgQHxulhduhMhUAnqi/JxIitR5I33RKAl09743F/7x6DO3zZsKDKAYW0OmidiwwhHicEm5xxSiIgSGEKm5uxbRLFKFgsrRNCO78y4ukks+5Ts69y2cKV7M4UugQHaET5KIzVEBFVEJlRNETekFv6N16tl6tD+tz2rpkzWYO0B9Yo29eYZ4W</latexit><latexit sha1_base64="7ZHj4ycrmU1AE7jrnWq1CRh/wdU=">AAACGHicbVDLSgNBEJz1GddX1KOXwUTwFHdz0YNI0EsOChHMA5K4zE4myZCZ3WWmNxCW+Bde/BUvHhTxmpt/4+QBamJBQ1HVTXeXHwmuwXG+rKXlldW19dSGvbm1vbOb3tuv6DBWlJVpKEJV84lmggesDBwEq0WKEekLVvV712O/2mdK8zC4h0HEmpJ0At7mlICRvPRpkZH+AGdvvaT40Ijk8BJLD7K2fcM7XcCPP8bFxPDSGSfnTIAXiTsjGTRDyUuPGq2QxpIFQAXRuu46ETQTooBTwYZ2I9YsIrRHOqxuaEAk081k8tgQHxulhduhMhUAnqi/JxIitR5I33RKAl09743F/7x6DO3zZsKDKAYW0OmidiwwhHicEm5xxSiIgSGEKm5uxbRLFKFgsrRNCO78y4ukks+5Ts69y2cKV7M4UugQHaET5KIzVEBFVEJlRNETekFv6N16tl6tD+tz2rpkzWYO0B9Yo29eYZ4W</latexit>

ü Many BSM models include extended Higgs sector with at least one pair of 
charged Higgs bosons (2HDM, Higgs triplets…) 

Ø Single- (double-) resonant top contribution dominates at large (low) H+ mass
Ø Interference becomes most relevant in the intermediate region

ü In 2HDM the decay is controlled by two parameters (besides mass)
Ø tanβ: ratio of v.e.v. of two Higgs doublets
Ø α: mixing angle between two CP-even Higgs bosons
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Very difficult to probe



Question 
New search channel 

for this tricky H+?



Kinematically
H

± ! W
±
�

<latexit sha1_base64="/Z3U6mUXvC+pI5U3tqzhzNbU4ZA=">AAACAXicbVC7TsMwFL0pr1JeARYkFosWialKusBYwdKxSPQhNaFyXKe1aieR7SBVUVn4FRYGEGLlL9j4G9w2A7QcydLROffq+pwg4Uxpx/m2CmvrG5tbxe3Szu7e/oF9eNRWcSoJbZGYx7IbYEU5i2hLM81pN5EUi4DTTjC+mfmdByoVi6M7PUmoL/AwYiEjWBupb59UGvdeIpCnY9RZsCEWAlf6dtmpOnOgVeLmpAw5mn37yxvEJBU00oRjpXquk2g/w1Izwum05KWKJpiM8ZD2DI2woMrP5gmm6NwoAxTG0rxIo7n6eyPDQqmJCMykwHqklr2Z+J/XS3V45WcsSlJNI7I4FKYcmbizOtCASUo0nxiCiWTmr4iMsMREm9JKpgR3OfIqadeqrlN1b2vl+nVeRxFO4QwuwIVLqEMDmtACAo/wDK/wZj1ZL9a79bEYLVj5zjH8gfX5A5OAlaw=</latexit><latexit sha1_base64="/Z3U6mUXvC+pI5U3tqzhzNbU4ZA=">AAACAXicbVC7TsMwFL0pr1JeARYkFosWialKusBYwdKxSPQhNaFyXKe1aieR7SBVUVn4FRYGEGLlL9j4G9w2A7QcydLROffq+pwg4Uxpx/m2CmvrG5tbxe3Szu7e/oF9eNRWcSoJbZGYx7IbYEU5i2hLM81pN5EUi4DTTjC+mfmdByoVi6M7PUmoL/AwYiEjWBupb59UGvdeIpCnY9RZsCEWAlf6dtmpOnOgVeLmpAw5mn37yxvEJBU00oRjpXquk2g/w1Izwum05KWKJpiM8ZD2DI2woMrP5gmm6NwoAxTG0rxIo7n6eyPDQqmJCMykwHqklr2Z+J/XS3V45WcsSlJNI7I4FKYcmbizOtCASUo0nxiCiWTmr4iMsMREm9JKpgR3OfIqadeqrlN1b2vl+nVeRxFO4QwuwIVLqEMDmtACAo/wDK/wZj1ZL9a79bEYLVj5zjH8gfX5A5OAlaw=</latexit><latexit sha1_base64="/Z3U6mUXvC+pI5U3tqzhzNbU4ZA=">AAACAXicbVC7TsMwFL0pr1JeARYkFosWialKusBYwdKxSPQhNaFyXKe1aieR7SBVUVn4FRYGEGLlL9j4G9w2A7QcydLROffq+pwg4Uxpx/m2CmvrG5tbxe3Szu7e/oF9eNRWcSoJbZGYx7IbYEU5i2hLM81pN5EUi4DTTjC+mfmdByoVi6M7PUmoL/AwYiEjWBupb59UGvdeIpCnY9RZsCEWAlf6dtmpOnOgVeLmpAw5mn37yxvEJBU00oRjpXquk2g/w1Izwum05KWKJpiM8ZD2DI2woMrP5gmm6NwoAxTG0rxIo7n6eyPDQqmJCMykwHqklr2Z+J/XS3V45WcsSlJNI7I4FKYcmbizOtCASUo0nxiCiWTmr4iMsMREm9JKpgR3OfIqadeqrlN1b2vl+nVeRxFO4QwuwIVLqEMDmtACAo/wDK/wZj1ZL9a79bEYLVj5zjH8gfX5A5OAlaw=</latexit><latexit sha1_base64="/Z3U6mUXvC+pI5U3tqzhzNbU4ZA=">AAACAXicbVC7TsMwFL0pr1JeARYkFosWialKusBYwdKxSPQhNaFyXKe1aieR7SBVUVn4FRYGEGLlL9j4G9w2A7QcydLROffq+pwg4Uxpx/m2CmvrG5tbxe3Szu7e/oF9eNRWcSoJbZGYx7IbYEU5i2hLM81pN5EUi4DTTjC+mfmdByoVi6M7PUmoL/AwYiEjWBupb59UGvdeIpCnY9RZsCEWAlf6dtmpOnOgVeLmpAw5mn37yxvEJBU00oRjpXquk2g/w1Izwum05KWKJpiM8ZD2DI2woMrP5gmm6NwoAxTG0rxIo7n6eyPDQqmJCMykwHqklr2Z+J/XS3V45WcsSlJNI7I4FKYcmbizOtCASUo0nxiCiWTmr4iMsMREm9JKpgR3OfIqadeqrlN1b2vl+nVeRxFO4QwuwIVLqEMDmtACAo/wDK/wZj1ZL9a79bEYLVj5zjH8gfX5A5OAlaw=</latexit>

H
± ! W

±
Z

(⇤)
<latexit sha1_base64="RMlu4aAyb79sxT0giDzpvNuNfNM=">AAACAnicbVC7TsMwFHXKq5RXgAmxWLRIhaFKusBYwdKxSPQhmrRyXLe1ajuR7SBVUcXCr7AwgBArX8HG3+CmGaBwJEtH59yr63OCiFGlHefLyq2srq1v5DcLW9s7u3v2/kFLhbHEpIlDFspOgBRhVJCmppqRTiQJ4gEj7WByPffb90QqGopbPY2Iz9FI0CHFSBupbx+V6j0v4tDTIWyn7K6XlM/PZqW+XXQqTgr4l7gZKYIMjb796Q1CHHMiNGZIqa7rRNpPkNQUMzIreLEiEcITNCJdQwXiRPlJGmEGT40ygMNQmic0TNWfGwniSk15YCY50mO17M3F/7xurIeXfkJFFGsi8OLQMGbQ5J33AQdUEqzZ1BCEJTV/hXiMJMLatFYwJbjLkf+SVrXiOhX3plqsXWV15MExOAFl4IILUAN10ABNgMEDeAIv4NV6tJ6tN+t9MZqzsp1D8AvWxzdwPpWC</latexit><latexit sha1_base64="RMlu4aAyb79sxT0giDzpvNuNfNM=">AAACAnicbVC7TsMwFHXKq5RXgAmxWLRIhaFKusBYwdKxSPQhmrRyXLe1ajuR7SBVUcXCr7AwgBArX8HG3+CmGaBwJEtH59yr63OCiFGlHefLyq2srq1v5DcLW9s7u3v2/kFLhbHEpIlDFspOgBRhVJCmppqRTiQJ4gEj7WByPffb90QqGopbPY2Iz9FI0CHFSBupbx+V6j0v4tDTIWyn7K6XlM/PZqW+XXQqTgr4l7gZKYIMjb796Q1CHHMiNGZIqa7rRNpPkNQUMzIreLEiEcITNCJdQwXiRPlJGmEGT40ygMNQmic0TNWfGwniSk15YCY50mO17M3F/7xurIeXfkJFFGsi8OLQMGbQ5J33AQdUEqzZ1BCEJTV/hXiMJMLatFYwJbjLkf+SVrXiOhX3plqsXWV15MExOAFl4IILUAN10ABNgMEDeAIv4NV6tJ6tN+t9MZqzsp1D8AvWxzdwPpWC</latexit><latexit sha1_base64="RMlu4aAyb79sxT0giDzpvNuNfNM=">AAACAnicbVC7TsMwFHXKq5RXgAmxWLRIhaFKusBYwdKxSPQhmrRyXLe1ajuR7SBVUcXCr7AwgBArX8HG3+CmGaBwJEtH59yr63OCiFGlHefLyq2srq1v5DcLW9s7u3v2/kFLhbHEpIlDFspOgBRhVJCmppqRTiQJ4gEj7WByPffb90QqGopbPY2Iz9FI0CHFSBupbx+V6j0v4tDTIWyn7K6XlM/PZqW+XXQqTgr4l7gZKYIMjb796Q1CHHMiNGZIqa7rRNpPkNQUMzIreLEiEcITNCJdQwXiRPlJGmEGT40ygMNQmic0TNWfGwniSk15YCY50mO17M3F/7xurIeXfkJFFGsi8OLQMGbQ5J33AQdUEqzZ1BCEJTV/hXiMJMLatFYwJbjLkf+SVrXiOhX3plqsXWV15MExOAFl4IILUAN10ABNgMEDeAIv4NV6tJ6tN+t9MZqzsp1D8AvWxzdwPpWC</latexit><latexit sha1_base64="RMlu4aAyb79sxT0giDzpvNuNfNM=">AAACAnicbVC7TsMwFHXKq5RXgAmxWLRIhaFKusBYwdKxSPQhmrRyXLe1ajuR7SBVUcXCr7AwgBArX8HG3+CmGaBwJEtH59yr63OCiFGlHefLyq2srq1v5DcLW9s7u3v2/kFLhbHEpIlDFspOgBRhVJCmppqRTiQJ4gEj7WByPffb90QqGopbPY2Iz9FI0CHFSBupbx+V6j0v4tDTIWyn7K6XlM/PZqW+XXQqTgr4l7gZKYIMjb796Q1CHHMiNGZIqa7rRNpPkNQUMzIreLEiEcITNCJdQwXiRPlJGmEGT40ygMNQmic0TNWfGwniSk15YCY50mO17M3F/7xurIeXfkJFFGsi8OLQMGbQ5J33AQdUEqzZ1BCEJTV/hXiMJMLatFYwJbjLkf+SVrXiOhX3plqsXWV15MExOAFl4IILUAN10ABNgMEDeAIv4NV6tJ6tN+t9MZqzsp1D8AvWxzdwPpWC</latexit>

Note that all the gauge couplings are vector couplings. QU and QD are electric charges of

up-type and down-type VLQs. gF
V
are defined as

g
F

V
=

1

2
T

3
F
�QF s

2
W
. (12)

After the symmetry breaking, we can re-express the gauge interaction Lagrangian in terms

of mass eigenstates of the VLQs as follows

LGauge = eAµ

X

i=1,2

⇣
QU Ūi�

µ
Ui +QDD̄i�

µ
Di

⌘

+
g

cW
Zµ

X

ij=1,2

⇣
gZUiUj Ūi�

µ
Uj + gZDiDjD̄i�

µ
Dj

⌘

+
gp
2


gWDiUjW

�
µ
D̄i�

µ
Uj + h.c.

�
. (13)

There are diagonal and non-diagonal gauge boson couplings of VLQ with W,Z while the

VLQ coupling with massless gauge boson � and g is only diagonal. The gauge coupling

coe�cients are shown in the Appendix.

As for the VLL, all the formulae are same by replacing the VLQ doublet QL, QR by VLL

doublets EL, ER. VLQ singlets uL, uR, dL, dR are replace by VLL singlets ⌫L, ⌫R, eL, eR. The

color number Nc should be replaced by 1.

III. LOOP INDUCED DECAY OF CHARGED HIGGS
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FIG. 1. Feynman diagrams for H+ ! W
+(Z/�) decaying processes.

The decay diagrams for H+ ! W
+
V , where V = �, Z, are shown in Fig. 1. The other

diagrams that are involved with tadpole diagram do not contribute to the decay form-factors.

We compute the diagrams in unitary gauge so that the Goldstone bosons do not contribute

to the ampliutde. We use dimensional regularization with D = 4 � 2" and MS scheme in

order to treat UV divergences. Since there is no tree level coupling of H+
W

�
V , all the UV

divergences should be canceled among themselves.

4



Pure 2HDM is not 
enough!
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At most 10�4
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After MH± > mt +mb, 10�5
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Further suppression if we want Z ! ``
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Let’s add new 
fermions in the loop: 

VL fermions



VLQ
• If the scalar sector only includes SU(2) doublets, new VLQ 

coupling to the SM ones with renormalizable couplings 
allow only 

T0
L;R; B0

L;R ðsingletsÞ;
ðXT0ÞL;R; ðT0B0ÞL;R; ðB0YÞL;R ðdoubletsÞ;
ðXT0B0ÞL;R; ðT0B0YÞL;R ðtripletsÞ:

(1)

We use in this section a zero superscript on weak eigen-
states to distinguish them from mass eigenstates; this
superscript will be omitted when it is clear from the con-
text. The new fields T0, B0 have electric charges 2=3 and
# 1=3, respectively. Note that some of the multiplets in-
clude quarks X of electric charge 5=3, and Y with charge
# 4=3, in which case the weak and mass eigenstates coin-
cide as long as only one such multiplet is present. We will
actually restrict ourselves to extensions of the SM with
only one extra multiplet, as explained in the Introduction.

When new fields T0
L;R of charge 2=3 and nonstandard

isospin assignments are added to the SM, the resulting
physical up-type quark mass eigenstates u, c, t, T may in
general contain nonzero T0

L;R components leading for ex-
ample to a deviation in their couplings to the Z boson.
Constraints on these deviations for the up and charm
quarks result from atomic parity violation experiments
and the measurement of Rc at the LEP [43] and are
far stronger than for the top quark [44].4 So, it is very
reasonable to assume that only the top quark has sizeable
T0
L;R components (or, in other words, only the top quark

‘‘mixes’’ with T). In this case, the relation between charge
2=3weak and mass eigenstates can be parametrized by two
2 $ 2 unitary matrices Uu

L;R,

tL;R

TL;R

 !
¼Uu

L;R

t0L;R

T0
L;R

 !

¼
cos!uL;R # sin!uL;Re

i" u

sin!uL;Re
# i" u cos!uL;R

 !
t0L;R

T0
L;R

 !
: (2)

In the down sector, the addition of new fields B0
L;R of

charge # 1=3 results in four mass eigenstates d, s, b, B.
In contrast with the up sector, the measurement of Rb at the
LEP sets constraints on the b mixing with the new fields
that are stronger than for mixing with the lighter quarks d, s
[44]. (An exception to this statement is discussed in
Sec. VIII.) However, one still expects dominant mixing
with the b quark given the usual Yukawa coupling hier-
archy in the mass matrices. This is the case, for instance, in
models with fermion partial compositeness. We will then
assume dominant b # B mixing parametrized by two
2 $ 2 unitary matrices Ud

L;R,

bL;R

BL;R

 !
¼ Ud

L;R

b0L;R

B0
L;R

 !

¼
cos !dL;R # sin!dL;Re

i" d

sin!dL;Re
# i" d cos !dL;R

 !
b0L;R

B0
L;R

 !
: (3)

The Lagrangian for the third generation and heavy quarks
in the mass eigenstate basis is given in Appendix A. To
ease the notation, we have dropped the superscripts u (d) of
the angles !uL;R (!dL;R) in the models where the mixing

occurs only in the up (down) sector. Additionally, we use
the shorthands su;dL;R & sin!u;dL;R, c

u;d
L;R & cos !u;dL;R, etc. This

Lagrangian contains all the phenomenologically relevant
information:
(i) the modifications of the SM couplings that might

show indirect effects of new quarks can be found in
the terms that do not contain heavy quark fields;

(ii) the terms relevant for LHC phenomenology—heavy
quark production and decay— are those involving a
heavy and a light quark;

(iii) terms with two heavy quarks are relevant for their
contribution to oblique corrections.

The unitary matricesUu
L;R in Eq. (2) andUd

L;R in Eq. (3) are
determined by the condition that the mass matrices in the
mass eigenstate basis are diagonal. In the weak eigenstate
basis, the third generation and heavy quark mass terms are

Lmass ¼ # !t0L !T0
L

! " yu33
vffiffi
2

p yu34
vffiffi
2

p

yu43
vffiffi
2

p M0

0
@

1
A t0R

T0
R

 !

# !b0L !B0
L

! " yd33
vffiffi
2

p yd34
vffiffi
2

p

yd43
vffiffi
2

p M0

0
@

1
A b0R

B0
R

 !
þ H:c:;

(4)

with yqij, q ¼ u, d, Yukawa couplings, v ¼ 246 GeV the

Higgs vacuum expectation value (VEV) and M0 a bare
mass term.5 Then, the mixing matrices are determined by

Uq
LM

qðUq
RÞy ¼ Mq

diag; (5)

with Mq the two mass matrices in Eq. (4) and Mq
diag the

diagonalized ones. These general equations are simplified
in some particular cases. In the multiplets where either T or
B quarks are absent, the corresponding 2 $ 2 mass matrix
reduces to the SM quark mass term. Notice also that, in
multiplets with both T and B quarks, the bare mass term is
the same for the up and down sectors. For singlets and
triplets one has yq43 ¼ 0, whereas for doublets yq34 ¼ 0.

4This statement applies not only to T singlets [44] but to all
multiplets with T quarks, since in all cases the deviations in the Z
couplings are given by the square of a mixing angle.

5As pointed out in the Introduction, this bare mass term is not
related to the Higgs mechanism. It is gauge invariant and can
appear as a bare mass term in the Lagrangian, or it can be
generated by a Yukawa coupling to a scalar singlet that acquires
a VEV v0 ( v.
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I. INTRODUCTION

II. 2HDM WITH VECTORLIKE QUARKS

We introduce SU(2) doublet VLQs and SU(2) singlet VLQs as follows:

VLQ doublet : QL =

0

@ UL

DL

1

A , QR =

0

@ U
R

D
R

1

A ,

VLQ singlets :
uR

dR

u
L

d
L

. (1)

Note that, we express the lower cases u and d as the singlet VLQs while the upper cases U

and D as the doublet VLQs. The mass terms and the Yukawa sector for VLQ lagrangian in

general is express as

LYuk = �MQQQ�MUuu�MDdd

�
h
Q

R
(Y L

D1
H1 + Y

L

D2
H2)dL +Q

L
(Y R

D1
H1 + Y

R

D2
H2)dR

+Q
R
(Y L

U1
eH1 + Y

L

U2
eH2)uL +Q

L
(Y R

U1
eH1 + Y

R

U2
eH2)uR + h.c.

i
. (2)

In order to avoid tree-level FCNC process of quark decay, we apply discrete Z2 symmetry

in the Yukawa sector. Usually, four types of Z2 symmetries can be applied. Since the

SM Yukawa sector and the VLQ Yukawa sector are separated, we can apply di↵erent Z2

symmetries for the VLQ Yukawa sector and the SM Yukawa sector. For example, while the

SM sector is Type 1 (symmetric under H1 $ �H1), the VLQ can be Type 2 (symmetric

under H1, dL,R $ �H1,�dL,R). For simplicity we call this symmetry as Type 1-2 and we

use this symmetry in the rest of this work.

In order to preserve vectorlike property of new quarks, we assume that Y
L

Di
= Y

R

Di
⌘

YDi , Y
L

Ui
= Y

R

Ui
⌘ YUi . The two Higgs doublets H1,2 have the VEVs v1,2 as

Hi =

0

@ �
+
i

1p
2
(vi + ⇢i)

1

A . (3)

where v1 = v cos �, v2 = v sin � and v =
p
v
2
1 + v

2
2 = 246GeV. After the symmetry

breaking, the mass matrix for the VLQs are

⇣
DL dL

⌘
MD

0

@ DR

dR

1

A+ h.c. (4)

2

Introduce both doublet and singlet

Crucial to allow the Higgs Yukawa couplings
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Then we can write down the Yukawa couplings

I. INTRODUCTION

II. 2HDM WITH VECTORLIKE QUARKS

We introduce SU(2) doublet VLQs and SU(2) singlet VLQs as follows:

VLQ doublet : QL =
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SM Yukawa sector and the VLQ Yukawa sector are separated, we can apply di↵erent Z2

symmetries for the VLQ Yukawa sector and the SM Yukawa sector. For example, while the

SM sector is Type 1 (symmetric under H1 $ �H1), the VLQ can be Type 2 (symmetric

under H1, dL,R $ �H1,�dL,R). For simplicity we call this symmetry as Type 1-2 and we

use this symmetry in the rest of this work.

In order to preserve vectorlike property of new quarks, we assume that Y
L

Di
= Y

R
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⌘

YDi , Y
L

Ui
= Y

R

Ui
⌘ YUi . The two Higgs doublets H1,2 have the VEVs v1,2 as

Hi =

0

@ �
+
i

1p
2
(vi + ⇢i)

1

A . (3)

where v1 = v cos �, v2 = v sin � and v =
p
v
2
1 + v

2
2 = 246GeV. After the symmetry

breaking, the mass matrix for the VLQs are

⇣
DL dL

⌘
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dR

1

A+ h.c. (4)
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Strategy to enhance 
W+photon

• SM fermions: Type-1


• VLQs: Type-2

where

MD =

0

@ MQ
1p
2

�
YD1v1 + YD2v2

�

1p
2

�
YD1v1 + YD2v2

�
MD

1

A (5)

for the down-type VLQ. We have similar mass matrix MU for the up-type VLQ. We define

the diagonalization matrix RD such that

RD =

0

@ cos ✓D � sin ✓D

sin ✓D cos ✓D

1

A , RDMDR
T

D
=

0

@MD,1 0

0 MD,2

1

A . (6)

We note that following relations are satisfied

tan 2✓D =

p
2
�
YD1v1 + YD2v2

�

MD �MQ

, sin 2✓D =

p
2
�
YD1v1 + YD2v2

�

MD,2 �MD,1
. (7)

Similarly, we define the diagonalization matrix RU for up-type VLQ. Then, the mass eigen-

states of the VLQs are obtained as
0

@ D1

D2

1

A

L,R

= RD

0

@ DL,R

dL,R

1

A ,

0

@ U1

U2

1

A

L,R

= RU

0

@ UL,R

uL,R

1

A . (8)

Note that in Type 1-2, up-type VLQs only couple to H2 while down-type VLQs only couple

to H1. Therefore YD2 = 0, and YU1 = 0. Now we define YD, YU as

YU ⌘ YU2 , YU1 = 0 ,

YD ⌘ YD1 , YD2 = 0 . (9)

Then, we can describe the LYuk in terms of mass eigenstates of VLQs:

LYuk = �
X

i=1,2

h
MDiDiDi +MUiU iUi

i

�
X

ij=1,2

h
yhDiDjhDiDj + yhUiUjhU iUj + yHDiDjHDiDj + yHUiUjHU iUj

i

�
X

ij=1,2

h
y
L

H+DiUj
H

+
U i,RDj,L + y

R

H+DiUj
H

+
U i,LDj,R + h.c.

i
. (10)

Note that both diagonal and non-diagonal couplings of h,H,H
+ arise. The explicit expres-

sion of the Yukawa couplings are summarized in the Appendix.

The gauge interaction Lagrangian for the VLQ is described as

LGauge = eAµ

⇣
QU Ū�

µ
U +QU ū�

µ
u+QDD̄�

µ
D +QDd̄�

µ
d

⌘

+
g

cW
Zµ

⇣
g
U

V
Ū�

µ
U + g

u

V
ū�

µ
u+ g

D

V
D̄�

µ
D + g

d

V
d̄�

µ
d

⌘

+
gp
2


W
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gZDiDj is obtained by changing U(u) $ D(d) in above equation.

2. Loop function

For the one loop calculation in this work, we express the result in term of the loop
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FIG. 3. Cross sections of the charged Higgs production as a function of its mass for the main

production channels.

V. EXPERIMENTAL CONSTRAINTS

A. Constraints from b ! s�.

The charged Higgs contribution to the FCNC process of b ! s� through the charged

Higgs boson exchange in the loop and the inclusive measurement of b ! s� in B decays

give rise to severe constraint on the charged Higgs mass for type II regardless of t�. The SM

calculation up to NNLO QCD correction have been done for decades [6–20]. The charged

Higgs contribution to b ! s� within 2HDM have been studied in Refs [21–26]. Recent

analysis for the constraint on the charged Higgs mass with new Belle result [27] provides

very strong lower limit on MH+ reaching the range of 570 � 800GeV for 95%CL while

the most conservative choice is 580GeV [28]. As for the type 1, the Yukawa couplings of

charged Higgs to the both right-handed quark and left-handed quark are 1/t�, therefore,

the corner of parameter space with small t� and small MH+ are constrained by b ! s�. For

example, when t� = 1, MH+ < 450GeV is excluded. We use the result for the charged Higgs

constraints shown in Fig. 4 of the Ref. [28].

B. Constraints from Higgs precision

The new VLQs couple to the SM Higgs boson and can change the e↵ective ggh and ��h

vertices. The current Higgs precision measurement at the LHC gives stringent constraints on

these e↵ective vertices. In order to apply those constraints, we consider typical dimensionless
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B. Constraints from Higgs precision

The new VLQs couple to the SM Higgs boson and can change the e↵ective ggh and ��h

vertices. The current Higgs precision measurement at the LHC gives stringent constraints on

these e↵ective vertices. In order to apply those constraints, we consider typical dimensionless

8

parameters g and � that are ratios of NP e↵ective couplings to the SM e↵ective couplings,

for example, g = �NP
ggh

/�SM
ggh

. Since the ��h e↵ective coupling is dominated by W boson

loop, the constraints from � measurement is minor. Therefore, only g is relevant in the

numerical analysis. The g with VLQ loop is expressed as follows

g = 1 +

P
q=V LQs

yhqq v/mq A
H

1/2(⌧q)

A
H

1/2(⌧t)
, (22)

where ⌧f = m
2
h
/m

2
f
. The summation is over the VLQs and the loop function A

H

1/2(⌧) is

described in Ref.[29]. We note that, as shown in Appendix, the Yukawa couplings yhU1U1 and

yhU2U2 have apposite signs while the absolute values are equal. Therefore, the contributions

by U1 and U2 loops are almost canceled out. This behavior is the same for the down-type

VLQ. It can be understood that the g can deviated from 1 only for large mass di↵erence

among VLQs. We apply the ATLAS and CMS combined result on g measurement [30] as

follows

0.6 < |g| < 1.12 . (23)

C. Constraints from T̂ parameter

The additional VLQs should be constrained by electro-weak precision test. The so-

called oblique parameters Ŝ, T̂ and Û [31, 32] well control the constraints on the new gauge

interacting particles by calculating their contributions to the gauge boson self-energies [33].

The most relevant constraint comes from the parameter T̂ . The earlier works on the oblique

parameters for singlet and doublet VLQ are referred to Refs. [34, 35]. The authors of

Ref. [36] considered the SM extension with both doublet and singlet VLQs, and the mixing

among them was taken into account. It was shown that a few hundred GeV mass di↵erence

between the mass eigenstates of VLQs is allowed by the T̂ constraint. Since we also consider

both doublet and singlet VLQs we resort to the formula and the result for �T constraints

given in Ref. [36]. The LEP experimental constraint on T̂ is as follows [32]

T̂ = (0.1± 0.9)⇥ 10�3
. (24)

D. Constraints from the direct searches

The VLQ searches have been performed by both ATLAS [37–48] and CMS [49–58]. Non-

observation of any VLQ signal at the LHC gives lower bound on the VLQ mass depending on

the assumed branching ratio of VLQ with di↵erent decay channels such as T ! Zt/Wb/Ht
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numerical analysis. The g with VLQ loop is expressed as follows

g = 1 +

P
q=V LQs

yhqq v/mq A
H

1/2(⌧q)

A
H

1/2(⌧t)
, (22)

where ⌧f = m
2
h
/m

2
f
. The summation is over the VLQs and the loop function A

H

1/2(⌧) is

described in Ref.[29]. We note that, as shown in Appendix, the Yukawa couplings yhU1U1 and

yhU2U2 have apposite signs while the absolute values are equal. Therefore, the contributions

by U1 and U2 loops are almost canceled out. This behavior is the same for the down-type

VLQ. It can be understood that the g can deviated from 1 only for large mass di↵erence

among VLQs. We apply the ATLAS and CMS combined result on g measurement [30] as

follows

0.6 < |g| < 1.12 . (23)

C. Constraints from T̂ parameter

The additional VLQs should be constrained by electro-weak precision test. The so-

called oblique parameters Ŝ, T̂ and Û [31, 32] well control the constraints on the new gauge

interacting particles by calculating their contributions to the gauge boson self-energies [33].

The most relevant constraint comes from the parameter T̂ . The earlier works on the oblique

parameters for singlet and doublet VLQ are referred to Refs. [34, 35]. The authors of

Ref. [36] considered the SM extension with both doublet and singlet VLQs, and the mixing

among them was taken into account. It was shown that a few hundred GeV mass di↵erence

between the mass eigenstates of VLQs is allowed by the T̂ constraint. Since we also consider

both doublet and singlet VLQs we resort to the formula and the result for �T constraints

given in Ref. [36]. The LEP experimental constraint on T̂ is as follows [32]

T̂ = (0.1± 0.9)⇥ 10�3
. (24)

D. Constraints from the direct searches

The VLQ searches have been performed by both ATLAS [37–48] and CMS [49–58]. Non-

observation of any VLQ signal at the LHC gives lower bound on the VLQ mass depending on

the assumed branching ratio of VLQ with di↵erent decay channels such as T ! Zt/Wb/Ht
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a new phenomenon non-trivial mixing may appear between
fermions of different representations. The mixing is essen-
tial in this model; it is responsible for symmetry breaking in
[15] and it provides a simple fermionic dark-matter model
(without the singlet and the mixing, the doublet is ruled out
by direct dark-matter searches [5–7]).

The purely fermionic part of the new Lagrangian is

L! = i!DDµγ µ!D + i!S∂µγ µ!S − m1!D!D

− m2!S!S, (1)

with Dirac masses m1 and m2. !S may have further interac-
tions, irrelevant for our analysis. Dµ is the covariant deriva-
tive

Dµ = ∂µ − i
g

2
τ Wµ − i

g′

2
Bµ, (2)

where Wµ,Bµ and g,g′ are the usual weak gauge-boson
fields and couplings, respectively. In a renormalizable the-
ory including the standard Higgs doublet (H ), additional
Yukawa terms appear resulting in a mixing between the new
neutral fermions,

LYukawa = λm!D!SH + λ∗
mH † !S!D. (3)

In a version of the standard model [15], the Higgs boson
is a composite state of the new fermions (H = !S!D) and
these Yukawa terms (and an additional contribution to the
!D and !S masses) generated by condensation from effec-
tive 4-fermion interactions.

When the Higgs (or the composite operator !S!D in
[15]) develops a vacuum-expectation value, ⟨H ⟩0 =

( 0
v

)
,

with real v, non-diagonal mass terms are generated with
m3 = (λm + λ∗

m)v/2

Lmass = −m1!D!D − m2!S!S

− m3
(
!0

D!S + !S!0
D

)
. (4)

In [15] m1 (m2) get contributions from the condensates.
The mass matrix of the new fermions must be diagonal-
ized via a unitary transformation to get physical mass eigen-
states:

!1 = c!0
D + s!S,

!2 = −s!0
D + c!S,

(5)

where c = cosφ, s = sinφ and φ is the mixing angle defined
by

2m3 = (m1 − m2) tan 2φ. (6)

The masses of the new neutral physical fermions !1 and
!2 are M1,2 = 1

2 (m1 + m2 ± m1−m2
cos 2φ ). The useful inverse

relations are

m1 = c2M1 + s2M2,

m2 = s2M1 + c2M2.
(7)

In the physical spectrum there is also a charged fermion
!+

D , with mass M+ = m1 (given by (7)). In the case of an el-
ementary scalar field λm is a free parameter. The mixing an-
gle and the physical masses are basically not constrained by
the theory. In [15] the gap equations determine the masses
and the mixing angle. Applying further unitarity constraints,
one finds that one of the neutral masses is very close to the
charged mass and the mixing is rather weak [24].

The collider phenomenology and radiative corrections in
the model are coming from the doublet kinetic term in (1)
taking into account the mixing (5):

LI = !+
Dγ µ!+

D

(
g′

2
Bµ + g

2
W3µ

)

+
(
c2!1γ

µ!1 + s2!2γ
µ!2

− sc
(
!1γ

µ!2 + !2γ
µ!1

))(g′

2
Bµ − g

2
W3µ

)

+
[

g√
2
W+

µ

(
c!+

Dγ µ!1 − s!+
Dγ µ!2

)
+ h.c.

]
. (8)

We calculate the contribution to the electroweak precision
observables from this renormalizable interaction.

3 Electroweak precision parameters

Barbieri et al. showed [19] that if the scale of new physics is
sufficiently higher than the LEP2 scale and the new physics
affects only the vector boson self-energies, then the most
general parameterization of new physics effects uses the
four parameters Ŝ, T̂ , W and Y . These parameters are the
generalizations of the Peskin–Takeuchi S, T and U para-
meters and defined by the transverse gauge-boson vacuum-
polarization amplitudes:

'
µν
ab

(
q2) = gµν'ab

(
q2) + pµpν terms, (9)

expanded up to quadratic order: (ab = {W+W−,W3W3,

BB,W3B})

'ab

(
q2) ≃ 'ab(0) + q2'′

ab(0) + (q2)2

2
'′′

ab(0) + · · · .

The relevant parameters are defined by

(
g′/g

)
Ŝ = '′

W3B
(0), (10)

M2
W T̂ = 'W3W3(0) − 'W+W−(0), (11)
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W�
<latexit sha1_base64="LAfTCuHGlTEe4jYdBqdSacd0NtM=">AAAB7HicbVA9TwJBEJ3zE/ELtbTZCCY2kjsaLYk2lph4QAIn2VvmYMPe3mV3z4QQfoONhcbY+oPs/DcucIWCL5nk5b2ZzMwLU8G1cd1vZ219Y3Nru7BT3N3bPzgsHR03dZIphj5LRKLaIdUouETfcCOwnSqkcSiwFY5uZ37rCZXmiXww4xSDmA4kjzijxkp+pfV4WemVym7VnYOsEi8nZcjR6JW+uv2EZTFKwwTVuuO5qQkmVBnOBE6L3UxjStmIDrBjqaQx6mAyP3ZKzq3SJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBxMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadoQ/CWX14lzVrVc6vefa1cv8njKMApnMEFeHAFdbiDBvjAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDiZmN1A==</latexit><latexit sha1_base64="LAfTCuHGlTEe4jYdBqdSacd0NtM=">AAAB7HicbVA9TwJBEJ3zE/ELtbTZCCY2kjsaLYk2lph4QAIn2VvmYMPe3mV3z4QQfoONhcbY+oPs/DcucIWCL5nk5b2ZzMwLU8G1cd1vZ219Y3Nru7BT3N3bPzgsHR03dZIphj5LRKLaIdUouETfcCOwnSqkcSiwFY5uZ37rCZXmiXww4xSDmA4kjzijxkp+pfV4WemVym7VnYOsEi8nZcjR6JW+uv2EZTFKwwTVuuO5qQkmVBnOBE6L3UxjStmIDrBjqaQx6mAyP3ZKzq3SJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBxMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadoQ/CWX14lzVrVc6vefa1cv8njKMApnMEFeHAFdbiDBvjAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDiZmN1A==</latexit><latexit sha1_base64="LAfTCuHGlTEe4jYdBqdSacd0NtM=">AAAB7HicbVA9TwJBEJ3zE/ELtbTZCCY2kjsaLYk2lph4QAIn2VvmYMPe3mV3z4QQfoONhcbY+oPs/DcucIWCL5nk5b2ZzMwLU8G1cd1vZ219Y3Nru7BT3N3bPzgsHR03dZIphj5LRKLaIdUouETfcCOwnSqkcSiwFY5uZ37rCZXmiXww4xSDmA4kjzijxkp+pfV4WemVym7VnYOsEi8nZcjR6JW+uv2EZTFKwwTVuuO5qQkmVBnOBE6L3UxjStmIDrBjqaQx6mAyP3ZKzq3SJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBxMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadoQ/CWX14lzVrVc6vefa1cv8njKMApnMEFeHAFdbiDBvjAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDiZmN1A==</latexit><latexit sha1_base64="LAfTCuHGlTEe4jYdBqdSacd0NtM=">AAAB7HicbVA9TwJBEJ3zE/ELtbTZCCY2kjsaLYk2lph4QAIn2VvmYMPe3mV3z4QQfoONhcbY+oPs/DcucIWCL5nk5b2ZzMwLU8G1cd1vZ219Y3Nru7BT3N3bPzgsHR03dZIphj5LRKLaIdUouETfcCOwnSqkcSiwFY5uZ37rCZXmiXww4xSDmA4kjzijxkp+pfV4WemVym7VnYOsEi8nZcjR6JW+uv2EZTFKwwTVuuO5qQkmVBnOBE6L3UxjStmIDrBjqaQx6mAyP3ZKzq3SJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBxMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadoQ/CWX14lzVrVc6vefa1cv8njKMApnMEFeHAFdbiDBvjAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDiZmN1A==</latexit>

Constraints from EW 
precision

𝑉𝑉 Oblique 
parameters 

𝑆, 𝑇, 𝑈

Peskin, Takeuchi, PRD (1992)
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W3
<latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit>

W3
<latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit>

t

<latexit sha1_base64="QUXsRluSQvuIhXyBYo5NzrKrt6o=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYCJ4WnaDEHMLevEY0TwgWcLsZDYZMvtgplcIIZ/gxYMiXv0ib/6Nk80KKlrQUFR1093lJ1JodJwPa2V1bX1js7BV3N7Z3dsvHRy2dZwqxlsslrHq+lRzKSLeQoGSdxPFaehL3vEnVwu/c8+VFnF0h9OEeyEdRSIQjKKRbitYGZTKjl3PQJakdp6Tuktc28lQhhzNQem9P4xZGvIImaRa91wnQW9GFQom+bzYTzVPKJvQEe8ZGtGQa2+WnTonp0YZkiBWpiIkmfp9YkZDraehbzpDimP921uIf3m9FIMLbyaiJEUeseWiIJUEY7L4mwyF4gzl1BDKlDC3EjamijI06RRNCF+fkv9Ju2q7ju3eVMuNyzyOAhzDCZyBCzVowDU0oQUMRvAAT/BsSevRerFel60rVj5zBD9gvX0CbHiN5Q==</latexit><latexit sha1_base64="QUXsRluSQvuIhXyBYo5NzrKrt6o=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYCJ4WnaDEHMLevEY0TwgWcLsZDYZMvtgplcIIZ/gxYMiXv0ib/6Nk80KKlrQUFR1093lJ1JodJwPa2V1bX1js7BV3N7Z3dsvHRy2dZwqxlsslrHq+lRzKSLeQoGSdxPFaehL3vEnVwu/c8+VFnF0h9OEeyEdRSIQjKKRbitYGZTKjl3PQJakdp6Tuktc28lQhhzNQem9P4xZGvIImaRa91wnQW9GFQom+bzYTzVPKJvQEe8ZGtGQa2+WnTonp0YZkiBWpiIkmfp9YkZDraehbzpDimP921uIf3m9FIMLbyaiJEUeseWiIJUEY7L4mwyF4gzl1BDKlDC3EjamijI06RRNCF+fkv9Ju2q7ju3eVMuNyzyOAhzDCZyBCzVowDU0oQUMRvAAT/BsSevRerFel60rVj5zBD9gvX0CbHiN5Q==</latexit><latexit sha1_base64="QUXsRluSQvuIhXyBYo5NzrKrt6o=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYCJ4WnaDEHMLevEY0TwgWcLsZDYZMvtgplcIIZ/gxYMiXv0ib/6Nk80KKlrQUFR1093lJ1JodJwPa2V1bX1js7BV3N7Z3dsvHRy2dZwqxlsslrHq+lRzKSLeQoGSdxPFaehL3vEnVwu/c8+VFnF0h9OEeyEdRSIQjKKRbitYGZTKjl3PQJakdp6Tuktc28lQhhzNQem9P4xZGvIImaRa91wnQW9GFQom+bzYTzVPKJvQEe8ZGtGQa2+WnTonp0YZkiBWpiIkmfp9YkZDraehbzpDimP921uIf3m9FIMLbyaiJEUeseWiIJUEY7L4mwyF4gzl1BDKlDC3EjamijI06RRNCF+fkv9Ju2q7ju3eVMuNyzyOAhzDCZyBCzVowDU0oQUMRvAAT/BsSevRerFel60rVj5zBD9gvX0CbHiN5Q==</latexit><latexit sha1_base64="QUXsRluSQvuIhXyBYo5NzrKrt6o=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYCJ4WnaDEHMLevEY0TwgWcLsZDYZMvtgplcIIZ/gxYMiXv0ib/6Nk80KKlrQUFR1093lJ1JodJwPa2V1bX1js7BV3N7Z3dsvHRy2dZwqxlsslrHq+lRzKSLeQoGSdxPFaehL3vEnVwu/c8+VFnF0h9OEeyEdRSIQjKKRbitYGZTKjl3PQJakdp6Tuktc28lQhhzNQem9P4xZGvIImaRa91wnQW9GFQom+bzYTzVPKJvQEe8ZGtGQa2+WnTonp0YZkiBWpiIkmfp9YkZDraehbzpDimP921uIf3m9FIMLbyaiJEUeseWiIJUEY7L4mwyF4gzl1BDKlDC3EjamijI06RRNCF+fkv9Ju2q7ju3eVMuNyzyOAhzDCZyBCzVowDU0oQUMRvAAT/BsSevRerFel60rVj5zBD9gvX0CbHiN5Q==</latexit>

t
<latexit sha1_base64="wuBTMMpnRI4NHPPZHt+Et3e9uY4=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10U8JSt1D03IrnV0598pv4rjdDERaodQtvnV7CspgrZJIa0/a9FIMx1SiY5JN8JzM8pWxI+7xtqaIxN8F4duqEHFulR6JE21JIZurXiTGNjRnFoe2MKQ7MT28q/uW1M4zOg7FQaYZcsfmiKJMEEzL9m/SE5gzlyBLKtLC3EjagmjK06eRtCJ+fkv9Jo+z6nutfl4vVi0UcOTiEIzgBH86gCldQgzow6MM9PMKTI50H59l5mbcuOYuZA/gG5/UDCEWNoA==</latexit><latexit sha1_base64="wuBTMMpnRI4NHPPZHt+Et3e9uY4=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10U8JSt1D03IrnV0598pv4rjdDERaodQtvnV7CspgrZJIa0/a9FIMx1SiY5JN8JzM8pWxI+7xtqaIxN8F4duqEHFulR6JE21JIZurXiTGNjRnFoe2MKQ7MT28q/uW1M4zOg7FQaYZcsfmiKJMEEzL9m/SE5gzlyBLKtLC3EjagmjK06eRtCJ+fkv9Jo+z6nutfl4vVi0UcOTiEIzgBH86gCldQgzow6MM9PMKTI50H59l5mbcuOYuZA/gG5/UDCEWNoA==</latexit><latexit sha1_base64="wuBTMMpnRI4NHPPZHt+Et3e9uY4=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10U8JSt1D03IrnV0598pv4rjdDERaodQtvnV7CspgrZJIa0/a9FIMx1SiY5JN8JzM8pWxI+7xtqaIxN8F4duqEHFulR6JE21JIZurXiTGNjRnFoe2MKQ7MT28q/uW1M4zOg7FQaYZcsfmiKJMEEzL9m/SE5gzlyBLKtLC3EjagmjK06eRtCJ+fkv9Jo+z6nutfl4vVi0UcOTiEIzgBH86gCldQgzow6MM9PMKTI50H59l5mbcuOYuZA/gG5/UDCEWNoA==</latexit><latexit sha1_base64="wuBTMMpnRI4NHPPZHt+Et3e9uY4=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10U8JSt1D03IrnV0598pv4rjdDERaodQtvnV7CspgrZJIa0/a9FIMx1SiY5JN8JzM8pWxI+7xtqaIxN8F4duqEHFulR6JE21JIZurXiTGNjRnFoe2MKQ7MT28q/uW1M4zOg7FQaYZcsfmiKJMEEzL9m/SE5gzlyBLKtLC3EjagmjK06eRtCJ+fkv9Jo+z6nutfl4vVi0UcOTiEIzgBH86gCldQgzow6MM9PMKTI50H59l5mbcuOYuZA/gG5/UDCEWNoA==</latexit>

t
<latexit sha1_base64="wuBTMMpnRI4NHPPZHt+Et3e9uY4=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10U8JSt1D03IrnV0598pv4rjdDERaodQtvnV7CspgrZJIa0/a9FIMx1SiY5JN8JzM8pWxI+7xtqaIxN8F4duqEHFulR6JE21JIZurXiTGNjRnFoe2MKQ7MT28q/uW1M4zOg7FQaYZcsfmiKJMEEzL9m/SE5gzlyBLKtLC3EjagmjK06eRtCJ+fkv9Jo+z6nutfl4vVi0UcOTiEIzgBH86gCldQgzow6MM9PMKTI50H59l5mbcuOYuZA/gG5/UDCEWNoA==</latexit><latexit sha1_base64="wuBTMMpnRI4NHPPZHt+Et3e9uY4=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10U8JSt1D03IrnV0598pv4rjdDERaodQtvnV7CspgrZJIa0/a9FIMx1SiY5JN8JzM8pWxI+7xtqaIxN8F4duqEHFulR6JE21JIZurXiTGNjRnFoe2MKQ7MT28q/uW1M4zOg7FQaYZcsfmiKJMEEzL9m/SE5gzlyBLKtLC3EjagmjK06eRtCJ+fkv9Jo+z6nutfl4vVi0UcOTiEIzgBH86gCldQgzow6MM9PMKTI50H59l5mbcuOYuZA/gG5/UDCEWNoA==</latexit><latexit sha1_base64="wuBTMMpnRI4NHPPZHt+Et3e9uY4=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10U8JSt1D03IrnV0598pv4rjdDERaodQtvnV7CspgrZJIa0/a9FIMx1SiY5JN8JzM8pWxI+7xtqaIxN8F4duqEHFulR6JE21JIZurXiTGNjRnFoe2MKQ7MT28q/uW1M4zOg7FQaYZcsfmiKJMEEzL9m/SE5gzlyBLKtLC3EjagmjK06eRtCJ+fkv9Jo+z6nutfl4vVi0UcOTiEIzgBH86gCldQgzow6MM9PMKTI50H59l5mbcuOYuZA/gG5/UDCEWNoA==</latexit><latexit sha1_base64="wuBTMMpnRI4NHPPZHt+Et3e9uY4=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10U8JSt1D03IrnV0598pv4rjdDERaodQtvnV7CspgrZJIa0/a9FIMx1SiY5JN8JzM8pWxI+7xtqaIxN8F4duqEHFulR6JE21JIZurXiTGNjRnFoe2MKQ7MT28q/uW1M4zOg7FQaYZcsfmiKJMEEzL9m/SE5gzlyBLKtLC3EjagmjK06eRtCJ+fkv9Jo+z6nutfl4vVi0UcOTiEIzgBH86gCldQgzow6MM9PMKTI50H59l5mbcuOYuZA/gG5/UDCEWNoA==</latexit>

b
<latexit sha1_base64="0vN0VQA5/EXL6yIeyrFBRqwBuEM=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10UwpL3ULRcyueXzn1yW/iu94MRVig1i28dXoJy2KukElqTNv3UgzGVKNgkk/ynczwlLIh7fO2pYrG3ATj2akTcmyVHokSbUshmalfJ8Y0NmYUh7YzpjgwP72p+JfXzjA6D8ZCpRlyxeaLokwSTMj0b9ITmjOUI0so08LeStiAasrQppO3IXx+Sv4njbLre65/XS5WLxZx5OAQjuAEfDiDKlxBDerAoA/38AhPjnQenGfnZd665CxmDuAbnNcP7NyNjg==</latexit><latexit sha1_base64="0vN0VQA5/EXL6yIeyrFBRqwBuEM=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10UwpL3ULRcyueXzn1yW/iu94MRVig1i28dXoJy2KukElqTNv3UgzGVKNgkk/ynczwlLIh7fO2pYrG3ATj2akTcmyVHokSbUshmalfJ8Y0NmYUh7YzpjgwP72p+JfXzjA6D8ZCpRlyxeaLokwSTMj0b9ITmjOUI0so08LeStiAasrQppO3IXx+Sv4njbLre65/XS5WLxZx5OAQjuAEfDiDKlxBDerAoA/38AhPjnQenGfnZd665CxmDuAbnNcP7NyNjg==</latexit><latexit sha1_base64="0vN0VQA5/EXL6yIeyrFBRqwBuEM=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10UwpL3ULRcyueXzn1yW/iu94MRVig1i28dXoJy2KukElqTNv3UgzGVKNgkk/ynczwlLIh7fO2pYrG3ATj2akTcmyVHokSbUshmalfJ8Y0NmYUh7YzpjgwP72p+JfXzjA6D8ZCpRlyxeaLokwSTMj0b9ITmjOUI0so08LeStiAasrQppO3IXx+Sv4njbLre65/XS5WLxZx5OAQjuAEfDiDKlxBDerAoA/38AhPjnQenGfnZd665CxmDuAbnNcP7NyNjg==</latexit><latexit sha1_base64="0vN0VQA5/EXL6yIeyrFBRqwBuEM=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10UwpL3ULRcyueXzn1yW/iu94MRVig1i28dXoJy2KukElqTNv3UgzGVKNgkk/ynczwlLIh7fO2pYrG3ATj2akTcmyVHokSbUshmalfJ8Y0NmYUh7YzpjgwP72p+JfXzjA6D8ZCpRlyxeaLokwSTMj0b9ITmjOUI0so08LeStiAasrQppO3IXx+Sv4njbLre65/XS5WLxZx5OAQjuAEfDiDKlxBDerAoA/38AhPjnQenGfnZd665CxmDuAbnNcP7NyNjg==</latexit>

b
<latexit sha1_base64="0vN0VQA5/EXL6yIeyrFBRqwBuEM=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10UwpL3ULRcyueXzn1yW/iu94MRVig1i28dXoJy2KukElqTNv3UgzGVKNgkk/ynczwlLIh7fO2pYrG3ATj2akTcmyVHokSbUshmalfJ8Y0NmYUh7YzpjgwP72p+JfXzjA6D8ZCpRlyxeaLokwSTMj0b9ITmjOUI0so08LeStiAasrQppO3IXx+Sv4njbLre65/XS5WLxZx5OAQjuAEfDiDKlxBDerAoA/38AhPjnQenGfnZd665CxmDuAbnNcP7NyNjg==</latexit><latexit sha1_base64="0vN0VQA5/EXL6yIeyrFBRqwBuEM=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10UwpL3ULRcyueXzn1yW/iu94MRVig1i28dXoJy2KukElqTNv3UgzGVKNgkk/ynczwlLIh7fO2pYrG3ATj2akTcmyVHokSbUshmalfJ8Y0NmYUh7YzpjgwP72p+JfXzjA6D8ZCpRlyxeaLokwSTMj0b9ITmjOUI0so08LeStiAasrQppO3IXx+Sv4njbLre65/XS5WLxZx5OAQjuAEfDiDKlxBDerAoA/38AhPjnQenGfnZd665CxmDuAbnNcP7NyNjg==</latexit><latexit sha1_base64="0vN0VQA5/EXL6yIeyrFBRqwBuEM=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10UwpL3ULRcyueXzn1yW/iu94MRVig1i28dXoJy2KukElqTNv3UgzGVKNgkk/ynczwlLIh7fO2pYrG3ATj2akTcmyVHokSbUshmalfJ8Y0NmYUh7YzpjgwP72p+JfXzjA6D8ZCpRlyxeaLokwSTMj0b9ITmjOUI0so08LeStiAasrQppO3IXx+Sv4njbLre65/XS5WLxZx5OAQjuAEfDiDKlxBDerAoA/38AhPjnQenGfnZd665CxmDuAbnNcP7NyNjg==</latexit><latexit sha1_base64="0vN0VQA5/EXL6yIeyrFBRqwBuEM=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10UwpL3ULRcyueXzn1yW/iu94MRVig1i28dXoJy2KukElqTNv3UgzGVKNgkk/ynczwlLIh7fO2pYrG3ATj2akTcmyVHokSbUshmalfJ8Y0NmYUh7YzpjgwP72p+JfXzjA6D8ZCpRlyxeaLokwSTMj0b9ITmjOUI0so08LeStiAasrQppO3IXx+Sv4njbLre65/XS5WLxZx5OAQjuAEfDiDKlxBDerAoA/38AhPjnQenGfnZd665CxmDuAbnNcP7NyNjg==</latexit>

t
<latexit sha1_base64="wuBTMMpnRI4NHPPZHt+Et3e9uY4=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10U8JSt1D03IrnV0598pv4rjdDERaodQtvnV7CspgrZJIa0/a9FIMx1SiY5JN8JzM8pWxI+7xtqaIxN8F4duqEHFulR6JE21JIZurXiTGNjRnFoe2MKQ7MT28q/uW1M4zOg7FQaYZcsfmiKJMEEzL9m/SE5gzlyBLKtLC3EjagmjK06eRtCJ+fkv9Jo+z6nutfl4vVi0UcOTiEIzgBH86gCldQgzow6MM9PMKTI50H59l5mbcuOYuZA/gG5/UDCEWNoA==</latexit><latexit sha1_base64="wuBTMMpnRI4NHPPZHt+Et3e9uY4=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10U8JSt1D03IrnV0598pv4rjdDERaodQtvnV7CspgrZJIa0/a9FIMx1SiY5JN8JzM8pWxI+7xtqaIxN8F4duqEHFulR6JE21JIZurXiTGNjRnFoe2MKQ7MT28q/uW1M4zOg7FQaYZcsfmiKJMEEzL9m/SE5gzlyBLKtLC3EjagmjK06eRtCJ+fkv9Jo+z6nutfl4vVi0UcOTiEIzgBH86gCldQgzow6MM9PMKTI50H59l5mbcuOYuZA/gG5/UDCEWNoA==</latexit><latexit sha1_base64="wuBTMMpnRI4NHPPZHt+Et3e9uY4=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10U8JSt1D03IrnV0598pv4rjdDERaodQtvnV7CspgrZJIa0/a9FIMx1SiY5JN8JzM8pWxI+7xtqaIxN8F4duqEHFulR6JE21JIZurXiTGNjRnFoe2MKQ7MT28q/uW1M4zOg7FQaYZcsfmiKJMEEzL9m/SE5gzlyBLKtLC3EjagmjK06eRtCJ+fkv9Jo+z6nutfl4vVi0UcOTiEIzgBH86gCldQgzow6MM9PMKTI50H59l5mbcuOYuZA/gG5/UDCEWNoA==</latexit><latexit sha1_base64="wuBTMMpnRI4NHPPZHt+Et3e9uY4=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10U8JSt1D03IrnV0598pv4rjdDERaodQtvnV7CspgrZJIa0/a9FIMx1SiY5JN8JzM8pWxI+7xtqaIxN8F4duqEHFulR6JE21JIZurXiTGNjRnFoe2MKQ7MT28q/uW1M4zOg7FQaYZcsfmiKJMEEzL9m/SE5gzlyBLKtLC3EjagmjK06eRtCJ+fkv9Jo+z6nutfl4vVi0UcOTiEIzgBH86gCldQgzow6MM9PMKTI50H59l5mbcuOYuZA/gG5/UDCEWNoA==</latexit>

b
<latexit sha1_base64="0vN0VQA5/EXL6yIeyrFBRqwBuEM=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10UwpL3ULRcyueXzn1yW/iu94MRVig1i28dXoJy2KukElqTNv3UgzGVKNgkk/ynczwlLIh7fO2pYrG3ATj2akTcmyVHokSbUshmalfJ8Y0NmYUh7YzpjgwP72p+JfXzjA6D8ZCpRlyxeaLokwSTMj0b9ITmjOUI0so08LeStiAasrQppO3IXx+Sv4njbLre65/XS5WLxZx5OAQjuAEfDiDKlxBDerAoA/38AhPjnQenGfnZd665CxmDuAbnNcP7NyNjg==</latexit><latexit sha1_base64="0vN0VQA5/EXL6yIeyrFBRqwBuEM=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10UwpL3ULRcyueXzn1yW/iu94MRVig1i28dXoJy2KukElqTNv3UgzGVKNgkk/ynczwlLIh7fO2pYrG3ATj2akTcmyVHokSbUshmalfJ8Y0NmYUh7YzpjgwP72p+JfXzjA6D8ZCpRlyxeaLokwSTMj0b9ITmjOUI0so08LeStiAasrQppO3IXx+Sv4njbLre65/XS5WLxZx5OAQjuAEfDiDKlxBDerAoA/38AhPjnQenGfnZd665CxmDuAbnNcP7NyNjg==</latexit><latexit sha1_base64="0vN0VQA5/EXL6yIeyrFBRqwBuEM=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10UwpL3ULRcyueXzn1yW/iu94MRVig1i28dXoJy2KukElqTNv3UgzGVKNgkk/ynczwlLIh7fO2pYrG3ATj2akTcmyVHokSbUshmalfJ8Y0NmYUh7YzpjgwP72p+JfXzjA6D8ZCpRlyxeaLokwSTMj0b9ITmjOUI0so08LeStiAasrQppO3IXx+Sv4njbLre65/XS5WLxZx5OAQjuAEfDiDKlxBDerAoA/38AhPjnQenGfnZd665CxmDuAbnNcP7NyNjg==</latexit><latexit sha1_base64="0vN0VQA5/EXL6yIeyrFBRqwBuEM=">AAAB6nicdVDJSgNBEK1xjXGLevTSmAiehpkc1NyCXjxGNAskQ+jp9CRNenqG7hohhHyCFw+KePWLvPk3dhbB9UHB470qquqFqRQGPe/dWVpeWV1bz23kN7e2d3YLe/sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlG3OEp5ENO+EpFgFK10UwpL3ULRcyueXzn1yW/iu94MRVig1i28dXoJy2KukElqTNv3UgzGVKNgkk/ynczwlLIh7fO2pYrG3ATj2akTcmyVHokSbUshmalfJ8Y0NmYUh7YzpjgwP72p+JfXzjA6D8ZCpRlyxeaLokwSTMj0b9ITmjOUI0so08LeStiAasrQppO3IXx+Sv4njbLre65/XS5WLxZx5OAQjuAEfDiDKlxBDerAoA/38AhPjnQenGfnZd665CxmDuAbnNcP7NyNjg==</latexit>

�M = 0 ! �T = 0
<latexit sha1_base64="QjhfThdyLhm/5izT6V28OiO8Rmc=">AAACBHicdVBPSwJBHJ21f2b/tjp6GdKg0zIrZXoQpDp0CQzUBBWZHWd1cHZ2mZkNRDx06at06VBE1z5Et75Ns2pQUQ8G3rz3+zHznhdxpjRCH1ZqaXlldS29ntnY3NresXf3miqMJaENEvJQtjysKGeCNjTTnLYiSXHgcXrjjc4T/+aWSsVCUdfjiHYDPBDMZwRrI/XsbL5zQbnG8KqCYEeHcHGtV1C+Z+eQUy4V0XEBIgehUgEVDTlBbtktQ9coCXJggVrPfu/0QxIHVGjCsVJtF0W6O8FSM8LpNNOJFY0wGeEBbRsqcEBVdzILMYWHRulDP5TmCA1n6veNCQ6UGgeemQywHqrfXiL+5bVj7Ze6EyaiWFNB5g/5MYcmbNII7DNJieZjQzCRzPwVkiGWmGjTW8aU8JUU/k+aBcdFjntdyFXPFnWkQRYcgCPgglNQBZegBhqAgDvwAJ7As3VvPVov1ut8NGUtdvbBD1hvn3HGlgs=</latexit><latexit sha1_base64="QjhfThdyLhm/5izT6V28OiO8Rmc=">AAACBHicdVBPSwJBHJ21f2b/tjp6GdKg0zIrZXoQpDp0CQzUBBWZHWd1cHZ2mZkNRDx06at06VBE1z5Et75Ns2pQUQ8G3rz3+zHznhdxpjRCH1ZqaXlldS29ntnY3NresXf3miqMJaENEvJQtjysKGeCNjTTnLYiSXHgcXrjjc4T/+aWSsVCUdfjiHYDPBDMZwRrI/XsbL5zQbnG8KqCYEeHcHGtV1C+Z+eQUy4V0XEBIgehUgEVDTlBbtktQ9coCXJggVrPfu/0QxIHVGjCsVJtF0W6O8FSM8LpNNOJFY0wGeEBbRsqcEBVdzILMYWHRulDP5TmCA1n6veNCQ6UGgeemQywHqrfXiL+5bVj7Ze6EyaiWFNB5g/5MYcmbNII7DNJieZjQzCRzPwVkiGWmGjTW8aU8JUU/k+aBcdFjntdyFXPFnWkQRYcgCPgglNQBZegBhqAgDvwAJ7As3VvPVov1ut8NGUtdvbBD1hvn3HGlgs=</latexit><latexit sha1_base64="QjhfThdyLhm/5izT6V28OiO8Rmc=">AAACBHicdVBPSwJBHJ21f2b/tjp6GdKg0zIrZXoQpDp0CQzUBBWZHWd1cHZ2mZkNRDx06at06VBE1z5Et75Ns2pQUQ8G3rz3+zHznhdxpjRCH1ZqaXlldS29ntnY3NresXf3miqMJaENEvJQtjysKGeCNjTTnLYiSXHgcXrjjc4T/+aWSsVCUdfjiHYDPBDMZwRrI/XsbL5zQbnG8KqCYEeHcHGtV1C+Z+eQUy4V0XEBIgehUgEVDTlBbtktQ9coCXJggVrPfu/0QxIHVGjCsVJtF0W6O8FSM8LpNNOJFY0wGeEBbRsqcEBVdzILMYWHRulDP5TmCA1n6veNCQ6UGgeemQywHqrfXiL+5bVj7Ze6EyaiWFNB5g/5MYcmbNII7DNJieZjQzCRzPwVkiGWmGjTW8aU8JUU/k+aBcdFjntdyFXPFnWkQRYcgCPgglNQBZegBhqAgDvwAJ7As3VvPVov1ut8NGUtdvbBD1hvn3HGlgs=</latexit><latexit sha1_base64="QjhfThdyLhm/5izT6V28OiO8Rmc=">AAACBHicdVBPSwJBHJ21f2b/tjp6GdKg0zIrZXoQpDp0CQzUBBWZHWd1cHZ2mZkNRDx06at06VBE1z5Et75Ns2pQUQ8G3rz3+zHznhdxpjRCH1ZqaXlldS29ntnY3NresXf3miqMJaENEvJQtjysKGeCNjTTnLYiSXHgcXrjjc4T/+aWSsVCUdfjiHYDPBDMZwRrI/XsbL5zQbnG8KqCYEeHcHGtV1C+Z+eQUy4V0XEBIgehUgEVDTlBbtktQ9coCXJggVrPfu/0QxIHVGjCsVJtF0W6O8FSM8LpNNOJFY0wGeEBbRsqcEBVdzILMYWHRulDP5TmCA1n6veNCQ6UGgeemQywHqrfXiL+5bVj7Ze6EyaiWFNB5g/5MYcmbNII7DNJieZjQzCRzPwVkiGWmGjTW8aU8JUU/k+aBcdFjntdyFXPFnWkQRYcgCPgglNQBZegBhqAgDvwAJ7As3VvPVov1ut8NGUtdvbBD1hvn3HGlgs=</latexit>
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a new phenomenon non-trivial mixing may appear between
fermions of different representations. The mixing is essen-
tial in this model; it is responsible for symmetry breaking in
[15] and it provides a simple fermionic dark-matter model
(without the singlet and the mixing, the doublet is ruled out
by direct dark-matter searches [5–7]).

The purely fermionic part of the new Lagrangian is

L! = i!DDµγ µ!D + i!S∂µγ µ!S − m1!D!D

− m2!S!S, (1)

with Dirac masses m1 and m2. !S may have further interac-
tions, irrelevant for our analysis. Dµ is the covariant deriva-
tive

Dµ = ∂µ − i
g

2
τ Wµ − i

g′

2
Bµ, (2)

where Wµ,Bµ and g,g′ are the usual weak gauge-boson
fields and couplings, respectively. In a renormalizable the-
ory including the standard Higgs doublet (H ), additional
Yukawa terms appear resulting in a mixing between the new
neutral fermions,

LYukawa = λm!D!SH + λ∗
mH † !S!D. (3)

In a version of the standard model [15], the Higgs boson
is a composite state of the new fermions (H = !S!D) and
these Yukawa terms (and an additional contribution to the
!D and !S masses) generated by condensation from effec-
tive 4-fermion interactions.

When the Higgs (or the composite operator !S!D in
[15]) develops a vacuum-expectation value, ⟨H ⟩0 =

( 0
v

)
,

with real v, non-diagonal mass terms are generated with
m3 = (λm + λ∗

m)v/2

Lmass = −m1!D!D − m2!S!S

− m3
(
!0

D!S + !S!0
D

)
. (4)

In [15] m1 (m2) get contributions from the condensates.
The mass matrix of the new fermions must be diagonal-
ized via a unitary transformation to get physical mass eigen-
states:

!1 = c!0
D + s!S,

!2 = −s!0
D + c!S,

(5)

where c = cosφ, s = sinφ and φ is the mixing angle defined
by

2m3 = (m1 − m2) tan 2φ. (6)

The masses of the new neutral physical fermions !1 and
!2 are M1,2 = 1

2 (m1 + m2 ± m1−m2
cos 2φ ). The useful inverse

relations are

m1 = c2M1 + s2M2,

m2 = s2M1 + c2M2.
(7)

In the physical spectrum there is also a charged fermion
!+

D , with mass M+ = m1 (given by (7)). In the case of an el-
ementary scalar field λm is a free parameter. The mixing an-
gle and the physical masses are basically not constrained by
the theory. In [15] the gap equations determine the masses
and the mixing angle. Applying further unitarity constraints,
one finds that one of the neutral masses is very close to the
charged mass and the mixing is rather weak [24].

The collider phenomenology and radiative corrections in
the model are coming from the doublet kinetic term in (1)
taking into account the mixing (5):

LI = !+
Dγ µ!+

D

(
g′

2
Bµ + g

2
W3µ

)

+
(
c2!1γ

µ!1 + s2!2γ
µ!2

− sc
(
!1γ

µ!2 + !2γ
µ!1

))(g′

2
Bµ − g

2
W3µ

)

+
[

g√
2
W+

µ

(
c!+

Dγ µ!1 − s!+
Dγ µ!2

)
+ h.c.

]
. (8)

We calculate the contribution to the electroweak precision
observables from this renormalizable interaction.

3 Electroweak precision parameters

Barbieri et al. showed [19] that if the scale of new physics is
sufficiently higher than the LEP2 scale and the new physics
affects only the vector boson self-energies, then the most
general parameterization of new physics effects uses the
four parameters Ŝ, T̂ , W and Y . These parameters are the
generalizations of the Peskin–Takeuchi S, T and U para-
meters and defined by the transverse gauge-boson vacuum-
polarization amplitudes:

'
µν
ab

(
q2) = gµν'ab

(
q2) + pµpν terms, (9)

expanded up to quadratic order: (ab = {W+W−,W3W3,

BB,W3B})

'ab

(
q2) ≃ 'ab(0) + q2'′

ab(0) + (q2)2

2
'′′

ab(0) + · · · .

The relevant parameters are defined by

(
g′/g

)
Ŝ = '′

W3B
(0), (10)

M2
W T̂ = 'W3W3(0) − 'W+W−(0), (11)

0 / �M2
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b. Gauge couplings
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gZDiDj is obtained by changing U(u) $ D(d) in above equation.

2. Loop function

For the one loop calculation in this work, we express the result in term of the loop

functions in consistent with the definition of LoopTools [2]. The tensorial integral for the

one-loop three point function is defined as
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<latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit>

W3
<latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit>

W+
<latexit sha1_base64="m9Vi1KMFYGCb2c4UjznnQ5oZJy0=">AAAB7HicbVBNS8NAEJ34WetX1aOXxVYQhJL0oseiF48VTFtoY9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dtbWNza3tgs7xd29/YPD0tFxUyeZYuizRCSqHVKNgkv0DTcC26lCGocCW+Hodua3nlBpnsgHM04xiOlA8ogzaqzkV1qPl5VeqexW3TnIKvFyUoYcjV7pq9tPWBajNExQrTuem5pgQpXhTOC02M00ppSN6AA7lkoaow4m82On5NwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HyKNgRv+eVV0qxVPbfq3dfK9Zs8jgKcwhlcgAdXUIc7aIAPDDg8wyu8OdJ5cd6dj0XrmpPPnMAfOJ8/ho+N0g==</latexit><latexit sha1_base64="m9Vi1KMFYGCb2c4UjznnQ5oZJy0=">AAAB7HicbVBNS8NAEJ34WetX1aOXxVYQhJL0oseiF48VTFtoY9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dtbWNza3tgs7xd29/YPD0tFxUyeZYuizRCSqHVKNgkv0DTcC26lCGocCW+Hodua3nlBpnsgHM04xiOlA8ogzaqzkV1qPl5VeqexW3TnIKvFyUoYcjV7pq9tPWBajNExQrTuem5pgQpXhTOC02M00ppSN6AA7lkoaow4m82On5NwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HyKNgRv+eVV0qxVPbfq3dfK9Zs8jgKcwhlcgAdXUIc7aIAPDDg8wyu8OdJ5cd6dj0XrmpPPnMAfOJ8/ho+N0g==</latexit><latexit sha1_base64="m9Vi1KMFYGCb2c4UjznnQ5oZJy0=">AAAB7HicbVBNS8NAEJ34WetX1aOXxVYQhJL0oseiF48VTFtoY9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dtbWNza3tgs7xd29/YPD0tFxUyeZYuizRCSqHVKNgkv0DTcC26lCGocCW+Hodua3nlBpnsgHM04xiOlA8ogzaqzkV1qPl5VeqexW3TnIKvFyUoYcjV7pq9tPWBajNExQrTuem5pgQpXhTOC02M00ppSN6AA7lkoaow4m82On5NwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HyKNgRv+eVV0qxVPbfq3dfK9Zs8jgKcwhlcgAdXUIc7aIAPDDg8wyu8OdJ5cd6dj0XrmpPPnMAfOJ8/ho+N0g==</latexit><latexit sha1_base64="m9Vi1KMFYGCb2c4UjznnQ5oZJy0=">AAAB7HicbVBNS8NAEJ34WetX1aOXxVYQhJL0oseiF48VTFtoY9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dtbWNza3tgs7xd29/YPD0tFxUyeZYuizRCSqHVKNgkv0DTcC26lCGocCW+Hodua3nlBpnsgHM04xiOlA8ogzaqzkV1qPl5VeqexW3TnIKvFyUoYcjV7pq9tPWBajNExQrTuem5pgQpXhTOC02M00ppSN6AA7lkoaow4m82On5NwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HyKNgRv+eVV0qxVPbfq3dfK9Zs8jgKcwhlcgAdXUIc7aIAPDDg8wyu8OdJ5cd6dj0XrmpPPnMAfOJ8/ho+N0g==</latexit>

W�
<latexit sha1_base64="LAfTCuHGlTEe4jYdBqdSacd0NtM=">AAAB7HicbVA9TwJBEJ3zE/ELtbTZCCY2kjsaLYk2lph4QAIn2VvmYMPe3mV3z4QQfoONhcbY+oPs/DcucIWCL5nk5b2ZzMwLU8G1cd1vZ219Y3Nru7BT3N3bPzgsHR03dZIphj5LRKLaIdUouETfcCOwnSqkcSiwFY5uZ37rCZXmiXww4xSDmA4kjzijxkp+pfV4WemVym7VnYOsEi8nZcjR6JW+uv2EZTFKwwTVuuO5qQkmVBnOBE6L3UxjStmIDrBjqaQx6mAyP3ZKzq3SJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBxMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadoQ/CWX14lzVrVc6vefa1cv8njKMApnMEFeHAFdbiDBvjAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDiZmN1A==</latexit><latexit sha1_base64="LAfTCuHGlTEe4jYdBqdSacd0NtM=">AAAB7HicbVA9TwJBEJ3zE/ELtbTZCCY2kjsaLYk2lph4QAIn2VvmYMPe3mV3z4QQfoONhcbY+oPs/DcucIWCL5nk5b2ZzMwLU8G1cd1vZ219Y3Nru7BT3N3bPzgsHR03dZIphj5LRKLaIdUouETfcCOwnSqkcSiwFY5uZ37rCZXmiXww4xSDmA4kjzijxkp+pfV4WemVym7VnYOsEi8nZcjR6JW+uv2EZTFKwwTVuuO5qQkmVBnOBE6L3UxjStmIDrBjqaQx6mAyP3ZKzq3SJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBxMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadoQ/CWX14lzVrVc6vefa1cv8njKMApnMEFeHAFdbiDBvjAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDiZmN1A==</latexit><latexit sha1_base64="LAfTCuHGlTEe4jYdBqdSacd0NtM=">AAAB7HicbVA9TwJBEJ3zE/ELtbTZCCY2kjsaLYk2lph4QAIn2VvmYMPe3mV3z4QQfoONhcbY+oPs/DcucIWCL5nk5b2ZzMwLU8G1cd1vZ219Y3Nru7BT3N3bPzgsHR03dZIphj5LRKLaIdUouETfcCOwnSqkcSiwFY5uZ37rCZXmiXww4xSDmA4kjzijxkp+pfV4WemVym7VnYOsEi8nZcjR6JW+uv2EZTFKwwTVuuO5qQkmVBnOBE6L3UxjStmIDrBjqaQx6mAyP3ZKzq3SJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBxMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadoQ/CWX14lzVrVc6vefa1cv8njKMApnMEFeHAFdbiDBvjAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDiZmN1A==</latexit><latexit sha1_base64="LAfTCuHGlTEe4jYdBqdSacd0NtM=">AAAB7HicbVA9TwJBEJ3zE/ELtbTZCCY2kjsaLYk2lph4QAIn2VvmYMPe3mV3z4QQfoONhcbY+oPs/DcucIWCL5nk5b2ZzMwLU8G1cd1vZ219Y3Nru7BT3N3bPzgsHR03dZIphj5LRKLaIdUouETfcCOwnSqkcSiwFY5uZ37rCZXmiXww4xSDmA4kjzijxkp+pfV4WemVym7VnYOsEi8nZcjR6JW+uv2EZTFKwwTVuuO5qQkmVBnOBE6L3UxjStmIDrBjqaQx6mAyP3ZKzq3SJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBxMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadoQ/CWX14lzVrVc6vefa1cv8njKMApnMEFeHAFdbiDBvjAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDiZmN1A==</latexit>

Constraints from EW 
precision

𝑉𝑉 Oblique 
parameters 

𝑆, 𝑇, 𝑈

Peskin, Takeuchi, PRD (1992)
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W3
<latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit>

W3
<latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit>
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a new phenomenon non-trivial mixing may appear between
fermions of different representations. The mixing is essen-
tial in this model; it is responsible for symmetry breaking in
[15] and it provides a simple fermionic dark-matter model
(without the singlet and the mixing, the doublet is ruled out
by direct dark-matter searches [5–7]).

The purely fermionic part of the new Lagrangian is

L! = i!DDµγ µ!D + i!S∂µγ µ!S − m1!D!D

− m2!S!S, (1)

with Dirac masses m1 and m2. !S may have further interac-
tions, irrelevant for our analysis. Dµ is the covariant deriva-
tive

Dµ = ∂µ − i
g

2
τ Wµ − i

g′

2
Bµ, (2)

where Wµ,Bµ and g,g′ are the usual weak gauge-boson
fields and couplings, respectively. In a renormalizable the-
ory including the standard Higgs doublet (H ), additional
Yukawa terms appear resulting in a mixing between the new
neutral fermions,

LYukawa = λm!D!SH + λ∗
mH † !S!D. (3)

In a version of the standard model [15], the Higgs boson
is a composite state of the new fermions (H = !S!D) and
these Yukawa terms (and an additional contribution to the
!D and !S masses) generated by condensation from effec-
tive 4-fermion interactions.

When the Higgs (or the composite operator !S!D in
[15]) develops a vacuum-expectation value, ⟨H ⟩0 =

( 0
v

)
,

with real v, non-diagonal mass terms are generated with
m3 = (λm + λ∗

m)v/2

Lmass = −m1!D!D − m2!S!S

− m3
(
!0

D!S + !S!0
D

)
. (4)

In [15] m1 (m2) get contributions from the condensates.
The mass matrix of the new fermions must be diagonal-
ized via a unitary transformation to get physical mass eigen-
states:

!1 = c!0
D + s!S,

!2 = −s!0
D + c!S,

(5)

where c = cosφ, s = sinφ and φ is the mixing angle defined
by

2m3 = (m1 − m2) tan 2φ. (6)

The masses of the new neutral physical fermions !1 and
!2 are M1,2 = 1

2 (m1 + m2 ± m1−m2
cos 2φ ). The useful inverse

relations are

m1 = c2M1 + s2M2,

m2 = s2M1 + c2M2.
(7)

In the physical spectrum there is also a charged fermion
!+

D , with mass M+ = m1 (given by (7)). In the case of an el-
ementary scalar field λm is a free parameter. The mixing an-
gle and the physical masses are basically not constrained by
the theory. In [15] the gap equations determine the masses
and the mixing angle. Applying further unitarity constraints,
one finds that one of the neutral masses is very close to the
charged mass and the mixing is rather weak [24].

The collider phenomenology and radiative corrections in
the model are coming from the doublet kinetic term in (1)
taking into account the mixing (5):

LI = !+
Dγ µ!+

D

(
g′

2
Bµ + g

2
W3µ

)

+
(
c2!1γ

µ!1 + s2!2γ
µ!2

− sc
(
!1γ

µ!2 + !2γ
µ!1

))(g′

2
Bµ − g

2
W3µ

)

+
[

g√
2
W+

µ

(
c!+

Dγ µ!1 − s!+
Dγ µ!2

)
+ h.c.

]
. (8)

We calculate the contribution to the electroweak precision
observables from this renormalizable interaction.

3 Electroweak precision parameters

Barbieri et al. showed [19] that if the scale of new physics is
sufficiently higher than the LEP2 scale and the new physics
affects only the vector boson self-energies, then the most
general parameterization of new physics effects uses the
four parameters Ŝ, T̂ , W and Y . These parameters are the
generalizations of the Peskin–Takeuchi S, T and U para-
meters and defined by the transverse gauge-boson vacuum-
polarization amplitudes:

'
µν
ab

(
q2) = gµν'ab

(
q2) + pµpν terms, (9)

expanded up to quadratic order: (ab = {W+W−,W3W3,

BB,W3B})

'ab

(
q2) ≃ 'ab(0) + q2'′

ab(0) + (q2)2

2
'′′

ab(0) + · · · .

The relevant parameters are defined by

(
g′/g

)
Ŝ = '′

W3B
(0), (10)

M2
W T̂ = 'W3W3(0) − 'W+W−(0), (11)

0 / �M2
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One VLQ doublet?
No mixing
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<latexit sha1_base64="pI8/5/fA3uUl/SNbZNYy6LB1dlw=">AAAB7HicdVDLSgNBEOz1GeMr6tHLYCJ4WnZyUHMLmIPHCG4SSJYwO5lNhszOLjOzQljyDV48KOLVD/Lm3zh5CD4LGoqqbrq7wlRwbTzv3VlZXVvf2CxsFbd3dvf2SweHLZ1kijKfJiJRnZBoJrhkvuFGsE6qGIlDwdrh+Grmt++Y0jyRt2aSsiAmQ8kjTomxkl9p9HGlXyp7bs3DtXOMfhPsenOUYYlmv/TWGyQ0i5k0VBCtu9hLTZATZTgVbFrsZZqlhI7JkHUtlSRmOsjnx07RqVUGKEqULWnQXP06kZNY60kc2s6YmJH+6c3Ev7xuZqLLIOcyzQyTdLEoygQyCZp9jgZcMWrExBJCFbe3IjoiilBj8ynaED4/Rf+TVtXFnotvquV6YxlHAY7hBM4AwwXU4Rqa4AMFDvfwCE+OdB6cZ+dl0briLGeO4Buc1w/lwI4W</latexit><latexit sha1_base64="pI8/5/fA3uUl/SNbZNYy6LB1dlw=">AAAB7HicdVDLSgNBEOz1GeMr6tHLYCJ4WnZyUHMLmIPHCG4SSJYwO5lNhszOLjOzQljyDV48KOLVD/Lm3zh5CD4LGoqqbrq7wlRwbTzv3VlZXVvf2CxsFbd3dvf2SweHLZ1kijKfJiJRnZBoJrhkvuFGsE6qGIlDwdrh+Grmt++Y0jyRt2aSsiAmQ8kjTomxkl9p9HGlXyp7bs3DtXOMfhPsenOUYYlmv/TWGyQ0i5k0VBCtu9hLTZATZTgVbFrsZZqlhI7JkHUtlSRmOsjnx07RqVUGKEqULWnQXP06kZNY60kc2s6YmJH+6c3Ev7xuZqLLIOcyzQyTdLEoygQyCZp9jgZcMWrExBJCFbe3IjoiilBj8ynaED4/Rf+TVtXFnotvquV6YxlHAY7hBM4AwwXU4Rqa4AMFDvfwCE+OdB6cZ+dl0briLGeO4Buc1w/lwI4W</latexit><latexit sha1_base64="pI8/5/fA3uUl/SNbZNYy6LB1dlw=">AAAB7HicdVDLSgNBEOz1GeMr6tHLYCJ4WnZyUHMLmIPHCG4SSJYwO5lNhszOLjOzQljyDV48KOLVD/Lm3zh5CD4LGoqqbrq7wlRwbTzv3VlZXVvf2CxsFbd3dvf2SweHLZ1kijKfJiJRnZBoJrhkvuFGsE6qGIlDwdrh+Grmt++Y0jyRt2aSsiAmQ8kjTomxkl9p9HGlXyp7bs3DtXOMfhPsenOUYYlmv/TWGyQ0i5k0VBCtu9hLTZATZTgVbFrsZZqlhI7JkHUtlSRmOsjnx07RqVUGKEqULWnQXP06kZNY60kc2s6YmJH+6c3Ev7xuZqLLIOcyzQyTdLEoygQyCZp9jgZcMWrExBJCFbe3IjoiilBj8ynaED4/Rf+TVtXFnotvquV6YxlHAY7hBM4AwwXU4Rqa4AMFDvfwCE+OdB6cZ+dl0briLGeO4Buc1w/lwI4W</latexit><latexit sha1_base64="pI8/5/fA3uUl/SNbZNYy6LB1dlw=">AAAB7HicdVDLSgNBEOz1GeMr6tHLYCJ4WnZyUHMLmIPHCG4SSJYwO5lNhszOLjOzQljyDV48KOLVD/Lm3zh5CD4LGoqqbrq7wlRwbTzv3VlZXVvf2CxsFbd3dvf2SweHLZ1kijKfJiJRnZBoJrhkvuFGsE6qGIlDwdrh+Grmt++Y0jyRt2aSsiAmQ8kjTomxkl9p9HGlXyp7bs3DtXOMfhPsenOUYYlmv/TWGyQ0i5k0VBCtu9hLTZATZTgVbFrsZZqlhI7JkHUtlSRmOsjnx07RqVUGKEqULWnQXP06kZNY60kc2s6YmJH+6c3Ev7xuZqLLIOcyzQyTdLEoygQyCZp9jgZcMWrExBJCFbe3IjoiilBj8ynaED4/Rf+TVtXFnotvquV6YxlHAY7hBM4AwwXU4Rqa4AMFDvfwCE+OdB6cZ+dl0briLGeO4Buc1w/lwI4W</latexit>

D1
<latexit sha1_base64="pI8/5/fA3uUl/SNbZNYy6LB1dlw=">AAAB7HicdVDLSgNBEOz1GeMr6tHLYCJ4WnZyUHMLmIPHCG4SSJYwO5lNhszOLjOzQljyDV48KOLVD/Lm3zh5CD4LGoqqbrq7wlRwbTzv3VlZXVvf2CxsFbd3dvf2SweHLZ1kijKfJiJRnZBoJrhkvuFGsE6qGIlDwdrh+Grmt++Y0jyRt2aSsiAmQ8kjTomxkl9p9HGlXyp7bs3DtXOMfhPsenOUYYlmv/TWGyQ0i5k0VBCtu9hLTZATZTgVbFrsZZqlhI7JkHUtlSRmOsjnx07RqVUGKEqULWnQXP06kZNY60kc2s6YmJH+6c3Ev7xuZqLLIOcyzQyTdLEoygQyCZp9jgZcMWrExBJCFbe3IjoiilBj8ynaED4/Rf+TVtXFnotvquV6YxlHAY7hBM4AwwXU4Rqa4AMFDvfwCE+OdB6cZ+dl0briLGeO4Buc1w/lwI4W</latexit><latexit sha1_base64="pI8/5/fA3uUl/SNbZNYy6LB1dlw=">AAAB7HicdVDLSgNBEOz1GeMr6tHLYCJ4WnZyUHMLmIPHCG4SSJYwO5lNhszOLjOzQljyDV48KOLVD/Lm3zh5CD4LGoqqbrq7wlRwbTzv3VlZXVvf2CxsFbd3dvf2SweHLZ1kijKfJiJRnZBoJrhkvuFGsE6qGIlDwdrh+Grmt++Y0jyRt2aSsiAmQ8kjTomxkl9p9HGlXyp7bs3DtXOMfhPsenOUYYlmv/TWGyQ0i5k0VBCtu9hLTZATZTgVbFrsZZqlhI7JkHUtlSRmOsjnx07RqVUGKEqULWnQXP06kZNY60kc2s6YmJH+6c3Ev7xuZqLLIOcyzQyTdLEoygQyCZp9jgZcMWrExBJCFbe3IjoiilBj8ynaED4/Rf+TVtXFnotvquV6YxlHAY7hBM4AwwXU4Rqa4AMFDvfwCE+OdB6cZ+dl0briLGeO4Buc1w/lwI4W</latexit><latexit sha1_base64="pI8/5/fA3uUl/SNbZNYy6LB1dlw=">AAAB7HicdVDLSgNBEOz1GeMr6tHLYCJ4WnZyUHMLmIPHCG4SSJYwO5lNhszOLjOzQljyDV48KOLVD/Lm3zh5CD4LGoqqbrq7wlRwbTzv3VlZXVvf2CxsFbd3dvf2SweHLZ1kijKfJiJRnZBoJrhkvuFGsE6qGIlDwdrh+Grmt++Y0jyRt2aSsiAmQ8kjTomxkl9p9HGlXyp7bs3DtXOMfhPsenOUYYlmv/TWGyQ0i5k0VBCtu9hLTZATZTgVbFrsZZqlhI7JkHUtlSRmOsjnx07RqVUGKEqULWnQXP06kZNY60kc2s6YmJH+6c3Ev7xuZqLLIOcyzQyTdLEoygQyCZp9jgZcMWrExBJCFbe3IjoiilBj8ynaED4/Rf+TVtXFnotvquV6YxlHAY7hBM4AwwXU4Rqa4AMFDvfwCE+OdB6cZ+dl0briLGeO4Buc1w/lwI4W</latexit><latexit sha1_base64="pI8/5/fA3uUl/SNbZNYy6LB1dlw=">AAAB7HicdVDLSgNBEOz1GeMr6tHLYCJ4WnZyUHMLmIPHCG4SSJYwO5lNhszOLjOzQljyDV48KOLVD/Lm3zh5CD4LGoqqbrq7wlRwbTzv3VlZXVvf2CxsFbd3dvf2SweHLZ1kijKfJiJRnZBoJrhkvuFGsE6qGIlDwdrh+Grmt++Y0jyRt2aSsiAmQ8kjTomxkl9p9HGlXyp7bs3DtXOMfhPsenOUYYlmv/TWGyQ0i5k0VBCtu9hLTZATZTgVbFrsZZqlhI7JkHUtlSRmOsjnx07RqVUGKEqULWnQXP06kZNY60kc2s6YmJH+6c3Ev7xuZqLLIOcyzQyTdLEoygQyCZp9jgZcMWrExBJCFbe3IjoiilBj8ynaED4/Rf+TVtXFnotvquV6YxlHAY7hBM4AwwXU4Rqa4AMFDvfwCE+OdB6cZ+dl0briLGeO4Buc1w/lwI4W</latexit>

D1
<latexit sha1_base64="pI8/5/fA3uUl/SNbZNYy6LB1dlw=">AAAB7HicdVDLSgNBEOz1GeMr6tHLYCJ4WnZyUHMLmIPHCG4SSJYwO5lNhszOLjOzQljyDV48KOLVD/Lm3zh5CD4LGoqqbrq7wlRwbTzv3VlZXVvf2CxsFbd3dvf2SweHLZ1kijKfJiJRnZBoJrhkvuFGsE6qGIlDwdrh+Grmt++Y0jyRt2aSsiAmQ8kjTomxkl9p9HGlXyp7bs3DtXOMfhPsenOUYYlmv/TWGyQ0i5k0VBCtu9hLTZATZTgVbFrsZZqlhI7JkHUtlSRmOsjnx07RqVUGKEqULWnQXP06kZNY60kc2s6YmJH+6c3Ev7xuZqLLIOcyzQyTdLEoygQyCZp9jgZcMWrExBJCFbe3IjoiilBj8ynaED4/Rf+TVtXFnotvquV6YxlHAY7hBM4AwwXU4Rqa4AMFDvfwCE+OdB6cZ+dl0briLGeO4Buc1w/lwI4W</latexit><latexit sha1_base64="pI8/5/fA3uUl/SNbZNYy6LB1dlw=">AAAB7HicdVDLSgNBEOz1GeMr6tHLYCJ4WnZyUHMLmIPHCG4SSJYwO5lNhszOLjOzQljyDV48KOLVD/Lm3zh5CD4LGoqqbrq7wlRwbTzv3VlZXVvf2CxsFbd3dvf2SweHLZ1kijKfJiJRnZBoJrhkvuFGsE6qGIlDwdrh+Grmt++Y0jyRt2aSsiAmQ8kjTomxkl9p9HGlXyp7bs3DtXOMfhPsenOUYYlmv/TWGyQ0i5k0VBCtu9hLTZATZTgVbFrsZZqlhI7JkHUtlSRmOsjnx07RqVUGKEqULWnQXP06kZNY60kc2s6YmJH+6c3Ev7xuZqLLIOcyzQyTdLEoygQyCZp9jgZcMWrExBJCFbe3IjoiilBj8ynaED4/Rf+TVtXFnotvquV6YxlHAY7hBM4AwwXU4Rqa4AMFDvfwCE+OdB6cZ+dl0briLGeO4Buc1w/lwI4W</latexit><latexit sha1_base64="pI8/5/fA3uUl/SNbZNYy6LB1dlw=">AAAB7HicdVDLSgNBEOz1GeMr6tHLYCJ4WnZyUHMLmIPHCG4SSJYwO5lNhszOLjOzQljyDV48KOLVD/Lm3zh5CD4LGoqqbrq7wlRwbTzv3VlZXVvf2CxsFbd3dvf2SweHLZ1kijKfJiJRnZBoJrhkvuFGsE6qGIlDwdrh+Grmt++Y0jyRt2aSsiAmQ8kjTomxkl9p9HGlXyp7bs3DtXOMfhPsenOUYYlmv/TWGyQ0i5k0VBCtu9hLTZATZTgVbFrsZZqlhI7JkHUtlSRmOsjnx07RqVUGKEqULWnQXP06kZNY60kc2s6YmJH+6c3Ev7xuZqLLIOcyzQyTdLEoygQyCZp9jgZcMWrExBJCFbe3IjoiilBj8ynaED4/Rf+TVtXFnotvquV6YxlHAY7hBM4AwwXU4Rqa4AMFDvfwCE+OdB6cZ+dl0briLGeO4Buc1w/lwI4W</latexit><latexit sha1_base64="pI8/5/fA3uUl/SNbZNYy6LB1dlw=">AAAB7HicdVDLSgNBEOz1GeMr6tHLYCJ4WnZyUHMLmIPHCG4SSJYwO5lNhszOLjOzQljyDV48KOLVD/Lm3zh5CD4LGoqqbrq7wlRwbTzv3VlZXVvf2CxsFbd3dvf2SweHLZ1kijKfJiJRnZBoJrhkvuFGsE6qGIlDwdrh+Grmt++Y0jyRt2aSsiAmQ8kjTomxkl9p9HGlXyp7bs3DtXOMfhPsenOUYYlmv/TWGyQ0i5k0VBCtu9hLTZATZTgVbFrsZZqlhI7JkHUtlSRmOsjnx07RqVUGKEqULWnQXP06kZNY60kc2s6YmJH+6c3Ev7xuZqLLIOcyzQyTdLEoygQyCZp9jgZcMWrExBJCFbe3IjoiilBj8ynaED4/Rf+TVtXFnotvquV6YxlHAY7hBM4AwwXU4Rqa4AMFDvfwCE+OdB6cZ+dl0briLGeO4Buc1w/lwI4W</latexit>

U1
<latexit sha1_base64="Irlr16k8ckrvZoQYOwzeyOMfrg8=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBhPB07KTg5pbQA8eI7hJIFnC7GQ2GTI7u8zMCmHJN3jxoIhXP8ibf+PkIfgsaCiquunuClPBtfG8d6ewsrq2vlHcLG1t7+zulfcPWjrJFGU+TUSiOiHRTHDJfMONYJ1UMRKHgrXD8eXMb98xpXkib80kZUFMhpJHnBJjJb/q93G1X654bt3D9TOMfhPsenNUYIlmv/zWGyQ0i5k0VBCtu9hLTZATZTgVbFrqZZqlhI7JkHUtlSRmOsjnx07RiVUGKEqULWnQXP06kZNY60kc2s6YmJH+6c3Ev7xuZqKLIOcyzQyTdLEoygQyCZp9jgZcMWrExBJCFbe3IjoiilBj8ynZED4/Rf+TVs3FnotvapXG1TKOIhzBMZwChnNowDU0wQcKHO7hEZ4c6Tw4z87LorXgLGcO4Ruc1w//t44n</latexit><latexit sha1_base64="Irlr16k8ckrvZoQYOwzeyOMfrg8=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBhPB07KTg5pbQA8eI7hJIFnC7GQ2GTI7u8zMCmHJN3jxoIhXP8ibf+PkIfgsaCiquunuClPBtfG8d6ewsrq2vlHcLG1t7+zulfcPWjrJFGU+TUSiOiHRTHDJfMONYJ1UMRKHgrXD8eXMb98xpXkib80kZUFMhpJHnBJjJb/q93G1X654bt3D9TOMfhPsenNUYIlmv/zWGyQ0i5k0VBCtu9hLTZATZTgVbFrqZZqlhI7JkHUtlSRmOsjnx07RiVUGKEqULWnQXP06kZNY60kc2s6YmJH+6c3Ev7xuZqKLIOcyzQyTdLEoygQyCZp9jgZcMWrExBJCFbe3IjoiilBj8ynZED4/Rf+TVs3FnotvapXG1TKOIhzBMZwChnNowDU0wQcKHO7hEZ4c6Tw4z87LorXgLGcO4Ruc1w//t44n</latexit><latexit sha1_base64="Irlr16k8ckrvZoQYOwzeyOMfrg8=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBhPB07KTg5pbQA8eI7hJIFnC7GQ2GTI7u8zMCmHJN3jxoIhXP8ibf+PkIfgsaCiquunuClPBtfG8d6ewsrq2vlHcLG1t7+zulfcPWjrJFGU+TUSiOiHRTHDJfMONYJ1UMRKHgrXD8eXMb98xpXkib80kZUFMhpJHnBJjJb/q93G1X654bt3D9TOMfhPsenNUYIlmv/zWGyQ0i5k0VBCtu9hLTZATZTgVbFrqZZqlhI7JkHUtlSRmOsjnx07RiVUGKEqULWnQXP06kZNY60kc2s6YmJH+6c3Ev7xuZqKLIOcyzQyTdLEoygQyCZp9jgZcMWrExBJCFbe3IjoiilBj8ynZED4/Rf+TVs3FnotvapXG1TKOIhzBMZwChnNowDU0wQcKHO7hEZ4c6Tw4z87LorXgLGcO4Ruc1w//t44n</latexit><latexit sha1_base64="Irlr16k8ckrvZoQYOwzeyOMfrg8=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBhPB07KTg5pbQA8eI7hJIFnC7GQ2GTI7u8zMCmHJN3jxoIhXP8ibf+PkIfgsaCiquunuClPBtfG8d6ewsrq2vlHcLG1t7+zulfcPWjrJFGU+TUSiOiHRTHDJfMONYJ1UMRKHgrXD8eXMb98xpXkib80kZUFMhpJHnBJjJb/q93G1X654bt3D9TOMfhPsenNUYIlmv/zWGyQ0i5k0VBCtu9hLTZATZTgVbFrqZZqlhI7JkHUtlSRmOsjnx07RiVUGKEqULWnQXP06kZNY60kc2s6YmJH+6c3Ev7xuZqKLIOcyzQyTdLEoygQyCZp9jgZcMWrExBJCFbe3IjoiilBj8ynZED4/Rf+TVs3FnotvapXG1TKOIhzBMZwChnNowDU0wQcKHO7hEZ4c6Tw4z87LorXgLGcO4Ruc1w//t44n</latexit>
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W3
<latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit>

W3
<latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit>

W+
<latexit sha1_base64="m9Vi1KMFYGCb2c4UjznnQ5oZJy0=">AAAB7HicbVBNS8NAEJ34WetX1aOXxVYQhJL0oseiF48VTFtoY9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dtbWNza3tgs7xd29/YPD0tFxUyeZYuizRCSqHVKNgkv0DTcC26lCGocCW+Hodua3nlBpnsgHM04xiOlA8ogzaqzkV1qPl5VeqexW3TnIKvFyUoYcjV7pq9tPWBajNExQrTuem5pgQpXhTOC02M00ppSN6AA7lkoaow4m82On5NwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HyKNgRv+eVV0qxVPbfq3dfK9Zs8jgKcwhlcgAdXUIc7aIAPDDg8wyu8OdJ5cd6dj0XrmpPPnMAfOJ8/ho+N0g==</latexit><latexit sha1_base64="m9Vi1KMFYGCb2c4UjznnQ5oZJy0=">AAAB7HicbVBNS8NAEJ34WetX1aOXxVYQhJL0oseiF48VTFtoY9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dtbWNza3tgs7xd29/YPD0tFxUyeZYuizRCSqHVKNgkv0DTcC26lCGocCW+Hodua3nlBpnsgHM04xiOlA8ogzaqzkV1qPl5VeqexW3TnIKvFyUoYcjV7pq9tPWBajNExQrTuem5pgQpXhTOC02M00ppSN6AA7lkoaow4m82On5NwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HyKNgRv+eVV0qxVPbfq3dfK9Zs8jgKcwhlcgAdXUIc7aIAPDDg8wyu8OdJ5cd6dj0XrmpPPnMAfOJ8/ho+N0g==</latexit><latexit sha1_base64="m9Vi1KMFYGCb2c4UjznnQ5oZJy0=">AAAB7HicbVBNS8NAEJ34WetX1aOXxVYQhJL0oseiF48VTFtoY9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dtbWNza3tgs7xd29/YPD0tFxUyeZYuizRCSqHVKNgkv0DTcC26lCGocCW+Hodua3nlBpnsgHM04xiOlA8ogzaqzkV1qPl5VeqexW3TnIKvFyUoYcjV7pq9tPWBajNExQrTuem5pgQpXhTOC02M00ppSN6AA7lkoaow4m82On5NwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HyKNgRv+eVV0qxVPbfq3dfK9Zs8jgKcwhlcgAdXUIc7aIAPDDg8wyu8OdJ5cd6dj0XrmpPPnMAfOJ8/ho+N0g==</latexit><latexit sha1_base64="m9Vi1KMFYGCb2c4UjznnQ5oZJy0=">AAAB7HicbVBNS8NAEJ34WetX1aOXxVYQhJL0oseiF48VTFtoY9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dtbWNza3tgs7xd29/YPD0tFxUyeZYuizRCSqHVKNgkv0DTcC26lCGocCW+Hodua3nlBpnsgHM04xiOlA8ogzaqzkV1qPl5VeqexW3TnIKvFyUoYcjV7pq9tPWBajNExQrTuem5pgQpXhTOC02M00ppSN6AA7lkoaow4m82On5NwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HyKNgRv+eVV0qxVPbfq3dfK9Zs8jgKcwhlcgAdXUIc7aIAPDDg8wyu8OdJ5cd6dj0XrmpPPnMAfOJ8/ho+N0g==</latexit>

W�
<latexit sha1_base64="LAfTCuHGlTEe4jYdBqdSacd0NtM=">AAAB7HicbVA9TwJBEJ3zE/ELtbTZCCY2kjsaLYk2lph4QAIn2VvmYMPe3mV3z4QQfoONhcbY+oPs/DcucIWCL5nk5b2ZzMwLU8G1cd1vZ219Y3Nru7BT3N3bPzgsHR03dZIphj5LRKLaIdUouETfcCOwnSqkcSiwFY5uZ37rCZXmiXww4xSDmA4kjzijxkp+pfV4WemVym7VnYOsEi8nZcjR6JW+uv2EZTFKwwTVuuO5qQkmVBnOBE6L3UxjStmIDrBjqaQx6mAyP3ZKzq3SJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBxMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadoQ/CWX14lzVrVc6vefa1cv8njKMApnMEFeHAFdbiDBvjAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDiZmN1A==</latexit><latexit sha1_base64="LAfTCuHGlTEe4jYdBqdSacd0NtM=">AAAB7HicbVA9TwJBEJ3zE/ELtbTZCCY2kjsaLYk2lph4QAIn2VvmYMPe3mV3z4QQfoONhcbY+oPs/DcucIWCL5nk5b2ZzMwLU8G1cd1vZ219Y3Nru7BT3N3bPzgsHR03dZIphj5LRKLaIdUouETfcCOwnSqkcSiwFY5uZ37rCZXmiXww4xSDmA4kjzijxkp+pfV4WemVym7VnYOsEi8nZcjR6JW+uv2EZTFKwwTVuuO5qQkmVBnOBE6L3UxjStmIDrBjqaQx6mAyP3ZKzq3SJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBxMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadoQ/CWX14lzVrVc6vefa1cv8njKMApnMEFeHAFdbiDBvjAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDiZmN1A==</latexit><latexit sha1_base64="LAfTCuHGlTEe4jYdBqdSacd0NtM=">AAAB7HicbVA9TwJBEJ3zE/ELtbTZCCY2kjsaLYk2lph4QAIn2VvmYMPe3mV3z4QQfoONhcbY+oPs/DcucIWCL5nk5b2ZzMwLU8G1cd1vZ219Y3Nru7BT3N3bPzgsHR03dZIphj5LRKLaIdUouETfcCOwnSqkcSiwFY5uZ37rCZXmiXww4xSDmA4kjzijxkp+pfV4WemVym7VnYOsEi8nZcjR6JW+uv2EZTFKwwTVuuO5qQkmVBnOBE6L3UxjStmIDrBjqaQx6mAyP3ZKzq3SJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBxMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadoQ/CWX14lzVrVc6vefa1cv8njKMApnMEFeHAFdbiDBvjAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDiZmN1A==</latexit><latexit sha1_base64="LAfTCuHGlTEe4jYdBqdSacd0NtM=">AAAB7HicbVA9TwJBEJ3zE/ELtbTZCCY2kjsaLYk2lph4QAIn2VvmYMPe3mV3z4QQfoONhcbY+oPs/DcucIWCL5nk5b2ZzMwLU8G1cd1vZ219Y3Nru7BT3N3bPzgsHR03dZIphj5LRKLaIdUouETfcCOwnSqkcSiwFY5uZ37rCZXmiXww4xSDmA4kjzijxkp+pfV4WemVym7VnYOsEi8nZcjR6JW+uv2EZTFKwwTVuuO5qQkmVBnOBE6L3UxjStmIDrBjqaQx6mAyP3ZKzq3SJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBxMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadoQ/CWX14lzVrVc6vefa1cv8njKMApnMEFeHAFdbiDBvjAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDiZmN1A==</latexit>

Constraints from EW 
precision

𝑉𝑉 Oblique 
parameters 

𝑆, 𝑇, 𝑈

Peskin, Takeuchi, PRD (1992)
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W3
<latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit>

W3
<latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit><latexit sha1_base64="Djbhe/ugAz/5jRhhlbnedibCJHQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4ywIa9vcvungm58BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAiujet+O4WNza3tneJuaW//4PCofHzS0nGqGPosFrHqhFSj4BJ9w43ATqKQRqHAdji5m/vtJ1Sax/LRTBMMIjqSfMgZNVbyq+3+VbVfrrg1dwGyTrycVCBHs1/+6g1ilkYoDRNU667nJibIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHZGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P552TAFTIjppZQpri9lbAxVZQZm0/JhuCtvrxOWvWa59a8h3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDlD2N2w==</latexit>

t

<latexit sha1_base64="QUXsRluSQvuIhXyBYo5NzrKrt6o=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYCJ4WnaDEHMLevEY0TwgWcLsZDYZMvtgplcIIZ/gxYMiXv0ib/6Nk80KKlrQUFR1093lJ1JodJwPa2V1bX1js7BV3N7Z3dsvHRy2dZwqxlsslrHq+lRzKSLeQoGSdxPFaehL3vEnVwu/c8+VFnF0h9OEeyEdRSIQjKKRbitYGZTKjl3PQJakdp6Tuktc28lQhhzNQem9P4xZGvIImaRa91wnQW9GFQom+bzYTzVPKJvQEe8ZGtGQa2+WnTonp0YZkiBWpiIkmfp9YkZDraehbzpDimP921uIf3m9FIMLbyaiJEUeseWiIJUEY7L4mwyF4gzl1BDKlDC3EjamijI06RRNCF+fkv9Ju2q7ju3eVMuNyzyOAhzDCZyBCzVowDU0oQUMRvAAT/BsSevRerFel60rVj5zBD9gvX0CbHiN5Q==</latexit><latexit sha1_base64="QUXsRluSQvuIhXyBYo5NzrKrt6o=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYCJ4WnaDEHMLevEY0TwgWcLsZDYZMvtgplcIIZ/gxYMiXv0ib/6Nk80KKlrQUFR1093lJ1JodJwPa2V1bX1js7BV3N7Z3dsvHRy2dZwqxlsslrHq+lRzKSLeQoGSdxPFaehL3vEnVwu/c8+VFnF0h9OEeyEdRSIQjKKRbitYGZTKjl3PQJakdp6Tuktc28lQhhzNQem9P4xZGvIImaRa91wnQW9GFQom+bzYTzVPKJvQEe8ZGtGQa2+WnTonp0YZkiBWpiIkmfp9YkZDraehbzpDimP921uIf3m9FIMLbyaiJEUeseWiIJUEY7L4mwyF4gzl1BDKlDC3EjamijI06RRNCF+fkv9Ju2q7ju3eVMuNyzyOAhzDCZyBCzVowDU0oQUMRvAAT/BsSevRerFel60rVj5zBD9gvX0CbHiN5Q==</latexit><latexit sha1_base64="QUXsRluSQvuIhXyBYo5NzrKrt6o=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYCJ4WnaDEHMLevEY0TwgWcLsZDYZMvtgplcIIZ/gxYMiXv0ib/6Nk80KKlrQUFR1093lJ1JodJwPa2V1bX1js7BV3N7Z3dsvHRy2dZwqxlsslrHq+lRzKSLeQoGSdxPFaehL3vEnVwu/c8+VFnF0h9OEeyEdRSIQjKKRbitYGZTKjl3PQJakdp6Tuktc28lQhhzNQem9P4xZGvIImaRa91wnQW9GFQom+bzYTzVPKJvQEe8ZGtGQa2+WnTonp0YZkiBWpiIkmfp9YkZDraehbzpDimP921uIf3m9FIMLbyaiJEUeseWiIJUEY7L4mwyF4gzl1BDKlDC3EjamijI06RRNCF+fkv9Ju2q7ju3eVMuNyzyOAhzDCZyBCzVowDU0oQUMRvAAT/BsSevRerFel60rVj5zBD9gvX0CbHiN5Q==</latexit><latexit sha1_base64="QUXsRluSQvuIhXyBYo5NzrKrt6o=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYCJ4WnaDEHMLevEY0TwgWcLsZDYZMvtgplcIIZ/gxYMiXv0ib/6Nk80KKlrQUFR1093lJ1JodJwPa2V1bX1js7BV3N7Z3dsvHRy2dZwqxlsslrHq+lRzKSLeQoGSdxPFaehL3vEnVwu/c8+VFnF0h9OEeyEdRSIQjKKRbitYGZTKjl3PQJakdp6Tuktc28lQhhzNQem9P4xZGvIImaRa91wnQW9GFQom+bzYTzVPKJvQEe8ZGtGQa2+WnTonp0YZkiBWpiIkmfp9YkZDraehbzpDimP921uIf3m9FIMLbyaiJEUeseWiIJUEY7L4mwyF4gzl1BDKlDC3EjamijI06RRNCF+fkv9Ju2q7ju3eVMuNyzyOAhzDCZyBCzVowDU0oQUMRvAAT/BsSevRerFel60rVj5zBD9gvX0CbHiN5Q==</latexit>
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a new phenomenon non-trivial mixing may appear between
fermions of different representations. The mixing is essen-
tial in this model; it is responsible for symmetry breaking in
[15] and it provides a simple fermionic dark-matter model
(without the singlet and the mixing, the doublet is ruled out
by direct dark-matter searches [5–7]).

The purely fermionic part of the new Lagrangian is

L! = i!DDµγ µ!D + i!S∂µγ µ!S − m1!D!D

− m2!S!S, (1)

with Dirac masses m1 and m2. !S may have further interac-
tions, irrelevant for our analysis. Dµ is the covariant deriva-
tive

Dµ = ∂µ − i
g

2
τ Wµ − i

g′

2
Bµ, (2)

where Wµ,Bµ and g,g′ are the usual weak gauge-boson
fields and couplings, respectively. In a renormalizable the-
ory including the standard Higgs doublet (H ), additional
Yukawa terms appear resulting in a mixing between the new
neutral fermions,

LYukawa = λm!D!SH + λ∗
mH † !S!D. (3)

In a version of the standard model [15], the Higgs boson
is a composite state of the new fermions (H = !S!D) and
these Yukawa terms (and an additional contribution to the
!D and !S masses) generated by condensation from effec-
tive 4-fermion interactions.

When the Higgs (or the composite operator !S!D in
[15]) develops a vacuum-expectation value, ⟨H ⟩0 =

( 0
v

)
,

with real v, non-diagonal mass terms are generated with
m3 = (λm + λ∗

m)v/2

Lmass = −m1!D!D − m2!S!S

− m3
(
!0

D!S + !S!0
D

)
. (4)

In [15] m1 (m2) get contributions from the condensates.
The mass matrix of the new fermions must be diagonal-
ized via a unitary transformation to get physical mass eigen-
states:

!1 = c!0
D + s!S,

!2 = −s!0
D + c!S,

(5)

where c = cosφ, s = sinφ and φ is the mixing angle defined
by

2m3 = (m1 − m2) tan 2φ. (6)

The masses of the new neutral physical fermions !1 and
!2 are M1,2 = 1

2 (m1 + m2 ± m1−m2
cos 2φ ). The useful inverse

relations are

m1 = c2M1 + s2M2,

m2 = s2M1 + c2M2.
(7)

In the physical spectrum there is also a charged fermion
!+

D , with mass M+ = m1 (given by (7)). In the case of an el-
ementary scalar field λm is a free parameter. The mixing an-
gle and the physical masses are basically not constrained by
the theory. In [15] the gap equations determine the masses
and the mixing angle. Applying further unitarity constraints,
one finds that one of the neutral masses is very close to the
charged mass and the mixing is rather weak [24].

The collider phenomenology and radiative corrections in
the model are coming from the doublet kinetic term in (1)
taking into account the mixing (5):

LI = !+
Dγ µ!+

D

(
g′

2
Bµ + g

2
W3µ

)

+
(
c2!1γ

µ!1 + s2!2γ
µ!2

− sc
(
!1γ

µ!2 + !2γ
µ!1

))(g′

2
Bµ − g

2
W3µ

)

+
[

g√
2
W+

µ

(
c!+

Dγ µ!1 − s!+
Dγ µ!2

)
+ h.c.

]
. (8)

We calculate the contribution to the electroweak precision
observables from this renormalizable interaction.

3 Electroweak precision parameters

Barbieri et al. showed [19] that if the scale of new physics is
sufficiently higher than the LEP2 scale and the new physics
affects only the vector boson self-energies, then the most
general parameterization of new physics effects uses the
four parameters Ŝ, T̂ , W and Y . These parameters are the
generalizations of the Peskin–Takeuchi S, T and U para-
meters and defined by the transverse gauge-boson vacuum-
polarization amplitudes:

'
µν
ab

(
q2) = gµν'ab

(
q2) + pµpν terms, (9)

expanded up to quadratic order: (ab = {W+W−,W3W3,

BB,W3B})

'ab

(
q2) ≃ 'ab(0) + q2'′

ab(0) + (q2)2

2
'′′

ab(0) + · · · .

The relevant parameters are defined by

(
g′/g

)
Ŝ = '′

W3B
(0), (10)

M2
W T̂ = 'W3W3(0) − 'W+W−(0), (11)

/ �M2
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U2
<latexit sha1_base64="QX2lU5rITJwBo4hmliHRTw4U0P4=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBhPB07KTg5pbQA8eI7hJIFnC7GQ2GTI7u8zMCmHJN3jxoIhXP8ibf+PkIfgsaCiquunuClPBtfG8d6ewsrq2vlHcLG1t7+zulfcPWjrJFGU+TUSiOiHRTHDJfMONYJ1UMRKHgrXD8eXMb98xpXkib80kZUFMhpJHnBJjJb/q92vVfrniuXUP188w+k2w681RgSWa/fJbb5DQLGbSUEG07mIvNUFOlOFUsGmpl2mWEjomQ9a1VJKY6SCfHztFJ1YZoChRtqRBc/XrRE5irSdxaDtjYkb6pzcT//K6mYkugpzLNDNM0sWiKBPIJGj2ORpwxagRE0sIVdzeiuiIKEKNzadkQ/j8FP1PWjUXey6+qVUaV8s4inAEx3AKGM6hAdfQBB8ocLiHR3hypPPgPDsvi9aCs5w5hG9wXj8AAUuOKA==</latexit><latexit sha1_base64="QX2lU5rITJwBo4hmliHRTw4U0P4=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBhPB07KTg5pbQA8eI7hJIFnC7GQ2GTI7u8zMCmHJN3jxoIhXP8ibf+PkIfgsaCiquunuClPBtfG8d6ewsrq2vlHcLG1t7+zulfcPWjrJFGU+TUSiOiHRTHDJfMONYJ1UMRKHgrXD8eXMb98xpXkib80kZUFMhpJHnBJjJb/q92vVfrniuXUP188w+k2w681RgSWa/fJbb5DQLGbSUEG07mIvNUFOlOFUsGmpl2mWEjomQ9a1VJKY6SCfHztFJ1YZoChRtqRBc/XrRE5irSdxaDtjYkb6pzcT//K6mYkugpzLNDNM0sWiKBPIJGj2ORpwxagRE0sIVdzeiuiIKEKNzadkQ/j8FP1PWjUXey6+qVUaV8s4inAEx3AKGM6hAdfQBB8ocLiHR3hypPPgPDsvi9aCs5w5hG9wXj8AAUuOKA==</latexit><latexit sha1_base64="QX2lU5rITJwBo4hmliHRTw4U0P4=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBhPB07KTg5pbQA8eI7hJIFnC7GQ2GTI7u8zMCmHJN3jxoIhXP8ibf+PkIfgsaCiquunuClPBtfG8d6ewsrq2vlHcLG1t7+zulfcPWjrJFGU+TUSiOiHRTHDJfMONYJ1UMRKHgrXD8eXMb98xpXkib80kZUFMhpJHnBJjJb/q92vVfrniuXUP188w+k2w681RgSWa/fJbb5DQLGbSUEG07mIvNUFOlOFUsGmpl2mWEjomQ9a1VJKY6SCfHztFJ1YZoChRtqRBc/XrRE5irSdxaDtjYkb6pzcT//K6mYkugpzLNDNM0sWiKBPIJGj2ORpwxagRE0sIVdzeiuiIKEKNzadkQ/j8FP1PWjUXey6+qVUaV8s4inAEx3AKGM6hAdfQBB8ocLiHR3hypPPgPDsvi9aCs5w5hG9wXj8AAUuOKA==</latexit><latexit sha1_base64="QX2lU5rITJwBo4hmliHRTw4U0P4=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBhPB07KTg5pbQA8eI7hJIFnC7GQ2GTI7u8zMCmHJN3jxoIhXP8ibf+PkIfgsaCiquunuClPBtfG8d6ewsrq2vlHcLG1t7+zulfcPWjrJFGU+TUSiOiHRTHDJfMONYJ1UMRKHgrXD8eXMb98xpXkib80kZUFMhpJHnBJjJb/q92vVfrniuXUP188w+k2w681RgSWa/fJbb5DQLGbSUEG07mIvNUFOlOFUsGmpl2mWEjomQ9a1VJKY6SCfHztFJ1YZoChRtqRBc/XrRE5irSdxaDtjYkb6pzcT//K6mYkugpzLNDNM0sWiKBPIJGj2ORpwxagRE0sIVdzeiuiIKEKNzadkQ/j8FP1PWjUXey6+qVUaV8s4inAEx3AKGM6hAdfQBB8ocLiHR3hypPPgPDsvi9aCs5w5hG9wXj8AAUuOKA==</latexit>

/ �M2
<latexit sha1_base64="Gg9iNE5awbYG8N9Qbid03qi0yHc=">AAAB/XicdVDLSgMxFM34rPU1PnZugq3gasgMWttdURduhAr2AZ2xZNK0Dc08SDJCHYq/4saFIm79D3f+jZm2gooeuHA4517uvcePOZMKoQ9jbn5hcWk5t5JfXVvf2DS3thsySgShdRLxSLR8LClnIa0rpjhtxYLiwOe06Q/PMr95S4VkUXitRjH1AtwPWY8RrLTUMXeLbiyiWEXQPadcYXh54xQ7ZgFZlXIJHTkQWQiVHVTS5BjZFbsCba1kKIAZah3z3e1GJAloqAjHUrZtFCsvxUIxwuk47yaSxpgMcZ+2NQ1xQKWXTq4fwwOtdGEvErpCBSfq94kUB1KOAl93BlgN5G8vE//y2onqlb2UhXGiaEimi3oJh/rZLArYZYISxUeaYCKYvhWSARaYKB1YXofw9Sn8nzQcy0aWfeUUqqezOHJgD+yDQ2CDE1AFF6AG6oCAO/AAnsCzcW88Gi/G67R1zpjN7IAfMN4+ASuSlGI=</latexit><latexit sha1_base64="Gg9iNE5awbYG8N9Qbid03qi0yHc=">AAAB/XicdVDLSgMxFM34rPU1PnZugq3gasgMWttdURduhAr2AZ2xZNK0Dc08SDJCHYq/4saFIm79D3f+jZm2gooeuHA4517uvcePOZMKoQ9jbn5hcWk5t5JfXVvf2DS3thsySgShdRLxSLR8LClnIa0rpjhtxYLiwOe06Q/PMr95S4VkUXitRjH1AtwPWY8RrLTUMXeLbiyiWEXQPadcYXh54xQ7ZgFZlXIJHTkQWQiVHVTS5BjZFbsCba1kKIAZah3z3e1GJAloqAjHUrZtFCsvxUIxwuk47yaSxpgMcZ+2NQ1xQKWXTq4fwwOtdGEvErpCBSfq94kUB1KOAl93BlgN5G8vE//y2onqlb2UhXGiaEimi3oJh/rZLArYZYISxUeaYCKYvhWSARaYKB1YXofw9Sn8nzQcy0aWfeUUqqezOHJgD+yDQ2CDE1AFF6AG6oCAO/AAnsCzcW88Gi/G67R1zpjN7IAfMN4+ASuSlGI=</latexit><latexit sha1_base64="Gg9iNE5awbYG8N9Qbid03qi0yHc=">AAAB/XicdVDLSgMxFM34rPU1PnZugq3gasgMWttdURduhAr2AZ2xZNK0Dc08SDJCHYq/4saFIm79D3f+jZm2gooeuHA4517uvcePOZMKoQ9jbn5hcWk5t5JfXVvf2DS3thsySgShdRLxSLR8LClnIa0rpjhtxYLiwOe06Q/PMr95S4VkUXitRjH1AtwPWY8RrLTUMXeLbiyiWEXQPadcYXh54xQ7ZgFZlXIJHTkQWQiVHVTS5BjZFbsCba1kKIAZah3z3e1GJAloqAjHUrZtFCsvxUIxwuk47yaSxpgMcZ+2NQ1xQKWXTq4fwwOtdGEvErpCBSfq94kUB1KOAl93BlgN5G8vE//y2onqlb2UhXGiaEimi3oJh/rZLArYZYISxUeaYCKYvhWSARaYKB1YXofw9Sn8nzQcy0aWfeUUqqezOHJgD+yDQ2CDE1AFF6AG6oCAO/AAnsCzcW88Gi/G67R1zpjN7IAfMN4+ASuSlGI=</latexit><latexit sha1_base64="Gg9iNE5awbYG8N9Qbid03qi0yHc=">AAAB/XicdVDLSgMxFM34rPU1PnZugq3gasgMWttdURduhAr2AZ2xZNK0Dc08SDJCHYq/4saFIm79D3f+jZm2gooeuHA4517uvcePOZMKoQ9jbn5hcWk5t5JfXVvf2DS3thsySgShdRLxSLR8LClnIa0rpjhtxYLiwOe06Q/PMr95S4VkUXitRjH1AtwPWY8RrLTUMXeLbiyiWEXQPadcYXh54xQ7ZgFZlXIJHTkQWQiVHVTS5BjZFbsCba1kKIAZah3z3e1GJAloqAjHUrZtFCsvxUIxwuk47yaSxpgMcZ+2NQ1xQKWXTq4fwwOtdGEvErpCBSfq94kUB1KOAl93BlgN5G8vE//y2onqlb2UhXGiaEimi3oJh/rZLArYZYISxUeaYCKYvhWSARaYKB1YXofw9Sn8nzQcy0aWfeUUqqezOHJgD+yDQ2CDE1AFF6AG6oCAO/AAnsCzcW88Gi/G67R1zpjN7IAfMN4+ASuSlGI=</latexit>

Cancellation!
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1�
<latexit sha1_base64="+nxTCSidOso7w5xKrdZUVNmhVW0=">AAAB8nicdVDLSgMxFM3UV62vqks3wVZwIcNMN7os6MJlBfuA6VAyaaYNTTJDckcoQz/DjQtF3Po17vwbM20FnwdCDufcy733RKngBjzv3SmtrK6tb5Q3K1vbO7t71f2DjkkyTVmbJiLRvYgYJrhibeAgWC/VjMhIsG40uSz87h3ThifqFqYpCyUZKR5zSsBKQd3vn/UNH0lSH1RrntvwCuDfxHfnv1dDS7QG1bf+MKGZZAqoIMYEvpdCmBMNnAo2q/Qzw1JCJ2TEAksVkcyE+XzlGT6xyhDHibZPAZ6rXztyIo2ZyshWSgJj89MrxL+8IIP4Isy5SjNgii4GxZnAkODifjzkmlEQU0sI1dzuiumYaELBplSxIXxeiv8nnYbre65/06g1r5ZxlNEROkanyEfnqImuUQu1EUUJukeP6MkB58F5dl4WpSVn2XOIvsF5/QDtFZBc</latexit><latexit sha1_base64="+nxTCSidOso7w5xKrdZUVNmhVW0=">AAAB8nicdVDLSgMxFM3UV62vqks3wVZwIcNMN7os6MJlBfuA6VAyaaYNTTJDckcoQz/DjQtF3Po17vwbM20FnwdCDufcy733RKngBjzv3SmtrK6tb5Q3K1vbO7t71f2DjkkyTVmbJiLRvYgYJrhibeAgWC/VjMhIsG40uSz87h3ThifqFqYpCyUZKR5zSsBKQd3vn/UNH0lSH1RrntvwCuDfxHfnv1dDS7QG1bf+MKGZZAqoIMYEvpdCmBMNnAo2q/Qzw1JCJ2TEAksVkcyE+XzlGT6xyhDHibZPAZ6rXztyIo2ZyshWSgJj89MrxL+8IIP4Isy5SjNgii4GxZnAkODifjzkmlEQU0sI1dzuiumYaELBplSxIXxeiv8nnYbre65/06g1r5ZxlNEROkanyEfnqImuUQu1EUUJukeP6MkB58F5dl4WpSVn2XOIvsF5/QDtFZBc</latexit><latexit sha1_base64="+nxTCSidOso7w5xKrdZUVNmhVW0=">AAAB8nicdVDLSgMxFM3UV62vqks3wVZwIcNMN7os6MJlBfuA6VAyaaYNTTJDckcoQz/DjQtF3Po17vwbM20FnwdCDufcy733RKngBjzv3SmtrK6tb5Q3K1vbO7t71f2DjkkyTVmbJiLRvYgYJrhibeAgWC/VjMhIsG40uSz87h3ThifqFqYpCyUZKR5zSsBKQd3vn/UNH0lSH1RrntvwCuDfxHfnv1dDS7QG1bf+MKGZZAqoIMYEvpdCmBMNnAo2q/Qzw1JCJ2TEAksVkcyE+XzlGT6xyhDHibZPAZ6rXztyIo2ZyshWSgJj89MrxL+8IIP4Isy5SjNgii4GxZnAkODifjzkmlEQU0sI1dzuiumYaELBplSxIXxeiv8nnYbre65/06g1r5ZxlNEROkanyEfnqImuUQu1EUUJukeP6MkB58F5dl4WpSVn2XOIvsF5/QDtFZBc</latexit><latexit sha1_base64="+nxTCSidOso7w5xKrdZUVNmhVW0=">AAAB8nicdVDLSgMxFM3UV62vqks3wVZwIcNMN7os6MJlBfuA6VAyaaYNTTJDckcoQz/DjQtF3Po17vwbM20FnwdCDufcy733RKngBjzv3SmtrK6tb5Q3K1vbO7t71f2DjkkyTVmbJiLRvYgYJrhibeAgWC/VjMhIsG40uSz87h3ThifqFqYpCyUZKR5zSsBKQd3vn/UNH0lSH1RrntvwCuDfxHfnv1dDS7QG1bf+MKGZZAqoIMYEvpdCmBMNnAo2q/Qzw1JCJ2TEAksVkcyE+XzlGT6xyhDHibZPAZ6rXztyIo2ZyshWSgJj89MrxL+8IIP4Isy5SjNgii4GxZnAkODifjzkmlEQU0sI1dzuiumYaELBplSxIXxeiv8nnYbre65/06g1r5ZxlNEROkanyEfnqImuUQu1EUUJukeP6MkB58F5dl4WpSVn2XOIvsF5/QDtFZBc</latexit>

1.6�
<latexit sha1_base64="McX6heHChdGGdbHWi8cMlJ24REs=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYCu4kGGmC3VZ0IXLCvYB7VAyaaYNTTJjkimUod/hxoUibv0Yd/6NmbaCzwOXezjnXnJzwoQzbTzv3VlaXlldWy9sFDe3tnd2S3v7TR2nitAGiXms2iHWlDNJG4YZTtuJoliEnLbC0WXut8ZUaRbLWzNJaCDwQLKIEWysFFR896x72tVsIHClVyp7btXLgX4T3511rwwL1Hult24/Jqmg0hCOte74XmKCDCvDCKfTYjfVNMFkhAe0Y6nEguogmx09RcdW6aMoVrakQTP160aGhdYTEdpJgc1Q//Ry8S+vk5roIsiYTFJDJZk/FKUcmRjlCaA+U5QYPrEEE8XsrYgMscLE2JyKNoTPn6L/SbPq+p7r31TLtatFHAU4hCM4AR/OoQbXUIcGELiDe3iEJ2fsPDjPzst8dMlZ7BzANzivH9MCkNQ=</latexit><latexit sha1_base64="McX6heHChdGGdbHWi8cMlJ24REs=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYCu4kGGmC3VZ0IXLCvYB7VAyaaYNTTJjkimUod/hxoUibv0Yd/6NmbaCzwOXezjnXnJzwoQzbTzv3VlaXlldWy9sFDe3tnd2S3v7TR2nitAGiXms2iHWlDNJG4YZTtuJoliEnLbC0WXut8ZUaRbLWzNJaCDwQLKIEWysFFR896x72tVsIHClVyp7btXLgX4T3511rwwL1Hult24/Jqmg0hCOte74XmKCDCvDCKfTYjfVNMFkhAe0Y6nEguogmx09RcdW6aMoVrakQTP160aGhdYTEdpJgc1Q//Ry8S+vk5roIsiYTFJDJZk/FKUcmRjlCaA+U5QYPrEEE8XsrYgMscLE2JyKNoTPn6L/SbPq+p7r31TLtatFHAU4hCM4AR/OoQbXUIcGELiDe3iEJ2fsPDjPzst8dMlZ7BzANzivH9MCkNQ=</latexit><latexit sha1_base64="McX6heHChdGGdbHWi8cMlJ24REs=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYCu4kGGmC3VZ0IXLCvYB7VAyaaYNTTJjkimUod/hxoUibv0Yd/6NmbaCzwOXezjnXnJzwoQzbTzv3VlaXlldWy9sFDe3tnd2S3v7TR2nitAGiXms2iHWlDNJG4YZTtuJoliEnLbC0WXut8ZUaRbLWzNJaCDwQLKIEWysFFR896x72tVsIHClVyp7btXLgX4T3511rwwL1Hult24/Jqmg0hCOte74XmKCDCvDCKfTYjfVNMFkhAe0Y6nEguogmx09RcdW6aMoVrakQTP160aGhdYTEdpJgc1Q//Ry8S+vk5roIsiYTFJDJZk/FKUcmRjlCaA+U5QYPrEEE8XsrYgMscLE2JyKNoTPn6L/SbPq+p7r31TLtatFHAU4hCM4AR/OoQbXUIcGELiDe3iEJ2fsPDjPzst8dMlZ7BzANzivH9MCkNQ=</latexit><latexit sha1_base64="McX6heHChdGGdbHWi8cMlJ24REs=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYCu4kGGmC3VZ0IXLCvYB7VAyaaYNTTJjkimUod/hxoUibv0Yd/6NmbaCzwOXezjnXnJzwoQzbTzv3VlaXlldWy9sFDe3tnd2S3v7TR2nitAGiXms2iHWlDNJG4YZTtuJoliEnLbC0WXut8ZUaRbLWzNJaCDwQLKIEWysFFR896x72tVsIHClVyp7btXLgX4T3511rwwL1Hult24/Jqmg0hCOte74XmKCDCvDCKfTYjfVNMFkhAe0Y6nEguogmx09RcdW6aMoVrakQTP160aGhdYTEdpJgc1Q//Ry8S+vk5roIsiYTFJDJZk/FKUcmRjlCaA+U5QYPrEEE8XsrYgMscLE2JyKNoTPn6L/SbPq+p7r31TLtatFHAU4hCM4AR/OoQbXUIcGELiDe3iEJ2fsPDjPzst8dMlZ7BzANzivH9MCkNQ=</latexit>

M2 = 150GeV
<latexit sha1_base64="yct1/qFuUzTNKTU68mjPIDDN5mA=">AAAB9XicdVDLSgMxFM3UV62vqks3wVZwIUNmQHQjFBR0I1SwD2jHkklv29DMgySjlKH/4caFIm79F3f+jZm2gs8Dl3s4515yc/xYcKUJebdyc/MLi0v55cLK6tr6RnFzq66iRDKosUhEsulTBYKHUNNcC2jGEmjgC2j4w9PMb9yCVDwKr/UoBi+g/ZD3OKPaSDfly4574hyScvvgHOqdYonYLsmAfxPHnnRSQjNUO8W3djdiSQChZoIq1XJIrL2USs2ZgHGhnSiIKRvSPrQMDWkAyksnV4/xnlG6uBdJU6HGE/XrRkoDpUaBbyYDqgfqp5eJf3mtRPeOvZSHcaIhZNOHeonAOsJZBLjLJTAtRoZQJrm5FbMBlZRpE1TBhPD5U/w/qbu2Q2znyi1VzmZx5NEO2kX7yEFHqIIuUBXVEEMS3aNH9GTdWQ/Ws/UyHc1Zs51t9A3W6weBipCP</latexit><latexit sha1_base64="yct1/qFuUzTNKTU68mjPIDDN5mA=">AAAB9XicdVDLSgMxFM3UV62vqks3wVZwIUNmQHQjFBR0I1SwD2jHkklv29DMgySjlKH/4caFIm79F3f+jZm2gs8Dl3s4515yc/xYcKUJebdyc/MLi0v55cLK6tr6RnFzq66iRDKosUhEsulTBYKHUNNcC2jGEmjgC2j4w9PMb9yCVDwKr/UoBi+g/ZD3OKPaSDfly4574hyScvvgHOqdYonYLsmAfxPHnnRSQjNUO8W3djdiSQChZoIq1XJIrL2USs2ZgHGhnSiIKRvSPrQMDWkAyksnV4/xnlG6uBdJU6HGE/XrRkoDpUaBbyYDqgfqp5eJf3mtRPeOvZSHcaIhZNOHeonAOsJZBLjLJTAtRoZQJrm5FbMBlZRpE1TBhPD5U/w/qbu2Q2znyi1VzmZx5NEO2kX7yEFHqIIuUBXVEEMS3aNH9GTdWQ/Ws/UyHc1Zs51t9A3W6weBipCP</latexit><latexit sha1_base64="yct1/qFuUzTNKTU68mjPIDDN5mA=">AAAB9XicdVDLSgMxFM3UV62vqks3wVZwIUNmQHQjFBR0I1SwD2jHkklv29DMgySjlKH/4caFIm79F3f+jZm2gs8Dl3s4515yc/xYcKUJebdyc/MLi0v55cLK6tr6RnFzq66iRDKosUhEsulTBYKHUNNcC2jGEmjgC2j4w9PMb9yCVDwKr/UoBi+g/ZD3OKPaSDfly4574hyScvvgHOqdYonYLsmAfxPHnnRSQjNUO8W3djdiSQChZoIq1XJIrL2USs2ZgHGhnSiIKRvSPrQMDWkAyksnV4/xnlG6uBdJU6HGE/XrRkoDpUaBbyYDqgfqp5eJf3mtRPeOvZSHcaIhZNOHeonAOsJZBLjLJTAtRoZQJrm5FbMBlZRpE1TBhPD5U/w/qbu2Q2znyi1VzmZx5NEO2kX7yEFHqIIuUBXVEEMS3aNH9GTdWQ/Ws/UyHc1Zs51t9A3W6weBipCP</latexit><latexit sha1_base64="yct1/qFuUzTNKTU68mjPIDDN5mA=">AAAB9XicdVDLSgMxFM3UV62vqks3wVZwIUNmQHQjFBR0I1SwD2jHkklv29DMgySjlKH/4caFIm79F3f+jZm2gs8Dl3s4515yc/xYcKUJebdyc/MLi0v55cLK6tr6RnFzq66iRDKosUhEsulTBYKHUNNcC2jGEmjgC2j4w9PMb9yCVDwKr/UoBi+g/ZD3OKPaSDfly4574hyScvvgHOqdYonYLsmAfxPHnnRSQjNUO8W3djdiSQChZoIq1XJIrL2USs2ZgHGhnSiIKRvSPrQMDWkAyksnV4/xnlG6uBdJU6HGE/XrRkoDpUaBbyYDqgfqp5eJf3mtRPeOvZSHcaIhZNOHeonAOsJZBLjLJTAtRoZQJrm5FbMBlZRpE1TBhPD5U/w/qbu2Q2znyi1VzmZx5NEO2kX7yEFHqIIuUBXVEEMS3aNH9GTdWQ/Ws/UyHc1Zs51t9A3W6weBipCP</latexit>

c2 = 0.9
<latexit sha1_base64="B2Z4YvPPSWJ+UI9VIBooQZBg1ew=">AAAB8nicdVDLSgMxFM3UV62vqks3wVZwNWRmoy6Egi5cVrAPmI4lk2ba0EwyJBmhDP0MNy4UcevXuPNvzLQVfB4IOZxzL/feE6WcaYPQu1NaWl5ZXSuvVzY2t7Z3qrt7bS0zRWiLSC5VN8KaciZoyzDDaTdVFCcRp51ofFH4nTuqNJPixkxSGiZ4KFjMCDZWCurk1ofnELln9X61hlwfFYC/iefOflQDCzT71bfeQJIsocIQjrUOPJSaMMfKMMLptNLLNE0xGeMhDSwVOKE6zGcrT+GRVQYwlso+YeBM/dqR40TrSRLZygSbkf7pFeJfXpCZ+DTMmUgzQwWZD4ozDo2Exf1wwBQlhk8swUQxuyskI6wwMTalig3h81L4P2n7rodc79qvNS4XcZTBATgEx8ADJ6ABrkATtAABEtyDR/DkGOfBeXZe5qUlZ9GzD77Bef0ANyGPPQ==</latexit><latexit sha1_base64="B2Z4YvPPSWJ+UI9VIBooQZBg1ew=">AAAB8nicdVDLSgMxFM3UV62vqks3wVZwNWRmoy6Egi5cVrAPmI4lk2ba0EwyJBmhDP0MNy4UcevXuPNvzLQVfB4IOZxzL/feE6WcaYPQu1NaWl5ZXSuvVzY2t7Z3qrt7bS0zRWiLSC5VN8KaciZoyzDDaTdVFCcRp51ofFH4nTuqNJPixkxSGiZ4KFjMCDZWCurk1ofnELln9X61hlwfFYC/iefOflQDCzT71bfeQJIsocIQjrUOPJSaMMfKMMLptNLLNE0xGeMhDSwVOKE6zGcrT+GRVQYwlso+YeBM/dqR40TrSRLZygSbkf7pFeJfXpCZ+DTMmUgzQwWZD4ozDo2Exf1wwBQlhk8swUQxuyskI6wwMTalig3h81L4P2n7rodc79qvNS4XcZTBATgEx8ADJ6ABrkATtAABEtyDR/DkGOfBeXZe5qUlZ9GzD77Bef0ANyGPPQ==</latexit><latexit sha1_base64="B2Z4YvPPSWJ+UI9VIBooQZBg1ew=">AAAB8nicdVDLSgMxFM3UV62vqks3wVZwNWRmoy6Egi5cVrAPmI4lk2ba0EwyJBmhDP0MNy4UcevXuPNvzLQVfB4IOZxzL/feE6WcaYPQu1NaWl5ZXSuvVzY2t7Z3qrt7bS0zRWiLSC5VN8KaciZoyzDDaTdVFCcRp51ofFH4nTuqNJPixkxSGiZ4KFjMCDZWCurk1ofnELln9X61hlwfFYC/iefOflQDCzT71bfeQJIsocIQjrUOPJSaMMfKMMLptNLLNE0xGeMhDSwVOKE6zGcrT+GRVQYwlso+YeBM/dqR40TrSRLZygSbkf7pFeJfXpCZ+DTMmUgzQwWZD4ozDo2Exf1wwBQlhk8swUQxuyskI6wwMTalig3h81L4P2n7rodc79qvNS4XcZTBATgEx8ADJ6ABrkATtAABEtyDR/DkGOfBeXZe5qUlZ9GzD77Bef0ANyGPPQ==</latexit><latexit sha1_base64="B2Z4YvPPSWJ+UI9VIBooQZBg1ew=">AAAB8nicdVDLSgMxFM3UV62vqks3wVZwNWRmoy6Egi5cVrAPmI4lk2ba0EwyJBmhDP0MNy4UcevXuPNvzLQVfB4IOZxzL/feE6WcaYPQu1NaWl5ZXSuvVzY2t7Z3qrt7bS0zRWiLSC5VN8KaciZoyzDDaTdVFCcRp51ofFH4nTuqNJPixkxSGiZ4KFjMCDZWCurk1ofnELln9X61hlwfFYC/iefOflQDCzT71bfeQJIsocIQjrUOPJSaMMfKMMLptNLLNE0xGeMhDSwVOKE6zGcrT+GRVQYwlso+YeBM/dqR40TrSRLZygSbkf7pFeJfXpCZ+DTMmUgzQwWZD4ozDo2Exf1wwBQlhk8swUQxuyskI6wwMTalig3h81L4P2n7rodc79qvNS4XcZTBATgEx8ADJ6ABrkATtAABEtyDR/DkGOfBeXZe5qUlZ9GzD77Bef0ANyGPPQ==</latexit>

0.1
<latexit sha1_base64="lfALydu6cnxRYrMPIE1MZp8fG20=">AAAB7XicdVDLSgMxFL1TX7W+qi7dBFvB1TDTjS4LunBZwT6gHUomzbSxmWRIMkIZ+g9uXCji1v9x59+YmVbweSDkcM693HtPmHCmjee9O6WV1bX1jfJmZWt7Z3evun/Q0TJVhLaJ5FL1QqwpZ4K2DTOc9hJFcRxy2g2nF7nfvaNKMyluzCyhQYzHgkWMYGOlTh15rl8fVmue2/ByoN/Ed4vfq8ESrWH1bTCSJI2pMIRjrfu+l5ggw8owwum8Mkg1TTCZ4jHtWypwTHWQFdvO0YlVRiiSyj5hUKF+7chwrPUsDm1ljM1E//Ry8S+vn5roPMiYSFJDBVkMilKOjET56WjEFCWGzyzBRDG7KyITrDAxNqCKDeHzUvQ/6TRc30Z23ag1L5dxlOEIjuEUfDiDJlxBC9pA4Bbu4RGeHOk8OM/Oy6K05Cx7DuEbnNcPamSNsw==</latexit><latexit sha1_base64="lfALydu6cnxRYrMPIE1MZp8fG20=">AAAB7XicdVDLSgMxFL1TX7W+qi7dBFvB1TDTjS4LunBZwT6gHUomzbSxmWRIMkIZ+g9uXCji1v9x59+YmVbweSDkcM693HtPmHCmjee9O6WV1bX1jfJmZWt7Z3evun/Q0TJVhLaJ5FL1QqwpZ4K2DTOc9hJFcRxy2g2nF7nfvaNKMyluzCyhQYzHgkWMYGOlTh15rl8fVmue2/ByoN/Ed4vfq8ESrWH1bTCSJI2pMIRjrfu+l5ggw8owwum8Mkg1TTCZ4jHtWypwTHWQFdvO0YlVRiiSyj5hUKF+7chwrPUsDm1ljM1E//Ry8S+vn5roPMiYSFJDBVkMilKOjET56WjEFCWGzyzBRDG7KyITrDAxNqCKDeHzUvQ/6TRc30Z23ag1L5dxlOEIjuEUfDiDJlxBC9pA4Bbu4RGeHOk8OM/Oy6K05Cx7DuEbnNcPamSNsw==</latexit><latexit sha1_base64="lfALydu6cnxRYrMPIE1MZp8fG20=">AAAB7XicdVDLSgMxFL1TX7W+qi7dBFvB1TDTjS4LunBZwT6gHUomzbSxmWRIMkIZ+g9uXCji1v9x59+YmVbweSDkcM693HtPmHCmjee9O6WV1bX1jfJmZWt7Z3evun/Q0TJVhLaJ5FL1QqwpZ4K2DTOc9hJFcRxy2g2nF7nfvaNKMyluzCyhQYzHgkWMYGOlTh15rl8fVmue2/ByoN/Ed4vfq8ESrWH1bTCSJI2pMIRjrfu+l5ggw8owwum8Mkg1TTCZ4jHtWypwTHWQFdvO0YlVRiiSyj5hUKF+7chwrPUsDm1ljM1E//Ry8S+vn5roPMiYSFJDBVkMilKOjET56WjEFCWGzyzBRDG7KyITrDAxNqCKDeHzUvQ/6TRc30Z23ag1L5dxlOEIjuEUfDiDJlxBC9pA4Bbu4RGeHOk8OM/Oy6K05Cx7DuEbnNcPamSNsw==</latexit><latexit sha1_base64="lfALydu6cnxRYrMPIE1MZp8fG20=">AAAB7XicdVDLSgMxFL1TX7W+qi7dBFvB1TDTjS4LunBZwT6gHUomzbSxmWRIMkIZ+g9uXCji1v9x59+YmVbweSDkcM693HtPmHCmjee9O6WV1bX1jfJmZWt7Z3evun/Q0TJVhLaJ5FL1QqwpZ4K2DTOc9hJFcRxy2g2nF7nfvaNKMyluzCyhQYzHgkWMYGOlTh15rl8fVmue2/ByoN/Ed4vfq8ESrWH1bTCSJI2pMIRjrfu+l5ggw8owwum8Mkg1TTCZ4jHtWypwTHWQFdvO0YlVRiiSyj5hUKF+7chwrPUsDm1ljM1E//Ry8S+vn5roPMiYSFJDBVkMilKOjET56WjEFCWGzyzBRDG7KyITrDAxNqCKDeHzUvQ/6TRc30Z23ag1L5dxlOEIjuEUfDiDJlxBC9pA4Bbu4RGeHOk8OM/Oy6K05Cx7DuEbnNcPamSNsw==</latexit>0.2

<latexit sha1_base64="Lix5nAVsmgIyY8Iy8SjATeNbmiM=">AAAB7XicdVDLSgMxFL1TX7W+qi7dBFvB1TDTjS4LunBZwT6gHUomzbSxmWRIMkIZ+g9uXCji1v9x59+YmVbweSDcwzn3kntPmHCmjee9O6WV1bX1jfJmZWt7Z3evun/Q0TJVhLaJ5FL1QqwpZ4K2DTOc9hJFcRxy2g2nF7nfvaNKMyluzCyhQYzHgkWMYGOlTh15bqM+rNZs8XKg38R3i+rVYInWsPo2GEmSxlQYwrHWfd9LTJBhZRjhdF4ZpJommEzxmPYtFTimOsiKbefoxCojFEllnzCoUL9OZDjWehaHtjPGZqJ/ern4l9dPTXQeZEwkqaGCLD6KUo6MRPnpaMQUJYbPLMFEMbsrIhOsMDE2oIoN4fNS9D/pNFzfc/3rRq15uYyjDEdwDKfgwxk04Qpa0AYCt3APj/DkSOfBeXZeFq0lZzlzCN/gvH4Aa+mNtA==</latexit><latexit sha1_base64="Lix5nAVsmgIyY8Iy8SjATeNbmiM=">AAAB7XicdVDLSgMxFL1TX7W+qi7dBFvB1TDTjS4LunBZwT6gHUomzbSxmWRIMkIZ+g9uXCji1v9x59+YmVbweSDcwzn3kntPmHCmjee9O6WV1bX1jfJmZWt7Z3evun/Q0TJVhLaJ5FL1QqwpZ4K2DTOc9hJFcRxy2g2nF7nfvaNKMyluzCyhQYzHgkWMYGOlTh15bqM+rNZs8XKg38R3i+rVYInWsPo2GEmSxlQYwrHWfd9LTJBhZRjhdF4ZpJommEzxmPYtFTimOsiKbefoxCojFEllnzCoUL9OZDjWehaHtjPGZqJ/ern4l9dPTXQeZEwkqaGCLD6KUo6MRPnpaMQUJYbPLMFEMbsrIhOsMDE2oIoN4fNS9D/pNFzfc/3rRq15uYyjDEdwDKfgwxk04Qpa0AYCt3APj/DkSOfBeXZeFq0lZzlzCN/gvH4Aa+mNtA==</latexit><latexit sha1_base64="Lix5nAVsmgIyY8Iy8SjATeNbmiM=">AAAB7XicdVDLSgMxFL1TX7W+qi7dBFvB1TDTjS4LunBZwT6gHUomzbSxmWRIMkIZ+g9uXCji1v9x59+YmVbweSDcwzn3kntPmHCmjee9O6WV1bX1jfJmZWt7Z3evun/Q0TJVhLaJ5FL1QqwpZ4K2DTOc9hJFcRxy2g2nF7nfvaNKMyluzCyhQYzHgkWMYGOlTh15bqM+rNZs8XKg38R3i+rVYInWsPo2GEmSxlQYwrHWfd9LTJBhZRjhdF4ZpJommEzxmPYtFTimOsiKbefoxCojFEllnzCoUL9OZDjWehaHtjPGZqJ/ern4l9dPTXQeZEwkqaGCLD6KUo6MRPnpaMQUJYbPLMFEMbsrIhOsMDE2oIoN4fNS9D/pNFzfc/3rRq15uYyjDEdwDKfgwxk04Qpa0AYCt3APj/DkSOfBeXZeFq0lZzlzCN/gvH4Aa+mNtA==</latexit><latexit sha1_base64="Lix5nAVsmgIyY8Iy8SjATeNbmiM=">AAAB7XicdVDLSgMxFL1TX7W+qi7dBFvB1TDTjS4LunBZwT6gHUomzbSxmWRIMkIZ+g9uXCji1v9x59+YmVbweSDcwzn3kntPmHCmjee9O6WV1bX1jfJmZWt7Z3evun/Q0TJVhLaJ5FL1QqwpZ4K2DTOc9hJFcRxy2g2nF7nfvaNKMyluzCyhQYzHgkWMYGOlTh15bqM+rNZs8XKg38R3i+rVYInWsPo2GEmSxlQYwrHWfd9LTJBhZRjhdF4ZpJommEzxmPYtFTimOsiKbefoxCojFEllnzCoUL9OZDjWehaHtjPGZqJ/ern4l9dPTXQeZEwkqaGCLD6KUo6MRPnpaMQUJYbPLMFEMbsrIhOsMDE2oIoN4fNS9D/pNFzfc/3rRq15uYyjDEdwDKfgwxk04Qpa0AYCt3APj/DkSOfBeXZeFq0lZzlzCN/gvH4Aa+mNtA==</latexit>
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<latexit sha1_base64="SZ31QHk7fhccjm8uEFF3f5lmfjc=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBFvB1ZAplLos6MJlBfuAdiiZNNOGZjJDkhHK0I9w40IRt36PO//GTFvB54GQwzn3cu89QSK4Nhi/O4W19Y3NreJ2aWd3b/+gfHjU0XGqKGvTWMSqFxDNBJesbbgRrJcoRqJAsG4wvcz97h1Tmsfy1swS5kdkLHnIKTFW6lYRduv16rBcwW4N50C/iecuflyBFVrD8ttgFNM0YtJQQbTuezgxfkaU4VSweWmQapYQOiVj1rdUkohpP1usO0dnVhmhMFb2SYMW6teOjERaz6LAVkbETPRPLxf/8vqpCS/8jMskNUzS5aAwFcjEKL8djbhi1IiZJYQqbndFdEIUocYmVLIhfF6K/iedmuth17upVZpXqziKcAKncA4eNKAJ19CCNlCYwj08wpOTOA/Os/OyLC04q55j+Abn9QPmxo32</latexit><latexit sha1_base64="SZ31QHk7fhccjm8uEFF3f5lmfjc=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBFvB1ZAplLos6MJlBfuAdiiZNNOGZjJDkhHK0I9w40IRt36PO//GTFvB54GQwzn3cu89QSK4Nhi/O4W19Y3NreJ2aWd3b/+gfHjU0XGqKGvTWMSqFxDNBJesbbgRrJcoRqJAsG4wvcz97h1Tmsfy1swS5kdkLHnIKTFW6lYRduv16rBcwW4N50C/iecuflyBFVrD8ttgFNM0YtJQQbTuezgxfkaU4VSweWmQapYQOiVj1rdUkohpP1usO0dnVhmhMFb2SYMW6teOjERaz6LAVkbETPRPLxf/8vqpCS/8jMskNUzS5aAwFcjEKL8djbhi1IiZJYQqbndFdEIUocYmVLIhfF6K/iedmuth17upVZpXqziKcAKncA4eNKAJ19CCNlCYwj08wpOTOA/Os/OyLC04q55j+Abn9QPmxo32</latexit><latexit sha1_base64="SZ31QHk7fhccjm8uEFF3f5lmfjc=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBFvB1ZAplLos6MJlBfuAdiiZNNOGZjJDkhHK0I9w40IRt36PO//GTFvB54GQwzn3cu89QSK4Nhi/O4W19Y3NreJ2aWd3b/+gfHjU0XGqKGvTWMSqFxDNBJesbbgRrJcoRqJAsG4wvcz97h1Tmsfy1swS5kdkLHnIKTFW6lYRduv16rBcwW4N50C/iecuflyBFVrD8ttgFNM0YtJQQbTuezgxfkaU4VSweWmQapYQOiVj1rdUkohpP1usO0dnVhmhMFb2SYMW6teOjERaz6LAVkbETPRPLxf/8vqpCS/8jMskNUzS5aAwFcjEKL8djbhi1IiZJYQqbndFdEIUocYmVLIhfF6K/iedmuth17upVZpXqziKcAKncA4eNKAJ19CCNlCYwj08wpOTOA/Os/OyLC04q55j+Abn9QPmxo32</latexit><latexit sha1_base64="SZ31QHk7fhccjm8uEFF3f5lmfjc=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBFvB1ZAplLos6MJlBfuAdiiZNNOGZjJDkhHK0I9w40IRt36PO//GTFvB54GQwzn3cu89QSK4Nhi/O4W19Y3NreJ2aWd3b/+gfHjU0XGqKGvTWMSqFxDNBJesbbgRrJcoRqJAsG4wvcz97h1Tmsfy1swS5kdkLHnIKTFW6lYRduv16rBcwW4N50C/iecuflyBFVrD8ttgFNM0YtJQQbTuezgxfkaU4VSweWmQapYQOiVj1rdUkohpP1usO0dnVhmhMFb2SYMW6teOjERaz6LAVkbETPRPLxf/8vqpCS/8jMskNUzS5aAwFcjEKL8djbhi1IiZJYQqbndFdEIUocYmVLIhfF6K/iedmuth17upVZpXqziKcAKncA4eNKAJ19CCNlCYwj08wpOTOA/Os/OyLC04q55j+Abn9QPmxo32</latexit>



Direct constraints on 
the VL fermion 

masses



Constraints from 
the Direct Searches

𝑀𝑇 > 1.31TeV 𝑀𝐵 > 1.03TeV

ATLAS, 1808.02343 Constrains on VLQ mass

20Constraints from 
the Direct Searches

𝑀𝑇 > 1.31TeV 𝑀𝐵 > 1.03TeV

ATLAS, 1808.02343 Constrains on VLQ mass

20

The bounds can be relaxed if the VLQs decay into light quarks.
<latexit sha1_base64="WIByhb9FL8Wu1VFoPc6JjxFmaNg="></latexit><latexit sha1_base64="WIByhb9FL8Wu1VFoPc6JjxFmaNg="></latexit><latexit sha1_base64="WIByhb9FL8Wu1VFoPc6JjxFmaNg="></latexit><latexit sha1_base64="WIByhb9FL8Wu1VFoPc6JjxFmaNg="></latexit>
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There are diagonal and non-diagonal gauge boson couplings of VLQ with W,Z while the

VLQ coupling with massless gauge boson � and g is only diagonal. The gauge coupling

coe�cients are shown in the Appendix.

As for the VLL, all the formulae are same by replacing the VLQ doublet QL, QR by VLL

doublets EL, ER. VLQ singlets uL, uR, dL, dR are replace by VLL singlets ⌫L, ⌫R, eL, eR. The

color number Nc should be replaced by 1.

III. LOOP INDUCED DECAY OF CHARGED HIGGS
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FIG. 1. Feynman diagrams for H+ ! W
+(Z/�) decaying processes.

The decay diagrams for H+ ! W
+
V , where V = �, Z, are shown in Fig. 1. The other

diagrams that are involved with tadpole diagram do not contribute to the decay form-factors.

We compute the diagrams in unitary gauge so that the Goldstone bosons do not contribute

to the ampliutde. We use dimensional regularization with D = 4 � 2" and MS scheme in

order to treat UV divergences. Since there is no tree level coupling of H+
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divergences should be canceled among themselves.
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Here, p1 and p2 are the momenta of W+ and V respectively. The detailed expression of

formfactors M1,M2, and M3 are shown in Appendix. The SM quark contributions are

shown in Ref. [1]. For completeness, we also show the expressions of the contribution in

Appendix. We confirm that the expressions are numerically consistent with Ref. [1]
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As shown in Appendix, the diagrams with di↵erent mass configuration in the loop give

di↵erent contribution. We find that there are significant cancelations between the diagram

with down-type VLQ and the diagram with up-type VLQ for both W
+
� and WZ decay

processes. These cancelations are dramatically reduced for W+
� when the VLQs have exotic

electric charges with QU = 5/3 and QD = 2/3 [3]. However, WZ channel is quite stable

under the change of electric charges of VLQs. We note that WZ channel is greatly enhanced

by longitudinal polarization contribution which is proportional to M
4
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Z
in Eq.(18).
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formfactors M1,M2, and M3 are shown in Appendix. The SM quark contributions are

shown in Ref. [1]. For completeness, we also show the expressions of the contribution in

Appendix. We confirm that the expressions are numerically consistent with Ref. [1]

For W
+
� decay, the Ward-identity p

⌫

2Mµ⌫ = 0 is satisfied. Using this, one can obtain

following equation

M1 = �1

2

⇣
1� m

2
W

M
2
H+

⌘
M2, (for H+ ! W

+
�) . (16)

Note that there is no such relation for the H+ ! W
+
Z. With these expressions, the partial

decay rate for H+ ! W
+
� is

�(H+ ! W
+
�) =

MH+

32⇡

⇣
1� m

2
W

M
2
H+

⌘3⇥
|M2|2 + |M3|2

⇤
. (17)

The partial decay rate for H+ ! W
+
Z is as follows

�(H+ ! W
+
Z) =

�MH+

32⇡

⇣
6 +

�
2
M

4
H+

2m2
W
m

2
Z

⌘
|M1|2 +

�
4
M

4
H�

8m2
W
m

2
Z

|M2|2 + �
2 |M3|2

+
�
2

2

⇣
M

4
H+

m
2
W
m

2
Z

�
M

2
H+

m
2
W

�
M

2
H+

m
2
Z

⌘
Re

�
M1M⇤

2

��
, (18)

where

� =

⇣
1� m

2
W

M
2
H+

� m
2
Z

M
2
H+

⌘2

� 4
m

2
W
m

2
Z

M
4
H+

�1/2
. (19)

As shown in Appendix, the diagrams with di↵erent mass configuration in the loop give

di↵erent contribution. We find that there are significant cancelations between the diagram

with down-type VLQ and the diagram with up-type VLQ for both W
+
� and WZ decay

processes. These cancelations are dramatically reduced for W+
� when the VLQs have exotic

electric charges with QU = 5/3 and QD = 2/3 [3]. However, WZ channel is quite stable

under the change of electric charges of VLQs. We note that WZ channel is greatly enhanced

by longitudinal polarization contribution which is proportional to M
4
H+/m

2
W
m

2
Z
in Eq.(18).

In Fig.2 we show the numerical result of branching ratios of charged Higgs in the presence

of VLQ or VLL. Here, we adopt the alignment limit c��↵ = 0. We set the parameter values
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Conclusions

• MH± ' mt is very tricky to probe.

• A new search channel is into W
±
� and W

±
Z.

• With the VL fermions, the branching ratio of W±
�

can be enhanced by a factor of 100.

• BR(H± ! W
±
Z) does not show the enhancement.
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