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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 [? ]
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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,
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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
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With two complex scalar SU(2) doublets there are eight fields:
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With the above minimum, the mass terms for the charged scalars are given by
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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
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− (λ4 + λ5)v

2. (12)

The mass terms for the pseudoscalars are given by
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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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In order to suppress FCNC at tree level,
we impose Z2 symmetry

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
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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,
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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)
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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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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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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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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
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, where %2
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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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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

 (GeV)+Hm
100 200 300 400 500 600 700 800

β
ta

n

1

10

  I

 (GeV)+Hm
100 200 300 400 500 600 700 800

β
ta

n

1

10

 II

 (GeV)+Hm
100 200 300 400 500 600 700 800

β
ta

n

1

10

III

 (GeV)+Hm
100 200 300 400 500 600 700 800

β
ta

n

1

10

IV

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.

F. MAHMOUDI AND O. STÅL PHYSICAL REVIEW D 81, 035016 (2010)

035016-10

V. MODELS WITH AYUKAWA Z2 SYMMETRY

Having discussed constraints on the general model in the
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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
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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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Higgs boson mixing, the lightest Higgs boson h is no
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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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Question 
New search channel 

for this tricky H+?

MH± ' mt
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H
± ! W

±
Z

(⇤)
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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

H+

W+

Z/�

Di

Uj

(a)

H+

W+

Z/�

Di

Uj

Uk

(b)

H+

W+

Z/�

Ui

Dj

Dk

(c)

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.
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In a pure 2HDM,  
the branching ratio is 

too small!



Type1

Type2

TypeX

TypeY

170 175 180 185 190 195 200
1.×10-6

5.×10-6
1.×10-5

5.×10-5
1.×10-4

5.×10-4

MH+[GeV]

Br
(H

+
→
W

+
γ)

H
+→W+γ (2HDM, tβ=5)

At most 10�4
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After MH± > mt +mb, 10�5
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Type1

Type2

TypeX

TypeY

170 175 180 185 190 195 200
5.×10-5
1.×10-4

5.×10-4
0.001

0.005

MH+[GeV]

Br
(H

+
→
W

+
Z)

H
+→W+Z (2HDM, tβ=5)

Further suppression if we want Z ! ``
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Let’s add new 
fermions in the loop: 
Vector-like fermions 

(VLF)



VLF
Introduce both doublet and singlet

Crucial to allow the Higgs Yukawa couplings
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where i = 1, 2, and v1,2 is the nonzero VEV of �1,2. The electroweak symmetry breaking

occurs by the nonzero VEV of v =
p

v
2
1 + v

2
2 = 246 GeV, which motivates the parametriza-

tion t� = v2/v1 in the simplified notation of sx = sinx, cx = cos x, and tx = tan x. The

fermion sector of the SM is also extended by introducing SU(2) doublet VLFs and SU(2)

singlet VLFs as follows:

VLF doublet : QL =

 
U
0
L

D
0
L

!
, QR =

 
U
0
R

D
0
R

!
,

VLF singlets : UL, UR, DL, DR . (2.2)

Note that U
(0) (D(0)) collectively denote the up-type (down-type) fermion.

In order to avoid flavor changing neutral current (FCNC) at tree level, we introduce a

discrete Z2 symmetry, under which �1 ! �1 and �2 ! ��2 [? ? ]. The Z2 parities of �1

and �2 dictate the scalar potential to be

V� = m
2
11�

†
1�1 + m

2
22�

†
2�2 � m

2
12(�

†
1�2 + H.c.)

+
1

2
�1(�

†
1�1)

2 +
1

2
�2(�

†
2�2)

2 + �3(�
†
1�1)(�

†
2�2) + �4(�

†
1�2)(�

†
2�1)

+
1

2
�5

h
(�†

1�2)
2 + H.c.

i
, (2.3)

where we allow softly broken Z2 parity but maintain the CP invariance. Five physical

Higgs bosons (the light CP-even scalar h at a mass of 125 GeV, the heavy CP-even scalar

H, the CP-odd pseudoscalar A, and two charged Higgs bosons H
±) are related with the

weak eigenstates via

 
h1

h2

!
= R(↵)

 
H

h

!
,

 
⌘1

⌘2

!
= R(�)

 
z
0

A

!
,

 
w

±
1

w
±
2

!
= R(�)

 
w

±

H
±

!
, (2.4)

where z
0 and w

± are the Goldstone bosons eaten by the Z and W bosons, respectively.

The rotation matrix R(✓) is

R(✓) =

 
c✓ �s✓

s✓ c✓

!
. (2.5)

The SM Higgs field is a linear combination of h and H through hSM = s��↵h + c��↵H.

Because the observed Higgs boson at a mass of 125 GeV is very SM-like, we take the

alignment limit of

� � ↵ =
⇡

2
(alignment limit) . (2.6)

The fermions sector can have a variety of Z2 parities. For the SM fermions, we fix

QL ! QL and LL ! LL under the Z2 symmetry, leaving four di↵erent choices for Z2

parities for the right-handed SM fermion fields: There are type-I, type-II, type-X, and

– 2 –



Strategy to enhance

SM QL, LL uR dR, `R

type-I + � �

VLF QL,R UL,R DL,R

type-II + � +

Table 1: The Z2 parities of the SM fermions and VLFs.

type-Y. In our model, however, there are additional vector-like fermions as shown in Table

, which need not have the same Z2 parity with the SM fermions. Since our main purpose is

to explore how large Br(H±
! W

±
�/H

±
Z

0) can be, we consider type-I-II, where the SM

fermions are assigned in type-I while the VEFs are in type-II as shown in Table 1. Since

the VLF can have Dirac mass terms without report to the Higgs VEV, we have

�LYuk = MFQQ + MUUU + MDDD +
h
YDF̄�1D + YU F̄ e�2U + h.c.

i
, (2.7)

where e� = i⌧2�⇤ and we take the simplified assumption of Y
L

U = Y
R

U ⌘ YU and Y
L

D =

Y
R

D ⌘ YD.

To be removed!

F̄�1D = �U
0
DH

+
s� +

1
p

2
D

0
D [Hc↵ + vc� � hs↵ � iAs� ] , (2.8)

�
F̄�1D

�†
= �DU

0
H

�
s� +

1
p

2
DD

0 [Hc↵ + vc� � hs↵ + iAs� ] ,

F̄ e�2U = �D
0
UH

�
c� +

1
p

2
U
0
U (hc↵ + Hs↵ + vs� � iAc�) ,

⇣
F̄ e�2U

⌘†
= �UD

0
H

+
c� +

1
p

2
UU

0 (hc↵ + Hs↵ + vs� + iAc�) ,

The Yukawa couplings of the SM fermions and VLFs in the weak eigenstates

are parameterized by

�LYuk =
X

f=u,d,`

mf

v

⇣
f f̄fh + ⇠

f

H
f̄fH � i⇠

f

A
f̄�5fA

⌘
(2.9)

�

(p
2

v
ū

⇣
mu⇠

u

APL + md⇠
d

APR

⌘
dH

+ + h.c.

)

+
X

F=U ,D

YF
p

2

⇥�
⇠
F
h

h + ⇠
F
HH

� �
F̄

0
F + F̄F

0�
� i⇠

A

FA
�
F̄

0
F � F̄F

0�⇤

�

n⇣
YD⇠

D
A U

0
D + YU⇠

U
A UD

0
⌘

H
+ + h.c.

o
, .
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BR(H± ! W
±�)

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



Yukawa Lagrangian

SM QL, LL uR dR, `R

type-I + � �

VLF QL,R UL,R DL,R

type-II + � +

Table 1: The Z2 parities of the SM fermions and VLFs.

type-Y. In our model, however, there are additional vector-like fermions as shown in Table

, which need not have the same Z2 parity with the SM fermions. Since our main purpose is

to explore how large Br(H±
! W

±
�/H

±
Z

0) can be, we consider type-I-II, where the SM

fermions are assigned in type-I while the VEFs are in type-II as shown in Table 1. Since

the VLF can have Dirac mass terms without report to the Higgs VEV, we have

�LYuk = MFQQ + MUUU + MDDD +
h
YDF̄�1D + YU F̄ e�2U + h.c.

i
, (2.7)

where e� = i⌧2�⇤ and we take the simplified assumption of Y
L

U = Y
R

U ⌘ YU and Y
L

D =

Y
R

D ⌘ YD.

To be removed!

F̄�1D = �U
0
DH

+
s� +

1
p

2
D

0
D [Hc↵ + vc� � hs↵ � iAs� ] , (2.8)

�
F̄�1D

�†
= �DU

0
H

�
s� +

1
p

2
DD

0 [Hc↵ + vc� � hs↵ + iAs� ] ,

F̄ e�2U = �D
0
UH

�
c� +

1
p

2
U
0
U (hc↵ + Hs↵ + vs� � iAc�) ,

⇣
F̄ e�2U

⌘†
= �UD

0
H

+
c� +

1
p

2
UU

0 (hc↵ + Hs↵ + vs� + iAc�) ,

The Yukawa couplings of the SM fermions and VLFs in the weak eigenstates

are parameterized by

�LYuk =
X

f=u,d,`

mf

v

⇣
f f̄fh + ⇠

f

H
f̄fH � i⇠

f

A
f̄�5fA

⌘
(2.9)

�

(p
2

v
ū

⇣
mu⇠

u

APL + md⇠
d

APR

⌘
dH

+ + h.c.

)

+
X

F=U ,D

YF
p

2

⇥�
⇠
F
h

h + ⇠
F
HH

� �
F̄

0
F + F̄F

0�
� i⇠

A

FA
�
F̄

0
F � F̄F

0�⇤

�

n⇣
YD⇠

D
A U

0
D + YU⇠

U
A UD

0
⌘

H
+ + h.c.

o
, .
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SM QL, LL uR dR, `R

type-I + � �

VLF QL,R UL,R DL,R

type-II + � +

Table 1: The Z2 parities of the SM fermions and VLFs.

type-Y. In our model, however, there are additional vector-like fermions as shown in Table

, which need not have the same Z2 parity with the SM fermions. Since our main purpose is

to explore how large Br(H±
! W

±
�/H

±
Z

0) can be, we consider type-I-II, where the SM

fermions are assigned in type-I while the VEFs are in type-II as shown in Table 1. Since

the VLF can have Dirac mass terms without report to the Higgs VEV, we have

�LYuk = MFQQ + MUUU + MDDD +
h
YDQ�1D + YUQ e�2U + h.c.

i
, (2.7)

where e� = i⌧2�⇤ and we take the simplified assumption of Y
L

U = Y
R

U ⌘ YU and Y
L

D =

Y
R

D ⌘ YD.

To be removed!

F̄�1D = �U
0
DH

+
s� +

1
p

2
D

0
D [Hc↵ + vc� � hs↵ � iAs� ] , (2.8)
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F̄�1D

�†
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0
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1
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2
DD

0 [Hc↵ + vc� � hs↵ + iAs� ] ,

F̄ e�2U = �D
0
UH

�
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1
p

2
U
0
U (hc↵ + Hs↵ + vs� � iAc�) ,

⇣
F̄ e�2U

⌘†
= �UD

0
H

+
c� +

1
p

2
UU

0 (hc↵ + Hs↵ + vs� + iAc�) ,

The Yukawa couplings of the SM fermions and VLFs in the weak eigenstates

are parameterized by

�LYuk =
X
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For simplicity, we assume
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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

8

For t� > 2, MH± ⇠ mt is possible in Type I
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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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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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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

9

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

9

Cancellation!

In our type-I-II model, the normalized Yukawa couplings are

f = 1, ⇠
H

f
= �

1

t�
, ⇠

u

A = �⇠
d

A = �⇠
`

A = �
1

t�
, (2.10)

⇠
D
h

= �s↵, ⇠
U
h

= c↵, ⇠
D
H = c↵, ⇠

U
H = s↵, ⇠

D
A = s� , ⇠

U
A = c�

Two VEVs of v1 and v2 additionally contribute to the VLF masses, leading to the

mass matrices MD and MU in the basis of (D0
,D) and (U 0

,U), respectively:

MD =

 
MQ

1p
2
YDvc�

1p
2
YDvc� MD

!
, MU =

 
MQ

1p
2
YUvs�

1p
2
YUvs� MU

!
. (2.11)

Note that in the large t� limit where c� ⌧ 1 and s� ⇡ 1, the o↵-diagonal terms of

MD are suppressed. With the VLF rotation matrices R(✓F ), the VLF mass matrices are

diagonalized like R(✓F )MFRT (✓F ) = diag(MF1 , MF2) for F = U ,D. Then, the mass

eigenstates of the VLQs are obtained as

 
D1

D2

!
= R(✓D)

 
D

0

D

!
,

 
U1

U2

!
= R(✓U )

 
U
0

U

!
. (2.12)

When ✓U ,D ⌧ 1, U1 and D1 are doubetlike ones while U2 and D2 are singletlike ones. The

VLF mixing angles satisfy

s2D =

p
2YDvc�

MD2 � MD1

, s2U =

p
2YUvs�

MU2 � MU1

. (2.13)

Here and in what follows, we use sU = s✓U for notational simplicity.

In terms of mass eigenstates of VLQs, the Yukawa Lagrangian is

�LYuk =
X

F

X

i,j

hX

�

y
�

FiFj
�F̄iFj � iy

A

FiFj
A
�
F̄iFj � F̄jFi

� i
(2.14)

+
X

i,j

h
y
H

+

UiDj
H

+
U iDj + h.c.

i

where F = U ,D, i, j = 1, 2, and � = h, H. In our type-I-II model, the normalized Yukawa

couplings are
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D
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The explicit expression of the Yukawa couplings with neutral Higgs bosons are
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F2F2
= �

1
p

2
YF⇠

F
�

s2F , y
�

F1F2
= y

�

F2F1
=

1
p

2
YF⇠

F
�

c2F , (2.16)

y
A

FiFi
= 0, y

A

F1F2
= �y

A

F2F1
= YF⇠

F
A/

p
2,

– 4 –
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loop, the constraints from � measurement is minor. Therefore, only g is relevant in the
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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
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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
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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
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ab(0) + · · · .

The relevant parameters are defined by
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)
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(0), (10)

M2
W T̂ = 'W3W3(0) − 'W+W−(0), (11)
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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-
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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
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− m3
(
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D!S + !S!0
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)
. (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:
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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):
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+ 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

(
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)
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M2
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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>

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>
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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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<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>

t
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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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Constraints from EW 
precision

𝑉𝑉 Oblique 
parameters 

𝑆, 𝑇, 𝑈

Peskin, Takeuchi, PRD (1992)
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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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One VLQ doublet + one VLQ singlet

Mixing

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>

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>

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>

D2
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Cancellation happens when

Here Div = 1/✏ + ln 4⇡ � �✏ is the divergence term in the dimensional regularization and µ

is the renormalization scale. The vectorlike nature of new fermions makes T̂ depend only

on ⇧̃V , defined by

⇧̃V = ⇧̃V+A + ⇧̃V�A. (3.9)
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where NC = 3 (1) for VLQ (VLL).
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Figure 1: The allowed region of (✓U , ✓D) at 2� by the electroweak oblique parameter T .

We set MU1 = MD1 = 600 GeV and MU1 = MD1 = 1.2 TeV.

There exists a special parameter setup for ⇧̃V = 0, when the new fermions in the

loop have the same mass. This feature can be clearly seen from the values of the vacuum

polarizations for identical fermion masses (ma = mb) as

lim
ma!mb

⇧̃V+A(0) = �m
2
a


Div + ln

✓
µ
2

m2
a

◆�
= � lim

ma!mb

⇧̃V�A(0). (3.11)

As the mass di↵erence among the fermions in the loop increases, each self-energy amplitude

in Eq.(3.10) is practically proportional to the mass di↵erence. The observed smallness of

T̂ usually prefers very degenerate new fermions. As shall be shown, however, the crucial

condition for the enhancement of Br(H±
! W

±
�) is sizable mass di↵erence between the
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up-type and down-type VLFs, which looks contradict to the T̂ constraint. Here comes the

advantage of our model where both SU(2)L doublet and singlet VLFs are introduced. If

there is only one type of VLF multiplet, QL for example, only the third term in Eq. (3.10)

exists: we need very degenerate U1 and D2. With vectorlike SU(2)L doublet and singlet

fermions, we have a doubled fermion spectrum for each fermion generation, U1, U2, D1,

and D2. The contribution to ⇧W3W3(0) from the VLFs with the same charge (the first two

terms in Eq. (3.10) can cancel that to ⇧W+W�(0) (the last four terms in Eq. (3.10). And

we find that this cancellation occurs when ✓U ⇡ ✓D. In Fig. 1, we show the 2� allowed

region of (✓U , ✓D) by the electroweak oblique parameter T for MU1 = MD1 = 600 GeV and

MU1 = MD1 = 1.2 TeV. For non-negligible mixing like ✓U ,D & 0.1, the degeneracy is highly

requires. In conclusion, we find that the following simple ansatz naturally leads to T̂ = 0:

MU1 = MD1 , MU2 = MD2 , ✓U = ✓D. (3.12)

3.4 Benchmark parameters for the numerical analysis

Considering all the constraints described above, we take the following parameters for our

benchmark:

MU1 = MD1 =

(
600 GeV or 1.3 TeV, for VLQ;

300 GeV, for VLL,
(3.13)

(QU , QD) =

(
(5/3, 2/3), (2/3,�1/3), (�1/3,�4/3) for VLQ;

(0,�1) , for VLL,
(3.14)

�M ⌘ MU2 � MU1 = MD2 � MD1 ⇢ [0, 1.5] TeV

✓U = ✓D = 0.2 , (3.15)

where QX is the electric charges of the particle X. Note that our ansatz in Eq. (3.12)

relates the up-type Yukawa coupling YU with the down-type Yukawa coupling YD as

YD = YU t� , (3.16)

which can be clearly seen from Eq. (2.13).

4 Loop induced Decay of the charged Higgs boson

In the 2HDM, the charged Higgs mainly decays into ⌧⌫ for MH+ . mt (low mass region)

and into tb̄ for MH± & mt (high mass region). Since there is no tree-level coupling of

H
±
W

⌥
� and H

±
W

⌥
Z within the 2HDM, the decays of H

±
! W

±
�/W

±
Z) in the 2HDM

without VLFs occur through t and b loop diagrams, of which the branching ratios are

at most order of 10�4 for t� = 10. Searching for the charged Higgs through these decay

channels seems impractical. With VLFs, the decay of H
+

! W
+
V

0 (V 0 = �, Z) has
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W
± loop, the most sensitive one is g, which becomes from the VLQs as

g = 1 +
v

A
H

1/2(⌧t)

X

F

X

i

y
h

FiFi

MFi

A
H

1/2(⌧Fi), (3.1)

where the loop function A
H

1/2(⌧) is described in Ref.[34], ⌧f = m
2
h
/m

2
f
, F = U ,D and

i = 1, 2. As explicitly shown in Eq.(??), the vectorlike nature results in

y
h

F1F1
= �y

h

F2F2
. (3.2)

Unless MF1 is very di↵erent from MF2 , the contribution from F1 is almost cancelled out

by that from F2. As shall be shown, the current ATLAS and CMS combined result of

0.6 < |g| < 1.12 is satisfied in a large portion of the parameter space.

3.2 Constraints from the direct searches

The VLQ searches have been performed by both ATLAS [42–53] and CMS [54–63]. No

signal of any VLQ gives the lower bound on the VLQ mass, depending on the assumption

of the decay modes of the VLQ. When the heavy VLQ decay into only t or b, the bound

becomes very stringent: Allowing only T ! Zt/Wb/Ht or B ! Hb/Zb/Wt decays requires

MT > 1.31 TeV or MB > 1.03 TeV [53]. However, these mass bounds can be significantly

relaxed if there are other decay channels of the VLQs. One way is to allow the decay of

T, B decay into light quark q associated with W
± and Z, yielding MQ > 690 GeV [64].

If we allow another decay channel like Q ! H
±
q, the VLQ mass bound can be further

lowered down. As for the VLL, the direct search at the LEP experiment provides the

lower bound of VLL mass as 105 GeV [65]. At the LHC, multi-leptonic event searches

are used: ML & 300 GeV from the ATLAS data [67] and ML & 270 GeV from the CMS

data [66]. For the numerical analysis, therefore, we consider two cases of MQ = 600 GeV

and MQ = 1310GeV, and the low mass values for VLL as ML = 300GeV.

Another important constraint from the direct searches at the LHC is on the charged

Higgs boson. Without any signal of H
±, the ATLAS and CMS collaborations put the upper

bound on the production times branching ratios of the charged Higgs. For MH± . mt, the

channel is pp ! tbH
± followed by H

±
! ⌧⌫: for example � ·Br . 4 pb when MH± = 100 �

and � · Br . 0.25 pb when MH± = 200 � at the 13 TeV LHC [69]. For MH± & mt, the

gb ! tH
+ followed by H

+
! tb̄ channel is dominant. At the 8 TeV LHC [70], we have

� · Br . 6 pb when MH± = 200 � and � · Br . 0.7 pb when MH± = 500 GeV.

3.3 Constraints from T̂ parameter

One of the most stringent indirect constraints on new fermions is from the electroweak

precision test: The gauge boson self energy diagrams get a↵ected by the new fermion loops,

parameterized by the Peskin-Takeuchi oblique parametrs S, T , and U [36]. For the most

general parameterization of new physics e↵ects, Barbieri et al. extended the parameters

– 6 –

W
± loop, the most sensitive one is g, which becomes from the VLQs as

g = 1 +
v

A
H

1/2(⌧t)

X

F

X

i

y
h

FiFi

MFi

A
H

1/2(⌧Fi), (3.1)

where the loop function A
H

1/2(⌧) is described in Ref.[34], ⌧f = m
2
h
/m

2
f
, F = U ,D and

i = 1, 2. As explicitly shown in Eq.(??), the vectorlike nature results in

y
h

F1F1
= �y

h

F2F2
. (3.2)

Unless MF1 is very di↵erent from MF2 , the contribution from F1 is almost cancelled out

by that from F2. As shall be shown, the current ATLAS and CMS combined result of

0.6 < |g| < 1.12 is satisfied in a large portion of the parameter space.

3.2 Constraints from the direct searches

The VLQ searches have been performed by both ATLAS [42–53] and CMS [54–63]. No

signal of any VLQ gives the lower bound on the VLQ mass, depending on the assumption

of the decay modes of the VLQ. When the heavy VLQ decay into only t or b, the bound

becomes very stringent: Allowing only T ! Zt/Wb/Ht or B ! Hb/Zb/Wt decays requires

MT > 1.31 TeV or MB > 1.03 TeV [53]. However, these mass bounds can be significantly

relaxed if there are other decay channels of the VLQs. One way is to allow the decay of

T, B decay into light quark q associated with W
± and Z, yielding MQ > 690 GeV [64].

If we allow another decay channel like Q ! H
±
q, the VLQ mass bound can be further

lowered down. As for the VLL, the direct search at the LEP experiment provides the

lower bound of VLL mass as 105 GeV [65]. At the LHC, multi-leptonic event searches

are used: ML & 300 GeV from the ATLAS data [67] and ML & 270 GeV from the CMS

data [66]. For the numerical analysis, therefore, we consider two cases of MQ = 600 GeV

and MQ = 1310GeV, and the low mass values for VLL as ML = 300GeV.

Another important constraint from the direct searches at the LHC is on the charged

Higgs boson. Without any signal of H
±, the ATLAS and CMS collaborations put the upper

bound on the production times branching ratios of the charged Higgs. For MH± . mt, the

channel is pp ! tbH
± followed by H

±
! ⌧⌫: for example � ·Br . 4 pb when MH± = 100 �

and � · Br . 0.25 pb when MH± = 200 � at the 13 TeV LHC [69]. For MH± & mt, the

gb ! tH
+ followed by H

+
! tb̄ channel is dominant. At the 8 TeV LHC [70], we have

� · Br . 6 pb when MH± = 200 � and � · Br . 0.7 pb when MH± = 500 GeV.

3.3 Constraints from T̂ parameter

One of the most stringent indirect constraints on new fermions is from the electroweak

precision test: The gauge boson self energy diagrams get a↵ected by the new fermion loops,

parameterized by the Peskin-Takeuchi oblique parametrs S, T , and U [36]. For the most

general parameterization of new physics e↵ects, Barbieri et al. extended the parameters

– 6 –



Dermisek, Hall, Lunghi, Shin, 1408.3123 Constrains on 
VLL mass

Constraints from 
the Direct Searches

𝑀𝐸 > 300GeV

21

Dermisek, Hall, Lunghi, Shin, 1408.3123 Constrains on 
VLL mass

Constraints from 
the Direct Searches

𝑀𝐸 > 300GeV

21

Dermisek, Hall, Lunghi, Shin, 1408.3123 Constrains on 
VLL mass

Constraints from 
the Direct Searches

𝑀𝐸 > 300GeV

21



Constraints from the 
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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
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Here, p1 and p2 are the momenta of W+ and V respectively. The detailed expression of
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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
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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
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in Eq.(18).
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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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Benchmark point

up-type and down-type VLFs, which looks contradict to the T̂ constraint. Here comes the

advantage of our model where both SU(2)L doublet and singlet VLFs are introduced. If

there is only one type of VLF multiplet, QL for example, only the third term in Eq. (3.10)

exists: we need very degenerate U1 and D2. With vectorlike SU(2)L doublet and singlet

fermions, we have a doubled fermion spectrum for each fermion generation, U1, U2, D1,

and D2. The contribution to ⇧W3W3(0) from the VLFs with the same charge (the first two

terms in Eq. (3.10) can cancel that to ⇧W+W�(0) (the last four terms in Eq. (3.10). And

we find that this cancellation occurs when ✓U ⇡ ✓D. In Fig. 1, we show the 2� allowed

region of (✓U , ✓D) by the electroweak oblique parameter T for MU1 = MD1 = 600 GeV and

MU1 = MD1 = 1.2 TeV. For non-negligible mixing like ✓U ,D & 0.1, the degeneracy is highly

requires. In conclusion, we find that the following simple ansatz naturally leads to T̂ = 0:

MU1 = MD1 , MU2 = MD2 , ✓U = ✓D. (3.12)

3.4 Benchmark parameters for the numerical analysis

Considering all the constraints described above, we take the following parameters for our

benchmark:

s��↵ = 1, (alignment limit), (3.13)

MU1 = MD1 =

(
600 GeV or 1.3 TeV, for VLQ;

300 GeV, for VLL,

(QU , QD) =

8
>>><

>>>:

VLQ:

2

64
(X, T ) : (5/3, 2/3);

(T, B) : (2/3,�1/3);

(B, Y ) : (�1/3,�4/3);

VLL: (N, E) : (0,�1),

(3.14)

�M ⌘ MU2 � MU1 = MD2 � MD1 ⇢ [0, 1.5] TeV

✓U = ✓D = 0.2 , (3.15)

where QX is the electric charges of the particle X. Note that our ansatz in Eq. (3.12)

relates the up-type Yukawa coupling YU with the down-type Yukawa coupling YD as

YD = YU t� , (3.16)

which can be clearly seen from Eq. (2.14).

Brief comments on the decays of the VLQs, especially the ones with exotic electric

charges like X and Y in Eq. (3.13), are in order here. As begin new colored fermions,

the VLQs are to be copiously generated through the gluon fusion pair production. The

question is which Lagrangian terms determine their decay into the SM particles in our

type-1-2 model. The (X, T ) with the Z2 parities in Table 1 and the electric charges of

(5/3, 2/3), for example, can have the following Yukawa interactions:

�L = �Y4u Q�2uR + �Y4d Q̄L�1D + h.c., (3.17)

– 9 –
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which result in the mixing between T and the SM up-type quarks as well as the vertices

of X-u-H± and T -d-H±. The X decays into H
+
ui and W

+
ui.

X ! H
+
ui, X ! W

+
ui

4 Loop induced Decay of the charged Higgs boson

Figure 2: Feynman diagrams for H
+
! W

+
�/W

+
Z decaying processes.

In the 2HDM, the charged Higgs mainly decays into ⌧⌫ for MH+ . mt (low mass

region) and into tb̄ for MH± & mt (high mass region). Since there is no tree-level coupling

of H
±
W

⌥
� and H

±
W

⌥
Z within the 2HDM, the decays of H

±
! W

±
�/W

±
Z) in the

2HDM without VLFs occur through t and b loop diagrams, of which the branching ratios

are at most order of 10�4 for t� = 10. Searching for the charged Higgs through these

decay channels seems impractical. With VLFs, the decay of H
+

! W
+
V

0 (V 0 = �, Z)

has additional contributions from VLF loops, as shown in Fig. 2. Here Ui, Di’s are the

SM t, b quarks and the VLFs. Note that the tadpole diagrams do not contribute to the

decay form-factors. We compute the diagrams in unitary gauge, and use the dimensional

regularization with D = 4 � 2✏ in the MS scheme. Since there is no tree level coupling of

H
+
W

�
V , all of the UV divergences should be canceled among themselves.

The loop-induced decay amplitude of H
+
! W

+
V

0 (V 0 = �, Z) is parameterized by

M =
g
2
NCMH+

(16⇡2)
p

2cW

Mµ⌫"
µ⇤
W

"
⌫⇤
V , (4.1)

where NC is the color factor for the fermion in the loop. Mµ⌫ is expressed in terms of

dimensionless form-factors as

Mµ⌫ = gµ⌫M1 +
p2µp1⌫

M
2
H±

M2 + i✏µ⌫⇢�
p2⇢p1�

M
2
H±

M3 , (4.2)

where p1 and p2 are the momenta of W
+ and V respectively.

For W
+
� decay, the Ward-identity of p

⌫

2 Mµ⌫ = 0 from the gauge invariance relates

M1 with M2 as

M1 = �
1

2

⇣
1 � µW

⌘
M2, for H

+
! W

+
� , (4.3)
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3
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NOTE: Negligible VLQ contributions 
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Figure 8: Cross sections of the resonance production channels for charged Higgs at the

LHC as a function of its mass. We use HIGLU fortran package in order to esitmate NNLO K-

factors for neutral Higgs prduction. Solid lines include VLQ loop while the dashed lines are

with only the SM quark loops. We set MU1 = MD1 = 600GeV, MU2 = MD2 = 1200GeV.

✓U = ✓D = 0.2, MH/A = 2MH+ and t� = 10.

Figure 8 shows the cross section plot for resonance production channels. The dashed

lines represent the result with only the SM quark loops within the 2HDM type 1. We

note that by including VLQ, the production cross sections are enhanced by an order of

magnitude. It is because that the VLQ Yukawa couplings are not 1/t� suppressed while

the SM quark Yuakwa couplings do so. The reason why the process via A is larger than

via H is that the loop fuction of A in the gluon-gluon fusion is more than two times larger

than that of H. We also note that the process gg ! A ! H
+
W

� is the most important

and dominant production process for the entire mass range except very low mass region

less than 120GeV where it is comparable to gg ! tt̄(t ! bH
+).

6 Numerical results

�SM(pp ! W
+
W

�
�) = 14 fb with

��MW+�

�� < (170 ± 10) GeV
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Can be probed at 5 sigma



Conclusions

• The charged Higgs boson with MH± ⇠ mt is

tricky to probe at the LHC.

• H
±
! W

±
� can serve as a complementary channel.

• The branching ratio can be enhanced in a

2HDM with the VLFs.
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A Vacuum-polarization amplitudes

For the electroweak oblique parameters Ŝ, Y , and W , we need the first and second deriva-

tives of the transverse gauge boson vaccum-polarization amplitude, which are explicitly

shown in Ref.[41]. However, we found some typos in their results. The corrected ones are
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