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In order for scale factors κV (V = W , Z) of the 125-GeV Higgs boson couplings to have the possibilities 
of being greater than unity and κW �= κZ while keeping the electroweak ρ parameter unity at tree level, 
the Higgs sector must be extended with at least two exotic SU (2)L multiplets in addition to the doublet 
Higgs field in the Standard Model. By the requirements of perturbative unitarity, no Landau pole in gauge 
couplings, and no accidental global U (1) symmetry, we exhaust all the possible combinations of two 
exotic Higgs fields and derive general formulas for κV . We find that the current central values κW = 1.12
and κZ = 0.99 reported by CMS can be accommodated in the model with a complex and a real Higgs 
triplets as the simplest example.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

In the pursue of models with an extended Higgs sector, an im-
portant empirical constraint is the electroweak ρ parameter. Its 
experimental value has been known to be quite close to unity, i.e., 
1.00039 ± 0.00019 [1]. This fact suggests that the extended Higgs 
sector should naturally be constructed so as to have ρ = 1 at tree 
level.

In addition to the ρ parameter, measurements of 125-GeV 
Higgs boson (h) couplings to a pair of Standard Model (SM) parti-
cles X are important to further narrow down the structure of the 
Higgs sector. To discuss the compatibility, the scale factor κX de-
fined as the h X X coupling normalized to its SM prediction is often 
introduced. If deviations in the h couplings, i.e., κX �= 1 are es-
tablished in future experiments, they will be indirect evidence of 
physics beyond the SM, particularly the existence of an extended 
Higgs sector.

Currently, measured values of κW and κZ at the CERN Large 
Hadron Collider (LHC) are summarized in Table 1. It is interesting 
to note that the central values are “non-standard,” suggesting that 
not only could they be greater than unity, there is also a possi-
bility that they differ from each other by ∼ 10% according to the 
CMS result. Even though these possibilities are far from conclusive 
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Table 1
Best-fit values and ±1σ uncertainties of κW and κZ reported by 
ATLAS and CMS Collaborations [5,6] using 13-TeV collision data 
and with 79.8 fb−1 and 35.9 fb−1 integrated luminosities, respec-
tively. Numbers shown here are based on the assumption of no 
beyond the SM decay channels for h. The last column gives the 
weighted averages of the two quantities, where the errors have 
been symmetrized.

Parameter ATLAS CMS Average

κW 1.07 ± 0.10 1.12+0.13
−0.19 1.08 ± 0.08

κZ 1.07 ± 0.10 0.99 ± 0.11 1.03 ± 0.07

due to the large uncertainties on both quantities at the moment, 
it is anticipated that the errors will reduce to 2−4% at the high-
luminosity LHC [2] or even down to the sub-percent level at the 
International Linear Collider [3]. Moreover, recently a new method 
has been proposed to determine κW /κZ , including its sign, at lep-
ton colliders [4]. Therefore, differences between κW and κZ and/or 
from unity at O(10%) level can become significant then. If such 
non-standard κW and κZ are established in the future experi-
ments, a natural question is what kind of models features such 
properties.

It has been known that κV > 1 (V = W , Z ) cannot be realized 
in a Higgs sector constructed with only isospin doublets and/or 
singlets, but is possible in models having triplets or higher mul-
tiplets [7,8]. The Georgi–Machacek (GM) model [9] constructed by 
adding additional real and complex triplet fields is known as one 
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of the simplest realizations to allow κV > 1 with ρ = 1 at tree 
level. However, if we impose the custodial symmetry in the Higgs 
potential, κW = κZ is also predicted at tree level. Interestingly, re-
quiring ρ = 1 at tree level does not necessarily result in κW = κZ
and a sizable difference between κW and κZ can be accommo-
dated in the case without the custodial symmetry. In this Letter, 
we would like to clarify models with an extended Higgs sector 
that has ρ = 1 and κV possibly greater than 1 as well as κW �= κZ
at tree level.

2. Scenarios

Let us consider a renormalizable extended Higgs sector com-
posed of a Higgs doublet � as in the SM and N extra Higgs 
multiplets Xa (a = 1, · · · , N) whose SU (2)L and U (1)Y quantum 
numbers are (Ta, Ya). The electric charge of a particular compo-
nent field in Xa is given by Q a = T 3

a + Ya with T 3
a denoting the 

third component of weak isospin. In order for each of Xa to par-
ticipate in electroweak symmetry breaking, it must have a neutral 
component and, therefore, Ya must be an integer (half integer) for 
integer (half integer) Ta . The vacuum expectation value (VEV) of 
the neutral component of Xa is denoted as va/

√
2 (va) if it is a 

complex (real) scalar. For simplicity, we do not consider either ex-
plicit or spontaneous CP violation in the Higgs potential.

It is known that introduction of a Higgs multiplet with too large 
Ta breaks perturbative unitarity of tree-level scattering amplitudes, 
e.g., the Scalar–Scalar → Gauge–Gauge type of processes [10] due 
to the enhancement in Scalar–Scalar–Gauge couplings. According 
to Ref. [10], the maximum size of Ta is given by 7/2 (4) for a 
complex (real) scalar in the N = 1 case. We thus impose the same 
upper limits on Ta , although more severe conditions would be 
obtained for larger N because of additional contributions to the 
scattering processes.

In such a model, the electroweak ρ parameter, defined by 
ρ ≡ m2

W /(m2
Z cos2 θW ) with mW (mZ ) and θW denoting respec-

tively the W (Z) boson mass and the weak mixing angle, at tree 
level is given by

ρtree = v2
� + 2

∑N
b=1 v2

b[Tb(Tb + 1) − Y 2
b ]

v2
� + 4

∑N
a=1 v2

a Y 2
a

, (1)

where v� = √
2〈�0〉. The condition ρtree = 1 gives

N∑
a=1

v2
a[Ta(Ta + 1) − 3Y 2

a ] = 0 . (2)

In the case of N = 1, we have the well-known solutions:

(T1, Y1) = (0,0), (1/2,1/2), (3,2). (3)

As already mentioned above, the first two solutions always have 
κV ≤ 1, while the last one allows the possibility κV > 1 [7,11]. 
However, all of these solutions predict κW = κZ at tree level, 
which is expected to be violated at O(1%) level or smaller when 
radiative corrections are included (see, for example, Ref. [12]).

We therefore consider the next simplest case of N = 2. Without 
loss of generality, we assume that T1 ≥ T2. Moreover, neither mul-
tiplets have the quantum numbers shown in Eq. (3); otherwise, it 
reduces to a model with κW = κZ at tree level. With Eq. (2), the 
two VEVs satisfy the following relation:

r ≡ v2
2

v2
1

= − T1(T1 + 1) − 3Y 2
1

T2(T2 + 1) − 3Y 2
2

. (4)

Besides, we have a sum rule about the VEVs:

v2 = v2
� + ξ2 v2

1 with ξ2 ≡ 4
(

Y 2
1 + rY 2

2

)
, (5)

where v � 246 GeV. For later convenience, we define a mixing an-
gle β through

tanβ = v�

ξ v1
(6)

in a way consistent with that in two-Higgs doublet models [13]. 
More explicitly, β is the mixing angle appearing in the rotation 
matrix to separate the Nambu–Goldstone (NG) bosons to be ab-
sorbed into the weak gauge bosons from the physical Higgs states 
such as CP-odd and singly-charged Higgs bosons.

Even if models with N = 2 satisfy the condition given in Eq. (2), 
some of them should be excluded because of the existence of acci-
dental global U (1) symmetries associated with phase rotations of 
X1 and X2 as they would give rise to at least one phenomenolog-
ically unacceptable massless NG boson after the electroweak sym-
metry breaking. To avoid such NG bosons, we require that there be 
no accidental global U (1) symmetry in the Higgs potential. The fol-
lowing are general situations where such a U (1) symmetry can be 
broken explicitly by renormalizable terms. First, introducing a mul-
tiplet of (Ta, Ya) = (1, 0), (1, 1), (3/2, 1/2) and (3/2, 3/2) is safe 
because they can couple with an appropriate number of � fields 
and/or their conjugates. Also, having a real multiplet (Y = 0) is 
all right because its bilinear and higher power terms can be con-
structed. Finally, for a multiplet other than the above-mentioned 
ones, one needs to check if at least one renormalizable term in-
volving this multiplet and the other scalars can be constructed.

We then find all possible scenarios, as listed in Table 2. Some 
of them would result in a Landau pole in the SU (2)L gauge cou-
pling below the Planck scale. The scale at which the Landau pole 
appears, denoted by 	LP, is calculated by using one-loop renormal-
ization group equations and given in the table. We note that the 
Landau pole sometimes also appears in the U (1)Y gauge coupling. 
But its scale is always higher than that of the SU (2)L gauge cou-
pling. In addition, we also show the upper limit on v1, denoted by 
vmax

1 , by requiring that the top Yukawa coupling yt remains per-
turbative, i.e., yt ≤ √

4π at the electroweak scale. It is also worth 
mentioning here that the first and fourth scenarios listed in Ta-
ble 2 can have the custodial symmetry in the Higgs potential as 
discussed in Ref. [14]. In this case, however, κW = κZ is predicted 
at tree level as alluded to before. We do not impose such custodial 
symmetry in this Letter.

In order to obtain the expressions for the Higgs boson cou-
plings, let us denote the three CP-even scalars associated with 
(�, X1, X2) as (h�, hX1 , hX2) and the three physical states as 
(h, H1, H2). The two sets of fields are related by

⎛
⎝

h�

hX1

hX2

⎞
⎠ = R

⎛
⎝

h
H1
H2

⎞
⎠ , (7)

where R is a 3 × 3 orthogonal rotation matrix. In general, R in-
volves three independent mixing angles.

We then obtain the general expressions for κW and κZ as

κW = sβ R11 + cβ

2[T1(T1 + 1) − Y 2
1 ]R ′

ξ
cθ

+ cβ

√
r

2[T2(T2 + 1) − Y 2
2 ]R ′

ξ
sθ ,

κZ = sβ R11 + cβ

4Y 2
1 R ′

ξ
cθ + cβ

√
r

4Y 2
2 R ′

ξ
sθ ,

(8)
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