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Higgs triplet models are known to have difficulties obtaining agreement with electroweak precision
data and in particular constraints on the ρ parameter. Either a global SU(2)L ⊗SU(2)R symmetry
has to be imposed on the scalar potential at the electroweak scale, as done in the well-known Georgi-
Machacek (GM) model, or the triplet vacuum expectation values must be very small. We construct a
supersymmetric model that can satisfy constraints on the ρ parameter, even if these two conditions
are not fulfilled. We supersymmetrize the GM model by imposing the SU(2)L ⊗ SU(2)R symmetry
at a scale M, which we argue should be at or above the messenger scale, where supersymmetry
breaking is transmitted to the observable sector. We show that scales M well above 100 TeV
and sizable contributions from the triplets to electroweak symmetry breaking can be comfortably
accommodated. We discuss the main phenomenological properties of the model and demonstrate
that the departure from custodial symmetry at the electroweak scale, due to radiative breaking, can
show up at the LHC as a deviation in the ‘universal’ relation for the Higgs couplings to WW and
ZZ. As a by-product of supersymmetry, we also show that one can easily obtain both large tree-level
and one loop corrections to the Higgs mass. This allows for top squarks that can be significantly
lighter and with smaller mixing than those needed in the MSSM.

I. INTRODUCTION

Establishing the precise nature of the mechanism re-
sponsible for electroweak symmetry breaking (EWSB) is
one of the primary theoretical goals in particle physics
and one of the main objectives of the LHC. The recent
discovery of a resonance with mass∼ 125 GeV by the AT-
LAS and CMS [1, 2] collaborations, which has couplings
to gauge bosons similar to those of the Standard Model
(SM) Higgs [3], seems to point towards the Higgs SU(2)L
doublet structure of the SM. However, well-known theo-
retical arguments lead to the suspicion that this discovery
is not yet the full story for EWSB and, furthermore, the
uncertainties in the experimental determination [4, 5] of
the Higgs properties still leave room for extended Higgs
sectors which might contribute to EWSB and the W and
Z boson masses.

One of the simplest extensions of the SM Higgs sec-
tor which can contribute to EWSB consists of an addi-
tional SU(2)L doublet, as in the Minimal Supersymmet-
ric Standard Model (MSSM). This is the smallest sin-
gle irreducible representation of SU(2)L × U(1)Y satis-
fying the necessary condition [6] for preserving the well-
known custodial symmetry of the gauge boson mass ma-
trix, typically associated with ρ = 1 at tree-level. An
important feature of this representation is that the con-
dition ρtree = 1 is satisfied even if the vacuum expecta-
tion values (VEVs) of the two doublets are misaligned
(tanβ 6= 1) and therefore, even in the case of custodial
symmetry breaking. Note that for these SU(2)L×U(1)Y

representations the conditions which gives ρtree = 1 im-
ply the well-known tree-level ‘universality’ relation [6] for
the WW and ZZ couplings gHWW /c

2
W gHZZ = 1, which

also serves as a measure of the departure from custodial
symmetry [4, 5].

However, a priori, we are not limited to doublet repre-
sentations and it is interesting to consider whether rep-
resentations larger than a doublet of SU(2)L can sig-
nificantly contribute to EWSB while satisfying ρ ≈ 1, as
well as LHC and Tevatron experimental constraints. Care
must be taken in these cases since the neutral components
of non-doublet Higgs bosons will in general contribute to
deviations from ρ = 1 at tree-level, when they acquire
a VEV. This, generically, imposes severe constraints on
the size of the VEVs in order to obtain a value for ρ
in agreement with LEP measurements [7] and makes the
corresponding models very fine-tuned and unappealing.

A well-known scenario which is free of this problem
was proposed almost thirty years ago by Georgi and
Machacek (GM) [8] and subsequently studied in detail
in a number of early papers [9–11] as well as more re-
cently in [12–23]. This model possesses the simplest extra
non-doublet 1 representation of SU(2)L ⊗ U(1)Y which
can participate non-negligibly to EWSB, while remaining

1 One could consider more exotic single irreducible representations
of SU(2)L × U(1)Y larger than doublets which also satisfy the
condition necessary for ρ = 1 even if the VEVs are misaligned [6,
17, 24–27], but we will not do so here.
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consistent with ρ ≈ 1 thanks to the custodial symmetry
imposed at the weak scale.

However, the GM model itself is not free of prob-
lems. For one, the hierarchy problem of the SM is aggra-
vated by virtue of the presence of extra light scalars. Ad-
ditionally, there are issues with maintaining custodial
symmetry once radiative effects are considered [11]. As it
was suggested, a natural solution to these problems is to
construct a supersymmetric version of the GM model as
formulated recently in [28]. This model includes the same
superfield content of the MSSM plus three SU(2)L Higgs
triplet superfields with hypercharges Y = 0,±1. They
are arranged in such a way that all Higgs self interactions
preserve a tree-level global SU(2)L ⊗ SU(2)R symmetry
at some energy scale, M. We refer to this model as the
supersymmetric custodial triplet model (SCTM).

In this Letter we extend the initial tree-level study of
the SCTM [28], which focused on the region M ∼ v,
by performing a renormalization group evolution analy-
sis and considering a large range of scalesM. We present
the main phenomenological features of the model at the
tree-level improved by the renormalization group equa-
tions. In particular, we show how the SCTM can be con-
sistent with electroweak precision measurements even if
the scale at which the SU(2)L⊗SU(2)R symmetry holds
is in the multi-hundred TeV range and the Higgs triplets
contribute sizably to EWSB. As a by product of super-
symmetry (SUSY), we also show that this can be made
consistent with a 125 GeV Higgs mass, with top squarks
generically lighter and with smaller mixing than those
needed in the MSSM.

The paper is organized as follows. In Sec. II, we
briefly review the GM model and discuss its issues
with naturalness and custodial symmetry at the elec-
troweak scale. In Sec. III, we introduce the field con-
tent of the SCTM and discuss how it addresses these is-
sues. In Sec. IV, we examine the electroweak vacuum and
show that ρ ≈ 1 can be accommodated even without cus-
todial symmetry at the electroweak scale and with sizable
contributions from the Higgs triplets to EWSB. In Sec. V
we discuss how the observed Higgs mass of ∼ 125 GeV
can be easily reproduced via sizable tree-level contribu-
tions from additional F -terms and one-loop corrections
which are generically larger than those arising in the
MSSM. In Sec. VI, we discuss the ‘smoking guns’ of the
SCTM at the LHC and in particular the departure from
the universal condition of the Higgs couplings to Z and
W bosons. Finally in Sec. VII we give our conclusions and
outlook. More details and results, including one-loop cor-
rections, will be published in a more extensive study [29].

II. CUSTODIAL SYMMETRY IN
THE GM MODEL

In the GM model, two SU(2)L triplets scalars are
added to the SM in such a way that the Higgs potential
preserves a global SU(2)L ⊗ SU(2)R symmetry which is

broken to the vector custodial 2 subgroup SU(2)V after
EWSB, predicting ρ = 1 at the tree-level [8]. More specif-
ically, on top of the SM Higgs doublet H = (H+, H0)T ,
one real SU(2)L triplet scalar with hypercharge Y = 0,
φ = (φ+, φ0, φ−)T , and one complex triplet scalar with
Y = 1, χ = (χ++, χ+, χ0)T , are added. In terms of rep-
resentations of SU(2)L ⊗ SU(2)R we have,

H =

(
H0∗ H+

H− H0

)
, ∆ =

 χ0∗ φ+ χ++

χ− φ0 χ+

χ−− φ− χ0

 , (1)

transforming as (2,2) and (3,3), respectively.
If EWSB proceeds such that vH ≡ 〈H0〉, vφ ≡ 〈φ0〉 =

vχ ≡ 〈χ0〉, i.e. the triplet VEVs are aligned, then
SU(2)L ⊗ SU(2)R will be broken to the custodial sub-
group SU(2)V , which ensures that the ρ parameter is
equal to one at tree-level as in the SM. This can be ex-
plicitly seen by computing the deviation from ρtree = 1
when the triplet VEVs have a generic configuration,

ρtree − 1 ≡ ∆ρ =
2(v2

φ − v2
χ)

v2
H + 4v2

χ

. (2)

Thus, having custodial symmetry, which requires vφ =
vχ, is equivalent to the condition ρ = 1 at tree-
level. Moreover, by imposing custodial symmetry, one
easily finds the tree-level relation for the Higgs couplings
to gauge bosons,

gHWW

c2W gHZZ
= 1, (3)

where H is either of the custodial singlets which con-
tribute to EWSB. The tree-level universality behavior
of Eq. (3) is implied by the condition ρtree = 1, and thus
it is extremely constrained by electroweak precision data.

However, it is important to note that only the tree-
level Higgs sector is invariant under the SU(2)L⊗SU(2)R
global symmetry. The Yukawa and hypercharge interac-
tions lead to an explicit breaking of this symmetry by ra-
diative corrections. Thus, even if the Higgs sector of the
theory is SU(2)L ⊗ SU(2)R invariant at one particular
scale, in general it will be driven, by the renormalization
group equation (RGE) evolution of the couplings and
mass parameters, to a point which violates this global
symmetry.

In the GM model, this implies that, if the scale at
which SU(2)L ⊗ SU(2)R holds (which we call M) is far
above the electroweak scale, RGE evolution will typi-
cally lead to large deviations from ρtree = 1 at the elec-
troweak scale, in conflict with experiments. Thus in the

2 Often ‘custodial’ refers to both the global SU(2)L ⊗ SU(2)R
symmetry and SU(2)V subgroup interchangeably. Here we will
explicitly distinguish between them since the custodial symmetry
is a symmetry of the gauge boson mass matrix and thus it is only
well defined at the weak scale, while the global SU(2)L⊗SU(2)R
can in principle be imposed at any scale.
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GM model, one is forced to impose the scaleM, which is
a priori unrelated to v, to be close to the electroweak
scale. The particular choice of the scale M will also
greatly affect the phenomenology of the model [10, 11].

We also emphasize that there should be new dynam-
ics at the scale M where the SU(2)L ⊗ SU(2)R symme-
try is imposed. Otherwise, this SU(2)L ⊗ SU(2)R sym-
metric point is simply an arbitrary point in the RGE
evolution which ‘accidentally emerges’ via running from
some SU(2)L ⊗ SU(2)R violating point at higher ener-
gies, a scenario we find unappealing. In other words, to
avoid relying on this accidental emergence of the global
SU(2)L ⊗ SU(2)R, the scale M should also be taken as
the cutoff of the theory. In the GM model this implies
a cutoff at or around the electroweak scale, or the intro-
duction of new dynamics, or degrees of freedom, beyond
those found in the GM model, such as a strongly coupled
sector as originally proposed in the GM model [8]. These
problems can be seen as an indication that the GM model
should be embedded in a larger theory which would pre-
sumably resolve these issues.

III. CUSTODIAL SYMMETRY IN
THE SUPERSYMMETRIC CUSTODIAL

HIGGS TRIPLET MODEL

In this section, we briefly review the SCTM field con-
tent and discuss how the model alleviates the various
issues of the GM model. In addition to the two MSSM
Higgs doublets H1 (coupled to down quarks and leptons)
and H2 (coupled to up quarks), we add three complex
triplets Σ0 = (φ+, φ0, φ−)T , Σ+ = (ψ++, ψ+, ψ0)T , and
Σ− = (χ0, χ−, χ−−)T , with hypercharge Y = 0,+1,−1,
respectively, corresponding to the two triplets φ and χ
of the GM model. After defining the H ≡ (2,2) ≡
(H1, H2) and ∆ ≡ (3,3) ≡ (Σ−,Σ0,Σ+) representations
of SU(2)L ⊗ SU(2)R, the bi-doublets and bi-triplets de-
compose under SU(2)V as (2,2) = 1⊕ 3 and (3,3) =
1⊕ 3⊕ 5 which provides a classification of mass eigen-
states in the custodial theory after EWSB [28].

When the neutral components of the doublet and
triplet fields develop VEVs v1 = 〈H0

1 〉, v2 = 〈H0
2 〉, vφ =

〈φ0〉, vψ = 〈ψ0〉, vχ = 〈χ0〉, the deviation from ρtree = 1
is given by,

∆ρ =
2(2v2

φ − v2
ψ − v2

χ)

v2
1 + v2

2 + 4(v2
χ + v2

ψ)
. (4)

As it can be seen, ∆ρ = 0 if custodial symmetry is
preserved at the minimum of the theory which requires
v1 = v2 and vφ = vψ = vχ. However, unlike in the
GM model, custodial symmetry is no longer a necessary
(although certainly sufficient) condition for ρtree = 1,
that is also satisfied along the non-custodial direction
2v2
φ = v2

ψ + v2
χ. This ‘extra direction’ for the VEVs is

a consequence of supersymmetry where the Y = 1 and
Y = −1 triplets are separate fields with, in general, dis-

tinct VEVs 3 in contrast to the GM model where they
make up one complex field with hypercharge Y = 1. As
a consequence, the universal relation for the Higgs cou-
plings in Eq. (3) is no longer implied by the experimen-
tally measured value of ρ ≈ 1. Furthermore, as we will
see in next section, this additional direction allows us to
have the scaleM at which the SU(2)L⊗SU(2)R symme-
try is imposed to be much higher than the electroweak
scale.

We also point out that a natural choice for the scaleM
is the messenger scale M 4. Thus, unlike in GM model,
this allowsM to now be associated with a physical scale
which, once known, can be used to predict the value
of ρtree at the electroweak scale through RGE evolu-
tion. Conversely, a measurement of ρ now gives a con-
straint on the scale of SUSY breaking. Taking M to be
below the messenger scale M reintroduces the acciden-
tal emergence problem of the global SU(2)L ⊗ SU(2)R
described in the previous section. In principle, one could
take M to be above the messenger scale, but this would
require assumptions about the SUSY breaking mecha-
nism. Since we are not attempting to explicitly con-
struct such a mechanism, we simply takeM to be at the
messenger scale, and assume that the mechanism which
breaks SUSY also generates the SU(2)L⊗SU(2)R invari-
ant Higgs sector. Therefore, we are making the assump-
tion that the messenger sector, which transmits super-
symmetry breaking to the observable sector, exhibits the
SU(2)L⊗SU(2)R invariance and then proceeds through
effective operators as,∫

d4θ
X†X

M2
Y †Y, Y = H,∆, Q, L, U c, Dc, Ec, (5)

where X = θ2F is the spurion superfield responsible for
supersymmetry breaking.

IV. THE ELECTROWEAK VACUUM AND
TREE-LEVEL ρ PARAMETER

We now examine the Higgs potential and the elec-
troweak vacuum of the SCTM to show how sizable val-
ues of triplet VEVs and high scales M are allowed by
constraints on the ρ parameter. Because of the explicit

3 A similar situation happens in the MSSM where the SM custodial
symmetry is broken if v1 6= v2, but in this case the breaking
enters only at one loop and thus ρtree = 1 [30].

4 Supersymmetry is assumed to be broken in a hidden sector,
where an F (or D) term acquires a VEV, and communicated
to the observable sector by messenger fields of mass M where
F �M2. The mass of the superpartners mf̃ is thus proportional

to F/M with a coefficient which depends on the dynamics of the
transmission (e.g. tree-level versus loop-level). After integrating
out the messenger fields the effective theory is a supersymmetric
one with soft breaking masses mf̃ and cutoff at the scale M . As

a consequence the inequality mf̃ �M holds.
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breaking by the hypercharge and Yukawa 5 interactions,
the superpotential is in general not SU(2)L⊗SU(2)R in-
variant. In terms of the neutral components of the Higgs
doublets (H0

1 , H
0
2 ) and triplets (ψ0, φ0, χ0) it is given by,

W 0 = λaH
0
1ψ

0H0
1 + λbH

0
2χ

0H0
2 + λcH

0
1φ

0H0
2

+ λ3ψ
0φ0χ0 − µH0

1H
0
2 +

µa
2

(φ0)2 + µbψ
0χ0. (6)

The scalar potential is then V = VF + VD + Vsoft where
VF =

∑
X |∂W 0/∂X|2 and X = H0

1 , H
0
2 , ψ

0, φ0, χ0 while
the D-terms are given by,

VD =
g2

2 + g2
1

8
(|H0

1 |2 − |H0
2 |2 + 2|χ0|2 − 2|ψ0|2)2, (7)

where g2 and g1 are the SU(2) and U(1)Y couplings,
respectively. Finally, the soft SUSY breaking terms are
given by,

Vsoft = m2
H2
|H0

2 |2 +m2
H1
|H0

1 |2

+ m2
Σ−1
|χ0|2 +m2

Σ0
|φ0|2 +m2

Σ1
|ψ0|2 (8)

+
(
AaH

0
1ψ

0H0
1 +AbH

0
2χ

0H0
2

+ AcH
0
1φ

0H0
2 +A3ψ

0φ0χ0

− m2
3H

0
1H

0
2 +Ba(φ0)2/2 +Bbψ

0χ0 +H.c.
)
.

The global SU(2)L⊗SU(2)R invariance of the Higgs sec-
tor translates into the following boundary conditions at
the scale Q =M,

λa = λb = λc ≡ λ, µa = µb ≡ µ∆

mH1 = mH2 ≡ mH , mΣ0 = mΣ1 = mΣ−1 ≡ m∆

Aa = Ab = Ac ≡ Aλ, Ba = Bb ≡ B∆. (9)

In the limits |B∆| → ∞ and m2
3 → ∞ and when M ∼

v it is possible to recover the scalar spectrum found in
the GM model [28]. However, as we discuss below, since
we generically have M > v, the scalar spectrum of the
SCTM will typically look quite different from the one
found in the GM model.

Once the boundary conditions in Eq. (9) are im-
posed, we then run from Q = M down to the scale
QEW ≡ mt, where mt is the top mass 6, and solve

5 We implicitly assume global lepton number conservation so that
the supersymmetric SU(2)L⊗SU(2)R violating operator Σ+LL
is forbidden, but in principle it can be included as part of a
model to generate neutrino masses [31, 32]. We also do not con-

sider possible Dirac gaugino mass terms of the form mDΣ̃a0W̃
a

which would violate the global SU(2)L ⊗ SU(2)R.These terms
could appear from D-term supersymmetry breaking correspond-
ing to a hidden U(1)′ whose chiral density breaks supersymmetry
as W ′

α = θαD and the effective operator (1/M)
∫
d2θW ′

αW
α
a Σa0

yields a Dirac gaugino mass. We just assume that the UV com-
pletion of the SCTM can explain its absence.

6 There are in principle threshold effects which should be ac-
counted for in the RG running from M to the electroweak
scale. However, unless M ∼ TeV where our new spectrum lies,
these effects are expected to be small [30] and are therefore ne-
glected. Nevertheless, a precise analysis of the region M∼ TeV
should include these corrections.

the equations of minimum (EOM) for the scalar po-
tential corresponding to the five neutral field directions
(H0

1 , H
0
2 , ψ

0, φ0, χ0). We can then parametrize the mini-
mum by two VEVs (vH , v∆) and three angles (β, θ1, θ0)
as,

v1 =
√

2 cosβvH , v2 =
√

2 sinβvH ,

vψ = 2 cos θ1 cos θ0v∆, vχ = 2 sin θ1 cos θ0v∆,

vφ =
√

2 sin θ0v∆. (10)

With this parametrization, custodial symmetry is con-
trolled by the three angles (β, θ0, θ1) where in the cus-
todial limit, tanβ = tan θ0 = tan θ1 = 1. On the other
hand looking at deviations from ρtree = 1 we find that
the dependence on θ1 and β cancels out leaving only a
dependence on θ0 given by,

∆ρ = −4
cos 2θ0v

2
∆

v2
H + 8 cos2 θ0v2

∆

. (11)

For our analysis, given the boundary conditions at
the scale M, we will consider M and v∆ as free pa-
rameters. Then the value of vH is determined by the
experimental measurements of the W mass, leading to
the constraint on the EW scale v2 = 2v2

H + 8v2
∆ [28],

where v = 174 GeV. As the parameters m2
3 and Ba,b

have their RGEs decoupled from the rest of the param-
eters, we can consistently fix two parameters m2

3 and
B+ ≡ Ba + Bb from their respective EOMs. The other
three EOM (including the one for B− ≡ Ba−Bb), which
vanish identically in the custodial limit, self-consistently
determine the values of the custodial breaking angles
(tanβ, tan θ0, tan θ1), which are therefore a prediction of
the EOMs for given values of v∆ and M.

For illustrative purposes, we will consider an example
parameter point by fixing the following parameters at the
high scale M (as in [28]),

λ3 = −0.35, µ = µ∆ = 250 GeV,

Aλ = A3 = At = Ab ≡ A0 = 0,

mH = m∆ = 1000 GeV, M1 = M2 = M3 ≡ m1/2,

mQ = mUc = mDc ≡ m0 = 500 GeV. (12)

Our results will be shown for different values of m1/2: (1,

1.1, 1.2, 1.3) TeV 7. As we discuss more in detail in the
next section, the parameter λ is fixed by the condition
that the Higgs field dominantly responsible for EWSB H
has a mass of ∼ 125 GeV.

We show in Fig. 1 the results of the RGE running
parameters (m2

H1
,m2

H2
) (red lines from top to bottom)

and (m2
Σ0
,m2

Σ+
,m2

Σ−
) (black lines from bottom to top),

7 Since the values for the squark masses and for the gluino mass
M3 increase as we run to lower scales, we find that our bench-
mark point leads to a spectrum that satisfies current direct search
constraints from the LHC searches. However, a detailed analysis
of the LHC phenomenology is beyond the scope of this Letter.
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FIG. 1. Running of (m2
H1
,m2

H2
) (red lines from top to bot-

tom) and (m2
Σ0
,m2

Σ+
,m2

Σ−) (black lines from bottom to top),

normalized to their values at the scale M = 105 GeV for
m1/2 = 1.2 TeV and v∆ = 20 GeV.

normalized to their values at the scale M (chosen to
be 105 GeV), as functions of the RG scale Q (< M)
and for v∆ = 20 GeV, m1/2 = 1.2 TeV. The disper-

sion in (m2
H1
,m2

H2
), which is responsible for generating

tanβ 6= 1 at QEW , is much larger than the dispersion
in the sector (m2

Σ0
,m2

Σ+
,m2

Σ−
), that is responsible for

the departure of tan θ0 and tan θ1 from their custodial
values. This is because the largest contribution to the
doublet splitting comes from the custodial breaking by
the top and bottom Yukawa sectors to which the doublet
couples at tree-level. The splitting in the triplet sector
is instead mainly driven by the hypercharge interactions
since triplets do not couple to the top and bottom sec-
tors at tree-level. Thus the splitting in the triplet mass
parameters due to the top and bottom Yukawa interac-
tions is only a higher order effect. This gives in general
| tan θ0 − 1|, | tan θ1 − 1| < | tanβ − 1|. Since ∆ρ only de-
pends on tan θ0 (see Eq. (11)) we expect deviations from
ρtree = 1 to be small as well.

These features can be seen by examining Fig. 2
and Fig. 3. In Fig. 2 we show the regions allowed at
the 95% C.L. by the experimental value of the T pa-
rameter (∆ρ = αT ), corresponding to the fit value
T = 0.07 ± 0.08 [7]. We show results for various values
of the common gaugino mass m1/2 = 1 (black lines), 1.1
(blue lines), 1.2 (red lines) and 1.3 (orange lines) TeV, at
the scaleM. The allowed region is inside the correspond-
ing solid lines with the dashed lines indicating the T = 0
contour. One could interpret the funnel regions that ap-
pear for large v∆ values as a fine tuning of the scale
M. However in the absence of a precise theory of su-
persymmetry breaking one could also interpret these re-
gions as a precise prediction of the scaleM which should
be provided by the underlying supersymmetry breaking
sector. We also show the low SU(2)L ⊗ SU(2)R scaleM

region in Fig. 2 only for illustrative purposes to demon-
strate that, as in the GM model, the parameter space for
v∆ opens up considerably asM→ v. A proper treatment
of this region should also include threshold corrections in
the RG running. Furthermore, one must ensure that the
physical particle masses are below M which is a consis-
tency condition since, as discussed above, M serves as
the cutoff for the theory.

We see at this point that the extra freedom (the VEV
direction 2v2

φ = v2
χ+v2

ψ) in the SCTM, with respect to the
non-supersymmetric GM model, comes into play allow-
ing for T = 0 contours (along dashed lines) throughout
the parameter space. In fact, generically the three VEVs
vφ, vψ, vχ are not equal along the T = 0 contours. The
new direction allows for scales well above ∼ 100 TeV and
sizable triplet VEVs to be comfortably within the allowed
region. These T = 0 contours will shift slightly after in-
cluding the sub-dominant one-loop corrections, using the
RGE improved Lagrangian, but we do not investigate
this issue here.
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FIG. 2. Regions allowed by the T parameter as a function of
M and v∆. The region between the solid lines corresponds to
the allowed 95% CL interval, having fixed the parameters as
in Eq. (12) and for m1/2 =1 (solid black lines), 1.1 (solid blue
lines), 1.2 (solid red lines) and 1.3 (solid orange lines) TeV
at the scaleM. The corresponding dashed lines are for T = 0.

In Fig. 3 we show contours of tanβ (blue dashed),
tan θ0 (black solid), and tan θ1 (dark green dotted). The
shaded region is the one allowed by the T parame-
ter at the 95% CL for m1/2 = 1.2 TeV. As expected
from Eq. (11), in the region allowed by the ρ parameter,
deviations from tan θ0 = 1 are very small. Furthermore,
as anticipated from the results of the running in Fig. 1,
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the violation of custodial symmetry is much larger in
tanβ, which can have values as large as tanβ & 2, than
for the parameters tan θ0 and tan θ1 which depart from
their custodial values only by a few percent. We note the
presence of a ‘crossover’ point where the triplet VEVs
are aligned tan θ0 = tan θ1 = 1, as found in the GM
model. This limit is not equivalent to the GM model,
however, since the scaleM is still much greater than the
electroweak scale. After RGE running this will lead to a
significantly different scalar spectrum at the electroweak
scale from the one found in the GM model.
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FIG. 3. Contours of tanβ (blue dashed), tan θ0 (black solid),
and tan θ1 (dark green dotted) are shown, having fixed the
parameters as in Eq. (12) and for m1/2 = 1.2 TeV. Shaded
pink region is allowed at 95 % CL by the T parameter.

We emphasize that the SCTM is free of generic issues
found in supersymmetric models with only one Higgs
triplet, which in general acquires a VEV that must be
tuned to be very small (∼3 GeV at 95% CL, Ref. [7],
for our normalization choice, v = 174 GeV) in or-
der to satisfy electroweak precision data (see for exam-
ple [33, 34]). In contrast, in the SCTM, one can obtain
triplet VEVs as large as ∼ 25 GeV (possibly larger if
M ∼ v). Although 25 GeV does not appear large, the
actual contribution to the electroweak symmetry break-
ing is much larger, as can be seen from the condition
v2 = 2v2

H + 8v2
∆. For v∆ = 25 GeV this gives a ∼ 15%

contribution to EWSB which is significantly larger than
the O(0.1%) [7] contribution allowed by the ρ parameter
in conventional triplet extended SUSY models.

Finally, we also point out that v∆ is bounded from
above by the condition of perturbativity of the top

Yukawa coupling. Since the top sector obtains its mass at
tree-level only from the SU(2)L doublet VEV v2, large
values of v∆ necessitate large top Yukawa couplings at
the electroweak scale [28] in order to reproduce the ob-
served top mass. One can see this by writing the top
Yukawa coupling in terms of v∆ as,

ht =
mt

v2
=

mt

sinβ
√
v2 − 8v2

∆

, (13)

which leads to the absolute constraint v > 2
√

2v∆ ⇒
v∆ . 62 GeV. Furthermore, if we demand ht . 4π at the
scaleM, then it is typically difficult to get values for v∆

much larger than ∼ 30 GeV if we want to have a scale
as high asM = O(100 TeV), since ht increases when run
up to higher energies.

V. THE HIGGS BOSON MASS

Apart from electroweak data, the model needs to be
contrasted with LHC data and in particular with mea-
surements of the Higgs properties at the LHC. We post-
pone a systematic analysis of Higgs and LHC observables
and instead focus on a subset of observables which reflect
the essential features of the model beginning with the ex-
perimentally measured Higgs mass.

The observed H → ZZ and H → WW decay
rates [4, 5] suggest the Higgs giving the dominant contri-
bution to EWSB is the custodial singlet primarily coming
from the (2,2) electroweak doublet and we will assume
this to be true in what follows. In the SCTM this Higgs is
generally the lightest scalar in the spectrum and, in par-
ticular, it is the lighter of the two custodial singlets which
trigger EWSB [28]. This is in contrast to the typically
studied GM model, which has an additional Z2 symme-
try in the scalar potential [11, 13, 22], where the lightest
scalar is the custodial singlet which has the least to do
with EWSB. On the other hand if one considers the most
general scalar potential allowed in the GM model, which
also possesses a decoupling limit [35], then the custodial
singlet driving EWSB can be the lightest scalar. This al-
lows for the GM model to be recovered as a limit of the
SCTM when M∼ v.

Additionally, the SCTM possesses a feature shared
with conventional triplet extended MSSM scenarios [36–
43] in that the SM-like Higgs mass can be pushed up
by additional F -terms, and therefore does not have to
rely heavily on large radiative corrections, as in the
MSSM. The F -terms are generated through the quartic
couplings λa,b,c and lead to a contribution at tree-level
to the Higgs mass which, in the decoupling limit, is pro-
portional to 4λ2

a cos4 β+ 4λ2
b sin4 β+ λ2

c sin2 2β. Further-
more, since radiative corrections to the squared Higgs
mass coming from top squarks are ∝ h4

t , using Eq. (13)
we see that for v∆ > 0 they are enhanced with re-
spect to the MSSM contribution. Thus the SCTM al-
lows in general for larger tree-level and one-loop contri-
butions to the Higgs mass than those that can be found
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in the MSSM. Note also that in the custodial limit where
tanβ = 1 there is no tree-level contribution from the
doublet (or MSSM) sector to the Higgs mass.

It is also important to ensure that the correct Higgs
mass can be reproduced with perturbative values of λ. To
see this we show in Fig. 4 contour lines of λ (defined at
the high scaleM) reproducing the observed Higgs mass,
including the stop loop corrections, in the (v∆,M) plane
for the benchmark point in Eq. (12) and fixed m1/2 = 1.2
TeV. A Higgs mass of ∼ 125 GeV can be obtained for
messenger scales & 100 TeV and triplet VEVs as large
as v∆ ∼ 25 GeV over a range of perturbative values for
λ. Taking as an example λ = 0.5, v∆ ∼ 25 GeV, and
M∼ 100 TeV gives a tree-level contribution to the Higgs
mass ∼ 100 GeV which is larger than mZ , the absolute
upper bound on the tree-level contribution allowed in the
MSSM.

Here we do not perform a general parameter space
analysis, but comment that a number of competing ef-
fects lead to the features seen in Fig. 4, both at tree-level
through λ and radiatively through enhanced stop correc-
tions at large v∆, or large RGE effects for high scales
of M. In particular, smaller values of λ are equired at
large M. This might be at first surprising since λ (or
more precisely λa,b,c) runs to smaller values as we go
down from M to QEW implying small tree-level contri-
butions from the triplet sector. However, as we increase
M beyond & 104 GeV, the increasing values of tanβ
from tanβ = 1 (see Fig. 3) lead to the ‘turning on’ of the
tree-level MSSM contribution allowing for smaller values
of λ to be consistent with the observed Higgs mass.
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FIG. 4. Contours of λ, defined at the high scale M, repro-
ducing the observed value of the Higgs mass ∼ 125 GeV for
the SU(2)L ⊗ SU(2)R symmetric parameters in Eq. (12) and
m1/2 = 1.2 TeV.

We also examine whether light top squarks (. 1 TeV)

together with small trilinear terms can be accommodated
in the SCTM while still reproducing the observed Higgs
mass, in contrast to the MSSM which requires large A-
terms to avoid multi-TeV top squarks. In Fig. 5 we show
the allowed values for the physical lightest stop mass
which reproduces a Higgs mass of 125.5 ± 1.0 GeV, for
the example parameter point, λ = 0.45, M = 65 TeV,
m1/2 = 1.2 TeV, v∆ = 10 GeV and all other parameters
fixed to the values in Eq. (12), except we now allow the
soft and tri-linear mass parameters to be in the ranges
m0 ∈ [500, 1000] GeV and A0 ∈ [−250, 500] GeV. In the
region allowed by the ρ parameter (shaded pink in Fig. 5)
we see top squarks as light as ∼ 950 GeV can produce the
correct Higgs mass for modest values of the trilinear cou-
plings at the electroweak scaleXt ≡ At−µ/ tanβ ∼ −750
GeV. These numbers should be compared to the MSSM
prediction where for trilinear terms ∼ 1 TeV, and tanβ ∼
20, the top squarks should be heavier than ∼ 6 TeV [44–
47] showing that the SCTM indeed helps to alleviate the
MSSM fine-tuning problem (see also [48]).

ρ± δρ, mh± δmh
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FIG. 5. The solid black lines represent the region producing
a Higgs mass of 125.5 ± 1.0 GeV in the Xt/mt̃ −mt̃ plane,
where mt̃ is the physical mass of the lightest stop and Xt ≡
At − µ/ tanβ. The shaded pink band is the region allowed by
constraints on the ρ parameter. We have fixed the parameters
λ = 0.45, M = 65 TeV, m1/2 = 1.2 TeV, v∆ = 10 GeV while
the rest are given in Eq. (12), except we now allow m0 ∈
[500, 1000] GeV and A0 ∈ [−250, 500]. We do not explicitly
show the region favored by the MSSM since it arises only at
much heavier stop masses (mt̃ & 6 TeV [44–47]).
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VI. SMOKING GUNS AT LHC

The next observables we consider, and potential smok-
ing guns of the model at the LHC, are the normalized
couplings of the Higgs to WW and ZZ gauge boson
pairs, as well bottom quarks given by rHWW , rHZZ , and
rHbb, respectively (rHXX ≡ gHXX/g

SM
HXX). In Fig. 6,

we show results for rHWW (dark green dotted), rHZZ
(blue dashed), and rHbb (black solid) in the (v∆,M)
plane. Again we superimpose the region allowed by elec-
troweak precision constraints (pink shaded region). In
the SCTM the Higgs can have couplings to W and Z
bosons larger than the ones predicted by the SM (see
also [49, 50]), but still well within current experimental
bounds [4, 5]. In particular, at large values of v∆, the two
couplings can deviate from the SM prediction by as much
as (5− 10)% for our chosen parameter point. Such a de-
viation could possibly be measured at a high luminosity
LHC [51–54]. This is in contrast to models with only addi-
tional Higgs doublets and singlets, which can only reduce
the Higgs couplings to gauge bosons. This has interest-
ing implications for trying to extract the total width of
the 125 GeV Higgs boson without making the theoretical
assumption rHWW , rHZZ ≤ 1 (see e.g. [21, 55]). We also
see in Fig. 6 that, for this parameter point, the Higgs
coupling to bottom quarks is only mildly modified, with
respect to the SM.
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FIG. 6. Contours of rHWW (dark green dotted), rHZZ (blue
dashed), and rHbb (black solid) in the (v∆,M) plane for
the values of the parameters given in Eq. (12) and m1/2 =
1.2 TeV.

It is also interesting to examine the ratio of of the nor-

malized couplings rHWW /rHZZ ≡ λWZ [4, 5], since it is a
direct measure of the violation of custodial symmetry in-
duced by the RGE running. In the SM and in the MSSM,
custodial symmetry implies λWZ = 1, but in the SCTM
it is possible to have deviations from this universal rela-
tion. In Fig. 7, we show the quantity λWZ−1 as a function
of the gaugino mass m1/2 and v∆ along the 2v2

φ = v2
χ+v2

ψ

(i.e. tan θ0 = 1 yielding ∆ρ = 0) direction for parameter
values given in Eq. (12) and M = 850 TeV. Since in the
SCTM the ratio λWZ is a function of all three vacuum
angles (β, θ0, θ1) it will be in general different from one,
even in the direction 2v2

φ = v2
χ+v2

ψ, on which ∆ρ = 0. At
large values of v∆ deviations from universality as large as
∼ (10− 15)% are achievable. This is well within present
experimental constraints [4, 5] and potentially observable
at a HL-LHC [51–54].
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FIG. 7. Deviation from the universal condition λWZ = 1
along the 2v2

φ = v2
χ + v2

ψ direction (or tan θ0 = 1, which pro-
vides ∆ρ = 0) as a function of m1/2 (black solid line) and v∆

(red dashed line) for parameter values given in Eq. (12) and
M = 850 TeV.

Of course there are many additional Higgs observables
that could be used to test the SCTM. Generically, the
particle spectrum has several TeV-scale charged parti-
cles which can contribute to the Hγγ decay width. These
particles will also modify the H → 4` and H → 2`γ de-
cays, which could be used to probe the underlying CP
properties of the model [56–62].

Furthermore, the model will be tested by the direct
searches for the additional scalars and fermions aris-
ing in the spectrum. Particularly interesting signatures
are the decays of the doubly charged Higgs scalars to
W±W± [12, 13, 63] and the decay of the singly charged
scalars to W±Z, a decay found only in models with larger
than doublet representations [10]. Additionally, in the
SCTM the doubly charged Higgsino will decay to same
sign W boson pairs plus missing energy. In particular, a
doubly charged fermion with a mass near that of the dou-
bly charged scalar would be a strong hint of the SCTM. A
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precise determination of the LHC sensitivity to these sig-
nals deserves a more careful treatment which is beyond
the scope of this work.

VII. DISCUSSION AND CONCLUSIONS

We have constructed a model dubbed the supersym-
metric custodial Higgs triplets model (SCTM) with an
extended Higgs sector which includes electroweak triplets
that can significantly contribute to EWSB while satisfy-
ing the relevant experimental constraints coming from
electroweak precision data and LHC measurements. We
have discussed how this model can address the natural-
ness problems associated with the well-known Georgi-
Machacek (GM) model. In particular, this theory is free
both from the quadratic divergences found in the GM
model and from the need to arbitrarily set the scale at
which the global SU(2)L ⊗ SU(2)R invariance holds at
the electroweak scale, in order to obtain ρ ≈ 1.

By utilizing an extra VEV direction, which itself
is a consequence of supersymmetry and anomaly can-
cellation, we have shown that the scale M at which
SU(2)L ⊗ SU(2)R invariance holds can be significantly
higher than the electroweak scale. In particular, we find
that scales M well above 100 TeV and triplet contribu-
tions to EWSB as large as 15% can easily be accommo-
dated. We have also argued that in the SCTM,M is most
naturally identified with the messenger scale, at which su-
persymmetry breaking is transmitted to the observable
sector, leading to a connection between the experimen-
tally measured value of ρ and the supersymmetry break-
ing scale. With this identification, we have demonstrated
that, once the SU(2)L⊗SU(2)R boundary conditions are
specified at the scale M, then for a given triplet VEV,
the tree-level value of ρ can be predicted through renor-
malization group evolution.

At the same time we have demonstrated that the
SCTM can easily give large tree-level and one-loop con-
tributions to the Higgs mass. This allows for reproducing
the measured Higgs mass even with small trilinear terms
and top squarks with mass below 1 TeV.

Finally, we have discussed a number smoking guns of
the SCTM including the possibility of enhanced Higgs

coupling to WW and ZZ, a feature shared among all
Higgs triplet models. We have also examined the pos-
sibility of departure from the universal relation of the
Higgs couplings to W and Z bosons (rHWW = rHZZ),
while still obtaining ρ ≈ 1, that is a unique feature of the
model and a measure of custodial symmetry violation at
the electroweak scale.

There are still many potential avenues of exploration
for the SCTM left open in the present Letter. For exam-
ple, it is interesting to consider potential UV completions
which provide a mechanism for supersymmetry breaking
and generating the SU(2)L⊗SU(2)R invariant Higgs sec-
tor. Furthermore, the one-loop corrections and potential
threshold effects in our analysis of EW precision observ-
ables, as well as a dedicated LHC study, may provide
additional insight to the SCTM. We leave these avenues
of exploration to ongoing work [29].
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