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The ATLAS and CMS collaborations have announced discovery of a ∼ 125 GeV Higgs boson,
after a combined analysis of the di-photon and ZZ search channels. This observation has significant
impact on low-energy supersymmetry. First, some fine-tuning is necessary to accommodate such a
Higgs mass in the Minimal Supersymmetric Standard Model (MSSM) because the tree-level mass of
the SM-like Higgs boson in the MSSM is relatively small. We study the possibility of lifting the mass
of the SM-like Higgs boson by non-decoupling D-term from an additional U(1) gauge symmetry. In
particular, we focus on a gauged Peccei-Quinn symmetry which can also be related to a possible
solution of the µ problem in the MSSM. In addition to the measurement of the mass of the Higgs,
the data also reveals a tantalizing hint of a significantly enhanced di-photon signal rate, 1.56± 0.43
and 1.9 ± 0.5 times of the SM prediction in the CMS and ATLAS experiments, respectively. We
demonstrate that such an enhancement can be accommodated in this MSSM extension. Anomaly
cancellation requires the introduction of charged exotics. If some of them happen to be light and have
sizable coupling to the SM-like Higgs boson, the di-photon signal rate can be enhanced significantly.
EW precision measurements provide stringent constraints on this model. Taking these into account,
we identify two benchmark scenarios. We argue that they are representative of large classes of viable
models beyond our current example which can consistently enhance the Higgs to di-photon rate.
We also comment on possible signals of such light exotics at the LHC.

I. I INTRODUCTION

Both the ATLAS and CMS collaborations have an-
nounced the discovery of a ∼ 125 Higgs boson [1, 2],
mainly based on the combination of the di-photon and
leptonic ZZ Higgs searches at the

√
s = 7 and 8 TeV

LHC.
This achievement fixes the last renormalizable parame-

ter in the Standard Model (SM). At the same time, it car-
ries important implications for new physics, particularly
for low-energy supersymemmtry (SUSY). In the Mini-
mal Supersymmetric Standard Model (MSSM), a SM-like
Higgs boson with 125 GeV mass requires large corrections
beyond the tree level prediction (mh)tr ≈ mZ cos 2β. Al-
though such an 125 GeV SM-like Higgs boson can be
accommodated, careful choices of parameters must be
made [3–12]. Therefore, it is well motivated to consider
possible extensions of the MSSM which give additional
contribution to the mass of the SM-like Higgs boson at
tree level [12–16].

In this paper, we consider the possibility of enlarg-
ing the MSSM gauge symmetry by an additional U(1).
Such a gauge symmetry is quite generic in UV comple-
tions low energy supersymmetry, and many possible can-
didates have been proposed. The properties of U(1)′ ex-
tended MSSM theories have been extensively discussed
in Refs. [17–20] (for a review, e.g., see [21]). If its D-
term is non-decoupling, it can provides non-trivial con-
tribution to the tree-level mass of the SM-like Higgs bo-
son [19, 20, 22]. In order to get a sizable correction, the
Higgs field must be charged under this U(1) symmetry.

Moreover, the symmetry breaking scale of this extra U(1)
symmetry cannot be much higher than the EW (EW)
one.

We will focus on a gauged Peccei-Quinn (PQ) symme-
try (U(1)PQ), under which by definition the Higgs fields
carries non-trivial charges [23]. This can be connected
to a possible solution of the µ-problem [17–19, 24, 25],
which is one of the central pieces of using low energy su-
persymmetry to address the hierarchy problem. The µ
problem has its origin in a scale-violating term ∼ µHuHd

in the superpotential of the MSSM, where Hd and Hu

are down- and up-type Higgs supermultiplets. By in-
troducing a spontaneously broken PQ global symmetry
(a discrete version is the Z3 symmetry in the Next-to-
MSSM), the bare µ term is forbidden and an effective
one can be dynamically produced via WH ∼ λSHuHd,
with µeff = λfS . Here S is a SM-singlet supermultiplet
and fS is the vacuum expectation value (VEV) of its
scalar component. Due to quantum gravity effects, it is
expected that low energy symmetries should have their
roots as gauge symmetries. In our case, we will further
assume that such a gauge symmetry survives down to
the TeV scale. In this paper, we will show that such a
promotion for the PQ symmetry can significantly impact
the Higgs physics. In particular, the U(1)PQ gauge sym-
metry introduces new D-terms which can raise the mass
of the SM-like Higgs boson at tree level, enough to have
mh = 125 GeV without significant radiative corrections.

In addition to the mass of the Higgs boson, another in-
teresting observation is that there is a possible excess in
the di-photon signal with rate higher than the SM pre-
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diction. With a combined analysis of the
√
s = 7 and

8 TeV LHC data, the CMS and the ATLAS collabora-
tions obtain the best-fit signal strength: 1.56± 0.43 and
1.9 ± 0.5 times of the SM prediction, respectively[1, 2].
If such an excess is confirmed in the future, it would be
an unambiguous indication for new physics.

There are two usual strategies to enhance the Higgs
di-photon signal rate. The first one is by suppressing the
width of its bb̄ decay mode [14, 26]. In supersymmetric
theories with two Higgs doublets, we have the coupling
ratio yhbb̄

ySM
hbb̄

= − sinα
cos β for the SM-like Higgs boson (here

we focus on the scenario with the lightest CP-even Higgs
boson being SM-like. The discussion can be generalized
to the case with the heavy CP-even Higgs boson being
SM-like easily). Here the mixing angle α is defined as(

Re(Hu)
Re(Hd)

)
=

1√
2

(
vu + h cosα+H sinα
vd − h sinα+H cosα

)
. (1)

h and H are light and heavy CP-even Higgs bosons, re-
spectively. Suppressing the h→ bb̄ decay width requires
a small mixing angle for the SM-like Higgs boson, i.e.,
| sinα| < cosβ. The SM-like Higgs boson therefore needs
to be extremely up-type like for tanβ > 1. In the MSSM,
it can only be achieved only through a cancellation be-
tween the tree-level and loop-level contributions to the
off-diagonal Higgs mass term [29]. But, in the exten-
sions of MSSM, the quadratic terms of the Higgs sector
can receive non-trivial corrections at tree level from new
F-term or D-term corrections, so the mixing angle can
be suppressed more easily [14, 30]. A potential problem
for this strategy is that the suppressed bb̄ decay width
can enhance the ZZ and WW signal rates as well. The
current analyses by the CMS and ATLAS collaborations
in these channels do not show such a feature, although
one cannot completely rule out this possibility due to the
limited statistics.

A more viable possibility is by enhancing the Higgs di-
photon decay width. Such a modification requires the
existence of light charged exotics (∼ 100 GeV), with
large coupling to the SM-like Higgs boson. The ex-
otics carrying both color and EW charges might work.
However, such particles typically bring larger contribu-
tion to the Higgs production via gluon fusion. More of-
ten than not, it would end up suppressing the rate of
pp→ h→ γγ [3, 6, 9, 32–35]. In addition, direct searches
at colliders have already put stringent lower bound on the
mass of the colored exotics. Therefore, we will concen-
trate on the exotics with EW gauge charges only. There
are several possibilities for the spin and coupling of the
exotics. Probably the simplest case is the so-called Higgs
portal couplings of the form H†HQ†Q, where Q is some
exotic scalar carrying electric charge. It is well-known
that (for recent discussions, see, e.g., [31, 32]), in order
to enhance the hγγ coupling significantly and keep the
coupling perturbative, the sign of this interaction must be
negative. In supersymmetry, however, an interaction of
this form is from the FF ∗ term whose sign is positive. At

the level of renormalizable couplings, therefore, the en-
hancement of the h → γγ coupling in SUSY must come
from Yukawa (trilinear) couplings between the Higgs bo-
son and the exotic fermions (scalars). We also emphasize
that the quantum number of such light exotics and the
form of the couplings will be strongly constrained by the
EW precision tests (EWPT). Remarkably, it is possible
to satisfy these conditions in a special scenario of the
MSSM with very light stau lepton and a large hτ̃Lτ̃R
coupling [3, 27]. Other explorations of trying to under-
stand the observed Higgs to di-photon rate can be found
in Refs. [28].

Interestingly, the gauged U(1)PQ scenario contains the
exotics which can enhance the hγγ coupling. The U(1)PQ

symmetry is anomalous. Gauging it necessarily requires
charged exotics to cancel its anomaly. The symmetries of
the theory allow Yukawa and trilinear couplings between
the SM-like Higgs boson and the exotics. If some of the
exotics happen to be light, they can significantly enhance
the Higgs di-photon decay width. Since the exotics usu-
ally can obtain their masses through the coupling with
the U(1)PQ breaking spurions, setting their masses to
be light simply amounts to a choice of some dimension-
less couplings. Precision EW tests can strongly constrain
the possible parameters and the form of the couplings.
Taking them into account, we identify two representa-
tive benchmark scenarios to illustrate the relevant Higgs
physics.

The rest of the paper is organized as follows. In Section
II, we present the effective theory of the MSSM extension
with a gauged U(1)PQ symmetry. We discuss the mass of
the SM-like Higgs boson in Section III. In Section IV, we
give a general discussion of new physics contributions to
the Higgs to di-photon decay partial width, and its con-
nection to EWPT observables. In Section V, we present
an anomaly-free model and identify two benchmark sce-
narios where the experimental data can be fit correctly.
Section VI contains our concluding remarks. In particu-
lar, we comment on the LHC signal of the light exotics.
We also argue that the two benchmark models identified
in Section V are representative of large classes of viable
models beyond our current framework which can consis-
tently enhance the Higgs to di-photon rate.

II. II GAUGED U(1)PQ SYMMETRY

A full model for the scenario considered in this paper
needs to start from a sector which spontaneously breaks
the U(1)PQ symmetry. We assume that the PQ sym-
metry is spontaneously broken by the scalar components
of the superfields Si, with their VEVs being 〈Si〉 = fi.
The scalar potential of such a PQ breaking sector can be
quite complicated. In this paper we will focus on a sim-
ple but instructive limit in which the U(1)PQ symmetry
breaking scale is somewhat larger than the scales of EW
symmetry breaking and the soft SUSY breaking param-
eters, fi > ΛEW ∼ Λsoft. In this case, we can integrate
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out the particles which become heavy after the U(1)PQ

symmetry breaking, in particular the “radial modes” of
the symmetry breaking fields.

Since the SUSY breaking effect is smaller than the PQ
symmetry one, it is convenient to group the light degrees
of freedom in an axion superfield

A = A+
√

2θã+ θ2FA , A =
1√
2

(s+ ia) , (2)

with Si = fie
qiA/fPQ in the representation of non-linear

sigma model. Here fPQ =
√∑

i q
2
i f

2
i is the U(1)PQ

breaking scale and qi is the U(1)PQ charge of Si. At this
stage, the axion (a) mass is protected by the Goldstone
theorem, and it is related to the masses of the saxion (s),
axino (ã) by SUSY. If the U(1)PQ symmetry is global
and SUSY breaking effect is relatively small, both s and
ã can be light, with ms,mã ∼ ma. In this case, the
global U(1)PQ theory provides a supersymmetric bench-
mark scenario of ∼ O(1) GeV dark matter, with ã serving
as the candidate [38]. For a gauged U(1)PQ symmetry, a
is eaten by the U(1)PQ gauge boson.

The effective theory of the axion superfield is

WH = λSHuHd = λfSe
qSA/fPQHuHd ,

K =
∑
i

f2
i exp

(
qi(A + A†)

fPQ
+ 2gPQqiVPQ

)
+
∑
a

H†a exp(2gPQqaVPQ + USM)Ha, (3)

with a summing over {u, d} and USM representing the
contributions of the SM gauge symmetries. In our setup,
λ is a small parameter by assumption since ΛEW ∼ µeff =
λfS < fPQ. We also include the SUSY breaking soft
terms Vsoft = −AλλSHuHd + h.c. +

∑
am

2
Ha
|Ha|2 +∑

im
2
Si
|Si|2, with their scales below fPQ.

Integrating out the saxion, we obtain a tree-level effec-
tive potential for the neutral Higgs sector

VWZ = (|µeff |2 +m2
Hu)|Hu|2 + (|µeff |2 +m2

Hd
)|Hd|2

−2BµRe(HuHd) +
1

8
(g2

2 + g2
Y )(|Hu|2 − |Hd|2)2

−gPQqHu〈DPQ〉(|Hu|2 + |Hd|2)

+a1|HuHd|2 + a2(|Hu|2 + |Hd|2)2

+a3Re(HuHd)(|Hu|2 + |Hd|2) , (4)

where the first two lines give the MSSM contributions,
with Bµ = Aλµeff , and the other ones denote the leading
corrections from the U(1)PQ symmetry. In general, there
are more corrections to the Higgs potential apart from
listed in the last two lines of the above equation [39, 40],
and the coefficients of these terms are gauge dependent.
A detailed discussion of the gauge choices is presented in
Appendix A. Here we adhere to the Wess-Zumino gauge.
qHu = qHd

= − 1
2qS has been assumed. To the order of

λ2, a1, a2 and a3 are given by

a1 =

(
2qHufS
fPQ

)2

λ2

a2 = g2
PQq

2
Hu

(
1

2
−
g2

PQf
2
PQ

m2
s

+
4λ2f2

S

m2
s

)
,

a3 =
−4Aλλg

2
PQq

2
Hu
fS

m2
s

. (5)

〈DPQ〉 is the VEV of the U(1)PQ D-term, it is of the
order soft SUSY breaking ∼ Λ2

soft. The D-term contribu-
tion of the 3rd line of Eq. (5) does not change the pre-
diction of the Higgs mass, since it just shifts the Higgs
soft mass parameters m2

Hu,d
. In the SUSY limit, we have

m2
s = m2

ã = m2
a = m2

VPQ
= 2g2

PQf
2
PQ, and

a1 =

(
qSfS
fPQ

)2

λ2, a2 =
2q2
Hu
λ2f2

S

f2
PQ

, a3 = 0 . (6)

It demonstrates the well-known result that the D-term
contribution to the Higgs potential vanishes in the SUSY
limit. The non-decoupling D-term contribution can be
important if the soft SUSY-breaking parameters of the
PQ sector is not too small (but still below fPQ by our
assumption). In this case, we have

a1 = O(λ2) , a2 =
1

2
g2

PQq
2
Huδ

2 +O(λ2) ,

a3 =
−4Aλλg

2
PQq

2
Hu
fS

m2
s

+O(λ3) . (7)

Here m2
s = 2g2

PQf
2
PQ(1 + δ2) with δ2 =

∑
im

2
Si
q2
i f

2
i

g2
PQf

4
PQ

repre-

senting the shift in m2
s induced by the softly SUSY break-

ing parameters m2
Si

. In this case, the U(1)PQ corrections
to the MSSM Higgs via its D-term are dominant over
the other sources. It provides a nice context to study the
Higgs physics induced by a gauged U(1)PQ symmetry.

This effective theory can also be built in super-unitary
gauge, where the full axion superfield is eaten by the
U(1)PQ vector superfield. In Appendix A, we present
the effective Lagrangians in these two gauges. Although
they have different forms, they are physically equivalent,
leading to the same Higgs scattering amplitudes, vacuum
energy and particle mass spectrum.

III. III HIGGS MASS

The mass matrix for the CP-even Higgs bosons can
be separated as M2

H =M2
MSSM +M2

PQ, where M2
MSSM

denotes the MSSM contributions, and M2
PQ denotes the
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FIG. 1: mh contours with non-decoupling D-term contribu-
tion. For both plots, we assume {λ = 0.3, Aλ

fPQ
= 0.1}. In

addition, we set {δ = 0.6, fS
fPQ

= 0.4} and {gPQ = 0.6, tanβ =

1} for the left and right panels, respectively. tanβ = 1 pro-
vides the smallest tree-level Higgs mass, where the MSSM
contribution is minimized. The loop corrections from stop and
sbottom quarks have also been included, with the choice of the

softly SUSY-breaking parameters: At = Ab =
√
m2
b̃

= 1200

GeV,
√
m2

˜̃Q3
=

√
m2
t̃

= 500 GeV.

U(1)PQ corrections. We have

(M2
PQ/v

2
EW)11 = 2a2 cos2 β +

a3

4
(
3

2
sin 2β − sin2 β tanβ)

(M2
PQ/v

2
EW)12 = (

a1

2
+ a2) sin 2β +

3

4
a3

(M2
PQ/v

2
EW)21 = (

a1

2
+ a2) sin 2β +

3

4
a3

(M2
PQ/v

2
EW)22 = 2a2 sin2 β +

a3

4
(
3

2
sin 2β − cos2 β cotβ) ,

with tanβ = vu/vd and 〈H0
u〉 = vu/

√
2, 〈H0

d〉 = vd/
√

2,

vEW = (v2
d+v2

u)1/2 = 246 GeV. In the limit that the CP-
odd Higgs boson is heavy, the lightest CP-even Higgs has
a squared mass at tree level

(m2
h)tr ≈ m2

Z cos2 2β (8)

+
(a1

2
sin2 2β + 2a2 + a3 sin 2β

)
v2

EW

with the first term being the MSSM contribution.

The variation of mh in the gPQ − tanβ and δ − fS
fPQ

planes is shown in Fig. 1, where the loop corrections from
the MSSM mediated by stop and sbottom quarks have
been included. We see that mh = 125 GeV can be easily
accommodated without heavy or split stops. The be-
havior of mh is mainly controlled by tree-level effects.
With fixed gPQ, mh has a minimal value for tanβ ∼ 1
where the MSSM tree-level contribution is minimized. If
tanβ is fixed, mh becomes larger as gPQ increases. δ
and fS/fPQ provide a set of measures of the D-term and
F-term corrections to mh. These features can be easily
understood using Eq. (8) and Eq. (5).

IV. IV h→ γγ AND EW PRECISION TESTS

The effective Lagrangian of h→ γγ can be written as

Leff = −αem

2π

I

vEW
FµνF

µνh , (9)

where I is a constant parameterizing the effective hγγ
coupling. Any particles coupled with it must get a mass
from the Higgs VEVs. The effective coupling shown in
Eq. 9 is induced by charged particles which can couple
with the Higgs boson. If the Higgs mass is smaller than
that of the charged particles mediating the hγγ loop,
the effective hγγ coupling can be calculated through the
photon self-energy corrections [41, 42]. In the SM, there
is only one Higgs doublet and the neutral component can
be written as HSM = (h+ vEW)/

√
2. We have

I =
∑
k

bk
8

∂

∂ log vEW
log
(
detM2

k

)
(10)

where for bosonic degrees of freedomM2
k is the mass ma-

trix and for fermionic degrees of freedomM2
k =M†kMk,

with k running over all mass matrices of charged bosonic
and fermionic particles. bk is the coefficient in the beta
function of QED, with b1/2 = 4

3Q
2
f for Dirac fermion,

b1 = −7Q2
v for charged vector boson, and b0 = 1

3Q
2
S for

charged scalar. In the SM, the main contributions come
from top quark and W boson. They have opposite signs.
The W boson contribution dominates over that of the top
quark, and hence controls the sign of the hγγ coupling
in the SM [42].

In the case of SUSY, there are two Higgs doublets,
which makes the discussion complicated. The effective
coupling can be modified to

I =
∑
k

bkvEW

8

[
cosα

∂

∂vu
log
(
detM2

k

)
− sinα

∂

∂vd
log
(
detM2

k

)]
. (11)

Usually there is no fixed relation between the Higgs align-
ment α and VEV alignment β. In this paper, we concen-
trate on the scenarios in which the decays of the SM-like
Higgs boson to WW , ZZ, bb̄, τ τ̄ channels are similar
to that of the SM Higgs, and only the loop-dominant
h → γγ channel is modified. In comparison with the
SM, the decay amplitude of h → bb̄ and h → WW/ZZ
in MSSM are scaled by a factor of cosα

sin β and sin(β − α),

respectively. If β − α ≈ π/2, their decay widths are ap-
proximately equal to the SM ones. The contributions
from the W boson and top quark to h→ γγ is also simi-
lar to the SM one, which give IW ≈ −2.1 and Itop ≈ 0.5.
The effective Lagarangian is reduced to the one in Eq.
(10).

If the masses of the intermediate particles are smaller
than half of the Higgs mass, they can be pair-produced
via the Higgs decay. Treating the exotic induced h→ γγ
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coupling as point-like, as described by the effective La-
grangian in Eq. (9), is not appropriate. For mh = 125
GeV, the current lower bounds on the mass of the charged
new particles are around 100 GeV [44]. Therefore, the
effective theory description is always valid. For rela-
tively light mediators, there are corrections to bk’s up
to the order of m2

h/4m
2
mediator. These corrections are

small and will not change the conclusions reached in this
section qualitatively. The exact formulae can be found
in Ref. [42, 43], and they will be used in our numerical
calculations in the next section.

From Eq. (11), we can see that the sign of the effective
coupling is determined by two factors, the β-function bk
and the derivatives of the mass matrix with respect to
the Higgs VEVs. For fermions and complex scalars, bk is
positive. In the SM, the fermions haveM†M∼ |y|2v2

u,d,
where y is Yukawa coupling. Therefore, the derivative
is always positive. For general exotic fermions, however,
there can have vector-like mass terms. The derivative
can be either positive or negative. For exotic scalars, in
SUSY models, generally they can obtain mass from the
Higgs VEVs in two ways. One is from the F-term of the
exotic superfield. In this case the derivatives are always
positive. The other is from the A-term between the ex-
otics and the Higgs boson. In this case, the derivatives
can be either positive or negative. In the next section,
we will discuss benchmark models of these two scenarios.

To enhance the h → γγ signal rate significantly, the
contribution from the exotic states needs to be compa-
rable with the SM contributions from W boson and top
quark. As a result, either the fermion or the scalar me-
diators should be light. Since these particles carry EW
charges, they may non-trivially contribute to the observ-
ables of the EWPT. Therefore, the EWPT can provide
strong constraints on the models discussed here. These
potential contributions include oblique and non-oblique
corrections. We will focus on the former, because the
non-oblique ones are sensitive to the couplings of the me-
diators with the SM fermions, which can be taken to be
small. The oblique corrections represent new physics ef-
fects in the vacuum polarization of the SM gauge bosons,
and are usually parameterized by the Peskin-Takeuchi
parameters, S, T and U [46]. The U parameter is not
very sensitive to new physics, and only receives contri-
butions from dimension-eight operators or above, so we
will not discuss it in the following analysis. The U(1)PQ

gauge boson can also have non-trivial contributions to
the EWPT observables, via its mixing with the Z boson.
This has been discussed extensively (e.g., see [45]). For
the scenarios discussed in this paper, the Z − Z ′ mixing
is small because the U(1)PQ scale is relatively high while
its gauge coupling is not very large. Such contributions
therefore are well under control.

Particles Gauge charges Particles Gauge charges

D1 (1; 2; 1/2; −1) Dc
1 (1; 2; −1/2; −1)

D2 (1; 2; 1/2; −1) Dc
2 (1; 2; −1/2; −1)

X (1; 1; 1; 2) Xc (1; 1; -1; 2)

TABLE I: Particle content in a supersymmetric model with
anomaly-free U(1)PQ gauge symmetry relevant for modifying
Higgs to di-photon rate.

V. V AN EXAMPLE

In this section, we construct an explicit model which
realizes the ideas discussed in the previous sections.
U(1)PQ with only the SM matter content is anomalous.
We assume that the PQ charge of quarks and leptons
is 1/2 and the PQ charge of Hu and Hd is −1. There
are many possible choices of spectators to cancel this
anomaly. However, new EW doublets and color triplets
carrying U(1)PQ charges are always required for can-
celling the SU(2)2×U(1)PQ and SU(3)2×U(1)PQ anoma-
lies, respectively. The new EW doublets as well as sin-
glets with nonzero hyper charge can modify the decay
branching ratio of H → γγ. As an illustration, let us
consider a model in which two vector-like doublet and
one vector-like charged singlet with the quantum num-
bers shown in Table I are introduced to modify the Higgs
to di-photon decay rate, and the superpotential is given
by

WHγ = δNS1NNc + βpqSDpDc
q + δXS1XXc

+γpXcHuDpXc + γpNcHdDpNc

+γqXHdDc
qX + γqNHuDc

qN , (12)

with p, q = 1, 2. Other exotic particles used to cancel the
gauge anomalies in the model are discussed in detail in
Appendix B.

Since the EWPT may give strong constraints on our
scenario, we begin with a more general discussion on this
issue before presenting the benchmark models. The T pa-
rameter is a measure of the breaking of the custodial sym-
metry, SU(2)c. Apart from the mixing between Z and
Z ′, in general, there are two contributions which break
SU(2)c explicitly. One is from the Yukawa coupling be-
tween the exotics and the Higgs fields in the superpo-
tential, such as the difference between the HuDpXc and
HdDpNc couplings, and the corresponding A-terms. In
this paper, we choose to preserve the explicit SU(2)c
by choosing the relevant Yukawa couplings to be equal.
Therefore, instead of four independent Yukawa couplings,
we have two, γpXc = γpNc = γ̃ and γqX = γqN = γ̄, and for
the corresponding A-terms, we have ApXc = ApNc = Aγ̃
and AqX = AqN = Aγ̄ . We note that certain fine-tuning is
necessary in making this choice, as these couplings also
receive one-loop corrections proportional to the explicit
SU(2)c breaking SM Yukawa couplings. Another con-
tribution to the T parameter comes from the difference
between vu and vd, which breaks SU(2)c spontaneously.
Of course, we can find parameter space where the two
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gPQ fPQ (GeV) fS/fPQ Aλ/fPQ λ
0.6 2500 0.4 0.1 0.3

tanβ δ Aγ̃ (GeV) Aγ̄ (GeV) γ̃, γ̄
1.3 0.6 0 0 1.6

mD (GeV) mX (GeV) m2
D̃,X̃,Ñ

(GeV2) At̃ (GeV) m2
Q̃3
,m2

t̃ (GeV2)

440 330 10002 1200 5002

a1 a2 a3 Bµ (GeV2) µeff (GeV)
0.06 0.09 −0.02 7.5× 104 300

mh (GeV) mψc1
(GeV) mψ0

1
(GeV) mφc1

(GeV) mφ0
1

(GeV)

125 105 105 943 943
R(h→ γγ) ∆S ∆T

1.8 0.13 0.10

TABLE II: Benchmark scenario I, where the di-photon signal
rate is mainly enhanced by light fermion spectators. MD,X

are vector-like masses of the (Dp,D
c
p) and (X,Xc) fermion

components, mD̃,X̃,Ñ are the soft mass parameters of their
scalar components (including (N,Nc)), Xt and Mt̃ are the
mixing and soft mass parameters of stop quarks. mψc1

and
mψ0

1
are the masses of the lightest charged and neutral exotic

fermions, respectively. mφc1
and mφ0

1
are the masses of the

lightest charged and neutral exotic scalars, respectively. We
have also defined R(h→ γγ) = σγγU(1)PQMSSM/σ

γγ
SM.

gPQ fPQ (GeV) fS/fPQ Aλ/fPQ λ
0.6 2500 0.4 0.1 0.3

tanβ δ Aγ̃ (GeV) Aγ̄ (GeV) γ̃, γ̄
6 0.6 1440 1000 0.5

mD (GeV) mX (GeV) m2
D̃,X̃,Ñ

(GeV2) At̃ (GeV) m2
Q̃3
,m2

t̃ (GeV2)

500 350 1002 1200 5002

a1 a2 a3 Bµ (GeV2) µeff (GeV)
0.06 0.07 −0.02 7.5× 104 300

mh (GeV) mψc1
(GeV) mψ0

1
(GeV) mφc1

(GeV) mφ0
1

(GeV)

125 325 325 104 233
R(h→ γγ) ∆S ∆T

1.7 0.03 0.08

TABLE III: Benchmark scenario II, where the di-photon sig-
nal rate is mainly enhanced by light scalar spectators.

contributions cancel with each other. To avoid severe
fine-tuning, the bulk of parameter space with such can-
cellation should not have large explicit or spontaneous
SU(2)c violation. Therefore, it should not be very differ-
ent from the limit that we are considering.

Two benchmark points are presented in Table II and
Table III. The parameter δ, defined right after Eq. (7),
controls the corrections to the Higgs sector via the
U(1)PQ D-terms and is assumed to be sizable for both
benchmark points. In the first benchmark, the light-
est charged (ψc1) and neutral (ψ0

1) fermion spectators are
light. They have a large coupling to the Higgs fields,
for enhancing the di-photon signal rate. To get a small
∆T , the spontaneous breaking needs to be small. Hence,
tanβ ≈ 1 is required. For the second benchmark point,
where one of the charged scalar is light and couples to
the Higgs fields with large A terms (again for enhancing
the di-photon signal rate), there is an accidental cance-
lation which leads to ∆T to be a few times smaller than
its natural value. A detailed discussion of this accidental
cancelation can be found in Appendix C. Therefore, even
in the case of large tanβ, the T parameter can still be
within the experimental limit.

FIG. 2: mh, R(h→ γγ), ∆S and ∆T contours in benchmark
scenario I. Red line gives the mh = 125 GeV contour. The
yellow stars correspond to benchmark scenario I, assuming for
simplicity γpX = γpN = γqXc = γqNc = γ̃, parameters other than
γ̃ and tanβ are fixed as shown in Table II. The red curves
show the region where mh = 125 GeV.

FIG. 3: mh, R(h→ γγ), ∆S and ∆T contours in benchmark
scenario II. Red line gives the mh = 125 GeV contour, param-
eters other than Aγ̃ and tanβ are fixed as shown in Table III.
The yellow stars correspond to benchmark scenario II. The
red curves show the region where mh = 125 GeV.

In addition, although the doublets (Dp,D
c
q) are

vector-like under the EW gauge symmetry and their
fermionic components have a degenerated mass spec-
trum, the S parameter can still receive non-zero correc-
tions. This is because (Dp,D

c
q) mix with (X,Xc) and

(N,Nc), while the latter violate the weak isospin (recall
that the S parameter preserves the custodial but mea-
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sures the violation of the weak isospin).
The dependence of mh, R(h → γγ), ∆S and ∆T on

γ̃ = γ̄ and tanβ in the first benchmark is shown in Fig. 2.
As is expected, with a fixed tanβ, R(h→ γγ) tends to be
enhanced for a larger |γ̃|; and with a fixed γ̃, ∆T tends to
be smaller while tanβ is close to 1. From the right plot
on the first row of Fig. 2, we can see that the correction
to the rate of h → γγ also has a maximum at tanβ = 1
with fixed γ̃. We can understand this from the form of
the mass matrix of charged fermionic exotics,

Mf ∼
(
MD γ̃vu
γ̃vd MX

)
, (13)

where MD and MX are the vector-like mass for the dou-
blet and charged singlet exotics, respectively. Then, we
can get(

cosα
∂

∂vu
− sinα

∂

∂vd

)
detMf ∼ −γ̃2vEW cos(α+ β) .

(14)
Since we are interested in the region where α ≈ β − π/2,
we have cos(α + β) ≈ cos(2β − π/2), which peaks at
β = π/4. Therefore, from Eq. (11), we can see that the
correction to I reaches its maximum at tanβ = 1.

The dependence of mh, R(h → γγ), ∆S and ∆T on
Aγ̃ and tanβ in the second benchmark is shown in Fig. 3.
In this region, since the contribution from A terms dom-
inates over the ones from the Yukawa couplings, the loop
correction to Higgs mass from exotics is negative. There-
fore, from the first plot in Fig. 3, we can see that mh be-
comes smaller with larger Aγ̃ . For the correction to the
rate of h→ γγ, in the region where A2

γ̃ > A2
γ̄ , the charged

scalar exotics mainly couple to the Higgs through Hu and
therefore the correction to the h→ γγ rate behaves sim-
ilarly to up-type quarks. As a result, the relevant part of
the mass matrix of the charged exotics in this limit can
be reduced to

M2
s ∼

(
M2
D +m2

D Aγ̃vu
A†γ̃vu M2

X +m2
X

)
, (15)

from which we can get(
cosα

∂

∂vu
− sinα

∂

∂vd

)
detM2

f ∼ −|Aγ̃ |2vEW sin2 β ,

(16)
where the relation cosα ≈ sinβ is used. Therefore, we
can see that in this region the correction to the rate of
h→ γγ goes up slowly with tanβ which is shown in the
region Aγ̃ around 1500 GeV in Fig. 3, where Aγ̄ is fixed
to be 1000 GeV. In the region Aγ̃ = Aγ̄ the dependence
of the correction to h→ γγ on tanβ is more complicated,
and numerical simulation shows that the dependence is
not monotonic, as shown in Fig. 3. For the contributions
to the T parameter, because of the accidental cancelation
discussed in Appendix C, ∆T is typically small, while
tanβ ∼ 1 can bring a further suppression.

VI. VI CONCLUDING REMARKS

Motivated by the discovery of a ∼ 125 GeV Higgs
boson in the CMS and ATLAS experiments, we study
the possibility of lifting the tree-level mass of the SM-
like Higgs boson in MSSM extended by an extra U(1)
gauge symmetry. For definiteness, we focus on the sce-
narios with a gauged U(1)PQ symmetry which can also
be connected to a possible solution to the µ problem
in the MSSM. We limit ourselves to the parameter re-
gion in which the softly SUSY-breaking scale is below
the U(1)PQ breaking scale, fPQ > Λsoft ∼ ΛEW. In this
case, we can work in the framework of effective theory
with only the axion supermultiplet. We explicitly demon-
strate that non-trivial corrections of the U(1)PQ D-term
to the Higgs physics necessarily require sizable softly
SUSY breaking effects in the PQ symmetry-breaking sec-
tor. In particular, a correction ∼ O(10) GeV to the Higgs
mass at the tree level can be achieved for fPQ ∼ O(1)

TeV and Λsoft

fPQ
∼ O(0.1). In addition to the Higgs mass,

the LHC data also reveals a tantalizing hint of a signifi-
cantly enhanced di-photon signal rate. We show that this
feature can be accommodated in this scenario. Gauging
the U(1)PQ symmetry necessarily requires the charged
exotics for anomaly cancellation. If they happen to be
light and have sizable couplings with the Higgs boson,
the di-photon signal rate can be significantly enhanced.
With the bounds from the EWPT considered, we iden-
tify two benchmark scenarios where a light charged exotic
fermion and scalar plays a crucial role in modifying the
hγγ effective coupling, respectively.

Testing this scenario at the LHC is relatively difficult.
The first signal is probably still from the modified decays
of the SM-like Higgs boson. A confirmation of the en-
hanced di-photon signal rate would provide a potential
evidence for this scenario. In this case, it is obviously
important to search for the light charged exotic media-
tors directly at the LHC. These exotics can be produced
through the processes of weak interaction and then de-
cay into the SM particles via the interactions described in
the superpotential WY. Their signals are similar to that
of the Higgsinos, or sleptons. With the accumulation of
the data, we should be able to probe these exotics. Of
course, it is also possible to search for the leptoquark-
type exotics T1,2,3, which are required for cancelling the
SU(3)2×U(1)PQ anomaly. Although not directly related
to the modification of the Higgs di-photon decay chan-
nel, these colored particles should not be too heavy since
their mass is generated through PQ symmetry breaking.
They can be pair-produced via QCD processes at the
LHC, with leptoquark-like signals. We will leave these
studies to a future work.

Although our study is mainly done in the context of
a specific model, the lessons we have learned are fairly
general. The two benchmarks are representatives of large
classes of models in which an enhancement of the h→ γγ
signal rate does not lead to a violation of the EWPT con-
straints. The first benchmark contains four SU(2)L dou-
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blets and two charged singlets for the sake of anomaly
cancelation. This is only a little larger than the minimal
model. As discussed in Sec. IV, for the corrections from
fermionic exotics to have the same sign as the W boson
contribution, the mass of the fermionic exotics must have
two sources. One is chiral, coming from Yukawa like cou-
plings with Higgs fields. At the same time, a Dirac mass
term is necessary. Therefore, we at least need to intro-
duce two doublets. Moreover, to avoid explicit break-
ing of the custodial SU(2)c, we must at least introduce
two singlets. The mass matrices of the fermionic charged
exotics can always be written in the form of Eq. (13).
Hence, the discussions for the correction to Higgs to di-
photon decay rate made in Sec. V are in general applica-
ble. The second benchmark is a very special case in which
a charged scalar can do the job. Another similar example
in this class is the light stau scenario in the MSSM [3].
We see that, due to the constraints from the EWPT, a
certain amount of fine tuning is unavoidable in models
with an enhanced hγγ effective coupling. This implies
that if such an enhancement is confirmed, it would point
us to a new direction of model building not completely
guided by the reduction of such fine-tuning. If only the
h → γγ signal rate is enhanced while the other ones are
not modified, the new exotic states will carry the EW
quantum numbers only. Their collider signals are similar
to that of the EW-ino and the slepton. Hence, it would
be challenging to search, unless they are part of a long
decay chain starting with some colored states.
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Appendix A: A Comparison between Wess-Zumino
Gauge and Super-Unitary Gauge

In this section, we calculate the corrections to the
MSSM Higgs potential in two different choice of gauge,
which are the Wess-Zumino gauge and the Super-Unitay
gauge. We show that although in the two choices the cor-
rections to the Higgs potential are different as well as the
corrections to the VEVs of Higgs fields. But the physical
observables are the same in the two gauge choices.

1. A.1 Effective Higgs Potential: Wess-Zumino
Gauge

In the Wess-Zumino gauge, the effective potential for
the neutral Higgs sector can be obtained from K, WH

and Vsoft which are defined in Eq.(3) or its below. It is
easy to get

VWZ ∼
g2

PQ

2

[∑
i

qif
2
i (X†X)qi + qHu |Hu|2 + qHd |Hd|2

]2

+λ2f2
S(X†X)qS (|Hu|2 + |Hd|2)

+λ2 q
2
Sf

2
S

f2
PQ

|Hu ·Hd|2

+
g2

PQ

2

m2
C

m2
VPQ

+m2
C

(∑
a

qa|Ha|2
)2

+ Vsoft , (A1)

where m2
C = 2(

∑
im

2
Si
f2
i q

2
i )/(

∑
i f

2
i q

2
i ), and X =

eA/fPQ . Here the auxiliary fields FA, F †A and DPQ have
been integrated out. Note, the Wess-Zumino gauge did
not fix the gauge transformation. Selecting unitary gauge
and integrating out the massive saxion mode, we get
Eq.(4) and Eq.(5), with qHu = qHd = − 1

2qS assumed.

2. A.2 Effective Higgs Potential: Super-unitary
Gauge

With unbroken SUSY, the PQ theory is invariant un-
der the super-gauge transformation

A→ A + fPQα, VPQ → VPQ −
α+ α†

2gPQ
, Ha → Hae

α,

where α is a chiral superfield. In the case of super-unitary
gauge, the Kähler potential and superpotential in Eq.(3)
can be rewritten as

K ∼ 2g2
PQf

2
PQV2

PQ

+2gPQVPQ

∑
a

qaH
†
a exp(USM)Ha ,

WH = λfSHuHd . (A2)

Integrating out VPQ, we have

K = −
g2

PQ

m2
VPQ

[∑
a

qaH
†
a exp(USM)Ha

]2

, (A3)

which is the same as the one in [47] and leads to

VSU ∼
2g2

PQµ
2

m2
VPQ

(qHu + qHd)2|Hu ·Hd|2 (A4)

+
2g2

PQµ
2

m2
VPQ

(
qHu |Hu|2 + qHd |Hd|2

)
×
(
qHu |Hd|2 + qHd |Hu|2

)
−
g2

PQ(g2
Y + g2

2)

2m2
VPQ

(
qHu |Hu|4 + qHd |Hd|4

−(qHu + qHd)|Hu|2|Hd|2
)(∑

a

qa|Ha|2
)
.
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Although the Higgs fields have the power of six, the last
term is comparable with the other ones, given that the
Higgs VEVs and the µ parameter are of the same order.

The effects of the softly SUSY breaking can be incor-
porated via the interaction between the SUSY-breaking
spurions and the superfields in the visible sector, which
leads to new terms in K and WH

KPQ ∼ (−
∑
i

m2
Siθ

2θ̄2)f2
i e

2qigPQVPQ ,

WH ∼ (−Aλλθ2)fSHuHd , (A5)

where m2
Si

is the soft squared mass of Si and Aλλ gives
the A-parameter of SHuHd. VPQ has a general form
(the metric (−,+,+,+) is assumed)

VPQ(x, θ, θ̄) = C(x) + iθχ(x)− iθ̄χ̄(x)

+
i

2
θ2[M(x) + iN(x)]

− i
2
θ̄2(M(x)− iN(x))− θσµθ̄vµ(x)

+iθ2θ̄[λ̄(x) +
i

2
σ̄µ∂µχ(x)]

−iθ̄2θ[λ̄+
i

2
σµ∂µχ̄(x)]

+
1

2
θ2θ̄2[D(x) +

1

2
2C(x)] , (A6)

with

V2
PQ

∣∣
θ2θ̄2 ∼ −

1

2
vµvµ +

1

2
(M2 +N2)

+
1

2
C2C + CD ,

VPQH†aHa

∣∣
θ2θ̄2 ∼

C

mVPQ

F †aFa +
i

2
[M + iN ]HaF

†
a

− i
2

[M − iN ]H†aFa

+
1

2
H†aHa[D +

2C

2mVPQ

] , (A7)

CH†aUSMHa

∣∣
θ2θ̄2 ∼

C

mVPQ

H†a(YagYDY + T 3g2D
3
2)Ha .

Here Wess-Zumino gauge is assumed for the SM gauge
superfields. Then we can get the effective Lagrangian

LSU = −1

2
m2
VPQ

vµvµ +
1

2
m2
VPQ

(M2 +N2) +mVPQCD

−1

2
m2
CC

2 + 2gPQ

∑
a

qa

(
C

mVPQ

F †aFa

+
i

2
[M + iN ]HaF

†
a −

i

2
[M − iN ]H†aFa

+
1

2
H†aHaD

)
+

1

2
D2 +

∑
a

F †aFa

+λfS [HuFd + FuHd + h.c.]

+AλλfS [HuHd + h.c.] (A8)

+
2gPQC

mVPQ

∑
a

qaH
†
a(YagYDY + T 3g2D

3
2)Ha .

Integrating out M , N , D, C, DY , D3
2 and neglecting the

mass term of vµ, we obtain the Higgs effective potential
in super-unitary gauge

VSU = (|µeff |2 +m2
Hu)|Hu|2 + (|µeff |2 +m2

Hd
)|Hd|2

+
1

8
(g2

2 + g2
Y )(|Hu|2 − |Hd|2)2 − 2BµRe(HuHd)

+
2g2

PQµ
2(qHu + qHd)2

m2
VPQ

|HuHd|2

+
2g2

PQµ
2

m2
VPQ

+m2
C

(∑
a

qa|Ha|2
)

×
(
qHu |Hd|2 + qHd |Hu|2

)
+
g2

PQ

2

m2
C

m2
VPQ

+m2
C

(∑
a

qa|Ha|2
)2

−
2g2

PQ

m2
VPQ

+m2
C

(∑
a

qa|Ha|2
)(∑

a

m2
Haqa|Ha|2

)

−
g2

PQ(g2
Y + g2

2)

2(m2
VPQ

+m2
C)

(
qHu |Hu|4 + qHd |Hd|4

−(qHu + qHd)|Hu|2|Hd|2
)(∑

a

qa|Ha|2
)
. (A9)

So, the Aλ-term does not contribute the Higgs potential
apart from giving a Bµ term.

3. A.3 Scattering Amplitudes Of Light Fields

Although the effective potential of the neutral Higgs
fields is gauge-dependent, physical observables should not
depend on the gauge option. Next, we show that the
scattering amplitudes of the Higgs fields in the Wess-
Zumino and super-unitary gauges are the same at tree
level. For simplicity we will work in the limit of unbroken
SUSY. In addition, no cubic terms appear in the tree-
level effective potentials? Define X = eA/fPQ , we have

X†X = 1 + Y or Y = A+A†

fPQ
in the Wess-Zumino gauge,

with the decomposition

Y ∼ Y +
1

4
θ2θ̄22Y , (A10)

where we have omitted the terms containing fermion
fields and auxiliary fields. Then KPQ ∼ 1

2f
2
PQY2 gives

the kinetic term of Y

Lk
WZ ∼

1

4
f2

PQY2Y . (A11)
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Integrating out Y , we obtain a correction of the order
O(2/m2

VPQ
)

Lk
WZ =

1

4g4
PQf

6
PQ

[g2
PQf

2
PQ(qHu |Hu|2 + qHd |Hd|2)

+λ2f2
SqS(|Hu|2 + |Hd|2)]

×2[g2
PQf

2
PQ(qHu |Hu|2 + qHd |Hd|2)

+λ2f2
SqS(|Hu|2 + |Hd|2)]

≈ 1

4f2
PQ

(qHu |Hu|2 + qHd |Hd|2)

2(qHu |Hu|2 + qHd |Hd|2) (A12)

where the corrections proportional to λ2 and higher or-
ders are neglected.

With the super-unitary gauge, the kinetic term of the
saxion field arises from

VPQH†aHa|θ2θ̄2 ∼
C

mVPQ

(F †aFa +
1

4
H†a2Ha

+
1

4
2H†aHa −

1

2
∂µH

†
a∂

µHa)

+
i

2
[M + iN ]HaF

†
a −

i

2
[M − iN ]H†aFa

+
1

2
H†aHa[D +

2C

2mVPQ

] . (A13)

The Langrangian is given by

Lk
SU ∼

g2
PQ

2m2
VPQ

(∑
a

qa|Ha|2
)
2

(∑
a

qa|Ha|2
)

−
g2

PQ

m2
VPQ

(∑
a

qa|Ha|2
)∑

a

qa

[
1

2
2(H†aHa)

+
1

2
H†a2Ha +

1

2
2H†aHa − ∂µH†a∂µHa

]
.(A14)

The terms in the first line of Eq.(A14) are the same
as the ones in Eq. (A12), while the left ones give the
difference of the kinetic terms between the Wess-Zumino
gauge and the super-unitary gauge

∆Lk = −
g2

PQ

m2
VPQ

(∑
a

qa|Ha|2
)∑

a

qa

[
1

2
2(H†aHa)

+
1

2
H†a2Ha +

1

2
2H†aHa − ∂µH†a∂µHa

]
= −

g2
PQ

m2
VPQ

(∑
a

qa|Ha|2
)

(A15)

×
∑
a

qa
[
(2H†a)Ha +H†a(2H)

]
→ −

2g2
PQ

m2
VPQ

(∑
a

qa|Ha|2
)(∑

a

qam̃
2
Ha |Ha|2

)
,

where the equation of motion of Ha as a free field has
been used since in a scattering process the incoming and

outgoing states are on-shell free particles. If SUSY is
conserved, Hu and Hd can only get masses from the
superpotential and we have m̃Ha = λfS . Then, with
m2
VPQ

= 2g2
PQf

2
PQ, it is easy to check that the poten-

tial difference is completely compensated by Eq.(A15),
and therefore at tree-level, the scattering amplitudes of
Hu,d in the Wess-Zumino and super-unitary gauges are
equivalent to each other.

4. A.4 Vacuum Energy And Particle Mass
Spectrum

The potentials in the Wess-Zumino and super-unitary
gauges can be written as

VWZ = V (0) + V
(1)
WZ , VSU = V (0) + V

(1)
UG , (A16)

with the minimization conditions given by

∂VWZ

∂Hu,d

∣∣∣∣
Hu=vWZ

u ,Hd=vWZ
d

= 0 ,

∂VSU

∂Hu,d

∣∣∣∣
Hu=vSU

u ,Hd=vSU
d

= 0 . (A17)

Here V
(1)
WZ and V

(1)
UG are of order ∼ O(λ2) (m2

soft/m
2
VPQ
∼

λ2 has been assumed). Similarly, the VEVs in the two
gauges can be written as

vWZ
u,d = v

(0)
u,d + v

WZ(1)
u,d , vSU

u,d = v
(0)
u,d + v

UG(1)
u,d , (A18)

with v
(0)
u,d satisfying the minimization conditions of V (0) =

VMSSM

m2
Hu + |µ|2 −Bµ cotβ − m2

Z

2
cos 2β = 0,

m2
Hd

+ |µ|2 −Bµ tanβ +
m2
Z

2
cos 2β = 0. (A19)

Then, up to ∼ O(λ2) the minimization conditions are
given by

∂2V (0)

∂Ha∂Hb

∣∣∣∣
v

(0)
u,d

v
WZ(1)
b +

∂V
(1)
WZ

∂Ha

∣∣∣∣∣
v

(0)
u,d

= 0 ,

∂2V (0)

∂Ha∂Hb

∣∣∣∣
v

(0)
u,d

v
UG(1)
b +

∂V
(1)
SU

∂Ha

∣∣∣∣∣
v

(0)
u,d

= 0 . (A20)

The difference of the potentials of the Wess-Zumino and
super-unitary gauges is

∆V = VWZ − VSU

=
1

f2
PQ

(|Hu|2 + |Hd|2)

×
[
V (0) +

1

8
(g2

2 + g2
1)(|Hu|2 − |Hd|2)2

]
.(A21)
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It is easy to check that

∆V |
v

(0)
u,d

≡ 0 . (A22)

This indicates that the vacuum energies are equal to each
other in the two different gauges, since

(V (0) + ∆V )v(0)+∆v = V (0)|v(0) +
∂V (0)

∂H

∣∣∣∣
v(0)

v(1)

+∆V |v(0) + higher order.(A23)

and the first three terms are zero.
Next, let us check whether the pole mass of the SM

gauge bosons and fermions is the same in these two
gauges. In the Wess-Zumino gauge the mass formulae
of these particles are canonical, while they are not in the
super-unitary gauge. In the latter case, the formulae are

m2
W =

(
1 +

2gPQC

mVPQ

)
g2

2

2
v2

EW ,

m2
Z =

(
1 +

2gPQC

mVPQ

)
g2

2 + g2
Y

2
v2

EW ,

mt =

(
1 +

gPQC

mVPQ

)
yt√

2
vutLtR , (A24)

with

C = − gPQ

mVPQ

(qHu |Hu|2 + qHu |Hd|2) . (A25)

Here we select top quark as an example of the SM
fermions.

From Eq. (A20) we get

v
(1)
b = − (M2

H)−1
ba

∂∆V

∂Ha

∣∣∣∣
v

(0)
u,d

, (A26)

where the entries (M2
H)ab = ∂V (0)

∂Ha∂Hb

∣∣∣
v

(0)
u,d

are

(M2
H)11 = 2Bµ cotβ + 2m

(0)
Z

2
sin2 β

(M2
H)12 = −2Bµ − 2m

(0)
Z

2
sinβ cosβ

(M2
H)21 = −2Bµ − 2m

(0)
Z

2
sinβ cosβ

(M2
H)22 = 2Bµ tanβ + 2m

(0)
Z

2
cos2 β , (A27)

and ∂∆V
∂Ha

∣∣∣
v

(0)
u,d

are

∂∆V

∂Hu

∣∣∣∣
v

(0)
u,d

= −
m

(0)
Z

2
cos 2βv3 sinβ

f2
PQ

,

∂∆V

∂Hd

∣∣∣∣
v

(0)
u,d

=
m

(0)
Z

2
cos 2βv3 cosβ

f2
PQ

.

(A28)

Particles Gauge charges Particles Gauge charges

T1 (3; 1; 2/3; −1) Tc
1 (3̄; 1; −2/3; −1)

T2 (3; 1; 2/3; −1) Tc
2 (3̄; 1; −2/3; −1)

T3 (3; 1; −1/3; −1) Tc
3 (3̄; 1; 1/3; −1)

N (1; 1; 0; 2) Nc (1; 1; 0; 2)
S (1; 1; 0; 2) Sc (1; 1; 0; −2)
S1 (1; 1; 0; −4) Sc

1 (1; 1; 0; 4)
S2 (1; 1; 0; −2)

TABLE IV: Particle content used to cancel the anomalies in
the gauged U(1)PQ theory.

with v2 ≡ (H2
u +H2

d)v(0) . This leads to

v(1)
u =

v2v
(0)
u

2f2
PQ

, v
(1)
d =

v2v
(0)
d

2f2
PQ

. (A29)

Therefore, the Higgs VEVs are rescaled by a factor v2

2f2
PQ

which cancels the rescaling factors in Eq.(A24) exactly.

Appendix B: B The complete model

The colored particles and additional singlets intro-
duced in the model discussed in Sec. V are listed in
Table IV, and the full superpotential of the model can is
given by

W = WH + WHγ

+WY(Hu ↔ Dk,Hd ↔ Dc
k)

+WLQ + WS , (B1)

where WH and WHγ are presented in Eqs. (3) and
(12), respectively. WY has the same form as the MSSM
Yukawa couplings, but with the replacements Hu ↔ Dp

and Hd ↔ Dc
q. WS includes all terms with only the PQ

symmetry breaking fields (S,Sc,S1,S
c
1,S2). WLQ con-

tains the interactions involving the color triplets T
(c)
1,2,3.

It has the coupling of the form STTc, and κrsLrQsT3 +
κrspN̄rūsTp with r, s = 1, 2, 3. After the U(1)PQ sym-
metry is broken, (Tr,T

c
s) and (Dp,D

c
q) obtain vector-

like masses by coupling with the supermultiplet S. An
important feature is that (Tr,T

c
s) and (Dp,D

c
q) decay

into the SM particles via the interactions in WLQ and
WY, respectively. This can help avoid the overproduc-
tion of the exotic particles in the Universe. From the
choice of the U(1)PQ charges displayed in Table I, the
only renormalizable couplings between the color triplets
and the Higgs bosons are of the form Hq̃ ˜̀T̃ or HHT̃ T̃ .
Hq̃ ˜̀T̃ will not contribute to the Higgs decay directly.
Furthermore, they can be suppressed by choosing small
leptoquark-type couplings. HHT̃ T̃ will enter hgg effec-
tive coupling. However, this contribution can be small if
the color triplets is heavy, mT ∼ TeV. For these reasons,
we assume that the triplets are heavy and their contri-
butions to the Higgs production rate are suppressed.
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Appendix C: C Accidental cancelation in the light
scalar exotic scenario

FIG. 4: ξ vs. b for varied a values, where the red, blue and
black curves are for a=1, 1.5 and 2, respectively.

In the case of light charged scalar spectators coupled
to Higgs fields through large A-terms, there is an ac-
cidental cancelation in the calculation of ∆T . To see

this point, let us discuss a simpler model, which is
the stau-like particles, with their mass matrix scaled to

M2
τ̃ = m2

0

(
1 ab
ab a2

)
. Here a is the soft mass parameter

of the right-chiral stau and b is the mixing parameter.
In the limit of b = 1 where the mixing between the left-
and right-chiral stau leptons and hence the weak isospin
violation of the left-chiral stau doublet are maximized,
∆T is proportional to a factor

ξ = log(1 + a2)− 2

1 + a2

∫ 1

0

dy(a2y + 1) log(a2y + 1).

An interesting observation is that the numerical values of
the two terms in the r.h.s are accidentally close to each
other, which leads to a ∆T a few times smaller than its
natural value. This effect can be generalized to varied
b values (see Fig. 4). tanβ ∼ 1 becomes unnecessary
therefore to avoid a sizable ∆T .
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