
SUð2Þ � SUð2Þ gauge extensions of the MSSM revisited

Ran Huo,1 Gabriel Lee,1 Arun M. Thalapillil,1,4 and Carlos E.M. Wagner1,2,3

1Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA
2HEP Division, Argonne National Laboratory, 9700 Cass Avenue, Argonne, Illinois 60439, USA
3Kavli Institute for Cosmological Physics, University of Chicago, Chicago, Illinois 60637, USA

4Department of Physics, Rutgers University, Piscataway, New Jersey 08854, USA
(Received 10 January 2013; published 13 March 2013)

We study an extension of the minimal supersymmetric Standard Model with a gauge group

SUð2Þ1 � SUð2Þ2 breaking to SUð2ÞL. The extra wino has an enhanced gauge coupling to the Standard

Model-like Higgs boson and, if light, has a relevant impact on the weak-scale phenomenology. The low-

energy Higgs quartic coupling is modified by both extra D-term corrections and a modification of its

renormalization group evolution from high energies. At low values of tan�, the latter effect may be

dominant. This leads to interesting regions of parameter space in which the model can accommodate a

125 GeV Higgs with relatively light third-generation squarks and an increased h ! �� decay branching

ratio, while still satisfying the constraints from electroweak precision data and Higgs vacuum stability.
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I. INTRODUCTION

The LHC experiments have recently reported the dis-
covery of a new particle, with properties similar to the ones
of the Standard Model (SM) Higgs boson and with a mass
of roughly 125 GeV [1–4]. This Higgs-like particle has
been detected in its decay into a pair of photons or massive
gauge bosons, ZZ� and WW�, with a rate which is roughly
consistent with the one expected in the SM. The fact that
this Higgs-like particle is produced via gluon fusion pro-
vides indirect evidence of its coupling to top quarks. The
coupling to other fermions is uncertain, although the recent
LHC and Tevatron data have provided some evidence of
its couplings to bottom quarks and � leptons, at a rate
consistent with the SM one [5,6].

A SM-like Higgs boson, with a mass of about 125 GeV,
provides constraints on the parameters of the SM and its
possible extensions. In the SM, such a Higgs boson mass
fixes the low-energy value of the quartic coupling of the
Higgs potential, which is otherwise a free parameter. In the
minimal supersymmetric extension of the SM (MSSM),
instead, the effective quartic coupling of the SM-like tree-
level Higgs potential in the limit of large non-standard
Higgs boson masses is related to the gauge couplings by
the supersymmetric D terms. Consequently, at tree level,
the mass of the SM-like Higgs boson is bounded to be
below the Z boson mass, and a large loop correction is
needed to achieve a Higgs mass of 125 GeV. This large
loop correction may be provided by quantum corrections
induced by the third-generation quarks and their super-
symmetric partners. It has long been established that stop
masses of order 1 TeV can lead to a SM-like Higgs as
heavy as 130 GeV, provided tan�, the ratio of the two
Higgs boson vacuum expectation values, is large and
the left-right stop mixing parameter At is of the order of
2.4 times the average stop mass [7]. Values of the SM-like
Higgs mass of about 125 GeV require values of the

parameters close to the ones leading to this maximal value,
namely moderate to large tan� to maximize the tree-level
mass, at least one heavy stop enabling sizable top quark-
loop contributions to the renormalization group evolution
(RGE) of the quartic coupling, and a large stop mixing

parameter ~At of the order of, or larger than, the heaviest
stop mass (see for example Refs. [8–11] and related
references).
Interestingly, the current best fit for the rate of the

diphoton production channel, proceeding from Higgs pro-
duction and decay, suggests an enhancement over the SM
expectation [1–4],

½�ðpp ! hÞ � BRðh ! ��Þ�best-fit
�SMðpp ! hÞ � BRSMðh ! ��Þ ¼ 1:9� 0:5;

ð1:56� 0:43Þ (1)

at the ATLAS (CMS) experiment; however, the errors are
still too large to claim any significant deviation with
respect to the SM. On the other hand, the preliminary
indications are that h ! ZZ� and h ! WW� are in better
alignment with the SM expectations.
Although it is premature to draw any firm conclusion

from the present Higgs data, it is interesting to consider
what the consequences would be of an enhanced diphoton
decay rate. Since this rate is induced at the loop level, new
weak-scale charged particles can induce a modification of
this rate, and therefore a lot of effort has been directed
towards understanding and incorporating this enhanced
diphoton branching ratio (BR) in weak-scale extensions
of the SM [12–23].
The enhancement of the Higgs diphoton decay rate may

be induced by particles carrying not only charge but also
color. Color-charged particles will lead not only to a modi-
fication of the Higgs diphoton decay rate but also to the
main gluon fusion production mode. In the MSSM, for

PHYSICAL REVIEW D 87, 055011 (2013)

1550-7998=2013=87(5)=055011(13) 055011-1 � 2013 American Physical Society

http://dx.doi.org/10.1103/PhysRevD.87.055011


instance, a light stop ~t or other colored particles may
enhance the Higgs diphoton decay BR, but they will also
simultaneously lower the Higgs gluon-fusion production
cross section. This is hard to accommodate in view of the
current data [1–4] and other theoretical constraints [24].
We shall therefore focus on the scenario that the particles
carry no color and there is an enhancement of the Higgs
diphoton decay BR compared with the SM, without any
relevant modification of the main gluon fusion and weak
boson fusion Higgs production rates. Moreover, we shall
consider the case in which the main decay modes into
massive gauge bosons and bottom quarks remain close to
the SM. In supersymmetric extensions, this is achieved by
a sizable value of the nonstandard Higgs boson massMA of
the order of, or larger than, 1 TeV.

In this paper, we explore a gauge extension of the
MSSM that may simultaneously account for the 125 GeV
SM-like Higgs boson and also yield an enhancement of the
Higgs diphoton decay BR.1 The model is based on
Refs. [25,26] (henceforth BDKT): the gauge sector is
extended to SUð2Þ1 � SUð2Þ2 at a high scale (SUð2Þ2 is
asymptotically free and its coupling becomes large at EW
scales) which is spontaneously broken to the SM SUð2ÞL
by the vacuum expectation value (vev) of a bidoublet �. In
the original study, at low energy, the propagator of the
residual scalar component of the bidoublet gives an extra
effective contribution to the supersymmetric D term, and
consequently an extra contribution to the tree-level Higgs
mass, as well as to the mass splitting of the isospin com-
ponents of those scalar fields transforming in a nontrivial
way under SUð2Þ [27].

We investigate a specific aspect of this model that was
previously overlooked. In certain regions of the parameter
space, the lightest wino has a predominant component
from the second, strongly interacting SUð2Þ2. These light
charginos couple strongly to the SM-like Higgs and may
lead to a relevant modification of the Higgs diphoton decay
BR with respect to the SM one. In the MSSM, the enhance-
ment of the diphoton rate mediated by charginos is small
due to the weak couplings of the Higgs to the charginos. In
this case, however, the chargino effects are enhanced by a
factor ðg2=gÞ2 with respect to the ones in theMSSM, where
g2 is the SUð2Þ2 coupling and g is the SM weak coupling.
The coupling g2 cannot be arbitrarily large, however, since
it would induce a large correction to the Higgs mass
beyond the D term modifications. This is a new, unex-
plored mechanism for the modification of the Higgs
mass, which goes beyond the frameworks of nondecou-
pling D terms discussed in Refs. [23], and therefore will
remain interesting even in the case that the diphoton
enhancement were not present after analyzing the full set

of experimental data. We will explore viable regions of
parameter space where this model is consistent with cur-
rent experimental and theoretical constraints.
The paper is organized as follows. We review the model

in detail in Sec. II. In Sec. III, we discuss the phenome-
nology of the model. Numerical results are presented in
Sec. IV. We present our conclusions in Sec. V.

II. SUð2Þ1 � SUð2Þ2 EXTENSION OF THE MSSM

At high scales, the extended weak-gauge sector is
SUð2Þ1 � SUð2Þ2. The SUð2Þ1 vector supermultiplet cou-
ples only to the first two generations of chiral supermultip-
lets in the MSSM, while the SUð2Þ2 vector supermultiplet
couples only to the third-generation chiral supermultiplet
and the two Higgs supermultiplets. Such an arrangement
will lead to vanishing tree-level couplings of the Higgs to
the first two generations due to gauge invariance, so a
natural hierarchy of masses between the heavy and light
generations appears in this model. Due to the asymptoti-
cally free nature of SUð2Þ2, at the weak scale, the related
gauge couplings satisfy g2 > g1. A bidoublet chiral super-
multiplet � with the charge ð2; �2Þ under SUð2Þ1 � SUð2Þ2
links the two gauge group sectors. We can represent the
bidoublet as a matrix

� ¼ �01þ �a�a; (2)

where �a are the Pauli matrices. There is also a gauge
singlet field S, which provides supersymmetric masses to
the bidoublet fermion and scalar fields. With these ingre-
dients, the effective superpotential of the model is given by

W ¼ WMSSM � �S

�
1

4
���!2

�
þ �

3
S3: (3)

Note that �� is contracted with two epsilon tensors, i.e.,

�� ¼ 2 det ð�Þ ¼ 2ðð�0Þ2 � ~�
2Þ. We assume � � �, and

with the addition of a soft mass term for S, S acquires a
large vev hSi �O ðTeV=�Þ. The potential relevant to the�
field is, from above,

V�¼ 1

16
j�j2j��j2�1

4
j�j2!2ð��þH:c:Þ

þ1

2
ðj�j2hS�Siþm02

�ÞTrð�y�ÞþDterms; (4)

where m0
� is the soft mass term corresponding to the scalar

component of the � supermultiplet, and, for simplicity,
we have ignored subdominant terms ofOð�Þ. Observe that
the fermionic component ~� obtains the mass M~� ¼ �hSi
from the Yukawa terms, where we have chosen a different
normalization of the coupling � from the one in
Refs. [25,26]. The total mass of the scalars is defined as

m2
� ¼ My

~�
M~� þm02

� .

1An extension of the MSSM by an SUð2ÞL triplet with Oð1Þ
coupling to the Higgs, in a context without gauge extensions,
was explored in Ref. [16].
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A. SUð2Þ1 � SUð2Þ2 ! SUð2ÞL spontaneous
symmetry breaking

The potential in Eq. (4) will induce spontaneous sym-
metry breaking and result in

SUð2Þ1 � SUð2Þ2 ! SUð2ÞL: (5)

We choose a diagonal breaking, with � acquiring a vev of
the form h�i ¼ u1. Minimizing the potential, we find

u2 ¼ 2

�
!2 � m2

�

j�j2
�
: (6)

Analogous to electroweak symmetry breaking, the gauge
bosons W1 and W2 of SUð2Þ1 � SUð2Þ2 mix to form W 0
bosons, which have masses proportional to u, and the SM
W bosons, which remain massless, leading to the unbroken
SUð2ÞL. At lower energies, these W bosons and the Uð1ÞY
gauge boson B combine after electroweak symmetry
breaking to form the photon and the massive W� and Z0

bosons.
In analogy with chiral perturbation theory, the covariant

derivative of the ð2; �2Þ bidoublet is
D�� ¼ @��þ ig1W

a
1�t

a�� ig2�W
a
2�t

a; (7)

where ta ¼ 1
2�

a are the SUð2Þ generators. The kinetic term
for the scalar component of the bidoublet is

1

2
TrððD��ÞyD��Þ: (8)

Inserting the vev u for the scalar, we obtain the following
mass term for the W 0 gauge bosons:

u2

4
ðg1Wa

1 � g2W
a
2 Þ2: (9)

The mixing matrices between the gauge eigenstates
ðW1;W2Þ and the mass eigenstates ðW;W 0Þ are

W 0

W

 !
¼

g1ffiffiffiffiffiffiffiffiffiffi
g21þg22

p � g2ffiffiffiffiffiffiffiffiffiffi
g21þg22

p
g2ffiffiffiffiffiffiffiffiffiffi
g2
1
þg2

2

p g1ffiffiffiffiffiffiffiffiffiffi
g2
1
þg2

2

p

0
B@

1
CA W1

W2

 !
: (10)

From above, we note that the W 0 bosons obtain masses

mW0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2 ðg21 þ g22Þ

q
u. Plugging these mass eigenstates

into the covariant derivatives of the MSSM chiral super-
multiplets, we obtain the covariant derivatives for the
third-generation fermions and the Higgs sectors (which
as mentioned before are only charged under the SUð2Þ2),

D� ¼ @� þ ig2W
a
2�t

a

¼ @� þ i
g1g2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g21 þ g22

q Wa
�t

a � i
g22ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g21 þ g22

q W 0a
� t

a

¼ @� þ igWa
�t

a � i
g2
g1

gW0a
� t

a; (11)

and for the first- and second-generation fermions (which
are only charged under the SUð2Þ1),

D� ¼ @� þ ig1W
a
1�t

a

¼ @� þ i
g1g2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g21 þ g22

q Wa
�t

a þ i
g21ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g21 þ g22

q W 0a
� t

a

¼ @� þ igWa
�t

a þ i
g1
g2

gW 0a
� t

a: (12)

Here, we have identified

g ¼ gSM 	 g1g2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g21 þ g22

q ; (13)

or equivalently 1=g2 ¼ 1=g21 þ 1=g22, which is the
usual electroweak coupling constant at low energies.
Note that all fermion generations have the same SM
coupling (i.e., gSM) to W bosons as required by gauge
invariance.

B. The extended chargino and neutralino sector

We now turn to the chargino and neutralino sectors. Along
with the bino andHiggsino,wehave two sets ofwinos and the
fermionic component of �. Thus, we have four charginos,

which we denote in the gauge eigenstate basis as ð~��ÞT ¼
ð ~W�

1 ; ~W
�
2 ; ~H

�
u=d;

~��Þ. Similarly, there are six neutralinos of

interest in our model, which we denote in the gauge eigen-

state basis as ð~�0ÞT ¼ ð ~B0; ~W0
1; ~W

0
2; ~H

0
d;

~H0
u;
~�3Þ.2

Observe that since only the second SUð2Þ2 couples with
the Higgs sector, the ~W2 Higgsino mass mixing entries
have a coupling g2 instead of g. Both the ~W1 and ~W2

couple to the bidoublet through the scalar-fermion-gaugino
term


 1ffiffiffi
2

p giTrð�y ~Wa
i t

a ~�ÞþH:c:

¼
 1ffiffiffi
2

p giuð~�� ~Wþ
i þ ~W�

i
~�þþ ~W3

i
~�3ÞþH:c:: (14)

Here the negative (positive) sign is for i ¼ 1 (2).
We can write the mass term for the charginos in the

Lagrangian as L 3 �ð~��
G ÞTM� ~�þ

G þ H:c:, where M� is

the extended chargino mass matrix

2We can also use the basis with ð ~W1; ~W2Þ rotated to ð ~W; ~W0Þ in
the same way as their bosonic counterparts, but that will in-
troduce mixing terms between the ~W and ~W0 in the chargino and
neutralino mass matrix.
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M�
ij ¼

M ~W1
0 0 1ffiffi

2
p g1u

0 M ~W2

1ffiffi
2

p g2vs� � 1ffiffi
2

p g2u

0 1ffiffi
2

p g2vc� � 0

1ffiffi
2

p g1u � 1ffiffi
2

p g2u 0 M~�

0
BBBBBBB@

1
CCCCCCCA
; (15)

with ð~��
G ÞT ¼ ð ~W�

1 ; ~W
�
2 ; ~H

�
d ;

~��Þ and ~�þ
G ¼ ð ~Wþ

1 ; ~W
þ
2 ; ~H

þ
u ;

~�þÞT the charginos written in gauge eigenstates (note the

subscript G). The two soft masses of ~W1 and ~W2 areM ~W1
andM ~W2

, respectively. Similarly, we can write the mass term for

the neutralinos as L 3 � 1
2 ð~�0

GÞTM0 ~�0
G þ H:c:, where M0 is the extended neutralino mass mixing matrix

M0
ij ¼

M1 0 0 � 1
2g

0vc� 1
2 g

0vs� 0

0 M ~W1
0 0 0 1ffiffi

2
p g1u

0 0 M ~W2
� 1

2 g2vc�
1
2g2vs� � 1ffiffi

2
p g2u

� 1
2g

0vc� 0 � 1
2g2vc� 0 �� 0

1
2g

0vs� 0 1
2g2vs� �� 0 0

0 1ffiffi
2

p g1u � 1ffiffi
2

p g2u 0 0 M~�

0
BBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCA
; (16)

and ~�0
G ¼ ð ~B; ~W3

1; ~W
3
2; ~H

0
d;

~H0
u;
~�3ÞT . We have omitted the

~�0
, which acquires a mass M~� and does not mix with the

other fields, and the singlino with mass �hSi that mixes

with ~�0
by terms of the order �u.

As in the MSSM, we diagonalize the mass matrices to
obtain the physical chargino and neutralino states. The
asymmetric chargino mixing matrix is diagonalized by
extended 4� 4 unitary matrices U and V . They are
defined as

ð~��
G ÞTM~�� ~�þ

G ¼ðð~��
G ÞTUyÞðUM~��V yÞðV ~�þ

G Þ
¼ð~��

MÞTdiagðM~��Þ~�þ
M;

ð~��
MÞi¼Uijð~��

G Þj; ð~�þ
MÞi¼V ijð~�þ

G Þj: (17)

The subscript M denotes mass eigenstates.
In the neutralino sector, the symmetric neutralino mix-

ing matrix is diagonalized by an extended 6� 6 unitary
matrix Z

ð~�0
GÞTM~�0 ~�0

G ¼ ðð~�0
GÞTZTÞðZ�M~�0ZyÞðZ~�0

GÞ
¼ ð~�0

MÞTdiagðM~�0Þ~�0
M;

ð~�0
MÞi ¼ Zijð~�0

GÞi: (18)

Using the mixing matrices above, one may now write
down the couplings of the physical charginos and neutra-
linos with the gauge bosons and Higgs fields.

C. The � Bidoublet

Before discussing the phenomenological implications,
let us briefly revisit the Lagrangian terms for the bidoublet
� to fix some of our notations and conventions.

The kinetic term of the supermultiplet is

L�kin ¼ 1

2
TrððD��ÞyD��Þ þ 1

2
Trð~�yi ���D�

~�Þ

þ 1

2
TrF�F

�
�; (19)

where we have

� ¼ uþ�0 þ �3 �1 � i�2

�1 þ i�2 uþ�0 ��3

 !
(20)

after the breaking of SUð2Þ1 � SUð2Þ2. The �a corre-
sponding to each generator are complex fields.
The D terms involving the bidoublet and Higgs are

LD;��H ¼ � 1

8
g21Trð�yta�Þ2

� g22
2

�
1

2
Trð�yta�Þ þHy

u taHu þHy
d t

aHd

�
2
:

(21)

If one of the � fields takes the vev u, we can write
� ! uþ � with Trð�yta�Þ ! uð�þ ��Þa þOð�2Þ.
We may then define the massive, real triplet

�a
T 	 1ffiffiffi

2
p ð�þ ��Þa: (22)

It follows that
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LD;��H ! � 1

4
ðg21 þ g22Þu2

X3
a¼1

ð�a
TÞ2

� g22ffiffiffi
2

p uðHy
u�a

Tt
aHu þHy

d�
a
Tt

aHdÞ

� g22
2
ðHy

u taHu þHy
d t

aHdÞ2; (23)

and the scalar �T gets an additional mass contribution
through the supersymmetric D term. Combined with the
mass terms from the F and soft terms of the scalar poten-
tial, the mass of the scalar triplet �T comes out to be

M2
� ¼ 1

2
ðg21 þ g22Þu2 þ 2m2

�: (24)

The Feynman rule for the H�H�a
T vertex is � 1ffiffi

2
p ig22ut

a.

III. PHENOMENOLOGY OF THE SUð2Þ1 � SUð2Þ2
GAUGE EXTENSION

Let us now discuss some of the phenomenological
implications of the SUSY SUð2Þ1 � SUð2Þ2 gauge exten-
sions. Compared to earlier studies [25–29], the new aspects
that we would like to concentrate on are the modifications
of the effective quartic coupling of the SM-like Higgs
boson and the possible effects of the new charginos on
the Higgs-diphoton partial decay width.

A. The enhanced D-term contribution
to the tree-level Higgs mass

The original motivation of BDKT [25,26] in considering
SUð2Þ1 � SUð2Þ2 gauge extensions was to achieve large
Higgs masses while avoiding the tree-level MSSM bound.
This was accomplished by integrating out the heavy triplet
� with its equation of motion,

�a
T ¼ � 1

M2
�

g22uffiffiffi
2

p ðHy
u taHu þHy

d t
aHd þ � � �Þ þO

�
p2

m2
�

�
:

(25)

Substituting this in Eq. (23), we have

LD;��H ! �g2�

2
ðHy

u taHu þHy
d t

aHdÞ2; (26)

with

� ¼
1þ 4m2

�

u2
1
g2
1

1þ 4m2
�

u2
1

g2
1
þg2

2

: (27)

Compared to the MSSM, the effective SUð2ÞL D term is
enhanced by this factor �. The tree-level CP-even Higgs
mass matrix becomes

M2
H0 ¼

1
4 ðg2�þ g02Þv2cos 2�þM2

Asin
2� �

�
1
4 ðg2�þ g02Þv2 þM2

A

�
sin� cos�

�
�
1
4 ðg2�þ g02Þv2 þM2

A

�
sin� cos� 1

4 ðg2�þ g02Þv2sin 2�þM2
Acos

2�

0
B@

1
CA; (28)

where g0 is the SM Uð1ÞY gauge coupling and MA is the
mass parameter of the CP-odd Higgs. The key observation
of BDKT was that in the decoupling limit, with large MA,
the mass of the light, neutral, CP-even Higgs is not
bounded at tree level by MZj cos 2�j, but rather by

mh � 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2�þ g02

q
vj cos 2�j: (29)

The tree-level mass splitting between the charged and
CP-odd Higgs is also modified [27],

m2
H� �m2

A ¼ g2�

4
v2: (30)

Here, as before, the weak coupling constant is defined as

g ¼ g1g2=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g21 þ g22

q
.

B. The chargino loop contribution
to the Higgs diphoton decay rate

The Higgs diphoton decay is loop induced and may
include contributions from bosons, fermions, and scalars
(see for instance Refs. [19,30,31]),

�ðh ! ��Þ ¼ 	2m3
h

1024
3

��������ghVVm2
V

Q2
VA1ð�VÞ

þ 2ghf �f

mf

Nc;fQ
2
fA1=2ð�fÞ

þ Nc;SQ
2
S

ghSS
m2

S

A0ð�SÞ
��������

2

; (31)

where �i ¼ 4m2
i =m

2
h and V, f, and S refer to spin-1,

spin-1=2, and spin-0 fields. The corresponding ghii, Qi,
and Nc;i denote the coupling, electric charge, and number

of colors of each particle contributing to the amplitude. A1,
A1=2, and A0 are the related loop functions.

For heavy particles in the loop, the Higgs diphoton
partial width may also be quantified using Higgs low-
energy theorems [32,33],

Lh�� ’ 	

16


h

v

@

@ logv

�X
i

bV;i log ðdetM2
V;iÞ

þX
i

bf;i log ðdetMy
f;iMf;iÞ

þX
i

bS;i log ðdetM2
S;iÞ
�
F��F

��; (32)
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whereMi are the mass matrices and bi are the coefficients
of the QED one-loop beta function [19].

In the SM, it is well known that the dominant contribu-
tion to the amplitude is from the W� boson loops. For a
125 GeV Higgs boson, the loop factor AW

1 in Eq. (31) is
about �8:32 and destructively interferes with the top-loop
contribution, which gives a subdominant contribution
NcQ

2
t A1=2 ’ 1:84. In general, the bi coefficients of all

matter particles are positive. Hence, if the determinant of
the mass matrix of some new matter sector has a negative
dependence on v, then these new particles will contribute
additively to theW� loop and they will enhance the Higgs-
diphoton partial width. There are several different ways
to achieve this that have been explored in the literature
[11–23]. In this work, we shall assume that all sfermion
masses are of at least a few hundred GeV, and therefore
their contributions to Eq. (31) are suppressed.

The above situation applies in the MSSM to the chargi-
nos. Since the Higgs vev v appears only in the off-diagonal
entries of the mass matrix,

M�
ij ¼

M2
1ffiffi
2

p gv sin�

1ffiffi
2

p gv cos� �

0
@

1
A; (33)

we have detM�
ij ¼ M2�� 1

4g
2v2 sin 2�. Therefore, in the

low-energy limit,

lim
p!0

MðXhÞMSSM / @

@v
log detM�

ij

¼ � g2v sin 2�

2M2�� 1
2 g

2v2 sin 2�

’ �g2v sin 2�

2M2�
; (34)

and the chargino contribution to the amplitude construc-
tively interferes with the dominantW� loop to enhance the
Higgs diphoton decay rate. Note that the contribution is
proportional to sin 2� and therefore has a maximum near
tan� ¼ 1. Unfortunately, the MSSM chargino alone can-
not account for the observed enhancement [23,34]. This
can be understood as a limitation imposed by the size of
the weak gauge coupling g. We can try to increase the
effect by making the charginos lighter, but we are limited
by the experimental lower bound on their masses of about
103.5 GeV at low tan� [35,36].

In certain regions of parameter space of our model, the
lightest chargino can have a large ~W2 component. In this
case, the above constraints can be overcome—the lightest
chargino couples to the Higgs with a factor enhanced by
g2=g with respect to the MSSM. The estimation of the
amplitude in our model proceeds as in the MSSM case,
with the added complication of the extended 4� 4
chargino mass matrix, Eq. (15). For simplicity, we shall
assume, that both M~� and M ~W1

are large; therefore, at low

energies, the lightest charginos are mostly admixtures of

the Higgsino and the wino ~W2, which couples strongly to
the Higgs. The heavy charginos are then composed mostly

of ~� and ~W1, and decoupling them introduces a seesawlike
correction to the effective 2� 2mass matrix of the lightest
charginos,

M�;eff
ij �

M ~W2
� 1

2

g2
2
u2

M~�
�g2

1
g2
2

4
u4

M2
~�
M ~W1

1ffiffi
2

p g2vs�

1ffiffi
2

p g2vc� �

0
B@

1
CA; (35)

where we have neglected higher-order corrections from
decoupling M ~W1

. We perform a detailed study of the rate

of the Higgs decay into diphotons, the electroweak con-
straints, and the vacuum stability in the SUð2Þ1 � SUð2Þ2
gauge extended model. To this end, we have used a
modified version of the program FEYNHIGGS [37] that
incorporates the extended chargino and neutralino sectors.

C. Radiative corrections to the Higgs mass
and vacuum stability constraints

The tree-level Higgs mass enhancement from the non-
decoupling D term is also accompanied by a potentially
large loop correction. As motivated earlier, the diphoton
enhancement calls for a light, strongly interacting chargino
in our model. As fermions, these charginos contribute to
the RGE of the Higgs quartic coupling in a way similar to
the top quark, i.e., they produce a large negative beta
function contribution. The chargino effects are small in
the MSSM because the coupling g is small, but they are
potentially relevant in our model because their RGE con-
tribution is proportional to g42.
This effect can be explained in two different ways.

Fixing the low-energy quartic coupling by the measured
Higgs mass Mh � 125 GeV, the bottom-up RGE running
of the quartic coupling drives it to negative values. In this
case, a new vacuum deeper than the physical one is gen-
erated and the physical vacuum becomes unstable. This is
generally the viewpoint adopted in nonsupersymmetric
models. To solve this problem, we need new bosons at
some intermediate scale that stabilize the potential via
positive contributions to the RGE and possible tree-level
threshold corrections [28,38–40].
On the other hand, in our model, we can inversely fix

the quartic coupling by Eq. (29) at the scale mW0 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2 ðg21 þ g22Þ

q
u, where SUSY is broken for the new W 0

and ~W 0 sector. The quartic coupling will then be enhanced
in its RG evolution to low energies via the effects of the
charginos and the top quark and its supersymmetric part-
ners. Such effects may be strong enough to drive the Higgs
mass to values larger than 125 GeV, and therefore a
detailed analysis of these effects is required. Working in
the unbroken phase of the electroweak interactions
and with gauge eigenstates ð ~W; ~W 0; ~HÞ, the (overall) new

HUO et al. PHYSICAL REVIEW D 87, 055011 (2013)

055011-6



chargino and neutralino loop correction to the SM Higgs
quartic coupling is

d�H

d logQ

��������~�
¼ � 1

32
2
½2g42 þ ðg22 þ g02Þ2�: (36)

Here �tree
H ¼ 1

8 ðg2�þ g02Þcos 22� is the tree-level quartic

coupling, which can be taken as its boundary condition at
the scale of the heavy gauge boson masses in the running to
low energies.3 The first (second) term on the right-hand
side corresponds to the contribution of the chargino
(neutralino). The chargino contribution is the dominant
term determining the RG evolution. We may neglect terms
proportional to cos 2�, like the ones provided by first and
second generation squarks and sleptons, since our focus
will be on the regions near tan�� 1 where the Higgs
diphoton decay BR is maximized. Other particles that
have potentially large beta function contributions include
the nonstandard charged and neutral Higgs bosons. These
contributions are not proportional to cos 2�, and are
positive; however, their contribution is only 1

ð4
Þ2
3
8g

4
2,

which is a quarter of the chargino contribution [41].
If we perform the calculation with mass eigenstates, the

loop contribution of a chargino or a neutralino enters only
if its external momentum is greater than its mass. We need
to take into account the mixing matrices U, V and Z;
however, as we are considering large values of M~� and

M ~W1
, significant mixing occurs only between the wino ~W2

that couples strongly to the Higgs and the Higgsino,
as assumed before. In this regime, we can consider
approximate 2� 2 unitary mixing matrices U and V,
diagonalizing Eq. (35).

D. Electroweak precision constraints

The electroweak precision constraints in SUð2Þ1 �
SUð2Þ2 gauge extended models have been extensively
analyzed in the literature, for instance, in Ref. [42].
These models introduce new corrections to the electroweak
precision observables induced by the tree-level mixing of
the W� and Z with their heavy counterparts W 0 and Z0.
These corrections are beyond the oblique ones, in which all
new physics comes in the loop correction of W� and Z0.
Generally, these bosonic corrections may be parametrized
by a small number of coefficients, which involve the new
gauge couplings and the vacuum expectation value of the�
field. However, the model we are considering has a non-
universal flavor structure. The first two generation chiral
supermultiplets couple to one SUð2Þ gauge group and the
third generation and Higgs sector to the other SUð2Þ,
and hence the electroweak precision constraints results
obtained in Refs. [25,42] cannot be directly used.

The model under consideration has common features
with both case I and case II of Ref. [42]. Observables
associated with the first two generations of fermions may
be treated in analogy with case II, while those associated
with the third generation and the Higgs receive similar
corrections as in case I. The corrections to the third-
generation observables are then parametrized by the
coefficient c1 ¼ ðg=g1Þ4ðv2=2u2Þ, while due to their
weaker coupling to the new gauge bosons, the first and
second generation corrections are parametrized by the
smaller coefficient d1 ¼ �ðg=g1Þ2ðg=g2Þ2ðv2=2u2Þ.
Because most electroweak precision measurement

observables are associated with the first two generations
and theW mass, naively we would expect the constraint to
be dominated by similar bounds as in case II of Ref. [42].
However, the third generation observables, in particular for
Rb ¼ �b=�had, receive larger corrections, and then carry a
strong weight in the global fit. In addition, the gauge boson
induced corrections to Rb are large and negative, and then
aggravate the deficiency of the SM theoretical prediction.
This is the source of the major tension in the global fit to
the precision electroweak observables. Let us mention in
passing that one could in principle consider corrections to
Rb by loops including stops and charginos. Light, right-
handed stops with masses of the order of the top quark
mass are currently allowed by experimental constraints
[43] and can lead to corrections to Rb that are similar in
magnitude, but of opposite sign, to the ones induced by
the heavy gauge bosons [44]. In the following we shall
not consider this possibility and use conservatively the
stronger constraints obtained in the presence of heavy
stops.
In addition to the corrections discussed above, there are

oblique corrections that may be parametrized by the
Peskin-Takeuchi S, T, and U parameters. The bidoublet
� gives an additional contribution to the electroweak
precision observables, which may be quantified as [25,26]

�T � 4


s2Wc
2
W

g42
g4

M2
Wu

2

M4
�

: (37)

Given that we shall consider large values of M�, these
corrections are small in our case.
The oblique corrections induced by the new charginos

and neutralinos are similar to ones induced by the MSSM
neutralinos and charginos, with appropriate modifications
to the mixing matrices and W�=Z0 neutralino/chargino
vertices. We have therefore also taken into account the
fermionic oblique corrections to the S, T, U parameters
and performed the analysis of the precision electroweak
observables as outlined in Ref. [45]. In order to do this, we
calculated the corrections to various electroweak precision
measurements in terms of c1 and d1, which are summa-
rized in Table I, and we performed a global fit to these
observables [46] using the most recent PDG data [35].

3We adopt the convention of LSM  ��HðHyHÞ2 and
v� 246 GeV.
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IV. RESULTS AND DISCUSSION

A. Higgs diphoton decay rate

The relevant parameters of our model are the three mass
terms in the chargino/neutralino mass matrices of M ~W1

,

M ~W2
, and �, one soft mass term in the neutralino mass

matrix,M1, the ratio g2=g1, the bidoublet vev u, tan�, the
soft mass m0

�, and the fermionic triplet soft mass M~�. The

top-stop sector also significantly affects the Higgs mass,
and therefore the average stop massMSUSY and the mixing

term ~At ¼ At �� cot� should be specified in order to
compute mh.

At first glance, we see that the desired chargino contri-
bution to the Higgs diphoton decay rate is proportional to
g22, but it is constrained by the value of the Higgs mass,

determined from the Higgs quartic coupling RGE, which is
proportional to g42. In order to maximize the Higgs dipho-

ton decay rate, we need to maximize g2=g1, choose
sin 2�� 1, and minimize �M2, with all the relevant con-
straints in mind. Our benchmark scenario is tan�� 1,
which simultaneously maximizes the diphoton enhance-
ment in Eq. (34) and minimizes the tree-level Higgs mass
in Eq. (29) to allow the maximal room for the RGE running
from the chargino/neutralino sector. The Higgs mass is
almost completely generated by radiative effects, so the

parameterm� does not affect the tree-level Higgs mass; the
only constraint pushing m� to large values comes from
suppressing the contribution of the triplet to the T parame-
ter in Eq. (37).
Since the Higgs does not couple to SUð2Þ1, the effect of

M ~W1
on the diphoton enhancement and quartic coupling

running is small so, as stated before, we can choose a large
M ~W1

value to decouple ~W1. This choice maximizes the

mixing between the ~W2 wino and the Higgsino, and hence
the diphoton decay BR enhancement. In the same way,

we can decouple ~�. We will take large values for
M ~W1

¼ 5 TeV and M~� ¼ 10 TeV.

We can calculate the quartic coupling RGE in mass
eigenstates, as discussed in Sec. III C: given that the heav-
iest and second heaviest charginos are decoupled, one may
compute an effective chargino mass, M�

~� , parameterizing

the full chargino contribution to the Higgs quartic coupling
beta function, Eq. (36),

b~�þ log
M~��

3

M~��
¼ b1 log

M~��
2

M~��
1

þ b2 log
M~��

3

M~��
2

; (38)

where bi is the beta function coefficient after mass eigen-
state i enters the loop, and b~�þ is given by the right-hand

side of Eq. (36). The Higgs mass at one-loop level is then
dominated by the chargino-neutralino and top-stop sectors,

TABLE I. Table of changes to electroweak precision observables in terms of the Peskin-
Takeuchi parameters S, T, U and the quantities c1 ¼ ðg=g1Þ4ðv2=2u2Þ and d1 ¼ �ðg=g1Þ2 �
ðg=g2Þ2ðv2=2u2Þ. This is modelled on Table 3 of Ref. [42], and the analysis follows Ref. [45].

Observable SUð2Þ1 � SUð2Þ2 value

�Z ð�ZÞSMð1� 0:557c1 � 0:338d1 � 0:00385Sþ 0:0106TÞ
Re ðReÞSMð1� 0:503c1 þ 0:585d1 � 0:00301Sþ 0:00214TÞ
R� ðR�ÞSMð1� 0:503c1 þ 0:585d1 � 0:00301Sþ 0:00214TÞ
R� ðR�ÞSMð1� 1:554c1 þ 1:637d1 � 0:00301Sþ 0:00214TÞ
�h ð�hÞSMð1� 0:611c1 þ 0:629d1 þ 0:000665� 0:000700TÞ
Rb ðRbÞSMð1� 1:786c1 þ 1:767d1 þ 0:000985S� 0:000472TÞ
Rc ðRcÞSMð1þ 0:503c1 � 0:468d1 � 0:00129Sþ 0:000913TÞ
Ae
FB ðAe

FBÞSM þ 0:173d1 � 0:00632Sþ 0:00449T

A
�
FB ðA�

FBÞSM þ 0:173d1 � 0:00632Sþ 0:00449T

A�
FB ðA�

FBÞSM � 0:201c1 þ 0:374d1 � 0:00632Sþ 0:00449T

A�ðP�Þ ðA�ðP�ÞÞSM � 1:817c1 þ 2:597d1 � 0:0286Sþ 0:0203T

AeðP�Þ ðAeðP�ÞÞSM þ 0:780d1 � 0:0286Sþ 0:0203T

Ab
FB ðAb

FBÞSM � 0:015c1 þ 0:530d1 � 0:0189Sþ 0:0134T

Ac
FB ðAc

FBÞSM þ 0:399d1 � 0:0146Sþ 0:0104T

M2
W ðM2

WÞSMð1þ 0:430d1 � 0:00727Sþ 0:112T þ 0:00846UÞ
g2Lð�N ! �XÞ ðg2Lð�N ! �XÞÞSM þ 0:246d1 � 0:00269Sþ 0:00663T

g2Rð�N ! �XÞ ðg2Rð�N ! �XÞÞSM � 0:085d1 þ 0:000937S� 0:000192T

geVð�e ! �eÞ ðg2eVð�e ! �eÞÞSM � 0:661d1 þ 0:00727S� 0:00546T

g2eAð�e ! �eÞ ðg2eAð�e ! �eÞÞSM � 0:00391T

QWðCsÞ ðQWðCsÞÞSM þ 72:7d1 � 0:796S� 0:0113T
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M2
h ’

v2

16
2
ð2g42 þ ðg22 þ g02Þ2Þ logMW0

M~��

þ 3v2

4
2
y4t

�
log

MSUSY

Mt

þ
~A2
t

2M2
SUSY

�
1�

~A2
t

12M2
SUSY

��
;

(39)

where yt ¼
ffiffiffi
2

p
mtðMtÞ=v, where yt is the SM top Yukawa

coupling at the top mass scale, withmtðMtÞ the running top
mass at the same scale, MSUSY ¼ 1

2 ðM~t1 þM~t2Þ is the

SUSY breaking scale for stop sector as in the usual

MSSM, and ~At ¼ At �� cot�. We adopt a small top-
stop sector contribution of a few thousand GeV2 in order
to maximize the RGE running of the chargino-neutralino
sector. In our benchmark scenario, we choose 550 GeV
for the soft breaking parameters of the left-handed and

right-handed stops and ~At ’ 500 GeV for the stop mixing
parameter. Including two-loop QCD and top Yukawa-
induced corrections leads to a contribution to M2

h of about

5000 GeV2, compared to ð125 GeVÞ2 ¼ 15600 GeV2

[47]. The Higgs mass then gives a constraint between g2
and the light chargino masses: if we increase g2 in
Eq. (36), the allowed RGE runnning space quantified by
logMW0=M~�� is reduced, which will logarithmically raise

the chargino/neutralino mass and eventually suppress the
diphoton decay BR. In Fig. 1, we have plotted with a red
band the region of parameters consistent with the Higgs
mass measurement.

The key constraint comes from the electroweak preci-
sion measurement. As discussed before, the bosonic sector
contributions are parametrized by the coefficients c1 and
d1, which depend only on u and g2=g1 in our parameter set.
On the other hand, for low values of tan�� 1 and keeping
the lightest chargino mass close to the LEP bound (as
required to maximize the Higgs diphoton decay rate), the
fermionic contributions to the S and T parameters do not
present large variations. In Fig. 1, S� T � 0:1 for different
values of g2=g1 and u lying in the red band that generate
proper Higgs masses. The region of parameters selected by
the fit to precision measurement data at 95% confidence
level is shown in Fig. 2.4 For a given value of g2=g1, from
Fig. 2, we can find the value of u, and hence the W 0 mass,
that saturates the bound on c1. We are left with only two
undetermined relevant parameters—M ~W2

and �—in the

chargino sector.
The scan results are shown in Fig. 3, where we have

chosen u ¼ 3160 GeV and g2=g1 ¼ 2:08. TheM~�� scales

are shown as the red dashed curves in Fig. 3. The LEP
bound on the lightest chargino of 103.5 GeV is given by the
shaded gray area, while the blue lines show the enhance-
ment of the BR of the SM-like Higgs decay into diphotons
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FIG. 1 (color online). Contours of the ratio g2=g1 (blue verti-
cal lines), the bidoublet vev u (pink dashed vertical lines)
saturating the constraint 1

2 ð gg1Þ4ðvuÞ2 & 2� 10�3 (see Fig. 2),

and the effective chargino mass M~�� (black curves) in the plane

of the SUð2Þ2 coupling g2 and the chargino/neutralino RGE
running e-folding t ¼ logMW0=M~�� . Points in the red band

generate a Higgs mass between 124 and 127 GeV. As explained
in the text, the lowest effective chargino mass consistent with the
experimental and theoretical constraints is 490 GeV. Maximal
values of the enhancement of the Higgs diphoton decay BR are
denoted for some corresponding points in the red band—the 61%
enhancement corresponds to M~�� ¼ 490 GeV. We assume soft

supersymmetry breaking masses of the left- and right-handed
stops of about 550 GeVand a mixing mass term ~At ¼ 500 GeV.

 68% CL

95% CL

99% CL

0.000 0.001 0.002 0.003 0.004

1.8
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2.2

2.4

2.6

c1

g 2 g 1

FIG. 2 (color online). Confidence level bounds at 68%, 95%,
and 99% on c1 ¼ 1

2 ð gg1Þ4ðvuÞ2 and g2=g1 based on the global fit

of the electroweak precision observables. Here we have fixed
S ¼ 0:11, T ¼ 0:075, as explained in the text.

4Our best fit with all five parameters has a �2=dof of 14:9=20.
If we set T ¼ 0:075, S ¼ 0:11, and U ¼ 0, we have a best fit of
18:8=23. In comparison, the SM is 17:2=25.
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over the SM value. From Fig. 1, we see that the effective
chargino mass leading to the proper Higgs mass value for
these parameters is about 490 GeV. The negative correc-
tions to M ~W2

in the (1,1) element of the effective chargino

matrix of Eq. (35) are about 1.2 TeV. This figure therefore
shows the case in which this effective chargino mass is
obtained for parameters leading to maximal mixing
between the wino ~W2 and the Higgsino and a lightest
chargino mass close to the LEP bound.5 Since the contri-
butions to the Higgs diphoton decay rate tend to be maxi-
mized for maximal mixing and for the smallest value of the
lightest chargino mass, this case therefore corresponds to
the maximal value of the diphoton decay BR that may be
obtained in this model. The maximal value of the Higgs
diphoton decay BR is about 61% as shown by the blue line
tangent to the boundary of the grey area in the example
presented in this figure. From Fig. 1, we see that larger
values of g2 will result in an increased effective chargino

scale. Also, in spite of larger values of g2, the effective
coupling of the lightest chargino to the Higgs is reduced
due to smaller mixing between the Higgsino and wino. For
example, for g2=g1 ’ ð2:20; 2:35Þ, M~�� ’ð700;1000ÞGeV
is obtained to generate the proper Higgs mass, which leads
to a maximum Higgs diphoton decay BR enhancement of
about (50%, 40%). These maximal values are shown by
blue dots in Fig. 1.
In Fig. 4 we show the chargino and neutralino contribu-

tions to the electroweak precision measurement S and T
parameters, where we have also included the small
contributions associated with the stop sector. The total con-
tributions to S and T are small and positive, and remain
consistent with the allowed values of these parameters ob-
tained from a fit to the electroweak precision data [35]. We
can see that at the corresponding point for maximal Higgs
diphoton decay BR enhancement, T ¼ 0:075, S ¼ 0:11.
As previously emphasized, in our benchmark scenario,

we have employed light top squarks with masses of about
550 GeV in order to minimize the value of the effective
chargino mass M~�� . Such light stops enhance the gluon

fusion rate by about 10% compared with the SM, and
provide an additional enhancement to all Higgs production
rates in the gluon fusion channel. Larger stop masses will
reduce this rate enhancement, but due to their impact on
the Higgs mass, they will reduce the possibility of having
light charginos with strong coupling to the Higgs, as is
assumed in this work. Therefore, a prediction of this model
would be a slight enhancement of the gluon fusion Higgs
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FIG. 4 (color online). Contours of electroweak precision
observables S and T parameters for the same choice of model
parameters as in Fig. 3. The chargino and neutralino contribu-
tions to the Peskin-Takeuchi T and S parameters are the green
and purple dotted curves. We can see that at the corresponding
point for maximal Higgs diphoton decay BR enhancement,
T ¼ 0:075, S ¼ 0:11.
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FIG. 3 (color online). Chargino mass and diphoton decay BR
contours, for the slice with g2=g1 ¼ 2:08, u ¼ 3160 GeV,
M ~W1

¼ 5 TeV and M~� ¼ 10 TeV. The grey region is excluded

by the LEP bound on the lightest chargino mass M~��
1
>

103:5 GeV. The diphoton decay BR enhancement contours are
blue curves. The effective RGE starting scale M~�� contours are

red dashed curves. At the tangent point of the 103.5 GeV lightest
chargino mass bound and the M~�� ¼ 490 GeV curve, a Higgs

diphoton decay BR of 3:75� 10�3, or an enhancement of about
61%, can be achieved.

5The 490 GeV value of the effective chargino mass is close to
the next-to-lightest chargino mass. The lightest chargino con-
tributes to the quartic RGE via a box diagram with four propa-
gators fixed to be ~��

1 . At energies above the next-to-lightest
chargino mass, instead, both charginos can contribute via box
diagrams with either ~��

1 or ~��
2 in the loop, so the effective beta

function coefficient is much larger than at lower energies.
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production channels compared to the SM ones. No such
enhancement should be observable in the weak boson
fusion channels, apart from the obvious case of the dipho-
ton decay rate, that was analysed in detail in this work.

In the MSSM, for tan� & 1:2, the top Yukawa coupling
is large and in the RGE running blows up below the GUT
scale. However, in our model, there are additional strong
SUð2Þ2 gauge coupling effects that induce a large negative
contribution to the top Yukawa RGE. Using the modified
RGE evolution of the gauge and Yukawa couplings, and
taking into account the breaking of SUð2Þ1 � SUð2Þ2 !
SUð2ÞL in a consistent way [26], we have checked that the
top Yukawa coupling remains perturbative up to the scales
of the order of the Planck scale.

Relaxing the exact condition tan� ¼ 1 increases the
tree-level contribution to the Higgs mass, Eq. (29), and
therefore reduces the possible chargino contributions to
the running of the Higgs quartic coupling RGE. The tree-
level contribution depends on the value of �, which in turn
depends onm�. Choosing values of the scalar (and fermion)
triplet mass to be of the order of the heavy gauge boson
masses, M~� ’ m� ’ mW 0 , one obtains a value of � ’ 1þ
2ðg2=g1Þ2=3, while choosing as before large values for
these masses leads to � ’ 1þ ðg2=g1Þ2. Therefore, the
value of � is correlated with g2=g1. Varying these masses
in that range and taking all other parameters to saturate the
bounds on the precision electroweak measurements and on
the chargino mass of about 103.5 GeV, for tan� ¼ 1:5 we
can get a maximal Higgs diphoton decay branching ratio
enhancement of about 42%, while for tan� ¼ 2:0 the
maximal enhancement reduces to about 34%.

B. Chargino and neutralino searches at the LHC

In the neutralino sector, in addition to the parameters
entering in the chargino sector, there is a new parameter,
representing the bino soft mass M1 which controls the
mixing between the bino, the light Higgsino, and the ~W2

wino states. If the bino massM1 is sent to very large values,
the lightest chargino becomes degenerate in mass with the
lightest neutralino, and the chargino decay width is sup-
pressed. This suppression may be sufficiently strong to
lead to long-lived charginos. These can generate charged
tracks that eventually become missing energy signatures,
which are strongly constrained. This situation may be
avoided if the mass splitting is larger than a few hundred
MeV [48] and from Fig. 5, we see that this is easily
achieved if M1 is smaller than a few hundred GeV.

We also plot the region of negative M1 in Fig. 5. For
small values of jM1j the lightest neutralino mass is mostly
bino. The structure around M1 ¼ 0 is due to the sign
change of the lightest neutralino mass. For sufficiently
negative M1 & �100 GeV, the lightest chargino is even
lighter than the neutralino, and they are approximately
degenerate in mass. This situation is viable if the lightest
chargino decays, for instance in gauge mediation with a

gravitino LSP. With this spectrum, in the process pp !
Wþ ! ~�þ

1 ~�0
1, the neutralino can decay to a chargino with a

very soft W� which will escape detection. Although the
phase space of this process is suppressed, the competing
gravitino decay mode of the neutralino is also suppressed,
so the BR of its decay into charginos tends to be sizable.
The two light charginos obtained in this process, as well as
those directly produced in pairs, give twoW� bosons and a
small amount of MET. Therefore, charginos contribute to
the total inclusive WþW� cross section, and as suggested
in Ref. [49], may lead to a possible improvement of the
agreement between the SM theoretical prediction and the
experimental value of theWþW� production rate [50–52].
Another constraint for the chargino/neutralinomass spec-

trum comes from trilepton searches [53–57], which include
the process pp ! W� ! ~��

1 ~�0
2 ! ðW� ~�0

1ÞðZ~�0
1Þ, where

W� and Z0 decay leptonically. Small values jM1j &
50 GeV are in tension with ATLAS chargino search results
[57]. Note that we chose � ¼ 215 GeV and values ofM ~W2

such that the lightest chargino mass is close to the LEP
bound. For tan�� 1, there is a neutralino mass eigenstate
that is almost purely Higgsino, with mass very close to� ¼
215 GeV according to our choice of parameters. This eigen-
state will be the second-lightest one ifM1 becomes large.

V. CONCLUSION

In this paper, we have revisited the SUð2Þ1 � SUð2Þ2
gauge extension of the MSSM in the context of the recent
discovery at the LHC of a 125 GeV Higgs and measurement
of an enhanced Higgs diphoton decay rate. The SUð2Þ1 �
SUð2Þ2 gaugegroup is broken to the SMSUð2ÞL gaugegroup
at TeV scale energies, where at higher energies theHiggs and
the third-generation quarks couple only to the strongly
coupled SUð2Þ2 gauge interactions. The model is reviewed
in some detail, making emphasis on the possible impact of
light charginos and neutralinos on the predicted value of the
SM-like Higgs mass. The RGE of the effective quartic cou-
pling of the SM-like Higgs may receive important contribu-
tions from the SUð2Þ2 charginos and neutralinos, and the

Lightest neutralino

Lightest chargino

Next-to lightest

neutralino

300 200 100 100 200 300
M1 GeV

50

100

150

200

250

M GeV

FIG. 5 (color online). Masses of the lightest neutralino (red
curve) and the next-to-lightest neutralino (blue line) as a function
of M1. Also plotted is the mass of the lightest chargino (green
dashed line).
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same charginos can lead to an important modification of the
rate of the decay of the Higgs into diphotons.

We showed that in order to maximize the effect of the
light charginos on the diphoton decay rate of the Higgs, the
value of tan�� 1, which implies that the Higgs mass
becomes small at tree level and is mostly obtained by
radiative corrections. In the MSSM, such large radiative
corrections can only be generated by very heavy stops with
masses of the order of tens of TeV. In this model, however,
the chargino effects may be strong enough to lift the Higgs
mass to the required values even for relatively small values
of the third generation squarks. Indeed, the Higgs mass
puts an upper bound on the possible values of the strong
SUð2Þ2 gauge coupling and on the effective chargino mass,
and therefore on its effects on the Higgs diphoton decay
width. We made a detailed analysis of the precision elec-
troweak constraints on the parameters of this model, which
lead to a bound on the heavy gauge boson masses that
depend on the precise value of the SUð2Þ1 and SUð2Þ2
couplings. We also took into account the current experi-
mental bound on the sparticle masses. After all constraints
were taken into account, we showed that an enhancement
of the Higgs diphoton decay rate of about 61% of the SM
value may be obtained in this model, with perturbativity
maintained up to scales of the order of the Planck scale.

In this work, we have made specific choices for the
masses of the nonstandard Higgs bosons as well as for
the third-generation squarks. We have also not considered
the possible chargino two-loop effects on the RGE of the
Higgs quartic coupling. Smaller values of the CP-odd
Higgs mass mA lead to a slower RGE of the Higgs quartic
coupling, while due to logarithmic enhancements two-loop
chargino effects may vary the Higgs mass by amounts of
the same order as the one-loop heavy Higgs ones. We
reserve for future work a detailed analysis of the possible
two-loop corrections as well as variations of our results
with changes of the squark and Higgs mass parameters.
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