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Abstract

Several supersymmetric models in which there is a (partially) composite Higgs boson
arising from (coupled to) a strong sector have been proposed. Such strong dynamics
would help to cause the electroweak symmetry breaking naturally. In this paper, we
focus on the compositeness of the Higgsinos in such models. We show that such a
Higgsino compositeness can induce the characteristic decay branching fraction of the
neutralinos. In such scenarios, the decay branching fraction of the second lightest
neutral Higgsino into the lightest neutral Higgsino with photon can be large due to a
dipole interaction. We also discuss the Higgsino dark matter feature. The annihilation
cross section into γZ can be large.
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1 Introduction

Large Hadron collider (LHC) experiments are searching for new physics beyond the standard
model (SM) related with the electroweak symmetry breaking and low-energy supersymmetry
(SUSY) is one of the leading candidate. For example, in the minimal supersymmetric stan-
dard model (MSSM), the electroweak symmetry breaking scale is regarded as the combination
of supersymmetric mass (µ term) and soft SUSY breaking parameters.

In order to achieve the electroweak symmetry breaking naturally, each contribution would
not be much larger than the observed electroweak scale because if these are large, big can-
cellation between these contributions is required. In particular, because the main contribu-
tion to the electroweak symmetry breaking is arising from the µ term and up-type Higgs
soft mass mHu

in MSSM, a small value (O(100) GeV) of these parameters is favored by
such a naturalness discussion. Moreover, stop mass and the A term, At, are also con-
strained from the naturalness discussion, because the mHu

receives the stop loop correction
δm2

Hu
∼ −3y2t /(8π

2)(m2
Q3

+m2
U3

+ |At|2) ln(Mmess/mt̃) at weak scale #1.
However, the stop masses and At are also related with the lightest neutral Higgs boson

mass mh via the loop diagram; the heavy stop lifts the Higgs mass up. Thus, in order to avoid
the fine-tuning with mh = 125 GeV [4] [5], models which receives additional contributions to
the Higgs mass and the low messenger scale Mmesswould be favored [6].

One of the way to construct such a natural supersymmetric spectrum is introducing a
strong dynamics in low-energy SUSY scenario (e.g., partially composite Higgs models [7–17]).
#2 If Higgs fields are in (or coupled to) a strong sector, the additional contribution to
the Higgs potential will be arising from the strong sector dynamically. In composite Higgs
scenario, the potential is generated at the dynamical scale, thus, Mmess can be taken to be
small. Moreover, it can also be considered that the Higgs soft mass is suppressed by entering
the strong sector into the superconformal window in partially composite Higgs scenarios.
If it is suppressed enough, Mmess can be small also in partially composite Higgs scenarios,
effectively.

In particular, after the discovery of the 125 GeV Higgs boson which property is similar
to the SM (i.e. elementary) Higgs boson, the scenario with the partially composite Higgs
boson in low-energy SUSY became more attractive. Such a property of the Higgs boson is
promised by supersymmetry and the naturalness of the scale would implies an existence of
the strong dynamics, additionally.

In this paper, we focus on the compositeness of the Higgsino in such SUSY scenarios.
The (partially) composite Higgsino has magnetic moment couplings arising from the strong
dynamics. Then, the branching ratio of the Higgsino decays into the lightest Higgsino can
drastically change. Actually, we show that the decay of the second lightest neutralino into
the lightest neutralino will dominantly accommodate with photon in the case where the
composite Higgsino composes the lightest neutralino dominantly.

Finally, we also discuss the other possibilities to appear the Higgsino compositeness. In

#1For details of such a “natural supersymmetry” spectrum, e.g., see Refs. [1–3].
#2For earlier proposals, see also [18–20] [21–23].

1



particular, we show that the magnetic moment can also play an important role to search and
constrain the (partially) composite Higgsino dark matter.

2 A (partially) composite Higgsino

In models with (partially) composite Higgs, the effect of strong dynamics can be written as
higher dimensional operators, and the following term gives anomalous magnetic couplings
#3,

∫

d2θ

∫

d2θ̄HdWαe
V (Dαe−VHu)Z†, (1)

where Hu(Hd) and Wα are chiral superfield for the up(down)-type Higgs doublet and field-
strength superfield for the SU(2) or U(1) gauge symmetry in the SM, respectively. The Dα

is the derivative operator in superspace and V denotes the SM vector superfields. The Z†

depends on the SUSY soft breaking mass, Z† = θ̄2mSUSY.
This includes the following magnetic moment interaction and also kinetic mixing terms;

L ⊃ cdipole
¯̃HdσµνH̃uF

µν + cmixingHdH̃uσ
µ∂µW̃

†, (2)

where the H̃u(H̃d) are the fermion component of Hu(Hd) and the F µν is the field strength for
the SM SU(2) or U(1) gauge symmetry. The cdipole and cmixing in Eq. (2) are constants and
its values depend on models. As we will see later, these terms, the dipole term especially,
can change the Higgsino phenomenology drastically.

In this section, at first, we describe the general form of these terms using naive dimensional
analysis. Then, we introduce several scenarios motivated by current experimental results and
the benchmark values of the coefficient of the dipole interaction cdipole in Eq. (2) briefly.

2.1 General description for Composite Higgsino case

At first, we consider the dipole term of the composite Higgsino in general, considering the
Lagrangian by naive dimensional analysis [26–30],

LNDA =
Λ4

g2ρ

∫

d2θ

∫

d2θ̄Λ−2K
(

gρǫu,dHu,d

Λ
,

D

Λ1/2
,
gW

Λ3/2
, ...

)

+
Λ4

g2ρ

[
∫

d2θΛ−1W
(

gρǫu,dHu,d

Λ
,

D

Λ1/2
,
gW

Λ3/2
, ...

)

+ h.c.

]

, (3)

where gρ ∼ 4π and g is the SM gauge coupling. The Λ is the dynamical scale; the heavy
sector are integrated out and we obtain the effective theory at the scale. Here, we parametrize
the compositeness of Hu(Hd) using ǫu(ǫd) and ǫu,d ∼ 1 is corresponding to the fully composite
Hu,d case.

#3For the anomalous magnetic moment in a supersymmetric case, see Refs. [24, 25].
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From Eq. (3), we obtained the following term,

LNDA ⊃ Ldipole
NDA =

∫

d2θ

∫

d2θ̄ g
ǫuǫd
Λ2

HdWαe
V (Dαe−VHu)Z† + h.c.

∼ g
(ǫuǫd

Λ

)(mSUSY

Λ

)

[

HdWαe
V (Dαe−VHu)

]

|θ2 + h.c., (4)

Then, the dipole term can be obtained as

Ldipole
NDA ⊃ gcsoft

ǫuǫd
2Λ

¯̃HdσµνH̃uF
µν , (5)

where csoft = mSUSY/Λ. Thus, the cdipole in Eq. (2) can be written by cdipole ∼ gcsoft(ǫuǫd/Λ).
Furthermore, it also includes the following term,

Ldipole
NDA ⊃ gcsoft

√
2iǫuǫd
Λ

HdH̃uσ
µ∂µW̃

†, (6)

and it contributes to the kinetic mixing of neutralinos and charginos. We describe such
kinetic mixing terms and the correction of the neutralino mixing matrix in Appendix. We
will discuss the effect which comes from this correction later. For example, it can change the
cross section related with dark matter direct detection experiments.

2.2 Partially composite Higgs model

Here, we discuss the low-energy SUSY scenario with composite Higgs and the benchmark
values of cdipole in proposed models briefly. In particular, we focus on the scenario which has
partially composite Higgs bosons. In the scenario, because there is also elementary Higgs,
the SM fermion masses can be arising from the Yukawa couplings without additional flavor
problems as usual in MSSM. #4

We consider such a partially composite Higgsino case supposing the following superpo-
tential,

W = λdHdOu + λuHuOd, (7)

where elementary superfields Hu,d interact with the strong sector via the coupling λu(d) has
the mass dimension 2 − d and the d is the dimension of a composite operator Ou(d). These
can be correspond with ǫu,d in Eq. (3);

ǫu,d =
λu,d

Λ2−d
, (8)

where ǫu,d are dimensionless parameters and Λ is regarded as the dynamical scale induced the
strong sector. Since the Higgs boson is partially composite, the strong sector also contributes

#4But, of course, the results of our study can be useful for all scenario which include a composite Higgsino
or partially composite Higgsino taking the cdipole and cmixing value of the scenario.
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to generate the Higgs potential, then, the 125 GeV mass of the lightest neutral Higgs boson
can be explain without very large SUSY breaking soft masses.

Considering the strong superconformal sector as the strong sector and d < 2, the couplings
in Eq. (7) are relevant. Even for the large λu,d which is required to explain the 125 GeV
Higgs mass, Landau poles in the UV can be avoided.

The dynamically generated µ term can be a desirable value and a solution to the µ problem
in low-energy SUSY. In this scenario, it is required that the λ

1/(2−d)
u,d is around the TeV scale in

order to generate the 125 GeV Higgs mass, then, it is possible to cause a coincidence problem.
However, the coincidence problem can be solved by, at least, considering an extension of the
Giudice-Masiero mechanism [10, 11, 16].

To obtain a natural supersymmetric spectrum, it would be also required some mechanism
due to null results of current LHC SUSY searches, e.g., to obtain a hierarchy between the
colored SUSY particle masses and the Higgs soft mass. Also in order to obtain that, the
superconformal sector may be helpful. In the scenario, the Higgs soft mass can be affected
by the superconformal feature, then, the suppressed Higgs soft mass could be obtained at
the dynamical scale [31–40].

In the partially composite Higgs boson scenarios, there are two possibility to break the
electroweak symmetry breaking; the electroweak symmetry breaking vacuum expectation
value (VEV) is composed also by strong sector (case 1) or only by elementary Higgs VEV
(case 2). And there are several possibilities to achieve non-zero vacuum expectation values of
Higgs fiels; for example, the minimization is dominated by balancing between theH2 term and
the smaller power-law term or between the H2 term and the larger power-law term. However,
in order to explain the smallness of the electroweak symmetry breaking scale, Λ should not
be much larger than 1 TeV and, actually, the values of ǫuǫd/Λ are not much different from
∼ 1/(O(10)TeV) in proposed scenarios. For more details about models, see papers of each
scenarios, e.g., Refs [7–16]. On the other hand, the csoft value which parametrize also the
SUSY breaking in the strong sector fully depends on scenario.

3 Signal in collider

In this section, we demonstrate the effect of the dipole term to the branching fraction of the
neutralino decay. At first, we show the decay branching ratio of the second lightest neutralino
χ̃0
2 in the gaugino decoupling limit, M1, M2 ≫ µ, mZ (where M2(M1) is the SU(2)(U(1))

gaugino mass), for simplicity. Here, we consider the following magnetic moment coupling,

L =
e

Λdipole

¯̃χ0
1σµν χ̃

0
2F

µν , (9)

as the contribution from UV theory. The Λdipole can be reinterpreted as 1/Λdipole ∼ csoftǫuǫd/Λ
using Λ and ǫu,d, in Eq. (3).

In MSSM, the χ̃0
2 can decay into χ̃0

1γ via loop diagrams. The decay width of such a two

4



body decay is written by

ΓMSSM
χ̃0

2
→χ̃0

1
γ ∼ [C(m2

W/µ2)]2
α3
em

4π2 sin4 θW

(mχ̃0

2
−mχ̃0

1
)3

µ2

∼ [C(m2
W/µ2)]2

α3
em

4π2 sin4 θW

m6
Z

µ2

(

sin2 θW
M1

+
cos2 θW
M2

)3

, (10)

where C(r) can be obtained by calculating the integrals explicitly. For small r ≪ 1, C(r) =
(log r)/2 + 1− 3πr1/2/4 +O(r log r). See Ref. [41] for an explicit formula of C(r).

On the other hand, the decay width of the three body decay via virtual Z boson exchange
is written by

∑

f

Γχ̃0

2
→χ̃0

1
ff̄ ∼ α2

em

30π cos4 θW
m6

Z

(

sin2 θW
M1

+
cos2 θW
M2

)5 (
40

3
− 10

sin2 θW
+

21

4 sin4 θW

)

.(11)

Here, f is summed over all of the quarks and leptons expect for top quark. Then, in MSSM,
the branching ratio of the two-body decay to the three-body decay is obtained as

ΓMSSM
χ̃0

2
→χ̃0

1
γ

∑

f Γχ̃0

2
→χ̃0

1
ff̄

∼ [C(m2
W/µ2)]2

15αem

2π sin4 θW

1

µ2

(

M1M2

M1 +M2 tan
2 θW

)2

×
(

40

3
− 10

sin2 θW
+

21

4 sin4 θW

)−1

, (12)

thus, the branching fraction of χ̃0
2 → χ̃0

1γ become large at Mgaugino ≫ |µ| limit in MSSM [41].
Next, we estimate the contribution of the dipole term in Eq. (9) induced from strong

dynamics. The two body decay width from the magnetic dipole moment coupling is obtained
as

Γdipole

χ̃0

2
→χ̃0

1
γ

=
1

8π

(

2e

Λdipole

)2 (m2
χ̃0

2

−m2
χ̃0

1

)3

m3
χ̃0

2

∼ 16αem

Λ2
dipole

m6
Z

(

sin2 θW
M1

+
cos2 θW
M2

)3

. (13)

where we calculate only the dipole coupling contribution neglecting the MSSM one-loop
diagram. And the ratio is written by

Γdipole

χ̃0

2
→χ̃0

1
γ

∑

f Γχ̃0

2
→χ̃0

1
ff̄

∼ 480π

αem

1

Λ2
dipole

(

M1M2

M1 +M2 tan
2 θW

)2(
40

3
− 10

sin2 θW
+

21

4 sin4 θW

)−1

.(14)

This shows that the contribution from the dipole term would be comparable with the MSSM
loop contribution in a parameter region with µ ∼ 300 GeV and Λdipole ∼ Λ/(csoftǫuǫd) ∼ 250

5



TeV. Furthermore, in this limit, the branching ratio of the two-body decay to three-body
decay is the same order when M1 ∼ M2 ∼ 1 TeV and Λdipole ∼ O(100) TeV.

Finally we show the parameter dependence of the branching fraction of χ̃0
2 decay for more

details. Here, we use ISAJET783 [42] with a modification to include the additional dipole
contribution. The Fig.1 shows the branching ratio of the two-body decay in the second-
lightest neutralino decay. In the calculation, we take the same soft mass for Bino and Wino,
decoupled squark and slepton masses, and assume that the neutralino mass matrix is the same
as the MSSM, for simplicity. Although the components, actually, can be slightly different
from the MSSM, the quantitative feature of the neutralino decay is not drastically changed.

As shown in Fig.1, the larger Λdipole, the smaller the fraction of the χ̃0
2 → χ̃0

1γ branch.
But, at |Λdipole| ∼ |Λ/(csoftǫuǫd)| ∼ O(100) TeV, the contribution from the higher dimensional
operator is comparable with the contribution from MSSM one-loop diagrams. And, in a case
where the dipole term has a negative sign, Λdipole < 0, the contribution cancel the MSSM loop
contribution at such a region. Then, in very large |Λdipole| region, the branching ratio is a
constant in the Fig.1. The Fig.1 shows that, for example, in µ = 200 and M1 = M2 = 1 TeV
case, the branching fraction of the χ̃0

2 → χ̃0
1γ is greater than 90% if |Λdipole| ∼ |Λ/(csoftǫuǫd)| =

10 TeV.
We also show the gaugino mass dependence in Fig.2. It can be seen that the branching

fraction of χ̃0
2 → χ̃0

1γ can be sizable even in light gaugino mass region if a large contribution
from the higher dimensional term exists in the composite Higgs scenario.

4 Signal in space

So far, we investigated the branching ratio of the Higgsino which can be changed by the
dipole term arising from the strong sector. In this section, we discuss other possibilities to
appear the compositeness of Higgsinos.

The dipole term can also change the feature of the Higgsino dark matter. The Higgsino-
like dark matter can annihilate into γγ and γZ via loop diagrams and the annihilation cross
section is (σv)γγ(γZ) ∼ 1.0(2.2) × 10−28 cm3s−1 at µ ∼ 140 GeV pure Higgsino region in
MSSM [43] [44] [45] #5. On the other hand, It would be possible that these cross section
become large in the (partially) composite Higgsino case; the cross section which induced by
the diagram shown in Fig.3 can be (σv)dipoleγZ ∼ 10−27 cm3s−1 at |Λdipole| ∼ |Λ/(csoftǫuǫd)| ∼ 10
TeV.

Thus, the cross section is around the current limit by Fermi [51] and a comparable order
of a line-like spectral feature which was reported by Refs. [47,48] using the data of the Fermi
Gamma-Ray Space Telescope [49]. (See also Ref. [50] and references therein for details of
this signal. The current Fermi-LAT reports the local (global) significance of 3.3 (1.5) σ at
133 GeV [51].)

In addition to the line-gamma constraints, we should also take into account the con-
straints from continuum gamma-ray and other cosmic-ray observations [52–56] for the Hig-

#5We have calculated these values using the micromegas [46].
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Figure 1: The branching fraction of the χ̃0
2 → χ̃0

1γ decay which depends on |Λdipole| ∼ |Λ/(csoftǫuǫd)|.
The µ term is µ = 200 GeV (500 GeV) in the upper (lower) figure. Each solid line shows the case
in which the gaugino mass for SU(2) and U(1) are the same and the value is 1 TeV (red), 2 TeV
(green) and 3 TeV (blue) with positive Λdipole, and each dashed line shows the case with negative
Λdipole. Here, we take tan β = 5 and µ > 0.
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Figure 2: The branching fraction of the χ̃0
2 → χ̃0

1γ decay which depends on |Λdipole| ∼ |Λ/(csoftǫuǫd)|.
The µ term is µ = 200 GeV (500 GeV) in the upper (lower) figure. We take the same values for
SU(2) and U(1) gaugino masses and each line shows the case in which the Λdipole = 10 TeV (red),
100 TeV (yellow), 1000 TeV (green) and ∞ TeV (black). The limit of Λdipole = ∞ TeV corresponds
to the MSSM. Here, we take tan β = 5, µ > 0 and Λdipole > 0.
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Figure 3: Diagrams of Higgsino annihilation cross section included dipole interaction into γZ.

gsino dark matter scenario because of the large annihilate cross section to weak gauge bosons,
(σv)WW (ZZ) ∼ 2.1(1.8)× 10−25 cm3s−1 at µ ∼ 140 GeV pure Higgsino region in MSSM [57].
But, there are also uncertainties and because the ratio of the WW (ZZ) cross section to
γZ cross section is not determined, unlike the wino and Higgsino case in MSSM [53], the
possibility for the composite Higgsino as the origin of the tentative gamma-line like signal
cannot be excluded by a dark matter distribution independent way.

There are also another possibilities to appear the compositeness of Higgsinos. As we
mentioned in previous section, the off-diagonal component in neutralino and chargino mass
matrices can receive the corrections due to v21 + v22 6= (246 GeV)2 in case 1 introduced in
Section 2. And the kinetic mixing term also change the neutralino and chargino mass matrices
(for details, see Appendix). These correction can change the cross section of the Higgsino dark
matter in direct detection experiments; If gaugino masses are large, mZ/M1(2) ∼ mZ/Λdipole ∼
csoftǫuǫdmZ/Λ, the effect cannot be neglected.

These cosmological and astrophysical aspects of the (partially) composite Higgsino are
very interesting and important, but, the detail analysis is beyond the scope of this paper.
#6 And, regardless of whether the Higgsino is dark matter or not, the decay branching ratio
of the second-lightest neutral Higgsino can be changed as we shown in this paper. We will
study the details for the dark matter phenomenology in other place [62].

5 Summary

In this paper, we investigate the possibility to appear the Higgsino compositeness in the
neutralino decay. In the partially composite Higgs scenarios which are motivated by explain-
ing the electroweak symmetry breaking naturally, the dipole term of the Higgsinos would be
arising from the strong sector and it can change the branching ratio of the neutralino. As
shown in section 3, the χ̃0

2 → χ̃0
1γ branch can be dominant at a plausible parameter space.

Furthermore, we also discuss other possibilities to appear the compositeness of Higgsinos
in the previous section. We show that the possible corrections for the dark matter feature not
only from the dipole terms but also from the kinetic mixing terms. In particular, the dipole

#6For other features of this dark matter, e.g., see also Refs. [58–61].
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terms can change the annihilation cross section of Higgsino to γZ drastically. Although
there is O(1) uncertainties in our estimation and also the model dependent factor csoft, it
can contribute to constraint for the dark matter scenario in the partially composite Higgs
models. And, in some case in which csoft ∼ 1, such large annihilation cross section into γZ
could help to explain the tentative gamma-line like signal in the Fermi-LAT.

Even from a view point of dynamical electroweak symmetry breaking scenarios with
composite Higgs boson, the existence of the elementary Higgs are also attractive because
Yukawa couplings can be written without additional flavor problems. Then, to protect the
mass squared term of the elementary Higgs, supersymmetry is a viable symmetry.

In several scenario of the partially composite Higgs scenarios, the Higgs physics can
deviate from the SM. But, the current experimental results are, unfortunately, consistent
with the SM Higgs boson. However, the Higgsinos are also partially composite in such
models. #7 Thus, the indication of the compositeness due to a (semi)-perturbative coupling
with a strong sector could also be measured at the Higgsino phenomenology.
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Appendix

In this Appendix, we describe the effects of the following operators in detail:

OB,1 =

∫

d4θZ†HdW
α
Y e

V (Dαe
−VHu), OB,2 =

∫

d4θZ†HuW
α
Y e

V (Dαe
−VHd), (15)

OW,1 =

∫

d4θZ†HdW
αeV (Dαe

−VHu), OW,2 =

∫

d4θZ†HuW
αeV (Dαe

−V Hd), (16)

where W (WY ) are the field strength superfields for SU(2)L(U(1)Y ) gauge symmetry and
V denotes the SM vector superfields, respectively. The Dα is the derivative operator in
superspace. Superfields can be expanded by its component fields as the following,

Hd = Hd +
√
2θH̃d + θ2FHd

, (17)

Hu = Hu +
√
2θH̃u + θ2FHu

, (18)

WY α = B̃α + θαDY +
1

4
(σµνθ)αBµν + iθ2(σµ∂µB̃

†), (19)

Wα = W̃α + θαD +
1

4
(σµνθ)αWµν + iθ2(σµ∂µW̃

†). (20)

#7And there are also TeV resonances in this scenario. These could also be discovered at LHC [16].
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By using component fields, the SUSY breaking contribution in the operators can be written
by,

OB,1 ⊃ msoft

[√
2FHd

B̃H̃u −
√
2FHu

B̃H̃d −DY H̃uH̃d

+2HdDY FHu
+
√
2iHdH̃uσ

µ∂µB̃
† − 1

4
H̃uσ

µνH̃dBµν

]

, (21)

OB,2 ⊃ msoft

[√
2FHu

B̃H̃d −
√
2FHd

B̃H̃u −DY H̃uH̃d

+2HuDY FHd
+
√
2iHuH̃dσ

µ∂µB̃
† − 1

4
H̃dσ

µνH̃uBµν

]

. (22)

The OW,1 and OW,2 can also be expanded in the same manner. From equations of motion,
we get FHu

= µvd, FHd
= µvu, DY = −g′(v2u − v2d)/4 and D3 = g(v2u − v2d)/4. In the above

operators, the first three terms contribute to the neutralino mass matrix, the fifth term gives
the kinetic mixing between Higgsino and gauginos, and the last term gives the dipole operator
for Higgsino #8.

To demonstrate these contribution, we consider the following effective operators:

Leff. =
g′ǫuǫd
Λ

Cg′,u [OB,1]θ2 +
g′ǫuǫd
Λ

Cg′,d [OB,2]θ2

+
gǫuǫd
Λ

Cg,u [OW,1]θ2 −
gǫuǫd
Λ

Cg,d [OW,2]θ2 + h.c., (23)

where Cg′(g),u(d) is a coefficient which depends on the SUSY breaking as Csoft in Eq.(5). From
now on, we discuss the effects of the above operators on mixing of the neutralinos at the
order of g′(g)ǫ2Cg′(g)/Λ. We define canonically normalized neutralino fields (B̃′, W̃ ′, H̃ ′

d, H̃
′
u)

as,









B̃

W̃ 0

H̃d

H̃u









= (1 + δNkin.)









B̃′

W̃ ′

H̃ ′
d

H̃ ′
u









, (24)

where δNkin. is given as,

δNkin. ≃ 2ǫuǫdmZ

Λ









0 0 Cg′,dsβsW −Cg′,ucβsW
0 0 −Cg,dsβcW Cg,ucβcW

Cg′,dsβsW −Cg,dsβcW 0 0
−Cg′,ucβsW Cg,ucβcW 0 0









. (25)

Mass matrix for (B̃′, W̃ ′, H̃ ′
d, H̃

′
u) is given as,

Mx = (1 + δNkin.)
T (MMSSM + δM)(1 + δNkin.). (26)

#8The supersymmetric part of the operators also includes the contribution to the mixing, although these
are suppressed O(v2/Λ2).
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Here, MMSSM is the neutralino mass matrix in the MSSM, which is given as,

MMSSM =









M1 0 −mZsW cβ mZsW sβ
0 M2 mZcW cβ −mZcW sβ

−mZsW cβ mZcW cβ 0 −µ
mZsW sβ −mZcWsβ −µ 0









, (27)

and δM is the contributions of the first three terms in Eqs. (21, 22), which is given as,

δM ≃ ǫuǫdmZ

Λ









0 0 −2µC̃g′sW cβ 2µC̃g′sWsβ
0 0 2µC̃gcW cβ −2µC̃gcW sβ

−2µC̃g′sW cβ 2µC̃gcW cβ 0 −C̄mZc2β/2

2µC̃g′sWsβ −2µC̃gcWsβ −C̄mZc2β/2 0









, (28)

where C̃g′ = Cg′,d + Cg′,u, C̃g = Cg,d + Cg,u and C̄ = (Cg′,u − Cg′,d)s
2
W + (Cg,u − Cg,d)c

2
W ,

respectively. By using Eqs. (25, 27, 28), we can get the elements of Mx as follows:

Mx ≃









M1 0 −mZsW cβ(1 + δ13) mZsW sβ(1 + δ14)
0 M2 mZcW cβ(1 + δ23) −mZcW sβ(1 + δ24)

−mZsW cβ(1 + δ13) mZcW cβ(1 + δ23) 0 −µeff.

mZsW sβ(1 + δ14) −mZcW sβ(1 + δ24) −µeff. 0









,(29)

where µeff. and δ’s are given as,

µeff. = − µ− ǫuǫdC̄m2
Zc2β

2Λ
, (30)

δ13 =
2Cg′,dǫuǫd

Λ
(−M1tβ + µ) , δ14 =

2Cg′,uǫuǫd
Λ

(

−M1t
−1
β + µ

)

, (31)

δ23 =
2Cg,dǫuǫd

Λ
(−M2tβ + µ) , δ24 =

2Cg,uǫuǫd
Λ

(

−M2t
−1
β + µ

)

. (32)

Canonically normalized mass eigenstates χ̃i’s are given as,









χ̃0
1

χ̃0
2

χ̃0
3

χ̃0
4









= N









B̃′

W̃ ′

H̃ ′
d

H̃ ′
u









= N (1 + δNkin.)
−1









B̃

W̃ 0

H̃d

H̃u









. (33)

We define mixing matrix as Nx ≡ N (1 + δNkin.)
−1. Mass eigenstate χ̃0

i can be expressed as,

χ̃0
i = Nx,1iB̃ +Nx,2iW̃ +Nx,3iH̃d +Nx,4iH̃u. (i = 1, 2, 3, 4) (34)

Hereafter, we assume mZ ≪ |M1| − |µeff.|, |M2| − |µeff.|, for example. In this case, the lightest
neutralino χ̃0

1 and the second lightest neutralino χ̃0
2 is pure higgsino at order mZ/M1,2. If we take

M1, M2, µeff. > 0,

Nx,13 ≃
1√
2
, Nx,14 ≃

1√
2
, Nx,23 ≃

1√
2
, Nx,24 ≃ − 1√

2
. (35)
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Bino and wino components in χ̃0
1 and χ̃0

2 are given as,

Nx,11 ≃ − 1√
2

Mx,31 +Mx,41

M1 − µeff.
− δNkin.,31, Nx,12 ≃ − 1√

2

Mx,32 +Mx,42

M2 − µeff.
− δNkin.,32, (36)

Nx,21 ≃ − 1√
2

Mx,31 −Mx,41

M1 + µeff.
− δNkin.,41, Nx,22 ≃ − 1√

2

Mx,32 −Mx,42

M2 + µeff.
− δNkin.,42. (37)

When |M1|, |M2| ≫ |µeff |, we can get more simpler formulae for N ’s by using the explicit expression
of Mx and δNkin.:

Nx,11 ≃ mZsW√
2

[(

cβ
M1

− 2Cg′,dsβ
ǫuǫd
Λ

)

−
(

sβ
M1

− 2Cg′,ucβ
ǫuǫd
Λ

)]

, (38)

Nx,12 ≃ mZcW√
2

[

−
(

cβ
M2

− 2Cg,dsβ
ǫuǫd
Λ

)

+

(

sβ
M2

− 2Cg,ucβ
ǫuǫd
Λ

)]

, (39)

Nx,21 ≃ mZsW√
2

[(

cβ
M1

− 2Cg′,dsβ
ǫuǫd
Λ

)

+

(

sβ
M1

− 2Cg′,ucβ
ǫuǫd
Λ

)]

, (40)

Nx,22 ≃ mZcW√
2

[

−
(

cβ
M2

− 2Cg,dsβ
ǫuǫd
Λ

)

−
(

sβ
M2

− 2Cg,ucβ
ǫuǫd
Λ

)]

. (41)

Finally, we mention that, although we only discuss the contribution from the operators in Eqs.
(16), there are also contributions from other operators and it have been discussed, for example, in
Refs. [63–68] #9.

References

[1] R. Kitano and Y. Nomura, Phys. Rev. D 73 (2006) 095004 [hep-ph/0602096].

[2] M. Asano, H. D. Kim, R. Kitano and Y. Shimizu, JHEP 1012 (2010) 019 [arXiv:1010.0692
[hep-ph]].

[3] M. Papucci, J. T. Ruderman and A. Weiler, JHEP 1209 (2012) 035 [arXiv:1110.6926 [hep-ph]].

[4] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716 (2012) 1 [arXiv:1207.7214 [hep-ex]].

[5] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235 [hep-
ex]].

[6] One of the attempts in perturbative scenario is the mirage mediation in NMSSM: M. Asano and
T. Higaki, Phys. Rev. D 86 (2012) 035020 [arXiv:1204.0508 [hep-ph]]; T. Kobayashi, H. Makino,
K. -i. Okumura, T. Shimomura and T. Takahashi, JHEP 1301 (2013) 081 [arXiv:1204.3561
[hep-ph]].

[7] H. Fukushima, R. Kitano and M. Yamaguchi, JHEP 1101 (2011) 111 [arXiv:1012.5394 [hep-
ph]].

#9For studies of higher dimensional operators in low-energy SUSY models, see also, e.g., Refs. [58–61]
and [69–96].

13



[8] N. Craig, D. Stolarski and J. Thaler, JHEP 1111 (2011) 145 [arXiv:1106.2164 [hep-ph]].

[9] C. Csaki, Y. Shirman and J. Terning, Phys. Rev. D 84 (2011) 095011 [arXiv:1106.3074 [hep-
ph]].

[10] A. Azatov, J. Galloway and M. A. Luty, Phys. Rev. Lett. 108 (2012) 041802 [arXiv:1106.3346
[hep-ph]].

[11] A. Azatov, J. Galloway and M. A. Luty, Phys. Rev. D 85 (2012) 015018 [arXiv:1106.4815
[hep-ph]].

[12] T. Gherghetta and A. Pomarol, JHEP 1112 (2011) 069 [arXiv:1107.4697 [hep-ph]].

[13] J. J. Heckman, P. Kumar, C. Vafa and B. Wecht, JHEP 1201 (2012) 156 [arXiv:1108.3849
[hep-ph]].

[14] C. Csaki, L. Randall and J. Terning, Phys. Rev. D 86 (2012) 075009 [arXiv:1201.1293 [hep-ph]].

[15] J. L. Evans, M. Ibe and T. T. Yanagida, Phys. Rev. D 86 (2012) 015017 [arXiv:1204.6085
[hep-ph]].

[16] R. Kitano, M. A. Luty and Y. Nakai, JHEP 1208 (2012) 111 [arXiv:1206.4053 [hep-ph]].

[17] R. Barbieri, D. Buttazzo, K. Kannike, F. Sala and A. Tesi, Phys. Rev. D 87 (2013) 115018
[arXiv:1304.3670 [hep-ph]].

[18] E. Witten, Nucl. Phys. B 188 (1981) 513.

[19] M. Dine, W. Fischler and M. Srednicki, Nucl. Phys. B 189 (1981) 575.

[20] S. Dimopoulos and S. Raby, Nucl. Phys. B 192 (1981) 353.

[21] S. Samuel, Nucl. Phys. B 347 (1990) 625.

[22] M. Dine, A. Kagan and S. Samuel, Phys. Lett. B 243 (1990) 250.

[23] R. Harnik, G. D. Kribs, D. T. Larson and H. Murayama, Phys. Rev. D 70 (2004) 015002
[hep-ph/0311349].

[24] S. Ferrara and E. Remiddi, Abelian Gauge Theory,” Phys. Lett. B 53, 347 (1974).

[25] S. Ferrara and M. Porrati, spin particles,” Phys. Lett. B 288, 85 (1992).

[26] A. Manohar and H. Georgi, Nucl. Phys. B 234 (1984) 189.

[27] H. Georgi and L. Randall, Nucl. Phys. B 276 (1986) 241.

[28] H. Georgi, Phys. Lett. B 298 (1993) 187 [hep-ph/9207278].

[29] M. A. Luty, Phys. Rev. D 57 (1998) 1531 [hep-ph/9706235].

[30] A. G. Cohen, D. B. Kaplan and A. E. Nelson, Phys. Lett. B 412 (1997) 301 [hep-ph/9706275].

14



[31] A. E. Nelson and M. J. Strassler, JHEP 0009 (2000) 030 [hep-ph/0006251].

[32] A. E. Nelson and M. J. Strassler, JHEP 0207 (2002) 021 [hep-ph/0104051].

[33] T. Kobayashi and H. Terao, Phys. Rev. D 64 (2001) 075003 [hep-ph/0103028].

[34] M. A. Luty and R. Sundrum, Phys. Rev. D 65 (2002) 066004 [hep-th/0105137].

[35] M. Luty and R. Sundrum, Phys. Rev. D 67 (2003) 045007 [hep-th/0111231].

[36] M. Dine, P. J. Fox, E. Gorbatov, Y. Shadmi, Y. Shirman and S. D. Thomas, Phys. Rev. D 70

(2004) 045023 [hep-ph/0405159].

[37] M. Ibe, K. -I. Izawa, Y. Nakayama, Y. Shinbara and T. Yanagida, Phys. Rev. D 73 (2006)
015004 [hep-ph/0506023].

[38] M. Ibe, K. -I. Izawa, Y. Nakayama, Y. Shinbara and T. Yanagida, Phys. Rev. D 73 (2006)
035012 [hep-ph/0509229].

[39] M. Schmaltz and R. Sundrum, JHEP 0611 (2006) 011 [hep-th/0608051].

[40] A. G. Cohen, T. S. Roy and M. Schmaltz, JHEP 0702 (2007) 027 [hep-ph/0612100].

[41] H. E. Haber and D. Wyler, Nucl. Phys. B 323 (1989) 267.

[42] F. E. Paige, S. D. Protopopescu, H. Baer and X. Tata, hep-ph/0312045.

[43] L. Bergstrom and P. Ullio, Nucl. Phys. B 504 (1997) 27 [hep-ph/9706232].

[44] P. Ullio and L. Bergstrom, Phys. Rev. D 57 (1998) 1962 [hep-ph/9707333].

[45] F. Boudjema, A. Semenov and D. Temes, Phys. Rev. D 72 (2005) 055024 [hep-ph/0507127].

[46] G. Belanger, F. Boudjema, A. Pukhov and A. Semenov, Comput. Phys. Commun. 185 (2014)
960 [arXiv:1305.0237 [hep-ph]].

[47] T. Bringmann, X. Huang, A. Ibarra, S. Vogl and C. Weniger, JCAP 1207 (2012) 054
[arXiv:1203.1312 [hep-ph]].

[48] C. Weniger, JCAP 1208 (2012) 007 [arXiv:1204.2797 [hep-ph]].

[49] W. B. Atwood et al. [LAT Collaboration], Astrophys. J. 697 (2009) 1071 [arXiv:0902.1089
[astro-ph.IM]].

[50] T. Bringmann and C. Weniger, Phys. Dark Univ. 1 (2012) 194 [arXiv:1208.5481 [hep-ph]].

[51] [Fermi-LAT Collaboration], arXiv:1305.5597 [astro-ph.HE].

[52] M. R. Buckley and D. Hooper, Phys. Rev. D 86 (2012) 043524 [arXiv:1205.6811 [hep-ph]].

[53] W. Buchmuller and M. Garny, JCAP 1208 (2012) 035 [arXiv:1206.7056 [hep-ph]].

15



[54] T. Cohen, M. Lisanti, T. R. Slatyer and J. G. Wacker, JHEP 1210 (2012) 134 [arXiv:1207.0800
[hep-ph]].

[55] I. Cholis, M. Tavakoli and P. Ullio, Phys. Rev. D 86 (2012) 083525 [arXiv:1207.1468 [hep-ph]].

[56] M. Asano, T. Bringmann, G. Sigl and M. Vollmann, Phys. Rev. D 87 (2013) 103509
[arXiv:1211.6739 [hep-ph]].

[57] K. A. Olive and M. Srednicki, Nucl. Phys. B 355 (1991) 208.

[58] K. Cheung, S. Y. Choi and J. Song, Phys. Lett. B 677 (2009) 54 [arXiv:0903.3175 [hep-ph]].

[59] M. Berg, J. Edsjo, P. Gondolo, E. Lundstrom and S. Sjors, JCAP 0908 (2009) 035
[arXiv:0906.0583 [hep-ph]].

[60] N. Bernal, K. Blum, Y. Nir and M. Losada, JHEP 0908 (2009) 053 [arXiv:0906.4696 [hep-ph]].

[61] N. Bernal and A. Goudelis, JCAP 1003 (2010) 007 [arXiv:0912.3905 [hep-ph]].

[62] In preparation.

[63] I. Antoniadis, E. Dudas, D. M. Ghilencea and P. Tziveloglou, Nucl. Phys. B 808 (2009) 155
[arXiv:0806.3778 [hep-ph]].

[64] M. Berkooz and Y. Hochberg, Phys. Rev. D 79 (2009) 035008 [arXiv:0809.4832 [hep-ph]].

[65] M. Carena, K. Kong, E. Ponton and J. Zurita, Phys. Rev. D 81 (2010) 015001 [arXiv:0909.5434
[hep-ph]].

[66] I. Antoniadis, E. Dudas, D. M. Ghilencea and P. Tziveloglou, Nucl. Phys. B 831 (2010) 133
[arXiv:0910.1100 [hep-ph]].

[67] I. Antoniadis, E. Dudas, D. M. Ghilencea and P. Tziveloglou, Nucl. Phys. B 848 (2011) 1
[arXiv:1012.5310 [hep-ph]].

[68] S. Cassel and D. M. Ghilencea, Mod. Phys. Lett. A 27 (2012) 1230003 [arXiv:1103.4793 [hep-
ph]].

[69] D. Piriz and J. Wudka, Phys. Rev. D 56 (1997) 4170 [hep-ph/9707314].

[70] A. Strumia, Phys. Lett. B 466 (1999) 107 [hep-ph/9906266].

[71] A. Brignole, J. A. Casas, J. R. Espinosa and I. Navarro, Nucl. Phys. B 666 (2003) 105 [hep-
ph/0301121].

[72] J. A. Casas, J. R. Espinosa and I. Hidalgo, JHEP 0401 (2004) 008 [hep-ph/0310137].

[73] M. Pospelov, A. Ritz and Y. Santoso, Phys. Rev. Lett. 96 (2006) 091801 [hep-ph/0510254].

[74] M. Pospelov, A. Ritz and Y. Santoso, Phys. Rev. D 74 (2006) 075006 [hep-ph/0608269].

[75] M. Dine, N. Seiberg and S. Thomas, Phys. Rev. D 76 (2007) 095004 [arXiv:0707.0005 [hep-ph]].

16



[76] I. Antoniadis, E. Dudas and D. M. Ghilencea, JHEP 0803 (2008) 045 [arXiv:0708.0383 [hep-
th]].

[77] P. Batra and E. Ponton, Phys. Rev. D 79 (2009) 035001 [arXiv:0809.3453 [hep-ph]].

[78] S. Cassel, D. M. Ghilencea and G. G. Ross, Nucl. Phys. B 825 (2010) 203 [arXiv:0903.1115
[hep-ph]].

[79] K. Blum, C. Delaunay and Y. Hochberg, Phys. Rev. D 80 (2009) 075004 [arXiv:0905.1701
[hep-ph]].

[80] S. W. Ham, S. -AShim and S. K. Oh, Phys. Rev. D 80 (2009) 055009 [arXiv:0907.3300 [hep-ph]].

[81] S. Cassel, D. M. Ghilencea and G. G. Ross, Nucl. Phys. B 835 (2010) 110 [arXiv:1001.3884
[hep-ph]].

[82] K. Blum, C. Delaunay, M. Losada, Y. Nir and S. Tulin, JHEP 1005 (2010) 101 [arXiv:1003.2447
[hep-ph]].

[83] K. J. Bae, Phys. Rev. D 82 (2010) 055004 [arXiv:1003.5869 [hep-ph]].

[84] R. Franceschini and S. Gori, JHEP 1105 (2011) 084 [arXiv:1005.1070 [hep-ph]].

[85] M. Carena, E. Ponton and J. Zurita, Phys. Rev. D 82 (2010) 055025 [arXiv:1005.4887 [hep-ph]].

[86] S. Mukhopadhyay, B. Mukhopadhyaya and S. SenGupta, arXiv:1103.3678 [hep-ph].

[87] N. Bernal, M. Losada and F. Mahmoudi, JHEP 1107 (2011) 074 [arXiv:1104.5395 [hep-ph]].

[88] W. Altmannshofer, M. Carena, S. Gori and A. de la Puente, Phys. Rev. D 84 (2011) 095027
[arXiv:1107.3814 [hep-ph]].

[89] W. Altmannshofer and M. Carena, Phys. Rev. D 85 (2012) 075006 [arXiv:1110.0843 [hep-ph]].

[90] M. Carena, E. Ponton and J. Zurita, Phys. Rev. D 85 (2012) 035007 [arXiv:1111.2049 [hep-ph]].

[91] F. Boudjema and G. Drieu La Rochelle, Phys. Rev. D 85 (2012) 035011 [arXiv:1112.1434
[hep-ph]].

[92] F. Boudjema and G. D. La Rochelle, Phys. Rev. D 86 (2012) 015018 [arXiv:1203.3141 [hep-ph]].

[93] F. Boudjema and G. D. La Rochelle, Phys. Rev. D 86 (2012) 115007 [arXiv:1208.1952 [hep-ph]].

[94] F. Farakos and A. Kehagias, Phys. Lett. B 719 (2013) 95 [arXiv:1210.4941 [hep-ph]].

[95] E. Dudas, C. Petersson and P. Tziveloglou, Nucl. Phys. B 870 (2013) 353 [arXiv:1211.5609
[hep-ph]].

[96] M. Berg, I. Buchberger, D. M. Ghilencea and C. Petersson, Phys. Rev. D 88 (2013) 2, 025017
[arXiv:1212.5009 [hep-ph]].

17


