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Inert Doublet Model
-

➡ Introduce another Higgs field that only couples to gauge sector

impose Z2 parity: SM particles + , extra Higgs: - 

“Inert” Doublet Model (IDM)

H1 = HSM

relic density could be obtained for the dark matter mass around 40 GeV − 80 GeV or larger
than 600 GeV. Ref. [14, 15] studied the neutrino signatures from dark matter annihilation
in the IHDM. Continuous gamma ray spectrum from fragmentation and monochromatic
gamma ray lines are studied in Ref. [13] and [16] respectively. Positron and antiproton
signatures are studied in Ref. [17]. There are also collider analysis on the LEP II limit for
the IHDM [18] as well as collider signatures of SA associated production with A → Sl+l−

at the LHC [19]. Direct detection of the IHDM dark matter has been studied in [7, 13, 20].
In this work, we performed a complete analyzed the dark matter relic in the IHDM

over the whole parameter space, taken into account various theoretical and experimental
constraints on the IHDM. The latest results of the collider constraints based on χ0

1χ
0
2 search

at the LEP are imposed. Unlike in Ref. [13], in which only a low SM Higgs mass mh = 100
GeV and 200 GeV are considered, we also considered a high Higgs mass mh = 500 GeV.
In Ref. [13], the mass splitting between A, H± and the dark matter candidate S is fixed to
be 10 (5) GeV and 50 (10) GeV respectively for low (high) mass region. We studied the
cases when the mass splittings between A, H± and the dark matter candidate S are small,
in which the coannihilation plays an important role, as well as the cases when the mass
splittings are large. In regions that overlap with those analyzed in Ref. [13], our results
agree with the literature. We identified additional regions of parameter space, in which
the dark matter relic density is also consistent with the WMAP result but was overlooked
before. We also present our results in the parameter spaces of physical Higgs masses and
Higgs couplings, which can easily be used for the purpose of collider study and dark matter
detections.

The rest of the paper is organized as follows: Sec. II briefly present the IHDM. We
discussed the theoretical and experimental constraints on the model parameter space in
Sec. III. Sec. IV presented our results on the relic density analysis. We concluded in Sec. V.

II. THE INERT HIGGS DOUBLET MODEL

The IHDM is an extension of the Higgs sector of the SM. Besides the usual Higgs doublet
H1, additional Higgs doublet H2 is introduced:

H2 =

(

H+

(S + iA)/
√

2

)

, (2)

which is charged under SU(2)L × U(1)Y as (2, 1/2). Unlike the SM Higgs boson, which
couples to both the gauge bosons and matter fermions, the extra Higgs doublet couples
to the gauge sector only. Such couplings can be guaranteed by imposing a Z2 symmetry
(sometimes also called as matter parity) where all the particles except H2 are even under the
Z2. While H1 obtains a vacuum expectation value (VEV) v/

√
2 = 174 GeV as in the SM,

H2 does not obtain a VEV: 〈H2〉 = 0. The Z2 symmetry is, therefore, not spontaneously
broken. The lightest particle in H2 is stable and could be a good dark matter candidate.

3

lightest one: 
DM candicate

ar
X

iv
:h

ep
-p

h
/0

6
1
2
2
7
5
v
2
  
 9

 J
an

 2
0
0
7

Z2

H1 H2

Z2

H1 → H1 H2 → −H2.
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Z2

H2

〈H2〉 → 0

V = µ2
1|H1|2 + µ2

2|H2|2 + λ1|H1|4 + λ2|H2|4 + λ3|H1|2|H2|2 + λ4|H†
1H2|2 +

λ5

2

[

(H†
1H2)

2 + h.c.
]

.

U(1) λ5 = 0

SU(2) × U(1) H1

〈H1〉 =
v√
2

v = −µ2
1/λ1 = 248 µ2

2 > 0

〈H2〉 = 0.

The most general potential in the Higgs sector can be written as

V = µ2
1|H1|2+µ2

2|H2|2+λ1|H1|4+λ2|H2|4+λ3|H1|2|H2|2+λ4|H†
1H2|2+

λ5

2

[

(H†
1H2)

2 + h.c.
]

.

(3)
Notice that the usual mixing term µ2

12H
†
1H2 is forbidden by the Z2 symmetry. After

electroweak symmetry breaking, three degree of freedom in H1 are eaten by massive gauge
bosons W±, Z. We are left with one physical Higgs boson h, which resembles the SM Higgs
boson. The mass of h is related to λ1 via

m2
h = −2µ2

1 = 2λ1v
2. (4)

The masses of the scalars in H2 doublet are related to the parameters in the Higgs potential
as

m2
H± = µ2

2 + λ3v
2/2, (5)

m2
S = µ2

2 + (λ3 + λ4 + λ5)v
2/2, (6)

m2
A = µ2

2 + (λ3 + λ4 − λ5)v
2/2. (7)

(8)

We define the mass difference δ1 and δ2 as

δ1 = mH± − mS = −
(λ4 + λ5)v2

2(mH± + mS)
, δ2 = mA − mS = −

λ5v2

(mA + mS)
. (9)

It is obvious that λ4 controls the mass splitting between the charged states and the neutral
states, while λ5 controls the mass splitting between the CP odd state and CP even states.
In our analysis below, we assume that the CP even scalar S is LIP, therefore the dark
matter candidate: δ1 > 0, δ2 > 0. The numerical results obtained below are similar if A is
the LIP.

The Higgs potential in Eq. (3) has seven parameters:

(µ2
1, µ

2
2, λ1, λ2, λ3, λ4, λ5). (10)

They could be replaced by the Higgs VEV v, physical Higgs masses, mass splittings, and
sum of quartic couplings λL = λ3 + λ4 + λ5 as

(v, mh, mS, δ1, δ2, λ2, λL). (11)

In particular, λL shows up in the couplings SSh and SShh, which is relevant for the dark
matter annihilation process. It is therefore convenient to pick λL as a model parameter.
Quartic coupling λ2 only shows up in self-couplings involving S, A and H±. It does not
play an important role for the dark matter analysis that we present below.
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The rest of the paper is organized as follows: Sec. II briefly present the IHDM. We
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Sec. III. Sec. IV presented our results on the relic density analysis. We concluded in Sec. V.

II. THE INERT HIGGS DOUBLET MODEL
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H+
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√

2

)

, (2)
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couples to both the gauge bosons and matter fermions, the extra Higgs doublet couples
to the gauge sector only. Such couplings can be guaranteed by imposing a Z2 symmetry
(sometimes also called as matter parity) where all the particles except H2 are even under the
Z2. While H1 obtains a vacuum expectation value (VEV) v/

√
2 = 174 GeV as in the SM,

H2 does not obtain a VEV: 〈H2〉 = 0. The Z2 symmetry is, therefore, not spontaneously
broken. The lightest particle in H2 is stable and could be a good dark matter candidate.
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The most general potential in the Higgs sector can be written as
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2 + h.c.
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.

(3)
Notice that the usual mixing term µ2

12H
†
1H2 is forbidden by the Z2 symmetry. After

electroweak symmetry breaking, three degree of freedom in H1 are eaten by massive gauge
bosons W±, Z. We are left with one physical Higgs boson h, which resembles the SM Higgs
boson. The mass of h is related to λ1 via

m2
h = −2µ2

1 = 2λ1v
2. (4)

The masses of the scalars in H2 doublet are related to the parameters in the Higgs potential
as

m2
H± = µ2

2 + λ3v
2/2, (5)

m2
S = µ2

2 + (λ3 + λ4 + λ5)v
2/2, (6)

m2
A = µ2

2 + (λ3 + λ4 − λ5)v
2/2. (7)

(8)

We define the mass difference δ1 and δ2 as

δ1 = mH± − mS = −
(λ4 + λ5)v2

2(mH± + mS)
, δ2 = mA − mS = −

λ5v2

(mA + mS)
. (9)

It is obvious that λ4 controls the mass splitting between the charged states and the neutral
states, while λ5 controls the mass splitting between the CP odd state and CP even states.
In our analysis below, we assume that the CP even scalar S is LIP, therefore the dark
matter candidate: δ1 > 0, δ2 > 0. The numerical results obtained below are similar if A is
the LIP.

The Higgs potential in Eq. (3) has seven parameters:

(µ2
1, µ

2
2, λ1, λ2, λ3, λ4, λ5). (10)

They could be replaced by the Higgs VEV v, physical Higgs masses, mass splittings, and
sum of quartic couplings λL = λ3 + λ4 + λ5 as

(v, mh, mS, δ1, δ2, λ2, λL). (11)

In particular, λL shows up in the couplings SSh and SShh, which is relevant for the dark
matter annihilation process. It is therefore convenient to pick λL as a model parameter.
Quartic coupling λ2 only shows up in self-couplings involving S, A and H±. It does not
play an important role for the dark matter analysis that we present below.
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Constraints
-

✦ W and Z decay width W→S/A + H±, Z→S+A, H+H-

✦ LEP II constraints

Neutral and charged Higgs searches at LEP and Tevatron: does not apply
rely on VVh coupling and the couplings of Higgses to fermions

✦ Vacuum stability

✦ Perturbativity 

✦ Dark matter direct detection
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Constraints
-

MSSM searches: e+e−→ χ10 χ20 with χ20 → χ10 qq/µµ/ee
similar to e+e− → SA with A → Sqq/µµ/ee
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FIG. 6: Production cross section upper limits as extracted
from Fig. 13(d) in [16]. For models inside the (red) solid
[(green) dashed] contour the limits are rescaled by a factor
0.9 (1.1) before being applied to H0A0 production. The solid
(dark blue) contour lines indicate the e+e− → H0A0 cross
section. The (red) dotted-shaded region, where mH0+mA0 <
mZ , is excluded by LEP I data on the Z boson width. The
upper right dashed line shows the LEP II kinematical limit.

modifications might be needed (this calculation is done
with MadGraph/MadEvent).

Finally, we calculate the H0A0 production cross sec-
tion as a function of mH0 and mA0 , and compare it with
our derived cross section upper limits in order to con-
strain the IDM parameter space.

IV. RESULTS

Under our imposed cuts the resulting IDM and MSSM
efficiencies turn out to be quite similar, an appealing,
although not at all trivial, result.

The efficiencies are first determined for each individ-
ual channel (qq̄, µ+µ−, e+e−), after which those are com-
bined into an efficiency representing the actual branching
ratio. This combination is done by weighting the chan-
nels in accordance with the decay branching ratios of
the Z boson (i.e. the qq̄ efficiency is given the highest
weight).

In general we observe that the ratio between our de-
rived IDM and MSSM efficiencies is quite insensitive to
the very details of the imposed cuts, and we estimate our
sensitivity in determining this ratio to be of the order of
10 %.

We find that whenever mH0 ! 80 GeV the IDM effi-
ciencies typically are a few percent higher than those of
the corresponding MSSM models. An important obser-
vation is that we find no mass combinations in this region
where the MSSM gives a higher efficiency than the IDM,
and it is therefore appropriate to apply at least as hard
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FIG. 7: LEP exclusion plot. The (red) dotted-shaded region
indicates the region of the (mH0 ,mA0) plane excluded by LEP
data. The lower left triangle, where mH0 + mA0 < mZ , is
excluded by LEP I data on the Z boson width. The remaining
part of the shaded region is excluded by our LEP II analysis.
Shown is also the LEP II kinematical limit. Since we are
assuming mH0 <mA0 the upper left region is not accessible.

production cross section upper limits on the inert scalars
as those put on the neutralinos in [16].

In the specific region defined by 8 GeV< ∆m <15 GeV
and mH0 ! 85 GeV, the IDM efficiencies are found to be
about a factor 1.15-1.20 higher than those of the MSSM.
On noting that the models with the lowest ∆m have a
slightly higher branching into neutrinos compared to or-
dinary Z boson decay, we in this region adopt a conser-
vative factor of 0.9 with which we rescale the neutralino
production limits given in Fig. 13(d) in [16]. This region
is encircled with a (green) dashed line in Fig. 6.

Among the remaining mH0 " 80 GeV models we find
some for which the ratio between the IDM and MSSM
efficiencies drops down to 0.9. We therefore use a factor
of 1.1 for the rescaling here, and this region is encircled
with a red solid line in Fig. 6.

Except for in the low ∆m and high mH0 regions men-
tioned above we find it appropriate to apply the same
production limits as for the neutralinos. While this might
be argued to be too conservative, the points where harder
limits could possibly be imposed are anyway far from ex-
cluding any IDM model.

By utilizing the limits on the χ̃0
1χ̃

0
2 production from

Fig. 13(d) in [16] we find, after rescaling, upper limits on
the H0A0 production cross section as a function of mH0

and mA0 . The cross section limits, and the regions where
we impose rescaling, are found in Fig. 6. Comparing
these with the calculated e+e− → H0A0 cross sections,
which also are shown in Fig. 6, finally tells us which IDM
models are excluded.

The resulting exclusion plot is shown in Fig. 7.
Roughly speaking, our LEP II analysis exclude models

✦ LEP II constraints

MSSM searches: e+e−→ χ1+ χ1−  similar to e+e− →H+H−

➡ mH± ≥ 70 GeV

E. Lundstrom, M. Gustafsson 
and J. Edsjo, 0810.3924
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MSSM searches: e+e−→ χ10 χ20 with χ20 → χ10 qq/µµ/ee
similar to e+e− → SA with A → Sqq/µµ/ee
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FIG. 6: Production cross section upper limits as extracted
from Fig. 13(d) in [16]. For models inside the (red) solid
[(green) dashed] contour the limits are rescaled by a factor
0.9 (1.1) before being applied to H0A0 production. The solid
(dark blue) contour lines indicate the e+e− → H0A0 cross
section. The (red) dotted-shaded region, where mH0+mA0 <
mZ , is excluded by LEP I data on the Z boson width. The
upper right dashed line shows the LEP II kinematical limit.

modifications might be needed (this calculation is done
with MadGraph/MadEvent).

Finally, we calculate the H0A0 production cross sec-
tion as a function of mH0 and mA0 , and compare it with
our derived cross section upper limits in order to con-
strain the IDM parameter space.

IV. RESULTS

Under our imposed cuts the resulting IDM and MSSM
efficiencies turn out to be quite similar, an appealing,
although not at all trivial, result.

The efficiencies are first determined for each individ-
ual channel (qq̄, µ+µ−, e+e−), after which those are com-
bined into an efficiency representing the actual branching
ratio. This combination is done by weighting the chan-
nels in accordance with the decay branching ratios of
the Z boson (i.e. the qq̄ efficiency is given the highest
weight).

In general we observe that the ratio between our de-
rived IDM and MSSM efficiencies is quite insensitive to
the very details of the imposed cuts, and we estimate our
sensitivity in determining this ratio to be of the order of
10 %.

We find that whenever mH0 ! 80 GeV the IDM effi-
ciencies typically are a few percent higher than those of
the corresponding MSSM models. An important obser-
vation is that we find no mass combinations in this region
where the MSSM gives a higher efficiency than the IDM,
and it is therefore appropriate to apply at least as hard
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FIG. 7: LEP exclusion plot. The (red) dotted-shaded region
indicates the region of the (mH0 ,mA0) plane excluded by LEP
data. The lower left triangle, where mH0 + mA0 < mZ , is
excluded by LEP I data on the Z boson width. The remaining
part of the shaded region is excluded by our LEP II analysis.
Shown is also the LEP II kinematical limit. Since we are
assuming mH0 <mA0 the upper left region is not accessible.

production cross section upper limits on the inert scalars
as those put on the neutralinos in [16].

In the specific region defined by 8 GeV< ∆m <15 GeV
and mH0 ! 85 GeV, the IDM efficiencies are found to be
about a factor 1.15-1.20 higher than those of the MSSM.
On noting that the models with the lowest ∆m have a
slightly higher branching into neutrinos compared to or-
dinary Z boson decay, we in this region adopt a conser-
vative factor of 0.9 with which we rescale the neutralino
production limits given in Fig. 13(d) in [16]. This region
is encircled with a (green) dashed line in Fig. 6.

Among the remaining mH0 " 80 GeV models we find
some for which the ratio between the IDM and MSSM
efficiencies drops down to 0.9. We therefore use a factor
of 1.1 for the rescaling here, and this region is encircled
with a red solid line in Fig. 6.

Except for in the low ∆m and high mH0 regions men-
tioned above we find it appropriate to apply the same
production limits as for the neutralinos. While this might
be argued to be too conservative, the points where harder
limits could possibly be imposed are anyway far from ex-
cluding any IDM model.

By utilizing the limits on the χ̃0
1χ̃

0
2 production from

Fig. 13(d) in [16] we find, after rescaling, upper limits on
the H0A0 production cross section as a function of mH0

and mA0 . The cross section limits, and the regions where
we impose rescaling, are found in Fig. 6. Comparing
these with the calculated e+e− → H0A0 cross sections,
which also are shown in Fig. 6, finally tells us which IDM
models are excluded.

The resulting exclusion plot is shown in Fig. 7.
Roughly speaking, our LEP II analysis exclude models

✦ LEP II constraints

LEP I
mS +mA < mZ

excluded

MSSM searches: e+e−→ χ1+ χ1−  similar to e+e− →H+H−

➡ mH± ≥ 70 GeV

E. Lundstrom, M. Gustafsson 
and J. Edsjo, 0810.3924
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MSSM searches: e+e−→ χ10 χ20 with χ20 → χ10 qq/µµ/ee
similar to e+e− → SA with A → Sqq/µµ/ee
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FIG. 6: Production cross section upper limits as extracted
from Fig. 13(d) in [16]. For models inside the (red) solid
[(green) dashed] contour the limits are rescaled by a factor
0.9 (1.1) before being applied to H0A0 production. The solid
(dark blue) contour lines indicate the e+e− → H0A0 cross
section. The (red) dotted-shaded region, where mH0+mA0 <
mZ , is excluded by LEP I data on the Z boson width. The
upper right dashed line shows the LEP II kinematical limit.

modifications might be needed (this calculation is done
with MadGraph/MadEvent).

Finally, we calculate the H0A0 production cross sec-
tion as a function of mH0 and mA0 , and compare it with
our derived cross section upper limits in order to con-
strain the IDM parameter space.

IV. RESULTS

Under our imposed cuts the resulting IDM and MSSM
efficiencies turn out to be quite similar, an appealing,
although not at all trivial, result.

The efficiencies are first determined for each individ-
ual channel (qq̄, µ+µ−, e+e−), after which those are com-
bined into an efficiency representing the actual branching
ratio. This combination is done by weighting the chan-
nels in accordance with the decay branching ratios of
the Z boson (i.e. the qq̄ efficiency is given the highest
weight).

In general we observe that the ratio between our de-
rived IDM and MSSM efficiencies is quite insensitive to
the very details of the imposed cuts, and we estimate our
sensitivity in determining this ratio to be of the order of
10 %.

We find that whenever mH0 ! 80 GeV the IDM effi-
ciencies typically are a few percent higher than those of
the corresponding MSSM models. An important obser-
vation is that we find no mass combinations in this region
where the MSSM gives a higher efficiency than the IDM,
and it is therefore appropriate to apply at least as hard
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FIG. 7: LEP exclusion plot. The (red) dotted-shaded region
indicates the region of the (mH0 ,mA0) plane excluded by LEP
data. The lower left triangle, where mH0 + mA0 < mZ , is
excluded by LEP I data on the Z boson width. The remaining
part of the shaded region is excluded by our LEP II analysis.
Shown is also the LEP II kinematical limit. Since we are
assuming mH0 <mA0 the upper left region is not accessible.

production cross section upper limits on the inert scalars
as those put on the neutralinos in [16].

In the specific region defined by 8 GeV< ∆m <15 GeV
and mH0 ! 85 GeV, the IDM efficiencies are found to be
about a factor 1.15-1.20 higher than those of the MSSM.
On noting that the models with the lowest ∆m have a
slightly higher branching into neutrinos compared to or-
dinary Z boson decay, we in this region adopt a conser-
vative factor of 0.9 with which we rescale the neutralino
production limits given in Fig. 13(d) in [16]. This region
is encircled with a (green) dashed line in Fig. 6.

Among the remaining mH0 " 80 GeV models we find
some for which the ratio between the IDM and MSSM
efficiencies drops down to 0.9. We therefore use a factor
of 1.1 for the rescaling here, and this region is encircled
with a red solid line in Fig. 6.

Except for in the low ∆m and high mH0 regions men-
tioned above we find it appropriate to apply the same
production limits as for the neutralinos. While this might
be argued to be too conservative, the points where harder
limits could possibly be imposed are anyway far from ex-
cluding any IDM model.

By utilizing the limits on the χ̃0
1χ̃

0
2 production from

Fig. 13(d) in [16] we find, after rescaling, upper limits on
the H0A0 production cross section as a function of mH0

and mA0 . The cross section limits, and the regions where
we impose rescaling, are found in Fig. 6. Comparing
these with the calculated e+e− → H0A0 cross sections,
which also are shown in Fig. 6, finally tells us which IDM
models are excluded.

The resulting exclusion plot is shown in Fig. 7.
Roughly speaking, our LEP II analysis exclude models

✦ LEP II constraints

LEP I
mS +mA < mZ

excluded

LEP II
δ2  > 8 GeV 
mS < 80 GeV
mA < 100 GeV
excluded

MSSM searches: e+e−→ χ1+ χ1−  similar to e+e− →H+H−

➡ mH± ≥ 70 GeV

E. Lundstrom, M. Gustafsson 
and J. Edsjo, 0810.3924
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FIG. 6: Production cross section upper limits as extracted
from Fig. 13(d) in [16]. For models inside the (red) solid
[(green) dashed] contour the limits are rescaled by a factor
0.9 (1.1) before being applied to H0A0 production. The solid
(dark blue) contour lines indicate the e+e− → H0A0 cross
section. The (red) dotted-shaded region, where mH0+mA0 <
mZ , is excluded by LEP I data on the Z boson width. The
upper right dashed line shows the LEP II kinematical limit.

modifications might be needed (this calculation is done
with MadGraph/MadEvent).

Finally, we calculate the H0A0 production cross sec-
tion as a function of mH0 and mA0 , and compare it with
our derived cross section upper limits in order to con-
strain the IDM parameter space.

IV. RESULTS

Under our imposed cuts the resulting IDM and MSSM
efficiencies turn out to be quite similar, an appealing,
although not at all trivial, result.

The efficiencies are first determined for each individ-
ual channel (qq̄, µ+µ−, e+e−), after which those are com-
bined into an efficiency representing the actual branching
ratio. This combination is done by weighting the chan-
nels in accordance with the decay branching ratios of
the Z boson (i.e. the qq̄ efficiency is given the highest
weight).

In general we observe that the ratio between our de-
rived IDM and MSSM efficiencies is quite insensitive to
the very details of the imposed cuts, and we estimate our
sensitivity in determining this ratio to be of the order of
10 %.

We find that whenever mH0 ! 80 GeV the IDM effi-
ciencies typically are a few percent higher than those of
the corresponding MSSM models. An important obser-
vation is that we find no mass combinations in this region
where the MSSM gives a higher efficiency than the IDM,
and it is therefore appropriate to apply at least as hard
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FIG. 7: LEP exclusion plot. The (red) dotted-shaded region
indicates the region of the (mH0 ,mA0) plane excluded by LEP
data. The lower left triangle, where mH0 + mA0 < mZ , is
excluded by LEP I data on the Z boson width. The remaining
part of the shaded region is excluded by our LEP II analysis.
Shown is also the LEP II kinematical limit. Since we are
assuming mH0 <mA0 the upper left region is not accessible.

production cross section upper limits on the inert scalars
as those put on the neutralinos in [16].

In the specific region defined by 8 GeV< ∆m <15 GeV
and mH0 ! 85 GeV, the IDM efficiencies are found to be
about a factor 1.15-1.20 higher than those of the MSSM.
On noting that the models with the lowest ∆m have a
slightly higher branching into neutrinos compared to or-
dinary Z boson decay, we in this region adopt a conser-
vative factor of 0.9 with which we rescale the neutralino
production limits given in Fig. 13(d) in [16]. This region
is encircled with a (green) dashed line in Fig. 6.

Among the remaining mH0 " 80 GeV models we find
some for which the ratio between the IDM and MSSM
efficiencies drops down to 0.9. We therefore use a factor
of 1.1 for the rescaling here, and this region is encircled
with a red solid line in Fig. 6.

Except for in the low ∆m and high mH0 regions men-
tioned above we find it appropriate to apply the same
production limits as for the neutralinos. While this might
be argued to be too conservative, the points where harder
limits could possibly be imposed are anyway far from ex-
cluding any IDM model.

By utilizing the limits on the χ̃0
1χ̃

0
2 production from

Fig. 13(d) in [16] we find, after rescaling, upper limits on
the H0A0 production cross section as a function of mH0

and mA0 . The cross section limits, and the regions where
we impose rescaling, are found in Fig. 6. Comparing
these with the calculated e+e− → H0A0 cross sections,
which also are shown in Fig. 6, finally tells us which IDM
models are excluded.

The resulting exclusion plot is shown in Fig. 7.
Roughly speaking, our LEP II analysis exclude models

✦ LEP II constraints

δ2 < 8 GeV 
mS +mA > mZ 
allowed

LEP I
mS +mA < mZ

excluded

LEP II
δ2  > 8 GeV 
mS < 80 GeV
mA < 100 GeV
excluded

MSSM searches: e+e−→ χ1+ χ1−  similar to e+e− →H+H−

➡ mH± ≥ 70 GeV

E. Lundstrom, M. Gustafsson 
and J. Edsjo, 0810.3924
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✦ Electroweak precision test

relic density could be obtained for the dark matter mass around 40 GeV − 80 GeV or larger
than 600 GeV. Ref. [14, 15] studied the neutrino signatures from dark matter annihilation
in the IHDM. Continuous gamma ray spectrum from fragmentation and monochromatic
gamma ray lines are studied in Ref. [13] and [16] respectively. Positron and antiproton
signatures are studied in Ref. [17]. There are also collider analysis on the LEP II limit for
the IHDM [18] as well as collider signatures of SA associated production with A → Sl+l−

at the LHC [19]. Direct detection of the IHDM dark matter has been studied in [7, 13, 20].
In this work, we performed a complete analyzed the dark matter relic in the IHDM

over the whole parameter space, taken into account various theoretical and experimental
constraints on the IHDM. The latest results of the collider constraints based on χ0

1χ
0
2 search

at the LEP are imposed. Unlike in Ref. [13], in which only a low SM Higgs mass mh = 100
GeV and 200 GeV are considered, we also considered a high Higgs mass mh = 500 GeV.
In Ref. [13], the mass splitting between A, H± and the dark matter candidate S is fixed to
be 10 (5) GeV and 50 (10) GeV respectively for low (high) mass region. We studied the
cases when the mass splittings between A, H± and the dark matter candidate S are small,
in which the coannihilation plays an important role, as well as the cases when the mass
splittings are large. In regions that overlap with those analyzed in Ref. [13], our results
agree with the literature. We identified additional regions of parameter space, in which
the dark matter relic density is also consistent with the WMAP result but was overlooked
before. We also present our results in the parameter spaces of physical Higgs masses and
Higgs couplings, which can easily be used for the purpose of collider study and dark matter
detections.

The rest of the paper is organized as follows: Sec. II briefly present the IHDM. We
discussed the theoretical and experimental constraints on the model parameter space in
Sec. III. Sec. IV presented our results on the relic density analysis. We concluded in Sec. V.

II. THE INERT HIGGS DOUBLET MODEL

The IHDM is an extension of the Higgs sector of the SM. Besides the usual Higgs doublet
H1, additional Higgs doublet H2 is introduced:

H2 =

(

H+

(S + iA)/
√

2

)

, (2)

which is charged under SU(2)L × U(1)Y as (2, 1/2). Unlike the SM Higgs boson, which
couples to both the gauge bosons and matter fermions, the extra Higgs doublet couples
to the gauge sector only. Such couplings can be guaranteed by imposing a Z2 symmetry
(sometimes also called as matter parity) where all the particles except H2 are even under the
Z2. While H1 obtains a vacuum expectation value (VEV) v/

√
2 = 174 GeV as in the SM,

H2 does not obtain a VEV: 〈H2〉 = 0. The Z2 symmetry is, therefore, not spontaneously
broken. The lightest particle in H2 is stable and could be a good dark matter candidate.
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FIG. 1: Plot of the 68% C.L. allowed region in mass splittings δ1 and δ2 given the constraints on

S and T from precision electroweak measurements. The value for the SM Higgs mass is set to be
120 GeV for the left plot and 500 GeV for the right plot. mS is taken to be 10 GeV (solid curve),
40 GeV (dashed curve), 75 GeV (dash-dotted curve) and 600 GeV (dotted curve).

A: δ2
>∼ a few hundred KeV, given the typical kinetic energy of the dark matter and

the momentum transfer between the dark matter and the scattering nuclei in such
scattering processes.

The spin-independent dark matter−nucleon scattering cross section via SM h-
exchange is given by [7]

σ =
1

4π

(

mrmN

mS

)2 (

λLf

m2
h

)2

(14)

where mN is the nucleon mass, mr is the reduced mass of the dark matter−nucleon
pair, and f is used to parameterize the nucleonic matrix element. The typical range
for f is taken to be 0.14−0.66 [30]. In our analysis, we take f to be 0.14 to be on the
safe side. Latest results from XENON10, CDMS, CRESST, CoGeNT and TEXONO
are used in our analysis [28, 29, 31–34]. Portions of parameter space in small mS,
mh and large |λL| region are excluded by the upper limits on the spin-independent
dark matter−nucleon cross section.

The bounds from indirect dark matter detection (gamma rays, for example) is weak
in the IHDM. Moreover, those bounds are subject to large astrophysical uncertainties
involved in those observations. Therefore, we don’t consider constraints from indirect
dark matter detections.

In addition, we impose the following theoretical constraints.
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Figure 1: (Adapted from [8].) Dependence of the S, T parameters on the Higgs mass. The thick
black band marks mh = 400 − 600 GeV.

3 The Inert Doublet Model

In this section we will present what seems to us the most attractive realization of the improved
naturalness idea. Some alternatives are described in Section 4.

3.1 The Model

We consider the most general two-Higgs doublet model that possesses the parity

H2 → −H2 (8)

with all other fields invariant. This parity imposes natural flavor conservation in the Higgs
sector[9]3, implying that only H1 couples to matter. The scalar potential is

V = µ2
1|H1|2 + µ2

2|H2|2 + λ1|H1|4 + λ2|H2|4 + λ3|H1|2|H2|2

+ λ4|H†
1H2|2 +

λ5

2
[(H†

1H2)
2 + h.c.]. (9)

We assume that the parameters of this potential yield an asymmetric phase: H1 acquires a vev
but H2 does not4 This is not the well-studied standard phase of the theory that has both vevs

3In standard nomenclature this would be called Type I 2HDM, except that we reverse the usual roles of H1 and
H2.

4This phase of the unbroken parity was considered recently in [10] motivated by neutrino physics. We thank
E. Ma for bringing this to our attention.
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relic density could be obtained for the dark matter mass around 40 GeV − 80 GeV or larger
than 600 GeV. Ref. [14, 15] studied the neutrino signatures from dark matter annihilation
in the IHDM. Continuous gamma ray spectrum from fragmentation and monochromatic
gamma ray lines are studied in Ref. [13] and [16] respectively. Positron and antiproton
signatures are studied in Ref. [17]. There are also collider analysis on the LEP II limit for
the IHDM [18] as well as collider signatures of SA associated production with A → Sl+l−

at the LHC [19]. Direct detection of the IHDM dark matter has been studied in [7, 13, 20].
In this work, we performed a complete analyzed the dark matter relic in the IHDM

over the whole parameter space, taken into account various theoretical and experimental
constraints on the IHDM. The latest results of the collider constraints based on χ0

1χ
0
2 search

at the LEP are imposed. Unlike in Ref. [13], in which only a low SM Higgs mass mh = 100
GeV and 200 GeV are considered, we also considered a high Higgs mass mh = 500 GeV.
In Ref. [13], the mass splitting between A, H± and the dark matter candidate S is fixed to
be 10 (5) GeV and 50 (10) GeV respectively for low (high) mass region. We studied the
cases when the mass splittings between A, H± and the dark matter candidate S are small,
in which the coannihilation plays an important role, as well as the cases when the mass
splittings are large. In regions that overlap with those analyzed in Ref. [13], our results
agree with the literature. We identified additional regions of parameter space, in which
the dark matter relic density is also consistent with the WMAP result but was overlooked
before. We also present our results in the parameter spaces of physical Higgs masses and
Higgs couplings, which can easily be used for the purpose of collider study and dark matter
detections.

The rest of the paper is organized as follows: Sec. II briefly present the IHDM. We
discussed the theoretical and experimental constraints on the model parameter space in
Sec. III. Sec. IV presented our results on the relic density analysis. We concluded in Sec. V.

II. THE INERT HIGGS DOUBLET MODEL

The IHDM is an extension of the Higgs sector of the SM. Besides the usual Higgs doublet
H1, additional Higgs doublet H2 is introduced:

H2 =

(

H+

(S + iA)/
√

2

)

, (2)

which is charged under SU(2)L × U(1)Y as (2, 1/2). Unlike the SM Higgs boson, which
couples to both the gauge bosons and matter fermions, the extra Higgs doublet couples
to the gauge sector only. Such couplings can be guaranteed by imposing a Z2 symmetry
(sometimes also called as matter parity) where all the particles except H2 are even under the
Z2. While H1 obtains a vacuum expectation value (VEV) v/

√
2 = 174 GeV as in the SM,

H2 does not obtain a VEV: 〈H2〉 = 0. The Z2 symmetry is, therefore, not spontaneously
broken. The lightest particle in H2 is stable and could be a good dark matter candidate.
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FIG. 1: Plot of the 68% C.L. allowed region in mass splittings δ1 and δ2 given the constraints on

S and T from precision electroweak measurements. The value for the SM Higgs mass is set to be
120 GeV for the left plot and 500 GeV for the right plot. mS is taken to be 10 GeV (solid curve),
40 GeV (dashed curve), 75 GeV (dash-dotted curve) and 600 GeV (dotted curve).

A: δ2
>∼ a few hundred KeV, given the typical kinetic energy of the dark matter and

the momentum transfer between the dark matter and the scattering nuclei in such
scattering processes.

The spin-independent dark matter−nucleon scattering cross section via SM h-
exchange is given by [7]

σ =
1

4π

(

mrmN

mS

)2 (

λLf

m2
h

)2

(14)

where mN is the nucleon mass, mr is the reduced mass of the dark matter−nucleon
pair, and f is used to parameterize the nucleonic matrix element. The typical range
for f is taken to be 0.14−0.66 [30]. In our analysis, we take f to be 0.14 to be on the
safe side. Latest results from XENON10, CDMS, CRESST, CoGeNT and TEXONO
are used in our analysis [28, 29, 31–34]. Portions of parameter space in small mS,
mh and large |λL| region are excluded by the upper limits on the spin-independent
dark matter−nucleon cross section.

The bounds from indirect dark matter detection (gamma rays, for example) is weak
in the IHDM. Moreover, those bounds are subject to large astrophysical uncertainties
involved in those observations. Therefore, we don’t consider constraints from indirect
dark matter detections.

In addition, we impose the following theoretical constraints.
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Dark matter relic density
-

• coannihilation of S, A 

• coannihilation of S, H±

• Use MicrOMEGA /CalCHEP to calculate the relic density

➡ low mass region: mS < 100 GeV

➡ high mass region: mS > 400 GeV

δ1=mH±-mS

δ2=mA-mS
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Low mass region: vary δ2
-

• δ2=mA-mS = 10 GeV

δ1=mH±-mS = 50 GeV,  λL=0.01

• δ2=mA-mS = 7 GeV

• δ2=mA-mS = 5 GeV
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FIG. 2: The dependence of the relic density on mS for mh=120 GeV and δ1 = 50 GeV. In the
left plot, δ2 is chosen to be 10 (solid line), 7 (dashed line) and 5 (dash-dotted line) while λL is

fixed to be 0.01. In the right plot, λL is chosen to be 0.01 (solid line), 0.05 (dashed line) and 0.1
(dash-dotted line) while δ2 is fixed to be 10 GeV. The horizontal band indicates the 3 σ region
that is consistent with relic density measurement from WMAP: 0.085 < Ωh2 < 0.139. larger

fonts.

The red curve in the left plot corresponds to (δ1, δ2) = (50, 10) GeV. Therefore,
coannihilation between S and A is effective while S and h± coannihilation is not. For
small mS, SS → bb̄ via SM h exchange dominates, with cross section proportional to
λ2

L. The cross section is typically small due to the small bottom Yukawa coupling, which
leads to relic density too big that overclose the Universe. When mS gets larger, SA → qq̄
coannihilation via Z exchange becomes more and more important. The relic density enters
the WMAP 3σ region for mS around 35 GeV. The coannihilation cross section maximizes at
Z-pole: mS +mA ∼ mZ , corresponding to the dip around mS ∼ 40 GeV. Annihilation cross
section decreases when mS increases to be away from the Z-pole region, which makes the
relic density falls back to the allowed region. As mS gets larger, SS → WW ∗ annihilation
via h starts to dominates and the relic density enters the 3σ region again. For mS ∼ mh/2,
SS annihilation hits h-pole, corresponding to the second dip around mS ∼ 60 GeV. The
annihilation cross section gets smaller once mS leaves the mh pole region. When mS

>∼ mW ,
annihilation into WW opens. The annihilation cross section quickly increases and the relic
density drops below the WMAP observed value.

The dahsed and dot-dashed curves in the left plot of Fig. 2 shows the relic density
dependence for δ2=7, 5 GeV respectively. The coannihilation effects gets stronger for
smaller mass splittings. Therefore, for most of the mS region between 40 − 80 GeV, the
annihilation cross section is too large and the relic density is too small.

Three curves in the right plot of Fig. 2 correspond to λL=0.01 (solid), 0.05 (dashed),
0.1 (dash-dotted), respectively, while (δ1, δ2) is fixed to be (50, 10) GeV. Similar features of
Z-pole and h-pole appear. The relic density is smaller for larger λL, since SS annihilation
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Low mass region: vary δ2
-

• δ2=mA-mS = 10 GeV

δ1=mH±-mS = 50 GeV,  λL=0.01

• δ2=mA-mS = 7 GeV

• δ2=mA-mS = 5 GeV
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FIG. 2: The dependence of the relic density on mS for mh=120 GeV and δ1 = 50 GeV. In the
left plot, δ2 is chosen to be 10 (solid line), 7 (dashed line) and 5 (dash-dotted line) while λL is

fixed to be 0.01. In the right plot, λL is chosen to be 0.01 (solid line), 0.05 (dashed line) and 0.1
(dash-dotted line) while δ2 is fixed to be 10 GeV. The horizontal band indicates the 3 σ region
that is consistent with relic density measurement from WMAP: 0.085 < Ωh2 < 0.139. larger

fonts.

The red curve in the left plot corresponds to (δ1, δ2) = (50, 10) GeV. Therefore,
coannihilation between S and A is effective while S and h± coannihilation is not. For
small mS, SS → bb̄ via SM h exchange dominates, with cross section proportional to
λ2

L. The cross section is typically small due to the small bottom Yukawa coupling, which
leads to relic density too big that overclose the Universe. When mS gets larger, SA → qq̄
coannihilation via Z exchange becomes more and more important. The relic density enters
the WMAP 3σ region for mS around 35 GeV. The coannihilation cross section maximizes at
Z-pole: mS +mA ∼ mZ , corresponding to the dip around mS ∼ 40 GeV. Annihilation cross
section decreases when mS increases to be away from the Z-pole region, which makes the
relic density falls back to the allowed region. As mS gets larger, SS → WW ∗ annihilation
via h starts to dominates and the relic density enters the 3σ region again. For mS ∼ mh/2,
SS annihilation hits h-pole, corresponding to the second dip around mS ∼ 60 GeV. The
annihilation cross section gets smaller once mS leaves the mh pole region. When mS

>∼ mW ,
annihilation into WW opens. The annihilation cross section quickly increases and the relic
density drops below the WMAP observed value.

The dahsed and dot-dashed curves in the left plot of Fig. 2 shows the relic density
dependence for δ2=7, 5 GeV respectively. The coannihilation effects gets stronger for
smaller mass splittings. Therefore, for most of the mS region between 40 − 80 GeV, the
annihilation cross section is too large and the relic density is too small.

Three curves in the right plot of Fig. 2 correspond to λL=0.01 (solid), 0.05 (dashed),
0.1 (dash-dotted), respectively, while (δ1, δ2) is fixed to be (50, 10) GeV. Similar features of
Z-pole and h-pole appear. The relic density is smaller for larger λL, since SS annihilation
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Low mass region: vary δ2
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FIG. 2: The dependence of the relic density on mS for mh=120 GeV and δ1 = 50 GeV. In the
left plot, δ2 is chosen to be 10 (solid line), 7 (dashed line) and 5 (dash-dotted line) while λL is
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(dash-dotted line) while δ2 is fixed to be 10 GeV. The horizontal band indicates the 3 σ region
that is consistent with relic density measurement from WMAP: 0.085 < Ωh2 < 0.139. larger
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The red curve in the left plot corresponds to (δ1, δ2) = (50, 10) GeV. Therefore,
coannihilation between S and A is effective while S and h± coannihilation is not. For
small mS, SS → bb̄ via SM h exchange dominates, with cross section proportional to
λ2

L. The cross section is typically small due to the small bottom Yukawa coupling, which
leads to relic density too big that overclose the Universe. When mS gets larger, SA → qq̄
coannihilation via Z exchange becomes more and more important. The relic density enters
the WMAP 3σ region for mS around 35 GeV. The coannihilation cross section maximizes at
Z-pole: mS +mA ∼ mZ , corresponding to the dip around mS ∼ 40 GeV. Annihilation cross
section decreases when mS increases to be away from the Z-pole region, which makes the
relic density falls back to the allowed region. As mS gets larger, SS → WW ∗ annihilation
via h starts to dominates and the relic density enters the 3σ region again. For mS ∼ mh/2,
SS annihilation hits h-pole, corresponding to the second dip around mS ∼ 60 GeV. The
annihilation cross section gets smaller once mS leaves the mh pole region. When mS

>∼ mW ,
annihilation into WW opens. The annihilation cross section quickly increases and the relic
density drops below the WMAP observed value.

The dahsed and dot-dashed curves in the left plot of Fig. 2 shows the relic density
dependence for δ2=7, 5 GeV respectively. The coannihilation effects gets stronger for
smaller mass splittings. Therefore, for most of the mS region between 40 − 80 GeV, the
annihilation cross section is too large and the relic density is too small.

Three curves in the right plot of Fig. 2 correspond to λL=0.01 (solid), 0.05 (dashed),
0.1 (dash-dotted), respectively, while (δ1, δ2) is fixed to be (50, 10) GeV. Similar features of
Z-pole and h-pole appear. The relic density is smaller for larger λL, since SS annihilation
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FIG. 2: The dependence of the relic density on mS for mh=120 GeV and δ1 = 50 GeV. In the
left plot, δ2 is chosen to be 10 (solid line), 7 (dashed line) and 5 (dash-dotted line) while λL is

fixed to be 0.01. In the right plot, λL is chosen to be 0.01 (solid line), 0.05 (dashed line) and 0.1
(dash-dotted line) while δ2 is fixed to be 10 GeV. The horizontal band indicates the 3 σ region
that is consistent with relic density measurement from WMAP: 0.085 < Ωh2 < 0.139. larger
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The red curve in the left plot corresponds to (δ1, δ2) = (50, 10) GeV. Therefore,
coannihilation between S and A is effective while S and h± coannihilation is not. For
small mS, SS → bb̄ via SM h exchange dominates, with cross section proportional to
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L. The cross section is typically small due to the small bottom Yukawa coupling, which
leads to relic density too big that overclose the Universe. When mS gets larger, SA → qq̄
coannihilation via Z exchange becomes more and more important. The relic density enters
the WMAP 3σ region for mS around 35 GeV. The coannihilation cross section maximizes at
Z-pole: mS +mA ∼ mZ , corresponding to the dip around mS ∼ 40 GeV. Annihilation cross
section decreases when mS increases to be away from the Z-pole region, which makes the
relic density falls back to the allowed region. As mS gets larger, SS → WW ∗ annihilation
via h starts to dominates and the relic density enters the 3σ region again. For mS ∼ mh/2,
SS annihilation hits h-pole, corresponding to the second dip around mS ∼ 60 GeV. The
annihilation cross section gets smaller once mS leaves the mh pole region. When mS

>∼ mW ,
annihilation into WW opens. The annihilation cross section quickly increases and the relic
density drops below the WMAP observed value.

The dahsed and dot-dashed curves in the left plot of Fig. 2 shows the relic density
dependence for δ2=7, 5 GeV respectively. The coannihilation effects gets stronger for
smaller mass splittings. Therefore, for most of the mS region between 40 − 80 GeV, the
annihilation cross section is too large and the relic density is too small.

Three curves in the right plot of Fig. 2 correspond to λL=0.01 (solid), 0.05 (dashed),
0.1 (dash-dotted), respectively, while (δ1, δ2) is fixed to be (50, 10) GeV. Similar features of
Z-pole and h-pole appear. The relic density is smaller for larger λL, since SS annihilation
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FIG. 2: The dependence of the relic density on mS for mh=120 GeV and δ1 = 50 GeV. In the
left plot, δ2 is chosen to be 10 (solid line), 7 (dashed line) and 5 (dash-dotted line) while λL is

fixed to be 0.01. In the right plot, λL is chosen to be 0.01 (solid line), 0.05 (dashed line) and 0.1
(dash-dotted line) while δ2 is fixed to be 10 GeV. The horizontal band indicates the 3 σ region
that is consistent with relic density measurement from WMAP: 0.085 < Ωh2 < 0.139. larger

fonts.

The red curve in the left plot corresponds to (δ1, δ2) = (50, 10) GeV. Therefore,
coannihilation between S and A is effective while S and h± coannihilation is not. For
small mS, SS → bb̄ via SM h exchange dominates, with cross section proportional to
λ2

L. The cross section is typically small due to the small bottom Yukawa coupling, which
leads to relic density too big that overclose the Universe. When mS gets larger, SA → qq̄
coannihilation via Z exchange becomes more and more important. The relic density enters
the WMAP 3σ region for mS around 35 GeV. The coannihilation cross section maximizes at
Z-pole: mS +mA ∼ mZ , corresponding to the dip around mS ∼ 40 GeV. Annihilation cross
section decreases when mS increases to be away from the Z-pole region, which makes the
relic density falls back to the allowed region. As mS gets larger, SS → WW ∗ annihilation
via h starts to dominates and the relic density enters the 3σ region again. For mS ∼ mh/2,
SS annihilation hits h-pole, corresponding to the second dip around mS ∼ 60 GeV. The
annihilation cross section gets smaller once mS leaves the mh pole region. When mS

>∼ mW ,
annihilation into WW opens. The annihilation cross section quickly increases and the relic
density drops below the WMAP observed value.

The dahsed and dot-dashed curves in the left plot of Fig. 2 shows the relic density
dependence for δ2=7, 5 GeV respectively. The coannihilation effects gets stronger for
smaller mass splittings. Therefore, for most of the mS region between 40 − 80 GeV, the
annihilation cross section is too large and the relic density is too small.

Three curves in the right plot of Fig. 2 correspond to λL=0.01 (solid), 0.05 (dashed),
0.1 (dash-dotted), respectively, while (δ1, δ2) is fixed to be (50, 10) GeV. Similar features of
Z-pole and h-pole appear. The relic density is smaller for larger λL, since SS annihilation
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FIG. 2: The dependence of the relic density on mS for mh=120 GeV and δ1 = 50 GeV. In the
left plot, δ2 is chosen to be 10 (solid line), 7 (dashed line) and 5 (dash-dotted line) while λL is

fixed to be 0.01. In the right plot, λL is chosen to be 0.01 (solid line), 0.05 (dashed line) and 0.1
(dash-dotted line) while δ2 is fixed to be 10 GeV. The horizontal band indicates the 3 σ region
that is consistent with relic density measurement from WMAP: 0.085 < Ωh2 < 0.139. larger
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The red curve in the left plot corresponds to (δ1, δ2) = (50, 10) GeV. Therefore,
coannihilation between S and A is effective while S and h± coannihilation is not. For
small mS, SS → bb̄ via SM h exchange dominates, with cross section proportional to
λ2

L. The cross section is typically small due to the small bottom Yukawa coupling, which
leads to relic density too big that overclose the Universe. When mS gets larger, SA → qq̄
coannihilation via Z exchange becomes more and more important. The relic density enters
the WMAP 3σ region for mS around 35 GeV. The coannihilation cross section maximizes at
Z-pole: mS +mA ∼ mZ , corresponding to the dip around mS ∼ 40 GeV. Annihilation cross
section decreases when mS increases to be away from the Z-pole region, which makes the
relic density falls back to the allowed region. As mS gets larger, SS → WW ∗ annihilation
via h starts to dominates and the relic density enters the 3σ region again. For mS ∼ mh/2,
SS annihilation hits h-pole, corresponding to the second dip around mS ∼ 60 GeV. The
annihilation cross section gets smaller once mS leaves the mh pole region. When mS

>∼ mW ,
annihilation into WW opens. The annihilation cross section quickly increases and the relic
density drops below the WMAP observed value.

The dahsed and dot-dashed curves in the left plot of Fig. 2 shows the relic density
dependence for δ2=7, 5 GeV respectively. The coannihilation effects gets stronger for
smaller mass splittings. Therefore, for most of the mS region between 40 − 80 GeV, the
annihilation cross section is too large and the relic density is too small.

Three curves in the right plot of Fig. 2 correspond to λL=0.01 (solid), 0.05 (dashed),
0.1 (dash-dotted), respectively, while (δ1, δ2) is fixed to be (50, 10) GeV. Similar features of
Z-pole and h-pole appear. The relic density is smaller for larger λL, since SS annihilation
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FIG. 2: The dependence of the relic density on mS for mh=120 GeV and δ1 = 50 GeV. In the
left plot, δ2 is chosen to be 10 (solid line), 7 (dashed line) and 5 (dash-dotted line) while λL is

fixed to be 0.01. In the right plot, λL is chosen to be 0.01 (solid line), 0.05 (dashed line) and 0.1
(dash-dotted line) while δ2 is fixed to be 10 GeV. The horizontal band indicates the 3 σ region
that is consistent with relic density measurement from WMAP: 0.085 < Ωh2 < 0.139. larger
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The red curve in the left plot corresponds to (δ1, δ2) = (50, 10) GeV. Therefore,
coannihilation between S and A is effective while S and h± coannihilation is not. For
small mS, SS → bb̄ via SM h exchange dominates, with cross section proportional to
λ2

L. The cross section is typically small due to the small bottom Yukawa coupling, which
leads to relic density too big that overclose the Universe. When mS gets larger, SA → qq̄
coannihilation via Z exchange becomes more and more important. The relic density enters
the WMAP 3σ region for mS around 35 GeV. The coannihilation cross section maximizes at
Z-pole: mS +mA ∼ mZ , corresponding to the dip around mS ∼ 40 GeV. Annihilation cross
section decreases when mS increases to be away from the Z-pole region, which makes the
relic density falls back to the allowed region. As mS gets larger, SS → WW ∗ annihilation
via h starts to dominates and the relic density enters the 3σ region again. For mS ∼ mh/2,
SS annihilation hits h-pole, corresponding to the second dip around mS ∼ 60 GeV. The
annihilation cross section gets smaller once mS leaves the mh pole region. When mS

>∼ mW ,
annihilation into WW opens. The annihilation cross section quickly increases and the relic
density drops below the WMAP observed value.

The dahsed and dot-dashed curves in the left plot of Fig. 2 shows the relic density
dependence for δ2=7, 5 GeV respectively. The coannihilation effects gets stronger for
smaller mass splittings. Therefore, for most of the mS region between 40 − 80 GeV, the
annihilation cross section is too large and the relic density is too small.

Three curves in the right plot of Fig. 2 correspond to λL=0.01 (solid), 0.05 (dashed),
0.1 (dash-dotted), respectively, while (δ1, δ2) is fixed to be (50, 10) GeV. Similar features of
Z-pole and h-pole appear. The relic density is smaller for larger λL, since SS annihilation
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FIG. 2: The dependence of the relic density on mS for mh=120 GeV and δ1 = 50 GeV. In the
left plot, δ2 is chosen to be 10 (solid line), 7 (dashed line) and 5 (dash-dotted line) while λL is

fixed to be 0.01. In the right plot, λL is chosen to be 0.01 (solid line), 0.05 (dashed line) and 0.1
(dash-dotted line) while δ2 is fixed to be 10 GeV. The horizontal band indicates the 3 σ region
that is consistent with relic density measurement from WMAP: 0.085 < Ωh2 < 0.139. larger
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The red curve in the left plot corresponds to (δ1, δ2) = (50, 10) GeV. Therefore,
coannihilation between S and A is effective while S and h± coannihilation is not. For
small mS, SS → bb̄ via SM h exchange dominates, with cross section proportional to
λ2

L. The cross section is typically small due to the small bottom Yukawa coupling, which
leads to relic density too big that overclose the Universe. When mS gets larger, SA → qq̄
coannihilation via Z exchange becomes more and more important. The relic density enters
the WMAP 3σ region for mS around 35 GeV. The coannihilation cross section maximizes at
Z-pole: mS +mA ∼ mZ , corresponding to the dip around mS ∼ 40 GeV. Annihilation cross
section decreases when mS increases to be away from the Z-pole region, which makes the
relic density falls back to the allowed region. As mS gets larger, SS → WW ∗ annihilation
via h starts to dominates and the relic density enters the 3σ region again. For mS ∼ mh/2,
SS annihilation hits h-pole, corresponding to the second dip around mS ∼ 60 GeV. The
annihilation cross section gets smaller once mS leaves the mh pole region. When mS

>∼ mW ,
annihilation into WW opens. The annihilation cross section quickly increases and the relic
density drops below the WMAP observed value.

The dahsed and dot-dashed curves in the left plot of Fig. 2 shows the relic density
dependence for δ2=7, 5 GeV respectively. The coannihilation effects gets stronger for
smaller mass splittings. Therefore, for most of the mS region between 40 − 80 GeV, the
annihilation cross section is too large and the relic density is too small.

Three curves in the right plot of Fig. 2 correspond to λL=0.01 (solid), 0.05 (dashed),
0.1 (dash-dotted), respectively, while (δ1, δ2) is fixed to be (50, 10) GeV. Similar features of
Z-pole and h-pole appear. The relic density is smaller for larger λL, since SS annihilation
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Viable region for relic density
-

DM SM h mS δ1, δ2 λL

(I) low mS low mh 30 − 60 GeV 50 - 90 GeV -0.2 to 0

(II) 60 − 80 GeV at least one 
is large

-0.2 to 0.2

(III) high mh 50 − 75 GeV large δ1
δ2 < 8 GeV

-1 to 3

(IV)  ~ 75 GeV large δ1, δ2 -1 to 3

(V) high mS low mh 500 − 1000 GeV small δ1, δ2 -0.2 to 0.3
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FIG. 6: WMAP 3σ allowed region (enclosed by blue curves) in mS − λL plane for mh=500 GeV.

The mass splittings are chosen to be (δ1, δ2) = (250, 110) GeV (left plot), (180,8) GeV (right plot).
Shaded regions are excluded by various theoretical and experimental constraints; see caption of
Fig. 3 for explanation.

allowed relic density region for (δ1, δ2) = (180, 8) GeV. The gap around mS ∼ 40 GeV is
due to the Z-pole. The LEP II constraints on mS and mA do not apply, due to the small
mass splitting. This allows a relatively large mS region around 50 − 80 GeV to remain
open, with −1 < λL < 3. This region, however, shrinks for smaller δ2 due to the stronger
coannihilation effects. Therefore, no WMAP 3σ region survives for δ2 less than about 6
GeV.

B. High mass region

Fig. 7 shows the relic density in the mS − λL plane for the high mass region: mS >
400 GeV, with mh=120 GeV. The LEP search bound is irrelevant now since the mS is
much larger than the direct search limit. The precision electroweak constraint is weak for
mh around 120 GeV as long as δ1 and δ2 do not differ too much. The dark matter direct
detection constraint is also weak due to the heavy dark matter mass. For small mass
splittings , (δ1, δ2) = (1, 1) GeV (left plot in Fig. 7) , a region of mS ∼ 500− 700 GeV and
−0.2 < λL < 0.2 is allowed. The dominating annihilation channels are WW , WZ and ZZ.
The dependence on λL is introduced by the SSh coupling. For λL close to zero, a smaller
value of mS is preferred to increase the annihilation cross section. When |λL| gets larger,
a larger value of mS is needed for the relic density to fall into the 3σ band. The region to
the right of the 3σ band overclose the Universe while the region to the left of the 3σ band
corresponds to the under-abundance region. Regions with large values of |λL| are excluded
due to the perturbativity constraints.

The annihilation cross section grows for large mass splittings. Therefore, the WMAP
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FIG. 6: WMAP 3σ allowed region (enclosed by blue curves) in mS − λL plane for mh=500 GeV.

The mass splittings are chosen to be (δ1, δ2) = (250, 110) GeV (left plot), (180,8) GeV (right plot).
Shaded regions are excluded by various theoretical and experimental constraints; see caption of
Fig. 3 for explanation.

allowed relic density region for (δ1, δ2) = (180, 8) GeV. The gap around mS ∼ 40 GeV is
due to the Z-pole. The LEP II constraints on mS and mA do not apply, due to the small
mass splitting. This allows a relatively large mS region around 50 − 80 GeV to remain
open, with −1 < λL < 3. This region, however, shrinks for smaller δ2 due to the stronger
coannihilation effects. Therefore, no WMAP 3σ region survives for δ2 less than about 6
GeV.

B. High mass region

Fig. 7 shows the relic density in the mS − λL plane for the high mass region: mS >
400 GeV, with mh=120 GeV. The LEP search bound is irrelevant now since the mS is
much larger than the direct search limit. The precision electroweak constraint is weak for
mh around 120 GeV as long as δ1 and δ2 do not differ too much. The dark matter direct
detection constraint is also weak due to the heavy dark matter mass. For small mass
splittings , (δ1, δ2) = (1, 1) GeV (left plot in Fig. 7) , a region of mS ∼ 500− 700 GeV and
−0.2 < λL < 0.2 is allowed. The dominating annihilation channels are WW , WZ and ZZ.
The dependence on λL is introduced by the SSh coupling. For λL close to zero, a smaller
value of mS is preferred to increase the annihilation cross section. When |λL| gets larger,
a larger value of mS is needed for the relic density to fall into the 3σ band. The region to
the right of the 3σ band overclose the Universe while the region to the left of the 3σ band
corresponds to the under-abundance region. Regions with large values of |λL| are excluded
due to the perturbativity constraints.

The annihilation cross section grows for large mass splittings. Therefore, the WMAP
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most of the mS region between 40 GeV and 60 GeV, the relic density for the dark matter
is too small due to the large coannihilation SA cross section. However, there is a viable
region for 60 GeV < mS < 80 GeV with λL in the region of ±0.1.
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FIG. 4: WMAP 3σ allowed region (enclosed by blue curves) in mS − λL plane for mh=120 GeV.
The mass splittings are chosen to be (δ1, δ2) = (10, 50) GeV (left plot), (10,10) GeV (right plot).

Shaded regions are excluded by various theoretical and experimental constraints; see caption of
Fig. 3 for explanation.

The left plot of Fig. 4 shows the allowed relic density region for (δ1, δ2) =(10, 50)
GeV and mh = 120 GeV. The dark matter annihilation behaves similarly to the (50,10)
case, only that the previous SA coannihilation via Z is replaced by SH± coannihilation
via W±. The LEP constraints (yellow, light shade region) becomes weaker comparing
to (δ1, δ2) = (50, 10) GeV case, due to the weaker constraints on mH± . The precision
electroweak constraints (orange, medium shade region), however, becomes stronger. Given
all the theoretical and experimental constraints, a region with 60 GeV < mS < 80 GeV
and −0.1 < λL < 0.1 survives.

When δ1 and δ2 are both small, the coannihilations between S, A and H± are relevant
and the allowed 3σ regions shrink due to the enhanced coannihilation cross sections. For
(δ1, δ2)=(10, 10) GeV, there is no allowed region that survives given all the theoretical
and experimental constraints, which is shown in the right plot of Fig. 4. For δ2

<∼ 8
GeV, although the LEP II constraints is weaker, the WMAP 3σ region for mS > 40 GeV
completely disappears due to strong coannihilation effects.

Fig. 5 shows the allowed relic density region for mh = 120 GeV when both δ1,2 are
large: (δ1, δ2) = (50, 50) GeV (left plot) and (δ1, δ2) = (70, 70) GeV (right plot). The
gaps in the low mass region corresponding to the Z-pole or W -pole disappear, since the
mass splitting is too large for the coannihilation process to be important. The h-pole,
however, still survives due to the low value of mh = 120 GeV that we pick. The LEP
I+II constraints (yellow, light shade region) are weaker because of the large value of δ2.
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FIG. 5: WMAP 3σ allowed region (enclosed by blue curves) in mS − λL plane for mh=120 GeV.

The mass splittings are chosen to be (δ1, δ2) = (50, 50) GeV (left plot), (70,70) GeV (right plot).
Shaded regions are excluded by various theoretical and experimental constraints; see caption of
Fig. 3 for explanation.

The perturbativity constraints (hatched region), however, are stronger, since larger mass
splittings δ1,2 correspond to larger values for λ4,5.

For splitting (δ1, δ2) = (50, 50) GeV, a region with 55 GeV < mS < 90 GeV and
−0.2 < λL < 0 is consistent with the WMAP 3σ region. When the mass splittings
get larger, the perturbativity constraint gets stronger (the hatched region shifts to the
left) while the LEP II constraint gets weaker (the yellow, light shade region also shifts
to the left). For (δ1, δ2) = (70, 70) GeV, a region with 30 GeV < mS < 50 GeV and
−0.15 < λL < −0.05 opens up. For (δ1, δ2) = (90, 90) GeV the perturbativity constraint is
so strong that no mass window survives all of the constraints.

Fig. 6 shows the allowed relic density region for a high value of the SM Higgs mass
mh = 500 GeV. Electroweak precision constraints require a large value for δ1 (as shown in
Fig. 1) in order to compensate for the ∆S > 0 and ∆T < 0 contributions from a heavy SM
Higgs. The left plot of Fig. 6 shows the allowed relic density region for (δ1, δ2) = (250, 110)
GeV. No pole regions appear due to the large mass splittings and large mh. For mS

<∼ 75
GeV, SS → bb̄ dominates, which corresponds to the nearly horizontal band of the 3σ
WMAP region. Once mS

>∼ 75 GeV, SS → WW opens up, which leads to the nearly
vertical band of the 3σ region. Dark matter with mass around 75 GeV is allowed given all
of the constraints. Note that the perturbativity bounds are much weaker due to the large
SM Higgs mass (therefore, large λ1). On the other hand, to obtain the right relic density,
large λL is needed to compensate the suppression of the annihilation cross section by the
large Higgs mass mh. Although λL could be as large as 3, the indirect detection in this
region is not promising due to large suppression of the annihilation cross section by m2

h.
The numerical results do not change much for smaller values of δ2. A Z-pole

coannihilation region appears for δ2 around 10 GeV. The right plot of Fig. 6 shows the
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Collider signatures
-

+W (*)

+ Z (*)

+W(*)

pp→ AH± → SSZ(∗)W (∗), SSZ(∗)Z(∗)W (∗), SSW (∗)W (∗)W (∗)

pp→ SH± → SSW (∗), SSZ(∗)W (∗)

pp→ SA→ SSZ(∗), SSW (∗)W (∗)

pp→ H+H− → SSW (∗)W (∗), SSW (∗)W (∗)Z(∗), SSW (∗)W (∗)Z(∗)Z(∗).

H±

A

S

Signatures: jets + leptons + missing ET

jets and leptons could be soft for small splittings
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Leptonic signals
-

Focus on purely leptonic signals
• single lepton: SH±

• dilepton: SA, H+H-

• trilepton: AH±

• ...

Dominant background

• WW, ZZ/γ, WZ/γ, tt, ...

Benchmark points

mh  (GeV) mS  (GeV) (δ1, δ2)  (GeV) λL

LH1 150 40 (100,100) − 0.275
LH2 120 40 (70,70) − 0.15

LH3 120 82 (50,50) − 0.2
LH4 120 73 (10,50) 0
LH5 120 79 (50,10) − 0.18
HH1 500 76 (250,100) 0
HH2 500 76 (200,30) 0
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Dilepton signal from Z*
-

Signal: pp→SA→SSZ(*)→SSl+l-

Background: 
 

- from IDM pp→H+H-→SSW(*)W(*)→SSl+l-νν
- from SM 

- pp→WW→l+l-νν
- pp→ZZ/γ→l+l-νν
- tt, WZ, Wt, Zt ... with missing lepton or jets 

Dilepton signals: 
 

• pp→SA→SSZ(*)→SSl+l- • pp→H+H-→SSW(*)W(*)→SSl+l-νν 

Two isolated opposite charge e or µ with missing ET, no hard jets.
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Dilepton signal: LH1
-

•LH1: mS = 40 GeV, (δ1, δ2)=(100,100) GeV

Signal: pp→SA→SSZ→SSl+l-, l=e,µ

Two isolated opposite charge e or µ with missing ET, no hard jets.
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Dilepton signal: LH1
-

Cuts
• PTl >15 GeV, |ηl|<2.5 
• ΔR(ll)>0.4
•no jets with PTi>20 GeV, 
|ηj|<3
• MET >100 GeV
• HT >200 GeV
• 80 GeV < Mll  < 100 GeV

I+II I+II+III

S (fb) SA 6.550 3.68

B (fb) H+H- 0.496 0.040
WW 345.1 12.41

ZZ /γ 82.69 39.86

tt 91.20 7.37
WZ 104.35 37.55
Wt 68.68 15.00

total 102.18

L=100 fb-1 S/B 0.04
s/√(B) 3.64

•LH1: mS = 40 GeV, (δ1, δ2)=(100,100) GeV
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-

Low mass region: LH4

•LH4: mS = 73 GeV, (δ1, δ2)=(10,50) GeV

Signal: pp→SA→SSZ*→SSl+l-, l=e,µ

Two isolated opposite charge e or µ with large missing ET, no hard jets.
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-

Low mass region: LH4

•LH4: mS = 73 GeV, (δ1, δ2)=(10,50) GeV
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Two isolated opposite charge e or µ with large missing ET, no hard jets.
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-

Low mass region: LH4

Signal: pp→SA→SSZ*→SSl+l-, l=e,µ

Two isolated opposite charge e or µ with large missing ET, no hard jets.

•LH4: mS = 73 GeV, (δ1, δ2)=(10,50) GeV
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-

Low mass region: LH4

Signal: pp→SA→SSZ*→SSl+l-, l=e,µ
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-

Low mass region: LH4

Cuts
• PTl >15 GeV, |ηl|<2.5 
• ΔR(ll)>0.4
•no jets with PTi>20 GeV, 
|ηj|<3
• MET >90 GeV
• HT >200 GeV
• 20 GeV< Mll  < 50 GeV
•cos(ϕll)>0.7
•ΔR(ll)<0.8

I+II I+II+III

S (fb) SA 2.48 0.22

B (fb) H+H- <0.0001 <0.001
WW 345.14 0.04

ZZ /γ 82.69 0.16

tt 91.20 0.09
WZ 104.35 0.07
Wt 68.68 0.09

total 0.47

L=100 fb-1 S/B 0.47
s/√(B) 3.23

•LH4: mS = 73 GeV, (δ1, δ2)=(10,50) GeV
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-

Low mass region: LH2

Cuts
• PTl >15 GeV, |ηl|<2.5 
• ΔR(ll)>0.4
•no jets with PTi>20 GeV, 
|ηj|<3
• MET >50 GeV
• HT >150 GeV
• Mll  < 70 GeV
•cos(ϕll)>0.7
•ΔR(ll)<1.2

I+II I+II+III

S (fb) SA 7.392 0.97

B (fb) H+H- 0.568 <0.001
WW 345.1 0.09

ZZ /γ 82.69 0.28

tt 91.20 0.23
WZ 104.35 0.14
Wt 68.68 0.13

total 0.88

L=100 fb-1 S/B 1.11
s/√(B) 10.37

•LH2: mS = 40 GeV, (δ1, δ2)=(70,70) GeV
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-

Signal: pp→SA→SSZ*→SSl+l-, l=e,µ

Soft leptons. Difficult.

Dilepton signal: LH5

•LH5: mS = 79 GeV, (δ1, δ2)=(50,10) GeV
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Collider reach @ LHC
-

mS   (δ1, δ2)   S B S/B S/√(B)

  GeV   GeV fb fb L=100 fb-1

LH1  40 (100,100) 3.68 102.18 0.04 3.64

LH2 40 (70,70) 0.97 0.88 1.11 10.37

LH3 82 (50,50) 0.19 0.47 0.40 2.75

LH4 73 (10,50) 0.22 0.47 0.47 3.23

LH5 79 (50,10) 0.33 0.30 0.09 0.52

HH1 76 (250,100) 0.69 27.17 0.03 1.33

HH2 76 (200,30) 1.22 27.65 0.04 2.32

pp→SA→SSZ(*)→SSl+l-
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Conclusions

IDM: provide a scalar WIMP dark matter candidate

Viable regions of parameter spaces provide correct relic density

Rich collider phenomenology

dilepton signal (from SA) observable for not too small δ2 .

-

DM SM h mS δ1, δ2 λL

(I) low mS low mh 30 − 60 GeV 50 - 90 GeV -0.2 to 0

(II) 60 − 80 GeV at least one 
is large

-0.2 to 0.2

(III) high mh 50 − 75 GeV large δ1
δ2 < 8 GeV

-1 to 3

(IV)  ~ 75 GeV large δ1, δ2 -1 to 3

(V) high mS low mh 500 − 1000 GeV small δ1, δ2 -0.2 to 0.3


