
The inert doublet model and multilepton signatures 
at the LHC

Sara Rydbeck

DESY theory seminar, November 21, 2011

1



Question

• What are the prospects for discovery of the Inert Doublet Model in the four-
lepton plus missing energy channel at the Large Hadron Collider, provided 
that the lightest inert scalar constitutes the dark matter in the universe?

• We also investigate how these prospects relate to direct dark matter searches 
and to the Standard Model Higgs search.

In collaboration with Michael Gustafsson and Erik Lundström.
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How to test particle nature of dark matter?

• Indirect and direct detection - astrophysical uncertainties potentially large.

• High-energy colliders - stability of particle after leaving detector?

• Important complementary approaches!
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Millennium Simulation CERN



The CERN Large Hadron Collider (LHC)

• Designed for proton-proton collisions at 14 TeV center-of-mass energy.

• At design luminosity 100/fb/year).
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The ATLAS detectorN = σ · L



Tools
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Madgraph/MadEvent

SHERPA
artist



• An extension of the Standard Model Higgs sector to include an extra “inert” 
doublet,       , odd under unbroken      -symmetry, while SM fields even.

• Phenomenologically motivated.

• Here we take       to be the dark matter candidate (WIMP).

The Inert Doublet Model (IDM)
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The role of multiple leptons at LHC

• The IDM has been shown to predict signals in di- and trilepton (plus missing 
transverse energy,       ) channels at 100-300/fb of running at 14 TeV.

• Could give rise to even higher lepton multiplicities in the final state: 

• What are the prospects for the complementary tetralepton +        channel?
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Production via gauge bosons

•  

• Depends only on the masses of the inert scalars.
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Constraints on IDM

• Vacuum stability -> “lower” bounds on 

•  Perturbativity -> upper bounds on

• Collider searches (Z- and W-widths)

• Electroweak precision tests (EWPT)

• Relic density (WMAP-7)
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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

Gustafsson, Lundström, Bergström, Edsjö (2007)

∆T ∝ (mH+ −mA0)(mH+ −mH0)

λi

λi

Ωmh2 = 0.1109± 0.0056(1σ)



Direct detection

Given the dark matter mass, direct detection constrains the coupling:

which is related to the coupling

relevant for production of 

via the SM-like Higgs.
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Benchmark models

• Representative of different SM-like Higgs masses.

• A-models optimized for “via gauge”-channel.

• B-models optimized for “via h”-channel.
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Benchmark mh mH0 mA0 mH± λL Ωmh2

IDM-A1 300 72 110 210 0.0 0.107

IDM-A2 500 71.8 110 230 0.0 0.110

IDM-B1 300 74.7 130 190 0.34 0.113

IDM-B2 500 73.7 140 220 0.86 0.111

IDM-C1 120 50 110 160 0.04 0.110

IDM-C2 120 70 110 160 0.03 0.109

TABLE I: List of benchmark models. Masses in units of GeV
and λ2 (not directly relevant) is taken to be < 1. mh refers
to the SM Higgs.

up to an integrated luminosity of 300 fb−1, i.e. with
an event generation luminosity of at least 10 times that
value.

B. Settings

We consider proton-proton collisions at 14 TeV, as-
suming the cteq6l1 choice for the set of parton distribu-
tion functions [39]. In Pythia, we include initial and final
state radiation but not multiple interactions. For our
PGS settings we choose the options that mimic the AT-
LAS detector with a cluster finder cone size of ∆R = 0.4
for jet reconstruction, and keep the other parameters as
they are given by default in pgs card ATLAS.dat in Mad-
Graph/MadEvent-4.4.32.

For the cases when we generate events using matching,
we use the MLM scheme [40] with the minimum KT jet
measure between partons set to 20 GeV.

C. Cuts

In order to possibly discriminate a signal from SM
background events, we perform cuts sequentially on the
detector simulator’s reconstructed particle data.

We require four or more isolated leptons in our events.
The isolation criteria are an important part of the lepton
object definition to distinguish them from leptons that
could have originated in jets. For electrons, PGS does
this by default by requiring that the transverse calorime-
ter energy in a (3 × 3) cell grid around the electron, ex-
cluding the cell with the electron, has to be less than 10%
of the electron’s transverse energy and that the summed
pT of tracks within a ∆R = 0.4 cone around the electron,
excluding the electron, is less than 5 GeV. To further
mimic the ATLAS detector response, we also ignore elec-
trons within 1.37 ≤ |η| ≤ 1.52 [42]. For muons, that are
not isolated by default in PGS (we do not make use of the
cleaning script that is default in MadGraph/MadEvent),
we require the summed pT in a ∆R = 0.4 cone around
the muon, excluding the muon itself, to be less than 10
GeV. To make lepton isolation in the four-lepton chan-
nel robust, we will require a leading lepton with pl1

T ≥ 20

GeV and that the additional leptons each have p
l2,3,4

T ≥
10 GeV.

In order to effectively reduce the ZZ background, we
will also require the missing transverse energy in each
event to be larger than 20 GeV.

We now turn to describe the cuts specific to our IDM
study. In figure 4 we plot the distributions of events for
two of our chosen benchmark models and the two domi-
nant background processes in the tetralepton + $ET chan-
nel. Our minimal requirements are four isolated leptons
of at least 10 GeV each in pT and a leading lepton with
pT > 20 GeV, as well as a minimum ∆R = 0.4 distance
to nearest lepton or jet (as reconstructed by PGS). We
reject events with any SF-OS lepton pair with an invari-
ant mass that falls within the range of the Z resononance,
75 GeV< ml+l−

inv < 105, and refer to this as our Z veto.
After performing these cuts and that $ET > 20 GeV, we
plot the jet multiplicity distributions (the left figure 4),
where jets are required to have a minimal pT of 20 GeV.
We find jet cuts to be the most promising way to reduce
the background from tt̄Z. We expect our signal to give
rise to up to two jets and thus require no more than 2 jets
in the events. We also find that we reduce some of the
background by requiring the invariant mass of jet pairs
to be less than 100 GeV. The right plot in figure 4 show
the minimal invariant mass of same-flavour, opposite-sign
leptons (minimal since each event may contain more than
one such pair). We require the minimal SF-OS dilepton
invariant mass to be < 60 GeV.

V. RESULTS

In order to deem a model detectable, the number of
signal events S, after our imposed cuts, should satisfy
what we define as a 5σ detection

S ≥ max(5
√

B, 5}, (14)

where B is the number of post-cuts background events.
That is, we want to require a 5σ significance and at least
five signal events. *****Poisson?****

In table VIII, we show the results after the signal
and background events have been passed through the
PGS detector simulation as we successively perform the
cuts described in section IVC. *******Interpretation,
model dependence and sensitivity to background system-
atics*******

To get a feeling for the effect of fake leptons and jet
matching, we also show the results of our cuts applied to
standard model processes that would give three lepton
final states (such as WZ), and that include explicit jets,
in table X.

As the signal event leptons often originate in Z-bosons
decaying off-shell, a way to increase the number of signal
events that can be detected would be if we were allowed
to loosen the isolation and pT criteria on the leptons. A
check on the model event rate only shows that lowering

S

T

Oblique parameter constraints

A1A2

B1B2
C1C2

G
ustafsson et. al. 2011

m
h  = 114

600 GeV

0.3 0.2 0.1 0 0.1 0.2 0.3 0.4
0.4

0.3

0.2

0.1

0

0.1

0.2

0.3

0.4



6

Benchmark σpp→H+H− σpp→H+A0 σpp→H−A0 BrH±→A0 σ4l

IDM-A1 18.56 54.00 29.19 0.191 0.11

IDM-A2 13.36 42.65 22.68 0.293 0.12

IDM-B1 27.05 56.27 30.42 0.002 0.08

IDM-B2 16.15 36.38 19.10 0.007 0.01

IDM-C1 50.94 103.6 58.34 0.001 0.002

IDM-C2 50.92 103.7 58.38 0.005 0.005

TABLE II: Cross-sections for processes where the interaction is mediated via Z or W , in units of fb. A K-factor of 1.2 has
been applied [42, 45].

Benchmark σgg→A0A0 σgg→H+H− σ4l Br(h → H0H0, A0A0, H+H−) (%)

IDM-A1 88.25 7.46 0.40 0.84

IDM-A2 4.66 138.0 0.32 3.7

IDM-B1 582.5 18.12 2.64 8.0

IDM-B2 121.0 323.2 0.56 12

IDM-C1 2.40 3.47 0.01 37

IDM-C2 1.38 2.77 0.006 0

TABLE III: Cross-sections for processes where the interaction is via h, in units of fb. Normalization factors as presented in
table VII have been used for the higgs effective coupling.

Model nl ≥ 4 Z veto #ET cut nj ≤ 2 mjj
inv cut ml+l−

min cut

IDM-A1 1.2 1.0 0.9 0.8 0.8 0.8

IDM-A2 1.7 1.5 1.4 1.3 1.2 1.2

TABLE IV: Results for H+H−, H±A0 production via gauge
bosons in our IDM benchmark models as cross-sections in
units of 10−2 fb. We have required four isolated leptons and
for each column, from left to right, we successively add the
cuts as described in the text.

Model nl ≥ 4 Z veto #ET cut nj ≤ 2 mjj
inv cut ml+l−

min cut

IDM-B1 48 45 40 36 33 33

IDM-B2 13 11 9.8 8.3 7.1 7.1

TABLE V: Results for A0A0 and H+H− production via h
in our IDM benchmark models as cross-sections in units of
10−2 fb. We have required four isolated leptons and for each
column, from left to right, we successively add the other cuts
as described in the text.

the pT requirement on the four leptons to 5 GeV as well
as removing the requirement on ∆R ≥ 0.4 between lep-
ton and nearest lepton or jet, would increase the number
of signal events left after all cuts by a factor of ∼3-4
for the A-models, ∼2-3 for the B-models and ∼10 for
the C-models. However, it is likely that we have rather
overestimated the detector’s lepton efficiency, especially
since this should decrease due to pile-up effects as the ex-
periment reaches design luminosity. Applying the lepton
efficiencies that in [41] were used on top of PGS to agree
with ATLAS [42], gives a decrease of signal events by

mh 120 300 500

Norm. factor 2.5 4.0 8.0

TABLE VI: Normalization factors multiplying the higgs ef-
fective theory results for gluon fusion to get agreement with
[46].

Proc./Model nl ≥ 4 Z veto #ET cut nj ≤ 2 mjj
inv cut ml+l−

min cut

ZWW 15 1.1 1.0 0.9 0.9 0.5

ZZ 2700 290 1.4 1.4 1.3 1.1

tt̄Z 140 14 13 7.9 4.2 3.0

tt̄tt̄ 0.6 0.5 0.5 0.03 0.03 0 (< 0.03)

Total bkg 2800 300 16 10 6.5 4.6

IDM-A1 4.6 4.3 3.7 3.3 2.9 2.9

IDM-A2 7.9 6.3 6.0 5.0 4.4 4.4

IDM-B1 48 45 40 36 33 33

IDM-B2 13 11 9.9 8.4 7.1 7.1

IDM-C1 0.2 0.1 0.1 0.1 0.1 0.1

IDM-C2 0.1 0.1 0.1 0.1 0.1 0.1

TABLE VII: Results for the SM background and total IDM
signals as cross-sections in units of 10−2 fb. We have required
four isolated leptons and for each column, from left to right,
we successively add our other cuts as described in the text.
K-factors of 1.6 for the ZZ background [43] and 1.4 for tt̄Z
[44] were used, as well as K- and normalization factors for the
signal processes as quoted earlier.

• Production cross-sections in fb.

Benchmark models
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Benchmark σpp→H+H− σpp→H+A0 σpp→H−A0 BrH±→A0 σ4l

IDM-A1 18.56 54.00 29.19 0.191 0.11

IDM-A2 13.36 42.65 22.68 0.293 0.12

IDM-B1 27.05 56.27 30.42 0.002 0.08

IDM-B2 16.15 36.38 19.10 0.007 0.01

IDM-C1 50.94 103.6 58.34 0.001 0.002

IDM-C2 50.92 103.7 58.38 0.005 0.005

TABLE II: Cross-sections for processes where the interaction is mediated via Z or W , in units of fb. A K-factor of 1.2 has
been applied [42, 45].
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FIG. 4: Top left: Missing transverse energy distributions in events with four isolated leptons. Top right: The invariant mass of
SF-OS lepton pairs after the Z veto has been applied. Bottom left: The jet multiplicity after cuts on 4 isolated leptons, the Z
veto and missing energy. To the right, invariant mass distribution for the SF-OS lepton pair producing the minimal such value
per event, after all other cuts have been performed. (color online)

the pT requirement on the four leptons to 5 GeV as well
as removing the requirement on ∆R ≥ 0.4 between lep-
ton and nearest lepton or jet, would increase the number
of signal events left after all cuts by a factor of ∼3-4
for the A-models, ∼2-3 for the B-models and ∼10 for

the C-models. However, it is likely that we have rather
overestimated the detector’s lepton efficiency, especially
since this should decrease due to pile-up effects as the ex-
periment reaches design luminosity. Applying the lepton
efficiencies that in [41] were used on top of PGS to agree

via Z,W

via h



Standard Model background

• fakes?

14

• ZWW

• ZZ

• tt̄Z

• tt̄tt̄

• tt̄, bb̄Z, bb̄bb̄,...?
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Benchmark σpp→H+H− σpp→H+A0 σpp→H−A0 BrH±→A0 σ4l

IDM-A1 18.56 54.00 29.19 0.191 0.11

IDM-A2 13.36 42.65 22.68 0.293 0.12

IDM-B1 27.05 56.27 30.42 0.002 0.08

IDM-B2 16.15 36.38 19.10 0.007 0.01

IDM-C1 50.94 103.6 58.34 0.001 0.002

IDM-C2 50.92 103.7 58.38 0.005 0.005

TABLE II: Cross-sections for processes where the interaction is mediated via Z or W , in units of fb. A K-factor of 1.2 has
been applied [42, 45].
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FIG. 4: Top left: Missing transverse energy distributions in events with four isolated leptons. Top right: The invariant mass of
SF-OS lepton pairs after the Z veto has been applied. Bottom left: The jet multiplicity after cuts on 4 isolated leptons, the Z
veto and missing energy. To the right, invariant mass distribution for the SF-OS lepton pair producing the minimal such value
per event, after all other cuts have been performed. (color online)

the pT requirement on the four leptons to 5 GeV as well
as removing the requirement on ∆R ≥ 0.4 between lep-
ton and nearest lepton or jet, would increase the number
of signal events left after all cuts by a factor of ∼3-4
for the A-models, ∼2-3 for the B-models and ∼10 for

the C-models. However, it is likely that we have rather
overestimated the detector’s lepton efficiency, especially
since this should decrease due to pile-up effects as the ex-
periment reaches design luminosity. Applying the lepton
efficiencies that in [41] were used on top of PGS to agree



Cuts

• 4 (or more) isolated leptons,                                                   ,

• Missing transverse energy                          ,

• Z veto: no SF-OS lepton pair with invariant mass in the range 75-105 GeV,

• The minimal invariant mass of SF-OS lepton pairs per event < 60 GeV (can be 
optimized depending on model),

• No more than 2 jets with                        , and for jet pairs invariant mass <100 
GeV.

15

p1
T > 20 GeV, p2,3,4

T > 10 GeV

�ET > 20 GeV

mj j
inv [GeV]

d
σ

d
m

j
j

in
v/

5
G

e
V
[f

b]

Invariant mass of jet pair

 

 

0 100 200 300 400 500

2

4

6

8

10

12

14

x 10 4

IDM-A2
IDM-B2
tt̄Z + tt̄tt̄
ZZ+ZWW

pT > 20 GeV



Results

• Cross-sections in 0.01 fb (number of events after 100/fb).
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Benchmark σgg→A0A0 σgg→H+H− σ4l

IDM-A1 88.25 7.46 0.40

IDM-A2 4.66 138.0 0.32

IDM-B1 582.5 18.12 2.64

IDM-B2 121.0 323.2 0.56

IDM-C1 2.40 3.47 0.01

IDM-C2 1.38 2.77 0.006

TABLE III: Cross-sections for processes where the interaction
is via h, in units of fb. Normalization factors as presented in
table VI have been used for the higgs effective coupling.

Model nl ≥ 4 Z veto "ET cut nj ≤ 2 mjj
inv cut ml+l−

min cut

IDM-A1 1.2 1.0 0.9 0.8 0.8 0.8

IDM-A2 1.7 1.5 1.4 1.3 1.2 1.2

TABLE IV: Results for H+H−, H±A0 production via gauge
bosons in our IDM benchmark models as cross-sections in
units of 10−2 fb. We have required four isolated leptons and
for each column, from left to right, we successively add the
cuts as described in the text.

with ATLAS [42], gives a decrease of signal events by
about half, even with these more loose isolation criteria.

******include test of dependence on multiple interac-
tion settings**********

VI. CONCLUSIONS

The observation of an excess in the di- or multilepton
channels at the LHC would alone not be evidence for
any given scenario of new physics. Indeed, many popu-
lar models such as two-Higgs-doublet models, weak scale
supersymmetry [22–27], universal extra dimensional sce-
narios [27, 28], lead to multileptonic signatures at the
LHC. A way to pin down the identity of the new physics
would be to compare different, complementing, channels.

In this work, we have investigated the potential to dis-
cover a four-lepton plus missing energy signature in the
inert doublet model at the LHC. We have investigated
different types of benchmark models, depending on

The models satisfy properties that may render them
detectable in the di- and trilepton channels, previously

Model nl ≥ 4 Z veto "ET cut nj ≤ 2 mjj
inv cut ml+l−

min cut

IDM-B1 48 45 40 36 33 33

IDM-B2 13 11 9.8 8.3 7.1 7.1

TABLE V: Results for A0A0 and H+H− production via h
in our IDM benchmark models as cross-sections in units of
10−2 fb. We have required four isolated leptons and for each
column, from left to right, we successively add the other cuts
as described in the text.

mh 120 300 500

Norm. factor 2.5 4.0 8.0

TABLE VI: Normalization factors multiplying the higgs ef-
fective theory results for gluon fusion to get agreement with
[46].

Proc./Model nl ≥ 4 Z veto "ET cut nj ≤ 2 mjj
inv cut ml+l−

min cut

ZWW 15 1.1 1.0 0.9 0.9 0.5

ZZ 2700 290 1.4 1.4 1.3 1.1

tt̄Z 140 14 13 7.9 4.2 3.0

tt̄tt̄ 0.6 0.5 0.5 0.03 0.03 0 (< 0.03)

Total bkg 2800 300 16 10 6.5 4.6

IDM-A1 4.6 4.3 3.7 3.3 2.9 2.9

IDM-A2 7.9 6.3 6.0 5.0 4.4 4.4

IDM-B1 48 45 40 36 33 33

IDM-B2 13 11 9.9 8.4 7.1 7.1

IDM-C1 0.2 0.1 0.1 0.1 0.1 0.1

IDM-C2 0.1 0.1 0.1 0.1 0.1 0.1

TABLE VII: Results for the SM background and total IDM
signals as cross-sections in units of 10−2 fb. We have required
four isolated leptons and for each column, from left to right,
we successively add our other cuts as described in the text.
K-factors of 1.6 for the ZZ background [43] and 1.4 for tt̄Z
[44] were used, as well as K- and normalization factors for the
signal processes as quoted earlier.

Proc./Model nl ≥ 4 "ET cut Z veto ml+l−
min cut nj ≤ 2 mjj

inv cut

ZWW 15 14 1.0 0.5 0.5 0.5

ZZ 2700 33 1.4 1.2 1.2 1.1

tt̄Z 130 130 13 9.5 5.8 3.0

tt̄tt̄ 0.6 0.6 0.5 0.2 0 (< 0.03) 0

Total bkg 2800 180 16 11 7.5 4.6

IDM-A1 4.6 3.9 3.6 3.6 3.3 2.9

IDM-A2 7.8 7.4 6.0 5.9 4.9 4.3

IDM-B1 47 42 40 40 36 33

IDM-B2 13 12 9.8 9.8 8.3 7.0

IDM-C1 0.2 0.1 0.1 0.1 0.1 0.1

IDM-C2 0.2 0.1 0.1 0.1 0.1 0.09

TABLE VIII: Results for the SM background and total IDM
signals as cross-sections in units of 10−2 fb. We have required
four isolated leptons and for each column, from left to right,
we successively add our other cuts as described in the text.
K-factors of 1.6 for the ZZ background [43] and 1.4 for tt̄Z
[44] were used, as well as K- and normalization factors for the
signal processes as quoted earlier.

3σ @ 300/fb

15σ @ 100/fb

3σ @ 100/fb
5σ @ 300/fb



Conclusion

• We investigated the prospects for IDM dark matter to show up in the 
tetralepton + missing energy channel at LHC.

• Discovery channel for IDM with SM-like Higgs mass 250-300 GeV?

• Detection at 300/fb (100/fb) with 500 GeV Higgs possible.
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