
J
H
E
P
0
2
(
2
0
1
6
)
1
8
7

Published for SISSA by Springer

Received: December 28, 2015

Revised: February 3, 2016

Accepted: February 15, 2016

Published: February 29, 2016

Production of inert scalars at the high energy e+e−

colliders

Majid Hashemi,a Maria Krawczyk,b Saereh Najjarib and Aleksander Filip Żarneckib

aPhysics Department, College of Sciences,

Shiraz University, Shiraz, 71946-84795, Iran
bFaculty of Physics, University of Warsaw,

Pasteura 5, 02-093 Warsaw, Poland

E-mail: hashemi mj@shirazu.ac.ir, maria.krawczyk@fuw.edu.pl,

saereh.najjari@fuw.edu.pl, zarnecki@fuw.edu.pl

Abstract: We investigate the phenomenology of the light charged and neutral scalars

in Inert Doublet Model at future e+e− colliders with center of mass energies of 0.5 and

1 TeV, and integrated luminosity of 500 fb−1. The analysis covers two production pro-

cesses, e+e− → H+H− and e+e− → AH, and consists of signal selections, cross section

determinations as well as dark matter mass measurements. Several benchmark points are

studied with focus on H± → W±H and A → ZH decays. It is concluded that the signal

will be well observable in different final states allowing for mass determination of all new

scalars with statistical precision of the order of few hundred MeV.

Keywords: Dark matter, e+-e- Experiments, Beyond Standard Model, Higgs physics

ArXiv ePrint: 1512.01175

Open Access, c© The Authors.

Article funded by SCOAP3.
doi:10.1007/JHEP02(2016)187

mailto:hashemi_mj@shirazu.ac.ir
mailto:maria.krawczyk@fuw.edu.pl
mailto:saereh.najjari@fuw.edu.pl
mailto:zarnecki@fuw.edu.pl
http://arxiv.org/abs/1512.01175
http://dx.doi.org/10.1007/JHEP02(2016)187


J
H
E
P
0
2
(
2
0
1
6
)
1
8
7

Contents

1 Introduction 1

2 Inert Doublet Model 2

3 Software setup 3

4 e+e− → H+H− 4

4.1 Signal and background cross sections 5

4.2 Event generation and analysis 5

4.2.1 Semi-leptonic final state 6

4.2.2 Fully hadronic final state 9

5 e+e− → AH 13

5.1 Signal and background cross sections 13

5.1.1 Leptonic final state 14

5.1.2 Hadronic final state 16

6 Dark matter mass measurement 17

7 Conclusions 20

1 Introduction

Inert Doublet Model (IDM) is one of the simplest extensions of the Standard Model (SM),

with an additional SU(2) scalar doublet, which can provide a dark matter candidate [1–8].

The scalar sector of IDM consist of two SU(2) doublets where one is the SM-like Higgs

doublet while the other is the inert or dark doublet. The scalar sector of the theory

respects a discrete Z2 symmetry under which the SM Higgs doublet ΦS is even (as well as

all the other SM fields) while the inert doublet ΦD is odd, i.e. ΦS → ΦS (SM→SM) and

ΦD → −ΦD. Due to the Z2 symmetry, only the SM Higgs doublet acquires a non-zero

vacuum expectation value and hence is a source of electroweak symmetry breaking (EWSB).

After EWSB in the scalar sector this model has five physical states: the SM Higgs boson h

as well as two charged scalars, H±, and two neutral ones, H and A. Since the inert doublet

is odd under Z2 symmetry, the lightest inert particle is a natural candidate for dark matter.

Also due to the Z2 symmetry, the inert doublet does not couple with the fermions of the

SM through Yukawa-type interactions. This model provides description of the evolution of

the universe [9] and strong first order phase transition, needed for baryogenesis [10–13].

In this work, we consider scenarios where H boson is the dark matter candidate

(mH < mH± ,mA), using the benchmark points suggested in ref. [14], which satisfy all

the recent experimental and theoretical constraints. We study the potential of the future
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e+e− colliders, like ILC or CLIC, for testing the IDM; other analyses of the IDM at collid-

ers were done in [8, 15–24]. We focus on the charged scalar (H+ H−) production and the

neutral scalar (H A) production at the center of mass energies of 0.5 TeV and 1 TeV, with

the integrated luminosity of 500 fb−1 corresponding to the first 4 years of ILC running [25].

In particular we consider the following decay processes:

e+e− → H+H− →W+W−HH → `νjjHH, jjjjHH,

e+e− → HA→ HHZ → HH``,HHjj.
(1.1)

A similar analysis for different benchmark points at the ILC with center of mass energies

of 250 GeV to 500 GeV has been performed in [15]. The analysis of the Compressed IDM

(with a degenerated spectrum of inert scalars) have been recently studied in [26] for LEP,

as well as for LHC and ILC.

The paper is organized as follows. Essential details of our model setup and the bench-

mark points are described in section 2. In section 3 we provide the description of simulation

tools used in the analysis. Sections 4 and 5 contain the details of the event generation and

physics analysis of our benchmark points for e+e− → H+H− and e+e− → AH, respec-

tively. In section 6 we propose a procedure for the measurement of the dark matter mass.

Finally, the conclusions are given in section 7.

2 Inert Doublet Model

The scalar sector of IDM consists of two scalar doublets, the SM Higgs doublet ΦS with SM-

like Higgs boson h and the inert doublet ΦD. Only the SM Higgs doublet(ΦS) interacts with

the SM fermions, whereas the inert doublet (ΦD) is Z2 odd and it does not interact with the

SM fermions through Yukawa-type interactions. The two doublets can be parameterised

as follows,

ΦS =

(
G±

v+h+iG0
√
2

)
, ΦD =

(
H±

H+iA√
2

)
, (2.1)

with the vacuum expectation value v = 246 GeV (the SM value). The most general scalar

potential for the IDM has the following form:

V (ΦS ,ΦD) = − 1

2

[
m2

11(Φ
†
SΦS) +m2

22(Φ
†
DΦD)

]
+
λ1
2

(Φ†SΦS)2 +
λ2
2

(Φ†DΦD)2 (2.2)

+ λ3(Φ
†
SΦS)(Φ†DΦD) + λ4(Φ

†
SΦD)(Φ†DΦS) +

λ5
2

[
(Φ†SΦD)2 + (Φ†DΦS)2

]
.

The above potential has seven parameters (m11,22, λ1,2,3,4,5) that we assume to be real. The

scalar masses are as follows:

m2
h = λ1v

2 = m2
11,

m2
H+ =

1

2
(λ3v

2 −m2
22),

m2
H =

1

2
(λ345v

2 −m2
22),

m2
A =

1

2
(λ̄345v

2 −m2
22), (2.3)

with λ345 ≡ λ3 + λ4 + λ5 and λ̄345 ≡ λ3 + λ4 − λ5.
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Theoretical constraints. The scalar potential V (ΦS ,ΦD) (2.2) has to satisfy many

theoretical and experimental constraints, as discussed in ref. [14], which we have to take

into account when defining benchmark scenarios. The vacuum stability at tree level leads

to the following conditions on the couplings:

λ1 ≥ 0, λ2 ≥ 0,
√
λ1λ2 + λ3 > 0,

√
λ1λ2 + λ345 > 0 (2.4)

To have the inert vacuum as a global minimum of the potential, we require [27]:1

m2
11√
λ1
≥ m2

22√
λ2
. (2.5)

We also require perturbative unitarity of 2→ 2 scalar scattering matrix.

Experimental constraints. We set the mass of the SM-like Higgs boson h to be Mh =

125 GeV [30] and impose the upper bound on the total width of h, Γtot ≤ 22 MeV [31, 32].

Total widths of W and Z boson imply the following bounds [33]:

mH +mA ≥ mZ , 2mH± ≥ mZ , mA +mH± ,mH +mH± ≥ mW . (2.6)

We take into account following search results: direct bounds on the dark matter scattering

from LUX experiment [34], LEP limit on the charged scalar mass of mH± ≥ 70 GeV [35],

exclusions from SUSY searches at LHC and LEP [17, 22] as well as the limit on the charged

scalar width, Γtot ≥ 6.58× 10−18 GeV [14]. Finally, we require the agreement (at 2σ level)

with electroweak precision observables [36–39] and with upper limit on relic density from

Planck measurement, Ωch
2 ≤ 0.1241 [40].

Benchmark points. For our collider analysis we consider the set of benchmark points

(BP) proposed in [14], which satisfy all the above mentioned constraints. These BP sce-

narios can be difficult for precise measurement at the LHC, due to small mass differences

between new scalars, but should be clearly visible at the e+e− colliders. We consider

BP 1: mH = 57.5 GeV, mA = 113 GeV, mH± = 123 GeV,

BP 2: mH = 85.5 GeV, mA = 111 GeV, mH± = 140 GeV,

BP 3: mH = 128 GeV, mA = 134 GeV, mH± = 176 GeV.

Our analysis is limited to the three low mass scenarios. The high mass scenarios are much

more challenging as the production cross sections for signal events are very low and the

observable decay products have low energies.

3 Software setup

Signal events, i.e. pair produced charged and neutral scalars in e+e− collisions, are gen-

erated using CompHEP 4.5.2 [41, 42]. It uses IDM model files which are prepared using

1See also [28, 29] for more detailed discussion.
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LanHEP 3.2 [43, 44]. The output of CompHEP in LHEF (Les Houches Event File) format

is passed to PYTHIA 8.1.53 [45] for final state showering and multi-particle interactions.

Background events are all generated by PYTHIA.

When generating the signal and background samples we include effects of the initial

state radiation (ISR) but assume that accelerator beams are mono-energetic. We ne-

glect beamstrahlung due to beam-beam interactions, which result in the additional energy

smearing and increase the fraction of e+e− pairs colliding with lower energies, as it depends

strongly on the accelerator design and assumed beam parameters. Using ILC beam spec-

tra modeled with CIRCE1 [46] we estimated that the influence of beamstrahlung on the

number of expected signal events was of the order of 1–3%. For the background processes

increase of up to 10% in the event rate was observed.

Both signal and background event rates depend also on the expected polarization of

the electron and positron beams. By a proper choice of the beam polarization one can

significantly improve the signal to background ratio. However, possible degree of the beam

polarization is determined by the accelerator design. Therefore, for the sake of generality,

we consider unpolarized e+e− beams.

The jet reconstruction is performed by FASTJET 2.4.1 [47, 48] using anti-kt algorithm

with a cone size of 0.4. To take into account the detector effects, we include acceptance

cuts and simple modeling of the jet energy resolution [49]:

σE
E

=


S√

Ej [GeV]
for Ej < 100 GeV,

S√
100

for Ej ≥ 100 GeV,

(3.1)

where σE
E is the relative jet energy uncertainty which is used to smear the measured jet

energy and S is the resolution parameter. The formula (3.1) describes well the energy

resolution expected for single high energy jets when using algorithms based on so called

particle flow [50]. Test data analysis and results of the detailed detector simulations based

on GEANT4 indicate that the relative energy resolution of 3–4% should be feasible for

highest jet energies both at ILC and CLIC, corresponding to parameter S=30–40%. How-

ever, the measurement precision is expected to deteriorate when we take into account the

influence of beam related backgrounds and effects related to detector acceptance or event

reconstruction. Therefore, we take a conservative value of S=50% for our study. Final

state leptons (electrons and muons) are assumed to be reconstructed without any sizable

uncertainty, as determination of their momentum will be based on the track measurement.

After signal and background events are generated and reconstructed, the analysis is carried

out using ROOT 5.34 [51].

4 e+e− → H+H−

In this section, the analysis of the charged scalar pair production process is considered for

different benchmark scenarios and different final states. Two final states are considered

for signal events (`νjjHH and jjjjHH) and for each final state an independent analysis
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Figure 1. The Feynman diagrams for charged scalar pair production and decay processes, e+e− →
(H+H− →W+W−HH →)`νjjHH , e+e− → jjjjHH and e+e− → `ν`νHH .

based on kinematic selection cuts is performed. The third final state, `ν`νHH , is much

more difficult as the two leptons come from different W± and it is not possible to make use

of kinematic constraints for efficient background suppression. Still, if the signal is observed

in other channels, a dedicated analysis could be performed, based on single lepton energy

spectra. In fig. 1, diagrams for charged scalar pair production with different decay channels

are shown. In what follows, cross sections of signal and background processes are presented

for two selected decay channels. Then, event generation and analysis are described in detail

including selection cuts and their efficiencies.

4.1 Signal and background cross sections

Cross sections of signal event production are calculated at leading order (LO) using a

Monte Carlo simulation performed by CompHEP. For decay branching ratios of Standard

Model particles like W and Z bosons, standard PDG values [33] are used. The charged

scalar branching ratios are taken from 2HDMC 1.6.3 [52, 53]. Cross sections of background

processes are calculated with PYTHIA. We consider the following background processes:

W+W− pair production (WW), ZZ pair production (ZZ), fermion pair production from

e+e− annihilation into single Z?/γ? (Z) and the top pair production (TT). Tables 1 and 2

show the LO signal and background cross sections at center of mass energies of 0.5 and

1 TeV, respectively.

4.2 Event generation and analysis

The charged scalar pair production, with subsequent decay H± →W±H, where W boson

decays either to a muon-neutrino or two light jet pairs, is generated using CompHep.
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Process
H+H− Background processes

BP1 BP2 BP3 WW ZZ Z TT

Cross section [fb] 82.2 70.9 44.6 7807 583 16790 595

Table 1. Signal and background cross sections at
√
s = 0.5 TeV.

Process
H+H− Background processes

BP1 BP2 BP3 WW ZZ Z TT

Cross section [fb] 28.1 27.3 25.3 3180 233 4304 212

Table 2. Signal and background cross sections at
√
s = 1 TeV.

Depending on the W boson decay channel, three final states are produced, i.e., `ν`νHH ,

`νjjHH and jjjjHH . These final states are labeled fully leptonic, semi-leptonic and fully

hadronic, respectively. As mentioned above, we consider semi-leptonic and fully hadronic

channels only, and an independent analysis based on kinematic selection cuts is performed

for each final state. In what follows, the analysis and selection cuts of different final states

are described in detail.

4.2.1 Semi-leptonic final state

Signal events are characterized by a single lepton and two light jets from W boson decays,

and missing transverse momentum. Therefore, we require to have one lepton and two jets

passing a 10 GeV transverse energy threshold reconstructed in the event. The threshold

cut is applied to reject events with soft leptons or jets in their final state and the same

cut is applied at both center of mass energies,
√
s = 0.5 and 1 TeV. Although a harder cut

could be adopted at 1 TeV collisions, the current set of selection cuts gives a reasonable

background suppression while limiting the loss of statistics in signal selection. The jet

energy threshold is set to avoid uncertainties in soft jet energy measurement due to the

jet reconstruction algorithm and detector effects. The threshold of missing transverse

momentum is taken to be 20 GeV for the two center of mass energies. This cut is most

useful for suppression of single or pair production of Z bosons.

For all benchmark scenarios considered in our analysis the scalar mass difference mH±−
mH is significantly smaller than the nominal W± boson mass. For signal events, two jets

observed in semi-leptonic channel come from the decay of the off-shell W± boson (W ?),

with two jet invariant mass corresponding to the W ? virtuality. On the other hand, the

sum of jet energies measured in the laboratory frame is given by a product of the the W ?

virtuality (i.e. the energy in the W ? rest frame) and the Lorenz boost factor γ corresponding

to the W ? velocity in the laboratory frame. The Lorentz boost of W ? is unknown, but

we expect that W ? production with the highest possible virtuality is most likely. In such

a case, W ? is almost at rest in the reference frame of decaying H±, and we can use the

Lorentz boost factor of charged scalar for transformation of jet energies. As the energies

of the charged scalars are given by the beam energy, their Lorentz boost factor is uniquely

– 6 –
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(a)
√
s = 0.5 TeV (b)

√
s = 1 TeV

Figure 2. Correlation for e+e− → H+H− between the sum of energies of two jets and their

invariant mass at
√
s = 0.5 TeV (left) and 1 TeV (right). The comparison is only between the

semi-leptonic signal (BP1) and WW background.

defined by their mass: γ = Ebeam/MH± . Therefore we expect to observe a narrow peak

not only for the two jet invariant mass but also in the sum of two jet energies distribution.

This is clearly seen in figs. 2(a) and 2(b), where the sum of two jet energies is plotted

versus their invariant mass, for benchmark scenario BP1 (red dots). For comparison, semi-

leptonic background events e+e− → W+W−, dominated by on-shell W± boson decays,

are also shown. The peak observed for signal events is clearly shifted with respect to the

background event distribution, both in the energy and in the invariant mass, and this

observation can be used for efficient suppression of background events.

It should be mentioned that background events in the semi-leptonic channel can also

be suppressed by a cut on the missing mass , i.e. on invariant mass of the final state

particles escaping detection, reconstructed from the energy-momentum conservation [24].

For signal events the missing mass is at least twice the H boson mass, whereas for e+e− →
W+W− events (in semi-leptonic decay channel) its distribution should be peaked at small

masses, corresponding to a single escaping neutrino. However, the cut on the missing

mass is strongly correlated with the jet energy and invariant mass cuts and therefore the

resulting improvement in the event selection is marginal. We do not use this cut for the

presented results.

We found that the jet energy sum distribution itself, as shown in figs. 3(a) and 3(b)

gives good signal and background separation. As described above, the distribution is softer

for signal events due to the smaller W± boson virtuality and smaller Lorentz boost factor.

For background events, like WW and ZZ pair production, the two-jet energy is the energy

of the parent boson, which is half of the collision energy.

Based on figs. 2(a) and 2(b), a cut on the sum of jet energies is applied for semi-

leptonic events, of 150(350) GeV for
√
s = 0.5(1) TeV center of mass energy. Table 3

gives a summary of selection cuts for this final state while tables 4 and 5 present selection

efficiencies for signal and background processes at
√
s = 0.5 and 1 TeV, respectively.

Invariant mass distribution of the two jets, obtained after applying the cut on the sum

of the two jet energies, is plotted in fig. 4(a) ( 4(b)) for signal and background events at

– 7 –
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Figure 3. Sum of two jets energies in semileptonic final state at
√
s = 0.5 TeV (left) and 1 TeV

(right), for e+e− → H+H−.

H+H− analysis, semi-leptonic final state selection

Selection cut
√
s = 0.5 TeV

√
s = 1 TeV

One lepton ET > 10 GeV ET > 10 GeV

Two jets ET > 10 GeV ET > 10 GeV

pmiss
T pmiss

T > 20 GeV pmiss
T > 20 GeV

E(j1) + E(j2) E(j1) + E(j2) < 150 GeV E(j1) + E(j2) < 350 GeV

Table 3. Selection cuts for semi-leptonic final state analysis at two center of mass energies of 0.5

and 1 TeV.

H+H− analysis, semi-leptonic final state selection

Cut eff. BP1 BP2 BP3 WW ZZ Z TT

One Lepton 0.89 0.93 0.77 0.45 0.13 0.069 0.67

Two Jets 0.67 0.78 0.53 0.49 0.23 0.25 0.027

pmiss
T 0.83 0.88 0.49 0.78 0.061 0.35 0.92

E(j1) + E(j2) 1 1 1 0.08 0.12 0.0065 0.18

Total eff. 0.5 0.64 0.2 0.014 0.00021 3.9e-05 0.0029

Table 4. Cut efficiencies for semi-leptonic final state analysis at center of mass energy of 0.5 TeV.

√
s = 0.5 TeV (1 TeV). These plots are used to obtain information about the mass difference

mH± −mH with statistical uncertainty below 100 MeV (see discussion in section 6). Using

a mass window cut the final numbers of signal (S) and background (B) events can be

extracted, as well as the signal significance s = S/
√
S +B, as shown in table 6. Significance

of the signal observation is very high even for the least favoured benchmark point, BP3. The

corresponding precision of the signal cross section determination is 2–12% for
√
s = 0.5 TeV

and 2–4% for
√
s = 1 TeV.
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√
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Figure 4. Invariant mass of two jets in semileptonic final state at
√
s = 0.5 TeV (left) and 1 TeV

(right), for e+e− → H+H−.

H+H− analysis, semi-leptonic final state selection

Cut eff. BP1 BP2 BP3 WW ZZ Z TT

One Lepton 0.95 0.97 0.95 0.28 0.11 0.063 0.57

Two Jets 0.87 0.91 0.68 0.47 0.21 0.23 0.024

pmiss
T 0.97 0.97 0.9 0.86 0.14 0.51 0.93

E(j1) + E(j2) 1 1 1 0.12 0.11 0.013 0.25

Total eff. 0.8 0.86 0.59 0.014 0.00035 9.6e-05 0.0032

Table 5. Cut efficiencies for semi-leptonic final state analysis at center of mass energy of 1 TeV.

H+H−, semi-leptonic final state at L = 500 fb−1

√
s =0.5 TeV

√
s =1 TeV

S B S/B S/
√
S +B S B S/B S/

√
S +B

BP 1 5101 6136 0.83 48 3055 1901 1.6 43

BP 2 4885 2285 2.1 58 2590 461 5.6 47

BP 3 474 2784 0.17 8.3 861 433 2.0 24

Table 6. Number of events in signal and background processes after all selection cuts at integrated

luminosity of 500 fb−1. S and B stand for the number of signal and background events.

4.2.2 Fully hadronic final state

Signal events are characterized by four light jets from off-shell W bosons decays and missing

transverse momentum. An event is required to have four jets passing 10 GeV transverse

energy threshold, both for
√
s = 0.5 and 1 TeV. Contrary to the case of semi-leptonic final

state, there is no pmiss
T within the detector resolution due to the back-to-back configuration

of H bosons which results in cancellation of their effect in pmiss
T calculation. Therefore the

missing transverse momentum is required to be less than 10 GeV. The sum of energies of

– 9 –



J
H
E
P
0
2
(
2
0
1
6
)
1
8
7

) [GeV]
3

 , j
2

M(j
0 50 100 150 200 250 300 350 400

E
v
e
n
ts

/2
G

e
V

210

3
10

BP1

BP2

BP3

WW

ZZ

Z

TT

(a) e+e− → jjjjHH at
√
s = 0.5 TeV

 [GeV]
j4

+E
j3

+E
j2

+Ej1E
0 100 200 300 400 500 600 700 800 900 1000

E
v
e
n
ts

/4
G

e
V

10

210

3
10

410

BP1

BP2

BP3

WW

ZZ

Z

TT

(b) e+e− → jjjjHH at
√
s = 1 TeV

Figure 5. Sum of four jets energies in fully hadronic final state at
√
s = 0.5 TeV (left) and 1 TeV

(right), for e+e− → H+H−.

H+H− analysis, fully hadronic final state selection

Selection cut
√
s = 0.5 TeV

√
s = 1 TeV

4 jets ET > 10 GeV ET > 10 GeV

pmiss
T pmiss

T < 10 GeV pmiss
T < 10 GeV

4∑
i=1

E(ji)
4∑
i=1

E(ji) < 300 GeV
4∑
i=1

E(ji) < 600 GeV

Table 7. Selection cuts for fully hadronic final state analysis at two center of mass energies of 0.5

and 1 TeV.

H+H− analysis, fully hadronic final state selection

Cut eff. BP1 BP2 BP3 WW ZZ Z TT

Four Jets 0.48 0.57 0.42 0.19 0.23 0.049 0.1

pmiss
T 1 1 1 0.94 0.83 0.88 0.69

4∑
i=1

E(ji) 1 1 1 0.053 0.065 0.036 0.25

Total eff. 0.48 0.57 0.42 0.0095 0.012 0.0016 0.018

Table 8. Cut efficiencies for fully hadronic final state analysis at center of mass energy of 0.5 TeV.

the four jets in the event is required to be less than 300(600) GeV at
√
s = 0.5(1) TeV

respectively. This cut is applied following the same strategy as described in the semi-

leptonic case using a two dimensional correlation plot. The distributions of the sum of

energies of the four jets are shown in figs. 5(a) and 5(b), where in case of background

events like WW and ZZ, the four jet energy is consistent with the collision energy and is

expected to dominate the region near 0.5 or 1 TeV, depending on center of mass energy.

Table 7 summarizes selection cuts while tables 8 and 9 present selection efficiencies for

signal and background processes at
√
s = 0.5 and 1 TeV, respectively.
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H+H− analysis, fully hadronic final state selection

Cut eff. BP1 BP2 BP3 WW ZZ Z TT

Four Jets 0.77 0.81 0.54 0.11 0.15 0.055 0.11

pmiss
T 0.86 0.93 0.9 0.91 0.76 0.84 0.61

4∑
i=1

E(ji) 1 1 1 0.045 0.051 0.037 0.25

Total eff. 0.66 0.75 0.48 0.0045 0.0058 0.0017 0.017

Table 9. Cut efficiencies for fully hadronic final state analysis at center of mass energy of 1 TeV.

When the cut on the sum of four jets energies is applied, the invariant mass of pairs

of jets can be investigated. As described in section 4.2.1, both W ? bosons are likely to be

produced with the same virtuality and with the same Lorentz boost factor as for H±. As

the sum of energies for both jet pairs is expected to be the same, the jet with the highest

energy in the laboratory reference frame should be matched to the jet with the lowest

energy. Consequently, the second and third jet should be matched to reconstruct the other

W boson in the event. The described matching is not fully efficient as detector effects can

disturb the jet energy ordering. More detailed analysis, based on the so called kinematic

fit2 approach, would allow to select the correct (most probable) jet matching with higher

efficiency. This is beyond the scope of present analysis.

Figures 6(a) and 6(b) show the invariant mass of the first and fourth jet pairs (j1j4)

at
√
s = 0.5 TeV and 1 TeV, respectively. The corresponding distributions for second and

third jet pairs (j2j3) are shown in figs. 7(a) and 7(b), respectively. As seen in figs. 6(a)

and 7(a) there is a low value peak which should be related to the right combinations of

jets and a second bump related to wrong matching. In case of 1 TeV collisions the second

bump is much smaller. These plots are used for signal extraction using a mass window

cut. Tables 10 and 11 show number of signal and background events, signal to background

ratio and the signal significance expected for integrated luminosity of 500 fb−1, based on a

mass window cut on invariant mass of jet pairs, i.e., m(j1j4) and m(j2j3) respectively. If

the kinematic fit method was used for selecting proper jet matching, both invariant mass

distributions could be used to get even better signal to background separation. However,

we have found, that already with the single invariant mass distribution, very high signal

selection significance can be obtained. The corresponding precision of the signal cross sec-

tion determination is of the order of 2–6%. Furthermore the position of the peak observed

in the invariant mass distribution can be used to constrain the mass difference mH±−mH .

Similar to the semi-leptonic channel, very high statistical precision of the order of 100 MeV

is expected (see discussion in section 6).

2In the kinematic fit procedure all possible jet combinations are considered. Each hypothesis is compared

with the expected event topology and kinematic constraints, taking into account the detector resolution,

acceptance and reconstruction efficiency, based on the detailed simulation of detector effect. The likelihood

value is calculated for each combination and the hypothesis with the highest likelihood is selected for the

analysis as the proper one.
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Figure 6. Invariant mass of the first and fourth jet in fully hadronic final state at
√
s = 0.5 TeV

(left) and 1 TeV (right), for e+e− → H+H−.
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Figure 7. Invariant mass of the second and third jet in fully hadronic final state at
√
s = 0.5 TeV

(left) and 1 TeV (right), for e+e− → H+H−.

H+H−, fully hadronic final state at L = 500 fb−1, cut on m(j1j4)
√
s =0.5 TeV

√
s =1 TeV

S B S/B S/
√
S +B S B S/B S/

√
S +B

BP 1 4160 6742 0.61 40 2967 1040 2.8 47

BP 2 3751 3771 0.99 43 2450 473 5.2 45

BP 3 1543 4040 0.38 21 625 668 0.9 17

Table 10. Number of events in signal and background processes after all selection cuts as in tables 8

and 9 plus a mass window cut on m(j1j4) at integrated luminosity of 500 fb−1. S and B stand for

the number of signal and background events.
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H+H−, fully hadronic final state at L = 500 fb−1, cut on m(j2j3)
√
s =0.5 TeV

√
s =1 TeV

S B S/B S/
√
S +B S B S/B S/

√
S +B

BP 1 3764 6210 0.6 38 3137 1598 2.0 45

BP 2 3445 3645 0.9 41 2176 855 2.5 39

BP 3 1473 4374 0.3 19 627 1109 0.6 15

Table 11. Number of events in signal and background processes after all selection cuts as in tables 8

and 9 plus a mass window cut on m(j2j3) at integrated luminosity of 500 fb−1. S and B stand for

the number of signal and background events.

e−

e+

Z

A

H

Z

H

`

`

e−

e+

Z

A

H

Z

H

j

j

Figure 8. The Feynman diagrams for our production and decay processes, e+e− → HA →
HHZ → ``HH and e+e− → HA→ HHZ → jjHH .

5 e+e− → AH

The production of pairs of neutral scalars, presented in this section, is analysed with the

same computational setup as discussed in the previous section. In all three benchmark

points, the branching ratio of A to Z H, BR(A → ZH), is close to 100%. Therefore the

considered signal events are e+e− → AH → ZHH. For the Z boson decay channel, two

different final states are taken into account, i.e. the leptonic final state, where Z decays to

a pair of electrons or muons, and hadronic final state where Z decays to two jets. Therefore

two final states, leptonic and hadronic, are considered in each mass scenario for center of

mass energies of 0.5 and 1 TeV. Figure 8 shows the signal production process. We will first

present the cross section calculation for these processes, followed by the detailed description

of event selection and analysis.

5.1 Signal and background cross sections

Signal cross section for different scenarios is calculated with CompHep using Monte Carlo

approach. Table 12 shows cross sections at center of mass energies of 0.5 and 1 TeV.

The same set of background events is used in the analysis for both final states. However,

events are selected with the final states compatible with the considered signal process: for

leptonic(hadronic) final state analysis, the W and Z boson from the background sample

are also assumed to decays to leptons (jets).
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Process
e+e− → AH

√
s = 0.5 TeV

√
s = 1 TeV

Benchmark point BP1 BP2 BP3 BP1 BP2 BP3

Cross section [fb] 45 42.9 34.2 12.5 12.4 11.8

Table 12. Signal and background cross sections at
√
s = 0.5 TeV.

HA analysis, leptonic final state selection

Selection cut
√
s = 0.5 TeV

√
s = 1 TeV

2 leptons ET > 1 GeV ET > 5 GeV

pmiss
T 10 < pmiss

T < 120 GeV 10 < pmiss
T < 250 GeV

m`1,`2 |m`1,`2 −mZ | > 20 GeV |m`1,`2 −mZ | > 20 GeV

Table 13. Selection cuts for leptonic final state analysis at two center of mass energies of 0.5 and

1 TeV.

5.1.1 Leptonic final state

In the leptonic final state analysis signal events contain two leptons, which are taken to be

electrons or muons, and missing transverse momentum (due to escaping HH pair). The

WW background has to involve W → `ν decay for both W bosons in order to produce two

(same flavour) leptons. In such case, the sum of energies of those leptons is usually higher

than that in the signal events because these leptons stem from high energy W bosons, while

for signal events they come from a single off-shell Z boson, with much lower Lorentz boost.

For signal events, we also expect to observe the peak in the invariant mass distribution of

the lepton pair, which corresponds to the mA −mH mass difference.

The ZZ background can have one of or both Z bosons decaying to lepton pairs, i.e.,

ZZ → ``jj or ZZ → ````. The first type of events can be easily suppressed by a jet

veto cut, while, the second type is reduced by the cut on the number of leptons. The ZZ

background with one of the bosons decaying to neutrinos ZZ → ``νν and the Drell-Yan

(single Z∗/γ∗) background can be suppressed by rejecting events with the invariant mass

of the lepton pair is consistent with Z mass.

Summarized in table 13 are the cuts used for selection of signal events in the leptonic

channel. An event is required to have two leptons with transverse energies above 1(5) GeV

at
√
s = 0.5(1) TeV. The missing transverse momentum is required to be in the range

10 < pmiss
T < 120(250) GeV at

√
s = 0.5(1) TeV. The lower limit is applied to reject the

Drell-Yan background, while, the upper limit is for suppression of WW and ZZ events.

Finally, the invariant mass of the lepton pair is required to be outside the mass window of

mZ ± 20 GeV where mZ=90 GeV. In case of signal events, the invariant mass of the lepton

pair is expected to be peaked at mA −mH , which is much below mZ . Tables 14 and 15

show selection efficiencies for leptonic channel at
√
s = 0.5 and 1 TeV, respectively.

The final signal event selection may be based on the sum of energies of the lepton pair

(figs. 9(a) and 9(b)) or on the invariant mass distribution (figs. 10(a) and 10(b)), since
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HA analysis, leptonic final state selection

Cut eff. BP1 BP2 BP3 WW ZZ Z TT

Two Leptons 0.99 1 0.92 0.76 0.083 0.8 0.4

pmiss
T 1 1 0.24 0.91 0 3.9e-05 0.89

Z suppression 1 1 1 0.97 - 0.48 0.73

Total eff. 0.99 1 0.22 0.67 0 1.5e-05 0.26

Table 14. Cut efficiencies for leptonic final state analysis at the center of mass energy of 0.5 TeV.

HA analysis, leptonic final state selection

Cut eff. BP1 BP2 BP3 WW ZZ Z TT

Two Leptons 0.98 0.98 0.65 0.5 0.19 0.66 0.52

pmiss
T 1 1 1 0.92 2.1e-05 0.0001 0.96

Z suppression 1 1 1 0.98 0.5 0.63 0.86

Total eff. 0.98 0.98 0.65 0.45 2e-06 4.2e-05 0.42

Table 15. Cut efficiencies for leptonic final state analysis at the center of mass energy of 1 TeV.
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Figure 9. Sum of energies of two leptons in leptonic final state at
√
s = 0.5 TeV (left) and 1 TeV

(right), for e+e− → HA .

both show clear separation between signal and background processes. As leptons are re-

constructed with a high efficiency and very good momentum resolution, a very sharp edge

should be observed in the invariant mass distributions, which can be used to reconstruct

the value of mA −mH with negligible statistical uncertainty (see discussion in section 6).

Applying a mass window cut on invariant mass distributions of figs. 10(a) and 10(b), the

numbers of signal and background events are counted to estimate the signal significance

as shown in table 16. The corresponding precision of the signal cross section determina-

tion is 3–7%.
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Figure 10. Invariant mass of the lepton pair in leptonic final state at
√
s = 0.5 TeV (left) and

1 TeV (right), for e+e− → HA.

HA, leptonic final state at L = 500 fb−1

√
s =0.5 TeV

√
s =1 TeV

S B S/B S/
√
S +B S B S/B S/

√
S +B

BP 1 1382 279 4.9 34 386 55 7 18

BP 2 1378 186 7.4 35 397 30 13 19

BP 3 256 81 3.1 14 257 51 5 15

Table 16. Number of events in signal and background processes after all selection cuts at integrated

luminosity of 500 fb−1.

5.1.2 Hadronic final state

In the hadronic final state, signal events contain two jets from the off-shell Z decay and

missing transverse momentum from the escaping HH pair. The analysis follows the same

strategy, as described above for the leptonic final state.

An event is required to have two jets reconstructed with transverse energies

above 5 GeV. The missing transverse momentum is required to be in the range

10 < pmiss
T < 120(250) GeV, for

√
s = 0.5(1) TeV, following the same reasoning as described

above for the leptonic final state. However, the precision of the invariant mass reconstruc-

tion is much poorer for two jets than it is for two leptons. Therefore, instead of a cut

on the invariant mass of the jet pair, we require that the sum of jet energies is less than

150(300) GeV at
√
s = 0.5(1) TeV. This constrain replaces the cut on the invariant mass

of the jet pair and real Z boson suppression cut. Table 17 lists a summary of selection cuts

for the hadronic final state while tables 18 and 19 show selection efficiencies at
√
s = 0.5

and 1 TeV, respectively. High signal selection efficiency is obtained, except for the BP3

scenario which can hardly be observed in the hadronic channel at
√
s = 0.5 TeV.

Figures 11(a) and 11(b) show the distributions of the sum of jet energies in signal

and background events. These plots justify the cut on the energy sum described above.
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HA analysis, hadronic final state selection

Selection cut
√
s = 0.5 TeV

√
s = 1 TeV

2 jets ET > 5 GeV ET > 5 GeV

pmiss
T 10 < pmiss

T < 120 GeV 10 < pmiss
T < 250 GeV

E(j1) + E(j2) E(j1) + E(j2) < 150 GeV E(j1) + E(j2) < 300 GeV

Table 17. Selection cuts for hadronic final state analysis at two center of mass energies of 0.5 and

1 TeV.

HA analysis, hadronic final state selection

Cut eff. BP1 BP2 BP3 WW ZZ Z TT

Two Jets 0.67 0.78 0.0027 0.033 0.036 0.36 2e-06

pmiss
T 1 1 0.91 0.018 0.066 0.061 0

E(j1) + E(j2) 1 1 1 0.16 0.19 0.19 0

Total eff. 0.67 0.78 0.0025 9.5e-05 0.00045 0.0041 0

Table 18. Cut efficiencies for hadronic final state analysis at center of mass energy of 0.5 TeV.

HA analysis, hadronic final state selection

Cut eff. BP1 BP2 BP3 WW ZZ Z TT

Two Jets 0.87 0.76 0.14 0.22 0.14 0.24 2.5e-05

pmiss
T 1 1 1 0.028 0.089 0.073 0.2

E(j1) + E(j2) 1 1 1 0.078 0.14 0.17 0

Total eff. 0.87 0.76 0.14 0.00049 0.0018 0.003 0

Table 19. Cut efficiencies for hadronic final state analysis at center of mass energy of 1 TeV.

The invariant mass distributions of the jet pairs are shown in figs. 12(a) and 12(b). These

distributions are used for the final event selection with a mass window cut. Table 20

summarizes the results obtained by counting the number of signal and background events

after final selection and mass window cuts.

6 Dark matter mass measurement

As shown above, the energy and invariant mass distributions for signal events show clear

peaks, which result from the kinematic constraints of the considered scenario and can be

related to the scalar masses. In this section, we propose a procedure for determination

of charged and neutral scalar masses and estimate the statistical precision, which can be

reached at e+e− collider with 500 fb−1. Feasibility of mass and spin measurement of IDM

scalars, in particular of the DM candidate, were already studied for the e+e− collider, see

e.g. [24]. However, the approach presented in [24] focuses on the single particle distribu-
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Figure 11. Sum of two jets energies in hadronic final state at
√
s = 0.5 TeV (left) and 1 TeV

(right), for e+e− → HA.
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Figure 12. Invariant mass of the two jets in hadronic final state at
√
s = 0.5 TeV (left) and 1 TeV

(right), for e+e− → HA.

HA, hadronic final state at L = 500 fb−1

√
s =0.5 TeV

√
s =1 TeV

S B S/B S/
√
S +B S B S/B S/

√
S +B

BP 1 3972 3926 1.0 45 2693 1074 2.5 44

BP 2 7011 709 9.9 80 2880 199 14 52

BP 3 30 195 0.15 2 399 8 49 20

Table 20. Number of events in signal and background processes after all selection cuts at integrated

luminosity of 500 fb−1. S and B stand for the number of signal and background events.
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tions, which we consider challenging from the experimental point of view. In particular,

lepton energy distributions have to be measured down to very low energies, of the order of

few GeV. It requires efficient identification of low energy leptons and very good background

understanding.

We propose an approach, which makes use of the reconstructed peaks in the energy and

invariant mass distributions. The approach is based on the observation that the off-shell

W ∗ and Z∗ bosons are most likely produced with their virtualities close to the maximum

allowed values given by the mass differences mH± −mH and mA −mH , respectively.

First, we consider the distribution of the sum of energies of the two jets, in the semi-

leptonic final state of charged scalar production,
∑2

i=1E(ji). In the W ∗ boson rest frame,

the sum of jet energies is equal to the W ∗ boson mass and its most probable value is given

by mH± −mH . When produced with close to maximal virtuality, the W ∗ boson is almost

at rest in the reference frame of decaying H±. Therefore the Lorentz boost applied to jet

energies can be approximated by the H± boost. It can be shown that in this approximation

2∑
i=1

E(ji) = Ebeam

(
1− mH

mH±

)
. (6.1)

Defining R = mH
mH±

, one can solve eq. (6.1) to obtain

R = 1−
∑2

i=1E(ji)

Ebeam
. (6.2)

To reconstruct the most probable value of the jet energy sum, which should be use in

eq. (6.2), the distribution was fitted with a Gaussian function assuming the background

probability density function (p.d.f) is well known from simulation. Equation (6.2) can be

then used to calculate the values of mH/m
±
H for each channel. In case of the four jet final

state (fully hadronic final state for charged scalar pair production), the four jet energy sum

can be divided by two to get the proper estimate of the jet pair energy. An average value

of R can be then calculated, based on all considered channels.

In the next step, we consider the invariant mass distributions for the two jets of the

semi-leptonic final state in charged scalar production, m(j1, j2). As already mentioned

above, this distribution is expected to peak at the most probable W ∗ boson virtuality,

which is

m(j1, j2) = mH± −mH . (6.3)

As before, we apply a Gaussian fit on signal plus background distributions to obtain the

signal peak position. This procedure can be also used for two jet or two lepton invariant

mass distribution for the neutral scalar pair production events, providing the value of

mA −mH . Using the average value of mH/mH± (denoted as R) obtained from the first

step and mH±−mH average value from the second step (based on charged scalar production

analysis results), we can extract H and H± masses for each considered scenario.

Finally, we consider the invariant mass distributions for the two leptons of the leptonic

final state and for the two jets of the hadronic final state, in neutral scalar production
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process. Both distributions are expected to peak at the most probable Z∗ virtuality,

which is

m(l1, l2) = m(j1, j2) = mA −mH . (6.4)

Due to the very good track momentum resolution, much more precise invariant mass de-

termination is expected in the leptonic channel. Based on the expected performance of

the tracking system for ILC and CLIC detectors [54, 55], we estimate the invariant mass

resolution in the leptonic channel to be of the order of 0.1-0.2 GeV, resulting in the sta-

tistical precision of the mass difference determination of the order of 10 MeV. As the H

boson mass can be known from the charged scalar production analysis, value of mA −mH

extracted from the invariant mass distributions for the neutral scalar pair production can

be used to calculate the value of mA.

The procedure described above allows for evaluation of all inert scalar masses, i.e.

for the full reconstruction of the IDM spectrum. However, there are additional constraints

which can be used to test the obtained results, based on the single lepton or single jet energy

distribution or the total energy distribution in the neutral scalar pair production events.

Energy distribution for single lepton or single jet from the semi-leptonic or fully hadronic

decay channel, in the charged scalar pair production, is expected to be flat. However, the

maximum allowed energy can be related to scalar masses

Emax
l/j =

Ebeam

2
(1−R)

(
1 +

√
1−

m2
H±

E2
beam

)
. (6.5)

Equation (6.5) can be used for independent evaluation of mH± when R value is known.

However, determination of the threshold position in the presence of the significant back-

ground is an experimental challenge. It requires very good background and detector mod-

eling and We do not consider this measurement in the presented analysis.

The mA can also be extracted from the neutral scalar pair production events, from

energies of leptons or jets coming from Z∗ decay. In the laboratory frame the relation

between the sum of energies of leptons or jets and neutral scalar masses can be written as:

E`` / jj =
mA −mH

mA

√
m2
A +

(s− (mA +mH)2)(s− (mA −mH)2)

4s
(6.6)

However, the value of mA extracted from this equation turns out to be much more sensitive

to the value of mH than for the method based on the invariant mass measurement.

Following the steps described above, masses of all charged and neutral scalars can

be obtained with a statistical precision of the order 100 MeV, as shown in table 21. The

systematic shifts observed between the assumed (theo.) scalar masses and the values

resulting from the calculations are due to the simplified approach used, but can be corrected

based on the simulation results.

7 Conclusions

The Inert Doublet Model was studied as the underlying theoretical framework for light

charged and neutral dark scalar production at e+e− colliders. For the charged scalar
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a) Analysis of e+e− → H+H− →W+W−HH

Channel Quantity
√
s [TeV] BP1 BP2 BP3

`νjjHH m(j1j2) [GeV]
0.5 58.02 ± 0.10 47.11 ± 0.09 40.48 ± 0.30

1 59.17 ± 0.11 48.97 ± 0.09 42.32 ± 0.18

jjjjHH m(j2j3) [GeV]
0.5 59.68 ± 0.11 49.39 ± 0.12 39.94 ± 0.19

1 60.90 ± 0.10 50.45 ± 0.08 43.39 ± 0.22

jjjjHH m(j1j4) [GeV]
0.5 59.71 ± 0.11 49.64 ± 0.11 40.25 ± 0.18

1 58.46 ± 0.15 48.48 ± 0.11 43.13 ± 0.21

Average mH± −mH [GeV]
0.5 59.06 ± 0.06 48.44 ± 0.06 40.16 ± 0.12

1 59.79 ± 0.07 49.50 ± 0.05 42.86 ± 0.12

`νjjHH
2∑
i=1

E(ji) [GeV]
0.5 123.16 ± 0.13 87.33 ± 0.11 58.68 ± 0.40

1 262.44 ± 0.22 190.95 ± 0.17 130.90 ± 0.31

jjjjHH
4∑
i=1

E(ji) [GeV]
0.5 248.08 ± 0.17 175.85 ± 0.15 117.99 ± 0.31

1 525.46 ± 0.27 382.29 ± 0.22 261.85 ± 0.40

Average R = mH/mH± 0.5 50.49 ± 0.03 64.90 ± 0.02 76.42 ± 0.06

(in percent) 1 47.47 ± 0.02 61.78 ± 0.02 73.82 ± 0.03

b) Analysis of e+e− → HA→ HHZ

``HH m(`1`2) [GeV]
0.5 55.37 ± 0.01 25.37 ± 0.01 5.86 ± 0.07

1 55.37 ± 0.01 25.37 ± 0.01 5.84 ± 0.03

jjHH m(j1j2) [GeV]
0.5 49.21 ± 0.06 20.94 ± 0.03 -

1 49.58 ± 0.10 21.50 ± 0.05 4.64 ± 0.03

Average mA −mH [GeV]
0.5 55.20 ± 0.01 24.93 ± 0.01 5.86 ± 0.07

1 55.31 ± 0.01 25.22 ± 0.01 5.24 ± 0.02

c) Reconstructed masses

mH± [GeV]

theo. 123 140 176

0.5 119.29 ± 0.12 138.01 ± 0.17 170.31 ± 0.51

1 113.82 ± 0.13 129.51 ± 0.13 163.71 ± 0.45

mH [GeV]

theo. 57.5 85.5 128

0.5 60.23 ± 0.06 89.57 ± 0.11 130.15 ± 0.39

1 54.03 ± 0.06 80.01 ± 0.08 120.85 ± 0.33

mA [GeV]

theo. 113 111 134

0.5 115.43 ± 0.07 114.50 ± 0.12 136.01 ± 0.46

1 109.34 ± 0.07 105.23 ± 0.09 126.09 ± 0.36

Table 21. Positions of the reconstructed peaks in the energy and invariant mass distributions for

the charged scalar (a) and neutral scalar (b) pair production, and the reconstructed inert scalar

masses (c). Different decay channels are considered for center of mass energies of 0.5 and 1 TeV,

as indicated in the table. Results on the scalar mass differences, mH± − mH and mA − mH ,

and mass ratio R = mH/mH± are first averaged over different final states and then used for

scalar mass reconstruction as described in the text. Errors indicated correspond to the statistical

uncertainties only.
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production, a pair production through e+e− → H+H− was taken as the signal, while

for neutral scalars production, e+e− → AH was considered. Three benchmark scenarios

with scalar masses below 200 GeV, obtained recently in [14], were tested and detailed

analyses were designed for each considered production channel and final state. Results of

the analyses show that, for the considered IDM benchmark scenarios, production of dark

scalars should be observable already at the early stages of e+e− colliders running at center

of mass energy of either 0.5 or 1 TeV. With 500 fb−1 of data, the signal cross section can

be measured with precision between 2% and 12%, depending on the considered scenario

and decay channel. Using the reconstructed invariant mass and energy distributions of

the visible decay products, the masses of dark matter particles can be extracted with a

negligible statistical precision, of the order of 100 MeV. Therefore, we expect that precision

of the IDM dark scalar mass measurement at the future e+e− collider will be dominated

by systematic effect.
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