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Abstract Adopting a model independent approach, we
constrain the various effective interactions of leptophilic DM
particles with the visible world from the WMAP and Planck
data. The thermally averaged indirect DM annihilation cross
section and the DM–electron direct-detection cross section
for such a DM candidate are observed to be consistent with
the respective experimental data. We study the production of
cosmologically allowed leptophilic DM in association with
Z (Z → f f̄ ), f ≡ q, e−, μ− at the ILC. We perform the
χ2 analysis and compute the 99% C.L. acceptance contours
in the mχ and Λ plane from the two-dimensional differen-
tial distributions of various kinematic observables obtained
after employing parton showering and hadronisation to the
simulated data. We observe that the dominant hadronic chan-
nel provides the best kinematic reach of 2.62 TeV (mχ = 25
GeV), which further improves to ∼3 TeV for polarised beams
at

√
s = 1 TeV and an integrated luminosity of 1 ab−1.

1 Introduction

Dark matter provides the most compelling explanation for
many cosmological and astrophysical observations which
defy an understanding in terms of luminous matter alone.
However, in the absence of any direct evidence, the exis-
tence of such matter has, rightly, been questioned and several
alternatives have been proposed, including the modification
of gravity at large distance scales [1]. It should be appreci-
ated, though, that starting with orbital velocities of stars in
a galaxy or those of the galaxies themselves in a cluster [2],
gravitational lensing [3,4], the dynamics of galactic (cluster)
collisions [5] etc., the observations span a wide range of dis-
tance scales, and no single simple modification of gravitation
can explain all, whereas dark matter (DM) can and does play
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an important role in understanding the data. Similarly, the
fitting of the cosmological observables [6–8], requires that
DM contributes about 23% to the energy budget of the uni-
verse, in contrast to only 4% contained in baryonic matter.
Finally, post-inflation, perturbations in the DM distribution,
along with the gravitational perturbations, are supposed to
have provided the seed for large-scale structure formation
in the universe [7]. The constraints from the latter are rather
strong. Indeed, while neutrinos would have been natural can-
didates for DM within the Standard Model (SM), a large
energy component in neutrinos would have disrupted struc-
ture formation. For example, a recent study claims that if the
equation of state for the DM be parametrised as p = w ρ,
then the combined fitting of the cosmic microwave back-
ground, the baryon acoustic oscillation data and the Hubble
telescope data restricts −9.0 × 10−3 < w < 2.4 × 10−3,
thereby clearly preferring a cold and dusty DM [9].

With the DM particle, by definition, not being allowed to
have either electromagnetic1 or strong interaction, the most
popular candidate is the weakly interacting massive parti-
cle (WIMP). And while its exact nature is unknown, several
theoretical scenarios such as multi-Higgs models, supersym-
metry, extra-dimensional theories, little Higgs models, left–
right symmetric models all naturally admit viable candidates.
Consequently, one of the most challenging tasks today is to
identify the nature of the DM particle [11]. This, in prin-
ciple, could be done in three kind of experiments. Direct
detection can be achieved by setting up apparatuses (very
often ultra-cold bolometric devices) that would register the
scattering of a DM particle off the detector material. While
the DAMA experiment [12] did indeed claim the existence
of a DM particle of mass ∼60 GeV from observed seasonal
variation in the detector signal (originating, possibly, from
a varying DM wind as the Earth traverses its path), sub-
sequent experiments like CoGeNT [13], CRESST-II [14],

1 While DM with ultra-suppressed electromagnetic couplings has been
considered [10], such models are extremely ungainly and are unlikely
to survive closer scrutiny.
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XENON100 [15], PandaX-II [16,17] and LUX [18] have
not validated this; rather, they have only served to impose
bounds in the plane described by the DM particle mass and its
coupling to nucleons. Indirect-detection experiments, largely
satellite-based, depend on the annihilation of a pair of DM
particles into SM particles which are, subsequently, detected.
Although there, occasionally, have been claims of anomalies
in the data, unfortunately the experiments have failed to val-
idate each other’s positive sightings, resulting, once again,
in further constraints [20–22]. Finally, we have the collider
experiments, wherein excesses (over the SM expectations)
in final states with large missing momentum are looked for.
It should be realised, though, that even if such an excess is
established, a DM explanation would still only be an hypoth-
esis, for the only statement that can be made with certainty is
that the produced neutral and colour-singlet particle is stable
over the detector dimensions.

It is the last mentioned approach that we assume in this
paper. While an investigation of the nature of the DM par-
ticles needs an understanding of the underlying physics, we
adopt, instead, a model independent approach. Eschewing
the details of the underlying dynamics, we begin by postu-
lating a fermionic DM particle, and consider four-fermion
operators involving these and the SM fermions. The relative
strengths of these operators would, of course, be determined
by the underlying dynamics. We assume that the operators
involving quark currents are sub-dominant, as could happen,
for example, if the dynamics, at a more fundamental level,
involved a leptophilic boson. This immediately negates the
constraints from the direct-detection experiments [15–18] (as
the dominant interactions therein are with the nucleons) as
also bounds from the LHC [23–37].

Such an assumption also alters the conclusions (on the
interrelationship between the DM mass and the coupling
strength) drawn from the deduced relic density. Starting with
the Boltzmann equations describing the evolution of the par-
ticle densities, we derive the constraints on the same. As for
the search strategies at a linear collider, the attention of the
community, so far, has been largely commandeered by the
final state comprising a single photon accompanied by miss-
ing energy [38–41]. While this continues to be an important
channel, we augment this by other channels that are nearly
as sensitive. Furthermore, we consider some novel effects of
beam polarisation.

2 Fermionic dark matter : a mini review

As we have already mentioned, rather than considering the
intricacies of particular models, we adopt the more con-
servative yet powerful concept of an effective field theory
(EFT). Assuming that we have a single-component DM in the
shape of a Dirac fermion χ , we consider the least-suppressed

(namely, dimension-six) operators involving a χ -current and
a SM fermion-current2. This simplifying assumption rules
out the possibility of resonances and co-annihilations, signif-
icantly affecting the relic abundance of dark matter particles
[42]. Furthermore, to reduce the number of possible opera-
tors, as also not to induce flavour changing neutral current
processes, we restrict ourselves to only flavour-diagonal cur-
rents. A convenient parametrisation of such operators, for a
single SM fermion ψ , is given by

OVV = χ̄γμχ ψ̄γ μψ, OAA = χ̄γμγ5χ ψ̄γ μγ 5ψ,

OSS = χ̄χ ψ̄ψ, OPP = χ̄γ5χ ψ̄γ5ψ,

OV A = χ̄γμχ ψ̄γ μγ 5ψ, OAV = χ̄γμγ5χ ψ̄γ μψ,

OSP = χ̄χ ψ̄iγ5ψ, OPS = χ̄ iγ5χ ψ̄ψ,

(1)

with the subscripts on the operators reflecting the Lorentz
structure. The full interaction Lagrangian involving χ then
can be parametrised as

Lint =
∑

f

∑

MN∈Ops.

α
f
MN

Λ2 O f
MN

=
∑

f

∑

MN∈Ops.

(
g f
MN

ΛEff.

)2

O f
MN ; ΛEff. = √

4 π Λ,

(2)

where O f
MN ≡ (χ̄ΓMχ) ( f̄ ΓN f ) is a typical operator

amongst those listed in (1), α
f
MN is the strength of the inter-

action and
∣∣∣g f

MN

∣∣∣ <
√

4 π the corresponding coupling. ΛEff.

refers to the cut-off scale of the effective theory.
Before we proceed with our analysis, it is useful to con-

sider the DM pair-annihilation cross section engendered by
these operators [43]. Restricting ourselves to a single species3

f , and denoting the dimensionless ζi ≡ 2m2
i /s, we have

σ ann
VV =

(
α

f
V V

)2
Nc

12 π Λ4

β f

βχ

s
(
1 + ζχ

) (
1 + ζ f

)
(3a)

σ ann
AA =

(
α

f
AA

)2
Nc

12 π Λ4

β f

βχ

s
[
1 − 2 (ζχ + ζ f ) + 7ζχζ f

]
(3b)

σ ann
V A =

(
α

f
V A

)2
Nc

12 π Λ4

β3
f

βχ

s
(
1 + ζχ

)
(3c)

σ ann
AV =

(
α

f
AV

)2
Nc

12 π Λ4 β f βχ s
(
1 + ζ f

)
(3d)

2 We do not consider operators involving the SM bosons as they play
only a subservient role in both direct and indirect detection.
3 For multiple fermions, the cross sections, of course, add incoherently.
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σ ann
SS =

(
α

f
SS

)2
Nc

16 π Λ4 β3
f βχ s (3e)

σ ann
PP =

(
α

f
P P

)2
Nc

16 π Λ4

β f

βχ

s (3f)

σ ann
SP =

(
α

f
SP

)2
Nc

16 π Λ4 β f βχ s (3g)

σ ann
PS =

(
α

f
PS

)2
Nc

16 π Λ4

β3
f

βχ

s , (3h)

where Nc = 1 (3) for leptons (quarks) and βχ, f are
the centre-of-mass frame velocities of χ ( f ) with βi =√

1 − 2 ζi . Clearly, for non-relativistic DM particles, σ ann
SS

and σ ann
SP are the smallest. Similarly, for mχ � m f (as is the

case except when f is the top-quark), we have

σ ann
V A ≈ σ ann

VV , σ ann
AV ≈ σ ann

AA , σ ann
PP ≈ σ ann

PS .

These approximations would prove to be of considerable use
in further analysis.

Dark matter interactions, as exemplified by equation (1),
have been well studied in the context of the LHC [23–32,34–
37]. Clearly, the LHC would be more sensitive to operators
involving the quarks. In this paper, we would be primarily
interested in the orthogonal scenario, namely one wherein
the DM current couples primarily to the SM leptons. To this
end, we will assume that gqMN = 0 for all of the operators. As
we shall see in the next section, this would render insensitive
even the dedicated direct search experiments.

3 Relic density of leptophilic dark matter

Before we proceed further with our analysis, it behoves us
to consider the existing constraints on such a DM candidate.
This is best understood if we consider a single operator at
a time, and, henceforth, we shall assume this to be so. In
other words, all operators bar the one under discussion shall
be switched off. As to the couplings α

f
MN , we consider two

cases4, namely

• Leptophilic: Switching on of all DM-lepton couplings
αl
MN ∼ 1 for all leptons l, and

• Electrophilic: Switching on of DM–electron coupling
αe
MN ∼ 1 only.

4 Note that such a normalisation of couplings is quite standard in effec-
tive field theories.

Our choice of unity coupling α
f
MN ∼ 1 along with equation

(2) allows us to express

1

Λ2 =
(
g f
MN

ΛEff.

)2

⇒ ΛEff. =
∣∣∣g f

MN

∣∣∣ Λ <
√

4 π Λ. (4)

Concentrating first on the epoch where the DM (χ) has
frozen out, let us consider their pair annihilation to produce
two light particles (), which, we assume, is in complete
equilibrium, viz. n = neq . The Boltzmann equation gives
us:

a−3 d

dt
(nχa

3) = 〈σv〉
[
n2

χeq
− n2

χ

]
(5)

where a ≡ a(t) is the scale factor and 〈· · · 〉 represents the
thermal average. Here, v is the relative velocity of a pair of
χ ’s, and σ is the annihilation cross section.

In the radiation era, which we are interested in, the temper-
ature scales as a−1. We can, therefore, rewrite the Boltzmann
equation, in terms of new dimensionless variables

Y ≡ nχ

T 3 and x ≡ mχ

T
, (6)

as

dY

dx
= − m3

χ 〈σ v〉
H(mχ ) x2

(
Y 2 − Y 2

eq

)
, (7)

where H(mχ ) is the Hubble rate when the temperature equals
mχ and is given by

H(mχ ) =
√

4 π3 GN g�

45
m2

χ . (8)

Here g� is the effective number of the degrees of freedom at
that epoch.

To find the present density of DM particles, we need to
find the solution of Eq. (7) in terms of the final freeze-out
abundance, Y∞ (at x = ∞). While this, can be done only
numerically, it is instructive to consider an approximate ana-
lytic solution. At early times (T � mχ ) reactions proceeded
rapidly, and nχ was close to its equilibrium value, neq ∝ T 3,
or Y ≈ Yeq. As the temperature falls below mχ , the equilib-
rium abundance Yeq = g/(2 π)3 x3/2 e−x is exponentially
suppressed. Consequently, the DM particles become so rare
that they do not find each other fast enough to maintain the
equilibrium abundance. This is the onset of freeze-out. In
other words, well after freeze-out, Y � Yeq and

dY

dx
= − m3

χ 〈σv〉
H(mχ ) x2 Y 2. (9)
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Integrating Eq. (9) from the freeze-out temperature x f until
very late times x = ∞, we get

Y∞ � x f H(mχ )

m3
χ 〈σv〉 . (10)

The energy density, for the DM, which now is non-
relativistic , ρχ = mχ nχ , falls as a−3. The number density
n(a(Ti ), Ti ) in this post freeze-out epoch at any given tem-
perature Ti behaves as Y∞ T 3

i . The number of the degrees of
freedom also changes with the temperature from g f (x f ) at
the freezing epoch to that of today is g0(x0) ∼ 3.36 at the
present day temperature T0. The present energy density of
DM can, thus, be re-written as

ρχ = mχ Y∞ T 3
0

(
g0(x0)

g f (x f )

)
. (11)

It is customary to parametrise ρχ ≡ Ωχh2 ρc, where ρc =
1.05375 × 10−5h2

(
GeV/c2

)
cm−3 is the critical density of

the universe and the Hubble constant today being expressed
as H0 = h × 100 km s−1 Mpc−1. We then have

Ωχh
2 =

√
4 π3GNg�(x f )

45

x f T 3
0 g0

ρc 〈σ v〉 g�(x f )
. (12)

Using T0 = 2.72548 ± 0.00057 K [44], the contribution of
the Dirac fermion χ , with its two degrees of freedom, is

Ω
(χ)
DMh2 ≈ 2 × x f

1.04 × 109GeV−1

mpl
√
g�(x f ) 〈σv〉 . (13)

While the WMAP 9-year data gives ΩDMh2 = 0.1138 ±
0.0045, the Planck 2015 results [8] suggest a marginally dif-
ferent value, namely ΩDMh2 = 0.1199 ± 0.0022. This trans-
lates to a strict relation in the mass–coupling plane for χ .
However, a conservative assumption would be that the relic
density of the χ does not saturate the observed DM energy
density, or Ωχ < ΩDM. This would impose a lower bound
on the self-annihilation cross section for the χ , or, in other
words, an upper bound on Λ.

3.1 The annihilation cross sections

In the calculation of the probability of a DM particle being
annihilated by another one, it is useful to consider the rest
frame of the first and re-express the aforementioned annihi-
lation cross sections in terms of the velocity v of the sec-

ond particle in his frame. Clearly, v = (
2 βχ

)
/
(

1 + 2 β2
χ

)

and, working with a small v expansion (relevant for non-

relativistic DM), we have βχ � v
2

[
1 + v2

4 + v4

8

]
+ O(v7)

and s � m2
χ

[
4 + v2 + 3

4v4
] +O(v6). The corresponding

v-expansions, to O(v2), are

σ ann
SS v �

(
αl
SS

)2
Nc

8 π Λ4

(
1 − ξ f

)3/2
m2

χv2, (14a)

σ ann
PP v �

(
αl
P P

)2
Nc

2 π Λ4

√
1 − ξ f m

2
χ

[
1 + ξ f v2

8
(
1 − ξ f

)
]

,

(14b)

σ ann
VV v �

(
αl
V V

)2
Nc

2 π Λ4

√
1 − ξ f

(
2m2

χ + m2
f

)

[
1 + −4 + 2 ξ f + 11 ξ2

f

24
(
1 − ξ f

) (
2 + ξ f

)v2

]
, (14c)

σ ann
AA v �

(
αl
AA

)2
Nc

2 π Λ4

√
1 − ξ f m

2
f

[
1 + 8 ξ−1

f − 28 + 23 ξ f

24
(
1 − ξ f

) v2

]
, (14d)

where ξ f ≡ m2
f /m

2
χ . Clearly, the v-independent terms

emanate from s-wave scattering alone, while theO(v2) piece
receives contributions from both s-wave and p-wave annihi-
lation processes.

The quantity of interest is not just σ ann, but the thermal
average 〈σ ann

MNv〉, since this provides a measure of the rate
at which a DM particle will meet another with the appro-
priate velocity and get annihilated. Assuming χχ → e+e
to be the dominant channel into which the χ annihilate,
we can estimate the thermally averaged value of σ(χχ →
e+e−) v.

The inferred value of Ωχh2, when ascribed to WIMPs
with a mass of a few hundred GeVs, requires 〈σ(χχ →
e+e−) v〉 ≈ 3 × 10−26 cm3 s−1. Taking a cue from this, we
analyse upper bounds on 〈σ(χχ → e+e−) v〉 in Sect. 5 from
the sensitivity study of the DM signatures from ILC for the
kinetically accessible DM mass range.

In Fig. 1 we present the relic density plots for the inter-
actions parametrised by the operators mentioned in Sect. 2
corresponding to the leptophilic and electrophilic scenarios.
We implement the model containing effective interactions
of DM particle with the SM sector using FeynRules [46]
and generate the model files for CalcHEP, which is required
for the relic density calculation in micrOmegas [47]. These
results have been verified with MadDM [48,49].

The curves in Fig. 1 imply that the correct amount of
energy density requires the mass of dark matter particles
to increase with Λ. We can infer this behaviour from (13)
as Ωχ h2 mainly depends on 〈σv〉. From Eqs. (14a)–
(14d) we see that the thermal average in equation (13)
i.e. 〈σv〉 is proportional to m2

χ/Λ4 for mχ values greater
than ∼10 GeV. This implies that, for a fixed value of
Ωχ h2, Λ4/m2

χ is a constant. This, in turn, translates to
Λ ∝ √

mχ .
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Fig. 1 Contours in the Λ–mχ plane based on the cold dark matter den-
sity Ωch2 = 0.1138 ± 0.0045 obtained from the 9-year WMAP data
[45]. Here we have taken αl

P P = αl
SS = αl

V V = αl
V A = 1. These curves

are obtained using micrOmegas–v–3.5.5 [47], the regions below the
curves are allowed by the relic density bounds

4 Direct and indirect detection

4.1 DM–electron scattering

We now turn to direct-detection search, where both elec-
trophilic and leptophilic DM are scattered by:

(a) the bound electron of an atom and hence the recoiled
electron is ejected out of the atom,

(b) the bound electron and the recoil is taken by the atom
as a whole and

(c) the quarks, where the DM is attached to the loop of
charged virtual leptons which in turn interacts with
the quarks via photon exchange and hence the nucleus
recoil is measured in the detector.

In this article we restrict our study for the DM–electron
scattering only. We analyse the free electron scattering cross
sections with the DM for the scalar, pseudo-scalar, vector
and axial couplings, respectively, and are given as

σ SS
χe =

(
αl
SS

)2
m2

e

π Λ4 , (15a)

σ PP
χe =

(
αl
P P

)2
m2

e

3 π Λ4

m2
e

m2
χ

v4, (15b)

σ VV
χe =

(
αl
V V

)2
m2

e

π Λ4 , (15c)

σ AA
χe = 3

(
αl
AA

)2
m2

e

π Λ4 , (15d)

where v ∼ 10−3c, is the DM velocity in our halo. We observe
that the cross section with the axial-vector couplings of DM
dominates over all others. The pseudo-scalar type coupling is

 1e-55

 1e-50

 1e-45

 1e-40

 1e-35

 1e-30

 1e-25

 50  100  200  300  400

σ χ
e 

(c
m

2 )

mχ (GeV)

Leptophilic Fermionic DM, Scattering on electrons

DAMA/LIBRA (3 σ)
XENON100 (90 % C.L.)

SK
SK

Fermionic DM with axial-vector couplings

Fig. 2 The scattering cross section of DM on a free electron with the
axial-vector interactions σ

(
χ e− → χ e−)

is depicted for the DM mass
varying between 25 and 400 GeV. The cross sections are computed using
the upper limit on Λ obtained from the relic density curves in Fig. 1
corresponding to the flavour-universal couplings for DM with leptons
αl
AA = 1. Exclusion plots from DAMA at 90% and 3σ C.L. for the

case of DM–electron scattering are also shown [50]. Bounds at 90%
C.L. are shown for XENON100 from inelastic DM-atom scattering
[51]. The dashed curves show the 90% CL constraint from the Super-
Kamiokande limit on neutrinos from the Sun, by assuming annihilation
into τ+τ− or νν̄ [50]

highly suppressed due to its dependence on the fourth power
of the electron mass and velocity. Respective cross sections
for the case of bound electrons are likely to be enhanced w.r.t.
that of free electrons nearly by a factor of ∼105 [50]. Using
the constraints from the relic density on the lower bound of
the couplings for a given DM mass mχ , in Fig. 2, we present
the scattering cross section of the DM with free electrons
via the most dominant channel with axial-vector couplings.
We compare our result with the recent 3σ limits from the
DAMA/ LIBRA experiment [50] and 90% C.L. data from
XENON100 [51]. However, even with the inclusion of the
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Fig. 3 The variation of the thermal averaged DM annihilation cross
sections versus the leptophilic DM mass mχ . The cross sections are
computed using the upper limit on Λ obtained from the relic density
curves in Fig. 1 corresponding to the flavour-universal couplings for
DM with leptons αl

P P = αl
SS = αl

V V = αl
AA = 1. These are compared

with the median of the thermal averaged DM annihilation cross section
derived from a combined analysis of the nominal target sample for the
τ+τ− channel assuming a 100% branching fraction [19,20]

correction factor arising from the the bounded electrons, the
contributions of the axial-vector couplings of DM to the scat-
tering cross section are far below these experimental upper
bounds.

Indeed, the Xenon100 collaboration has constrained the
σ(χe → χe) <∼ 10 pb at 90% C.L. for5 0.6 GeV < mχ <

1 TeV [51] for the case of axial-vector coupling. Expect-
edly, these constraints are much stronger (by nearly an order
of magnitude) than the cross sections required to explain
the DAMA/Libra results [12]. Interestingly, the strongest
bounds emanate from solar physics. In general, the neutrino
flux coming from DM annihilations inside the sun is propor-
tional to the DM scattering cross section. But, working in
the region where DM capture and its annihilations inside the
star are in equilibrium makes the neutrino flux independent
of the DM annihilation. As the DM particles can be trapped in
the solar gravitational field, their annihilation into neutrinos
would modify the solar neutrino spectrum and, consequently,
the SuperKamiokande measurements [50]. This translates to
σ(χχ̄ → τ+τ−) <∼ 0.1 pb and σ(χχ̄ → νν̄) <∼ 0.05 pb,
which are relevant for the general leptophilic case with axial-
vector coupling. Understandably, no such bound exists for the
purely electrophilic case.

4.2 DM annihilation

Next we discuss the bounds from the indirect-detection
experiments, wherein we can directly use the cross sections
given in Eqs. (3a)–(3h) and fold them with the local veloc-

5 The exclusion limits do have a dependence on mχ with the maximum
sensitivity occurring at mχ ∼ 2 GeV and relaxing by an order of
magnitude for the highest mχ values.

ity of the DM particle. The latter, of course, would depend
crucially on the particular profile of the DM distribution that
one adopts.

From Eqs. (14a)–(14d), the thermally averaged annihi-
lation cross section of a leptophilic DM of mass mχ can
be estimated using the upper bound on the Λ for a fixed
DM coupling (or lower bound on the scalar, pseudo-scalar,
vector and axial-vector couplings of DM for a fixed cut-off
Λ) w.r.t. a given mχ obtained from the relic density con-
straints. The annihilation cross section for the leptophilic
DM is marginally higher than electrophilic DM and roughly
are of the same order of magnitude for mχ ∼ 10–400 GeV.
We compute the thermal averaged annihilation cross sec-
tion χχ̄ → τ+τ− for the leptophilic DM with the upper
bound on Λ obtained from the relic density constraints for
αl
P P = αl

SS = αl
V V = αl

AA = 1 and depict in Fig. 3. Here
we have assumed universal couplings of DM with all three
generation of massive charged leptons.

In a recent article [19,20], DM annihilation cross-section
constraints at 95% CL for the bb̄ and τ+τ− channels are
derived from a combined analysis of 15 dSphs. We compare
our thermally averaged DM annihilation cross section for the
τ+τ− channel in Fig. 3 with the one computed in this ref-
erence assuming 100% branching fraction for each of these
channels.

Table 1 Accelerator parameters for each of the run scenarios consid-
ered in this paper. P− and P+ represent the electron and positron polar-
isations, respectively

ILC-500 ILC-500P ILC-1000 ILC-1000P

√
s (in GeV) 500 500 1000 1000

L int
(
in fb−1

)
500 250 1000 500

P− 0 80% 0 80%

P+ 0 30% 0 30%

Table 2 The efficiency S/
√

(S + B) + δ2
sys(S + B)2 with δsys = 1%

for the process e+e− → j j+ � ET on imposition of the basic cuts
for Λ = 1 TeV corresponding to the three representative values of the
DM mass with unpolarised and polarised initial beams. The respective
coupling of DM with the charged lepton αe

MN is taken to be unity

Unpolarised Polarised

Interactions S–S V–V S–S V–V√
s in TeV 1.0 1.0 1.0 1.0

L in fb−1 1000 1000 500 500
(Pe− , Pe+ ) (0, 0) (0, 0) (0.8,−0.3) (0.8,−0.3)

DM mass in GeV

75 9.46 3.27 30.78 15.79

225 3.76 2.93 14.34 14.31

325 0.72 1.94 3.00 9.87
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Fig. 4 Normalised 1-D differential distribution of the cross section
w.r.t. kinematic observable PT j1 , �ET , sum of energy of jet pairs and
Δφ j j for the background process (shaded histograms) and the Z → j j
associated DM pair production at the three representative values of

Mχ = 75, 225 and 325 GeV with
√
s = 1 TeV, Λ =1 TeV and

αl
SS = αl

P P = αl
SP = αl

PS = 1. The bin width is 0.1 for the Δφi i
distribution, while it is 15 GeV for the �ET and E j1 + E j2

5 Interesting signatures at ILC

While DM particles can be produced in many different pro-
cesses at a given collider, only a few of them are, poten-
tially, of interest. Remembering that the DM particle has to
be produced only in pairs, and that there must be at least one
visible particle in the final state so as to register the event
in a detector, the simplest process at a linear collider is, of
course, e+e− → χ̄χγ , and it has, rightly, been well studied
in many different contexts [38–40]. Although the signature,
namely mono-photon with missing energy-momentum, can
be masqueraded by both detector effects as well as a large and
irreducible background emanating from e+e− → ν̄iνiγ , the
kinematic profiles are sufficiently different enough to merit
the possibility of a discovery.

Given the exceeding simplicity of the aforementioned
channel, attention has focused on it almost exclusively. How-
ever, it is worthwhile to explore complementary channels,
like, DM pair production in association with on-shell Z or
off-shell Z�,

e+e− → χχ̄ + Z
(
Z → j j, μ+μ−, e+e−)

(16)

where j refers to a jet arising from any of u, d, s, c, b. In
this paper, we shall not attempt to impose any b-tagging (or
b-veto) requirements, and, hence, the b-jet is equivalent to
any other light quark jet6. To obtain a realistic analysis, we

6 While similar analyses have been attempted in Refs. [52,53], our
conclusions differ substantially from their conclusions even when we
adopt an approach identical to theirs. Furthermore, we here present a
much more refined analysis.
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Fig. 5 Normalised 1-D differential distribution of the cross section
w.r.t. kinematic observables PT j1 , � ET , sum of energy of jet pairs
and Δφ j j for the background process (shaded histograms) and the
Z → j j associated DM pair production at the three representative

values of Mχ = 75 and 325 GeV at
√
s = 1 TeV, Λ =1 TeV and

αl
V V = αl

AA = αl
V A = αl

AV = 1. The bin width is 0.1 for the Δφi i
distribution, while it is 15 GeV for the �ET and E j1 + E j2

have to include, though, off-shell contributions as well and,
thus, we need to consider e+e− → f f̄ + χ̄χ , where f ≡
jet, e−, μ−. The corresponding irreducible SM backgrounds
emanate from7

e+e− → 2 jets +
∑

i

νi ν̄i , (17a)

e+e− → μ+μ− +
∑

i

νi ν̄i , (17b)

7 In all our analysis, the dijet (plus missing energy) signal is actually
an inclusive one, in that we demand a minimum of two jets.

e+e− → e+e− +
∑

i

νi ν̄i , (17c)

respectively. The largest contribution to the first mode in
Eq. (17a) accrues from e+e− → Z + γ ∗/Z∗ with Z →
νi ν̄i and off-shell photon or weak neutral gauge boson
exchange γ ∗/Z∗ splitting to two jets. This dominant process
is then followed by the W+W− fusion channel e+e− →
νeν̄eW+W− → νeν̄e j j and t-channel-like topologies W
exchange diagrams. Thus, we have considered all the gauge
invariant connected Feynman diagrams at the tree level cor-
responding to the process e+ e− → χ χ̄ j j .
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Feynman diagrams analogous to both these sets also con-
tribute to the two other processes given in (17b) and (17c)
respectively. The relative strengths of these channels depend
on a multitude of factors, such as the centre-of mass
energy, beam polarisation (if any) and the kinematical cuts
imposed.

We use MadGraph5 [54] to perform the simulations for
both SM background and the signal. We employ
PYTHIA6 [55] to carry out the parton shower and hadro-
nisation. PGS [56] is used for Fast detector simulation
with anti-kT algorithm for jet reconstruction. In accor-
dance with technical design report for ILC detectors [57],
we set the energy smearing parameters of the electromag-
netic calorimeter and the hadronic calorimeter in the PGS
card as

ΔE

E
= 17%√

E/GeV
⊕ 1%, (18a)

ΔE

E
= 30%√

E/GeV
. (18b)

The other accelerator parameters used in our analysis are also
set according to the technical design report for ILC [58] and
we tabulate them in Table 1 for convenience.

Before we commence an analysis of the cross sections
and the kinematic distributions we must impose basic (accep-
tance) cuts on transverse momenta (pT j/), rapidities (η j/)
and separation (ΔR j j/) of the visible entities (jets and μ±,
e±) along with the missing transverse energy ( �ET ), which
are commensurate with the typical detector capabilities on
the one hand, and with theoretical considerations (such as jet
definitions) on the other.

• pTi ≥10 GeV where i = , j ,
• |η| ≤ 2.5 and

∣∣η j
∣∣ ≤ 5,

• ΔRii ≥ 0.4 where i = , j ,
• |Mii − mZ | ≤ 5 ΓZ where i = , j ; for the hadronic

channel, this invariant mass actually refers to that for all
the jets together,

• �ET ≥25 GeV.

The corresponding cross sections with these basic cuts for
the polarised and unpolarised beams of electron and positron
are summarised in Table 2. Feynman diagrams consisting of
different topologies and contributing to the background (17a)
can be further suppressed by imposing the most-dominant
invariant-mass cut of the visible particles8, and thus allowing
Z + Z (∗) final state with the on-shell Z decaying into the two
visible entities, and the off-shell Z (∗) going to a neutrino
pair. Within this approximation, the diagrams contributing

8 For e+e− → e+e− + ∑
i νi ν̄i , the deviation from such a dominance

is quite significant. Precisely for this reason, this turns out to be to be
the least sensitive of the three channels.

to the SM background processes (17a)–(17c) have identical
topologies and differ only in the coupling of the Z to the final
state fermions. Consequently, this difference would manifest
itself essentially only in the total rates with differences in
the normalised distributions being of a sub-leading nature.
This is true even for the signal events corresponding to these
final states. Hence we have displayed the one-dimensional
normalised differential cross section for process with only
jets as final state in Figs. 4 and 5.

5.1 Analysis with one- and two-dimensional distributions:-

In order to augment the signal-to-noise ratio by imposing
additional selection cuts on the kinematic observables, we
recourse ourselves to the detailed study of the normalised
one-dimensional differential cross-section distributions w.r.t.
for all the sensitive kinematic observables e.g. pTj/ l , �ET , Δφi i

and sum of energies from a jet or lepton pair
(
Ei1 + Ei2

)
for

the signal with varying DM mass as well as varying effective
DM pair - SM fermion pair couplings α

f
MN/Λ2 at

√
s = 500

GeV and 1 TeV.
The very structure of the DM interaction Lagrangian

implies that, for a given final state, the normalised differ-
ential distributions for the SS, SP, PS and PP cases are very
similar to each other, with the differences being proportional
to the difference in mass of the SM fermions in the final state
(i.e., e, μ or the light quarks). Similarly, the normalised dis-
tributions for the VV, VA, AV and the AA cases are, again,
very similar to each other. Therefore, we have chosen to dis-
play the normalised histograms for the observables pTj/ l ,
�ET , Δφi i and

(
E j1 + E j2

)
from signal processes at the three

representative values of the DM masses mχ namely 75, 225
and 325 GeV in Figs. 4 and 5 corresponding to the scalar and
vector interactions of the DM bilinears with SM fermion pair
at

√
s = 1 TeV and Λ = 1 TeV. We list our observations as

follows:

• In Fig. 4, we observe that, as we increase the DM mass,
the respective shape profile of all the kinematic observ-
ables become more and more distinct w.r.t. the SM con-
tribution. This difference in shape profile for the scalar
coupling with that of SM can be attributed to the chirality-
flip interactions of the DM which becomes much more
pronounced for higher values of mχ .
On contrary, the shape profiles of all the kinematic dis-
tributions with vector coupling of DM in Fig. 5, behave
the same as those of SM Z → νν̄ coupling.

• We find that in the lower mχ region, the jet pair remains
highly boosted as in the case of SM and hence, the peak
of the differential cross-section distribution w.r.t. Δφ j j

coincides with that of SM background around 35◦. The
peak, however, shifts towards higher values of Δφ j j as
we increase mχ .
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Fig. 6 Lego plots showing normalised 2-D differential cross-section distribution w.r.t. �ET and Δφ j j for the background and the Z → j j associated
DM pair production for Mχ =325 GeV at

√
s = 1 TeV, Λ =1 TeV and αl

SS = 1. The bin width is 15 GeV for the �ET and 0.1 for the Δφi i

Table 3 Estimation of 3σ sensitivity reach of the maximum value of the
cut-off Λmax. in TeV for mχ = 20 GeV that can be probed in ILC at

√
s

= 500 GeV and 1 TeV with an integrated luminosity L = 500 fb−1 and L

= 1 ab−1 respectively, through all visible channels of e+e− → Z +χχ̄ .
The respective coupling of DM with the charged lepton αl

MN is taken
to be unity

Unpolarised Polarised

Interactions S–S V–V S–S V–V√
s in TeV 0.5 1 0.5 1 0.5 1 0.5 1

L in fb−1 500 1000 500 1000 250 500 250 500
(Pe− , Pe+ ) (0, 0) (0, 0) (0, 0) (0, 0) (0.8,−0.3) (0.8,−0.3) (0.8, 0.3) (0.8, 0.3)

e+e− → μ+μ−+ �ET 0.67 1.74 0.55 1.05 0.7 2.02 0.6 1.18

e+e− → e+e−+ �ET 0.62 1.64 0.52 1 0.63 1.67 0.55 1.15

e+e− → j j+ �ET 0.98 2.62 0.81 1.53 1.1 2.87 0.89 1.88

e+e− → Z+ �ET 0.99 2.64 0.82 1.55 1.1 2.88 0.89 1.89

• We find that the energy profile of the visible pair E j1 +E j2
are sensitive to the choice of the DM mass and thus advo-
cating that the upper limit on this kinematic observable
can be used as a dynamic mass dependent selection cut
to reduce the continuum background. This is realised
by invoking a cut on the invariant mass of visible parti-

cles to be around
∣∣∣
(
p j1 + p j2

)2 − m2
Z

∣∣∣
1
2 ≤ 5 ΓZ , where

ΓZ = 2.49 GeV. This restriction translates to an upper
limit on the variable E j1 + E j2 as a function of mχ :

E j1 + E j2 ≤ s + m2
Z − 4m2

χ

2
√
s

. (19)

Since we are primarily interested in χ̄χ production associ-
ated with on-shell Z → j j / ll, we shall use the condition on
the total visible energy (19) as the selection cut for the rest of
our analysis. The signatures where a pair of leptons appear in
the final state due to the alternative decay modes of Z boson,
the differential cross-section distributions w.r.t. the observ-
ables Δφl+l− and El+ + El− , are similar to the observables
Δφ j j and E j1 + E j2 , which are obtained from the respec-
tive �ET + 2 jets. Therefore, we adopt similar selection cut
criteria on �ET and El+ + El− .

Based on the study of 1-D differential cross-section dis-
tributions at the given luminosity we select the two most
sensitive kinematic observables say �ET and either Δφ j j or
Δφl+l− for the further analysis of two-dimensional differen-
tial cross-section distributions. We analyse the efficiency of
the selection cut (19) through the double distributions of the
simulated Z associated DM pair-production events (for mχ

values at 75, 225 and 325 GeV), which are then compared
with the double differential cross-section distributions of the
SM at the given integrated luminosity.

In Fig. 6, we exhibit the normalised two-dimensional dif-
ferential cross section with the selection cuts in the �ET and
Δφ j j plane for the background and the DM with mχ = 325
GeV. These 3D lego plots are generated from MadAnalysis 5
[59] at

√
s = 1 TeV, Λ =1 TeV and α

q
SS = 1. The bin width is

15 GeV for the �ET , while it is 0.1 for the Δφi i distribution.
We observe that the suppression of background processes

due to the implementation of selection cuts enhances the
sensitivity of the signal. We study the signal efficiency
(S/

√
S + B) at

√
s = 1 TeV with the integrated luminos-

ity 1 ab−1, and in Table 3 we compare the 3σ reach of the
cut-off Λ at a given mass mχ for the dominant signature
e+e− →�ET + 2 jets corresponding to the three representa-
tive masses of DM.
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5.2 χ2 analysis

In this subsection we study the sensitivity of the cut-off scale
Λ with the DM mass keeping the couplings of the DM bilin-
ears with the SM fermionic pair to be unity. The χ2 analysis
is performed with the sum of the variance of the differential
bin events at a given integrated luminosity due to the presence
of the new physics (NP) contribution over the SM events.

We define the χ2 for double distribution as

χ2 =
n1∑

j=1

n2∑

i=1

⎛

⎝ NNP
i j√

NSM+NP
i j + δ2

sys(N
SM+NP
i j )2

⎞

⎠
2

(20)

where NNP
i j are number of differential events given by New

Physics and NSM+NP
i j is total number of differential events

for the (i j)th grid in double distribution. δsys is the total sys-
tematic error in the measurement. Although the systematic
uncertainty inclusive of the luminosity uncertainty is consid-
ered to be of the order of 0.3% in the literature [58], we have
considered a conservative total systematic error to be of order
of 1%. Further, we find that the sensitivity of the cut-off Λ

can be increased with the increase in the luminosity as the
cut-off scales ∼L1/8 for a given χ2. Thus, for

√
s = 1 TeV

and Luminosity L = 1 ab−1 the sensitivity of the signal will
improve by ≈10 %.

From the χ2 analysis, we obtained the 3 σ contours in
the mχ –Λ plane corresponding to all the three processes in
Figs. 7 and 8. We present the estimation of the 3σ sensitivity
reach of the maximum value of the cut-off Λmax. that can be
probed in ILC at

√
s = 500 GeV and 1 TeV with an integrated

luminosity L = 500 fb−1 and 1 ab−1, respectively, in Table 3.
It is important to note that constraints on the cut-off Λ

for an appreciable range of fermion DM mass in Figs. 7
and 8 are lower than that of the centre-of-mass energy of
the collider, which raises a pertinent question of the validity
of the effective theory and our analysis in this mass region.
However, the validation of these results in the domain of the
effective field theory can be understood by re-writing the
cut-off in terms of ΛEff.. Using Eqs. (2) and (4) we find that
ΛEff. can vary up to

√
4 π Λ, which may be larger than the

respective centre-of-mass energy of the collider.
We compare our results for the unpolarised beams at

√
s =

500 GeV andL = 500 fb−1 which are displayed in Fig. 7 with
Fig. 4d and e of Ref. [53] corresponding to pseudo-scalar and
axial-vector couplings respectively. We find that our analysis
can provide a better kinematic reach (mχ = 20 GeV ) for the
pseudo-scalar coupling. We can probe Λmax. up to 0.98 TeV,
which is further improved to 1.07 TeV with the enhanced
integrated luminosity of L = 1 ab−1. However, for the case
of axial-vector couplings we can only probe Λmax. up to 0.88
TeV as compared to 0.92 TeV given in Fig. 4e of [53].

On the same note, we would like to compare our results
for

√
s = 1 TeV and L = 1 ab−1, which are displayed in

Fig. 8 with Fig. 4d and e of Ref. [53] corresponding to the
pseudo-scalar and axial vector, respectively. We find that the
sensitivity for the pseudo-scalar can be improved Λmax. =
2.62 TeV in comparison to 2.3 TeV given in Fig. 4d of [53].
Similarly, for axial-vector couplings, we agree with Λmax.

given in Fig. 4e of [53].

5.3 Effect of polarised beam

We further study the sensitivity of Λ dependence on mχ

with the polarised initial beams. The rate of pair produc-
tion of the fermionic DM through scalar (SS) and pseudo-
scalar (PP) interactions can be enhanced by increasing the
flux of right (left) handed electrons and right (left) handed
positrons. Similarly VV and AA interaction of the fermionic
DM can be enhanced by choosing the right (left) handed elec-
tron beam and left(right) handed positron beam. The back-
ground contribution from t-channel W exchange diagram
can be suppressed significantly by choosing right handed
polarised electron beam which then leaves us with the follow-
ing choices of polarisation combination w.r.t. helicity con-
serving (VV, AA) and helicity flipping (SS, PP) interactions,
respectively:

1. + 80% e− and − 30% e+;
2. + 80% e− and + 30% e+.

We exhibit the 99% C.L. contours corresponding to the
polarised initial e− and e+ beams in Figs. 7 and 8 in the
mχ–Λ plane for all possible visible signatures associated
with DM pair production at

√
s = 500 GeV and 1 TeV with

an integrated luminosity of 250 and 500 fb−1 respectively.
We find that, for scalar and pseudo-scalar (vector and axial-
vector) DM couplings, we can probe Λmax. values up to 1.1
TeV (0.89 TeV) with polarised initial beams at an integrated
Luminosity of 250 fb−1. Similarly, we observe that the anal-
ysis with

√
s = 1 TeV and an integrated luminosity of 1 ab−1

the sensitivity of Λmax. can be improved to 3.13 TeV (2.05
TeV) for scalar and pseudo-scalar (vector and axial-vector)
DM couplings.

We perform the combined χ2 analyses from all the three
processes involving the DM pair production for both unpo-
larised and polarised initial beams. We compute the 99%
confidence limit contours and plot them in Figs. 9 and 10 for√
s = 500 GeV and 1 TeV, respectively.

5.4 Comparison with the existing analysis

We present a comparison of our results with those that exist
in the recent literature.
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Fig. 7 99% confidence level contours in the mχ and Λ plane from the
χ2 analyses of the respective final visible states at

√
s = 500 GeV for

the collider parameter choice given in the first and the second column
of Table 1. The contours at the left correspond to the unpolarised beam

of e− and e+ with an integrated luminosity of 500 fb−1. The contours
at the right correspond to 80 and 30% polarised beam for e− and e+,
respectively, with an integrated luminosity of 250 fb−1. The respective
coupling of DM with the charged lepton αl

MN is taken to be unity
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Fig. 8 99% confidence level contours in the mχ and Λ plane from the
χ2 analyses of the respective final visible states at

√
s = 1 TeV for the

collider parameter choice given in the third and the fourth column of
Table 1. The contours at the left correspond to the unpolarised beam

of e− and e+ with an integrated luminosity of 1 ab−1. The contours
at the right correspond to 80 and 30% polarised beam for e− and e+,
respectively, with an integrated luminosity of 500 fb−1. The respective
coupling of DM with the charged lepton αl

MN is taken to be unity
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Fig. 9 99% confidence level contours in the mχ and Λ plane from the
combined χ2 analyses of all the three visible modes at

√
s = 500 GeV

for the collider parameter choice given in the first and second column
of Table 1. The contours at the left correspond to the unpolarised beam

of e− and e+ with an integrated luminosity of 500 fb−1. The contours
at the right correspond to 80 and 30% polarised beam for e− and e+
respectively with an integrated luminosity of 250 fb−1. The respective
coupling of DM with the charged lepton αl

MN is taken to be unity
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Fig. 10 99% confidence level contours in the mχ and Λ plane from
the combined χ2 analyses of all the three visible modes at

√
s = 1 TeV

for the collider parameter choice given in the third and fourth column
of Table 1. The contours at the left correspond to the unpolarised beam

of e− and e+ with an integrated luminosity of 1 ab−1. The contours
at the right correspond to 80 and 30% polarised beam for e− and e+,
respectively, with an integrated luminosity of 500 fb−1. The respective
coupling of DM with the charged lepton αl

MN is taken to be unity

5.4.1 Sensitivity from mono-photon channel

First, we make an overall comparison with the other com-
plementary dominant DM production mono-photon channel
studied in the Ref. [38]. We have calculated and verified the
cross sections and significance of various interactions in the
mono-photon channel with the cuts mentioned in [38].

We summarise and compare the sensitivity of the kine-
matic reach of the ILC on the cut-off Λmax. w.r.t. scalar,
vector and axial-vector interactions of DM with the visible
leptons in Table 4 corresponding to the mono-Z channel and
mono-photon signatures for both unpolarised and polarised

initial beams. Our analysis shows that the sensitivity of Λ is
higher than that of the mono-photon channel, when mediated
by the scalar coupling of the DM, specially in the lower mχ

region and behave as competitive DM production channel up
to a DM mass of≈275 GeV for unpolarised initial beams. The
restriction on the emerging angle of photon

∣∣cos θγ

∣∣ ≤ 0.995
opted in Ref. [38] reduced the γ+ �ET SM background appre-
ciably and thus enhanced the signal efficiency.

It is important to mention that the enhancement in the
sensitivity for the low mχ region are obtained despite our
conservative input for the systematic uncertainty ≈ 1% in
contrast to that of ≈ 0.3% in Ref. [38].
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Table 4 Comparison of the ILC kinematic reach on theΛmax. in TeV for
four representative values ofmχ from the mono-Z channel and mono-γ
channels corresponding to the scalar and vector interactions with the
unpolarised and polarised initial beams at

√
s = 1 TeV. In columns II

and III we give the Λmax. for the hadronic channel based on our two-

dimensional χ2 analysis with δsys = 1% and in columns IV and V
we give the corresponding values of Λmax for the mono-photon chan-
nel taken from [38]. The respective coupling of DM with the charged
lepton αe

MN is taken to be unity

Mono-Z Mono-γ
e+e− → Z+ �ET e+e− → γ+ �ET (Reference [38])
Unpolarised Polarised Unpolarised Polarised

Couplings S–S V–V S–S V–V S–S V–V S–S V–V√
s in TeV 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

L in ab−1 1 1 0.5 0.5 1 1 0.5 0.5
(Pe− , Pe+ ) (0, 0) (0, 0) (0.8,−0.5) (0.8, 0.5) (0, 0) (0, 0) (0.8,−0.5) (0.8, 0.5)
mχ in GeV

25 2.62 1.60 2.88 1.9 2.0 2.14 3.66 4.0

75 2.45 1.60 2.73 1.9 1.97 2.14 3.64 4.0

225 1.91 1.58 2.10 1.94 1.78 2.10 3.25 3.98

325 1.22 1.45 1.5 1.80 1.51 2.0 2.80 3.85

Table 5 Efficiency S/
√
B of the process e+e− → j j+ �ET for mχ

=10 GeV and Λ = 1 TeV at
√
s = 500 GeV and an integrated luminosityL

= 100 fb−1, with unpolarised and polarised initial beams. The respective
coupling of DM with the charged lepton αe

MN is taken to be unity

Unpolarised Polarised

Interactions V–V A–A V–V A–A
(Pe− , Pe+ ) (0, 0) (0, 0) (0.8,−0.3) (0.8,−0.3)

Reference [52]

mχ in GeV

10 0.96 0.95 1.77 1.76

140 0.55 0.5 0.84 0.84

Our analysis

mχ in GeV

10 0.99 0.98 1.67 1.66

140 0.76 0.72 1.6 1.57

5.4.2 Results from mono-Z channels

Next, we compare our results with the existing analysis on the
DM production channels in association with Z boson which
decays to pair of light quarks, electrons and muons.

DM interactions mediated through the vector and axial-
vector couplings are compared with the results of Ref. [52].
Unlike our analysis, they have ignored the background contri-
bution from the t-channel W+/W− diagrams as well as the
photon exchange diagrams. Regardless of the higher stan-
dard model background our cuts profile exhibit a marginal
improvement in S/

√
B for the unpolarised case as shown

in Table 5. We found that the cut 10◦ < θZ < 170◦ opted
by the authors of Ref. [52] is quite effective for the low mχ

region as it filters the background consisting of the highly
boosted neutrino–antineutrino pair in the forward direction,
without disturbing the signal and as a consequence their anal-

ysis gives the better signal efficiency for the polarised beams.
We observe that our cut strategy is preferable for 50 GeV
≤ mχ ≤ 200 GeV region and accordingly the signal effi-
ciency improve with the increasing DM mass.

On basis of χ2 analysis we marginally improve the upper
limit Λmax ( at mχ = 10 GeV) corresponding to the unpo-
larised initial beams. However, it should be noted that the
authors of Ref. [52] have assumed

(a) α−1
em to be 137 at

√
s = 500 GeV or 1 TeV instead of

127.9, thus leading to the gross under-estimation of the
background events. Rectifying the error will further bring
down the efficiency of the sensitivity of their analysis.

(b) zero percent systematic uncertainty. Our analysis has
been performed with the conservative 1% systematic
uncertainty.

We also compare the significance of the mono-Z channel
processes in the hadronic decay mode with those given in
Ref. [53] at

√
s = 500 GeV for αe

MN = 1. We summarise this
in Table 6 for some representative values of mχ and Λ. We
find that the our cut strategy and analysis shows enhance-
ment in the signal significance w.r.t. the pseudo-scalar and
axial-vector interactions of DM with charged leptons for both
unpolarised and polarised initial beams.

We observe that the representative values of Λ chosen
for comparison are again appreciably lower than that of the
centre-of-mass energy of the collider. For clarity and bet-
ter understanding, we would like to emphasise that this is
allowed and that the applicability of the EFT within the per-
turbative limit is valid as long as

√
s < ΛEff.. Following the

same argument for the coupling α
f
MN ∼ 1 as given in Eq.

(4), the representative choices of Λ = 400 and 280 GeV can
be read as ΛEff.

<∼ 1.4 TeV and 0.92 TeV corresponding to
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Table 6 Efficiency S/
√
S + B of the process e+e− → j j+ �ET at

√
s

= 500 GeV and an integrated luminosity L = 100 fb−1 corresponding
to the benchmark points mentioned in Ref. [53] for both unpolarised
and polarised initial beams. The respective coupling of DM with the
charged lepton αe

MN is taken to be unity

Unpolarised Polarised

Interactions P–P A–A P–P A–A
mχ in GeV 120 150 120 150
Λ in GeV 400 280 400 280
(Pe− , Pe+ ) (0, 0) (0, 0) (0.8,−0.3) (0.8,−0.3)

Reference [53] 18.7 12.3 34.4 23.0

Our analysis 21.13 18.45 37.14 28.74

P–P and A–A interactions respectively which are higher than
the centre-of-mass energy

√
s = 500 GeV.

6 Summary and outlook

The fact that a massive O(100 GeV) stable particle χ with
near-weak scale interactions can constitute an attractive can-
didate for the dark matter in the universe (while satisfying
all competing constraints from the relic density, large-scale
structure formation as well as myriad other cosmological
and astrophysical observations) is well known. While the
correct relic abundance can be reproduced by ensuring the
right annihilation cross sections into any of the SM parti-
cles, direct detection of the DM candidate largely hinges on
its having unsuppressed interactions with the first-generation
quarks.

It is then of interest to consider the possibility that χ has
very suppressed (if any) interactions with quarks and gluons.
Not only would the direct-detection experiments have very
little sensitivity to such particles, their pair-production cross
section at the LHC would be suppressed too. Under such cir-
cumstances, though, the DM must have significant couplings
to at least some of the leptons and/or the electroweak gauge
bosons.

In this article, we have investigated the electrophilic
and/or leptophilic spin-1/2 DM using an effective field the-
ory approach and examined in detail its discovery potential at
ILC. We found that the signal efficiency has been improved
upon the previous ILC studies on the mono-Z+ �ET signals
formχ varying between 20 and 400 GeV by making an effec-
tive choice of cuts flow and using the correct value of SM
input parameters. We have further enhanced the sensitivity
of the kinematic reach of the model parameter Λ for a given
mχ and unity coupling by performing the χ2 test using the
two-dimensional distributions of the kinematic observables
obtained from the simulated SM background and new physics
DM production processes followed by parton showering and
hadronisation.

We obtained the upper bound on the cut-off Λ for the given
range of electrophilic and/or leptophilic DM mass mχ from
the relic density constraints which is displayed in the Fig. 1.
Using these upper bounds on Λ for a given mχ , we esti-
mated the thermally averaged annihilation indirect-detection
cross section and leptophilic DM direct-detection scattering
cross section and are displayed in Figs. 2 and 3, respectively.
We find that the present experimental limits in the respective
searches not only favour the allowed parameter space from
the relic density but also constrain the DM model by pro-
viding the lower bound on the Λmin for a given DM mass
mχ .

If the couplings to the charged leptons would be unsup-
pressed, the linear collider could play an interesting role in
establishing the existence of such a χ . Using the allowed cou-
pling to the electron, this has traditionally been undertaken
using the mono-photon (accompanied by missing energy-
momentum) channel. We have here investigated the comple-
mentary channel, namely e+e− → χχ̄ + f f̄ , where f is
any of the light charged fermions (jets, electrons and muons)
and exhibited the significance of these processes with basic
kinematic cuts in Table 4.

We analysed the sensitivity of DM scalar and vector cou-
plings through the one- and two-dimensional normalised dif-
ferential kinematic distributions corresponding to the most
dominant signature e+e− → j j+ � ET in Figs. 4, 5 and
6, respectively. 99 % C.L. contours for various sets of run
parameters based on the χ2 analysis of these differential dis-
tributions are shown in Figs. 7, 8. Combining the χ2 analysis,
from all the three processes corresponding to

√
s = 500 GeV

and 1 TeV further improves the sensitivity of the cut-off for
given DM mass and this is shown in Figs. 9 and 10, respec-
tively. We find that a specific choice of the initial beam polar-
isation enhances the sensitivity of the cut-off for the scalar
and vector couplings of DM.

On translating the kinematic reach of the collider on Λ

in terms of ΛEff. at
√
s = 500 GeV and 1 TeV, respectively,

our study show that the analysis of dimension-six operators
in EFT can provide an early indication of the nature of lep-
tophilic and/or electrophilic DM for the mass range 20 GeV–
400 GeV along with an idea of the scale associated with this
effective theory. Our analysis also concludes that the cosmo-
logically allowed mχ –ΛEff. region corresponding to these
operators can be probed with higher sensitivity through the
important complementary channel Z + �ET along with the
dominant mono-photon signal.

We hope this study will be useful in studying the
physics potential of the ILC in context to dark matter
searches.
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