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Abstract High energy colliders provide a new unique way
to determine the microscopic properties of dark matter (DM).
Weakly interacting massive particles (WIMPs) are widely
considered as one of the best DM candidates. It is usually
assumed that the WIMP couples to the SM sector through
its interactions with quarks and leptons. In this paper, we
investigate the DM pair production associated with a Z boson
in an effective field theory framework at the international
linear collider, which can be used to study the interactions
between the DM and leptons. For illustrative purposes, we
present the integrated and differential cross sections for the
e+e− → χχ̄ Z process, where the Z boson is radiated from
the initial state electron or positron. Meanwhile, we analyze
the neutrino pair production in association with a Z boson as
the SM background.

1 Introduction

Observational evidence has confirmed the existence of some
kind of cold non-baryonic dark matter (DM), which is the
dominant component of matter in our universe [1]. However,
astrophysical observations tell us nothing about the mass of
the DM particle or whether it interacts with the standard
model (SM) particles. In the SM, neutrinos are the only long-
lived particles that interact purely via the weak force, but their
masses are too small to explain the large mass component in
the universe. Thus, to determine the particle nature of DM
is one of the most important tasks in cosmology and particle
physics.

Among the many DM candidates, weakly interacting mas-
sive particles (WIMPs) are the most compelling ones. Pri-
marily this is due to the fact that it offers the possibility to
understand the relic abundance of the DM as a natural con-
sequence of the thermal history of the universe [2]. Theories
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that lie beyond the SM include various extensions of the SM,
such as supersymmetry [3–6], universal extra dimensions [7],
and little Higgs [8,9], which all naturally lead to good candi-
dates for WIMPs and the cosmological requirements for the
WIMP abundance in the universe. In these theoretical frame-
works, the WIMP candidates are often both theoretically well
motivated and compelling. However, all of these theories still
lack experimental support, and we cannot determine the new
physics theory to which the DM belongs. Additionally, the
first observation of the DM may come from direct or indirect
detection experiments, which may not provide information
as regards the general properties of the DM particle without
offering a way to distinguish between the underlying theo-
ries. Thus, model-independent studies of DM phenomenol-
ogy using effective field theory are particularly important.

Recently, some observational results favor a light DM with
a mass around 10 GeV in various experiments. The DAMA
experiment has reported a signal of annual modulation at a
high significance level [10]. This signal is consistent with
the interpretation of the discovery of low mass dark matter
in direct measurements by CoGeNT [11], CRESST [12], and
CDMS [13] experiments. This region of parameter space is
excluded by the other experiments like XENON100 [14],
LUX [15], and SuperCDMS [16]. In order to clarify this
puzzle, there has been more interesting research in light
DM models (where the DM mass is of the order of a few
GeV) [17–26]. The high energy colliders are ideal facili-
ties for searching light WIMPs, since they are most effective
when producing highly boosted light WIMPs. In the case
of a WIMP, stability on the order of the lifetime of the uni-
verse implies that pair production must highly dominate over
single production, and precludes the WIMP from decaying
within the detector volume. WIMPs therefore appear as miss-
ing energy, and they can potentially be observed by searching
for visible particles recoiling against DM particles [27–34].

The international linear collider (ILC) [35–38] is a pro-
posed positron–electron collider that is planned to operate at
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center of mass energy up to 500 GeV with a potential later
upgrade to 1 TeV. Compared with the Large Hadron collider
(LHC), the e+e− linear collider has a particularly clear back-
ground environment. It may have enough energy to produce
WIMPs. On the other hand, a positron–electron collider can
play a major role in providing precision data for understand-
ing the DM. At the ILC, the DM signal has been studied by
directly detecting boson transverse energy signal, such as a
mono-photon signal [39–41]. Recently, detection of the DM
with a Z boson at the LHC [42,43] has been studied. In this
paper, we investigate the DM pair production associated with
a Z boson at the ILC.

The paper is arranged as follows: In Sect. 2 we briefly
describe the related effective field theory and present the
calculation strategy. In Sect. 3, we present some numerical
results and discussion. Finally, a short summary is given in
Sect. 4.

2 Effective field theory and calculation

We assume that the dark matter candidate is the only new par-
ticle which is a singlet under the SM local symmetries, and
all SM particles are singlets under the dark-sector symme-
tries. The interactions between the SM and DM sectors are
presumably effected by the exchange of some heavy medi-
ators whose nature we do not need to specify, but we only
assume that they are much heavier than the typical scales.
Given the assumption that the WIMPs are SM singlets, the
factor in each operator consisting of SM fields must also be
invariant under SM gauge transformations. The interactions
between the DM and SM leptons are described by an effec-
tive Lagrangian in Refs. [28–31,44–49]. We do not consider
terms with derivatives acting on the leptons, which lead to
higher dimensional operators, more suppressed at low ener-
gies. The scalar or pseudo-scalar interactions are also sup-
pressed seriously since the strengths of these couplings are
proportional to the mass of leptons. The prominent consid-
ered coupling feature is in

L =
∑

�

{
1

�2
D5

�̄γ μ�χ̄γμχ + 1

�2
D8

�̄γ μγ 5�χ̄γμγ 5χ

+ 1

�2
D9

�̄σμν�χ̄σμνχ

}
, (1)

where χ is the DM particle, assumed to be a Dirac fermion,
� represents a lepton, and the effective scales �D5, �D8, and
�D9 parameterize the vector (D5), axial-vector (D8), and ten-
sor (D9) interactions between the two sectors, respectively.
The representative interactions which we consider are men-
tioned in Ref. [46]. We will typically consider one type of
interaction to dominate at a time, and we will thus keep one
� scale finite while the rest are set to infinity and decoupled.
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Fig. 1 Tree-level Feynman diagrams for the e+e− → χχ̄ Z process

There are two Feynman diagrams contributing to the
e+e− → χχ̄ Z process at the leading order (LO), shown
in Fig. 1.

The amplitudes for the two diagrams are given by

Mi1 = 1

�2
i

ū(p4)�iv(p3)v̄(p2)�
i i

/p1 − /p5 − me

× ieγ μ

4 sin θW cos θW
(1−4 sin2 θW −γ 5)u(p1)ε

∗
μ(p5),

Mi2 = 1

�2
i

ū(p4)�iv(p3)v̄(p2)
ieγ μ

4 sin θW cos θW

× (1−4 sin2 θW −γ 5)
i

/p5− /p2−me
�i u(p1)ε

∗
μ(p5),

(2)

where �i = �D5, �D8, �D9, and �i = γμ, γμγ5, σμν

for vector, axial-vector, and tensor interactions, respectively.
pi (i = 1, . . . , 5) are the four-momenta of the incoming
electron, positron, and the outgoing dark matter pair and
Z boson, respectively. The differential cross section for the
e+e− → χχ̄ Z process at tree level is then obtained as

dσtree = 1

4

(2π)4

2s

∑

spin

|Mtree|2d�3, (3)

where Mtree = Mi1 + Mi2 is the amplitude of all the tree-
level diagrams shown in Fig. 1. The matrix elements |Mtree|2
are listed in the appendix for the vector (D5), axial-vector
(D8), and tensor (D9) operators, respectively. The factor 1

4 is
due to taking the average over the spins of the initial particles.
d�3 is the three-particle phase space element defined as

d�3 = δ(4)

(
p1 + p2 −

5∑

i=3

pi

)
5∏

j=3

d3 �p j

(2π)32E j
. (4)

In our calculations we adopt the ’t Hooft–Feynman gauge.
The FeynArts3.4 package [50] is used to generate the Feyn-
man diagrams and convert them into the corresponding
amplitudes. The amplitude reductions are mainly imple-
mented by employing FormCalc5.4 package [51].
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3 Numerical results and discussion

In this section we present the numerical results for the
e+e− → χχ̄ Z process at the ILC. The input parameters
are taken as [52]

α−1 = 137.036, m Z = 91.1876 GeV,

mW = 80.385 GeV, me = 0.511 MeV. (5)

By using the masses of W and Z bosons, we can obtain the

value of the Weinberg mixing angle sin2 θW = 1 − m2
W

m2
Z

=
0.222897. We have the branch ratio (BR) of Z boson decay to
charged leptons (BR(Z → �+�−) = 6.729 %) and hadrons
(BR(Z → qq̄) = 69.91 %).

For the e+e− → χχ̄ Z process, the final produced parti-
cles χ and χ̄ are the missing energy, which will escape the
detector without being detected, and the Z boson can be effi-
ciently identified by its leptonic decay. The SM background
mainly comes from the e+e− → νν̄Z , (Z → �+�−, � =
e, μ)processes, where the neutrino is also the missing energy.
Bhabha scattering of leptons with an additional Z boson,
e+e− → e+e−Z , is an important background, which has a
large cross section but a very small selection efficiency, since
both final state leptons must be undetected. For simplicity of
the analysis, we do not consider the background contribu-
tion of this part. There are two other important backgrounds,
which are e+e− → W +W − and W ±l∓ν production when
the W boson(s) decays leptonically. By adopting appropriate
event selection, these backgrounds can also be safely ignored
[53]. In Table 1, we list the cross sections of signal and vari-
ous SM background after different selection cuts.

Cut 1.—select the events containing two opposite sign same-
flavor (OSSF) electrons or muons with pT > 10 GeV and
|η| < 3.

Cut 2.—select the events with /ET > 30 GeV.

Cut 3.—select the events where the invariant mass of the two
leptons m�� satisfying |m�� − m Z | < 5 GeV.

Cut 4.—select the events with 10o < θ�� < 170◦ (where θ��

is defined as the zenith angle of the momentum sum of the
two leptons).

After these cuts, the signal and main background e+e− →
νν̄Z have very small changes, but the backgrounds, e+e− →
W +W − and W ±l∓ν are suppressed seriously. For the lep-
tonic decay channel, we will mainly study the signal and
main SM background e+e− → νν̄Z in this paper.

In Fig. 2, we present the cross sections as functions of
the colliding energy

√
s for the signal induced by the vector,

axial-vector, tensor operators, and the background, includ-
ing three generations of neutrinos by taking mχ = 10 GeV

Table 1 The cross sections of the signal and SM backgrounds after
each cut in the charged leptonic channel at

√
s = 500 GeV are shown,

where the DM mass and the scale � are taken as mχ = 10 GeV and
� = 1 TeV

D5 D8 D9 νν̄Z W +W − W ±l∓ν

Cut 1 0.158 0.157 1.372 28.07 69.55 92.12

Cut 2 0.135 0.134 1.359 23.74 67.33 78.01

Cut 3 0.135 0.134 1.359 23.75 1.074 4.094

Cut 4 0.135 0.134 1.357 22.92 0.987 3.904

Fig. 2 Total cross sections for the signal process e+e− → χχ̄ Z
induced by the vector (D5), axial-vector (D8), tensor (D9) operators,
and the background processes e+e− → ν�ν̄� Z (� = e, μ, τ) as func-
tions of the colliding energy

√
s by taking mχ = 10 GeV, � = 1 TeV

and 10◦ < θz < 170◦

and � = 1 TeV with 10◦ < θz < 170◦ (there θz is
the angle between the Z boson and the incoming electron
beam), respectively. The angular cut can help reducing the
background, which contains three flavors of neutrinos. The
νμν̄μZ and ντ ν̄τ Z production mainly comes from ZZ pro-
duction and decreases with

√
s, while νeν̄e Z can also come

from the t-channel W -exchange diagrams and so increases
with

√
s. The ZZ production is rather back-to-back, while

the χχ̄ Z is less back-to-back, and that is why we imposed
a cut on the angle of the Z boson, which will not hurt the
signal too much. Moreover, a cut on the scattering angle
of Z can avoid radiative return events where a hard pho-
ton or a pair of low mass e+e− is emitted along the beam
direction. From this figure we can see that, with the incre-
ment of the colliding energy

√
s, the cross sections for the

signal process e+e− → χχ̄ Z induced by the vector, axial-
vector, and tensor operators increase rapidly, the cross sec-
tions for the background from νeν̄e Z production vary slowly,
while those backgrounds from νμν̄μZ and ντ ν̄τ Z produc-
tion processes decrease slightly. With the increment of

√
s,

the ratio of background to signal declines gradually and the
signal becomes significant relative to the background. Con-
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Fig. 3 Dependence of cross sections for the signal process e+e− →
χχ̄ Z induced by the vector (D5), axial-vector (D8), and tensor (D9)
operators on the DM mass with

√
s = 500 GeV, � = 1 TeV, and

10◦ < θz < 170◦

sequently, we can obtain a larger cross section for the signal
and improve the probability for searching DM by increasing
the colliding energy

√
s. It should be noted that, for a weak

coupling underlying theory, the EFT scale is comparable to
the mass scale of the particles which is integrated out. There-
fore, the EFT calculations will break down if the center of
mass energy involved is much higher than �, i.e.,

√
S > �.

In order to make the convention unified and convenient, we
assume the � to be 1 T eV , which does not affect the correct-
ness of the results for

√
S > 1 TeV. Since the cross section

for the signal is proportional to 1/�4, we can easily trans-
late the cross section into another one for higher � when the
center of mass energy

√
S up to 1 TeV.

In Fig. 3, we present the DM mass dependence of the cross
sections for the e+e− → χχ̄ Z process induced by the vector,
axial-vector, and tensor operators by taking

√
s = 500 GeV,

� = 1 TeV, and 10◦ < θz < 170◦, separately. As shown in
this figure, the cross section is insensitive to the DM mass
mχ in the range of mχ < 100 GeV, and decreases rapidly
with the increment of mχ when mχ > 100 GeV, which
is due to the rapidly reduced phase space. We find that the
contributions from the spin-independent operator (D5) and
spin-dependent operator (D8) cannot be distinguished until
mχ > 100 GeV.

The significance of the signal over background S is defined
as

S = NS√
NB

= σS
√L√
σB

, (6)

where NS,B and σS,B are the event numbers and cross sections
for signal and background, and L denotes the integrated lumi-
nosity. In Fig. 4, we depict the 3σ detection region (defined
as S ≥ 3) on the mχ–� plane by taking

√
s = 250, 500,

and 1,000 GeV, L = 100, and 1,000 fb−1 after Cut 4,
respectively. As mentioned in Fig. 2, we know that � has
a larger space of adjustment by improving colliding energy.
Of course, we can also reach the same effectiveness with
the improvement of integrated luminosity. As shown Fig. 4,
we can see that � will increase with the improvement of√

s or integrated luminosity, which is very useful for search-
ing DM. In Table 2, we list the cross sections for the signal
process e+e− → χχ̄ Z(Z → �+�−) and the main SM back-
ground at the

√
s = 250, 500, 1,000 GeV ILC, and the

corresponding significances with L = 100 and 1,000 fb−1,
where the DM mass mχ and the energy scale � are taken
as 10 GeV and 1 TeV, respectively. Since the cross section
for the signal is proportional to 1/�4, we can transform the
function of the cross section into a limit on the parameter �

as shown in Fig. 4. As a side note, the Cut 2 cases are dif-
ferent for the different colliding energy, which are applied,
/ET > 15 GeV, /ET > 30 GeV, and /ET > 40 GeV, for√

s = 250, 500, and 1,000 GeV, respectively.
Polarized beams are sensitive to the chirality of the under-

lying interactions. One of the major advantages of having
an e+e− linear collider is the possibility of using polarized
beams, which often help in reducing the SM backgrounds
and significantly enhance the signal rates [54]. Since new
physics signal rates are typically predicted to be very small,
making use of polarized beams can offer unique opportuni-
ties to discover them. In the baseline design of the ILC [55],
the electron (positron) source would be capable to provide
a polarized beam with a polarization degree of 80% (30%).
With longitudinal polarized beams, the cross section of a
process at an e+e− collider can be expressed as [54]

σ(Pe− , Pe+) = 1

4

[
(1 + Pe−)(1 + Pe+)σRR

+ (1 − Pe−)(1 − Pe+)σLL

+ (1 + Pe−)(1 − Pe+)σRL

+ (1 − Pe−)(1 + Pe+)σLR
]
, (7)

where Pe− (Pe+) is the polarization degree of the electron
(positron) beam. The right-handed (left-handed) polarization
corresponds to Pe± > 0 (Pe± < 0). The cross section for the
completely left-handed polarized e− beam (Pe− = −1) and
completely right-handed polarized e+ beam (Pe+ = +1)
is denoted σLR. Besides, σLL, σRR, and σRL have analo-
gous definitions. In this section, we will demonstrate how
polarized beams benefit DM searches. We take the case of√

s = 500 GeV as an illuminating example. In Table 3, we
list the unpolarized and polarized results for signal and main
background for the charged leptonic channel. We can see
that the signals have little difference for the unpolarized and
polarized cases, but the SM background is reduced seriously.
In Table 4, we investigate the signal significances with unpo-
larized beams (Sunpol) and optimal polarized beams (Spol)

123



Eur. Phys. J. C (2014) 74 :3219 Page 5 of 9 3219

Fig. 4 3σ detection region on the mχ –� plane for the χχ̄ Z(Z →
�+�−) production induced by the vector (D5), axial-vector (D8), and
tensor (D9) operators at the

√
s = 500 and 1,000 GeV ILC with inte-

grated luminosities of 100 fb−1 (solid lines) and 1,000 fb−1 (dashed
lines), respectively

Table 2 Cross sections for the signal process e+e− → χχ̄ Z(Z →
�+�−) and the main SM background e+e− → νν̄Z(Z → �+�−), and
the corresponding significances, at the

√
s = 250, 500, 1,000 GeV

ILC with mχ = 10 GeV, � = 1 TeV, and two typical luminosity
values of L1 = 100 fb−1 and L2 = 1,000 fb−1 after Cut 4
√

s (TeV) σS (fb) σB (fb) σS
√L1/

√
σB σS

√L2/
√

B

D5 7.19 × 10−3 0.0137 0.0435

0.25 D8 6.82 × 10−3 27.36 0.0131 0.0412

D9 5.81 × 10−2 0.1111 0.3513

D5 0.135 0.2822 0.8925

0.5 D8 0.134 22.88 0.2794 0.8264

D9 1.357 2.8352 8.9712

D5 1.548 2.3612 7.4669

1.0 D8 1.546 42.98 2.3582 7.4572

D9 26.87 40.986 129.61

and the ratio Spol/Sunpol. We find that the optimal polarized
beams are very helpful to enhance the significance and dis-
cover new physics.

In a hadron collider like the LHC, the decay mode Z →
qq̄ is harder to control than the mode Z → l+l−, since the
background involves a huge amount of hadronic jets. While
at the ILC the searches may be better performed using the
hadronic channel, since the BR of the Z boson decaying to
quarks is much larger than decaying to leptons. Therefore, it
is important to study the Z → qq̄ decay mode as well with
its associated backgrounds, and make a comparison with the
leptonic mode.

Similar to the charged leptonic decay channel, we list the
unpolarized and polarized results for signal and main SM
background for the hadronic channel in Table 5. In Table
6, we investigate the signal significances with unpolarized
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Table 3 Cross sections (in fb) of the signals and main background
under various polarization configurations after applying selection cuts
are demonstrated for the charge leptonic channel at

√
s = 500 GeV,

where the DM mass and the scale � are taken as mχ = 10 GeV and
� = 1 TeV

(Pe− , Pe+ ) D5 D8 D9 νν̄Z(Z → �+�−)

(0, 0) 0.135 0.134 1.357 22.92

(+0.8,−0.3) 0.135 0.134 1.031 7.925

(+0.8,+0.3) 0.088 0.087 1.683 8.089

(−0.8,−0.3) 0.117 0.116 1.683 26.64

(−0.8,+0.3) 0.199 0.198 1.031 48.74

Table 4 In the optimal polarization configuration (+0.8, −0.3), signal
significances with unpolarized beams (Sunpol) and with optimal polar-
ized beams (Spol) for the charge leptonic channel at

√
s = 500 GeV are

compared with an integrated luminosity L = 100 fb−1, where the DM
mass and the scale � are taken as mχ = 10 GeV and � = 1 TeV

Sunpol Spol Spol/Sunpol

D5 0.282 0.481 1.705

D8 0.279 0.477 1.710

D9 2.835 3.664 1.292

Table 5 Cross sections (in fb) of the signals and main background
under various polarization configurations after applying selection cuts
are demonstrated for the hadronic channel at

√
s = 500 GeV, where the

DM mass and the scale � are taken as mχ = 10 GeV and � = 1 TeV

(Pe− , Pe+ ) D5 D8 D9 ννZ(Z → qq̄)

(0, 0) 1.401 1.391 14.10 212.1

(+0.8,−0.3) 1.407 1.397 10.72 62.72

(+0.8,+0.3) 0.915 0.908 17.48 70.15

(−0.8,−0.3) 1.215 1.206 17.48 252.2

(−0.8,+0.3) 2.067 2.052 10.72 463.2

beams (Sunpol) and optimal polarized beams (Spol) and the
ratio Spol/Sunpol. In Fig. 5, we depict the 3σ detection region
(defined as S ≥ 3) on the mχ –� plane for the hadronic decay
channel by taking

√
s = 250, 500, and 1,000 GeV, L = 100,

and 1,000 fb−1, respectively. In these parts, we have applied
three selection cuts to the final particles.

Cut 1.—Select the events containing two jets with pT > 10
GeV and |η| < 3.

Cut 2.—Select the events with /ET > 30 GeV.

Cut 3.—Select the events with 10◦ < θ j j < 170◦.

Compared with the leptonic mode, we find that there are
more events for the hadronic channel, and the signal signifi-
cance is also more notable.

The mono-photon and missing energy signature has been
widely studied in the context of the LEP experiment and

Table 6 In the optimal polarization configuration (+0.8,−0.3), signal
significances with unpolarized beams (Sunpol) and with optimal polar-
ized beams (Spol) for the hadronic channel at

√
s = 500 GeV are com-

pared with an integrated luminosity L = 100 fb−1, where the DM mass
and the scale � are taken as mχ = 10 GeV and � = 1 TeV

Sunpol Spol Spol/Sunpol

D5 0.962 1.776 1.846

D8 0.955 1.763 1.846

D9 9.683 13.53 1.397

is well known to provide bounds on the operators consid-
ered by the authors of Ref. [39,40]. It is interesting to com-
pare our results with those estimated in Ref. [40], where the
authors considered the DM production associating with an
initial state radiated photon, e+e− → χχ̄γ . We find that
our results are much less sensitive, especially at

√
s = 250

GeV, because the initial state radiated Z boson is massive
and suppresses the phase space of the DM production cross
section. When the collision energy increases to 1 TeV, the
Z boson mass becomes negligible and the cross sections of
these two processes are roughly equal at such a high energy.
The bound on � is lower than that in Ref. [40] in high energy;
this is due to the small BR of the Z boson. After considering
the total contribution of the charged leptonic and hadronic
decay channel, one will have less difference between these
two processes. Therefore, the mono-Z production process is
an important channel to search DM and SM particle interac-
tions as well as mono-photon production.

Previous studies of direct and indirect measurements have
begun to constrain the physical properties of dark mat-
ter. If the WIMP–quark operator mediates spin-independent
WIMP–nucleon scattering at low velocities, such as scalar
or vector operators, the bounds from direct detection are
very strong. The current XENON100 bound [14] rules out
these kinds of operators up to � ∼ 20 TeV [40]. If
the WIMP–quark operator only mediates spin-dependent
WIMP–nucleon scattering (e.g. we have axial-vector or ten-
sor couplings), then the direct detection bounds on � are
weaker, of the order of a few hundred GeV. The lack of any
significant gamma-ray excess in the Fermi Large Area Tele-
scope leads to the exclusion of generic dark matter candidates
with annihilation cross sections on the order of the bench-
mark value for a thermal relic ( 3 × 10−26 cm3 s−1) and with
masses less than a few tens of GeV. Despite the constraints
being very strong as seen from the current detections, which
become limited for WIMP masses below 10 GeV, the collider
searches can provide a sensitive probe in that region. Espe-
cially, for many operators, the colliders become the only way
to effectively probe WIMP and SM particle interactions. The
current LHC bounds on � are of the order of 700 GeV, which
is lower than at ILC for both mono-photon and mono-Z pro-
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Fig. 5 3σ detection region on the mχ –� plane for the χχ̄ Z(Z → qq̄)

production induced by the vector (D5), axial-vector (D8), and tensor
(D9) operators at the

√
s = 500 and 1,000 GeV ILC with integrated

luminosities of 100 fb−1 (solid lines) and 1,000 fb−1 (dashed lines),
respectively

duction. Therefore, we conclude that ILC searches will be
more sensitive to much higher scales.

4 Summary

The origin of dark matter remains one of the most compelling
mysteries in our understanding of the universe today. High
energy colliders are ideal facilities to search for DM. In this
paper, we study the effects of the effective operators of DM
via dark matter pair production associated to a Z boson at
the ILC. The SM main background e+e− → νν̄Z is also
considered for comparison. For the Z decay to charged lep-
ton and hadron pairs, we apply different selection cuts for
the final particles and analyze both the signal and the main
background at various colliding energies and luminosities.
We obtain the cross sections as functions of colliding energy√

s and the DM mass mχ for the signal induced by the vector,
axial-vector, and tensor operators and the SM background.
We find that increasing the colliding energy can improve the
probability for finding DM, and the contributions from the

spin-independent operator (D5) and the spin-dependent oper-
ator (D8) cannot be distinguished until mχ > 100 GeV. If
this signal is not observed at the ILC, we set a lower limit on
the new physics scale � at the 3σ level for both charged lep-
tonic and hadronic channels. We investigate the case of polar-
ized beams for both charged leptonic and hadronic channels,
and we find that the optimal polarized beams can enhance the
significance and reduce the SM background. We conclude
that the ILC has the potential to detect the e+e− → χχ̄ Z
production.
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[56] induced by the vector (D5) and axial-vector (D8) interactions.

123



3219 Page 8 of 9 Eur. Phys. J. C (2014) 74 :3219

Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.
Funded by SCOAP3 / License Version CC BY 4.0.

Appendix

In this appendix, we list the matrix elements |Mtree|2
induced by the vector (D5), axial-vector (D8), and tensor
(D9) operators for processes e+e− → χχ̄ Z , respectively.
Due to the mass of electron me being very small, we neglect
all the terms related to the me. The kinematic invariants are
defined as s = (p1 + p2)

2, t = (p1 − p3)
2, u = (p2 − p3)

2,
s34 = (p3 + p4)

2, t14 = (p1 − p4)
2, and t24 = (p2 − p4)

2.
Our results read

|Mtree|2D5

= e2(1 − 4s2
w + 8s4

w)

�4m2
Z s2

wc2
w(−2m2

χ + s34 + t24 + u)2

× {8m8
χ +4m6

χ (4m2
Z +2s−2s34−t−t14−3t24−3u)

+ (s34 + t24 + u)2(t t24 + t14u) + 2m2
Z (s34(t14t24 + tu)

− (t24 − u)(t t24 − t14u) + s(2t24u + s34(t24 + u)))

+ 2m4
χ (−4ss34+s2

34+2s34t+2s34t14−4st24+4s34t24

+ 4t t24+2t14t24+3t2
24−4su+4s34u+2tu+4t14u

+ 6t24u + 3u2 + 2m2
Z (s + s34 − 2(t + t14 + t24 + u)))

− m2
χ [(s34+t24+u)(5t t24+t14t24+t2

24+tu+5t14u

+ 2t24u+u2−2s(s34+t24+u)+s34(t+t14+t24+u))

+ 2m2
Z (−3t t24−t14t24−t2

24−tu−3t14u+2t24u−u2

+ 2s(2s34 + t24 + u) + s34(t + t14 + t24 + u))]},
|Mtree|2D8

= e2(1 − 4s2
w + 8s4

w)

�4m2
Z s2

wc2
w(−2m2

χ + s34 + t24 + u)2

× {8m8
χ −4m6

χ (4m2
Z +2s+2s34+t+t14+3t24+3u)

+ (s34 + t24 + u)2(t t24 + t14u)

+ 2m2
Z (s34(t14t24 + tu) − (t24 − u)(t t24 − t14u)

+ s(2t24u+s34(t24+u)))+2m4
χ (s2

34+2s34t+2s34t14

+ 4s34t24 + 4t t24 + 2t14t24 + 3t2
24 + 4s34u

+ 2tu + 4t14u + 6t24u + 3u2 + 4s(s34 + t24 + u)

+ 2m2
Z (s + s34 + 2(t + t14 + t24 + u)))

− m2
χ [2s(s2

34+2s34(t24+u)+(t24+u)(2m2
Z +t24+u))

+ (s34 + t24 + u)(t14t24 + t2
24 + 5t14u + 2t24u + u2

+ s34(t + t14 + t24 + u) + t (5t24 + u))

+ 2m2
Z (3t14t24 − t2

24 + t14u + 2t24u − u2

+ s34(t + t14 + t24 + u) + t (t24 + u)))]},

|Mtree|2D9

= 4e2(1 − 4s2
w + 8s4

w)

�4m2
Z s2

wc2
w(−2m2

χ − m2
Z + s + t + t14)2

× {16m8
χ − 8m6

χ (s + 3t + 3t14 + t24 + u)

+ 2m2
Z (s + t + t14)(4t24u + s34(t24 + u))

+ m4
Z (ss34 − 2(t t24 + t14u)) − (s + t + t14)

2

× (ss34 − 2(t t24 + t14u)) + 4m4
χ (−m4

Z − s2 + 3t2

+ 6t t14 + 3t2
14 + 4t t24 + 2t14t24 + 2tu + 4t14u

+ 2m2
Z (s34+t24+u)+s(−s34+2(t+t14+t24+u)))

− 2m2
χ [m4

Z (s − t − t14 − t24 − u) − (s + t + t14)

× (s2−t2−2t t14−t2
14−5t t24−t14t24+s(2s34−t24−u)

− tu−5t14u)+2m2
Z (t t24+t14t24+tu+t14u+4t24u

+ s(s34 + t24 + u) + s34(t + t14 + t24 + u))]}.
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