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Abstract We investigate the projected sensitivity to effec-
tive dark matter (DM)–diboson interaction during the high
luminosity Z -pole and 240 GeV runs at the proposed Circu-
lar Electron Positron Collider (CEPC). The proposed runs
at the 91.2 GeV e+e− center of mass energy offers an inter-
esting opportunity to probe effective dark matter couplings
to the Z boson, which can be less stringently tested in
non-collider searches. We investigate the prospective sen-
sitivity for dimension 6 and dimension 7 effective diboson
operators to scalar and fermion dark matter. These dibo-
son operators can generate semi-visible Z boson decay,
and high missing transverse momentum mono-photon sig-
nals that can be test efficiently at the CEPC, with a small
and controllable Standard Model γ ν̄ν background. Pro-
jected sensitivities for the effective γ Z coupling efficient
κγ Z < (1030 GeV)−3, (1970 GeV)−3 for scalar DM, κγ Z <

(360 GeV)−3, (540 GeV)−3 for fermion DM are obtain for
25 fb−1 and 2.5ab−1 Z -pole luminosities assuming the opti-
mal low dark matter mass range. We also compare the CEPC
sensitivities to current direct and indirect search limits on
these effective DM-diboson operators.

1 Introduction

Astrophysical [1,2] and cosmological [3,4] evidences indi-
cate the existence of dark matter (DM) as a major component
of our Universe. From a particle physics point of view, a DM
candidate particle can emerge from various theories beyond
the Standard Model (SM). A weakly interacting DM parti-
cle at the electroweak mass scale (WIMP) is the most pop-
ular candidate for its natural prediction of today’s thermal
relic matter density. Yet a WIMP does not necessarily inter-
act with weak forces themselves or directly couple to SM
particles. Instead, its interaction to the SM can be mediated
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by other new physics particles that participate in SM inter-
actions. These SM-interacting mediators can be efficiently
searched for at colliders [5,6] and are often constrained to
be massive. For heavy mediators, one can adopt the effective
theory and let the dark matter obtain effective couplings to
the SM particles. For instance, mediators that carry SM gauge
interaction charges may induce effective DM coupling to SM
gauge bosons at loop level. A model independent approach is
to study general forms of high-order effective DM-SM oper-
ators and their phenomenology in indirect, direct detection
and collider searches.

At colliders, effective interactions allow DM particles to
be produced as missing transverse energy (MET) by in asso-
ciation with a mono-jet [7–12] or single gauge boson [13–
17] final states. The effective DM coupling gauge bosons
has been actively searched for at the LHC and the strongest
limits comes from the mono-photon channel [18,19]. Direct
detection also give significant constraint on the DM’s effec-
tive coupling to gauge bosons, and particularly in effective
photonic couplings due the low momentum transfer in the
nucleus–DM collision process. To the lowest dimension,
effective DM–gauge boson operators couple the DM bilin-
ears to one SM gauge boson field. Due to their lower dimen-
sional dependence on the interaction scale, the constraints
on single gauge boson–DM operators become increasingly
stringent. We consider the higher dimensional diboson oper-
ators that are currently less constrained in this study.

The proposed high luminosity runs at the future Circular
Electron Position Collider (CEPC) offer a unique opportunity
to DM effective couplings to the Z boson. The Z -pole runs
in particular, with projected 109 (giga-Z ) or 1011 (tera-Z )
integrated on-shell Z luminosities, will greatly improve the
test for an effective Z coupling to dark matter. Effective DM-
diboson coupling to γ Z , Z Z leads to resonance-enhanced
production of DM and an associated photon for a DM lighter
than one half of Z mass. While a mono-photon final state
does not reconstruct back to the Z mass, the single photon
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with large transverse momentum and recoiling MET offer a
clean test against a relatively small SM ννγ background.

In this work, we consider the effective theory DM-diboson
interaction to γ and Z and study the sensitivity at the CEPC’s
Z -pole and 240 GeV runs. We briefly discuss the effective
operators and the induced photon spectra in Sects. 2 and 3.
We analyze the CEPC mono-photon signals in Sect. 4. Com-
parisons between CEPC, direct and indirection searches are
given in Sect. 5 and then we conclude in Sect. 6.

2 Effective diboson operators

Standard Model gauge singlet DM can obtain loop-level cou-
pling to the SM gauge bosons if they couple to heavy new
physics state that are charged under SM gauge interactions,
or as the decay of heavy dark matter composite states in case
the force carrier mix with the SM gauge bosons. A com-
prehensive list of high-dimensional operators are discussed
in Refs. [20–22]. To the lowest order, such operators would
also let the DM couple to one gauge boson, for instance, the
electromagnetic dipole [23,24] and anapole [25,26] inter-
actions. DM–single boson interactions often lead to signifi-
cant direct-detection signals and hence are stringently con-
strained [27,28]. Diboson operators, in comparison, probe
the initial state of the different total spin, or serve a comple-
mentary search for underlying thoery. Here we consider the
higher order DM-diboson operators of dimension 6 and 7.
With a focus on the production from the e+e− collision, we
only consider the coupling to electroweak gauge fields W, B,

L1 = κ1φ
∗φBμνBμν + κ2φ

∗φWa,μνWa
μν, (1)

L2 = κ1χ̄χBμνBμν + κ2χ̄χWa,μνWa
μν, (2)

L3 = κ1χ̄ iγ5χBμν B̃μν + κ2χ̄ iγ5χWa,μνW̃ a
μν, (3)

where we denote the spin-0 and spin-1/2 DM fields as φ

and χ , which are singlets under SM interactions. Bμν and
Wμν are the SM U (1)Y , SU (2)L gauge field strengths (FS).
The CP-odd field strength dual B̃ and W̃ would couple to
the pseudo-scalar product of the dark matter χ̄ iγ 5χ . κ is
the effective coupling coefficient for each term and it is of
dimension -2 or -3. After electroweak symmetry breaking the
operators can be written for the physical γ, Z and W fields,

L1 ⊃ κγγ φ∗φAμν Aμν + κγ Zφ∗φAμν Zμν

+ κZ Zφ∗φZμν Zμν + κWWφ∗φWμνWμν, (4)

L2 ⊃ κγγ χ̄χ Aμν Aμν + κγ Z χ̄χ Aμν Zμν

+ κZ Z χ̄χ Zμν Zμν + κWW χ̄χWμνWμν, (5)

L3 ⊃ κγγ χ̄ iγ5χ Aμν Ãμν + κγ Z χ̄ iγ5χ Aμν Z̃μν

+ κZ Z χ̄ iγ5χ Zμν Z̃μν + κWW χ̄ iγ5χWμνW̃μν. (6)

Here the physical W denote only the charged components.
While κWW = κ2, the other coefficients are related by the
rotation of Weinberg angle,

κγγ = κ1 cos2 θW + κ2 sin2 θW , (7)

κZ Z = κ2 cos2 θW + κ1 sin2 θW , (8)

κZγ = (κ2 − κ1) sin 2θW . (9)

The κ coefficients are dimensionful and we will denote
Λ−2

VV (D = 6) or Λ−3
VV (D = 7) ≡ κVV , V = γ, Z for the

convenience of notation. Generally Λ absorbs the couplings
and its explicit form in complete UV models would be consist
of both SM and new physics couplings and/or masses scales.
As an example case, the singlet fermionic DM χ couples two
intermediate states [29]: a fermion ψ and a scalar ϕ, which
are charged under SU (2)L ×U (1)Y and heavier than DM χ .
The effective diboson interaction can be generated by the ψ

and ϕ loop. The corresponding energy scale Λ is then given
as Λ−3 = g2λ2CψF/(48π2M3

ψ), where the lower case λ

is the coupling between χ , ψ and ϕ, Cψ=1/2 and F is the
form factor. Considering natural coupling sizes, the addi-
tional coefficients enhances Λ by one order of magnitude in
comparison to ψ and ϕ masses.

Admittedly in high energy collision processes at collid-
ers, a Λ comparable or lower than the center of mass energy
can lead to theoretical issues with the effective operators,
that the heavy states become accessible at such energies,
causing large corrections to the effective operator approach.
This brings significant uncertainty to the accuracy of prob-
ing the effective operator’s scale especially in case of a lim-
ited luminosity that does not constrain Λ to higher scales
than the collision energy. Simplified models with explicit
vertexes to heavy states, that fully account for the produc-
tion of accessible heavy intermediate particles are also pop-
ular in current collider searches [30–33]. Nevertheless, for
specific simplified models, the collider constraint becomes
very model dependent and involve a larger number of model
parameters than a simple Λ. Here we use effective operator
approach, and consider the CEPC’s sensitivity on the effec-
tive Λ as the lowest order yet a direct estimate of the Z -pole
runs’ capability of testing a diboson operator’s energy scale.
As we will demonstrate in Sect. 4, the Z -pole sensitivity for
the dimension-6 operator can achieve to be much higher than
the center-of-mass energy.

3 Semi-visible Z boson decay

The e+e− collision is mostly sensitive to the γ, Z terms in
Eqs. 4–6. In comparison, probing the effective WW cou-
plings requires at least one more weak interaction vertex,
and is less constrained.
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Fig. 1 DM production processes e+e− → φ∗φγ, χ̄χγ with mono-γ
channel. The s−channel Z will be on-shell during Z -pole runs at the
CEPC

For a light DM mass, the effective DM γ Z coupling lets
the physical Z decay semi-visibly into a photon and a DM
pair as illustrated in Fig. 1. This decay would contribute to
the total Z width, as well as to the invisible width due to the
partially invisible final state. This three-body decay rate is,

d = 1

2MZ
|M|2d�3, (10)

with

|M|2 = 8

3Λ4 (MZ Eγ )2, (11)

|M|2S = 16

3Λ6 (MZ Eγ )2(M2
Z − 4m2

χ − 2MZ Eγ ), (12)

|M|2P = 16

3Λ6 (MZ Eγ )2(M2
Z − 2MZ Eγ ), (13)

where �3 is the three-body phase-space. The subscript S and
P indicate scalar and pseudo-scalar types for the fermionic
DM bilinear product. The DM energy Eφ,χ can be integrated
out and Eqs. 11–13 are written in terms of the photon energy
Eγ which is the only visible particle in the final state. The
differential width can be written as,

d

dEγ

=
MZ E3

γ

√
(M2

Z − 2Eγ MZ − 2m2
φ)2 − 4m4

φ

24π3Λ4(M2
Z − 2Eγ MZ )

, (14)

dS

dEγ

=
MZ E3

γ

√
(M2

Z − 2Eγ MZ − 2m2
χ )2 − 4m4

χ

12π3Λ6(M2
Z − 2Eγ MZ )

×(M2
Z − 4m2

χ − 2MZ Eγ ), (15)

dP

dEγ

=
MZ E3

γ

√
(M2

Z − 2Eγ MZ − 2m2
χ )2 − 4m4

χ

12π3Λ6 , (16)

with the photon energy range from 0 to 1
2MZ

(M2
Z − 4m2

φ,χ ).
Note that with the effective vertex there is no infrared diver-
gence and the photon has a hard spectrum that can be readily
searched, as shown in Fig. 2.

The semi-visible contribution to Z width can be a test
for Λγ Z , as illustrated in the top panel in Fig. 2. The bot-
tom panel denotes the normalized photon energy spectrum
Δ−1

Z · dΔZ/dEγ for light DM masses with Λγ Z fixed
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Fig. 2 ΔZ dependence on Λγ Z (top) at mφ,χ =10 GeV and the nor-
malized photon energy spectrum Δ−1

Z ·dΔZ/dEγ (bottom) for light
DM masses with Λγ Z fixed at 200 GeV. The blue, red, green solid/dash
lines denote scalar DM and fermion DM with scalar(S) and pseudo-
scalar(P) types, respectively. The solid and dash lines denote DM mass
at 10 and 30 GeV, respectively. The black lines (top) denote ΔZ = 2.6
(LEP), 2.1 × 10−1 (Giga Z) and 2.1 × 10−2 (Tera Z) MeV. The lat-
ter two are estimated by scaling from projected CEPC luminosities, as
ΔCEPC/ΔLEP = (LLEP/LCEPC)1/2

at 200 GeV. The blue, red, green (dash) line denote scalar
DM and fermion DM with scalar(S) and pseudo-scalar(P)
type, respectively. The solid and dash lines denote DM mass
10 and 30 GeV. Note that for collider searches, the differ-
ence for fermion DM production rate of S and P types in
mono-photon channel only emerge at large DM mass and
the former is smaller than the latter due to extra Mχ forms
in squared matrix element |M|2, as shown in Fig. 2. The
LEP uncertainty on the invisible Z width Δinv <2.6 MeV
at the integrated luminosity of 161pb−1 [34]. Given the cur-
rent early stage of CEPC design and study, a full Z -pole
data analysis would beyond the scope of this paper, here
we make a simple statistics-based estimate for the CEPC’s
invisible width uncertainty based on the design luminosities.
With the luminosity of 25 fb−1 (Giga Z) and 2.5 ab−1 (Tera

123



622 Page 4 of 10 Eur. Phys. J. C (2018) 78 :622

σ/
bi

n 
(p

b/
bi

n)
 

θ(γ)

Scalar DM
BKG

Fermion DM (S)
Fermion DM (P)

10-4

10-3

10-2

10-1

0 20 40 60 80 100 120 140 160 180

σ/
bi

n 
(p

b/
bi

n)
 

E(γ) (GeV)

10-4

10-3

10-2

10-1

0 10 20 30 40 50

σ /
bi

n 
(p

b/
bi

n)
 

PT(γ) (GeV)

10-4

10-3

10-2

10-1

0 10 20 30 40 50

σ/
bi

n 
(p

b/
bi

n)
 

Mmiss (GeV)

10-4

10-3

10-2

10-1

120 130 140 150 160 170 180

Fig. 3 Distributions of θ(γ ), E(γ ), PT (γ ), Mmiss at
√
s = 91.2 GeV with Λ = 200 GeV at the CEPC with mφ,χ = 10 GeV. The background

curve (black solid line) is for the irreducible SM e+e− → γ ν̄ν process

Z) [35], we scale Δ ∝ L−1/2, thus ΔCEPC/ΔLEP =
(LLEP/LCEPC)1/2 and then the projected Δ are 2.1 × 10−1

and 2.1 × 10−2 MeV respectively. Note the invisible width
measurement is generally subject to uncertainty from multi-
ple Z decay channels. Better sensitivities can be obtained by
focusing on the mono-photon channel, as we will discuss in
the following section.

4 Mono-photon searches

At the e+e− collider, the effective DM diboson couplings
give rise to mono-γ and mono-Z signals. Both channels are
sensitive probes due to a clean and identifiable SM back-
ground if compared to hadron colliders. The mono-Z photon
is favorably tested off Z -pole and has been recently stud-
ied by Ref. [36]. We focus on the monophoton signal that
receives on-shell resonance enhancement at the CEPC’s Z -
pole energy. While Λγγ also contributes to this process, its
contribution is not resonance enhanced. Therefore the Z -pole
is a good probe Λγ Z that is otherwise often subdominant in
direct and indirect searches.

The mono-γ process is illustrated in Fig. 1. The DM
is pair-produced in association an energetic photon, which

recoils against the invisible DM pair. The photon is not
forwardly (beam-line direction) enhanced, hence it leads
to large photon transverse momentum (PT ) and the recoil-
ing MET, making it a very clean search channel. With a
O(10)GeV photon PT cut, the only relevant SM back-
ground channel is e+e− → γ νν̄, where the invisible νν̄

splits from a virtual Z . As the total energy is capped at Z
mass, the virtual Z → ν̄ν process acquires suppression by
a virtuality ∼ Eγ . This background can be efficiently con-
trolled with a PT (γ ) cut. While three neutrino flavors con-
tribute equally to the γ ν̄ν background via virtual Z media-
tion, γ ν̄eνe has additional contribution from t−channel W
exchanges.

Another background may rise from the soft e−e+ scat-
tering, that a photon can be emitted and the forward-going
e± has a chance of escaping detection if it is still in the
high pseudorapidity region. This background is however sup-
pressed by photon PT and can be very effectively vetoed
by a photon PT (γ ) cut and non-observation of other detec-
tor activity [37], making it much subleading compared to
e+e− → γ ν̄ν and can be ignored in our analysis.

We use the MadGraph/MadEvent package [38] to simu-
late the leading-order signal and background cross-sections
at CEPC Z -pole runs with basic photon pseudorapidity η
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Table 1 Cross sections of SM background and signal processes at√
s = 91.2 and 240 GeV CEPC. Here we also list the

√
s = 500 GeV

ILC runs’ result for the convenience of comparison. Photon pseudora-
pidity restrict to the central region, |η| < 3 at CEPC and polar angle

is 10◦ < θγ < 170◦ at ILC. For the listed signal cross-sections, the
DM mass is fixed at mφ,χ = 1 GeV and Λγ Z = Λγγ = 200 GeV. The
PT (γ ) cut with † or ∗ is the optimized value for scalar or fermion DM
with low mass

√
s = 91.2 GeV

√
s = 240 GeV

√
s = 500 GeV (ILC)

Cut νν̄γ φ∗φγ χ̄χγ Cut νν̄γ φ∗φγ χ̄χγ Cut νν̄γ φ∗φγ χ̄χγ

PT (γ ) (GeV) σ (fb) σ (pb) σ (fb) PT (γ ) (GeV) σ (pb) σ (fb) σ (fb) PT (γ ) (GeV) σ (fb) σ (fb) σ (pb)

25 7.8 1.1 67 35∗ 1.4 118 62 50 636 535 1.3

30∗ 2.6 0.8 40 40 1.2 113 58 70 422 503 1.2

35† 0.7 0.5 18 45† 1.1 107 53 90∗ 304 462 1.0

40 0.1 0.2 4.1 50 1.0 101 48 110† 228 413 0.8

and PT cuts. The CEPC detector simulation is done by
Delphes [39] with the CEPC configurations [40]. According
to Ref. [40], we adopt the |η(γ )| < 3 cut. Then we opti-
mize the PT (γ ) cut in our analysis between 25 and 50 GeV
to maximize the S/

√
S + B sensitivity.

In Fig. 3, we show the photon polar angle θ , photon
energy E(γ ), transverse momentum PT (γ ) and missing
mass Mmiss = √

(pe+ + pe− − p(γ ))2 distributions for
e+e− center of mass energy at 91.2 GeV. It is clear that at
Z -pole the signal photons have a broad PT distribution while
the background centers at low PT and can be distinguished
with the photon PT (γ ) cut.

Comparing the fermion and scalar Zγ operators in the
e+e− → γ + /ET process, the |M|2 in the fermion case

has an extra Tr
[
/pχ /pχ̄

− m2
χ

]
= 4(pχ pχ̄ − m2

χ ) piece that

evaluates to 4
√
sEγ , where s is the collision center of mass

energy. This dependence enhances the cross-section of their
fermion operators more than the that from the scalar operator,
but the fermion operator is also suppressed by Λ to one higher
order. As a result, for the same Λ we find a larger production
cross-section by the scalar DM-diboson operators at the Z -
pole and 240 GeV energy, while for a 500 GeV energy at
the ILC the fermion DM operators would yield larger cross-
sections.

Table 1 lists the signal and background cross sections
σ after a set of PT (γ ) cut values from 25 to 50 GeV at
CEPC and from 50 to 110 GeV at ILC. The show-case sig-
nal cross-sections assume a light φ, χ mass at 1 GeV and
Λγ Z = Λγγ = 200 GeV. At Z -pole, Λγ Z contribution dom-
inates. For heaviermφ,χ , the final state photon energy is kine-
matically limited and becomes softer, leading to larger SM
background and lower sensitivity to Λ. This photon would
eventually vanish as mφ,χ approaches to the beam energy,
as illustrated in Fig. 3. The superscript † and ∗ denote opti-
mized PT (γ ) cut for scalar and fermion DM at Z -pole and
240 GeV (CEPC), as well as 500 GeV (ILC) runs in the
low DM mass limit, respectively. To obtain the best exper-
imental sensitivity we also considered the LEP angle cut:

20◦ < θ < 35◦, 45◦ < θ < 135◦, 145◦ < θ < 160◦ [41]
and a missing mass cut: Mmiss < 140 GeV. The relevant dis-
tributions are illustrated in Fig. 3. By applying these cuts
after PT (γ ) and η cuts, the photon angle cut will not fur-
ther improve the sensitivity, and the Mmiss cut only gives
O(10−2) corrections. Therefore we consider the photon PT
cut sufficient for this study.

The design luminosity at the CEPC [35] is 25 fb−1 (giga-
Z) and 2.5 ab−1(tera-Z) at the Z -pole, and 5 ab−1 in the high-
energy 240 GeV run. We set 3σ sensitivity on Λγ Z ,Λγγ

by requiring S/
√
S + B = 3 significance at the specified

luminosities. S, B are the event numbers for signal and SM
background channels, respectively. The result for prospective
Λγ Z ,γ γ sensitivities are shown in Fig. 4 and later in Fig. 7.
The proposed 25 fb−1 (2.5 ab−1) Z -pole luminosity runs
can probe Λγ Z to 1030 (1970) GeV for scalar DM, to 360
(540) GeV for fermion DM. At 240 GeV, a better sensitivity
in Λγγ is obtained that a 5 ab−1 luminosity can be probe to
590 (360) GeV for scalar (fermion) DM.

The sensitivity may be further improved by polarized
e± beams. A polarized electron source has been discussed
in the current CEPC design [35]. Here we consider a
{Pe− , Pe+} = {80%, 30%} beam polarization in e± helicity
similar to that of the ILC design [42]. The beam polariza-
tion Pe± > 0 is right-handed and Pe± < 0 is left-handed.
Since the Z boson coupling is larger to the left-handed chi-
ral current of the electron, a left-handed {−,+} configura-
tion will lead to higher Z luminosity than that from a right-
handed {+,−}polarization configuration, and more stringent
limits on Λ. Similarly the SM backgrounds also increase
proportionally for a left-handed configured beam polariza-
tion. Adopting the {−80%,+30%} beam polarization, we
found the constraint on Λ for scalar (fermion) DM opera-
tors at Z -pole and 240 GeV and can be enhanced by 1.2%
(1.3%) at 2.5 ab−1 luminosity, and 11.2% (7.3%) at 5 ab−1

luminosity.
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Fig. 4 The 3σ reaches with unpolarized e± beams in the mφ,χ − Λ

plane. The blue, red and green solid/dotted/dashed lines denote scalar
DM, fermion DM with scalar and pseudo-scalar types, respectively,
where the solid, dotted and dashed lines denote

√
s = 91.2 GeV at

2.5 ab−1, 25 fb−1 and 240 GeV at 5 ab−1. The left, middle and right

panels assume Λγγ -only, Λγ Z -only and Λγ Z = Λγγ cases. PT (γ ) cut
is at 35 (45) GeV for 91.2 (240) GeV runs for scalar DM, PT (γ ) cut is
at 30 (35) GeV for 91.2 (240) GeV runs for fermion DM that optimizes
the sensitivity for a low mφ,χ
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Fig. 5 Feynman diagrams for DM diphoton scattering off nucleus (top)
in direct detection, and DM annihilation process (bottom) for indirect
gamma-ray search. The blob represents the effective diboson-DM vertex

5 Direct and indirect limits

In this section we discuss the (mostly) Λγγ bounds from
current direct and indirect search experiments. The effec-
tive diboson interaction allows the DM to scatter off nuclei
via a gauge boson loop, as shown in top-panel of Fig. 5.
The momentum transfer in direct detection experiments is

at keV scale and the diphoton exchange dominates the scat-
tering process, which bears similarity to Rayleigh scatter-
ing [43]. Following the procedure in Refs. [43,44], we
compute the averaged per nucleon scattering cross-section
with,

σn = 8μ2
Aα2Z4Q2

0F
2
Ray(q̄)

π2m2
φ A

4Λ4
γ γ

, (17)

σ S
n = 8μ2

Aα2Z4Q2
0F

2
Ray(q̄)

π2A4Λ6
γ γ

, (18)

where A is the isotope-averaged number of nucleons, μA =
mAmφ,χ/(mA + mφ,χ ) is the reduced mass (see Appendix
A), the charge form factor FRay(q̄) drops with rising momen-
tum transfer. The nuclear coherence scale Q0 
 0.48(0.3 +
0.89A1/3)−1 GeV. Scattering for the pseudo-scalar type for
fermion DM is suppressed [44] and we do not discuss it
here. The photon mediated scattering is enhanced by the
nucleus’ number of protons as Z4. The γ Z -loop contribu-
tion is subleading due to MZ suppression in the heavy prop-
agator. While the γ γ, γ Z interference diagrams can be rel-
evant for Λγ Z � Λγγ , the γ Z scattering calculation is
currently unavailable and is important for future research.
Here we only include Λγγ contribution in direct detection
limits.

A number of existing direction experiments set limits on
accessible mφ,χ at the CEPC. We illustrate the constraints
from a list of recent direct detections results on Λγγ in
Fig. 6a. For mφ,χ > 10 GeV, the latest xenon based experi-
ments readily constrain Λγγ limit. A lower mφ,χ < 4 GeV
would observe a sub-100 GeV Λγγ bound from current
direct detection results, and may be more effective searched
for in future low-threshold nucleus recoil detectors. Refer-
ences [43–46] discussed DM-diboson operators’ contribu-
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tion to nucleon scattering at one loop level, here we follow
their results and give the direct-detection constraints.

For indirect detection, the non-relativistic cross section
of DM annihilation into two photons(φ∗φ, χ̄χ → γ γ ) is
dominated by Λγγ ,

〈σv〉γ γ = 2m2
φ

πΛ4
γ γ

, (19)

〈σv〉S
γ γ = m4

χv2

πΛ6
γ γ

, (20)

〈σv〉P
γ γ = 4m4

χ

πΛ6
γ γ

, (21)

for mφ,χ below MZ/2. Λγ Z dependence only emerges in a
small correction from Z mediation as part of the φ∗φ, χ̄χ →
γ (γ ∗/Z∗ → f̄ f ) process, which is suppressed by the
f̄ f mass for virtual photon mediation and MZ for virtual
Z mediation. As a result, Λγγ ’s contribution also by far
dominates over that of Λγ Z . In Fig. 6b we show the 95%
C.L. Λγγ constraint from gamma ray line search at Fermi-
LAT [53]. Note the operators in Eq. 2 leads to a p-wave anni-
hilation. In case of s-wave annihilation by χ̄ iγ 5χ Aμν Ãμν

interaction, the galactic velocity suppression v2 ≈ 10−6

is lifted and the Λγγ bound improves by one order of
magnitude.

Figure 7 shows the CEPC, direct and indirect detec-
tion limits on the Λγγ − Λγ Z plane. In the left (right)
panel, the DM is scalar (fermion) with masses mφ,χ at 4
and 10 GeV. The direct detection calculation only includes
Λγγ contribution. For the indirect constraint, Λγ Z contri-
bution is small and does not cause visible shape-change in
the plotted parameter range. The cyan, magenta dash areas
denote direct detection constraints for scalar DM and fermion
DM with scalar type. The constraints from direction detec-
tion are SuperCDMS [47], CDEX [48], CDMSlite [49],
XENON1T [50], LUX [51] and PandaX [52]. The purple,
olive, dark green solid lines denote Fermi-LAT constraint
from R3 region [53], where they denote scalar DM, fermion
DM with scalar and pseudo-scalar types, respectively. The
red (blue) solid/dotted/dashed line denotes fermion DM with
scalar type (scalar DM) for CEPC 3σ sensitivities with inte-
grated luminosity of 2.5 ab−1, 25 fb−1 at

√
s = 91.2 GeV

and 5 ab−1 at
√
s = 240 GeV, corresponding to prospec-

tive 1011, 109 Z boson and 106 Higgs runs. The labels T
and G in the legend denote tera (1011) and giga (109) Z
bosons at Z -pole. Note the difference between pseudo-scalar
and scalar types from collider constraints at low mass is
very small, as illustrated in Fig. 4, and thus we do not
show the pseudo-scalar constraint lines in Fig. 7. For com-
parison we include for ILC’s 3σ mono-photon sensitivity
(dotted-dashed line) with integrated luminosity of 500 fb−1

at
√
s = 500 GeV [54].
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Fig. 6 Limit on Λγγ for mφ,χ from direct (top) and indirect (bottom)
detection searches. Direct detection includes latest results from Super-
CDMS [47], CDEX [48], CDMSlite [49], XENON1T [50], LUX [51]
and PandaX [52] experiments. Here solid(dashed) line denotes fermion
with scalar type (scalar) DM for direct detection. Indirect detection uses
the Fermi-LAT’s monochromatic photon constraint from R3 at 95%
C.L. [53] observation region. a Direct detection. b Indirect detection

While Λγγ can be more tightly constrained at the indirect
detection experiments, CEPC can offer good Λγ Z sensitiv-
ity in the Z -pole runs. For a low mφ,χ , giga-Z (tera-Z) run
can probe Λγ Z to 1030 (1970) GeV for scalar DM, to 360
(540) GeV for fermion DM at 3σ sensitivity. This limit is
higher than the LHC 8 TeV constraints (Λ = 510 GeV) [17]
and lower than the 13 TeV LHC monophoton results [18,19]
(Λ = 790 GeV) for dimension -7 operator. Note these LHC
constraints are for the γ γχχ interaction, and their interpre-
tation to a Λγ Z limit is model-dependent, with a generic
O(1) factor determined by the relative size of κ1, κ2 cou-
plings.
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Fig. 7 Limit on Λγγ −Λγ Z for direct, indirect and collider detection.
In the left (right) panel, the DM is scalar (fermion) with show-case
masses mφ,χ at 4 and 10 GeV. The cyan, magenta dash areas denote
direct detection constraints for scalar DM and fermion DM with scalar
type. The constraints from direction detection are SuperCDMS, CDEX,
CDMSlite, XENON1T, LUX and PandaX. The purple, olive, dark green
solid lines denote Fermi-LAT constraint from R3 region, where they
denote scalar DM, fermion DM with scalar and pseudo-scalar types,

respectively. The red (blue) solid/dotted/dashed line denotes fermion
DM with scalar type (scalar DM) for CEPC 3σ sensitivities with unpo-
larized beams at the integrated luminosity of 2.5 ab−1, 25 fb−1 for√
s = 91.2 GeV and 5 ab−1 for

√
s = 240 GeV. The labels T and

G in the legend denote tera (1011) and giga (109) Z bosons at Z -pole.
The dotted-dashed line denotes for the (unpolarized) ILC 3σ sensitivity
with integrated luminosity of 500 fb−1 at

√
s = 500 GeV

6 Conclusion

In this work, we consider dimension -6 (scalar) and -7
(fermion) effective DM diboson operators and their test via
the monophoton search channel at the CEPC. With a focus on
the Z -pole energy, the effective DM couplings to the Z boson
can be accessed at large luminosity giga-Z and tera-Z runs. A
DM mass below MZ/2 allows for the three-body Z → χ̄χγ

monophoton final state, where the photon is energetic and
it recoils against a large MET. The major SM background
e+e− → ν̄νγ is relatively small and is under good control
with a transverse photon momentum cut. We adopt optimized
photon PT cuts 35 (45) GeV at the Z -pole (240) GeV runs
for scalar DM and photon PT cuts 30 (35) GeV at the Z -pole
(240) GeV runs for fermion DM and derive the 3σ sensitivity
for the effective diboson couplings Λγ Z and Λγγ .

Best Λγ Z sensitivity occurs at Z -pole due to on resonance
production of the Z boson, where Λγ Z contribution domi-
nates. Proposed 25 fb−1 (2.5 ab−1) Z -pole luminosity runs
can probe Λγ Z to 1030 (1970) GeV for scalar DM, to 360
(540) GeV for fermion DM at 3σ sensitivity in the low DM
mass limit. 240 GeV run loses sensitivity in Λγ Z as the center
of mass energy moves away from Z -pole and a better sensi-
tivity in Λγγ is obtained instead, and at 5 ab−1 luminosity
Λγγ can be probed to 590 (360) GeV for scalar (fermion)
DM. Sensitivity for variant DM mass and Λγγ ,Λγ Z combi-
nations are given in Figs. 4 and 7.

We compare the CEPC’s sensitivities to current constraints
from direct and indirect dark matter searches. Limits from the
latest experiments are shown in Fig. 7. Non-collider searches
can be very sensitive to Λγγ and give a higher than TeV Λγγ

constraint in their optimal DM mass range. In comparison,
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the CEPC runs give better Λγ Z sensitivity for DM masses
accessible to the CEPC.
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A Comparison of the nucleon mass mN and the reduced
nucleon mass µN in direct detection

The spin-independent DM-nucleon cross section is given in
Ref. [43], and a factor of 2 in the coefficients is corrected by
Ref. [44],

σn = 8m2
Aα2Z4Q2

0F
2
Ray(q̄)

π2A4Λ6
γ γ

, (A-1)

with the nucleus mass mA = A · mn , the nuclear coher-
ence scale Q0 
 0.48(0.3 + 0.89A1/3)−1 GeV, and the
charge form factor FRay(q̄) at low momentum transfer is FRay

(0) = 1.
The isotope-averaged A for xenon (germanium) is 131.3

(72.6). The reduced mass μA = mAmφ,χ/(mA +mφ,χ ) can
approximate to the smaller ofmA andmφ,χ if the two masses
are very different. In the heavy DM limit, μA ≈ mA. In our
case at the CEPC the relevant DM range is light in comparison
to the nucleon mass, and we use the exact μ to calculate the
scattering cross-section, as is given in Eq. 18. In Table 2,
we list the difference of the Λ

(μA)
γ γ and Λ

(mA)
γ γ by using exact

μ and that from a μ → mA approximation, and the latter
would over-estimate the scattering rate at relatively low DM
masses.

Table 2 Comparison of Λγγ constraint by using μA or mA. μA should
be used for the low DM mass range that is favored by Z pole searches

Ge Xe

mχ Λ
(μA)
γ γ Λ

(mA)
γ γ mχ Λ

(μA)
γ γ Λ

(mA)
γ γ

5 13.8 34.5 101 76.5 185

10 33.3 67.2 102 221 292

20 47.7 79.4 103 192 200

30 52.5 79.2 104 136 136
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