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We investigate the prospects of searching dark sector models via exotic Z-boson decay at future eþe−

colliders with Giga Z and Tera Z options. Four general categories of dark sector models, Higgs portal dark
matter, vector-portal dark matter, inelastic dark matter, and axionlike particles, are considered. Focusing on
channels motivated by the dark sector models, we carry out a model-independent study of the sensitivities
of Z factories in probing exotic decays. The limits on branching ratios of the exotic Z decay are typically
Oð10−6–10−8.5Þ for the Giga Z and Oð10−7.5–10−11Þ for the Tera Z, and they are compared with the
projection for the high luminosity LHC. We demonstrate that future Z factories can provide its unique and
leading sensitivity and highlight the complementarity with other experiments, including the indirect and
direct dark matter search limits and the existing collider limits. Future Z factories will play a leading role in
uncovering the hidden sector of the Universe in the future.

DOI: 10.1103/PhysRevD.97.095044

I. INTRODUCTION

Searching for dark sector particles, including dark matter
(DM) itself and other associated states, is a central goal of
many experimental programs around the world. In the mass
range between MeV and TeV, collider searches remain a
crucial method to look for these hidden particles. Since the
dark sector particles typically only have weak couplings
with the Standard Model, colliders with higher luminosity
are natural places to lead this quest. Recently, there have
been a couple of proposals for future Z factories based on
circular eþe− colliders, including FCC-ee and CEPC [1–4],
which are considering both Giga-Z and Tera-Z options.
Giga Z (Tera Z) means running the electron collider at
Z-pole energy and accumulating 109 (1012) Z’s. Given the

measured cross section of hadronic Z is 30.5 nb [5], the
integrated luminosity for GigaZ (109 Z) and TeraZ (1012 Z
in the plan of FCC-ee) are 22.9 fb−1 and 22.9 ab−1,
respectively. In this paper, we give projections on the
sensitivities of Z-factory searches to a set of Z rare decay
channels inspired by the dark sector models.
A coupling between Z and dark sector states, dubbed as a

“portal,” is quite generic in dark sector models. We can
classify the portals based on the type of operators through
which they are implemented, as follows (for recent reviews,
see Refs. [6–8]):

(i) Marginal operators: Higgs portal [9–16] and vector-
portal DM models [17–22], in which the dark sector
interacts with the Z boson via SM Higgs mixing or
gauge boson mixing. The signal is exotic Z decay
into SM final states with missing energy.

(ii) Dimension-5 operators: Axionlike particles (ALPs)
[23–35], with anomalous coupling to a Z boson and
photon. The signal is exotic Z decay into ALPs and a
photon.

(iii) Higher-dimensional operators: Magnetic inelastic
DM and Rayleigh DM models [36–40], in which
the dark sector interacts with Z via a magnetic dipole
or Rayleigh operator. The signal is exotic Z decay
into a photon and missing energy.
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In addition to using exotic decay measurements to probe
these models, we also compare the reach with direct and
indirect dark matter detection experiments, current limits
fromcollider searches, and estimated sensitivities of the high
luminosity run of the LHC (HL-LHC). Our results demon-
strate that the Z-factory measurement will provide the
leading sensitivities in many cases. We also include thermal
relic abundance, with the understanding that it should serve
as an interesting benchmark point, rather than a strict limit.
There have been previous works on constraining the dark

sector related new physics from Z properties at future eþe−
colliders, including a dark photon [41,42]; sterile neutrino
model [43,44]; Z invisible width, e.g., Ref. [45]; rare SM Z
decays [46–50]; and light CP-odd Higgs bosons and super-
symmetric models [51–55]. Recently, this topic has been
addressed for some specific models [56–60]. Large
Electron-Positron collider (LEP) has also searched for exotic
Z decays into light Higgs [61,62], two light Higgs in the
minimal supersymmetric Standard Model [63], photon and
missing energy [64–66], and three photons [67]. There are
also direct searches for DM particles at LEP-II via mono
photon final states [68].
In Sec. II, we briefly outline the DM indirect and direct

searches and the DM relic abundance, in order to compare
with the Z-decay searches in Sec. III. Section III focuses on
well-defined and representative dark sector models to
illustrate the power of exotic Z-decay search at a Z factory.
Certainly, we cannot cover all the dark sector models for
exoticZ decay. Therefore, we list the possible topologies for
exotic Z decay according to the final states and number of
resonances in Sec. IV. For each decay topology,we comment
on the origin of possibleUVmodels, provide the appropriate
cuts for each topology, and present the sensitivity on the
exoticZ-decay branching ratio (BR). In Sec.V,we conclude.

II. DM RELIC ABUNDANCE AND INDIRECT
AND DIRECT DETECTION

In this section, we briefly describe the inputs from DM
direct detection, indirect detection, and relic abundance
employed in this study.
DM direct detection experiments look for DM collision

with nuclei in the detector, which leaves visible energy in
terms of the phonon, electron, and photon signals. We are
interested in the kind of collision which provides a spin-
independent cross section with nuclei, where Xenon type
experiments such as XENON1T [69], LUX [70], and
PANDAX-II [71] provide the best sensitivity for large
DM mass. For small DM mass, e.g., <5 GeV, CRESST-II
[72] and CDMSlite [73] provide better sensitivity; because
their nuclei are lighter than Xenon, they can obtain more
energy transferred from light DM collisions.
DM indirect detection experiments search for DM annihi-

lation products like photons, electrons, positrons, and
antiprotons from astrophysical sources. We consider the
gamma-ray line searches by Fermi-LAT [74], continuous

gamma-ray limits from dwarf galaxies [75], and e� flux
measurements from AMS-02 [76]. And we consider con-
straints from the cosmic microwave background (CMB),
where DM annihilation products heat and ionize the plasma
during the recombination epoch [77]. When the DM annihi-
lation cross section is proportional to the DM velocity square
v2, dubbed the “p-wave cross section,” the constraints from
the indirect detection are negligible. If DM annihilates into
two photons, the leading constraints from indirect detection
normally are the gamma-ray line and CMB searches.
The relic abundance Ωh2 ¼ 0.12 from the Planck

Collaboration [77] is used in this paper as a benchmark
point. We assume a standard thermal freeze-out. Therefore,
the relic abundance only depends on the thermal average of
the DM annihilation cross section σv.1

III. HIDDEN SECTOR MODELS
AND EXOTIC Z DECAYS

In this section, we discuss several classes of well-
motivated dark sector models, such as Higgs portal DM,
vector-portal DM, inelastic DM, and ALPs. These models
can be probed by the exotic Z decays in future eþe− Z
factories. It is a demonstration of the capability of the eþe−
collider as a new physics search machine and a novel
intensity frontier experiment.
For each model, we point out how it could be probed by

the exotic Z decays. The existing limits from cosmology,
astrophysics, and colliders are presented and compared
with the reach of the Z factories. If the model contains a
dark matter candidate, we will derive the DM relic density
by assuming thermal production. The limits from exotic Z
decay are obtained from the general analysis presented in
detail in Sec. IV. A.

A. Higgs portal fermionic DM

The Higgs portal is a particular simple possibility to
extend the Standard Model and link it with hidden sectors.
After discovering the Higgs, searching for another funda-
mental scalar will help us improve our understanding of
electroweak symmetry breaking. Interestingly, the other
scalar is potentially related to some enigma in cosmology,
such as baryogenesis and DM. Here, we will study the
discovery potential of this scalar and its hidden sector by
using the exotic Z decays from a future eþe− collider.

1. Model

We start with a fermionic DM, χ, interacting with a
singlet real scalar S. S couples to SM via the Higgs portal,
and DM χ is stable due to the Uð1Þχ symmetry [15,78–84].

1As a caveat, this choice relies on the assumption of the
standard thermal freeze-out. Some nonthermal process or other
interesting model building of the hidden sector for GeV DM can
give us a different dark matter relic density predication, which is
not the focus of this paper.
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The general Lagrangian of the simplified model is
written down as follows [15]:

L ¼ 1

2
∂μS∂μS −

μ2S
2
S2 −

λ3
6
S3 −

λ4
24

S4 − λ1ðH†HÞS
− λ2ðH†HÞS2 þ χ̄ði∂ −m0

χÞχ − yχSχ̄χ þ jDμHj2
− μ2HðH†HÞ − λHðH†HÞ2: ð1Þ

We assume μ2H < 0 and μ2S < 0, which trigger spontaneous
symmetry breaking of the SM and hidden sector. The tree-
level vacuum stability condition requires λH > 0, λ4 > 0;
and if λ2 < 0, jλ2j >

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λHλ4=24

p
should be satisfied. In the

broken phase, the Higgs and the singlet scalar obtain their
vacuum expectation values (vevs) vH and vS, respectively,

H ¼ 1ffiffiffi
2

p ðvH þ hÞ; S ¼ vS þ s: ð2Þ

Accordingly, the DMmassm0
χ is shifted tomχ¼m0

χþyχvS,
which is treated as a free parameter here. Adding the
extrema condition that ∂sV¼ 0 and ∂hV¼0, where V is the
scalar potential, we will have the mass matrix of s and h,

M2
11 ¼ 2λHv2H;

M2
12 ¼ M2

21 ¼ ðλ1 þ 2λ2vSÞvH;

M2
22 ¼ −

λ1v2H
2vS

þ λ3vS
2

þ λ4v2S
3

: ð3Þ

The scalar mass eigenstates h̃ and s̃ are obtained via the
following rotation,

�
h̃

s̃

�
¼

�
cos α − sin α

sin α cos α

��
h

s

�
; ð4Þ

where

tanð2αÞ ¼ 2M2
12

M2
22 −M2

11

: ð5Þ

The masses of h̃ and s̃ are

m2
h̃;s̃

¼ 1

2

�
M2

11þM2
22�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM2

11−M2
22Þ2þ4ðM2

12Þ2
q �

: ð6Þ

Let us pause here to count the relevant free parameters
for the scalars. There are nine parameters including μS, μH,
λ1;2;3;4, λH, and two vevs vH and vS. The extrema conditions
eliminate two of them: μS and μH. By changing to the mass
eigenstate basis, the five physical observables are mh̃, ms̃,
vH, vS, and mixing angle sin α, which are determined by
seven parameters. Without losing generality, we set the
coefficients λ1 and λ3 appearing in odd terms of S to be 0,
which can be achieved by adding some additional quantum

number or Z2 symmetry for S. Having observed that the
Higgs mass mh̃ ¼ 125 GeV and vH ¼ 246 GeV, this leads
to three final free parameters ms̃, vS, and sin α.
The decay rates and branching ratios relevant to the

scalar searches are presented below. In the case that
mh̃ > 2ms̃, the SM Higgs decays to two s̃with decay width

Γðh̃ → s̃s̃Þ ¼ sin2αcos2α
32π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
s̃

m2
h̃

s �
1þ 2

m2
s̃

m2
h̃

�
2

×
m3

h̃
ðcos αvH − sin αvSÞ2

v2Hv
2
S

: ð7Þ

The singlet scalar s̃ can decay to pair of DM if kinemat-
ically allowed. This is the missing energy signal in the
collider. The decay width is

Γðs̃ → χ̄χÞ ¼ y2χcos2α

8π
ms̃

�
1 −

4m2
χ

m2
s̃

�
3=2

: ð8Þ

The SM Higgs h̃ can also decay to DM pair, with a
similar decay width of s̃ by changing cos2 α to sin2 α and
ms̃ to mh̃,

Γðh̃ → χ̄χÞ ¼ y2χsin2α

8π
mh̃

�
1 −

4m2
χ

m2
h̃

�
3=2

: ð9Þ

In this model, the invisible decay branching ratios for s̃ and
h̃ are

BRðs̃ → invÞ ¼ Γðs̃ → χ̄χÞ
Γðs̃ → χ̄χÞ þ sin2αΓSM

h̃;tot
ðms̃Þ

; ð10Þ

BRðh̃ → invÞ ¼ Γðh̃ → χ̄χÞ þ Γðh̃ → s̃ s̃ÞBR2ðs̃ → invÞ
Γðh̃ → χ̄χÞ þ Γðh̃ → s̃ s̃Þ þ cos2αΓSM

h̃;tot

:

ð11Þ

The mass of the singlet scalar relevant for the study of
exotic Z decays is ms̃ ≲mZ. If mχ < 1

2
ms̃, the singlet

decays to DM, leading to missing energy signals.

2. DM relic abundance, indirect and direct searches,
and collider constraints

Relic abundance and indirect detection.—In this model, the
s-channel annihilation χ̄χ → f̄f is the dominant process for
the thermal DM freeze-out. This process is p-wave sup-
pressed, because the mediator is CP even, while the initial
state is CP odd [85]. The analytic expression for the cross
section can be written as
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σvð χ̄χ→ f̄fÞ ¼NC

8π
sin2αcos2αy2χy2f

×
ð1− 4

m2
f

s Þ3=2ðs− 4m2
χÞðm2

h̃
−m2

s̃Þ2
ððs−m2

h̃
Þ2þm2

h̃
Γ2
h̃
Þððs−m2

s̃Þ2þm2
s̃Γ2

s̃Þ
;

ð12Þ

where yf ≡mf=v and s is the center-of-mass energy
square. From this expression, it is clear that the annihilation
cross section is p-wave from the term s − 4m2

χ ∝ v2rel. As a
result, DM indirect detection cannot put strong limits on
this model, since the velocity dispersion of the galaxies is
relatively slow. However, the temperature during DM
freeze-out is relatively high, and vrel ≃ 1=3. Therefore,
the p-wave suppression is not dramatic during this period.
In the DM relic abundance calculation, we consider the

fermions in the final states if the annihilations are kineti-
cally allowed. In the mass range of mb < mχ < mZ=2, the
final states of quarks (b and c) and the τ lepton are included.
The computation of the thermal relic density is restricted to
mχ > 1.5 GeV. For the smaller DM mass, QCD non-
perturbative effects and some hadronic channels should
be considered. To avoid other limits, we choosemχ close to
ms̃=2 in Fig. 2. For the nonresonance case, relic abundance
does not lead to competitive limits.
Direct detection.—The DM χ scattering with nuclei is
mediated by t-channel scalar s̃ and h̃, which give the
possibility to detect DM via spin-independent direct
detection. The spin-independent scattering cross section
with a nucleon is [86]

σSI ¼
μ2nf2nm2

n

πv2H
g2χsin2αcos2α

�
1

m2
h̃
−m2

s̃

�
2

; ð13Þ

where μn is the reduced mass between the DM and nucleon,
fn ≈ 0.3 is the Higgs-nucleon coupling, and mn is the
nucleon mass. We compare σSI with the limits from
XENON1T [69], LUX [70], PANDAX-II [71], and
CRESST-II [72] as well as CDMSlite [73] for low mass
DM, and show the constraints in Fig. 2. The limits drop
around mχ ∼ 10 GeV, because below this mass Xenon
scintillators loose their sensitivity and CDMSlite becomes
the dominant one.

Existing collider constraints.—The current LHC limits
from the run I combination of ATLAS and CMS data
constrain BRðh → invÞ ≤ 0.23 at 95% C.L. [87,88].
Following the h̃ invisible decay branching ratio in
Eq. (11), the limits on mixing angle sin α are given in
Fig. 2, labeled as “BRh̃

inv < 0.23.”We also add the HL-LHC
(3 ab−1) and future eþe− collider projections on invisible
Higgs search, which leads to 95% C.L. limits BRh̃

inv ≲
0.08–0.16 [89,90] and BRh̃

inv ≲ 0.003 [4,91]. Moreover, the
global fit to Higgs data at the LHC 7 and 8 TeV runs can

constrain the single scaling factor to Higgs interactions, and
this gives sin α < 0.33 [92], which is also added in Fig. 2,
labeled as “h̃ current global fit (LHC).” The HL-LHC can
extend the reach to sin α < 0.28ð0.20Þ using 300 fb−1

ð3 ab−1Þ luminosity [93].
At LEP-II, a low mass Higgs has been searched in the

eþe− → Z → Z�h channel, where Z decays visibly and h
decays invisibly, with an integrated luminosity of
∼114 pb−1 [61]. The Higgs bremsstrahlung process Zh
is also used at higher

ffiffiffi
s

p
to set a limit on heavier Higgs up

to 114.4 GeV [94–96]. The searches can put constraints on
sin α for the similar process Zs̃, which we give in Fig. 2 and
are labeled as “LEP-Zs-inv.” For the on-shell production of
Zs̃ at FCC-ee, the sensitivity on sinα has been estimated to
be ∼0.03 for ms̃ < 100 GeV [97]. The precision measure-
ment of the Higgs bremsstrahlung cross section σðZhÞ can
reach the accuracy of Oð0.3%–0.7%Þ expected from
5–10 ab−1 [1,4,98], which can probe the scalar mixing
down to 0.055–0.084 [97], labeled as “δσðZhÞ.”

3. Prospects from exotic Z decay

Exotic Z-decay sensitivity.—For the sensitivity at a Giga
(Tera) Z factory, we study the process Z → s̃Z� →
ð χ̄χÞ þ lþl−, with the Feynman diagram in Fig. 1, where
s̃ decays to DM particles and off-shell Z� goes to lepton
pairs. We set constraints on sin α using this process and plot
them in Fig. 2. The previous LEP experiment [61] has
searched the similar channel with Z� decay to both
hadronic and leptonic channels. The details of the simu-
lations and cuts are given in Sec. IV. D, where the limit on
the exotic decay BR has been calculated. After calculating
the exotic decay BR, one can translate the constraints of
decay BR to physical variable sinα. We have compared our
analysis with the LEP and found good agreement. To be
more specific, given that “LEP-Zs-inv” has also worked on
the Z pole with an integrated luminosity 114 pb−1, we
normalize our result to the same luminosity and find the
constraint is similar to the LEP.

FIG. 1. The Feynman diagram for exotic Z decay
Z → s̃Z� → ð χ̄χÞ þ lþl−. Note the Z is produced on shell
and followed by a three-body decay s̃lþl−, and the parentheses
for χ̄χ indicate they are from the decay of a resonance.
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In the SM, Higgs can decay to a diphoton or Zγ via
a top loop and W loop. Due to the mixing between s̃
and h̃, the monophoton process Z→ γs̃→ γð χ̄χÞ is pos-
sible. We have checked this process following the cuts in
Sec. IV. B and found its constraint on sin α is about 1 order
of magnitude weaker than Z → s̃Z� → ð χ̄χÞ þ lþl−.
The main reason is monophoton decay is loop
suppressed. Furthermore, the monophoton background
is higher than the lþl− þ E background. Therefore,
we do not put the constraint from the monophoton in
Fig. 2.
Summary.—From Fig. 2, we see the relic abundance
provides constraints on sinα only in the fine-tuned scenario
with 2mχ ∼ms̃. The indirect detection does not provide
limits because it is p-wave suppressed. The direct detection
provides a useful constraint, which is not sensitive to the
resonant mass ofms̃ ∼ 2mχ . At the same time, it depends on
the size of the Yukawa coupling yχ . The existing and future
Higgs global fit from the LHC does not provide competitive
limits in comparison with precision measurement of σðZhÞ,
while the invisible decay BR of SM Higgs provides a pretty
good limit down to sinα ∼Oð10−2–10−3Þ via the existing
LHC data. At the HL-LHC (3 ab−1), the reach of the
invisible BR is about 0.08–0.16 [89,90], which provides
only a moderate improvement of the limit. The future
sensitivity of BRh

inv is expected to reach ∼0.003 at the

future eþe− collider [1,4,91], which can improve the limits
by a factor of ∼8.7.
The proposed exotic Z decay Z → s̃Z� → ðinvÞ þ lþl−

can cover sinα down to ∼10−2ð10−3Þ for Giga Z (Tera Z),
and such constraints do not rely much on the values of yχ
and χ mass. The constraints from exotic Z decay are
superior than most of the existing and future searches, and
only the invisible SM Higgs decay search at the future
Higgs factories can provide competitive limits.

B. Vector portal DM

The vector portal, as another simple extension of the SM
physics, employs a massive Uð1Þ dark photon connecting
the SM sector and the hidden sector [17–22]. The searches
for vector-portal DMand the vector field itself have attracted
worldwide efforts (see the reviews in Refs. [6–8] and
references therein). Various experiments, such as fixed
target and eþe− and pp colliders, are aiming to find such
a dark photon, especially utilizing its coupling to lþl−.
Aside from decaying to SM fermions, the invisible decays of
the dark photon are directly related to DM, which can be
searched by the radiative return process, meson decay, and
missing energy events in scattering processes [6–8].
The dark photon A0, as a Uð1Þ gauge field in the hidden

sector, can mix with the SM hypercharge Uð1ÞY field Bμ

through a renormalizable operator,

FIG. 2. The 95% C.L. sensitivity for sinα from exotic Z decay Z → s̃Z� → ð χ̄χÞ þ lþl− at Giga (Tera) Z factory, with yχ ¼ 0.1ð1Þ in
the left (right) panels. We also compare with limits from DM direct detection, relic abundance, the invisible Higgs BR from the LHC
[87,88] (BRh̃

inv < 0.23), the high luminosity (3 ab−1) LHC projection (BRh̃
inv ≲ 0.08–0.16) [89,90] and future eþe− collider

(BRh̃
inv ≲ 0.003) [4,91], current and future Higgs global fits from (h current global fit) [92,93] with purple and magenta lines, low

mass Higgs searches in invisible channels (LEP-Zs-inv) [61,94–96], and precision measurement of σðZhÞ [δσðZhÞ] [1,4,98]. The
dashed (solid) lines are for existing constraints (future prospects).
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L ¼ −
1

4
BμνBμν −

1

4
A0

μνA0μν þ ϵ

2cW
BμνA0μν þ 1

2
m2

A0A0μA0
μ;

ð14Þ

where ϵ is the kinetic mixing parameter and cW is the cosine
of the weak angle. The mass of the dark photon,mA0 , can be
obtained from the Higgs mechanism in the dark sector.
Interestingly, this underlying mechanism is related to our
previous Higgs portal DM. We ignore here (possibly
interesting) dynamics of the dark Higgs.2 We can always
rotate away the kinetic mixing terms and work in the mass
eigenstate basis. The rotation is nonunitary and is written
down up to Oðϵ2Þ [99],

0
B@

Zμ

Aμ

A0
μ

1
CA ¼

0
BB@

1 0
m2

A0 tW
−m2

A0þm2
Z
ϵ

0 1 ϵ
m2

ZtW
m2

A0−m
2
Z
ϵ 0 1

1
CCA

0
BB@

Z̃μ

Ãμ

Ã0
μ

1
CCA; ð15Þ

where tW is the tangent of the weak angle. This formula
does not apply to the region where the A0 mass is pretty
close to the mass of the Z boson. In the rest of the paper, we
work on the mass eigenstates of these gauge fields; without
ambiguities, Ã and Ã0 are used to represent the mass
eigenstates. After this rotation, the way that the currents
couple to gauge fields is changed, and the interactions
between vectors and currents up to Oðϵ2Þ are written as
follows:

Lint ¼ Z̃μ

�
gJμZ − gD

m2
ZtW

m2
Z −m2

A0
ϵJμD

�

þ Ã0
μ

�
gDJ

μ
D þ g

m2
A0 tW

m2
Z −m2

A0
ϵJμZ þ eϵJμem

�

þ ÃμeJ
μ
em: ð16Þ

The massless photon Ã couples to the electromagnetic
current Jem. The dark photon couples to dark Uð1Þ currents
JD; after the field rotates, a ϵ suppressed coupling to Jem
and JZ arises. The Z̃ boson couples to JZ and has the
coupling to the dark currents with ϵ suppression.

1. Scalar vector-portal DM

Model.—In this model, we introduce a complex scalar as
DM, charged under theUð1ÞD, and this scalar DM interacts
with the SM particles via the dark photon A0. The relevant
interactions can be written as follows:

LS ¼ ð∂μSþ igDA0
μSÞ�ð∂μSþ igDA0μSÞ −m2

SS
�S: ð17Þ

For m2
S > 0 and considering Z2 symmetry, hSi ¼ 0, and S

is stable. From Eqs. (15) and (16), it is clear that there is
coupling between Z, A0, and S,

LS ⊃ g2DS
�S
�
Ã0

μ þ ϵ
m2

ZtW
ðm2

A0 −m2
ZÞ

Z̃μ

�
2

; ð18Þ

which can provide an interesting signal for the exotic Z
decay, Z̃ → Ã0S�S, from the leading ϵ terms in the
Lagrangian. To have this signal, we must have this process
kinematically allowed, mÃ0 þ 2mS < mZ. We will focus on
the region where mS > 1

2
mÃ0 , such that the Ã0 decay

dominantly to SM particles, rather than invisible DM pair.3

The spontaneous symmetry breaking through dark Higgs
ϕ is a simple mechanism to give mass to S and A0. The
difference from S is that there is no exact Z2 symmetry to
make ϕ stable, but the Lagrangian is similar to Eq. (17),

Lϕ ¼ ð∂μϕþ igDA0
μϕÞ�ð∂μϕþ igDA0μϕÞ

þ λ2S�SΦ�Φ − μ2ϕjϕj2 −
λ4
4
jϕj4: ð19Þ

After symmetry breaking hϕi ≠ 0, A0 and S get their mass.
When ϕ is much heavier than S and A0, it can be integrated
out, and Eq. (17) is enough to describe the process related
to DM and various searches. When the ϕ mass is smaller
than or comparable to the mass of S and A0, ϕ need to be
considered. In this case, ϕ can be produced at a collider and
decay back to 2S or 2Ã0.

DM relic abundance and indirect detection.—If mS > mÃ0 ,
the dominant process controlling the freeze-out is
SS� → Ã0Ã0. The thermal cross section is

σvðSS� → Ã0Ã0Þ ¼ g4D
16πm2

S

ð8− 8y2þ 3y4Þ
ffiffiffiffiffiffiffiffiffiffiffiffi
1− y2

p

ð2− y2Þ2 ; ð20Þ

where y≡mÃ0=mS. By taking s → 4m2
S, the leading term

tells us that this process is s-wave. This thermal cross
section is not related to ϵ, since the Ã0 are produced on
shell. On the other hand, in the regime wheremS < mÃ0 , the
dominant process is S�S → Ã0=Z → f̄f via the off-shell Z
and Ã0, and the thermal cross sections for σvðSS� → ff̄Þ
are given in Sec. VI. Since the thermal cross section is
proportional to ϵ2, the relic abundance will rely on the size
of the kinetic mixing. This can set the target for the search
of exotic Z decay. Without loss of generality, we will
restrict to mS ¼ 0.8mÃ0 in the parameter space, to compare2The mass of A0 usually needs the Higgs mechanism to break

Uð1ÞD and obtain a vev; therefore, it requires a complex scalar ϕ
charged under Uð1ÞD. It naturally provides an exotic Z-decay
signature Z → A0ϕ from Z-A0 mixing.

3This assumption can be relaxed, and the constraints should be
rescaled according to the branching ratio of Ã0 to SM particles.
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various limits from the complementary experiments, shown
in Fig. 4.
S�S → Ã0=Z → f̄f is p-wave suppressed, which can be

understood from the CP symmetry of the initial state [85].
As we discussed before, the p-wave annihilation has the
suppressed signal of the indirect detection. Therefore, the
corresponding limit is negligible.

Direct detection.—The scattering of S off nuclei is medi-
ated by t-channel Ã0 and Z̃. Interestingly, the contribution
from Z̃ exchange has been canceled by the one from Ã0

coupling to the JZ current [97]; hence, only Ã0 coupling to
the Jem current should be considered, which can be seen
directly from Eq. (16). Therefore, the spin-independent
scattering cross section for S and the nucleon has a simple
expression and is given below,

σSIn ≃
e2g2Dϵ

2μ2Sn
2πm4

Ã0
; ð21Þ

where μSn ¼ mSmn=ðmS þmnÞ is the reduced mass of dark
matter S and nucleon n and e is the electron charge. We add

the direct detection constraints as the green shaded area
in Fig. 4.

Existing collider limits.—Focusing on the region of
mÃ0 < 2mS, the decay mode of the dark photon,
Ã0 → lþl−, is the key channel to look for in the experi-
ments: beam-dump, fixed target, collider, and rare meson
decay. In Fig. 4, we present the constraints from the
experiments having the leading limits currently. There
are also limits from the LEP via electroweak precision
observables [41]. For constraints from the LHC, the
inclusive Drell-Yan process pp → Ã0 → lþl− can be used
to constrain ϵ with the LHC 8 TeV data [100,101], which
provides a stronger bound than the electroweak precision
bounds [42,102,103]. For low mass mÃ0 ∼OðGeVÞ, the
limits from the B factory are the leading ones from
measuring visible decay products of the dark photon, such
as BABAR 2014 [104] having the limits of ϵ≲ 10−3.
Recently, the LHCb [105] performed a dark photon search
using the inclusive dimuon data. This will give the leading
constraints in the mass window of (10 GeV, 50 GeV).

Exotic Z-decay search.—The first process we consider is
the three-body decay Z̃ → Ã0S�S → ðlþl−ÞE shown in the
left panel of Fig. 3. The limit on the exotic Z-decay
branching ratio is given in Sec. IV. D. Here, we take the
mass range of Ã0, mS < mÃ0 < 2mS, such that Ã0 will not
dominantly decay to invisible DMs, and DM relic density
depends on the kinetic mixing ϵ. To constrain kinetic
mixing coupling ϵ, we fix the other relevant parameters,
gD ¼ 0.1ð1Þ and the mass ratio mS=mÃ0 ¼ 0.8. The corre-
sponding limit for ϵ as a function of mÃ0 is given in Fig. 4.
The range of mÃ0 starts from 1 GeV. For smaller masses,
other constraints like beam dump experiments become

FIG. 3. The Feynman diagrams for the three-body decay
process Z̃ → Ã0SS� → ðl−lþÞE from the vector-portal model
with scalar DM and the Higgs bremsstrahlung process Z̃ →
Ã0ϕ̃ → ðl−lþÞðEÞ.

FIG. 4. The 95% C.L. sensitivity for ϵ as a function of mÃ0 from exotic Z decay Z̃ → ðlþl−ÞE. The three-body decay channel
Z̃ → Ã0S�S → ðlþl−ÞE is shown in the left panel, while the two-body cascade decay channel Z̃ → Ã0ϕ̃ → ðlþl−ÞðEÞ is shown in the
right panel. We take gD ¼ 0.1 and 1, mS ¼ 0.8mK̃ . The constraints from exotic Z decay are labeled as Giga (Tera) Z, and also we show
an illustrative line for LEP luminosity 114 pb−1. We also show limits from relic abundance, direct detection, and existing collider
searches for comparison.
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quite strong. Moreover, the exotic Z search begins to lose
its efficiency due to the small separation of the lepton pair
from Ã0 decay.
In addition to the three-body decay topology, we can

also have the two-body cascade decay Z̃ → Ã0ϕ̃ →
ðlþl−ÞðS�SÞ, shown in the right panel of Fig. 3. This
channel has resonance in both the lepton pair invariant
mass and invisible mass. We still consider the regime
mS < mÃ0 < 2mS. Therefore, Ã

0 decays into lepton pairs.
We assume mϕ̃ < 2mÃ0 and very small Higgs portal

mixing, so that ϕ̃ decay to SM particles via Higgs mixing
can be neglected. Therefore, the decay branching ratio of
ϕ̃ → S�S is ∼100%. In the right panel of Fig. 4, we
constrain ϵ as a function of mÃ0 , with mS ¼ 0.8mÃ0 and
mϕ̃ ¼ 1.7mÃ0 . Given that ϕ̃ has negligible coupling to the
SM sector, the relic abundance, indirect detection, and
direct detection are similar to the left panel of Fig. 4.
Summary.—As shown in Fig. 4, the LEP electroweak
precision test, LHC Drell-Yan, BABAR radiative return,
and LHCb dimuon inclusive searches can provide the direct
constraints on ϵ. For mÃ0 < 10 GeV, BABAR bounds
ϵ≲ 10−3, while LHC Drell-Yan and LHCb provide com-
plementary limits ϵ≳ 5 × 10−3 for mÃ0 > 10 GeV. The
LEP electroweak precision test is the weakest constraint
among the three.
The hint from the DM relic abundance and the con-

straints from direct detection and exotic Z decay rely on
coupling gD. For a fixed mÃ0 , the DM annihilation cross
section and direct detection scattering cross section are
proportional to g2D. The coupling for the four-point vertex
Z̃μÃ

0μS�S is proportional to ϵg2D, while the coupling for the
three-point vertex Z̃μÃ

0μϕ̃ is proportional to ϵgDmÃ0 .
Therefore, the three-body decay width is proportional to
g4D, while the two-body cascade decay width is proportional
to g2D. For gD ¼ 1, we see Tera Z could provide the
strongest bounds at lowmÃ0, while direct detection provides
comparable limits to exotic Z decay at high mÃ0 .
In comparison with the three-body cascade decay, one

might expect a better constraint from two-body cascade
decay because there are resonances in both the lepton pair
andmissing energy in this topology, while three-body decay
only has one resonance in the lepton pair. This intuition is
indeed correct as the sensitivity on the exotic decay BR is
better for two-body cascade decay than three-body decay in
Sec. IV. D, but the difference is not significant. The limits on
ϵ in Fig. 4 involve more parameters and couplings, which
modify the dependence of mÃ0 .
For mÃ0 ∼ 1 GeV, three-body decay loses less efficiency

from the lepton separation requirement than two-body
cascade decay, since the energy of Ã0 in three-body decay
is generally softer than in two-body cascade decay.
In summary, the exotic Z-decay search in both topol-

ogies can provide good reach in ϵ, which is complementary
to and competitive with other constraints.

2. (Inelastic) vector-portal fermionic DM

For vector-portal fermionic DM, we consider the inelas-
tic DM model here. The constrains and future collider
search of Z decays are similar to magnetic inelastic dark
matter, which will be explored in Sec. III. C.
Starting from the fermionic DM charged under the dark

sector Uð1ÞD, we can write down its Dirac mass term
mDχ̄χ, and its Majorana mass is obtained through Yukawa
interaction with a scalar Φ. The Lagrangian is

LF ¼ χ̄i=∂χ þ gDχ̄A0
μγ

μχ −mDχ̄χ

þ ðΦ�ðyLχ̄cPLχ þ yRχ̄cPRχÞ þ H:c:Þ: ð22Þ

The ratio ofUð1ÞD charge ofΦ and χ equals 2. OnceΦ gets
a vev, the DM χ gets Majorana mass along with its
Dirac mass.
As a result, the Dirac fermion splits itself into two

Majorana fermions, which provide the DM χ1 and its
excited state χ2, dubbed “inelastic dark matter” (IDM)
[106,107].
We work with the Weyl spinor and analyze the inter-

actions for χ1 and χ2. If we write χ ¼ fη; ξ†g, the mass term
is given as [106,108]

−LF ⊃
1

2
ð η ξ Þ

�
mη mD

mD mξ

��
η

ξ

�
þ H:c:; ð23Þ

where mη ¼ −
ffiffiffi
2

p
yLvD and mξ ¼ −

ffiffiffi
2

p
y�RvD. The mass

matrix can be diagonalized by a rotation,

�
η

ξ

�
¼

�
cos β sin β

− sin β cos β

��
χ1

χ2

�
; ð24Þ

where tan 2β ¼ 2mD=ðmξ −mηÞ. The masses of χ1 and
χ2 are

mχ1;χ2 ¼
1

2

�
mη þmξ ∓

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmη −mξÞ2 þ 4m2

D

q �
: ð25Þ

The vector current of the DM couples to Uð1ÞD gauge field
A0. We can write both of them in the mass basis as follows,

LF ⊃ A0μJμ ¼
�
Ã0μ þ tWϵ

m2
Z

ðm2
A0 −m2

ZÞ
Z̃μ

�
ðη†σ̄μη− ξ†σ̄μξÞ

¼
�
Ã0μ þ tWϵ

m2
Z

ðm2
A0 −m2

ZÞ
Z̃μ

�

×

�
1

x
ðχ†1σ̄μχ1 − χ†2σ̄

μχ2Þ

−
2mD

ðmξ −mηÞx
ðχ†1σ̄μχ2 þ χ†1σ̄

μχ2Þ
�
; ð26Þ

where we have defined x≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4m2

D=ðmξ −mηÞ2
q

. The

scalar interaction with DM can be written as
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LF ⊃
−1
2

�
1þ ϕ

vD

�
ðmηηηþmξξξÞþH:c:

¼−1
2

�
1þ cosαϕ̃− sinαh̃

vD

�

×

�
1

2

�
mξþmηþ

−mξþmη

x

�
χ1χ1

þ1

2

�
mξþmηþ

mξ−mη

x

�
χ2χ2−

2mD

x
χ1χ2

�
: ð27Þ

There are two interesting parameter regions for this
model. In the first one, the Majorana mass is much
larger than its Dirac mass, mη, mξ ≫ mD, such that the
mixing angle β is small and the masses of χ1 and χ2 have
small corrections to its Majorana masses, where mχ1 ≈
mη þm2

D=ðmη −mξÞ and mχ2 ≈mξ þm2
D=ðmξ −mηÞ. The

interactions with the vector boson and scalar are mainly
diagonal, while the off-diagonal interactions for χ1 and χ2
are suppressed.
In the second case, the Dirac mass is dominant, mη,

mξ ≪ mD. Therefore, the mixing angle β is very close
to its maximal value π=4. The mass of χ1 and χ2 are mχ1 ≈
mD − ðmξ þmηÞ=2 and mχ2 ≈mD þ ðmξ þmηÞ=2, with
the mass splittingΔ¼mξþmη. We have x≈2mD=ðmξ−mηÞ
and jxj ≫ 1. This suggests that the diagonal interactions
with the vector boson are suppressed while the off-diagonal
interaction to χ1 and χ2 is dominant. For the special case of
mξ ¼ mη, the diagonal interaction with the vector boson
vanishes. Since the IDM relies on the off-diagonal inter-
actions with the vector boson, the DM scattering only
happens when the final states are its excited ones and
provides very different phenomenology from ordinary
elastic scattering in direct detection [106]. However, for
scalar interactions, the diagonal interaction with the fer-
mionic DM is proportional to mξ þmη, while the off-
diagonal interaction is proportional to mξ −mη. The scalar
mediation to diagonal terms can potentially spoil the IDM
setup when the Higgs portal coupling is large.
Coming back to the exotic Z decays, we see that vector-

portal IDM motivates the exotic decays of Z̃ → χ2 χ1 and
χ2 χ2, followed by the subsequent cascade decay χ2 →
Ã0χ1; ϕ̃χ1 and Ã0; ϕ̃ → f̄f; χ1χ1. This shows that IDM with
the vector portal can motivate the topologies of exotic Z
decay in Sec. IV.

C. Magnetic inelastic DM and Rayleigh DM

The coupling of DM to the Standard Model particles
can be very weak. One possible scenario is that the
hidden sector interacts with the Standard Model via high-
dimensional operators. The representative models, the
magnetic inelastic DM (MIDM) and Rayleigh DM model
(RayDM) [36–40], are introduced, and their relevance to
the exotic Z decay is studied in this section.

1. Model

The two models, the MIDM and RayDM, can be derived
from the same UV model [40],

L ¼ χ̄ði=∂ −mχÞχ −
1

2
δmχ̄cχ þ ψ̄ðiD −Mψ Þψ

þ ðDμϕÞ†ðDμϕÞ −M2
ϕϕ

†ϕþ ðλψ̄χϕþ H:c:Þ: ð28Þ

χ is fermionic DMwith a Dirac mass termmχ andMajorana
mass term δm. It interacts with scalar ϕ and another
fermion ψ via a Yukawa coupling. The Dirac and
Majorana mass terms can split DM χ into two Majorana
fermions χ1 and χ2, where we assume mχ2 > mχ1 . The
fermion ψ and scalar ϕ have the same charge under SM
gauge group SUð2ÞL × Uð1ÞY [40]. The dark matter will
couple to photon via a ψ and ϕ loop. Integrating out ψ and
ϕ will generate two higher-dimensional operators. The first
operator is the MIDM operator [36–38], and the second is
the RayDM operator [39]. Both of them are given below:

OMIDM ¼ 1

ΛMIDM
χ̄2σ

μνχ1Bμν þ H:c:;

ORayDM ¼ 1

Λ3
RayDM

χ̄1χ1BμνBμν: ð29Þ

Note there are also operators including γ5 in the DM
bilinear, which corresponds to the electric dipole operator.
For RayDM, the corresponding one is

Oγ5
RayDM ¼ i

Λ3
RayDM

χ̄1γ5χ1BμνB̃μν; ð30Þ

where B̃μν ¼ ϵμναβBαβ and ϵμναβ is the antisymmetric Levi-
Cività symbol. The interaction scale Λ has been calculated
in Ref. [40],

1

ΛMIDM
≈

λ2gY
64π2Mψ

;
1

Λ3
RayDM

≈
λ2g2Y

48π2M3
ψ
; ð31Þ

where we have assumed that ψ and ϕ are singlet under
SUð2ÞL and are charged under Uð1ÞY. In Eq. (31), we have
assumed the ϕ mass is similar toMψ , and we take the form
factor function to be Oð1Þ. These two operators can lead to
the cascade decay Z → χ2 χ1 → ðχ1γÞχ1 and the three-body
decay Z → χ1 χ1γ at the Z factory, with Feynman diagrams
given in Fig. 5. In the exotic Z-decay study, we will choose
a significant mass splitting between χ1 and χ2 to get a hard
photon signal which can be detected at Z factories.
With this setup, we see that decay topologies Z →

χ2 χ1 → ðχ1γÞχ1 and Z → χ1χ1γ in Fig. 5 can be easily
achieved. In the perspective of model building, the cascade
decay channel Z → χ2 χ2 → ðχ1γÞðχ1γÞ would be more
complicated. In particular, if χ2 is Majorana fermion, the
dipole term χ̄2σμνχ2 will vanish. If one would add new
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species of Dirac fermion DM χ, then the Yukawa term in
Eq. (28) would become λiψ̄χiϕ, where i is the number of
species [109]. In this case, one can have χ̄iσμνχj in the
MIDM operator and χ̄iχj in the RayDM operator, which
provide rich cascade decays for exotic Z decay.

2. DM relic abundance, indirect and direct searches,
and collider constraints

Relic abundance and indirect detection.—We focus on the
case in which there is a significant mass splitting between
χ2 and χ1, which can give rise to an interesting photon
signal in exotic Z decay. In this case, the relevant
annihilation initial state contains only χ1. The annihilation
rate is dominated by the Rayleigh operator into γγ, γZ, ZZ,
andWþW−. For the mass rangemχ1 < mZ, we find only the
following annihilation cross section relevant [39],

σvðχ1χ1 → γγÞMIDM ¼ cos2 θwm2
χ1

πΛ4
MIDM

16y6 − 9y4 − 2y2 − 2

y4ðy2 þ 2Þ2 ;

ð32Þ

σvðχ1χ1 → γγÞRayDM ¼ cos2 θw
π

m4
χ1

Λ6
RayDM

v2rel; ð33Þ

σvðχ1χ1 → γγÞγ5RayDM ¼ 16 cos2 θw
π

m4
χ1

Λ6
RayDM

; ð34Þ

where y≡mχ2=mχ1 . The two annihilation cross sections
for RayDM are for ORayDM and Oγ5

RayDM, respectively,
where the former one is p-wave while the second one is
s-wave. The annihilation process for the MIDM scenario is
two-loop suppressed. This can be seen in Eqs. (32), (33),
and (34) through the dependence on ΛMIDM and ΛRayDM,
respectively. The annihilation into gamma-ray lines is
constrained by the Fermi-LAT search [74] (blue shaded
region) and also by the CMB [77] (purple shaded region),
which we use to constrainMψ as a function ofmχ in Fig. 6.
The long dashed lines are for Oγ5

RayDM, while the dashed
lines are for ORayDM, which is very weak due to the p-wave
suppression.
Direct detection.—In the case of large splitting, only
Majorana χ1 is relevant for direct detection because
inelastic scattering into χ2 is kinetically forbidden.
Therefore, the scattering cross section is dominated by
the loop exchange of two photons from the Rayleigh
operator, and the spin-independent cross section per
nucleon is given below [39],

σSIn ≈
4α2EMZ

4

π2A4

m2
NQ

2
0

Λ6
RayDM

; ð35Þ

wheremN is the mass of nuclei N, A is the nucleon number,
Z is the proton number of nuclei, and Q0 is the nuclear

FIG. 5. The Feynman diagrams for the cascade decay process
Z → χ2χ1 → χ1χ1γ from OMIDM and the three-body process
Z → χ1χ1γ from ORayDM.

FIG. 6. The 95% C.L. sensitivity for Mψ from exotic Z decay Z → Eþ γ, for the MIDM operator in the left (middle) panels with
different mass splittings and for the Rayleigh operator in the right panel. The constraints are labeled as Giga Z and Tera Z for a future Z
factory with λ ¼ 4π, and the LEP limit from Ref. [64] is shown. We also compare the limits from DM direct detection, indirect detection,
monophoton, and monojet searches at the LHC. For RayDM, the gamma-ray constraints from Fermi-LAT and the CMB use a long
dashed line for Oγ5

RayDM and a dashed line for ORayDM. For collider limits, the two operators are similar, and for spin-independent direct
detection limits, only ORayDM is constrained.
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coherence scale Q0 ¼
ffiffiffi
6

p ð0.3þ 0.89A1=3Þ−1 fm−1. The
current leading constraints on spin-independent cross
sections are XENON1T [69], LUX [70], PANDAX-II
[71], and CRESST-II [72] as well as CDMSlite [73].
The limits from direct detection constraints are shown as
magenta in Fig. 6. OnlyORayDM is shown as in dashed lines
because Oγ5

RayDM produces the spin-dependent cross section
and spin-independent cross section is suppressed.
Existing collider constraints.—Besides DM indirect and
direct detection, the MIDM and RayDM operators can also
get constraints from monojet and monophoton searches at
the LHC and LEP.
The Rayleigh operator ORayDM has been studied in

monophoton, monojet, and mono-V (V stands for vector
gauge boson W and Z) searches [110]. The limits from
monophoton provide the strongest bound and constrain
ΛRayDM ≳ 510 GeV at 95% C.L, for mχ1 ≲ 100 GeV from
the LHC 8 TeVat 20 fb−1 [111,112]. Very recently, ATLAS
[113] has explored 13 TeV data to search the monophoton
signature with integrated luminosity 36 fb−1, and it pushes
the limit to ΛRayDM ≳ 725 GeV. These limits have been
integrated in the right panel of Fig. 6 and are denoted
“mono-γ.” For Oγ5

RayDM, the limits are similar to ORayDM,
and therefore we only show the results for ORayDM.
For the MIDM operator OMIDM, Ref. [109] has studied

the limits from the monojet, monophoton, and diphoton
searches at the 8 and 14 TeV LHC. For a significant
splitting, the authors found the monophoton search [111] is
the most stringent, similar to the RayDM operator case. For
mχ1 ¼ 10 GeV, it requires ΛMIDM ≳ 2400 GeV, and the
result is roughly unchanged for mχ2 > 20 GeV. In the left
and middle panels of Fig. 6, we vary DM mass mχ1 from 0
to 40 GeV. Since its mass is much smaller than the required
photon pT and Missing Transverse Energy (MET), we
expect the constraint to be similar to mχ1 ¼ 10 GeV. For
the monophoton search at the LHC 14 TeV with 300 fb−1,
the corresponding limit is estimated to be ΛMIDM ≳
8200 GeV [109] and labeled as “mono-γ” in Fig. 6.
For the MIDM case, it is interesting to note that, when

mχ2 ¼ mχ1 , the exotic Z decay Z → Eγ loses its sensitivity
at the Z factory and also for the monophoton search at
the LHC. The monojet search will be better than the
monophoton search in this case. Moreover, Ref. [109]
pointed out that actually the invisible decay width meas-
urement of Z can beat the monojet search at the LHC
14 TeV with 3 ab−1 integrated luminosity, which suggests
Mψ ≳ 226 GeV for mχ1;2 ¼ 10 GeV. We have plotted the
invisible Z width constraint in panel (a) of Fig. 6.
Given the high center-of-mass energy at the LHC, it can

search for the EW charged particles ψ and ϕ directly from
Drell-Yan production and their subsequent cascade decays
[114]. The Drell-Yan search could be more restrictive than
mono-object searches, but this conclusion is very model
dependent; see Ref. [114]. For example, when ψ and ϕ are

an SUð2ÞL singlet, or they decay dominantly to a tau lepton
and (or) gauge bosons, the sensitivity from Drell-Yan is
very poor, even at the LHC 14 TeV with 300 fb−1.
For a monophoton at LEP, the L3 Collaboration has

collected data with 137 pb−1 at the Z pole, which can limit
the BR of exotic decay Z → γE down to 1.1 × 10−6 if
photon energy is greater than ∼30 GeV [64]. The OPAL
Collaboration has a similar study at the Z pole but with only
40.5 pb−1 [65]. There are also many off-Z peak measure-
ments on the single photon final state. The one with
176 pb−1 data taken at 189 GeV has been carried out by
the L3 Collaboration, which looks for MIDM topology
Z → χ2χ1 → ðχ1γÞχ1 and bounds the cross section of such
topology to be smaller than 0.15–0.4 pb with some
dependence on mχ1 and mχ2 [66]. The leading constraint
is from L3 measurement at Z pole due to a large resonant
cross section, and we label the constraints as “L3 Mono-γ”
in Fig. 6. We see that this constraint is comparable to the
future LHC reach in middle panel of Fig. 6.

3. Prospects from exotic Z decay

Exotic Z-decay sensitivity.—For exotic Z decay with final
state Eγ, we summarize the results of the cascade decay
process Z → χ2χ1 → χ1χ1γ from OMIDM and of the three-
body process Z → χ1χ1γ from ORayDM in Fig. 5. The limits
on such an exotic decay BR are given in Sec. IV. B, and we
can calculate the limits for ΛMIDM and ΛRayDM accordingly,
then convert them into constraints for Mψ by Eq. (31). The
limits are given in Fig. 6 and labeled as “Giga Z” and
“Tera Z.”
The results of the MIDM operator are presented in

the left and middle panels of Fig. 6. We find exotic Z decay
can reach Mψ ∼Oð104Þ GeV, which is much better than
monophoton searches at the HL-LHC withMψ ∼ 103 GeV.
The production cross sections for χ2χ1 at the Z factory and
LHC both scale as 1=Λ2

MIDM. However, the cross section at
the Z factory benefits from Z resonance compared to the
LHC and therefore has larger statistics. Moreover, the
Eþ γ searches at Z factories have a much cleaner envi-
ronment than the hadron collider. As a result, exotic Z
decay can give the Mψ reach two orders better than the
monophoton search at the LHC or HL-LHC. The indirect
detection of gamma lines at Fermi-LAT provides a con-
straint similar to the 8 TeV LHC. The direct detection does
not provide any constraint for the MIDM operator because
the mass splitting between χ1 and χ2 is too large.
In the right panel of Fig. 6, for the RayDM operator, we

find the monophoton search at the LHC can makeMψ reach
a few hundreds of GeV, which is better than exotic Z decay
with Mψ ≳ 100 GeV. The reason is that the cross section
for χ1χ1γ is proportional to s2=Λ6

RayDM. Since the Z factory
has a small center-of-mass energy square, s ∼m2

Z, it has
less sensitivity. The constraint from direct detection is very

EXPOSING THE DARK SECTOR WITH FUTURE Z … PHYS. REV. D 97, 095044 (2018)

095044-11



weak because it is a two-loop process. The gamma line
constraint from Fermi-LAT is comparable to other con-
straints and is strongest at mχ1 around 100 GeV.

Summary.—We find complementarity between exotic Z
decay Z → Eγ at the Z factory and the monojet or mono-
photon search at the LHC with large mass splitting between
χ1 and χ2. For very small mass splitting, the photon from
cascade decay χ2 → χ1γ becomes very soft, and thus the
monophoton and monojet searches via initial state radiation
are better. However, invisible Z width measurement can
provide a better limit, Mψ ≳ 226 GeV. For the MIDM
operator, a future Z factory can provide the leading
constraints, while for the RayDM operator, the HL-LHC
can provide better constraints.

D. Axionlike particle

The ALP is a light pseudoscalar which couples to gauge
fields via anomalous terms and interacts with fermions with
derivatives, ∂μaψ̄γμψ . Its presence is quite generic in UV
theories, such as string theory [30,32,34] and supersym-
metry [26–28]. It can be a portal connecting dark matter
with the Standard Model sector [31], and ultralight ALP is a
dark matter candidate by coherent oscillation in the
Universe [115–117]. Recently, the dynamics of ALPs in
the Universe has also been proposed to solve the Higgs
hierarchy problem [118]. For our Z-factory study, we are
focusing on the mass range of ALPs from 0.1 GeV to Z
boson mass. Although we focus on the case of ALPs, our
analysis and results in this section can be applied to the
scalar easily.
ALPs can have interactions with Standard Model particle

fermions, gauge fields, and Higgs obeying the (discrete-)
shift symmetry. Here, we focus on the ALP coupling to the
Uð1ÞY gauge field Bμ,

4

LALP ¼
1

4ΛaBB
aBμνB̃μν: ð36Þ

This interaction gives the decay rate of the ALP as

Γða → γγÞ ¼ 1

64π

1

Λ2
aBB

cos θ4wm3
a ð37Þ

and the rate of the Z decay

ΓðZ→ γaÞ¼ 1

96π

1

Λ2
aBB

cosθ2w sinθ2wm3
Z

�
1−

m2
a

m2
Z

�
3

: ð38Þ

Depending on the a → γγ decay length, the analyses are
performed in the two separate regimes: one is ALPs
decaying inside the detector, and the other is decaying
outside the detector. For decay inside the detector, we focus
on the prompt search and leave the interesting case of the
displaced vertex to future work. For decay outside the
detector, the signal is monophoton þE. The transverse
radius of the detector radius is taken to be 6 m. The decay
length of the ALP is computed according to the boost γa of
the ALP, D≡ γacτa, where the γa ¼ Ea=ma is the boost
and τa ¼ 1=Γa is the lifetime of a. Since the initial state is a
Z boson at rest and the final state is aγ, the energy Ea is
fixed by ma. D ¼ 6 m is plotted in Fig. 8 as a dotted black
line. Below it, the ALP has a decay length D smaller than
6 m. However, it can still decay outside the detector with a
probability of 1 − e−D=ð6 mÞ. We account for this probability
to rescale the signal events in the detector, which leads to
sensitivity below the line. In the prompt decay region, for
the high mass axion, the boost of the axion is small, and the
dominant channel to search for ALPs is 3γ. When the mass
of the ALP is below Oð1Þ GeV, the boost of axion makes
the two photons from axion decay close enough and cannot
be resolved. The 2γ search channel is more relevant.
The current constraints for this operator are given by

LEP and LHC photon searches. In Fig. 8, the LEP I [119]
uses the inclusive diphoton search eþe− → 2γ þ X cover-
ing the small mass region. In the higher mass region, the
boost of the axion decreases, and the 3γ channel is
considered. LEP II and OPAL have 2γ and 3γ data [120],
which are employed to put the bounds on the process,
eþe−→γ=Z⋆→aγ→2γþγ. The L3 Collaboration has
searched the process Z → aγ → ðγγÞγ at the Z pole, with
a limit on the BR of order 10−5 [67]. The ATLAS 3γ and
Z → 3γ [121,122] search can be translated to the ALP
bound as derived in Ref. [123].
For the Eþ γ search, the strongest bound from LEP

comes from theL3Collaborationwith137 pb−1 data at theZ
pole [64] as discussed in Sec. III C. It can limit the BR of
exotic decayZ → γE down to 1.1 × 10−6 if photon energy is

FIG. 7. The Feynman diagram for the exotic Z decay
Z → aγ → ðγγÞγ. The final state is 3γ, and in case ma is too
small to separate the two photons, the final state is 2γ.

4The coupling to fermions is neglected here for simplicity. The
ALP coupling to fermions is cfmf=Λ, where the cf coefficient
is model dependent. a → γγ is the dominant decay channel for
very light ALPs, and the decays to fermions are suppressed by
m2

f=m
2
a when ALP is significantly heavier than the fermion. If the

fermion coupling comes through the gauge field loops, this gets
further suppression via the loop effects.
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greater than ∼30 GeV. It directly excludes ΛaBB<4.3×104

for Z → Eþ γ decay, and we label it as “L3 ðEγÞ” in Fig. 8.
In the Z-decay search, the ALP will give topologies

Z → Eþ γ and Z → 3γ; 2γ, depending on the lifetime and
boost of the ALP. We give the Feynman diagram in Fig. 7.
Z-factory limits on the ALP are given in Fig. 8, which is
about 2 orders of magnitude better than the current
constraints from the LEP and LHC.

IV. SEARCHING FOR EXOTIC Z DECAYS
AT FUTURE Z FACTORIES

In this section, we make projections for the sensitivity of
exotic Z-decay searches at future Z factories. Motivated by
the previously discussed dark sector models, we classify
decay channels by final states, the number of intermediate
resonances, and different topologies. In most of the cases,
we clarify the connections between the potential models
and each topology. As Z is neutral, the final states of its
decay can be described as

Z → Eþ nγγ þ nlþl−lþl− þ nq̄qq̄q: ð39Þ

Since the lepton and quark are charged, they will show up
in pairs. The n is referred to as the number of particles or

pairs of particles. In our analysis, we choose to consider the
number of final state particles to be less than 5. The E can
be considered as two particles, since normally it is con-
stituted of two DM particles. It also can be a neutral particle
which does not interact with detector and decays outside of
it. The final states can be further grouped according to
whether they are the decay products of some intermediate
resonance. This resonance can be the mother particles for
ðγγÞ, lþl−, ðq̄qÞ, and E. The kinematic information of the
resonance decay can help us improve the search strategies.
The details of classification are given in Table I. The first
set of channels has the missing energy in the final states.
Since the electron collider has full kinematic information
on the initial states, the missing 4-momentum can be fully
reconstructed. This is the major advantage of the electron
collider compared with the hadron collider in searching for
exotic Z decay with missing energy. The second set of
channels does not include missing energy. They are pure jet
final states ðjjÞðjjÞ, ðjjÞðbbÞ, and ðbbÞðbbÞ and the three-
photon final state γγγ. They can come from dark sector
particle decays, which do not involve dark matter. Due to
the cleaner environment of the electron collider, it is better
than hadron colliders at measuring pure hadronic final
states. For the jjjj final state, since it has a large SM
background, we concentrate on the case where it has two
resonances. When generating corresponding SM back-
grounds, one additional photon is included to count the
initial state radiation (ISR). The on-shell intermediate
particles should be neutral, since LEP searches have
already put severe constraints on charged particles with
mass smaller than mZ=2.
In the following subsections, we will discuss the possible

models and the sensitivity of each channel at future Z
factory. Section IV. A introduces the basic setup and
performance for future Z factories at FCC-ee and CEPC
and explores the sensitivity of the exotic Z BR at this future
Z factory for different topologies from Secs. IV. A to IV. G.
To compare the future Z factory and HL-LHC, Sec. IV. H
presents the reach on those exotic Z BRs for the HL-LHC.
The summary of this comparison between the future Z
factory and HL-LHC is in Fig. 16.

A. Performance of future Z factories

The exotic Z-decay phenomenology at future Z factories
at studied in this section. A Z-pole run has been considered
for both FCC-ee and CEPC [124,125]. Given that the
measured cross section of hadronic Z is 30.5 nb [5], the
integrated luminosities for Giga Z (109 Z) and Tera Z (1012

Z in the plan of FCC-ee) are 22.9 fb−1 and 22.9 ab−1,
respectively.
We simulate the backgrounds and signals in the

electron-positron colliders at the Z mass energy using
MADGRAPH5_AMC@NLO [126] and analyze them at
the parton level. Assuming that the detector performance
is similar for different future electron colliders, we follow

FIG. 8. The limit on ΛaBB, ALP coupling to the hypercharge
field, from a future Z factory. The limits from the LEP I [119]
γγ search, LEP II (OPAL) 2γ and 3γ searches [120], LEP (L3) 3γ
search at theZ pole [67], ATLAS 3γ search, andZ → 3γ [121,122]
search are translated to limits onΛaBB following Ref. [123]. There
are three types of signals, Z → 2γ; 3γ, and Eγ, depending on ma.
In the Eγ final state where a decay outside the detector, we have
set the detector length to be 6 m, and LEP limits on this final state
from the L3 Collaboration [64] have been plotted.
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the detector effects at CEPC [4] and apply the following
Gaussian smearing in our analysis:

photon energy resolution∶
δEγ

Eγ
¼ 0.16ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Eγ=GeV
p ⊕ 0.01;

ð40Þ

lepton momentum resolution∶

Δ
GeV
pl
T

¼ 2 × 10−5 ⊕
10−3 GeV
pl
T sin θ

; ð41Þ

jet energy resolution∶
δEj

Ej
¼ 0.3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ej=GeV
p ⊕ 0.02: ð42Þ

We make conservative assumptions about the tagging
efficiency: 80% for b-tagging efficiency, 9% for the c
quark mistagging rate, and 1% for the light flavor mistag-
ging rate [4]. We also require that all visible particles satisfy
jηj < 2.3 (cos θ < 0.98). In addition, the photon, lepton,
and jet energy should be larger than 10 GeV. For events
with missing energy, we require E > 10 GeV as well.
Lastly, both the photons and electrons in the final state are
separated by θij ≳ 10° ¼ 0.175 rad. The charged leptons
normally have better resolution than photons; thus, the

separation requirement that we choose here is conservative.
For jets, we use a conservative separation requirement
θij ≳ 0.4 rad corresponding to ΔR ≥ 0.4 at the LHC.5 The
study for LEP3 (a 240 GeV circular ee collider using the
LHC tunnel) with the CMS detector [128] shows the jet
angular resolution can be 30 milliradians for energies
below 100 GeV. The separation requirement for jets at
the lepton collider could be optimized due to much less
QCD background than the LHC in principal. We leave the
optimization for the lepton collider as a future study.
To derive the exclusion limits, the confidential level for

the sensitivity calculation adopts Poisson probability [129].
When background event number B ≫ 1, the significance is
about S=

ffiffiffiffi
B

p
, which is proportional to

ffiffiffiffi
L

p
, where L is the

integrated luminosity. Therefore, the sensitivity reaches of
Giga Z and Tera Z differ by about 101.5. When background
event number B ≪ 1, the Poisson distribution with zero
background assumption leads to a constant limit for the
signal. In this case, the exclusion limit is linear to L; thus,
Giga Z and Tera Z differ by about 103. If B ≪ 1 for Giga Z
while B > 1 for Tera Z, the difference of the sensitivity
reach is in the range of 101.5–103.

TABLE I. Classification of exotic Z-decay channels by particles in final states and number of resonances (nres). The χ and χ1 are
fermionic DM, χ2 is an excited state of DM, and S denotes scalar DM. The final state J represents either light flavor jet j or heavy flavor
jet b. A0 is the dark photon, and the ϕ is intermediate scalars. The parentheses indicate a resonance in the final states. The details of these
models are discussed in the text.

Exotic decays Topologies nres Models

Z → Eþ γ Z → χ1χ2; χ2 → χ1γ 0 1A: 1
Λ1A

χ̄2σ
μνχ1Bμν (MIDM)

Z → χχ̄γ 0 1B: 1
Λ3
1B
χ̄χBμνBμν (RayDM)

Z → aγ → ðEÞγ 1 1C: 1
4Λ1C

aBμνB̃μν (long-lived ALP)
Z → A0γ → ð χ̄χÞγ 1 1D: ϵμνρσA0

μBν∂ρBσ (Wess-Zumino terms)

Z → Eþ γγ Z → ϕdA0, ϕd → ðγγÞ, A0 → ð χ̄χÞ 2 2A: Vector portal
Z → ϕHϕA, ϕH → ðγγÞ, ϕA → ð χ̄χÞ 2 2B: 2HDM extension
Z → χ2 χ1, χ2 → χ1ϕ, ϕ → ðγγÞ 1 2C: Inelastic DM

Z → χ2 χ2, χ2 → γχ1 0 2D: MIDM

Z → Eþ lþl− Z → ϕdA0, A0 → ðlþl−Þ, ϕd → ð χ̄χÞ 2 3A: Vector portal
Z → A0SS → ðllÞSS 1 3B: Vector portal

Z → ϕðZ�=γ�Þ → ϕlþl− 1 3C: Long-lived ALP, Higgs portal
Z → χ2 χ1 → χ1A0χ1 → ðlþl−ÞE 1 3D: Vector portal and inelastic DM

Z → χ2χ1, χ2 → χ1lþl− 0 3E: MIDM, supersymmetry
Z → χ̄χlþl− 0 3F: RayDM, slepton, heavy lepton mixing

Z → Eþ JJ Z → ϕdA0 → ð χ̄χÞðjjÞ 2 4A: Vector portal
Z → ϕdA0 → ðbbÞð χ̄χÞ 2 4B: Vector portal þ Higgs portal

Z → χ2 χ1 → bbχ1 þ χ1 → bbE 0 4C: MIDM

Z → ðJJÞðJJÞ Z → ϕdA0;ϕd → jj; A0 → jj 2 5A: Vector portalþ Higgs portal
Z → ϕdA0;ϕd → bb̄; A0 → jj 2 5B: Vector portal þ Higgs portal
Z → ϕdA0;ϕd → bb̄; A0 → bb̄ 2 5C: Vector portal þ Higgs portal

Z → γγγ Z → ϕγ → ðγγÞγ 1 6A: ALP, Higgs portal

5For the other separation condition, see Ref. [127].
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B. Z → E+ γ

In this section, we discuss the exotic Z decay with
the final state Eþ γ. We consider the decay topologies
Z → χ2 χ1 → χ1γ þ χ1 and Z → χχγ, where χ and χ1
are fermionic DM. χ2 is an excited DM state which
decays back to χ1. We also consider two-body decay
Z → aγ → ðEÞγ, where a is a pseudoscalar as the missing
energy signal if it is stable at the collider scale or it decays
to dark matter particles. We denote these three topologies as
1A, 1B, and 1C, respectively, shown in Table I. The UV
models for 1A and 1B are the MIDM and RayDM models,
while 1C is motivated by ALPs. The fourth topology,
denoted as 1D, is Z → A0γ → ð χ̄χÞγ. It can come from the
Wess-Zumino term ϵμνρσA0

μBν∂ρBσ when the dark photons
couple to anomalous currents [130,131,131]. After inte-
grating by parts, the longitudinal part of A0 has interaction

similar to the topology 1C; thus, the limit on the exotic Z-
decay BR is similar to 1C.
The SM backgrounds for these final states are mainly

eþe− → γνν̄. In our simulation, we include one more
photon to account for the ISR effect. For γνeν̄e, this process
is mediated by either off-shell W�� or off-shell Z�, while
γνμν̄μ and γντν̄τ are mediated by off-shell Z�. In these
processes, most of the γs come from ISR, or internal
bremsstrahlung via the t-channel W boson. The back-
ground photons are generally quite soft due to their origin
as ISR.
The three models have the different kinematic

distributions for the monophoton. For the topology 1A,
Z → χ2 þ χ1 → χ1γ þ χ1, the photon energy spectrum has
a box shape due to the cascade decay in this process. The
minimum and maximum of the photon energy are

Emax;1A
γ ¼ m2

2 −m2
1

4m2
2

sþm2
2 −m2

1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 þ ðm2

2 −m2
1Þ2 − 2sðm2

2 þm2
1Þ

p
ffiffiffi
s

p ð43Þ

Emin;1A
γ ¼ m2

2 −m2
1

4m2
2

sþm2
2 −m2

1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 þ ðm2

2 −m2
1Þ2 − 2sðm2

2 þm2
1Þ

p
ffiffiffi
s

p : ð44Þ

The distribution of photon energy is flat between
½Emin;1A

γ ; Emax;1A
γ �, and the edge of photon energy distribu-

tion can be used to determine the mass of DM. Therefore,
aside from the preselection cuts, we further impose the cuts
below,

1A∶ Emin;1A
γ < Eγ < Emax;1A

γ ; minv ≥ 2mχ1 ; ð45Þ

where minv is the invariant mass of the missing energy. The
second cut comes from momentum conservation that the
invariant mass of a set of particles is larger than or equal to
the sum of individual masses. According to the recoil mass
relation, Eγ and minv are not independent of each other. If
we apply the first cut, the second cut is automatically
satisfied. Nevertheless, we list the second cut, since this is
not redundant in other cases.
For the topology 1B, Z → χχγ, it has a broad distribution

in photon energy. The recoil mass minv is related to the
photon energy Eγ by

Eγ ¼
s −m2

inv

2
ffiffiffi
s

p : ð46Þ

In the meantime, the relation minv ≥ 2mχ gives the maxi-
mum allowed photon energy

Emax;1B
γ ¼ s − ð2mχÞ2

2
ffiffiffi
s

p : ð47Þ

Thus, in addition to the preselection cut, we impose the
following cuts to further suppress the SM background:

1B∶
1

2
Emax;1B
γ < Eγ < Emax;1B

γ : ð48Þ

The lower bound of Eγ is chosen to keep a significant
amount of the signal event and to reject the SM background
as much as possible.
For the topology 1C, Z → aγ → ðEÞγ, the photon

energy spectrum is a delta function with E2C
γ ¼

ðs −m2
ϕa
Þ=ð2 ffiffiffi

s
p Þ. Considering the photon energy∼10 GeV,

the energy resolution for this photon energy is around 5%
according to Eq. (40). Therefore, we can choose a 2 GeV
window on the photon energy,

1C∶ E1C
γ − 1 GeV < Eγ < E1C

γ þ 1 GeV: ð49Þ

After applying the preselection cuts and the specific cuts
for the topologies 1A, 1B, and 1C, we obtain the 95% C.L.
exclusion on the exotic Z-decay BR in Fig. 9. In panel (a)
of Fig. 9 for the topology 1A, the numbers in each block are
log10ðBRÞ for Tera Z (black) and Giga Z (dark red). It is
clear that the sensitivities on the BR for Giga Z and Tera Z
differ by a factor of 101.5. The reason is the SM background
γνν̄ has an event number much larger than 1 for both Tera Z
and Giga Z; thus, the sensitivity is scaled as S=

ffiffiffiffi
B

p
. As a

result, the sensitivity scales with luminosity as
ffiffiffiffi
L

p
, so the
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BR sensitivity gets a factor of 101.5 increase from Giga Z to
Tera Z. For Giga Z, the limit on the BR falls in the range
10−6–10−7, while reaches 10−7–10−8 for Tera Z. In panel
(b) of Fig. 9 for the topology 1B, the luminosity scaling
between Giga Z and Tera Z is the same as in 1A. The limits
on the BR for Giga Z are close to ∼10−6, which is a little bit
weaker than 1A due to its three-body decay topology. In
panel (c) of Fig. 9 for the topology 1C, the luminosity
scaling between Giga Z and Tera Z is similar to 1A and 1B.
However, the sensitivity on the BR for Giga Z is close to
∼10−8, which is about two orders better than 1A and 1B.
The massive resonance in E implies that the energy of
photon is monochromatic, which greatly reduces the SM
background.

C. Z → E+ γγ

In this section, we focus on the exotic Z decay to the final
states Eþ γγ. The decay topologies can be classified by the
number of resonances. The SM background for this final
state is coming from eþe− → γγνν̄. The general feature of
the background is the same as γνν̄, where the photons
dominantly come from ISR and tend to be soft.
For topologies with two resonances, the first one is the

topology 2A, Z → ϕdA0 → ðγγÞð χ̄χÞ, where A0 is a vector
boson which decays into a pair of DM and ϕd is a scalar
which decays into a pair of photons. It can be motivated by
the vector-portal model in Sec. III. B. 1. The dark Higgs ϕd
decays to a diphoton via SMHiggs mixing or by the loop of
heavy vectorlike charged particles. The dark photon decays
to fermionic DM, which is charged under this Uð1Þ0.
The second topology with two resonances is the top-

ology 2B. Z → ϕAϕH → ð χ̄χÞðγγÞ, where ϕA and ϕH are
CP-odd and CP-even scalars, respectively. The topology
2B can be motivated well by the two Higgs doublet model

(2HDM). TheCP-even scalar ϕH is the mixture ofCP-even
scalars in the 2HDM and can decay to a diphoton via a
loop. For the CP-odd scalar ϕA, decaying to χ̄χ, one
needs to add a singlet CP-odd scalar ϕa which couples to
DM via iϕa χ̄γ

5χ. The ϕa can further couple to scalars by
iϕaH

†
1H2 þ H:c: [132], whereH1;2 are the doublet Higgs in

the 2HDM. After working out the mass eigenstate, ϕA is the
mixture of singlet CP-odd scalar ϕa and doublet CP-odd
scalar in H1;2. As a result, it can have the decay topology
Z → ϕAϕH, and ϕA can further decay to χ̄χ.
Since the topology 2A and 2B has the same kinetic

feature, the sensitivities to them are similar. Due to the
similarity, we take the topology 2A as an example. With the
presence of two resonances in γγ and χ̄χ, we propose to use
the following cuts besides the fiducial selection:

2A∶ jmγγ −mϕd
j < 2.5 GeV;

jminv −mA0 j < 2.5 GeV: ð50Þ

Note our invariant mass window cut for the diphoton γγ and
missing energy χ̄χ are conservative. The resolution for
diphoton invariant mass is about 0.5 GeVat the LEP [120].
The invariant mass of missing energy is determined by the
energy resolution of the diphoton system, which should be
smaller than ≲2 GeV according to Eq. (40).
For the topology with one resonance, we have the

topology 2C, Z → χ2 χ1, with the subsequent decays of
χ2 → χ1ϕd → χ1ðγγÞ, where χ1;2 are the light and heavy
DM and ϕd is a scalar. This topology can be realized by
either the MIDM model in Sec. III. 3 or IDM embedded in
the vector model in Sec. III. B. 2. Since there is a resonance
in γγ, one can propose the following cuts besides the
preselection cuts:

(a) (b) (c)

FIG. 9. The 95% C.L. exclusion on the exotic Z-decay BR for the final state Z → Eγ. (a): The decay topology 1A, Z → χ2 þ χ1 →
χ1γ þ χ1 from the MIDMmodel. The numbers in each block are the sensitivity reach for the exotic Z-decay BRs in log10 for Giga Z and
Tera Z, respectively, while the color mapping is coded for Tera Z. (b): The decay topology 1B, Z → χχγ, from the RayDM model. (c):
The decay topology 1C, Z → aγ → Eγ, from the axionlike particle model.
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2C∶ jmγγ −mϕd
j < 2.5 GeV; minv > 2mχ1 : ð51Þ

For the topology with 0 resonance, we have 2D,
Z → χ2 χ2, with the subsequent decay of χ2 → χ1γ. This
topology can be motivated by an extended MIDMmodel as
explained in Sec. III. C. 1. From the event topology, the two
photons in the final state have no resonance feature.
However, the photon energy distribution has a box shape
similar to model 1A. The topology dictates the energy
range of both photons,

Emax;2D
γ ¼ m2

2 −m2
1

4m2
2

� ffiffiffi
s

p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4m2

2

q �
ð52Þ

Emin;2D
γ ¼ m2

2 −m2
1

4m2
2

� ffiffiffi
s

p
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4m2

2

q �
: ð53Þ

Therefore, we propose the following cuts besides the
preselection cuts for model 2D,

2D∶ Emax;2D
γ > Eγ > Emin;2D

γ ; minv > 2mχ1 : ð54Þ
In Fig. 10, we show the 95% C.L. exclusion on the exotic

Z-decay BR for the final state Z → Eγγ. In panel (a) of
Fig. 10 with two resonances and mχ1 ¼ 0 GeV, the SM
background events are so suppressed that the event number
is typically smaller than 1. As a result, the sensitivity does
not scale as S=

ffiffiffiffi
B

p
∼

ffiffiffiffi
L

p
, but scale as S=

ffiffiffiffi
B

p
∼ L. This

behavior can be seen from panel (a) in Fig. 10 that the BR
sensitivity of Giga Z is around ½10−8.4; 10−6.7� and
½10−11; 10−9.7� for Tera Z. The sensitivity difference of these
two is about 10−2–10−3. The best sensitivity appears near the
region wheremA0 ≥ 10 GeV because of the preselection cut
Einv > 10 GeV. The sensitivity gets better when mϕd

becomes large since the photon becomes more energetic

and the SM background becomes smaller. In panel (b) of
Fig. 10, we assume mχ1 ¼ 0. With only one resonance, one
should expect the sensitivity of figure (b) to be weaker than
the sensitivity in figure (a) with two resonances. We do see
this point that the sensitivity for figure (a) is better than panel
(b) at the same scalar massmϕd

¼ mϕ for the TeraZ case but
not for Giga Z. We have looked into the cut efficiency of
signal and background, which explains such behavior. The
cut efficiencies for the signal in (a) and (b) are about the same
order Oð0.1–0.8Þ. But the panel (b) has a slightly larger
efficiency than (a) because in panel (b) the scalar ϕ is easier
to get a larger energy share by competing with massless χ1,
while in figure (a), the scalar ϕd needs to compete with
massive A0. For Figs. 10(a) and 10(b), they have the same
SM background. The background efficiencies are Oð10−4Þ
andOð10−2Þ for (a) and (b), respectively, which shows that
the resonance condition for missing energy does help to
reduce the SM background. In the Giga Z case, the back-
ground event is already smaller than 1 for panel (b);
therefore, it has slightly better sensitivity than panel (a)
due to higher signal acceptance. For the case of Tera Z, the
increased luminosity has brought back the need to suppress
the SM background; therefore, panel (a) has better sensi-
tivity than (b). In panel (c) of Fig. 10, the limits on the exotic
Z-decay BR are not as good as panels (a) and (b) because
there is no resonance feature in the topology. However, the
constraints can still reach ½10−8.4; 10−7.4� for Giga Z and
½10−10.3; 10−9.2� for Tera Z.
For the panels (a), (b), and (c) in Fig. 10, one might

expect the sensitivity on BR decreases because the number
of resonances nres decreases. This is clearly true when
comparing nres ¼ 1, 2 with nres ¼ 0. However, for nres ¼ 2
and nres ¼ 1, the difference in sensitivity is not very
significant, while the sensitivity relies more on the particle
mass and the cuts. For example, the best sensitivity for 2A

FIG. 10. The 95% C.L. exclusion on the exotic Z-decay BR for the final state Z → Eγγ. The numbers in each block are the sensitivity
reaches for the exotic Z-decay BR in log10 for Giga Z and Tera Z, respectively, and the color coding is based on Tera Z. (a): The decay
topology 2A, Z → ϕdA0 → ðγγÞð χ̄χÞ, from the vector-portal model. (b): The decay topology 2C, Z → χ2χ1 → ϕχ1χ1 → ðγγÞE, from
IDM embedded in the vector-portal model. (c): The decay topology 2D, Z → χ2 χ2 → γγχ1χ1, from the MIDM model.
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appears when mA0 ∼ 15 GeV and mϕd
∼ 60 GeV. The

higher the mϕd
, the higher the photon energy; however,

one should also keep mA0 large enough to pass the missing
energy cut E > 10 GeV. The best sensitivity for 2C
appears when mχ2 ∼ 90 GeV and mϕd

∼ 80 GeV if fixing
mχ1 ¼ 0 GeV. This high mϕd

mass can guarantee a harder
photon spectrum than 2A. Therefore, even without the
resonance cut on E, the SM background of 2C is similar to
that of 2A, making the sensitivities on the BRs similar.

D. Z → E+l+l−
In this section, we focus on the exotic Z decay to final

state Eþ lþl−. The SM background for this final state is
coming from lþl−ν̄ν, mediated by off-shell gauge boson
γ�, Z�, and W�. Compared to the ISR photon, the energy
spectrum of leptons is harder. And the spectrum of the
invariant mass of lþl− is softer than that of ν̄ν. Given the
fact that l and ν share similar kinetic distribution when
mediated by W�, this can not lead to different invariant
masses between lþl− and ν̄ν. The difference originates
from that lþl− can be produced from γ� favoring smaller
invariant masses, while ν̄ν from Z� has a much harder
spectrum because small minv are suppressed by a fac-
tor m4

inv=m
4
Z.

We have listed six topologies with the number of
resonances from 2 to 0 in Table I. The event topology
with two resonances is 3A, Z → ϕdA0, with subsequent
decays A0 → ðlþl−Þ and ϕd → ðχ̄χÞ. The dark Higgs
bremsstrahlung process can be naturally realized by the
vector-portal model with a dark Higgs in Sec. III. B. 1.
The topologies with one resonance are 3B, 3C, and 3D.

The topology 3B is a three-body decay Z → A0S�S →
ðlþl−ÞE, which can be motivated from the vector-portal
model with scalar DM in Sec. III. B. 1. The topology 3C is
also a three-body process mediated by an off-shell Z or
photon, Z → ϕðZ�=γ�Þ → ðEÞlþl−, where ϕ is assumed
to decay outside of the detector. It can be motivated by the
axionlike particle model in Sec. III. D or Higgs portal
model in Sec. III. A where ϕ is a singlet scalar which
mixes with SM Higgs and can decay to DM pair χ̄χ. The
topology 3D is a two-body cascade decay, Z → χ2χ1 →
A0χ1 þ χ1 → ðlþl−Þ þ E, which can be motivated by the
vector portal and inelastic DM in Sec. III. B. 2.
The topologies without a resonance are 3E and 3F. The

topology 3E is a cascade decay Z → χ2χ1, with subsequent
decay χ2 → χ1Z�=γ� → χ1lþl−, where the last step is a
three-body decay. Such a process can be motivated from the
MIDM operator in Sec. III. C. 1. The topology 3F is a four-
body decay process Z → χ̄χðZ�=γ�Þ → χ̄χlþl−, which can
be motivated from the RayDM operator in Sec. III. C. 1.
We will study the constraints from exotic Z decay in

topologies 3A, 3B, 3E, and 3F. They are chosen to
represent different nres and numbers of particles in the
cascade decay, from two body to four body. Besides the

same preselection cuts, we propose the following different
cuts for different topologies:

3A∶ jmlþl− −mA0 j< 2.5GeV; jminv−mϕd
j< 2.5GeV;

ð55Þ

3B∶ jmlþl− −mA0 j< 2.5 GeV; 2mS <minv <mZ −mA0 ;

ð56Þ

3E∶ mlþl− < mχ2 −mχ1 ; minv > 2mχ1 ; ð57Þ

3F∶ mlþl− < 20 GeV; minv > 2mχ : ð58Þ

In Fig. 11, we show the constraints on the exotic Z-decay
branching ratio BRðZ → Elþl−Þ. For Giga Z, the topol-
ogies with nres > 0 will probe the exotic Z-decay BR down
to ∼10−8.5, while for nres ¼ 0, the sensitivity of the can
reach ∼10−8. With more resonances, the SM background
events are suppressed so much that the event number is
typically smaller than 1. As a result, the sensitivity reaches
scales as L. For nres > 0 in panels (a) and (b) of Fig. 11, the
sensitivity on the BR between Giga Z and Tera Z differs by
factor of 102 → 103 due to the small SM background, while
for nres ¼ 0 in panels (c) and (d), the sensitivity on the BR
between Giga Z and Tera Z differs by factor of ∼101.5,
which is a very typical scaling from S=

ffiffiffiffi
B

p
∼

ffiffiffiffi
L

p
.

E. Z → E+ JJ

In this section, we focus on the exotic Z decay to the final
state Eþ JJ. The J includes both the light flavor jets j and
bottom quark jets b. The topologies are similar as
Z → Eþ lþl−, and the limits on the exotic Z-decay
BR are calculated through the same procedure. The SM
background for this final state is dominantly from ν̄νþ JJ,
mediated by off-shell gauge bosons γ�, Z�, and W�.
We choose three topologies, 4A, 4B, and 4C, to study the

sensitivity reach of the exotic Z-decay BR. The topology
4A is Z→ϕdA0→ð χ̄χÞðjjÞ, and 4B is Z→ϕdA0→ðbbÞð χ̄χÞ.
Both topologies can be motivated by the vector-portal
model in Sec. III. B. Here, we do not use ϕd → jj because
Yukawa coupling is a suppressed light quark mass. The last
topology 4C is Z → χ2χ1 → bbχ1 þ χ1 → bbE, which can
be motivated from the MIDM operator in Sec. III. C. 1.
Besides the fiducial cuts, we propose the following cuts for
different topologies:

4A∶ jmjj −mA0 j < 5 GeV; jminv −mϕd
j < 5 GeV;

ð59Þ

4B∶ jmbb −mϕd
j < 5 GeV; jminv −mA0 j < 5 GeV;

ð60Þ

4C∶ 2mb < mbb < mχ2 −mχ1 ; minv > 2mχ1 : ð61Þ
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In Fig. 12, we show the constraints on the exotic Z-decay
branching ratio BRðZ → EJJÞ. For Giga Z, the exotic Z-
decay BR can be probed down to 10−7–10−8, while the
sensitivity of Tera Z is generally better by factor of ∼101.5
compared to Giga Z. Comparing the BR sensitivity of 4A
and 4B, we see that the difference between the light flavor
jet j and heavy flavor jet b is not large. One might expect
the sensitivity of Eðbb̄Þ to be better than EðjjÞ, due to
smaller SM background. However, the topologies 4A and

4B are not the same, because in 4A the jets come from A0

while in 4B the b jets come from ϕd.

F. Z → ðJJÞðJJÞ
In this section, we focus on the exotic Z decay to the final

state ðJJÞ þ ðJJÞ. Note that we only discuss the cases where
there are two jet resonances in the final states. The SM
background for this final state ismostly from the electroweak
process, mediated by off-shell gauge bosons γ�, Z�, andW�.

(b)(a)

(d)(c)

FIG. 11. The 95% C.L. exclusion on the exotic Z-decay BR for the final state Z → Elþl−. The numbers in each block are the
sensitivity reach for the exotic Z-decay BR in log10 for Giga Z and Tera Z, respectively, while the color mapping is coded for Tera Z. (a):
The decay topology 3A, Z → ϕdA0 → ð χ̄χÞðlþl−Þ, from the vector-portal model. The numbers in each block are reaches for the exotic
Z-decay BR in log10 for Giga Z and Tera Z. (b): The decay topology 3B, three-body decay, Z → A0S�S → ðlþl−ÞE, from the vector-
portal model with scalar DM S. (c): The decay topology 3E, a cascade decay Z → χ2 χ1, with subsequent decay χ2 → χ1Z�=γ� →
χ1lþl− motivated by the MIDM operator. (d): The decay topology 3F, a four-body decay process, Z → χ̄χðZ�=γ�Þ → χ̄χlþl−, which
can be motivated from the RayDM operator.
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In Table I, we have listed the topologies. 5A could be
motivated from Higgs bremsstrahlung in the vector-
and scalar-portal models. We will choose the topology
5A to illustrate the sensitivity to the BR of the
ðJJÞ þ ðJJÞ final state. We divide the final states
with three combinations, ðjjÞ þ ðjjÞ, ðjjÞ þ ðbbÞ, and
ðbbÞ þ ðbbÞ, where the last two are denoted as 5B
and 5C. There could be other topologies like Z →
ϕAϕH → ðJJÞðJJÞ from the 2HDM, but the topology
and kinematics are similar; therefore, their sensitivity
should be similar to 5A. Beside the preselection cuts,
we add the following similar cuts for the topologies 5A,
5B, and 5C:

5A∶ jmjj −mA0 j< 5 GeV; jmjj −mϕd
j< 5 GeV ð62Þ

5B∶ jmjj −mA0 j< 5 GeV; jmbb −mϕd
j< 5 GeV ð63Þ

5C∶ jmbb−mA0 j< 5GeV; jmbb−mϕd
j< 5GeV: ð64Þ

The χ2 method is employed to determine which pair of jets
is from A0 decay or ϕd decay. The mass window that we
take is conservative. For example, at Ej ¼ 40 GeV, the jet
energy resolution is about 5%, leading to ΔEj ¼ 2 GeV
from Eq. (42).
In Fig. 13, we show the constraints on the exotic Z-decay

branching ratio BRðZ → ðJJÞðJJÞÞ. For Giga Z, the exotic

FIG. 13. The 95% C.L. sensitivity for exotic Z decay Z → ðJJÞðJJÞ, where J could be light flavor jet or b jet. The numbers in each
block are the sensitivity reach for the exotic Z-decay BR in log10 for Giga Z and Tera Z, respectively, while the color mapping is coded
for Tera Z. The decay process is Z → ϕdA0 with subsequent decays ϕd → jj and A0 → jj. We show three combinations, ðjjÞðjjÞ,
ðjjÞðbbÞ, and ðbbÞðbbÞ, in the figure.

FIG. 12. The 95% C.L. exclusion on the exotic Z-decay BR for the final state Z → EJJ, where J includes both the light flavor jet j and
bottom quark jet b. The numbers in each block are the sensitivity reach for the exotic Z-decay BR in log10 for Giga Z and Tera Z,
respectively, while the color mapping is coded for Tera Z. (a): The decay topology 4A, Z → ϕdA0 → ð χ̄χÞðjjÞ, from the vector-portal
model. The numbers in each block are reaches for the exotic Z-decay BR in log10 for Giga Z and Tera Z. (b): The decay topology 4B,
Z → ϕdA0 → ðbbÞð χ̄χÞ, from the vector-portal model. (c): The decay topology 4C, Z → χ2χ1 → χ1bbχ1 → Ebb, from
the MIDM model.
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Z-decay BR can be probed down to ∼10−5 for the ðjjÞðjjÞ
final state, ∼10−6 for ðjjÞðbbÞ and 10−6.5 for ðbbÞðbbÞ. The
sensitivity of Tera Z is generally better by factor of ∼101.5
compared to Giga Z, from the integrated luminosity scaling
S=

ffiffiffiffi
B

p
≈

ffiffiffiffi
L

p
. It is clear that the sensitivity for the heavy

flavor jet is slightly better than the light flavor jet. This is
because the heavy flavor jet has fewer SM background
events, by a factor of N1=2

f ≈ 100.5, where Nf is the number
of flavor in jets.

G. Z → γγγ

In this section, we discuss the exotic Z decay to final
state ðγγÞγ. The SM background for this final state γγγ is
dominated by the QED process eþe− → γγ with an extra γ
from initial state radiation; therefore, the photon energy
generally tends to be soft. The signal topology 6A in
Table I, Z → ϕγ → ðγγÞγ, could be motivated from an
axionlike particle or from the Higgs portal scalar, which can
decay to γγ from the top loop. We take the axionlike
particle as an example in Fig. 14, and the result should also
apply to the Higgs portal scalar. Besides the preselection
cuts, we propose the following cuts for topology 6A,

6A∶ jmγγ −mϕj< 1 GeV; jE3rd
γ −E6A

γ j< 1 GeV; ð65Þ

where E6A
γ ¼ ðs −m2

ϕÞ=ð2
ffiffiffi
s

p Þ. We use the χ2 method to
determine the pair of photons from ϕ decay and single out
the third photon. The energy of the third photon E3rd

γ is very
close to E6A

γ ; therefore, we add an energy window cut. In
Fig. 14, we see the sensitivity on the BR for exotic Z decay
for topology 6A can reach ∼10−7 for Giga Z and 3 × 10−9

for Tera Z. For mϕ < 2 GeV, it is hard to separate the two
photons from ϕ decay, and the signal efficiency goes to
zero. Instead of three photons in the final state, one could
look for two photons because the photons from mϕ cannot
be distinguished and therefore cover this mass range as
in Fig. 8.

H. Sensitivity reach of the HL-LHC

The HL-LHC (3 ab−1) also produces a lot of Zs, which
can be sensitive to some of the exotic Z-decay modes. In
this section, we would like to study the sensitivities for the
HL-LHC and compare its reaches with the ones from Z
factories. A full-fledged study with realistic detector
simulations is beyond the scope of this paper. Instead,
we perform simplified simulations aiming to gain an order
of magnitude estimation. As we will see, the capabilities of
the HL-LHC and Z factories are very different. Our
approach is sufficient to highlight the relative strengths
of the two experiments. For each topology, we only pick up
one benchmark parameter (zero for DM mass and 40 GeV
for other new physics mediated particles) to set the HL-
LHC sensitivity and do not scan the parameter spaces of
models because the cut efficiency is not strongly depending
on the mass. We have chosen the benchmark mass
parameters to give the most energetic Z-decay products.
In addition, we do not consider fake photons from QCD,
which will significantly reduce the HL-LHC sensitivity. In
this sense, our projection for the HL-LHC should be
considered optimistic. In order to suppress the huge
QCD background and avoid prescaling, we search Z
production in association with a high pT jet or high pT
photon. For all the visible particles, we require jηj < 2.5.

1. Z → γ +E

For exotic decay Z → γ þ E, we generate a jZ event with
the MAGDRAPH5 at the 13 TeV LHC and require the jet to
be pj1

T > 60 GeV to make Z have enough pT to produce the
energetic photon and large enough E to suppress the SM
background. Specifically, we require ET > 50 GeV and
pγ
T > 20 GeV together with pj1

T > 60 GeV as the basic
cuts. After the parton-level event generation, it is passed to
PYTHIA6.4 [133] for showering and hadronization and to
DELPHES3.2 [134] for detector simulation. In the detector,
missing energy could come from the jet reconstruction due
to jet energy resolution and uncertainty. Therefore, we
include the SM background jγ and irreducible SM back-
ground jγνν̄. We list the cross sections after basic cuts
for signal jZ → jþ γ þ E and each SM background in
Table II in the column labeled with “σbasic.”
To further optimize the signal, we make the differential

distribution for kinetic variables pj1
T , ET and pγ

T in Fig. 15.
We compare the distribution of SM background jγ and jγνν̄
with signal jZ with exotic Z-decay topologies 1A, 1B, and
1C. Based on Fig. 15, we further impose the following cuts:

FIG. 14. The 95% C.L. exclusion for exotic Z-decay topology
6A, Z → ϕγ → ðγγÞγ. The Giga- (Tera-)Z exclusion region is
shown in dark red (gray). The mϕ < 2 GeV region is not limited
due to photon separation failure but can be constrained by γγ
search; see Fig. 8.
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ET < 100 GeV; pγ
T < 150 GeV: ð66Þ

We do not use additional cuts on pj1
T because the distri-

butions of the SM background and signal are quite similar.
After applying the above cuts, we list the corresponding
cut efficiency in Table II in the column labeled “ϵ.” For
the HL-LHC (3 ab−1), we can reach the sensitivity for
the exotic Z-decay BRs of 5.6 × 10−6, 2.3 × 10−5, and
5.76 × 10−6 for signal topologies 1A, 1B, and 1C. The
sensitivities for the HL-LHC for each topology are given in
the summary plot, Fig. 16.

2. Z → γγ +E

The SM background we consider is jγγ with E from
misreconstruction and irreducible jγγνν̄. The basic cuts are
pj
T > 60 GeV, ET > 50 GeV, and two photons with

pγ
T > 20 GeV. The cross sections after cuts for the signal

and SM background are again listed in Table II. We use the
following cuts to further optimize our signal:

pj1
T > 80 GeV; 50 GeV < ET < 100 GeV;

40 GeV < pγ1
T < 100 GeV: ð67Þ

TABLE II. The exotic Z-decay final states are listed for both SM backgrounds and signals. The “σbasic” column gives the cross section
after basic cuts, and the ϵ gives the cut efficiency for the further optimized cuts. The above cut efficiencies do not including the b-tagging
efficiency. In the final sensitivity calculation, we use the b-tagging efficiency 0.7 and mistagged efficiency 0.015 [135] to reweight the
events according to the signal. For SM background (bkg), jγγ, jγγνν̄, jlþl−, and jlþl−νν̄, there is an additional invariant mass window
cut for γγ or lþl−, which should multiply the efficiency given in parentheses ð×ðÞÞ. This additional efficiency is given as a range
because the mass window changes with the mediator mass in the signal topology. Such a change is indicated by the light brown shaded
region for the HL-LHC in Fig. 16.

Z → γE Z → γγE Z → lþl−E

σbasic (pb) ϵ σbasic (pb) ϵ σbasic (pb) ϵ

bkgðjγÞ 14.6 0.15 bkgðjγγÞ 0.037 0.083ð×ð0.05–0.2ÞÞ bkgðjlþl−Þ 0.68 0.1ð×ð0.03–0.8ÞÞ
bkgðjγνν̄Þ 0.23 0.16 bkgðjγγνν̄Þ 0.001 0.097ð×ð0.084–0.17ÞÞ bkgðjlþl−νν̄Þ 0.37 0.28ð×ð0.13–0.2ÞÞ
1A 459 × BR 0.54 2A 124 × BR 0.2 3A 101.6 × BR 0.63
1B 108 × BR 0.55 2C 52.8 × BR 0.21 3B 92.6 × BR 0.62
1C 471 × BR 0.52 2D 89.7 × BR 0.43 3D 60.8 × BR 0.69

3F 85 × BR 0.613
Z → jjE Z → jjjj
bkgðjðjÞγÞ 32.23 0.11 bkgðγjjðjÞÞ 159.3 0.069
bkgðbðbÞγÞ 0.67 0.156 bkgðγbbðjÞÞ 5.1 0.071
bkgðjðjÞγνν̄Þ 0.185 0.22 bkgðγbbðbÞÞ 0.0023 0.076
bkgðbðbÞγνν̄Þ 0.0023 0.256
5A 0.27 × BR 0.491 6A 0.6 × BR 0.43
5B 0.26 × BR 0.50 6B 0.13 × BR 0.39
5C 0.19 × BR 0.48 6C 0.03 × BR 0.26
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FIG. 15. The normalized event distributions for kinematic variables pj1
T , p

γ
T , and ET for signal jZ → jþ γ þ E and the corresponding

SM background. The distributions have been normalized to 1.
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The cut efficiencies for the signal and SM background are
listed in Table II. For topologies 2A and 2C, we can make
an additional 5 GeV window cut on the invariant mass of
the diphoton to suppress the SM background, while the
signal remains unaffected. The corresponding efficiency is
listed in parentheses in the ϵ column in Table II. It is a range
for the SM background due to the change of mediator mass.
For the HL-LHC (3 ab−1), the future sensitivity reaches
for exotic Z-decay topologies 2A, 2C, and 2D are
ð5–10Þ × 10−7, ð1–2Þ × 10−6, and 1.4 × 10−6, respectively,
and have been plotted in Fig. 16. The sensitivity range for
the topologies 2A and 2C has been indicated by the light
brown shaded region.

3. Z → l+l− +E

For decay topology Z → lþl− þ E, we consider SM
background jlþl− and irreducible jl−lþνν̄ with the same
reason. The basic cuts are one jet with pj

T > 60 GeV,
missing energy ET > 50 GeV, and two leptons with
pl
T > 20 GeV. After checking the kinematic variable dis-

tribution, we propose further cuts to optimize our signal,

pj
T > 90 GeV; pl1

T < 80 GeV: ð68Þ

For topologies 3A and 3B, we have added the same
additional 5 GeV window cut on the invariant mass of
the dilepton. The corresponding efficiency has been listed
in parentheses in the ϵ column in Table II. For the HL-LHC
(3 ab−1), the future sensitivity reaches for exotic Z-decay
topologies 3A, 3B, 3D, and 3F are ð3 − 11Þ × 10−6,
ð3 ∼ 12Þ × 10−6, 2.0 × 10−5, and 1.6 × 10−5, respectively,
and are plotted in Fig. 16. The sensitivity range for the

topology 3A and 3B is indicated by the light brown shaded
region in Fig. 16.

4. Z → jj +E

For decay topology Z → jjþ E, we generate signal
events γZ to suppress the QCD background and consider
the SM background γj and irreducible γjjνν̄. The basic
cuts are two jets with pj

T > 30 GeV, missing energy
ET > 50 GeV, and one photon with pγ

T > 60 GeV. After
checking the kinematic variable distribution, we propose
further cuts to optimize our signal:

pj1
T < 100GeV; ET > 60GeV; pγ

T > 90GeV: ð69Þ

For the HL-LHC (3 ab−1), the future sensitivity reaches for
exotic Z-decay topologies 4A, 4B, and 4C are 0.0136,
3.45 × 10−3, and 5.07 × 10−3, respectively, and are plotted
in Fig. 16.

5. Z → ðJJÞðJJÞ
For decay topology Z → ðJJÞðJJÞ which is fully had-

ronic, we generate signal events γZ to suppress the QCD
background and consider the SM background γJ matched
with γJJ by PYTHIA and irreducible γJνν̄ matched with
γJJνν̄, where J can be light flavor jets j or a b-tagged jet b.
We require at least four jets with pJ

T > 60 GeV and one
photon with pγ

T > 60 GeV. We propose further cuts to
optimize our signal,

pJ1
T > 120 GeV; mJJJJ < 250 GeV; ð70Þ

and the cut efficiencies for the signal and SM background
are given in Table II. Note we have generated the SM

FIG. 16. The sensitivity reach for the BR for various exotic Z-decay topologies at the future Z factory (Giga Z and Tera Z) and the
HL-LHC at 13 TeV withL ¼ 3 ab−1. The BR sensitivity generally depends on the model parameter, for example, the mediator mass and
dark matter mass. The dark colored region with the solid line as a boundary indicates the worst reach for the topology, while the lighter
region with the dashed line indicates the best reach. For the HL-LHC, we add the light shaded region for the topologies 2A, 2C, 3A, and
3B to indicate the effect of an invariant mass window cut for the diphoton and dilepton. For the topology 6A, the HL-LHC limit is
obtained by rescaling the ATLAS study at the 8 TeV LHC [122] with L ¼ 20 fb−1.
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backgrounds with the light flavor jet and b jet separately.
Both of them can contribute to the background of the
corresponding signal topologies 5A, 5B, and 5C with
b-tagging efficiency reweighting. For the HL-LHC
(3 ab−1), the sensitivity reaches for exotic Z-decay topol-
ogies 5A, 5B, and 5C are 0.0126, 0.0172, and 0.00915,
respectively, and are plotted in Fig. 16. It is not surprising
that the sensitivity for fully hadronic decay of Z at the
HL-LHC cannot compete with future eþe− collider because
of the huge QCD background.
Using the jet substructure technique can probably

achieve better sensitivities in the exotic hadronic Z-decay
topologies. CMS at the 13 TeV LHC has searched for light
vector resonance which decays into quark pair in associ-
ation with a high pT jet to make the light vector gauge
boson highly boosted [136], the decay products of which
are merged into a single jet. The characteristic feature of the
signal is a single massive jet with a two-prong substructure
produced in association with a jet from initial state
radiation. The SM process jZ → jðjjÞ has been nicely
reconstructed. In the exotic decay topology Z → ðJJÞðJJÞ,
one would look for the four-prong substructure in the fat jet
to suppress the SM jZ background. For the final state
including b jets, b-tagging techniques in the jet substruc-
ture could further help to reduce the SM QCD background,
which already helps with observing a local significance of
5.1 standard deviations for the first time in the single jet
topology in the Z → bb process [137].

6. Z → γγγ

The last exotic Z-decay search is Z → γγγ, which has
been performed by ATLAS at the 8 TeV LHC [122]
with L ¼ 20 fb−1. The corresponding constraint is
BRðZ → γγγÞ < 2.2 × 10−6. It is hard for us to reliably
study this topology due to the difficulty in simulating the fake
photons from QCD backgrounds. Instead, we do a simple
rescaling according to the HL-LHC integrated luminosity
3 ab−1, which gives the limit BRðZ → γγγÞ < 1.8 × 10−7.

7. Summary

In Fig. 16, we see the sensitivity of the exotic Z-decay
branching ratios at the HL-LHC generally cannot compete
with the future Z factory because of the large QCD
background. The Z exotic decay products are typically
rather soft. Requiring another hard radiation can help with
triggering and making the Z-decay products more ener-
getic. At the same time, it will reduce the signal rate
significantly. For exotic Z decay with missing energy in the
final state, another important background can come from
the mismeasurement of the QCD jets. Since the missing
energy from Z decay tends to be small, this background can
be significant. For photons in final states, there can be fake
photons from QCD, which we have not considered. For

hadronic exotic Z decay, the situation at the HL-LHC is
even worse.

V. CONCLUSION AND DISCUSSION

We have presented a comprehensive study on exotic Z
decay at future Z factories, with emphasis on its prospects
for exploring dark sector models. There are many dark
sector models that can give rise to exotic Z-decay modes,
many of which contain missing energy in the final states. A
Z factory provides a clean environment for decay modes
which can be overwhelmed by a large background at
hadron colliders. Another advantage of searching for such
exotic Z decay at future eþe− colliders is the ability to
reconstruct the full missing 4-momentum, while we can
only reconstruct the missing transverse momentum at
hadron colliders. We have demonstrated the capability of
exotic Z decay at a future Z factory to provide the leading
constraint in comparison with existing collider limits,
future HL-LHC projections, and current DM searches.
We classify final states of the exotic decays with the

number of resonances and possible topologies it could
have. We make projections on the sensitivity on the
branching ratio of exotic Z decay at a future Z factory.
For final states with missing energy, it can provide limits on
the BR down to 10−6–10−8.5 for Giga Z and 10−7.5–10−11

for Tera Z. The sensitivities on the BR for different final
states are roughly ordered from high to low as
Elþl− ∼ Eγγ, EJJ, and Eγ, due to the size of the SM
backgrounds for each mode. In the same final states, it is
quite clear the SM backgrounds for signal with more
resonances can be better suppressed. In addition to the
final states with missing energy, we also selectively studied
the fully visible final states ðJJÞðJJÞ and ðγγÞγ, where the
first one contains two resonances and the second one
contains one resonance. It is interesting to look for purely
hadronic final states at future Z factories because it has
much less QCD background in comparison with the hadron
collider. We found it can provide limits on the BR down to
10−5–10−6.5 for Giga Z and 10−6.5–10−8 for Tera Z. The
sensitivity to the final states with a b jet is better than those
with light flavor jets due to smaller SM backgrounds.
We have also made estimates of the reach of the

HL-LHC on the exotic Z-decay modes. The decay products
tend to be soft and difficult for the LHC searches. There are
also large QCD backgrounds. We considered the cases with
additional energetic initial state radiation, which can help
suppress these backgrounds. However, this also reduced the
signal rate. Therefore, for the channels we considered here,
it is very hard for the HL-LHC to compete with the future Z
factory. The one exception is the ðγγÞγ channel. The
sensitivity on the BR can reach 10−7 for Giga Z and a
few 10−9 for Tera Z. The corresponding HL-LHC sensi-
tivity is rescaled from an exiting study at 8 TeV by
rescaling, and it can be comparable to that of the Z factory.
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We have studied four representative models in Sec. III,
namely the Higgs portal with scalar DM, vector-portal DM
model, MIDM and RayDM, and axionlike particle model.
In the Higgs portal model with DM, the decay topology
Z → s̃Z� → ð χ̄χÞ þ lþl− has been studied. Future Z
factories can provide the leading constraint on mixing
angle sin α between the SM Higgs and dark singlet scalar
mediator. The constraint from Z → s̃γ via the loop effect
has also been considered but is weaker due to loop
suppression and a larger SM background. In the vector-
portal DM model, the decay topologies Z̃ → Ã0SS� →
ðlþl−ÞE and Z̃ → Ã0ϕ̃ → lþl−ðEÞ are studied. The first
one simply arises when DM is a scalar and charged under
Uð1ÞD, and the second one is a dark Higgs bremsstrahlung
process. We found that the limits from the exotic Z decay
provide competitive and complementary constraints with
DM direct detection, while the other collider limits are
much weaker. In the MIDM and RayDMmodels, the decay
topologies Z → χ2 χ1 → ðχ1γÞχ1 from the MIDM operator
and Z → χ1χ1γ from the RayDM operator has been
considered. Both operators can originate from heavy
fermions and scalars in the loop, which couples to DM.
The constraint on theMIDM operator is much stronger than
the constraint on RayDM. It is also much better than the
gamma-line search in indirect detection and future hadron
collider projections. In the axionlike particles model, the
decay topologies Z → aγ → ðγγÞγ and Z → aγ → ðEÞγ
have been considered, in which, in the first one, the
axionlike particles decay promptly into two photons and,
in the second one, they decay outside the detector. We find
the future Z factory can provide the leading constraint on
ΛaBB compared to limits from the LEP and LHC.
All in all, the exotic Z-decay searches can provide

unique tests on dark sector models at the future Z factory,
especially when missing energy and/or hadronic objects
appear in the final states. We explicitly analyze four

representative dark sector models and find the exotic
Z-decay searches can provide the leading and complemen-
tary limits to the current and future collider searches andDM
searches. It can also cover parameter spaces of DM models
with the relic abundance requirement, which provides a
complementary cross-check on the DM problem.
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APPENDIX: ANNIHILATION CROSS SECTION
FOR SCALAR DM WITH VECTOR PORTAL

We calculate the annihilation cross sections of scalar DM
into SM fermions. The scalar DM is charged under Uð1ÞD
as in Eq. (17), and the kinetic mixing induced interactions
with the SM sector are given in Eq. (16), which includes
both s-channel Ã0 and Z̃ mediation. The annihilation cross
sections for one generation are given,

σvSS→uū ¼
g2De

2ϵ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4m2

u

p
ðs − 4m2
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576πs3=2 cos θ4wðm2

K̃
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K̃
−m2
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K̃
m2
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ðmZ̃ΓK̃ −mK̃ΓZ̃Þ2Þ

− 40 cos θ2wm2
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uÞðsðm2
K̃
−m2

Z̃
Þ2 þmK̃mZ̃ðmZ̃ΓK̃ −mK̃ΓZ̃ÞðmK̃ΓK̃ −mZ̃ΓZ̃ÞÞ

þ 32 cos θ4wm4
Z̃
ðsþ 2m2

uÞðm4
K̃
þm2

K̃
ðΓ2

K̃
− 2m2
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Z̃
ðm2

Z̃
þ Γ2

Z̃
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σvSS→dd̄ ¼
g2De

2ϵ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4m2

d

q
ðs − 4m2

SÞ
576π cos θ4ws3=2ðm2
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σvSS→νν̄ ¼
g2De
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where we see the cross sections are p-wave suppressed.
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