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We study the impact of fermionic dark matter (DM) on projected Higgs precision measurements at the
Circular Electron Positron Collider (CEPC), including the one-loop effects on the eþe− → Zh cross section
and the Higgs boson diphoton decay, as well as the tree-level effects on the Higgs boson invisible decay. As
illuminating examples, we discuss two UV-complete DM models, whose dark sector contains electroweak
multiplets that interact with the Higgs boson via Yukawa couplings. The CEPC sensitivity to these models
and current constraints from DM detection and collider experiments are investigated. We find that there
exist some parameter regions where the Higgs measurements at the CEPC will be complementary to current
DM searches.
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I. INTRODUCTION

The discovery of the Higgs boson at the Large Hadron
Collider (LHC) [1,2] confirms the particle content of the
standard model (SM). However, the existence of dark
matter (DM) [3–5] undoubtedly implies the new physics
beyond the SM (BSM). While searches for new particles at
the LHC will continue in the coming years, an alternative
way to probe new physics is by studying its loop effects via
high precision observables at eþe− colliders.
Several electron-positron colliders have been currently

proposed, including the Circular Electron Positron Collider
(CEPC) [6], the Future Circular Collider with eþe− colli-
sions (FCC-ee) [7], and the International Linear Collider
(ILC) [8]. These machines are planned to serve as “Higgs
factories” for precisely measuring the properties of the Higgs
boson. In particular, CEPC will run at a center-of-mass
energy of 240–250 GeV, which maximizes the eþe− → Zh
production, over ten years to collect a data set of 5 ab−1.
Exploiting the physics potential of the CEPC has

attracted many interests. Recent works for probing anoma-
lous couplings include studies on the anomalous hhh
and htt couplings through the eþe− → Zh measurement

[9–12], the anomalous hZγ and hγγ couplings through the
eþe− → hγ measurement [13,14], and the anomalous Zbb
coupling [15], and high order effective operators [16,17].
Other CEPC researches about new physics models involve
studies on natural supersymmetry [18–20], DM models
[21–25] and electroweak oblique parameters [16,26,27],
and so on [28,29].
In this work, we mainly study the impact of fermionic

DM on the Higgs physics at the CEPC. Particularly, we
focus on the loop effects on the eþe− → Zh production
cross section, whose relative precision will be pinned down
to 0.5% [6]. For this purpose, the DM particle should
couple to both the Higgs and Z bosons and modify the hZZ
coupling at one-loop level. This requirement can be
fulfilled by introducing a dark sector consisting of electro-
weak multiplets, which is a simple, UV-complete extension
to the SM. Such a dark sector would provide an attractive
DM candidate that naturally satisfies the observed relic
abundance. Related model buildings typically involve one
SUð2ÞL multiplet, which leads to the so-called minimal DM
models [30–36], or more than one SUð2ÞL multiplet
[16,26,27,37–54]. As we would like to discuss fermionic
DM, more than one multiplet is needed for allowing
renormalizable couplings to the Higgs boson with respect
to the gauge invariance.
We calculate one-loop corrections to eþe− → Zh con-

tributed by the dark sector. For the purpose of illustration,
we study two simple models with additional fermionic
SUð2ÞL multiplets:
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(i) Singlet-doublet fermionic dark matter (SDFDM)
model: the dark sector involves one singlet Weyl
spinor and two doublet Weyl spinors;

(ii) Doublet-triplet fermionic dark matter (DTFDM)
model: the dark sector involves two doublet Weyl
spinor and one triplet Weyl spinors.

These spinors are assumed to be vectorlike, in order to
cancel gauge anomalies. This means that the two doublets
should have opposite hypercharges, while the singlet or the
triplet should have zero hypercharge.
After electroweak symmetry-breaking (EWSB), the vac-

uum expectation value (VEV) of the Higgs doublet provides
Dirac mass terms to the dark multiplets, leading to state
mixings. Field contents in the gauge and mass bases for the
two models are denoted in Table I. The lightest neutral
eigenstate (χ01) in the dark sector serves as a Majorana DM
candidate. For ensuring the stability of χ01, we need to impose
a Z2 symmetry, under which all SM particles are even and
dark sector particles are odd. These models can be regarded
as the generalizations of some electroweak sectors in super-
symmetric models. For instance, the SDFDM model is
similar to the bino-Higgsino sector, while the DTFDM
model is similar to the Higgsino-wino sector.
Serving as a DM candidate, χ01 should be consistent with

the observed DM relic abundance [55]. The χ01 couplings to
the Z and Higgs bosons could induce spin-dependent and
spin-independent scatterings between nuclei and DM,
respectively. They would be constrained by direct detection
experiments [56,57]. Besides, there are bounds from
colliders experiments, such as bounds from the invisible
decay of the Z boson [58], from searches for charged

particles at the LEP, and from the monojet searches at the
LHC [59]. Moreover, dark sector particles may affect the
invisible and diphoton decays of the Higgs boson, which
will be precisely determined by CEPC [6]. In this work, we
investigate both the CEPC prospect and current experi-
mental constraints for the two DM models.
The paper is outlined as follows. In Sec. II we give a brief

description of the SDFDM model, identify the parameter
regions that could be explored by Higgs measurements at
the CEPC, and study current constraints from DM detection
and collider experiments. In Sec. III, we repeat the
calculations, but for the DTFDM model. Section IV con-
tains our conclusions and discussions.

II. SINGLET-DOUBLET FERMIONIC
DARK MATTER

A. Model details

In the SDFDM model [26,37–40,42,44,48–50], we
introduce a dark sector with one Weyl singlet and two
SUð2ÞL Weyl doublets obeying the ðSUð2ÞL;Uð1ÞYÞ gauge
transformations:

S ∈ ð1; 0Þ; D1 ≡
�
D0

1

D−
1

�
∈
�
2;−

1

2

�
;

D2 ≡
�
Dþ

2

D0
2

�
∈
�
2;
1

2

�
: ð1Þ

Here, the assignment of opposite hypercharges to the two
doublets is essential to cancel the gauge anomalies. We can
write down the following gauge invariant Lagrangians:

LS ¼ iS†σ̄μ∂μS −
1

2
ðmSSSþ H:c:Þ; ð2Þ

LD ¼ iD†
1σ̄

μDμD1 þ iD†
2σ̄

μDμD2 − ðmDϵijDi
1D

j
2 þ H:c:Þ;

ð3Þ

where Dμ ¼ ∂μ − igWa
μτ

ð2Þ
a − ig0YBμ, with the generators

τð2Þa ¼ σa/2 expressed by the Pauli matrices σa. More
specifically, gauge interactions of the doublets are given by

L ⊃
g

2cW
Zμ½ðD0

1Þ†σ̄μD0
1 − ðD0

2Þ†σ̄μD0
2 − ð1 − 2s2WÞðD−

1 Þ†σ̄μD−
1 þ ð1 − 2s2WÞðDþ

2 Þ†σ̄μDþ
2 �

þ gffiffiffi
2

p Wþ
μ ½ðD0

1Þ†σ̄μD−
1 þ ðDþ

2 Þ†σ̄μD0
2� þ

gffiffiffi
2

p W−
μ ½ðD−

1 Þ†σ̄μD0
1 þ ðD0

2Þ†σ̄μDþ
2 �

− eAμ½ðD−
1 Þ†σ̄μD−

1 − ðDþ
2 Þ†σ̄μDþ

2 �; ð4Þ
where cW ≡ cos θW and sW ≡ sin θW are related to the Weinberg angle θW. The dark sector fields interact with the SM
Higgs doublet H through the Yukawa couplings

LY ¼ y1SDi
1Hi − y2SDi

2H
†
i þ H:c: ð5Þ

After the EWSB, dark sector fermions obtain Dirac mass terms through the Higgs mechanism. In the unitary gauge,
H ¼ ð0; ðvþ hÞ/ ffiffiffi

2
p ÞT with the VEV v. The mass terms in the model can be expressed as

TABLE I. Field contents of the two DM models under
consideration.

Models Gauge eigenstates Mass eigenstates

Singlet-Doublet S, ðD0
1

D−
1

Þ, ðDþ
2

D0
2

Þ χ0
1
;χ0

2
;χ0

3

χ�

Doublet-Triplet
ðD0

1

D−
1
Þ, ðDþ

2

D0
2

Þ,
 Tþ

T0

−T−

! χ0
1
;χ0

2
;χ0

3

χ�
1
;χ�

2
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LM ¼ −
1

2
ð S D0

1 D0
2 ÞMN

0
B@

S

D0
1

D0
2

1
CA −mDD−

1D
þ
2 þ H:c: ¼ −

1

2

X3
i¼1

mχ0i
χ0i χ

0
i −mχ�χ

−χþ þ H:c:; ð6Þ

where χ− ≡D−
1 , χ

þ ≡Dþ
2 , andmχ� ≡mD. The mass matrix of the neutral statesMN and the corresponding mixing matrix

N to diagonalize it are given by

MN ¼

0
BB@

mS
1ffiffi
2

p y1v
1ffiffi
2

p y2v

1ffiffi
2

p y1v 0 −mD

1ffiffi
2

p y2v −mD 0

1
CCA; N TMNN ¼ diagðmχ0

1
; mχ0

2
; mχ0

3
Þ;

0
B@

S

D0
1

D0
2

1
CA ¼ N

0
B@

χ01
χ02
χ03

1
CA: ð7Þ

Thus, the dark sector contains one charged Dirac fermion
χ� and three Majorana fermions χ01;2;3, with the lightest
neutral fermion χ01 serving as the DM particle.
This model is totally determined by four parameters, y1,

y2, mS, and mD. In principle, all of them could be complex
and induce CP violation. However, three phases can be
eliminated by redefinition of the fields, leaving only one
independent CP violation phase. The effects of this CP
violation phase on electric dipole moments and on DM
direct detection have been studied by several groups
[37,38,50]. We do not discuss these effects further, and
take all parameters to be real below.
In Fig. 1 we show the masses of the dark sector fermions

as functions of y2 with y1 ¼ 1 for two typical cases, mS <
mD and mS > mD. If mS < mD, χ01 is singlet-dominated,

with a mass close tomS when y1 and y2 are small; χ02 and χ
0
3

are doublet-dominated, with masses close to mD for small
Yukawa couplings. On the other hand, if mS > mD, χ01 and
χ02 are doublet-dominated, while χ03 is singlet-dominated.
When y2 ¼ �y1, we have mχ� ¼ mχ0

2
or mχ� ¼ mχ0

1
due to

a custodial symmetry.
It is instructive to reform the interaction terms with four-

component spinors. Defining Dirac spinor Ψþ and
Majorana spinors Ψi (i ¼ 1, 2, 3) as

Ψþ ¼
�

χþ

ðχ−Þ†
�
; Ψi ¼

�
χ0i

ðχ0i Þ†
�
; ð8Þ

we have

Lint ¼ eAμΨ̄þγμΨþ þ g
2cW

ðc2W − s2WÞZμΨ̄þγμΨþ þ gffiffiffi
2

p
X
i

W−
μ ðN �

3iΨ̄iγ
μPLΨþ −N 2iΨ̄iγ

μPRΨþÞ

þ gffiffiffi
2

p
X
i

Wþ
μ ðN 3iΨ̄þγμPLΨi −N �

2iΨ̄þγμPRΨiÞ −
1

2

X
ij

CA
Z;ijZμΨ̄iγ

μγ5Ψj þ
1

2

X
ij

CV
Z;ijZμΨ̄iγ

μΨj

−
1

2

X
ij

CS
h;ijhΨ̄iΨj þ

1

2

X
ij

CP
h;ijhΨ̄iiγ5Ψj; ð9Þ
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FIG. 1. Mass spectra of the SDFDM model in two typical cases, mS < mD (a) and mS > mD (b).
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where PL ≡ ð1 − γ5Þ/2 and PR ≡ ð1þ γ5Þ/2. The cou-
plings to Z and h are given by

CA
Z;ij ¼

g
2cW

ReðN �
2iN 2j −N �

3iN 3jÞ;

CV
Z;ij ¼

ig
2cW

ImðN �
2iN 2j −N �

3iN 3jÞ; ð10Þ

CS
h;ij ¼

ffiffiffi
2

p
Reðy1N 1iN 2j þ y2N 1iN 3jÞ;

CP
h;ij ¼

ffiffiffi
2

p
Imðy1N 1iN 2j þ y2N 1iN 3jÞ: ð11Þ

It is obvious to find that CV
Z;ii ¼ 0, due to the Majorana

nature of Ψi. Since y1 and y2 are real parameters, the
CP-violating couplings CP

h;ii also vanish. For DM phe-
nomenology, the CA

Z;11 and CS
h;11 couplings are particularly

important, inducing spin-dependent (SD) and spin-
independent (SI) DM-nucleon scattering, respectively.
Therefore, they could be probed in direct detection
experiments.
When y1 ¼ �y2, there is a custodial global symmetry

resulting CA
Z;11 ¼ 0 and a vanishing SD scattering cross

section. Besides, if mD < mS, the condition y1 ¼ y2 also
leads to CS

h;11 ¼ 0 and a vanishing SI cross section [26]. It
would be useful to explore other conditions that give rise to
CS
h;11 ¼ 0, which implies blind spots in direct detection

experiments [40,42,50,60]. According to the low-energy
Higgs theorems [61,62], the couplings of the neutral
fermions to the Higgs boson can be derived by the
replacement v → vþ h in the DM candidate mass mχ0

1
ðvÞ:

LhΨ1Ψ1
¼ 1

2
mχ0

1
ðvþ hÞΨ̄1Ψ1 ¼

1

2
mχ0

1
ðvÞΨ̄1Ψ1

þ 1

2

∂mχ0
1
ðvÞ

∂v hΨ̄1Ψ1 þOðh2Þ; ð12Þ

which means CS
h;11 ¼ ∂mχ0

1
ðvÞ/∂v [40,63].

mχ0
1

satisfies the characteristic equation detðMN −
mχ0

1
1Þ ¼ 0, which is just

m3
χ0
1

−mSm2
χ0
1

−
1

2
ð2m2

D þ y21v
2 þ y22v

2Þmχ0
1

þmDðmDmS þ y1y2v2Þ ¼ 0: ð13Þ

Differentiating its left-hand side with respect to v and
imposing ∂mχ0

1
ðvÞ/∂v ¼ 0, one obtain the condition that

leads to Ch;11 ¼ 0 is

mχ0
1
¼ 2y1y2mD

y21 þ y22
: ð14Þ

Plugging this condition into Eq. (13), one obtains

y1 ¼ �y2 or y1 ¼
mD � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2
D −m2

S

p
mS

y2: ð15Þ

Thus, the latter equation could also induce CS
h;11 ¼ 0

when mD > mS.

B. Higgs precision measurements at the CEPC

1. Corrections to the Zh associated production

The Zh associated production eþe− → Zh is the primary
Higgs production process in a Higgs factory withffiffiffi
s

p ¼ 240–250 GeV. For the measurement of its cross
section, a relative precision of 0.51% is expected to be
achieved at the CEPC with an integrated luminosity of
5 ab−1 [6]. Below we discuss the impact of the SDFDM
model on this cross section at one-loop level.
Neglecting the extremely small hee coupling, the only

tree-level Feynman diagram for eþe− → Zh in the SM is
shown in Fig. 2. It involves the hZZ coupling, whose
precise strength is a chief goal of a Higgs factory. BSM
particles that couple to both the Z and Higgs bosons, such
as the Majorana fermions χ0i , are presumed to modify this
coupling via triangle loops, as demonstrated in Fig. 3(a).
Besides, Figs. 3(b) and 3(c) show that dark sector fermions
in the SDFDM model can also affect the propagator in the
eþe− → Zh diagram at one-loop level. Moreover, as shown
in Fig. 4, the dark sector contributes to the self-energies of
the Higgs boson and the electroweak gauge bosons, and
hence influences the determination of the related renorm-
alization constants. In practice, these contributions must be
included to cancel the ultraviolet divergences from Fig. 3.
Formally, the eþe− → Zh cross section can be split into

two parts:

σ ¼ σ0 þ σBSM; ð16Þ

where σ0 is the SM prediction, while σBSM is the con-
tribution due to BSM physics, which, in our case, is the
dark sector multiplets. The next-to-leading corrections to
eþe− → Zh in the SM have been calculated two decades
ago [64–67], while the mixed electroweak-QCD [OðααsÞ]
corrections have been studied in 2016 [68,69]. Here we
calculate σ0 with one-loop corrections except for the virtual
photon correction. Thus, we would not need to involve the
real photon radiation process eþe− → Zhγ for dealing with

FIG. 2. Tree-level Feynman diagram for eþe− → Zh in the SM.
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soft and collinear divergences. This treatment should be
sufficient for our purpose, as we are only interested in the
relative deviation of the eþe− → Zh cross section due to
the dark sector.
We utilize the packages FEYNARTS 3.9 [70], FORMCALC

9.4 [71], and LOOPTOOLS 2.13 [72] to calculate one-loop
corrections from the SM and from the SDFDM model atffiffiffi
s

p ¼ 240 GeV. The on-shell renormalization scheme is
adopted to fix the renormalization constants. Figure 5
shows the relative deviation of the eþe− → Zh cross
section ðσ − σ0Þ/σ0 as a function of mD. Other parameters
are chosen to be y1 ¼ y2 ¼ 1 and mS ¼ 1 TeV, leading to
mχ� ¼ mχ0

1
. The deviation could be either positive or

negative, depending on the parameters. As mD increases
to the TeV scale, the deviation becomes very small, because
the dark sector basically decouples.
When the dark sector fermions in the loops are able to

close to their mass shells, their contributions could vary
dramatically. In the lower frame of Fig. 5 shows the sums
of fermion masses in order to demonstrate the mass
threshold effects with mZ ¼mχ0

1
þmχ0

2
, mW ¼ mχ0

1
þmχ� ,

mZ ¼ 2mχ� , and
ffiffiffi
s

p ¼ mχ0
1
þmχ0

2
. For instance, mZ >

mχ0
1
þmχ0

2
would allow a new decay process, Z → χ01χ

0
2;

this means that the Z boson self-energy develops a new

imaginary part, which is absent for mZ < mχ0
1
þmχ0

2
. As a

result, ðσ − σ0Þ/σ0 reaches a dip at mZ ¼ mχ0
1
þmχ0

2
.

Similarly, we have threshold effects with mW ¼ mχ0
1
þ

mχ� and mZ ¼ 2mχ� . In addition, the threshold effect withffiffiffi
s

p ¼ mχ0
1
þmχ0

2
is caused by the triangle loop in Fig. 3(a),

because
ffiffiffi
s

p
> mχ0

1
þmχ0

2
also leads to a imaginary part in

the amplitude of the triangle loop.
In Fig. 6, we show heat maps for the absolute relative

deviation Δσ/σ0 ≡ jσ − σ0j/σ0 in the SDFDM model with
two parameters fixed. The regions with colors have
sufficient deviations that could be explored by the CEPC
measurement of the eþe− → Zh cross section, while the
gray regions are beyond its capability. The complicated
behaviors of these heat maps can be attributed to mass
threshold effects, as shown in Fig. 5.
For y1 ¼ 0.5 and y2¼ 1.5 [Fig. 6(a)], the CEPC mea-

surement could probe up to mχ0
1
∼200GeV. For y1¼ y2¼ 1

(a) (b)

(c) (d)

FIG. 4. One-loop Feynman diagrams for self-energy correc-
tions of the Higgs boson (a) and the electroweak gauge bosons
(b,c,d) due to the dark sector in the SDFDM model.
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FIG. 5. Relative deviation of the eþe− → Zh cross section atffiffiffi
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1
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2
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FIG. 3. Feynman diagrams for vertex (a) and propagator (b,c) corrections to eþe− → Zh due to the dark sector in the SDFDMmodel at
one-loop level.
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[Fig. 6(a)], where the custodial symmetry is respected,
regions with mχ0

1
≳mh could hardly have apparent devia-

tions. Furthermore, Figs. 6(c) and 6(d) show that larger
Yukawa couplings y1 and y2 basically induce larger Δσ/σ0
for fixed mS and mD.

2. Higgs boson invisible decay

If the dark sector fermions are sufficient light, the Higgs
boson and the Z boson would be able to decay into them.
When such decay processes are kinematically allowed,
their widths are given by (i ≠ j in the expressions below)

Γðh → χ0i χ
0
jÞ ¼

Fðm2
h; m

2
χ0i
; m2

χ0j
Þ

32πm3
h

fjCS
h;ij þ CS

h;jij2½m2
h − ðmχ0i

þmχ0j
Þ2�

þ jCP
h;ij þ CP

h;jij2½m2
h − ðmχ0i

−mχ0j
Þ2�g; ð17Þ

Γðh → χ0i χ
0
i Þ ¼

jCS
h;iij2

16πm2
h

ðm2
h − 4m2

χ0i
Þ3/2; ð18Þ
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FIG. 6. Heat maps for the absolute relative deviation of the eþe− → Zh cross section Δσ/σ0 ≡ jσ − σ0j/σ0 in the SDFDM model.
Results are shown in the mS −mD (a,b) and y1 − y2 (c,d) planes with two parameters fixed as indicated. Colored and gray regions
correspond to Δσ/σ0 > 0.5% and < 0.5%, respectively. Dashes lines denote contours of the DM candidate mass mχ0

1
.
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ΓðZ → χ0i χ
0
jÞ ¼

Fðm2
Z;m

2
χ0i
; m2

χ0j
Þ

24πm5
Z

f6ðjCV
Z;ijj2 − jCA

Z;ijj2Þm2
Zmχ0i

mχ0j

þ ðjCA
Z;ijj2 þ jCV

Z;ijj2Þ½m2
Zð2m2

Z −m2
χ0i
−m2

χ0j
Þ − ðm2

χ0i
−m2

χ0j
Þ2�g; ð19Þ

ΓðZ → χ0i χ
0
i Þ ¼

jCA
Z;iij2

24πm2
Z
ðm2

Z − 4m2
χ0i
Þ3/2; ð20Þ

ΓðZ → χþχ−Þ ¼ g2ðc2W − s2WÞ2
48πm2

Zc
2
W

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

Z − 4m2
χþ

q
ðm2

Z þ 2m2
χþÞ; ð21Þ

where Fðx; y; zÞ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ z2 − 2xy − 2xz − 2yz

p
.

Since χ01 cannot be directly probed by detectors in collider
experiments, the decay processes h → χ01χ

0
1 and Z → χ01χ

0
1

are invisible. On the other hand, if h and Z decay into other
dark sector fermions, the Z2 symmetry will force them
subsequently decay into χ01 associated with SM particles in
final states. Such h and Z decays may also be invisible due to
χ02;3 → χ01Z

�ð→ νν̄Þ. Moreover, when these decay processes
are allowed, the SM products would probably be very soft, as
the related mass spectrum in the dark sector should be
compressed. As a result, they could be effectively invisible.
Therefore, the invisible decays of h and Z provide another
promising approach to reveal the dark sector.
With an integrated luminosity of 5 ab−1, CEPC is

expected to constrain the branching ratio of the invisible
decay down to 0.28% at 95% CL [6]. As the Higgs boson
width in the SM is 4.08 MeV for mh ¼ 125.1 GeV [73],
this means that the expected constraint on the Higgs
invisible decay width is Γh;inv < 11.4 keV. On the other
hand, LEP experiments have put an upper bound on the Z
invisible width, which is ΓBSM

Z;inv < 2 MeV at 95% CL [58].
In Fig. 7 we present the expected CEPC constraint and

the LEP constraint from the invisible decays of the Higgs
boson and the Z boson, respectively. We have included all
allowed decay channels into the dark sector as invisible
decays for the reasons we mentioned above. Although this
treatment overestimates the invisible decay widths, it
actually closes to the most conservative estimation that
only takes into account h → χ01χ

0
1 and Z → χ01χ

0
1, because in

most of the parameter regions we are interested in only one
or a few of these decay channels would open. From Fig. 7,
we can see that the expected CEPC constraints from the
Higgs invisible decay are basically stronger than the LEP
constraint from the Z invisible decay. Exceptions happen
mostly when mD < mh/2. In such a region, the Z → χþχ−

decay is allowed, while the CS
h;11 coupling for mD < mS

could be small, or even vanishes if y1 ¼ y2.

C. Current experimental constraints

In this subsection, we investigate current experimental
constraints on the SDFDM model. Relevant bounds come

from the observation of DM relic abundance, DM direct
detection experiment, LHC monojet searches, and LEP
searches for charged particles. Below we discuss them one
by one.

1. Relic abundance

The observed cold DM relic density reported by the
Planck collaboration is ΩDMh2 ¼ 0.1186� 0.0020 [55].
Assuming DM particles were thermally produced in the
early Universe, the relic density is determined by their
thermally averaged annihilation cross section into SM
particles when they decoupled. If the annihilation cross
section is too small, DM would be overproduced, contra-
dicting the observation.
The freeze-out temperature is controlled by theDMparticle

mass, which is mχ0
1
in the SDFDM model. However, other

dark sector fermions may have masses similar to mχ0
1
. For

instance, mS > mD could lead to a doublet-dominated χ01,
whose mass can be very close to mχ� and mχ0

2
. As a result,

coannihilation processes among the dark sector fermions
could be important and significantly influence the DM
relic abundance. For this reason, we take into account
the coannihilation effect when the mass differences are
within 0.1mχ0

1
. We adopt MADDM [74], which is based on

MADGRAPH 5 [75], to calculate the relic density involving all
annihilation and coannihilation channels. The model is
implemented with FEYNRULES 2 [76].
The parameter regions where DM is overproduced are

indicated by red color in Fig. 8. For a DM candidate purely
from the doublets, the observed relic abundance corresponds
to a DM particle mass of ∼1.2 TeV [30]. The mixing with
the singlet complicates the situation. Nonetheless, Figs. 8(a)
and 8(b) still show that the observation favors mD ∼ TeV.
Annihilation through a Z or h resonance would significantly
increase the cross section and hence reduce the relic density.
This effect results in the bands of underproduction among
the overproduction regions in Figs. 8(a) and 8(b).
Figure 8(a) also has a overproduction region with

mD ≲ 30 GeV, due to lacking of effective annihilation
mechanisms. In this region, mχ0

1
≲ 30 GeV forbids the

annihilation into weak gauge bosons, while the annihilation
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into SM fermions is helicity-suppressed and the coannihi-
lation effect with χ� is insufficient. A similar region dose
not show up in Fig. 8(b), because in this casemχ0

1
¼ mχ� ¼

mD leads to a significant coannihilation effect. Figures 8(c)
and 8(d) demonstrate the complicate overproduction
regions depending on the Yukawa couplings for specified
mass parameters of the dark sector.

2. DM direct detection

The Zχ01χ
0
1 and hχ01χ

0
1 couplings could induce spin-

dependent (SD) and spin-independent (SI) DM-nucleon
scattering, respectively. Therefore, the model is testable in
direct detection experiments. MADDM [78] is used to

calculate the DM-nucleon scattering cross sections. We also
present the results in Fig. 8, with blue and orange regions
excluded at 90% CL by the PandaX experiment for SI
interactions [56] and for SD interactions [57], respectively.
As in this model SI and SD interactions have different

origins, their effects are comparable and complementary in
direct detection experiments, as shown in Fig. 8(a), 8(c),
and 8(d). When y1 ¼ y2, the Zχ01χ

0
1 coupling vanishes,

and thus there is no SD exclusion region in Fig. 8(b).
Moreover, as y1 ¼ y2 and mS > mD lead to a vanishing
hχ01χ

0
1 coupling, no SI constraint is available in the related

regions of Figs. 8(b) and Fig. 8(d).
In Fig. 8(c), the model is severely constrained by

DM direct detection. Exceptions occur when the hχ01χ
0
1

(a) (b)

(c) (d)

FIG. 7. 95% CL expected constraints (blue regions) from the CEPC measurement of the Higgs boson invisible decay width in the
mS −mD plane (a,b) and the y1 − y2 plane (c,d) for the SDFDMmodel. Red regions have been excluded at 95% CL by the measurement
of the Z boson invisible decay width in LEP experiments [58]. Dot-dashed lines indicate mχ0

1
contours.
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coupling happens to vanish. For mS ¼ 100 GeV and
mD ¼ 400 GeV, from Eq. (15) we know CS

h;11 vanishes
when y1 ¼ 7.87y2 or y1 ¼ 0.13y2. This explains a region
free from SI direct detection in Fig. 8(c). However, taking
into account the constraints from SD direct detection and
from the relic abundance, however, there is no blind
spot left.

3. LHC and LEP searches

Searching for direct production of dark sector fermions
at high energy colliders, like LHC, is another way to reveal
the SDFDM model. Due to the Z2 symmetry, dark sector
fermions must be produced in pairs and those other than χ01

eventually decay into χ01. Consequently, a large missing
transverse energy (=ET) is a typical signature for such
production processes. The monojetþ =ET channel could
effectively probe the χ01χ

0
1 pair production associated with

one or two hard jets from the initial state radiation. Other
dark sector pair production processes could also contribute
to the monojetþ =ET final state if the mass spectrum is
compressed. Therefore, we should consider the following
electroweak production processes for the monojet searches
at the LHC:

pp → χ0i χ
0
j þ jets; pp → χ�χ0i þ jets;

pp → χ�χ� þ jets; i; j ¼ 1; 2; 3: ð22Þ

(a) (b)

(c) (d)

FIG. 8. Experimental constraints in the mS −mD plane (a,b) and the y1 − y2 plane (c,d) for the SDFDM model. The red regions
indicate DM overproduction in the early Universe. The blue and orange regions are excluded by the PandaX direct detection experiment
for SI interactions [56] and for SD interactions [57], respectively. The green regions are ruled out by the ATLAS monojet search [59].
The pink regions are excluded by the search for charged particles at the LEP [77].
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We utilize MADGRAPH 5 [75] to simulate these produc-
tion processes. PYTHIA 6 [79] is adopted to deal with particle
decay, parton shower, and hadronization processes.
DELPHES 3 [80] is used to carry out a fast detector simulation
with a setup for the ATLAS detector. The same cut
conditions as in the ATLAS monojetþ =ET analysis with
20.3 fb−1 of data at

ffiffiffi
s

p ¼ 8 TeV [59] are applied to the
above production signals in the SDFDMmodel. By this way
we reinterpret the experimental result to constrain the model.
In Fig. 8, the green regions are excluded by the

monojetþ =ET search at 95% CL, based on our reinterpre-
tation. Figures 8(a) and 8(b) show that the monojet search
can exclude the parameter space up to mD ∼ 80 GeV.
The exclusion regions hardly show dependence on mS,
as the singlet components in χ01;2;3 do not contribute to the
production processes mediated by electroweak gauge
bosons. In Fig. 8(c) with mS < mD, the monojet search
only rules out four tiny parameter regions, because in this
case χ01 is singlet-dominated, leading to a very low
production rate for pp → χ01χ

0
1 þ jets.

The charge fermion χ� has similar properties as the
charginos in supersymmetric models. For a rough estima-
tion, we treat the LEP bound on the chargino mass, mχ̃�

1
>

103.5 GeV [77], as a bound on mχ� . As a result, the pink
regions with mD ≲ 100 GeV in Figs. 8(a) and 8(b) are
excluded. It seems that this constraint is stronger than the
monojet search at the 8 TeV LHC.
χ�χ0i and χ�χ� production at the LHC can induce 2lþ

=ET and 3lþ =ET signals. The leptons in the final state could
be hard or soft, depending on the mass splittings
mχ�;χ0

2;3
−mχ0

1
. By reinterpreting the relevant searches for

hard [81] and soft [82] leptons at the 13 TeV LHC with data
sets of ∼36 fb−1, we find that such searches cannot give
stronger constraints than the bounds from the monojetþ
=ET search and LEP.

III. DOUBLET-TRIPLET FERMIONIC
DARK MATTER

In the previous section, we find that current constraints
on the SDFDM model are quit severe. As a result, most of
the CEPC sensitive region has already been excluded.
Actually, the singlet does not have electroweak gauge
interactions, so the modification to the eþe− → Zh cross
section would not be very significant. This observation
inspires us to replace the singlet with a triplet, leading to the
DTFDM model. This model should be more capable to
affect the eþe− → Zh cross section. In this section, we
discuss its impact on Higgs measurements at the CEPC and
current constraints on its parameter space.

A. Model details

In the DTFDM model, two SUð2ÞL Weyl doublets and
one SUð2ÞL Weyl triplet are introduced [26,43]:

D1 ≡
�
D0

1

D−
1

�
∈
�
2;−

1

2

�
; D2 ≡

�
Dþ

2

D0
2

�
∈
�
2;
1

2

�
;

T ≡
0
B@

Tþ

T0

−T−

1
CA ∈ ð3; 0Þ: ð23Þ

We have the following gauge invariant Lagrangians:

LD ¼ iD†
1σ̄

μDμD1 þ iD†
2σ̄

μDμD2 − ðmDϵijDi
1D

j
2 þ H:c:Þ;

ð24Þ

LT ¼ iT†σ̄μDμT þ ðmTcijTiTj þ H:c:Þ; ð25Þ

where the constants cij render the gauge invariance of the
cijTiTj term. cij can be derived from Clebsch-Gordan
coefficients multiplied by a factor to normalize mass terms
for the components of T. The nonzero values are

c13 ¼ c31 ¼
1

2
; c22 ¼ −

1

2
: ð26Þ

Since the hypercharge of the triplet is zero, its covariant
derivative is Dμ ¼ ∂μ − igWa

μτ
ð3Þ
a , where τð3Þa are generators

of the representation 3 for the SU(2) group that are
chosen as

τð3Þ1 ¼ 1ffiffiffi
2

p

0
B@

0 1 0

1 0 1

0 1 0

1
CA; τð3Þ2 ¼ 1ffiffiffi

2
p

0
B@

0 −i 0

i 0 −i
0 i 0

1
CA;

τð3Þ3 ¼

0
B@

1 0 0

0 0 0

0 0 −1

1
CA: ð27Þ

Any irreducible SU(2) representation is real, in the sense
that it is equivalent to its conjugate. This equivalence means
that one can find an invertible matrix S satisfying

Sτð3Þa S−1 ¼ −ðτð3Þa Þ�. For the generators we choose, S is
defined as

S ¼

0
B@

0 0 −1
0 1 0

−1 0 0

1
CA: ð28Þ

We can use the charge conjugation matrix C ¼ iγ0γ2 to
define the conjugate of the triplet as T̃ ¼ S−1CT̄T, which
transforms as a vector in 3, rather than in 3̄. In this work, we
would like to study a real triplet, which means that T̃ ¼ T.
This is the reason why there is a minus sign in front of the
third component of T in Eq. (23).
The gauge interactions of the doublets have been

explicitly listed in Eq. (4), while the gauge interactions
of the triplet are given by
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L ⊃ eAμ½ðTþÞ†σ̄μTþ − ðT−Þ†σ̄μT−�
þ gcWZμ½ðTþÞ†σ̄μTþ − ðT−Þ†σ̄μT−�
þ gWþ

μ ½ðTþÞ†σ̄μT0 − ðT0Þ†σ̄μT−�
þ gW−

μ ½ðT0Þ†σ̄μTþ − ðT−Þ†σ̄μT0�: ð29Þ

The electroweak gauge symmetry allows two kinds of
Yukawa couplings:

LY ¼ y1cijkTiDj
1H

k − y2cijkTiDj
2H

k þ H:c:; ð30Þ

where the constants cijk can also be built from Clebsch-
Gordan coefficients. Their nonzero values are

c122 ¼ c311 ¼
ffiffiffi
2

p
; c212 ¼ c221 ¼ −1: ð31Þ

After the Higgs field develops a VEV, mass terms in the
dark sector can be expressed as

LM ¼ −
1

2
ðT D0

1 D0
2 ÞMN

0
B@

T

D0
1

D0
2

1
CA

− ðT− D−
1 ÞMC

�
Tþ

Dþ
2

�
þ H:c:

¼ −
1

2

X3
i¼1

mχ0i
χ0i χ

0
i −
X2
i¼1

mχ�i
χ−i χ

þ
i þ H:c: ð32Þ

The mass and mixing matrices are defined as

MN ¼

0
BB@

mT
1ffiffi
2

p y1v 1ffiffi
2

p y2v

1ffiffi
2

p y1v 0 −mD

1ffiffi
2

p y2v −mD 0

1
CCA; MC

�
mT y2v

−y1v mD

�
: ð33Þ

N TMNN ¼ diagðmχ0
1
; mχ0

2
; mχ0

3
Þ; CRT MCCL ¼ diagðmχ�

1
; mχ�

2
Þ: ð34Þ

0
B@

T0

D0
1

D0
2

1
CA ¼ N

0
B@

χ01
χ02
χ03

1
CA;

�
Tþ

Dþ
2

�
¼ CL

�
χþ1
χþ2

�
;

�
T−

D−
1

�
¼ CR

�
χ−1
χ−2

�
: ð35Þ

Thus, the dark sector contains three Majorana fermions
χ01;2;3 and two charged Dirac fermions χ�1;2. In Fig. 9 we
show the mass spectra for two typical cases, mT < mD and
mT > mD. The masses of neutral fermions have the similar
behavior as in the SDFDM model, sinceMN is the same if

mT is replaced by mS. Nonetheless, the masses of charged
fermions vary with y2 due to the mixing, unlike χ� in the
SDFDM model.
By defining Dirac spinors Ψþ

1;2 and Majorana spinors
Ψ1;2;3 as

M
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s 
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FIG. 9. Mass spectra of the DTFDM model in two typical cases, mT < mD (a) and mT > mD (b).
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Ψþ
i ¼

�
χþi

ðχ−i Þ†
�
; Ψi ¼

�
χ0i

ðχ0i Þ†
�
; ð36Þ

we have the following interaction terms:

Lint ¼ e
X
i

AμΨ̄þ
i γ

μΨþ
i þ

X
ij

ZμðGL
Z;ijΨ̄

þ
i γ

μPLΨþ
j þGR

Z;ijΨ̄
þ
i γ

μPRΨþ
j Þ

þ
X
ij

GS
h;ijhΨ̄

þ
i Ψ

þ
j −

X
ij

GP
h;ijhΨ̄

þ
i iγ

5Ψþ
j

þ
X
ij

W−
μ ðGL

W;ijΨ̄iγ
μPLΨþ

j −GR
W;ijΨ̄iγ

μPRΨþ
j Þ

þ
X
ij

Wþ
μ ðGL�

W;ijΨ̄
þ
j γ

μPLΨi −GR�
W;ijΨ̄

þ
j γ

μPRΨiÞ

−
1

2

X
ij

CA
Z;ijZμΨ̄iγ

μγ5Ψj þ
1

2

X
ij

CV
Z;ijZμΨ̄iγ

μΨj

−
1

2

X
ij

CS
h;ijhΨ̄iΨj þ

1

2

X
ij

CP
h;ijhΨ̄iiγ5Ψj: ð37Þ

The couplings are defined as

GL
Z;ij ¼

gðc2W − s2WÞ
2cW

C�L;2iCL;2j þ gcWC�L;1iCL;1j; ð38Þ

GR
Z;ij ¼

gðc2W − s2WÞ
2cW

C�R;2jCR;2i þ gcWC�R;1jCR;1i; ð39Þ

GS
h;ij ¼ Reðy1CL;1jCR;2i − y2CL;2jCR;1iÞ; GP

h;ij ¼ Imðy1CL;1jCR;2i − y2CL;2jCR;1iÞ; ð40Þ

GL
W;ij ¼

gffiffiffi
2

p N �
3iCL;2j þ gN �

1iCL;1j; GR
W;ij ¼

gffiffiffi
2

p N 2iC�R;2j − gN 1iC�R;1j; ð41Þ

CA
Z;ij ¼

g
2cW

ReðN �
2iN 2j −N �

3iN 3jÞ; CV
Z;ij ¼

ig
2cW

ImðN �
2iN 2j −N �

3iN 3jÞ; ð42Þ

CS
h;ij ¼

ffiffiffi
2

p
Reðy1N 1iN 2j þ y2N 1iN 3jÞ; CP

h;ij ¼
ffiffiffi
2

p
Imðy1N 1iN 2j þ y2N 1iN 3jÞ: ð43Þ

Note that CA
Z;ij, C

V
Z;ij, C

S
h;ij, and CP

h;ij have the same forms
as those in the SDFDM model, because T0 has neither
electrical charge nor hypercharge, just like the singlet S.
Consequently, y1 ¼ �y2 also leads to CA

Z;11 ¼ 0, while
y1 ¼ y2 and mD < mT lead to CS

h;11 ¼ 0. Thus, the sensi-
tivity of DM direct detection to this model should be similar
to the SDFDM model.

B. Higgs precision measurements at the CEPC

1. Corrections to Zh associated production

In the DTFDM model, the eþe− → Zh process is
modified at one-loop level by the Feynman diagrams
shown in Figs. 3 and 4 with χ� replaced by χ�1;2. Unlike

the SDFDM model, however, the charged dark sector
fermions in the DTFDM model can couple to the Higgs
boson, because both D and T involve charged components.
Consequently, we also have the vertex corrections shown
in Fig. 10(a) and the self-energy corrections shown in
Fig. 10(b). Because more dark sector fermions could
influence the Zh associated production, a larger modifica-
tion of the eþe− → Zh cross section is expected.
In Fig. 11, we show the absolute relative deviation of the

eþe− → Zh cross section Δσ/σ0 in the DTFDM model.
Compared with Fig. 6 in the SDFDM model, the deviation
generally increases. As illustrated in Figs. 11(a) and 11(b),
the deviation in the regions with a small mT and a large mD
can be significant. In contrary, we should recall that a small
mS and a large mD would lead to an unreachable deviation
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shown in Figs. 6(a) and 6(b). This clearly demonstrates
the effect of the substitution of the triplet for the singlet.
Figure 11(a) indicates that the CEPC measurement of
eþe− → Zh could explore up to mχ0

1
∼ 900 GeV for

y1 ¼ 0.5 and y2 ¼ 1.5. Moreover, there are only a few
small regions with Δσ/σ0 < 0.5% in Figs. 11(c) and 11(d).

2. Higgs boson invisible decay

In the DTFDM model, the h and Z decay widths into
χ0i χ

0
j (i, j ¼ 1, 2, 3) have the same expressions as

Eqs. (17)–(20), while the Z decay widths into Z → χþi χ
−
j

(i, j ¼ 1, 2) are given by

ΓðZ → χþi χ
−
j Þ ¼

Fðm2
Z;m

2
χ�i
; m2

χ�j
Þ

48πm5
Z

× f6ðGL
Z;ijG

R�
Z;ij þ GL�

Z;ijG
R
Z;ijÞm2

Zmχ�i
mχ�j

þ ðjGL
Z;ijj2 þ jGR

Z;ijj2Þ½m2
Zð2m2

Z

−m2
χ�i

−m2
χ�j
Þ − ðm2

χ�i
−m2

χ�j
Þ2�g: ð44Þ
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FIG. 11. Heat maps for Δσ/σ0 in the DTFDM model. Results are shown in the mT −mD (a,b) and y1 − y2 (c,d) planes with two
parameters fixed as indicated. Colored and gray regions correspond to Δσ/σ0 > 0.5% and < 0.5%, respectively. Dashes lines denote
contours of the DM candidate mass mχ0

1
.

(a) (b)

FIG. 10. Feynman diagrams for vertex (a) and self-energy
(b) corrections to eþe− → Zh at one-loop level due to the hχ�i χ

�
j

couplings in the DTFDM model.
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Furthermore, the hχ�i χ
�
j couplings could induce Higgs

boson decay channels into χþi χ
−
j if the kinematics is

allowed. The corresponding widths are

Γðh → χþi χ
−
j Þ ¼

Fðm2
h; m

2
χ�i
; m2

χ�j
Þ

8πm3
h

× fjGS
h;ijj2½m2

h − ðmχ�i
þmχ�j

Þ2�
þ jGP

h;ijj2½m2
h − ðmχ�i

−mχ�j
Þ2�g: ð45Þ

In Fig. 12 we present the expected CEPC constraint from
the h invisible decay as well as the LEP constraint from the
Z invisible decay. Compared with Fig. 7 for the SDFDM
model, the LEP exclusion regions for the DTFDM model
are enlarged because of more Z decay channels. On the

other hand, the CEPC sensitivities are quit similar in both
models.

3. Higgs boson diphoton decay

Another remarkable feature of the DTFDMmodel is that
the hχ�i χ

�
i and γχ�i χ

�
i couplings modify the width of the

Higgs boson diphoton decay, h → γγ, at one-loop level.
Figure 13 demonstrates the related Feynman diagram. As
CEPC can accurately measure the relative precision of the
h → γγ decay width down to 9.4%1 with an integrated

(a) (b)

(c) (d)

FIG. 12. 95% CL expected constraints from the CEPC measurements of the Higgs boson invisible (blue regions) and diphoton (green
regions) decay widths in themT −mD plane (a,b) and the y1 − y2 plane (c,d) for the DTFDMmodel. Red regions have been excluded at
95% CL by the LEP measurement of the Z boson invisible decay width [58]. Dot-dashed lines indicate mχ0

1
contours.

1This is a conservative value; if one considers a combination
with the high-luminosity LHC measurement, the relative pre-
cision can be improved to 4.6% [6].
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luminosity of 5 ab−1 [6], this decay channel could be very
sensitive to the DTFDM model.
At the leading order in the SM, the Higgs boson decay

into two photons is induced by loops, mediated by the W
boson and heavy charged fermions. In the DTFDM model,
we should also take into account the χ�1 and χ�2 loops. Thus,
the h → γγ partial decay width can be expressed as [61,62]

Γðh → γγÞ ¼ GFα
2m3

h

128
ffiffiffi
2

p
π3

����A1ðτWÞ þ
X

f
cfQ2

fA1/2ðτfÞ

þ
X

i

GS
h;iiv

mχ�i

A1/2ðτχ�i Þ
����
2

; ð46Þ

where GF is the Fermi coupling constant and α is the fine-
structure constant. cf and Qf are the color factor and the
electric charge of an SM fermion f, respectively The form
factors A1ðτÞ and A1/2ðτÞ are defined as

A1ðτÞ ¼ −τ−2½2τ2 þ 3τ þ 3ð2τ − 1ÞfðτÞ�;
A1/2ðτÞ ¼ 2τ−2½τ þ ðτ − 1ÞfðτÞ�; ð47Þ

with the function fðτÞ given by

fðτÞ ¼
8<
:

arcsin2
ffiffiffi
τ

p
; τ ≤ 1;

− 1
4

h
log 1þ

ffiffiffiffiffiffiffiffiffi
1−τ−1

p

1−
ffiffiffiffiffiffiffiffiffi
1−τ−1

p − iπ
i
2
; τ > 1.

ð48Þ

The definitions of the dimensionless parameters are

τW ¼ m2
h

4m2
W
; τf ¼ m2

h

4m2
f

; τχ�i ¼ m2
h

4m2
χ�i

: ð49Þ

Based on these formulas, we can calculate the deviation
of Γðh → γγÞ from the SM prediction. Green regions in
Fig. 12 are expected to be excluded at 95% CL through the
h → γγ measurement at the CEPC. In contrast to h and Z
invisible decays, the effect on h → γγ via loops would not
be bounded by mass thresholds. As a result, the expected
exclusion covers a large portion of the parameter space
where the Higgs boson invisible decay measurement is
unable to probe.

C. Current experimental constraints

In the subsection, we discuss current experimental
constraints on the DTFDM model from relic abundance,
direct detection experiments, and LHC and LEP searches.
Based on the study on the SDFDM model in the previous
section, these calculations are quite straightforward; the
results are presented in Fig. 14.
Red regions in Fig. 14 indicate where DM would be

overproduced in the early Universe. Compared to the
SDFDM case in Figs. 8(a) and 8(b), the overproduction
regions with mD ≳ 1 TeV shrink into the corners with
mT ≳ 2 TeV in Figs. 14(a) and 14(b). This is reasonable,
because the observation of relic abundance favors a DM
particle mass of ∼2.5 TeV for a DM candidate purely from
a fermionic triplet [30]. Thus, a doublet-dominated χ01
could saturate the universe when mD ≳ 1 TeV, while a
triplet-dominated DM could do the same thing when
mT ≳ 2 TeV. This phenomenon has also been observed
in the Higgsino-wino scenario of supersymmetric models
[83]. Exception occurs when mT ∼mD, where the masses
the dark sector fermions are too close, leading to significant
coannihilation effects that result in a much lower relic
density.
Another obvious difference to the SDFDM model is that

there is an overproduction regions with mD ≲ 100 GeV
for y1 ¼ y2 ¼ 1 shown in Fig. 14(b). Unlike the SDFDM
case, there is no mass degeneracy between χ01 and χ�1 in
this region, and hence the coannihilation effect is ineffec-
tive. On the other hand, the overproduction regions in
Figs. 14(c) and 14(d) are quite small.
In Fig. 14, we also show the regions excluded by direct

detection experiments. The neutral mass matrices MN in
the DTFDM and SDFDM models are identical if one treats
mT and mS as the same thing. Therefore, the neutral
fermions have the same mixing pattern in the two models,
which leads to identical behaviors of the hχ01χ

0
1 and Zχ01χ

0
1

couplings. For this reason, the SI and SD exclusion regions
in Fig. 14 have no essential difference from those in Fig. 8.
The exclusion limits from the ATLAS monojetþ =ET

search are denoted by green regions in Fig. 14. Electroweak
production processes of two dark sector fermions in the
DTFDM model are similar to (22), but now there are two
charged fermions, χ�1 and χ�2 . The monojet search
could exclude the parameter space up to mχ0

1
∼ 80 GeV

in Fig. 14(a). In the case of y1 ¼ y2 ¼ 1.0 with mT > mD,
however, the Zχ01χ

0
1 and hχ

0
1χ

0
1 couplings vanish and there is

no pp → χ01χ
0
1 þ jets production. As a result, the profile of

the corresponding exclusion region in Fig. 14(b) basically
follows the contours ofmχ�

1
andmχ0

2
. On the other hand, the

exclusion regions in Figs. 14(c) and 14(d) are larger than
their analogues in the SDFDM model.
Pink regions in Fig. 14 show the constraint from the LEP

searches for charged particles. In contrast to the SDFDM
model, the masses of charged fermions in the DTFDM

FIG. 13. Feynman diagram for h → γγ due to χ�i loops in the
DTFDM model.
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model do not solely depend onmD, but are related to all the
four parameters. The exclusion regions exhibit this
dependence.

IV. CONCLUSIONS AND DISCUSSIONS

In this work, we investigate how fermionic DM affects
Higgs precision measurements at the future collider project
CEPC, which include the measurements of the eþe− → Zh
cross section as well as Higgs boson invisible and diphoton
decays. In order to have influence on eþe− → Zh through
at one-loop level, the DM particle should couple to both the
Higgs and Z bosons. For this purpose, we consider two UV-
complete models, SDFDM and DTFDM, where the SM is
extended with a dark sector consisting of SUð2ÞL fermionic
multiplets. The lightest electrically neutral mass eigenstate

of the additional multiplets serves as a DM candidate. Such
multiplets naturally couple to electroweak gauge bosons,
and their interactions with the Higgs boson come from
Yukawa couplings, fulfilling our requirement.
We calculate one-loop corrections to the eþe− → Zh

cross section induced by the dark sector in the two models.
The DTFDM model would make a bigger difference than
the SDFDM model, because of stronger electroweak gauge
interactions of its dark sector multiplets. The parameter
regions that could be explored via the CEPC measurement
are demonstrated. As this is a loop effect, the reachable
mass scales of the dark sector would not be simply bounded
by the collision energy. For instance, CEPC with

ffiffiffi
s

p ¼
240 GeV may still be sensitive to the DTFDMmodel when
the DM candidate mass is ∼900 GeV.

(a) (b)

(c) (d)

FIG. 14. Experimental constraints in themT −mD plane (a,b) and y1 − y2 plane (c,d) for the DTFDMmodel. The colored regions have
the same meanings as in Fig. 8(a).
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When the DM candidate is light, the Higgs boson may
decay into them, resulting in an invisible decay signal. We
also explore the CEPC sensitivity from such an invisible
decay. But this kind of search is certainly limited by the
decay kinematics. Furthermore, the DTFDM model could
affect the Higgs boson diphoton decay through quantum
loops. We find that the CEPC measurement of the diphoton
decay would be sensitive to much larger parameter space,
compared with the invisible decay measurement.
On the other hand, these DM models are facing stringent

bounds from current searches. We investigate the con-
straints from the DM relic abundance and DM direct
detection experiments, as well as the bounds from LHC
monojet searches and LEP searches for charged particles
and Z boson invisible decay. We find that current exper-
imental constraints on the two models have excluded large
portions of the parameter space. Future LHC and direct
detection searches would further enlarge the corresponding
exclusion regions. Nonetheless, the full run of the high-
luminosity LHC can hardly reach up to the TeV mass scales
due to the low electroweak production rates. Moreover, the
models could easily escape direct detection when the
parameters satisfy certain conditions, such as y1 ≃ y2
and mS > mD (mT > mD) for the SDFDM (DTFDM)
model. The reason is that the DM couplings to the
Higgs and Z bosons are very weak under such circum-
stances. In this case, the Higgs measurements at the CEPC
would be complementary to other searches.
DM annihilation in space can induce cosmic-ray and

gamma-ray signals, which could be probed in DM indirect

detection experiments. Current searches have put some
important constraints on the DM annihilation cross section.
Interpretations of the related data depend on multiple
astrophysical uncertainties, such as uncertainties from
cosmic-ray propagation processes, from J-factors for
gamma-ray fluxes, and from substructures of DM halos.
In this paper, we have not used these results to constrain the
models, because such constraints are not as robust as those
from particle physics experiments.
It is not hard to extend this study to other models with

fermionic multiplets in different SUð2ÞL representations or
with scalar multiplets. Higher dimensions of representa-
tions should lead to stronger electroweak interactions and
hence larger corrections to eþe− → Zh and h → γγ. This
kind of models, involving a dark sector with electroweak
multiplets, would also have influence on eþe− → f̄f
production [23], the electroweak oblique parameters
[26,27], as well as many other eþe− production processes,
such as eþe− → WþW−, eþe− → ZZ, and eþe− → hγ
production. Furthermore, combining several such channels
may be able to get a better sensitivity to the models.
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