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Abstract: New physics could be explored through loop effects using the precision measurements at the Circular

Electron Positron Collider (CEPC) owing to its clean collision environment and high luminosity. In this paper, we

focus on two dark matter models that involve additional electroweak fermionic multiplets. We calculate their one-

loop corrections in five processes, i.e., efe” = utu~, Zh, WrW~, ZZ, and Zy, and investigate the corresponding

signatures at the CEPC with the projected sensitivity. We observe that the detectable parameter regions of these pro-

cesses are complementary. The combined analysis shows that the mass of dark matter Mo in these two models can
be probed up to ~ 150 GeV and ~ 450 GeV, respectively, at a 95% confidence level.
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I. INTRODUCTION

The discovery of the Higgs boson at the Large Had-
ron Collider (LHC) marked a significant success for the
standard model (SM) of particle physics [1, 2]. However,
the existence of dark matter (DM), which has been re-
vealed by many astrophysical and cosmological observa-
tions, clearly shows that the SM is not a complete theory
and the new physics (NP) beyond the SM must exist [3,
4]. Under the assumption that DM is an unknown
particle, its properties would be effectively detected at
colliders, particularly when its mass is smaller than the
center of mass energy of the collider. If this is not the
case, the properties of DM might also be investigated
through the loop effects at the proposed electron-positron
colliders owing to their high precision, such as the Circu-
lar Electron Positron Collider (CEPC) [5], Future Circu-
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lar Collider [6], and International Linear Collider [7].

Among various DM candidates proposed in the liter-
ature, weakly interacting massive particles (WIMPs) are
very compelling because they can naturally explain the
DM relic density (dubbed WIMP miracle). It is natural to
construct a WIMP model by introducing a dark sector
containing electroweak (EW) SU(2), multiplets, such as
the minimal DM model [8], which involves one nontrivi-
al SU(2), multiplet and is considered the minimal exten-
sion. In this paper, we focus on a type of DM model that
contains more than one EW multiplet:

e Singlet-doublet fermionic dark matter (SDFDM)
model: the dark sector involves one singlet Weyl spinor

and two doublet Weyl spinors [9—13];

e Doublet-triplet fermionic dark matter (DTFDM)
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model: the dark sector involves two doublet Weyl spinors
and one triplet Weyl spinor [11-14].

Because the even dimensional representation of the
SU(2) group is pseudoreal, two doublet Weyl spinors are
introduced to generate the corresponding mass terms.
After EW symmetry breaking (EWSB), the Yukawa
terms result in mixing between these multiplets. Specific-
ally, the SDFDM (DTFDM) model contains three neutral
Majorana fermions and one (two) charged fermions. With
a discrete Z, symmetry, the lightest Majorana fermion is
stable and can be the DM candidate. Considering the pos-
sible couplings between dark sector particles and the
gauge bosons (e.g., W, Z, and y) or Higgs boson, the
CEPC is an ideal tool to explore these models because of
its accurate measurement and large luminosity.

According to it operation plan [5], the CEPC will op-
erate in three possible modes: the Higgs factory, Z fact-
ory, and WW threshold scan. For the Higgs factory peri-
od, the CEPC will run at +/s =240 GeV for e*e™ — Zh
production, and the total integrated luminosity can reach
~5.6ab~! [5]. As a result, the CEPC can collect ~ 10°
Higgs bosons, ~ 107u*u~ events, ~3x10°ZZ events,
~5x10"W*W~ events, and ~5x10’Zy events. With
such many events, the sensitivities of these channels at
the CEPC could reach a sub-percentage level. Therefore,
the hint of NP could be detected through the loop order
processes [12, 15-21]. Some recent studies have investig-
ated such effects in the Higgs decay [22, 23], EW ob-
lique parameters [11, 24], ete™ - WTW™ [25, 26], ete” —
whrum [27-29], etc.

In our paper, we investigate the loop effects of the
SDFDM and DTFDM models at the CEPC with +/s =
240 GeV through five processes: efe™ — utu,
Zh, W*W~, ZZ, and Zy. We calculate the deviations of
the cross sections of these processes that are induced by
the NP sector at one-loop level and provide the com-
bined CEPC constraints at the 95% confidence level. The
results show that the constraints of these five processes
can be complementary to each other in some parameter
regions. Note that the process of e*e™ — Zh has been
studied in Ref. [12], here we just include the correspond-
ing result for comparison.

The remainder of the paper is organized as follows. In
Sec. 11, we briefly introduce the SDFDM model and cal-
culate its one-loop effects on five SM processes (ete™ —
uru=, Zh, WrW-, ZZ, and Zy) at the CEPC. The combined
95% confidence results at the CEPC are also shown. In
Sec. 111, we show the results of the DTFDM model. Con-
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clusions and discussions are provided in Sec. I'V.

II. SINGLET-DOUBLET FERMIONIC DARK
MATTER MODEL

A. Model details

In the SDFDM model [9-13], the dark sector con-
tains one singlet Weyl spinor S and two doublet Weyl
spinors D; (i = 1,2) obeying the following SU(2);, x U(1)y
gauge transformations:

DO
S €(1,0), Dl=[ 1]e(z,—l),
D
2

DQ:( D ]e(z,l). (1)

The hypercharge signs of D; and D, are opposite,
which guarantees that the SDFDM model is anomaly
free. The gauge invariant Lagrangians are given by

: 1

Ly =iSTa#D,S - E(msST(—e)S +h.c.),

Lp =D} D, D +iD}d#D,D,
+(mpDiT (~€)D] +h.c.),

Ly =y;SD\H;-y,SD;H; +h.c., )

’

where D, =, —igt/A;, - i‘%YBﬂ is the covariant derivat-
ive, t/ are the generators of the corresponding representa-
tion of SU(2)., Y is the hypercharge, € =ic?, ms and mp
are the mass parameters of the singlet and doublets, re-
spectively, and y; and y, are two Yukawa couplings
between the dark sector particles and Higgs boson. Con-
sequently, this model has four independent parameters:
mgs, mp, y1, and y;.

After EWSB, the Higgs field acquires the vacuum ex-
pectation value v and can be expressed in the unitary
gauge as

1 0 ~ I [ v+h
iwl ) Ag() e

Subsequently, the Yukawa couplings result in mixing
between the singlet Weyl spinor and doublet Weyl
spinors. The mass terms of the dark sector particles are
given by

_ 1 _
—MpDj(-€)D; +h.c. = —3my Z/\/?(—e),\(? —myx (—€)x" +hc., 4)
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where
M 1 1
S —=Y1v  —=0V
| V2 V2
M, =|—=1v 0 -Mp ®))
V2
! M 0
—=nVv —Mp
\2

is the mass matrix of the neutral particles, X? (i=1,23)
and x* are the mass eigenstates, m,» and m,- are the
masses of the corresponding mass eignestates. The mass
eigenstates of the neutral particles x? are connected to the
gauge eigenstates through the mixing matrix A. That is,

0
S X
. 0
NTMN = diag(mys,mp,my0), | D7 = N|x5|. (6)
0 0
D, 3
For convenience, we adopt the mass orders

my < myp <mye, which can be realized by adjusting N.
Because of the discrete Z, symmetry, the lightest neutral
fermion x! is stable and can be considered a DM candid-
ate. Moreover, we can construct four-component Dirac
spinors from two-component Weyl spinors:

X} (X
Ti_[e@v?)”]’ Y _[eom”)' 7

Thus, the mass terms and interaction terms of the SD-
FDM model can be rewritten as
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B. Detection sensitivity of the CEPC

+

Although the dark sector particle y = {)(?, x*} cannot
be directly produced at the collider when 2m, > +/s, it

can still affect the cross sections of the SM processes
through loop effects, which means that the hint of dark
sector particles may be revealed through precision meas-
urements. In this paper, we focus on five processes,
ete” - utu~, Zh, WrW-, ZZ, and Zy at the CEPC, and
calculate the deviation of the cross section induced by the
dark sector particles from the SM prediction at the one-
loop level. The corresponding Feynman diagrams of one-
loop contributions are given in Appendix A. By utilizing
the high precision of the CEPC, these deviations can con-
sequently provide effective constraints on the parameter
space of the new physical model. In our calculations, the
Packages FeynArts 3.10 [30], FormCalc 9.7 [31], and Lo-
opTools 2.15 [31] are used to generate Feynman dia-
grams and derive the numerical results. Note that the en-
tire calculation is performed under the on-shell renormal-
ization scheme.

The cross section at the next to leading order with the
EW correction can be expressed as

_ EW Soft
T=0L0t0N 0t ONLO 9)

where oo is the tree-level cross section, o', is the EW
correction at the one-loop level. o33 is the contribution
from the soft bremsstrahlung diagrams, which cancels the
infrared divergences originating from the diagrams with
the exchange of virtual photons. The deviation of the

cross-section from the SM prediction can be expressed as

Ao | osproM —0Osum |
a0 TsM

, (10)

where osprpm and osy are the one-loop cross sections of
the SDFDM model and SM, respectively (see (9)). For
the five processes considered here, the leading contribu-
tions to Ao result from the interferences between the SM
amplitudes at the leading order and the amplitudes in-
volving the particles in the dark sector.

Note that for the process e¢*e™ — Zy, the cross sec-
tion contains collinear divergence even at the tree-level.
However, considering that the collinear photons cannot
be detected owing to the blind spot of the detector, the
collinear divergence can be removed by excluding the
collinear photons. Here, we calculate the cross section
with [cosf,| <0.99, where 6, is the angle between the
photon and beam.

The precision of the CEPC is determined by the stat-
istical and systematic uncertainties. In this analysis, we
treat these uncertainties as independent numbers. The
statistical uncertainty can be estimated from the pre-
dicted event numbers N, that is, ~ 1/ VN, whereas the
systematic uncertainties are primarily from the uncer-
tainty of integrated luminosity and the misidentification
of final states. Thereinto, the integrated luminosity uncer-
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tainty at the CEPC is ~0.1% [5]. For the process of
e*e” — u*pu~, the misidentification uncertainty can be ig-
nored owing to the excellent capability of the muon re-
construction. Note that the leptonic and semileptonic de-
cays of the gauge bosons can also be well reconstructed,
whereas distinguishing the two jets from one gauge bo-
son in the pure hadronic decay is difficult. For simplicity,
in our analysis, we consider only the cross sections from
leptonic and semileptonic decays; thus, the reconstruc-
tion of the gauge bosons would have a high efficiency. In
this case, we assume that the systematic uncertainties of
ete” > WrW~, ZZ, and Zy are only from integrated lu-
minosityl).

According to the number of events in Sec. I, the stat-
istical uncertainties of ete™ - utu~, W*W~, ZZ, and Zy
are estimated as 0.032%, 0.014%, 0.059%, and 0.014%,
respectively. Combined with the systematic uncertainties,
the corresponding precision of these processes are about
0.1%, 0.1%, 0.12%, and 0.1%. The precision of
ete” — Zh is given as 0.5% by Ref. [5].

C. Numerical results

In this section, we study the capability of the CEPC to
probe the parameter space of the SDFDM model. Consid-
ering that the SDFDM model has four free parameters,
i.e., y1, y2, ms, and mp, we propose to show the calcula-
tion results of Ac/osy on the Yukawa plane (y;—y»)
or/and mass plane (mg —mp). Here, we select three sets of
benchmark parameters: (1) y; =1.0 and y, =0.5; (2)
Mg =100 GeV and Mp =400 GeV; (3) Ms =400 GeV
and Mp =200 GeV. Considering that the Yukawa inter-
action induced mass mixing between the singlet and
doublets (see Eq. (2)) are at the order of the EWSB scale
~0(100) GeV, the benchmark parameters (2) and (3)
represent the DM candidate x{ that is roughly singlet-
dominated and doublet-dominated, respectively. The cor-
responding results are shown in Fig. 1, Fig. 3, and Fig. 4.

In Fig. 1, we show the results of first set of bench-
mark parameters, where Fig. 1(a) ~ Fig. 1(e) represent
the processes ete™ — u*u~, Zh, W*W~, ZZ, and Zy, re-
spectively. Fig. 1(f) represents the combined result of all
these channels at the 95% confidence level (see details
below). The colored parameter regions indicate that
Ao /oy is larger than the precision of the CEPC and can
thus be explored in a future measurement. For a conser-
vative estimate, we also consider a precision of 0.5% for
the processes of ete™ —» W*W~, ZZ, and Zy, and show
the corresponding results in Fig. 1, Fig. 3, and Fig. 4.

In comparison with other channels, the result of
ete” - utu~ (see Fig. 1(a)) is relatively simpler. We ob-
serve that the colored regions are strongly dependent on

mp and almost independent of mg. Considering that the
dark sector particles in the SDFDM model do not inter-
act with leptons, the deviation of this process is domin-
antly induced by the corrections to the propagators, i.e., Z
and/or y, as shown in Appendix A. For the charged
particle y* (pure doublet), its coupling to Z and y is con-
stant (see Eq. (8)); thus, the corrections induced by x*
only depend on myp. For the neutral particles x?, the res-
ults are similar for mp < mg, because in this case, the
lighter neutral particles ! and x) are also doublet domin-
ated. Our calculation shows that the contribution of the
SDFDM model to e*e™ — u*u~ is dominated by doublets,
which is consistent with Fig. 1(a). Moreover, the correc-
tions from the NP particles in the loop would change dra-
matically when some mass conditions are fulfilled. These
mass threshold effects might partially explain the struc-
tures in Fig. 1.

In Fig. 2, we show some typical mass conditions with
y1 =10 and y,=0.5, e.g., mp+mp(mye) = /s, 2m, =
Vs, mp+mp(mp) =mz, 2m =mz, and mp+m, =
my-. For ete™ — u*u~, we observe that the NP correc-
tion reaches a maximum value at mp ~45 GeV with
2my ~mz and 2m, ~myz, and then with the increase in
mp, the NP correction rapidly decreases to zero and
changes to an opposite sign until the next mass threshold
appears. This behavior could explain the gray band of
Fig. 1(a) within 50 GeV< mp < 80 GeV, where the cor-
rection of NP is too small to detect. When the next
threshold appears at mp ~ 120 GeV with 2m,- = +/s, the
NP correction reaches a minimum value and thus Ao /o
reaches a new maximum value. When mp > 120 GeV, the
absolute value of the correction is suppressed by the large
masses of the NP particles in loops. Another striking fea-
ture is that the results of ete™ —» W*W~, ZZ, and Zy are
similar (see Fig. 1(c) ~ Fig. 1(e)). We observe that the
contributions from the triangle loops connecting to three
gauge bosons for these processes are actually sub-domin-
ant. The main NP corrections are provided by the t-chan-
nel diagrams with the insertion of the counter terms,
which involve the contributions of the NP particles, into
the vertex between the gauge boson and leptons. The re-
lated Feynman diagrams are provided in Appendix A.

For the second benchmark case, i.e., mg = 100 GeV
and mp =400 GeV, the corresponding results are shown
in Fig. 3. In this case, the xy is dominated by the singlet
and is much lighter than the other NP particles. There-
fore, for the process e*e™ — utu~, the NP correction sig-
nificantly depends on the Zy%y" coupling. We observe
that [y;| = [y2| results in a vanishing Zy%y" coupling; thus,
the NP correction induced by x9 is highly suppressed,
which rends a non-detectable parameter region around

1) Other systematic uncertainties of these channels may result from the backgrounds and reconstructions. The exact value depending on the efficiency and purity of
the simulation and have not been provided yet. However, it is expected that the realistic systematic uncertainties of these processes are smaller than that of eTe™ — Zh

at least, because of the better reconstruction and larger statistics of the gauge bosons.
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Fig. 1. (color online) Heat maps for the relative deviation of e*e™ — ptu~, Zh, W*W~, ZZ, and Zy are shown in (a) ~ (e). The colored

regions indicate that Ac/o is larger than the expected sensitivities of the CEPC. The dot dashed lines in (c) (d) (e) correspond to a con-
servative estimate with Ac/o = 0.5%. The combined result of all these channels at the 95% confidence level is shown in (f), where the
dot dashed line represents the mass contour of 9. The regions below the dotted black line are excluded by the search for charged

particles at the LEP [32]. The solid black lines indicate constraints from conservative estimation. All these results are derived with
fixed Yukawa couplings of y; = 1.0 and y, =0.5.
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tions with y; = 1.0 and y, =0.5.

[vil = [y2| at the CEPC (see Fig. 3(a)). The structures for
the processes of e*e™ - W*W~, ZZ, and Zy are also sim-
ilar. However, the parameter regions with |y |~|y; [ 1
can be detected at the CEPC, which is different from the
process ete” — utu”.

For the third benchmark case, i.e., ms = 400 GeV and
mp =200 GeV, the results are shown in Fig. 4. Both the
neutral particles y; and y, are doublet-dominated, where-
as ys is singlet-dominated. In this case, xJ and x9 would
provide a comparable contribution to the deviation.
However, comparing this with the second benchmark
case, the masses of m,» and m,, are heavier, which rends
a relatively smaller detectable parameter regions.

From the results shown in subfigures (a)~(e) of
Fig. 1, Fig. 3, and Fig. 4, we observe that for different
channels, the parameter space that can be explored by the
CEPC are actually complementary. Therefore, we pro-
pose to combine all these five processes and perform a
likelihood analysis to obtain a more efficient constraint
on the parameter space [23, 27]. We define a y? function
as

(P — g™y (A /o)
B R e Y~ (1)
; Oy, f Oy,

where N = oNP /oM s the ratio of the NLO cross sec-

tion between NP and the SM, p®™ is assumed to be 1, and
o, 1s the estimated CEPC precision for the i-th process
(see Sec. 11.B). For a two-parameter fitting, the corres-
ponding 6x* = x*—x2. at the 95% confidence level is
5.99. The corresponding combined results are shown in
Fig. 1(f), Fig. 3(f), and Fig. 4(f), respectively. For in-
stance, when y; = 1.0 and y, = 0.5, the precision meas-
urements at the CEPC could explore the mass of x!
nearly up to m,» ~ 150 GeV at the 95% confidence level.
For the lightest chargino search in supersymmetric
models at the LEP, the mass of new charged particles less

than 103.5 GeV has been almost excluded [32]. We im-
pose this limit on m,. in the SDFDM model here and
show the corresponding results in Fig. 1(f). Ref. [12] ob-
served that at the LHC, the monojet+ Er channel could set
more strict constraints than other channels, such as
20+ Fr and 3{+ Er. Such constraints on my are not
stronger than ~ 100 GeV. The detectability of the CEPC
would be complementary to the LEP and LHC in some
parameter regions.

Ref. [12] also observed that the constraints from the
DM relic abundance and direct detection are generally
more stringent in a large portion of the parameter space.
In this paper, we do not repeat all the analyses from other
experiments and only demonstrate the constraints from
the DM relic abundance and direct detection in Appendix
B. We observe that the DM direct detection experiments
have set very stringent constraints on the parameter
space. However, some allowed parameter regions with
y1 ~ y2 can still be tested by the CEPC.

III. DOUBLET-TRIPLET FERMIONIC DARK
MATTER MODEL
In the DTFDM model [11-14], the dark sector con-
tains one triplet Weyl spinor 7 and two doublet Weyl
spinors D; (i = 1,2) obeying the following SU(2), x U(1)y
gauge transformations:

[ )
D= ~1€@2,-1), D= €(2,1),

0
D2

—

€ 3,0). (12)

The gauge invariant Lagrangians of the dark sector
particles are given by

_ 1

Ly =iT*o#D,T + E(mTTT(—e)T +h.c),

Lp =iD{#D,D; +iD;0*D,D;
+(mpDiT (~)D] +h.c.),

Ly =yiTD'H; +y,TD,H; +h.c.. (13)

Similarly, the model also has four free parameters, in-
cluding two mass parameters, mr and mp, and two
Yukawa couplings, y; and y,. The EWSB results in the
mixing between the triplet and two doublets. In the base
of mass eigenstate, we obtain three neutral Majorana fer-
mions x? (i = 1, 2, 3) and two charged Dirac fermions y;
(i= 1, 2). The full Lagrangians expressed in the terms of
four-component spinors can are provided in Ref. [12].
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Compared with the SDFDM model, the DTFDM
model contains one more charged particle, which would
induce a relatively larger Ao/og. In Fig. 5, we show the
combined constraints from the five processes in the
y1 —y2 and mp —my planes, where the yellow regions can
be explored by the CEPC at the 95% confidence level.
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(color online) Same as Fig. 1, but in the y; —y, plane with the fixed mass parameters of Mg = 100 GeV and Mp =400 GeV.

In Fig. 5(a), we observe that the parameter regions
with small mp or mr can be explored by the CEPC. Sim-
ilar to the results of the SDFDM model for mp < 100
GeV, the deviation induced by the DTFDM model can be
probed, because two lighter neutral NP particles are
doublet dominated and have small masses. However, un-
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like the results of the SDFDM model for mp > 1 TeV and
ms < 100 GeV, the deviation induced by the DTFDM
model for mp>1 TeV and my < 100 GeV can still be
probed. This is because, in this parameter region, except
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Y1
20
1.0
S 00

-10

-20
-20

-10

20

(f) MS =400 GeV, Mp = 200 GeV

(color online) Same as Fig. 1, but in the y; —y, plane with the fixed mass parameters of Mg =400 GeV and Mp =200 GeV.

for the lightest neutral NP particles, the lighter charged
particles are dominated by the triplet components and
have small masses. In Fig. 5(a) we also show the mass
contour of xY as in Fig. 1, Fig. 3, and Fig. 4. We observe
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Fig. 5. (color online) Same as subfigures (f) of Fig. 1, Fig. 3, and Fig. 4, but for the DTFDM model.

that the CEPC has the capability to indirectly detect m,»
up to 450 GeV.

For the fixed mass parameters mp =100 GeV and
mr =400 GeV, almost all the parameter regions with
[vil<2 and |y;] <2 can be excluded by the CEPC, as
shown in Fig. 5(b). This is because x!, x9, and x{ are
doublet dominated and provide significant contributions
to the NP correction owing to small masses. The result
for the fixed mass parameters mp =400 GeV and
mr =200 GeV is shown in Fig. 5(c). In this case, the
triplet dominated x9 and x have relatively large masses
in the parameter region with y, ~ y,, where the couplings
Zx?x) are suppressed. Thus, a larger region cannot be de-
tected by the CEPC compared with the previous case.
Other constraints on the DTFDM model are simialr to
those on the SDFDM model. We provide the constraints
on the parameter space of the DTFDM model set by the
DM relic density and the direct detection in Appendix B.

IV. CONCLUSIONS

In this paper, we study the effects of the EW mul-
tiplet fermionic dark matter models through precision
measurements at the future electron-positron collider, the
CEPC. As a Higgs factory, the CEPC will significantly
increase the accuracy of the EW measurements owing to
its relatively clean environment and large luminosity
~5.6 ab~!. In particular, the sensitivity of ete™ — u*u-,
Zh, W*W~, ZZ, and Zy can even reach a sub-percentage
level. Thus, any possible deviations from the SM predic-
tion can be considered a hint of NP.

We focus on two fermionic dark matter models,
namely the SDFDM and DTFDM models. In these mod-
els, two types of fermionic multiplets under the SU(2),
representation are introduced based on the SM. We calcu-
late the one-loop deviations induced by the NP particles
for the abovementioned five SM processes and investig-
ate the parameter regions that can be detected by the
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CEPC. Considering that the results of these channels are
complementary for both models, we adopt a combined
analysis and obtain a more efficient constraint on the
model parameter space. For y; = 1.0 and y, = 0.5, we ob-
serve that the CEPC can probe my» up to ~ 150 GeV and
~ 450 GeV at the 95% confidence level for the SDFDM
and DTFDM models, respectively.
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APPENDIX A: FEYNMAN DIAGRAMS

Feynman diagrams contributed by the new particles in
the loop for the SDFDM and DTFDM models are
provided here. For the SDFDM model, the new particles
contain x{ (i=1,2,3) and x; (7=1). For the DTFDM mod-
el, the new particles contain ¥ (i=1,2,3) and )(;—T (=1,2).

(a)
Fig. Al.

Fig. A2.

Feynman diagrams for the vertex (a) and propagator (b, c¢) corrections to e*e™

Fig. Al, Fig. A2, Fig. A3, Fig. A4, and Fig. A5 corres-
pond to the processes e*e™ — utu~, Zh, WTW~, ZZ, and
Zy, respectively. For ete™ » W*W~, ZZ, and Zy, we
also show the Feynman diagrams of the #-channel pro-
cesses with the insertion of the counter terms into the ver-
tex between the gauge boson and leptons. These dia-
grams with the counter terms involving the NP contribu-
tions provide leading corrections to the related cross sec-
tions.

APPENDIX B:CONSTRAINTS FROM THE DM
RELIC ABUNDANCE AND DIRECT DETECTION

In Fig. B1 and Fig. B2, we show the constraints from
the DM relic abundance and direct detection for the SDF-
DM and DTFDM models, respectively. For the relic
abundance, the effects of all the annihilation and coanni-
hilation channels are calculated using the package
MadDM [33]. The blue regions are excluded because of
the predicted DM relic abundance is larger than the ob-

e Xi W
Y/ Z

ot in IJ+

(b)

Feynman diagrams for the propagator (a, b) corrections to e*e™ — u*u~ due to the dark sector in both models.

—ZH.
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()

Fig. A3. Feynman diagrams for the vertex (a,b) and propagator (c, d) corrections to e*e™

Fig. AS.

ete” > Zy.

Feynman diagrams for the vertex corrections to

served value with QA% > 0.12 [34]. For comparison, we
have selected the same parameters in Fig. Bl(a), B1(b),
B1(c), B2(a), B2(b), and B2(c) as in Fig. 1(f), 3(f), 4(f),
5(a), 5(b), and 5(c). We also consider the constraints from
the DM direct detection and show the excluded paramet-
er regions in Fig. B1 and Fig. B2. The experimental lim-
its on the spin-independent (SI) and spin-dependent (SD)

W—

W+

(d)

->Wtw-.

(b)

Fig. A4. Feynman diagrams for the vertex (a,b) corrections to e*e™ — ZZ.

DM-nucleon scatterings are obtained from the results of
PandaX-4T [35] and PICO-60 [36], respectively. The
DM-nucleon scattering cross sections are also calculated
using MadDM.

The DM overproduction limit excludes the parameter
regions in which the DM annihilation cross section is ex-
cessively small. For the SDFDM model, mp =1 TeV in
Fig. B1(a) can be excluded by the DM overproduction
limit. This is because when myp is large, the DM annihila-
tion cross section would be significantly suppressed ow-
ing to the small doublet components in the DM. In
Fig. B1(b), although mp is not very large, small myg, y;,
and y, may also result in a DM dominated by the singlet
component. Moreover, in Fig. B1(b) and B1(c), if y; and
y2 have opposite signs, a parameter region may occur in
which the DM is very light owing to the large mass split-
ting term. These parameter regions are excluded by the
overproduction limit because the DM particles do not
have a significant annihilation cross section.

The couplings of Ay x! and Zy)x! result in ST and SD
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W et Z et Y
(a) (b) (c)

Fig. A6. Feynman diagrams of 7-channel (a, b, ¢) containing the counter terms, that involve the contributions of the NP particles, for
the processes ete™ —» W*W~,ZZ, and Zy, respectively.
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(¢) Mg =400 GeV, Mp = 200 GeV
Fig. B1. (color online) DM constraints in the ms —mp (a) and y; —y, (b, ¢) planes for the SDFDM model. The blue regions represent
the parameter regions, where the predicted DM relic abundance is larger than the observed value [34] with QA% > 0.12. The orange and
purple lines represent the constraints set by the direct detection PandaX-4T [35] for the SI scattering and PICO-60 [36] for the SD scat-
tering, respectively. The arrows denote the directions for exclusion.
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Fig. B2. (color online) Same as Fig. B1, but for the DTFDM model.

DM-nucleon scatterings in DM detection experiments, re-
spectively. As shown in Fig. Bl(a), B1(b), and Bl(c),
both the DM direct detection experiments for the SI and
SD interactions set very stringent limits on the parameter
space, and the two effects can be complementary in some
parameter regions. We can observe that some parameter
regions are still permitted by the direct detection with
yi ~y2. In this case, the hyy) and Zy{x! couplings are
suppressed.

The results of the DTFDM model shown in Fig. B2
are similar to those of the SDFDM model in Fig. BI.

Since both the doublets and triplet participate in the weak
interaction, the DM in the DTFDM model would always
have a significant annihilation cross section. When DM is
not very light, a small DM relic density can be easily
achieved in the DTFDM model. If My is replaced by Mr,
the mass matrix My of the neutral NP particles in the
DTFDM model is identical to that in the SDFDM Eq. (5).
Thus, the couplings of hyx! and Zy'y) in these two
models are equal when Mg = My for the same y,, y,, and
Mp. Therefore, the excluded regions set by the direct de-
tection are the same in Fig. B1(a) and Fig. B2(a).
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