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Overview of DDP Model

★Parameters

★Mass Hierarchy

{m�,mK̃ ,mS , ✏, sin↵, gD}

m� < mK̃/2

mK̃ < mS/2

mS < mH0/2



Direct Detection

χ χ

K̃

p p

χ

χ̄

K̃/Z̃

SM

SM

• Direct Detection

• Annihilation

14

100 101 102
10-6

10-5

10-4

10-3

10-2

10-1

100

mK[GeV]

ϵ
LUX,CDMS-Lite,CRESST-II

mχ= 0.2 mK
gD = 0.01
gD = 0.1
gD = e

Plan
ck

FIG. 1. The leading direct detection constraints from LUX [33], PANDAX-II [32], and CRESST-II [31], as

well as CDMSlite [30], shown in the ✏ vs. mK plane for various choices of gD and m�. We fix m� = 0.2mK

(top left), m� = 0.495mK (top right), m� = 0.6 GeV (bottom left), and m� = 30 GeV (bottom right), to

demonstrate the dependence on the dark matter mass. In each panel, the shaded regions show the exclusions

from direct detection experiments for gD = e (dotted), gD = 0.1 (solid), and gD = 0.01 (dashed), and we

overlay black contours to mark the relic density requirement from the Planck collaboration [34]. Note that

mK is approximately the mK̃ mass eigenvalue according to Eq. (11).

local DM relic density predicted in the DDP model is generally underabundant, extra dark matter

particles beyond the DDP model are needed, while for small ✏, the DM relic density is generally

overabundant and extra annihilation channels are typically needed.
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local DM relic density predicted in the DDP model is generally underabundant, extra dark matter

particles beyond the DDP model are needed, while for small ✏, the DM relic density is generally

overabundant and extra annihilation channels are typically needed.

mK̃ = mZ̃

2m� = mZ̃
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Indirect Detection

• CMB

• Fermi-LAT,Dwarf

• AMS-02
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FIG. 2. The indirect detection constraints from CMB measurements [34], gamma-ray measurements from

dwarf galaxies [35, 36] and the inner galactic region [37] and e+ flux measurement from AMS-02 [38]. The

constraints are shown in the ✏ vs. mK plane for m� = 0.2 mK (top left), 0.495 mK (top right), 0.6 GeV

(bottom left), and 30 GeV (bottom right), with gD = e (dotted), 0.1 (solid), and 0.01 (dashed). Note that

mK is approximately the mK̃ mass eigenvalue according to Eq. (11).

and take the most stringent constraint for each m� mass. The excluded parameter region is

shaded by cyan in Fig. 2. Similarly, we consider the gamma ray constraints from the inner Milky

way [37]. This analysis sets conservative constraints on various SM final states by using the inclusive

photon spectrum observed by the Fermi-LAT satellite. We apply their results by calculating the

most stringent annihilation profile, assuming the Navarro-Frenk-White profile for the DM density
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Babar

e+e� ! Z̃S

H0 ! SS ! 4(��̄) , H0 ! K̃K̃ ! 2(��̄)

pp̄ ! Z̃, K̃ ! l+l�



18

e�

e+

K̃, Z̃

K̃, Z̃

S, H0

e�

e+
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FIG. 3. Feynman diagrams for (top left) vector + scalar production, (top right) vector + vector production

and (bottom row) example new decay processes in the Double Dark Portal model sensitive to the kinetic

mixing ✏ and scalar Higgs �HP portal couplings. Note Z̃, Ã, and H0 are the mass eigenstates corresponding

to the SM-like Z, photon, and Higgs bosons, respectively.

Drell-Yan processes probing Eq. (15), then we can categorize the collider phenomenology of the

Double Dark Portal model into four groups: electroweak precision and Z-pole observables, Higgs

measurements, Drell-Yan measurements, and radiative return processes. We point out, however,

that e+e� machines o↵er unique opportunities for probing new, light, hidden particles by virtue of

the recoil mass method, which we discuss first.

A. Recoil mass method for probing new, light, hidden states

As long as they are kinematically accessible, both S and K̃ can be produced in e+e� collisions

in association with SM particles. Hence, even if they decay invisibly, the recoil mass method can be

used to probe the couplings sin↵ and ✏, according to the interactions from Eq. (15) and Eq. (24).

This is familiar from the leading e+e� ! Z̃H
0

Higgsstrahlung production process, where the

reconstruction of the Z̃ ! `+`� decay consistent with a 125 GeV recoil mass gives a rate dependent

only on the H
0

Z̃µZ̃
µ coupling. We emphasize (see also Ref. [60]) that this generalizes to any

scattering process at an e+e� machine if visible SM states are produced in association with a new,

light, hidden particle. Moreover, sensitivity to the hidden states S and K̃ can be improved by

scanning over
p
s, where the various production modes of Z̃S, �K̃, and Z̃K̃ can be optimized for

the di↵erent S and K̃ masses. This
p
s adjustment would be immediately motivated, for example,

Prospects for CEPC
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Ã, Z̃

K̃, Z̃

S

K̃

K̃

�

�̄

�̄

�

H0

Z̃

K̃

�, f

�̄, f̄

K̃

FIG. 3. Feynman diagrams for (top left) vector + scalar production, (top right) vector + vector production

and (bottom row) example new decay processes in the Double Dark Portal model sensitive to the kinetic

mixing ✏ and scalar Higgs �HP portal couplings. Note Z̃, Ã, and H0 are the mass eigenstates corresponding
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Parameter

Signal process Background (pb)

Signal region

✏

˜Z ˜K

˜Z ! ¯``, ˜K ! �̄� ¯``⌫̄⌫
0.929 (250 GeV) N` � 2, |m`` �mZ | < 10 GeV,

0.545 (500 GeV) and |m
recoil

�m
˜K | < 2.5 GeV

˜Z ! ¯``, ˜K ! ¯`` ¯``¯``
0.055 (250 GeV) N` � 4, |m`` �mZ | < 10 GeV,

0.023 (500 GeV) and |m`` �m
˜K | < 2.5 GeV

˜A ˜K

˜K inclusive decay � ¯ff
23.14 (250 GeV) N� � 1, and

8.88 (250 GeV) |E� � (

p
s

2

�
m2

K̃
2

p
s
)| < 2.5 GeV

˜K ! ¯`` �¯``
12.67 (250 GeV)

N� � 1, N` � 2,

|E� � (

p
s

2

�
m2

K̃
2

p
s
)| < 2.5 GeV,

4.38 (500 GeV) and |m`` �m
˜K | < 5 GeV

˜K ! �̄� �⌫̄⌫
3.45 (250 GeV)

N� � 1,

|E� � (

p
s

2

�
m2

K̃
2

p
s
)| < 2.5 GeV,

2.92 (500 GeV) and

/E > 50 GeV

˜ZH
0

H
0

! ˜K ˜Z with

¯`¯```⌫̄⌫
1.8⇥ 10

�5

(250 GeV) N` � 4, |m`` �mZ | < 10 GeV,

˜K ! �̄�, ˜Z ! ¯`` 3.5⇥ 10

�4

(500 GeV) and |m
recoil

�m
˜K | < 2.5 GeV

sin↵ ˜ZS

˜Z ! ¯``
¯``⌫̄⌫

0.87 (250 GeV) N` � 2, |m`` �mZ | < 10 GeV,

S ! ˜K ˜K ! 4� 0.87 (250 GeV) and |m
recoil

�mS | < 2.5 GeV

TABLE I. Summary of the di↵erent vector + scalar and vector + vector production modes studied, along with

the most salient cuts to identify the individual signals. All background processes include up to one additional

photon to account for initial and final state radiation. Background rates are given for
p
s = 250 GeV or

500 GeV, and visible particles are required to satisfy preselection cuts given in the main text.

and the second is for mK ⇠ p
s, when the production is enhanced by soft, infrared divergent photon

emission. Note the exclusion can only reach mK ⇠ p
s� 5 GeV because of the preselection cut on

the photon energy.

3. Z̃H0, H0 ! K̃Z̃ exotic decay

The next process we consider is the exotic Higgs decay, H
0

! K̃Z̃, with K̃ ! �̄� and Z̃ ! `+`�.

This Higgs exotic decay partial width, from Eq. (35), is proportional to ✏2 cos2 ↵, as long as

m
˜K . 34 GeV and sin↵ is neglected. The signal process thus has 2 Z candidates balancing

an invisible K̃ particle, which we identify from the peak in the recoil mass distribution. Our event

selection cuts, summarized in Table I, require two pairs of opposite sign and same flavor lepton

with invariant masses in a window around m
˜Z , and the recoil mass from the four visible charged

Prospects for CEPC
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FIG. 6. Projected exclusion regions in the ✏ vs. mK plane from multiple complementary searches of K̃

production. Solid lines enclose expected exclusion regions with L = 5 ab�1 of
p
s = 250 GeV e+e� machine

data. Dashed lines indicate existing limits from the LEP e�e+ ! `�`+ contact operator search, LEP

electroweak precision tests (LEP-EWPT), BaBar K̃ invisible decay search (BaBar) and LHC Drell-Yan

constraints (LHC-DY). The 3 ab�1 HL-LHC projection for Drell-Yan constraints is also shown as a solid

line. Note mK is approximately the mK̃ mass eigenvalue according to Eq. (11).

leptons should be in a window around the test variable m
˜K . The resulting sensitivity, as seen

in Fig. 6 and Fig. 7, is not competitive with the other K̃ production processes, given the limited

Higgs production statistics and the suppression of the small leptomic decay branching ratio of Z̃.

We remark that this decay can also be probed via H
0

! invisible searches using the SM rate for

Z ! ⌫̄⌫, which was discussed in Subsec. IVC.

32

1 5 10 50 100 500

10-4

10-3

10-2

10-1

100

mK[GeV]

ϵ

BaBar

LHC-DY (8 TeV)

LHC-DY (HL-LHC)

LEP-EWPT
K̃ Z̃→

∄

2�

K̃ Z̃→2 � 2�

K̃ Ã→ ∄
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FIG. 7. Same as Fig. 6, except the e+e� projections are made for a
p
s = 500 GeV machine.

4. Z̃S production

Lastly, we can also probe the scalar mixing angle sin↵ in Z̃S production. This search is exactly

analogous to the previous search at LEP-II for a purely invisible decaying Higgs [18], where the

visible Z̃ ! `+`� decay is used to construct the recoil mass distribution. The Z̃S cross section

is proportional to sin2 ↵ if we neglect ✏, and �
˜ZS is shown in Fig. 8 for sin↵ = 0.1 and 0.01 at

p
s = 250 GeV and

p
s = 500 GeV. To maximize sensitivity to ↵, we study Z̃ ! `+`� and S

decaying invisibly. The signal region is summarized in Table I and focuses on selecting a dilepton

Z candidate and reconstructing the recoil mass distribution to identify the S peak. From this

analysis, we find that sin↵ = 0.03 can be probed for light mK using L = 5 ab�1 luminosity for
p
s = 250 GeV, as shown in Fig. 8. This result would significantly improve on the current global

fit to Higgs data by ATLAS, which constrains sin↵ < 0.33 [99]. This sensitivity also exceeds the

✏Constraint on
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FIG. 8. (Left panel) Cross section rates for the e+e� ! Z̃S process at
p
s = 250 GeV and 500 GeV

as a function of mS , with sin↵ = 0.1 and 0.01. (Right panel) Exclusion reach from the Z̃S, Z̃ ! `+`�

search in the recoil mass distribution for invisible S decays in the sin↵ vs. mS plane using 5 ab�1 of e+e�

data at
p
s = 250 GeV or 500 GeV. We also show comparisons to the current fit, sin↵ < 0.33 [99], future

LHC projections of 0.28 (0.20) using 300 fb�1 (3 ab�1) luminosity [1], and precision ��(Zh) measurements

constraining 0.084 (0.055) using 5 ab�1 (10 ab�1) [3, 4, 93]. We plot the excluded region from LEP searches

for invisible low mass Higgs in ZS channel in cyan [18–21].

projected LHC reach of sin↵ < 0.28 (0.20) using 300 fb�1 (3 ab�1) data and critical reductions in

theoretical uncertainties [1]. We remark that improved sensivity can be obtained by varying the
p
s of the collider to maximize the �(e+e� ! Z̃S) rate for the test S mass (see also Ref. [60]).

D. Summary

We summarize the sensitivity to ✏ in di↵erent channels at a future e+e� collider running at
p
s = 250 (500) GeV with L = 5 ab�1 in Fig. 9, and we compare the collider searches with

constraints from direct detection and indirect detection experiments. In Fig. 9, the dark green

shaded region is the exclusion limit from the strongest of the e+e� collider searches presented

in Fig. 6 and Fig. 7. We also show the strongest limit from direct detection and indirect detection

experiments from Fig. 1 and Fig. 2, as well as the contour satisfying the correct dark matter relic

abundance measured by Planck [34]. While the constraints from dark matter detection experiments

depend sensitively on the dark matter mass, the collider prospects are insensitive to the dark matter
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FIG. 9. Combined results of direct detection (red), indirect detection (brown), and e�e+ collider searches

(blue) in the ✏ vs. mK plane. We choose gD = 0.01, m� = 0.2mK (left panel) and m� = 0.495mK

(right panel). We also show the contours when � satisfies the relic density measurement by the Planck

collaboration [34] as black dashed lines. The collider constraint is adapted from Fig. 6 and Fig. 7, taking

into account the changes in the K̃ branching fractions. We also include existing constraints from LEP

electroweak precision searches (LEP-EWPT) and the BaBar search for the K̃ invisible decay (BaBar).

mass, as long as the decay to � is kinematically allowed and gD � ✏. We note that for mK around

m
˜Z , the best limit comes from the inclusive ÃK̃ search, which is insensitive to gD, while for mK

larger or smaller than m
˜Z , the best sensitivity comes from the monochromatic photon search with

/E.

On the other hand, the indirect detection sensitivity and the relic abundance contour both

change significantly with dark matter mass. When m� = 0.495mK , the dark matter resonantly

annihilates, improving the reach for indirect searches and dramatically lowering the required ✏ to

satisfy the relic density measurement. During thermal freeze-out, the finite temperature of the

� velocity distribution gives a strong boost to the annihilation cross section, and thus only very

small ✏ is needed. For m� = 0.2mK , however, the limits from indirect detection exclude the relic

abundance contour, and the parameter space is instead characterized by an overabundance of the

dark matter relic density. For this region to satisfy the Planck bound, additional mediators or new

dark matter dynamics controlling the freeze-out behavior are needed. Direct detection experiments

also lose sensitivity to dark matter signals for light m�, since the nuclear recoil spectrum is too soft

to pass the fiducial energy threshold. In addition, the decreasing sensitivity for heavy m� comes



Summary
34

100 101 102
10-5

10-4

10-3

10-2

10-1

100

mK[GeV]

ϵ

DD
Se
ar
ch

ID
Se
arc
h

s =500 GeV

LEP-EWPT

s =250 GeV

BaBar

e-e+ Collider, 5 ab-1

mχ = 0.2 mK

Pla
nck

gD = 0.01

100 101 102
10-5

10-4

10-3

10-2

10-1

100

mK[GeV]

ϵ

DD
Se
ar
ch

ID
Se
arc
h

e-e+ Collider, 5 ab
-1

s =250 GeV
s =500 GeV

B
aB
ar

LEP-EWPT

mχ = 0.495 mk
gD = 0.01Plan

ck

FIG. 9. Combined results of direct detection (red), indirect detection (brown), and e�e+ collider searches

(blue) in the ✏ vs. mK plane. We choose gD = 0.01, m� = 0.2mK (left panel) and m� = 0.495mK

(right panel). We also show the contours when � satisfies the relic density measurement by the Planck

collaboration [34] as black dashed lines. The collider constraint is adapted from Fig. 6 and Fig. 7, taking

into account the changes in the K̃ branching fractions. We also include existing constraints from LEP

electroweak precision searches (LEP-EWPT) and the BaBar search for the K̃ invisible decay (BaBar).

mass, as long as the decay to � is kinematically allowed and gD � ✏. We note that for mK around

m
˜Z , the best limit comes from the inclusive ÃK̃ search, which is insensitive to gD, while for mK

larger or smaller than m
˜Z , the best sensitivity comes from the monochromatic photon search with

/E.

On the other hand, the indirect detection sensitivity and the relic abundance contour both

change significantly with dark matter mass. When m� = 0.495mK , the dark matter resonantly

annihilates, improving the reach for indirect searches and dramatically lowering the required ✏ to

satisfy the relic density measurement. During thermal freeze-out, the finite temperature of the

� velocity distribution gives a strong boost to the annihilation cross section, and thus only very

small ✏ is needed. For m� = 0.2mK , however, the limits from indirect detection exclude the relic

abundance contour, and the parameter space is instead characterized by an overabundance of the

dark matter relic density. For this region to satisfy the Planck bound, additional mediators or new

dark matter dynamics controlling the freeze-out behavior are needed. Direct detection experiments

also lose sensitivity to dark matter signals for light m�, since the nuclear recoil spectrum is too soft

to pass the fiducial energy threshold. In addition, the decreasing sensitivity for heavy m� comes


