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DM-nucleon scattering is expected 
• finite value of annihilation cross section and crossing 
symmetry of Feynman diagrams imply that DM can scatter 
ordinary matter

• direct detection experiments aim to detect the scattering

DM DM

nucleus
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No significant signals (yet!)
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•The results give upper bounds on the 
DM-SM scattering cross-section 
•new result by LZ appears two weeks 
ago

figure from talk slide by Amy Cottle [link]

https://indico.cern.ch/event/1390649/contributions/6061507/
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e.g SM + a gauge singlet scalar DM

•S : DM candidate  
•H : SM Higgs doublet
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[Silveria et.al. (‘85), McDonald (’94), Burgess (’01)]
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[Silveria et.al. (‘85), McDonald (’94), Burgess (’01)]

•the only coupling connect SM and DM sectors  
•determined to obtain   

•σSI ∝    
•let’ see the current status from direct detection exp. 
 (see next slide)

Ωh2 = 0.12
λ2

hS
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typical result with direct detection experiment
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•the coupling is determined to obtain  = 0.12 
•almost excluded 
•other typical simple models are similarly excluded

Ωh2scalar singlet

10-50
10-49
10-48
10-47
10-46
10-45
10-44
10-43
10-42
10-41

101 102 103 104 105

σ S
I[
cm

2 ]

mDM [GeV]

Neu
trino

Fog
LZ (

2024
)

XEN
ONn

T (2
023

)

LZ (
202

2)

Pan
daX

-4T
(202

4)



Tomohiro Abe (TUS)

typical result with direct detection experiment

6

•the coupling is determined to obtain  = 0.12 
•almost excluded 
•other typical simple models are similarly excluded

Ωh2scalar singlet

10-50
10-49
10-48
10-47
10-46
10-45
10-44
10-43
10-42
10-41

101 102 103 104 105

σ S
I[
cm

2 ]

mDM [GeV]

Neu
trino

Fog
LZ (

2024
)

XEN
ONn

T (2
023

)

LZ (
202

2)

Pan
daX

-4T
(202

4)

This result implies that σSI should be zero at the 
tree level

<latexit sha1_base64="A6Xmhi6TomKlPe/Iv0BjFdzSGLw="></latexit>

q

DM

q

DM
<latexit sha1_base64="V+0CWwht4ARqD8ZuJ+kcLsiTm7g="></latexit>

q

DM

q

DM



Tomohiro Abe (TUS)

Example w/o tree level DM-nucleon scattering amplitude (1)
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•SU(2)L multiplet ( , …)  

•the neutral component  is DM  

•  and  couplings are absent at tree level 
•σSI is induced at loop level

χ0, χ±

χ0

χ0 χ0Z χ0 χ0h

minimal DM

326 Chapter 9. Theories of Dark Matter
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Figure 9.4: The main 1-loop and 2-loops Feynman diagrams relevant for direct detection of fermionic
Minimal Dark Matter with Y = 0.

couplings are assumed to be negligible). This can be contrasted, for instance, with supersymmetry,
which predicts many multiplets and the corresponding interactions among them. However, as mentioned
above, in the limit where the lightest supersymmetric particle is much lighter than the other states, its
phenomenology reduces to the one of MDM. Such a limit is sometimes referred to as a ‘hot-spot’, a
predictive point in the otherwise large parameter space. In this sense, MDM candidates are hot-spots of
more variegated theories.

Mass splitting

At tree-level, all the components of the multiplet X have the same mass M . Since SU(2)L is broken,
however, quantum corrections split the components with electric charges Q and Q

0, so that at one loop
we have

MQ � MQ0 =
↵2M

4⇡

⇢
(Q2 � Q

02)s2
Wf

✓
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◆
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
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(9.18)
The loop function equals f(r)

r!0' 2⇡r in the limit M � MW,Z [768]. In this limit the mass splitting can
be understood as simply the Coulomb energy stored in the electric fields that surround each component
of the multiplet. Such energy gives an additional contribution to the mass of a point particle. For a
point-like particle of any spin, which couples with coupling g to a light abelian vector of mass MV , one
therefore has

�M =

Z
d

3
r


1

2
(r')2 +

MV

2
'

2

�
=

↵

2
MV + 1, where '(r) =

g

4⇡r
e
�MV r

. (9.19)

Summing the contributions of the �, Z, W gauge bosons gives eq. (9.18). Numerically, the mass splitting
between DM and the next lightest state is MQ=1 � MQ=0 = 166MeV, for Y = 0.

Direct detection of Minimal DM

All MDM candidates with Y 6= 0 are excluded because they have a vector-like interaction with the Z

boson with an order one coupling, �g2Y/ cos ✓W. At tree level, this produces a too large spin-independent

[Cirelli, Fornengo, Strumia (’06)]

[Hisano, Ishiwata, Nagata (’15)]

9.3. Dark Matter charged under the SM group 327

102 103 104 105 106
10-48

10-47

10-46

10-45

10-44

DM mass in GeV

σ
SI
in
cm

2

3F3S

5F 5S

7F 7S

9F 9S

11F 11S
13F 13SExcluded

ν background

Figure 9.5: Minimal Dark Matter in an n-plet representation of the SU(2)L gauge group, denoted as
nF,S, where scalars (S) are dashed and fermions (F ) continuous. Left: predictions for the mass and
direct-detection cross section (from Bottaro et al. in [768]). Right: thermal DM abundance as a function
of DM mass; the 3F and 5F curves include effects due to the bound states.

elastic cross section on nuclei, see section 5.1.4,

�
A
SI = c

G
2
Fm

2
A

2⇡
Y

2(N � (1 � 4s
2
W)Z)2, (9.20)

where c = 1 for fermionic DM and c = 4 for scalar DM, while N and Z are the neutron and proton
content of the nucleus, respectively. This cross section is a few orders of magnitude above the bounds
from direct detection searches for M ⇠ TeV, see section 5.

The MDM candidates with Y 6= 0 are still allowed in non-minimal set-ups where the complex com-
ponent of X with Q = 0 is slightly mass split. The two resulting real components cannot have vector
interactions, thus avoiding direct detection bounds. For an inert Higgs H

0 this can be achieved trough a
renormalizable (H 0

H
⇤)2 quartic coupling (section 9.3.5). For a fermionic Higgsino this can be achieved

by adding an extra real massive fermionic multiplet so that one can write down a Yukawa coupling with
the SM Higgs; the extra fermion is either an electroweak singlet or a triplet (the latter possibility is
automatically present in supersymmetric models).

Direct detection of MDM candidates with Y = 0 (and of the MDM candidates with Y 6= 0 in the
non-minimal set-ups) proceeds via loop diagrams shown in fig. 9.4. The scattering cross sections are
the same for the case of either boson or fermion MDM, and are suppressed by 1/MW and 1/Mh, rather
than by 1/M . The reason is that the scattering is dominated by the cloud of electro-weak vectors that
surrounds the heavy DM particle. In some cases, the accidental cancellations between the Higgs and the
W -mediated one loop diagrams requires the computation of two-loop diagrams with external gluons. The
final results for the spin-independent cross sections are listed in table 9.2 and plotted in fig. 9.5 (left):
they are below the present bounds and above the neutrino fog.

Cosmological relic abundance of Minimal DM

DM annihilation cross section, relevant for thermal freeze-out, needs to be summed over all quasi-
degenerate Minimal DM components, in order to take co-annihilations into account. The s-wave (co-

[Cirelli, Strumia, Zupan (2406.01705)]

LZ
20
24
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Example w/o tree level DM-nucleon scattering amplitude (2)
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‣ mDM @annihilation 
‣ O(10) MeV @direct detection 

q ≃
q ≃

DM

DM SM

SM

?

q

scattering

annihilation

If amplitude depends on momentum transfer from DM sector to visible sector, 
we can suppress the scattering amplitude in direct detection while keeping the 
annihilation process

→ consider WIMP models that have momentum dependent amplitude 

suppression by momentum transfer
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DM models with momentum dependent amplitude (spin-1/2)
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•fermionic DM + a scalar mediator  
•pseudo-scalar interaction

ψ = DM 
φ = scalar mediator 

Suppression in the direct detection 

q

SM

 DM

SM

 DM

/ ū(p)�5u(p) ' ~q · ~�

γ5
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Suppression in the direct detection 

q

SM

 DM

SM

 DM
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(1) singlet-doublet model with CP violation
[Mahbubani et.al. (‘06), D’Eramo (’07), Enberg et.al. 
(’07), …, TA-Kitano-Sato (’15), TA (’17), TA-Sato (’19), …]
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(1) singlet-doublet model with CP violation
[Mahbubani et.al. (‘06), D’Eramo (’07), Enberg et.al. 
(’07), …, TA-Kitano-Sato (’15), TA (’17), TA-Sato (’19), …]

(2) THDM+ a 
[Ipek, McKeen, Nelson (’14), Baek, Ko, Li (’17); Ghorbani (’15) 
TA Fujiwara Hisano (’19), TA Fujiwara Hisano Shoji (’20), … ]

<latexit sha1_base64="tVNaXUAcxhluQJStLlQNTTuKK1g="></latexit>

L �  ̄i�5 �



Tomohiro Abe (TUS)

DM models with momentum dependent amplitude (spin-0)
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pseudo-Nambu-Goldstone DM [Barger+ (’09), Gross Lebedev Toma (’17)] 
• DM is a PNG boson of a global symmetry breaking  
• amplitude depends on momentum squared because of the NG boson low energy theorem

DM

DM SM

SM

? ‣       @direct detection  

‣   @annihilation
t = q2 ≃ 0

s = q2 ≃ 4m2
χ

≃ q2

q2

scattering

annihilation

I will discuss pNG DM model more in the rest of this talk
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a simple pNG DM model
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SM + a complex gauge singlet scalar (S)   
[Gross-Lebedev-Toma (’17) ]
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scattering amplitude
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χ χ

h

q q

= −i
mq

vvs
sθh

cθh
ūu (− 1

t − m2
h

+ 1
t − m2

h′ 
) t

χ χ

h′ 

q q
+

 in the direct detection experiments 
•good to explain the null results in the direct experiments! 

replace  with  for the annihilation processes 

• freeze-out mechanism works!

t ≃ 0

t s ≃ 4m2
χ
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σSI at loop level in simple PNG DM model
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[Ishiwata+ (’18), Azevedo+ (’19), Glaus+ (’20)]
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Figure 10. The effective SI-DM nucleon cross section versus the DM mass mχ is shown, where the
color code indicates the value of the non-SM like Higgs boson mass mφ. The gray shaded region
denotes the neutrino floor background and the lines the respective (expected) limits of the different
experiments. The vertical red line corresponds to mχ = mh/2.

code sHDECAY is based on the implementation of the singlet models in HDECAY [52, 53]. For
our calculations all EW radiative corrections in HDECAY are turned off for consistency.

The DM relic abundance for each model is calculated with the MicrOMEGAs code [54],
which is compared with the current experimental result (Ωh2)obsDM = 0.1186 ± 0.002 from
the Planck Collaboration [55]. We do not restrict the DM relic abundance to be exactly
at the experimental value but rather that the value predicted by the model has to be
equal to or smaller than the observed central value plus 2σ. This way, we can consider
both the dominant and subdominant DM cases simultaneously. Regarding direct detection
the XENON1T [56, 57] experiment gives the most stringent upper bound for the DM
nucleon scattering.

The scan ranges are chosen to be

mφ ∈ [ 30GeV, 1000GeV ] ,
mχ ∈ [ 30GeV, 1000GeV ] ,
vS ∈ [ 1GeV, 1000GeV ] ,
α ∈ [ −π/2, π/2 ] .

(5.7)

5.2 Results and discussion

We start the discussion with the Xenon plot in figure 10. The effective SI DM-nucleon
cross section is shown as a function of the DM mass mχ. Note that the actual SI cross

– 21 –
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Figure 1. Feynman diagrams for χ-q and χ-g scattering processes.

3.2 Wilson coefficients

First of all, we derive the effective Lagrangian from full theory by matching at the weak scale

denoted as µW ! mZ . As described in Introduction, the tree-level amplitudes for χq → χq

are cancelled in the non-relativistic limit. Therefore loop-level calculations are necessary

to evaluate the scattering amplitude in the limit. There are three types of diagrams shown

in figure 1; (i) Self-energies, (ii) Vertex corrections, and (iii) Box and triangle diagrams.2

The most part of the computation for the diagrams (i) has already been done in the

previous section. Let us apply the results to the scattering process. The diagrams (i) give

rise to scalar-type interactions. The matching at the weak scale gives

Cq
S(µW )

∣∣∣
self

= − 1

2m2
h1
m2

h2
vvs

[
∆12(sin

2 θm2
h1

+ cos2 θm2
h2
)

+ ∆̃22 sin θ cos θ(m
2
h1

−m2
h2
)
]
, (3.7)

CG
S (µW )

∣∣∣
self

= − 1

12

[
1 +

11αs

4π

]
Cq
S(µW )

∣∣∣
self

, (3.8)

for q = u, d, s, c, b where ∆12 is given in eq. (2.15), and ∆̃22 is given by

∆̃22 =
Ts

vs
−Πss(0) . (3.9)

The computation of the diagrams (ii) is rather simple. These diagrams give vertex

corrections to the χ-χ-hi couplings. Denoting them as ∆cχχhi (collected in appendix), the

1To be strict, fN
Tq corresponds to f (N)

Tq in ref. [8] and so on. We have additionally introduced fN
Tg defined

as (−8/9)fN
Tg ≡ 〈N |αs

π Ga
µνG

aµν |N〉/mN evaluated at three flavors, which leads to fN
Tg = 1−

∑
q=u,d,s f

N
Tq+

O(αs).
2The NLO diagrams for QCD part are not depicted for simplicity, but these are taken into account in

the numerical study.

– 6 –

•σSI = 0 @ tree level thanks to the NG property 
•DM = PNG ≠ NG  
•global symmetry is explicitly broken by  
•σSI is induced at loop level 
•most parameter points are in the neutrino fog

mχ

loop calculation in the simple pNG model

mDM/GeV
σ

SI
/c
m

2
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Pros and Cons in simple PNG DM model

14

pros. •suppression in σSI by the momentum transfer 
•annihilation cross section is unsuppressed s-save  → freeze-out works 

•Z2 symmetry ( ) is spontaneously broken → domain wall problem 
•other soft symmetry braking terms ( ) are dropped 

S → − S
S, S3

motivates other realizations of pNG DM scenario 
•no domain wall if a discrete symmetry is embedded in a gauge symmetry 
•gauge symmetry also forbid dim=1, 3 operators

cons.
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•various PNG DM models are proposed 
•(gauge) x (global) symmetries  
•no domain-wall problems 
•σSI = 0 @ tree level

Is it possible to make  
neutrino fog < σSI < current upper bound 

in PNG DM models?
Yes, though it depends on model details
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U(1)gauge x SU(2)global  → U(1)global PNG DM model

Fig. 6 Plots of the DM mass m� vs. the SI scattering cross section �SI between the

pNG DM � and nucleons. On the black solid line, the DM relic abundance is explained by

the thermal freeze-out mechanism. The red shaded region is excluded by the perturbative

unitarity of gD. In the orange shaded regions, the running coupling constant gD(⇤) violates

the perturbative unitarity below ⇤ = 100 TeV. The current upper bound by the LZ experi-

ment is shown by the blue dashed line. The gray shaded region indicates the cosmic neutrino

background. The right panel is zoomed-up version of the left one.

cross section �SI is far below the current experimental bound as long as we keep the value

of gD small.

7 two-component scenario

Here we discuss the two-component scenario in this model where mV < 2m�. In this

scenario, the DM energy density is the sum of the energy densities of � and V , namely

⌦h
2 = (⌦h

2)� + (⌦h
2)V . We determine the value of vs to obtain the right amount of the

DM energy density.

The top-left panel in Fig. 8 shows the value of vs that reproduces ⌦h
2 = 0.12. Here we

choose m� = 100 GeV, mh0 = 300 GeV, and sin ✓ = 0.1 as a reference parameter set and

vary the value of mV . For mV > 2m�, V can decay into � and thus ⌦h
2 is determined by

the abundance of �. Hence ⌦h
2 is independent of mV . For mV < 2m�, V is also a stable

particle. Thus the relic abundance of V also contributes to ⌦h
2, and vs depends on the value

of mV . We use this value of vs for all the panels in Fig. 8.
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[TA, Yu Hamada (’22)]
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Fig. 5 Feynman diagrams relevant for the scattering with nucleons. The gray blob in the

last diagram (e) indicates the QCD NLO contribution, which is dominated by the top-quark

loop [21].

the running coupling constant gD(⇤) calculated by the one-loop beta function exceeds
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24⇡

below ⇤ = 100 TeV. The current bound by the LZ experiment [4] is shown by the blue

dashed line. The gray hatched region indicates that the DM signal is hidden by the neutrino

background. We find that �SI is smaller than the neutrino floor in most of the region. For the

larger m� regime, �SI is larger than the neutrino floor and some region is already excluded.

This is because, in that region, the gauge coupling constant becomes large as seen in Fig. 7.

The diagram containing the gauge boson (Fig. 5-(c)) is proportional to g
4
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mV = 3 mχ,  
mh’ = 300 GeV 

sinθ=0.1 

•σSI = 0 at tree level 
•σSI ≠ 0 at loop level 
•new gauge boson  runs in the loop and gives 
new contribution to the process 

V

•σSI > neutrino floor is possible 
•testable by Darwin/XLZD experiments. 
•it depends on the parameter choice
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SU(2)gauge x SU(2)global  → U(1)global

[TA, Ichiki (on-going)]

•PNG χ is stable by U(1)global 
•  can only decay into ,     

•  is also DM if   
  　　　　　→ two-component DM 
•  (PNG) does not scatter nucleon 

•  scatters nucleon 
•σSI is effectively suppressed 
 if  is subdominant component of DM

V0 χχ̄ V0 → χχ̄

V0 mV < 2mχ

χ
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WIMP is not dead (though the direct detection experiments give strong constraint) 

‣σSI = 0 @ tree level is necessary  
‣ wino, Higgsino, minimal DM, singlet-doublet, THDM+a, PNG, …

Pseudo-Nambu-Goldstone boson DM 

‣ utilize low energy theorem of NG boson 
‣ gauge symmetry is introduced to avoid domain wall problems 
‣σSI = 0 @ tree level 
‣σSI > neutrino fog @ loop level or two-component scenario
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6-1 = 5 NGBs 
=    3 would-be NGB 
   + 2 NGBs

scalar field 
(2x2 matrix)

globalexpli
cit b
reak
ing

2 pNGBs

<latexit sha1_base64="7puvpezQeAU4cFwQendmy7dYGXg="></latexit>

SU(2)gauge ! SU(2)global

<latexit sha1_base64="wnuXugGY7Xxha174t76ekgG0VKU="></latexit>

! ! eiT a ! a
gauge ! e! iT b ! b

global

<latexit sha1_base64="vDqsxjCb0OIhPeJuEs247bra93A=">AAACA3icbVDLTsJAFL3FF+ILdelmIjHBDWkNUZYkunCJiQUSaMh0GGDCdNrMTE2ahqUf4FY/wZ1x64f4Bf6GU+hCwJPc5OSce3PvPX7EmdK2/W0VNja3tneKu6W9/YPDo/LxSVuFsSTUJSEPZdfHinImqKuZ5rQbSYoDn9OOP73N/M4TlYqF4lEnEfUCPBZsxAjWRuq4VedycFcalCt2zZ4DrRMnJxXI0RqUf/rDkMQBFZpwrFTPsSPtpVhqRjidlfqxohEmUzymPUMFDqjy0vm5M3RhlCEahdKU0Giu/p1IcaBUEvimM8B6ola9TPzP68V61PBSJqJYU0EWi0YxRzpE2e9oyCQlmieGYCKZuRWRCZaYaJPQ0pZokihG1CxLxlnNYZ20r2rOda3+UK80G3lGRTiDc6iCAzfQhHtogQsEpvACr/BmPVvv1of1uWgtWPnMKSzB+voFV+2XOw==</latexit>

U(1)D
<latexit sha1_base64="ojDlbHjzoE2zagxmJHDsHfXim7M=">AAACMnicbZDLSgMxFIYzXmu9jbp0EyyCG8uMltplQRcuK/QGvQyZ9EwnNHMhyQhl6Iv4HD6AW30D3YkLNz6E6bQL23og8Of/z+EknxtzJpVlvRtr6xubW9u5nfzu3v7BoXl03JRRIig0aMQj0XaJBM5CaCimOLRjASRwObTc0e00bz2CkCwK62ocQy8gw5B5jBKlLccsdWs+w10VYeinDNf71/rigyLO3QRnmfYvlwLHLFhFKyu8Kuy5KKB51RzzuzuIaBJAqCgnUnZsK1a9lAjFKIdJvptIiAkdkSF0tAxJALKXZr+b4HPtDLAXCX1ChTP370RKAinHgas7A6J8uZxNzf+yTqK8Si9lYZwoCOlskZdwrGFMUeEBE0AVH2tBqGD6rZj6RBCqNNCFLbE/lozKSV6TsZc5rIrmVdEuF8sPpUK1MmeUQ6foDF0gG92gKrpHNdRAFD2hF/SK3oxn48P4NL5mrWvGfOYELZTx8wvcPalO</latexit>

! ! eiT 3 ! D ! e! iT 3 ! D

<latexit sha1_base64="227xkLQG1VCPYGn7sX/ItpGLI5o="></latexit>

! U(1)global

4 3
<latexit sha1_base64="zuYwrAH1RLTaQEm/Es8OY9+wwO0=">AAACFHicbVDLSsNAFJ34rPUVFdy4GSxC3ZREinZZ0IXLCqYttKFMptNk6GQmzEyUUPsbfoBb/QR34ta9X+BvOG2zsK0HLhzOuZdzOUHCqNKO822trK6tb2wWtorbO7t7+/bBYVOJVGLiYcGEbAdIEUY58TTVjLQTSVAcMNIKhtcTv/VApKKC3+ssIX6MQk4HFCNtpJ593GWCh5KGkUZSikfold3z3k3PLjkVZwq4TNyclECORs/+6fYFTmPCNWZIqY7rJNofIakpZmRc7KaKJAgPUUg6hnIUE+WPpv+P4ZlR+nAgpBmu4VT9ezFCsVJZHJjNGOlILXoT8T+vk+pBzR9RnqSacDwLGqQMagEnZcA+lQRrlhmCsKTmV4gjJBHWprK5lCTKFMVqXDTNuIs9LJPmRcW9rFTvqqV6Le+oAE7AKSgDF1yBOrgFDeABDJ7AC3gFb9az9W59WJ+z1RUrvzkCc7C+fgGX5p5t</latexit>

!" U(1)D

<latexit sha1_base64="Fm+fJq/aTc+gnb9Affur1/ryosQ=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKR2mXBjcsK9gFNKJPppBk6mYwzk2II+QI/wK1+gjtx61f4Bf6G0zYL23rgwuGcezmX4wtGlbbtb6u0sbm1vVPereztHxweVY9PuipOJCYdHLNY9n2kCKOcdDTVjPSFJCjyGen5k9uZ35sSqWjMH3QqiBehMacBxUgbyXPJk5gilrntkObDas2u23PAdeIUpAYKtIfVH3cU4yQiXGOGlBo4ttBehqSmmJG84iaKCIQnaEwGhnIUEeVl86dzeGGUEQxiaYZrOFf/XmQoUiqNfLMZIR2qVW8m/ucNEh00vYxykWjC8SIoSBjUMZw1AEdUEqxZagjCkppfIQ6RRFibnpZSRJgqilVeMc04qz2sk+5V3WnUG/fXtVaz6KgMzsA5uAQOuAEtcAfaoAMweAQv4BW8Wc/Wu/VhfS5WS1ZxcwqWYH39An5qm1Y=</latexit>
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! ! " =
!

0 0
0 v!!
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SU(2)global x SU(2)gauge x Z2dark → U(1)global x Z2dark [TA Ichiki (24xx.xxxxx)]
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particles 
           SM fermions 
           SM gauge bosons 

 : CP-even scalars (h = 125 GeV higgs) 
          : pNG (complex scalar) 
             : new gauge boson 
          : CP-odd scalar (real scalar) 

         : new gauge boson 

h, h′ , h′ ′ 

χ

V±

a0

V0

χ → eiθχ
V± → e±iθV±

χ → − χ̄
V± → − V∓

a0 → − a0

V0 → − V0

U(1)D global Z2dark 

 @ tree level (SU(2)global)mV+ = mV0
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χ → eiθχ
V± → e±iθV±

χ → − χ̄
V± → − V∓

a0 → − a0

V0 → − V0

U(1)D global

Z2dark 

•pNG ( ) is DM if  

•we assume  

•  decays via 

χ mχ < mV+

mχ < mV+

V+ V+ → χh, χh′ , χh′ ′ 

<latexit sha1_base64="dmT9k0gNyGqFQnMlIDVbOCdWYjM="></latexit>

V 0

ø!

!
<latexit sha1_base64="8iFZGJ7ALwjx0vlA7HzOadsC6yM="></latexit>

a0

V 0

h
suppose  

•  

•   if  

•  is stable if  and DM 

•depending on ,   or  are the second component of DM 

ma0
> mV0

a0 → V0h, V0h′ , V0h′ ′ 

V0 → χχ̄ mV0 > 2mχ

V0 mV0 < 2mχ

mV0, ma0
V0 a0
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χ χ
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q q
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hj

χ χ
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q q
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χ χ
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q q
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pNG-quark scattering is suppressed by small momentum transfer

= −i
2mqm2

V

vvs
ūu !

j
R2jR0j

1
t − m2

hj

V0-quark scattering is NOT suppressed 
<latexit sha1_base64="bDiYe9zMziD3dTu8M4IOK+DWjSw="></latexit>
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Evolution of χ and V0
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Here we takem! = 1 .5 TeV, sin "h = 0 .15, "1 = "3 = 0 .15, mh2 = 300 GeV, and mh3 = 400 GeV.
The values ofmV 0 are denoted in the top of each panel.
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V 0! ! V + hj

<latexit sha1_base64="xs4IJXhyBUwdgEDfBZTsuy/HuKg="></latexit>

! ø! ! V 0hj
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V0 is subdominant component
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•  (pNG) is dominant DM 

•  is the subdominant component of DM 
•O(1) % of DM is  in a large region 
•σSIV0 is sizable and  can be detected 
in direct detection experiments 
•the number density of  is small 
•σSIV0 can be consistent with direct 
detection experiments

χ

V0

V0

V0

V0
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mχ = 1.5

mh′ = 300

mh′ ′ = 400

ma0
= mV0 + 200


