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Dark Matter
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Dark�energy
68%

Dark�Matter
27%

ordinary�matter 5%

Dark Matter (DM) 
• is unknown matter in our universe 
• occupies ~ 27% of the energy of the universe 
•  [Planck 2018] 
• interacts gravitationally 
• has (almost) no electromagnetic interaction

Ωh2 = 0.120 ± 0.001
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Dark matter evidence
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rotation curve bullet cluster CMB

and more …

• many evidence 
• no candidate in known particles 
• what is the dark matter candidate?
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1. Introduction 

2. Review of simple wimp models 

3. Models with momentum dependent amplitude 

4. pseudo-Nambu-Goldstone DM models 

5. Summary
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たくさんの暗黒物質シナリオ
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Many Dark Matter Scenarios
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WIMP (or thermal DM)
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DM

DM SM

SM

annihilation

pair production

scattering

WIMP (Weakly Interacting Massive Particle) 
• has short-range interactions with the SM particles (or new particles in the 
thermal bath in the early universe) 

• correlation among various processes  
• is predicted in many motivated models in particle physics (MSSM, exDim, …)

?
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Freeze-out mechanism
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• DM was in thermal equilibrium in the early universe 
• production and annihilation of DM stop as the universe 
expands 

• the relic is the DM in the universe today 
• number density is obtained by solving the Boltzmann 
equation

DM

DM SM

SM

annihilation

pair production

?

dn

dt
+ 3Hn = �h�vi

�
n
2 � n

2
eq

�

10 100 1000 104
10-14

10-12

10-10

10-8

10-6

10-4

x

Y

<latexit sha1_base64="uX1QZ8/Uv6e1RL2bAaJ6B8zfXn4="></latexit>

h�vi = 2⇥ 10�27 cm3 s�1

<latexit sha1_base64="btBdf7VGYWMm8bgAVKAbmPEwzIs="></latexit>

h�vi = 2⇥ 10�26 cm3 s�1

<latexit sha1_base64="ofhlG8fXxA5SGyUTE7g2c23GvgY="></latexit>

h�vi = 2⇥ 10�25 cm3 s�1

Y
=

n/
s

larger� �⟨σv⟩

•  is determined by DM annihilation cross section  

•  is obtained if  cm3 s-1   pb c

Ωh2 ⟨σv⟩

Ωh2 = 0.12 ⟨σv⟩ ≃ 2 × 10−26 ≃ 1
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DM DM  SM SM↔
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• freeze-out mechanism requires annihilation    pb c 
• we can expect  

• indirect detection  
• production in collider experiments 

⟨σv⟩ ≃ 1

DM

DM SM

SM

annihilation 
(indirect detection)

pair production 
(collider experiments)

?

[talks by Tomohiro Inada and Kohei Hayashi]
[talk by Shion Chen]
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(�v)ann. /
�2

m2
DMDM

DM SM

SM

annihilation

?

annihilation (DM DM → SM SM)

<latexit sha1_base64="Ei/ezFjNwewf36yORwtLbtE4bpI="></latexit>

�scat. /
�2

m2
DM

scattering

scattering (DM SM → DM SM)

DM SM  DM SM↔

Direct detection experiments aim to detect DM-nucleon, 
DM-electron scattering

DM DM

nucleus [talks by Masatoshi Kobayashi and Takashi Asada]

naive expectation by  
crossing symmetry

<latexit sha1_base64="Ei/ezFjNwewf36yORwtLbtE4bpI="></latexit>
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No significant signals (yet!)
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•The direct detection experiments give upper 
bounds on the DM-SM scattering cross-
section 
•the LZ experiment gives the stringent 
bound (  cm2 for mDM = 100 GeV ) 
•strong constrains for WIMP 
•Let me show an example model to get 
feeling how strong the constraint is

σ < 3 × 10−48

8

FIG. 5. Upper limits (90% C.L.) on the spin-independent
WIMP-nucleon cross section as a function of WIMP mass
from the combined WS2024+WS2022 analysis (280.0 live
days) are shown with a solid black line, with a �1� power
constraint applied. The gray dot-dash line shows the lim-
its without the power constraint; green and yellow regions
show the range of expected upper limits from 68% and 95%
of background-only experiments, while the dashed black line
indicates the median expectation, obtained with post-fit back-
ground estimates. The median 3� observation potential from
the post-fit model is shown as a dotted black line. Also shown
are limits from WS2022 only [8], PandaX-4T [10], LUX [31],
all power constrained to �1�; XENONnT [9], reinterpreted
with a �1� power constraint; XENON1T [32], and DEAP-
3600 [33].

primarily attributed to an underfluctuation of the acci-
dental coincidence background in the region of largest
overlap with expected WIMP distributions. The mini-
mum of the limit curve is 2.1⇥ 10�48 cm2 at 36 GeV/c2

while that of the median expected limit is 5.0⇥10�48 cm2

at 40 GeV/c2. The best median 3� observation potential
is 1.1 ⇥ 10�47 cm2 at 40 GeV/c2. Results of searching
for evidence of spin-dependent WIMP-nucleon couplings
are discussed in the Appendix.

In summary, LZ has achieved limits on SI WIMP-
nucleon interactions that surpass previous best exclusions
by a factor of four or more for WIMP masses >9 GeV/c2.
A radon tag to target the dominant ER background
from 214Pb decays has been demonstrated, with poten-
tial for optimization that will allow it to have greater
impact on the sensitivities of future searches, particu-
larly for physics with potential ER signals. The enhanced
electron-ion recombination of 124Xe LL-shell DEC events
was noted for the first time, and will be further investi-
gated in future analyses. The experiment continues to
take salted data towards a target 1000-day live time that
will enable more sensitive searches for WIMP interactions
and other new phenomena.
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Direct detection experiments exclude simple DM models
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e.g SM + a gauge singlet scalar DM

•S : DM candidate  
•H : SM Higgs doublet

L =LSM +
1

2
@
µ
S@µS � µ

2
S

2
S
2 � �S

24
S
4 � �hS

2
S
2
H

†
H

[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 for mDM < O(10) TeV 
•(see also Bharadwaj+ (2412.13301) for loop crrections) 
•other typical simple models are similarly excluded

Ωh2
scalar singlet
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This result implies that σSI should be zero at the 
tree level

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

[TA’s private plot, based on tree level analysis]

[see also Bharadwaj+ (2412.13301) for loop crrections]
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current status of WIMP 
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need to break the naive expectation from the crossing symmetry
<latexit sha1_base64="bRkl5ifdvNPNMuTVezmCK0Z5Q/c="></latexit>

(�v)ann. /
�2

m2
DM

<latexit sha1_base64="Ei/ezFjNwewf36yORwtLbtE4bpI="></latexit>

�scat. /
�2

m2
DM

naive expectation  
from crossing symmetry

DM

DM SM

SM

keep for Ωh2

suppress

?

How to suppress σscat while keeping σann?
1) find models without DM-nucleon elastic scattering  

• forbid DM-DM-Z, DM-DM-h couplings 
2) find models suppressing DM-nucleon elastic  

• momentum dependent amplitude 
3) and other ideas (multi-component DM, secluded DM, inelastic DM, …)



 Models without  
DM-quark elastic scattering

DM

DM SM

SM

non-zero for Ωh2 = 0.12

absent at tree level!
?
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Electroweakly interacting DM (eWIMP)
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•SU(2)L multiplet ( , …)  

•the neutral component  is DM 
•(e.g.) Higgsino, Wino, minimal DM, spin-1, …

χ0, χ±

χ0

<latexit sha1_base64="qlxmePYsF4skDhSUJcRxaYsu5Lg="></latexit>

�0

�0

Z

<latexit sha1_base64="lUiKqdPg6t/A2IRqcSipqb0YCps="></latexit>

�0

�0

h

→ No DM-nucleon scattering at tree level

 and  couplings are absent at tree levelχ0 χ0Z χ0 χ0h
<latexit sha1_base64="68eLQXQUCy1ZwunMZl2ZR3biQgM="></latexit>

�±

�0

�0

W

W

 is explained by  Ωh2 = 0.12 χ0 χ0 → WW, ⋯

→ keep annihilation for Ωh2 = 0.12
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eWIMP and direct and indirect detections
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σSI is induced at loop level [Hisano, Ishiwata, Nagata (’15)]326 Chapter 9. Theories of Dark Matter

�� ����±

�

�
� �

�� ����±

� �

� �

�� ����±

� �

��

� �

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

✓
MZ

M

◆
+ (Q � Q

0)(Q + Q
0 � 2Y )


f

✓
MW

M

◆
� f

✓
MZ

M

◆��
.

(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, Strumia, Zupan 2406.01705)]

9.3. Dark Matter charged under the SM group 327
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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-

LZ
20
24

indirect detection (gamma-ray)

[MAGIC collaboration (PRL 130. 061002)]

limits. In case of an extended DM core around the GC, our
constraints on hσvi worsen by about 2 orders of magnitude.
This degradation is caused by the shallower profile shape
resulting in a lower J factor in the ROI. We emphasize that
our analysis allows one to derive limits for such cored
profiles, which is challenging for spatial background
subtraction methods, as applied by, e.g., Refs. [30,32].
Our conservative limits on hσvi, corresponding to the
lowest DM density in the inner Galaxy compatible with
observational data, are comparable to the current most
stringent limits from observation of dwarf galaxies, as
shown for MAGIC [71] by the gray dashed curve in Fig. 2.
Our upper limits are able to constrain heavy SUSY

models for both cuspy and cored profiles. In Fig. 3, we
show our limits for the two cuspy and two cored profiles
considered in this Letter compared with the total cross
section of the two annihilation processes into γγ and Zγ
pairs for the wino model from Refs. [11,13–15]. The factor
1=2 for the Zγ channel expresses that in the calculation of
our limits we have assumed the production of two γ rays per
annihilation process [Eq. (2)], whereas for this channel only
one is produced. The resonances in the thin gray curve
show the Sommerfeld enhancement of the branching ratio
and overall annihilation cross section for winos of the
respective masses. Therefore, for the cuspy profiles, we can
exclude wino annihilations for masses below 5 TeV and
especially in the range between 2.7 and 3.0 TeV, found to
produce a consistent thermal relic DM abundance [14]
(blue hatched band in Fig. 3). In turn, for the most

conservative assumptions about a cored halo profile, a
2.7 TeV wino would be just marginally in agreement with
our null measurement.
Conclusion and summary.—We have presented a search

for spectral lines in γ rays from 0.9 TeV to 100 TeV toward
the Galactic Center using 223 hours of observations with the
MAGIC telescopes. The sensitivity at these high energies is
boosted by the large telescope acceptance in LZA obser-
vations. In the analysis, we have used a sliding-window
technique in the energy domain to search for a linelike signal
on the top of the astrophysical γ-ray and cosmic-ray back-
grounds. This approach has provided us with an unprec-
edented sensitivity to search for a signal from either a
localized or very extended region in the sky. With this, we
could probe the GC region for emission from DM annihi-
lation for both the optimistic and conservative assumptions
of a cuspy or cored Galactic DM halo. We have not found a
significant signal of linelike γ-ray emission and have
computed upper limits on the WIMP annihilation cross
section hσvi. Around 1 TeV, the observed upper limits
reach ≃5 × 10−28 cm3 s−1 with the Einasto profile and
≃8 × 10−26 cm3 s−1 with the Burkert profile. At 100 TeV
the limits reach below 1 × 10−25 cm3 s−1 in the Einasto case
and≃1 × 10−23 cm3 s−1 in the Burkert case. This represents
competitive limits on the linelike annihilation of TeV DM
into γ rays, with up to a factor 2 better sensitivity above
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FIG. 2. 95% CL upper limits to γ-ray spectral lines from DM
annihilation for the Einasto (red solid line) and cored Zhao
(yellow dashed line, [56]) profiles, in comparison to previous
works by MAGIC (long gray dashed line, [71]), Fermi-LAT
(black and gray dash-dotted lines, [28]), H.E.S.S. (black dotted
line, [32]), HAWC (gray dash-dotted-dotted line, [70]), and
DAMPE (short gray dashed line, [73]). dSphs: dwarf spheroidal
galaxies.
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FIG. 3. Upper limits for the four DM density profiles consid-
ered in this Letter: the cuspy Einasto Galactic density profile (red
solid line), the NFW profile (cyan dashed line), a DM core
according to Ref. [56] (yellow dashed line), and the Burkert fit
from Ref. [53] (green dotted line), compared against the total
hσvi corresponding to annihilation of two SUSY winos [i.e.,
SUð2ÞL triplets] into a γγ pair according to Refs. [11,13–15] (gray
solid line; see text for details). The vertical blue hatched region
indicates wino masses from 2.7 to 3.0 TeV which are consistent
with the observed DM relic density [14].

PHYSICAL REVIEW LETTERS 130, 061002 (2023)

061002-6
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spin-1/2 DM Models  
with  

momentum-suppressed DM-quark elastic 
scattering 

DM

DM SM

SM

non-zero for Ωh2 

velocity suppression!
?
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Amplitude depending on momentum transfer
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‣ mDM @annihilation 
‣ 0 @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

 ∝ qn

→ if ,  scat.  while ann. is keptn > 0 σ ≃ 0 ⟨σv⟩
(n = 0 for the previous examples)
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example models for the momentum dependent scattering amplitude
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THDM + a [Ipek, McKeen, Nelson (’14), Baek, Ko, Li (’17); Ghorbani (’15), TA Fujiwara Hisano (’19), TA Fujiwara Hisano 
Shoji (’20), … ]

<latexit sha1_base64="bJFUaXOnifjbWLJlsWS+g0VQevo="></latexit>

a0 A0

�

�

f̄

f

�5 �5

•gauge singlet spin-1/2 DM  coupling to a gauge singlet CP-odd scalar  :    
•the Higgs sector is extended to the two-Higgs doublet model (THDM) 
•THDM contains another CP-odd state  coupling to the SM 

•mixing of  and  connect the dark and visible sector

χ a0 χ̄γ5χa0

A0

a0 A0

<latexit sha1_base64="fMtjc7FicH4/zUHcELRdlZDxVY4="></latexit>

/
(
v̄(p)�5u(p) ' mDM (annihilation)

ū(p)�5u(p) ' ~q · ~� (scattering)

annihilation

qscattering

momentum dependence suppresses σSI 
while keeping ann. !⟨σv⟩



Tomohiro Abe (TUS)

Phenomenology of THDM+a 
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highly depends on the model parameters

•gravitational waves from 1st order phase transition [Arcadi+ (2212.14788)] 
•see also [LHC DM working group (https://lpcc.web.cern.ch/content/dark-matter-wg-documents)]

annihilation channels are available. The most important of these are resonant annihilation when<j ' <0/2,
and specific decay channels such as jj̄ ! 00 or jj̄ ! 0⌘ when allowed or enhanced by kinematics. For
low <0, annihilation to fermions (e.g. 11̄, 22̄, g+g�) can be efficient enough to overcome their smaller
couplings and deplete the relic abundance. Larger values of <j can also satisfy the observed relic density,
as these annihilations become more suppressed.

 = 1.2 TeV±Hm = Hm = Am = 1, 
χ
g = 1, β = 0.35, tan θ, Dirac DM, sin a2HDM+
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JHEP 11 (2021) 209
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Figure 9: Observed (solid lines) and expected (dashed lines) exclusion regions at 95% CL in the (<0 ,<j ) plane
following the parameter choices of <� = 1.2 TeV, tan V = 1.0, and sin \ = 0.35 (Scenario 6). The relic density
contour for the case ⌦2h2 = 0.12, calculated with M��DM [156], is superimposed in the plot (long-dashed line). The
shaded regions mark parameter values for which the model predicts a relic density greater than the observed value
⌦2h2 = 0.12. The “island” around (<j ⇡ 100 GeV, <0 ⇡ 100 GeV) corresponds to the resonant enhancement of
the process jj̄ ! 0⌘ ! SM, which depletes the relic density.

9 Conclusion

A broad variety of searches for new phenomena performed by the ATLAS Collaboration are summarised
and interpreted in the context of a common LHC dark matter benchmark model, namely a Two-Higgs-
Doublet-Model with an additional pseudo-scalar mediator 0 (2HDM+0), which couples the dark matter
particles to the Standard Model. This model predicts a rich phenomenology of processes resulting in a
diverse range of final-state signatures. The searches presented provide sensitivity across a wide range of
the model parameter space.

The results are based on up to 139 fb�1 of proton-proton collision data at a centre-of-mass energy ofp
B = 13 TeV collected by the ATLAS detector at the LHC in the years 2015–2018, and are in agreement

with the Standard Model predictions. Therefore, the results are translated into exclusion limits on the
2HDM+0 for a wide selection of representative benchmark scenarios. These include previously explored
benchmark scenarios based on the recommendations of the LHC Dark Matter Working Group as well as
several new benchmark scenarios that provide further insights into the rich collider phenomenology of the
2HDM+0. All benchmark scenarios rely on the simplifying assumption that the additional Higgs bosons
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collider searches constrain parameter space

[ATLAS (2306.00641)]

σSI can be above the  fog at loop levelν
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Figure 8: The red solid line shows the predicted SI cross section of this model with ma = 100
GeV, mA = 600 GeV, ✓ = 0.1, t� = 10, c1 = 0, and c2 = 1. The regions where g� > 1 are
shown as the gray region. The blue region is excluded by the latest result of the XENON1T
experiment [3]. The purple, brown, and gray dotted lines indicate the future sensitivities of
the XENONnT [20], LZ [21], and DARWIN experiments [22], respectively. The yellow region
is below the neutrino floor [19].
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pseudo-Nambu-Goldstone (pNG) DM
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pseudo-Nambu-Goldstone (pNG) DM [Gross, Lebedev, Toma (’17)] 

• arise from spontaneous symmetry breaking of global symmetry 
• utilize the NG boson low energy theorem: amplitude depends on momentum squared

DM

? ≃ q2

q2

scattering

annihilation

DM SM

SM

[Ishiwata+ (’18), Azevedo+ (’19), Glaus+ (’20)]

σSI is tiny even at the loop level
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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
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Summary
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current status of WIMP 

‣ the direct detection experiments give strong constraint  
‣ need to suppress the DM-nucleon elastic scattering  
‣ simple models are excluded

WIMP is not dead! 
‣ there are many models predicting tiny σSI 
‣ wino, Higgsino, minimal DM, THDM+a, PNG DM, … 
‣ it is important to see the correlation among various observables (direct 
detection, indirect detection, collider, …) to figure out the right WIMP model


