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69 %
Dark energy

26 %
Dark matter

5 %
Baryon

n There are undeniable evidences for dark matter in a wide 
range of distance scales.

Planck 2018

distanceGpcpc kpc Mpc

Solar system Galaxies Clusters of galaxies Observable Universe

Evidence of dark matter
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Measurement of !"→ $"%&% at Belle II  
The Belle II has found 
the first evidence of 
the!"→ $"%&% decay 
predicted by the SM.

3.5 standard deviations 

Combined result :
(hadronic + inclusive)

arXiv : 2311.14647

02/20



Prediction of !"→ $"%&% by the SM
n The decay rate of the!"→ $"%&% process is calculated with 
high accuracy in the SM.

n d
n d

2

R. Tiwary , D. Tonelli , E. Torassa , N. Toutounji , K. Trabelsi , I. Tsaklidis , M. Uchida , I. Ueda ,
Y. Uematsu , T. Uglov , K. Unger , Y. Unno , K. Uno , S. Uno , P. Urquijo , Y. Ushiroda , S. E. Vahsen ,

R. van Tonder , G. S. Varner , K. E. Varvell , M. Veronesi , A. Vinokurova , V. S. Vismaya , L. Vitale ,
R. Volpe , B. Wach , M. Wakai , H. M. Wakeling , S. Wallner , E. Wang , M.-Z. Wang , X. L. Wang ,
Z. Wang , A. Warburton , M. Watanabe , S. Watanuki , M. Welsch , C. Wessel , E. Won , X. P. Xu ,
B. D. Yabsley , S. Yamada , W. Yan , S. B. Yang , J. Yelton , J. H. Yin , Y. M. Yook , K. Yoshihara ,
C. Z. Yuan , Y. Yusa , L. Zani , V. Zhilich , J. S. Zhou , Q. D. Zhou , X. Y. Zhou , and V. I. Zhukova

(The Belle II Collaboration)

We search for the rare decayB+ ! K+⌫⌫̄ in a 362 fb�1 sample of electron-positron collisions at the
⌥ (4S) resonance collected with the Belle II detector at the SuperKEKB collider. We use the inclusive
properties of the accompanying B meson in ⌥ (4S) ! BB events to suppress background from other
decays of the signal B candidate and light-quark pair production. We validate the measurement
with an auxiliary analysis based on a conventional hadronic reconstruction of the accompanying B
meson. For background suppression, we exploit distinct signal features using machine learning meth-
ods tuned with simulated data. The signal-reconstruction e�ciency and background suppression
are validated through various control channels. The branching fraction is extracted in a maximum
likelihood fit. Our inclusive and hadronic analyses yield consistent results for the B+ ! K+⌫⌫̄
branching fraction of [2.7± 0.5(stat)± 0.5(syst)] ⇥ 10�5 and

⇥
1.1+0.9

�0.8(stat)
+0.8
�0.5(syst)

⇤
⇥ 10�5, re-

spectively. Combining the results, we determine the branching fraction of the decay B+ ! K+⌫⌫̄
to be

⇥
2.3± 0.5(stat)+0.5

�0.4(syst)
⇤
⇥ 10�5, providing the first evidence for this decay at 3.5 standard

deviations. The combined result is 2.7 standard deviations above the standard model expectation.

I. INTRODUCTION

Flavor-changing neutral-current transitions, such as
b ! s⌫⌫̄ and b ! s``, where ` represents a charged lep-
ton, are suppressed in the standard model (SM) of parti-
cle physics, because of the Glashow–Iliopoulos–Maiani
mechanism [1]. These transitions can only occur at
higher orders in SM perturbation theory through weak-
interaction amplitudes that involve the exchange of at
least two gauge bosons. Rate predictions for b ! s``

have significant theoretical uncertainties from the break-
down of factorization due to photon exchange [2]. This
process does not contribute to b ! s⌫⌫̄, so the corre-
sponding rate predictions are relatively precise.

The b ! s⌫⌫̄ transition provides the leading ampli-
tudes for the B

+ ! K
+
⌫⌫̄ decay in the SM, as shown in

Fig. 1. The SM branching fraction of the B
+ ! K

+
⌫⌫̄

decay [3] is predicted in Ref. [4] to be

B(B+ ! K
+
⌫⌫̄) = (5.58 ± 0.37) ⇥ 10�6

, (1)

including a contribution of (0.61 ± 0.06) ⇥ 10�6 from
the long-distance double-charged-current B

+ ! ⌧
+(!

K
+
⌫̄)⌫ decay. The B

+ ! K
+
⌫⌫̄ decay rate can be signif-

icantly modified in models that predict non-SM particles,
such as leptoquarks [5]. In addition, the B

+ meson could
decay into a kaon and an undetectable particle, such as
an axion [6] or a dark-sector mediator [7].

In all analyses reported to date [8–13], no evidence for
a signal has been found, and the current experimental
upper limit on the branching fraction is 1.6⇥10�5 at the
90% confidence level [14]. The study of the B

+ ! K
+
⌫⌫̄

decay is experimentally challenging as the final state con-
tains two neutrinos that are not reconstructed. This pre-
vents the full reconstruction of the kinematic properties
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FIG. 1. Lowest-order quark-level diagrams for the B+ !
K+⌫⌫̄ decay in the SM are either of the penguin (a), or box
type (b): examples are shown. The long-distance double-
charged-current diagram (c) arising at tree level in the SM
also contributes to the B+ ! K+⌫⌫̄ decay.

of the decay, hindering the di↵erentiation of signal dis-
tributions from background.

In this study the signal B meson is produced in the
e
+
e
� ! ⌥ (4S) ! B

+
B

� process. The at-threshold pro-
duction of BB pairs helps to mitigate the limitations due
to the unconstrained kinematics, as the partner B meson
can be used to infer the presence and properties of the
signal B. An inclusive tagging analysis method (ITA)
exploiting inclusive properties from the B-meson pair-
produced along with the signal B, is applied to the en-
tire Belle II data set currently available, superseding the
results of Ref. [13], where this method was first used. In
addition, an auxiliary analysis using the well-established

HPQCD, PRD 2023

Penguin diagram Box diagram

(2.8' away from the SM)

03/20



n The Fermilab Muon g-2 experiment improves the precision 
of their previous result by a factor of 2.

n In this talk, we will consider 5.1σ is real to be explained by 
new physics BSM.

Muon magnetic moment (" − $)&

6

Run !a/2⇡ [Hz] !̃
0
p/2⇡ [Hz] R0

µ ⇥ 1000
Run-1 3.7073004(17)
Run-2 229077.408(79) 61790875.0(3.3) 3.7073016(13)
Run-3a 229077.591(68) 61790957.5(3.3) 3.7072996(11)
Run-3b 229077.81(11) 61790962.3(3.3) 3.7073029(18)
Run-2/3 3.70730088(79)
Run-1/2/3 3.70730082(75)

TABLE II. Measurements of !a, !̃
0
p, and their ratios R0

µ mul-
tiplied by 1000. The Run-1 value has been updated from [1]
as described in the text.

a recent lattice calculation of HVP by the BMW Col-
laboration [45] shows significant tension with the e

+
e
�

data. In addition, a new preliminary measurement of
the e+e� ! ⇡

+
⇡
� cross section from the CMD-3 experi-

ment [46] disagrees significantly with all other e+e� data.
There are ongoing e↵orts to clarify the current theoretical
situation [47]. While a comparison between the Fermilab
result from Run-1/2/3 presented here, aµ(FNAL), and
the 2020 prediction yields a discrepancy of 5.0�, an up-
dated prediction considering all available data will likely
yield a smaller and less significant discrepancy.

In summary, we report a measurement of the muon
magnetic anomaly to 0.20 ppm precision using our first
three years of data. This is the most precise determi-
nation of this quantity, and it improves on our previous
result by more than a factor of 2. Analysis of the remain-
ing data from three additional years of data collection is
underway and is expected to lead to another factor of 2
improvement in statistical precision.

FIG. 3. Experimental values of aµ from BNL E821 [8], our
Run-1 result [1], this measurement, the combined Fermilab re-
sult, and the new experimental average. The inner tick marks
indicate the statistical contribution to the total uncertainties.

We thank the Fermilab management and sta↵ for their
strong support of this experiment, as well as our univer-
sity and national laboratory engineers, technicians, and
workshops for their tremendous support. Greg Bock and
Joe Lykken set the blinding clock and diligently moni-
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n The simplest way to resolve the muon g-2 anomaly is to 
n introduce a new gauge boson which couples to the muon

n T                                            can explain         anomaly

A new gauge boson?

10010-110-210-3

10-2

10-3

10-4
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n Without new fermions, there are three anomaly-free models 
n by gauging one of the three differences of lepton flavors
•D
• Symmetry including       is strongly constrained
• Charge assignments :

n Unavoidable kinetic mixing between       and

Gauged !(#)%&'%( Model

X. G. He et al, PRD 1991 
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10010-110-210-3

10-2

10-3

10-4

Hubble tension

reaches
thermal equilibrium in 
the early universe and
decays into neutrinos, 
increasing the neutrino 
number density (       ).

M. Escudero et al, JHEP 2019

Benchmark point

!" vs. #$%
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n Particle content & charge assignments

n The renormalizable and gauge invariant Lagrangian
complex singlet scalar DM SM Higgs singlet

= 1

dark photon

SM Higgs doublet

!(#)%&'%(-charged DM model + Dark Higgs
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n After electroweak and !(#)%&'%( symmetry breakings

n The CP-even neutral components mix with each other

n Dark photon mass :

n Parameter set : 

dark Higgs boson SM-like Higgs boson mixing angle

!(#)%&'%(-charged DM model + Dark Higgs

09/20



Higgs invisible decay
n The SM-like Higgs boson has additional decay processes
• D
• SM Higgs mainly decays into dark photon & dark Higgs

n The LHC provides a strong bound on these invisible decays

n Typically,                      in order to satisfy the Higgs invisible 
decays constraint.

(invisible decay channels)

PDG 2022
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DM relic abundance
n Thermal WIMP DM relic density

n Annihilation processes:

Fig. 1. Feynman graphs for complex scalar DM annihilating into the Z
0 bosons, H1 bosons, and SM leptons,

where ` = µ, ⌧ and the arrow represents the Lµ� L⌧ charge flow.

Defining

O
bs
V V =

c

⇤2
sL�µbL j

µ
DM (17)

it follows that

O
ud
V V =

c

⇤2

✓
y
2
u|Vud|

2
+ y

2
c |Vcd|

2
+ y

2
t |Vtd|

2

y2uVubV
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us + y2cVcbV

⇤
cs + y

2
t VtbV

⇤
ts

◆⇣
uL�µuL + uL�µdL + dL�µuL + dL�µdL

⌘
(18)

3
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DM direct detection
n In the !(#)%&'%( DM models without a dark Higgs boson, 
n DM-nucleon/electron scattering is highly suppressed.
• d

n d
n In our model, we can have a sizable DM-nucleon scattering 
process thanks to the light dark Higgs boson exchange.

n DM-nucleon elastic scattering cross section 

Holst, D. Hooper, G. Krnjaic, PRL 2022
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n For                              , the CMB gives a stringent bound on
n thermal DM freeze-out determined by s-wave annihilation.

Planck 2018 results.

alternative
asymmetric DM
p-wave annihilation
forbidden DM
……

CMB constraint on light DM mass

13/20



n Dominant DM annihilation channel
• (s-wave)                        (p-wave)

n Dark photon decay
•
• d

n Dark Higgs boson decay
•
• d

n We can naturally avoid the stringent CMB bound thanks  
to invisible decay of these dark particles.

CMB constraints in our model

(s-wave)                                (p-wave)

(suppressed by small Yukawa coupling & mixing angle)

14/20



n Considering the modification         of via light DM s-wave 
annihilation to neutrinos, complex scalar DM mass below 
8.2 MeV is disfavored.

Effective number of neutrino species

three-sector abundance calculation

X. Chu & J. Pradler (2023)
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n Belle II provides information on the !" spectrum
• A peak localized around !" = $ %&'"

• Two body decay :

• Three body decay :

•

Two- or Three-body decays at Belle II

W. Altmannshofer et al, 2311.14629

K. Fridell et al, 2312.12507
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n When                             , the       meson goes through 
n a two body decay    

n When                                         , the       meson goes 
through a three body decay    d

Two- or Three-body decays at Belle II

form factor
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!"#$ vs. %&'

510.50.10.050.01

100

10-1

10-2

10-3

10-4 ▲

The gray shaded 
area is excluded by
Belle II ()→ +∗)-.-, 
KOTO +/) → 0)-.-, &
NA62+1→ 01 + "#3.
Allowed value

Our numerical input :
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!"# vs. $%&
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Conclusions
n In this work, we have studied the simplest UV-completion 
gauged !(#)%&'%(-charged complex scalar DM model with 
the dark Higgs mechanism.

n We have found the dark Higgs boson mass,

n the complex scalar DM mass,

n and the dark photon mass

n With these light dark particles, we can have the integrated 
solution of)*→ ,*-.- excess, /0& anomaly, and DM.

+ DM direct detection)(          )

(                    excess)(KOTO)

(                    excess

(muon           anomaly)
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The Standard Model of particle physics

Unsolved problems
• Dark Matter (DM)
• Dark energy
• Neutrino mass
• Baryon asymmetry
• Gravity
• ………

We need new physics 
beyond the SM (BSM)!!!

n The Standard Model (SM) is GOOD, but ……

01/25



!(#)%&'%(-charged DM model
n Conventional !(#)%)'%*-charged fermionic DM (   ) model

• The dark photon       plays a role of a messenger particle 
between DM and the SM leptons.
• The dark photon mass         is put by hand or is generated 
by the Stueckelberg mechanism.    H. Ruegg, M. Ruiz-Altaba (2003)

09/25



!(#)%&'%(-charged DM model
n Dominant annihilation channels :
• To explain the muon g-2,                    , which is too small to get 
• the correct DM relic abundance.
• Only                      can give the right DM relic abundance.

Holst, D. Hooper, 
G. Krnjaic, PRL 2022
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n Particle content & charge assignments

n To make DM absolutely stable, we choose

• e.g.                           (dark matter decays)

n We also choose              to avoid the mass splitting of 

•

complex singlet scalar DM SM Higgs singlet
= 1

!(#)%&'%(-charged DM model + Dark Higgs

Baek, JK, Ko, 2204.04889

11/25



Late-time measurement

n There is a large difference between the early- and late-time 
determinations of Hubble constant      .  

The Hubble tension

Early-time measurement

This discrepancy can arise either b/c
l Our distance measurements are
l incorrect (         ).
l Cosmological model we use to fit all
l those distances is wrong (          ).

Nature Astron. 3 891



n Dark matter as a particle must be
• Massive : gravitationally interact with ordinary matter
• Cold : non-relativistic at the time of structures formation
• Electric neutral : Almost no electromagnetic interaction
• Stable or with lifetime longer than the age of Universe
• Non-baryonic matter
• Making up about a quarter of the energy density of the   
• present universe

What we know about dark matter

03/40



What we don’t know about dark matter
n Unknown particle nature of dark matter
• Mass : (a very wide range)
• Spin : Scalar or Vector Boson? Dirac or Majorana Fermion?
• Number of species : There may exist more than one kind of 
• dark matter in the universe. （Occam's razor?)
• Interactions : Dark matter may have interactions with ordinary
• matter or itself (SIDM) other than the gravitational interaction.

n Unknown origin of dark matter (production mechanism)
• Thermal : Relic produced from the SM thermal plasma
• Non-thermal : e.g. coherent oscillation, topological defect,……

04/40



n Thermal production
• Weakly interacting massive particles (WIMP)
• Strongly interacting massive particles (SIMP)
• Elastically decoupling relic (ELDER)
• Forbidden dark matter 
• ………

n Non-thermal production
• The QCD axion/axion-like particles (ALP)
• Feebly interacting massive particles (FIMP)
• Hidden monopole dark matter
• Primordial black hole (PBH)
• ………

Dark matter candidates
B.W. Lee
& S. Weinberg (1977)

Y. Hochberg, etal (2014)

E. Kuflik, etal (2016)

R. T.  D’Agnolo,
& J. T. Ruderman (2015)

P. Arias, et al. (2012) 

L. J. Hall (2009)

H. Murayama, J. Shu (2009)

Ya.B. Zel’dovich and I.D. Novikov (1967)
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DM

DM SM

SM

��� ��� ��� ���
��-��
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��-�

Weakly Interacting Massive Particle (WIMP) DM

High T

annihilate

Low TLow T06/40



n When                             , the       meson goes through 
n a two body decay    

Two- or Three-body decays at Belle II

form factor

W. G. Parrott, C. Bouchard
& C. T. H. Davies, ORD 2023
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Chemical 
equilibrium

DM freeze-out

DM freeze-in

High T

Weakly Interacting Massive Particle (WIMP) DM

High T 07/40Low T



n Assumptions for WIMP DM (2 to n annihilations)
• [ ⟹ asymmetric DM ]

•D                    [ ⟹ forbidden DM ]

• d               [ ⟹ WIMPs during reheating ]

• Standard cosmology [ ⟹ relentless DM ]

• Collisionless [ ⟹ Self-interacting dark matter ]
• T invariance : 

Weakly Interacting Massive Particle (WIMP) DM

D. E. Kaplan, M. A. Luty, 
& K. M. Zurek (2009)

R. T.  D’Agnolo,
& J. T. Ruderman (2015)

Nicolás Bernal
& Yong Xu (2022)

F. D'Eramo, etal (2017)

(?)
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WIMP dark matter direct detections
n Null result of direct detections has cornered WIMP scenario

PRL, 127 (2021) 25, 251802

time

Elastic scattering
09/40



WIMP dark matter direct detections

Possible explanations
(1) DＭ-nucleon cross-section
(1) is below the neutrino floor

(2) DM only has gravitational
(2) interaction
(3) DM mass is outside the 
(3) current direct detection 
(3) search range      

n Null result of direct detections has cornered WIMP scenario

Low/Heavy mass DM?PRL, 127 (2021) 25, 251802

Theor. : pseudo-Nambu-Goldstone boson DM
Exp. : directional DM search, e.g. Cygnus
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Direct detections of light dark matter

E. Aprile et al. (2019)
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Projected detections of light dark matter

superconductor

DM

superconducting nanowire graphene

semiconductor

DM

Y. Hochberg, et al. (2021)

S. M. Griffin, et al. (2021)

Y. Hochberg, et al. (2019)

Y. Hochberg, et al. (2017)
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n DM-electron interaction
l DM scatters off electrons : 
l DM is absorbed by electrons :

n List of the potential material and their sensitivities

When studying the rSIMP scenario, I also realized that this scenario can be asymmetrized. Note
that in the single-component SIMP scenario, the number densities of DM and anti-DM are equal
since the DM self-interacting 3 æ 2 processes enforce their chemical potentials to be 0 during the
chemical equilibrium. However, in multi-component SIMP scenarios, one can allow nonzero chemical
potentials of DM and anti-DM in the chemical equilibrium period, which leads to the DM-anti-DM
asymmetry. Similar to the asymmetric WIMP DM [11], it is possible to account for the observed ratio
of DM to baryon densities by the asymmetric SIMP DM. In Fig. 2, I present one of the preliminary
benchmark results in this new asymmetric DM scenario.

With the above knowledge and research experience, I want to give a comprehensive overview
of thermally-produced DM scenarios. In addition to the paradigms above-mentioned, there are other
appealing thermal DM production mechanisms in the literature, e.g., pandemic DM [12], catalyzed
DM [13], zombie DM [14], co-scattering DM [15], co-decaying DM [16], forbidden DM [17] and so
on. Likewise, some of these DM scenarios can be asymmetrized, and I want to know the di�erence
with the symmetric version. In particular, one has to solve the Boltzmann equations numerically by
using some software such as Mathematica [18] to predict the relic abundance of DM. One of the
well-known packages to solve the Boltzmann equations precisely is micrOMEGAs [19]. However, it
cannot deal with thermal DM beyond the WIMP paradigm. Thus, I am also interested in developing
a numerical code for other DM scenarios.

The current searching for WIMP DM is almost in the blind alley due to the null results of the
direct detections experiments, which is one of the motivations driving me to focus on the scenarios
or models with low mass DM. Therefore, capturing low mass DM is particularly important for my
study. Indeed, there is already a surge of proposals aiming to detect low mass DM by using DM-
e≠ interactions in the material. Depending on the DM is scattering o� or absorbed by an electron,
one can detect di�erent mass scales of DM with a sensitivity given by the target material. In the
former case, the deposited energy to the system from DM is ED ≥ 10≠6

mDM, whereas in the latter
case ED ≥ mDM. I enumerate in Tab. 2 some of the material along with their energy thresholds and
detectable DM mass scales. In particular, the target with a lattice structure can track the incoming
DM, which provides additional information for DM searches [22,25]. In this way, I am interested in
seeking novel material with the help of condensed matter physics to probe low mass DM.

Non-thermal production of DM is also a research subject worth exploring. The feebly interacting
massive particles is one example of non-thermal DM [26], where the DM never reaches thermal
equilibrium due to its weak couplings to SM particles. Besides, the QCD axion or axion-like particle
(ALP) [27] and topological defects such as hidden monopole [28] and electroweak skyrmion [29] are
also fascinated non-thermal DM candidates. In particular, the mass of ALP DM (or dark photon DM)
can spread from the meV scale to the eV scale, which can also be probed by some of the material
displayed in Tab. 2, e.g., superconductors or 3D Dirac material.

Material Sensitivitiy Dark matter mass
Superconductor & meV & keV (scattering) , & meV (absorption)

Superconducting nanowire & eV & MeV (scattering) , & eV (absorption)
2D material (e.g. graphene) & eV & MeV (scattering)

3D material (e.g. ZrTe5) & meV & keV (scattering) , & meV (absorption)
Semiconductor (e.g. Ge, Si) & eV & MeV (scattering)

Table 2 : List of the target material and their sensitivities that can be applied for detecting low mass DM.

2

c

13/40
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n Light (DM) particles can be produced copiously from some 
and hot dense celestial objects such as supernovae (SNe), 
neutron stars, and white dwarfs.
• e.g. SN1987A

• Raffelt’s criteria

Light particle emission from celestial bodies
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Kamiokande
IMB
Baksan

Raffelt `90

Super-Kamiokande

PNS
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n Real singlet       scalar dark matter model
Probing light dark matter by B physics

should be large to 
fit the relic and BaBar

Bird et al, PRL 2004 
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Probing light dark matter by B physics
Bird et al, PRL 2004 

s-wave

n Real singlet       scalar dark matter model
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CMB constraint on light DM mass
n DM annihilation continues to take place after decoupling &
n cause significant effects on cosmology and astrophysics.
n Energy released per DM annihilation

Planck 
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