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● Dark Matter (SM does not include it!)

There are many experimental evidences for dark matter 
(DM).

Rotation curve of the spiral galaxy

CMB observation by Planck and WMAP
Gravitational lensing

Large scale structure of the universe etc...

● Several models, including DM.

● Summary



Rotation curve of the spiral galaxy

第 8章 暗黒物質の存在 4

8.2.1 銀河回転速度より
　電波望遠鏡による中性水素分子の出す 21cm輝線の測定により、銀河の光る円盤をはるかに越えた所まで、水素
分子の回転速度が一定であることが判明した (図 8.4、8.5)。
ニュートン力学のエネルギー保存則の式を書くと
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, ∴ v= const. →M ∝ r (8.1)

銀河回転曲線からは、銀河質量は少なくも見える質量の数倍の物質量を含むことが判明した。

図 8.4: (左)アンドロメダ星雲の回転曲線。(右)暗黒物質は銀河円盤を中心に球状に分布する。中性の水素分子 (HI)
の出す 21cm電波を観測する事により、光らない部分の回転速度も分かる。

●CMB observation by Planck and WMAP

This is the first 
indirect evidence



●Gravitational lensing

●Large scale structure of the universe

This large simulation supports 
the result of Planck!



Nature of dark matter 

i)...Zero electric charge,
ii)...Non-relativistic,

iii)...Stable or very long lifetime,
iv)...26.8 % is occupied in the universe,

v)...No color,
vi)...Weak interacting,

vii)...non-baryonic particles (by the observation of 
MACHO (MAssive Compact Halo Objects)) 

Question!...How about neutrino???

If 20 eV<mν,  it would be supported by the simulation of 
large scale structure of the universe.

viii)...Neutrino cannot be a main component 
of the dark matter! 



Way to detect:  
Direct detection(CoGeNT, DAMA, CDMS, KIMS, XENON, CRESST,), 
Indirect detection(AMS-02, PAMELA, Fermi-LAT, DAMPE etc.),  

Accelerator detections (LHC)…

No significant signals yet!

What we can do is to consider the DM model that can 
be tested by current experiments!



Models
How to realize a DM model?

How to assure the stability of DM?

Is DM related to the other phenomenologies? 
neutrinos, B-physics, etc,… 
(although not needed…)



Z_n, U(1),…Abelian symmetries… 

Representative symmetries to stabilize DM

Ex.
Verifiable radiative seesaw 
mechanism of neutrino mass 
and dark matter  
Ernest Ma (UC, Riverside). Jan 2006. 8 pp.  
Published in Phys.Rev. D73 (2006) 
077301  

 Neutrino masses, dark matter and leptogenesis with B-L 
gauge symmetry 
Chao-Qiang Geng (Shanxi Normal U. & Taiwan, Natl. Tsing Hua U. 
& NCTS, Hsinchu), Hiroshi Okada (NCTS, Hsinchu). Oct 26, 2017. 7 
pp.  
Published in Phys.Dark Univ. 20 (2018) 13-19

Frequently, we can connect neutrino models!

輻射逆シーソー模型 Ma 模型 (ベースとなる模型)

Ma模型 (ベースとする輻射シーソー模型)
SM + 右巻きニュートリノNc 3つ, SU(2)L doublet 1つ
最も簡単なニュートリノ質量とDM候補を含む輻射シーソー模型
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Z_2
U(1)_(B-L)…(-4,-4,5)  

for N_R
=>Z_2
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Z_3
Impact of semi-annihilation of Z3 symmetric dark matter with radiative neutrino masses 
Mayumi Aoki (Kanazawa U., Inst. Theor. Phys.), Takashi Toma (Durham U., IPPP).  
May 22, 2014. 22 pp. Published in JCAP 1409 (2014) 016 
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Resoving B-meson anomalies by flavor-dependent gauged symmetries 
Chao-Qiang Geng, Hiroshi Okada. Dec 19, 2018. 11 pp.

Flavor dependent U(1)symmetries  

 A model with flavor-dependent gauged 
Linping Mu (Shanxi Normal U.), Hiroshi Okada (NCTS, Hsinchu), Chao-Qiang Geng (Shanxi 
Normal U. & NCTS, Hsinchu & Taiwan, Natl. Tsing Hua U.). Mar 15, 2018. 9 pp.  
Published in Chin.Phys. C42 (2018) no.12, 123106

APCTP Pre2018 - 019

Resolving B-meson anomalies by flavor-dependent gauged

symmetries
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Abstract

We propose a model with flavor dependent gauged symmetries of
3
∏

i=1

U(1)Bi−Li with i the family

indices. After formulating the renormalizable Yukawa Lagrangian, Higgs potential and kinetic

term, we study the lepton sector based on a successful two-zero texture without introducing extra

scalar bosons to avoid the dangerous Goldstone bosons. In particular, we discuss the muon related

phenomenologies via additional neutral gauge bosons. In our numerical analysis, we explore the

allowed parameter space, in which the anomaly of B → K∗µ̄µ can be explained.
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=>Neutrino texture prediction and B-anomaly
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Explaining B → K(∗)ℓ+ℓ− anomaly
by radiatively induced coupling in U(1)µ−τ gauge symmetry
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Takaaki Nomura†
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We propose a scenario to generate flavor violating Z′ interactions at one loop level, by introducing
U(1)µ−τ gauge symmetry, extra vectorlike quark doublets Q′

a and singlet scalar χ. Both Q′
a and

χ are charged under U(1)µ−τ and carry odd dark Z2 parity. Assuming that χ is the dark matter
(DM) of the universe and imposing various constraints from dark matter search, flavor physics and

collider search for Q′
a, one can show that radiative corrections to b → sZ

′∗ → sl+l− involving Q′
a

and χ can induce ∆C9 ∼ −1 which can resolve the LHCb anomalies related with B → K(∗)ℓ+ℓ−.
Therefore both DM and B physics anomalies could be accommodated in the model.

I. INTRODUCTION

Flavor violating interactions via new gauge boson Z ′

is one of the interesting possible physics scenarios be-
yond the standard model (BSM). For the last few years
there have been some indication of such interactions in
B physics; the angular observable P ′

5 in decay of B me-
son, B → K∗µ+µ− [1], where 3.4σ deviations are mea-
sured from the integrated luminosity of 3.0 fb−1 at the
LHCb [2], confirming an earlier result with 3.7σ devia-
tions [3]. Moreover, 2.1σ deviations were reported in the
same observable by Belle [4, 5]. In addition, an anomaly
in the measurement of the ratio RK = BR(B+ →
K+µ+µ−)/BR(B+ → K+e+e−) [6, 7] at the LHCb
indicates a 2.6σ deviations from the lepton universal-
ity predicted in the SM [8]. Moreover the LHCb col-
laboration also presented the ratio RK∗ = BR(B →
K∗µ+µ−)/BR(B → K∗e+e−) which is deviated from
the SM prediction by ∼ 2.4σ as RK∗ = 0.660+0.110

−0.070 ±
0.024(0.685+0.113

−0.069 ± 0.047) for (2m2
µ) < q2 < 1.1 GeV2

(1.1 GeV2 < q2 < 6 GeV2) [9]. One of the explanations
for these anomalies in the B decay could come from Z ′

which has flavor dependent interactions in the quark sec-
tor [10–17] and can induce shift of the Wilson coefficient
C9 where the shift ∆C9 ∼ −1 is indicated to resolve the
anomalies [18–21]. In previous attempts, flavor violat-
ing Z ′ interactions in the quark sector were obtained at
tree level, assuming non-trivial charge assignments of ex-
tra U(1) gauge symmetry or nonzero mixings between
quarks and new vector-like quarks charged under extra

∗Electronic address: pko@kias.re.kr
†Electronic address: nomura@kias.re.kr
‡Electronic address: macokada3hiroshi@cts.nthu.edu.tw

U(1). On the other hand, flavor dependent couplings
can also arise at loop levels if we add few exotic fermions
and/or scalar fields. Furthermore, if these extra particles
have Z2 odd dark parity, motivated by dark matter of the
universe, such a scenario provides interesting connection
between B physics anomaly and DM physics.

In this letter, we propose a new resolution of these
B physics anomalies by introducing exotic vector-like
quarks (Q′) and an inert singlet boson (χ) which are
charged under the gauged U(1)µ−τ symmetry and have
Z2 odd parity which guarantees dark matter stability 1.
These two new fields play an crucial role in connecting
leptons and quarks at one-loop level. Furthermore, χ is
assumed to be the lightest Z2-odd particle, making the
DM candidate within our model. We then explore ex-
planation of B → K(∗)ℓ+ℓ− anomaly and relic density
of DM, simultaneously taking into account various con-
straints from the Bs − B̄s meson mixing, b → sγ, and
direct detection of DM via Z ′ portal at one-loop level
originating from these new fields.

This letter is organized as follows. In Sec. II, we
present our model and study B physics and DM phe-
nomenology: the Wilson coefficients for B → K(∗)ℓ+ℓ−

anomaly and Bs − B̄s meson mixing, the branching ra-
tio of b → sγ, thermal relic density of DM, and the spin
independent DM-nucleon scattering cross section via Z ′

portal. In Sec.III we carry out the numerical analysis and
find out the parameter space region in which we can sat-
isfy all the relevant experimental constraints. In Sec.IV
we discuss two miscellaneous issues for completeness: (i)
breaking of extra U(1)µ−τ and (ii) the spin-flipped case

1 In this type of symmetry, some specific textures can be obtained.
Therefore one can obtain some predictions in the neutrino sector,
although we will not discuss here. See ref. [24] for instance.

Explaining B->K*ll anomaly by radiatively induced U(1) gauge symmetry  
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Advanced Study, Seoul), Hiroshi Okada (NCTS, Hsinchu). Feb 8, 2017. 6 pp.  
Published in Phys.Rev. D95 (2017) no.11, 111701 

=> B-anomaly 
via s-channel diagram via Z’ at one-loop level

U(1)_(yB-xL_x), (3y=x=xe+xμ+xτ), U(1)_H, etc, 
are also applied to the stability of DM, 

and these flavor dependent symmetries could 
explain indirect detections; 

Fermi-LAT, AMS-02, IceCube, DAMPE,…  
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Non-Abelian symmetries…S_3, D_4, A_4, T_13, …   

A_4 
 Phenomenology of Dark Matter from A_4 Flavor Symmetry 
M.S. Boucenna, M. Hirsch, S. Morisi, E. Peinado, M. Taoso, J.W.F. Valle (Valencia U. & Valencia U., IFIC). Jan 2011. 15 pp.  
Published in JHEP 1105 (2011) 037 

Discrete dark matter  
M. Hirsch, S. Morisi, E. Peinado, J.W.F. Valle (Valencia U., IFIC). Jul 2010. 4 pp.  
Published in Phys.Rev. D82 (2010) 116003 

Universally Leptophilic Dark Matter From Non-Abelian Discrete Symmetry  
Naoyuki Haba (Osaka U.), Yuji Kajiyama (NICPB, Tallinn), Shigeki Matsumoto (Toyama U.), Hiroshi Okada (British U. in 
Egypt), Koichi Yoshioka (Kyoto U.). Aug 2010. 14 pp.  
Published in Phys.Lett. B695 (2011) 476-481

=> Z_2

D_4 
Stability of dark matter from the D4xZ2 flavor group  
D. Meloni (Rome III U.), S. Morisi, E. Peinado (Valencia U., IFIC). Apr 2011. 7 pp.  
Published in Phys.Lett. B703 (2011) 281-287 

Scalar dark matter candidates in a two inert Higgs doublet model  
E.C.F.S. Fortes, A.C.B. Machado, J. Montaño, V. Pleitez (Sao Paulo, IFT). Jul 17, 2014. 11 pp.  
Published in J.Phys. G42 (2015) no.10, 105003 

S_3 

No discussion of neutrinos

=> Decaying  
DMT(13) Flavor Symmetry and Decaying Dark Matter  

Yuji Kajiyama (NICPB, Tallinn & Niigata U.), Hiroshi Okada (British U. in Egypt). Nov 2010. 14 pp.  
Published in Nucl.Phys. B848 (2011) 303-313 T_13 
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SU(2)_L 
Minimal dark matter  
Marco Cirelli (Yale U.), Nicolao Fornengo (Turin U. & INFN, Turin), Alessandro Strumia (Pisa U. & INFN, Pisa). Dec 2005. 16 pp.  
Published in Nucl.Phys. B753 (2006) 178-194  
DFTT40-2005, IFUP-TH-2005-34 

Quantum numbers DM can DM mass mDM± − mDM Events at LHC σSI in
SU(2)L U(1)Y Spin decay into in TeV in MeV

∫

L dt =100/fb 10−45 cm2

2 1/2 0 EL 0.54 ± 0.01 350 320 ÷ 510 0.2
2 1/2 1/2 EH 1.1 ± 0.03 341 160 ÷ 330 0.2
3 0 0 HH∗ 2.0 ± 0.05 166 0.2 ÷ 1.0 1.3
3 0 1/2 LH 2.4 ± 0.06 166 0.8 ÷ 4.0 1.3
3 1 0 HH, LL 1.6 ± 0.04 540 3.0 ÷ 10 1.7
3 1 1/2 LH 1.8 ± 0.05 525 27 ÷ 90 1.7
4 1/2 0 HHH∗ 2.4 ± 0.06 353 0.10 ÷ 0.6 1.6
4 1/2 1/2 (LHH∗) 2.4 ± 0.06 347 5.3 ÷ 25 1.6
4 3/2 0 HHH 2.9 ± 0.07 729 0.01 ÷ 0.10 7.5
4 3/2 1/2 (LHH) 2.6 ± 0.07 712 1.7 ÷ 9.5 7.5
5 0 0 (HHH∗H∗) 5.0 ± 0.1 166 ≪ 1 12
5 0 1/2 − 4.4 ± 0.1 166 ≪ 1 12
7 0 0 − 8.5 ± 0.2 166 ≪ 1 46

Table 1: Summary of the main properties of Minimal DM candidates. Quantum num-
bers are listed in the first 3 columns; candidates with Y ̸= 0 are allowed by direct DM searches
only if appropriate non-minimalities are introduced. The 4th column indicates dangerous decay
modes, that need to be suppressed (see sec. 2 for discussion). The 5th column gives the DM
mass such that the thermal relic abundance equals the observed DM abundance (section 4). The
6th column gives the loop-induced mass splitting between neutral and charged DM components
(section 3); for scalar candidates a coupling with the Higgs can give a small extra contribution,
that we neglect. The 7th column gives the 3σ range for the number of events expected at LHC
(section 6). The last column gives the spin-independent cross section, assuming a sample vale
f = 1/3 for the uncertain nuclear matrix elements (section 5).

For each potentially successful assignment of quantum numbers we list in table 1 the main
properties of the DM candidates.

The ‘decay’ column lists the decay modes into SM particles that are allowed by renormaliz-
ability, using a compact notation. For instance, the scalar doublet in the first row can couple as
XiLjβEαεijεαβ where L is a SM lepton doublet, E is the corresponding lepton singlet, i, j are
SU(2)L-indices, α, β are spinor indices, and ε is the permutation tensor; therefore the neutral
component of X can decay as X0 → eē. For another instance, the fermion doublet in the second
row can couple as XαiEβHjεijεαβ, where H is the Higgs doublet: its neutral component can
decay as X0 → eh.

In general, one expects also non-renormalizable couplings suppressed by 1/Λp (where Λ
is an unspecified heavy cut-off scale, possibly related to GUT-scale or Planck-scale physics).
These give a typical lifetime τ ∼ Λ2p TeV−1−2p for a particle with TeV-scale mass. In order to
make τ longer than the age of the universe1, dimension-5 terms (i.e. p = 1) must be effectively

1 We note that a τ comfortably longer than the age of the Universe already also prevents a decaying dark
matter particle from having an impact on a number of cosmological and astrophysical observations (galaxy and
cluster formation, type Ia supernovae, X–ray emissions from clusters, mass–to–light ratios in clusters, cosmic

3

Decay can be evaded at renormalizable 
theory, if fundamental rep. is larger than 3!

=>5 dim.
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Concrete DM models applying SU(2)_L multiplets 

Quartet fermionic  DM with -1/2 hypercharge 
and neutrino mass is induced at one-loop level
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Summary

Additional symmetries ((Non-)Abelian 
continuous(discrete) groups) contribute not only to 

assure the stability of DM but also to construct/predict 
the other phenomenologies such as neutrinos, B-

physics, etc..  

An SU(2)_L multiplet field is also interesting 
to assure the stability of DM, since no 
additional symmetries are needed, and 

several applications are possible. 

We discuss how to stabilize the DM candidate, and 
review several models. 


