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A brief history on neutrino and dark matter physics

Discovery of the

1896

radioactivity (Becquerel) |

‘the missing energy

... the beta decay
spectrum 1S continuous

| (Chadwick, Ellis and
| Wooster e

1910s-1920s

i

- “new particle” by Pauli

- neutron discovered
(Chadwick)

- “neutrino” named by |

| Fermi and Fermi theory |

- on beta decay *'

1930-1933

i

'the missing matter

Coma cluster “K” itk ,
| (Zwicky 1933) ’
“dark matter” proposed

“Is neutrino its own
antiparticle” (Majorana) |

e

1937

“great mass of |

internebular material” in |
. . 1!

Virgo cluster (Smith)
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- Parity violation (Lee

and Yang)
- Left-handed Neutrinos |
- Neutrino oscillation |

- theory of solar fusion

(Bethe) i
- Neutrinos produced by ’
| supernova explosions |
| (Gamow)

'‘Neutrino discovered

'Proposals to detect ,
(Reines and Cowan) |

neutrino (Pontecorvo |

| idea (v — D)
1 - (Pontecorvo)

1939/1941 1946 1956 1957
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- Second family of
neutrino? How to
| detect? (Pontecorvo,
- Schwartz)

L ,

1959

- Proposal of flavor
| mixing of neutrinos
(Maki, Nakagawa and
| Sakata)

- Muon-neutrino

Steinberger) |
1962

'Prediction for Solar

= P E— ——

neutrinos (Bachall,

|Davis)

| discovered (Lederman, |
| Schwartz and 1}

1964

' Neutrino flavor
oscillation (Pontecorvo)

|
‘j{

' Neutrino (as thermal

- cosmology (Gershtein
- and Zeldovich

1967

relics) roles in




PRI 47 5 ) B

- Solar neutrino deficit
(Davis)

1968

|- M31 flat optlcal |
rotational curve (Rubm
.\ and Ford) B

1970

i

'~ neutral currents
(Gargamelle at CERN

1974)
- tau-lepton dlscovered

(Perl at SLAC 1975) |

mid-1970s

- Neutrinos as (particle)

| dark matter

- N-body simulations
became possible

- dark matter annihilation

i to gamma rays

- SUSY gravitino dark

matter

— e — e —

- The seesaw

1

|- Weinberg operator |

mechanism (Yanagida,
Gell-Mann, Romond, |
Slansky...)

1979
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1980

= axion as dark matter

(...)

- Hot dark matter
L theory (

= simulations rules out

- SUSY neutrin as D |

1983

- - __ _

hot dark matter

Zeldovich)

I

= v-N coherent
scattering proposed
(Drukier and
Stodolsky)

| - first observation in |
2017 (COHERENT) |

1984

= — e

= cold non-baryonic
DM concepts well
accepted (WIMPs)
- using cosmic-ray (anti-
protons, positrons) to
| indirect detect DM |
 (Silk and Srednicki)

|

. the MSW effect

(Mikheyev, Smirnoy,
Wolfenstein

|
|

|

1985

-

= dark matter-nuclei

elastic scattering
(Goodman and
Witten)

- searching neutrinos

from DM annihilation
in the Sun (Krauss, |
Freese, Spergel) |
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\
|
{

. 3 generations of
neutrinos (LEP at
| CERN)

= first observation of a
possible atmospheric |
- neutrino deficit (IMB, |
| Kamiokande)

- neutrinos from SN1987 ‘
(Kamlokande) |

1986 1987 1989 1990

- first expt at

| Homestake Mine,
Germanium 33kg-days |

= Annual modulation

| measurement

proposed (Drukier,

Freese and Spergel)

- DM section firstly |
| appeared in PDG -
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1992

__

- 1992 COBE satellite:
. CMB

proposal (CDMS,
EDELWEISS, CRESST,

- atmospheric neutrino |
oscillation (SuperK) |

= 1990s: liquid noble target

| XENON, LUX, CoGeNT, |

1998

= Observation of tau
neutrino

- Solar neutrino deficit
explained by

| oscillation and MSW |

effect (SNO)

2001

= Solar neutrino
oscillation confirmed

by the deficit of

reactor neutrinos
I (KamLAND)
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.ﬂ - theta -13 measurement
(Daya Bay, T2K,

Double Chooz, Reno)

|- High energy

| astrophysical

- mass hierarchy, CP
violation ? ... ...

- OUpB? .

~ neutrinos (IceCube) |
- pp Solar neutrinos |

2000s 2008/9 2010s a 2020s
B A _ I Ferml LAT electron
- 2003, WMAP first result -~ PAMELA positron excess (2010-) | |~ more sensitive
| released. * excess | - AMS 02 electron detector ... ...
- 2004 DG - PLANCK satelhte | excess (2013-) | |~ more detection
| S = 0.111 £0.006,) - Ti«{ﬂ\}g - DM direct detection | ways
improved from L ? - T A A
| Q, =03%0.1in2001. expts
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1981 2022 1934 2022

INSPIREHEP t dark matter and date <2023 INSPIREHEP  t neutrino and date <2023




Neutrinos in SM (3 families)

L = ; CO‘Z . vivtvr 2, \%VEWW%WJ + h.c
7 HLL HPE
Ve, Vyy Vr e, U, T Ve, Uy, Vs Ve, Vyy Vs
\/ \/
W A
My = 80GeV My = 91GeV
A 981 Q> (MeV — GeV)3

~ 10719 — 1074

FEXS T FLREE My, (100 GeV)?




Neutrino Oscillation

g -5 H R

Ve \ cosf sinf 2]
v, / \ —sinf cosf Vo

, 1.27Am?(eV*)L(km)

Fﬁg’;g{i P (Ve — VM) — ‘<VM|V€(t)>‘2 — SiIl2 20 sin E(Gev)
1.27Am?2(eV*) L(k
EEREIN P (ve = v.) = 1 — sin® 20 sin* 7Am~(eV”)L(km)

E(GeV)
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Neutrinos in SM (3 families)

= Mk&f, —4 Dirac CP L (M4~ Majorana FH{)

—i6 ) \ .
“3 0 %13 ( ‘2 i 0 :/\};ﬁﬁ: my, niy, My
Uppns = O I 0 J-5, ¢, O
i
— 8136 0 Ci3 )\ 0 0 | y N ——— (m3)2 (mz)z*2
NUFIT 5.2 (2022) i (Am7)gyy
(m,)
Normal Ordering (best fit) Inverted Ordering (Ax* = 2.3)
bfp +1o 30 range bfp £1lo 30 range
sin? 012 0.30310 013 0.270 — 0.341 0.3031001 0.270 — 0.341 , m v
012/° 33.411975 31.31 — 35.74 33.4119.75 31.31 — 35.74 (A Doty - .

h (Am’)
sin? @3 0.57270 033 0.406 — 0.620 0.578719 05 0.412 — 0.623 am
023/° 49.1719 39.6 — 51.9 49.5195 39.9 — 52.1 m v
sin? 613 0.0220319:999%¢  0.02029 — 0.02391 | 0.02219F2-900%0  0.02047 — 0.02396
013/° 8.541511 8.19 — 8.89 8.57 013 8.23 — 8.90 — m— (1)’

2
o) +42 +27 (Am )sol
Scp/ 197132 108 — 404 286127 192 — 360 \ (m,)? (m,)? v
Am%l +0.21 +0.21

. ) . . . ' . . Mz, — Az, -

TR 7.4170-21 6.82 — 8.03 7.41+0-21 6.82 — 8.03 EERR R R
2

" 0%?2@2 +2.51179928 19498 — 4+2.597 | —2.49873032  _2.581 — —2.408




Mass origin: Dirac or Majorana?

— RGBT, IAAFHMT, RFe Dirac flig

~%, =YL Huy+h.c. > mp,vy+h.c.
Tiny Yukawa couplings Y 1/<H > ~ 0.1 eV

— ok, FTRUR H AWK, BFEATIE, w4 Majorana ffi &

B —C
—Z =My
2




Seesaw mechanism: tree level

seesaw mechanism o ¢
BRBARAIL -
1 ; E I .
o Nz 0
0. Lo N
S e
- T - Type I: Right-handed singlet fermion N,
0 0
L L ¢ ‘\v/’ ¢ - Type II: Triplet Higgs A
Weinberg F 4EE 45 y A° - Type III: Right-handed triplet fermion X
N R T —
A | Va 7
—(L¥ic,®)(®Tic, L)) e
1102 25 o T ZRIBRIBER

A\

E. Ma PRL 81(1998) 1171
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7 i)ﬂﬁ}[‘ﬁﬂl Leptogenesis

Baryon asymmetry in the Universe

Leptogenesis
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one stone two birds




Seesaw mechanism: one-loop level

-
- - -~

-
-~
- -~

T-1-1 T-1-11

H - - H N
\:‘s /#, ————
I —> //\\ — I J — — T
T-1-111 T-3

1204.5862 2105.01896




Seesaw mechanism: two-loop level

PLB779(2018)430

Zee, 1986; Babu, 1988

XT et XD
T
- At
; i |
VL ¢r; fp fp Y VL

M. Kohda, H. Sugiyama,
K. Tsumura. 2012.5622




Seesaw mechanism: two-loop level

PLB779(2018)430

Zee, 1986; Babu, 1988

XT et XD
T
- At
; i |
VL ¢r; fp fp Y VL

M. Kohda, H. Sugiyama,
K. Tsumura. 2012.5622




seesaw mechanism: three-loop level

Zs (exact) T I E—
Z5 (softly broken) — + |+ - F

KNT model PRD 67 (2003) 085002 AKS model PRL 102 (2009) 051805




Neutrinoless double beta decay

PR AR 2
T AR

[Double beta decay]

ﬁtpﬁ%ﬂbeta%@; ilﬁ EF'%'(?‘}Qbeta%/Q 0.0 0.5 1.0 (M1e'il)




Neutrinoless double beta decay

n P
e

VY o (m,,)
e

n P

standard neutrino exchange

_ | (m,,) |
(TP~ = Gy IMy, I'——

e

3
| (M) | = | Z Ueziml-
=1




Neutrinoless double beta decay

n p
€ 1()2—; current limit
>
QO
v X <mee> \E/ 101
< | NH
c £ 100:
n p \
. o1 V- |
standard neutrino exchange 10~ 10 10 10
[(m )| Miightest (MEV)
(Ty")™" = Gy, |Mo, I*——
me KamLAND-Zen (1*°Xe) T%# > 1.07 x 10%° yrs

1/2

— 2
e | 5 'Z Ve GERDA (°Ge) T/¥ > 1.8 x10% yrs




Neutrinoless double beta decay

n p
n D .
€ 102-; current limit @
9 €
v X <mee> é 101-:
— | n p
e & | NH
£ 10° short-range
n p | \ n p
. 1()— ———————— |
standard neutrino exchange 10~ 10 10 10 e
Myightes meV .="
Ovﬂﬂ — 2 | <mee> | lightest ( ) (H 0)
( 1/2 ) GOylMOvl m2
z KamLAND-Zen (*°Xe) T# > 1.07 x 10*° yrs o
—_ U2
el | = 'Z ™| GERDA ("®Ge) T > 1.8 x 10% yrs n P

172

long-range




Dirac mass: seesaw

In general, need extra symmetry to allow L./7v,, » but broken to generate the Dirac
mass term v,

H X H -. X X , H

\ Y ~ -

\
~ - \ /
| ) \ | 4
\ !

Y
I
\ Y | \ '
\
I
I
I

Ngr Ny,

L VR L/\\VR L VR

(a) Type-1I seesaw (b) Type-II seesaw (c) Type-III seesaw
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All evidence 1n favor of particle DM thus far comes from observations of its gravitational
effects on baryonic matter.

observed

expected
from
uminous disk

-~ —

M33 rotation curve

rotation curve

=

2.0 T T

26.8%
Dark Matter

5000 68.3% XL/ Ordinary
0| | Dark Energy matter
3000
Q

2 10 50 500 1000 1500 2000 2500

Multipole moment, ¢
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o WMREATIE BE (BRk) , JEE R PN
o HRUERIAICIE AT R R T _an

e Light neutrinos are “hot” relics, decoupled from thermal bath around MeV.

thQ ~ zml/
93.14 eV

e Neutrinos are too "hot~ to be dark matter, constrained by structure formation.

CMB + Large scale structure Z m, < (0.1 —-0.4)eV
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e —REATECE WIS B ik, #vRo WIMPs - ("R B RLF)
Weakly Interacting Massive Particles (GeV - 100 TeV scale)

1, Lightest Supersymmetric particle (LSP)
2, Lightest T-odd particle in the little Higgs theory (LTP)
3, Lightest KK particle in extra dimension (LKP)

(Z) KAGmMER:
an: W& ORI AR AR TR RH ELAE RIAR /D B B R B AR AR, BBt e

Sterile neutrino, Gravitino in R-parity violated SUSY, suppressed by
GUT scale... ...




Canonical Production Mechanism: Freeze out thermal relics

e Thermal freeze-out: the relic density connects to the “annihilation™ cross section

DM + DM €«<=> SM + SM

T 3/2 XX S ff o xx—=ff xx—-»-...
ned — o Som/T T T
x Y
2T -

e Thermal freeze-out while
annihilation rate comparable
to the Hubble constant.

e
_—
S O G —— p— c— — e e— —

= = =
© 9% 33533
s
-l."__:—
ikl ol

n
o

= e
799
[ R I |

e I . —

Comoving Number Density

[anni = Ty <UAU> ~ H(Tf) oo

[T
o O
i I

10~-== 1
10 100 1000

x=m,/T (tithe -=)




WIMPs thermal relics: a rough estimate

©® Assume (o av) energy independent at freezing-out

o From H(T;) = I'(Ty)

® set at weak scale, g, ~ 100, g = 2, m, ~ T ~ 100GeV,
<0'Av> ~ lpba

e ™x/Tr (o4 x 1071 = X 24

o Typical freeze-out temperature is




WIMPs thermal relics: a rough estimate

® After freeze-out, n, /s per comoving volume is constant.

_ 27? 3
8 = "5 Gxsl’

DT S

® Today’s abundance of WIMPs x is given by

is the entropy.  (H(7y) = 1.66./5.77 /M)

ﬂxh2 — pxhz/pc — mxn;hz/pc

® input s ~ 3000cm—3, p. ~ 10~%h2GeV cm >, g, ~ 100, we

obtain
3 X 10~ 27cm3s—1

Q. h? ~
X (o AV)




“WIMP Miracle”

® Typical “weak scale” cross section

Qedm = 0.1198 + 0.0026 Cosmology

—36 2
ov ~ 10 CIn = lpb For the right abundance
2
@
w
o ~ 12 ~ 1pb
weak

A A

WIMPy DM detection era! & & &

LLHC + Direct Direction + Indirect Detection

WIMP mass range  0(10) GeV $m, S 120 TeV




Thermal relics

e For homogeneous and 1sotropic PDFs, the Boltzmann equation of self-conjugated particles 1s

1+ 3Hn = e = ’
n + n (cav)( ng, n )
dilution creation annihilation

in terms of =z =m/T,Y =n/s

dY TGsx Ty 5 5
— — Y —-Y
i \/ 15Gy 22 AT Ve




Thermal relics

e For general case, the dark matter model may include multiple dark matter candidates.

e Hybrid freeze-out processes:

- self-annihilation;

- co-annihilation; £
- resonance effects;
- 2t02,2t03,3to2,4to 2 --- X

Complicated Boltzmann equation.




Computing Package

k!
S

MicrOMEGAS https://lapth.cnrs.fr/micromegas/

relic density indirect rates

DarkSUSY https://darksusy.hepforge.org/
DarkSUSY

DarkSUSY is a flexible and modular Fortran package to calculate observables for a variety of dark matter
candidates. It is written by Joakim Edsjd, Torsten Bringmann, Paolo Gondolo, Piero Ullio and Lars Bergstrom,
with further significant code contributions by (in alphabetical order) Ted Baltz, Francesca Calore, Gintaras Duda,
Mia Schelke and Pat Scott. On these pages you will find general information about DarkSUSY and you can also

download the package.

MadDM https://launchpad.net/maddm

MadDM v.3.1 is a numerical tool to compute dark matter relic abundance, dark
matter nucleus scattering rates and dark matter indirect detection predictionsin a
generic model. The code is based on the existing MadGraph 5 architecture and as
such is easily integrable into any MadGraph collider study. A simple Python interface
offers a level of user-friendliness characteristic of MadGraph 5 without sacrificing

functionality.




Non-thermal relics: Freeze-in Mechanism

® Feebly interacting massive particle (FIMP)

® never attains thermal equilibrium

r=m/T
Hall, Jedamzik, March-Russell and West 0911.1120
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e 2 Jor XSS P AL P

o BEXHRAL L™ IR, FHMLA RS

(1) ISP : monojet/mono-photon/mono-Z + missing ET

q q
— X — X
q X q X
Monophoton + MET Monojet + MET

(2) multijets/leptons + missing ET

(3) Particle invisible decay
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Positrons ];’l_‘é?mu H%%}ﬁ %—E%—j—'@( }E % IZ: ;[:Bi
7 o EEREV &R

Medium-energy Electrons

gamma rays

7 Neutrinos

SRl ik LG EEF
ﬁ@ Antiprotons 3. ME{Z’K}I@B@EP%?’ ﬁnjtlgﬁ\ ﬁﬂﬁk%

Supersymmetric b

) l
neutralinos Boons Protons

. gy~ r§ o
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Eg. Photon flux spectrum from annihilations

) dN 1
O(F, 1)) = deE47T/dQ/lOSd€p r(2,4)]?

SWig
INTEGRAL, Fermi-LAT, PAMELA, AMS02, DAMPE. HESS, CTA.

LHAASO, ---

Neutrino telescopes
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From N-body simulations and rotation curves

= | | NFW profile
S 10% h, mmme- Einasto _
>  oxew() e
| NFW\T) =
% 1ol T+ )
2 x
- ' Einasto profile
A ol /3 | 9 '
10_1;’ pe ~ 0.3 GGV/CHI3 3 PEin(r) — Ps €XP _; ((T/Ts)2 — 1)
r | kpc]

1307.4082 DM density profile
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o
w

o(e”) / (o(e”)+ o(e))

=
-

Positron fraction

® PAMELA

11|

| 1
10

PAMELA 2009

100
Energy (GeV)

Positron fraction

° AMS-02
° PAMELA
A Fermi

10
e* energy [GeV]

AMS-02 2013
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scatter from the
Atomic Nucléus

~ WIMP BE¥) /R

Photons and Electrons
scatter from the
Atomic Electrons

i

T 0 Jo L RN S
CDMS, XENON, LUX,
CDEX, PandaX, -+« -+
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Cik _ p2v?(1 — cos 0)

2mpyn mpuy

o FHIEL:  Nrarget - 1y - Oy NV - Time CELEY R HNEEAS B

o FEji¥: counts/kg/keV/date

dR 1 po [* do ., .. . .
_ t)d
dE,  mx m, /U 1g, Ve (%04

min

Umin = VMmN E,/(212) minimal velocity to create recoil F,

po ~ 0.3GeV/ cm” local DM density
fo (U, 1) velocity distribution

Y. B RIS, FH %




W BB

In the NR limit, the DM-nucleus intetractions:
YYNN = 4m, mny1, 1N
XX NV s N = 16mymy Sy - Sy

* HIIR: SRS, VeV

coherent interactions: ox |Zf p T (A—-2)f n]2

fo=1fn = o0oxA® (A? enhancement)
I» # fn 1sospin-violating dark matter

o fiEix:  A®ATOT

couple to the nucleus with spin (unpaired proton and/or neutron )
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elastic scattering inelastic scattering
Y+ N —=>x+N Y+ N—=>x"+N
1 T NEfr
Umin — | 5)(
\/sz Er H
Elastic Inelastic

f(v)
f(v)
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Annual Modulation

June
fo (U, t): DM velocity distribution in earth frame. TVTvT-g
fo(V,t) = feal(V + Vo + Ug(t))
Maxwellian velocity distribution in dark halo frame
Y o 230 km/sec
Ne v/ o< Vese -/ @& . ... ...

fgal('l-” — {

with vg ~ 220 km/s, Vese ™~ 990 km/s, vy = 30 km/s
Galactic Halo

0 V > Vesc

December
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Evolution of the WIMP—-Nucleon o
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4 BB RY: Call for new physics beyond the SM

violating

Supersymmetry

Conserving

Theories of
Dark Matter

Dimensions




Dark Matter Candidates Z.oo

- BSM theory with natural DM candidate;

- Alternative DM product mechanisms (freeze 1n, non-thermal...)

- DM and neutrino mass correlated (sterile neutrino, “scotogenic” neutrino mass, ...)
- Baryogenesis and darkogenesis (Asymmetric DM, ... )

- Phenomenology motivated (inelastic DM, 1sospin-violating DM, resonant DM, ...)
- Various mediator DM (Higgs portal, U(1)’ portal, neutrino portal ,...)

- Various interactions DM (form factor, momentum dependent, ...)

- Multiple dark matter, mirror dark matter

- Hidden dark matter, self-interacting DM, composite DM, ...

- axion-like, dark photon, very light or very heavy DM, boosted DM, ...



Decaying dark matter

® The lifetime is longer than universe’s age

® To explain the PAMELA’s/AMS 02 positron/electron data,
decaying dark matter: ~ 10%° sec lifetime

® Good candidate: Gravitino with R-parity violation in SUSY.
Due to the factor 1 /M, suppression, gravitino has very long
lifetime to be dark matter.

o candidate in some GUT theories, suppressed by the 1/AguT
scale.




Asymmetric Dark Matter

® DM density arises from DM matter-antimatter asymmetry;
® The fact Qam ~ Qbaryon;
® Baryogenesis:

np — Nj,

My = ~ 6 x 1071
L

® Assume there is conservation for SM global number g and
hidden charge Q,

qn,_z = —Qng,._ ..

® from 2y oxx MpMp, DM X MDMTIDM, the masses are related;

® Possible to unify the origin of the baryon and Dark matter

abundance.



lﬁﬁ”@%% ] . Singlet scalar DM

e SM + Real singlet scalar with Z2 odd symmetry

1 1
)\4
A X

1
L, = 56’”xﬁu><

1609.03551

Higgs portal singlet scalar dark matter ?_(b) - S
1 10 100 1000 10°
mp (GeV)




SUSY LSP: neutralino

® Supersymmetry: A possible solution to the “hierarchy problem”
® Each SM particle has its own superpartner and vice versa

® R-parity

R=(—1)3B-D+2s - QM:4 SUSY: —

o the lightest supersymmetric is stable: DM candidate!

Standard particles SUSY particles




SUSY LSP: neutralino

® the neutralino x, a linear combination of {B, Ws, H o, H 2}
was/is the leading candidate of DM

® neutralino annihilation
x + x — ff, Higgs, gauge bosons
)21 = Oélé —+ (XQW3 —+ &3ﬁ? —+ &4ﬁg
|;|” > 1 (e.g. 90%) bino-like, wino-like, higgsino-like

Winos

Binos

Binos

w/ relic density
upper and lower limit

w/ relic density
upper bound

Higgsinos
Higgsinos

light Higgs mass, relic density, LEP and flavour, direct and indirect detections and LHC constraints
taken from pMSSM scan 1707.00426




SUSY LS

Gravitino

e Superpartner of Graviton.

e Non-thermal relics, produced from scattering from primordial thermal bath after

inflation or decay by neutralino after freeze-out.

e highly suppressed coupling, hard to be detected. R-parity violated SUSY, it decays into
neutrino +photon with long lifetime.

axinos, singlino, ...




Simplified model

N

Higgs portal

7' portal

Neutrino portal

dark photon

Top/lepton/...-
philic

Axion-like portal

X-portal




Simplitied model: Higgs portal

1 1 1 1
Ls = Lsm + 5(8”,5)(3”’5) — 5#%52 4'/\554 — QAhS SQHTH,
1 1 1 1
Ly = Lsy — 7 W, W + 5u%/vﬂw = I,\V(VMV“)Z + 5 Ay V.VFHTH,
1 1A
£ = Lone+ 20— 1) X — 5 2% (conx +sin O insx ) HUH
2 2 A,

_ A _ _
Ly =Lsm+ Y (z@ — ;w) (0 AW (cos 0 Y1y + sin b wz"ymp) HTH, 1512.06458
P




Simplified model: Z prime portal

L= Z,(92:qv"q + 92507 75q) + (9pXV*X + 95XV V5X)]

Operator Structure DM-nucleon Cross Section
O1 aY" axXYuX SI, MI Wijgz(g;f;ﬁgfp
O  ¢VaxursX SI, MD ~ v
Os V" 759X VuX SD, MD ~ 2
Os  @y"v5qxwysx  SD, MI 3715 9D5 (AD)* MR My

TM_,(MN+My)?

1202.2894



U(1)’-portal

® Massive dark photon

L D ecAlJ!' 4+ e'ALTH

X X
X f
>K Al
p f
X f f
s — channel t — channel
X > ‘\/\/\/\/A'Z
Y See 2005.01515
X ) 17 )
T 2105.04565 for review on dark
annihilation photon

e There is a rotation way of dark U(1) and SM U(1) to leave the following interaction.

OCZ D, 66/ Iu)?}/’u)( milli-charged Dark Matter




e The mediator is integrated out.

e few parameters: DM mass, effective scale

EALF (Effective Field Theory)

Name| Operator |Coefficient
D1 XXqq mg /M3
D2 |  Xx7°xdq | ime/M;
D3 |  xx@v’q | img/M?
D4 | Xx7°xq7°q | me/M?
D5 | xv*xqwe | 1/M:
D6 | Xv*v°xqvuq | 1/M:
D7 | xv*xqvwy’q | 1/M:
D8 |xv*v°xqvu°q| 1/M:
D9 | xo"'xqouq 1/M?
D10 (X0uwY°Xqouwq| /M
D11 | xxGu.G* as/AM3
D12 | xv°xG G | ias/4M;
D13 | xxGuG* | icg/AM3
D14 )275)((}#,,@“” as/4M3
D15 | Xo"xFu M
D16 )Za,“/y‘r’ XFuv D
M1 XXaqq mg/2M3
M2 XY°xaq img/2M3

Name| Operator |Coefficient
M3 |  xx@v’q |img/2M}
M4 | X7 x@°q | me/2M;
M5 | XY*°xqvuq | 1/2M?
M6 |x7Y*v°xqvuv°q| 1/2M?
M7 | xxGuG* | as/8M3
M8 | x7°xGwG* | ias/8M?
M9 | xxGuwG* | ias/8M3

M10 | xv°XxG . G* | as/8M3
C1 x'xaq mq /M
C2 | x'x@v’q | img/M?
C3 | x'Ouxar'q | 1/M:?
C4 | x"0uxav*+v°q | 1/M?
C5h xTxGw,G”“’ as/4M?
C6 xTxG’,w@"“’ ias/ AM?
R1 x2qq mq/ 2M?2
R2 Y2q7°q img/2M 2
R3 X°G,G" | as/8M?
R4 | x2GuG* | ias/8M?

Mediators

DM
SM

EFT approach is useful for
complementary analysis for
various detection ways.
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.t uv L_J , &0
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Right-handed neutrino portal

e Seesaw mechanism - origin of neutrino mass and mixing
e [eptogenesis - baryon asymmetry in the Universe
e mediator between dark sector and the SM

e Provide connection between the origins of DM and Baryonic matter.

0911.4463 one stone three birds




Triplet Higgs portal

Triplet Higgs generate neutrino mass (Type Il seesaw), exclusively couples to leptons

e
}' X A < -
L.V
CE B VAVAVAVEYEvS |4 g |
N A 'S
N Yo

k TN L,V

% LS

\ A

l e ‘ f, U

PLB B 677 (2009) 311 1712.00869, 1804.09835, ...

to explain the electron/positron excess observed by PAMELA, Fermi-LAT , AMS02 , DAMPE...




Sneutrino Dark Matter

Sneutrino

e [LH Sneutrino as DM candidate, ruled out by direct detection
e SM+ RH neutrino for neutrino mass generation
e RH sneutrino non-thermal DM (Freeze-in)

e RH sneutrino + LH sneutrino mixing state as (thermal) DM candidate




keV Sterile Neutrino as Dark Matter

® Connected to the origin of neutrino mass — Seesaw mechanism.
® Neutrino oscillation — active neutrinos are massive. (BSM)

® Tiny neutrino mass: seesaw mechanism (SM+Right-handed N,)

® The sterile neutrino:

Ve, = coSONp + sin fvy

produced by oscillations, the abundance of v, : Freeze-in non-thermal relics

sin”® 26 ( M )1-8

QO.h% ~ 0.1
10-3 \3keV

Phys. Rept. 481.1




keV Sterile Neutrino

W::
Uy Z 41 Vy —» ;{»A}\»\i: 4! Vy —»
Y

(2) (b) (c)

10keV> 5 ( 103 )

The lifetime: T3y 1()24years( 02

Mg

U, —=>UTY

detection signals are mono-energetic X-rays: E, = mg/2




keV Sterile Neutrino

PROSPECT
SK HIC +DC

LNV Decays

Z .
QL ‘ |
 CHARM
Sup.er—K
—8
10 NA62
Supernovae \\\E\\ . T2K
— v '........ BBN
10~} \r
CMB +BAO + H, Seesaw
10 9 | 6 -3 | ' | 3

my |GeV]




Scotogenic Neutrino mass models

Neutrino radiative Majorana mass and dark matter

¢ ¢°
N,, n (singlet, doublet) are odd under a new Z,
n° n° symmetry, forbid tree level seesaw and provide
stable dark matter
V; N, V;j

Figure 1: One-loop generation of neutrino mass.

Ma Model hep-ph/0601225 1400+ citations
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