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Standard Model

¥ SM describes well fundamental interactions of
elementary particles except gravity.

¥ Electroweak symmetry breaking is well tested, being
consistent withpredictions of SM.
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¥ We are on a right track for understanding the
generation of masses, but there are many puzzles.



Puzzles of SM

v Hierarchy problem, vacuum instabil
~ new symmetries and interactions? \ e

v Electroweak symmetry breaking
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~ modibed Higgs potential?
v Dark matter, dark energy

~ non-minimal, beyond WIMP? ‘s |"s ‘| »
v Flavor puzzles, baryogenesis -
~ [3avor symmetries?

v/ Inf3ation, quantum gravity,
unipbcation, etc.

g et '.\l."é‘f'i";; .]V&N] l),)



Evidences for dark matte
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Cosmic pie and dark mattel
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¥ DM interacts gravitationally.
¥ DM is almost charge-neutral.
¥ DM makes 85% of total matter.

¥ DM is not part of the SM.



What is dark matter?
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WIMP dark matter

DM number _
" T Dark matter abundance iIs
RN determined by freeze-out.
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Weak interaction with 100GeV~1TeV mass:
* Y h2201 Lpbac
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Predictive for direct, indirect and collider detections!




WIMP from underground

"I XENON1T (May 28, 2018
Particle Data Group (2018)
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Direct detection bounds on WIMP DM get stronger.



Current power spectrum Plk) [(h™ Mpc)®]

Core Cusp problem

Wavelength A [h -1 Mpe]
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CDM explains well Small-scale(<kp@roblems?

large-scale(>Mpgtructure. [Spergel, Steinhardt, 2000; Tulin, Yu, 20:

¥ Core-Cusp problem:CDM N-body simulation predicts
cuspy DM proble (NFW), rendering rotation velocities

larger at small scales¥*cored DM probPle favoreqd
cf. too-big-to-fail, missing satellite problems.
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Self- Interactlng dark matter
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Self-interactions transport heat fromutside to the core.

» Flattening the DM proPle in the inner region.
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Baryonic feedback

Baryonic Results DM—only Results
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[Brooks & Zolotov, 2012]

Baryons (SN feedback) can erase small structures



O off / arcsec

SIDM Simulations

—==, o= | Dwarf galaxies simulation
L — OrageoMns e strevesiowns| | resolution 1.8 102M !
e [Vogelsberger et al, 2017
o 10 -. : SIDM Star COI’G radlUS
%, : follows DM core radius
Fipdd Gravitational Iensinb
e 5 for galaxy clusters
01 1 esm 4T
. SIDM1 T +H e~ ~
0 ﬁﬂ#ﬁ [Robertson et al, 2018 e
7 SIDM: cored DM makes
gravity lensing effect smaller.
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Veloc:|ty dependent SIDM
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¥ Bullet cluster shows no DM self-interactiong/m ! 0.7cm? ¢

¥ DM self-interaction may be velocity-dependent.

THINGS dwarf galaxies (red), LSB galaxies (blue), and clusters (green).
SIDM N-body simulations, with o /m = 1 cm? /g, (gray) [M. Kaplinghat et al, 2015]}



SIDM In merging galaxie:

ODrag forc® btw DM subhalo

DM
and larger halo

>0OGravityO btw subhalo and star

== Separation of DM halo

DM e.g. Abell 3827 cluster
off-set: A = 1.6270%7 kpc
20— [Massey et al(2015)]

0%'0. ST .3.0. SETTRIT .1i5. R [Kahlhoefer et al(2015

sh [Kpc]




Summary of constraints

Positive observations o/m Vrel Observation
Cores in spiral galaxies >1cm?/g | 30—200km/s |Rotation curves
(dwarf/LSB galaxies)

Too-big-to-fail problem

Milky Way > 0.6 cm?/g 50 km /s Stellar dispersion
Local Group > 0.5 cm?/g 50 km /s Stellar dispersion
Cores in clusters ~ 0.1 cm?/g 1500 km/s Stellar dispersion, lensing
Abell 3827 subhalo merger|~ 1.5 cm? /g 1500 km/s DM-galaxy offset
Abell 520 cluster merger | ~ 1 cm?/g | 2000 — 3000 km/s |DM-galaxy offset
Constraints

Halo shapes/ellipticity < 1lcm?/g 1300 km/s Cluster lensing surveys
Substructure mergers < 2cm?/g |~ 500 — 4000 km/s|DM-galaxy offset

Merging clusters

Bullet Cluster

< few cm?/g

< 0.7 cm?/g

2000 — 4000 km/s

4000 km /s

Post-merger halo survival
(Scattering depth 7 < 1)
Mass-to-light ratio

[S. Tulin and H.Yu, Phys. Rept. 730, 1(2018)]




SIMP paradigm



Light dark matter

Below typical WIMP massest keV ! mpy ! 10GeV

qz (m V)2 (Fermion DM)
Eg = = 2 OMY 1 kev |
R omn T : Small recoll energy

Challenging for lower detector threshols

1 0-38

~
Nﬂ 1077

10 =

g -

$ 10¢

0 = N e - N N =
& -

| 1042 == Darkside-50 Binomial

: — - — Darkside-50 No Quenching Fluctuation

P [ —— NEWS-G 2018 weemeee LUX 2017

+ —  w— XENON1T 2017 PICO-60 2017
8 10% L PICASS0 2017 -« =.CDMBLite 2017
= — —— CRESST-III 2017 - = -~ PandaX-II 2016
X x XENON100 2016 DAMIC 2016

3 -- = - CDEX 2016 CRESST-II 2015
a

1044 L—=-~" SupercbMs 2014 cDMslite 2014
= COGENT 2013 CDMS 2013
CRESST 2012 | | DAMA/LIBRA 2008
Neutrino Floor
10745 VAV VAV AIAYA VA AVAVAVAVAVAVAVAVAAVAVAVAVAY AVAYAY AVAVAY A DRV UATT T T
5x10t 1 2 3 - 5 6 7 8 910

M, [GeV/c”]



Status of DM models
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New DM production mechanisms open a new
parameter space for light dark matter.
cf. 32 process, forbidden, ELDER, co-scattering, etc.



OStandard" light DM
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X 2
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SIMPparadigm

DM DM DM
DM
DM DM DM DM

SM SM DM SM



SIMP poduction

¥ Strongly Interacting Massive Particles (SIMP) in

chemical equilibrium by self-interactions<2).

[Carlson et al (1992} ochberg et al (2014)]
DM

DM DM
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DM DM
DM
n 2
dnpm 9 9 2 _eq | qof = —2
—— T 3Hnpm = —{0v%)3,2(nDM — nDHMTpM) L miy,

Large self-scattering vs small annihilatioQ:v) = npm (! V)1 1 e

Relic density ! ouh? ~ 0.1(Mou/3SMEVITE 1 Zeel (03 ) 1002

- el Mpwm eff

cf. forbidden channels, elastically decoupling, co-scattering,



New window from SIMPs
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SIMP In equilibrium

¥ Equilibriate SIMP kinetic energy by kinetic scattering to
avold overheat for the structure formation.
[de Laix et al, 1995; Murayama, HML et al, 4G

DM

----------

----------

---------------------

32 elastlc scatt

Kinetic equilibrium: ! (T) >H | m?“” 2 >

of. WIMP: AKon | T — 1(T)>H O




SIMP detection

¥ DM-electron scatterlng [Hochberg et al (201§
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¥ Gamma rays, CMB [Essig et al, 2013]
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SIMP detection

¥ Mediator particles in beam dump and colliders.

[US Cosmic Visions, 2017; Belle-Il 2D1¢
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SIMP models



DM

OSIMP Recipe =

DM

¥ No dark particles lighter than SIMP.  “ . = s
¥ SIMP heats up! Make it cool down. e

Lower boundon the SM couplings |! > 10 * o

¥ Maintain SIMP process in a large portion.

Upper boundon the SM couplings |! < 24! 10 °"

¥ Variations for a UV model (renormalizable, dark Ravo

Light mediators, multi-speciess=»> Assisted SIMP



Toy examples

[S.-M.Choi, HML, 2015]
¥ Z31s the minimal discrete symmetry from a dark local
U(1) and ZO portal is built-in for kinetic equilibrium

o]
[Ty [ +3] 1] 1" = #i_v! » U1y ! Zs.

2

Table 1: U7{1)y charges.
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Bounds on SIMP
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Dark sector couplings:
relic density & self-scatteri

Beam dump exp, meson dec:

DM-electron scattering, etc.
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Vector SIMP

[N. Bernal et al, 2015; S.-M. Chol, Y. HochhdtgKul3ic,
Y. Mambrini, H. Murayama, HML, M. Pierre, 2017]

¥ Massive SU(R)gauge bosons = SIMPs

Gauge interaction® self-interactions for dark matte|
Accidental SO(3) custodial symmet#yDM stabllity

Dark Higgs mechaniss kinetic equilibrium by Higgs portal

i % X' X X
K Xj Xl
X X m
Relic density
(s-wave 3»2)

Large self-scattering
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Bounds on VSIMP
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SIMP from [k QCD

Dark Ilghtfermlons — e E Dark mesons
,G =SU(N).xSU(N)&: . H=SU(N)v [3avor sym:

dark condensate
oo oo

¥Wess-Zumino-Witten term [Wess, Zumino,1971;Witten, 1983]

2N,
Lwzw = 5ﬂ_2GMVPUTI'[WBMWGV?Tapﬂ'aUW] T15(G/H)=Z
[Hochberg et al, 2014, 2018; Seo, HML, 2D1°
7t o N "
70 =~ .
L }E'_ ~0 .. 0
i

meson annihilation meson self-scattering



SIMP mesons w/oVMs
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Higgs mass and dark gluons

¥ Discrete symmetries for Twin Higgs |

[Chacko,Goh,Harnik, 2005] |
SUB)a ! SU@a]! [SU@)s ! SUR)s]! (Z,"

¢ :SU(4)— SU(3) 015-8 =7 pNGBsC

" O OO
(

== Higgs = pseud®dambu-Goldstone boson

Ur = U8, Ha! Hag

Higgs mass due to top quarke>  (heutral topO.

3l i ,
I Z — — p— h Yt u! h b h
mi = s (O - y2) = O e
Higgs mass due to gluonss=p Qlark gluonsO
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(93 93) =0



Twin Higgs + SIMP

[Hochberg et al, 2018
¥SU(3pXSU(2px U(1)s twin gauge symmetries with,Z

Standard Model sector twin sector
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Breit-Wigner SIMP resonance

¥ SIMP process can be enhanced at dark resonances.
[S.-M. Choi, HML, M.-S. Seo, 2017
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Velocity-dependent SIDM

¥ DM self-interaction may be velocity-dependent.
IM. Kaplinghat et al, 2015; X. Chu et al, 30
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Dark vector resonances

Vector resonances In hidden gauge scheme:
Global SUNvxSU(N)/SU(N)v + HiocaFrSU(N)v

1 %Pﬂ + ﬁwsu + %wﬂﬂ P K‘TL
Ve =Vit' = — Pu ~ VP T gt 5%ou K

- ]{I;— ]&—‘:O _72§w8“ + 715“’0;1,

n

.2 2 £2
v, VM masses:. my =ag"f; degenerate
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Generalized WZW terms withHiocamSU(N)y
[Bando et al, 1988; P. Ko, 1991
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b3 Dark photon case:

[Berlin et al, 2018]



Boosting SIMP annihilatior

3—2 annihilation: [S.-Choi, A. Natale, HML, P. Ko, 2418
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= Enhanced near resonances at 8r 31T.
2— 2 self-scattering:
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== \/Ms |lead to velocity-dependent self-scattering.



SIMP mesons w/ VMs

[S.-Chol, A. Natale, HML, P. Ko, 2(Q18
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Smaller SIMP couplings are aIIovL




Communicating to SIMPSs

DRBRRIS SRERRRRL Uy, he)
Z0O-portal, Higgs-portal,
Axion-portal, etc

¥Vectoria| ZO with no chiral anomalies [HML, M.Seo, 2015]

CRNCEETEERLS DRERLEELE 0 Meson mass splitting:
(K) 5 (K™) 4 1
c Lo, ="0! *TIQoUQo U' ']
M > sy ™ Im2! "pl YF 21 0.01m?
¥Dark Higgs or sigma belds [A. Kamada et al, 2015;
.0 .0 ] VSIMPers, 2017
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cf. Axion-portal:
Hochberg et al, 208
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Z0O portal for SIMP

[M.-S. Seo, HML, 2015
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¥ SIMP parameter space can be probed by ZO searches.

ete”™ 542 51T, ete” = v + MET

h - zZz', Drell-Yan, dileptonsetc. cf. Hochberg et al, 201:




Axion portal for SIMP

[Hochberg et al, 2018]
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aF* F . Kinetic equilibrium occurs due to axion decays &
Af H . S
ay Inverse decays above the solid lines.

cf. [A. Kamada et al, 2017]



Conclusions

¥ Particle nature of dark mattenas not been identibed, sc
we need to consider new possibilities beyond horizon.

¥ SIDM is motivatedy small-scale problems in
astrophysicsSIMP dark matteis a plausible sub-GeV
self-interacting dark matter, without a need of large
couplings to the SM for freeze-out process.

¥ SIMP modelpredict minimum couplings of new
mediators for kinetic equilibrium, that can be probed at
Intensity experiments such as Belle-lIl and LHCD.

¥ Dark resonances for strong-32 processesnay give
another handle on uncovering the dark sector.



