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Motivation



Dark matter from sky

R (x 1000 1y)

® Various evidences from galaxy rotation curves, CMB, and
gravitational lensing, and large scale structure.

But, we don’t know the origin of dark matter.




WIMP Paradigm

[Lee,Weinberg(1977)]

DM number

0.0

0.0

Comeving Nurmnber Density

10t

- A e - — .
3 3 2 3 3 . - o~ -

[ - — - -
e 2 f=] &3 o [ =4

r

oo T T Dark matter once in thermal

y

\ equilibrium with SM particles

\ | 3
Y Increasing <a,v> -
\ 4 .
y | L
\"- o .
NS S : DM SM
\ 3
\ i 3
\“ '\ -
\\ ‘
\ T T 1
' -
\ E
L
i~ 3
\ _____________ -
| 1
| -
\ L
Niq J E
\ :
\ 1
| P
10 tul R DM SM
x=m/ (time +) t|me

Weak interaction with 100GeV-1TeV mass:
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Interplay of direct, indirect and collider detections!



WIMP—nucleon cross section [cm*|

WIMP in challenge

updated from SNOWMASS document, arxiv:1310.8327

10737 B N : S : e 107
-38 N \\ excluded | |n-2
10 /C o2 ] ? .I.O
) L=
-39 A -3
10 ‘g \ §{\ S 110~ -
2\ - S
10740 LI 1o o \\\'\:;}\ 01a) , a12) 107* =
o P 2 -
10712 2 o0h ANRG e swRES g0 1075
\ i A0 'i| ‘-\"\;-\ — - - '*C\'J.CSS-‘ //U,PE“’\’.ZS‘FZ) G
10~ ‘%) X \‘ )‘M __— 1%° 2009) 1078 2
\G@ ~— ?) 7 .ﬁ?’f - s . 20.@’/ g:
107 o, - i P onont S =107 &
% ~ E - S O G
-44| Be \ /"’ ) @gda‘i,«s‘f -8 =
104 N \ - aﬁoﬁ“‘j@—:f = 107? ©
-~ r — "ﬁ ':‘oﬂf‘ | =
R N, ™ _anf; - o ' =
10—46 \\\s. ~ -:__::.—‘,. "-‘_-— le_u) QI_
“ ~--__‘,— —"."‘
10747 \\~ —_‘_——" G"‘IO—“ §
107 ‘ Jﬁ N Neut "% 110712
- S i and _a
1071 S llowed oF pamos®"™ v
[0 e L ———— PP | PP PR Ng as
1 10 100 1000 o
WIMP Mass [GeV/c?] £ oo
z
° ° &I 10—46
No direct evidence for WIMP; =
10-47 el 1 o1 1l

No new physics at weak-scale.

1 llllll 1 1 1 Liiil
102 10% 104

WIMP mass [GeV/c?|

10!



Small-scale problems

® (Core-cusp problem: simulation with CDM (cusp)
overshoots galaxy rotation curves.

Isothermal (core) profile is favored over
NFW or Einasto (cusp).
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® Other problems: missing satellites (fewer DM
subhalos), too-big-to-fail (masses of dwarf galaxies)



Self-interacting DM

® Self-interacting DM: core profile and no small-scale problems.

9
Oseit/Mpy = 0.1 —10ecm” /g

cf. WIMP DM without light mediator: osas/mwme ~ 1071 GeV ™" ~ 107 em® /9.

Abell 3827 =

No evidence from Bullet cluster; , 1 0.47
. Off-set of DM halo: A — 1.62_‘8:39 kpc
smaller self-scattering at clusters

2 . . .
Oself/MpM < 1cm” /g hint for large self-interaction!?



Beyond vanilla DM

Dynamics for self-interacting dark matter and its portals

SM

Portals: Higgs, Z’, axion, graviton, etc

o SU(N)xU(l)x - o SU(3)xSU(2)xU(I)
e Dark local or global U(I)4 ® U(l)em,U(l)s
stability of DM stable electron, proton

® New strong int, dark flavor ® Strong int, SU(3) flavor

self-interacting DM self-interacting,
long-lived mesons




SIMP paradigm &
production



SIMP mechanism

[Carlson,Machacek, Hall (1992);

® Self-scattering vs 3—2 annihilation Hochberg et al(2014)]
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100 MeV Massive Particles (SIMP)



SIMP abundances

[S.-M. Choi, HML, M.-S. Seo, 2017]
® Thermal average of 3—2 annihilation cross section

DM DM Thermal average (CM frame):
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Canonical transf. of constraints leaves cross section invariant.

oC

,’ — _13 142, — l
(o —2 Z /dm) e go (I +2)ajz~

(n,m,l) | (1,0,0) | (1,1,0) | (2,0,0) | (1,1,1) | (2.1,0) | (3,0,0)

General: ((v1)"(v3)™(v3)") = epuzxz™ " > 7 20 100 160 280
Cnml e E 9

¥
.
.
O
(F=]




DM

DM

DM

SIMP resonances

[S.-M. Choi, HML, M.-S. Seo, 2017]
® 3—72 annihilation cross enhances near resonance.
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SIMP resonances

[S.-M. Choi, HML, M.-S. Seo, 2017]

® Thermal average of 3—2 annihilation near resonance
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Kinetic equilibrium

® Excess of kinetic energy released by SIMP process needs

equilibriated by the SM plasma. [de Laix et al, 1995]
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Boltzmann equatlon for DM kmetlc energy:
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® |neffective 2—2 annihilation needs ¢ < 2.4 «x 10 %a_g



Portals to SIMP

® Higgs-portal: scalar DM [Bernal et al, 2015;S.-M.Choi, HML, 201 5]

DM -----e--- possmsommmes DM <0' 1U> y A%L,DMmlzszM
i h 47Tm;];
/ ] Constrained by

Higgs invisible decay: e < 10712
AnpM| S 0.01

® /’-portal: (built in models with discrete symmetries)
'HML, M.-S. Seo, 2015; S.-M.Choi, HML, 2015]

DM ---eeeemaao--- Ak DM (Gv) ~ 96raapeimiy, T
Z msy,, MDM
3
B Complementarity with

[ [ Z’ searches
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Models for SIMP dark
matter



Discrete symmetries for SIMP

[S.-M.Choi, HML, 2015, 201 6]
® /3, /s are consistent discrete gauge symmetries for

SIMP and Z’ portal is bU|It-|n
Q@ | S
Uy || +5 +\1 13 (5(9)) » U(l)y — Z3(5)

Table 1: U (1_)\ ClldlD(._. Z3 : [:Z:; — —I‘{(_'l.-‘, K8 hl)\3 4 h.c. — /\\|\|1 . '5'/\65_\'('1-’, + hl.)?.lxl?_,

Zs : Lz, = M0’ ST — Aav'Sy? — A3STy? + hee.

® Self-scattering and (s-wave) 3—2 annihilation.
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Bounds on Z3 SIMP

[S.-M.Choi, HML, 2015]
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SIMP pions
-

condensate of SU(N)
dark fermions

WZW terms for T15(G/H)=Z (i.e. Nf>3) [Wess, Zumino,|971;
Witten, 1983]

2N
_ C__ Hrpom
Lwzw = 1502F5 © Lx[7 0y w0y mdym0o] [Hochberg et al, 2014]

Self-scattering:

SIMP process:
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T . .- ~1/N¢
o K Lo 9 9 9 ~const
(00?) SVENZIS 2% Tp - m_ ‘a”
OV )32 = —=f0 ' ara! self — o
2mS F10 N3\ m, 327'13‘4 \,-;'



£’ portal for SIMP pions
-------- RNET

Z’-portal

® Gauged WZW term [Witten, 1983]

Cancel chiral anomalies for stability of dark pions!?

. /s AVAVAVEY 4
L < q x Tr(QLT*) =0 if Qp=1
SEAVAVAVIY 4

5 0 0 :
—~ 0, _ ( 0 -1 o ) : flavor non-universal charges
0 [M.-S. Seo, HML, 201 5]

Gauge kinetic mixing = Kinetic equilibrium



Bounds on SIMP pions

[M.S. Seo, HML, 2015]
[Hochberg et al, 2014] . ———————
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® SIMP parameter space can be probed by Z’ searches.

ete™ 542" 5 4(UT17), ete” = v + MET

h—ZzZZ (CMS 8TeV), Drell-Yan, dileptons.




Vector SIMP

® Non-abelian massive gauge bosons = SIMP
== Seclf-interacting, in kinetic equilibrium via dark Higgs.
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[ Bullet cluster bound leads to
™MpDM Z 300 MeV
Higgs invisible decay leads
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[S.-M. Choi, Y. Hochberg, E. Kuflic,Y. Mambrini, H.
Murayama, HML, M. Pierre, to appear.]




Z’ portal for VSIMP

m, =50 MeV, ¢,=0.01

DM-lepton elastic scattering P
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[S.-M. Choi,Y. Hochberg, E. Kuflic,Y. Mambrini, H.
Murayama, HML, M. Pierre, to appear.]




Conclusions

SIMP dark matter is produced by thermal freeze-out

of the 3—2 process, without sizable couplings to the
SM, but with large self-interactions.

Thermal averages of DM annihilation cross section is
generalized to SIMP case.

would need a nonzero coupling
between SIMP and the SM, which can be probed by
DM direct/indirect detections and Z’-searches.

A variety of testable SIMP models with local or global
symmetries in dark sector were proposed.



