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Evidences for Dark Matter
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WIMP & its detection
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Unexplored dark matter?
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® Dark matter is known by gravity only; interactions to us
may not be so strong; what about self-interactions?
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Small-scale problems

® (Core-cusp: Simulation with @ Too-big-to-fail: Simulation
CDM (cusp) overshoots predicts too much mass for
galaxy rotation curves. dwarf galaxies (subhalos).
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DM self-interactions

® DM self-interactions solve small-scale problems for

)
Oselt/Mpym = 0.1 — 10 cm® /g

cf. WIMP DM:  oges/mwivp ~ 1071 GeV ™ ~ 10_14cm2/g.
Bounds from Bullet cluster:  se/mpm < lem?/g

® DM sub-halo lags behind the galaxy, due to drag force
(“long-range”) or large momentum transfer (“‘contact”).

Hints from Abell 38272 2:
-
off-set: %no;— | -
A = 1.62f8:§g kpc 05} A0
Osett/MpM ~ 2 X 107 %em? /g 09 0 35 SUSERUIUIIO
[Massey et al(2015)] fan [kpC]

[Kahlhoefer et al(2015)]

16 72 10 2eY



SIMP paradigm

® Strong Interacting Massive Particles(SIMP) are based

on chemical equilibrium with 3—2 self-annihilation.
[Hochberg et al, 2014; S.-M.Choi, HML, 201 6]

DM DM oo,

- +3Hnpm = [—(oz'2> 350 (NP — n%hlng‘.\@

—(0v)252 (npy — (nDM)?)

DM
SIMP freeze-out:
I'3_y0 = niyv{ov?)so ~ H(TF)
DM DM
3 9 x 107 10GeV 2
2\ _ Ko => Qpmh? ~ 0.1 - 75
<U’U >3—>2 %NI ((g*/10.45)3/4(% fxoz 213_5(0’02}d33) / )

Qe — 1 — 30,
mpm = 40 — 1000 MeV

M 3/2
QDMhZZO.l(mDM/35 eV) = >

Oleff
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SIMP self-interaction

e SIMP DM is accompanied by large self-interactions.

DM DM DM DM

DM
DM DM DM DM
3 2
((7’()2)3_,2 —_— gﬁ O self 9
DM "MpMm
- N\ 3 .
' Oself a <3 (100 MeV (neﬁ)z 5
IpwM 8 ¥ ( Inpm 2 T 1cm /g
eff

relic density
Bounds from Bullet cluster -

& spherical halo shapes.  7pum

< lem®/g = 4.6 x 10° GeV ™"
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SIMP in kinetic equilibrium

DM DM ©® SIMP with 3—2 is overheated so it is
dangerous for structure formation.

[Carlson et al, 1992; de Laix et al, 1995]

SIMP can be equilibrated by kinetic
scattering with the SM bath:

€1

o~ (0V)xin = ngM; nsM{(0V)kin > H(TF)

time | { , ]
® “Decoupled SIMP” can be thermalized by dark thermal bath.
cf. Cannibal DM, ELDER dark matter.  cf. FIMP

SM

® Higher-order(4—2) SIMP is lighter (sub-MeV), so it must be
decoupled from SM thermal bath, due to bound on Ne.

16 72 10 2eY



SIMP conditions

DM SM @ Crossing symmetry of kinetic

scattering leads to 2—2 DM

annihilation, which is sub-dominant, if
2

€
(0V)ann = —5—;
nsM{0V)kin < NDM{0V?)3-52
DM ) . SM
time

=

® SIMP conditions on interactions to SM:

[ 0.9 x 10_904;42 Se12 524X 1()604ng

lose heat! 3—2 wins!
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Portals for SIMP equilibrium

® Scattering of SIMP through Higgs-portal does not work,
because of small electron Yukawa coupling or Boltzmann-
suppressed abundance of muon. [S.-M.Choi, HML, 2015]

AnDM ¥ 2 2, 2
DM ----e------ RREEEEEEELE DM Ah,DM™ MDM
: <UU>Scatt ~ A
E h 47Tmh
l : l Higgs invisible decay: ey < 10711
AnpM| S 0.01

® [f SIMP carries Z’ charge, a small gauge kinetic mixing with
hypercharge can make SIMP in kinetic equilibrium.

2,02
3] 1 I A DM (00} sons 96raape?mby; T
Z my, MDM
5
B Complementarity with

[ - [ Z’ searches
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Composite SIMP




Composite SIMP from dark QCD

® Dark flavor symmetry G=SU(Nf)x SU(Ny) is broken
down to H=SU(Ny) by SU(N.) QCD-like condensation.

* Dark mesons are natural candidates for
SIMP, being stable due to flavor symmetry.

® Effective action for dark mesons contains a 5-point
self-interaction from VWess-Zumino-Witten term for

TT5(G/H)=Z (i.e. N >3). [Wess, Zumino, 197 |;Witten, 1983]
U=e2/F g =gor°
2N. 00
o — == e"’PoTr|m0,m0,m0,m0,T| | / (
[ 1 - 1 =0 =+ 1‘-'+ | K &
/3 570+ i .
Ne=3:m-F| & —Fhth £ Nc .topologlcal invariant
K K- =i"]  of 5-sphere (Q+Q’) in SU(3)
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Composite SIMP scatters

o WZW terms lead to 5-point scattering of dark mesons
while usual ChpT leads to self-scattering.
[Hochberg et al, 2014]
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Parameters for SIMP mesons
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ol e T % 4 | e
[ - o b \'-: b = _
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of §1o o 10
- i
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[Hochberg, Kuflik, Murayama,Volansky, VWacker, 2014]

Bullet cluster, Halo shape Uself/mDM <1 cm?/g

Perturbativity My [ fr < 2

Nc>3 is favored due to bounds on self-scattering.
Similar results for SU(N#)/SO(Ns) or SU(2Ny)/Sp(2Nf).

Oycamer! My [cM?/g]
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Gauged WZW with Z

® Dark quarks are vector-like; SM particles are neutral under Z'.
[Witten, 1983]

Noether current:

/ d'zeP 9, A" A, Tr[Q%9,UU ! 1
JH = T P Tr[Qa,UU ' 9,UU ' 9,UU

V21719 717 YIOIT=ra rrrr—1
+ QU™ 6,U+QUQU3,UU], £ QU-'8,UU-'8,UU~"8,U).

=So(D,U, D,U") + Swyw (U.UY) — eN, /d*IA;J#

ie2 N,
2472

® Chiral anomalies needs to be cancelled for DM stability.

) q A\/\/\ Z
— q x Tr(QHT*) =0 if Q%=1
EAVAVAIY 4
s 000 . flavor non-universal charges
B 0,0 -1 o . flavor non-univ g
0 0 —3 cf. QCD: Q=diag(2/3,-1/3,-1/3)
® Meson mass splitting due to Z': Am2 ~ agf ~apF? < Z’L_j ap 001(7)"
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Equilibrium via Z’-portal
[HML, Seo, 2015]

® Small kinetic mixing between Z’ & hypercharge can
make dark meson in kinetic equilibrium with the SM.

St e m s -
2 7 ot o 5 )
) (K7) - fomie = 2 cos Oy B F
E
* 768aape® m2 [ Tr
Z <Uv>k1n ~ N m%/ (Tnﬂn
SM M

® T/ /L & 1T TT—T1Z’ are forbidden for mz > mq;
Z’-portal 2—2 is suppressed.

== 3—2 dominance: SIMP conditions
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Bounds on Z’

[T v 7T T 7 7 7T T T T T T vt v 1 T T 1 () T B T T
0 CMS7 DY _ CMS7 DY
| BaBar £ LHCS DY » BaBar X LHCS BY 1
BaBar 5 BaBar =
_F’ - _2
_ 0y SIMP _ v
) [ A - L) v A
bt : - . Qo Vs
= _4} = R conditions R WA
ol ™ > o 2 zh '~ > > \ \\\p
S [ A 8 |3 o 1 3 AS 2 ‘7
— : & B — g g < o
| E pl rscal<r}—02 — i =’ r’c"<r;""
5| L L
£ = E £
2
9D
! ap == =0.01 1 * e
o dn SU(6) _3 SU(10)
S T S S T | b el b b b
-
—1 0 1 2 3 -1 0 1 2 3
Log,,[my (GeV)] Log,,[my (GeV)]

ete” - 4Z = ~y(IT17), e"e” — v + MET
h— 27z (CMS 8TeV), Drell-Yan, dileptons.

® S|MP parameter space can be probed by Z’ searches.

® Beam dumps & DM-nucleon scattering lead to similar limits.
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Fundamental SIMP




Z3 and SIMP

[S.-M.Choi, HML, 201 5]

® Treat SIMP as a fundamental stable particle.

® /3 is the minimal discrete symmetry stabilizing
SIMP as a remnant of a dark local U(l); built-in Z’.

() \ <qb:—v * U V%Zg.

Uy [ +3]+1

Table 1: U(1)y charges. v .
W | X

" X A

T U

" -, *
x : X

Renormalizable couplings: X ()

‘i).\l _ _1”2|(.)|'.3 + '”‘.;”\"_’ + /\O|(..)|l _+_—+— /\(..,\ (")|3|\|‘_’
(% kAT + h.c )+ Mot |02 H|? + A\or|XIP| H?.
Vo = ——/n,,|f/| —F.A11|f{|{
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Parameters for Z3 SIMP

aso"/m x<1 cm2/g, perturbativity

25F T 1 LA B B B B B B L BN R R mx=60MeV, gD=O.3
[ R= \/_hl '/(6m,) 1
! 1 : , A2
! . =2
2.0} _ . 0,100 F i
! Unitarity ] EWPT
: ‘ Apy = 0.4 Perturbativity 0010 '_ ‘. '
1.5: (7'-‘-.'. v . . -' E '(,/dx_.:ﬂl'w:r" - /
i SeF 1, ‘Umaﬂty | : g L a 8;
! 1 w 0001 7 el il o TS
1 i - ; /.
- Osel.‘,, i FTTTTTTT \ =
1.0F 0 ia - |
! / 7 /Unitarity | ' AN e
P02 : 22 W'rl.s‘ ~w/  over-heat!
: / : 10~ |
0.5 ~ _/ Tgelr - 2=10—2 domrance SIMP ||
10-'5- PR BT | PR Ty | P I |
. 0.01 0.05 0.10 0.50 1 5 10
L myz = 5my, gp = 0.1 and my, = 1.5m,. l
0.0 o BV S RS, S| y mz(GeV)
0 50 100 150 200
R = (6 m,(MeV) ]
\/_m My X : Be”ez
projection; ; 8-2;
Bullet cluster bound, ; (similar limits
perturbativity imposed. from beam dump)

16 72 10 2eY



SIMP direct detection

® SIMP dark mesons scatters off electrons, with small

threshold for rec0|l energy: (z-.,2 <)
2e’gpp’
Opp = _11) (¢ = pvpMm, = memy /(me +my))
T, [Hochberg et al (2015)]

Superconducting detectors: scattering with free electrons
in 2 metal (Al)— sensitive to meV recoil energy.

Sional rates Massive mediator

108 10733 ,

p 1 10734 i A:mg=1MeV 4
10 1 10_35 | 1
= 1 | :
' 104 ) 1 10736 ; :
102 g o £ 1077 " ;
:: l ’ i ; l 0-38 \\SC 10 meV ‘\. 1
8 10- 1 2107 ;
% A ', g T 10740 SC 1 meV L "‘
& 10~4 5 : 10-41 N =
N - E 1 —43 --------\ ~~~~~~~~~~ "',-"’ 5
10-° . : 1 10 \ C: mg=100 MeV ‘ _______ o -
' . l -43 PPy Pt NPT PP

10-8 Ll 4 : H i -6 -5 -4 = =2
103 02 1 o 10 10 107* 107 1072 01 1

Recoil energy Ep [eV] my| GeV]

Blue: (Mg, Mx,ax,0e) = (100 MeV,100 MeV,0.1,3 x 107°)
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SIMP indirect detection

Galactic Center , .+ CMB
=792 ' o e ' '”’;‘ ' ' ; o ' " i . LIS L | LIS LS T T T TTT7T

107 1023 K == Panck TT,TE EE+IowP
J— WMAPS
> 10723 --. CVL
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E 10_,)'1 —]"_‘ 10 —  AMS-02/Fermi/Pamela
9 n Fermi GC
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% > E S 1077 E
?_ 107> = :

2 - (&
:: =271 v , - -...« —26 Ther r _
> 10 E— ,// p—wave, & 10 =
2 _28f / =105 == [INTEGRAL = C
> 107281 2 kd ]
L E / == COMPTEL : .
~ 10-2°L ==EGRET ] 10~ .
E,’, _FE 11 170 1 vl L1l Lol
1 10 102 10° 10 1 10 100 1000 10000
m, [MeV] my [GeV]
X
[Essig et al, 201 3]

X-ray/gamma-ray & CMB can constrain sub-GeV DM.

No bound on 2—2 ann for scalar DM (p-wave suppressed).

N o \2 /100 MeV
(ovml)l*,_z(l.Qxl(]_"'cnﬁ/s)( 2.) ( : ) - ex(T) = ex(Tp)/T/Tr

10-6 M

16 72 10 LY



Zs SIMP

[S.M.Choi, HML, 201 6]

Zs is a natural symmetry consistent with 5-point
interaction, which is generated by a heavy particle S.

, 4 S 1 ; 1 P B
@ X O L:int D —‘))\16)?.5""_\‘]L + 5 /\Q(.:‘)TS\" -+ EAg.ST\J + h.c.
Ul)y || +5| +1 | +3 V2 V2
Table 1: U(1)y charges. .
h ) ‘.__,\. \ . i D "'.- \.
QT S-S | B
' ‘v__..\, ‘I ‘YH '
X - E v
: v
(o)

® |[f heavy scalar S is not decoupled, 3—2 annihilation can
be enhanced near resonance.
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SIMP at resonance

3—2 annihilation cross section can be enhanced near
resonance with ms~ 3m, (more significant for €s >0).

X . 2
".' o ‘ ’-2 _ C\ ’}S
< - X (0v%)y = = TIE -
. ,‘ —_— ’ J )‘_, A'Lo
(S, "S——A— Tn\ (ES lrel/ + IS
W X
v X 2 2 2 2
Y s = mgls/(9Im]), es = (mg — Im3)/(9Ims)
m,=30MeV, ys=0.01
0.20 0.20 : — 110
i | !
1| = self-scattering
015 CRE S 1K
! ! 1k
\ TR
=] basike T e S B Rz = Aot/ (V2my)
'y £ Y E \o —
010} = \ 't 1 % 3 —
a B '. i g
% - Vo e . %
5 \ T °
5 0"
\ P
005 \ P |
\ s’
\ ,,"
D.m o ] NS WSS VA VY WD WD WSS WS WY U WY VAN WSS WS U U W U S W S S S S S, S W St 0.1
0.0e . 0.07 0.08 Q.08 0.10 0.11 0.12
ms[GeV]
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SIMP couplings

my=30MeV, ys=0.1

m,=100MeV, ys=0.1

Ri2 = A\ ov'/(V2my)

0.20 10 710
A3 =10
0.15
41
5 ] 3
% % %
0.10 41 = =
c £ 3
o @ ;
RN Jo.1
0.05 ]
Ry=3
0.00 L=—— L PRETE B PN SR P rarara—a— | " PR TR RN SN WY THN TN S S S .~4b0q2
0.06 0.08 0.09 0.10 0.1 0.12 0.25 0.30 0.35 0.
mg[GeV] ms[GeV]
m,=30MeV, ys=0.01 m,=100MeV, ys=0.01
0.20 0.20 - :10
K pl .
i
\
[
0.15 0.15 51
] 3
S o
o~ T —— o .
pe § % § self-scattering:
» 0.10 > » D10 \ 40.1 =
a E c \ ] E
4 Y
R=10 my = 500 MeV,
0.05 r 0.0s| “.\ """""""""" {107
.”’., I - - gD : 001’ AS : 1.
0.00 — P | 0.00’“‘ L— S L— 'Abo"
0.06 0.08 0.09 0.10 0.1 0.12 0.20 0.25 0.30 0.35 0.
mg[GeV] ms[GeV]
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General SIMP masses

[S.-M.Choi, HML, in progress]
Form <ms<2m or m/2 <ms < 2m_,both S
and X can be stable and SIMP candidates.

A S - \ ’ A X A > h =, > -
. B +~ — =<
YS X S ... AX Tl S ~ - d X A i 4
- .A.tj:j b 5
X q.v ) x
® ) —?2 annihilation in hidden sector /2
is large so the relic density of (— SIMP

dominant

S — SIMP

dominant

heavier state is negligible.

ms mg /2

no
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Conclusions

SIMP is a sub-GeV thermal dark matter with large
self-interactions but tiny interactions to the SM.
Thus, it requires new strategies for dark matter
searches.

Composite or fundamental SIMP can be stable due to
accidental flavor symmetry or discrete gauge
symmetries.

Dark local U(1) with kinetic mixing makes SIMP in
kinetic equilibrium and detectable by electron recoil
energy or Z’ searches.

SIMP process can be enhanced at resonance, so more
parameter space is opened.
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Backup
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2—2 vs 3—2 Boltzmann egs

i s, — (.
dt
® 22 annihilation (xixi = X5iX)
fi T
C, = —/dHQ/dH’Z\/\/l\2 fifi— 13 1;) (ﬁ = ﬁ_)
75 FF _ FF
= ——/ng/dH/g‘M‘QfQ n2__zn2) f]f] fzfz)
J
= —fow)iins|(n? - _—an (o0 /dﬂg/dﬂ’z\/\/llz

® 3—72 annihilation (XzXzXz — X5 X;5)
C, = /dng,/dﬂgwr (Fififi — 1)
— _—/dH3 dHQIM!2f3 ng — ﬁ—zn2) ( _g _g — fzﬁfz)

2 1 2
— — 11—779 (nz - ?nz) , <O'UQ> — _—3/dH3/dH/2|M|2f§'




