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SIMP dark matter
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Dark matter everywhere!

Large-scale evidences
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WIMP paradigm

o WIMP DM density relies on chemical equilibrium
with 2—2 annihilation with weak interactions.

DM SM

dnpwm e
dt -3Hnpm = —(ov)(nHy — (anM)Q)
WIMP freeze-out:
T
1/2
Iann = nDNI<Uv>ann ~ H = 0. 337+ / M
P
DM 02 >M ) 2 x 1079GeV ™2
(0V)ann = %ﬁ Hpuh” ~ 0.1 (9+/100) 225 [~ 2=2(0v)dx
Mbm ) TE

Oloff ~ L » mpnm ~ 1 TeV
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WIMP around the corner?

wpchated from SNOMWMASS document, arxiv: 13108327 10 x Bergstrom et gl (2013)
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® A wide range of WIMP masses and interactions has been
searched for by complementary searches.




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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dSphs with baryons!?

[Brooks & Zolotoy, 2012]
Baryonic Results ly Resulis

DM—on
AR LN LA | LY LR | AR LARRLRLEEY LRL] LA RE LARLY LR RADLY

JL LU RLLEL | J RALLLELELY LLLL)
= + . <
40 F| @ simulated dSphs T -
([ O MW dSphs T i
(| © M31 dSphs

50F
SO L

Vcirc/km 5—1

° I ;
o O K T ® ° .. o + i
, ) o R [ K A o ® ;
. T —==—&F | - W T +—=—&F | * ]
i s T T 11l T .

1'r) B
\ -
!
~ I

ND

-]

|

®

—0 b,] §.
A ,P'l

HoT e Al
yd L NEERENTI IRERENERTL panasa lessaaaaaalanas Ly | e P | | METESTREERE AT
-9 —11 —13 -9 — —13

M, M,

with baryons without baryons

DM + baryons (SN feedback) erase small structures.

But, many dwarf galaxies: lack of baryons?
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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:  Gsetis/mwivp ~ 1071 GeV™° ~ 10~ *em?/g.

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

Bounds (Bullet cluster) Hints (Abell 3827: one DM sub-halo
Oelf/Mpy < lem?/g lags behind the galaxy.

off-set:
A = 1.627047 kpg

[Massey et al(2015)]

Uself/mDM ~ 2 X 10_4cm2/g




SIMP paradigm

® Strong Interacting Massive Particles(SIMP) are based

on chemical equilibrium with 3—2 self-annihilation

between themselves. [Hochberg et al, 2014;
S.-M.Choi, HML, 2016]

DM DM d'n.D.\I 3H B 2 3 2 _eq
7 +3Hnpy = |—(0v%)352 (M — "DM"DM)
2 e 2
—(0v)22 (npy — (npm)°)
DM
Freeze-out of 3—2 process:
T30 = npy(ov?)s—e ~ H(Tr)
DM DM
2 Ologr 9 x 10710GeV 2
(U’U >3_;2 — 5 Qpmh?® ~ 0.1 ; 1/2
MDM (g /10.45)3/4(’%4 I :C—5<0112>d:1;)

[ Qe = 1 — 30 * mpyn = 40 — 1000 MeV J
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Large SIMP self-interaction

e SIMP DM predicts typically large self-interactions.

DM DM DM DM

DM
DM
DM DM DM
o aZq
(0”02>3_>2 — gﬁ Oself ™ 5
2 oora [100MeV\® /oreg 2
== 5 :4><103Ge\—3( - ) (”‘H) :( & )1cm2/g
MpwM mpm 2 eff
relic density
Note: Bullet cluster & O el

: < lem?/g = 4.6 x 10°GeV ™"
spherical halo shapes. MDM |
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SIMP - SM interactions

® S|IMP in 3—2 process must be

equilibrated for structure formation.
[de Laix et al, 1995]

DM DM

SIMP loses heat by kinetic
scattering even with tiny
interaction to SM bath:

2
€
. —— v (9hin= i nsm(ov)kin > H(TF)
time bM

] CEUEERD

® S|MP can be also thermalized by dark thermal bath.

But, dark temperature is an extra parameter!

cf. Higher-order SIMP (4—2) predicts lighter DM (sub-MeV) SIMP:
necessary to introduce a small dark temperature due to bound on Nef.
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SIMP conditions

DM M e Crossing symmetry of kinetic

scattering leads to 2—2 DM
annihilation, which is sub-dominant if

2

€5
(0V)ann = mlz)M,
—_— SM nsM {00)kin < NDM{0V7 )30

DM time

- o2 ]

® SIMP conditions:

0.9 x 107 %a % < e10 <24 x 10 Caeg

Y

lose heat! 3—2 wins!
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SIMP from dark QCD




Dark QCD and dark matter

® 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 naturally light and stable
due to flavor symmetry.

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

Ts(G/H)=Z (i.e. N >3).

[J — (22iﬂy/fw’
2N,
Lwzw = )

Nf=3:

/3| V2
F

T = 1eT?

1 = 1 =0
—.)'IT[) + 7.(—)'7]

ﬁ-_

K-

= e"PoTr[wd, 70, m0,mOy]

it K+

[Wess, Zumino, |97 | ;Witten, 1983]

\/( O

Nc :topological invariant
of 5-sphere (Q+Q’) in SU(3)
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SIMP from WAZW

® “lLarge color group” leads to strong 5-point interactions
while satisfying bounds on self-interactions.
[Hochberg et al, 2014]

AN - Rt 0 70
7O weeenn i P
e T ff— 70 L Tl 70
. e ';“ \~c.onst ) 5 3 ~const
P 5v BN - 12 [ Tp P m2 ;a° “.
(V)32 = QS0 N2\ m, /s =™ 307 F T N ;?

Ge Gy/H Nx t2 Nfa?®
sSU| 3\'[ yx SU (_]\'f )
SU(N.) SU(N ) J\r:;’ -1 %1\'). ( J\'} — 1)( J\’}" — 4) 8( J\rf — 1)( J\r'f + 1) {34\’} — J\r; +6)
(J\rf > 3)
SU(N)/SO(Ny) _ . . 4 U . :
SO(N:) A - %':‘J\rf - 2)[1\'{ — 1) T%J\r'f (_4\'}2 — ll{_;\r}z —4) (_J\r'f - 1)(4\', - 2)(3:\'} - 74\'? - 24\'}2 i 124\'1 + 24)

{J\r'f > 3)

SU(2N;)/Sp(2Ny)

Sp(Ne) =) (2Ng + 1)(Ny — 1) | N5 (N7 — 1)(AN? — 1) 4(N; — 1)(2N; + 1)(6NF — N3 — N? + 3N + 3)
(Ny =
164152 12 Yo



SIMP parameter space

SU(N)*sU) 1 SUGN) EUMIBIEIE SU(Ny)*SU(Ny) / SU(Ns) _(SU(Ny) broken)
10 7 310 10 102
L " ]
. | Z : |
8t |
~. | ¢ Perturbativity3 o [
6 ~~~~ | | @ : g ) el _
« [ Bulletcluster i@l | (—Su@.N=3)4 T N LT
E : susLN=2 [§  § E 4 4 SU(S). Ne =3
; SU(10), Ny =3 ] 8 ; | SU(10). N = 3
- 410" © | 107"
2t = pid
I- 2 | 2
107 10" 1 1d° 102 107" 1 1d°
my [GeV] my [GeV]

[Hochberg, Kuflik, Murayama,Volansky, VWacker, 2014]

Bullet cluster, Halo shape Use1f/mDM <1 cm2/g

Perturbativity My [ fr < 2

Tycaner!My [cM/g]

Nc>3 is required due to bounds on self-scattering.

Similar results for SU(N#)/SO(Ns) or SU(2Ny)/Sp(2Nf).
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WZLW with Z°

® [ntroduce a massive Z’ under which dark quarks are
vector-like and SM particles are neutral.

e Modified WZW with U(1)’:  [Witten, 1983]

S T 7—1 S ATTTT-1\ _ AN 1. AT Ju
b —b[)(DﬂL o DIJ[ ) + b\,\.l\,\. ([ . [ ) C.\C / (1 l-.A“J NOEther CUI"I"entZ
n I:j‘\oc / d* TP, .-4”/..4',,Tr[Q2 a,UU ! JH = ﬁe‘“’p" Tr[Qa,UU'3,UU'a,UU
Ve Yk
. o +QU'3,UU'a,UU~8,U]
+Q*U'9,U + QUQU 'a,UU 1],
. . /B AVAVAVIY 4
AVYV anomalies. ™ .
= Meson decay INN\NN, Z
a
LA C
AAAY anomalies. q
: q q
» 2—2 ann ™ q —»

.‘
|'|_|O
ne
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Stability of dark mesons

[HML, Seo, 2015]
® Stability of dark neutral mesons requires the
cancellation of AVV anomalies.

/N Z
aETETTTEEEE < x Tr(QHT*) =0
NN Z if Q5 = 1.
s 0 0 .
= (), — ( 0 —1 o ) : flavor non-universal charges
0 0 —3 cf. QCD: Q=diag(2/3,-1/3,-1/3)

D,U = 9,U +igp|Qp,UlZ,; #*, K*: +2/3 charges.

® Mass splitting generated by non-universal charges is
constrained for SIMP annihilation:

apA? m>2 2
Am?2 ~ ?2 N@DFZSJm—; : aDSJO.Ol(%) .
F
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Equilibrium via Z’-portal

[HML, Seo, 2015]

® Dark meson in kinetic equilibrium with the SM by
kinetic mixing between Z’ & hypercharge.

T e 7t J— € F' pHY
(B 7/ (KT X 2 cos Oy M

2 .2
E o 768aape” m: T_F
* <Uv>k1n 7TN7T m%, -~ :

cf. Higgs-portal does not work, because
SM SM leptons in thermal bath have small
Yukawa couplings.

o TT TT—T1Z (AAAV) is forbidden for mz > mm;
suppressed 2—2 annihilation via Z’-portal.

== 3—2 dominance: SIMP conditions
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Meet Unitarity

Too large 2—2 self-scattering at NLO [Hansen et al (2015)]

Ne=2, Np=2 N 16 Ny =
30 v T L) T T ‘1104 30 T T .10‘
[ : : :
25} Lo | 1 25F Lo | j
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7V

4 Enhanced 3—2 annihilation near Z’
KT ’/\/\/\/‘ resonance with gauged W.ZWY, but
\ ‘ there is no enhancement for 2—2.

K= [HML, Seo, In Progress]
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Collider searches

my =50MeV.ap=01

10—1 aan l
10°F
3 SMI e i
= 4l conditions v 107 A
§’ x{ > |z ] L
: 2|8
| = 5 |2 Fea<l3.2 Lo
. R
SR 10-4
2 Su6) | 100 4 sl e T
-8t " ap = ‘%—?— =001 ., . . ; ..... . 1073 102 01 1 10
_l O ] - 3 mA' |GeVI

Log,,lmy (GeV)]

[Batell et al, 2014]

ete”™ > ~vZ2 - ~4(t17), e"e” - v+ MET (BaBar),
h—2ZZ' (CMS 8TeV), Drell-Yan, dileptons.

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

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




Direct detection

® SIMP dark mesons scatters off electrons with small

threshold for recoil energy: (E _ P QOQV)
27116
E l"
Opp = gi)‘ (¢ = pvpm. pt = memy /(e +1my))
Tm,,

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

[Hochberg et al (2015)]

Massive mediator

Signal rates
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Indirect detection

Galactic Center , .+ CMB
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> F S 107 E
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[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).

. o \2 /100 MeV
(OVpel)1+1- = (l.‘2>< 10“"(?1113/5)( 2.) ( ks ) , €2(T) =e2(Tr)\/T/TF

10-6 M




SIMP with discrete
symmetries




DM stability

[S.-M.Choi, HML, 2015]
® Fundamental stable particle for SIMP?

® /3 is the minimal discrete symmetry consistent
with SIMP, which is a remnant of a local U(1).

® Built-in Z' gauge boson communicates with the
SM via the kinetic mixing.

O _ L
, . X (p) = 7 v
U(l)y || +3 | +1 g
~ Y
Table 1: U(1)y charges. L —
’1,/ i Y. V"
Y §<Qb>

161 5% 12 222



Z3 Model

® X:Dark Matter, H :Dark Higgs, V:Dark photon.

1

|

L= =V V" = SsingV,, B +|D, o|* +|D,.x|*|+ | D H|* = V(o, x, H)

D/l X — (()/l o '(I\ gD ‘;l)\

‘/((3). X H ) = Vb‘\-‘[ -+ VTS‘I\*I with

Vbum

Van

—m3lof? + m2I? + Aoll! H{A I} Ao

2 .
{(% /n'(;)f\'z + h.c.)

+ /\ oH

—miz | H|* + A\ | H|*.

112 2
o|7| x|

OPIH > + At XIPIHI

cubic coupling for broken U(I)




SIMP parameter space

aseulm x<1 cm2/g, perturbativity
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Bullet cluster bound,
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Zs model

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

Zs is a natural symmetry for 5-point interaction, which
requires an extra heavy field.

) X S

Table 1: U(1)y charges.

L\ e
ﬁint D %/\101’5"\*+

| \
5 AT
- ——— S
"~ .
- X
; <(_<.)! >

1
V2

- 9 l ~" ‘
XadTSy? + 6)\3.57\3 + h.c.

® 3—2 annihilation can be enhanced near resonance.

® /' again makes SIMP DM in kinetic equilibrium.
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SIMP Resonance

mx=30MeV, yS=0.1

Resonance-enhanced due to
nonzero velocity above threshold.
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S SIMP case
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self-scattering: my = 500MeV, gp = 0.1 and Ag =1




Conclusions

SIMP is a new thermal dark matter with sub-GeV
mass, which would require different strategies for
direct detection.

Generalized WZW term with vector-like dark U(I)
makes dark mesons consistent SIMP.

SIMP with discrete symmetries has built-in
mechanisms for stabilization and kinetic equilibrium.

Bounds on self-interaction bounds can be avoided
near resonance for 3—2 annihilation.

SIMP dark matter is testable via self-interactions,
mediator particle,and DM elastic scattering, etc.
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