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Motivation



Dark matter everywhere!

Large—scale evidences
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WIMP paradigm

®* WIMP DM density relies on 2—2 annihilation
processes with weak interactions.
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WIMP around the corner?
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® Direc

/indirect/collider searches rule out a

wide

range of WIMP dark matter.



Non—WIMP*

®* WIMP paradigm is based mostly on the
assumption that DM Is related to weak—scale
ohysics solving the hierarchy problem.

e B @ Byt dark matter might be
0 . related to different problems

e T ' such as QCD axion or some
l[# unknown hidden sector.
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more than this?




DM selt—Interactions

® Solve small-scale problems in galaxies: core-—
cusp, too—-big—-to—fail, missing satellites, etc.
...‘;‘f‘f"ﬁf =4.2 :-:].u]_*f_p}'_ ) N
1o’ Collisionless CDM g
S| g }f‘
10° 5 ..'I 5 6 as I:flnl
r{ kpe fh ~ (koc)
[D.H. Weinberg et al(2013)] NFW overshoots data!

. .
» Oself/Mpy = 0.1 — 10 cm- /g

cf. WIMP DM:  oseit/mwivp ~ 107 GeV > ~ 10~ *cm?/g.
Bullet cluster & halo shape: set/mpm < lem?®/g



Abell 3827

® Lead to an observable effect the oM @ ,
ag of DM subhalos trom their stars. .

® Among four colliding galaxies observed by Hubble
Telescope, one of subhalo lags behind the galaxy.

DM subhalo A = 1.62+047 kpe

. —0.49
separation  [Massey et al(2015)]

2.0

40 3 30 25 20 15
Isn [Kpc]

[Kahlhoefer etal (2015)]



SIMP paradigm

® Strong Interacting Massive Particle(SIMP) is a

thermal DM, due to 3—2 selt—annihilation.
[Hochberg et al, 2014]
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Large SIMP selt—interaction

® SIMP DM predicts typically large DM self-
Interactions.
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SIMP conditions

DM oM ® Equilibration of heat from
SIMP: kinetic equilibrium
with SM bath.
2
(0V)kin = —3—; nsm(oV)iin > H(Tr)
DM
SM : > SM * {El E: 0.9 X 10_5“};{{:2}
time

® The same coupling leads to 2—2 DM

annihilation, which is subdominant when
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DM messengers

Messenger
A new force

DM DM

-~ W7

SM SM



SIMP DM from
Nidden QCD



Hidden QCD with WZW term

® Dark flavor symmetry G=SU(Nis)x SU(Ns) is
broken down to H=SU(Ns) by SU(N¢:) QCD-like
condensation.

® Effective action for Goldstone bosons contains
a 5—point self—interaction from Wess—Zumino-—
Witten term for sts(G/H)=Z (i.e. Ni =3).

_ 2im/F _ _arpa [Wess, Zumino, 1971;Witten, 1983]
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== [|avor symmetry ensures stability of
dark SIMP mesons.
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SIMP dark mesons

leads to strong 5—point
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SIMP parameter space
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[Hochberg, Kuflik, Murayama, Volansky, Wacker, 2014 ]

Bullet cluster, Halo
shape

, Perturbativity My [ fr < 27

Oselt/MpMm < 1cm?/g

Nc>3 Is required due to bounds on self—scattering.

Similar results for SU(Ns)/SO(Ns) or
SU(2Ns)/Sp(2Ns).



NLO corrections

. [} [ )
2—2: L0, 3—2: NLO [Hansen et al, 2015]
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NLO corrections enhance 2—2 scattering
Cross sections, making the self—interaction
bound stronger.

—} Need a large color or large meson decay
constant: additional annihilation channel 7




Twin Higgs & mirror symmetry

® Twin Higgs:  [SUM)a x SU(2)a] x [SUB) i x SU(2)g] x Z
[Chacko,Goh,Harnik, 2005]

(il i
Ly = —yaHaqau’y —ypHpgpup, ya = yp:
- 5 —

® Two-point function on orbifolds inherits the full symmetry.
[Craig, Knapen, Longhi, 2014]
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Mirror QCD

* Ssorbifolds: SU(3)axSU(3)s xSU(6)s QCD-

SU(18) x SU(12) x SUB)s/Sa | @jo
“13 ; d-[] = 1. (fl =] d.g = 2 g 1 pre: 3
2 h oy h

SU(36) x SU(24) x SU(12)7 /Ay | @
Ay ido=1, dy=1dy=1, dg=3 *

5 W @ W

® Gauge Ioops on S3 or A4lead to quadratic divergence.

{
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2 Ly AN
'f'—l_ dg[';:ﬂ;l gl™) = vid”._& (dng - irrep of largest dim.)

But, they are parametrically small!



SIMP mesons on orbifolds

® Light dark quarks, that are vector-like under
QCD partner group, can be introduced as split
multiplets, without spoiling naturalness.

® /' (part of the full gauge symmetry) mediates
between the SM and dark mesons.

e.g. SU(18) x SU(12) x SU(6) /S5
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Dark mesons & Z —portal

Dark meson can be Iin kinetic equilibrium with
the SM particles via Z'—Z kinetic mixing.

’ﬁ'_l_ """"""""" ’ﬁ'_l_ L — £ Fr" F;.LL"
(KH) 7 (KT) Lmix 2cos By
2 2
S5 | E768C¥E¥DE my (1r
Z * <Jv>k1n ?TNTT miﬂ Mo :
cf. Higgs—portal coupling does not
SM SM

work, because leptons in thermal
pbath have small Yukawa couplings.

® 22 annihilation with Z’—portal could be
suppressed (or be as large as 3—2 ann).

=P 32 dominance: SIMP conditions




WZW with Z

[Witten, 1983]
® Dark quarks are vector—like under broken U(1)".

® Modified WZW with U(1)’:
S =So(D,U, DuU") + Swaw (U, U~1) — €N, f d'z Al J*

242
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u“'[ — 48];_2 .EJ'-[ g TI'[‘.:' ay[f [._."— lapb,-[r_ IE}UL-' L-' r

2r7—1+« T T T—1+ T _Ir—l
+ QU 9,U+QUQU™3,UU™], L QU-'8,UU8,UU-18,U).

. . qg AN\ 7
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Stability of dark mesons

[HML, Seo, 2015]

Stability ot dark neutral mesons requires
the cancellation of AVV anomalies.

aVav 4
LI < x Tr(QHT*) =0
N\ 7 .
: if Qp=1.
_('l 0 0

w=|0-10 |+ flavor non—universal charges
k\{] 0 —1

cf. QCD: Q=diag(2/3,-1/3,-1/3)

DU =8,U +igp[Qp,U)Z,; #*, K=:4£2 charges.

® 5wt mn—nZ is forbidden for mz > mx.



Dark tlavor violation

“lavor non—universal U(1) charges breaks
flavor symmetry leads to meson mass splitting:

Lrase = —%A3Tr[Mq(U L UY) = capASTYQUQUY].

A4
= Am2 ~ "‘;2 ~apF?<0.01m2: ap <0.01

Igher dimensional operators must be
SJDDressed by high cutoff or small coupling:

F _
e T (lyH1)

— > [, ~ Smﬂ?}Ti, DM stability: M > 10° GeV.
m

Lhdo = (Q"Y@’}’ST{L 7) (Iy#1) ~




/  at col\lders

.---__.-" / -"'.-:__‘I_
_ i i 5 /
£ g 3
= - LTy = rd
s % O 2

I

=560eY

ap = i_i — 0.01 Log,,[my (GeV)]

SINPICORGIONS] | c'c — 7 —('1), e'e —~ + MET (BaBar),
h—Z7zZ' (CMS 8TeV), Drell-Yan, dileptons.

® SIMP conditions are complementary in
constraining Z' parameters to direct Z° searches.



SIMP DM trom
discrete symmetries



Gauged Z3 and SIMP

® 5-point SIMP interaction is inconsistent with
/> and flavor symmetry Is broken.

® Zsis the minimal symmetry for stabilizing
SIMP, aremnant of a local U(1).

® Built—in Z° gauge boson communicates
with the SM via the kinetic mixing.

¢ | X
U ( 1 ) 1% +3 | +1

N e
Table 1: U(1)y charges. X -oirms
O *
v X
X - i
(o)



A Z3Model

[Belanger et al(2012); Ko, Tang(2014);
S.M. Choi, HML, 2015]

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

1 1 i
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Scalar SIMP DM

® 22 annihilation channels are forbidden
for heavy dark Higgs and Z'.

® 3—2 annihilation channels are through
iggs + Z' exchanges:

--------------------------------------------------------------------------------------
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Bounds on self—Interaction

Oge/m,<1cmi/g, perturbativity Abell 3827, perturbativity
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Mg = dm,, gp = 0.1 and my, = 1.5m,.
® SIMP relic density: my = 0.03 aer (T Mp)'?
® Bullet cluster & halo shape:  Gsar/m, < lem?/g

< 8.

® Unitarity, perturbativity: A <d4m [Myx + My



Kinetic equl
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Higgs—portal:
negligible tor kinetic
scatt.,
safe for Higgs (invisible)
signals & indirect
detections
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safe for indirect detections.
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SIMP & Z searches

m. =6lMeV, gp=0.3

(. 1)
0,01 s | //
I P | e

b
BaBar | monophoton + MET at BaBar

w 0.0 B _ ol

BaBar

N

. SIMP | - monophoton + dilepton
0 DM-electron scattering cross section 10-4 _ 10-3 (BR( “—) — 1)
0 for mz = 0.02 — 10.2 GeV
a-io-1 dorirancs |
beam dump (E137)
. o
I:II."I."1 DS .10 0% 1 B8 10 103 below mz = 0.1 GeV.

m=(Gayv)

® SIMP conditions are complementary for
/’ searches at colliders.



Direct detection

® SIMP dark matter scatters off electrons,
leading to small recoll energy: r=-2— <20ev.

211
~2 52 2
e2e’gpI | | |
onp = i (g = ptvpm, p = memy /(Mme + My ))
?Tl-f”

XENON10: opp <2 x 10 % cm?, My =30MeV.
Superconducting detectors? [Hochberg et al (2015)]

Sional rates Massive mediator
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A /5 model

[S.M.Choi, HML, to appear]

® 5-point interaction is picked up by Zs .
mediated by a heavy singlet scalar S
(cf. no cubic coupling for DM).

1 1
N AT 1 L to3
I::.i' .!L S Elnt D \/E}LII:} 5 X'+ 1;.5}1‘_{__3' "‘.I"||L .:"1151'.! X h.c
Uy || +5] +1 ] +3 X .
T )
' (1 q i
Table 1: U(1)y charges. L = L
ar’ P Ty
‘ (1)

® 7" again makes SIMP DM in kihetic equilibrium.

® Singlet scalar S can be stable too.



Resonant 3—2 In Zs

® 5-point interaction in Zs can be
enhanced near resonance.

mx=30 MeV

Rellc dens.ltg,r

= . . 1 L . L 1 L
0.06 0.08 D 1[] 0. 12 0.14
mg(GeV)

/‘\1 == U Rg — /\Qilf/(\/imx)
A3 = 87 and \3 = 67

—m%)2 +T5m%

safe from t
self—inte
potential

ne bounds from
ractions (with

v large NLO).




Phase diagram ot DM

My /2

mgs

SS = x*S*, ST — xx,

SS5* = xvx*

(semi-)annihilation

S,X—WIMP mS/Q

My

WIMP phases need a sizable annihilation
into the SM, e.g. Z portal.



Conclusions

SIMP paradigm leads to testable scenarios
via DM selt—interactions as well as possibly,
messengers particles.

SIMP dark mesons can be in kinetic
equilibrium with Z" portal and remain stable.

Scalar SIMP dark matter with discrete gauge
symmetries has a built—in Z —portal.

-or discrete symmetries ot high degree, we
need a scalar mediator for 5—point
interactions, which can be enhanced near
‘esonance.




