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SIMP paradigm




<p

ROTATION

-

Temperature fluctuations [ 1 K]

1 Dark Matter

5 times
baryonic matter.-

Multipole moment, ¢

1050 500 1000 1500 2000 2500
s
] L
L]
’
‘ ,
. .\ ’...
' ’ AR
.‘ v -
! :‘.'. .o’ .-_."\..
| 4 o.;;?‘*‘o V\N
9% 18 1 02 0.1 0.07

Angular scale




Thermal dark matter

e WIMP DM density is determined when it becomes
out of chemical equilibrium with the SM.

DM ~ Weak-scale mass and weak interactions.
DM SM

WIMP freeze-out:
T2
Tann = noM(0V) ann ~ H = 0.33¢,/> —L-
Mp

15 42 24 Z2H



Testing dark matter
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SIMP mechanism

[Hochberg et al, 2014]

® Strong Interacting Massive Particle is a thermal DM,
changing its number due to 3—2 self-annihilation.

DM DM Freeze-out:

Ts_o = npy(ov?)sme ~ H(Tr)

DM
3
2 Qo
<UU >3—>2 — m5e
DM DM DM
1/3
5.35K%
MDM = Qoff ( Y Te2qu> (k =~ 2.55)
X 12 g«

[Ozeﬂ: —1—30 == mpy ~ 10MeV —1 GeVJ
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Kinetic equilibrium condition

® Kinetic equilibrium of DM needs a SM coupling.

DM DM ,
<O-/U> : — 61 *
kin m%M 9

NSM <O’”U>kin > H(TF)

P ;> 0.9 x 10 %0}

— SM
M time

® But, 2—2 DM annihilation is subdominant only if
<O-v>ann — 9 ;

2
—6
m2 mml 1 2.4 X 107 aeg

€
nsM (0V)kin < npMm{ov?)350 €2 77 €1
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Kinetic equilibrium condition

® Kinetic equilibrium of DM needs a SM coupling.

DM DM ,
<O-/U> - p— 61 *
kin m%M 9

nSM O'U kin > H TF

* €1 = 0.9 x 10~ 9&;42

—>
time

SM

e But,2—2 DM >IMP conditions ‘pnt only if

\_

2
_ _%
<O'?J>ann — m%Ma * €1 S 2.4 X 109

nSM<U”U>kin < nDM<0f02>3_>2 €2 ™~ €1
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SIMP DM from dark
mesons




Dark mesons & W/ZWV term

® Dark flavor symmetry G=SU(Nf)x SU(Ny) is SSB into
diagonal H=SU(N¥) by SU(N.) QCD-like condensation.

® Effective action for Goldstone bosons contains a
5-point self-interaction from VWess-Zumino-

Witten term for T15(G/H)=Z (i.e. Nt >3). |9[;N|$\;i’t%:nmilgcg3]

U = GQW/F, T =7t //xjm /j
2N, | ]
Lwozw = e"’P7Tr (w0, 70, O, O, T ,/ Q//Q/ (.f &2, {’/;@90'
\\_// ‘\\ / \\\__, y

1572
. L7tp + L0 i+ Kt - —
Np=3:T=F| & —Hhtg’ K | Nc : topological invariant
A K =yi]  of 5-sphere (Q+Q’) in SU(3)

==l Flavor symmetry ensures stability of dark
mesons, natural candidates for SIMP.
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SIMP dark mesons

® |arge color group leads to strong 5-point interactions
while satisfying bounds on self-interactions (e.g. Bullet
cluster, halo shape.) [Hochberg et al, 2014]
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SIMP parameter space
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consistent DM masses [Hochberg, Kuflik, Murayama,Volansky, VWacker, 1411.3727]

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

Perturbativity My fr < 2w

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

Similar results for SU(N#)/SO(Nf) or SU(2N¥)/Sp(2Nf).
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Z’-portal for SIMP dark
mesons




Dark Z’ & stable dark mesons

[HML, M.Seo, 201 5]
® Dark quarks are vector-like under dark QCD.

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

YD

YD if Q%:I.

1o o\ D.U=08U+igp[Qp,UZ,;

Lpi =—120p(0, K"K~ — Ko, K +d,7 % —#ata,® V¥
9D\ Vp H 7 7

0 0 -1 + 493 (KK~ + 7 7)V,V*,

of. QCD: Q=diag(2/3,-1/3,-1/3)
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Z’-portal for dark mesons

® Dark meson can be in kinetic equilibrium with
the SM particles via gauge kinetic mixing.

~ 4 3

7~T+ """"""""" 7 L / 14
mix — F,,F"
(K+) 7! (K) 2cos by M
E = (0U)in A 768aape® m, (T_F>
o N m’ m
Z TUIN ¢ A r
cf. Higgs-portal does not work,
SM SM

due to small lepton Yukawa couplings.

® Dark mesons @ Z’Z’ forbidden for mwt > mz.

® [Mass splitting between dark mesons can be less than 10%.

0L,y = &DA4TT[QDUQDU_1] * (5m72T ~ ()411/\4/}7’2 < 0.0lmi,
for' D 5 0.1
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Bounds on Z’
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47

ete” = ~Z — ~(1IT17), ete” — v + MET (BaBar),
h— 27" (CMS 8TeV), Drell-Yan, dileptons.

® SIMP conditions are complementary in
constraining Z' parameters to direct Z' searches.
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Relation to neutral
naturalness




Higgs on orbifolds

® Twin Higgs:  [SU(3)a x SU(2)a] x [SU(3)p x SU(2)8] x 2
[Chacko,Goh,Harnik, 2005]

Ly = _yAHAC]Auil — yBHBQBuCBa YA = YB;

3 .
= i = 4—2(;%24 —y%)A? = 0: no quadratic divergence.
70

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

no—1

[SU(3F) X SU(QF)]local X SU(F)global/Q (' =G| = Z (cla)Q7 do : dim of irrep 7y )
a=0
ir U 3d ",-l; g (rg—1)
0 I (1' dq q(ng—l)
iy 52y " p(ng—1)
V(l) D __AZ (a) ‘h(a ‘2 2A2 ‘h(a) ‘2.
Z 1P~ yPA% )

do

Twin Higgs: SU(6) x SU(4)/Z-.
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Dark QCD on orbifolds

® S;orbifolds: SU(3)sxSU(3")e xSU(6)s QCD

SU(18) x SU(12) x SU(6) /S5 @ o
S31d0:1,d1:1d2:2 qlb.) 1
2 h°

e Asorbifolds: SU(3)s xSU(3")e xSU(3")e xSU(9)s QCD
SU(36) x SU(24) x SU(12) /Ay 3

Ay

Zdozl,dlzldgzl,d3:3 o hO

(0)
g 1

q(ll

2 h|l|

1

q(.‘;l 1 q.X. 3

2 h'? 6 A

® Gauge Ioops on S3 or A4lead to quadratic divergence

02 (R(2))(g(@))2| ()2 —> om; ~

3

(duN)? — 1

2(daNN)

g\ =
\/da

(d

no

A2(1 —1/d;,)

. irrep of largest dim.)

But, they are parametrically small!
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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)/S55

qr.O) 1 qm | q(2> 2

15 42 24 Z2H



Conclusions

SIMP dark mesons with W.ZW term can be a
thermal dark matter due to flavor symmetry,
satisfying the bounds on self-scattering.

Dark photon makes dark mesons in thermal
equilibrium with the SM through kinetic mixing.

SIMP conditions on dark mesons are
complementary to direct Z’ searches.

General dark QCD for SIMP DM can be
compatible with natural Higgs on orbifolds.

15 42 24 Z2H



