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Dark matter from sky

R (x 1000 ly)

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

Non-gravitational evidence is missing!
What is particle nature of dark matter?




WIMP Paradigm

[Lee,Weinberg(1977)]
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Interplay of direct, indirect and collider detections!



WIMP—nucleon cross section [cm*|
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Light dark matter

Below typical WIMP masses: 1keV < mpy S 10 GeV

(Fermion DM)
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Need to lower the detector threshold.
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Self-interacting dark matter

® Core-cusp problem: Simulation with CDM (“cusp™)
overshoots observed galaxy rotation curves (“core”).

J"[\.‘U —’12 XI()I’iA\‘[

F568-3 CDM %x::‘..'.-.‘. .v.i..'...l-:\‘,_ 10° Collisionless CDM
|-~ 5% e ’
e T T "
P
| 10 15 o |l‘_‘l | rikpe /R
r (koc) . .
See a review by D.H.Weinberg et al(2013).

Large self-interaction of dark matter solves small-scale problems.

( f

Oselt/Mpm = 0.1 — 10 Clllz,f‘g cf. Bullet cluster: Umr;’ mpM < 1ecm /8

® Related problems missing satellites (fewer DM
subhalos), too-big-to-fail (masses of dwarf galaxies)



SIDM=SIMP

®Strong Interacting Massive Particles(SIMP) are in chemical
equilibrium by self-interactions (3—2 process).
[Carlson,Machacek, Hall (1992);Hochberg

DM DM et al, 2014; S.-M.Choi, HML, 2015]
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SIMP conditions

® SIMP is heated after annihilation: kinetic equilibrium is
necessary for a successful structure formation.
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SIMP & Z’-portal

[S.-M.Choi, HML, 2015]
® /3is the minimal discrete symmetry from a dark
local U(1) and Z’ portal is built-in.
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Bounds on SIMP

[S.-M. Choi, HML, 2015]
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Vector SIMP & Higgs portal

® Massive SU(2)x gauge bosons + dark Higgs
X X! X X"

[S.-M. Choi,Y. Hochberg, E. Kuflic,Y. Mambrini,

H. Murayama, HML, M. Pierre, 2017]
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SIMP direct detection

® DM-nucleon scattering: cryogenic semi-conductors
e.g. CDMSlite: Ge, En=56eV = mpy > 1.6 GeV

® DM-electron scattering: Cooper-pairs in super-conductors

e.g.Al: E==11.7eV, vre~vi=10-2 [Hochberg et al (2015)]
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SIMP indirect detection

Galactic Center , .+ CMB
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[Essig et al, 201 3]
® Gamma-ray & CMB can constrain SIMP DM.

® No bound for scalar SIMP (p-wave suppressed annihilation).
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SIMP in merging galaxies

® S|MP self-interactions can make a separation of
DM subhalo from bounded stars.

“Drag force” between DM subhalo

DM and larger DM halo is greater than

“gravity” between DM subhalo and star.

e.g. Abell 3827 cluster A =1.6210%7 kpc [Massey et al(2015)]
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n kPl [Kahlhoefer et al(2015)]



SIMP mesons
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Dark QCD for naturalness

[Chacko,Goh,Harnik, 2005]
® Double the SM gauge groups with twin Higgs and matter.

SU3)a x SU((2)a] x [SU3)p x SU(2)p ]><Zg:
/o 9ga=4g¢gp, Hjs <+ Hp
== Higgs = pseudo-Goldstone bosons on SU(4)/SU(3)

® Quadratic divergences of Higgs mass are cancelled by
neutral quarks at one-loop.

Ly = —yaHaqauy —ypHpqUuy, ya = YB.
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“Dark QCD” _, K

cf. General orbifold symmetries and QCD: HML, talk
at 2015 CERN TH workshop on neutral naturalness.




SIMPs from Dark QCD

*

condensate of SU(Nc)
dark fermions

Dark mesons: Strongly Interacting, Light & Stable.

® 5-point self-interactions from VWess-Zumino-Witten term
for T15(G/H)=Z (i.e. Nt >3). [Wess, Zumino, 197 |;Witten, 1983]
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Ne—s3. T2V s Lt RO Nc :topological invariant
f= 9. - ’ —Tt 7 ' Y i
I . 7 i of 5-sphere (Q+Q’) in SU(3)




WZW & SIMP process

® 5-point scattering vs self-scattering for SIMP mesons

[Hochberg et al, 2014]

SIMP process: Self-scattering:
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cf. mirror QCD in twin Higgs models.

flavor symmetry,

degenerate quark masses
degenerate meson masses



Parameters for SIMP mesons
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[Hochberg, Kuflik, Murayama, Volansky, Wacker, 2014]

Bullet cluster, Halo shape Oself/Mpm < 1 cm2/g

Perturbativity My [ fr < 2

Bullet cluster & perturbativity bounds favor large N..

Nc=3 case is ruled out! == Vector mesons

Oycamer! My [cM?/g]



Equilibrium via Z’-portal

-------- R D

Z’-portal

® Vectorial Z’ with no chiral anomalies in dark QCD.
[HML, M. Seo, 201 5]
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® Small meson mass splitting for SIMP process:
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Bounds on SIMP mesons

[M.-S. Seo, HML, 201 5]
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® S|MP parameter space can be probed by Z’ searches.
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Resonant SIMPs



Perturbativity issue

[Hansen et al, 2015]
 2—-2:1L0O, 3—42:NLO, in SIMP scenarios.
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NLO corrections enlarge 2—2 cross sections, making
it harder to satisfy the self-scattering bound.

= A larger color or a larger meson decay constant!

or additional 3—2 annihilation channels?



Resonant SIMPs

[S.-M.Choi, HML, 2016}
® /s is a minimal (gauged) discrete symmetry

for 5-point interacting SIMP.
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Averaging SIMPs
[S.-M. Choi, HML, M.-S. Seo, 2017]

® Thermal average of 3—2 cross section near resonances.

Breit-Wigner form for SIMP:
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Vector Mesons in dark ChPT

SIMP mesons + Vector mesons in dark QCD:

G=SU(Nf)vxSU(Nf)/SU(Nr)v
+ Hioca=SU(Ns)v hidden local symmetry
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Extra chiral-invariant term (in unitary gauge):
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v, : 2 2 2
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T VM-pion couplings: gy, = 549 ¢f. QCD: ¢ ~ 2



WZWV with vector mesons

WZW terms gauged by Hioca=SU(N¢)v
[anem — /d4x[£WZW — 15(01£1 -+ CQLQ + Cgﬁg)]
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ﬂ- . .
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W — 37
™ Dark photon case:

Berlin et al, 2018



Vector Meson resonances

3—2 annihilation: [S.-Choi,A. Natale, HML, P. Ko, 2018]
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== Enhanced near resonances with 27T or 3TT.
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==l VM resonance is velocity-suppressed at
galaxies and galaxy clusters.



3-meson resonance

[S.-Choi, A. Natale, HML, P. Ko, 2018]
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Vector mesons on-resonance improve perturbativity.
My fr S 6 for gvar S6 and m., <1GeV.

cf. WZW terms only:  mx/fr < 15.
Improvement persists for off-resonance too.



2-meson resonance

[S.-Choi, A. Natale, HML, P. Ko, 2018]
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Vector mesons on-resonance improve perturbativity.
M/ fr S 4 for v S 1.3 and m, <1GeV.

cf. WZW terms only:  mx/fr < 15.



Conclusions

SIMP dark matter is a sub-GeV SIDM produced via 3—2
freeze-out process and SIMP conditions can be tested by

various intensity experiments.

Dark mesons are natural candidates for SIMPs in dark
confining gauge groups with flavor symmetries.

Vector mesons unitarize SIMP mesons scenarios and
maintain them as valid solutions to small-scale problems.

Kinetic equilibrium conditions for SIMPs via Higgs or Z
portals could reveal the nature of SIMP sector.



