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Dark matter from sky

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

The origin of dark matter is a compelling question.



WIMP Paradigm
Dark matter once in thermal 
equilibrium with SM particles

DM number

time

[Lee,Weinberg(1977)]
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Weak interaction with 100GeV-1TeV mass:
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Interplay of direct, indirect and collider detections!



WIMP in challenge

No direct evidence for WIMP yet



DM messengers?

• Mediators & effective interactions for DM
[MET+mono-γ]



Small-scale problems
• Core-cusp problem:  galaxy 

rotation curves favor core 
profile rather than cusp.

CDM

• Too-big-to-fail: too much mass 
to host dwarf galaxies.

rotation curves 
of dwarfs

• Self-interacting DM makes 
core profile at small scales.

But, Bullet cluster bound:



Evidences for SIDM?

�self/mDM ⇠ 2⇥ 10�4cm2/g

off-set:

[Massey et al(2015)]

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

Abell 3827                              

[Kahlhoefer et al (2015)] �self/mDM ⇠ 1� 2 cm2/g

One DM sub-halo lags 

behind the galaxy. 



mDM = 40� 1000MeV
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SIMP paradigm
•Strong Interacting Massive Particles(SIMP) are in 
chemical equilibrium via 3→2 self-annihilation.

[Carlson,Machacek, Hall (1992);Hochberg 
et al, 2014;  S.-M.Choi, HML, 2016]
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SIMP self-interaction
•SIMP DM is accompanied by strong self-interactions.
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Strong self-scattering & 
naturally small annihilation 



Testing SIMP

[Essig et al, 2013]

[Hochberg et al (2015)] [Ilten et al, 2016]

“Cosmology”

gamma-ray

“Intensity”

Superconducting 
detector?



Beyond vanilla DM
• Dynamics for dark matter and its portals

• SU(N)xU(1)x ···

• Dark local or global U(1)d

• SU(3)xSU(2)xU(1)

• U(1)em , U(1)B

stable electron, proton

• Strong int, SU(3) flavor

self-interacting, 
long-lived mesons

stability of DM

• New strong int, dark flavor

self-interacting DM

Portals: Higgs, Z’, axion, graviton, etc

Dark sector SM



Gravity-mediated or 
composite WIMP



Warped extra dimension

• Warped factor in AdS space makes Higgs mass 
on IR brane naturally small; gravity gets weak as 
4D graviton is localized on UV brane.

ds

2 = e

�2ky
⌘µ⌫dx

µ
dx

⌫ + dy

2

m2
H = e�2kL M2

P , kL ⇠ 40.

[Randall, Sundrum, 1999]

�y = L



Holography dual

• radion

• KK-graviton

• Matter-brane

• Dark-brane

• dilaton

• spin-2 resonance

• “elementary”

• “composite”

DM: composite state,  Z2 from global symmetry.

AdS CFT

Pure dark QCD (SU(2)):  spin-0(broad)& spin-2 are the lowest.

[V. Sanz, 2016]



KK graviton couplings

• KK graviton couplings are 
graviton-like, but can be 
“non-universal”, depending 
on localization.

• KK graviton is localized on 
the IR brane.

e.g. bulk RS model



WIMP from warped gravity

SM
-b
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Gauge

Gravity 
mediators

mX

MP
⇠ e�kyc ⌧ 1.

• Simple benchmark model:  dark matter on IR 
brane;  gauge fields in bulk; others on UV brane.

KK graviton =diphoton:  large BR 
for decay into a photon pair. 

[HML, M.Park, V. Sanz, 2013, 2014]

y = 0 y = yc

WIMP hierarchy:
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KK graviton is localized on IR brane

e.g.  strong gamma-ray line signal.



Light KK graviton

[H. Davoudiasl et al, 2003]

• In bulk RS:

KK graviton can be light for 3-4TeV KK 
gauge bosons,  being consistent with direct 
searches and EWPD.

But, wrong-sign kinetic 
term for radion? 

mG = xG÷! , ÷! ⌘ k
M P

, (xG = 3.83).
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• Brane Einstein term:
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[Falkowski et al & Hewett et al, 2016]

[Dillon et al, 2016]
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KK graviton and dark matter

(Dashed: invisible decay rate in GeV)
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ca

s-wave:  BR(γγ)<1% by Fermi-LAT.p-wave: no bound from DM searches.

Scalar/fermion DM Vector DM

[HML, M.Park, V. Sanz, 2015]



KK graviton and light radion
• Radion is localized toward the IR brane, so it 

couples strongly to KK graviton. 

Lr =
1p
6⇤

r Tµ
µ ⇠

[Dillon et al, 2016]

“Diphoton channels”
(similar for dibosons)[zero fermion couplings]



KK gravitons at LHC
• Gluon fusion • VBF(Model A) • Associated 

(Model A) [Model B:  all comparable]

q̄
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q
q
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Heavy KK graviton: mG > 2mX
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• Model A:  gg, γγ (XX, WW, ZZ, hh, gg) 
below(above) XX threshold.

• Model B:  gg, γγ (XX) 
below(above) XX threshold.

s-channel DM ann.
Large KK graviton coupling, 

“large” production cross section

Mono-γ/jet/Z/W + MET



 Light KK graviton: mG < 2mX

• Model A:  gg, γγ (WW, ZZ, hh, gg, γγ) 
below(above) WW threshold.

• Model B:  gg, γγ (gg, WW, ZZ, γγ) 
below(above) WW threshold.
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t-channel DM ann.
Small KK graviton coupling, 

“small” production cross section

di-jet, di-photon



SIMP models



Dark QCD and dark matter

• 5-point self-interactions from Wess-Zumino-Witten term 
for π5(G/H)=Z (i.e. Nf ! 3).   

NC  : topological invariant 
of 5-sphere (Q+Q’) in SU(3)

[Wess, Zumino,1971;Witten, 1983]

Dark fermions
G=SU(Nf)xSU(Nf) condensate of SU(Nc) 

dark fermions 

Dark mesons 
with SU(Nf)V 

flavor   

Dark mesons are naturally light, 
& stable due to accidental flavor symmetry.

⇡

F



WZW & SIMP process
•5-point scattering vs self-scattering for SIMP mesons

[Hochberg et al, 2014]

~const~1/Nf

SIMP process: Self-scattering:

cf. Large QCD scale WIMP mesons possible

! !
QCD ⇠ ! QCD m2

!̃ ⇠ mq̃

(! 0
QCD)3

F 2
⇠ (100 MeV)2



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

Bullet cluster, Halo shape

Parameters for SIMP mesons

Perturbativity

Self-scatt. Perturbativity

Bullet cluster

SIMP relic

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

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



[S.-M. Choi, P. Ko,  HML,  A. Natale, in progress]





Kinetic equilibrium

X

Y

X

Y

• Ineffective 2→2 annihilation needs

✏2

✏ < 2.4 ! 10�6↵e!

• Kinetic energy released by SIMP process needs to be 
equilibriated by SM plasma.

Kinetic equilibrium:

Boltzmann equation for DM kinetic energy:

[de Laix et al, 1995; VSIMPers, 2017]
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3→2 elastic scatt.
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•Modified WZW with U(1)’:

AVV anomalies.

AAAV anomalies.

Z’

Z’

Z’

[Witten, 1983]

Meson decay

2→2 ann

Noether current:

Dark mesons SM

U(1)YU(1)’
Z’-portal
X

Z’ portal for SIMP mesons
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Stability of dark mesons
•Stability of dark neutral mesons requires the 
cancellation of AVV anomalies. 

if 

cf. QCD:  Q=diag(2/3,-1/3,-1/3)
:  flavor non-universal charges

Z’

Z’

±2/3 charges.

[HML, Seo, 2015]

•Mass splitting generated by non-universal charges is 
constrained for SIMP annihilation:
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Equilibrium via Z’-portal

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

•π π→πZ’ (AAAV) is forbidden for mZ’ > mπ;  
suppressed 2→2 annihilation via Z’-portal. 

SM SM cf.  DM-Dark Higgs scattering would also 
work with Higgs-portal coupling.

3→2 dominance:  SIMP conditions

[HML, Seo, 2015]



Bounds on Z’

SIMP 
conditions

(CMS 8TeV),  Drell-Yan, dileptons.

• SIMP parameter space can be probed by Z’ searches. 

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



Vector SIMP

• Massive SU(2)X gauge bosons = SIMPs

[N. Bernal et al, 2015; S.-M. Choi, Y. Hochberg, E. Kuflic, 
Y. Mambrini, H. Murayama, HML, M. Pierre, 2017]

Gauge interactions→ self-interactions for dark matter 
Accidental SO(3) custodial symmetry→ DM stability

X i

X j

X k

X l

Xm

Large self-scattering

Dark Higgs from SSB→kinetic equilibrium by Higgs portal.

X i

X j

X k

X l

Relic density
(s-wave 3→2)



Higgs/confining phases
Strong coupling? Higgs/confining phase 

complementarity [’t Hooft, 1980]

Higgs phase Confining phase

SU(2)X SSB by Higgs VEV

Fundamental particles Composite particles

Confinement by strong force

Higgs/confining phase
complementarity No light charged particles

h�i = 1p
2
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 !
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Relic density

Relic density + self-scattering  cross section
mDM & 300MeV

�self/mX =

mhD > mX : X i X i ! hD hD



Equilibrium via Higgs portal
DM-dark Higgs elastic scattering

hD hD

X i X i

x
hD h

l

øl

Forbidden channels relevant 
for DM relic density

Dark Higgs in kinetic 
equilibrium 

DM mass ~ dark Higgs mass for abundant dark Higgs

: momentrum relaxation rate



Bounds on Higgs-portal

Higgs invisible decay + kinetic 
equilibrium restricts to light 

dark Higgs region. 

Higgs-invisible

Kinetic decoupling
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Forbidden channels 
relevant for small DM-

Dark Higgs mass splitting

FDM SIMP



Equilibrium via Z’-portal

X i X i

l l

x
Z 0

B

SO(3) custodial symmetry is respected for DM stability

DM-electron scattering with Z’ portal.

Chern-Simons terms:

1. Z’-X-X effective interactions
(zero dark Weinberg angle)

2. Z’-U(1)Y gauge kinetic mixing

but dark gauge symmetry is broken explicitly.

momentrum relaxation rate: 



Origin of CS terms

Anomalies cancelled by heavy fermions 
with opposite charges.

Gauge-inv EFT:

“D’Hoker-Farhi term”

SU(2)  SSB masses lead to 
uncancelled loop corrections:

UV complete model
with chiral fermions

h�i 6= 0, hSi 6= 0 CS terms

S : singlet

L � ��lS l ÷l � �eS
! ec÷ec � y1� l ec � y2 ÷�÷l ÷ec



Bounds on CS terms

Unitarity, BaBar & kinetic equilibrium
limit the parameter space for Z’ couplings:

c1 ! 0.1, 10�4 . " . 10�3



Bounds on Z’-portal

2→2
dominance

Kinetic
decoupling
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Kinetic equilibrium and bounds from 
BaBar vis/inv favor light Z’ or heavy DM. 



Conclusions
• Gravity-mediated or composite WIMP can be an 

interesting benchmark model with spin-0 and spin-2 
resonances via geometry or composite dynamics.

• SIMP dark matter is a candidate for self-interacting 
dark matter and it is produced by thermal freeze-
out of the 3→2 process in the dark sector.

• Dark fermions with confining gauge groups form 
SIMP mesons and kinetic equilibrium is achieved by 
Z’-portal with no chiral anomalies. 

• Broken non-abelian gauge theories lead to vectorial 
SIMP.  Higgs portal or Z’ portal is working for kinetic 
equilibrium. 


