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Dark matter from sky

R (x 1000 1y)

® 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

[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—nucleon cross section [cm*|
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WIMP in challenge

updated from SNOWMASS document, arxiv:1310.8327
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DM messengers!?
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Small-scale problems

® Core-cusp problem: galaxy ® Too-big-to-fail:too much mass

rotation curves favor core to host dwarf galaxies.
profle rather than cusp. |
A R Wher they?
_ PO S P, r Y
s S A rotation curves == e
St }i : of dwarfs s Y {
A,/ ‘ Eryans - L i
X ’,.‘ 2 0.4 :"‘l(:x 0.3 10
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. . 10° collisionless CDA
® Self-interacting DM makes o onles CDN

core profile at small scales. o
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Oseif/Mpy = 0.1 —10em® /g

But, Bullet cluster bound:
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Evidences for SIDM?

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

Abell 3827
One DM sub-halo lags

behind the galaxy.

off-set:
A = 1.6270%7 kpg

[Massey et al(2015)]  oweir/mpnm ~ 2 x 107 em? /g
[Kahlhoefer et al (2015)] oserr/mpm ~ 1 —2cm?/g



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
DM DM
enpu + 3Hn = [—(avz)- 2 (Npy — Nt 'nqu
DM 7 SHnpM " )3—2 (Mpm — MpMTDM
—(ov)22 (nHm — (np)?)

DM DM SIMP freeze-out:

3

(0’02>3—>2 = a;jff I'z 52 — "7'12)M <U’02>3—>2 ~ H(TF)
DM

Qeff — 1 — 30,
mpwm = 40 — 1000 MeV

MeV \ 3/2
QDMhZZO.l(mDM/35 eV) = >

Oleff




SIMP self-interaction

®5|IMP DM is accompanied by strong self-interactions.

DM DM DM DM
=P DM
3
o fr
DM DM DM DM
2
= MPM _ 2
self = —5— = O.lb( ) <O ﬂ-‘U> — nDM<av >
sl T2 100 MeV )

— Rgself — 10_12 b

Strong self-scattering &
naturally small annihilation
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Testing SIMP
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Beyond vanilla DM

® Dynamics for dark matter and its portals

SM

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

o SU(N)xU(l)x - o SU(3)xSU(2)xU(I)
e Dark local or global U(I)4 ® U(l)em,U(l)s
stability of DM stable electron, proton

® New strong int, dark flavor ® Strong int, SU(3) flavor

self-interacting DM self-interacting,
long-lived mesons




Gravity-mediated or
composite VWIMP



Warped extra dimension

[Randall, Sundrum, 1999]

ds* = e_%ynwda:“da;” + dy?

w3 = e PP ME, KL ~ 40.

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



Holography dual

AdS CFT
® radion ® dilaton  dilatation symmetry
o KK-graviton ® spin-2 resonance
0 CFT diffeomorphism
® Matter-brane ® “elementary”
® Dark-brane ® “composite”

DM: composite state, Z; from global symmetry.

Pure dark QCD (SU(2)): spin-O(broad)& spin-2 are the lowest.
[V.Sanz, 2016]



KK graviton couplings

————————————" @& KK graviton is localized on
== i the IR brane.

~_ e KK graviton couplings are
T graviton-like, but can be
< , “non-universal”, depending

D ation
e.g. bulk RS model on localizatio
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WIMP from warped gravity

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

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

KK graviton is localized on IR brane

Q >
y &@@ ds® = e *WVlp, daHdx' + dy?
= Q
WIMP hierarchy:
mX —k .
Gauge / M—P ~ e MY < 1.

for decay into a photon pair.

'/ m(iﬁ?ztigj / KK graviton =diphoton: large BR

y =0 Y = 1, e.g. strong gamma-ray line signal.



Light KK graviton

Kk _
® Inbulk RS: mg = zgr! k=g A=e""Mp, (zg=383).
ma = xak\ = 0.64dmeg, (Xxa4 = 2.45).

1

® Brane Einstein term: ALgrs = M/ gihy rod(y) 1 redly — L))
2ke=FL 0.8m .
» ma ~ = A [H. Davoudiasl et al, 2003]
vV kL VEkL

[Falkowski et al & Hewett et al, 2016]

krp =10! 20| KK graviton can be light for 3-4TeV KK

gauge bosons, being consistent with direct
searches and EWPD.

But, wrong-sign kinetic | | _, %er(! )2, N2 = (1_2er)(1+2|«0) > 0,
term for radion? , M3 okl
Mz =— (14 2krqg—e (1 —2krg)) > 0.

[Dillon et al, 2016] 2k



KK graviton and dark matter

[HML, M.Park,V. Sanz, 2015]
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KK graviton and light radion

® Radion is localized toward the IR brane, so it

couples strongly to KK graviton. [Dillon et al, 2016]
¢3=0.003, €x=0.1, cy=c;=0 di=dr=d3 (b) 2.0 C.M. frame
I l -—--I;T-r--‘ O - — g g _— 2\"
| osoof - i B s
0.100| i
o 0010} X 0.100¢ E "E 1.0
& 0.050f - ] = |
- ' KK -
0.001} | : 0.5
o | N U
: III I"llll ........
s 0.0051 : ' s 10 15 20 25 3.0
1075 ' : — | n*|
0.001 0010 0.100 1 0.1 05 1 5 10

my(GeV) “Diphoton channels”

" [zero fermion couplings] (similar for dibosons)

1 :
L, = r T“ —'—\ (dlBApB)‘p + daWi , W™ + dagy g’\p)
VA a
f 4dy 5 dy
+T merff + —\772”1 |H| %7 (m/ZuZ + 2771“ W, WH)

) 3
—% [G""(‘)ﬂré),,r + §G(ary +1r2(8,8,G" — DG)J



KK gravitons at LHC

e Gluon fusion e VBF(Model A) ® Associated
[Model B: all comparable] (Model A)
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Heavy KK graviton: mg > 2mx

Model A (Vector DM, mDleooGeV) Model B (Vector DM, mDleooGeV)

Large KK graviton coupling,
“large” production cross section

s-channel DM ann.

® Model A: gg, YY (XX, WW, ZZ, hh, gg)
below(above) XX threshold.

® Model B: g9, YY (XX) Mono-Y/jet/Z/W + MET

below(above) XX threshold.



Light KK graviton: mg < 2mx

Model A (m__=1.5xm,) Model B (m__ =1.5xm)
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® Model A: gg, YY (WW, ZZ, hh, gg, YY)
below(above) WW threshold.

® Model B: gg, YY (g8, WW, ZZ, YY)
below(above) WWV threshold.

Small KK graviton coupling,
“small” production cross section

di-jet, di-photon




SIMP models

Xm



Dark QCD and dark matter

#

condensate of SU(Nc)
dark fermions

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

® 5-point self-interactions from Wess-Zumino-Witten term
for Tt5(G/H)=Z (i.e. N¢! 3).

2in/F [Wess, Zumino, 197 |;Witten, 1983]
U = @ L : T = 7.1.017"'0,

2N,
Lwazw = 157:2 e"’PoTr[w0,m0, 70, m0,T]
7 5o+ —=° it K+
T 2 ) ~ . . .
Nf=3: ==F A U S Nc :topological invariant
. Ko —yEm, of 5-sphere (Q+Q’) in SU(3)



WZW & SIMP process

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

SIMP process:

it 0 KT
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Self-scattering:

[Hochberg et al, 2014]

70 .. R
3 ”’¢ s~~~~ .0
~0 . &7
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Ogelf = . :
..nl F1 \ - '
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cf. Large QCD scale === \WIMP mesons possible



Parameters for SIMP mesons

SU(N;)*SU(Ny) / SU SU(N:)=SU(Nr) / SU(N;) (SU(Ny) broken
101 (Nr)*xSU(Nr) (Nr) 102 10 (Nr)*SU(Nr) 1 SU(Nr)  (SU(N) ) 102
8 410 = 8.. 10
A Perturbativity3 o [
. 6+ | : g . 6+ 1 ‘
< [_Bulletcluster i@l | (—su@.N=3 | A [~ sU@E) N=3 |4
5 | o - ; 3 i $ o s -
E 4_ QLI‘{S).M-3 E \§ E 4_ OU(»').M—Q:
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of 310 | 10
- 1
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my [GeV] my [GeV]

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

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

Perturbativity My [ fr < 2

Nc>3 is favored due to bounds on self-scattering.
Similar results for SU(Nf)/SO(Nf) or SU(2N¥)/Sp(2Nf).

Oycamer! My [cM?/g]



SIMP + VM

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

Vu
- Va

New diagrams involveng dark vector mesons

T —sw— KK (K'KY)
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Preliminary Results
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* The allowed parameter space is in a better shape now
* However, is it sensible at all ?

* Dark sigma can increase further the 2->2 scattering
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Kinetic equilibrium
® Kinetic energy released by SIMP process needs to be
equilibriated by SM plasma. [de Laix et al, 1995;VSIMPers, 2017]

X X X X
8 2 )
A[(scafct —
2mpwm
TZ
_ mow
X X Y logv" = 5 Y
Mpm
Boltzmann equation for DM kmetlc energy
M+2HK = —mDMHT' 1 -+ T' (T) (T)! Ny avy mT
__________ DM

---------------------

392 elastlc scatt.
mpM

2
T) * e > 10" ozié?

Kinetic equilibrium: v(71') > H(
of. WIMP: ~(T) > H
® |neffective 2—2 annihilation needs ¢ < 2.4! 10 °aq




Z’ portal for SIMP mesons

Modified WZW with U(I)”

[Witten, 1983]

S =So(DU, D, UY) + Swzw (U,U') — eN, / d'zA,J" | Noether current:
|
2N / o JH = —— P Te[Qa,UU~'9,UU~8,UU "
N 2‘264 ) / d'ze'?? 9, A" A Tr[Q?0,UU " R g
o + QU 'a,UU9,UU8,U]
+Q*U'0,U +QUQU'a,UU 1],
. g A\/\/\ Z
AVYV anomalies. L q
= Meson deca q ’
Y 4 AVAVAVIY

AAAY anomalies. q 7 (; --------- 7r
» 2—2 ann 7 q .,




Stability of dark mesons

[HML, Seo, 2015]

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

AVAVAVEY 4
aETETTTEEEE < x Tr(QHT*) =0
AVAVAVIY 4 if Qp = 1.
1 0 0 .
=P 0,="0 !1 083 ° flavor non-universal charges
0 0 I3 cf. QCD: Q=diag(2/3,-1/3,-1/3)

D,U = 0,U +1igp|Qp,U)Z,; #*, K*: +2/3 charges.

®Mass splitting generated by non-universal charges is

constrained for SIMP annihilation:

m2

OzDA4 M\ 2
Am2 ~ ~apF21 o <.1(—’”).
m. o ap -772F ap S 0.0 2




Equilibrium via Z’-portal

®Dark meson in kinetic equilibrium with the SM by
kinetic mixing between Z’ & hypercharge. [HML, Seo, 2015]

~ 4 £

e
T TTTTTT | /18 E - FI Fp,l/
(K1) A (KT) . 2cos By M
: (o 000 (T
o N ms m
Z ™ 713 Z/ ™
SM SM cf. DM-Dark Higgs scattering would also

work with Higgs-portal coupling.

o1T TT—TTL (AAAV) is forbidden for mz > my;
suppressed 2—2 annihilation via Z’-portal.

= 32 dominance: SIMP conditions



Bounds on Z’
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|
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ete™ 542 54T, ete” = v + MET
h—2zzZ (CMS 8TeV), Drell-Yan, dileptons.

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

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



Vector SIMP

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

® Massive SU(2)x gauge bosons = SIMPs

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

Dark Higgs from SSB—kinetic equilibrium by Higgs portal.

X! X' X F

X J X'

Xm
Relic density

(s-wave 3—2) Large self-scattering



Higgs/confining phases

Strong coupling? == Higgs/confining phase

complementarity [t Hooft, 1980]
Higgs phase Confining phase
SU(2)x SSB by Higgs VEV Confinement by strong force

o)

Fundamental particles -al=p» Composite particles
i Y
Xy i D, d
hp TP

Higgs/confining phase

No light charged particles == complementarity



Relic density

nhh=4ﬁnx
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Relic density + self-scattering cross section



Equilibrium via Higgs portal

DM-dark Higgs elastic scattering Dark Higgs in kinetic
X ¥ equilibrium
[
ﬁ‘ ~§ ----X---
"'¢¢ “~~~~ hD h
hD hD F
N y;zlyft,'uv.')] /"”’2‘1 — ﬁm.?, : Y . - m2: Vi, i 29 f Am2 3/2
I(T)h.; - 12773771_‘\,(7;): ":‘777-]:‘])‘2 (\7&%1 . ’1772;: ) T“e ST I‘(hl — jf: _ Tllf"sn.v?n (\J_ B %)
: momentrum relaxation rate
DM mass ~ dark Higgs mass for abundant dark Higgs
Xt 9 ~* hp X7
. L ,,
Forbidden channels relevant Ly . 3\/\/’ ...... .
for DM relic density R Ky S
ST X >



Bounds on Higgs-portal

l x=300MeV, ax=2

siné

Higgs-invisible

Kinetic decoupling

Higgs invisible decay + kinetic
equilibrium restricts to light
dark Higgs region.

Q,h?

SIMP+Forbidden, mp,=(1+An,)mx

106 | B — | T T T T
FDM SIMP
104t -
100t
[ /' [ ————
0.01f
[ =001, my=1GeV |
we—e =001, my=10 MeV
— Oyl 1, M=l GV
104 e ay=01, me=10MeV | ]
— Jewl, m=1GeV
p wemn @yel, Mye=10 MeV )
b* N
10—6!....1....1....1....l....
0.0 05 1.0 15 20 25
Ah1

Forbidden channels
relevant for small DM-
Dark Higgs mass splitting



Equilibrium via Z’-portal
DM-electron scattering with Z’ portal.

|. Z’-X-X effective interactions

A A (zero dark Weinberg angle)

2. Z’-U(l)y gauge kinetic mixing

1
Evector —

z z 2

Sill& Z;a/ B*Y + L:\ XZr

momentrum relaxation rate:
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SO(3) custodial symmetry is respected for DM stability

but dark gauge symmetry is broken explicitly.



Origin of CS terms

Lxxz = ¢ E#UWZL‘X?V ' (ap‘?o - UOX‘P) ‘
Gauge-inv EFT: Lpp = ﬁS*D#S(D"@)*X;,,@JFC.C. S : singlet

“D’Hoker-Farhi term” (®) #£0, (S) #0 == CS terms

UV complete model = (2.41), [=(2,+1), =(1,-1), &=(1,-1).
with chiral fermions

LD -NSIF—).S e —y Dlef — 1y, DFe"

Anomalies cancelled by heavy fermions
with opposite charges.

SU(2) SSB masses lead to
uncancelled loop corrections:
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Bounds on CS terms

my=100 MeV, m>=1 GeV my=300 MeV, my=1 GeV
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Unitarity, BaBar & kinetic equilibrium
limit the parameter space for Z’ couplings:

ci! 0.1, 1074 <e<107?



Bounds on Z’-portal
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Kinetic equilibrium and bounds from
BaBar vis/inv favor light Z' or heavy DM.



Conclusions

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.



