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light-rays
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® a random density
fluctuations ~O(107>)
more-or-less scale
invariant P(k) oc kms-!

® starts acoustic
oscillation, amplified by
gravitational attraction

® “knows” about

everything between
0<z<1300

OT/T = aim Y™
(2|+I)Clm — Zm alm*alm

ytion

=50 e—

Planck Collaboration: Cosmologica
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- HSC performance

HSC:riz in 2.5 hours = COSMOS HST (640 orbits: ~500hrs)

4.0)

Conducting a major survey for 30 nights! First data release Feb 2017



dark matter map ~20 square degrees (2 hours of observation)



Now move forward to writing the 1st-year science papers with about 170
sq. degs. (full color, full depth, typical seeing ~0.6", so far 100 nights)

cf. DES ~1”
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Cluster weak lensing

HSC CAMIRA rluctersg




Search for MACHOs

mle]

(Massive Compact Halo Objects)

Large Magé'llqnic Cloud

Not enough of them!
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Mass Limits
“Uncertainty Principle”

® Clumps to form structure
Mm

T
® “Bohr radius: rp =

® imagine VV = Gy
h2

GNMm2

® too small m = won’t “fit” in a galaxy!

® m >|07%2eV “uncertainty principle” bound
(modified from Hu, Barkana, Gruzinov, astro-ph/0003365)
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sociology

® We used to think

® need to solve problems with the SM

® hierarchy problem, strong CP, etc

® it is great if a solution also gives dark
matter candidate as an option

® big ideas: supersymmetry, extra dim

® probably because dark matter problem
was not so established in 80’s
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ADMX

Use the effective coupling

2
L

€ a = =
eff ™ FE-B
VA

Gen 2 ADMX Projected Sensitivity

Cavity Freguency (GHz)
10

Non RF-cavity Techniques

N\ \White Dwarf and Supernqva Bounds, [ |\ NNNNN

100

Axion Mass (ueV)
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Axion Spin Precession
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WIMP Miracle .
SM

DM o2
<0-2_>2U> ~ W

o~ 1072
~ 300 GeV

DM SM i :

“weak” coupling
“wealk’” mass scale

» correct abundance

Miracle?
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Status: ICHEP 2016

ATLAS Preliminary

iy ~0 & ~0
==T-t%, /T Wby,

—— {s=8TeV, 20 fb’

— (Observed limits

Ys=13 TeV

toL 13.2 fb' [CONF-2016-077]
t1L 13.2 fb'' [CONF-2016-050]
t2L 13.3 fb' [CONF-2016-076]

MJ 3.2 fb'[1604.07773]
Run 1 [1506.08616]

-=== Expected limits

All limits at 95% CL

[

no sign of
new physics

that explains

natura

Iness!
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Beginning of Universe

1,000,000,001

anti-matter

matter

N



J

H}f’ ’W‘
fraction of second late

|
1 000,000,002 «

martter anti-matter
turned a billionth of anti-matter to matter



Universe Now

us

Gelmini, Hall, Lin (1987)
Kaplan, Luty, Zurek,
0901.4117

dark matter dark anti-matter
This must be howt%ve survived the Big Bang!



Two ways

Nom+Ns=0, NnoM=—Nr+0




Asymmetrlc Dark Matter

ny QDM Mo

~ 6 GeV x ——
npMm Qb TIDM
® Does this explain the “similarity” of dark

matter and baryons?

mpmM —

. 2 2

® Need to come up with a dynamical origin
of the dark matter mass linked to the QCD

coupling
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Topological defects

common interest among AMO, condensed
matter, particle physics, algebraic geometry
symmetry breaking G—H

coset space G/H describes vacua

can the space be mapped non-trivially into
the coset space!
TTo(G/H)#0: domain walls
TT1(G/H)#0: string (vortex)
TT12(G/H)#0: monopole
T13(G/H) #0: skyrmion

Abrikosov
2003 Nobel




Kibble mechanism

Kibble (1976) argued that phase transitions
in expanding universe produce defects
second-order phase transitions have infinite
correlation length &o<|T-T|

Therefore, all regions of causally connected
space choose the same vacuum on G/H
However, there is a finite horizon size

H-! ZMPI/T2

Kibble: about one defect per horizon




® VWe know that we need i
material slowly to grow & =&
(e.g. clear ice in the freeiusinm

® How does time scale come into the
discussion!?

® |t takes time for things to line up!

relaxation

® guenched phase transition

® general discussion by Zurek (1985)

“Cosmological Experiments in Superfluid Helium?”




Phase transition
revisited

correlation length: Eoc|T — TV
relaxation time: Toc|T — T[H

It takes an infinite amount of time for the
system to “line up” at T

If the system cools too quickly, it won’t line
up even within a causally connected region




Experimental tests

o D Stamper—Kurn group (Berkeley)

P~ L 7P

(b)

. F

I —_—hA - 4 .

100 150 200 250ms 50 100 150 200 250ms
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® point-like defect
e Kibble estimate: one per

® Then it could well be

® /urek estimate: one per
¢¢ ’»

® new “long-range force

® explain dwarf galaxies!?

opologlcal dark matter

= IVVIPI/Tcl

dark matter!
Ez T |MP//TC| 113

among dark matter

HM, Jing Shu
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sterile neutrinos

keV-scale sterile neutrinos could be dark
matter

>0.4keV because of the Pauli exclusion
principle

<50keV to avoid too rapid decay
created by oscillation

typically very small mixing angles

requires non-zero asymmetry

TY o
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m EE ;
2
- 2
e 2
'5'( S
1868



2. Production Mechanisms

Exclusion: DW line

1078 £ Excluded by X—ray observations -

ace analysis

P
|
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[Canetti et al.: Phys. Rev. D87 (2013) 093006]



2. Production Mechanisms

EXCMSLQV\: DW line
[ [
ol =0
107 ° F o EXcluded by X—ray observations
_g’:. :
<
=
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= S Ly-a bound
T 10710k & -
) %)
= s [Boyarsky et al.: JCAP
A g | 0905 (2009) 012]
1072F8l T Teel_ -
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[Canetti et al.: Phys. Rev. D87 (2013) 093006] Alexander Merle
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Gravitino problem

. gh
® Gravitinos produced thermally — ™2/2 < 1912 101(%{ =
. . S &
® |f decays after the BBN, dissociates
synthesized light elements 2, = 3]\22 (F!2 N %D2>
Pl

® Hadronic decays particularly bad
auge mediation anomaly mediation

i '
\./ 71
I

VAR
/é \\ /I
He/D ™~

6L/
95% C.L.

B(\Vp%gg)=1
n=(6.1+0.3)x107'°

Ejet=m3/0/2

X—W,+Y after the BBN
Moroi, HM,Yamaguchi, PLB303 (1993) 289

Lyman a Forest
Viel et al, astro-ph/0501562

vecto}a- dlak ' ' ' 10'  10° 10° 10* 10°
Kawasaki, Kohri, Moroi, astro-ph/0408426
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coherent oscillation

® any scalar field with initial displacement can
in principle be dark matter




Do ~

10keV

o
I I IO d u I I Kusenko, Lowenstein, Yanagida

Phys. Rev. D 87,043508
107

_3 '.. - |
7-(¢ — WV) ~ 10%%sec ( ¢ ) % ".,.' >

EXCLUDED BY JOINT SUZAKU

If stabilized by low-energy ANALYSIS OF DRACO/URSA MINOR
SUSY breaking (~TeV),

modulus may be very light

moduli mass expected to be
comparable to the gravitino
mass

modulus coherent oscillation
can be dark matter (de
Gouvea, HM, Moroi, hep-ph/
9701244)
1/4
2 3 1/4
TeqMPl /

me me
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— moduli w/
o — —_— mass
I8 vector Oo Oox [GeV]
= mediation

gravitino non-thermal

asymmetric DM




recent thinking

® dark matter definitely exists

® naturalness problem may be optional?
® need to explain dark matter on its own
® perhaps we should decouple these two
® do we really need big ideas like SUSY?

® perhaps we can solve it with ideas more
familiar to us?
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" .E\A LW
DM 4 4 x 107202

. S mDM
Miracles
DM SM o
<(72—>2U> ~ W
a~ 1072
M M m ~ 300 GeV
WIMP miracle!
DM DM o’
<0'3—>2U2> ~ ﬁ
N Hochberg, Kuflik,
DM a ~ dm Volansky, Wacker
), A SOOMeVarXiv:MOZ.S 143
DM DM

SIMP miracle!



FREEZE-OUT

Back of the envelope calculation

Fann = H|freezeout

T2
.oy ~ 0 (o0’ Y
ann — Ngm (U’U >>f2’>—»2 pl
2
9 @8
MamTdm ™~ MpTp <<O'”U >3_>2 i 5
mdm
ny ~ MNpS . :
Fric Kuflik
3
Ny = eq/mp s~
T: o? m?
e
[onn =~ qa H ~ —dm

2



THE SIMP MIRACLE

A colincidence of scales

Mdm = O (T2 pl/xF)%

Mam == @ X 100 MeV

T a ~ 1, the strong scale emerges (zp ~ 20)

Like the WIMPE no input of scales or particle physics Eric Kuflik

Strongly interacting sub-GeV dark matter



The absolutely SIMPlest is probably SU(2) gauge theory with six doublets = three
flavors. In the massless limit, there is SU(6) global symmetry, which is
anomalous if gauged. The quark bilinear breaks it down to Sp(3), with 14 NGBs

in the rank-two anti-symmetric tensor representation 14 of Sp(3). Because of the
homotopy exact sequence,

0 = pi_5 (Sp(3)) —> pi_5 (SU(6))=Z —> pi_5 (SU(6)/Sp(3)) —> pi_4 (Sp(3))=Z2
—>pi_4 (SU(6))=0

we see that pi_5 (SU(6)/Sp(3)=Z and hence Wess-Zumino term is possible. This
Is of course expected because SU(6) is anomalous. Upon the common mass
term, the entire 14-plet acquires the same mass. Because of the flavor quantum

number, they are stable, and they have 2—>3 scattering because of the WZ
term.

SU(3) or SU(2), the remaining question is how to couple them to the Standard
Model. If we don’t worry about naturalness, the simplest is to introduce a singlet
that couples to quarks in the dark matter sector and Higgs in the Standard Model.

Hitoshi 52
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DM _ 4.4 x 10:20L
MDM

SIMPlest Miracle

Not only the mass
scale is similar to

QCD
DM DM

dynamics itself can be

QCD! Miracle?
iracle DM

DM = pions

e.g. SLlJ(4)/Sp(4) =S DM DM

Leniral = 75 7 Tro*U'0,U +HM

bwzw = 15 o

n arXiv:1411.3727
SN,

eabcdee“”pawaﬁﬂﬂbﬁywc pwdﬁaﬂe + O(r")

m5(G/H) # 0



@] SIMPlest Miracle

® SU(2) gauge theory with four doublets
® SU(4)=50(6) flavor symmetry

® (q'@>#0 breaks it to Sp(2)=SO(5)

® coset space SO(6)/SO(5)=8§

® TT5(5°)=7Z = Wess-Zumino term

® L\wz=Eabcde EHVPO TT20 |, TTP OV TTCO0 pTT90 6 TTE
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Wess-Zumino term

® SU(N() gauge theory

® T5(SU(Np)=Z (Nr=3)
® Sp(N¢) gauge theory

® T15(SU(2Np/Sp(Np)=27 (N=2)
® SO(Nc) gauge theory

® TT5(SU(Ny)/SO(Np)=7 (N=3)

Witten



LAGRANGIANS

1

£quark — _Z

2

2 ; 1 3 1IN
LSigma = ETI'GHZ oy —§mQ,u TrJX + h.c. —
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Quark theory

1
2

Sigma theory
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The Results

SU(2N;) / Sp(2N;)

(— Sp(2), Nj=2 ) :
» | s np=2 [
[ Sp(8), Ny=2 |
| (— Sp(16), N = 24;10-1
» A | N 1 Sy SN -2
102 10~ 1 Tk
m; [GeV]
o o mﬂ'
Solid curves: solution to Boltzmann eq. oom
Oscatter

Uscatter/m T [sz/g]

Dashed curves: along that solution
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Astrophysics Partl,de
physics

Galaxy distribution around SDSS
galaxy clusters

SM et al (2016),Ap|
® Extremely well measured cross-correlation of

Surface density of photometric galaxies around SDSS clusters

galaxy clusters and faint photometric galaxies
® First detection of the halo edge!

® The edge is smaller than expected by about 20
percent (nominally 4-sigma confidence)

* Dark matter self-interactions(?))

* Discussions with Dalal, Murayama

and Matsumoto

Surhud More
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self interaction

® self interaction of 0/m~102*cm? / 300MeV
® flattens the cusps in NFWV profile

® actually desirable for dwarf galaxies!?
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N
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—60}

-80

Wide & deep survey of MW dwarf galaxies w.
Subaru/PFS

Blue dots: spectroscopic targets
in previous work (Walker+ 2009)

Cumulative number of observable stars

PFS FOV

FoV for pervious survey

Sculptor

w. Subaru/PFS

1800 , ; . . : :

1600} -
1400} -
1200} -

>800 stars observable
1000} 3

gool / J

600f Subaru/PFS

400} !

200} // II‘ -
0

17 18 19 20 21 22 23 24
V [mag]

N(<V)

Subaru/PFS enables us to measure
a large number of stellar spectra over
unprecedentedly wide outer areas,

scy 60 40

210 0
ARA[E

nominal boundary (r,~ 76’),
stars actually exist inside/beyond this limit.

-20 -40 -60
rcmin]
ut more member

—_gsoWhere DM largely dominates!
= Best for studying the nature of DM




PES Survey

Precise measurement of DM Halo Profiles

Stellar Velocity Data 4= DM Gravitational Potential

Fit
DM Halo: s(r) = p,(r/re) (1 + rjry) 2 J-factor = [/ a [ czzp%:.z.sn}
A

l.r.5
6, : —
;. dv =3km/sac g ——————— TR S SO I
[ : ] ! |
& “H(number of stars) _ o |
o 2 ! oLV '.'\.__-. :
1 800 400 5l !
s Opstallass. = 4an \ ' . i
S -2 RS 1 = %
8’ l . 8 1
T A ‘ o : : ]
. O |
0 2 4 6 o | 5;
log|r,/pc] 2t | | :
’ i O
Velocity data of \

>~ 800 stars enable
| lto determine DM halo
| |profiles very precisely!

O 2 2 1 2 - A Bhnged r.
17.0 17.5 18.0 18.5 19.0
Log10[J(0.5°)/(GeV?iecm®)]

__________________________ J-factor is determined very precisely!
10 -05 00 05 1.0 — nature of DM




~

W
r

" . -
- - | —
\ =
\ — -
I ’ T . — -

9 l; ,
\‘ ’ '.' /". ;,:Z < o "ie
> g . pecsas
o= u(L Moo e S 1_,:’“ iwﬂﬁp"x
“}Q% $b’ ._ ?t::‘, . 2;-70’_‘ &w}

/

bLUMATOR /

LAEERUNZQUAL PATH
INTERFEROMETER (LU=

| ‘ B,
. J .'-'"” g .

vux.-‘mr ‘:‘ru-'.zu n—u un.,_vi fimt) 'z !- A '.:H =t '-*rn-u-'n
PduﬂﬁthHdUdthhUdhdub“uuuuuu

ti‘,i{‘f'g'ﬂ @l‘ ’ﬁ\!\:‘ et

lnl \ t' % .&;.

441§ K

Ff MBS i<
= Tl B4 B
cE L Py
SE~EN £
N 318) & b
S Tl B




commuhication

DM DM
3 to 2 annihilation
excess entropy must DM
be transferred to e*,y

DM DM
need communication
at some level DM DM

leads to experimental
signal

SM entropy ~ SM



if totally decoupled

- —
—— —
S —

Carlson, Hall and Machacek,
Astrophys. J. 398, 43 (1992)

102

10—'3 Slllll 1 |2lllllll 1 ltllll‘l 1 0 1 2 3
10 10 10 10 10~ 10~ 10~

T (eV)

® 3—2 annihilations without heat exchange is

excluded by structure formation, [de Laix, Scherrer
and Schaefer, Astrophys. J. 452,495 (1995)]



vector portal

dark QCD
with SIMP

| ' Standard Model

€
i KV
QCW



Kinetically mixed U(1)

® c.g,the SIMPlest model SU(4)/Sp(4) = g
SU(2) gauge group with

N=2 (4 doublets)

® gauge U(1)=SO(2) Lo -

c SO(5)=Sp(4)

® maintains degeneracy of (7T++, T Wg, 7T,2, Wg)
quarks

® near degeneracy of pions .
for co-annihilation _VBMVFEW

26W



SU(2), N; =2

CkD:1/47T
m,. = 300 MeV
101 10° 10°



Super KEK B & Belle |l

[e+4cev36A]

_ 4
Belle Il —_—
..-—*\ _

- 7 GeV 2.6 A

/

o

New beam pipe SuperKE KB

& bellows

S
j-

Low emittance positrons
to inject

Damping ring ”
Wi/ &

Low emittance gun

Add / modify RF systems
for higher beam current

C

Positron source

New positron target /
capture section

Low emittance electrons

to inject ¢

[ 2
+ 4/ X E’y \/g 1 M 1nv




102_ SU(Q),NfZZ E
f my = 300 MeV, m, =2.1 X mg
_— _ = 2 GeV
1011 mys .
?‘5 : ap = 1/4m, ey = 2.3 X 10—3/
g ﬁ .
=1 1+ e"e” — v+ hidden photon -7 E
b E ,”: ”””
< |= 1071 s %
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~ x Yonit Hochberg, Eric Kuflik, HM
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Holographic QCD

0
> = Y Ve ¥

@M §

NP

inspired by AAS/CFT from string theory
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Conclusion

® surprising an old theory for dark matter
® SIMP Miracle?

® mass ~ QCD
® coupling ~ QCD
® theory ~ QCD
® can solve problem with DM profile
® very rich phenomenology
® Exciting dark spectroscopy!
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