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Wither WIMP?
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m ~ 300 GeV

Relevant to
hierarchy problem?

» correct abundance

Miracle?

DM SM

“weak” coupling
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2hl Gl

mpm



WIMP—nucleou cross section |cm- |

Positron Fraction

10~
10746
1074
1)
10~49
10-50

© o o o
o o o o
6] N ~l (o0)

O
o
s

IlII]lIIIIINIIIIIII

0.03

5 Neutrinos

.HI.OO —_— ]0()0
WIMP Mass [GeV/c?1

P s et .

! ICIHT 8§

(71

Energy [GeV]

10 21

12

LEFes

:IIIIIII I I T T TTTI I I

[T

adns

UISINAD |
-O]
| Illlll.lb 111

SINGD
( ]

CMS, 90% CL, 7 TeV, 5.0'%?1

[
w
"
% . e
g Y SRR RO @it
- e
..........

T

1
||||||
||||||||||
v
e

Illlq IIIIII|'|] IIIIII|'|] T TTII

CMS, 90% CL, 8 TeV, 19.7 fb’ 3
50N (ev x)(@r“a) ~

R~ — 6(3@\\\ e

SIMPLE 0012  Vector

W]

'
K
““““““
e

e
||||||||||||||||
.................

—_k —_k - —_k —_k —_k —_ —_k
© © o © © o 9o o
A A A A ) &) &) (&)
w N —_ o © o ~ »

IIIII|'|] IIIII|T|'| IIIIII|T| IIIIII|T| IIIIII|T|

—
1

N

o

‘‘‘‘‘‘‘
-

(R
-
KR

L Scalar
= Spin Independent
|

v-Nucleon Cross Section [cm-]

—_

o
N
(&)}

—_

o
A
(o))

1 10 102

Comparison with Grpund-based Telescopes (bb)

— Fermi-LAT Combined
------ VERITAS Seqgue 1
-== HESS Galactic Center

.....
....
_____

............

.
om ==’
- ,

B

- -
-

>
=
-
gt
. -

Preliminary

10" 107 107 104/




T, production, = b f %, /T~ c %, /T> Wb 7 /T~ t %]

400

300

200

100

Status: ICHEP 2016

ATLAS Preliminary
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— (Observed limits

-=== Expected limits

Vs=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 b [1604.07773]

Run 1 [1506.08616]

r~=

All limits at 95% CL

no sign of
new physics

at TeV scale
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CMS Exotica Physics Group Summary — ICHEP, 2016
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recent thinking

® dark matter definitely exists

® hierarchy 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?




What do we know
about Dark Matter?






Best limit on Black Hole dark matter

Niikura, Takada et al. arXiv:1701.0215] Reading out every 2 minutes of
obs. of M31| to look for microlensing
(just one night in Nov, 2015)

L —

>\obs > T'Sch (MPBH)

Finite source size + Wave effect

1020 1025 1030 1035
Mpgn |g




Keck

SALT
Subaru

telescopes =8m




K AV LI

i

Mass Limits
“Uncertainty Principle”

® Clumps to form structure
Mm

® imagine VV = Gy
”

h2
a GNMm2
® too small m = won’t “fit” in a galaxy!

® “Bohr radius’: g

® m >|0722¢eV “uncertainty principle” bound
(modified from Hu, Barkana, Gruzinov, astro-ph/0003365)
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N - Seminar in Berkeley:
\'f.\;«.\ | Strongly Interacting_MassiQe Particle
(SIMP) %4

\

Yonit Hochberg
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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
r 2 (a0 e
ann — Tldm <UU >>i3—>>f2 pl
3
9 8%
Mam7Ttdm ~ MpTp <<0'”U >3_>2 ~ —
dm
Ny ~ 1MbS . -
Eric KUiiie
3
My = eq/mp 5 &40
I quozg o~ mgm
ann — 3 — >



THE SIMP MIRACLE

A colincidence of scales

AL
Mdm = O (T2 My /zF)?

Mam == o 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
But not UV complete; coupling blows up very quickly



Dark Pions
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SIMPlest Miracle e

® Not only the mass
scale is similar to

QCD
DM DM
® dynamics itself can be
QCD! Miracle3
DM
e DM = pions =qq
® cg. SLlJ(4)/Sp(4) =S5 DM DM
" arXiv:1411.3727

3N,
EWIW = 53 s

eabcdee“”pawaﬁﬂﬂbﬁywc pwdﬁaﬂe + O(r")

m5(G/H) # 0
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Wess-Zumino term

® L\wz~Eabcde EHVPO TT20  TTPOVTTCO0 pTT40 5 TTE
® SU(N.) gauge theory

® TTs5(SU(Np)=2Z (Nr=3)
® Sp(N.) gauge theory

® TT5(SU(2N)/Sp(Np)=Z (Nf=2) Witten
® SO(N.) gauge theory

o TI5(SUNYISO(NY)=Z (N23)

also, non-abelian vector bosons (vector SIMP)
+S-M Choi, HM Lee, Y. Mambrini, M. Pierre, arXiv:1707.01434



SIMPlest Miracle
(o) () () ()

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

® (g g)=0 breaks it to Sp(2)=SO(5)

® coset space SO(6)/SO(5)=$>, 5 pions
® T15(5°)=7 = Wess-Zumino term

® L\wz=Eabede EHVPO TT20 | TTPOTTCD pTTd0 5 TTE



LAGRANGIANS

1

Lquark — _Z

2

2 , 1 3 1IN
LSigma = ETH?ME oty —§mQ,u TrJ> + h.c. —

(o)
L9 Pion theor
© 4
Lo —lTr(? o —m—%Tr 2 4 m% Tr 4—LT1"
plon T WIS T Mgz U T g
2N, Do 5
+ e"PoTr w0, w0, 0,01 + O(7")

1572 f2

Quark theory

1
2

Sigma theory

24072

F’ZLVFMVG + qi1Dq; —=mg Jijqz-qj + h.c.

/ Tr(2Tdy)?
Y // D
S

{a)

(b)

o

{c)

(7728“%8”% — W@“Wﬁ@uw)



The Results

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

(— Sp(2), Nr=2 )

|— Sp(4), Nf=2 |
Sp(8), N =2 |1
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Solid curves: solution to Boltzmann eq. Foxm

Oscatter

Dashed curves: along that solution
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The Result
N,
"?....:.,‘::wi—
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The Results

SU(NEg) / SO(NE)
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Solid curves: solution to Boltzmann eq.

Dashed curves: along that solution
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® 0/m ~ cm?/g
~10-24cm? / 300MeV

® flattens the cusps in
NFW profile

® suppresses substructu

® actually desirable for
dwarf galaxies?

SIDM
Spergel & Steinhardt
(2000)
now complete theory

cdm i

— CDM-only

=== CDM-hydro
SIDM-only
SIDM-hydro

My cdm = 4.6 x 10°M,
My sidm = 1.0 x 10°Mg

sidm

Py 1/2 T 1/2

0.0001
V.H. Ro (I)es o
arXiv:arXiv:1706.07514v1

OBQO 500 1000
al

I (pC
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- 100MeV \

Colours: '
Contours: total white), dark elonging to galaxies (black)

Peter Taylor et al, arXiv:1701.04412
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velocity dependence!

® cluster data prefer smaller G? vp  mp
® near constant {Ov)? (km/s) (GeV)

® Sommerfeld effect (S.Tulin,
H.-B.Yu, and K.M. Zurek,
arXiv:1302.3898)
® requires light mediator
® near-threshold resonance can
“fit” the data
® je., TITMTIOTITT
® (Xiaoyong Chu,Camilo
Garcia-Cely, Yonit
Hochberg, Eric Kuik, HM)

x> /d.o.f.

<v> (km/s)

M. Kaplinghat, S. Tulin, and H.-B. Yu,
arXiv:1508.03339.



* PFS subsystems distribution

Software system

Spectrograph
system (SpS)

On the TUE floor

Fiber cable

/ Prime Focus

Fiber connectors & o Instrument
\ A B , 3

 Wide-field
qorrectOf 2400 fibers

steered by
positioners

Metrology camera
as a Cassegrain
instrument

... in Prime focus unit
“POpt2” with Wide Field
Corrector “WFC”.

Calibration system [&




PFS collaboration

Jet Propulsion Laboratory
-~ J°  California Institute of Technology

Caltech

t ? PRINCETON
UNIVERSITY

Max-Planck-Institut
fiir Astrophysik

Max-Planck-Institut fiir
extraterrestrische Physik

@%9 LNA LABORATORIO

I LAM - JOHNS HOPKINS

AR B \>/ UNIVERSITY
BE MAMSERLSE

; NACIONAL DE ASTROFISICA
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PFS pointings for MW satellites
~ HSC imaging data are available for all samples ~

Sextans Bootes |

Ursa Minor Draco

tidal radius of
stellar comp.
- ‘\-_\\ e




Interactions with SM



if totally decoupled

103

10% |
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10° 10l 100 10-1 10~2
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|
10-3

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

® 3—2 annihilations without heat exchange is
excluded by structure formation, [de Laix, Scherrer

and Schaefer, Astrophys. J. 452,495 (1995)]
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commuhication

DM DM
3 to 2 annihilation
excess entropy must DM
be transferred to ety

DM DM
need communication
at some level DM DM

leads to experimental
signal

SM entropy ~ SM



vector portal

arXiv:1512.07917

dark QCD
with SIMP

Standard Model

€ | 4
2 P

also axion portal: +Katelin Schutz, Robert McGehee, arXiv:1806.10139



BaBar (vis) ‘r

N

BaBar (inv)

O
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&‘@X\@
Qﬂ\%
SU(2), Ny =2
OzD:1/47T
m, = 300 MeV
co | |
10% 102 103



et e—colliders

e+ 4 GeV 3.6 A |

: C— _ Belle Il
- < . =~T% D —————
e~

b-7Gev26A]|

/ S
b vewseampre SUPErKEKB

‘ | _&bellows

Low emittance positrons
to inject

Damping ring ” o
Nige
J ‘

Low emittance gun

Positron source

K

New positron target
capture section

Add / modify RF systems
for higher beam current

/

Low emittance electrons

to inject
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Events/40 MeV

0.1

BES 111 projection
V5 =4 GeV, 100 fb™"
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Events/50 MeV
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Back to
RHierarchy Problem



500— — T—=t%, t1L 13.2 fo! [CONF-2016-050] ]
- BEET-woy t2L 13.3 fo'' [CONF-2016-076] -
. Bt ;zj’ MJ 3.2 b [1604.07773] |
- —— {s=8TeV, 20 fb" Run 1 [1506.08616] .
400— —

T, production, = b 1% /T~ c %, /> Wb% /T—>t%  Status: ICHEP 2016

- ATLAS Preliminary

~ 0,7 ~0
—t1%tx1/t1%be1

Vs=13 TeV .
toL 13.2 fb”' [CONF-2016-077] u

— = QObserved limits ===- Expected limits

All limits at 95% CL m

r~~<_ -

300

200

100

LHC excludes mostly

colored particles
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Bl 13Tev [_]8TeV
LQ1(ej) x2
LQ1(ej)+LQ1(vj) B=0.5 )
LQ2(uj) x2 coloron(jj) x2
o coloron(4j) x2
rTvEes Leptoquarks
e p q gluino(3j) x2
LQ3(tt) x2
LQ3(vt) x2 L
O Single LQ1 (A=1) gluino(jjb) x2
Single LQ2 (\=1)
0 1 2 3 4 TeV
ADD (y+MET), nED=4, MD
RS1(j), k=0.1 RS Gravitons ADD (i), nED=4, MS
RS1(yy), k=0.1 QBH, nED=6, MD=4 TeV/

RS1(ee,py), k=0.1

I
1

NR BH, nED=6, MD=4 TeV

0 1 2 3 1 Tev String Scale (j)
QBH (j), NED=4, MD=4 TeV
° ° °
CMS Preliminary
O I g O ADD (ee,py), nNED=4, MS
ADD (yy), nED=4, MS
° SSM Z'(t7) Jet Extinction Scale
SSM Z'(i)
n eW P ys I C S SSM Z'(ee)+Z'(up)
SSMW'(i) dijets, A+ LL/RR
N SSM W'(lv) dijets, A- LL/RR
SSM Z'(bb) ——— dimuons, A+ LLIM
a eX P a I n S 0 2 3 4 5 Tev dimuons, A- LLIM
i dielectrons, A+ LLIM
Excited dielectrons, A- LLIM
° . . .
hierarch roblem ’ i e B
W (M=1) single p, A HNCM
y P L 9" (99) INgIe K, A
q* (qy) f=1 inclusive jets, A+
inclusive jets, A-
0 2 3 4 6 Tev

CMS Exotica Physics Group Summary — ICHEP, 2016
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Twin Higgs

O Take fwo mirror copies of the SM:

(SMa) x (SMg)

~_

L2 An exchange symmetry, A <> B,

O Assume Higgs potential has an SU(4) or SO(8)
global symmetry v the UV,

V = _MQ(‘HSM‘Z + ‘Htwm’Q) + )‘(‘HSM‘Q + ‘Htwin‘Q)Q"i_’i‘HSM‘Q‘Htwm’2

0 Take a small hierarchy of Higgs vevs:

Hay = v (He) = f with v ¢ f.

SO(8)/SO(7): 7 NGBs
3: eaten by SU(2)twin
Chacko, Goh, Rff (2005) 4: Standard Model Higgs 1arnik, JHU workshop 2017 in Budapest



Twin Higgs
O All NP within LHC reach 1s SM neutral.
O PNGB Higgs, cancelation ...

mirror fop Charged under
SM ILO\’D . /_é mirror QCD, QED.
------ o
..... i
Aju__,q A,uE
h h h h
__ e __ e

Roni Harnik and Zackaria Chacko, JHU workshop 2017 in Budapest



Iwin spectrum

arXiv:1805.09345

light fermion spectrum
not important to
hierarchy because of
small Yukawas

Planck: AN.#<0.29

® assume leptons heavy
® no N problem
assume exact SU(2)

® (u,d) vs (c,s)

lightest pions are triplet
in SU(2)d;s

® stable

mass [GeV]

Standard Model sector

twin sector

V.,V

T W

VesY




meson M particle content mis; o ms
0°(3,1) | v'&, u, %(u’ﬂ’ — ) 2my | ma(1+ A)
m e S O n S DT (2,2) uw'd,cd,u's, 5 My +ma |ma(1+ 5)
D™ (2,2) du',s'u',d'c,s'c My +mgr |max (1 + é)
n’(1,1) |2(d'd + 85 —u'a’ — ) |my +ma |ma(1+ %)
7°(1,38) | d'5,s'd, %(d’d’ — 5'5") 2m g1 M

assume exact SU(2)

® (u,d) vs (c,s)

® approximate SU(4)
¢ mu,c=md,s(|+A)

|5 mesons

lightest pions are triplet
in SU(2)4s

e stable

triplet in SU(2)y, also
practically stable

8 charged ones stable

only one unstable n

FIG. 2.

mass2

TABLE I. Decomposition of the meson SU(4)s 15-plet under
SUR2)y x SU(2)p x U(1)em. The third column shows the
linear combination of quark masses that determines the me-
son masses-squared. From top to bottom, the meson masses
go from heaviest to lightest, assuming my = my < my =
Mer = md/’sf(l + A)

A visual representation of the meson spectrum.




N — u*p-or 2(e*e)

Tn~10° sec

TITT— NN kinematically
not possible

lose N by NN TTTT

N decays before BBN limit

TITT—= NN —SM shouldn’t
happen in halo today
can easily be avoided

A>Vhalo2~ |0-6

mY /g [GeV |

10—102

———== T=10° sec, A=1072

=10 sec, A=10"*

10712}
10—14§
10—16§
10—18%

\‘-
_____________
el

1




invisible Higgs @ ILC

Keisuke Fuijii

S‘ 1600 NI B ™7 T — . : —
& 14003 ILD Simulation g ﬁg i
~ - | \s =250 GeV VY —
E C |_ pol(e .e") = (+0.8,-0.3) 5 5:}3’ -
© 1200 250 fb° o o e
: : 0= A invisible BF 10%
- —invisible BF 10% -

G 1000 E
oo L :
600 — :
4005 -
2001 E

140 {éd 160
Recoil Mass [GeV]
BR(H—invisible) ~ (v/f)2down to 0.3%

110 120 130

==
o



Quintessence



Swampland

Obied, Ooguri, Spodyneiko, Vafa



K AV I

R

“Quintessence”

® Accelerated Expansion happened before
® |nflation

® |s current acceleration also by scalar field?
e very difficult to keep flat potential for Q
e SUSY broken > TeV
® at the least, m3n > (TeVZ/Mp) ~ eV

® je. vector mediation (Hook, HM)

® more typically msn > TeV
® but we need mg~ Ho~ 1033 eV
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shift symmetry

® incorporate into supergravity
® shift symmetry (monodromy) in Kahler
® 00+
e K(QQ¥ = K(Q+Q*) ~ (Q+Q*)2/2
V=e"(K;W + W) K.V (K;W 4+ W;) = 3|W %)
= W4 = 3ms2(W(Q) + W*(Q))
® need m3nW(Q)~mszp/\3~Hp2
® any potential can be lifted to supergravity

® also radiatively stable OK~m3,22/\6

® no fifth force
Chien-| Chiang, HM, arXiv:1808.02279




K A

i

<

L |

axion-like example

® incorporate into supergravity
® shift symmetry (monodromy) in Kahler, W
® 00+
* KQQY = K(@+Q") ~ (2+Q92/2
SEW + W) KV (KW + W) = 3|[W %)
- W 2 — 3ms 2 (W(Q) + W*(Q))

® shift symmetry = U(l)r symmetry
® W(Q)=A3e<, V=3m3,/\3 cos(Im Q)
® symmetry spontaneously broken by ms



gravity Mp

SUSY

breaking TeV

V = =3mgz,2(W(Q) + W"(Q))

W(Q) = A%
meV Q m3/2~/\~TeV2/MpI Arkani-Hamed, HaII,
Kolda, HM
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shift symmetry

® incorporate into supergravity
® shift symmetry (monodromy) in Kahler
® 00+
e K(QQ¥ = K(Q+Q*) ~ (Q+Q*)2/2
V=e"(K;W + W) K.V (K;W 4+ W;) = 3|W %)
= W4 = 3ms2(W(Q) + W*(Q))
® need m3nW(Q)~mszp/\3~Hp2
® any potential can be lifted to supergravity

® also radiatively stable Omg2~mz;»*/\é

® no fifth force
Chien-| Chiang, HM



Baryon Acoustic
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Dark energy density: Q4 (2z)

0.8

0.6

0.4

0.2

cosmology H(z) with BAO

Reconstruction of dark energy density at each redshfit

SDSS+BOSS

NACDM
Droa'n & Robbers

SDSS+BOSS+PFS

1.5 2
redshift: z

0.5 1

2.5
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http://pfs.ipmu.jp/intro.html
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Conclusion

® Ve still have no idea what dark matter is
® WIMP still the main paradigm

® but no sign of it
® SIMP can solve problems with DM profile

® core/cusp, missing satellites

® very rich phenomenology

® Exciting dark spectroscopy

® (Can also address the hierarchy problem
® cosmological constant in swampland!?

® Can lift any quintessence potential to

supergravity
® renewed interest in observation



