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Plan
— Standard Model (o> Neutrinos)
— Beyond the Standard Model
— Black Holes

— Cosmology

apologies for omissions...



Standard Model (o> Neutrinos)
The parameters are determined (almost) completely, except for
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Dramatic progress in the past 20 years
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Some basic properties are still unknown

Dirac or Majorana
absolute masses
mass ordering

CP violation or not

3 neutrinos or more (sterile neutrinos)

m? m?
A -V, A
-V,
-
my>- my?
solar~7x10eV?
. __mlz
atmospheric
~2x1073eV?2 _
atmospheric
m,2| ~2x1073eV?
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my=— __m32
0 0 Petcov’s talk

Oscillation experiments are sensitive only to mass differences

P,5 = sin? (20) sin® (1.27&7}12 [eV?]
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Other experiments, including cosmological observations, are crucial
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Other experiments, including cosmological observations, are crucial

Effective pp Mass (meV)
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Bouchet'’s talk
also Hoeneisen's talk



Other experiments, including cosmological observations, are crucial

1000 ¢ —— T

Next generation experiments ~ 15-40 meV

Effective pp Mass (meV)
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o Background reductions through shiglding, isclation, purity,
pulse shape discrimination, possibly ion tagging Messier's talk



Other experiments, including cosmological observations, are crucial
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 Leptonic CP violation — Leptogenesis
* sterile neutrinos (still possible, despite constraints from BBN etc)



Beyond the Standard Model

— Hierarchy problem — New physics at ~TeV
— Unification

— Dark Matter

— Dark Energy

— Strong CP problem — axion, ...

— Inflation, or something that replaces it

— Baryogenesis

— Gravity



Beyond the Standard Model

(— Hierarchy problem — New physics at ~TeV)
(— Unification)

— Dark Matter

(— Dark Energy)

— Strong CP problem — axion, ...

— Inflation, or something that replaces it

(— Baryogenesis)

— Gravity



Dark Matter

must be bosonic must be composite
< mp; Black Holes
107 eV ~T00 v ETRER >~ 100Mo
mpMm

Carena’s talk

Conventional candidate ... WIMP

... required annihilation cross section

1
TeV?2

o



WIMP “miracle” ...

(uonoayep j0811puy)
uolejiyiuue

not too miraculous

Limits on Dark Matter from Direct Detection
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Moreover, the existence of new physics at the TeV scale is not guaranteed



Pmatter ~ PA 7 0 suggests vast landscape/the multiverse

talk by Y.N.

Could this lead to any change in our thinking?

Weak scale does affect environment gy, sar, conoghe, seckel ¢s7

eX. Stability of complex nuclei

For fixed Yukawa couplings,
no complex nuclei forv>2v

ObS Damour, Donoghue ('07)

Possible that v, arises as a result of environmental selection

Does this mean that there is no weak scale supersymmetry?
— No!

The scale of superparticle masses are determined by statistics

dev” ~ f(m) — dm f(M) ~ mp-1

It can be at the TeV scale, but could be higher (~ 100 Tev, Planck scale, ...)



A simple scenario
SUSY breaking mediated at the field-theoretic “cutoff” scale M. (= M)

— no (need of) flavor symmetry, CP, sequestering, ... e.0. the string scale
SUSY breaking field X = 062F is not neutral mass ,
—> “Spread”/mini-split superparticle spectrum + =— ;im+a - F
j M.
Giudice, Luty, Murayama, Rattazzi ('98); Wells ('03,'04); 1 ]} G~' _ F
I.-.|.al\ll, Y.N. ('11); Ibe, Yanagida ('11); Arvanitaki, Craig, Dimopoulos, Villadoro ('12); S ’ I\T

Hall, Y.N., Shirai ("'12); Arkani-Hamed, Gupta, Kaplan, Weiner, Zorawski ('12); Pl
Y.N., Shirai ('14)

M ~ (102 —10%) TeV

Not easy to detect WIMP (even if Qup = Qo See later) Wino LSP

Direct detection Indirect detection
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Axion is more “robust”
Can anthropic explain everything? —> NO/!
ex. Strong CP problem in QCD

9QCD already way too small (< 10-19)

... mechanism needed — “axion”
(more “robust” problem than the hierarchy problem)

Implication for axion dark matter

fa -
GeV f, » 1012 GeV disfavored
nev E = | by cosmology (DM overabundance)
1012 o
meV/
109 -
il
eV E = [ ] 3 g
5] = 2| @
10 @ = g :s;' ?
I
KkeV % 8|2 E
815/ 18] 8] g

ma, PDG review (2010)

— Axion DM with any values of f, > 101°GeV possible
Controued by anthroplc Condltlon QDM < QDM,maX Linde ('88); Tegmark, Aguirre, Rees, Wilczek ('05)



Axion (DM) with Planck/GUT scale fa (outside the standard “axion window”)
... attractive possibility suggested by string theory ., swee witen nep-nososzos

wmermi Axion/ALP Results
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me - Charles’s talk

: Chevarier’s talk

— motivates new experiments
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Multi-component DM
... Coincidences are “generic” in the multiverse

Pmatter = Pa

also PBaryon ~ Poms YudeV ™ OLAQCD ~ 0(0.01) AQCD o

Why not ppy 1 ~ Powm,2?

ex. Axion needed for string CP

DM already present — no “need” for WIMP

WIMP absent?
— WIMP could coexist with the axion (and PBH, ...)

Quwimp 4

Ll

Qpy < Q

DM, max

generic point

OV

... must be prepared for Q,,,p < Qpm



Black Holes
Supermassive black holes, (a portion of) dark matter, ...

— Astrophysical black holes
— Primordial black hole (break of the power spectrum in inflation, ...) caciaselidos taik



Black Holes
Supermassive black holes, (a portion of) dark matter, LIGO, ...

— Astrophysical black holes
— Primordial black hole (break of the power spectrum in inflation, ...) caciaselidos taik

Binary Black Hole Mergers in LIGO’s First Scientific Run
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Masses

oma State (Simonnet)

LIGO/VIRGO

Cadonati’s talk

eS. /(Gm3)
&
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u!u 04 08 2 16 20 24 28 32x10°° Starts explorlng propertles

posterior probability per pixel Cadonati's talk of black holes in our universe



Using black holes as a particle detector

Super-radiance (black hole-axion “bound state”)

Gravitational wave

Super-Radiant Modes

\M/ \ Decaying Modes

Gravitons

—>

Rotating Black Hole
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Cosmology

Beautiful results in the past decades!
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Bouchet’s talk



Too beautiful ?

£ A perfect (-ly boring) Universe?
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Bouchet's talk

— Where should we go?
— What do/can we expect?



There is still a tension

- : ¢ Tests of Local H, since SH,ES (Riess et al. 2016)
4 al - . 3 ] 0
Tension in the concordance model? -
L e LATE UNIVERSE
H ~4a
- J | New physics or a systematic error ?
Bl Here 73.24 +- 1.74, Riess et al. 2016
el —— 736 +/- 15, Cardona et al. 2016,
SRR 66.98 +/- 1.2, Reanalyses 733 +/- 1.7 Follin and Knox 2017,
w BAO+BBN ?H . 73.0 +/- 1.8, Feeney, Mortlock 2018
Sl o Addisonetal. 2018 SN laNIR only 728 +- 3.1, Dhawan, Jha, Leibundgut 2017
o Jirec —_——————
N Ut T 68 +/- 0.8, — WFC3 Parallax only 75.7 +/- 2.1, Riess, Casertano
R BAO+ACTPOISPT,WMAP e et al. 2018a
g Addison et al. 2018 Gaia DR2 (46 MW Cepheids) 73.7 +/- 2.7, Riess, Casertano
= — etal 2018b
/ N\ HOLICOW-3 lenses 72.8 +/- 2.4 (f1,,~0.3), Bonvin et al. 2017
0.2 / \ I
0.0 : "/" \\“-
' 65 70 75 80
Hp [kms~!Mpc™?]
Rigault’s talk

Riess’s talk

Dark A wo— 0.1
e
Energy , ,, __;
e
Dark Radiation : A ic 404
P
Curved Space
DM-Rad Interaction

Planck 15k ACDA . 73534162,
§ /SHOES, Riess et al. 2018
66.93 +/- 0.62, L ere
CMB+ACDM,
Planck 2016

... That would be great.



What else?
— Exploring physics of inflation ;¢

— Deviation from w = -1 st i

I Planck No Lensing

| DES Y1

[ DES Y14 Planck No Lensing
| DES Y1+Planck+BAO+JLA

1 1 4 4
N 0 fixed 0.002 + 0.007 0 fixed —0.015 + 0.030
Qpe + 2.2, | 0.719+0.003 0.718+0.004 0.718+0.004 0.717 + 0.004
wy n.a. na. 0.06 +0.15 0.37 4+ 0.61
dgao x 100 | 3.40+40.02 3.39 +0.02 3.39+0.03 3.374+0.05
v2/d.f. 11.2/17 11.2/16 11.1/16 10.8/15

Hoeneisen’s talk

\
w100t

/ ) \ talks by Leonard, Eifler, ...

— Comment on emergent gravity

We believe that spacetime and gravity are emergent (classical) concepts
... entanglement of holographic / boundary degrees of freedom

Modified gravity? — not nessecarily
e.g. Dark universe from emergent gravity <— Large (~mm) extra dimensions

Verlinde ('16)




The universe Iin the multiverse

Our universe Is a bubble formed in a parent vacuum:

V(p)p

\/ | ‘
> Coleman, De Luccia ('80)

child(our) Y2
vacuum X

... Infinite open universe

(negative curvature: Q >1)

curvature

e Finding Q < 0 will exclude the framework!

curvature
... The eternally inflating multiverse is falsifiable ;. v 12 keban, scnito (12)
e Finding Q_vawre > O Will be suggestive



The universe Iin the multiverse

Our universe Is a bubble formed in a parent vacuum:

V(p)p

\/ | ‘
> Coleman, De Luccia ('80)

child(our) Y2
vacuum X

... Infinite open universe

(negative curvature: Q >1)

curvature

e Finding Q < 0 will exclude the framework!

curvature
... The eternally inflating multiverse is falsifiable ;. v 12 keban, scnito (12)
e Finding Q_vawre > O Will be suggestive

... Can we expect?



A possible scenario
Why is our universe so flat?
If it is curved a bit more, no structure/observer — could be anthropic!
Does this mean there is no slow-roll inflation? —> No!
What is the “cheapest” way to realize the required flatness?

— Fine-tuning initial conditions or
— Having (accidentally) a flat portion in the potential — (observable) inflation

—> The flatness will not be (much) beyond needed!

Prob.t

anthropically
forbidden

“difficulty” of realizing
a flat potential

f(N) ~ 1/NP

Q > 0 may be seen

curvature

Freivogel, Kleban, Rodriguez Martinez, Susskind ('05)

T >

60 N

Guth, Y.N. ('12)

Slow-roll inflation may be “just-so”



* A new picture for slow-roll inflation (in our universe)

e.g. Guth, Kaiser, Y.N. ('13)

Problems in small-field (low energy) inflation avoided:

|V(|) |2 — 0 ... Coleman-De Luccia instanton (homogeneity by tunneling)
| (|) |2 — 0 ... Early curvature domination (damping effect) Pt o a2
p, ~ const.
The almost only way to get TN \eneating
a nontrivial universe after bubble nucleation \
AN =t
pm~atter ~ a3

« What can we learn if Q_,awure > 0 1S fOUNd 2y P =2

»

— Our universe begins with bubble nucleation Prob.:

with volume
weighting:

— Slow-roll inflation occurs “accidentally” B N

(without, e.g., a shift symmetry over a wide field range)

— No volume weighting in probability
(— Global spacetime in GR is an “artifact”)

|
>

N

... hontrivial connections between cosmology and fundamental theory



(Slow-roll) Inflation may be “just so”
... opens the possibility of many dramatic signals

» Nonzero spacetime curvature
e.g. 21 cm might probe down to Q_,, ~ 104

e COS[T“C bUbble CO”|S|OnS e.g. Kleban, arXiv:1107.2593

Collision Lightcone

Inflation

Note: the number of

Culliding Bubblo relevant collisions ~ eN

QOur Bubble Parent False

Vacuum

Parent False
Vacuum

Parent False
Vacuum

x Bubble Walls Bubble Walls

... may leave signals in CMB and large scale structure

* Tunneling from a lower dimensional vaCuum e i, raenan (10
... may lead to signals in CMB through anisotropic curvature



¢ SuppreSSIonS Of IOWB Frfvoge, Kieban, Rocigues Marinez, Susskind (05, 14

0, Harlow, e, (13, 14)

.. may be able to probe a faster-roll phase during the onset of inflation

In PLANCK data?

1 [

 Remnants of the pre-inflationary history

ex. Peccei-Quinn phase transition before inflation
— may lead to a tilt between the rest frames of CMB and matter

D.B. Kaplan, Nelson, ('08)

Detection of any of these signals would provide
evidence for the multiverse & information about the structure of spacetime
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Anomalies [pianck 2015 xvi]

7
wadLiam E_=3 - il - - - -

(@

<
» Some large scale anomalies detected pre-Planck were confirmed

and significance often increased (in particular since BF model is
better determined)

— Power deficit at low-ell
— Power asymmetry between hemisphere
— Low multipoles alignment
— Dipolar modulation
— Low variance
— Cold spot
— Point parity and mirror-parity asymmetry
» Planck provides high confidence in their existence due to two
independent instruments, the quality of data, the unprecedented
coverage of Foregrounds...
» No compelling explanation
— Statistical fluke in LCDM is quite possible (NB: A_lens)
— Secondary effect apparently too weak
— Foregrounds are well controlled (and systematics essentially ruled out)
— Of course, tantalising possibility of new physics, But CV, a posteriori, etc.

Bouchet's talk

f)



S umm ary (of the summary talk)

(Still) Lots of opportunities to explore fundamental physics

— Neutrinos

— Dark Matter
— Black Holes
— Cosmology

Great experimental/observational perspectives
... discussed throughout this conference!

PA ~ Pmatter €8S 10 @ New picture

Eternally inflating multiverse (surprising, quantum natures of spacetime and gravity)

— Wide range of implications
particle physics (naturalness), cosmology, ...
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