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Greatest Recent’ Discoveries

Fluctuations of Cosmic Microwave

Background (1992) (Nobel Prize 2006) """ e
Dark Energy (1998)
(Nobel Prize 2011) 4 ™ NGEW

Higgs Discovery (2012)
(Nobel Prize 2013)

Gravitational waves (2016)
(Nobel Prize 2017)




Fundamental Theories:

Special Relativity and Quantum Mechanics



Poincaré Group: (SR and QM)

Wigner 1939
Massive particles: (Little group SO(3))  » = (m,0,0,0)

im, J;p,, s)fwith s = —=J,—J +1,--- ,J and p? = m?

Tachyons?

Massless particles: (Little group E2) p = (E0,0,E)

co-dimensional representations (CSR): not observed ??

Restricted Little group: O(2) in E2:| |p,, \)| with A =0,£1/2,+1,---.

Theories for spins 0,1/2,1: Quantum Field Theories (QFT)

Massless spins 3/2,2: (super) gravity:Effective Field Theories (EFT)



“Generic Predictions” of QFT

Identical particles
Antiparticles

CPT
Spin-statistics

‘Decoupling’ (physics organised by scales, EFTs)



The Standard Model
(A particular QFT)
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* Higgs H spin=0

» Graviton G spin=2 (Classical!?)



Standard Model + Gravity




Some Properties of the SM

Arguably greatest theoretical achievement in past 75 years.

It is renormalisable but also an EFT (large cutoff)

It is simple (not the simplest)

Matter in bi-fundamental representations

lllustrates several phases of gauge theories

It is ‘ugly’ (elegant principles but many free parameters)
SM+gravity + neutrino mass could imply a SM ‘landscape’

Not complete (baryogenesis, dark matter, gravity)



Open Problems

(Challenges for young generation)




Open Questions

Why? (3+1 (dimensions, families, interactions);
+ some 20 parameters (masses, couplings))

Naturalness (hierarchy, cc, strong CP)
‘Technical’ (confinement,...)

Cosmology (dark matter, baryogenesis, density perturbations
of CMB, origin/alternatives to inflation,..., big-bang)

Consistency (gravity)



Approaches to BSM




Approaches to BSM
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FUNDAMENTAL PROBLEM

Quantum Gravity
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Hierarchy Problem
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Quantum corrections?




Cosmologlcal constant
Energy

Cosmological constant =
0.00000000000000000000000000000000000000000000000000000000000000000

00000000000000000000000000000000000000000000000000000001 M, * 72?7?72

HIJJS
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General ‘Predictions’ of
Super) String Theo




Gravity + other interactions

+ matter + ... exist!

Theory Dimensions | Supercharges Bosonic Spectrum
Heterotic 10 16 guNs Bun, ¢
Fg X Eg AZJ@
Heterotic 10 16 guNs Bun, ¢
SO(32) A%
Type I 10 16 NS-NS | gun, ¢, AY,
SO(32) R-R Cun
Type ITA 10 32 NS-NS |  gun, Bun, @
R-R Cur, Cunep
Type 1IB 10 32 NS-NS | guwn, Bun, ¢
R-R | C, Cun, Cunpg
11D Supergravity 11 32 gun, Cunp




* No tachyons

* No CSR (continuous spin representations)

* Both in principle allowed by Special relativity+quantum mechanics
+ QFT (?) but not on perturbative (super) strings.



Extra Bosonic Dimensions

Brane

Fluxline

Pointin space

Manifold of extradimensions




(3

The Brane World



Brane world in string theory

Graviton

String scale Ms=M_/V - (very large volume implies strings
relevant at scales much smaller than Planck!!!!)



(D

Extra Fermionic
Dimensions

Boson == Fermion s Boson
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(If)SUSY particles mass 1TeV can
solve hierarchy problem!!!




Supersymmetry and Hierarchy
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Supersymmetric particles contribute to the mass of the
Higgs with opposite signs as SM particles and solves the
hierarchy if their own mass is ~ 103 GeV



SUSY + Unification

No Supersymmetry

With Supersymmetn

2 4 6 8 10 1.2 14 16 18 20
loa(E/GeV)



Supersymmetry

Hierarchy v/

Unification v/

Dark Matter v/

nstability v/
Cosmological Constant X

Experimental Evidence?? (fine tuning again?) X
(Super) Strings ? (SUSY needed but scale?)



Why SUSY?

SUSY does not solve the cc problem
SUSY may not solve the hierarchy problem
SUSY B,L + flavour problem

SUSY complicates cosmology (cosmological
moduli problem, gravitino problem)

Best dark matter candidates not neutralino
Unification: other options

Stability of Higgs potential? No tachyons?
String Theory?



One Theory Many Solutions



One single theory (+ no free
narameters) but MANY solutions
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The String Landscape

4= Classical Solutions

Stable
vacuum

Parameter 2

Initial state

Parameter 2

Parameter 1

Energy

(tunnel effect) =

Quantum Decay



Multiverse

8-

MANY solutions (>101000001):
Anthropic ‘explanation’ of
dark energy!1???7??

Q,




The Landscape

* Good: A ‘solution’ of dark energy and allows for the first
time to trust calculations for low-energy SUSY breaking.

* Bad: missed opportunity to have new physics at low
energies from small A.

e Ugly: It may also be used to ‘solve’ other problems (Split
SUSY, High-energy SUSY) in unnatural ways.



Very few predictions (~QFT)

To make progress:
 Construct concrete ‘realistic’ models?

» Extract properties of classes of models
(‘big data’?)

* General ‘scenarios’ (global vs local issues)

* General questions (SUSY breaking and
moduli stabilisation)



‘Predictions’ of Classes of
String Models



h11+hlZ
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Generic 4D String Predictions

* Moduli (~thousands)

« Axions (many)

* No global symmetries

 Smallirreps (fundamental, bifundame‘ntal,
symmetric, antisymmetric, adjoint)

* If 4D N=1 SUSY: Cosmological Moduli
‘Problem’! (unless M >30 TeV)

moduli



Thermal History Alternative History

Scale , Scale A

L Planck 1 Planck
1 Radiation Phase

10 Gev L Inflation ____—— (instant reheating) —— 1015 Gey _

Inflation

Scalar Oscillations Dominate

TeV A

Gev 4+ Thermal DM Freeze-out

MeVa- BEN Particles Decay and Reheat S
eV - CMB eV CMB

From S. Watson, SUSY 2013



Challenges for String Models

* Gauge and matter structure of SM

« Hierarchy of scales + masses (including neutrinos)
* Flavor CKM, PMNS mixing, CP no FCNC

* Hierarchy of gauge couplings (unification?)

« ‘Stable’ proton + baryogenesis

* |nflation or alternative for CMB fluctuations

« Dark matter (+ avoid overclosing)

» Dark radiation (N 4+~3.04)

« Dark energy

N.B. If ONE of them does not work, rule out the model!!!



e.g. Standard Model on D3/D7
Branes
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e.g.: Models close to SM: 3 families, hierarchy of
quark masses, etc.



String Scenario Ng r
D3/D3 Inflation 0.966 < ng < 0.972 r<107°
Inflection Point Inflation | 0.92 < ng < 0.93 r <106
DBI Inflation 0.93 < ny <0.93 r <1077
Wilson Line Inflation | 0.96 < ng < 0.97 r < 10710
D3/D7 Inflation 0.95 <ng <097 [ 10712 <r <1070
Racetrack Inflation 0.95 < ng < 0.96 r<1078
N — flation 0.93 < ng < 0.95 r<1073
Axion Monodromy 0.97 < ng <0.98 0.04 <r <0.07
Kahler Moduli Inflation | 0.96 < n, < 0.967 r < 10710
Fibre Inflation 0.965 < ng <0.97 10.0057 < r < 0.007
Poly — instanton Inflation| 0.95 < ng < 0.97 r<107°

In excellent shape after
Planck 2013-2015,

(but most would have been
RULED OUT if bicep2 were OK!)

Tensor-to-Scalar Ratio ( roo02)

e.g. String Inflation models
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e.g. Moduli inflation

-1F
-2 Fiber inflation
Starobinsky model, a=1, r=3x 10—3:
i conformal attractors ]
-3t
-4t
-5k
a<<1 Kahler
0.960 0.965 0.970 0.975



e.g. SUSY Breaking

* Split Supersymmetry m;~50 M, ,,
m,~1000 M, ,,
M,,~1TeV

(Concrete realisation of split susy in a framework including
landscape, relative scales fixed, matching well with experiments...)

* High energy SUSY m,~ M, ,,~10"! GeV



General Progress

Field is broad: Mathematics, cosmology, phenomenology, computer,...

After the Higgs it is one of the main guides to BSM physics
because UV completion.

“String inspired’ phenomenology (large extra dimensions, Randall-
Sundrum, axiverse, split supersymmetry, anomalous U(1)’s...)

Continuous ‘cumulative’ progress

The ‘Swampland’? (WGC, non SUSY AdS,..."?)

Correlations? (inflation vs SUSY, etc.)



Concrete Achievements

* Realistic Model Building: Many quasi-realistic
models (local and global) but not fully realistic yet.

e SUSY Breaking and Moduli Stabilisation: A
handful of ‘scenarios’ (generically scalars much
heavier than gauginos)

 Inflation and postinflation cosmology: (Few
scenarios with concrete predictions).



Future?

 Experimentally driven? (LHC, axion search, post-Planck/
experiments)

(SUSY? Z’? non-gaussianities?, DR settled?
tensor modes!?)

e Accelerators: ILC, 100Km/100TeV hadron collider!?

e Evidence for String (GUT) scale physics??

(proton decay, cosmic strings, tensor modes,
bubble collisions?,...)



String Models

 Too many string models?
(Heterotic, lIA, |, IIB, Landscape,...)

 Ortoo ‘few’ models?

(Not fully Realistic
model yet!!!)

Machine learning?




Optimistic Perspective

* Typical statement: “We do not understand well enough string
theory to try to extract its physics implications”

* Bold answer: “We may understand the theory better than we
think (at low energies and weak couplings) using all foreseeable
ingredients: geometry, branes, fluxes, perturbative,
nonperturbative effects, etc.”

‘...our mistake is not that we take our theories too seriously, but
that we do not take them seriously enough. It is always hard to
realise that these numbers and equations we play with at our
desks have something to do with the real world.’

Steven Weinberg



THANK YOU !



Size and Shape of Extra Dimensions

\"‘ “ 4-cycle size: 1

(Kahler moduli)

3-cycle size: U
(Complex structure
moduli)

+ String Dilaton: S



Holography



Gravity/No-Gravity correspondence!

AdSICET String Theory

gravity

s

no gravity

Particle Theory



Some Implications of Holography

* Proper definition of quantum gravity theory!
* Black hole entropy/area!| S;,,= (kc3/4Gh) A
* Information loss paradox ‘solved’!?

* Potential applications to ‘strong coupling
systems’ (quark-gluon plasma, condensed
matter physics, turbulence,...)

* Technique compute non gaussianities of CMB!
* Cosmological singularity/ acceleration????



e.qg. SUSY Breakinc
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Cosmological Moduli Domination

Inﬂaﬂoh After inflation

Present
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I’y ~ T>0(l MeV),so mg = 3-10* GeV



String Phenomenology™:

Long Term Plan:

String theory scenario that satisfies all
particle physics and cosmological
observations and hopefully lead to

measurable predictions

*In contrast to “String Noumenology”



