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What is theoretical Physics?

Field of theoretical physics is incredibly broad:

2 Methods and Phenomena strongly depend on Energy scale

2 In general: try to find mathematical means to model phenomena in Nature

? Theory < Testable mathematical description of Nature

= Make new predictions, test predictions in experiments

Example: Einstein’s General theory of Relativity

= Explain Perihelion of Mercury, not possible with Newtonian Mechanics

= Test GR in bending of light around the Sun

= predict gravitational red-shift and gravitational waves
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What is theoretical high-energy Physics?

Let’s divide in two categories:

“Pure” Theory

 Develop Mathematical Foundations:
Quantum Field Theory, String Theory,
Renormalisation, ...

>
Corporate needs you to find the differences
between this picture and this picture.

 Develop Computational Methods: |
Feynman Diagrams, Perturbation \\
Theory, Lattice Field Theory, ... \\\\

2 Predict New Phenomena by demanding .
mathematical consistency: | \\
Symmetries, Gauge Theory, ... | ‘

)‘.

They're the same picture.
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What is theoretical high-energy Physics?

Nx 6F::r:epared using LEP EWWG Plots from 2005 Phenomenology
< E
S
2 Apply QFT to develop Models of
4l Nature: Shell Model, Fermi

Theory, Standard Model,
Effective Field Theories, ...

; - Central Fit (o(%,=0.02750) 2 Fit Models to Data and predict
B (A7 Theory Uncertainty Observables to test models
1 /' [__] Direct Exclusion
i " ---- Fitwith of” =0.02749
C L Nbap ey Fitinel. low @3 data
0~50 100 150 200 250 300 B Construct new models to
m,, [GeV] describe “anomalous data”

No lose “theorem”
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What is theoretical high-energy Physics?
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Let’s divide in two categories:
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No lose “theorem”

Phenomenology

2 Apply QFT to develop Models of
Nature: Shell Model, Fermi
Theory, Standard Model,
Effective Field Theories, ...

2 Fit Models to Data and predict
Observables to test models

p Construct new models to
describe “anomalous data”
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Why do we need Theory?
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Why do we need Theory?

Ehhhh.... Because it’s fun ©??
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The fun today:

? Axion emission from Strange Matter in Core
Collapse Supernovae (Mael Cavan)

Z Cosmological and astrophysical

constraints on resonant s-wave Dark
Matter annihilation (Margaux Jomain)

Z and pygmy
Resonances within the Large Scale Nuclear
Shell Model approach (Oscar Le Noan)

(picture unrelated)
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The fun today:

P Axiogoeli' _‘ Some Particle Phy51cs
% P Crash

Course

Z

constrair
Matter ant.

P e Resonances and pygmy
Resonances within the Large Scale Nuclear
Shell Model approach (Oscar Le Noan)

(picture unrelated)
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The Standard Model — A success story
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Strong arguments in f(l)avour of New Physics!

Some remaining puzzles of Nature:

SM matter
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Strong arguments in f(l)avour of New Physics!

Some remaining puzzles of Nature:

Dark matter

SM matter
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Strong arguments in f(l)avour of New Physics!

Some remaining puzzles of Nature:

Dark matter Baryon asymmetry of the Universe v-oscillations
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Neutrino oscillation between three generations

SM matter ng — Ng 6(10-1)

Some “theoretical” issues:
2 Quantum theory of Gravity 2 Flavour puzzle

2 “Hierarchy problem”: why is the Higgs so light and the Planck-scale so high?

P “Strong CP problem”: what is the mechanism behind the absence of GG?
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The strong CP problem

Quantum ChromoDynamics (QCD) symmetry is SU(3)

Non-abelian symmetries allow for “special” term in the Lagrangian:

(For SU(2) the term can be re-absorbed in the W fields)

Z- -3 Y
B ,B +h.e ) g = e ~
w - wﬁ"; N +60——G,, G*" with G, =
- ¢ Qg g P the 3271_ J22% 122%
W R-ve

= GG term is CP violating

G

afuv

Measurements of neutron EDM:

0=0—argdetY Y, <1071

Coincidence?
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Axions and the strong CP problem

Technical Naturalness a la 't Hooft: a given parameter is allowed to
be small if it enhances the symmetry of the Theory

Give Symmetry origin to a small 02 e.g. Left-Right symmetry, many approaches ...

(QCD-) Axions:

a 1 P

DOl —+6 GG
P 327

Symmetiieia — a + af, .0 —.0=10

Generate other couplings via RGE:

dﬂa
£ > —0"6¢"0
Jo

Many technical details to UV origin, here just

few comments on axion EFT...
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TASI lecture notes by Anson Hook
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https://s3.cern.ch/inspire-prod-files-1/134a370fc91047f492644df2128a1008
https://cajohare.github.io/AxionLimits/

Axions and the strong CP problem

Technical Naturalness a la 't Hooft: a given parameter is allowed to
be small if it enhances the symmetry of the Theory

Give Symmetry origin to a small 02 e.g. Left-Right symmetry, many approaches ...
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Supernovae

Some fun facts: (For everything else see Cosmo-session and Mael’s talk)

2 Use Type la Supernovae e.g. as Standard Candles for distance measurements
Maaaaany observations

2 Observed 1 (one) supernova with Neutrino burst: SN 1987A

2 Supernova 1987A was a Core collapse Supernova (Type Il)

2 ~ 10°% were neutrinos emitted, 25 observed
TWENTY-FIVE

2 Also spectral measurements

2 Supernova models rely on this data

2 Use Supernovae as Ultra-high-luminosity particle physics laboratories
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https://indico.in2p3.fr/event/33415/contributions/145763/

Dark Matter &
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Evidence for Dark Matter

2 Galaxy rotation curves do not follow 2 Bullet Cluster: Colliding galaxies
expectations for visible matter visible matter does not explain result

~Velocity |
Ok sty R

00 - 20,000 ~ 30,000 40,000 .

- Distance (light years)

2 (Large) Structure formation does not work with visible matter

CMB multipole spectrum, BAQO’s, Redshift distortions, Lyman-a forrest, ...

Some of these (but not all) are explainable with modified
gravity, or MOdified Newtonian Dynamics (MOND)
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What is Dark Matter?

DARK MATTER DENSITY
IN THE SOLAR SYSTEM
IS AROUND 0.3 GeV/ews

IS...THAT A LOT?

1

IN TERMS OF MASS,

IT MEANS THE EARTH
CONTAINS ONE SQUIRREL
WORTH OF DARK MATTER
AT ANY GIVEN TIME.

25

Jonathan Kriewald

IS THERE ANY WAY
TO FIND OUT WHICH
SQUIRREL IT 157

NO IT'S NOT
LITERALLY-

OH, THAT EXPLAINS WHY
THEY WEIGH ENOUGH TO
SET OFF THOSE SPNNING
BIRD FEEDERS!

D‘W{ MATTER
I&V T \SQU/H?ELS’

i
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What is Dark Matter?

DARK MATTER DENSITY | | IN TERMS OF MASS, 15 THERE. ANY WAY | OH, THAT EXPLANS WHY
IN THE SOLAR SYSTEM | | IT MEANS THE EARTH | TO FIND OUT WHICH | THEY WEIGH ENOUGH T
IS ARDUND 0.3 GeV/er® | | CONTAINS ONE SQUIRREL | SQUIRREL T 157 SET OFF THOSE SPNNING
5. THAT A LOT? AT“C' AN“” Yo‘;lsgf,KT:”"E‘”ER NO IT's Nor | BIRD FEEDERS:!
' LITERALLY— mmnzﬁ
) \ / ;s/vr SQURRELS!
DARK MATTER CANDIDATES:
MV meV eV keVMeV GV TV 10™%s  ng m 9 Kg ToN 10%s lo‘zlsg IO":gg 10%s  10%%s
P PP PR PR SRS PP PR R BPET BPETe R A M P BT T T 2 4l . PR PR P PR T |
—BLACK HOLES, RULED OUT BY.. m-z
[ l "’T’m
AxtONs T Q-BALLS PoLLEN MICRO |  BuzzkiLL
NEUTRALNOS NO-SEE-UMS NG LB\ISNG ASTRONOMERS
OBEUSIG NEUTRON  SOLAR SYSTEM
m”a"‘s PANTED 8-BALLS MONOLITHS, ave STAR DATA ~ STABILITY
WITH SPACE. CAMOUFLAGE PYRAIDS.
MAYBE THOSE ORBIT UINES IN SPACE
DIAGRAMS ARE REAL AND VERY HEAVY
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What is Dark Matter?

zeV

O <L 1071 10 10_12 10_9 10‘6 1073
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=
Collider Production
<
Indirect Detection

JONE\ [EWION
JoNe N sed

< D>
Early Universe Annihilation

Structure formation: Cold or warm DM?
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Bullet Cluster: Self-interactions?

Detection on Earth?
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Today: Indirect detection of Dark Matter (and how to escape it): Margaux’s talk
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https://indico.in2p3.fr/event/33415/contributions/146297/
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Nuclear Theory in a nutshell

The problem: many body interactions

Few particles: 2 — 2,2 — N scatterings, 1 — N decays

Many many particles: Describe collective behaviour

= Statistical Mechanics: Gases, Fluids, Plasmas, ...

= Low energy: condensed matter, soft matter, crystals, ...

Nuclear Physics somewhere in between ...
Need to model strong interactions between (many) nucleons

Require large-scale computations (expensive)
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Shell model

100 A

Number of protons Z

20 1

Many more (and more advanced approaches):

Explain Magic Numbers: 2, 8,20, 28, 52,82, 126, ...

Empirical shell gaps for binding energy E

80 1

60 -

40 A

Proton shell gap
DNyp(N,Z)=En,z42+Enz-2—2Ep,z

Neutron shell gap
DNop(N,Z)=Eny2,z+En_2,2—2En,z

20 40 60 80 100 120 140 160 180 200 220

Number of neutrons N (N + 60 for neutron shell gaps)

Predict “Island of Stability”

ove 184702

10

Describe basic Nuclear structure

o = N W »~ U

Half-life
> 1year
120— [l <1year
Bl < 1 day
BW<1s

N _ beta-stability
— line

130 140 150 160 170 180
neutrons (N)

Large Scale Shell Model (LSSM), (Relativistic) (Quasi) Ly SRS

see Nuclear session

Random Phase Approximation, Open Quantum Systems, ... and Oscar’s talk)

Jonathan Kriewald
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Why Nuclear Theory?
Experimentalists and Theoreticians across all Energy
scales rely on Nuclear Theory:
 Cosmology: Big Bang Nucleosynthesis (BBN)
2 Astrophysics: Theory of Stars, Supernovae, etc, ...

p Particle Physics: Neutrino Experiments @ Nuclear Reactors,
test SM in Nuclear transitions, /}-decay experiments, ...

2 Industry/everyday life: Nuclear Reactors, Imaging technologies
for Medicine, Radiotherapy, ...
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Why theoretical high-energy Physics ?

because it is fun, duh! &3
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Why theoretical high-energy Physics ?

Ok it’s also useful:

2 Describe an make sense of phenomena across all settings and energy scales
P Even if abstract, it is physics, think e.g. about the no-lose “theorem”

2 Necessary for experiments: think of all the theory in GEANT4, Pythia, ...

Enjoy the session :)
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