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Our world according to Particle Physics
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Quantum Chromodynamics (QCD)

Interactions




Questions addressed @CPHT
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Nucleon structure

Non-relativistic picture

dominated by constituents
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Nucleon structure

Relativistic picture

dominated by dynamics
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Now
* Quantum
. * Relativistic
High-energy -
scattering * Non-perturbative
* Non-abelian gauge symmetry
 Confined constituents
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Elastic scattering

Diffraction pattern

Constructive interference
(Bragg’s law)
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Nucleon charge distribution
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2D transverse charge distribution
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2D transverse charge distribution
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Clear signature of
internal orbital
angular momentum!
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Compton scattering

Real Compton scattering J\‘ 6= 0°
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Deeply virtual Compton scattering (DVCS)

interferes with

Bethe-Heitler
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* 2 close photons are similar to a graviton!
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Energy-momentum tensor (EMT)

Mass, spin and pressure all encoded in

TH

Key concept for

* Nucleon mechanical properties
* Quark-gluon plasma

« Relativistic hydrodynamics
 Stellar structure and dynamics
« Cosmology

« Gravitational waves

« Modified theories of gravitation

~ Shear stress

Normal stress (pressure)




Anisotropic medium

Breit frame amplitude t=—A2
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Energy distribution
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Multipole model for the GFFs F(t) = NG
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Local equilibrium

dr r
pr(r) s(r)
[GeV/im?3] [GeV/m?]
0.8 q+G 014} a+G
N o T q 0.12
0.6 Y —-—— =G .
0.10;
0.4F 0.08
0.06 -
02f 0.04 4
0.02
15 20 1M 0 o
v Surface tension Generalized Young-Laplace relation
L =0= -
] -'7‘.‘4, ~ . d S(T)
"‘\‘,,LZ" v = rs(r) p(0) =2 dr
=22 _ 0 "
'y :la\ —: Attratl:tlve 2,_)/
N === R i
. epulsive S(T) ~ 76(7, - R) =D p(O) - _



Global equilibrium
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Conclusion

High-energy electron-proton
scattering is a key tool to unravel
nucleon internal structure

Nucleon
« tomography »

Understanding where 99%
of visible mass comes from

Many exciting
developments using the
energy-momentum
tensor!
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Anomalous gluon Quark and gluon
contribution kinetic energies







Experimental facilities




Compact stars

White dwarfs, neutron stars, quark stars,

strange stars, gravastars, black holes, ...

Highest energy densities and strongest gravitational fields!

Tests under extreme conditions

* Nuclear matter
+ General relativity & alternatives

[Berti et al. (2015)]
[Lattimer, Prakash (2016)]

EMT is likely anisotropic

« Relativistic nuclear interactions

« Mixture of fluids of different types
« Presence of superfluid

- Existence of solid core

« Phase transitions

« Presence of magnetic field
 Viscosity

[Ruderman (1972)]
[Canuto (1974)]
[Bowers, Liang (1974)]
[Herrera, Santos (1997)]

INSIDE A NEUTRON STAR

A NASA mission will use X-ray spectroscopy to gather clues about the
interior of neutron stars — the Universe’s densest forms of matter.

Quter crust

Atomic nuclei, free electrons
Inner crust

Heavier atomic nuclei, free
neutrons and electrons

Outer core

Quantum liquid where
neutrons, protons and
electrons exist in a soup

Inner core

Unknown ultra-dense
matter. Neutrons and
protons may remain as
particles, break down into
their constituent quarks,

or even become ‘hyperons’.

Atmosphere
Hydrogen, helium, carbon

Beam of X-rays coming from the

neutron star’s poles, which sweeps

around as the star rotates.
enature
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2
g~24x10%m/s [Potekhin (2010)]




What can we learn?

Nucleon Neutron star
. [Annala et al. (2018)]
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