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Particle physics

Connection to “fundamental” (aka particle) physics
BSM physics:

NSI for ν, sterile ν

SHDM (non-thermal for M >∼ 100 TeV)

▶ gravitational production: Ω ∼ 1 for M ∼ 1011 GeV
▶ but arbitrary life-time

LIV: p3/MPl corrections unlikely

ν oscillations
strong interactions:

▶ σpp
inel, Kpp

inel, dN/dηX, pO run
▶ nothing more to come from LHC?
▶ only a one-way street?
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Particle physics

Connection to “fundamental” (aka particle) physics
BSM physics:

NSI for ν, sterile ν

SHDM (non-thermal for M >∼ 100 TeV)
▶ gravitational production: Ω ∼ 1 for M ∼ 1011 GeV
▶ but arbitrary life-time

LIV: p3/MPl corrections unlikely

SM physics:
ν oscillations
strong interactions:

▶ σpp
inel, Kpp

inel, dN/dηX, pO run
▶ nothing more to come from LHC?
▶ only a one-way street?
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Particle physics

Connection to particle physics: strong interactions

Input for MC generators:
σpp

inel, Kpp
inel, string fragmentation

Glauber formalism: pp → NN – deviations?
what about collective effects (QGP – à la core-corona)?

string fragmentation: how to fix x−α?
ALICE correlations |η| < 0.5 and |η| > 8.8

same analysis for pO?
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Connection to particle physics: strong interactions

Input for MC generators:
σpp

inel, Kpp
inel, string fragmentation

Glauber formalism: pp → NN – deviations?
what about collective effects (QGP – à la core-corona)?

LHC can deliver more: correlations and femtoscopy studies
string fragmentation: how to fix x−α?

ALICE correlations |η| < 0.5 and |η| > 8.8
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Particle physics

Connection to particle physics: strong interactions
Input for MC generators:

σpp
inel, Kpp

inel, string fragmentation
Glauber formalism: pp → NN – deviations?
what about collective effects (QGP – à la core-corona)?

LHC can deliver more: correlations and femtoscopy studies
string fragmentation: how to fix x−α?
ALICE correlations |η| < 0.5 and |η| > 8.8
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same analysis for pO?
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Particle physics

Connection to particle physics: strong interactions
Input for MC generators:

σpp
inel, Kpp

inel, string fragmentation
Glauber formalism: pp → NN – deviations?
what about collective effects (QGP – à la core-corona)?

LHC can deliver more: correlations and femtoscopy studies
string fragmentation: how to fix x−α?
ALICE correlations |η| < 0.5 and |η| > 8.8

same analysis for pO?
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UHECR sources

General constraints on UHECR sources:
Hillas criterium: RL = cp/ZeB ≤ Rs or Emax <∼ ΓZeBRs

Blandford criterium: Lmin = U2/R or

Lmin ∼ 3 × 1042erg/s
(

E/Z
5 × 1018eV

)2 (
Γ2/β

)
UHECR emissivity Q ∼ 1045 erg/Mpc3/yr

⇒ source density/rate tightly constrained
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General constraints on UHECR sources:

Hillas criterium: RL = cp/ZeB ≤ Rs or Emax <∼ ΓZeBRs

Blandford criterium: Lmin = U2/R or

Lmin ∼ 3 × 1042erg/s
(
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)2 (
Γ2/β

)
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UHECR sources

General constraints on UHECR sources:

Hillas criterium: RL = cp/ZeB ≤ Rs or Emax <∼ ΓZeBRs

Blandford criterium: Lmin = U2/R or

Lmin ∼ 3 × 1042erg/s
(

E/Z
5 × 1018eV

)2 (
Γ2/β

)
UHECR emissivity Q ∼ 1045 erg/Mpc3/yr

source density for stationary sources:
▶ sufficiently luminuous: ns <∼ Q/Lmin ∼ 10−5/Mpc3

▶ avoid multiplets: ns >∼ 10−5/Mpc3 (for weak EGMF)

⇒ source density/rate tightly constrained
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UHECR sources

General constraints on UHECR sources:

Hillas criterium: RL = cp/ZeB ≤ Rs or Emax <∼ ΓZeBRs

Blandford criterium: Lmin = U2/R or

Lmin ∼ 3 × 1042erg/s
(

E/Z
5 × 1018eV

)2 (
Γ2/β

)
UHECR emissivity Q ∼ 1045 erg/Mpc3/yr

source density for bursting sources: ns ≃ 3Rτ/5
▶ sufficiently luminuous: R <∼ Q/(τLmin) ∼ 10−8/Mpc3/yr (for

τ ∼ 103 yr)
▶ avoid multiplets: R ∼ ns/τ >∼ 10−8/Mpc3/yr

⇒ source density/rate tightly constrained
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UHECR sources

Density vs. luminosity constraint:
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UHECR sources

Density vs. luminosity constraint:
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UHECR sources

Density vs. luminosity constraint:

better, but:
▶ rare: emissivity too small
▶ τ could be much smaller
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UHECR sources

Energy spectrum & composition
sharp transitions between different nuclear groups:

(E/eV)
10

log
18.0 18.5 19.0 19.5 20.0 20.5
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UHECR sources

Energy spectrum & composition
sharp transitions between different nuclear groups:

(E/eV)
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log
18.0 18.5 19.0 19.5 20.0 20.5
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Auger 2019 Preliminary

+ eases acceleration
▶ additional component below ankle needed
- surprising values for slopes and composition
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UHECR sources

Energy spectrum: sequence of power-laws?

 [eV]E
1910 2010

)
E(γ

2

2.5

3

3.5
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5

5.5

J
rawJ
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UHECR sources

Identical sources vs. population
already small variation in Emax spoils composition fit

three options:

▶ single source (??)
▶ few sources (?)
▶ population of identical sources (“standard candles”) (?!)

Corrollary: a single source class dominates UHECR flux

Multi-messenger connection: weak?
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