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Ancient Greek Cosmology 







Cosmology of the Anthropocene
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Classical 
Physics

General 
Relativity

Quantum 
Physics
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cGh Model of Physics

cE=mc2

Classical 
Physics



How to generate relativistic 
quantum field theories
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Free 
Lagrangian

 Invariance under 
local gauge 

transformations

New gauge 
fields 

(particles) are 
needed

New 
Lagrangian

Aμ→ Aμ+ ∂µλ
U(1)
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U(1) × SU(2) × SU(3)
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Free parameters in the Standard Model: 

✦ 9 fermion masses (+ 3 mν) 
✦ 3 CKM mixing angles +1 phase
✦ 1 electromagnetic coupling constant α 
✦ 1 strong coupling constant αs 
✦ 1 weak coupling constant GF
✦ 2 Z0 and W masses
✦ 1 Higgs mass ➜ 21 free parameters
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⚫ Neutrinos are (almost) massless

⚫ Neutrinos only interact via the Weak force

⚫ Neutrinos are left-handed 

⚫ anti-neutrinos are right-handed

⚫ Neutrinos are electrically neutral

⚫ Neutrinos have three flavors

⚫ Electron, muon, tau



Neutrino Facts
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ν flux on Earth 
from Sun

6.5×1014/(m2 
s)
Neutrino from sun will 
pass through 5 LY of 
solid lead 

300/6 relic ν/ cm3  

    T=1.95K
V~106m/s    λ~10-3m
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• ~10 SN/s in the 
Universe

• ~multiple SN/day 
discovered

• ~1SN/50-100 yrs in 
the Milky Way

• >1 SN/year within 10 
Mpc

SN Explosion ~140 yrs ago. @ 8 kpc 



7:36 Neutrinos observed
9:30 Amateur astronomer observes Tarantula Nebula in LMC (168kly). 

Nothing unusual.
10:30 LMC photographed, SN1987A observed.

SN 1987A
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SN 1987A
AntiNeutrino Events

7:36 Neutrinos observed
9:30 Amateur astronomer 

observes Tarantula Nebula 
in LMC (168kly). 
Nothing unusual.

10:30 LMC photographed, 
SN1987A observed.

Kamiokande II, IMB, Baksan:

         νe + p →  n + e+
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Oscillations

Muon neutrino e, μ, or τ 

m3 

m2

m1

Superposition of waves of 
different masses (frequencies) 

Amplitude of beat gives mixing angle sin2θ
Wavelength reads mass2 differences

Δm
31

2 ≡ m
3

2 – m
1

2

Probability: 
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=

Neutrino 
in flight

Neutrino 
detection

PMNS Matrix 
U

PMNS
       

where  Δ
ij
 ≡ Δm2

ij
 L/4Eν , and 

a ≡ G
F
 N

e
/√2, N

e
 is the number 

density of electrons in the Earth.
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• Normal vs. Inverted Ordering
• CPV phase δ

CP
.

• Sin2θ
23

, octant degeneracy 
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hep-ex/0104049

LSND 
experiment

Los 
Alamos

detected more ν͞e
than expected 
(3.8σ excess)
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MiniBooNE’s low energy excess
Event excess: 381.2 ± 85.2 (4.5σ) arXiv:1805.12028 (30 May 2018)

Other anomalies:

DANSS 1804.04046

Neutrino-4 1809.10561

How to explain?
Sterile ν at the eV scale in 
tension with data
Cosmological bounds also  in 
tension with sterile scenario
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Ice3

2-3 PeV (10 15 eV !!!)

“Mysterious Cosmic Rays Shooting
from Ground…”, ANITA, E=0.6 EeV, D. B. Fox 
et al. arXiv:1809.09615
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DUNE Oscillation Strategy

• Near Detector at Fermilab: measurements of unoscillated beam

• 40 kt LAr Far Detector at SURF: measure oscillated ν and ν ̅ spectra 

FD

ND

1300 km 
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Deep Underground Neutrino Experiment

7/21/202524

1,300 km/800 m

FNAL
Batavia, IL

SURF

Lead, SD

1.5 km to surface

4  17-kton LArTPC
       modules

1 module
• 150 Anode Plane Assemblies
• 2560 wires/APA
• 384,000 channels total

• 14-bit ADC @2MHz
• > 1TB/sec !

Mike Wang | Intermediate level DUNE SN trigger with pointing information
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Timeline
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2018: protoDUNEs at 
CERN

2019: Technical Design 
Report

2019: Far Site Primary 
Excavation Begins

2026: First Module 
Installation Begins

2026: Neutrino Beam 
Available

Physics data as soon as 1st 
module complete

• Atmospheric νs
• SNB and solar νs
• Baryon number 

violation
• Detector calibration
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CMB
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K. Akiyama et al.,
The Astrophys. J. Lett., 875, L1 (2019)
Event Horizon Telescope Coll.

M87 Distance :  16.4 Mpc (53.5 Mly)
M = (6.5 ± 0.7) × 109 M 

⊙
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GZK limit ~5×1019 eV  
3.2×1020 eV, D.J. Bird et al., Phys. Rev. 
Lett., 71, 3401 (1993)
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The End
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