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Ancient Greek Cosmology
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Tolkien’s Cosmology
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Cosmology of the Anthropocene

HISTORY OF THE UNIVERSE
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How to generate relativistic Paes
qguantum field theories
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Invariance under New gauge
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Free parameters in the Standard Model:

4+ 9 fermion masses (+ 3 m )

4+ 3 CKM mixing angles +1 phase
4+ 1 electromagnetic coupling constant a
4+ 1 strong coupling constant a_

4+ 1 weak coupling constant G_

+ 2Z,and W masses

4+ 1 Higgs mass =» 21 free parameters

. 2My, + M, My, + M,
i 2 M? = MM,
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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

. —tdd ® Electron, muon, tau
Ballard Firehouse

January 26 February 9
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Neutrino Facts

v flux on
from Sun
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Flux on earth of neutrinos from various sources, in function of energy
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 ~10 SN/s in the
Universe

* ~multiple SN/day
discovered

e ~1SN/50-100 yrs in
the Milky Way

* >1 SN/year within 10
Mpc

SN Explosion ~140 yrs ago. @ 8 kpc
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. Anglo-Alrstratiar

IMB |]|
Kamiokande i

time in seconds

7:36 Neutrinos observed

9:30 Amateur astronomer observes Tarantula Nebula in LMC (168Kkly).
Nothing unusual.

10:30 LMC photographed, SN1987A observed.
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SN 1987A
, AntiNeutrino Events
B Kamiokande
® IMB
40 . ® A Baksan
Plam 7:36 Neutrinos observed
- 9:30 Amateur astronomer
< ? observes Tarantula Nebu
% 1 in LMC (168kly).
ke + + + * Nothing unusual.
d' + + 10:30 LMC photographed,
e ++ + SN1987A observed.
s
llamiokande II, IMB, Baksan:
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time (s) ¥
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NEUTRINO ANTINEUTRINO

E a momentum E a momentum

[ — —
spin spin

Weak interactions only couple to lefi-handed 17s, or right-handed /s

This is a pure V-A interaction (maximally parity violating). Weak current has the form:

Right-handed v’s either don't exist, or are sterile (don't interact).
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Oscillations
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| Superposition of waves of
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Neutrino PMNS Matrix Neutrino

detection U, s in flight
Ve rEl UEE UEB Vi
V| = Upl UMZ Up,:} V2
Vr ' UTI UTE- UT3 | V3
1 0 0 C13 0 e "cPgq cia  Sig 0
Upnng = 0 €23  S23 _‘0 1 0 —5S12 c12 0
0 — 893 (o3 —Ei’dGPSlg 0 C13 0 0 1

sin’(Ay — al)
(Agl - QL)Z
+sin2923sin2913 Sin 291;111(&31 aL)Aglqm(aL)Agl(‘Db(Agl +() ) Where A Am L/4E and
Ay —aL)  (al) a=G Ne/\/Z N, is the number
AL, den5|ty of eIectrons in the Earth.
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 Normal vs. Inverted Ordering
* CPV phase o,

. Sin2923, octant degeneracy

e (m3)2 (mz) [ DN

Am2 sol
(ml) 4

(Am?),,
g (Am®)

atm

— (m2)

sol
4 o (m,)’ (m,)’mm b

normal hierarchy inverted hierarchy

I

‘Parameter  Central Value  Relative Uncertainty
» 05903 2%
B (NO) 0.866 4.1%
s (10) 0.869 4.0%
615 (NO) 0.150 1.5%
b1 (10) 0.151 1.5%
Am?, 7.30x107° eV? 2.8%
Ami, (NO)  2451x10°% eV 1.3%
A, (10)  -2512x1075 &/ 13%
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hep-ex/0104049
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MiniBooNE’s low energy excess

Event excess: 381.2 £ 85.2 (4.50)  arXiv:1805.12028 (30 May 2018)
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\,—' - iceTop

e Y _— 80 Stations, each with
r— ~ Ty - 2 lcoTop Cherenkov detector tanks

8Om -

(A .. Ice® -
£

i 2 optical sansors per tank
320 optical sensors

2010: 79 sinngs in operation
2011 Project completion, 86 strings

IceCube Array i

86 strings including 6 DeepCore strings
60 optical sensors on each string

5160 optical sensors

| I Amanda |l Array
| {1 (pracurser 10 lceCube)
. DeepCore
6 rm’;’, spacng optimized for lower energes
it 360 cptica sensor

Eiffel Tower
324 m

450 m

us STREET 1 2450m \
EI'IIIQ’S 2820 m
Gre st Illts

“Mysterious Cosmic Rays Shooting

. from Ground...”, ANITA, E=0.6 EeV, D. B. Fox
2-3 PeV (10 > eV 1) et al. arXiv:1809. 09615
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DUNE Oscillation Strategy

Sanford
Underground

_____ Fermilab

Research — - -

" * e
LR Facility ono¥ezEEtE
p -y

 Near Detector at Fermilab: measurements of unoscillated beam

« 40 kt LAr Far Detector at SURF: measure oscillated v and v spectra
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Deep Underground Neutrino Experiment

1,300 km/800 m

4 17-kton LArTPC
modules

1.5 km to surface

1 module O
©+ 150 Anode Plane Assemblies

o 2560 wires/APA
* 384,000 channels total

* 14-bitADC @2MHz =
e >1TB/sec!

Mike Wang | Intermediate level DUNE SN trigger with pointing information
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Deep Underground Neutrino Experiment
One of four detector modules in South Dakota z
Cryogenic systems

Detector electronics

Neutrinos from
Fermilab in lllinois

Detector located
1.5 kilometers
underground at
Sanford Lab

;..A."..“.!»;.ii'

1§ [ 1 ! o ™
Each module will be filled
with 17,000 tons of argon,
cooled to minus 184°C
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Timeline

2018: protoDUNEs at

CERN

¥

-019: Technical Design

Physics data as soon as 1%t
module complete

Report

¥

2019: Far Site Primary

. Atmospheric vs Excavation Begins
* SNB and solar vs
« Baryon number .

violation 2026: First Module

Detector calibration Installation Begins
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Galaxy map 3.8 billion years ago Galaxy map 5.5 billion years ago CMB 13.7 billion years ago
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*RMHD moadels —dde oy
E. a, = -0.94, Rl.igh = 80 SANE, a, = 0, Rl-iy,h = 10 MAD, a, = 0.94, Rhigh = 10 M87* April 1 1 2017
?

50 pas

Simulated EHT observations

o0 pas O
w v v April 5 April 6 April 10
O O Ol | & |
B, O @
K. Akiyama et al., _

The Astrophys. J. Lett., 875, L1 (2019) 6 1 ; 3 -
Event Horizon Telescope Coll. Brightness Temperature (107 K)
M87 Distance: 16.4 Mpc (53.5 Mly)

M=(65%0.7)x10° M _
Idaho State
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hc? 32
Planck Temperature = / = =1.42x10"K
G kg
Planck Mass = ’ —h—é‘;— =2.2x10""kg
. R -44
Planck Time = f FE =5.4x10 s
Planck Length = f-—h— =1.6x10”m
o3
- 1 Tie® 19
Planck Energy = " - 1.22x10 "GeV
C

= 5.16x10 g/em’

0.

)

Planck Density =

JI

“h

GZK limit ~5x10" eV

3.2x10%° eV, p.J. Bird et al., Phys. Rev.

Lett., 71, 3401 (1993)
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