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First: a few words about neutrinos
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« They come in three flavors (one per lepton; all have been detected)
» As they travel, they oscillate among these three!!
* Only left-handed neutrinos have ever been observed
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[ Detection

 Neutrino interactions:

no electric charge
no color
almost no mass

they interact only through
the weak nuclear force

* Detection:
intense sources

huge detectors

a LOT of patience
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The Neutrino with Dr. Clyde L. Cowan Qo »

> Pl o) 40:58/57:04 - -

httos://www.youtube.com/watch ?2v=AYqgEtm0OX2Sc

L. R. Flores Castillo August, 2023


https://www.youtube.com/watch?v=AYqEtm0X2Sc

What we don’t know

« Why are their masses so small?

* Why do they break the
3-generation pattern?

* Do they violate CP?

* Are there more than 37

 Are they their own antiparticles?

Mass (giga-electron-volts)
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[ What we don’t know

» Oscillations give us the A(m{;) ... but,
how are they ordered?

Normal hierarchy Inverted hierarchy
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[ What we don’t know

 Also, the way the Higgs boson gives mass to fermions is
through mixing their left and right handed components.

 But right handed neutrinos have never been observed

* ... so their masses may need a different mechanism!
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Photons from about 380,000 years after the BB

Instead,

inos decoupled from matter ~ 1 s after the BB
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[ T2K - Tokai to Kamioka ]

 Measure oscillations: v, /v, disappearance and v, /v, appearance.
o . . 2
Measure the oscillation parameters 6,3, 6,3, cp and Am3,

Super-Kamiokande

a
. I 1,700 m below sea level

Neutrino Beam

295 km

Water Cherenkov detector

50 kton of ultra-pure water
40 m diameter, ~50 m deep
~11,000 20 inch PMTs

1 km underground
Operational since 1996
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[ DUNE (Deep Inderground Neutrino Experiment) ]

Sanford

Underground J— . — - Fermilab
Research , y ottt
Facility e o iles vonzzzzz22 0B * N
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- v,/v, beams generated by a proton accelerator at Fermilab,
propagate for 1300 km, detected at SURF 1500m underground

 Far detector: four Liquid Argon detectors (TPC’s) of 17k Tons each
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CERN Neutrino Platform

DV[RVIEI _—F i 2 e 7 {l“
SF-VD Control room
Computlng room

DAQ barracks
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What are Feynman diagrams?
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Preliminaries ...
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€ 2 Wamenon Darbuted by Usvwerss Mrem Syndcae

NO, T THOUGHT
OF A WAY 1

WONT HAVE TO
NRITE ONE’

HOP IN THE TIME MACHINE,
HOBBES ! WERE GOING A FEW
HOURS INTD THE FUTURE ! TLL
HAWE FINISHED WY STORY BY
THEN, 30 WELL JUST ACK T
UP AND BRING 1T BACK TO
THE PRESENT. THAT WAY, I
WONT WAVE TO WRITE 1T/

SOMETHING DOESNTT RELAX !
MAKE SENSE WERE, | WEWL BE
AND I THING ITS
ME SVITING N
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z<z>+c¢ c: a fixed number,
Always starting withz = 0

c=-1 |
Zg =0 Zo =
z; = 0%+ (-1) = -1 7z =044+ (1) =
z;=(-1)?+(-1) =0 Z; =12+ (1) =2
z3 = 0%+ (—1) = -1 z3 = 2%+ (1) =
zy = (—1D*+(-1) =0 z, = 5%+ (1) = 26

==

BOUND DIVERGENT






https://www.youtube.com/watch?v=pCpLWbHVNhk



https://youtu.be/pCpLWbHVNhk?t=2019

A proof ...

L. R. Flores Castillo

August, 2023

21



“Simplifying” our representations
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... and then what?
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CLASSICAL MECHANICS:
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AT HIGH ENERGIES (SHORT DISTANCES):

- We cannot ignore particle production

¢(x1,0) ¢(x1,1)

) )
$(xn, 0) ¢(xn, 1)

Each ¢ (x) ¢ (x)

Excitations at each point: quanta of that field
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“All possible histories” are those that can be built
by combining a few “basic vertices” that represent
fundamental interactions.

L. R. Flores Castillo August, 2023 29



0511M &

e

electron

time

L. R. Flores Castillo

August, 2023

30



Other combinations

Pair annihilation
et+e -y+y

Pair production
y+y—oet +e”

Compton scattering
e +y—>e Ty

L. R. Flores Castillo
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1
What is —7
0.98

32



1

~ 1+ 0.02
1—0.02
~ 1+ 0.02 + 0.024
~14+0.02+ 0.02% 4+0.023
1 2 3
=1+x+x"+x°+ -
1—x

* |t is an infinite series, but we only may need two terms.
« We know how to obtain the series, but not “by inspection”.
« Maybe a supersmart alien species calls this function the “all ones”

L. R. Flores Castillo August, 2023 33



Each Feynman diagram stands for an expression that
produces one complex number.

They are terms in a series; they are just written in an
exceedingly intuition-friendly notation.

Once we know the valid vertices and what particles enter
and exit a process, we can write ‘by inspection’ all the
terms needed!!!

The sum of those expressions is the
probability amplitude for the process.

" L. R. Flores Castillo August, 2023
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For example,

time
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For example,
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For example,
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- In QED, for each diagram: more vertices — smaller value
« Only the connections are important (angles are irrelevant)
- For very high precision, thousands of terms may be needed
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Also, remember that “proof” at the beginning?

* The two “90 degree rotations” that make it “work” are
absurd because expressions and what they represent do
not share rotational properties

* On the other hand, when we rotate a Feynman diagram
(i.e., we “rotate an expression”), we get valid expressions!

L. R. Flores Castillo August, 2023

43



[ Interaction summary (w/o the Higgs boson) ]

QED - Fermions Bosons
. i 4

Quarks Force
U C t y carriers
up charm top photon
d S b 7
e e

down strange  bottom Z boson

Lept
wes - Voo Vi Vi w
D - electron  muon tau W boson
= neutrino neutrino neutrino
= e u T g
electron  muon tau gluon
q q

Cabibbo-Kobayashi-Maskawa

d’ Vud Vus Vub d
s' = Vcd Vcs Vcb S
b’ Via Vis Vin/ \b

Weak:

(W12)%:

W/Z: ;
z w w w Z L w Y
w w w w w 7 w w w z
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« Each valid vertex corresponds to a term in the Standard
Model Lagrangian.

* i.e., Feynman diagrams are terms in the perturbative
expansion of the probability amplitude of a process.

+ LF,U)& +he
o Wi ¥y P the
+ef V)

" L. R. Flores Castillo August, 2023



\ ”
5
'
- ‘ ‘
-
- !
A .
z ‘ :-
o ..
-' ~
3

NG ¥ = \
mage: NASA / ST%CI

.






