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-Neutrinos
A brief overview of
UKS W3IK2z2ai

By Jaiden Parlone
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Standard Model of Elementary Particles

interactions / force carriers

three generations of matter
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1 billion neutrinos
Abundance % only to photons!



Bananas emit around 1,000,000
neutrinos per day, mostly from
PotassiurMO beta decay.

You emit around 300,000,000 per day as
well.

Both are these are nothing compared to
0KS &adzyQa 2dzillzis gKAOK
100,000,000,000,000 (100 trillion) passing
through your body every second.
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There is only about a 1 in 4 chance of a
neutrino interacting within your body
within your lifetime.

And if you were holding a banana, it
would take about 2 billion years before a
neutrino from it interacted with you.




In the early 20 Century, beta decay was thought to be a two body
process, described by:
eOn Q

In 1914 James Chadwick discovered that the
energy spectrum of electrons emitted during |
beta decay of radium was continuous as | |
opposed to discrete, apparently in violation of | |
conservation of energy.
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Note that this diagram is actually from a confirmation paper from 1927; Doi: 10.1098/rspa.1927.0168.




In 1930 Pauli first postulated a neutral, sptparticle with negligible mass that was also produced in this process. This I
VIYSR W8z NBYy o & f I G§S NI NBligneatiSarent of 2littlathgSralzandlk ¥ 2 S Nd & K§ F
discovery of the atomic neutron. This particle would later be fully realised as the electron antineutrino.
eoOn Q 'T
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| have done a terribléhing, |
have postulated a particle that
cannot be detected.




In 1956 the team working on the Cow&einesneutrino experiment published results utilised antineutrinos created in a
nuclearblastNB | OG2NJ 62 AYRdzZOS | LINROSaa (y2éy I a
T noe Q

This effort was awarded a Nobel Prize in 1995, almost 45 years later.
However, open questionstill remained These neutrinos had only been observed to produce electrons in interactions,

whereas there was now another known lepton, the muon. Tdaslto the discovery and distinctio
of the muon neutrino, , by Lederman, Schwartz, and Steinberger in 1962.
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Studies ofd boson decay allows for the number of light active
neutrinos to be determined. This is done through the decay mode;
®w o T

Where each neutrino flavour contributes to the decay width.

From this, the results from LEP determined to the number of light,
active neutrino speciestobe: cYP T @I T Y

This was achieved before the DONUT collaboration discovered the tal
neutrino,’ , in July 2000.



Time to get interactive
ACurl your hands!

AThe direction of axial vector/ pseud@ctor follows a curling right hand.

AThe curl is the rotation (or similar in other examples), and in classical examples is fort
of the combination (cross product) of two perpendicular polar (regular) vectors.

AThe thumb is the direction of the vector.
AWhere a regular vector would not be mirrored, pseudovectors are.

angular velocity

normal mirrored https //wwwyoutube com/watch?v=v44|EXN4sS\

AWe can also use this curling hand trick t o

GAradzZ £t AaS 0KS WKI Y
aligning orunaligningmomentum with spin§




Because they have no colour charge, or electric charge,
neutrinos interact only through the Weak Force.

Ve e Ve Ve

V[/r—i— ZD

w mediated iptgractions are the only known flavour changimgraction, andare referred to as the
W/ KI NASR [/ dZNNBYyiI1Q Ay Ylyeée &a2daNDSaod

The fact that thew and@ are massive are a result of symmetry breaking in the Higgs Field, the
derivation of which tends to be covered inth€8r4heé ST NJ WDl dzZ3S ¢KS2NASaQ O2dzN
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Spin, S
g-p
p|

Momentum, p 5 —

—_—
Helicity, h

Right helicity = spin aligned with direction of momentum. & 1 p

Left helicity = spin anti-aligned with direction of momentum. & 1| p

Chirality is a bit more abstract, and is best thought about in terms of transformatiena (eflection of a chiral
object is not the same), but in the relativistic limit, helicity and chirality become equivalent.

When a parity operation (flip coordinates) is performed on helicity:

Momentum: Polar vector, changes sign® -p
Spin: Axial vectoy, ©

ThereforeK St AOAGe aK2dzZ R [fglea OKIFy3aS dzy RSNJ LI |



C.S. Wu checked this was correct for Weak interactions and in 1957 found tha

1978 with the Wolf Prize.

AAYLIE & gl ayQiod tIFINARGE ¢6Fa GA2ilFOISRZ
traumatised many physicists.
57Co —5g Ni* + e~ + 7, Tiaa ety
NIT 5 it 2y | oot
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spin
e Apply magnetic field T T
e Cool apparatus to 0.01 K s — R v
parity oun
e High proportion of ®“Co spins are transformation T T
aligned with the magnetic field electron cobolt-60
e Examine distribution of emitted m % o
electrons and photons.
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The charged weak bosons only couple to left handed particles, and right
handed antiparticles. As neutrinos can only interact weakly, only left
handed neutrinos and rightanded antineutrinos exist, but their
opposite chiral partners do not (in the standard model). This also means
that Charge symmetry (C) is broken.

ChargeParity
Symmetry

A note is that charge conjugation reverses all internal quantum numbers as well as reversing electric charge.



Standard Model of Elementary Particles

interactions / force carriers

three generations of matter

(elementary fermions)

three generations of antimatter
(elementary antifermions)

(elementary bosons)
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With this revelation of broken symmetries, the unified electroweak theory
Is fully within the standard model. So all is well! Neutrinos are massless,

neutral, spin=> OKA NI f St SYSY (il NBE FSNI)A



Solar neutrino problem -

In the late 1960s Raymond Davis, a chemist by trade, & v
knew that electron neutrinos interacting with chlorine " .
would produce a radioactive isotope of argon:

’ oa © oi Q
The idea was to fill a 380 cubic meter tank with
perchloroethylene (dncleaning fluid), place it 1,478
meters underground to shield from cosmic rays, and
count solar neutrinos (produced by fusion chains) by
extracting and measuring the resulting argon.

2 A 0K | 658108 2LISNF GA2y S i KID SEN
to create 10 atoms of argon, compared to ttae p 1T i
chlorine atoms present in the tank.

However Davis did not find the expected 10 atoms, but
instead 3. Many thought this to be experimental error,
or an inaccurate prediction, but many later experiments
confirmed this result.

¢KAa OFYS (2 08 1y26y |4



\ Cosmic ray

Atmospheric neutrino problem

Atmospheric neutrinos are typically produced about 15 kilometres above the
9 NI KQa &adz2NFIF OSd 2KSYy | 02aYAO NI @
nucleus in the atmosphere, it forms a cascade of particles.

Through many decays of the unstable products (here be a great relativity
worked question on the lifetime of muons), neutrinos are produced with a
ratio of 2:1 ofmuon:electronflavour.

When measured, this ratio was different to the prediction. Many experiments
indicated a disappearance of and an appearance of .

Something was clearly going on.



A possible solution?

Inspired by Kaon oscillations proposed by ®&&hn and Pais, Bruno Pontecorvo
proposed a possibility that another neutral particle, neutrinos, might oscillate

between two states.

The proposals he made were;

A ' P oscillations which were a bit of a shot in the dark.

A P 'Tand’ P T, which is a sterile oscillation.

A * P’ allowing a neutrino to violate lepton flavour conservation, changing

between the two lepton flavours known at the time.
These proposals can all be found in: Soviet Physics2ZEEI$4988,




A complete confirmation

In 1998, the SupeKamiokandevater Cherenkov
detector achieved the first measurement of
atmospheric neutrino flavour disappearance, with the

energy dependant pattern expected of oscillation
phenomena.

On the right is shown the dependence on zenith angle
(i.e. the angle the neutrino entered the detector from
with from below beindA 1'GD & mand aboveA 1'GD W)
and therefore the distance travelled by the neutrino
(from atmosphere above or through Earth as well).

Zenith ang(e dependence
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Py (106 cm?sh)

SNO place like home.

In 2002 the Sudbury Neutrino Observatory, a kiloton heavy water

Cherenkov detector announced that it had measured solar neutrinos

using three different interaction channels.

A The first, a charged current interaction, was sensitive to bnlyThis
saw the deficit Davis had at the Homestake experiment.

A The second, a neutral current interaction, was sensitive to.dlhis
saw neutrino flux matching that predicted by the solar model.

A The third, an Elastic Scattering interaction, primarily sensitive tout
had sensitivity to other flavours. This mostly gave directional info.

T Y =) ~N o0
TTTT[TTTT[TTTT[TTTT[7
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With these detections, the community was sure that neutrino flavour oscillations were occuravggverthis
realisation came with a troubling conclusidteutrinos had mass.

Well, kinda What theyactually requiredn theory was a mass difference between three, set, well defined states. And
then each set neutrino flavour must be a transformation from these states, each flavour ending up as a mix of the
three masses. This transformation is given by a rotation (contained in a matrix) from the mass states to the flavour
states (orvisaversa).

normal hierarchy (NH) inverted hierarchy (IH)
m2 A A m2
_: V3 V2
Amgol

Ve Uel UeQ UeS 1 9 el

Vn = U,ul UMQ ng /9 ATn’a,tm
Vr Uq—l UTQ U7-3 V3 Aﬁq’ztm
v VQ
A(n’z’sc:»l v

| CE e —

Warning, 7 T ! V3
maths ’ =

incoming.




If we start off in awo flavourworld, this rotation matrix becomes familiar;

Ve [ cosf sind V1
V), —sin®  cosf) \1s

Two neutrino approximation

And the survival probability of a flavour can be derived to be; 1.0-
220,
. .o ms — my )
Plv, —v.,)=1-— sin® 26 sin? (3 { 1) } 0.8
I 2F
. o5 [1.27TAm?L £ 06
— 1 — sin® 2 sin? } =
N D 2
From here we can see a couple of things; £ 04
A If the mass difference is 0, no oscillations can occur.
A Theta, named the mixing angle, defines how different the 0.2
flavour states are from mass states. This determines 00
amplitude of oscillation and is maximal-at ' 1000 2000 3000 4000
L/E (km /GeV)

A There are two free parameters that are either set for us by

nature, or we can freely control;
X Length, L, is the distance a neutrino will propagate.
x Energy, E, is the energy of that neutrino.
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With 3 flavour oscillations, things get more complex (no pun intended), but remain familiar;
A There are now 2 mass differences, the large and the sex@ll; & 3@ . Note that because of the squared mass
terms, the signs are not detectable without extra effects.
X 3Q X®& o p 1T

X 34 3a cg v pm W
A There are 3 mixing angles: ,— , and— . These values (shown below in term<3E ) are large, especially
— which is nearly maximal.

x OE(—) m® m X -
x OE(—) m 1 ¥
x OE(—) m8rccm

The value for— was found to be surprisingly large (though still smaller than the

others) andopened upa whole new possibility; measuring the-@Blating phase
factor,] . L

Parameter values taken from PDG interactive listings, shown without error
https://pdglive.Ibl.gov/Particle.action?node=S067&init=0
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THE MIRRI]R
CRACKD

Anindication of matter-antimatter
symimetry.violationin néutrinos -

Coronavirus Hotsource . Origin of d species

The models driving Remnants of Revised age for.Broken -£§
the global response primordial nitrogen Hill skulladds twistto. ~ &
32

tothe pandemic. - in Earth’s mantle < human uolutnon

-

CP violation would meag:(" ©* ) 0'[©'[

The magnitude of CP effect is given by Jaelskognvariant:

1
JPMNS =3 sin261> sin2013 sin26-3 cos13 sindcp

JEMNS = 0.035 sindcp

JepM ~ (3+£1) x 107°

Indications that the value df isactually neamaximal, and thus
leptonic CP violation is large. This could explain the matwimatter
asymmetry!

' YR OKAA A& LISNKIFLBA 2yfeé 2yS
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A Our neutrino detection
capabilities span an
Incredible range of energies,
with many neutrino
experiments trying to
achieve many different
measurements.

Cross-Section (mb)
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Other open questions

A Neutrinos have mass, where does this come frod@utrinolessdouble beta decay)

A2KAOK 2NRSNIJ IFNF (KS&asS YlFraasSa AyK ¢KAa A& OFftfSR y¢
A Is there another neutrino which does not interact like the rest? (Short baseline experiments)

A 1s— maximal or which side efdoes it lie.

A2 KI{G A& |+ ySdziNkAy2048 &aLISSRK [221Ay3 (G &2dz ht 9w! @




Neutrino Astronomy
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Is it not a strange fate that we should suffer so
much fear and doubt for so small a thing?
Boromir
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T2K (Tokai to Kamioka) is a long-baseline neutrino experiment that utilises multiple detectors in
the goal of measuring the properties of neutrinos and their oscillations.

SuperKamiokande

Mt. Ikeno-Yama

1,360 m 1,700 m below sea level
Super.K] : Neutrino Beam '

o 5 295 km ;

A Off-axis water-based e >
Cerenkov far detector.
A Topology based PID.
A CCQE dominant interactions. ‘ 'J'PARC_
. Near Detectors Beam Dump Decay Volume Target Station Pr imary
3 Horns protons

— Beam| ine
=

| Amm—

/ ) Tafget \
ions o
Muon Monitor <—nl:uons J-PARGC MR
«— neutrinos

A 60ff axisd® beam tuned

Cerenkov rings detected at SK. (a) is GeV for oscillation max at SK.

a muon event, (b) is an electron A Produces pure’ T [flux.

event. A Magnetised composite near A Abletoberunin ’ or’[mode.
detector.

A Off-axis (replicates SK
energy spectra).

A Constrains flux and cross- 30
section uncertainties.




Total Accumulated POT for Physics
v-Mode Accumulated POT for Physics
V-Mode Accumulated POT for Physics
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Analyzed: 3.1 X 10?! protons on target (POT) Year

v-mode : r-mode ~ 50 : 50
515 kW operation achieved recently!

33% increase of v-mode data in upcoming analysis.



ND280 detector suite

A Same offaxis angle as Sup&r (2.5 degrees).

A Measures and’

a LJS O NHzy

0STF2NB (KS

A Measure background processes to oscillation (®/QNC1, CC1X 0
A Compare Carbon and Oxygen interactions (FGD2 and POD)

SMRD (Side Muon Range Detector): scintillator planes jn

magnet yokes. Measure high angle muons

in FGD2

2 FGDs (Fine Grained Detector): active target mass for the
tracker, optimized for p/ separationCarbon+Watetarget

POD {0 detector): scintillator bars interleaved with fillabl
water target bags and lead and brass sheets. Optimisec
1 detection

(9%

3 TPCs (Time Projection Chambers): measure momentum
and charge of particles from FGD and POD, PID capabilities

throughdEHdx

for

POD, Barrel and Downstream ECAL.: scintillator planes with

radiator to measure EM showers

2a30AttF0A2Y b ¢t/

~

a

ND280 installed in eiddA1 magnet (0.2 T) 3.5x3.6x7.3 m

SMRD
UA1 Magnet Yoke

Downstream
ECAL

Barrel ECAL

32
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50kton water Cerenkov detector.
mMmmZnnn HNA€ taca
Vertex reconstruction

Mis-ID of less than 1%.

SuperK is located 1,006 (3,300ft)
underground in theMozumiMine in Hida's
Kamiokaarea.

https://www -sk.icrr.utokyo.ac.jp/realtimemonitor/

Disclaimer: Anost all events are cosmic ray muon

events. 33



