OBJECTIVE: Developtoolsto helpusunderstandhow the neutrinowashypothesize@nddiscovered.
1. Scales

- atom:10~® cm (Dalton 1808)

- nucleus:10~!2 cm (Bohr 1913proposecdhuclearatom)

- nuclearparticles:10~13cm (1932neutron,? proton)

- electron:(Thomsonl897)

- quark:originally calledaces(proposedn 1963by Gell-MannandZweig)

2. FundamentafForces

- Gravity: Newton discoveredgravity in the1680s — Newton's Law of Gravity

— worksoninfinite scales

— strength:10—3°
— F = GMm

= >

- Electromagnetic:

— worksoninfinite scales

— strength:10—2
— F = kq1q2
T2

— repulsionbetweertwo protonsis 10%¢ timesthatof gravity

- Strong:Thisis theforcethatholdsthenucleugogether It worksagainstheelectromagnetitorcein cases
wherethe nucleusis composedf morethanoneproton. Recalloppositechagesattract,similar chages
repel.

— actsatapproximatelyl0—'% cm
— strength:1
- Weak: Thisis theforcethatis responsibldor betadecayandall otherneutrinointeractions.

— actsatdistancedessthan10!®
— strength:1013

NOTE: STRENGTHS ARE ARBITRAR Y AND VARY SOMEWHAT ON DISTANCES.

3. Typesof Enegy

- Kinetic Enegy: “energy of motion”

-T= %mv2

- PotentialEnegy: “storedenegy”
— U =mgh

— gravitationalpotentialenegy: U = — ¢Mm

r

- ElectrostaticEnegy:

—dU = —qoE - dl or AU = —qoEAl
- OtherEnegies:thermal,chemical,.....etc.
- MassEnegy: givento ushby Einstein

— E =moc?



— Example:Giventhe masse®f thefollowing particlesfind theirmassenengy.
electron:9.109 x 10731 kg
proton:1.672 x 1027 kg
neutron:1.674 x 10727 kg
Startwith Einsteins equation.
E = myc?
Plugin the numbersve know.
E =(9.109 x 107%'kg) x (3 x 10%2)?
E =819 x 1071J
Now corvertjoulesto eV. RecallleV = 1.602 x 10~1%.J
Thus,
E =511KeV

We canalsorepresenthe massof the particlein units ’CJLV .

Ep, = 511KeV = mc?
me = 5115V
Sometimegphysicistswork in funny unitswherethey setc = 1 to make thingssimpler Thisis often
theway particlephysicistsnvork. Sothenit looksasif massandenegy have the sameunits!
me = 511 KeV
| leave it asanexercisefor the studentdo calculatethe restenegy of the protonandneutron. They
are

Ep, = 939.57TMeV
Ep, = 938.27MeV

4. Consenrationof Enegy
Recallthe conserationof enegy stateghatyour initial enegy mustequalyour final enegy.

- Simple PendulumExample: What is the speedof the pendulum,length L, at the bottom of its swing.
Assumethe pendulumis initially pulledanangled away from center

Lcos 6

|
:
h=L-Lcos 8 |
|
|
|




whereh is the heightthe pendulumis pulled.
h=L— Lcosh
Thus,
v =V/29L(1 - cosb)
whereg is the gravitational constant.

5. BetaDecay:Why the neutrinoexistsandhow it wasdiscovered.

- Betadecayoccursin nucleithathave too mary or too few neutrondor stability.
- Enegy releasediuringbetadecayis givenby the expression

AE = MeEy, — En,

- Let'stry it for the neutron.
n—p+e
recallthe restmassfor theneutron protonandelectron.

n =939.57TMeV

p=93827TMeV

e=0.51MeV
thus,
AFE =0.79MeV

- However, it wasexperimentallyshovn thatthekinetic enegy of the electronvariedfrom 0 to somemaxi-
mumvalue! Wasthis a non-conserationof enegy?

# of
electrons

max KE
Energy



- In 1930Pauli suggestea particle,now calledthe neutrino,to resole the apparennon-conseration of
enegy.

- Theneutrinowasfirst obsenedexperimentallyin 1957by CowvanandReines.Todaywe know thatthere
are3 flavorsof neutrinosy,, v, vy .

OBJECTIVE: To understanavhy cosmicraysareimportantto AMAND A. To learnthe historyanddevelopmenbf
particlephysics.To understandhow we gotto AMAND A.

1. CosmicRays

- Whatarethey andwhy arethey important.
— Cosmicray areionizednucleithathit the earths atmospherat a rateof about1000persquareneter
persecond.Their compositionis 90% protons 9%alphaparticlesand1% heavier nuclei.
— Neutrinosareproducedn collisionsof cosmicrayswith materialnearasiteof cosmicray acceleration
suchassuperneas.
— Cosmicrays provide backgroundor our detector (Muonsare producedin collisionsof “primary”
and“secondary”cosmicrayssuchasprotonsandpionswith othernucleiin the earthsatmosphere.)
- Brief History of CosmicRays:Mysteryof the Dischaging Leaves
— Around 1900it wasdiscoveredthat electroscopesdischagedevenif keptin darkroomsaway from
known sourcef radioactvity.
— It wasthoughtthatthis phenomenomascausedy naturallyradioactve elementsn theearths crust.

— The 1910balloonflight of AustrianphysicistVictor Hessshaved that radioactvity increasedwith
height.(Hesswon the 1936Nobelprizein physicsfor his discosery.)

— This radiationwasgiven the name“cosmic rays” by AmericanphysicistRobertMillikan who con-
tributedgreatlyto its investigation.

- Typesof Early Detectors

— Photographi®lates:
x As fastchagedparticlespassthroughphotographiemulsionthey will producetracksthatshow
up afterdevelopment.
x Heavier particlesleft thickerlines. Lighter particlesleft thinnerlines.
— CloudChambers:
* Inventedin 1927by C.T.R. Wilson.
* As radioactve particlespassthroughthe chamberthey producedions that sene as centersfor
vaporcondensatiofi.e. we seealine of fog asparticlespasshroughthe chamber).
— BubbleChamber:
x Inventedin 1952by GlazerandAlvarez.
x Similarin principleto cloudchamber

x A sudderreductionin the pressuref aliquid closeto its boiling point producessuperheating”.
This meanghattheboiling pointdropsasthe pressuref theliquid decreasesThus,theliquid is
hotterthanits boiling point. As particlestravel throughthe chamberbubblesof gasform around
ions.

x Glazerconcevedof theideawhenopeninga bottle of beerandobservinggasbubblesforming.
- Particles,ParticlesandMore Particles

— In 1935, Yukawa proposeda particle that would be the carrier of the strongforce. This particle
eventuallybecameknown asthepion. It wasthoughtto bethelastparticleto be discovered.
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— Peoplebeganto look for the pionin cosmicrays.

— Side Note: Protoncollideswith nucleiin the upperatmosphereand producepions. Pionscollide
with atomicnucleiin theupperatmospherandproducemuons.Thesemuonsarebackgroundor the
AMAND A detector

— In 1936,C.D. Andersonand S.H. Heddermger found a particlethat behaved as Yukawa predicted.
Therewasoneexception.It did notshav ary desireto interactwith nuclei. As it turnsout Anderson
discoveredthe muon!

— In 1947,C.F. Powell finally discosreredYukawa’s particle,the pion.

— Theseeventsopeneda Pandoras box thatwould leave physicistspuzzledfor nearly2 decades.

— As peoplecontinuedto study cosmicrays they found more and more particles. Eventually they
decidedthey wantedto control the sourceof theserays. This startedus down the roadto modern
accelerators.

— The first acceleratowas built in the early 30’s, althoughit wasnot till the 40’s that peoplereally
beganto pushthebuilding of thesemachines.

— Astheyearsworeon, acceleratorsverebuilt biggerandbetterto probehigherandhigherenenies.

— Physicistskept finding moreandmore particles. By the 19605 it wasa zoo. Someof the particles
known atthistime were:

pionsr*0
kions K0
etasn®
protonp®
neutronn
lambdaA®
sigmaxn+?
xi Z+0
omeaf?
electrone®
muony
neutrinosy,, v,

We'll comebackto thislater
- Notice: therewasmorethanonevariety of neutrinoknown at thattime. Their interactiongake placevia
theweakforce.
Vet+tn —>pt+e
vy+n—op+p”
(Todaywe alsoknow thatathird variety, thetauneutrino,v,., exits.)
- Tofurtherstudytheseneutrinoparticleswe needto goto higherenegy. For higherenegy, we needbigger
detectorsBiggerdetectorcostmoremonsy.
SOLUTION: AMAND A/lceCube

EXAMPLE: To build adetectoito investigatehe enegiesAMAND A doeswould cost$10,000persquare
foot. Thatwould be $10billion dollarsfor akilometerdetector lceCubewill only beabout$200million.



2. Standardviodel

- FromtheBeginning: “Quarks”

— Todaywe know of 6 kinds of quarks. They arenamedup, down, charm,strangetop andbottomor
beauty Also known asu, d, ¢, s,t, b. They arefundamentaparticles.This meanswve cannot reduce
themary further.

— Examinethe neutronandproton.

* Theneutronandprotonarecomposeadf up anddown quarks.The up quarkhasa chage of +%
andthe down hasa chageof — % Thus,to make a protonof chaige +1 we use2 up quarksand
1 down quark. Similarly to make a neutronof zerochagewe usel up quarkand2 down quarks.

p — uud

n — udd

— In thereactionwherea neutrinointeractswith a protonor neutronto give off a muon,the neutrino
interactsnot with thewhole protonor neutron but just onequarkwithin theseparticles.Thisis done
throughthe weakforce.

- Cateagorizing Particles
— To keepeverythingstraight,physicistsstartedto notice someparticleshad somethingsin common
andlumpedthemtogether
— For AMAND A andlceCubethe particleswe dealwith fit in two categories.
Leptons:Not affectedby the strongforce. Interactvia the weakforce. This family contains:v,, v,

v, e, i, andr.
Baryons:Affectedby the strongforce. This family includesthe protonandneutron.



