
OBJECTIVE: Developtoolsto helpusunderstandhow theneutrinowashypothesizedanddiscovered.

1. Scales

� atom:
�������

cm(Dalton1808)� nucleus:
��� �	��


cm(Bohr1913proposednuclearatom)� nuclearparticles:
��� ����


cm(1932neutron,? proton)� electron:(Thomson1897)� quark:originally calledaces(proposedin 1963by Gell-MannandZweig)

2. FundamentalForces

� Gravity: Newton discoveredgravity in the1680’s � Newton’sLaw of Gravity

– workson infinite scales

– strength:
������
��

– ��� ��������� Electromagnetic:

– workson infinite scales

– strength:
��� ��


– ��� �! �"# �� �" �
– repulsionbetweentwo protonsis

��� 
#$
timesthatof gravity� Strong:Thisis theforcethatholdsthenucleustogether. It worksagainsttheelectromagneticforcein cases

wherethenucleusis composedof morethanoneproton. Recalloppositechargesattract,similar charges
repel.

– actsat approximately
��������


cm

– strength:
�

� Weak:This is theforcethatis responsiblefor betadecayandall otherneutrinointeractions.

– actsat distanceslessthan
��� ��%

– strength:
��� �	��


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

3. Typesof Energy

� Kinetic Energy: “energy of motion”

– &'� �
)(+* 
� PotentialEnergy: “storedenergy”

– ,-� (+.�/
– gravitationalpotentialenergy: ,-�-0 �1�2��� ElectrostaticEnergy:

– 3�,4�5076!8�9 � 3;: or <=,-��076>8�9?<2:� OtherEnergies:thermal,chemical,......etc.� MassEnergy: givento usby Einstein

– 9@� ( 8�A 
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– Example:Giventhemassesof thefollowing particles,find theirmassenergy.
electron:BDC ��� B2E ��� ��
F� kg
proton:

� C GIHKJ?E ��� ��
#L kg
neutron:

� C G;HNM2E ��� ��
#L kg
Startwith Einstein’sequation. 9�� ( 8OA 

Plugin thenumbersweknow.95�@PQBDC ��� B2E ��� ��
F�SR .�T EUPQV=E ��� � � W T 
95�YXDC � B2E ��� ����ZN[
Now convert joulesto eV. Recall

��\O] � � C G � J�E ��� �����O[
Thus, 95�_^ �`��ab\N]
We canalsorepresentthemassof theparticlein units c�d�ef � C9 �hg �_^ �)��ai\O] � ( A 
(kj �_^ �`��l j�mn �
Sometimesphysicistswork in funny unitswherethey set Ao� �

to make thingssimpler. This is often
thewayparticlephysicistswork. Sothenit looksasif massandenergy have thesameunits!(pj �_^ �)��ab\N]
I leave it asanexercisefor thestudentsto calculatetherestenergy of theprotonandneutron.They
are 9 �rq �'B`V`BDC ^;HKs \N]9 �ut �'B`V)X�CvJ)H`s \O]

4. Conservationof Energy

Recalltheconservationof energy statesthatyour initial energy mustequalyourfinal energy.

� Simple PendulumExample: What is the speedof the pendulum,length L, at the bottomof its swing.
Assumethependulumis initially pulledananglew away from center.

θ

h=L-Lcos θ

L

Lcos θ

ANSWER:Fromtheconservationof energy we know that:

97x1�'9zy
(+.�/ � �

J ({* 
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whereh is theheightthependulumis pulled.

/ �Y|U0U|~}>�)�Iw
Thus,

* �5� J . |oP � 0�}>�)��w T
whereg is thegravitationalconstant.

5. BetaDecay:Why theneutrinoexistsandhow it wasdiscovered.

� Betadecayoccursin nucleithathave too many or too few neutronsfor stability.� Energy releasedduringbetadecayis givenby theexpression

<295�'s \ 9 �h� 0�9 �7�
� Let’s try it for theneutron.

� ����� \
recalltherestmassfor theneutron,protonandelectron.

� ��B)V`BDC ^;HKs \N]

�+�YB`V`XDC J;HKs \N]
\ � � Cv^ � s \N]

thus,

<295� � CvHKB)s \N]
� However, it wasexperimentallyshown thatthekinetic energy of theelectronvariedfrom 0 to somemaxi-

mumvalue!Wasthis a non-conservationof energy?

max KE
Energy

# of

electrons
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� In 1930Pauli suggesteda particle,now calledthe neutrino,to resolve the apparentnon-conservationof
energy.� Theneutrinowasfirst observedexperimentallyin 1957by CowanandReines.Todaywe know that there
are3 flavorsof neutrinos,� jO� �N� � �N� .

OBJECTIVE: To understandwhy cosmicraysareimportantto AMANDA. To learnthehistoryanddevelopmentof
particlephysics.To understandhow we got to AMANDA.

1. CosmicRays

� Whatarethey andwhy arethey important.

– Cosmicray areionizednucleithathit theearth’satmosphereat a rateof about1000persquaremeter
persecond.Their compositionis 90%protons,9%alphaparticlesand1%heavier nuclei.

– Neutrinosareproducedin collisionsof cosmicrayswith materialnearasiteof cosmicrayacceleration
suchassupernovas.

– Cosmicraysprovide backgroundfor our detector. (Muonsareproducedin collisionsof “primary”
and“secondary”cosmicrayssuchasprotonsandpionswith othernuclei in theearthsatmosphere.)� Brief Historyof CosmicRays:Mysteryof theDischargingLeaves

– Around1900it wasdiscoveredthatelectroscopesdischargedeven if kept in dark roomsaway from
known sourcesof radioactivity.

– It wasthoughtthatthisphenomenonwascausedby naturallyradioactiveelementsin theearth’scrust.

– The 1910balloonflight of AustrianphysicistVictor Hessshowed that radioactivity increasedwith
height.(Hesswon the1936Nobelprizein physicsfor his discovery.)

– This radiationwasgiven the name“cosmic rays” by AmericanphysicistRobertMillikan who con-
tributedgreatlyto its investigation.� Typesof Early Detectors

– PhotographicPlates:� As fastchargedparticlespassthroughphotographicemulsionthey will producetracksthatshow
upafterdevelopment.� Heavier particlesleft thicker lines.Lighterparticlesleft thinnerlines.

– CloudChambers:� Inventedin 1927by C.T.R. Wilson.� As radioactive particlespassthroughthe chamberthey producedions that serve ascentersfor
vaporcondensation(i.e. we seea line of fog asparticlespassthroughthechamber).

– BubbleChamber:� Inventedin 1952by GlazerandAlvarez.� Similar in principleto cloudchamber.� A suddenreductionin thepressureof a liquid closeto its boiling pointproduces“super-heating”.
Thismeansthattheboiling pointdropsasthepressureof theliquid decreases.Thus,theliquid is
hotterthanits boiling point. As particlestravel throughthechamber, bubblesof gasform around
ions.� Glazerconceivedof theideawhenopeningabottleof beerandobservinggasbubblesforming.� Particles,ParticlesandMore Particles

– In 1935, Yukawa proposeda particle that would be the carrier of the strongforce. This particle
eventuallybecameknown asthepion. It wasthoughtto bethelastparticleto bediscovered.
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– Peoplebeganto look for thepion in cosmicrays.
– Side Note: Protoncollideswith nuclei in the upperatmosphereandproducepions. Pionscollide

with atomicnucleiin theupperatmosphereandproducemuons.Thesemuonsarebackgroundfor the
AMANDA detector.

– In 1936,C.D. AndersonandS.H. Heddermeyer founda particlethatbehavedasYukawa predicted.
Therewasoneexception.It did not show any desireto interactwith nuclei. As it turnsout Anderson
discoveredthemuon!

– In 1947,C.F. Powell finally discoveredYukawa’sparticle,thepion.
– TheseeventsopenedaPandora’sbox thatwould leavephysicistspuzzledfor 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 acceleratorwasbuilt in the early 30’s, althoughit wasnot till the 40’s that peoplereally
beganto pushthebuilding of thesemachines.

– As theyearsworeon,acceleratorswerebuilt biggerandbetterto probehigherandhigherenergies.
– Physicistskept finding moreandmoreparticles.By the 1960’s it wasa zoo. Someof the particles

known at this timewere:
pions ��� 8
kions

a � 8
etas� 8

proton���
neutron�
lambda� 8
sigma �h� 8

xi ��� 8
omega �

electron
\ �

muon �
neutrinos� j � � �

We’ll comebackto this later.� Notice: therewasmorethanonevarietyof neutrinoknown at that time. Their interactionstake placevia
theweakforce. � j � � ����� \ ��K��� � ���2��� �
(Todaywe alsoknow thata third variety, thetauneutrino,� � � exits.)� To furtherstudytheseneutrinoparticles,weneedto goto higherenergy. For higherenergy, weneedbigger
detectors.Biggerdetectorscostmoremoney.
SOLUTION: AMANDA/IceCube
EXAMPLE: To build adetectorto investigatetheenergiesAMANDA doeswouldcost$10,000persquare
foot. Thatwould be$10billion dollarsfor a kilometerdetector. IceCubewill only beabout$200million.
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2. StandardModel

� FromtheBeginning: “Quarks”

– Todaywe know of 6 kindsof quarks.They arenamedup, down, charm,strange,top andbottomor
beauty. Also known asu, d, c, s, t, b. They arefundamentalparticles.This meanswe cannot reduce
themany further.

– Examinetheneutronandproton.� Theneutronandprotonarecomposedof up anddown quarks.Theup quarkhasa chargeof � 


andthedown hasa chargeof 0 �
 . Thus,to make a protonof charge � � we use2 up quarksand
1 down quark.Similarly to makea neutronof zerochargeweuse1 upquarkand2 down quarks.

�+������3
� ����3)3

– In the reactionwherea neutrinointeractswith a protonor neutronto give off a muon,the neutrino
interactsnot with thewholeprotonor neutron,but just onequarkwithin theseparticles.This is done
throughtheweakforce.� CategorizingParticles

– To keepeverythingstraight,physicistsstartedto noticesomeparticleshadsomethingsin common
andlumpedthemtogether.

– For AMANDA andIceCubetheparticleswe dealwith fit in two categories.
Leptons:Not affectedby thestrongforce. Interactvia theweakforce. This family contains: � j � � � �� � � \ � � � and � .
Baryons:Affectedby thestrongforce.This family includestheprotonandneutron.
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