. .l o '(’\ '..
) ‘.‘\~.I -
S ..

l,(\ 'f P
.\

Saturday M@mmg Physm }eéture -at Fermﬂab.;

-
"{o . o '- L -D




Tuesday, February 18, 14



Some trivia on Neutrinos




Some trivia on Neutrinos




Some trivia on Neutrinos

2




Some trivia on Neutrinos




Some trivia on Neutrinos




Some trivia on Neutrinos




Some trivia on Neutrinos

2
Tuesday, February 18, 14




The Standard Model

vV

trino

RN 12t pouLring

epton

Though neutrinos were discovered much earlier than the Higgs boson,
very little 1s known about them !
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A Brietf Recap

e February 1896: Henr1 Becquerel discovered radioactivity from
phosphorescence of uranium in absence of light.

® [n 1898: Marie and Pierre Curie succeeded 1n 1solating 2 new radioactive
elements from pitchblende , Polonium (Po) and Radium (Ra)

® In 1903: Becquerel and Curies awarded Nobel Prizes in Physics

® In 1899: Ernest Rutherford was studying ionization of gases by radiation
from uranium. He 1dentified:

® Alpha(a) radiation =¥ 2 protons, 2 neutrons (*He). Absorbed by a single
sheet of paper.

e Beta(p) radiation =¥ electrons, penetrates several mm of Al, Cu.

® In 1900: Villard discovered Gamma(y) radiation
® They are EM radiation but have shorter wavelengths and higher energies
® (Can penetrate 20 cm of 1ron, several cm of lead !

® [In 1905: Albert Einstein announced his Theory of Special Relativity !

6
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Beta decays

® Encrgy-mass relation: E = mc?

® FEnergy 1s conserved overall.
e Profound way of storing and transforming energy.

® Energy conservation principle seemed to work for alpha and
gamma decays, but for not beta decays !

e In 1914, James Chadwick discovered that energy spectrum of
beta electrons was continuous, rather than a single value !

Observed Expected
spectrum of electron
energies energy

Number of electrons

Ener
2/ Endpoint of

spectrum

Tuesday, February 18, 14



Beta decays

® Encrgy-mass relation: E = mc?

® FEnergy 1s conserved overall.
e Profound way of storing and transforming energy.

® Energy conservation principle seemed to work for alpha and
gamma decays, but for not beta decays !

e In 1914, James Chadwick discovered that energy spectrum of
beta electrons was continuous, rather than a single value !

Observed Expected
spectrum of electron
energies energy

Number of electrons

Ener
2/ Endpoint of

spectrum

Tuesday, February 18, 14



Beta decays

® Encrgy-mass relation: E = mc?

® FEnergy 1s conserved overall.
e Profound way of storing and transforming energy.

® Energy conservation principle seemed to work for alpha and
gamma decays, but for not beta decays !

e In 1914, James Chadwick discovered that energy spectrum of
beta electrons was continuous, rather than a single value !

Observed Expected
spectrum of electron
energies energy

Number of electrons

Ener
2/ Endpoint of

spectrum

Tuesday, February 18, 14



Beta decays

® Encrgy-mass relation: E = mc?

® FEnergy 1s conserved overall.
e Profound way of storing and transforming energy.

® Energy conservation principle seemed to work for alpha and
gamma decays, but for not beta decays !

e In 1914, James Chadwick discovered that energy spectrum of
beta electrons was continuous, rather than a single value !

Observed Expected
spectrum of electron
energies energy

Number of electrons

Ener
2/ Endpoint of

spectrum

Tuesday, February 18, 14



Beta decays

® Encrgy-mass relation: E = mc?

® FEnergy 1s conserved overall. @
e Profound way of storing and transforming energy.

® Energy conservation principle seemed to work for alpha and
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Enter ..... Wolfgang Pauli !

(1945 Nobel Prize in Physics)

Discovered Pauli’s Exclusion Principle and was also the
first to postulate existence of the neutrino !

Pauli on vacation, 1931

8
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A Desperate Remedy

® Pauli’s saving grace :

® [n beta(P) decays the electron 1s accompanied by an additional neutral
particle.

® So, energy 1s conserved - 1t 1s just shared - between visible electron and
invisible neutral partner.

e Pauli’s intention was to solve 2 puzzles :

® Understand nuclear properties. Nucle1 are made up of protons and
neutrons. Neutrons are exactly like protons, except electrically neutral.

® This neutron 1s produced 1n B decay along with electron.

e Pauli’s enthusiasm quickly died. He realized that proposed particle in B decay
should be massless, but one proposed for nucleus should be massive !

e [n 1932, James Chadwick discovered the neutron !

® Neutron (massive) was not the solution for 3 decay puzzle !
9
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Offener Brief an die Jrunpe der Radiocaktiven bel der
Gauvereins-Tagung zu Tubingen.

Abgchrift
Physikalisches Institut
der Eidg. Technischen Hochschule Zirich, L. Des. 1930
Zirich Cloriastrasse
| |
I Iiebe Radiocaktive Damen und Hcrrn,l —

Wie der Ueberdbringer dieser Zeilen, den ich muldvollst
snsuhBren bitte, Ihnen des niheren suseinandersetsen wird, bin ich

Dear Radioactive
Ladies and Gentlemen,

angesichts der "falachen" Statistik der Ne und Li.56 Kerne, sowie
des kontimuierlichen beta-Spektrums suf oinen versweifelten Ausweg
verfallen um den "Wechselsats® (1) der Statistik und den Energlesats
su retten. Mimlich die Moglichkeit, es kiinnten elektrisch neutrale
Tellchen, die ich Neutronen nemnen will, in den Kermen existieren,
welche den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘"heh von lichtquanten wusserdem noch dadurch unterscheiden, dass sie

mit Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben Orfossenordmung wie die Elesktronermasse sein und

:nn. nicht grosser als 0,00 Protonermasse.- Das kontimuierliche

Spektrum wire dann verstindlich unter der Annalme, dass bein
boba-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
Mird, derart, dass die Summe der Energien von Neutron und klektron
konstant ist.

Nun handelt es sich weiter darum, welche Krifte auf die
MNeutronen wirken. Das wahrscheinlichste Modell fir das Neutron scheint
mir sus wellenmechanischen Orlinden (nkheres weiss der Usberbringer
dieser Zeilen) dieses su sein, dass das ruhende Neutron ein
magmetischer Dipol von einem gewissen Moment u isté. Die Experimente
verlincen wohl, dass die ionisierends Wirkung eines solchen Neutrons
nicht grosser sein kann, sls die eines pﬁ.-smm und darf dann
A4 wohl nicht grosser sein als e + (107 om),

Ich traue mich vorliufig aber nicht, etwas Uber diese Idee
su publisieren und wende mich erst vertrauensvoll an Euch, liebe
Radiocaktive, mit der h‘lg‘o, vie es un den experimentellen Nachwels
eines colchen Neutrons stinde, wenn dieses ein ebensolches oder etwa
Jomal grosseres Durchdringungsvermogen besitsen wurde, wis ein

gsn-Strahl,

Ioh gede su, dasr mein Ausweg vielleicht von vormherein

wahrscheinlich erscheinen wird, weil man die Neutronen, wemn
she existieren, wohl schon Ifngst gesehen hatte. Aber nur wer wagt,
wmummamummmmyﬂw

dirch einen Aissprech moines verehrten V. in lmte,
Herrn Debye, beleuchtet, der mir Mirslieh in gesagt hat:
"0, daren soll man am besten gar nicht denken, sowis an dis neuen
Steuern."” Darum soll man jeden Weg sur Rettung ernstlich diskutieren.-
Also; liedbe Radiocaktive, priifet, und richtet.- Lelder kann ich nicht
personlich in Tibingen erscheinen, da sch infolge eines in der Nacht
vom 6. sum 7 Des. in Zirich stattfindenden Balles hier unabkSmmlich
bin.- Mit vielen Orilssen an Euch, sowie an Herm Baek, Buer
untertanigster Diener

g, W, Pald

|0
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su publisieren und wende mich erst vertrauensvoll an Euch, liebe
Radiocaktive, mit der l'hgo vie es un den experimentellen Nachwels
einee colchm Neutrons stande, wenn dieses ein ebensolches oder etwa
Jmal grosseres Durchdringungsvermogen besitsen wiurde, wis ein .
guwsn-Strahl,

Ioh gede su, das~ mein Ausweg vielleicht von vornherein

wahrscheinlich erscheinesn wird, weil man die Neutronen, wem

she existieren, wohl schon Ifngst gesehen hatte. Aber nur wer wagt,

und der Ermngt der Situation beim kontimierliche beta-Spektrum
wird durch einen Mssprech maines wverehrten V in lmte,
Herrn Debye, beleuchtet, der sdr Mirslieh in gesagt hat:
"0, daren soll man am besten gar nicht denken, sowis an dis neuen
Steuern."” Darum soll man jeden Weg sur Rettung ernstlich diskutieren.-
Also, liebe Radiocaktive, priifet, und r@d:m.- Ledder kann 4ch nicht
personlich in Tibingen erscheinen, da sch infolge eines in der Nacht
vom 6. sum 7 Des. in Zirich stattfindenden Balles hier unabkSmmlich
bin.- Mit vielen Oriissen an Euch, sowie an Herm Baek, Buer
untertanigster Diener

ges, W, Pamld
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Offener Brief an die Jrunpe der Radiocaktiven bel der
Gauvereins-Tagung zu Tubingen.

Abpchrift
Physikalisches Institut

der Eidg. Technischen Hochschule Zirich, L. Des. 1930

Zirich Cloriastrasse

Iiebe Radiocaktive Damen und Herren,

Wie der Ueberdbringer dieser Zeilen, den ich mulcdvollst
snsuhBren bitte, Ihnen des nkheren suseinandersetsen wird, bin ich
angesichts der "falachen" Statistik der Ne und Li.6 Kerne, sowie
des kontimuierlichen beta-Spektrums suf oinen versweifelten Ausweg

verfallen um den "Wechselsats® (1) der Statistik und den Energlesats
su retten, MNimlioh die MOolichkeit., es kiinnten elektrisch neutrale

“I have done a terrible thing. I have postulated a
particle that cannot be detected.” (W. Pauli, 1931)

—

Dear Radioactive
Ladies and Gentlemen,

Mird, derart, dass die Summe der Energisn von Neutron und Elektron
konstant ist.

Nun handelt es sich weiter darum, welche Krifte auf die

Neutronen wirken. Das wahrscheinlichste Modell fir das Neutron scheint

wir sus wellenmechanischen Oriinden (nkheres weiss der Usberbringer
_Aa 2] P LY . 2 Y - - - . e s

“neutrino” (little neutron 1n Italian)

Fermi expressed interest in Pauli’s idea and
called the proposed neutral particle

Ioh gebe su, das~ mein Ausweg vielleicht von vornberein
wahrscheinlich erscheinen wird, well man die Neutronen, wemn

i

she existieren, wohl schon Ifngst gesehen hatte. Aber nur wer wagt,
@eslomt und der Ernst der Situation beim kentimierliche beta-Spektrum
wird durch einen Mssprech maines wverehrten V in lmte,

!l.arm Debye, beleuchtet, der mir Mirslieh in gesagt hat:

» daren soll man am besten gar nicht denken, sowie an dis neuen
oM.

3

" Darum soll man jeden Weg sur Rettung ernstlich diskutieren.-
liebe Radicaktive, priifet, und richtet.- Lelder kann ich nicht
onlich in Tibingen erscheinen, da sch infolge eines in der Nacht

vom 6. sum 7 Des. in Zirich stattfindenden Balles hier unabkSmlich

bin.- Mt vielen Oriissen sn Euch, sowie an Herm Baek, Buer
untertanigster Diener .
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Enter ..... Enrico Fermi !
(1938 Nobel Prize in Physics)

Fermu statistics(Fermions) — team leader on Manhattan
Project — Univ. of Chicago — FNAL !

.7

Fermi on a boat, Fermi, 1923
Isola d’Elba (1954)
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Radioactivity & Beta-decay

Proton
Neutron
e ‘ Electron

R ~>
e Fermi’s model of beta decay " [Neutrino
® A neutron turns into a proton, electron & neutrino. “y

® He assumed that the 4 particles could occur at the same point in
space and time.

e Using this theory Fermi calculated energy spectrum of electrons in
beta decay. They matched experimental data.

® [ack of enthusiasm for neutrino topics in physicists !

e Fermi wrote a paper 1n 1934 titled “Tentative theory of beta rays™ and
sent 1t for publishing.

® Nature rejected 1t ! Published elsewhere 1n Italian and German first.

12
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Proton
Neutron
— ‘ Electron

R ~>
e Fermi’s model of beta decay " [Neutrino
® A neutron turns into a proton, electron & neutrino. “y

® He assumed that the 4 particles could occur at the same point in
cnaco and timme

Fermi despaired, gave up theorizing about neutrinos, instead
started experimenting with neutrons (nuclear fission) !

® [ack of enthusiasm for neutrino topics in physicists !

® Fermu wrote a paper 1n 1934 titled “Tentative theory of beta rays” and
sent 1t for publishing.

® Nature rejected 1t ! Published elsewhere 1n Italian and German first.
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Enter ..... Bruno Pontecorvo !

Often a central actor and yet, somehow, never quite
reaching the pantheon of the immortals

i
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Pontecorvo was the first to postulate that there might be different “types” of neutrinos !
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Pontecorvo’s insight for detecting neutrinos

e C(Chances of detecting an individual neutrino were “miniscule” .....

e But, 1f you have an intense source of neutrinos, producing billions
of them each second, one or two might get detected occasionally !

® A uranium reactor should be producing about ten million billion
neutrinos per second in the act of producing nuclear power !

® You need patience and the right kind of detector to catch at least
a few neutrinos !
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Pontecorvo’s insight for detecting neutrinos

e C(Chances of detecting an individual neutrino were “miniscule” .....

e But, if you have an intense source of neutrinos, pre ) 1ng billions
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Pontecorvo’s “how to detect a neutrino !”’

circa 1947

® Neutrino bumps into matter and creates an electron !

® This creates an extra proton in the relevant atomic nucleus !
e Now this nucleus would attract the electron !

® Turns into an atom of another element

® One rung up in the Periodic Table !

m ’\ Hrgon Half 1if¢ is 35 days | Chlorine
> >

(3"Cl7) STAT1R) (3’Cl7)

|5
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Pontecorvo’s “how to detect a neutrino !”’

circa 1947

Use Cl as detecting medium C UEICUS
 I\Vfevals (large vat of cleaning fluid)
| Extract Ar atoms by boiling !

® One rung up in the Periodic Table !

m ’\ Hrgon Half 1if¢ is 35 days | Chlorine
> >

(3"Cl7) STAT1R) (3’Cl7)
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Enter ..... Raymond Davis Jr. !
(2002 Nobel Prize in Physics)

Eventually turned Pontecorvo’s dream into reality but had to
walit to understand neutrinos ..... call it fate or oversight .....

Ray Davis with a quizzical look, inside the Homestake mine circa 1966

16
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Ray and Radiochemistry

® Ray Davis’s background in radiochemistry helped him:

circa 1952

® Pontecorvo’s idea: Neutrinos pick up charge when interacting with matter !
® [FEasy separation of Argon atoms from a Chlorine solution.

® Detect radiation by use of electrical signals from 1onization of Argon gas.

® Built first neutrino detector at Brookhaven National Laboratory.

® Tank had 4000 liters of carbon tetrachloride (CCls) - waited for Argon atoms to
accumulate.

® (Observed nothing in addition to the results of cosmic ray interactions !

Davis exposed about 4000 liters of carbon
tetrachloride to (anti)neutrinos at the
Brookhaven Graphite Research Reactor

|7
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Enter ..... Fred Reines and Clyde Cowan !

(1995 Nobel Prize in Physics)

Let’s try to detect neutrinos by exploding an atom bomb !

2@(’(4»”4

ar

Frederick Reines (left) and Clyde L. Cowan, Jr. with the control equipment
used in their first tentative observations of the neutrino at Hanford, Washington,
in 1953. Their definitive detection of the (anti) neutrino was performed at Savan-
nah River, Georgia, three years later. (Courtesy General Electric Co.)

|18
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Nuclear reactors would suftice
USE THIS !

e Hans Bethe convinced them that there was a better
way to do this experiment.

e C(Controlled nuclear power from a nuclear reactor !

® A nuclear reactor emits 10 trillion antineutrinos, per
square centimeter, per second.

e Should be enough !

e Experiment seemed much simpler.
e (ould be repeated any number of times. °

e Reines and Cowan knew that 1f neutrinos exist
conservation of electric charge would produce a
positron and a neutron.

e They were unaware of the distinctions between
neutrinos and anti-neutrinos then.

e (Good enough for scheme to work !
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Project Poltergeist

circa 1953

e A small prototype detector located at nuclear reactor at Hanford in WA.

® Saw first hints of signal, though needed more shielding from cosmic

rays.

e Built larger version of detector and 1nstalled 1t 12 m underground at

Savannah River Site (SRS), SC.

e Detecting medium: Cadmium chloride (CdCl).—| signatures !

well separated

e Event signature: Two separate gamma (y) ray bursts, occurring 5

microseconds apart !
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Observations of first (anti)neutrinos

circa 1956

® Summer of 1956:

® Poltergeist recorded gamma ray bursts, 5.5 microseconds apart !

® Minimal background from cosmic rays.

e (Cowan and Reines sent Pauli a telegram announcing the discovery of the “neutrino” on
June 14, 1956.

® Years later:

e Reines reminded Bethe about his 1934 pronouncement with Peierls that “there 1s no
practically possible way of observing the neutrino !”

e Bethe’s reply: “Well, you shouldn’t believe everything you read in the papers.”

e Ray Davis and Pontecorvo were still waiting to see neutrinos using their detector !

JUCIwaiu ik

. 2
Fred Reines Clyde Cowan

Detector used by Reines and Cowan Project Poltergeist team at Hanford

22
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Why does the Sun shine ?

e Rutherford : nuclear transmutations in the sun produce a lot of
energy for a trifling amount of mass.

e Arthur Eddington : Sun generates light by burning hydrogen and
turning 1t into helium

e Hans Bethe discovered the CNO and pp fusion chain cycles

1.7 Mev —~
\ ‘. p- a re
‘)‘ / "Heo : - / P ‘ \ 7/ (‘ P ‘He @ \ @ﬂ{e
— . ..: ot v
*o : :}H :fC. }H\o : - - ’
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e o * o %
15N 2y p ’
t | pe Be i
o ° \ +
o...o o ..o 4He y Oe
o.:oo ®e o0 @ )
" L I ] “N o o x p p
@ ON_ e @ e ‘He@ @"He ‘He‘@f *@“He
/ ’ +e ::: § 'H x p
¢ o (v ) PP-1 PP-11 PP-111
. \
1.2 MeV
Electron (+) ® (max;
( Photon pp fusion chain reaction in Sun
© nNeutrino
CNO Cycle for bigger stars 23
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Looking into the heart of the Sun

e Bethe’s theory of nuclear fusion in stars implied that the Sun should produce
not just heat but vast numbers of neutrinos !

'99

e Davis thought, “If I can look at these neutrinos, I can look 1nto the Sun

e Neutrinos from pp fusion (dominant in Sun) not energetic enough for
interacting with chlorine !

e Neutrinos from CNO cycle (dominant in bigger stars) have high enough
energy for chlorine !

e While experimenting at BNL, he always hoped to capture solar neutrinos too !

e Important verification of the CNO cycle !

No neutrinos from the Sun detected !
Lo =
4{ ! : " Production rate of neutrinos in CNO
1 cycle must be very low !
6ml

| Or no solar neutrinos !

e — :
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Looking into the heart of the Sun

e Bethe’s theory of nuclear fusion 1n stars implied that the Sun should produce
not just heat but vast numbers of neutrinos !

e Davis thought, “If I can look at these neutrinos, I can look into the Sun !”

o Neutrinos frof Willy Fowler suggested that the Sun might
interacting Wit indeed pI’OdllCC neutrinos from 8B '

e Neutrinos fron . . . h
energy for chi{Might be energetic for detection by chlorine !

e While experin , , , los too !
P Davis saw evidence of neutrinos at SRS, but

* ImportantVinsufficient to distinguish solar from cosmic !

No neutrinos from the Sun detected !

Production rate of neutrinos in CNO
cycle must be very low !

Or no solar neutrinos !

24
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Enter ..... John Bahcall !

The Philosophy grad student who fell in love with Physics !

John Bahcall, Homestake mine, Chlorine Solar Neutrino Experiment, SD, 1964

25
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Beta decay and electron capture
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Inverse Beta Decay
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e+p=?v+tn
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Bahcall’s calculations

circa 1962

e Bahcall’s calculations on electron capture (e +p = v. + n) did not make
experimental sense !

e Electron capture rates in earthly matter (trapped orbits) seemed different
from that 1n plasma of a star (free flow) !

e Popular literature on element formation (Fowler was an author) in stars
assumed same rates !

e He wrote a paper on his calculations, i1t was published in Physical Review.
e Fowler happened to be the paper referee !

e Asked Bahcall and Davis to join him at Caltech !

“There’s a guy in IN
who knows how to calculate how
nuclear physics works in the Sun !

“Come,
work with me at

Caltech !” P b s Come to Caltech !”
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Davis, Bahcall and Neutrinos

e Bahcall was asked to compute what his calculations implied for
producing neutrinos in the Sun !

e Bahcall showed that there was a difference between measurements
on earth and what should happen 1n the Sun !

® Did not sound encouraging !

| | |

» |One neutrino captured " |One neutrino captured
every 100 days! \ every day!
g :
" Y
4000 liters of
chlorine

400,000 liters of chlorine

28

Tuesday, February 18, 14



Davis, Bahcall and Neutrinos

e Bahcall was asked to compute what his calculations implied for
producing neutrinos in the Sun !

e Bahcall shows
on earth and v

® Did not sou

every .

e
4000 liters
chlorine

7% TR
%
o,
' /%

VLA

o~

One neutr: # 7 7777

VAVE (eRA

28

| measurements

400,000 liters of chlorine
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Search for an underground cavern

e Ray Davis was upbeat ! Wanted to build a 400,000 litres experiment !
e He felt he could extract even the very few Argon atoms !
® “Smoking gun” for solar neutrinos !

® Major worry was interference from cosmic rays, produce Argon atoms.

® (oncluded that detector would have to be at least 1220 m underground.

s

S - P TR 4 - e

W
~ —~—E 3 . . 4 o ., e
R Y e o N
i (- ANy, T e 8

Anaconda Copper Mine
Butte, MT
1280 m deep
Excavation cheap
Cavern too small

Homestake Gold Mine
Lead, SD
1480 m deep
Excavation expensive
Cavern huge

29

Sunshine Silver Mine
Kellog, ID
1640 m deep
Excavation reasonable
Cavern big enough
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e He felt he could extract even the very few Argon atoms !

e “Smoking gun” for solar neutrinos !

® Major worry was interference from cosmic rays, produce Argon atoms.
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How many neutrinos were they expecting to find ?

e By end of Summer 1966, experiment was ready to start at Homestake mine !
e Bahcall had improved the precision of his calculations.

e 66 billion solar neutrinos cross a cm? (about size of your eye socket) each sec !

e Which ones would Davis’s detector (chlorine atoms) be able to capture ?
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How many neutrinos were they expecting to find ?

® By end of Summer 1966, experiment was ready to start at Homestake mine !
e Bahcall had improved the precision of his calculations.
e 66 billion solar neutrinos cross a cm? (about size of your eye socket) each sec !

e Which ones would Davis’s detector (chlorine atoms) be able to capture ?

p+p =¥ “He ‘H+*He =» 'Be '‘Bet+p =» °B
Sixty billion Five billion 0.5 million
born this way ! born this way ! born this way !
Not energetic Still not energetic Energetic enough,
enough to activate enough to activate might activate

chlorine ! chlorine ! chlorine !
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What 1s a Solar Neutrino Unit (SNU) ?

e For a neutrino born along with ®B, chance of it hitting
a 3’'Cl was 1 in 10°° atoms per second

e [t means, wait 10°° seconds before a 50:50 chance of
capturing a neutrino !

® This capture rate : 1 Solar Neutrino Unit (SNU)

31
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Bahcall’s predictions & Davis’s results

circa 1968

e 400,000 litres of cleaning fluid contains 2x103° atoms of 3/Cl
® Average waiting time for a single capture 1s about 6 days !
e Bahcall’s predicted rate:

e Best model for solar interior, nuclear reaction cross-sections, Cl
capture mechanism suggested by Ben Mottelson

e 80 % of this expected rate would be from radioactive °B decay
neutrinos !

® Neutrinos detected by Davis:

Davis atop the 400,000 chlorine tank|3? |Davis inspects gas circulation pumps Davis and Bahcall at Homestake detector
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e 400,000 litres of cleaning fluid contains 2x103° atoms of 3/Cl

circa 1968

® Average waiting time for a single capture 1s about 6 days !

e Bahcall’s predicted rate: |'7.5 + 3 SNU

e Best model for solar interior, nuclear reaction cross-sections, Cl
capture mechanism suggested by Ben Mottelson
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4
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Davis atop the 400,000 chlorine tank
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Davis inspects gas circulation pumps

Davis and Bahcall at Homestake detector
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Bahcall’s predictions & Davis’s results
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circa 1968

® Average waiting time for a single capture 1s about 6 days !

e Bahcall’s predicted rate: |'7.5 + 3 SNU

Prediction for 8B

e Best model for solar interior, nuclear reaction cross-sections, Cl
capture mechanism suggested by Ben Mottelson

e 80 % of this expected rate would be from radioactive °B decay
neutrinos !

e Neutrinos detected by Davis: |3 SN U

\\
f »
4
i \— -

Davis atop the 400,000 chlorine tank

32

Davis inspects gas circulation pumps

Davis and Bahcall at Homestake detector

Tuesday, February 18, 14




Bahcall’s predictions & Davis’s results

circa 1968

e 400,000 litres of cleaning fluid contains 2x103° atoms of 3/Cl

® Average waiting time for a single capture 1s about 6 days !

e Bahcall’s predicted rate: | 7.5 & 3 SNJ| |prediction for %B

e Best model for solar interior, nuclear reaction cross-sections, Cl
capture mechanism suggested by Ben Mottelson

e 80 % of this expected rate would be from radioactive °B decay

IICUtI'iIlOS! Remember Davis was

. . sensitive to the high
e Neutrinos detected by Davis: |3 SNU energy neutrinos from
B

stage that can
® More than a factor of 2 less ! interact with chlorine

’ ~ P Ty &
—v" » >

Davis atop the 400,000 chlorine tank|3?

Davis inspects gas circulation pumps

Davis and Bahcall at Homestake detector
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Lots of questions !

® Davis’s experiment was the only one to claim to have seen solar neutrinos, but there was a lot
of confusion .....

® Was method convincing enough ? Small numbers 1n a vast assembly!

® Was Davis sure that he was measuring solar neutrinos ?

® How hermetic was the detector ? Argon leaking in from outside or extra produced inside ?
e Some convinced experiment was right, but disagreed on what it all meant !

e Non-astrophysicists decided that solar model could not be trusted !

® Davis’s data showed that Sun produced fewer neutrinos than standard model predicted !
® Astrophysicists argued solar model was right, something else was wrong !

® Background from cosmic rays seemed small - but signal was small too !

33
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A brief diversion from the solar neutrino story .....
we will come back to 1t later on again !

34
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The Standard Model

Leptons

Pions are of meson family. They are made of 2 quarks each.
Muons are heavier cousins of electrons.

35
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Muons and Pions

® Physicists had postulated the existence of the pion first

® Strong nuclear force makes a pion in proton-neutron collision
® Muon was discovered first (1937) from cosmic radiation

® Scemed a lot like a heavier cousin of the electron

® [t decayed to an electron, remaining energy carried away by
neutral radiation

® Was the “neutral radiation” a photon ? u—e+y ? Why not ?
® Jack Steinberger was to show that this 1s not the case !

® Pion was discovered later (1947) from cosmic rays

® Pion decays via weak force to muon and neutrino 1in 0.01 psec

36
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Enter ..... Jack Steinberger !
(1988 Nobel Prize in Physics)

Germany — Chicago — World War II — Physics

SR "
N
b4%x3
g
4 .'.l
AT
N ;
’_‘M..

o

_dabi” g

Jack Steinberger in front of the Pupin Laboratories, Columbia University
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A Tale of Two Neutrinos

circa 1959

® Fermi suggested muon might decay into electron and 2 more particles
e Steinberger (Fermi1’s student) confirmed his conjecture by experiment !

® The 2 “missing” particles should have no charge and near zero
mass - but they’re not photons !

® Pontecorvo was also fascinated by 1dea that p—e+y does not exist !
® He wondered if the muon 1s more than just a “heavy electron”
® |t has some special “muon-ness” about i1t. Same for electron.

® He also explored if a lepton and a neutrino could make pairs

® He proposed that all this could be tested by looking at neutrino
interactions with matter
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Making Neutrinos and Detecting them

Accelerators
(cyclotrons)

-

High Energy
Protons

Neutrino reveals
itself by picking up
charge from atoms

-

Target

4

High Energy

Pions

4

N

Muons

Neutrinos

J

J

Thick Steel Shield

Massive Target
Detector

39

3

Artificial
neutrino beam
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Making Neutrinos and Detecting them

Accelerators
(cyclotrons)

-

High Energy

-
Protons

Target

4

If neutrinos of different types
different numbers produced '

means “neutrinos carry identity” !

‘ Hioch FEn Prov‘

If all neutrinos are alike :
equal numbers of muons and electrons produced '

Neutrino reveals
itself by picking up
charge from atoms

Massive Target

-~
Detector

-

39

3

Artificial
neutrino beam
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Enter ..... [.eon Lederman !
(1988 Nobel Prize in Physics)

Muon Neutrino

Grad student Leon Lederman looking into a cloud chamber at Columbia University

40
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Enter ..... Melvin Schwartz |
(1988 Nobel Prize in Physics)

Rewriting the Neutrino lexicon with Steinberger & Lederman

Schwarz with a spark chamber used in the discovery of the muon neutrino
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Discovery of the Muon Neutrino

circa 1962

® At the new AGS (Alternating Gradient Synchrotron) facility at Brookhaven
National lab:

® Tecam of seven (Schwartz, Steinberger, Lederman, four students and

postdocs) set to work on pion decays | | 13 metre
Muons
thick steel
|High Energy Protonsl —> |Beryllium Targetl —} | Pions | —} barrier to
\ filter out
| Neutrinos | muons
10 tons of Aluminum -

for neutrinos to interact

® More than 10'* neutrinos passed through detector
® Only 51 hit the aluminum and resulted in a muon !
® None gave an electron !

® Proved that muon-neutrinos and electron-neutrinos were distinct !
43
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National lab:

® Tecam of seven (Schwartz, Steinberger, Lederman, four students and

postdocs) set to work on pion decays | | 13 metre
Muons ]
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® More than 10'* neutrinos passed through detector

® Only 51 hit the aluminum and resulted in a muon !
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® Proved that muon-neutrinos and electron-neutrinos were distinct ! @
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Alternating Gradient Synchrotron
(1960 - present)

AGS control room, circa 1966 Building the AGS in the 1950s

e  Built on the innovative concept of alternating gradient

e Design energy of 33 GeV reached in July 1960

e  Highest energy accelerator in the world until 1968

e AGS discoveries earned researchers three Nobel Prizes

e  Still serves as injector for Brookhaven’s Relativistic Heavy Ion Collider

e  For more information: www.bnl.gov/about/history/accelerators.php
44
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Three Neutrino types ?

e In 1976, Martin Perl discovered the “tau (t)” lepton @
® Tau 1s an even heavier cousin of the electron

e Standard Model stipulates that every charged lepton has a neutral partner !
® Tau-neutrino (v:) was predicted, but hard to detect !

e Tau-neutrino converts into tau particle, tau decays into muons and
electrons in < 10~ seconds !

® Discovered in 2000 by DONUT experiment at Fermilab !

Direct Observation of the NeUtrino Tau

Emualsion 1212
< ".." "-,‘ ."'. "-.' "~.' "-,' \
‘ .

P-4l /:I http://www.fnal.gov/pub/inquiring/
physics/neutrino/discovery/
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Three Neutrino types ?

® In 1976, Martin Perl discovered the “tau (t)” lepton @

® Tau is an even heavier cousin of the electron

http://www.fnal.gov/pub/inquiring/
e \ / physics/neutrino/discovery/

45

Tuesday, February 18, 14


http://www.fnal.gov/pub/inquiring/physics/neutrino/discovery/
http://www.fnal.gov/pub/inquiring/physics/neutrino/discovery/
http://www.fnal.gov/pub/inquiring/physics/neutrino/discovery/
http://www.fnal.gov/pub/inquiring/physics/neutrino/discovery/

Leptons  Quarks

Some parting thoughts on flavors .....
Family Family. Family I

/
/

"’13"'

cown ]Sﬂs IR?O'“

L v

e-‘tou'tmo - ‘«».r.r'c t-\{-...

e'eciron ]mucr

The Generatuons of Matter

"V"V

SM: Six leptons partnered by six varieties of quarks

Why are there only three generations each, for quarks and leptons ?
® s there an interaction changing one into the other ?
Are there any other neutrino types ?

e Maybe, maybe not ! No one knows as yet !

Pontecorvo postulated that the existence of more than one neutrino plays a major part in the
solar neutrino mystery !
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The Gel AP\E THER»E' MORE
SM: Si: THBN THREEP of quarks
e Why are the ? NEUTRINO TIAVORSe .2

® s there an interaction changing one into the other ?

Are there any other neutrino types ?

e Maybe, maybe not ! No one knows as yet !
Pontecorvo postulated that the existence of more than one neutrino plays a major part in the

solar neutrino mystery !
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Back to the solar neutrino story
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A Gallium detector ?

e By 1978, more precise results from Davis:

e Bahcall’s solar neutrino prediction:

® [et’s see if this 1s also the case with neutrinos from the dominant pp
fusion process ! But they are low energy !

® (Gallium has a higher capture rate for low energy neutrinos !
e Bahcall’s predictions for gallium (Ga) as detecting medium:
e Total capture rate of solar neutrinos was 132 SNU !
® 74 of these could come from basic pp fusion process !

e 50 of these could come from ’Be and ®B stages of the solar chain !

e By 1990, SAGE (U.S.S.R.) and GALLEX (Italy) experiments started up !
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A Gallium detector ?
e By 1978, more precise results from Davis:

® Bahcall’s solar neutrino prediction: 7.5+ 1.5 SNU

® [et’s see if this 1s also the case with neutrinos from the dominant pp
fusion process ! But they are low energy !

® (Gallium has a higher capture rate for low energy neutrinos !
e Bahcall’s predictions for gallium (Ga) as detecting medium:
e Total capture rate of solar neutrinos was 132 SNU !
® 74 of these could come from basic pp fusion process !

e 50 of these could come from ’Be and ®B stages of the solar chain !

e By 1990, SAGE (U.S.S.R.) and GALLEX (Italy) experiments started up !
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ARETD

Baksan Neutrino Observatory Tunnel connecting 2 caverns Part of the Baksan Underground
at depth of 3500 m inside Andyrchi Mountain Scintillation Telescope sensors

N, N,+ Gecly | | E MO
1, v ella = ] ..—F
| | | — | — Fe3%
\
— | ]
‘ c:u:clJ |
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\ 230 252
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Schematic of GALLEX

Gran Sasso National Lab, GALLEX solar neutrino experiment detecting tank full of Ga

GALLEX is housed here 49
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Baksan Neutrino Observatory
at depth of 3500 m

Gran Sasso National Lab,
GALLEX is housed here

e
N N,+ GeCl, || o
1, . - —
| l ] |
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+ e

HCH m —
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GALLEX solar neutrino experiment

49

Schematic of GALLEX
detecting tank full of Ga
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A Novel Idea: Capture Neutrinos “Online” !

® Physicists realized the importance of capturing
neutrinos one at a time, as they happened !

® Why accumulate and infer on a monthly basis ?

e The IMB (Lake Erie) and Kamioka (Japan) mine
experiments had been looking for proton decays

® They had built huge tanks of ultra pure water
surrounded by PMTs (photo multiplier tubes)

Cerenkov light
from super —}‘ PMT ‘ m—)) ‘ Electric current ‘ \ J
luminal speeds ™ ' -~
L Qg@»

’ <)
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Cerenkov Radiation
Cerenkov Effect

. limited by
o) s F2opics
50 pum
refativistic 7 ,': ."
electrons ' ;' B = 1
e ; i min n
L :‘ :‘ =0.7c¢
P b
¢ “ ‘\
— 1 “
P = —— o E, = 200 keV
Cerenkov light in the core
of a nuclear reactor
e What 1s Cerenkov radiation ?
h q 1 [ h h f han lieh BHERINKG:'TIBAD?J;ONWMKS
o
Charged particles (e, p, m) can travel through water faster than light '\E }N R (m /
® There 1s a luminous boom (like sonic boom)
® A cone of pale blue light radiates out, centered around flight path
e Light cone is detected by PMTs
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Use 1t for Neutrinos !

® [t dawned gradually that protons decay very rarely !

® Use these huge detectors for looking at neutrinos (the unwanted
backgrounds) !

e Kamioka team modified their detector to increase sensitivity to
low energy neutrinos

Cerenkov

‘ Solar neutrinos ‘ - ‘ electrons ‘ — adiation

® Size of ring =¥ speed of electron =% energy of neutrino !
® Shape of ring =¥ flavor of neutrino (sharp/fuzzy)
e Time of arrival of Cerenkov light =% direction of neutrino

e Kamioka could make a “neutrinograph” of the Sun !

52
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Kamiokande detector from bottom

http://www-sk.icrr.u-tokvo.ac.jp/kam/index.html

http://www.nu.to.infn.it/exp/all/’kamiokande/

Kamiokande located 1,000 m
underground, tank contained
3,000 tons of pure water.

Kamiokande had 1,000
PMTs.

Detector could tell a lot about
the neutrino: its energy, when
1t hit, direction 1t came from.

PMT repair work
inside Kamiokande
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A stroke of luck !

® IMB )
40| |® Baksan
Q. ® Sep, 1994 Mar, 1995 Feb, 1996
@
30
- ‘

:-: Feb, 1998 Apr, 1999 Nov, 2000 Dec, 2001
N | | @ @
10 Jan, 2003 Nov, 2003 Sep, 2005 Apr, 2006

2 4 6 5 10 12
time (S) Dec, 2006 May, 2007 Feb, 2008 Apr, 2009
Supernova 1987A detection by 3 experiments Changes in the equatorial ring over time

e Kamiokande (Kamioka Nucleon Decay Experiment) finished detector revisions by end of 1986

e On February 23, 1987, they detected 11 neutrinos that passed through the Earth for about 15 seconds !
e These were coming from a supernova in the Large Magellanic Cloud (a satellite galaxy of Milky Way)
e They had been traveling for the past 170,000 years !

e The IMB experiment also detected 6 neutrinos from supernova 1987A.
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Missing neutrinos everywhere |

e Kamiokande detected neutrinos from 1987-1995. These were the
high energy ones from B production.

® Number of solar neutrinos decreased as their energy increased !
e In agreement with Bahcall’s prediction for ®B solar neutrinos !

e Total number detected stubbornly less than 1/2 from prediction !

3
Week 18 f’A '

R A,
@0?0@ T‘%JJCR?(W\

® First Davis and now Kamiokande .....
® (ertain that neutrinos from rare solar processes were fewer than expected

® But what about those from the dominant pp process ?
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Neutrinos ..... prime suspects ?

® SAGE made ~100 measurements of solar neutrino flux
from 1990-2000 c11 von comvion_-

e Both SAGE and GALLEX found same answer: )
e 70 to 80 SNU detected ! TN =
e Prediction: 130 SNU ! Shortfall of 50% ..... again !

BY MEERASAPRA

e Davis was vindicated !

e Independent experiments gave similar results; were
sending common message

® Sun was not the culprit either !

e Data on helioseismology also confirmed Bahcall’s
assumptions about the inner workings of the Sun
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Neutrinos ..... prime suspects ?

e SAGE made ~100 measurements of solar neutrino flux
from 1990-2000 c11 von comvion_-

e Both SAGE and GALLEX found same answer:
e 70to 8 SNU detected !
e Prediction: 130 SNU ! Shortfall of 50% ..... again !

BY MEERASAPRA

e Davis was vindicated !

e Independent experiments gave similar results; were
sending common message

® Sun was not the culprit either !

e Data on helioseismology also confirmed Bahcall’s
assumptions about the inner workings of the Sun

Could neutrinos be the prime suspects here ???‘
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Onwards to SuperK

e By 1996, Kamiokande was ready for an upgrade

e With 10 times more water and PMTs than before, the detector was
renamed SuperKamiokande (SuperK) !

e SuperK could also detect atmospheric neutrinos (from debris of cosmic
rays hitting the upper atmosphere, producing showers of neutrinos) !

e SuperK was ready to remove all doubts about the solar neutrino
puzzles !

e A whole wealth of surprises lay in wait with atmospheric neutrinos too !
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SuperK located 1,000 m underground, huge stainless steel
tank contains 50,000 tons of ultra pure water.

SuperK had 13,000 PMTs covered an entire acre on its
surface.

Electronics designed to tell direction of neutrino, 20 km
above Japan or 13,000 km through the Earth entering detector
from bottom
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Purpose of SuperK was to reveal neutrino properties through
observation of solar, atmospheric and man-made neutrinos.
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So where did the neutrinos go ?

® SuperK results showed neutrinos from cosmic rays were ve:vy=1:1 .....
expected ratio 1s 1:2 ..... muon neutrinos seemed to disappear !

® More remarkably, the deficit was greater for neutrinos traveling
through the earth than those arriving from overhead !

® The further the muon-neutrino traveled, the more likely 1t was to
disappear !

e By 1980s, IMB experiment also concluded that ve:vy= 1:1, rather than
expected value of 2 !

® This became known as

® Davis’s conclusions with solar neutrinos had been similar !
® (ould solar neutrinos be disappearing too ?

e After all they had travelled 150 million kilometers from the Sun !
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So where did the neutrinos go ?

® SuperK results showed neutrinos from cosmic rays were ve:vy=1:1 .....
expected ratio 1s 1:2 ..... muon neutrinos seemed to disappear !

® More remarkably, the deficit was greater for neutrinos traveling
through the earth than those arriving from overhead !

® The further the muon-neutrino traveled, the more likely 1t was to
disappear !

e By 1980s, IMB experiment also concluded that ve:vy= 1:1, rather than
expected value of 2 !

® This became known as |“atmospheric neutrino anomaly”

® Davis’s conclusions with solar neutrinos had been similar !
® (ould solar neutrinos be disappearing too ?

e After all they had travelled 150 million kilometers from the Sun !
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Do Neutrinos oscillate ?

Q O
V.

® Neutrinos are produced 1n 3 flavors:

® clectron(e), muon(p) and tau(t)
® Did they remember their origin over longer time scales ?
® Solar neutrinos traveled for more than 150 million km !

® (Could an electron-neutrino (ve) born in the Sun
somehow ““change 1dentity” into a muon-neutrino (v,)
during 1ts journey ?

® [f yes, Davis would detect only those electron-neutrinos
that had not switched their identity !
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Neutrinos ..... and mass

® “Changing their identity” could explain the 2-3 SNU that Davis
observed versus Bahcall’s prediction of 6 SNU

e However, this 1dea was highly controversial !

® How can neutrinos have this “personality disorder” unless they
have mass ?

e Standard Model said neutrinos are massless and travel with the
speed of light !

® Pontecorvo had noticed that Quantum Mechanical laws allowed
neutrinos to “oscillate from one state to another” only 1f they had
some mass (even 1if triflingly small) !

® In 1969, he and Vladimir Gribov published their theory.
Hypothesis was that there are two varieties of neutrinos, with
different masses.
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Metamorph051s
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Artist: M.C. Escher -

!

® Davis’s measurement showed an apparent shortfall of neutrinos because
the originally emitted neutrino had “metamorphosed” into something else !

® Not everyone ignored the 1dea of neutrino oscillations

® Neutrinos are not massless after all !

® Atmospheric neutrino anomaly and Davis’s results showed a clear deficit
of solar neutrinos, made people wonder about neutrino mass !
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More precise results from SuperK

® By 1998, SuperK announced that observed

200 N C.Walter INSS52012
atmospheric neutrino deficit was a function of

e Distance travelled by the neutrino

® Energy of the neutrino

E

4

® According to the theory of relativity, the
oscillations were faster for lower energy
neutrinos than for higher energy ones

Observed Events

Multi-GeV p + PC -

® This 1s exactly what data showed ! ob— o+ v 1y
-1 0 ]
A A 5 w0y
® [t had taken 30 years but Pontecorvo had 10800 6200 700 40 15k

been vindicated !
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More precise results from SuperK
i oo

e By 1998, SuperK announced that observed | ' 11

00 ! l‘f C.Walter INS$2012
atmospheric neutrino deficit was a function of Grsall T T 1

e Distance travelled by the neutrino

® Energy of the neutrino

=

Observed Events

il

® According to the theory of relativity, the
oscillations were faster for lower energy

neutrinos than for higher energy ones
Multi-GeV p + PC -

® This 1s exactly what data showed ! ob— o+ v 1y
-1 0 ]
A A 5 w0y
® [t had taken 30 years but Pontecorvo had 10800 6200 700 40 15k

been vindicated !

Would it be the same for Davis and Bahcall ? ‘
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Sudbury Neutrino Observatory (SNO)

L <

— - LAY

. - .
.......

-------

‘Geodesic sphere with light sensors on it\ ‘Heavy water acrylic tank at SNO\

® Designed to solve solar neutrino problem. High energy neutrinos (0.01 of 1% of whole)

e Detector as big as a ten storey building. Began taking data in 1999

e Contained 1000 tons of heavy water (D20) 1n an acrylic container 12 m in diameter

e (Container surrounded by geodesic sphere, diameter 18 m.10,000 light sensors mounted on 1t
® (avern is 34 m high, 22 m across, 2 km below ground, 1n an old nickel mine

e SNO intercepted ~10 neutrinos a day. Capable of detecting all neutrino types (ve,vu, V1)
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Total and electron neutrinos

e Herb Chen outlined ideas for interpreting the results from heavy water (D20)

e Electron neutrino produces an electron + 2 protons

Number of electron neutrinos

® Most muon and tau neutrinos would just bounce off either nucleon, kick it out from the deuterium but
leave it unchanged

® Result: No electron + 1 proton or neutron

ol
... o ®
- o.
il )
)
L]
L]

Total number of neutrinos

® By comparing the above 2 categories SNO could measure total neutrino flux and fraction of electron-
neutrinos

e Summer 2002: SNO added 2 tons of pure salt to heavy water for intercepting more solar neutrinos !

e Better discrimination between different types of neutrinos !

Herb Chen died in 1987, could not see
the results of his inspired ideas.

65

Tuesday, February 18, 14



New results from SNO

® Declared on September 7, 2003 !

e Number of electron-neutrinos: 1.75x10° per cm? per second
® Same as an earlier result in 2001.

e Total neutrino flux: 5.21x10° per cm? per second.
® This agreed with earlier combined (SNO+SuperK) results !

® Electron neutrinos are about 1/3 of total !

® Davis had always measured the number of solar neutrinos that are
still “electron type” as they reached his detector, correctly !

e Bahcall’s calculation of solar neutrino production was also correct !

® [n Bahcall’s words “the agreement 1s so close that it’s embarrassingly close !”
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New results from SNO

® Declared on September 7, 2003 !
e Number of electron-neutrinos: 1.75x10° per cm? per second
® Same as an earlier result in 2001.

e Total neutrino flux: 5.21x10° per cm? per second.

e T L AL G T e
Electron-neutrinos here were changing to other types of

neutrinos, which could again transform into a different type !

® Davis had always measured the number of solar neutrinos that are
still “electron type” as they reached his detector, correctly !

e Bahcall’s calculation of solar neutrino production was also correct !

® [n Bahcall’s words “the agreement 1s so close that it’s embarrassingly close !”
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Bahcall was considered as "“the guy who wrongly
calculated the flux of neutrinos from the Sun” !

He had been been right all along !

On receiving news of being vindicated he said,
“I feel like dancing, I am so happy !”

67

Tuesday, February 18, 14



68

Tuesday, February 18, 14



Evolution of Neutrino Astronomy
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Evolution of Neutrino Astronomy

Bahcall’s calculations showed that number of neutrinos are
sensitive to Sun’s core temperature, multiplied by itself 25 times !
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sensitive to Sun’s core temperature, multiplied by itself 25 times !

Detecting a flash of light inside a deep mine can actually tell you
about the temperature at the heart of the Sun !
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Bahcall’s calculations showed that number of neutrinos are
sensitive to Sun’s core temperature, multiplied by itself 25 times !
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about the temperature at the heart of the Sun !

Neutrino astronomy became a quantitative science with SuperkK
and SNO solving the solar neutrino mystery !
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Evolution of Neutrino Astronomy

Bahcall’s calculations showed that number of neutrinos are
sensitive to Sun’s core temperature, multiplied by itself 25 times !

Detecting a flash of light inside a deep mine can actually tell you
about the temperature at the heart of the Sun !

Neutrino astronomy became a quantitative science with SuperkK
and SNO solving the solar neutrino mystery !

Neutrino astronomy could now lead to discoveries !
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Neutrinos “change 1dentities™ ?

® SNO and SuperK had proved that neutrinos “oscillate” (change flavors) as
they travel

® How rapid are the oscillations ?

® [f one variety of neutrinos disappear, which variety 1s created ?

Person (for scale) -

’ ” . . . . Access Chimne

e KamLAND (Kamioka Liquid-scintillator Anti- e y
neutrino Detector) sensitive to anti-neutrinos . maio ol
from 53 Japanese commercial nuclear reactors

Photomultiplier Tubes

e [tis ata flux weighted average distance of Buffer Oil Volume
~180 km from the reactors Stainless Steel Vessel

.......
'''''

Water Cherenkov Detector

e KamLAND showed that rise and fall in intensity depended on time of flight
of anti-neutrino

Distance travelled by the neutrino (L)

Time of flight
of the neutrino

Energy of the neutrino (E)
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Neutrino masses

® The mathematics of oscillation probabilities gives a
measure of the mass differences in the (mass)?

® 10~ eV?(very small number)

® How massive 1s each neutrino ?
® One massless, the other has mass of about 102 eV ?
® Both masses around 1 eV ?
® Which is the heaviest neutrino, which 1s the lightest one ?

® What about the masses of the anti-neutrinos ?
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Neutrino masses

® The mathematics of oscillation probabilities gives a
measure of the mass differences in the (mass)?

® 10~ eV?(very small number)

® How massive 18 each neutring ?
Puzzle: Why do neutrino masses seem so similar,
yet not quite identical !

o | Y,

® Both masses around 1 eV ?
® Which is the heaviest neutrino, which 1s the lightest one ?

® What about the masses of the anti-neutrinos ?
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Neutrino masses

® The mathematics of oscillation probabilities gives a
measure of the mass differences in the (mass)?

® 10~ eV?(very small number)

® How massive 18 each neutring ?
Puzzle: Why do neutrino masses seem so similar,
yet not quite identical !

Y WHAT ARE THE MASSES
f‘”‘ Q) OF THE, THREE KNOWN p

NEUTRINO TYPES %

o | Y,

® Both mas:
® Which st s the lightest one ?

® What about the masses of the anti-neutrinos ?
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Building a Neutrino Beam

NuMI (Neutrinos at the Main Injector) beam line at Fermilab

Absorber

Decay Pipe

_________ gt

— \ IIIH\E !I"l!lllllllll
&S | ' |l||||

/ <+—>
<+—r

10 m 30m «— - Hadron
675m Monitor

Figure courtesy Z. Pavlovié

e Neutrinos produced in an accelerator can be customized in energy and type

e High energy protons are slammed into a carbon target

e (Charged pions produced are focussed into a parallel beam

e Travel along the tunnel where they decay into muons and muon-neutrinos

® The rock-face absorbs all charged particles, leaving just a beam of neutrinos

® Due to curvature of earth, beam is directed downwards at an angle of 3 degrees

e Neutrino detector at Soudan mine in MN, 735 km from Fermilab, looking for evidence of oscillation
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NuMI beaml:l.ne during construction NuMI tunnel borlng machlne Muon Monitor fabrication at UT

Tuesday, February 18, 14




Soudan

o
Duluth @

Lake
Michigan

e Long base line experiment,
neutrinos have to travel 735 km Fermilab
from near to far detector !

e Time of flightis ~2.5 ms!

® Near and far detector count muons
from the neutrinos that oscillate

e  MINOS started taking data in 2005

Fermilab
”~

° 1-2 neutrinos detected at Soudan
per day Z

e By 2006, a clear deficit of
neutrinos was observed
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MINERVA

Another Module

16.7 mm One Module
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resolution (~3 mm) and alignment U
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Matter anti-matter asymmetry

;
516 Be s

® Neutrino experiments these days detect
both neutrinos and anti-neutrinos

e Will show if both have the same
properties (oscillate, interact) !

e [f they are different then we can tell
something about the origins of the
universe !

e How did our matter dominated
world emerge from the symmetric
matter anti-matter universe that
resulted from the Big Bang ?

e [fsame, then are neutrinos their own
anti-particles ?
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"Sorry Doc, we had a load of Anti-
Matter around 13 billion years ago,
but it got lost when we moved"
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Matter anti-matter asymmetry

m

e Neutrino expenments these days detect

both neutrino WHY DID MATTER

e Will show WIN QVER P
properties A ANTIMATTEP\

e [f they are ditterent then we can tell
something about the origins of the

universe !

|

28T
\\
27

e How did our matter dominated
world emerge from the symmetric
matter anti-matter universe that
resulted from the Big Bang ?
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\‘i\\\\\\\\\\\\ CCINS NS S Y <

. . "Sorry Doc, we had a.lqad of Anti-
® [f same, then are neutrinos their own g";*jf;;;;’;;f iisibMion yese s ago; “
anti-particles ?
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Matter anti-matter asymmetry

e Neutrino expenments these days detect
both neutrino ____

WHY DID MATTER
e Will show 9
properties & WIN OVER ?
& ANT|MATTER?

e [f they are ditterent then we can tell
something about the origins of the
universe !

e How did our matter dommated ﬂ

world eme
matter anti g Wi ' ARE NEUT RINOS

resulted fr¢ TH E.IR ONN p —
ANT]IPARTICLES ¢  boc, we had a load of Anti-

¢ li same, then e
anti-particles ?
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IceCube and Extra Galactic Neutrinos

IceCube Lab

R T lceTop

- __— 80 Stations, each with
50m[— - - 3 2 IceTop Cherenkov detector tanks
2 optical sensors per tank
320 optical sensors

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

IceCube Arr
/“miﬂc 6 DeepCore strings
5160 optical sensors

1450m |

2450 m |,

b —_—
2820ml_o

Above ground measuring station for IceCube

® Designed to look for high energy neutrinos coming
from our own or other galaxies

® Spherical optical sensors (DOMs) deployed on
“strings” at depths of 1.5-2.5 km at the Amundsen-
Scott South Pole station

® Thousands of sensors distributed over a cubic km of
volume under the Antarctic ice

e November 2013, IceCube announced detection of 28
events that likely originated outside solar system ! Two observed events
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QUESTIONS
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We’re aiming high here .....
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Probe the contents of the universe that we cannot see via visible
light or electromagnetic waves of any wavelength !
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We’re aiming high here .....

Probe the contents of the universe that we cannot see via visible
light or electromagnetic waves of any wavelength !

Challenge 1s 1n building the right instruments for detecting the
neutrinos, measure their energies and identifv their origin !

“There may be surprises awaiting us that will turn out to be
even more sensational than anything that has happened so far !

NGO U U U C U (] 1V C ) UV § _

scales might reveal exotic properties !

Might reveal something about the Big Bang and since then !

Might reveal Physics at the Grand Unified Theory scale !
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BACKUP SLIDES
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Long wait to see neutrinos .....

circa 1955

e Ray built a larger detector located at the nuclear reactor near
Savannah River in SC.

® Same result as before - no evidence of neutrinos !
® What was actually missing ?

® Nuclear reactors actually produce antineutrinos not neutrinos !
Tank full of ant1 chlorine needed for their detection.

® Antineutrinos are the antimatter analogue for neutrinos.

® Davis had implicitly proved that neutrinos and antineutrinos are
different !

e However, he would have to come to the Homestake mine (SD) to
be able to see neutrinos !
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