A
SPA ..,k‘
\ mmeré‘hbgl,lﬁ‘P"rhcle and-E’dp -,1'4cl YS|cs
o nnec,y—{é‘-weux 16- 22 J'u '

-~

'.. ﬁ@* “ A «:é\
. 435.“,




A NEUTRINO POEM

Cosmic Gall

by John Updike

Neutrinos, they are very small.

They have no charge and have no mass
And do not interact at all.

The earth is just a silly ball

To them, through which they simply pass,
Like dustmaids down a drafty hall

Or photons through a sheet of glass.
They snub the most exquisite gas,
Ignore the most substantial wall,
Cold-shoulder steel and sounding brass,
Insult the stallion in his stall,

And, scorning barriers of class,

Infiltrate you and mel! Like tall

And painless guillotines, they falll

Down through our heads into the grass.
At night, they enter at Nepal

And pierce the lover and his lass

From underneath the bed—you call

It wonderful; | call it crass.

Credit: “Cosmic Gall" from Collected Poems 19531993, by John Updike. Copyright John Updike.
Used by permission of Alfred A. Knopf, a division of Random House, Inc.




RADIOACTIVITY

® 1896: the French scientist Henri Becquerel discovers the radioactivity, while
working with phosphorescent material.

Rutherford and his student Frederick Soddy realized that many decay
processes resulted in the transmutation of one element to another.

’(’ 3 Alpha (a): atom decays into a new atom &
‘ ;‘" o ’& emits an alpha particle (2 protons and 2
or' -t neutrons: the nucleus of a helium atom)

Unstable New Alpha
nucleus nucleus particle
.'_:( . .l"‘. Beta (B): atom decays into a new atom by

At ) g + o changing a neutron into a proton &
.&" ‘ v electron. The fast moving, high energy

Unstable New Beta glectron is called a beta particle
nucleus nucleus particle

Gamma (y): after « or g decay, surplus
J"‘. ‘ 6 energy is sometimes emitted. This is
% o= called gamma radiation & has a very
high frequency with short wavelength.
Unstable New Gamma 10 atom s not changed
nucleus nucleus radiation



DECAY SPECTRA

o — radiation B — radiation Y- radiation
Nmbe" of o number of betas 4 Numr °f Y
A

with this energy

100 + There are 100 betas emitted ‘
with an energy of 2 MeV

‘ - o
kinetic energy of « Lo ——— kinetic energy of y
kinetic energy of B
; —_— This radiation has not constant This radiation has constant

This radiation has constant e
energy values because the kinetic energy values.

energy values. .
energy is shared between the B
and the V.

® In alpha and beta decay the energy account were straightforward. If

there is only one particle emitted, energy conservation enforces a single
value for the emitted energy

® 1914: James Chadwick discovered that the energy of the beta radiation
varied from one measurement to the next. Instead of always having the
same energy, electrons emerged with a continuous range of energies.



BETA DECAY SPECTRUM

1914: discovery continuous energy spectrum of beta decay
(Chadwick)

This experimental energy spectrum is
from G.J. Neary, Proc. Phys. Soc.

Energy spectrum of beta (London), A175, 71 (1940).
decay electrons from 210,

. \

Intensity

Expected 2-body decay

0 0.2 0.4 0.6 0.8 1.0 1.2
Kinetic energy, MeV

® Problem: nucleus (A,Z) thought to be A protons + (A-Z) electrons

® Beta decay: (A,Z) — (A, Z+1) + e- (two body decay, monoenergetic e-)



BOHR EXPLANATION OF THE BETA DECAY SPECTRUM

G

Spectrum

S

E Emax
Beta (Electron) Energy

Niels Bohr:

Energy not conserved
in the quantum domain?




THE BIRTH OF THE NEUTRINO

® 1930: Pauli proposes existence of “neutron” (with spin 3 and mass not more
than 0.01 mass of proton) inside nucleus in a famous letter (4 December
1930):

Offener Orief an die Tunpe der Aadicaktiven bSeol der
Cauvereins-Tegupg su Tabingen.

Absobrift

ysikelisches Institnt

dar Ei4g. Technismchen Hochsomle Birich, Y. Des. 1830
Lrich Ulortastrance

Lisbe Padicaktive Dumen und FHerrem,

Wis dar Usbarbringer diesar Zatlen, den ich huldwollst
anschfiren bitts, Dhnan des nEhearen suseinsndersstsen wird, bin ifoh
sngesichts der "falschen™ Statiatik der M. und 1456 Kerne, sowie
dee contimuieriichen Deta-Spektruns smuf oloen varsweifellen iuneweg
varfallen um den "Veo'welsate® (1) der Statistik und den Enargiesats
= rettan, M¥imlioh die MSplichkel:t, ee k¥nmten alektrisch neutrele
Telloben, #ie loh Neutronen nenmen will, in den Iermen existieren,
welshe dem Spin 1/2 baban and das iusechliesrungsprinsip befolgen und
ieh von ldchtquanten susserdam noch dadurch coterscheldsn, dass oie
=‘dt Lichtgesawindigcelt laufwn. Do Mosse der Neutrenen

von Cerselben Ofcssenordoung wis dle Llectroneomesse sein wnd

nicht grosser als 0,00 Protooemasss.~ Das Xontinuierliche

Sosktrus wires dann warstindlich unter der Amalme, dass bein ” ‘G CERN:Beneva
e~ larfall wit dem slektron jewells noch ein Seutron emittiert h 3
wad, derart, dass e Saomne der Ensryien voo Neutron und clektron
onstant lst.




4th December 1930

Dear Radioactive | adies and Genflemen,
As the bearer of these lines, to whom | graciously ask you fo listen, will explain fo you in
more detail, how because of the "wrong” stalistics of the N and 81i nuclei and the
continuous belta specirum, | have hit upon a desperate remedy fo save the “exchange
theorem” of stafistics and the law of conservation of energy. Namely, the possibility that
there could exist in the nucler efectrically neutral pariicles, that | wish to call neutrons, which
have spin and obey the exclusion principle and which further differ from light quanta in that
they do not travel with the velocity of light. The mass of the neutrons should be of the same
order of magnitude as the electron mass (and in any event not larger than 0.01 proton
masses). The continuous beta spectrum would then become understandable by the
assumpftion that in beta decay a neutron is emitfed in addition to the electron such that the
sum of the energies of the neutron and the electron is constant .

From now on, every solution fo the issue must be discussed. Thus, dear radioactive people,
look and judge. Unfortunately | will not be able to appear in Tidbingen personally, because |
am indispensable here due to a ball which will take place in Zirich during the night from
December6ito 7 ...

Your humble servant,

W. Pauli

Pauli also left in his diaries: "Today I have done something which no theoretical
physicist should ever do in his life: I have predicted something which shall never
be detected experimentally.”



PAULT'S EXPLANATION OF THE BETA DECAY SPECTRUM

N

Spectrum

N

E Emox
Beta (Electron) Energy

Wolfgang Pauli
(1900-1958)
Nobel Prize 1945




® 1932: Chadwick discovers neutron:
- Mass of neutron similar to mass of proton: not Pauli's particle!
- However, the discovery of neutron has increased the number of

atomic particles by 50 %! The idea of inventing further particles no
longer seemed so hereftical.

JUST LASTEN
To You! ALWAYS

THE pessionst!

i




® 22-29 October 1933: Solvay Conference in Bruxelles to discuss about
nuclear physics




FERMI'S MODEL OF BETA DECAY

® 1934: Enrico Fermi presents his theory of the beta decay in a paper entitled
‘Tentative theory of beta rays’

He introduces the name “neutrino” (v,), which is different to neutron, and
beta decay is decay of neutron

T

(O »

A neutron nP turns into a proton p*, electron e and a neutrino x° in a single
point of the space




FERMI EXPLANATION OF THE BETA DECAY SPECTRUM

Spectrum

.

E e
Beta (Electron) Energy

“Neutrino” | Enrico Fermi
(E.Fermi) (1901-1954)

Nobel Prize 1938




® The paper was rejected by Nature since according to the editor ‘contained
speculations too remote from reality to be of interest to the reader’

® The paper eventually appeared in italian in Nuovo Cimento

ANNO IV . VOL. - N. 12 QUINDIEIRALE 31 DICEMBRE 1883 - X11

LA RICERCA SCIENTIFICA

ED It PROCALISC TECHICO NELL' ECONOMIA NAZIONALE

Tentativo di una teora dell’ emissione
dei ragg “beta”

Notr dul prof. ENXICO FERMI

Rinsscate: Teorla della e lssione de ragpl 2 delle somanee radicattive, foncata wul-
Fipotesi che gii elerroni emessi dai sucle nom eisiane prima dells dsimegrarione
i vengens formats foveme ad e ceoulng, in soaloge alia formatices &
e quarto i Joce che accompagra as wlip quamics di om atomo. Cenfresmte della
tretia can Yeperiensa.




WHO INVENTED THE NAME NEUTRINO?

-

The “neutrino,” a funny and grammatically incorrect contraction of “little

neutron” (in Italian neutronino). entered the international vocabulary
through Fermi. who used it sometime between the conference in Paris in
July 1932 and the Solvay Conference in October 1933, where Pauli used
it. The word arose in a humorous conversation at the Istiftuto di via
Panisperna. Fermi. Amaldi, and a few others were present and Fermi was
explaimning Pauli’s hypothesis about his “light neutron.” To distinguish this
particle from the Chadwick neutron, Amaldi jokingly used this funny
name. Quoted by Ugo Amaldi in the preface to 20th Century Physics:
Essavs and Recollections. A Selection of Historical Writings by Edoardo
Amaldi. edited by G. Battimelli and G. Paoloni (World Scientific. Sin-
gapore. 1998).

From L. Bonolis "Bruno Pontecorvo. From slow neutrons to
oscillating neutrinos” AJP 73(6): 487 (2005)




CONSEQUENCES OF FERMI'S THEORY FOR NEUTRINOS

® Fermi theory implied that neutrino could bump into a neutron and convert it
into a proton and an electron.

® Neutrino ceases to be a shorthand for ‘lost energy'. It carries energy along
with it until it hits something.

Neutrino can be revealed !

® 1934: Bethe and Pierls calculate from the Fermi's theory the probability of
interactions between neutrinos and matter. They found it to be incredibly
small. The interaction become known as weak interaction. Neutrinos could
travel through the Earth without interruption ‘like a bullet through a bank of
fog ' They concluded:

There is no practically possible way of observing the neutrino




BRUNO PONTECORVO'S IDEA

® 1946: Bruno Pontecorvo comes with an idea to
capture a neutrino (seminal report at Chalk
River Laboratory in Canada).
Nuclear power in uranium reactor should also
produce 10 million billion neutrinos each
second!
With right detector it would be possible to
capture a few

Pontecorvo's idea: a huge vat of chlorine (hundreds of tons). If neutrino
hits Cl atoms, it is transformed in Argon

Ve + Cl — %Ar+e

Ar is radioactive and decays. Its radiation can be detected.




ENTER RAY DAVIS

® 1955: Ray Davis realized an experiment
(based on the Pontecorvo idea) in the
Savannah river nuclear reactor in South
Carolina

Result: Nothing!

Reactor were producing antineutrinos and not neutrinos. Chlorine would have
been fine to detect neutrinos !!

By seeing nothing- Davis implicitly proved that neutrinos are different from
antineutrinos




DETECTING NEUTRINOS FROM A NUCLEAR EXPLOSION

BURIED SIGNAL
LINE FOR
TRIGGERING RELEASE

T LR RN
BACK FiLL \\-”‘;ﬁﬂ,ﬂ.“
sﬂuEETPéEEHTE:JEFP \viﬁgm
uﬁﬂ“ FEATHERS AND

FOAM RUBBER

Figure L Sketch of the originally proposed experimental setup to detect the neunirine
using a nuclear bomb. This experiment was approved by the anthorities at Los Alamos but
was superceded by the approach which wsed a fission reactor.

Reines and Cowan project 15" idea. However they realized that there is a better
way to realize the experiment....




PROJECT POLTERGEIST

® 1953-56: Reines and Cowan experiment. target made of 400 liters of a
mixture of water and cadmium chloride. The anti-neutrino coming from the
huclear reactor interacts with a proton of the target matter, giving a
positron and a neutron. The positron annihilates with an electron of the
surrounding material, giving two simultaneous photons and the neutron
slows down until it is eventually captured by a cadmium nucleus, implying
the emission of photons some 15 microseconds after those of the positron
annihilation. All those photons are detected and the 15 microseconds
identify the neutrino interaction.
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1956: NEUTRINO DISCOVERY

® Summer 1956: Poltergeist recorded gamma-rays separated by 5.5 ps.

DETECTED il

RON F1SS10N FAAGHENTS BY OZSERVING INVERSE BETA DECAY

OBSERVED CAOSS SECTION AGREES VELL ¥ITH EXPECTED SiXJ

BRRRIEOX 1663 LOS | ALANOS NEW MEXICO

On 14 June, Cowan & Reines sent Pauli a telegram announcing that they found
the neutrino he invented a quarter of century earlier.




HELICITY

® Helicity: projection of the particle spin along the direction of motion

Right-handed: Left-handed:

» »
¢ - o

\) \)

® For massive particles it depends on the reference frame.




PARITY VIOLATION IN THE WEAK INTERACTIONS

O

left handed right handed

First hints that there are only LH neutrinos and RH antineutrinos

1956: T. D. Lee and C. N. Yang

predict P violation 1957: Wu et al. observed
maximum P violation




WU EXPERIMENT
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60 (', 60N+ I & 606 60N Il e

f— I+ 7 — T — I+

(A) . (B) Ly -

parity transformation:
@ polar vectors change sign: p — —p
@ axial vectors don't change sign: s — s

experiment:

@ nuclear spins are aligned through magnetic field, measurement of the
electrons

@ reverse magnetic field for other scenario

result:
beta emisssion is preferentially in the direction opposite to the nuclear

spin = parity is violated



Neutrinos are Left-handed

Helicity of Neutrinos™

M. GOLDHABER, L. GropzINs, AND A. W. SUNYAR

Brookhaven National Laboratory, U pton, New York
(Received December 11, 1957)

COMBINED analysis of circular polarization and

resonant scattering of v rays following orbital
electron capture measures the helicity of the neutrino.
We have carried out such a measurement with Eu!®?™,
which decays by orbital electron capture. If we assume
the most plausible spin-parity assignment for this
isomer compatible with its decay scheme,! 0—, we find
that the neutrino is ‘“left-handed,” ie., @, -p,=—1

(negative helicity).



Anti-Neutrinos are Right-handed

 CPT theorem in
quan‘tum field theory v m@ >
— C:interchange T
particles & anti- V, < WGE
particles p
_ b parity B~
— T: time-reversal C< g
. v / /\_/
* State obtained by CPT kK D/N/D g

from v, must exist: v,




HOW SUN SHINES?

This question challenged scientists for a hundred and fifty years, beginning in the
middle of the nineteenth century. Theoretical physicists battled geologists and
evolutionary biologists in a heated controversy over who had the correct answer.

® 1939: Hans Bethe published his paper ‘Energy Production in Stars’ where he
worked out the basic nuclear processes by which hydrogen is burned into
helium in stellar interiors.



Bethe’s Classic Paper on

Nuclear Reactions in Stars

MARCH 1, 193e

PHYSICAL REVIEW

YOLUME My

Energy Production in Stars®

H, A Hsvm
Cornall Umicerrisy, Dbocs, New Yarh
(Retelvnd Separnber 7, 1935)

1t in shown that the aust snportow swrce of mergy is
pdivery sors i the restions of cerl nd wairagpre WA
prabws. Thews reactions lures 3 cycs in which the arginal
coclens 16 reproduced e CUellw N NouOngy
CYVeMaN. N aH=DY, O%aNY e, NS H-C=
+ He*. Thes cartem and sltmogeo mevely srve 3 catalyws
for the coombination of four pretons (and teo elections
910 an e particle (§7)

The onrbn-nitrogen rosctions se unlgee in theie
cyeliead charncter (§8). For all nacles lighter thas carln,
reaction with protors will lead 10 the amimion of as
wpirtacle s that the origmal mucess b pormasostly
destrognd. For all oeclel beaver than fleerioe. only
radiative cagrtere al the grotons cocurs, ale destiny lag the
ceiginal nucheus, Oxypen and Buccine reactiuns sauatly load
back te nliregen. Besides, these hemvier muches react much
e sowly thas € sed N asd are temwlore wrimgeon tant
For the energpy production,

The agreemnent of the casbonmtropen resetioes with

Awervatinnal dats (§7, 9) (s excellent, In order 1o give th
onrrect energy evelution in the sam, 1he contesl Tempers
tore of the san would Bave to bo 183 millics degrees whike

§L. Ixteonrcrios

THF. progress of nuclenr physics i the last
few years myakes it possible 1o decide rather
definitely which processes cun and which caanot
occwr in the interioe of stars. Such decisions will
be attempted in the present paper, the discussion
being restricted primacily (o main sequence
stars. The results will be at variance with some
current hypocheses

The first main result is that, ander prosent
conditions, no dlements heavier than belium can
e bailt up to any appreciable extent. Therefore
we must sssume that the beavier clements were
bullt up before the stars roached their present
state of temperature und density. No attempe
will be made at speculations about this previous
state of stellar matter

The energy production of stars is then due
entirely to the combination of four peotoss and
w0 dectrons Into an e-particle. This simplifies
the discussion of stellar evolution insanuch as

* Awrdhed an A Crmney Mostinn Prive i 1958, by the
New York Acadesuy of Sciemort

Intagrasion of the Eddingion equathoss gives 19 For the
bedlont war Y Cygni thoe corresponding fipares am 30
wed 32 This good agreesent holds for all beight sturs of
he s seguence, but, of couese, et for glases

For tainter stors, with lower ocentrnl ternperstures, The
reaction H 4 He D4 o* sad the renctions Sollowing & are
befieved 20 be naimly responsibile for the oamgy pradic
e (309

1t i shows further (55-6) that ne dlowents Marier than
He® cam be bl 5w crdonsry mars. This iadoe to the fact,
et oeed abeve, that ol elemenis wp to bieus are SEain-
tegruted by protom banbard meet (o emmisdon ') rather than
it up by sadistive captuse), The instability of Be*
reduces the Sormation of hesvier downte w8l further
The production of neutesns b stars is lewise negligihle
The hesvier clusents fomnd in wlare wist  Deawlorr
have exintod alroady when the star wan formed

Finally, the suggested ssechanism of emergy production
Is waed 20 draw tonclusens about astropbasical geobiens,
sach as the massduminonity sclition (JI0, the saddity
o inst seonpeenture chanpes (5110 aml stellar avolotion
.

the amount of heavy matter, and therefore the

The comlsnation of four protens and two
'b‘ Lroms can oo m"il;‘ll_\ l"lll i iwo ..“'l
The fiest mechaminm starts with the combination
of two protons to form o deuteron with positron
emission, s

HerHsD+ (1)

The deutevons is then transformed into He' by
further capture of peotons | these captines oooi
very rapidly compared with process (1), The
woond mechaniam wies carbos and nitroges s
catalysts, according 10 the cham reaction

CUpHo N4y,
CUpHwNY4y,
N4 H =05,
NU4H=Cl4Het

NoOw (g

O et D

No neutrinos
from nuclear reactions

in 1938 ...

T\cu catalyst C¥ s reproduced in all cases exoege
abonit one i 10,000, therefore the abusdance of
carbon and mitrogen remains  practically  wn-
changed (i comparmon with the change of the
number of protons). The two reactions (1) and

434

The combination of four
electrons can occur essentially o
The first mechanism starts with
of two protons to form a deute
emission, vis.

WO ways.
ombination
ith positron

H+H=D+ ¢ (1)

The deuteron is then transformed into He* by
further capture of protons; these captures occur
very rapidly compared with process (1). The
second mechanism uses carbon and nitrogen as
catalysts, according to the chain reaction

Cued-H =N¥4 4, NP = CH4 ¢+
CB4-H=N"+,
NU4+H =014,
N'$4-H =C"4 He.

O = N16 4 ¢+ (2)




THE p-p CHAIN IN THE SUN
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The pp neutrino energy is less than half than required to affect chlorine.

® 1955: Davis finds no evidence of solar neutrinos




A GLIMMER OF HOPE

® 1958: Bethe realized that production of Be can happen, but only rarely. If Be-7
was produced it could bump into one of the solar proton, fusing togheter to
make B-8.

prp.—»2H +et+v, ptre+p —» H+y,
99.76%@ U 0.24%
H+p —> He+y
83.30% u U 16.70
3He + *He —>» “He + 2p 3He + ‘He —>» "Be +vy
pp! 99.88% U' U 7
‘Be+e —>» 7Li+v, ‘Be+p —>» 8B+y
U U
Lixp —» 2He 8B —>» 2%He+e" +v
ppll pplll

Neutrino can have energy as high as 15 MeV that Davis'experiment could detectl!!



ENTER JOHN BAHCALL

® 1962: John Bahcall wrote a paper pointing
out that the rates for beta decay
processes in stars would differ from those
being used by astrophysicists

® February 1962: Davis wrote an historical
letter to Bachall asking about the specific
process involving Be-7 and B-8 and
producing heutrinos.

® 1963: Bahcall first attempt was

complete.
However, it did not give too much
encouragement:

4000 liter tank would capture only one
neutrino event every 100 days |

(Further calculations by Bahcall improved by a factor 20 the rates)

Davis was eager to build a 400,000 litres experiments. However, the venture
was considered high risk.




HOMESTAKE MINE EXPERIMENT

® 1965: Excavation started in Homestake Gold Mine, South Dakota

600 tons of
Perchloroethylene

® End summer 1966: the experiment was ready to begin




® How many solar neutrinos could Davis hope to capture?

Bahcall calculated that a neutrino born along with B-8 would have a

chance of
10-3¢/sec =1 SNU (1 Solar Neutrino Unit)

to hit a single atom of Cl-37.
Given a capture rate of 1 SNU it would be an average waiting time of six

days for a single capture.

Using the best models for solar interior and data on various nuclear
reactions Bahcall predicted a rate of

7.5 + 3 SNU

® 1968: Davis announced his first result. If the experiment was
observing solar neutrinos the rate was at most

3 SNU

in tension with Bahcall predictions
SOLAR NEUTRINO PROBLEM



SOLAR NEUTRINO PROBLEM

® 1978: After ten years from the first data Davis continued to improve his
experiments and Bahcall had improved and refined his calculations. However,
the disagreement still remained.

Pontecorvo wrote to Bahcall:

‘It starts to be really interesting! It would be nice if all this ends with
something unexpected from the point of view of [neutrinos].
Unfortunately it will not be easy to demonstrate this even if nature works
that way.”

® 1988: Still very few people worked on solar neutrinos. Davis's chlorine
experiments was the only one recording data for two decades. Bahcall
summed the situation: "All the people working steadily on solar neutrinos,
theorists and experimentalists, could (and often did) fit confortably into
the front seat of Ray Davis's car .




Results of Chlorine Experiment

Q FWHM Results)
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Average (1970-1994) 2.56 +0.164,, +0.16,, SNU
(SNU = Solar Neutrino Unit = 1 Absorption / sec / 10 Atoms)

Theoretical Prediction 6-9 SNU
“Solar Neutrino Problem” since 1968




MUONS AND PTONS

In the 1940s, cosmic radiation revealed new particles

® 1937: Discovery of muon . Mass ~ 105 MeV/c"2 ,
Spin 1/2

Figure 6. Stopping muon. First photograph of a muon travelling slowly enough o allow meas-
urement of its ionization and momentum. From these quantities Sfreet and Stevenson deduced
the muon mass: M, ~ 130 M,

Source: Harvard Physics Department photo archives. A detail from this picture appeared in
Street and Stevenson, “New Evidence”, (Ref. 138).

® 1947: Discovery of pion . Mass ~ 139 MeV/c"2 ,
Spin 0




MUONS AND NEUTRINOS

® 1947: Pontecorvo proposed compelling evidences that the muon was not the
carrier of the nuclear force, but a heavy version of the electron.

If that was the hole story a muon should produce an electron and a
heutrino

H—> ey

However, a young physicist Jack Steinberger, was about to show that
this is not the case, uncovering a great mistery




® 1947:. Steinberger concluded his experiments. The result was that muon
decays into an electron accompanied by two further particles, not one.
Everything was consistent with the idea that it consisted of two neutrinos,

that escaped the detection

® 1958: Steinberger studying the decay of pions produced by accelarators in
muons and neutrinos, found a ratio consinstent with parity violation

Bruno Pontecorvo started wondering: Are the neutrinos produced when a
pion decays into a muon, the same as those emitted in conventional beta

decays?



W BOSON

The theory of Fermi of the weak interactions implied that the chances of
neutrinos reacting grew with energy. However, this had absurd implications:
With increasing energy this cross section grows without limit!

The solution was to abandon the idea that particles all met in a single point.
Like e.m. forces are carried by photons, weak forces are carried by an agent,

W boson.

o~ |




The introduction of a finite-mass W boson removes the divergence
of v, e scattering
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MUON DECAYS AND W BOSON

Muon decay

If the two neutrinos are the same (nu_e = nu_mu) it would be possible for a
muon to convert into an electron through the intermediate W



® Pontecorvo was the first to propose that the muon is more than just an heavy
electron: it has a special "muon-ness”. Today we call it flavor. Pontecorvo
extended its idea also to neutrinos. Symmetry among particles.
Electron and its sibling neutrino in one pair, muon and its sibling neutrino in
another pair

e K

V
Ve 7

Neutrinos carry memory of their provenance.

® How fo probe it?

Pontecorvo's idea was to make a large number of pions by smashing a beam of
high-energy protons into a target. Pions decay into muons and neutrinos. A
steel shield will absorbe muons, but is transparent to neutrinos. Several meter
further another target acts as detector. It all neutrinos are alike, the number
of electron and muon produced will be similar. However, if only muons appear,
electron neutrino differs from muon neutrinos.



DISCOVERY OF MUON NEUTRINOS

® 1962: Leon Lederman, Mel Schwartz, Jack Steinberger and colleagues at
the accelerator of Brookhaven National Laboratories realized an experiment
based on Pontecorvo's idea. They prove that nu_mu are different from nu_e.
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THREE NEUTRINOS

® 1976: the tau lepton was discovered...A third type of neutrinos, associated
with the lepton, was required.

® 2000: DONUT experiment (Direct Observation of 'Nu-Tau’) at Fermilab,
Chicago discovers nu_tau

Detecting a Tau Neutrino

ron Plastic, / Iron Al/ Iran

| 1 mm |
Tau neutring Particle
hits iron nucleus, [Tau from tau
Meutrine | produces lepton | Ermulsion leptan Emulsion Tracks
tau lepton track layers decay layers recorded

beam

Of one million million tsu neutrinos crossing the DONUT detector, scientists expect about one to interact with an iron nucleus.



NUMBER OF LIGHT NEUTRINOS FROM COLLIDER
EXPERIMENTS

The most precise measurements of the number of light neutrino
types, Nv, come from studies of Z production in e+e- collisions. The
invisible partial width, I, is determined by subtracting the measured
visible partial widths, corresponding to Z decays into quarks and
charged leptons, from the total Z width. The invisible width is
assumed to be due to N, light neutrino species each contributing the
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BACK TO SOLAR NEUTRINO PROBLEM

® Inorder to solve the solar netrino problem Bahcall proposed an experiment
sensitive to pp neutrinos. A Gallium experiment was proposed, since it has a
lower threshold than a chlorine one. One would have sensitivity to the whole
neutrino spectrum with good intensity.
In 1990s the stage was set for two experiments with this technique,
GALLEX in LNGS (Italy) and SAGE in URSS.

tr
HoO

But even before these experiments a new way of detecting solar neutrinos
was being born...




WATER CHERENKOV DETECTORS

® 1976: Designs for a new generation neutrino detectors made at Hawaii
workshop, subsequently leading to IMB, HPW and Kamioka detectors.

® 1980-90: The IMB, the first massive underground nucleon decay search
instrument and neutrino detector is built in a 2000° deep Morton Salt mine
near Cleveland, Ohio. The Kamioka experiment is built in a zinc mine in
Japan.

Positron

" Proton

gamma

Proton decay is predicted in theories that attempt to unify the forces of
nature




Elastic scattering or
CC reaction

Electron or Muon
(Charged Particle)

Cherenkov
Ring




IMB: 8000 ton Water Cherenkov Detector

2400 x 5” PMTs

A

AN

i
NUGLEON it |

DECAY DETECTOR N

IRVINE /MICHIGAN/BROOKHAVEN /
July 31, 1962 : datie- ﬁ@kﬂ@@\//




Kamiokande-I

Kamiokande : Kamioka Nucleon Decay Experiment

3000-ton Imaging Water Cerenkov Detector
| July 6, 1983
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January ‘83

First public report:
80 days of live time
No candidates for P— e’ 1°

t/b 25X 10° yr

May '83.... Kamiokande taking data

We need more light collection !




What invented Kamiokande-II ?
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Kamiokande-II Construction
(September, 1984 ~ )




® 1986: Kamiokande group makes first directional counting observation of
solar neutrinos and confirms deficit.

® 1991-2: SAGE (in Russia) and GALLEX (in Italy) confirm the solar neutrino
deficit in radiochemical experiments.
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In all energies it seemed that the number of neutrinos detected was only
about one-half of the predicted by the solar models!

® 1996: Kamiokande is ready for more work. With ten times more water and
PMT than Kamiokande, the detector was named Super-Kamiokande (SK)



SUPER-KAMIOKANDE DETECTOR
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SK is a cylindrical tank containing 50000 ton of light water surrounded
by photomultipliers, located underground in the Kamioka mine in Japan.
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ATMOSPHERIC NEUTRINOS

When cosmic rays, i.e. protons and heavier nuclei interact with the
Earth's atmosphere they produce kaons and pions, which in turn
decay into muons, electrons and neutrinos.

| The flavor can be very well measured:;
from the simple production mechanism
one expects

N(vy;) : N@) =2: 1.

This ratio depends on the energy
of the measured neutrinos since
the lifetime of high energy muons
is increased by their Lorentz
factor so that they may hit the
ground before decaying (at
energies > few GeV).




A Cherenkov ring occured by a muon
neutrino. A muon neutrino interacts with a
nhucleon in water and transforms to a muon.

An electron neutrino event. An electron
neutrino scatters an electron in water.
The emitted electron generates a
electromagnetic shower, leading to the
fuzzy edge of the Cherenkov ring.




® 1985: Hints in both Kamiokande and IMB that the ratio of nu_mu to nu_e
coming from the atmosphere was closer to 1 than to 2. The anomaly is at
first believed to be an artifact of detector inefficiencies.

® Super-Kamiokande detection of atmospheric neutrinos

Super —Kamiokande 545 days Preliminary
T T T T T —] T T T T T T T T T
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multi-GeV e-like multi- GeV mu-like (FC+PC) Isotropic flux of \ET 1
0
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Muon data show an anomaly (clearly asymmetric distribution). Electron
samples are compatible with the predicitons.

The flux of up-ward going muons (1) is about two times lower than the
flux of down-ward muons ().



COULD NEUTRINO DISAPPEAR IN FLIGHT, NOT JUST MUON-
NEUTRINOS FROM THE ATMOSPHERIC ANOMALY, BUT ELECTRON
NEUTRINOS TOO?



OSCILLATING NEUTRINOS

® 1957 Bruno Pontecorvo proposes neutrino-antineutrino ocillations

analogously to KO-antiKO, leading to what is later called oscillations into
sterile states.

® 1962: Ziro Maki, Masami Nakagawa and Sakata introduce neutrino flavor
mixing and flavor oscillations.

® 1969: Gribov and Pontecorvo published their theory on neutrino oscillations
based on the hypotheses that there are two varieties of neutrinos with
different masses. They realized that laws of quantum mechanics allow
heutrinos to oscillate back and forth between one state to another, but only
if they have some (even tiny) mass.

Vel cost ViL + sino VoL

VoL = -SInB vy + cosB vy
In Pontecorvo's original theory, electron neutrinos that had been created in

the center of the Sun could convert into muon or tau neutrinos, being
invisible to Davis's experiment.



Figgure 3 Dubina 1985, Newitrino oscillations

However, this idea was considered more as a mathematical curiosity.
Large mixing angle was required to have significant conversions.



MSW EFFECT

DS

Mikheyev (1985) Smirnov (1985) Wolfenstein (1978)

Opinions start to change when three theorists discovered a novel implication of
the oscillation idea, known as MSW effect: As neutrino passed through the
layers of the Sun, the presence of matter could amplify the likelihood that
heutrinos oscillate. Even a small mixing angle would be enough.

Largely because the elegance of the theory, around 1990, physicists began to
take idea of neutrino oscillations seriously.




® 1998: After analyzing more than 500 days of data, the Super-Kamiokande
team reports finding oscillations and, thus, mass in muon neutrinos. After
several years these results are widely accepted and the paper becomes the
top cited experimental particle physics paper ever.

Evidence for oscillation of atmospheric neutrinos

The Super-Kamiokande Collaboration
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Subdury Neutrino Observatory (SNO)
1000 tons di D,O

The breakthrough: in deuterium one can
separate CC events (induced by v, only)
from NC events (induced by v,,v,,v.), and
double check via Elastic Scattering events

(due to both NC and CC)

« Charged current (CC) P

detected with Cherenkov techniques

Vg " :> . e-. >
2H

» Neutral current (NC)
e
v— ' —> ® Wi g

(x=e,u,7) 2H

n\ Detected through capture on 33C|



® 2001-2: SNO announces observation of neutral currents from solar
neutrinos, along with charged currents and elastic scatters, providing
convincing evidence that neutrino oscillations are the cause of the solar

neutrino problem.

Direct Evidence for Neutrino Flavor Transformation from Neutral-Current
Interactions in the Sudbury Neutrino Observatory
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FIG. 3: Flux of ®B solar neutrinos which are g or 7 flavor vs
flux of electron neutrinos deduced from the three neutrino re-
actions in SNO. The diagonal bands show the total *B flux as
predicted by the SSM [11] (dashed lines) and that measured
with the NC reaction in SNO (solid band). The intercepts
of these bands with the axes represent the 1o errors. The
bands intersect at the fit values for ¢. and ¢,-, Indicating
that the combined flux results are consistent with neutrino
flavor transformation assuming no distortion in the ®*B neu-
trino energy spectrum.



On receiving the news Bahcall commented: T feel like dancing, T am so
happy’



KamLAND experiment

Also in 2002 . KamLAND: 1000 ton mineral oil detector,

"surrounded” by nuclear reactors producing anti-v... Characteristics:

A/dm?<« 1 in Earth crust With previous (dm2 8) parameters
(vacuum approxim. OK) it is (5m2L/4E)~0(1) and reactor
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E ~ few MeV large amplitude (large 6)
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KamLAND finds that on average about 40% of the anticipated number of
antineutrinos has disappeared. It shows that neutrino oscillates with the same
parameters indicated by the solution of the solar problem.



NEUTRINOS:.. ANNUS MIRABILIS

® December 10, 2002: The ceremony of the Nobel Prize award: R. Davis Jr. and
M. Koshiba: "... for pioneering contribution to astrophysics, in particular for

the detection of cosmic neutrinos”
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BOREXINO

Real time v detector with liquid scintillator
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@ v detection:
elastic scattering on electrons

V,+e v +e

® Very low threshold (~240 keV
due to C bkg)

® Unique possibility to probe the
solar v spectrum in the sub-
MeV regime

Fiducial mass: 75 ton



(Slide from 6. Testera)

Real time solar v detection
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DISCOVERY OF pp NEUTRINOS

[Borexino Collaboration, Nature 512 , 383 (2014)]
The p+p - °H +et+v, reaction occurs 99.76 % of the time

y2/d.of. = 172.3/147
— ppv: 144 + 13 (free) — 210Pg: 583 = 2 (free)
m—= "Bey: 46.2 + 2.1 ([constrained) === 14C:39.8 = 0.9 (constrained)
— pep v: 2.8 (fixed) Pile-up: 321 + 7 (constrained)
== GNO v: 5.36 (fixed) = 210Bj: 27 + 8 (free)
a = 214Pp; 0.06 (fixed) = 55K 1 + 9 (free)
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® Unprecedent low level of radioactivity inside the detector. Measured pp

neutrino flux (6.6 +0.7)x10° cm=? s in agreement wit SSM + oscillations.
Accuracy ~10% vs 0.6% SSM.

® v flux consistent with solar luminosity — The Sun has been in thermodynamic
equilibrium at least over a timescale of 10° years




GEONEUTRINOS

Earth as “antineutrinos star” due to radiactive decays of U,
Th e 49K in the crust and the mantle (~40TW).

» Neutrinos escape freely

« Carry information about chemical composition, radioactive heat production,
or even a putative natural reactor at the core
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Kamland Observation of Geoneutrinos

R et L S R e 2 ) s

« First tentative observation of geoneutrinos -
at Kamland in 2005 (~ 2 sigma effect) C

« Very difficult because of large background Experimental investigation of geologically

-
of reactor neutrinos produced antineutrinos with KamLAND
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2010: Also Borexino observes geoneutrinos !

8
g F ®  Borexine data
e 7
g - bast~-fit
5 6 reactors T,
E 5; D contribution fram geo-V,
o & - background
s e
® ¥
g o
§ r
S —- l Y
| v - — |
500 1000 1500 2000 00 3000 500

Light yield of prompt positron event [p.e.]

2013: KamLand geo-neutrino flux
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Beginning of neutrino geophysics !



LONG-BASELINE EXPERIMENTS

Reproducing atmospheric v, physics in controlled
conditions

K2K (Japan) MINOS (USA)

R 7&(3,180m)

-
EETERNTHRENE
(Super-Kamiokande)

OPERA (Europe)




OPERA (CERN-LNGS)

CNGS project employs a higher E (af the price of a lower
oscillation probability), somewhat above the vt
production threshold, with the goal of directly confirming
the v, ™ v. character of atmospheric oscillations by
detecting a few appearance events. The experimental
signal of a is a kink' i.e. fwo vertices separated by a
distance comparable to .= 0.086mm (long-lived particles
like K and n produce a background), that could be directly
seen with a fine-graned emulsion detector. In practice the
defector OPERA is built by alternating emulsion with some
cheaper material (lead), that constitutes most of the
detector mass, such that in most events one infers the
presence of two separated vertices from the observed
tracks.




- the OPERA hybrid detector ™" g™

pr—

— —

interface films (CS)



—
daughter

Computer reconstruction of the tau candidate event detected in the OPERA
experiment. The light blue track 1s the one likely induced by the decay of a tau-
lepton produced by a tau-neutrino.



THE COSMIC-NEUTRINO SKY

._,]
—
D

b~y
Co

® AMANDA-II
® Frejus

S cm
e,
ey
s <
] %)

-1

oy
)
tg

Solar

-3

1
3

e
o

F--v

"5
TP
=]
O
> -7
S
Z

s 10
log(E, /GeV)

Through Neutrino Eyes: Ghostly Particles Become Astronomical Tools



SUPERNOVA NEUTRINOS

Core collapse SN corresponds to the terminal phase of a massive star [M = 8 Mg]

which becomes unstable at the end of its life. It collapses and ejects its outer
mantle in a shock wave driven explosion.

= ENERGY SCALES: 99% of the
released energy

(Lv~ 1053 erg/3sec= 3 x 109 L)

is emitted by v and v of all flavors,
with typical energies E ~ O(15 MeV).

= TIME SCALES: Neutrino emission
lasts ~10 s

= EXPECTED: 1-3 SN/century in our
galaxy (d~ O (10) kpc).
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Nevutrino Burst Observation :
First verification of stellar evolution mechanism

OPEN

A Star Explodes, Providing_New Clues *»
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NEUTRINO SIGNAL OF SN 1987A IN KAMIOKANDE
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NEUTRINO SIGNAL OF SUPERNOVA 1987A
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Time after first event [s]

Kamiokande-II (Japan)
Water Cherenkov detector
2140 tons

Clock uncertainty +1 min

Irvine-Michigan-Brookhaven (US)
Water Cherenkov detector

6800 tons

Clock uncertainty +50 ms

Baksan Scintillator Telescope
(Soviet Union), 200 tons
Random event cluster ~ 0.7/day
Clock uncertainty +2/-54 s

Within clock uncertainties,
signals are contemporaneous




Large Detectors for Supernova Neutrinos

Super-Kamiokande
LVD (400) (104

(80) KamLAND (330

In brackets events for a “fiducial SN at distance 10 kpc




COSMIC-NEUTRINO FLUXES @ E > 100 TeV
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At E > 100 TeV cosmic-neutrino fluxes (produced by SNR & GRB) exceed the
atmospheric neutrino flux




NEUTRINO BEAM DUMP

NEUTRINO BEAMS: HEAVEN & EARTH

o target
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Target:
Protons or Photons

Approx. equal fluxes of
photons & neutrinos

Equal neutrino fluxes
in all flavors due to

,u Vi oscillations




B. Pontecorvo




A CUBIC KILOMETER DETECTOR: FROM DREAM....
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® ICRC1973: first
discussion of DUMAND
(Deep Underwater Muon
and Neutrino Detector)
to be built in the sea of f
the main insland of Hawaii.

Cherenkov light




... TOREALITY: ICECUBE NEUTRINO TELESCOPE AT SOUTH POLE

Instrumentation of 1 km3 antartic
£ o ice with ~5000 photomultipliers
o lceTop » ~ - Completed December 2010




DETECTION OF v, , v, , Vv

T

TN

O(km) long muon tracks

~ 15 km

Electromagnetic and hadronic
cascades

~5m




THE TWO PeV NEUTRINO EVENTS IN ICECUBE

[Icecube Collaboration, 1304.5356, PRL 111, 021103 (2013)]




THE TWO PeV NEUTRINO EVENTS IN ICECUBE
[Icecube Collaboration, 1304.5356, PRL 111, 021103 (2013)]

Ernie ~ 1.04 £ 0.16 PeV Bert ~1.14+0.17 PeV




HIGH-ENERGY NEUTRINO ENERGY SPECTRUM

[Icecube Collaboration, 1405.5303, PRL 113, 101101 (2014)]
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Conservative analysis: 37 candidates, ~15 background, 5.7c rejection of
pure atmospheric neutrino flux
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"If you can measure something accurately enough, you have
a chance of discovering something of important. The
history of astronomy shows that it is very likely that what
you discover will not be what you were looking for..It
helps to be lucky” (J. Bahcall)



FURTHER READING

FRANK CLOSE




