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The Physics of Neutrinos: Progress and Puzzles
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The Physics of Neutrinos: Progress and Puzzles
The 87th Compton Lecture Series

Goals

| hope you leave this series with an understanding of...

e What neutrinos are and how they fit into our model of
physical interactions

e Major experimental efforts ongoing in neutrino physics
e Open questions in neutrinos and particle physics

e Neutrinos as objects of study in their own right, and
neutrinos as messengers of other interesting physics
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The Physics of Neutrinos: Progress and Puzzles
The 87th Compton Lecture Series

Agenda

(subject to change)

March 31 |Little, Neutral, Mysterious: An Introduction to Neutrino Physics

April 7 |Neutrinos from the Sun

April 14 |Neutrinos from Space

April 21 |Neutrinos from Reactors

April 28 |Neutrino Cosmology

May 5 |How Many Neutrinos Are There, Anyway?: Sterile Neutrino Searches
May 12 |Why Are We Here?: Long-Baseline Neutrino Physics and CP
May 19 |How Little Is Little?: Neutrino Mass

May 26 |No lecture
June 2 |Where We Are, Where We're Going
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Nuclear Decays
When Things Fall Apart

A

Alpha Decay

Pierre & Marie Curie

Nucleus emits an "alpha" (two protons, two neutrons)

(A, Z) > (A—4,7Z —2) + «

XY ee -~
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Nucleus emits an electron ("beta")
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Nucleus emits a photon ("gamma")

(A, Z) = (A, Z) +~
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Gamma Decay
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Trouble with Beta Decays < 1o

(A, Z) = (A, Z+1)+p
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Expected beta decay spectrum

Ellis Drummond



Trouble with Beta Decays < 1o

Ellis Drummond

(A, Z2) = (A, Z+ 1)+

N N
o0 O —+
‘s ‘s

F. A.Scott, Phys. Rev.48,391 (1935)

3 12 i 20 «10°*
V/ telectron voltsy

F1G. 5. Energy distribution curve of the beta-rays.

Measurement of beta decay spectrum
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Trouble with Beta Decays < 1o

Nucleus emits an electron ("beta")

(A, Z) - (A, Z+ 1)+

N N
(X JN O —+
‘s ‘s

Beta Decay

F.A.Scott, Phys. Rev.48,391 (1935)

Option 1: Energy just disappears.

Energy isn't conserved in the universe, physics
goes back to the drawing board.

3 12 i 20 0%
V telectron volts»

F1G. 5. Energy distribution curve of the beta-rays. .
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Dear Radioactive Ladies
and Gentlemen....

FSlstak - ?WVVC o OF PCC ©O393
/ Abschrift/15.12.56 M

Offener Brief an die Qrunpe der Radiosktiven bel der WOIfga ng Pa u Ii

Gauvereins-Tagung zu Tibingen.

\@/

Abgchrift

Physikalisches Institut Zirton, Lo Des. 1930 Decem be r 1 930

der Eidg. Technischen Hochschule
dirich Gloriastrasse

Iiebe Radioaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich huldvollst
snsuhtren bitte, Ihmen des nZheren auseinandersetsen wird, bin ich
angesichts der "falaschen" Statistik der Ne und Li-6 Kerne, sowie
des kontinuierlichen beta-Spektrums auf cinen versweifelten Ausweg
verfallen um den "Wechselgats™ (1) der Statistik und den Energiesats
su retten. Nimlich die Moglichkeit, es kbnnten elektrisch neutrale
Teilchen, die ich Neutronen nennen will, in den Kernen existieren,
welghe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘sheh von Lichtquanten wusserdem noch dadurch unterscheiden, dass sie
muit Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben (Orossenordmng wie die Elektronenmasse sein und

s nicht grosser als 0,01 Protonenmasse.- Das kontimierliche
Spektrum wire dann verstandlich unter der Ammalme, dass beim
boba~Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
Mird, derart, dass die Summe der Energien von Neutron und klektron
konstant iste

Nun handelt es sich weiter darum, welche Krifte auf die

Neutronen wirken. Das wahrscheinlichste Modell fiir das Neutron scheint
mir sus wellenmechanischen Ortinden (n¥heres weiss der Usberbringer
dieser Zeilen) dieses su sein, dass das ruhende Neutron ein
magnetischer Dipol von einem gewissen Moment sist, Die Experimente
verlincen wohl, dass die ionisierende Wirkung eines solchen Neutrons
nicht grosser sein kann, sls die eines ~Strahls und darf demn

/A wohl nicht grosser sein als e ¢ (107 om).

Ich traue mich vorliufig aber nicht, etwas Uber diese Ides
su publisieren und wende mich erst vertrauensvoll an Euch, liebe
Radioakt:ve, mit der F&'aqe, wie es um den experimentellen Nachweis
eines colchen Neutrons stinde, wenn dieses ein ebensolches oder etaa
‘Jomel grosseres Durchdringungsvermogen besitzen wurde, wie ein
gemn-Strahl.

Ioh gebe zu, das: mein Ausweg vielleicht von vornherein
waaig wahrscheinlich erscheinen wird, weil man die Neutronen, wemn
she existieren, wohl schon Xrngst gesehen hatte. Aber mur wer wagt,

J und der Ernst der Situation beim kmtimi‘urlicho
wird durch einen Ausspruch mcines vershrten Vorg: im lmte,
Herrn Debye, beleuchtet, der mir Mirslieh in gesagt hats
"0, daren soll man am besten gar nicht denken, sowie an die neuen
Steuern."” Darum soll man jedsn Weg zur Rettung ernstlich disimtieren.-
Alsg, liebe Radicaktive, priifet, und richtet.- Lelder kann ich nicht
personlich in TUbingen erscheinen, da sch infolge eines in der Nacht
vom 6. sum 7 Des. in Zirich stattfindenden Balles hier unabkSmmlich
bin.- Mit vielen Orilssen an Each, sowie an Herrm Baek, Buer
untertanigster Diener ,

gos. W. Pamli 16
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Herrn Debye, beleuchtet, der mir Mivslieh in gesagt hat . . . o o
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English translation: Kurt Riesselmann
[ W, Panld . o Lo . 16
., ‘ http://microboone-docdb.fnal.gov/cgi-bin/ShowDocument?docid=953




"I have done a terrible thing today by

proposing a particle that cannot be

detected; it is something no theorist
should ever do."

— Wolfgang Pauli, 1930
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Trouble with Beta Decays

Nucleus emits an electron ("beta")

(A, Z2) > (A, Z+ 1)+ B+ 1

::0% :: + 0 + @

Beta Decay

F.A.Scott, Phys. Rev.48,391 (1935)

(- Neutrinos! soesback-tethedeavring boord

Option 2: Some invisible participant
IS carrying some energy away.

3 12 1t JR  \\V/e invent an new decay product which shares
V telectrom voltss the energy and somehow evades detection.

F1G. 5. Energy distribution curve of the beta-rays.
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Enrico Fermi works out a theory

1934 Ferm | IS TheOry of beta decay, with a neutral

particle carrying away energy.

n—p+e —+ U

AMERICAN JOURNAL OF PHYSICS VOLUME 36, NUMBER 12 DECEMBER 1968

Fermi’s Theory of Beta Decay™

Frep L. Wrinsox
6666 Chetwood , Houston, Texas 77036

(Received 13 March 1968; revision received 19 August 1968)

A complete English translation is given of the classic Enrico Fermi paper on beta decay
published in Zestschrift fir Physik in 1934.

INTRODUCTION To appreciate the impact produced by Fermi’s

In 1934, Enrico Fermi, then a professor of theory of § decay on modern physics, one may
theoretical physics at the University of Rome, note that it is rather amazing what varieties of
Ttaly, proposed his clear and simple description observed 'phen omena (and what tl??knesses of
of 8 decay. He assumed the existence of the nou- the Physchl Review) are based on 111s.0ne baper
trino which Pauli had suggested to preserve the On_thle;%ﬂ;g,ect“. Forl elxam.xple,( th,e _eXprr}lTle?f“ pro-
principle of conservation of energy, and he treated PS¢ bY Tanhg and Lee in 1956 to test conse
the ejection of electrons and neutrinos from a tion of parity, involved the properties of 8 decay
’ ; iy ) ! 60(
nucleus by a method similar to the radiation ofWQ (; his Daper decav. Fermi brough
theory of photon emission from atoms. Fermi de- it 1 1S paper on B ecay, Termi broug tto a
o e o oo e . close his purely theoretical studies and became
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1934: Fermi's Th

AMERICAN JOURNAL OF PHYSICS

VOLUME 36, NUMBER 12

DECEMBER

Fermi’s Theory of Beta Decay™

Frep L. Wirson
6666 Chetwood # 295, Houston, Texas 77036

(Received 13 March 1968; revision received 19 August 1968)

A complete English translation is given of the classic Enrico Fermi paper on beta decay

published in Zestschrift fiir Physik in 1934.

INTRODUCTION

In 1934, Enrico Fermi, then a professor of
theoretical physics at the University of Rome,
Ttaly, proposed his clear and simple description
of 8 decay. He assumed the existence of the nou-
trino which Pauli had suggested to preserve the
principle of conservation of energy, and he treated
the ejection of electrons and neutrinos from a
nucleus by a method similar to the radiation
theory of photon emission from atoms. Fermi de-

To appreciate the impact produced by Fermi’s
theory of 8 decay on modern physics, one may
note that it is rather amazing what varieties of
observed phenomena (and what thicknesses of
the Physical Review) are based on his one paper
on the subject. For example, the experiment pro-
posed by Yang and Lee in 1956 to test conserva-
tion of parity, involved the properties of 8 decay
of ¥Co.

With his paper on 8 decay, Fermi brought to a
close his purely theoretical studies and became

Enrico Fermi works out a theory
of beta decay, with a neutral

eory

particle carrying away energy.
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Beta Decay

Inverse Beta Decay

532 © Nature Publishing NATURE APRIL 7, 1934

Hans Bethe

The following comparison of the structure given
by Badami and by me for the line A 5639-7
(6s 3P, — 6p 38,) shows to what extent the hollow
cathode patterns are more clearly resolved :

. 0 205 450 584 760
Badami | (g (5) @ @ (1) em-x10°

0 71 217 319 399 477 605 728
Tolansky | (10) (8) (9 @) (3b) (8 (5) (1B em.'x 10

It is seen that Badami’s values are those which
would arise from the blending of components due
to excessive line width.

Full details with analysis will be communicated
elsewhere shortly.

S. TorANskY.

Astrophysics Department,

Imperial College of Science,

London, S.W.7.
March 3.

1J. 8. Badami, Z. Phys., 79, 206 ; 1932.

The “Neutrino”

TeE view has recently been put forward! that a
neutral particle of about electronic mass, and spin
3h (where h=h/2n) exists, and that this ‘neutrino’ is
emitted together with an electron in f8-decay. This
assumption allows the conservation laws forenergy and
angular momentum to hold in nuclear physics?. Both
the emitted electron and neutrino could be described
either (a) as having existed before in the nucleus or
(b) as being created at the time of emission. In a
recent paper® Fermi has proposed a model of B-
disintegration using (b) which seems to be confirmed
by experiment.

According to (a), one should picture the neutron
as being built up of a proton, an electron and a
neutrino, while if one accepts (b), the roles of neutron
and proton would be symmetrical* and one would

first case, one of the two nuclei (Rb) is known to
emit $-rays. In each of the last two cases one of the
two isobares is stated to be exceedingly rare and its
identification might be due to experimental error.
The other three cases actually lie close together and
have medium weight. A particular case of isobares
are proton and neutron. Since all experimentally
deduced values of the neutron mass lie between
1-0068 and 1-0078, they are certainly both stable
even if the mass of the neutrino should be zero.

The possibility of creating neutrinos necessarily
implies the existence of annihilation processes. The
most interesting amongst them would be the follow-
ing : a neutrino hits a nucleus and a positive or
negative electron is created while the neutrino dis-
appears and the charge of the nucleus changes by 1.

The cross section o for such processes for a neutrino
of given energy may be estimated from the lifetime
¢t of B-radiating nuclei giving neutrinos of the same
energy. (This estimate is in accord with Fermi’s
model but is more general.) Dimensionally, the
connexion will be

c = Ajt

where A4 has the dimension cm.? sec. The longest
length and time which can possibly be involved
are h/mc and h/mec®. Therefore
hs
O < mick

For an energy of 2-3 x 108 volts, ¢ is 3 minutes and
therefore ¢ < 10-%¢ em.? (corresponding to a pene-
trating power of 10'¢ km. in solid matter). It is
therefore absolutely impossible to observe proeesses
of this kind with the neutrinos created in nuclear
transformations.

With increasing energy, o increases (in Fermi’s
model® for large energies as (¥/mc?)?) but even if one
assumes & very steep increase, it seems highly
improbable that, even for cosmic ray energies, o
becomes large enough to allow the process to be
observed.

Sir Rudolf Peierls
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Inverse Beta Decay
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—Oone can
conclude that there is no practically possible way
of observing the neutrino.

~  Claim: A neutrino will go through 1000

~  light years of matter!

But... °°
Hans Bethe

event rate ~ number of neutrinos X probability of interaction

R [1/s] = Niargets X ® [em™?/s] x o [cm?]

ACCOL < ' s hghly
as being wuase o i oto - LLral UC sy enegs*
neutrino Wh1 f one ac pts(b) 01 of neutron | b comes large n ugh t ll ow the process to b
ndp tnwuld] yrnmt ad ani one would | bsrved
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Neutrino Department

Elementary

Particle Detector

pa |



Neutrino Department

Elementary

Particle Detector

pa |



Neutrino Department

Elementary

Particle Detector

Scintillator

Produces light when charged particles go
through

Linear alkylbenzene . ¢
(LAB) as solvent

uni-mainz.de
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Neutrino Department

Elementary

Particle Detector

Scintillator

Produces light when charged particles go
through

Linear alkylben
(LAB) as solvent

Photomultiplier Tube

An ultra-sensitive light detector

—

- ~

,'1‘_;

“ﬁ“lﬂh g Connector

Primary ~ Secondary Anode  PiNs
' electron electrons

- Photocathode
/m\ Focusing electrode  Photomultiplier Tube (PMT)
| : /

-
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Liquid Scintillator

Photomultiplier Tubes

"Herr Auge"
Los Alamos, NM, 1953
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Hunting the Neutrino

Plan A: Project Poltergeist
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Nope.

An "interesting" idea, but....
there's a better way.
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Nuclear Reactors
A Bit of UChicago History!

NRC image

R < 4 Enrico Fermi Nuclear Plant
CP1 Cake, UChicago EFI, 2017
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Neutrino Signature Clyde Cowam

1. Flash of light from positron

2. Neutron bounces around

3. Nucleus captures neutron

4. Capturing nucleus emits
gamma rays — second flash!
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After 26 years, the "undetectable"
e S5 neutrino is found!

1995 Nobel Prize in Physics
Frederick Reines, "for the detection of the neutrino
(Clyde Cowan passed away in 1974)
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The Plot Thickens Putting the in .

Beta Decay n —p+e€ -+ UV

Inverse Beta Decay v +p — n + et
(Cowan & Reines, 1956)

Ray Dauvis, Jr.

PHYSICAL REVIEW VOLUME 97,

ntineutrinos

NUMBER 3 FEBRUARY 1, 1955

Attempt to Detect the Antineutrinos from a Nuclear Reactor
by the C1*"(3,e~)A% Reaction*

RaymoNp Davis, Jr.
Department of Chemistry, Brookhaven National Laboratory, Upton, Long Island, New York

(Received September 21, 1954)

Tanks containing 200 and 3900 liters of carbon tetrachloride were irradiated outside of the shield of the
Brookhaven reactor in an attempt to induce the reaction CI7(7,67)A% with fission product antineutrinos.
The experiments serve to place an upper limit on the antineutrino capture cross section for the reaction of
2X107% cm? per atom. Cosmic-ray-induced A%" was observed and the production rate measured at 14 100
feet altitude and sea level. Measurements with the 3900-liter container shielded from cosmic rays with 19
feet of earth permit placing an upper limit on the neutrino flux from the sun.

I INTRODUCTION

HERE have been a number of experiments
performed in the past to detect the neutrino by
scattering processes and nuclear interactions.! The
most sensitive of these experiments serve to place a
limit on the scattering cross section for neutrinos on
electrons of less than 14)X10~% cm?/electron and for
nuclear interaction of less than 107 cm?/atom.
Recently Reines and Cowan of the Los Alamos Lab-
oratory performed an experiment with a large hydro-
carbon liquid scintillator having a high sensitivity
for detecting the interaction p(7,e*)n within the liquid.?
Measurements were made with this scintillator located
adjacent to the Hanford reactor within a shield designed
to absorb other radiations from the reactor to which
the scintillator was sensitive. Under these conditions
they observed an increase in counting rate of the
scintillator of 0.41=£0.20 delayed count per minute
when the reactor was operating over that observed
stor off. This increase in counting rate, if
cess p(7,e)n, corresponds to a cross

6)X10~* cm?/atom.

Pontecorvo® suggested a radiochemical
method of detecting the neutrino by employing the
reaction CI7(5,e")A%. The experiment involved ir-
radiating a large volume of carbon tetrachloride near a
nuclear reactor, removing the A% by physical methods,
and counting the electron capture decay of this isotope.

decay a neutrino (») is emitted which may be formally
distinguished from an antineutrino (#) which accom-
panies negative beta emission. A nuclear reactor emits
antineutrinos which arise from the negative beta
decays of fission products. In our experiment an attempt
is made to observe an inverse electron capture process
which requires neutrinos, using a source emitting
antineutrinos. If neutrinos and antineutrinos are
identical in their interactions with nucleons one should
be able to observe the process upon carrying the experi-
ment to the required sensitivity. However, if neutrinos
and antineutrinos differ in their interactions with
nucleons one would not expect to induce the reaction
CI¥(5,6")A¥. A positive experiment of this type would
show that these particles are not to be distinguished
in their nuclear reactions. A negative experiment
carried to the required sensitivity would indicate that
neutrinos and antineutrinos differ in their nuclear
reactions, or that the present theory of beta decay is
incorrect. The present theory of beta decay and the
principle of detailed balancing lead to a reliable calcu-
lated cross section for the inverse process. The only
evidence concerning the nuclear interactions of neu-
trinos and antineutrinos comes at present solely from a
study of the half-life of the double beta-decay proces
These studies have indicated that neutrinos and a:g
neutrinos do differ in their interactions with nucleo
An experiment has been performed in which a 20

_oallon) drum of carbon tetrachloride was
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product antineutrinos.

The experiments serve to place an upper limit on the antineutrino capture cross section for the reaction of
2X107% cm? per atom. Cosmic-ray-induced A%" was observed and the production rate measured at 14 100
feet altitude and sea level. Measurements with the 3900-liter container shielded from cosmic rays with 19
feet of earth permit placing an upper limit on the neutrino flux from the sun.

I INTRODUCTION

HERE have been a number of experiments

performed in the past to detect the neutrino by
scattering processes and nuclear interactions.! The
most sensitive of these experiments serve to place a
limit on the scattering cross section for neutrinos on
electrons of less than 14)X10~% cm?/electron and for
nuclear interaction of less than 107 cm?/atom.
Recently Reines and Cowan of the Los Alamos Lab-
oratory performed an experiment with a large hydro-
carbon liquid scintillator having a high sensitivity
for detecting the interaction p(7,e*)n within the liquid.?
Measurements were made with this scintillator located
adjacent to the Hanford reactor within a shield designed
to absorb other radiations from the reactor to which
the scintillator was sensitive. Under these conditions
they observed an increase in counting rate of the
scintillator of 0.41=£0.20 delayed count per minute
when the reactor was operating over that observed
with the r@mtor off. This increase in counting rate, if
S cess p(7,e)n, corresponds to a cross
section of 6)X10~* cm?/atom.

In 1946” Pontecorvo® suggested a radiochemical
method of detecting the neutrino by employing the
reaction CI7(5,e")A%. The experiment involved ir-
radiating a large volume of carbon tetrachloride near a
nuclear reactor, removing the A% by physical methods,
and counting the electron capture decay of this isotope.

decay a neutrino (») is emitted which may be formally
distinguished from an antineutrino (#) which accom-
panies negative beta emission. A nuclear reactor emits
antineutrinos which arise from the negative beta
decays of fission products. In our experiment an attempt
is made to observe an inverse electron capture process
which requires neutrinos, using a source emitting
antineutrinos. If neutrinos and antineutrinos are
identical in their interactions with nucleons one should
be able to observe the process upon carrying the experi-
ment to the required sensitivity. However, if neutrinos
and antineutrinos differ in their interactions with
nucleons one would not expect to induce the reaction
CI¥(5,6")A¥. A positive experiment of this type would
show that these particles are not to be distinguished
in their nuclear reactions. A negative experiment
carried to the required sensitivity would indicate that
neutrinos and antineutrinos differ in their nuclear
reactions, or that the present theory of beta decay is
incorrect. The present theory of beta decay and the
principle of detailed balancing lead to a reliable calcu-
lated cross section for the inverse process. The only
evidence concerning the nuclear interactions of neu-
trinos and antineutrinos comes at present solely from a
study of the half-life of the double beta-decay process.
These studies have indicated that neutrinos and aBO
neutrinos do differ in their interactions with nucleo:

An experiment has been performed in which a 200-
liter _oallon) drum of carbon tetrachloride was
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Brookhaven reactor in an attempt to induce the reaction CI¥7(#,¢7)A% with fission product antineutrinos.
The experiments serve to place an upper limit on the antineutrino capture cross section for the reaction of
2X107% cm? per atom. Cosmic-ray-induced A%" was observed and the production rate measured at 14 100
feet altitude and sea level. Measurements with the 3900-liter container shielded from cosmic rays with 19
feet of earth permit placing an upper limit on the neutrino flux from the sun.

I INTRODUCTION

HERE have been a number of experiments

performed in the past to detect the neutrino by
scattering processes and nuclear interactions.! The
most sensitive of these experiments serve to place a
limit on the scattering cross section for neutrinos on
electrons of less than 14)X10~% cm?/electron and for
nuclear interaction of less than 107 cm?/atom.
Recently Reines and Cowan of the Los Alamos Lab-
oratory performed an experiment with a large hydro-
carbon liquid scintillator having a high sensitivity
for detecting the interaction p(7,e*)n within the liquid.?
Measurements were made with this scintillator located
adjacent to the Hanford reactor within a shield designed
to absorb other radiations from the reactor to which
the scintillator was sensitive. Under these conditions
they observed an increase in counting rate of the
scintillator of 0.41=£0.20 delayed count per minute
when the reactor was operating over that observed
with the r@mtor off. This increase in counting rate, if
S cess p(7,e)n, corresponds to a cross
section of 6)X10~* cm?/atom.

In 1946” Pontecorvo® suggested a radiochemical
method of detecting the neutrino by employing the
reaction CI7(5,e")A%. The experiment involved ir-
radiating a large volume of carbon tetrachloride near a
nuclear reactor, removing the A% by physical methods,
and counting the electron capture decay of this isotope.

decay a neutrino (») is emitted which may be formally
distinguished from an antineutrino (#) which accom-
panies negative beta emission. A nuclear reactor emits
antineutrinos which arise from the negative beta
decays of fission products. In our experiment an attempt
is made to observe an inverse electron capture process
which requires neutrinos, using a source emitting
antineutrinos. If neutrinos and antineutrinos are
identical in their interactions with nucleons one should
be able to observe the process upon carrying the experi-
ment to the required sensitivity. However, if neutrinos
and antineutrinos differ in their interactions with
nucleons one would not expect to induce the reaction
CI¥(5,6")A¥. A positive experiment of this type would
show that these particles are not to be distinguished
in their nuclear reactions. A negative experiment
carried to the required sensitivity would indicate that
neutrinos and antineutrinos differ in their nuclear
reactions, or that the present theory of beta decay is
incorrect. The present theory of beta decay and the
principle of detailed balancing lead to a reliable calcu-
lated cross section for the inverse process. The only
evidence concerning the nuclear interactions of neu-
trinos and antineutrinos comes at present solely from a
study of the half-life of the double beta-decay process.
These studies have indicated that neutrinos and a:go
neutrinos do differ in their interactions with nucleo

An experiment has been performed in which a 200-
liter _oallon) drum of carbon tetrachloride was
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Where do we get a lot of these

muon neutri

M a ke some L CoOSs OBSERVATION OF HIGH-ENERGY NEUTRINO REACTIONS AND THE EXISTENCE
OF TWO KINDS OF NEUTRINOS®

G. Danby, J-M. Gaillard, K. Goulianos, L. M. Lederman, N. Mistry,
M. Schwartz,T and J. SteinbergerT
Columbia University, New York, New York and Brool (%3 1
(Received June

In the course of an experiment at the Brook- T M '
haven AGS, we have observed the interaction oo widl: LASRRRRR LHTH . 14 1 Jack
| of high-energy neutrinos with matter. These i -1 | - :
; l neutrinos were produced primarily as the result 9 i § ; .
of the decay of the pion: 33411 J \ StEInberger
T -t + (/7). 1) ) 7 #ill 4
It is the purpose of this Letter to report some of

the results of this experiment including (1) dem-
onstration that the neutrinos we have used pro-

There exist distinct muon-type and electron-type ---
neutrinos (and antineutrinos)

Proton 1988 Nobel Prize in Physics

Lederman, Schwartz, and Steinberger

Beam "for the neutrino beam method and the demonstration Neutrino

of the doublet structure of the leptons through the

Detector
discovery of the muon neutrino”
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In 1975, the tau lepton is

discovered by Perl et al.
It's like a REALLY heavy

electron.
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The P |Ot Th |Ckens 2000: Fwe flavors of neutrinos

In 1975, the tau

discovered by Pe
It's like a REALL
electron.

12 Aprit 2001

PHYSICS LETTERS 8

ELSEVIER Physics Letiers B 504

p >29%; GeVie
Observation of tau neutrino interactions pr >0.27°3}% GeVic . pr =0.4105 GeVie

DONUT Collaboration

dreopoulos®, N. Saoulidou®, G. nake

V . B: g dl 4,J. Morfin?, R. Rameika ¢,
i

p > 2174 GeVic
pr >0.28°%% GeVic

the Standard Model ¢

PACS: 1460

i JiJoCTivallu \J

tau neutrinos (V)

Located at
Fermilab!
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The Standard Model

Pulling it all together

So far, we've got:

Ve, Vi, Vr

Deaﬂ,uaﬂT

That do this:

All massless and neutral

Plus all the normal matter:

- =

bl

neutron ‘ . proton

udd udu quarks

and antimatter counterparts

And other stuff we've found:

W_:ﬂd A++:uuu

etc.

And a whole bunch of rules!
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The Standard Model

~350,940,95 — 95 F**0u90909; — 592 F** f** g),959095 +

5102 (T v*q7)gp + GO°G* + ¢, f*°0,G*G’g;, — D, W, [O,W, —
MWW, —18,2%0,20 — s> M? 2020 — 38,A,0,A, — $8,H8,H —
s H? = 0,07 0,0™ — MP¢7 ™~ 50,0°0,6° — 553 M¢°0" — Bu[ 255 +

LH + L(H? + ¢°¢° + 267 7)) + 2o, — igeu [0, Z0(WW, —
Wiw.,) - Z9(WoW, — W, o,W5)+ ZX(Wro,W, —

W, 0,W,)] — igsul0, A (WSW, —WiW,) — A, (Wo,W, —
W0, W) + AW, oW, — W, 0,W,5)] = 59°W, W, WIW, +
SOWIW WIW, + ¢ (ZSWF Z)W,, — ZSZYWIW, ) +
9o (AWIA W, — Ay AWIW, ) + gsucuAuZ)(WIW, —
WSW, ) — 24, Z0W, W, | — goH? + He'¢® + 2H¢ o] —
LgPan[HA+(0°) +4(47¢7)2+4(¢°)20" ¢~ +4H?¢t ¢~ +2(¢°)2 H?| -
gMW W H — %Q%ZﬁZSH — 51g[W (¢°0,0™ — ¢~ 8,0°) —
W, (6°0,0" — 68,0+ 59W,H(HOu¢™ — ¢~ 0, H) =W, (HI, 4" —
6+ 0, H) + 392 (Z0(HO,0° — °0, H) —ig2e MZY(W, ¢~ — W, ¢%)+
195 MALW}™ — Wy ¢+) — ig'52 Z0(¢ 9,67 — ¢~ 0u6™) +
195w Au (T 0™ — ¢ 0,0™) — J°WIW I [H? + (¢°)° + 201 97| —
L EZ0ZH? + (¢°)% + 2(253 — 126 ¢7] — JgP2 206" (W, g~ +
Wy ot) — Lig? 2 ZSH(W;i ¢~ — Wy ¢) + 50755 Aud® (W o +
W, %) +5i9°sw A HW 6™ =W, ¢T) — g° 2 (2c;, — 1) Z) Ayt 6™ —
g's2 A Audt ™ —er(y0+mQ)er — Ayt —a} (YO +m)u} —d) (v0+
my)d} +igs, Au[— (B 7€) + 2(@}yu}) — 5 (d3yd))] + 24 Z3[ (7P (1+
YY) + (BMy#(4s2 — 1 — y)e?) + (ﬂ?v“(%sfv —1—7%)u;) +
(d3*(1 = g% — V)N + 2L Wi (79 (1 +9°)e?) + (39" (1 +
P)Crd)] + 25Wi (B4 (1 + 7°)1*) + (d5CT (1 + 7°)ud)] +

A

S (M1~ 7)e) + 6 @1+ )] ~ $EHE) +
i°(°eM)] + =g [—mf(a)Cre(1 — ¥°)d5) + m()Ch(1 +

‘ 2MV2T 4
I+ 78 (i@ O+ 7)) — (Ol (1 = 77)us] -
md 77 mA rr( 7 igmd 0/~ igm 7
$54H (@)u)) — §5HH(d)d)) + 56 (@)7°u)) — § 51 0°(d)7°d) +

X+(02 - M)X*+ X~ (8° - MA)X~ + X°(0? — L) X° + V0% +
ige, W3, XX~ — 0,XX°) + igs, Wi (9, X~ — 8,X1Y) +
igew W, (0, X X° — 0, X°X ") +igs, W, (0, XY - 9,V X) +

igew ZY(0, X TX T — 8, X" X7) +igs,Au (0, XTXT -0, X" X™) —
LyM[X+XTH + XX H + L X°X°H] + 52uigM[X+ X6+ —
X~X0] + s igM[XOX ¢+ — XOX*¢] + igM s, [XOX ¢+ —
XOX+¢7] + LigM[X+X+¢0 — X~ X~¢]
http://nuclear.ucdavis.edu/tgutierr/files/stmL1.html

A Mathematical Model

The Standard Model
collects all the known
matter particles

and encodes their
interactions

Mathematically, it's a

relativistic
quantum
field theory

that's all about
groups and symmetry
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The Standard Model

Fundamental Symmetries

Noether's Theorem (1918) relates
symmetries to conserved quantities

Time Invariance < Energy conservation

I.e. physics is the same at all times

Translation invariance «+ Momentum conservation

i.e. physics is the same at all positions

Rotation invariance <+ Angular momentum conservation

i.e. physics is the same at all angles

CP invariance <+ Matter 4+ antimatter conservation
i.e. (Anti-)particles are the same but opposite charge, parity

These symmetries underpin the Standard Model,

Emmy Noether
(1882-1935) our most fundamental understanding of nature
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The Standard Model

Particle Menagerie

QUARKS

LEPTONS

| 11 111
+2/3 +2/3 +2/3
up charm top
0.003 GeV/ ¢2 1.3 GeV/¢? 175 GeV/¢2
d 1/3 1/3 b 1/3
down strange bottom
0.006 GeV/ ¢2 0.1 GeV/¢2 4.3 GeV/ 2
0 0 0
electron muon tau
neutrino neutrino neutrino

<108 GeV/ 2

<104 GeV/ 2

<0.02 GeV/¢2

+1

W boson

80.4 GeV/¢2

-1

€

electron
511 keV /2

-1

(4

muon
0.106 GeV/ 2

-1

o

tau
1.78 GeV/ 2

A

7/, boson
91.2 GeV/¢2

0

H

Higgs boson
125 GeV /2

42



The Standard Model

Particle Menagerie

QUARKS

| I1 111
+2/3 +2/3 +2/3
U C
up charm top
0.003 GeV/ ¢2 1.3 GeV/¢? 175 GeV/¢2
-1/3 -1/3 -1/3
d S b
down strange bottom
0.006 GeV/ ¢2 0.1 GeV/¢2 4.3 GeV/ 2

Quarks organize into

Hadrons

Mesons

Baryons
q4qq

e.g.
p = udu
n = udd
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The Standard Model

Particle Menagerie

QUARKS

LEPTONS

| 11 111
+2/3 +2/3 +2/3
up charm top
0.003 GeV/ ¢2 1.3 GeV/¢? 175 GeV/¢2
d 1/3 1/3 b 1/3
down strange bottom
0.006 GeV/ ¢2 0.1 GeV/¢2 4.3 GeV/ 2
0 0 0
electron muon tau
neutrino neutrino neutrino

<108 GeV/ 2

<104 GeV/ 2

<0.02 GeV/¢2

-1

€

electron
511 keV /2

-1

(4

muon
0.106 GeV/ 2

-1

o

tau
1.78 GeV/ 2

42



The Standard Model

Particle Menagerie

QUARKS

LEPTONS

| 11 111
+2/3 +2/3 +2/3
up charm top
0.003 GeV/ ¢2 1.3 GeV/¢? 175 GeV/¢2
d -1/3 -1/3 b -1/3
down strange bottom
0.006 GeV/ ¢2 0.1 GeV/¢2 4.3 GeV/ 2
0 0 0
electron muon tau
neutrino neutrino neutrino

<108 GeV/ 2

<104 GeV/ 2

<0.02 GeV/ ¢

+1

W boson

80.4 GeV/ 2

-1

€

electron
511 keV /2

-1

(4

muon
0.106 GeV/ 2

-1

T

tau
1.78 GeV/ ¢2

A

7/, boson
91.2 GeV/ 2

0

H

Higgs boson
125 GeV/ ¢2

Forces & Interactions

Matter particles (quarks & leptons)
interact by exchanging
messenger particles called
bosons

Interaction

Example: Electromagnetic interactions
involve exchange of a photon




The Standard Model

Particle Menagerie

QUARKS

LEPTONS
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8l
Electromagnetic force
e e
g (b) q(8)
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The Standard Model _?

Beta Decay, Standard Model e
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The Solar Neutrino Problem
1960s: The first neutrino anomaly

Internal structure:

inner core
radiative zone Subsurface flows

convection zone

(pp) |p+p— H+et +v. p+e +p—*H+ve || (pep)
. Photosphere ~—~

99.6% 0.4%

’H+p — 3He + v

85% 2 x 107°%
Chromosphere

e 3He + 3He — *He + 2p 3He + p — *He + et{+ v,

. ‘!“ﬂ ppI v 15% (hep)
e " 3He + “*He — "Be + v
|
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Solar Neutrino Spectrum
(x10)

99.87% 0.13%

P

("Be) | "Be+e~ — "Lil+ v, ‘Be+p—B++~

_______ = R \
J v

Li+p— 24He 5B —®Be*+efl +v. | (°B)
Bahcall |

pplIl

Neutrino Energy in MeV

Astrophys. J. 621(1):0L85-L88, 2005. ppIIl
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The Solar Neutrino Problem

1960s: The first neutrino anomaly

S &
ey D I } L The Homestake Solar

Neutrino Experiment
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The Solar Neutrino Problem
1960s: The first neutrino anomaly

The Homestake Solar
Neutrino Experiment
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