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Welcome Back

Lecture I: How the neutrino was
discovered, and what its properties are

Electrically neutral & weakly interacting



Welcome Back

Lecture I: How the neutrino was
discovered, and what its properties are
Electrically neutral & weakly interacting
Two important experiments:

Reines & Cowan — Double Coincidence Lederman et al. — Spark Chamber
Discovery of the neutrino Multiple flavors: v, # v,

Prompt positron




Lecture 2:

Neutrinos from the Sun & Sky



Chemical Reactions

If the neutrino can change a proton into a neutron,
it should induce certain chemical reactions, e.g.,

SCl+ v, — FAr+ e~

A good candidate, possible to extract & count argon-37 from chlorine via chemical methods

Bruno Pontecorvo Luis Alvarez Ray Davis Jr.

Proposed the method, but never did the experiment Made it a reality



Davis’ Experiment at Brookhaven

Like Reines & Cowan: Put the experiment near a nuclear reactor
Lots of neutrinos!



Davis’ Experiment at Brookhaven

Like Reines & Cowan: Put the experiment near a nuclear reactor
Lots of neutrinos!

PHYSICAL REVIEW VOLUME 97, NUMBER 3 FEBRUARY 1, 1955

Attempt to Detect the Antineutrinos from a Nuclear Reactor
by the CI*"(3,e—)A3" Reaction™
Raymonp Davis, Jr.

Department of Chemistry, Brookhaven National Laboratory, U pton, Long Island, New York
(Received September 21, 1954)

Nothing!




Particles & Anti-Particles

Anti-particles have the opposite electric charge of a particle,
but have the same mass & experience the same forces

Electron Anti-electron (AKA “Positron”)
Charge: -1 Charge: +1
Mass: m, Mass: m,




Anti-Neutrinos

Neutrinos have no charge, so what’s an anti-neutrino?
(We will revisit this in future lectures)

Electron neutrino Electron anti-neutrino
(or anti-electron neutrino)

Bar indicates “anti”



Anti-Neutrinos

Neutrinos have no charge, so what’s an anti-neutrino?
(We will revisit this in future lectures)

Electron neutrino Electron anti-neutrino
(or anti-electron neutrino)

Bar indicates “anti”

Lepton number: another type of charge. +1 for leptons, -1 for anti-leptons

the ,pu 7 ,0,1,1,
+ + + 7 5 7

e, ut T, v, U, U,



Playing by the Rules

v, tp—opu +n

Is this allowed?
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Left side:
+1 “muon” number
+1 charge (proton)

Right side:
+1 “muon” number
-1 charge (muon)
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Playing by the Rules

v, tp—opu +n

Left side:
+1 “muon” number
+1 charge (proton)

Right side:
+1 “muon” number
-1 charge (muon)

U,+p—> e +n

Left side:
-1 “electron” number
+1 charge (proton)

Right side:
-1 “electron” number
+1 charge (muon)
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Playing by the Rules

v, tp—opu +n

Left side:
+1 “muon” number
+1 charge (proton)

Right side:
+1 “muon” number
-1 charge (muon)

U,+p—> e +n

Left side:
-1 “electron” number
+1 charge (proton)

Right side:
-1 “electron” number
+1 charge (muon)

v,+n—pu +p

Left side: Right side:
+1 “muon” number | +1“muon” number
0 charge 0 charge

p —v,te +u,

(Muon decay?)



Playing by the Rules

v, tp—opu +n

Left side:
+1 “muon” number
+1 charge (proton)

Right side:
+1 “muon” number
-1 charge (muon)

U,+p—> e +n

Left side:
-1 “electron” number
+1 charge (proton)

Right side:
-1 “electron” number
+1 charge (muon)

v,+n—pu +p

Left side: Right side:
+1 “muon” number | +1“muon” number
0 charge 0 charge

p —v,te +u,

Left side:
+1 “muon” number
O “electron” number
-1 charge (muon)

Right side:
+1 “muon” number
+2 “electron” number
-1 charge (electron)




Playing by the Rules

v, tp—opu +n

Left side:
+1 “muon” number
+1 charge (proton)

Right side:
+1 “muon” number
-1 charge (muon)

U,+p—> e +n

Left side:
-1 “electron” number
+1 charge (proton)

Right side:
-1 “electron” number
+1 charge (muon)

v,+n—pu +p

Left side: Right side:
+1 “muon” number | +1“muon” number
0 charge 0 charge

po—v,+e +r,

Left side:
+1 “muon” number
O “electron” number
-1 charge (muon)

Right side:
+1 “muon” number
O “electron” number
-1 charge (electron)




Don’t Forget About Energy!

v,+n—-pu +p

Left side: Right side:
+1 “muon” number | +1“muon” number
O charge O charge

Assuming the lepton after the interaction has no momentum (at rest),
one can calculate the minimum energy required:

m, +2m,

1%
"
2mp



Another Example

e Tau (1) particle discovered at Stanford Linear
accelerator (SLAC) in electron-electron collisions

» Alepton like the electron & muon, but even heavier W& ///\\\\

Martin Perl
1995 Nobel Prize

How much energy required to
produce a Tin a neutrino interaction?

~ 1776 MeV
m_+ 2m,
Eyviin, ® mT< ) ~ 3400 MeV
2my, €
®

T. Wester Compton Lecture Il - Spring 2025 20



Back to Davis’ Experiment

Reines & Cowan
Inverse Beta Decay, detection 1956

v,+p—on+e’

Reactor neutrinos
From beta decays

n—->p+e +vr,

Davis
Chlorine=>Argon reaction, no detection

v,+p—>n+e

Ray Davis Jr.



Back to Davis’ Experiment

Reines & Cowan
Inverse Beta Decay, detection 1956

[z‘/e+p—>n+e+]

Reactor neutrinos
From beta decays

n—-p+e

Left side: Right side: .
Davis
O lepton number | O lepton number _ , _
Chlorine=>Argon reaction, no detection
O charge O charge

Ray Davis Jr.

Requires neutrinos (not anti-neutrinos)



What about the Sun?

“Do we understand how the sun shines?”
An application for neutrinos!

€+

o O ~+/
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John Bachall I/e

Fusion in the Sun... ...should produce a /ot of neutrinos



What about the Sun?

“Do we understand how the sun shines?”
An application for neutrinos!

/ e+
O— 4—‘\/~ + 7
John Bachall A
Fusion in the Sun... ...should produce a /ot of neutrinos

...and specifically not anti-neutrinos
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Core:
~20% of the Sun’s radius

Temperature: 27,000,000 °F
Pressure: 1012 PS|
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AT

Core:
~20% of the Sun’s radius

Temperature: 27,000,000 °F
Pressure: 1012 PS|

|

In the core: Fusion

Hydrogen atoms fuse together,
producing deuterium and
energy

27



AT

Core:
~20% of the Sun’s radius

Temperature: 27,000,000 °F
Pressure: 1012 PS|

builds heavier elements,

releasing energy each time

28



. Photons are absorbed &

;1 remitted in the dense matter
" until they reach the Sun’s

-

surface

29







Solar Neutrinos from Fusion
Standard Solar Model

H+H - *H+e" +u,
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Standard Solar Model
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Solar Neutrinos from Fusion
Standard Solar Model

H+H—>21il+e+

‘H+4p - He +y
|

! '

‘He + “He — 'Be +y ‘He +p — “He + et H1,




Solar Neutrinos from Fusion
Standard Solar Model

H+H—>21il+e+

‘H+4p - He +y
|

! '

l 3He+4He—>7B|e+;/ 1He+p—>4He+e++E
7Be+p—>8]f*+;/ ‘Be+e” — 'Li+u,

"B* > B+ et + 1,



Solar Neutrino Spectrum on Earth

1012 [ T [ l T i [} T 1 T 17T l |
1011

10" Solar neutrino
10° "Be - spectrum

Flux (cm™% s7')
o
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Neutrino energy, ¢, in MeV

J. N. Bahcall, Neutrino Astrophysics, Cambridge University Press, Cambridge (1989)



Pp -

-

12
10" /_\
~100,000,000,000 neutrinos — PP -
pass through every square 1010 ;_
centimeter on Earth per second \_ =
=

J. N. Bahcall, Neutrino Astrophysics, Cambridge University Press, Cambridge (1989)




Solar Neutrino Spectrum on Earth
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J. N. Bahcall, Neutrino Astrophysics, Cambridge University Press, Cambridge (1989)



Solar Neutrino Spectrum on Earth

Flux (cm™% s7')

10

10

12

11

______

______

pep: -

IJ/I/l‘ll:

T i T 1 1T T 1777 IE

pp, 8B, hep: Fusion produces 3 particles
= Distribution of neutrino energies
(just like beta decay from Lecture I)

|
L Illlllll
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Neutrino energy, ¢, in MeV



Solar Neutrino Spectrum on Earth

Flux (cm™% s7')

10

10

12

11

_______

i T 1 1T T 1777 IE

’Be: Fusion produces 2 particles
= Single neutrino energy
(conservation of momentum)

| lllllll

10

Neutrino energy, ¢, in MeV



Solar Neutrino Spectrum on Earth
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1011

10" Fusion of heavier elements
10° | -l | also produces neutrinos

T ] v “CNO” cycle

Flux (cm™% s7')
=
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Neutrino energy, ¢, in MeV



Detecting Solar Neutrinos

Last time, we discussed two types of detectors:

Prompt positron

Reines & Cowan — Double Coincidence Lederman et al. — Spark Chamber



Detecting Solar Neutrinos

Last time, we discussed two types of detectors:
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Promft positron

Reines & Cowan — Double Coincidence Lederman et al. — Spark Chamber
Inverse beta decay requires anti-neutrinos Electrons from solar neutrinos are too low-energy



Detecting Solar Neutrinos

Last time, we discussed two types of detectors:

_’C'_‘*__....--_.__

Promft positron

Reines & Cowan — Double Coincidence Lederman et al. — Spark Chamber
Inverse beta decay requires anti-neutrinos Electrons from solar neutrinos are too low-energy

Davis to the rescue!



What are their Energies?

Flux (cm™? s
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J. N. Bahcall, Neutrino Astrophysics, Cambridge University Press, Cambridge (1989)



Davis’ First Measurement Again

PHYSICAL REVIEW VOLUME 97, NUMBER 3 FEBRUARY 1, 1955

Attempt to Detect the Antineutrinos from a Nuclear Reactor
by the C1¥7(3,e—)A3" Reaction*

Raymonp Davis, Jr.
Department of Chemistry, Brookhaven National Laboratory, U pton, Long Island, New York

(Received September 21, 1954)

neutrinos is about 3X10~% cm? for the reaction. The

experiment with the buried 3900-liter tank sets an

upper limit on the neutrino flux from the sun of 110"

No reactor neutrinos neutrinos/cm? sec if the energy production of the sun is
detected, but why didn’t Davis _ eptirely through the carbon-nitrogen cycle.

see neutrinos from the Sun?



Peer Review

“Any experiment such as this, which does not have
the requisite sensitivity, really has no bearing on
the question of the existence of neutrinos.”



Peer Review

“Any experiment such as this, which does not have
the requisite sensitivity, really has no bearing on
the question of the existence of neutrinos.”

“...Toillustrate my point, one would not write a
scientific paper describing an experiment in which
an experimenter stood on a mountain and reached
for the moon, and concluded that the moon was
more than eight feet from the top of the mountain.”

—Reviewer on Davis’ first paper



The Problem

Neutrinos aren’t the only way to produce argon-37
f Charged particles produced in the atmosphere can also do it

T. Wester Compton Lecture Il - Spring 2025 48



The Problem

Neutrinos aren’t the only way to produce argon-37
f Charged particles produced in the atmosphere can also do it

Cosmic ray

Lots of neutrinos, but most don’t interact
Non-neutrino “backgrounds” present

Chlorine tank




The Problem

Neutrinos aren’t the only way to produce argon-37
f Charged particles produced in the atmosphere can also do it

Cosmic ray

Lots of neutrinos, but most don’t interact
Non-neutrino “backgrounds” present

Chlorine tank

Davis’ experiment was looking for a couple
extra argon-37 atoms on top of hundreds!



Going Deep

R. Davis. Physical Review Letters12, 303 (1964)

VOLUME 12, NUMBER 11

PHYSICAL REVIEW LETTERS

16 MARCH 1964
Table I. 3'Ar production rates in C,Cl4 by cosmic-ray muons underground.
Depth below Muon star production 3TAr production
surface Muon intensity cross section rate per day for
(m.w.e.) (cm™2 sec”! sr7l) (cm?/nucleon) 10° gallons C,Cl,
25 2 %1073 3x107%0 6500 (measured)
1800 2 x1077 17 x10730 3.5
4000 6 x107? 22 x10730 P 0.14
7

\

~40,000 times fewer background counts



The Homestake Experiment
Lead, South Dakota



https://www.symmetrymagazine.org/

The Homestake Experiment
Lead, South Dakota

p 1 4E
LRRY LW



https://www.symmetrymagazine.org/

The Detector

X

i@

X







What Davis Saw Underground

R. J. Davis, Proceedings of the 1ith International Conference on Cosmic Rays, 29 (1970).

Conclusions

The cosmic ray muon background must be subtracted from the 37Ar
production rate limit of 0.18 + 0.10 given above. The resulting rate that
could be attributed to solar neutrinos is then 0.06 + 0.11 37Ar atoms per
day. We then conclude that the solar neutrino production rate is less than

0.2 37Ar atoms/day. The corresponding flux-cross section product limit is

Nothing!

Net 37Ar rate: Consistent with O




What Davis Saw Underground

R. J. Davis, Proceedings of the 1ith International Conference on Cosmic Rays, 29 (1970).

Conclusions

The cosmic ray muon background must be subtracted from the 37Ar
production rate limit of 0.18 + 0.10 given above. The resulting rate that
could be attributed to solar neutrinos is then 0.06 + 0.11 37Ar atoms per
day. We then conclude that the solar neutrino production rate is less than

0.2 37Ar atoms/day. The corresponding flux-cross section product limit is

Nothing!

(at first)




Decades of Data from Homestake

Bruce T. Cleveland et al. Astrophysical Journal 496 505 (1998)
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After subtracting backgrounds



Decades of Data from Homestake

Bruce T. Cleveland et al. Astrophysical Journal 496 505 (1998)
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Decades of Data from Homestake
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The “Solar Neutrino Problem”

Bachall’s theory & Davis’ experiment called into question!

What'’s the deal with the missing neutrinos?



The “Solar Neutrino Problem?”

Bachall’s theory & Davis’ experiment called into question!

What’s the deal with the missing neutrinos?

Missing pp neutrinos confirmed by other chemical experiments (c. 1990s):
' wﬁbléélﬂlium threshold LLEXexperiment

=0
1 . o, Ital
; |_’Chlor|nethreshold g LY.
BN_—) ""::: #:\-—»\ ot B o F L
(1 JPEE%ad ::__J -7 \ \‘ S & = ‘ §

‘‘‘‘‘

Flux (cm™ s7')

I N i

0.1
Neutrino energy, ¢, in MeV

"NGa+v, > "'Ge + e~



Meanwhile: Searching for the Theory of Everything

p—et+a°

Does this ever happen?
If observed, evidence for a new type of interaction that unifies quarks & leptons



Meanwhile: Searching for the Theory of Everything

p—et+a°

Does this ever happen?
If observed, evidence for a new type of interaction that unifies quarks & leptons

. Start with a proton at rest

+ All of a sudden: Positron + photons appear
C € Back-to-back due to conservation of momentum
~460 MeV

(Approx. 1/2 proton mass)



Proton Decay Detector

Need a /ot of protons

Reines & Cowan: 100 liters of water ~ 1027 protons.

Can we do better?



The IMB Experiment

(Irvine—Michigan—Brookhave
Ohio, USA
2.5 million gallons of water

~103! protons



The IMB Experiment

(Irvine—Michigan—Brookhave
Ohio, USA
2.5 million gallons of water

»
-

~103! protons
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How it Works: Cherenkov Radiation

H>0

Index of refraction n ~1.33

>

Particle with speed ~ ¢



How it Works: Cherenkov Radiation

Radiation emitted along
overlapping wave fronts
Lags behind the particle: v=c¢/n

(0%

NS



How it Works: Cherenkov Radiation

/ /////

N

0 = cos~!(1/n)

n ~1.33 in water > 8 ~ 42°



How it Works: Cherenkov Radiation

Cherenkov radiation projected
onto a wall makes rings

Side view Front view

/ Vi '

\\\\\ i

0 = cos~!(1/n)

n ~1.33 in water > 8 ~ 42°

A\



Proton Decay Detector = Solar Neutrino Detector

It was realized boron-8
neutrinos had enough energy
could produce electrons above
the Cherenkov threshold.

Kamiokande upgraded: Water
purification system & cosmic ray
detection system to help reject
backgrounds



A few-MeV Electron in Kamiokande

Size of the circles:
Amount of light seen by each PMT

KAMIOKANDE 2

NUM 9
RUN 1892
EVENT 139372
TIME 2/23/87
16:35.37 JST

“Unrolled” view of
TOTAL ENERGY 198MeV

TOTAL PE.  51(0) Kamiokande detector
MAX PE. 4(0)
THRES PE. 0.2(1.0) l
[e] o
o]
[e]
° 0




A “Real-Time” Measurement

Number of counts vs. relative direction
to the Sun at the time of observation

7)) 60 L N B S Bt S BN B R B I N B R B RN

277 (b) Ee 2 10.1 MeV
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-1 -0.5 0] 0.5 1

COS(Bsun)

K. S. Hirata et al., International Astronomical Union Colloquium,121179-186 (1990)



A “Real-Time” Measurement

Record the angle of
each electron to the
Sun’s current position

Number of counts vs. relative direction
to the Sun at the time of observation

m60""l""|llll[r|r|

27| (b) Ee 2 10.1 MeV
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K. S. Hirata et al., International Astronomical Union Colloquium,121179-186 (1990)



A “Real-Time” Measurement

Number of counts vs. relative direction
to the Sun at the time of observation

4y O

27| (b) Ee 210.1 MeV

a

3 40

<

~N

2

N

gZO

L ¢

m01||1||||1||1||l1.|1
-1 -0.5 0 0.5

COS(Bsun)

Excess counts near cos(Bsyn)=1
From solar neutrinos, which mostly
point back to the Sun

Counts from non-solar
neutrino backgrounds
Uncorrelated with the Sun’s direction
(e.g., radioactivity)

K. S. Hirata et al., International Astronomical Union Colloquium,121179-186 (1990)



A “Real-Time” Measurement

Number of counts vs. relative direction
to the Sun at the time of observation
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< | compared to prediction!
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K. S. Hirata et al., International Astronomical Union Colloquium,121179-186 (1990)
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| (b) Ee 2101 MeV

N
(@)

N
O

EVENTS/BIN/450 DAYS

COS(Bsun) .

We can take a picture of the Sun with neutrinos
Each pixel is the intensity of electrons vs. angle to the Sun

—T T Super-Kamiokande (1998)
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| [ L 1

| (b) Ee 2101 MeV

EVENTS/BIN/450 DAYS

COS(Bsun) .

Super-Kamiokande (1998)

The sun is where this
distribution has a peak

We can take a picture of the Sun with neutrinos
Each pixel is the intensity of electrons vs. angle to the Sun

82



We can’t explain the Sun, what about the Sky?

Cosmic rays produce neutrinos, just like the
neutrino beam used by Lederman et al.

—

\—

Block of material

\ o
p . _—"v o+ Spray of particles
\ (Mostly pions, decay to neutrinos)
7Z'+

Proton from a particle accelerator
(10,000x more energetic than a beta decay)

_J

From Lecture |



We can’t explain the Sun, what about the Sky?

Cosmic rays produce neutrinos, just like the
neutrino beam used by Lederman et al.

Our atmosphere

N

-
D —» 4» 7T Spray of particles
e
T

Mostly pions, decay to neutrinos)

Cosmic ray (A.K.A. a proton)



Atmospheric Neutrinos

T. We

ster Compton Lecture Il - Spring 2025
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Atmospheric Neutrinos

Pions decay, producing muons & neutrinos

Muons are stopped by the earth
(Why Davis moved underground)

T. Wester Compton Lecture Il - Spring 2025

Neutrinos pass through

86



Atmospheric Neutrinos

Muons can also decay: Produce v, and v, flavors

T. Wester Compton Lecture Il - Spring 2025

87



Atmospheric Neutrinos in Cherenkov Detectors

Run: 1552
Ev: 2201
Total pe: 4237

Run: 1552
Ev: 2202
Total pe: 220




Atmospheric Neutrinos in Cherenkov Detectors

Run: 1552
Ev: 2201
Total pe: 4237

A “sharp” ring indicates a muon

Heavy & does not scatter
Same principle as Lederman et al.

o
o E-]
S
a3 A A
Qo000 0a0s(Je
&@oo 200000, v
o ?O?o%.“ ..'
0o © QSOOoé\; .‘
290 N ivv]

Spark chamber from Lecture |




Atmospheric Neutrinos in Cherenkov Detectors

Run: 1552
Ev: 2202
Total pe: 220

A “fuzzy” ring indicates an electron
Light & scatters easily

Same principle as Lederman et al.

Spark chamber from Lecture |

M. Koshiba, Observational neutrino astrophysics, Physics Reports. 220 229-381(1992)



Atmospheric Neutrinos

Atmospheric neutrinos come from all directions, including
directly overhead

\  Detector, e.g., Kamiokande

LD




Atmospheric Neutrinos

Atmospheric neutrinos come from all directions, including
directly overhead

»
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]
"
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From below: °* °®° e,

Distance to detector ~ 13,000 km Distance to detector ~15 km
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Atmospheric Neutrinos

Atmospheric neutrinos come from all directions, including
directly overhead

cos@, ~ —1
“Upward-going”

T. Wester Compton Lecture Il - Spring 2025
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Atmospheric Neutrinos in Kamiokande

Kamiokande Atmospheric Neutrino Data

ti-GeV
50 ———1— ——uitice
v, & U v, & U
E aob ¢ ¢ 1 H H i ~100 times more energetic
o | than solar neutrinos
W 30t } + t ]
i..—
o
@ 20-} } { -—{ * -
0
E
= 10 L*, i
“Fuzzy” rings “Sharp” rings
%3 0 /-1 0 1

cos@e cos®



Atmospheric Neutrinos in Kamiokande

Kamiokande Atmospheric Neutrino Data

50 | : : — IMUH’iI-GeV
+ 40T + {
> T
W 30r } + { t ]
t'.—
" } \ Downward-going
fé =r } { -—{ } N——  (~10s of km)
ol g {gomard g
N \_ Upward-going
— (~1000s of k
Line: Expectation-/o o L ( s of km)
- 0 /-1 0 1
cos@ cosS®

Missing muon neutrinos coming from below?



Kamiokande was one of several hints

IMB Collaboration. Physical Review Letters 66, 2561 (1991) MACRO Collaboration. Physics Letters B 434, 451-457 (1995)
08 T T T T l T T T T I T T T T | T T T T
- IMB-3 Single Rings . 7 } L
- Line: Expectation X Data 8

- — MC (Lee Flux) .

o
o
|

=

Non-Showering Fraction (Events / 0.4),
)
~
I

0.2 —
I
OO . 1 1 1 1 | 1 1 1 1 |
-1 —-0.5 0
z Direction Cosine
Upward-going 4 R Downward-going

(~1000s of km) N (~10s of km)



One not-so-simple Idea

What if neutrino flavor changes over time?
(We’ll discuss how this happens in the next lecture)

A single neutrino Also a single neutrino

N

100% electron-flavor Mixture of flavors

T. Wester Compton Lecture Il - Spring 2025 97



One not-so-simple Idea

Many years of theoretical development happened in parallel with
experimental results

Bruno Pontecorvo Ziro Maki  Masami Nakagawa Shoichi Sakata Lincoln Stanislav Mikheyev Alexei Smirnov

(Again) Wolfenstein
ldea Theoretical framework Application to solar neutrinos

~1950s ~1960s ~1970-1980s



Solar Neutrino Problem Revisited

Flavor at Earth What happens in our Detector

v

Uy+tn—>vy+n v,+n—->p+e
X can be e, i, 7, any OK

Fixed Flavor Case

~10 MeV

(Average Boron-8 energy)



Solar Neutrino Problem Revisited

Flavor at Earth What happens in our Detector
8 V V
(]
O —
= Uy+tn—>vy+n v,+n—>p+e
E X can bee, y, 7, any OK
=
[J]
X
L
5 V
(C
Q Vy+n—-uvy+n v,+n—->p+e
g .
L
@
s
3
=

~10 MeV

(Average Boron-8 energy)
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Solar Neutrino Problem Revisited

Fixed Flavor Case

Multiple Flavor Case

T. Wester

Flavor at Earth

oy

~10 MeV

(Average Boron-8 energy)

What happens in our Detector

v

Uy+tn—>vy+n v,+n—->p+e
X can be e, i, 7, any OK

v

Uy+n—vy+n vV,+n—>p+e

Should also happen... _ _
Vy,+tn—>p+(u” orz’)

Compton Lecture Il - Spring 2025 101



Solar Neutrino Problem Revisited

Fixed Flavor Case

Multiple Flavor Case

T. Wester

Flavor at Earth

oy

~10 MeV

(Average Boron-8 energy)

What happens in our Detector

v

Uy+tn—>vy+n v,+n—->p+e
X can be e, i, 7, any OK

v

Uy+n—vy+n vVv,+n—>p+e

o1 PG 05 )

Not enough energy! y & T too heavy

Compton Lecture Il - Spring 2025 102



Atmospheric Neutrino Problem Revisited

Flavor at Earth

Downward-going
~15 km
Flavor in the
atmosphere




Atmospheric Neutrino Problem Revisited

Flavor at Earth

Downward-going
~15 km
Flavor in the
atmosphere

Near the horizon

~100s km IA
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Atmospheric Neutrino Problem Revisited

Flavor at Earth

Downward-going
~15 km
Flavorin the
atmosphere
Near the horizon
~100s km I‘"
Upward-going
~13,000 km ‘

T. Wester Compton Lecture Il - Spring 2025
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Atmospheric Neutrino Problem Revisited

Flavor at Earth

Downward-going
~15 km
Flavor in the
atmosphere
Rate of
Near the horizon —
~100s km A U//t + n p + /’t
decreases with neutrino
distance travelled
Upward-going
~13,000 km ‘

T. Wester Compton Lecture Il - Spring 2025 106




The Test: Super-Kamiokande & SNO

Experiments built in the 90s to definitively answer solar &

Sm
%

atmospheric neutrino anomalies

Expand Kamiokande physics program —
Precision solar & atmospheric measurements

Joint effort between Kamiokande & IMB collaborations

Low-background experiment deep
underground with a new detection technique



Super-Kamiokande
(View from the outside)

‘ Mt. lkeno
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Super-Kamiokande
(View from the outside)

™ Mt. Ikeno

About 1 km of rock

1
1
1
1
1
|
1
1
1
L}
1
1
]
1
1
L}
[ |
1
1
1 -
V' Detector location e
: @ (approximate)

= X —>‘*s
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Super-Kamiokande Atmospheric Neutrinos

Shafrp muon ring

Fuzzy electronring




Super-Kamiokande Data

multi-7(53eV
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Super-Kamiokande Data

multi-7(53eV

50
e-like e-like
40k P<25GeV/ic 4 ol P>25GeVie 4
30f 1 4t % .
20 EZV7 T sl 4 :
| T zz
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80} ’ 1 1o0f .
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Super-Kamiokande Data

Hatched region:
Expectation with no
flavor change

Solid line: Include v, — v,
flavor change vs. distance
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https://sno.phy.queensu.ca/
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https://sno.phy.queensu.ca/

SNO

Sudbury Neutrino Observatory

Cherenkov detector like Kamiokande, but with
heavy water, 2H,0

The extra neutron makes all the

difference!
\.__‘ei ‘e e
Hydrogen (H) Deuterium

(2H or d)




SNO

Sudbury Neutrino Observatory

A 3

"' “\ "' \\
1 1

. @ . @ !
. o N ’
. ‘ . ‘

‘.-_‘e ~~--‘e

Hydrogen (H) Deuterium
(2H or d)

v,+d—>p+p+e”

Can only happen forv,

vy+d—->p+n+u,
X canbee, u, 7,any OK




SNO

Sudbury Neutrino Observatory

Sl Scsaarl
Hydrogen (H) Deuterium
(2H or d)

Detect the electron

ye+d—>p+p

Can only happen forv,

Detect the neutron

UX+d—>pyx

X canbee, u, 7,any OK

Multiple solar neutrino processes in one detector




SNO

Sudbury Neutrino Observatory

\s~___e: ‘~,__.e: i P Ve s
Hydrogen (H) Deuterium
(2H or d)
v,+d—->p+p+e” Reduced if solar neutrinos
Can only happen for v, contain other flavors
TR AIEAN
_)
vytd—>pt+ntu, Should be unaffected

X canbee, u, 7,any OK




SNO Results

SNO collaboration. Physical Review Letters 89, 011301 (2002)
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8B flux (vu + v¢) 106 cm-2 s-!
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SNO Results

SNO collaboration. Physical Review Letters 89, 011301 (2002)

w SEF (I)SNO
° - cc
B
2 -
= -
+ 506
N =
N
< 4 -
= : :
n 3f e L J _ Dashed diagonal lines
. / /_ SSM, Standard Solar Model
e ) Range of total 8B flux
1B v, + v, + v, = Constant
0 - T T T T I T T T I T T T T I T T T T I T T T T I T T T T
0 1 2 3 4 5 6

8B flux (ve) 106 cm2 s°!



SNO Results

SNO collaboration. Physical Review Letters 89, 011301 (2002)

% SE (I)SNO

P = cc

2 =

= -

+ 5F .

. °r

Z Kk

< 4 .

s -

= = . - 0
3 - . :

2 - . / SSM Expected rate if solar
2 = ~ neutrinos are entirely v,
1
0 - T T T T I T T T T I T T T T I T T T T ~|~ 1 T T T | T T T T

0 1 2 3 4 5 6
Rate of electron-only processes $B flux (ve) 106 cm2 s

Like Davis, SNO saw ~ 1/3 too few of these



SNO Results

SNO collaboration. Physical Review Letters 89, 011301 (2002)

I',|'IIII|IIII

8B flux (vu + v¢) 106 cm-2 s-!

I|IIII|IIII|,I’

A

Rate of flavor-independent 0
processes 0 1 2 3 4 5 6

SNO Agrees with Bachall! 8B flux (ve) 106 cm2 57!
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Missing Neutrinos Found

v Rate

Bachall’s prediction A A

N\

ST — vy t+d—op+n+u,

X can be e, u, 7, any OK

v,+d—>p+p+e — HE
Only happens for v,

0 0

To see all the neutrinos, SNO measured a flavor-independent process



2002 Nobel Prize

Masatoshi Koshiba

“for pioneering contributions to astrophysics, in
particular for the detection of cosmic neutrinos”




2015 Nobel Prize

Arthur McDonald

“for the discovery of neutrino oscillations,
which shows that neutrinos have mass”




2015 Nobel Prize

Arthur McDonald

“for the discovery of neutrino oscillations,

_ , Next time!
which shows that neutrinos have mass”




Solar Neutrinos Today

BOREXINO experiment:
An “onion” detector

Liquid scintillator contained within
a nylon vessel, surrounded by
buffer liquid, surrounded by
water...

Result: Ultra-clean, low
background experiment for
measuring low-energy solar
neutrinos




Solar Neutrinos Today

BOREXINO experiment: S o om0 ow 0w )
An “onion” detector - —ONO 7B andBen

. . . . . . . 05 N '21 Ol;i External backgrounds
Liguid scintillator contained within Other backgrounds

= ) i — Total fit: P value of 0.3
a nylon vessel, surrounded by % 178
buffer liquid, surrounded by g, ol Py
water... -
e . : ‘ ‘
5(;0 B 1,(;00‘ - “i,500‘ ‘ ‘2,000‘ | ‘2,500

Result: Ultra-clean, low — ;jgggezv’zozo
background experiment for — — 7 _/

. CNO solar neutrinos measured for the first time
measuring low-energy solar by BOREXINO in 2020

n eutri nos CNO neutrinos probe the amount of heavy elements in our Sun



Atmospheric Neutrinos Today

Dense cor.e of the earth acts like a
refractor for electron-flavor neutrinos,
changing the flavor slightly

We see hints of this effect!

—

BOSTON UNIVERSITY

GRADUATE SCHOOL OF ARTS AND SCIENCES

Dissertation

300F  Multi-GeV e

200 DISCERNING THE NEUTRINO MASS ORDERING
USING ATMOSPHERIC NEUTRINOS IN
100

SUPER-KAMIOKANDE I-V

by

,

800F  Multi-Ring & THOMAS WESTER

200 B.A., University of Chicago, 2017

TW thesis

-1 08 06 04 02 0

cosf
z

Super-Kamiokande |-V
-¢-Data
mv.cc v, cc

mv, cc 0o, cc

Wv.&7v.CC [ONC

cosf, cos, cosf
2 2 2

Super-K has a lot more data today than in 1998
~25 years of near-continuous operation!




In Summary

By studying natural neutrino sources (
with new detectors, we discovered a
new feature of neutrinos:

They change flavor

To better measure the effect, we’ll
need controlled, precision

Ray Davis Jr. & John Bachall at the
1 Homestake experiment in 1967
experiments... P

https://www.nobelprize.org/
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Lecture 3:

Reactors & Neutrino Beams



