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Topics

* Neutrino Properties
— Neutrino Flavor Oscillations

— Mass and Mixing
— Mass hierarchy and CP-violation

* Neutrino Oscillation Experiments using
Accelerators

— Why long baseline?
— Why underground?
— Why so large?




Neutrinos are abundant in our universe

Our Sun is powered by

_ Cosmic ray interactions
nuclear reactions

Remnants of the Big Bang
(~1000 per cubic cm)

Supernovae
(99% of energy is emitted
as neutrinos)

Galaxy NGC 4526 (100 billion per sq cm every
second)

Nuclear Power Plants
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... but difficult to detect

IN 2000
A GROUP OF
PHYSICISTS FINALLY

FOUND EVIDENCE OF
THE TAU TYPE OF
THIS SUBATOMIC

PARTICLE

postulated in 1932 1st detected 1n 1956

Detecting a Tau Neutrino

2 neutrino hypothesis (-1947) confirmed in 1961 / -
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The Solar Neutrino Mystery

~1970 : detecting solar neutrinos via the inverse
-capture

v, + 3C1 — ¥Ar

Only about 1/3 of the number expected were
observed.

Tolal Rates: Standard Model vs. Experiment
Bahcall-Serenelli 2005 [BSO5(0P)]
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more “‘missing”’ neutrinos .....
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NUMBER

The Hypothesis : neutrinos have mass.oscillate
between mass states

1.267 - Am2 - L Oscillation Probability depends on:
Plv,=v;)=a- sinz( ] neutrino energy
i mass difference

distance traveled
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Solar and atmospheric data indicated that if the missing neutrinos

were indeed due to oscillations, then the mass differences
were very small :

Am’, =8x10”  Am;, =3%x107

Knowing these mass scales guides the design of a controlled
laboratory experiment.



Neutrinos can be made at a proton accelerator :
. Fermilab Main Injector

~1014 protons, travelling near the
speed of light, can be extracted
every 1 —2 seconds

O FERNVILAL #98-765D



Ingredients in a neutrino beam

Focusing Decay Pipe
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MINOS - Main Injector Neutrino Oscillation Search
(Minnesota-Illinois)
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Why is it so difficult to detect neutrinos?

Consider a “beam” of particles, incident on a mass
of material (1.e. atomic scattering centers)

L

The probability that one of the particles will
interact depends on the number of scattering centers,

1.e. protons/neutrons, density of the scattering centers,
the intensity of the beam, and the energy of the beam



No oscillations — expect ~ 3 events/day; observe ~ 1-2
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NOVA : NuMI Off-Axis
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NOvA 14 kt & deep pit of bmldlng in “a” football

. ——— -

Start data taking with full detector in 2013 with
6x102%° POT/year

Run 3 years producing neutrinos and 3 years
producing anti-neutrinos

All goes well — significant data taking complete
in 2019-2020



Fermilab to Homestake DUSEL (1290km)
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Deep Underground Science
DUSE and Engineering Laboratory at Homestake, SD

Engineering
6 ); Empire State
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for scale
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Why Go Underground?
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Muon flux vs overburden Depth reduces the rate of cosmic

i Proposd DUSL Horesiate ray muons and associated interactions
occurring in the detector which can

mimic or confuse the information

about the real events of interest.
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Planning the world’s largest detectos

Super-K (taking
data in Japan)
« 13K 20” PMT
= 40% coverage
= 50 kT total mass
= 39 m diameter
= 42 m height

LBNE - proposed
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Yates Shaft Lab Module 1
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Large Cavity 1
Large Cavity 2
Large Cavity 3

Lab Module 2 Lab Module 3
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Summary

* Experiments to study nature’s tiniest particles require tools
of unprecedented scale.

* By producing neutrinos at an accelerator we are able to
systematically study the properties of the neutrinos, in
particular the behavior of the neutrino versus anti-

neutrino.

 These experiments might possibly lead us to uncover one
of the most compelling questions about our universe.
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Neutrino Production

‘j r
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a = >~ 3 Radioactive b-decay
C o o
ey / e
/n =¥
+
+Uu VV L
M
D + T + V Neutrinos are produced in the weak interaction
S T Typically from the decay of radioactive nuclei,
\|/ pion and other sub-atomic particles, from both
natural and man made sources....



Neutrino Flavors & Interactions

Elementary

~ Particles
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Neutrinos come from m decay
T U+V,

T = 2.6 x 108 sec

T

The average distance, d, traveled by an unstable,
relativistic particle before it decays 1s given by

d =vyct ,where y= = and c 1s the speed of light
f ‘A
I - (C) zdec (wdec*(zdec<30000)) | g,g,%

4500);

For a 10 GeV mx, ,z
y~27,and d ~ 220 m = E

5603




For a beam of neutrinos ......

# of v interactions = ® x o/n x N_
» ® = neutrinos/unit area
- O/n = cross section per nucleon
(probability of interaction)
— N, = number of nuclei in the target

1
I

~6x 10° nuclei in a 1000 tons of iron
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Why do we go over a “long baseline”?

Probability vs. Distance (Am? = 0.003)
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P(v, = v,) = sin’(26,,)sin’(1.27Am’,; L/E)

P(v, = v,) =1 - sin%(20,,)sin*(1.27Am?,; L/E)

No oscillations — expect ~ 3 events/day; observe ~ 1-2
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Three neutrino mass and mixing

Solarns ‘e fppearance
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To make matters more complicated, we don’t know the ordering of
the neutrino mass states

log m?

fic

This is known as the ‘“‘neutrino mass hierarchy” question



Consider the Probability of
VH — V,
For neutrinos travelling in a vacuum :

P(v,—>V,) = f(912,913,923,5CP,Amfz,(sign)Amf3 E L)

vacuum

If CP is conserved :
P(v,—>v,)=PV,—>V,)

For neutrinos travelling through matter :

P(v,—>v,) = f(912,6?13,6?23,5(;}),Amfz,(sign)Amf3 E L, )

matter



Why does it matter?
PV, > V,)uier # P(V, > V,)
~ fake CP violation

matter

If my >m, (Normal mass hierarchy)
P(v,—>V,) >P(v,—>V,)
P(vu — ve )matter < P(v,u — ve )vacuum

Neutrinos are enhanced and anti-neutrinos are suppressed

matter vacuum

If my < m, (Inverted mass hierarchy)
P(v,—>V,) <P(v,—>V,)

P(vu % ve )matter > P(V‘U % ve )vacuum
Anti-neutrinos are enhanced and neutrinos are suppressed

matter vacuum

We can design experiments to try and tell these different situations apart!



Fropanity

Matter Effects and CP violation

Normal hierarchy
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Neutrino vs. anti-neutrino bi-probability plots
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P(v, >V,
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P(v, >V,
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P(v, >V,
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Why so large?

sin’20,, = 0.04 18x10°° v, 18x10* v-bar, 20kT LAr
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sin’20,, = 0.04 18x10°° v, 18x10* v-bar, 20kT LAr
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