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OUTLINE:

Neutrino puzzles resolved

= Solar neutrino deficit

=  Atmospheric neutrino anomaly
Some neutrino oscillations QM

= A little formalism

=  Approximations and
2-v disappearance

= Reactor experiments

= Accelerator experiments
Precision experiments
Appearance experiments
What remains: loooong baselines



Remarkable “Neutrino Years”
(painted with a broad brush)
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Remarkable “Neutrino Years”
(painted with a broad brush)

1998 - 2014
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ATMOSPHERIC NEUTRINOS
ANOMALY RESOLVED




Atmospheric neutrinos anomaly resolved
The advent of LARGE detectors
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The announcement of the discovery
of neutrino oscillation at Neutrino 98
by T. Kajita
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Neutrino Interactions
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Detecting atmospheric neutrinos:
(Underground) SuperKamiokande Experiment

€ 50 kton water (22.5 kton fid.vol.)
€ 11,146 PMTs +1,885 PMTs
@ overburden 2,700 m.w.e.
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SuperKamiokande Cherenkov rings
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16 years later ...(lots of statistics)
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SOLAR NEUTRINOS
DEFICIT RESOLVED

10



Solar neutrinos
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Deficit of solar neutrinos

Total Rates: Standard Model vs. Experiment
Bahcall—Serenelli 2005 [BS05(0P)]
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SuperK - solar events
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Sudbury Neutrino Observatory (SNO)
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SNO measurements (total solar flux)
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NEUTRINO OSCILLATIONS
SOME QM

K. Lang, U. of Texas at Austin, Neutrino Oscillations Experiments, Annecy le Vieux, July 21-25, 2014
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Neutrino mixing
The PMNS matrix
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Neutrino propagation

The state function at birth: ‘v(0,0)>5‘v§7‘”"’”>
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Two neutrino case
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NEUTRINO OSCILLATIONS

EXPERIMENTAL OBSERVATIONS
USING NUCLEAR REACTORS

K. Lang, U. of Texas at Austin, Neutrino Oscillations Experiments, Annecy le Vieux, July 21-25, 2014
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KamLAND

Detecting anti-neutrinos

€ KamLAND is surrounded
by nuclear power plants
which produce electron

V,+p—>e’+n (prompt)

anti-neutrinos. o 0 p—d+y(2.2 MeV)
€ 180 km away on average | ___ ~(SintiiEton ighy
onizing 2, (delayed)

charged
particle

Scintillato
(liquid)

' China West Asia

South Korea

L
liqui¢l-scintillator

—~———

21

K. Lang, U. of Texas at Austin, Neutrino Oscillations Experiments, Annecy le Vieux, July 21-25, 2014



KamLAND results
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NEUTRINO OSCILLATIONS

EXPERIMENTAL OBSERVATIONS
USING ACCELERATORS

K. Lang, U. of Texas at Austin, Neutrino Oscillations Experiments, Annecy le Vieux, July 21-25, 2014
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Two Neutrinos Case
A disappearance experiment
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MINOS

Main Injector Neutrino Oscillation Search
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Making a neutrino beam
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Making an anti-neutrino beam
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MINOS: Near and Far Detectors
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MINOS disappearance results
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OPERA - appearance experiment
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From CHOOZ to Double CHOOZ

¥ Near | Far
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CHOOZ (5 ton detector)

M. Apolionio et al./ Physics Letters B 466 (1999) 415-430
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Double CHOOZ 8.2 ton
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Daya Bay Experiment

3 Underground -
Experimengal Halls
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Daya Bay: 8 detectors
2x20ton + 2x20ton + 4x20ton
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NEUTRINOS OSCILLATIONS
PRECISION ERA

(NEED 3-NEUTRINO FORMALISM
AND MATTER EFFECTS)

K. Lang, U. of Texas at Austin, Neutrino Oscillations Experiments, Annecy le Vieux, July 21-25, 2014
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More on the PMNS matrix

[
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Neutrinos in matter

,M T ,M T
This gives an effective potential
of electron neutrinos: V = \/EG 7V,

v, P,¢€ p,n,e
—Alcos 20+V Am’ sin 260
li Ve _ 4F 4F Ve
dt 1% 2 2 v
= Loty sin 260 Al(:052(9 a
4F 4F

6, diagonalizes the Hamiltonian in matter:

2)\2 The flavor eigenstates are (in 2v approx.):
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e 2
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Matter does matter

Probability

With matter
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MINOS disappearance + appearance
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T2K vs NOVA

==
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The strategy: off-axis NuMI beam

Medlum Energy NuMI Beam Tune
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Event displays

T2K experiment
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T2K measurements & NOvVA starting up
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It's tough to make predictions,
especially about the future.

Yogi Berra
(baseball player)

NEUTRINOS OSCILLATIONS
FUTURE ERA
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Future

Normal hierarchy Inverted hierarchy
- : v v
¢ What is left: 3 T Am?. {— vf
= Mass hierarchy Am? :
= 8., octant Am,,
23 v, A }Amz ;
= dcp v, V3
& If 6., # 0 (CP violation) € What is the nature of
= Major consequences in neutrinos
particle physics and = Majorana
cosmology = Dirac 4,
= The “holy grail” of é(//?/oo
neutrino physics (and € Are there sterile neutrf%s%,@
beyond) [LSND and miniBooNE 0/7%0

puzzles (“anomalies”)]
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Future MH & CPV experiments

(mass hierarchy and CP violation)
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Future LBL experiments: MH and CPV

Reactor long baseline
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Accelerator long baseline
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€ Mass hierarchy and CP modulate oscillation probability:

= Need to measure as a function of L/E [measure E spectrum]

€ MH sensitivity grows with L [matter effect]
CP modulation grows with L/E [but, measure E spectrum]

12
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Closing remarks (lessons learned ?)

€ In neutrino physics 2 1o "
= Build a large detector or two @, 107 SuperNova

Reactor

= Build an intense neutrino source ﬁ”““
= Much to do! |10 el sl

€ Be first! 10
= No one argues with success! 0%
= Winners take it all! i
=> Be decisive! " : 10 10%  10%  10° 10"
Neutrino Energy (eV)
When you come to a fork in the road, Don t work on it!
take it! Do it!
Yogi Berra Dick Tracy
(baseball player) (fictional character)

K. Lang, U. of Texas at Austin, Neutrino Oscillations Experiments, Annecy le Vieux, July 21-25, 2014 49



