Neutrino Physics



Atmospheric neutrinos

* Neutrinos produced via cosmic rays (accelerated protons, He) in the atmosphere
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Atmospheric neutrinos

e 1998 Super-Kamiokande (50kton water cherenkov detector, 11146 PMTs)
detected atmospheric neutrinos
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from a muon produced

by a muon neutrino event
yields a well defined circular
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Atmospheric neutrinos

e 1998 Super-Kamiokande (50kton water cherenkov experiment) detected
atmospheric neutrinos
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Current knowledge

» Solar mass squared splitting: Am3, ~ 7.42 x 107° eV~

» Atmospheric mass squared splitting: |Am3,| ~ 2.515 x 107° eV~

Normal hierarchy mp < mg <mg — Am§2 > 0,

Inverted hierarchy m3 <mip < my —> Am%z < 0.
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Current knowledge

NU'fit gIObaI fit 5.1 www.nu-fit.org
Normal Ordering (best fit) Inverted Ordering ( A_,\'i = 7.0)
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http://www.nu-fit.org/?q=node/228

Current knowledge

Lepton Sector Quark Sector
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* The mixing and masses of each sector of the SM are so different, better
measurements can help us understand why



Neutrino oscillation physics - reactor experiments

P(V_e — V_e) — 1 — COS4 (913 SiIl2 2(912 SiIl2 Agl — SiIl2 2(913 SiIl2 Agg

Consider the wavelength of each contribution
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Neutrino oscillation physics - reactor experiments

 Daya Bay, RENO and Double Chooz measured reactor mixing angle in 2012
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* At such short baselines, the short wavelength term dominates

P(V_e — V_e) — 1 — (ZC)S4 (913 SiIl2 2912 SiIl2 Agl — SiIl2 2913 SiIl2 Agz
P (V_e — V_e) ~ 1 — SiIl2 26’13 SiIl2 Agg



Neutrino oscillation physics - reactor experiments

e KamLand is a medium baseline reactor experiment in same cavern as SK

Liquid
scintillator
U 9600 PMTs

. Baseline between 130 - 240 km



Neutrino oscillation physics - reactor experiments

 Medium baseline =— KamlLand cannot resolve short wavelength oscillations:

P —7,)=1— cos® 015 sin” 205 sin® Aoy — sin® 265 sin® Az
. g_, ~ C()S4 (913 (1 — SiIl2 2(912 SiIl2 Agl) 1
1 — 5 sin® 2z = cos(z)* + sin(z)* ~1 - <SiI12 A32> = —

neglect O(sin*(013))

« Survival probability KamLand measures 0,5, Am221



Neutrino oscillation physics - accelerator experiments

* |Long baseline accelerator experiment such as MINOS, NOVA and T2K can

determine the atmospheric angle and mass squared splitting.
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Neutrino oscillation physics - accelerator experiments

* Long baseline accelerator experiment: MINOS, NOvVA and T2K determine the
atmospheric angle and mass squared splitting.

P (v, — v,) =1—4sin” (fa3) cos® (013) [1 — sin” (Ha3) cos” (013)] sin® Aso
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dominant term since reactor mixing angle small
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Neutrino oscillation physics - CP-violation

* To observe CP-violation = difference between an oscillation process and its

CP-conjugate process:
CP

(Vy = ve) — (U — Te)
P(v, = ve) — P(v, = V) xIm [U:lUuergU;Z] sin A1 sin A3 sin Agg

e What is the current status of CP-violation in the neutrino sector?

~ NOVA Far Detector (AshiRiver, MN)

~—%. g Mnas Far Detsctot fsoudan, Ml

Super-Kamiokande J-PARC

Mt. Noguchi-Goro

2,924 m
Mt. Ikeno-Yama
1,360 m v

&
: Neutrino Beam i
295 km

Fermilab

T2K T e
L300




 T2K mild preference 0,; > 45° and normal ordering

e T2K disfavours CP-conservation at 90% CL
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« NOVA has preference for normal ordering, 0 ~ 145°
e ExcludelOand o = n/2 > 30
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VISOSim

interactive mode

One-Click Demo

— VISualisation of OScillation
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There are amazing neutrino
Oscillation visualisation tools, check these out!

http://www-pnp.physics.ox.ac.uk/~luxi/visos/

http://www-pnp.physics.ox.ac.uk/~luxi/visos/im/

Thanks to Xianguo Lu
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Neutrino Physics



Solar neutrinos - PP chain

 The Sun shines by making hydrogen — helium. There are two main ways of
doing this: pp chain or CNO cycle

pp-chain |
Step 1 pep —> ot et Sun most loses its energy (98.5 %)
P through pp-chain. This is pp-I chain and
occurs around 85% of the time
Skel pt d—> He + Binding energy of deuterium
~22MeV = E, <0.5MeV
SEEZ tepeat  stept 1a2 pp-neutrinos are hard to detect



Solar neutrinos - PP chain

* The Sun shines by making hydrogen into helium. There are two main ways of
- doing this: pp chain or CNO cycle

pp-chain |l

pp-ll chain occurs around 15% of the

S—kLi e Y3 — TBer time
Skp® et 2 — T T

Step? Hoap —> A'He



Solar neutrinos - PP chain

* The Sun shines by making hydrogen into helium. There are two main ways of
doing this: pp chain or CNO cycle

pp-chain Il
Skgi ke +24, — *Ber pp-lll chain occurs around 0.3% of the
time
SkpZ *Be+ p —> 6 + Neutrinos produced in this reaction have

energies up to 15 MeV
Sp2 7B —> BeTr et



Solar neutrinos - CNO cycle

200 L 1 13N 4 ~
BN — SO+ et +,
BC+ 'H —»  Y“N-+y
N+ 'H —» PO +y
20 — PN +et +,
PN+ 'H —  2C+ *He



* Many nuclear processes (pp chain and CNO cycle) produces electron neutrinos
* Energies of the neutrinos will differ, depending on the reaction.
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Solar neutrinos

1964 Homestake experiment (headed by Davis & Bahcall) detected solar
neutrinos but there were approximately 2/3 less than expected from Bahcall’s

Standard Solar Model prediction.

It was initially proposed that the solar models were wrong.

Or that two experiment Homestake and GALLEX were wrong!

AS you can guess, the resolution to this problem is neither!



Solar neutrinos

* Confirmation of neutrino oscillations came in 2001 by the Sudbury Neutrino. They
measured not only electron neutrino flux but all flavour neutrinos via NC interactions
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SNO 1 ton heavy water (D,0) tank
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