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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Atmospheric neutrinos

e 1998 Super-Kamiokande (50kton water cherenkov experiment) detected
atmospheric neutrinos
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Summary Lecture 1 & 2



Sij — sin(é’ij)

Cij — COS(@@j)
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Majorana phases physical
c;j = cos(6;;) if neutrinos are Majorana

g



Current knowledge
 Solar mass squared splitting: ! m3, ! 7.42" 10 eV

» Atmospheric mass squared splitting: |! m5|! 2515" 10 °eV?

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

Inverted hierarchy m3 <mp < mo — Amgz < 0.
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Current knowledge @

www.nu-fit.org

e Relative precision at 3o-level

mixing parameter | relative uncertainty (3! )
"13 4.7%
" 93 22%
" 12 7.3%
# 100%
(! m§1| 8%
' mZ,! 3.5%




Current knowledge @

www.nu-fit.org

e Relative precision at 3o-level

mixing parameter | relative uncertainty (3! )

13 4.7% 4.0%
" Quark sector
23 22% 52% :quivalent
"1 7.3% 0.3%
# 100%

! m§1| 3%

' mZ,! 3.5%




Current knowledge

Lepton Sector Quark Sector v. "0
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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(1_e ' 1_e) =1" CC)él " 13 Siﬂz 2" 19 Siﬂz I 51 " Siﬂ2 2" 13 Siﬂz I 25

Consider the wavelength of each contribution

o - 1.270 m2 [eVZ]L [km]
e = [GeV]

12—30 13—8!,!23:45!,E! = 3MeV
| °’mo; =81 10 °eV? ! ’ma, =2.5! 10 %eV?

Oscillation minimum ! green term maximise
o _ 127 mf eV? L[km] _ |
" B E, [GeV] 2

Oscillation minima: L, ~ 406Km, L, 1.9Km
Show that oscillation maximum occurs at L., # 94Km




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(Ie! Tg)=1" cos "13sin°2"15sin°! 51" sin“2"13sin°! 35
P(e! To)" 1# sin°2"13sin! 35



Neutrino oscillation physics - reactor experiments

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

Liquid
scintillator
T 9600 PMTs

. Baseline between 130 - 240 km



Neutrino oscillation physics - reactor experiments

 Medium baseline ! KamLand cannot resolve short wavelength oscillations:

P(s! Tg)=1" coé‘c;lg sin® 2", sin® ! 5, "& sin® 2" 13 sin° ! 1,
0
g_, H FS #"_1$ 1" Siﬂ2 2" 15 Siﬂ2! 21
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1 3 sin® 2x = cos(x)* + sin( x)*

neglect O(sin*(! 13))

« Survival probability KamLand measures 0, -, $m22]
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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(vp! vy)=1" I43in2(!23)cosz(!13)'1" sin” (! 23) cos” (!13) sin®! 3
=1" sin?(2!53)cos (113) +sin? (2! 13)sin? (1 23) sin®! 3,

dominant term since reactor mixing angle small

L=735 km
MINOS baseline

E, I GeV




Neutrino oscillation physics - CP-violation

 To observe CP-violation ! difference between an oscillation process and its
CP-conjugate process:

(fp! te)T (fu! o)

P(Ip! o)™ P! Te)# Im UyUuiUeU), sint psint ggsint o

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

~ NOVA Far Detector (AshiRiver, MN)

~4 2 MINQS Far Detector {Sougan, MM}
Super-Kamiokande J-PARC
Mt. Noguchi-Goro
2,924 m
Mt. Ikeno-Yama
1,360 m

Neutrino Beam
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» T2K has a preference for normal ordering, 6,5 > 45’ & maximal CPV: 0

E 270

» NOVA has a preference for normal ordering, 0,7 > 45" & closer to CPC: 0 # 145
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T2K, NEUTRINO 2020: m BF — <90% CL

== <68% CL

NOvVA: 4 BF <90% CL .s 68% CL
| | |I

2

on



VISOSim

interactive mode

One-Click Demo

— VISualisation of OScillation
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1) CPV: CP Violation; 2 MH: Mass Hierarchy
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v0.2.4
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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


http://www-pnp.physics.ox.ac.uk/~luxi/visos/im/
http://www-pnp.physics.ox.ac.uk/~luxi/visos/im/
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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
# 2.2MeV ! E, < 0.5MeV
SEEZ rep ot treps 1ia2 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 I

pp-II chain occurs around 15% of the

S—kLi e Y3 — TBer time
S—kLz *Be + 2 —):Li T

Skp®  Heap —> A'He



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) produce v,
* Energies of the neutrinos will differ, depending on the reaction.
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Bahcall—Serenelli 2005

Neutrino Spectrum (z10)

Neutrino Energy in MeV

ptpte & D+,
Occurs # 1% of the time

Subdominant to pp-I
since getting 3 particles

IN one place at one time Is
PS suppressed



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!
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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

Charged current (CC)

Neutral current (NC)

Elastic scattering (ES)

SNO 1 ton heavy water (D,0) tank
surrounded by 9600 PMTs. Deuterium

has binding energy 2.2 MeV!  SNO
can detect Boron 8 solar neutrinos.
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