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Overview of the standard
neutrino oscillation paradigm
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IMost Established Aspect of Neutrinos

The standard neutrino oscillation paradigm

PMNS mixing
matrix:

912! 9131 823, 5CP

Mass-square

differences:
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mass hierarchy
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I3><3 Unitary Transformation

: Why is there a
Standard Model: 3 neutrinos e @i e U
element?
3
— * =
|Va> = z Ugk |Vk) Why do we use four

Flavor k=1 MaSS real numbers to
parameterize a 3*3

unitary matrix?

Unitary Pontecorvo-Maki-Nakagawa—-Sakata matrix

. 3
1 0 0 C13 O 5136_15 C12 Slz O
Upns = | 0 c3  Sp3 0 1 0 —S12 €12 O
0 —sp3 €33/ \—s5;3e° 0 C13 0 0 Mgl.‘.wg;
L
623 613' 6CP " QlZ - "r ;
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IStandard Derivation of v Oscillation in Vacuum

Att =0, |v,) = EUZRIM
k=1
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IStandard Derivation of v Oscillation in Vacuum

ALt =0,|v,) = ZU;kwk) Later, [|va(t)) = ZU;I( e Frtlyy)
k=1 k=1
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IStandard Derivation of v Oscillation in Vacuum

ALt =0,|v,) = ZU;kwk) Later, [|va(t)) = ZU;I{ e Frtlyy)
k=1 k=1

Pop(L) = |<V/3|Va(t)>‘2 = 2 UgrUarUp iUy exp(—i (Ex — Ej)t) :
k,j -



IStandard Derivation of v Oscillation in Vacuum

Att =0, |v,) = ZU;km) Later, [|va(t)) = ZU;R e Frtlyy)
k=1 k=1

Pop(L) = |<V/3|Va(t)>‘2 = 2 UgrUarUp iUy exp(—i (Ex — Ej)t) :
k,j p* g
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IStandard Derivation of v Oscillation in Vacuum

Att =0, |v,) = ZU;km) Later, [|va(t)) = ZU;R e Frtlyy)
k=1 k=1

Pos(L) = |<Vﬁ|va(t)>‘2 = 2 UprUar U iUy j exp(—i (Ex — Ej)t)
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N P 2p
2 2 2
mi — m; Am;; ;
Bl e

2p 2p



IStandard Derivation of v Oscillation in Vacuum

Att =0, |v,) = ZU;km) Later, [|va(t)) = ZU;R e Frtlyy)
k=1 k=1

Pos(L) = |<Vﬁ|va(t)>‘2 = 2 UprUar U iUy j exp(—i (Ex — Ej)t)

K,j f'ﬁ'/
: S, ME s S
Neutrinos are ultra-relativistic: E, = \/ pP+mi=p|l+— =p+ o
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IStandard Derivation of v Oscillation in Vacuum

2
Am;, ;

2 * * .
Pop(L) = ‘(vﬁh/a(t))‘ — 2 UprUaiUg iUy ; exp(—i : t)
k,j

2p
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IStandard Derivation of v Oscillation in Vacuum

2 k X .Am ]
Pop(L) = ‘(vﬁhza(t))‘ = Z UprUagr Up iUy exp(—i t)

A Appearance channel: a # f8

Paﬁ(L) — ‘(Vﬁlva(t)ﬂ
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IStandard Derivation of v Oscillation in Vacuum

2 k X .Am ]
Pop(L) = ‘(vﬁh/a(t))‘ = Z UprUagr Up iUy exp(—i t)

What's wrong
with my
derivation?
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IBasic Features of Oscillation Measurements

For two-level system: (¢ = e, u, k = 1,2)

Appearance probability Pyg
PN

Amg; L

Pop(L) = sin®(20) sin®(

4E

)

Am?L
47T

sin?(20)

0
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E, (log scale, arb. unit)
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* Amplitude: angle
 Frequency: Am?
* No sign on Am?*



ISummary of Measurements

Goal: measure U,
or

912/ 913/ 923/ SCP/
2 2
Am5,, Ams3,
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ISNO Solar Neutrino Measurement
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SNO 2016
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I Super-Kamiokande Atmospheric Neutrino Measurement
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IDUNE Spectra
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il Bi-Probability Plot
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