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Part-I: Neutrino Oscillation
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What is Neutrino Oscillation? \

Electron stays as electron while it travels in space.

€ €

However, neutrinos change their flavors periodically.
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This phenomenon is called neutrino oscillation
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‘ What causes the neutrino to oscillate? \

We do not know yet.
In order for N.O. to happen, something(X) has to change the

neutrino flavor. To know what is X is the important purpose

of N.O. study. X
V, vy "A" indicates the strength
.. of the transition (amplitude).
-1A
In this case J J
State equation E\’e = _ZAVM ’ EV“ =—IAv,

Initial condition |V, [¢=0]= 1, V. [t=0]=0

—

2 2
wmp Oscillation ||v,[]" = cos® 41, ‘VM [t]‘ = sin® At

180302




‘ General transition amplitudes & mass eigenstates \

4 I
Yl o Yl é\%)} [ X v
—IT _ZM ]
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If there are self-transitions,
The mass eigenstate becomes

r\/1 [1] = (cos 6‘ ve> —sin 6‘ \/M>)exp :—imlt]

Vv, [1] = (sin@‘ ve> +COS 6‘ VM>)€Xp :—imzt]

"

The masses are

m = m, TH, —w, m, = M, TH, P Mixing triangle
2 P2 6
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V oscillation (non relativistic case)

A Q.M. principle: Probability for something to happen is the
absolute square of the sum of amplitudes of all possible diagrams.

There are 2 amplitudes for vV, =V
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Relativistic Neutrino Oscillation

In experimental condition, neutrino is traveling relativistic

Lorentz Boost (y=E/m)

mt—=m—=—

tm2

y £k

m*L

f= L2

E

P(vu — ve) = sin” 20sin

2
» Am

4F

L

What we can measure,

. L(or 1/E)

—

b

A
A 4

Amplitude ==>sin” 20 = (1:/ 0))2

Frequency =>Am’" = ‘mj -m’ ‘ = 40w
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‘ Relation to the absolute neutrino mass measurements \

Absolute mass measurement:

‘H—=’He+e + Ve Measures mﬁ

e

But v 1s not mass eigenstate. What actually is measured there?

Since V_is a mixture of v, and V)iV, =V, cosO + Vv, sin o

mass -
# ofAevents e resolution The experiment measure the
e -] weighted average of v,, V,-mass?’s
P cos” 0 sin? 6 \\ : :
/;' . ‘ ‘\\\ mv — <m >
) - e

2 2 2 2 2 2.2 2 2
m-m, =m; cos" O+m;sin"0=u’ +t
e




‘ Relation to the absolute neutrino mass measurements \

X X X
Wl X X X )
-t —iu -iu,

—

. -
* Oscillation | sn20 = 213/ \/ (MM — ue) +41°

measurement— > o
Amz = 4(Me + MM)\/(MM — “e) +41% 7 =@Determination
* Absolute mass ( N ¥ T)
m =l + 1 U W,
measurement v, e ~ possible.

= Oscillation measurements and absolute mass measurements
are complementary to determine the neutrino transition amplitudes



| Why we measure v oscillations? |

There are many oscillations (irrespective to it is observable or not).

* K’ <« K" oscillation, = CP violation
* |uit) <> |dd) oscillation in n°, p, etc. =» Hadron mass pattern
* Cabbibo angle, quark mass € ' < s oscillation

* Weinberg angle, W, Z" mass € B < W, oscillation

€ We have learned a lot from these "Oscillations"

We can expect to learn more from < oscillations;

V, SV,

What 1s X?7?
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‘3 Flavor Neutrino Oscillation \

- Ve VM - VM VT - Vr
—lMe _ZMM —Iu T
V V Vv V V
—IT,, —IT —IT .
=» The mixing matrix becomes 3x3 & there are 3 masses
Ve Uel UeZ Ue3 Vl
m,, My, M= . ..
v |=| U, U, U, | v, D
Vr Url Urz Ur3 V3
—id
I O 0 C3 0 S15€ Ch S 0 v
=1 0 ¢, s, 0 | 0 -s, ¢, O v,
0 —S,;  Cyp _S13ela 0 €3 0 0 1 V3
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‘ Oscillation Parameter Measurements \

Parameters
to measure

—

—Mixing angles: 6129 623? 613

Square mass differences: Am’,, Am, ( Amé)

. CP violation phase: §

CP

a \
fv\
\ VM = VT/‘

It has bee a long story .... Simplified here.

180302
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‘ E-L relation of N.O. experiments \
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0,,, Am:, Atmospheric (SK. etc.), T2K, MINOS, NOVA ....

2
.2 ) Am
P(vu — vu) ~1-sin"26,,sin" ——=L
arXiv:1502.01550v1
% T2K
— R~ SK 2
/ N MC Unoscillased Spectrum
- \\ 3 ———— MC Bet Ft Spectrum
> \ 5 "
N .
4 >5
| HE N Reconstructed v Energy (GeV)
>
S : +
—— | e % _—f-u:F
2
1] : L
, | ‘ - 4 >5
= g Reconstructed v Energy (GeV)

=» Discovery of N.O. : Nobel prize in 2015 (T.Kajita)
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2
0,,, Am;,

P(vu — vV ) 1-sin” 26, sin E L

&nﬁ%s

0.3 0.4 05 0.6 0.7

Normal Hierarchy

32 __] I 11 I LI II L | L | ]__ (m3>m2) case
E 3F . = NuFIT 3.1(2017),
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sin® 20, ~1, Am3, ~2.5x107[eV?]
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2
0,, Amy

Solar Neutrino Experiments
(Homestake, SuperK, SAGE, GALLEX, BNO,

Borexino, SNO, etc.)

|

*k Homestake
(615ton), (1968~)
-

: *'.'- v

37Cl+v, = 37Ar + e

180302

(@)

37Ar production rate (Atoms/day)

P(v, = v,;@Am;, ) ~1-sin’26,,sin

2

4E
deficit of 'V flux

L

(1 FWHM Results)

=» Nobel prize in 2002 (R.Davis)
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2 °
Am;,, mass hierarchy (m,>m, or m,<m,)

Genuine N.O. can not resolve it but

Matter Effect depends on M.H. and it can be used.

08 NiswW
07

Borexino Detector 0 6

External water tank ——, tainless Steel Sphere O 5
Nylon Outer Vessel -

ylon Inner Vessel P
Fiducial volume —v, 0 4
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Inverted Hier
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V(
03
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0 +———

m,>m, determined
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Flavor Transmutation: | SNO experiment

v +D —v +p+n  NCinteraction: possible to count all flavors
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Standard Solar Mo 0> ! s 2 é

r el 2;11 (x 10° cm™ s'%s
Although ®(v,) < ®(SSM), D(v,)+ (I)(vu ) +D(v_)=D(SSM)

=> Total # of v does not change. v_changed to other neutrinos.
180302 =» Nobel prize in 2015 (A.McDonald) 19



>
0,, Amg

KamLAND Reactor Neutrino Oscillation

zAmuL
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2
0,, Amg

[107° eV?]

2
21
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0., Am’ .
Reactor-9.. Experiment
13

=» Reactor measurement of 613

P(V, —=V,;L ~1.5km) ~1-sin" 26,

Reactors (V — V
Near Detector Far Detector
<500m ~1.5km

Two detector concept: Cancel uncertainty of neutrino flux and
detection efficiency by comparing near & far detector

180302 seminar @ [PHC 22



2,
O A, - Our experiment: Double Chooz

@ CHOQOZ-B reactors

\
|1

)
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—_stainless steel vessel
holding 390 PMTs
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.
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Double Chooz Oscillation fit result

Far detector/Near detector concept to cancel most of the systematics.
Far/Near ratio

1.3 —+— FD-I/ND Data
.4/| - No oscillation
1.3 ND Best fit: sin 20,, = 0.119
‘ [ Systematic uncertainty
1.2F
5 1.1f
@ il &
=z g
o - . s
Small deficit—%. .
0.8¢
0.7F Double Chooz Preliminary
0.6 E Far + Near (362.974 and 257.959 days)
0 5 : | | ‘ | 1

i | 2 3 4 5 6 7 8
Visible Energy (MeV)

sin“2013 = 0.119 = 0.016 with y*/ndf = 236.2/114
(preliminary) 24



Daya Bay Result

Logan Lebanowski @ 2016.11 NNN16

» s s s
? ? o g T Oscillation analysis result
i |k S 7
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3 0.4 ] = Bestfit N: | H
'E W Fast neutrons ) " N 3
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oo ' l H H ++ Data 005 006 007 4;(;;]12;_:1; 010 011 012

sin’ 26, = 0.0841%0.0027(stat.) = 0.0019(syst.)
| Am?, [=[2.50 £ 0.06(star.) = 0.06(syst.)]|x 10 eV

obs pred
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o o o o
&

9%7 3 l ('; g 10 19 Multiple analysAes yield consistent results.
Prompt energy (MeV) [arXiv:1610.04802]

Hyunkwan Seo @ 2016.11 NNN16
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There may be a tension between DC and DB, RENO
—abrera, ERICE017

s—.—.—as %) DC-FD-l©Bugey4

P~ DC-FD-I+FD-1l&N
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CP violation

T2K and NOVA measure
(VM —> \/e), (VM %Ve)
v, | V.V, P ~0.5sin’20 _-0.043sin26 _sind
V/ _____ \-\:\v v, =V, P, ~0.5sin"26,, +0.043sin 26, sind
\_ M ‘c
P -P,
A, = 4 4 _(.3s1nd
P P
180302
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K.Iwamoto@ICHEP16

T2K Experiment

Super-Kamiokande

Mt.Noguchi-Goro Dake
2,924m

Mt.Ikenoyama

Near Detector ||
1,360m \

. 'l*

Neutrino Beam
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Nakaya @ 2017.9 Erice

Observation at Super-K
Atineutrino 1 wu-like ring
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Nakaya @ 2017.9 Erice

913 and 5cp

Fit without the reactor

constraint: closed contours in
Ocp at 90% CL

The T2K value for sin?613 is
consistent with the PDG 2016

T2K Best Fit:
sin”0,,=0.0277 5 0mr (NH)

ians)

PDG 2016:

sin’0,;=0.0210+0.0011 ~
Adding the reactor constraintg
improves the constraint on &

O cp average:

* Best fit :ﬁm_?% .
—— Inverted - 90CL ]
Reactor - ]
T2K Preliminary
1o band

----------- ---- Normal - 68CL ]

dcp (Rad

........

...........

L1 oIx107

With Reactor Constraint

~" Normal - 90CL ]
* Bestfit . Inverted - 68CL 7
— Inverted - 90CL

;

TR (N R WO T B | )(10_3

30 35




NOVA Filip Jediny @ 2017.3 Moriond

NuMI Off-axis v, Appearance Experiment

* Long-baseline, two-detector
v oscillation experiment Ash River

* Looks for v, in v, NuMI beam
* 14 mrad off-axis

2 liquid scintillator detectors
 FD (14 kton), ND (0.3 kton) owa Ferppilaby
« Cooled APD readout (live)
« Appearance & disappearance
« Exotics, non-beam...

® Filip Jediny - NOvVA neutrino experiment 7
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Filip Jediny @ 2017.3 Moriond

» Observe 33 events on a background of 8.2 + 0.8

LS

Events / 0.5 GeV

20

15

10

V. appearance results

! ! ' ! |
075 <CVN <0.87
- NH
™ 6.05x10% POT equiv.

IIIIIIIIIIIIIIIII

B e
0.87<CVN<0.95

-4 FD Data
— Best Fit
. Background

2 3 1 3 1 2
Reconstructeg energy (GeV)

—_—
095<CVN<1

» 2 degenerate be

- NH, 6CP - 1.487'[
sin20,, = 0.404
— NH, 8. = 0.74n

sin20,, = 0.623

W

llllllllllllllllllll
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Q ]
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o tBesthr M
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Our Current Knowledge of
Neutrino Transition Amplitude

If we assume m;>m,>m~0, O, = —m/2

[ 082 0.55 ~0.09 +0.13:)
U, ~|-036+007i 0.65+0.05i 0.67
| 043+0.08; -0.53+0.05i 073
Ve )/S Ve VM )/g VM VT )rg V"
3.8meV ~25meV ~30meV
’Ve )/g \/M Ve )/g \/T VM )/g VT
~(1.4:l.5i)meV ~(—4.4t/5.1i)meV ~21meV

180302 What is X and how this pattern can be explained?? 33
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Future

More precise CP Asymmetry
Mass Hierarchy determination
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CP asymmetry by Future Long baseline experiments

T2K=>HK
[L.~300km

180302

NOVA
Ash River
R
\\ (
N
v P
\ /Qﬁ
\
DUNE Non D
b Thomas Patzak Nu2014 \\
""""""""""""""" \
=]12NN1. = i, \
1300km ......... *
FERMILAB
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E. O'Sullivan, NuFACT 2017

Hyper Kamiokande:

516kt W.C. K=

*Larger target
*Larger acc. power

Hyper-K detector (Kamioka) J-PARC neutrino B;am (Tokai)

L=295km

_15"p| Oscillatio
? 5 — sin*20,, = 1.0 ] o1 ¢ P
= °W\ Ay 24X 1076V | Building off the successful T2K
e ' program, Hyper-K also plans to
1 d HHOA0.07 o
T ZoAze measure neutrinos from the J-PARC
5 | WOoA2s® .
! neutrino beam
: L 05 ]
L A
i Data taking expected in 2026
’ E, (GeV) ) . -
80302 STIIIIIAL @ IPHC 36




M.Sorel, NuFACT 2017

DUNE at LBNF

Deep Underground Neutrino Experiment at the Long Baseline Neutrino Facility

DUNE: detectors + science <:> LBNF: facilities + beam

Sanford
Underground
Research N .

i = g2= ~
Facility cxx

Fermilab

bt

« High intensity, wide-band, neutrino beam from Fermilab
« Highly capable neutrino near detector at Fermilab
« 40-kt fiducial mass far detector at SURF based on LAr-TPCs

3 2026, Neutrino Beam available | FIC =S




CP asymmetry with the matter effect

v. ) v

Difference of weak potential for v, and Vv, in Earth
produces a fake asymmetry

-----
.
o

",
*e
‘e
.

A (@) ~=035ind ., 2(L/1,).

180302

Likm] | A,,=2(L/L,)
T2K/HK 295 +0.11
NOVA 810 +0.30
DUNE 1,300 048

~

The sign depends on mass hierarchy

38




‘IBaseline Dependence of Matter etfect H

Aqp ~-0.29sin0+ Z(L)

LO
T2K/HK MINOS NOvVA DUNE
0.8 ; — ;
0.7 : i p————
0.6 — e NH
0.5 '
04
~ 03
¢ 02
< 01
0 ®sind=0
-0.1
03 4 sind=+1
-0.4 : IH
o sin22q,,=0.09
0.7 $in%2q,;>0.98
0.8 :

0 200 400 600 800 1000 1200 1400
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T2K/HK MINOS NOvA DUNE

0.8
0.7
0.6
0.5
04
S 02

<< 01

sind=0 0
-0.1
02
03 ®sin0O=+14
0.4 :
-0.5
-3.6 . s
-0.7 | sin22q,;>0.98
08 92 i . i

0 200 400 600 800 1000 1200 1400

L(km)

* g00od to have the both experiments.
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2 . .
Am2q mass hierarchy: \ Yee Bob Hsiung @ 2016.11 NNN16

Location of JUNO

NPP Daya Bay Huizhou Lufeng Yangjiang Taishan
Status Operational Planned Planned Under construction Under construction

Power 17.4GW 17.4GW 17.4GW  17.4GW
o | M by 2020: 26.6 GW

a Detector structure and layout
) i Flectronics Filling + Overflow
Calibration
—— 0
Top Tracker s A ’

Kaiping,
Jiangmen city,

: : Central detect
Guangdong Province Acrylc spheres

20kt Liquid Scint+

~18000 20" PMT+ 8 As:1D35.4m a
~36000 3" small PMT e U "
i — SSLS: ID40.1m
e | N
1
Water Cherenkov -
~2000 20" PMT g
=::=2-::".::.:'
Yangjiang | i g
13
Npp AS: Acrylic sphere; SSLS: stainless steel lattice shell HSSm KamLAND is

Filling and data taking 2020 this size



J.P.O Ricoux, NuFact2017

Am;, mass hierarchy: JUNO

« The Jiangmen Underground Neutrino Observatory (JUNO) is a multipurpose
experiment under construction in China:

- Rich physics program: neutrino mass hierarchy, sub-% measurement of
ascillation parameters astrophysical neutrinos, geo-neutrinos,

atmospheric neutrinos, search for exotic physics... etc.

* Main keys to accomplishing the physics goals:

%10°

V

- Optimal baseline

2014 : v sp;:ctrum at JUNO, L = 52.5 km_
- High statistics 3 012 Bikaca
& --1-P,08C. ]
= = 0.10 —
- Superb energy resolution i - ~P. forNO
0.08 =

(3°/o @ 1 MeV) oce b P, for 10
- Excellent control of energy 004 | < ; e i
response systematics 002 [ an A
- Background reduction R Ed (8 ¢ oz oo
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| Part-I Summary: |

* Thanks to the huge experimental efforts, 9 9 .0

122 7232 713
, |A;,| have been measured.

2 ~ 2
Am,, ‘Am32

* Decisive measurements of 0, M.H. are planned
* There are several tensions.
= Redundant experiments to check each other are important.

=» New physics might be behind them.
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Other Quantum Oscillations:

Part-11

= A collection of various oscillations & mixings =

The origin of the neutrino oscillation is transitions between
different flavor neutrinos, such as,

Ve < VM
In fact, many Kkinds of transitions take place in various physics
phenomena; many of them bear important physics effects.
Such important physics can be understood as the same way as
neutrino oscillation mechanism.
In some cases, abstract concepts, such as Parity, can be understood
by a concrete idea of oscillation and mixing.
It should be useful to teach various physics using such unified
and concrete point of view.

180302 seminar @ [PHC 44



180302

Cabbibo angle GC

seminar @ [PHC

45



Neutrino Oscillation case

Something (X) changes V to v and gives self-transition

Ve> é ‘V“> Ve> é Ve> ‘VM> é ‘VM>
T, u, L,
Mixing :
Triangle: Vv, = (cos 6V| ve> —sinf ‘ vu>)exp[—imlt]

Mass eigenstate:|-

v, (sin 0, | ve> +cosb ‘ VM>)exp[—im2t]

T,
Masses: M, =W F O
t —u
€ _ o tu _1\/ 2 5
> Eo==o o =y, ) +47
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Quark case (v,.v,)—(d"s')
Higgs potential (H’) changes d' to s' and gives self-transition

d') g s |d) gg d) s g’ s")
T U, W

q

Mixing

Triangle: d = (cos@c| d') - sin@c|s'>)exp[—imdt]

Mass eigenstate: |

5= (sin6C| d') +cos 6C|s'>)exp[—imst]

T
q _
Masses: md,S = Mq +(Dq
W _Md
s _ o+ 1 2 )
2 Mq= d2 ) (Dq=5\/(u,s—“d) +4Tq

180302 Cabbibo angle is quark version of V mixing anghe




“ Important Difference “

neutrino and quark oscillations are two extreme cases of
the uncertainty principle.

o o Am
Pl¢] =sin? 20sin> =—/—¢
AL
_ A, ~10°m
Oscillation length for 1GeV particl -
kq ~107"m
V: Measurement of the flavor q: It is possible to distinguish

evolution pattern possible but | d and s by their masses but
it is impossible to distinguish | the oscillation is too quick to
Vv, and V,by measuring masses | observe the evolution of ' and s'
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The Lagrangian for the interaction of the gauge boson
and Higgs fields is written as,

U G Sg(3) G Higgs

1, , S . = ¥|? ssB
Loa. = i |(g H 4+ g(WH-3)) | — Neutlral component
+ h)? P, , , ‘
0D (@AW + W P) + (W3 + 9B — gg (W3 B + BW)))
12 /
State equation, ii B — Yo 5 58 B
dt W3 2\/g2 +g/2 _gg/ gz ‘}[/'3
H’ HY H
B W B B %% W,
K— & —&
_gg,x Yo 12 X VO g2 % VO
g +g” 2\g? +g" NES




Oscillation View of Gauge Bosons
HO
02y &

—88'x

0 0
w, B H p w, How,

expl-ix0Oxt] = A
exp[—iMZt] = Z°

Y, =(BcosB,, -W,sin6,, )
)

V, =(Bsin0,, +W,cos8,,

_0 /
2 :
Yo88 2gg g
e +g” tan20,, = P or tanf, = ;
In A and Z°, B and W, are oscillating very quickly.

P[B = W3] =sin’26,, sin’ B Mzt]

51



“ Chirality is Oscillating “

A problem:

W, can be produced by EM interactions.
~2us after, it decays weakly.

+ - * + -
e +e¢ ==Y U TUg

EM Le s vV, +V,
Weak

But why this M;e can decay weakly?

180302 seminar @ [PHC
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Chirality Oscillation & Muon Decay

Definition of Chirality State:

rxp =1+y5 ) u+v 1 1 UtV o
oo W) 220 2T

_i u) _u-v 1 Y u-v
i e Mt

180302 seminar @ IPHC 53



Muon satisfies the Dirac equation
d .
Ewu B _lmMYOwM
Wave function can be expressed in chirality basis
d . .
Ewu = CR|“R>+CL‘“L>
The right-hand side of the Dirac equation is expressed as

o

Therefore, the Dirac equation can be expressed as

= i(CL‘ML>+CR‘MR>) =m, (CR‘ML>+CL‘MR>)

’ =CL|“R>+CR|ML>

or,
li ¢, — " C, € The Dirac equation is actually
dt| C, m 0 C, chirality swapping equation
: 54




.d C, | 0 m, C,
ldt C, B m, O Ce
|ML> g |MR> |ML> R |ML> |“R> R |MR>
ﬂmu 0) 0)
Diracma/ss

- 1 |
M[E > 0] = —\/_ (|ML>+|MR>)exp[—lth]
mass eigenstates: | 2

(| pLL> —| uR>)exp [+imut]

wlE <0]=

-

W, < W, oscillation is taking place
.
P[MR — ML] =sin"m ¢t

Muon decays weakly while it is in U ;state
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The weak decay effect can be included by putting
imaginary amplitude to the W, self transition

H' W L R | R>
|ML> X W) |ML> R |M> ug) R H

m .
u i o 0
. C —-i" m C
State equation: ;| - |= - r=L 23x10™ eV <m
C, m, 0 C, T, "

The solution for the condition ¥[0]= | MR> is,
.. I
Y[t]~ (cos[mut]| Wg)—isin[mt| uJ)expl——t}

il

/\w[t]\z ~exp[-Tt]
180302 ' " seinmar @ IPHC 40 o 56
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The oscillation and mixing view is useful to
understand abstract properties concretely

* Parity
* C-Parity
* Isospin

180302 seminar @ [PHC 57



What is parity? (Feynman's explanation)

An Hydrogen ion H,* has two basis states: 0) rand 0) 17

C- p p C- C- //‘>
® o @ 0
tunnelin

¢I ¢II (I)I g (I)H
¢I I ¢Il ¢]] ¢I ¢II
o = ®
M M A
1 (M+A)t
T(¢1 + ¢11) B
=» The energy eigenstates - {
—(h — ~i(M-A)
\(I)_ - \/§ (¢1 ¢II )6
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0B e

Actually, ¢ ;7 is a mirror image of 1) ;

. (7) (0, (7)+ 4, (7)) expl-i(a1 + A)1]

Therefore, the energy
eigenstates are

<

ch_ (F)= %(q), ()=, (-7))expl-i(M - A)1]
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=)
I

+

e_
o

N ¢1 ¢11 /

| +
®

J2

Parity = + structure

. (7)== (0, ()0, ()

—i(M+A)t]

PD_(-

~

Y

)= 75 (6, ()=, (7)) exp[-i (4 - A)e] = (7)

e

Parity =- structure

=> Energy eigenstates have fixed parities.
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Isospin

For u,d system, pion exchange changes the basis system

u 5 - d u g/\/2 — \}1
; f—n(ud) B %ﬂo(uu-da)/ dZ
8 g2
ud) |du) 5
u @? u lud) @ lud)
8 -g%/2
u 2/~2 d ~g/~2
u ﬁ'fto( uﬂ-da)/ {2 q ho( LtL—t-da) /\32
g/N2 —g/ V2
ju) R jute) |dd) |dd)
g%/2 2/2
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State equation

2
dc _i&c 4
dr ™ 2 " dt
i Cud _ _g /2
dt Cdu g

Mass elgenstates

1pU=|uu>eXp —z M +2g t]
1,

1pD=|dd>exp —z M +2g t]
<

|ud>+|du> . 1

Silm 42

W+ \/5 p_ 0 2

lud) - |du> [ 3

Silm. 22

\w— ﬁ p- 0 2

180302

—C

2

2

2

g

-g’/2

S—

_i& ¢

2

) dd

Analogy to the

Spin combination

3 same mass
state:

I=1 state

|—s singlet state:

I=0

seminar @ [PHC

—

___>|A_

€ This is the same

form as spin dipole
C moment interaction
C, (cf. 21cm line)

S =l uu)ls)
) =ldd)| s)
|ud>+|du>|s>

J2

_lud)-|du)y
) 7 s)
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There are a lot more interesting oscillations and mixings . . .

Name Origin Transition Energy eigenstate
Neutrino Oscillation X Ve) © |Vu) € |Vr) Vi, V2, V3
Cabbibo Angle Higgs |d") < |s') d,s
Chirality Osc. Higgs IL) < |R) IR) =|L)
Majorana Neutrino X VL) & |VR) ve) £ [Vr)
Seesaw Mechanism X V) < VL), VL) < |[Vg) [[V=|VL) —|VR), N =|Vg)+|VL)
Weinberg angle Higgs W< B Y, ZY
Hydrogen 21 cm line || fi,p e | IP(e()) = [p(1)e(1) [0) £ [0
nt —p™ mass difference|| Strong N s < 41 nt, pt
CPV Weak ch+ S Kep— K ] K>
Hydrogen Ion (Hy) ||tunneling| |(pe™)p) < |p(e”p)) \(pe”)p) £ |plep))
Positronium EM lete™) & e e™) o-Ps, p-Ps
Isospin S ||ud) & |du), |uu) = |dd) (A, L), (p,o)
Baryon Color Strong |RGB) < |GRB) |IRGB) — |RBG) + |BRG) — - -
pY, , ¢ structure Strong luut) & |dd) & |s5) pY o, 0
Spin precession in B iB M < |4) IMe
Deuteron S [pn) = [np) (Tpn) — np)) D)
sp” hybrid orbit EM Yas = Yop, Vas £ VYop = VYop, £ Yop,

180302
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Part-II, Summary:

* The same mechanism as neutrino oscillation is working in
various other places and is playing important physics roles.

* Many important physics can be understood by analogy of
neutrino oscillation mechanism (or vice versa).

* Abstract properties, such as parity, etc. can be attributed
to the structure of the mixings.

* It should be educative to teach such ideas.
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