Neutrino Oscillation &

Other Quantum Oscillations

Fumihiko Suekane
RCNS/Tohoku Univ., Japan

Blaise Pascal Chair @ APC Lab., France

Seminar @LAL, 13/2/2018

180213 seminar @ LAL

Flow of this Seminar

Part-1

* Neutrino Oscillation

* Oscillation parameter measurements
- Status
- Future

Part-11

* Collection of Quantum Oscillations
- Cabbibo Angle: 0
- Chirality Oscillation (why " can decay )
- Weinberg angle: :
- K? oscillation and CP violation

180213 seminar @ LAL




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

Electron stays as electron while it travels in space.

e > ¢

However, neutrinos change their flavors periodically.

V., VvV, vV, V

This phenomenon is called neutrino oscillation
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H 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
Vv, vy "A" indicates the strength
"A of the transition (amplitude).
-1
In this case
d v, =—iAv d v =—iAv
State equation dr W g e
Initial condition A [t = O] =1, Vi [t = O] =0

mmmm) Oscillation
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X Jv) | v.) X |v, v X olv)
\4 Ve u ve ve
<”> R—> | —R—> R—>
—IT — iMu —iue
If there are self-transitions (original mass),
W T the mass eigenstates become the
superposition ,6f flavor eigenstates;
20
n Vi |_| cos® -sin® Ve
- Vv, sin@ cos6 v,
2
2t The neutrino masses are
tan20 = _
o, W, mEtme gttt A
m,=g+w 2 sin20
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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 V, =V

) v,
) cos@ g —sin@
Plv.ev]=| |V, <+ \2
Ivar sin@ V)8 coso
v.) ve)

—1m1t|

= |sinﬁcos Be ™' —sinBcosBOe

m — m . . ° .
2 14| Oscillation in time

sin® 20sin’ le
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Relativistic Neutrino Oscillation ‘|

In experimental condition, neutrino is traveling relativistic

Lorentz Boost (Y =E/ m)

mt m° m°L 2
mt——=—1= == P(v, —>v,)=sin’265sin’ Am”
y E E ! AE
What we can measure,
, L(or 1/E)
Vo=V, ! —> Amplitude ==>sin’ 20 = (1:/ oo)2

&f> Frequency =>Am’ =|m’ - m’| = 40w
2 1

180213 seminar @ LAL 8




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 1, p,etc. =» Hadron mass pattern

* Cabbibo angle, quark mass € d <> § oscillation

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

€ We have learned a lot from these "Oscillations"

We can expect to learn more from V oscillations;
V, SV,
What 1s X??
9
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|3 Flavor Neutrino Oscillation |

¢ u u T

—Iu _ZMM —i,

Vv

e

e Uel Ue2 e3 Vl
w = Uul UuZ u3 'V2 ml,mz, m3= .« . .
Vo U1:1 U1:2 U'z3 V3

taﬁ can be complex number and U, »; can also be complex number
=» CPV possible.
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A useful parametrization of the mixing matrix

—-id
u, U, U, 1 0 0 Ci3 0 s5e ¢, S, 0
UMl UMz UMS = 0 ¢y Sy 0 1 0 S, €, 0
id
U, U, U, 0 -5 ¢y —se” 0 Ci3 0 0 1
s; =sinf;,c; =cosb,;
v, Y
8 e
v, n, I 12 I .
s [
Vv 23
. 0., Vs
132
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3 flavor oscillation Probabilities

18) |B) 1B)

o

U _
etminAy) Pl e (mn ) Up, aalidd k¥ Ups

Pasp = | + |+ .
R Y 23, PR,

|ex) |ex) |ex)

Uﬁl U;]e-i('"l i)t Uﬂzu;ze-i("': e UﬂsU;ze—i (my fy)

P(v, = vy) =8, -4 Y Re[Q |sin* @, F2) Im[Q; |sin2,

i>j i>]
Am’L
af _ rr* * = ij 2 _ 2 2
Q" =U,U,U, U, D, = 1E Am; =m; —m,
v

There are 6 independent oscillation parameters;
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Neutrino Oscillation Experiments

Mixing angles: 6129 623’ 613
Parameters

3 . 2 2 2
to measure | Sdquare mass differences: Am],, Am,, ( AmB)

122
CP violation phase: d.p

It has been a long story with labors and efforts, brilliant ideas,
severe competitions and sometimes errors.
But allow me to make it short .....
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E-L relation of N.O. experiments
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“ 6,,, Am> | |Atmospheric (SK.etc.), T2K, MINOS, NOVA ... |

) ., Am?
P(v — vy ) ~1-sin*20,.sin* — 2 [,
u u 23 AE
arXiv:1502.01550v1

% T2K
e A SK =
/ \\ ———— MC Unoscillaed Spectrum
= \-‘ ? ——— MC Best Ft Spectrum
= — \ ) [ no e Preticsca
4 >5
- Reconstructed v Energy (GeV)
-
S
- = T S il
N % I =T 1
R i i
s =
% e 53
S === g Reconstructed v Energy (GeV)
= Discovery of N.O. : Nobel prize in 2015 (T.Kajita)
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JHEPO1(2017)087,

0,5, Am§2 Am
P(v, =v,)~1-sin*26,;sin> = "2 L
. 2
sin‘e,,,
0.3 0.4 0.5 0.6 0.7 Normal Hierarchy
3‘2 I LI I LI I LI I»I I‘I .l ‘I 1 I (m3>m2) case
o B NOVA | —eeps
£ 3 720N ? RN\ NuFIT 3.1(2017),
NN H <\ \ nu-fit.
— 28 [ < < ! S ) | www.nu-fit.org,

8]

sin® 26, ~ 1, Am3, ~25x107[eV?]
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2
0,,, Amy,

Borexino, SNO, etc.)

*k Homestake

P(v, = v,;@Amj} )~ 1-sin’ 26,, sin’ i

(1 FWHM Results)

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

Amf2 I

deficit of V flux

(615ton), (1968~)
-

".” :

37Ar production rate (Atoms/day)

l“ | J| JHJMJHL |

37Cl+v, = 37Ar + e
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1995

average

1990

= Nobel prize in 2002 (R.Davis)

17

Am, mass hierarchy (m,>m, or m,<m,)

Genuine N.QO. can not resolve it but

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

08 MSW

0.7

Inverted Hierart

Borexino Detector 0.6 1

05 I

P 04 MSW l\

Ve Ve 0'3 Normal Hierarchy *
02 //
0.1 /
0
0.1 100

/ E ey

my>m, determined
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Flavor Transmutation: | SNO experiment

v +D —v +p+n  NCinteraction: possible to count all flavors

..’:.“ arXiv: ep-ex USU v
T o 6 - Ooe; 68% CL
R E
/ o NC
z g s — 0, 68%,95%,99% CL.
/ v x x . -
/a’,m £ & 4 e e
| 3
; C
ZA 17,80 M OIA, - SNO
g P:f: B0 N O 2__ - ¢§§o68% CL.
| | 68% CL.
' 2 7 r ¢$o
\igsz'z'f b / 1 [ 0es 68% CL.
¥ —
TG, e — - [ o 68%CL.
o—l [N B AN EN A B AN A |
0 05 1 15 25 35
Standard Solar Model o, (x 103cm'2 st

Although ®(v,) < ®(SSM), D(v,)+ (I)(VM ) +®(v,)=D(SSM)

=> Total # of v does not change. v_ changed to other neutrinos.
180213 =» Nobel prize in 2015 (A.McDonald) 19

2
0,,, Amy

KamLAND Reactor Neutrino Oscillation

2
P(Ve — Ve;@Amgl) ~1-sin®20,, sin® %L
4E

Chimney 1 — Calibration Device arXive: 1303 .4667v2

(1 kton)

Containment ‘/‘7 ' g 08~
Vessel = C
(diam. 18 m _8 L
S 06
£ C
! = -
Outer Detector g 041
A 5 5 +
Outer Detector o2
PMT [ — 3.vbestfitoscillaion ~ —e— Data- BG-GeoT,
3] I PP P B DI P PR P
20 30 40 50 6 70 80 S 100
L~180km LJ/E. (km/MeV)

KamLAND: tan’6,, =0436700%, |Am;,|=7.53%13 x107eV?

-0.025°
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2
0,,, Amy

NuFIT 3.1(2017), www.nu-fit.org,

JHEPO01(2017)087,
14 _l 1 1 1 I T 1T 11 I 1 1 1 1 1 | B -
[ .2 GS98 1
i __sm 0,,=0.0219 ___ Acss09 :
= KamLAND- Solar E
B L=~ ] olar BXps.
_ 10 - /, \\ /
N> N X L/:
o 8F
Io oY)
2 - 1 —
N 6~ . KamLAND
< 4B = Reactor Exp.
2 =
0 IR AN SN AN B AN SN AN AN N B A I 9 There iS
0.2 0.25 .0é3 0.35 0.4 Sllght tension
sin 612
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2
0,5, Ams

Reactor-0 , Experiment

0 ,was a key parameter to proceed to CPV measurement.
But it was known small ( sin*26 ;)

=» Reactor measurement of 613

P(V, —=V,;L ~1.5km)~1-sin’26,

Reactors P (Ve — Ve)
iE4 S0\
[« MAN — "0
Near Detector Far Detector
<500m ~1.5km

Two detector concept: Cancel uncertainty of neutrino flux and
detection efficiency by comparing near & far detector
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2.

H Our experiment: Double Chooz ‘l

Most of the ideas of the reactor 6 ,experiment/detector
were proposed first by the DC group members.

== <—outer veto (oV)

S /inner veto

——buffer

stainless steel vessel
holding 390 PMTs

—

—

.
\v—la.rgel (Gd-doped)

gamma catcher

acrylic vessels

fi ';—&sleel shielding
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Double Chooz Oscillation fit result

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

Haw/Near ratio
' —— FD-I/ND Data

1.4 e No oscillation
ND Best fit: sin “20,, = 0.119

1.3 [l Systematic uncertainty
1.2

S 1.1¢f

=

Small deficit—75

0.8}
0.7F Double Chooz Preliminary
0.6 E  Far + Near (362.974 and 257.959 days)
o 5 : | | 1 | 1 1

Tl 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

»

=
W
s 10°. : 1.
: 102
10°

Oscillation analysis result

= N
E H ax?
S = 2
> 0.6 7--2: R ZZ/NDF =234.7/263=0.89
Q
= f uﬂu{ EH3 || g AL
- — Nooscillations
04 -
2 - ras:v‘rmmns
t o
W
1230 days ‘\"1.\ - ool
g 0.0 4o 20y
8 |
‘%ﬂé 0.99 TR Em— sin? 26, = 0.0841£0.0027(star.) £ 0.0019(syst.)
096 ! 1
2 0Py ; +1’l'|l | A, |=[2.50%0.06(stat.) + 0.06(syst.)]x 10 eV
L0 otk ; i 1 i o 3 Multiple analyses yield consistent results.
Prompt energy (MeV) [arXiv:1610.04802]

000 T

+ Far Data

Prediction (best fit)

_ Prediction (no oscillaﬁon)
4 I I

W‘G‘W—F ]

2 3 7 8@

Prompt Energy (MeV)

—

oolc_..—

[=I =1

Quta / Prediction

1802
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Hyunkwan Seo @ 2016.11 NNN16

o Rate+Spectrum
Rate-only

<03
2 C199.7%C.L.
o E95.5% C.L. |
225 B 68.3% C.L.
o
=

L5 RENO 500 days

0 0.05 01 0.15 257
sinzZe13 sz

Rate+shape sin*26,, =0.082+0.009(stat.)£0.006(syst.)

LAInewresults |52] 25 6292 stat) O B(syst) ( 1077

25

There may be a tension between DC and DB, RENO

Cabrera, ERICE2017

LI L I O

;(uncertlim;f: ~3

(!

e

1. DC FD- I&)Bugey4

)—l DC FD-I+FD- II@ND

( u;;::r

ey ~14%)
A(DYB DC) ~20’s (~+45<7)|

§DB

O

0

<

-

P

: i : m

(;uncen:'nty;:;‘-“é) E » E

ki | RENO =

(guncertxnty;:%li %) : ; Z

A Arbitrary SC%P >

o —e i 5 X~

T2K e i <

NovA | ®

+ c — _ n

— . - — m

PPN IR IO [P S PO AP AP X

0 0.05 0.1 0.15 0.2 0.25 Z
sin’20,,

180213
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CP violation §

T2K and NOVA measure

(v —V ), (V —V )
u e u e

Vf{ Vo 7V, P ~ 0.55in22813 —O.O43sin2813s@
Vu/ _____ V VM —V, P, ~0.5sin’ 26, +0.043sin26 sind
P -P .
A, = 44 .(0.3sind
PA + PA
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Earth Matter Effect “

SANFORD LAB
Lead, South Dakota

\/ FERMILAB
Batavia, lllinois

_vi
— v v v
v Ve K - ,7
Wi E lvivl:u ZO E
: d d=
& P - - e u au
(a) (b) ¢ (c)

n, and n, feel different weak potential . .
¢ ¢ changes the coupling sign

Effective Weak Potentiy depending on v or v
n,G

VW = 2\/§Ev ze . 2 . .
¢ my—my || changes sign depending on

the mass hierarchy

Energy dependent




Weak Potential & Oscillation Probability !

After lengthy calculation, main effect of the weak potential on
_ Am§1 I

the oscillation:
sin((1-V,, )®,,) o _
1-V, ’ '4E
Then, the appearance probability with the matter effect is,
0.5sin’ 20, . 0.043sin26,

(1-v,) (=%

L[km] V, (=L %{ The sign of the potential

Z depends on Mass Hierarchy:
T2K/HK 295 +0.055 | |« Normal H.: my > m,

NOVA 810 +0.15 | | * Inverted H.: my < m,
DUNE 1,300 +0.24 | | = Interpretation of data

smP,, —

35ind

P(vM —>ve;@(I>31)~

depends on MH.

T2K Exp erimment K Iwamoto@ICHEP16

Super-Kamiokande

Mt.Noguchi-Goro Dake

2.924m
Mt.lkenoyama

Near Detector |
1,360m \

-
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Nakaya @ 2017.9 Erice

W

Number of events/125

Number of events’100 MeV

y

"°
=3

=
T

Observation at Super-K

Neutrino 1 w-like ring

—4+— Runl Dxta
a In]

10

Number of events/100 MeV

Antineutrino 1 w-like ring

—4— s 70an

T2K Preliminary

3000

1000 000
Reconstructed v energy (MeV)

il

Number of events/123 MeV

500 1000
Reconstrueted v energy (McV)

Neutrino 1e-like ring il Antipeut
Appearance= |

1000

—_

500 1000
Reeonstructed v energy (MeV)

200
Reconstructed v energy

rino 1e-like ring

R T fan
20 pory

3000

Neutrino le-like ring + 7

0
MeV)

-
o
=
v
[ v,
3 o ’
5 —E N
"5 L MIT e TIK 4D
B
E |
Z +
o
% 500 1000

Reconsuucted v energy (MeY)
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Nakaya @ 2017.9 Erice

Fit without the reactor
constraint: closed conto
Ocp at 90% CL

The T2K value for sin?6
consistent with the PDG

urs in

8¢p (Radians)

13 IS
2016

T2K Best Fit:
sin’0,,=0.0277" o (NH)
PDG 2016:
sin’0,;=0.0210+0.0011

improves the constraint
O cp average:

Adding the reactor constraint

8cp (Radians)

on

913 and 5CP

T T - N

c * Bestfit . Inverted - 68CL
2k ~_ Inverted - 90CL

F Reactor - 3

= T2K Preliminary

£ 10 band L ——
oF =
3k L ix107

50
?KRunl-8 ____

: *Bestfit  ____ Inverted - 63CL ]
2 — Inverted - 90CL —
| . E

- With Reactor Constraint

O =
1= T2K Preliminary
o E
3L, T B % (1
15 30 35




NOVA

Filip Jediny @ 2017.3 Moriond

NuMI Off-axis v, Appearance Experiment

» Long-baseline, two-detector
v oscillation experiment

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

2 liquid scintillator detectors
« FD (14 kton), ND (0.3 kton)

« Cooled APD readout (live)

» Appearance & disappearance
* Exotics, non-beam...

owa Fermilab

@ Filip Jediny - NOVA neutrino experiment 7
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Filip Jediny @ 2017.3 Moriond
Vv, appearance results NOVA

* Observe 33 events on a background of 8.2 + 0.8

> 20 ;0A75<CVN<0.é7 0487<CVN<IOA95 0.95<C]IVN<1 ;
| - NH
[~ 6.05x10” POT equiv.| < FD Data
> B — Best Fit R ©
8 19F [l Background - N"'C-’N :
pd : o
» 10| _
| e pestFit 3
a [ AT .
5| ] T 3a 21
B dcp 2
| T T L '_’]
| S
=2 3 2 8- T2 06k d
Reconstructed energy (GeV) F -
« r =
. Nl
» 2 degenerate best fi ts: £ 0%
— NH, 6., = 1.48n D 04)
sinZ0,, = 0.404 033 1
~ NH, 8¢, = 0.74n L E
in20.. = T T ;
sin20,, = 0.623 0 > 8 k-3 2
P
180213 seminar @ LAL 34




What we know now

NuFIT 3.1(2017), www.nu-fit.org, JHEP01(2017)087,

2 2
T P O O P A

N.H. 33.6° 48.7° 8.52° 228°, 7.40x10°eV? 2.515x103eV?

[LH. 33.6° 49.1°, 8.55° 281°, 7.40x107eV? -2.483x1073¢eV?

| NUFIT 3.1 (2017) |

Our Current Knowledge of
Neutrino Transition Amplitude

For Example: If NH and 9, =—7/2
0.82 0.55 -0.09+0.13;

Uy, ~|-036+0.07i 0.65+0.05i 0.67

043+0.08; -0.53+0.05i 0.73
Assumption: m,~0, = m, =8.7meV, m,;=50meV

v, X v oV, X Vv, V. x V.
3.8meV ~25meV ~30meV

vV, X Vv, v, X Vv, v, X V.
~(14-45)meV ~ ~(-4.4-5.1))meV ~21meV

18213 What is X and how this pattern can be explained?? 36




Comparison with quark transition amplitudes
Quark Mass + CKM Mixing Matrix

- .
d' J\HO d' g' )I\ g’ b ,l\HO b
10 MeV 90MeV 4200MeV

d g s dH b s MHY

20MeV (8-14i))MeV 170MeV

v X v V. X vV, V. x V.
3.8meV ~25meV ~30meV

Ve X VM Ve X VT VM X VT
~(14-450)meV ~ ~(-4.4-5.1))meV ~21meV

18213 What is X and how this pattern can be explained?? 37

Future

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

NOVA
Ash River
T2K/HK " p
L~300km ‘\\ Ve,
(N
%
DUNE oD
® e Thomas Patzak Nu2014 '\
..................... .
L=1300)y, —r=rm—————. ‘e
FERMILAB
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. E. O'Sullivan, NuFACT 2017
Hyper Kamiokande:

516kt W.C.

HK

T2K->
*Larger target
*Larger acc. power

Hyper-K detector (Kamioka)

L=295km

I

sin®28,, = 1.0

P(v, —v,)
=]

e OA0.07

E, (GeV)

Ay 24 10° eV Building off the successtul T2K
‘ program, Hyper-K also plans to
measure neutrinos from the J-PARC
neutrino beam

b ,,Jmm’|||||||I|||||||| Data taking expected in 2026

J-PARC neutrino Beam (Tokai)

ouUZ1O STIIIITar W AL
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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 T =N X
piles - - 4287 N

O Facility

Fermilab

 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

\4

(a) (b) (©)

Difference of v, and V, interactions with Earth matter

A, (@@, ) ~=-03sind,, = 2(L/ L) ~—

fake CP asymmetry
/
Likm] | Ap=2(L/L,)
T2K/HK 295 +0.11
NOVA 810 +0.30
DUNE 1,300 23048

. e
The sign depends on mass hierarchy 42




Baseline Dependence of Matter effe

ct

A ~—o.29sin512(LL)

0

T2K/HK MINOS NOvVA DUNE
0.8
0.7 it
' |M
8'2 N e NH
04 | sind = -1 M
A& 03
¢ 02 ]
< 0.1 IM
0 ®sind=0 T~
-0.1 i
8§ & sind=+1
04 IH
ey §in22g,,=0.09 |_|
_0:7 sin?29,;>0.98 |-
-0.8 ‘ ‘ ‘ ‘ ‘ P
0 200 400 600 800 1000 1200 1400
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H HK only case ‘|
T2K/HK MINOS NOVA DUNE
0.8
0.7 et
0.6 A NH
0.5 sind=-1 M
04 ==
~ 03
<U ?).% { -
Sind=0 .0 '\\ ¥ NFI }
V.1
02 |
-0.3 ®sind=+1
04 IH
-0.5
-0.6
-0.7 | sind=-1, sin’2q,;>0.98
08 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 200 400 600 800 1000 1200 1400
L(km)

If M.H. is not known, there are two solutions.

44

sind=0 can not be confirmed. =» M.H. is necessary.




H DUNE only case ‘|

T2K/HK MINOS NOVA DUNE
0.8
07 e
05 "Sin6=—1'M{""—HW i NH
b L (E
A 0. 4
< 0 - —
0§ sind=0 LN —
-0.1 == M~
-0.2 6/1 Unphysical
-0.3 SIno =+ .
- g g Region
0.6 — IH
-g.g 1l sin?2q,,>0.98 —~——_
"0 200 400 600 800 1000 1200 1400
L(km)
This case, M.H. is determined to be N.H.
But measurement is somewhat model dependent. 45
|HK+DUNE
T2K/HK MINOS NOvA DUNE
0.8
0.5
0.4 NH
5 031
< 01
sind=0 0
-0.1
-0.2
0.3
0.4
-0.5
-0.6
-g.g 1l sin?2q,,>0.98
"0 200 400 600 800 1000 1200 1400
L(km)

* Matter effect independent measurement is possible.

> 4 O%ood to have both experiments.
180213 seminar @ LAL
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J.P.O Ricoux, NuFact2017

H Am’, mass hierarchy: ‘l 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:

x10°

B thlmaI baseline E 0.14 - Ue sp;ctrum ;lt JUNO, L = 52.5 kmA

- High statistics Gonf ‘:";"S“' E
& --1-P,, 0sC.

- Superb energy resolution di M0 —PuforNO

0.08 =
(3°/o @1 MeV) ol P, for 10

- Excellent control of energy 004 | ;

response systematics 0.2 f}

- Background reduction S ™
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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 174GW 17.4GW 17.4GW

Overburden ~ 700 m

M by 2020: 26.6 GW

a Detector structure and layout
_ Flectronics Filling + Overflow
Calibration
e 0
L. Top Tracker o 3
Kaiping,
Jiangmen city,
- g Central detect:
Guangdong Province Acrylic spherer
20kt Liquid Scint+ =
~18000 20" PMT+ it AS: ID35.4m 44m
~36000 3” small PMT
—— SSLS: ID40.1m
- =

Water Cherenkov
~2000 20" PMT

NPP

Yangiféng
NPP

o
13
AS: Acrylic sphere; SSLS: stainless steel lattice shell D43.5m KamLAND is

Filling and data taking 2020 this size




Summary. Part-I

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

122 7232 713

Am;,, |Am3,, |Am;,| have been measured.

* Decisive measurements of 3, 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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Part-11

Other Quantum Oscillations:
= 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.
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Cabbibo angle BC
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Neutrino Oscillation case

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

v,) é ‘V“> v,) % v,) ‘Vu> é ‘Vu>
T, u, w,
Mixing
Triangle: Vv, = (cos 0, | ve> —sinf ‘ vu>)exp[—imlt]
Mass eigenstate:
v, = (sin@vyve> + cos6v|vu>)exp[—im2t]
1:\/
Masses: 1, =W F 0,
w,—u,
g R (R
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Quark case

(ve,vu) —(d"s")

Higgs potential (H’) changes d' to s' and gives self-transition

@y ey ey gy 1) B )
2 |s") 2 2
tq Md Ms
Mixing
Triangle: d= (cos 6C| d') - sin8C|s’>)exp[—imdt]

Mass eigenstate:

s = (sin6C| d'>+cos@c|s'>)exp[—imst]

T
q

Masses:

Ms_ud
2

180213

This is the
Cabbibo angle

q

seminar @ LAL

My = Mq T (Dq
LW, _1\/ 2
- 2 7 (Dq _5 (Ms _u’d) +4Tq
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Important Difference

neutrino and quark oscillations are two extreme cases of

the uncertainty principle.

P[¢] =sin20sin? Ait

Oscillation length for 1GeV particl

KV~106m
A ~10"m

\

'V: Measurement of the flavor
evolution pattern possible but
it is impossible to distinguish
v, and V,by measuring masses

q: It is possible to distinguish

d and s by their masses but

the oscillation is too quick to
observe the evolution of ' and s'

180213

seminar @ LAL
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Chirality Oscillation

A problem:

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

+ - * + -
e +e” =y U +Uy

EM Les vV, +V,
Weak

But why this M;% can decay weakly?
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Chirality Oscillation & Muon Decay

Definition of Chirality State:

fw Clay(u) u+v 1 (1 _UHY) oy

o2 ) 22l 2
1-v(u) u-v 1 [ 1) u-v

= = —| . |= L)
R O RN AN -1) N
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Muon satisfies the Dirac equation
d .
Ewu N _lmuYOwu
Wave function can be expressed in chirality basis
d : :
Ew” = CR|“R>+CL|“L>
The right-hand side of the Dirac equation is expressed as
Yowu =( _uv )= CL|“'R>+CR|ML>

Therefore, the Dirac equation can be expressed as

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

or,
ii C, _ 0 " ¢ € The Dirac equation is actually
dt C, m, 0 C, chirality swapping equation -
d| C, B 0 m, C,
ldt Cy - m, 0 Cep
0
) % o) 1) 2 W) ) ® 1)
", 0 0

r 1 )
wlE>0]= T(|ML>+|MR>)eXp[—zth]
mass eigenstates: | 2

1 :
xu[E <0]= ﬁ(|uL>—|uR>)eXp[+1th]

W, <= WU, oscillation is taking place
)
P[MR < ML] =sin" mt

Muon decays weakly while it is in U, state
180213 seminar @ LAL 58




The weak decay effect can be included by putting
imaginary amplitude to the W, self transition

H’ W . R |Ue)
u, ) 2 ) |wy) 2 ) Jwe) 2 "

m i
u i ~ 0
. =i’ m C
State equation: ;| - |= g ¢ = 1 3107V < m
C, m, 0 C, T, "

The solution for the condition ll)[o] = ‘ MR> is,
.. r
y[r]~ (cos[mut]| Wg)—i sm[muz‘]|ML>)eXp[—Et]

e 2
u, /|1p[t]| ~exp[-Tt]
w, F Uv

A AAVALY
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Weinberg Angle 6
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The Lagrangian for the interaction of the gauge boson
and Higgs fields is written as,

Ul G SU(3)G£{iggs
1, Lo 2 ssp
Log. =7 |(B"+g(W*- )8 =

(vo + h)? 2 +12 -2 '2 2 2 2 , '
T(g (IWTI"+|W™") + (g°W3 + g~ B~ — gg (WsB + BW3)))

|
v,

Euler-Lagrange equation d” ( B v -¢” &g
=> State equation, ar’*\w,) 4

Neut‘ral component

!

gg -g

This 274 differential equation can be rewritten
by 2 times of the 1% differential equation:

ii( B ) i VO glz _gg, ( B ]
dt {/V3 o) gz +g'2 —gg' gz VV3 N

180213 seminar @ L

Oscillation View of Gauge Bosons
HO
Y X ¢

-8 X —=— —— P ey
N S e

0 0
B W, p H p W_,,HW3

Y, =(BcosH,, -W,sin, Jexpl-ix0xt] = A

Mass eigenstate {Wz _ (BsinOW + W, cos Bw)exp[—iMZt] = Z°

Yol8 48" MZ=VEO g +g"”, M,=0
* _ V88’ 2¢g8 g
Ny tan20,, = P or tanf, = g
In A and Z°, B and W, are oscillating very quickly.

P[B = W3] =sin’ 28W sin® B Mt .




K" < K° Oscillation and CP non-conservation:

A case of imaginary cross transition amplitude

180213

seminar @ LAL
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J ’Via‘uct‘Viz . s ‘Vlsuct_Vigr J
5 = d ] ————2 s
Visuct Vid Vig u ct Vi
(a) K’ —K’ (b) K? —K?
M(K°—>K0)=g§‘,( V., I:HK(mi))z=Aexp[+i(x]
Transition amplitudes e i
includes imaginary M (k" —&°)- gé‘v( PRAA (mi)) = Aexp[-io]
number e K
MK —K")=gy| ¥ VY., (m) =A
 gF F pe xge
Ae+i(x Ae—i(x A




d (K’ A | e |(K°

: . I—|— | = -

State equation: dr| 29 e 20
On the other hand, CP eigenstates are
0
(Kcm):L( 1 -1 ) K
K., 201 1 K°

K’ -K° K'+K°
(CPKCP+ = _T =Kep,» CPKgp =- \/5 = KCP)

The state equation in CP basis:

(KCP+ )
KCP—
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dit\Kp. isino 2cos’[a/2]

d (KCP+) A[ 2sin’[a/2]  -isina
i _

Transitions between CP eigenstates

Kep. V®V2 Kep, Kep. Véz Kep.  Kep, é’z Kep,

—iAsina. 2 Acos[0/2] 2 4sin’[0/2]
Mass Y, =(cos[a/2] Ky, —isin[0/2] K, )exp[-iM ]
eigenstate |, =(-isin[a/2] K, +cos[a/2]K,_)exp[-i(M, +2A)t]
K p, < K ,_ oscillation takes place
A : P[K =K ]=sin2ocsin2 At
Asmmo CP+ CP-
o w=24~1/10ns
= CPV effect can be explained by

Acosa oscillation of CP eigenstate.
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The oscillation and mixing view is useful to
understand abstract properties concretely

* Parity
* C-Parity
* Isospin
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What is parity? (Feynman's explanation)

An Hydrogen ion H,* has two basis states: ) ;and ) I

e- p D o- e- o
® o ® 0
tunnelin

¢ O b, = by
¢1 (P, ¢11 ¢11 ¢1 ¢11
) ) )
M M A
@, = (9, +)e
=» The energy eigenstates < :
_ b _ —i(M-A)t
\(D- - \/5 (¢I ¢II )6

180213 (l)] and ¢, are oscillating 68




c- e-
o ||o (o

9, =UJ(F)

b, =9, (_’7)

Actually, ¢ ,; is a mirror image of ¢ /

CI>+(?)=%(¢, (7)+ 9, (=F))expl=i (M + A)r]

Therefore, the energy
eigenstates are

o_(7) =%(¢,(?)—¢,(—7))exp[—i(M - A)]
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| +

I+

e_
o|[Cor) o

¢,

o (o) /o

If parity of the mass eigenstates is reversed
Parity = + structure

o, (_7)=L2(¢—,(_f)+¢,(7) exp[~i(M +A)t] =+, (7)

d_(-F)= —2(¢, (-7)-9¢, (F)Bp[—i(M —A)t]=-D_(F)

Parity =- structure

=> Energy eigenstates have fixed parities.
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Isospin

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

g N2
u d u 8
— I I O(uu-
d / 7t (ud) 1 d Azf—n (uu dc'z')/\zZ
§ -g/V2
|ud) | du) |ud) |ud)
~® ~®
g? -g%/2
u g/\/f ‘}1 —g/\/i \51
0( /71 (1
" 42'/11: (uu-dd)/ u2 4&7( (uu-dd)/ dz
g/\2 -g/\2
) ) Jday _ad)
&
2 g2
8
180213 71
seminar @ LAL
State equation
) 0 0 0
Cu &/ . . Cu € This is the same
4l Ca | 0 -8 2 s 0 Cu | form as spin dipole
dt| C, 0 g -g/2 0 C. | moment interaction
Cu 0 0 0 g /2 |\ Cu (cf. 21cm line)
Mass eigenstates Analogy to the
Y, —|uu>exp[—z M +;g2)t] ] Spin combination B =) =luw)l s)
W, —|dd>exp[—z M + ;g2)t] L 3 same mass - =) =ldd)ls)
State: |20> |ud>+|du>| >
P, = |ud>+|du> [—Z(M oL z)t] I=1
N NG eXp 0o*t3 ) =] state -
lud) -|du) . 3, : . _
y =2 7 - exp[—l(Mo—Eg )z]\_) singlet state: IA) = \ud) |du>|s>

I=0
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There are a lot more interesting oscillations and mixings . . .

| Name || Origin | Transition I Energy eigenstate ll
Neutrino Oscillation X [Ve) © [Vu) & |V1) Vi, V2, V3
Cabbibo Angle Higgs |d") < |s") d,s
Chirality Osc. Higgs |L) < |R) |R) +=|L)
Majorana Neutrino X [ve) € |[Vg) [ve) £[Vg)
Seesaw Mechanism X [Vk) € VL), VL) € |[Vr) ||V =|VL) —[VR), N=|vg)+|VL)
Weinberg angle Higgs W< B y, Z°
Hydrogen 2l emine_|| i, -fe | [P(e(¥)) = [p(We() ) £ UM
n+ —p* mass difference|| Strong M) < ) nt, pt
CPV Weak ch+ = ch_ K 1, Kz
Hydrogen Ion (Hy) ||tunneling) [(pe”)p) < |p(e”p)) |(pe”)p) = |p(e”p))
Positronium EM lete™) < |e”e™) 0-Ps, p-Ps
Isospin S ||ud) & |du), |um) < |dd) (A, X), (p,o)
Baryon Color Strong |RGB) < |GRB) |RGB) — |RBG) + |BRG) — - --
p?, , ¢ structure Strong |utt) & |dd) & |s5) p% w0
Spin precession in B iB 1) < [4) Mo
Deuteron S lpn) < |np) (Ipn) —|np)) [fH1))
sp> hybrid orbit EM Va5 < Yop, Vo5 £ Yop, £ Yop, £ Yop,
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Summary: Part-11

* 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 to students.
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