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A two-state problem
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Quantum mechanics of a two-state system

» Schroedinger’s cat (an illustration):
Observation — Alive(undecayed) or Dead

O : |A) or |D)

« Hamiltonian: energy operator of the system
d
|V (#) = HIp (D)

* Non-simultaneous observables: [H, O] # 0

* If H|A) = Ey1|A) + Ey9|D)
H|D) = Eo1|A) + Ex|D)

Alive or Dead at t? |V 4(0)) =1A) = |Yalt)) ="
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Superposition of A & D: to be or not to be?

|E1) = cglA) — sy|D)

Lle( )) = E12|110(t)) = \77@1,2(?5)) — eiEl’Qi\El,ﬁ

* The poor cat state after some time:
[P a(t)) = ePrley| By) + eF2lsg| Bo)
= (e"™2! — €1t sgcg| D) + - - - | A)
* Probability to be found dead at t:
Pap(t) = [(Dla)|* = sin*(20) sin*(S5)
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Weak interaction &
neutrino oscillation
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From beta decay to two neutrinos

Wolfgang Pauli (1930) :
“The unseen little neutral one”
in —decay

N

A% o AT L

Enrico Fermi (1933) :
Theory of Weak Interaction

Gp~4x107%3em?

Cowan & Reines (1957) :

“observed” neutrinos

Electron
neutrino

—> Nobel prize 1995

2016-12-17 Winter Camp

]

€

Lederman, Schwartz & Steinberger
(1961) :
“another type” of neutrinos

—+

/'#/
P
Muon \m

neutrino

= Nobel prize 1988

Ve ?’é I/,Us Vi

1

Two flavor/generation/family
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Weak interaction & Higgs mechanism

Enrico Fermi (1933) :
Theory of Weak Interaction

Gp ~4 x1073em?

P

‘Charged Current”

Gr

_ g . _ .
22 m% . V202
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A MODEL OF LEPTONS*

Steven Weinbergt
Laboratory for Nuclear Science and Physics Department,
Massachusetts Institute of Technology, Cambridge, Massachusetts

"‘Nerdeepretciltetindober 1967)

Discovery of
W and Z - 1983

In 1983 the direct abzervation of twa new
particles, the W and £, was announced.
These particles had been predicted by
theary and their discovery was the result
of a huge effort from the accelerator (the
SPS) and the detectors (UA1 and UA2)

Higgs mechanism

<HO> _ Eg




Standard Model

three lepton families

force quanta Q
a Ve Vy Vs
i oA
ba== 0 Y e ,la T
W+, Z 2
Ga o three quark families
§ U C 4
bl d S b
0 / \ 2 ? ?
80,000 Masses 0.5 107 1,780
0 (MeV) 2 1300 4,300

mf:yf<HO> 5 170 174,000
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Neutrino Oscillation

A Quantum Mechanical effect occurring when
interaction eigenstates are different from mass eigenstates

: Ve \ [ cosf sinf Vq
Two neutrinos v, )\ —sinf cosé Vo
Mee My, T mA
(m,( u My ) = Us ( 0 mo ) Us
T DA/\/\MNWMD”” .
w* w*

p B mpi~ Bt~ L p

’Z

Production Ei=\/p; +m; = Detection
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Two Neutrino Oscillation Probability

2

. om.
BZ(E@‘t—pZ‘L) ~ 6ZﬁL
_m%L _m%L
lve(L)) = €' 2E cosfO|vy) + e 2F sinf|vo)
.Amgl _Am%lL
(vuplve(L)) = sinfcosfle’ 4 —e ' 4E ]
1 i r

0.8
oo _Am3(eV?)L(km) 0.57
— _2‘) 2 7 21 ]
P, = sin” 260 sin (1._; E(GoV) ) L
0.2

R [

3 2 1 o0 1

log(1.27TAm2L/E)
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Three Neutrino Oscillation

‘I/(:> — ("r(:l‘yl> _l_ L‘i:E ‘V2> + ("r(:.'ﬁ‘V3>
‘I/‘H.> — ("r;:l‘yl> + ("TJ;;Q‘V2> + ("r;;.'ﬁ‘]y3>
v1) + Uralva) + Usrslys)

Vr > = Un

~
—

|
Y

0 1 0 —%,5  COys ) €
—s5,,¢ % 0 cgy, 0 0 1 0 0 g3

reactor Majorana

e Three mass eigenvalues: 1111, 119, 113 = Two mass* differences

Am3, = mi —m? (atmospheric), Am3, = m5 — m?3 (solar)

)
0 Moz Chaz

1 0 0) co.. 0 ,.¢°\/co, . O\/1 0 0
0

[ atmospheric

e Three mixing angles and three phases: 6’12? 6’2:_;;? 191:__'»;; () (;52: (,;.-5:_;;
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Oscillation probability: general formula

i DA/\/\MNWOQUD”“E:
P P

Production =\/p; +mi = E+ 5% m Detection

Agy = A(ve— ) = Z Uei€ i_ ;i

2 * * . 2 2 L
Pap = |4ap| = 8ap = 4 ) R(UaUpclajUy) sin? | bl

i>)

—2 z I(U,;Up;UqjUg;) sin (ZAmU 17

> (homework)
i>j
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Neutrino oscillation> mass & mixing

* If massless (m; = 0), Pyp = 4p.
o If no mixing (U =1), Pyg = 8yp.
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Anti-neutrino oscillation

L
= |A(V, —>vﬁ)| = Sap — 429%(UmUﬁan]Uﬁ])sm (Amu 4E>

i>j

+2 Z i‘s’(Um-UﬁanjUﬁj) sin <2Amu E)

i>)

Complex U

L
Pap — Pgp _42‘5(U061U31U“1 Ug;) sin <2Amlf E) 70 > CP violation
i>)
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Three neutrino oscillation

. L

Pa,B/c_x[_? — 561,8 _ 4m(Ua3 U,BS Uaz U,BZ) <Am§2 E)
. L

_49%((/“3 Umumuﬁl) (Am§1 E)

. L
—4R (U UgaUa1 Uﬁl) (Am%1 E)

— ) 2 L . 2 L . 2 L
+2 ] | sin ZAm32E + sin 2Am13E + sin 2Am21E

where | = J(Upzs UpsUn2Us,) = —S(Upz UgsUg1Upy ) = I(Uaz UgaUpgr Upy)

Jarlskog Invariant — measure of CPV (homework)
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Three neutrino oscillation

o For |Am3,| = |Am3,| » Am3,

2 % 7% : :
Py~ 4|UgsUys|” sin?(8,) — 4R(Ue1Ug, U1 Uy ) sin®(Ag) — 2] sin(24s)
Fer = 4|U63U’c3|§ sin®(A,) — 4R(Ue1Ug, U7 Usry) sin®(Ag) + 2 sin(24g)
P~ 4|U3U 3| sin?(A,) — 4R(U,1 U}, Uz, Uy, ) sin®(Ag) — 2] sin(2Ag)
L

— (homework)
4F

where Ay = Amﬁlﬁ & As = Am3,
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What we know now

Parameter best-fit 3o
Am3; [107° eV 2] 7.37 6.93 — 7.97
(Am?| [1073 eV 2] 2.50 (2.46) 2.37 — 2.63 (2.33 — 2.60)
sin? 619 0.207 0.250 — 0.354
sin? fos, Am? > 0 0.437 0.379 — 0.616
sin? 63, Am? < 0 0.569 0.383 — 0.637
sin 013, Am? > 0 0.0214 0.0185 — 0.0246
sin? 013, Am? < 0 0.0218 0.0186 — 0.0248
o/ 1.35 (1.32) (0.92 — 1.99)

((0.83 — 1.99))
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Three observed oscillations

e For reactor neutrinos, v, - v

W

Am2. L 107 3eV2 1km
A= 31 ~ ~ 1 A
AT 4E 10~3GeV > Bs

Pe yir = 4Ues|? (1 — |Ugs|?) sin?(A, ) = sin®(26,3) sin?(4, )
» For atmospheric neutrinos, v, - v,

A — Am3, L 10~3eV? 10*km 1> A
4 7 4E 10 GeV S

2 | . .
P = 4|Uyus|” U3l sin?(A, ) = cos*(0:13)sin?(26;3) sin?(4A, )
» For Solar neutrinos, v, - v, ;

Amy, L 10"%eVZ 10'1km e
A, = Amal )
S AE 103 CoV > flavor transition in matter (MSW effect)
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Unknown neutrino mass hierarchy

Vel g7 Vil
hi[]:”_'."_} -.-in‘j:-']:
ol | o ‘I .
st 3 Ay
_\m;‘rm ]_ -
'.-émll"'u 2
Lo || - 1 At
Mgl ~'l|13”3_:
d 0 | | I
2 ‘.‘1'I|'|1f-'-|_‘. 2
Normal hierarchy Inverted hierarchy Quasi Degenerate
0.05 eV - Am2, >0 0.05eV my, my
_ mi1 =< m-o~m
0.008 eV Mo .Ar' ?'?-%1 < U 1 2 3
o ' - ~ 0.05 - 0.3eV
mq s
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LBL experiments

e A=Am2 L/4AE | L ~10%m

e qualitative understanding = expand in & = Am2, /Am?, and sin® 26,5
o matter effects A = A/Am3, =2VE/Am3; V = vV2Gen.

P(v, — vy)

P(ve = v,,)

2016-12-17 Winter Camp

1 — cos? 0y35in2 2025 5in° A + 2 o cos® 03 cos? 015 sin? 2053 cos A

sin?((1- A)A)
(1- 4)?

sin? 26,5 sin? fog

sin dcp asin 26012 cos f13sin 2013 sin 2093 sin(A)

cos dcpa sin 2012 cos f13sin 2601 3 sin 2023 cos(A) —

sin2(AA)

9 .
o sin? 26015 cos? O3 12

"Neutrino Oscillation"
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Majorana (v = v¢)or Dirac (v # v©)?

Neutrinoless (33 Decay
Ov mode, enabled So lei d |
by Majorana mass 2v mode by?l:ienl];% el'm:rde:,cl 1 :‘ Y
P P P P T°As
76Ge
o-o-
76
Se 2+
O+
Half life =~ 102! yr
Measured N 2 1
o, (M) = 20iUei|"m;| | €
quantity: (e = 2| 2v Ov
2
. .- . : c %) -~
Majorana: v=v Dirac w%v T M rig e =
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Majorana mass and beta decays

1/2
P22 2 2 92, 2 2 2 2 91/
Mg = (Z |Ue] -m.f-) = (913 M + S19Cla My + S13m3)'", | B decay

t

)
Msg = ‘Z Uz m;

3 ¢ ; ) i cho 92 R g 610 .
= |claCls M + siaCiymo €% + sfymg e'®?| .| OVBP decay

mg < 2.05 — 2.3eV < Troitsk, Mainz
< 0.2eV < KATRIN

Degenerate mass: mg = mg < 2.0 (0.2)eV

0.056 (0.095) eV < > m; <6 eV
4 ; 4
I

I
{ A2
LAY 3?713

|T ”‘_.56‘ < (0.44 —0.62) hy eV
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Onbb limits

10: 1 I+IIIII| P rrrm LI LRLLL I IIIII
[ Heidelberg-Moscow
[ CUORE A
1
07 yoox i E
— C ]
> - GENIUS 4 .
9 L Boqu i
- 10F
V] =
L

Im

10

degeneraté]

m, eV}

Normal hierarchy
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.
1 IIIIIII| 1 IIIIIII| L T TTTTLE

[TGG?.]

Heidelberg-Moscow

CUORE {LmTe} Jr

: —eee 3
B Inverted — hest fit Almost
B hierarchy degenerate
1[]-3 covl vl vl i
10" 1’ 1* 10" 10’
m, [eV)

Inverted hierarchy
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Origin of tiny neutrino mass?

e Introduce a SM-charge neutral fermion N to form a mass
matrix with the SM neutrino v :
®

(v, N) (ve Vi) °
(my W)= (3 0) S

mp M

0 M mp =Yy V
e If M =0, m, =mp~0.1eV ¥y ~1071%  (Dirac)
e If mp~100 GeV, M~101* GeV » m,~0.1eV  y, ~1 (Majorana)
f M~100 GeV, mp~10~* GeV » m,~0.1eV ~ , ~10-¢
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Conclusion

 Oscillation — a novel quantum phenomenon.

« Nature iIs kind enough to exhibit observable neutrino
oscillation phenomena and thus let us know the existence of
neutrino masses and mixing.

« Our task is to find out the origin of tiny neutrino masses.
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