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'fOr upptackten av neutrinooscillationer, som visar att neutriner har massa”
he discovery of neutrino oscillations, which shows that neutrinos have mass




up charm 'lj'lclggﬁ L

" =4 8 Mewic® =05 Me\We? - &' _';\" ;
N |13 -3 -3 Ew,
X JE YR
8 down strange bottom F. Englert P. Higgs

0.511 Merc? 105.7 MeWVice 1.777 Gevic 91.2 Gew/c: E E ie EED a: ﬁ “J IE ﬁg m *ﬁ? Eéi

@ .® . @® | @ . 28 , FHEITATLASHICMSEIRhE

Iz MiZIBEiCF= g9Eras oy TET
electron muon tau Z boson 8 i’u..l,(ﬂ'lﬁiA:u Hj?ﬁﬂjga:*u;?ﬁlm;g

vy | SZ2evie =017 MeVic? =15.5 Mavic 80.4 Gew/c 8 *\j?% ﬂ*ﬁ:}ﬁﬁﬁg%ﬁﬁﬁﬁiﬁgﬁ, EE
=TI Do ° Vu ; Do = L MEBEEE/ERRAIIRIEIE , JLFE
0 112 AfZ A2 1 . u - *, E !
E electron muon tau ' — 83 A LIRSS |
L neutrino neutrino neutrino wd FEEE g ShEREIFiIRS

19565F , MR/ FPHHF [Reines, 199553R32]

iE—a341

1962 , ZEIlmuonfAf+ [Lederman/Schwartz/Steinberg, 1988£E3%X3iZ]

1968£F , I AKPHAEMZREFERIBFHHIF [Davis, 20025F3x32]

1987 , BMEBFAESN1987 AR EZ~=ERIAPN= [Koshiba, 200253%32]

1998£F , EMASHHNTFIRS [Kajita, 20155F3K3L]
20025 , ZMAKPARGFIRS [McDonald, 201583%32]

< 8§ 0O« I '1Emx |




mic v background

Solar v's

Supernova rglic v background

102}k Atmospheric v's

L v’s from
10°°r Il observed

10%r [l expected

10°° 103 1 10° 10° 10° 10
peV meV eV keV MeV GeV TeV PeV EeV
Neutrino energy




Part I:
RAFRIELH S &N




19304F: EFIIPHFRIZ

NGE) 19144
BfER=
E ZIME
E =TFHS
3 mFiESE B
L4 ﬁgi% r 5 James Chadwick
£ 3 - —F=T (1891-1974)
max Sz Nobel Prize
? Beta (Electron) Energy SIEATT
1930£F ,
EFERE
: BFIZE
=F=ERE
Vv INELEIbE
Niel Bh Wolfg;ng Pauli A1/249
iels Bohr B et
(1885-1962) (1900‘19_58) ¥|(:|:th§1 Enrico Fermi
Nobel Prize Nobel Prize “Neutron” (E. Ferra, (1901-1954)
1922 1945 —5—L (1930) 1933) Nobel Prize

1938

BEEATIE ? FEMRTF ? RNFREESEENREFXEE
M 6
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Neutron Beta Decay

n / Antineutrino

>@°¢

\ Electron

Basis of Fermi’s Theory

4 Pauli’s hypothesis:
existence of neutrino

4 Dirac-Jordan-Klein’s theory:

creation of particles

¢ Heisenberg's idea: neutron
and proton as two states of

Basic Current-Current Interaction

Lepton current
(electron/neutrino)

Nucleon current
P (neutron/proton) n

nucleon

Fermi was fully aware of the importance
of his accomplishment and said that he
will be remembered for this paper...

--- E. Segre, in “"Enrico Fermi, Physicist”

Enrico Fermi

Fermi’s paper on B decays (2 months)

& Letter submitted to Nature

Editor: speculations too remote from physical
reality

€ Published in 1933 in La Ricerca Scientifica in
Italian

4 Another one published in 1934 in Z. Phys. in
German

€ Translated into English in Am. J. Phys. in
1968
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e~ Bethe & Peierls (1934)
V. +p—>n+e" Crosssection o <10™ cm?

“It is therefore absolutely impossible to observe the
processes of this kind with the neutrinos created in
nuclear transformations.”

The combination of four protons and two
electrons can occur essentially only in two ways.
The first mechanism starts with the combination
of two protons to form a deuteron with positron
emission, viz.

H+4+H=D+ ¢ (1)

The deuteron is then transformed into He* by
further capture of protons; these captures occur
very rapidly compared with process (1). The
second mechanism uses carbon and nitrogen as
catalysts, according to the chain reaction

CE4H=NB+4+, NB=CB4 ¢+
CB+H=Nt+o,
N4+ H =014+, Q6= N154 ¢+ (2)

N5+ H =4 Het.

Hans A. Bethe 19394, ISTEXRIHASMEERT
(1906—2005) REEBEXEPRZEE T PRHF

Nobel Prize 1967




1941£E: A Suggestion by Kan Chang Wang

{'E)I.k . A Suggestion on the Detection of the Neutrino
* KaAN CHANG WANG
. Depariment of Physics, National University of Chekiang Tsunyi,
&1 "Betl] 'LIRFIXEE, H Kuweichow. China
HEPHFRENTNRSR '

I hEhEE for all atoms, since no continuous B-rays are emitted. We
- take for example the element Be? which decays in 43 days
with K capture in two different processes:?

Be’+ex—Li"+9+4 (1 Mev)

and
Be?+ex—(Li")* 47+ (0.55 Mev),
(Li")*Li"4+hv+40.45 Mev.

The first process is relatively large, about 10 to 1 in com-
parison with the second process. The recoil energy of the

— first process is, by assuming the mass of neutrino to be

AN — zero, about 77 e\mm
1Mz “one-third of that amount. This recoil energy would have to
(1907'1998) be detected and measured in some way, and a correction

would have to be made for the disturbances due to the

Phys. Rev. 61 (1941) 97 v-rays and the soft x-rays (originating from the replace-
ment of the K electrons by outer electrons). The recoil

s § 00O i 1'E»x |
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685148 , 05
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?MZ:

FRANK CLOSE

MiFEIZE “Well, you shouldn't

NEE | EEEImNFHERE= believe everything you read in
19349 ERIR “there is no the papers.”

practically possible way of
observing the neutrino.”

19625 : ZIMmuondhfiF
:‘f‘:: ‘: ' » Ji.el:. &:l Tons of steel IT’lsllark Chamberl

: FaHR: N ErPRFeSEFImuon—i=4E
Leon Lederman Melvin Schwartz Jack Steinberg  £m16: IRzt EE muonii , FRLAVEBBY,, #+ v,

2000£F, EEZEKRCISZAIDONUTELISERINSE =Fhchis—F!
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Brief History of v Oscillation: Part A

» 1957: Pontecorvo proposed Neutrino Oscillations in analogy with
K° = KO oscillations (Gell-Mann and Pais, 1955) — v S

» In 1957 only one neutrino type v = v, was known! The possible
existence of v, was discussed by several authors. Maybe the first have
been Sakata and Inoue in 1946 and Konopinski and Mahmoud in 1953.
Maybe Pontecorvo did not know. He discussed the possibility to
distinguish v, from v, in 1959. Lee & Yang (1960)

» 1962: Maki, Nakagava, Sakata proposed a model with v, and v, and
Neutrino Mixing:
“weak neutrinos are not stable due to the occurrence of a virtual trans-
mutation ve = v, "

1962: Lederman, Schwartz and Steinberger discover v,

1967: Pontecorvo: intuitive v = v, oscillations with maximal mixing.
Applications to reactor and solar neutrinos (“prediction” of the solar
neutrino problem).

» 1969: Gribov and Pontecorvo: v, — v, mixing and oscillations. But no
clear derivation of oscillations with a factor of 2 mistake in the phase

(misirint? i
M 12

vy



Brief History of v Oscillation: Part B

» 1975-76: Start of the “Modern Era” of Neutrino Oscillations with a
general theory of neutrino mixing and a rigorous derivation of the
oscillation probability by Eliezer and Swift, Fritzsch and Minkowski, and
Bilenky and Pontecorvo. [Bilenky, Pontecorvo, Phys. Rep. (1978) 225]

» 1978: Wolfenstein discovers the effect on neutrino oscillations of the
matter potential (“Matter Effect”)

» 1985: Mikheev and Smirnov discover the resonant amplification of solar
ve — v, oscillations due to the Matter Effect (“MSW Effect”)

» 1998: the Super-Kamiokande experiment observed in a
model-independent way the Vacuum Oscillations of atmospheric
neutrinos (v, — v).

» 2002: the SNO experiment observed in a model-independent way the

flavor transitions of solar neutrinos (ve — v, +), mainly due to
adiabatic MSW tranSitionS. [see: Smirnov, arXiv:1609.02386]

» 2015: Takaaki Kajita (Super-Kamiokande) and Arthur B. McDonald
(SNO) received the Physics Nobel Prize “for the discovery of neutrino
oscillations, which shows that neutrinos have mass’.

- ekE® 5§ 000 O i 1'E»x |
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AAGIFY1I8: standard (minimal) NP framework

M
Nobs = /]?(E;,)J(Em...)e(E;,}...)dEyd... !

N, : number of neutrino events recorded x P 9
F . Flux of neutrinos (#/cm?/s) (VB V )

o : mneutrino cross section per nucleon =~ 0.7——= [ G V] x 10~ *cm?
¢ : detection efficiency
typical “super- M - total detector mass typical accelerator
beam” flux at A . effective atomic number of detector up time in one
1000 km year
mpy : nucleon mass
\ T : exposure time !
1 E M
—38 v 2 AP - T
Nops = 0.7 x 10 el [1 GeV 2% 10" s
o ngs Gev " <1 | 20 - 1.67 x 10—27 kg | |

> SEARIPRRFR: KB, XK. R, MNiE=s
> EEAMPHTREEE: ~E (L0 - o

> Eﬂg*ﬂg;*m Jnn;&%*I]iE,ﬁ % obs = [GeV] f ke need dg:cfc;lrmabbe: ofﬁ;O kg=1 kyfom totgj?‘i;]‘the gurlne'
> Eﬂg*ﬂgﬁ ﬂ‘_?iﬂjlﬂj T ?Iarenge 0 [Ne experimentalls .‘max:mfze

efficiency and detector mass while

> ;,E 'ﬁ{; ﬂc{ .L% - E , L work at high energies if you can minimizing cost

push this as high as you can

et § O i 1'E»x |




V Masses.

versus

—

o
[=]
=

m [eV]

Two possibilities to
define neutrino mass:

> Dirac mass

Left & right
| handed v’s

Lepton
number
conservation

> Majorana mass

Only left
handed v’s

Lepton
' number
violation




V Masses.

versus

15t Generation

2"d Generation

3'd Generation

up\ Ugr CL\ CR tr\ tr

ks:
Quarks (dt> dr (SL) SR <bL) br
Leptons: (VEL> VeR (%L) YuR (VTL) VTR
€L €R HL UR TL TR

Standard Model extension: vg = Dirac mass Lagrangian

Lo~ yL Ovg

Zp ~ mMpULVR

Symmetry

Breaking

— Y VU[UR

Extremely small Yukawa couplings are needed to get mp < 1€V:

y 5 10—11

It is considered unnatural, unless there is a protecting BSM symmetry.

e 8§ 00O O°- i 1'®E» |




V Masses.

versus

15t Generation | 2" Generation | 3" Generation
Quarks: up\ UR CL\ CR t; tr
| d ) dr SL) SR br) br
Leptons: | (et LZeR Vul ) [ZkR L) L7TR
€L €R HL UR TL TR
Majorana Mass Lagrangian for SM v,
c%),_M ~ mjy V_EV[_ = —I/Z_ CT V|

No Majorana Neutrino Mass in the SM

v/ C'vyhas k=1and Y = -2 —
Needs Y= +2 Higgs triplet (type 1), or (type I)
The introduction of vr leads

O?,Q/' ~ Mg EVR singlet under SM symmetries!
| ks @°F = I



Dirac + Majorana mass Lagrangian

D+M __ D R
gmass — gmass + gmass

]_ I
— — mp (T vg + TR 1) — 5 mg (Vg vk + TR VR)

_ Ll — 0 mp)\ (v] 1l — _\ (0 mp VL
__§ (VL VR) mp meg VR _E(VL VR) mp mpg T/ICQ

Seesaw mg > mp

1

D+M —c T
Lot =5 nfU" MUn;.+H.c.
T mq 0 .
U MU= with real my >0
0 mo»
Vg—i(yL—yf) N~vg+rvg
1 S— I
D+M 2 : - .
gm;s_.s — —5 mi (Vl(\fL Vil + Vil V;fl_) — —5 my Vi Vi

k=1,2 k=1,2

Uk = Uk Vg — |Vk=V Massive neutrinos are Majorana!
e F - 0 1I''»E»Bm |




Lepton Flavor Mixing

Charged-Current Weak Interaction Lagrangian

g(CC) _ _ 8 W, + H.c.
| 2\/§JW P
Weak Charged Current: Ity ij:ij +j.3V?Q

Leptonic Weak Charged Current

JWL—2 Z EQL’)/ a,_—2£ v vy

o= e‘,‘f‘i"}

= Ve, v, =V n

JﬁjﬁL =20 VNP Vg =28~" VTV n =28+ Uny

Mixing Matrix: U= V‘EJr v/

2 ' e



Low Energy 3v (Majorana) Mixing

3
Vo = E Uskvik for a=e,u, 7 with |y =y
k=1

Standard Parameterization of Mixing Matrix (as CKM)

c12¢13 512€13 sj3e 1913 1 0 0
U= —snas—cinsssize®s  cacs—snssszes $23€13 0 et 0
5 S N

S12523—C12C23513€' 713 —C12523—S12023513€'713 C23C13 0 0 el 31

. s
Cab =COsUyp  Szp =sinUy, 0 < U, < > 0 < 013, A1, A3p < 27

3 Mixing Angles: Y12, Y23, Y13

OSCILLATION 1 CPV Dirac Phase: 01

PARAMETERS 2

2 independent Amj; = my — mJ?: Amsy, Amj

2 CPV Majorana Phases: A1, A\31 <= ||AL| = 2| processes

22T ' e




Mixing of Flavor States

Left-handed Flavor Neutrinos produced in Weak Interactions

|V63__> |Vﬂa__> |D?a'_>
g S — .
Hee = 7 W, Vet e + vy’ L + 707" 7)) + Hec.
Fields v, = Z UnkViek — |Va,— Z e |lVk, —) States
|V13_> |V23_> |V33_>

Left-handed Massive Neutrinos propagate from Source to Detector

Uer Ue Ue3
3 x 3 Unitary Mixing Matrix: U= | U U, U
U'rl U’J"2 U'r3

YA § 0000 O i 1'E»x |



v Oscillation:

Neutrino Production Charged-current Weak Interaction
g V1
Lo.=—7=(€ u 7)) yHV|V2 I/V,[ + h.c.
V2 Vs
L
v (0)) = |vy) = Z Vailvi) Flavor Mixing Matrix
- or the PMNS Matrix

Va

/ve ~. Iva(t)) z Vale_lE tlvl |Vﬁ Z Vﬁ] |VJ
g,

,'I,’O =

Neutrino Detection

22 ' e




Ultra-relativistic Approximation

Only neutrinos with energy = 0.1MeV are detectable!

Charged-Current Processes: Threshold

v+A—B+C Ve +1Ga — "Ge+ e~ En = 0.233 MeV
jl ) Ve+3Cl = 3 Ar+ e~ Ey = 0.81 MeV
s = 2Ema + my > (mp + mc) Ue+p—>n+et Eiq = 1.8 MeV
I 2 Vp +n—>p+pu- Ey, = 110 MeV
_ (ms+ mc ma - - mL_
Eth = 2mA 5 vV + e — Ve+ j2 Eth = ome — 10.9 GeV
Elastic Scattering Processes: Cross Section o< Energy
v+e —v+4e o(E) ~ oo E/mg oo ~ 107* cm?

Background = E;, >~ 5MeV (SK, SNO), 0.25 MeV (Borexino)

Laboratory and Astrophysical Limits — |m, < 1&V

e




v Oscillation:

[v(t = 0))=|va) = Uz [11) + Ugs [v2) + Uz |v3)

TN NN
Yo INTNEININ] B
AVAVACAVAVE

source L detector

(t > 0)) = Uy e Bt [ug) + Uzy e B2t 1) + Uy e B3 |us) # |va)

EZ = p* + mg t =1L
Amﬁ L
Puo—svs (L) = Kuglv(L)? =D~ UprUs UsUs, e"p( 2EJ )
kiJj

the oscillation probabilities depend on U and Amj; = mj; — m?>

2 ' e



v Oscillations:

v 3

Vo) = cos ¥ |vg) + sind |v))
lvg) = —sind |vk) + cos ¥ |v))

| U
V.
U— costy  sinv
~ \—sinY cos?
Am? = Amﬁj = = mf
.. lia . . D .9 Amzl_
Transition Probability: Poo—svs = Pug—su, = sin® 20 sin =




v Oscillations:

47 E
A m?

Am?L
4F

2v-mixing: Proo—vs = sin? 299 sin2( ) — [9°C =

1

0.8

o6 sin” 21)
- I "lr\ I’\I -'/\\ "f\ ."(f 3
1:. [ / ".II Il." \ / '||
= llll IIIl ] l'. |'l II" 'II I'u
Q- o4 [\ / 5. [ f \ [
|lI | III II|I ,'I |||I ||I l'. I|II |

o2 |\ [ | / \

I|I '|I |'I 1 ll|I I|I I|l

\ \ \

. | \'T" h \/ \/ \

Losc L

» The effect of a tiny Am? can be amplified by a large distance L.
» A tiny Am? generates oscillations observable at macroscopic distances!

» Neutrino oscillations are the optimal tool to reveal tiny neutrino masses!

e § 0000 O« i 1'E»x |



v Oscillations:

Am?[eV?] L[k
d2u-mixing: Py, s, = sin? 20 sin2<l.27 V] [m])

E[GeV]
1
0.8
w06 - - sin® 2;9
t \ Ir'rll \II". ljf\k, ""u, / \I"'.II
X | ' ' [
Q. o4 ai \ / Hnl ,f'f \ / \ {0
f \ | '“. .“' \ f H'. /
oz [\ [\ RV
| | | \\ | .'ll I". f
/ \ - Vo Vo
. \/ \/ \/ \
Losc L
(10 vy, (é;‘},) short-baseline experiments Am? > 101 eV?
L < | 10° e (é;‘:’,) long-baseline experiments Am? > 103 eV?
E ™~ 10* % atmospheric neutrino experiments Am? > 104 eV?
\ 10t YR, solar neutrino experiments Am? > 101 ev?

- wtEw 8§ 0000 O i 1'E»x |



v Oscillation:

Oscillation probabilities for an initial electron neutrino
LOP ey —~ Ve
0.8 s
06 WM

Probability
-
T
e

'f
' WANLLN

i
)

m‘\\m \N

111_

0.0

0 5000 10000 15000 20000 25000 30000 35000
L/E (km /GeV)

€<g =




v Oscillations:

Right-handed antineutrinos are described by CP-conjugated fields:
var =7 Coar’

C = Particle = Antiparticle
P — Left-Handed = Right-Handed

S , S

lett-handed neutrino SAE oL right-handed antineutrino

B 30



v Oscillations:

Fields: v, = E UakViL —} L’af_ = E U:;kl"k!_
k

P
States: |vg) = Z U lvk) — Do) = Z Uak|7k)
k

NEUTRINOS U < U® _ANTINEUTRINOS

Am L
Pyﬁvﬁ(L,E)—Z Uk UajUs exp | —i 2E

. Am L
Pro—ps (L, E) =) UakUs UsjUpjexp | —i 2E
—

s 5§ O I 1'E» |



v Oscillations:

CPT
PLJ’Q—}I/@ 7 Pﬂﬁ—)ﬂ‘a

CPT Asymmetries: AEET = Puo—vs — Pog—o,

Local Quantum Field Theory —

0 CPT Symmetry
Amk L
Proois (L, E) = Uk UsiUajUp,; exp( 2EJ )

k.j
is invariant under CPT: U = U a S B
PI/Q—}Uﬁ — l_a'ﬁ—Hj'a
P, v, =FPp. 5, (solar ve, reactor 7, accelerator v,,)

2 ' e



v Oscillations:

CP

CP Asymmetries: ASE = Puo—vs — Poa—p,

2
ASE(L, E) =4 " Im[U% UskUqjUg)] sin At
af\ = =~ v )~ B 2E

Jarlskog rephasing invariant: ~ Im| ;kUﬁkUajUEj] =3J

2 .
J = €1251223523€13513 SIN 013

J#0 < V12,923,013 #0,7/2 13 #0,7




v Oscillations:




v Oscillations:

T

T Asymmetries: AaB = Pua—vs — Pyﬁ%ya

ACPT

CPT =— 0

Pva—>v5 — Plj'lﬁ—}‘f’a

Pva%vﬁ T PI/IB—}DQ < A@JB

CP
_|_ Pvﬁ—>ua _ Puﬁ—>va < A

]
1>

Q
@
_|_
}:.

|
>
e -
&
|
}:-
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v Oscillations:

PHYSICAL REVIEW D VOLUME 17, NUMBER 9 1 MAY 1978

Neutrino oscillations in matter

L. Wolfenstein
Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213
(Received 6 October 1977; revised manuscript received 5 December 1977)

The effect of coherent forward scattering must be taken into account when consi
neutrinos traveling through matter. In particular, for the case of massless neutrinos for which vacuum
oscillations cannot occur, oscillations can occur in matter if the neutral current has an off-diagonal piece
connecting different neutrino ‘types. Applications discussed are solar neutrinos and a proposed experiment
involving transmission of neutrinos through 1000 km of rock.

P n; n, index Ve exp[ipx(nnc +n, — 1)]
0, v: | v2 velocity v, : explipx(n, —1)]
normal | eXp[l.p.X,'(l’lnc - 1)]

Q in media, where both

0-
C};\ Refraction of neutrinos
t
]
g

A\

Lincoln W f/—‘ | CC and NC interactions

incoln Wolfenstein . . . . ibute to refractive
Refraction of light in media contribute to refrac

(1923-2015) 9 indices (not far from 1)

When neutrinos are traveling in matter, the effect of coherent forward scattering with

background particles leads to a modification of their energies. Such a modification can
be described by an potential energy. The difference between the potentials of distinct

neutrino flavors is relevant for neutrino oscillations.

B 36




v Oscillations:

coherent interactions with medium: forward elastic CC and NC scattering

1 e Ve, Vy, Vr Vey Vys Vr

s s
7T TR TR

e Ve e_ap-pn e_ﬁpan

e - \/§
Vee = V2GeNe We!=-We = |Wc= W=~ GrN,

Ve = Ve + Wnic Vi, = V: = VWnc
only Vcc = Ve — V), = Ve — V, is important for flavor transitions
antineutrinos: Vcc = —Vcc VNC = —VNc

ke § 000 O« i 1'E» |



>

v Oscillations:

Flavor neutrino v, with momentum p: |v,(p)) = Z Ul lv(p))
k
Evolution is determined by Hamiltonian

Hamiltonian in vacuum: H = Ho

Ho |vk(p)) = Ex [vi(p)) Ei = \/p? + m}

Hamiltonian in matter: H = Ho + H, Hillva(p)) = Vo |va(p))

d
Schrédinger evolution equation: fa lv(p,t)) = Hlv(p, t))

Initial condition: |v(p,0)) = |va(p))

For t > 0 the state |v(p, t)) is a superposition of all flavors:

v(p, 1)) = > wp(p, t)lvs(p))
B

Transition probability: Pya_;.yﬁ = |cpg|2

i@ 8 -« i 1'E»x |



v Oscillations:

evolution equation of states

i S (e ) = H(p. ). [9(p.0) = va(p))

flavor transition amplitudes

pp(p,t) = (vg(p)lv(p, t)) . wp(p,0) = dap
evolution of flavor transition amplitudes

d

iz eslp,t) = (vs(p)|H|v(p, t))

i L s, £) = (s (P)Holv(p, 1)) + (ws(p)[Hilv(p, )




v Oscillations:

d

i = wa(p, 1) = (va(P)|Holv(p, 1)) + (wa(p) [ Hilv(p. 1))

(vg(p)|Holv(p, t)) =

> > ws(p)|vk(p)) (wk(p)Holvi(p)) (vi(pP)lvp(p)) (vp(p)lv(p; t))
o Usk 51 Ex Uz, 2o(p, t)

:ZZUQkEk pk ipﬁ(.p: t)

(vg(P)|Hilv(p, t)) = Z we(P)Hilv,(p)) (vp(P)|v(p; t))

850V op(P, t)
= 65,V pu(p,t)
0




v Oscillations:

2
m
ultrarelativistic neutrinos: E, =p+ 2—[:5 E=p t = x

Ve = Ve + Wnic V, = V> = Vnc

d 2
ClX L,O,{-?(p’)() — (P + VNC)(:O;"S(p:X) _|_Z (Z Uﬁk 2E Upk + 536‘ 6,09 VCC) (:Op(pzx)

o)

Ya(p, x) = @s(p, x) eiPx+i [o° Vnc(x") dx’
U

ipx—+i x") dx’ . d
g = eP*Hio inc(x)d (_P_VNC‘F*’&)%O;B

d
dx

. d x
/ a ’t,bﬁ = Z (Z Ufgk pk + 5;3&' 5,0&* VCC) ?P,o

Pr/a—njg — |99;3|2 — |Q/);5’|2

xR 5§ - i 1'E»x |



v Oscillations:

evolution of flavor transition amplitudes in matrix form

d 1
'—wa:—( M2 Ut A)wa
Idx S F U U' +

<
o)
|
VR
N—
=<
N
|
N
o QHH
c::mam o
N—
>
|
A~
cod
@]
co o
oo o
N

Acc = 2EVcc = 2V2EGEN,

effective 5 >t matter > 5 effective
mass-squared _ \ _ mass-squared
ma::qrix MVAC = UM u UmM=ut +2 EY o MMAT ma::qrix
in vacuum in matter

potential due to coherent
forward elastic scattering
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v Oscillations:

" . cost sinv
Ve — v,  transitions with U = ( )

—sinY  cosv

1

o [ cos®Im: +sin®Im3 cosdsind (m3 — m3)
UM U' = : 2 2\ <in2 9 2 2 .2
cosvsin v (m2 — ml) sin“Ym3 + cos“ m3

2

2

1 (m% + m3 0 1 /—Am?cos29 Am?sin 2V
- 0 m? + mj
T

irrelevant common phase

Am?sin29 Am? cos 2y




v Oscillations:

d (e 1 [—AmPcos29+ 2Acc Am*sin29) (e
% v,) 4E Am? sin 20 Am? cos2v ) \,

initial v, — (zii((g;) — ((1))

Pve—?-vp(x) = |gb‘u(x)|2
Prosve(X) = |the(x)1? =1 — Py, ()




v Oscillations:

d (qp) 1 (—Am2c05219—|—2ACC Amzsin219) (w)

dx \ ¥, 4E Am? sin 29 Am? cos29 ) \,,
dAcc
=0
dx

- M
diagonalization of effective Hamiltonian: (we) - ( cosdm  sin ﬁm) (i%‘”)
2

Yy — sin Yy cos Y

(cosﬂm —sinﬁm) (—Am2 cos 204+2Acc Am?sin 219) ( cosvm sinvdm ) —

sinvdy  cos vy Am?2sin 29 Am? cos 209 —sin Y cosvIm
_(Acc—Amﬁ,l 0
B 0 Acc+/—\-mﬁq)
4 (v _ L (Acc O (—Amy 0 M
dx \YM ) — 4E 0 Acc 0 Amy, >
/l\

irrelevant common phase

4T ' e



v Oscillations:

Effective Mixing Angle in Matter

tan 27

1 Acc
A m? cos 29

tan 29y =

Effective Squared-Mass Difference

Amiy = \/(Am2 cos 29 — Acc)” + (Am? sin 209)°

Resonance (Uy = 7/4)

Am? cos 21
2v/2EGg

AR = Am?cos29 =— NR =



v Oscillations:

d (M 1 [(—Am3, 0 M

"dx (wa"')ﬁ( 0 Amﬁn) (wé")
p) = (Cmim Y () = () = (S ) ()
e = (1) =) = (k)= (o)

A m?2
P (x) = cos Iy exp (f' me)

4E
Am?, x
M : ; M
— sin® —
P2 (x) = sin Me"p( "TaE )
o 2 el M M 2
Presua (%) = 9 ()|? = | = sin Omy ! (x) + cos dmyl (x)

4E

A 2
Py, v, (x) = sinZ 29\ sin? ( me)

'y § 0000 O i 1'E»x |



v Oscillations:

80 F Ve ™ 1p Vy U

70 - :

e | Ve = COSUM V1 + SinUpm V2
_ 50 T | vy = —sindpmry + costv o
=40 -

30 1

20 L J =107 |

10 - Ve o !/‘ll Vy =2 Uy | | _I 219 tan 219

Y0 20 40 60 80 100 tan 2vm = Acc

N./Ny (ecm™3) ]. — 3
NE/INy Am COS 219

14 - T 7
12 s
% 10 ’ s
T il /_\mﬁﬂ = { (Am2 Ccos 21 — Acc)
. . 12 /2
Né’. B 2 .
E — _ + (Am?sin 219) }
'NE:- |L\.m' =Tx 107 %V ¢ =107

| 1
0 20 40 60 80 100

N./Ns (cm™3) MSW Effect !




v Oscillations:

;4 (e _ 1 (—Am?cos29 4+ 2Acc AmZsin209 (e
Y./ 4AE Am? sin 29 Am? cos2v¥ ) \,

dx
_ _ .. (Ye\ [ cosim sin Um 1/)'1"1
tentative diagonalization: (?/),u = W ey 77/)2'4
.d ([ costm  sindum ’i/)iw _
"dx \ —sin Um  cos Y %/)SA N
1 (—Am?cos2d + 2Acc Am?sin 29 costIpm  sinUm M
Y= Am? sin 29 Am?cos2¥ ) \ —sinty cosiIm /) \ Y
if matter density is not constant d¥y/dx # 0
.dim

A (M [Acc 1 (—amy 0 [ 0 =it M
dx \ ) 4E ' 4AE 0 Am?, ;dUm . %
T

dx
irrelevant common phase

ke §F O 1 1'E» |



v Oscillations:

.dUm
d (M 1 (—Am3, 0 0 —i— M
I—\. M| = |7F Am2 ) T | dv x M
0 dx
adiabatic T

non-adiabatic
maximum at resonance

initial conditions:
M (0) __ (cos IV, — sin ¥y, 1)  (cos I,
M (0) sind?, cosv?d, 0 sin 99,

solution approximating all non-adiabatic ¥ < v} transitions in resonance

= o 7’ 2 r b
x Am X x Am ¥

u{“(x} = cosﬂﬁﬂ exp r‘f R % dx’) .AlRl + sin 15‘%1 exp (—:‘/ R ﬁ dxr) Ale
] 0

_/‘x &mﬁq (x") p
> exp | i — dx

[ = .&mz x’ x Am?_ sl 7
w;ﬂ(x} ~ |cos 19?_,1 exp .r'f R % dx’) .AIR2 + sin 19%1 exp (—:’f R ﬁ dx’) Asz
0 0

4E

4E




v Oscillations:

the(x) = cos 911" (x) + sin ¥ 93" (x)

Applied to Solar & Supernova neutrinos
neglect interference (averaged over energy spectrum)

SR P |<’€0e(x)>| — cos® ¥ cos T9 |«411|2 + cos® ¥ 5'”219 |«421|2

+ sin? ¥ cos? 79 |.A |2—|—5|n219 Sln219 |«422|2

conservation of probability (unitarity)
AD|? = A5 |* = AT ? = [ABIP =1~ P

P. = crossing probability

— 1 1
R FIIE= 5 + (5 — P, ) cos 2193, cos 21

[Parke, PRL 57 (1986) 1275]
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v Oscillations:

PC — = [Kuo, Pantaleone, PRD 39 (1989) 1930]
— .
- eXp ( 2ﬂ)/5in215i
. Am2, /2E Am? sin? 29
adiabaticity parameter: v = 3 = T
2|dOm/dx|[r  2F cos20 ‘—'LXCC
R
Ao x F=1 (Landau—Zener approximation) [Parke, PRL 57 (1986) 1275]
2
A x 1/X F = (1 — tan? 19) / (1 —+ tan? 19) [Kuo, Pantaleone, PRD 39 (1989) 1930]
[Pizzochero, PRD 36 (1987) 2293]
A o< exp (—X) F—=1—tan®9d [Toshev, PLB 196 (1987) 170]

[Petcov, PLB 200 (1988) 373]

Review: [Kuo, Pantaleone, RMP 61 (1989) 937]
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In v Oscillations

. . C Ldyy 1 2t
Evolution of Amplitudes: ld—X = EZ(UM U +25V)aﬁ V3
difference: Dirac: Ut
| Majorana: UM = y(P)p(x)
1 0 - 0
0e?21 .. 0
D()\)—(: o ) = D' =D
é 0 e"')‘.Nl
m2 0 - O
> 0 my - 0 2 2 2 At 2
Me=1 . - — DM* =MD — DM*D'=M
0 0 - m

UM p2 (UMYt = y®)ppm2pT(uPHT = yPI M2 (UP)T
s §F 0 O i 1'E»x |



Common Question: Do Charged Leptons Oscillate?

» Mass is the only property which distinguishes e, u, 7.

» The flavor of a charged lepton is defined by its mass!

» By definition, the flavor of a charged lepton cannot change.

THE FLAVOR OF CHARGED LEPTONS DOES NOT OSCILLATE

[CG, Kim, FPL 14 (2001) 213] [CG, hep-ph/0409230] [Akhmedov, JHEP 09 (2007) 116]
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SSTHEAEM: ZKIEIL v.s. IREHE

sl . . . .
FZXRIEBIEA: Current-current interaction Fermi (1934) 6\} _ 2
2 8 miy
=2 ), TarVlar= )Y, "ar’(1-7")la
a:e?”?T a:e?ﬁ?T —_
P —— P ! T AP D
G—e,[n,T a—€,1,T
f1 f1
cc) _ 9 (o wr o Py NCe) . 9 p
=20LL - _ﬁ ( W,LI’]LP TIw W;) 1w 2 cosvw Iz % .
i - 3 7 1 7_192
Ve € Ve Ve ¢ ¢ ¢ ¢ j 4 cos? dwm?,
' ’ f2 f2
W
W + 7z t z | 7 ﬁ?é}'
Fermions g, R qv ga
- o g - S . v_1 v —) v _1 v_1
Ve, VF” Vr gL ] gR - gv -2 gA 2
- - G l_ 1,2 I _ 2 I _ 1592 1 _ 1
feﬂfuée_ —>(1/ée—) . {[E'yp (1 - 75) 6} [E'yp (1 — 75) ue] GmT =gty =S =ty 6=
\/§ o et Uv_1 ZSZ v_ 2.2 Ur_1 4.2 r_1
b (] Y GU - =7-3%W Jr="3% Wv=3-3% 0473
+ [y (L=77) ve] [ (gv = 947") ] } dsbh Polilg D_la D_ 1,22 D__1
&0 gr=-3 TSy GR=3%w Gy =-3tiSw a=-3
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Phase factors

Energies and momentum

Energy difference

Time and distance

Oscillation argument

Natural units

exp (— z'El,zt)

E ,= \/P2 + mi,

Am?
AE = 2F
t=L
1 Am2L
—AFEt =
4F

Realistic units

exp —i%t
h

— 022 & m2 .
Ey= \/pc + My oC

Am2e® Am2

AFE

2p 2F
L
t=—
C
1AEt_c3 Am2L
2 h h AE




