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Lecture C

% The 3X3 Neutrino Mixing Matrix
% Neutrino Oscillations in Vacuum

v Neutrino Oscillations in Matter



12 Known Flavors 3

Discoveries of lepton flavors, quark flavors and CP violation

1897 electron (Thomson, 1897)

1919 proton (up and down quarks) (Rutherford, 1919)

1932 mneutron (up and down quarks) (Chadwick, 1932)

1933 positron (Anderson, 1933)

1937 muon (Neddermeyer and Anderson, 1937)

1947 Kaon (strange quark) (Rochester and Butler, 1947)

1956 electron antineutrino (Cowan et al., 1956)

1962 muon neutrino (Danby et al., 1962) USA
1964 CP violation in s-quark decays (Christenson et al., 1964)

1974 charm quark (Aubert et al., 1974; Abrams et al., 1974)

1975 tau (Perl et al., 1975)

1977 bottom quark (Herb et al., 1977)

1995 top quark (Abe et al., 1995; Abachi et al., 1995)

2000 tau neutrino (Kodama et al., 2000)

2001 CP violation in b-quark decays (Aubert et al., 2001; Abe et al., 2001)




Flavor Puzzles 4
Hierarchy + Desert + Mixing + CP Violation
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Flavor Mixing 5

Flavor mixing: mismatch between weak/flavor eigenstates and mass
eigenstates of fermions due to coexistence of 2 types of interactions.

Weak eigenstates: members of weak isospin doublets transforming
into each other through the interaction with the W boson;

Mass eigenstates: states of definite masses that are created by the
interaction with the Higgs boson (Yukawa interactions).

CP violation: matter and antimatter, or a reaction & its CP-conjugate
process, are distinguishable --- coexistence of 2 types of interactions.

Mirror image Time reversal
[ <= —I

1957: P violation
1964: CP violation

Charge-conjugation

X & =X




Towards the KM Paper «

1964: Discovery of CP violation in Kdecays §
(J.W. Cronin, Val L. Fitch) -

NP 1980

1967: Sakharov conditions for cosmologicaI(
matter-antimatter asymmetry (A. Sakharov)

NP 1975 s_gf: '

1967: The birth of the standard electroweak

model (S. Welnb::?t)ation for the first 4 Yrs NP 1979

1971: The first proof of the renormalizability
of the standard model (G. ‘'t Hooft)

NP 1999



KMin 1972 7

Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

@Violation in the Renormalizable Theory

of Weak Interaction

Makoto KOBAYASHI and Toshihide MASKAWA

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

In a framework of the renormalizable theory of weak interaction, problems of CP-violation
are studied. It is concluded that no realistic models of CP-violation exist in the quartet
scheme without introducing any other new fields. Some possible models of CP-violation are
also discussed. VAT o R

#5) | | ERANE DURR AL

3 families + CP violation: Masukawa’s bathtub idea!




Diagnosis of CP Violation s

In the minimal vSM (SM+3 right-handed v’s) the Kobayash| -Maskawa
mechanism is responsible for CP violation.

Lo = _% (W"'W.,+B"'B,,)

Ly = (D*H)' (D, H) - *H'H — \(H'H)’ Nobel Prize 2008

Lr = QuilbQ; + ity + Ugid Uy + Dgid Dy, + Erid Eg + Ngid Ny

«@o%°

Ly = —QuY,HUy — QLY HDy — (Y, HEy — (Y, HNy + h.c. 0’\‘60
‘ ‘
Q

The strategy of diagnosis:
given proper CP transformations of the gauge, Higgs and fermion fields, one
may prove that the 1st, 24 and 3" terms are formally invariant, and the 4th
term can be invariant only if the corresponding Yukawa coupling matrices are
real. (spontaneous symmetry breaking doesn’t affect CP.)



CP Transformations

9

Gauge fields: [[B,, W', W2 W?] 5 [-Br, -t 4w, W]
figgs ields: [P W V2 VA [ 57 W i
) = (%) St -x = () |
Lepton or quark fields:
B, (L) Uy~ 7™ (L 5) U] (017, (1 95) 0, — D" (1 £ 95) 0,8,
Spinor bilinears: Vo] W Ys Vs | Wy | Uy sa | U000
% Vo1 | 10y Ys5W1 [ =WV Wi | VoY YsW1 | —We0,, 14
E %@ P ¢_1w2 —’i¢_175¢2 w_ﬂ#%% —”ﬁﬁ_ﬂﬂ%l% w_ﬂwwz
ﬁG% 6’,‘ T |y o | =0 yst2| V¥ o | Y17 vst | =1 0" 1y
=2 %,’ 0‘9 CP |t | =iy V51 [= 00V 1 | = oy 1511 | = ho 0™ 4y
/N _ _ _ _ _

Ll Qo B, [Cr1[tyv| Tt | =Tt |=0mstes | Bty




The Yukawa interactions of fermions are |},
formally invariant under CP if and only if

If the effective Majorana mass term is added
into the SM, then the Yukawa interactions of
leptons can be formally invariant under CP if

CP Violation 10
Yy Yy = Yy
Y, =Y, Y =Y
ML — ME ) Yl — Yl*

If the flavor states are transformed into the mass states, the source
of flavor mixing and CP violation will show up in the CC interactions:

g ouarks

g -
‘C’cc - ﬁ(u ¢ t)L ’YNU

7 leptons_

g
s | Wi+helll.,.===(epT1) ¥V
7 ce L
b/, \/5

W, +he.

L

Comment A: CP violation exists since fermions interact with both the
gauge bosons and the Higgs boson.

Comment B: only the CC interactions have so far been verified.

Comment C: the CKM matrix U is unitary, the MNSP matrix V is too?




Parameter Counting 11

The 3 X 3 unitary matrix V can always be parametrized as a product of
3 unitary rotation matrices in the complex planes:

crer ge Q)
01(91, O/'l? /81’ "}/1) — _816"5/61 Cle—%(xl O
O O 6’5'7’1
e’z 0 0
02(92” (1/2” /82* f}/Q) — O 62620‘/2 526_152
0 —826“32 Coe 10
Cgem-‘ﬂ 0 S3€ i33
03(93: X, /831 /7/3) = 0 '3 0

where s; = sin6; and ¢; = cos6; (fori=1,2,3)

Category A: 3 possibilities Category B: 6 possibilities
V =Oiojoi (I * J) V=OinOk (|¢J-‘/—'k)




Phases

12

For instance, the standard parametrization
\")

Is given below:

ez 0 0 cae™s 0 sqe” s c et s e
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'S]_ESZEJ 1 2 f) (Jl (’:2:‘53(:; 1 2 i)

B e s o N Y 1 et
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(;1:626; 1 2 i) :’51(:2:53(:, 1 2 i)
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e
S 3 e i (f})l +f}}2 _5—3’ :‘1)
—B2+83) S9Cq ellm—Fr—ay)

CZ (5381(’})1 —(12—0_'3}

Jia 3 3 3 3 u ,—Eﬁ ,?:93
e 0 0 €y Cq $1Cs S3€ e 0 0
= 0 e® 0 —8,Cy — ;595280 ¢, ¢y — 51595560 S50 0 e¥ 0
= 2 §1C2 — (15253€ f1Cy — 518283€ $2C3 2
0 0 e 8185 — C1Ce82€"0  —C155 — 8109820 oy 0 0 e~
a=(a;=0) —(a+By—7) =73, b=—0y—az, c=—a,—a;

T = .-31 -+ (052 -+ 32) + (053 -+ 73) ’

y=—a; + (ay,+ 3y) + (a3 +7v3) ,

zZ=ry .




Physical Phases 13

If neutrinos are Dirac particles, the phases x, y and z can
be removed. Then the neutrino mixing matrix is

Dirac neutrino mixing matrix

L . . ,,—10
C19C13 519€13 S13¢
;7 1) . 1) o
V= 512023 7 C12923513€ C12C23 = S12523513€ 523¢13
, , A , 10 s , Ca , 10 L
519593 — C19€93513€ C19593 = 519€93513€ C93C13

If neutrinos are Majorana particles, left- and right-handed
fields are correlated. Hence only a common phase of three
left-handed fields can be redefined (e.g., z= 0). Then

Majorana neutrino mixing matrix

- - , . ' , —1q (5 | i p - .
C12€C13 519C13 S13€ (& 0 ()
,a"r —_— _ L —_ & 3 ] ;.z fs - - _ y Y Y :"_) {5 . - a 5 il

. e id . I R - T
912523 — C126235136 —C19523 7 S19003513¢ Co3Cy3 001




What is Oscillation? 14

Oscillation — a spontaneous periodic change from one neutrino flavor
state to another, is a spectacular quantum phenomenon. It can occur
as a natural consequence of neutrino mixing.

In a neutrino oscillation experiment, the neutrino beam is produced
and detected via the weak charged-current interactions.

Pure weak state V1,2 3 Pure weak state

three distinct neutrino mass
| 4 states (matter waves) travel 1% B
& interfere with one another

\/e \u\/“ v

” ”
vV vV
! !

For example : 176 beam: B decay; v, beam:xdecay; v, beam:D decay




How to Calculate? 15

Boris Kayser (hep-ph/0506165): This change of neutrino flavor is a
quintessentially quantum-mechanical effect. Indeed, it entails some
quantum-mechanical subtleties that are still debated to this day.
However, there is little debate about the “bottom line” ---=---- the
expression for the flavor-change probability......

Typical References:

+« Giunti, Kim, "Fundamentals of Neutrino
Physics and Astrophysics” (2007)

+ Cohen, Glashow, Ligeti: "Disentangling
Neutrino Oscillations” (0810.4602)

+ Akhmedov, Smirnov: “"Paradoxes of
Neutrino Oscillations” (0905.1903)

Our strategy: follow the simplest way
(which is conceptually ill) to derive the
“bottom line” of neutrino oscillations:
the leading-order formula of neutrino
oscillations in phenomenology.




2-flavor Oscillation (1) s

For simplicity, we consider two-flavor neutrino mixing and oscillation:

Mass states Weak states

First Second First Second

a plane wave
Vo

with a common

momentum for

(Ve) = (20 o0 )(V) each mass state

—sind cosh Vs,

v, (0)) = |v,) = —sinfv,) + cos0vy)

Il
RS
I
i
I
h@w
_|_
&
I
ﬁm
_|_
5,

v, (1)) = —sinfe""*y) + cos fe 2" |u,) AE

Q

— e it (— sin f|v,) + cos He_mEth/g))

m2 m? Am?
Pt —\pto |
P
2 9

Am?® =m3—mi, FE~p>m, (relativistic neutrino beam) , h =c = 1 (natural units)




2-flavor Oscillation (2) 7

The oscillation probability for appearance v experiments:

P (r/” - Vﬂ) - <I’e|""u(t)>‘2 = ‘(‘3039(’/1\ + sin (v,|) (— sinf|v,) + cos He_iﬁm\yg))‘g
= ‘Sinﬁcosﬁ (1 - e_mEt)‘g = 2 (sinf cos f))” (1 — €OS A;gt)

Am?2L
4F

—  sin? 20 sin?

The conversion and survival probabilities in realistic units:

o . 9 L2TAMAL Due to the smallness of
P (”u Y 6) = sin” 2¢sin I (1,3) mixing, both solar
| 9TAM2] & atmospheric neutrino

: . g Ll illations are roughl
P(v, — = 1 - sin® 20 sin’ il ghly
(V“ y“) Sl U5 E the 2-flavor oscillation.

Am? in unit of eV? , L in unit of km , F in unit of GeV




2-flavor Oscillation (3) =

oo 1.2TAmAx
P(v, — v ) =1—sin“26 sin
M M E
1%
Pure v“ Pure v“ Pure \J“

. Time, t




2-flavor Oscillation (4)

| | | | | L | | | | | [ | q
Oscillate too slowly
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| | y (1.2TAm2L
P(ve — v,) = (v, |v(t))]? = sin® 20 sin” ( Em )



Exercise: Why 1.27 ? 2

Natural units Realistic units
. B,
Phase factors exp (—zEl Qt) exp —th
’ ?}

. — ]2 2 — 202 2 A
Energies and momentum by, = \/p +mi, E,= \/p c*+ mi ¢

Am? Am2ed  Am2ct

Energy difference AE = 27; AE — g’bp(’ _ ?;EC
. R L
Time and distance t=1L P
c

1 Am?L 1AE 3 Am2]
Oscillation argument §AEt = I; an _ % Z?
c=2.998x10° kms™ | |c? 1

=1.267/ =1.27

— =
h=6.582x10"> GeVs| |4h 4x%x0.1973

c=1 = h=6.582x10"" GeVx2.998x10°> km
=1.973x10™"° GeVkm =0.1973eV* GeV ™ km




3-flavor Oscillation (1) 2

Production and detection of a neutrino beam by CC weak interactions:

)+ g
/7(e.g. w) 'pﬁ(e'g' 2 7,(0))

3
= loa) = 3Vl

— I v (1) = Z e )

+ —
W ('Voz) (VB) W
a,ﬂ,}/ =€ 1#17
Source Target i j k=123
3 3 _ 3 |
A4 (Lfa — I}_ﬁ) - <‘Uﬁ |ya(1)> — (Z VG‘?(V‘?) (Z V(;:B_EEJ I/?>) = Z V;‘/}%e_iEz‘t
J=1 i=1 i—1
9 3 _ 2
P (I/a — yﬁ) = ‘(yﬁ|ya(”>‘ — Z V;Vﬁie_?’Eft

3
= 2 V*Vra?( +2ZR°{ VaiVaiViaj Ve U=

1=1 1<J




3-flavor Oscillation (2) 2

The formula of three-flavor oscillation probability with CP/T violation:

) 3 Am? L
Plram) = LVl +2 X Re (VaVhroVi) e =55
3 . AmZL
~2 Z(; L (Vi V3V Vi) sin =2
— +22Rf‘( V@ivajvgj)
=1 1<j |
43 Re (V ViV Vi) sin’ U (ViVsiV Vi) sin =5
?<‘? 4E ?<‘? 2E
AmziL
— o —4%}{0( VGJV V@?) ‘3111 451 v N/
AmAL L
+2_Z_Im (VaiV;Vas Vi) sim o5 N

1<J
| 2
2
| =5, L Im (VMV;J Vﬁ) =T (e

‘] ﬁb




3-flavor Oscillation (3)

23

The final formula of 3-flavor oscillation probabilities with CP violation:

Am?2 L
P(ya—>yﬁ) = —4ZR€"( VsVa Vg?)‘;lﬂ 45’
1<
Ams L . Am3 L . AmiL
+ SJZFQ% sin 4; sin 4;71 sin 4};2
Am?,L NOTE: If you have seen
2 Zlm( iViVa Vm) Sin —— a different sign in front
' . . oa of the CP-violating part
L m3, L m : : :
= 1273 e, (Sin Mol gp 20l | ) 2182 ) in a lot of literature, it
e 2k 2k 2B most likely means that
CAm%L,L . Ami,L . Am?,L\| @ complex conjugation
= —2J Z};Gaﬁv SIN =7 SIS s of V in the production
A2 T AT Am2 I point of neutrino beam
= 48T Y e sin —2 g SUUB Y iy 2T was not properly taken
p 4F AE AE )
into account.




Discrete Symmetries
Basic expression 2
P Pv, =) = 6, 4ZR0 (VaiViVaiVii ) sin’ 2k
- 1<g | Ab
Am3, L . Am3 L . Ami,L
+ SJZGQ% Sin — > sin — - sin ——
CP transformation 2
P72 Th) = by A3 Re (VV Vi) sint 0l
VoVv© N Am2,L . Am3L . Am3,L
J—> -] — 8\7;605,}/ sin 451 sin 41%1 sin 41%2
T transformation 2
P (yﬁ — v ) = — 4ZR(‘ ( Vi Va Ve?) sin” ATE”L
a (—) ﬂ 1<J -
2 2
— SJZ € o SN ATglL sin ATEIL sin ATEQL
CPT invariance P (vﬁ — va) = P (z/a — uﬁ)




The 1st Paperon CPV s

Volume 72B, number 3 PHYSICS LETTIERS 2 January 1978

TIME REVERSAL VIOLATION IN NEUTRINO OSCILLATION

Nicola CABIBBO™
Laboratorre de Physique Théortque et Hautes Fnergies, Paris, France™™

Recewved 11 October 1977

We discuss the possibility of CP or T violation in neutrino oscillation CP requires v, «+— v, and Ep «— b, oscilla-
tions to be equal Time reversal mvarnance requires the oscillation probability to be an even function of time Both
conditions can be violated, even drastically, 1f more than two neutrinos exist

I 1 1) J=1/643
1 a &F, a=exp[2m/3]




CP & T Violation 26

Under CPT invariance, CP- and T-violating asymmetries are identical:

P (J/a — 1/_5) - P (171,1 — ?3) = P (ya — 1/_5> - P (Vﬁ — 1/0)

Am2 L  Am2L  AmiL
— 16‘7;%3,}, sin Tgl sin Tg sin T;

Comments: 4 CP / T violation cannot show up in the disappearance
neutrino oscillation experiments (o = B);

% CP / T violation is a small three-family flavor effect;

% CP / T violation in normal lepton-number-conserving
neutrino oscillations depends only upon the Dirac phase
of V; hence such oscillation experiments cannot tell us
whether neutrinos are Dirac or Majorana particles.

J =5in6,,c050,,5iN ,,c050,,5IN 8,,c05%6,,5INS <1/ 6+/3 ~ 9.6%




Disappearance 27

Most neutrino oscillation experiments are of the disappearance type:

, Am3, L
Py = va) = 1=4[Vy[* Vool sin® =2

A 2 L
—4 |V, P [V, 5] sin? =22

4 F
A 2 L
4|V [V |? sin? =222 ]

1K

’ATN’QI’ — ATn’sun < ATn’atnrl — ’ATN’%QI ~ ’A,’n%l’
~7.6x107 eV* ~2.4%x107° eV*?

This hierarchy & the small (1,3) mixing lead to the 2-flavor oscillation
approximation for many experiments. A few upcoming experiments
(long-baseline experiments) will probe the complete 3-flavor effects.



2-flavor Approximation 2

Solar, reactor, atmospheric and accelerator v oscillation experiments:

Experiment

Solar
v, =V,

KamLAND
v, =T,

Atmospheric

v, =V,
K2K

v, =V,
MINOS

v, =V,

CHOOZ
v, =T,

Survival probability

1 — sin” 26, sin

1 — sin? 26, sin

Oscillation factor

sin” 26,5 = 4|V, |*|V.s|?
sin® 26, = 4|V, [*|V,,|*
sin? 20, = 4|V,u,3‘2 (1 - Mﬁ‘?)
sin® 26.,, = 4|V;;,3‘2 (1 - ‘Vﬂ%‘?)
sin? 20, = 4“/;;,3‘2 (1 - Mﬁ‘?)

sin® 26, = 4|V a|2(1_‘ a‘g)




1 < 1 Oscillations

29

Comparison: neutrino-neutrino and neutrino-antineutrino

oscillation experiments.

Neutrino-neutrino oscillation

Realistic!

Antineutrino-neutrino oscillation

1< SiEt
==> V,V,me =
k=1

Unrealistic! (/m/ E too small)

\ y v, /
fm ‘1'71111
(a)

N
e




What's Matter Effect? o

When light travels through a medium, it sees a refractive index due to
coherent forward scattering from the constituents of the medium.

A similar phenomenon applies to neutrino flavor states as they travel
through matter. All flavor states see a common refractive index from
NC forward scattering, and the electron (anti) neutrino sees an extra
refractive index due to CC forward scattering in matter.

VeV, iV, VoV, V, Refractive index [IENESEN 277Nef
nc

I : .
_ 24N, V2G:N,




Matter May Matter 31

In travelling a distance, each neutrino
flavor state develops a "matter” phase
due to the refractive index. The overall
NC-induced phase is trivial, while the

relative CC-induced phase may change
the behaviors of neutrino oscillations:

matter effects — L. Wolfenstein (1978)

V. - exp[ipx(nnc + N, — 1)]
V,u : exp[ipx(nnc _1)]
Vv, - exp[ipx(nnc _1)]

Matter effect inside the Sun can enhance the solar neutrino oscillation
(S.P. Mikheyev and A.Yu. Smirnov 1985 — MSW effect); matter effect

inside the Earth may cause a day-night effect. Note that matter effect
in long-baseline experiments might result in fake CP-violating effects.



MSW Resonance

32
Neutrino oscillation in matter:
'.rf i ve | ‘TE cos 20-/2G N, ‘EE sin 26 Ve
1T A _’*.m
dt Uy E sin 26 = €08 26 Vy
197 Am? The matter density changes
9op .o [ L2TAM L :
P(v, — v,), = sin” 20sin ( % ) for solar neutrinos to travel
AT from the core to the surface
~ 1.2 i - -
P, — I/M)m = sin? 20 sin* ( = ) v,) cosf sinf\ [ |7)
E = . ~ 3
v,) —sinf cosf ) \ |D)

Am? = \/(AmQ cos 20 — 2v/2 GFNEE)2 + (Am?sin 26)°
Am? sin 20

tan 20 =
Am2cos 20 — 2v/2 Gy N, E

resonance

MSW

0 =45




Lecture D

% Evidence for Neutrino Oscillations
* Lessons from Oscillation Data

% Comparing Leptons with Quarks



1968: Solar Neutrinos 3

g
Eath

Lnderground
v detector

~105 Kilormneters

Frirmary neutmo soume
ptp =D+ et+ y

Ray Davis made the first observation of
a solar neutrino shortfall (compared to

John Bahcall’s prediction for the v-flux)
at the Homestake Mine in 1968.

Y

} ‘ The simplest solution to this problem is
‘ "‘.«_ . neutrino oscillation!




Energy Spectrum 35

10" o7 100%
S o2 | Gallium :
< _ % Chlorine > 30%
"o 1010} 1 E
3 160% 2
F'II . 8 T E
= 10 Q
S N E
= night 1 40% >
. 10° - >
L dav | =
S Y .
5 10 120%
g
107 L S U = | _____ 0%
0.1 1 10 2104
Energy of solar neutrios in MeV *gﬂ
Strumia and Vissani, hep-ph/0606054 gt%

Examples: Boron (#4) v's ~ 32%, Beryllium (#&) v's ~ 56%



MSW Solution 36

In the two-flavor approximation: N,(0) & 6 x 10° ¢cm ™

Amg, [ —cos26,, sin26,, ] ! V2GHN, (1) 0]
P = / A4FE | sin26,, cos26,, / 0 0
7.6x107 eV* 0.75x10°° eV?/MeV (atr =0)

Be-7 v's: E~ 0.862 MeV. The vacuum term
is dominant. The survival probability on the
earth is (for theta_12 ~ 34° ): ~ 0.56

1
Plv,—»v,) =~ 1- 5 sin” 20,

B-8 v's: E~ 6 to 7 MeV. The matter term is dominant. The produced v
is roughly v_e ~ v_2 (for V>0). The v-propagation from the center to
the outer edge of the Sun is approximately adiabatic. Thatis why it
keeps to be v_2 on the way to the surface (for theta_12 ~ 34° ):

‘|V2> ~ sin 0, |v,) + cos 912|VM>‘ ‘P(l/e —v,) = [{v,|v,)|* = sin? 6, ~ 0.32




1998: Atmosphericv's 37

Atmospheric muon neutrino deficit was firmly established
at Super-Kamiokande (Y. Totsuka & T. Kajita 1998).

E

Cosmic-ray
“~/~_  shower

g
/ ”/fﬂr
Y/
. + W |
~30 kilometers M Vi ¢
Y
/

Atmospheric neutrino source

Zenith angle

Downward \9 ]
)

p, He ...

(L=10~100 km)
n*, Kt

+ .
T —= U +v

+ y vl v A
L) "+ Vv, +V, ’ By IN\pt
T W+ VY, . Viy Ve

Underground L) €+ VY, SN
YRR TERY) Upward
Ver Voo Vo Vi, p

detector (L=up to 13000 km)




The Detector 38
(SK)

Atmospheric neutrino, Solar neutrino, LBL neutrino
1996 [ 1997 | 1998 | 1999 | 2000 | 2001 | 2002 |2003 | 2004 | 2005 | 2006 |2007

UPER

- < [t P
Discovery of — SK-1I aciden'r SK-11 r'econstr'uchonSK 111
atmospheric 1489 days 804 days
v -oscillation 11146 m 5182 B&I_& 11129 PMTs

A 50k tons cylindrical water
Cherenkov detector located
a'l' 1km under'gr'ound

Full reconstruction

SK-III physics run has
started on 11 July, 2006




Number of Events

Zenith angle distributions

Ve vy

2-flavor oscillations
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L/E Analysis: SK-1 + SK-II

SK-I + SK-Il Preliminary
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2001: Solar Neutrinos 4

The heavy water Cherenkov detector at

: ) Neutrino Reactions on Deuterium
SNO confirmed the solar neutrino flavor

conversion (A_B_ McDonald 2001) Charged-Current
= - #“*.
The Salient features: | | ¢ @ S —

if’“p

Boron-8 e-neutrinos neutino  deuteron ®)
@DI"NDI"IS

Flux and spectrum

MNeutral-Current

Deuteron as target neutnnu
3 types Of processes neutring deuremn ‘\\@ nautrun
Model-independent proton

Elastic Scattering

At Super-Kamiokande

only elastic scattering | . P i
can happen between | ® ®

\\\

solar neutrinos & the | ™™ ceon e
ordinary water.




Results from SNO NCD Phase & Super-K

-
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(
VEs 177(26) . — 0% 68% CL.
= 200 SNO o0
Vew.  554(48) = — ¢, 68%CL
E‘ND
: 100 % 08%CL
Vesy:  969(91) -
3] T ETEPEr BN
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3 Phases: -JustD,0 4 1.1 :
DO +22 tonnes NaCl q)e (X 10" em™s )

+ D,0O + 3He Proportional Counters (“NCDs”)

hsgy = 969(1£0.16) x 104 cm2 s (BSB05-OP:
Bahcall, Serenelli, Basu Ap. J. 621, L85, 20095).

Super-K: PRD 73, 112001, 2006 _



Nobel Prize in 2002 43

L _ M. Koshiba: the first
The Nobel Prize in Physics|  detection of Supernova

2002 neutrinos in 1987.

"for pioneering contributions to "for pioneerin R LR e . "

aatrgp_hyaica,gln particular for the cuntEibutiI:mS%:u L' ""&ElPCPﬂOVﬂ 1987A

detection of cosmic neutrinos” astrophysics, Sealn®, 7 N b .
which have led to mﬂ.ﬁ "3 23 February 1987
the discovery of o p T A 7 et e

55-88-92 COSMIC X-ray v g e
SOUrCES '

A lesson?
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2002: KamLAND 44
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Survival Probability
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2003: K2K 46

.‘-"' 4 s,

b (Eamioka cho)

Gifu "
Prefecture %,

KEK

(I'sukuba City)

.7 _Super Kamiokande

®
ol {1 350am}

The K2K confirms the p-
neutrino disappearance

e NeUtrlnose e 5
250k
Kamioka Earnizava Tsukuba




2006: MINOS 47

>('10|-3"'|"'|"'|"'
oty | 4_0:_ ¢ MINOS Best Fit —
v - —— MINOS 90% C.L.
5 5[ MINOS 68% CL
0
o
1\'1:;\(1isonl:I , N> 3 0 -
° ]
—~ | i
NEm 2.5
- —— SK90% C.L.
20 [ — SK (LYE) 90% C.L.
f hep-ex/0607088 [N
I N
0.2 0.4 0.6 0.8 1.0
The MINOS supports sin2(29 )
Super-K & K2K data 23
‘Am_ﬁ_l = 2.74707: (stat + syst) 107 eV~
Fermilab
N . sin®26,, =1.00 _ . (stat +syst)
i Constrained to sin?(20,,) < 1




Convincing?! 48

Different No need of

neutrino sources exotic new physics
neutrino types changing SSM

neutrino beam energies new particles

neutrino travel distances fine-tuning parameters

one stone (v oscillation) can kill all birds (anomalies)

the only nhew physics on solid experimental grounds

AP e —




2011: T2K 49

T2K (Tokai-to-Kamioka) experiment

T2K Main Goals: arXiv:1106.2822 [hep-ex] 14 June 2011

% Discovery of Vi = Ve oscillation (Ve appearance)

% Precision measurement of v disappearance



Reconstructed v energy cut (Eec < 1250 MeV) : Final cut
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Allowed region of sin?201;
as a function of dcp

(assuming Am?2s3=2.4 x 103 eV2, sin22823=1)

rrr T T T T T T rTTa R R
7 T I 2 T
Amy;>0 - n2 - Amy;<0

G

— o 0+ —
— Bestfitto T2K data | e T2K N
68% CL 143x10% p.ot.
- Q0% CL |

TR TR N R [N TR T TN T N T S N - P TR N N TN TR N T A N N S

04 05 06 0 04 05 06
- 29 22"
sin"26,, sin-28

90% C.L. interval & Best fit point (assuming Am2,3=2.4 x 10 V2, sin228p3=1, 5cp=0)
0.03 <sin22613 < 0.28 0.04 <sin22613 < 0.34
sin22643=0.11 TOO Blg? sin226813=0.14



2011: MINOS 52

2.0 ——

» MINOS has updated our electron A B
[ i AmMEs 0
neutrino appearance search with

. - E—uuc:s Best Fit —
more data and improved analysis : Wleo. cL ]
Am2 L : [l oo cL h

dgp ()

atm )

4F

* In the signal region, we observe
62 events with an expectation of 50

i+ CHOOZ 90% CL

. 2 .2 . 2
P(v,—v,)~sin"(26,)sin"6,,sin"( e s ooz

« Assuming 6=0, 6_=n/4, normal

(inverted) hierarchy, we set a 90%
CL upper limit of

sin2(29 13)-=::0.12 (0.19)
and a best fit value of
sin2(29 13):0.04 (0.08)

0.1 0.2 03 0.4

. .qJ
and exclude smE{ZBH):O @ 89% CL 2sin?(26,,)sin%,,

8ep ()

8.2¢10%° POT

MINOS 1
PRELIMINARY 7
PR S T T [ T T

L. Whitehead, BNL June 24, 2011



2011: Double Chooz 53

w 700 T T 0
First neutrino oscillation data § | —— oaa :
weoo - 4 N e, =0.085
release of DC at LowNul | ] L @AM, Daedev
Bg . % Fastn =
@ Seoul (Korea) 9 NOV 2011 4005_ - pm Accidentals _E

300
-ar detector data only -
Session 2 <New reactor neutrino experiments> | o
11:00-12:30 ; 5
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Daya Bay (30): H. Lu = E S
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29

Rate + Shape Analysis:
sin?(260,5) = 0.085+0.029(stat)+0.042(syst)

Rate Only: »
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2012: T2K

—&— TIK Run 1+2

- T2K Run 1+2 Alternate Analysis
[ ——— MINOS 2011 ]
—-+ — Super-K Zenith
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3-flavor Global Fit 55

Evidence of 615 > 0 from global neutrino data analysis

G.L. Fogli,»? E. Lisi,2 A. Marrone. 2 A. Palazzo.? and A.M. Rotunno!
A 3-flavor global fit: arXiv:1106.6028 [hep-ph] 29 June 2011

2 neutrino mass-squared differences and 3 mixing angles

TABLE I: Results of the global 312 oscillation analysis, in terms of best-fit values and allowed 1, 2 and 3¢ ranges for the
mass-mixing parameters, assuming old reactor neutrino fluxes. By using new reactor fluxes, the corresponding best fits and
ranges for sin” @5 and sin® 6,3 (in parentheses) are basically shifted by about +0.006 and +0.004, respectively, while the other
parameters are essentially unchanged.

Parameter dm? /1077 eV? sin® f1o sin® f13 sin® f23 Am? /1073 eV?
Best fit 7.58 0.306 0.021 0.42 2.35
(0.312) (0.025)

lo range 7.32 -7.80 0.291 - 0.324 0.013 - 0.028 0.39 - 0.50 2.26 — 247
(0.296 — 0.329) (0.018 - 0.032)

20 range 7.16 - 7.99 0.275 — 0.342 0.008 — 0.036 0.36 — 0.60 2.17 - 2.57
(0.280 — 0.347) (0.012 - 0.041)

30 range 6.99 - 8.18 0.259 — 0.359 0.001 - 0.044 0.34 - 0.64 2.06 - 2.67

(0.265 — 0.364) (0.005 — 0.050)




Flavor Mixing Patterns

0 C13 - Bz G2 B2
Sos 0 e 0 || -812 Cp3

—8g9g3 Cag —5q3 0 Ci3 0

—) —) - new physics ?
Experiments:  _ ~ ~ ~ unitarity ?

Lepton mixing: (in general, we consider three Majorana neutrinos)

0 0 Cys 813 Ciz Sy
Cys  Sogs 0 0 []|—S12 €y

—8g3 Ca3/ \ —5y3 Cys 0 0

new physics ?

unitarity ?




Naive Understanding =7

LCILSUDSUTN 007410+ 0.00022 02257+ 0.0010  0.00359 = 0.00016
0.2256 +0.0010  0.97334+0.00023  0.04157 01

2~ 1+0.00026 ) 09+0.000044
0.00874F00030  0.0407 £ 0.0010 099913370 000033

VerM =

Small quark mixing angles are due to large quark mass hierarchies?

m, /m ~m. /m, ~A 12 A big CP-violating

_ _ S A=022 E O~ A phase in the CKM
m,lm, ~m. | m ~ & g,~ 1 matrix V is seen.
1 125) /g

Lepton mixing ) ‘
ve (0.84 £0.01 0.544+0.02 0.05=£0.05

V]= v,| 038+ 0.06 0.60=£0.06 0.70=£ 0.06
0.38 £0.06 0.60+0.06 0.70 =% 0.06

v,

Large lepton mixing angles imply a Small neutrino mass hierarchy?

&, ~7/6 CP

m, Im, ~ 2 /2|m, Im_~41°/3 Am~m,~m (. D
H Q. ~7/4 violation?




A Popular Conjecture =5

Quark
Mixing

Iarge — large small

612 6)23 913

CKM Matrix = Identlt Matrix + Corrections

kﬁpton Iarge small
ixing

912 923 013
PMNS Matrix = Constant Term+Corrections

Flavor Symmetry| CP Violation



LO + NLO Terms 59

Democratic Neutrino Mixing Pattern (H. Fritzsch, Z.Z. Xing 1996)

(FF o\ [ [(F F 0
4 sl | s 8oy

Tri-bimaximal Neutrino Mixing Pattern (P. Harrison, D. Perkins, W. Scott
2002; 2.Z. Xing 2002; X.G. He, A. Zee, 2003)

f.n = mjd v, =m/4 -8,
O =m/44+6, Uy =7/4

Democratic Tri-bimaximal

0, = arctan(v/2) — 7/4 = /4 — arctan(1/y/2) ~ 9.7°




Flavor Symmetries 60

Guiding Principle

Flavor / Family Symmetry is one of a few promising approaches towards
deeper understanding of fermion mass generation and flavor mixing
(H. Harari et al 78; C. Froggatt and H. Nielsen 79).

Flavor Symmetry
S:,S,,A,,Z,,U(1):, SU(2);, oeeees

Symmetry Breaking

=

Observed patterns of fermion masses and flavor mixing




Quantum Corrections «:

A mechanism of neutrino mass generation most
likely works at a super-high energy scale. After
integrating out heavy degrees of freedom, one
is left with the unique Weinberg operator:

Lo 1

A_ — iﬁaﬁgHHTE%L ‘|— h.C.

RGEs = Cable Car

To compare a theory with experiments,
one must run the RGEs of the effective
v=-mass matrix down to low energies:

RGE = renormalization-group equation



Other Possibilities? 62
w h a t distinguishes different families of leptons or quarks?

----- they have the same gauge quantum numbers,

yet they are quite different from one another.

Radiative Mechanism (S. Weinberg 1972; A. Zee 1980)
Texture Zeros (S. Weinberg; H. Fritzsch 1977; H. Fritzsch 1978)

Family Symmetries (H. Harari et al 1978; C. Froggatt, H. Nielsen 1979)
Seesaw Mechanism (P. Minkowski 1977; T. Yanagida 1979;
Extra Dimensions (K. Dienes et al; G. Dvali, A. Smirnov 1999)

Although nature commences with reason and
ends in experience, it is necessary for us to do the
opposite, thatis, to commence with experience
and from this to proceed to investigate the reason




