Neutrino Physics

Neutrino’s history & lepton families
Dirac & Majorana neutrino masses
Lepton flavor mixing & CP violation
Neutrino oscillation phenomenology
Seesaw & leptogenesis mechanisms

Extreme corners in the neutrino sky
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12 known flavors 1

Discoveries of lepton flavors, quark flavors and CP violation

1897
1919
1932

electron (Thomson, 1897)
proton (up and down quarks) (Rutherford, 1919)
neutron (up and down quarks) (Chadwick, 1932)

1933
1937
1947
1956
1962
1964
1974
1975
1977
1995
2000
2001

positron (Anderson, 1933)

muon (Neddermeyer and Anderson, 1937)

Kaon (strange quark) (Rochester and Butler, 1947)
electron antineutrino (Cowan et al., 1956)

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

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

tau (Perl et al., 1975)

bottom quark (Herb et al., 1977)

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

tau neutrino (Kodama et al., 2000)
CP violation in b-quark decays (Aubert et al., 2001; Abe et al., 2001)




Harald Fritzsch and Murray Gell-Mann coined the “flavor” !
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Lecture B1

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

¥ Neutrino Oscillations in Matter



Flavor mixing 4

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 5

1964: Discovery of CP violation in K decays
(J.W. Cronin, Val L. Fitch)
NP 1980

-
1967: Sakharov conditions for cosmological . ™

matter-antimatter asymmetry (A. Sakharov) { ]
NP 1975 R

1967: The standard model of electromagnetic and -
weak interactions without quarks (S. Weinberg)  iF= =

the first 4 Yrs NP 1979

0 citation for

1971: The first proof of the renormalizability of the
standard model (G. ‘'t Hooft) NP 1999




KMin 1972 6

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

@Violation in the Renormalizable The(D
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.

3 families allow for CP violation: Maskawa’s bathtub idea!

“as I was getting out of the bathtub, an idea came to me”



Diagnosis of CP violation 7

In the minimal vSM (namely, SM+3 right-handed V’'s) , the
KM mechanism is responsible for CP violation.

See the book by
Lo = ! (WiH'Wi, + B*'B,,) Xing + Zhou for
4 a detailed proof

Ly= (D*H)' (D, H) - *H'H - X (HH)’

Lo = QLilpQy + (L ity + Ugid Uy + Dyid Dy + Egid Ex + Ngid Ny

1\
Xt

J 6% |

The strategy of diagnosis: given proper CP transformations of gauge,
Higgs and fermion fields, we may prove that the 1st, 2"d and 3 terms
are formally invariant, and hence the 4" term can be invariant only if
provided the corresponding Yukawa coupling matrices are real. (Note
that the SM spontaneous symmetry breaking itself doesn’t affect CP.)

Ly =-Q Y HUy —Q,Y,HDy — 1, Y,HE; — [, Y, HNg + h.c.




CP transformations 8
Gauge fields: |[[B,, W' W2 W?] =5 [-Br, —Whe, 4w2, —]
{B}um Wim ij Wi}/} { B;u/ VVIJUJJ/7 -|—W2‘W, _WB,(H/]
Higgs fields:
H(t,x) = (?;) P+, —x) = (;fo_)
Lepton or quark fields:
Dry, (1) Uy — —Ug (1 5) Wy (U7, (1 £75) 04y = By (1 £95) 9,
Spinor bilinears: Vo | 1Yo | Viyuthe | VY5 e | 0,100
66 V1| 1yY5Y1 —7792%.191 192%,’}”5191 —IDQUWIM
EG @$// P 0o | =it vstha| 1y o [ =Y vsia| D0t s
L:H %o' }/9‘ T | o] =it 5o | V17 s | Uy ysthe | =t ot s
L 0”(\ %')‘ CP |thoth1 |[—ithy 501 | =0V U1 |[— 0oy 5101 | — 00" 1
K Q 69{ CPT w_zwl W_z%% —1/)_2%151 —1@_2%.75% ¢_20u.u¢1




The Yukawa interactions of fermions are Y, =
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 9
Yu*a Yy = Yd*

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:

B quarks

L"cc - i(u ¢ t)L ’YNU

V2

d
s

b

41

4y (
Wo+hel|lL,=—"=(eput) ¥V |1,
V2 "

L

W, +he.

L

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

Comment B: both the CC and Yukawa interactions have been verified.

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




Parameter counting 10

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

cre® spe”t 0
O1(01, v, Br.yy) = —s51€P1 creT ()
0 0 et
e 0 0
02(921 (g, 621 72) — 0 CQEB/L()"/Q 526_“32
0 —826“32 626—2042
636?3043 0 336—%'/33
O3(03, s, B3,73) = 0 e's 0
—836“33 0 Cae” '3

|Where s; = sinf; and ¢; = cos#; (fori =1, 2, 3)'

Category A: 3 possibilities Category B: 6 possibilities
V =Oiojoi (I * J) V=OinOk (|¢J¢k)




Phases 11

For instance, the standard parametrization is given below:

_ . SO . —t3. EY . . i3 . — i
= 0 Coet2  s,e 2 0 e'ls 0 -5 e ()
0 —s,e¥2 cye i —sgePs 0 eqeTs 0 0 e’
¢, cpet( M tratay) 8, cqell=Fitratay) §,et01+72=8s)

e o Bty 4 e e e, =G5+, v o el oo tYe) o o e et —8; =84+ . (Y =By —0r.
}_,1(’2(5_, 1 2 .'}) (’15263‘& 1 2 .‘1} (’l(ﬂf’ 1 2 .'1} “"1‘52‘53& 1 2 .*1) 152&3(5’ 1 2 .‘1)

v o BBty . o oo il —n+3. v o oi(—aq 8. . s m oo e —B —as+3. . o (Y ——ar.
8185€ (B1+B82+73) — ¢ CyS5€ (o) —ap+83) —C8,€ (—ay +82+73) ;,1(?33&( B —as+83) Co C€ (7 —agp—ag)

[l
— T —

e 0 0 C,Cy $1C3 s, 10 e 0 0
= 0 e® 0 —81Cy — €18985€Y0 €] Cy — 58955€" o C 0 e¥ 0
_— - ) 1 .12 Jl! 2! 3 - (Jl (;2 5152!‘)3(3 ESQ(JS E.a

0 0 e 818y — €1 Cy83Y0  —C[8y — 5,850 ey 0 0 e~

a=(a;—B) —(a+ By —7) =73, b=—Fy—az, c=—a,—a;;

z =0+ (ay+ By) + (a3 +73) , y=—a;+(as+6) +(az+7;) ., 2=




Physical phases 12

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
€12¢13 512C13 S513€
V= S19C93 T €19593513€ C19C93 = 519593513€ : 593C€13
R 10) P, .
519993 7 C19€93513€ C19593 = 512€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

g - , . ) , —1 6 . i f-) - .

C12€13 ) S519C13 : S13€ € () ()

,.,‘r _ o - . - . , )é(} - - _ . . , )(l'(_ , . - \?'G_ -
Vo= | =519093 = C198935136"0 Crolog — 519593513¢ 523613 0 e

_ LT s o A T o0
512923 — C12623513€ — 012923 7 S126235136 Ca3Cq3 00 1

s




What is oscillation? 13

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% y;
& interfere with one another

"e\/ ) "“v i x\/ |

o o :
1" 1" 1"
1 1 1

For example: 176 beam : g decay; v, beam:~zdecay; v, beam:D decay




How to calculate? 14

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......

N

Some 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) 15

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

Mass states Weak states

First Second First Second
Approximation:

a plane wave

with a common
| momentum for
(Ye) = ( cosb sinf ISl each mass state

vy —sin6 coso Vs
|1/#(0)) = |1/ﬁ) = —sin f|v,) + cos O|vy)
v, (1)) = —sinfe""ity)) + cos e P2 |v,y) AE = FEy,-E, =
. | N m
—= e B (— sin 6|v,) + cos 96_*AEt|I/2)) ~ o \pT 2w
Am?® = mi—mi, FE = p> m,, (relativistic neutrino beam) , h = ¢ =1 (natural units)




2-flavor oscillation (2) 16

The oscillation probability for appearance v experiments:

P (yﬂ — ye) =

— sin® 20 sin?

- ‘Sinﬁcosﬁ (1 — e‘mEt)‘g = 2 (sinf cos ) (1 — CoS

Am?2L
4F \

2 . 2
(Vo lv, ()] = |(cosO(vy| + sinO{,|) (= sinOlv,) + cosfe 27 |v,) )|

AmZt
2F

\

The conversion and survival probabilities in realistic units:

P (VM — 1/6) = sin®20sin”

P (Vu —> VM)

1 — sin? 20 sin?

1.27TAm?L
E

1.27TAm?L

E

Due to the smallness of
(1,3) mixing, both solar
& atmospheric neutrino
oscillations are roughly
the 2-flavor oscillation.

Am? in unit of eV? |

L in unit of km , FE in unit of GeV




2-flavor oscillation (3) 17
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| | , ((1.2TAm2L
P(ve — v,) = (v, |v(t))]? = sin® 20 sin” ( - )



Exercise: why 1.27 ?

18

Phase factors

Energies and momentum

Natural units

exp (—iEljgt)

El,z = \/}32 + m%,?

Realistic units

exp | —1——t
h

_ 2.2 2 4

A 2 A 2/3 A 214
Energy difference AF = 27; A — ?;'lpr" _ ;@Er
. . L
Time and distance t=1L —
c
1 Am2L 1 AE 3 Am2L
Oscillation argument _AEt = Zé St = ;_? Z;
c=2.998x10> kms™ c3 1

/i=6.582x10"%°> GeV's

- -7
4h 4x0.1973

=1.267 =1.27

c=1 = h=6.582x10" GeV x2.998x10° km
=1.973x10""° GeVkm=0.1973eV* GeV ' km




3-flavor oscillation (1) 19

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

e R ) = ) =XVl
e - G X R
e~ gy (1) el f",-‘i;ii ez’éf’r

The amplitude and probability of neutrino oscillations:

’ 3 3
(E W) (Svae =) = S vavue
J=1 =1 i—1

2

A (L’a — Vﬁ) = (yglra(t))

‘2 B

Plra=vs) = [Wwslu(n)

3
- Z V* VG? + 2ZRO { ‘{%Vajv;@*jei(E‘j_Ei)t

1=1 1<J




3-flavor oscillation (2)

20

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

3 . * Am-??L
P (v, > v,) = ZE VaiVai 4 QZR° (VaiVssVag Vi) cos 2F
i 1<J
_ lem( i VsiVa Vﬁj) S Qé
3
_ Z Vi Vi + 2 Z Re ( V;e;avajvﬁ*j)
=1 1<J
L Am2L 3 Am3 L
_42 Re ( i ViVa Ve*j) sin” m —2) Im ( iV piVa %*j) sin —5 -
> | o 2F
2 3 Am2L
_ - 4% Re (Vo Vs Vai Vi) sin® "
Am? L
+2;1m( iVaiVa VG?) Sin 2;7
2 1
— 5, tn (Vi Vs Vi Vi) =




3-flavor oscillation (3)

21

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

P (r/a — 1{5)

= —4ZR(‘( iViiVa

1<
2
Ams, L

+ 8‘7;6&_{37 Sin ——

, AmL
4F

nys ) sin?

Am3 L
g Sin

Am3,L
1E

S1n

The 15t oscillating term: CP conserving; and the 2" term: CP violating!

’ % I (Vi Vg Viay Vi) sim AZ%L
— 127 Z}; €apy (sin A?%L — sin A;né}lz + sin A?;%L)
= 27 ; €0y (Sin A?E%?L + sin A;néalz + sin A?;’%L)
— 487 Z,},: €agy S AZ%L s ATESL i ATélL

NOTE: If you have seen
a different sign in front
of the CP-violating part
in a lot of literature, it
most likely means that
a complex conjugation
of V in the production
point of neutrino beam
was not properly taken
into account.




Discrete symmetries 22
Basic expression AmZL
— 2 1
P(I/a—>1/5) = —4%Ro( VaiVa V@?)%m 4}%
CAm3 L . Am3 L . AmiL
+ 8\7;603,}, Sin — = — sin — ——sin —
CP transformation 2
P, =7,) = 0as— 4230( Vi VigVi)sin? 2T
VRSV .
. Am2 L . Am2,L . AmiL
J—o -] — 8‘7;6057 sin 451 sin 45 sin 452
T transformation 2
P (1/5 o zza) = — 4ZR(‘ ( VsiVa Vgﬁ) sin? AL
aof | i< =
. Am3 L . Am3L . Am3,L
_ 8\7; €agy S — 2SIl — > — S —
CPT invariance P (76 — va) = P (ya — 1/5)




The 1st paper on CPV 23

Volume 72B, number 3 PHYSICS LETTIERS 2 January 1978

TIME REVERSAL VIOLATION IN NEUTRINO OSCILLATION

Nicola CABIBBO™
Laboratowe de Physique Théorique et Hautes Energies, Pars, France™™

Recewved 11 October 1977

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

Tri-maximal neutrino mixing + maximal CP violation:

1 1 1} J=1/64/3
A=—\71_§ I a a%|, a=exp[2m/3]




CP & T violation 24

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

P (ya — yﬁ) — P (Fa — Fe) = P (f/a — I/ﬁ) — P (yﬁ — i'/a)

Am2,L . Am2,L . Am2,L
- 16‘7;6&37 sin ngjl sin Tg sin T;

Intrinsic CPV X three oscillating terms

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

% 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 VV; hence such oscillation experiments cannot tell us
whether neutrinos are Dirac or Majorana particles.

J =sind,,c0s6,.5inb,,c0s6,5ind, 0526, .5ind <1/ 6/3 ~ 9.6%




Disappearance 25

Disappearance experiment: one flavor converts to the same one
Appearance experiment: one flavor oscillates into another one.

Most neutrino oscillation experiments are of the disappearance type

o Ami, L
Py = ve) = 1=4[Vyl* Vool sin® =2

o Am3, L

—4 |V
| 1| | 3| Slﬂ 4E
2 2 . 2Am§2L

—4 |V V
| le,2| | le,3| SH1 AE

]Ale] — Ambun < Amatm ]Am§2] ~ ]Amgll
~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.



1) < 177 oscillations 26

Comparison: neutrino-neutrino and neutrino-antineutrino
oscillation experiments.

<
> > ——
(\VS\‘ Vi V; PSJ\) Vi V;

W W W W
neutrino —» neutrino  neutrino — antineutrino

+

lp

3 _ 3 _
A= VaVpe ™ A= =3V, m e
k=1 k=1

Feasible and successful today! Unfeasible, a hope tomorrow?

Sensitivity to
CP-violating
phase(s):



Matter effects 27

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, VeV, V, Refractive index [EIRENESEN 277Nef
nc
p




Matter may matter 28

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)

MSW

Ve - exp[i px(nnc + N, — 1)]
V,u : exp[ipx(nnc — 1)]
v, : explipx(n, ~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 29
Neutrino oscillation in matter (a 2-flavor treatment):
d [ Ve ‘TE cos 20+/2G N, ‘\'m = sin 26 Ve
| — —
dt V) -\‘E sin 26 Q“E cos 26 Vi

AL The matter density changes

9 o [ L m for solar neutrinos to travel

Py, = v,), = sin” 20sin ( E ) from the core to the surface
~ 1.27TAm? L ) inf 7

Pv,—=v,),= sin” 26 sin” ( T ) Vel — COSH,, qu 1)

L v,) —sinf cosf ) \ |Dy)

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

Am?cos 20 — 2v/2 GxN,E

MSW

resonance ()

tan 20 =

0 =45




Lecture B2

% Evidence for Neutrino Oscillations
% Lessons from Oscillation Data

% Comparing Leptons with Quarks



Solar neutrinos

R. Davis observed a solar neutrino deficit, compared with J. Bahcall’s
prediction for the v-flux, at the Homestake Mine in 1968.

31

— 100 %

80 %
z
- 2
160% S
1 ~
] o
40% S
-~

120 %

Energy of solar neutrinos in MeV

Strumia & Vissani, hep-ph/0606054.
Examples: Boron (#1) v's ~ 32%, Beryllium (#) v's ~ 56%

S|
_ Gallium ]
_ % Chlorine =
I Water
night -
L day ]
0.1 | 10

0%

DATA



MSW solution 32

In the two-flavor approximation, solar N0~ 6 107 e
neutrinos are governed by  (0) = 6 % cm

_ Amg, [ —cos26,, sin20,, ] 4 V2GRN, (r) 0
Hor = / AF | sin20,, cos20,, / 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
Py, —v,) =~ 1—§sin2 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. That is why it
keeps to be v_2 on the way to the surface (for theta_12 ~ 34° ):

‘|1/2) ~ sin 0,|v,) + cos 912|v”)‘ ‘P(yB —v,) = [{v,|v)|? = sin® 0, ~ 0.32‘




SNO in 2001

33

The heavy water Cherenkov detector at
SNO confirmed the solar neutrino flavor
conversion (A.B. McDonald 2001)

The Salient features:

Boron-8 e-neutrinos
Flux and spectrum

Deuteron as target

3 types of processes

Model-independent

At Super-Kamiokande
only elastic scattering
can happen between
solar neutrinos & the
ordinary water.

Neutrino Reactions on Deuterium

Charged-Current

v —

.E N Cherenkov electron
p \\\

neutring deuteron \\\ @

protons

MNeutral-Current

neuinnu

\\ @ nautrun

proton

neutring deuremn

Elastic Scattering

'|"|
4 // Cherenkov electron

e ——o

neutring EIE‘;I:un\\ ®

neutrino




(bCC“ = 1767005 (stat.) ") g (syst.) x 109 em~=2 7!
The SNO reSUIt @Eb — 92 39—|—8 g%( tat) 0 1 (syst ) y 106 Cmiz 5*1

dne = 5007015 (stat.) Ty 5 (syst.) x 106 em=2 57!
—ulm 85 SNO SNO gb(ye) — 1. 76+88§( stat. )—1—888 (syst ) < 105 em-2 ¢ 1
rﬂ; 7:_ q)ES q}CC @(VH,T) = 3. 41+8 ié( t&t) 04,. (sySt ) X 106 Cm—Q S—ll
3 -
= 0L dcc = O(ve)
- 5 Ops = O(ve)+ 0.15590(v,+)
=3 » SNO onc = O(Ve) + O(Vpur) .
4 NuclFex/0610020
3 '
23— John Bahcall
12
0_ I B
0

Solar electron neutrinos convert to
muon or tau neutrinos!



Atmospheric neutrinos 35

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

_ Cosmic-ray
' ~ shower
~30 kilometers
Zenith angle
p, He ... Downward
_ . (L=10~100 km) \ !
| Atmospheric neutrino source nt, K |
-I
tt—ut+ Vi pt
MR
e’ + + u ’Vp’. "
t v, v, "
Underground e+, + Vu ; \\
Ver \e Y \u Upward N
detector (L=up to 13000 km)
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Zenith angle distributions

Ve vy

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

SK-1 + SK-Il Preliminary

400
Datasets * 350
SK-I FC/PC p-like: 1489 days ‘ g 300
SK-Il FC/PC p-like: 799 days E; 250
Phys. Rev. Lett. 107, 241801 (2011) ; 200
SK-T+IT1+I11 data set 1 £ 150
= 100
0.005 250
i 909% C.L. contour |
0'004:_ o '"'";: S X — Oscillation
[ /,v/// % 1.6 — Decoherence
o i - E 1.4 — Decay .
> 0.003- - ] =
2 i i c 1.2
o = / o
o | : 1
€ 0.002 ( v ] O
T ~— B 0.8
I TS B 06
0.001 ] v
i % 0.4
D: | | | 8 0.2
0.85 0.9 0.95 1 O —— vt e JHR L
o2 2 3 4
sin“26,, 1 10 10 10 10
L/E (km/GeV)




Accelerator neutrinos 38

Lake
Soudan @ : Superior
a ! i
Duluth @ > Jl
MN

Madlson

The MINOS supports
Super-K & K2K data

__ Fermilab

X:IOI-S"'I"'I"'I"'
4.0F * MINOS Best Fit -

- —— MINOS 90% C.L.
o MINOS 68% C.L.
3.0
2.5

- —— SK90%C.L.

- —— SK (L/E) 90% C.L. 1
20 i}

hep-ex/0607088 k
1.50 1 . -
0.2 U 4 0 6 0.8 1.0

sin (2923)

= 2.747)3} (stat + syst) x 107 eV?
sin®26,, =1.00 ,(stat +syst)

Constrained to sin%(26,,) < 1




T2K in 2011 39
T2K (Tokai-to-Kamioka) experiment

arXiv:1106.2822 [hep-ex] 14 June 2011
T2K Main Goals: Hint for unsuppressed theta(13) !

% Discovery of V; = Ve oscillation (Ve appearance)

% Precision measurement of v, disappearance



T. Nakaya (Neutrino 2012)

Allowed Region (constant 2 method)

P(vy—v,)=sin’0:35in?203sin*(1.274m3,°L/E) + CPV + matter effect. + ...

normal hierarchy inverted hierarchy Frelnmnny
& g [ N
2] e L
2 2
or — sl Jy —avecL
B — Best fit E — Best fit
Run1+2+3 data Run1+2+3 data
li (2.556e20 POT) (2.556e20 POT)
D normal hierarchy -2 inverted hierarchy
i L |AmaP=24x10-%V?2 \mpl =2.4x10-3eV?2
=Y A ] S - S i T T TR — T N PR
0 0.3 0.4 0 0.1 0.2 0.3 0.4
in? sin’26
sin“26, , 13

$sin22013=0.104 %55 @0cp=0 sin22013=0.128 %<5 @dcp=0
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Survival Probability
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Hunting for 6,

o]e)
N
@ Reactor
| @) > O Detector P 4x20t
gy |5 f{i /
§ \ S ¥ S e 2x20t
@ ./ o
o ° or<?® / & LAz

— \ /"OALQL%? }g\\ )

/\ UO/ O) I. ~ - N 36)0 ’.

%, 7o 2 / N 9 LA1

‘9/; \J,‘)) ‘,. \\
U\ / RN
~ ~
S ° © dO 2x20t
© RENO
Double Chooz eo Daya Bay
Thermal ) Detector
power Baseline mass

Setup P, (GW) L (m) Mpet (1) Events/year Backgrounds/day
Daya Bay [20] 17.4 1700 80 10 x 10* 04
Double CHOOZ [21] 8.6 1050 8.3 1.5 x 10* 3.6
RENO [22] 16.4 1400 154 3 x 10* 2.6




Daya Bay in 2012 44

The Daya Bay Experiment

Adjacent mountains with horizontal access
provide 860 (250) m.w.e cosmic shielding.

Ling Aol + I B e mseie. 1650 m

6 commercial reactor cores
with 17.4 GW,, total power.

| e %
= ®Ling Aoll
reactors

6 Antineutrino Detectors (ADs)
give 120 tons total target mass.

.
< Ling Ao, .
. reactors

Via GPS and modern theodolites, relative
detector-core positions known to 3 cm.



N

expected

N

detected

N

D. Dwyer (Neutrino 2012)
Rate Analysis

Estimate 0,; using measured rates in each detector.

._.
Y
n

- 70 Uses standard x? approach.
- 60
11 . jﬁ Far vs. near relative measurement.
N “3E N\ 50 [Absolute rate is not constrained.]
F 20
LOS |~ 10 L Nlo,_~ - Consistent results obtained by
- =005 .,hjlﬂfll =015 | independent analyses, different
N OO . .. SRS reactor flux models.
i EH1 EH2
095 _
i . Most precise
N EHS 1 measurement of
_I - I L1 1 J. L1l 1 J. L1 1 I - I Ll 1 I L1 1 J. L1 1 I L1 1 I Ll 1 Sin22913 to date.

0 02 04 06 08 l 12 14 16 18 2
Weighted Baseline [km]

sin%20,; = 0.089 + 0.010 (stat) + 0.005 (syst)



3-flavor global fit

46

M. Gonzalez-Garcia, M. Maltoni, T. Schwetz, e-Print: arXiv:1409.5439

Normal Ordering (L\XQ = 0.97) Inverted Ordering (best fit) Any Ordering
bfp £lo 30 range bfp £lo 30 range 30 range
0.30470-015 0.270 — 0.344 0.30470-0%5 0.270 — 0.344 0.270 — 0.344
33.48T0 1% 31.29 — 35.91 33.4870° 18 31.29 — 35.91 31.29 — 35.91
=2 A=0+0.052 - W=y =~n+0.025 - VN OA aQr oA
sin” 023 0.45270-052 0.382 — 0.643 0.57970-025 0.389 — 0.644 0.385 — 0.644
423739 38.2 = 53.3 495735 38.6 — 53.3 38.3 = 53.3
sin” 13 0.021870-0010  0.0186 — 0.0250 | 0.0219700015  0.0188 — 0.0251 0.0188 — 0.0251
@ 8.50103¢ 7.85 — 9.10 8.510-2¢ 7.87 = 9.11 7.87 = 9.11
@ 306+3 0 — 360 254753 0 — 360 0 — 360
Am% ~ =n+0.19 . 19 ~ =n+0.19 - 19 ~ ()
m ‘/")0—[}'17 7.02 = R.0¢ ‘/-L)O_DYIT 7.02 = R.0¢ 7.02 = &8.09
Am3, o 10.047 o 10.048 o o 42.325 — +2.599
T vz | T2ATI00 #2317 = 42,607 | —2.44975508  —2.500 — —2.307 | | Too0 L oy

Quark mixing:
Lepton mixing:

0>~ 13°, 0,3 ~2° ) 0, >~02°, 0 ~65°
00 > 33°, Oy ~45°, 0,3 ~ 8.5, 0 ~270°




Mass ordering experiments

47

Accelerator (T2K) or atmospheric (INO/PINGU) experiments
‘Am; + ZﬁGFN eE‘ with the help of matter effects

Reactor (JUNO): Optimum baseline at the minimum of Am’,
oscillations, corrected by fine structure of Am;, oscillations.
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Naive understanding 48

0.97427 £ 0.00014  0.22536 + 0.00061 0.00355 4+ 0.00015

_, )0
Vorn = | 0.22522 +0.00061  0.97343 £ 0.00015  0.0414 £ 0.0012
mixing

0.00886 0 0oas  0.0405700015  0.99914 + 0.00005

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

m, /m ~m_/m, ~ A oy A big CP-violating
_ _ 1A~0.22 E 6~ phase in the CKM
m,lm_ ~m_m ~ A g, matrix V is seen.

0.801 — 0.845 0.514 — 0.580 0.137 — 0.158
0.225 — 0.517 0.441 — 0.699 0.614 — 0.793
0.246 — 0.529 0.464 — 0.713 0.590 — 0.776

Lepton U] =

mixing

Large lepton mixing angles imply a Small neutrino mass hierarchy?

i 4 7 f 2 ; b-llz — :?E- 6
m,/m,~A/2\\m, /m_~44 /3 ._

CP
violation?

m, — m, ~ 1,




What is behind? 49

/ Flavor Symmetry \

Texture zeros Element correlations GUT relations

They reduce the number of free parameters, and thus lead
to predictions for 3 flavor mixing angles in terms of either
the mass ratios or constant numbers.

Example (Fritzsch ansatz) Example (Discrete symmetries)
0 x 0 b+c —b —c
M,,=|x 0 x M,=| =b a+b —a
0 X X —cC —a a+c
Dependent on mass ratios Dependent on simple nhumbers

D PREDICTIONS o




Summary (1)

Me

lm\ Really nothing in? Charged
V

€  DESERT = &

Generation
N
|
",
2

10° 10° 10™ 10° 10* 10" 10° 10" 10° 10° 10* 10° 10° 10" 10° 10° 10" 10" 10"
Mass (eV)

Flavor hierarchy + Flavor desert puzzles: 12 free (mass) parameters.
In the quark sector, why is the up quark lighter than the down quark?



Summary (2) 51

Quark mixing: hierarchy! -~ 4/6 parameters

= 7 s b B e 2 5
u . e L
V= c| m - vl = 4| 8 o
{ . o 7 | B .
] 0999 _ Lepton mixing: anarchy?

(Approximate -t symmetry)

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

1 LEONARD DE VINCI 1



