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11) Introduction
Standard Model of Elementary Particle Physics: SU(3)c x SU(2)r x U(1)y

Species # >
Quarks 10 10
Leptons 3 13
Charge 3 16
Higgs 2 18

18 free parameters. . .
+ Dark Matter
+ Gravitation
+ Dark Energy

+ Baryon Asymmetry




Standard Model of Elementary Particle Physics: SU(3)c x SU(2)r, x U(1)y

Species # >
Quarks 10 10
Leptons 3 13
Charge 3 16
Higgs 2 18

+ Neutrino Mass m,,




Standard Model* of Particle Physics

add neutrino mass matrix m,, (and a new energy scale?)

Species >
Quarks 10

Leptons 13
Charge 16
Higgs 18




Standard Model* of Particle Physics

add neutrino mass matrix m,, (and a new energy scale?)

Species # > Species +# >
Quarks 10 10 Quarks 10 10
Leptons 3 13 — Leptons 12 (10) 22 (20)
Charge 3 16 Charge 3 25 (23)
Higgs 2 18 Higgs 2 27 (25)

Two roads towards more understanding: Higgs and Flavor
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General Remarks

e Neutrinos interact weakly: can probe things not testable by other means
— solar interior
— geo-neutrinos

— COsSmIC rays

e Neutrinos have no mass in SM

— probe scales m,, o< 1/A

— happens in GUTs

— connected to new concepts, e.g. Lepton Number Violation

= particle and source physics
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12) History
1926 problem in spectrum of S-decay

1930 Pauli postulates “neutron”
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Fermi theory of 3-decay
discovery of 7, by Cowan and Reines (NP 1985)
Pontecorvo suggests neutrino oscillations

helicity h(v.) = —1 by Goldhaber =V — A

discovery of v, by Lederman, Steinberger, Schwartz (NP 1988)

first discovery of solar neutrinos by Ray Davis (NP 2002); solar neutrino
problem

discovery of neutrinos from SN 1987A (Koshiba, NP 2002)
N, = 3 from invisible Z width

SuperKamiokande shows that atmospheric neutrinos oscillate
discovery of v,

SNO solves solar neutrino problem

the third mixing angle
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13) Neutrinos and the Standard Model
SUB)e x SU©2)L x U(L)y = SUB)e X U(L)em With @ = I3+ 1Y

Ve
L. = ( ) ~ (1,2,-1)
(&
L

o ({1l 1 =)
~ (1,1,0)  total SINGLET!!




Mass Matrices

3 generations of quarks

/ /! / / / ! /
Up, CR, LR =U; R and dg, sg, bg = i, R

gives mass term

EWSB (d) d/ d’ v (u )

g 9i; zL R
5 Tt o
:d’LM(d>d’R+uLM(“>uR

arbitrary complex 3 x 3 matrices in “flavor (interaction, weak) basis”




Diagonalization

Ug M@V, = D@D = diag(mg, ms, ms)
Ul M®™ YV, = D™ = diag(m.,, me, m;)

In Lagranglan:

—Ly = d—’M(d>d’ -I-@M(“)U’R

dyUs UMDV, Vidg + ofU, UIM®™V, Vid
S—— v~ ~ \/—/ N \\ ~ J \ /

dr, D(d) dr UL D) Up

physical (mass, propagation) states uy, =




In Interaction terms:
Wi upytdy
Wi WU, v UlUs Uldg
N—— N—— N~
ur, V dr,

Cabibbo-Kobayashi-Maskawa (CKM) matrix survives:

V =Ul U,

Structure in Wolfenstein-parametrization:

Vud Vus Vub
Vcd Vcs Vcb
Via Vis Vi AN (1—p—in)

with \ = sin ¢ = 0.2253 +0.0007, A = 0.80815-022
p=(1-2%)p=01320022 7 = 0.341 £ 0.013




L esson to learn:

0.97428 £ 0.00015 0.2253 £ 0.0007  0.0034770-00015
VI= [ 02252+0.0007 0.97345735501%  0.041070 3551

0.0086210-000%0  0.040310-0054  0.9991527 0006040

small mixing in the quark sector

related to hierarchy of masses?

o cosf sinf
=UDU" with U =

—sinf cosb

where D = diag(m1,ms3)
from 11-entry one gets

ma
tanf = , /| —
mo9

compare with y/mg/ms ~ 0.22 and tan o ~ 0.23




Number of parameters in V' for N families:

complex N x N

unitarity

rephase u;, d;

2 N? 2 N?
_N2 N2
(2N —1) | (N—=1)2

a real matrix would have £ N (N — 1) rotations around ij-axes

families

2

in total:

angles

phases

2

3
4
N

0




Masses in the SM:

—Ly =g.L®ep +gyzci>VR—|—h.c.

with

2 ¢°
¢ =

and (i) = 7:7-2 ¢* = 7:7-2
L
after EWSB: (®) — (0,v/v/2)T and (®) — (v/v/2,0)T
(V)

v
—Ly = ge ﬁ@eR%—gy EWVR + h.c.=m.erer +m, VL Vg + h.c.

< in a renormalizable, lepton number conserving model with Higgs doublets the
absence of v means absence of m,,




Lepton Masses

and in charged current term:

— g / /

V2 K

LWt LU,  UJU, Ulv
N——

S~—— S~——
er U vy,

Rotation of vy, is arbitrary in absence of m,: choose U, = U,

= Pontecorvo-Maki-Nakagawa-Saki (PMNS) matrix

U = 1 | for massless neutrinos!!

= individual lepton numbers L., L,, L. are conserved
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I11) The PMNS matrix

Neutrinos have mass, so:

—Loc = %EW’“UVL W with U = U} U,

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

- *
voa = U2, v;

connects flavor states v, (o = e, u, 7) to mass states v; (i = 1,2, 3)




Number of parameters in U for N families:

complex N x N 2 N?
unitarity —N?
rephase v;, ¢; —(2N —-1)

1

2 N?
N2
(N —1)°

a real matrix would have 5 N (INV — 1) rotations around 7j-axes

2

in total:

families angles

phases

2 1
3 3
4 6
N N (N —1)

0

1
3
(N —=1)

this assumes U mass term, what if v v ?




Number of parameters in U for N families:
2 N?
N2
N(N —1)

2 N2
—N?Z?
—N

complex N x N

unitarity

rephase /,,

a real matrix would have N (N — 1) rotations around ij-axes

families

angles

in total:

phases

extra phases

2
3
4
N

1
3
6
SN (N -1)

1
3
6
SN(N-1)

1

2

3
N —1

T

Extra N — 1 “Majorana phases’ because of mass term v* v

(absent for Dirac neutrinos)




Majorana Phases

e connected to Majorana nature, hence to Lepton Number Violation

e | can always write: U = U P, where all Majorana phases are in
P = diag(1, €', ei?2 '3 . ):

e 2 families:

cos) sind
U =
—sinf cos6




e 3 families: U = R23 ng R12P

0 —s23 23
C12 C13 512 C13
—is —10
—S812C23 — C12 823 S13 € C12 C23 — 512 523 S13 €

s s
$12 S23 — C12C23 S13 € —C12 S23 — S12 C23 S13 € *

with P = diag(1, €', /)




Dirac vs. Majorana neutrinos

See next term: Standard Model Il (Prof. Lindner)
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112) Neutrino Oscillations in Vacuum

Neutrino produced with charged lepton « is flavor state
v(0)) = [va) = Ug; |v5)
evolves with time as
v(t)) = Usje™ 7 |vy)

amplitude to find state |vg) = Ug, |v;):

A(ve = vg, 1) = (vplv(t)) = Upi Uz e 51 (milvy)
N——

= U3 Ugie " &




Probability:

P(vo — vg,t) = Pog = |A(ve — vg,t)|?

=Y U UpiUp; Upy gt BB
ij 2

7

V.

j.o.‘ﬁ e 1R

1

A afy
P.g =005 —4 ZRe{Z(;B} sin” TJ +2 Zlm{jijﬁ}sm Aij

j>i J>1

with phase




J>1

Ai' o .
Pog =00 —4 ZRe{j-?ﬁ} sin” 7‘7 + 2 ZIm{JéjB}Sln A

J>1

o = 3: survival probability
a # [3: transition probability

requires U # 1 and Am?, ;7 0

> . P.g =1 < conservation of probability

jgﬁ invariant under Uy, — €% U, €%

= Majorana phases drop out!




CP Violation

In oscillation probabilities: U — U™ for anti-neutrinos

Define asymmetries:

Ao = P(vgy = 1vg) — P(Vy = 7Ug) = P(vg = vg) — P(vg — vy)
=4y Im{J "} sin Ay

Jj>1

e 2 families: U is real and Im{j{;‘ﬁ} =0 Va, B,1,]

e 3 families:

Am?2 Am?2 Am?
1L sin BTS2 sin 2”]”;3L) oo

where Jop =Im {Ue; U,2 Uz, U[ﬁ}

— % sin 26015 sin 26053 sin 2013 cos f13 sin d

Aep=—Ar =D,y = (sin

2

vanishes for one Amj; =0 orone 6;; =0o0r § =0,7




e CP violation in survival probabilities vanishes:

Pvoy = Vo) — P(Uy = U4) x Y Im{Jgo‘ =Y Im{U}, Uy, U Uai} =0

j>i j>i

e Recall that U = Ug U,

If charged lepton masses diagonal, then m,, is diagonalized by PMNS matrix:
my = Udiag(m17 ma, m3) UT

Define h = m, m! and find that

Im {h12 h23 h31} = Am%l Am%l Am§2 JCP




Two Flavor Case

cosf sinf 1
= T2 = |Ug1|*|Un2|? = = sin® 26
—sinf cos6 4

2
Ams,

L
1F

and transition probability is | P,5 = sin” 26 sin®

prob(y,-y,)







prob(y,~y,)

e amplitude sin? 26

e maximal mixing for 0 = 7/4 = v, = \/g(ul + v3)

e oscillation length Lo = 47 E/Am3, = 2.48 va Ae:r/; km
21
L

= Py = sin? 26 sin® T——
LOSC

is distance between two maxima (minima)

eg.. E = GeVand Am? = 1073 eV?: Lo >~ 103 km
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L > L...: fast oscillations (sin2 L/ Losc) %

and Poo =1-2 ’Ua1’2 |Ua2’2 — ’Ua1’4 T ’Ua2’4

sensitivity to mixing




o
Sinn ™ & G
A

L > L. fast oscillations (sin® 7L/ Logc)

1
2
and Pog =2 |U0z1|2 |Uoz2|2 — ’Ua1’2 ’Uﬁ1|2 + ’Ua2|2 ’Uﬁ2|2 — % in® 26

sensitivity to mixing




"% dem 74
‘-_"‘—

3

L < Lgsc: hardly oscillations and P,3 = sin? 26 (Am?L/(4F))?

sensitivity to product sin” 26 Am?




<P> = const.

TTT

107! -

o Ll
g 107

107

o4
1072 107!
sin’26

large Am?: sensitivity to mixing
small Am?: sensitivity to sin? 20 Am?

maximal sensitivity when Am?L/E ~ 27




Characteristics of typical oscillation experiments

Source

Flavor

E [GeV]

L [km]

(Am2 ) min [eV2]

Atmosphere
Sun
Reactor SBL

Reactor LBL
Accelerator LBL

Accelerator SBL

(=) (=)

Ve, Vy

10...

10®
101
107
107

1

104

10~
10—11
103
10°
101

1




Quantum Mechanics

Can't distinguish the individual m;: coherent sum of amplitudes and interference




Quantum Mechanics
Textbook calculation is completely wrong!!

e F;, — E; is not Lorentz invariant

e massive particles with different p; and same E violates energy and/or
momentum conservation

definite p: in space this is €?*, thus no localization




Quantum Mechanics
consider E; and p,; = \/EJ2 —m3:

B .
pj = B +m? -2 with £ = —2E

T Om?2

: om?
mj :O J

mj:O

OF ;
2
Ej = pj +mj 5
J lm.=0
J

in pion decay m — uv:

m; my, '
PiE e ) T ome

thus,
Am?

ij
2F

m
>~O.8 in B, — E; ~(1-¢)




wave packet with size 0,(2 1/0,) and group velocity v; = OE;/0p; = p;/ E;:

(:U—vz-t)2}

2
4oz

Y; X exp {—z(Ez t—p;x) —

1) wave packet separation should be smaller than o, !

L
LAv <o, = < £
Losc Op

(loss of coherence: interference impossible)

2) m? should NOT be known too precisely!

om? 2
Y 5, = 0T, > b

if known too well: Am? > dm? = —
Y Op, Am?

(I know which state v; is exchanged, localization)

In both cases: P, = |Ua1|* + |Uaz2|?* (same as for L > L)




Quantum Mechanics

total amplitude for @ — 3 should be given by

A x Z/ Aﬁj ojexp{—i(E;t —pz)}

with production and detection amplitudes

— 5.2
Aaj As; ocexp{—(p D) }

2
dos
we expand around p;:

| 9B)

r (p —pj) = E; +v; (p — pjy)

P=Dj
and perform the integral over p:

L . T — v,t)?
AocZexp{—z(Ejt—pja:)—( 4023) }

j X




the probability is the integral of |A|? over t:
2 e A\ Vi T Uk -
P= [dt|Al" cexpq =i |(E; —Ey)5—5 — (P —Dx)| T
Vi + Ui

y (v; — vg)?z? (EJ — Ek)Q
eX — —
Pl 402(2 +02)  402(02 + )

now express average momenta, energy and velocity as

) Efmi
Pi= 2F

~ m2 D m?
By~ E+4(1-¢)-2 =D J

oB 7 B, = 2E?
this we insert in first exponential of P:

2

E: —F _ (H: — B | =
( J k)fUJQ-—I—’U]% (pj pk) ok




the second exponential (damping term) can also be rewritten and the final

probability is

7 2 2
o

- CcO - 27T2(1 - 5)2 oa;c

(ijh> LSy

with

4 E2 4T E
coh f " 5, and Losc_ 7T2

expressing the two conditions (coherence and localization) for oscillation
discussed before
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113) Results and their interpretation — what have we
learned?

Main results as by-products:

— check solar fusion in Sun — solar neutrino problem

— look for nucleon decay — atmospheric neutrino oscillations

almost all current data described by 2-flavor formalism

future goal: confirm genuine 3-flavor effects:

— third mixing angle (check!)
— mass ordering

— CP violation

have entered precision era




Interpretation in 3 Neutrino Framework

assume Am3; < Am3; ~ Am3, and small 6;3:
e atmospheric and accelerator neutrinos: Am3,L/E < 1

A2
2 m31L

P(v, — v;) ~ sin” 203 sin

e solar and KamLAND neutrinos: Am3,L/E > 1

o Amyy

L
1F

P(ve = ve) ~ 1 —sin® 20,5 sin

e short baseline reactor neutrinos: Am3,L/FE < 1

2
2 A7”’131

L
1F

P(ve — v,) ~ 1 — sin® 26,3 sin




Solar Neutrinos

98% of energy production in fusion of net reaction

4p+2e” —*He™ + 21, + 26.73 MeV

26 MeV of the energy go in photons, i.e., 13 MeV per v,;

get neutrino flux from solar constant

S

= _ 6 1010 —2 1
13 MoV 6.5 X 107" cm™ “s

S =85x 10" MeVem 25! = &




oy | SuperK, SNO

| sarrs 0,23%

8 aliid '_*'_-.._.j——l R PR, Gallim _(Chlorine __—Superk, SKC

| —

— :H'|'I'—b-'|!-;:' : :"']l'«.‘p—i'”-'.‘liﬁ 1 m_ﬂx

1%

‘He+'He— Bet v |
s T lmﬁ-

Bete—= Litvy, Betpt—TB+ 7 |

B4 % | | i [ % |

‘He+'He—'He+dp* || Litp'—'He+'He "B"Betethy, |
|

Neutrino Flux

1 3

‘H'L'l—l‘ll"l‘l."llH‘L" | : B -
m Neutrino Energy (MeV)

Solar Standard Model (SSM) predicts 5 sources of neutrinos from pp-chain
Bahcall et al.




Different experiments sensitive to different energy, hence different neutrinos
e Homestake: v, + 37Cl — 37Ar + e~
e Gallex, GNO, SAGE: v. + "Ga — "Ge+ e~
e (Super)Kamiokande: v, + e~ — v, + €~

All find less neutrinos than predicted by SSM, deficit is energy dependent:

“solar neutrino problem”

Breakthrough came with SNO experiment, using heavy water







elaciron neutr ino

charged current: ®(v,)

[reisteron

neutral current: ®(v.) + ®(v,r)

i Meutring
¥

elastic scattering: ®(v.) + 0.15®(v,,,)

LI

neutring
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Results of fits give

sin? 015 ~ 0.30

Am3, = Am2 ~8 x 107° eV?

only works with matter effects and resonance in Sun

— Am% cos 2015 = (m% — m%) (C082 015 — sin2 612) > 0

choosing cos 2015 > 0 fixes Am% > ()
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low E: P.. =1
large E: P,.




sin2(®)
KamLAND: reactor neutrinos
n—p+e +7, with £~ few MeV
If L ~ 100 km:

Am?D
E

L ~ 1= solar v parameters!!




Person (for scale)

Access Chimney

Liquid Scintillator Volume

Photomultiplier Tubes
Buffer Oil Volume

Stainless Steel Vessel

Water Cherenkov Detector

Ve +p—n+et with B, =~ Eomps + E2U 4 0.8 MeV

200 ps laterrn+p — d+ v




Neutrinos do oscillate

o« Data-BG- GeoV,
Expectation based on osci. parameters
+ determined by KamLAND
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Atmospheric Neutrinos

Figure 4

Super —Kamiokande 545 days Preliminary
| | T | T | T ] T | T | T | T |

| multi-GeV e-like | multi-GeV mu-like (FC+PC)|

renith
angle

EARTIH

» Data

[ZZ7] Predicted

—— hnumu-nutau osc.

-06 -0z 02 0.6 -0B -0z 02 0.6
cos(zenith angle) cos(zenith angle)

lI]'} g_“iﬂ':!

zenith angle cos6 =1 L ~ 500 km
zenith angle cos§ =0 L ~10km  down-going
zenith angle cos = -1 L ~10*km  up-going




SuperKamiokande

0000 ton Water Cherenkov Derector
11.200 20" PMTs
electronics hut

Lidllc

ROk ing

"lrr.'!!ll..

PEEFEE A |,||'i"'-I
e
“n'I,'p"'” ' "1*'}.‘.L

it

conerele




Ceaerenkov

radiation

f:a:-nf’fﬁ
o

B
Vu

Muon Muon —

nautring

Electron Electron
nautring shower

-'f.

The Cerenkov radiation
from a muon produced

by a muon neutrino event
vields a well defined circular
ring in the photomultiplier
detector bank,

The Cerenkov radiation

from the electron shower
| produced by an electron

nautring event produces
.' multiple coneas and

therafore a diffuse ring

in the detector array.







Atmospheric Neutrinos

O
9p]
o
=
=
c
Q
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Q
O
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p -
o
~
]
e
©
]

10 10° 10°
L/E (km/GeV)

t L/F ~ 500 km/GeV = Oscillatory Behavior!!
(3.8 o evidence for v, appearence)




Testing Atmospheric Neutrinos with Accelerators: K2K, MINOS,
T2K, OPERA, NovA

Proton beam

p+X ont, K¥ > nt —>(V_,u) with £ ~ GeV

If L ~ 100 km:

2
Ami

I L ~ 1 = atmospheric v parameters!!

2 Am§1
4F

P(v, — v,) = 1 — sin® 20,3 sin L




T
-

|
-

MINOS 90% C.L.
* —7, 2009-2011
® - -V, 2009-2010
O-+-9,2010-2011 -.... Super-K v, 90% C.L.
% [V, 2005-2010

I 1 1 1 I

IAm?| or |AM?| (107 eV?)

! ! PR R SR R NN S N
0.6 0.7 0.8
sin?(26) or sin’(28)

Results of fits give

]Am%ﬂ = Am?Ax ~ 2.5 x 1073 eV?

sin® A3 ~ 0.50 | maximal mixing?!

~ 30 Am%

NEW TREND (2012): less-than-maximal 63




The third mixing: Short-Baseline Reactor Neutrinos
E, ~MeV and L ~ 0.1 km:

Am? :
EA L ~ 1= atmospheric v parameters!!

Krmasnovarsk ]
Bugew

Kamiokande
(malci-Ge™ )

.1 o2 03 o4 05 05 07 o088 09

-
=in” 28

2

. . A
P.. = 1 — sin® 203 sin? 472 L




3 families: U = R23 R13 ng P
0 0 C13 0 si13 500
C23 S23 0 1 0
0 —s23 o3 —s13€° 0 C13
C12 C13 512 C13
—is —10
—S812C23 — C12 523 S13 € C12 C23 — 512523 513 €

48 —10
$12 S23 — C12 C23 S13 € —C12 §23 — 512 €23 S13 €

with P = diag(1, e’®, /)




C12 C13 S12 C13
—ié —10
—S812 €23 — C12 S23 S13 € C12 C23 — S12 S23 S13 €

) —id
—C12 823 — S12C23 S13 €

S12 823 — C12 C23 S13 €
0 C13 0 sige ® ci2 Ssi12 O
0 C23 S23 0 1 0 —S12 C12 0

O — 85923 C23 —S13 625 O C13 O O 1

~~ ~~ ~~

atmospheric and SBL reactor solar and

LBL accelerator LBL reactor
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1)
C12 C13 512 C13 S13 €

—ié —10
—S812 €23 — C12 S23 S13 € C12 C23 — S12 S23 S13 € 523 C13

—ié —10
S12 S23 — C12 C23 S13 € —C12 823 — S12 C23 S13 € C23 C13
C13 0 sige ®
0 1 0

a5
—S23 €23 —S13€ 0 C13

~~ ~~

atmospheric and SBL reactor solar and

LBL accelerator LBL reactor
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Tri-bimaximal Mixing

approximation to PMNS matrix:

0 )

Harrison, Perkins, Scott (2002)

/

with mass matrix

A B B
(my)reM = Urgy ma 8 Utpy = | - ;(A+B+D) 3(A+B-D)
(A+ B+ D)

A= (2 mi + mao e_%o‘) , B= % (m2 e — ml) . D =mge 2P

= Flavor symmetries. . .




Tri-bimaximal Mixing

(VR E
S R

Ve VE V)

Harrison, Perkins, Scott (2002)

This was still okay till end of 2010. ..




A v, B v
B B v

]
<
=
H
A
<
w

<«——— alm ——< sun

]
<
=

A v. B v:

7 B v 2 v

g
S
4
=
Z
\

0.779...0.848 0.510...0.604 0.122...0.190
U~ | 0.183...0.568 0.385...0.728 0.613...0.794
0.200...0.576 0.408...0.742 0.589...0.775

e normal ordering: Am3; > 0

e inverted ordering: Am3; <0




T2K: 2.50

beam 280m
p T dump detectors off-axis

\ialily
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: decay
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pipe monitors Super-Kamiokande
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More data
e MINQOS: 1.70
e Double Chooz: 0.017 < sin? 26,5 < 0.16 at 90 % C.L.

A 2
P.. = 1 — sin® 20,3 sin? ﬂL

0.14

- DC Far
DC Far+Near

RENO
Daya Bay DYB+Far

Daya Bay DYB+Far+LA
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20.
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0.5 status

Double Chooz: sin” 263 = 0.086 = 0.051 # 0 at 1.90 (3.1)

Daya Bay:  sin®20;3 = 0.092 £0.017 #0at 520 (> 7)
RENO: sin? 26015 = 0.113 £ 0.023 £ 0 at 4.90




at least, Double Chooz are the only ones who made it to Big Bang Theory. ..




Synopsis of global 3v oscillation analysis

e b N MR B\ . 1 . 1 1
70 7.5 8.0 85 20 2.2

24 26 2.8 000 05 1.0 1.5 2.0

SM3/10"° eVv? AM?Z/107° eV?

| M | 4 | | | |

0.30 0.35 0.3 04 05 0.6 0.7 0.01 0.02 0.03
.2 s 2 . 2
sin® 0, sin”© 6, sin© 0,




What's that good for?

Predictions of All 63 Models

anarchy
texture zero
SO(3)

SO(10) lopsided
SO(10) symmetric/asym

%
<5}
S
S
=
S
5,
o
£
S
=

NNRRRRRRRNN

[——

A ~0.0001 R 0.001 0T01 R 0.1
2025 2020 sin2913 2013 24/2/12
Albright, Chen




CKM vs. PMNS

0.97419 0.2257  0.00359
VerMm| = | 0.2256  0.97334  0.0415
0.00874 0.0407 0.999133

0.82 0.58
|Upnvns| =~ | 0.64 0.58
0.64 0.58
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114) Prospects — what do we want to know?

9 physical parameters in m,
012 and m3 — m7 (or O and Am?)
023 and |m3 — m3| (or a and Am3)
013 (or |Uesl)
mi, ma, 13
sgn(m3 — m3)
Dirac phase ¢

Majorana phases o and 8 (or a1 and aq, or ¢ and ¢o, or...)




The future: open issues for neutrinos oscillations
Look for three flavor effects:

precision measurements

— how maximal is A3 ? how small/large is Ugs ?

sign of Am3, ?

tan 20,, = f(sgn(Am?))

is there CP violation?

Problems:

— two small parameters: Am2 /Am3 ~1/30 and |U.3| < 0.2

— 8-fold degeneracy for fixed L/E and v, — v, channels




Degeneracies
Expand 3 flavor oscillation probabilities in terms of R = Am? /Am3 and |U.s:

in® (1- A)A in® AA
sin_( ) + R? sin” 2015 cos® fa3 el
(1-A)? A2

+sin J sin 2913 R sin 2612 COS 613 sin 2623 sin A o AAA S (Al_ A)A
A(1- A)

in AA sin (1- A)A

+ cos 0 sin 2013 R sin 2015 cos 013 sin 26053 (:OSASln . > (A )

A(1-A)

Ami
4 F

P(v, — v,,) = sin” 203 sin” 03

L

with A = 2v2Grn. E/Am? and A =

® (o3 <> m/2 — O3 degeneracy
e (13-0 degeneracy

e §-sgn(Am3) degeneracy

Solutions: more channels, different L/FE, high precision,. ..




Degeneracies
Expand 3 flavor oscillation probabilities in terms of R = AmZ2 /Am3 and |U.s]:

A

sin® (1- A)A + R sin? 20,5 cos? s sin? AA
(1-A)2 A2
sin AA sin (1—A)A
A(1-A)
sin AA sin (1—A)A
A(1-A)

P(v. — v,,) = sin® 2013 sin” 03

—I—Sinésin 2613 R sin 2612 COS 613 sin 2623 sin A

+ cos 0 sin 2013 R sin 2015 cos 013 sin 26053 cos A

AmA
-5 L

with A = 2v/2Grn. E/Am? and A =
If AA =
sin? (1— A)A
(1-A)?

P(v, — v,,) = sin® 203 sin” 03

This is the “magic baseline” of L = \/_W ~ 7500 km




Typical time scale
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Future experiments

e what detector?
— Woater Cerenkov?
— liquid scintillator?

— liquid argon?

e Neutrino Physics
— oscillations (hierarchy, CP, precision)

— non-standard physics (NSls, unitarity violation, steriles, extra forces,. . .)

e other physics
— SN (burst and relic)
— geo-neutrinos

— p-decay




Example LBNE
FNAL — Homestake, L = 1300 km

0,, Sensitivity (30) 0,, Sensitivity (3o)
- 200 kton WC ;X - 34 kton LAr N
—5yrsv+5yrsv; ./ —5yrsv+5yrsv;
- 700 kW © 700 kW
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Example ICAL at INO

INDIA BASED NEUTRINO OBSERVATORY

INO PEAK
2207 Mts.

AA™

7300 km from CERN, 6600 km from JHF at Tokai




Precision eral
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Limits on neutrino mass(es)

v JRO . N %
vl "

]
<
=

A v. B v
7 B v iv. I vs

Am3, =8 x 107° eV? | and | |[AmZ,| ~ |[AmZ,| = 2 x 1072 eV?

E
s
A
=
7
v

«— atm ——< Ssu

e normal ordering: Am3; > 0
e inverted ordering: Am3; <0

We don't know the zero point!
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Neutrino masses

e neutrino masses <> scale of their origin

e neutrino mass ordering <> form of m,,
1

> >
®, ®,
£ £
3 3
£ £

m;
m;

m; m3

: ‘ : 0.0001 : :
0.001 0.01 b 1 0.0001 0.001 0.01

m [eV] m [eV]

Am3i > m3 ~ AmZ > m3i: normal hierarchy (NH)
|Am3 | =~ m? > m3: inverted hierarchy (IH)

m3 ~ m3 = m3 > Am3: quasi-degeneracy (QD)
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my & ms3 [eV]

mg,

Neutrino masses

1

my

my & ms3 [eV]

mg,

m3

0.001

0.01 ] 0.001 0.01
m [eV] m [eV]

Neutrino mass hierarchy is moderate!

Am%>

NH : o
Ampé

1 Am®

_§Ami

~ (.98
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Summary

Neutrinos are massive: = 3 Tasks
e determine parameters
e explain why neutrinos are so light

e explain why leptons mix so weirdly
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Supersymmetry
Astrophysics LHC
ILC

cosmic rays

supernovae
BBN Cosmology

Dark Matter
\ / Baryon

Asymmetry

NEUTRINOS

v e / \

quark mixing

GUT

SO(10)
see—saw
proton decay
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Astrophysics

cosmic rays
supernovae

BBN

Flavor physics

quark mixing

Supersymmetry

LHC
ILC
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Cosmologie

Dark Matter
Baryon
Asymmetry

SO(10)
see—saw
proton decay




Experiment

Status

Name

Start

WC (3 kton)
WC (50 kton)
WC (1000 kton)
li. Ar

li. Szintillator
Monopoles and CR
Solar B

Solar Be
Solar pp
Solar pp
Reactor
Reactor
Reactor

Long baseline
Long baseline
Long baseline
Long baseline
Long baseline
Long baseline
Long baseline
Long baseline

Cosm. Rays
r-telescope
r-telescope
r-telescope

B-decay at 2 eV
B-decay at 0.2 eV
OrBs at 1 eV
OrsBs at 0.1 eV
OrsBs at 0.1 eV
Or33 at 0.01 eV

t-Scale DM search
r-couplings

eé-collider (103 GeV)
ee-collider (0.5 TeV)
pp-collider (7 TeV)
Satellite

Satellite

Satellite
Gravitational waves

finished
running
proposed
in discussion
in discussion
finished
finished
in construction
running
proposed
finished
running
proposed
finished
in construction
in construction
proposed
funded
proposed
in discussion
in discussion

running
funded
construction
proposed

finished
construction

finished

running
construction
proposed

proposed
finished

finished
proposed
construction

running
construction
construction

running

Kamiokande
SuperKamiokande
HyperK, MEMPHYS
GLACIER
LENA
MaCRO
SINO
Borexino
Gallex, SAGE
LENS
CHOOZ
KamlLAND
Double-CHOOZ, DayaBay
K2K
CNGS
NuMI
Nora
T2K
Super-beam
r-Fabrik
O-beam

Auger
ANITA
IceCube
KM3NeT

Mainz, Troitsk
KATRIN
HM
Cuoricino, NEMO3
GERDA

NuTeV

LEP
I.C
LHC
WMAP
Planck
GLAST
LIGO + VIRGO
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1983
1996
20157
20157
20157
1994
2001
20067
1991

1997
2002
2009
1999
2006
2004
2011
2009
20107
20207
20207

2006
2007
20097
20127

1993
2008
1990
2003
2008
20127
20127
1996

1989
20207
2008
2003
2007
2008
2002




www. hetemeasal.com
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