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INTRODUCTION
Standard Model of Particle Physics < SU(3)¢ x SU(2)r x U(1)y

t UR, CR, tR

QL = QL =

L dR7 SR, bR

€rR, URy, TR
3_ b b
EL_

no (Ve)r, (Vu)r, (V)R

mqg = O(my,)
ms = O(m.)
my = O(my)
me ~ 0.5-10% eV > m,, SeV

= Assumption: neutrinos massless




LIMIT ON NEUTRINO MASSES
Classical Method: Curie-Plot from f-Decay Z — (Z+1)+e~ + 7,

dN(E.)/dFE. —
\/F<Z', E)E.JEZ —m2 | V (Bo = Bo) /(Bo — B —m?
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Best limit from “H: m(v.) < 2.3 eV at 95 % C.L. (Mainz, Troitsk)




NEUTRINO MASS

e Triton decay *H — *He + e~ + v, = m(v,) < 2.3 eV

o future: KATRIN m(v,.) < 0.2 eV

va .

e cosmology: Q, h? = 55 o

structure formation and m,, ...

Bound on ) m, Data used

0.69 eV WMAP, 2dF, Hy, Lya
1.01 eV WMAP, 2dF, H

1.8 eV WMAP, SDSS




MASS TERMS
In SM: Higgs Mechanism

L=hgQrPdr+h,QrP°ug

Analogously with leptons:

ssB hyv __ +h€v
> Vr UV
3 L VR NG

No mass term for v < No vp

L = hVE—L(I)CVR+h€E—L(I)€R

€L er =1y VL VR + Me €[, ER




NEUTRINO MIXING
Suppose Neutrinos have mass:

= Mass Matrices m, and my:

SSB

L=hij By ® vy + by Ep ® el =5 (my,)i; (V)1 v + (me)ij (€)1 €]

_ / ol /
with
€L.R
/ _
and £y p = | prr

TL,R




NEUTRINO MIXING

Diagonalization of mass matrices:

di
mdiae = Ul m, Ur and m{™*8 =

=Vim¢ Ve with UL g U} p=T1and Vo g V] =1

New basis (“flavor basis” — “mass basis”)

E:Zmyyj%—l—gmgﬁ’]%—l—%WaE’yaV’L

vi, UL Ul my, UR U v + €, Vi VEmy VR Vi O + S Wl 7o Vi V] UL UL v
= ml* vp 4+ 0 my " Ip + % Welpva Uvy,
with
77t . 71t . R Y —xsT
VL:ULVL, VR:URVR, gL:VL£L7 KR:VRER
Pontecorvo-Maki-Nakagata—Sakawa (PMNS) Mixing Matrix

U=VUL




REMARKS ON PMNS

Possible Parametrization:
i6
€12 €13 512 €13 S13 € \

—is —1d
—S812C23 — C12 823 513 € C12 C23 — 512 523 S13 € ¢ 523 C13

—48 —10
\ S$12 523 — €12€23 513 € —C12 S23 — S11C23 S13€ ' €23 C13 )

with Ci; =— COS 97;3' and Sij = sin 97;3'

Vo = U}, v; with a = e, u, 7 (flavor states, interacting)

and ¢ = 1,2,3 (mass states, propagating)
three angles and one phase (CP violation!!)
analogous to CKM Matrix for Quarks

a priori 07 # 07, and 0" # &1

If m, =0then U =1




CONSEQUENCES OF PMNS MATRIX: OSCILLATIONS

At time t = 0 flavor state |v,) produced with time evolution
(1)) = Usse " |vs)

Amplitude for probability of finding state |vg) at later time ¢
(valv(t)) = Usi ™™ " (vglvi) = Up; Usy e (vslvi) = Up; Uy e
and probability
P(vo — vgit) = [Up; Ugy e[

(sum over j!!)

with relativistic neutrinos

m2

E,L-:\/p2—|—m22f:




TWO FLAVOR CASE

cosf sinb

—sinf@ cosb

gives

P(v, — v,;t) = sin® 20 sin” t sin” 26 sin® t

= sin® 26 sin® (7r L ) = sin® 26 sin <1 27Am L G )

eV? km

lOSC

prob(i,—1y,)




EXPERIMENTAL CONSTRAINTS
Nature provides mixing angle # and mass—squared difference Am?
Experiments can “choose” energy E and baseline L

E
(Am2)min ~

Source Flavor

Atmosphere (V_e), (V_u)

Sun Ve

Reactor Ve
LBL accelerator

SBL accelerator




OSCILLATIONS IN MATTER
relativistic limit F > m?

M? v m2 0
i0, W = — Uwithw =] = | and M2 = 1
2k V2 0 m3

in matter coherent forward scattering of v,
described through effective Hamiltonian for CC interactions
gives potential for v, (in flavor basis U1 M? U!)

V =+v2Gr N. (neutral, unpolarized matter)

and therefore

2
Ve — Afé cos 26

vy, N Azl—% sin 260

2
_Azl—% cos 20 +v2Gr N,

2
Aﬁ% sin 20




OSCILLATIONS IN MATTER
Diagonalizing (constant N.)

2 2
_Aél—% cos20 + V2 Gr N, %1—% sin 260

2 2
% sin 20 AZL—% cos 26

gives flavor states in matter:

A 2
Qg sin 20

cos 260 — \/§GFN8

tan 20, =
an A

2k

Maximal mixing (6,, = 7/4) if

2V2Gr N, E = Am? cos26 even iof 0 is small!!

w.l.o.g: Am? > 0 = sensitive to § < or > /4

E ! Am? cos 26
Example core of Sun: 0.5 (MeV) o (8 10—-5 eVQ) ( 0.4 )




MSW EFFECT

va =V, cosO,, +v, sin6
c " a " with tan 260,,

— Am2
2F

Sun: v, pass through a medium with slowly varying (“adiabatically”) density

VB = —V, Sinb,, + v, cosb,,

cos20 — V2G g N,

(neutrino is propagation eigenstate all along its trajectory, therefore no vg — v4

transitions)

High density: 6, ~ 7/2

Resonance: 6, ~ /4

Low density: 0 ~0 vp~v,cosl—rv,sinl = Pv. —v,) = cos’ 6

condition for adiabaticity is (density variation small over several oscillation lengths)

Am? sin? 20 1 1
= 2F cos20 V In N,

happens indeed for found parameters




THREE FLAVOR OSCILLATIONS

R Amj,
P(vq — vg) =0ap —2R > Uai Ui Us Ugj |1 —expqi L
J>1

e two independent Am3; = m?7 —m7 due to Amz; = Amz; — Amgz,
e simplifies for |Am3,| < |[Am3,| ~ |Am3,| and |Ues3| < 1

o P(v, — vg) # P(Vq — 7p) if there is C'P violation
( C12 C13 S§12 C13 $13 e \

— 48 —10
—S812C23 — (C12 523 513 € ’ C12 C23 — 512 523 8513 € 523 C13

—is —1d
\ S12 823 — C12C23 S13 €™ " —C12523 — 511 €23513€ €23 €13 )
i6

C13 0 S13 €




SOLAR NEUTRINOS

p+p—2H+ et + ve p+e” +p— 2H + v,

99.6%\/0.4%

2H 4+ p — 2He + ~

\2 < 10-59%

*He + p — “He + et + v,

(hep)

= O
115%

SHe + *He — 7Be+f7

99.87%/‘\0.13%

“Be 4+ e~ — "Li + ve "Be + p — 5B + ~

! |

“Li +p — 2%He EB — %Be* + et + v,

l

4p +2e~ — *He + 2v, +26.73 MeV <= 10" v em™2 57!

2
2 Amj,

4F

P(v. — v,) ~ 1 — sin® 2015 sin

(Am3, > Am3, oscillations averaged)




SOLAR NEUTRINOS

| SuperK

. Gallium (Chlorine

PP

Neutrino Flux

3

Neutrino Energy (MeV)

Solar neutrino energy spectrum

Strategies for solar v detection:

o v, +3"Cl — 3"Ar + e~ (Homestake)
e U, + "Ga— "Ge+ e~ (SAGE, GALLEX)

e V. +e — v, + e (Kamiokande, SuperKamiokande)




Total Rates: Standard Model vs. Experiment
Bahcall—Serenelli 2005 [BS05(0P)]

7

+0.16
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Solar(BP04) [pre—salt]
0.6 0.5

0.4 , O.1
sin"0,,

sin® 015 ~ 0.3 and Am3, = AmZ ~ 8- 107° eV?







—— Oy, 68%,95%, 99% C.L.

0, (< 10°cm2 s

I oo 68% C.L.
I ox 68% C.L.
[ 0y 68% C.L.
B 0. 6s%CL.

0.5 1 1,5 2_5 6:5 3.5
0, (X 10" cm™ s

OO

e UV, +d—p+n+rv, (NC)= . +e,,

® Uy + e~ — Uy + e (elastic scattering) = ¢, + 0.16 ®,,,




TESTING SOLAR NEUTRINOS WITH REACTORS: KAMLAND

Reactor neutrinos from neutron rich fission products
n—p+e 47, with E ~few MeV

If L ~ 100 km:
A 2
2Me 1

7 ~ 1 = solar v parameters!!

80 TTT I rrryrrrryrrrr I TTTT I TTTT I TTTT I IIIIII 1.2)(104
et Ak S i —— no-oscillation
[ accidentals
55 Coon)"0 : \
> 601 I spallation 10 - 10 -
§ —— best-it oscillation + BG i o
- —e— KamLAND data ;o
o\l B e | -
¥ 0
s 4 e
PR E Q 7
z L
o
[E -
Shass 20 1%k o KanLAND 60’ KamLAND-+Solar floes
% : L L gm0l WsolL oL
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. [ —9mHeL ool I [ Ao
0 IR B QOB == [ % solarbest fi | @ KamLAND best fit B global best it
0 1 2 3 4 5 6 7 8 IR NN Ll | 4X10~5|||||||||||||||||||||||||||||
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1A F 204 > FHETHBEE E (MeV)
+ 554R201 L F A EFIEEE ‘prompt tan* § tan0

Spectral distortion consistent with oscillations

Parameters consistent with solar neutrinos!!



ATMOSPHERIC NEUTRINOS

Figure 4

P

F
Wia ¥iu ¥
derecror [

L =300 km

EARTH

2610% km

zenith angle cosf =1 L ~ 500 km
zenith angle cos# =0 L ~10km  down-going

zenith angle cos = —1 L ~ 10* km up—going




ATMOSPHERIC NEUTRINOS

1(Osc. Best Fit) = 67.5/82 do.f ]

5 —HFamiokande 345 d Prelirni
ORI <o ol il e S SE E S 1 (Null Osc.) = 214/84 d.o.f

I multi-GeV e-like multi- GeV mu-like (FC+PC) 2L

sin?20 =1.0
Am?=3.5x103 [eV2]
a=0.06 i
L —— Kamiokande 90%
— SuperK 90%

. 3 £ ---- MACRO 90%
[ Predicted 68% CL. ] L — — MACRO Sens.
{ — 90%C.L. ] X Soudan 68%
--99%C.L. T - = — Soudan 90%

L L L L L L | L | L 1 L | L
06 -02 02 08 1 -1 —06 -02 02 086 10° b 11 c v b P by

cos(zenith angle) cos(zenith angle) 0.6 0.8 1 0.2 0.4 0.6 0.8
sin® 20 sin® 20

= Data

— numu-nutau osc.

2
2 Ams,

For L ~ 10* km: P(v, — v;) ~ sin® 2053 sin® =

(Am3, < Am3, oscillations frozen)

with o3 ~ /4 MAXIMAL MIXING!! and Am2, = Am2 ~ 21073 eV?




ATMOSPHERIC NEUTRINOS
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Dip at L/E ~ 500 km/GeV = Oscillatory Behavior!!
(No v, observed yet)




TESTING ATMOSPHERIC NEUTRINOS WITH ACCELERATORS: K2K
Proton beam

p+X -7, K* -7t —>(V_M) with F ~ GeV

If L ~ 100 km:
Ami

7 L ~ 1= atmospheric v parameters!!

. i Hal .JF; Abtasa
Wsuper Kamiokande

ot v Eomioka cho)

g4
1y
o
Gifu "-‘ E
Prefecture %l ;

(k oy 0.2 04 06 08 1

— Detector Sin22e

Parameters consistent with atmospheric neutrinos!!




THE THIRD MIXING: SHORT-BASELINE REACTOR NEUTRINOS
E, ~ few MeV and L ~ 0.1 km:

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

2
with P(ve — ve) >~ 1 — sin? 263 sin® AE’Q L

—1
10

CHOOZ, v, <> 1,

= stee]
tank |

containment
region

= 5

T T T FE T T T T T T T ¥

| Low activity gravel shielding |

20735 C.L.

sin2 913 — ’U63’2 S 0.05




THE EMERGING PICTURE

10
C12 C13 S12 C13 513 € \

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

K S12 823 — C12C23 S13 €0 —C12 823 — S11Ca3 S13€ 0 CazCi3 )
1 0 0 C13 0 S13 e_w C12 S12 0
0 0 1 0 —s12 c12 O
0 —s13€° 0 0 0 1

015 ~ 33 « solar + KamLAND neutrinos
093 ~ 45° < atmospheric + K2K neutrinos
013 < 13Y < short baseline reactor neutrinos (“CHOOZ angle”, |U,.s|)

 testable in (three flavor!) long—baseline oscillations




THE EMERGING PICTURE
0.73—-0.88 047 —0.67 0—0.23 0.84 0.55 0

Ul=| 017-057 037-0.73 056—-084 | = | 039 059 0.71
0.20 — 0.58 0.40 — 0.75 0.54 — 0.82 0.39 0.59 0.71

Hierarchy of mass squared differences and unknown smallest neutrino mass

Am3, < |Amiy| ~ |Am3,| with Am3, < 0 or Am3, > 0
m? 2
. -V, 4

Vu

V.

e
solar~8x102eV?2
—

atmospheric

~2x103eV?2 )
atmospheric

B — ~2x1073eV?

solar~8x10veV?2
- —
?

Two small parameters: |Ues| < 0.2 and R = Am?2 /Am3 ~ 1/25




NEUTRINO MASSES

[AmZ,| ~ 21072 eV? = 0.04 eV < Mheaviest S 2.3 €V
0 S MMgsmallest S 2.3 eV

normal ordering:

inverted ordering:

(

TMgmallest

Mgmallest

ma

miq

mi

\/Am?D + m?

\/Ami + AmZ + m?

ms

2 2
\/m3 — Am3
2 2
\/m2 — Amg,




NEUTRINO MASSES

s 100 p—r—rrrrre e
ALMOST E E ALMOST
DEGENERATE E - DEGENERATE

mq E E ms

. INVERTED
HIERARCHY 1 r HIERARCHY

10—4 el T R I W T R 10—4 ol 1
104 103 104 103

~ \/Am3 > mg =~ y/AmZ > my: normal hierarchy (NH)
~ /Am3 ~ my > mg: inverted hierarchy (IH)
~ Mg ~ my1 = mg > \/Am3: quasi-degeneracy (QD)




THE FUTURE: OPEN ISSUES FOR NEUTRINOS OSCILLATIONS

Look for three—flavor effects:
precision measurements

— how maximal is 053 ? how small is U.3 7

sign of Am3, 7

A 2
m sin 26

tan 20, 2k = f(sgn(Am?))

~ Am?
Y cos 260 — \/§GFN€

is there C' P violation?
APcp = P(ve — v,) — P(Ve — 1))

2 2 2
5 (sin AQE + sin Aé’%” — sin A2E3 ) sin 2615 sin 2613 sin 26053 cos O3 sin &

Problems:
— two small parameters: Amg /Am3 ~ 1/25 and |U.s| < 0.2

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




DEGENERACIES
Expand full 8—flavor oscillation probabilities in terms of R = AmZ2 /Am3 and |U.s|:

P((V_e)—>(V_)) ~ Sin2 2(913 Sin2 923

sin? (1— A)A
(1-A)?

sin AA sin (1— A)A
A(1-A)

sin AA sin (1— A)A
A(1-A)

+ sind - sin 2913 R sin 2(912 COS 913 sin 2(923 sin A

+cosd - sin 2013 R sin 2015 cos 013 sin 26053 cos A

. 92 %
AA A
+ R? sin® 2015 cos? fa3 SIHAQ with A =2VE/Am3 and A = Am3

o (o3 < m/2 — O3 degeneracy
e (13— degeneracy

e 5—sgn(Am?) degeneracy

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




LONG-—BASELINE NEUTRINOS

Ami SiIl2 923

current 88 % 79%
MINOS+CNGS 26% 78%
T2K 12% 46%
Nova 25% 86%
Combination 9% 42%

T2K + NOVA T2K + NOVA + Reactor-II

3 yrs neutrinos + 3 yrs anti-neutrinos T2K + NOVA: 3 yrs neutrinos
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THE FAR FAR FUTURE IN A GALAXY FAR FAR AWAY

18Ne — 18Fe + et + 1,

B—beams:

‘He - SLi+e™ + 17,

and/or “neutrino factories”: = — e~ + 7, + v,

flux known exactly; no background

Possible layout of a neutring factory at H- linac i ——,

CERN, showing the 4.megawalt proton 2.2 geV, 4 MW

driver, the target and plon capture, the

musn phase rotation and cooling, the

three stages of muon accelerator and the Magnetic /___,-
we-tie sh o starace rin rn i

Bowe-tie shaped mueon storage ring Vil ho cffture,% Target

cooling q///’} ~ Drift
Phase rotation

— /‘ “
/ Nof / Linac =+ 2 GeV
-~ ! .\
:' Recirculating

Linacs 2 =+ 50 GeV

Ir-

o
Accumulator

ring + bunch I

Decay ring — 50 GeV
=2000m circumference

HNeutring beam
- tonear detector

e
7 Meutring beam to
far detector

b}
|

compressor . = .

Sensitivity to sin?26)3

I Systematic
Correlation
Degeneracy

JHF-SK

NuMI

JHF-HK

NuFact—I

NuFact—II

107 1073 1072
sin? 2013

107!




TYPICAL TIME SCALE

B MINOS
CNGS |
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FUTURE OF SOLAR NEUTRINO(PARAMETER)S

e low energy neutrinos ( ?Be, pep, pp) from the Sun (Borexino, LENA, pp...)

%0m —
> Vaciuwurrnr - Marrer

ITrarisitiort

[cos™O 13(1- %sinzze 120

N

e reactor; located at SPMIN (P (v, — v.) ~ 1 — sin” 260:5)

0.32 T

0.3
, 0.28
0.26

0.24
5

Am?,, (true)=8.3x10 eV~ Am?,, (true)=8.0x10 e V>
L L L L L L L

0.22
0.32 T T T T
— 3c
— 20
0.3 90% C.L..
1o

Am>,, (true)=7.2x10 eV’ Am?>,, (true)=9.5x10 eV~
L L L L

60 70 80 o0 10040 50 60 70 80
L (km) L (km)




THE BLACK SHEEP: LS(N)D
Short baseline accelerator neutrinos detected via 7z +p — n +e™

interpreted as v,, — 7, oscillations!!

T e~ BBy
g v lt -
o

il
o I“' #- -..

Karmen
Bugey

90% (L__-L <2.3)
99% (L. -L < 4.6)
| ool
107 107

Am? ~ eV?!! = since N,(m, <45 GeV) =3
= fourth light neutrino: “sterile neutrino” v!!!

e Problems with solar/atmospheric neutrino experiments (2 or more v?)

e Currently tested at MiniBooNE (early 20067)




January 26

Which on is sterile?




A DIFFERENT MASS TERM FOR NEUTRINOS
Till now: Dirac mass term for two independent neutrino fields v;, and vp
(just as for quarks and charged leptons)

mD\/§_ c SSB _
Lp= v, °vR — mpvLvr + h.c.
v

New field vy is a SM singlet! =

Ly =5 Mg (vg)¢vgr + h.c. “Majorana mass term” will appear!

b — ¢ =C% and g¢ =T CT = —¢T C

Majorana mass Mpr has nothing to do with SM or Higgs mechanism
= Mp > mp < Myop
We even can assume that
Mp = Mgyt ~ 10'° GeV

Total mass term is sum of Dirac and Majorana




DIRAC + MAJORANA MASSES

Properties:

Vi Mrvr =g, (MR)ap (vr)s = (V)a C* (MR)as (V)

vr) s (MR)ap C (VR)a = Vi3 (MR)ap (VR)a = Vi, (MR)ga (VR)p

_ e AT
= v, Mp VR
= Majorana mass matrices are symmetric!

- I _Tc . I . c
Moreover: vV, mp Vgr = Vg mp V],

Put everything together:
L=Lp+ Ly =mpVrVvgr+ %MR (VR)CV
0 mh

ns nr + h.c. with ny =
mp MR

1
T2

= Most general mass term is a Majorana mass term!!




SEE—SAW MECHANISM
Diagonalize

0 mh . VL

—ng ny, with ny =
2 L V/ c
mp R VR

with Mr > mp = is almost diagonal
= Ansatz:

ma 0 .
with U ~
0 ms —p!
Inserting gives p* ~ mh Mp ! and
mi ~ —mj, Mgl mp + O(p?) three flavor neutrinos v, , -

my ~ Mg + O(p) additional heavy neutrinos Ny 2 3

m, ~ m3 /Mg ~v?/(10" GeV) ~ 0.01 eV ~ \/Am4 < mp
explains why neutrinos are so much lighter than quarks and charged leptons!!




L= v)myvy = w)rmyvr ~ (vp)) m,vp
Mass term couples left—handed to right-handed field
if independent: Dirac mass term
if dependent: Majorana mass term
Then left— and right-handed v no longer independent:

v=vp+vg=vp+ (vp)° < v°=vr “Majorana particle”

T

Mass term v! v not invariant under v — e** v (cf. with Dirac term 7 v)

Lepton number violation!!
Mass term v! v = two additional phases in PMNS matrix

(Phenomenological implications of heavy Majoranas — later)



THE NEUTRINO MIXING MATRIX
C13 0 size ® C12  S12
0 1 0 —S812  C12

—S13 625 0 0

015 ~ 33" « solar + KamLAND neutrinos

053 ~ 45° «— atmospheric + K2K neutrinos

013 < 13Y < short baseline reactor neutrinos (“CHOOZ angle”, |U,.s|)

 testable in (three flavor!) long—baseline oscillations

«, [ connected to Majorana nature of neutrinos

< only observable effects in Lepton Number Violating Processes!!

alternative: no Majorana phases but
my — my, Mo — Mmsy e>*® and ms — msg e

connected to C'P parities of the v;: C'P conservation if o, 3 =0,7/2, 7




TWO POPULAR CASES
B3 ~ 459 and 615 ~ 30° «—— “Bi-large Mixing”

e sin”f5 = 1/3: “Tri-bimaximal Mixing”
[ /2
3
_ \ﬁ
6
Ve Vi
\ 6 3

U = Utribimax —

e sin‘fy, =1 /2: “Bimaximal Mixing”

[

U = Ubimax —

With 63 = 0 no CP violation in neutrino oscillations. ..




“PREDICTING” U,
Recall charged lepton contribution to PMNS matrix

U=UU,
Assume that U, = Upimax 1s bimaximal and “quark—lepton symmetry” U, ~ Vokwum

AN BN
Up = 1102 AN | with A ~0.22
(A—B)X* —AX 1

multiply U g from the left to Upimax and obtain the observables:

\
tan® 0o ~ 1 — Qﬂcosgb)\

|U63| = % > :>tan2912’:1—4cosq5\U63| ’;043

APcp o sin ¢

/

= |Ue3| ~ 0.16 = A ~ 0.22 ~ ¢ and large C'P violation




STRUCTURE OF THE MIXING MATRIX — (QUARKS VS. LEPTONS

N AN (p—in) )

— Ubimax + O()\)

“Quark—Lepton—Complementarity”: 0o + 0c = 7 /4
Linked to Quark—Lepton—Symmetry??




CKM IN PMNS?

Numerology:
012 +0c =sin ' v0.3 +sin"10.22 ~ /4

“Quark-Lepton-Complementarity” (QLC)

Possible Realization:

UV — Ubimax

= U = V(];KM U, (approximate QLC)

Up = Veku
mp = myp from SO(10)
Go to basis in which my is diagonal, i.e., Uy, =1

from U,p, = 1 it follows that Ugown = Uy
get bimaximal U, from special structure of Mg via see—saw




THE NEUTRINO MASS MATRIX
Assume 033 = /4 and 013 = |Ue3| = 0:

cosio  sinfqo

U=U(fs =m/4, bh3=0)= [ —=2Z2 coms

sin 019 __cosfia
V2 V2
A B B
and m, =Umg*eU" =| . LD+ E) L(D-FE) | with

(D + E)
210

A =myq cos? 015 + €2 my sin® 615

__ sinfy5 cosf 21
B = 1% 12 (6 mg—ml)

D = <m1 Sin2 912 -+ €2wé mo COS2 612)

E = e*Pmg

(—7 Symmetry!!




THE NEUTRINO MASS MATRIX IF 615 = 7/4

1—7T symmetric mass matrix simplifies further for certain mass hierarchies

o NH: ms ~ \/Am3, ma >~ /Am?2 ~ \/Ami VR and m; ~ 0:
A ® A
” Am?>

2%(5 — A
2

€2i(ﬁ_a>

conserves L, — L, —




THE NEUTRINO MASS MATRIX IF 615 = 7w/4

QD: m3 ~ mg >~ m1 = myg:
1 4 e2ie L(e2ia 1) V(e - 1)
% (1 + el 4 Qe%ﬂ) % (1 + e _ QeQiB)
% (1 i 62ia i 262iﬁ)
I 0
1

0
0 unit matrix
1

1 0
0

0
1 conserves L, — L
0




LEPTON-NUMBER VIOLATION:
NEUTRINOLESS DOUBLE BETA DECAY
v not invariant under v — e*” v = Lepton number violation!!

Mass term v

everyone’s favorite process:
Neutrinoless Double Beta Decay (0v(33)

(A, Z) — (A, Z+2)+2e AL=2




NEUTRINOLESS DOUBLE BETA DECAY

SM vertex

Nucl==— Nuclear Process

e only works when v = v°
e only works when m, # 0
e spin flip = Amplitude x m, /F

Amplitude proportional to coherent sum:

<m> = ’Z U€2?, m’t‘ — ’6%2 0%3 mi + 8%2 C%S mo 627:@ + 8%3 ms 627:6
- f <912’ M, ’U(gg’, Sgn(m% o m%)? Q, ﬁ)

“Effective mass” (m)




NEUTRINOLESS DOUBLE BETA DECAY

Nuclear Process

['(0vBB) = (m)* G(Ey, Z) IM(A, Z)|?

e (m): effective mass: neutrino physics
e G(FEy,Z): phase space factor: known

e M(A,Z): Nuclear Matrix Element: uncertainty of factor O(1)




Best current limit: Heidelberg—Moscow (°Ge)

Ty >1.9-10% y = (m) < (0.3...1.2) eV

(part of HM claims evidence corresponding to (m) ~ (0.1...




NEUTRINOLESS DOUBLE BETA DECAY

Sensitivity to Limit on
Experiment  Source  Detector Description T{)/”2 (y) {(m) (eV)
COBRA 130me CdTe semiconductors 1 x 10%% 0.71
DCBA 150Nd  °™*Nd layers 2 x 10%° 0.035
NEMO 3 100Mo  several OvB33 isotopes 4 x 1024 0.56
CAMEO 16cd  CdWOy4 crystals > 1026 0.069
CANDLES 18 Ca CaF» crystals 1 x 10%° (0.081)
CUORE 130mg TeOs bolometers 2 x 1026 0.027
EXO 136Xe  e™rXe TPC 8 x 1026 0.052
GEM Ge  °"Ge diodes 7 x 1027 0.018
GERDA "6Ge in liquid Ar/N 2 x 10%° 0.02
Majorana °Ir Ge diodes 3 x 1027 0.025
MOON nat Mo sheets 1 x 1027 0.036
Xe enrye 5 x 1026 0.066
XMASS ligq. Xe 3 x 1026 0.086

= In ~ 10 years (m) ~ \/Am?3 probed
VAmA < 1t target mass




MASS HIERARCHIES AND EFFECTIVE MASS
o NH: ms ~ Ami, Mo ~ \/Am% ~ \/Ami VR and mq ~ 0:

<m>NH ~ |sin® 05 Am% + sin? #13 \/Ami eQi(O‘_m‘ <5-1073 eV
or (m)" = O, [Am?)
o TH: moy ~mq ~ Ami and ms ~ 0:
(m)'™ = \/Am3 (1 —sin® 265 sin a) =~ (0.029...0.055) eV
or \/Am3 cos 2615 < (m)™ < V/Am3 or (m)™ = O Am3)

= (m)ypn > (M)Nax = Distinguish NH from TH!!!

e QD: m3g ~my >~ m1 = mg:

(m)P ~ mo (1 — sin® 2612 sin® a) ~ (0.65. .. 1) mo

or mg cos2012 < (M) < mg or (M) = O(my)




>
L
A
=
v
o0
Q
—

Log (myn [eV])

IH works with NME uncertainty < 2 and mgmaliest S 0.01 eV




WHAT’S MORE TO Ov337?
e Mass scale: consider QD spectrum

1 +tan2 012
mo < 5
1 — tan 912 —2’U63‘2

(m)™P <5 eV

comparable to current 3H limit in the future

e Majorana phases: consider IH spectrum

2
sina=[1- m) !
VAMZ (1 —|Ues|?) ) sin® 265,

extremely challenging unless NME uncertainty < 1.5




OTHER PROCESSES CONTRIBUTING TO Ov((3

| BLACK BOX

2n — 2p+2e” = 2d — 2u+2e” = 0 — ud + ud + 2e~

SUSY

Higgs triplets
Right-handed interactions
Majorons

= limits on masses and couplings




ANALOGOUS PROCESSES (“THE LOBSTER”)

1e9

o7l Bu=50Gev

leSt
le3 ¢

‘\"\,\’\’\’\ @ 1¢
0.1}

& s
S8
le-3} &
s

lesk &

le-7}

1

e-9 L L L L L L
le-6 le-4 0.01 rlni [GGWO led le6

e Lixotic decays, e.g.,

BR(K' — 7~ ptpu®) ~ 107 (my,,/eV)? with m,,, = ‘Z Uiq; my;

e processes at accelerators (v N scattering, v—fac, HERA “isolated leptons”)

m2

BR, I', 0 x (@ —m2)? ~

Can we still identify m,*




A siMPLE U(1) FOR m,7

matrix

extra

Normal Hierarchy

0O 0 O
a b
d

_ Amg>
Am4
tan? Oapm ~ 1+ |Uns| ~ 1+ VR

(m) ~ \/Am3 |Ues|® ~ / AmZ

R ~ ’U€3’2

L.—L,—L,

Inverted Hierarchy

requires Uy: ideal for QLC
tan2 612 ~1—4 |U€3| ~ 1 — 2\/§Sin90

(m) ~ /Am5

L,— L,

quasi—degenerate vs

in leading order:
Ueg = 0 and (923 = 7T/4

(m) ~ my

= Let (m) decide!




NORMAL HIERARCHY

Matrix my /mg

comments

correlations

CL62 be d e

simple U (1),
broken L

sequential dominance

(m) = c1 \/Aml%‘ |U63|2

|Ues| = ca VR, 023 = § —c3 VR

pT symmetry

broken in e sector

(m) = c1 \/Aml%‘ |U63|2

|Ues| = co VR, 023 = % —c3 R

pT symmetry

broken in puT sector

(m) = c1 \/AmZ |Ues]

|Uegg| = co R, 093 = % —c3 VR

2 zeros

also mee = me+ = 0

(m) =0

. R sin 26019
~ \/ cos 2019 2 tanfbog

923:%—C1 \/R

0

perturbed m,

,/A”rn2
(m) = Y——4 (14 ¢y |Uesl)

|Ues| = c2 VR, 023 = 7 —c3 VR




INVERTED HIERARCHY

Matrix my /mq

comments

correlations

1+ ace be

5+ fe

0

perturbed m,

(m) = \/AmZ (14 c1 |Ues))

|Ugg| = co R, 093 = % —c3 R

0

broken
Le — LIJJ — L+
and UE ~ VCKM

(m) = /Aam3 |cos 2015 + 4i/ sin? 623 Jo p
tan? 012 = 1 — 4 cosé cot o3 |Ucs|

\/2b cos 6 v/2b sin 6

d(1l + cos 0) d sin 6

d(1 — cos9)

2 N see-saw
strongly broken

JAmMZ cos2015 < (m) < \/AmZ

Uegg = 0, 093 large




(QUASI-DEGENERACY

Matrix my /mq comments correlations

sequential type Il see—saw (m) = mg
+ [Uesl =c1 VR, 023 =% —c2 VR

dominance upgrade
phases shrink with mg

(m) = mqg (1/vV2 4 c1 |Uesl)
|Ueg| = co Ami/m% < 0.1
003 = m/4 — c3 |[Ues|

plus perturbations

A”rn?4 tan4 023

and mey = mpup =0 R~ lt+tan® 65

and mer = m4++ =0 tan 619
= 923 # w/4 and Re Uegg ~ 0

tan 2923 Re Ueg

(m) ~ mg, requires 7y, < 1

S(3 X S(3
)L R |Ues | =~ /me/my, 023 large

democracy
depends on me, ,+ and breaking

|Ugs| close to upper bound,
anarchy 053 close to bound

extreme hierarchy unlikely




BARYOGENESIS
Baryon Asymmetry of the Universe (BAU)

np —ng

Yp =

~ (6.5704)-1071° (WMAP)

Ty
Three necessary (Sakharov—)conditions to generate it
1. Baryon number violation (Yp)
2. C' and C'P violation (I'(B /) #T'(B \))
3. Departure from thermal equilibrium ((B)r # 0)

e 3. Requires 1st order phase transition:
—myg S50 GeV...

e (P Violation in SM too small
e SUSY parameter space very restricted

= New physics!




LEPTOGENESIS

One—-loop corrections to decay of heavy Majorana neutrinos:

1 i
EZEEV\/—I—QMZ]NCN—I—( ’U)erLQb N + h.c.

/4

(04

self-energy




LEPTOGENESIS

(N, — ¢l1¢) —T(N; — &' o
T I’ENi — Zlci + FENi — ZT l; = ZIm(mD m}?)%j f(]\[JQ/A[12>
J#t

Out—of—equilibrium and C'P violation easy to fulfill

Decay asymmetry — Baryon asymmetry through SM processes (“Sphalerons”)
Yg~10"%e; = ¢4 ~ 1076

g1 < My /M; for Ms o > M,

£1 depends on mp mE

Can we measure/proof Leptogenesis through neutrino
properties??




No we can’t

Experimentally accessible
m, = U*m3®8 Ut = —mb M5 mp
Parametrize:
mp =i/ MgrR\/my*® U with RRT =1

Then leptogenesis depends on:

mpmb, =/ Mr Rm&#8 Rt /Mg (= m, < 0.1 eV)

independent on U and the low energy phases!!

= There is no direct connection between low and high energy C'P violation!!!

e If phases in U all zero and phases in R non—zero. ..

“Leptogenesis with no low energy C'P violation”

e Parameter counting: Mr and mp contain 12 + 6 parameters, m, only 6 + 3




CONNECTION TO LOW ENERGY OBSERVABLES

- H CP violation
light Vi Ovbb

(xa B; 69 m]

GUT
see-saw

leptogenesis
heavy N, -=—2REI =y,

Normal LMA
A0 8 o o
.?ﬁ'{:. .'

A w/2 34 7
(04




A BOUND ON LIGHT NEUTRINO MASSES FROM LEPTOGENESIS
with analytical limit on €4

le1] S 5’%12 (m3z —my) >~ ;%12 Ami

obtain Y5#X(My,mq,e1,m) where m* = > m?

M,/GeV

m,/eV

m<0.2eV =m; <0.12 (0.11) eV = Quasi—degenerate light neutrinos disfavored!

Limit on heavy Majorana mass: M7 2 2 - 10 GeV (gravitino problem). ..



RECONSTRUCTION OF SEE-SAW PARAMETER SPACE
SUSY see—saw has more observables, in particular LF'V via off-diagonal entries in

slepton mass matrix

Useful parametrization:

Yz mp mE =Up (771%16%)2

diag

mD:URmD UIT-J = k

LFV m}) mp =Up (771(1:1)18%)2 U}:

Experiments: PSI, B—factories, EDMs, “slepton—oscillations”, LHC(!!),. ..




LEPTON FLAVOR VIOLATION AND NEUTRINOS

mSUGRA with Snowmass Points

— SPSla/b

>
+
(D]
A\
=.
p—
(a4
M
=
—

DChooz

Min/Ica/Op
Ll

107

U, (Sin 6,3

Current limit: 1.2 - 10~ 11
Future limit: 10~ ...107




TOPICS NOT COVERED

Cross sections (vN)

Renormalization of neutrino mass and mixing
Supernovae

Geo—neutrinos

Cosmic rays and neutrinos

Cosmic neutrino background




SUMMARY
e Neutrinos massless in SM

Oscillations discovered = New physics!!

Consistent picture with solar + KamLAND, atmospheric + K2K and
short—baseline reactor neutrinos: “Bi-large” mixing scenario

Upmns 7# Vekm

Still relations between Upnns and Voxy implied (612 + 0 = 7/4)

Dozens of new experiments upcoming. . .

e Small neutrino mass explained by see—saw mechanism
— Neutrinos are Majorana particles

— Lepton Number Violation = 0vj33
e Model-dependent aspects of see—saw
— Leptogenesis!!

— Lepton Flavor Violation beyond Neutrinos, pu — ey

Exciting future ahead!!




