Plan of Talk

Plan of Talks

1. The Standard Model and (a Little) Beyond
2. Neutrinos (Mainly) from Heaven

. The Numbers and What They Tell Us

The Flavor Puzzle(s)

. Leptogenesis
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Plan of Talk

Plan of Talk IV

The Flavor Puzzle(s)

1. The SM flavor puzzle
2. Approximate Horizontal Symmetries

3. Neutrino flavor puzzles
e Large mixing and strong hierarchy

e Anarchy
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The Flavor Puzzles

Quark Hierarchy

74/117



The Flavor Puzzles

The SM Flavor Puzzle

The SM flavor parameters are small and hierarchical

U Y, ~ 1 Y.~107% Y, ~107°
D Vy~1072  Yy~1073 Yy~ 1071
E Y,~107% Y, ~107% Y. ~107°

CKM  |Vis| ~ 0.2 |Vip| ~0.04  [Vi| ~ 0.004

CPV 5KM ~ 1
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The Flavor Puzzles

Approximate Horizontal Symmetries

e Horizontal symmetries = different generations carry different

charges (unlike Gsy)

e Approximate symmetry = broken explicitly by a small parameter
of well defined charge (similar to the isospin symmetry of strong

interactions) = ‘Selection rules’

e Approximate horizontal symmetries can naturally explain the
hierarchy in the quark and charged lepton Yukawa couplings

e The measured neutrino parameters test such flavor models and
may shed new light on the flavor puzzles
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The v Flavor Puzzles

Neutrino Flavor Parameters

e With three active neutrinos that have Majorana-type masses,
there are nine new flavor parameters: three neutrino masses, three

lepton mixing angles and three phases in the mixing matrix.
e Four have been measured.

e Are flavor models consistent with

U,3Ur3] ~ 0.47 — 0.50
Uy Uso| ~ 0.42 — 0.49
U,s| < 0.23
Ama0.02 — 0.04

|Am§2|

e (Inconsistencies might be in the eye of the beholder.)
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The Flavor Puzzles

Neutrino Hierarchy
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The Flavor Puzzles

Abelian or non-Abelian? (I)

e SU(3) with Q(3),U(3): = my, = m, = my
e SU(3) otherwise: = m; < (@)

e SU(2) with Q2+ 1),U(2+1): = my = me

e The data: m, < m. <K my ~ (@)

— | The simplest non-Abelian models are excluded
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The Flavor Puzzles

Horizontal U(1) Symmetry

e U(1) broken by A(—1) with |[A| ~ 0.2

Froggatt 4+ Nielsen (1979)

¢ Q(3,2,0), U(5,2,0), D(3,2,2)

IUPLEDY PUNPLEDE
— My~ (@) | AT AT N2, Mg~ (da) | A A A
PCD APAZ N2

e Reproduces the data nicely

e The simplest models successfully predict for quarks:
sin 013 ~ sinfysin oz, m;/m; <sinb;;, V ~1
Leurer, Nir, Seiberg (1994)

e The simplest models predict for neutrinos:
sin (913 ~ Sin (912 sin 923, mi/mj ~ sin2 6’Z-j
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The v Flavor Puzzles

Abelian or non-Abelian? (II)

e The simplest models of Abelian horizontal symmetries predict:

. 9 . . .
My, /My, ~ sin®0;;, sinfi3 ~ sin 62 sin Oa3

e The data:

sinflaz3 ~ 1, sinfio ~ 1, sinfi;3 <0.2, mo/mg ~ 0.2

—

e It is particularly difficult to explain sin fs3 ~ 1 with mo/ms < 1

The simplest Abelian models are excluded

(large mixing <« strong hierarchy)
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The v Flavor Puzzles

Abelian or non-Abelian? (III)

The data: sin 923 ~ 1, sin 912 ~ 1, sin 913 < 02, mg/mg ~ 0.2

Some options:

e [(1,0,0) with an O(\) accidental cancellation:
mg/mg ~ 1(—> )\), Sin(912 ~ )\(—> 1)

e 1(0,0,0) with an O(\) accidental cancellation:
mg/mg ~ 1(—> )\), Siﬂ(glg ~ 1(—> )\)

e Very specific Abelian models

e A combination of Abelian (charged fermion) and non-Abelian

[neutrino (and sfermion)] symmetries
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Large Mixing < Strong Hierarchy

The Data

In the 2-3 generation sector, there is large mixing,

but the corresponding masses are hierarchical

® ‘UM3U7-3| — O(l)
o Am3,/Am3, < 1 suggests mo/m3z < 1.
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Large Mixing < Strong Hierarchy

The Puzzle

. (A B
Ave \ B

2B
C—-A

Large mixing = |B| ~ |C — A|

e tan 2(923 —

o213 — AC—B2
(m2+ms3)? (A+C)?

Strong hierarchy = |AC — B?| < |A + C/?

e Large mixing 4+ strong hierarchy: = AC — B? < AC, B?

Fine Tuning?
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Large Mixing < Strong Hierarchy

Solutions

1. Accidental hierarchy

2. Several sources for neutrino masses
(a) A single right-handed neutrino dominance

(b) Supersymmetric models without R-parity
3. Large mixing from the charged lepton sector
4. Large mixing from the see-saw mechanism

5. (A three generation mechanism (L, — L, — L, symmetry))
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Large Mixing < Strong Hierarchy

Le— L, — L, (I)

e An example of an approximate horizontal Abelian symmetry:

® U(l)c—,—- broken by e (+2) and e_(—2), with |es| < 1.

e_ 1 1 Ae  Ap€—  Are_
¢ Ml/ ~ XQP 1 €L €4 | ME ~ <¢> )\e€_+_ )\,u )\7-
1 €+ €4 )\e€+ )\,u )\7-

o )., r affect neither mixing angles nor neutrino masses

(¢)”

Anp

e Can estimate all v-parameters in terms of m ~ , €4, €E_.
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Large Mixing < Strong Hierarchy

L. — L, — L. (II)

Ve B vy, i v

sin“0,,=0.5+0(x)
2

Am250|IA .

Amzatm A m290| :O(S)A mzatm

sin“0,3=0(0.5)

V3
sin%0.5=0(c?)

mi2 — m[l + O(Giﬂ, ms — m0(6_|_>

UusUrs| = O(1),  |UerUe2| =1/2 = O(e1), |Ues| = Ofex)
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Large Mixing < Strong Hierarchy

Le

— L, — L, (III)

Neutrinos

mi 2 = m[l + O(Eiﬂ, ms — m0(6+)
|Uu3| — O(l)a |U€3‘ — O(Eﬂ:)a ‘U€1U€2| — 1/2 - O(€i>

2

Large mixing (|U,3| ~ 1) with strong hierarchy (22%1 ~ €y)
23

One small + two large angles: sinf,3 < sin 65 sin 053
Pseudo-Dirac SN (01 ~ 7/4, Am3z; < m3 )
Inverted hierarchy (mi o > ms)

Relations between AmZy/Amiy, [UeiUe| — 5, |Uesl.

Solar mixing near-maximal:

Am? 2
Ue1Uea| = % -0 [(Amii) ] = 0.500(2)
— EXCLUDED
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The Flavor Puzzles

Neutrino Anarchy
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Neutrino mass anarchy

The Data

None of the measured neutrino flavor parameters is < 1

¢ |UusUrs| = O(1)

o ™2 > [2Ma _ ()(0.15)

ms — Amig,
¢ |[UaaUp| = 0O(1)
® ‘Ueg‘ S 0.23

Future tests:
o U <17

e m3 > /Ami\?

® ‘UM3U7-3| — 1/2 < 17
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Neutrino mass anarchy

The Idea

The charged fermion flavor parameters have a special

structure, that is, they are small and hierarchical

0

Could it be that the neutrino flavor parameters have no

special structure, that is, they are anarchical?

Hall, Murayama, Weiner (2000)
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Neutrino mass anarchy

Lessons for Theory

A simple (but, perhaps, disappointing) explanation:
e All doublet-lepton fields L; carry the same horizontal charge

—> The Yukawa couplings and the singlet-neutrino masses are
hierarchical, but mls" ~ (¢)2Y M ~1Y" is not.

174

An intriguing possibility:

e | The special, Majorana nature of v’s makes them flavor blind

Goswami, Indumathi, Shadmi, Nir (in progress)

An explicit example:

e Horizontal symmetries broken at the same scale as L

light

2810 are all anarchical.

— Y, M (and, consequently, m
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The Flavor Puzzle(s)

Summary

Neutrinos

Neutrino flavor parameters have features that are very different
from the charged fermion parameters.

Some of the features are surprising:

— Large mixing <« strong hierarchy in the 2 — 3 sector;

— Near-maximal 2 — 3 mixing;

— Two large (s12, S23) and one small (s13) mixing angles.

Most of the simplest and most predictive flavor models -

excluded.

Quite likely, the neutrino flavor structure involves the heavy,

singlet neutrinos in a significant way (the LEET is not enough)

Neutrino mass anarchy?
Interplay between flavor and Majorana/Dirac?

93/117



The Flavor Puzzle(s)

Prospects

There is still a lot to be learnt:

L.

Neutrinos

|U€3| <4 17
Small or tiny?

|UusUyrs| # 17

Large or maximal?

Hierarchical or degenerate?

. Am3, > 07

Normal or inverted?

Mee =7

Majorana or Dirac?
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The Flavor Puzzles

The NP Flavor Puzzle

e Generically, no GIM mechanism to explain the smallness of FCNC

e In SUSY, many new sources of flavor violation and of CPV

- = 2
7N 1 TeV ™dy ~™dy g-d —3
K — K mixing : = —~ —— K < 107°.

— The flavor (and phase) structure of SUSY is highly non-generic
e Universality: degeneracy between sfermion generations
e Alignment: smallness of supersymmetric mixing angles
e Heaviness: first two squark generations heavier than TeV
e (Approximate CP: CPV phases are small)
e Universality < non-Abelian

e Alignment < Abelian
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Large Mixing < Strong Hierarchy

LQ, Lg, single N

0 0 Yo (o)
M, = 0 0  Y3(¢)
Yolg) Ya(p) M

— One heavy [O(M)] and two light [O((¢)?/M)] neutrinos:
YAy v2

my = M, mlyight =

—> Strong hierarchy and (for Y5/Ys = O(1)) large angle:

2 2 2
tan 2(923 = % — (9(1)7 Mo = O7 ms = (Y5 +ﬁ)<¢>

e Am3, # 0 and Am3, # 0 = at least two N’s required

—> ‘Single right-handed neutrino dominance’
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