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Introduction/Motivation

Neutrino Oscillations
!
Py (L) =
i
massig neutrinos
obsewable lepton mixing

First paticle physics @idence ér physics bgond SM!

SM [3gor puzzle > 1+ SM [3gor puzzle

Ultimate gal satisfactoy and cedible 3gor theory
lvery di"cult!#




bts:Schvetz Tortola Valle O08

The DataNeutrino Masses

Homestale, Kam,SuperK,KamLANIBNQ, SuperK MINOSmMIiniBOONE, ...

2 2

I mi I omP" m; Assume3 neutrino mixing

Solat 1 mZ = |! m%,| = 7.65%33 ! 10 SeV?
(best bt+1! )
Atmospheric ! m5; = £2.4/%479! 10 eV’

Normal Hierarchy Inverted Hierarchy
3

2
1

Cosmoloy (WMAP).




bt:Schvetz Tortola Valle O08

The Datal.epton Mixing

Homestale, Kam,SuperK,KamLANISNQ SuperKPaloverde, CHOOZ, MINOS...

UMNSP = R 1(! | )Rz(! 13 "I\/INSP )Rg(! " )P Maki,Nakagaa,Sakata
Fontecorvo

cos!, sin!,
1] . ] 0
[Uunsp | ! # cos!. sin!, cos! cos!, sin!. é
sin!+ sin!, " sinl+ cos!, cos!

Solar '\ =1,,=334 + 1.4

Atmospheric 1, = 1,3 = 450 ;49 (best Pt 1! )

Reactor ! =sin"i3, "13=57 %3

2 large angleg, small angle(no constraints on CP violation)




Compae:Quark Mixing

CabibboKobayashiMaskaa
CKM CKM n CKM
Uckv = R1(!337 )R2(M 137, "ekm JR3(! 1

MixingAngles1$kM = 130 + 0.1' «——> Cabibbo angle! .

153 =24 + 0.1

I3 =02 + 01

CP violation: 3! Im(U U;U; ) Jarlshg

Dunietz,GreenbergWu
(CKM) : CKM i CKM i CKM i
Jep I sin2 5™ sin20 53 sin2 137 sin® ckw

J1 10° lckm = 60 £ 14

3 small angle§,large phase




A paradigm shift

Strikingy diferent [3aor patterns pr quarks and leptons

¥ Massscaleshierarchies of neutral and chargegermions:

fermion masses
de ste be

u-e Ce te

vV, —eieVyeV3 ce Le Te

| | L [ | | | |
ueV meV eV keV MeV GeV TeV

Step 1 ér theory:suppessing neutrino mass scale

¥ MixingAngles:quarkssmal)leptons2 large 1small

Step 2 ér theory:understanding lepton mixing pattern




Step 10rigin of Neutrino Mass Scale

Charged Ermions: Dirac mass terms

Yi H &8 Yr;
parametrized pYukava couplings

Neutrinos:beyond plysics ofYukavas!

Assuming SM Higgs sector

_ L 1
Ly =Yy LuHg) + (Lo H)(Ly H) + 5 (M Tri('gj ) + h.c.)

4




Majorana masses:

] Minkowski;Yanagida;
PrOtOtypeType | seesa GeII-MIannVRVarTImndSI;nsky;...

m2
m! O(100GeV) my! —

O m M

but mary other possibilities...

Type Il seesa (Higgs triplets),Type Il seesa (triplet fermions),double seesa,
higherdimensional operatorssupersymmety +R-parity violation,...

Dirac masses: issue:Yukava suppessionY; ! 10 *?

options:extra dimensiond3aor symmetries,
supersymmely breaking e#cts,...

Note: in both caseanary mechanisms exploit SM singlet natof : r




Step 20rigin of Large Lepton Mixings

Standadl paradigm:spontaneousl broken [3&or symmetly
v FroggattNielsen

Yi H &8 r; > M‘\Hél'gu " Rj
ORwnNO belds

Recall or quarks:

¥ hierarchical massesmall mixingsontinuous famy symmetries
¥ CKM matrix:small angles and/or alignment

Uckm = UuUd 1+ O(')

I
M

Wolfenstein parametrization: ! ! sin". = 0.2z

suggests Cabibbo angleyrize a useful Rar expansion parameter




Flavor Model Building in the SM

¥ Main issuawvhat is Uunse  In limit of exact symmejf?

for the leptons)arge angles suggest

Uvnge = UU I W+ O(1Y)

T

ObaeO mixing anglesBaor expansion
(1010, 10, parameter
122+ 137 ° 23
¥ usefuland motivated in unibed/string scenartostake
1'=11 sin",

ideas of OCabibbo hazeddquark-lepton complementarity




Aside:Lepton MixingAngles ag@ Onon-genericO

Classify scenariosytthe orm of Uwnsp in symmety limit

note:lepton mixing angle pattern has the most challenges (w/3 fami

3 smallangles —>  diagnal M
1 large 2 small —— ! RankM, < 3
3 large angles ——>  OananicalOM |

2 large 1 small —— Pne-tuningpon-Abelian

Issuessize of! 13 prigin of non-maximall 1,

large angles myasuggest disete non-Abelian fanyiisymmetries!




Uunsp = UeU I W+ O(1)

Classify modelsybform of W (!3,,!%,,15,):

|
* Ingeneral: !5; = 45 19, =0  (reasonable)

¥ More variety in choice of barsolar angld 22

¥ Obi-maximal@ixing (quark-lepton complementarity)

¥ Otri-bimaximal@ixing Harrison,Perkins,Scott (HPS)
¥ Oglden ratioQmixing | = (1+ B)/2

or other options...




Scenario 1BI-maximal Mixing

ObaeO solar angle !'%.=45  tan!j, =1

Requies large peaurbations:
) ) Oquark-lepton
lo =15+ 0()! : complementarityO

RaidalMinakataSmirnos; FramptonMohapatra; Xing;Ferrandis Pakvas&ing;
L.E.RamondPlentinger_indner, Dighe Rodejohannmary, mary others...




Bimaximal mixing scenarios:

useful framwork for exploring Cabibbo effcts in quark+lepton sectors

M
- My m

Mp 2
m

(GUT scale)

|CKM | n3
-13 .

but implementation in full grand unibed theoriesry challenging

recent work in context of discete non-Abelian fanyilsymmetries
Altarelli,Ferugliqg and MerlgO09,...




Scenario Illri-bimaximal (HPS) Mixing

17, = 35.26

Harrison,Perkins,Scott 002

Does not require large peturbations!

anusing noteMNSP looks li& Clebsch-Godan coeffs Meshlbov;Zee,...




Naturally obtained fom discete non-Abelian symmetries
(subgpups of SO(3) ,SU(3))

. Ma and collaborators (earliest in OBltxrelli, Ferugliq
A Few Examples. A 4 Babu and H@/alle Hirsch et al.King et al.,

(tetrahedion) mary, mary others...

S Ma;HagedornLindnerMohayatra;Cai,Yu;Zhang,...
( g )
cupe

ArandaCarone, LebedChen,Mahanthppa,...

LuhnNasri,RamondMa;King,Ross,...

L.E.Stuat
(icosahedon)

Most popular scenario! mary modelselegant esults

issuesincorporating quark€)vacuum alignmentO ofddabelds




2z

Scenario lllGolden Ratio Mixing

Ideasolar angle elated toOglden ratioO

|l = (1+ B)/2 WFT“

v

L
W :

e

Two proposed scenarios:

1 | ~
3= tan ! 10 = — !12 = 31.72 L.E.Stuat O08t

work in progress

icosahedral 3@r symmetry | (As)

3 I = | — ! AdulpravitchaiBlum,
COS 12 2 '12 = 36 Rodejohann 009

dihedral 3gor symmetry Dig



. 1
Scenario lll:tant = &

Ramond et alQ03 ¢btnote), KajiyamaRaidalStrumia O07 Z, 1 Z,
L.Eand Stuar, O08 and contiing... As

As




The (Rotational) Icosahedral Gup, | ~ A5

Properties of the icosaheam:

20 faces (equilateral triangles)
30 edges (3 sides/triangle triangles/edge)

12 \ertices (3 \ertices/triangle5 vertices/edge)

Group elements:

. L 21 41 2
Rotations which tad \ertices to \ertices,.e.,by O, =5 3 !

Rotation by each angleofms aconjugacy class:
I

e, 12Cs, 12C52, 20C3, 15C, (SchoenRie€K :% rotation)

order=number of elements: 1+ 12+ 12+ 15+ 20= 6C




The (Rotational) Icosahedral Gup, | ~ A5

Theorem: group order = sum of squaas of ired.reps

1+ 12+ 12+ 15+ 20= 60= 1%+ 3* + 3° + 4° + 5°,
(two triplets!)

Conjugacy classeasharacterized ¥ trace (character)

CharacterTable

3 3
3 3
! (R




The (Rotational) Icosahedral Gup, | ~ A5

From character tablededuce tensor ppduct decomposition:

31 3=1" 3" 5
31 3=1"3"5

Not enough 6r Basor model building.Need explicit epresentations!

| not a crystallograhic point goup, so there was vork to be done..




Lepton Flsor Model Building witlAS

Mass terms: ! L, = %LiHLj H + Yij(e)Lqu

Charge assignmentsL | 3, @! 3
LL:3!" 3=1"2"5  L@:3! 3 =4"5

Leading oder: charged leptons masslerssutrinos degenerate

Fix it at higher oder with [3aon sector.

11 5 | 4
LL




Lepton Flaor Model Building witlA5 (contirued)

Explicit toy example withrassumeda/on \evs:

specibP©glden predictionOdr solar mixing anglglus

neutrinoless double beta degca
m,, = mll + Irpz_.

5 5
neutrino masses (normal hiecly)

hierarchical charged lepton masses

In progress: dynamicof Raon sectorquark3a/or mixing,...

Rich and vitually unexploed model building tertor y!
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complete 3gor theory based on dihedral symmetr

(solar angle mdiction based on exterior angle of deoay




Conclusions/Outlook

¥The ' [3&or puzzle Is intriguing ancew rich:

¥ Mary options br neutrino mass scale suggssion,
each with implicationsf particle/astopatticle physics

¥ Mary theoreticaly motivated mixing patterns:
Bi-maximal tri-bimaximalmixingOglden ratiqQ..

¥ Themes:Dirac v Majorana? ale of famy symmetries?
guark-lepton unibcation?

¥ Data will of course contine to be crucial!

¥ May provide our best windw to ultrahigh scale pfsics!




