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Effective interactions
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@ Most neutrino esperiments involve E « Mzw

@ At E « Mzw: QED + QCD for light dofs + NR terms

suppressed by powers of Mzw

ren GF
£E<<Mz = Lqep+qep T4 V) it qu B O

Gr 9°
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g = Uy v e

The effect of NR interactions is suppressed by
(E/Mzw)" at E « Mzw (only lower dimensional
interactions matter)



Effective theories

@ Provide a general, model-independent, low energy
parameterisation of physics at higher E

@ If the higher E theory is known, the specific form of the NR
remnants can be derived

@ If the higher E theory is unknown, the experimental
identification of NR interactions provides information on the
higher E theory

@ e.g.: Fermi interaction
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@ (btw: renormalizability might well not be a fundamental
property of 4D QFT)







The SM as an effective theory

E A 2
e J @ Analogously...
SM + eff. T NR
interactions £%<<A g Iéei\r/} i LSM
b } ; ‘ :
\ ® No hint of NR interactions from TeV scale

vexp. | QED + QCD * eff.
inferactions

) @ Only evidence of NR interactions: neutrino masses

(see below)
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E « Mz: description of
neutrino masses



Neutrino masses at E « Mz

A
: @ In the broken EW phase, the most general fermion
mass term is
"5y +mBete; + Ddcd+ +h.
2 o ey ng €; €5 ng ? m’Lj qu &
W Dirac spinor <— ¥V, WUpr Y ~Wp ¢~ U Weyl spinors
b 1 \ ‘IJ—R‘IJL — P

T4
vexp. | QED+QCD * eff. QZ”NZCRN L +m; EzREjLer DzRD]Ler U;rU;L + h.c.

interactions
j U°=CT  N°= N Majorana
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@ (a Dirac neutrino mass term would require a v°)






Weyl spinors

Dirac spinors are not fundamental: ¥ = ¥, + Yz = (0,1/2)+(1/2,0)

_ (er A (e -
‘”‘(w) ‘I’L‘(w>"I’R‘<0> <f¢32

e — 5 v

The gauge group can act differently on Vi Yz
example: in the SM, (vie) » SU(2)w doublet, er = SU(2). singlet

In general, the gauge group can mix all (0,1/2) fermions

VT o Uy, Uy + Wn, g (i, Gt v,

(0.1/2)  (1/2,0)

In terms of Weyl spinors:
U102 = $ivhe + (9195)" Wiy Us = Podhs — (¥5) o9
(Y1902 = Yoth1 = YLeaph)
Fundamental objects: Weyl spinors Wi...\p, (Dirac if charged + P)
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Neutrino masses at E « Mz

@ Fields: di d u; uS e e% v (a Dirac neutrino mass
term would require a v°)

@ Most general mass terms:

1%

uj+hc

| ijzy] +m5 e, +m£d,fd +mw ;
@ Relevant effective interactions:
A 24 Gr N.C.
\ E<Mz = E ]c ]c,u it + .
QED * QCP « eff. Je = wiry dir +Uiryteir + ...
interactions
j @ Everything needed for a description of most

neutrino phenomenology



Masses and mixings: quarks

® Mass eigenstates

Tdse iy )
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il d ) Pt u

modSd; + myuSuy Fhee, = mg,dS d; + myusu + he. = my, D; D; + m., U U
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@ In terms of mass eigenstates:

q! il S f /
Jchad = ULV dir = VijUz‘LVMdjL
./,L B3 .M /
]n had &% (JH had)

/
Jem Lk (Jem had)

V =U,U) | Cabibbo Kobayashi Maskawa (CKM) matrix



Physical parameters in V
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9 = 3 + 3+1 + 2






Standard parameterizations
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Experimentally: V = 1
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Vo= —A 1—)\%/2 AN?
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A =022

A, p,n=0(1)



Masses and mixings: leptons

® Mass eigenstates

Vedeiss I D Gt ([ 12
e O mdiagUy m —UecmdiagUe
Ue
1
vio= Ul ej ‘i
e; = Usje;
1%
m, . m,,
AR E e /
5 —=— ViV + m,.e;e; +he = 2 Vivi+ meseS e, + h.c.

@ In terms of mass eigenstates:

iR S M

]c,lep Al g e Uj zL/y ejL
J7 . ; /

]n,lep T (]n,lep)

.M Bl .IJ/ /

Jem,lep A (]em,lep)

U =U,U]| Pontecorvo - Maki Nakagawa Sakata (P-MNS) matrix



Physical parameters in U

m
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e’ 1
U= e')? standard par. e'®
61’73 ezﬁ
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(Majorana)
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Physical mass and mixing paramefers in the
lepton sector

Ty -
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AmA iR i2:5:x 107 elEie. -~ 155 (ATM, K2K)

Amion ~ 0.8 X 1 eV G15 ~ 30°% 358 (SUN,KamLAND)
013 < 10° (CHOOZ, Palo Verde + ATM)
Mee| = Uz, ot == OFl) x 0.4V (Heidelberg-Moscow)
(mlh)e. = |Usltnss < [2:2eV)? (Mainz, Troitsk)
Z m,, < 0.6eV (priors) (Cosmology)

e o R T R W A B

%V < 174 GeV |
Bys ~ 45°(= 45°7)
Guidelines for theory: i s ol =50 "=, (> Ho)
Qb 10°
|Am?,/Amiss| = 0.035 < 1



Smallness of neutrino masses

® Natural scale of fermion
masses: <H> = 174 GeV

@ Why my / <H> < 10712 ?

@ Must have a different origin
than m. / <H> = 0.3 x 107

o larger hierarchy
o family independent

o well understood




E = Mz: neutrino (and
fermion) masses in the SM



SM origin of fermion masses

E A
A
M
} @ What is the form of the fermion mass terms
db 1 \ induced by the SM (effective) lagrangian?

vexp. | QED + QCD * eff.
inferactions

)
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The Standard Model (at the ren level)

e 1
VDV — B gauge
en = +4|D,H|? —V(H) symmetry breaking
+i; U0 H flavor

@ An extremely successful synthesis of particle physics
@ (in compact notations)

o i=1.2,3: family index






SM fermion quantum numbers

g 1
U, iDV, — —F° F%

ren

SM i ‘HD/LHP _V(H)

4 S

—|—)\U\T/Z\IJJH

G = SU(3)c x SU(2)w x U(L)y

4 = qa
a’=:1,2;3 (eOlol]

gauge

Havor

symmetry breaking

SU(3) su(2) u(1)

1 2
1 1
3 2
3 1
3" |

-1/2
|
1/6
1/3

-2/3



SM fermion quantum numbers

L 1
U, i DV, — EFZVFGMV gauge
en =  +|D,H|?—V(H) symmetry breaking
—F)\zJ\TfZ\IJJH flavor

SU(3) su(2) u(1)

Li 1 2 -1/2

The representation is “chiral”: no gauge e’ 1 1 1
invariant mass term is allowed — SM fermion
masses protected by the EW symmetry Q : : 1/6
. 3 1 1/3
- E 1% -2/3



Fermion masses (at the ren. level)

® Fermion masses are induced by

Eﬂavor )\E CL HT+)\DdCQ]HT+)\U CQ3H+hC

17 ’L (IR ) (IR

after EWSB:

G+
H = (U+h+iG0>
V2

Cﬂavor )\E cr . HT+>\DdCQ3HT+>\’LJ ZQJH‘l‘hC

zgz (AR

=miele; | +mpdid; + mw U S R GRET . .

3ER (50
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m] E e ) gc
@ We then get : ~L v + miele; + modsd; +me,

Z] ) Z] 1 ’L_] ’L

uj—l—hc.

with m?j:)\iEjv m?—)\Dv m;; —)\U

1 g
m, ;=4



The SM as an effective theory

£ A 0 Lien =L+ Loy
- i
Ta- ren e HL HL el
A
E,D,U E,D,U v 4
\ @y S A UG U X o
SM + eff 0.05 6V
Bk
interactions A % O 5 X 015 Gth ( < )
J i
> \ @ Meur = 2 x 10 GeV (double see-saw?)

vexp. | QEP+QCD * eff. @ Room for leptogenesis

interactions

o Leff is sensitive to the GUT scale only through L-
) and B-violating operators

@ N~ 10" GeV, Ag > 4 x 10" GeV (no or small L, B

My T

violation at TeV scale)












Right-handed neutrinos

ST

(

) Zz ( Z ) Vz SU(3)c x SU(2)w x U(l)y

N.LH — m, = \,v (like the other fermions)

V¢ is @ SM singlet and can therefore be heavy

M Gl . .
L —-?V % (unlike the other fermions)






E » Mz
origin of neutrino masses
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Renormalizable origin of LLHH

?

)
\

SM + eff.
infteractions

J
\

QED + QCP + eff.
inferactions

J

o+ —2(HL;)(HL;) + ...

£eff 3%
ELKA N

LiH = (1,2,-Y2) ® (1,2,02) = (1,1,0) © (1,3,0)

H H
5 M See-saw type I
Li X Lj
Sh Sk
H H
: M See-saw type II
Li Va) : Lj
R i 73



Renormalizable origin of LLHH

T Loen = Lsu+ 7 (HL)(HL)) + . ..
J HH = (1,2,-%5) ® (1,2,%8) = (1}ADe ® (1,3,-1)
A
\ S
SM + eff.
interactions i Th See-saw type III
b < iy .
vexp. | QE7+ 000 + ot & Any number of Sy, Th
| interactions :
) @ No loops if low energy supersymmetry

My T




Alternative origin of
neutrino masses



@ Standard paradigm:

ren h
Loen = L&+ T(HL J(HL;) + ...
A ~ 0.5 x 10 QeVh (0‘05 eV) > TeV
m,

@ Alfernative: the SM extension accounting for neutrino masses
arises at a scale A\ < TeV (the EFT description does not hold)



Example: Dirac neutrinos

Lepton number “exactly” conserved: no vév¢ mass term, hjj = O
Neutrino masses then need an L = -1 neutrino V¢

Nrg E e D ;c
ng zyj+mzj zej—i_mmdzd +ng 1

u]+hc

In the SM:

LN = X CE H )\ eS Lyl e e SOMMEEO s o 20)  H '+ 1.6

’sz zgz g8 AR

N s N : ; D ;c
= M, ; V; V; —I—mw €;€; —I—mw by thie . ..
N BN i S D) U
mi; = AU Mg = AU My = Au m = A

Needs L and AN < 10°*: why?



AN < 1071 (1)

@ L is conserved + \v“LH forbidden by a symmetry, e.g. because
it is charged under a U(1) symmetry:

ANCLH — A\ (%) pei ] H N — <%)

@ interesting (model dependent) consequences for cosmology (and

LSND), no consequences for LHC:
(H)* ke
—_—~~ — ~~V g vC 5 10 BBN



AN < 1071 (2)

@ L is conserved + AN originates in extra-dimensions

@ VC lives in the flat bulk of large extra dimensions:

A M,
NS =K
L (27TRM*)5/2 Mpl

@ 5D V¢ & 4D (VO), M» = n/R (large n)

@ Brane-bulk mixing: m = A <H>

% m; In the presence
Uisi— 1 i N,
2 ikVk N el of bulk mass terms
n
Standard Small
3 (mainly) active (mainly) sterile
neutrino mixing component

@ V¢ and L are localized in distant points of a (warped) extra
dimension:

A e—(superposition of the wave functions)



Low scale lepton number violation

& ren hz
e TJ(HLiXHLj) +.

& h = 1083-101 allows A < TeV

LLHH ¢\ LLHH & (D\"
@ Why? E.g. I ey oA h (H) L hegg = h (ﬁ) (as before)

@ How is (HLHL) generated? Origin of L-violation?



Low-scale origin of L-violation (1)

@ TeV-scale see-saw
® V¢ with M = TeV
1
@ Probe V¢ through A\v°LH: m, = e X

SOTERYE
@M~TeV=>)\:@~10_6( 45 ) ( ) too

(H) 0.05eV TeV
small for LHC
1
@ Unless A » 107 + cancellations in m, = —m} 27D (2 or
more V¢%s)

@ “magical”, e.g.: m, = 0+ corrections if
Jo N S AN
M,,; = anBjmo, Mg = Diag(M;...M,), LanMn =0
n
@ natural, e.qg.:

Le,L,,L;,(vg)1 =N havel =1, (vr)a=N'has L = -1



'I-hen —LV —r (V67VM7V7'7N7N/)M(V67VM7VT7N7N,)T

( O 8 me\ @ rank = 2: 3 massless neutrinos
mu : . :
v Qe independently of the size of m;

A

% iz
0 0 0 O e M U R T MN
\me i i e R PR )

@ Constraints: (me/M)? < 0.006, (m,/M)? < 0.003, (m+/M)? < 0.003

[Nardi Roulet Tommasini NPB386 (1992),

@ LNV at LHC (1): ph/9402224, ph/9409310

: > Bergmann Kagan, ph/9803305]
qq —buiui'W"' ...................................................

Cleanly PrObeS mp/M [Dicus Karatas Roy PRD44 (1991)

- Datta Guchait Pilaftsis ph/9311257
: Almeida et al ph/0002024
VY P At Ali Borisov Zamorin ph/0104123

AN, ¥ Panella et al ph/0107308
R R Han Zhang ph/0604064

» ; : Aguila Aguilar-Saavedra Pittau ph/0606198
W e Bar-Shalom et al ph/0608309
; Atwood Bar-Shalom Soni ph/0701005
[FanZzhdng’ph/06g4084] Bray Lee Pilaftsis ph/0702294]

@ No connection with my



Low-scale origin of L-violation (2)

@ (Rp-violating) supersymmetry

@ Supersymmetry does not guarantee (accidental) L (or B)
conservation, unlike the SM: Hy = L;

: 79
[FA9 e \\ U (& J1CIf \\ i£7 JC 7 [#] iy € Jr JLif p LIf JLif
1 — Ay s WU, (.\) L, T Ay Qs ey // e /\, 2y IL i 0L /,zfl LB
\ T W ) 1) [598] | / I
= RA CUPR( T Ay A A ™ Agqls Loy iy q T‘/’ Ly L
/s (Y ey 1 A Y. L T Ty (oS S (TR a)
s — g \JJ L LT k(,«‘ 171 e om (i) o 01 e |52 .D;,’ Ul /7
e i -~ 10, ]
+ A A, + A Qi - Agin i 1L + (Bu)H L

@ L and B violating terms controlled by Rp = (-1)3B-L+2s
@ A small Rp breaking:
@ induces (hj/A)LiL;HH, with A = m, h < small Rp breaking

@ makes the LSP unstable (could be any susy partner)



@ Bilinear Rp-violation

@ In an appropriate basis for Lo = (Hg,Le,Ly,L7):

D

D

D

No Rp-violating ftrilinear terms
W D PHH4 + PiHuLi, Lsort D BUHWHG + (BU)iHWLi
Predictive + might follow from spontaneous Rp breaking

<Huw>2 = vy, <Ha>1 = vg, <Li>2 = Vi = neutrino-neutralino mixing

—imv

hij M?2
Tree level: 2M2 fzfg (my )i = —Mj &i€; controlled by
Ui — g wito 6 My
o e ¢ =€ ~ 2.5 % 10 /cosﬁ(TeV>

HUq
@ m; = mz = 0 (normal hierarchy), tanB23 = €,/€3, tanB;3 =

&1/ (E224E7%3)/2
(Am?);2 and 012 at 1-loop, controlled by pi/u
LHC: production and decay to LSP almost unaffected

Small Rp breaking effect §;, pi visible through LSP decay



The origin of the neutrino
flavour structure



AmA iR i2:5:x 107 elEie. -~ 155 (ATM, K2K)

Amion ~ 0.8 X 1 eV G15 ~ 30°% 358 (SUN,KamLAND)
013 < 10° (CHOOZ, Palo Verde + ATM)
Mee| = Uz, ot == OFl) x 0.4V (Heidelberg-Moscow)
(mlh)e. = |Usltnss < [2:2eV)? (Mainz, Troitsk)
Z m,, < 0.6eV (priors) (Cosmology)

m,, < 174 GeV
[ 653 ~ 45°(=45°7)
Guidelines for theory: 0,5 ~ 30° 35° £ 45° (> 50)
Qb 10°
|Am?,/Amiss| = 0.035 < 1



The flavour structure of
the SM



The flavour puzzle in the SM

@ 3 families, or U(3)> symmetry of the fermion gauge lagrangian

family number
1 2 3 (horizontal)
not understood

L L1 L2 L3

(e (e)2 (e°)s

o
1)

Q Q Q Qs
uc (Ui euc)z . (U3
dws(dep#(dS)z «(d%)s

gauge irreps
(vertical)
well understood



The flavour puzzle in the SM

@ 3 families, or U(3)> symmetry of the fermion gauge lagrangian
@ Pattern of U(3)> breaking from Yukawa sector (most SM pars)

LRavOr B D oS H XIS 1 \V @ .

zgz N L (k=



The flavour puzzle in the SM

@ 3 families, or U(3)> symmetry of the fermion gauge lagrangian
@ Pattern of U(3)> breaking from Yukawa sector (most SM pars)
@ (horizontal) hierarchy of fermion masses: 1 « 2 « 3
® CKM mixing angles « 1
@ UvsDVSE
o different hierarchies: U » D, E
@ Mmp=mr, 3Ms= my, Mg = 3Me. @ Mg
@ mass hierarchy vs mixing hierarchy
o Vel ~ ms/mp, IVysl = (ma/ms)/2
@ neutrino sector

@ See above




Family replication

Bttt 1
W, DU, — ZFZVFCWV gauge
L e +|D, H ? - V(H) symmetry breaking
+ i U0 H flavor

SU(3) su(2) u(1)

Li | 2 -1/2
Vi = (Li 5 Qi uS d 1 fami
(Li e% Qi uS d%) < 1 family z i ! :
3 families < 3 identical copies

of the same (reducible) repr Qi 3 2 1/6

| 1/3
WHY?



U(3)°

L .
U, i DV, — ZFZVFC"W gauge
en =  +|D,H|?—V(H) symmetry breaking
—F)\ZJ\T/Z\IJjH flavor

Family replication <> the gauge lagrangian cannot tell families < is U(3)> invariant:

L; —» UL,

c e ¢
£ Uz-j €

U(3)5 : Qz — Ung = £§i}fge g £§i/l[lge

S
J

di — UL dS

b

c o
Ui

(U(3)> = U(3) in SO(10) gauge-unified models)



U(3)°

LN 1
U, i DV, — ZFSVF"’W gauge
SM = ‘|‘|DMH|2 —V(H) symmetry breaking
—F)\ZJ\T/Z\IJ]H flavor

The symmetry breaking lagrangian is U(3)° invariant:

L — UL,

c e ¢
£ Uz-j €

U(3)° ¢ Qu—>USQ = L35 — L8y

c u® e

J
c d® jc
G+
The symmetry breaking itself H = (UJr h+1iG° | is also U(3)® invariant
N




U(3)°

1
,iDV; — ZFSVF"’W gauge
en =  +|D,H|?—V(H) symmetry breaking
—|—)\ZJ\TJZ\IJJH flavor

The flavour lagrangian is is not U(3)® invariant (unless A;;=0)

et ULL-

es —+Uf] . Ag — ULAgUr

(3R O iij = A U Apl5
u§ = U us v — U AduUg
d§ — UL dS

Lﬂavor )\E CL HT Ak )\DchJHT e Ag chjH + h.c.

zgz ks



The flavor sector (at the ren. level)

mD s Uc%;m(?iagUd m =U CmdlagUu
B APacQ. HY =g.dS Q' H
QA= uS s ™ s A
Ajui Qi HT =|\y, Viju§' Qi H
| Q; = Uj5Q;
5 U@ej J E T c! T
= Ulmi 68 — AesLiH' =[Xe;é; LH
L’ US L,

@ Individual lepton numbers: e.g. L. corresponds to ¢© — ¢ "“¢”,

Total lepton number L = Le+Ly+L+: corresponds to ¢; — ¢

Baryon number B: corresponds to uf — e ““uf, df — e '“dS,

@ The Le L, Ly B transformations are all part of U(3)°

—1l0 .C
6.

240

Xe"
Le T e Le’
Li P 62aLi

Dl €mQ¢

(V17)
(V9)
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Origin of large mixings

ik

| Veslha s
mp — Ug;m%agUd §

.= U Sms U,

| = U]
mg = ULmE2U,

The large mixing angles can in principle originate from both mg, my

Does the distinction makes sense?

c/ acte * dia c!/ R o o dia
SM: {ei:Uijej {m,,—>Um,/ eyt {ei:Ui-e {m,,—>myg
— —

. g
U(3)5 L; = Ueiij

diag R B

diag
mg — Mp mg — mp U

Yes, in terms of the physics giving rise to the mass matrices

Assumption: there exists a privileged basis in flavour space in
which correlations among entries of the mass matrices only arise
from symmetries of the underlying theory or accidents



o

o

o

o

d

Origin of 023

(From my in the case of degenerate neutrinos)
From my in the case of normal hierarchy
From my in the case of inverse hierarchy
From me

(Anarchy)



Large angles?

o U439 « 1=+ 0, « 1: Dirac and Majorana mass terms transform
differently under symmetries

@ Example: Ly - Lr. In the symmetric limit:

mg X a 0O m, oX Otk
e 1 1 0
07 =30 i L1

@ However, it only works with degenerate Vs:

@ mz = ms3, (Am?)2 « (Am?)23 = m; = m2 = m3

1
@ Example: m, x 1



A large U23 from my - normal hierarchy

@ V23 large and mz « m3 seems unnatural:

V.3 large: A~ B ~ C
m, X B o

(Semi-)anarchy?
T mz « ms3: AC - B2 « |

® However, in a see-saw context A, B, C are not fundamental
parameters m, = —mp, M ~'mp

@& Natural OPﬁOﬂ: My < M3, mos ~ mo3



A large O23 from my - inverse hierarchy

A B
o U3 large and m; ® mz + no correlations: m, x | A + corr.

: B
(no correlations = stable under rad corrs)

@ tan O:; = B/A
@ Bonus: U2 automatically large

@ Potential problem: (0:2)y = 45° (see below)






Comments:
% ms/mb: ms/mb = A, E, mu/m'r = A E’ i A, = 1/3?

m
@ Vu: Vup ~ s(léVcb ATy S B e et TRl ions
my

The A’ contribution fixes the “texture zero” prediction for Vus
when A" = 1/3

@ mp-mr supersymmetric unification:

2
Ml o - Rl

My |gop Vil A%

The low energy value of my-my is in better agreement with A
1/3 than A =1







Is U23 large or maximal?

@ Large = O(r/4); maximal = /4 + correction « 1
o SK: sin?2023 > 0.9 - not enough

tan O23 = B/A; A ~ B & large; A = B < maximal
l1-€<B/A<l+€ =5sin?20,35>1 - €?
0.7 < B/A < 1.4 = sin?29,5 > 0.9
0.9 < B/A < 1.1 = sin®20,3 > 0.99

@ Obtaining a maximal atm angle in a 3 neufrino context is non-
trivial. A maximal angle would set a powerful constraint on the
origin of lepton mixing (non-abelian horizontal symmetries?)






General expectations for 03

@ Inverse Hierarchy: barring tunings or cancellations, 8:3 must
be close to the experimental limit

In fact:

@ an inverse hierarchy requires, barring tunings, a correction
to 012 from me

® a correction to 02 from me contributes to 63



@ An inverse hierarchy requires, barring funings, a correction to
012 from me:

ATIBY . 1
& m, = A 23 I‘Ot&thl’l) m, o 1 £ 912 2! 450

B

@ Correction from my:

s 8%, ~ 30°-35° if qurkb < 1
R e D :
mi~moifa,bklora~b

@ Correction from me:
45° — 612

V2

requires 07, ~



@ A correction to 02 from me contributes to 0is:

iy Sio 1 FIVZ 5 Ly 2
U2 | —s1s ¢l 623.4% 828 —1/4/2 1/4/2
1 8283 1
45 50 570
12 ~ /2 2o S13 2 S{9S23 ~ 5 48 exp. limit

@ Taking into account phases, (45°-012)/2 becomes a lower
limit

d 952 ~ 010 = S13 2 S§2823 ~ 0.5 > exp. limit



General expectations for 03

@ Unification + Gatto-Sartori-Tonin
@ In all cases, 02 contributes to O;3

@ 0°; is also model dependent, but is related to charged
fermions

0 ¢
, : mg :
@ mpx |€ € is successful: 0. ~ (precise)

1 e
MmMe 1 my (96
@ Implementing the same pattern in me: 07, ~ S N —
my, 3\ mg 3
a5t S
013 D S93 o X exp. limit ~ 3°
o

@ Central value observable with suberbeams (but > O(1)
uncertainty)



A comment on complementarity

@ Oc+ 012 = m/2? “complementarity”

@ Naive understanding:
o 0c=0% =0%

@ 012=1/2 - 0%,

& However:

o 09 = 3 62, is more appealing

@ 0O = (/2 - 0%)/J2



General expectations for 03

@ Normal hierarchy, 023 from my

) m,,oc(e

@ The diagonalisation of the 23-block rotates € into the 13
entry

— =

1), € & Am?2/Am?;3, 012
d

ms Am?,
013 O €So3 ~ —— 893 &

ms Ami,

523



General expectations for 03

@ Normal hierarchy, 023 from me




Minimal models

o Use the minimal number of “effective” parameters needed to
account for the data: 4+1

o Produce 2 relations among 023, 012, 613, 8, Am?2, Am?23, Mee

i.e. a prediction for 0:3, me.



Reducing the number of parameters

d

Simplest possibility: assume the presence of (2) zeros in the
neutrino mass matrix written in the flavor basis, (my)eic

However, the parameters in (my)cic; are only combinations of the
parameters in the basic lagrangian

Assume instead:

@ the relative smallness (vanishing) of some parameters in the
basic lagrangian (mg, mn, M)

@ the absence of correlations among those parameters (non-
abelian symmetries could give rise to further possibilities)

There are only 5 possible predictions



o

Example

Only two singlets are relevant: N;, N2

Their mass matrix is diagonal: M = diag(M; M)

The Dirac mass term is minimal:
Ui Ni (c vy + s Vi) + M2 N2 (¢ Ve + €% s vy)

5 parameters: 0, 6°, @, p4/My, y22/M;

7 observables: 023, 012, 013, 0, Am?;2, Am?;23, Mee

2 predictions:

(also: Am?23 > 0)

>1/2



o

o

%4

Not the only possibility:

3 single’rs: N1, Nz, N3

Their mass matrix: %NlNl + Ms3 N5 N3

Dirac mass term:

Ui N (c vy + 5 Vi) + H2a N2 (¢ Ve + €% 8" V) + M3 N3 Vo

5 parameters: 0, 6°, @, uz/My, Hz2p3z/M;

7 observables: 023, 012, 013, 0, Am?;2, Am?23, Mee

2 predictions:

(also: Am?23 > 0)

)1/2






Predictions for 0i3, Mee

83



o

E is the only case which corresponds to IH and in which the
predictions depend on & (hence the lower limit and the
constraint cos O > 0.8)

In case D, 013 « 45° - O23 (hence the upper limit)
Cases A, B, E are within the sensitivity of superbeams; case C
requires SB + BB; case D has chances with a nu-factory.

Cases A, B, C, D assume no “12” rotation in the charged lepton
sector

There are good prospects for Ov2f decay only in the IH case
(E), but as long as d is not known, there is no special
prediction.

Case A has been first studied by Frampton, Glashow, Yanagida.
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Flavour symmetries

@ “Flavour symmetries” acting on family indexes (subgroup of U(3)°)
o symmetric limit: only O(1) Yukawas possibly allowed: A+ (Ab A1)
@ e.g. t% gz, h neutral under a U(1): Y335t“Q3H is allowed
@ spontaneous breaking of U(1) by SM singlets ¢ at high scale
o e.g. Qg2 =1, Q) = -L: %thzH is allowed = Y3, = %

@ breaking communicated to SM fermions by heavy messengers
(M = mass) '

@ atE«M ‘ ‘

@ gauge/global, continuous/discrete, abelian/non-abelian



Localisation in extra-dimensions

@ Extra-dimension mechanisms
@ flavour symmetry breaking with boundary conditions
@ localized fermions

@ e.g. in RS-type models:

cl/2 c>1/2



Flavour symmetries

SU(3) su(2) u(1)

(Ly,L2,Ls3) | 2 -1/2
(e4,e2,e%3) 1 1 1
(Q1Q2Q3) 3 2 1/6
(uc,ucsucs) 37 1 1/3
@R 3 1 -2/3

H | 2 1/2

: rules of the game



Flavour symmetries: rules of the game

SU(3) su(2) u(1) Gy

(LyLa,Ls3) 1 geiil/2 n.
(ec,e,e%) 1 1 1 Ne
(QLQ2Q3) 3 2 1/6 nQ
(uS,ucpuss) 37 1 1/3 Ny
(d,d2,ds3) 37 2 _2/3 Nd
H 1 2 1/2 N

1 1 0] Ne

¢’ 1 1 0 Ne'



Flavour symmetries: rules of the game

SU(3) suU(2) u@l) Gr=UQ)

(NI | 2 -1/2 (q9'nq4)
(ef,e2,e%) 1 1 1 (9°.9°%.9%)
(QLQ2Q3) 3 2 1/6 (q%,q%.q%)

(uuus) 37 1 1/3  (9“n9".q%)

(d°,d2,d%3) 37 1 -2/3 (q%.q%.9%)
H 1 2 1/2 qQH
1 1 o) qo
0} 1 | 0 qo’



Flavour symmetries: rules of the game

SU(3) su(2) u(l) Gr = U(l)

(L11L21L3) 1 2 -1/2 (ququlqul)
(e il | ; ey @ Write the most general
e R lagrangian (including
Qe @ 3 2 1/6 (q%,q%.9%) powers of ¢/M) invariant
& under Gr
(ueuz,u’s) 3 1 1/3  (9“n9“nq")
(d°,d2,ds5) 37 1 -2/3 (q%.q%.9%) & Substitute /M = <p>/M
H 1 2 1/2 qQH
@ Write the corresponding
1 1 0 9o mass matrices
¢’ 1 1 0] qe’



Example: O23 from me

SU(3) su(2) u(l) u(1)

(Ly,L2,L3) 1 2
(ef,ef2e%3) 1 1
(Q11Q21Q3) 3 2

*

(us,uc,u’s) 3 1
(de,de2,d3) 37 1
H 1 2

b 1 1

-1/2 (1,0,0)
1 (3,2,0) naeh g = 0 At @ (1)

1/6  (3,2,0) 5 (P

1/3 (3,2,0) = ¢2

2272 N
-2/3 (1,00) Me L
1/2 0
eXsecsi e
0 -1 sz‘7 = v)\,L-Ej =v|e & €|+ O() factors
gl T ]

(SU(5) invariant)
(e = <Pp>/M)



Same for the neutrino mass

In a see-saw context: depending on whether

Maavour 2 Mz, the game applies to the light neutrino mass
matrix or separately to the right-handed neutrino Yukawa and
mass matrices

Must also account for quark masses and mixings

Unification?



Summary

Compelling understanding of the smallness of neutrino masses
in terms of the high scale breaking of an accidentally
conserved lepton number, compatible with GUTs, leptogenesis

Interesting alternatives are available, some of them offer the
opportunity to probe such an origin at the LHC

Detailed analysis of flavour structure: long list of interesting
ideas, but no unique compelling understanding

Measurement of remaining parameters will shed more light,
hopefully more handles on the flavour problem will come from
complementary experiments (low E and LHC, ILC)



