


Premise

iS conserved)
ibe fermion masses
nally extended

new particle threshold favored by
known solutions to the gauge hierarchy problem




this two lectures: main focus on 1 + few comments on 2

-- not a review of the existing models, but rather a

-- reappraisal of old ideas, by stressing the conceptual
points by means of simple examples




VY should be deduced
from first principles

Y are due to chance

knowledge of statistical distribution
of VY in the fundamental theory

the observed V are typical

Zle fundamental theory

\ 4

symmetry and/or
namical principle]

how typical are the VY
we observe?

which is the statistical distribution
of VY in the fundamental theory?




Lecture I

broken flavour symmetries




short review of SM and surroundings
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L, =-d.,y,(®'q)-u,y (D'q)-e,y,(®1)+hc




U; and V¢ unitary

— W @y YV, d, )+ e

V2

[much more on this in Guido Altarelli lectures]

@ I+ 1 c c
L —=L —(vy (P l)+§v Mv© +h.c.




1t from the electroweak breaking
ffective description valid
d by “integrating out’’ the

Ly()= %(5’7 )[yf M 'lyv](i)*l) Fhc. +...| forms suppressed by more




count the number of physical parameters in the type I see-saw model
distinguish between moduli and phases

noduli and 24 phases

the same count in the quark sector would give a total of 9 moduli
(6 masses amd 3 mixing angles) and O phases <- wrong
how the above argument should be modified, in general?




a look to the data
charged lepton masses quark masses




nheutrino conventions

ml < m2 .
i.,e. 1and 2 are,

2 2 2 . e
Am21 < ‘Am32 , Am?’l‘ efm|1'|on,,,_“

donot enter Ly =PV, = V)

19‘12’ 19‘13’ ﬁ23



neutrinos

m,<22eV (95% CL)

Summary of unkowns

absolute neutrino mass
scale is unknown
[but well-constrained!]

: 2
sign [Am_ 1 unknown

Am? =(2.462+0.033)x107 eV>  NO
Am;, =—(2.453+0.047)x10™° eV* IO

[ordering
(either normal or inverted
hierarchy) not known]

+0.18
5—0.17

Am’ =Am; =(7.55"2)x107 eV?

sin® 9, = 0.0223*0!!

-0.0010

sin® ¢, =[0.451" > 1®[0.580" -]

~0.020 ~0.039
o 7 +0.013
sin“ ¢, =0.311"

violation of individual lepton number
implied by neutrino oscillations

,o, 3 unknown

[CP violation in lepton
sector not yet established]

IOo

violation of total lepton number
not yet established




comments

masses span several order of magnitudes: 5-6 in the charged sector
12 if we also include neutrinos

leaving neutrino aside, the mass spread within each generation is much
smaller

useful book-keeping
(masses renormalized at the common scale m.)

Val=1 =2 [|=2" =2 +4°

2
Am21 ~ 12.3

2
|Am31 |




questions
fermion masses

de se bpe

(large angle MSW) u-e ce te

'V1 —@ .'Vz .V3

LMMMWMLM_MMMMM
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why neutrino masses are much smaller than charged fermion masses ?

why lepton mixing is different from quark mixing?

[see Guido Altarelli lectures]




<
spontaneously broken flavour symmetries [Froggatt-Nielsen 1979]

U(1), approximate symmetry of the real world, broken by & # O




SM [the quark sector]

mass ratios and mixing angles are small breaking terms of an approximate
symmetry G

simplest candidate G=U(1)g

infroduce a new abelian
symmetry U(1)gy

assume all charges p, q, r
hon-negative and ordered
such that p; 2 p, 2 p3 , etc...

take FN(®)=0 and consider the choice: p; = q; = 0 and (other charges) > 0







(y
u)zj = A'qi-l-p.
JYulj
(y
d)ij =\’
itD;
Y/




Vud = Vcs = th = 0(1)
[O.K. within

Vub = th = Vus X Vcb a factor of 2]

(p1. p2. P3) = (3.2,0)

(91. 92. q3) = (4,2,0)

(r1, o, r3) = (I+rs, rs, r3)

successful:
compare with previous empirical
bookeeping A=0.22




extension to the lepton sector

assume all charges s, 1, u
hon-negative and ordered
such that s; 25,255, etc...

coneer (0) 1 <, o1 e [6)
LY=—€Z.Yd](I) IJ(X) +5((I) ll)l:ny lyv:ll](q) IJ)(X) +h.C.

2s1,,2
m, =AYy m = A" M,
2 2
m,=A""v m, = A7 M

2 2
m_=A""v my=A"v /M,

PMNS angles and neutrino masses only depend on s;



charge choice [example]

(1-11 1-2' 1-3) = (41210)

2

Am
m;"’ =~ 0(1) 012 ~ A

atm

Am’ 5
W”A U, =1

atm

9, ~0(1) 9. =A O, ~A

weak point: large number of unknown O(1) parameters Y, 4., (M/My)
not constrained by the U(1)g symmetry

impossible to go beyond the order-of-magnitude level

impossible to make a precision test of the idea




embedding in [SUSY] SU(5) GUT

~5 of SU(5)

p=q=t r=3-S

(p1. P2, P3) = (3.2,0) (ry, rp, r3) = (1+rs, rs, rs)

1, ' = &
(91, 92. 93) = (4,2,0) (1, S5, S3) = (1+s5,53,53)

(t;, T2, 13) = (4,2,0)




embedding in [SUSY] SO(10) GUT ?

a whole SM fermion generation plus a
16 = (Qa u,e,l, dC:VC) right-handed neutrino in a unique multiplet




previous framework cannot explain special features

9,3 maximal ?

discrete non-abelian symmetries?
Upmns Close o TB (BM,...) ? see G. Altarelli lectures




generalizations
[more on this later on...]

[symmetry of kinetic ferms
with SM particle content]

G DGf%Hf

00, - p(2)0

MFV —

Yukawas promoted to

<B> determined by minimizing dynamical variables

an energy functional V()
invariant under G; Y(9 /A )
S

observed Yukawa couplings

<6>, absolute minimum (< > /A )
of V(B), breaks 6; down to H; Y 0>/ f




Lecture IT

hierarchies without symmetries




)y =AY (), =AY

can we obtain this from other frameworks ?




hierarchies from Extra Dimensions [see Antoniadis lectures]

all - gravity and

the original KK idea

[gauge group=isometry group of the compact space K]

does not work since in the reduction from D>4 to 4D it is not possible to
generate chiral fermions




the chirality problem

in a vector-like theory all fermions can be given gauge invariant mass terms

in a chiral theory there are fermions that cannot be given gauge invariant
mass terms

ral,

in 1985 Witten proved that in the dimensional reduction [a truncation of the
full theory where only the zero modes are kept] of any KK theory where the
gauge fields are embedded in the metric g, there are no 4D chiral fermions




ED can be relevant to the flavour puzzle

L=iWT"D,W=iW(I"D +I'D)¥ i running over the EDs)




a toy model in 5D [D.E. Kaplan, Tait 0110126; Arkani-Hamed, Schmaltz 9902417]

2

qo(x,y+2JrR)=(p(x,y) q0(x,—y)=i(p(x,y)

N _ o ny 2 (7 2
p(x,=y)=+@(x,y)  @(x,) EO \/— (x)cos m"_(R)

1) =—o(x, y)= ™ Smny only even fields
P(x,-3) =-@(x,y)  @(x,) }j T only even fields




consider the SM with g=g.=0 and g'#0 and focus on the charge lepton sector

WL()C,—y)=‘PL(x,y) IPR(xa_y)=_qu(xay)
IP'L(X,—)/)=—‘P'L(X,)/) lP'R(xa_y)=lp'R(xay)

the reduction from 5D to 4D is a chiral theory with the desired particle content



localization of fermion zero modes

L=iWT", W+..=iWPy'o W-Wyo W+..

zero mode of e
IS constant iny

L=iPT") W+mPW+...=iPy"0 P -Py ) ¥+mPW +...
M u 57y

8ye+M€(y)e =0

M >0 zero mode localized at y=0
M <O zero mode localized at y=T1R




gian, we get zero modes

after EW symmetry breaking
the Yukawa interaction reads

L= f ZRﬁydy = -%tﬁ; (x,0)Y7 W (x,0)

Yy




— same pattern as
v.=F1F

no symmetry:
now hierarchy comes
from geometry




IR

it works also in a warped space UV

ds® = (5)2(nwdx“dxv - dz’)
<

AO()

M, ~R<z=R~=(TeV)"

ED u, p
Flat [0,7R] M./A AR
Warped [R,R"] | 1/2-M R | log R"/ R

M, = bulk mass of fermion X;
Yud = O(1) Yukawa couplings between bulk fermions
and a Higgs localized at one brane

compatible with SU(5) and SO(10) GUTs

[Kitano-Li Phys. Rev. D67 (2003) 116004]
[F, Patel, Vicino 1407.2913]



Lecture II (continue)

the flavour problem




New Physics: effective lagrangian approach

L= LSM+E

505

606

Od. gauge invariant operators
of dimension d

here: constraints from flavour physics on |AF|=2 d=6 operators

FLAVOUR PROBLEM

Operator |Bounds on A in TeV (¢;; = 1)|Bounds on ¢;; (A =1 TeV)| Observables
Re Im Re Im

(5py*dp)* | 9.8 x 102 1.6 x 10* 9.0x 107" 3.4 x107° Amg; ex
(5rdr)(5LdRr)| 1.8 x 10* 3.2 x 10° 6.9x 107 2.6 x 107! Amg; ex

(ery ur)® 1.2 x 103 2.9 x 103 56 x10=7  1.0x10=" |Amp; |¢/p|, oD
(érur)(CrLur)| 6.2 x 103 1.5 x 104 57x107%  1.1x10~% |Amp; |¢/p|, oD

(bry*dp)? |5.1 x 102 9.3 x 102 33x107% 1.0x107° Amp,; Syks
(brdr)(brdg)| 1.9 x 103 3.6 x 103 56 x 1077 1.7 x 1077 Amp,; Syks

(bry*s)? 1.1 x 102 7.6 x 107° Ampg,
(brsr)(brsr) 3.7 x 102 1.3x107° Amp.

TABLE I: Bounds on representative dimension-six AF' = 2 operators. Bounds on A are quoted assuming an

effective coupling 1/A?, or, alternatively, the bounds on the respective ¢;;’s assuming A = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the By system we only quote

a bound on the modulo of the NP amplitude derived from Amp, (see text). For the definition of the CPV

observables in the D system see Ref. [15].

[Isidori, Nir, Perez, 2010]



Minimal Flavour Violation

lavour violation from
<: a framework where
e Yukawa coupling

ur
G, = SU(3)uc xSU(3)dC xSU(3)q X...
q=(113)u’=(3,1,1)d* =(1,3,1)

L, =.-dy (®q)- ucyu((ifq) +h.c.

MFV assumes that new operators coming from New Physics do not involve any
additional field/spurions and that they are still invariant under G,
[additional assumption: no additional sources of CPV other than those iny, 4]




Example: leading operator with AF=2 in MFV

v diagonal

QLiVM(y;yu)ij 41 91Y (VY )L

(& * _ —
OMFV (|AB| = 2) = A2 y?(thth)z QL)/M L quubL (q = d,S) Diag

NP Yu = dlag(()’O’yr)

ANy, >59TeV

[Opmey modify My, for B, and B, in the same way:
i.e Ayand A, are identical and real in MFV]




bound on the scale of New Physics in MFV

Operator Bound on A | Observables

HT (DrYTY“Y“0,,QL) (eFuw) 6.1 TeV | B— Xy, B — X0t
QLY Y v,Qr)? 59 TeV | ex, Amp,, Amp,

H}, (DrY YY", T9Q1) (9,G%,)| 34TeV | B— Xyv, B — X, (t(~
(QLY“Y*“1v,Qr) (ErY.ER) 27TeV | B— X010, B, — utpu~
i (QLY"“Y*1~,Qr) H;D, Hy 2.3TeV | B— X 0t0~, By — ptu~
(QLY“Y*“17,Qr) (Lrv.Lr) 1.7TeV | B— X 0t4~, B, — utp~
(QLY“Y*“1y,Qr) (eD,Fo) 1.5TeV | B— X0

TABLE II: Bounds on the scale of new physics (at 95% C.L.) for some representative AF = 1 [27] and
AF = 2 [12] MFV operators (assuming effective coupling +1/A?), and corresponding observables used to

set the bounds. [Isidori, Nir, Perez, 2010]



Lepton Flavour Violation and MFV

‘Zue -9 -2
<2x10” TeV

A2

A>2x104[ZM ]TeV

one neat prediction: Diag

in the limit of vanishing neutrino Ve =Y

masses, the only available spurion is no LFV when m, = 0




LFV in the limit of vanishing neutrino masses

of fermion masses
NS acquire a mass

L, =—eAE-LA,]I
~E‘ME-L'ML
—EY(®'L)-(LDP)Y E+h.c.

y,=(A MY (M 'A)+..




iggs exchange

Z 1 1 ~ 1
S (AM DY YY(M™A)+...

y,=(A MY (M 'A)+..

Z
e <2x107 TeV~ M >10TeV




