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The flavour puzzle in the SM

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




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
e UvsD VS E
- different hierarchies: U » D, E

- mMp=my, 3Ms= my, Mg = 3Me @ Mg

mass hierarchy vs mixing hierarchy

— Vel =~ ms/mp, [Vusl = (my/ms)!/2

neutrino sector
- 2 PMNS mixing angles O(11/4), 1 small
— 023 = O(11/4) & |AmM?|12 « |AM?|23, O12 # /4




The flavour puzzle in SM extensions

* The peculiar SM flavour structure (m;, mz « <H>, |Vidl,IVis| « 1) allows the
SM fo pass the FCNC test
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* The unknown physics at the SM cutoff should not provide new generic
flavour structure
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* e.g. in the MSSM 81, « 1, or (M%-M%)/m? and Wil ,|W3z| « 1
* Is the origin of the peculiar structure in SM and the MSSM/NP the same?



(Some) approaches to the flavour puzzle

* “Flavour symmetries” acting on family indexes (subgroup of U(3)°)
e symmetric limit: only O(1) Yukawas possibly allowed: A+ (Ap A1)
- e.g. 1, gz, h neutral under a U(1): Y33t°qsh is allowed
» spontaneous breaking of U(l) by SM singlets ¢ at high scale

- eg. Qlq2) = 1, QD) = -1: % t°qa h is allowed = Y35 = %
* breaking communicated to SM fermions by heavy messengers (M = mass)
- atE« M h ¢
v c
2 A s o2 s %t g2 h
Q@ @

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



%k Extra-dimension mechanisms

e flavour symmetry breaking with boundary conditions

localized fermions

— e.g. in RS-type models:
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A new (economical) approach

* The knowledge (or existence) of special
horizontal dynamics is not required to explain
the fermion hierarchical pattern

* The pattern follows from the relative lightness
of one set of heavy fields and is associated to
the breaking of the gauge group (Pati-Salam)

% Chiral symmeftries acting on family indexes
“protecting” the mass of the lighter families
emerge in this context as accidental symmetries
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Large 023 (from my) and normal hierarchy

P B
i , Exchange of a single N¢
C AN Nt
Y A
1 <hu>2
My = —Aid; M,

Focus on "23” block:
e Single N m3 » mz = 0 hierarchy (mz # O from subdominant contributions)
* A2= A3t tanVzx3 =1 large ¥23 (barring charged lepton rotation)

(for generic A\is)



Charged fermions

A ¢
Mg ‘ No Yukawas at ren. level
Us 4455 9 Exchange of a single family of messengers
)\i ij
)\zU, X @
J J MQ
Single messenger: mi » mc = O = hierarchy (whatever Ai & j!); mz # O from
subdominant contributions ha ¢
Ai & o = O(1): large angles in CKM? No: M ‘ same rotation of
¢ XQ g; L-handed fields
No need of constraints on couplings, )T{ S ;j

family symmetry [see also: Barr hep-ph/0106241]



i)
h ¢ ¢ h "o ;
Mq ‘ ‘ U H
U X qj < ug x q; My X
1 Q Q.1 } I H
Xk ol o Ao Uy q;
(] ] H

* Neglect H and 15" family for now (will turn out not to contribute)

v = 3000 {0 | uyva ()

27 MQ e
YD = 22902 {9) + oPADe 0L (@)
&; Mg i Mp

%k m2 « ms3: one term must dominate

* Vel « 1: Mg « My, Mp (left-handed dominance)
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Early comments

mz <« ms in terms of Mq « Myp (horizontal from vertical)

with a proper basis choice

4 : : ; ¢ : to O(1) coefficients
u
G e N S | B et o e oy i 4
O Cun 1 €D €D 1 B2 MQ/MU
€p = Ma/Mp

m; = O: first family “"protected” by accidental flavour symmetry U(1);

* in the effective theory below Myp, the second family mass is protected
by an accidental symmetry U(1)-

0 E1 - Eowd €

ms/mp ~ [Vl ¢ s B
Y ex
0 e 1/ up to O(1) coefficients

U(1)'s and RS-type:

= ms/mp ~ €2 Vel
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Vus and SU(2)R

O A0 0 0 0
YV x [0 €y €U Ve b e p e
0 e 1 €D €D 1
¢ P, @ hq
Uf —X QJ dzc T QJ
S B B Dt D B
o A?q ol )\fq

Vsl ~ 1 unless (AY9); = (AP3); = SU(2)r (or mild fine-tuning)

* Grr = SU(2). x SU(2)r x SU(3)c x U(1)s-L

(OF, wat u’[,c (AT UC (A In”f Gt Nc ol hu
i=(d) 7-(o) 1=() #-(z) *-()

* A5 qi Q° h = (AY9); = (AP9); = AS
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m</m+ vs ms/mp and SU(4).

0210 0 O 0
YVx |0 €y €U Y2 o {0 ep “ep
e erd 0 €p 1

* mc/mi ~ ms/mp unless My » Mp

% Unbroken SU(2)r: Mc Q°Q¢ = My = Mp = M¢ = mc/mi = ms/mp

* SU(3)c = SU(4)c: SU(4)c adjoint couples SU(2)r breaking to Q°
(SU(2)r breaking by Le, Lc scalars with vevs along N, Ne (standard))

* Then mc/m: « ms/my does not require a new ad hoc scale
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Neutrinos

Prediction: N°(\§ls + ASl2)h,, (with charged leptons (almost) diagonal)

Takes care of 923 + normal hierarchy if N¢ dominates the seesaw:

AC
tan Oo3 ~ )\—g |Ami,| < |Am3s)
3

n% also contribute to the seesaw: As3n3Lh,

Must give mass to 2 massless linear combinations: MkiskfEFL, sk = (1114+)

Note: no new mass scale (n and N¢ at the same scale, but N¢ dominates)

2
VEw

252 M’
M, ~0.6-10"° GeVp,, p, = 0O(1)

ms = py mio ~ 0
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The model

Below the cutoff A (will turn out to be > 10%-17 GeV):
% G = Gps = SU(2)L x SU(2)r x SU(4). + Z2 and SUSY (with Rp)

% Field content:

R T M BT R B g T T B T I S

SU(Q)L 2 1 2 1 IR 1 1 2 2 2 1 1 1 i
SU(Q)R 1 Do 1d 1 Pk 2 2 2 1 1 2 2 1 %
S S A A e 2 s U O e o ey 3 e i |

Zs R e = [y s e 2 TN s T s o rer T S e e

R |- - + + |- = — — 4|+ + + + —|+

F=(LQ Q2Q3), FF=(L°Q5Q%2Q%3),2Z=(ATTG)
% Assumptions:
Mg

* Heavy masses through <Xc>, <F’c> (PS breaking)

* Z; breaking (along B-L) at v « Mc (T3r, N'c)
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* The most general ren. superpotential
Wren e )\zfchh 57 )‘flech + )\g ffjH + 052¢le i aggbficpc
+MFF 4+ M FF A yMY? 46, F X F o PSP AN EFH+7 F F'H+. ..

gives rise to the full pattern of II and III family charged fermion masses
and mixing

0 0 0 0 0 0
% D, E sector: Y2 = [0 a5)5e/3 a§A§ce/3 Y L NG e AL OF
B 0 a$ASe/3 —SA3 0 a§A§e  shs
b = Illtau

* 3ms = Mmu € = v/M « 1
tan® = oizv/M = O(1)

* [Veol ~ ms/m

I cbl s/ b S

€ = 0.06 x O(1)
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: 0 0 0 Notation: p denotes
* Usector: Y =—|0 (4/9)as5)5pue® (4/9)aSr§cp,€” a combination of
0 (4/9)a5)A5p.€ SA3 O(1) parameters

€2 Y. from ASUSghy with U¢ = (U)ight

where the (U°)ight component of U° is suppressed by

‘V/Mc=€ L = v
U\ MU + VoTs + = (aSus + aSus) | + T | MsTx +

Oc

V2

Oc

VeUS

% 2 hierarchies in terms of 1
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To summarize (charged fermions)

* Assumptions:

* Field content below A

 Messenger masses along T3g, N [ Mg: T3r, N©

* Z; breaking at lower scale (¢) along B-L M.: Z: (along B-L)
* Results:

® Ms &€ Mp, Mmu &€ Mtau

* |Veul ~ ms/my

* (Migu/mp)m = 1, (Mmu/mMs)m = 3

* mc¢/mt « ms/mp

* Myde further suppressed (no Hho)

e U23 + normal hierarchy in neutrino sector: easy

e M,~0.6-10°GeVp,, p, =0(1) (N =FN)
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The first family

* Masses and mixings of the first family originate above the cutoff A (not
specified) and can be parameterized by NR operators

* There exists a choice of NR operators accounting for 15 family masses and
mixings (some should be forbidden, e.g. f¢if;®h, F'.;F'®h — my too large)):

e F'.F'®h induces h-H mixing in the down (but not up) sector, thus
communicating the U(1); breaking from f¢fH to the light D, E sectors (but
not to the U sector)

e The up quark mass is consistent with an effect from Mp

* Mc/A ~ mz2/ms (determines A up to O(1))
913 = mo tan 912 i b
sl - tans Besia b2 i
Ivusl L Mc//\ - mZ/m3
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A problem

/Oh)\n€ Ph)\126 Ph)\1306 Ph)\nE Ph)\12€ /0h>\130E

gives Me = My, [Vusl ® ma/ms unless

1221<\/ mq/ms/3 ~ 0.08

* Then: 3m. = mq, [Vus| = (ma/ms)/2 (at the price of a fine-tuning > O(10))
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Grand Unification

* The Pati-Salam gauge group does not provide grand-unification:
Gps = SU(2). x SU(2)r x SU(4).

% The fields at the Z; breaking scale do not form full SU(5) multiplets:
MSSM-like gauge coupling unification is expected to be spoiled

1 1 bs — b 1 !
* One-loop prediction for oz: — = — + — 2( = )

ag a2 by —by \a; o

* MSSM: (bs,bz,by) = (-3,1,33/5)
bs-bz = -4, bi-b, = 28/5, (bs-bz)/(bi-bz) = -7/5

* MSSM + SU(5) multiplets: (bs,bz,b1) = (-3,1,33/5) + (n,n,n)
bs-b, = -4, bi-b, = 28/5, (b3-by)/(b1-b2) = -7/5

e MSSM + Q+Q + L+L + 2g + Hs: (bs,b2,b1) = (-3,1,33/5) + (6,4,6/5)
bs-bs = -2, bi-b, = 14/5, (bs-bz)/(bi-b2) = -7/5

21



n field content bue™ bRV bV | — (bW — b5V) /(b1 — b)) | SU(5H)
2 (D¢+ D°) + (L + L) 1 1 1 0 yes
2 G+ (Q+Q) bbb T3t h 1 no
3| (Q+Q)+ (Us+U) + (E°+ E°) 3 354 0 yes
3 W+G+ (V+V) 5 5 5 0 yes
3 W + (U¢ 4 U¢) + (D¢ + D¢) 2 2 2 0 no
3 (L+L)+ (E°+E°)+ (V+V) 34/5 4 2 g no
4 W +2(D¢ + D) + (E€ + E°) 2 2 2 0 no
41 (Q+ Q)+ (D°+ D° + 2(E° + E°) 3 S 0 no
4 (Q+Q)+2(U¢+U° + (L+L) 4 A 0 no
4|\ W+ (U+U+ (EC+E)+(V+V)|39/5 5 3 g8 no
4 (U DL R LA (VW) 39/5 5 3 =14/3 no
41 (Q+Q)+2(D°+D%+(V+V) 6 6 6 0 no
4 (Q+Q)+ (Uc+U)+2(V+V) ST B T LB no
4 (L+L)+3(V+V) YR PR LT =1/2 no
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Pati-Salam — SO(10)

* L and R messengers unified
* 4D Model:
e SO(10) breaking along T3r at Mg
* There is no real intermediate PS
e Cumbersome but possible
% 5D model:
e SO(10) breaking to PS through boundary conditions
* Mg = 1/R, messengers in the bulk, ® on SO(10) brane, h on PS brane

e Either R-messengers or L-messengers have no zero mode (bonus)

23



Supersymmetry

RGE effect associated to R-messengers give large off-diagonal entries in
the R-handed squark and slepton 23 sector (but not in the L-handed)

2 HY
e AS=l B-decays

o LHC
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Summary

* Neutfrinos might suggest that the peculiar hierarchical pattern of charged
fermion masses and mixings (up to O(1) factors) does not require special
horizontal structure

% In the context of an economical PS model we obtained

e the full pattern of II and III family masses and mixings with mild
assumptions on the content of the effective theory below a cutoff

e the full pattern of I family masses and mixings in terms of a selection of
NR operators + FT > O(10)

* Other features:
* extended see-saw with dominance from extra singlet neutrinos
e see-saw fields = FN fields

* new supersymmeftry breaking options?
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To do list

FCNC: confribution of lighter states
PS — SO(10) and unification
Right-handed dominance

Rp and a mimimal model

The origin of the scales in the model
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The basic idea

% Fermions Scalars Z>
wi ZQiaugvdzqvli)nzqaegv L= 17273 h:hlwhd CI) o e + SUSY (Wl'l'h RP)
VOO B T NS o 2 P S ain

* Unbroken Z;: chiral odd fields light, no Yukawas; even fields at O(Mg)

* Z; breaking: by & = heavy SM singlet (family blind)

e Yukawas generated by “messenger” exchange

h ¢ 2 4
M ‘ with a;, \; = O(1) and uncorrelated
/v e S
;i OIJ' J 2% M

* Hierarchy: 1 messenger < Yukawa for 1 family = 3™
(choose a basis in which &2 and A1z = O)
* Mixings? Lighter families?

28



Left-handed dominance

OéH
fi) ¢
h ¢ ¢ h \/
5 4  u; &3¢ q; Mpu X
fse =03 W stiss H
Ko oV AV4 u 4
7 J 2 J
)\H

MYV = MoQQ + MyU°U®+ MpD°D® + . ..
a; U = a?@qsz + a?(_]cufcﬁ + oz,LDDCdf(b e
A Urhih = AeQuShy, + AV USqihy + 2¢QdShg + AP Dqihg + . ..
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Left-handed dominance

i)
h ¢ ¢ h i
U X qj < ug = q; My X
tQ Q1 (rgp SR 2 H
X a? o yEh ug q;
7 J 2 J H

* Neglect H and 15" family for now (will turn out not to contribute)
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Left-handed dominance

h ) 0 h
Uy x— q  us —x q;
TQQ Q TQ TUU U TU
u q

* Neglect H and 15" family for now (will turn out not to contribute)

VY = 204a2 0L 1 ¥ Vet
Mq

I My @02 202440
YV x| 0 e €U |, YP ERLED D)
Y-D S )\Qd&Q <¢> _|_ap>\Dq <¢> B rierrnl eEp €p 1
=200 ; e
up to O(1) coefficients
%k mz « m3: Mg « My or Mg » My and Mg « Mp or Mq » Mp €u = Ma/My

* |Vl « 1: Mg « My, Mp (left-handed dominance) €o = Ma/Mp

* Basis choice: 6%z =0, A, =0, A%, = 0; aY% = 0, &P = 0, AV = 0, (AP = O(1))
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( )

Neutrino masses « charged fermion masses: well understood in terms of the
breaking of lepton number = accidental symmetry of the SM

Lepton number (violently) broken at high scale M » <H>

After integration of heavy dof the lagrangian is (accidentally) symmetric
under lepton number at the renormalizable level

At E « M lepton number violation only reappears at the NR level, thus
suppressed by E/M
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* Is the origin of the flavour structure in the SM and the MSSM the same?
e in the SM: A;, A2 « 1, A3 = O(1) = approximate U(2) symmetry

* in the MSSM: approximate U(2) symmetry — (m?-m2;)/m? « 1

[Barbieri Dvali Hall hep-ph/9512388]
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Summary

* Neutfrinos might suggest that the peculiar hierarchical pattern of charged
fermion masses and mixings (up to O(1) factors) does not require special
horizontal structure

% In the context of an economical PS model we obtained

e the full pattern of II and III family masses and mixings with mild
assumptions on the content of the effective theory below a cutoff

e the full pattern of I family masses and mixings in terms of a selection of
NR operators + FT > O(10)

* Other features:
* extended see-saw with dominance from extra singlet neutrinos
e see-saw fields = FN fields

* new supersymmeftry breaking options?
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Summary

* Dominance of a set of messengers < lightness of first family (accidental
U(1): chiral symmetry below A)

* Left-handed dominance < lightness of second family (accidental U(1). chiral
symmetry below M)

e bonus: |Vcpl ~ ms/mp
% In the context of an economical PS model we obtained

* the full pattern of II and III family masses and mixings with mild
assumptions on the breaking pattern of PS

e the full pattern of I family masses and mixings in terms of a selection of
NR operators + FT > O(10)

e an example of extended see-saw with dominance from extra singlet
neufrinos

* the determination of the scales of the model in terms of neutrino masses
with no need of horizontal dynamics
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