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The flavour puzzle in the SM

Approaches to the flavour puzzle

A new approach

• Basic idea

• Vus and LR symmetry

• s/b vs c/t and Pati-Salam

• Neutrinos

• A model
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3 families, or U(3)5 symmetry of the fermion gauge lagrangian

The flavour puzzle in the SM
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3 families, or U(3)5 symmetry of the fermion gauge lagrangian

Pattern of U(3)5 breaking from Yukawa sector (most SM pars)

The flavour puzzle in the SM
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3 families, or U(3)5 symmetry of the fermion gauge lagrangian

Pattern of U(3)5 breaking from Yukawa sector (most SM pars)

• (horizontal) hierarchy of fermion± masses: 1 « 2 « 3

• CKM mixing angles « 1
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3 families, or U(3)5 symmetry of the fermion gauge lagrangian

Pattern of U(3)5 breaking from Yukawa sector (most SM pars)

• (horizontal) hierarchy of fermion± masses: 1 « 2 « 3

• CKM mixing angles « 1

• U vs D vs E

- different hierarchies: U » D, E

- mb ≈ mτ, 3ms ≈ mμ, md ≈ 3me   @ MG

• mass hierarchy vs mixing hierarchy

- |Vcb| ~ ms/mb, |Vus| ≈ (md/ms)1/2

• neutrino sector

- 2 PMNS mixing angles O(π/4), 1 small

- θ23 = O(π/4) & |∆m2|12 « |∆m2|23, θ12 ≠ π/4
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NP
∼ ?× 1

Λ2
NP

The peculiar SM flavour structure (m1, m2 « <H>, |Vtd|,|Vts| « 1) allows the 
SM to pass the FCNC test

The unknown physics at the SM cutoff should not provide new generic 
flavour structure

• e.g. in the MSSM δ12 « 1, or (m2d-m2s)/m2 and |W31|,|W32| « 1

Is the origin of the peculiar structure in SM and the MSSM/NP the same?

The flavour puzzle in SM extensions
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“Flavour symmetries” acting on family indexes (subgroup of U(3)5)

• symmetric limit: only O(1) Yukawas possibly allowed: λt (λb λτ)

- e.g. tc, q3, h neutral under a U(1):            is allowed 

• spontaneous breaking of U(1) by SM singlets ϕ at high scale

- e.g. Q(q2) = 1, Q(ϕ) = -1:             is allowed ⇒ 

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

- at E « M

• gauge/global, continuous/discrete, abelian/non-abelian
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〈φ〉
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Extra-dimension mechanisms

• flavour symmetry breaking with boundary conditions

• localized fermions

- e.g. in RS-type models:
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Figure 1: A slice of AdS5: The Randall-Sundrum scenario.

the warped down scale

1

M2
5

Ψ̄iΨjΨ̄kΨl → 1

(M5e−πkR)2
Ψ̄iΨjΨ̄kΨl , (3)

1

M5
ννHH → 1

M5e−πkR
ννHH , (4)

where Ψi is a Standard Model fermion and ν is the neutrino. This leads to generic
problems with proton decay and FCNC effects, and also neutrino masses are no longer
consistent with experiment. Thus, while the hierarchy problem has been addressed
in the Higgs sector by a classical rescaling of the Higgs field, this has come at the
expense of introducing proton decay and FCNC problems from higher-dimension op-
erators that were sufficiently suppressed in the Standard Model.

• Exercise: The classical rescaling Φ → edΦπkRΦ where dΦ = 1(3
2) for scalars

(fermions), suffers from a quantum anomaly and leads to the addition of the La-
grangian term

δLanomaly = πkR
∑

i

β(gi)

4g3
i

Tr F 2
µν,i , (5)

where β(gi) is the β-function for the corresponding gauge couplings gi. Show that this
anomaly implies that quantum mass scales, such as the gauge coupling unification
scale MGUT , are also redshifted by an amount MGUT e−πkR.

Instead in the slice of AdS5 with the Standard Model fields confined on the IR brane
one has to resort to discrete symmetries to forbid the offending higher-dimension
operators. Of course it is not adequate just to forbid the leading higher-dimension
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Figure 2: The Standard Model in the warped five-dimensional bulk.

requires that lepton number is conserved on the UV brane. Instead in the “reversed”
scenario one can place the right (left) handed neutrino near the IR (UV) brane. In
this case even though lepton number is violated on the UV brane, the neutrinos will
still obtain naturally tiny Dirac masses [21].

3.2 Higher-dimension operators

Let us consider the following generic four-fermion operators which are relevant for
proton decay and K − K̄ mixing

∫
d4x

∫
dy

√
−g

1

M3
5

Ψ̄iΨjΨ̄kΨl ≡
∫

d4x
1

M2
4

Ψ̄(0)
i+ Ψ(0)

j+Ψ̄(0)
k+Ψ(0)

l+ , (38)

where the effective 4D mass scale M4 for 1/2 <∼ ci
<∼ 1 is approximately given by[11]

1

M2
4

% k

M3
5

e(4−ci−cj−ck−cl)πkR . (39)

If we want the suppression scale for higher-dimension proton decay operators to be
M4 ∼ MP then (39) requires ci % 1 assuming k ∼ M5 ∼ MP . Unfortunately for these
values of ci the corresponding Yukawa couplings would be too small. Nevertheless, the
values of c needed to explain the Yukawa coupling hierarchies still suppresses proton
decay by a mass scale larger than the TeV scale [11, 22]. Thus there is no need to
impose a discrete symmetry which forbids very large higher-dimension operators.

On the other hand the suppression scale for FCNC processes only needs to be
M4

>∼ 1000 TeV. This can easily be achieved for the values of c that are needed
to explain the Yukawa coupling hierarchies. In fact the FCNC constraints can be
used to obtain a lower bound on the Kaluza-Klein mass scale mKK . For example

12

mH ∼M5e
−πkR

k = curvature

ψi(y) ∝ e(1/2−ci)ky

c = bulk mass in k units

λij ∝ e(1−ci−cj)πkR

H

c<1/2 c>1/2



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 symmetries acting on family indexes 
“protecting” the mass of the lighter families 
emerge in this context as accidental symmetries
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Focus on “23” block:

• Single Nc: m3 » m2 = 0%  hierarchy   (m2 ≠ 0 from subdominant contributions)

• λ2 ≈ λ3:   tan ϑ23 ≈ 1    large ϑ23   (barring charged lepton rotation)

(for generic λi’s)

Large ϑ23 (from mν) and normal hierarchy
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Single messenger: mt » mc = 0 → hierarchy (whatever λi & αj!); m2 ≠ 0 from 
subdominant contributions

λi & αj = O(1): large angles in CKM? No:                                 same rotation of 
m                                                                               L-handed fields

No need of constraints on couplings,                                                              
family symmetry [see also: Barr hep-ph/0106241]
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Charged fermions
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Neglect H and 1st family for now (will turn out not to contribute)

m2 « m3: one term must dominate

|Vcb| « 1: MQ « MU, MD (left-handed dominance)

m2 ≠ 0
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m2 « m3 in terms of MQ « MU,D (horizontal from vertical) 

 

m1 = 0: first family “protected” by accidental flavour symmetry U(1)1

• in the effective theory below MU,D, the second family mass is protected 
by an accidental symmetry U(1)2

ms/mb ~ |Vcb|  ✔

U(1)’s and RS-type:                        up to O(1) coefficients

⇒ ms/mb ~ ε2 |Vcb| 

Early comments
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with a proper basis choice
up to O(1) coefficients

εU = MQ/MU

εD = MQ/MD
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



|Vus| ~ 1 unless (λUq)i ≈ (λDq)i → SU(2)R (or mild fine-tuning)

• GLR = SU(2)L x SU(2)R x SU(3)c x U(1)B-L 

•  

• λci qi Qc h ⇒ (λUq)i = (λDq)i = λci

Vus and SU(2)R
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˜

mc/mt vs ms/mb and SU(4)c

mc/mt ~ ms/mb unless MU » MD 

Unbroken SU(2)R: Mc QcQc ⇒ MU = MD = Mc ⇒ mc/mt = ms/mb 

SU(3)c → SU(4)c: SU(4)c adjoint couples SU(2)R breaking to Qc

(SU(2)R breaking by Lc, Lc scalars with vevs along Nc, Nc (standard))

Then mc/mt « ms/mb does not require a new ad hoc scale 
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m3 = ρν
v2
EW

2s2
23Mc

, m1,2 ≈ 0

Prediction:                      (with charged leptons (almost) diagonal)

Takes care of ϑ23 + normal hierarchy if Nc dominates the seesaw:

nci also contribute to the seesaw:

Must give mass to 2 massless linear combinations:            , sk = (111++) 

Note: no new mass scale (nci and Nc at the same scale, but Nc dominates) 

  

Neutrinos
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Mc ≈ 0.6 · 1015 GeVρν , ρν = O(1)



Below the cutoff Λ (will turn out to be > 1016-17 GeV):

G = GPS = SU(2)L x SU(2)R x SU(4)c + Z2 and SUSY (with RP)

Field content:

F = (L Q1 Q2 Q3), Fc = (Lc Qc1 Qc2 Qc3), Σ = (A T T G)

Assumptions:

• Heavy masses through <Xc>, <F’c> (PS breaking)
• Z2 breaking (along B-L) at v « Mc (T3R, N’c)

The model
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¯

–  MR ~ Vc ≡ <N’c>

–  ML ≡ v = <ϕ>

ε ≡ v/Mc « 1

˜

fi fc
i h φ F F̄ F c F̄ c H F ′ F̄ ′ F ′

c F̄ ′
c Σ Xc

SU(2)L 2 1 2 1 2 2 1 1 2 2 2 1 1 1 1
SU(2)R 1 2 2 1 1 1 2 2 2 1 1 2 2 1 3
SU(4)c 4 4̄ 1 15 4 4̄ 4̄ 4 1 4 4̄ 4̄ 4 15 1

Z2 − − − − + + + + + + + + + + +
RP − − + + − − − − + + + + + − +



The most general ren. superpotential

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

D, E sector: 

• mb = mtau

• 3ms = mmu

• |Vcb| ~ ms/mb

• ε = 0.06 x O(1)
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ε ≡ v/Mc « 1
tanθ ≡ α3v/M = O(1)
s = sinθ

Y D =




0 0 0
0 αc

2λ
c
2ε/3 αc

2λ
c
3c ε/3

0 αc
3λ

c
2ε/3 −sλ3



 Y E = −




0 0 0
0 αc

2λ
c
2ε αc

2λ
c
3c ε

0 αc
3λ

c
2ε sλ3





Wren = λif
c
i Fh + λc

ifiF
ch + λH

ij fc
i fjH + αiφfiF̄ + αc

iφfc
i F̄ c

+MF̄F +McF̄
cF c+γMΣ2+σ̄cF̄

′
cΣF c+σcF̄

cΣF ′
c +η′F ′

cF
′H+ η̄′F̄ ′

cF̄
′H+. . .



U sector:

ε2: Yc from  λciUcqihu  with Uc → (Uc)light 

where the (Uc)light component of Uc is suppressed by

• v/Mc = ε
• M/Vc ~ ε

2 hierarchies in terms of 1
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Y U = −


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0 0 0
0 (4/9)αc

2λ
c
2ρuε2 (4/9)αc

2λ
c
3cρuε2

0 (4/9)αc
3λ

c
2ρuε2 sλ3





Ū c

[
McU

c +
σc√
2
VcT̄Σ +

v

3
(αc

3u
c
3 + αc

2u
c
2)

]
+ TΣ

[
MΣT̄Σ +

σ̄c√
2
VcU

c

]

Notation: ρ denotes 
a combination of 
O(1) parameters



To summarize (charged fermions)
Assumptions:
• Field content below Λ 
• Messenger masses along T3R, Nc

• Z2 breaking at lower scale (ϕ) along B-L

Results:
• ms « mb, mmu « mtau

• |Vcb| ~ ms/mb  
• (mtau/mb)M ≈ 1, (mmu/ms)M ≈ 3
• mc/mt « ms/mb 
• mu,d,e further suppressed (no Hhϕ)
• ϑ23 + normal hierarchy in neutrino sector: easy
•                                         (Nc = FN)
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–  MR: T3R, Nc

–  ML: Z2 (along B-L)

˜˜

Mc ≈ 0.6 · 1015 GeVρν , ρν = O(1)



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

There exists a choice of NR operators accounting for 1st family masses and 
mixings (some should be forbidden, e.g. fcifjΦh, F’cF’Φh → mu too large)):

• F’cF’Φh induces h-H mixing in the down (but not up) sector, thus 
communicating the U(1)1 breaking from fcifjH to the light D, E sectors (but 
not to the U sector)

• The up quark mass is consistent with an effect from MPl

• Mc/Λ ~ m2/m3 (determines Λ up to O(1))

|Vus| ~ Mc/Λ ~ m2/m3

19

θ13 =
m2
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tan θ12

1 + tan2 θ12
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+ . . .

- -



A problem

 

gives me ≈ md, |Vus| ≈ md/ms unless 

Then: 3me ≈ md, |Vus| ≈ (md/ms)1/2 (at the price of a fine-tuning > O(10))
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Y D =




ρhλH

11ε
′ ρhλH

12ε
′ ρhλH

13c ε′

ρhλH
21ε

′ αc
2λ

c
2ε/3 αc

2λ
c
3c ε/3

ρhλH
31ε

′ αc
3λ

c
2ε/3 −sλ3



 Y E =




ρhλH

11ε
′ ρhλH

12ε
′ ρhλH

13c ε′

ρhλH
21ε

′ −αc
2λ

c
2ε −αc

2λ
c
3c ε

ρhλH
31ε

′ −αc
3λ

c
2ε −sλ3





λH
11/λH

12,21 <
√

md/ms/3 ∼ 0.08



Grand Unification
The Pati-Salam gauge group does not provide grand-unification:                
GPS = SU(2)L x SU(2)R x SU(4)c

The fields at the Z2 breaking scale do not form full SU(5) multiplets:      
MSSM-like gauge coupling unification is expected to be spoiled

• One-loop prediction for α3: 

• MSSM: (b3,b2,b1) = (-3,1,33/5)                                                       
b3-b2 = -4, b1-b2 = 28/5, (b3-b2)/(b1-b2) = -7/5

• MSSM + SU(5) multiplets: (b3,b2,b1) = (-3,1,33/5) + (n,n,n)                         
b3-b2 = -4, b1-b2 = 28/5, (b3-b2)/(b1-b2) = -7/5

• MSSM + Q+Q + L+L + Σ8 + H3: (b3,b2,b1) = (-3,1,33/5) + (6,4,6/5)                    
b3-b2 = -2, b1-b2 = 14/5, (b3-b2)/(b1-b2) = -7/5
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“Magic field sets”

22

SO(10). In Table 1 we list all the combinations giving (b3 − b2)/(b1 − b2) = 5/7 for a given
n = nq + nuc + ndc + nl + nec + ng + nW + nV up to n = 4. The union of two magic sets still
is a magic set (unless the couplings diverge above Q0). We therefore list only the irreducible
sets, namely those that cannot be written as the union of smaller sets.

n field content bnew
1 bnew

2 bnew
3 −(bnew

1 − bnew
2 )/(b1 − b2) SU(5)

2 (Dc + D̄c) + (L + L̄) 1 1 1 0 yes
2 G + (Q + Q̄) 1/5 3 5 1 no
3 (Q + Q̄) + (U c + Ū c) + (Ec + Ēc) 3 3 3 0 yes
3 W + G + (V + V̄ ) 5 5 5 0 yes
3 W + (U c + Ū c) + (Dc + D̄c) 2 2 2 0 no
3 (L + L̄) + (Ec + Ēc) + (V + V̄ ) 34/5 4 2 −1/3 no
4 W + 2(Dc + D̄c) + (Ec + Ēc) 2 2 2 0 no
4 (Q + Q̄) + (Dc + D̄c) + 2(Ec + Ēc) 3 3 3 0 no
4 (Q + Q̄) + 2(U c + Ū c) + (L + L̄) 4 4 4 0 no
4 W + (U c + Ū c) + (Ec + Ēc) + (V + V̄ ) 39/5 5 3 −1/3 no
4 (U c + Ū c) + 2(L + L̄) + (V + V̄ ) 39/5 5 3 −1/3 no
4 (Q + Q̄) + 2(Dc + D̄c) + (V + V̄ ) 6 6 6 0 no
4 (Q + Q̄) + (U c + Ū c) + 2(V + V̄ ) 59/5 9 7 −1/3 no
4 (L + L̄) + 3(V + V̄ ) 78/5 10 6 −1/2 no

Table 1: Irreducible magic field sets with n ≤ 4 tab:magic

2 Pati-Salam model upgrade
sec:model

Gauge group: GPS = SU(2)L × SU(2)R × SU(4)c. Discrete symmetries: Z2, RP . Chiral
superfield content (up to PS singlets) and quantum numbers as in Table 2.

The first block contains the Z2-odd fields: the 3 light (in the unbroken Z2 limit) families
(fi, f c

i ), i = 1, 2, 3, the light Higgs h and the Z2-breaking field φ. The latter is assumed to be
in the adjoint representation of SU(4)c as this provides the Georgi-Jarlskog factor 3 needed
to account for the µ–s mass relation. The second block contains the messengers, in a single
vectorlike family (F, Fc)+(F̄ , F̄c). The third block contains the fields F ′

c + F̄ ′
c and Xc breaking

the Pati-Salam group. Finally, the last column corresponds to Z2-odd SU(4)c-adjoint Φ, which
is needed to communicate the SU(2)R breaking provided by F ′

c + F̄ ′
c to the messengers Fc + F̄c

(note: it was called Σ in the paper). The up and down components of those messengers need
in fact to be different in order to account for mc/mt $ ms/mb.

Up to the mass terms of the messenger and Higgs fields, assumed to be absent, the most
general renormalizable superpotential for the fields in Table 2 is

W = λif
c
i Fh + λc

ifiF
ch + αiφfiF̄ + αc

iφf c
i F̄ c + F̄ c(Mc/2− aXc)F c

+ σ̄cF̄
′
cΦF c + σcF̄

cΦF ′
c +

MΦ

2
Φ2 + W ′(F ′

c, F̄
′
c, Xc) + W ′′(φ), (6) eq:RenLag

All the couplings are assumed to be O (1) and uncorrelated. The terms in W ′ + W ′′ provide
the vevs of the fields F ′

c, F̄ ′
c, Xc, φ along the SM invariant directions. The Z2 conserving

2



Pati-Salam → SO(10)
L and R messengers unified

4D Model:

• SO(10) breaking along T3R at MR

• There is no real intermediate PS

• Cumbersome but possible

5D model:

• SO(10) breaking to PS through boundary conditions

• MR = 1/R, messengers in the bulk, ϕ on SO(10) brane, h on PS brane

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

• τ → μγ

• ΔS=1 B-decays

• LHC

24



Summary
Neutrinos 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

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

• 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

• see-saw fields = FN fields

• new supersymmetry breaking options?
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To do list
FCNC: contribution 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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Unbroken Z2: chiral odd fields light, no Yukawas; even fields at O(MG)

Z2 breaking: by ϕ = heavy SM singlet (family blind)

• Yukawas generated by “messenger” exchange

Hierarchy: 1 messenger ↔ Yukawa for 1 family ≡ 3rd                                            
(choose a basis in which α1,2 and λ1,2 = 0)
Mixings? Lighter families?

Yij ∼ λi αj
〈φ〉
M

with αi, λi = O(1) and uncorrelated

W = MΨ̄Ψ + αiΨ̄ψiφ + λiΨψih

F̄F

h φ

fjfc
i X

M

λi αj

The basic idea

28

ψi = qi, u
c
i , d

c
i , li, n

c
i , e

c
i , i = 1, 2, 3 h = hu, hd

Ψ + Ψ, Ψ = Q,U c, Dc, L,N c, Ec H = Hu,Hd

Fermions Scalars Z2

-

+

ϕ • + SUSY (with RP)
• below Λ



Left-handed dominance
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αQ
j

Q
λQu

i

qjuc
i

h φ

X

Q̄

MQ

λUq
jαU

i

UŪ

MU

φ

qjuc
i

h

X

qjuc
i

H

H

φh

X

λH
ij

MH

αH





MΨ̄Ψ ≡MQQ̄Q + MU Ū cU c + MDD̄cDc + . . .

αiΨ̄ψiφ ≡ αQ
i Q̄qiφ + αU

i Ū cuc
iφ + αD

i D̄cdc
iφ + . . .

λiΨψih ≡ λu
i Quc

ihu + λU
i U cqihu + λd

i Qdc
ihd + λD

i Dcqihd + . . .





W = MΨ̄Ψ + αiΨ̄ψiφ + λiΨψih



Neglect H and 1st family for now (will turn out not to contribute)

Left-handed dominance
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Neglect H and 1st family for now (will turn out not to contribute)

m2 « m3: MQ « MU or MQ » MU and MQ « MD or MQ » MD

|Vcb| « 1: MQ « MU, MD (left-handed dominance)

Basis choice: αQ1,2 = 0, λQu1,2 = 0, λQd1,2 = 0; αU1 = 0, αD1 = 0, λUq1 = 0, (λDq1 = O(1))

Left-handed dominance

29

αQ
j

Q
λQu

i

qjuc
i

h φ

X

Q̄

MQ

λUq
jαU

i

UŪ

MU

φ

qjuc
i

h

X

Y U
ij = λQu

i αQ
j

〈φ〉
MQ

+ αU
i λUq

j

〈φ〉
MU

Y D
ij = λQd

i αQ
j

〈φ〉
MQ

+ αD
i λDq

j

〈φ〉
MD

.

Y U ∝




0 0 0
0 εU εU

0 εU 1



 , Y D ∝




0 0 0
εD εD εD

εD εD 1





up to O(1) coefficients
εU = MQ/MU

εD = MQ/MD



(           )
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?

• in the SM: λ1, λ2 « 1, λ3 = O(1) → approximate U(2) symmetry

• in the MSSM: approximate U(2) symmetry → (m21-m22)/m2 « 1

                                                                                     [Barbieri Dvali Hall hep-ph/9512388]
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Summary
Neutrinos 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

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

• 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

• see-saw fields = FN fields

• new supersymmetry breaking options?
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Summary
Dominance of a set of messengers ↔ lightness of first family (accidental   
U(1)1 chiral symmetry below Λ)
Left-handed dominance ↔ lightness of second family (accidental U(1)2 chiral 
symmetry below Mc)
• bonus: |Vcb| ~ ms/mb 

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

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

• an example of extended see-saw with dominance from extra singlet 
neutrinos

• the determination of the scales of the model in terms of neutrino masses

with no need of horizontal dynamics
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