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Matter content of the SM

Three Generations
of Matter (Fermions)

@ Why do we have three families
of quarks and leptons?
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Masses

@ Why do quarks and
leptons have so different
masses?

@ Mass hierarchy
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Mixings

@ Why is quark mixing so
u (] : v, . . small?
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@ Why is quark mixing so
small?

e Why is neutrino mixing
so large?
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The New Physics Flavour puzzle

@ Flavour Changing Neutral Currents are highly suppressed in the SM
(loop-, CKM- and GIM suppressed).
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The New Physics Flavour puzzle

@ Flavour Changing Neutral Currents are highly suppressed in the SM
(loop-, CKM- and GIM suppressed).

@ In general, theories BSM do include flavour changing processes.
@ However, so far all FCNC data is compatible with the SM.

NP Flavour Puzzle
@ Why there is no Flavour Violation BSM?
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Lagrangian of the Standard Model
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Lagrangian of the Standard Model

['SM = ﬁgauge + EHiggs (1)
[’gﬂuge

@ Natural @ Ad hoc.

@ Experimentally tested with high @ Needed to describe data but not
accuracy tested in its dynamical form

@ Three identical replica of the @ Generates the yukawa terms —-
basic fermion family different masses for each fermion.

@ Highly symmetric
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Flavour symmetry in the quark sector

@ In the massless limit, the quark sector has the flavour or horizontal
symmetry:

U(3)QL ® U(3)UR ® U(3)dR (2)

a={(2)-(2)- (0} i tomcwrn) D= towonin.
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Flavour symmetry in the quark sector
@ In the massless limit, the quark sector has the flavour or horizontal
symmetry:
U(3)QL ® U(3)UR X U(3)dR (2)

=) (5) () vk =tmenta) Ph=tnontn},

@ It can be decompossed in:

Up(l) ® Uy (1) ® Ur(1) ® G (3)

Pablo Quilez Lasanta 10 / 32



Flavour symmetry in the quark sector

@ In the massless limit, the quark sector has the flavour or horizontal
symmetry:

UB)o, ®UB)up @ U(3)ag (2)
vi :{( Zi ) ' (zi ) ' (lfi{; )} Ur ={ur.cr.tr} Dy ={dr. sr,br}

@ It can be decompossed in:
Up(l) ® Uy (1) ® Ur(1) ® G (3)
o We will focus on:

Gy = SU(?))QL ® SU(?))UR &® SU(3>dR (4)
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Minimal Flavour Violation
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Pablo Quilez Lasanta 12 / 32



Minimal Flavour Violation

@ Hypothesis: there is an underlying flavour dynamics that at low
energies only manifests through the Yukawa couplings.
@ We can implement it considering G as a good symmetry

Gy =5U3)q, ®SUB)ug ® SU(3)dy (5)

Pablo Quilez Lasanta 12 / 32



Minimal Flavour Violation

@ Hypothesis: there is an underlying flavour dynamics that at low
energies only manifests through the Yukawa couplings.
@ We can implement it considering G as a good symmetry

Gy =5U3)q, ®SUB)ug ® SU(3)dy (5)

@ and promoting the Yukawa couplings to non-dynamical fields
(spurions) that transform:

Yo~ (3,3,1) Yy~ (3,1,3) (6)

Pablo Quilez Lasanta 12 / 32



Minimal Flavour Violation

@ Hypothesis: there is an underlying flavour dynamics that at low
energies only manifests through the Yukawa couplings.
@ We can implement it considering G as a good symmetry

Gy =5U3)q, ®SUB)ug ® SU(3)dy (5)

@ and promoting the Yukawa couplings to non-dynamical fields
(spurions) that transform:

Yo~ (3,3,1) Yy~ (3,1,3) (6)

o Simple idea but predictive.

Pablo Quilez Lasanta 12 / 32



Minimal Flavour Violation

@ Hypothesis: there is an underlying flavour dynamics that at low
energies only manifests through the Yukawa couplings.
@ We can implement it considering G as a good symmetry

Gy =8U@3)q, @ SUB)up ® SU(3)ay (5)

@ and promoting the Yukawa couplings to non-dynamical fields
(spurions) that transform:

Yo~ (3,3,1) Yy~ (3,1,3) (6)

o Simple idea but predictive.
@ Does not explain the hierarchical structure of the Yukawa couplings
= not a theory of flavour.

Pablo Quilez Lasanta 12 / 32



Minimal Flavour Violation

@ Hypothesis: there is an underlying flavour dynamics that at low
energies only manifests through the Yukawa couplings.
@ We can implement it considering G as a good symmetry

Gy =SUB)Q, ©SUB)up © SU(3)ap, (5)
@ and promoting the Yukawa couplings to non-dynamical fields
(spurions) that transform:
Y.~ (3,3,1) Yi~(3,1,3) (6)
o Simple idea but predictive.

@ Does not explain the hierarchical structure of the Yukawa couplings
= not a theory of flavour.

o Difficult to implement the high energy dynamics: to recover the mass
terms at low energies this flavour symmetry must be broken by the
VEV of Y, Yy:

SSB = Goldstone masslessbosons (7)
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unwanted GB.
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Gauging the flavour symmetry

Promoting the global symmetry to a local (gauge) one we avoid the
unwanted GB.

By solving flavour = new interaction BSM.
New gauge bosons: 8 + 8 + 8 = 24

AL AL AL a=0,1,..,8 (8)

But this new symmetry is anomalous.
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Anomalies

@ The gauge flavour symmetry is anomalous:

L Py
,W\%/: ’ bk /
/ +
e —
q q
-k A f—p “\\l
s B

oc Tr[te{t®, 1] (9)
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Anomalies

@ The gauge flavour symmetry is anomalous:

A P
A ¢ +
I -k Y A ! t—p ;\:l
& A
o Trt{t®, t°}] (9)

@ Problematic ones, hypercharge in the left vertex. We need:

Z(YRH ~Yru) =0 (10)
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Anomalies

@ The gauge flavour symmetry is anomalous:

A P
A ¢ +
I -k Y A ! t—p ;\\I
& A
o Trt{t®, t°}] (9)

@ Problematic ones, hypercharge in the left vertex. We need:
> (Yru = Yiu) =0 (10)

@ We introduce new fermionic fields that willl cancell the anomalies:
Uiy Va, , Vg, Yag(colourful, but singlets of SU(2)y,)

UR>
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Transformation properties

\ H Q. Ux Dy H H T, T, T, T, \Yu n\

suas. |l 3 3 3 1 3 3 3 3|1 1
sU@2), || 2 11 2 1 1 1 1 |1 1
ULy e s s || s s s s 00
SUBe, Il 3 1 1 1 3 3 1 1|3 3
SUG, || 1 3 1 1 1 1 3 1|3 1
SUG, Il 1 1 3 1 11 1 3 |1 3
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Breaking of the Flavour Symmetry

@ Analogous to Higgs mechanism
@ We do not encounter GB, but give mass to the new gauge bosons
AQa AU7 AD

e Higgs role <=Yukawa fields (flavons) Y,,, Y; promoted to dynamical
fields

@ The most general renormalizable Lagrangian:

L =Ly — V(Vy,Ya, H)+
(Au GLIN{QU.R + A; EUYU‘I’UR + A'Iu E?.LIJR‘l‘
Ad@LH—‘IJdR + )\&Wdydq/dg + AfdﬁdDR + h.c.) s
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Breaking of the Flavour Symmetry

@ Analogous to Higgs mechanism
@ We do not encounter GB, but give mass to the new gauge bosons
AQa AU7 AD

e Higgs role <=Yukawa fields (flavons) Y,,, Y; promoted to dynamical
fields

@ The most general renormalizable Lagrangian:

L =Ly — V’(Y'u; Yd: H)+
(/\u GLIN{QU.R + AL Eu}/u Vup + M, EHLTR‘F
Ad@LH‘IJdR + Xd@dequR + ﬂ'fdﬁdDR + h.c.) s

@ The scalar potential V (Y, Yy, H) will give rise to the electroweak and
flavour symmetry breaking.
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Masses of the SM quarks

@ See-saw mechanism

]
I
Tl H
[}
My !
R N N —
d a Ay d dydd
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Masses of the SM quarks

@ See-saw mechanism

1
1
1
VH

@

|
Yd

st

=y
=y

2

2y

@ When we integrate out the exotic fermions we generate an effective
mass for the SM quarks:

A M. M,
yu:VT L Yd = CfAd (11)
ALY, )\de

— Inverted hierarchy = electroweak precision bounds are easlily
avoided.
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@ Masses of the gauge bosons
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Masses of the gauge bosons

o Generated by the breaking of the flavour symmetry.

o A A
‘DH <Yu> = au — ZgQAQH <Yu> ? =+ ZgUAU,u? <Yu> (12)
) " 2@ ) " AC
D, (Vi) = B —igQ Al (Vi) - +igpADS (V) (13)
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Masses of the gauge bosons

o Generated by the breaking of the flavour symmetry.

) u 2@ ' u 2@
D, (Yu) = Ou — ZQQAQH (Ya) o5 + ZgUAU,u? (Ya) (12)
) " 2@ ) " A®
Dy (Ya) = 9 — igAG (Ya) — +igpAD— (Ya) (13)
@ The mass arises from the quadratic terms of the kinetic term of the
flavon field:
Tr [(D, (V)T (D" (V)| + Tr (D (Ya)) (D (Ya))| - (14)

Lrmass = Tr lguAu (Ya) — go (Yu) Agl* + TrlgpAp (Ya) — go (Ya) Aol
(15)

)Aa,Bb

1
= §VAa (M3 Vo (16)
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Example

@ We choose the following values for the free parameters of the model:

M, (GeV) | Mg (GeV) | Ay | Xy | Aa | Ay | 99 | 9u | ap
400 100 1 105]025|03|04|03]|05
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Example

@ We choose the following values for the free parameters of the model:

M, (GeV) [ My (GeV) [ M [N [ X [ N Tag [ o0 [ ap
400 100 1 [os]o025 03 040305

@ We compute numericaly the mass matrix of the gauge bosons

Lrnass = Tr |guAv (Ya) — g0 (Yu) Ag)® + TrlgpAp (Ya) — go (Ya) Aol
(17)
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Example

@ We choose the following values for the free parameters of the model:

M, (GeV) [ My (GeV) [ M [N [ X [ N Tag [ o0 [ ap
400 100 1 [os]o025 03 040305

@ We compute numericaly the mass matrix of the gauge bosons

Lrnass = Tr |guAv (Ya) — g0 (Yu) Ag)® + TrlgpAp (Ya) — go (Ya) Aol
(17)

@ We diagonalize it and obtain:

o The mass spectrum of the gauge bosons
e The mixing among families.
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Quark Mixings by the flavour gauge bosons |
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Qa2
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Qi Qa Qs
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T T
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T T T
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m=60.0 TeV

Qi Qar Qs

m=755TeV
QL Qu Qsi

Qi
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Quark Mixings by the flavour gauge bosons Il

Qi Qau Qs

Qi ur 1wl

Qu | 1wl

Qu tal- bl
m=171.3TeV m=171.3TeV m=171.3TeV
Qir Q2 Qsr uR R ir dr SR br

e T T wl ] m

Qu el |
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Qi Q. Qs
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Quark Mixings by the flavour gauge bosons Il
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Quark Mixings by the flavour gauge bosons IV

Qi

Qar,

Qsr.
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Summary

e Gauging the flavour symmetry group

e 24 new gauge bosons

o 12 new quarks to cancel anomalies (with colour but no weak isospin)
e The Yukawa couplings are promoted to fields

@ Breaking of the flavour group

o SM quark masses are generated via see saw following an inverted
hierarchy

o Flavour gauge bosons become massive — flavour protection
o Creates a mixing among families modifying the CKM matrix.
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What is next?

@ Moving to the lepton sector
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What is next?

@ Moving to the lepton sector
o Different possible symmetry groups due to neutrinos:

o SU(3); ® SU(3)1,, @ SO(3),,,
o SU(3): ® SU(3)iy
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What is next?

Moving to the lepton sector

Different possible symmetry groups due to neutrinos:

o SU(3); ® SU(3)1,, @ SO(3),,,
o SU(3): ® SU(3)iy

New anomalies = new exotic leptons

New gauge bosons.
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