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The Standard Model
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<latexit sha1_base64="cp0eKOfeHgpjwipPZmNeOucerGo="></latexit>

� LYuk = Y ij
u �uc

iqj + Y ij
d �̃ dciqj + Y ij

e �̃ eci`j + h.c.

<latexit sha1_base64="RcMHBO8a+TNxUsVlP6VeA79bAtw="></latexit>

• Three families of chiral fermions in identical representations under SU(3)C ⇥ SU(2)L ⇥ U(1)Y gauge symmetry:

qL =

✓
uL

dL

◆
⇠ (3, 2)1/6 , uR ⇠ (3, 1)2/3 , dR ⇠ (3, 1)�1/3 , lL =

✓
⌫L
eL

◆
⇠ (1, 2)�1/2 , eR ⇠ (1, 1)�1

• Fermions and gauge bosons get masses through couplings to one Higgs doublet � ⇠ (1, 2)1/2.

• Yukawa matrices are completely arbitrary, not diagonal in weak basis:

• m(u,d,e)ij
= Y ij

u,d,evw , mu,d,e
diag = V 0(u,d,e)†m(u,d,e)V (u,d,e)

<latexit sha1_base64="N/BqvCHoxXS5Wf0wIfpJMRDA0LA="></latexit>

• Quark charged currents in mass basis: gp
2
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u c t
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�µV (u)†V (d)
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s
b
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AW †
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• VCKM = V (u)†V (d) =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A. Unitary; 4 parmaters, three angles ✓ij and one phase �.

• Yukawa couplings and photon/Z couplings (for unitarity of V (u) and V (d)) are diagonal in mass basis.

• NO flavour changing neutral currents at tree level.
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<latexit sha1_base64="racHFrlDkjao+0fwu8D03i9Fwxs="></latexit>

• m(u,d,e)ij = Y ij
u,d,evw

• replication of fermion families;

• inter-family mass hierarchy
(Yukawa hierarchy);

• weak mixing pattern: small angles for quarks,
large angles for neutrinos;

• neutrino masses: very small (seesaw?),
mass hierarchy yet unknown.

• Technically natural: SM tolerates
Yukawa hierarchy but cannot explain it.

Fermion families, masses and mixing angles
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<latexit sha1_base64="62pvdCyq4TZV39OcZgZB1EzTBXw="></latexit>

• The inter-family hierarchy between quark masses scales with small parameters:
<latexit sha1_base64="REZTnymsgMuhYAouVeWuAdqShWs="></latexit>

md : ms : mb ⇠ ✏2d : ✏d : 1 mu : mc : mt ⇠ ✏2u : ✏u : 1

<latexit sha1_base64="KKCw7vuFk9nBPVbTDJ+rZ1A8MiU="></latexit>

with ✏d ⇠ 1/30, ✏u ⇠ 1/300, and for charged leptons ✏e ⇠ ✏d, ✏0e ⇠ ✏u:
<latexit sha1_base64="vTZxBctKulmMKWJK3Yfhp6kBaFU=">AAACM3icbZBNSwMxEIazfrt+VT16CRY/TmVXioqnohfxpGBtoVtKNp22oUl2SbJCWfqfvPhHPAjiQRGv/gezdQXbOpDw5J0ZJvOGMWfaeN6LMzM7N7+wuLTsrqyurW8UNrfudJQoClUa8UjVQ6KBMwlVwwyHeqyAiJBDLexfZPnaPSjNInlrBjE0BelK1mGUGCu1Clf7WLQAn9k7DUQyzMkQi4FmAgcQa8YjeWCrfnnUMPbwXddtFYpeyRsFngY/hyLK47pVeAraEU0ESEM50brhe7FppkQZRjkM3SDREBPaJ11oWJREgG6mo52HeM8qbdyJlD3S4JH6tyMlQuuBCG2lIKanJ3OZ+F+ukZjOaTNlMk4MSPozqJNwbCKcGYjbTAE1fGCBUMXsXzHtEUWosTZnJviTK0/D3VHJPy6Vb8rFynluxxLaQbvoEPnoBFXQJbpGVUTRA3pGb+jdeXRenQ/n86d0xsl7ttFYOF/fLDWoLA==</latexit>

me : mµ : m⌧ ⇠ ✏0e✏e : ✏e : 1

<latexit sha1_base64="ze5FeDmgMK4u8Q5WW5S0C4IKct8="></latexit>

• CKM mixing angles show the hierarchy:
<latexit sha1_base64="TIZpmYduHgCmPQTH022ABpu4GnQ="></latexit>

sin ✓12 ⇠
p
✏d , sin ✓23 ⇠ ✏d , sin ✓13 ⇠ ✏2d

<latexit sha1_base64="kdY+oszfm9Fy939qygyM5UKnHHI="></latexit>

• Intriguing relations between masses and mixing angles. Formula for the Cabibbo angle:
<latexit sha1_base64="N2j1cRJUJMyPdLg5TvXAuxXdH4o=">AAACDHicbVDLSgMxFM34rOOr6tJNsCiu6oyIuhGKblxWsA/oDEMmTW0wyYzJHaEM/QA3/oobF4q49QPc+Tem7SzUeiBwOOdcbu6JU8ENeN6XMzM7N7+wWFpyl1dW19bLG5tNk2SasgZNRKLbMTFMcMUawEGwdqoZkbFgrfj2YuS37pk2PFHXMEhZKMmN4j1OCVgpKlf2cGC4CqDPgES5fzg8C8ydhlxG3QMZmaHrujblVb0x8DTxC1JBBepR+TPoJjSTTAEVxJiO76UQ5kQDp4IN3SAzLCX0ltywjqWKSGbCfHzMEO9apYt7ibZPAR6rPydyIo0ZyNgmJYG++euNxP+8Tga90zDnKs2AKTpZ1MsEhgSPmsFdrhkFMbCEUM3tXzHtE00o2P5GJfh/T54mzcOqf1w9ujqq1M6LOkpoG+2gfeSjE1RDl6iOGoiiB/SEXtCr8+g8O2/O+yQ64xQzW+gXnI9v5/+aQQ==</latexit>

sin ✓12 =
p

md/ms

<latexit sha1_base64="Vu1Jnh0HtX4v87BkUgvqnvgPLW8="></latexit>

• Relations between masses and mixing angles may not be accidental.

• Underlying theory may provide predictive textures to explain the pattern of Yukawa matrices.

Fermion families, masses and mixing angles



Fritzsch texture for mass matrices
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<latexit sha1_base64="JJAtX1JYAuXqIGy6reOm8VPJxb8="></latexit>

• Flavour pattern from Yukawa matrices with reduced number of parameters;

• Yukawa matrices with zero elements: zero-textures originally thought to obtain the Cabibbo angle in two families.

• Fritzsch texture for six quarks:

<latexit sha1_base64="pSYlGbeT+OZ3wOWUbzVDuiEyXN4="></latexit>

Mf =

0

@
0 A0

f 0
Af 0 B0

f

0 Bf Cf

1

A

<latexit sha1_base64="t0bLWooeOxhHPbCyi929Fx5CzSI="></latexit>

• Condition |Af | = |A0
f |, |Bf | = |B0

f | originally obtained in left-right symmetric models.

• Need for several scalars with discrete flavour symmetries, danger with flavour changing e↵ects.

• More naturally, Fritzsch matrices can be obtained in the context of SU(3)H gauge symmetry between the

three families.



Fritzsch texture for mass matrices
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<latexit sha1_base64="pSYlGbeT+OZ3wOWUbzVDuiEyXN4="></latexit>

Mf =

0

@
0 A0

f 0
Af 0 B0

f

0 Bf Cf

1

A

<latexit sha1_base64="e4T8fAnAFClYQMBxYW59XLEueCk="></latexit>

Ad =
p
md ms , Bd =

p
ms mb , Cd = mb �ms

<latexit sha1_base64="2G1giwdC/XfXMguK3BJmL7wm6qk="></latexit>

• |Af | = |A0
f |, |Bf | = |B0

f |

• By phase rotations of quark fields the mass matrices can be made real.

• Three real parameters Af , Bf , Cf can be expressed in terms of the three eigenvalues

<latexit sha1_base64="N+mkPfgl8THbw/FHAAeXKnMwxd4="></latexit>

• VCKM = O
T
u F Od, Od and Ouare orthogonal matrices and F = diag(ei(�̃+�̃

, e
i�̃
, 1).

• Relations between quark mixing angles and mass ratios follow from Fritzsch mass matrices:

<latexit sha1_base64="Rph96kdl2Vt4d8vXJxr1vp8SliA="></latexit>

s12 = |(md/ms)
1/2 � (mu/mc)

1/2 e�i�̃| , s23 = |(ms/mb)
1/2 � (mc/mt)

1/2 e�i�̃ | ,
<latexit sha1_base64="2EBK49fx/9QaVYPvJdmcvlGVN1w="></latexit>

s13 = |� (ms/mb)(md/mb)
1/2 � (mu/mc)

1/2(ms/mb)
1/2e�i�̃ + (mu/mc)

1/2(mc/mt)
1/2e�i↵̃|



Symmetric Fritzsch texture for mass matrices
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<latexit sha1_base64="pSYlGbeT+OZ3wOWUbzVDuiEyXN4="></latexit>

Mf =

0

@
0 A0

f 0
Af 0 B0

f

0 Bf Cf

1

A

<latexit sha1_base64="e4T8fAnAFClYQMBxYW59XLEueCk="></latexit>

Ad =
p
md ms , Bd =

p
ms mb , Cd = mb �ms

<latexit sha1_base64="2G1giwdC/XfXMguK3BJmL7wm6qk="></latexit>

• |Af | = |A0
f |, |Bf | = |B0

f |

• By phase rotations of quark fields the mass matrices can be made real.

• Three real parameters Af , Bf , Cf can be expressed in terms of the three eigenvalues

<latexit sha1_base64="N+mkPfgl8THbw/FHAAeXKnMwxd4="></latexit>

• VCKM = O
T
u F Od, Od and Ouare orthogonal matrices and F = diag(ei(�̃+�̃

, e
i�̃
, 1).

• Relations between quark mixing angles and mass ratios follow from Fritzsch mass matrices:

<latexit sha1_base64="Rph96kdl2Vt4d8vXJxr1vp8SliA="></latexit>

s12 = |(md/ms)
1/2 � (mu/mc)

1/2 e�i�̃| , s23 = |(ms/mb)
1/2 � (mc/mt)

1/2 e�i�̃ | ,
<latexit sha1_base64="2EBK49fx/9QaVYPvJdmcvlGVN1w="></latexit>

s13 = |� (ms/mb)(md/mb)
1/2 � (mu/mc)

1/2(ms/mb)
1/2e�i�̃ + (mu/mc)

1/2(mc/mt)
1/2e�i↵̃|
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Symmetric Fritzsch texture for mass matrices
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<latexit sha1_base64="zNJ44KRIhaalNU/HJXUuD7NCVJ4=">AAACI3icbVC7TgJBFJ3FF+ILtbSZCCZWm11i1FgRbSw1ESEBQmaHuzBhdmczc9eEbPgXG3/FxkJDbCz8F2eRQsVbnZzHzL0nSKQw6HkfTmFpeWV1rbhe2tjc2t4p7+7dG5VqDg2upNKtgBmQIoYGCpTQSjSwKJDQDEZXud58AG2Eiu9wnEA3YoNYhIIztFSvfBEqTcE6xjRRxgibo3yoBAeqQopDoMnQPk+rHRSyD1knAGSTKnVdt1eueK43G7oI/DmokPnc9MrTTl/xNIIYuWTGtH0vwW7GNAouYVLqpAYSxkdsAG0LYxaB6WazGyf0yDJ9mm8bqhjpjP2ZyFhkzDgKrDNiODR/tZz8T2unGJ53MxEnKULMvz8KU0lR0bww2hcaOMqxBYxrYXe1BTHNONpaS7YE/+/Ji+C+5vqn7sltrVK/nNdRJAfkkBwTn5yROrkmN6RBOHkkz+SVvDlPzoszdd6/rQVnntknv8b5/AKMT6OL</latexit>

for every possible choice of the phase �̃ ...

<latexit sha1_base64="lhjt+pqZ6OHWXGrCnGiQaEEtZn8="></latexit>

• �̃ = �1.52 �! |Vus| = s12 = |(md/ms)1/2 � (mu/mc)1/2 e�i�̃|

<latexit sha1_base64="YV2QcYLwV5unAiCFCqGxdCjYhkU="></latexit>

• |Vcb| = s23 6= |(ms/mb)1/2 � (mc/mt)1/2 e�i�̃ |
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Symmetric Fritzsch texture for mass matrices
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<latexit sha1_base64="zNJ44KRIhaalNU/HJXUuD7NCVJ4=">AAACI3icbVC7TgJBFJ3FF+ILtbSZCCZWm11i1FgRbSw1ESEBQmaHuzBhdmczc9eEbPgXG3/FxkJDbCz8F2eRQsVbnZzHzL0nSKQw6HkfTmFpeWV1rbhe2tjc2t4p7+7dG5VqDg2upNKtgBmQIoYGCpTQSjSwKJDQDEZXud58AG2Eiu9wnEA3YoNYhIIztFSvfBEqTcE6xjRRxgibo3yoBAeqQopDoMnQPk+rHRSyD1knAGSTKnVdt1eueK43G7oI/DmokPnc9MrTTl/xNIIYuWTGtH0vwW7GNAouYVLqpAYSxkdsAG0LYxaB6WazGyf0yDJ9mm8bqhjpjP2ZyFhkzDgKrDNiODR/tZz8T2unGJ53MxEnKULMvz8KU0lR0bww2hcaOMqxBYxrYXe1BTHNONpaS7YE/+/Ji+C+5vqn7sltrVK/nNdRJAfkkBwTn5yROrkmN6RBOHkkz+SVvDlPzoszdd6/rQVnntknv8b5/AKMT6OL</latexit>

for every possible choice of the phase �̃ ...

<latexit sha1_base64="lhjt+pqZ6OHWXGrCnGiQaEEtZn8="></latexit>

• �̃ = �1.52 �! |Vus| = s12 = |(md/ms)1/2 � (mu/mc)1/2 e�i�̃|

<latexit sha1_base64="YV2QcYLwV5unAiCFCqGxdCjYhkU="></latexit>

• |Vcb| = s23 6= |(ms/mb)1/2 � (mc/mt)1/2 e�i�̃ |

<latexit sha1_base64="+WHQvqBNYWZnpekogVOXvwduTgE=">AAACKnicbVBNS0JBFJ1n3/ZltWwzJEEtkvckql1fEC2LMgUTmTdedXDmvcfMncjE39Omv9LGRRFt+yGNZlHagQuHc87lck+YSGHQ99+81MTk1PTM7Fx6fmFxaTmzsnpjYqs5FHgsY10KmQEpIiigQAmlRANToYRi2Drt+8U70EbE0TW2E6go1ohEXXCGTqpmjreu2koBasG36ZkW+GB4kyLco9VAhaHaSqjR2GLux96RogXfmcNqJuvn/AHoOAmGJEuGuKhmere1mFsFEXLJjCkHfoKVDtMouIRu+tYaSBhvsQaUHY2YAlPpDF7t0k2n1Gg91m4ipAP190aHKWPaKnRJxbBpRr2++J9Xtlg/qHRElFiEiH8dqltJMab93mhNaOAo244w7ooQnPIm04yjazftSghGXx4nN/lcsJfbvcxnj06GdcySdbJBtkhA9skROScXpEA4eSTP5IW8ek9ez3vz3r+iKW+4s0b+wPv4BLPtp3U=</latexit>

(Symmetric) Fritzsch texture is ruled out. Fritzsch-like texture?
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Fritzsch texture for mass matrices
<latexit sha1_base64="IYmiHTW96AOIVxchqLi5IXNuFEo="></latexit>

• A feature of Fritzsch matrices: decoupling hypothesis.

• Suppose only the first two families would be present.

In the limit mu = md = 0, quarks c and s are infinitely heavy (decoupling hypothesis).

• One might expect that in this limit physics of u,d decouples from c,s: Cabibbo angle should vanish.

mu,md ! 0 , ✓12 ! 0

• For six quarks decoupling hypothesis implies that all mixing angles ✓ij vanish as mu,md ! 0, mc,ms ! 0.
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Fritzsch texture for mass matrices

<latexit sha1_base64="j2LhL4FM6crSNn/hC9fOEFO5Juk="></latexit>

• Original Fritzsch texture can be extended with the replacement of one of the zero entry with non zero one;

• however this modifications do not satisfy the decoupling feature.

<latexit sha1_base64="IYmiHTW96AOIVxchqLi5IXNuFEo="></latexit>

• A feature of Fritzsch matrices: decoupling hypothesis.

• Suppose only the first two families would be present.

In the limit mu = md = 0, quarks c and s are infinitely heavy (decoupling hypothesis).

• One might expect that in this limit physics of u,d decouples from c,s: Cabibbo angle should vanish.

mu,md ! 0 , ✓12 ! 0

• For six quarks decoupling hypothesis implies that all mixing angles ✓ij vanish as mu,md ! 0, mc,ms ! 0.
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Fritzsch texture for mass matrices

<latexit sha1_base64="j2LhL4FM6crSNn/hC9fOEFO5Juk="></latexit>

• Original Fritzsch texture can be extended with the replacement of one of the zero entry with non zero one;

• however this modifications do not satisfy the decoupling feature.

<latexit sha1_base64="IYmiHTW96AOIVxchqLi5IXNuFEo="></latexit>

• A feature of Fritzsch matrices: decoupling hypothesis.

• Suppose only the first two families would be present.

In the limit mu = md = 0, quarks c and s are infinitely heavy (decoupling hypothesis).

• One might expect that in this limit physics of u,d decouples from c,s: Cabibbo angle should vanish.

mu,md ! 0 , ✓12 ! 0

• For six quarks decoupling hypothesis implies that all mixing angles ✓ij vanish as mu,md ! 0, mc,ms ! 0.

<latexit sha1_base64="GKZzEiNCTHUisiVOWmCZg1cuw+A="></latexit>

• Without reducing the number of zero entries one can introduce an asymmetry in the 23 block of Y :

|Bd| 6= |B0
d|, and still conserving the decoupling feature.

• Fritzsch texture can be obtained (and asymmetrized) in the context of interfamily gauge SU(3)H symmetry.



Family symmetries
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<latexit sha1_base64="QWuy4acUuKs1ABqAK1oxW+bJC64="></latexit>

• In the limit of vanishing Yukawa couplings, Yf ! 0, the SM acquires maximal global

symmetry:

U(3)` ⇥ U(3)e ⇥ U(3)q ⇥ U(3)u ⇥ U(3)d

• Yukawa interactions break the SU(3)
5
symmetry.

• Fermions cannot get mass if the symmetry is unbroken: LH and RH particles transform in

di↵erent representations, as triplets and anti-triplets respectively.

• The fermion mass hierarchy can be related to the breaking pattern of a family symmetry;

• In the context of SU(5) grand unified theory (GUT) the maximal symmetry reduces to

U(3)` ⇥ U(3)e



Fritzsch texture in

14

<latexit sha1_base64="IyO2xZQwPRYKwfm7UaMqHwK1F8s=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpXaoEymOsYOlYBCmVmqhyXKe16jiR7SBVURcWfoWFAYRY+Qc2/ganzQAtR7rS0Tn36t57/JhRqSzr2ygsLa+srhXXSxubW9s75u5eW0aJwMTBEYtEx0eSMMqJo6hipBMLgkKfkXt/dJ359w9ESBrxOzWOiReiAacBxUhpqWceuiFSQz9Ib53KWdVVNCQSan5a7TUnPbNs1awp4CKxc1IGOVo988vtRzgJCVeYISm7thUrL0VCUczIpOQmksQIj9CAdDXlSG/z0ukXE3islT4MIqGLKzhVf0+kKJRyHPq6M7tZznuZ+J/XTVRw6aWUx4kiHM8WBQmDKoJZJLBPBcGKjTVBWFB9K8RDJBBWOriSDsGef3mRtE9q9nmtflMvN67yOIrgAByBCrDBBWiAJmgBB2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDV8WXMQ==</latexit>

SU(5)⇥ SU(3)H

<latexit sha1_base64="L2KQaOAPm1EaSVjYH34pStelAvQ="></latexit>

• Introduce horizontal gauge symmetry SU(3)H between three families.

• Chiral global U(1)H can be associated with Peccei-Quinn symmetry if it is not broken by the Lagrangian of flavon fields.

• Family symmetry should be chiral, so fermions cannot acquire masses without U(3)H breaking.

• In the context of SU(5) GUT the fermions form the multiplets:

F̄i = (d
c
, `)i ⇠ (5̄, 3) , Ti = (u

c
, q, e

c
)i ⇠ (10, 3)

where f
c

L
= CfR

T

are the LH C-conjugates to the RH components fR.

• Fermion mass hierarchy and mixing pattern is related to U(3)H breaking pattern and hierarchy of VEVs inducing the

breaking U(3)H ! U(2)H ! U(1)H ! nothing.

• Natural realization of decoupling hypothesis: U(3)H ! U(2)H third family massive, ... U(1) broken first family become

massive and mixing emerge.

• In the context of SO(10)⇥ SU(3)H all fermions together with RH neutrino into one multiplet in spinor representation of

SO(10),  i = (F̄ , T, ⌫
c
)i ⇠ (16, 3).
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Effective operators for fermion masses
<latexit sha1_base64="T+2v2exUJ8jRtKK1ReVOkyb3oyQ="></latexit>

• Fermion masses can be induced only via the higher order operators

�
ij

M
u
c

i
qj�+

�
ij

M
d
c

i
qj �̃+

�
ij

M
e
c

i
`j �̃+ h.c.

or in SU(5)⇥ SU(3)H : �ij
/MTiTjH + �

ij
/MF̄iTjH

⇤.

• SM Yukawa couplings are induced by non zero VEVs and will reflect the breaking pattern.

qi uc
j

Y ij
u

�

qi u
c
j1

M

H �
ij

<latexit sha1_base64="AFg2d0IB4FTyLGobT4hFS6B14RA="></latexit>

• Fermion bilinears transform in representation 3⇥ 3 = 6 + 3̄.

• � are horizontal scalars, anti-sextets �{ij} ⇠ 6̄ or triplets �[ij] = ✏ijk�k ⇠ 3.
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Fritzsch texture in <latexit sha1_base64="IyO2xZQwPRYKwfm7UaMqHwK1F8s=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpXaoEymOsYOlYBCmVmqhyXKe16jiR7SBVURcWfoWFAYRY+Qc2/ganzQAtR7rS0Tn36t57/JhRqSzr2ygsLa+srhXXSxubW9s75u5eW0aJwMTBEYtEx0eSMMqJo6hipBMLgkKfkXt/dJ359w9ESBrxOzWOiReiAacBxUhpqWceuiFSQz9Ib53KWdVVNCQSan5a7TUnPbNs1awp4CKxc1IGOVo988vtRzgJCVeYISm7thUrL0VCUczIpOQmksQIj9CAdDXlSG/z0ukXE3islT4MIqGLKzhVf0+kKJRyHPq6M7tZznuZ+J/XTVRw6aWUx4kiHM8WBQmDKoJZJLBPBcGKjTVBWFB9K8RDJBBWOriSDsGef3mRtE9q9nmtflMvN67yOIrgAByBCrDBBWiAJmgBB2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDV8WXMQ==</latexit>

SU(5)⇥ SU(3)H

<latexit sha1_base64="7cHYyfS+fxlziepGFlAPkpBYDmw="></latexit>

h�{ij}
3 i = diag(0, 0, V3) h�2ii =

0

@
V2

0
0

1

A h�1ii =

0

@
0
0
V1

1

A

<latexit sha1_base64="LbgcgxFthzdP09SLRCKBy0aamdU="></latexit>

U(3)H
V3�! U(2)H

V2�! U(1)H
V1�! nothing

<latexit sha1_base64="ZZiBTwM28yVEn0gVX1M1sGmvNhI="></latexit>

Yu , Yd / h�i
M

<latexit sha1_base64="oRv9G8os8lr+0esa4uw9EtgaWm0=">AAACCHicbVC7TsNAEDzzDOEVHh3NiQiJKrJDBJQRNJRBIk6kJLLOl4055Xy27tZIIcoP8BW0UNEhWv6Cgn/BdlJAwjQ7mtnV7o4fS2HQtr+speWV1bX1wkZxc2t7Z7e0t++aKNEcmjySkW77zIAUCpooUEI71sBCX0LLH15nfusBtBGRusNRDL2QBUoMBGeYSl7p0PXOukFAXa9Kp9UpFr1S2a7YOegicWakTGZoeKXvbj/iSQgKuWTGdBw7xt6YaRRcwqTYTQzEjA9ZAJ2UKhaC6Y3z6yf0JDEMIxqDpkLSXITfE2MWGjMK/bQzZHhv5r1M/M/rJDi47I2FihMExbNFKCTkiwzXIo0FaF9oQGTZ5UCFopxphghaUMZ5KiZpTlkezvz3i8StVpzzSu22Vq5fzZIpkCNyTE6JQy5IndyQBmkSTh7JM3khr9aT9Wa9Wx/T1iVrNnNA/sD6/AHP6pd+</latexit>

V3 � V2 � V1

<latexit sha1_base64="Vq+uh0zQYaRDNHQeSvbAJagX+UU="></latexit>

h�iji = h�ij
1 + �ij

2 + �ij
3 i =

0

@
0 V1 0

�V1 0 V2

0 �V2 V3

1

A ,

<latexit sha1_base64="Yk+0ITizYkRubnDKM0O1J65taQg="></latexit>

• Two scalar triplets �1, �2 and one anti-sextet �3 with VEVs:

<latexit sha1_base64="sx7IO1jXPtSWQoSb+GKmf0jeMYM="></latexit>

• After this breaking, the theory reduces to the SM with a Higgs doublet and flavour is conserved in neutral currents.
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Fritzsch texture in <latexit sha1_base64="IyO2xZQwPRYKwfm7UaMqHwK1F8s=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpXaoEymOsYOlYBCmVmqhyXKe16jiR7SBVURcWfoWFAYRY+Qc2/ganzQAtR7rS0Tn36t57/JhRqSzr2ygsLa+srhXXSxubW9s75u5eW0aJwMTBEYtEx0eSMMqJo6hipBMLgkKfkXt/dJ359w9ESBrxOzWOiReiAacBxUhpqWceuiFSQz9Ib53KWdVVNCQSan5a7TUnPbNs1awp4CKxc1IGOVo988vtRzgJCVeYISm7thUrL0VCUczIpOQmksQIj9CAdDXlSG/z0ukXE3islT4MIqGLKzhVf0+kKJRyHPq6M7tZznuZ+J/XTVRw6aWUx4kiHM8WBQmDKoJZJLBPBcGKjTVBWFB9K8RDJBBWOriSDsGef3mRtE9q9nmtflMvN67yOIrgAByBCrDBBWiAJmgBB2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDV8WXMQ==</latexit>

SU(5)⇥ SU(3)H

<latexit sha1_base64="n74HsfwuLrsyNXpFw6m7u7GZqYs="></latexit>

• E↵ective operators can be induced via renormalizable interactions after integrating out heavy vector-like fermions.

Qi , U ci ⇠ 3̄ , Qc
i , Ui ⇠ 3 Di ⇠ 3 , Dci ⇠ 3̄

• They are allowed to have invariant mass terms. Mass terms transform as 3̄ ⇥ 3 = 1 + 8 and can emerge from Yukawa
couplings with scalar singlet or octet.

• Yukawa couplings with U and D vector-like quarks are:

g(n)U �ij
n u

c
iUj + g(n)D �ij

n d
c
iDj + hUU

ciqi�+ hdD
ciqi�̃+ g(n)U �ij

n qiQ
c
j + hUu

c
iQ

i�+ hDdciQ
i�̃
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Fritzsch texture in <latexit sha1_base64="IyO2xZQwPRYKwfm7UaMqHwK1F8s=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpXaoEymOsYOlYBCmVmqhyXKe16jiR7SBVURcWfoWFAYRY+Qc2/ganzQAtR7rS0Tn36t57/JhRqSzr2ygsLa+srhXXSxubW9s75u5eW0aJwMTBEYtEx0eSMMqJo6hipBMLgkKfkXt/dJ359w9ESBrxOzWOiReiAacBxUhpqWceuiFSQz9Ib53KWdVVNCQSan5a7TUnPbNs1awp4CKxc1IGOVo988vtRzgJCVeYISm7thUrL0VCUczIpOQmksQIj9CAdDXlSG/z0ukXE3islT4MIqGLKzhVf0+kKJRyHPq6M7tZznuZ+J/XTVRw6aWUx4kiHM8WBQmDKoJZJLBPBcGKjTVBWFB9K8RDJBBWOriSDsGef3mRtE9q9nmtflMvN67yOIrgAByBCrDBBWiAJmgBB2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDV8WXMQ==</latexit>

SU(5)⇥ SU(3)H

<latexit sha1_base64="n74HsfwuLrsyNXpFw6m7u7GZqYs="></latexit>

• E↵ective operators can be induced via renormalizable interactions after integrating out heavy vector-like fermions.

Qi , U ci ⇠ 3̄ , Qc
i , Ui ⇠ 3 Di ⇠ 3 , Dci ⇠ 3̄

• They are allowed to have invariant mass terms. Mass terms transform as 3̄ ⇥ 3 = 1 + 8 and can emerge from Yukawa
couplings with scalar singlet or octet.

• Yukawa couplings with U and D vector-like quarks are:

g(n)U �ij
n u

c
iUj + g(n)D �ij

n d
c
iDj + hUU

ciqi�+ hdD
ciqi�̃+ g(n)U �ij

n qiQ
c
j + hUu

c
iQ

i�+ hDdciQ
i�̃

<latexit sha1_base64="NrVNt4il8QOWbuclKbGHBUDv9V8="></latexit>

• Yukawa couplings are induced in seesaw approximation:

Yu = M�1
U �UhU + �T

UM
�1
Q hU , Yd = M�1

D �Dhd + �T
DM�1

Q hD ; �ij
U,D = g(n)U,Dh�ij

n i

<latexit sha1_base64="Auf83Wk/mKvCvAy6jR9NB/AiLVM="></latexit>

�
d
c

D
c

Q
c
�
0

@
0 � hDH̄

hdH̄ MD 0
�
T 0 MQ

1

A

0

@
q

D

Q

1

A

<latexit sha1_base64="s+c79XunEUhrWZovEUPyVVt60D0="></latexit>

�
u
c

Q
c

U
c
�
0

@
0 hUH �

�
T

MQ 0
hUH 0 MU

1

A

0

@
q

Q

U

1

A ,

<latexit sha1_base64="1PaPId8EORz34IwyjdJWvhBX/c4="></latexit>

• Mass matrices of fermions look like:
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Fritzsch texture in <latexit sha1_base64="IyO2xZQwPRYKwfm7UaMqHwK1F8s=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpXaoEymOsYOlYBCmVmqhyXKe16jiR7SBVURcWfoWFAYRY+Qc2/ganzQAtR7rS0Tn36t57/JhRqSzr2ygsLa+srhXXSxubW9s75u5eW0aJwMTBEYtEx0eSMMqJo6hipBMLgkKfkXt/dJ359w9ESBrxOzWOiReiAacBxUhpqWceuiFSQz9Ib53KWdVVNCQSan5a7TUnPbNs1awp4CKxc1IGOVo988vtRzgJCVeYISm7thUrL0VCUczIpOQmksQIj9CAdDXlSG/z0ukXE3islT4MIqGLKzhVf0+kKJRyHPq6M7tZznuZ+J/XTVRw6aWUx4kiHM8WBQmDKoJZJLBPBcGKjTVBWFB9K8RDJBBWOriSDsGef3mRtE9q9nmtflMvN67yOIrgAByBCrDBBWiAJmgBB2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDV8WXMQ==</latexit>

SU(5)⇥ SU(3)H

<latexit sha1_base64="NrVNt4il8QOWbuclKbGHBUDv9V8="></latexit>

• Yukawa couplings are induced in seesaw approximation:

Yu = M�1
U �UhU + �T

UM
�1
Q hU , Yd = M�1

D �Dhd + �T
DM�1

Q hD ; �ij
U,D = g(n)U,Dh�ij

n i

<latexit sha1_base64="Auf83Wk/mKvCvAy6jR9NB/AiLVM="></latexit>

�
d
c

D
c

Q
c
�
0

@
0 � hDH̄

hdH̄ MD 0
�
T 0 MQ

1

A

0

@
q

D

Q

1

A

<latexit sha1_base64="s+c79XunEUhrWZovEUPyVVt60D0="></latexit>

�
u
c

Q
c

U
c
�
0

@
0 hUH �

�
T

MQ 0
hUH 0 MU

1

A

0

@
q

Q

U

1

A ,

<latexit sha1_base64="1PaPId8EORz34IwyjdJWvhBX/c4="></latexit>

• Mass matrices of fermions look like:

<latexit sha1_base64="OYblGqrV2xZOFEcNZwZGrDqY9WI="></latexit>

• If heavy fermions are degenerate in masses between families, Yukawa matrices Yu,d have Fritzsch texture.

<latexit sha1_base64="EmDuGgpKCJuetvrXC1698RCOcu0="></latexit>

h�ij
1 + �ij

2 + �ij
3 i =

0

@
0 V1 0

�V1 0 V2

0 �V2 V3

1

A ,
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Fritzsch texture in <latexit sha1_base64="IyO2xZQwPRYKwfm7UaMqHwK1F8s=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpXaoEymOsYOlYBCmVmqhyXKe16jiR7SBVURcWfoWFAYRY+Qc2/ganzQAtR7rS0Tn36t57/JhRqSzr2ygsLa+srhXXSxubW9s75u5eW0aJwMTBEYtEx0eSMMqJo6hipBMLgkKfkXt/dJ359w9ESBrxOzWOiReiAacBxUhpqWceuiFSQz9Ib53KWdVVNCQSan5a7TUnPbNs1awp4CKxc1IGOVo988vtRzgJCVeYISm7thUrL0VCUczIpOQmksQIj9CAdDXlSG/z0ukXE3islT4MIqGLKzhVf0+kKJRyHPq6M7tZznuZ+J/XTVRw6aWUx4kiHM8WBQmDKoJZJLBPBcGKjTVBWFB9K8RDJBBWOriSDsGef3mRtE9q9nmtflMvN67yOIrgAByBCrDBBWiAJmgBB2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDV8WXMQ==</latexit>

SU(5)⇥ SU(3)H

<latexit sha1_base64="NrVNt4il8QOWbuclKbGHBUDv9V8="></latexit>

• Yukawa couplings are induced in seesaw approximation:

Yu = M�1
U �UhU + �T

UM
�1
Q hU , Yd = M�1

D �Dhd + �T
DM�1

Q hD ; �ij
U,D = g(n)U,Dh�ij

n i

<latexit sha1_base64="Auf83Wk/mKvCvAy6jR9NB/AiLVM="></latexit>

�
d
c

D
c

Q
c
�
0

@
0 � hDH̄

hdH̄ MD 0
�
T 0 MQ

1

A

0

@
q

D

Q

1

A

<latexit sha1_base64="s+c79XunEUhrWZovEUPyVVt60D0="></latexit>

�
u
c

Q
c

U
c
�
0

@
0 hUH �

�
T

MQ 0
hUH 0 MU

1

A

0

@
q

Q

U

1

A ,

<latexit sha1_base64="1PaPId8EORz34IwyjdJWvhBX/c4="></latexit>

• Mass matrices of fermions look like:

<latexit sha1_base64="8f4BTrb5dl4OCk/bltOY/9mXWg4="></latexit>

However symmetric Fritzsch texture is excluded.

<latexit sha1_base64="OYblGqrV2xZOFEcNZwZGrDqY9WI="></latexit>

• If heavy fermions are degenerate in masses between families, Yukawa matrices Yu,d have Fritzsch texture.

<latexit sha1_base64="EmDuGgpKCJuetvrXC1698RCOcu0="></latexit>

h�ij
1 + �ij

2 + �ij
3 i =

0

@
0 V1 0

�V1 0 V2

0 �V2 V3

1

A ,
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Fritzsch texture in <latexit sha1_base64="IyO2xZQwPRYKwfm7UaMqHwK1F8s=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpXaoEymOsYOlYBCmVmqhyXKe16jiR7SBVURcWfoWFAYRY+Qc2/ganzQAtR7rS0Tn36t57/JhRqSzr2ygsLa+srhXXSxubW9s75u5eW0aJwMTBEYtEx0eSMMqJo6hipBMLgkKfkXt/dJ359w9ESBrxOzWOiReiAacBxUhpqWceuiFSQz9Ib53KWdVVNCQSan5a7TUnPbNs1awp4CKxc1IGOVo988vtRzgJCVeYISm7thUrL0VCUczIpOQmksQIj9CAdDXlSG/z0ukXE3islT4MIqGLKzhVf0+kKJRyHPq6M7tZznuZ+J/XTVRw6aWUx4kiHM8WBQmDKoJZJLBPBcGKjTVBWFB9K8RDJBBWOriSDsGef3mRtE9q9nmtflMvN67yOIrgAByBCrDBBWiAJmgBB2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDV8WXMQ==</latexit>

SU(5)⇥ SU(3)H

<latexit sha1_base64="7IKPiRXO8ZKsjl8GzGe71WPGyBI="></latexit>

• Introduce the octet scalar in adjoint representation of SU(3)H

• Assume that it has a VEV directed towards the �8 generator of SU(3)H :

h�i = diag(V, V,�2V )

• This field can contribute to the mass matrices of heavy fermions via the Yukawa couplings GU�
j

i
U iU c

j
and GD�j

i
DiDc

j
;

• Along with the SU(3)H invariant mass terms, the mass matrices of the heavy fermions will acquire the forms

MU / (1, 1, XU ) and MD / (1, 1, XD), where XU , XD are generically complex.

qi Q
c
j Q

k u
c
k

�
ij �

j
kS + �j

k H

qi U
ci Uj u

c
k

H �
j
iS + �j

i �
jk
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Fritzsch texture in <latexit sha1_base64="IyO2xZQwPRYKwfm7UaMqHwK1F8s=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpXaoEymOsYOlYBCmVmqhyXKe16jiR7SBVURcWfoWFAYRY+Qc2/ganzQAtR7rS0Tn36t57/JhRqSzr2ygsLa+srhXXSxubW9s75u5eW0aJwMTBEYtEx0eSMMqJo6hipBMLgkKfkXt/dJ359w9ESBrxOzWOiReiAacBxUhpqWceuiFSQz9Ib53KWdVVNCQSan5a7TUnPbNs1awp4CKxc1IGOVo988vtRzgJCVeYISm7thUrL0VCUczIpOQmksQIj9CAdDXlSG/z0ukXE3islT4MIqGLKzhVf0+kKJRyHPq6M7tZznuZ+J/XTVRw6aWUx4kiHM8WBQmDKoJZJLBPBcGKjTVBWFB9K8RDJBBWOriSDsGef3mRtE9q9nmtflMvN67yOIrgAByBCrDBBWiAJmgBB2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDV8WXMQ==</latexit>

SU(5)⇥ SU(3)H

qi Q
c
j Q

k u
c
k

�
ij �

j
kS + �j

k H

qi U
ci Uj u

c
k

H �
j
iS + �j

i �
jk

<latexit sha1_base64="dhX+LJpHAy7Gf59LNxaiFUQGztE="></latexit>

Yd =

0

@
0 Adei↵

0
d 0

Adei↵d 0 xdBdei�
0
d

0 x�1
d Bdei�d Cd

1

A , Yu =

0

@
0 Auei↵

0
u 0

Auei↵u 0 xuBuei�
0
u

0 x�1
u Buei�u Cu

1

A

<latexit sha1_base64="0CEzbvrTAIiOd1G2xxoLkPBrsw0="></latexit>

• Therefore the Yukawa constant matrices of quarks will have the forms:
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<latexit sha1_base64="Bg9Gg0altzb8d/Me9cFVX+Ig02g="></latexit>

Yd =

0

@
0 Adei↵

0
d 0

Adei↵d 0 xdBdei�
0
d

0 Bd
xd

ei�d Cd

1

A , Yu =

0

@
0 Auei↵

0
u 0

Auei↵u 0 xuBuei�
0
u

0 Bu
xu

ei�u Cu

1

A

<latexit sha1_base64="VszHrSA+v2Xua9v8MAzPHTLMROI="></latexit>

Ỹd = F 0 †
d YdFd =

0

@
0 �Ad 0

�Ad 0 Bd xd

0 Bd/xd Cd

1

A

<latexit sha1_base64="jbuUuO6Fw/aiibK4Km4xh6lJHLw="></latexit>

O
0T
d ỸdOd = diag(yd,�ys, yb) , O

0T
u ỸuOu = diag(yu,�yc, yt)

<latexit sha1_base64="7qmTgPDr5Bi14uhm7dI5Uy0f4LY="></latexit>

VCKM = O
T
u F

⇤
u Fd Od = O

T
u

0

@
e
i(�̃+�̃) 0 0

0 e
i�̃ 0

0 0 1

1

AOd

Fritzsch texture in <latexit sha1_base64="IyO2xZQwPRYKwfm7UaMqHwK1F8s=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpXaoEymOsYOlYBCmVmqhyXKe16jiR7SBVURcWfoWFAYRY+Qc2/ganzQAtR7rS0Tn36t57/JhRqSzr2ygsLa+srhXXSxubW9s75u5eW0aJwMTBEYtEx0eSMMqJo6hipBMLgkKfkXt/dJ359w9ESBrxOzWOiReiAacBxUhpqWceuiFSQz9Ib53KWdVVNCQSan5a7TUnPbNs1awp4CKxc1IGOVo988vtRzgJCVeYISm7thUrL0VCUczIpOQmksQIj9CAdDXlSG/z0ukXE3islT4MIqGLKzhVf0+kKJRyHPq6M7tZznuZ+J/XTVRw6aWUx4kiHM8WBQmDKoJZJLBPBcGKjTVBWFB9K8RDJBBWOriSDsGef3mRtE9q9nmtflMvN67yOIrgAByBCrDBBWiAJmgBB2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDV8WXMQ==</latexit>

SU(5)⇥ SU(3)H

<latexit sha1_base64="y5zsTaHSSnd5E9Rnh96xShCX9Ow="></latexit>

• Yukawa matrices can be made real after phase transformation

<latexit sha1_base64="bdD8j/I6+F/l04fwRfothtDBd6g="></latexit>

• Then they can be diagonalized by a bi-orthogonal transformation

<latexit sha1_base64="6r6P0nd8fUzeE01Fw5rzlop2t3U="></latexit>

• Then the CKM matrix will be:

<latexit sha1_base64="goS6Ae4vs8pLpzjCYz5L1TQV0rQ="></latexit>

• 10 parameters Au/d, Bu/d, Cu/d, xd, xu, �̃, �̃, which need to satisfy the 6 constraints from the values of quark masses
and the 4 constraints from the independent quantities of the CKM matrix.

• However, we can fix xu = 1 so that the up-quark Yukawa matrix assumes the original symmetric Fritzsch texture.
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<latexit sha1_base64="xVEHXs/ZrxmQiSUwp7wsR2MFzls="></latexit>

Vus =
�
sd12 � su12 e

�i�̃
�
e�i�1

Vcb =
�
sd23 � su23 e

�i�̃
�
e�i�2

Vub = (sd13 � su12s
d
23e

�i�̃ + su12s
u
23e

�i↵̃ ) e�i(�1+�2)

arctan(⌘/⇢) ⇡ �SM = � arg[Vub]

<latexit sha1_base64="QXx6Hq7gfqTV0t8P1+TK5MUYK+U="></latexit>

sd23 ⇡ 1

xd

r
ys
yb

, sd13 ⇡ �xd
ys
yb

r
yd
yb

, sd12 ⇡

s
c0d23
cd23

r
yd
ys

,

su23 ⇡ 1

xu

r
yc
yt

, su13 ⇡ �xu
yc
yt

r
yu
yt

, su12 ⇡
r

yu
yc

Fritzsch texture in <latexit sha1_base64="IyO2xZQwPRYKwfm7UaMqHwK1F8s=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpXaoEymOsYOlYBCmVmqhyXKe16jiR7SBVURcWfoWFAYRY+Qc2/ganzQAtR7rS0Tn36t57/JhRqSzr2ygsLa+srhXXSxubW9s75u5eW0aJwMTBEYtEx0eSMMqJo6hipBMLgkKfkXt/dJ359w9ESBrxOzWOiReiAacBxUhpqWceuiFSQz9Ib53KWdVVNCQSan5a7TUnPbNs1awp4CKxc1IGOVo988vtRzgJCVeYISm7thUrL0VCUczIpOQmksQIj9CAdDXlSG/z0ukXE3islT4MIqGLKzhVf0+kKJRyHPq6M7tZznuZ+J/XTVRw6aWUx4kiHM8WBQmDKoJZJLBPBcGKjTVBWFB9K8RDJBBWOriSDsGef3mRtE9q9nmtflMvN67yOIrgAByBCrDBBWiAJmgBB2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDV8WXMQ==</latexit>

SU(5)⇥ SU(3)H

<latexit sha1_base64="ZU8Y39DDECDERRMZ/Q0lEgzfdo0="></latexit>

• For instance, up to corrections O(✏2d), ✏d ⇠ yd/ys, we have:

<latexit sha1_base64="/meJ/CQ2y6vzc9fpZs3ffXBJsho="></latexit>

• one solution can be found for xd = 3.5, xu = 1.0, with �̃ ⇡ �1.86, �̃ ⇡ �0.85.

1 2 3 4 5
0.02

0.03

0.04

0.05

0.06

0.07

xd

V
cb
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Fritzsch texture in <latexit sha1_base64="IyO2xZQwPRYKwfm7UaMqHwK1F8s=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpXaoEymOsYOlYBCmVmqhyXKe16jiR7SBVURcWfoWFAYRY+Qc2/ganzQAtR7rS0Tn36t57/JhRqSzr2ygsLa+srhXXSxubW9s75u5eW0aJwMTBEYtEx0eSMMqJo6hipBMLgkKfkXt/dJ359w9ESBrxOzWOiReiAacBxUhpqWceuiFSQz9Ib53KWdVVNCQSan5a7TUnPbNs1awp4CKxc1IGOVo988vtRzgJCVeYISm7thUrL0VCUczIpOQmksQIj9CAdDXlSG/z0ukXE3islT4MIqGLKzhVf0+kKJRyHPq6M7tZznuZ+J/XTVRw6aWUx4kiHM8WBQmDKoJZJLBPBcGKjTVBWFB9K8RDJBBWOriSDsGef3mRtE9q9nmtflMvN67yOIrgAByBCrDBBWiAJmgBB2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDV8WXMQ==</latexit>

SU(5)⇥ SU(3)H

<latexit sha1_base64="1akM6zp0jyGnzcMM0Slxkcwfgn8="></latexit>

• For the Yukawa matrices to be a viable texture, we must obtain moduli and phases of CKM matrix and of the quark
masses, more precisely of the ratios of Yukawa couplings yd/ys, ys/yb, yd/yb, yu/yc, yc/yt, yu/yt (taking into account
that mass ratios and mixig elements involving the 3rd generation evolve according to renormalization group equation)
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Fritzsch texture in <latexit sha1_base64="IyO2xZQwPRYKwfm7UaMqHwK1F8s=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpXaoEymOsYOlYBCmVmqhyXKe16jiR7SBVURcWfoWFAYRY+Qc2/ganzQAtR7rS0Tn36t57/JhRqSzr2ygsLa+srhXXSxubW9s75u5eW0aJwMTBEYtEx0eSMMqJo6hipBMLgkKfkXt/dJ359w9ESBrxOzWOiReiAacBxUhpqWceuiFSQz9Ib53KWdVVNCQSan5a7TUnPbNs1awp4CKxc1IGOVo988vtRzgJCVeYISm7thUrL0VCUczIpOQmksQIj9CAdDXlSG/z0ukXE3islT4MIqGLKzhVf0+kKJRyHPq6M7tZznuZ+J/XTVRw6aWUx4kiHM8WBQmDKoJZJLBPBcGKjTVBWFB9K8RDJBBWOriSDsGef3mRtE9q9nmtflMvN67yOIrgAByBCrDBBWiAJmgBB2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDV8WXMQ==</latexit>

SU(5)⇥ SU(3)H

<latexit sha1_base64="1akM6zp0jyGnzcMM0Slxkcwfgn8="></latexit>

• For the Yukawa matrices to be a viable texture, we must obtain moduli and phases of CKM matrix and of the quark
masses, more precisely of the ratios of Yukawa couplings yd/ys, ys/yb, yd/yb, yu/yc, yc/yt, yu/yt (taking into account
that mass ratios and mixig elements involving the 3rd generation evolve according to renormalization group equation)
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Fritzsch texture in <latexit sha1_base64="IyO2xZQwPRYKwfm7UaMqHwK1F8s=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpXaoEymOsYOlYBCmVmqhyXKe16jiR7SBVURcWfoWFAYRY+Qc2/ganzQAtR7rS0Tn36t57/JhRqSzr2ygsLa+srhXXSxubW9s75u5eW0aJwMTBEYtEx0eSMMqJo6hipBMLgkKfkXt/dJ359w9ESBrxOzWOiReiAacBxUhpqWceuiFSQz9Ib53KWdVVNCQSan5a7TUnPbNs1awp4CKxc1IGOVo988vtRzgJCVeYISm7thUrL0VCUczIpOQmksQIj9CAdDXlSG/z0ukXE3islT4MIqGLKzhVf0+kKJRyHPq6M7tZznuZ+J/XTVRw6aWUx4kiHM8WBQmDKoJZJLBPBcGKjTVBWFB9K8RDJBBWOriSDsGef3mRtE9q9nmtflMvN67yOIrgAByBCrDBBWiAJmgBB2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDV8WXMQ==</latexit>

SU(5)⇥ SU(3)H

<latexit sha1_base64="1akM6zp0jyGnzcMM0Slxkcwfgn8="></latexit>

• For the Yukawa matrices to be a viable texture, we must obtain moduli and phases of CKM matrix and of the quark
masses, more precisely of the ratios of Yukawa couplings yd/ys, ys/yb, yd/yb, yu/yc, yc/yt, yu/yt (taking into account
that mass ratios and mixig elements involving the 3rd generation evolve according to renormalization group equation)

<latexit sha1_base64="/8EF7Z/6Qhb6NDTJ899gh4Mal2E=">AAACaHicbVHbatwwEJXdW+L04uZCKX0RWWo2FBa7hDQvhdBAyWMK3SSw2i6yPN4VkWUjjQuLMfnHvPUD+tKvqLxxIZcOkjg6Z45GGqWVkhbj+JfnP3r85OmztfVg4/mLl6/C15tntqyNgLEoVWkuUm5BSQ1jlKjgojLAi1TBeXp53OnnP8FYWervuKxgWvC5lrkUHB01C6+ir5+ZghyHLIW51A03hi/bRgjRBvCjkUOGUmXQOBl5++HfLgPltnttRGM3KGNuiWhnoHcMLY06NY7 iKAkY6KwvwIycL3AvmIWDeBSvgj4ESQ8GpI/TWXjNslLUBWgUils7SeIKp+5UlEJBG7DaQsXFJZ/DxEHNC7DTZtWolr53TEbz0ripka7Y246GF9Yui9RlFhwX9r7Wkf/TJjXmh9NG6qpG0OKmUF4riiXtuk4zaUCgWjrAhZHurlQsuOEC3d90TUjuP/khOPs4Sg5G+9/2B0df+naskXdklwxJQj6RI3JCTsmYCPLb2/C2vR3vjx/6b/y3N6m+13u2yJ3wd/8C9SC2ng==</latexit>

F =
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0 ei�̃ 0
0 0 1

1

A

<latexit sha1_base64="5T3CKnvP2vpkw54X4xMhTovDm5k="></latexit>
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<latexit sha1_base64="GJK/Al7gEaSyZi6wRqFUN8OjuY0="></latexit>

Au
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=

s
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,
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u
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q
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u + x2
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2
t

<latexit sha1_base64="PbOu4SCUHvamPUm7FZTTnz8z6a4="></latexit>

VCKM(mu/md, xd, xu, �̃, �̃) = O
T
u F Od

<latexit sha1_base64="HvCFtU9avKLkXN8lOb2kFhey3JA="></latexit>

• The matrix elements Ad, Bd, Cd and Au, Bu, Cu of the (real) matrices can be expressed as functions of the mass ratios
(a = c023/c23):

<latexit sha1_base64="C7uNUGwUAKt7Rn/jvPQoMQxa/qM="></latexit>

• Fit all independent measures of VCKM moduli and phases with five parameters.
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<latexit sha1_base64="r8ydsJFBjFbXtzteGpBGoEau5do="></latexit>

mu/md = 0.48± 0.03 ,

xd = 3.04± 0.42 ,

xu = 1.00± 0.14 ,

�̃ = �0.80± 0.15 ,

�̃ = �1.91± 0.11

Fritzsch-like textures from flavor symmetry: precision tests
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<latexit sha1_base64="K+ibForYjFj53VVDDr+vexqgL3A="></latexit>

Quantity SM determination Obt. value Pull (�i)

|Vus| 0.2245(8) 0.2242 �0.4
|Vcd| 0.221(4) 0.224 0.8
|Vcb| 0.0410(14) 0.0397 �0.9
|Vub| 0.00382(24) 0.00355 �1.1
|Vtd| 0.0080(3) 0.0083 1.1
|Vts| 0.0388(11) 0.0390 0.2
|Vtd/Vts| 0.205(6) 0.214 1.5
↵ (84.9+5.1

�4.5)
�

87.8� 0.6
sin 2� 0.699(17) 0.694 �0.3
� (72.1+4.1

�4.5)
�

69.3� �0.6
|Vub/Vcb| 0.079(6) 0.089 1.7
|Vts/Vcb| 0.98(4) 0.98 0.0

<latexit sha1_base64="H2jDoFbCnu07upF3AIDRvrZ3tf8="></latexit>

Values computed in mu/md = 0.49, ms/md = 20.39, xd = 3.06, xu = 1.0, �̃ = �0.79, �̃ = �1.91. Fritzsch-like form at 106 GeV.

Using the given single determinations the ratios would be |Vub/Vcb| = 0.093(7), |Vts/Vcb| = 0.95(4).

Fritzsch-like textures from flavor symmetry: precision tests
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Fritzsch-like textures from flavor symmetry: precision tests
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��

<latexit sha1_base64="EnQKgQN9b7SDzV+eJvlt6cRfgrc="></latexit>

• Fit the 4 independent parameters of the standard parameterization of VCKM with 3 parameters: asymmetry xd and two
phases �̃, �̃, using mu/md = 0.477 (central value), xu = 1.
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<latexit sha1_base64="rYdy/tiOnPI0pkoFuakWRBiBHCU="></latexit>

• The Standard Model does not constrain the structure of the Yukawa matrices and thus the origin of fermion mass hierarchies
and mixing pattern remains unexplained.

• Relations between fermion masses and mixing angles can suggest Yukawa matrices with some zero elements, such as the
texture proposed by Fritszch, which can emerge naturally in the context of grand unified theories.

• The original (symmetric) Fritzsch texture is excluded since predicts a too large value of Vcb (and a too small value of Vub).

• Fritzsch-like texture is still viable if an asymmetry is introduced only between 23 and 32 entries in down-type quarks
mass matrix.

• This modification mantains the decoupling feature.

• The asymmetry can naturally emerge in the context of horizontal gauge SU(3)H interfamily symmetry.

• Quark mass hierarchy and mixing pattern can emerge from the spontaneous breaking pattern of the symmetry.
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<latexit sha1_base64="NvasGK7WCz1jwIvNCT/mDFbFPvQ="></latexit>

tan 2✓23 =
2

x

r
Y2 � Y1

Y3

q
1� (x�2 + x2)Y2�Y1

Y3

1� 2
x2

Y2�Y1
Y3

tan 2✓12 = 2

s
Y1 c023
Y2 c23

q
1� ( c23c023

+ c023
c23

)Y1
Y2

1� 2 c023
c23

Y1
Y2

tan 2✓13 = �2As023
Y3

= �2
s023p
c023c23

p
Y1Y2

Y3

<latexit sha1_base64="FdWzZ/RFSmuhTplTHygjO677fTs="></latexit>

c23d = cos


1

2
arctan


2CdBd/xd

C2
d +B2

d(x
2
d � x�2

d )�A2
d

��
,

c023d = cos


1

2
arctan


2CdxdBd

C2
d +B2

d(x
�2
d � x2

d)�A2
d

��

Fritzsch texture in <latexit sha1_base64="IyO2xZQwPRYKwfm7UaMqHwK1F8s=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpXaoEymOsYOlYBCmVmqhyXKe16jiR7SBVURcWfoWFAYRY+Qc2/ganzQAtR7rS0Tn36t57/JhRqSzr2ygsLa+srhXXSxubW9s75u5eW0aJwMTBEYtEx0eSMMqJo6hipBMLgkKfkXt/dJ359w9ESBrxOzWOiReiAacBxUhpqWceuiFSQz9Ib53KWdVVNCQSan5a7TUnPbNs1awp4CKxc1IGOVo988vtRzgJCVeYISm7thUrL0VCUczIpOQmksQIj9CAdDXlSG/z0ukXE3islT4MIqGLKzhVf0+kKJRyHPq6M7tZznuZ+J/XTVRw6aWUx4kiHM8WBQmDKoJZJLBPBcGKjTVBWFB9K8RDJBBWOriSDsGef3mRtE9q9nmtflMvN67yOIrgAByBCrDBBWiAJmgBB2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDV8WXMQ==</latexit>

SU(5)⇥ SU(3)H

<latexit sha1_base64="yWA0VDUWLt2xNefeWo1ML4EWdSY="></latexit>

• Up to corrections of order O(✏2), ✏ ⇠ Y1/Y2 ⇠ Y2/Y3, with Y1,2,3 = yd,s,b or Y1,2,3 = yu,c,t, the rotation angles are expressed
in terms of mass ratios as:
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<latexit sha1_base64="nIcby0LKdKP/YQE7O4mE0LTEQXw="></latexit>

V †
RdYdVLd = diag(yd, ys, yb) , V †

RuYuVLu = diag(yu, yc, yt)

<latexit sha1_base64="hZ3X+Bc98BrVU7CF9mV6fNV6T+A=">AAACHXicbVDLSsNAFJ3UV62vqEs3g8XHopREiroRioK4EKxiH9CEMJlM26GTR2cmQgn5ETf+ihsXirhwI/6NSZqFth6Yy+Gce7lzjx0wKqSmfSuFufmFxaXicmlldW19Q93cagk/5Jg0sc983rGRIIx6pCmpZKQTcIJcm5G2PbxI/fYD4YL63r0cB8R0Ud+jPYqRTCRLre3DlhVdO/HZpRU58U1aoFGBFWiMRiFyUvcudQ8yO6slSy1rVS0DnCV6TsogR8NSPw3Hx6FLPIkZEqKra4E0I8QlxYzEJSMUJEB4iPqkm1APuUSYUXZdDPcSxYE9nyfPkzBTf09EyBVi7NpJp4vkQEx7qfif1w1l79SMqBeEknh4sqgXMih9mEYFHcoJlmycEIQ5Tf4K8QBxhGUSaBqCPn3yLGkdVfXjau22Vq6f53EUwQ7YBYdAByegDq5AAzQBBo/gGbyCN+VJeVHelY9Ja0HJZ7bBHyhfP3/ToFY=</latexit>

VLd = FdOd , VRd = F
0
dO

0
d

<latexit sha1_base64="PfE9VRrEuHRmg3QMUNXXMINBJaA="></latexit>

Fd =

0

@
ei(⇡�↵d+�0

d) 0 0
0 e�i�d 0
0 0 1

1

A , F 0
d =

0

@
e�i(⇡�↵0

d+�d) 0 0
0 ei�

0
d 0

0 0 1

1

A

<latexit sha1_base64="VszHrSA+v2Xua9v8MAzPHTLMROI="></latexit>

Ỹd = F 0 †
d YdFd =

0
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<latexit sha1_base64="jbuUuO6Fw/aiibK4Km4xh6lJHLw="></latexit>

O
0T
d ỸdOd = diag(yd,�ys, yb) , O

0T
u ỸuOu = diag(yu,�yc, yt)

<latexit sha1_base64="83GBphl45WiAw7FLe9Q9NZdvFBU="></latexit>
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<latexit sha1_base64="0YjgoVh9kJ/BzQTf2r/cUOx7AvQ="></latexit>
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<latexit sha1_base64="3+/BimqC1Pl5r68BlEgUK/mrAIQ=">AAAB+nicbVDLTgJBEJz1ifgCPXqZSEw8GLKrRD0SPegRE3kksJLZoYEJs4/M9Kpk5VO8eNAYr36JN//GAfagYCWdVKq6093lRVJotO1va2FxaXllNbOWXd/Y3NrO5XdqOowVhyoPZagaHtMgRQBVFCihESlgvieh7g0ux379HpQWYXCLwwhcn/UC0RWcoZHaubxj3520jmgL4RGTK6iN2rmCXbQnoPPESUmBpKi0c1+tTshjHwLkkmnddOwI3YQpFFzCKNuKNUSMD1gPmoYGzAftJpPTR/TAKB3aDZWpAOlE/T2RMF/roe+ZTp9hX896Y/E/rxlj99xNRBDFCAGfLurGkmJIxznQjlDAUQ4NYVwJcyvlfaYYR5NW1oTgzL48T2rHRee0WLopFcoXaRwZskf2ySFxyBkpk2tSIVXCyQN5Jq/kzXqyXqx362PaumClM7vkD6zPH8kGkxM=</latexit>

103 GeV
<latexit sha1_base64="pYkFoJLNirQtJWLbknDhtRPKYfQ=">AAAB+nicbVDJSgNBEO1xjXFL9OilMQgeJMxIiB6DHvQYwSyQGUNPp5I06VnorlHDmE/x4kERr36JN//GznLQxAcFj/eqqKrnx1JotO1va2l5ZXVtPbOR3dza3tnN5ffqOkoUhxqPZKSaPtMgRQg1FCihGStggS+h4Q8ux37jHpQWUXiLwxi8gPVC0RWcoZHaubxj35XdE+oiPGJ6BfVRO1ewi/YEdJE4M1IgM1TbuS+3E/EkgBC5ZFq3HDtGL2UKBZcwyrqJhpjxAetBy9CQBaC9dHL6iB4ZpUO7kTIVIp2ovydSFmg9DHzTGTDs63lvLP7ntRLsnnupCOMEIeTTRd1EUozoOAfaEQo4yqEhjCthbqW8zxTjaNLKmhCc+ZcXSf206JSLpZtSoXIxiyNDDsghOSYOOSMVck2qpEY4eSDP5JW8WU/Wi/VufUxbl6zZzD75A+vzB825kxY=</latexit>

106 GeV
<latexit sha1_base64="Or3hTXOFeyBbLP3FEdnaExTM2A0=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8SJiRuByDHvQYwSyQiaGnU0ma9Cx014hxCP6KFw+KePU/vPk3dpI5aOKDgsd7VVTV8yIpNNr2tzU3v7C4tJxZya6urW9s5ra2qzqMFYcKD2Wo6h7TIEUAFRQooR4pYL4noeb1L0d+7R6UFmFwi4MImj7rBqIjOEMjtXK7jn2XOCdD94i6CA+YXEF12Mrl7YI9Bp0lTkryJEW5lfty2yGPfQiQS6Z1w7EjbCZMoeAShlk31hAx3mddaBgaMB90MxlfP6QHRmnTTqhMBUjH6u+JhPlaD3zPdPoMe3raG4n/eY0YO+fNRARRjBDwyaJOLCmGdBQFbQsFHOXAEMaVMLdS3mOKcTSBZU0IzvTLs6R6XHBOC8WbYr50kcaRIXtknxwSh5yRErkmZVIhnDySZ/JK3qwn68V6tz4mrXNWOrND/sD6/AERQpRc</latexit>

1015 GeV

<latexit sha1_base64="EnQKgQN9b7SDzV+eJvlt6cRfgrc="></latexit>

• Fit the 4 independent parameters of the standard parameterization of VCKM with 3 parameters: asymmetry xd and two
phases �̃, �̃, using mu/md = 0.477 (central value), xu = 1.
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<latexit sha1_base64="ewxKIy+xgROOlfglR6jJszENY6Q="></latexit>

• The values at low energies of the mixing elements and of mass ratios are taken from Particle Data Group.

• Yukawa matrices evolve according to the renormalization group equations (RGE).

• Since the light generations evolve in the same way with gauge couplings and trace of Yukawa matrices, the ratios yd/ys,
yu/yc and the mixing angles between the first two generations remain invariant.

• The third generation receives additional Yukawa contributions. The ratios yc/yt, ys/yb and the mixings involving the third
generation evolve according to RGEs.

<latexit sha1_base64="XSN/ennq06/NsBHagWATX033AxU="></latexit>
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FCNC in SU(5)
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• In the context of GUT theories new gauge interactions require the mass
scale of gauge bosons to be much higher than few TeV, also in SU(5)
scenario.

• Tree level contribution to K mesons decays K� ! ⇡�µ�e+, K0
L ! e±µ⌥.

• Mass scales of gauge bosons are constrained to be higher than 100 TeV
and 300 TeV respectively.

<latexit sha1_base64="v3YIJihKNWRk9sFDlfri6BV6QrA="></latexit>
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Fritzsch texture in <latexit sha1_base64="IyO2xZQwPRYKwfm7UaMqHwK1F8s=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpXaoEymOsYOlYBCmVmqhyXKe16jiR7SBVURcWfoWFAYRY+Qc2/ganzQAtR7rS0Tn36t57/JhRqSzr2ygsLa+srhXXSxubW9s75u5eW0aJwMTBEYtEx0eSMMqJo6hipBMLgkKfkXt/dJ359w9ESBrxOzWOiReiAacBxUhpqWceuiFSQz9Ib53KWdVVNCQSan5a7TUnPbNs1awp4CKxc1IGOVo988vtRzgJCVeYISm7thUrL0VCUczIpOQmksQIj9CAdDXlSG/z0ukXE3islT4MIqGLKzhVf0+kKJRyHPq6M7tZznuZ+J/XTVRw6aWUx4kiHM8WBQmDKoJZJLBPBcGKjTVBWFB9K8RDJBBWOriSDsGef3mRtE9q9nmtflMvN67yOIrgAByBCrDBBWiAJmgBB2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDV8WXMQ==</latexit>

SU(5)⇥ SU(3)H

<latexit sha1_base64="n74HsfwuLrsyNXpFw6m7u7GZqYs="></latexit>

• E↵ective operators can be induced via renormalizable interactions after integrating out heavy vector-like fermions.

Qi , U ci ⇠ 3̄ , Qc
i , Ui ⇠ 3 Di ⇠ 3 , Dci ⇠ 3̄

• They are allowed to have invariant mass terms. Mass terms transform as 3̄ ⇥ 3 = 1 + 8 and can emerge from Yukawa
couplings with scalar singlet or octet.

• Yukawa couplings with U and D vector-like quarks are:

g(n)U �ij
n u

c
iUj + g(n)D �ij

n d
c
iDj + hUU

ciqi�+ hdD
ciqi�̃+ g(n)U �ij

n qiQ
c
j + hUu

c
iQ

i�+ hDdciQ
i�̃

qi Q
c
j Q

k u
c
k

�
ij �

j
kS + �j

k H

qi U
ci Uj u

c
k

H �
j
iS + �j

i �
jk



40

Fritzsch texture in <latexit sha1_base64="IyO2xZQwPRYKwfm7UaMqHwK1F8s=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpXaoEymOsYOlYBCmVmqhyXKe16jiR7SBVURcWfoWFAYRY+Qc2/ganzQAtR7rS0Tn36t57/JhRqSzr2ygsLa+srhXXSxubW9s75u5eW0aJwMTBEYtEx0eSMMqJo6hipBMLgkKfkXt/dJ359w9ESBrxOzWOiReiAacBxUhpqWceuiFSQz9Ib53KWdVVNCQSan5a7TUnPbNs1awp4CKxc1IGOVo988vtRzgJCVeYISm7thUrL0VCUczIpOQmksQIj9CAdDXlSG/z0ukXE3islT4MIqGLKzhVf0+kKJRyHPq6M7tZznuZ+J/XTVRw6aWUx4kiHM8WBQmDKoJZJLBPBcGKjTVBWFB9K8RDJBBWOriSDsGef3mRtE9q9nmtflMvN67yOIrgAByBCrDBBWiAJmgBB2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDV8WXMQ==</latexit>
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<latexit sha1_base64="NrVNt4il8QOWbuclKbGHBUDv9V8="></latexit>

• Yukawa couplings are induced in seesaw approximation:

Yu = M�1
U �UhU + �T

UM
�1
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<latexit sha1_base64="Auf83Wk/mKvCvAy6jR9NB/AiLVM="></latexit>
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<latexit sha1_base64="s+c79XunEUhrWZovEUPyVVt60D0="></latexit>
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<latexit sha1_base64="1PaPId8EORz34IwyjdJWvhBX/c4="></latexit>

• Mass matrices of fermions look like:

<latexit sha1_base64="8f4BTrb5dl4OCk/bltOY/9mXWg4="></latexit>

However symmetric Fritzsch texture is excluded.

<latexit sha1_base64="OYblGqrV2xZOFEcNZwZGrDqY9WI="></latexit>

• If heavy fermions are degenerate in masses between families, Yukawa matrices Yu,d have Fritzsch texture.


