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The Flavor Problem #1

Of the SM. Where does the fermion mass hierarchy arise from? 

— All flavor is encoded in Yukawa couplings (dim-4 operators) 
— May well be explained in the far UV

No obvious 
connection with the 
TeV scale
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Of the New Physics. 

New particles should interact with the SM via sizable couplings in order  
to address the hierarchy problem. No evidence yet: 

WHY?! 
What is the flavor of the new physics?  

How robust and generic is its flavor structure? 
What kind of new physics is probed at colliders?

The Flavor Problem #2

Defining connection to TeV
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In SUSY: 

In the symmetric limit, flavor-violation analogous to the SM. 
As an extreme and safest option one could assume the Yukawas are the only 
flavor-violating parameters. 
MFV is plausible and effective (e.g. Gauge Med., Gaugino Med.) 

In models with strongly-coupled Higgs sectors: 

No UV-complete (natural) description of flavor violation (only effective 4D or 5D) 
Are there plausible options?

Irrelevant!
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Best Flavor picture for Strong Higgs: Partial Compositeness

Fundamental (SM) fermions Operators of the 
Strong Higgs Sector ➔

Interpolate resonances mixing with 
SM fermions (=partially composite)
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Definitely not 
a bilinear…  

In Anarchic scenarios 
Flavor hierarchy from renormalization 
(wavefunction in extra-dimension) 
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Let’s quantify the “problem”: Generic New Physics

Most serious problems from Flavor and CP violation 
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Custodial O(4)

B & L
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Either QCD axion (no connection with flavor violation) or 
Small Flavor-invariant CP-odd phases ↔ Nelson-Barr, Parity, etc

Flavor-invariant  
CPV not observed
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Flavor and (flavourful) CP violation 
represent the main hurdles
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(1) What Flavor Hypothesis can allow New Physics at the TeV? 
(2) How robust and generic are those? 

Model-dependent questions. 

— Flavor violation may come from bilinears (SUSY) or mixings (Strong Higgs) 
— Model-dependent correlation between F-conserving & F-violating observables 
— Model-dependent correlation between Indirect & Direct searches 
— The correlation between tree-level & loop effects is model-dependent 
— …

We have to choose a concrete setup  
with concrete hypothesis on the new physics
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We choose Partial Compositeness: 

1) Best flavor scenario for strongly-coupled Higgs sectors 
     → Less studied than SUSY 

2)  Concrete example where Flavor-violation does not come from bilinears 
     → Is MFV an option? 

3)  Offers a potential solution of Flavor Problem #1: it is a Theory of Flavor 
     → tension between “Explaining Flavor” & “Being Clever” 
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Hypothesis
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1)                      

2)  Resonances Φ characterized by one mass scale        and one coupling                        . 

    Integrating out the resonances we get the EFT (F-violating, F-conserving) Direct Vs 
Indirect

Loops (if needed)
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 3)   Symmetries: B & L, O(4) Custodial 
       Flavor parameters are either generic (Flavor Anarchy) or have some structure
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Flavor hierarchy from renormalization 
(wavefunction in extra-dimension) 

fermion compositeness 
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An actual Theory of Flavor: Anarchic Partial Compositeness

Setting aside leptons…  
Theories of Flavor 

are Unnatural 
(=The Flavor Problem)

(Structureless O(1) flavor-violating coefficients)
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Flavor un-explained 
Collider-accessible 

Small tuning

Flavor explained 
m>20-30 TeV 
1/1000 tuning

Anarchy Symmetries

Dynamica
l 

assu
mptions

Naturalness

LV, P
omarol et al.

Barbieri et al. 

Isidori et al. 

Redi-Weiler

How close to the TeV can we go with 
reasonable hypothesis on the flavor structure?
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Minimal Flavor 
Violation
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MFV via Left-Universality (Left-Compositeness)

Strong sector has 
U(3) Flavor symmetry 
& qL is “composite”
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Universal correction to Z and W couplings

ΔF=2: safe (mediated at 1-loop)

ΔF=1: dominated by B→XƔ
uR
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} Universality (MFV) severely 
constrained by ΔF=0 data!

Neutron EDM: suppressed by MFV (2-loops)
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O(1)

O(λ) to reproduce CKM

<latexit sha1_base64="5JIzKojMS2XLq+OE53D/Gpr/h64="></latexit>

! U(2)Q+q ⇥ U(1)Q+q ⇥ U(3)u ⇥ U(3)d

Strong sector has 
U(2) Flavor symmetry 

& qL “composite"
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Best case scenario for Partial Left Universality:
<latexit sha1_base64="Xt6IvaYh/2iSaZpl5TZA9Vk/izs=">AAACM3icbVDLSgMxFM34rPU16tJNsAjios6oVZcFXbisYB/QGYZMetuGZh5NMoUy9Ev8Dj/ArX6BuBPBlf9gpu2ith4InHvOvdzc48ecSWVZ78bS8srq2npuI7+5tb2za+7t12SUCApVGvFINHwigbMQqoopDo1YAAl8DnW/d5v59QEIyaLwUQ1jcAPSCVmbUaK05JklZ0AExJJxXfUdDlJKFqSzatr3LkYjR8t46Kmzjnea98yCVbTGwIvEnpICmqLimd9OK6JJAKGinEjZtK1YuSkRilEOo7yTSIgJ7ZEONDUNSQDSTcfnjfCxVlq4HQn9QoXH6uxESgIph4GvOwOiunLey8R/Pam/0oXW3HrVvnFTFsaJgpBOtrcTjlWEswBxiwmgig81IVQwfQCmXSIIVTrmLBl7PodFUjsv2lfF0sNloXw3zSiHDtEROkE2ukZldI8qqIooekIv6BW9Gc/Gh/FpfE1al4zpzAH6A+PnF9sgrJg=</latexit>

"q . "q3 ⇠ yt/g⇤
<latexit sha1_base64="RPlbjmxlLaLDdUoxjSkf+Kx087o=">AAACInicbVDLSsNAFJ3UV62vqEs3g1VwFZLia1nQhcsK9gFtKJPJTTt08nBmUiihP+B3+AFu9RPciSvBvb/htI2grQcGDuecy517vIQzqWz7wygsLa+srhXXSxubW9s75u5eQ8apoFCnMY9FyyMSOIugrpji0EoEkNDj0PQGVxO/OQQhWRzdqVECbkh6EQsYJUpLXfPItuxKh4OUkoWdIRGQSMa1c/8j2pbTNcs6NgVeJE5OyihHrWt+dfyYpiFEinIiZduxE+VmRChGOYxLnVRCQuiA9KCtaURCkG42vWaMj7Xi4yAW+kUKT9XfExkJpRyFnk6GRPXlvDcR//Wk/kof/Ln1Krh0MxYlqYKIzrYHKccqxpO+sM8EUMVHmhAqmD4A0z4RhCrdakk348z3sEgaFcs5t85uT8vV67yjIjpAh+gEOegCVdENqqE6ougBPaFn9GI8Gq/Gm/E+ixaMfGYf/YHx+Q0M/qRu</latexit>

0.02 . "q . 0.1

A bit too small to interpret qL as composite… 
Is there a robust alternative?

Full Left Universality U(3)

Partial Left Universality U(2)

B→
XƔ

B osc.

Higgs c
oupl.
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<latexit sha1_base64="IVVT1lBmQZZHm/zWC++VRVLeODE="></latexit>
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i
LO

a
qu + �ia

qdq
i
LO
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u ui
RO

a
u + �ia

d d
i
RO

a
d ,

MFV with two doublets… (generic in O(5)/O(4))

<latexit sha1_base64="CqTrYaoSVdR3/mpCZopmeKE3tgI="></latexit>

Name Gstrong Universal � GF Non-universal � 
Right Univ. U(3)U ⇥ U(3)D �u / 1,�d / 1 U(3)q ⇥ U(3)U+u ⇥ U(3)D+d �qu / Yu,�qd / Yd

Left Univ.1 U(3)U ⇥ U(3)D �qu / 1,�qd / 1 U(3)q+U+D ⇥ U(3)u ⇥ U(3)d �u / Y †
u ,�d / Y †

d

Left Univ.2 U(3)U+D �qu / 1,�qd / 1 U(3)q+U+D ⇥ U(3)u ⇥ U(3)d �u / Y †
u ,�d / Y †

d
Mixed Univ.1 U(3)U ⇥ U(3)D �qu / 1,�d / 1 U(3)q+U ⇥ U(3)u ⇥ U(3)D+d �u / Y †

u ,�qd / Yd

Mixed Univ.2 U(3)U ⇥ U(3)D �u / 1,�qd / 1 U(3)q+D ⇥ U(3)U+u ⇥ U(3)d �qu / Yu,�d / Y †
d

Symmetry of Strong Sector + (SM) Fermion Compositeness → MFV 
 & Universality
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Minimal Flavor 
Violation
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UV hypothesis: 
U(3)xU(3) Flavor

MFV via Right-Universality (Right-Compositeness)

<latexit sha1_base64="bdburKJD2QSrs5fg99GWNTR6WNo=">AAACP3icbVC7TsMwFHV4lvIKMLJYVEhlqRLeYxEMsBWJtJXaKHIct7XqPLAdpCrK9/AdfAAriC/ohljZcNIMfXAlS+ece6+O73EjRoU0jC9taXlldW29tFHe3Nre2dX39psijDkmFg5ZyNsuEoTRgFiSSkbaESfIdxlpucPbrN96IVzQMHiSo4jYPuoHtEcxkkpy9BurenbiWF1JfSJgTu6mSfKcztB4lnpp2dErRs3ICy4CswAVUFTD0cddL8SxTwKJGRKiYxqRtBPEJcWMpOVuLEiE8BD1SUfBACk7O8lPTeGxUjzYC7l6gYS5Or2RIF+Ike+qSR/JgZjvZeK/PaG+MiDenL3sXdsJDaJYkgBP3HsxgzKEWZjQo5xgyUYKIMypOgDiAeIISxV5low5n8MiaJ7WzMvaxeN5pf5QZFQCh+AIVIEJrkAd3IMGsAAGr+AdfIBP7U0ba9/az2R0SSt2DsBMab9/tiGthA==</latexit>

U(3)U ⇥ U(3)D ⇥ U(3)q ⇥ U(3)u ⇥ U(3)d
<latexit sha1_base64="3osflf5FHK/okm7RV1uP9gwOr60=">AAACLXicbVDLSsNAFJ3UV62vqEs3wSJUCjXxvSzoQncVTFtoQphMJu3QycOZiVBCPsPv8APc6ie4EMRtf8NJm4VtvTBw7jn3cuYeN6aEC13/UkpLyyura+X1ysbm1vaOurvX5lHCEDZRRCPWdSHHlITYFERQ3I0ZhoFLcccd3uR65xkzTqLwUYxibAewHxKfICgk5agnlog0s3Z27KRPmSVIgHnRmvVklrite1nFUat6Q5+UtgiMAlRBUS1HHVtehJIAhwJRyHnP0GNhp5AJgijOKlbCcQzREPZxT8IQSkM7nRyWaUeS8TQ/YvKFQpuwfzdSGHA+Clw5GUAx4PNaTv6rcfmVAfbm7IV/backjBOBQzR19xOqyYTy6DSPMIwEHUkAESPyAA0NIINIyIDzZIz5HBZB+7RhXDYuHs6rzfsiozI4AIegBgxwBZrgDrSACRB4AW/gHXwor8qn8q38TEdLSrGzD2ZKGf8CU7qm2Q==</latexit>

! U(3)q ⇥ U(3)U+u ⇥ U(3)D+d
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ΔF=2: safe (B meson)

ΔF=1: dominated by B→XƔ

Universality (MFV) severely 
constrained by ΔF=0 data!

Neutron EDM: suppressed by MFV (2-loops)

<latexit sha1_base64="uhEZ8GIdxLNY2Gdf5LyfV8wDgkQ="></latexit>

m⇤ & 6.6

g⇤"2u
TeV

Compositeness (LHC)
<latexit sha1_base64="UD3JTUpmKxe9WEVCA4y2HLmzOwI="></latexit>

m⇤ & 7.8g⇤"
2
u TeV

Semi-leptonic B decays suppressed by LR protection of O(4) (crucial for Ebb!)
Agashe et al (2006)

<latexit sha1_base64="PvOOOeZmqsgwX/h8zFsYKMZbh/4=">AAACF3icbVDLSgMxFM3UV62vUVfiJlgEESkzRa3Lgi5cVugLOmXIZG7b0GRmSDJCGYrf4Qe41U9wJ25d+gX+huljodUDgcM553JzT5BwprTjfFq5peWV1bX8emFjc2t7x97da6o4lRQaNOaxbAdEAWcRNDTTHNqJBCICDq1geD3xW/cgFYujuh4l0BWkH7Eeo0QbybcPhH/q9bUJiEqp7J1lnhS4Ds1xwbeLTsmZAv8l7pwU0Rw13/7ywpimAiJNOVGq4zqJ7mZEakY5jAteqiAhdEj60DE0IgJUN5ueMMbHRglxL5bmRRpP1Z8TGRFKjURgkoLogVr0JuK/njJfGUC4sF73rroZi5JUQ0Rn23spxzrGk5JwyCRQzUeGECqZOQDTAZGEalPlpBl3sYe/pFkuuZeli7vzYvVm3lEeHaIjdIJcVEFVdItqqIEoekBP6Bm9WI/Wq/Vmvc+iOWs+s49+wfr4BvJEnv0=</latexit>

m⇤ & 7.2TeV
<latexit sha1_base64="TFej1Ydh+m3+bo8B8NNkkoRrYwE=">AAACJnicbVDJSgNBEO1xjXEb9ehlMAjBQ5xxPwb04DGCWSATQk+nkjTpnhm7awJhyC/4HX6AV/0EbyLevPkbdpaDJhY0vHqvHtX1glhwja77aS0sLi2vrGbWsusbm1vb9s5uRUeJYlBmkYhULaAaBA+hjBwF1GIFVAYCqkHveqRX+6A0j8J7HMTQkLQT8jZnFA3VtPN+nyqINRemS3zNpXfs6weFaad5NPQ7aKzSLZxmm3bOLbjjcuaBNwU5Mq1S0/72WxFLJITIBNW67rkxNlKqkDMBw6yfaIgp69EO1A0MqQTdSMcXDZ1Dw7ScdqTMC9EZs78dKZVaD2RgJiXFrp7VRuS/mjZf6UJrZj22rxopD+MEIWST7e1EOBg5o8ycFlfAUAwMoExxc4DDulRRhibZUTLebA7zoHJS8C4K53dnueLNNKMM2ScHJE88ckmK5JaUSJkw8kieyQt5tZ6sN+vd+piMLlhTzx75U9bXD4fcpjM=</latexit>

"u ⇠ 1/
p
g⇤ & 0.3

Tension!

<latexit sha1_base64="k2S1izJLHKDMped8r1eULj55syU="></latexit>

m⇤ & 0.69

"u
TeV

Anomalous top couplings: LHC
<latexit sha1_base64="EQNDj5tfGlfxypcsXdLG/Qw46PM="></latexit>

m⇤ & 0.9

"u
TeV
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UV hypothesis: 
U(2)xU(3) Flavor

Partial Up-Right-Universality
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<latexit sha1_base64="HuPl/ej8WC2ApndveClkzusjzns="></latexit>

U(2)U ⇥ U(1)U ⇥ U(3)D ⇥ U(3)q ⇥ U(3)u ⇥ U(3)d
<latexit sha1_base64="/BkBlBEcihaC5a3/5XaGl/IL5tA="></latexit>

! U(3)q ⇥ U(2)U+u ⇥ U(1)U+u ⇥ U(3)D+d
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ΔF=2: safe (B meson)

ΔF=1: dominated by B→XƔ
<latexit sha1_base64="qOSARjpRIhH4h5DTHEftBP4f7pM="></latexit>

m⇤ & 0.69

"q
TeV

Compositeness (LHC)
<latexit sha1_base64="UD3JTUpmKxe9WEVCA4y2HLmzOwI="></latexit>

m⇤ & 7.8g⇤"
2
u TeV

Semi-leptonic B decays suppressed by LR protection of O(4) (crucial for Ebb!)
Agashe et al (2006)

Tension relaxed!

<latexit sha1_base64="Q+c2qcsMH7PaGmYVdsr2gRCU7cA="></latexit>
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TeV

uR

<latexit sha1_base64="rWhRyU6m1In0UJl2Ye2wLt+o+ow="></latexit>

m⇤ & 6.6

g⇤"2u3

TeV

Anomalous top couplings: LHC
<latexit sha1_base64="EQNDj5tfGlfxypcsXdLG/Qw46PM="></latexit>

m⇤ & 0.9

"u
TeV

Neutron EDM: new contribution from d-quark dipole

<latexit sha1_base64="l4KmhkqZ4fExLE37BCholLU0yr0=">AAACEnicbVBLTsMwEHXKr5Rf+OzYRFRIrKKE/7ISLFgWiX6kJqocZ9JadZzIdiqVqLfgAGzhCOwQWy7ACbgGbpsFtDzJ0pv3ZjTjF6SMSuU4X0ZpaXllda28XtnY3NreMXf3mjLJBIEGSVgi2gGWwCiHhqKKQTsVgOOAQSsY3Ez81hCEpAl/UKMU/Bj3OI0owUpLXfPAG2IBqaRMV5knaezYZ12z6tjOFNYicQtSRQXqXfPbCxOSxcAVYVjKjuukys+xUJQwGFe8TEKKyQD3oKMpxzFIP59eP7aOtRJaUSL048qaqr8nchxLOYoD3Rlj1Zfz3kT815P6lD6Ec+tVdO3nlKeZAk5m26OMWSqxJvlYIRVAFBtpgomg+gMW6WOBidIpVnQy7nwOi6R5aruX9sX9ebV2W2RURofoCJ0gF12hGrpDddRABD2iZ/SCXo0n4814Nz5mrSWjmNlHf2B8/gDZ1p4B</latexit>

"u ⇠ 0.3
<latexit sha1_base64="hM7sRHV7TnIKva+PsCEK08iw5wo=">AAACFHicbVDLSsNAFJ3UV62vqODGzWARXJXE97KgC5cV7AOaECaTm3bo5MHMpFBif8MPcKuf4E7cuvcL/A2nbRbaemDg3HPu5d45fsqZVJb1ZZSWlldW18rrlY3Nre0dc3evJZNMUGjShCei4xMJnMXQVExx6KQCSORzaPuDm4nfHoKQLIkf1CgFNyK9mIWMEqUlzzxwhkRAKhnXVZ55Z2NHssj2zKpVs6bAi8QuSBUVaHjmtxMkNIsgVpQTKbu2lSo3J0IxymFccTIJKaED0oOupjGJQLr59P4xPtZKgMNE6BcrPFV/T+QkknIU+bozIqov572J+K8n9Sl9CObWq/DazVmcZgpiOtseZhyrBE8SwgETQBUfaUKoYPoDmPaJIFTpHCs6GXs+h0XSOq3Zl7WL+/Nq/bbIqIwO0RE6QTa6QnV0hxqoiSh6RM/oBb0aT8ab8W58zFpLRjGzj/7A+PwBEcOfPw==</latexit>

"u3 ⇠ 1
<latexit sha1_base64="fN6Frx8c2zST1zJtjZBQjEnVV1I=">AAACFnicbVDLSsNAFJ3UV62vqBvBTbAIdVMSseqyoAuXFewDmlAmk5t26EwSZiaFEup3+AFu9RPciVu3foG/4bTNQlsPDJx7zr3cucdPGJXKtr+Mwsrq2vpGcbO0tb2zu2fuH7RknAoCTRKzWHR8LIHRCJqKKgadRADmPoO2P7yZ+u0RCEnj6EGNE/A47kc0pAQrLfXMo4o7wgISSZkus2DiSsrtau2sZ5btqj2DtUycnJRRjkbP/HaDmKQcIkUYlrLr2InyMiwUJQwmJTeVkGAyxH3oahphDtLLZhdMrFOtBFYYC/0iZc3U3xMZ5lKOua87OVYDuehNxX89qb8ygGBhvQqvvYxGSaogIvPtYcosFVvTjKyACiCKjTXBRFB9gEUGWGCidJIlnYyzmMMyaZ1Xnctq7f6iXL/NMyqiY3SCKshBV6iO7lADNRFBj+gZvaBX48l4M96Nj3lrwchnDtEfGJ8/goKfYw==</latexit>

("d ⇠ 0.5)
Physics at the TeV is allowed 

by reasonable hypothesis:
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We can realize MFV even with composite right-handed quarks 
Best case scenario is Partial Up-Right Universality: tR separated from uR, cR

Full Right Universality U(3)xU(3)

Partial Right Universality U(2)xU(2)

Partial Up Right Universality U(2)xU(3)

Safe from 
tree dipoles

B→
XƔ

B osc.

Higgs c
oupl.

LH
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 (c
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ss
)+
Δ
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<latexit sha1_base64="RvXtYz7DnR26YI4bTMFcaSZFhk4=">AAACRHicbVDLSsNAFJ34rPUVdekmWAQXUhJr1WVBEZcV7APaECaT23boTBJmJoUS6hf5HX6AO9G9G3fiVpy2WdjWAwPnnnMvd+7xY0alsu1XY2l5ZXVtPbeR39za3tk19/brMkoEgRqJWCSaPpbAaAg1RRWDZiwAc59Bw+9fj/3GAISkUfighjG4HHdD2qEEKy155m17gAXEkjJdpcmoLSm3i6XTx1ndK00cZ04Psv6yZxbsoj2BtUicjBRQhqpnfrSDiCQcQkUYlrLl2LFyUywUJQxG+XYiIcakj7vQ0jTEHKSbTu4dWcdaCaxOJPQLlTVR/06kmEs55L7u5Fj15Lw3Fv/1pP5KD4K59apz5aY0jBMFIZlu7yTMUpE1TtQKqACi2FATTATVB1ikhwUmSuee18k48zkskvpZ0bkolu/PC5WbLKMcOkRH6AQ56BJV0B2qohoi6Am9oDf0bjwbn8aX8T1tXTKymQM0A+PnFxMMs6Y=</latexit>

"u ⇠ 0.3, "u3 ⇠ 1, "d ⇠ 0.5
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Full Right Universality U(3)xU(3)

Partial Right Universality U(2)xU(2)

Partial Up Right Universality U(2)xU(3)
B→

XƔ

B osc.

Higgs c
oupl.

LH
C

 (c
om

po
si
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ne

ss
)+
Δ

F=
2

— New physics directly accessible at colliders (competitive spin 1/2 & 1 searches) 
— Modest tuning (only from Higgs vev) 
— Compositeness reasonably large (0.3<ε<1) to justify our hypothesis

Higgs quartic is right
<latexit sha1_base64="tYx7tr1uB9FCX2AzcxRfRg7zccY="></latexit>
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— Relaxes the most stringent ΔF=0 constraints, which kill Full Universality 
— Still secludes CP-violation (both up & down needed in EDMs: enough to avoid constraints) 
— ΔF=2 transitions do not worsen significantly (basic MFV mechanism is still at work) 
— Flavor-violating Higgs couplings never important 
— Tree-level dipoles for B→XƔ are dangerous, except in Partial Up-Universality (MFV in down) 
— The lepton sector is a different story…

General lessons 
Moving from Full (or U(3)) to Partial Universality (or U(2)) 
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UV hypothesis: Partial Right-Universality

Partial Universality in the Lepton Sector?
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Rough projections:  
ΔF=2 (∼x4 from HL-LHC),  
ΔF=1 (∼x4 from LHCb and Belle II),  
ΔF=0 (∼x2-4 from HL-LHC)
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 Flavor is (and has been) one of the major “problems” for naturalness:  
   A concrete picture is required to guide our expectations and plan future 
 To explore options and consequences: have to make hypothesis on UV 

    We assumed flavor symmetries:  
   — No explanation of structure (originated from higher scales) 
   — But can identify viable patterns and correlations to be tested at colliders 
 Plausible scenario with “composite uR” and approximate U(2)xU(3) exist 
 “Composite qL” is perhaps less justifiable: any compelling picture? 
 MFV is NOT the best option for strong Higgs (and hence SMEFT) 
 We reach 10% tuning with physics directly accessible at LHC 

    To be compared with 0.1% of a theory of flavor: which is more natural?

               
Conclusions
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Cleverness

ClevernessAnarchy


