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  You know the motivation
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~25% of a SM loop effect ~20% of a SM tree-level effect

⌧
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The only source of lepton flavor universality violation in the SM (Yukawas) follow 
a similar trend:                       …. Are the anomalies connected to them?ye ⌧ yµ ⌧ y⌧
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  U(2) flavor symmetry as a guiding principle
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The SM Yukawas respect an approximate U(2) symmetry
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Unbroken symmetry 
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Final breaking

Assuming a single leading breaking ensures an effective protection of FCNCs 

[SM-like mixing among light & 3rd generations               consistent with CKM fits]

Large NP effects in 3rd generation, light-generation effects controlled by the breaking

Barbieri et al. 1105.2296
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Compatibility between high-     data and             require largish 32 quark couplingsR(D(*))∙ pT



  Which mediator?
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Lepton x Lepton 
( LFUV tests, LFV… )

Quark x Quark  
(             ) ΔF = 2

Quark x Lepton

Leptoquarks have a clear advantage: they allow to decorrelate the semileptonic 
4-fermion operators from the hadronic and leptonic ones (at tree-level)



  Simplified dynamical models
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UV completion 

S1 + S3

U1 +

S3 + R2

Three viable options in the market    :(*)

     Assuming no light       (see talk by Dean Robison) νR
(*)

[di Luzio, Greljo, Nardecchia 1708.08450;  
 Calibbi, Crivellin, Li 1709.00692;  
 Bordone, Cornella, JF, Isidori 1712.01368;

 Barbieri, Tesi, 1712.06844…]

[Bečirević et al., 1806.05689]

[Crivellin, Muller, Ota 1703.09226; 

 Buttazzo et al. 1706.07808; 

 Marzocca 1803.10972]

In this talk I will discuss different      UV completions

from an extended gauge sector

U1



  Why not the Pati Salam model?
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The vector-leptoquark solution points to Pati-Salam unification

No proton decay (protected by symmetry)

The (flavor blind) Pati-Salam model cannot work

PS ⌘ SU(4) ⇥ SU(2)L ⇥ SU(2)R
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Pati, Salam, Phys. Rev. D10 (1974) 275

[Lepton number as the 4th “color”]

            is the smallest group containing the required vector LQ [                         ]SU(4)
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U1 ⇠ (3,1)2/3
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The bounds from                  and               lift the LQ mass to 100 TeVKL ! µe
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The associated      would be excessively produced at LHCZ′�
MU ∼ MZ′� ∼ 𝒪(TeV) & 𝒪(gs) Z′� couplings to valence quarks



               and                     and       couplings to valence quarks       𝒪(g3/g4) g′� Z′�𝒪(g1/g4)

  The 4321 model(s)
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SU(4) × SU(3) × SU(2)L × U(1) SU(3)c × SU(2)L × U(1)Y

SSB

SU(3)c

U(1)Y

Why an additional            ?SU(3)

The extra            gives a      (coloron), apart from the      already present in PSg′� Z′�SU(3)

SU(3)c = (SU(4) × SU(3))diag

U(1)Y = (SU(4) × U(1))diag

It allows to decorrelate the             from the SM color group. In the limit

               , this solves the high-     problem  g4 ≫ g3,1

SU(4)
pT



  The 4321 model(s)
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SU(4) × SU(3) × SU(2)L × U(1) SU(3)c × SU(2)L × U(1)Y

SSB

SU(3)c

U(1)Y

Different fermion embeddings give two distinct solutions:

The original 4321 

[di Luzio, Greljo, Nardecchia 1708.08450; Diaz, Schmaltz, Zhong 1706.05033]

       (at low energies)

[Bordone, Cornella, JF, Isidori 1712.01368, 1805.09328; Greljo, Stefanek, 1802.04274]
PS3



  The original 4321
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SU(4) × SU(3) × SU(2)L × U(1) SU(3)c × SU(2)L × U(1)Y

⟨Ω1,3,15⟩

SU(3)c

U(1)Y

nVL = 3

nSM−like = 3

Flavor structure controlled 
(i.e. “fixed”) via SM-VL mixing 

Not in the 

“original” 4321

[di Luzio, JF, Greljo, Nardecchia, Renner 1808.00942]

di Luzio, Greljo, Nardecchia 1708.08450



  A small parenthesis: the SM flavor structure
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ℒY ⊃ V†
CKM

̂YU q̄′� H̃ uR + ̂YD q̄′� H dR

In the SM the only source of flavor appears in the Yukawas

It presents a very interesting (nice) feature…

(down flavor basis)

Can we mimic this feature?

In the absence of one Yukawa,       or      , the CKM is unphysicalYU YD

Tree-level flavor violation (via the CKM) appears only in the 

charged currents

q = (V†
CKM u

d ) ℓ = (ν
ℓ)

YU

YD

VCKM



  4321 flavor structure 
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ℒY ⊃ V†
CKM

̂YU q̄′� H̃ uR + ̂YD q̄′� H dR

ℒΨ ⊃ λℓ ℓ̄′�L Ω1 χR + λq q̄′�L Ω3 χR + λ15 ΨL Ω15 χR + M χL χR

As in the SM model, in 4321 the only source of flavor appears in the Yukawas…

SM Yukawas: 

SM-VL mixing: 

Also as in the SM, Yukawa structure imposed “by hand”

Flavor ansatz:
U(2)-like quark sector (                     )∙
No couplings to     

(or negligibly small)

e∙

∙ SM-VL flavor alignment

∙ VL masses flavor neutral

(*)

ΔF = 2 obs

                              Small misalignments are possible

(constrained by 

(*)
ΔF = 2 & LFV)



  4321 flavor structure 

!12

ℒY ⊃ V†
CKM

̂YU q̄′� H̃ uR + ̂YD q̄′� H dR

ℒΨ ⊃ λℓ ℓ̄′�LΩ1 χR + λq q̄′�LΩ3 χR + λ15 χL Ω15 χR + M χL χR

λℓ = diag (0, λμ, λτ)

λ15 & M ∝
(flavor neutral)

As in the SM model, the only source of flavor appears in the Yukawas…

SM Yukawas: 

SM-VL mixing: 

λq = diag (λq12
, λq12

, λq3
) W†

Flavor ansatz:

q = (V†
CKM u

d ) ℓ = (ν
ℓ) Ψ = (W†Q

L )

U(2)-like quark sector∙
No couplings to     

(or negligibly small)

e∙

∙ SM-VL flavor alignment

∙ VL masses flavor neutral λμ ≪ λτ

(*)

                              Small misalignments are possible

(constrained by 

(*)
ΔF = 2 & LFV)

Q

L

W

Splits MQ & ML



  4321 flavor structure 
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Maximal 2-3 flavor violation 
(                   )θLQ ≈ π /4

W =
0 0 0
0 cθLQ

sθLQ

0 −sθLQ
cθLQ

βL ≈
0 0 0
0 cθLQ

sq12
sℓ2

sθLQ
sq12

sℓ3

0 −sθLQ
sq3

sℓ2
sℓ3

cθLQ
sq3

sℓ3

βR ≈ 0

Same NP contribution for          and  R(D) R(D*)

Tree-level FCNCs under control

Absent in down-quark and 

charged lepton sectors

SM-like (i.e U(2) protected) 

in up-quark sector

ℒU ⊃
g4

2
Uμ (βij

L q̄i
L γμ ℓj

L + βij
R d̄i

R γμ e j
R) + h . c .



        phenomelogy in 4321
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     pheno closely follows the analyses based in simplified models…U1

But what about the other new particles?

[Schmaltz, Zhong, 1810.10017]

(see also 1808.08179, 1609.07138)

High-pT is fine LFV around the corner Huge effects in                b → sττ

[Angelescu et al., 1808.08179] [Capdevila et al., 1712.01919]

U1



  High-pT highlights
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Mg′�/MU ≈ 2

Coloron searches push the whole spectrum up



               observables

!16

ΔF = 2

UU

Cancellation of divergences

(effective suppression for light VL partners)

CLL
bs ∼ ΔRD(*) M2

L

Analogous with              mixing, but different scaling due to different external particlesD − D̄

(     unitarity)W

The assumed flavor structure ensures enough protection against tree-level FCNCs…

… but loop effects proportional to      are important (similar to the SM case with           )W VCKM



               observables
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CLL
bs ∼ ΔR2

D(*) M2
L

ΔF = 2

CD
1 ∼ s2

q12
ΔR2

D(*) M2
L

The assumed flavor structure ensures enough protection against tree-level FCNCs…

… but loop effects proportional to      are important (similar to the SM case with           )W VCKM



  4321 exotica
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Vector-like fermions predicted 
to be the lightest states!

Exotic multi-jet multi-lepton 
signatures are predictedCD

1 ∼ s2
q12

ΔR2
D(*) M2

L

MQ − ML ∼ λ15 ⟨Ω15⟩



  The original 4321: a snapshot 
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NP scale fixed by     searchesg′�

      limited by            & high- 

signatures of vector-like leptons

D − D̄ pTsq2
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[Bordone, Cornella, JF, Isidori 1712.01368]



         at low energies… “flavored” 4321 
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SU(4)3 × SU(3)1+2 × SU(2)L × U(1) SU(3)c × SU(2)L × U(1)Y

⟨Ω1,3,15⟩

SU(3)c

U(1)Y

3rd family

1st & 2nd families

nVL = 2

PS3

“Flavoring” of the gauge group has 
interesting implications

Couplings to 3rd family naturally big

(perturbativity issue fixed)

U(2)-like Yukawa textures 
(explanation to the SM flavor hierarchies)

Gauge anomaly cancellation implies

large couplings also to RH fields

Smaller effects in 1st & 2nd families

through SM-VL mixing 


      Not in 

“original”           PS3

[Cornella, JF, Isidori, in preparation]

Bordone et al. 1712.01368



         flavor structure 
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ℒren
Y ⊃ yu ψ̄3

L H̃ ψ3
Ru

+ yd ψ̄3
L H ψ3

Rd
SM Yukawas: 

Yf ∼ [Δ V
0 1]

PS3

Yukawa hierarchies from a flavored gauge structure + NP scale hierarchies
[Bordone, Cornella, JF, Isidori 1712.01368]

|V | ∼
⟨Ω1,3⟩

Mχ
∼ |Vts |

[see also Greljo, Stefanek, 1802.04274]

⟨Ωℓ3⟩ H3

Ψ(ℓ)
L Ψ(3)

R

χR χL

⟨Ω1,3⟩ H

|Δ | ∼
⟨ΦL

ℓ3⟩⟨ΦR
ℓ3⟩

Λ2
∼ yc

⟨ΦL
ℓ3⟩ ⟨ΦR

ℓ3⟩H3

∆12

Ψ(ℓ)
L Ψ(ℓ)

R

H

At the NP scale I’m discussing this 

would be d = 4

yt ≈ yν3 Requires low-scale seesaw

yb ≈ yτ



         flavor structure 
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ℒΨ ⊃ λℓ ℓ̄′�L Ω1χR + λq q̄′�L Ω3 χR + λ15 χL Ω15 χR + M χL χR

λ′�15 ψ̄3
L Ω15 χR

PS3

Yukawa hierarchies from a flavored gauge structure + NP scale hierarchies

SM-VL mixing: 

Same as before but only two 
families now!

No sizable 2-3 misalignment 
possible from here

[Cornella, JF, Isidori, in preparation]

is now a source of flavor:Ω15

Large 2-3 misalignment 
only in LQ transitions!



       phenomelogy in low energy 
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βL ≈

0 0 −λ sθLQ
sq12

0 cθLQ
sq12

sℓ2
sθLQ

sq12

0 −sθLQ
sℓ2

cθLQ

βR ≈ (
0 0 0
0 0 0
0 0 1)

U1 PS3

sθLQ
cθLQ

No mixing angle suppression

(                   by construction)sq3

= sℓ3
= 1

ℒU ⊃
g4

2
Uμ (βij

L q̄i
L γμ ℓj

L − βij
R d̄i

R γμ e j
R) + h . c .

λ ≈ 0.22n.b.



       phenomelogy in low energy 
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βL ≈

0 0 −λ sθLQ
sq12

0 cθLQ
sq12

sℓ2
sθLQ

sq12

0 −sθLQ
sℓ2

cθLQ

βR ≈ (
0 0 0
0 0 0
0 0 1)

U1 PS3

sθLQ
cθLQ

No mixing angle suppression

(                   by construction)sq3

= sℓ3
= 1

ℒU ⊃
g4

2
Uμ (βij

L q̄i
L γμ ℓj

L − βij
R d̄i

R γμ e j
R) + h . c .

λ ≈ 0.22n.b.
Fierz

ΔRD ≈ 0.3 ( 3 TeV
MU )

2

( g4

3.0 )
2

(RGE enhanced)

ΔRD* ≈ 0.1 ( 3 TeV
MU )

2

( g4

3.0 )
2

θLQ = 0.5 sq12
= 0.2n.b. taking                 and [Cornella, JF, Isidori, in preparation]

CVL
= CSR

=



       phenomelogy in low energy 
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βL ≈

0 0 −λ sθLQ
sq12

0 cθLQ
sq12

sℓ2
sθLQ

sq12

0 −sθLQ
sℓ2

cθLQ

βR ≈ (
0 0 0
0 0 0
0 0 1)

U1 PS3

ℒU ⊃
g4

2
Uμ (βij

L q̄i
L γμ ℓj

L + βij
R d̄i

R γμ e j
R) + h . c .

Phenomenology of the              LQ quite different from “usual” simplified analyses:U1 PS3

Isidori @ TH Implications

Larger NP in          w.r.t.  R(D) R(D*)

Larger LFV effects in some obs.:                                                (scalar enhanced)ℬ(Bs → τμ) ∼ 𝒪(10−4 − 10−5)

and              NP enhancement in       ℬ(Bc → τν) ≈ 5 % 𝒪(40%) ℬ(B → τν)

Very large effect in                    (scalar enhanced), close to current limit by LHCb    ℬ(Bs → ττ)



  Conclusions
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Connection to the SM Yukawa structure still viable

Current data is still inconclusive and the overall picture might change…

If the anomalies are really pointing to NP, new experimental indications (both in 
high-     and at low energies) should show up soon in several observablespT

… However this conclusion is strongly driven by R(D(*))

… it is possible to find interesting solutions to the current B anomaly data while 
remaining consistent with other low- and high-energy data

Going beyond simplified dynamical models is important

Lesson from 4321: unexpected experimental signatures (        , VL fermions,…)g′�, Z′�



!28

The end



 Z’ & g’ interactions
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  D-mixing at tree level
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sq1
= sq2

+ CKM unitarity



         symmetry breaking pattern
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Accidental            symmetryU(2)5
<latexit sha1_base64="kqJTpLFSUIjFwm+bAyJeSH1Az1A="></latexit><latexit sha1_base64="kqJTpLFSUIjFwm+bAyJeSH1Az1A="></latexit><latexit sha1_base64="kqJTpLFSUIjFwm+bAyJeSH1Az1A="></latexit><latexit sha1_base64="kqJTpLFSUIjFwm+bAyJeSH1Az1A="></latexit>

Higher dimensional operators act as 
spurions (i.e. small breakings) of the 
U(2) symmetry

PS3



                 : one phase to save them all?
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Current lattice data hint to a deficit in the experiment w.r.t. SM prediction in

[Fermilab/MILC 2016 [1602.03560]: SM prediction          (     ) and          (     ) above experiment]

Still early to draw conclusions but 
it is interesting that the model can 
“naturally” explain the deficit  

Possible CP violation effects 
in               transitions! b ! s, d

<latexit sha1_base64="rgSO+TOC6nsm+1a6KH774Cw9AOA=">AAACGXicbVDLTgIxFO3gC/GFunQzkZi4IKRFIrIjceMSE0dImAnplAINnc6k7ZiQyXyHG3/FjQs1LnXl31iGWSh4kiYn5557e+/xI86UhvDbKqytb2xuFbdLO7t7+wflw6N7FcaSUIeEPJQ9HyvKmaCOZprTXiQpDnxOu/70el7vPlCpWCju9CyiXoDHgo0YwdpIgzJK3GxIX459L4E12IAIXlZhDV006qiVkXqz2Uh9V4e2qg7TQblibBnsVYJyUgE5OoPypzsMSRxQoQnHSvURjLSXYKkZ4TQtubGiESZTPKZ9QwUOqPKSbKvUPjPK0B6F0jyh7Uz93ZHgQKlZ4BtngPVELdfm4n+1fqxHV17CRBRrKsjio1HMbXPlPCd7yCQlms8MwUQys6tNJlhiok2aJRMCWj55lTj1WquGbhuVditPowhOwCk4Bwg0QRvcgA5wAAGP4Bm8gjfryXqx3q2PhbVg5T3H4A+srx/cqJyL</latexit><latexit sha1_base64="rgSO+TOC6nsm+1a6KH774Cw9AOA=">AAACGXicbVDLTgIxFO3gC/GFunQzkZi4IKRFIrIjceMSE0dImAnplAINnc6k7ZiQyXyHG3/FjQs1LnXl31iGWSh4kiYn5557e+/xI86UhvDbKqytb2xuFbdLO7t7+wflw6N7FcaSUIeEPJQ9HyvKmaCOZprTXiQpDnxOu/70el7vPlCpWCju9CyiXoDHgo0YwdpIgzJK3GxIX459L4E12IAIXlZhDV006qiVkXqz2Uh9V4e2qg7TQblibBnsVYJyUgE5OoPypzsMSRxQoQnHSvURjLSXYKkZ4TQtubGiESZTPKZ9QwUOqPKSbKvUPjPK0B6F0jyh7Uz93ZHgQKlZ4BtngPVELdfm4n+1fqxHV17CRBRrKsjio1HMbXPlPCd7yCQlms8MwUQys6tNJlhiok2aJRMCWj55lTj1WquGbhuVditPowhOwCk4Bwg0QRvcgA5wAAGP4Bm8gjfryXqx3q2PhbVg5T3H4A+srx/cqJyL</latexit><latexit sha1_base64="rgSO+TOC6nsm+1a6KH774Cw9AOA=">AAACGXicbVDLTgIxFO3gC/GFunQzkZi4IKRFIrIjceMSE0dImAnplAINnc6k7ZiQyXyHG3/FjQs1LnXl31iGWSh4kiYn5557e+/xI86UhvDbKqytb2xuFbdLO7t7+wflw6N7FcaSUIeEPJQ9HyvKmaCOZprTXiQpDnxOu/70el7vPlCpWCju9CyiXoDHgo0YwdpIgzJK3GxIX459L4E12IAIXlZhDV006qiVkXqz2Uh9V4e2qg7TQblibBnsVYJyUgE5OoPypzsMSRxQoQnHSvURjLSXYKkZ4TQtubGiESZTPKZ9QwUOqPKSbKvUPjPK0B6F0jyh7Uz93ZHgQKlZ4BtngPVELdfm4n+1fqxHV17CRBRrKsjio1HMbXPlPCd7yCQlms8MwUQys6tNJlhiok2aJRMCWj55lTj1WquGbhuVditPowhOwCk4Bwg0QRvcgA5wAAGP4Bm8gjfryXqx3q2PhbVg5T3H4A+srx/cqJyL</latexit><latexit sha1_base64="rgSO+TOC6nsm+1a6KH774Cw9AOA=">AAACGXicbVDLTgIxFO3gC/GFunQzkZi4IKRFIrIjceMSE0dImAnplAINnc6k7ZiQyXyHG3/FjQs1LnXl31iGWSh4kiYn5557e+/xI86UhvDbKqytb2xuFbdLO7t7+wflw6N7FcaSUIeEPJQ9HyvKmaCOZprTXiQpDnxOu/70el7vPlCpWCju9CyiXoDHgo0YwdpIgzJK3GxIX459L4E12IAIXlZhDV006qiVkXqz2Uh9V4e2qg7TQblibBnsVYJyUgE5OoPypzsMSRxQoQnHSvURjLSXYKkZ4TQtubGiESZTPKZ9QwUOqPKSbKvUPjPK0B6F0jyh7Uz93ZHgQKlZ4BtngPVELdfm4n+1fqxHV17CRBRrKsjio1HMbXPlPCd7yCQlms8MwUQys6tNJlhiok2aJRMCWj55lTj1WquGbhuVditPowhOwCk4Bwg0QRvcgA5wAAGP4Bm8gjfryXqx3q2PhbVg5T3H4A+srx/cqJyL</latexit>

CP violating NP can account for the deficit!


Other               transitions:            ,              also under control!K � K̄
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1.1�
<latexit sha1_base64="mQXfTd2HsccX2ohVrTVefBKJtx0=">AAACHHicbVDNS8MwHE3n15xfVY9eikPwMEozi3O3gRePE6wbrGWkWbqFpR8kqTBK/xEv/itePKh48SD435h1Pejmg8DjvfdLfnl+wqiQlvWtVdbWNza3qtu1nd29/QP98OhexCnHxMExi3nfR4IwGhFHUslIP+EEhT4jPX96Pfd7D4QLGkd3cpYQL0TjiAYUI6mkoW5nbnHJgI99L7NMy7agddmwTHhhN2G7IM1Wy86hCd2GK+g4RPlQr6tkAWOVwJLUQYnuUP90RzFOQxJJzJAQA2gl0ssQlxQzktfcVJAE4Skak4GiEQqJ8LJisdw4U8rICGKuTiSNQv09kaFQiFnoq2SI5EQse3PxP2+QyuDKy2iUpJJEePFQkDJDxsa8KmNEOcGSzRRBmFO1q4EniCMsVaE1VQJc/vIqcZpm24S3dr3TLtuoghNwCs4BBC3QATegCxyAwSN4Bq/gTXvSXrR37WMRrWjlzDH4A+3rB5aWnWo=</latexit><latexit sha1_base64="mQXfTd2HsccX2ohVrTVefBKJtx0=">AAACHHicbVDNS8MwHE3n15xfVY9eikPwMEozi3O3gRePE6wbrGWkWbqFpR8kqTBK/xEv/itePKh48SD435h1Pejmg8DjvfdLfnl+wqiQlvWtVdbWNza3qtu1nd29/QP98OhexCnHxMExi3nfR4IwGhFHUslIP+EEhT4jPX96Pfd7D4QLGkd3cpYQL0TjiAYUI6mkoW5nbnHJgI99L7NMy7agddmwTHhhN2G7IM1Wy86hCd2GK+g4RPlQr6tkAWOVwJLUQYnuUP90RzFOQxJJzJAQA2gl0ssQlxQzktfcVJAE4Skak4GiEQqJ8LJisdw4U8rICGKuTiSNQv09kaFQiFnoq2SI5EQse3PxP2+QyuDKy2iUpJJEePFQkDJDxsa8KmNEOcGSzRRBmFO1q4EniCMsVaE1VQJc/vIqcZpm24S3dr3TLtuoghNwCs4BBC3QATegCxyAwSN4Bq/gTXvSXrR37WMRrWjlzDH4A+3rB5aWnWo=</latexit><latexit sha1_base64="mQXfTd2HsccX2ohVrTVefBKJtx0=">AAACHHicbVDNS8MwHE3n15xfVY9eikPwMEozi3O3gRePE6wbrGWkWbqFpR8kqTBK/xEv/itePKh48SD435h1Pejmg8DjvfdLfnl+wqiQlvWtVdbWNza3qtu1nd29/QP98OhexCnHxMExi3nfR4IwGhFHUslIP+EEhT4jPX96Pfd7D4QLGkd3cpYQL0TjiAYUI6mkoW5nbnHJgI99L7NMy7agddmwTHhhN2G7IM1Wy86hCd2GK+g4RPlQr6tkAWOVwJLUQYnuUP90RzFOQxJJzJAQA2gl0ssQlxQzktfcVJAE4Skak4GiEQqJ8LJisdw4U8rICGKuTiSNQv09kaFQiFnoq2SI5EQse3PxP2+QyuDKy2iUpJJEePFQkDJDxsa8KmNEOcGSzRRBmFO1q4EniCMsVaE1VQJc/vIqcZpm24S3dr3TLtuoghNwCs4BBC3QATegCxyAwSN4Bq/gTXvSXrR37WMRrWjlzDH4A+3rB5aWnWo=</latexit><latexit sha1_base64="mQXfTd2HsccX2ohVrTVefBKJtx0=">AAACHHicbVDNS8MwHE3n15xfVY9eikPwMEozi3O3gRePE6wbrGWkWbqFpR8kqTBK/xEv/itePKh48SD435h1Pejmg8DjvfdLfnl+wqiQlvWtVdbWNza3qtu1nd29/QP98OhexCnHxMExi3nfR4IwGhFHUslIP+EEhT4jPX96Pfd7D4QLGkd3cpYQL0TjiAYUI6mkoW5nbnHJgI99L7NMy7agddmwTHhhN2G7IM1Wy86hCd2GK+g4RPlQr6tkAWOVwJLUQYnuUP90RzFOQxJJzJAQA2gl0ssQlxQzktfcVJAE4Skak4GiEQqJ8LJisdw4U8rICGKuTiSNQv09kaFQiFnoq2SI5EQse3PxP2+QyuDKy2iUpJJEePFQkDJDxsa8KmNEOcGSzRRBmFO1q4EniCMsVaE1VQJc/vIqcZpm24S3dr3TLtuoghNwCs4BBC3QATegCxyAwSN4Bq/gTXvSXrR37WMRrWjlzDH4A+3rB5aWnWo=</latexit>

1.8�
<latexit sha1_base64="XqCU7alA2ZYvhxt+Tr7yrNZnHjo=">AAACHHicbVDNS8MwHE39nPOr6tFLcQgeRmlmcdtt4MXjBOsGaxlplm5h6QdJKozSf8SL/4oXDypePAj+N2ZdD7r5IPB47/2SX56fMCqkZX1ra+sbm1vblZ3q7t7+waF+dHwv4pRj4uCYxbzvI0EYjYgjqWSkn3CCQp+Rnj+9nvu9B8IFjaM7OUuIF6JxRAOKkVTSULczt7hkwMe+l1mmZVvQuqpbJry0G7BdkEazaefQbLl1V9BxiPKhXlPJAsYqgSWpgRLdof7pjmKchiSSmCEhBtBKpJchLilmJK+6qSAJwlM0JgNFIxQS4WXFYrlxrpSREcRcnUgahfp7IkOhELPQV8kQyYlY9ubif94glUHLy2iUpJJEePFQkDJDxsa8KmNEOcGSzRRBmFO1q4EniCMsVaFVVQJc/vIqcRpm24S3dq3TLtuogFNwBi4ABE3QATegCxyAwSN4Bq/gTXvSXrR37WMRXdPKmRPwB9rXD6FqnXE=</latexit><latexit sha1_base64="XqCU7alA2ZYvhxt+Tr7yrNZnHjo=">AAACHHicbVDNS8MwHE39nPOr6tFLcQgeRmlmcdtt4MXjBOsGaxlplm5h6QdJKozSf8SL/4oXDypePAj+N2ZdD7r5IPB47/2SX56fMCqkZX1ra+sbm1vblZ3q7t7+waF+dHwv4pRj4uCYxbzvI0EYjYgjqWSkn3CCQp+Rnj+9nvu9B8IFjaM7OUuIF6JxRAOKkVTSULczt7hkwMe+l1mmZVvQuqpbJry0G7BdkEazaefQbLl1V9BxiPKhXlPJAsYqgSWpgRLdof7pjmKchiSSmCEhBtBKpJchLilmJK+6qSAJwlM0JgNFIxQS4WXFYrlxrpSREcRcnUgahfp7IkOhELPQV8kQyYlY9ubif94glUHLy2iUpJJEePFQkDJDxsa8KmNEOcGSzRRBmFO1q4EniCMsVaFVVQJc/vIqcRpm24S3dq3TLtuogFNwBi4ABE3QATegCxyAwSN4Bq/gTXvSXrR37WMRXdPKmRPwB9rXD6FqnXE=</latexit><latexit sha1_base64="XqCU7alA2ZYvhxt+Tr7yrNZnHjo=">AAACHHicbVDNS8MwHE39nPOr6tFLcQgeRmlmcdtt4MXjBOsGaxlplm5h6QdJKozSf8SL/4oXDypePAj+N2ZdD7r5IPB47/2SX56fMCqkZX1ra+sbm1vblZ3q7t7+waF+dHwv4pRj4uCYxbzvI0EYjYgjqWSkn3CCQp+Rnj+9nvu9B8IFjaM7OUuIF6JxRAOKkVTSULczt7hkwMe+l1mmZVvQuqpbJry0G7BdkEazaefQbLl1V9BxiPKhXlPJAsYqgSWpgRLdof7pjmKchiSSmCEhBtBKpJchLilmJK+6qSAJwlM0JgNFIxQS4WXFYrlxrpSREcRcnUgahfp7IkOhELPQV8kQyYlY9ubif94glUHLy2iUpJJEePFQkDJDxsa8KmNEOcGSzRRBmFO1q4EniCMsVaFVVQJc/vIqcRpm24S3dq3TLtuogFNwBi4ABE3QATegCxyAwSN4Bq/gTXvSXrR37WMRXdPKmRPwB9rXD6FqnXE=</latexit><latexit sha1_base64="XqCU7alA2ZYvhxt+Tr7yrNZnHjo=">AAACHHicbVDNS8MwHE39nPOr6tFLcQgeRmlmcdtt4MXjBOsGaxlplm5h6QdJKozSf8SL/4oXDypePAj+N2ZdD7r5IPB47/2SX56fMCqkZX1ra+sbm1vblZ3q7t7+waF+dHwv4pRj4uCYxbzvI0EYjYgjqWSkn3CCQp+Rnj+9nvu9B8IFjaM7OUuIF6JxRAOKkVTSULczt7hkwMe+l1mmZVvQuqpbJry0G7BdkEazaefQbLl1V9BxiPKhXlPJAsYqgSWpgRLdof7pjmKchiSSmCEhBtBKpJchLilmJK+6qSAJwlM0JgNFIxQS4WXFYrlxrpSREcRcnUgahfp7IkOhELPQV8kQyYlY9ubif94glUHLy2iUpJJEePFQkDJDxsa8KmNEOcGSzRRBmFO1q4EniCMsVaFVVQJc/vIqcRpm24S3dq3TLtuogFNwBi4ABE3QATegCxyAwSN4Bq/gTXvSXrR37WMRXdPKmRPwB9rXD6FqnXE=</latexit>

Current data U(2) symmetry

✓b = O(Vts)
<latexit sha1_base64="RdmpSykGhBW0StUZowkOOnJo/hM="></latexit><latexit sha1_base64="RdmpSykGhBW0StUZowkOOnJo/hM="></latexit><latexit sha1_base64="RdmpSykGhBW0StUZowkOOnJo/hM="></latexit><latexit sha1_base64="RdmpSykGhBW0StUZowkOOnJo/hM="></latexit>

free�b ' ⇡/2
<latexit sha1_base64="PccStGEOW9TGQmHnDOYb7bkNZdQ="></latexit><latexit sha1_base64="PccStGEOW9TGQmHnDOYb7bkNZdQ="></latexit><latexit sha1_base64="PccStGEOW9TGQmHnDOYb7bkNZdQ="></latexit><latexit sha1_base64="PccStGEOW9TGQmHnDOYb7bkNZdQ="></latexit>

�b
<latexit sha1_base64="mHKVST/IFrSiTT4cLtGTvbV9Uss="></latexit><latexit sha1_base64="mHKVST/IFrSiTT4cLtGTvbV9Uss="></latexit><latexit sha1_base64="mHKVST/IFrSiTT4cLtGTvbV9Uss="></latexit><latexit sha1_base64="mHKVST/IFrSiTT4cLtGTvbV9Uss="></latexit>

Bs,d � B̄s,d
<latexit sha1_base64="bYXpQGHu/R+edYAeE4Ra9bpzVwI="></latexit><latexit sha1_base64="bYXpQGHu/R+edYAeE4Ra9bpzVwI="></latexit><latexit sha1_base64="bYXpQGHu/R+edYAeE4Ra9bpzVwI="></latexit><latexit sha1_base64="bYXpQGHu/R+edYAeE4Ra9bpzVwI="></latexit>

Bs
<latexit sha1_base64="EdBabnYT9Gf2DYFb51ByDgU4MV0=">AAACFHicbVBLS8NAGNzUV62vqEcvwSJ4KCFpI23BQ9GLxwrGFtIQNttNu3TzYHcjlJA/4cW/4sWDilcP3vw3btMetHVgYZiZb/fb8RNKuDCMb6W0tr6xuVXeruzs7u0fqIdH9zxOGcI2imnM+j7kmJII24IIivsJwzD0Ke75k+uZ33vAjJM4uhPTBLshHEUkIAgKKXlqLRsUlzhs5LuZoRuNttUyaoZuNupNyypI48Jo51cezz21KhMFtFViLkgVLND11K/BMEZpiCOBKOTcMY1EuBlkgiCK88og5TiBaAJH2JE0giHmblYslGtnUhlqQczkiYRWqL8nMhhyPg19mQyhGPNlbyb+5zmpCFpuRqIkFThC84eClGoi1mYVaUPCMBJ0KglEjMhdNTSGDCIhi6zIEszlL68Su663dfPWqnYuF22UwQk4BefABE3QATegC2yAwCN4Bq/gTXlSXpR35WMeLSmLmWPwB8rnD2XOmrc=</latexit><latexit sha1_base64="EdBabnYT9Gf2DYFb51ByDgU4MV0=">AAACFHicbVBLS8NAGNzUV62vqEcvwSJ4KCFpI23BQ9GLxwrGFtIQNttNu3TzYHcjlJA/4cW/4sWDilcP3vw3btMetHVgYZiZb/fb8RNKuDCMb6W0tr6xuVXeruzs7u0fqIdH9zxOGcI2imnM+j7kmJII24IIivsJwzD0Ke75k+uZ33vAjJM4uhPTBLshHEUkIAgKKXlqLRsUlzhs5LuZoRuNttUyaoZuNupNyypI48Jo51cezz21KhMFtFViLkgVLND11K/BMEZpiCOBKOTcMY1EuBlkgiCK88og5TiBaAJH2JE0giHmblYslGtnUhlqQczkiYRWqL8nMhhyPg19mQyhGPNlbyb+5zmpCFpuRqIkFThC84eClGoi1mYVaUPCMBJ0KglEjMhdNTSGDCIhi6zIEszlL68Su663dfPWqnYuF22UwQk4BefABE3QATegC2yAwCN4Bq/gTXlSXpR35WMeLSmLmWPwB8rnD2XOmrc=</latexit><latexit sha1_base64="EdBabnYT9Gf2DYFb51ByDgU4MV0=">AAACFHicbVBLS8NAGNzUV62vqEcvwSJ4KCFpI23BQ9GLxwrGFtIQNttNu3TzYHcjlJA/4cW/4sWDilcP3vw3btMetHVgYZiZb/fb8RNKuDCMb6W0tr6xuVXeruzs7u0fqIdH9zxOGcI2imnM+j7kmJII24IIivsJwzD0Ke75k+uZ33vAjJM4uhPTBLshHEUkIAgKKXlqLRsUlzhs5LuZoRuNttUyaoZuNupNyypI48Jo51cezz21KhMFtFViLkgVLND11K/BMEZpiCOBKOTcMY1EuBlkgiCK88og5TiBaAJH2JE0giHmblYslGtnUhlqQczkiYRWqL8nMhhyPg19mQyhGPNlbyb+5zmpCFpuRqIkFThC84eClGoi1mYVaUPCMBJ0KglEjMhdNTSGDCIhi6zIEszlL68Su663dfPWqnYuF22UwQk4BefABE3QATegC2yAwCN4Bq/gTXlSXpR35WMeLSmLmWPwB8rnD2XOmrc=</latexit><latexit sha1_base64="EdBabnYT9Gf2DYFb51ByDgU4MV0=">AAACFHicbVBLS8NAGNzUV62vqEcvwSJ4KCFpI23BQ9GLxwrGFtIQNttNu3TzYHcjlJA/4cW/4sWDilcP3vw3btMetHVgYZiZb/fb8RNKuDCMb6W0tr6xuVXeruzs7u0fqIdH9zxOGcI2imnM+j7kmJII24IIivsJwzD0Ke75k+uZ33vAjJM4uhPTBLshHEUkIAgKKXlqLRsUlzhs5LuZoRuNttUyaoZuNupNyypI48Jo51cezz21KhMFtFViLkgVLND11K/BMEZpiCOBKOTcMY1EuBlkgiCK88og5TiBaAJH2JE0giHmblYslGtnUhlqQczkiYRWqL8nMhhyPg19mQyhGPNlbyb+5zmpCFpuRqIkFThC84eClGoi1mYVaUPCMBJ0KglEjMhdNTSGDCIhi6zIEszlL68Su663dfPWqnYuF22UwQk4BefABE3QATegC2yAwCN4Bq/gTXlSXpR35WMeLSmLmWPwB8rnD2XOmrc=</latexit>

Bd
<latexit sha1_base64="vcYovOoVxEkBDCXwCepw10KwC8Y=">AAACFHicbVDNTgIxGOziH+LfqkcvjcTEAyFdWAMkHohePGIiQgIb0i0FGrrdTds1IRtewouv4sWDGq8evPk2loWDgpM0mczM134dP+JMaYS+rcza+sbmVnY7t7O7t39gHx7dqzCWhDZJyEPZ9rGinAna1Exz2o4kxYHPacsfX8/81gOVioXiTk8i6gV4KNiAEayN1LMLSTe9pCOHvpegIirX3CoqoKJTLlVcNyXlC1SbXvX6056dN4kUcJU4C5IHCzR69le3H5I4oEITjpXqOCjSXoKlZoTTaa4bKxphMsZD2jFU4IAqL0kXmsIzo/ThIJTmCA1T9fdEggOlJoFvkgHWI7XszcT/vE6sB1UvYSKKNRVk/tAg5lCHcFYR7DNJieYTQzCRzOwKyQhLTLQpMmdKcJa/vEqapWKt6Ny6+frloo0sOAGn4Bw4oALq4AY0QBMQ8AiewSt4s56sF+vd+phHM9Zi5hj8gfX5A08Smqg=</latexit><latexit sha1_base64="vcYovOoVxEkBDCXwCepw10KwC8Y=">AAACFHicbVDNTgIxGOziH+LfqkcvjcTEAyFdWAMkHohePGIiQgIb0i0FGrrdTds1IRtewouv4sWDGq8evPk2loWDgpM0mczM134dP+JMaYS+rcza+sbmVnY7t7O7t39gHx7dqzCWhDZJyEPZ9rGinAna1Exz2o4kxYHPacsfX8/81gOVioXiTk8i6gV4KNiAEayN1LMLSTe9pCOHvpegIirX3CoqoKJTLlVcNyXlC1SbXvX6056dN4kUcJU4C5IHCzR69le3H5I4oEITjpXqOCjSXoKlZoTTaa4bKxphMsZD2jFU4IAqL0kXmsIzo/ThIJTmCA1T9fdEggOlJoFvkgHWI7XszcT/vE6sB1UvYSKKNRVk/tAg5lCHcFYR7DNJieYTQzCRzOwKyQhLTLQpMmdKcJa/vEqapWKt6Ny6+frloo0sOAGn4Bw4oALq4AY0QBMQ8AiewSt4s56sF+vd+phHM9Zi5hj8gfX5A08Smqg=</latexit><latexit sha1_base64="vcYovOoVxEkBDCXwCepw10KwC8Y=">AAACFHicbVDNTgIxGOziH+LfqkcvjcTEAyFdWAMkHohePGIiQgIb0i0FGrrdTds1IRtewouv4sWDGq8evPk2loWDgpM0mczM134dP+JMaYS+rcza+sbmVnY7t7O7t39gHx7dqzCWhDZJyEPZ9rGinAna1Exz2o4kxYHPacsfX8/81gOVioXiTk8i6gV4KNiAEayN1LMLSTe9pCOHvpegIirX3CoqoKJTLlVcNyXlC1SbXvX6056dN4kUcJU4C5IHCzR69le3H5I4oEITjpXqOCjSXoKlZoTTaa4bKxphMsZD2jFU4IAqL0kXmsIzo/ThIJTmCA1T9fdEggOlJoFvkgHWI7XszcT/vE6sB1UvYSKKNRVk/tAg5lCHcFYR7DNJieYTQzCRzOwKyQhLTLQpMmdKcJa/vEqapWKt6Ny6+frloo0sOAGn4Bw4oALq4AY0QBMQ8AiewSt4s56sF+vd+phHM9Zi5hj8gfX5A08Smqg=</latexit><latexit sha1_base64="vcYovOoVxEkBDCXwCepw10KwC8Y=">AAACFHicbVDNTgIxGOziH+LfqkcvjcTEAyFdWAMkHohePGIiQgIb0i0FGrrdTds1IRtewouv4sWDGq8evPk2loWDgpM0mczM134dP+JMaYS+rcza+sbmVnY7t7O7t39gHx7dqzCWhDZJyEPZ9rGinAna1Exz2o4kxYHPacsfX8/81gOVioXiTk8i6gV4KNiAEayN1LMLSTe9pCOHvpegIirX3CoqoKJTLlVcNyXlC1SbXvX6056dN4kUcJU4C5IHCzR69le3H5I4oEITjpXqOCjSXoKlZoTTaa4bKxphMsZD2jFU4IAqL0kXmsIzo/ThIJTmCA1T9fdEggOlJoFvkgHWI7XszcT/vE6sB1UvYSKKNRVk/tAg5lCHcFYR7DNJieYTQzCRzOwKyQhLTLQpMmdKcJa/vEqapWKt6Ny6+frloo0sOAGn4Bw4oALq4AY0QBMQ8AiewSt4s56sF+vd+phHM9Zi5hj8gfX5A08Smqg=</latexit>

�F = 2
<latexit sha1_base64="UW0a7LG/1LT6YDIEwsbh4KwBE4A="></latexit><latexit sha1_base64="UW0a7LG/1LT6YDIEwsbh4KwBE4A="></latexit><latexit sha1_base64="UW0a7LG/1LT6YDIEwsbh4KwBE4A="></latexit><latexit sha1_base64="UW0a7LG/1LT6YDIEwsbh4KwBE4A="></latexit>

|✓b| = O(10%) |Vts|
<latexit sha1_base64="g4ipa9x9d0owP/0InQdDmFYH03A="></latexit><latexit sha1_base64="g4ipa9x9d0owP/0InQdDmFYH03A="></latexit><latexit sha1_base64="g4ipa9x9d0owP/0InQdDmFYH03A="></latexit><latexit sha1_base64="g4ipa9x9d0owP/0InQdDmFYH03A="></latexit>

[Bordone, Cornella, JF, Isidori, 1805.09328]

[Di Luzio et al., 1808.00942]


