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 sans Yukawa:ℒSM
4 U(3)q × U(3)u × U(3)d × U(3)l × U(3)e

 Accidental symmetriesℒSM
4 :
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 :ℒSM
4

 sans Yukawa:ℒSM
4 U(3)q × U(3)u × U(3)d × U(3)l × U(3)e

U(1)B × U(1)e × U(1)μ × U(1)τ

 Accidental symmetriesℒSM
4 :

−ℒYuk
4 = q̄V† ̂YuH̃u + q̄ ̂YdHd + l̄ ̂YeHe

[  transformation and a singular value decomposition theorem]U(3)5
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 :ℒSM
4

 sans Yukawa:ℒSM
4 U(3)q × U(3)u × U(3)d × U(3)l × U(3)e

U(1)B × U(1)e × U(1)μ × U(1)τ

 Accidental symmetriesℒSM
4 :

•  truncation at the   Exact accidental symmetries

• Beyond this picture, :  
 introduces lepton flavor violation (LFV)

Λ−1
UV [ℒSMEFT] ≤ 4 ⟹

νSM
mν ≠ 0, UPMNS ≠ 1

−ℒYuk
4 = q̄V† ̂YuH̃u + q̄ ̂YdHd + l̄ ̂YeHe

[  transformation and a singular value decomposition theorem]U(3)5
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Lepton family number 
conservation
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cLFV

• Lepton family number violation in processes without neutrinos: 
, , , , ,   

• Tiny breaking due to neutrinos in the minimal  realizations: 
 strong GIM suppression due to  

 cLFV is a null test of the SM

μ → eγ μ → 3e μN → eN τ → μγ, . . . KL → μe, . . . h → τμ, . . .

νSM
ℬ(μ → eγ) ∼ 10−54 Δmν ≪ mW
⟹
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cLFV
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Advantages:

• Future observation  
unambiguous New Physics

⟹
Disadvantage :

• The  EFT effect scales as 
 since , while, for 

example in QFV, it is 

dim 6
Λ−4 ASM = 0

Λ−2

No irreducible SM background

• Lepton family number violation in processes without neutrinos: 
, , , , ,   

• Tiny breaking due to neutrinos in the minimal  realizations: 
 strong GIM suppression due to  

 cLFV is a null test of the SM

μ → eγ μ → 3e μN → eN τ → μγ, . . . KL → μe, . . . h → τμ, . . .

νSM
ℬ(μ → eγ) ∼ 10−54 Δmν ≪ mW
⟹
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Advantages:

• Future observation  
unambiguous New Physics

⟹
Disadvantage :

• The  EFT effect scales as 
 since , while, for 

example in QFV, it is 

dim 6
Λ−4 ASM = 0

Λ−2

No irreducible SM background

• cLFV already sets stringent constraints on BSM: Muon beams are so intense!

• Future experimental prospects are exciting! Davidson et al., 2209.00142

• Lepton family number violation in processes without neutrinos: 
, , , , ,   

• Tiny breaking due to neutrinos in the minimal  realizations: 
 strong GIM suppression due to  

 cLFV is a null test of the SM

μ → eγ μ → 3e μN → eN τ → μγ, . . . KL → μe, . . . h → τμ, . . .

νSM
ℬ(μ → eγ) ∼ 10−54 Δmν ≪ mW
⟹

*an order of magnitude on  is huge; think about the FCC Λ
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5.1. INTRODUCTION/THEORY OF FLAVOUR 67
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Fig. 5.1: Reach in new physics scale of present and future facilities, from generic dimension
six operators. Colour coding of observables is: green for mesons, blue for leptons, yellow for
EDMs, red for Higgs flavoured couplings and purple for the top quark. The grey columns illus-
trate the reach of direct flavour-blind searches and EW precision measurements. The operator
coefficients are taken to be either ⇠ 1 (plain coloured columns) or suppressed by MFV factors
(hatch filled surfaces). Light (dark) colours correspond to present data (mid-term prospects,
including HL-LHC, Belle II, MEG II, Mu3e, Mu2e, COMET, ACME, PIK and SNS).

compared with the reach of direct high-energy searches and EW precision tests (in grey), il-
lustrated by using flavour-blind operators that have the optimal reach [258]: the gluon-Higgs
operator and the oblique parameters for EW precision tests, respectively. The shown effective
energy reach of flavour experiments do have several caveats. First of all, in many realistic the-
ories either the coupling constants are smaller than unity and/or the symmetries suppress the
sizes of the coefficients. This effect is illustrated by including in the quark sector the present
bounds in tree level NP with Minimal Flavour Violation (MFV) pattern of couplings (hatch filled
areas) [259–262]. Furthermore, there could be cancellations among several higher-dimension
operators. In addition, for theories in which the new physics contributes as an insertion inside a
one-loop diagram mediated by SM particles, all the shown scales should be further reduced by
extra GIM-mass suppressions and/or a factor a/4p ⇠ 10�3 (where a denotes the generic gauge
structure constants).

Finally and importantly, the new physics scale behind the flavour paradigm may differ
from the electroweak new physics scale. Despite these caveats, Fig. 5.1 does illustrate the
unique power of flavour physics to probe NP. The next generation of precision particle physics
experiments will probe significantly higher effective NP scales, as discussed in more detail
below.

ΔF = 2 cLFV EDMsMFV

Flavour Anarchy
Physics Briefing Book, 

1910.11775dim[𝒪] = 6

Today
cLFV

• Unique probe of a wide range 
of BSM up to  PeV10

• Dynamics of flavor 
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The flavor puzzle

Quark sector:

yu,d ⇠

� �
VCKM ⇠

� �

Lepton sector:

ye ⇠

� �
VPMNS ⇠

� �Not visible in colliders

Is the structure in the flavor sector

meaningful?

How does potential new physics

couple to flavor?

What is (if any) the flavor symmetry

of the SM?

yt is the leading (only non-perturbative) breaking of GF in the SM:

yu ⇠

� �
: GF ! U(2)q ⇥ U(2)u ⇥ U(3)d ⇥ U(3)` ⇥ U(3)e ⇥ U(1)B

Anders Eller Thomsen (U. Bern) EFT Flavor WG1-GLOB 3
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Empirical

where ⌦c.m. is the solid angle of particle 1 and Ec.m. = EA +EB in this frame. Since the
cross section does not depend on the azimuthal angle, we can write d⌦c.m. = 2⇡ sin ✓c.m. d✓c.m. ,
where ✓c.m. is the scattering angle in the center of mass frame.

• Compute the total cross section for 2 ! 2 scattering in �
4 theory in the center-of-mass

frame at a given center-of-mass energy.

As a final exercise, evaluate the cross section for e+e� ! µ
+
µ
� following from

1

4

X

sA,sB ,r1,r2

|M |2 = 2e4
t
2 + u

2

s2
, (11)

derived last time. Work in the center-of-mass frame in the high-energy limit, where one can
neglect the electron and muon masses. We choose to parameterize the momenta as

qA = E(1, 0, 0, 1), qB = E(1, 0, 0,�1)
p1 = E(1, sin ✓, 0, cos ✓), p2 = E(1,� sin ✓, 0,� cos ✓)

. (12)

• Show that the di↵erential muon production cross section is

d�

d⌦
=

↵
2
em

4s

�
1 + cos2 ✓

�
, ↵em ⌘ e

2

4⇡
, (13)

and sketch the physical meaning of this result.

• Show that the total cross section reads

� =
4⇡↵2

em

3s
. (14)

�LSM � q̄iY
ij
u ujH̃ + q̄iY

ij
d djH + ¯̀

iY
ij
e ejH (15)

�LSMEFT � 1

⇤⌫
`iY

ij
⌫ `jHH (16)

3
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• Small  — natural a la t’ Hooft.

• Enter the theory in the same way. Why hierarchies???

yf

The flavor puzzle

Quark sector:

yu,d ⇠

� �
VCKM ⇠

� �

Lepton sector:

ye ⇠

� �
VPMNS ⇠

� �Not visible in colliders

Is the structure in the flavor sector

meaningful?

How does potential new physics

couple to flavor?

What is (if any) the flavor symmetry

of the SM?

yt is the leading (only non-perturbative) breaking of GF in the SM:

yu ⇠

� �
: GF ! U(2)q ⇥ U(2)u ⇥ U(3)d ⇥ U(3)` ⇥ U(3)e ⇥ U(1)B
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• Our goal: Explain the many hierarchies observed in masses and mixings from 
a few (or no) UV hierarchies.

• Tradeoff: Simple UV realization versus how well it produces the SM flavor

The Flavour Puzzle

Barbieri et al; hep-ph/9512388, hep-ph/
9605224, hep-ph/9610449, …

Approximate global U(2)

Antusch, AG, Stefanek, Thomsen; 2311.09288

Our revision:
AG, Thomsen; 2309.11547 

AG, Thomsen, Tiblom; 2406.02687

Admir Greljo | Theory review of Charged Lepton Flavour Violation

https://arxiv.org/abs/2311.09288
https://arxiv.org/abs/2309.11547
https://arxiv.org/abs/2406.02687
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U(2) ≡ SU(2) × U(1) f3
L , f i

R ∼ 10IRREPs [f1
L

f 2
L] ∼ 2+1

 Hierarchies from f̄ i
L Yij f j

R U(2)L

Admir Greljo | Lectures on EFT in flavourAdmir Greljo | BSM models for flavor puzzleAdmir Greljo | Theory review of Charged Lepton Flavour Violation
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Step A
Exact symmetry limit

 rot.U(3)R

m3 ≠ 0 , m1,2 = 0

RAccidental

 Hierarchies from f̄ i
L Yij f j

R U(2)L

U(2) ≡ SU(2) × U(1) f3
L , f i

R ∼ 10IRREPs [f1
L

f 2
L] ∼ 2+1
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Step A Step B
Exact symmetry limit

 rot.U(3)R

m3 ≠ 0 , m1,2 = 0

Leading (small) breaking

V2 = (0
a) ∼ 2+1

U(2) → U(1)
1 ≫ a > 0

m3 ≫ m2 > 0 , m1 = 0

RAccidental

f̄LV ∼ 10

 Hierarchies from f̄ i
L Yij f j

R U(2)L

U(2) ≡ SU(2) × U(1) f3
L , f i

R ∼ 10IRREPs [f1
L

f 2
L] ∼ 2+1
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f̄LV ∼ 10
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Step A Step C
Exact symmetry limit

 rot.U(3)R

m3 ≠ 0 , m1,2 = 0

Subleading breaking

→ 0

V1 = (b
0) ∼ 2+1

m3 ≫ m2 ≫ m1

1 ≫ a ≫ b > 0
RAccidental

Step B
Leading (small) breaking

V2 = (0
a) ∼ 2+1

U(2) → U(1)
1 ≫ a > 0

m3 ≫ m2 > 0 , m1 = 0

 Hierarchies from f̄ i
L Yij f j

R U(2)L

U(2) ≡ SU(2) × U(1) f3
L , f i

R ∼ 10IRREPs [f1
L

f 2
L] ∼ 2+1

Admir Greljo | Lectures on EFT in flavourAdmir Greljo | BSM models for flavor puzzleAdmir Greljo | Theory review of Charged Lepton Flavour Violation



: Singular value decompositionU(2)L

16

Y ≡ Lf Ŷ Rf
†

Y ∼ [
b b b
a a a
1 1 1]
1 ≫ a ≫ b
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: Singular value decompositionU(2)L
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 rot.R(0)
f ∼ 𝒪(1)

Y ∼ [
b b b
a a a
1 1 1]
1 ≫ a ≫ b

Y(1) ∼ [
b b b
0 a a
0 0 1]

Y ≡ Lf Ŷ Rf
†

Admir Greljo | Lectures on EFT in flavourAdmir Greljo | BSM models for flavor puzzleAdmir Greljo | Theory review of Charged Lepton Flavour Violation



: Singular value decompositionU(2)L
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Y ∼ [
b b b
a a a
1 1 1] Y(1) ∼ [

b b b
0 a a
0 0 1]

Perturbative diagonalisation: Y(1) = L(0)
f Ŷ R(1)†

f

Ŷ ∼
b 0 0
0 a 0
0 0 1

L(0)
f ∼ [

1 b/a b
1 a

1]

1 ≫ a ≫ b

Y ≡ Lf Ŷ Rf
†

 rot.R(0)
f ∼ 𝒪(1)

Admir Greljo | Lectures on EFT in flavourAdmir Greljo | BSM models for flavor puzzleAdmir Greljo | Theory review of Charged Lepton Flavour Violation
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Quarks

Leptons (ℓ1
L

ℓ2
L) ∼ 2+1 all other singlets

• Hierarchical Ŷe

(q1
L

q2
L) ∼ 2+1 all other singlets

Impose  :U(2)q+ℓ

• Both  and  hierarchicalŶu Ŷd

•  hierarchicalVCKM ≈ L(0)†
u L(0)

d

Imposing 

 is 
accidental at dim-4

U(2)q ⟹

U(2)u × U(2)d

Admir Greljo | Lectures on EFT in flavourAdmir Greljo | BSM models for flavor puzzleAdmir Greljo | Theory review of Charged Lepton Flavour Violation

AG, Thomsen; 2309.11547 

*needs a different structure in the 
neutrino sector to get large PMNS

https://arxiv.org/abs/2309.11547
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Quarks

Leptons (ℓ1
L

ℓ2
L) ∼ 2+1 all other singlets

• Hierarchical Ŷe

(q1
L

q2
L) ∼ 2+1 all other singlets

Impose  :U(2)q+ℓ

• Both  and  hierarchicalŶu Ŷd

•  hierarchicalVCKM ≈ L(0)†
u L(0)

d

Imposing 

 is 
accidental at dim-4

U(2)q ⟹

U(2)u × U(2)d
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AG, Thomsen; 2309.11547 

• For the variation  or  see backup andU(2)q+e U(2)q+ec+uc

*needs a different structure in the 
neutrino sector to get large PMNS

Antusch, AG, Stefanek, Thomsen; 2311.09288

https://arxiv.org/abs/2309.11547
https://arxiv.org/abs/2311.09288


The UV origin of 
approximate U(2)L
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 gaugedSM × SU(2)q+l
AG, Thomsen; 2309.11547 

• The SM-singlet scalar  ~  of flavor:Φ 2

*2nd family *1st family

˜

Admir Greljo | Lectures on EFT in flavourAdmir Greljo | BSM models for flavor puzzleAdmir Greljo | Theory review of Charged Lepton Flavour Violation

https://arxiv.org/abs/2309.11547
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AG, Thomsen; 2309.11547 

Gauged flavor

a =
vΦ

mF

Admir Greljo | Lectures on EFT in flavourAdmir Greljo | BSM models for flavor puzzleAdmir Greljo | Theory review of Charged Lepton Flavour Violation

https://arxiv.org/abs/2309.11547
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AG, Thomsen; 2309.11547 

Gauged flavor

yp

p

• A single VLQ   is Rank 2 ⟹ Y

• Accidental :  
Massless 1st family!

U(1)

Y ∝
yp

yp

1p

Φ̃
Φ

dp

PS unification mQ = mL

Admir Greljo | Lectures on EFT in flavour

AG, Thomsen, Tiblom; 2406.02687
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https://arxiv.org/abs/2309.11547
https://arxiv.org/abs/2406.02687
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AG, Thomsen; 2309.11547 

Gauged flavor

• Instead of new UV states, 
introduce IR states.

• The obtained Yukawas are 
mainly insensitive to their 
masses! ~ log mF/mS

Admir Greljo | Lectures on EFT in flavourAdmir Greljo | BSM models for flavor puzzleAdmir Greljo | Theory review of Charged Lepton Flavour Violation

Ru, Rd, S

https://arxiv.org/abs/2309.11547
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AG, Thomsen; 2309.11547 

Gauged flavor

• Instead of new UV states, 
introduce IR states.

b ∼ a/16π2

d

s

b

e

μ
τ a

1
16π2

a = vΦ/mF

A single parameter!

• The obtained Yukawas are 
mainly insensitive to their 
masses! ~ log mF/mS

Admir Greljo | Lectures on EFT in flavourAdmir Greljo | BSM models for flavor puzzleAdmir Greljo | Theory review of Charged Lepton Flavour Violation

Ru, Rd, S

https://arxiv.org/abs/2309.11547
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Z’ effects

Admir Greljo | Raising Through the Ranks

•Suppressed bounds from 4-quark and 4-lepton FCNCs

•The strongest bounds involve 2q2l cLFV:

•SSB of  produced heavy, degenerate vector triplet.
• Integrating it out:

SU(2)q+ℓ

Eg.

vΦ ≳ 300 TeV

Darme et al; 2307.09595

*Future MU2E and COMET will 
improve by an order of magnitude!

*complementary, can not be tuned away simultaneously 

Admir Greljo | BSM models for flavor puzzleAdmir Greljo | Theory review of Charged Lepton Flavour Violation

https://arxiv.org/abs/2307.09595
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Admir Greljo | Raising Through the Ranks

μ → eγ

eEDM

• Induces chirality-enhanced dipoles at one-loop:

• The strongest bounds:

when couplings

 leptoquarkRu

Admir Greljo | BSM models for flavor puzzleAdmir Greljo | Theory review of Charged Lepton Flavour Violation
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Admir Greljo | Raising Through the Ranks

•All five scalar fields of the model fit into just two irreps!

• Explains why . They unify into a single VLF!MQ = ML

•Can one fit masses and mixings? Predictions from unification?

Admir Greljo | BSM models for flavor puzzle

PS unification

AG, Thomsen, Tiblom; 2406.02687

Admir Greljo | Theory review of Charged Lepton Flavour Violation

https://arxiv.org/abs/2406.02687
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PS unification
AG, Thomsen, Tiblom; 2406.02687

Admir Greljo | Theory review of Charged Lepton Flavour Violation

https://arxiv.org/abs/2406.02687
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Figure 3. Histogram showing the probability of obtaining the correct order of magnitude for the SM
flavor parameters when the UV parameters take on random numbers drawn from a flat distribution
with the magnitude  1. The black lines display the running SM values at the renormalization
scale 1PeV. See Section 4.2 for details.

4.2 Numerical scan

We randomly generate one million parameter points from a flat distribution, applying the

following constraints on the dimensionless couplings in the UV Lagrangian: �1  Y�  1,��x3
d

��  10�2, and all other contributing Yukawa and scalar couplings are allowed to be

complex, with their magnitudes constrained to  1. We take the symmetry breaking

– 11 –
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PS unification

Admir Greljo | Lectures on EFT in flavour

AG, Thomsen, Tiblom; 2406.02687
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Figure 4. Two-dimensional histograms showing the correlation between the masses of the down
quarks and charged leptons for two choices of tan�. The black points mark the SM values at the
chosen renormalization scale. See Section 4.2 for details.

for the neutrinos, where

�⌫ = 3�45 + 3�46 � �47 + 2�48. (4.7)

This alone incorrectly implies that neutrino masses are similar in size to the up-quark

masses, and the PMNS matrix is close to a unit matrix.

An elegant explanation of the smallness of neutrino masses in the context of minimal

quark-lepton unification is provided by the inverse seesaw mechanism [59]. Our model

is minimally expanded by introducing three left-handed gauge-singlet fermions Si (i =

1, 2, 3). As a result, the Lagrangian gets supplemented by the following gauge-invariant

– 13 –

Admir Greljo | BSM models for flavor puzzleAdmir Greljo | Theory review of Charged Lepton Flavour Violation

https://arxiv.org/abs/2406.02687
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Phenomenology

Admir Greljo | Lectures on EFT in flavour

AG, Thomsen, Tiblom; 2406.02687

Admir Greljo | BSM models for flavor puzzleAdmir Greljo | Theory review of Charged Lepton Flavour Violation

• Integrating out vector leptoquark and flavored sZ′ 

•Leading bounds from  and  conversion, 
3 PeV

KL → μe μ → e
vχ ≳

•Mu2e and COMET will push the bounds to 10 PeV rangevχ ≳

https://arxiv.org/abs/2406.02687
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Conclusions
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• I presented simple UV models based on a single SU(2) gauged flavor 
symmetries that explain the gross feature of observed flavor hierarchies.

• cLFV provides the most stringent present bounds and the most promising 
future probe

Antusch, AG, Stefanek, Thomsen; 2311.09288

https://arxiv.org/abs/2311.09288
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The neutrino sector is different

where ⌦c.m. is the solid angle of particle 1 and Ec.m. = EA +EB in this frame. Since the
cross section does not depend on the azimuthal angle, we can write d⌦c.m. = 2⇡ sin ✓c.m. d✓c.m. ,
where ✓c.m. is the scattering angle in the center of mass frame.

• Compute the total cross section for 2 ! 2 scattering in �
4 theory in the center-of-mass

frame at a given center-of-mass energy.

As a final exercise, evaluate the cross section for e+e� ! µ
+
µ
� following from

1

4

X

sA,sB ,r1,r2

|M |2 = 2e4
t
2 + u

2

s2
, (11)

derived last time. Work in the center-of-mass frame in the high-energy limit, where one can
neglect the electron and muon masses. We choose to parameterize the momenta as

qA = E(1, 0, 0, 1), qB = E(1, 0, 0,�1)
p1 = E(1, sin ✓, 0, cos ✓), p2 = E(1,� sin ✓, 0,� cos ✓)

. (12)

• Show that the di↵erential muon production cross section is

d�

d⌦
=

↵
2
em

4s

�
1 + cos2 ✓

�
, ↵em ⌘ e

2

4⇡
, (13)

and sketch the physical meaning of this result.

• Show that the total cross section reads

� =
4⇡↵2

em

3s
. (14)

�LSM � q̄iY
ij
u ujH̃ + q̄iY

ij
d djH + ¯̀

iY
ij
e ejH (15)

�LSMEFT � 1

⇤⌫
`iY

ij
⌫ `jHH (16)

3

The flavor puzzle

Quark sector:

yu,d ⇠

� �
VCKM ⇠

� �

Lepton sector:

ye ⇠

� �
VPMNS ⇠

� �Not visible in colliders

Is the structure in the flavor sector

meaningful?

How does potential new physics

couple to flavor?

What is (if any) the flavor symmetry

of the SM?

yt is the leading (only non-perturbative) breaking of GF in the SM:

yu ⇠

� �
: GF ! U(2)q ⇥ U(2)u ⇥ U(3)d ⇥ U(3)` ⇥ U(3)e ⇥ U(1)B

Anders Eller Thomsen (U. Bern) EFT Flavor WG1-GLOB 3

2) Large/Anarchic mixing! 
1) High-scale  
predicts a mass gap! 

Λν

The success of the SM(EFT)?

0.8 0.6 0.15

0.4 0.6 0.7

0.6 0.70.4

The Flavour Puzzle
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 ?U(2)R

[f1
R

f 2
R] ∼ 2+1 f3

R , f i
L ∼ 10

Y ∼
b a 1
b a 1
b a 1

 rot.L(0)
f ∼ 𝒪(1)

Y(1) ∼
b 0 0
b a 0
b a 1

Perturbative diagonalisation: Y(1) = L(1)
f Ŷ R(0)†

f

R(0)
f ∼ [

1 b/a b
1 a

1]Ŷ ∼
b 0 0
0 a 0
0 0 1

1 ≫ a ≫ b
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Quarks

(q1
L

q2
L) ∼ 2+1 all other singletsImpose  :U(2)q

• Both  and  hierarchicalŶu Ŷd

•  hierarchicalVCKM ≈ L(0)†
u L(0)

d

Imposing 

 is 
accidental at dim-4

U(2)q ⟹

U(2)u × U(2)d
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Quarks

Leptons

(e1
R

e2
R) ∼ 2+1 all other singletsImpose  :U(2)e

• Hierarchical  and .Ŷe L(0)
l ∼ 𝒪(1)

• No selection rules on the dim-5 Weinberg operator! 
PMNS  ∼ 𝒪(1)

(q1
L

q2
L) ∼ 2+1 all other singletsImpose  :U(2)q

• Both  and  hierarchicalŶu Ŷd

•  hierarchicalVCKM ≈ L(0)†
u L(0)

d

Imposing 

 is 
accidental at dim-4

U(2)q ⟹

U(2)u × U(2)d

Admir Greljo | Lectures on EFT in flavourAdmir Greljo | BSM models for flavor puzzleAdmir Greljo | Theory review of Charged Lepton Flavour Violation



40

A single  to rule them all?U(2)

U(2)q+e

• Nine hierarchies in terms of two small parameters:

 (x 3 for )y3
f ≫ y2

f ≫ y1
f f = u, d, e

1 ≫ |Vus | ≫ |Vcb | ≫ |Vub |
1 ≫ a ≫ b ≫ a2 ⟹
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Phenomenology

• SMEFT as a proxy for short-distance physics:   selection rules.

• A pattern of deviations emerges, distinct from MFV and anarchy.

• cLFV plays a prominent role! Exciting prospects.

U(2) ⟹
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Refining the picture

• What about  ?

•  &  spectrum seems 
compressed compared with .

yb , yτ ∼ 10−2

di ei

ui
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where we have included the leading contribution in each
entry. The masses of the SM fermions are the running
masses at the matching scale to the SM.

As a realistic benchmark point for the U(2)q+e symme-
try, we consider a SMEFT matching scale of µ = 1PeV.
At this scale, we take (1) to reproduce the SM parame-
ters [57] run up to the matching scale [58]. We take the
spurions (a, b) = (3 · 10�3, 5 · 10�5), which allows us to
determine the parameters

z`1 = 0.057 y`2 = 0.20 x`3 = 0.010

zu1 = 0.091 yu2 = 0.76 xu3 = 0.67 (A6)

zd1 = 0.20 yd2 = 0.066 xd3 = 0.010

zd2 = 0.89ei↵ zd3 = 0.72ei(��1.2)
yd3 = 0.13ei(��↵)

with arbitrary phases ↵,�, under the assumption that
Ld = VCKM. All of the couplings are roughly within an

order of magnitude save for the bottom and tau Yukawas.

U(2)q+ec+uc ⇥ Z2 — The down-quark and charged-
lepton Yukawa matrices become

Yd = VZ

0

@
zd1b zd2b zd3b

yd2a yd3a

xd3

1

A , Ye = VZ

0

@
z`1b

z`2b y`2a

z`3b y`3a x`3

1

A ,

(A7)
while for the up-quark

Yu =

0

@
zu1b

2
zu2ab zu3b

yu1ab yu2a
2

yu3a

xu1b xu2a xu3

1

A . (A8)

After perturbative diagonalisation, and setting the spu-
rions (VZ , a, b) = (0.01, 0.03, 0.002), we fit the flavor pa-
rameters with

z`1 = 0.14 y`2 = 2.0 x`3 = 1.0

zu1 = 1.1 yu2 = 2.5 xu3 = 0.67 (A9)

zd1 = 0.50 yd2 = 0.66 xd3 = 1.0

zd2 = 2.2ei↵ zd3 = 1.8ei(��1.2)
yd3 = 1.3ei(��↵)

where, for simplicity, we assumed the o↵-diagonal terms
in Yu to be small. When those are of O(1), a compara-
ble contribution to the up-quark masses and the CKM
matrix is generated. Thus, xp

f
, y

p

f
, z

p

f
of O(1) correctly

predict the observed flavor hierarchies.
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where we have included the leading contribution in each
entry. The masses of the SM fermions are the running
masses at the matching scale to the SM.

As a realistic benchmark point for the U(2)q+e symme-
try, we consider a SMEFT matching scale of µ = 1PeV.
At this scale, we take (1) to reproduce the SM parame-
ters [57] run up to the matching scale [58]. We take the
spurions (a, b) = (3 · 10�3, 5 · 10�5), which allows us to
determine the parameters

z`1 = 0.057 y`2 = 0.20 x`3 = 0.010

zu1 = 0.091 yu2 = 0.76 xu3 = 0.67 (A6)

zd1 = 0.20 yd2 = 0.066 xd3 = 0.010
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yd3 = 0.13ei(��↵)

with arbitrary phases ↵,�, under the assumption that
Ld = VCKM. All of the couplings are roughly within an

order of magnitude save for the bottom and tau Yukawas.

U(2)q+ec+uc ⇥ Z2 — The down-quark and charged-
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After perturbative diagonalisation, and setting the spu-
rions (VZ , a, b) = (0.01, 0.03, 0.002), we fit the flavor pa-
rameters with

z`1 = 0.14 y`2 = 2.0 x`3 = 1.0

zu1 = 1.1 yu2 = 2.5 xu3 = 0.67 (A9)

zd1 = 0.50 yd2 = 0.66 xd3 = 1.0

zd2 = 2.2ei↵ zd3 = 1.8ei(��1.2)
yd3 = 1.3ei(��↵)

where, for simplicity, we assumed the o↵-diagonal terms
in Yu to be small. When those are of O(1), a compara-
ble contribution to the up-quark masses and the CKM
matrix is generated. Thus, xp
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f
of O(1) correctly

predict the observed flavor hierarchies.
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where we have included the leading contribution in each
entry. The masses of the SM fermions are the running
masses at the matching scale to the SM.

As a realistic benchmark point for the U(2)q+e symme-
try, we consider a SMEFT matching scale of µ = 1PeV.
At this scale, we take (1) to reproduce the SM parame-
ters [57] run up to the matching scale [58]. We take the
spurions (a, b) = (3 · 10�3, 5 · 10�5), which allows us to
determine the parameters

z`1 = 0.057 y`2 = 0.20 x`3 = 0.010
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zd2 = 0.89ei↵ zd3 = 0.72ei(��1.2)
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with arbitrary phases ↵,�, under the assumption that
Ld = VCKM. All of the couplings are roughly within an

order of magnitude save for the bottom and tau Yukawas.

U(2)q+ec+uc ⇥ Z2 — The down-quark and charged-
lepton Yukawa matrices become
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After perturbative diagonalisation, and setting the spu-
rions (VZ , a, b) = (0.01, 0.03, 0.002), we fit the flavor pa-
rameters with

z`1 = 0.14 y`2 = 2.0 x`3 = 1.0

zu1 = 1.1 yu2 = 2.5 xu3 = 0.67 (A9)

zd1 = 0.50 yd2 = 0.66 xd3 = 1.0

zd2 = 2.2ei↵ zd3 = 1.8ei(��1.2)
yd3 = 1.3ei(��↵)

where, for simplicity, we assumed the o↵-diagonal terms
in Yu to be small. When those are of O(1), a compara-
ble contribution to the up-quark masses and the CKM
matrix is generated. Thus, xp

f
, y

p

f
, z

p

f
of O(1) correctly

predict the observed flavor hierarchies.
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where we have included the leading contribution in each
entry. The masses of the SM fermions are the running
masses at the matching scale to the SM.

As a realistic benchmark point for the U(2)q+e symme-
try, we consider a SMEFT matching scale of µ = 1PeV.
At this scale, we take (1) to reproduce the SM parame-
ters [57] run up to the matching scale [58]. We take the
spurions (a, b) = (3 · 10�3, 5 · 10�5), which allows us to
determine the parameters
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with arbitrary phases ↵,�, under the assumption that
Ld = VCKM. All of the couplings are roughly within an

order of magnitude save for the bottom and tau Yukawas.

U(2)q+ec+uc ⇥ Z2 — The down-quark and charged-
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After perturbative diagonalisation, and setting the spu-
rions (VZ , a, b) = (0.01, 0.03, 0.002), we fit the flavor pa-
rameters with

z`1 = 0.14 y`2 = 2.0 x`3 = 1.0

zu1 = 1.1 yu2 = 2.5 xu3 = 0.67 (A9)

zd1 = 0.50 yd2 = 0.66 xd3 = 1.0

zd2 = 2.2ei↵ zd3 = 1.8ei(��1.2)
yd3 = 1.3ei(��↵)

where, for simplicity, we assumed the o↵-diagonal terms
in Yu to be small. When those are of O(1), a compara-
ble contribution to the up-quark masses and the CKM
matrix is generated. Thus, xp
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, z
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of O(1) correctly

predict the observed flavor hierarchies.
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where we have included the leading contribution in each
entry. The masses of the SM fermions are the running
masses at the matching scale to the SM.
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try, we consider a SMEFT matching scale of µ = 1PeV.
At this scale, we take (1) to reproduce the SM parame-
ters [57] run up to the matching scale [58]. We take the
spurions (a, b) = (3 · 10�3, 5 · 10�5), which allows us to
determine the parameters
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After perturbative diagonalisation, and setting the spu-
rions (VZ , a, b) = (0.01, 0.03, 0.002), we fit the flavor pa-
rameters with

z`1 = 0.14 y`2 = 2.0 x`3 = 1.0

zu1 = 1.1 yu2 = 2.5 xu3 = 0.67 (A9)

zd1 = 0.50 yd2 = 0.66 xd3 = 1.0

zd2 = 2.2ei↵ zd3 = 1.8ei(��1.2)
yd3 = 1.3ei(��↵)

where, for simplicity, we assumed the o↵-diagonal terms
in Yu to be small. When those are of O(1), a compara-
ble contribution to the up-quark masses and the CKM
matrix is generated. Thus, xp
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where we have included the leading contribution in each
entry. The masses of the SM fermions are the running
masses at the matching scale to the SM.

As a realistic benchmark point for the U(2)q+e symme-
try, we consider a SMEFT matching scale of µ = 1PeV.
At this scale, we take (1) to reproduce the SM parame-
ters [57] run up to the matching scale [58]. We take the
spurions (a, b) = (3 · 10�3, 5 · 10�5), which allows us to
determine the parameters
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zu1 = 0.091 yu2 = 0.76 xu3 = 0.67 (A6)

zd1 = 0.20 yd2 = 0.066 xd3 = 0.010
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with arbitrary phases ↵,�, under the assumption that
Ld = VCKM. All of the couplings are roughly within an

order of magnitude save for the bottom and tau Yukawas.
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lepton Yukawa matrices become

Yd = VZ

0

@
zd1b zd2b zd3b

yd2a yd3a

xd3

1

A , Ye = VZ

0

@
z`1b

z`2b y`2a

z`3b y`3a x`3

1

A ,

(A7)
while for the up-quark

Yu =

0

@
zu1b

2
zu2ab zu3b

yu1ab yu2a
2

yu3a

xu1b xu2a xu3

1

A . (A8)

After perturbative diagonalisation, and setting the spu-
rions (VZ , a, b) = (0.01, 0.03, 0.002), we fit the flavor pa-
rameters with

z`1 = 0.14 y`2 = 2.0 x`3 = 1.0

zu1 = 1.1 yu2 = 2.5 xu3 = 0.67 (A9)

zd1 = 0.50 yd2 = 0.66 xd3 = 1.0

zd2 = 2.2ei↵ zd3 = 1.8ei(��1.2)
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where, for simplicity, we assumed the o↵-diagonal terms
in Yu to be small. When those are of O(1), a compara-
ble contribution to the up-quark masses and the CKM
matrix is generated. Thus, xp
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of O(1) correctly
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where we have included the leading contribution in each
entry. The masses of the SM fermions are the running
masses at the matching scale to the SM.

As a realistic benchmark point for the U(2)q+e symme-
try, we consider a SMEFT matching scale of µ = 1PeV.
At this scale, we take (1) to reproduce the SM parame-
ters [57] run up to the matching scale [58]. We take the
spurions (a, b) = (3 · 10�3, 5 · 10�5), which allows us to
determine the parameters
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After perturbative diagonalisation, and setting the spu-
rions (VZ , a, b) = (0.01, 0.03, 0.002), we fit the flavor pa-
rameters with

z`1 = 0.14 y`2 = 2.0 x`3 = 1.0

zu1 = 1.1 yu2 = 2.5 xu3 = 0.67 (A9)

zd1 = 0.50 yd2 = 0.66 xd3 = 1.0

zd2 = 2.2ei↵ zd3 = 1.8ei(��1.2)
yd3 = 1.3ei(��↵)

where, for simplicity, we assumed the o↵-diagonal terms
in Yu to be small. When those are of O(1), a compara-
ble contribution to the up-quark masses and the CKM
matrix is generated. Thus, xp

f
, y

p

f
, z

p

f
of O(1) correctly

predict the observed flavor hierarchies.

[1] M. Kobayashi and T. Maskawa, CP Violation in the
Renormalizable Theory of Weak Interaction, Prog.
Theor. Phys. 49 (1973) 652–657.

[2] Z. Maki, M. Nakagawa, and S. Sakata, Remarks on the
unified model of elementary particles, Prog. Theor.
Phys. 28 (1962) 870–880.

[3] S. Weinberg, Baryon and Lepton Nonconserving
Processes, Phys. Rev. Lett. 43 (1979) 1566–1570.

[4] Belle-II Collaboration, W. Altmannshofer et al., The
Belle II Physics Book, PTEP 2019 (2019), no. 12

123C01, [arXiv:1808.10567]. [Erratum: PTEP 2020,

029201 (2020)].

[5] Belle-II Collaboration, F. Forti, Snowmass
Whitepaper: The Belle II Detector Upgrade Program, in

Snowmass 2021, 3, 2022. arXiv:2203.11349.
[6] Belle-II Collaboration, L. Aggarwal et al., Snowmass

White Paper: Belle II physics reach and plans for the
next decade and beyond, arXiv:2207.06307.

[7] LHCb Collaboration, R. Aaij et al., Physics case for an
LHCb Upgrade II - Opportunities in flavour physics,
and beyond, in the HL-LHC era, arXiv:1808.08865.

[8] LHCb Collaboration, Framework TDR for the LHCb
Upgrade II: Opportunities in flavour physics, and
beyond, in the HL-LHC era, .

[9] HIKE Collaboration, E. Cortina Gil et al., HIKE, High
Intensity Kaon Experiments at the CERN SPS: Letter
of Intent, arXiv:2211.16586.

[10] NA62/KLEVER, US Kaon Interest Group,

KOTO, LHCb Collaboration, Searches for new
physics with high-intensity kaon beams, in Snowmass
2021, 4, 2022. arXiv:2204.13394.

[11] MEG II Collaboration, A. M. Baldini et al., The
design of the MEG II experiment, Eur. Phys. J. C 78
(2018), no. 5 380, [arXiv:1801.04688].

[12] Mu2e Collaboration, R. H. Bernstein, The Mu2e
Experiment, Front. in Phys. 7 (2019) 1,

[arXiv:1901.11099].
[13] COMET Collaboration, M. Moritsu, Search for

Muon-to-Electron Conversion with the COMET
Experiment †, Universe 8 (2022), no. 4 196,

[arXiv:2203.06365].
[14] n2EDM Collaboration, N. J. Ayres et al., The design

of the n2EDM experiment: nEDM Collaboration, Eur.
Phys. J. C 81 (2021), no. 6 512, [arXiv:2101.08730].

[15] X. Wu, Z. Han, J. Chow, D. G. Ang, C. Meisenhelder,

C. D. Panda, E. P. West, G. Gabrielse, J. M. Doyle,

and D. DeMille, The metastable Q 3
�2 state of ThO: a

new resource for the ACME electron EDM search, New
J. Phys. 22 (2020), no. 2 023013, [arXiv:1911.03015].

[16] R. K. Ellis et al., Physics Briefing Book: Input for the
European Strategy for Particle Physics Update 2020,
arXiv:1910.11775.

[17] A. Blondel et al., Research Proposal for an Experiment
to Search for the Decay µ ! eee, arXiv:1301.6113.

[18] ACME Collaboration, V. Andreev et al., Improved
limit on the electric dipole moment of the electron,

Revisiting SUSY GUT predictions, [wip]

Q: Why do  feel  flavor but  don’t?q, u, e U(2) l, d

A:  GUT…SU(5)
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The UV origin of U(2)

•Gauge the  part!SU(2)

SU(2)q+l
anomaly-free

Antusch, AG, Stefanek, 
Thomsen; 2311.09288

SU(2)q+e SU(2)q+ec+uc

anomaly-freeanomalons
AG, Thomsen; 
2309.11547 wip

*Neutrinos need an 
elaborate structure
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AG, Thomsen, Tiblom; 
2406.02687
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The Model

Admir Greljo | Raising Through the Ranks

• Rank 1 • Rank 2

• Rank 3
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Producing SM flavor parameters

Admir Greljo | Raising Through the Ranks

• Masses:

• CKM:

• Singular value decomposition, perturbatively:
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Numerical benchmark

Admir Greljo | Raising Through the Ranks

• The observed Yukawas at PeVμ = 1 • The CKM taken from PDG

• All marginal couplings (but two) within a factor of ~3 around 0.3.

• Two (accidentally) smaller parameters contributing to Tau and Bottom Yukawas ~ 0.01

• The CKM is dominated by the down-type contributions, as the hierarchy in the down quark 
sector is compressed compared to the up quark sector.

• Assume
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Phenomenology

Admir Greljo | Raising Through the Ranks

•Decoupling limit exits: Take the new mass thresholds substantially heavy 
while keeping  fixed and .vΦ/MQ,L MS,Ru,Rd

≲ MQ,L

•The low-scale variant of the model is interesting for experiments.

• Finite Higgs naturalness provides another motivation for low-scale MQ,L

•Q1: What are the bounds on the new masses given the current data?

•Q2: Which observables and deviation patterns should be prioritized?

Q

up, dp
H H
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Admir Greljo | Raising Through the Ranks

Discussion

Q: How to fit neutrinos?

•Add 3 RHN and do high-scale seesaw:

•The model predicts hierarchical . Large PMNS require  
to also be hierarchical to “undo” the hierarchy in . :(

MD MR
MD

•Alternative: SU(2)qL+eR
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