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Precision of Model Predictions Introduction

Current and future precision of neutrino experiments
W Song, Li, Argüelles, Bustamante & Vincent [2021]
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Precision of Model Predictions Flavor symmetries

Why are flavor symmetries popular/useful?
GU

T
GF

+ Family symmetries
GF relate different
families
y inter–family
relations

+ Repetition of family
can be attributed to
symmetry

+ Imposing symmetries
may reduce number
of free parameters
and even allow one
to make nontrivial
predictions
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Precision of Model Predictions Flavor symmetries

Prominent example: A4 details

W Ma & Rajasekaran [2001]; W Babu, Ma & Valle [2003]; W Hirsch, Romao, Skadhauge, Valle & Villanova del Moral [2004];. . .

〈Φe〉 〈Φν〉

A4 = GF

Ge = Z2 Gν = Z3

+ A4 symmetry broken by
VEVs of flavons

〈Φν〉 = (v, v, v)
〈Φe〉 = (v′, 0, 0)

å Form of neutrino mass
matrix fixed (at some
level)

å Tri–bi–maximal mixing

TBM =

 θ12 ' 35◦
θ13 = 0
θ23 = 45◦

+ Notion: charged lepton and neutrino mass matrices have certain
symmetries
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Precision of Model Predictions Flavor symmetries

Corrections

+ In a QFT there is no notion of a subsector having a certain symmetry

+ Rather, either the Lagrange density L has a symmetry or it doesn’t, so
subsector symmetries are at best a leading order statement

+ Important corrections
W Leurer, Nir & Seiberg [1994]; W Dudas, Pokorski & Savoy [1995];. . .

+ In the A4 example, the kinetic terms of the fields will get extra terms
induced by the flavon VEVs 〈Φν〉 and 〈Φe〉

W Chen, Fallbacher, MR & Staudt [2012]; W Chen, Fallbacher, Omura, MR & Staudt [2013]
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Example: change of θ13
W Chen, Fallbacher, MR & Staudt [2012]; W Chen, Fallbacher, Omura, MR & Staudt [2013]

+ ∆θ13 for v/Λ = 0.2 and after setting an unknown O(1) parameter to 1
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∆θ13 an.
∆θ13 num.

typical VEV cut-off

+ ∆θ13 can be much larger than the experimental error
+ Although in this case the correction is small for small m1, this is just a

feature of this particular correction
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The VEV alignment conundrum

+ We have postulated certain VEVs

〈Φν〉 = (v, v, v)
〈Φe〉 = (v′, 0, 0)

+ VEVs tend to settle at symmetry-enhanced points
W Michel & Radicati [1971]. . .W Kofman et al. [2004]. . .W Holthausen & Schmidt [2012]. . .

+ However, to fit data one needs either not fully symmetric VEVs or higher
order terms, i.e. additional free parameters, or both

+ Like the higher order terms the alignment of these VEVs introduces new,
free parameters

+ It is nontrivial to construct predictive realistic models based on
(traditional) flavor symmetries
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Precision of Model Predictions Modular flavor symmetries

Modular forms details

+ Modular forms are well known in mathematics and some areas of physics
see W D’Hoker & Kaidi [2022] for a nice and clear overview

+ Traditional modular forms

f(γ τ) = (cτ + d)−kf(τ)

γ =
(
a b
c d

)
∈ SL(2,Z)/Z2

+ Modular forms of level N

fi(γ τ) = (cτ + d)−k [ρN (γ)]ij fj(τ)

W Feruglio [2017]

Modular flavor symmetries:
What if Yukawa couplings are modular forms?

Michael Ratz, UC Irvine Vietnam Flavour Physics Conference 2022 11 / 18

http://inspirehep.net/search?p=DHoker:2022dxx
http://inspirehep.net/search?p=Feruglio:2017spp
https://faculty.sites.uci.edu/mratz/
https://indico.in2p3.fr/event/20329/


Precision of Model Predictions Modular flavor symmetries

Modular forms details

+ Modular forms are well known in mathematics and some areas of physics
see W D’Hoker & Kaidi [2022] for a nice and clear overview

+ Traditional modular forms

f(γ τ) = (cτ + d)−kf(τ)

k ∈ N modular weight

+ Modular forms of level N

fi(γ τ) = (cτ + d)−k [ρN (γ)]ij fj(τ)

W Feruglio [2017]

Modular flavor symmetries:
What if Yukawa couplings are modular forms?

Michael Ratz, UC Irvine Vietnam Flavour Physics Conference 2022 11 / 18

http://inspirehep.net/search?p=DHoker:2022dxx
http://inspirehep.net/search?p=Feruglio:2017spp
https://faculty.sites.uci.edu/mratz/
https://indico.in2p3.fr/event/20329/


Precision of Model Predictions Modular flavor symmetries

Modular forms & modular flavor symmetries details

+ Modular forms are well known in mathematics and some areas of physics
see W D’Hoker & Kaidi [2022] for a nice and clear overview

+ Traditional modular forms

f(γ τ) = (cτ + d)−kf(τ)

+ Modular forms of level N

fi(γ τ) = (cτ + d)−k [ρN (γ)]ij fj(τ)

representation matrix of ΓN

W Feruglio [2017]
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What if Yukawa couplings are modular forms?
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An explicit example
W Feruglio [2017]

+ Neutrino mass in traditional A4 models

mν = v2
u

Λ

2a −c −b
−c 2b −a
−b −a 2c

 (traditional)

+ Neutrino mass in a “modular” A4 model

mν = v2
u

Λ

2Y1(τ) −Y3(τ) −Y2(τ)
−Y3(τ) 2Y2(τ) −Y1(τ)
−Y2(τ) −Y1(τ) 2Y3(τ)


+ Highly predictive:

Λ
Re τ
Im τ

 predict−−−−→

 3 mass eigenvalues mi

3 mixing angles θij
3 phases (1 Dirac & 2 Majorana)
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Precision of Model Predictions Modular flavor symmetries

Predictions of the Feruglio model
W Song, Li, Argüelles, Bustamante & Vincent [2021]

NuFIT 5.1 (2021)
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Normal Ordering (best fit) Inverted Ordering (∆χ2 = 2.6)

bfp ±1σ 3σ range bfp ±1σ 3σ range

sin2 θ12 0.304+0.013
−0.012 0.269→ 0.343 0.304+0.012

−0.012 0.269→ 0.343

θ12/
◦ 33.44+0.77

−0.74 31.27→ 35.86 33.45+0.77
−0.74 31.27→ 35.87

sin2 θ23 0.573+0.018
−0.023 0.405→ 0.620 0.578+0.017

−0.021 0.410→ 0.623
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−1.2 39.8→ 52.1

sin2 θ13 0.02220+0.00068
−0.00062 0.02034→ 0.02430 0.02238+0.00064

−0.00062 0.02053→ 0.02434

θ13/
◦ 8.57+0.13

−0.12 8.20→ 8.97 8.60+0.12
−0.12 8.24→ 8.98

δCP/
◦ 194+52

−25 105→ 405 287+27
−32 192→ 361

∆m2
21

10−5 eV2 7.42+0.21
−0.20 6.82→ 8.04 7.42+0.21

−0.20 6.82→ 8.04

∆m2
3`

10−3 eV2 +2.515+0.028
−0.028 +2.431→ +2.599 −2.498+0.028
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10−3 eV2 +2.510+0.027
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W Feruglio [2017]

+ Model predictions

sin2 θ12 = 0.295

sin2 θ23 = 0.651

sin2 θ13 = 0.0447

δCP = 279◦

}
∆m2

sol
∆m2

atm
= 0.0292
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Precision of Model Predictions Modular flavor symmetries

How accurate are the predictions?

+ 3 free parameters Λ, Re τ and Im τ y 9 predictions: three mass
eigenvalues, three mixing angles and three phases

+ Predictions can be made fully consistent with data by introducing one (ad
hoc) parameter

W Criado & Feruglio [2018]

+ Increase in predictivity because multi–component flavons got replaced by
τ , which has only two degrees of freedom

+ However: kinetic terms receive important corrections
W Chen, Ramos-Sánchez & MR [2020]

å Many more parameters (7 leading order corrections with 7 additional free
parameters)

details
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Example of corrections in a modular A4 model
W Chen, Ramos-Sánchez & MR [2020]

+ E.g. sensitivity to one (out of 7) leading coefficient
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Precision of Model Predictions (Quasi-)Eclectic symmetries

Eclectic flavor symmetries in string theory
W Baur, Nilles, Trautner & Vaudrevange [2019]

W Nilles, Ramos–Sánchez & Vaudrevange [2021]; W Baur, Kade, Nilles, Ramos-Sánchez & Vaudrevange [2021]

+ Discrete flavor symmetries are identified as the outer automorphisms of
the Narain space group

+ These symmetries include:
traditional flavor symmetries
modular flavor symmetries
R symmetries (including non–Abelian discrete R symmetries)
CP symmetries and CP–like transformations

+ Example of stringy model that can accommodate SM fermion masses
W Baur, Nilles, Ramos-Sanchez, Trautner & Vaudrevange [2022]
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Attempts to tame corrections to the kinetic terms
W Chen, Knapp–Pérez, Ramos-Hamud, Ramos–Sánchez, MR & Shukla [2022]

+ Toy example: borrow one ingredient
Gflavor ⊃ Gtraditional ∪Gmodular

+ Consider a larger flavor symmetry
Gflavor = (A4)traditional × Γ3

å Variation of the Feruglio model

(EC1 , EC2 , EC3 ) L Hd Hu χ ϕ Sχ Sϕ Y

SU(2)L ×U(1)Y 11 2−1/2 2−1/2 21/2 10 10 10 10 10

Atraditional
4 (10,12,11) 3 10 10 3 3 10 10 10

Z
χ
3 0 0 0 1 1 0 1 0 0

Z
ϕ
3 1 0 1 0 0 1 0 1 0

Γ3 10 10 10 10 3 10 10 10 3

k (kE1 , kE2 , kE3 ) kL kHd kHu kχ kϕ kS kS kY
modular weights (1, 1, 1) −1 0 0 0 0 0 0 2
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Attempts to tame corrections to the kinetic terms
W Chen, Knapp–Pérez, Ramos-Hamud, Ramos–Sánchez, MR & Shukla [2022]

+ Toy example: borrow one ingredient
Gflavor ⊃ Gtraditional ∪Gmodular

+ Consider a larger flavor symmetry
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å Variation of the Feruglio model
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“traditional” flavon
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Attempts to tame corrections to the kinetic terms
W Chen, Knapp–Pérez, Ramos-Hamud, Ramos–Sánchez, MR & Shukla [2022]
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triplet of modular forms
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Attempts to tame corrections to the kinetic terms
W Chen, Knapp–Pérez, Ramos-Hamud, Ramos–Sánchez, MR & Shukla [2022]

+ Toy example: borrow one ingredient
Gflavor ⊃ Gtraditional ∪Gmodular

+ Consider a larger flavor symmetry
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å Variation of the Feruglio model

(EC1 , EC2 , EC3 ) L Hd Hu χ ϕ Sχ Sϕ Y

SU(2)L ×U(1)Y 11 2−1/2 2−1/2 21/2 10 10 10 10 10

Atraditional
4 (10,12,11) 3 10 10 3 3 10 10 10

Z
χ
3 0 0 0 1 1 0 1 0 0

Z
ϕ
3 1 0 1 0 0 1 0 1 0

Γ3 10 10 10 10 3 10 10 10 3
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charged under traditional
and modular symmetries
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Attempts to tame corrections to the kinetic terms
W Chen, Knapp–Pérez, Ramos-Hamud, Ramos–Sánchez, MR & Shukla [2022]

+ Toy example: borrow one ingredient
Gflavor ⊃ Gtraditional ∪Gmodular

+ Consider a larger flavor symmetry
Gflavor = (A4)traditional × Γ3

å Variation of the Feruglio model

(EC1 , EC2 , EC3 ) L Hd Hu χ ϕ Sχ Sϕ Y

SU(2)L ×U(1)Y 11 2−1/2 2−1/2 21/2 10 10 10 10 10

Atraditional
4 (10,12,11) 3 10 10 3 3 10 10 10

Z
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k (kE1 , kE2 , kE3 ) kL kHd kHu kχ kϕ kS kS kY
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“driving fields”
(admittedly ugly)
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Virtues of combined modular and traditional symmetries
W Chen, Knapp–Pérez, Ramos-Hamud, Ramos–Sánchez, MR & Shukla [2022]

Atraditional
4

canonical
kinetic terms

Γ3

modular forms
×

Γdiagonal
3

modular forms
+

canonical kinetic terms

〈χ〉 = χdiag

+ The modular symmetry makes
VEV alignment much less
contrived

+ The traditional symmetry
provides us with an expansion
parameter to tame higher order
terms

+ χ breaks both symmetries to a
diagonal symmetry which
combines the advantages of both
sectors

+ The model has been carefully crafted to have these features . . . but it
shows that it is in principle possible specify and tame the uncertainties in
this type of model building
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modular forms
+

canonical kinetic terms

〈χ〉 = χdiag

+ The modular symmetry makes
VEV alignment much less
contrived

+ The traditional symmetry
provides us with an expansion
parameter to tame higher order
terms (in the example at hand
ε ∼ yτ = O(10−2) and thus
uncertainty of predictions is at
the percent level)

+ χ breaks both symmetries to a
diagonal symmetry which
combines the advantages of both
sectors

+ The model has been carefully crafted to have these features . . . but it
shows that it is in principle possible specify and tame the uncertainties in
this type of model building
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modular forms
+

canonical kinetic terms

〈χ〉 = χdiag

+ The modular symmetry makes
VEV alignment much less
contrived

+ The traditional symmetry
provides us with an expansion
parameter to tame higher order
terms

+ χ breaks both symmetries to a
diagonal symmetry which
combines the advantages of both
sectors (〈χ〉 = χdiag ∝ 13 is a
symmetry–enhanced point)

+ The model has been carefully crafted to have these features . . . but it
shows that it is in principle possible specify and tame the uncertainties in
this type of model building
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Precision of Model Predictions Summary & outlook

Summary

+ The bulk of the free parameters of the SM reside in the flavor sector

+ Flavor model building is an attempt to explain these parameters

+ However, at least in neutrino flavor model building generally the
experimental error bars are far smaller than the uncertainties of model
predictions

+ Modular (flavor) symmetries and their realization in top–down models
may help us to overcome challenges like VEV alignment, uncontrollable
higher order terms etc.

+ In short, (we) model building theorists will have to catch up with our
experimental colleagues
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Precision of Model Predictions Summary & outlook

Outlook

+ Encourage model building community to estimate uncertainties in model
predictions

+ Nonsupersymmetric modular flavor symmetries

+ Other new ideas
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Precision of Model Predictions Example: A4

A popular example: A4
W Ma & Rajasekaran [2001]; W Babu, Ma & Valle [2003]; W Hirsch, Romao, Skadhauge, Valle & Villanova del Moral [2004]

W Altarelli & Feruglio [2005],. . .

+ Superpotential couplings

Wν = λ1

Λ Λν
{[(LHu)× (LHu)]3 × Φν}1 + λ2

Λ Λν
[(LHu)× (LHu)]1 ξ

left–handed
lepton doublets

transform as A4 triplet
L = (Le, Lµ, Lτ )T

A4 3–plet
(flavon)

u–type
Higgs

Wν = λ1

Λ Λν
{[(LHu)× (LHu)]3 × Φν}1 + λ2

Λ Λν
[(LHu)× (LHu)]1 ξ

We = he
Λ (Φe × L)1 Hd eR + hµ

Λ (Φe × L)1′ Hd µR + hτ
Λ (Φe × L)1′′ Hd τR

A4 = GF

Ge = Z2 Gν = Z3

〈Φe〉 〈Φν〉

+ A4 symmetry broken by
VEVs of flavons

〈Φν〉 = (v, v, v)
〈Φe〉 = (v′, 0, 0)
〈ξ〉 = w

å Tri–bi–maximal mixing
(TBM)
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A popular example: A4
W Altarelli & Feruglio [2005],. . .

+ Superpotential couplings

Wν = λ1

Λ Λν
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Λ Λν
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cut–off see–saw
scale
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〈ξ〉 = w

å Tri–bi–maximal mixing
(TBM)
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Precision of Model Predictions Example: A4

Structure lepton masses
W Altarelli & Feruglio [2005]

+ After inserting the flavon VEVs

Wν = (LeHu, LµHu, Lτ Hu)

 a+ 2d −d −d
−d 2d a− d
−d a− d 2d

 LeHu

LµHu

Lτ Hu



a = 2λ1 λ2
w

Λ
1

Λν
d = λ1

3
v

Λ
1

Λν

Wν = (LeHu, LµHu, Lτ Hu)

 a+ 2d −d −d
−d 2d a− d
−d a− d 2d

  LeHu

LµHu

Lτ Hu


We = (Le, Lµ, Lτ )

ye 0 0
0 yµ 0
0 0 yτ

 eR
µR
τR

 Hd

+ After inserting the electroweak VEVs

Wν
Hu→(0,vu)T

−−−−−−−−→ v2
u

2 (νe, νµ, ντ )

 a+ 2d −d −d
−d 2d a− d
−d a− d 2d

 νeνµ
ντ
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Precision of Model Predictions Example: A4

Tri–bi–maximal mixing (TBM)
W Harrison, Perkins & Scott [2002]

+ Structure of neutrino masses (in the basis in which the charged lepton
masses are diagonal)

mν ∝

a+ 2d −d −d
−d 2d a− d
−d a− d 2d



+ Tri–bi–maximal (P)MNS
mixing matrix

UTBM
(P)MNS =


√

2
3

1√
3 0

− 1√
6

1√
3 − 1√

2
− 1√

6
1√
3

1√
2


• Mixing angles:

 θ12 ' 35◦
θ13 = 0
θ23 = 45◦

• δ undefined for θ13 = 0

+ Unrealistic but close to the actual values
back

Michael Ratz, UC Irvine Vietnam Flavour Physics Conference 2022 5 / 16

http://inspirehep.net/search?p=Harrison:2002er
https://faculty.sites.uci.edu/mratz/
https://indico.in2p3.fr/event/20329/


Precision of Model Predictions Example: A4

Tri–bi–maximal mixing (TBM)
W Harrison, Perkins & Scott [2002]

+ Structure of neutrino masses (in the basis in which the charged lepton
masses are diagonal)

mν ∝

a+ 2d −d −d
−d 2d a− d
−d a− d 2d


+ Tri–bi–maximal (P)MNS

mixing matrix

UTBM
(P)MNS =


√

2
3

1√
3 0

− 1√
6

1√
3 − 1√

2
− 1√

6
1√
3

1√
2


• Mixing angles:

 θ12 ' 35◦
θ13 = 0
θ23 = 45◦

• δ undefined for θ13 = 0

+ Unrealistic but close to the actual values
back

Michael Ratz, UC Irvine Vietnam Flavour Physics Conference 2022 5 / 16

http://inspirehep.net/search?p=Harrison:2002er
https://faculty.sites.uci.edu/mratz/
https://indico.in2p3.fr/event/20329/


Precision of Model Predictions Example: A4

Tri–bi–maximal mixing (TBM)
W Harrison, Perkins & Scott [2002]

+ Structure of neutrino masses (in the basis in which the charged lepton
masses are diagonal)

mν ∝

a+ 2d −d −d
−d 2d a− d
−d a− d 2d


+ Tri–bi–maximal (P)MNS

mixing matrix

UTBM
(P)MNS =


√

2
3

1√
3 0

− 1√
6

1√
3 − 1√

2
− 1√

6
1√
3

1√
2


• Mixing angles:

 θ12 ' 35◦
θ13 = 0
θ23 = 45◦

• δ undefined for θ13 = 0

+ Unrealistic but close to the actual values
back

Michael Ratz, UC Irvine Vietnam Flavour Physics Conference 2022 5 / 16

http://inspirehep.net/search?p=Harrison:2002er
https://faculty.sites.uci.edu/mratz/
https://indico.in2p3.fr/event/20329/


ModularModular
FlavorFlavor

SymmetriesSymmetries
(Some details)(Some details)



Precision of Model Predictions Modular flavor symmetries (details)

Tori

+ Torus = donut

+ Two cycles
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Precision of Model Predictions Modular flavor symmetries (details)

Tori

identify

identify

0 e1

e2
e′2

+ Torus can be thought of as a parallelogram (which emerges by cutting the
torus open along the red and blue cycles)

+ Fundamental domain is not unique
+ We can build linear combinations of the basis vectors(

e2
e1

)
γ7−→

(
e′2
e′1

)
=
(
a b
c d

) (
e2
e1

)
=: γ

(
e2
e1

)
+ Volume of fundamental domain stays the same ⇔ det γ = 1 y

γ ∈ SL(2,Z) (there is a superfluous sign, so γ ∈ Γ = SL(2,Z)/Z2)
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Tori

identify

identify

0 e1
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e′2
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by a lattice translation
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Precision of Model Predictions Modular flavor symmetries (details)

Tori

identify

identify

0 e1

e2
e′2

+ Fundamental domain is not unique

+ We can build linear combinations of the basis vectors(
e2
e1

)
γ7−→

(
e′2
e′1

)
=
(
a b
c d

) (
e2
e1

)
=: γ

(
e2
e1

)

a, b, c, d ∈ Z

+ Volume of fundamental domain stays the same ⇔ det γ = 1 y
γ ∈ SL(2,Z) (there is a superfluous sign, so γ ∈ Γ = SL(2,Z)/Z2)
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Precision of Model Predictions Modular flavor symmetries (details)

SL(2,Z)
+ Two basic transformations

T : e2
T7−−→ e′2 = e2 + e1 y γ =

(
1 1
0 1

)
=: T

S : e1
S7−−→ e′1 = e2 & e2 7→ e′2 = −e1 y γ =

(
0 1
−1 0

)
=: S

+ Complex structure modulus τ = e2/e1 w/ Im τ > 0

τ
T7−−→ τ + 1 and τ

S7−−→ −1
τ

+ S and T generate SL(2,Z) and S2 = −1 & (S T )3 = 1

Modular flavor symmetries:
Identify finite groups with generators satisfying
Γ = SL(2,Z)/Z2 relations

S2 = (S T )3 = 1 & additional relations
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Precision of Model Predictions Modular flavor symmetries (details)

Modular flavor symmetries back

+ Finite subgroups ΓN := Γ/Γ(N) where
W Feruglio [2017]

Γ(N) =
{(

a b
c d

)
∈ Γ ;

(
a b
c d

)
=
(

1 0
0 1

)
mod N

}

level Γ = SL(2,Z)/Z2

+ E.g. Γ3 ' A4 (symmetry of tetrahedron)
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Precision of Model Predictions Corrections to model predictions

‘Corrections’ to model predictions

+ Many analyses: include high order terms in holomorphic superpotential

+ However: possible to construct models where higher order holomorphic
superpotential terms vanish to all orders

+ Also popular: contribution from right–handed sector (may be determined
by symmetries as well)

? How predictive are such models?
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Precision of Model Predictions Corrections to model predictions

Kähler corrections
W Leurer, Nir & Seiberg [1994]; W Dudas, Pokorski & Savoy [1995];. . .

+ Superpotential: holomorphic, e.g.

Wν = 1
2 (LHu)T κν LHu

+ Kähler potential: non–holomorphic (real analytic)

K = Kcanonical + ∆K

+ Canonical Kähler potential

Kcanonical ⊃
∑
f

[
(Lf )† Lf + (Rf )† Rf

]
+ Correction

∆K =
∑
f,g

[
L†f Pfg Lg +R†f Qfg Rg

]
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Precision of Model Predictions Corrections to model predictions

Kähler corrections
W Leurer, Nir & Seiberg [1994]; W Dudas, Pokorski & Savoy [1995];. . .

+ Superpotential: holomorphic, e.g.

Wν = 1
2 (LHu)T κν LHu

+ Kähler potential: non–holomorphic (real analytic)

K = Kcanonical + ∆K

+ Canonical Kähler potential

Kcanonical ⊃
∑
f

[
(Lf )† Lf + (Rf )† Rf

]

charged
lepton singlets
R = (eR, µR, τR)

+ Correction

∆K =
∑
f,g

[
L†f Pfg Lg +R†f Qfg Rg

]
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Kähler corrections
W Leurer, Nir & Seiberg [1994]; W Dudas, Pokorski & Savoy [1995];. . .

+ Superpotential: holomorphic, e.g.

Wν = 1
2 (LHu)T κν LHu

+ Kähler potential: non–holomorphic (real analytic)

K = Kcanonical + ∆K

+ Canonical Kähler potential

Kcanonical ⊃
∑
f

[
(Lf )† Lf + (Rf )† Rf

]
+ Correction

∆K =
∑
f,g

[
L†f Pfg Lg +R†f Qfg Rg

]

Hermitean
matrices

composed of
e.g. flavons
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Back to the (traditional) A4 example

+ Kähler potential may contain

∆K linear
Φ ⊃

2∑
i=1

1
Λ κ

(i)
Φ,linear L

† (LΦ)3i
+ h.c.

one of
the triplet
flavons

triplet contractions from
3× 3 = 1 + 1′ + 1′′ + 31 + 32

+ However, such terms may be forbidden by additional symmetries
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A4 example continued

+ ‘Quadratic’ Kähler corrections

∆Kquadratic
Φ ⊃ 1

Λ2

6∑
X

κX
Φ,quadratic (LΦ)†X (LΦ)X + h.c.

one of
the triplet
flavons

triplet contractions from
3× 3 = 1 + 1′ + 1′′ + 31 + 32

+ Such terms cannot be forbidden by any (conventional) symmetry

å Kähler corrections when flavon fields attain their VEVs

+ Additional parameters κX
Φ reduce the predictivity of the scheme

+ We do not fully agree with certain statements made in the literature
see W Fallbacher [2015] for details
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Linear independent flavon corrections

+ From 〈Φe〉

PI =

 1 0 0
0 0 0
0 0 0

 , PII =

 0 0 0
0 1 0
0 0 0


PIII =

 0 0 0
0 0 0
0 0 1


+ From 〈Φν〉

PIV =

 0 1 1
1 0 1
1 1 0

 , PV =

 0 i −i
−i 0 i
i −i 0
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Change of θ13 in the A4 model
W Chen, Fallbacher, MR & Staudt [2012]; W Chen, Fallbacher, Omura, MR & Staudt [2013]

+ Consider change induced by PV correction

+ Kähler metric of the form KL = 1− 2xP with

P = 3
√

3
2

 0 i −i
−i 0 i
i −i 0


+ The analytic formula evaluated at tri–bi–maximal mixing reads

(me � mµ � mτ )

∆θ13 = κV ·
v2

Λ2 · 3
√

3
2

(
2m1

m1 +m3
+ m2

e

m2
µ −m2

e

+ m2
e

m2
τ −m2

e

)
+ Complex P matrix y��CP is induced: δ ≈ π/2

Michael Ratz, UC Irvine Vietnam Flavour Physics Conference 2022 17 / 22

http://inspirehep.net/search?p=Chen:2012ha
http://inspirehep.net/search?p=Chen:2013aya
https://faculty.sites.uci.edu/mratz/
https://indico.in2p3.fr/event/20329/


Precision of Model Predictions Corrections to model predictions

Change of θ13 in the A4 model
W Chen, Fallbacher, MR & Staudt [2012]; W Chen, Fallbacher, Omura, MR & Staudt [2013]

+ Consider change induced by PV correction

+ Kähler metric of the form KL = 1− 2xP with

P = 3
√

3
2

 0 i −i
−i 0 i
i −i 0



+ The analytic formula evaluated at tri–bi–maximal mixing reads
(me � mµ � mτ )

∆θ13 = κV ·
v2

Λ2 · 3
√

3
2

(
2m1

m1 +m3
+ m2

e

m2
µ −m2

e

+ m2
e

m2
τ −m2

e

)
+ Complex P matrix y��CP is induced: δ ≈ π/2

Michael Ratz, UC Irvine Vietnam Flavour Physics Conference 2022 17 / 22

http://inspirehep.net/search?p=Chen:2012ha
http://inspirehep.net/search?p=Chen:2013aya
https://faculty.sites.uci.edu/mratz/
https://indico.in2p3.fr/event/20329/


Precision of Model Predictions Corrections to model predictions

Change of θ13 in the A4 model
W Chen, Fallbacher, MR & Staudt [2012]; W Chen, Fallbacher, Omura, MR & Staudt [2013]

+ Consider change induced by PV correction

+ Kähler metric of the form KL = 1− 2xP with

P = 3
√

3
2

 0 i −i
−i 0 i
i −i 0


+ The analytic formula evaluated at tri–bi–maximal mixing reads

(me � mµ � mτ )

∆θ13 = κV ·
v2

Λ2 · 3
√

3
2

(
2m1

m1 +m3
+ m2

e

m2
µ −m2

e

+ m2
e

m2
τ −m2

e

)

+ Complex P matrix y��CP is induced: δ ≈ π/2

Michael Ratz, UC Irvine Vietnam Flavour Physics Conference 2022 17 / 22

http://inspirehep.net/search?p=Chen:2012ha
http://inspirehep.net/search?p=Chen:2013aya
https://faculty.sites.uci.edu/mratz/
https://indico.in2p3.fr/event/20329/


Precision of Model Predictions Corrections to model predictions

Change of θ13 in the A4 model
W Chen, Fallbacher, MR & Staudt [2012]; W Chen, Fallbacher, Omura, MR & Staudt [2013]

+ Consider change induced by PV correction

+ Kähler metric of the form KL = 1− 2xP with

P = 3
√

3
2

 0 i −i
−i 0 i
i −i 0


+ The analytic formula evaluated at tri–bi–maximal mixing reads

(me � mµ � mτ )

∆θ13 = κV ·
v2

Λ2 · 3
√

3
2

(
2m1

m1 +m3
+ m2

e

m2
µ −m2

e

+ m2
e

m2
τ −m2

e

)
+ Complex P matrix y��CP is induced: δ ≈ π/2

Michael Ratz, UC Irvine Vietnam Flavour Physics Conference 2022 17 / 22

http://inspirehep.net/search?p=Chen:2012ha
http://inspirehep.net/search?p=Chen:2013aya
https://faculty.sites.uci.edu/mratz/
https://indico.in2p3.fr/event/20329/


Precision of Model Predictions Corrections to model predictions

Change of θ13

+ ∆θ13 for Kähler coefficient κV = 1, v/Λ = 0.2
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Michael Ratz, UC Irvine Vietnam Flavour Physics Conference 2022 18 / 22

https://faculty.sites.uci.edu/mratz/
https://indico.in2p3.fr/event/20329/


Precision of Model Predictions Corrections to model predictions

Problem with kinetic terms in modular A4 model
W Chen, Ramos-Sánchez & MR [2020]

+ EFT expansion of the Kähler potential

K = α0 (−i τ + i τ)−1 (
LL
)

1 +
7∑
k=1

αk (−i τ + i τ)
(
Y LY L

)
1, k + . . .

canonical (up to overall factor)

+ Since modular flavor symmetries are nonlinearly realized there is no
control over the Kähler potential

å More parameters than predictions in bottom–up approach
back
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extra terms on the same footing

+ Since modular flavor symmetries are nonlinearly realized there is no
control over the Kähler potential

å More parameters than predictions in bottom–up approach
back
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