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1 Preliminary statistics: 65 years of -physics 
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2 We have known quite a lot about ’s 

A global fit by I. Esteban et al  (2007.14792);  also by F. Capozzi et al  (2107.00532).     

mass 
ordering  

CPV  

 

 



3 No theoretical breakthrough yet   

Edward Witten’s opening talk at the SNO “Neutrino2000” conference: 

     “For neutrino masses, the considerations 
have always been qualitative,  and,  despite 
some interesting attempts,  there has never 
been a convincing quantitative model of the 
neutrino masses.” 

Steven Weinberg was interviewed by CERN Courier  when celebrating 
50 years of the SM in 2017.  

passed away  
on 23/7/2021 

Asked what single mystery, if he could choose, 
he’d like to see solved in his lifetime, Weinberg 
doesn’t have to think for long:  he wants to be 
able to explain the observed pattern of quark 
and lepton masses. “I’m no closer to answering 
it than I was in the summer of 1972,” he says.  



Part A —— Some general remarks: 

From Weinberg 1967 to Weinberg 2020 

OUTLINE  

Part B —— Two specific examples: 

On neutrino EFTs and modular symmetry 

√  

I’m sorry for having no time to cover more topics 



5 What is wrong with the SM? 

      My style is usually not to propose specific models that will lead to specific 
experimental predictions, but rather to interpret in a broad way what is going 
on and make very general remarks, like with the development of the point of 
view associated with effective field theory ---- Weinberg 2021@CERN Courier 

In October 1967, Steven Weinberg proposed a model of leptons. 

—— its theoretical ingredients are perfect!   

—— its particle content looks very strange: it has no quark flavors, no 

neutrino masses, no flavor mixing and no CP violation.    



6 A seemingly wrong use of Occam’s razor! 

Albert Einstein:   

Everything should be made as simple as possible, but not simpler!      

maximal P violation 
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neutrinos      
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7 Yukawa interactions serve as a bridge 

The right-handed neutrino fields may have big self-interaction 
couplings (lepton number violation), or a Majorana mass term 

In this case the sectors of left- and right-handed neutrinos might have a huge 
mass gap, implying a flavor democracy between them.   

 A new understanding of the type-I 
seesaw mechanism: small neutrino 
masses originate from the Yukawa 
interactions which are responsible 
for breaking the flavor democracy.   

Yukawa interactions:  



8 The type-I seesaw is in the landscape 

P. Minkowski 1977, T. Yanagida 1979… 

Cumrun Vafa 2005  Eran Palti 2019  

Natural seesaws from 
a fundamental theory 

Effective low-energy 
-mass models  

This seesaw picture is well consistent 
with the spirit of Weinberg’s EFT with 
a unique d=5 operator (1979).    



9 This was historically true  

From Fermi’s EFT for beta decays to Weinberg’s SM, neutrinos did play a role!    

This is the weak charged-current (gauge) interaction in which neutrinos take 
part. How about the neutrino Yukawa interactions?    

gauge seesaw   

The Fermi coupling constant                      The weak coupling constant  

vs 



10 Majorana nature and exact seesaw  

Diagonalize the 66 Majorana neutrino mass matrix by a 66 unitary matrix:       

Majorana mass states:  

Three flavor states are 
linear combinations of 
six mass states (LFV):       

The exact seesaw  relation between 
light and heavy Majorana neutrinos  



11 The Euler-like parametrization of everything  

Note: the 3×3 PMNS active neutrino 
mixing matrix is not exactly unitary: 

The active-sterile flavor mixing: ZZX: 
0709.2220 
      and 
1110.0083 

12 angles  
        +  
12 phases 

unitary: 



12 An exact factorization of R  

The active-sterile flavor mixing matrix can be exactly expressed as follows:       

heavy -masses 

light -masses 
light -mixing 
+ oscillations leptogenesis + LFV + … 

 

Inspiration from 
hadron physics :  

weak part × strong perturbative part × strong non-perturbative part 

The undetermined part is the unknown complex orthogonal matrix:   

The Casas-Ibarra parametrization (2001):  

 

★ This approximate seesaw only contains the dim-5 operator’s contributions.  

★ It is the dim-6 operator that violates the PMNS unitarity (Abada et al, 2007). 



13 But a factorization has little to do with dynamics  

★ Weinberg’s conjecture (2020): only the 3rd family of fermions have the tree 

level Yukawa interactions, and the others gain their masses via loops.   

at the age 
of 87  

★ Fermion masses: primarily stem from tree-level Yukawa interactions in SM.     

★ Flavor mixing: a mismatch between the Yukawa and CC gauge interactions, 

should originate at the same time as fermion masses.   

One may have somewhat different opinions:      



14 Yes, we seem to be on the right track  

The ambition to measure the electron 
Yukawa coupling through resonant s-
channel Higgs production (D. d’Enterria 

et al, arXiv: 2107.02686)    

FCC-ee 

ICHEP2020 



15 Hierarchical fermion mass spectrum   

The Fritzsch texture / double seesaw  

Example: tree-level nearest-neighbor 
interactions to give small f-masses.        

with                

A seesaw mass relation 
for the lightest fermion 
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16 More challenges are from flavor mixing  

Models: a constant matrix + corrections.  

 Models: the identity matrix + corrections.  

 I. Esteban et al (2007.14792):  

 Particle Data Group (2020):  

CKM PMNS 



Part A —— Some general remarks: 

From Weinberg 1967 to Weinberg 2020 

OUTLINE  

Part B —— Two specific examples: 

On neutrino EFTs and modular symmetry √  

I’m sorry for having no time to cover more topics 



18 Neutrino masses in the SMEFT (tree level)  

The SMEFT  is built with the SM degrees 
of freedom and the SM gauge symmetry 

Dimension-5: the unique Weinberg operator for -masses (S. Weinberg 1979) 

Dimension-6: W. Buchmuller, D. Wyler, 1986; B. Grzadkowski et al, 2010; …  

Dimension-7: L. Lehman, 2014; Y. Liao, X.D. Ma, 2016; …  

Dimension-8: C.W. Murphy, 2020; H.L. Li et al, 2020; …  

Dimension-9: Y. Liao, X.D. Ma, 2020; H.L. Li et al, 2020, 2021; …  

Even (odd) dimensional operators if (B –L)/2 is even (odd) (A. Kobach 2016).  

For a given mass dimension (2n + 5), there is only a unique operator that can 
give neutrino masses at the tree level (F. Bonnet et al, 2009; Y. Liao, 2011):   

(up to dim-7)  



19 
Neutrino masses get the one-loop corrections from dim-(5 + 6 + 7) operators  

Neutrino masses in the SMEFT (one loop)  

M. Chala, A. Titov, 2104.08248; 

(examples of the one-loop diagrams) 

Radiative corrections are in particular 
triggered by dim-6 terms.   

J. Ellis et al, 2012.02779. An illustration for a ball-park feeling.   



20 
Neutrinoless double-beta decay: apart from the dim-5 Weinberg operator, the 
next contribution is from the dim-7 operators:  

More on neutrino masses in the SMEFT  

short range 

long range 

mass 
insertion 

dim-7 

dim-7 

dim-5 

V. Cirigliano et al, 2017; 2018; 
M. Horoi, A. Neacsu, 1706.05391; 
Y. Liao, X.D. Ma, 2019; … 

Some other aspects:  
 

 Lepton flavor violation in the SMEFT 

A. Crivellin, S. Najjari, J. Rosiek, 2014;  
S. Davidson, 2016; 
A. Crivellin et al, 2017; 
S. Davidson, 2021; 
M. Ardu, S. Davidson, 2103.07212; … 

 The SMEFT extended with sterile ’s 

F. del Aguila et al, 2009; 
S. Bhattacharya, J. Wudka, 2016; 
Y. Liao, X.D. Ma, 2017; 
A.Datta et al, 2021;  
H.L. Li et al, 2105.09329; … 



21 Neutrino EFT  

-EFT is defined as an EFT after integrating out heavy degrees of freedom in a 
given ultraviolet neutrino model, e.g., the type-I seesaw model.  

The type-I seesaw with three 
right-handed neutrinos:  

Integrate out heavy degrees of freedom at the tree level up to dim-6 operator 

A. Brancano et al, 
2003; … 

with 

violate unitarity of 
the PMNS matrix. Warsaw basis 

Weinberg 
operator  

In the minimal unitarity violation scheme which contains the above tree-level 
operators, unitarity violation  of the PMNS matrix can be well constrained by 
current experimental data on precision EW measurements and LFV processes  
(S. Antusch et al, 2006; S. Antusch, O. Fischer, 2014; M. Blennow et al, 2017; …)  



22 A self-consistent calculation of  → e + (1)   

After SSB, the effective Lagrangian with tree-level dim-5 and dim-6 operators  

contributing to the LFV decays like  → e +  via the one-loop 
diagrams (a)—(c) in the unitary gauge: 

The amplitude of diagrams (a)—(c) is 

a result inconsistent  with the full type-I seesaw model —— in swampland? 

T.P. Cheng, L.F. Li, 
1980; A. Ilakovac, 
A. Pilaftsis, 1995; 
R. Alonso et al, 
2013; Z.Z. Xing,  
D. Zhang, 2020. 

 



23 A self-consistent calculation of  → e + (2)   

The reason is the missing of contributions from one-loop matching operators:   

contributing directly via diagram (d): 
SSB 

(D. Zhang, S. Zhou, 2102.04954)  

 

The total amplitude turns out to be 

This result is consistent  with the full type-I seesaw picture —— in landscape! 



24 A complete one-loop matching   

seesaw scale   

low energies   

landscape 

A lesson: 
 

It is nontrivial 
to see if a EFT 
is in landscape 
or swampland. 



25 Flavor symmetries    

Flavor symmetry is a powerful guiding principle for neutrino  model building?  

Hierarchy of masses and flavor mixing      

★ Froggatt-Nielsen mechanism (1979)  

Example (T. Kobayashi, ZZX, 1997): 

CKM = identity matrix + perturbations 

★ Discrete flavor symmetries (1978—)  

Example (K.S. Babu, X.G. He, 2005): 

PMNS = constant matrix + corrections 

Specific constant flavor mixing pattern  

New development: modular flavor symmetry with its own advantages + disadvantages     

—— in principle, no problem. 

—— in practice, a lot to pay.  

S3 , S4 , A4 , A5 , U(1)F , 
SU(2)F , modular, …. 

 flavons;  assignments;  how to break?   

 Abelian or non-Abelian 
 continuous or discrete 
 local or global 
 broken spontaneously or explicitly 



26 New progress: modular symmetry   

The modular symmetry: G. Altarelli, F. Feruglio, 2006; F. Feruglio, 1706.08749  

Modular transformation (a, b, c, d are integer, ad – bc = 1):    nonlinear 

duality 

shift 

Modular group: 

Modular group has finite subgroups. 

Orbifold compactification: 10D string theory  4D SM + 3 copies of 2D torus.  

10D 4D 

× × × 

: modular parameter 



27 Modular invariance as flavor symmetry   

The quotient group of modular group and its principal congruence subgroups: 
serve as flavor symmetries:   

supermultiplet 

unitary representation matrix of finite modular group  

weight 

Modular transformation is the transformation of 
modulus , and a Yukawa coupling depends on .  

It is always possible to choose a proper basis: 

key point 

transform as the irreducible representation of        .  

Under modular transformation 
the superpotential is invariant: 

The Modular form of Yukawa couplings. 



28 Example: modular A4 (1)   

For the modular group                with weight 2 and Dedekind -function,      

where                                   ,                                            ,                         ,    

A model in MSSM without flavons (T. Kobayashi et al, 2018):      

Another example: 
X. Wang’s talk 



29 Example: modular A4 (2)   

After spontaneous gauge symmetry breaking, one is left with flavor textures:     

 

neutrino seesaw 

Comment A: physical meaning of the complex modular parameter  is unclear.  

Comment B: flavor textures are not transparent due to a nonlinear realization 
of modular symmetry, and hence a careful numerical fitting has to be done.  

Comment C: no good reason for a strong mass hierarchy of charged fermions.   



30 An incomplete list of recent developments   

Topic 1: lepton and quark flavor issues 

Modular S3: Kobayashi et al, 2018, 2019; 

Modular A4: Criado, Feruglio, 2018; 
Kobayashi et al, 2018; Okada, Tanimoto, 
2019; Ding et al, 2019; Zhang, 2020; 
Wang, 2020; King, King, 2020; … 

Modular S4: Penedo, Petcov, 2019;  
Kobayashi et al, 2020; Wang, Zhou, 2020; 
Zhang, Zhou, 2021; … 

Modular A5: Novichkov et al, 2019; Ding 
et al, 2019; Criado et al, 2020; …        

Topic 3: modular symmetry and gCP 
Novichkov et al, 2019; Baul et al, 2019 

Topic 4: double covering of N 

Modular A4’: Liu, Ding, 2019; Lu et al, 2020 

Modular S4’: Novichkov et al, 2021; Liu et 
al, 2021; … 

Modular A5’: Wang, Yu, Zhou, 2021; Yao et 
al, 2021; … 

Topic 5: fixed points + residual symmetry 
Novichkov et al, 2019; Ding et al, 2019; 
Varzielas et al, 2020; Feruglio et al, 2021; 
Okada, Tanimoto, 2021; Wang, Zhou, 2021     

Topic 2: multiple modular symmetries 
Varzielas et al, 2020; King, Zhou, 2020, 
King,Zhou, 2021; … 

Other topics: GUTs, top-down approach, …  

Topic 6: Kahler potential + eclectic groups 
Chen et al, 2019; Nilles et al, 2020; Nilles 
et al, 2020; Nilles et al, 2020; Baur et al, 
2021; Chen et al, 2021; …  



31 Summary   

★ In the coming 20 years, precision tests of fundamental Yukawa interactions 

of charged fermions remain a big challenge at the energy frontier.  

★ The trivial neutrino Yukawa interactions (i.e., Dirac  neutrinos) would make 

an experimental test impossible. This possibility is theoretically unnatural. 

★ The Majorana nature of neutrinos is appealing, and the seesaw picture and 

its EFT are consistent with Weinberg’s EFT spirit and thus in the landscape.   

★ The modular symmetry, different from the conventional flavor symmetry in 

several aspects (modulus parameter versus CG coefficients, …), offers a new 
string + SUSY possibility to look at the neutrino Yukawa interactions.   

THANK YOU FOR YOUR ATTENTION 


