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Unsolved issues in neutrino physics

• Today’s talk will try to answer:

• Neutrino mass ordering                                                                                              

but normal ordering or inverted ordering?

• Why small mixing in quark sector, but large mixing in lepton 
sector?

CKM:

Pontecorvo–Maki–Nakagawa–Sakata: 

• Why lepton mixing has maximal angle                ?



Dispersion relation
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What if EW symmetry restored at high energy?

• Composite Higgs model, Kaplan and Georgi, Phys. Lett. B136, 183 (1984):

• “The electroweak group is broken at a scale                                                 
much smaller than the condensate scale”

• Hyperquark condensates                                                                             
misalign with SU(2)XU(1)                                                                            
vacuum owing to                                                                                          
Yukawa couplings
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LO mixing in symmetric phase

• Internal particles massless

• All intermediate channels give same contribution 

• Sum over all channels vanishes due to unitarity

• Mixing phenomenon disappears!

Li, 2306.03463 

EW symmetry broken at low energy;
constrains fermion masses and mixing angles

restoration scale



Box diagram in broken phase
• s’ can be low, so           depends on PMNS matrix elements and 

intermediate neutrino masses in broken phase.

• Box-diagram contribution
Cheng 1982
Buras et al 1984



Constraints 
• How to diminish dispersive integral                       ?

• Asymptotic expansion
to have finite integral

to diminish integral



These four conditions constrain 
neutrino masses and mixing 
angles!

Test quark mixing first---constrain quark masses and CKM matrix elements

for D mixing



Minimization 
• Use unitarity to eliminate       and to rewrite constraints

• Expression for              similar, but with  

• Ratio of CKM elements

• Tune u and v to minimize the sum (real parts of constraints)

then imaginary parts also small

refer to finite integral



Results 

m=i

variation of ms by 0.01 GeV

PDG

they agree well; CP phase must exist

v=0

m=1

m=0,-1

v=0.00062
minimum reached



Global fits experimental discrimination of NO, IO difficult



Neutrino mass orderings
• Apply to lepton                    mixing with intermediate neutrino channels

• Normal ordering (NO) 

• Predict

• Be reminded that it is LO analysis

• Inverted ordering (IO)

• NO and observed PMNS matrix satisfy constraint at order of magnitude

de Salas et al, 2018

global fit

(as long as it is small enough)

dramatically different



Mixing patterns
• Insert u=-1 into m=1 constraint to get analytical expression of v

• In terms of Wolfenstein parameters

• Produce well-known empirical relation

• Chau-Keung parametrization

• Larger mixing angles in lepton sector due to

• Indeed, ൗΤ𝑚𝑠 𝑚𝑏 Τ𝑚2 𝑚3 ≈ Τ𝑠12
𝐶𝐾𝑀 𝑠12

𝑃𝑁𝑀𝑆 ≈ 0.42

Belfatto et al, 2023

Ahn et al, 2011

(Cheng, Sher 1987) 



Mixing of generations 1-3

•  Heavy lepton could be      or     , same intermediate neutrinos

•                      and satisfy same constraints?

• Magnitude of PMNS matrix elements 

These two rows are indeed similar 
NuFIT, 2023



Maximal mixing angle 

• Recall v has two solutions with opposite signs, so one for                        
another for                     ?

• Check data

• Implication:    

de Salas et al, 2018

Capozzi et al, 2018 

roughly equal

roughly equal



Summary 

• Neutrino mass ordering? --- normal ordering  

• NO and IO discriminated by CP phases (~180 vs 270 degrees; the  
former favored by dispersive constraint)

• Small (large) mixing in quark (lepton) sector? --- different mass 
ratios 

• Lepton has maximal angle      ? --- mixings of generations 1-2 and 
1-3 obey same dispersive constraints

• Only assumption: EW symmetry restored at high energy ---
direction to model building of new physics?

~
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