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Historical Perspective

The Standard Model

Completions

 Neutrino Strategy

“pandemically inspired”



apply Newton’s laws to phenomena  
 Newton century  

 Einstein century  

electromagnetism              new physics  

quantum mechanics  
general relativity  
standard model  
dark matter           ?  

 Physics in the shadow of genius   
“history does not repeat itself, but it sure rhymes” (Mark Twain)



Descartes: full of vortices  

cosmological constant calculation           space-time?    

Standard model vacuum    

vacuum physics   

Brownian motion calculation              Avogadro’s number   

Newton: full of nothing  
Einstein: full of quanta  

“history does not repeat itself, but it sure rhymes” (Mark Twain)



 (Unfinished) Standard Model

 theory of strong, weak and electromagnetic forces 


between  chiral leptons and quarks  

a beautiful edifice built on a suspect foundation:

flat space-time



relativistic effective quantum field theory 

with logarithmic uv cut-off 

with a neutral scalar particle (Higgs)

  


much lighter than the cut-off energy 

“renormalizable” quantum field theory” 

Explanation of such small mass awaits… 


(supersymmetry?)



Local Symmetries:
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SU3 ⇥ SU2 ⇥ U1

Global Symmetries:
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U1(PQ)
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U1(B�L)

Three chiral families

?

 survived fifty years of experimental tests 

does not challenge established principles   

accommodates but not explain 

the origin of neutrino masses 



Standard Model & General Relativity

absence of gravitational chiral anomaly

offers a natural uv cut-off where space-time breaks down

   Dark Matter           new particle(s) or … game changer?

Standard Model & Dark Matter  

requires BOTH  chiral leptons and quarks  

 interacts with dark matter   
does not require dark matter for its consistency   



beauty (Einstein’s special relativity) clash

Dirac’s Principle of Mathematical Beauty

experiment and observation  &  mathematical reasoning

bimodal exploration of Nature

Could simplicity and beauty meet at the Standard Model cut-off?

“where simplicity (Newton’s equation)

opt for beauty”

and 



weakly coupled at CERN scales

enables theoretical exploration of physics 

at shorter distances 


via 

the perturbative renormalization group

intersections of gauge and Yukawa couplings 


in the ultraviolet?      

Standard Model is 



bridge to shorter distances



Grand Unification of local symmetries

 baryon number violation   
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SU5, SO10, E6, . . .
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SU3 ⇥ SU2 ⇥ U1

convergence of gauge couplings in the uv

patterns of fermion quantum numbers

proton decay    cut-off  deep in uv   

two scales: Higgs mass << uv cut-off   
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⇡ 1015�16 GeV



intersection of  b-quark and tau-lepton masses 
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scale-dependent mass ratio 

SU(5) says 

at the   -mass 
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mb ⇡ 3m⌧
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⌥

factor of three from the renormalization group

sets another uv scale
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⇡ 108 GeV

new particles required below this scale 
to avoid fast proton decay 

(slows down QCD running) 



bridge to the mystery of neutrino masses



Neutrinos

born in the mind of a theorist

detected south of the Mason-Dixon line

the original chiral particles

harbingers of new physics

rewarding research area
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“ Dear Radioactive Ladies and Gentlemen:

     I have hit upon a desperate remedy to save the “exchange theorem” of 

statistics and the energy theorem. … there could exist in the nuclei 
electrically neutral particles… which have spin ½, and …do not travel 
with the velocity of light. The continuous beta spectrum would then 
become understandable. …


    I do not feel secure enough to publish anything about this idea … but only 
those who wager can win … Unfortunately, I cannot personally appear in 


    Tubingen, since I am indispensable here on account of a ball…” 

Zurich, December 4, 1930 

Wolgang Pauli 

(within a year Pauli was under analysis with C. Jung) 



 1930 Nitrogen nucleus: fermion with  14 protons and 7 electrons

surrounded by 7“chemistry” electrons

Raman line intensities: N nucleus is a Boson

Pauli’s two problems

Energy conservation

continuous energy spectrum of the beta-decay electron 

Pauli exclusion principle



Pauli’s fermion    solves both problems

Nitrogen nucleus: 14 protons +7 electrons + 

N ! N 0 + e�+ X

X

 1931 Chadwick’s neutron solves the Nitrogen problem

“little neutron” remains: 

Nitrogen nucleus: 7 protons+ 7 neutrons

X

1933 Fermi asserts  

“the neutrino (Pauli’s particle) is not in the nucleus


it is  created and emitted during beta emission



Clyde Cowan
Fred Reines

Project Poltergeist

DISCOVERY
(twenty-six years laters)



longevity required


prospecting for neutrinos should be a family affair 



<:+#$H6<+9H,DH#?,H<:+,B

M(''HM&(5H L,&6H

1945 Bruno proposes a clever way to detect neutrinos

⌫e + 37Cl ! 37Ar + e�



Fermi thought it was not practical, 

 Pontecorvo never published

Ray Davis uses 


it to count neutrinos


 from the Sun



 at the Homestake gold mine in Lead, SD

 Davis and his graduate students, taking out the Argon

Davis finds one third the expected rate!



underground proton decay detectors

become neutrino detectors

1987A Supernova



neutrinos from

cosmic rays 

the Sun 



expect 2:1

expect equal number

N⌫µ
⇡ N⌫e

Nup
⌫µ

6= Ndown
⌫µ

 zenith angle dependenceNup
⌫µ

two-flavor oscillations 

neutrinos  have mass
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⌫µ  ! ⌫⌧
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✓23 ⇡ 45�

 Davis solar        deficit confirmed⌫e



Deuterium dissociation by neutrinos
⌫e +D ! p+ p+ e�

neutrino-electron elastic scattering

⌫e + e� ! ⌫e + e�



electron neutrinos oscillate

solar      deficit confirmed
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counts number of neutrino flavors
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⇡ 36o



near detector far detector

L

E

reactor mixing angle
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⇡ 8.5�



THEORY

why are neutrinos so light?



τµ ννν e

three Standard Model neutrinos
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⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

τµe
members of weak doublets

<latexit sha1_base64="ZBD5lnZDjHf3sSM6MSTJAheDIx4=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBEEpSFd0IRTe6q2Af0MQwmU7aoTNJmJkoJQTc+CtuXCji1p9w5984bbPQ1gMXDufcy733+DGjUlnWt1GYm19YXCoul1ZW19Y3zM2tpowSgUkDRywSbR9JwmhIGooqRtqxIIj7jLT8weXIb90TIWkU3qphTFyOeiENKEZKS565c32XZl565AgOH7LzQycQCKd2llYzzyxbFWsMOEvsnJRBjrpnfjndCCechAozJGXHtmLlpkgoihnJSk4iSYzwAPVIR9MQcSLddPxDBve10oVBJHSFCo7V3xMp4lIOua87OVJ9Oe2NxP+8TqKCMzelYZwoEuLJoiBhUEVwFAjsUkGwYkNNEBZU3wpxH+kUlI6tpEOwp1+eJc1qxT6pWDfH5dpFHkcR7II9cABscApq4ArUQQNg8AiewSt4M56MF+Pd+Ji0Fox8Zhv8gfH5A2zdl2E=</latexit>

I3w = +
1

2

21 =Δ=Δ LIWMajorana mass

 violates lepton number  

<latexit sha1_base64="p6B16lYjPaEtYmaMkPuioakJ908=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgQsqMKLosunFZwT6kM5RMmmlDk8yQZIQy9CvcuFDErZ/jzr8xnc5CWw8JHM65l3vvCRPOtHHdb6e0srq2vlHerGxt7+zuVfcP2jpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2E49uZ33miSrNYPphJQgOBh5JFjGBjpUfhn/kyta9frbl1NwdaJl5BalCg2a9++YOYpIJKQzjWuue5iQkyrAwjnE4rfqppgskYD2nPUokF1UGWLzxFJ1YZoChW9kuDcvV3R4aF1hMR2kqBzUgvejPxP6+Xmug6yJhMUkMlmQ+KUo5MjGbXowFTlBg+sQQTxeyuiIywwsTYjCo2BG/x5GXSPq97l3X3/qLWuCniKMMRHMMpeHAFDbiDJrSAgIBneIU3RzkvzrvzMS8tOUXPIfyB8/kDoKaQSw==</latexit>m ⌫⌫

 Dirac mass  
<latexit sha1_base64="SmZrC2KbugGWvAGpblZX58rAmRM=">AAAB+nicbVBLSwMxGMz6rPW11aOXYBE8SNkVRY9FL56kgn1AdynZNNuG5rEkWaWs/SlePCji1V/izX9jtt2Dtg4Ehpn5ki8TJYxq43nfztLyyuraemmjvLm1vbPrVvZaWqYKkyaWTKpOhDRhVJCmoYaRTqII4hEj7Wh0nfvtB6I0leLejBMScjQQNKYYGSv13AoPTgKRBtKG8jvgbc+tejVvCrhI/IJUQYFGz/0K+hKnnAiDGdK663uJCTOkDMWMTMpBqkmC8AgNSNdSgTjRYTZdfQKPrNKHsVT2CAOn6u+JDHGtxzyySY7MUM97ufif101NfBlmVCSpIQLPHopTBo2EeQ+wTxXBho0tQVhRuyvEQ6QQNratsi3Bn//yImmd1vzzmnd3Vq1fFXWUwAE4BMfABxegDm5AAzQBBo/gGbyCN+fJeXHenY9ZdMkpZvbBHzifP9oTk7s=</latexit>

m ⌫N
<latexit sha1_base64="2sWHuo0wbo9aNtNoRjrkIPQ3rmc=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4KklRdCMUdaG7CvYBTSyT6aQdOpOEmYlShizd+CtuXCji1k9w5984bbPQ1gMXDufcy733BAmjUjnOtzU3v7C4tFxYKa6urW9s2lvbDRmnApM6jlksWgGShNGI1BVVjLQSQRAPGGkGg4uR37wnQtI4ulXDhPgc9SIaUoyUkTr2nndJmELw+k5nHe0JDh+yMy8UCGs305WsY5ecsjMGnCVuTkogR61jf3ndGKecRAozJGXbdRLlayQUxYxkRS+VJEF4gHqkbWiEOJG+Hj+SwQOjdGEYC1ORgmP194RGXMohD0wnR6ovp72R+J/XTlV46msaJakiEZ4sClMGVQxHqcAuFQQrNjQEYUHNrRD3kUlBmeyKJgR3+uVZ0qiU3eOyc3NUqp7ncRTALtgHh8AFJ6AKrkAN1AEGj+AZvII368l6sd6tj0nrnJXP7IA/sD5/AG9jmZs=</latexit>

�Iw =
1

2

<latexit sha1_base64="lslMGSUVkYlgWKBPdkUU5dK1R40=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKohchqAcPHiKYByZLmJ30JkNmZ5eZXiEs+QsvHhTx6t9482+cPA6aWNBQVHXT3RUkUhh03W8nt7S8srqWXy9sbG5t7xR39+omTjWHGo9lrJsBMyCFghoKlNBMNLAokNAIBtdjv/EE2ohYPeAwAT9iPSVCwRla6bF9AxIZvbt0O8WSW3YnoIvEm5ESmaHaKX61uzFPI1DIJTOm5bkJ+hnTKLiEUaGdGkgYH7AetCxVLALjZ5OLR/TIKl0axtqWQjpRf09kLDJmGAW2M2LYN/PeWPzPa6UYXviZUEmKoPh0UZhKijEdv0+7QgNHObSEcS3srZT3mWYcbUgFG4I3//IiqZ+UvbOye39aqlzN4siTA3JIjolHzkmF3JIqqRFOFHkmr+TNMc6L8+58TFtzzmxmn/yB8/kDSPGQAQ==</latexit>

�L = 0

  add “right-handed neutrino”     with  
<latexit sha1_base64="9h5ZNHPPWRkdZdudQWW6ppXr5MI=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF09SwdpCGspmu2mXbrJh90UopT/DiwdFvPprvPlv3LQ5aOvAwjDzhn1vwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo1GZZrzFlFS6E1LDpUh4CwVK3kk1p3EoeTsc3eR++4lrI1TygOOUBzEdJCISjKKV/K6yZp4ld71qza27M5Bl4hWkBgWavepXt69YFvMEmaTG+J6bYjChGgWTfFrpZoanlI3ogPuWJjTmJpjMVp6SE6v0SaS0fQmSmfo7MaGxMeM4tJMxxaFZ9HLxP8/PMLoKJiJJM+QJm38UZZKgIvn9pC80ZyjHllCmhd2VsCHVlKFtqWJL8BZPXiaPZ3Xvou7en9ca10UdZTiCYzgFDy6hAbfQhBYwUPAMr/DmoPPivDsf89GSU2QO4Q+czx8Pr5Ea</latexit>

N
<latexit sha1_base64="U4FimK8epmvh/zZDZdfFgJOinG0=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRS9C0YveKtgPaLclm6ZtaJJdkqylLPs/vHhQxKv/xZv/xrTdg7Y+GHi8N8PMvCDiTBvX/XZyK6tr6xv5zcLW9s7uXnH/oK7DWBFaIyEPVTPAmnImac0ww2kzUhSLgNNGMLqd+o0nqjQL5aOZRNQXeCBZnxFsrNS57yRpN2krgcbptdstltyyOwNaJl5GSpCh2i1+tXshiQWVhnCsdctzI+MnWBlGOE0L7VjTCJMRHtCWpRILqv1kdnWKTqzSQ/1Q2ZIGzdTfEwkWWk9EYDsFNkO96E3F/7xWbPpXfsJkFBsqyXxRP+bIhGgaAeoxRYnhE0swUczeisgQK0yMDapgQ/AWX14m9bOyd1F2H85LlZssjjwcwTGcggeXUIE7qEINCCh4hld4c8bOi/PufMxbc042cwh/4Hz+ABqpkj8=</latexit>

Iw = 0
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Dirac and Majorana unite



new physics scale  

m

M
=

�Iw = 1
2

�Iw = 0

Standard Model scale

meV “Di-Maj” neutrino mass 

<latexit sha1_base64="g8uA1vwDOgnVfoW3LAO/mQn2aU4=">AAAB/3icbVDLSsNAFJ3UV62vqODGTbAILkpJxNey6EI3QgX7gCaGyfSmHTp5ODMRSszCX3HjQhG3/oY7/8Zpm4W2HrhwOOde7r3HixkV0jS/tcLc/MLiUnG5tLK6tr6hb241RZRwAg0SsYi3PSyA0RAakkoG7ZgDDjwGLW9wMfJbD8AFjcJbOYzBCXAvpD4lWCrJ1Xeu7R7c2xXLvEutk8xNM7tyCU1XL5tVcwxjllg5KaMcdVf/srsRSQIIJWFYiI5lxtJJMZeUMMhKdiIgxmSAe9BRNMQBCCcd358Z+0rpGn7EVYXSGKu/J1IcCDEMPNUZYNkX095I/M/rJNI/c1IaxomEkEwW+QkzZGSMwjC6lAORbKgIJpyqWw3SxxwTqSIrqRCs6ZdnSfOwah1XzZujcu08j6OIdtEeOkAWOkU1dIXqqIEIekTP6BW9aU/ai/aufUxaC1o+s43+QPv8AUIVlPg=</latexit>

M � 1016 GeV

convergence region of gauge couplings  
coincidence?

<latexit sha1_base64="I4iKcusxndaAAKc5gM8M0Mm8bKc=">AAACBXicbVC7SgNBFJ31GeNr1VKLwSBYhLArBi2DNpYRzAOyMcxObpIhM7PrzKwQlljY+Cs2ForY+g92/o2TR6GJBy4czrmXe+8JY8608bxvZ2FxaXllNbOWXd/Y3Np2d3arOkoUhQqNeKTqIdHAmYSKYYZDPVZARMihFvYvR37tHpRmkbwxgxiagnQl6zBKjJVa7kGgExHkxW06bAUyCfIBhzvs+8UHAdWWm/MK3hh4nvhTkkNTlFvuV9COaCJAGsqJ1g3fi00zJcowymGYDRINMaF90oWGpZII0M10/MUQH1mljTuRsiUNHqu/J1IitB6I0HYKYnp61huJ/3mNxHTOmymTcWJA0smiTsKxifAoEtxmCqjhA0sIVczeimmPKEKNDS5rQ/BnX54n1ZOCXyx416e50sU0jgzaR4foGPnoDJXQFSqjCqLoET2jV/TmPDkvzrvzMWldcKYze+gPnM8fdZCX5A==</latexit>X
m⌫  115 meV



neutrino mixing  
UPMNS = U†

�1 USeesaw

SM physics   new physics  

<latexit sha1_base64="GGVJbSNZRKGZZ8tWGEb4bcevMSw=">AAACBHicbVA9SwNBEN2LXzF+RS3TLAbBQsKdKFoGbSwjmA/IxbC3mSRLdu/O3TkhHCls/Cs2ForY+iPs/DduPgpNfDDweG+GmXlBLIVB1/12MkvLK6tr2fXcxubW9k5+d69mokRzqPJIRroRMANShFBFgRIasQamAgn1YHA19usPoI2IwlscxtBSrBeKruAMrdTOF3zsA7K7dNROfa2oUUzKkX/sS7hv54tuyZ2ALhJvRopkhko7/+V3Ip4oCJFLZkzTc2NspUyj4BJGOT8xEDM+YD1oWhoyBaaVTp4Y0UOrdGg30rZCpBP190TKlDFDFdhOxbBv5r2x+J/XTLB70UpFGCcIIZ8u6iaSYkTHidCO0MBRDi1hXAt7K+V9phlHm1vOhuDNv7xIaicl76zk3pwWy5ezOLKkQA7IEfHIOSmTa1IhVcLJI3kmr+TNeXJenHfnY9qacWYz++QPnM8fPCeYdg==</latexit>

✓small  Cabibbo angle 

<latexit sha1_base64="Rb7XKBCfc2ItDNxZ+YZgKrIWdz0=">AAACHXicbVBNS8NAEN34WetX1KOXxSIISkmkoseiF48VrApNLJvttF3cTcLuRCwhf8SLf8WLB0U8eBH/jdvag1YfzPB4b4bdeVEqhUHP+3Smpmdm5+ZLC+XFpeWVVXdt/cIkmebQ5IlM9FXEDEgRQxMFSrhKNTAVSbiMbk6G/uUtaCOS+BwHKYSK9WLRFZyhldpuLcA+ILvOi3YeaEXhLsUi2AuMULb/9oxiUlpzt+1WvKo3Av1L/DGpkDEabfc96CQ8UxAjl8yYlu+lGOZMo+ASinKQGUgZv2E9aFkaMwUmzEfXFXTbKh3aTbStGOlI/bmRM2XMQEV2UjHsm0lvKP7ntTLsHoW5iNMMIebfD3UzSTGhw6hoR2jgKAeWMK6F/SvlfaYZRxto2YbgT578l1zsV/2DqndWq9SPx3GUyCbZIjvEJ4ekTk5JgzQJJ/fkkTyTF+fBeXJenbfv0SlnvLNBfsH5+ALFdqLt</latexit>

✓expt ⇠ ✓small +
<latexit sha1_base64="XiHdvfSEn+FrbCW3vvX3ML2pGXk=">AAAB/HicdVDLSgNBEJz1GeMrmqOXwSB4CrvBkOQW9OIxgnlAEsPspJMMmZ1dZnqVsMRf8eJBEa9+iDf/xslDUNGChqKqm+4uP5LCoOt+OCura+sbm6mt9PbO7t5+5uCwYcJYc6jzUIa65TMDUiioo0AJrUgDC3wJTX98MfObt6CNCNU1TiLoBmyoxEBwhlbqZbIdHAGym2TaSzo6oArupr1Mzs1XysVKyaNu3p1jRkqVYqFAvaWSI0vUepn3Tj/kcQAKuWTGtD03wm7CNAouYZruxAYixsdsCG1LFQvAdJP58VN6YpU+HYTalkI6V79PJCwwZhL4tjNgODK/vZn4l9eOcVDuJkJFMYLii0WDWFIM6SwJ2hcaOMqJJYxrYW+lfMQ042jzStsQvj6l/5NGIe8V8+7VWa56vowjRY7IMTklHimRKrkkNVInnEzIA3kiz8698+i8OK+L1hVnOZMlP+C8fQKsN5Vx</latexit>

✓new
“Cabibbo Haze” in the data 

data: two large & one small mixing angles

<latexit sha1_base64="XRsPQ0+/4CCcFD6IvUQK9JqME/s=">AAACH3icbVDLSgMxFM34rPVVdekmWAQXUmZsbV0W3bisYB/QqUMmTdtgZiYkd8QyzJ+48VfcuFBE3PVvTB+L2nrgwsk595J7jy8F12DbI2tldW19YzOzld3e2d3bzx0cNnQUK8rqNBKRavlEM8FDVgcOgrWkYiTwBWv6jzdjv/nElOZReA9DyToB6Ye8xykBI3m5sgsDBuQhSb3kopi659glUqro2T0vVQrlB5dyRb0kdWVQnHt6ubxdsCfAy8SZkTyaoeblftxuROOAhUAF0brt2BI6CVHAqWBp1o01k4Q+kj5rGxqSgOlOMrkvxadG6eJepEyFgCfq/ERCAq2HgW86AwIDveiNxf+8dgy9q07CQxkDC+n0o14sMER4HBbucsUoiKEhhCpudsV0QBShYCLNmhCcxZOXSeOi4FwW7LtSvno9iyODjtEJOkMOqqAqukU1VEcUvaA39IE+rVfr3fqyvqetK9Zs5gj9gTX6BTmzong=</latexit>

✓23 ⇡ 47.6� ± 3.6�
<latexit sha1_base64="Nxv1EAUHxDi4qMFnrZ/iBMUBYn4=">AAACHXicbVDLSgMxFM34rPVVdekmWAQXpcy09bEsunFZwT6g0w6ZNG1DMzMhuSOWYX7Ejb/ixoUiLtyIf2P6QHwduHByzr3k3uNLwTXY9oe1sLi0vLKaWcuub2xubed2dhs6ihVldRqJSLV8opngIasDB8FaUjES+II1/dHFxG/eMKV5FF7DWLJOQAYh73NKwEheruLCkAHpJqmXOKXULWCXSKmiW7dQLhdPui7linpJ6sqg9PXwcnm7aE+B/xJnTvJojpqXe3N7EY0DFgIVROu2Y0voJEQBp4KlWTfWTBI6IgPWNjQkAdOdZHpdig+N0sP9SJkKAU/V7xMJCbQeB77pDAgM9W9vIv7ntWPon3USHsoYWEhnH/VjgSHCk6hwjytGQYwNIVRxsyumQ6IIBRNo1oTg/D75L2mUis5x0b6q5Kvn8zgyaB8doCPkoFNURZeohuqIojv0gJ7Qs3VvPVov1uusdcGaz+yhH7DePwEnb6H4</latexit>

✓12 ⇡ 33.6� ± 2�
<latexit sha1_base64="BFG6NwyTcLZMEm3Sdh9xHNj3OgA=">AAACHXicbVBNS8NAEN3U7/pV9ehlsQgeSki0xR5FLx4VrApNGjbbTbt0kyy7E7GE/BEv/hUvHhTx4EX8N25rEa0+GHj73gw780IpuAbH+bBKM7Nz8wuLS+XlldW19crG5qVOM0VZi6YiVdch0UzwhLWAg2DXUjESh4JdhYOTkX91w5TmaXIBQ8n8mPQSHnFKwEhBpe5BnwHp5EWQuweFV8MekVKlt16taTc6HuWKBnnhydiuf7+CStWxnTHwX+JOSBVNcBZU3rxuSrOYJUAF0brtOhL8nCjgVLCi7GWaSUIHpMfahiYkZtrPx9cVeNcoXRylylQCeKz+nMhJrPUwDk1nTKCvp72R+J/XziBq+jlPZAYsoV8fRZnAkOJRVLjLFaMghoYQqrjZFdM+UYSCCbRsQnCnT/5LLvdtt2E75/Xq0fEkjkW0jXbQHnLRITpCp+gMtRBFd+gBPaFn6956tF6s16/WkjWZ2UK/YL1/Ai1pofo=</latexit>

✓13 ⇡ 8.5� ± .4�



Quark Mixing Matrix

bridge between  up-quarks and down-quarks

largest angle is the Cabibbo angle 



lepton mixing matrix

a bridge to the unknown

Pontecorvo-Maki-Nakagawa-Sakata



large angles offer hope to explain baryon asymmetry

�L = 0

�L = 2

Lepton mixing (Pontecorvo-Maki-Nakagawa-Sakata)

Dirac CP-violating phase  


two Majorana CP-violating phases

<latexit sha1_base64="PzluIDdT4+z/rQN+PnTL10IdY7w=">AAACDnicbVDLSgMxFM3UV62vUZdugqXgogwzPqgbodiNywr2AZ06ZDJpG5pkhiQjlKFf4MZfceNCEbeu3fk3po+Fth643MM595LcEyaMKu2631ZuZXVtfSO/Wdja3tnds/cPmipOJSYNHLNYtkOkCKOCNDTVjLQTSRAPGWmFw9rEbz0QqWgs7vQoIV2O+oL2KEbaSIFd8iPCNLrPxkHmSw5r9bFfvvLLnnNW8RMOHc80GthF13GngMvEm5MimKMe2F9+FOOUE6ExQ0p1PDfR3QxJTTEj44KfKpIgPER90jFUIE5UN5ueM4Ylo0SwF0tTQsOp+nsjQ1ypEQ/NJEd6oBa9ifif10l177KbUZGkmgg8e6iXMqhjOMkGRlQSrNnIEIQlNX+FeIAkwtokWDAheIsnL5PmqeNdOO7tebF6PY8jD47AMTgBHqiAKrgBddAAGDyCZ/AK3qwn68V6tz5mozlrvnMI/sD6/AFaY5pc</latexit>

�CP = 1.37± .17⇡



<latexit sha1_base64="E6XR/u01gMjZMvk4wNPC46otSZo="></latexit>0
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CCCA

 “Majorana crystal” at the cut-off?

 Seesaw side
<latexit sha1_base64="z4dNJ9HkEuWnsJ9yXGsk82h3SEw=">AAACBXicdZDLSgMxFIYz9VbrrepSF8EiuBoyrbXtQii6cVnBXqA3MmnahmYuJGeEMnTjxldx40IRt76DO9/G9CKo6A+Bn++cw8n53VAKDYR8WIml5ZXVteR6amNza3snvbtX00GkGK+yQAaq4VLNpfB5FQRI3ggVp54red0dXU7r9VuutAj8GxiHvO3RgS/6glEwqJs+bMGQA+3Ek27sZCfnubyd67SYUKxrUDpD7FLxjORzmNhkJmMcUijlsthZkAxaqNJNv7d6AYs87gOTVOumQ0Jox1SBYJJPUq1I85CyER3wprE+9bhux7MrJvjYkB7uB8o8H/CMfp+Iqaf12HNNp0dhqH/XpvCvWjOCfrEdCz+MgPtsvqgfSQwBnkaCe0JxBnJsDGVKmL9iNqSKMjDBpUwIX5fi/00tazt5m1yfZsoXiziS6AAdoRPkoAIqoytUQVXE0B16QE/o2bq3Hq0X63XemrAWM/voh6y3T+thmDY=</latexit>

✓12 = 35.3�
<latexit sha1_base64="Ookw9ITdU4yHYzotk1i2de1hWaM=">AAACA3icdZDLSgMxFIYz9VbrbdSdboJFcFUyvdh2IRTduKxgW6E3MmnahmYuJGeEMhTc+CpuXCji1pdw59uYXgQV/SHw851zODm/G0qhgZAPK7G0vLK6llxPbWxube/Yu3t1HUSK8RoLZKBuXKq5FD6vgQDJb0LFqedK3nBHF9N645YrLQL/GsYhb3t04Iu+YBQM6toHLRhyoJ140o2zuclZvtBpMaFY1wA7TTLl0ikp5DDJkJmMcUixnMtiZ0HSaKFq135v9QIWedwHJqnWTYeE0I6pAsEkn6RakeYhZSM64E1jfepx3Y5nN0zwsSE93A+UeT7gGf0+EVNP67Hnmk6PwlD/rk3hX7VmBP1SOxZ+GAH32XxRP5IYAjwNBPeE4gzk2BjKlDB/xWxIFWVgYkuZEL4uxf+bejbjFDLkKp+unC/iSKJDdIROkIOKqIIuURXVEEN36AE9oWfr3nq0XqzXeWvCWszsox+y3j4BAr2XxA==</latexit>

✓23 = 45�
<latexit sha1_base64="3HvumJiPOQC1bN9HtYn07JBgq2Q=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIf6EYounFZwT6gjWEynbRDJ5Mwc1MoIX/ixoUibv0Td/6N0zYLbT1w4XDOvdx7T5AIrsFxvq3Syura+kZ5s7K1vbO7Z+8ftHScKsqaNBax6gREM8ElawIHwTqJYiQKBGsHo7up3x4zpXksH2GSMC8iA8lDTgkYybftHgwZkKcs9zP3PL9xfLvq1JwZ8DJxC1JFBRq+/dXrxzSNmAQqiNZd10nAy4gCTgXLK71Us4TQERmwrqGSREx72ezyHJ8YpY/DWJmSgGfq74mMRFpPosB0RgSGetGbiv953RTCay/jMkmBSTpfFKYCQ4ynMeA+V4yCmBhCqOLmVkyHRBEKJqyKCcFdfHmZtM5q7mXNebio1m+LOMroCB2jU+SiK1RH96iBmoiiMXpGr+jNyqwX6936mLeWrGLmEP2B9fkDBG2TPw==</latexit>

✓13 = 0

 Standard Model side <latexit sha1_base64="FP0/xcN7LmuYTFr9r0bZ1rrudw4=">AAACCHicdVDLSgMxFM3UV62vqksXBovgqmT6oHZRKLpxWcE+oK0lk6ZtaOZBckcowyzd+CtuXCji1k9w59+YPoQqeuDCyTn3knuPE0ihgZBPK7Gyura+kdxMbW3v7O6l9w8a2g8V43XmS1+1HKq5FB6vgwDJW4Hi1HUkbzrjy6nfvONKC9+7gUnAuy4demIgGAUj9dLHHRhxoLdR3IvsXFxZeubycYX00hmSLZdIsVTCJEuITWbEJuV8IY9to0yRQQvUeumPTt9nocs9YJJq3bZJAN2IKhBM8jjVCTUPKBvTIW8b6lGX6240OyTGp0bp44GvTHmAZ+ryRERdrSeuYzpdCiP925uKf3ntEAbn3Uh4QQjcY/OPBqHE4ONpKrgvFGcgJ4ZQpoTZFbMRVZSByS5lQvi+FP9PGrmsXcyS60KmerGII4mO0Ak6QzYqoSq6QjVURwzdo0f0jF6sB+vJerXe5q0JazFziH7Aev8C1gaZ2w==</latexit>

✓12 = ✓23 = 0
<latexit sha1_base64="OkteWSmHwsMotrQ8/vL8ppgdQh4=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoPgKcy4oMegF48RzAJJDD2dStKkp2fsrhHiMPgrXjwo4tX/8Obf2FkOmvig4PFeFVX1/EgKg6777WQWFpeWV7KrubX1jc2t/PZO1YSx5lDhoQx13WcGpFBQQYES6pEGFvgSav7gauTXHkAbEapbHEbQClhPia7gDK3Uzu81sQ/I7pK0nXgnaVPBPXXb+YJbdMeg88SbkgKZotzOfzU7IY8DUMglM6bhuRG2EqZRcAlprhkbiBgfsB40LFUsANNKxten9NAqHdoNtS2FdKz+nkhYYMww8G1nwLBvZr2R+J/XiLF70UqEimIExSeLurGkGNJRFLQjNHCUQ0sY18LeSnmfacbRBpazIXizL8+T6nHROyu6N6eF0uU0jizZJwfkiHjknJTINSmTCuHkkTyTV/LmPDkvzrvzMWnNONOZXfIHzucP/yuU6g==</latexit>

✓13 6= 0

theoretical challenge 

devise model where this split-up is natural  

 e.g. TBM 

 Dirac’s simple and beautiful?



no need to build temples to the Sun

we know where it is all the time



Neutrino Chronology
 Revelation     1930

Detection      1956

 Oscillations     199822(17)

yrs later2(13)

yrs later

23(19) yrs later 2052?  decayββ0ν 

the

end



or

m⌫1

m⌫2

m⌫3

m⌫1

m⌫2

m⌫3

neutrino mass hierarchy  


