
Neutrinos Are Darkly Different

1

<latexit sha1_base64="wR/t6LEePfyW8a6AJalo/PAJ2O8=">AAACDnicbVC7SgNBFJ31GeMrammzGAJiEXZFooVI0MYygnlAEsPs5CYZMzuzzNwVwpIvsPFXbCwUsbW282+cPApNPHDhcM69M/eeIBLcoOd9OwuLS8srq6m19PrG5tZ2Zme3YlSsGZSZEkrXAmpAcAll5CigFmmgYSCgGvSvRn71AbThSt7iIIJmSLuSdzijaKVWJneXHA3Pu/emaBCiHkijJJVtaoxinCKYPFPhRSuT9fLeGO488ackS6YotTJfjbZicQgSmbCP1X0vwmZCNXImYJhuxAYiyvq0C3VLJQ3BNJPxOUM3Z5W221HalkR3rP6eSGhozCAMbGdIsWdmvZH4n1ePsXPWTLiMYgTJJh91YuGickfZuG2ugaEYWEKZ5nZXl/Wopgxtgmkbgj978jypHOf9Qr5wc5ItXk7jSJF9ckAOiU9OSZFckxIpE0YeyTN5JW/Ok/PivDsfk9YFZzqzR/7A+fwBA72cvA==</latexit>⇤ < gjs@stephensonandassociates.com >

<latexit sha1_base64="suPWvkcUpFBL91loik7ZkTrTpsA="></latexit>

T. Goldman† and G. J. Stephenson, Jr.⇤

<latexit sha1_base64="ma+0HT8eiymWsPILsCQf9ocrXi0=">AAACEXicbVBNSyNBEO1RV924q3H36KUxCJ6GmWVRDyLBvXiMYKKQxFDTUxl77ekeumuEMOQvePGvePHgsuzVmzf/zXZiDn49KHi8V0VVvaRQ0lEUPQVz8wufFpeWP9dWvnxdXauvf+s4U1qBbWGUsWcJOFRSY5skKTwrLEKeKDxNLn9N/NMrtE4afUKjAvs5ZFoOpQDy0qC+fV71UsgytGO+T78zo9IcdLMwjsILsFdg0xDT8oAP6o0ojKbg70k8Iw02Q2tQf+ylRpQ5ahIKnOvGUUH9CixJoXBc65UOCxCXkGHXUw05un41/WjMt7yS8qGxvjTxqfpyooLcuVGe+M4c6MK99SbiR163pOFev5K6KAm1eF40LBUnwyfx8FRaFKRGnoCw0t/Khc8BBPkQaz6E+O3L70nnRxjvhDvHPxvNw1kcy2yDbbJtFrNd1mRHrMXaTLBrdsvu2Z/gJrgL/gb/nlvngtnMd/YKwcN/bYGdZA==</latexit>

† < tjgoldman@post.harvard.edu >

<latexit sha1_base64="N/mGmwcVxTomlDGmHIHvqPAv/fo="></latexit>

Dept. of Physics and Astronomy

University of New Mexico

Albuquerque, NM 87501

<latexit sha1_base64="4duljRHmDtsbgKefzbd4IDWRg3A="></latexit>

Theoretical Division, MS� B283

Los Alamos National Laboratory

Los Alamos, NM 87545

<latexit sha1_base64="/4wKXPnoOr2bR8/FCJOY2/wtKQ4=">AAAB63icbVBNS8NAEJ3Urxq/qh69LBbBU0lEqseiF48V7Ae0oWw2m3bp7ibsboQS+he8eFDEq3/Im//GTZuDVh8MPN6bYWZemHKmjed9OZW19Y3Nreq2u7O7t39QOzzq6iRThHZIwhPVD7GmnEnaMcxw2k8VxSLktBdObwu/90iVZol8MLOUBgKPJYsZwaaQXCyjUa3uNbwF0F/il6QOJdqj2ucwSkgmqDSEY60HvpeaIMfKMMLp3B1mmqaYTPGYDiyVWFAd5Itb5+jMKhGKE2VLGrRQf07kWGg9E6HtFNhM9KpXiP95g8zE10HOZJoZKslyUZxxZBJUPI4ipigxfGYJJorZWxGZYIWJsfG4NgR/9eW/pHvR8JuN5v1lvXVTxlGFEziFc/DhClpwB23oAIEJPMELvDrCeXbenPdla8UpZ47hF5yPb4R9jeo=</latexit>

and

<latexit sha1_base64="7vp/9MHGtA2VDIFrXXDmTFeP+fk=">AAAB+XicbVBNS8NAEN3Urxq/oh69LBahXkoiUj0WvXisYD+gDWWzmbRLd5OwuymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmBSlnSrvut1Xa2Nza3inv2nv7B4dHzvFJWyWZpNCiCU9kNyAKOIuhpZnm0E0lEBFw6ATj+7nfmYBULImf9DQFX5BhzCJGiTbSwHHsvC8FrkrQTEJ4ORs4FbfmLoDXiVeQCirQHDhf/TChmYBYU06U6nluqv2cSM0oh5ndzxSkhI7JEHqGxkSA8vPF5TN8YZQQR4k0FWu8UH9P5EQoNRWB6RREj9SqNxf/83qZjm79nMVppiGmy0VRxrFO8DwGHJpvqeZTQwiVzNyK6YhIQrUJyzYheKsvr5P2Vc2r1+qP15XGXRFHGZ2hc1RFHrpBDfSAmqiFKJqgZ/SK3qzcerHerY9la8kqZk7RH1ifP4AxkvM=</latexit>

(retired)

DPF PHENO-2024  Pittsburgh PA 13-17 May 2024

LA-UR-24-23542



Neutrinos Are Darkly Different   ——  from What?

And all charged fermion `flavors’ are conventionally defined by the mass of each fermion

The Standard Model is a theory of interactions (Strong, Weak, Electromagnetic) 

and of fermion charges but it is a model of fermion masses 
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mf = Yf < H
0
>

Also, the charged fermion `flavors’ are not aligned with the weak interaction 

currents defined by the transitions from up-quarks to down-quarks or vice versa

First identified by Cabibbo and enshrined in the CKM matrix, 

this misalignment is considered to be small. But is it? 

The charged current weak interactions identify (somehow) 

a particular up-type quark with a particular down-type quark 


but only the difference between the misalignment between the

`current’ eigenstates and mass eigenstates for up-quarks and for down-quarks 


must be `small’ for consistency with experiment
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Universal Current Coupling

But not the neutrinos



(Quark) Mass in the SM

+

For Weyl spinors in Majorana form the mass term is 

Applied to Dirac this requires
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But IF the Higgs DOES NOT KNOW the difference 

between the different right-chiral parts



Phenomenological Analysis of  
Quark and Charged Lepton  Masses 

Jarlskog suggested, Kaus & Meshkov showed, 

consistency of mass values with universal Higgs’ 


coupling and perturbative BSM corrections 

Kaus & Meshkov proposed specific pattern of BSM corrections  

We follow Cabbibo in extracting BSM corrections from data 

phenomenologically rather than presuming any particular theory


for the BSM components structure 

Many  `textures’ were considered: Frtizsch, ….
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A combined way to understand both the masses and the CKM matrix



Recall pairing (democratic) matrix of nuclear physics: 

is diagonalized by the tri-bi-maximal matrix (TBM)

Here for 
3X3 case

to 

and we recall the 
smallness of

2 of the fermion 
mass values 

relative to the large 
value 

TBM† ⇥Mdem ⇥ TBM =

2

4
0 0 0
0 0 0
0 0 1

3

5

Mdem =

2

4
1/3 1/3 1/3
1/3 1/3 1/3
1/3 1/3 1/3

3

5

(Phase of 2nd column 
not conventional, arb.

mix of 1st & 2nd allowed)

5

Yes, this will
Yes, this will 

be important 


but mores later! 
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Applying TBM to undiagonalize the 
observed diagonal fermion mass matrices by

Mrvsd = TBM ⇥Mdiag ⇥ TBMT

produces revised mass matrices

Very good (4%) ‘democratic’ approximation!

Is there a small expansion parameter in this future?

M+ 2
3 rvsd

= 162900⇥

2

4
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M�1rvsd = 1776.82⇥
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0.363114 0.303649 0.333237
0.303649 0.363114 0.333237
0.333237 0.333237 0.333525

3

5

6



Transformation of general BSM-corrected mass matrix 
from current eigenstates to mass eigenstates

Mint /

2

4
0 0 0
0 0 0
0 0 1

3

5+ ✏⇥
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M0

The weak interaction only defines which left-chiral part of 

Factor off :

which current u-quark(j) and which current d-quark(j) 
transform into each other.
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TBM
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Fulll U(3) of BSM 

corrections
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U † M U U † fc = Mdiag fm
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CKM = U †
uUd
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Ufx = TBMf Ufx,3!2 R2(!fx)

NB:   The TBM factors cancel out:      
<latexit sha1_base64="eZjoewuY3/u322vE6w2uUMOmG8w=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUSkCiKUunEjVOgLmhgmk0k6dPJwZiKU0JUbf8WNC0Xc+g3u/BunaRbaeuDC4Zx7ufceN2FUSMP41hYWl5ZXVktr5fWNza1tfWe3I+KUY9LGMYt5z0WCMBqRtqSSkV7CCQpdRrru8Gridx8IFzSOWnKUEDtEQUR9ipFUkqMftBo3zv1dZnkoCAgfWxcwVyC8hNB09IpRNXLAeWIWpAIKNB39y/JinIYkkpghIfqmkUg7Q1xSzMi4bKWCJAgPUUD6ikYoJMLO8jfG8EgpHvRjriqSMFd/T2QoFGIUuqozRHIgZr2J+J/XT6V/bmc0SlJJIjxd5KcMyhhOMoEe5QRLNlIEYU7VrRAPEEdYquTKKgRz9uV50jmpmrVq7fa0Um8UcZTAPjgEx8AEZ6AOrkETtAEGj+AZvII37Ul70d61j2nrglbM7IE/0D5/ACkKlv8=</latexit>

TBM†
q TBMq = 1

Universal Weak Interaction

Small Corrections

8

<latexit sha1_base64="3PCuLEXj3GFEnZIHlyVR4Tjf2Mc="></latexit>

fx =

2

4
fx1
fx2
fx3

3

5

<latexit sha1_base64="HGpYgZHXZbhP0ssttNOEY6ckvwQ=">AAAB+nicbZDLSsNAFIYn9VbrLdWlm8EiuCqJSHUjlLpxI1ToDdoQJpNJO3QyCTMTpcQ8ihsXirj1Sdz5Nk7TLLT1h4GP/5zDOfN7MaNSWda3UVpb39jcKm9Xdnb39g/M6mFPRonApIsjFomBhyRhlJOuooqRQSwICj1G+t70Zl7vPxAhacQ7ahYTJ0RjTgOKkdKWa1Y7rTs3TTJ4DXPyM9esWXUrF1wFu4AaKNR2za+RH+EkJFxhhqQc2lasnBQJRTEjWWWUSBIjPEVjMtTIUUikk+anZ/BUOz4MIqEfVzB3f0+kKJRyFnq6M0RqIpdrc/O/2jBRwZWTUh4ninC8WBQkDKoIznOAPhUEKzbTgLCg+laIJ0ggrHRaFR2CvfzlVeid1+1GvXF/UWu2ijjK4BicgDNgg0vQBLegDboAg0fwDF7Bm/FkvBjvxseitWQUM0fgj4zPH+6Ekyo=</latexit>

TBMu = TBMdbut so

Effect of Mass Diagonalization on Universal Weak Interaction

<latexit sha1_base64="PKgxxfyAuRuZAksh2esRNvsy0Pw="></latexit>

f̄ucUuU
†
u1UdU

†
dfdc = f̄umCKMfdm parallel to PDG form



For each, after TBM, block diagonalize, then do 2X2:

X2x2 =

2

4
cos(!) sin(!) 0
�sin(!) cos(!) 0

0 0 1

3

5

Xtot = TBM ⇥X3!2 ⇥X2x2

X3!2 ⇥X2x2 =

2

4
cos(!) sin(!) ✏ybeI⇣

�sin(!) cos(!) �✏yc
�✏(ybeI⇣cos(!) + ycsin(!)) �✏(ybeI⇣sin(!)� yccos(!)) 1

3

5

X3!2 =

2

4
1 0 ↵
0 1 �

�↵⇤ ��⇤ 1

3

5

[Other phases transform away due to no CPV in 2x2]  

9



where we have recognized that ωd - ωu = ΘC and define†

Ignoring higher order (ε1) corrections in the 2X2 block

Adu = ✏dybde
I⇣d � ✏uybue

I⇣u Bdu = �(✏dycd � ✏uycu)

† This demonstrates that the CKM depends only on the 
difference between up-quark and down-quark properties

and X = Bdu , Y = Re(Adu) , Z = Im(Adu)

Q =
p

[cos(!u)X + sin(!u)Y ]2 + [sin(!u)Z]2with

<latexit sha1_base64="JEiyysTUnMJpBF++85h/AVI5Rfs=">AAAB9XicbVDLSsNAFL2pr1pfVZduRovgqiTiayMU3bisYB/QxjKZTtqxk0mYmSgh5D/cuFDErf/izr9x2mahrQcuHM65l3vv8SLOlLbtb6uwsLi0vFJcLa2tb2xulbd3miqMJaENEvJQtj2sKGeCNjTTnLYjSXHgcdryRtdjv/VIpWKhuNNJRN0ADwTzGcHaSPdJL2UPGbpEAVVqv1eu2FV7AjRPnJxUIEe9V/7q9kMSB1RowrFSHceOtJtiqRnhNCt1Y0UjTEZ4QDuGCmzWuOnk6gwdGqWP/FCaEhpN1N8TKQ6USgLPdAZYD9WsNxb/8zqx9i/clIko1lSQ6SI/5kiHaBwB6jNJieaJIZhIZm5FZIglJtoEVTIhOLMvz5PmcdU5q57enlRqV3kcRdiDAzgCB86hBjdQhwYQkPAMr/BmPVkv1rv1MW0tWPnMLvyB9fkDwHySCQ==</latexit>

yij = mess!

<latexit sha1_base64="J5cVoUawFAVL1Ta3RQO+BzRSLhc=">AAAB+XicbVDLSsNAFL2prxpfUZduBovgqiTiayMU3bisYNpCG8tkMkmHTh7MTAol9E/cuFDErX/izr9x2mahrQcuHM65l3vv8TPOpLLtb6Oysrq2vlHdNLe2d3b3rP2DlkxzQahLUp6Kjo8l5SyhrmKK004mKI59Ttv+8G7qt0dUSJYmj2qcUS/GUcJCRrDSUt+y3NZT0QtwFFExQTcm6ls1u27PgJaJU5IalGj2ra9ekJI8pokiHEvZdexMeQUWihFOJ2YvlzTDZIgj2tU0wTGVXjG7fIJOtBKgMBW6EoVm6u+JAsdSjmNfd8ZYDeSiNxX/87q5Cq+9giVZrmhC5ovCnCOVomkMKGCCEsXHmmAimL4VkQEWmCgdlqlDcBZfXiats7pzWb94OK81bss4qnAEx3AKDlxBA+6hCS4QGMEzvMKbURgvxrvxMW+tGOXMIfyB8fkDDW+Sow==</latexit>

UV † =

Quadratic functions 

of  X, Y, Z and trig            
functions of

<latexit sha1_base64="F6OX7pariCqK92GxXu9OgyXqE2Q=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuJCSiLdl0Y3LCvYCbQiTyaQdOpcwMxFCqa/ixoUibn0Qd76N0zYLbf1h4OM/53DO/FHKqDae9+2UVlbX1jfKm5Wt7Z3dPXf/oK1lpjBpYcmk6kZIE0YFaRlqGOmmiiAeMdKJRrfTeueRKE2leDB5SgKOBoImFCNjrdCt9iUnAxRm8BQWGIduzat7M8Fl8AuogULN0P3qxxJnnAiDGdK653upCcZIGYoZmVT6mSYpwiM0ID2LAnGig/Hs+Ak8tk4ME6nsEwbO3N8TY8S1znlkOzkyQ71Ym5r/1XqZSa6DMRVpZojA80VJxqCRcJoEjKki2LDcAsKK2lshHiKFsLF5VWwI/uKXl6F9Vvcv6xf357XGTRFHGRyCI3ACfHAFGuAONEELYJCDZ/AK3pwn58V5dz7mrSWnmKmCP3I+fwDSDJRA</latexit>!u,!d

<latexit sha1_base64="GCOZ9w3d2LIu9Gr0RoJ0r06JZ7k=">AAAB+HicbVDLSsNAFL3xWeujUZduBotQQUoivjZC0Y3LKvYBbSiT6aQdO5mEmYlQQ7/EjQtF3Pop7vwbp20W2nrgwuGce7n3Hj/mTGnH+bYWFpeWV1Zza/n1jc2tgr29U1dRIgmtkYhHsuljRTkTtKaZ5rQZS4pDn9OGP7ge+41HKhWLxL0extQLcU+wgBGsjdSxC2mbYI7uRiV29HCILjt20Sk7E6B54makCBmqHfur3Y1IElKhCcdKtVwn1l6KpWaE01G+nSgaYzLAPdoyVOCQKi+dHD5CB0bpoiCSpoRGE/X3RIpDpYahbzpDrPtq1huL/3mtRAcXXspEnGgqyHRRkHCkIzROAXWZpETzoSGYSGZuRaSPJSbaZJU3IbizL8+T+nHZPSuf3p4UK1dZHDnYg30ogQvnUIEbqEINCCTwDK/wZj1ZL9a79TFtXbCymV34A+vzB9z0ke4=</latexit>

R(i, j) =

10



Graphically

Note: These values are all of order ε or less so the parameters 
are all “natural” and the corrections perturbative

Fit to PDG values of masses and CKM for X, Y, Z as functions of ωu

Since CKM values fitted, 

agreement with Jarlskog 


CPV invariant guaranteed, 

for any value of       .     <latexit sha1_base64="YxKDdW12R0Xt69ZzTgwbASoqQ94=">AAAB8HicbVDJSgNBEO2JW4xb1KOXxiB4CjPidgx68RjBLJIMoadTSZr0MnT3CGHIV3jxoIhXP8ebf2NPMgdNfFDweK+KqnpRzJmxvv/tFVZW19Y3ipulre2d3b3y/kHTqERTaFDFlW5HxABnEhqWWQ7tWAMREYdWNL7N/NYTaMOUfLCTGEJBhpINGCXWSY9dJWBIekmpV674VX8GvEyCnFRQjnqv/NXtK5oIkJZyYkwn8GMbpkRbRjlMS93EQEzomAyh46gkAkyYzg6e4hOn9PFAaVfS4pn6eyIlwpiJiFynIHZkFr1M/M/rJHZwHaZMxokFSeeLBgnHVuHse9xnGqjlE0cI1czdiumIaEKtyygLIVh8eZk0z6rBZfXi/rxSu8njKKIjdIxOUYCuUA3doTpqIIoEekav6M3T3ov37n3MWwtePnOI/sD7/AFbOZAh</latexit>!u

<latexit sha1_base64="760WMu2sQbIuAeLdOb6dQwO2q6Y=">AAACCHicbZDJSgNBEIZ74hbjFvXowcYgeDHMiNtFCObiMYJZIBOGnk4ladKz0F0jhJCjF1/FiwdFvPoI3nwbO8kImvhDw8dfVVTX78dSaLTtLyuzsLi0vJJdza2tb2xu5bd3ajpKFIcqj2SkGj7TIEUIVRQooRErYIEvoe73y+N6/R6UFlF4h4MYWgHrhqIjOENjefl9F3uAzCtTekXdKIAu89r0+AcTL1+wi/ZEdB6cFAokVcXLf7rtiCcBhMgl07rp2DG2hkyh4BJGOTfREDPeZ11oGgxZALo1nBwyoofGadNOpMwLkU7c3xNDFmg9CHzTGTDs6dna2Pyv1kywc9kaijBOEEI+XdRJJMWIjlOhbaGAoxwYYFwJ81fKe0wxjia7nAnBmT15HmonRee8eHZ7Wihdp3FkyR45IEfEIRekRG5IhVQJJw/kibyQV+vRerberPdpa8ZKZ3bJH1kf34iXmGo=</latexit>

✓C = !d � !u

<latexit sha1_base64="YxKDdW12R0Xt69ZzTgwbASoqQ94=">AAAB8HicbVDJSgNBEO2JW4xb1KOXxiB4CjPidgx68RjBLJIMoadTSZr0MnT3CGHIV3jxoIhXP8ebf2NPMgdNfFDweK+KqnpRzJmxvv/tFVZW19Y3ipulre2d3b3y/kHTqERTaFDFlW5HxABnEhqWWQ7tWAMREYdWNL7N/NYTaMOUfLCTGEJBhpINGCXWSY9dJWBIekmpV674VX8GvEyCnFRQjnqv/NXtK5oIkJZyYkwn8GMbpkRbRjlMS93EQEzomAyh46gkAkyYzg6e4hOn9PFAaVfS4pn6eyIlwpiJiFynIHZkFr1M/M/rJHZwHaZMxokFSeeLBgnHVuHse9xnGqjlE0cI1czdiumIaEKtyygLIVh8eZk0z6rBZfXi/rxSu8njKKIjdIxOUYCuUA3doTpqIIoEekav6M3T3ov37n3MWwtePnOI/sD7/AFbOZAh</latexit>!u

11

<latexit sha1_base64="5njDN0kG6j5oi4pe9xkKjq1edos=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahQimJSBVXRTcuK9iHtiFMppN27GQSZiZCCN248VfcuFDErf/gzr9x2mahrQcuHM65l3vv8SJGpbKsbyO3sLi0vJJfLaytb2xumds7TRnGApMGDlko2h6ShFFOGooqRtqRICjwGGl5w8ux33ogQtKQ36gkIk6A+pz6FCOlJdfcb5fhbRnelWE3DEgfuT48h6XETf370ZFrFq2KNQGcJ3ZGiiBD3TW/ur0QxwHhCjMkZce2IuWkSCiKGRkVurEkEcJD1CcdTTkKiHTSyRcjeKiVHvRDoYsrOFF/T6QokDIJPN0ZIDWQs95Y/M/rxMo/c1LKo1gRjqeL/JhBFcJxJLBHBcGKJZogLKi+FeIBEggrHVxBh2DPvjxPmscVu1qpXp8UaxdZHHmwBw5ACdjgFNTAFaiDBsDgETyDV/BmPBkvxrvxMW3NGdnMLvgD4/MH5qOWUg==</latexit>

X,Y, Z,!f : (yfj)



charged leptons can be treated the same way 

The flavors of quarks and charged leptons are defined by their masses. 
The flavors of neutrinos are defined by their weak coupling to leptons. 

Neutrino `flavors’ are defined by their weak current interaction 

with charged lepton mass eigenstates

Therefore they couple to the mass lepton basis and not the current lepton basis

So there is no inconsistency for quarks and 

BUT neutrinos are DIFFERENT

“…their eyes filled with a wild surmise, silent, upon speak, in Darien.” — W.B.Yeats

So if the neutrino mass matrix is not also almost democratic, this difference omits one 

approximately TBM factor and the cancellation as in quarks does not occur, leaving 

PMNS ~ TBM
But does this occur? 

12



<latexit sha1_base64="+EY49KZ6vxzsSTBYqyC3RZGW8CI="></latexit>

Hcurrent = ¯̀
c1⌫c = ¯̀

cU`cU
†
`c⌫c =

¯̀
m⌫`

<latexit sha1_base64="XgIPgCc1kvPv2lQRwjnW3lb/cJ0="></latexit>

TBM` =

2

64

2p
6

1p
3

0

� 1p
6

1p
3

� 1p
2

� 1p
6

1p
3

1p
2

3

75

But to match charged leptons

<latexit sha1_base64="L3lWzXuBBo1GwFFf5qZWRxx65BU="></latexit>

f` =

2

4
e
⌧
µ

3

5

so

and by definition

<latexit sha1_base64="MJpU86EQQ5NTjVfjM+3oR7nvq7c="></latexit>

⌫` =

2

4
⌫e
⌫⌧
⌫µ

3

5 hence
<latexit sha1_base64="pWHpdT7LfQYg9aZ1L/PBEV9doug=">AAACFXicbZDLSgMxFIYz9VbrbdSlm2ARXEiZEaluhKIblxXsBTp1yKSnbWgmMyQZoQzzEm58FTcuFHEruPNtzLRdaOuBkI//P4fk/EHMmdKO820VlpZXVteK66WNza3tHXt3r6miRFJo0IhHsh0QBZwJaGimObRjCSQMOLSC0XXutx5AKhaJOz2OoRuSgWB9Rok2km+fNO5Tr0cGA5CZn3rAOaYZ9kTip+bGl3jKuZGVfLvsVJxJ4UVwZ1BGs6r79pfXi2gSgtCUE6U6rhPrbkqkZpRDVvISBTGhIzKAjkFBQlDddLJVho+M0sP9SJojNJ6ovydSEio1DgPTGRI9VPNeLv7ndRLdv+imTMSJBkGnD/UTjnWE84hwj0mgmo8NECqZ+SumQyIJ1SbIPAR3fuVFaJ5W3GqlentWrl3N4iiiA3SIjpGLzlEN3aA6aiCKHtEzekVv1pP1Yr1bH9PWgjWb2Ud/yvr8AXqInmE=</latexit>

U †
`c⌫c = ⌫`

Malice  
aforethought? 

13



but since 
<latexit sha1_base64="FDU+e0dWYPbco72itzHbuFIXfPk=">AAACJXicbVDLSgMxFM3UV62vqks3wSJUKGWmSHWhUOrGjVClL+iUkklv29DMgyQjlKE/48ZfcePCIoIrf8V0OgttPRA495x7ubnHCTiTyjS/jNTa+sbmVno7s7O7t3+QPTxqSj8UFBrU575oO0QCZx40FFMc2oEA4jocWs74du63nkBI5nt1NQmg65KhxwaMEqWlXva60Yts4BzTKb7B9er9opxiu4ATq+DwcVw/lvK278KQJD3nvWzOLJox8CqxEpJDCWq97Mzu+zR0wVOUEyk7lhmobkSEYpTDNGOHEgJCx2QIHU094oLsRvGVU3ymlT4e+EI/T+FY/T0REVfKievoTpeokVz25uJ/XidUg6tuxLwgVODRxaJByLHy8Twy3GcCqOITTQgVTP8V0xERhCodbEaHYC2fvEqapaJVLpYfLnKVahJHGp2gU5RHFrpEFXSHaqiBKHpGr+gdzYwX4834MD4XrSkjmTlGf2B8/wCjg6OK</latexit>

U`c = TBM` U`,blk R2(!`)

That is  

and we know from experiment that 

<latexit sha1_base64="kTgXevocGr11uM5PGrebgSSeITU="></latexit>

PMNS ⌫` = ⌫m =

2

4
⌫1
⌫2
⌫3

3

5

It must be that 

<latexit sha1_base64="MLJRYDr2ohG3NQbCVnaRmqTc05E="></latexit>

⌫c =

2

4
1 + ✏11 ✏12 ✏13
✏21 1 + ✏22 ✏23
✏31 ✏32 1 + ✏33

3

5

2

4
⌫1
⌫2
⌫3

3

5

neutrinos are differentand so 

<latexit sha1_base64="jPyX208dOOpypCe7EGK2TJ2r5MM=">AAACIXicbZDLTgIxFIY7eEO8oS7dNBITV2TGGGRJcOMGg5EBEgZJp5wZGjqXtB0TMuFV3PgqblxoDDvjy1guCwRP0uTP/52T0/O7MWdSmea3kdnY3Nreye7m9vYPDo/yxydNGSWCgk0jHom2SyRwFoKtmOLQjgWQwOXQcoe3U956BiFZFDbUKIZuQPyQeYwSpa1evlyv3T9iR7IA273UAc4xHT+lTp/4PojxnDSqtTlbIr18wSyas8LrwlqIAlpUvZefOP2IJgGEinIiZccyY9VNiVCMchjnnERCTOiQ+NDRMiQByG46u3CML7TTx14k9AsVnrnLEykJpBwFru4MiBrIVTY1/2OdRHnlbsrCOFEQ0vkiL+FYRXgaF+4zAVTxkRaECqb/iumACEKVDjWnQ7BWT14XzauiVSqWHq4Lleoijiw6Q+foElnoBlXQHaojG1H0gt7QB/o0Xo1348uYzFszxmLmFP0p4+cXbiSjwQ==</latexit>

PMNS ⇠ U †
`c ⇠ TBM†

`

Why? 

Is it because the right-chiral parts are the C-conjugates of the 

left-chiral parts  so they must match and the masses are Majorana? 


But then the weak quantum number mismatch requires a different Higgs!

Or are they different but dark matter that “connects” to the SM somehow? 

14



15

<latexit sha1_base64="rJ99H3lVPJklB5ZwRQUG5rN7sig=">AAACPXicfVA9T8MwEHX4LOWrwMhiUYGYqgQhYESwMBapH0hNVDnupbVwnMi+IFVR/xgL/4GNjYUBhFhZcdsMUBAnnfT83j3b98JUCoOu++TMzS8sLi2XVsqra+sbm5Wt7ZZJMs2hyROZ6JuQGZBCQRMFSrhJNbA4lNAOby/HevsOtBGJauAwhSBmfSUiwRlaqltp+BIi7FA/hL5QOdOaDUc553xUdukBnbbv/3PwQfUKH/W16A8w6Faqbs2dFP0NvAJUSVH1buXR7yU8i0Ehl8yYjuemGNhbUXAJo7KfGUgZv2V96FioWAwmyCfbj+i+ZXo0SrRthXTCfnfkLDZmGId2MmY4MLPamPxL62QYnQW5UGmGoPj0oSiTFBM6jpL2hAaOcmgB41rYv1I+YJpxtIGXbQje7Mq/Qeuo5p3UTq6Pq+cXRRwlskv2yCHxyCk5J1ekTpqEk3vyTF7Jm/PgvDjvzsd0dM4pPDvkRzmfX/X5qH4=</latexit>2

4
0 0 0
0 0 0
0 0 0

3

5

<latexit sha1_base64="uasMmuG0xcSIbBA66Q24BQllyu8="></latexit>2

4
M1 0 0
0 M2 0
0 0 M3

3

5

<latexit sha1_base64="a+vZnEI9gYsuFxjEiIBpOgWas/I="></latexit>2

4
m1 0 0
0 m2 0
0 0 m3

3

5

<latexit sha1_base64="a+vZnEI9gYsuFxjEiIBpOgWas/I="></latexit>2

4
m1 0 0
0 m2 0
0 0 m3

3

5
OR ?

[
N+3

N+3
N

6

Dark Matter Effect

<latexit sha1_base64="VFofSJz4shzBmNds8KwUCbmU80s="></latexit>2

6666664

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 M1 0 0
0 0 0 0 M2 0
0 0 0 0 0 M3

3

7777775
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The agreement of the assumption that the Higgs coupling to the 

right chiral components of the charged fundamental fermions is 


the same for each of the current basis fields of a given charge, except 

for small BSM corrections,  with the measured fermion mass (flavor) 


spectrum and the CKM matrix is remarkable. 


Because of the different nature of their flavor definition, the extension 

to the neutrinos demonstrates that the PMNS matrix can be almost 


fully accounted for by the transformation of the charged leptons 

from a current basis to the mass basis for their field operators. 


In addition to being capable of describing all of these features, this 

result suggests that information on the coupling of luminous matter to 


dark matter may be accessed from available data in the luminous sector. 

CONCLUSION



45 

45 SM 

3 i □. "' 
3 

3 

N? 

_N? 

Dark Matter BSM?

17

Recall SU(5)?  Nope, no proton decay



45+3 

6 

45+3 • • 
SM 

Sterile Neutrinos  

/ 

N? 

N? 

Use BSM Dark Matter?
   Majorana zeroes for neutrinos
        on diagonal remain but
     now off-diagonal blocks are
similar to all other known fermions?
                        NOPE!

18



45+3 

45+3 SM /3x3 diagonal sub-blocl< 

N-3
6 

N-3

Assume 3 rows and columns of zeroes to proceed further

19

Recall SO(10)?  Nope, no proton decay



45 

45 SM 

3 i □. "' 
3 

3 

N? 

_N? 

Dark Matter BSM?

So have we learned 

something about  a 

(small) corner of the 


dark matter 

Weyl spinors?

as well as very small 

corrections to matter from 

dark matter interactions 

Masses, CKM and muon (g-2)?

20



• Back-ups
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Cabibbo: Universality of Weak Interactions
Why are kaon decay rates so much less 
than expected from pion decay rates? 

Universalize phenomenologically with an angle 
between strangeness conserving and 

strangeness violating decay rates. 
Small value of angle implies small correction 

to strangeness conserving decay rates. 

Higgs’ Universality of 
fermion mass term couplings?

NOT  Yq  for each mass q but same Yf  

for all members of each charge f. 
This is 

possible

22



Quarks and Charged Leptons 

have a common weak interaction structure related to their masses:

Their flavors are defined by their masses. 

However, the mass eigenstates for quarks are not 

exactly parallel to their weak interaction currents 


via charged weak boson transformations

This is described by the CKM matrix which implements overall universality of weak interactions

Separately, their mass spectra have spectacular variation: 

enormous, large and tiny


exemplified by top, charm and up quarks

Both features can be addressed by assuming there are weak interaction current eigenstates 

that connect a specific up-quark to a specific down-quark all with the same unit strength

insert CKM page

insert mass page 

show inverse TBM, 

describe universality 


starting point and 

needed corrections

Charged leptons have the same description but neutrinos are different
flavor defined by charged 


lepton coupling, not 

neutrino mass

show effect of missing TBM factor
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Mass Terms in the Standard Model

YD{⌃ij
(1 + �5)

2
 Di < ��,�(�0)⇤ >

(1� �5)

2


 Uj

 Dj

�
+ h.c.}

YU⌃ij{
(1 + �5)

2
 Ui < �0,�+ >

(1� �5)

2


 Uj

 Dj

�
+ h.c.}

Left-chiral (Weyl) u 
symmetry-linked 

to left-chiral (Weyl) d
but

no SM quantum numbers 
distinguish one right-chiral 
(Weyl) u or d from another

Absent other (BSM) information, the 
chiral bases can be chosen to produce 
this form of the mass matrix as above
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 Masses of fundamental fermions at weak scale∗: 
mu = 1.28± 0.45 mc = 619± 84 mt = 162900± 2800

md = 2.92± 1.22 ms = 55± 15 mb = 2890± 90

(all in MeV/c2)

me = 0.510999 mµ = 105.658 m⌧ = 1776.82± 0.16

Scaling out largest masses and using central values only: 

∗Zhi-zhong Xing, He Zhang and Shun Zhou, Phys. Rev. D77 (2008) 113016

M+ 2
3
= 162900⇥

2

4
7.86⇥ 10�6 0 0

0 3.80⇥ 10�3 0
0 0 1

3

5

M� 1
3
= 2890⇥

2

4
1.01⇥ 10�3 0 0

0 1.90⇥ 10�2 0
0 0 1

3

5

M�1 = 1776.82⇥

2

4
2.8759⇥ 10�4 0 0

0 5.9465⇥ 10�2 0
0 0 1

3

5
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Yf

1/3 of SM value
is



We have diagonalized by 

X†
2x2X

†
3!2(TBM†)Mdem(TBM)X3!2X2x2

This means that we inserted unity in the mass term as

qcurrentXtotX
†
totMdemXtotX

†
totqcurrent = qmassMdiagqmass

so we can identify

X†
totqcurrent = qmass qcurrent = Xtotqmassor
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Thus U V † = X†
[tot,u]X[tot,d]

or

which shows that the TBM and TBM† factors cancel out

Applying separately for up-quarks (U) and down-quarks (V)

dcurrent = X[tot,d]dmass = V †dmass

ucurrent = umassX
†
[tot,u] = umassU

in terms relevant to the PDG description of CKM:

U V † = X†
[2x2,u]X

†
[3!2,u]X[3!2,d]X[2x2,d]

LW = �gWp
2
ucurrent�

µW+
µ
(1� �5)

2
dcurrent
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U V † =

2

4
cos(⇥C) sin(⇥C) CKM1,3

�sin(⇥C) cos(⇥C) CKM2,3

CKM3,1 CKM3,2 1

3

5
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Current mixing 
for quarks and 
charged leptons

Zero correction to mass matrix 
before Higgs’ symmetry breaking 

Current mixing 
for neutrinos? 

Dirac or Majorana?          See-saw?

small?
small

X
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via current mixing of 
gauge boson interactions 

due to mass mixing of 
fermions or scalars of each type

or change V to S on both sides 
to mix scalar interactions

BSM physics provides for deviations

V{bsm} is drawn 

suggestively to 

consider that it 

may describe a 


strong interaction 

with dark matter

Small mass mixing

produces 


small loop effect
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Current mixing 
for quarks and 
charged leptons

Zero correction to mass matrix 
before Higgs’ symmetry breaking 

Current mixing 
for neutrinos not small?

small?
small

small

X



0.307+ 0.013

− 0.012 sinsqtheta12 =

2022 pdg

sinsqtheta23= 

7.53± 0.18 deltam21sq=

0.539± 0.022 Inverted

0.546± 0.021 Normal

− 2.536± 0.034 Inverted
2.453± 0.033 Normal

deltam32sq=
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⇥10�5eV 2

So the mass pattern works but: m2 has the all entries ~ equal amplitude eigenvector

Rearranging columns is no problem but then 1 and 3 are the closest mass eigenstates

Something else/more is going on  —  neutrinos are (more!) different
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