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time

matter + antimatter → energy

Pair Production

� e�
e+

<latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit><latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit><latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit>

time

energy → matter + antimatter
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Sakharov Conditions
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Andrei Sakharov

1. Non-conservation of 
baryon number B 

2. Broken C and CP 
symmetry 

3. Broken thermal 
equilibrium

The baryon asymmetry requires:
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C, P, and CP
Discrete Symmetries in the Standard Model

C: Charge
Change the sign of 

the charge

P: Parity
Invert the 
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CP( ) = 
If CP mirror processes happen at unequal rates, 

then the CP symmetry is "broken" (CP Violation, CPV) 

Broken at a small level for quarks. Neutrinos too?
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This was an approximation considering just two neutrinos at a time
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Considering just the dominant effects for a CPV search:😬

Nunokawa, Park, Valle, Prog. Part. Nucl. Phys 60, 228-402 (2008)
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Considering just the dominant effects for a CPV search:😬

Nunokawa, Park, Valle, Prog. Part. Nucl. Phys 60, 228-402 (2008)
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Considering just the dominant effects for a CPV search:😬

Nunokawa, Park, Valle, Prog. Part. Nucl. Phys 60, 228-402 (2008)

Matter effects
Oscillations influenced by Earth's 
matter density

All the 
parameters 

matter!
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Considering just the dominant effects for a CPV search:😬

Nunokawa, Park, Valle, Prog. Part. Nucl. Phys 60, 228-402 (2008)
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Considering just the dominant effects for a CPV search:😬

Nunokawa, Park, Valle, Prog. Part. Nucl. Phys 60, 228-402 (2008)

Matter effects
Oscillations influenced by Earth's 
matter density

CP Violating Phase
If nonzero, changes oscillations for 
neutrinos relative to antineutrinos

Matter effects and 𝛿CP cause differences for neutrino vs. antineutrino oscillations
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Probability, 1 GeV

Beam 700 km
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<latexit sha1_base64="jTmi8HfPZPZ7TApq6EQbjmXMvsc=">AAACAHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWsLbQKSWTZtrQJDMkGWEYuvIL3OoXuBK3/okf4H+YPgQreuDC4Zx7ufeeIOZMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p6NEEdomEY9UN8CaciZp2zDDaTdWFIuA004wuZr5nXuqNIvkrUlj2hd4JFnICDZW6vgyGfgiGRSKyG1UyyUPQeRW66jseZYgr1KtebDkojmKYInWoPDpDyOSCCoN4VjrXgnFpp9hZRjhdJr3E01jTCZ4RHuWSiyo7mfzc6fw3CpDGEbKljRwrv6cyLDQOhWB7RTYjPVvbyb+5fUSE9b7GZNxYqgki0VhwqGJ4Ox3OGSKEsNTSzBRzN4KyRgrTIxNaGVLSFMp4qnN5ft5+D9pl92Gi24qxeblMqAcOAVn4AKUQA00wTVogTYgYAIewRN4dh6cF+fVeVu0rjnLmROwAuf9C/ifmB8=</latexit><latexit sha1_base64="jTmi8HfPZPZ7TApq6EQbjmXMvsc=">AAACAHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWsLbQKSWTZtrQJDMkGWEYuvIL3OoXuBK3/okf4H+YPgQreuDC4Zx7ufeeIOZMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p6NEEdomEY9UN8CaciZp2zDDaTdWFIuA004wuZr5nXuqNIvkrUlj2hd4JFnICDZW6vgyGfgiGRSKyG1UyyUPQeRW66jseZYgr1KtebDkojmKYInWoPDpDyOSCCoN4VjrXgnFpp9hZRjhdJr3E01jTCZ4RHuWSiyo7mfzc6fw3CpDGEbKljRwrv6cyLDQOhWB7RTYjPVvbyb+5fUSE9b7GZNxYqgki0VhwqGJ4Ox3OGSKEsNTSzBRzN4KyRgrTIxNaGVLSFMp4qnN5ft5+D9pl92Gi24qxeblMqAcOAVn4AKUQA00wTVogTYgYAIewRN4dh6cF+fVeVu0rjnLmROwAuf9C/ifmB8=</latexit><latexit sha1_base64="jTmi8HfPZPZ7TApq6EQbjmXMvsc=">AAACAHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWsLbQKSWTZtrQJDMkGWEYuvIL3OoXuBK3/okf4H+YPgQreuDC4Zx7ufeeIOZMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p6NEEdomEY9UN8CaciZp2zDDaTdWFIuA004wuZr5nXuqNIvkrUlj2hd4JFnICDZW6vgyGfgiGRSKyG1UyyUPQeRW66jseZYgr1KtebDkojmKYInWoPDpDyOSCCoN4VjrXgnFpp9hZRjhdJr3E01jTCZ4RHuWSiyo7mfzc6fw3CpDGEbKljRwrv6cyLDQOhWB7RTYjPVvbyb+5fUSE9b7GZNxYqgki0VhwqGJ4Ox3OGSKEsNTSzBRzN4KyRgrTIxNaGVLSFMp4qnN5ft5+D9pl92Gi24qxeblMqAcOAVn4AKUQA00wTVogTYgYAIewRN4dh6cF+fVeVu0rjnLmROwAuf9C/ifmB8=</latexit>

⌫µ
<latexit sha1_base64="jTmi8HfPZPZ7TApq6EQbjmXMvsc=">AAACAHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWsLbQKSWTZtrQJDMkGWEYuvIL3OoXuBK3/okf4H+YPgQreuDC4Zx7ufeeIOZMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p6NEEdomEY9UN8CaciZp2zDDaTdWFIuA004wuZr5nXuqNIvkrUlj2hd4JFnICDZW6vgyGfgiGRSKyG1UyyUPQeRW66jseZYgr1KtebDkojmKYInWoPDpDyOSCCoN4VjrXgnFpp9hZRjhdJr3E01jTCZ4RHuWSiyo7mfzc6fw3CpDGEbKljRwrv6cyLDQOhWB7RTYjPVvbyb+5fUSE9b7GZNxYqgki0VhwqGJ4Ox3OGSKEsNTSzBRzN4KyRgrTIxNaGVLSFMp4qnN5ft5+D9pl92Gi24qxeblMqAcOAVn4AKUQA00wTVogTYgYAIewRN4dh6cF+fVeVu0rjnLmROwAuf9C/ifmB8=</latexit><latexit sha1_base64="jTmi8HfPZPZ7TApq6EQbjmXMvsc=">AAACAHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWsLbQKSWTZtrQJDMkGWEYuvIL3OoXuBK3/okf4H+YPgQreuDC4Zx7ufeeIOZMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p6NEEdomEY9UN8CaciZp2zDDaTdWFIuA004wuZr5nXuqNIvkrUlj2hd4JFnICDZW6vgyGfgiGRSKyG1UyyUPQeRW66jseZYgr1KtebDkojmKYInWoPDpDyOSCCoN4VjrXgnFpp9hZRjhdJr3E01jTCZ4RHuWSiyo7mfzc6fw3CpDGEbKljRwrv6cyLDQOhWB7RTYjPVvbyb+5fUSE9b7GZNxYqgki0VhwqGJ4Ox3OGSKEsNTSzBRzN4KyRgrTIxNaGVLSFMp4qnN5ft5+D9pl92Gi24qxeblMqAcOAVn4AKUQA00wTVogTYgYAIewRN4dh6cF+fVeVu0rjnLmROwAuf9C/ifmB8=</latexit><latexit sha1_base64="jTmi8HfPZPZ7TApq6EQbjmXMvsc=">AAACAHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWsLbQKSWTZtrQJDMkGWEYuvIL3OoXuBK3/okf4H+YPgQreuDC4Zx7ufeeIOZMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p6NEEdomEY9UN8CaciZp2zDDaTdWFIuA004wuZr5nXuqNIvkrUlj2hd4JFnICDZW6vgyGfgiGRSKyG1UyyUPQeRW66jseZYgr1KtebDkojmKYInWoPDpDyOSCCoN4VjrXgnFpp9hZRjhdJr3E01jTCZ4RHuWSiyo7mfzc6fw3CpDGEbKljRwrv6cyLDQOhWB7RTYjPVvbyb+5fUSE9b7GZNxYqgki0VhwqGJ4Ox3OGSKEsNTSzBRzN4KyRgrTIxNaGVLSFMp4qnN5ft5+D9pl92Gi24qxeblMqAcOAVn4AKUQA00wTVogTYgYAIewRN4dh6cF+fVeVu0rjnLmROwAuf9C/ifmB8=</latexit>

⌫e
<latexit sha1_base64="d0TRxAKWZsUZ/ZC/FvkNFdDLn1E=">AAAB/nicdVDLSgNBEJz1GeMr6tHLYBA8LZNsyOMW9OIxgmsCSQizk95kyOzsMjMrhJCDX+BVv8CTePVX/AD/w8lDMKIFDUVVN91dQSK4NoR8OGvrG5tb25md7O7e/sFh7uj4TsepYuCzWMSqFVANgkvwDTcCWokCGgUCmsHoauY370FpHstbM06gG9GB5CFn1FjJ78i0B71cnri1crHgEUzccpUUPc8S4pXKFQ8XXDJHHi3R6OU+O/2YpRFIwwTVul0gielOqDKcCZhmO6mGhLIRHUDbUkkj0N3J/NgpPrdKH4exsiUNnqs/JyY00nocBbYzomaof3sz8S+vnZqw2p1wmaQGJFssClOBTYxnn+M+V8CMGFtCmeL2VsyGVFFmbD4rW0IYyyiZ2ly+n8f/E7/o1lxyU8rXL5cBZdApOkMXqIAqqI6uUQP5iCGOHtETenYenBfn1XlbtK45y5kTtALn/QtSC5cy</latexit><latexit sha1_base64="d0TRxAKWZsUZ/ZC/FvkNFdDLn1E=">AAAB/nicdVDLSgNBEJz1GeMr6tHLYBA8LZNsyOMW9OIxgmsCSQizk95kyOzsMjMrhJCDX+BVv8CTePVX/AD/w8lDMKIFDUVVN91dQSK4NoR8OGvrG5tb25md7O7e/sFh7uj4TsepYuCzWMSqFVANgkvwDTcCWokCGgUCmsHoauY370FpHstbM06gG9GB5CFn1FjJ78i0B71cnri1crHgEUzccpUUPc8S4pXKFQ8XXDJHHi3R6OU+O/2YpRFIwwTVul0gielOqDKcCZhmO6mGhLIRHUDbUkkj0N3J/NgpPrdKH4exsiUNnqs/JyY00nocBbYzomaof3sz8S+vnZqw2p1wmaQGJFssClOBTYxnn+M+V8CMGFtCmeL2VsyGVFFmbD4rW0IYyyiZ2ly+n8f/E7/o1lxyU8rXL5cBZdApOkMXqIAqqI6uUQP5iCGOHtETenYenBfn1XlbtK45y5kTtALn/QtSC5cy</latexit><latexit sha1_base64="d0TRxAKWZsUZ/ZC/FvkNFdDLn1E=">AAAB/nicdVDLSgNBEJz1GeMr6tHLYBA8LZNsyOMW9OIxgmsCSQizk95kyOzsMjMrhJCDX+BVv8CTePVX/AD/w8lDMKIFDUVVN91dQSK4NoR8OGvrG5tb25md7O7e/sFh7uj4TsepYuCzWMSqFVANgkvwDTcCWokCGgUCmsHoauY370FpHstbM06gG9GB5CFn1FjJ78i0B71cnri1crHgEUzccpUUPc8S4pXKFQ8XXDJHHi3R6OU+O/2YpRFIwwTVul0gielOqDKcCZhmO6mGhLIRHUDbUkkj0N3J/NgpPrdKH4exsiUNnqs/JyY00nocBbYzomaof3sz8S+vnZqw2p1wmaQGJFssClOBTYxnn+M+V8CMGFtCmeL2VsyGVFFmbD4rW0IYyyiZ2ly+n8f/E7/o1lxyU8rXL5cBZdApOkMXqIAqqI6uUQP5iCGOHtETenYenBfn1XlbtK45y5kTtALn/QtSC5cy</latexit>

Do neutrinos & antineutrinos 
act the same?
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<latexit sha1_base64="OP1LuYcdzTUwdO+VP2F2mCq5L6c=">AAACDHicdVDLTgIxFO3gC/E16NJNIzFxNSmIAjuiG5eYiJAwhHRKBxrazqTtqITgL/gFbvULXBm3/oMf4H9YHiZi9CQ3OTnn3tx7TxBzpg1CH05qaXlldS29ntnY3NrecbO71zpKFKF1EvFINQOsKWeS1g0znDZjRbEIOG0Eg/OJ37ihSrNIXplhTNsC9yQLGcHGSh0368uk44sE+ia6n/C7jptDXhkVULEEkVeqlI4rpzNSKJ/AvIemyIE5ah330+9GJBFUGsKx1q08ik17hJVhhNNxxk80jTEZ4B5tWSqxoLo9mp4+hodW6cIwUrakgVP158QIC62HIrCdApu+/u1NxL+8VmLCcnvEZJwYKslsUZhwaCI4yQF2maLE8KElmChmb4WkjxUmxqa1sCWkQynisc3l+3n4P6kXvIqHLou56tk8oDTYBwfgCORBCVTBBaiBOiDgFjyCJ/DsPDgvzqvzNmtNOfOZPbAA5/0LiPCcyQ==</latexit><latexit sha1_base64="OP1LuYcdzTUwdO+VP2F2mCq5L6c=">AAACDHicdVDLTgIxFO3gC/E16NJNIzFxNSmIAjuiG5eYiJAwhHRKBxrazqTtqITgL/gFbvULXBm3/oMf4H9YHiZi9CQ3OTnn3tx7TxBzpg1CH05qaXlldS29ntnY3NrecbO71zpKFKF1EvFINQOsKWeS1g0znDZjRbEIOG0Eg/OJ37ihSrNIXplhTNsC9yQLGcHGSh0368uk44sE+ia6n/C7jptDXhkVULEEkVeqlI4rpzNSKJ/AvIemyIE5ah330+9GJBFUGsKx1q08ik17hJVhhNNxxk80jTEZ4B5tWSqxoLo9mp4+hodW6cIwUrakgVP158QIC62HIrCdApu+/u1NxL+8VmLCcnvEZJwYKslsUZhwaCI4yQF2maLE8KElmChmb4WkjxUmxqa1sCWkQynisc3l+3n4P6kXvIqHLou56tk8oDTYBwfgCORBCVTBBaiBOiDgFjyCJ/DsPDgvzqvzNmtNOfOZPbAA5/0LiPCcyQ==</latexit><latexit sha1_base64="OP1LuYcdzTUwdO+VP2F2mCq5L6c=">AAACDHicdVDLTgIxFO3gC/E16NJNIzFxNSmIAjuiG5eYiJAwhHRKBxrazqTtqITgL/gFbvULXBm3/oMf4H9YHiZi9CQ3OTnn3tx7TxBzpg1CH05qaXlldS29ntnY3NrecbO71zpKFKF1EvFINQOsKWeS1g0znDZjRbEIOG0Eg/OJ37ihSrNIXplhTNsC9yQLGcHGSh0368uk44sE+ia6n/C7jptDXhkVULEEkVeqlI4rpzNSKJ/AvIemyIE5ah330+9GJBFUGsKx1q08ik17hJVhhNNxxk80jTEZ4B5tWSqxoLo9mp4+hodW6cIwUrakgVP158QIC62HIrCdApu+/u1NxL+8VmLCcnvEZJwYKslsUZhwaCI4yQF2maLE8KElmChmb4WkjxUmxqa1sCWkQynisc3l+3n4P6kXvIqHLou56tk8oDTYBwfgCORBCVTBBaiBOiDgFjyCJ/DsPDgvzqvzNmtNOfOZPbAA5/0LiPCcyQ==</latexit>

Probability, 1 GeV

Beam 700 km
⌫̄e

<latexit sha1_base64="FsZY1/49b4hCfUYYdadGZOWuyNY=">AAACAnicdVDLSgMxFM34tr6qLt0Ei+BqSDulj53oxmUFayttKZn0ThtMMkOSEUrp0i9wq1/gStz6I36A/2H6EKzogQuHc+7l3nvCRHBjCfnwlpZXVtfWNzYzW9s7u3vZ/YMbE6eaQZ3FItbNkBoQXEHdciugmWigMhTQCO8uJn7jHrThsbq2wwQ6kvYVjzij1km37ZDqtkq70M3miF8tFfIBwcQvVUghCBwhQbFUDnDeJ1Pk0By1bvaz3YtZKkFZJqgxrTxJbGdEteVMwDjTTg0klN3RPrQcVVSC6YymB4/xiVN6OIq1K2XxVP05MaLSmKEMXaekdmB+exPxL6+V2qjSGXGVpBYUmy2KUoFtjCff4x7XwKwYOkKZ5u5WzAZUU2ZdRgtbIhgqmYxdLt/P4/9JveBXfXJVzJ2dzwPaQEfoGJ2iPCqjM3SJaqiOGJLoET2hZ+/Be/FevbdZ65I3nzlEC/DevwBsQJjr</latexit><latexit sha1_base64="FsZY1/49b4hCfUYYdadGZOWuyNY=">AAACAnicdVDLSgMxFM34tr6qLt0Ei+BqSDulj53oxmUFayttKZn0ThtMMkOSEUrp0i9wq1/gStz6I36A/2H6EKzogQuHc+7l3nvCRHBjCfnwlpZXVtfWNzYzW9s7u3vZ/YMbE6eaQZ3FItbNkBoQXEHdciugmWigMhTQCO8uJn7jHrThsbq2wwQ6kvYVjzij1km37ZDqtkq70M3miF8tFfIBwcQvVUghCBwhQbFUDnDeJ1Pk0By1bvaz3YtZKkFZJqgxrTxJbGdEteVMwDjTTg0klN3RPrQcVVSC6YymB4/xiVN6OIq1K2XxVP05MaLSmKEMXaekdmB+exPxL6+V2qjSGXGVpBYUmy2KUoFtjCff4x7XwKwYOkKZ5u5WzAZUU2ZdRgtbIhgqmYxdLt/P4/9JveBXfXJVzJ2dzwPaQEfoGJ2iPCqjM3SJaqiOGJLoET2hZ+/Be/FevbdZ65I3nzlEC/DevwBsQJjr</latexit><latexit sha1_base64="FsZY1/49b4hCfUYYdadGZOWuyNY=">AAACAnicdVDLSgMxFM34tr6qLt0Ei+BqSDulj53oxmUFayttKZn0ThtMMkOSEUrp0i9wq1/gStz6I36A/2H6EKzogQuHc+7l3nvCRHBjCfnwlpZXVtfWNzYzW9s7u3vZ/YMbE6eaQZ3FItbNkBoQXEHdciugmWigMhTQCO8uJn7jHrThsbq2wwQ6kvYVjzij1km37ZDqtkq70M3miF8tFfIBwcQvVUghCBwhQbFUDnDeJ1Pk0By1bvaz3YtZKkFZJqgxrTxJbGdEteVMwDjTTg0klN3RPrQcVVSC6YymB4/xiVN6OIq1K2XxVP05MaLSmKEMXaekdmB+exPxL6+V2qjSGXGVpBYUmy2KUoFtjCff4x7XwKwYOkKZ5u5WzAZUU2ZdRgtbIhgqmYxdLt/P4/9JveBXfXJVzJ2dzwPaQEfoGJ2iPCqjM3SJaqiOGJLoET2hZ+/Be/FevbdZ65I3nzlEC/DevwBsQJjr</latexit>

⌫̄µ
<latexit sha1_base64="j5y8eTJOnQ5ORONR5t0/Qt9lQt0=">AAACBHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWcGxhppRMmmlDk8yQZIRSuvYL3OoXuBK3/ocf4H+YPgQreuDC4Zx7ufeeKOVMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p5NMEeqThCeqE2FNOZPUN8xw2kkVxSLitB2NrmZ++54qzRJ5a8Yp7Qo8kCxmBBsrBWGEVSizXiiyXqGI3Ea1XPIQRG61jsqeZwnyKtWaB0sumqMIlmj1Cp9hPyGZoNIQjrUOSig13QlWhhFOp/kw0zTFZIQHNLBUYkF1dzI/eQrPrdKHcaJsSQPn6s+JCRZaj0VkOwU2Q/3bm4l/eUFm4np3wmSaGSrJYlGccWgSOPsf9pmixPCxJZgoZm+FZIgVJsamtLIlpmMp0qnN5ft5+D/xy27DRTeVYvNyGVAOnIIzcAFKoAaa4Bq0gA8ISMAjeALPzoPz4rw6b4vWNWc5cwJW4Lx/ARYVmdg=</latexit><latexit sha1_base64="j5y8eTJOnQ5ORONR5t0/Qt9lQt0=">AAACBHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWcGxhppRMmmlDk8yQZIRSuvYL3OoXuBK3/ocf4H+YPgQreuDC4Zx7ufeeKOVMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p5NMEeqThCeqE2FNOZPUN8xw2kkVxSLitB2NrmZ++54qzRJ5a8Yp7Qo8kCxmBBsrBWGEVSizXiiyXqGI3Ea1XPIQRG61jsqeZwnyKtWaB0sumqMIlmj1Cp9hPyGZoNIQjrUOSig13QlWhhFOp/kw0zTFZIQHNLBUYkF1dzI/eQrPrdKHcaJsSQPn6s+JCRZaj0VkOwU2Q/3bm4l/eUFm4np3wmSaGSrJYlGccWgSOPsf9pmixPCxJZgoZm+FZIgVJsamtLIlpmMp0qnN5ft5+D/xy27DRTeVYvNyGVAOnIIzcAFKoAaa4Bq0gA8ISMAjeALPzoPz4rw6b4vWNWc5cwJW4Lx/ARYVmdg=</latexit><latexit sha1_base64="j5y8eTJOnQ5ORONR5t0/Qt9lQt0=">AAACBHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWcGxhppRMmmlDk8yQZIRSuvYL3OoXuBK3/ocf4H+YPgQreuDC4Zx7ufeeKOVMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p5NMEeqThCeqE2FNOZPUN8xw2kkVxSLitB2NrmZ++54qzRJ5a8Yp7Qo8kCxmBBsrBWGEVSizXiiyXqGI3Ea1XPIQRG61jsqeZwnyKtWaB0sumqMIlmj1Cp9hPyGZoNIQjrUOSig13QlWhhFOp/kw0zTFZIQHNLBUYkF1dzI/eQrPrdKHcaJsSQPn6s+JCRZaj0VkOwU2Q/3bm4l/eUFm4np3wmSaGSrJYlGccWgSOPsf9pmixPCxJZgoZm+FZIgVJsamtLIlpmMp0qnN5ft5+D/xy27DRTeVYvNyGVAOnIIzcAFKoAaa4Bq0gA8ISMAjeALPzoPz4rw6b4vWNWc5cwJW4Lx/ARYVmdg=</latexit>

⌫̄µ
<latexit sha1_base64="j5y8eTJOnQ5ORONR5t0/Qt9lQt0=">AAACBHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWcGxhppRMmmlDk8yQZIRSuvYL3OoXuBK3/ocf4H+YPgQreuDC4Zx7ufeeKOVMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p5NMEeqThCeqE2FNOZPUN8xw2kkVxSLitB2NrmZ++54qzRJ5a8Yp7Qo8kCxmBBsrBWGEVSizXiiyXqGI3Ea1XPIQRG61jsqeZwnyKtWaB0sumqMIlmj1Cp9hPyGZoNIQjrUOSig13QlWhhFOp/kw0zTFZIQHNLBUYkF1dzI/eQrPrdKHcaJsSQPn6s+JCRZaj0VkOwU2Q/3bm4l/eUFm4np3wmSaGSrJYlGccWgSOPsf9pmixPCxJZgoZm+FZIgVJsamtLIlpmMp0qnN5ft5+D/xy27DRTeVYvNyGVAOnIIzcAFKoAaa4Bq0gA8ISMAjeALPzoPz4rw6b4vWNWc5cwJW4Lx/ARYVmdg=</latexit><latexit sha1_base64="j5y8eTJOnQ5ORONR5t0/Qt9lQt0=">AAACBHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWcGxhppRMmmlDk8yQZIRSuvYL3OoXuBK3/ocf4H+YPgQreuDC4Zx7ufeeKOVMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p5NMEeqThCeqE2FNOZPUN8xw2kkVxSLitB2NrmZ++54qzRJ5a8Yp7Qo8kCxmBBsrBWGEVSizXiiyXqGI3Ea1XPIQRG61jsqeZwnyKtWaB0sumqMIlmj1Cp9hPyGZoNIQjrUOSig13QlWhhFOp/kw0zTFZIQHNLBUYkF1dzI/eQrPrdKHcaJsSQPn6s+JCRZaj0VkOwU2Q/3bm4l/eUFm4np3wmSaGSrJYlGccWgSOPsf9pmixPCxJZgoZm+FZIgVJsamtLIlpmMp0qnN5ft5+D/xy27DRTeVYvNyGVAOnIIzcAFKoAaa4Bq0gA8ISMAjeALPzoPz4rw6b4vWNWc5cwJW4Lx/ARYVmdg=</latexit><latexit sha1_base64="j5y8eTJOnQ5ORONR5t0/Qt9lQt0=">AAACBHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWcGxhppRMmmlDk8yQZIRSuvYL3OoXuBK3/ocf4H+YPgQreuDC4Zx7ufeeKOVMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p5NMEeqThCeqE2FNOZPUN8xw2kkVxSLitB2NrmZ++54qzRJ5a8Yp7Qo8kCxmBBsrBWGEVSizXiiyXqGI3Ea1XPIQRG61jsqeZwnyKtWaB0sumqMIlmj1Cp9hPyGZoNIQjrUOSig13QlWhhFOp/kw0zTFZIQHNLBUYkF1dzI/eQrPrdKHcaJsSQPn6s+JCRZaj0VkOwU2Q/3bm4l/eUFm4np3wmSaGSrJYlGccWgSOPsf9pmixPCxJZgoZm+FZIgVJsamtLIlpmMp0qnN5ft5+D/xy27DRTeVYvNyGVAOnIIzcAFKoAaa4Bq0gA8ISMAjeALPzoPz4rw6b4vWNWc5cwJW4Lx/ARYVmdg=</latexit>

Do neutrinos & antineutrinos 
act the same?
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Baryogenesis
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Majorana Neutrinos Reprise
Two possibilities:



!16

⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

e�
<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

L = 1<latexit sha1_base64="XKbONXWCQuxXXtfNlZTgy06mFxU=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GjL1Me1CKLpx4aKiYwvtUDJppg3NZIYkI5Sh+AVu9QtciVv/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmFxaXklv1pYW9/Y3Cpu79ypOJWEeiTmsWwGWFHOBPU005w2E0lxFHDaCAYXY79xT6VisbjVw4T6Ee4JFjKCtZFurs6cTrGE7Aoqo2MXItutukfV0ykpV06gY6MJSmCGeqf42e7GJI2o0IRjpVoOSrSfYakZ4XRUaKeKJpgMcI+2DBU4osrPJqeO4IFRujCMpSmh4UT9OZHhSKlhFJjOCOu++u2Nxb+8VqrDip8xkaSaCjJdFKYc6hiO/4ZdJinRfGgIJpKZWyHpY4mJNunMbQnpUETJyOTy/Tz8n3hlu2qja6dUO58FlAd7YB8cAge4oAYuQR14gIAeeARP4Nl6sF6sV+tt2pqzZjO7YA7W+xctFZX0</latexit><latexit sha1_base64="XKbONXWCQuxXXtfNlZTgy06mFxU=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GjL1Me1CKLpx4aKiYwvtUDJppg3NZIYkI5Sh+AVu9QtciVv/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmFxaXklv1pYW9/Y3Cpu79ypOJWEeiTmsWwGWFHOBPU005w2E0lxFHDaCAYXY79xT6VisbjVw4T6Ee4JFjKCtZFurs6cTrGE7Aoqo2MXItutukfV0ykpV06gY6MJSmCGeqf42e7GJI2o0IRjpVoOSrSfYakZ4XRUaKeKJpgMcI+2DBU4osrPJqeO4IFRujCMpSmh4UT9OZHhSKlhFJjOCOu++u2Nxb+8VqrDip8xkaSaCjJdFKYc6hiO/4ZdJinRfGgIJpKZWyHpY4mJNunMbQnpUETJyOTy/Tz8n3hlu2qja6dUO58FlAd7YB8cAge4oAYuQR14gIAeeARP4Nl6sF6sV+tt2pqzZjO7YA7W+xctFZX0</latexit><latexit sha1_base64="XKbONXWCQuxXXtfNlZTgy06mFxU=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GjL1Me1CKLpx4aKiYwvtUDJppg3NZIYkI5Sh+AVu9QtciVv/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmFxaXklv1pYW9/Y3Cpu79ypOJWEeiTmsWwGWFHOBPU005w2E0lxFHDaCAYXY79xT6VisbjVw4T6Ee4JFjKCtZFurs6cTrGE7Aoqo2MXItutukfV0ykpV06gY6MJSmCGeqf42e7GJI2o0IRjpVoOSrSfYakZ4XRUaKeKJpgMcI+2DBU4osrPJqeO4IFRujCMpSmh4UT9OZHhSKlhFJjOCOu++u2Nxb+8VqrDip8xkaSaCjJdFKYc6hiO/4ZdJinRfGgIJpKZWyHpY4mJNunMbQnpUETJyOTy/Tz8n3hlu2qja6dUO58FlAd7YB8cAge4oAYuQR14gIAeeARP4Nl6sF6sV+tt2pqzZjO7YA7W+xctFZX0</latexit>

L = 1<latexit sha1_base64="XKbONXWCQuxXXtfNlZTgy06mFxU=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GjL1Me1CKLpx4aKiYwvtUDJppg3NZIYkI5Sh+AVu9QtciVv/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmFxaXklv1pYW9/Y3Cpu79ypOJWEeiTmsWwGWFHOBPU005w2E0lxFHDaCAYXY79xT6VisbjVw4T6Ee4JFjKCtZFurs6cTrGE7Aoqo2MXItutukfV0ykpV06gY6MJSmCGeqf42e7GJI2o0IRjpVoOSrSfYakZ4XRUaKeKJpgMcI+2DBU4osrPJqeO4IFRujCMpSmh4UT9OZHhSKlhFJjOCOu++u2Nxb+8VqrDip8xkaSaCjJdFKYc6hiO/4ZdJinRfGgIJpKZWyHpY4mJNunMbQnpUETJyOTy/Tz8n3hlu2qja6dUO58FlAd7YB8cAge4oAYuQR14gIAeeARP4Nl6sF6sV+tt2pqzZjO7YA7W+xctFZX0</latexit><latexit sha1_base64="XKbONXWCQuxXXtfNlZTgy06mFxU=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GjL1Me1CKLpx4aKiYwvtUDJppg3NZIYkI5Sh+AVu9QtciVv/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmFxaXklv1pYW9/Y3Cpu79ypOJWEeiTmsWwGWFHOBPU005w2E0lxFHDaCAYXY79xT6VisbjVw4T6Ee4JFjKCtZFurs6cTrGE7Aoqo2MXItutukfV0ykpV06gY6MJSmCGeqf42e7GJI2o0IRjpVoOSrSfYakZ4XRUaKeKJpgMcI+2DBU4osrPJqeO4IFRujCMpSmh4UT9OZHhSKlhFJjOCOu++u2Nxb+8VqrDip8xkaSaCjJdFKYc6hiO/4ZdJinRfGgIJpKZWyHpY4mJNunMbQnpUETJyOTy/Tz8n3hlu2qja6dUO58FlAd7YB8cAge4oAYuQR14gIAeeARP4Nl6sF6sV+tt2pqzZjO7YA7W+xctFZX0</latexit><latexit sha1_base64="XKbONXWCQuxXXtfNlZTgy06mFxU=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GjL1Me1CKLpx4aKiYwvtUDJppg3NZIYkI5Sh+AVu9QtciVv/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmFxaXklv1pYW9/Y3Cpu79ypOJWEeiTmsWwGWFHOBPU005w2E0lxFHDaCAYXY79xT6VisbjVw4T6Ee4JFjKCtZFurs6cTrGE7Aoqo2MXItutukfV0ykpV06gY6MJSmCGeqf42e7GJI2o0IRjpVoOSrSfYakZ4XRUaKeKJpgMcI+2DBU4osrPJqeO4IFRujCMpSmh4UT9OZHhSKlhFJjOCOu++u2Nxb+8VqrDip8xkaSaCjJdFKYc6hiO/4ZdJinRfGgIJpKZWyHpY4mJNunMbQnpUETJyOTy/Tz8n3hlu2qja6dUO58FlAd7YB8cAge4oAYuQR14gIAeeARP4Nl6sF6sV+tt2pqzZjO7YA7W+xctFZX0</latexit> ⌫̄e
<latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit>

e+
<latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit><latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit><latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit>

L = �1<latexit sha1_base64="MvhmHSzkdgpmBbG2YfBu5Xjj5CE=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwY5jUR9qFUHTjwkUFYwttKJPppB06mYSZiRBCwS9wq1/gStz6LX6A/2HSVrCiBy4czrmXe+/xIs6URujDKCwsLi2vFFdLa+sbm1vl7Z07FcaSUIeEPJRtDyvKmaCOZprTdiQpDjxOW97oMvdb91QqFopbnUTUDfBAMJ8RrHPp+vzI6pUryKyhKjqxITLtun1cP5uSau0UWiaaoAJmaPbKn91+SOKACk04VqpjoUi7KZaaEU7HpW6saITJCA9oJ6MCB1S56eTWMTzIlD70Q5mV0HCi/pxIcaBUEnhZZ4D1UP32cvEvrxNrv+amTESxpoJMF/kxhzqE+eOwzyQlmicZwUSy7FZIhlhiorN45rb4NBFBNM5y+X4e/k+cqlk30Y1VaVzMAiqCPbAPDoEFbNAAV6AJHEDAEDyCJ/BsPBgvxqvxNm0tGLOZXTAH4/0LmiOWKw==</latexit><latexit sha1_base64="MvhmHSzkdgpmBbG2YfBu5Xjj5CE=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwY5jUR9qFUHTjwkUFYwttKJPppB06mYSZiRBCwS9wq1/gStz6LX6A/2HSVrCiBy4czrmXe+/xIs6URujDKCwsLi2vFFdLa+sbm1vl7Z07FcaSUIeEPJRtDyvKmaCOZprTdiQpDjxOW97oMvdb91QqFopbnUTUDfBAMJ8RrHPp+vzI6pUryKyhKjqxITLtun1cP5uSau0UWiaaoAJmaPbKn91+SOKACk04VqpjoUi7KZaaEU7HpW6saITJCA9oJ6MCB1S56eTWMTzIlD70Q5mV0HCi/pxIcaBUEnhZZ4D1UP32cvEvrxNrv+amTESxpoJMF/kxhzqE+eOwzyQlmicZwUSy7FZIhlhiorN45rb4NBFBNM5y+X4e/k+cqlk30Y1VaVzMAiqCPbAPDoEFbNAAV6AJHEDAEDyCJ/BsPBgvxqvxNm0tGLOZXTAH4/0LmiOWKw==</latexit><latexit sha1_base64="MvhmHSzkdgpmBbG2YfBu5Xjj5CE=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwY5jUR9qFUHTjwkUFYwttKJPppB06mYSZiRBCwS9wq1/gStz6LX6A/2HSVrCiBy4czrmXe+/xIs6URujDKCwsLi2vFFdLa+sbm1vl7Z07FcaSUIeEPJRtDyvKmaCOZprTdiQpDjxOW97oMvdb91QqFopbnUTUDfBAMJ8RrHPp+vzI6pUryKyhKjqxITLtun1cP5uSau0UWiaaoAJmaPbKn91+SOKACk04VqpjoUi7KZaaEU7HpW6saITJCA9oJ6MCB1S56eTWMTzIlD70Q5mV0HCi/pxIcaBUEnhZZ4D1UP32cvEvrxNrv+amTESxpoJMF/kxhzqE+eOwzyQlmicZwUSy7FZIhlhiorN45rb4NBFBNM5y+X4e/k+cqlk30Y1VaVzMAiqCPbAPDoEFbNAAV6AJHEDAEDyCJ/BsPBgvxqvxNm0tGLOZXTAH4/0LmiOWKw==</latexit>

L = �1<latexit sha1_base64="MvhmHSzkdgpmBbG2YfBu5Xjj5CE=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwY5jUR9qFUHTjwkUFYwttKJPppB06mYSZiRBCwS9wq1/gStz6LX6A/2HSVrCiBy4czrmXe+/xIs6URujDKCwsLi2vFFdLa+sbm1vl7Z07FcaSUIeEPJRtDyvKmaCOZprTdiQpDjxOW97oMvdb91QqFopbnUTUDfBAMJ8RrHPp+vzI6pUryKyhKjqxITLtun1cP5uSau0UWiaaoAJmaPbKn91+SOKACk04VqpjoUi7KZaaEU7HpW6saITJCA9oJ6MCB1S56eTWMTzIlD70Q5mV0HCi/pxIcaBUEnhZZ4D1UP32cvEvrxNrv+amTESxpoJMF/kxhzqE+eOwzyQlmicZwUSy7FZIhlhiorN45rb4NBFBNM5y+X4e/k+cqlk30Y1VaVzMAiqCPbAPDoEFbNAAV6AJHEDAEDyCJ/BsPBgvxqvxNm0tGLOZXTAH4/0LmiOWKw==</latexit><latexit sha1_base64="MvhmHSzkdgpmBbG2YfBu5Xjj5CE=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwY5jUR9qFUHTjwkUFYwttKJPppB06mYSZiRBCwS9wq1/gStz6LX6A/2HSVrCiBy4czrmXe+/xIs6URujDKCwsLi2vFFdLa+sbm1vl7Z07FcaSUIeEPJRtDyvKmaCOZprTdiQpDjxOW97oMvdb91QqFopbnUTUDfBAMJ8RrHPp+vzI6pUryKyhKjqxITLtun1cP5uSau0UWiaaoAJmaPbKn91+SOKACk04VqpjoUi7KZaaEU7HpW6saITJCA9oJ6MCB1S56eTWMTzIlD70Q5mV0HCi/pxIcaBUEnhZZ4D1UP32cvEvrxNrv+amTESxpoJMF/kxhzqE+eOwzyQlmicZwUSy7FZIhlhiorN45rb4NBFBNM5y+X4e/k+cqlk30Y1VaVzMAiqCPbAPDoEFbNAAV6AJHEDAEDyCJ/BsPBgvxqvxNm0tGLOZXTAH4/0LmiOWKw==</latexit><latexit sha1_base64="MvhmHSzkdgpmBbG2YfBu5Xjj5CE=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwY5jUR9qFUHTjwkUFYwttKJPppB06mYSZiRBCwS9wq1/gStz6LX6A/2HSVrCiBy4czrmXe+/xIs6URujDKCwsLi2vFFdLa+sbm1vl7Z07FcaSUIeEPJRtDyvKmaCOZprTdiQpDjxOW97oMvdb91QqFopbnUTUDfBAMJ8RrHPp+vzI6pUryKyhKjqxITLtun1cP5uSau0UWiaaoAJmaPbKn91+SOKACk04VqpjoUi7KZaaEU7HpW6saITJCA9oJ6MCB1S56eTWMTzIlD70Q5mV0HCi/pxIcaBUEnhZZ4D1UP32cvEvrxNrv+amTESxpoJMF/kxhzqE+eOwzyQlmicZwUSy7FZIhlhiorN45rb4NBFBNM5y+X4e/k+cqlk30Y1VaVzMAiqCPbAPDoEFbNAAV6AJHEDAEDyCJ/BsPBgvxqvxNm0tGLOZXTAH4/0LmiOWKw==</latexit>

A Dirac Fermion 
Distinct particle and 
antiparticle, each with left 
and right handed states

Majorana Neutrinos Reprise
Two possibilities:
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⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

e�
<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

L = 1<latexit sha1_base64="XKbONXWCQuxXXtfNlZTgy06mFxU=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GjL1Me1CKLpx4aKiYwvtUDJppg3NZIYkI5Sh+AVu9QtciVv/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmFxaXklv1pYW9/Y3Cpu79ypOJWEeiTmsWwGWFHOBPU005w2E0lxFHDaCAYXY79xT6VisbjVw4T6Ee4JFjKCtZFurs6cTrGE7Aoqo2MXItutukfV0ykpV06gY6MJSmCGeqf42e7GJI2o0IRjpVoOSrSfYakZ4XRUaKeKJpgMcI+2DBU4osrPJqeO4IFRujCMpSmh4UT9OZHhSKlhFJjOCOu++u2Nxb+8VqrDip8xkaSaCjJdFKYc6hiO/4ZdJinRfGgIJpKZWyHpY4mJNunMbQnpUETJyOTy/Tz8n3hlu2qja6dUO58FlAd7YB8cAge4oAYuQR14gIAeeARP4Nl6sF6sV+tt2pqzZjO7YA7W+xctFZX0</latexit><latexit sha1_base64="XKbONXWCQuxXXtfNlZTgy06mFxU=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GjL1Me1CKLpx4aKiYwvtUDJppg3NZIYkI5Sh+AVu9QtciVv/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmFxaXklv1pYW9/Y3Cpu79ypOJWEeiTmsWwGWFHOBPU005w2E0lxFHDaCAYXY79xT6VisbjVw4T6Ee4JFjKCtZFurs6cTrGE7Aoqo2MXItutukfV0ykpV06gY6MJSmCGeqf42e7GJI2o0IRjpVoOSrSfYakZ4XRUaKeKJpgMcI+2DBU4osrPJqeO4IFRujCMpSmh4UT9OZHhSKlhFJjOCOu++u2Nxb+8VqrDip8xkaSaCjJdFKYc6hiO/4ZdJinRfGgIJpKZWyHpY4mJNunMbQnpUETJyOTy/Tz8n3hlu2qja6dUO58FlAd7YB8cAge4oAYuQR14gIAeeARP4Nl6sF6sV+tt2pqzZjO7YA7W+xctFZX0</latexit><latexit sha1_base64="XKbONXWCQuxXXtfNlZTgy06mFxU=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GjL1Me1CKLpx4aKiYwvtUDJppg3NZIYkI5Sh+AVu9QtciVv/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmFxaXklv1pYW9/Y3Cpu79ypOJWEeiTmsWwGWFHOBPU005w2E0lxFHDaCAYXY79xT6VisbjVw4T6Ee4JFjKCtZFurs6cTrGE7Aoqo2MXItutukfV0ykpV06gY6MJSmCGeqf42e7GJI2o0IRjpVoOSrSfYakZ4XRUaKeKJpgMcI+2DBU4osrPJqeO4IFRujCMpSmh4UT9OZHhSKlhFJjOCOu++u2Nxb+8VqrDip8xkaSaCjJdFKYc6hiO/4ZdJinRfGgIJpKZWyHpY4mJNunMbQnpUETJyOTy/Tz8n3hlu2qja6dUO58FlAd7YB8cAge4oAYuQR14gIAeeARP4Nl6sF6sV+tt2pqzZjO7YA7W+xctFZX0</latexit>

L = 1<latexit sha1_base64="XKbONXWCQuxXXtfNlZTgy06mFxU=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GjL1Me1CKLpx4aKiYwvtUDJppg3NZIYkI5Sh+AVu9QtciVv/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmFxaXklv1pYW9/Y3Cpu79ypOJWEeiTmsWwGWFHOBPU005w2E0lxFHDaCAYXY79xT6VisbjVw4T6Ee4JFjKCtZFurs6cTrGE7Aoqo2MXItutukfV0ykpV06gY6MJSmCGeqf42e7GJI2o0IRjpVoOSrSfYakZ4XRUaKeKJpgMcI+2DBU4osrPJqeO4IFRujCMpSmh4UT9OZHhSKlhFJjOCOu++u2Nxb+8VqrDip8xkaSaCjJdFKYc6hiO/4ZdJinRfGgIJpKZWyHpY4mJNunMbQnpUETJyOTy/Tz8n3hlu2qja6dUO58FlAd7YB8cAge4oAYuQR14gIAeeARP4Nl6sF6sV+tt2pqzZjO7YA7W+xctFZX0</latexit><latexit sha1_base64="XKbONXWCQuxXXtfNlZTgy06mFxU=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GjL1Me1CKLpx4aKiYwvtUDJppg3NZIYkI5Sh+AVu9QtciVv/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmFxaXklv1pYW9/Y3Cpu79ypOJWEeiTmsWwGWFHOBPU005w2E0lxFHDaCAYXY79xT6VisbjVw4T6Ee4JFjKCtZFurs6cTrGE7Aoqo2MXItutukfV0ykpV06gY6MJSmCGeqf42e7GJI2o0IRjpVoOSrSfYakZ4XRUaKeKJpgMcI+2DBU4osrPJqeO4IFRujCMpSmh4UT9OZHhSKlhFJjOCOu++u2Nxb+8VqrDip8xkaSaCjJdFKYc6hiO/4ZdJinRfGgIJpKZWyHpY4mJNunMbQnpUETJyOTy/Tz8n3hlu2qja6dUO58FlAd7YB8cAge4oAYuQR14gIAeeARP4Nl6sF6sV+tt2pqzZjO7YA7W+xctFZX0</latexit><latexit sha1_base64="XKbONXWCQuxXXtfNlZTgy06mFxU=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GjL1Me1CKLpx4aKiYwvtUDJppg3NZIYkI5Sh+AVu9QtciVv/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmFxaXklv1pYW9/Y3Cpu79ypOJWEeiTmsWwGWFHOBPU005w2E0lxFHDaCAYXY79xT6VisbjVw4T6Ee4JFjKCtZFurs6cTrGE7Aoqo2MXItutukfV0ykpV06gY6MJSmCGeqf42e7GJI2o0IRjpVoOSrSfYakZ4XRUaKeKJpgMcI+2DBU4osrPJqeO4IFRujCMpSmh4UT9OZHhSKlhFJjOCOu++u2Nxb+8VqrDip8xkaSaCjJdFKYc6hiO/4ZdJinRfGgIJpKZWyHpY4mJNunMbQnpUETJyOTy/Tz8n3hlu2qja6dUO58FlAd7YB8cAge4oAYuQR14gIAeeARP4Nl6sF6sV+tt2pqzZjO7YA7W+xctFZX0</latexit> ⌫̄e
<latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit>

e+
<latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit><latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit><latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit>

L = �1<latexit sha1_base64="MvhmHSzkdgpmBbG2YfBu5Xjj5CE=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwY5jUR9qFUHTjwkUFYwttKJPppB06mYSZiRBCwS9wq1/gStz6LX6A/2HSVrCiBy4czrmXe+/xIs6URujDKCwsLi2vFFdLa+sbm1vl7Z07FcaSUIeEPJRtDyvKmaCOZprTdiQpDjxOW97oMvdb91QqFopbnUTUDfBAMJ8RrHPp+vzI6pUryKyhKjqxITLtun1cP5uSau0UWiaaoAJmaPbKn91+SOKACk04VqpjoUi7KZaaEU7HpW6saITJCA9oJ6MCB1S56eTWMTzIlD70Q5mV0HCi/pxIcaBUEnhZZ4D1UP32cvEvrxNrv+amTESxpoJMF/kxhzqE+eOwzyQlmicZwUSy7FZIhlhiorN45rb4NBFBNM5y+X4e/k+cqlk30Y1VaVzMAiqCPbAPDoEFbNAAV6AJHEDAEDyCJ/BsPBgvxqvxNm0tGLOZXTAH4/0LmiOWKw==</latexit><latexit sha1_base64="MvhmHSzkdgpmBbG2YfBu5Xjj5CE=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwY5jUR9qFUHTjwkUFYwttKJPppB06mYSZiRBCwS9wq1/gStz6LX6A/2HSVrCiBy4czrmXe+/xIs6URujDKCwsLi2vFFdLa+sbm1vl7Z07FcaSUIeEPJRtDyvKmaCOZprTdiQpDjxOW97oMvdb91QqFopbnUTUDfBAMJ8RrHPp+vzI6pUryKyhKjqxITLtun1cP5uSau0UWiaaoAJmaPbKn91+SOKACk04VqpjoUi7KZaaEU7HpW6saITJCA9oJ6MCB1S56eTWMTzIlD70Q5mV0HCi/pxIcaBUEnhZZ4D1UP32cvEvrxNrv+amTESxpoJMF/kxhzqE+eOwzyQlmicZwUSy7FZIhlhiorN45rb4NBFBNM5y+X4e/k+cqlk30Y1VaVzMAiqCPbAPDoEFbNAAV6AJHEDAEDyCJ/BsPBgvxqvxNm0tGLOZXTAH4/0LmiOWKw==</latexit><latexit sha1_base64="MvhmHSzkdgpmBbG2YfBu5Xjj5CE=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwY5jUR9qFUHTjwkUFYwttKJPppB06mYSZiRBCwS9wq1/gStz6LX6A/2HSVrCiBy4czrmXe+/xIs6URujDKCwsLi2vFFdLa+sbm1vl7Z07FcaSUIeEPJRtDyvKmaCOZprTdiQpDjxOW97oMvdb91QqFopbnUTUDfBAMJ8RrHPp+vzI6pUryKyhKjqxITLtun1cP5uSau0UWiaaoAJmaPbKn91+SOKACk04VqpjoUi7KZaaEU7HpW6saITJCA9oJ6MCB1S56eTWMTzIlD70Q5mV0HCi/pxIcaBUEnhZZ4D1UP32cvEvrxNrv+amTESxpoJMF/kxhzqE+eOwzyQlmicZwUSy7FZIhlhiorN45rb4NBFBNM5y+X4e/k+cqlk30Y1VaVzMAiqCPbAPDoEFbNAAV6AJHEDAEDyCJ/BsPBgvxqvxNm0tGLOZXTAH4/0LmiOWKw==</latexit>

L = �1<latexit sha1_base64="MvhmHSzkdgpmBbG2YfBu5Xjj5CE=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwY5jUR9qFUHTjwkUFYwttKJPppB06mYSZiRBCwS9wq1/gStz6LX6A/2HSVrCiBy4czrmXe+/xIs6URujDKCwsLi2vFFdLa+sbm1vl7Z07FcaSUIeEPJRtDyvKmaCOZprTdiQpDjxOW97oMvdb91QqFopbnUTUDfBAMJ8RrHPp+vzI6pUryKyhKjqxITLtun1cP5uSau0UWiaaoAJmaPbKn91+SOKACk04VqpjoUi7KZaaEU7HpW6saITJCA9oJ6MCB1S56eTWMTzIlD70Q5mV0HCi/pxIcaBUEnhZZ4D1UP32cvEvrxNrv+amTESxpoJMF/kxhzqE+eOwzyQlmicZwUSy7FZIhlhiorN45rb4NBFBNM5y+X4e/k+cqlk30Y1VaVzMAiqCPbAPDoEFbNAAV6AJHEDAEDyCJ/BsPBgvxqvxNm0tGLOZXTAH4/0LmiOWKw==</latexit><latexit sha1_base64="MvhmHSzkdgpmBbG2YfBu5Xjj5CE=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwY5jUR9qFUHTjwkUFYwttKJPppB06mYSZiRBCwS9wq1/gStz6LX6A/2HSVrCiBy4czrmXe+/xIs6URujDKCwsLi2vFFdLa+sbm1vl7Z07FcaSUIeEPJRtDyvKmaCOZprTdiQpDjxOW97oMvdb91QqFopbnUTUDfBAMJ8RrHPp+vzI6pUryKyhKjqxITLtun1cP5uSau0UWiaaoAJmaPbKn91+SOKACk04VqpjoUi7KZaaEU7HpW6saITJCA9oJ6MCB1S56eTWMTzIlD70Q5mV0HCi/pxIcaBUEnhZZ4D1UP32cvEvrxNrv+amTESxpoJMF/kxhzqE+eOwzyQlmicZwUSy7FZIhlhiorN45rb4NBFBNM5y+X4e/k+cqlk30Y1VaVzMAiqCPbAPDoEFbNAAV6AJHEDAEDyCJ/BsPBgvxqvxNm0tGLOZXTAH4/0LmiOWKw==</latexit><latexit sha1_base64="MvhmHSzkdgpmBbG2YfBu5Xjj5CE=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwY5jUR9qFUHTjwkUFYwttKJPppB06mYSZiRBCwS9wq1/gStz6LX6A/2HSVrCiBy4czrmXe+/xIs6URujDKCwsLi2vFFdLa+sbm1vl7Z07FcaSUIeEPJRtDyvKmaCOZprTdiQpDjxOW97oMvdb91QqFopbnUTUDfBAMJ8RrHPp+vzI6pUryKyhKjqxITLtun1cP5uSau0UWiaaoAJmaPbKn91+SOKACk04VqpjoUi7KZaaEU7HpW6saITJCA9oJ6MCB1S56eTWMTzIlD70Q5mV0HCi/pxIcaBUEnhZZ4D1UP32cvEvrxNrv+amTESxpoJMF/kxhzqE+eOwzyQlmicZwUSy7FZIhlhiorN45rb4NBFBNM5y+X4e/k+cqlk30Y1VaVzMAiqCPbAPDoEFbNAAV6AJHEDAEDyCJ/BsPBgvxqvxNm0tGLOZXTAH4/0LmiOWKw==</latexit>

A Dirac Fermion 
Distinct particle and 
antiparticle, each with left 
and right handed states

e�
<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

⌫eL
<latexit sha1_base64="YGy6BakkWP2WkAg//G1rFVuydn4=">AAACAXicdVDLSsNAFJ34rPVVdelmsAiuwrRW0+6Kbly4qGBsoS1lMr1ph04mYWYihNCdX+BWv8CVuPVL/AD/w/QhWNEDFw7n3Mu993iR4NoQ8mEtLa+srq3nNvKbW9s7u4W9/TsdxoqBy0IRqpZHNQguwTXcCGhFCmjgCWh6o8uJ37wHpXkob00SQTegA8l9zqjJpFZHxr0Urse9QpHYVVImFQcT26k5p7XzGSlXz3DJJlMU0RyNXuGz0w9ZHIA0TFCt2yUSmW5KleFMwDjfiTVElI3oANoZlTQA3U2n947xcab0sR+qrKTBU/XnREoDrZPAyzoDaob6tzcR//LasfGr3ZTLKDYg2WyRHwtsQjx5Hve5AmZEkhHKFM9uxWxIFWUmi2hhiw+JDKJJLt/P4/+JW7ZrNrmpFOsX84By6BAdoRNUQg6qoyvUQC5iSKBH9ISerQfrxXq13matS9Z85gAtwHr/Av1kmLY=</latexit><latexit sha1_base64="YGy6BakkWP2WkAg//G1rFVuydn4=">AAACAXicdVDLSsNAFJ34rPVVdelmsAiuwrRW0+6Kbly4qGBsoS1lMr1ph04mYWYihNCdX+BWv8CVuPVL/AD/w/QhWNEDFw7n3Mu993iR4NoQ8mEtLa+srq3nNvKbW9s7u4W9/TsdxoqBy0IRqpZHNQguwTXcCGhFCmjgCWh6o8uJ37wHpXkob00SQTegA8l9zqjJpFZHxr0Urse9QpHYVVImFQcT26k5p7XzGSlXz3DJJlMU0RyNXuGz0w9ZHIA0TFCt2yUSmW5KleFMwDjfiTVElI3oANoZlTQA3U2n947xcab0sR+qrKTBU/XnREoDrZPAyzoDaob6tzcR//LasfGr3ZTLKDYg2WyRHwtsQjx5Hve5AmZEkhHKFM9uxWxIFWUmi2hhiw+JDKJJLt/P4/+JW7ZrNrmpFOsX84By6BAdoRNUQg6qoyvUQC5iSKBH9ISerQfrxXq13matS9Z85gAtwHr/Av1kmLY=</latexit><latexit sha1_base64="YGy6BakkWP2WkAg//G1rFVuydn4=">AAACAXicdVDLSsNAFJ34rPVVdelmsAiuwrRW0+6Kbly4qGBsoS1lMr1ph04mYWYihNCdX+BWv8CVuPVL/AD/w/QhWNEDFw7n3Mu993iR4NoQ8mEtLa+srq3nNvKbW9s7u4W9/TsdxoqBy0IRqpZHNQguwTXcCGhFCmjgCWh6o8uJ37wHpXkob00SQTegA8l9zqjJpFZHxr0Urse9QpHYVVImFQcT26k5p7XzGSlXz3DJJlMU0RyNXuGz0w9ZHIA0TFCt2yUSmW5KleFMwDjfiTVElI3oANoZlTQA3U2n947xcab0sR+qrKTBU/XnREoDrZPAyzoDaob6tzcR//LasfGr3ZTLKDYg2WyRHwtsQjx5Hve5AmZEkhHKFM9uxWxIFWUmi2hhiw+JDKJJLt/P4/+JW7ZrNrmpFOsX84By6BAdoRNUQg6qoyvUQC5iSKBH9ISerQfrxXq13matS9Z85gAtwHr/Av1kmLY=</latexit>

"neutrino"A Majorana Fermion 
Particle and antiparticle are 
the same, just with left and 
right handed states

e+
<latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit><latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit><latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit>

⌫eR
<latexit sha1_base64="jY8/MbwEEUy6neseOwVhL4tmDxc=">AAACAXicdVDLSsNAFJ34rPVVdelmsAiuwrRW0+6KblxWMbbQljKZ3rRDJ5MwMxFC6M4vcKtf4Erc+iV+gP9h+hCs6IELh3Pu5d57vEhwbQj5sJaWV1bX1nMb+c2t7Z3dwt7+nQ5jxcBloQhVy6MaBJfgGm4EtCIFNPAENL3R5cRv3oPSPJS3JomgG9CB5D5n1GRSqyPjXgo3416hSOwqKZOKg4nt1JzT2vmMlKtnuGSTKYpojkav8NnphywOQBomqNbtEolMN6XKcCZgnO/EGiLKRnQA7YxKGoDuptN7x/g4U/rYD1VW0uCp+nMipYHWSeBlnQE1Q/3bm4h/ee3Y+NVuymUUG5BstsiPBTYhnjyP+1wBMyLJCGWKZ7diNqSKMpNFtLDFh0QG0SSX7+fx/8Qt2zWbXFeK9Yt5QDl0iI7QCSohB9XRFWogFzEk0CN6Qs/Wg/VivVpvs9Ylaz5zgBZgvX8BBv2YvA==</latexit><latexit sha1_base64="jY8/MbwEEUy6neseOwVhL4tmDxc=">AAACAXicdVDLSsNAFJ34rPVVdelmsAiuwrRW0+6KblxWMbbQljKZ3rRDJ5MwMxFC6M4vcKtf4Erc+iV+gP9h+hCs6IELh3Pu5d57vEhwbQj5sJaWV1bX1nMb+c2t7Z3dwt7+nQ5jxcBloQhVy6MaBJfgGm4EtCIFNPAENL3R5cRv3oPSPJS3JomgG9CB5D5n1GRSqyPjXgo3416hSOwqKZOKg4nt1JzT2vmMlKtnuGSTKYpojkav8NnphywOQBomqNbtEolMN6XKcCZgnO/EGiLKRnQA7YxKGoDuptN7x/g4U/rYD1VW0uCp+nMipYHWSeBlnQE1Q/3bm4h/ee3Y+NVuymUUG5BstsiPBTYhnjyP+1wBMyLJCGWKZ7diNqSKMpNFtLDFh0QG0SSX7+fx/8Qt2zWbXFeK9Yt5QDl0iI7QCSohB9XRFWogFzEk0CN6Qs/Wg/VivVpvs9Ylaz5zgBZgvX8BBv2YvA==</latexit><latexit sha1_base64="jY8/MbwEEUy6neseOwVhL4tmDxc=">AAACAXicdVDLSsNAFJ34rPVVdelmsAiuwrRW0+6KblxWMbbQljKZ3rRDJ5MwMxFC6M4vcKtf4Erc+iV+gP9h+hCs6IELh3Pu5d57vEhwbQj5sJaWV1bX1nMb+c2t7Z3dwt7+nQ5jxcBloQhVy6MaBJfgGm4EtCIFNPAENL3R5cRv3oPSPJS3JomgG9CB5D5n1GRSqyPjXgo3416hSOwqKZOKg4nt1JzT2vmMlKtnuGSTKYpojkav8NnphywOQBomqNbtEolMN6XKcCZgnO/EGiLKRnQA7YxKGoDuptN7x/g4U/rYD1VW0uCp+nMipYHWSeBlnQE1Q/3bm4h/ee3Y+NVuymUUG5BstsiPBTYhnjyP+1wBMyLJCGWKZ7diNqSKMpNFtLDFh0QG0SSX7+fx/8Qt2zWbXFeK9Yt5QDl0iI7QCSohB9XRFWogFzEk0CN6Qs/Wg/VivVpvs9Ylaz5zgBZgvX8BBv2YvA==</latexit>

"antineutrino"

Majorana Neutrinos Reprise
Two possibilities:
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⌫
Why are the neutrino masses so weirdly tiny?

Neutrino Mass
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⌫
Why are the neutrino masses so weirdly tiny?

⌫
<latexit sha1_base64="5+yOgz2zacIAkQi4yc2G8hUx9i0=">AAAB/HicdVDLSgMxFM34rPVVdekmWARXQ1qr0+6KblxWtLbQDiWTZtrQJDMkGWEYil/gVr/Albj1X/wA/8P0IVjRAxcO59zLvfcEMWfaIPThLC2vrK6t5zbym1vbO7uFvf07HSWK0CaJeKTaAdaUM0mbhhlO27GiWASctoLR5cRv3VOlWSRvTRpTX+CBZCEj2FjppiuTXqGI3Coqo4oHkevVvNPa+YyUq2ew5KIpimCORq/w2e1HJBFUGsKx1p0Sio2fYWUY4XSc7yaaxpiM8IB2LJVYUO1n01PH8NgqfRhGypY0cKr+nMiw0DoVge0U2Az1b28i/uV1EhNW/YzJODFUktmiMOHQRHDyN+wzRYnhqSWYKGZvhWSIFSbGprOwJaSpFPHY5vL9PPyfNMtuzUXXlWL9Yh5QDhyCI3ACSsADdXAFGqAJCBiAR/AEnp0H58V5dd5mrUvOfOYALMB5/wIBU5Z8</latexit><latexit sha1_base64="5+yOgz2zacIAkQi4yc2G8hUx9i0=">AAAB/HicdVDLSgMxFM34rPVVdekmWARXQ1qr0+6KblxWtLbQDiWTZtrQJDMkGWEYil/gVr/Albj1X/wA/8P0IVjRAxcO59zLvfcEMWfaIPThLC2vrK6t5zbym1vbO7uFvf07HSWK0CaJeKTaAdaUM0mbhhlO27GiWASctoLR5cRv3VOlWSRvTRpTX+CBZCEj2FjppiuTXqGI3Coqo4oHkevVvNPa+YyUq2ew5KIpimCORq/w2e1HJBFUGsKx1p0Sio2fYWUY4XSc7yaaxpiM8IB2LJVYUO1n01PH8NgqfRhGypY0cKr+nMiw0DoVge0U2Az1b28i/uV1EhNW/YzJODFUktmiMOHQRHDyN+wzRYnhqSWYKGZvhWSIFSbGprOwJaSpFPHY5vL9PPyfNMtuzUXXlWL9Yh5QDhyCI3ACSsADdXAFGqAJCBiAR/AEnp0H58V5dd5mrUvOfOYALMB5/wIBU5Z8</latexit><latexit sha1_base64="5+yOgz2zacIAkQi4yc2G8hUx9i0=">AAAB/HicdVDLSgMxFM34rPVVdekmWARXQ1qr0+6KblxWtLbQDiWTZtrQJDMkGWEYil/gVr/Albj1X/wA/8P0IVjRAxcO59zLvfcEMWfaIPThLC2vrK6t5zbym1vbO7uFvf07HSWK0CaJeKTaAdaUM0mbhhlO27GiWASctoLR5cRv3VOlWSRvTRpTX+CBZCEj2FjppiuTXqGI3Coqo4oHkevVvNPa+YyUq2ew5KIpimCORq/w2e1HJBFUGsKx1p0Sio2fYWUY4XSc7yaaxpiM8IB2LJVYUO1n01PH8NgqfRhGypY0cKr+nMiw0DoVge0U2Az1b28i/uV1EhNW/YzJODFUktmiMOHQRHDyN+wzRYnhqSWYKGZvhWSIFSbGprOwJaSpFPHY5vL9PPyfNMtuzUXXlWL9Yh5QDhyCI3ACSsADdXAFGqAJCBiAR/AEnp0H58V5dd5mrUvOfOYALMB5/wIBU5Z8</latexit>

N
<latexit sha1_base64="o0cdx/T6rWcrMpLyXZOhgAQ67rc=">AAAB+nicdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevEkCRgTSEKYnfQmQ2Znl5lZISz7BV71CzyJV3/GD/A/nDwEI1rQUFR1093lRYJrQ8iHs7K6tr6xmdnKbu/s7u3nDg7vdRgrBk0WilC1PapBcAlNw42AdqSABp6Alje+nvqtB1Cah/LOTCLoBXQouc8ZNVZq3PZzeeJWSJGUypi45Wr5vHo5J8XKBS64ZIY8WqDez312ByGLA5CGCap1p0Ai00uoMpwJSLPdWENE2ZgOoWOppAHoXjI7NMWnVhlgP1S2pMEz9edEQgOtJ4FnOwNqRvq3NxX/8jqx8Su9hMsoNiDZfJEfC2xCPP0aD7gCZsTEEsoUt7diNqKKMmOzWdriw0QGUWpz+X4e/0+aRbfqkkYpX7taBJRBx+gEnaECKqMaukF11EQMAXpET+jZSZ0X59V5m7euOIuZI7QE5/0LN+uVdw==</latexit><latexit sha1_base64="o0cdx/T6rWcrMpLyXZOhgAQ67rc=">AAAB+nicdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevEkCRgTSEKYnfQmQ2Znl5lZISz7BV71CzyJV3/GD/A/nDwEI1rQUFR1093lRYJrQ8iHs7K6tr6xmdnKbu/s7u3nDg7vdRgrBk0WilC1PapBcAlNw42AdqSABp6Alje+nvqtB1Cah/LOTCLoBXQouc8ZNVZq3PZzeeJWSJGUypi45Wr5vHo5J8XKBS64ZIY8WqDez312ByGLA5CGCap1p0Ai00uoMpwJSLPdWENE2ZgOoWOppAHoXjI7NMWnVhlgP1S2pMEz9edEQgOtJ4FnOwNqRvq3NxX/8jqx8Su9hMsoNiDZfJEfC2xCPP0aD7gCZsTEEsoUt7diNqKKMmOzWdriw0QGUWpz+X4e/0+aRbfqkkYpX7taBJRBx+gEnaECKqMaukF11EQMAXpET+jZSZ0X59V5m7euOIuZI7QE5/0LN+uVdw==</latexit><latexit sha1_base64="o0cdx/T6rWcrMpLyXZOhgAQ67rc=">AAAB+nicdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevEkCRgTSEKYnfQmQ2Znl5lZISz7BV71CzyJV3/GD/A/nDwEI1rQUFR1093lRYJrQ8iHs7K6tr6xmdnKbu/s7u3nDg7vdRgrBk0WilC1PapBcAlNw42AdqSABp6Alje+nvqtB1Cah/LOTCLoBXQouc8ZNVZq3PZzeeJWSJGUypi45Wr5vHo5J8XKBS64ZIY8WqDez312ByGLA5CGCap1p0Ai00uoMpwJSLPdWENE2ZgOoWOppAHoXjI7NMWnVhlgP1S2pMEz9edEQgOtJ4FnOwNqRvq3NxX/8jqx8Su9hMsoNiDZfJEfC2xCPP0aD7gCZsTEEsoUt7diNqKKMmOzWdriw0QGUWpz+X4e/0+aRbfqkkYpX7taBJRBx+gEnaECKqMaukF11EQMAXpET+jZSZ0X59V5m7euOIuZI7QE5/0LN+uVdw==</latexit>

neutrino
heavy 

new pal

The Seesaw Mechanism

m⌫ ⇥mN ' m2
e

<latexit sha1_base64="o+qn3rvMKcfbBZImJaWz+uGuoW4="></latexit><latexit sha1_base64="o+qn3rvMKcfbBZImJaWz+uGuoW4="></latexit><latexit sha1_base64="o+qn3rvMKcfbBZImJaWz+uGuoW4="></latexit>

Neutrino Mass
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mass

⌫L
<latexit sha1_base64="fofeMNMWbWCnqABK55440OFiHnQ=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GmZqW6e7ohsXLio4ttAOJZNm2tAkMyQZoQxd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+YMKq043xYuZXVtfWN/GZha3tnd6+4f3Cn4lRi4uOYxbIdIkUYFcTXVDPSTiRBPGSkFY4up37rnkhFY3GrxwkJOBoIGlGMtJH8rkh7171iybHdcsUr16Bj16puxa0b4rjemVeFru3MUAILNHvFz24/xiknQmOGlOq4TqKDDElNMSOTQjdVJEF4hAakY6hAnKggmx07gSdG6cMolqaEhjP150SGuFJjHppOjvRQ/fam4l9eJ9WRF2RUJKkmAs8XRSmDOobTz2GfSoI1GxuCsKTmVoiHSCKsTT5LWyIyFjyZmFy+n4f/E79s123nplJqXCwCyoMjcAxOgQvOQQNcgSbwAQYUPIIn8Gw9WC/Wq/U2b81Zi5lDsATr/Qs2SJch</latexit><latexit sha1_base64="fofeMNMWbWCnqABK55440OFiHnQ=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GmZqW6e7ohsXLio4ttAOJZNm2tAkMyQZoQxd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+YMKq043xYuZXVtfWN/GZha3tnd6+4f3Cn4lRi4uOYxbIdIkUYFcTXVDPSTiRBPGSkFY4up37rnkhFY3GrxwkJOBoIGlGMtJH8rkh7171iybHdcsUr16Bj16puxa0b4rjemVeFru3MUAILNHvFz24/xiknQmOGlOq4TqKDDElNMSOTQjdVJEF4hAakY6hAnKggmx07gSdG6cMolqaEhjP150SGuFJjHppOjvRQ/fam4l9eJ9WRF2RUJKkmAs8XRSmDOobTz2GfSoI1GxuCsKTmVoiHSCKsTT5LWyIyFjyZmFy+n4f/E79s123nplJqXCwCyoMjcAxOgQvOQQNcgSbwAQYUPIIn8Gw9WC/Wq/U2b81Zi5lDsATr/Qs2SJch</latexit><latexit sha1_base64="fofeMNMWbWCnqABK55440OFiHnQ=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GmZqW6e7ohsXLio4ttAOJZNm2tAkMyQZoQxd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+YMKq043xYuZXVtfWN/GZha3tnd6+4f3Cn4lRi4uOYxbIdIkUYFcTXVDPSTiRBPGSkFY4up37rnkhFY3GrxwkJOBoIGlGMtJH8rkh7171iybHdcsUr16Bj16puxa0b4rjemVeFru3MUAILNHvFz24/xiknQmOGlOq4TqKDDElNMSOTQjdVJEF4hAakY6hAnKggmx07gSdG6cMolqaEhjP150SGuFJjHppOjvRQ/fam4l9eJ9WRF2RUJKkmAs8XRSmDOobTz2GfSoI1GxuCsKTmVoiHSCKsTT5LWyIyFjyZmFy+n4f/E79s123nplJqXCwCyoMjcAxOgQvOQQNcgSbwAQYUPIIn8Gw9WC/Wq/U2b81Zi5lDsATr/Qs2SJch</latexit>

⌫R
<latexit sha1_base64="CYe/vqOoEQn/6DDAH4mBC3F8wBE=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GmZqW6e7ohuXVRxbaIeSSTNtaJIZkoxQhi78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0wYVdpxPqzcyura+kZ+s7C1vbO7V9w/uFNxKjHxccxi2Q6RIowK4muqGWknkiAeMtIKR5dTv3VPpKKxuNXjhAQcDQSNKEbaSH5XpL2bXrHk2G654pVr0LFrVbfi1g1xXO/Mq0LXdmYogQWaveJntx/jlBOhMUNKdVwn0UGGpKaYkUmhmyqSIDxCA9IxVCBOVJDNjp3AE6P0YRRLU0LDmfpzIkNcqTEPTSdHeqh+e1PxL6+T6sgLMiqSVBOB54uilEEdw+nnsE8lwZqNDUFYUnMrxEMkEdYmn6UtERkLnkxMLt/Pw/+JX7brtnNdKTUuFgHlwRE4BqfABeegAa5AE/gAAwoewRN4th6sF+vVepu35qzFzCFYgvX+BT/Mlyc=</latexit><latexit sha1_base64="CYe/vqOoEQn/6DDAH4mBC3F8wBE=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GmZqW6e7ohuXVRxbaIeSSTNtaJIZkoxQhi78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0wYVdpxPqzcyura+kZ+s7C1vbO7V9w/uFNxKjHxccxi2Q6RIowK4muqGWknkiAeMtIKR5dTv3VPpKKxuNXjhAQcDQSNKEbaSH5XpL2bXrHk2G654pVr0LFrVbfi1g1xXO/Mq0LXdmYogQWaveJntx/jlBOhMUNKdVwn0UGGpKaYkUmhmyqSIDxCA9IxVCBOVJDNjp3AE6P0YRRLU0LDmfpzIkNcqTEPTSdHeqh+e1PxL6+T6sgLMiqSVBOB54uilEEdw+nnsE8lwZqNDUFYUnMrxEMkEdYmn6UtERkLnkxMLt/Pw/+JX7brtnNdKTUuFgHlwRE4BqfABeegAa5AE/gAAwoewRN4th6sF+vVepu35qzFzCFYgvX+BT/Mlyc=</latexit><latexit sha1_base64="CYe/vqOoEQn/6DDAH4mBC3F8wBE=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GmZqW6e7ohuXVRxbaIeSSTNtaJIZkoxQhi78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0wYVdpxPqzcyura+kZ+s7C1vbO7V9w/uFNxKjHxccxi2Q6RIowK4muqGWknkiAeMtIKR5dTv3VPpKKxuNXjhAQcDQSNKEbaSH5XpL2bXrHk2G654pVr0LFrVbfi1g1xXO/Mq0LXdmYogQWaveJntx/jlBOhMUNKdVwn0UGGpKaYkUmhmyqSIDxCA9IxVCBOVJDNjp3AE6P0YRRLU0LDmfpzIkNcqTEPTSdHeqh+e1PxL6+T6sgLMiqSVBOB54uilEEdw+nnsE8lwZqNDUFYUnMrxEMkEdYmn6UtERkLnkxMLt/Pw/+JX7brtnNdKTUuFgHlwRE4BqfABeegAa5AE/gAAwoewRN4th6sF+vVepu35qzFzCFYgvX+BT/Mlyc=</latexit>

⌫̄R
<latexit sha1_base64="GiD1iy64B+Y5bdHSYknFumAUNm8=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXkw4Cwo7oxiUaEQxMSKd0oKHtTNqOCZmw9Avc6he4Mm79ET/A/7A8TMToSW5ycs69ufeeIOZMG4Q+nKXlldW19cxGdnNre2c3t7d/q6NEEdogEY9UK8CaciZpwzDDaStWFIuA02YwvJj4zXuqNIvkjRnF1Be4L1nICDZWuusEWHVk0r3u5vLI9QrFSqEMkVsueUWvagnyKqeVEvRcNEUezFHv5j47vYgkgkpDONa67aHY+ClWhhFOx9lOommMyRD3adtSiQXVfjo9eAyPrdKDYaRsSQOn6s+JFAutRyKwnQKbgf7tTcS/vHZiwoqfMhknhkoyWxQmHJoITr6HPaYoMXxkCSaK2VshGWCFibEZLWwJ6UiKeGxz+X4e/k8aBbfqoqtivnY+DygDDsEROAEeOAM1cAnqoAEIEOARPIFn58F5cV6dt1nrkjOfOQALcN6/AFoBmOA=</latexit><latexit sha1_base64="GiD1iy64B+Y5bdHSYknFumAUNm8=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXkw4Cwo7oxiUaEQxMSKd0oKHtTNqOCZmw9Avc6he4Mm79ET/A/7A8TMToSW5ycs69ufeeIOZMG4Q+nKXlldW19cxGdnNre2c3t7d/q6NEEdogEY9UK8CaciZpwzDDaStWFIuA02YwvJj4zXuqNIvkjRnF1Be4L1nICDZWuusEWHVk0r3u5vLI9QrFSqEMkVsueUWvagnyKqeVEvRcNEUezFHv5j47vYgkgkpDONa67aHY+ClWhhFOx9lOommMyRD3adtSiQXVfjo9eAyPrdKDYaRsSQOn6s+JFAutRyKwnQKbgf7tTcS/vHZiwoqfMhknhkoyWxQmHJoITr6HPaYoMXxkCSaK2VshGWCFibEZLWwJ6UiKeGxz+X4e/k8aBbfqoqtivnY+DygDDsEROAEeOAM1cAnqoAEIEOARPIFn58F5cV6dt1nrkjOfOQALcN6/AFoBmOA=</latexit><latexit sha1_base64="GiD1iy64B+Y5bdHSYknFumAUNm8=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXkw4Cwo7oxiUaEQxMSKd0oKHtTNqOCZmw9Avc6he4Mm79ET/A/7A8TMToSW5ycs69ufeeIOZMG4Q+nKXlldW19cxGdnNre2c3t7d/q6NEEdogEY9UK8CaciZpwzDDaStWFIuA02YwvJj4zXuqNIvkjRnF1Be4L1nICDZWuusEWHVk0r3u5vLI9QrFSqEMkVsueUWvagnyKqeVEvRcNEUezFHv5j47vYgkgkpDONa67aHY+ClWhhFOx9lOommMyRD3adtSiQXVfjo9eAyPrdKDYaRsSQOn6s+JFAutRyKwnQKbgf7tTcS/vHZiwoqfMhknhkoyWxQmHJoITr6HPaYoMXxkCSaK2VshGWCFibEZLWwJ6UiKeGxz+X4e/k8aBbfqoqtivnY+DygDDsEROAEeOAM1cAnqoAEIEOARPIFn58F5cV6dt1nrkjOfOQALcN6/AFoBmOA=</latexit>

⌫̄L
<latexit sha1_base64="41GFwFdEh93wvrdRXjWaZICHEhM=">AAACAnicdVDLSgMxFM34rPVVdekmWARXQ6a2td0V3bhwUcHaSjuUTJppQ5PMkGSEMnTpF7jVL3Albv0RP8D/MH0IVvTAhcM593LvPUHMmTYIfThLyyura+uZjezm1vbObm5v/1ZHiSK0QSIeqVaANeVM0oZhhtNWrCgWAafNYHgx8Zv3VGkWyRsziqkvcF+ykBFsrHTXCbDqyKR71c3lkesVipVCGSK3XPKKXtUS5FVOKyXouWiKPJij3s19dnoRSQSVhnCsddtDsfFTrAwjnI6znUTTGJMh7tO2pRILqv10evAYHlulB8NI2ZIGTtWfEykWWo9EYDsFNgP925uIf3ntxIQVP2UyTgyVZLYoTDg0EZx8D3tMUWL4yBJMFLO3QjLAChNjM1rYEtKRFPHY5vL9PPyfNApu1UXXxXztfB5QBhyCI3ACPHAGauAS1EEDECDAI3gCz86D8+K8Om+z1iVnPnMAFuC8fwFQfZja</latexit><latexit sha1_base64="41GFwFdEh93wvrdRXjWaZICHEhM=">AAACAnicdVDLSgMxFM34rPVVdekmWARXQ6a2td0V3bhwUcHaSjuUTJppQ5PMkGSEMnTpF7jVL3Albv0RP8D/MH0IVvTAhcM593LvPUHMmTYIfThLyyura+uZjezm1vbObm5v/1ZHiSK0QSIeqVaANeVM0oZhhtNWrCgWAafNYHgx8Zv3VGkWyRsziqkvcF+ykBFsrHTXCbDqyKR71c3lkesVipVCGSK3XPKKXtUS5FVOKyXouWiKPJij3s19dnoRSQSVhnCsddtDsfFTrAwjnI6znUTTGJMh7tO2pRILqv10evAYHlulB8NI2ZIGTtWfEykWWo9EYDsFNgP925uIf3ntxIQVP2UyTgyVZLYoTDg0EZx8D3tMUWL4yBJMFLO3QjLAChNjM1rYEtKRFPHY5vL9PPyfNApu1UXXxXztfB5QBhyCI3ACPHAGauAS1EEDECDAI3gCz86D8+K8Om+z1iVnPnMAFuC8fwFQfZja</latexit><latexit sha1_base64="41GFwFdEh93wvrdRXjWaZICHEhM=">AAACAnicdVDLSgMxFM34rPVVdekmWARXQ6a2td0V3bhwUcHaSjuUTJppQ5PMkGSEMnTpF7jVL3Albv0RP8D/MH0IVvTAhcM593LvPUHMmTYIfThLyyura+uZjezm1vbObm5v/1ZHiSK0QSIeqVaANeVM0oZhhtNWrCgWAafNYHgx8Zv3VGkWyRsziqkvcF+ykBFsrHTXCbDqyKR71c3lkesVipVCGSK3XPKKXtUS5FVOKyXouWiKPJij3s19dnoRSQSVhnCsddtDsfFTrAwjnI6znUTTGJMh7tO2pRILqv10evAYHlulB8NI2ZIGTtWfEykWWo9EYDsFNgP925uIf3ntxIQVP2UyTgyVZLYoTDg0EZx8D3tMUWL4yBJMFLO3QjLAChNjM1rYEtKRFPHY5vL9PPyfNApu1UXXxXztfB5QBhyCI3ACPHAGauAS1EEDECDAI3gCz86D8+K8Om+z1iVnPnMAFuC8fwFQfZja</latexit>

4 Dirac 
neutrinos

Typical 
lepton 
mass

µ
<latexit sha1_base64="ZcTmkJOdZxM4sxN6EXeBxy8Rbfc=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6ou4NChXkN1ANVR3ILKdpnPWvJiTWuMcVm00QwUs0B6UP/vDkMSCSkM41rpXRZHxUqwMI5xOS/1Y0wiTCR7RXkYlFlR76ezWKTzJlCEMQpWVNHCm/pxIsdA6EX7WKbAZ699eLv7l9WITNLyUySg2VJL5oiDm0IQwfxwOmaLE8CQjmCiW3QrJGCtMTBbP0paAJlJE0yyX7+fh/8St2U0b3dQrrctFQEVwBI7BKagCB7TANWgDFxAwBo/gCTxbD9aL9Wq9zVsL1mLmECzBev8CNdCWjw==</latexit><latexit sha1_base64="ZcTmkJOdZxM4sxN6EXeBxy8Rbfc=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6ou4NChXkN1ANVR3ILKdpnPWvJiTWuMcVm00QwUs0B6UP/vDkMSCSkM41rpXRZHxUqwMI5xOS/1Y0wiTCR7RXkYlFlR76ezWKTzJlCEMQpWVNHCm/pxIsdA6EX7WKbAZ699eLv7l9WITNLyUySg2VJL5oiDm0IQwfxwOmaLE8CQjmCiW3QrJGCtMTBbP0paAJlJE0yyX7+fh/8St2U0b3dQrrctFQEVwBI7BKagCB7TANWgDFxAwBo/gCTxbD9aL9Wq9zVsL1mLmECzBev8CNdCWjw==</latexit><latexit sha1_base64="ZcTmkJOdZxM4sxN6EXeBxy8Rbfc=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6ou4NChXkN1ANVR3ILKdpnPWvJiTWuMcVm00QwUs0B6UP/vDkMSCSkM41rpXRZHxUqwMI5xOS/1Y0wiTCR7RXkYlFlR76ezWKTzJlCEMQpWVNHCm/pxIsdA6EX7WKbAZ699eLv7l9WITNLyUySg2VJL5oiDm0IQwfxwOmaLE8CQjmCiW3QrJGCtMTBbP0paAJlJE0yyX7+fh/8St2U0b3dQrrctFQEVwBI7BKagCB7TANWgDFxAwBo/gCTxbD9aL9Wq9zVsL1mLmECzBev8CNdCWjw==</latexit>e

<latexit sha1_base64="1z2tsA0a/dUjKnzKLikooSqbG6g=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkpNGOQLxK2SEilXMHErtcpF7WpBStVLXHTJHAW0RGOQ/+wNQxYHIA0TVOtukUSmn1JlOBMwzfViDRFlEzqCrqWSBqD76fzQKT6zyhD7obIlDZ6rPydSGmidBJ7tDKgZ69/eTPzL68bGr/ZTLqPYgGSLRX4ssAnx7Gs85AqYEYkllClub8VsTBVlxmazssWHRAbR1Oby/Tz+n7RKbs0lzXKhfr0MKItO0Ck6R0VUQXV0ixqohRgC9Iie0LMzdV6cV+dt0ZpxljPHaAXO+xdcZZWO</latexit><latexit sha1_base64="1z2tsA0a/dUjKnzKLikooSqbG6g=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkpNGOQLxK2SEilXMHErtcpF7WpBStVLXHTJHAW0RGOQ/+wNQxYHIA0TVOtukUSmn1JlOBMwzfViDRFlEzqCrqWSBqD76fzQKT6zyhD7obIlDZ6rPydSGmidBJ7tDKgZ69/eTPzL68bGr/ZTLqPYgGSLRX4ssAnx7Gs85AqYEYkllClub8VsTBVlxmazssWHRAbR1Oby/Tz+n7RKbs0lzXKhfr0MKItO0Ck6R0VUQXV0ixqohRgC9Iie0LMzdV6cV+dt0ZpxljPHaAXO+xdcZZWO</latexit><latexit sha1_base64="1z2tsA0a/dUjKnzKLikooSqbG6g=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkpNGOQLxK2SEilXMHErtcpF7WpBStVLXHTJHAW0RGOQ/+wNQxYHIA0TVOtukUSmn1JlOBMwzfViDRFlEzqCrqWSBqD76fzQKT6zyhD7obIlDZ6rPydSGmidBJ7tDKgZ69/eTPzL68bGr/ZTLqPYgGSLRX4ssAnx7Gs85AqYEYkllClub8VsTBVlxmazssWHRAbR1Oby/Tz+n7RKbs0lzXKhfr0MKItO0Ck6R0VUQXV0ixqohRgC9Iie0LMzdV6cV+dt0ZpxljPHaAXO+xdcZZWO</latexit>

⌧
<latexit sha1_base64="I0Y2Lmnvn2f/idlFlMvKhD6+8t4=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6hscD8oVZDdQDdUdiGyn6Zw1L+ak1jiHVRvNUAELtAflz/4wJLGg0hCOte5VUWS8FCvDCKfTUj/WNMJkgke0l1GJBdVeOrt1Ck8yZQiDUGUlDZypPydSLLROhJ91CmzG+reXi395vdgEDS9lMooNlWS+KIg5NCHMH4dDpigxPMkIJoplt0IyxgoTk8WztCWgiRTRNMvl+3n4P3FrdtNGN/VK63IRUBEcgWNwCqrAAS1wDdrABQSMwSN4As/Wg/VivVpv89aCtZg5BEuw3r8Ayt6W7Q==</latexit><latexit sha1_base64="I0Y2Lmnvn2f/idlFlMvKhD6+8t4=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6hscD8oVZDdQDdUdiGyn6Zw1L+ak1jiHVRvNUAELtAflz/4wJLGg0hCOte5VUWS8FCvDCKfTUj/WNMJkgke0l1GJBdVeOrt1Ck8yZQiDUGUlDZypPydSLLROhJ91CmzG+reXi395vdgEDS9lMooNlWS+KIg5NCHMH4dDpigxPMkIJoplt0IyxgoTk8WztCWgiRTRNMvl+3n4P3FrdtNGN/VK63IRUBEcgWNwCqrAAS1wDdrABQSMwSN4As/Wg/VivVpv89aCtZg5BEuw3r8Ayt6W7Q==</latexit><latexit sha1_base64="I0Y2Lmnvn2f/idlFlMvKhD6+8t4=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6hscD8oVZDdQDdUdiGyn6Zw1L+ak1jiHVRvNUAELtAflz/4wJLGg0hCOte5VUWS8FCvDCKfTUj/WNMJkgke0l1GJBdVeOrt1Ck8yZQiDUGUlDZypPydSLLROhJ91CmzG+reXi395vdgEDS9lMooNlWS+KIg5NCHMH4dDpigxPMkIJoplt0IyxgoTk8WztCWgiRTRNMvl+3n4P3FrdtNGN/VK63IRUBEcgWNwCqrAAS1wDdrABQSMwSN4As/Wg/VivVpv89aCtZg5BEuw3r8Ayt6W7Q==</latexit>

Based on slides from B. Kayser, Fermilab

⌫
<latexit sha1_base64="5+yOgz2zacIAkQi4yc2G8hUx9i0=">AAAB/HicdVDLSgMxFM34rPVVdekmWARXQ1qr0+6KblxWtLbQDiWTZtrQJDMkGWEYil/gVr/Albj1X/wA/8P0IVjRAxcO59zLvfcEMWfaIPThLC2vrK6t5zbym1vbO7uFvf07HSWK0CaJeKTaAdaUM0mbhhlO27GiWASctoLR5cRv3VOlWSRvTRpTX+CBZCEj2FjppiuTXqGI3Coqo4oHkevVvNPa+YyUq2ew5KIpimCORq/w2e1HJBFUGsKx1p0Sio2fYWUY4XSc7yaaxpiM8IB2LJVYUO1n01PH8NgqfRhGypY0cKr+nMiw0DoVge0U2Az1b28i/uV1EhNW/YzJODFUktmiMOHQRHDyN+wzRYnhqSWYKGZvhWSIFSbGprOwJaSpFPHY5vL9PPyfNMtuzUXXlWL9Yh5QDhyCI3ACSsADdXAFGqAJCBiAR/AEnp0H58V5dd5mrUvOfOYALMB5/wIBU5Z8</latexit><latexit sha1_base64="5+yOgz2zacIAkQi4yc2G8hUx9i0=">AAAB/HicdVDLSgMxFM34rPVVdekmWARXQ1qr0+6KblxWtLbQDiWTZtrQJDMkGWEYil/gVr/Albj1X/wA/8P0IVjRAxcO59zLvfcEMWfaIPThLC2vrK6t5zbym1vbO7uFvf07HSWK0CaJeKTaAdaUM0mbhhlO27GiWASctoLR5cRv3VOlWSRvTRpTX+CBZCEj2FjppiuTXqGI3Coqo4oHkevVvNPa+YyUq2ew5KIpimCORq/w2e1HJBFUGsKx1p0Sio2fYWUY4XSc7yaaxpiM8IB2LJVYUO1n01PH8NgqfRhGypY0cKr+nMiw0DoVge0U2Az1b28i/uV1EhNW/YzJODFUktmiMOHQRHDyN+wzRYnhqSWYKGZvhWSIFSbGprOwJaSpFPHY5vL9PPyfNMtuzUXXlWL9Yh5QDhyCI3ACSsADdXAFGqAJCBiAR/AEnp0H58V5dd5mrUvOfOYALMB5/wIBU5Z8</latexit><latexit sha1_base64="5+yOgz2zacIAkQi4yc2G8hUx9i0=">AAAB/HicdVDLSgMxFM34rPVVdekmWARXQ1qr0+6KblxWtLbQDiWTZtrQJDMkGWEYil/gVr/Albj1X/wA/8P0IVjRAxcO59zLvfcEMWfaIPThLC2vrK6t5zbym1vbO7uFvf07HSWK0CaJeKTaAdaUM0mbhhlO27GiWASctoLR5cRv3VOlWSRvTRpTX+CBZCEj2FjppiuTXqGI3Coqo4oHkevVvNPa+YyUq2ew5KIpimCORq/w2e1HJBFUGsKx1p0Sio2fYWUY4XSc7yaaxpiM8IB2LJVYUO1n01PH8NgqfRhGypY0cKr+nMiw0DoVge0U2Az1b28i/uV1EhNW/YzJODFUktmiMOHQRHDyN+wzRYnhqSWYKGZvhWSIFSbGprOwJaSpFPHY5vL9PPyfNMtuzUXXlWL9Yh5QDhyCI3ACSsADdXAFGqAJCBiAR/AEnp0H58V5dd5mrUvOfOYALMB5/wIBU5Z8</latexit>

N
<latexit sha1_base64="o0cdx/T6rWcrMpLyXZOhgAQ67rc=">AAAB+nicdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevEkCRgTSEKYnfQmQ2Znl5lZISz7BV71CzyJV3/GD/A/nDwEI1rQUFR1093lRYJrQ8iHs7K6tr6xmdnKbu/s7u3nDg7vdRgrBk0WilC1PapBcAlNw42AdqSABp6Alje+nvqtB1Cah/LOTCLoBXQouc8ZNVZq3PZzeeJWSJGUypi45Wr5vHo5J8XKBS64ZIY8WqDez312ByGLA5CGCap1p0Ai00uoMpwJSLPdWENE2ZgOoWOppAHoXjI7NMWnVhlgP1S2pMEz9edEQgOtJ4FnOwNqRvq3NxX/8jqx8Su9hMsoNiDZfJEfC2xCPP0aD7gCZsTEEsoUt7diNqKKMmOzWdriw0QGUWpz+X4e/0+aRbfqkkYpX7taBJRBx+gEnaECKqMaukF11EQMAXpET+jZSZ0X59V5m7euOIuZI7QE5/0LN+uVdw==</latexit><latexit sha1_base64="o0cdx/T6rWcrMpLyXZOhgAQ67rc=">AAAB+nicdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevEkCRgTSEKYnfQmQ2Znl5lZISz7BV71CzyJV3/GD/A/nDwEI1rQUFR1093lRYJrQ8iHs7K6tr6xmdnKbu/s7u3nDg7vdRgrBk0WilC1PapBcAlNw42AdqSABp6Alje+nvqtB1Cah/LOTCLoBXQouc8ZNVZq3PZzeeJWSJGUypi45Wr5vHo5J8XKBS64ZIY8WqDez312ByGLA5CGCap1p0Ai00uoMpwJSLPdWENE2ZgOoWOppAHoXjI7NMWnVhlgP1S2pMEz9edEQgOtJ4FnOwNqRvq3NxX/8jqx8Su9hMsoNiDZfJEfC2xCPP0aD7gCZsTEEsoUt7diNqKKMmOzWdriw0QGUWpz+X4e/0+aRbfqkkYpX7taBJRBx+gEnaECKqMaukF11EQMAXpET+jZSZ0X59V5m7euOIuZI7QE5/0LN+uVdw==</latexit><latexit sha1_base64="o0cdx/T6rWcrMpLyXZOhgAQ67rc=">AAAB+nicdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevEkCRgTSEKYnfQmQ2Znl5lZISz7BV71CzyJV3/GD/A/nDwEI1rQUFR1093lRYJrQ8iHs7K6tr6xmdnKbu/s7u3nDg7vdRgrBk0WilC1PapBcAlNw42AdqSABp6Alje+nvqtB1Cah/LOTCLoBXQouc8ZNVZq3PZzeeJWSJGUypi45Wr5vHo5J8XKBS64ZIY8WqDez312ByGLA5CGCap1p0Ai00uoMpwJSLPdWENE2ZgOoWOppAHoXjI7NMWnVhlgP1S2pMEz9edEQgOtJ4FnOwNqRvq3NxX/8jqx8Su9hMsoNiDZfJEfC2xCPP0aD7gCZsTEEsoUt7diNqKKMmOzWdriw0QGUWpz+X4e/0+aRbfqkkYpX7taBJRBx+gEnaECKqMaukF11EQMAXpET+jZSZ0X59V5m7euOIuZI7QE5/0LN+uVdw==</latexit>

neutrino
heavy 

new pal

The Seesaw Mechanism

m⌫ ⇥mN ' m2
e

<latexit sha1_base64="o+qn3rvMKcfbBZImJaWz+uGuoW4="></latexit><latexit sha1_base64="o+qn3rvMKcfbBZImJaWz+uGuoW4="></latexit><latexit sha1_base64="o+qn3rvMKcfbBZImJaWz+uGuoW4="></latexit>

Neutrino Mass
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⌫
Why are the neutrino masses so weirdly tiny?

⌫L
<latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit><latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit><latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit>

⌫R
<latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit><latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit><latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit>

NR
<latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit>

NL
<latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit>

Majorana masses 
cause a split

Heavy 
Majorana 
neutrinos

Light 
Majorana 
neutrinos

mass

⌫L
<latexit sha1_base64="fofeMNMWbWCnqABK55440OFiHnQ=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GmZqW6e7ohsXLio4ttAOJZNm2tAkMyQZoQxd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+YMKq043xYuZXVtfWN/GZha3tnd6+4f3Cn4lRi4uOYxbIdIkUYFcTXVDPSTiRBPGSkFY4up37rnkhFY3GrxwkJOBoIGlGMtJH8rkh7171iybHdcsUr16Bj16puxa0b4rjemVeFru3MUAILNHvFz24/xiknQmOGlOq4TqKDDElNMSOTQjdVJEF4hAakY6hAnKggmx07gSdG6cMolqaEhjP150SGuFJjHppOjvRQ/fam4l9eJ9WRF2RUJKkmAs8XRSmDOobTz2GfSoI1GxuCsKTmVoiHSCKsTT5LWyIyFjyZmFy+n4f/E79s123nplJqXCwCyoMjcAxOgQvOQQNcgSbwAQYUPIIn8Gw9WC/Wq/U2b81Zi5lDsATr/Qs2SJch</latexit><latexit sha1_base64="fofeMNMWbWCnqABK55440OFiHnQ=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GmZqW6e7ohsXLio4ttAOJZNm2tAkMyQZoQxd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+YMKq043xYuZXVtfWN/GZha3tnd6+4f3Cn4lRi4uOYxbIdIkUYFcTXVDPSTiRBPGSkFY4up37rnkhFY3GrxwkJOBoIGlGMtJH8rkh7171iybHdcsUr16Bj16puxa0b4rjemVeFru3MUAILNHvFz24/xiknQmOGlOq4TqKDDElNMSOTQjdVJEF4hAakY6hAnKggmx07gSdG6cMolqaEhjP150SGuFJjHppOjvRQ/fam4l9eJ9WRF2RUJKkmAs8XRSmDOobTz2GfSoI1GxuCsKTmVoiHSCKsTT5LWyIyFjyZmFy+n4f/E79s123nplJqXCwCyoMjcAxOgQvOQQNcgSbwAQYUPIIn8Gw9WC/Wq/U2b81Zi5lDsATr/Qs2SJch</latexit><latexit sha1_base64="fofeMNMWbWCnqABK55440OFiHnQ=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GmZqW6e7ohsXLio4ttAOJZNm2tAkMyQZoQxd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+YMKq043xYuZXVtfWN/GZha3tnd6+4f3Cn4lRi4uOYxbIdIkUYFcTXVDPSTiRBPGSkFY4up37rnkhFY3GrxwkJOBoIGlGMtJH8rkh7171iybHdcsUr16Bj16puxa0b4rjemVeFru3MUAILNHvFz24/xiknQmOGlOq4TqKDDElNMSOTQjdVJEF4hAakY6hAnKggmx07gSdG6cMolqaEhjP150SGuFJjHppOjvRQ/fam4l9eJ9WRF2RUJKkmAs8XRSmDOobTz2GfSoI1GxuCsKTmVoiHSCKsTT5LWyIyFjyZmFy+n4f/E79s123nplJqXCwCyoMjcAxOgQvOQQNcgSbwAQYUPIIn8Gw9WC/Wq/U2b81Zi5lDsATr/Qs2SJch</latexit>

⌫R
<latexit sha1_base64="CYe/vqOoEQn/6DDAH4mBC3F8wBE=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GmZqW6e7ohuXVRxbaIeSSTNtaJIZkoxQhi78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0wYVdpxPqzcyura+kZ+s7C1vbO7V9w/uFNxKjHxccxi2Q6RIowK4muqGWknkiAeMtIKR5dTv3VPpKKxuNXjhAQcDQSNKEbaSH5XpL2bXrHk2G654pVr0LFrVbfi1g1xXO/Mq0LXdmYogQWaveJntx/jlBOhMUNKdVwn0UGGpKaYkUmhmyqSIDxCA9IxVCBOVJDNjp3AE6P0YRRLU0LDmfpzIkNcqTEPTSdHeqh+e1PxL6+T6sgLMiqSVBOB54uilEEdw+nnsE8lwZqNDUFYUnMrxEMkEdYmn6UtERkLnkxMLt/Pw/+JX7brtnNdKTUuFgHlwRE4BqfABeegAa5AE/gAAwoewRN4th6sF+vVepu35qzFzCFYgvX+BT/Mlyc=</latexit><latexit sha1_base64="CYe/vqOoEQn/6DDAH4mBC3F8wBE=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GmZqW6e7ohuXVRxbaIeSSTNtaJIZkoxQhi78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0wYVdpxPqzcyura+kZ+s7C1vbO7V9w/uFNxKjHxccxi2Q6RIowK4muqGWknkiAeMtIKR5dTv3VPpKKxuNXjhAQcDQSNKEbaSH5XpL2bXrHk2G654pVr0LFrVbfi1g1xXO/Mq0LXdmYogQWaveJntx/jlBOhMUNKdVwn0UGGpKaYkUmhmyqSIDxCA9IxVCBOVJDNjp3AE6P0YRRLU0LDmfpzIkNcqTEPTSdHeqh+e1PxL6+T6sgLMiqSVBOB54uilEEdw+nnsE8lwZqNDUFYUnMrxEMkEdYmn6UtERkLnkxMLt/Pw/+JX7brtnNdKTUuFgHlwRE4BqfABeegAa5AE/gAAwoewRN4th6sF+vVepu35qzFzCFYgvX+BT/Mlyc=</latexit><latexit sha1_base64="CYe/vqOoEQn/6DDAH4mBC3F8wBE=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GmZqW6e7ohuXVRxbaIeSSTNtaJIZkoxQhi78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0wYVdpxPqzcyura+kZ+s7C1vbO7V9w/uFNxKjHxccxi2Q6RIowK4muqGWknkiAeMtIKR5dTv3VPpKKxuNXjhAQcDQSNKEbaSH5XpL2bXrHk2G654pVr0LFrVbfi1g1xXO/Mq0LXdmYogQWaveJntx/jlBOhMUNKdVwn0UGGpKaYkUmhmyqSIDxCA9IxVCBOVJDNjp3AE6P0YRRLU0LDmfpzIkNcqTEPTSdHeqh+e1PxL6+T6sgLMiqSVBOB54uilEEdw+nnsE8lwZqNDUFYUnMrxEMkEdYmn6UtERkLnkxMLt/Pw/+JX7brtnNdKTUuFgHlwRE4BqfABeegAa5AE/gAAwoewRN4th6sF+vVepu35qzFzCFYgvX+BT/Mlyc=</latexit>

⌫̄R
<latexit sha1_base64="GiD1iy64B+Y5bdHSYknFumAUNm8=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXkw4Cwo7oxiUaEQxMSKd0oKHtTNqOCZmw9Avc6he4Mm79ET/A/7A8TMToSW5ycs69ufeeIOZMG4Q+nKXlldW19cxGdnNre2c3t7d/q6NEEdogEY9UK8CaciZpwzDDaStWFIuA02YwvJj4zXuqNIvkjRnF1Be4L1nICDZWuusEWHVk0r3u5vLI9QrFSqEMkVsueUWvagnyKqeVEvRcNEUezFHv5j47vYgkgkpDONa67aHY+ClWhhFOx9lOommMyRD3adtSiQXVfjo9eAyPrdKDYaRsSQOn6s+JFAutRyKwnQKbgf7tTcS/vHZiwoqfMhknhkoyWxQmHJoITr6HPaYoMXxkCSaK2VshGWCFibEZLWwJ6UiKeGxz+X4e/k8aBbfqoqtivnY+DygDDsEROAEeOAM1cAnqoAEIEOARPIFn58F5cV6dt1nrkjOfOQALcN6/AFoBmOA=</latexit><latexit sha1_base64="GiD1iy64B+Y5bdHSYknFumAUNm8=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXkw4Cwo7oxiUaEQxMSKd0oKHtTNqOCZmw9Avc6he4Mm79ET/A/7A8TMToSW5ycs69ufeeIOZMG4Q+nKXlldW19cxGdnNre2c3t7d/q6NEEdogEY9UK8CaciZpwzDDaStWFIuA02YwvJj4zXuqNIvkjRnF1Be4L1nICDZWuusEWHVk0r3u5vLI9QrFSqEMkVsueUWvagnyKqeVEvRcNEUezFHv5j47vYgkgkpDONa67aHY+ClWhhFOx9lOommMyRD3adtSiQXVfjo9eAyPrdKDYaRsSQOn6s+JFAutRyKwnQKbgf7tTcS/vHZiwoqfMhknhkoyWxQmHJoITr6HPaYoMXxkCSaK2VshGWCFibEZLWwJ6UiKeGxz+X4e/k8aBbfqoqtivnY+DygDDsEROAEeOAM1cAnqoAEIEOARPIFn58F5cV6dt1nrkjOfOQALcN6/AFoBmOA=</latexit><latexit sha1_base64="GiD1iy64B+Y5bdHSYknFumAUNm8=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXkw4Cwo7oxiUaEQxMSKd0oKHtTNqOCZmw9Avc6he4Mm79ET/A/7A8TMToSW5ycs69ufeeIOZMG4Q+nKXlldW19cxGdnNre2c3t7d/q6NEEdogEY9UK8CaciZpwzDDaStWFIuA02YwvJj4zXuqNIvkjRnF1Be4L1nICDZWuusEWHVk0r3u5vLI9QrFSqEMkVsueUWvagnyKqeVEvRcNEUezFHv5j47vYgkgkpDONa67aHY+ClWhhFOx9lOommMyRD3adtSiQXVfjo9eAyPrdKDYaRsSQOn6s+JFAutRyKwnQKbgf7tTcS/vHZiwoqfMhknhkoyWxQmHJoITr6HPaYoMXxkCSaK2VshGWCFibEZLWwJ6UiKeGxz+X4e/k8aBbfqoqtivnY+DygDDsEROAEeOAM1cAnqoAEIEOARPIFn58F5cV6dt1nrkjOfOQALcN6/AFoBmOA=</latexit>

⌫̄L
<latexit sha1_base64="41GFwFdEh93wvrdRXjWaZICHEhM=">AAACAnicdVDLSgMxFM34rPVVdekmWARXQ6a2td0V3bhwUcHaSjuUTJppQ5PMkGSEMnTpF7jVL3Albv0RP8D/MH0IVvTAhcM593LvPUHMmTYIfThLyyura+uZjezm1vbObm5v/1ZHiSK0QSIeqVaANeVM0oZhhtNWrCgWAafNYHgx8Zv3VGkWyRsziqkvcF+ykBFsrHTXCbDqyKR71c3lkesVipVCGSK3XPKKXtUS5FVOKyXouWiKPJij3s19dnoRSQSVhnCsddtDsfFTrAwjnI6znUTTGJMh7tO2pRILqv10evAYHlulB8NI2ZIGTtWfEykWWo9EYDsFNgP925uIf3ntxIQVP2UyTgyVZLYoTDg0EZx8D3tMUWL4yBJMFLO3QjLAChNjM1rYEtKRFPHY5vL9PPyfNApu1UXXxXztfB5QBhyCI3ACPHAGauAS1EEDECDAI3gCz86D8+K8Om+z1iVnPnMAFuC8fwFQfZja</latexit><latexit sha1_base64="41GFwFdEh93wvrdRXjWaZICHEhM=">AAACAnicdVDLSgMxFM34rPVVdekmWARXQ6a2td0V3bhwUcHaSjuUTJppQ5PMkGSEMnTpF7jVL3Albv0RP8D/MH0IVvTAhcM593LvPUHMmTYIfThLyyura+uZjezm1vbObm5v/1ZHiSK0QSIeqVaANeVM0oZhhtNWrCgWAafNYHgx8Zv3VGkWyRsziqkvcF+ykBFsrHTXCbDqyKR71c3lkesVipVCGSK3XPKKXtUS5FVOKyXouWiKPJij3s19dnoRSQSVhnCsddtDsfFTrAwjnI6znUTTGJMh7tO2pRILqv10evAYHlulB8NI2ZIGTtWfEykWWo9EYDsFNgP925uIf3ntxIQVP2UyTgyVZLYoTDg0EZx8D3tMUWL4yBJMFLO3QjLAChNjM1rYEtKRFPHY5vL9PPyfNApu1UXXxXztfB5QBhyCI3ACPHAGauAS1EEDECDAI3gCz86D8+K8Om+z1iVnPnMAFuC8fwFQfZja</latexit><latexit sha1_base64="41GFwFdEh93wvrdRXjWaZICHEhM=">AAACAnicdVDLSgMxFM34rPVVdekmWARXQ6a2td0V3bhwUcHaSjuUTJppQ5PMkGSEMnTpF7jVL3Albv0RP8D/MH0IVvTAhcM593LvPUHMmTYIfThLyyura+uZjezm1vbObm5v/1ZHiSK0QSIeqVaANeVM0oZhhtNWrCgWAafNYHgx8Zv3VGkWyRsziqkvcF+ykBFsrHTXCbDqyKR71c3lkesVipVCGSK3XPKKXtUS5FVOKyXouWiKPJij3s19dnoRSQSVhnCsddtDsfFTrAwjnI6znUTTGJMh7tO2pRILqv10evAYHlulB8NI2ZIGTtWfEykWWo9EYDsFNgP925uIf3ntxIQVP2UyTgyVZLYoTDg0EZx8D3tMUWL4yBJMFLO3QjLAChNjM1rYEtKRFPHY5vL9PPyfNApu1UXXxXztfB5QBhyCI3ACPHAGauAS1EEDECDAI3gCz86D8+K8Om+z1iVnPnMAFuC8fwFQfZja</latexit>

4 Dirac 
neutrinos

Typical 
lepton 
mass

µ
<latexit sha1_base64="ZcTmkJOdZxM4sxN6EXeBxy8Rbfc=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6ou4NChXkN1ANVR3ILKdpnPWvJiTWuMcVm00QwUs0B6UP/vDkMSCSkM41rpXRZHxUqwMI5xOS/1Y0wiTCR7RXkYlFlR76ezWKTzJlCEMQpWVNHCm/pxIsdA6EX7WKbAZ699eLv7l9WITNLyUySg2VJL5oiDm0IQwfxwOmaLE8CQjmCiW3QrJGCtMTBbP0paAJlJE0yyX7+fh/8St2U0b3dQrrctFQEVwBI7BKagCB7TANWgDFxAwBo/gCTxbD9aL9Wq9zVsL1mLmECzBev8CNdCWjw==</latexit><latexit sha1_base64="ZcTmkJOdZxM4sxN6EXeBxy8Rbfc=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6ou4NChXkN1ANVR3ILKdpnPWvJiTWuMcVm00QwUs0B6UP/vDkMSCSkM41rpXRZHxUqwMI5xOS/1Y0wiTCR7RXkYlFlR76ezWKTzJlCEMQpWVNHCm/pxIsdA6EX7WKbAZ699eLv7l9WITNLyUySg2VJL5oiDm0IQwfxwOmaLE8CQjmCiW3QrJGCtMTBbP0paAJlJE0yyX7+fh/8St2U0b3dQrrctFQEVwBI7BKagCB7TANWgDFxAwBo/gCTxbD9aL9Wq9zVsL1mLmECzBev8CNdCWjw==</latexit><latexit sha1_base64="ZcTmkJOdZxM4sxN6EXeBxy8Rbfc=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6ou4NChXkN1ANVR3ILKdpnPWvJiTWuMcVm00QwUs0B6UP/vDkMSCSkM41rpXRZHxUqwMI5xOS/1Y0wiTCR7RXkYlFlR76ezWKTzJlCEMQpWVNHCm/pxIsdA6EX7WKbAZ699eLv7l9WITNLyUySg2VJL5oiDm0IQwfxwOmaLE8CQjmCiW3QrJGCtMTBbP0paAJlJE0yyX7+fh/8St2U0b3dQrrctFQEVwBI7BKagCB7TANWgDFxAwBo/gCTxbD9aL9Wq9zVsL1mLmECzBev8CNdCWjw==</latexit>e

<latexit sha1_base64="1z2tsA0a/dUjKnzKLikooSqbG6g=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkpNGOQLxK2SEilXMHErtcpF7WpBStVLXHTJHAW0RGOQ/+wNQxYHIA0TVOtukUSmn1JlOBMwzfViDRFlEzqCrqWSBqD76fzQKT6zyhD7obIlDZ6rPydSGmidBJ7tDKgZ69/eTPzL68bGr/ZTLqPYgGSLRX4ssAnx7Gs85AqYEYkllClub8VsTBVlxmazssWHRAbR1Oby/Tz+n7RKbs0lzXKhfr0MKItO0Ck6R0VUQXV0ixqohRgC9Iie0LMzdV6cV+dt0ZpxljPHaAXO+xdcZZWO</latexit><latexit sha1_base64="1z2tsA0a/dUjKnzKLikooSqbG6g=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkpNGOQLxK2SEilXMHErtcpF7WpBStVLXHTJHAW0RGOQ/+wNQxYHIA0TVOtukUSmn1JlOBMwzfViDRFlEzqCrqWSBqD76fzQKT6zyhD7obIlDZ6rPydSGmidBJ7tDKgZ69/eTPzL68bGr/ZTLqPYgGSLRX4ssAnx7Gs85AqYEYkllClub8VsTBVlxmazssWHRAbR1Oby/Tz+n7RKbs0lzXKhfr0MKItO0Ck6R0VUQXV0ixqohRgC9Iie0LMzdV6cV+dt0ZpxljPHaAXO+xdcZZWO</latexit><latexit sha1_base64="1z2tsA0a/dUjKnzKLikooSqbG6g=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkpNGOQLxK2SEilXMHErtcpF7WpBStVLXHTJHAW0RGOQ/+wNQxYHIA0TVOtukUSmn1JlOBMwzfViDRFlEzqCrqWSBqD76fzQKT6zyhD7obIlDZ6rPydSGmidBJ7tDKgZ69/eTPzL68bGr/ZTLqPYgGSLRX4ssAnx7Gs85AqYEYkllClub8VsTBVlxmazssWHRAbR1Oby/Tz+n7RKbs0lzXKhfr0MKItO0Ck6R0VUQXV0ixqohRgC9Iie0LMzdV6cV+dt0ZpxljPHaAXO+xdcZZWO</latexit>

⌧
<latexit sha1_base64="I0Y2Lmnvn2f/idlFlMvKhD6+8t4=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6hscD8oVZDdQDdUdiGyn6Zw1L+ak1jiHVRvNUAELtAflz/4wJLGg0hCOte5VUWS8FCvDCKfTUj/WNMJkgke0l1GJBdVeOrt1Ck8yZQiDUGUlDZypPydSLLROhJ91CmzG+reXi395vdgEDS9lMooNlWS+KIg5NCHMH4dDpigxPMkIJoplt0IyxgoTk8WztCWgiRTRNMvl+3n4P3FrdtNGN/VK63IRUBEcgWNwCqrAAS1wDdrABQSMwSN4As/Wg/VivVpv89aCtZg5BEuw3r8Ayt6W7Q==</latexit><latexit sha1_base64="I0Y2Lmnvn2f/idlFlMvKhD6+8t4=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6hscD8oVZDdQDdUdiGyn6Zw1L+ak1jiHVRvNUAELtAflz/4wJLGg0hCOte5VUWS8FCvDCKfTUj/WNMJkgke0l1GJBdVeOrt1Ck8yZQiDUGUlDZypPydSLLROhJ91CmzG+reXi395vdgEDS9lMooNlWS+KIg5NCHMH4dDpigxPMkIJoplt0IyxgoTk8WztCWgiRTRNMvl+3n4P3FrdtNGN/VK63IRUBEcgWNwCqrAAS1wDdrABQSMwSN4As/Wg/VivVpv89aCtZg5BEuw3r8Ayt6W7Q==</latexit><latexit sha1_base64="I0Y2Lmnvn2f/idlFlMvKhD6+8t4=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6hscD8oVZDdQDdUdiGyn6Zw1L+ak1jiHVRvNUAELtAflz/4wJLGg0hCOte5VUWS8FCvDCKfTUj/WNMJkgke0l1GJBdVeOrt1Ck8yZQiDUGUlDZypPydSLLROhJ91CmzG+reXi395vdgEDS9lMooNlWS+KIg5NCHMH4dDpigxPMkIJoplt0IyxgoTk8WztCWgiRTRNMvl+3n4P3FrdtNGN/VK63IRUBEcgWNwCqrAAS1wDdrABQSMwSN4As/Wg/VivVpv89aCtZg5BEuw3r8Ayt6W7Q==</latexit>

Based on slides from B. Kayser, Fermilab

⌫
<latexit sha1_base64="5+yOgz2zacIAkQi4yc2G8hUx9i0=">AAAB/HicdVDLSgMxFM34rPVVdekmWARXQ1qr0+6KblxWtLbQDiWTZtrQJDMkGWEYil/gVr/Albj1X/wA/8P0IVjRAxcO59zLvfcEMWfaIPThLC2vrK6t5zbym1vbO7uFvf07HSWK0CaJeKTaAdaUM0mbhhlO27GiWASctoLR5cRv3VOlWSRvTRpTX+CBZCEj2FjppiuTXqGI3Coqo4oHkevVvNPa+YyUq2ew5KIpimCORq/w2e1HJBFUGsKx1p0Sio2fYWUY4XSc7yaaxpiM8IB2LJVYUO1n01PH8NgqfRhGypY0cKr+nMiw0DoVge0U2Az1b28i/uV1EhNW/YzJODFUktmiMOHQRHDyN+wzRYnhqSWYKGZvhWSIFSbGprOwJaSpFPHY5vL9PPyfNMtuzUXXlWL9Yh5QDhyCI3ACSsADdXAFGqAJCBiAR/AEnp0H58V5dd5mrUvOfOYALMB5/wIBU5Z8</latexit><latexit sha1_base64="5+yOgz2zacIAkQi4yc2G8hUx9i0=">AAAB/HicdVDLSgMxFM34rPVVdekmWARXQ1qr0+6KblxWtLbQDiWTZtrQJDMkGWEYil/gVr/Albj1X/wA/8P0IVjRAxcO59zLvfcEMWfaIPThLC2vrK6t5zbym1vbO7uFvf07HSWK0CaJeKTaAdaUM0mbhhlO27GiWASctoLR5cRv3VOlWSRvTRpTX+CBZCEj2FjppiuTXqGI3Coqo4oHkevVvNPa+YyUq2ew5KIpimCORq/w2e1HJBFUGsKx1p0Sio2fYWUY4XSc7yaaxpiM8IB2LJVYUO1n01PH8NgqfRhGypY0cKr+nMiw0DoVge0U2Az1b28i/uV1EhNW/YzJODFUktmiMOHQRHDyN+wzRYnhqSWYKGZvhWSIFSbGprOwJaSpFPHY5vL9PPyfNMtuzUXXlWL9Yh5QDhyCI3ACSsADdXAFGqAJCBiAR/AEnp0H58V5dd5mrUvOfOYALMB5/wIBU5Z8</latexit><latexit sha1_base64="5+yOgz2zacIAkQi4yc2G8hUx9i0=">AAAB/HicdVDLSgMxFM34rPVVdekmWARXQ1qr0+6KblxWtLbQDiWTZtrQJDMkGWEYil/gVr/Albj1X/wA/8P0IVjRAxcO59zLvfcEMWfaIPThLC2vrK6t5zbym1vbO7uFvf07HSWK0CaJeKTaAdaUM0mbhhlO27GiWASctoLR5cRv3VOlWSRvTRpTX+CBZCEj2FjppiuTXqGI3Coqo4oHkevVvNPa+YyUq2ew5KIpimCORq/w2e1HJBFUGsKx1p0Sio2fYWUY4XSc7yaaxpiM8IB2LJVYUO1n01PH8NgqfRhGypY0cKr+nMiw0DoVge0U2Az1b28i/uV1EhNW/YzJODFUktmiMOHQRHDyN+wzRYnhqSWYKGZvhWSIFSbGprOwJaSpFPHY5vL9PPyfNMtuzUXXlWL9Yh5QDhyCI3ACSsADdXAFGqAJCBiAR/AEnp0H58V5dd5mrUvOfOYALMB5/wIBU5Z8</latexit>

N
<latexit sha1_base64="o0cdx/T6rWcrMpLyXZOhgAQ67rc=">AAAB+nicdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevEkCRgTSEKYnfQmQ2Znl5lZISz7BV71CzyJV3/GD/A/nDwEI1rQUFR1093lRYJrQ8iHs7K6tr6xmdnKbu/s7u3nDg7vdRgrBk0WilC1PapBcAlNw42AdqSABp6Alje+nvqtB1Cah/LOTCLoBXQouc8ZNVZq3PZzeeJWSJGUypi45Wr5vHo5J8XKBS64ZIY8WqDez312ByGLA5CGCap1p0Ai00uoMpwJSLPdWENE2ZgOoWOppAHoXjI7NMWnVhlgP1S2pMEz9edEQgOtJ4FnOwNqRvq3NxX/8jqx8Su9hMsoNiDZfJEfC2xCPP0aD7gCZsTEEsoUt7diNqKKMmOzWdriw0QGUWpz+X4e/0+aRbfqkkYpX7taBJRBx+gEnaECKqMaukF11EQMAXpET+jZSZ0X59V5m7euOIuZI7QE5/0LN+uVdw==</latexit><latexit sha1_base64="o0cdx/T6rWcrMpLyXZOhgAQ67rc=">AAAB+nicdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevEkCRgTSEKYnfQmQ2Znl5lZISz7BV71CzyJV3/GD/A/nDwEI1rQUFR1093lRYJrQ8iHs7K6tr6xmdnKbu/s7u3nDg7vdRgrBk0WilC1PapBcAlNw42AdqSABp6Alje+nvqtB1Cah/LOTCLoBXQouc8ZNVZq3PZzeeJWSJGUypi45Wr5vHo5J8XKBS64ZIY8WqDez312ByGLA5CGCap1p0Ai00uoMpwJSLPdWENE2ZgOoWOppAHoXjI7NMWnVhlgP1S2pMEz9edEQgOtJ4FnOwNqRvq3NxX/8jqx8Su9hMsoNiDZfJEfC2xCPP0aD7gCZsTEEsoUt7diNqKKMmOzWdriw0QGUWpz+X4e/0+aRbfqkkYpX7taBJRBx+gEnaECKqMaukF11EQMAXpET+jZSZ0X59V5m7euOIuZI7QE5/0LN+uVdw==</latexit><latexit sha1_base64="o0cdx/T6rWcrMpLyXZOhgAQ67rc=">AAAB+nicdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevEkCRgTSEKYnfQmQ2Znl5lZISz7BV71CzyJV3/GD/A/nDwEI1rQUFR1093lRYJrQ8iHs7K6tr6xmdnKbu/s7u3nDg7vdRgrBk0WilC1PapBcAlNw42AdqSABp6Alje+nvqtB1Cah/LOTCLoBXQouc8ZNVZq3PZzeeJWSJGUypi45Wr5vHo5J8XKBS64ZIY8WqDez312ByGLA5CGCap1p0Ai00uoMpwJSLPdWENE2ZgOoWOppAHoXjI7NMWnVhlgP1S2pMEz9edEQgOtJ4FnOwNqRvq3NxX/8jqx8Su9hMsoNiDZfJEfC2xCPP0aD7gCZsTEEsoUt7diNqKKMmOzWdriw0QGUWpz+X4e/0+aRbfqkkYpX7taBJRBx+gEnaECKqMaukF11EQMAXpET+jZSZ0X59V5m7euOIuZI7QE5/0LN+uVdw==</latexit>

neutrino
heavy 

new pal

The Seesaw Mechanism

m⌫ ⇥mN ' m2
e

<latexit sha1_base64="o+qn3rvMKcfbBZImJaWz+uGuoW4="></latexit><latexit sha1_base64="o+qn3rvMKcfbBZImJaWz+uGuoW4="></latexit><latexit sha1_base64="o+qn3rvMKcfbBZImJaWz+uGuoW4="></latexit>

Neutrino Mass



!18Based on slides from B. Kayser, Fermilab

Seesaw Neutrinos



!18Based on slides from B. Kayser, Fermilab

and ⌫L
<latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit><latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit><latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit>

⌫R
<latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit><latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit><latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit>

NR
<latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit>

NL
<latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit>

get masses in the usual way, 
through interactions with the 

Higgs Boson

Seesaw Neutrinos



!18Based on slides from B. Kayser, Fermilab

and ⌫L
<latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit><latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit><latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit>

⌫R
<latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit><latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit><latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit>

NR
<latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit>

NL
<latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit>

get masses in the usual way, 
through interactions with the 

Higgs Boson

The heavy N can decay to lighter 
particles and Higgses:

N ! ⌫ +H0
<latexit sha1_base64="pzhJvzkgFPlok2dFaGqlODBU3LM=">AAACB3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7opuupIJjhU5bMmmmDc1khiQjlKE/4Be41S9wJW79DD/A/zB9CFb0wIXDOfdy7z1+zJnSCH1YmaXlldW17HpuY3Nreye/u3erokQS6pKIR/LOx4pyJqirmeb0LpYUhz6nTX94OfGb91QqFokbPYppO8R9wQJGsDZS58rTEfREAk9gvYO6+QKyK6iEyg5EtlN1TqvnM1KqnMGijaYogDka3fyn14tIElKhCcdKtYoo1u0US80Ip+OclygaYzLEfdoyVOCQqnY6vXoMj4zSg0EkTQkNp+rPiRSHSo1C33SGWA/Ub28i/uW1Eh1U2ikTcaKpILNFQcKheXUSAewxSYnmI0MwkczcCskAS0y0CWphS0BHIozHJpfv5+H/xC3ZVRtdlwu1i3lAWXAADsExKAIH1EAdNIALCJDgETyBZ+vBerFerbdZa8aaz+yDBVjvX1sZmdg=</latexit><latexit sha1_base64="pzhJvzkgFPlok2dFaGqlODBU3LM=">AAACB3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7opuupIJjhU5bMmmmDc1khiQjlKE/4Be41S9wJW79DD/A/zB9CFb0wIXDOfdy7z1+zJnSCH1YmaXlldW17HpuY3Nreye/u3erokQS6pKIR/LOx4pyJqirmeb0LpYUhz6nTX94OfGb91QqFokbPYppO8R9wQJGsDZS58rTEfREAk9gvYO6+QKyK6iEyg5EtlN1TqvnM1KqnMGijaYogDka3fyn14tIElKhCcdKtYoo1u0US80Ip+OclygaYzLEfdoyVOCQqnY6vXoMj4zSg0EkTQkNp+rPiRSHSo1C33SGWA/Ub28i/uW1Eh1U2ikTcaKpILNFQcKheXUSAewxSYnmI0MwkczcCskAS0y0CWphS0BHIozHJpfv5+H/xC3ZVRtdlwu1i3lAWXAADsExKAIH1EAdNIALCJDgETyBZ+vBerFerbdZa8aaz+yDBVjvX1sZmdg=</latexit><latexit sha1_base64="pzhJvzkgFPlok2dFaGqlODBU3LM=">AAACB3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7opuupIJjhU5bMmmmDc1khiQjlKE/4Be41S9wJW79DD/A/zB9CFb0wIXDOfdy7z1+zJnSCH1YmaXlldW17HpuY3Nreye/u3erokQS6pKIR/LOx4pyJqirmeb0LpYUhz6nTX94OfGb91QqFokbPYppO8R9wQJGsDZS58rTEfREAk9gvYO6+QKyK6iEyg5EtlN1TqvnM1KqnMGijaYogDka3fyn14tIElKhCcdKtYoo1u0US80Ip+OclygaYzLEfdoyVOCQqnY6vXoMj4zSg0EkTQkNp+rPiRSHSo1C33SGWA/Ub28i/uW1Eh1U2ikTcaKpILNFQcKheXUSAewxSYnmI0MwkczcCskAS0y0CWphS0BHIozHJpfv5+H/xC3ZVRtdlwu1i3lAWXAADsExKAIH1EAdNIALCJDgETyBZ+vBerFerbdZa8aaz+yDBVjvX1sZmdg=</latexit>

N ! ⌫̄ + H̄0
<latexit sha1_base64="sJzX+gnOKDwElPx15tTWyYeiLMg="></latexit><latexit sha1_base64="sJzX+gnOKDwElPx15tTWyYeiLMg="></latexit><latexit sha1_base64="sJzX+gnOKDwElPx15tTWyYeiLMg="></latexit>

N ! e+ +H�
<latexit sha1_base64="V1fjwT9YFxaHy8VzuEhCI++x6vU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBhae3tnrf3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd85kw</latexit><latexit sha1_base64="V1fjwT9YFxaHy8VzuEhCI++x6vU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBhae3tnrf3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd85kw</latexit><latexit sha1_base64="V1fjwT9YFxaHy8VzuEhCI++x6vU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBhae3tnrf3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd85kw</latexit>

N ! e� +H+
<latexit sha1_base64="wH9TQdmccQrXuRVxoES+wEzkwmU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBha+3tnrb3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd+5kw</latexit><latexit sha1_base64="wH9TQdmccQrXuRVxoES+wEzkwmU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBha+3tnrb3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd+5kw</latexit><latexit sha1_base64="wH9TQdmccQrXuRVxoES+wEzkwmU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBha+3tnrb3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd+5kw</latexit>

Seesaw Neutrinos



!18Based on slides from B. Kayser, Fermilab

and ⌫L
<latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit><latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit><latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit>

⌫R
<latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit><latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit><latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit>

NR
<latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit>

NL
<latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit>

get masses in the usual way, 
through interactions with the 

Higgs Boson

The heavy N can decay to lighter 
particles and Higgses:

N ! ⌫ +H0
<latexit sha1_base64="pzhJvzkgFPlok2dFaGqlODBU3LM=">AAACB3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7opuupIJjhU5bMmmmDc1khiQjlKE/4Be41S9wJW79DD/A/zB9CFb0wIXDOfdy7z1+zJnSCH1YmaXlldW17HpuY3Nreye/u3erokQS6pKIR/LOx4pyJqirmeb0LpYUhz6nTX94OfGb91QqFokbPYppO8R9wQJGsDZS58rTEfREAk9gvYO6+QKyK6iEyg5EtlN1TqvnM1KqnMGijaYogDka3fyn14tIElKhCcdKtYoo1u0US80Ip+OclygaYzLEfdoyVOCQqnY6vXoMj4zSg0EkTQkNp+rPiRSHSo1C33SGWA/Ub28i/uW1Eh1U2ikTcaKpILNFQcKheXUSAewxSYnmI0MwkczcCskAS0y0CWphS0BHIozHJpfv5+H/xC3ZVRtdlwu1i3lAWXAADsExKAIH1EAdNIALCJDgETyBZ+vBerFerbdZa8aaz+yDBVjvX1sZmdg=</latexit><latexit sha1_base64="pzhJvzkgFPlok2dFaGqlODBU3LM=">AAACB3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7opuupIJjhU5bMmmmDc1khiQjlKE/4Be41S9wJW79DD/A/zB9CFb0wIXDOfdy7z1+zJnSCH1YmaXlldW17HpuY3Nreye/u3erokQS6pKIR/LOx4pyJqirmeb0LpYUhz6nTX94OfGb91QqFokbPYppO8R9wQJGsDZS58rTEfREAk9gvYO6+QKyK6iEyg5EtlN1TqvnM1KqnMGijaYogDka3fyn14tIElKhCcdKtYoo1u0US80Ip+OclygaYzLEfdoyVOCQqnY6vXoMj4zSg0EkTQkNp+rPiRSHSo1C33SGWA/Ub28i/uW1Eh1U2ikTcaKpILNFQcKheXUSAewxSYnmI0MwkczcCskAS0y0CWphS0BHIozHJpfv5+H/xC3ZVRtdlwu1i3lAWXAADsExKAIH1EAdNIALCJDgETyBZ+vBerFerbdZa8aaz+yDBVjvX1sZmdg=</latexit><latexit sha1_base64="pzhJvzkgFPlok2dFaGqlODBU3LM=">AAACB3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7opuupIJjhU5bMmmmDc1khiQjlKE/4Be41S9wJW79DD/A/zB9CFb0wIXDOfdy7z1+zJnSCH1YmaXlldW17HpuY3Nreye/u3erokQS6pKIR/LOx4pyJqirmeb0LpYUhz6nTX94OfGb91QqFokbPYppO8R9wQJGsDZS58rTEfREAk9gvYO6+QKyK6iEyg5EtlN1TqvnM1KqnMGijaYogDka3fyn14tIElKhCcdKtYoo1u0US80Ip+OclygaYzLEfdoyVOCQqnY6vXoMj4zSg0EkTQkNp+rPiRSHSo1C33SGWA/Ub28i/uW1Eh1U2ikTcaKpILNFQcKheXUSAewxSYnmI0MwkczcCskAS0y0CWphS0BHIozHJpfv5+H/xC3ZVRtdlwu1i3lAWXAADsExKAIH1EAdNIALCJDgETyBZ+vBerFerbdZa8aaz+yDBVjvX1sZmdg=</latexit>

N ! ⌫̄ + H̄0
<latexit sha1_base64="sJzX+gnOKDwElPx15tTWyYeiLMg="></latexit><latexit sha1_base64="sJzX+gnOKDwElPx15tTWyYeiLMg="></latexit><latexit sha1_base64="sJzX+gnOKDwElPx15tTWyYeiLMg="></latexit>

N ! e+ +H�
<latexit sha1_base64="V1fjwT9YFxaHy8VzuEhCI++x6vU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBhae3tnrf3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd85kw</latexit><latexit sha1_base64="V1fjwT9YFxaHy8VzuEhCI++x6vU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBhae3tnrf3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd85kw</latexit><latexit sha1_base64="V1fjwT9YFxaHy8VzuEhCI++x6vU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBhae3tnrf3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd85kw</latexit>

N ! e� +H+
<latexit sha1_base64="wH9TQdmccQrXuRVxoES+wEzkwmU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBha+3tnrb3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd+5kw</latexit><latexit sha1_base64="wH9TQdmccQrXuRVxoES+wEzkwmU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBha+3tnrb3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd+5kw</latexit><latexit sha1_base64="wH9TQdmccQrXuRVxoES+wEzkwmU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBha+3tnrb3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd+5kw</latexit>

CP( ) = 

CP( ) = 

Seesaw Neutrinos



!18Based on slides from B. Kayser, Fermilab

and ⌫L
<latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit><latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit><latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit>

⌫R
<latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit><latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit><latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit>

NR
<latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit>

NL
<latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit>

get masses in the usual way, 
through interactions with the 

Higgs Boson

The heavy N can decay to lighter 
particles and Higgses:

N ! ⌫ +H0
<latexit sha1_base64="pzhJvzkgFPlok2dFaGqlODBU3LM=">AAACB3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7opuupIJjhU5bMmmmDc1khiQjlKE/4Be41S9wJW79DD/A/zB9CFb0wIXDOfdy7z1+zJnSCH1YmaXlldW17HpuY3Nreye/u3erokQS6pKIR/LOx4pyJqirmeb0LpYUhz6nTX94OfGb91QqFokbPYppO8R9wQJGsDZS58rTEfREAk9gvYO6+QKyK6iEyg5EtlN1TqvnM1KqnMGijaYogDka3fyn14tIElKhCcdKtYoo1u0US80Ip+OclygaYzLEfdoyVOCQqnY6vXoMj4zSg0EkTQkNp+rPiRSHSo1C33SGWA/Ub28i/uW1Eh1U2ikTcaKpILNFQcKheXUSAewxSYnmI0MwkczcCskAS0y0CWphS0BHIozHJpfv5+H/xC3ZVRtdlwu1i3lAWXAADsExKAIH1EAdNIALCJDgETyBZ+vBerFerbdZa8aaz+yDBVjvX1sZmdg=</latexit><latexit sha1_base64="pzhJvzkgFPlok2dFaGqlODBU3LM=">AAACB3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7opuupIJjhU5bMmmmDc1khiQjlKE/4Be41S9wJW79DD/A/zB9CFb0wIXDOfdy7z1+zJnSCH1YmaXlldW17HpuY3Nreye/u3erokQS6pKIR/LOx4pyJqirmeb0LpYUhz6nTX94OfGb91QqFokbPYppO8R9wQJGsDZS58rTEfREAk9gvYO6+QKyK6iEyg5EtlN1TqvnM1KqnMGijaYogDka3fyn14tIElKhCcdKtYoo1u0US80Ip+OclygaYzLEfdoyVOCQqnY6vXoMj4zSg0EkTQkNp+rPiRSHSo1C33SGWA/Ub28i/uW1Eh1U2ikTcaKpILNFQcKheXUSAewxSYnmI0MwkczcCskAS0y0CWphS0BHIozHJpfv5+H/xC3ZVRtdlwu1i3lAWXAADsExKAIH1EAdNIALCJDgETyBZ+vBerFerbdZa8aaz+yDBVjvX1sZmdg=</latexit><latexit sha1_base64="pzhJvzkgFPlok2dFaGqlODBU3LM=">AAACB3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7opuupIJjhU5bMmmmDc1khiQjlKE/4Be41S9wJW79DD/A/zB9CFb0wIXDOfdy7z1+zJnSCH1YmaXlldW17HpuY3Nreye/u3erokQS6pKIR/LOx4pyJqirmeb0LpYUhz6nTX94OfGb91QqFokbPYppO8R9wQJGsDZS58rTEfREAk9gvYO6+QKyK6iEyg5EtlN1TqvnM1KqnMGijaYogDka3fyn14tIElKhCcdKtYoo1u0US80Ip+OclygaYzLEfdoyVOCQqnY6vXoMj4zSg0EkTQkNp+rPiRSHSo1C33SGWA/Ub28i/uW1Eh1U2ikTcaKpILNFQcKheXUSAewxSYnmI0MwkczcCskAS0y0CWphS0BHIozHJpfv5+H/xC3ZVRtdlwu1i3lAWXAADsExKAIH1EAdNIALCJDgETyBZ+vBerFerbdZa8aaz+yDBVjvX1sZmdg=</latexit>

N ! ⌫̄ + H̄0
<latexit sha1_base64="sJzX+gnOKDwElPx15tTWyYeiLMg="></latexit><latexit sha1_base64="sJzX+gnOKDwElPx15tTWyYeiLMg="></latexit><latexit sha1_base64="sJzX+gnOKDwElPx15tTWyYeiLMg="></latexit>

N ! e+ +H�
<latexit sha1_base64="V1fjwT9YFxaHy8VzuEhCI++x6vU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBhae3tnrf3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd85kw</latexit><latexit sha1_base64="V1fjwT9YFxaHy8VzuEhCI++x6vU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBhae3tnrf3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd85kw</latexit><latexit sha1_base64="V1fjwT9YFxaHy8VzuEhCI++x6vU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBhae3tnrf3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd85kw</latexit>

N ! e� +H+
<latexit sha1_base64="wH9TQdmccQrXuRVxoES+wEzkwmU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBha+3tnrb3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd+5kw</latexit><latexit sha1_base64="wH9TQdmccQrXuRVxoES+wEzkwmU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBha+3tnrb3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd+5kw</latexit><latexit sha1_base64="wH9TQdmccQrXuRVxoES+wEzkwmU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBha+3tnrb3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd+5kw</latexit>

CP( ) = 

CP( ) = 

�

e�
e+

<latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit><latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit><latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit>

Lots of these heavy 
neutrinos would be 

produced in the early 
universe

NR
<latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit>

NL
<latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit>

Seesaw Neutrinos



!18Based on slides from B. Kayser, Fermilab

and ⌫L
<latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit><latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit><latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit>

⌫R
<latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit><latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit><latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit>

NR
<latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit>

NL
<latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit>

get masses in the usual way, 
through interactions with the 

Higgs Boson

The heavy N can decay to lighter 
particles and Higgses:

N ! ⌫ +H0
<latexit sha1_base64="pzhJvzkgFPlok2dFaGqlODBU3LM=">AAACB3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7opuupIJjhU5bMmmmDc1khiQjlKE/4Be41S9wJW79DD/A/zB9CFb0wIXDOfdy7z1+zJnSCH1YmaXlldW17HpuY3Nreye/u3erokQS6pKIR/LOx4pyJqirmeb0LpYUhz6nTX94OfGb91QqFokbPYppO8R9wQJGsDZS58rTEfREAk9gvYO6+QKyK6iEyg5EtlN1TqvnM1KqnMGijaYogDka3fyn14tIElKhCcdKtYoo1u0US80Ip+OclygaYzLEfdoyVOCQqnY6vXoMj4zSg0EkTQkNp+rPiRSHSo1C33SGWA/Ub28i/uW1Eh1U2ikTcaKpILNFQcKheXUSAewxSYnmI0MwkczcCskAS0y0CWphS0BHIozHJpfv5+H/xC3ZVRtdlwu1i3lAWXAADsExKAIH1EAdNIALCJDgETyBZ+vBerFerbdZa8aaz+yDBVjvX1sZmdg=</latexit><latexit sha1_base64="pzhJvzkgFPlok2dFaGqlODBU3LM=">AAACB3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7opuupIJjhU5bMmmmDc1khiQjlKE/4Be41S9wJW79DD/A/zB9CFb0wIXDOfdy7z1+zJnSCH1YmaXlldW17HpuY3Nreye/u3erokQS6pKIR/LOx4pyJqirmeb0LpYUhz6nTX94OfGb91QqFokbPYppO8R9wQJGsDZS58rTEfREAk9gvYO6+QKyK6iEyg5EtlN1TqvnM1KqnMGijaYogDka3fyn14tIElKhCcdKtYoo1u0US80Ip+OclygaYzLEfdoyVOCQqnY6vXoMj4zSg0EkTQkNp+rPiRSHSo1C33SGWA/Ub28i/uW1Eh1U2ikTcaKpILNFQcKheXUSAewxSYnmI0MwkczcCskAS0y0CWphS0BHIozHJpfv5+H/xC3ZVRtdlwu1i3lAWXAADsExKAIH1EAdNIALCJDgETyBZ+vBerFerbdZa8aaz+yDBVjvX1sZmdg=</latexit><latexit sha1_base64="pzhJvzkgFPlok2dFaGqlODBU3LM=">AAACB3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7opuupIJjhU5bMmmmDc1khiQjlKE/4Be41S9wJW79DD/A/zB9CFb0wIXDOfdy7z1+zJnSCH1YmaXlldW17HpuY3Nreye/u3erokQS6pKIR/LOx4pyJqirmeb0LpYUhz6nTX94OfGb91QqFokbPYppO8R9wQJGsDZS58rTEfREAk9gvYO6+QKyK6iEyg5EtlN1TqvnM1KqnMGijaYogDka3fyn14tIElKhCcdKtYoo1u0US80Ip+OclygaYzLEfdoyVOCQqnY6vXoMj4zSg0EkTQkNp+rPiRSHSo1C33SGWA/Ub28i/uW1Eh1U2ikTcaKpILNFQcKheXUSAewxSYnmI0MwkczcCskAS0y0CWphS0BHIozHJpfv5+H/xC3ZVRtdlwu1i3lAWXAADsExKAIH1EAdNIALCJDgETyBZ+vBerFerbdZa8aaz+yDBVjvX1sZmdg=</latexit>

N ! ⌫̄ + H̄0
<latexit sha1_base64="sJzX+gnOKDwElPx15tTWyYeiLMg="></latexit><latexit sha1_base64="sJzX+gnOKDwElPx15tTWyYeiLMg="></latexit><latexit sha1_base64="sJzX+gnOKDwElPx15tTWyYeiLMg="></latexit>

N ! e+ +H�
<latexit sha1_base64="V1fjwT9YFxaHy8VzuEhCI++x6vU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBhae3tnrf3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd85kw</latexit><latexit sha1_base64="V1fjwT9YFxaHy8VzuEhCI++x6vU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBhae3tnrf3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd85kw</latexit><latexit sha1_base64="V1fjwT9YFxaHy8VzuEhCI++x6vU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBhae3tnrf3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd85kw</latexit>

N ! e� +H+
<latexit sha1_base64="wH9TQdmccQrXuRVxoES+wEzkwmU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBha+3tnrb3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd+5kw</latexit><latexit sha1_base64="wH9TQdmccQrXuRVxoES+wEzkwmU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBha+3tnrb3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd+5kw</latexit><latexit sha1_base64="wH9TQdmccQrXuRVxoES+wEzkwmU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBha+3tnrb3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd+5kw</latexit>

CP( ) = 

CP( ) = 

�

e�
e+

<latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit><latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit><latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit>

Lots of these heavy 
neutrinos would be 

produced in the early 
universe

NR
<latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit>

NL
<latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit>

Seesaw Neutrinos

CP violation would create an imbalance of 
matter (leptons) and antimatter (antileptons)}



!18Based on slides from B. Kayser, Fermilab

and ⌫L
<latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit><latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit><latexit sha1_base64="qMTzPaStGHsaFtBnDmzQ/YHpEqA=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y0LFxUcW2iHkkkzbWgmMyQZYShd+AVu9QtciVt/xQ/wP0wfghU9cOFwzr3ce0+QcKY0Qh9WbmV1bX0jv1nY2t7Z3SvuH9ypOJWEeiTmsWwHWFHOBPU005y2E0lxFHDaCkaXU791T6VisbjVWUL9CA8ECxnB2kheV6S9616xhGy35lZRBSK77qB6DRmCqi5yHFi20QwlsECzV/zs9mOSRlRowrFSnTJKtD/GUjPC6aTQTRVNMBnhAe0YKnBElT+eHTuBJ0bpwzCWpoSGM/XnxBhHSmVRYDojrIfqtzcV//I6qQ4df8xEkmoqyHxRmHKoYzj9HPaZpETzzBBMJDO3QjLEEhNt8lnaEtJMRMnE5PL9PPyfeBXbtdHNWalxsQgoD47AMTgFZXAOGuAKNIEHCGDgETyBZ+vBerFerbd5a85azByCJVjvX0E1lyg=</latexit>

⌫R
<latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit><latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit><latexit sha1_base64="xqfG37x+47khuaBnDsGIdOTDNj8=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtLW1pld0Y3LKo4ttEPJpJk2NJMZkowwlC78Arf6Ba7Erb/iB/gfpg/Bih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcP7lScSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo8up37qnUrFY3OosoX6EB4KFjGBtJK8r0t5Nr1hCtltzq6gCkV13UL2GDEFVFzkOLNtohhJYoNkrfnb7MUkjKjThWKlOGSXaH2OpGeF0UuimiiaYjPCAdgwVOKLKH8+OncATo/RhGEtTQsOZ+nNijCOlsigwnRHWQ/Xbm4p/eZ1Uh44/ZiJJNRVkvihMOdQxnH4O+0xSonlmCCaSmVshGWKJiTb5LG0JaSaiZGJy+X4e/k+8iu3a6Pqs1LhYBJQHR+AYnIIyOAcNcAWawAMEMPAInsCz9WC9WK/W27w1Zy1mDsESrPcvSrmXLg==</latexit>

NR
<latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit>

NL
<latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit>

get masses in the usual way, 
through interactions with the 

Higgs Boson

The heavy N can decay to lighter 
particles and Higgses:

N ! ⌫ +H0
<latexit sha1_base64="pzhJvzkgFPlok2dFaGqlODBU3LM=">AAACB3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7opuupIJjhU5bMmmmDc1khiQjlKE/4Be41S9wJW79DD/A/zB9CFb0wIXDOfdy7z1+zJnSCH1YmaXlldW17HpuY3Nreye/u3erokQS6pKIR/LOx4pyJqirmeb0LpYUhz6nTX94OfGb91QqFokbPYppO8R9wQJGsDZS58rTEfREAk9gvYO6+QKyK6iEyg5EtlN1TqvnM1KqnMGijaYogDka3fyn14tIElKhCcdKtYoo1u0US80Ip+OclygaYzLEfdoyVOCQqnY6vXoMj4zSg0EkTQkNp+rPiRSHSo1C33SGWA/Ub28i/uW1Eh1U2ikTcaKpILNFQcKheXUSAewxSYnmI0MwkczcCskAS0y0CWphS0BHIozHJpfv5+H/xC3ZVRtdlwu1i3lAWXAADsExKAIH1EAdNIALCJDgETyBZ+vBerFerbdZa8aaz+yDBVjvX1sZmdg=</latexit><latexit sha1_base64="pzhJvzkgFPlok2dFaGqlODBU3LM=">AAACB3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7opuupIJjhU5bMmmmDc1khiQjlKE/4Be41S9wJW79DD/A/zB9CFb0wIXDOfdy7z1+zJnSCH1YmaXlldW17HpuY3Nreye/u3erokQS6pKIR/LOx4pyJqirmeb0LpYUhz6nTX94OfGb91QqFokbPYppO8R9wQJGsDZS58rTEfREAk9gvYO6+QKyK6iEyg5EtlN1TqvnM1KqnMGijaYogDka3fyn14tIElKhCcdKtYoo1u0US80Ip+OclygaYzLEfdoyVOCQqnY6vXoMj4zSg0EkTQkNp+rPiRSHSo1C33SGWA/Ub28i/uW1Eh1U2ikTcaKpILNFQcKheXUSAewxSYnmI0MwkczcCskAS0y0CWphS0BHIozHJpfv5+H/xC3ZVRtdlwu1i3lAWXAADsExKAIH1EAdNIALCJDgETyBZ+vBerFerbdZa8aaz+yDBVjvX1sZmdg=</latexit><latexit sha1_base64="pzhJvzkgFPlok2dFaGqlODBU3LM=">AAACB3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7opuupIJjhU5bMmmmDc1khiQjlKE/4Be41S9wJW79DD/A/zB9CFb0wIXDOfdy7z1+zJnSCH1YmaXlldW17HpuY3Nreye/u3erokQS6pKIR/LOx4pyJqirmeb0LpYUhz6nTX94OfGb91QqFokbPYppO8R9wQJGsDZS58rTEfREAk9gvYO6+QKyK6iEyg5EtlN1TqvnM1KqnMGijaYogDka3fyn14tIElKhCcdKtYoo1u0US80Ip+OclygaYzLEfdoyVOCQqnY6vXoMj4zSg0EkTQkNp+rPiRSHSo1C33SGWA/Ub28i/uW1Eh1U2ikTcaKpILNFQcKheXUSAewxSYnmI0MwkczcCskAS0y0CWphS0BHIozHJpfv5+H/xC3ZVRtdlwu1i3lAWXAADsExKAIH1EAdNIALCJDgETyBZ+vBerFerbdZa8aaz+yDBVjvX1sZmdg=</latexit>

N ! ⌫̄ + H̄0
<latexit sha1_base64="sJzX+gnOKDwElPx15tTWyYeiLMg="></latexit><latexit sha1_base64="sJzX+gnOKDwElPx15tTWyYeiLMg="></latexit><latexit sha1_base64="sJzX+gnOKDwElPx15tTWyYeiLMg="></latexit>

N ! e+ +H�
<latexit sha1_base64="V1fjwT9YFxaHy8VzuEhCI++x6vU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBhae3tnrf3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd85kw</latexit><latexit sha1_base64="V1fjwT9YFxaHy8VzuEhCI++x6vU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBhae3tnrf3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd85kw</latexit><latexit sha1_base64="V1fjwT9YFxaHy8VzuEhCI++x6vU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBhae3tnrf3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd85kw</latexit>

N ! e� +H+
<latexit sha1_base64="wH9TQdmccQrXuRVxoES+wEzkwmU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBha+3tnrb3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd+5kw</latexit><latexit sha1_base64="wH9TQdmccQrXuRVxoES+wEzkwmU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBha+3tnrb3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd+5kw</latexit><latexit sha1_base64="wH9TQdmccQrXuRVxoES+wEzkwmU=">AAACBXicdVDLSgNBEJz1bXxFPXoZDIIgLpMY3eQmevEkCq4G8pDZSa8ZMju7zMwKS8jdL/CqX+BJvPodfoD/4eQhGNGChqKqm+6uIBFcG0I+nKnpmdm5+YXF3NLyyupafn3jWsepYuCzWMSqFlANgkvwDTcCaokCGgUCboLu6cC/uQeleSyvTJZAM6J3koecUWOlxnnDxBha+3tnrb3bfIG4FVIiZQ8T16t6B9WjESlVDnHRJUMU0BgXt/nPRjtmaQTSMEG1rhdJYpo9qgxnAvq5RqohoaxL76BuqaQR6GZveHMf71iljcNY2ZIGD9WfEz0aaZ1Fge2MqOno395A/MurpyasNHtcJqkByUaLwlRg++ggANzmCpgRmSWUKW5vxaxDFWXGxjSxJYRMRknf5vL9PP6f+CW36pLLcuH4ZBzQAtpC22gXFZGHjtEZukA+YihBj+gJPTsPzovz6ryNWqec8cwmmoDz/gUd+5kw</latexit>

CP( ) = 

CP( ) = 
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e�
e+

<latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit><latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit><latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit>

Lots of these heavy 
neutrinos would be 

produced in the early 
universe

NR
<latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit>

NL
<latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit>

Seesaw Neutrinos

CP violation would create an imbalance of 
matter (leptons) and antimatter (antileptons)}

But we need an asymmetry in baryons (nuclei and things)...
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Leptogenesis
From heavy Majorana neutrino decays, 
we get a lepton asymmetry...

Bi = 0 
Li ≠ 0

Based on slides from B. Kayser, Fermilab
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Leptogenesis
From heavy Majorana neutrino decays, 
we get a lepton asymmetry...

Bi = 0 
Li ≠ 0

B ∼ -Li/3 
L ∼ 2Li/3

A Standard Model process 
that does not conserve B or L 

(but does conserve B - L)

Which is then converted in to a 
baryon asymmetry

Sphaleron 
Process

Based on slides from B. Kayser, Fermilab
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Our Story: A Recap
Start: Why is 

the Universe full of 
all this matter?
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Our Story: A Recap
Requires baryon 
number and CP 
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Not enough CP 
violation in quarks... 
maybe neutrinos?

⌫⌫⌫

Need to generate a 
matter/antimatter 

imbalance

matter 
(baryons)
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Not enough CP 
violation in quarks... 
maybe neutrinos?

⌫⌫⌫

Need to generate a 
matter/antimatter 

imbalance

matter 
(baryons)

Heavy neutrino 
decays create a 

lepton imbalance

N ! l+
<latexit sha1_base64="Kza9d/fDBg9wqfkrLhZIzB0rDsI=">AAACAXicdVDLSgMxFM34rPVVdekmWARBGDJ1+toV3biSCo4ttLVk0kwbmskMSUYoQ3d+gVv9Alfi1i/xA/wP04dgRQ9cOJxzL/ee68ecKY3Qh7W0vLK6tp7ZyG5ube/s5vb2b1WUSEI9EvFINn2sKGeCepppTpuxpDj0OW34w4uJ37inUrFI3OhRTDsh7gsWMIK1kZpXbR1BfnfazeWRjdxi0S1AZJ+VSxUHGVIquy6qQsdGU+TBHPVu7rPdi0gSUqEJx0q1HBTrToqlZoTTcbadKBpjMsR92jJU4JCqTjq9dwyPjdKDQSRNCQ2n6s+JFIdKjULfdIZYD9RvbyL+5bUSHVQ6KRNxoqkgs0VBwqEJOQkPe0xSovnIEEwkM7dCMsASE21etLAloCMRxmPzl+/w8H/iFeyqja7dfO18/qAMOARH4AQ4oAxq4BLUgQcI4OARPIFn68F6sV6tt1nrkjWfOQALsN6/ANB0l/g=</latexit><latexit sha1_base64="Kza9d/fDBg9wqfkrLhZIzB0rDsI=">AAACAXicdVDLSgMxFM34rPVVdekmWARBGDJ1+toV3biSCo4ttLVk0kwbmskMSUYoQ3d+gVv9Alfi1i/xA/wP04dgRQ9cOJxzL/ee68ecKY3Qh7W0vLK6tp7ZyG5ube/s5vb2b1WUSEI9EvFINn2sKGeCepppTpuxpDj0OW34w4uJ37inUrFI3OhRTDsh7gsWMIK1kZpXbR1BfnfazeWRjdxi0S1AZJ+VSxUHGVIquy6qQsdGU+TBHPVu7rPdi0gSUqEJx0q1HBTrToqlZoTTcbadKBpjMsR92jJU4JCqTjq9dwyPjdKDQSRNCQ2n6s+JFIdKjULfdIZYD9RvbyL+5bUSHVQ6KRNxoqkgs0VBwqEJOQkPe0xSovnIEEwkM7dCMsASE21etLAloCMRxmPzl+/w8H/iFeyqja7dfO18/qAMOARH4AQ4oAxq4BLUgQcI4OARPIFn68F6sV6tt1nrkjWfOQALsN6/ANB0l/g=</latexit><latexit sha1_base64="Kza9d/fDBg9wqfkrLhZIzB0rDsI=">AAACAXicdVDLSgMxFM34rPVVdekmWARBGDJ1+toV3biSCo4ttLVk0kwbmskMSUYoQ3d+gVv9Alfi1i/xA/wP04dgRQ9cOJxzL/ee68ecKY3Qh7W0vLK6tp7ZyG5ube/s5vb2b1WUSEI9EvFINn2sKGeCepppTpuxpDj0OW34w4uJ37inUrFI3OhRTDsh7gsWMIK1kZpXbR1BfnfazeWRjdxi0S1AZJ+VSxUHGVIquy6qQsdGU+TBHPVu7rPdi0gSUqEJx0q1HBTrToqlZoTTcbadKBpjMsR92jJU4JCqTjq9dwyPjdKDQSRNCQ2n6s+JFIdKjULfdIZYD9RvbyL+5bUSHVQ6KRNxoqkgs0VBwqEJOQkPe0xSovnIEEwkM7dCMsASE21etLAloCMRxmPzl+/w8H/iFeyqja7dfO18/qAMOARH4AQ4oAxq4BLUgQcI4OARPIFn68F6sV6tt1nrkjWfOQALsN6/ANB0l/g=</latexit>

N ! l�
<latexit sha1_base64="MpSE5B3a/YD6lWebFSOGNoIzbuE=">AAACAXicdVDLSgMxFM34rPVVdekmWAQ3Dpk6fe2KblxJBccW2loyaaYNzWSGJCOUoTu/wK1+gStx65f4Af6H6UOwogcuHM65l3vP9WPOlEbow1paXlldW89sZDe3tnd2c3v7typKJKEeiXgkmz5WlDNBPc00p81YUhz6nDb84cXEb9xTqVgkbvQopp0Q9wULGMHaSM2rto4gvzvt5vLIRm6x6BYgss/KpYqDDCmVXRdVoWOjKfJgjno399nuRSQJqdCEY6VaDop1J8VSM8LpONtOFI0xGeI+bRkqcEhVJ53eO4bHRunBIJKmhIZT9edEikOlRqFvOkOsB+q3NxH/8lqJDiqdlIk40VSQ2aIg4dCEnISHPSYp0XxkCCaSmVshGWCJiTYvWtgS0JEI47H5y3d4+D/xCnbVRtduvnY+f1AGHIIjcAIcUAY1cAnqwAMEcPAInsCz9WC9WK/W26x1yZrPHIAFWO9f06CX+g==</latexit><latexit sha1_base64="MpSE5B3a/YD6lWebFSOGNoIzbuE=">AAACAXicdVDLSgMxFM34rPVVdekmWAQ3Dpk6fe2KblxJBccW2loyaaYNzWSGJCOUoTu/wK1+gStx65f4Af6H6UOwogcuHM65l3vP9WPOlEbow1paXlldW89sZDe3tnd2c3v7typKJKEeiXgkmz5WlDNBPc00p81YUhz6nDb84cXEb9xTqVgkbvQopp0Q9wULGMHaSM2rto4gvzvt5vLIRm6x6BYgss/KpYqDDCmVXRdVoWOjKfJgjno399nuRSQJqdCEY6VaDop1J8VSM8LpONtOFI0xGeI+bRkqcEhVJ53eO4bHRunBIJKmhIZT9edEikOlRqFvOkOsB+q3NxH/8lqJDiqdlIk40VSQ2aIg4dCEnISHPSYp0XxkCCaSmVshGWCJiTYvWtgS0JEI47H5y3d4+D/xCnbVRtduvnY+f1AGHIIjcAIcUAY1cAnqwAMEcPAInsCz9WC9WK/W26x1yZrPHIAFWO9f06CX+g==</latexit><latexit sha1_base64="MpSE5B3a/YD6lWebFSOGNoIzbuE=">AAACAXicdVDLSgMxFM34rPVVdekmWAQ3Dpk6fe2KblxJBccW2loyaaYNzWSGJCOUoTu/wK1+gStx65f4Af6H6UOwogcuHM65l3vP9WPOlEbow1paXlldW89sZDe3tnd2c3v7typKJKEeiXgkmz5WlDNBPc00p81YUhz6nDb84cXEb9xTqVgkbvQopp0Q9wULGMHaSM2rto4gvzvt5vLIRm6x6BYgss/KpYqDDCmVXRdVoWOjKfJgjno399nuRSQJqdCEY6VaDop1J8VSM8LpONtOFI0xGeI+bRkqcEhVJ53eO4bHRunBIJKmhIZT9edEikOlRqFvOkOsB+q3NxH/8lqJDiqdlIk40VSQ2aIg4dCEnISHPSYp0XxkCCaSmVshGWCJiTYvWtgS0JEI47H5y3d4+D/xCnbVRtduvnY+f1AGHIIjcAIcUAY1cAnqwAMEcPAInsCz9WC9WK/W26x1yZrPHIAFWO9f06CX+g==</latexit>
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<latexit sha1_base64="Kza9d/fDBg9wqfkrLhZIzB0rDsI=">AAACAXicdVDLSgMxFM34rPVVdekmWARBGDJ1+toV3biSCo4ttLVk0kwbmskMSUYoQ3d+gVv9Alfi1i/xA/wP04dgRQ9cOJxzL/ee68ecKY3Qh7W0vLK6tp7ZyG5ube/s5vb2b1WUSEI9EvFINn2sKGeCepppTpuxpDj0OW34w4uJ37inUrFI3OhRTDsh7gsWMIK1kZpXbR1BfnfazeWRjdxi0S1AZJ+VSxUHGVIquy6qQsdGU+TBHPVu7rPdi0gSUqEJx0q1HBTrToqlZoTTcbadKBpjMsR92jJU4JCqTjq9dwyPjdKDQSRNCQ2n6s+JFIdKjULfdIZYD9RvbyL+5bUSHVQ6KRNxoqkgs0VBwqEJOQkPe0xSovnIEEwkM7dCMsASE21etLAloCMRxmPzl+/w8H/iFeyqja7dfO18/qAMOARH4AQ4oAxq4BLUgQcI4OARPIFn68F6sV6tt1nrkjWfOQALsN6/ANB0l/g=</latexit><latexit sha1_base64="Kza9d/fDBg9wqfkrLhZIzB0rDsI=">AAACAXicdVDLSgMxFM34rPVVdekmWARBGDJ1+toV3biSCo4ttLVk0kwbmskMSUYoQ3d+gVv9Alfi1i/xA/wP04dgRQ9cOJxzL/ee68ecKY3Qh7W0vLK6tp7ZyG5ube/s5vb2b1WUSEI9EvFINn2sKGeCepppTpuxpDj0OW34w4uJ37inUrFI3OhRTDsh7gsWMIK1kZpXbR1BfnfazeWRjdxi0S1AZJ+VSxUHGVIquy6qQsdGU+TBHPVu7rPdi0gSUqEJx0q1HBTrToqlZoTTcbadKBpjMsR92jJU4JCqTjq9dwyPjdKDQSRNCQ2n6s+JFIdKjULfdIZYD9RvbyL+5bUSHVQ6KRNxoqkgs0VBwqEJOQkPe0xSovnIEEwkM7dCMsASE21etLAloCMRxmPzl+/w8H/iFeyqja7dfO18/qAMOARH4AQ4oAxq4BLUgQcI4OARPIFn68F6sV6tt1nrkjWfOQALsN6/ANB0l/g=</latexit><latexit sha1_base64="Kza9d/fDBg9wqfkrLhZIzB0rDsI=">AAACAXicdVDLSgMxFM34rPVVdekmWARBGDJ1+toV3biSCo4ttLVk0kwbmskMSUYoQ3d+gVv9Alfi1i/xA/wP04dgRQ9cOJxzL/ee68ecKY3Qh7W0vLK6tp7ZyG5ube/s5vb2b1WUSEI9EvFINn2sKGeCepppTpuxpDj0OW34w4uJ37inUrFI3OhRTDsh7gsWMIK1kZpXbR1BfnfazeWRjdxi0S1AZJ+VSxUHGVIquy6qQsdGU+TBHPVu7rPdi0gSUqEJx0q1HBTrToqlZoTTcbadKBpjMsR92jJU4JCqTjq9dwyPjdKDQSRNCQ2n6s+JFIdKjULfdIZYD9RvbyL+5bUSHVQ6KRNxoqkgs0VBwqEJOQkPe0xSovnIEEwkM7dCMsASE21etLAloCMRxmPzl+/w8H/iFeyqja7dfO18/qAMOARH4AQ4oAxq4BLUgQcI4OARPIFn68F6sV6tt1nrkjWfOQALsN6/ANB0l/g=</latexit>

N ! l�
<latexit sha1_base64="MpSE5B3a/YD6lWebFSOGNoIzbuE=">AAACAXicdVDLSgMxFM34rPVVdekmWAQ3Dpk6fe2KblxJBccW2loyaaYNzWSGJCOUoTu/wK1+gStx65f4Af6H6UOwogcuHM65l3vP9WPOlEbow1paXlldW89sZDe3tnd2c3v7typKJKEeiXgkmz5WlDNBPc00p81YUhz6nDb84cXEb9xTqVgkbvQopp0Q9wULGMHaSM2rto4gvzvt5vLIRm6x6BYgss/KpYqDDCmVXRdVoWOjKfJgjno399nuRSQJqdCEY6VaDop1J8VSM8LpONtOFI0xGeI+bRkqcEhVJ53eO4bHRunBIJKmhIZT9edEikOlRqFvOkOsB+q3NxH/8lqJDiqdlIk40VSQ2aIg4dCEnISHPSYp0XxkCCaSmVshGWCJiTYvWtgS0JEI47H5y3d4+D/xCnbVRtduvnY+f1AGHIIjcAIcUAY1cAnqwAMEcPAInsCz9WC9WK/W26x1yZrPHIAFWO9f06CX+g==</latexit><latexit sha1_base64="MpSE5B3a/YD6lWebFSOGNoIzbuE=">AAACAXicdVDLSgMxFM34rPVVdekmWAQ3Dpk6fe2KblxJBccW2loyaaYNzWSGJCOUoTu/wK1+gStx65f4Af6H6UOwogcuHM65l3vP9WPOlEbow1paXlldW89sZDe3tnd2c3v7typKJKEeiXgkmz5WlDNBPc00p81YUhz6nDb84cXEb9xTqVgkbvQopp0Q9wULGMHaSM2rto4gvzvt5vLIRm6x6BYgss/KpYqDDCmVXRdVoWOjKfJgjno399nuRSQJqdCEY6VaDop1J8VSM8LpONtOFI0xGeI+bRkqcEhVJ53eO4bHRunBIJKmhIZT9edEikOlRqFvOkOsB+q3NxH/8lqJDiqdlIk40VSQ2aIg4dCEnISHPSYp0XxkCCaSmVshGWCJiTYvWtgS0JEI47H5y3d4+D/xCnbVRtduvnY+f1AGHIIjcAIcUAY1cAnqwAMEcPAInsCz9WC9WK/W26x1yZrPHIAFWO9f06CX+g==</latexit><latexit sha1_base64="MpSE5B3a/YD6lWebFSOGNoIzbuE=">AAACAXicdVDLSgMxFM34rPVVdekmWAQ3Dpk6fe2KblxJBccW2loyaaYNzWSGJCOUoTu/wK1+gStx65f4Af6H6UOwogcuHM65l3vP9WPOlEbow1paXlldW89sZDe3tnd2c3v7typKJKEeiXgkmz5WlDNBPc00p81YUhz6nDb84cXEb9xTqVgkbvQopp0Q9wULGMHaSM2rto4gvzvt5vLIRm6x6BYgss/KpYqDDCmVXRdVoWOjKfJgjno399nuRSQJqdCEY6VaDop1J8VSM8LpONtOFI0xGeI+bRkqcEhVJ53eO4bHRunBIJKmhIZT9edEikOlRqFvOkOsB+q3NxH/8lqJDiqdlIk40VSQ2aIg4dCEnISHPSYp0XxkCCaSmVshGWCJiTYvWtgS0JEI47H5y3d4+D/xCnbVRtduvnY+f1AGHIIjcAIcUAY1cAnqwAMEcPAInsCz9WC9WK/W26x1yZrPHIAFWO9f06CX+g==</latexit>

Standard Model 
processes convert it 

into a baryon 
imbalance

Image: NASA

Start: Why is 
the Universe full of 

all this matter?
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Our Story: A Recap
Requires baryon 
number and CP 
nonconservation
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Not enough CP 
violation in quarks... 
maybe neutrinos?

⌫⌫⌫

Need to generate a 
matter/antimatter 

imbalance

matter 
(baryons)

Heavy neutrino 
decays create a 

lepton imbalance

N ! l+
<latexit sha1_base64="Kza9d/fDBg9wqfkrLhZIzB0rDsI=">AAACAXicdVDLSgMxFM34rPVVdekmWARBGDJ1+toV3biSCo4ttLVk0kwbmskMSUYoQ3d+gVv9Alfi1i/xA/wP04dgRQ9cOJxzL/ee68ecKY3Qh7W0vLK6tp7ZyG5ube/s5vb2b1WUSEI9EvFINn2sKGeCepppTpuxpDj0OW34w4uJ37inUrFI3OhRTDsh7gsWMIK1kZpXbR1BfnfazeWRjdxi0S1AZJ+VSxUHGVIquy6qQsdGU+TBHPVu7rPdi0gSUqEJx0q1HBTrToqlZoTTcbadKBpjMsR92jJU4JCqTjq9dwyPjdKDQSRNCQ2n6s+JFIdKjULfdIZYD9RvbyL+5bUSHVQ6KRNxoqkgs0VBwqEJOQkPe0xSovnIEEwkM7dCMsASE21etLAloCMRxmPzl+/w8H/iFeyqja7dfO18/qAMOARH4AQ4oAxq4BLUgQcI4OARPIFn68F6sV6tt1nrkjWfOQALsN6/ANB0l/g=</latexit><latexit sha1_base64="Kza9d/fDBg9wqfkrLhZIzB0rDsI=">AAACAXicdVDLSgMxFM34rPVVdekmWARBGDJ1+toV3biSCo4ttLVk0kwbmskMSUYoQ3d+gVv9Alfi1i/xA/wP04dgRQ9cOJxzL/ee68ecKY3Qh7W0vLK6tp7ZyG5ube/s5vb2b1WUSEI9EvFINn2sKGeCepppTpuxpDj0OW34w4uJ37inUrFI3OhRTDsh7gsWMIK1kZpXbR1BfnfazeWRjdxi0S1AZJ+VSxUHGVIquy6qQsdGU+TBHPVu7rPdi0gSUqEJx0q1HBTrToqlZoTTcbadKBpjMsR92jJU4JCqTjq9dwyPjdKDQSRNCQ2n6s+JFIdKjULfdIZYD9RvbyL+5bUSHVQ6KRNxoqkgs0VBwqEJOQkPe0xSovnIEEwkM7dCMsASE21etLAloCMRxmPzl+/w8H/iFeyqja7dfO18/qAMOARH4AQ4oAxq4BLUgQcI4OARPIFn68F6sV6tt1nrkjWfOQALsN6/ANB0l/g=</latexit><latexit sha1_base64="Kza9d/fDBg9wqfkrLhZIzB0rDsI=">AAACAXicdVDLSgMxFM34rPVVdekmWARBGDJ1+toV3biSCo4ttLVk0kwbmskMSUYoQ3d+gVv9Alfi1i/xA/wP04dgRQ9cOJxzL/ee68ecKY3Qh7W0vLK6tp7ZyG5ube/s5vb2b1WUSEI9EvFINn2sKGeCepppTpuxpDj0OW34w4uJ37inUrFI3OhRTDsh7gsWMIK1kZpXbR1BfnfazeWRjdxi0S1AZJ+VSxUHGVIquy6qQsdGU+TBHPVu7rPdi0gSUqEJx0q1HBTrToqlZoTTcbadKBpjMsR92jJU4JCqTjq9dwyPjdKDQSRNCQ2n6s+JFIdKjULfdIZYD9RvbyL+5bUSHVQ6KRNxoqkgs0VBwqEJOQkPe0xSovnIEEwkM7dCMsASE21etLAloCMRxmPzl+/w8H/iFeyqja7dfO18/qAMOARH4AQ4oAxq4BLUgQcI4OARPIFn68F6sV6tt1nrkjWfOQALsN6/ANB0l/g=</latexit>

N ! l�
<latexit sha1_base64="MpSE5B3a/YD6lWebFSOGNoIzbuE=">AAACAXicdVDLSgMxFM34rPVVdekmWAQ3Dpk6fe2KblxJBccW2loyaaYNzWSGJCOUoTu/wK1+gStx65f4Af6H6UOwogcuHM65l3vP9WPOlEbow1paXlldW89sZDe3tnd2c3v7typKJKEeiXgkmz5WlDNBPc00p81YUhz6nDb84cXEb9xTqVgkbvQopp0Q9wULGMHaSM2rto4gvzvt5vLIRm6x6BYgss/KpYqDDCmVXRdVoWOjKfJgjno399nuRSQJqdCEY6VaDop1J8VSM8LpONtOFI0xGeI+bRkqcEhVJ53eO4bHRunBIJKmhIZT9edEikOlRqFvOkOsB+q3NxH/8lqJDiqdlIk40VSQ2aIg4dCEnISHPSYp0XxkCCaSmVshGWCJiTYvWtgS0JEI47H5y3d4+D/xCnbVRtduvnY+f1AGHIIjcAIcUAY1cAnqwAMEcPAInsCz9WC9WK/W26x1yZrPHIAFWO9f06CX+g==</latexit><latexit sha1_base64="MpSE5B3a/YD6lWebFSOGNoIzbuE=">AAACAXicdVDLSgMxFM34rPVVdekmWAQ3Dpk6fe2KblxJBccW2loyaaYNzWSGJCOUoTu/wK1+gStx65f4Af6H6UOwogcuHM65l3vP9WPOlEbow1paXlldW89sZDe3tnd2c3v7typKJKEeiXgkmz5WlDNBPc00p81YUhz6nDb84cXEb9xTqVgkbvQopp0Q9wULGMHaSM2rto4gvzvt5vLIRm6x6BYgss/KpYqDDCmVXRdVoWOjKfJgjno399nuRSQJqdCEY6VaDop1J8VSM8LpONtOFI0xGeI+bRkqcEhVJ53eO4bHRunBIJKmhIZT9edEikOlRqFvOkOsB+q3NxH/8lqJDiqdlIk40VSQ2aIg4dCEnISHPSYp0XxkCCaSmVshGWCJiTYvWtgS0JEI47H5y3d4+D/xCnbVRtduvnY+f1AGHIIjcAIcUAY1cAnqwAMEcPAInsCz9WC9WK/W26x1yZrPHIAFWO9f06CX+g==</latexit><latexit sha1_base64="MpSE5B3a/YD6lWebFSOGNoIzbuE=">AAACAXicdVDLSgMxFM34rPVVdekmWAQ3Dpk6fe2KblxJBccW2loyaaYNzWSGJCOUoTu/wK1+gStx65f4Af6H6UOwogcuHM65l3vP9WPOlEbow1paXlldW89sZDe3tnd2c3v7typKJKEeiXgkmz5WlDNBPc00p81YUhz6nDb84cXEb9xTqVgkbvQopp0Q9wULGMHaSM2rto4gvzvt5vLIRm6x6BYgss/KpYqDDCmVXRdVoWOjKfJgjno399nuRSQJqdCEY6VaDop1J8VSM8LpONtOFI0xGeI+bRkqcEhVJ53eO4bHRunBIJKmhIZT9edEikOlRqFvOkOsB+q3NxH/8lqJDiqdlIk40VSQ2aIg4dCEnISHPSYp0XxkCCaSmVshGWCJiTYvWtgS0JEI47H5y3d4+D/xCnbVRtduvnY+f1AGHIIjcAIcUAY1cAnqwAMEcPAInsCz9WC9WK/W26x1yZrPHIAFWO9f06CX+g==</latexit>

Standard Model 
processes convert it 

into a baryon 
imbalance

Image: NASA

You 
Win!

Start: Why is 
the Universe full of 

all this matter?



Hunting for CP Violation
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⌫
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Hunting for CP Violation

Beam 1300 km
⌫µ

<latexit sha1_base64="jTmi8HfPZPZ7TApq6EQbjmXMvsc=">AAACAHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWsLbQKSWTZtrQJDMkGWEYuvIL3OoXuBK3/okf4H+YPgQreuDC4Zx7ufeeIOZMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p6NEEdomEY9UN8CaciZp2zDDaTdWFIuA004wuZr5nXuqNIvkrUlj2hd4JFnICDZW6vgyGfgiGRSKyG1UyyUPQeRW66jseZYgr1KtebDkojmKYInWoPDpDyOSCCoN4VjrXgnFpp9hZRjhdJr3E01jTCZ4RHuWSiyo7mfzc6fw3CpDGEbKljRwrv6cyLDQOhWB7RTYjPVvbyb+5fUSE9b7GZNxYqgki0VhwqGJ4Ox3OGSKEsNTSzBRzN4KyRgrTIxNaGVLSFMp4qnN5ft5+D9pl92Gi24qxeblMqAcOAVn4AKUQA00wTVogTYgYAIewRN4dh6cF+fVeVu0rjnLmROwAuf9C/ifmB8=</latexit><latexit sha1_base64="jTmi8HfPZPZ7TApq6EQbjmXMvsc=">AAACAHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWsLbQKSWTZtrQJDMkGWEYuvIL3OoXuBK3/okf4H+YPgQreuDC4Zx7ufeeIOZMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p6NEEdomEY9UN8CaciZp2zDDaTdWFIuA004wuZr5nXuqNIvkrUlj2hd4JFnICDZW6vgyGfgiGRSKyG1UyyUPQeRW66jseZYgr1KtebDkojmKYInWoPDpDyOSCCoN4VjrXgnFpp9hZRjhdJr3E01jTCZ4RHuWSiyo7mfzc6fw3CpDGEbKljRwrv6cyLDQOhWB7RTYjPVvbyb+5fUSE9b7GZNxYqgki0VhwqGJ4Ox3OGSKEsNTSzBRzN4KyRgrTIxNaGVLSFMp4qnN5ft5+D9pl92Gi24qxeblMqAcOAVn4AKUQA00wTVogTYgYAIewRN4dh6cF+fVeVu0rjnLmROwAuf9C/ifmB8=</latexit><latexit sha1_base64="jTmi8HfPZPZ7TApq6EQbjmXMvsc=">AAACAHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWsLbQKSWTZtrQJDMkGWEYuvIL3OoXuBK3/okf4H+YPgQreuDC4Zx7ufeeIOZMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p6NEEdomEY9UN8CaciZp2zDDaTdWFIuA004wuZr5nXuqNIvkrUlj2hd4JFnICDZW6vgyGfgiGRSKyG1UyyUPQeRW66jseZYgr1KtebDkojmKYInWoPDpDyOSCCoN4VjrXgnFpp9hZRjhdJr3E01jTCZ4RHuWSiyo7mfzc6fw3CpDGEbKljRwrv6cyLDQOhWB7RTYjPVvbyb+5fUSE9b7GZNxYqgki0VhwqGJ4Ox3OGSKEsNTSzBRzN4KyRgrTIxNaGVLSFMp4qnN5ft5+D9pl92Gi24qxeblMqAcOAVn4AKUQA00wTVogTYgYAIewRN4dh6cF+fVeVu0rjnLmROwAuf9C/ifmB8=</latexit>

⌫µ
<latexit sha1_base64="jTmi8HfPZPZ7TApq6EQbjmXMvsc=">AAACAHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWsLbQKSWTZtrQJDMkGWEYuvIL3OoXuBK3/okf4H+YPgQreuDC4Zx7ufeeIOZMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p6NEEdomEY9UN8CaciZp2zDDaTdWFIuA004wuZr5nXuqNIvkrUlj2hd4JFnICDZW6vgyGfgiGRSKyG1UyyUPQeRW66jseZYgr1KtebDkojmKYInWoPDpDyOSCCoN4VjrXgnFpp9hZRjhdJr3E01jTCZ4RHuWSiyo7mfzc6fw3CpDGEbKljRwrv6cyLDQOhWB7RTYjPVvbyb+5fUSE9b7GZNxYqgki0VhwqGJ4Ox3OGSKEsNTSzBRzN4KyRgrTIxNaGVLSFMp4qnN5ft5+D9pl92Gi24qxeblMqAcOAVn4AKUQA00wTVogTYgYAIewRN4dh6cF+fVeVu0rjnLmROwAuf9C/ifmB8=</latexit><latexit sha1_base64="jTmi8HfPZPZ7TApq6EQbjmXMvsc=">AAACAHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWsLbQKSWTZtrQJDMkGWEYuvIL3OoXuBK3/okf4H+YPgQreuDC4Zx7ufeeIOZMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p6NEEdomEY9UN8CaciZp2zDDaTdWFIuA004wuZr5nXuqNIvkrUlj2hd4JFnICDZW6vgyGfgiGRSKyG1UyyUPQeRW66jseZYgr1KtebDkojmKYInWoPDpDyOSCCoN4VjrXgnFpp9hZRjhdJr3E01jTCZ4RHuWSiyo7mfzc6fw3CpDGEbKljRwrv6cyLDQOhWB7RTYjPVvbyb+5fUSE9b7GZNxYqgki0VhwqGJ4Ox3OGSKEsNTSzBRzN4KyRgrTIxNaGVLSFMp4qnN5ft5+D9pl92Gi24qxeblMqAcOAVn4AKUQA00wTVogTYgYAIewRN4dh6cF+fVeVu0rjnLmROwAuf9C/ifmB8=</latexit><latexit sha1_base64="jTmi8HfPZPZ7TApq6EQbjmXMvsc=">AAACAHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWsLbQKSWTZtrQJDMkGWEYuvIL3OoXuBK3/okf4H+YPgQreuDC4Zx7ufeeIOZMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p6NEEdomEY9UN8CaciZp2zDDaTdWFIuA004wuZr5nXuqNIvkrUlj2hd4JFnICDZW6vgyGfgiGRSKyG1UyyUPQeRW66jseZYgr1KtebDkojmKYInWoPDpDyOSCCoN4VjrXgnFpp9hZRjhdJr3E01jTCZ4RHuWSiyo7mfzc6fw3CpDGEbKljRwrv6cyLDQOhWB7RTYjPVvbyb+5fUSE9b7GZNxYqgki0VhwqGJ4Ox3OGSKEsNTSzBRzN4KyRgrTIxNaGVLSFMp4qnN5ft5+D9pl92Gi24qxeblMqAcOAVn4AKUQA00wTVogTYgYAIewRN4dh6cF+fVeVu0rjnLmROwAuf9C/ifmB8=</latexit>

⌫e
<latexit sha1_base64="d0TRxAKWZsUZ/ZC/FvkNFdDLn1E=">AAAB/nicdVDLSgNBEJz1GeMr6tHLYBA8LZNsyOMW9OIxgmsCSQizk95kyOzsMjMrhJCDX+BVv8CTePVX/AD/w8lDMKIFDUVVN91dQSK4NoR8OGvrG5tb25md7O7e/sFh7uj4TsepYuCzWMSqFVANgkvwDTcCWokCGgUCmsHoauY370FpHstbM06gG9GB5CFn1FjJ78i0B71cnri1crHgEUzccpUUPc8S4pXKFQ8XXDJHHi3R6OU+O/2YpRFIwwTVul0gielOqDKcCZhmO6mGhLIRHUDbUkkj0N3J/NgpPrdKH4exsiUNnqs/JyY00nocBbYzomaof3sz8S+vnZqw2p1wmaQGJFssClOBTYxnn+M+V8CMGFtCmeL2VsyGVFFmbD4rW0IYyyiZ2ly+n8f/E7/o1lxyU8rXL5cBZdApOkMXqIAqqI6uUQP5iCGOHtETenYenBfn1XlbtK45y5kTtALn/QtSC5cy</latexit><latexit sha1_base64="d0TRxAKWZsUZ/ZC/FvkNFdDLn1E=">AAAB/nicdVDLSgNBEJz1GeMr6tHLYBA8LZNsyOMW9OIxgmsCSQizk95kyOzsMjMrhJCDX+BVv8CTePVX/AD/w8lDMKIFDUVVN91dQSK4NoR8OGvrG5tb25md7O7e/sFh7uj4TsepYuCzWMSqFVANgkvwDTcCWokCGgUCmsHoauY370FpHstbM06gG9GB5CFn1FjJ78i0B71cnri1crHgEUzccpUUPc8S4pXKFQ8XXDJHHi3R6OU+O/2YpRFIwwTVul0gielOqDKcCZhmO6mGhLIRHUDbUkkj0N3J/NgpPrdKH4exsiUNnqs/JyY00nocBbYzomaof3sz8S+vnZqw2p1wmaQGJFssClOBTYxnn+M+V8CMGFtCmeL2VsyGVFFmbD4rW0IYyyiZ2ly+n8f/E7/o1lxyU8rXL5cBZdApOkMXqIAqqI6uUQP5iCGOHtETenYenBfn1XlbtK45y5kTtALn/QtSC5cy</latexit><latexit sha1_base64="d0TRxAKWZsUZ/ZC/FvkNFdDLn1E=">AAAB/nicdVDLSgNBEJz1GeMr6tHLYBA8LZNsyOMW9OIxgmsCSQizk95kyOzsMjMrhJCDX+BVv8CTePVX/AD/w8lDMKIFDUVVN91dQSK4NoR8OGvrG5tb25md7O7e/sFh7uj4TsepYuCzWMSqFVANgkvwDTcCWokCGgUCmsHoauY370FpHstbM06gG9GB5CFn1FjJ78i0B71cnri1crHgEUzccpUUPc8S4pXKFQ8XXDJHHi3R6OU+O/2YpRFIwwTVul0gielOqDKcCZhmO6mGhLIRHUDbUkkj0N3J/NgpPrdKH4exsiUNnqs/JyY00nocBbYzomaof3sz8S+vnZqw2p1wmaQGJFssClOBTYxnn+M+V8CMGFtCmeL2VsyGVFFmbD4rW0IYyyiZ2ly+n8f/E7/o1lxyU8rXL5cBZdApOkMXqIAqqI6uUQP5iCGOHtETenYenBfn1XlbtK45y5kTtALn/QtSC5cy</latexit>⌫̄e

<latexit sha1_base64="FsZY1/49b4hCfUYYdadGZOWuyNY=">AAACAnicdVDLSgMxFM34tr6qLt0Ei+BqSDulj53oxmUFayttKZn0ThtMMkOSEUrp0i9wq1/gStz6I36A/2H6EKzogQuHc+7l3nvCRHBjCfnwlpZXVtfWNzYzW9s7u3vZ/YMbE6eaQZ3FItbNkBoQXEHdciugmWigMhTQCO8uJn7jHrThsbq2wwQ6kvYVjzij1km37ZDqtkq70M3miF8tFfIBwcQvVUghCBwhQbFUDnDeJ1Pk0By1bvaz3YtZKkFZJqgxrTxJbGdEteVMwDjTTg0klN3RPrQcVVSC6YymB4/xiVN6OIq1K2XxVP05MaLSmKEMXaekdmB+exPxL6+V2qjSGXGVpBYUmy2KUoFtjCff4x7XwKwYOkKZ5u5WzAZUU2ZdRgtbIhgqmYxdLt/P4/9JveBXfXJVzJ2dzwPaQEfoGJ2iPCqjM3SJaqiOGJLoET2hZ+/Be/FevbdZ65I3nzlEC/DevwBsQJjr</latexit><latexit sha1_base64="FsZY1/49b4hCfUYYdadGZOWuyNY=">AAACAnicdVDLSgMxFM34tr6qLt0Ei+BqSDulj53oxmUFayttKZn0ThtMMkOSEUrp0i9wq1/gStz6I36A/2H6EKzogQuHc+7l3nvCRHBjCfnwlpZXVtfWNzYzW9s7u3vZ/YMbE6eaQZ3FItbNkBoQXEHdciugmWigMhTQCO8uJn7jHrThsbq2wwQ6kvYVjzij1km37ZDqtkq70M3miF8tFfIBwcQvVUghCBwhQbFUDnDeJ1Pk0By1bvaz3YtZKkFZJqgxrTxJbGdEteVMwDjTTg0klN3RPrQcVVSC6YymB4/xiVN6OIq1K2XxVP05MaLSmKEMXaekdmB+exPxL6+V2qjSGXGVpBYUmy2KUoFtjCff4x7XwKwYOkKZ5u5WzAZUU2ZdRgtbIhgqmYxdLt/P4/9JveBXfXJVzJ2dzwPaQEfoGJ2iPCqjM3SJaqiOGJLoET2hZ+/Be/FevbdZ65I3nzlEC/DevwBsQJjr</latexit><latexit sha1_base64="FsZY1/49b4hCfUYYdadGZOWuyNY=">AAACAnicdVDLSgMxFM34tr6qLt0Ei+BqSDulj53oxmUFayttKZn0ThtMMkOSEUrp0i9wq1/gStz6I36A/2H6EKzogQuHc+7l3nvCRHBjCfnwlpZXVtfWNzYzW9s7u3vZ/YMbE6eaQZ3FItbNkBoQXEHdciugmWigMhTQCO8uJn7jHrThsbq2wwQ6kvYVjzij1km37ZDqtkq70M3miF8tFfIBwcQvVUghCBwhQbFUDnDeJ1Pk0By1bvaz3YtZKkFZJqgxrTxJbGdEteVMwDjTTg0klN3RPrQcVVSC6YymB4/xiVN6OIq1K2XxVP05MaLSmKEMXaekdmB+exPxL6+V2qjSGXGVpBYUmy2KUoFtjCff4x7XwKwYOkKZ5u5WzAZUU2ZdRgtbIhgqmYxdLt/P4/9JveBXfXJVzJ2dzwPaQEfoGJ2iPCqjM3SJaqiOGJLoET2hZ+/Be/FevbdZ65I3nzlEC/DevwBsQJjr</latexit>

⌫̄µ
<latexit sha1_base64="j5y8eTJOnQ5ORONR5t0/Qt9lQt0=">AAACBHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWcGxhppRMmmlDk8yQZIRSuvYL3OoXuBK3/ocf4H+YPgQreuDC4Zx7ufeeKOVMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p5NMEeqThCeqE2FNOZPUN8xw2kkVxSLitB2NrmZ++54qzRJ5a8Yp7Qo8kCxmBBsrBWGEVSizXiiyXqGI3Ea1XPIQRG61jsqeZwnyKtWaB0sumqMIlmj1Cp9hPyGZoNIQjrUOSig13QlWhhFOp/kw0zTFZIQHNLBUYkF1dzI/eQrPrdKHcaJsSQPn6s+JCRZaj0VkOwU2Q/3bm4l/eUFm4np3wmSaGSrJYlGccWgSOPsf9pmixPCxJZgoZm+FZIgVJsamtLIlpmMp0qnN5ft5+D/xy27DRTeVYvNyGVAOnIIzcAFKoAaa4Bq0gA8ISMAjeALPzoPz4rw6b4vWNWc5cwJW4Lx/ARYVmdg=</latexit><latexit sha1_base64="j5y8eTJOnQ5ORONR5t0/Qt9lQt0=">AAACBHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWcGxhppRMmmlDk8yQZIRSuvYL3OoXuBK3/ocf4H+YPgQreuDC4Zx7ufeeKOVMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p5NMEeqThCeqE2FNOZPUN8xw2kkVxSLitB2NrmZ++54qzRJ5a8Yp7Qo8kCxmBBsrBWGEVSizXiiyXqGI3Ea1XPIQRG61jsqeZwnyKtWaB0sumqMIlmj1Cp9hPyGZoNIQjrUOSig13QlWhhFOp/kw0zTFZIQHNLBUYkF1dzI/eQrPrdKHcaJsSQPn6s+JCRZaj0VkOwU2Q/3bm4l/eUFm4np3wmSaGSrJYlGccWgSOPsf9pmixPCxJZgoZm+FZIgVJsamtLIlpmMp0qnN5ft5+D/xy27DRTeVYvNyGVAOnIIzcAFKoAaa4Bq0gA8ISMAjeALPzoPz4rw6b4vWNWc5cwJW4Lx/ARYVmdg=</latexit><latexit sha1_base64="j5y8eTJOnQ5ORONR5t0/Qt9lQt0=">AAACBHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWcGxhppRMmmlDk8yQZIRSuvYL3OoXuBK3/ocf4H+YPgQreuDC4Zx7ufeeKOVMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p5NMEeqThCeqE2FNOZPUN8xw2kkVxSLitB2NrmZ++54qzRJ5a8Yp7Qo8kCxmBBsrBWGEVSizXiiyXqGI3Ea1XPIQRG61jsqeZwnyKtWaB0sumqMIlmj1Cp9hPyGZoNIQjrUOSig13QlWhhFOp/kw0zTFZIQHNLBUYkF1dzI/eQrPrdKHcaJsSQPn6s+JCRZaj0VkOwU2Q/3bm4l/eUFm4np3wmSaGSrJYlGccWgSOPsf9pmixPCxJZgoZm+FZIgVJsamtLIlpmMp0qnN5ft5+D/xy27DRTeVYvNyGVAOnIIzcAFKoAaa4Bq0gA8ISMAjeALPzoPz4rw6b4vWNWc5cwJW4Lx/ARYVmdg=</latexit>

⌫̄µ
<latexit sha1_base64="j5y8eTJOnQ5ORONR5t0/Qt9lQt0=">AAACBHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWcGxhppRMmmlDk8yQZIRSuvYL3OoXuBK3/ocf4H+YPgQreuDC4Zx7ufeeKOVMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p5NMEeqThCeqE2FNOZPUN8xw2kkVxSLitB2NrmZ++54qzRJ5a8Yp7Qo8kCxmBBsrBWGEVSizXiiyXqGI3Ea1XPIQRG61jsqeZwnyKtWaB0sumqMIlmj1Cp9hPyGZoNIQjrUOSig13QlWhhFOp/kw0zTFZIQHNLBUYkF1dzI/eQrPrdKHcaJsSQPn6s+JCRZaj0VkOwU2Q/3bm4l/eUFm4np3wmSaGSrJYlGccWgSOPsf9pmixPCxJZgoZm+FZIgVJsamtLIlpmMp0qnN5ft5+D/xy27DRTeVYvNyGVAOnIIzcAFKoAaa4Bq0gA8ISMAjeALPzoPz4rw6b4vWNWc5cwJW4Lx/ARYVmdg=</latexit><latexit sha1_base64="j5y8eTJOnQ5ORONR5t0/Qt9lQt0=">AAACBHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWcGxhppRMmmlDk8yQZIRSuvYL3OoXuBK3/ocf4H+YPgQreuDC4Zx7ufeeKOVMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p5NMEeqThCeqE2FNOZPUN8xw2kkVxSLitB2NrmZ++54qzRJ5a8Yp7Qo8kCxmBBsrBWGEVSizXiiyXqGI3Ea1XPIQRG61jsqeZwnyKtWaB0sumqMIlmj1Cp9hPyGZoNIQjrUOSig13QlWhhFOp/kw0zTFZIQHNLBUYkF1dzI/eQrPrdKHcaJsSQPn6s+JCRZaj0VkOwU2Q/3bm4l/eUFm4np3wmSaGSrJYlGccWgSOPsf9pmixPCxJZgoZm+FZIgVJsamtLIlpmMp0qnN5ft5+D/xy27DRTeVYvNyGVAOnIIzcAFKoAaa4Bq0gA8ISMAjeALPzoPz4rw6b4vWNWc5cwJW4Lx/ARYVmdg=</latexit><latexit sha1_base64="j5y8eTJOnQ5ORONR5t0/Qt9lQt0=">AAACBHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWcGxhppRMmmlDk8yQZIRSuvYL3OoXuBK3/ocf4H+YPgQreuDC4Zx7ufeeKOVMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p5NMEeqThCeqE2FNOZPUN8xw2kkVxSLitB2NrmZ++54qzRJ5a8Yp7Qo8kCxmBBsrBWGEVSizXiiyXqGI3Ea1XPIQRG61jsqeZwnyKtWaB0sumqMIlmj1Cp9hPyGZoNIQjrUOSig13QlWhhFOp/kw0zTFZIQHNLBUYkF1dzI/eQrPrdKHcaJsSQPn6s+JCRZaj0VkOwU2Q/3bm4l/eUFm4np3wmSaGSrJYlGccWgSOPsf9pmixPCxJZgoZm+FZIgVJsamtLIlpmMp0qnN5ft5+D/xy27DRTeVYvNyGVAOnIIzcAFKoAaa4Bq0gA8ISMAjeALPzoPz4rw6b4vWNWc5cwJW4Lx/ARYVmdg=</latexit>

Pick a distance where oscillations 
are maximized and look for wiggles 

in the energy distribution
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Hunting for CP Violation

Beam 1300 km
⌫µ

<latexit sha1_base64="jTmi8HfPZPZ7TApq6EQbjmXMvsc=">AAACAHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWsLbQKSWTZtrQJDMkGWEYuvIL3OoXuBK3/okf4H+YPgQreuDC4Zx7ufeeIOZMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p6NEEdomEY9UN8CaciZp2zDDaTdWFIuA004wuZr5nXuqNIvkrUlj2hd4JFnICDZW6vgyGfgiGRSKyG1UyyUPQeRW66jseZYgr1KtebDkojmKYInWoPDpDyOSCCoN4VjrXgnFpp9hZRjhdJr3E01jTCZ4RHuWSiyo7mfzc6fw3CpDGEbKljRwrv6cyLDQOhWB7RTYjPVvbyb+5fUSE9b7GZNxYqgki0VhwqGJ4Ox3OGSKEsNTSzBRzN4KyRgrTIxNaGVLSFMp4qnN5ft5+D9pl92Gi24qxeblMqAcOAVn4AKUQA00wTVogTYgYAIewRN4dh6cF+fVeVu0rjnLmROwAuf9C/ifmB8=</latexit><latexit sha1_base64="jTmi8HfPZPZ7TApq6EQbjmXMvsc=">AAACAHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWsLbQKSWTZtrQJDMkGWEYuvIL3OoXuBK3/okf4H+YPgQreuDC4Zx7ufeeIOZMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p6NEEdomEY9UN8CaciZp2zDDaTdWFIuA004wuZr5nXuqNIvkrUlj2hd4JFnICDZW6vgyGfgiGRSKyG1UyyUPQeRW66jseZYgr1KtebDkojmKYInWoPDpDyOSCCoN4VjrXgnFpp9hZRjhdJr3E01jTCZ4RHuWSiyo7mfzc6fw3CpDGEbKljRwrv6cyLDQOhWB7RTYjPVvbyb+5fUSE9b7GZNxYqgki0VhwqGJ4Ox3OGSKEsNTSzBRzN4KyRgrTIxNaGVLSFMp4qnN5ft5+D9pl92Gi24qxeblMqAcOAVn4AKUQA00wTVogTYgYAIewRN4dh6cF+fVeVu0rjnLmROwAuf9C/ifmB8=</latexit><latexit sha1_base64="jTmi8HfPZPZ7TApq6EQbjmXMvsc=">AAACAHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWsLbQKSWTZtrQJDMkGWEYuvIL3OoXuBK3/okf4H+YPgQreuDC4Zx7ufeeIOZMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p6NEEdomEY9UN8CaciZp2zDDaTdWFIuA004wuZr5nXuqNIvkrUlj2hd4JFnICDZW6vgyGfgiGRSKyG1UyyUPQeRW66jseZYgr1KtebDkojmKYInWoPDpDyOSCCoN4VjrXgnFpp9hZRjhdJr3E01jTCZ4RHuWSiyo7mfzc6fw3CpDGEbKljRwrv6cyLDQOhWB7RTYjPVvbyb+5fUSE9b7GZNxYqgki0VhwqGJ4Ox3OGSKEsNTSzBRzN4KyRgrTIxNaGVLSFMp4qnN5ft5+D9pl92Gi24qxeblMqAcOAVn4AKUQA00wTVogTYgYAIewRN4dh6cF+fVeVu0rjnLmROwAuf9C/ifmB8=</latexit>

⌫µ
<latexit sha1_base64="jTmi8HfPZPZ7TApq6EQbjmXMvsc=">AAACAHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWsLbQKSWTZtrQJDMkGWEYuvIL3OoXuBK3/okf4H+YPgQreuDC4Zx7ufeeIOZMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p6NEEdomEY9UN8CaciZp2zDDaTdWFIuA004wuZr5nXuqNIvkrUlj2hd4JFnICDZW6vgyGfgiGRSKyG1UyyUPQeRW66jseZYgr1KtebDkojmKYInWoPDpDyOSCCoN4VjrXgnFpp9hZRjhdJr3E01jTCZ4RHuWSiyo7mfzc6fw3CpDGEbKljRwrv6cyLDQOhWB7RTYjPVvbyb+5fUSE9b7GZNxYqgki0VhwqGJ4Ox3OGSKEsNTSzBRzN4KyRgrTIxNaGVLSFMp4qnN5ft5+D9pl92Gi24qxeblMqAcOAVn4AKUQA00wTVogTYgYAIewRN4dh6cF+fVeVu0rjnLmROwAuf9C/ifmB8=</latexit><latexit sha1_base64="jTmi8HfPZPZ7TApq6EQbjmXMvsc=">AAACAHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWsLbQKSWTZtrQJDMkGWEYuvIL3OoXuBK3/okf4H+YPgQreuDC4Zx7ufeeIOZMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p6NEEdomEY9UN8CaciZp2zDDaTdWFIuA004wuZr5nXuqNIvkrUlj2hd4JFnICDZW6vgyGfgiGRSKyG1UyyUPQeRW66jseZYgr1KtebDkojmKYInWoPDpDyOSCCoN4VjrXgnFpp9hZRjhdJr3E01jTCZ4RHuWSiyo7mfzc6fw3CpDGEbKljRwrv6cyLDQOhWB7RTYjPVvbyb+5fUSE9b7GZNxYqgki0VhwqGJ4Ox3OGSKEsNTSzBRzN4KyRgrTIxNaGVLSFMp4qnN5ft5+D9pl92Gi24qxeblMqAcOAVn4AKUQA00wTVogTYgYAIewRN4dh6cF+fVeVu0rjnLmROwAuf9C/ifmB8=</latexit><latexit sha1_base64="jTmi8HfPZPZ7TApq6EQbjmXMvsc=">AAACAHicdVDLSgMxFM34rPVVdekmWARXQ9opfeyKblxWsLbQKSWTZtrQJDMkGWEYuvIL3OoXuBK3/okf4H+YPgQreuDC4Zx7ufeeIOZMG4Q+nLX1jc2t7dxOfndv/+CwcHR8p6NEEdomEY9UN8CaciZp2zDDaTdWFIuA004wuZr5nXuqNIvkrUlj2hd4JFnICDZW6vgyGfgiGRSKyG1UyyUPQeRW66jseZYgr1KtebDkojmKYInWoPDpDyOSCCoN4VjrXgnFpp9hZRjhdJr3E01jTCZ4RHuWSiyo7mfzc6fw3CpDGEbKljRwrv6cyLDQOhWB7RTYjPVvbyb+5fUSE9b7GZNxYqgki0VhwqGJ4Ox3OGSKEsNTSzBRzN4KyRgrTIxNaGVLSFMp4qnN5ft5+D9pl92Gi24qxeblMqAcOAVn4AKUQA00wTVogTYgYAIewRN4dh6cF+fVeVu0rjnLmROwAuf9C/ifmB8=</latexit>

⌫e
<latexit sha1_base64="d0TRxAKWZsUZ/ZC/FvkNFdDLn1E=">AAAB/nicdVDLSgNBEJz1GeMr6tHLYBA8LZNsyOMW9OIxgmsCSQizk95kyOzsMjMrhJCDX+BVv8CTePVX/AD/w8lDMKIFDUVVN91dQSK4NoR8OGvrG5tb25md7O7e/sFh7uj4TsepYuCzWMSqFVANgkvwDTcCWokCGgUCmsHoauY370FpHstbM06gG9GB5CFn1FjJ78i0B71cnri1crHgEUzccpUUPc8S4pXKFQ8XXDJHHi3R6OU+O/2YpRFIwwTVul0gielOqDKcCZhmO6mGhLIRHUDbUkkj0N3J/NgpPrdKH4exsiUNnqs/JyY00nocBbYzomaof3sz8S+vnZqw2p1wmaQGJFssClOBTYxnn+M+V8CMGFtCmeL2VsyGVFFmbD4rW0IYyyiZ2ly+n8f/E7/o1lxyU8rXL5cBZdApOkMXqIAqqI6uUQP5iCGOHtETenYenBfn1XlbtK45y5kTtALn/QtSC5cy</latexit><latexit sha1_base64="d0TRxAKWZsUZ/ZC/FvkNFdDLn1E=">AAAB/nicdVDLSgNBEJz1GeMr6tHLYBA8LZNsyOMW9OIxgmsCSQizk95kyOzsMjMrhJCDX+BVv8CTePVX/AD/w8lDMKIFDUVVN91dQSK4NoR8OGvrG5tb25md7O7e/sFh7uj4TsepYuCzWMSqFVANgkvwDTcCWokCGgUCmsHoauY370FpHstbM06gG9GB5CFn1FjJ78i0B71cnri1crHgEUzccpUUPc8S4pXKFQ8XXDJHHi3R6OU+O/2YpRFIwwTVul0gielOqDKcCZhmO6mGhLIRHUDbUkkj0N3J/NgpPrdKH4exsiUNnqs/JyY00nocBbYzomaof3sz8S+vnZqw2p1wmaQGJFssClOBTYxnn+M+V8CMGFtCmeL2VsyGVFFmbD4rW0IYyyiZ2ly+n8f/E7/o1lxyU8rXL5cBZdApOkMXqIAqqI6uUQP5iCGOHtETenYenBfn1XlbtK45y5kTtALn/QtSC5cy</latexit><latexit sha1_base64="d0TRxAKWZsUZ/ZC/FvkNFdDLn1E=">AAAB/nicdVDLSgNBEJz1GeMr6tHLYBA8LZNsyOMW9OIxgmsCSQizk95kyOzsMjMrhJCDX+BVv8CTePVX/AD/w8lDMKIFDUVVN91dQSK4NoR8OGvrG5tb25md7O7e/sFh7uj4TsepYuCzWMSqFVANgkvwDTcCWokCGgUCmsHoauY370FpHstbM06gG9GB5CFn1FjJ78i0B71cnri1crHgEUzccpUUPc8S4pXKFQ8XXDJHHi3R6OU+O/2YpRFIwwTVul0gielOqDKcCZhmO6mGhLIRHUDbUkkj0N3J/NgpPrdKH4exsiUNnqs/JyY00nocBbYzomaof3sz8S+vnZqw2p1wmaQGJFssClOBTYxnn+M+V8CMGFtCmeL2VsyGVFFmbD4rW0IYyyiZ2ly+n8f/E7/o1lxyU8rXL5cBZdApOkMXqIAqqI6uUQP5iCGOHtETenYenBfn1XlbtK45y5kTtALn/QtSC5cy</latexit>⌫̄e

<latexit sha1_base64="FsZY1/49b4hCfUYYdadGZOWuyNY=">AAACAnicdVDLSgMxFM34tr6qLt0Ei+BqSDulj53oxmUFayttKZn0ThtMMkOSEUrp0i9wq1/gStz6I36A/2H6EKzogQuHc+7l3nvCRHBjCfnwlpZXVtfWNzYzW9s7u3vZ/YMbE6eaQZ3FItbNkBoQXEHdciugmWigMhTQCO8uJn7jHrThsbq2wwQ6kvYVjzij1km37ZDqtkq70M3miF8tFfIBwcQvVUghCBwhQbFUDnDeJ1Pk0By1bvaz3YtZKkFZJqgxrTxJbGdEteVMwDjTTg0klN3RPrQcVVSC6YymB4/xiVN6OIq1K2XxVP05MaLSmKEMXaekdmB+exPxL6+V2qjSGXGVpBYUmy2KUoFtjCff4x7XwKwYOkKZ5u5WzAZUU2ZdRgtbIhgqmYxdLt/P4/9JveBXfXJVzJ2dzwPaQEfoGJ2iPCqjM3SJaqiOGJLoET2hZ+/Be/FevbdZ65I3nzlEC/DevwBsQJjr</latexit><latexit sha1_base64="FsZY1/49b4hCfUYYdadGZOWuyNY=">AAACAnicdVDLSgMxFM34tr6qLt0Ei+BqSDulj53oxmUFayttKZn0ThtMMkOSEUrp0i9wq1/gStz6I36A/2H6EKzogQuHc+7l3nvCRHBjCfnwlpZXVtfWNzYzW9s7u3vZ/YMbE6eaQZ3FItbNkBoQXEHdciugmWigMhTQCO8uJn7jHrThsbq2wwQ6kvYVjzij1km37ZDqtkq70M3miF8tFfIBwcQvVUghCBwhQbFUDnDeJ1Pk0By1bvaz3YtZKkFZJqgxrTxJbGdEteVMwDjTTg0klN3RPrQcVVSC6YymB4/xiVN6OIq1K2XxVP05MaLSmKEMXaekdmB+exPxL6+V2qjSGXGVpBYUmy2KUoFtjCff4x7XwKwYOkKZ5u5WzAZUU2ZdRgtbIhgqmYxdLt/P4/9JveBXfXJVzJ2dzwPaQEfoGJ2iPCqjM3SJaqiOGJLoET2hZ+/Be/FevbdZ65I3nzlEC/DevwBsQJjr</latexit><latexit sha1_base64="FsZY1/49b4hCfUYYdadGZOWuyNY=">AAACAnicdVDLSgMxFM34tr6qLt0Ei+BqSDulj53oxmUFayttKZn0ThtMMkOSEUrp0i9wq1/gStz6I36A/2H6EKzogQuHc+7l3nvCRHBjCfnwlpZXVtfWNzYzW9s7u3vZ/YMbE6eaQZ3FItbNkBoQXEHdciugmWigMhTQCO8uJn7jHrThsbq2wwQ6kvYVjzij1km37ZDqtkq70M3miF8tFfIBwcQvVUghCBwhQbFUDnDeJ1Pk0By1bvaz3YtZKkFZJqgxrTxJbGdEteVMwDjTTg0klN3RPrQcVVSC6YymB4/xiVN6OIq1K2XxVP05MaLSmKEMXaekdmB+exPxL6+V2qjSGXGVpBYUmy2KUoFtjCff4x7XwKwYOkKZ5u5WzAZUU2ZdRgtbIhgqmYxdLt/P4/9JveBXfXJVzJ2dzwPaQEfoGJ2iPCqjM3SJaqiOGJLoET2hZ+/Be/FevbdZ65I3nzlEC/DevwBsQJjr</latexit>

⌫̄µ
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Pick a distance where oscillations 
are maximized and look for wiggles 

in the energy distribution

Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–11

resolved [14]; hence DUNE, with a baseline of ≥1300 km, will be able to unambiguously determine
the neutrino mass hierarchy and measure the value of ”CP [15].

The electron neutrino appearance probability, P (‹µ æ ‹e), is shown in Figure 3.1 at a baseline of
1300 km as a function of neutrino energy for several values of ”CP. As this figure illustrates, the
value of ”CP a�ects both the amplitude and frequency of the oscillation. The di�erence in proba-
bility amplitude for di�erent values of ”CP is larger at higher oscillation nodes, which correspond to
energies less than 1.5 GeV. Therefore, a broadband experiment, capable of measuring not only the
rate of ‹e appearance but of mapping out the spectrum of observed oscillations down to energies of
at least 500 MeV, is desirable [16]. Since there are terms proportional to sin ”CP in Equation 3.6,
changes to the value of ”CP induce opposite changes to ‹e and ‹̄e appearance probabilities, so a
beam that is capable of operating in neutrino mode (forward horn current) and antineutrino mode
(reverse horn current) is also a critical component of the experiment.
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Figure 3.1: The appearance probability at a baseline of 1300 km, as a function of neutrino energy, for

”CP = ≠fi/2 (blue), 0 (red), and fi/2 (green), for neutrinos (left) and antineutrinos (right), for normal

hierarchy. The black line indicates the oscillation probability if ◊13 were equal to zero.

The experimental sensitivities presented here are estimated using GLoBES[17, 18]. GLoBES takes
neutrino beam fluxes, cross sections, and detector-response parameterization as inputs. This doc-
ument presents a range of possible physics sensitivities depending on the design of the neutrino
beam, including the proton beam energy and power used. The beam power as a function of proton
beam energy from the PIP-II upgrades and the number of protons-on-target per year assumed in
the sensitivities are shown in Table 3.1. These numbers assume a combined uptime and e�ciency
of the FNAL accelerator complex and the LBNF beamline of 56%.

A conservative estimate of sensitivity is calculated using neutrino fluxes produced from a detailed
GEANT4 beamline simulation that is based on the reference design of the beamline as presented in
Volume 3: The Long-Baseline Neutrino Facility for DUNE. Neutrino fluxes from a simulation based
on an optimized beam design are used to show the goal sensitivity. There is a range of design options
that produce sensitivities in between the sensitivity of the reference beam design and the optimized

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report

No wiggles if 
𝜃13 is zero 

(reactor experiments!)

Neutrinos Antineutrinos

Compare wiggles to 
see if CP is violated

No CP violation
CP violation

CP violation
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Matter effects
Oscillations influenced by Earth's 
matter density

This means neutrinos and antineutrinos are already going to propagate 
differently, aside from any CP violation going on

The Earth is full of matter (electrons, not positrons)

The effect depends on the 
neutrino mass ordering...

ν1

ν2

ν3
ν1

ν2

ν3

...so we need to measure 
that at the same time
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Sterile Neutrinos and Such

LSND

ReactorsGallium

MiniBooNE

Some experiments hint at 
an extra, non-interacting 

sterile neutrino

Option 1: Sterile Neutrinos

Have to worry about oscillations 
with four neutrino flavors

Option 2: Neutrino Interaction Models
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???

Need to improve models to account 
for the anomalies
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To measure the parameters, you need to know the neutrino energy
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To measure the parameters, you need to know the neutrino energyChapter 3: Long-Baseline Neutrino Oscillation Physics 3–54

 Energy (GeV) µν
0 1 2 3 4 5 6 7

 / 
Ye

ar
2

s 
/  

G
eV

 / 
m

µν
Un

os
cil

la
te

d 

0

10

20

30

40

50

60

70

80
910×  Modeν Flux, µν

Optimized, 241x4 m DP
Optimized, 195x4 m DP
Enhanced Reference, 250x4 m DP
Enhanced Reference, 204x6 m DP
Reference,  204x4 m DP

Un
os

cil
la

te
d 

CC
 E

ve
nt

s 
/  

G
eV

 / 
kT

 / 
Ye

ar

-110

1

10

210

310

CC Event Rates, Optimized Beam

µν
µν

eν+eν

Energy (GeV)
0 1 2 3 4 5 6 7 8

Ra
tio

 to
 R

ef
er

en
ce

0.5

1

1.5

2

Figure 3.29: Neutrino mode muon neutrino fluxes for several beam designs, including the reference, the
enhanced reference, and the optimized beam described in section 3.7.2 (top). The total CC interaction
rate per year at 1300 km from the optimized focusing design with a 195≠m decay pipe, and the ratio
to the reference beam design (bottom). All beams use 80≠GeV protons.
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Neutrinos are really produced 
with a broad range of energies
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Drawing based on S. Gollapinni, arxiv:1602:05299

We can only measure the neutrino energy 
indirectly, based on what comes out

Processes inside 
nuclei can make 

this difficult
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To measure the parameters, you need to know the neutrino energyChapter 3: Long-Baseline Neutrino Oscillation Physics 3–54
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Figure 3.29: Neutrino mode muon neutrino fluxes for several beam designs, including the reference, the
enhanced reference, and the optimized beam described in section 3.7.2 (top). The total CC interaction
rate per year at 1300 km from the optimized focusing design with a 195≠m decay pipe, and the ratio
to the reference beam design (bottom). All beams use 80≠GeV protons.
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Neutrinos are really produced 
with a broad range of energies
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We can only measure the neutrino energy 
indirectly, based on what comes out

Processes inside 
nuclei can make 

this difficult

Spotted at Fermilab...
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SBND
The Short-Baseline Near Detector

(c) 2017 Steinkamp Photography

SBND will make detailed 
measurements of neutrino interactions 

needed for CP violation searches!
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Long-Baseline Experiments
Two large international mega-projects pursuing neutrino CP violation
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Long-Baseline Experiments
Two large international mega-projects pursuing neutrino CP violation

Water Cherenkov detectors, located in Japan:

https://www.youtube.com/watch?v=JFOE3D2z7LM

Liquid Argon TPCs, located in US: https://www.youtube.com/watch?v=AYtKcZMJ_4c
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Images: dunescience.org, Fermilab

https://www.youtube.com/watch?v=AYtKcZMJ_4c
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A new, high-powered 
neutrino beam 
at Fermilab

Powerful, tunable, 
and makes neutrinos 

or antineutrinos!

Construction begins 
in 2024
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Construction begins 
in 2024
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Neutrino Beam

Images: Fermilab, DUNE Collaboration

Making the Neutrinos

The accelerated protons are used to make neutrinos in this 
target complex
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Neutrino Beam

Images: Fermilab, DUNE Collaboration

Making the Neutrinos

The accelerated protons are used to make neutrinos in this 
target complex

Proton Beam
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Neutrino Beam

Images: Fermilab, DUNE Collaboration

Making the Neutrinos

The accelerated protons are used to make neutrinos in this 
target complex

Protons smash into a 
metallic target here

Proton Beam
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Neutrino Beam

Images: Fermilab, DUNE Collaboration

Making the Neutrinos

The accelerated protons are used to make neutrinos in this 
target complex

Ejected stuff decays 
into neutrinos here

Protons smash into a 
metallic target here

Proton Beam
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Neutrino Beam

Images: Fermilab, DUNE Collaboration

Making the Neutrinos

The accelerated protons are used to make neutrinos in this 
target complex

Ejected stuff decays 
into neutrinos here

Near detector checks 
out the neutrinos

A ND Concept

Protons smash into a 
metallic target here

Proton Beam
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Destination: South Dakota!
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Ross Shaft



!33

Sanford Underground 
Research Facility 
Homestake Mine 
Lead, SD

Selfie at the Yates Shaft

Ross Shaft
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The DUNE Far Detector
Detecting the Neutrinos

DUNE is a HUGE Liquid Argon Time Projection Chamber
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The DUNE Far Detector
Detecting the Neutrinos

DUNE is a HUGE Liquid Argon Time Projection Chamber

We met a few of these last week, searching for sterile neutrinos:

SBND 
Short-Baseline 
Near Detector

MicroBooNE 
Addressing the 

MiniBooNE Anomaly

ICARUS 
The Far Detector 
from Far Away
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LArTPCs
Liquid Argon Time Projection Chambers Brr! 

-300°F

Liquid Argon
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LArTPCs give us a detailed 
view of each neutrino interaction
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The DUNE Detectors

TPC Module
40 feet tall 
45 feet wide 
170 feet long

3.5 Olympic size swimming 
pools in each module

All together, DUNE uses 
70,000 tons of liquid argon

Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–11

resolved [14]; hence DUNE, with a baseline of ≥1300 km, will be able to unambiguously determine
the neutrino mass hierarchy and measure the value of ”CP [15].

The electron neutrino appearance probability, P (‹µ æ ‹e), is shown in Figure 3.1 at a baseline of
1300 km as a function of neutrino energy for several values of ”CP. As this figure illustrates, the
value of ”CP a�ects both the amplitude and frequency of the oscillation. The di�erence in proba-
bility amplitude for di�erent values of ”CP is larger at higher oscillation nodes, which correspond to
energies less than 1.5 GeV. Therefore, a broadband experiment, capable of measuring not only the
rate of ‹e appearance but of mapping out the spectrum of observed oscillations down to energies of
at least 500 MeV, is desirable [16]. Since there are terms proportional to sin ”CP in Equation 3.6,
changes to the value of ”CP induce opposite changes to ‹e and ‹̄e appearance probabilities, so a
beam that is capable of operating in neutrino mode (forward horn current) and antineutrino mode
(reverse horn current) is also a critical component of the experiment.
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Figure 3.1: The appearance probability at a baseline of 1300 km, as a function of neutrino energy, for

”CP = ≠fi/2 (blue), 0 (red), and fi/2 (green), for neutrinos (left) and antineutrinos (right), for normal

hierarchy. The black line indicates the oscillation probability if ◊13 were equal to zero.

The experimental sensitivities presented here are estimated using GLoBES[17, 18]. GLoBES takes
neutrino beam fluxes, cross sections, and detector-response parameterization as inputs. This doc-
ument presents a range of possible physics sensitivities depending on the design of the neutrino
beam, including the proton beam energy and power used. The beam power as a function of proton
beam energy from the PIP-II upgrades and the number of protons-on-target per year assumed in
the sensitivities are shown in Table 3.1. These numbers assume a combined uptime and e�ciency
of the FNAL accelerator complex and the LBNF beamline of 56%.

A conservative estimate of sensitivity is calculated using neutrino fluxes produced from a detailed
GEANT4 beamline simulation that is based on the reference design of the beamline as presented in
Volume 3: The Long-Baseline Neutrino Facility for DUNE. Neutrino fluxes from a simulation based
on an optimized beam design are used to show the goal sensitivity. There is a range of design options
that produce sensitivities in between the sensitivity of the reference beam design and the optimized

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report
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The DUNE Detectors

TPC Module
40 feet tall 
45 feet wide 
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3.5 Olympic size swimming 
pools in each module
But rather brisk at -300°F

All together, DUNE uses 
70,000 tons of liquid argon
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resolved [14]; hence DUNE, with a baseline of ≥1300 km, will be able to unambiguously determine
the neutrino mass hierarchy and measure the value of ”CP [15].

The electron neutrino appearance probability, P (‹µ æ ‹e), is shown in Figure 3.1 at a baseline of
1300 km as a function of neutrino energy for several values of ”CP. As this figure illustrates, the
value of ”CP a�ects both the amplitude and frequency of the oscillation. The di�erence in proba-
bility amplitude for di�erent values of ”CP is larger at higher oscillation nodes, which correspond to
energies less than 1.5 GeV. Therefore, a broadband experiment, capable of measuring not only the
rate of ‹e appearance but of mapping out the spectrum of observed oscillations down to energies of
at least 500 MeV, is desirable [16]. Since there are terms proportional to sin ”CP in Equation 3.6,
changes to the value of ”CP induce opposite changes to ‹e and ‹̄e appearance probabilities, so a
beam that is capable of operating in neutrino mode (forward horn current) and antineutrino mode
(reverse horn current) is also a critical component of the experiment.
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Figure 3.1: The appearance probability at a baseline of 1300 km, as a function of neutrino energy, for

”CP = ≠fi/2 (blue), 0 (red), and fi/2 (green), for neutrinos (left) and antineutrinos (right), for normal

hierarchy. The black line indicates the oscillation probability if ◊13 were equal to zero.

The experimental sensitivities presented here are estimated using GLoBES[17, 18]. GLoBES takes
neutrino beam fluxes, cross sections, and detector-response parameterization as inputs. This doc-
ument presents a range of possible physics sensitivities depending on the design of the neutrino
beam, including the proton beam energy and power used. The beam power as a function of proton
beam energy from the PIP-II upgrades and the number of protons-on-target per year assumed in
the sensitivities are shown in Table 3.1. These numbers assume a combined uptime and e�ciency
of the FNAL accelerator complex and the LBNF beamline of 56%.

A conservative estimate of sensitivity is calculated using neutrino fluxes produced from a detailed
GEANT4 beamline simulation that is based on the reference design of the beamline as presented in
Volume 3: The Long-Baseline Neutrino Facility for DUNE. Neutrino fluxes from a simulation based
on an optimized beam design are used to show the goal sensitivity. There is a range of design options
that produce sensitivities in between the sensitivity of the reference beam design and the optimized

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report
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The ICARUS 
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The DUNE Detector

TPC Module
40 feet tall 
45 feet wide 
170 feet long

Less than 1/20th of 
a single DUNE module

ICARUS

3.5 Olympic size swimming 
pools in each module
But rather brisk at -300°F

All together, DUNE uses 
70,000 tons of liquid argon
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DUNE Prototypes
"Small" Prototypes Built at CERN

Image: CERN
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DUNE Prototype Detector 
CERN, Switzerland

Image: CERN
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Groundbreaking Science!

Image: Reidar Hahn, Fermilab 
http://news.fnal.gov/2017/07/construction-begins-international-mega-science-experiment-understand-neutrinos/

Start of construction at DUNE, July 2017
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Groundbreaking Science!

Image: Reidar Hahn, Fermilab 
http://news.fnal.gov/2017/07/construction-begins-international-mega-science-experiment-understand-neutrinos/

Start of construction at DUNE, July 2017

“The start of construction on this world-leading science experiment is cause for 
celebration, not just because of its positive impacts on the economy and on 
America’s strong relationships with our international partners, but also because 
of the fantastic discoveries that await us beyond the next horizon. I’m proud to 
support the efforts by Fermilab, Sanford Underground Research Facility and 
CERN, and we’re pleased to see it moving forward.” 

— Rick Perry, Secretary of Energy
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DUNE Timeline
2018 ProtoDUNEs running at CERN

Prototypes for two detector technologies

2021 Start installing first module
First TPC module out of four total

2023 Start installing second module
Second TPC module goes in

2024 Detector operational
Running with the first two modules

2026 Beam comes online
Neutrinos from Fermilab to South Dakota 
Search for CP Violation!

From L. Corwin, APS 2018
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DUNE Collaboration

From L. Corwin, APS 2018
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DUNE Collaboration

From L. Corwin, APS 2018

32 
Nations

175 
Institutions

1083 
Collaborators
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Discovery at DUNE

MATTER ANTIMATTER+

Searching for CP violation in neutrino  
interactions helps us explain the matter/
antimatter asymmetry that leads to the 
observable universe

DUNE will be a world-class detector for 
studying supernova neutrinos (fingers 
crossed for a supernova!)

⌫ �

It will also conduct sensitive searches for 
the decay of protons, a very rare process 
predicted in many theories beyond the 
Standard Model

p



!45

Discovery at DUNE



!46

Discovery at DUNE

Pushing the boundaries of science and 
addressing some of our grandest questions

A huge, international undertaking building 
connections around the world, with many 
benefits here at home

Pushing the boundaries of technology and 
engineering, with many potential 
applications



Image: Hubble Deep Field, NASA

Thank You!
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