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Theory Phenomenology Experiment

+Particle physics 

+Effective Field Theories 

+Standard Model Extension 

+Double Special Relativity 

…

+Data Analysis (cosmic,gamma-ray,..) 
+Programing (python, Gammapy…) 
+Field experience (HAWC/Auger) 
…
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Module 1: Introduction to Lorentz Symmetry and Violation

1.1 Lorentz Symmetry Recap 

A brief  review of  Lorentz symmetry in the context of  special relativity 

Key principles, transformations, and their significance 

Four-Vectors 

Dispersion Relation |1→2 | 2→2| 

1.2 Motivation for Lorentz Invariance Violation 

Motivations for exploring violations 

Modified Dispersion Relation | 2→2|
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Module 2: Theoretical Frameworks for Lorentz Symmetry Violation 

2.1 Standard Model Extension (SME) 

Introduction to the Standard Model Extension as a framework for incorporating 

Lorentz symmetry violation 

Parameters, implications and comparison with MDR  

2.2 Alternative Theories 

Overview of  alternative theories proposing Lorentz symmetry violation 

String theory, quantum gravity, and other beyond-the-Standard-Model approaches
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Module 3: Phenomenological Implications and Experimental Constraints

3.1 Observable Effects  

Discussion on observable effects of  Lorentz symmetry violation in different physical 
phenomena 

3.2 Experimental Tests:  

Review of  experimental methods for testing Lorentz symmetry violation and their 
implications 

3.2 Current Constraints 

Overview of  the current bounds on Lorentz symmetry violation from various experiments 

Comparison with theoretical predictions 

3.3 Hands-on block
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Module 1: Introduction to Lorentz Symmetry and Violation

1.1 Lorentz Symmetry Recap 

A brief  review of  Lorentz symmetry in the context of  special relativity 

Key principles, transformations, and their significance 

Four-Vectors 

Dispersion Relation |1→2 | 2→2| 

1.2 Motivation for Lorentz Symmetry Violation 

Motivations for exploring violations 

Overview of  scenarios where Lorentz symmetry might be broken 

Modified Dispersion Relation |1→2 | 2→2|
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Invariant under? 

Symmetries



Invariant under rotations

Invariant under left-right 
reverse

Invariant under rotations:  
90º (𝝅/2)

Symmetries



Symmetries



Symmetries

Invariant under? 



Invariant under translation

x   ->    x + 𝛿x

SO(3)

Symmetries

Invariant under rotations



Invariante ante rotaciones

Invariante ante translaciones

x   ->    x + 𝛿x

SO(3)

Symmetries
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Symmetries



Space



What is constant? 

x

y

r2
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Space

(Fundamental Physics)



We like constants!!
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Space

(Fundamental Physics)

h2 =x2+y2

x

y

r2

co
ns

tan
t

r2 =x2+y2+z2
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Space

(Fundamental Physics)

h2 =x2+y2

x

y

r2

co
ns

tan
t

r2 =x2+y2+z2
We like constants!! 
(physical constants)



We like constants!! 
(physical constants)

Constants 

=  

physical quantities conserved 

P 2 = p2x + p2y + p2x
<latexit sha1_base64="bjOlGrKMTHplc7VXmR+CxI9wIJQ=">AAAB/nicbVDLSsNAFL3xWesr6rKbwSIIQkmioBuh6MZlBfuANg2T6aQdOnkwM5GGUtCf0ZWoOz/CH/BvTGIW2no298w958Kc40acSWUYX9rS8srq2nppo7y5tb2zq+/tt2QYC0KbJOSh6LhYUs4C2lRMcdqJBMW+y2nbHV9nevueCsnC4E4lEbV9PAyYxwhW6crRK42+dYmivuVM0Ek+k2JOyo5eNWpGDrRIzIJUoUDD0T97g5DEPg0U4VjKrmlEyp5ioRjhdFbuxZJGmIzxkHZTGmCfSnuah5ihIy8USI0oyt+/vVPsS5n4burxsRrJeS1b/qd1Y+Vd2FMWRLGiAUktqebFHKkQZV2gAROUKJ6kBBPB0l8iMsICE5U2lsU358MukpZVM09r1u1ZtX5VFFGCChzCMZhwDnW4gQY0gcAjPMMbvGsP2pP2or3+WJe04uYA/kD7+AYtHpL1</latexit>

Linear Momentum 

Angular Momentum 

Energy 
L2 = l2x + l2y + l2z

<latexit sha1_base64="304D7CZxtqJ+OtxvBCiZ4FF20GY=">AAAB+HicbVDLSsNAFJ34rPUVFVdugkUQhJJEQTdC0Y0LFxXsA9o0TKY37dDJg5mJmIb+i65E3fkd/oB/4zRmoa1ncTn3nnPh3uPFjAppml/awuLS8spqaa28vrG5ta3v7DZFlHACDRKxiLc9LIDREBqSSgbtmAMOPAYtb3Q91VsPwAWNwnuZxuAEeBBSnxIs1cjV92979iVzH3v2CXPTvI57tqtXzKqZw5gnVkEqqEDd1T+7/YgkAYSSMCxExzJj6WSYS0oYTMrdRECMyQgPoKNoiAMQTpafPzGO/IgbcghG3v/2ZjgQIg085QmwHIpZbTr8T+sk0r9wMhrGiYSQKIvS/IQZMjKmKRh9yoFIliqCCafqSoMMMcdEqqzK6n1r9tl50rSr1mnVvjur1K6KIEroAB2iY2Shc1RDN6iOGoigDD2jN/SujbUn7UV7/bEuaMXOHvoD7eMbG9qSAQ==</latexit>

E
<latexit sha1_base64="+XZQIJWYl8L4WlYcHd7iew+eNRE=">AAAB4nicbZDNSgMxFIXv1L9a/6ou3QSL4KrMVEGXRRFctmB/oB1KJr3ThmYmQ5IRytAX0JWoOx/JF/BtTOsstPWsvtxzAvfcIBFcG9f9cgpr6xubW8Xt0s7u3v5B+fCorWWqGLaYFFJ1A6pR8BhbhhuB3UQhjQKBnWByO/c7j6g0l/GDmSboR3QU85AzauyoeTcoV9yquxBZBS+HCuRqDMqf/aFkaYSxYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZjGmE2s8Wi87IWSgVMWMki/fvbEYjradRYDMRNWO97M2H/3m91ITXfsbjJDUYMxuxXpgKYiSZ9yVDrpAZMbVAmeJ2S8LGVFFm7FVKtr63XHYV2rWqd1GtNS8r9Zv8EEU4gVM4Bw+uoA730IAWMEB4hjd4d4bOk/PivP5EC07+5xj+yPn4BpBtimI=</latexit>

h2 =x2+y2

x

y

r2

co
ns

tan
t

r2 =x2+y2+z2

Same language! 
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Space

Fundamental!
(Fundamental Physics)







3D

Galilean transformations

v<<c

Space-time: v<<c

22

We can use them to move on reference 
frames



3D

Galilean transformations

v<<c

Space-time: v<<c
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We can use them to move on reference 
frames

t’ = t

x’=  ? + x

y’= y

z’ = z


d = +/- Vt



3D

Galilean transformations

v<<c

Space-time: v<<c

24
Same language! 

We can use them to move on reference 
frames



v~c

Space-time: v~c

3D

+ time

x

ct

c=speed of light  
CONSTANT

Lorentz transformations 

Same Language: Fundamental! 

for all inertial frames 
x’

ct’
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<latexit sha1_base64="eVQDaqBHCQQYX+syBr3uJoXBGuM=">AAACGXicbVC7TsMwFHV4lvIKMLJYVKgsrZIKCgtSBQtjkehDatPIcZ3WqvOQ7aBUUb8EfgYmBN2Y+BuckAFa7nB9zj3nSr7HCRkV0jC+tJXVtfWNzcJWcXtnd29fPzhsiyDimLRwwALedZAgjPqkJalkpBtygjyHkY4zuU31ziPhggb+g5yGxPLQyKcuxUiqka3X40Hfi2Bsp/0aYjmowQqMVU9JeVCrxOWMqCczljOnrZeMqpEVXAZmDkogr6atz/vDAEce8SVmSIieaYTSShCXFDMyK/YjQUKEJ2hEegr6yCPCSrL7ZvDUDTiUYwIz/tubIE+Iqecoj4fkWCxq6fA/rRdJ98pKqB9GkvhYWZTmRgzKAKYxwSHlBEs2VQBhTtUvIR4jjrBUYRbV+ebiscugXaua9erF/XmpcZMHUQDH4AScARNcgga4A03QAhg8g1fwAebak/aivWnvP9YVLd85An9K+/wGSiecow==</latexit>

xµxµ = ct2 � x2 = ct02 � x02 = x0µx0
µ



Four-vectors

Position

4-momentum

E

p
<latexit sha1_base64="2cR/V1fmNT+fYMon6HtqRdh+YB0=">AAAB8nicbVDJSgNBEK1xjXHJqEcvjUHwYpgJbhchKILHCGaBZBJ6OpWkSc9Cd48QhvyInkS9+Sn+gH9jJ85BE9+heFXvFdQrPxZcacf5spaWV1bX1nMb+c2t7Z2CvbtXV1EiGdZYJCLZ9KlCwUOsaa4FNmOJNPAFNvzRzVRvPKJUPAof9DhGL6CDkPc5o9qMunbhtlMmJyQ29YoEnXLXLjolZwaySNyMFCFDtWt/tnsRSwIMNRNUqZbrxNpLqdScCZzk24nCmLIRHWDL0JAGqLx0dviEHPUjSfQQyaz/7U1poNQ48I0noHqo5rXp8D+tlej+pZfyME40hsxYjNZPBNERmeYnPS6RaTE2hDLJzZWEDamkTJsv5U18dz7sIqmXS+556ez+tFi5zh6RgwM4hGNw4QIqcAdVqAGDBJ7hDd4tbT1ZL9brj3XJynb24Q+sj29Tzo6c</latexit>

E2 � p2 = m2



Four-vectors

Position

Momentum

E

p

Dispersion Relation

Photone

tachyon?

<latexit sha1_base64="2cR/V1fmNT+fYMon6HtqRdh+YB0=">AAAB8nicbVDJSgNBEK1xjXHJqEcvjUHwYpgJbhchKILHCGaBZBJ6OpWkSc9Cd48QhvyInkS9+Sn+gH9jJ85BE9+heFXvFdQrPxZcacf5spaWV1bX1nMb+c2t7Z2CvbtXV1EiGdZYJCLZ9KlCwUOsaa4FNmOJNPAFNvzRzVRvPKJUPAof9DhGL6CDkPc5o9qMunbhtlMmJyQ29YoEnXLXLjolZwaySNyMFCFDtWt/tnsRSwIMNRNUqZbrxNpLqdScCZzk24nCmLIRHWDL0JAGqLx0dviEHPUjSfQQyaz/7U1poNQ48I0noHqo5rXp8D+tlej+pZfyME40hsxYjNZPBNERmeYnPS6RaTE2hDLJzZWEDamkTJsv5U18dz7sIqmXS+556ez+tFi5zh6RgwM4hGNw4QIqcAdVqAGDBJ7hDd4tbT1ZL9brj3XJynb24Q+sj29Tzo6c</latexit>

E2 � p2 = m2



<latexit sha1_base64="mekCXnN0OiAeKuTw9W+6DJvtd3w="></latexit>

SLI
a = |P |2 = ⌘µ⌫P

µP ⌫ = E2
a � p2a = m2

a

a 

c 

d 

<latexit sha1_base64="zqPZPe5xI0Gzzu3Gcddormgc1c8=">AAAB8nicbVDJSgNBEK1xjXFJVPDipTEIghBmBJeLEOLFYwJmgWQYejqVpEnPQnePEIb8iJ5EvelfePQHvPgtdpaDJr5D8areK6hXfiy40rb9ZS0tr6yurWc2sptb2zu5/O5eXUWJZFhjkYhk06cKBQ+xprkW2Iwl0sAX2PAHN2O9cY9S8Si808MY3YD2Qt7ljGoz8vK5ikfJNal4jJya2vHyBbtoT0AWiTMjhdJB9Zu/lz8qXv6z3YlYEmComaBKtRw71m5KpeZM4CjbThTGlA1oD1uGhjRA5aaTw0fkuBtJovtIJv1vb0oDpYaBbzwB1X01r42H/2mtRHev3JSHcaIxZMZitG4iiI7IOD/pcIlMi6EhlEluriSsTyVl2nwpa+I782EXSf2s6FwUz6vmD2WYIgOHcAQn4MAllOAWKlADBgk8wgu8Wtp6sJ6s56l1yZrt7MMfWG8/sJWSmg==</latexit>

Pa = Pc + Pd



<latexit sha1_base64="mekCXnN0OiAeKuTw9W+6DJvtd3w="></latexit>

SLI
a = |P |2 = ⌘µ⌫P

µP ⌫ = E2
a � p2a = m2

a

a 

c 

d 

<latexit sha1_base64="zqPZPe5xI0Gzzu3Gcddormgc1c8=">AAAB8nicbVDJSgNBEK1xjXFJVPDipTEIghBmBJeLEOLFYwJmgWQYejqVpEnPQnePEIb8iJ5EvelfePQHvPgtdpaDJr5D8areK6hXfiy40rb9ZS0tr6yurWc2sptb2zu5/O5eXUWJZFhjkYhk06cKBQ+xprkW2Iwl0sAX2PAHN2O9cY9S8Si808MY3YD2Qt7ljGoz8vK5ikfJNal4jJya2vHyBbtoT0AWiTMjhdJB9Zu/lz8qXv6z3YlYEmComaBKtRw71m5KpeZM4CjbThTGlA1oD1uGhjRA5aaTw0fkuBtJovtIJv1vb0oDpYaBbzwB1X01r42H/2mtRHev3JSHcaIxZMZitG4iiI7IOD/pcIlMi6EhlEluriSsTyVl2nwpa+I782EXSf2s6FwUz6vmD2WYIgOHcAQn4MAllOAWKlADBgk8wgu8Wtp6sJ6s56l1yZrt7MMfWG8/sJWSmg==</latexit>

Pa = Pc + Pd

<latexit sha1_base64="XtSCvR63x2JpnDQtZUitFyap5o0=">AAAB8nicbVDJSgNBEK1xjXFJVPDipTEIXgwzgstFCPHiMQGzQDIMPZ1K0qRnobtHCEN+RE+i3vQvPPoDXvwWO8tBE9+heFXvFdQrPxZcadv+spaWV1bX1jMb2c2t7Z1cfnevrqJEMqyxSESy6VOFgodY01wLbMYSaeALbPiDm7HeuEepeBTe6WGMbkB7Ie9yRrUZeflcxeuQa1LxKDk1lXn5gl20JyCLxJmRQumg+s3fyx8VL//Z7kQsCTDUTFClWo4dazelUnMmcJRtJwpjyga0hy1DQxqgctPJ4SNy3I0k0X0kk/63N6WBUsPAN56A6r6a18bD/7RWortXbsrDONEYMmMxWjcRREdknJ90uESmxdAQyiQ3VxLWp5Iybb6UNfGd+bCLpH5WdC6K51XzhzJMkYFDOIITcOASSnALFagBgwQe4QVeLW09WE/W89S6ZM129uEPrLcfs7GSnA==</latexit>

Pd = Pa � Pc



<latexit sha1_base64="mekCXnN0OiAeKuTw9W+6DJvtd3w="></latexit>

SLI
a = |P |2 = ⌘µ⌫P

µP ⌫ = E2
a � p2a = m2

a

a 

c 

d 

<latexit sha1_base64="zqPZPe5xI0Gzzu3Gcddormgc1c8=">AAAB8nicbVDJSgNBEK1xjXFJVPDipTEIghBmBJeLEOLFYwJmgWQYejqVpEnPQnePEIb8iJ5EvelfePQHvPgtdpaDJr5D8areK6hXfiy40rb9ZS0tr6yurWc2sptb2zu5/O5eXUWJZFhjkYhk06cKBQ+xprkW2Iwl0sAX2PAHN2O9cY9S8Si808MY3YD2Qt7ljGoz8vK5ikfJNal4jJya2vHyBbtoT0AWiTMjhdJB9Zu/lz8qXv6z3YlYEmComaBKtRw71m5KpeZM4CjbThTGlA1oD1uGhjRA5aaTw0fkuBtJovtIJv1vb0oDpYaBbzwB1X01r42H/2mtRHev3JSHcaIxZMZitG4iiI7IOD/pcIlMi6EhlEluriSsTyVl2nwpa+I782EXSf2s6FwUz6vmD2WYIgOHcAQn4MAllOAWKlADBgk8wgu8Wtp6sJ6s56l1yZrt7MMfWG8/sJWSmg==</latexit>

Pa = Pc + Pd

<latexit sha1_base64="hWLD048hu6n3QVTMdHSQS2qo5/Y=">AAAB+HicbZDLSgMxFIYz9VbrbVRcuQktQkUsMwUvG6HoxuUI9gLtdMikpzY0cyHJCHXoW/gAuhJ153P4An0b08tCW//Vl/P/gXN+P+ZMKssaGZml5ZXVtex6bmNza3vH3N2rySgRFKo04pFo+EQCZyFUFVMcGrEAEvgc6n7/ZuzXH0FIFoX3ahCDG5CHkHUZJUqPPPPA8TrtMr7CRccj+BQ7Hj1ulz2zYJWsifAi2DMoVPKtk+dRZeB45nerE9EkgFBRTqRs2las3JQIxSiHYa6VSIgJ7ZMHaGoMSQDSTSfrD/FRNxJY9QBP3r+zKQmkHAS+zgRE9eS8Nx7+5zUT1b10UxbGiYKQ6oj2ugnHKsLjFnCHCaCKDzQQKpjeEtMeEYQq3VVOn2/PH7sItXLJPi+d3ekertFUWXSI8qiIbHSBKugWOaiKKErRK/pAn8aT8WK8Ge/TaMaY/dlHf2R8/QAUrZO3</latexit>

P 2
d = (Pa � Pc)

2

<latexit sha1_base64="XtSCvR63x2JpnDQtZUitFyap5o0=">AAAB8nicbVDJSgNBEK1xjXFJVPDipTEIXgwzgstFCPHiMQGzQDIMPZ1K0qRnobtHCEN+RE+i3vQvPPoDXvwWO8tBE9+heFXvFdQrPxZcadv+spaWV1bX1jMb2c2t7Z1cfnevrqJEMqyxSESy6VOFgodY01wLbMYSaeALbPiDm7HeuEepeBTe6WGMbkB7Ie9yRrUZeflcxeuQa1LxKDk1lXn5gl20JyCLxJmRQumg+s3fyx8VL//Z7kQsCTDUTFClWo4dazelUnMmcJRtJwpjyga0hy1DQxqgctPJ4SNy3I0k0X0kk/63N6WBUsPAN56A6r6a18bD/7RWortXbsrDONEYMmMxWjcRREdknJ90uESmxdAQyiQ3VxLWp5Iybb6UNfGd+bCLpH5WdC6K51XzhzJMkYFDOIITcOASSnALFagBgwQe4QVeLW09WE/W89S6ZM129uEPrLcfs7GSnA==</latexit>

Pd = Pa � Pc



<latexit sha1_base64="mekCXnN0OiAeKuTw9W+6DJvtd3w="></latexit>

SLI
a = |P |2 = ⌘µ⌫P

µP ⌫ = E2
a � p2a = m2

a

a 

c 

d 
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Pa = Pc + Pd

<latexit sha1_base64="hWLD048hu6n3QVTMdHSQS2qo5/Y=">AAAB+HicbZDLSgMxFIYz9VbrbVRcuQktQkUsMwUvG6HoxuUI9gLtdMikpzY0cyHJCHXoW/gAuhJ153P4An0b08tCW//Vl/P/gXN+P+ZMKssaGZml5ZXVtex6bmNza3vH3N2rySgRFKo04pFo+EQCZyFUFVMcGrEAEvgc6n7/ZuzXH0FIFoX3ahCDG5CHkHUZJUqPPPPA8TrtMr7CRccj+BQ7Hj1ulz2zYJWsifAi2DMoVPKtk+dRZeB45nerE9EkgFBRTqRs2las3JQIxSiHYa6VSIgJ7ZMHaGoMSQDSTSfrD/FRNxJY9QBP3r+zKQmkHAS+zgRE9eS8Nx7+5zUT1b10UxbGiYKQ6oj2ugnHKsLjFnCHCaCKDzQQKpjeEtMeEYQq3VVOn2/PH7sItXLJPi+d3ekertFUWXSI8qiIbHSBKugWOaiKKErRK/pAn8aT8WK8Ge/TaMaY/dlHf2R8/QAUrZO3</latexit>

P 2
d = (Pa � Pc)

2

<latexit sha1_base64="XtSCvR63x2JpnDQtZUitFyap5o0=">AAAB8nicbVDJSgNBEK1xjXFJVPDipTEIXgwzgstFCPHiMQGzQDIMPZ1K0qRnobtHCEN+RE+i3vQvPPoDXvwWO8tBE9+heFXvFdQrPxZcadv+spaWV1bX1jMb2c2t7Z1cfnevrqJEMqyxSESy6VOFgodY01wLbMYSaeALbPiDm7HeuEepeBTe6WGMbkB7Ie9yRrUZeflcxeuQa1LxKDk1lXn5gl20JyCLxJmRQumg+s3fyx8VL//Z7kQsCTDUTFClWo4dazelUnMmcJRtJwpjyga0hy1DQxqgctPJ4SNy3I0k0X0kk/63N6WBUsPAN56A6r6a18bD/7RWortXbsrDONEYMmMxWjcRREdknJ90uESmxdAQyiQ3VxLWp5Iybb6UNfGd+bCLpH5WdC6K51XzhzJMkYFDOIITcOASSnALFagBgwQe4QVeLW09WE/W89S6ZM129uEPrLcfs7GSnA==</latexit>

Pd = Pa � Pc

<latexit sha1_base64="Ys9F/k4/xhRdNDOjW/s+On6eCuU=">AAACAnicbVDLSgMxFM3UV62vUZcuDC1CQSwzBa0boejG5Qj2Ae04ZNJMG5rMDElGKEN3+hX+ga5E3fkDgj8g+jGmj4VWz+ae3HMu5Bw/ZlQqy/owMnPzC4tL2eXcyura+oa5uVWXUSIwqeGIRaLpI0kYDUlNUcVIMxYEcZ+Rht8/G+mNayIkjcJLNYiJy1E3pAHFSOmVZ+5yr3NVhieQe0jPfT2xngew7HjI8bBnFqySNQb8S+wpKVTzxa/Pytud45nv7U6EE05ChRmSsmVbsXJTJBTFjAxz7USSGOE+6pKWpiHiRLrpOMgQ7gWRgKpH4Pj905siLuWA+9rDkerJWW20/E9rJSo4dlMaxokiIdYWrQUJgyqCoz5ghwqCFRtogrCg+pcQ95BAWOnWcjq+PRv2L6mXS/ZR6fBC93AKJsiCHZAHRWCDCqiCc+CAGsDgFjyAZ/Bi3Bj3xqPxNLFmjOnNNvgF4/Ub3USYPQ==</latexit>

m2
d = m2

a +m2
c � 2PaPc



<latexit sha1_base64="mekCXnN0OiAeKuTw9W+6DJvtd3w="></latexit>

SLI
a = |P |2 = ⌘µ⌫P

µP ⌫ = E2
a � p2a = m2

a

a 

c 

d 

<latexit sha1_base64="zqPZPe5xI0Gzzu3Gcddormgc1c8=">AAAB8nicbVDJSgNBEK1xjXFJVPDipTEIghBmBJeLEOLFYwJmgWQYejqVpEnPQnePEIb8iJ5EvelfePQHvPgtdpaDJr5D8areK6hXfiy40rb9ZS0tr6yurWc2sptb2zu5/O5eXUWJZFhjkYhk06cKBQ+xprkW2Iwl0sAX2PAHN2O9cY9S8Si808MY3YD2Qt7ljGoz8vK5ikfJNal4jJya2vHyBbtoT0AWiTMjhdJB9Zu/lz8qXv6z3YlYEmComaBKtRw71m5KpeZM4CjbThTGlA1oD1uGhjRA5aaTw0fkuBtJovtIJv1vb0oDpYaBbzwB1X01r42H/2mtRHev3JSHcaIxZMZitG4iiI7IOD/pcIlMi6EhlEluriSsTyVl2nwpa+I782EXSf2s6FwUz6vmD2WYIgOHcAQn4MAllOAWKlADBgk8wgu8Wtp6sJ6s56l1yZrt7MMfWG8/sJWSmg==</latexit>

Pa = Pc + Pd

<latexit sha1_base64="hWLD048hu6n3QVTMdHSQS2qo5/Y=">AAAB+HicbZDLSgMxFIYz9VbrbVRcuQktQkUsMwUvG6HoxuUI9gLtdMikpzY0cyHJCHXoW/gAuhJ153P4An0b08tCW//Vl/P/gXN+P+ZMKssaGZml5ZXVtex6bmNza3vH3N2rySgRFKo04pFo+EQCZyFUFVMcGrEAEvgc6n7/ZuzXH0FIFoX3ahCDG5CHkHUZJUqPPPPA8TrtMr7CRccj+BQ7Hj1ulz2zYJWsifAi2DMoVPKtk+dRZeB45nerE9EkgFBRTqRs2las3JQIxSiHYa6VSIgJ7ZMHaGoMSQDSTSfrD/FRNxJY9QBP3r+zKQmkHAS+zgRE9eS8Nx7+5zUT1b10UxbGiYKQ6oj2ugnHKsLjFnCHCaCKDzQQKpjeEtMeEYQq3VVOn2/PH7sItXLJPi+d3ekertFUWXSI8qiIbHSBKugWOaiKKErRK/pAn8aT8WK8Ge/TaMaY/dlHf2R8/QAUrZO3</latexit>

P 2
d = (Pa � Pc)

2

<latexit sha1_base64="XtSCvR63x2JpnDQtZUitFyap5o0=">AAAB8nicbVDJSgNBEK1xjXFJVPDipTEIXgwzgstFCPHiMQGzQDIMPZ1K0qRnobtHCEN+RE+i3vQvPPoDXvwWO8tBE9+heFXvFdQrPxZcadv+spaWV1bX1jMb2c2t7Z1cfnevrqJEMqyxSESy6VOFgodY01wLbMYSaeALbPiDm7HeuEepeBTe6WGMbkB7Ie9yRrUZeflcxeuQa1LxKDk1lXn5gl20JyCLxJmRQumg+s3fyx8VL//Z7kQsCTDUTFClWo4dazelUnMmcJRtJwpjyga0hy1DQxqgctPJ4SNy3I0k0X0kk/63N6WBUsPAN56A6r6a18bD/7RWortXbsrDONEYMmMxWjcRREdknJ90uESmxdAQyiQ3VxLWp5Iybb6UNfGd+bCLpH5WdC6K51XzhzJMkYFDOIITcOASSnALFagBgwQe4QVeLW09WE/W89S6ZM129uEPrLcfs7GSnA==</latexit>

Pd = Pa � Pc

<latexit sha1_base64="Ys9F/k4/xhRdNDOjW/s+On6eCuU=">AAACAnicbVDLSgMxFM3UV62vUZcuDC1CQSwzBa0boejG5Qj2Ae04ZNJMG5rMDElGKEN3+hX+ga5E3fkDgj8g+jGmj4VWz+ae3HMu5Bw/ZlQqy/owMnPzC4tL2eXcyura+oa5uVWXUSIwqeGIRaLpI0kYDUlNUcVIMxYEcZ+Rht8/G+mNayIkjcJLNYiJy1E3pAHFSOmVZ+5yr3NVhieQe0jPfT2xngew7HjI8bBnFqySNQb8S+wpKVTzxa/Pytud45nv7U6EE05ChRmSsmVbsXJTJBTFjAxz7USSGOE+6pKWpiHiRLrpOMgQ7gWRgKpH4Pj905siLuWA+9rDkerJWW20/E9rJSo4dlMaxokiIdYWrQUJgyqCoz5ghwqCFRtogrCg+pcQ95BAWOnWcjq+PRv2L6mXS/ZR6fBC93AKJsiCHZAHRWCDCqiCc+CAGsDgFjyAZ/Bi3Bj3xqPxNLFmjOnNNvgF4/Ub3USYPQ==</latexit>

m2
d = m2

a +m2
c � 2PaPc

<latexit sha1_base64="Q9vqa7WICgfvVFn7IWSKn+Fd3cU=">AAAB6HicbZDJSgNBFEVfO8Y4RV0qUhgEV6FbcNgIQTcuEzADJE2orrxOylQPVFULocnSva5E3fkV+Qh/wG/wJ6wMC028q1Pv3oJ3nxcLrrRtf1kLi0vLK6uZtez6xubWdm5nt6qiRDKssEhEsu5RhYKHWNFcC6zHEmngCax5vZuRX3tAqXgU3ul+jG5AOyH3OaPajGpxi5IrYrdyebtgj0XmwZlCvngwLH8/Hg5Lrdxnsx2xJMBQM0GVajh2rN2USs2ZwEG2mSiMKevRDjYMhjRA5abjdQfk2I8k0V0k4/fvbEoDpfqBZzIB1V01642G/3mNRPuXbsrDONEYMhMxnp8IoiMyak3aXCLTom+AMsnNloR1qaRMm9tkTX1ntuw8VE8LznnhrGzucA0TZWAfjuAEHLiAItxCCSrAoAfP8Abv1r31ZL1Yr5PogjX9swd/ZH38AK6kj+M=</latexit>

pa = 0
<latexit sha1_base64="Yj5EiAhJT5FQyqtH/jRdnUrUXvk=">AAACGnicbZDLSgNBEEV7fBtfUZduGkVQxDAT8LERgiK4VDAqJHGoqVRMk+6ZobtHCEP+wqX+jK5E3bnxb+xEBV93U6fr3oKuilIpjPX9N29oeGR0bHxisjA1PTM7V5xfODNJppGqmMhEX0RgSIqYqlZYSRepJlCRpPOoc9D3z69JG5HEp7abUkPBVSxaAsG6VljcUWHzssz3uArB1Q1X0dVNXl47DOEwRIf1a8I87YVQ+iJcD4srfskfiP+F4BNWKsv1jZu3Svc4LD7XmwlmimKLEoypBX5qGzloK1BSr1DPDKWAHbiimsMYFJlGPliwx1dbiea2TXzw/p7NQRnTVZHLKLBt89vrN//zaplt7TZyEaeZpRhdxHmtTHKb8P6deFNoQiu7DgC1cL/k2AYNaN01C2794Peyf+GsXAq2S1sn7g777EMTbIktszUWsB1WYUfsmFUZsjv2wJ7Zi3fr3XuP3tNHdMj7nFlkP+S9vgP0RaC8</latexit>

m2
d = m2

a +m2
c � 2(EaEc � ~pa.~pc)

c d



<latexit sha1_base64="mekCXnN0OiAeKuTw9W+6DJvtd3w="></latexit>

SLI
a = |P |2 = ⌘µ⌫P

µP ⌫ = E2
a � p2a = m2

a

a 

c 

d 

<latexit sha1_base64="zqPZPe5xI0Gzzu3Gcddormgc1c8=">AAAB8nicbVDJSgNBEK1xjXFJVPDipTEIghBmBJeLEOLFYwJmgWQYejqVpEnPQnePEIb8iJ5EvelfePQHvPgtdpaDJr5D8areK6hXfiy40rb9ZS0tr6yurWc2sptb2zu5/O5eXUWJZFhjkYhk06cKBQ+xprkW2Iwl0sAX2PAHN2O9cY9S8Si808MY3YD2Qt7ljGoz8vK5ikfJNal4jJya2vHyBbtoT0AWiTMjhdJB9Zu/lz8qXv6z3YlYEmComaBKtRw71m5KpeZM4CjbThTGlA1oD1uGhjRA5aaTw0fkuBtJovtIJv1vb0oDpYaBbzwB1X01r42H/2mtRHev3JSHcaIxZMZitG4iiI7IOD/pcIlMi6EhlEluriSsTyVl2nwpa+I782EXSf2s6FwUz6vmD2WYIgOHcAQn4MAllOAWKlADBgk8wgu8Wtp6sJ6s56l1yZrt7MMfWG8/sJWSmg==</latexit>

Pa = Pc + Pd

<latexit sha1_base64="hWLD048hu6n3QVTMdHSQS2qo5/Y=">AAAB+HicbZDLSgMxFIYz9VbrbVRcuQktQkUsMwUvG6HoxuUI9gLtdMikpzY0cyHJCHXoW/gAuhJ153P4An0b08tCW//Vl/P/gXN+P+ZMKssaGZml5ZXVtex6bmNza3vH3N2rySgRFKo04pFo+EQCZyFUFVMcGrEAEvgc6n7/ZuzXH0FIFoX3ahCDG5CHkHUZJUqPPPPA8TrtMr7CRccj+BQ7Hj1ulz2zYJWsifAi2DMoVPKtk+dRZeB45nerE9EkgFBRTqRs2las3JQIxSiHYa6VSIgJ7ZMHaGoMSQDSTSfrD/FRNxJY9QBP3r+zKQmkHAS+zgRE9eS8Nx7+5zUT1b10UxbGiYKQ6oj2ugnHKsLjFnCHCaCKDzQQKpjeEtMeEYQq3VVOn2/PH7sItXLJPi+d3ekertFUWXSI8qiIbHSBKugWOaiKKErRK/pAn8aT8WK8Ge/TaMaY/dlHf2R8/QAUrZO3</latexit>

P 2
d = (Pa � Pc)

2

<latexit sha1_base64="XtSCvR63x2JpnDQtZUitFyap5o0=">AAAB8nicbVDJSgNBEK1xjXFJVPDipTEIXgwzgstFCPHiMQGzQDIMPZ1K0qRnobtHCEN+RE+i3vQvPPoDXvwWO8tBE9+heFXvFdQrPxZcadv+spaWV1bX1jMb2c2t7Z1cfnevrqJEMqyxSESy6VOFgodY01wLbMYSaeALbPiDm7HeuEepeBTe6WGMbkB7Ie9yRrUZeflcxeuQa1LxKDk1lXn5gl20JyCLxJmRQumg+s3fyx8VL//Z7kQsCTDUTFClWo4dazelUnMmcJRtJwpjyga0hy1DQxqgctPJ4SNy3I0k0X0kk/63N6WBUsPAN56A6r6a18bD/7RWortXbsrDONEYMmMxWjcRREdknJ90uESmxdAQyiQ3VxLWp5Iybb6UNfGd+bCLpH5WdC6K51XzhzJMkYFDOIITcOASSnALFagBgwQe4QVeLW09WE/W89S6ZM129uEPrLcfs7GSnA==</latexit>

Pd = Pa � Pc

<latexit sha1_base64="Ys9F/k4/xhRdNDOjW/s+On6eCuU=">AAACAnicbVDLSgMxFM3UV62vUZcuDC1CQSwzBa0boejG5Qj2Ae04ZNJMG5rMDElGKEN3+hX+ga5E3fkDgj8g+jGmj4VWz+ae3HMu5Bw/ZlQqy/owMnPzC4tL2eXcyura+oa5uVWXUSIwqeGIRaLpI0kYDUlNUcVIMxYEcZ+Rht8/G+mNayIkjcJLNYiJy1E3pAHFSOmVZ+5yr3NVhieQe0jPfT2xngew7HjI8bBnFqySNQb8S+wpKVTzxa/Pytud45nv7U6EE05ChRmSsmVbsXJTJBTFjAxz7USSGOE+6pKWpiHiRLrpOMgQ7gWRgKpH4Pj905siLuWA+9rDkerJWW20/E9rJSo4dlMaxokiIdYWrQUJgyqCoz5ghwqCFRtogrCg+pcQ95BAWOnWcjq+PRv2L6mXS/ZR6fBC93AKJsiCHZAHRWCDCqiCc+CAGsDgFjyAZ/Bi3Bj3xqPxNLFmjOnNNvgF4/Ub3USYPQ==</latexit>

m2
d = m2

a +m2
c � 2PaPc

<latexit sha1_base64="Q9vqa7WICgfvVFn7IWSKn+Fd3cU=">AAAB6HicbZDJSgNBFEVfO8Y4RV0qUhgEV6FbcNgIQTcuEzADJE2orrxOylQPVFULocnSva5E3fkV+Qh/wG/wJ6wMC028q1Pv3oJ3nxcLrrRtf1kLi0vLK6uZtez6xubWdm5nt6qiRDKssEhEsu5RhYKHWNFcC6zHEmngCax5vZuRX3tAqXgU3ul+jG5AOyH3OaPajGpxi5IrYrdyebtgj0XmwZlCvngwLH8/Hg5Lrdxnsx2xJMBQM0GVajh2rN2USs2ZwEG2mSiMKevRDjYMhjRA5abjdQfk2I8k0V0k4/fvbEoDpfqBZzIB1V01642G/3mNRPuXbsrDONEYMhMxnp8IoiMyak3aXCLTom+AMsnNloR1qaRMm9tkTX1ntuw8VE8LznnhrGzucA0TZWAfjuAEHLiAItxCCSrAoAfP8Abv1r31ZL1Yr5PogjX9swd/ZH38AK6kj+M=</latexit>

pa = 0
<latexit sha1_base64="e215ASE5FSTOM5N25OEf8z7Sx2k=">AAACAnicbVDLSgMxFM3UV62vUZcuDC1CQSwzBa0boSiCywr2Ae04ZNJMG5rMDElGKEN3+hX+ga5E3fkDgj8g+jGmj4W2ns05uedcyLlexKhUlvVppObmFxaX0suZldW19Q1zc6smw1hgUsUhC0XDQ5IwGpCqooqRRiQI4h4jda93NvTrN0RIGgZXqh8Rh6NOQH2KkdIj19zlbvu6CE8gd5Hmfc1Y8wEs6sG5i10zZxWsEeCssCciV87mv79K7/cV1/xotUMccxIozJCUTduKlJMgoShmZJBpxZJECPdQhzS1DBAn0klGRQZwzw8FVF0CR+/f2QRxKfvc0xmOVFdOe8Phf14zVv6xk9AgihUJsI5oz48ZVCEc3gO2qSBYsb4WCAuqfwlxFwmElb5aRte3p8vOilqxYB8VDi/1HU7BGGmwA7IgD2xQAmVwASqgCjC4A4/gBbwat8aD8WQ8j6MpY7KzDf7AePsB+JuYTw==</latexit>

m2
d = m2

a +m2
c � 2maEc

<latexit sha1_base64="Yj5EiAhJT5FQyqtH/jRdnUrUXvk=">AAACGnicbZDLSgNBEEV7fBtfUZduGkVQxDAT8LERgiK4VDAqJHGoqVRMk+6ZobtHCEP+wqX+jK5E3bnxb+xEBV93U6fr3oKuilIpjPX9N29oeGR0bHxisjA1PTM7V5xfODNJppGqmMhEX0RgSIqYqlZYSRepJlCRpPOoc9D3z69JG5HEp7abUkPBVSxaAsG6VljcUWHzssz3uArB1Q1X0dVNXl47DOEwRIf1a8I87YVQ+iJcD4srfskfiP+F4BNWKsv1jZu3Svc4LD7XmwlmimKLEoypBX5qGzloK1BSr1DPDKWAHbiimsMYFJlGPliwx1dbiea2TXzw/p7NQRnTVZHLKLBt89vrN//zaplt7TZyEaeZpRhdxHmtTHKb8P6deFNoQiu7DgC1cL/k2AYNaN01C2794Peyf+GsXAq2S1sn7g777EMTbIktszUWsB1WYUfsmFUZsjv2wJ7Zi3fr3XuP3tNHdMj7nFlkP+S9vgP0RaC8</latexit>

m2
d = m2

a +m2
c � 2(EaEc � ~pa.~pc)

c d



<latexit sha1_base64="mekCXnN0OiAeKuTw9W+6DJvtd3w="></latexit>

SLI
a = |P |2 = ⌘µ⌫P

µP ⌫ = E2
a � p2a = m2

a

a 

c 

d 

<latexit sha1_base64="zqPZPe5xI0Gzzu3Gcddormgc1c8=">AAAB8nicbVDJSgNBEK1xjXFJVPDipTEIghBmBJeLEOLFYwJmgWQYejqVpEnPQnePEIb8iJ5EvelfePQHvPgtdpaDJr5D8areK6hXfiy40rb9ZS0tr6yurWc2sptb2zu5/O5eXUWJZFhjkYhk06cKBQ+xprkW2Iwl0sAX2PAHN2O9cY9S8Si808MY3YD2Qt7ljGoz8vK5ikfJNal4jJya2vHyBbtoT0AWiTMjhdJB9Zu/lz8qXv6z3YlYEmComaBKtRw71m5KpeZM4CjbThTGlA1oD1uGhjRA5aaTw0fkuBtJovtIJv1vb0oDpYaBbzwB1X01r42H/2mtRHev3JSHcaIxZMZitG4iiI7IOD/pcIlMi6EhlEluriSsTyVl2nwpa+I782EXSf2s6FwUz6vmD2WYIgOHcAQn4MAllOAWKlADBgk8wgu8Wtp6sJ6s56l1yZrt7MMfWG8/sJWSmg==</latexit>

Pa = Pc + Pd

<latexit sha1_base64="hWLD048hu6n3QVTMdHSQS2qo5/Y=">AAAB+HicbZDLSgMxFIYz9VbrbVRcuQktQkUsMwUvG6HoxuUI9gLtdMikpzY0cyHJCHXoW/gAuhJ153P4An0b08tCW//Vl/P/gXN+P+ZMKssaGZml5ZXVtex6bmNza3vH3N2rySgRFKo04pFo+EQCZyFUFVMcGrEAEvgc6n7/ZuzXH0FIFoX3ahCDG5CHkHUZJUqPPPPA8TrtMr7CRccj+BQ7Hj1ulz2zYJWsifAi2DMoVPKtk+dRZeB45nerE9EkgFBRTqRs2las3JQIxSiHYa6VSIgJ7ZMHaGoMSQDSTSfrD/FRNxJY9QBP3r+zKQmkHAS+zgRE9eS8Nx7+5zUT1b10UxbGiYKQ6oj2ugnHKsLjFnCHCaCKDzQQKpjeEtMeEYQq3VVOn2/PH7sItXLJPi+d3ekertFUWXSI8qiIbHSBKugWOaiKKErRK/pAn8aT8WK8Ge/TaMaY/dlHf2R8/QAUrZO3</latexit>

P 2
d = (Pa � Pc)

2

<latexit sha1_base64="XtSCvR63x2JpnDQtZUitFyap5o0=">AAAB8nicbVDJSgNBEK1xjXFJVPDipTEIXgwzgstFCPHiMQGzQDIMPZ1K0qRnobtHCEN+RE+i3vQvPPoDXvwWO8tBE9+heFXvFdQrPxZcadv+spaWV1bX1jMb2c2t7Z1cfnevrqJEMqyxSESy6VOFgodY01wLbMYSaeALbPiDm7HeuEepeBTe6WGMbkB7Ie9yRrUZeflcxeuQa1LxKDk1lXn5gl20JyCLxJmRQumg+s3fyx8VL//Z7kQsCTDUTFClWo4dazelUnMmcJRtJwpjyga0hy1DQxqgctPJ4SNy3I0k0X0kk/63N6WBUsPAN56A6r6a18bD/7RWortXbsrDONEYMmMxWjcRREdknJ90uESmxdAQyiQ3VxLWp5Iybb6UNfGd+bCLpH5WdC6K51XzhzJMkYFDOIITcOASSnALFagBgwQe4QVeLW09WE/W89S6ZM129uEPrLcfs7GSnA==</latexit>

Pd = Pa � Pc

<latexit sha1_base64="Ys9F/k4/xhRdNDOjW/s+On6eCuU=">AAACAnicbVDLSgMxFM3UV62vUZcuDC1CQSwzBa0boejG5Qj2Ae04ZNJMG5rMDElGKEN3+hX+ga5E3fkDgj8g+jGmj4VWz+ae3HMu5Bw/ZlQqy/owMnPzC4tL2eXcyura+oa5uVWXUSIwqeGIRaLpI0kYDUlNUcVIMxYEcZ+Rht8/G+mNayIkjcJLNYiJy1E3pAHFSOmVZ+5yr3NVhieQe0jPfT2xngew7HjI8bBnFqySNQb8S+wpKVTzxa/Pytud45nv7U6EE05ChRmSsmVbsXJTJBTFjAxz7USSGOE+6pKWpiHiRLrpOMgQ7gWRgKpH4Pj905siLuWA+9rDkerJWW20/E9rJSo4dlMaxokiIdYWrQUJgyqCoz5ghwqCFRtogrCg+pcQ95BAWOnWcjq+PRv2L6mXS/ZR6fBC93AKJsiCHZAHRWCDCqiCc+CAGsDgFjyAZ/Bi3Bj3xqPxNLFmjOnNNvgF4/Ub3USYPQ==</latexit>

m2
d = m2

a +m2
c � 2PaPc

<latexit sha1_base64="Q9vqa7WICgfvVFn7IWSKn+Fd3cU=">AAAB6HicbZDJSgNBFEVfO8Y4RV0qUhgEV6FbcNgIQTcuEzADJE2orrxOylQPVFULocnSva5E3fkV+Qh/wG/wJ6wMC028q1Pv3oJ3nxcLrrRtf1kLi0vLK6uZtez6xubWdm5nt6qiRDKssEhEsu5RhYKHWNFcC6zHEmngCax5vZuRX3tAqXgU3ul+jG5AOyH3OaPajGpxi5IrYrdyebtgj0XmwZlCvngwLH8/Hg5Lrdxnsx2xJMBQM0GVajh2rN2USs2ZwEG2mSiMKevRDjYMhjRA5abjdQfk2I8k0V0k4/fvbEoDpfqBZzIB1V01642G/3mNRPuXbsrDONEYMhMxnp8IoiMyak3aXCLTom+AMsnNloR1qaRMm9tkTX1ntuw8VE8LznnhrGzucA0TZWAfjuAEHLiAItxCCSrAoAfP8Abv1r31ZL1Yr5PogjX9swd/ZH38AK6kj+M=</latexit>

pa = 0
<latexit sha1_base64="e215ASE5FSTOM5N25OEf8z7Sx2k=">AAACAnicbVDLSgMxFM3UV62vUZcuDC1CQSwzBa0boSiCywr2Ae04ZNJMG5rMDElGKEN3+hX+ga5E3fkDgj8g+jGmj4W2ns05uedcyLlexKhUlvVppObmFxaX0suZldW19Q1zc6smw1hgUsUhC0XDQ5IwGpCqooqRRiQI4h4jda93NvTrN0RIGgZXqh8Rh6NOQH2KkdIj19zlbvu6CE8gd5Hmfc1Y8wEs6sG5i10zZxWsEeCssCciV87mv79K7/cV1/xotUMccxIozJCUTduKlJMgoShmZJBpxZJECPdQhzS1DBAn0klGRQZwzw8FVF0CR+/f2QRxKfvc0xmOVFdOe8Phf14zVv6xk9AgihUJsI5oz48ZVCEc3gO2qSBYsb4WCAuqfwlxFwmElb5aRte3p8vOilqxYB8VDi/1HU7BGGmwA7IgD2xQAmVwASqgCjC4A4/gBbwat8aD8WQ8j6MpY7KzDf7AePsB+JuYTw==</latexit>

m2
d = m2

a +m2
c � 2maEc

<latexit sha1_base64="Yj5EiAhJT5FQyqtH/jRdnUrUXvk=">AAACGnicbZDLSgNBEEV7fBtfUZduGkVQxDAT8LERgiK4VDAqJHGoqVRMk+6ZobtHCEP+wqX+jK5E3bnxb+xEBV93U6fr3oKuilIpjPX9N29oeGR0bHxisjA1PTM7V5xfODNJppGqmMhEX0RgSIqYqlZYSRepJlCRpPOoc9D3z69JG5HEp7abUkPBVSxaAsG6VljcUWHzssz3uArB1Q1X0dVNXl47DOEwRIf1a8I87YVQ+iJcD4srfskfiP+F4BNWKsv1jZu3Svc4LD7XmwlmimKLEoypBX5qGzloK1BSr1DPDKWAHbiimsMYFJlGPliwx1dbiea2TXzw/p7NQRnTVZHLKLBt89vrN//zaplt7TZyEaeZpRhdxHmtTHKb8P6deFNoQiu7DgC1cL/k2AYNaN01C2794Peyf+GsXAq2S1sn7g777EMTbIktszUWsB1WYUfsmFUZsjv2wJ7Zi3fr3XuP3tNHdMj7nFlkP+S9vgP0RaC8</latexit>

m2
d = m2

a +m2
c � 2(EaEc � ~pa.~pc)

<latexit sha1_base64="HMc3Q3cuSJs4yOGuVqFOcAMhydU=">AAACDXicbVDLSgMxFM3UV62vqks3wSKIYpkpvjZKVRRxVcE+oJ0OmTTThiYzQ5IRyjDfoDu/RN2IunPjD/g3po+FVs/mntxzLuQcN2RUKtP8MlITk1PTM+nZzNz8wuJSdnmlIoNIYFLGAQtEzUWSMOqTsqKKkVooCOIuI1W3e9bXq7dESBr4N6oXEpujtk89ipHSKye7Bc8dDI9gwxMIx9xBzQLchtzBeu7o2WoWkrig9wl0sjkzbw4A/xJrRHLF44vdh+eTq5KT/Wy0Ahxx4ivMkJR1ywyVHSOhKGYkyTQiSUKEu6hN6pr6iBNpx4NMCdzwAgFVh8DB+6c3RlzKHne1hyPVkeNaf/mfVo+Ud2jH1A8jRXysLVrzIgZVAPvVwBYVBCvW0wRhQfUvIe4g3YvSBWZ0fGs87F9SKeSt/fzete7hFAyRBmtgHWwCCxyAIrgEJVAGGNyDJ/AG3o0749F4MV6H1pQxulkFv2B8fAPmSZva</latexit>

Ec =
m2

a +m2
c �m2

d

2ma

c d





<latexit sha1_base64="HMc3Q3cuSJs4yOGuVqFOcAMhydU=">AAACDXicbVDLSgMxFM3UV62vqks3wSKIYpkpvjZKVRRxVcE+oJ0OmTTThiYzQ5IRyjDfoDu/RN2IunPjD/g3po+FVs/mntxzLuQcN2RUKtP8MlITk1PTM+nZzNz8wuJSdnmlIoNIYFLGAQtEzUWSMOqTsqKKkVooCOIuI1W3e9bXq7dESBr4N6oXEpujtk89ipHSKye7Bc8dDI9gwxMIx9xBzQLchtzBeu7o2WoWkrig9wl0sjkzbw4A/xJrRHLF44vdh+eTq5KT/Wy0Ahxx4ivMkJR1ywyVHSOhKGYkyTQiSUKEu6hN6pr6iBNpx4NMCdzwAgFVh8DB+6c3RlzKHne1hyPVkeNaf/mfVo+Ud2jH1A8jRXysLVrzIgZVAPvVwBYVBCvW0wRhQfUvIe4g3YvSBWZ0fGs87F9SKeSt/fzete7hFAyRBmtgHWwCCxyAIrgEJVAGGNyDJ/AG3o0749F4MV6H1pQxulkFv2B8fAPmSZva</latexit>

Ec =
m2

a +m2
c �m2

d

2ma



<latexit sha1_base64="HMc3Q3cuSJs4yOGuVqFOcAMhydU=">AAACDXicbVDLSgMxFM3UV62vqks3wSKIYpkpvjZKVRRxVcE+oJ0OmTTThiYzQ5IRyjDfoDu/RN2IunPjD/g3po+FVs/mntxzLuQcN2RUKtP8MlITk1PTM+nZzNz8wuJSdnmlIoNIYFLGAQtEzUWSMOqTsqKKkVooCOIuI1W3e9bXq7dESBr4N6oXEpujtk89ipHSKye7Bc8dDI9gwxMIx9xBzQLchtzBeu7o2WoWkrig9wl0sjkzbw4A/xJrRHLF44vdh+eTq5KT/Wy0Ahxx4ivMkJR1ywyVHSOhKGYkyTQiSUKEu6hN6pr6iBNpx4NMCdzwAgFVh8DB+6c3RlzKHne1hyPVkeNaf/mfVo+Ud2jH1A8jRXysLVrzIgZVAPvVwBYVBCvW0wRhQfUvIe4g3YvSBWZ0fGs87F9SKeSt/fzete7hFAyRBmtgHWwCCxyAIrgEJVAGGNyDJ/AG3o0749F4MV6H1pQxulkFv2B8fAPmSZva</latexit>

Ec =
m2

a +m2
c �m2

d

2ma

<latexit sha1_base64="0WB8uAiTPlIW66lkCNn32Z2zDH4=">AAACAHicbVDJSgNBFOxxjXEb9ehCYxAEIcwILsegF48JmAWSMfR03mSa9Cx09yhhyEXxX/Qk6iX4Df6A3+BP2FkOmlinelXV0FVuzJlUlvVlzMzOzS8sZpayyyura+vmxmZFRomgUKYRj0TNJRI4C6GsmOJQiwWQwOVQdTuXA796C0KyKLxW3RicgLRD5jFKlJaa5m4jSG6OcEOwtq+IENEdBn1rJUya0DRzVt4aAk8Te0xyhZ1+6ftxr19smp+NVkSTAEJFOZGybluxclIiFKMcetlGIiEmtEPaUNc0JAFIJx3W6OEDLxJY+YCH9+9sSgIpu4GrMwFRvpz0BuJ/Xj1R3rmTsjBOFIRUR7TnJRyrCA/WwC0mgCre1YRQwfQvMfWJIFTpzbK6vj1ZdppUjvP2af6kpHe4QCNk0DbaR4fIRmeogK5QEZURRQ/oGb2hd+PeeDJejNdRdMYYv9lCf2B8/AAPv5kb</latexit>

µ+ ! e+ + ⌫e

<latexit sha1_base64="vybRxnrQV1e48J8LjI5c2D8GbS8=">AAAB+3icbVBLSwMxGMz6rPW1KojgJVgET2VXqHoRSj3osQX7gHZZsunXNjTZXZKsUJb6Z/Qk1pv/wKN/wIu/xfRx0NY5TWYm8M0EMWdKO86XtbS8srq2ntnIbm5t7+zae/s1FSWSQpVGPJKNgCjgLISqZppDI5ZARMChHvRvxn79AaRiUXivBzF4gnRD1mGUaCP59pHwAV9jJ+84TsF1cdqSAt9CbejbuYlogBeJOyO54mHlm41KH2Xf/my1I5oICDXlRKmm68TaS4nUjHIYZluJgpjQPulC09CQCFBeOmkwxKedSGLdAzx5/86mRCg1EIHJCKJ7at4bi/95zUR3rryUhXGiIaQmYrxOwrGO8HgI3GYSqOYDQwiVzFyJaY9IQrWZK2vqu/NlF0ntPO9e5AsVs0MJTZFBx+gEnSEXXaIiukNlVEUUPaJnNEJv1tB6sl6s12l0yZr9OUB/YL3/APRwlX8=</latexit>

me = 0.000511GeV
<latexit sha1_base64="DaJIP4lLTqvk97u06jIe7Lb8XdY=">AAAB7HicbZDLSgMxFIbPeK31VhXcuAkWwVWZEbxshFI3LluwF5gOJZNm2tBMMiQZoQx9C12JunPnW7j0Bdz4LKaXhbb+qy/n/wPnP2HCmTau++UsLa+srq3nNvKbW9s7u4W9/YaWqSK0TiSXqhViTTkTtG6Y4bSVKIrjkNNmOLgZ+817qjST4s4MExrEuCdYxAg2duTHnawt0hG6Rm6nUHRL7kRoEbwZFMuHtW/2Xvmodgqf7a4kaUyFIRxr7XtuYoIMK8MIp6N8O9U0wWSAe9S3KHBMdZBNVh6hk0gqZPoUTd6/sxmOtR7Goc3E2PT1vDce/uf5qYmugoyJJDVUEBuxXpRyZCQaN0ddpigxfGgBE8Xsloj0scLE2PvkbX1vvuwiNM5K3kXpvGbvUIGpcnAEx3AKHlxCGW6hCnUgIOERXuDVEc6D8+Q8T6NLzuzPAfyR8/YD/AuR1A==</latexit>

m⌫ = 0

<latexit sha1_base64="1wtahpUJh4hNmEu5W1eNlBagomA="></latexit>

Ee+ =
m2

µ +m2
e

2mµ
= 0.0529 GeV ⇠ 53 MeV

<latexit sha1_base64="h/5qL4CuOMW06o3MeJ7PPoP8VNI="></latexit>

E⌫ =
m2

µ �m2
e

2mµ
= 0.0529 GeV ⇠ 53 MeV

<latexit sha1_base64="gPFY3M05PD6T583Uav5KrxpIj3I=">AAACCHicbVDLSgMxFM34tr6qLhUJloKrMqP42AiiCG6ECvYBnWHIpHdsMJkZkoxQhrpzoz+jK6vuXPsDfoM/YVq70NazuSf3nAs5J0g4U9q2P62x8YnJqemZ2dzc/MLiUn55pariVFKo0JjHsh4QBZxFUNFMc6gnEogIONSC65OeXrsBqVgcXep2Ap4gVxELGSXarPx8MfEBH+LEd6PUzNP+dBUTeHfnNnOlwOdQ7fj5gl2y+8CjxBmQwtF69+LrbqNb9vMfbjOmqYBIU06Uajh2or2MSM0oh07OTRUkhF6TK2gYGhEBysv6cTq4GMYS6xbg/vu3NyNCqbYIjEcQ3VLDWm/5n9ZIdXjgZSxKUg0RNRajhSnHOsa9VnCTSaCatw0hVDLzS0xbRBKqTXc5E98ZDjtKqtslZ6+0e2F6OEY/mEFraBNtIQftoyN0hsqogih6QE/oFb1Z99aj9Wy9/FjHrMHNKvoD6/0b1o+bqA==</latexit>

pe = p⌫ = E⌫ ⇠ 53 MeV



<latexit sha1_base64="HMc3Q3cuSJs4yOGuVqFOcAMhydU=">AAACDXicbVDLSgMxFM3UV62vqks3wSKIYpkpvjZKVRRxVcE+oJ0OmTTThiYzQ5IRyjDfoDu/RN2IunPjD/g3po+FVs/mntxzLuQcN2RUKtP8MlITk1PTM+nZzNz8wuJSdnmlIoNIYFLGAQtEzUWSMOqTsqKKkVooCOIuI1W3e9bXq7dESBr4N6oXEpujtk89ipHSKye7Bc8dDI9gwxMIx9xBzQLchtzBeu7o2WoWkrig9wl0sjkzbw4A/xJrRHLF44vdh+eTq5KT/Wy0Ahxx4ivMkJR1ywyVHSOhKGYkyTQiSUKEu6hN6pr6iBNpx4NMCdzwAgFVh8DB+6c3RlzKHne1hyPVkeNaf/mfVo+Ud2jH1A8jRXysLVrzIgZVAPvVwBYVBCvW0wRhQfUvIe4g3YvSBWZ0fGs87F9SKeSt/fzete7hFAyRBmtgHWwCCxyAIrgEJVAGGNyDJ/AG3o0749F4MV6H1pQxulkFv2B8fAPmSZva</latexit>

Ec =
m2

a +m2
c �m2

d

2ma

<latexit sha1_base64="0WB8uAiTPlIW66lkCNn32Z2zDH4=">AAACAHicbVDJSgNBFOxxjXEb9ehCYxAEIcwILsegF48JmAWSMfR03mSa9Cx09yhhyEXxX/Qk6iX4Df6A3+BP2FkOmlinelXV0FVuzJlUlvVlzMzOzS8sZpayyyura+vmxmZFRomgUKYRj0TNJRI4C6GsmOJQiwWQwOVQdTuXA796C0KyKLxW3RicgLRD5jFKlJaa5m4jSG6OcEOwtq+IENEdBn1rJUya0DRzVt4aAk8Te0xyhZ1+6ftxr19smp+NVkSTAEJFOZGybluxclIiFKMcetlGIiEmtEPaUNc0JAFIJx3W6OEDLxJY+YCH9+9sSgIpu4GrMwFRvpz0BuJ/Xj1R3rmTsjBOFIRUR7TnJRyrCA/WwC0mgCre1YRQwfQvMfWJIFTpzbK6vj1ZdppUjvP2af6kpHe4QCNk0DbaR4fIRmeogK5QEZURRQ/oGb2hd+PeeDJejNdRdMYYv9lCf2B8/AAPv5kb</latexit>

µ+ ! e+ + ⌫e

<latexit sha1_base64="vybRxnrQV1e48J8LjI5c2D8GbS8=">AAAB+3icbVBLSwMxGMz6rPW1KojgJVgET2VXqHoRSj3osQX7gHZZsunXNjTZXZKsUJb6Z/Qk1pv/wKN/wIu/xfRx0NY5TWYm8M0EMWdKO86XtbS8srq2ntnIbm5t7+zae/s1FSWSQpVGPJKNgCjgLISqZppDI5ZARMChHvRvxn79AaRiUXivBzF4gnRD1mGUaCP59pHwAV9jJ+84TsF1cdqSAt9CbejbuYlogBeJOyO54mHlm41KH2Xf/my1I5oICDXlRKmm68TaS4nUjHIYZluJgpjQPulC09CQCFBeOmkwxKedSGLdAzx5/86mRCg1EIHJCKJ7at4bi/95zUR3rryUhXGiIaQmYrxOwrGO8HgI3GYSqOYDQwiVzFyJaY9IQrWZK2vqu/NlF0ntPO9e5AsVs0MJTZFBx+gEnSEXXaIiukNlVEUUPaJnNEJv1tB6sl6s12l0yZr9OUB/YL3/APRwlX8=</latexit>

me = 0.000511GeV

<latexit sha1_base64="vybRxnrQV1e48J8LjI5c2D8GbS8=">AAAB+3icbVBLSwMxGMz6rPW1KojgJVgET2VXqHoRSj3osQX7gHZZsunXNjTZXZKsUJb6Z/Qk1pv/wKN/wIu/xfRx0NY5TWYm8M0EMWdKO86XtbS8srq2ntnIbm5t7+zae/s1FSWSQpVGPJKNgCjgLISqZppDI5ZARMChHvRvxn79AaRiUXivBzF4gnRD1mGUaCP59pHwAV9jJ+84TsF1cdqSAt9CbejbuYlogBeJOyO54mHlm41KH2Xf/my1I5oICDXlRKmm68TaS4nUjHIYZluJgpjQPulC09CQCFBeOmkwxKedSGLdAzx5/86mRCg1EIHJCKJ7at4bi/95zUR3rryUhXGiIaQmYrxOwrGO8HgI3GYSqOYDQwiVzFyJaY9IQrWZK2vqu/NlF0ntPO9e5AsVs0MJTZFBx+gEnSEXXaIiukNlVEUUPaJnNEJv1tB6sl6s12l0yZr9OUB/YL3/APRwlX8=</latexit>

me = 0.000511GeV

<latexit sha1_base64="DaJIP4lLTqvk97u06jIe7Lb8XdY=">AAAB7HicbZDLSgMxFIbPeK31VhXcuAkWwVWZEbxshFI3LluwF5gOJZNm2tBMMiQZoQx9C12JunPnW7j0Bdz4LKaXhbb+qy/n/wPnP2HCmTau++UsLa+srq3nNvKbW9s7u4W9/YaWqSK0TiSXqhViTTkTtG6Y4bSVKIrjkNNmOLgZ+817qjST4s4MExrEuCdYxAg2duTHnawt0hG6Rm6nUHRL7kRoEbwZFMuHtW/2Xvmodgqf7a4kaUyFIRxr7XtuYoIMK8MIp6N8O9U0wWSAe9S3KHBMdZBNVh6hk0gqZPoUTd6/sxmOtR7Goc3E2PT1vDce/uf5qYmugoyJJDVUEBuxXpRyZCQaN0ddpigxfGgBE8Xsloj0scLE2PvkbX1vvuwiNM5K3kXpvGbvUIGpcnAEx3AKHlxCGW6hCnUgIOERXuDVEc6D8+Q8T6NLzuzPAfyR8/YD/AuR1A==</latexit>

m⌫ = 0

<latexit sha1_base64="92a/cmeIq2kKycrMh1z0UrOoTww=">AAAB73icbZC7TgJBFIbP4g3xhlraTEQTK7Jr4qUxIdpYYiKXBJCcHQaYMLO7zsySkA3PoZVRO1/AF7D1BXwQrR0uhaJ/9c35/0nOf/xIcG1c98NJzc0vLC6llzMrq2vrG9nNrbIOY0VZiYYiVFUfNRM8YCXDjWDVSDGUvmAVv3cx8it9pjQPg2sziFhDYifgbU7R2NGNbCb1DkqJQ3JG3GY25+bdschf8KaQK+x9vr71V76Kzex7vRXSWLLAUIFa1zw3Mo0EleFUsGGmHmsWIe1hh9UsBiiZbiTjrYdkvx0qYrqMjN8/swlKrQfStxmJpqtnvdHwP68Wm/ZpI+FBFBsWUBuxXjsWxIRkVJ60uGLUiIEFpIrbLQntokJq7Ikytr43W/YvlA/z3nH+6Mre4RwmSsMO7MIBeHACBbiEIpSAgoJ7eIJn59a5cx6cx0k05Uz/bMMvOS/fBi2Tug==</latexit>

m� = 0

<latexit sha1_base64="1wtahpUJh4hNmEu5W1eNlBagomA="></latexit>

Ee+ =
m2

µ +m2
e

2mµ
= 0.0529 GeV ⇠ 53 MeV

<latexit sha1_base64="h/5qL4CuOMW06o3MeJ7PPoP8VNI="></latexit>

E⌫ =
m2

µ �m2
e

2mµ
= 0.0529 GeV ⇠ 53 MeV

<latexit sha1_base64="gPFY3M05PD6T583Uav5KrxpIj3I=">AAACCHicbVDLSgMxFM34tr6qLhUJloKrMqP42AiiCG6ECvYBnWHIpHdsMJkZkoxQhrpzoz+jK6vuXPsDfoM/YVq70NazuSf3nAs5J0g4U9q2P62x8YnJqemZ2dzc/MLiUn55pariVFKo0JjHsh4QBZxFUNFMc6gnEogIONSC65OeXrsBqVgcXep2Ap4gVxELGSXarPx8MfEBH+LEd6PUzNP+dBUTeHfnNnOlwOdQ7fj5gl2y+8CjxBmQwtF69+LrbqNb9vMfbjOmqYBIU06Uajh2or2MSM0oh07OTRUkhF6TK2gYGhEBysv6cTq4GMYS6xbg/vu3NyNCqbYIjEcQ3VLDWm/5n9ZIdXjgZSxKUg0RNRajhSnHOsa9VnCTSaCatw0hVDLzS0xbRBKqTXc5E98ZDjtKqtslZ6+0e2F6OEY/mEFraBNtIQftoyN0hsqogih6QE/oFb1Z99aj9Wy9/FjHrMHNKvoD6/0b1o+bqA==</latexit>

pe = p⌫ = E⌫ ⇠ 53 MeV



<latexit sha1_base64="HMc3Q3cuSJs4yOGuVqFOcAMhydU=">AAACDXicbVDLSgMxFM3UV62vqks3wSKIYpkpvjZKVRRxVcE+oJ0OmTTThiYzQ5IRyjDfoDu/RN2IunPjD/g3po+FVs/mntxzLuQcN2RUKtP8MlITk1PTM+nZzNz8wuJSdnmlIoNIYFLGAQtEzUWSMOqTsqKKkVooCOIuI1W3e9bXq7dESBr4N6oXEpujtk89ipHSKye7Bc8dDI9gwxMIx9xBzQLchtzBeu7o2WoWkrig9wl0sjkzbw4A/xJrRHLF44vdh+eTq5KT/Wy0Ahxx4ivMkJR1ywyVHSOhKGYkyTQiSUKEu6hN6pr6iBNpx4NMCdzwAgFVh8DB+6c3RlzKHne1hyPVkeNaf/mfVo+Ud2jH1A8jRXysLVrzIgZVAPvVwBYVBCvW0wRhQfUvIe4g3YvSBWZ0fGs87F9SKeSt/fzete7hFAyRBmtgHWwCCxyAIrgEJVAGGNyDJ/AG3o0749F4MV6H1pQxulkFv2B8fAPmSZva</latexit>

Ec =
m2

a +m2
c �m2

d

2ma

<latexit sha1_base64="0WB8uAiTPlIW66lkCNn32Z2zDH4=">AAACAHicbVDJSgNBFOxxjXEb9ehCYxAEIcwILsegF48JmAWSMfR03mSa9Cx09yhhyEXxX/Qk6iX4Df6A3+BP2FkOmlinelXV0FVuzJlUlvVlzMzOzS8sZpayyyura+vmxmZFRomgUKYRj0TNJRI4C6GsmOJQiwWQwOVQdTuXA796C0KyKLxW3RicgLRD5jFKlJaa5m4jSG6OcEOwtq+IENEdBn1rJUya0DRzVt4aAk8Te0xyhZ1+6ftxr19smp+NVkSTAEJFOZGybluxclIiFKMcetlGIiEmtEPaUNc0JAFIJx3W6OEDLxJY+YCH9+9sSgIpu4GrMwFRvpz0BuJ/Xj1R3rmTsjBOFIRUR7TnJRyrCA/WwC0mgCre1YRQwfQvMfWJIFTpzbK6vj1ZdppUjvP2af6kpHe4QCNk0DbaR4fIRmeogK5QEZURRQ/oGb2hd+PeeDJejNdRdMYYv9lCf2B8/AAPv5kb</latexit>

µ+ ! e+ + ⌫e

<latexit sha1_base64="vybRxnrQV1e48J8LjI5c2D8GbS8=">AAAB+3icbVBLSwMxGMz6rPW1KojgJVgET2VXqHoRSj3osQX7gHZZsunXNjTZXZKsUJb6Z/Qk1pv/wKN/wIu/xfRx0NY5TWYm8M0EMWdKO86XtbS8srq2ntnIbm5t7+zae/s1FSWSQpVGPJKNgCjgLISqZppDI5ZARMChHvRvxn79AaRiUXivBzF4gnRD1mGUaCP59pHwAV9jJ+84TsF1cdqSAt9CbejbuYlogBeJOyO54mHlm41KH2Xf/my1I5oICDXlRKmm68TaS4nUjHIYZluJgpjQPulC09CQCFBeOmkwxKedSGLdAzx5/86mRCg1EIHJCKJ7at4bi/95zUR3rryUhXGiIaQmYrxOwrGO8HgI3GYSqOYDQwiVzFyJaY9IQrWZK2vqu/NlF0ntPO9e5AsVs0MJTZFBx+gEnSEXXaIiukNlVEUUPaJnNEJv1tB6sl6s12l0yZr9OUB/YL3/APRwlX8=</latexit>

me = 0.000511GeV

<latexit sha1_base64="vybRxnrQV1e48J8LjI5c2D8GbS8=">AAAB+3icbVBLSwMxGMz6rPW1KojgJVgET2VXqHoRSj3osQX7gHZZsunXNjTZXZKsUJb6Z/Qk1pv/wKN/wIu/xfRx0NY5TWYm8M0EMWdKO86XtbS8srq2ntnIbm5t7+zae/s1FSWSQpVGPJKNgCjgLISqZppDI5ZARMChHvRvxn79AaRiUXivBzF4gnRD1mGUaCP59pHwAV9jJ+84TsF1cdqSAt9CbejbuYlogBeJOyO54mHlm41KH2Xf/my1I5oICDXlRKmm68TaS4nUjHIYZluJgpjQPulC09CQCFBeOmkwxKedSGLdAzx5/86mRCg1EIHJCKJ7at4bi/95zUR3rryUhXGiIaQmYrxOwrGO8HgI3GYSqOYDQwiVzFyJaY9IQrWZK2vqu/NlF0ntPO9e5AsVs0MJTZFBx+gEnSEXXaIiukNlVEUUPaJnNEJv1tB6sl6s12l0yZr9OUB/YL3/APRwlX8=</latexit>

me = 0.000511GeV

<latexit sha1_base64="DaJIP4lLTqvk97u06jIe7Lb8XdY=">AAAB7HicbZDLSgMxFIbPeK31VhXcuAkWwVWZEbxshFI3LluwF5gOJZNm2tBMMiQZoQx9C12JunPnW7j0Bdz4LKaXhbb+qy/n/wPnP2HCmTau++UsLa+srq3nNvKbW9s7u4W9/YaWqSK0TiSXqhViTTkTtG6Y4bSVKIrjkNNmOLgZ+817qjST4s4MExrEuCdYxAg2duTHnawt0hG6Rm6nUHRL7kRoEbwZFMuHtW/2Xvmodgqf7a4kaUyFIRxr7XtuYoIMK8MIp6N8O9U0wWSAe9S3KHBMdZBNVh6hk0gqZPoUTd6/sxmOtR7Goc3E2PT1vDce/uf5qYmugoyJJDVUEBuxXpRyZCQaN0ddpigxfGgBE8Xsloj0scLE2PvkbX1vvuwiNM5K3kXpvGbvUIGpcnAEx3AKHlxCGW6hCnUgIOERXuDVEc6D8+Q8T6NLzuzPAfyR8/YD/AuR1A==</latexit>

m⌫ = 0

<latexit sha1_base64="92a/cmeIq2kKycrMh1z0UrOoTww=">AAAB73icbZC7TgJBFIbP4g3xhlraTEQTK7Jr4qUxIdpYYiKXBJCcHQaYMLO7zsySkA3PoZVRO1/AF7D1BXwQrR0uhaJ/9c35/0nOf/xIcG1c98NJzc0vLC6llzMrq2vrG9nNrbIOY0VZiYYiVFUfNRM8YCXDjWDVSDGUvmAVv3cx8it9pjQPg2sziFhDYifgbU7R2NGNbCb1DkqJQ3JG3GY25+bdschf8KaQK+x9vr71V76Kzex7vRXSWLLAUIFa1zw3Mo0EleFUsGGmHmsWIe1hh9UsBiiZbiTjrYdkvx0qYrqMjN8/swlKrQfStxmJpqtnvdHwP68Wm/ZpI+FBFBsWUBuxXjsWxIRkVJ60uGLUiIEFpIrbLQntokJq7Ikytr43W/YvlA/z3nH+6Mre4RwmSsMO7MIBeHACBbiEIpSAgoJ7eIJn59a5cx6cx0k05Uz/bMMvOS/fBi2Tug==</latexit>

m� = 0

<latexit sha1_base64="1wtahpUJh4hNmEu5W1eNlBagomA="></latexit>

Ee+ =
m2

µ +m2
e

2mµ
= 0.0529 GeV ⇠ 53 MeV

<latexit sha1_base64="h/5qL4CuOMW06o3MeJ7PPoP8VNI="></latexit>

E⌫ =
m2

µ �m2
e

2mµ
= 0.0529 GeV ⇠ 53 MeV

<latexit sha1_base64="gPFY3M05PD6T583Uav5KrxpIj3I=">AAACCHicbVDLSgMxFM34tr6qLhUJloKrMqP42AiiCG6ECvYBnWHIpHdsMJkZkoxQhrpzoz+jK6vuXPsDfoM/YVq70NazuSf3nAs5J0g4U9q2P62x8YnJqemZ2dzc/MLiUn55pariVFKo0JjHsh4QBZxFUNFMc6gnEogIONSC65OeXrsBqVgcXep2Ap4gVxELGSXarPx8MfEBH+LEd6PUzNP+dBUTeHfnNnOlwOdQ7fj5gl2y+8CjxBmQwtF69+LrbqNb9vMfbjOmqYBIU06Uajh2or2MSM0oh07OTRUkhF6TK2gYGhEBysv6cTq4GMYS6xbg/vu3NyNCqbYIjEcQ3VLDWm/5n9ZIdXjgZSxKUg0RNRajhSnHOsa9VnCTSaCatw0hVDLzS0xbRBKqTXc5E98ZDjtKqtslZ6+0e2F6OEY/mEFraBNtIQftoyN0hsqogih6QE/oFb1Z99aj9Wy9/FjHrMHNKvoD6/0b1o+bqA==</latexit>

pe = p⌫ = E⌫ ⇠ 53 MeV

<latexit sha1_base64="1wtahpUJh4hNmEu5W1eNlBagomA="></latexit>

Ee+ =
m2

µ +m2
e

2mµ
= 0.0529 GeV ⇠ 53 MeV

<latexit sha1_base64="BSkfh2D2CkWxiK3pG77wmVBtWsk=">AAAB7HicbZDLSgMxFIYzXmvrperSTbAKrsqM4GUjFEVwWcFeYDqUTHrahiaTIckUytC30JWoOx/BF3DrC/gguja9LLT1X305/x84/wljzrRx3U9nYXFpeWU1s5bNrW9sbuW3d6paJopChUouVT0kGjiLoGKY4VCPFRARcqiFvauRX+uD0kxGd2YQQyBIJ2JtRomxI/+62egQIQi+wM18wS26Y+F58KZQKB18vb33c9/lZv6j0ZI0ERAZyonWvufGJkiJMoxyGGYbiYaY0B7pgG8xIgJ0kI5XHuLDtlTYdAGP37+zKRFaD0RoM4KYrp71RsP/PD8x7fMgZVGcGIiojVivnXBsJB41xy2mgBo+sECoYnZLTLtEEWrsfbK2vjdbdh6qx0XvtHhya+9wiSbKoD20j46Qh85QCd2gMqogiiR6QM/oxYmce+fReZpEF5zpn130R87rD5FYkkw=</latexit>

E� =

<latexit sha1_base64="cXcEyXpP1v8LKqOYMb7AGAPzvCs=">AAAB53icbZDJSgNBFEVfO8Y4RV0qUhgEV6FbcNgIQTcuEzADJE2orrxOylQPVFULocnSta5E3fkX+Qh/wG/wJ6wMC028q1Pv3oJ3nxcLrrRtf1kLi0vLK6uZtez6xubWdm5nt6qiRDKssEhEsu5RhYKHWNFcC6zHEmngCax5vZuRX3tAqXgU3ul+jG5AOyH3OaPajKpxC8kVaeXydsEei8yDM4V88WBY/n48HJZauc9mO2JJgKFmgirVcOxYuymVmjOBg2wzURhT1qMdbBgMaYDKTcfbDsixH0miu0jG79/ZlAZK9QPPZAKqu2rWGw3/8xqJ9i/dlIdxojFkJmI8PxFER2RUmrS5RKZF3wBlkpstCetSSZk2p8ma+s5s2Xmonhac88JZ2dzhGibKwD4cwQk4cAFFuIUSVIDBPTzDG7xb3HqyXqzXSXTBmv7Zgz+yPn4ARnOPrQ==</latexit>pe =



<latexit sha1_base64="fPqatO0ASx0DWno5j0bp/9mxJmE="></latexit>

P 2
e0 = (P 2

e � P�)
2 = m2

e + 0� 2PeP�

<latexit sha1_base64="XtSCvR63x2JpnDQtZUitFyap5o0=">AAAB8nicbVDJSgNBEK1xjXFJVPDipTEIXgwzgstFCPHiMQGzQDIMPZ1K0qRnobtHCEN+RE+i3vQvPPoDXvwWO8tBE9+heFXvFdQrPxZcadv+spaWV1bX1jMb2c2t7Z1cfnevrqJEMqyxSESy6VOFgodY01wLbMYSaeALbPiDm7HeuEepeBTe6WGMbkB7Ie9yRrUZeflcxeuQa1LxKDk1lXn5gl20JyCLxJmRQumg+s3fyx8VL//Z7kQsCTDUTFClWo4dazelUnMmcJRtJwpjyga0hy1DQxqgctPJ4SNy3I0k0X0kk/63N6WBUsPAN56A6r6a18bD/7RWortXbsrDONEYMmMxWjcRREdknJ90uESmxdAQyiQ3VxLWp5Iybb6UNfGd+bCLpH5WdC6K51XzhzJMkYFDOIITcOASSnALFagBgwQe4QVeLW09WE/W89S6ZM129uEPrLcfs7GSnA==</latexit>

Pd = Pa � Pc

<latexit sha1_base64="yb6bh2JhSum6TIGUP7r1UYNGwSU="></latexit>

m2
e0 = (P 2

e � P�)
2 = m2

e + 0� 2PeP�

<latexit sha1_base64="8+i7wQrvxKdiyxdCQ2R+Nfas4R4="></latexit>

0 = 2PeP� = 2EeE� � 2peE� cos ✓ = 2E�(Ee � pe cos ✓)



<latexit sha1_base64="fPqatO0ASx0DWno5j0bp/9mxJmE="></latexit>

P 2
e0 = (P 2

e � P�)
2 = m2

e + 0� 2PeP�

<latexit sha1_base64="XtSCvR63x2JpnDQtZUitFyap5o0=">AAAB8nicbVDJSgNBEK1xjXFJVPDipTEIXgwzgstFCPHiMQGzQDIMPZ1K0qRnobtHCEN+RE+i3vQvPPoDXvwWO8tBE9+heFXvFdQrPxZcadv+spaWV1bX1jMb2c2t7Z1cfnevrqJEMqyxSESy6VOFgodY01wLbMYSaeALbPiDm7HeuEepeBTe6WGMbkB7Ie9yRrUZeflcxeuQa1LxKDk1lXn5gl20JyCLxJmRQumg+s3fyx8VL//Z7kQsCTDUTFClWo4dazelUnMmcJRtJwpjyga0hy1DQxqgctPJ4SNy3I0k0X0kk/63N6WBUsPAN56A6r6a18bD/7RWortXbsrDONEYMmMxWjcRREdknJ90uESmxdAQyiQ3VxLWp5Iybb6UNfGd+bCLpH5WdC6K51XzhzJMkYFDOIITcOASSnALFagBgwQe4QVeLW09WE/W89S6ZM129uEPrLcfs7GSnA==</latexit>

Pd = Pa � Pc

<latexit sha1_base64="yb6bh2JhSum6TIGUP7r1UYNGwSU="></latexit>

m2
e0 = (P 2

e � P�)
2 = m2

e + 0� 2PeP�

<latexit sha1_base64="8+i7wQrvxKdiyxdCQ2R+Nfas4R4="></latexit>

0 = 2PeP� = 2EeE� � 2peE� cos ✓ = 2E�(Ee � pe cos ✓)

<latexit sha1_base64="evchmcvVifo0cI6WqtFcfuovZJc=">AAAB73icbZDLSgMxFIbP1FttvVRduolWwVWZEbxshKIILivYC7RjyaSZNjSZGZNMoQx9Dl2JuvMFfAG3voAPomvTy0Jb/9WX8/+B8x8v4kxp2/60UnPzC4tL6eVMdmV1bT23sVlRYSwJLZOQh7LmYUU5C2hZM81pLZIUC4/Tqte9GPrVHpWKhcGN7kfUFbgdMJ8RrM3o9rLZaGMhMDpDNtpp5vJ2wR4JzYIzgXxx7+vtvZf9LjVzH41WSGJBA004Vqru2JF2Eyw1I5wOMo1Y0QiTLm7TusEAC6rcZLT1AO37oUS6Q9Ho/TubYKFUX3gmI7DuqGlvOPzPq8faP3UTFkSxpgExEeP5MUc6RMPyqMUkJZr3DWAimdkSkQ6WmGhzooyp70yXnYXKYcE5Lhxdmzucw1hp2IZdOAAHTqAIV1CCMhCQ8ADP8GLdWffWo/U0jqasyZ8t+CPr9Qez4ZLb</latexit>

E� = 0!

<latexit sha1_base64="NyDzj1LnE8HqbFWoJ8NFUV822iA=">AAAB/HicbVDLSgNBEJyN7/iKehJFBkUQxLAr+DiKXjwaMImQrKF30kmGzOwuM7NKWNSTf6InUW+Sj/AH/AZ/wknMQY11qu6qhq4KYsG1cd0PJzMyOjY+MTmVnZ6ZnZvPLSyWdJQohkUWiUhdBKBR8BCLhhuBF7FCkIHActA+6enlK1SaR+G56cToS2iGvMEZGLuq5ZarTZASaFXxZsuAUtE1xcttvNyp5TbcvNsHHSbegGwcrXYLn/dr3bNa7r1aj1giMTRMgNYVz42Nn4IynAm8yVYTjTGwNjSxYmkIErWf9iPc0M1GpKhpIe3PP70pSK07MrAeCaal/2q95X9aJTGNQz/lYZwYDJm1WK2RCGoi2muC1rlCZkTHEmCK2y8pa4ECZmxfWRvf+xt2mJR2895+fq9gezgm35gkK2SdbBGPHJAjckrOSJEwckceyQt5dW6dB+fJef62ZpzBzRL5BeftCwVpmA0=</latexit>

� ! e+e�



2→2

<latexit sha1_base64="j/mfec8K0YLIHwuQi6t/snrPLW0=">AAAB4nicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJeNsIRTcuW7AXaEOZTE/aoTNJmJkIJfQFdCXqzkfyBXwbpzULbf1X35z/Hzj/CRLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKHiETcONwE6ikMpAYDsY38389iMqzePowUwS9CUdRjzkjBo7atz0yxW36s5FlsHLoQK56v3yZ28Qs1RiZJigWnc9NzF+RpXhTOC01Es1JpSN6RC7FiMqUfvZfNEpOQljRcwIyfz9O5tRqfVEBjYjqRnpRW82/M/rpia89jMeJanBiNmI9cJUEBOTWV8y4AqZERMLlClutyRsRBVlxl6lZOt7i2WXoXVW9S6rF43zSu02P0QRjuAYTsGDK6jBPdShCQwQnuEN3p2B8+S8OK8/0YKT/zmEP3I+vgGGb4pg</latexit>=
<latexit sha1_base64="5efh9tixaeG2i9tzBf9nzGCv/L0=">AAAB/HicbVDLSsNAFL2pr1pfUVfiZrAIIlIS8bUsunFZwT6gjWEynTRDJw9mJkoJ1Z/Rlag7v8If8G+c1Cy0ehaXc+85A3OOl3AmlWV9GqWZ2bn5hfJiZWl5ZXXNXN9oyTgVhDZJzGPR8bCknEW0qZjitJMIikOP07Y3vMj19i0VksXRtRol1AnxIGI+I1jpk2tuJTf7LjnIZx/1BBsECgsR3yHLNatWzZoA/SV2QapQoOGaH71+TNKQRopwLGXXthLlZFgoRjgdV3qppAkmQzygXU0jHFLpZJMIY7TrxwKpgKLJ/tOb4VDKUehpT4hVIKe1/Pif1k2Vf+ZkLEpSRSOiLVrzU45UjPImUJ8JShQfaYKJYPqXiARYYKJ0XxUd354O+5e0Dmv2Se346qhaPy+KKMM27MAe2HAKdbiEBjSBwAM8wSu8GffGo/FsvHxbS0bxZhN+wXj/AoHjk/o=</latexit>

p⇤c , p
⇤
d ! 0

What would be the minimum energy Ea to produce c and d? 

<latexit sha1_base64="hyU5GcJLHySZ3z/mwV6sIeMTJ+g=">AAACIXicbVDLSgMxFM34rPU16tJNsAgVscwUXyspiuBSwT6gU8OdmLGhycyQZIQy9Gv0ZxQXom7EnzGtXfg6m5zccy7JOWEquDae9+5MTE5Nz8wW5orzC4tLy+7KakMnmaKsThORqFYImgkes7rhRrBWqhjIULBm2DsZ6s1bpjRP4kvTT1lHwk3MI07B2BFxjySBqyrexpKEo7N6SuCUhLiMfbyDg0gBzVMCKQkH+Zc0CGiiA9NlBraIW/Iq3gj4L/HHpITGOCfuU3Cd0Eyy2FABWrd9LzWdHJThVLBBMcg0S4H24Ia1LY1BMt3JRzkHeDNKFLYP49H9uzcHqXVfhtYjwXT1b204/E9rZyY67OQ8TjPDYmotVosygU2Ch3Xha64YNaJvCVDF7S8x7YItxdhSiza+/zvsX9KoVvz9yt7Fbql2PC6igNbRBiojHx2gGjpD56iOKLpHj+gVvTl3zoPz7Lx8WSec8c4a+gHn4xPBk6Da</latexit>

m2
a +m2

b + 2EaEb(1�
papb
EaEb

cos ✓) <latexit sha1_base64="j/mfec8K0YLIHwuQi6t/snrPLW0=">AAAB4nicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJeNsIRTcuW7AXaEOZTE/aoTNJmJkIJfQFdCXqzkfyBXwbpzULbf1X35z/Hzj/CRLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKHiETcONwE6ikMpAYDsY38389iMqzePowUwS9CUdRjzkjBo7atz0yxW36s5FlsHLoQK56v3yZ28Qs1RiZJigWnc9NzF+RpXhTOC01Es1JpSN6RC7FiMqUfvZfNEpOQljRcwIyfz9O5tRqfVEBjYjqRnpRW82/M/rpia89jMeJanBiNmI9cJUEBOTWV8y4AqZERMLlClutyRsRBVlxl6lZOt7i2WXoXVW9S6rF43zSu02P0QRjuAYTsGDK6jBPdShCQwQnuEN3p2B8+S8OK8/0YKT/zmEP3I+vgGGb4pg</latexit>=

<latexit sha1_base64="3CYVbMI4iy+msqQheu3v9SFW9ks=">AAACCHicbVDLSsNAFJ3UV62vqEs3g6VQEUsS6mNZFMFlBfuANg2T6aQdOpOEmYlQQn5Af0ZXou5c+wP+jdPahbaexeXce87AnOPHjEplWV9Gbml5ZXUtv17Y2Nza3jF395oySgQmDRyxSLR9JAmjIWkoqhhpx4Ig7jPS8kdXE711T4SkUXinxjFxORqENKAYKX3yzFI3EAinZe7hY+71j3oOPOEe6jl6+j0nS6vXnp95ZtGqWFPARWLPSBHMUPfMz24/wgknocIMSdmxrVi5KRKKYkayQjeRJEZ4hAako2mIOJFuOo2TwVIQCaiGBE73394UcSnH3NcejtRQzmuT439aJ1HBhZvSME4UCbG2aC1IGFQRnLQC+1QQrNhYE4QF1b+EeIh0M0p3V9Dx7fmwi6TpVOyzyulttVi7nBWRBwfgEJSBDc5BDdyAOmgADB7BM3gD78aD8WS8GK8/1pwxe7MP/sD4+AZmw5g+</latexit>

(mc +md)2 �m2
a �m2

b

4Eb



𝜸GZK

𝜸GZK

𝜸GZK
𝜸GZK

𝜸GZK

𝜸GZK

<latexit sha1_base64="eoxQI36f30aKLDDnKuXb+IP/vS8=">AAAB7nicbZDLSsNAFIYn9VbrrerSzWARXJVEvG2EogguK9gLtCGcTE/boTNJnJkIJfQ1dCXqzofxBXwbpzULrf6rb87/D5z/hIng2rjup1NYWFxaXimultbWNza3yts7TR2nimGDxSJW7RA0Ch5hw3AjsJ0oBBkKbIWjq6nfekCleRzdmXGCvoRBxPucgbEj/zrIugOQEoJwchGUK27VnYn+BS+HCslVD8of3V7MUomRYQK07nhuYvwMlOFM4KTUTTUmwEYwwI7FCCRqP5stPaEH/VhRM0Q6e//MZiC1HsvQZiSYoZ73psP/vE5q+ud+xqMkNRgxG7FePxXUxHTanfa4QmbE2AIwxe2WlA1BATP2QiVb35sv+xeaR1XvtHpye1ypXeaHKJI9sk8OiUfOSI3ckDppEEbuyRN5JW9O4jw6z87Ld7Tg5H92yS85719wNY+U</latexit>

E�b =

<latexit sha1_base64="5QhWhs4aHfL6lA+k8G2vGXunSBc=">AAAB+HicbZC7TsMwFIadcivlFkBMLBYVElOVcC0DUgUDjEWiF6mNKsc9ba3aSWQ7SCUKzwITAjaegxfgbXBLBmj5p8/n/y2d8/sRZ0o7zpeVm5tfWFzKLxdWVtfWN+zNrboKY0mhRkMeyqZPFHAWQE0zzaEZSSDC59Dwh1djv3EPUrEwuNOjCDxB+gHrMUq0GXXsHdFJovTCKZ0flR+TthT4Guppxy46JWciPAtuBkWUqdqxP9vdkMYCAk05UarlOpH2EiI1oxzSQjtWEBE6JH1oGQyIAOUlk/VTvN8LJdYDwJP372xChFIj4ZuMIHqgpr3x8D+vFete2UtYEMUaAmoixuvFHOsQj1vAXSaBaj4yQKhkZktMB0QSqk1XBXO+O33sLNQPS+5p6eT2uFi5zIrIo120hw6Qi85QBd2gKqohihL0jN7Qu/VgPVkv1utPNGdlf7bRH1kf36pRkmI=</latexit>

mp = 0.938 GeV
<latexit sha1_base64="mF6R8Cit2pBu6BVgDvUCb5s62+A=">AAAB+XicbZDLSsNAFIYn9VbrLSq4cTNYBFchqdeNUFTQZQV7gTaEyfSkHTq5MDMRSozvoitRd76GL+DbOK1daOu/+ub8/8A5v59wJpVtfxmFufmFxaXicmlldW19w9zcasg4FRTqNOaxaPlEAmcR1BVTHFqJABL6HJr+4HLkN+9BSBZHd2qYgBuSXsQCRonSI8/cCb2scwVckfzcsSqHlcfsGhq5Z5Ztyx4Lz4IzgTKaqOaZn51uTNMQIkU5kbLt2IlyMyIUoxzyUieVkBA6ID1oa4xICNLNxvvneD+IBVZ9wOP372xGQimHoa8zIVF9Oe2Nhv957VQFZ27GoiRVEFEd0V6QcqxiPKoBd5kAqvhQA6GC6S0x7RNBqNJllfT5zvSxs9CoWM6JdXx7VK5eTIoool20hw6Qg05RFd2gGqojih7QM3pD70ZmPBkvxutPtGBM/myjPzI+vgF+7JLb</latexit>

m� = 1.232 GeV

<latexit sha1_base64="3CYVbMI4iy+msqQheu3v9SFW9ks=">AAACCHicbVDLSsNAFJ3UV62vqEs3g6VQEUsS6mNZFMFlBfuANg2T6aQdOpOEmYlQQn5Af0ZXou5c+wP+jdPahbaexeXce87AnOPHjEplWV9Gbml5ZXUtv17Y2Nza3jF395oySgQmDRyxSLR9JAmjIWkoqhhpx4Ig7jPS8kdXE711T4SkUXinxjFxORqENKAYKX3yzFI3EAinZe7hY+71j3oOPOEe6jl6+j0nS6vXnp95ZtGqWFPARWLPSBHMUPfMz24/wgknocIMSdmxrVi5KRKKYkayQjeRJEZ4hAako2mIOJFuOo2TwVIQCaiGBE73394UcSnH3NcejtRQzmuT439aJ1HBhZvSME4UCbG2aC1IGFQRnLQC+1QQrNhYE4QF1b+EeIh0M0p3V9Dx7fmwi6TpVOyzyulttVi7nBWRBwfgEJSBDc5BDdyAOmgADB7BM3gD78aD8WS8GK8/1pwxe7MP/sD4+AZmw5g+</latexit>

(mc +md)2 �m2
a �m2

b

4Eb

<latexit sha1_base64="St7CtAGtUxNht5voBiI/jFva6ho=">AAAB6XicbZDLSsNAFIZPvNZ6q7p0EyyCq5KIt2XRjcsK9gJtKCfTk3boTBJmJkIp9R10JerO1/EFfBunNQtt/VffnP8fOP8JU8G18bwvZ2l5ZXVtvbBR3Nza3tkt7e03dJIpRnWWiES1QtQkeEx1w42gVqoIZSioGQ5vpn7zgZTmSXxvRikFEvsxjzhDY0et9LHTRymxWyp7FW8mdxH8HMqQq9YtfXZ6CcskxYYJ1Lrte6kJxqgMZ4ImxU6mKUU2xD61LcYoSQfj2b4T9zhKlGsG5M7ev7NjlFqPZGgzEs1Az3vT4X9eOzPRVTDmcZoZipmNWC/KhGsSd1rb7XFFzIiRBWSK2y1dNkCFzNjjFG19f77sIjROK/5F5fzurFy9zg9RgEM4ghPw4RKqcAs1qAMDAc/wBu/O0HlyXpzXn+iSk/85gD9yPr4BJruNtg==</latexit>p �



𝜸GZK

𝜸GZK

𝜸GZK
𝜸GZK

𝜸GZK

𝜸GZK

<latexit sha1_base64="eoxQI36f30aKLDDnKuXb+IP/vS8=">AAAB7nicbZDLSsNAFIYn9VbrrerSzWARXJVEvG2EogguK9gLtCGcTE/boTNJnJkIJfQ1dCXqzofxBXwbpzULrf6rb87/D5z/hIng2rjup1NYWFxaXimultbWNza3yts7TR2nimGDxSJW7RA0Ch5hw3AjsJ0oBBkKbIWjq6nfekCleRzdmXGCvoRBxPucgbEj/zrIugOQEoJwchGUK27VnYn+BS+HCslVD8of3V7MUomRYQK07nhuYvwMlOFM4KTUTTUmwEYwwI7FCCRqP5stPaEH/VhRM0Q6e//MZiC1HsvQZiSYoZ73psP/vE5q+ud+xqMkNRgxG7FePxXUxHTanfa4QmbE2AIwxe2WlA1BATP2QiVb35sv+xeaR1XvtHpye1ypXeaHKJI9sk8OiUfOSI3ckDppEEbuyRN5JW9O4jw6z87Ld7Tg5H92yS85719wNY+U</latexit>

E�b =

<latexit sha1_base64="5QhWhs4aHfL6lA+k8G2vGXunSBc=">AAAB+HicbZC7TsMwFIadcivlFkBMLBYVElOVcC0DUgUDjEWiF6mNKsc9ba3aSWQ7SCUKzwITAjaegxfgbXBLBmj5p8/n/y2d8/sRZ0o7zpeVm5tfWFzKLxdWVtfWN+zNrboKY0mhRkMeyqZPFHAWQE0zzaEZSSDC59Dwh1djv3EPUrEwuNOjCDxB+gHrMUq0GXXsHdFJovTCKZ0flR+TthT4Guppxy46JWciPAtuBkWUqdqxP9vdkMYCAk05UarlOpH2EiI1oxzSQjtWEBE6JH1oGQyIAOUlk/VTvN8LJdYDwJP372xChFIj4ZuMIHqgpr3x8D+vFete2UtYEMUaAmoixuvFHOsQj1vAXSaBaj4yQKhkZktMB0QSqk1XBXO+O33sLNQPS+5p6eT2uFi5zIrIo120hw6Qi85QBd2gKqohihL0jN7Qu/VgPVkv1utPNGdlf7bRH1kf36pRkmI=</latexit>

mp = 0.938 GeV
<latexit sha1_base64="mF6R8Cit2pBu6BVgDvUCb5s62+A=">AAAB+XicbZDLSsNAFIYn9VbrLSq4cTNYBFchqdeNUFTQZQV7gTaEyfSkHTq5MDMRSozvoitRd76GL+DbOK1daOu/+ub8/8A5v59wJpVtfxmFufmFxaXicmlldW19w9zcasg4FRTqNOaxaPlEAmcR1BVTHFqJABL6HJr+4HLkN+9BSBZHd2qYgBuSXsQCRonSI8/cCb2scwVckfzcsSqHlcfsGhq5Z5Ztyx4Lz4IzgTKaqOaZn51uTNMQIkU5kbLt2IlyMyIUoxzyUieVkBA6ID1oa4xICNLNxvvneD+IBVZ9wOP372xGQimHoa8zIVF9Oe2Nhv957VQFZ27GoiRVEFEd0V6QcqxiPKoBd5kAqvhQA6GC6S0x7RNBqNJllfT5zvSxs9CoWM6JdXx7VK5eTIoool20hw6Qg05RFd2gGqojih7QM3pD70ZmPBkvxutPtGBM/myjPzI+vgF+7JLb</latexit>

m� = 1.232 GeV

<latexit sha1_base64="3CYVbMI4iy+msqQheu3v9SFW9ks=">AAACCHicbVDLSsNAFJ3UV62vqEs3g6VQEUsS6mNZFMFlBfuANg2T6aQdOpOEmYlQQn5Af0ZXou5c+wP+jdPahbaexeXce87AnOPHjEplWV9Gbml5ZXUtv17Y2Nza3jF395oySgQmDRyxSLR9JAmjIWkoqhhpx4Ig7jPS8kdXE711T4SkUXinxjFxORqENKAYKX3yzFI3EAinZe7hY+71j3oOPOEe6jl6+j0nS6vXnp95ZtGqWFPARWLPSBHMUPfMz24/wgknocIMSdmxrVi5KRKKYkayQjeRJEZ4hAako2mIOJFuOo2TwVIQCaiGBE73394UcSnH3NcejtRQzmuT439aJ1HBhZvSME4UCbG2aC1IGFQRnLQC+1QQrNhYE4QF1b+EeIh0M0p3V9Dx7fmwi6TpVOyzyulttVi7nBWRBwfgEJSBDc5BDdyAOmgADB7BM3gD78aD8WS8GK8/1pwxe7MP/sD4+AZmw5g+</latexit>

(mc +md)2 �m2
a �m2

b

4Eb

<latexit sha1_base64="St7CtAGtUxNht5voBiI/jFva6ho=">AAAB6XicbZDLSsNAFIZPvNZ6q7p0EyyCq5KIt2XRjcsK9gJtKCfTk3boTBJmJkIp9R10JerO1/EFfBunNQtt/VffnP8fOP8JU8G18bwvZ2l5ZXVtvbBR3Nza3tkt7e03dJIpRnWWiES1QtQkeEx1w42gVqoIZSioGQ5vpn7zgZTmSXxvRikFEvsxjzhDY0et9LHTRymxWyp7FW8mdxH8HMqQq9YtfXZ6CcskxYYJ1Lrte6kJxqgMZ4ImxU6mKUU2xD61LcYoSQfj2b4T9zhKlGsG5M7ev7NjlFqPZGgzEs1Az3vT4X9eOzPRVTDmcZoZipmNWC/KhGsSd1rb7XFFzIiRBWSK2y1dNkCFzNjjFG19f77sIjROK/5F5fzurFy9zg9RgEM4ghPw4RKqcAs1qAMDAc/wBu/O0HlyXpzXn+iSk/85gD9yPr4BJruNtg==</latexit>p �

<latexit sha1_base64="j/mfec8K0YLIHwuQi6t/snrPLW0=">AAAB4nicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJeNsIRTcuW7AXaEOZTE/aoTNJmJkIJfQFdCXqzkfyBXwbpzULbf1X35z/Hzj/CRLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKHiETcONwE6ikMpAYDsY38389iMqzePowUwS9CUdRjzkjBo7atz0yxW36s5FlsHLoQK56v3yZ28Qs1RiZJigWnc9NzF+RpXhTOC01Es1JpSN6RC7FiMqUfvZfNEpOQljRcwIyfz9O5tRqfVEBjYjqRnpRW82/M/rpia89jMeJanBiNmI9cJUEBOTWV8y4AqZERMLlClutyRsRBVlxl6lZOt7i2WXoXVW9S6rF43zSu02P0QRjuAYTsGDK6jBPdShCQwQnuEN3p2B8+S8OK8/0YKT/zmEP3I+vgGGb4pg</latexit>=



What if...  there are sources that we do not 
understand or know 

What if...  we do not understand the 
acceleration mechanisms 

What if... there are some unknown 
propagation effects  ... will there be 

some mechanism that bypasses the 
threshold?



Lorentz Invariance

Space - Time symmetry

Fundamental symmetry in Physics

Lorentz scalars are invariants

If Lorentz invariant, there is CPT

Like any other fundamental principle 

exploring the limits of validity of LI has been 

an essential motivation for theoretical and 

experimental research

But, LI may not be an exact symmetry of Nature

Paradigms:

-v<c


-x<compton length

-Universal Time


… 

<latexit sha1_base64="2cR/V1fmNT+fYMon6HtqRdh+YB0=">AAAB8nicbVDJSgNBEK1xjXHJqEcvjUHwYpgJbhchKILHCGaBZBJ6OpWkSc9Cd48QhvyInkS9+Sn+gH9jJ85BE9+heFXvFdQrPxZcacf5spaWV1bX1nMb+c2t7Z2CvbtXV1EiGdZYJCLZ9KlCwUOsaa4FNmOJNPAFNvzRzVRvPKJUPAof9DhGL6CDkPc5o9qMunbhtlMmJyQ29YoEnXLXLjolZwaySNyMFCFDtWt/tnsRSwIMNRNUqZbrxNpLqdScCZzk24nCmLIRHWDL0JAGqLx0dviEHPUjSfQQyaz/7U1poNQ48I0noHqo5rXp8D+tlej+pZfyME40hsxYjNZPBNERmeYnPS6RaTE2hDLJzZWEDamkTJsv5U18dz7sIqmXS+556ez+tFi5zh6RgwM4hGNw4QIqcAdVqAGDBJ7hDd4tbT1ZL9brj3XJynb24Q+sj29Tzo6c</latexit>

E2 � p2 = m2

…will there be some mechanism that bypasses the threshold?



General 
Relativity 

• SM & GR: the best theories describing the 4-fundamental Forces. 
• No conflict with predictions from either of them. 
• They are fundamentally different.

Standard 
Model

47

LIV 



New Physics involves new features, such as: 
Higher dimensions of space and time 
… 
The law of relativity might not hold exactly at all 
energy scales: SME, Effective-Theories,… 

Lorentz Invariance Violation (LIV)

…  LI may not be an exact symmetry of Nature 

Quantum Theory of Gravity?

Like any other fundamental principle 
exploring the limits of validity of LI has been 

an essential motivation for theoretical and 
experimental research48

String Theory Loop Quantum Gravity 

?…

LIV





Plank scale!



e+e�
<latexit sha1_base64="aHmwgcmUsFGLRuuE9SHn3X5adkI=">AAAB53icdVDJSgNBFHwTtxi3qEcvjUEQxGHGPbegF48RzALJJPR03iRteha6e4QQ8g16EvXm//gD/o2dGMG1TvVe1YOq5yeCK+04b1ZmZnZufiG7mFtaXlldy69vVFWcSoYVFotY1n2qUPAIK5prgfVEIg19gTW/fzHWa7coFY+jaz1I0AtpN+IBZ1SbVRVbe9jab+cLjl103OKJS34T13YmKMAU5Xb+tdmJWRpipJmgSjVcJ9HekErNmcBRrpkqTCjr0y42DI1oiMobTtKOyE4QS6J7SCbzV++QhkoNQt94Qqp76qc2Xv6lNVIdnHlDHiWpxogZi9GCVBAdk3Fp0uESmRYDQyiT3KQkrEclZdq8Jmfqf3Yk/5Pqge0e2sdXR4XS+fQRWdiCbdgFF06hBJdQhgowuIF7eIJni1t31oP1+GHNWNObTfgG6+UdIJWMfg==</latexit>

𝛄

��b ! e+e�
<latexit sha1_base64="UrltP1yVEE41VUXFL/xGQpbD3F0=">AAACBnicdVDLSgMxFM3UV62vqks3wSIIYpnx3V3RjcsK9gFtLXfS2zY0mRmSjFJK9/ozuhJ15wf4A/6N6UPweSDk5J5zIef4keDauO67k5ianpmdS86nFhaXllfSq2slHcaKYZGFIlQVHzQKHmDRcCOwEikE6Qss+92zoV6+RqV5GFyaXoR1Ce2AtzgDY0eNdKbWBimBjq+GT2uKtzsGlApvKF7t2LNrXW4253q5I4/+Jl7WHSFDJig00m+1ZshiiYFhArSuem5k6n1QhjOBg1Qt1hgB60Ibq5YGIFHX+6MwA7rVChU1HaSj91dvH6TWPelbjwTT0T+14fAvrRqb1km9z4MoNhgwa7FaKxbUhHTYCW1yhcyIniXAFLe/pKwDCpixzaVs/M+M9H9S2st6+9nDi4NM/nRSRJJskE2yTTxyTPLknBRIkTByRx7IM3lxbp1759F5GlsTzmRnnXyD8/oBhTGYdQ==</latexit>

new physics?Plank scale!

<latexit sha1_base64="w88VvYoveV7Gg5A1BTTjUBXXiRk=">AAAB/nicdVDLSgNBEJz1bXxFPXoZDIKnsBHj4xbUg0cFYwLZEHonnWTIzO4y06uEENCf0ZOoNz/CH/BvnMQgPutU3VUNXRUmSlry/TdvYnJqemZ2bj6zsLi0vJJdXbu0cWoElkWsYlMNwaKSEZZJksJqYhB0qLASdo+HeuUKjZVxdEG9BOsa2pFsSQHkVo3sRsKDNmgNPDCy3SEwJr7mwQkqgkY25+cPhyjyQt4f4TfJsTHOGtnXoBmLVGNEQoG1tYKfUL0PhqRQOMgEqcUERBfaWHM0Ao223h+FGPCtVmw4dZCP5q/ePmhrezp0Hg3UsT+14fIvrZZS66Del1GSEkbCWZzWShWnmA+74E1pUJDqOQLCSPclFx0wIMg1lnHx/0/9SS538oW9fPF8N1c6GhcxxzbYJttmBbbPSuyUnbEyE+yW3bMn9uzdeHfeg/f4YZ3wxjfr7Bu8l3dFiZWm</latexit>

p� ! �

<latexit sha1_base64="w88VvYoveV7Gg5A1BTTjUBXXiRk=">AAAB/nicdVDLSgNBEJz1bXxFPXoZDIKnsBHj4xbUg0cFYwLZEHonnWTIzO4y06uEENCf0ZOoNz/CH/BvnMQgPutU3VUNXRUmSlry/TdvYnJqemZ2bj6zsLi0vJJdXbu0cWoElkWsYlMNwaKSEZZJksJqYhB0qLASdo+HeuUKjZVxdEG9BOsa2pFsSQHkVo3sRsKDNmgNPDCy3SEwJr7mwQkqgkY25+cPhyjyQt4f4TfJsTHOGtnXoBmLVGNEQoG1tYKfUL0PhqRQOMgEqcUERBfaWHM0Ao223h+FGPCtVmw4dZCP5q/ePmhrezp0Hg3UsT+14fIvrZZS66Del1GSEkbCWZzWShWnmA+74E1pUJDqOQLCSPclFx0wIMg1lnHx/0/9SS538oW9fPF8N1c6GhcxxzbYJttmBbbPSuyUnbEyE+yW3bMn9uzdeHfeg/f4YZ3wxjfr7Bu8l3dFiZWm</latexit>

p� ! �



Plank scale!

E

p

Photone

tachyon?

If LI

If LIV? 





Something



Theory Phenomenology Experiment
𝛄

c = 3⇥ 108 m/s
<latexit sha1_base64="s0CgtE01GpC333dzUzM6oJBjZAs=">AAAB/XicbVBLTsMwFHzhW8ovwA42FhUSq5JQEN0gVbBhWST6kZpQOa7bWrWTyHaQqqjAZWCFgB2X4ALcBrdkAS2zmvdmnuyZIOZMacf5submFxaXlnMr+dW19Y1Ne2u7rqJEElojEY9kM8CKchbSmmaa02YsKRYBp41gcDnWG3dUKhaFN3oYU1/gXsi6jGBtVm17l6BzVPI0E1Qh17kt36eeFEgcqVHbLjhFZwI0S9yMFCBDtW1/ep2IJIKGmnCsVMt1Yu2nWGpGOB3lvUTRGJMB7tGWoSE2b/rpJMMIHXQjiXSfosn825tiodRQBMYjsO6raW28/E9rJbpb9lMWxommITEWo3UTjnSExlWgDpOUaD40BBPJzC8R6WOJiTaF5U18dzrsLKkfF91S8fT6pFC5yIrIwR7swyG4cAYVuIIq1IDAIzzDG7xbD9aT9WK9/ljnrOxmB/7A+vgGXiWT0w==</latexit>

LIV: Introduction 



Theory Phenomenology Experiment
𝛄

c = 3⇥ 108 m/s
<latexit sha1_base64="s0CgtE01GpC333dzUzM6oJBjZAs=">AAAB/XicbVBLTsMwFHzhW8ovwA42FhUSq5JQEN0gVbBhWST6kZpQOa7bWrWTyHaQqqjAZWCFgB2X4ALcBrdkAS2zmvdmnuyZIOZMacf5submFxaXlnMr+dW19Y1Ne2u7rqJEElojEY9kM8CKchbSmmaa02YsKRYBp41gcDnWG3dUKhaFN3oYU1/gXsi6jGBtVm17l6BzVPI0E1Qh17kt36eeFEgcqVHbLjhFZwI0S9yMFCBDtW1/ep2IJIKGmnCsVMt1Yu2nWGpGOB3lvUTRGJMB7tGWoSE2b/rpJMMIHXQjiXSfosn825tiodRQBMYjsO6raW28/E9rJbpb9lMWxommITEWo3UTjnSExlWgDpOUaD40BBPJzC8R6WOJiTaF5U18dzrsLKkfF91S8fT6pFC5yIrIwR7swyG4cAYVuIIq1IDAIzzDG7xbD9aT9WK9/ljnrOxmB/7A+vgGXiWT0w==</latexit>

c 6= 3⇥ 108 m/s
<latexit sha1_base64="0jYNJj40If6kqkc5/bPxktZARTA=">AAACAHicbVBLTsMwFHT4lvILsERIFhUSq5JQEF1WsGFZJPqRmlA57mtr1U6C7SBVUVnAZWCFgB1n4ALcBrdkAS2zmvdmnuyZIOZMacf5submFxaXlnMr+dW19Y1Ne2u7rqJEUqjRiEeyGRAFnIVQ00xzaMYSiAg4NILBxVhv3IFULAqv9TAGX5BeyLqMEm1WbXuPYi+EW1zyNBOgsOvclO9TTwosjtSobRecojMBniVuRgooQ7Vtf3qdiCYCQk05UarlOrH2UyI1oxxGeS9REBM6ID1oGRoS86afTmKM8EE3klj3AU/m396UCKWGIjAeQXRfTWvj5X9aK9Hdsp+yME40hNRYjNZNONYRHreBO0wC1XxoCKGSmV9i2ieSUG06y5v47nTYWVI/Lrql4unVSaFynhWRQ7toHx0iF52hCrpEVVRDFD2iZ/SG3q0H68l6sV5/rHNWdrOD/sD6+AYDYpVU</latexit>
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Theory Phenomenology Experiment
𝛄

c = 3⇥ 108 m/s
<latexit sha1_base64="s0CgtE01GpC333dzUzM6oJBjZAs=">AAAB/XicbVBLTsMwFHzhW8ovwA42FhUSq5JQEN0gVbBhWST6kZpQOa7bWrWTyHaQqqjAZWCFgB2X4ALcBrdkAS2zmvdmnuyZIOZMacf5submFxaXlnMr+dW19Y1Ne2u7rqJEElojEY9kM8CKchbSmmaa02YsKRYBp41gcDnWG3dUKhaFN3oYU1/gXsi6jGBtVm17l6BzVPI0E1Qh17kt36eeFEgcqVHbLjhFZwI0S9yMFCBDtW1/ep2IJIKGmnCsVMt1Yu2nWGpGOB3lvUTRGJMB7tGWoSE2b/rpJMMIHXQjiXSfosn825tiodRQBMYjsO6raW28/E9rJbpb9lMWxommITEWo3UTjnSExlWgDpOUaD40BBPJzC8R6WOJiTaF5U18dzrsLKkfF91S8fT6pFC5yIrIwR7swyG4cAYVuIIq1IDAIzzDG7xbD9aT9WK9/ljnrOxmB/7A+vgGXiWT0w==</latexit>

c0 = (1± �)c
<latexit sha1_base64="U0/ApbfWNnS/nN0GRWQCovS9wFw=">AAAB9HicbZC9TsMwFIUdfkv5S2FksagQZamSggQLUgULY5Hoj9RElePetFbtJLKdoirqm8CEgI0n4QV4G9ySAVrO9PmeY+neEyScKe04X9bK6tr6xmZhq7i9s7u3b5cOWipOJYUmjXksOwFRwFkETc00h04igYiAQzsY3c789hikYnH0oCcJ+IIMIhYySrQZ9ewSPb2uuF4isNcHrskZ7dllp+rMhZfBzaGMcjV69qfXj2kqINKUE6W6rpNoPyNSM8phWvRSBQmhIzKArsGICFB+Nl99ik/CWGI9BDx//85mRCg1EYHJCKKHatGbDf/zuqkOr/yMRUmqIaImYrww5VjHeNYA7jMJVPOJAUIlM1tiOiSSUG16Kprz3cVjl6FVq7rn1dr9Rbl+kxdRQEfoGFWQiy5RHd2hBmoiih7RM3pD79bYerJerNef6IqV/zlEf2R9fAMt55BZ</latexit>

c 6= 3⇥ 108 m/s
<latexit sha1_base64="0jYNJj40If6kqkc5/bPxktZARTA=">AAACAHicbVBLTsMwFHT4lvILsERIFhUSq5JQEF1WsGFZJPqRmlA57mtr1U6C7SBVUVnAZWCFgB1n4ALcBrdkAS2zmvdmnuyZIOZMacf5submFxaXlnMr+dW19Y1Ne2u7rqJEUqjRiEeyGRAFnIVQ00xzaMYSiAg4NILBxVhv3IFULAqv9TAGX5BeyLqMEm1WbXuPYi+EW1zyNBOgsOvclO9TTwosjtSobRecojMBniVuRgooQ7Vtf3qdiCYCQk05UarlOrH2UyI1oxxGeS9REBM6ID1oGRoS86afTmKM8EE3klj3AU/m396UCKWGIjAeQXRfTWvj5X9aK9Hdsp+yME40hNRYjNZNONYRHreBO0wC1XxoCKGSmV9i2ieSUG06y5v47nTYWVI/Lrql4unVSaFynhWRQ7toHx0iF52hCrpEVVRDFD2iZ/SG3q0H68l6sV5/rHNWdrOD/sD6+AYDYpVU</latexit>
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Theory Phenomenology Experiment
𝛄

c = 3⇥ 108 m/s
<latexit sha1_base64="s0CgtE01GpC333dzUzM6oJBjZAs=">AAAB/XicbVBLTsMwFHzhW8ovwA42FhUSq5JQEN0gVbBhWST6kZpQOa7bWrWTyHaQqqjAZWCFgB2X4ALcBrdkAS2zmvdmnuyZIOZMacf5submFxaXlnMr+dW19Y1Ne2u7rqJEElojEY9kM8CKchbSmmaa02YsKRYBp41gcDnWG3dUKhaFN3oYU1/gXsi6jGBtVm17l6BzVPI0E1Qh17kt36eeFEgcqVHbLjhFZwI0S9yMFCBDtW1/ep2IJIKGmnCsVMt1Yu2nWGpGOB3lvUTRGJMB7tGWoSE2b/rpJMMIHXQjiXSfosn825tiodRQBMYjsO6raW28/E9rJbpb9lMWxommITEWo3UTjnSExlWgDpOUaD40BBPJzC8R6WOJiTaF5U18dzrsLKkfF91S8fT6pFC5yIrIwR7swyG4cAYVuIIq1IDAIzzDG7xbD9aT9WK9/ljnrOxmB/7A+vgGXiWT0w==</latexit>

c0 = (1± �)c
<latexit sha1_base64="U0/ApbfWNnS/nN0GRWQCovS9wFw=">AAAB9HicbZC9TsMwFIUdfkv5S2FksagQZamSggQLUgULY5Hoj9RElePetFbtJLKdoirqm8CEgI0n4QV4G9ySAVrO9PmeY+neEyScKe04X9bK6tr6xmZhq7i9s7u3b5cOWipOJYUmjXksOwFRwFkETc00h04igYiAQzsY3c789hikYnH0oCcJ+IIMIhYySrQZ9ewSPb2uuF4isNcHrskZ7dllp+rMhZfBzaGMcjV69qfXj2kqINKUE6W6rpNoPyNSM8phWvRSBQmhIzKArsGICFB+Nl99ik/CWGI9BDx//85mRCg1EYHJCKKHatGbDf/zuqkOr/yMRUmqIaImYrww5VjHeNYA7jMJVPOJAUIlM1tiOiSSUG16Kprz3cVjl6FVq7rn1dr9Rbl+kxdRQEfoGFWQiy5RHd2hBmoiih7RM3pD79bYerJerNef6IqV/zlEf2R9fAMt55BZ</latexit>

c 6= 3⇥ 108 m/s
<latexit sha1_base64="0jYNJj40If6kqkc5/bPxktZARTA=">AAACAHicbVBLTsMwFHT4lvILsERIFhUSq5JQEF1WsGFZJPqRmlA57mtr1U6C7SBVUVnAZWCFgB1n4ALcBrdkAS2zmvdmnuyZIOZMacf5submFxaXlnMr+dW19Y1Ne2u7rqJEUqjRiEeyGRAFnIVQ00xzaMYSiAg4NILBxVhv3IFULAqv9TAGX5BeyLqMEm1WbXuPYi+EW1zyNBOgsOvclO9TTwosjtSobRecojMBniVuRgooQ7Vtf3qdiCYCQk05UarlOrH2UyI1oxxGeS9REBM6ID1oGRoS86afTmKM8EE3klj3AU/m396UCKWGIjAeQXRfTWvj5X9aK9Hdsp+yME40hNRYjNZNONYRHreBO0wC1XxoCKGSmV9i2ieSUG06y5v47nTYWVI/Lrql4unVSaFynhWRQ7toHx0iF52hCrpEVVRDFD2iZ/SG3q0H68l6sV5/rHNWdrOD/sD6+AYDYpVU</latexit>

EQG : EPl : ELIV
<latexit sha1_base64="q0QVHiGQN2FZocNwhJ35LrB0kDk=">AAAB/HicbZDLSsNAFIZPvNZ6i7oSN4NFcFWSKiiuiiIquGjBXqANYTKdtEMnF2YmQgnRl9GVqDufwhfwbZzWLLT1rL45/z9w/t+LOZPKsr6MufmFxaXlwkpxdW19Y9Pc2m7KKBGENkjEI9H2sKSchbShmOK0HQuKA4/Tlje8GOuteyoki8I7NYqpE+B+yHxGsNIr19y9dNP6VYbOkIYaz+H2ppm5ZskqW5NBs2DnUIJ8aq752e1FJAloqAjHUnZsK1ZOioVihNOs2E0kjTEZ4j7taAxxQKWTTiJk6MCPBFIDiibv394UB1KOAk97AqwGclobL//TOonyT52UhXGiaEi0RWt+wpGK0LgJ1GOCEsVHGjARTF+JyAALTJTuq6jj29NhZ6FZKdtH5Ur9uFQ9z4sowB7swyHYcAJVuIYaNIDAIzzDG7wbD8aT8WK8/ljnjPzPDvwZ4+MbcuqTRQ==</latexit>
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Theory Phenomenology Experiment
𝛄

c = 3⇥ 108 m/s
<latexit sha1_base64="s0CgtE01GpC333dzUzM6oJBjZAs=">AAAB/XicbVBLTsMwFHzhW8ovwA42FhUSq5JQEN0gVbBhWST6kZpQOa7bWrWTyHaQqqjAZWCFgB2X4ALcBrdkAS2zmvdmnuyZIOZMacf5submFxaXlnMr+dW19Y1Ne2u7rqJEElojEY9kM8CKchbSmmaa02YsKRYBp41gcDnWG3dUKhaFN3oYU1/gXsi6jGBtVm17l6BzVPI0E1Qh17kt36eeFEgcqVHbLjhFZwI0S9yMFCBDtW1/ep2IJIKGmnCsVMt1Yu2nWGpGOB3lvUTRGJMB7tGWoSE2b/rpJMMIHXQjiXSfosn825tiodRQBMYjsO6raW28/E9rJbpb9lMWxommITEWo3UTjnSExlWgDpOUaD40BBPJzC8R6WOJiTaF5U18dzrsLKkfF91S8fT6pFC5yIrIwR7swyG4cAYVuIIq1IDAIzzDG7xbD9aT9WK9/ljnrOxmB/7A+vgGXiWT0w==</latexit>

c0 = (1± �)c
<latexit sha1_base64="U0/ApbfWNnS/nN0GRWQCovS9wFw=">AAAB9HicbZC9TsMwFIUdfkv5S2FksagQZamSggQLUgULY5Hoj9RElePetFbtJLKdoirqm8CEgI0n4QV4G9ySAVrO9PmeY+neEyScKe04X9bK6tr6xmZhq7i9s7u3b5cOWipOJYUmjXksOwFRwFkETc00h04igYiAQzsY3c789hikYnH0oCcJ+IIMIhYySrQZ9ewSPb2uuF4isNcHrskZ7dllp+rMhZfBzaGMcjV69qfXj2kqINKUE6W6rpNoPyNSM8phWvRSBQmhIzKArsGICFB+Nl99ik/CWGI9BDx//85mRCg1EYHJCKKHatGbDf/zuqkOr/yMRUmqIaImYrww5VjHeNYA7jMJVPOJAUIlM1tiOiSSUG16Kprz3cVjl6FVq7rn1dr9Rbl+kxdRQEfoGFWQiy5RHd2hBmoiih7RM3pD79bYerJerNef6IqV/zlEf2R9fAMt55BZ</latexit>

c 6= 3⇥ 108 m/s
<latexit sha1_base64="0jYNJj40If6kqkc5/bPxktZARTA=">AAACAHicbVBLTsMwFHT4lvILsERIFhUSq5JQEF1WsGFZJPqRmlA57mtr1U6C7SBVUVnAZWCFgB1n4ALcBrdkAS2zmvdmnuyZIOZMacf5submFxaXlnMr+dW19Y1Ne2u7rqJEUqjRiEeyGRAFnIVQ00xzaMYSiAg4NILBxVhv3IFULAqv9TAGX5BeyLqMEm1WbXuPYi+EW1zyNBOgsOvclO9TTwosjtSobRecojMBniVuRgooQ7Vtf3qdiCYCQk05UarlOrH2UyI1oxxGeS9REBM6ID1oGRoS86afTmKM8EE3klj3AU/m396UCKWGIjAeQXRfTWvj5X9aK9Hdsp+yME40hNRYjNZNONYRHreBO0wC1XxoCKGSmV9i2ieSUG06y5v47nTYWVI/Lrql4unVSaFynhWRQ7toHx0iF52hCrpEVVRDFD2iZ/SG3q0H68l6sV5/rHNWdrOD/sD6+AYDYpVU</latexit>

EQG : EPl : ELIV
<latexit sha1_base64="q0QVHiGQN2FZocNwhJ35LrB0kDk=">AAAB/HicbZDLSsNAFIZPvNZ6i7oSN4NFcFWSKiiuiiIquGjBXqANYTKdtEMnF2YmQgnRl9GVqDufwhfwbZzWLLT1rL45/z9w/t+LOZPKsr6MufmFxaXlwkpxdW19Y9Pc2m7KKBGENkjEI9H2sKSchbShmOK0HQuKA4/Tlje8GOuteyoki8I7NYqpE+B+yHxGsNIr19y9dNP6VYbOkIYaz+H2ppm5ZskqW5NBs2DnUIJ8aq752e1FJAloqAjHUnZsK1ZOioVihNOs2E0kjTEZ4j7taAxxQKWTTiJk6MCPBFIDiibv394UB1KOAk97AqwGclobL//TOonyT52UhXGiaEi0RWt+wpGK0LgJ1GOCEsVHGjARTF+JyAALTJTuq6jj29NhZ6FZKdtH5Ur9uFQ9z4sowB7swyHYcAJVuIYaNIDAIzzDG7wbD8aT8WK8/ljnjPzPDvwZ4+MbcuqTRQ==</latexit>

Fundamental Energy Scale

c0 =


1± f

✓
E�

ELIV

◆
± ...

�
c

<latexit sha1_base64="YILtCqey1s9dLUWNu0m4w0CNRwY="></latexit>
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Theory Phenomenology Experiment
𝛄

c = 3⇥ 108 m/s
<latexit sha1_base64="s0CgtE01GpC333dzUzM6oJBjZAs=">AAAB/XicbVBLTsMwFHzhW8ovwA42FhUSq5JQEN0gVbBhWST6kZpQOa7bWrWTyHaQqqjAZWCFgB2X4ALcBrdkAS2zmvdmnuyZIOZMacf5submFxaXlnMr+dW19Y1Ne2u7rqJEElojEY9kM8CKchbSmmaa02YsKRYBp41gcDnWG3dUKhaFN3oYU1/gXsi6jGBtVm17l6BzVPI0E1Qh17kt36eeFEgcqVHbLjhFZwI0S9yMFCBDtW1/ep2IJIKGmnCsVMt1Yu2nWGpGOB3lvUTRGJMB7tGWoSE2b/rpJMMIHXQjiXSfosn825tiodRQBMYjsO6raW28/E9rJbpb9lMWxommITEWo3UTjnSExlWgDpOUaD40BBPJzC8R6WOJiTaF5U18dzrsLKkfF91S8fT6pFC5yIrIwR7swyG4cAYVuIIq1IDAIzzDG7xbD9aT9WK9/ljnrOxmB/7A+vgGXiWT0w==</latexit>

c0 = (1± �)c
<latexit sha1_base64="U0/ApbfWNnS/nN0GRWQCovS9wFw=">AAAB9HicbZC9TsMwFIUdfkv5S2FksagQZamSggQLUgULY5Hoj9RElePetFbtJLKdoirqm8CEgI0n4QV4G9ySAVrO9PmeY+neEyScKe04X9bK6tr6xmZhq7i9s7u3b5cOWipOJYUmjXksOwFRwFkETc00h04igYiAQzsY3c789hikYnH0oCcJ+IIMIhYySrQZ9ewSPb2uuF4isNcHrskZ7dllp+rMhZfBzaGMcjV69qfXj2kqINKUE6W6rpNoPyNSM8phWvRSBQmhIzKArsGICFB+Nl99ik/CWGI9BDx//85mRCg1EYHJCKKHatGbDf/zuqkOr/yMRUmqIaImYrww5VjHeNYA7jMJVPOJAUIlM1tiOiSSUG16Kprz3cVjl6FVq7rn1dr9Rbl+kxdRQEfoGFWQiy5RHd2hBmoiih7RM3pD79bYerJerNef6IqV/zlEf2R9fAMt55BZ</latexit>

c 6= 3⇥ 108 m/s
<latexit sha1_base64="0jYNJj40If6kqkc5/bPxktZARTA=">AAACAHicbVBLTsMwFHT4lvILsERIFhUSq5JQEF1WsGFZJPqRmlA57mtr1U6C7SBVUVnAZWCFgB1n4ALcBrdkAS2zmvdmnuyZIOZMacf5submFxaXlnMr+dW19Y1Ne2u7rqJEUqjRiEeyGRAFnIVQ00xzaMYSiAg4NILBxVhv3IFULAqv9TAGX5BeyLqMEm1WbXuPYi+EW1zyNBOgsOvclO9TTwosjtSobRecojMBniVuRgooQ7Vtf3qdiCYCQk05UarlOrH2UyI1oxxGeS9REBM6ID1oGRoS86afTmKM8EE3klj3AU/m396UCKWGIjAeQXRfTWvj5X9aK9Hdsp+yME40hNRYjNZNONYRHreBO0wC1XxoCKGSmV9i2ieSUG06y5v47nTYWVI/Lrql4unVSaFynhWRQ7toHx0iF52hCrpEVVRDFD2iZ/SG3q0H68l6sV5/rHNWdrOD/sD6+AYDYpVU</latexit>

EQG : EPl : ELIV
<latexit sha1_base64="q0QVHiGQN2FZocNwhJ35LrB0kDk=">AAAB/HicbZDLSsNAFIZPvNZ6i7oSN4NFcFWSKiiuiiIquGjBXqANYTKdtEMnF2YmQgnRl9GVqDufwhfwbZzWLLT1rL45/z9w/t+LOZPKsr6MufmFxaXlwkpxdW19Y9Pc2m7KKBGENkjEI9H2sKSchbShmOK0HQuKA4/Tlje8GOuteyoki8I7NYqpE+B+yHxGsNIr19y9dNP6VYbOkIYaz+H2ppm5ZskqW5NBs2DnUIJ8aq752e1FJAloqAjHUnZsK1ZOioVihNOs2E0kjTEZ4j7taAxxQKWTTiJk6MCPBFIDiibv394UB1KOAk97AqwGclobL//TOonyT52UhXGiaEi0RWt+wpGK0LgJ1GOCEsVHGjARTF+JyAALTJTuq6jj29NhZ6FZKdtH5Ur9uFQ9z4sowB7swyHYcAJVuIYaNIDAIzzDG7wbD8aT8WK8/ljnjPzPDvwZ4+MbcuqTRQ==</latexit>

Fundamental Energy Scale

c0 =


1± f

✓
E�

ELIV

◆
± ...

�
c

<latexit sha1_base64="YILtCqey1s9dLUWNu0m4w0CNRwY="></latexit>
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<latexit sha1_base64="64tzYQ0glThl2TA2t/uMCGuyGC0="></latexit>

E2
� � p2�


1± f

✓
E�

ELIV

◆
± ...

�2

✏(A)A2 = ✏(0)A2 + ✏0(0)A(2+1) +
✏00(0)

2!
A(2+2) +

✏000(0)

3!
A(2+3) + . . .

E2 � p2 ± ✏A2 = m2, <latexit sha1_base64="NrV6+B/0WKupDSsMMGGq4pVvLo4=">AAAB5nicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJeNsIVTcuK5i20IYymZ40QycXZiZCCX0FXYm684F8Ad/Gac1CW//VN+f/B85//FRwpW37yyotLa+srpXXKxubW9s71d29lkoyydBliUhkx6cKBY/R1VwL7KQSaeQLbPuj26nffkSpeBI/6HGKXkSHMQ84o9qM3GtyRdJ+tWbX7ZnIIjgF1KBQs1/97A0SlkUYayaoUl3HTrWXU6k5Ezip9DKFKWUjOsSuwZhGqLx8tuyEHAWJJDpEMnv/zuY0Umoc+SYTUR2qeW86/M/rZjq49HIep5nGmJmI8YJMEJ2QaWcy4BKZFmMDlElutiQspJIybS5TMfWd+bKL0DqpO+f1s/vTWuOmOEQZDuAQjsGBC2jAHTTBBQYcnuEN3q3QerJerNefaMkq/uzDH1kf34Oti3k=</latexit>

A = p



Theory Phenomenology Experiment
𝛄

c = 3⇥ 108 m/s
<latexit sha1_base64="s0CgtE01GpC333dzUzM6oJBjZAs=">AAAB/XicbVBLTsMwFHzhW8ovwA42FhUSq5JQEN0gVbBhWST6kZpQOa7bWrWTyHaQqqjAZWCFgB2X4ALcBrdkAS2zmvdmnuyZIOZMacf5submFxaXlnMr+dW19Y1Ne2u7rqJEElojEY9kM8CKchbSmmaa02YsKRYBp41gcDnWG3dUKhaFN3oYU1/gXsi6jGBtVm17l6BzVPI0E1Qh17kt36eeFEgcqVHbLjhFZwI0S9yMFCBDtW1/ep2IJIKGmnCsVMt1Yu2nWGpGOB3lvUTRGJMB7tGWoSE2b/rpJMMIHXQjiXSfosn825tiodRQBMYjsO6raW28/E9rJbpb9lMWxommITEWo3UTjnSExlWgDpOUaD40BBPJzC8R6WOJiTaF5U18dzrsLKkfF91S8fT6pFC5yIrIwR7swyG4cAYVuIIq1IDAIzzDG7xbD9aT9WK9/ljnrOxmB/7A+vgGXiWT0w==</latexit>

c0 = (1± �)c
<latexit sha1_base64="U0/ApbfWNnS/nN0GRWQCovS9wFw=">AAAB9HicbZC9TsMwFIUdfkv5S2FksagQZamSggQLUgULY5Hoj9RElePetFbtJLKdoirqm8CEgI0n4QV4G9ySAVrO9PmeY+neEyScKe04X9bK6tr6xmZhq7i9s7u3b5cOWipOJYUmjXksOwFRwFkETc00h04igYiAQzsY3c789hikYnH0oCcJ+IIMIhYySrQZ9ewSPb2uuF4isNcHrskZ7dllp+rMhZfBzaGMcjV69qfXj2kqINKUE6W6rpNoPyNSM8phWvRSBQmhIzKArsGICFB+Nl99ik/CWGI9BDx//85mRCg1EYHJCKKHatGbDf/zuqkOr/yMRUmqIaImYrww5VjHeNYA7jMJVPOJAUIlM1tiOiSSUG16Kprz3cVjl6FVq7rn1dr9Rbl+kxdRQEfoGFWQiy5RHd2hBmoiih7RM3pD79bYerJerNef6IqV/zlEf2R9fAMt55BZ</latexit>

c 6= 3⇥ 108 m/s
<latexit sha1_base64="0jYNJj40If6kqkc5/bPxktZARTA=">AAACAHicbVBLTsMwFHT4lvILsERIFhUSq5JQEF1WsGFZJPqRmlA57mtr1U6C7SBVUVnAZWCFgB1n4ALcBrdkAS2zmvdmnuyZIOZMacf5submFxaXlnMr+dW19Y1Ne2u7rqJEUqjRiEeyGRAFnIVQ00xzaMYSiAg4NILBxVhv3IFULAqv9TAGX5BeyLqMEm1WbXuPYi+EW1zyNBOgsOvclO9TTwosjtSobRecojMBniVuRgooQ7Vtf3qdiCYCQk05UarlOrH2UyI1oxxGeS9REBM6ID1oGRoS86afTmKM8EE3klj3AU/m396UCKWGIjAeQXRfTWvj5X9aK9Hdsp+yME40hNRYjNZNONYRHreBO0wC1XxoCKGSmV9i2ieSUG06y5v47nTYWVI/Lrql4unVSaFynhWRQ7toHx0iF52hCrpEVVRDFD2iZ/SG3q0H68l6sV5/rHNWdrOD/sD6+AYDYpVU</latexit>

EQG : EPl : ELIV
<latexit sha1_base64="q0QVHiGQN2FZocNwhJ35LrB0kDk=">AAAB/HicbZDLSsNAFIZPvNZ6i7oSN4NFcFWSKiiuiiIquGjBXqANYTKdtEMnF2YmQgnRl9GVqDufwhfwbZzWLLT1rL45/z9w/t+LOZPKsr6MufmFxaXlwkpxdW19Y9Pc2m7KKBGENkjEI9H2sKSchbShmOK0HQuKA4/Tlje8GOuteyoki8I7NYqpE+B+yHxGsNIr19y9dNP6VYbOkIYaz+H2ppm5ZskqW5NBs2DnUIJ8aq752e1FJAloqAjHUnZsK1ZOioVihNOs2E0kjTEZ4j7taAxxQKWTTiJk6MCPBFIDiibv394UB1KOAk97AqwGclobL//TOonyT52UhXGiaEi0RWt+wpGK0LgJ1GOCEsVHGjARTF+JyAALTJTuq6jj29NhZ6FZKdtH5Ur9uFQ9z4sowB7swyHYcAJVuIYaNIDAIzzDG7wbD8aT8WK8/ljnjPzPDvwZ4+MbcuqTRQ==</latexit>

Fundamental Energy Scale

c0 =


1± f

✓
E�

ELIV

◆
± ...

�
c

<latexit sha1_base64="YILtCqey1s9dLUWNu0m4w0CNRwY="></latexit>
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<latexit sha1_base64="64tzYQ0glThl2TA2t/uMCGuyGC0="></latexit>

E2
� � p2�


1± f

✓
E�

ELIV

◆
± ...

�2

✏(A)A2 = ✏(0)A2 + ✏0(0)A(2+1) +
✏00(0)

2!
A(2+2) +

✏000(0)

3!
A(2+3) + . . .

E2 � p2 ± ✏A2 = m2, <latexit sha1_base64="NrV6+B/0WKupDSsMMGGq4pVvLo4=">AAAB5nicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJeNsIVTcuK5i20IYymZ40QycXZiZCCX0FXYm684F8Ad/Gac1CW//VN+f/B85//FRwpW37yyotLa+srpXXKxubW9s71d29lkoyydBliUhkx6cKBY/R1VwL7KQSaeQLbPuj26nffkSpeBI/6HGKXkSHMQ84o9qM3GtyRdJ+tWbX7ZnIIjgF1KBQs1/97A0SlkUYayaoUl3HTrWXU6k5Ezip9DKFKWUjOsSuwZhGqLx8tuyEHAWJJDpEMnv/zuY0Umoc+SYTUR2qeW86/M/rZjq49HIep5nGmJmI8YJMEJ2QaWcy4BKZFmMDlElutiQspJIybS5TMfWd+bKL0DqpO+f1s/vTWuOmOEQZDuAQjsGBC2jAHTTBBQYcnuEN3q3QerJerNefaMkq/uzDH1kf34Oti3k=</latexit>

A = p
n=1



Theory Phenomenology Experiment
𝛄

c = 3⇥ 108 m/s
<latexit sha1_base64="s0CgtE01GpC333dzUzM6oJBjZAs=">AAAB/XicbVBLTsMwFHzhW8ovwA42FhUSq5JQEN0gVbBhWST6kZpQOa7bWrWTyHaQqqjAZWCFgB2X4ALcBrdkAS2zmvdmnuyZIOZMacf5submFxaXlnMr+dW19Y1Ne2u7rqJEElojEY9kM8CKchbSmmaa02YsKRYBp41gcDnWG3dUKhaFN3oYU1/gXsi6jGBtVm17l6BzVPI0E1Qh17kt36eeFEgcqVHbLjhFZwI0S9yMFCBDtW1/ep2IJIKGmnCsVMt1Yu2nWGpGOB3lvUTRGJMB7tGWoSE2b/rpJMMIHXQjiXSfosn825tiodRQBMYjsO6raW28/E9rJbpb9lMWxommITEWo3UTjnSExlWgDpOUaD40BBPJzC8R6WOJiTaF5U18dzrsLKkfF91S8fT6pFC5yIrIwR7swyG4cAYVuIIq1IDAIzzDG7xbD9aT9WK9/ljnrOxmB/7A+vgGXiWT0w==</latexit>

c0 = (1± �)c
<latexit sha1_base64="U0/ApbfWNnS/nN0GRWQCovS9wFw=">AAAB9HicbZC9TsMwFIUdfkv5S2FksagQZamSggQLUgULY5Hoj9RElePetFbtJLKdoirqm8CEgI0n4QV4G9ySAVrO9PmeY+neEyScKe04X9bK6tr6xmZhq7i9s7u3b5cOWipOJYUmjXksOwFRwFkETc00h04igYiAQzsY3c789hikYnH0oCcJ+IIMIhYySrQZ9ewSPb2uuF4isNcHrskZ7dllp+rMhZfBzaGMcjV69qfXj2kqINKUE6W6rpNoPyNSM8phWvRSBQmhIzKArsGICFB+Nl99ik/CWGI9BDx//85mRCg1EYHJCKKHatGbDf/zuqkOr/yMRUmqIaImYrww5VjHeNYA7jMJVPOJAUIlM1tiOiSSUG16Kprz3cVjl6FVq7rn1dr9Rbl+kxdRQEfoGFWQiy5RHd2hBmoiih7RM3pD79bYerJerNef6IqV/zlEf2R9fAMt55BZ</latexit>
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LIV negligible at the 
standard energies  

it is not necessarily bound to a particular LIV-model, which allows 
to generalize to some point the search of LIV-signatures.  

A general modification to the dispersion relation would rather 
involve a general function of energy and momentum✏ ! ✏(A)

Generic LIV dispersion relation
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Astroparticle Physics: Lab to test Fundamental Physics

Theory Phenomenology Experiment
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Some effects of LIV are expected to increase 
with the energy and the very long distances 

due to cumulative processes
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Astroparticle Physics: Lab to test Fundamental Physics and LIV tests

Theory Phenomenology Experiment (ELIV?)
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Some effects of LIV are expected to increase 
with the energy and the very long distances 

due to cumulative processes
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Strong LIV Exclusion limits in the photon sector by astroparticle tests 
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Strong LIV Exclusion limits in the photon sector by astroparticle tests 
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<latexit sha1_base64="BYmYtflalzetNLLXzyvd08zFgLk=">AAACA3icbVDLTgIxFO34RHyNunTTSExckRkk6pLoxiUm8khgnHTKBRra6aTtGAlhqT+jK6Pu/AN/wL+xwCwUPJt77j2nSc+JEs608bxvZ2l5ZXVtPbeR39za3tl19/brWqaKQo1KLlUzIho4i6FmmOHQTBQQEXFoRIOrid64B6WZjG/NMIFAkF7MuowSY0+hi8ttKaBH8GyEEW6TJFHyAZewCOGuFLoFr+hNgReJn5ECylAN3a92R9JUQGwoJ1q3fC8xwYgowyiHcb6dakgIHZAetCyNiQAdjKZJxvi4KxU2fcDT/bd3RITWQxFZjyCmr+e1yfE/rZWa7kUwYnGSGoiptVitm3JsJJ4UgjtMATV8aAmhitlfYtonilBja8vb+P582EVSLxX9s+LpTblQucyKyKFDdIROkI/OUQVdoyqqIYqe0At6Rx/Oo/PsvDpvM+uSk705QH/gfP4AdqSWsA==</latexit>

4!!b ⇡ 2m2
e

<latexit sha1_base64="D+THuPg2QdTq3k+Y0Epz+bYUdeo=">AAAB6nicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJeFsWRXBZwV6kDWUyPW2HziRhZiKU0JfQlag7H8cX8G2c1Cy09V99c/5/4PwniAXXxnW/nMLS8srqWnG9tLG5tb1T3t1r6ihRDBssEpFqB1Sj4CE2DDcC27FCKgOBrWB8nfmtR1SaR+G9mcToSzoM+YAzauzo4YZ0NZckLvXKFbfqzkQWwcuhArnqvfJntx+xRGJomKBadzw3Nn5KleFM4LTUTTTGlI3pEDsWQypR++ls4Sk5GkSKmBGS2ft3NqVS64kMbEZSM9LzXjb8z+skZnDppzyME4MhsxHrDRJBTESy3qTPFTIjJhYoU9xuSdiIKsqMvU5W35svuwjNk6p3Xj27O63UrvJDFOEADuEYPLiAGtxCHRrAQMIzvMG7I5wn58V5/YkWnPzPPvyR8/ENTp6NFw==</latexit>

E ⇠ p

<latexit sha1_base64="laarJl4c/72Pis8spQlk+YkpwZs=">AAAB9nicbZDLTsJAFIaneEO8VVm6mUhMMCSkJd6WRDcuMZFLArU5HQaYMJ02M1MjaXgVXRl154P4Ar6NA3ah4L/65vz/JOf8QcyZ0o7zZeVWVtfWN/Kbha3tnd09e/+gpaJEEtokEY9kJwBFORO0qZnmtBNLCmHAaTsYX8/89gOVikXiTk9i6oUwFGzACGgz8u1iGVd6wOMR+GJ8n4pKbXri2yWn6syFl8HNoIQyNXz7s9ePSBJSoQkHpbquE2svBakZ4XRa6CWKxkDGMKRdgwJCqrx0vvwUHw8iifWI4vn7dzaFUKlJGJhMCHqkFr3Z8D+vm+jBpZcyESeaCmIixhskHOsIzzrAfSYp0XxiAIhkZktMRiCBaNNUwZzvLh67DK1a1T2vnt2elupXWRF5dIiOUBm56ALV0Q1qoCYiaIKe0Rt6tx6tJ+vFev2J5qzsTxH9kfXxDejtkV8=</latexit>

(+↵nk
n+2)

<latexit sha1_base64="lY/RyklmiQhUhWlGoOX6DXFPizM=">AAACA3icbVDJTsMwFHRYS9kCHLlYVEhFRVVSsR0ruHAsEl2kpkSO67RWHceyHaQqyhF+Bk4IuPEH/AB/g1N6gJY5zXszT3ozgWBUacf5shYWl5ZXVgtrxfWNza1te2e3peJEYtLEMYtlJ0CKMMpJU1PNSEdIgqKAkXYwusr19j2Risb8Vo8F6UVowGlIMdJm5duwDCseYmKI/LTMjz0RHWVQ3KW8Usv8fPLtklN1JoDzxJ2SEpii4dufXj/GSUS4xgwp1XUdoXspkppiRrKilygiEB6hAekaylFEVC+dJMngYRhLqIcETubf3hRFSo2jwHgipIdqVsuX/2ndRIcXvZRykWjCsbEYLUwY1DHMC4F9KgnWbGwIwpKaLyEeIomwNrUVTXx3Nuw8adWq7ln19OakVL+cFlEA++AAlIELzkEdXIMGaAIMHsEzeAPv1oP1ZL1Yrz/WBWt6swf+wPr4Bs7ulkw=</latexit>

(+↵(n,±)p
n+2
± )
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The threshold equation

Critical point

Background:

⇤n > 0

⇤n = 0

⇤n < 0 Threshold-shifts

LI scenario

+2nd Threshold

H. Martínez-Huerta, A. Pérez-Lorenzana. 
Phys. Rev. D 95, 063001 (2017)
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Pair production (PP) 
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The threshold equation

Critical point

Background:
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LI

f(x) = 0

Λnc

Λ1 = −0.1

Λ1 = 0.1

Λ1 = 0

PP

NPP

2.7K

LI

1 K

1.5 K

CP

 
Martínez, Lang, and Souza 

arXiv:1901.03205
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E1

What is the minimum energy that a background photon 
must have to interacts with a 50 TeV gamma ray to 

produce an e+ e- pair?

<latexit sha1_base64="7EHDsfmm11pA35bl8XfOXUnoLtY=">AAACCnicbZDLTgIxGIU7eEO8jbp000iMrsgUjboxIbpxiQm3hEHSKT/Q0Lmk7ZiQyfgE+jK6MurOpS/g21hGFgr+q9P/O017jhcJrrTjfFm5hcWl5ZX8amFtfWNzy97eaagwlgzqLBShbHlUgeAB1DXXAlqRBOp7Apre6GrCm3cgFQ+Dmh5H0PHpIOB9zqg2q659SO4TV/q4Bo0UX2CCXc19UJg4twkppziDhnXtolNyssHzgkxFEU2n2rU/3V7IYh8CzQRVqk2cSHcSKjVnAtKCGyuIKBvRAbSNDKh5tZNkgVJ80A8l1kPA2fm3N6G+UmPfMx6f6qGaZZPlf6wd6/55J+FBFGsImLEY1o8F1iGe9IJ7XALTYmwEZZKbX2I2pJIybdormPhkNuy8aJRL5LR0fHNSrFxOi8ijPbSPjhBBZ6iCrlEV1RFDj+gZvaF368F6sl6s1x9rzpre2UV/xvr4BiOdmJM=</latexit>

1 TeV = 1⇥ 1012eV
<latexit sha1_base64="QV4k17ysdcB1AbEfZZzZbDd8HXI=">AAAB+nicbVDLSsNAFJ3UV62vqgsXbgaL4CokvjdC0Y0boYJ9QFvCZHrTDp1JwsxEKDF+jK5E3fkZ/oB/47Rmoa1nde4958I9x485U9pxvqzC3PzC4lJxubSyura+Ud7caqgokRTqNOKRbPlEAWch1DXTHFqxBCJ8Dk1/eDXWm/cgFYvCOz2KoStIP2QBo0SblVfeEV4KGb7Ajn3iuo9pRwp8A43MK1cc25kAzxI3JxWUo+aVPzu9iCYCQk05UartOrHupkRqRjlkpU6iICZ0SPrQNjQkAlQ3nQTI8H4QSawHgCfzb29KhFIj4RuPIHqgprXx8j+tnejgvJuyME40hNRYjBYkHOsIj3vAPSaBaj4yhFDJzJeYDogkVJu2Sia+Ox12ljQObffUPro9rlQv8yKKaBftoQPkojNURdeohuqIogw9ozf0bj1YT9aL9fpjLVj5zTb6A+vjG0AGkqI=</latexit>

me = 0.511 MeV



E2

What is the minimum energy that a background photon 
must have to interacts with a 50 TeV gamma ray to 

produce an e+ e- pair?

<latexit sha1_base64="7EHDsfmm11pA35bl8XfOXUnoLtY=">AAACCnicbZDLTgIxGIU7eEO8jbp000iMrsgUjboxIbpxiQm3hEHSKT/Q0Lmk7ZiQyfgE+jK6MurOpS/g21hGFgr+q9P/O017jhcJrrTjfFm5hcWl5ZX8amFtfWNzy97eaagwlgzqLBShbHlUgeAB1DXXAlqRBOp7Apre6GrCm3cgFQ+Dmh5H0PHpIOB9zqg2q659SO4TV/q4Bo0UX2CCXc19UJg4twkppziDhnXtolNyssHzgkxFEU2n2rU/3V7IYh8CzQRVqk2cSHcSKjVnAtKCGyuIKBvRAbSNDKh5tZNkgVJ80A8l1kPA2fm3N6G+UmPfMx6f6qGaZZPlf6wd6/55J+FBFGsImLEY1o8F1iGe9IJ7XALTYmwEZZKbX2I2pJIybdormPhkNuy8aJRL5LR0fHNSrFxOi8ijPbSPjhBBZ6iCrlEV1RFDj+gZvaF368F6sl6s1x9rzpre2UV/xvr4BiOdmJM=</latexit>

1 TeV = 1⇥ 1012eV
<latexit sha1_base64="QV4k17ysdcB1AbEfZZzZbDd8HXI=">AAAB+nicbVDLSsNAFJ3UV62vqgsXbgaL4CokvjdC0Y0boYJ9QFvCZHrTDp1JwsxEKDF+jK5E3fkZ/oB/47Rmoa1nde4958I9x485U9pxvqzC3PzC4lJxubSyura+Ud7caqgokRTqNOKRbPlEAWch1DXTHFqxBCJ8Dk1/eDXWm/cgFYvCOz2KoStIP2QBo0SblVfeEV4KGb7Ajn3iuo9pRwp8A43MK1cc25kAzxI3JxWUo+aVPzu9iCYCQk05UartOrHupkRqRjlkpU6iICZ0SPrQNjQkAlQ3nQTI8H4QSawHgCfzb29KhFIj4RuPIHqgprXx8j+tnejgvJuyME40hNRYjBYkHOsIj3vAPSaBaj4yhFDJzJeYDogkVJu2Sia+Ox12ljQObffUPro9rlQv8yKKaBftoQPkojNURdeohuqIogw9ozf0bj1YT9aL9fpjLVj5zTb6A+vjG0AGkqI=</latexit>

me = 0.511 MeV

<latexit sha1_base64="dJVN8wmlQCQ4fmy2pVftxKN/B40=">AAACD3icbVDNSgMxGMzW//pX9eglWAQPbdkt/h6EohePFWwttLV8m35tg8nukmSFsuxD6MvoSdSb4Av4Nqa1B7UOBCYzE8iMHwmujet+OpmZ2bn5hcWl7PLK6tp6bmOzrsNYMayxUISq4YNGwQOsGW4ENiKFIH2B1/7t+ci/vkOleRhcmWGEbQn9gPc4A2OlTq7Q6qIw0ElafZASCkFKT6nn3iTF8mGhWD625ySlWLeCl3ZyebfkjkGniTcheTJBtZP7aHVDFksMDBOgddNzI9NOQBnOBKbZVqwxAnYLfWxaGoBE3U7GrVK62wsVNQOk4/vPbAJS66H0bUaCGei/3kj8z2vGpnfcTngQxQYDZiPW68WCmpCOxqFdrpAZMbQEmOL2l5QNQAEzdsKsre/9LTtN6uWSd1g6uNzPV84mQyySbbJD9ohHjkiFXJAqqRFGHsgTeSVvzr3z6Dw7L9/RjDN5s0V+wXn/Al8UmZc=</latexit>

��,n = 10�26,�28,�29eV �1

<latexit sha1_base64="UtSw3bSATzcjSk60cq7zFcJ1Ceg=">AAAB6HicbZDLSgMxFIbP1Futt6pLN8EiuKozpV42QtGN4KaCvUA7lEx6po3NXEgyQhn6DroSdefz+AK+jWmdhbb+qy/n/wPnP14suNK2/WXllpZXVtfy64WNza3tneLuXlNFiWTYYJGIZNujCgUPsaG5FtiOJdLAE9jyRtdTv/WIUvEovNfjGN2ADkLuc0a1GbVuySVxTiq9Ysku2zORRXAyKEGmeq/42e1HLAkw1ExQpTqOHWs3pVJzJnBS6CYKY8pGdIAdgyENULnpbN0JOfIjSfQQyez9O5vSQKlx4JlMQPVQzXvT4X9eJ9H+hZvyME40hsxEjOcnguiITFuTPpfItBgboExysyVhQyop0+Y2BVPfmS+7CM1K2Tkrn95VS7Wr7BB5OIBDOAYHzqEGN1CHBjAYwTO8wbv1YD1ZL9brTzRnZX/24Y+sj28Re4u5</latexit>

K = 1/2

-> Compare with LI case



E. Moura
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