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Module 2 3: Theoretical Frameworks for Lorentz Symmetry Violation 

3.1 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 -> DSR (Dr. Iarley Pereira Lobo) 

Overview of  alternative theories proposing Lorentz symmetry violation 

String theory, quantum gravity, and other beyond-the-Standard-Model approaches
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Trajectories

…and if we invert it



Trajectories

…and if we invert it



• There is a “natural” trajectory 

• Trajectories can be described 
mathematically (functions), e.g. 

• …and they can also have symmetries

Trajectories



Lagrangian 
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Trajectories of a system 
between point A and B

How do I know the paths? 

… and the one the nature 
“likes”?
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• There is a function, the Lagrangian, 
that contains all the information about 
the evolution of  the system 

• Classically we can find it using,
<latexit sha1_base64="cA0JTBJXiiT+OboKm123Y4p0iVA=">AAAB+3icbVDLSsNAFJ3UV62vqBvBzWAR3FgS8bURim5cuKjQFzShTKY37dDJg5mJUEL8GV2JuvMv/AH/xknNQlvP6tx7zoV7jhdzJpVlfRmlhcWl5ZXyamVtfWNzy9zeacsoERRaNOKR6HpEAmchtBRTHLqxABJ4HDre+CbXOw8gJIvCpprE4AZkGDKfUaL0qm/uOQFRI0p4epfhK5w6IsDNY9zO+mbVqllT4HliF6SKCjT65qcziGgSQKgoJ1L2bCtWbkqEYpRDVnESCTGhYzKEnqYhCUC66TRBhg/9SGA1Ajydf3tTEkg5CTztyT+Vs1q+/E/rJcq/dFMWxomCkGqL1vyEYxXhvAg8YAKo4hNNCBVMf4npiAhCla6rouPbs2HnSfukZp/Xzu5Pq/Xroogy2kcH6AjZ6ALV0S1qoBai6BE9ozf0bmTGk/FivP5YS0Zxs4v+wPj4Bqzck3s=</latexit>

L = T�V

Lagrangian 

Trajectories of a system 
between point A and B



Euler-Lagrange equations
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• The system trajectories satisfy: 

• The Euler-Lagrange equations are obtained by 
minimizing the action:

…nature likes to be efficient

…for each 
coordinate

Trajectories of a system 
between point A and B



Example: Free particle in a gravitational field
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<latexit sha1_base64="cA0JTBJXiiT+OboKm123Y4p0iVA=">AAAB+3icbVDLSsNAFJ3UV62vqBvBzWAR3FgS8bURim5cuKjQFzShTKY37dDJg5mJUEL8GV2JuvMv/AH/xknNQlvP6tx7zoV7jhdzJpVlfRmlhcWl5ZXyamVtfWNzy9zeacsoERRaNOKR6HpEAmchtBRTHLqxABJ4HDre+CbXOw8gJIvCpprE4AZkGDKfUaL0qm/uOQFRI0p4epfhK5w6IsDNY9zO+mbVqllT4HliF6SKCjT65qcziGgSQKgoJ1L2bCtWbkqEYpRDVnESCTGhYzKEnqYhCUC66TRBhg/9SGA1Ajydf3tTEkg5CTztyT+Vs1q+/E/rJcq/dFMWxomCkGqL1vyEYxXhvAg8YAKo4hNNCBVMf4npiAhCla6rouPbs2HnSfukZp/Xzu5Pq/Xroogy2kcH6AjZ6ALV0S1qoBai6BE9ozf0bmTGk/FivP5YS0Zxs4v+wPj4Bqzck3s=</latexit>

L = T�V



Euler-Lagrange equations
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• The system trajectories satisfy: 

• The Euler-Lagrange equations are obtained by 
minimizing the action:

Trajectories of a system 
between point A and B

<latexit sha1_base64="FMWrR1XR3hwRatKiOTxRJuEQ5zY=">AAAB/3icbVC7TsNAEDzzDOFloITiRISUNJGNUKCMoKEMEnlIsWWdL5f4lPNDd2tIZKWAn4EKAR3/wA/wN1yCC0iYanZnVtoZPxFcgWV9GUvLK6tr64WN4ubW9s6uubffUnEqKWvSWMSy4xPFBI9YEzgI1kkkI6EvWNsfXk319h2TisfRLYwT5oZkEPE+pwT0yjOPRmWoYEfyQQBEyvgeO0nAyyPPCdOKZ5asqjUDXiR2TkooR8MzP51eTNOQRUAFUaprWwm4GZHAqWCTopMqlhA6JAPW1TQiIVNuNksxwSf9WGIIGJ7Nv70ZCZUah772hAQCNa9Nl/9p3RT6F27GoyQFFlFt0Vo/FRhiPC0D97hkFMRYE0Il119iGhBJKOjKijq+PR92kbROq3atWrs5K9Uv8yIK6BAdozKy0Tmqo2vUQE1E0SN6Rm/o3XgwnowX4/XHumTkNwfoD4yPbzYVlYg=</latexit>

x(t) ! �(xµ)



<latexit sha1_base64="OgcY24C/jlEKzU0HB71Thvm5r/U=">AAACMnicbVDLSsNAFJ3UV62vqks3g0VwY0mKVDdC0Y0LwQr2AU0aJtNJO3QmCTMToYT8lf6FP6CuRN35EU5qKbb1rs4951xmzvEiRqUyzRcjt7S8srqWXy9sbG5t7xR395oyjAUmDRyyULQ9JAmjAWkoqhhpR4Ig7jHS8oZXmd56IELSMLhXo4g4HPUD6lOMlKbc4q3NkRpgxJKbFF5A2xcIJ1aaVFJoR0goiphr81gvAzplulPmZOaCdytusWSWzfHARWBNQAlMpu4Wn+1eiGNOAoUZkrJjmZFykuwhzEhasGNJIoSHqE86GgaIE+kk4+ApPPJDAdWAwPH+15sgLuWIe9qTBZTzWkb+p3Vi5Z87CQ2iWJEAa4vW/JhBFcKsP9ijgmDFRhogLKj+JcQDpDtQuuWCjm/Nh10EzUrZqpard6el2uWkiDw4AIfgGFjgDNTANaiDBsDgCbyBT/BlPBqvxrvx8WvNGZObfTAzxvcPImmp/Q==</latexit>

L =
1

2
@µ�@

µ�� 1

2
m2

<latexit sha1_base64="PG23XcIzweqnDhK0PzaGNNugTz4=">AAAB53icbZDLTsJAFIZP8YZ4Q126mUhMXJGWGHBJdOMSE7kkUMl0OKUj00tmpiak4Rl0ZdSd7+ML+DYO2IWC/+qb8/+TnP94ieBK2/aXVVhb39jcKm6Xdnb39g/Kh0cdFaeSYZvFIpY9jyoUPMK25lpgL5FIQ09g15tcz/3uI0rF4+hOTxN0QzqOuM8Z1WbUGSQBv68NyxW7ai9EVsHJoQK5WsPy52AUszTESDNBleo7dqLdjErNmcBZaZAqTCib0DH2DUY0ROVmi21n5MyPJdEBksX7dzajoVLT0DOZkOpALXvz4X9eP9X+pZvxKEk1RsxEjOenguiYzEuTEZfItJgaoExysyVhAZWUaXOakqnvLJddhU6t6tSr9duLSvMqP0QRTuAUzsGBBjThBlrQBgYP8Axv8G5x68l6sV5/ogUr/3MMf2R9fAMpe4yD</latexit>

�2



E6a:  
Find the Euler-Lagrange equation

<latexit sha1_base64="OgcY24C/jlEKzU0HB71Thvm5r/U=">AAACMnicbVDLSsNAFJ3UV62vqks3g0VwY0mKVDdC0Y0LwQr2AU0aJtNJO3QmCTMToYT8lf6FP6CuRN35EU5qKbb1rs4951xmzvEiRqUyzRcjt7S8srqWXy9sbG5t7xR395oyjAUmDRyyULQ9JAmjAWkoqhhpR4Ig7jHS8oZXmd56IELSMLhXo4g4HPUD6lOMlKbc4q3NkRpgxJKbFF5A2xcIJ1aaVFJoR0goiphr81gvAzplulPmZOaCdytusWSWzfHARWBNQAlMpu4Wn+1eiGNOAoUZkrJjmZFykuwhzEhasGNJIoSHqE86GgaIE+kk4+ApPPJDAdWAwPH+15sgLuWIe9qTBZTzWkb+p3Vi5Z87CQ2iWJEAa4vW/JhBFcKsP9ijgmDFRhogLKj+JcQDpDtQuuWCjm/Nh10EzUrZqpard6el2uWkiDw4AIfgGFjgDNTANaiDBsDgCbyBT/BlPBqvxrvx8WvNGZObfTAzxvcPImmp/Q==</latexit>

L =
1

2
@µ�@

µ�� 1

2
m2

<latexit sha1_base64="PG23XcIzweqnDhK0PzaGNNugTz4=">AAAB53icbZDLTsJAFIZP8YZ4Q126mUhMXJGWGHBJdOMSE7kkUMl0OKUj00tmpiak4Rl0ZdSd7+ML+DYO2IWC/+qb8/+TnP94ieBK2/aXVVhb39jcKm6Xdnb39g/Kh0cdFaeSYZvFIpY9jyoUPMK25lpgL5FIQ09g15tcz/3uI0rF4+hOTxN0QzqOuM8Z1WbUGSQBv68NyxW7ai9EVsHJoQK5WsPy52AUszTESDNBleo7dqLdjErNmcBZaZAqTCib0DH2DUY0ROVmi21n5MyPJdEBksX7dzajoVLT0DOZkOpALXvz4X9eP9X+pZvxKEk1RsxEjOenguiYzEuTEZfItJgaoExysyVhAZWUaXOakqnvLJddhU6t6tSr9duLSvMqP0QRTuAUzsGBBjThBlrQBgYP8Axv8G5x68l6sV5/ogUr/3MMf2R9fAMpe4yD</latexit>

�2



=

=

<latexit sha1_base64="OgcY24C/jlEKzU0HB71Thvm5r/U=">AAACMnicbVDLSsNAFJ3UV62vqks3g0VwY0mKVDdC0Y0LwQr2AU0aJtNJO3QmCTMToYT8lf6FP6CuRN35EU5qKbb1rs4951xmzvEiRqUyzRcjt7S8srqWXy9sbG5t7xR395oyjAUmDRyyULQ9JAmjAWkoqhhpR4Ig7jHS8oZXmd56IELSMLhXo4g4HPUD6lOMlKbc4q3NkRpgxJKbFF5A2xcIJ1aaVFJoR0goiphr81gvAzplulPmZOaCdytusWSWzfHARWBNQAlMpu4Wn+1eiGNOAoUZkrJjmZFykuwhzEhasGNJIoSHqE86GgaIE+kk4+ApPPJDAdWAwPH+15sgLuWIe9qTBZTzWkb+p3Vi5Z87CQ2iWJEAa4vW/JhBFcKsP9ijgmDFRhogLKj+JcQDpDtQuuWCjm/Nh10EzUrZqpard6el2uWkiDw4AIfgGFjgDNTANaiDBsDgCbyBT/BlPBqvxrvx8WvNGZObfTAzxvcPImmp/Q==</latexit>

L =
1

2
@µ�@

µ�� 1

2
m2

<latexit sha1_base64="K9FJe73URWqdWThiOCxRjg+yJRs=">AAACDnicbVDLSsNAFJ3UV62vqEs3g0WoiCUpUt0IRTcuK9gHNGmYTCft0JkkzEyEEvoP+jO6EnXnwh/wb5zUCFq9q3PuOcOdc/yYUaks68MoLCwuLa8UV0tr6xubW+b2TltGicCkhSMWia6PJGE0JC1FFSPdWBDEfUY6/vgy0zu3REgahTdqEhOXo2FIA4qR0ivPPKo4MRKKIualDk+m36yvCTyGkPdrh048ovAcWp5ZtqrWbOBfYOegDPJpeua7M4hwwkmoMENS9mwrVm6aXcCMTEtOIkmM8BgNSU/DEHEi3XQWagoPgkhANSJwxn96U8SlnHBfezhSIzmvZcv/tF6igjM3pWGcKBJibdFakDCoIph1AwdUEKzYRAOEBdW/hHiEBMJKN1jS8e35sH9Bu1a169X69Um5cZEXUQR7YB9UgA1OQQNcgSZoAQzuwSN4Aa/GnfFgPBnPX9aCkb/ZBb/GePsETwKa4Q==</latexit>

(@µ@
µ �m2)� = 0

<latexit sha1_base64="PG23XcIzweqnDhK0PzaGNNugTz4=">AAAB53icbZDLTsJAFIZP8YZ4Q126mUhMXJGWGHBJdOMSE7kkUMl0OKUj00tmpiak4Rl0ZdSd7+ML+DYO2IWC/+qb8/+TnP94ieBK2/aXVVhb39jcKm6Xdnb39g/Kh0cdFaeSYZvFIpY9jyoUPMK25lpgL5FIQ09g15tcz/3uI0rF4+hOTxN0QzqOuM8Z1WbUGSQBv68NyxW7ai9EVsHJoQK5WsPy52AUszTESDNBleo7dqLdjErNmcBZaZAqTCib0DH2DUY0ROVmi21n5MyPJdEBksX7dzajoVLT0DOZkOpALXvz4X9eP9X+pZvxKEk1RsxEjOenguiYzEuTEZfItJgaoExysyVhAZWUaXOakqnvLJddhU6t6tSr9duLSvMqP0QRTuAUzsGBBjThBlrQBgYP8Axv8G5x68l6sV5/ogUr/3MMf2R9fAMpe4yD</latexit>

�2



<latexit sha1_base64="9HWE31P+QYLPFAbwHLcETc7wqfc=">AAAB7HicbZDNSsNAFIVv6l+tf1WXbgaL4KokItVl0Y3LCvYH2lAm05t26GQSZiZCCXkLXYm682l8Ad/Gac1CW8/qm3vOwD03SATXxnW/nNLa+sbmVnm7srO7t39QPTzq6DhVDNssFrHqBVSj4BLbhhuBvUQhjQKB3WB6O/e7j6g0j+WDmSXoR3QsecgZNXbUH4SKsszLs8t8WK25dXchsgpeATUo1BpWPwejmKURSsME1brvuYnxM6oMZwLzyiDVmFA2pWPsW5Q0Qu1ni5VzchbGipgJksX7dzajkdazKLCZiJqJXvbmw/+8fmrCaz/jMkkNSmYj1gtTQUxM5s3JiCtkRswsUKa43ZKwCbX9jb1Pxdb3lsuuQuei7jXqjfvLWvOmOEQZTuAUzsGDK2jCHbSgDQxieIY3eHek8+S8OK8/0ZJT/DmGP3I+vgEdoo7V</latexit>

1

4
<latexit sha1_base64="9HWE31P+QYLPFAbwHLcETc7wqfc=">AAAB7HicbZDNSsNAFIVv6l+tf1WXbgaL4KokItVl0Y3LCvYH2lAm05t26GQSZiZCCXkLXYm682l8Ad/Gac1CW8/qm3vOwD03SATXxnW/nNLa+sbmVnm7srO7t39QPTzq6DhVDNssFrHqBVSj4BLbhhuBvUQhjQKB3WB6O/e7j6g0j+WDmSXoR3QsecgZNXbUH4SKsszLs8t8WK25dXchsgpeATUo1BpWPwejmKURSsME1brvuYnxM6oMZwLzyiDVmFA2pWPsW5Q0Qu1ni5VzchbGipgJksX7dzajkdazKLCZiJqJXvbmw/+8fmrCaz/jMkkNSmYj1gtTQUxM5s3JiCtkRswsUKa43ZKwCbX9jb1Pxdb3lsuuQuei7jXqjfvLWvOmOEQZTuAUzsGDK2jCHbSgDQxieIY3eHek8+S8OK8/0ZJT/DmGP3I+vgEdoo7V</latexit>

1

4
<latexit sha1_base64="kyBf61giCJ88AnZgqxJ3ECxHATw=">AAAB7HicbZDNSsNAFIVv/K31r+rSzWARXJWkSHVZdOOygv2BNpTJ9KYdOpmEmYlQQt5CV6LufBpfwLdxWrPQ1rP65p4zcM8NEsG1cd0vZ219Y3Nru7RT3t3bPzisHB13dJwqhm0Wi1j1AqpRcIltw43AXqKQRoHAbjC9nfvdR1Sax/LBzBL0IzqWPOSMGjvqD0JFWeblWT0fVqpuzV2IrIJXQBUKtYaVz8EoZmmE0jBBte57bmL8jCrDmcC8PEg1JpRN6Rj7FiWNUPvZYuWcnIexImaCZPH+nc1opPUsCmwmomail7358D+vn5rw2s+4TFKDktmI9cJUEBOTeXMy4gqZETMLlClutyRsQm1/Y+9TtvW95bKr0KnXvEatcX9Zbd4UhyjBKZzBBXhwBU24gxa0gUEMz/AG7450npwX5/UnuuYUf07gj5yPbxqkjtM=</latexit>

1

2

Find the Euler-Lagrange equation of:



E 6b: Find the DR of: 

0



E 6c: Find the DR of: 
<latexit sha1_base64="9HWE31P+QYLPFAbwHLcETc7wqfc=">AAAB7HicbZDNSsNAFIVv6l+tf1WXbgaL4KokItVl0Y3LCvYH2lAm05t26GQSZiZCCXkLXYm682l8Ad/Gac1CW8/qm3vOwD03SATXxnW/nNLa+sbmVnm7srO7t39QPTzq6DhVDNssFrHqBVSj4BLbhhuBvUQhjQKB3WB6O/e7j6g0j+WDmSXoR3QsecgZNXbUH4SKsszLs8t8WK25dXchsgpeATUo1BpWPwejmKURSsME1brvuYnxM6oMZwLzyiDVmFA2pWPsW5Q0Qu1ni5VzchbGipgJksX7dzajkdazKLCZiJqJXvbmw/+8fmrCaz/jMkkNSmYj1gtTQUxM5s3JiCtkRswsUKa43ZKwCbX9jb1Pxdb3lsuuQuei7jXqjfvLWvOmOEQZTuAUzsGDK2jCHbSgDQxieIY3eHek8+S8OK8/0ZJT/DmGP3I+vgEdoo7V</latexit>

1

4

<latexit sha1_base64="9HWE31P+QYLPFAbwHLcETc7wqfc=">AAAB7HicbZDNSsNAFIVv6l+tf1WXbgaL4KokItVl0Y3LCvYH2lAm05t26GQSZiZCCXkLXYm682l8Ad/Gac1CW8/qm3vOwD03SATXxnW/nNLa+sbmVnm7srO7t39QPTzq6DhVDNssFrHqBVSj4BLbhhuBvUQhjQKB3WB6O/e7j6g0j+WDmSXoR3QsecgZNXbUH4SKsszLs8t8WK25dXchsgpeATUo1BpWPwejmKURSsME1brvuYnxM6oMZwLzyiDVmFA2pWPsW5Q0Qu1ni5VzchbGipgJksX7dzajkdazKLCZiJqJXvbmw/+8fmrCaz/jMkkNSmYj1gtTQUxM5s3JiCtkRswsUKa43ZKwCbX9jb1Pxdb3lsuuQuei7jXqjfvLWvOmOEQZTuAUzsGDK2jCHbSgDQxieIY3eHek8+S8OK8/0ZJT/DmGP3I+vgEdoo7V</latexit>

1

4



<latexit sha1_base64="EOM3AEZQVZdSvzxLBk/H+wGJv10="></latexit>

L =
1

2
(1 + ✏)@µ�@

µ�� 1

2
m2

<latexit sha1_base64="97zRPwZqLaqH/Fw1z1MbZwAPtpw=">AAACFHicbVDLSgMxFM34tr6qLt0Ei1AXlpki1Y0gunFZwVahMx3upGknmMyEJCOUob+hP6MrUTfi3r8xUyv4uqtz7jnh5pxIcqaN6747U9Mzs3PzC4ulpeWV1bXy+kZbp5kitEVSnqqrCDTlLKEtwwynV1JREBGnl9H1aaFf3lClWZpcmKGkgYBBwvqMgLGrsOxVfeAyBl+CMgx4mPsiG32xriV4D2PRre/6Mmb4CLthueLW3PHgv8CbgAqaTDMsv/q9lGSCJoZw0LrjudIEeXGBcDoq+ZmmEsg1DGjHwgQE1UE+jjbCO/1UYRNTPObfvTkIrYcish4BJta/tWL5n9bJTP8wyFkiM0MTYi1W62ccmxQXDeEeU5QYPrQAiGL2l5jEoIAY22PJxvd+h/0L2vWa16g1zvcrxyeTIhbQFtpGVeShA3SMzlATtRBBd+gBPaMX59a5dx6dp0/rlDN5s4l+jPP2AShtnX8=</latexit>

(↵@µ@
µ �m2)� = 0

E2 � p2 ± ✏A2 = m2,

<latexit sha1_base64="OgcY24C/jlEKzU0HB71Thvm5r/U=">AAACMnicbVDLSsNAFJ3UV62vqks3g0VwY0mKVDdC0Y0LwQr2AU0aJtNJO3QmCTMToYT8lf6FP6CuRN35EU5qKbb1rs4951xmzvEiRqUyzRcjt7S8srqWXy9sbG5t7xR395oyjAUmDRyyULQ9JAmjAWkoqhhpR4Ig7jHS8oZXmd56IELSMLhXo4g4HPUD6lOMlKbc4q3NkRpgxJKbFF5A2xcIJ1aaVFJoR0goiphr81gvAzplulPmZOaCdytusWSWzfHARWBNQAlMpu4Wn+1eiGNOAoUZkrJjmZFykuwhzEhasGNJIoSHqE86GgaIE+kk4+ApPPJDAdWAwPH+15sgLuWIe9qTBZTzWkb+p3Vi5Z87CQ2iWJEAa4vW/JhBFcKsP9ijgmDFRhogLKj+JcQDpDtQuuWCjm/Nh10EzUrZqpard6el2uWkiDw4AIfgGFjgDNTANaiDBsDgCbyBT/BlPBqvxrvx8WvNGZObfTAzxvcPImmp/Q==</latexit>

L =
1

2
@µ�@

µ�� 1

2
m2

<latexit sha1_base64="K9FJe73URWqdWThiOCxRjg+yJRs=">AAACDnicbVDLSsNAFJ3UV62vqEs3g0WoiCUpUt0IRTcuK9gHNGmYTCft0JkkzEyEEvoP+jO6EnXnwh/wb5zUCFq9q3PuOcOdc/yYUaks68MoLCwuLa8UV0tr6xubW+b2TltGicCkhSMWia6PJGE0JC1FFSPdWBDEfUY6/vgy0zu3REgahTdqEhOXo2FIA4qR0ivPPKo4MRKKIualDk+m36yvCTyGkPdrh048ovAcWp5ZtqrWbOBfYOegDPJpeua7M4hwwkmoMENS9mwrVm6aXcCMTEtOIkmM8BgNSU/DEHEi3XQWagoPgkhANSJwxn96U8SlnHBfezhSIzmvZcv/tF6igjM3pWGcKBJibdFakDCoIph1AwdUEKzYRAOEBdW/hHiEBMJKN1jS8e35sH9Bu1a169X69Um5cZEXUQR7YB9UgA1OQQNcgSZoAQzuwSN4Aa/GnfFgPBnPX9aCkb/ZBb/GePsETwKa4Q==</latexit>

(@µ@
µ �m2)� = 0

<latexit sha1_base64="0jPGLkRRVvaU5vHiKk/FKzaH63A=">AAACKXicbZBLTwIxFIU7+EJ8oS7dNBITXEhmiEE3JkQT4xITeSQMkDulMA2dmabtmJAJv0h/ihtd+dr5RyyIUcG7Or3fadNzPMGZ0rb9YqUWFpeWV9KrmbX1jc2t7PZOTUWxJLRKIh7JhgeKchbSqmaa04aQFAKP07o3uBjz+i2VikXhjR4K2gqgH7IeI6DNqpO9zLvAhQ+uAKkZ8E5ij75128ZH+AewH8AMwEG7eOgKn+EzbHeyObtgTwbPC2cqcmg6lU72we1GJA5oqAkHpZqOLXQrGb9POB1l3FhRAWQAfdo0MoSAqlYyyTvCB71IYu1TPDn/9iYQKDUMPOMJQPtqlo2X/7FmrHunrYSFItY0JMZiWC/mWEd4XBvuMkmJ5kMjgEhmfomJDxKINuVmTHxnNuy8qBULTqlQuj7Olc+nRaTRHtpHeeSgE1RGV6iCqoige/SE3tC7dWc9Ws/W65c1ZU3v7KI/Y318AhBQpbs=</latexit>
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Spontaneous Symmetry Breaking
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SM+GR+LIV : Effective QFT

L ⇡ �

mk
P

< T > � ̄(i@)k'

Let < T > 6= 0

;

Tensor valued backgrounds. 
Preferred direction in spacetimes 
-> they introduce Lorentz Violation. 

;

Many LIV-models: 
✦ Maintain spatial rotation invariance while breaking boost. 
✦ Bumblebee model  
✦ LV dispersion relation. 
✦ Vector tensor Models in gravity that SB LS 
✦ …

EFT-QFT
SME

�

mk
P

< T >= t(k)

⇡ t(k)� ̄(i@)k'
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Spacetime Symmetries in Relativity PP

Internal Gauge Symmetries:

But CPT is conserved 

Global Lorentz Symmetry! 

Discrete spacetime symmetries:

SU(3)⇥ SU(2)⇥ U(1)

C, P, T

Many are broken 
Explicitly:

SSB:

(for local interactions of 
point like particles in QFT)

*Any Exp. looking for CTP-V -> LS-V test

• weak interactions,  
• certain meson interactions

• Higgs mechanism: EW-M

177

s-t symmetry : SR

(in QFT)



Spacetime Symmetries in Relativity GR

Effects of gravity  
by  

curved  s-t 

Rµ⌫ � 1

2
Rgµ⌫ + ⇤gµ⌫ =

8⇡G

c4
Tµ⌫

Invariant under Diffeomorphisms

Local Lorentz Invariant 

Source of the s-t curvature TM
µ⌫

The metric tensorgµ⌫

R
�µ⌫ Riemann Curvature Tensor

Ricci
Curvature

Rµ⌫

R
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Lorentz Invariance Violation GRPP

179

L = LSM + LGR

Since the SME is founded on well established physics and constructed from general operators, it 
offers an approach to describing Lorentz violation that is largely independent of the underlying 

theory.

These terms consist of Lorentz-violating operators of 
mass dimension three or four, coupled to coefficients with 
Lorentz indices controlling the degree of Lorentz violation. 

The subset of the theory containing these dominant 
Lorentz-violating terms is called the minimal SME 

Searches for violations can take advantage either of gravitational or of nongravitational forces, or of 
both. 

LSM = LLI + LLIV LG = LLI + LLIV

LIV

+LLIV

A. Bourgoin et al 
https://arxiv.org/abs/1706.06294v3

Q. G. Bailey and V. A. Kostelecky,  
Phys. Rev. D 74, 045001 (2006). 

V.A.Kostelecky andJ.D.Tasson, 
Phys.Rev.D83,  016013 (2011) 

D. Colladay and V. A. Kostelecky,  
Phys. Rev. D 58, 116002 (1998).  

M. Schreck  
Phys.Rev. D96 (2017) no.9, 095026

V. Alan Kostelecky and Neil Russell 
https://arxiv.org/pdf/0801.0287.pdf 

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

http://inspirehep.net/author/profile/Schreck%2C%20M.?recid=1512938&ln=es
https://arxiv.org/pdf/0801.0287.pdf
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SM + LIV

D. Colladay and V. A. Kostelecky,  
Phys. Rev. D 58, 116002 (1998).  

k1,2,3 are real and have 
dimensions of mass,; k0 is 

also real and has dimensions 
of mass 3 
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Standard Model Extension  d=4 (n=0)

256 independent components to 19

Kappa:

19 independent 
components to 1

Isotropic Lorentz- violating (LV) deformation of the photon sector

�2̃tr ⇠ 4m2
e/E

2
�
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Photon decay Threshold

LORENTZ-NONINVARIANT DECAY PROCESSES

a) Vacuum Cherenkov radiation 

b) Photon decay

↵0 = �2̃tr
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;

;

 D. Colladay and V.A. Kostelecký, 
Phys. Rev. D 58, 116002 (1998)

F. R. Klinkhamer and M. Schreck 
Phys. Rev. D 78, 085026 (2008)

M. Hohensee, R. Lehnert,  D. Phillips, R. Walsworth
Phys. Rev. D 80, 036010 (2009)



Above this energy threshold, the decay rate is 
quite efficient that photons should not arrive at 

Earth from cosmological distances

If you observe VHE gamma-rays, the LIV 
process is restricted!!

H. Martinez and A. Pérez-Lorenzana 
J.Phys.Conf.Ser. 761 (2016) 012035

E�
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Generic framework: Photon decay

H. Martinez and A. Lorenzana 
Phys.Rev. D95 (2017) 6, 063001

decay rate



If you observe VHE gamma-rays,

 the LIV process is restricted!!

K. Astapov, D. Kirpichnikov, and P. Satunin,  
JCAP 1904, 054 (2019)  

Photon splitting 
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𝛄

It becomes significant 
when photons propagate 

through cosmological 
distances -> cutoff

n=2

no threshold!



The High Altitude Water Cherenkov

air shower  
particle

photomultiplier tube 
(PMT)

200,000 L of  
purified water

22 000 m2
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The High Altitude Water Cherenkov

22 000 m2
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Cuatro Ciénegas, Coahuila



Highest energy sources

Crab,  

2HWC  J1825−134,  

 2HWC J1907+063,  

2HWC J2019+368

> 56 TeV:

-Reported detailed measurements of  𝝲-ray >100 TeV, 
-Recent development of advanced energy-

reconstruction algorithms, artificial neural network 

HAWC Collaboration

Phys Rev Lett. 124, 021102 (2020)

> 100 TeV:



Highest energy sources

Crab,  

2HWC  J1825−134,  

 2HWC J1907+063,  

2HWC J2019+368

> 56 TeV:

HAWC Collaboration
Phys Rev Lett. 124, 021102 (2020)

> 100 TeV:

Above this energy threshold, the decay 
rate is quite efficient that photons should 

not arrive at Earth from cosmological 
distances

E(n)
LIV > E�

"
E2

� � 4m2
e�

4m2
e�

#1/n
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Highest energy sources

Crab,  

2HWC  J1825−134,  

 2HWC J1907+063,  

2HWC J2019+368

> 56 TeV:

HAWC Collaboration
Phys Rev Lett. 124, 021102 (2020)

> 100 TeV:

Above this energy threshold, the decay 
rate is quite efficient that photons should 

not arrive at Earth from cosmological 
distances
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softened in the observed spectra due to the 
effects of the detector energy resolution 

S. Marinelli. PhD Thesis (2019) 
observatory.org/publications/#thesis. 

LIV hard cutoff

LIV hard cutoff at some energy Ec in the 
True spectrum

�obs = �emit(E)⇥(Ecut � E)
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A profile log-likelihood is performed to find the 
best-fit spectrum model for each source, 

including a energy cutoff,  
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LIV hard cutoff

�obs = �emit(E)⇥(Ecut � E)
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HAWC Collaboration 
Phys Rev Lett. 124,131101 (2020)

Small p value  
 data favors a cutoff 

No statistically significant  
evidence of hard cutoffs 
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Derived 95% CL lower limits on Ec and its different  
LIV coefficients

LIV limits

HAWC Collaboration 
Phys Rev Lett. 124,131101 (2020)

Above this energy threshold, the decay 
rate is quite efficient that photons should 

not arrive at Earth from cosmological 
distances

E(n)
LIV > E�
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Derived 95% CL lower limits on Ec and its different  
LIV coefficients

LIV limits

HAWC Collaboration 
Phys Rev Lett. 124,131101 (2020)

Above this energy threshold, the decay 
rate is quite efficient that photons should 

not arrive at Earth from cosmological 
distances
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https://cerncourier.com/a/100-tev-photons-test-lorentz-invariance/

https://gizmodo.com/extreme-experiment-on-mexican-volcano-challenged-the-sp-1842648310
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LIV limits

>1800 EPl !!

Energy-
dependent 
time delay

Photon 
decay

Energy-
dependent 
time delay

Pair production 
threshold shifts

Constraints on Lorentz invariance violation 
using HAWC observations above 100TeV  
HAWC Collaboration, 
arXiv:1911.08070 
Phys Rev Lett. 124,131101 (2020)
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No statistically significant  
evidence of hard cutoffs 

LIV hard cutoff

humbertomh@ifsc.usp.br
HAWC Collaboration 

Phys Rev Lett. 124,131101 (2020)

mailto:humbertomh@ifsc.usp.br


No statistically significant  
evidence of hard cutoffs 

LIV hard cutoff

humbertomh@ifsc.usp.br
HAWC Collaboration 

Phys Rev Lett. 124,131101 (2020)

mailto:humbertomh@ifsc.usp.br


Energy-
dependent 
time delay

Photon 
decay

Energy-
dependent 
time delay

Pair production 
threshold shifts

Photon 
splitting 

Constraints on Lorentz invariance violation 
using HAWC observations above 100TeV  
HAWC Collaboration, 
arXiv:1911.08070 (Submitted)

su
pe

rlu
m

in
al

 
su

bl
um

in
al

 

LIV hard cutoff
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Standard Model Extension  d=4 (n=0)

256 independent components to 19

Kappa:

19 independent 
components to 1

Isotropic Lorentz- violating (LV) deformation of the photon sector

�2̃tr ⇠ 4m2
e/E

2
�
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Photon decay Threshold

LORENTZ-NONINVARIANT DECAY PROCESSES

a) Vacuum Cherenkov radiation 

b) Photon decay
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Standard Model Extension  d=6 (n=2)

The photon sector of the minimal SME 

Dispersion  relation

An expansion in mass dimension and spherical decomposition 
d=6

= p2
r

1

4⇡
c(6)(I)00
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Standard Model Extension  d=6 (n=2)
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<latexit sha1_base64="7MVY64x3jWQsC745s4rG76Y+Mo4=">AAACH3icbVDLSgNBEOyN7/iKehRkMAh6MOyqoB6EoB48RjBRSEKYnXSSIbMPZmaFsORj9DP8AT2IqLf8jZ2Yg0Yberqmqwamyo+VNNZ1B05manpmdm5+Ibu4tLyymltbr5go0QLLIlKRvvO5QSVDLFtpFd7FGnngK7z1uxdD/vYetZFReGN7MdYD3g5lSwpuaRXltqAGFjqAdHJoQBcYnFGfggtPNPepU9JoCAhdkk7Q3CVuD/qNXN4tuKNif4E3BnkYV6mRe601I5EEGFqhuDFVz41tPeXaSqGwn60lBmMuuryNVYIhD9DU05HLPttpRZrZDrLR/ac25YExvcAnTcBtx0xyw+V/XDWxrZN6KsM4sRgKkhDXShSzERuGxZpSo7CqR4ALLemXTHS45sJSpFmy702a/QsqBwXvsHBwfZQvno+DmIdN2KYQPTiGIlxBCcoU6yO8wAd8Og/Os/PmvH9LM874zQb8KmfwBeYzlmE=</latexit>

'k = RA(o)
<latexit sha1_base64="BxQkLIrC68TgrZ+wgEZ7VkqZ6EI=">AAACE3icbVDLSgMxFL3js9bXqBvBTbAIuikzVdCNUHXjsop9QDuUTJppQ5OZIckUytDP0I9RV6Ku9AP8G9M6C209kHByz7mQc/yYM6Ud58uam19YXFrOreRX19Y3Nu2t7ZqKEklolUQ8kg0fK8pZSKuaaU4bsaRY+JzW/f7VWK8PqFQsCu/0MKaewN2QBYxgbUaRvQstGAAGCTH0gEEb+oDg3JzUKBKEYbdwYe5DeIQjGLXtglN0JkCzxM1IATJU2vZHqxORRNBQE46VarpOrL0US80Ip6N8K1E0xqSPu7RpaIgFVV46STZCB0Ekke5RNHn/9qZYKDUUvvEIrHtqWhsP/9OaiQ7OvJSFcaJpSIzFaEHCkY7QuCDUYZISzYeGYCKZ+SUiPSwx0abGvInvToedJbVS0T0ulm5OCuXLrIgc7MG+KdGFUyjDNVSgCgQe4Bne4N26t56sF+v1xzpnZTs78AfW5zd4v5Ra</latexit>

R. Bluhm et al.,  
Phys. Rev. Lett. 88, 090801 (2002) 

Sec. V: V.A. Kostelecký and M. Mewes,  
Phys. Rev. D 80, 015020 (2009)

GRB 90510:

X

jm

Yjm(103.37o, 276.40o)c(6)(I)jm

<latexit sha1_base64="vJl6Dxq3DJmvvpV4f+sCnZQKktg="></latexit>

eHWC J1825-134:

↵2 = 2
X

6jm

Yjm(✓k,'k)c
(6)
(I)jm

<latexit sha1_base64="g+JCYTDwW9gYvJfic6b4qhYGGIg="></latexit>

…frames centered on the Sun, the galaxy, and the 
CMB each remain unchanged approximate inertial 

frames over thousands of years

F. Kislat and H. Krawczynsky 
Phys. Rev. D 92, 045016 (2015) 
V. Vasileiou et al.,  
Phys. Rev. D 87, 122001 (2013)

CPT Tables D18 p.49  
ArXiv 0801.0287v12-2

This Work

j,m 6= 0
<latexit sha1_base64="viCQ1r+Fmy5V8szh0DjzJfXJR7k=">AAAB63icbZDNTgIxFIXv4B/iH+rSTSMxcWHIDJrokujGJSbyE4GQTrkDlbYzth0TQngKXRl159v4Ar6NBVkoeFZf7zlN7rlhIrixvv/lZZaWV1bXsuu5jc2t7Z387l7NxKlmWGWxiHUjpAYFV1i13ApsJBqpDAXWw8HVxK8/ojY8Vrd2mGBb0p7iEWfUutHd/YkkLYUPxO/kC37Rn4osQjCDAsxU6eQ/W92YpRKVZYIa0wz8xLZHVFvOBI5zrdRgQtmA9rDpUFGJpj2abjwmR1Gsie0jmb5/Z0dUGjOUoctIavtm3psM//OaqY0u2iOuktSiYi7ivCgVxMZkUpx0uUZmxdABZZq7LQnrU02ZdefJufrBfNlFqJWKwWmxdHNWKF/ODpGFAziEYwjgHMpwDRWoAgMFz/AG7570nrwX7/UnmvFmf/bhj7yPbxrLjYo=</latexit>
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Sun centered celestial equatorial frame
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❖ Astroparticle physics has recently reached a new status of precision due to the construction of new 

observatories, operating innovative technologies, and the detection of large numbers of events and sources. 

➡ The precise measurements of cosmic and gamma rays can be used as tests for fundamental physics, such as 

effects motivated by some Lorentz invariance violation. 

❖ There are different types of astrophysical LIV predictions through the generic modification to particle dispersion 

relation in the photon sector, such as pair production threshold shifts, energy-dependent time delay, 

photon splitting, and photon decay.  

❖ So far, there hasn't been found any confirmed signature of any LIV 

➡ There is an active and dynamic field in astroparticle physics looking for LV/LIV signatures. 

❖ There are studies in progress to study the potential to test / constrain LIV signatures in astroparticle physics 

Experiments: HAWC, Auger, Magic, Veritas, HESS, SGSO, CTA…
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❖ 1. 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? 

❖ 2. 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? 

❖ 3. Using ebltable compare the energy densities, optical depth, and attenuation for at least 3 different 

models and different values for z.  

❖ Compare your results including LIV attenuation (E_LIV= Mpl and n=1)  

❖ *Compare for different values 

❖ 4. What would the attenuation look like with LIV and without for a source at z= 0.034 

❖ 5. Modify the ebl_from_model to use (+) scenario  

4*: Use the LIV attenuation from 
ebltable in a gammapy analysis 
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❖ 6. Find the dispersion relations for  

 

a)

b)

c)

d) i)

ii)
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