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Syllabus
1. Introduction to strong interactions in the perturbative and non-perturbative regimes.

2. Hadrons and Nuclei

3. Electron and neutrino scattering experiments on hadrons and nuclei: form factors,

    elastic and inelastic scattering, resonances, deep inelastic physics.

4. Experimental methods and facilities with focus on MAMI and MESA at JGU Mainz.

5. Dark Matter

6. Search for dark matter with "intensity frontier" experiments, in particular, electron scattering

    experiments.

7. Search for dark matter with “direct detection” experiments with focus on argon.

8. Nuclear astrophysics and nuclear reactions of astrophysical relevance (in the Big Bang and 
stars).

9.   Experiments for measuring astrophysical reactions with accelerators.

10. Discussion of a relevant published scientific paper on one of the topics discussed

      during the course.
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Lecture Plan
1 Wed, 20. Apr. 2022 12:15 13:45 01 128 Galilei-Raum

2 Th, 21. Apr. 2022 10:15 11:45 01 128 Galilei-Raum

3 Wed, 27. Apr. 2022 12:15 13:45 01 128 Galilei-Raum

4 Th, 28. Apr. 2022 10:15 11:45 01 128 Galilei-Raum

5 Wed, 4. May 2022 12:15 13:45 01 128 Galilei-Raum

6 Th, 5. May 2022 10:15 11:45 01 128 Galilei-Raum

7 Wed, 11. May 2022 12:15 13:45 01 128 Galilei-Raum

8 Th, 12. May 2022 10:15 11:45 01 128 Galilei-Raum

9 Wed, 18. May 2022 12:15 13:45 01 128 Galilei-Raum

10 Th, 19. May 2022 10:15 11:45 01 128 Galilei-Raum

11 Wed, 25. May 2022 12:15 13:45 01 128 Galilei-Raum

12 Wed, 1. Jun. 2022 12:15 13:45 01 128 Galilei-Raum

13 Th, 2. Jun. 2022 10:15 11:45 01 128 Galilei-Raum

14 Wed, 8. Jun. 2022 12:15 13:45 01 128 Galilei-Raum

15 Th, 9. Jun. 2022 10:15 11:45 01 128 Galilei-Raum

16 Wed, 15. Jun. 2022 12:15 13:45 01 128 Galilei-Raum

17 Wed, 22. Jun. 2022 12:15 13:45 01 128 Galilei-Raum

18 Th, 23. Jun. 2022 10:15 11:45 01 128 Galilei-Raum

19 Wed, 29. Jun. 2022 12:15 13:45 01 128 Galilei-Raum

20 Th, 30. Jun. 2022 10:15 11:45 01 128 Galilei-Raum

21 Wed, 6. Jul. 2022 12:15 13:45 01 128 Galilei-Raum

22 Th, 7. Jul. 2022 10:15 11:45 01 128 Galilei-Raum

23 Wed, 13. Jul. 2022 12:15 13:45 01 128 Galilei-Raum

24 Th, 14. Jul. 2022 10:15 11:45 01 128 Galilei-Raum

25 Wed, 20. Jul. 2022 12:15 13:45 01 128 Galilei-Raum

26 Th, 21. Jul. 2022 10:15 11:45 01 128 Galilei-Raum
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https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824178363714,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824178363714,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=ACTION&ARGUMENTS=-AJTB7o-6-01bya9WqJd7dXHlak1l6egfN-SsZsZ62vbLBVS4ZrcRIDAFvs4dXGabfcVgIF37fjjvhiW9FhAXl6I4T0Xv91S8ajIoodnqKCLwrRChQsqVpgNdTNEP~jN85jb47HTTVSRDP1q0uZ6MZ9CMauWk33k2R6Ru9Ci6TZhU08dI_
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824179710485,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824179710485,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824179710485,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=ACTION&ARGUMENTS=-AxwMQVkohYHl7nUlrKtW3vqeNBIAb2XsggzNAIP61g~cFPzCwwV48HrPPf12tXMkXx7wqMX~8aXxkOr99Z9tUpeHoB23DFVU~P7ufK08-~BLMLPnA7rRb4m3uvdVjiv6Pep2U~OMezagjZ8a9EfgArmFUQPnCtqNieuDeDrUvm9VTrbA_
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824178482304,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824178482304,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824178482304,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=ACTION&ARGUMENTS=-A4oNz2qfYn92hnxy37zu~GR0mWpUTHQPyQOecGCtXY-gMASfDc~nu8wJ058sr50GM6e5tofJcpmwrO1EGzAJS55VV7INezbXOgJoUZoVi4kKnrtuFrceM9ztwDtorU0SJXpXcEK5mVK~vg78UFdyc1xzmEcp7b~zRS0j3mJj68-6~Gn4_
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824179831067,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824179831067,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824179831067,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=ACTION&ARGUMENTS=-AnM7KXJBLi29n8NEFxkSFGlt3O2glpXA3inFsBBi8zlbf62DLLdYmGNFbOFirXR1dvEoSn2YGDLfNWTDxfauosrz-Z2X6R0vyfTx28dRF1LsRcyyhjoioTAnUdmSFEnFI8OHXjUO0xa4YoqQzlruJAm9PaPCDYZW6-SfUnnIgMWntVGQ_
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824178516913,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824178516913,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824178516913,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=ACTION&ARGUMENTS=-AJMJb3b4mrG5cn7gp7a2hPDJRpywqzWibz1W9uMOAEqdEruG11lxcnTnfbUu4Pgg5tADrsfrY4EAIyVBOqVM8xqhMYhtOQFmtx5J5yZ4ag5j3~vUTNJPm9ljjdYK0P-lFTF7n~HL3e74W6UwahO~gQzynq1EiHZ9ugZIC2Z~7dweQ0U4_
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824179905115,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824179905115,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824179905115,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=ACTION&ARGUMENTS=-AREKlzdeV6S3KdjSNFvo4cXqRUAza-QmZeOOiaaDZaYGhZUr9ISyNXFuSgLzXqDk5OQO5-ixduuRUAiiXK21Ae~VRF--QDJZKKCd7U~69Fxhkia29TRl8jaTizy~I5dl~OznL96cWytnvYFMhOl2Tz4yBabtu0Mbgg1rcNlHzvZEY37Y_
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824178655470,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824178655470,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824178655470,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=ACTION&ARGUMENTS=-AAWCYiNXtwRh2IOv0LFT72p3AS3SCtGfyyexFz1serYTvrhwAmK~fDZkQ6E082TbijAwjVUALutgAsPRwSoe1dg68B5gNfZSWEC8SOXTvH1EPfktOYmrDc2isMy~bR9N7VIL9cohrNMN7z53TMs4ZNokoYpGK7UX1dyOcR6LqDuSHl8k_
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824180002805,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824180002805,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824180002805,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=ACTION&ARGUMENTS=-AfycCMeqQ52ECAvEIaocZ9Bpp3pu8jeYCNNB7Oxqk7R3WcfkR4JTG9ELJTpdkQ~h~6yk2F4ChyD~HczBgd0SI0gQABQXF-cqYrInmXFL4zVsBhOHzMt729PjxuXZo5uz~3D5II1-zViq4mbpvWJl6oXmkgAQ~zg7iohSQ7a5BN-OHr8Y_
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824178831593,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824178831593,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824178831593,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=ACTION&ARGUMENTS=-ADA9yWcLC3JI4YUaTJ8dNZ1cXMDbRNSW1qCjW3b8eySv7bp05AH4Mgo6BmLFI05dd4eprTFrWHo5mGb8fh-xyb3szMi9EVQ52z90rlY82XDUq8RrhA1BlFnQSNVNA0c~jXfgIy-uLH1A1Es74et64iv-y4MSvN0ue-THPByvvb1TsKA0_
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824180185020,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824180185020,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N409933741304638,-N001019,-N345906897473934,-N380824180185020,-ACODA,-N380082455751716
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=ACTION&ARGUMENTS=-A8hLBxTSRv7PPxb-GMxjJ2MfejeD5y988dsT-FDu5~uPqA8e8MYfKRb7QnM9CNNcqUOQSxTZYjNJI9D98bDH8hbMrsp3gK4gUNDFR7VoOit4KyImwoPhyqoV4N~UZD0474av0lzGilCEa6YAVWMt-NE9VRu16ztD9gi6X4IPpADWDjcA_
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Exam format

1.General questions about the course topics

2.Discussion of one of the topics presented during the lecture

3.Discussion and presentation of a published physics paper (seminar+slides)
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Preliminary Definitions
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Natural Units
Consider the two fundamental constants from quantum mechanics and relativity:


Planck’s constant: 

Speed of light in vacuum: c

and a typical subatomic scale: GeV (rest-mass energy of the proton)


ℏ

Expressing the SI units in terms of these constants:


Energy:            GeV

Mass:               GeV/c2

Momentum:    GeV/c

Length:            (GeV/ c)-1

Time:               (GeV/ )-1


ℏ
ℏ

Simplify calculations setting =c=1:


Energy:           GeV

Mass:               GeV

Momentum:    GeV

Length:            GeV-1

Time:               GeV-1


ℏ

Example: E2 - p2 = m2 …
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Mandelstam Variables
Particle scattering is a fundamental process to study in particle physics.

Since Lorentz invariance is a fundamental physical property, it is convenient to express particle scattering

amplitudes with Lorentz-invariant quantities. A convenient choice is th use of the Mandelstam variables. 

Considering the 2-2 scattering:

the Madelstam variables are:

<latexit sha1_base64="tIc3P8QD7MZYPcEBwt1zqOHlOHk=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyxCRSjJIH0shKIblxXsA9pxyKRpG5p5kGSEWvolblwo4tZPceffmGkrqOiBC4dz7uXee/xYcKUR+rAyK6tr6xvZzdzW9s5u3t7bb6kokZQ1aSQi2fGJYoKHrKm5FqwTS0YCX7C2P75M/fYdk4pH4Y2exMwNyDDkA06JNpJn5xU8h8XYw6ex55zcOp5dQCWEEMYYpgRXysiQWq3q4CrEqWVQAEs0PPu9149oErBQU0GU6mIUa3dKpOZUsFmulygWEzomQ9Y1NCQBU+50fvgMHhulDweRNBVqOFe/T0xJoNQk8E1nQPRI/fZS8S+vm+hB1Z3yME40C+li0SARUEcwTQH2uWRUi4khhEpuboV0RCSh2mSVMyF8fQr/Jy2nhMsldH1WqF8s48iCQ3AEigCDCqiDK9AATUBBAh7AE3i27q1H68V6XbRmrOXMAfgB6+0TI7yReQ==</latexit>

s = (p1 + p2)
2

<latexit sha1_base64="wKy81nWIHOrnD4L3r2Xg3Lcy3tE=">AAAB+HicdVDLSgMxFM34rPXRUZdugkWoC0tSpY+FUHTjsoJ9QDsOmTTThmYeJBmhln6JGxeKuPVT3Pk3ZtoKKnrgwuGce7n3Hi8WXGmEPqyl5ZXVtfXMRnZza3snZ+/utVSUSMqaNBKR7HhEMcFD1tRcC9aJJSOBJ1jbG12mfvuOScWj8EaPY+YEZBByn1OijeTaOQ3PYSF28Unsnh7fllw7j4oIIYwxTAmulJEhtVq1hKsQp5ZBHizQcO33Xj+iScBCTQVRqotRrJ0JkZpTwabZXqJYTOiIDFjX0JAETDmT2eFTeGSUPvQjaSrUcKZ+n5iQQKlx4JnOgOih+u2l4l9eN9F+1ZnwME40C+l8kZ8IqCOYpgD7XDKqxdgQQiU3t0I6JJJQbbLKmhC+PoX/k1apiMtFdH2Wr18s4siAA3AICgCDCqiDK9AATUBBAh7AE3i27q1H68V6nbcuWYuZffAD1tsnKemRfQ==</latexit>

t = (p1 � p3)
2

<latexit sha1_base64="qys5JT2OAsSdWoybXIGmi8qy13w=">AAAB+HicdVDLSgMxFM34rPXRUZdugkWoC0tSSh8LoejGZQX7gHYcMmmmDc08SDJCLf0SNy4UceunuPNvzLQVVPTAhcM593LvPV4suNIIfVgrq2vrG5uZrez2zu5ezt4/aKsokZS1aCQi2fWIYoKHrKW5FqwbS0YCT7CON75M/c4dk4pH4Y2exMwJyDDkPqdEG8m1cwk8h4XYxWexWz69Lbl2HhURQhhjmBJcrSBD6vVaCdcgTi2DPFii6drv/UFEk4CFmgqiVA+jWDtTIjWngs2y/USxmNAxGbKeoSEJmHKm88Nn8MQoA+hH0lSo4Vz9PjElgVKTwDOdAdEj9dtLxb+8XqL9mjPlYZxoFtLFIj8RUEcwTQEOuGRUi4khhEpuboV0RCSh2mSVNSF8fQr/J+1SEVeK6Lqcb1ws48iAI3AMCgCDKmiAK9AELUBBAh7AE3i27q1H68V6XbSuWMuZQ/AD1tsnLQKRfw==</latexit>

u = (p1 � p4)
2

which have the property: 

<latexit sha1_base64="nKyWvsR4L9uZvu9c4ifLcRmibzY=">AAACDnicdVDLSgMxFM34rPU16tJNsBSEQknG0sdCKLpxWcE+oC8yadqGZh4kGaGUfoEbf8WNC0Xcunbn35hpR1DRC+EczrmXm3vcUHClEfqwVlbX1jc2U1vp7Z3dvX374LChgkhSVqeBCGTLJYoJ7rO65lqwVigZ8VzBmu7kMvabt0wqHvg3ehqyrkdGPh9ySrSR+nZW5XQugufQ6+OeA3MGnQTPEiz0nL6dQXmEEMYYxgSXisiQSqXs4DLEsWUqA5Kq9e33ziCgkcd8TQVRqo1RqLszIjWngs3TnUixkNAJGbG2oT7xmOrOFufMYdYoAzgMpHm+hgv1+8SMeEpNPdd0ekSP1W8vFv/y2pEelrsz7oeRZj5dLhpGAuoAxtnAAZeMajE1hFDJzV8hHRNJqDYJpk0IX5fC/0nDyeNiHl0XMtWLJI4UOAYn4BRgUAJVcAVqoA4ouAMP4Ak8W/fWo/VivS5bV6xk5gj8KOvtE4fnmAI=</latexit>

s+ t+ u = m2
1 +m2

2 +m2
3 +m2

4

1 2

3

4

Example: s can be seen as the CM energy, since:
<latexit sha1_base64="vPqDVHoiqPIUIxDv6rWwZFTMnnk=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFqkTIjom6EogguK9gHtNMhk6ZtaCYTkowwDPVX3LhQxK0f4s6/MW1noa0HLhzOuZd77wkEo0o7zre1tLyyurae28hvbm3v7Np7+w0VxRKTOo5YJFsBUoRRTuqaakZaQhIUBow0g9HNxG8+EqloxB90IogXogGnfYqRNpJvF4TvdsvwCpZuu2XfPRHd8rFvF52KMwVcJG5GiiBDzbe/Or0IxyHhGjOkVNt1hPZSJDXFjIzznVgRgfAIDUjbUI5Corx0evwYHhmlB/uRNMU1nKq/J1IUKpWEgekMkR6qeW8i/ue1Y92/9FLKRawJx7NF/ZhBHcFJErBHJcGaJYYgLKm5FeIhkghrk1fehODOv7xIGqcV97zi3J8Vq9dZHDlwAA5BCbjgAlTBHaiBOsAgAc/gFbxZT9aL9W59zFqXrGymAP7A+vwBxu2SRQ==</latexit>

p⇤1 = (E⇤
1 , p

⇤)
<latexit sha1_base64="qGbBCa+n0TYUFBc6YcqZoUpIvj4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCLVqSIupGKIrgsoJ9QJuGyXTSDp0kw8xEqKH4K25cKOLW/3Dn3zhts9DWAxcO59zLvfd4nFGpLOvbyCwsLi2vZFdza+sbm1vm9k5dRrHApIYjFommhyRhNCQ1RRUjTS4ICjxGGt7geuw3HoiQNArv1ZATJ0C9kPoUI6Ul19zjbrlThJewcNMpuuXjE94pHrlm3ipZE8B5YqckD1JUXfOr3Y1wHJBQYYakbNkWV06ChKKYkVGuHUvCER6gHmlpGqKASCeZXD+Ch1rpQj8SukIFJ+rviQQFUg4DT3cGSPXlrDcW//NasfIvnISGPFYkxNNFfsygiuA4CtilgmDFhpogLKi+FeI+EggrHVhOh2DPvjxP6uWSfVay7k7zlas0jizYBwegAGxwDirgFlRBDWDwCJ7BK3gznowX4934mLZmjHRmF/yB8fkDN+CSfg==</latexit>

p⇤2 = (E⇤
2 ,�p⇤)

<latexit sha1_base64="QJ9pHnwCkF/ZJK9RiMAmd4ExbXg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQFUpSRN0IRRFcVrAPaNMwmU7aoZNJmJkIIdRfceNCEbd+iDv/xkmbhVYP3MvhnHuZO8eLGJXKsr6MwtLyyupacb20sbm1vWPu7rVlGAtMWjhkoeh6SBJGOWkpqhjpRoKgwGOk402uM7/zQISkIb9XSUScAI049SlGSkuuWZbwElZvBseufZL1+tGg7poVq2bNAP8SOycVkKPpmp/9YYjjgHCFGZKyZ1uRclIkFMWMTEv9WJII4QkakZ6mHAVEOuns+Ck81MoQ+qHQxRWcqT83UhRImQSengyQGstFLxP/83qx8i+clPIoVoTj+UN+zKAKYZYEHFJBsGKJJggLqm+FeIwEwkrnVdIh2Itf/kva9Zp9VrPuTiuNqzyOItgHB6AKbHAOGuAWNEELYJCAJ/ACXo1H49l4M97nowUj3ymDXzA+vgGTm5Il</latexit>

s = (E⇤
1 + E⇤

2 )
2and thus

Since these variables are scalar products of 4-vectors, they are the same in every reference frame.
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Cross Section
# of interactions/time/target

incident flux
σ =

flux = # of incident particles / area / time

Differential cross section:

detector

θ
<latexit sha1_base64="DTe6YsLetyhwK2G2dFrHnaubSVs=">AAACBXicbVDJSgNBEO1xjXGLetRDYxDiJcyIqBch6MWbEcwCmSH09NQkTXoWumuEEHLx4q948aCIV//Bm39jZzlo4oOCx3tVVNXzUyk02va3tbC4tLyymlvLr29sbm0XdnbrOskUhxpPZKKaPtMgRQw1FCihmSpgkS+h4feuR37jAZQWSXyP/RS8iHViEQrO0EjtwkHg3kbQYfSSBiWXJ9rFLiA7Dty0K9qFol22x6DzxJmSIpmi2i58uUHCswhi5JJp3XLsFL0BUyi4hGHezTSkjPdYB1qGxiwC7Q3GXwzpkVECGibKVIx0rP6eGLBI637km86IYVfPeiPxP6+VYXjhDUScZggxnywKM0kxoaNIaCAUcJR9QxhXwtxKeZcpxtEElzchOLMvz5P6Sdk5K9t3p8XK1TSOHNknh6REHHJOKuSGVEmNcPJInskrebOerBfr3fqYtC5Y05k98gfW5w8i5Ze3</latexit>

d⌦ = d(cos ✓)d� <latexit sha1_base64="zkFtdGoRKBKuWzhcWStPSEXyOdo=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgupCQi6kYounFnBfuAJpTJZJIOnZmEmYlQQn7Cjb/ixoUibgV3/o3TNgttPTDM4Zx7ufeeIGVUacf5thYWl5ZXVitr1fWNza1te2e3rZJMYtLCCUtkN0CKMCpIS1PNSDeVBPGAkU4wvB77nQciFU3EvR6lxOcoFjSiGGkj9e1jT9GYI3gJPSo09CKJcB5OxcKQW05iVJR/3645dWcCOE/cktRAiWbf/vLCBGecCI0ZUqrnOqn2cyQ1xYwUVS9TJEV4iGLSM1QgTpSfT64q4KFRQhgl0jyz2kT93ZEjrtSIB6aSIz1Qs95Y/M/rZTq68HMq0kwTgaeDooxBncBxRDCkkmDNRoYgLKnZFeIBMsFoE2TVhODOnjxP2id196zu3J3WGldlHBWwDw7AEXDBOWiAG9AELYDBI3gGr+DNerJerHfrY1q6YJU9e+APrM8fouOfJA==</latexit>

� =

Z
d�

d⌦
d⌦

<latexit sha1_base64="1O8paKELrjuZiMpcXa0e6oNWACc=">AAACAHicbZDNSsNAFIUn9a/Wv6oLF24Gi+CqJCLqsujGnRWsLTSh3Ewm6dCZJMxMhBKy8VXcuFDErY/hzrdx2mahrQcGPs69lzv3+ClnStv2t1VZWl5ZXauu1zY2t7Z36rt7DyrJJKEdkvBE9nxQlLOYdjTTnPZSSUH4nHb90fWk3n2kUrEkvtfjlHoCopiFjIA21qB+4IYSSB64ikUCCgO3gkZQDOoNu2lPhRfBKaGBSrUH9S83SEgmaKwJB6X6jp1qLwepGeG0qLmZoimQEUS0bzAGQZWXTw8o8LFxAhwm0rxY46n7eyIHodRY+KZTgB6q+drE/K/Wz3R46eUsTjNNYzJbFGYc6wRP0sABk5RoPjYARDLzV0yGYBLRJrOaCcGZP3kRHk6bznnTvjtrtK7KOKroEB2hE+SgC9RCN6iNOoigAj2jV/RmPVkv1rv1MWutWOXMPvoj6/MHeHiW+A==</latexit>

d�

d⌦

The cross section can be differential also in other variables like 
the energy, or even differential with respect to more variables:

<latexit sha1_base64="nMd9kgeUjNfqpfUjo4Opwy5zd5g=">AAACB3icbZDLSsNAFIYnXmu9RV0KMlgEVyERUZdFEdxZwV6gCWUymbRDZyZhZiKUkJ0bX8WNC0Xc+grufBunbRba+sPAx3/O4cz5w5RRpV3321pYXFpeWa2sVdc3Nre27Z3dlkoyiUkTJyyRnRApwqggTU01I51UEsRDRtrh8Gpcbz8QqWgi7vUoJQFHfUFjipE2Vs8+8GOJcB75ivY5KgzcctJHMLqGjuMUPbvmOu5EcB68EmqgVKNnf/lRgjNOhMYMKdX13FQHOZKaYkaKqp8pkiI8RH3SNSgQJyrIJ3cU8Mg4EYwTaZ7QcOL+nsgRV2rEQ9PJkR6o2drY/K/WzXR8EeRUpJkmAk8XxRmDOoHjUGBEJcGajQwgLKn5K8QDZILRJrqqCcGbPXkeWieOd+a4d6e1+mUZRwXsg0NwDDxwDurgBjRAE2DwCJ7BK3iznqwX6936mLYuWOXMHvgj6/MH88yYsQ==</latexit>

d�

d⌦dE...
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Standard Model
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Quantum Chromo Dynamics (QCD)
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QCD
Quantum field theory of the strong interaction

Based on a non-abelian symmetry group: SU(3)

Degrees of freedom: quarks and gluons (where are e.g. protons and neutrons?)
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QCD: Free quark lagrangian
<latexit sha1_base64="aPlplV/TfXdOGKhJHPFqu20wQe8="></latexit>

L0 =

NfX

f=1

X

C=R,G,B

 ̄f
C(i�

µ@µ �mf
0 ) 

f
C

f: flavour C: colour Quark field
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SU(3) symmetry
The quark fields (given a flavour f), can be arranged in triplets:

<latexit sha1_base64="Sw9MSzpyJTZXhrAKJ2DrW1S615Q="></latexit>

 f =

0

@
 f
R

 f
G

 f
B

1

A

eliminating the colour sum in the previous lagrangian.

Quark fields transform under the SU(3) group:

where the  are the Gell-Mann matricesλa

<latexit sha1_base64="itIcIT7YwA5E36Js2VoVuxNuYm0=">AAACD3icbZC7SgNBFIZnvcZ4W7W0GQxeqrArojZC0MYygrlANgmzk7PJkNkLM2eFsOQNbHwVGwtFbG3tfBsnl0ITDwx8/P85M3N+P5FCo+N8WwuLS8srq7m1/PrG5ta2vbNb1XGqOFR4LGNV95kGKSKooEAJ9UQBC30JNb9/M/JrD6C0iKN7HCTQDFk3EoHgDI3Uto+8RIvjVnBFoZUJD3uArM2oJ80VHUPDkd8K2nbBKTrjovPgTqFAplVu219eJ+ZpCBFyybRuuE6CzYwpFFzCMO+lGhLG+6wLDYMRC0E3s/E+Q3polA4NYmVOhHSs/p7IWKj1IPRNZ8iwp2e9kfif10gxuGxmIkpShIhPHgpSSTGmo3BoRyjgKAcGGFfC/JXyHlOMo4kwb0JwZ1eeh+pp0T0vOndnhdL1NI4c2ScH5IS45IKUyC0pkwrh5JE8k1fyZj1ZL9a79TFpXbCmM3vkT1mfP7l9nHs=</latexit>

 0f = ei✓a�a f

<latexit sha1_base64="lk8Bk5X+OeND2zTZVYXcDwETLGM=">AAACEHicbVDLSsNAFJ34rPUVdekmWEQXUhIRdSMU3bisYB+QhnAzmbRDJ5MwMxFK6Ce48VfcuFDErUt3/o3TNgVtPTBwOOdc7twTpIxKZdvfxsLi0vLKammtvL6xubVt7uw2ZZIJTBo4YYloByAJo5w0FFWMtFNBIA4YaQX9m5HfeiBC0oTfq0FKvBi6nEYUg9KSbx65HabTIfhwMmWBd0UjP4cAD6cS9s2KXbXHsOaJU5AKKlD3za9OmOAsJlxhBlK6jp0qLwehKGZkWO5kkqSA+9AlrqYcYiK9fHzQ0DrUSmhFidCPK2us/p7IIZZyEAc6GYPqyVlvJP7nuZmKLr2c8jRThOPJoihjlkqsUTtWSAXBig00ASyo/quFeyAAK91hWZfgzJ48T5qnVee8at+dVWrXRR0ltI8O0DFy0AWqoVtURw2E0SN6Rq/ozXgyXox342MSXTCKmT30B8bnD9tdnR0=</latexit>

[�a,�b] = ifabc�cand

“structure constants”

<latexit sha1_base64="Eny+YerQzXwAdUn+JuRs39FHm20=">AAACBnicbVBNS8NAEN34WetX1KMIi0Wol5KIqMeiF48V7Ac0oWy2m2bpZhN2J2opPXnxr3jxoIhXf4M3/43bNgdtfTDweG+GmXlBKrgGx/m2FhaXlldWC2vF9Y3NrW17Z7ehk0xRVqeJSFQrIJoJLlkdOAjWShUjcSBYM+hfjf3mHVOaJ/IWBinzY9KTPOSUgJE69oEHEQOCPcV7ERClknucS+WH445dcirOBHieuDkpoRy1jv3ldROaxUwCFUTrtuuk4A+JAk4FGxW9TLOU0D7psbahksRM+8PJGyN8ZJQuDhNlSgKeqL8nhiTWehAHpjMmEOlZbyz+57UzCC/8IZdpBkzS6aIwExgSPM4Ed7liFMTAEEIVN7diGhFFKJjkiiYEd/bledI4qbhnFefmtFS9zOMooH10iMrIReeoiq5RDdURRY/oGb2iN+vJerHerY9p64KVz+yhP7A+fwCLSpiE</latexit>

✓ ! ✓(x)“Local symmetry”:
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(Local) Gauge Symmetry
Step back: consider U(1) theory for simplicity (like QED).

Key observables invariant under a global phase transformation:

Examples:


Prob. density or charge density:


Electric current: 


<latexit sha1_base64="UjDuL6HDu5lP6KOxQVhgDZyCu+8=">AAAB/nicbVBNSwMxEJ2tX7V+VcWTl2ARPJVdEfUiFL14rGBtobuUbJptQ7PJkmSFshT8K148KOLV3+HNf2O23YO2Ppjh8d4Mmbww4Uwb1/12SkvLK6tr5fXKxubW9k51d+9By1QR2iKSS9UJsaacCdoyzHDaSRTFcchpOxzd5H77kSrNpLg344QGMR4IFjGCjZV61QNfDSW6Qn6IVeYnmk3y1qvW3Lo7BVokXkFqUKDZq375fUnSmApDONa667mJCTKsDCOcTip+qmmCyQgPaNdSgWOqg2x6/gQdW6WPIqlsCYOm6u+NDMdaj+PQTsbYDPW8l4v/ed3URJdBxkSSGirI7KEo5chIlGeB+kxRYvjYEkwUs7ciMsQKE2MTq9gQvPkvL5KH07p3XnfvzmqN6yKOMhzCEZyABxfQgFtoQgsIZPAMr/DmPDkvzrvzMRstOcXOPvyB8/kD8e+VfQ==</latexit>

⇢ =  ̄ 

<latexit sha1_base64="bbzXLvqdJIVgGXrYCFwBqj2amq4=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KomIehGKXjxWMG2hjWWznbRLNx/sTgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5QSqFRsf5tlZW19Y3Nktb5e2d3b19++CwoZNMcfB4IhPVCpgGKWLwUKCEVqqARYGEZjC8m/rNESgtkvgRxyn4EevHIhScoZG6tu3RGwpPuYAODgDZpGtXnKozA10mbkEqpEC9a391egnPIoiRS6Z123VS9HOmUHAJk3In05AyPmR9aBsaswi0n88un9BTo/RomChTMdKZ+nsiZ5HW4ygwnRHDgV70puJ/XjvD8NrPRZxmCDGfLwozSTGh0xhoTyjgKMeGMK6EuZXyAVOMowmrbEJwF19eJo3zqntZdR4uKrXbIo4SOSYn5Iy45IrUyD2pE49wMiLP5JW8Wbn1Yr1bH/PWFauYOSJ/YH3+AMWTkx0=</latexit>

U = eie✓

<latexit sha1_base64="xIceDN9TIry8YKMzQcdCy4WrOk0=">AAACB3icbVDLSgNBEJz1GeNr1aMgg0HwFHZF1IsQ9KK3COYB2RB6J7PJkJnZZWZWCMvevPgrXjwo4tVf8ObfOHkcNLGgoajqprsrTDjTxvO+nYXFpeWV1cJacX1jc2vb3dmt6zhVhNZIzGPVDEFTziStGWY4bSaKggg5bYSD65HfeKBKs1jem2FC2wJ6kkWMgLFSxz24xZc4CEFlQaJZHvRACOhkgUjzkdBxS17ZGwPPE39KSmiKasf9CroxSQWVhnDQuuV7iWlnoAwjnObFINU0ATKAHm1ZKkFQ3c7Gf+T4yCpdHMXKljR4rP6eyEBoPRSh7RRg+nrWG4n/ea3URBftjMkkNVSSyaIo5djEeBQK7jJFieFDS4AoZm/FpA8KiLHRFW0I/uzL86R+UvbPyt7daalyNY2jgPbRITpGPjpHFXSDqqiGCHpEz+gVvTlPzovz7nxMWhec6cwe+gPn8wcDsJlv</latexit>

I =  ̄�µ 

are invariant if 
<latexit sha1_base64="a+7GK4EMBsLl3EYcMkisWEae3ew=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FQSEfVY9OKxgmkLTSib7aZdutmE3YlSag/+FS8eFPHq3/Dmv3HT5qCtDwYe780wMy9MBdfgON9WaWl5ZXWtvF7Z2Nza3rF395o6yRRlHk1Eotoh0UxwyTzgIFg7VYzEoWCtcHid+617pjRP5B2MUhbEpC95xCkBI3XtAz/VHPuK9wdAlEoesJcrXbvq1Jwp8CJxC1JFBRpd+8vvJTSLmQQqiNYd10khGBMFnAo2qfiZZimhQ9JnHUMliZkOxtP7J/jYKD0cJcqUBDxVf0+MSaz1KA5NZ0xgoOe9XPzP62QQXQZjLtMMmKSzRVEmMCQ4DwP3uGIUxMgQQhU3t2I6IIpQMJFVTAju/MuLpHlac89rzu1ZtX5VxFFGh+gInSAXXaA6ukEN5CGKHtEzekVv1pP1Yr1bH7PWklXM7KM/sD5/AP4hlhY=</latexit>

 ! U 

The same happens with the Dirac lagrangian
<latexit sha1_base64="Aram9Et4+l3oKMjWKWdBUgzFfyk="></latexit>

L =  ̄(�µ@µ �m) 

Densities and currents are also invariant under LOCAL transformations
<latexit sha1_base64="co7C4y0nFwOp9W1fWivIocKcvBQ=">AAAB/3icbVDLSgNBEJyNrxhfUcGLl8EgxEvYFVEvQtCLxwhuEkjWMDvpJENmH8z0imHNwV/x4kERr/6GN//GyeOgiQUNRVU33V1+LIVG2/62MguLS8sr2dXc2vrG5lZ+e6eqo0RxcHkkI1X3mQYpQnBRoIR6rIAFvoSa378a+bV7UFpE4S0OYvAC1g1FR3CGRmrl99ziwxG9oHCXCmhiD5AZYdjKF+ySPQadJ86UFMgUlVb+q9mOeBJAiFwyrRuOHaOXMoWCSxjmmomGmPE+60LD0JAFoL10fP+QHhqlTTuRMhUiHau/J1IWaD0IfNMZMOzpWW8k/uc1Euyce6kI4wQh5JNFnURSjOgoDNoWCjjKgSGMK2FupbzHFONoIsuZEJzZl+dJ9bjknJbsm5NC+XIaR5bskwNSJA45I2VyTSrEJZw8kmfySt6sJ+vFerc+Jq0ZazqzS/7A+vwBJ2WU6w==</latexit>

U(x) = eie✓(x)

…but the lagrangian is not!
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(Local) Gauge Symmetry
Why the lagrangian is not invariant under local gauge transformations?

<latexit sha1_base64="vIrGqJOMeaWFhqNCKuOvuPtYA0o=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KomIuiy6cVnBPqAJYTKdtEMnkzgzEUqov+LGhSJu/RB3/o2TNgttPXDhcM69M/eeMOVMacf5tlZW19Y3Nitb1e2d3b19++Cwo5JMEtomCU9kL8SKciZoWzPNaS+VFMchp91wfFP43UcqFUvEvZ6k1I/xULCIEayNFNg1T9AH5KVYaoZ5kHtxNg3sutNwZkDLxC1JHUq0AvvLGyQki6nQhGOl+q6Taj8v3iScTqtepmiKyRgPad9QgWOq/Hy2/BSdGGWAokSaEhrN1N8TOY6VmsSh6YyxHqlFrxD/8/qZjq78nIk001SQ+UdRxpFOUJEEGjBJieYTQzCRzOyKyAhLTLTJq2pCcBdPXiads4Z70XDuzuvN6zKOChzBMZyCC5fQhFtoQRsITOAZXuHNerJerHfrY966YpUzNfgD6/MHEXiVDA==</latexit>

6= @µ
The problem is that the derivative  is not locally gauge-invariant.

For fixing this problem, we have to change the derivative introducing a space-time dependent vector field:

∂μψ

<latexit sha1_base64="Z18jZMxf2uOD/T7J1KV0J6HLvP8=">AAACDXicbZC7TsMwFIYdrqXcAowsFgWJhSpBCFiQymVgLBK9SE0UOa7TWrWdyHaQqqgvwMKrsDCAECs7G2+D02aAll+y9Ok/59g+f5gwqrTjfFtz8wuLS8ullfLq2vrGpr213VRxKjFp4JjFsh0iRRgVpKGpZqSdSIJ4yEgrHFzn9dYDkYrG4l4PE+Jz1BM0ohhpYwX2/k2QeTwdwQvoJUhqilhhHEFKLicc2BWn6owFZ8EtoAIK1QP7y+vGOOVEaMyQUh3XSbSf5fdjRkZlL1UkQXiAeqRjUCBOlJ+NtxnBA+N0YRRLc4SGY/f3RIa4UkMemk6OdF9N13Lzv1on1dG5n1GRpJoIPHkoShnUMcyjgV0qCdZsaABhSc1fIe4jibA2AZZNCO70yrPQPK66p1Xn7qRSuyriKIFdsAcOgQvOQA3cgjpoAAwewTN4BW/Wk/VivVsfk9Y5q5jZAX9kff4Av1abXQ==</latexit>

Dµ = @µ � ieAµ

<latexit sha1_base64="tlxUodluN8VN1KpWv2N/2KhEl5g=">AAACHnicbZDLSgMxFIYz9VbrrerSTbAIdWGZEW/LqhuXFewFOqWcSdM2NHMhOaOWoU/ixldx40IRwZW+jelF0NYfAj/fOSfJ+b1ICo22/WWl5uYXFpfSy5mV1bX1jezmVkWHsWK8zEIZqpoHmksR8DIKlLwWKQ6+J3nV610O69VbrrQIgxvsR7zhQycQbcEADWpmj8+bievHA+oq0ekiKBXe0R92QN0IFAqQY+BilyPk7/eb2ZxdsEeis8aZmByZqNTMfritkMU+D5BJ0Lru2BE2kuHlTPJBxo01j4D1oMPrxgbgc91IRusN6J4hLdoOlTkB0hH9PZGAr3Xf90ynD9jV07Uh/K9Wj7F91khEEMXIAzZ+qB1LiiEdZkVbQnGGsm8MMCXMXynrggKGJtGMCcGZXnnWVA4LzknBvj7KFS8mcaTJDtkleeKQU1IkV6REyoSRB/JEXsir9Wg9W2/W+7g1ZU1mtskfWZ/fuHKi2Q==</latexit>

Aµ ! Aµ � @µ✓(x)

which transforms as

This reminds also the transformations allowed in classical electromagnetism for the 4-potential.

<latexit sha1_base64="96TYD9iV224sagyCezWtamm5IUc="></latexit>

L !  ̄e�ie✓(i�µ@µ �m)e�ie✓ =  ̄ [i�µ(@µ + ie@µ✓ �m)] 
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(Local) Gauge Symmetry
The new operator  is also called “covariant”, since it does not change under local gauge transformations.

This language is rooted in differential geometry, but here we will not discuss the geometric aspects of gauge 
transformations.

Let’s prove explicitly the invariance:

Dμ

<latexit sha1_base64="8JWeHwSqZRK5HNhWrEmdCU6RZQw="></latexit>

 ̄e�ie✓(@µ � ie(Aµ + @µ✓))e
ie✓ =

<latexit sha1_base64="e9EFGvyvFw7M7EN3cUm72pLbdFI="></latexit>

=  ̄(@µ � ieAµ � ie@µ✓ + ie@µ✓) =

<latexit sha1_base64="nbbpaiCsPNCjbFKUuuHWuC03NMo=">AAACKnicbZDLSsNAFIYn9VbjLerSTbAIdWFJRNSN0KoLlxXsBZoQJtNpO3SSDDMToYQ8jxtfxU0XSnHrgzhpsqitBwY+/v8czpzfZ5QIaVkzrbS2vrG5Vd7Wd3b39g+Mw6O2iGKOcAtFNOJdHwpMSYhbkkiKu4xjGPgUd/zxQ+Z3XjEXJApf5IRhN4DDkAwIglJJntG4c3zIE4cJklYdBrkkkHqJE8TpBcGNnM4ze6HxMZcz1nXPqFg1a17mKtgFVEBRTc+YOv0IxQEOJaJQiJ5tMekm2WpEcao7scAMojEc4p7CEAZYuMn81NQ8U0rfHERcvVCac3VxIoGBEJPAV50BlCOx7GXif14vloNbNyEhiyUOUb5oEFNTRmaWm9knHCNJJwog4kT91UQjyCGSKt0sBHv55FVoX9bs65r1fFWp3xdxlMEJOAVVYIMbUAdPoAlaAIE38AE+wZf2rk21mfadt5a0YuYY/Cnt5xc0rqhT</latexit>

=  ̄(@µ � ieAµ) =  ̄Dµ 

<latexit sha1_base64="GVTYEUWEZH+hOsOoA1mVXKrL0Hc="></latexit>

 ̄Dµ =  ̄(@µ � ieAµ) !
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(Local) Gauge Symmetry
The introduced transformations leave the form of the lagrangian invariant, but after a gauge transformation 
and re-introducing the non-covariant partial derivative  we obtain∂μ

This is remarkable: the requirement of local gauge invariance automatically generated the correct interaction 
term between the field  and the gauge field  . In the language of QED, the new term describes how 
photons couple with electrons.

ψ Aμ

<latexit sha1_base64="lBOeRJIrztRbKYeNOGPriLhPBXw=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi6kaouhFxUcE+oDMMmTTThiaZIckIZZgPcOOvuHGhiFs/wJ1/Y6adhbYeCDmcey733hPEjCpt299WaWFxaXmlvFpZW9/Y3Kpu77RVlEhMWjhikewGSBFGBWlpqhnpxpIgHjDSCUZXeb3zQKSikbjX45h4HA0EDSlG2kh+teZypIcYsfQ281MqdAbP4Y2fujzJ4MX0Ny67bk8A54lTkBoo0PSrX24/wgknQmOGlOo5dqy9FElNMSNZxU0UiREeoQHpGSoQJ8pLJ8dk8MAofRhG0jyh4UT93ZEirtSYB8aZr65ma7n4X62X6PDMMyfGiSYCTweFCYM6gnkysE8lwZqNDUFYUrMrxEMkEdYmv4oJwZk9eZ60j+rOSd2+O641Los4ymAP7IND4IBT0ADXoAlaAINH8AxewZv1ZL1Y79bH1Fqyip5d8AfW5w/Zdpt8</latexit>

Lint = JµAµ

<latexit sha1_base64="xBn+TR6G5XAzX3VhsrtDHA/EX7Q="></latexit>

L =  ̄(ie@µ � ieAµ �m) =  ̄(ie@µ �m) + e ̄�µ Aµ

<latexit sha1_base64="uwTO4Z1lbzsKaUdpgaXorP+y9Yk=">AAACDnicbVBNS8NAEN3Ur1q/oh69LJaCp5KIqBeh6EU8VbAf0IQy2W7bpbtJ2N0IJeQXePGvePGgiFfP3vw3btoctPpg4PHeDDPzgpgzpR3nyyotLa+srpXXKxubW9s79u5eW0WJJLRFIh7JbgCKchbSlmaa024sKYiA004wucr9zj2VikXhnZ7G1BcwCtmQEdBG6tu1m37qiSTDF5h6AcjUixXLvBEIAXMnF/p21ak7M+C/xC1IFRVo9u1PbxCRRNBQEw5K9Vwn1n4KUjPCaVbxEkVjIBMY0Z6hIQiq/HT2ToZrRhngYSRNhRrP1J8TKQilpiIwnQL0WC16ufif10v08NxPWRgnmoZkvmiYcKwjnGeDB0xSovnUECCSmVsxGYMEok2CFROCu/jyX9I+rrundef2pNq4LOIoowN0iI6Qi85QA12jJmohgh7QE3pBr9aj9Wy9We/z1pJVzOyjX7A+vgHtvpyw</latexit>

Jµ = e ̄�µ 
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(Local) Gauge Symmetry
The free photon lagrangian (the “kinetic” term for the field ) isAμ

<latexit sha1_base64="hsGgdNaRSFDxA6r+8Fw4GCZ9PDg=">AAACH3icbZBNS8MwGMfT+TbnW9Wjl+AQvDhakelFmAricYJ7gbWUNMu2sDQtSSqM0m/ixa/ixYMi4m3fxrTrYW4+EPLn98+T5Pn7EaNSWdbUKK2srq1vlDcrW9s7u3vm/kFbhrHApIVDFoqujyRhlJOWooqRbiQICnxGOv74LvM7z0RIGvInNYmIG6AhpwOKkdLIM+v3XuIEscPj9NqJkFAUsZykN3rT9GyO8hnVpmdWrZqVF1wWdiGqoKimZ/44/RDHAeEKMyRlz7Yi5SbZ1ZiRtOLEkkQIj9GQ9LTkKCDSTfL5UniiSR8OQqEXVzCn8x0JCqScBL4+GSA1koteBv/zerEaXLkJ5VGsCMezhwYxgyqEWViwTwXBik20QFhQ/VeIR0ggrHSkFR2CvTjysmif1+x6zXq8qDZuizjK4Agcg1Ngg0vQAA+gCVoAgxfwBj7Ap/FqvBtfxvfsaMkoeg7BnzKmv9r0pLo=</latexit>

Fµ⌫ = @µA⌫ � @⌫Aµ

<latexit sha1_base64="7gF+aUs+hiQfd6VoaflhMwhNfgg=">AAACIHicbVBNSwMxFMz6WevXqkcvwSJ4sexKUS+CKBQPHhSsFbq1vE2zNTTJLklWKMv+FC/+FS8eFNGb/hqztYJWBwLDzHu8zIQJZ9p43rszMTk1PTNbmivPLywuLbsrq5c6ThWhDRLzWF2FoClnkjYMM5xeJYqCCDlthv3jwm/eUqVZLC/MIKFtAT3JIkbAWKnj7gUCzA0Bnp3mnSzogRCQ4wO8HUQKSObnWS2vW0OkgUzz+vU367gVr+oNgf8Sf0QqaISzjvsWdGOSCioN4aB1y/cS085AGUY4zctBqmkCpA892rJUgqC6nQ0D5njTKl0cxco+afBQ/bmRgdB6IEI7WcTR414h/ue1UhPttzMmk9RQSb4ORSnHJsZFW7jLFCWGDywBopj9KyY3YJsxttOyLcEfj/yXXO5U/d2qd16rHB6N6iihdbSBtpCP9tAhOkFnqIEIukMP6Ak9O/fOo/PivH6NTjijnTX0C87HJxjWpDA=</latexit>

L� = �1

4
Fµ⌫F

µ⌫

with the field strength tensor

Note that a mass term for the photon, like 
<latexit sha1_base64="ALURV1qPpeXwtX4trgfe2lzy4Gk=">AAACBXicbVC7TsMwFHXKq5RXgBGGiAqJqUoqBIwtLIxFog+pSSPHdVqrthPZDlIVZWHhV1gYQIiVf2Djb3DTDNBypKt7dM69su8JYkqksu1vo7Syura+Ud6sbG3v7O6Z+wcdGSUC4TaKaCR6AZSYEo7biiiKe7HAkAUUd4PJzczvPmAhScTv1TTGHoMjTkKCoNKSbx67oYAodbK0nrFBvemnLkuy5iBvvlm1a3YOa5k4BamCAi3f/HKHEUoY5gpRKGXfsWPlpVAogijOKm4icQzRBI5wX1MOGZZeml+RWadaGVphJHRxZeXq740UMimnLNCTDKqxXPRm4n9eP1HhlZcSHicKczR/KEyopSJrFok1JAIjRaeaQCSI/quFxlDHonRwFR2Cs3jyMunUa85Fzb47rzauizjK4AicgDPggEvQALegBdoAgUfwDF7Bm/FkvBjvxsd8tGQUO4fgD4zPH7xXmLs=</latexit>

1

2
m2AµA

µ is excluded by local gauge invariance!

The final lagrangian is
<latexit sha1_base64="XkUFn22wYadZnFepjezxr085rfM="></latexit>

LQED =  ̄(i�µ@µ �m) + JµAµ � 1

4
Fµ⌫F

µ⌫
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(Local) Gauge Symmetry
Using the obtained lagrangian with the Euler-Lagrange equations, one can obtain the “equations of motion”

for the theory:

<latexit sha1_base64="JB0QRUF45cw5xqawQ3U5KR3uJc4=">AAACCXicbVDLSgMxFM3UV62vUZdugkWoC8uMiLoRirpwWcE+oDMOmTTThiaZIckIZejWjb/ixoUibv0Dd/6N6bQLbT1wuYdz7iW5J0wYVdpxvq3CwuLS8kpxtbS2vrG5ZW/vNFWcSkwaOGaxbIdIEUYFaWiqGWknkiAeMtIKB1djv/VApKKxuNPDhPgc9QSNKEbaSIENK9TrIc7RfebxdHQd5O2IH3qJovACOoFddqpODjhP3Ckpgynqgf3ldWOcciI0Zkipjusk2s+Q1BQzMip5qSIJwgPUIx1DBeJE+Vl+yQgeGKULo1iaEhrm6u+NDHGlhjw0kxzpvpr1xuJ/XifV0bmfUZGkmgg8eShKGdQxHMcCu1QSrNnQEIQlNX+FuI8kwtqEVzIhuLMnz5PmcdU9rTq3J+Xa5TSOItgD+6ACXHAGauAG1EEDYPAInsEreLOerBfr3fqYjBas6c4u+APr8wdCEJll</latexit>

(i�µDµ �m) = 0

<latexit sha1_base64="WvdonYjlCbdWBRGEzJEzjVSeGN8=">AAACIHicbZDLSgMxFIYzXmu9VV26CRbBjWVGxLoRioK4rGAv0KnlTJq2oUlmSDJCGeZR3Pgqblwoojt9GjNtF9p6IPDx/+dwcv4g4kwb1/1yFhaXlldWc2v59Y3Nre3Czm5dh7EitEZCHqpmAJpyJmnNMMNpM1IURMBpIxheZX7jgSrNQnlnRhFtC+hL1mMEjJU6hbIfgTIMeCfxZZxe3ye+iDPCF/iY+gGoxI80S/0+CAFjN82ETqHoltxx4XnwplBE06p2Cp9+NySxoNIQDlq3PDcy7SRbTjhN836saQRkCH3asihBUN1Oxgem+NAqXdwLlX3S4LH6eyIBofVIBLZTgBnoWS8T//NasemdtxMmo9hQSSaLejHHJsRZWrjLFCWGjywAUcz+FZMBKCDGZpq3IXizJ89D/aTknZXc29Ni5XIaRw7towN0hDxURhV0g6qohgh6RM/oFb05T86L8+58TFoXnOnMHvpTzvcP4RukqQ==</latexit>

@⌫F
µ⌫ = �e ̄�µ 

Do you recognise these equations?
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Back to QCD
Quantum Chromodynamics is based instead on the SU(3) colour group and the local gauge transformation

is (see before)

<latexit sha1_base64="itIcIT7YwA5E36Js2VoVuxNuYm0=">AAACD3icbZC7SgNBFIZnvcZ4W7W0GQxeqrArojZC0MYygrlANgmzk7PJkNkLM2eFsOQNbHwVGwtFbG3tfBsnl0ITDwx8/P85M3N+P5FCo+N8WwuLS8srq7m1/PrG5ta2vbNb1XGqOFR4LGNV95kGKSKooEAJ9UQBC30JNb9/M/JrD6C0iKN7HCTQDFk3EoHgDI3Uto+8RIvjVnBFoZUJD3uArM2oJ80VHUPDkd8K2nbBKTrjovPgTqFAplVu219eJ+ZpCBFyybRuuE6CzYwpFFzCMO+lGhLG+6wLDYMRC0E3s/E+Q3polA4NYmVOhHSs/p7IWKj1IPRNZ8iwp2e9kfif10gxuGxmIkpShIhPHgpSSTGmo3BoRyjgKAcGGFfC/JXyHlOMo4kwb0JwZ1eeh+pp0T0vOndnhdL1NI4c2ScH5IS45IKUyC0pkwrh5JE8k1fyZj1ZL9a79TFpXbCmM3vkT1mfP7l9nHs=</latexit>

 0f = ei✓a�a f

<latexit sha1_base64="fdbhwb9jSyQOAqMWC6j7WmzqQc4="></latexit>

LQCD =  ̄f (i�µ@µ �mf ) f + g ̄f�µta 
fAaµ � 1

4
Faµ⌫F

µ⌫
a

and the lagrangian is

Note here the index “a” (a=1..8) which labels the 8 generators of the SU(3) group. The field tensor is now

<latexit sha1_base64="Xe7C31WHp3bpUKZWUAvxTKtZuHM="></latexit>

Fµ⌫
a = @µA⌫

a � @⌫Aµ
a + gfabcA

µ
bA

⌫
c

Term arising from the non-abelian property of the gauge group

The t matrices are non-diagonal!

ta ⋅ tb ≠ tb ⋅ ta
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What is different from QED?
QED QCD

The gluons (the “photons” of QCD) interact

among themselves!
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Consequences of a non-abelian group: Running Coupling 

Asymptotic Freedom

Confinement

“String confinement”



Luca Doria, JGU Mainz Advanced Subatomic Physics 23

Summary
Quantum chromodynamics (QCD) is based on the non-abelian group SU(3).

Local gauge invariance is a fundamental property of QFTs describing elementary particles.

The basic degrees of freedom of QCD are quarks and gluons.

Quarks have 6 flavours (up, down, strange, charme, bottom, top) and are fermions with spin 1/2 .

Gluons are 8 (like the generators of SU(3)) and carry color, therefore they interact also with 
themselves.

In QED, the photon does not carry electric charge, so it does not interact with himself.


The non-abelian structure of QCD implies the charge of its gauge bosons and further consequences 
are:

Asymptotic freedom: the force becomes small for high momenta/energies and a perturbative 
treatment is possible.

Confinement: the force becomes large at small momenta/energies. The theory becomes non-
perturbative.


Confinement implies that we cannot observe free coloured particles: quarks are confined in 
uncoloured objects like hadrons (made by three quarks) and mesons (quark-antiquark states). Other 
more exotic combinations can exist.


