
Collider Physics



Lightning review of QFT

• Wave equations

• Propagators

• Interactions/Vertices

• Feynman diagrams
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• Our goal: practical review of perturbation theory in QFT 



I.  Wave equations
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•  Given a Lagrangian density the EOM is

for instance
<latexit sha1_base64="pb54/k0A6shno+I3hxQ7ZhTmcA0="></latexit>

L = i ?@t +
1

2m
 ?r2 � V (~x) ? =) i@t = � 1

2m
r2 + V (~x) 

<latexit sha1_base64="l8mh1v0/dS180NpjvDTtUR/kTHU="></latexit>
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✓
@L

@@µ'j

◆
=

@L
@'j

•  The Lagrangian must reflect the symmetries of the problem.
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•  A symmetry is a transformation that leaves the action invariant

for instance 
<latexit sha1_base64="PzJTtUGdiX0ouSgZw2eVqMS/CDc="></latexit>

L = i ?@t +
1

2m
 ?r2 � V (~x) ? 

is invariant under

<latexit sha1_base64="gLl13dYuFZHK6P+EBQoZuHapXlo="></latexit>

x ! x0 = x and  !  0(x0) = ei↵ (x)

constant

<latexit sha1_base64="q3HKYS7BEv6c3aOL85vlSbdTfsk="></latexit>

x ! x0

'j(x) ! 'j(x
0)

L ! L+ @µ⇤
µ
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•  Noether’s theorem:  for continuous symmetry there is a conserved  
current 

for the Schrödinger field 

<latexit sha1_base64="jTzvi8DESyz8Z5NI+m1Cf497Ubw="></latexit>

�'j(x) = '0
j(x)� 'j(x)

Jµ =
@L

@@µ'j
�'j � ⇤µ

@µJ
µ = 0

<latexit sha1_base64="MzSuvp+B0l6NZ9e/58ZncHz/5U8="></latexit>

Jµ =

✓
 ? ,

i

2m
( ?r �  r ?)

◆

<latexit sha1_base64="q3HKYS7BEv6c3aOL85vlSbdTfsk="></latexit>

x ! x0

'j(x) ! 'j(x
0)

L ! L+ @µ⇤
µ



Real scalar field
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•  Under Lorentz transformation its transformation is
<latexit sha1_base64="MWbts+nw+HIdpXne2nzDD7BR6Zc="></latexit>

x ! x0 =) �0(x0) = �(x)

•  The relativistic free Lagrangian density is
<latexit sha1_base64="tWE/VwH7jpzI40/LbfpAOFLM2sQ="></latexit>

L =
1

2
@µ� @µ�� m2

2
�2

the EOM is 
<latexit sha1_base64="A0yp+3dixLjdN2cKJ6OdIm8lkCA=">AAACEnicbVDLSgMxFM3UV62vqks3wSK0CGWmVtuNUHTjsoJ9QB9DJs20ocnMkGSEMvQb3Pgrblwo4taVO//GTDsFtR4InHvOvdyb4wSMSmWaX0ZqZXVtfSO9mdna3tndy+4fNKUfCkwa2Ge+aDtIEkY90lBUMdIOBEHcYaTljK9jv3VPhKS+d6cmAelxNPSoSzFSWrKzhXw3QEJRxOwuD+Gi6MfFKeT9UkFrIwovTTubM4vmDHCZWAnJgQR1O/vZHfg45MRTmCEpO5YZqF4UL8CMTDPdUJIA4TEako6mHuJE9qLZl6bwRCsD6PpCP0/BmfpzIkJcygl3dCdHaiT/erH4n9cJlVvtRdQLQkU8PF/khgwqH8b5wAEVBCs20QRhQfWtEI+QQFjpFDOzEC4q1fKZBZfJIoRmqWidF83bcq52lcSRBkfgGOSBBSqgBm5AHTQABg/gCbyAV+PReDbejPd5a8pIZg7BLxgf3+PYnIs=</latexit>

(@µ@
µ +m2)� = 0

with solutions
<latexit sha1_base64="pzfruE6zyxYUoy57As2Qo3TMNBU="></latexit>

e±ipx with pµp
µ = m2



Complex scalar field
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•  Under Lorentz transformation its transformation is
<latexit sha1_base64="MWbts+nw+HIdpXne2nzDD7BR6Zc="></latexit>

x ! x0 =) �0(x0) = �(x)

•  The relativistic free Lagrangian density is

the EOM is 
<latexit sha1_base64="A0yp+3dixLjdN2cKJ6OdIm8lkCA=">AAACEnicbVDLSgMxFM3UV62vqks3wSK0CGWmVtuNUHTjsoJ9QB9DJs20ocnMkGSEMvQb3Pgrblwo4taVO//GTDsFtR4InHvOvdyb4wSMSmWaX0ZqZXVtfSO9mdna3tndy+4fNKUfCkwa2Ge+aDtIEkY90lBUMdIOBEHcYaTljK9jv3VPhKS+d6cmAelxNPSoSzFSWrKzhXw3QEJRxOwuD+Gi6MfFKeT9UkFrIwovTTubM4vmDHCZWAnJgQR1O/vZHfg45MRTmCEpO5YZqF4UL8CMTDPdUJIA4TEako6mHuJE9qLZl6bwRCsD6PpCP0/BmfpzIkJcygl3dCdHaiT/erH4n9cJlVvtRdQLQkU8PF/khgwqH8b5wAEVBCs20QRhQfWtEI+QQFjpFDOzEC4q1fKZBZfJIoRmqWidF83bcq52lcSRBkfgGOSBBSqgBm5AHTQABg/gCbyAV+PReDbejPd5a8pIZg7BLxgf3+PYnIs=</latexit>

(@µ@
µ +m2)� = 0

with solutions
<latexit sha1_base64="pzfruE6zyxYUoy57As2Qo3TMNBU="></latexit>

e±ipx with pµp
µ = m2

<latexit sha1_base64="9AoKQXfruKTPWGm/ltF13LpNgOY="></latexit>

L = @µ�
? @µ��m2�?�

conserved current

<latexit sha1_base64="V5NufuqbYQ0wheiJFVfWSyi7bt4=">AAACLHicbVDLSgMxFM34rPU16tJNsAhuLDNabTdCsRtxVcE+oDMOmTTThmYeJBmhDP0gN/6KIC4s4tbvMDMdoVoPJJyce+5NctyIUSENY6otLa+srq0XNoqbW9s7u/refluEMcekhUMW8q6LBGE0IC1JJSPdiBPku4x03FEjrXceCRc0DO7lOCK2jwYB9ShGUkmO3rh1LD+GV9CKhlRtiEuKWKalyoMlJOLwdP6wYHL0klE2MsBFYuakBHI0Hf3V6oc49kkgMUNC9EwjknaSjsWMTIpWLEiE8AgNSE/RAPlE2En22Qk8VkofeiFXK5AwU+c7EuQLMfZd5fSRHIq/tVT8r9aLpVezExpEsSQBnl3kxQzKEKbJwT7lBEs2VgRhTtVbIR4ijrBU+RazEC6rtcq5CRfJTwjts7J5UTbuKqX6dR5HARyCI3ACTFAFdXADmqAFMHgCL+AdTLVn7U370D5n1iUt7zkAv6B9fQOXhaga</latexit>

Jµ = �@µ�
? � �?@µ�symmetry

<latexit sha1_base64="nLP5W6B5yPgjZ8WdhYTJ9AizbfQ=">AAACGXicbZDNSgMxFIUz/tb6N+rSTbAIdVNmtFo3gujGZQVrC522ZNLbNjQzE5KMWIa+hhtfxY0LRVzqyrcxU0dQ64HAxzn3kuT4gjOlHefDmpmdm19YzC3ll1dW19btjc1rFcWSQo1GPJINnyjgLISaZppDQ0gggc+h7g/P07x+A1KxKLzSIwGtgPRD1mOUaGN1bMcTA1a83cOejnDKbU9IFkBqnWBoJ8wjXAzIGGeDHbvglJyJ8DS4GRRQpmrHfvO6EY0DCDXlRKmm6wjdSojUjHIY571YgSB0SPrQNBiSAFQrmfxsjHeN08W9SJoTajxxf24kJFBqFPhmMiB6oP5mqflf1ox177iVsFDEGkL6dVEv5ti0kNaEu0wC1XxkgFDJzFsxHRBJqDZl5iclHFWOywcunobvEq73S+5hybksF07PsjpyaBvtoCJyUQWdogtURTVE0R16QE/o2bq3Hq0X6/VrdMbKdrbQL1nvn2xvn44=</latexit>

�(x) ! �0(x) = ei↵�(x)

constant



Dirac field
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•  Under Lorentz transformation its transformation is

<latexit sha1_base64="iJYYEgGaO0CWtgQaNc7tlClV6IM=">AAACA3icbVBNS0JBFJ3Xp2kfVrvaDFlgUPJeWQoSSG1aGuQH+ETmjfN0dN4HM/MkEaFNf6VNiyKiXav+Qbt+SK0bnwaVHZjhcM693HuP5TMqpK6/a1PTM7Nz85GFaGxxaXklvrpWEl7AMSlij3m8YiFBGHVJUVLJSMXnBDkWI2Wrczb0y13CBfXcS9nzSc1BTZfaFCOppHp8w/QFrbeTV7sQmjkztzf8YPvE2E/X4wk9pYeAk8QYk0R+++P5tRv7LNTjb2bDw4FDXIkZEqJq6L6s9RGXFDMyiJqBID7CHdQkVUVd5BBR64c3DOCOUhrQ9rh6roSh+rOjjxwheo6lKh0kW+KvNxT/86qBtLO1PnX9QBIXjwbZAYPSg8NAYINygiXrKYIwp2pXiFuIIyxVbNEwhONMNn1owEnyHULpIGUcpfQLlcYpGCECNsEWSAIDZEAenIMCKAIMrsEtuAcP2o12pz1qT6PSKW3csw5+QXv5AroXmac=</latexit>

 j(x) , j = 1� 4

<latexit sha1_base64="NiY3vR0Zt8XBzZemmq75UTjX6rc="></latexit>

x ! x0 =)  0(x0) = S(⇤)�(x) with S = e�
i
4!µ⌫⌃

µ⌫

<latexit sha1_base64="Nov8xXP60TUweOmc75ZMdT50mjc="></latexit>

{�µ, �⌫} = 2gµ⌫ one representation �0 =

✓
I 0
0 �I

◆
�j =

✓
0 �j

��j 0

◆

•  EOM
<latexit sha1_base64="wkCcCGhPmDpLBJwILzdG9A2SnnU=">AAACE3icbVDLSsNAFJ3Ud31FXbq5WIQqWBKtj40gunGpYG2hqeVmOm2HziRhZiKU4j+48VfcuFDErRt3/o1JjODrwIUz59zLnXv8SHBtHOfdKoyNT0xOTc8UZ+fmFxbtpeVLHcaKshoNRagaPmomeMBqhhvBGpFiKH3B6v7gJPXr10xpHgYXZhixlsRewLucokmktr0JZQ5eD6XEK0/G4EWoDEfRTh+wBRI2vEhzOASnbZecipMB/hI3JyWS46xtv3mdkMaSBYYK1LrpOpFpjdIFVLCbohdrFiEdYI81ExqgZLo1ym66gfVE6UA3VEkFBjL1+8QIpdZD6SedEk1f//ZS8T+vGZvuQWvEgyg2LKCfi7qxABNCGhB0uGLUiGFCkCqe/BVoHxVSk8RYzELY2z+o7rjwl3yFcLldcXcrznm1dHScxzFNVskaKROX7JMjckrOSI1QckvuySN5su6sB+vZevlsLVj5zAr5Aev1AzZCnBE=</latexit>

(i�µ@µ �m) = 0

•  Lagrangian density
<latexit sha1_base64="fnEjx4t3Km9PyEkoTFe17BY19PA="></latexit>

L =  ̄(i�µ@µ �m) 
<latexit sha1_base64="xPTvfYFq4ow1iph1QCKtvw+Dq4Y=">AAACCnicbVDLSgMxFM34rPU16tJNtAiuyoxW241QdOOygn1Apy130nQamswMSUYopWs3/oobF4q49Qvc+Tem0wpqPRByOOde7r3HjzlT2nE+rYXFpeWV1cxadn1jc2vb3tmtqSiRhFZJxCPZ8EFRzkJa1Uxz2oglBeFzWvcHVxO/fkelYlF4q4cxbQkIQtZjBLSROvaB54PEXqwYvki/tteFIKBGC0AIaDsdO+fknRR4nrgzkkMzVDr2h9eNSCJoqAkHpZquE+vWCKRmhNNx1ksUjYEMIKBNQ0MQVLVG6SljfGSULu5F0rxQ41T92TECodRQ+KZSgO6rv95E/M9rJrpXao1YGCeahmQ6qJdwrCM8yQV3maRE86EhQCQzu2LSBwlEm/SyaQjnxVLh1MXz5DuE2knePcs7N4Vc+XIWRwbto0N0jFxURGV0jSqoigi6R4/oGb1YD9aT9Wq9TUsXrFnPHvoF6/0L4AeZ/A==</latexit>

 ̄ =  †�0

•  Invariance under
<latexit sha1_base64="UKdOXxaWYxNH9Dxpn64BByPWDqw="></latexit>

 (x) !  0(x) = ei↵ (x) =) Jµ =  ̄�µ 

constant



9

• Free particle solutions
<latexit sha1_base64="B6g0jhL+9UT+VUWSfj2SZtztWb4="></latexit>

 (x) = u(p) eipx or  (x) = v(p) e�ipx

<latexit sha1_base64="G9ZlgzDLhptgF/E02P7RjgwbN/Y="></latexit>

pµp
µ = m2 and p0 =

p
~p 2 +m2

where
<latexit sha1_base64="k4E55gUixRiCvIoYOE5gBV3zwWc="></latexit>

u1(p) =
p
E +m

0

BB@

1
0

p3/(E +m)
(p1 � ip2)/(E +m)

1

CCA u2(p) =
p
E +m

0

BB@

0
1

(p1 � ip2)/(E +m)
�p3/(E +m)

1

CCA

<latexit sha1_base64="sMKNakj9RCgfHY+35NbH6IfF/Wo="></latexit>

v1(p) =
p
E +m

0

BB@

p3/(E +m)
(p1 � ip2)/(E +m)

1
0

1

CCA v2(p) =
p
E +m

0

BB@

(p1 � ip2)/(E +m)
�p3/(E +m)

0
1

1

CCA

• Useful relations:
<latexit sha1_base64="UwKMbup/u2gHmXnCLE7QZ8Oa5nc="></latexit>

2X

j=1

uj(~p)ūj(~p) = p/+m

2X

j=1

vj(~p)v̄j(~p) = p/�m

<latexit sha1_base64="2k295a0HeOOpnz+/aJwyzylTKMU="></latexit>

(p/�m)uj(p) = 0

(p/+m)vj(p) = 0

<latexit sha1_base64="myN+3ZxnpTjLwN1bIHqHd1oOAW4="></latexit>

p/ ⌘ pµ�
µ



Vector field
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•  Under Lorentz transformation its transformation is

•  EOM

•  Lagrangian density

•  Invariance under

<latexit sha1_base64="jVwLyx4FmdJ6+GidbWG59MWpXRE=">AAAB73icbVDLTgIxFO3gC8EH6tJNI5rghsz4giXqxiUm8khgQjqlQEPbGdsOkUz4CTcuNMatP+AP+Afu/BBdWwZMVDzJTU7OuTf33uMFjCpt2+9WYm5+YXEpuZxKr6yurWc2NqvKDyUmFewzX9Y9pAijglQ01YzUA0kQ9xipef3zsV8bEKmoL670MCAuR11BOxQjbaT6aavJw9zNfiuTtfN2DDhLnCnJlnY/Xl4H6c9yK/PWbPs45ERozJBSDccOtBshqSlmZJRqhooECPdRlzQMFYgT5UbxvSO4Z5Q27PjSlNAwVn9ORIgrNeSe6eRI99Rfbyz+5zVC3Sm6ERVBqInAk0WdkEHtw/HzsE0lwZoNDUFYUnMrxD0kEdYmolQcwkmheHTowFnyHUL1IO8c5+1Lk8YZmCAJtsEOyAEHFEAJXIAyqAAMGLgF9+DBurburEfradKasKYzW+AXrOcvKQ6UDg==</latexit>

Aµ(x)

<latexit sha1_base64="oCh2HCjaiomewzQHCah9GhBz/Gg="></latexit>

x ! x0µ = ⇤µ
⌫x

⌫ =) A0µ(x0) = ⇤µ
⌫A

⌫(x)

<latexit sha1_base64="gdMDiXjXHMqFDq6mqUPhESsg+DQ="></latexit>

@µF
µ⌫ = 0 with Fµ⌫ = @µA⌫ � @⌫Aµ

<latexit sha1_base64="ephsXBTzhwrLszS/P8pGpqx6NjY="></latexit>

L = �1

4
Fµ⌫F

µ⌫

<latexit sha1_base64="a62BTiL0J2PgCEPWN2jMGltcD38="></latexit>

Aµ(x) ! A0
µ(x) = Aµ(x) + @µ⇤

•  Solutions
<latexit sha1_base64="5g6Kg1cfty7H45QgrTa0o97OhQI="></latexit>

Aµ(x) = ✏(j)µ eipx with p2 = 0 , p✏(j) = 0 , j = 1, 2



II.  Propagators
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•  The quadratic parts of the Lagrangian define the propagators

•  Propagators are the inverse of the operators in the quadratic parts

<latexit sha1_base64="JAMqDbuvkIFEsdwMbHjA8mNwxQY="></latexit>

L =
1

2
�(�@µ@

µ �m2)� =) i

p2 �m2 + i✏

<latexit sha1_base64="ElS1O20a3a/Cfyh6MCKRgVIgBcw="></latexit>

L =  ̄(i@/�m) =) i

p/�m+ i✏

p

<latexit sha1_base64="OnfbdRTP+4GcZ0zZPoQZb9Mp6/E="></latexit>

L = �?(�@µ@
µ �m2)� =) i

p2 �m2 + i✏ p

direction of the arrow

p
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•  For massless vector fields we need to add a gauge fixing term

p
<latexit sha1_base64="C3XCHipNgIRV8KW/I9gIEx5lA3k=">AAAB6nicbVDLSgMxFM3UV62vqktFgkVwVZKq7XRXdOOyRfuAdiiZNG1DMw+SjFCGLl26caGIWz+i3+HOb/AnzLQKWjxw4XDOvdx7jxsKrjRCH1ZqaXlldS29ntnY3Nreye7uNVQQScrqNBCBbLlEMcF9VtdcC9YKJSOeK1jTHV0lfvOOScUD/1aPQ+Z4ZODzPqdEG+mm40XdbA7lEUIYY5gQXCoiQ8plu4BtiBPLIFc5nNY+74+m1W72vdMLaOQxX1NBlGpjFGonJlJzKtgk04kUCwkdkQFrG+oTjyknnp06gSdG6cF+IE35Gs7U3xMx8ZQae67p9IgeqkUvEf/z2pHu207M/TDSzKfzRf1IQB3A5G/Y45JRLcaGECq5uRXSIZGEapNOZhZCsWSfnyUhLJKfEBqFPL7Io5pJ4xLMkQYH4BicAgxKoAKuQRXUAQUD8ACewLMlrEfrxXqdt6as75l98AfW2xe8w5IL</latexit>µ <latexit sha1_base64="iLFI6Rbboy+ojYgo9Y/WBxiOvUo=">AAAB6nicbVDLSgMxFM3UVx1fVZdugkVwVZKq7XQhFt24rGgf0JaSSdM2NJMZkoxQSj/BjQtFXOq/uHcj/o2ZVkGLBy4czrmXe+/xI8G1QejTSS0sLi2vpFfdtfWNza3M9k5Nh7GirEpDEaqGTzQTXLKq4UawRqQYCXzB6v7wIvHrt0xpHsobM4pYOyB9yXucEmOl65aMO5ksyiGEMMYwIbhYQJaUSl4eexAnlkX27M09jV4+3Eon897qhjQOmDRUEK2bGEWmPSbKcCrYxG3FmkWEDkmfNS2VJGC6PZ6eOoEHVunCXqhsSQOn6u+JMQm0HgW+7QyIGeh5LxH/85qx6XntMZdRbJiks0W9WEATwuRv2OWKUSNGlhCquL0V0gFRhBqbjjsNoVD0jo+SEObJTwi1fA6f5NAVypbPwQxpsAf2wSHAoAjK4BJUQBVQ0Ad34AE8OsK5d56c51lryvme2QV/4Lx+ATDfkaI=</latexit>⌫

•  For a massive vector field

<latexit sha1_base64="3Mphz1jrnVyM/tdnUUiGFC6kXb0="></latexit>

L = �1

4
Fµ⌫F

µ⌫ +
m2

2
AµA

µ =) �i
gµ⌫ � pµp⌫/m2

p2 �m2 + i✏

<latexit sha1_base64="5pKG00Gt47QkvNQPh4PCTyVERW0=">AAACynicbVFdb9MwFHXC1wgf6+CRlysmpE5Tq6QMNgkhbSABD30YEt0m1Wnkuk5qzXEi29lUWXnjH/HOj+CNBx74JzhpVz7GtWwdnXuuj33vtBRcmzD87vk3bt66fWfjbnDv/oOHm52tRye6qBRlI1qIQp1NiWaCSzYy3Ah2VipG8qlgp9Pzt03+9IIpzQv5ySxKFuckkzzllBhHJZ2fFlMiYAg1vAbo4VQRaqPa7tXwLrE4r7 CsHJysYQ/WmgEWzmhGasAlUYYTkTgVHE2aE79q17CQmeLZ3BClisslGfQ4YMFSA+PVZdnaqgZbTgawC07CSs1FIX97dqPeynIHytbLnc2jbNcV7fKrip3JoIYAt75x0tkO+2EbcB1EK7B9eBR++bH1VR4nnW94VtAqZ9JQQbQeR2FpYtv8kApWB7jSrCT0nGRs7KAkOdOxbUdRwzPHzCAtlNvSQMv+WWFJrvUinzplTsxc/5tryP/lxpVJD2LLZVkZJunSKK0EmAKaucKMK0aNWDhAqOLurUDnxHXNuOkHbRNe7h/sPY/gOrhqwsmgH73ohx9dN96gZWygJ+gp6qII7aND9AEdoxGi3nsv9y68S3/oK3/h26XU91Y1j9Ff4X/+BZRt3zg=</latexit>

L = �1

4
Fµ⌫F

µ⌫ � 1

2�
@µA

µ =) �i


gµ⌫

p2 + i✏
� (1� �)pµp⌫

(p2 + i✏)2

�



III.  Vertices

13

•  The non quadratic part of the Lagrangian defines the vertices

•  Each field gives rise to one line of the vertex

Example
<latexit sha1_base64="TH90SBnpPHu8SQqkDmOZKI+oGME="></latexit>

L =  ̄�µAµ 

•  Rules to determine the weight of a vertex

1. Start with a factor of i
2. To derivatives associate an incoming momentum 
3. Remove fields and the remaining is a contribution to the weight
4. “daggers" lead to outgoing "arrows"

<latexit sha1_base64="cH3gqcxxMradfbuDBzmwXvICB6k=">AAACDnicbVC7TgJBFJ3FF4IP1NJmIpLYSHZ9QUm0scREHglLyOwwCxNmH5m5iyGEL7DxV2woNMbCxtrOD9HaWcBExZPc5OSce3PvPU4ouALTfDcSC4tLyyvJ1VR6bX1jM7O1XVVBJCmr0EAEsu4QxQT3WQU4CFYPJSOeI1jN6V3Efq3PpOKBfw2DkDU90vG5yykBLbUyOTskEjgRLduLsC2YC5J3ukCkDG7wIcdhbLQyWTNvToDniTUj2dL+x/iln/4stzJvdjugkcd8oIIo1bDMEJrDeBUVbJSyI8VCQnukwxqa+sRjqjmcvDPCOa20sRtIXT7gifpzYkg8pQaeozs9Al3114vF/7xGBG6xOeR+GAHz6XSRGwkMAY6zwW0uGQUx0IRQyfWtmHaJJBR0gqlJCGeF4smxhefJdwjVo7x1mjevdBrnaIok2kV76ABZqIBK6BKVUQVRdIvu0QN6NO6MsfFkPE9bE8ZsZgf9gvH6BVyBoPM=</latexit>

@µ $ �ipµ



III.  Vertices
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•  The non quadratic part of the Lagrangian defines the vertices

•  Each field gives rise to one line of the vertex

Example
<latexit sha1_base64="TH90SBnpPHu8SQqkDmOZKI+oGME="></latexit>

L =  ̄�µAµ 

•  Rules to determine the weight of a vertex

1. Start with a factor of i
2. To derivatives associate an incoming momentum 
3. Remove fields and the remaining is a contribution to the weight
4. “daggers" lead to outgoing "arrows"

<latexit sha1_base64="cH3gqcxxMradfbuDBzmwXvICB6k=">AAACDnicbVC7TgJBFJ3FF4IP1NJmIpLYSHZ9QUm0scREHglLyOwwCxNmH5m5iyGEL7DxV2woNMbCxtrOD9HaWcBExZPc5OSce3PvPU4ouALTfDcSC4tLyyvJ1VR6bX1jM7O1XVVBJCmr0EAEsu4QxQT3WQU4CFYPJSOeI1jN6V3Efq3PpOKBfw2DkDU90vG5yykBLbUyOTskEjgRLduLsC2YC5J3ukCkDG7wIcdhbLQyWTNvToDniTUj2dL+x/iln/4stzJvdjugkcd8oIIo1bDMEJrDeBUVbJSyI8VCQnukwxqa+sRjqjmcvDPCOa20sRtIXT7gifpzYkg8pQaeozs9Al3114vF/7xGBG6xOeR+GAHz6XSRGwkMAY6zwW0uGQUx0IRQyfWtmHaJJBR0gqlJCGeF4smxhefJdwjVo7x1mjevdBrnaIok2kV76ABZqIBK6BKVUQVRdIvu0QN6NO6MsfFkPE9bE8ZsZgf9gvH6BVyBoPM=</latexit>

@µ $ �ipµ

<latexit sha1_base64="CeVmp9oM6WqQDS+z1CBL0lQQaXQ=">AAAB83icbVDLSsNAFJ34rPVVdanIYBFclSSNTd0V3bhswT6giWUynbZDZ5IwMxFK6dJfcONCEbfu+x3u/AZ/wkmroMUDFw7n3Mu99wQxo1KZ5oextLyyurae2chubm3v7Ob29hsySgQmdRyxSLQCJAmjIakrqhhpxYIgHjDSDIZXqd+8I0LSKLxRo5j4HPVD2qMYKS15FHp9xDm69XjSyeXNwkW5ZDslaBZM07VsKyW26xQdaGklRb5yNK193h9Pq53cu9eNcMJJqDBDUrYtM1b+GAlFMSOTrJdIEiM8RH3S1jREnEh/PLt5Ak+10oW9SOgKFZypvyfGiEs54oHu5EgN5KKXiv957UT1yv6YhnGiSIjni3oJgyqCaQCwSwXBio00QVhQfSvEAyQQVjqm7CyEklt2iunvi+QnhIZdsM4LZk2ncQnmyIBDcALOgAVcUAHXoArqAIMYPIAn8GwkxqPxYrzOW5eM75kD8AfG2xco+JW3</latexit>

i�µ
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IV.  Feynman diagrams
•  Draw all possible topologically distinct diagrams with the number of 
external lines given by the number of incoming and outgoing 
particles

•  For each external line write 

1. Real and complex scalars:   

2. Incoming fermion line:  

3. Incoming anti-fermion line: 

4. Outgoing  fermion line:

5. Outgoing anti-fermion line:

6. Incoming neutral vector

7. Outgoing vector particle

p
<latexit sha1_base64="SjGNC//hUhKYxrhJ2uHtyFLJPu4=">AAAB6HicbVDLSgMxFM3UVx1fVZdugkVwVTLt2KkLsejGZQv2AW0pmTRtYzOZIckIpfQL3LhQxK1+jHs34t+YaRW0eODC4Zx7ufceP+JMaYQ+rdTS8srqWnrd3tjc2t7J7O7VVRhLQmsk5KFs+lhRzgStaaY5bUaS4sDntOGPLhO/cUulYqG41uOIdgI8EKzPCNZGqjrdTBblTkvFvFuEKIeQ5+SdhOQ9t+BCxygJsudv9ln0+mFXupn3di8kcUCFJhwr1XJQpDsTLDUjnE7tdqxohMkID2jLUIEDqjqT2aFTeGSUHuyH0pTQcKb+npjgQKlx4JvOAOuhWvQS8T+vFet+qTNhIoo1FWS+qB9zqEOYfA17TFKi+dgQTCQzt0IyxBITbbKxZyEUvZJbSH5fJD8h1PM55ySHqihbvgBzpMEBOATHwAEeKIMrUAE1QAAFd+ABPFo31r31ZD3PW1PW98w++APr5QtfspCM</latexit>

1
<latexit sha1_base64="rPGUITnQAxVV0kNnvEH51PjAVBs=">AAAB63icbVDLSsNAFJ34rPVVdelmaBEqQkjS2NRd0Y3LCvYBbSiT6aQdOnkwMxFC6C+4UVDErT/krn/jpFXQ4oELh3Pu5d57vJhRIQ1jrq2tb2xubRd2irt7+weHpaPjjogSjkkbRyziPQ8JwmhI2pJKRnoxJyjwGOl605vc7z4QLmgU3ss0Jm6AxiH1KUYyl5JqfD4sVQz9qlG37Do0dMNwTMvMieXYNRuaSslRaZYHF8/zZtoalj4HowgnAQklZkiIvmnE0s0QlxQzMisOEkFihKdoTPqKhiggws0Wt87gmVJG0I+4qlDChfp7IkOBEGngqc4AyYlY9XLxP6+fSL/hZjSME0lCvFzkJwzKCOaPwxHlBEuWKoIwp+pWiCeIIyxVPMVFCHWnYdfy31fJTwgdSzcvdeNOpXENliiAU1AGVWACBzTBLWiBNsBgAh7BC3jVAu1Je9Pel61r2vfMCfgD7eMLF1eRfQ==</latexit>

u(p)
p

<latexit sha1_base64="hz4RVUWLeM6s/6hp6OgNriIMfmk=">AAAB8XicbVDLSsNAFJ34rPVVdelmaBEqQknS2NZd0Y3LCvaBTSmT6bQdOpmEmUkhhP5FNy4UcevfuOvfOGkVtHjgwuGce7n3Hi9kVCrTXBgbm1vbO7uZvez+weHRce7ktCWDSGDSxAELRMdDkjDKSVNRxUgnFAT5HiNtb3KX+u0pEZIG/FHFIen5aMTpkGKktPTkekgk01kxvOznCmbpplaxnQo0S6ZZtWwrJXbVKTvQ0kqKQj3vXs0X9bjRz326gwBHPuEKMyRl1zJD1UuQUBQzMsu6kSQhwhM0Il1NOfKJ7CXLi2fwQisDOAyELq7gUv09kSBfytj3dKeP1Fiue6n4n9eN1LDWSygPI0U4Xi0aRgyqAKbvwwEVBCsWa4KwoPpWiMdIIKx0SNllCJVqzSmnv6+TnxBadsm6LpkPOo1bsEIGnIM8KAILVEEd3IMGaAIMOJiDF/BqSOPZeDPeV60bxvfMGfgD4+ML3kuUQw==</latexit>

v̄(p)
p

p
<latexit sha1_base64="tzCG6R2pNZxNpVLZVl1DNSThdIs=">AAAB8XicbVDLSsNAFJ3UV62vqks3Q4tQEULS1qbuim5cVrAPbEuZTCft0MkkzEyEEPoX3bhQxK1/465/46RV0OKBC4dz7uXee9yQUaksa2FkNja3tneyu7m9/YPDo/zxSVsGkcCkhQMWiK6LJGGUk5aiipFuKAjyXUY67vQ29TtPREga8AcVh2TgozGnHsVIaemx7yKRRLNSeDHMFy3zul4rV2vQMi3Lsct2SspOtVKFtlZSFBuF/uV80Yibw/xnfxTgyCdcYYak7NlWqAYJEopiRma5fiRJiPAUjUlPU458IgfJ8uIZPNfKCHqB0MUVXKq/JxLkSxn7ru70kZrIdS8V//N6kfLqg4TyMFKE49UiL2JQBTB9H46oIFixWBOEBdW3QjxBAmGlQ8otQ6g59Wol/X2d/ITQLpv2lWnd6zRuwApZcAYKoARs4IAGuANN0AIYcDAHL+DVkMaz8Wa8r1ozxvfMKfgD4+ML3MOUQg==</latexit>

ū(p) p
<latexit sha1_base64="BBsChkNdK6Auod2nDMzpLPkjzME=">AAAB63icbVDLSsNAFJ3UV62vqks3Q4tQEUKSxqbuim5cVrAPaEOZTKft0MmDmUkhhP6CGwVF3PpD7vo3TloFLR64cDjnXu69x4sYFdIwFlpuY3Nreye/W9jbPzg8Kh6ftEUYc0xaOGQh73pIEEYD0pJUMtKNOEG+x0jHm95mfmdGuKBh8CCTiLg+Ggd0RDGSmTSrRBeDYtnQr+s1y65BQzcMx7TMjFiOXbWhqZQM5Uapf/m8aCTNQfGzPwxx7JNAYoaE6JlGJN0UcUkxI/NCPxYkQniKxqSnaIB8Itx0eescnitlCEchVxVIuFR/T6TIFyLxPdXpIzkR614m/uf1YjmquykNoliSAK8WjWIGZQizx+GQcoIlSxRBmFN1K8QTxBGWKp7CMoSaU7er2e/r5CeEtqWbV7pxr9K4ASvkwRkogQowgQMa4A40QQtgMAGP4AW8ar72pL1p76vWnPY9cwr+QPv4AhjekX4=</latexit>

v(p)
<latexit sha1_base64="1aUd8zWYnzBFSS92WU46zj0xp9A="></latexit>

✏µ�(p)
<latexit sha1_base64="PuWBv9nEW9bTWh5Z4U87RUmkqWQ="></latexit>

✏µ ?
� (p)

p <latexit sha1_base64="iUdGDDG2LT5B6CcwVyXfm+2xH3U=">AAAB6nicbVDLSsNAFJ34rPVVdanIYBFchSSNTd0V3bhs0T6gDWUynbRDJw9mJkIJXbp040IRt35Ev8Od3+BPOGkVtHjgwuGce7n3Hi9mVEjD+NCWlldW19ZzG/nNre2d3cLeflNECcekgSMW8baHBGE0JA1JJSPtmBMUeIy0vNFV5rfuCBc0Cm/lOCZugAYh9SlGUkk33SDpFYqGflEpW3YZGrphOKZlZsRy7JINTaVkKFaPpvXP++NprVd47/YjnAQklJghITqmEUs3RVxSzMgk300EiREeoQHpKBqigAg3nZ06gadK6UM/4qpCCWfq74kUBUKMA091BkgOxaKXif95nUT6FTelYZxIEuL5Ij9hUEYw+xv2KSdYsrEiCHOqboV4iDjCUqWTn4VQdip2Kft9kfyE0LR081w36iqNSzBHDhyCE3AGTOCAKrgGNdAAGAzAA3gCzxrTHrUX7XXeuqR9zxyAP9DevgDP3JIX</latexit>µ

p<latexit sha1_base64="iUdGDDG2LT5B6CcwVyXfm+2xH3U=">AAAB6nicbVDLSsNAFJ34rPVVdanIYBFchSSNTd0V3bhs0T6gDWUynbRDJw9mJkIJXbp040IRt35Ev8Od3+BPOGkVtHjgwuGce7n3Hi9mVEjD+NCWlldW19ZzG/nNre2d3cLeflNECcekgSMW8baHBGE0JA1JJSPtmBMUeIy0vNFV5rfuCBc0Cm/lOCZugAYh9SlGUkk33SDpFYqGflEpW3YZGrphOKZlZsRy7JINTaVkKFaPpvXP++NprVd47/YjnAQklJghITqmEUs3RVxSzMgk300EiREeoQHpKBqigAg3nZ06gadK6UM/4qpCCWfq74kUBUKMA091BkgOxaKXif95nUT6FTelYZxIEuL5Ij9hUEYw+xv2KSdYsrEiCHOqboV4iDjCUqWTn4VQdip2Kft9kfyE0LR081w36iqNSzBHDhyCE3AGTOCAKrgGNdAAGAzAA3gCzxrTHrUX7XXeuqR9zxyAP9DevgDP3JIX</latexit>µ



•  Write the contribution of a fermion line adding the elements going  
in the opposite direction of the arrow 

•  For each fermion loop take the trace and multiply by -1  

• Multiply the contribution of each diagram by:

1. A global minus sign for the external fermion lines if they are 

exchanged with respect to the first diagram

2. The symmetry factor 1/S where S is the number of permutations of 

the internal lines and vertices leaving the diagram unchanged with the  

external legs fixed. 

•  Impose energy-momentum conservation in each vertex

•  For each momentum p not fixed add 

<latexit sha1_base64="dN+bjW+UugHULThOIolhuo459Bs="></latexit>

d4p

(2⇡)4

15
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V.  Examples
 Scalar electrodynamics

<latexit sha1_base64="0B0q4+CQ1dON+3W7kshz5ACPrSU="></latexit>

L =� 1

4
Fµ⌫F

µ⌫ � 1

2⇠
(@µA

µ)2

+ [(@µ + ieAµ)']
†[(@µ + ieAµ)']�m2'†'� �

4

�
'†'

�2

whose vertices are

<latexit sha1_base64="eG3/Cr2xZDmWzKk9obOWXmlR3PY=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBHcWBKttsuiG5cV7APbUCaTSTt0MgkzE6GE/oUbF4q49W/c+TdO0whqPTBwOOdc7p3jxZwpbduf1tLyyuraemGjuLm1vbNb2ttvqyiRhLZIxCPZ9bCinAna0kxz2o0lxaHHaccbX8/8zgOVikXiTk9i6oZ4KFjACNZGuj9lqM9N2seDUtmu2BnQInFyUoYczUHpo+9HJAmp0IRjpXqOHWs3xVIzwum02E8UjTEZ4yHtGSpwSJWbZhdP0bFRfBRE0jyhUab+nEhxqNQk9EwyxHqk/noz8T+vl+ig7qZMxImmgswXBQlHOkKz7yOfSUo0nxiCiWTmVkRGWGKiTUnFrITLWr167qBF8l1C+6ziXFTs22q5cZXXUYBDOIITcKAGDbiBJrSAgIBHeIYXS1lP1qv1No8uWfnMAfyC9f4F6q+QqQ==</latexit>

�i�
<latexit sha1_base64="2XhnWKidnPUshf7N4REqDHKpr3A=">AAAB/nicbZBLSwMxFIUz9VXrqyqu3ASLUBHLjFbbZdGNywr2AZ1aMultG5rMhCQjlKHgX3HjQhG3/g53/hun7QhqPRD4OOdecjme5Ewb2/60UguLS8sr6dXM2vrG5lZ2e6eug1BRqNGAB6rpEQ2c+VAzzHBoSgVEeBwa3vBqkjfuQWkW+LdmJKEtSN9nPUaJia1Odu+EAc7LY3nnSsUEHHVcEeJONmcX7KnwPDgJ5FCiaif74XYDGgrwDeVE65ZjS9OOiDKMchhn3FCDJHRI+tCK0ScCdDuanj/Gh7HTxb1Axc83eOr+3IiI0HokvHhSEDPQf7OJ+V/WCk2v3I6YL0MDPp191As5NgGedIG7TAE1fBQDoYrFt2I6IIpQEzeWmZZwUSoXzxw8D98l1E8LznnBvinmKpdJHWm0jw5QHjmohCroGlVRDVEUoUf0jF6sB+vJerXeZqMpK9nZRb9kvX8BorCU4A==</latexit>

�ie(p+ p0)µ

<latexit sha1_base64="ZqkwUyu3ICtINgwzgJ8eFkSxPp0=">AAAB+3icbZBLS8NAFIUnPmt9xbp0M1gEVyWp1XZZdOOygn1AE8NkOmmHTiZhHmIJ+StuXCji1j/izn9jmkZQ64GBj3PuZS7HjxmVyrI+jZXVtfWNzdJWeXtnd2/fPKj0ZKQFJl0csUgMfCQJo5x0FVWMDGJBUOgz0venV/O8f0+EpBG/VbOYuCEacxpQjFRmeWalDikkd3U49hIn1A7XqWdWrZqVCy6DXUAVFOp45oczirAOCVeYISmHthUrN0FCUcxIWna0JDHCUzQmwww5Col0k/z2FJ5kzggGkcgeVzB3f24kKJRyFvrZZIjURP7N5uZ/2VCroOUmlMdaEY4XHwWaQRXBeRFwRAXBis0yQFjQ7FaIJ0ggrLK6ynkJF81W48yGy/BdQq9es89r1k2j2r4s6iiBI3AMToENmqANrkEHdAEGD+ARPIMXIzWejFfjbTG6YhQ7h+CXjPcvyI2T4g==</latexit>

2ie2gµ⌫
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 Electrodynamics
<latexit sha1_base64="tr77nw8SOUq1k+NyvPr/nT8sJso="></latexit>

L = �1

4
Fµ⌫F

µ⌫ � 1

2⇠
(@µA

µ)2 +  ̄ (i@/� eA/�m) 

whose vertex is 

<latexit sha1_base64="mgvIyEGHkrNT9YUvo4L5e95A4dQ=">AAAB+HicbZBLS8NAFIUnPmt9NOrSzWAR3FgSrbbLohuXFewDmlgm00k7dGYS5iHU0F/ixoUibv0p7vw3pmkEtR4Y+DjnXuZygphRpR3n01paXlldWy9sFDe3tndK9u5eW0VGYtLCEYtkN0CKMCpIS1PNSDeWBPGAkU4wvprlnXsiFY3ErZ7ExOdoKGhIMdKp1bdLJxQS6A0R5+jO46Zvl52KkwkugptDGeRq9u0PbxBhw4nQmCGleq4Taz9BUlPMyLToGUVihMdoSHopCsSJ8pPs8Ck8Sp0BDCOZPqFh5v7cSBBXasKDdJIjPVJ/s5n5X9YzOqz7CRWx0UTg+UehYVBHcNYCHFBJsGaTFBCWNL0V4hGSCOu0q2JWwkWtXj1z4SJ8l9A+rbjnFeemWm5c5nUUwAE4BMfABTXQANegCVoAAwMewTN4sR6sJ+vVepuPLln5zj74Jev9C9mJks8=</latexit>

�ie�µ

 Mixing both models 
<latexit sha1_base64="+jhXvXw9u8MtkpwwpmMqnPf08hs=">AAAB/HicbZDJSgNBEIZ74hbHLZqjl8YgCJIw45ZcxKAXjxHMAtno6VSSJj0L3T3CMMRX8aAHRbz6Ct69iG9jZxHU+EPDx19VVPXvBJxJZVmfRmJufmFxKblsrqyurW+kNrcq0g8FhTL1uS9qDpHAmQdlxRSHWiCAuA6HqjO4GNWrNyAk871rFQXQdEnPY11GidJWO5WG1j6GVhY3lI+lZtnKtlMZK2eNhWfBnkLm7M08De4/zFI79d7o+DR0wVOUEynrthWoZkyEYpTD0GyEEgJCB6QHdY0ecUE24/HxQ7yrnQ7u+kI/T+Gx+3MiJq6UkevoTpeovvxbG5n/1eqh6haaMfOCUIFHJ4u6Icf6o6MkcIcJoIpHGggVTN+KaZ8IQpXOyxyHcJIvHB3aeBa+Q6gc5OzjnHVlZYrnaKIk2kY7aA/ZKI+K6BKVUBlRFKE79IiejFvjwXg2XiatCWM6k0a/ZLx+AXLXlpU=</latexit>

e+e� ! s+s�

<latexit sha1_base64="mvQzpx5dUP0M0azkP6ZN3wGagfM=">AAAB6nicbVDLSgNBEOyNrxhfUY+KDAbBU9j1lRyDXjwmaB6QLGF2MkmGzM4uM7NCWHL06MWDIl79iHyHN7/Bn3CyiaDGgoaiqpvuLi/kTGnb/rBSC4tLyyvp1cza+sbmVnZ7p6aCSBJaJQEPZMPDinImaFUzzWkjlBT7Hqd1b3A18et3VCoWiFs9DKnr455gXUawNtJN2Hba2ZydtxOgeeLMSK60P6583h+My+3se6sTkMinQhOOlWo6dqjdGEvNCKejTCtSNMRkgHu0aajAPlVunJw6QkdG6aBuIE0JjRL150SMfaWGvmc6faz76q83Ef/zmpHuFt2YiTDSVJDpom7EkQ7Q5G/UYZISzYeGYCKZuRWRPpaYaJNOJgnholA8O3XQPPkOoXaSd87zdsWkcQlTpGEPDuEYHChACa6hDFUg0IMHeIJni1uP1ov1Om1NWbOZXfgF6+0LEe+Rlw==</latexit>p1

<latexit sha1_base64="03CLP4HKDkGn7peJ+jXmVcNKc0o=">AAAB6nicbVDLSgNBEOz1GeMr6lGRwSB4CrvxkRyDXjwmaB6QLGF2MkmGzM4uM7NCWHL06MWDIl79iHyHN7/Bn3CyiaDGgoaiqpvuLi/kTGnb/rAWFpeWV1ZTa+n1jc2t7czObk0FkSS0SgIeyIaHFeVM0KpmmtNGKCn2PU7r3uBq4tfvqFQsELd6GFLXxz3BuoxgbaSbsJ1vZ7J2zk6A5okzI9nSwbjyeX84Lrcz761OQCKfCk04Vqrp2KF2Yyw1I5yO0q1I0RCTAe7RpqEC+1S5cXLqCB0bpYO6gTQlNErUnxMx9pUa+p7p9LHuq7/eRPzPa0a6W3RjJsJIU0Gmi7oRRzpAk79Rh0lKNB8agolk5lZE+lhiok066SSEi0Lx7NRB8+Q7hFo+55zn7IpJ4xKmSME+HMEJOFCAElxDGapAoAcP8ATPFrcerRfrddq6YM1m9uAXrLcvE3ORmA==</latexit>p2

<latexit sha1_base64="L0oY6M+ivt2eVExQx0dCEaOjeS8=">AAAB63icbVDLSgMxFM3UV62vqktFgkVwVWas2i6Lbly2YB/QDiWTZtrQJDMkGaEMXbp140IRt/5Dv8Od3+BPmOlUUOuBC4dz7uXee7yQUaVt+8PKLC2vrK5l13Mbm1vbO/ndvaYKIolJAwcskG0PKcKoIA1NNSPtUBLEPUZa3ug68Vt3RCoaiFs9DonL0UBQn2KkEynslXK9fMEu2jPAReLMSaF6OK1/3h9Na738e7cf4IgToTFDSnUcO9RujKSmmJFJrhspEiI8QgPSMVQgTpQbz26dwBOj9KEfSFNCw5n6cyJGXKkx90wnR3qo/nqJ+J/XibRfcWMqwkgTgdNFfsSgDmDyOOxTSbBmY0MQltTcCvEQSYS1iScN4bJcOS85cJF8h9A8KzoXRbtu0rgCKbLgAByDU+CAMqiCG1ADDYDBEDyAJ/BscevRerFe09aMNZ/ZB79gvX0BSgmRrQ==</latexit>p3

<latexit sha1_base64="IK9P6elQVAIfsNDcCnrNfdW01X4=">AAAB63icbVDLSgMxFM3UV62vqktFgkVwVWa02i6Lbly2YB/QDiWTZtrQJDMkGaEMXbp140IRt/5Dv8Od3+BPmOlUUOuBC4dz7uXee7yQUaVt+8PKLC2vrK5l13Mbm1vbO/ndvaYKIolJAwcskG0PKcKoIA1NNSPtUBLEPUZa3ug68Vt3RCoaiFs9DonL0UBQn2KkEynslXK9fMEu2jPAReLMSaF6OK1/3h9Na738e7cf4IgToTFDSnUcO9RujKSmmJFJrhspEiI8QgPSMVQgTpQbz26dwBOj9KEfSFNCw5n6cyJGXKkx90wnR3qo/nqJ+J/XibRfcWMqwkgTgdNFfsSgDmDyOOxTSbBmY0MQltTcCvEQSYS1iScN4bJcKZ07cJF8h9A8KzoXRbtu0rgCKbLgAByDU+CAMqiCG1ADDYDBEDyAJ/BscevRerFe09aMNZ/ZB79gvX0BS46Rrg==</latexit>p4
<latexit sha1_base64="d9D1MjCZZm+Wbv1y6YKXV0fiHMQ=">AAAB6XicbVDLSgNBEOz1GeMr6lGRwSB4Cru+kmPQi8dEzAOSEGYns8mQ2dl1ZlYIS47evHhQxKs/ke/w5jf4E06yEdRY0FBUddPd5YacKW3bH9bc/MLi0nJqJb26tr6xmdnarqogkoRWSMADWXexopwJWtFMc1oPJcW+y2nN7V+O/dodlYoF4kYPQtrycVcwjxGsjXR9m25nsnbOngDNEmdKssW9Ufnzfn9Uamfem52ARD4VmnCsVMOxQ92KsdSMcDpMNyNFQ0z6uEsbhgrsU9WKJ5cO0aFROsgLpCmh0UT9ORFjX6mB75pOH+ue+uuNxf+8RqS9QitmIow0FSRZ5EUc6QCN30YdJinRfGAIJpKZWxHpYYmJNuEkIZznC6cnDpol3yFUj3POWc4umzQuIEEKduEAjsCBPBThCkpQAQIePMATPFt969F6sV6T1jlrOrMDv2C9fQEimJEI</latexit>q

<latexit sha1_base64="dKibFBV4AS8Wc0maDhzjF0luvgQ=">AAAB6nicbVDLSgNBEOyNrxhfUY+KDAbBU9j1lRyDXjwmaB6QLGF2MkmGzOwuM7NCWHL06MWDIl79iHyHN7/Bn3CyiaDGgoaiqpvuLi/kTGnb/rBSC4tLyyvp1cza+sbmVnZ7p6aCSBJaJQEPZMPDinLm06pmmtNGKCkWHqd1b3A18et3VCoW+Ld6GFJX4J7PuoxgbaSbloja2ZydtxOgeeLMSK60P6583h+My+3se6sTkEhQXxOOlWo6dqjdGEvNCKejTCtSNMRkgHu0aaiPBVVunJw6QkdG6aBuIE35GiXqz4kYC6WGwjOdAuu++utNxP+8ZqS7RTdmfhhp6pPpom7EkQ7Q5G/UYZISzYeGYCKZuRWRPpaYaJNOJgnholA8O3XQPPkOoXaSd87zdsWkcQlTpGEPDuEYHChACa6hDFUg0IMHeIJni1uP1ov1Om1NWbOZXfgF6+0Lb82R1Q==</latexit>µ <latexit sha1_base64="RalCwWf5lk4iwGrG0vSi1bk8I7E=">AAAB6nicbVDLSgNBEOyNr7i+oh69DAbBU9j1lVzEoBePEc0DkiXMTmaTIbOzy8ysEEI+wYsHRTzqv3j3Iv6Nk00ENRY0FFXddHf5MWdKO86nlZmbX1hcyi7bK6tr6xu5za2aihJJaJVEPJINHyvKmaBVzTSnjVhSHPqc1v3+xdiv31KpWCRu9CCmXoi7ggWMYG2k65ZI2rm8U3BSoFniTkn+7M0+jV8+7Eo7997qRCQJqdCEY6WarhNrb4ilZoTTkd1KFI0x6eMubRoqcEiVN0xPHaE9o3RQEElTQqNU/TkxxKFSg9A3nSHWPfXXG4v/ec1EByVvyEScaCrIZFGQcKQjNP4bdZikRPOBIZhIZm5FpIclJtqkY6chnBRLR4cumiXfIdQOCu5xwbly8uVzmCALO7AL++BCEcpwCRWoAoEu3MEDPFrcureerOdJa8aazmzDL1ivX+PakWw=</latexit>⌫

spin

<latexit sha1_base64="JVLFZtZxUP8SuM3eCVJvjJXGv7M="></latexit>

M = v̄j(p2)(�ie�µ)uk(p1)
�igµ⌫
q2

[�ie(p3 � p4)
⌫ ]
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 Vacuum polarization QED

<latexit sha1_base64="hr99URQHq+q8bdGTo7h9xuEqwDA=">AAAB6HicbVDLSsNAFJ34rPVVdanIYBFchSSNTd0V3bhswT6gDWUynbRjJw9mJkIJXbpy40IRt35Fv8Od3+BPOGkVtHjgwuGce7n3Hi9mVEjD+NCWlldW19ZzG/nNre2d3cLeflNECcekgSMW8baHBGE0JA1JJSPtmBMUeIy0vNFV5rfuCBc0Cm/kOCZugAYh9SlGUkn1uFcoGvpFpWzZZWjohuGYlpkRy7FLNjSVkqFYPZrWP++Pp7Ve4b3bj3ASkFBihoTomEYs3RRxSTEjk3w3ESRGeIQGpKNoiAIi3HR26ASeKqUP/YirCiWcqb8nUhQIMQ481RkgORSLXib+53US6VfclIZxIkmI54v8hEEZwexr2KecYMnGiiDMqboV4iHiCEuVTX4WQtmp2KXs90XyE0LT0s1z3airNC7BHDlwCE7AGTCBA6rgGtRAA2BAwAN4As/arfaovWiv89Yl7XvmAPyB9vYFTKaRNQ==</latexit>p <latexit sha1_base64="hr99URQHq+q8bdGTo7h9xuEqwDA=">AAAB6HicbVDLSsNAFJ34rPVVdanIYBFchSSNTd0V3bhswT6gDWUynbRjJw9mJkIJXbpy40IRt35Fv8Od3+BPOGkVtHjgwuGce7n3Hi9mVEjD+NCWlldW19ZzG/nNre2d3cLeflNECcekgSMW8baHBGE0JA1JJSPtmBMUeIy0vNFV5rfuCBc0Cm/kOCZugAYh9SlGUkn1uFcoGvpFpWzZZWjohuGYlpkRy7FLNjSVkqFYPZrWP++Pp7Ve4b3bj3ASkFBihoTomEYs3RRxSTEjk3w3ESRGeIQGpKNoiAIi3HR26ASeKqUP/YirCiWcqb8nUhQIMQ481RkgORSLXib+53US6VfclIZxIkmI54v8hEEZwexr2KecYMnGiiDMqboV4iHiCEuVTX4WQtmp2KXs90XyE0LT0s1z3airNC7BHDlwCE7AGTCBA6rgGtRAA2BAwAN4As/arfaovWiv89Yl7XvmAPyB9vYFTKaRNQ==</latexit>p

<latexit sha1_base64="DsPVQgu0A36YW9ptJKY3XUnl5s0=">AAAB7HicbVDLSsNAFJ3UV62vqktFBosgCCFpa1N3RTcuW7APaEuZTCft0MkkzkyEErp07caFIm79hn6HO7/Bn3DSKmjxwIXDOfdy7z1uyKhUlvVhpJaWV1bX0uuZjc2t7Z3s7l5DBpHApI4DFoiWiyRhlJO6ooqRVigI8l1Gmu7oKvGbd0RIGvAbNQ5J10cDTj2KkdJSPYRn8LaXzVnmRbmUL5agZVqWY+fthOSdYqEIba0kyFUOp7XP+6NptZd97/QDHPmEK8yQlG3bClU3RkJRzMgk04kkCREeoQFpa8qRT2Q3nh07gSda6UMvELq4gjP190SMfCnHvqs7faSGctFLxP+8dqS8cjemPIwU4Xi+yIsYVAFMPod9KghWbKwJwoLqWyEeIoGw0vlkZiGUnHKxkPy+SH5CaORN+9y0ajqNSzBHGhyAY3AKbOCACrgGVVAHGFDwAJ7As8GNR+PFeJ23pozvmX3wB8bbFzBmkjk=</latexit>

p+ q

<latexit sha1_base64="3P53EE42RROZ0/2eV5sZAYsaSW4=">AAAB6HicbVDLSsNAFJ3UV62vqktFBovgKiRpbOqu6MZlC/YBbSiT6bQdO3k4MxFK6NKVGxeKuPUr+h3u/AZ/wkmroMUDFw7n3Mu993gRo0IaxoeWWVpeWV3Lruc2Nre2d/K7ew0RxhyTOg5ZyFseEoTRgNQllYy0Ik6Q7zHS9EaXqd+8I1zQMLiW44i4PhoEtE8xkkqq3XbzBUM/L5csuwQN3TAc0zJTYjl20YamUlIUKofT2uf90bTazb93eiGOfRJIzJAQbdOIpJsgLilmZJLrxIJECI/QgLQVDZBPhJvMDp3AE6X0YD/kqgIJZ+rviQT5Qox9T3X6SA7FopeK/3ntWPbLbkKDKJYkwPNF/ZhBGcL0a9ijnGDJxoogzKm6FeIh4ghLlU1uFkLJKdvF9PdF8hNCw9LNM92oqTQuwBxZcACOwSkwgQMq4ApUQR1gQMADeALP2o32qL1or/PWjPY9sw/+QHv7Ak4qkTY=</latexit>q

<latexit sha1_base64="iUdGDDG2LT5B6CcwVyXfm+2xH3U=">AAAB6nicbVDLSsNAFJ34rPVVdanIYBFchSSNTd0V3bhs0T6gDWUynbRDJw9mJkIJXbp040IRt35Ev8Od3+BPOGkVtHjgwuGce7n3Hi9mVEjD+NCWlldW19ZzG/nNre2d3cLeflNECcekgSMW8baHBGE0JA1JJSPtmBMUeIy0vNFV5rfuCBc0Cm/lOCZugAYh9SlGUkk33SDpFYqGflEpW3YZGrphOKZlZsRy7JINTaVkKFaPpvXP++NprVd47/YjnAQklJghITqmEUs3RVxSzMgk300EiREeoQHpKBqigAg3nZ06gadK6UM/4qpCCWfq74kUBUKMA091BkgOxaKXif95nUT6FTelYZxIEuL5Ij9hUEYw+xv2KSdYsrEiCHOqboV4iDjCUqWTn4VQdip2Kft9kfyE0LR081w36iqNSzBHDhyCE3AGTOCAKrgGNdAAGAzAA3gCzxrTHrUX7XXeuqR9zxyAP9DevgDP3JIX</latexit>µ <latexit sha1_base64="ZU7JF5R4KQyjby2SHd4471U+GBk=">AAAB6nicbVBNSwMxEM3Wr7p+VT16CRbB05Jta7cexKIXjxVtLbRLyaZpG5rNLklWKKU/wYsHRTzqf/HuRfw3ZlsFLT4YeLw3w8y8IOZMaYQ+rczC4tLySnbVXlvf2NzKbe80VJRIQusk4pFsBlhRzgSta6Y5bcaS4jDg9CYYnqf+zS2VikXiWo9i6oe4L1iPEayNdNUWSSeXR85xpVwolSFyEPLcgpuSglcqlqBrlBT50zf7JH75sGud3Hu7G5EkpEITjpVquSjW/hhLzQinE7udKBpjMsR92jJU4JAqfzw9dQIPjNKFvUiaEhpO1d8TYxwqNQoD0xliPVDzXir+57US3av4YybiRFNBZot6CYc6gunfsMskJZqPDMFEMnMrJAMsMdEmHXsaQtmrlIrp7/PkJ4RGwXGPHHSJ8tUzMEMW7IF9cAhc4IEquAA1UAcE9MEdeACPFrfurSfredaasb5ndsEfWK9fQ/iRrg==</latexit>⌫

<latexit sha1_base64="91mS56h6qpxwf6T6WIjk2cYBdQo="></latexit>

�
Z

d4q

(2⇡)4
Tr


(�ie�µ)

i

q/�m
(�ie�⌫)

i

q/+ p/�m

�
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VI.  Majorana fermions
•  Let’s go out of the box: Majorana fermions 

•  Consider the interaction

•  Then write the interaction in terms of
<latexit sha1_base64="5M34v//Fm3AHlfzE/xcIkwjlpJA="></latexit>

�̃ = C�̄T , ¯̃� = ��TC† , �0 = C�TC†

<latexit sha1_base64="U4/HBcuoW6217Iba3bnnQgY6riQ="></latexit>

LI = �̄�� = hi
abc�̄a�i�b�c

<latexit sha1_base64="TCGAPmF9TpuA3BLqibogMhHFXf4="></latexit>

LI = ¯̃��0�̃ = hi
abc⌘i ¯̃�b�i�̃a�c

• Obtain the Feynman rules for the two forms of the interaction

Denner, Hahn, Küblbeck, PLB 291 (1992) 278

<latexit sha1_base64="Tcf2A+wkCtorWRYhFMkJmQpfks8=">AAACDHicbZDLSgMxGIUz9VbrrerSTbAIrsqMVtuNUOzGZYXeoDMtmTTThmYyY5IplKEP4MZXceNCEbc+gDvfxsy0gloPBD7O+X+SHDdkVCrT/DQyK6tr6xvZzdzW9s7uXn7/oCWDSGDSxAELRMdFkjDKSVNRxUgnFAT5LiNtd1xL8vaECEkD3lDTkDg+GnLqUYyUtvr5gh1K2sPQJncRncAajG0XicSc9RrwCiakp8yimQoug7WAAlio3s9/2IMARz7hCjMkZdcyQ+XESCiKGZnl7EiSEOExGpKuRo58Ip04/cwMnmhnAL1A6MMVTN2fGzHypZz6rp70kRrJv1li/pd1I+VVnJjyMFKE4/lFXsSgCmDSDBxQQbBiUw0IC6rfCvEICYSV7i+XlnBZrpTOLbgM3yW0zorWRdG8LRWq14s6suAIHINTYIEyqIIbUAdNgME9eATP4MV4MJ6MV+NtPpoxFjuH4JeM9y+u8Jr7</latexit>

 c ⌘ C ̄T =  
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•  Feynman rules

1. Fermions are represented by solid lines. Dirac fermions carry an 
arrow while Majorana ones don’t.

2. Vertices are read of the two forms of the interaction
<latexit sha1_base64="7r3C4SjPbaBX6CM6Aw7KwTGw8c0=">AAACCnicbZBLSwMxFIUzPmt9VV26iRbBVZnRarssutBlBfuAzljupGkbmmSGJCOWoWs3/hU3LhRx6y9w579x2o6g1gOBj3PuJcnxQ860se1Pa25+YXFpObOSXV1b39jMbW3XdRApQmsk4IFq+qApZ5LWDDOcNkNFQficNvzB+Thv3FKlWSCvzTCknoCeZF1GwCRWO7fnXoAQgN2+H9zFGGQHj/DUu3FDxQRt5/J2wZ4Iz4KTQh6lqrZzH24nIJGg0hAOWrccOzReDMowwuko60aahkAG0KOtBCUIqr148pURPkicDu4GKjnS4In7cyMGofVQ+MmkANPXf7Ox+V/Wiky37MVMhpGhkkwv6kYcmwCPe8EdpigxfJgAEMWSt2LSBwXEJO1lJyWclsrFYwfPwncJ9aOCc1Kwr4r5yllaRwbton10iBxUQhV0iaqohgi6R4/oGb1YD9aT9Wq9TUfnrHRnB/2S9f4FcV2aWg==</latexit>

� and �0

fermion number flow
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3.  The propagators follow the following rule with respect to the 
fermion number flow

4. The initial state obey the rule:
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5. Draw all possible diagrams for a given process

6. Fix and arbitrary orientation (fermion flow) for each fermion chain

7. Follow the rules 2, 3 and 4 to write the fermion contributions

8. Multiply by (-1) each closed fermion loop

9. Consider the -1 factors associated to fermion permutations

10. Majorana fermions behave like scalars and vectors to obtain the 

combinatoric factors

Example


