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In this chapterIn this chapter….

• How to study decay and scattering 
problems by introducing Feynman p y g y
diagram techniques
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Feynman diagrams are pictorial representations of Feynman and his diagramsy g p p
AMPLTUDES of particle reactions, i.e scatterings 
or decays. Use of Feynman diagrams can greatly 
reduce the amount of computation involved inreduce the amount of computation involved in 
calculating a rate or
cross section of a physical process, e.g. 
muon decay: e-  or e+e- +- scatteringmuon decay:  e e or  e e    scattering.

Like electrical circuit diagrams, every line in the diagram has a strict 
mathematical interpretation Unfortunately the mathematical overheadmathematical interpretation. Unfortunately the mathematical overhead 
necessary to do complete calculations with this technique is large and there 
is not enough time in this course to go through all the details. The details of 
Feynman diagrams are addressed in Advanced course. For a taste andFeynman diagrams are addressed in Advanced course. For a taste and 
summary of the rules look at Griffiths (e.g. sections 6.3, 6.6, and 7.5) or 
Relativistic Quantum Mechanics by Bjorken & Drell.
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Feynman Diagrams
Each Feynman diagram represents an AMPLITUDE (M).

Quantities such as cross sections and decay rates (lifetimes) are proportional to |M|2.
The transition rate for a process can be calculated using time dependent perturbation
theory using Fermi’s Golden Rule:

I l d b i

)(||2 2 spacephaseMratetransition 



In lowest order perturbation
theory M is the fourier transform
of the potential. M&S B.20-22, p295
“Born Approximation” M&S 1.27, p17

qf=final state momentum
v = speed of final state particle

The differential cross section for two body scattering (e.g. pppp) in the CM frame is:
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vi= speed of initial state 
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The decay rate () for a two body decay (e.g. K0 +-) in CM is given by:

M&S B.29, p296

y ( ) y y ( g ) g y

2
2 ||

8
|| M
cm

pS





Griffiths 6.32 m=mass of parent

p=momentum of decay particle
S t ti ti l f t (f i /b )S=statistical factor (fermions/bosons)

In most cases |M|2 cannot be calculated exactly. 
Often M is expanded in a power series. p p
Feynman diagrams represent terms in the series expansion of M.
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Feynman diagrams plot time vs space: Moller Scattering e-e-e-e-

e-
e-M&S

style QED Rules 

Solid lines are charged fermions
space initial state final state

e- e-

Solid lines are charged fermions
electrons or positrons (spinor wavefunctions)

Wavy (or dashed) lines are photons
Arrow on solid line signifies e- or e+

timeOR

Arrow on solid line signifies e or e
e- arrow in same direction as time
e+ arrow opposite direction as time

At each vertex there is a coupling constant

time

final state

p g
, = 1/137=fine structure constant

Quantum numbers are conserved at a vertex
e.g. electric charge, lepton number

space

initial state
“Virtual” Particles do not conserve E, p

virtual particles are internal to diagram(s)
for ’s: E2-p20 (off “mass shell”)

in all calculations we integrate over the virtualspace in all calculations we integrate over the virtual
particles 4-momentum (4d integral)

Photons couple to electric charge 
no photons only verticesno photons only vertices
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W l if di b h d f h liWe classify diagrams by the order of the coupling constant:

Bhabha scattering: e+e-e+e-

Amplitude is of order .1/2 1/2

1/2

1/2

1/2

Amplitude is of order .

Si 1/137 hi h d di h ld b i l

1/2

1/2



Since QED =1/137 higher order diagrams should be corrections to lower 
order diagrams.

Thi i j t t b ti Th !!This is just perturbation Theory!!
• This expansion in the coupling constant works for QED since QED=1/137
• Does not work well for QCD where QCD 1
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Feynman Diagrams
For a given order of the coupling constant there can be many diagramsFor a given order of the coupling constant there can be many diagrams

Bhabha scattering: e+e-e+e-

amplitudes canamplitudes can 
interfere constructively
or destructively

Must add/subtract diagram together to get the total amplitude 

total amplitude must reflect the symmetry of the processtotal amplitude must reflect the symmetry of the process
e+e- identical bosons in final state, amplitude symmetric under exchange of , .



e+

e- 

 e+

e-



+

M ll i id i l f i i i i i l d fi lMoller scattering: e-e-e-e- identical fermions in initial and final state
amplitude anti-symmetric under exchange of (1,2) and (a,b)

e-
1 e-

a
e-

1 e-

b

e-
be-

2

b
e-

a

e-
2

-
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Feynman Diagrams
di f i d l d h h !Feynman diagrams of a given order are related to each other!

e+e- ’s in final state

e+e- ’s in inital state

compton scattering electron and positroncompton scattering
 e-e-

electron and positron
wavefunctions are related
to each other.







number of incident particle
Flux = --------------------
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4.1 Decay Rates and Cross 
Sections

 Mean life time Probability of 

 Decay rate of particles

y
decay per unit time
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4.1 Decay Rates and Cross 
Sections

In scattering problems, the most interesting quantity is the cross 
section of the target.

particlesbeamof#
  time  volume
particles scattered of #


sn

volume
particlesbeamof#

b

particles beam ofvelocity bv

volume
particles target of #

t

sn 
tbbv 


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4.1 Decay Rates and Cross 
Sections
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4.1 Decay Rates and Cross 
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4.1 Decay Rates and Cross 
Sections
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Sections

  422
  

4

422

2

4
2 















kk

em
d
d

fi


2







kk fi

 2

2

2

sin4
       











 E

e  
2

sin4                 

)cos1(2

22

22




k

kkk fi





2
sin4 





E

2
sin8                 

2
2

2




mE


=> Rutherford Scattering



















4 3 Application of Feynman Rules4.3 Application of Feynman Rules

Before we start the real interactions it may be useful to train 
ourselves in using the Feynman rules and deriving cross sections 

and decay rates

C

and decay rates.

B

A
ig

i
jp

The Feynman rule 
f th t222 cmp jj 

of the propagater



4 3 Application of Feynman Rules4.3 Application of Feynman Rules
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4 3 Application of Feynman Rules4.3 Application of Feynman Rules

CBAdhC id CBA   processdecay heConsider t

P3P
CB

2P

ig

A1P

igi  M

No propagator!
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4 3 Application of Feynman Rules4.3 Application of Feynman Rules

Now, consider a scattering problem.

3P 4PB B

31 PP 
C

ig ig
    M1i

A
1P 2P

A

C

i
  222

31 cmPP
i

C



4 3 Application of Feynman Rules4.3 Application of Feynman Rules

3P 4PB B

PP i i41 PP

C

ig ig   M2i

A
1P 2P

Ai
  222

31 cmPP C



4 3 Application of Feynman Rules4.3 Application of Feynman Rules

222
31

2

1 )(
M

cmpp
g

C


222
41

2

2 )(
M

cmpp
g

C


31 )( cmpp C 41 )( cmpp C

22
2

 ,

22
2

22
1 pcmpp A








 

 
,

222

22
2 pcmpp A 





 

c.m system.

 
 ''

','
222

222
3

pcmpp

pcmpp B





 ,4 pcmpp B



4 3 Application of Feynman Rules4.3 Application of Feynman Rules

 22222
2

222222222

   






 

''2

''2)(

22222
2

2222

22222222222222
31 ppcmpcmpcmcmcmcmpp BACBAC

  




  cos''2                            222222222 ppcmpcmpcmmm BACBA

  ''2)( 22222
2

222222222 ppcmpcmpcmcmcmcmpp

  




 









cos''2

2)(

22222
2

2222

41

ppcmpcmpcmmm

ppcmpcmpcmcmcmcmpp BACBAC

  





 cos2                            ppcmpcmpcmmm BACBA

'dblihi 'andbetween anglescatteringc.m.  theis pp



4 3 Application of Feynman Rules4.3 Application of Feynman Rules

  )()2( 444
3

3
32

2 pppppdcpdcSMd 










  

 
)()2(

)()2(
2)2(2)2()()(4

4321
444

3

3
3

3

3

2
2

4321

4
3

3
3

222
2

22
2

pppppdcpdcSM

pppp
EEcmpcmp

Md
AA


































 )()(
2)2(2)2()(8

4321

4
3

3
3

222
22

pppp
EEcmpp A















)(
2)2()(8

222

4
4

3

3
3

2
222

22

2
2 cmp

E
pdc

cmpp

SMd B

A




 


 

)(8 cmpp A

 ddEEpdpdppd 33323

2

33
3 1  using

c 2



4 3 Application of Feynman Rules4.3 Application of Feynman Rules

 Sd 112   

ES

cmppppdE
ccmpp

SM
d
d

B

A

1

)(
2
1

)2(
1

)(8
222

222
321332

222
22

2







  








S

cmp
c
EcmppdE

ccmpp

SM AA

A

1

4)(4'
8

1

)(8
       

22

22
2

3222
2

32
222

22

2









 


  







cmpcEpdE
cmp

c
ccmpp

SM A

AA

'
48

1

)(8
       

2

22
2

33
22

22
222

22

2
2






 


  




  pcmp

pS
M

A )(16

'
       

22
22

2

2








22
2

222'  where cmpcmp BB 



4 3 Application of Feynman Rules4.3 Application of Feynman Rules
22 '1  pgd 

22
2

)(162
1













 


pcmp

pg
d
d

A



  22
2

22
2

2222 cos''2

1       






  ppcmpcmpcmmm 
2

1

cos2














 ppcmpcmpcmmm BACBA

  22
2

22
2

2222 cos''2

1      










 


ppcmpcmpcmmm BACBA

  2
1factor   lstatistica  theand  '  where 222

2

 Scmmpp BA



4 3 Application of Feynman Rules4.3 Application of Feynman Rules

0 limit, mass zero In the  CBA mmm

2


2

2
3

2

2
1













 g

d
d 

2sin162 







  pd



ReferencesReferences

• 윤석훈

• M A ThomsonM.A. Thomson

• Richard Kass


















