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2. Quantum Electrodynamics

Lagrangian for free spin %2 particle:

L(X,t) =1y (X,t)y“0 p (X,t) - my (X, )y (X,1)
Applying the Euler-Lagrange formalism leads to the Dirac equation.

ia(x

Demanding local phase invariance w(x) - y'(x)=e )y/(x) leads to:

L(X.t) = (X,)(iy“0, —my(X,t) + e (X.)y “p (X, DA,

To interpret the new field A, as photon field one has to introduce a term
corresponding to the field energy:

. _ 1 y
L=l//(|7/”8ﬂ—m)y/+ey/7”y/Aﬂ—ZFWF“ F. =0,A —0A,

. _ 1
L = W(Iyﬂaﬂ —m)y +eyyty A, - " FﬂVF”V
- AN J . J
Y~ Y Y
free electron Interaction between Photon field

electron and photon energy

Lagrangian defines the Feynman rules of a theory.
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Feynman rules for scattering processes
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9o G(p')Giey )u(p)
%/—/
ie -J;

M = —%G(k'mu(k) (P *u(p)

There are similar rules for other Feynman diagrams

External Lines
Spin 0 boson (or antiboson)

Spin § fermion (in, out)
antifermion (in, out)

Spin 1 photon (in, out)

e Internal Lines—Propagators (need + {e prescription)
Spin 0 boson ———
P
Spin % fermion — (g + m)
P — m?
; il e y p /M)
Massive spin 1 boson S — - _L =3 Pl " )
A
Massless spin 1 photon eSS
(Feynman gauge) P
® Vertex Factors P P
Photon—spin O (charge —e) Y we(p+p)
Photon—spin 4 (charge —¢) -

Halzen, Martin:
Quarks&Leptons
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3. Fermion-fermion scattering

3.1Process e u — e u

Sect.|l.5 mm=p do _ 12-1-M-|Mﬁ|2

Sect.ll2 mmp | M= —Z—zﬁ(k’)yﬂu(k)-U(p’);/”u(p)

N

Spinors decribe a specific
spin state of the fermions

For non-polarized ingoing particles and for non-observation of final
state spin one observes unpolarized cross sections = need to
average over possible initial spin states and sum over all final
spin states. Q
M= 'z M
(ZSe als 1)(23;1 +1) s.s,sis,

a2 1 2
M| = : M
| | (2s, +1(2s, +1) SZS SZS| |
1 ) — H (L "\, *
=5 o T EIK) u0Ey uo)
[U(p")y, u(PIE(p)y,u(p)l
= e_4 L':" : Lmuon,,uv
MV 1 — r )i — ’ v *
Electron tensor e = ESZS‘.,[U (K )y u)u (k)y u(k)l

1o, _ '
Muon tensor Lvon, v = EZ [u(p )y, u(p)Iu(p’)y,u(p)]
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Useful relations |:

Completeness relation: Zus(p)ﬁs(p) =p+m

s=12

> V(P (p)=p-m

s=12

a=y"a,

\ ) St \ ) jk=

I Matrix A

1( st

D U uily%u = GOy + m)yCu = Z{Z(@),-A,-k(uf)k}

4
Z‘Uf;/ouir = > Au(p +m),; =D B, =TraceB

S;.S¢ jk=1 j

Matrix B = A(ps +m)

Useful relations |I:

Sfr%u| = Trace(,°(p, +m)°(p; +m))

S; St

Trace theorems:
Trace(l)=4
Trace(odd number of y#)=0

Trace(@b) = 4(ab) = 4a,b”

Trace(abe¢d) = 4(ab)(cd) + 4(ad)(bc) — 4(ac)(bd)
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1
Electron tensor Lgv >
2 Se.S

Muon tensor [ Muon _
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[a(p)y u(PIU(P )y, u(P)

After a lengthy calculation
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L =5 Z[U(k Ny udlu k) uk)r

SS

L Muon :% > [U(R")y, ()T ()7, u(p)]

uv

L = 2(k#K" +k"k* = (k' -k —m2)g*"

L = Z(Dva +p,p,—(p'-p- Mz)g‘”)

m electron mass
M muon mass

Spin averaged matrix element for e 4 > e u

2 _i v 1 Muon
M= (2s, +1)(23 +1) ZZ| ] q* Lo L

Se.S,S¢:S),

: %[(k' p)(k - p)-+ (K- p)(k-p) ~m?p'- p~M2'- k + 2m*M?]

b exact 1storder resultfor e 'y — e u

Relativistic limit === neglect masses m and M

- 4 2 2
S +U

M| = (k" p)(k - p)+ (K" p)(k - p)] = 2¢°

M-8 2 ol |- 2622
By using the s:(k+p)2 :m2+M2+2kp ~2kp =~2kp’
Mandelstam ne _ 2 2 . ' o
variables in the t=(k=k) =m"+M" -2k~ -2k~ -2pp
relativistic limit u=(k-p) =m’+M*—2kp’ ~—2kp' ~ —2k’p
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Scattering cross section for any two non-identical spin % particles:

e u —>e u

do __1 .E.M.Wf
fi

t=(k-k')> >  §=(k-k)?
s=(k+p? o> t
u=(k-p)? > d=k-p)=u

2 2 o
M| R Ch AT M| we o (150)
s? +u? ~_ t24 02
| |2e,#,%,ﬂ,(s,t,u) — 2e* = | |2e=e—ﬁ,,+,,—(t 5,0 = 2¢* =
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Differential cross sectionfor €'e¢ — x4 4 (CMS)
Reminder: Kinematics for high-relativistic particles
d 1 1|5 cMS p’
S0 = =B M, K P gy #
dQ 647" s || o - o
l Aﬁ/ k '
n S =5
do e 1 t°+u’ i b
20 _ _. = s=(k+k')* ~4E°
dQ 327° s S 2 2 *
I t=(k-p) ~-2kp~-2E,“(1-cos® )
e 2
= -=-(1+cos” ) .S
64r° S B (1+cos )
, u=(k-p’)° ~-2kp'~ —2E*(1-cos®)
l e =4ra s
~—-—(1-coséd
2( )
do a’ 2
—| =—-(1+cos #)
dQ|es S «—1/s dependence from flux factor
10 T T T ™3
1
d 2 o i
290 2% (14 cos’6)
dQ|,s 4s L
4za’  86.86nbGeV’ :
O ot = 3 =
S s
[10‘-“ = | L £ 2|0 | 3;0 gl gy 0
V5 (GeV)
Fig. 6.6 The total cross section fore e’ — p~p" measu red
at PETRA versus the center-of-mass energy.

U. Uwer




Advanced Particle: Physics Ill. QED

U. Uwer

3.3 Chirality, Helicity and angular distribution

Chirality operator: u = %(1— 7 )u 0 1
5 _
Projection of left- and right- 1 5 4 (1 O]
handed components of spinor u Ug = E(l"' yu
et t g4  -p s_[6 0
elICIty operator: = <= = -
yor 2T 0 5

In the relativistic limit (or for massless particles) the eigenstates
of the helicity operator corresponds to the chirality states.

Decomposition of the fermion current:

Uyﬂu = (UR +UL)7/ﬂ(uR +Ul_)

= — u
= Ugy Ug +U 7y U

Attention “arrows” correct
only for massless electrons

L L R R
u, u Ug Ug
e —m> —m—> o e —Em)> —mm—> ¢
H—/

Photon spin = 1

Photon (vector iey*) coupling:

L
e—m> <«@m—c’
R u \'

L R

e—mm)> <mm)— e

Ug Vi
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Angular distribution e'e — u'u

AXis z

Change of quantization axis

J=1
m,=-1

rotation

Axis 7'

dl \] = l
11 )
m, =-1

J=1 " J=1
m, =-1 m, =+1

T ] sy oo 1vcos's

3.3 Bhabha scattering e‘e” »>e'e”

e’ e’ e
> 2
‘l\/l ‘ ‘ ‘ + interference +
%_/

eu »>eu

=

ee > uu
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do a(s+u 2u t+uJ
— + +
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CM system:

e / -~ e
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3.4 Summary

— Forward Badm.ird
peak

Meller scattering
eTe e e

(Crossing s « u]

Feynman Diagrams

Forward “Time-like"
Bhabha scattering

ol P S

(Crossing | s = 1)
l:"c‘-vp_;_l' >‘"<

|°’lu’/1e

Interference Backward

(u + 1 symmetric)

Interference Time-like

u- 2ut ut +¢*
i L
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