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1 Introduction

In this short paper, we will demonstrate some of the simplest calculations in quantum
electrodynamics (QED), leading to the lowest-order experimental predictions for cross-
sections.

In particular, we will first define what (differential) cross-sections are. Then, we
will discuss spin/polarization sums and averages, which are important for experimen-
tal predictions. This arises because our experimental set-ups are agnostic to the
spin/polarization states of the external particles. Afterwards, we will calculate in
detail the cross-sections for one of the simplest and the most common processes in
QED: ete” — [Tl7. We treat the case where | = e separately, since that requires
much more calculations.



2 QED Cross-Section, Spin, and Polarization

Let us label the initial and final states of a quantum system as |i) and |f) respectively.
Then, the transition probability from |i) to |f) is given by

P(i— f) =15l (1)
where the S-matrix element Sy; is defined as
S = (f1S1i) (2)

and signifies the transition amplitude from a state |i) to a state |f) within a time
duration T and a volume V', not explicitly included in eq. [I}

More specifically, consider a process where we begin with an initial state ¢ with two
particles whose 4-momenta are p; = (E;, p;), ¢ = 1,2, and end up with a final state f
with N particles whose 4-momenta are p; = <E},p}>, f=1,2,...,N. In this paper,
we will only discuss QED processes, and hence the particles involved are leptons and
photons only.

Then, if we specify the time 7" and the spatial volume V under consideration, the
S-matrix element is given by

Spirv = 0fi + 0rv (Zp/f - ZPz)
7 i
- 1/2
X 1:[ (QVE,) 1;[ (2VE}> H(sz) M,

where the index [ runs over all external leptons in the process and dry is defined as

T/2
oty <Zp’f - sz> = /T dt/ d3x exp |iz# (Zp} - sz>
! i -T2 v s i u

M is called the invariant amplitude because this quantity is Lorentz-invariant (or the
Feynman amplitude); it is determined by the relevant Feynman diagrams for specific
processes under consideration.

Now, suppose T" and V' are very large. Then,

Srv (pr Zn) (2m)* 6 (pr Zn)

due to Fourier transform, and

[m (Z Py - Zm)

=TV (2m)* 6@ (pr Zp,>.



Then, the transition probability per unit time is

_ Sgiavl’
T

=V (2m)* 6 <Z v - sz)
f i

(1) () 1) o

This result only holds for one exact final state f. Practically, we are interested in

(3)

the transition rate to a set of final states within some momenta range (p’f, p} + d3p, )

This gives eq. [3|an additional factor of H F . Furthermore, it is useful to normalize

the transition rate to one scattering/ Colhdlng center (recall that we have only 2 particles
initially) in the volume and unit incident flux; this requires an additional factor of
V/re1, where v, is the relative velocity of the two initial particles. Then, we obtain a
quantity called the differential cross-section which equals

vVd'p,
do =w 4 H—pgf
Urel I (27()
=2n) s P =) op 1 []2m Hd?)—p} IMI*. (4)
I ! p ‘ 4E1E2vrel 1 [ (2’/T)3 2E}

Note that the two factors of V' from the initial-state product are canceled with one
factor in w and another in the normalization factor V/v,.

Assuming that the two initial particles are moving co-linearly, one particularly
useful frame of reference is the center-of-momentum frame (CoM)—it is also often
called the center-of-mass frame, which is a misnomer. In this frame, p; = —pa2, so the
relative velocity of the two initial particles is

lp1| | |p2| _ B+ E
rel — = . 5
Urel E1 + E2 E1E2 |p1| ( )

Now, we consider the specific case in which there are only two particles in the final
state as well. Then, eq. |4 becomes

do = f(p), ph) W (P} + ph — p1 — p2) &°p) d°p) (6)
where ,
;o (M|
= 2 .
f<p17p2) 6471'2Ure]E1E2E1Eé H( ml) (7)
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However, due to energy- and momentum-conservations, the final state 4-momenta
are not truly independent. For instance, in the CoM frame, p; = —p», and p}| = —p}.

To write the cross-section in more useful independent variables, we first integrate
eq. @ over p, and obtain

do = [ (), py) 6(E, + B} — By — By) |p,|” d|p) |de

where we now have the momentum-conservation condition p}, = p; + p2 — p). Inte-
grating over | p’1|, we obtain

O(E{ + Ey — Ey — E»)
I|py] ’
where we have the momentum- and energy-conservation condition p, = p; + ps — p.

As mentioned, in the CoM frame, the final-state momenta are not independent:
py = —p,. Hence,

do = f(p}, pb)|p,[*as¥, (8)

O(Ey1+E,—E—Ey)  0(E1+ E))

0|py| - olpY]
LARNEA
BB
Ei+E
= &g Pl (9)
where we have used the CoM condition, p'1’ = |p’2|, and the energy-conservation

condition, E| + E) = Ey + Es.
Substituting eqs. [} [7, and [J] into eq. [§] we obtain the CoM differential cross-section

do 1 A 2
= 2my | IMJ?. 10
(d9’1>COM 6472 (B, + E»)” |pil [[2m 1] (10)

l

However, even this result is too ‘specific’ for empirical purposes. That is, the initial
and the final states of the particles are still specified completely. In particular, the
spin and the polarization states of the relevant leptons and photons must be specified;
these are included within the invariant amplitude M. However, in most (if not all)
practical experimental settings, the incoming particles are typically not polarized, and
the polarizations of the outgoing particles are not detected either—hereon, the term
polarization will be used loosely to refer the spins of leptons as well as the photon
polarizations.

Hence, in order to obtain practical cross-sections for experimental predictions, we
need to average over the different polarizations of the incoming particles, to which
we are agnostic. Similarly, we need to sum up the different outgoing particles’ polar-
ization states; since processes with different final polarization states are disjoint, the
probabilities can be simply added.



For instance, consider a QED process that has one initial-state lepton with 4-
momentum p & spin r and one final-state lepton with 4-momentum p’ & spin s. Then,
its invariant amplitude is of the form

Mrs = a8<p/>rur(p) ) (11)

where v and @ are the positive-energy Dirac spinors and I' is a 4-by-4 matrix made
out of v-matrices. The specific form of I' depends on the specific QED process under
consideration.

As mentioned, eq. [11]is too specific and limited to fixed spin states r, s. If we want
to obtain the experimentally useful unpolarized cross-section, we need to average over
r and sum over s. Hence, we get a cross-section proportional to the quantity

Using the fact that 7° is real & symmetric and that (7°)? = I, we can compute

(M,s)* = [us(p") T up (p)]

(7)) T2 us(p)

=, (p) Tus(p) (13)
where we have defined )
[ =TT,
Using eqs. and (13| and explicitly writing out the spinor indices as a, 3,7, 6, we
obtain

X = 230 S P ()] [0 () )

=%< U%ﬂ@WOFw<z)ﬂMW@OFw
::%qy{pégmrp;gnf}, (14)

where we have used the completeness relation

S u @) p) =
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Similar calculations can be applied to processes involving anti-leptons using the

identity
2

S uwme) ="

2m
r=1

Similarly, we should consider the polarizations of external photons as well as leptons.

For instance, consider a process with one final external photon. Then, the unpolarized
cross-section is proportional to the quantity

X = Z |-/\/lr|2 = Z |€¢(kj)Mu|27 (15)

where e(k) is the polarization 4-vector corresponding to a polarization state r and a
wave 4-vector k. Note that k0 = |k|.

Since the quantities M and therefore X are gauge-independent, it is convenient to
work with the Lorenz gauge. That is, we let the 4-potential A* of the external photon

satisfy the condition
0, A" =0, (16)

which describes a simple transverse wave, in agreement with the common intuition of
free real radiation.

Because the quantity M, = €M, is gauge-invariant and we chose a transverse-
wave gauge, we have the property

KM, =0, (17)

and we can choose a coordinate system such that k* = (k,0,0, k).
Then, from eq. [I5, we can conclude that the unpolarized cross-section must be
proportional to

2 2
S IMP = MM T etel
r=1 r=1
= —MIM, (18)

where we have used the gauge condition eq. [17] and the completeness relation for real
photons, i.e.,

1 .
D= =g+ </<;“k:” + k“k”) ,
r=1

where k* = (k71,0,0, —k1).
Now, we can use these results to calculate some basic QED cross-sections.



3 efe” — [T]l” Process (I #¢)

Consider the collision process in which an electron-positron collides and annihilates to
produce a lepton-anti-lepton pair. If the polarizations of the external leptons are all
specified, this can be written as

€+(p1,7“1) + 6_(192, TZ) — l+(p/1a Sl) + l_(p/27 82) (19)

where the p’s denote 3-momenta, r’s and s’s denote spin states, and the primes label
the final state.

For simplicity, we will let the final state leptons (a lepton and an anti-lepton) be
muons or tauons, but not electrons.

Then, the first-order Feynman diagram corresponding to the process [19|is given by
fig. [I} Tts invariant amplitude is

o 1 _

M(r1,72, 81, 82) = i€® [T (ph, 52) v, 00+ (P, 1)) (TET DL [Vet (p1, 71)7" e~ (p2,72)]
final lepton vertex N—— initial electron vertex
photon propagator
(20)
and the complex conjugate is

* L9 1 _

M (11,79, 81, 89) = —ie” [0+ (P, 81)%”%(]9/2, S2)] m [t (P2, 72) V" Vet (P1,71)]

where we have used the vy-matrix identity: y#T = 70y#40.
Averaging over 7’s and summing over s’s (generalizing eq. , we obtain the quan-
tity proportional to the unpolarized cross-section

S99 BICEAN;

T1 T2 S1 52

et .
AL B
4(p1 +p2)t "
4 "+m ' —m — M + me
_ € Tr Py 57#}7)1 l’y,, Tr Py ,YMpZ an (21)
4(])1 + p2)4 2ml le 2me Qme
e I
Cry l5,

Figure 1: Lowest-order Feynman diagram for the process ete™ — [T]~
with complete polarization-specification.



Now, we use y-matrix trace theorems to calculate the quantities in eq. 21 In

particular,
Tr(y#t..4H) =0 if n =odd,
Tr(~y#4") = 49",
Tr(y"y"v"y7) = 4(9" 9" — 979" + ¢"7g"") .
Then, we get
/ /
Al — Tr p2+ml pl_mlﬁy
m 2ml . 2ml v
1
= M Tr [p;%}”’l% - mlgly;ﬂ/u}
1 g
= = PP T (Gp0¥e ) = mi Tr (3]
I
1 ag
- W [4p/2pp/1 (gpugal’ — Ypo9uv + gpl/g/w) - 4m129;w}
i
1
= —5 [Phphy + P, — (0 + P1Ps) gy
i

and similarly*

v 1 1% 1% v
Bt = — PPy + phpt — (m2 + pip2)g™”]

Substituting into eq. 21}, we get

4
€ / / / / 2.1 1 2 2, 2
— 2

2B (o1 T o) [(plpl)(pgpg) + (p1ph) (p2p}) + mZp Py + mipipe + meml}

Now, to simplify this expression further, we consider a specific frame of reference:
the center-of-momentum frame. In this frame, p; = —p,, p| = —p), and F; = Ey =
E} = E, = E. The kinematics of e"e™ — [*]™ process is simply described by the angle
0 between p, & p) and the magnitudes of the 3-momenta p = |p| and p' = [p/|. In

summary, we have the following results:

pipy = paph = E* —pp'cosf,  pipy = pop = E* + pp/ cos b,
ppe=E*+p°,  piph=E+p?,
(p1 +p2)2 =4F”.

(22)

Therefore, we obtain the final unpolarized differential cross-section for the CoM
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frame:

do 1 Pl
(d_ﬂ) CoM - 6472(Ey + Ez )% || (H le>
L 6m m? 6—
2567T2E2 : 32m2m,2E4
x [2E* + 2p*p” cos® 6 + m2(E® + p?) + m} (E* 4 p*) + 2mZmj]

a? p/
N T (E) [E? +mj + p* cos® 0] | (23)

where o = €2 /(47) and we have made the approximation m, < m; < E and therefore
p? ~ E2.
The total cross-section is obtained by integrating over the whole 47 steradian solid

angle:
2

gyes p' 2 o, 1 p
OCoM = 777 <E) [E +my + gp, } . (24)

In even more high-energy cases, we have E > m; which also implies p’ ~ FE.
Therefore,

do o?
- - 1 2
(dQ)COM 16E2 ( e 9) ’

7TO[2

OCoM = @

4 Bhabha Scattering: efe~ — eTe” Process

In the previous section, we ignored the case where the final state lepton pair is an
electron-positron pair. This is because there are two lowest-order Feynman diagrams
that contribute to this process. In addition to the pair annihilation-creation process
discussed previously, there is also elastic scattering of the electron and the positron by
simply exchanging a photon. See fig. 2]

The invariant amplitude for process (a) was already discussed in the previous sec-
tion:

o 1 _
M, = ie* [u(ph, s2)7,0 (P}, 51)] o+ pa)? [0(p1, 71)7"u(p2; m2)] - (25)
The invariant amplitude for process (b) is:
s 2 (= (] 1 — m /
My = —ie” [u(py, 52)vuu(p2, 72)] =) [0(p1, 1) v (P, 51)] - (26)
lower vertex \1‘/—/ uppe;;ertex

photon propagator
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Figure 2: Two lowest-order Feynman diagrams for the ete™ — ete™ process.
(a) Annihilation-creation process, discussed previously.
(b) Elastic scattering by photon exchange.

Hence, the unpolarized differential cross-section is now proportional to the quantity

1Z]Ma+/\/lb!2

spins

1
= D (M + My + MM+ MEM,) (27)
spins
Again, we choose to work in the CoM frame so that we have all the identities in
eq. 22| and additionally

[p1] = [po] = p = [Pi] = [PL] = ¢,
and consider the relativistic case so that £ > m, (i.e. m¢/E ~0)and p=p' ~ E.
Then, we get

Xaa = iz ‘Ma|2

spins

64

16m}

which follows from the result that we saw in the previous section.
Similar process shows that

1
Xpb = Z My|”

spins

64

~ m [(plpll)(p2p/2) + (plpé)(pﬂ)ll)]

R~ 6—4 1+ cos* o (29)
~ 8misin’ (0/2) 2]

[1+ cos®d] , (28)

~
~
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The last term, which is the cross-term between processes (a) and (b), is more
complicated. With higher-power trace theorems, we obtain

X = i S MM;

spins

B 4(])1 —|—p2)2(p’1 _ pl)Q Z [I_L(pé, S2)’Vuv<p,17 31)] [@(pl, rl)yﬂu(p% 7”2)]

spins

x [0(p}, s1) (1, 7)) [U(p2, 72)7" u(p), 52)]

—e _ / / — /
= u(ps, S v(py, 1) [0(py, s1)Yv(pr,
4(]91 +p2)2(p/1 _pl)g szms[ (pQ 2)7# (pl 1)] [ (pl 1)7 (pl 1)]
x [0(p1, )7 u(pa, 2)] [W(p2, 72)7" u(ps, 52)]
—et ! + me - MmMe — Me + MmMe
_ € Tr P, %L% %p1 7“% "z
4(p1 + p2)%(p) — p1)? 2m. 2m, 2m, 2m,
¢t
~ T [ / / » i V]
Glmt(pr + P22 —pr? | TR
—et 0

Smisin?(0/2) 2 (30)

Therefore, the unpolarized differential cross-section in the highly-relativistic CoM
frame is

do _ 1 |p/1‘(2m)4[X + Xy + X + X0
dQ ) o 6472 (Ey + E»)? |py| ‘ - * b @b

a? {1 +cos?0 1+cost(0/2) _cost(0/2)

-2 ) 31
8E? 2 sin(0/2) sin?(0/2) (81)

Note that this quantity diverges to positive infinity as # — 0 due to the Xy,
contribution. In other words, the differential-cross section is infinite in the co-linear
forward direction. This is because the 4-momentum of the photon exchanged between
the electron and the positron k* = (p}| — p1)* goes to zero and the photon propagator

in eq. 26| diverges.
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