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We’ve seen that for the interaction hamiltonian

HI = gψ†ψφ (1)

the Feynman amplitude for nucleon-nucleon scattering NN →NN is

Afi ≡
(−ig)2(

p1−p′1
)2−µ2 + iε

+
(−ig)2(

p1−p′2
)2−µ2 + iε

(2)

where p1 and p2 are the momenta of the incoming nucleons and p′1 and p′2
are the momenta of the outgoing nucleons, and µ is the mass of the virtual
meson that is exchanged in the interaction. This expression can be obtained
by applying the Feynman rules for this hamiltonian.

Another process which can occur with this interaction is nucleon-antinucleon
scattering, orNN→NN . At second order, there are two diagrams that can
contribute to this interaction. We’ll look first at Fig. 1.

In this diagram, the incoming nucleon has momentum p1 and is drawn as
a black arrow heading to the left. The antinucleon has momentum p2 and
is drawn as a black arrow pointing to the right. The actual directions of the
momenta are drawn as red arrows. It’s rather unfortunate that antiparticles
have lines with arrows opposite to their direction of momentum, but it’s just
something we have to get used to.

From conservation of momentum, the virtual meson’s momentum q must
be

FIGURE 1. Nucleon-antinucleon scattering; first diagram.
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FIGURE 2. Nucleon-antinucleon scattering; second diagram.

q = p1−p′1 = p′2−p2 (3)
The only difference between this diagram and the diagram for nucleon-

nucleon scattering is that p2 and p′2 represent antinucleons instead of nu-
cleons. As the nucleon mass m is the same as the antinucleon mass, and
the interaction contains a single virtual meson with mass µ, we can apply
the Feynman rules to obtain the amplitude corresponding to this diagram,
which is the same as the first term in 2. That is

Afi1 =
(−ig)2(

p1−p′1
)2−µ2 + iε

(4)

The second diagram contributing to this process is in Fig. 2.
In this diagram, the two incoming nucleons annihilate each other, cre-

ating a virtual meson which in turn decays into the outgoing nucleon and
antinucleon. In this diagram, conservation of momentum gives us

q = p1 +p2 = p′1 +p
′
2 (5)

We can apply the Feynman rules again, or we can just notice that it is the
momentum q that turns up in the denominator of the scattering amplitude.
In this case, the amplitude is

Afi2 =
(−ig)2

(p1 +p2)
2−µ2 + iε

(6)

The combined amplitude is therefore

Afi =
(−ig)2(

p1−p′1
)2−µ2 + iε

+
(−ig)2

(p1 +p2)
2−µ2 + iε

(7)

The physical interpretation of the first term is the same as that for the
nucleon-nucleon case. It is equivalent to the first Born approximation of a
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Yukawa potential that we saw earlier. There is only one contribution for this
since the incoming particles are different here, so we can’t exchange them
to get an equivalent diagram.

The second term in 7 is a bit different. The term (p1 +p2)
2 =E2

T = q2 is
the square of the total energy of the incoming particles. This must be high
enough so that the meson can decay into a nucleon-antinucleon pair, so we
must have

(p1 +p2)
2 ≥ (2m)2 (8)

If the meson mass µ < 2m, then (p1 +p2)
2−µ2 > 0, so we don’t need the

iε.
The term

(−ig)2

(p1 +p2)
2−µ2 + iε

(9)

has a pole in the complex plane at ET = ±µ. This energy is below the
threshold for creating a nucleon-antinucleon pair, since ET ≥ 2m > µ.
Coleman asks if such a pole occurs in nonrelativistic scattering theory, and
quotes a result from second order perturbation theory. He calls it the ’sec-
ond Born approximation’ but this doesn’t match up with what I’ve seen as
the second order Born approximation. As far as I know, the second Born
approximation is obtained by inserting the first Born approximation back
into the integral equation for the Schrödinger equation.

The expression quoted by Coleman follows instead from perturbation
theory. In first-order time-independent perturbation theory, we get an ap-
proximation of the wave function given by

ψn1 = ∑
j 6=n

〈j0|V |n0〉
En0−Ej0

|j0〉 (10)

If we take the state |n0〉 to be the incoming state |i〉 then we can write as
an approximation at this order

Afi(2) ≈ 〈f |V |n1〉= ∑
j

〈f |V |j〉〈j|V |i〉
Ei−Ej0

(11)

Coleman’s argument then says that if there is some energy Ej0 in the
unperturbed system that happens to be equal to Ei, and also that the matrix
element 〈j0 |V | i〉 6= 0, then there will be a pole in this expression. As this
pole occurs below the threshold for nucleon-antinucleon pair creation, it
isn’t visible in the physical scattering.

http://physicspages.com/pdf/Field%20theory/Feynman%20diagrams%20and%20the%20Born%20approximation.pdf
http://physicspages.com/pdf/Quantum%20mechanics/Second%20order%20Born%20approximation%20in%20scattering%20theory.pdf
http://physicspages.com/pdf/Quantum%20mechanics/First%20order%20non-degenerate%20perturbation%20theory.pdf
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I’m not entirely satisfied with this explanation, as it seems rather vague
and imprecise, but then I suppose we’re dealing with approximations any-
way. The important thing to remember is that the scattering amplitude re-
sulting from Fig. 2 contains a pole, although this pole is in the non-physical
region, as it’s below the threshold required for the scattering process.
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