Notes on Unitarity Sam A.

Unitarity is the most fundamental feature of the theories we study as quantum field theorists. In
our attempts to describe the universe, we may abandon Lorentz invariance, propagators, even our
formal notions of a Hilbert space! But shaking off unitarity is a nearly impossible task. It may not be
surprising then that unitarity alone can put immense constraints on the structures of the theories we
study, long before we introduce more complicated machinery. Unitarity tells us about the deep rules
that govern the structure of scattering amplitudes. It places strong bounds on the growth of cross
sections, motivated humanity’s search for the Higgs boson, and can even be used to demonstrate
that entropy increases in a universe governed by quantum field theory. Even today, when applied
with other technology, it points the way to mysterious and rich modern perspectives on quantum
field theory (QFT), from BCFW recursion to the Grassmannian geometry of scattering amplitudes
and beyond.

In these notes, we will be concerned with what we can gain from unitarity alone. We will
begin with the optical theorem — the simplest theorem in QFT. Using the optical theorem, we will
demonstrate that unitarity leads to very stringent bounds on the growth of cross sections with energy.
We will touch on some examples which demonstrate the power of these results, from basic results in
scalar field theories to our foresight of the existence of the Higgs. Finally, we will introduce some
unnecessary but beautiful concepts involving unitarity, and leave with a guide for useful references.

1 The Optical Theorem

The optical theorem is the simplest result we will derive from unitarity. As we will see in Section
3, it will allow us to access a variety of powerful results with minimal effort. If processes in our
universe occur through unitary time evolution, then the S-matrix is unitary, so that

STS = (1 —iThH(144T) =1, (1.0.1)

T’ is the transfer matrix which determines the non-trivial piece of the S-matrix, and whose matrix
elements determine the amplitudes we compute in our usual approaches to QFT. Sandwiching both
sides between an initial and final state, it is clear that

(FIT i) = (fIT" i) =i (f| TT T i) (1.0.2)

If we define (27)*0%(p; — py)M(i — f) = (f| T'|i) to be our usual scattering amplitudes, then we
may insert a resolution of the identity on the right hand side of the above equation to retrieve

The Generalized Optical Theorem:

M= f) = M*(f = i) = iZ/dHX(QW)A‘(S‘l(pi )M = X)M(f = X)
(1.0.3)
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where dllx is a Lorentz invariant phase space measure for the phase space of the state X. For
example, in a theory with a single scalar field, we would have

1_2/6117 \X><X|—|O><0|+/imﬂkHl/M,k ko) Ukl +
= . X - (271')32Ek 21 (277')64Ek1Ek2 1, h2 1, h2

1 d3k,...d3k
i / (27 ) = |ky. kn) (k1. kx| + ...

N! PNONE, By,
(1.0.4)
where we have normalized our momentum eigenstates by
(klp) = (2m)*2E3,0°(k — p) (1.0.5)

The extra factors of - are subtle, but important in the use of the optical theorem to compute decay

n!
rates and cross sections.

Setting ¢ = f = A leads us to

The Optical Theorem:

2Im M(A — A) = Z/dHXM/l(A — X)2(27)*6*(pi — px) (1.0.6)
X

Let us consider gradually more complicated A to gain some physical intuition for this equation.
We skip the case |A) = |0), whose physical explanation is more complicated, and consider the
case where |A) is a one particle state. The amplitudes M (A — X)) are therefore determined by
processes in which A decays to the final state | X'). Our memory tickled, we look to our favorite
QFT textbook (Srednicki, for example) to find the equation for the partial decay rate of A into X. It
is given by

[NA— X)= ﬁ dIlx (27)*6* (ps — px)|IM(A — X)|? (1.0.7)

Amazing! We see that the imaginary part of the so-called ‘forward-scattering’ amplitude
M(A — A) is given by

ImM(A— A)=Es Y T(A— X)=EAT(A), (1.0.8)
X

with I'(A) the total decay rate for the single particle state A. Note that the extra factor of F 4 on
the right hand side makes this quantity Lorentz invariant, as I'(A) dilates as we boost A to higher
momenta.

Similarly, we could let A represent a two particle state. We are again inspired to recall the
definition of the cross section for the scattering of A into X, given by

1

o =
4E1E2|V1 — V2|

/dHX(QW)454(pZ- —px)|M(A = X)|?, (1.0.9)
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or

dIlx(27)*6* M(A— X)? 1.0.10
= o ) = M4 = X) (10.10)

in the center of mass frame. We again obtain a miraculous relation:

Im M(A = A) = 2B Ey|vi — va| Y 0(A = X) = 2E1By|vy — va|o(A) (1.0.11)
X

where o(A) is the total cross section. In the center of mass frame, this becomes
Im M(A — A) = 2/s |p| o(A), (1.0.12)
where p is the momentum of one of the particles of A in the center of mass frame.

As a historical aside, we should rightfully wonder what the heck the optical theorem has to do
with optics. More on this later.

1.1 Cutting Rules

2 Unitarity Bounds

There are several powerful bounds we can put on the growth of amplitudes with energy using
unitarity. They are especially powerful because they tell us where our models must break down;
historically, they are one of the theoretical tools that pointed us towards the Higgs boson. We begin
with a heuristic discussion of the Froissart bound before delving into the more practical partial wave
unitarity bound.

In fact, the Froissart bound emerges through a classical analysis of 2-2 scattering through a
Yukawa potential,

gef/-er

Vi) ="—. (2.0.1)

Here, x represents a mass scale of the problem; this could emerge, for example, in a model with a
fermion with a Yukawa coupling to a scalar of mass x. If the particles are initially very far away
from each other, with impact parameter a such that ge"*/a < , their scattering cross section will
be very small. As we decrease the impact parameter, the cross section will increase more and more
until we see total scattering, for which the cross section is o ~ ma?. We expect that this occurs
when the strength of the interaction between our particles is large, ge"* ~ 1. Then total scattering
occurs when

1
a~ —log(g) (2.0.2)
K
So that cross section with this strong interaction is
s
o~ log?(g) (2.0.3)

This places a rough upper bound on the cross section for the scattering. If g is roughly constant with
energy, then this provides a constant upper bound on cross sections. If g scales at large energies as
g ~ (E/kK)™, then we see that the maximum value of the cross section grows roughly as
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Froissart Bound:

2
E
oS 10g?(=) (2.0.4)
K K

for mass scale x of the problem. Indeed, the observed proton-proton total scross-section grows
nearly as log(E )2 at high energies, and our crude estimate, which may be derived more rigorously
and in a wider context using unitarity, is something that we may use to explain what we see in nature.

Great! Now let’s derive some more powerful bounds with more satisfying arguments.

2.1 Partial Wave Unitarity

Partial wave unitarity emerges in the study of elastic scattering in which two particles, say A
and B, interact in the process A(k;1)B(ky) — A(p1)B(p2)- In the center of mass frame, the cross
section for this process is given by

o(AB — AB) = /dcos(0)|/\/l(9)|2, (2.1.1)

3272s

where 6 is the angle between the ingoing momenta and outgoing momenta of A and B. If we scatter
states with fixed (orbital) angular momenta j, then the outgoing amplitudes take the form

_ a; ,
M(0) = 167r2j " 113](9), (2.1.2)

as shown in Appendix . P; is the ;™ Legendre polynomial, and the coefficient is normalized by
convention. Using the completeness relation

1
2
/1 dzPj(x)Py(z) = o 15jk (2.1.3)
we have
167 . 9
0(AB = AB) = —(2j + 1)|a;| (2.1.4)
s

Now let’s make unitarity do some work for us. If we take A(ky)B(k2) — A(k1)B(ks), then
6 = 0. The optical theorem tells us that

167(2j + 1)Ima; = 2¢/5p Y _(AB — X) > 2\/s|p|o(AB — AB) (2.1.5)
X
with equality when AB is the only kinematically available final state. Then
2

At high energies, |p| = v/s /2. Then we have
Ima; > |a;|* > (Ima;)? (2.1.7)

This is only possible if Im a; < 1, so that |a;| < 1. Then we have a strong bound on the behavior of
cross sections at high energies:
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Partial Wave Unitarity Bound:

167(2) + 1
o(AB — AB) < 172 +1) 2.1.8)
S

It turns out that this bound, o < 1/s, holds even for the full cross section ), o(AB — X).
However, this is (apparently) a much more difficult result to derive.

Let’s take a look at a quick example. Imagine an effective theory of a real scalar field
with a dimension 5, non-renormalizable interaction:

1
L= -0,00"p(1 + 2?) (2.1.9)
2 A
The three point interaction of this theory leads us to a tree-level scattering amplitude for ¢ — ¢o.
Let us consider the scattering of plane wave ¢ states (with no angular momentum), work in the
center of mass frame, and ignore order one constants, so that

’

M(6p = d9)= Tyl (2.1.10)
= ///¥ —————— \\\ A p2 A2 . « 1.
Since Py(x) = 1, using Equation 2.1.2 we have
S
~ 2.1.11
“0 T67A 11D

This means that our tree level calculation becomes inconsistent with unitarity near s ~ 1672A2. But
we are working in a unitary quantum field theory! Then loop effects must become large near the
mass scale /s = /167 A, and we must scramble to add an infinite number of counterterms to our
non-renormalizable theory when we reach this scale. In other words, the predictability of the theory
must break down near the scale A, exactly as we usually argue from dimensional analysis.
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Mastery Question:

Consider a free, massless scalar field theory with Lagrangian
1 1
L= 3 Mol (2.1.12)

Perform the field redefinition ¢ = ¢ + ‘%2 This field redefinition plays nice, in that it satisfies
¢'(¢)|s=0 = 1, so that it preserves our asymptotic states. In other words, it allows us to use
the LSZ formula with no additional renormalization.

This field redefinition produces interactions of the form written above, which we saw led
to problems at high energies. However, it descended from a free field theory, where there are
no loops! Write down the Lagrangian for ¢, and calculate the four-point scattering amplitude
for the process ¢ — . Do we run into similar problems at tree level? If so, what is the
solution?

3 Applications of Unitarity

Next, let us explore some places where our above results are useful in understanding the universe.
Building from the simplest to the most complicated, we will start with the relationship between
partial widths and particle decays. As promised, we will describe how unitarity tells us about the
existence of the Higgs. We will end with some applications to collider physics and beyond.

3.1 The Breit-Wigner Distribution

Have you ever wondered why the inverse lifetime of a decay is called a width? The answer has
to do with the behavior of cross sections near the resonance associated with that decay. To see this,
let’s recall that we used the optical theorem to produce Equation 1.0.8. In the center of mass frame
of the particle A, it tells us that

Im M(A — A) = Im (——) = mpD(A), 3.1.1)

where mp is the physical or pole mass of the A particle. Since this is an amplitude, and not a
propagator, the propagators on either side of the diagram are truncated. As an amplitude, we have
that

1

() + ... (3.1.2)
p* —mi,

= X(p*) + X(p?)

where m g, is the mass term appearing in the Lagrangian, and the self-energy X(p?) is the contribution
of one particle irreducible diagrams to the propagator. Then, to leading order, we have that

Im X(p?) = mpl'(A) + ... (3.1.3)
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To avoid confusion with the amplitude above, we will denote the dressed propagator (with no
truncation of external lines) with a double line. Since we can resum the 1PI contributions to the
propagator, we have that

1 1 1
P2 —mA+ 3?2 pr-mib+ .. +ilmX(p?)  p? —mE +impl(A) + ...
(3.1.4)

where we have used that m% = m?% — Re ¥(m%) is the pole mass corresponding to the on-shell
condition, we have assumed that (p?) is calculated in a renormalization scheme which does not
change the normalization of asymptotic states, and we have disregarded subleading real terms near
the pole mass. Then, when the center of mass energy of the scattering is near the pole mass,

The Breit-Wigner Distribution:

2

N A N g'
7 @ —mel + el @ O

This is the celebrated Breit-Wigner distribution describing cross sections near resonance. The
full-width of the resulting curve at half of its maximum is given by I'(A). This is why we call I'(A)
a width. If the width is narrow, exciting things happen.

3.2 The Higgs

We discovered the W and Z bosons in 1983, almost 30 years before the Higgs. Regardless,
the properties of the W and Z gave us a good indication of where to look for the Higgs boson,
and at what energies we would expect the LHC to be most successful in this search. These subtle
indications of the properties of the Higgs came from unitarity bounds.

In this section we will be very schematic, writing the amplitudes for W and Z boson scattering
without any mathematics. The relevant calculations are performed in Schwartz Chapter 29.2. The
basic point is that the scattering of W and Z bosons has an amplitude which grows fast at high
energies. In particular, if we include only the direct interactions between the W and the Z which
descend from non-abelian gauge theory, without any consideration of the Higgs, then at high energies
we have

t
() = +0() (3.2.1)
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On the other hand, the contribution from the exchange of a t-channel Higgs is

~——+0(1) (3.2.2)

<

There is a cancellation of the high energy behaviors of these diagrams, regardless of the Higgs mass,
and the Higgs saves the day! However, the Higgs mass must be small enough for it to contribute
to the scattering before the partial wave unitarity bound is violated. We can see by dimensional
analysis that this means that m;, < v. This is a useful bound because we could measure v through the
properties of the W and Z bosons before we saw the Higgs. The precise analysis of the amplitudes
with partial wave unitarity yields

Lee-Quigg-Thacker Bound:

/1
mp, < % v~ 1TeV (3.2.3)

Let’s test our understanding of this bound and the underlying physics by linking it to one of our
physics buzz-words:

Mastery Question:
Evaluate the correctness of the following statement:

In the Standard Model, the hierarchy problem is a problem with the mass of the Higgs
boson. In particular, the Higgs mass is unnaturally small compared to the Planck scale, and
extremely sensitive to radiative corrections. However, since the Lee-Quigg-Thacker bound
tells us that the Higgs mass must lie below ~ 1 TeV, the scale of the Higgs mass is more
natural than it seems. In fact, there is no hierarchy problem at all!
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