
TIME EVOLUTION OF THE DISTRIBUTION OF
MATTER IN HARD PARTICLE PRODUCTION

{ BEN MEIRING & W.A HOROWITZ } UNIVERSITY OF CAPE TOWN

INTRODUCTION
We use the Schwinger-Keldysh finite-time
formalism applied to an interacting scalar
field theory to derive a perturbative
expression for the energy momentum
tensor associated with the production of
an off-shell particle, in an effort to analyti-
cally probe the regime of finite-time physics.

We want to extend these ideas to de-
rive expressions for off-shell jet production
in perturbative QCD.

THE BIG IDEA
We want to understand off-shell particles
in real time.

Our approach is through finding the expec-
tation of the energy momentum tensor T̂µν ,
yielding a real time result. Our 2 part plan:

• Pick a scalar theory, and calculate
T̂µν(x).

• Using our new insight, do the same in
perturbative QCD.

WHY IS THIS USEFUL?
• Insights into the behaviour of weakly

coupled QCD systems during the early
stages of the collision.

• The construction of an "early time
pQCD"/"late time AdS/CFT" model for
light quark energy loss.

• A repeatable method of analytically
probing non-linear differential equa-
tions.

METHOD

What does an off-shell particle look like?

We take the lagrangian of 2 uncharged scalar
fields with weak Yukawa coupling,
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and find the single particle expectation
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Figure 1: Schwinger-Keldysh contour used to find
expectation values.

This is a perturbative expansion along the con-
tour given by Figure 1. This gives us a win-
dow into the properties of the full interacting
theory in real time. Our goal here was to find
the first order perturbation to the relativistic
dispersion relation E2 = ~p2 + m2 + #λ2 for
a single ψ particle moving through the inter-
acting theory vacuum.

The plot below shows the leading order ex-
pectation 〈ψ|φ(x)φ(x)|ψ〉, indicating the be-
haviour of the induced φ field surrounding a
propagating ψ particle in the interacting vac-
uum.

Figure 2: 〈ψ|φ(x)φ(x)|ψ〉 to order λ2 as a function
of radial distance and time, with scale not intended
to be taken seriously.

The next step is to repeat this process for
QCD. After some work we expect to gain
physical insight into the momentum distribu-
tion for high energy jets in heavy ion collisions.
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RESULTS

We have constructed the building blocks for the first order calculation
of the energy momentum tensor, but we have run into divergences. We
are optimistic that a standard renormalization scheme will take care of

these. Our calculation of 〈ψ|T̂µν(x)|ψ〉 is given diagramatically below
with operator:

〈ψ|T̂µν(x)|ψ〉 = 〈ψ|∂µφ∂νφ+ ∂µψ∂νψ − gµνL|ψ〉 (3)
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Here a red X indicates the field on which the relevant operator is mea-
sured. The similar terms contain variations of the same diagrams with

the operators attached to different legs and vertices. The same approach
can be used if we choose to scale up the number of initial particles.


