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Express radiation waveforms in terms of 
scattering amplitudes 

QCD amplitudes are bootstrapped using the color-kinematics 
duality

Gravity amplitudes are double copies of QCD 
amplitudes
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Real Imaginary 

The imaginary part is 
radiation reaction, we use 

2-particle cuts

The real part is radiation, we 
use 1-particle cuts

I. Radiation waveform



Real part is associated with radiation effects
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Caron-Huot, Giroux, Hannesdottir, Mizera

Imaginary part is associated with radiation 
reaction effects

I. Radiation waveform



II. Amplitudes



We bootstrap the amplitude (integrand) using color-kinematics 
duality and unitarity cuts

II. Amplitudes

Bern, Carrasco, Johansson

Gives us amplitudes we can 
double copy

Gauge theory Gravity



We bootstrap tree-level amplitudes using color-kinematics duality 
and factorisation 

II. Amplitudes

3-point 4-point 5-point



The 5-point one-loop amplitude has 116 graphs
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33 topologies

Look at A3

II. Amplitudes

The 5-point one-loop amplitude has 116 graphs
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II. Amplitudes
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Now we easily find the radiation and reaction 
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III. Gravity amplitude 



The double copy gives extra massless states

Is there a constructive approach? 

Is there a double copy approach?
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Projective double copy at loop-level
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Can we double copy the dilaton?
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Can we double copy the dilaton?

II. Gravity amplitude

Yes! 
Johansson, IVH (coming soon)



Express radiation waveforms in terms of 
scattering amplitudes 

QCD amplitudes are bootstrapped using the color-kinematics 
duality

Gravity amplitudes are (modified) double 
copies of QCD amplitudes



What now?

Consider higher loops - waveform? Interesting physics? 
Color-kinematics?

Spin?

Double copy dilatons?


