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Massive scalars in non-SUSY theories give 
many graphs, large expressions and 
expensive Feynman rule calculationsUnitarity methodsColor kinematics



Color kinematics duality

Massive matter in the fundamental  Johansson, Ochirov '16, Plefka, Shi, Wang '19, Bjerrum-Bohr, 
Cristofoli, Damgaard, Gomez '19, Luna, Nicholson, O’Connell, White '17 

In a color dual representation: kinematic weights of graphs obey same relations as color 
weights    Bern, Carrasco, Johansson '08, Bern, Carrasco, Johansson '10

A kinematic basis for all graphs can be written in terms of a small number of basis 
graphs (fights the combinatorial problem!)

Connects a web of theories (Recycling is good!)  [See review: Bern, Carrasco, Chiodaroli, Johansson, Roiban '19]

Color kinematics duality was first established in the adjoint, 
but soon generalized to all sorts of color/flavor relations 
Bargheer, He, McLoughlin '12 



Color kinematics relates kinematic numerators of 
graphs

Color kinematics Functional numeratorsColor kinematics Functional numerators
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Construction



3-point amplitudes are completely determined 
by color kinematics and symmetries



Two massive scalars at 4 point is fully determined 
by symmetry and factorization



Tree amplitudes are fully determined using color kinematics and 
factorization4 point tree

Color kinematics Factorization



Tree amplitudes are fully determined using color kinematics and 
factorization4 point tree



Tree amplitudes are fully 
determined using color 

kinematics and 
factorization

...



Loop amplitudes are fully determined using color 
kinematics and unitarity cuts

4 point 1 loop



Loop amplitudes are fully determined using color 
kinematics and unitarity cuts

Basis graphs

4 point 1 loop
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Loop amplitudes are fully determined using color 
kinematics and unitarity cuts

Encodes first correction to radiation



Loop amplitudes are fully determined using color 
kinematics and unitarity cuts

33 topologies

6 basis graphs



Loop amplitudes are fully determined using color 
kinematics and unitarity cuts

33 topologies

6 basis graphs

1872 parameters10 296 parameters



Color dual kinematic numerators can be double copied to 
obtain gravity predictions

Plefka, Shi, Wang '19,



Amplitudes are fully 
determined using color 
kinematics and unitarity 

methods

.

.

.

1 loop



Future work includes exploring differences between double-copies, 

exploring loop-level strategies for projecting out unwanted double-copy states,

looking at various limits (eg. Classical),

massive fermions in the fundamental,

bootstrapping further on up (2-loops and more)!



Thank you!



Gravity amplitudes are obtained using naive 
double copy and corrections from unitarity cuts
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Graviton numerator   =    Naive double copy    -    Dilatons

Example: 4 point tree
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Gravity amplitudes are obtained using naive 
double copy and corrections from unitarity cuts
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Example: 4 point tree

Factorization

Only gravitons
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