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LYMint = fabc + fabefecd

Amplitude-level structure
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Amplitude-level structure
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Amplitude-level structure

Kleiss-Kluijf (1989)
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Amplitude-level structure
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Double-Copy Construction

M =

Z
d«l

X

g

1

Sg

ng~ng
dg

A =
Z
d«l

X

g

1

Sg

cg~ng
dg

²¹! k¹ , ²¹²º! k¹²º + ²¹kº

Kawai, Lewellen, Tye 

At tree level, can be performed 
with KLT momentum kernel:

MXY
n = AXn «AYn

When the partial amplitudes satisfy BCJ, 
can replace c(g) with n(g) Bern, Carrasco, Johansson (2008)

Gauge theory for 1 SEK, Gravity for free! 

ci = cj+ ck , ni = nj+ nk
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humbly 14 perms

my 9 perms

Graphical organization 
reveals hidden simplicity

Imposing this behavior  
is equivalent to many  
physical constraints

Graphical Simplicity

Atreen-point

A3-loop4-point

gauge invariance •
soft theorems •
diffeo invariance•

Carrasco, Rodina, 
Cheung, Shen, Wen,...








































































































Color-dual constraints 
 on contact operators 

Gauge/diffeo invariance and 
soft theorems










































































































The traditional story 

color-kinematics = gauge invariance


L = (@A)2 + g1A2(@A) + g2A4










































































































The traditional story 
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L = (@A)2 + g1A2(@A) + g2A4

g2 » g21

= ¡1
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color-kinematics = gauge invariance











































































































The traditional story 

)

L = (@A)2 + g1A2(@A) + g2A4

g2 » g21

= ¡1
4
F 2

color-kinematics = gauge invariance


color-kinematics + double copy = linear diffeo inv.













































































































The traditional story 

)

L = (@A)2 + g1A2(@A) + g2A4

g2 » g21

= ¡1
4
F 2

color-kinematics = gauge invariance


color-kinematics + double copy = linear diffeo inv.




needed for diffeo. inv.










































































































The traditional story 

L = (@¼)2
X

k=0

ck¼
2k

color-kinematics = soft bootstrap 



Resums to NLSM LNLSM = (@U)y (@U) ; U = ei¼

Carrasco, Rodina, 
Cheung, Shen, Wen,...








































































































Climbing towers to
emergent massive modes

Color-dual constraints 
 on higher-derivatives 















































































Novel contributions to pure vector

Higher-derivative constraints = tower  
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Novel contributions to pure vector
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Broedel, Dixon 
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Higher-derivative constraints = tower  
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Higher-derivative constraints  
































































































attractor inflation
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attractor inflation
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Need higher 
derivative tower
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New massive particle residues 
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Resums to a color-dual dim-6 theory

Higher derivative color-dual numerators encode 
massive residues 
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More structure @ 6-point? 

5-point 
constraints

6-point 
constraints
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More structure @ 6-point? 

5-point 
constraints

6-point 
constraints

5-point vectors 
>58K parameters 
through 
O¡®4¢
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More structure @ 6-point? 
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constraints

6-point 
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2305.05688
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2302.04895


Scalar theory examples:       additional constraints!
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Normally color-kinematics fixes OUT•

Takeaway: Color-dual + EFT  
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Rs At Ru

Normally color-kinematics fixes OUT•

Takeaway: Color-dual + EFT  

But considering higher-derivatives, •
color-kinematics fixes operators UP 




















































































1 t t

Normally color-kinematics fixes OUT•

Takeaway: Color-dual + EFT  

Significantly more rigid than envisioned 

But considering higher-derivatives, •
color-kinematics fixes operators UP 

 
Introduces off-shell massive modes •

 








































































































1 t tModeling building implications  
for gravitational EFT

MXY
n = AXn «AYn
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AN
jMHV

n «AN
kMHV

n = 0 j 6= k

A
1¡loop
(+;+;+;+) =

1

3i

[12] [34]

h12ih34i +O(²)

MN=4 SG = AN=4 sYM «AYM+F
3

MR3 = AYM+F
3

«AYM+F
3 Bern, Carrasco, Edison, Kosower, 

Parra-Martinez, Roiban, Kallosh,  
and many others...

App 1: UV completion of gravity?

S-matrix anomalies source UV divergences
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T
MR3 = AYM+DF

2

«AYM+DF
2

Einstein-Weyl 
conformal 

supergravities

MN=4 SG = AN=4 sYM «AYM+DF
2

Carrasco, Lewandowski, NHP 
2203.03592

App 1: UV completion of gravity?



































































































MBI;2-loop
(++++) » (s6 + t6 + u6)

[12][34]

h12ih34i

Elvang, et al.

MBI+HD = ANLSM «AYM+HS?? backup slides

MBI;1-loop
(++++) » (s4 + t4 + u4)

[12][34]

h12ih34iMBI = ANLSM «AYM

App 2: Cancel Born-Infeld anomaly?

Carrasco, NHP 
2307.xxxx


























































































A =
X cgn

HD
g

dg
»
X cgn

m
g

dg¡m2

cancels 10D 
gauge anomaly

LYM = ¡1
4
F 2 +

¡
D2F 4 + F 5

¢
+ : : :

6-point constraints

App 3: Corrections to N=1 sYM in 10D? 

Could emergent masses be a common 
feature?

AsYM+HD4 = AsYM4

³
1 +

X
c(x;y)¾

x
3¾

y
2

´

Color-dual SUSY  
higher-derivatives
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Key Takeaways

))

Graphical organization reveals hidden simplicity •
Can use this to bootstrap gauge/gravity EFT contacts ◦

  
 
 

Color-kinematic duality imposes unexpected EFT constraints •
 Higher derivative towers build massive residues ◦

 
 
 
 
 
 

Many future directions of discovery  •
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Two-loop Abelianized amplitudes

) MN=1;4
(++++) = 0

MBI;2-loop
(++++) » (s6 + t6 + u6)

[12][34]

h12ih34i

Carrasco, NHP 
2307.xxxx

Fully D-dimensional integrals!

Reproduces cancellations expected for supersymmetry
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Modeling building  
with color-dual EFT

Part I

Building duality invariants
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Universality in electromagnetic duality

Photon theories with helicity conservation

n(¡) = n(+)

Equations of motion 
invariant under

F + iG! ei® (F + iG)

G ´ @L
@ ~F






























































































Universality in electromagnetic duality

Photon theories with helicity conservation

n(¡) = n(+)

LBI = 1¡
q
1¡ F 2 + F 2(F ~F)

Equations of motion 
invariant under

LEMf =
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Ã
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Universality in electromagnetic duality

Photon theories with helicity conservation

n(¡) = n(+)
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Equations of motion 
invariant under
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p
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Universality in electromagnetic duality

Photon theories with helicity conservation

n(¡) = n(+)

Equations of motion 
invariant under

F + iG! ei® (F + iG)

G ´ @L
@ ~F

MBI = ANLSM «AYM

LYMS = ¡1
4
F 2 + (D'a)2 + ['a; 'b]2

LNLSM = Tr[(@U)y(@U)] U = ei¼

MEMf = AYMS «AYM





























































































Universality in electromagnetic duality

A Color-Dual Puzzle:

AYMSn «AMHVn = 0 ANLSMn «AMHVn = 0

n > 4 n > 4
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Universality in electromagnetic duality

A Color-Dual Puzzle:

R-symmetry:

AN
jMHV

n «AN
kMHV
n = 0 j 6= k

These live in 
supergravity

AYMSn «AMHVn = 0 ANLSMn «AMHVn = 0

n > 4 n > 4



































































































Universality in electromagnetic duality

A Color-Dual Puzzle:

R-symmetry:

These live in 
supergravity

AYMSn «AMHVn = 0 ANLSMn «AMHVn = 0

n > 4 n > 4

AN
jMHV

n «AN
kMHV
n = 0 j 6= k

Why do pions filter 
non-vanishing 

Yang-Mills?
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Universality in electromagnetic duality

Answer:

LYMS = ¡1
4
F 2 + (D'a)2 + ['a; 'b]2 LNLSM = Tr[(@U)y(@U)] U = ei¼

NLSM 
= 

YMS + HDNHP 
2210.12800































































































Universality in electromagnetic duality

Answer:

LYMS = ¡1
4
F 2 + (D'a)2 + ['a; 'b]2 LNLSM = Tr[(@U)y(@U)] U = ei¼

NLSM 
= 

YMS + HD

AYMS(12)(34)(56) =

k2k13k2k1 k2k1345k2k134 = 0++ +

satisfies 
BCJ relations

NHP 
2210.12800





























































































Universality in electromagnetic duality

Answer:

LYMS = ¡1
4
F 2 + (D'a)2 + ['a; 'b]2 LNLSM = Tr[(@U)y(@U)] U = ei¼

NLSM 
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YMS + HD

s34s56A
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(12)(34)(56) =

NHP 
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Universality in electromagnetic duality

Answer:

LYMS = ¡1
4
F 2 + (D'a)2 + ['a; 'b]2 LNLSM = Tr[(@U)y(@U)] U = ei¼

NLSM 
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YMS + HD

ANLSM6 =
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Universality in electromagnetic duality

Answer:

LYMS = ¡1
4
F 2 + (D'a)2 + ['a; 'b]2 LNLSM = Tr[(@U)y(@U)] U = ei¼

NLSM 
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YMS + HDNHP 
2210.12800
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Universality in electromagnetic duality

AYM4 = ²(12) + ²(34) + ²(12)²(34)
²(13) + ²(24) + ²(13)²(24)
²(14) + ²(23) + ²(13)²(24)

AYM ´ AYM(fkikj; ²ikj; ²i²jg)

Idea: strip off polarization-products

Reducible Amplitude Block Decomposition (RABID)

AYM(¾) =
X

²(½)¢
(½)
(¾) ¢

(½)
(¾) [fkikj; ²ikjg]NHP 

2210.12800




















































































Universality in electromagnetic duality

AYM ´ AYM(fkikj; ²ikj; ²i²jg)

Idea: strip off polarization-products

Reducible Amplitude Block Decomposition (RABID)

AYM(¾) =
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AYM4 = k1²2 + ²(34) + k1²2²(34)

k1²3 + ²(24) + k1²3²(24)

k1²4 + ²(23) + k1²4²(23)

NHP 
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Universality in electromagnetic duality

AYM ´ AYM(fkikj; ²ikj; ²i²jg)

Idea: strip off polarization-products

AYM(¾) =
X

²(½)¢
(½)
(¾) ¢

(½)
(¾) [fkikj; ²ikjg]

AYM4 = k1²2 + ²(34) + k1²2²(34)

k1²3 + ²(24) + k1²3²(24)

k1²4 + ²(23) + k1²4²(23)

NHP 
2210.12800

Reducible Amplitude Block Decomposition (RABID)









































































Universality in electromagnetic duality

¢
(½)
(¾) [fkikj; ²ikjg]

¢
(½)
(¾)j²i!ki = ¡

X

j2½c
ki²j¢

(½[(ij))
(¾)

AYM(¾) =
X

²(½)¢
(½)
(¾)

Reducible Amplitude Block Decomposition (RABID)

Ward Identity between building blocks
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Modeling building with color-dual EFT
Effective Field  
Theory Space

X

®

(k1 ¢ k®)A(®; 1; ¯; n) = 0




























































































Modeling building with color-dual EFT
Effective Field  
Theory Space

MBI+HDMN=4 SG

MDBIVA+SG
®-attractorsMR3 can we use color-dual 

organization more generally? 
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stretching the capacity

Modeling building  
with color-dual EFT

Part II
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Introducing symmetric structure
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(k1 ¢ k®)A(®; 1; ¯; n) = 0





























































































I
war

hiii v v

my
m

my X
uh

1

2 3

4 1

2 3

34

4

1

2 ,
X

®

(k1 ¢ k®)A(®; 1; ¯; n) = 0

dabc = Tr
£©
Ta; T b

ª
; T c
¤ ) f 12AfA34 = d14AdA23 ¡ d13AdA24

f 12AfA34 = Tr
£
T 1T 2T 3T 4

¤
¡ Tr

£
T 1T 2T 4T 3

¤
¡ Tr

£
T 2T 1T 3T 4

¤
+Tr

£
T 2T 1T 4T 3

¤

Could also introduce symmetric structure

Introducing symmetric structure

Carrasco, NHP 
2211.04431
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Decompose adjoint into symmetric structure

Could also introduce symmetric structure

Introducing symmetric structure

Carrasco, NHP 
2211.04431


























































































Applying this to color-dual NLSM

Introducing symmetric structure
Carrasco, NHP 

2211.04431
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Applying this to color-dual NLSM

NLSM is both an adjoint AND symmetric double-copy

ANLSM =
X

g

c®gn
®
g

dg
=
X

g

cddg n
dd
g

dg

Introducing symmetric structure
Carrasco, NHP 

2211.04431
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MBI;1-loop
(++++) » (s4 + t4 + u4)

[12][34]

h12ih34i
ndds = s

3 [12] [34]

h12ih34i

MBI+HD =
X

g

n¼;ddg nvec;ddg

dg

Double copy to Photon EFT

Carrasco, NHP 
2211.04431
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MBI;1-loop
(++++) » (s4 + t4 + u4)

[12][34]

h12ih34i

m

ndds = s
3 [12] [34]

h12ih34i

n®s = (t
3 ¡ u3) [12] [34]h12ih34iMBI+HD =

X

g

n¼;ddg nvec;ddg

dg

Double copy to Photon EFT

Carrasco, NHP 
2211.04431
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Tis

MBI;1-loop
(++++) » (s4 + t4 + u4)

[12][34]

h12ih34i

m

ndds = s
3 [12] [34]

h12ih34i

n®s = (t
3 ¡ u3) [12] [34]h12ih34i

nvec;dd;1s ´ (F1F2) (F3F4)

MBI+HD =
X

g

n¼;ddg nvec;ddg

dg

Double copy to Photon EFT

nvec;dd;2s ´ (F1F3F2F4)
Carrasco, NHP 

2211.04431

Symmetric structure enables  
additional freedom for  

EFT model building














