Gluons for (almost) nofhing,
and grqvn‘ans for free

\\4, \(a cgnsframed poem in a graphy S-matrix)
3 INT Program 11-3,

_Advances in QCD: Effective Field Theory
and Recursuve Analyhc Mefhods, \

WL O Sep'rember T T M. Carrasco
Stanford Institute for Theoretical Physms

Based on work with:

Zvi Bern, Johannes Broedel, Lance Dixon,
Henrik Johansson, and Radu Roiban
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What is the right way to
write down gauge and gravity
scattering amplitudes?

insightful?

compact?

doable?




Consider a Vilanelle
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Do Not Go Gentle Into That Good Night

Do not go gentle into that good night, Grave men, near death, who see with blinding
Old age should burn and rave at close of day; sight
Rage, rage against the dving of the light. Blind eyes could blaze like meteors and be gay,

Rage, rage against the dying of the light.
Though wise men at their end know dark is

right, And vou, my father, there on that sad height,
Because their words had forked no lightning Curse, bless, me now with yvour fierce tears, |
they pray.

Do not go gentle into that good night. Do not go gentle into that good night.

Rage, rage against the dying of the light.
Good men, the last wave by, crying how bright
Their frail deeds might have danced in a green -Dylan Thomas
bay,

Rage, rage against the dving of the light.

Wild men who caught and sang the sun in
flight,

And learn, too late, they grieved it on its way,
Do not go gentle into that good night.
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Do Not Go Gentle Into That Good Night

Do not go gentle into that good night,
Old age should burn and rave at close of day;
Rage, rage against the dving of the light.

Though wise men at their end know dark is
right,

Because their words had forked no lightning
they

Do not go gentle into that good night.

Good men, the last wave by, crying how bright
Their frail deeds might have danced in a green
bay,

Rage, rage against the dving of the light.

Wild men who caught and sang the sun in
flight,

And learn, too late, they grieved it on its way,
Do not go gentle into that good night.

Grave men, near death, who see with blinding
sight

Blind eyes could blaze like meteors and be gay,
Rage, rage against the dying of the light.

And vou, my father, there on that sad height,
Curse, bless, me now with yvour fierce tears, |
pray.

Do not go gentle into that good night.

Rage, rage against the dying of the light.

-Dylan Thomas
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Do Not Go Gentle Into That Good Night

Do not go gentle into that good night,
Old age should burn and rave at close of day;
Rage, rage against the dving of the light.

Though wise men at their end know dark is
right,

Because their words had forked no lightning
they

Do not go gentle into that good night.

Good men, the last wave by, crying how bright
Their frail deeds might have danced in a green
bay,

Rage, rage against the dying of the light.

Wild men who caught and sang the sun in
flight,

And learn, too late, they grieved it on its way,
Do not go gentle into that good night.

Grave men, near death, who see with blinding
Sighl
Blind eyes could blaze like meteors and be gay,

Rage, rage against the dying of the light.

And vou, my father, there on that sad height,
Curse, bless, me now with yvour fierce tears, |
pray.

Do not go gentle into that good night.

Rage, rage against the dying of the light.

-Dylan Thomas
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Do Not Go Gentle Into That Good Night

Do not go gentle into that good night,
Old age should burn and rave at close of day;
Rage, rage against the dving of the light.

Though wise men at their end know dark is
right,

Because their words had forked no lightning
they

Do not go gentle into that good night.

Good men, the last wave by, crying how bright
Their frail deeds might have danced in a green
bay,

Rage, rage against the dying of the light.

Wild men who caught and sang the sun in
flight,

And learn, too late, they grieved it on its way,
Do not go gentle into that good night.

Grave men, near death, who see with blinding
sight
Blind eyes could blaze like meteors and be gay,

Rage, rage against the dying of the light.

And you, my father, there on that sad height,
Curse, bless, me now with yvour fierce tears, |
pray.

Do not go gentle into that good night.

Rage, rage against the dying of the light.

-Dylan Thomas
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Do Not Go Gentle Into That Good Night

Do not go gentle into that good night,
Old age should burn and rave at close of day;
Rage, rage against the dving of the light.

Though wise men at their end know dark is
right,

Because their words had forked no lightning
they

Do not go gentle into that good night.

Good men, the last wave by, crying how bright
Their frail deeds might have danced in a green
bay,

Rage, rage against the dying of the light.

Wild men who caught and sang the sun in
flight,

And learn, too late, they grieved it on its ‘way,
Do not go gentle into that good night.

Grave men, near death, who see with blinding
sight

Blind eyes could blaze like meteors and be gay,
Rage, rage against the dying of the light.

And you, my father, there on that sad height,
Curse, bless, me now with yvour fierce tears, |

r-pray. .

Do not go gentle into that good night.
Rage, rage against the dying of the light.

-Dylan Thomas
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What's going on?

a@Minimal information in.

@Relations propagate this
information to a full solution.




Consider an Amplitude
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So what are these relations for YM?

as Henrik discussed: a duality between
color and kinematic numerator factors for
gauge theories

(n=numerator, c=color, completely changing
S=symmetry, D=denominator) :
our way of calculating

write down gauge theory

4 . % trivially write down
amplitudes with minimal 4

related gravity

input from theory amplitudes




Map of talk

@ Graphy way of thinking
@ Tree insights from loop level results

(sometimes it's easier to discover things
at loops!)

@ Generalizing duality to loop level

@ Current Knowledge/Future outlook




Operator Overload!

Appropriate level of
abstraction

Introduce butterfly operator:

’4' - -
b -
~
-
-~
-

1\‘\" - mﬁ?.-l

takes everything to butterflies




Operator Overload!

WA D s it © 577 a o bl rnth * oA
_.“4’ et umdriind, “’f"g.;h Awaids Fasbs |

Set of Everything
e ——
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Operator Overload!

Butterfly operator in action:
tofu -> butterfly




Operator Overload!
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Operator Overload!

Ok, silly example but theres a point:

I'm going to talk about operators on graphs

I want you fo think about graphs as objects

and operators taking graphs to other objects like
numerators, and denominators in expressions




graphs have edges

edges have momenta

momenta conserved at vertices

gluonic graphs:
vertices track color

Instead of butterfly operators, we'll have
operators taking graphs fto other graphs

or taking graphs fo expressions -- functions
of color or momenta




Graphy Thinking!
Take seriously the idea of momentum-flow graphs as a
very natural way to organize amplitudes

Amplitude ~ Z f(graph;)

Conventional wisdom: these sorts of diagrams are
a handy trick for calculating.

“Recent” wisdom: these sorts of diagrams are a
(occasionally) handy old-fashioned trick for calculating.
but local representations are having a come-back!

The point: this is more than a trick... /

Conservation of momenta is a very physical symmetry -
representations making this manifest are natural places to hunt
for physical kinematic structure.

The ability to simultaneously encode color information is
very special for gauge theory amplitudes.
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Cubic Organization:
Theory dependent

.

A Z h(graph;)

mplicuae ~—~

» L~ D(graph;) /Zﬁ
1ECUbIC

D(@#iohy) = - i p°

pEinternal edges

Gauge theory:

h(graph;) o< n(graph;)c(graph;) - - -
n(.) kinematic numerator "dressing”(antisymmetric)

c(.) group theoretic color factor:

Dress vertices of diagram (7) with
the structure constantsfa¢ — T ([T2 TO°]T7T°)




Cubic 4-pt Tree Example:




Cubic 4-pt Tree Example:
2.3

2" 3 2,
ILI_Z* ll[', l_u&4
1

B e
T B Y g0 R By

All three graphs relabels of the same "half-ladder”

Atree — 2 et at] 1)
; bt 1; d_1 1)

n(.) kinematic numerator "dressing”(antisymmetric)
c(.) group theoretic color factor



n(g)

C(l 2I 3I 4) =fa1a2b fba3a4 A:g%MZC((gi)(g)
o LT )=(ky + k2)? = (kg + ka)?

512523513

n(l_Ll_J =( IC4 ) 812(813 = 823)

]?abc 8 Z-ﬂfabc i Tr{[Ta, Tb]TC}

(antisymmetric)

Sab — (ka i kb)z
K4 = s12823 A (M2 color-stripped tree




2 3 /C
4
n(1_|_|_4) = ( ) S12(513 = 823)
512523513

consider antisymmeitry

£s P . :
Sab = (Ka +tkb) ~ (antisymmetric)
K4 =s12823A,°(1,2,3,4) color-stripped tree



2 3 /C
4
n(1_|_|_4) = ( ) S12(513 = 823)
512523513

consider antisymmeitry

n(z_Ll_4 )

£s P . :
Sab = (Ka +tkb) ~ (antisymmetric)
K4 =s12823A,°(1,2,3,4) color-stripped tree



2 3 /C
4
n(_ 1 SheEs S12(S13 — S23)
|
512523513

consider antisymmeitry

| 3 IC
O ( % ) S21(S23 — S13)

521513523

£s P . :
Sab = (Ka + kb) ~ (antisymmetric)
K4 = s12823 A (M2 color-stripped tree



2 3 /C
4
n(_ 1 SheEs S12(S13 — S23)
|
512523513

consider antisymmeitry

| 3 IC
O ( % ) S21(S23 — S13)

521513523

£s P . :
Sab = (Ka + kb) ~ (antisymmetric)
K4 = s12823 A (M2 color-stripped tree



2 3 /C
4
n(_ 1 SheEs S12(S13 — S23)
|
512523513

consider antisymmeitry

| 3 IC
O ( % ) S21(S23 — S13)

521513523

£s P . :
Sab = (Ka + kb) ~ (antisymmetric)
K4 = s12823 A (M2 color-stripped tree



2 3 /C
4
n(1_|_|_4) = ( ) S12(513 % 823)
512523513

consider antisymmeitry

| 3 IC
4
n(,_l o ( ) S21(S23 — S13)
521513523

7) A

n( 1—LI—3 )
A 2
Sab = (ka + kb) (antisymmetric)

K4 = s12823 A (M2 color-stripped tree
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2 3 /C
4
n(1_|_|_4) = ( ) S12(513 % 823)
512523513

consider antisymmeitry

| 3 IC
O ( % ) S21(S23 — S13)

521513523

2 4 /C
n( Lol ( - ) S12(S14 — S24)

5125245714

5 2
Sab = (Ka + kp) (antisymmetric)
K4 = s12823 A (M2 color-stripped tree
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2 3 /C
4
n(1_|_|_4) = ( ) S12(513 % 823)
512523513

consider antisymmeitry

| 3 IC
O ( % ) S21(S23/ S13)

521513523

2 4 /C
n( Lol ( - ) S12(S14 — S24)

5125245714
S14 — S23

5 2
Sab = (Ka + kp) (antisymmetric)
K4 = s12823 A (M2 color-stripped tree
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2 3 /C
4
n(1_|_|_4) = ( ) S12(513 % 823)
512523513

consider antisymmeitry

| 3 IC
O ( % ) S21(S23 /\S13)

521513523

2 4 /C
n( Lol ( - ) S12(S14 — S24)

512524514
S5S14 — 523
S5S24 — S13
ik 2
Sab = (ka + kb) (antisymmetric)

K4 = s12823 A (M2 color-stripped tree

Thursday, September 29, 11



N=4 sYM ladders numerators through 3 loops

Loop order has
incredibly compact
expressions on these
cubic graphs

(keeps going)
Sab — (ka i kb)z
K4 = s12823 A (M2 color-stripped tree




Bern, JJMC, Johansson, Kosower

5 loop, 4pt, planar N=4 sYM
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Bern, JJMC, Dixon,

3 IOOP’ 4-pt f“" N=4 SYM Johansson, Kosower,

3 loop, 4-pt full N=8 SUGRA

gt ') 2008,
2010
N N
| ‘

S ——

*M.‘

/|

i » )

__ ey
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Why need anything more?

@ Go beyond four-loops (five-loop N=8 SUGRA
critical test for question of finiteness)

@ Go beyond four-point -- there are entire
theories to understand, and more to a theory
than its UV behavior

@ Scattering is very physical way at getting at the
information in a QFT -- discovering structures in
scattering (even perturbative) ==> discoveries
about the language of the theory
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BCJ (2008)

Surprise at tree-level!

Can always find a representation, so for every int. edge:

O() = 2(.) et = n(?)

(originally verified thru 8pt, now we know its true)




Introduce 3 graph operators taking
edge -> graph (of new edge)




Look at N=4 SYM, 2-loops

(surpressing prefactor) Bern, Dixon, Dunbar, Perelstein, Rozowsky

AP o Z [c@ @ 4 c© )]

ext. leg perms. / /

Scalar integrals with diagrams encoding
conservation of momenta

(a) "L 5 2\
(k1 ’ k2)? IEE (K1 k)8

Numerator “dressings” of integrals (74)

Why do (a) and (b) have the same
numerator n?
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BC)

Hint of a new duality:
The numerator dressings n( graph ) obey the
graphical Jacobi relation on all edges:

n(8( TIL)) = n(¢#(TTL))

Fn(a( TTT))




BC)

Hint of a new duality:
The numerator dressings n( graph ) obey the
graphical Jacobi relation on all edges:

n(8( TIL)) = n(¢(TTL))




BC)

Hint of a new duality:
The numerator dressings n( graph ) obey the
graphical Jacobi relation:




N=4 SYM, 3-loops

% .
de Ai ) X E 9 integrals
Johansson,
Kosower, ext. leg perms

Numerator “dressings” of integrals n( graphs )
3 1% (i 2 3

A 31'f84’5 = 51,2546 - J
>
(5 oS e
3
| 4 —

Thursday, September 29, 11



BC]

Off-shell, doesnt (automatically) work
at 3-loops!

a(s(_F)#n@] F))s

n(graph) = numerator kinematic dressing




BC]

Off-shell, doesnt (automatically) work
at 3-loops!

n(§§|ﬂ)) £n (f(]_EI:))-l-

n(graph) = numerator kinematic dressing n ( ﬁ)




BC]

With all but indicated momenta on shell: p* = 0

a(s(_FD)=n@] FD)+

n(graph) = numerator kinematic dressing n ( ﬁ)




BC]

With all but indicated momenta on shell: p* = 0
2 3 2 3

n(] Fl)=nliaee g

T 3 4 Tt 4{\ ;
n( ()

1 O A

n(graph) = numerator kinematic dressin

g
Sab — (Ka, - 'ch)z
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With all but indicated momenta on shell: p* = 0
3 2 3

”G_E@:”(H +
e fz@[)

S12545 =514546 +
(512545-514546)

n(graph) = numerator kinematic dressing

Sab = (Ko + Kb)z




BC]

With all but indicated momenta on shell: p* = 0

2 3 2 3
6 6
n(| H) = ) #
2 3
T 4 Tt 4 :
n( ()
1 3 A

n(graph) = numerator kinematic dressing
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BC]

With all but indicated momenta on shell: p* = 0
~Cae

(1 1) =n(=) +
n(X7)

n(graph) = numerator kinematic dressing
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BC]

With all but indicated momenta on shell: p* = 0
~Cae

(10 =n(=) 4
\\/—
examine color factors of 4-pt T ( / )
uncut gluonic tree:

c(\| %) :c(F) +

()
true by Color Jacobi identity!

n(graph) = numerator kinematic dressing
c(graph) = color factor




/ BC])
So what’s going on? Lets gef graphy!
Csns Ctnt Cu'nu

2
Four-poi litude:
our-point tree amplitude: 3~ ( . v m 1 %5 )

Of course there’s a freedom (“generalized gauge invariance”):

i — Mi + A4 as long as 0 | s | i ot 0
S t U
Turns out that all A choices satisfy a duality

between color and kinematics

O( )—O(Tﬁ@

0( e O(.) = C(-)

kinematic * dressmg color factor
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BC]

m-point gauge tree amplitude:

A’;rrzee e, g(m—2) Z (C(g)n(g)

Hypothesize to all points: Color €= Kinematic Duality
General freedom: c(G)A(G) 3!
n(0) —rm{(O¥ek BT Bk oy )=

G Ecubic

Conjectured can always find a choice of A\ such that for all graphs &
edges,

b (atc)

4 ._,)

O(.) = n(.) 0(-> wel.)

kinematic “dressing” color factor
(orlglnally verified thru 8pt, now we know its true)




BC]

Gravity?

Lree ( ) ( )
Ao 3o (e

CEcubic

color factors just sitting there obeying
antisymmetry and Jacobi relations.




BC]

Gravity?

Lree ( ) ( )
Ao 3o (e

CEcubic

color factors just sitting there obeying
antisymmetry and Jacobi relations.

Z n(g)ﬁ(g) = Gravity amplifude

D(Q) in a related theory

g Ecubic




Interesting tree-level Jacobi-satisfying
numerator representations!

BC]

Bern, Dennen, Huang, Kiermaier

Kiermaier

Bjerrum-Bohr, Damgaard, Sondegaard,Vanhove

Mafra, Schlotterer, Stieberger
Broedel, JJMC
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http://inspirebeta.net/author/Mafra%2C%20Carlos%20R.?recid=897331&ln=en
http://inspirebeta.net/author/Mafra%2C%20Carlos%20R.?recid=897331&ln=en
http://inspirebeta.net/author/Schlotterer%2C%20Oliver?recid=897331&ln=en
http://inspirebeta.net/author/Schlotterer%2C%20Oliver?recid=897331&ln=en
http://inspirebeta.net/author/Stieberger%2C%20Stephan?recid=897331&ln=en
http://inspirebeta.net/author/Stieberger%2C%20Stephan?recid=897331&ln=en

BC]

How to find duality-satisfying numerators?
Easy way at tree-level is to involve

color-ordered partial amplitudes
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BC]

How to find duality-satisfying numerators?
Easy way at tree-level is to involve

color-ordered partial amplitudes

® With particles all in the adjoint representation of SU(NC) ,

the full tfree amplitfude can be decomposed:
(color group generators)

1.5
Agee(l, % ,’TL) . g'n,—2 Z TT’[Tal P Tan]X
P20 ) Agee(l’ . n)

color ordered (stripped) “partial’ /
amplitude annotated with roman JA

Full gauge theory amplitudes given with calligraphicA

Structure constants: f2°¢ — Ty ([T2, T°]T°)
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BC]

How to find duality-satisfying numerators?
m-point

@ 1) Write all m-point graphs and all independent Jacobi
relations between their numerators

lets do 4-pt (yes, 4pt is special, but it doesnt change
the procedure -- you'll see how it shakes out)
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BC]

How to find duality-satisfying numerators?
m-point

@ 1) Write all m-point graphs and all independent Jacobi
relations between their numerators

lets do 4-pt (yes, 4pt is special, but it doesnt change
the procedure -- you'll see how it shakes out)
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BC]

How to find duality-satisfying numerators?
m-point
@ 1) Write all m-point graphs and all independent Jacobi

relations between their numerators

lets do 4-pt (yes, 4pt is special, but it doesnt change
the procedure -- you'll see how it shakes out)

2.8 2 il & '
ILI_[,. 1l4 1_&4

U

N SRRt ),,
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BC]

How to find duality-satisfying numerators?
m-point

@ 2) Solve linear equations in terms of (m-2)! Jacobi-independent
numerators (e.g. can let them all be half-ladders)

So for 4-pt solve for any of the 3
numerators in terms of 2:

Thursday, September 29, 11



BC]

How to find duality-satisfying numerators?
m-point
@ 3) Expand all color-ordered amplitudes in terms of their constituent

graphs:

AMeC(1,2,3,...,m) = n(9)

g€Eecyclic

Hlép(g) 2

1 independent color ordered tree at loop-level
g 3

2
A(1,2,3,4) graphs: i e ; E 4

T g T

A(1,2, 3T

S r




BC]

How to find duality-satisfying numerators?
m-point
@ 4) Write the graphs in the (m-2)! graph basis from (2), and solve

the linear relations in terms of the color-ordered amplitudes
from (3)

ny =t (A4(1 2,3,4) - S)

e

@ This is it--you have a duall’ry-sahsfymg representation.
(symmetric is trickier)
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BC]

Features:

@ Completely straightforward solution of linear
relations (trickiest bit is drawing graphs)

@ Makes all residual gauge-freedom manifest:
gauge freedom = (m-3)x(m-3)! completely
unconstrained numerator functions. (can use to, e.g.
make symmetric numerator functions)

@ Independent of dimension and helicity structure

@ Interesting consequence for gauge-independent
quantities: fewer independent color-ordered
scattering amplitudes
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BC]

What have we gained?

(2m-5)!! diags

(m-2)! numerators
unconstrained by
dual Kinematic
Jacobi

unique topologies
http://oeis.org/A00067 2
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http://oeis.org/A000672
http://oeis.org/A000672

All cubic trees in terms of 1 topology for each
multiplicity

Symmetric numerator functions => only one
numerator for each mulitplicity




All cubic trees in terms of 1 topology for each
multiplicity

Symmetric numerator functions => only one
numerator for each mulitplicity




BC]

“Observable” implications:

Only (n-3)! independent color-ordered tree partial-
amplitudes for n-point interaction. (c.f. (n-2)! from Kleis-Kuijf)

e.g. 5 pt has 2 indep. color-ordered amps not 6:
A% (12345)  AL'®°(12354)
6 pt has 6 indep. color-ordered amps not 12:
AL (123456) AF"°°(123564) A" (123645)

A€ (123546) AFT°°(123465) Ag°°(123654)

We found a general formula expressing any n-point color
ordered amplitude in terms of chosen (n-3)! basis for SYM.

Bjerrum-Bohr, Damgaard, Vanhove; Stieberger

since PrOVed! Feng, He, (R.) Huang, Jia
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KLT ﬁeld eXPreSS|OnS: Kawai, Lewellen,Tye Bern, Dixon, Perelstein, Rozowsky
/ Gravity tree amplitudes P (0BT )

jeE{n/24+2,...,n— 2]

My (1, s, To—
7; n—l—l Z [Atree .7n_17n) Z/f(il, i])

perms(Q N—2) perms(z,7)

X ?(ll, . .7lj,)g%ree(i1’ cgevs ,ij, 1,TL 4 1,[1, i .,lj/,n)}

COlOI’- f(il, il ,’ij) — Sl,ij H (Sl,im S Z g(zm, Zk)> -
ordered TR 7 v
gauge tree ?(lla s e ey lj’) = Sll,n—l H <3lm,n1 £ Z g(lkra lm))
amplitudes e b
L Si.j i bt 2
9(27]) S { 0 else } Sa,b (ka T kb)

Thursday, September 29, 11


http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Bern%2C%20Z%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Bern%2C%20Z%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Dixon%2C%20Lance%20J%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Dixon%2C%20Lance%20J%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Perelstein%2C%20M%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Perelstein%2C%20M%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Rozowsky%2C%20J%2ES%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Rozowsky%2C%20J%2ES%2E%22

KLT ﬁeld eXPreSS|OnS: Kawai, Lewellen,Tye Bern, Dixon, Perelstein, Rozowsky
/ Gravity tree amplitudes P (0BT )
Mtree(l n o 1 n) B jeE{n/24+2,...,n— 2]

i n—l—l Z [Atree Tl;l E) Z/f(llaazg)

perms(Q N—2) perms(z,7)

X ?(ll’ 0. ,,lj/)‘ggee(’l:l, PIRES ,ij,l,n 3 1,[1, " .,lj/,n)}

COlOI’- f(il, il ,’ij) — Sl,ij H (Sl,im S Z g(zm, Zk)> -
ordered TR 7 v
gauge tree ?(lla s e ey lj’) = Sll,n—l H <3lm,n1 £ Z g(lkra lm))
amplitudes e b
L Si.j i bt 2
9(27]) S { 0 else } Sa,b (ka T kb)
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http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Bern%2C%20Z%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Bern%2C%20Z%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Dixon%2C%20Lance%20J%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Dixon%2C%20Lance%20J%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Perelstein%2C%20M%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Perelstein%2C%20M%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Rozowsky%2C%20J%2ES%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Rozowsky%2C%20J%2ES%2E%22

KLT ﬁeld eXP I"eSS|OnS: Kawai, Lewellen,Tye Bern, Dixon, Perelstein, Rozowsky

/ Gravity tree amplitudes P [0 h %)
e{n/2+2,...,n— 2}
Mtree ( 1 n ey 1 n) h Jas
i n—l—l Z {Atree Tl;l E) Z f(i17°'°7ij)
perms(Q ,n—2) perms(,7)

X 7([1’ 0. ,,lj/);{%ree(il, Py ,ij,l,n — 1,[1, e .,lj/,n)}

CaPl Aew“observable” relations allow

ordered re-expression of KLT in terms of
gauge tree different “basis” amplitudes: Left-
amplitudes right symmetric, etc.

But we can do better...
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http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Bern%2C%20Z%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Bern%2C%20Z%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Dixon%2C%20Lance%20J%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Dixon%2C%20Lance%20J%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Perelstein%2C%20M%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Perelstein%2C%20M%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Rozowsky%2C%20J%2ES%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Rozowsky%2C%20J%2ES%2E%22

BC]

Clarifying Gravity Amplitudes

e O( (a+d ) + O( :

Writing color-ordered Npi i
gauge tree amplitudes in O
representation of duality

satisfying cubic-diagrams:
n(G)

wepem = 5 5O

QEgraphs(perm)
M;clree(l Siih 1 TL e

Z- n—l—l Z [Atree
2)

perms(Q L —

X jf_(ll, &% .,lj/) Z;Clree(il,. = ,ij, 1,TL =5 l,ll, == .,lj/,n)}

F. t‘ 7(G)
Atree perm) = Z
gegraphs(perm)
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BC]

Clarifying Gravity Amplitudes

Writing color-ordered

gauge tree amplitudes in O
representation of duality
satisfying cubic-diagrams:

Gives gravity tree amplitudes:

_Z‘Mrgree i Z n<g)ﬁ(g)

D
g Ecubic (g)
Gravity as the “double copy”




b tree . n(g)ﬁ(g)
T 2

Note 70 and 77, can come from different reps of same
theory, or even different theories altogether.

N =4sYMRN =4 sYM = N = 8 sugra
N =psYMOIN =4 sYlll— N =9 -1 D sugra

(see Henriks talk)

Only one gauge representation need have duality imposed,
consequence of general freedom:

c(G)A(G)
n(g) — n(g) + A(9), Z < D(G) > i
GEcubic
can only depend on algebraic property of c(G) not numeric

values. So as long as 7 (G) satisfies same algebra (i.e. duality)
can shift 1. (G ) as we please.
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This is all (semi)-classical

@The world is QUANTUM -
wouldnt it be great to
generalize to loop-order
corrections?




This is all (semi)-classical

@ The world is QUANTUM -
wouldnt it be great to
generalize to loop-order
corrections?

1

G a "One should always
' generalize.” - C. Jacobi




Whats the right generalization?
(—2)- " Sioaes a’p. 1 n(G9)c(9)
gn—2+ac _Z. /H (2m)° 5(9) D(G)

Hypothesize duality holds unchanged to all loops!

Representation freedom: c(G)A(G)
n(G) — n(9) + AG), ). ( D(G) > iy

G Ecubic

Conjecture there is always a choice of A\ causing 7 to satisfy for all
internal edges from any representation same duality:




If conjectured duality can be imposed for:

Gauge:

then, through unitarity & tree-level expressions:
Gravity:

S, oL a’p,. 1 n(G)n(9)
(%/Z)n‘”QLM _Z. /H(ZW)D 5(9) D(9)

What we always wanted out of a “loop level” relations!




We know this works beautifully at 1
and 2 loops for N=4 and N=8!

Green, Schwarz,
Brink (1982)

\

Bern, Dixon,
Dunbar, Perelstein
2-loop: K f T perms | and Rozowsky
(1998)

/

prefactor contains

— tree
helicity structure: K = stAg

Duality: N'= 8 sugra is obtained if 1 =2  “numerator squaring”
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Bern, JJMC, Dixon, Johansson, Kosower, Roiban

Original Palette of Diagrams
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BCDJKR

Original solution of
three-loop four-point
N=4 sYM and N=8

sugra

Integral| AN =4 Yang-Mills N = 8 Supergravity
(a)-(d) s° 1s2]?
(e)-(g) s(ly + k4)2 (s (I, + k4)2]2

(h) | s(li +1L)*+t(ls+11)% |(s(li +12)* +t(ls + 14)* — st)* — s (2((L1 + 12)* = t) + 13)I2
— slz — t1Z — st —t2(2((Is + 1) — 8) + 121z — s> (21315 + 21513 + 1313 + 1313)
— t2(20313 + 205015 + 1315 + 15130) + 2stls1G

(1) s(ly + 12)% = t(l3 + 14)? (s(ly + 12)* — t(ls + 14)*)?

—L(s— )2 — (8*(lh + 12)* + t°(Is + 1) + 3stu)l3
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Recipe for finding /\ so
dressings satisfy duality:

o Every edge represents a set of
constraints on functional form of the
numerators of the graphs. Small
fraction needed.

o Find the independent nhumerators (solve the linear equations!)

o Build ansatze for the masters using functions seen on exploratory cuts
o Impose relevant symmetries

@ Fit to the theory!

Thursday, September 29, 11















N@® — N®(k,. ka, k3, Is, lg, l7),

N(b) = N(d)(kl. kz., k}. 15. I6~ I?,),

N© = N@(k,. k», k3, Is, lg, I7),

ND = N®(ks, ki, k2, 7,16, k13 — Is + 1 — I7)

+ N k3, ky ky. by, lg. ka3 + 15 — 15),

NO = Nk, k,, ks, s, lg, I7),

N® = N©O(k, ky, k3, s, lg, I7),

N® = _N@(k,, ky, k3, ls, lg, ky» — s — 1)

— NO(ky, k3, kp, lg — Is, s — lg + 17 — ky 5, 1g),

NG = N® &k, k,, ks, ls, 17, )

— N(c)(_kj{, kr. k). —ks —Is —lg, =l — [7. [g).

NO = N©(k,, ka, k3, Is,lg, l7) — N©(k2, k1, k3, Is, lg, I7),
N® = NO(ky, ka, k3, Is, lg, I7) — N (ka, ky, k3, Is, 16, I7),
N = N@(k,, kr, ks, I5, lg, I7) — N®(ka, ky. ka, Is. lg, [7),
N(m) — O~

1\7(,0) — 0.
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BCJ (2010)

Solution is unique!

Only, e.g., require maximal
cut information of (e) graph
to build full amplitude!

Squaring nhumerators
gives N=8 supergravity!

Integral I'® | A = 4 Super-Yang-Mills (/A = 8 supergravity) numerator
(a)—(d) s”

(e)—(g) (3(—7'35 Tas + 1) — t (725 + Tas) + u (725 + T35) — 82)/3
(h) (s (2715 — T16 + 2726 — T27 + 2735 + T36 + T3r — U)
+t (T16 + T26 — Ta7 + 2736 — 2T15 — 2727 — 2735 — 3T17) + 8° ) /3
(s (—725 — T26 — T35 + T36 + Tas + 2t)
+t (26 + T35 + 2736 + 2745 + 37ap) + U T25 + 8° )/3
s(t—u)/3
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BCJ (2010)

Note:
BOTH N=4 sYM and N=8 sugra

manifestly have same overall
powercounting!

Integral I'® | A = 4 Super-Yang-Mills (/A = 8 supergravity) numerator

(a)—(d) 5”
(e)—(g) (s (—T35 + Tas +t) — t (725 + Tas) + u (725 + 735) — 8° ) /3
(h) (s (2715 — T16 + 2726 — T27 + 2735 + T36 + T3r — U)
+t (T16 + T26 — Ta7 + 2736 — 2T15 — 2727 — 2735 — 3T17) + 8° ) /3
(s (—725 — T26 — T35 + T36 + Tas + 2t)
+t (T26 + T35 + 2736 + 2745 + 37Ta6) + uT2s + 8% ) /3
s(t—u)/3
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BCJ (2010)

Integral| AN =4 Yang-Mills
(a)-(d) 52 This works too!
O @ stk (non-trivial check)

s(ly + 12)2 + t(ls + 14)2
— slz — tl; — st

daprrl g )n(s)
sl + 1) — t(Is + 11)? Z /ﬂ 29" S(G) D(G)

—3(s — )3 G Ecubic

Tg 3 — 2K; - [,j

Integral I'® | A = 4 Super-Yang-Mills (/A = 8 supergravity) numerator

(a)—(d) 5”
(e)—(g) (s (—T35 + Tas +t) — t (725 + Tas) + u (725 + 735) — 8° ) /3
(h) (s (2715 — T16 + 2726 — T27 + 2735 + T36 + T3r — U)
+t (T16 + T26 — Ta7 + 2736 — 2T15 — 2727 — 2735 — 3T17) + 8° ) /3
(s (—725 — T26 — T35 + T36 + Tas + 2t)
+t (26 + T35 + 2736 + 2745 + 37ap) + U T25 + 8° )/3
s(t—u)/3
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BCJ (2010)

Integral| AN =4 Yang-Mills
(a)-(d) 52 This works too!
(non-trivial check)

(e)—(g) s(l + ka)”

s(ly + 12)2 + t(ls + 14)2
— slz — tl; — st

dapp il - I GIN(G)
s(ly + 12)* — t(ls + 14)? Z /ﬂ (27T)D S(g)

—3(s — )3 G Ecubic

Tg 3 — 2K; - [,j

Integral I'® | A = 4 Super-Yang-Mills (/A = 8 supergravity) numerator

(a)—(d) 5”
(e)—(g) (s (—T35 + Tas +t) — t (725 + Tas) + u (725 + T35) — 8° )/3
(h) (s (2715 — T16 + 2726 — T27 + 2735 + T36 + T3r — U)
+t (T16 + T26 — Ta7 + 2736 — 2T15 — 2727 — 2735 — 3T17) + 8° ) /3
(s (—725 — T26 — T35 + T36 + Tas + 2t)
+t (26 + T35 + 2736 + 2745 + 37ap) + U T25 + 8° )/3
s(t—u)/3
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Intermezzo: How do we kKnow of
amplitude is correct?

ANSWER:

@Integrand satisfies all D-dimensionc
generalized unitarity cuts.

Bern, Dixon and Kosower




Correct?
all cuts:

@ Leaves no topologies untouched for
Feynman rule contfributions to be hiding in.

@ spanning set: any set sufficient to
guarantee satisfaction of all cuts given
the theory

) Ny
| c-—ﬂ-—-ﬁ “
; |

re—e—

Bern, JIJMC, Dixon, Johansson, Roiban (2010)




Correct?

% D-dimensional:

2 TRV {7 ,1- \\l ; ) S
(as tree multiplicity increases
Venerable: N 1 |n IOD expressions can be unwieldy)
e N2 Cheung, O’Connell;
New Shmy‘ N=2 in 6D Dennen, Huang, Siegel; Boels;
Bern, JJMC, Dennen, Huang, Ita
Super New Shif’lY! N=1 in 10D Caron-Hout, O’Connell;
Solved D-dim. cuts special to maximal susy: Bern, JIMC, Dixon,

Johansson, Roiban;

Iterated 2-particle, Box, Pentacuts
Broedel, JIMC

c
=
(7]
Q
D
@
(0]
=
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Ok -- we've seen it work
through three-loops --
anywhere else?




JJMC, Johansson (2011)

Five point 1-loop N=4 SYM & N=8 SUGRA

Venerable form satisfies duality (no freedom)




JJMC, Johansson (201 1)

Five point 1-loop N=4 SYM & N=8 SUGRA

Venerable form satisfies duality (no freedom)




JJMC, Johansson (2011)

Five point 1-loop N=4 SYM & N=8 SUGRA

Venerable form satisfies duality (no freedom)

Bern, Dixon, Dunbar, Kosower;
Cachazo
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JJMC, Johansson (2011)

Five point 2-loop N=4 SYM & N=8 SUGRA

3

Thursday, September 29, 11



JJMC, Johansson (2011)

Five point 2-loop N=4 SYM & N=8 SUGRA
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JJMC, Johansson (2011)

Five point 2-loop N=4 SYM & N=8 SUGRA

3

Thursday, September 29, 11



well -- thats it for published multiloop,
but heres a preview of results to
come...
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Five point 3-loop N=4 SYM & N=8 SUGRA JIMC, Johansson (to appear)
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Five point 3-loop N=4 SYM & N=8 SUGRA JIMC, Johansson (to appear)
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Five point 3-loop N=4 SYM & N=8 SUGRA JIMC, Johansson (to appear)
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Five point 3-loop N=4 SYM & N=8 SUGRA JIMC, Johansson (to appear)
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Five point 3-loop N=4 SYM & N=8 SUGRA JIMC, Johansson (to appear)
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Five point 3-loop N=4 SYM & N=8 SUGRA JIMC, Johansson (to appear)
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Four loop planar (extracted cusp anom. dim)
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Full four loop N=4 SYM & N=8 SUGRA Bern, JJMC, Dixon, Johansson, Roiban

T . ’ o N\ 1 \ e . . .
\ " awr | - ! / / ’ \ ; )
- — ! " [
\ | | > - - } - |
\ . “ / t\ J ‘. | J ‘ ! |“ ‘
N\ \ . / N /S \ / Nl / \ J \ . /
' - = : . " / “J J J L J y

(to appear)
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Full four loop N=4 SYM & N=8 SUGRA Bern, JJMC, Dixon, Johansson, Roiban

1 \
TN /T D
. N ,
| ()
N\ . ) , ' . ","

(to appear)
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Roiban
(to appear)

Dixon, Johansson,

’

Bern, JJMC

<
(a4
O
=)
Vp)
00

D) B (5 65

/\/\

N

@U\/ l@ e WA
i ! \ .@.
7
/=
-
AN NS T R N
1 )& { ) & ( EEELR. T <
/\ ) \J . - N
TT T T
7\
J—— e o ou Ny \
/7 N\ /- \\ . \\
(D) (D) (L) 5 D) m@)\/” mm/
\ ,/....v > ...\ - ; - , ./) ,_v\

4 SYM & N

Full four loop N
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Full four loop N=4 SYM & N=8 SUGRA Bern, JJMC, Dixon, Johansson, Roiban

T . ’ o N\ 1 \ e . . .
\ " awr | - ! / / ’ \ ; )
- — ! " [
\ | | > - - } - |
\ . “ / t\ J ‘. | J ‘ ! |“ ‘
N\ \ . / N /S \ / Nl / \ J \ . /
' - = : . " / “J J J L J y

(to appear)
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Full four loop N=4 SYM & N=8 SUGRA Bern, JJMC, Dixon, Johansson, Roiban

T b 4 N 1 - . - -
/ ‘ N\ \ / . / N\ / \ / \
\ - ' > ' f / 1 \
> | 1 } “ | >;.’ = }
\ / A / '\ J . | ‘, ‘ ]
AN [ V4 N / / Nl / \ /

(to appear)
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Full four loop N=4 SYM & N=8 SUGRA Bern, JJMC, Dixon, Johansson, Roiban
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Contrast with BCDJR (2009)
- 2
I, :/ T d”ln, | Ni(ly, kj)
; (27T)D lllg...llg
_p=1 %

Numerators determined from 2906
maximal and near maximal cuts

YM diags thru KLT
used as truth.

ol -
Completeness of ﬁ l H E

ansatz verified ©

on 26 generulzed m m

cuts M




(2009)

UV Divergence at Four Loops

T_—
I, :/ [] L iasaeit, k)
Z I_ o (27T)D lllg...llg
: o 1R k external
Leading numerators [\, ~ O(k / ) Einterhial:
would have D = 4.5 divergence too many are
bad for UV

Represented by integrals which cancel in the full
amplitude

Sub-leading divergence: () (k5 l7 )

trivially vanishes under integration by Lorentz invariance
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(2009)

UV Divergence at Four Loops
Ny ~ O(k’6l6) corresponding to D = 5 div.

Expand the integrands about small external momenta:

2
N(6) -+ N(7) Ap lj | N(S) 5 | Ky - lj KC] ; lp
i i S = 1272
(K; annotates sums J Jp
over external momenta) Marcus & Sagnotti UV extraction method

cancels after using D = 5 infegral idenftities like:

{2
.) ‘
A

Understand divergence, but UV structure was
obscured!
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In the new manifest representation,
as we will hear, we have the power
to identify remarkable structure ¥
between YM and Gravity

10
) stu(s® +t% +u?)? M
pole

— 9256 -+ &825 <«—— 12- and 13-propagato

T— 11-propagator integra

(4) |5V (Ne) 10 o~ 272 (A2
AP T = —6g ICNC(NC +12
pole

X (s (Tri324 + Trig03) + t (Trio43

(to appear)
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In the new manifest representation,

as we will hear, we have the power

to identify remarkable structure O
between YM and Gravity

293 10
./\/1514) = ——(E> stu(s® +t* +u*)* M}
pole 8 \2

f

—256 + &825 <—— 12- and 13-propagat

T— 11-propagator integi s 4 ’ '
11

| LR

(4) [SUWNe) 10 2 ( nr2 "
A; | =—6¢g " KN (NC + 1+ B
pole

X (S (Trizoa + Tri403) +t (Tri24

appear)

Thursday, September 29, 11




Thursday, September 29, 11



Underlying Algebra?

@ Understanding in 4D in self-dual sector,
translating into 4D MHV

Monteiro, O'Connell

o Inverting standard color decomposition,
I.e. tracing over kinematics

Bern, Dennen
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http://inspirebeta.net/author/Monteiro%2C%20Ricardo?recid=899638&ln=en
http://inspirebeta.net/author/Monteiro%2C%20Ricardo?recid=899638&ln=en
http://inspirebeta.net/author/O%27Connell%2C%20Donal?recid=899638&ln=en
http://inspirebeta.net/author/O%27Connell%2C%20Donal?recid=899638&ln=en

Solving the functional relations?
i

@ These loop level calculations have
worked beautifully!

X

@ But what if we have trouble finding the
building blocks for the right ansatz?

Want to figure out new techniques
of how to solve these guys.
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Tree-level playground

@ Tree-level imposition of symmetry provides
many of the same challenges

@ We have all the data in terms of color-ordered
amplitudes (dont have to do any cuts!)

@ Downside: more complicated symmetry

@ Can be pretty sure the building blocks of any
ansatze need only involve color-ordered trees and
Lorentz products of external momenta

@ Proof of concept, I'll take you through 5-pt

Broedel, |JMC




Broedel, JJMC

See how this plays out at 5-point:

1st Ansatz: 0. e

5 independent Sij GJ_l_L :

6 Kleiss Kuijif independent color orderd
Amplitudes, e.g Az °°(1,2, {perms})

(why Kleiss Kuijif?)

g ~ S(ij)S(kl)Agree(lv 2, perm)

S(ij) here is just a placeholder
the ansatz is the sum of all expressions
of the above form in all independent
combinations




Broedel, |JMC
Ansatz must: AT

u s 8 3

1 1
ATree(1, 23 ns(1,2,3,4,5) ns(2,3,4,5,1)
S12545 S23515

1 1 1
| n5(3,4,5,1,2)l n5(4,5,1,2,3)I n5(5,1,2,3,4)
S34512 S45523 S15534

Satisfy color-stripped decomposition °

Satisfy Jacobi on both edges:
ns(a,b,c,d,e) = ns(d,e,a,b,c) + ns(d, e, b,c,a)

ns(a,b,c,d,e) =ns(a, b, e, d,c) +ns(e, c,d,a,b)
Satisfy Symmetries of the diagrams:
ns(a,b,c,d,e) = —ns(b,a,c,d,e) = —ns(a, b, c, e, d)
= —ns(e,d,c, b, a)
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o o o Broedel, |JMC
Find unique solution Ty

(up to KK identities & | | |

conservation of momenta ):

3 blocks each independently satisfies

antisymmetries, look at one block
—— s under d<->e

Sabsed(Aabced S Aabcde

_Abaced 7 Abacde)

under ¢ rotation

Sbane(Abacde = Abaced
£ use:.

— A bedo + ALY Asbede — —Aecdcba

o tree
Aabcde — A5 (av bv C, d7 e)




o o o Broedel, |JMC
Find unique solution Ty

(up to KK identities & | | |

conservation of momenta ):

another block:

Sab(Scd g Sce)(Aadceb i Aaecdb)_l_

Sde(sac o Sbc)(Aeade RE Adacbe)

under a<->b

Sba(Scd o Sce)(Abdcea Abecda)

Sde(Sbc s Sac)(Aebcad e Adbcae)
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o o o Broedel, |JMC
Find unique solution Ty

(up to KK identities & | | |

conservation of momenta ):

another block:

Sab(Scd g Sce)(Aadceb i Aaecdb)_l_

Sde(sac o Sbc)(Aeade|_ Adacbe,)

under a<->b

Sba(Scd o Sce)(Abdce Abecda)

Sde(Sbc s Sac)(Aebcad e Adbcae)
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o o o Broedel, |JMC
Find unique solution Ty

(up to KK identities & | | |

conservation of momenta ):

final self-symmetric block:

{(Sabscd L Sabsce)Aadceb o (Sabscd S Sabsce)Aaecdb

_|_<_Saesbc i3 Sbescd)Aadcbe (Sadsbc deSce)Aaecbd

(Sacsbd Sadsce)Adaceb ( SacSbe — Saescd)Aeacdb}

all 3 blocks come together w/ factor of 1/30
to satisfy Jacobi eqns.

verified D-dimensionally
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: Broedel, |JMC
Solution: e d

nsi(a,b,c,d,e) = | | |

1
% ({Sabsde(Aabcde s Aabced o Abacde hid Abaced)]

Te [sab(scd -~ Scall ANHa o AT )

_I_Sde(sac 7 Sbc)(Aeade §ig Adacbe)}

{(Sabscd ik SabSce)Aadceb (Sabscd oY SabSce)Aaecdb

"|_(—Saesbc o Sbescd)Aadcbe i (Sadsbc i deSce)Aaecbd
A

i (Sacsbd i Sadsce)Adaceb i (_Sacsbe fs Saescd)Aeacdb}
/

Thursday, September 29, 11



: Broedel, |JMC
Solution: e d

n5 ] 1 (a7 b? C? d) e) = % ({Sabsde(Aabcde ey Aabced v Abacde . Abaaced) ‘ | | | E

A [Sab (Scd ~4 Sce)(Aadceb e Aaecdb)
+Sde (Sac &3 Sbc)(Aeacbd G Adacbe)}
7 - [(Sabscd o Sabsce)Aadceb A5 (Sabscd e Sabsce)Aaecdb

+(_Saesbc iy SbeScd>AadCbe =+ (Sadsbc s desce)Aaecbd

S (Sacsbd e Sadsce)Adaceb =t (_Sacsbe T SaeScd)Aeacdb}>

0 1 c(q)n(q
o A —ghy Y 2O
1d1,---,95 }€Ss5

R MO :i(g>3 Y ;n(q)n(q)

{d1,...,95 } €S5
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C Broedel _UMC
Loops? e
JIMC, Johansson: \Q

bc||cd|[de]|eal
4e(a,b,c,d)

(1> e Babcde — 5(8)(Q)

pentagon

Usual Grassman delta function

Conjecture in CJ: Ny ~ Zﬁperm/s(ij)

oty H1,.1,.P1,.0
rs eptember 29, 11




Broedel _UMC

p - S
ng ~ Zﬁperm/s(ij) £

ab||bc|icd|[de|[ea

Loops?

abcde = 5(8)(Q)

4¢e(a,b,c,d)
, e(a,b,c,d)
= Aabcde X SabSbcScdSdeSeq 49
5
(absorbed the Grassman delta 3

into MHV Superamplitude) 11 ~ s*As 7 -

£(1,2,3,4) = epc ki k5kEKS G5 = det(k; - k; matrix) =(*P) —¢2




Broedel _UMC

Loops?
P ﬁ JE
Il5 2768 Zﬁperm/s(ij)

;i R ] )

(antisymmetric in ij)

1 fep ok 1 : e G ! 1 z
10 \ L \ Scd Sce /yab_ - \ Sac Sbc Ved_

_6edcba | Bdecab 5edcab 6decba_

|
. Sgae Sbd Sbe Sad -

Distinct from other solution! Residual 5-pt gauge freedom



Broedel, |JMC

Since both solutions satisfy color-stripped Amplitude
decomposition, can re-express [ijkim in dimension
agnostic terms:

D _512523534545551 A
B12345 = 16G (815534 + S14S35 — S13S45) A 12345
5

+2s14535A 12354

—

Verified this in D dimensions.

Nice N=4 cut implications...

g5 o det(ki ; kj matrix)
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Broedel, |JMC

5-pt virtuous solution:

n(q) =dns 1lg) T @insoiq)
5% As) B2 /3]




What's the endgame?

@ We dont want to have to write an ansatz.
Rather, a direct way to write down master.

@ As an intermediate step, we'll be happy with
grea’rer control over more fluidly flowin
etween representations (c.f. polytopes

@ Existence in higher-genus perturbative string
theory?

@ Connection to recent understanding from Higher-
Spin work?

@ What is non-perturbative implication/barrier to
gravity as a double-copy?

proofs, generalizations, etc... Lots to do!
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String Theory & Tree-level Duality

o Derivation of relations leading to (n-3)! Bjerrum-Bohr, Damgaard,
amplitudes using monodromy of ST S Vanhove
tieberger
amps.
o Duality first satisfied in 5-point ST using Mafra

pure=spinor formalism

o Insights into nature of duality in

Tye, Zhang
Heterotic strings due to parallel
treatment of color and kinematics
& n=-point duality (local, asymmetric) Mafra,
satisfied in ST using pure-spinor Schlotterer,
formalism Stieberger

Thursday, September 29, 11


http://inspirebeta.net/author/Mafra%2C%20Carlos%20R.?recid=897331&ln=en
http://inspirebeta.net/author/Mafra%2C%20Carlos%20R.?recid=897331&ln=en
http://inspirebeta.net/author/Schlotterer%2C%20Oliver?recid=897331&ln=en
http://inspirebeta.net/author/Schlotterer%2C%20Oliver?recid=897331&ln=en
http://inspirebeta.net/author/Stieberger%2C%20Stephan?recid=897331&ln=en
http://inspirebeta.net/author/Stieberger%2C%20Stephan?recid=897331&ln=en

Field Theory & Tree Level Duality

o Proof of double-copy form of gravity assuming duality

o Existence of Lagrangian manifesting 6-point duality
Bern, Dennen, Huang, Kiermaier

@ Using (n-3)! relations via BCFW for field theoretic

proofs of KLT relations, new forms etc.

Bjerrum-Bohr, Damgaard, Feng, Sondegaard
Feng, He, (R.) Huang, Jia

o Explicit (non-symmetric) duality-satisfying tree-level

num. to all multiplicity. Kiermaier
B-B,D,S,Vanhove

o Derivation of relations leading to (n-3)! amplitudes using
BCFW Feng, (R.) Huang, Jia

o Relations with (some) non-SUSY matter  sondergaard

o Symmetric, amplitude encoded, duality satisfying
tree-level representations from 4-6 points JB, JMC
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