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| Outline |

1) A hidden structure in gauge and gravity amplitudes
— a duality between color and kinematics.
— gravity as a double copy of gauge theory.

2) Examples of theories where duality and double copy
holds.

3) Application: Reexamination of gravity UV divergences
— Lightning review of supergravity UV properties.
— Various surprises in UV behavior of

supergravity and super-Yang-Mills theory,
— Prospects for future.



\ Purpose of Talk \

1) Attempt to point out spots where we could use
help from our mathematician colleagues.

2) Show some amazing connections between two
fundamental theories: gravity and gauge theory.

3) Give you a flavor of how these ideas are applied to
guestions of interest in physics.



\ Duality Between Color and Kinematics \

ZB, Carrasco, Johansson (BCJ)
couplin o momentum dependent 2d
color factor kinematic factor P
consta %'\_. gbc § _»kf_ I }-nz 3
g f " (nuw (k1 2)p + cyclic) 17,
Color factors based on a Lie algebra: [T%, T%] = 4 fo%¢T°

JaCObl Ident|ty f&l&gb ba,4a3 _1_ Jca4a2b ba3a1 _I_ fa,4a,1bfba,2a3 — 0

Use 1=s/s=t/t=ulu
H % to assign 4-point diagram
to others.
nscs - Gy nuCu s=(k1+k2)? = _ (b + ks)2

tree __ |
A g S | t | U t = (k1 + kq)?

Color factors satisfy Jacobi identity: Cu = Cs — &

Numerator factors satisfy similar identity: |ny = ns — 1y
Color and kinematics satisfy the same identity




| Duality Between Color and Kinematics

Consider five-point tree amplitude: (BCJ)
color factor
15 Y ~—— Kinematic numerator factor
Atree _ Z C; Ny
5 —

1=1 Hai p(%i\— Feynman propagators

4 5 1 4 2 | 4 1 5
3 C1 9 3 c2 5 3 3 5

clL = fas0L4bfbou—',Cfcoua27 Cy = Jz’agor,4b‘]dm2c]cca,la57 o fa3a4bfba10fca2a5
niNk4'k57€2-6182-8354-55-|—...
cp—cp+c3=0on —ng+nzg=>0

Lie
algebra
Claim: At n-points we can always find a rearrangement so color and
kinematics satisfy the same algebraic constraint equations.
Nontrivial constraints on amplitudes in field theory and string theory

BCJ, Bjerrum-Bohr, Feng,Damgaard, Vanhove; Stieberger; Mafra, Stieberger, Schlotterer;
Tye and Zhang; Feng, Huang, Jia; Chen, Du, Feng; Du, Feng, Fu; Naculich, Nastase, Schnitzer

See talk from Bjerrum-Bohr 5




et | Gravity and Gauge Theory |
kinematic numerator —-\ /- color factor

9 Mti Ci diagrams
gauge tree(1 9 3 ) = L™ sum over diagra
theory: g™~ QA ({1, | Z [[, p2  withonly 3 vertices

c; ~ fa1a2b1 fb1b2a5fb2a,4a5

Assume we have:
ci+co+c3=0 & ny+ne+ng=>0 >_‘_<

Then: ¢; = n; kinematic numerator of second gauge theory

Proof: ZB, Dennen, Huang, Kiermaier

gravity: 2\ "7 T
—1 | — (1,2, ..., -
: (h‘.) My (1,2, Z Hafﬁ Pa,;

Gravity numerators are a double copy of gauge-theory ones.
This works for ordinary Einstein gravity and susy versions.

Cries out for a unified description of the sort given by string theory!
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| Gravity From Gauge Theory |

2 (H—Q)Mtree(l 9 . )_ Z I ﬁi
|- " J2,....n) = : Hﬂﬁpii

BCJ

~

n n
N=8sugra: (N=4sYM)xX (N=4sYM)
N=4sugra: (N=4sYM)X(N=0sYM)
N=0sugra: (N=0sYM)X (N=0sYM)

N = 0 sugra: graviton + antisym tensor + dilaton



‘ Duality for BLG Theory

BLG based on a 3 algebra Bagger,Lambert,Gustavsson (BLG)
[Ta, Tbj TC] _ fabchd

D = 3 Chern-Simons gauge theory
Four-term color identity:

actor I >€< /é< \% imeretor
factors // numerators

cS:ct—|—cu—|—cU:>n8:nt—|—nu—|—nv

Such numerators explicitly found at 6 points.

] Bargheer, He, and McLoughlin ;
What is the double copy’? Huang and Johansson

Explicit check at 4 and 6 points shows it Is the Egg,
N = 16 supergravity of Marcus and Schwarz. Very non-trivial!

A hidden 3 algebra structure exists in this supergravity.
This story is not limited to ordinary gauge theories.



Loop-Level Conjecture \

ZB, Carrasco, Johansson (2010) /'
\/ / \ / C; + Cj -+ Cl — 0
A N / \ n; +nj+ni =0
sum is over : : N
kinematic
diagrams numerator color factor

(_3 Aloop _ Z/H d Pl Ty C 3'4J
"L ST

(i)l D, nﬁ-L propagators
Mloop Z H Pi J'%7 ]
(ki /2)n—2+2L (27m)D 5 1. »2 gravity

{lj I?Jﬂ:j
\ symmetry
factor

Loop-level is identical to tree-level one except for symmetry

factors and loop integration.
Double copy works when numerator satisfies duality. .

gauge theory

9




. | Gravity from Gauge-Theory Amplitudes |

L/
R I R | Cp, — C; — Cy
/
k i j
If you have a set of duality satisfying numerators.
To get:

gauge theory — gravity theory
simply take

color factor — kinematic numerator

Gravity loop integrands are free!

10



| Explicit Three-Loop Construction

ZB, Carrasco, Johansson (2010)

2 3 2 3 2 .
T I X G=6 —Ck = Ny =7Nj; =Nk
1 (a) 4 1 (l)) 4 1 (C) 4

5 5 2 3 2\ 3

- ﬁ For N=4 sYM we have the
XX JEIN g abililty to go to high loop

T T orders. Go to 3 loops.
2 R 0

A /)(_) 4 (1 & 2 loops works.)
2 T 2 3 2 ? 8 ¢

L) 4 S 4 roq :4 |

Tij = 2]@@ . lj

Integral 1®*)| A = 4 Super-Yang-Mills (/N = 8 supergravity ) numerator

(a)-(d) $?

(e)—(g) (s(—735 +7as +1) — (725 + Ta4s) + u (725 + 735) — s° ) /3 o Duality WOFkS!

(s(2m15 — T16 + 2726 — Tor + 2735 + 736 + Tar — u)

(h)
+t (T16 + T26 — Tar + 2736 — 2715 — 2727 — 2735 — 3717) + 52 )/3|| @ DOUbIe Copy WorkS!
(i) (S (—T25 — T26 — T35 + T36 + Tas + 2t)
+t (126 + T35 + 2736 + 2745 + 3746) + uTos + 57 )/3
(3)-(1) s(t—u)/3 "

s t At®¢ prefactor removed



One diagram to rule them all

ZB, Carrasco, Johansson (2010) N = 4 super-Yang-Mills integrand

Diagram (e)
IS the master
diagram.

Determine the
master integrand
In proper form
and duality
gives all others.

N = 8 sugra given
by double copy.

12




| One diagram to rule them all |

N( ) kla k?; k?n l5: l67 l?)

@ (ks kg ko 1. 1g. 1), r1@ngle subdiagrams

vanishin N =4 sYM

(
(
N(a)(k ko, ks, U5, lg, 17) |
N (Eg by ko lny L kg — U 4+ 1 — 1) + N (ks kg, by lny Lo ko + 15 — 17)
NNk, ks, k3, Is, s, I7)
NO(ky, ks, k3, Us, ls, 17)
— N (ky, ko, ks, s, g, k1o — Iy — 1) — N (kg ks, ko lg — I, Is — U+ U — k1o, lg)
N Ky, ko, ks, Us, 17, 1) — N (kg ko, by, —ky — 15 — g, —ls — 17, 1) ,
N (Ey, ko, ks, Us, 16, 17) — N (ko by, ks, 15, 1, 1)
NO(ky, kg, ks, 15, 1g, 1) — N (Ko, by, ks, 15, 1g, 1)
( ) —

N® (ky, Ky, k3, 15, 1, I7) — N (ko by, ks, 1s, I, 1)

All numerators solved in terms of numerator (e) 13



N =4sYM Four Loops \
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) | Generalized Gauge Invariance

ZB, Dennen, Huang, Kiermaier

Tye and Zhang (—i Almp Z / H dPpr 1 njej
gauge theory 9"~ ML (2m)P S5 [1a, P2,

dDLp 1 Ase

ajpaj

(Ca+65—|—07)f( ) =0
Above is just a definition of generallzed gauge Invariance

: (_Ji)L—Fl 00 d pl NN

ng pﬂj

/dDLp 1 An B
(2m)PLS; 1L, p2,

J




\_Sym metries? ‘ Monteiro and O’Connell

Consider self dual YM. Work in light-cone gauge.

Generators of diffeomorphism invariance: p2
The Lie Alg@bra: s Y M vertex D1

: : L
[Lpss Lpy] = 1X(p1,p2) Lpypy = iF}pp, L
The X(py, p,) are YM vertices, valid for self-dual configurations.

Explains why numerators satisfy Jacobi Identity

Y M inherits diffeomorphism symmetry of gravity!

We need to understand general structure beyond this special case.

Recent progress from Bjerrum-Bohr, Damgaard, Monteiro and O’Connell
16



BCJ

| Operations on graphs |

/

Questions for our math friends:

(k)

(1)

0)

Cp, — C; — Cy
nk:ni—nj

What infinite dimensional Lie algebra can be behind this (beyond

the special self dual case)?

Is there a helpful machinery for solving the above functional

graph operations?

17



| One diagram to rule them all |

N( ) kla k?; k?n l5: l67 l?)

@ (ks kg ko 1. 1g. 1), r1@ngle subdiagrams

vanishin N =4 sYM

(
(
N(a)(k ko, ks, U5, lg, 17) |
N (Eg by ko lny L kg — U 4+ 1 — 1) + N (ks kg, by lny Lo ko + 15 — 17)
NNk, ks, k3, Is, s, I7)
NO(ky, ks, k3, Us, ls, 17)
— N (ky, ko, ks, s, g, k1o — Iy — 1) — N (kg ks, ko lg — I, Is — U+ U — k1o, lg)
N Ky, ko, ks, Us, 17, 1) — N (kg ko, by, —ky — 15 — g, —ls — 17, 1) ,
N (Ey, ko, ks, Us, 16, 17) — N (ko by, ks, 15, 1, 1)
NO(ky, kg, ks, 15, 1g, 1) — N (Ko, by, ks, 15, 1g, 1)
( ) —

N® (ky, Ky, k3, 15, 1, I7) — N (ko by, ks, 1s, I, 1)

All numerators solved in terms of numerator (e) 18



Application: UV Properties of Gravity

19



| Power Counting at High Loop Orders |

K = \/327TGN «<— Dimensionful coupling

oV

K

v p‘\\\{z‘ / - dpz (Iﬁ:pjp])
Gravity: — (27r)D propagators

Gauge theory: / ﬁ d"p;  (9P§) -
(27r)D propagators

Extra powers of loop momenta in numerator
means integrals are badly behaved in the UV.

Non-renormalizable by power counting.

Reasons to focus on N = 8 supegravity:
« With more susy expect better UV properties.
« High symmetry implies technical simplicity.

20



Ultraviolet properties

\/ Y
Z Z
| ) 4 1 b) Ny 1 () A
) 3 9
9 3 ; N—
\ /
X
/ yTen \
1 (d) 4 < (
l 8] __(J 4: l jf] —l
) - 3 9 9
5 2 112 = e
2y 6 9 7 6]
it SV TR 1L /
. G N v - WA
" ) + 1 (h) 4 ) 4

Our problem is simple to state: Given a collection of Feynman
Integrals composing a (super)gravity amplitude is it finite or
IS it Infinite?

Answering this is highly nontrivial when:

1) integrals are not manifestly finite.
2) We are at high loop orders. 21



Finiteness of N = 8 Supergravity?

We are interested in possible UV finiteness of N = 8
supergravity because it would imply a new symmetry
or non-trivial dynamical mechanism. No previously
known symmetry can render a UV theory finite.

The discovery of either would have a fundamental
Impact on our understanding of gravity.

Note: Perturbative finiteness is not the only issue for
consistent gravity: Nonperturbative completions? High
energy behavior of theory? Realistic models?

22



| Constructing Multiloop Amplitudes |
We do have powerful tools for complete calculations including
nonplanar contributions and for discovering new structures:
See also talks from Arkani-Hamed and Trnka

« Unitarity Method. IIE

ZB, Dixon, Dunbar, Kosower

 Method of Maximal Cuts.
ZB, Carrasco, Johansson, Kosower
 Duality between color and kinematics.
ZB, Carrasco and Johansson

» Advanced loop integration technology.
Chetyrkin, Kataev and Tkachov; A.V. Smirnov; V. A. Smirnov, Vladimirov; Marcus,

Sagnotti; Cazkon; etc Talks from Smirnov; Weinzeirl; Kosower

In this talk we will explain how the duality between color and
kinematics allows us to uncover surprising UV properties in

gravity theories. ’s



| Complete Three-Loop Result |

Analysis of unitarity cuts shows highly nontrivial all-loop
cancellations. zB, Dixon and Roiban (2006); ZB, Carrasco, Forde, Ita, Johansson (2007)
To test completeness of cancellations, we decided to directly
calculate potential three-loop divergence.

9 3 9 3 2 3 ZB, Carrasco, Dixon, Johansson,
i V4 1
x /\ Kosower, Roiban (2007)

" s N Three loops is not only
X ultraviolet finite it is
TN YUY “superfinite”— finite for

_ Bl ¢ . 9 )

2 112 3 - /" D < 6.
s¥ t6 Yo 2 16
A -
411 | 13410 /

i P agmeaN N It Is very finite!

Obtained via on-shell unitarity method: »



Four-Loop Amplitude Construction

ZB, Carrasco, Dixon, Johansson, Roiban

Get 50 distinct diagrams or integrals (ones with two- or
three-point subdiagrams not needed)

2 3 2

1 4 1 678
1 I 4 I
25 32 50

- K\ 10
M;l loop _ (5) St’U,Miree Z Z CZI ~— Integral
Sy i=1 TN symmetry factor

leg perms

UV finite for D < 11/2
It’s very finite!

Originally took more than a year.
Today with the double copy we can reproduce it in a couple
of days! Another non-trivial example. 25



Recent Status of Divergences

Consensus that in N = 8 supergravity trouble starts at 5 loops
and by 7 loops we have valid UV countertermin D =4

under all known symmetries, suggesting divergences.
Bossard, Howe, Stelle; Elvang, Freedman, Kiermaier; Green, Russo, Vanhove ; Green and Bjornsson ;
Bossard , Hillmann and Nicolai; Ramond and Kallosh; Broedel and Dixon; Elvang and Kiermaier;
Beisert, Elvang, Freedman, Kiermaier, Morales, Stieberger

For N =8sugrain D = 4: —1 1

* All counterterms ruled out until 7 loops!

« D8R* counterterm apparently available at 7 loops (1/8 BPS)
under all known symmetries. (No known nonrenormalization

theo rem) Bossard, Howe, Stelle and Vanhove

Based on this a reasonable person would conclude that N = 8

supergravity almost certainly diverges at 7 loops in D = 4
26



N =8 Sugra 5 Loop Calculation

ZB, Carrasco, Dixon, Johannson, Roiban

~500 such diagrams with ~100s terms each

Being reasonable and being right are not the same

Place your bets:

e At 5 loops in D = 24/5 does
N = 8 supergravity diverge?
*At 7 loops in D =4 does

N = 8 supergravity diverge?  Kelly Stelle: Zvi Bern:
English wine California wine

D3R* counterterms “It will diverge” “It won’t diverge”
27




N =8 Sugra 5 Loop Calculation

ZB, Carrasco, Dixon, Johannson, Roiban

~500 such diagrams with ~100s terms each

Being reasonable and being right are not the same

Place your bets:

e At 5 loops in D = 24/5 does
N = 8 supergravity diverge?
*At 7 loops in D =4 does

N = 8 supergravity diverge? David Gross: Zvi Bern:
3 4 Californiawine  California wine
D°R* counterterms “It will diverge” “It won’t diverge”

28




New Four-Loop Surprise

ZB, Carrasco, Dixon, Johansson, Roiban (2012) doubled propagator

Critical dimension D =11/2. /
Express UV divergences
In terms of vacuum like integrals. 7 > v

Double copy gives formula with manifest power counting.
gauge theory

, SU(Nc) ‘
AN (1,2,3,4) -~ —6g10}CNj(N§ Vi + 120Vi + 2V, + V) color trace
pole ¢

surprise: same
divergence

X (9 (Trigeq + Triges) + ¢ ( Triogs + Trisse

gravity
23 /7 k10
MY = (5) stu(s® + t° 4+ u®)* My |Vi +2Vs + Vi
pole

« Gravity UV divergence is directly proportional to subleading-
color single-trace divergence of N = 4 super-Yang-Mills theory.
« Same happens at 1-3 loops.
29



Calculation of N =4 sYM 5 Loop Amplitude

ZB, Carrasco, Johansson, Roiban (2012)

Key step for N = 8 supergravity is construction of complete
5 loop integrand of N = 4 sYM theory.

416 such diagrams with ~100s terms each

(Db o2 B

(184)

B BB ) o

(335) (370) (404)

/

N1:S, N12:28k73 lo,

diagram numerators
J Nogs = 25%((Lip - l20)? + (Li3 - 118)?)

We are trying to figure out a BCJ form. If we can get it we
should have supergravity finished very soon!

30



UV divergences N =4 sYM 5 Loop Amplitude

ZB, Carrasco, Johansson, Roiban (2012)

Critical dimension where divergences first occur: D = 26/5

« Expand in small external momenta.

* Apply integral consistency equations.
 Find all integral identities.
(b)

* Get astonishingly simple formula for UV 7

144 Surprising
AP = Z2giN3 (N2V(@ 4 12(V@ 427 ®) 4 (@) k&= similarity to
div. 9 four loops
X (S(Tl"1234 + Tri403) + t(Tri243 + Tri349) + u(Tri234 1432
Use FIESTA: V(a’) _ 0331K V(b) _ 0310K V(C) _ 0291K \

7 J

¢ ¢ ¢ color trace
* Proves known finiteness bound Is saturated.
* No double color trace. No O(N,) single trace.

* Note amazing similarity to four loops.
31



Stay tuned.
We now have key information needed to calculate
the UV properties of N = 8 supergravity at five loops.

How long this will take depends on how quickly we
can find a representation for N =4 sYM amplitude
where duality between color and kinematics holds.

32



Fine, but do we have any examples where a vanishing
divergence iIs surprising, based on known understanding
of the known symmetries ?

Yes.
Two examples in half-maximal supergravity :
eD=5at?2 |o()p3, ZB, Davies, Dennen, Huang

* D =4 at 3 loops.

Of course people are searching for symmetry explanations:

« If a full off-shell superspace exists, these divergences must vanish.
Bossard, Howe and Stelle (yesterday)

* A hidden superconformal symmetry might lead to all-loop
finiteness. Ferrara, Kallosh, Van Proeyen

* Link to gauge-theory cancellations of forbidden color terms.
ZB, Davies, Dennen, Huang 33



| Half-Maximal Supergravity |

ZB, Davies, Dennen, Huang

2 3 2 3

X

1 \ 1 4 1 4

No surpr.is_es at one loop: Very instructive to understand from
* Finitefor D <8 double-copy vantage point
 R* divergenceinD =8
« F4four-matter multiplet amplitude diverges in D = 4.

A two-loop surprise:
 Finitein D =5.
A three loop surprise:
 Finite for D = 4.
We now go through these examples

Tourkine and VVanhove

34



| One-Loop Warmup in Half-Maximal Sugra \

ZB, Davies, Dennen, Huang

Generic color decomposition:

Ay = ig* [cg;z,4Ag> (1,2,3,4) + ci5p A5 (1,3,4,2) + clihs A0 (1,4, 2. 3)]

2 3
Q = # supercharges Q =0 is pure non-susy YM
To get Q +16 supergravity take 2" copy N =4 sYM
N =4 sYM numerators independent of loop momenta | |
111234 — 101342 — 111423 — -Stﬂgiem(l: 2. 3. 4) C§12)34 — MN1234

4
MY 6 = z(%) stAUee (1,2,3,4) [A8>(1, 2,3,4) + AY)(1,3,4,2) + A} (1,4,2,3)

Note exactly the same combination as in U(1) decoupling
Identity of tree amplitudes.

35



| One-loop divergences in pure YM |

Go to a basis of color factors: ~ ~° D2V'e Dennen Fuang :
C,=2N
(0 (0) A ¢
by hAnd by - tree color tensors for SU(N,)
p'")  : independent 1-loop color tensor 1 \

Ay = ig! [bg” (A5)(1,2.3.4) + A))(1.3,4,2) + AJ(1,4.2.3))

_ _oAb(O A57(1,3,4,2) — —CAb TAY(1,4,2 3)]
Q supercharges (malnly Interested in Q = O)

D = 4 F? counterterm: 1-loop color tensor not allowed.
D = 6 3 counterterm: 1-loop color tensor not allowed.

3 __ pabc 1ra bv rrco
F _f FVILLFO' F,u >—< X

AD (193 41 AP (1.3.4.9) & A(1)1423| 0
Q(”’)—(F)Q(”7) )D46d1v
1
Myii6(1,2,3,4) P 0
! ’ 36




| Two Loop Half Maximal SugrainD =5 |

3 2 3 ZB, Davies, Dennen, Huang
1 4 1 4
«48) = —¢° [Cf234AP(17273 4) +C§421AP (3,4,2,1)

+ e An (1,2,3,4) + ey Ap(3,4,2,1) + cyclic}

D =5 F3 counterterm: 1,2-loop color tensors forbidden!

Demand this and plug into double copy: ><
1) Go to color basis. > <

2) Demand no forbidden color tensors in pure YM divegence.
3) Plug into the BCJ double-copy formula.

2 ‘
MSG)JFQ(L 2, 3?4)‘D:5div. =0

Half-maximal supergravity four-point divergence vanishes

because forbidden color tensor cancels in pure YM theory. .



IN = 4 Supergravity in D = 4]

Fine, but do we have a D =4 example?

N =4 sugra at 3 loops ideal D = 4 test case to study.

ZB, Davies, Dennen, Huang

Consensus had it that a valid R*
counterterm exists for this theory in D = 4.
Analogous to 7 loop counterterm of N = 8.

Bossard, Howe, Stelle;: Bossard, Howe, Stelle, Vanhove

38



2 3
»
5
LN
Uy 1
2 3

‘ Th ree-loop ConStrUCtiOn ‘ ZB, Davies, Dennen, Huang

N=4sugra: (N=4sYM)X(N=0YM)

ST
e
D
—
Ny
| R
e
—
—
=

(1)
L pure YM side.

1 (L) 4 1
2 3 2>_<ﬁ
Lom :4 !

Integral 1| A = 4 Super-Yang-Mills (VN = 8 supergravity ) numerator
(a)—(d) s”
(e)(g) (s(—T35 + Tas +1) — (725 + 7a5) +u (725 + 735) — 5° ) /3
(h) (s (2715 — T16 + 2726 — Tor + 2735 + T36 + T37 — )
+t (T16 + Tos — Tar + 2736 — 2715 — 2727 — 2735 — 3717) + 5° ) /3
(1) (8 (—T25 — T26 — T35 + T36 + Ta5 + 2t)
+1 (26 + T35 + 2736 + 2745 + 3746) + uTes + 5~ ) /3
()-() s(t —u)/3

 For N =4 sYM copy use
known BCJ representation.

i\ E  We will use a Feynman
diagram representation for

BCJ form of the
N=4sYM
Integrand

39



| Three-Loop Construction |

N=4sugra: (N=4sYM)Xx(N=0YM)

N=4sYM pure YM N = 4 sugra linear

divergent

k71

m— 24 Atree e 4 74 (le)S 190

~1-ks“tAy ~ (g - 1)* 1 120

simple to see

BCJ Feynman finite for N=5,6

representation representation sugra

Integrals have subdivergences which causes complications.
But this was well understood 30 years ago by Vladimirov and
by Marcus and Sagnotti.

40



| The N = 4 Supergravity UV Cancellation |

ZB, Davies, Dennen, Huang

/
x\ X Graph | (divergence)/((12)%[34]?stA"°°(%)®)
. (b) ©) w) (d) 0
) )] N ‘ 263 1 205 ( %C + 326317) 1

768 €3 + 27648 € _’J + 110592

175 1 11 (593 B 217571) 1
T2304 3 T A2 288 &3 165888 /) €

ZX

(d) (e) (f) 3227 3329 \ 1

(e)
(f)
(g)
1 1
/ (h) T 323 1536?I+(2304 3= 18432)E
) £1_291_'_(_2[}87 _M)l
| — (1 128 3 1024 2 2304 53 110592 ) e
() 15 1 9 1 (101 . 3227) 1
. T T a2 15 63 — 1153
1
(k) =
(1)

(IOTGQC N 226201) 1
2304 165888 ) «

+ €

risz 2 + (— 3G + 353)

srr — T or + (- 131G+ 5ise)

Spinor helicity used to clean up

W (x) O table, but calculation for all states
All three-loop divergences cancel completely!

Cancellations much less trivial than from susy.

1

€
1
€

N
N

4-point 3-loop N = 4 sugra UV finite contrary to expectations
Tourkine and Vanhove have understood this result by extrapolating

from two-loop heterotic string amplitudes. 41



| Obvious Next Steps |

Still want to understand gravity better at even high loops.

1) Five Loops: Compute the coefficient of the D8R* five-loop
counterterm of N = 8 supergravity in D = 24/5.

ZB, Carrasco, Johansson, Roiban

2) Four Loops: Find the coefficient of the D?R* four-loop
counterterm of half-maximal supergravity in D = 4.
ZB, Davies, Dennen, Smirnov & Smirnov
3) Can we prove that in general, surprising supergravity
cancellations are tied to cancellations of forbidden color factors
In gauge-theory divergences?

4) How many of the surprises might be explainable

by more standard symmetries?
Bossard, Howe and Stelle (yesterday)
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| Summary |

* A new duality conjectured between color and kinematics (not well
understood, mathematical structure??)

* When duality between color and kinematics manifest, gravity
Integrands follow immediately from gauge-theory ones.

« We now have extremely powerful way to explore UV properties
of gauge and gravity theories.

e Surprises, contrary to previous symmetry expectations and
evidence of new structures.

Duality between color and kinematics is powerful but not well
understood. We sure could use some help to unravel the
underlying mathematical structure.
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Workshop Announcement: “Physics and
Mathematics of Scattering Amplitudes”

SIMONSCENTER

FOR GEOMETEY AMD PHYSICS

STONY
1

Starts final week of
August 2013, for
period of 4 months

“A primary aim of this workshop is
to bring together mathematicians
and physicists for a significant
period of time to make fundamental
progress in understanding scattering
amplitudes in quantum field theory.”

Organizers: Zvi Bern, Lance Dixon,
Michael Douglas, Sasha Goncharov,

Lionel Mason

bern@physics.ucla.edu
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