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Made it to Hollywood ©

Sheldon Cooper busy with 6 loops...



This talk:

1) UV divergences in D=4 and higher dimensions:
® Question of SUGRA UV finiteness/divergences

2) Hidden structures in gauge theory and gravity:
® Duality between color and kinematics
® Gravity as a double copy of gauge theory

3) General multi-loop methods:
® Towards two-loop QCD automation

Henrik Johansson



1) Question of supergravity finiteness...

Parameter space for UV divergences in /N'= 8 SUGRA and N'=4 SYM

1-2 loops: Green, Schwarz, Brink; Marcus and Sagnotti
3-5 loops: Bern, Carrasco, Dixon, HJ, Kosower, Roiban

Dimension calculations: g joops; Bern, Carrasco, Dixon, Douglas, HJ, von Hippel
d e N=4SYM
IR o AN=8SC
| PN
— Dp=24+ ’—:

Divergent

‘N = 4 SYM and current
<— trend for "= 8 SUGRA

I Finite . Pessimistic power
counting prediction

for '= 8 SUGRA
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5-loop UV calc. will give strong indication of = 8 finiteness/divergence
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2) Color-Kinematics Duality

Yang-Mills theories are controlled by a kinematic Lie algebra

* Amplitude represented by cubic graphs:

__—— numerators
A(L) E : / gl ’I’L;Cz « "color factors
LD 7. T ). 2
1€l 27T S”' pzlpz2pz3 dak z' propagators

Color & kinematic Jacobi
numerators satisfy identity
same relations:

fadc fceb . ]cea,c fcbd . fabc fcde
:}7':}""‘ - _:_L,}“M antisymmetry

j:bac — fa,bc

Duality: color <= kinematics Bern, Carrasco, HJ
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Some details of color-kinematics duality

Bern, Carrasco, HJ
can be checked for 4pt on-shell ampl. using Feynman rules

Example with
two quarks: /

(@ Vus) g4 = U1 P,Fous  —  TUigep F4u3
b b
fc . ’I,j jk 'ijTjk

1. (A*)* contact interactions absorbed into cubic graphs
by hand 1=s/s
* or by auxiliary field B ~ (A*)?
Beyond 4-pts duality not automatic = Lagrangian reorganization
Known to work at tree level: all-n example Kiermaier; Bjerrum-Bohr et al.
Enforces (BCJ) relations on partial amplitudes = (n-3)! basis

Same/similar relations control string theory S-matrix
Bjerrum-Bohr, Damgaard, Vanhove; Stieberger
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Gravity is a double copy

e Gravity amplitudes obtained by replacing color with kinematics

= (2m)LP S; p? i p;. - p; BC)

M(L) . Z / dLDf 1 nzﬁz
m D) @, vk s O . - i
- (27T) Si D;, P, Di, bi;

1€l
* The two numerators can belong to different theories:
n; n;
— — . — similar to Kawai-
(W_4) % (W 4) N=8 sugra Lewellen-Tye but
(N=4)x (N=2) — N=6sugra works at loop level

(N=4)x (N=0) — N=4sugra
(N=0) x (N=0) — Einstein gravity + axion+ dilaton
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Example: 2-loop 5-pts N=4 SYM and N =8 SG

3 3 2 3
4 4
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2 2 » f
p 9 . p ¢ .
C
IO 9 s

Carrasco, HJ
1106.4711 [hep-th]

The 2-loop 5-point
amplitude with
duality exposed

N= 8 SG obtained
from numerator

double copies

3 4 3 \ 4 3 / 4
PERGRS-G)-a
5 5} 5
1 (d) 1 (e) 1 (f)
(@ N = 4 Super-Yang-Mills (1/N = 8 supergravity) numerator
(a),(b) : (712(2845 — 812 + Top — Tip) + Y23(845 + 2812 — Top + T3p)
+ 2745(T8p — Tap) + 113(812 + 845 — T1p + 7‘3p))
() | % (’)’15(7‘5p — Tip) + Y25(812 — T2p + T5p) + Y12(834 + T2p — T1p + 2815 + 2719 — 2724)
+ 745(Tag — T5q) — ¥35(834 — T3¢ + T5¢) + Y34(812 + T3g — Tag + 2845 + 274p — 27'3p))
(d)-(£) V12545 — § (2’)’12 iy — ’723)812

Tip = 2k2 P
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3) Two-loop QCD automation

Maximal Unitarity at two loops H.J. Kosower, Larsen

® Complete two-loop integral basis
(massless particles)

Ampl = Z c; Int; + Rational
j€EBasis
® Refined unitarity method
® Maximal cut method
® Integral contour <> IBP relations
® projectors: Cut;|Int;] = d;;
® coefficients: Cut;[Ampl] = ¢;
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multi-loop N=4
methods

on-shell NLO methods

Qi




