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Plan

® Why are we interested in amplitudes ?

® Amplitudes and Wilson loops in N=4 SYM

» iterative structure in N=4 scattering amplitudes
amplitude / Wilson loop duality
dual (super)conformal symmetry

form factors of 1/2 BPS operators in N=4 super Yang-Mills




What are we interested in:

® Scattering amplitudes of elementary particles
(e.g. gluons, or gravitons)

» collected in a unitary matrix - the 5-matrix (wheeler, 1937; Heisenberg, 1942)
» (maximally) supersymmetric theories

» theories with no supersymmetry, e.g. QCD




Why amplitudes ?

® Because they are simple

» calculation with Feynman diagrams cumbersome, however
final results often strikingly simple

® Gluon scattering is an important background for LHC

» at tree level, gluon scattering can be equivalently calculated in
any supersymmetric theory

» oneloop: A, = (A, +4A,+3A,) — 4(Ar+ As) + A

/ N =14 N =1 N =0

one-loop amplitude in gluon
pure YM with a gluon 4 Weyl fermions the most difficult piece
running in the loop 6 real scalar fields but simpler than A,




Textbook approach to amplitudes:




A typical Feynman diagram contains:
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Gauge-dependent, off-shell internal states




Unwanted complexity (I)

Number of Feynman diagrams for gg — n g scattering: (tree level)

n 7 8 Gluon

scattering

# of diagrams 559405 | 10525900

1= Resultis: A(li,2+,...,n+) =0

» Why so simple?  Why zero?




® Three-loop correction to electron g-2

Predrag Cvitanovic -

“One day terror struck; | was invited to Caltech to give a talk. | could
go to any other place and say that Kinoshita and | had calculated
thousands of diagrams and that the answer was, well, the answer is:

72 diagrams /@\ /N

= (1.181241456...) (qen. /T)°

(Cvitanovic & Kinoshita ’74)

like O (Laporta & Remiddi '96)

But in front of Feynman? He is going to ask me why + and not - ?
Why do 100 diagrams give a result of the order of unity, and not 10
or 100 or any other number? It might be the most precise agreement
between fundamental theory and experiment in all of physics, but

what does it mean ? ”’




Predrag Cvitanovic again:

“So in fear of God | went into deep trance and after a month | came
up with this: if gauge invariance of QED guarantees that all UV and IR
divergences cancel, why not also the finite parts?

And indeed; when the diagrams we had computed were grouped into

a rather surprising thing happens: while the
finite part of each Feynman diagram is of order 10 to 100, every
subset adds up to approximatively

:1/2 (Oze.m./ﬂ')n

...For me, the above is the most intriguing hint that something deeper
than what we know underlies quantum field theory...”




Form Factors

® Partially off-shell quantities

F = /d4:1; e'% (0|O(x)|state) = 6 (g — parate) (0|O(0)|state)

q := p1 + D2
off shell

Ya) | g0

e(p,)

on shell on shell




® Appear in several interesting contexts:
» deep inelastic scattering (e” + p = e + hadrons)

» e*e” — hadrons:

nH

(=e)(X[J;™(0)]0)

/

+ -
e*e” — hadrons (X) hadronic electromagnetic current
all orders in Gstrong, first order in em,

(m)%u(pl) (

P14+ p2)?




® Jotal cross section: o

2

1% 14 1% q 1%
» LM =pipy A0l — 5o from LHS (g =pi+p2)

1 .
» W, = —Im [d*ze' ™ (0/TJ,(x)J,(0)]]0) from RHS

-
- encodes our ignorance of QCD dynamics

- usually evaluated using OPE / models

® Correlation functions appear in the picture




Typical “missing words” in an amplitude seminar:

® Correlation functions (& LSZ reduction)
Path integral
Action
Off-shell

Amplitudes | i B\ correlations functions

Can we bridge the two realms ?

Form factors sit in between...
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corrections. For the Yang-Mills field it takes the form
Viayypr = —iCapy’"= —1Cars(p°+p""). (2.3)

The propagators for the normal and fictitious quanta
are, respectively,

G— v*fn./p?,
G—y8/p2,

with p* being understood to have the usual small
negative imaginary part.
The corresponding quantities for the gravitational

(2.4)
(2.5)
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QUANTUM THEORY OF GRAVITY.

I11 1241
field are much more complicated. In this case we shall
employ the momentum-index combinations puv, p'e’7/,
PN, p""k"". The vertices must not only be sym-
metric in each index pair but must also remain un-
changed under arbitrary permutations of the momen-
tum-index triplets. At least 171 separate terms are
required in the complete expression for S; in order to
exhibit this full symmetry, and for Sy the number is
2850. However, these numbers can be greatly reduced
by counting only the combinatorially distinct terms?
and leaving it understood that the appropriate sym-
metrizations are to be carried out. In this way S; is
reduced to 11 terms and Si to 28 terms, as follows:

Sym[—1Ps(p- p'n*n" PN — 1Ps(p°p 1" n*N)+1Ps(p- p'n o PN +5Ps(p- o1 n"on ™)+ Pa(p7p 00 ")
—3Ps(pp ) +5Ps(pop M0t )+ Ps(pep 0 ™)+ Po(pp Mnmen?e)+ Py (pop k0 en™)

o*S

—
8QusdPar 0@ N8 yrrsgrss

—Pu(p-p'wenmn™)], (2.6)

Sym[—3Ps(p- p'n*n" 0" ) = Pra(pp 00 0*) — 4 Po(p7p "0 0 )+ Po (- p'n o0’ 0" 1)
+1Po(p: o' 0" 0P ) +1P1a(pp 0P 0o )+ 3 Ps (pp ey 0P n ) — 1 Po(p+ p 0w’ P 0
+1Pau(p- ' n# o 0 )+ 1P (p7p e )+ 1 P12 (pp M0t 0 )+ 5 Pos(p7p P 0 )
—3Pu(p-p'ron o) =5 Pu(pop 00+ 5 Pr(p prn ™y ) — 5 Peu(p- £ 00" 0 ™)
—Pua(popmnen ) — Pra(prp M n ™) — Paa(pop”Pymn*en’) — Pra(pop’ n>on ™9™
+Po(p-p'wen* ™) = Pra(poprntnmn™) =5 Pra(p- p'n#on n7n™) — Pra(ppPn ™ n*n™)

—Py(pep’ n ntonT)— Paa(pp'onmn g ™) — Pra(pop#n7on ) +2Po(p- p'n* 0 o0 0 1.

The “Sym” standing in front of these expressions indi-
cates that a symmetrization is to be performed on each
index pair p», o7, etc. The symbol P indicates that a
summation is to be carried out over all distinct permu-
tations of the momentum-index triplets, and the sub-
script gives the number of permutations required in
each case.

Expressions (2.6) and (2.7) can be obtained in a
straightforward manner by repeated functional differ-
entiation of the Einstein action. This procedure, how-
ever, is exceedingly laborious. A more efficient (but
still lengthy) method is to make use of the hierarchy
of identities (I, 17.31). It is a remarkable fact that
once Sy is known all the higher vertex functions, and
hence the complete action functional itself, are de-
termined by the general coordinate invariance of the
theory. It is convenient, in the actual computation of
the vertices via (II, 17.31), to invent diagrammatic
schemes for displaying the combinatorics of indices.
Since each reader will devise the scheme which suits

@7

him best we shall not shackle him by describing one
here. We also make no attempt to display Ss or any
higher vertices.

The vertex V(s has the following form for the
gravitational field :

V"™ —
$Sym[2p”,p'%8,"— p"up i1
+ (" =20V p /00,71, (28)
where the momentum-index combinations are pu, p'v/,
#""¢’'7"’, and the symmetrization is to be performed on

the index pair o7. The propagators for the normal and
fictitious quanta are given by

G— (ﬂuﬂ’)w""ﬂur'ﬂn_ 77#7"1")/?2 ) (2.9)
G—n»/p2. (2.10)

2 The choice of terms is not completely unique since momentum
conservation may be used to replace a given term by other terms.
We give here what we believe (but have not proved) to be the
expressions containing the smallest number of terms.

Unwanted complexity (lll)

+ 3-point vertex: | 7] terms

+ 4-point vertex: 2850 terms




,QIGR(1+2+3_) — 'ﬂlYM(1+2+3_)'
» ....however: ' '

Acr(172737) = [Aym(172737)

-  KLT relations

- hint at further secret similarities between GR andYM
amplitudes...

» three-point amplitudes are the smallest amplitudes

- entirely determined by helicities + Lorentz invariance

- appear only in complexified Minkowski

» EH Lagrangian (and Feynman rules) not needed !




Unexplained simplicity hints at...

...hidden structures in perturbative quantum field
theory...

...which are not captured by Feynman diagrams

Need new framework to calculate S-matrix
directly




The Analytic
S-Matrix

(Cambridge, 1966)




Key ideas in

® On-shellness

The Analytic
S-Matrix

“The fields themselves are of little interest. They are
merely used to calculate transition amplitudes for interactions.
These amplitudes are the elements of the S-matrix”

“One should try to calculate S-matrix elements directly,
without the use of field quantities, by requiring them to have
some general properties that ought to be valid, whether or not

some underlying Lagrangian theory exists”

® Complexify

>

“One of the most remarkable discoveries in elementary particle

physics has been that of the complex plane”




What was “missing” in 1966

® Massless particles

» most of the beautiful structure uncovered so far appears in
theories of massless particles

® New symmetries/concepts

» supersymmetry, conformal symmetry, large-N limit,
string theory, AdS/CFT correspondence...

» simplest S-matrix (in 4D): N=4 SYM & N=8 supergravity

(maximal supersymmetry)




m = 0: spinor helicity formalism

(Berends, Kleiss, De Causmaecker, Gastmans,Wu; De Causmaecker, Gastmans, Troost, Wu;
Kleiss, Stirling; Xu, Zhang, Chang; Gunion, Kunszt)

® Define pad:p,uGZd where

® Massless particles: p® = detp =0

® Hence : : _—Y (X) negative (positive) helicity

spinors

Key formula !
- Inner products  (12) := €A\ [12] := g, AIA
2(p1-p2) = (12)[12]

Allows to expose (not explain!) simplicity




MHY amplitude

® First non-vanishing amplitude: Maximally Helicity Violating

<ij>4 helicities are a
permutation

Aqay(17 .0 jnt) = (12)(23)---(nl) ~ Pemiasen

(Parke & Taylor, 1986; Berends, Giele 1987; Mangano, Parke, Xu 1988)

® Simple geometry in Penrose’s twistor space

(Witten, 2003)

localised on a line in twistor space

holomorphic (only < > spinor products)

generic amplitudes (with more negative helicities) localise on

unions of lines

first example of hidden structure




On-shell (BCF) recursion relations

(Britto, Cachazo, Feng; BCF + Witten, 2005)

The Analytic
S-Matrix

® Exploit analytic structure of amplitudes

» Singularities of tree amplitudes-

- Factorisation on multi-particle poles simple h = internal

(simple poles, tree level) pole particles
helicities

» idea: physical singularities — poles in a single complex variable z




» Shift momenta: pi(2) = p1 + 21, pa(z) = p2 — 27
with pi=p53=0 forallz and #»*=0

shifted momenta are complex!

= A(p1,P2,P3,...,Pn) A(0)is the amplitude

Z :
only simple poles
Z Zp Y PIe P

- assume A(z) -0 asz—0 (depends on theory)

VAN
- residues cp from factorisation b b,

Final result:




building blocks are , and
amplitudes the recursion

General Relativity (Bedford, Brandhuber, Spence, GT ‘05; Cachazo, Svrcek’05;
Benincasa, Boucher-Veronneau, Cachazo ‘07; Arkani-Hamed, Kaplan ‘08)

rational Part of QCD amplitUdeS (Bern, Dixon, Kosower; “BLACKHAT”

collaboration)
P&l"tiCleS with masses (Badger, Glover, Khoze, Svrcek)

N=4/N=8 manifestly supersymmetric recursion relations
(Brandhuber, Heslop, GT; Arkani-Hamed, Cachazo, Kaplan; Drummond, Henn)




On-shell methods

® Key ideas:

» calculate (on-shell) amplitudes

» (off-shelh-Green’sfunctions; Lagrangians; fields—
» not restricted to four dimensions

- recent amplitude calculations in 6D supersymmetric theories

(Cheung, O’Connell; Bern, Carrasco, Dennen, Huang, Ita; Brandhuber, Korres, Koschade, GT)

® Advantages:

» gauge-invariant, on-shell data at each intermediate step
of the calculation

2

» %2 amplitudes with fewer legs/fewer loops %




Hidden structures in

planar N=4 SYM




i. Iterative structure at weak coupling

(Anastasiou, Bern, Dixon, Kosower; Bern, Dixon, Smirnov)

® An,MHV — fjﬁ&HV M., M., is a “helicity-blind” function

® All-loop MHV amplitude:

My =1+ a"ME) ~ POSHR

7—1 a~ g*N/(8n?)

BDS ~ div + ’yKFinite(l)(pl, ey Dn) BDS ansatz
div = universal infrared-divergent part

YK is the cusp anomalous dimension BES equation == integrability

(Beisert, Eden, Staudacher)

Finite(l)(pl, ...,Pn) = finite part of one-loop amplitude

‘R is the Remainder Function, R=0forn=4,5 R#0 for n=6




® Planar higher-loop amplitudes from lower loops!

Plus a remainder: BDS conjecture breaks down at two loops and

n==~6 (Bern, Dixon, Kosower, Roiban, Spradlin,Vergu,Volovich)

infrared divergences exponentiate
(Giele, Glover; Kunszt, Signer, Trocsany; Sterman, Teyeda-Yeomans; Catani; Magnea, Sterman)

exponentiation of finite parts: new and nontrivial

® TJasl: determine the remainder function

» hard to calculate, even numerically (one data point takes one week)

» will approach from the Wilson loop side




ii. Wilson loop/amplitude duality

(Alday, Maldacena; Drummond, Korchemsky, Sokatchev + Henn; Brandhuber, Heslop, GT)

® MHV amplitudes in planar N=4 super Yang-Mills
calculated by a Wilson loop

Tr P exp [ig%dT (ftu(T)Au (x(T)) )}

C

Str'ong COUPIing (Alday & Maldacena)
Weak COUPling (Drummond, Korchemsky, Sokatchev+Henn; Brandhuber, Heslop, GT)

» ( determined by the momenta of the scattered particles




ii. Wilson loop/amplitude duality

(Alday, Maldacena; Drummond, Korchemsky, Sokatchev + Henn; Brandhuber, Heslop, GT)

® MHV amplitudes in planar N=4 super Yang-Mills
calculated by a Wilson loop

Tr P exp {ig%dT(x'ﬂ(T)A“ (a:(T)) + 9 (7)o 2 7')))}

C
Strong coupling (Aiday & Maldacena)
Weak coupling (prummond, Henn, Korchemsky, Sokatchev; Brandhuber, Heslop, GT)
» ( determined by the momenta of the scattered particles

»  Purely gluonic; locally supersymmetric

i* =9, solvedby =0




® The contour of the Wilson loop:

» A particular polygonal contour, made of lightlike segments:

- colour ordering Tr(T** T ---T97)

n
> Zpi =0 momentum conservation

—
! closed contour

- Pi = Ty — X1, lightlike

- X are I-dual (region) momenta




® At strong coupling: four-point amplitude is the
Same as BDS ! (Alday & Maldacena)

My ~ exp [div + ﬁ?ongFinite(l)(ph e ap4)}

» notice:

- ATV replaces
o yReak AN+ 40N -

leading-order AM calculation: 75" — VA




Lightlike Wilson loops at weak coupling

® Compare < W[(C] > to n-point MHV amplitude in
N=4 SYM in perturbation theory

4 4-point case at one IOOP (Drummond, Korchemsky, Sokatchev)

> /l-point case (Brandhuber, Heslop, GT)

® Results are in perfect agreement !

- unexpected: eikonal approximation usually reproduces IR behaviour only;
we also get finite parts




n-point, planar MHYV amplitudes in N=4 SYM

® Simplest one-loop amplitude

Al—loop - tree
MHV _ MHV

(Bern, Dixon, Dunbar, Kosower, 1994)

« Sum of two-mass easy box functions, all with coefficient 1

Diagrammatic
interpretation




All-loop conjecture

(Drummond, Henn, Korchemsky, Sokatchev; Brandhuber, Heslop, GT)

® MHV Amplitude “=" Wilson loop

» more precisely:  Wilson loop calculates /M

L r
- M is the helicity-blind function in -/41(\/[1){\/ — 113\/Ie§\/ M(L)

- Subtlety in the infrared-divergent part

® Conjecture: (Log) < W[C]> = (Log) M toallloops

In terms of the remainders: | R wi = R




Why is this interesting/useful ?

® New duality

® Remainder function is easier to compute

<W[C]> =Exp( BDS+ R )

» Wilson loop: one hour. Amplitude: one week

- (dimensionally regularised) Wilson loop integral functions much simpler
to evaluate than corresponding amplitude integral functions

» Functional dependence of X constrained by dual conformal symmetry




iii. Dual conformal symmetry

(Drummond, Henn, Korchemsky, Sokatchev)

® Natural symmetry from Wilson loop perspective:

» it is the standard conformal group acting on dual momenta x’s

» symmetry is anomalous

- UV divergences from cusps in the contour
(UV for the Wilson loop = IR for the amplitude)




® BDS Ansatz explained by dual conformal symmetry

» a solution to the associated anomalous Ward identity

» remainder K is a function of cross-ratios

x%szl - : i

- invariant under Ti— —5
x2 2 L
kLl !

» solution is unique at four and five points (modulo constants)

- lightlike condition forbids nontrivial cross ratios for n < 6

® For n =6 points, cross ratios open up and R # 0

2 9 2 9 2 9
L13T46 L15L24 L26L35
- e.g.at n:6 Uir = —5 5, U2= 5 5, UI= "5 5

T36L 41 L1495 Lo5L36

R = Re(uy,us,u3) non-vanishing starting at 2 loops




» The hunt for new symmetries to constrain X is open !

- goal: complete “algebraic” determination of amplitudes

» Remarkable series of recent strong-coupling calculations
(Alday, Maldacena; Alday, Gaiotto Maldacena;Alday, Maldacena, Sever, Vieira)

- integrability of worldsheet theory,Y-systems...

» Weak-coupling side:
n-point remainder integrals (Anastasiou, Brandhuber, Heslop, Khoze, Spence, GT)

evaluated for any n in (1+1)-dim kinematics (Heslop, Khoze)

6-point integrals calculated by Del Duca, Duhr, Smirnov.
| 7-pages result, contains Goncharov polylogs

Goncharov, Spradlin,Vergu and Volovich eliminate Goncharov’s
polylogs. 2-line result, only classical polylogs!




< W[(C] > at two loops, n points

(Anastasiou, Brandhuber, Heslop, Khoze, Spence, GT)

® Remainder function for any n known in terms of a
set of integral functions

» # of independent topologies does not grow with 7

- n-point Wilson loop under numerical control

® Compare, where possible, to amplitude results

» collinear limits of Wilson loops same as amplitude’s

- if it quacks as a duck; it’s a duck!

» check dual conformal symmetry




Wilson loop master integrals

‘+' @

fH(p1,p23p3;Q1,02303) fY(p‘l)pZ-QhOZ)

p

fx(p1,P2; Q‘la 02) fC(p1:p2: Ps, Q‘Ia 02) 03)

» four topologies: hard, Y (+ self-energy), cross, curtain




» factorised cross (product of two one-loop integrals)




Amplitude master integrals

(Bern, Rozowsky, Yan)

(Bern, Czakon, Kosower,Roiban, Smirnov)




Amplitude master integrals (cont'd)

(Bern, Dixon, Kosower,
Roiban, Spradlin,
Vergu,Volovich)

all n : Vergu arxiv:0908.2394 [hep-th]; Arkani-Hamed et al arxiv:1008.2958 [hep-th]




» Wilson loop: no new integrals after 9 points

- hard diagram with three masses

» Amplitude: no new integrals after |2 points

» Interesting mismatch between these two numbers...




Amplitude/Wilson loop duality at O(€)

(Brandhuber, Heslop, Nguyen, Katsaroumpas, Spence, Spradlin, GT)

® Back to four- and five-point Wilson loops:

up to O(1) fully determined by the BDS Ansatz
D =4-2¢ (€ <0) regularises divergences in the Wilson loop

what about O(€) corrections ! effectively away from four
dimensions

® Main result: amplitude and WL are still identical
up to and including O(€) terms

- miraculous agreement that cannot be called a coincidence...

- clearly beyond dual conformal symmetry !




® |n practice, define an O(€) remainder for amplitude
and WL. For example,

2
R = MP [ 1(MP©@) + O MP 20 + ¢ + O

Riwi, = ©) + A2 20 + 0@] + o)

F®(e), fiol, C®  are the same as in the O(1) iteration

® Main results: Rf) RELQ\);VL =3¢ e + O(€?)

RE —RE = =2 ¢se + O(e?)

A7

parity-even part




® Four-point remainder at O(€):

RW(z) = _%O {16%4 log(z) — 15m* log(1 + x) — 3072 log® () log(1 + )
—15log*(x) log(1 + z) — 12072 log(x)Lia(—z) — 120 log®(z)Lis(—x)

+1807%Lis(—x) + 5401og® (x)Lis(—x) — 1440 log(x)Lis(—2z)

+1800Li5 (—x) + 690725 — 5940@},} ,

xX:= s/t
- Transcendentality 5 function

- only classical polylogs appear




Comments:

|. Conjecture: dual (super)conformal symmetry lifted
from Wilson loops to amplitudes

(Drummond, Henn, Korchemsky, Sokatchev)

new hidden symmetry of planar N=4 amplitudes!
2 2 . . Ly
Avny — 212, Aunv under inversions i — 5
)

- on-shellness, large-N limit, N=4 symmetry

tree-level S-matrix of N=4 SYM is dual superconformal covariant
(Brandhuber, Heslop, GT)

one-loop dual conformal anomaly under control (pHks, BHT)

at tree/loop level, it restricts considerably the form of amplitudes

(Brandhuber, Heslop, GT; Drummond, Henn, Korchemsky, Sokatchev; Korchemsky, Sokatcheyv;
Bargheer, Beisert, Galleas, Loebbert, McLoughlin)

- loops without loops




2. Weak coupling: Yangian symmetry of tree-level
scatte I"i ng am Pl |tu des (Drummond, Henn, Plefka)

from commuting the generators of the two superconformal
algebras

it is still a matter of debate whether the predictive power of the

Yangian symmetry exceeds that of the two superconformal
symmetries

However: Yangian symmetry might be easier to implement than
e.g. ordinary conformal symmetry




iv. Form factors in N=4 SYM

» Studied at weak coupling in a pioneering letter by Willy
van Neerven (van Neerven 1986)

- simplest (Sudakov) form factor at one and two loops, with
Feynman diagrams

- exponentiation of finite parts in N=4 super Yang-Mills !

- 4 citations on Spires, all after 2009 (2 last month....)

» Recent strong-coupling analysis (Alday, Maldacena; Maldacena, Zhiboedov)

- independent of the particular operator as long as anomalous
dimension is small compared to /)

- calculated by a periodic Wilson loop

» Recent series of weak-coupling calculations
(Brandhuber, Spence, GT, Yang; Bork, Kazakov,Vartanov)




» Perturbative questions on <0 O (0) | state > :
dependence on external state
dependence on operator
which integral functions can appear

duality with Wilson lines

nsider scalar 1/2 BPS operators

1

- e.g. Ox)="Tr (¢1n ¢12)(x) where ¢ap = 5 €ABCD <P

Sudakov form factor: < 0| O (0) | ¢12 (p1) P12 (p2) >
Note: O is a colour singlet

MHV: <0 | O ()] g+ (p1)...d12 (pi)..g+ g+..012 (P))... g+ (Pn) >




» On-shell methods can be successfully applied to form factors
(Brandhuber, Spence, GT, Yang)

- off-shellness limited to part of the diagram

- tree-level form factors derived using BCFW recursion relations

- unitarity: at one loop, glue form factors and amplitudes

» Sudakov:  F(¢®) := (0| Tr(¢12612)(0) |p12(p1)d12(p2))




® “MHV” form factors: add arbitrary number of g+’s in external state

one loop

<0| Tr(p12¢12)(0) |9+(P1) e pra(pi) '¢12(pj)' ' '9+(pn)>

» structure very similar to that of MHV amplitudes in N=4

M

(i j)”

F T 12) - (nl)

Pac

Recall:

— >\a5\d

(Im) = €ap A* A5

holomorphic function of spinor variables

localises on a line in twistor space

n

= FO [Z (Zsa) ™ > Fin®™(py, py, P, Q)

. €2
=1 a,b

one-loop result proportional to tree level

sum of finite two-mass easy box functions




Summary

» Hidden structures in scattering amplitudes
- on-shell recursion
» Focused on N=4 amplitudes
iteration at higher loops
amplitude/Wilson loop duality
beyond four dimensions

dual conformal symmetry
» Form factors from unitarity

» Plenty of questions to ask!




