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Introduction

® Scattering amplitudes are necessary to test our theoretical models by
comparing their predictions against the experiments.

[Anastasiou, Duhr, Dulat, Herzog, Mistiberger (2015)]
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Motivation

Compute the uncomputable.

Tree-level (LO) predictions are qualitative due to
the poor convergence of the truncated expansion
at strong coupling.

as (100GeV) ~ 0.12
K factors
NLO

Feynman diagrams, based on the Lagrangian,
are not optimised for these processes.

On-shell methods are based on amplitudes and
take full advantage of the analyticity of the S-
matrix.

Simplify the calculations in High-Energy Physics.
Discover hidden properties of Quantum Field Theories
Towards NNLO is the Next Frontier.

William J. Torres Bobadilla
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NLO timeline
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1930 1985 1990 1995 2000 2005 2010

1979: NLO Drell-Yan [Altarelli, Ellis & Martinelli
1991: NLO gg — Higgs [Dawson; Djouadi, Spira & Zerwas]
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NLO timeline
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1980 1985 1990 1995 2000 2005 2010

1987: NLO high-p; photoproduction [Aurenche et al]
1988: NLO bb, tt [Nason et al]

1988: NLO dijets [Aversa et al

1993: Vj [JETRAD, Giele, Glover & Kosower|
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NLO timeline
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1980 1985 1990 1995 2000 2005 2010

1998: NLO lel_) IMCFM: Ellis & Veseli]
2000: NLO Zbb [MCFM: Campbell & Ellis]
2001: NLO 3j [NLOJet++: Nagy]

2007: NLO ttj [Dittmaier, Uwer & Weinzierl '07]
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1980 1985 1990 1995 2000 2005 2010

2009: NLO W+3j [Rocket: Ellis, Melnikov & Zanderighi] unitarity
2009: NLO W+3j [BlackHat+Sherpa: Berger et al] unitarity
2009: NLO ttbb [Bredenstein et al| [traditional]
2009: NLO ttbb [HELAC-NLO: Bevilacqua et al] unitarity
2009: NLO qg — bbbb [Golem: Binoth et al] [traditional]
2010: NLO ttjj [HELAC-NLO: Bevilacqua et al] [unitarity]|
2010: NLO Z+3j [BlackHat+Sherpa: Berger et al] [unitarity]
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NLO timeline
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G. Salam (SILAFAE 2012)
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1980

1985 1990 1995 2000

2010: NLO W+4j [BlackHat+Sherpa: Berger et al|

2011/12: NLO WWjj [Rocket: Melia et al; GoSaM-+MadX Greiner et al| [unitarity]

2011: NLO Z+4j [BlackHat+Sherpa: Ita et al]

2011/12: NLO 4j [BlackHat/NGluons+Sherpa: Bern et al; Badger et al] [unitarity]
[unitarity + feyn.diags

2011—: first automation [MadNLO: Hirschi et al]
2011—: first automation [Helac NLO: Bevilacqua et al]
2011-: first automation [GoSam: Cullen et al]

2011: eTe™ — 7j [Becker et al, leading colour]

2005

[feyn.diags(+unitarity)]

2010

unitarity]

unitarity]

[unitarity]

[numerical loops



Outline

® Analytic one-loop amplitudes
— d dimensional generalised unitarity
— Four dimensional formulation of dimensional regularisation

® Automation of analytic one-loop amplitudes
— Results

® Further simplifications from colour/kinematics duality
— C/K relations @ tree-level in dimensional regularisation
— C/K relations @ one-loop

William J. Torres Bobadilla



Analytic one-loop scattering amplitudes

4 1
p

Standard Unitarity in 4D £‘>C_’><[9

< ~ t/ I

@i | - r 13

Glue together the two amplitudes and uplift the 3 > ~ >

integral with L=p=—h-k 3" p—ki—ki'n

2m6(H) (p? — m?) — :
o (p L ) p% —m? — e [Bern, Dixon, Dunbar, Kosower (1994)]

Generalised Unitarity in 4D

Isolate the leading discontinuity [[i‘i{t'lg?é’;"c'?{a'iﬁfﬁ‘év:gr 83333}

A Z_c Known basis of L-loop scalar integrals

For L=1, [Passarino - Veltman (1979)]

Agll)’Dzll({pz‘}) — ZC«[SLM + ch?ks A - ZC£0K2 { } + 201 K1 (}—
Kli

K4

Scalar Master Integrals: Made of polylogarlthmlc functions

- If an amplitude is determined by its branch cuts, it is said to be cut-constructible.
- All one-loop amplitudes are cut-constructible in dimensional regularisation.

William J. Torres Bobadilla



Analytic one-loop scattering amplitudes

4 1
p

Standard Unitarity in 4D 4 “=p 1 g‘>c_’><[9

3 s Ty )/ I

g g T.‘( """""" d S

Glue together the two amplitudes and uplift the 3 i wy S >

e Ap—

integral with . t=p—hki—k
2mdH) (p2 — m2) — -

p2 -ms e [Bern, Dixon, Dunbar, Kosower (1994)]

Generalised Unitarity in 4D
Isolate the leading discontinuity

cut-4 :: Britto Cachazo Feng

N\ AN ; : :
=cs | | | +es ]>< +e, cut-3 :: Forde
A i s i Bjerrum-Bohr, Dunbar, Ita, Perkins

Mastrolia

N\~ 5 i
=C4 - +e3 cut-2 :: Bern, Dixon, Dunbar, Kosower.
/N ' :

Britto, Buchbinder, Cachazo, Feng.
Britto, Feng, Mastrolia.

William J. Torres Bobadilla



Analytic one-loop scattering amplitudes

4 1
p
Standard Unitarity in 4D £‘>i_:’><[9
< ~ t/ I
@i | - r 13
Glue together the two amplitudes and uplift the 3 > ~ >

integral with 71 L=p=—h-k 3" p—ki—ki'n
26+ (p2 — m2) —>

p2 -ms e [Bern, Dixon, Dunbar, Kosower (1994)]

Generalised Unitarity in 4D
Isolate the leading discontinuity [Britto, Cachazo, Feng (2004)]

Quadruple-cut: read our single box coefficient

A4‘41_loop _ /dJ[ 6([ ) ((g) ([2) 5([i) J4tlreej4§reef1§reexqaree K_&

N

e
\/

The cut expansion collapses to a single term

N
/
)

J

A4441_1°°p — C’4(I'\fl Ko, K3, [X’4)A4I4(Iir1, Ko, K3, [{4) }(%
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Analytic one-loop scattering amplitudes

In D=4-2¢ we can do the decomposition =+

/

The on-shell condition D= D=-2¢

g0 -0 ——>£2:@3\)M
ass term

Any massless one-loop becomes

Py = Sl ||+ Xl
K
+ Z C£OK3 A + Zdﬂm A
K3

+ ;sz {} + 202211{2 0

0] [Ossola,Papadopoulos,Pittau (2006)]
T Z Crrr [Giele,Kunszt,Melnikov (2008)]
K [Badger (2008)]

[Mastrolia, Mirabella, Peraro (2012)]
William J. Torres Bobadilla



How to compute those coefficients?

A: Separated computation of cut-constructible and rational terms

Al: Computing the rational term separately (using non gauge invariant terms)

— R and R2 separation [Ossola, Papadopoulos, Pittau(2008); Pittau, Draggiotis, Garzelli (2009)]
— Supersymmetric decomposition [Bern, Dixon, Kosower]

B: D-dimensional unitarity offers the determination of all pieces together

B l: 6-dimensional spinor-helicity formalism [Cheung and O’Connell(2009); Davies (2012)]

— New rules for spinor products
— No automatic generator exists

B2: Gamma algebra in extended dimension [Ellis,Giele,Kunszt,Melnikov (2008)]

— The explicit representation of the polarisation states is avoid
— Gamma algebra has to be extended everywhere.
— Automatic generator has to be modified

B3: Don't leave 4 dimensions! [Fazio, Mastrolia, Mirabella, W.J.T (2014)]

William J. Torres Bobadilla



How to compute those coefficients?

A: Separated computation of cut-constructible and rational terms

Al: Computing the rational term separately (using non gauge invariant terms)

— R and R2 separation [Ossola, Papadopoulos, Pittau(2008); Pittau, Draggiotis, Garzelli (2009)]
— Supersymmetric decomposition [Bern, Dixon, Kosower]

a s AR = s a = A s = & < NN - Il = = DA
= (et <R 2 cabs S NP e T B RSNy RN O RPN e T T T By B Pt O PR S S-S On- e = T g T By

¢ B: D-dimensional unitarity offers the determination of all pieces together .

. PP IR, - Ry - o T P S P O 9 TS B LY P ey — _ a go ~ - CRELTTRQAS P A e U 9 ~ _ gy ~ 23 o o o P . Eon . s ABN
forsla Cicawid oo - Ay A< for Ay S At > e 2% v Al - Az _Bs LAY 2% v Al - At e AT

L~ __ J_ . - - - _~_- __ [ _ . o - - = \ - > - L~ T_ . - > - _ =~

Bl: 6-dimensional spinor-helicity formalism [Cheung and O’Connell(2009); Davies (2012)]

— New rules for spinor products
— No automatic generator exists

B2: Gamma algebra in extended dimension [Ellis,Giele,Kunszt,Melnikov (2008)]

— The explicit representation of the polarisation states is avoid
— Gamma algebra has to be extended everywhere.
—Automatlc generator has to be modlfled

‘ o = \ \

B3 Don t Ieave 4 dlmenS|ons' [FaZIO Mastrolla erabella Wj T (20I4)]

= i o SBA - 2P~ 1% DRAREL 5O Yo o i - Fo' 2 12 -
5 4 5 e 8 (S 2 furala = 57 - a >¢ Ly . e 8 i Aa
= Cl-Car - . / - - = - - / - - o~

a - > -
- . » o . |~ > . o . == Q - - o . _ =~ > . . ‘. o - ,\
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How to compute those coefficients?

B: D-dimensional unitarity offers the determination of all pieces together

B3: Don't leave 4 dimensions! [Fazio, Mastrolia, Mirabella, W.J.T (2014)]

— Explicit 4D representation of polarisation and. spinors
— 4D representation of D-reg loop propagators

— 4D Feynman rules + (-2&)-Selection Rules

— Easy to implement in existing generators

William J. Torres Bobadilla



FDH: 4D helicity scheme e e Nosower ap2)]

The d-dimensional metric tensor can be split as g —9 +q
d-dimensional i -2¢-dimensional
Where 4-dimensional
shp e T e 2
&g =0 g9,= 2¢=0, g,=4 i = 3" quqy = —p

Projections of the vectors ¢ and g.

~

p sl o e
4" Guvr = 9" GoGuv =0 As well for the gamma matrices

h’ a’Y ] 07 {’7&7 Nﬂ} T 2 ~a,6 {&a)’}’“} i 0

Can we implement it with 4D-object only?

In 4-dimensions, one can infer: ;'y ~ ,},5
Uz : 5 5
And the Clifford algebra "}’“’Yu E;—Z 0 while oo = |

Excludes any four-dimensional
representation of the —2&-subspace

—2e-subspace =w-m-iils —2e-Selection Rules (—2g)-SRs

William J. Torres Bobadilla [Fazio, Mastrolia, Mirabella, W.J.T. (2014)]



FDH: 4D helicity scheme e e Nosower ap2)]

The d-dimensional metric tensor can be split as g —9 +q
d-dimensional i -2¢-dimensional
Where 4-dimensional
shp e il B e
&g =0 g9,= 2¢=0, g,=4 i = 3" quqy = —p

Projections of the vectors ¢ and g.

L . zlio - i
4" Guv = 9" GoGuv =0 As well for the gamma matrices

7%,.9°1=0, %4 =297, [ ] =

-2¢e-Selection Rules

The Clifford algebra conditions are satisfied by imposing

g s age?. 1P 0 o RS A
A,B := —2e-dimensional vectorial indices traded for (—2¢€)-SRs
GABGBC — GAC, G4 =, GAB = GBA
[9aid =18 r4r4 =o, QAGA =1,
Q' =" Q2Q” = 1. [Fazio, Mastrolia, Mirabella, W.J.T. (2014)]

William J. Torres Bobadilla



Completeness relations within FDF

[Fazio, Mastrolia, Mirabella, W.].T. (2014)]
Gluon propagator

The helicity sum of the transverse polarisation vector is
)-(%)
)

massive gluon

e
(_gw e )

Allows to generalise the Dirac Equation

(£+Zﬂ75+m) u)\(e)=0, £2=m2—|—“2, e:eb—{— gy , (eb)2=(qe)2=0.

William J. Torres Bobadilla



Feynman Rules in FDF

. ) 1 ke kP
SR = i0¢ k2 — 42 + 0 [gaﬂ - 112 (gluon),
AB
k  .w G
Sas =it k2 — 42 440’ (scalar),
k k+ipy® +m :
7 =1i6" R —m?— 12430 (fermion),
2.6, 8
e = —g f*° [(k1 — k2)"g*”
3.c.v
+ (k2 — k3)*gP + (ks — k1)Pg7®]
2,6, B
s = —g f% (ky — k3)* GPC,
3 c,C\

William J. Torres Bobadilla

[Fazio, Mastrolia, Mirabella, W.J.T. (2014)]

sse’ = Fg f° (i) g QP
: '3,c_.'y

(ky =0, ks==0),

21613
Liaa — 2| pzad pxbe ( aB by  _avy, B6
:fg@i = —ig?[f4 7 (90" — g1")
3, ¢,

+ foac fmbd (gaﬂgév _ 905937)

+ f:z:ab fa:dc (gaégﬁ'y . ga'ygﬁts)] ’

2,b, B .
1,a, .
| 4,:;:2?\ — 2292 gaé’ (fa:ab f:z:cd + f:z:ac f:rbd) GBC,

10



The simplest example: the gggg amplitude

[Fazio, Mastrolia, Mirabella, W.].T. (2014)]

2 +- 3" 2Ty —+ 8 2 00 3
(O] _ E + + - 0 0
Cl2j3)4 + B + T 9 0

- +

Cimgu= 2. 0 | +T 2% | +cp
hi==£,0 1+99%4+ o —hih Py
gi&%____‘§?+
01[7]2|3|4 ~ Z T3 i +c.p

ot 3+
4] R
Clgga =T+ 1
rﬁﬁ’ %%Z+ 1l

William J. Torres Bobadilla



The simplest example: the gggg amplitude

[Fazio, Mastrolia, Mirabella, W.].T. (2014)]

William J. Torres Bobadilla



The simplest example: the gggg amplitude

[Fazio, Mastrolia, Mirabella, W.].T. (2014)]
L=loop (14 o+ o+ 2+
A4 (1g72g73g74g)

Contributions come only from the coefficients:

(Gluon loop) C11213)14; 0 = 0, “1)2/3]4;4 = 32(12} (34)

(-2e-Scalar loop) ~ “1[21314;0 ~ “121314;4 T 7712 (34)

which amounts
o " L [12][34]
12131454 = Cujaiaja; 4 T Cupap3iasa = 2719y (34)

Being the full one-loop amplitude

Ay (15,25,35.45) = c1po3ja: 2 Trpgy3jalp’]
1234
1872 (12) (34)°

William J. Torres Bobadilla [Bern & Kosower (19923]



Automation

Tree-levels Gauge invariance
as input Numerical ‘
AR checks
(u-dependence) ~Ward Ildentity

FeynCalc + FeynArts

Hahn et al
Laan ot el Integrand

Generation .~ (-2e)—SRs

Integrand
S@M Reduction
[Maitre & Mastrolia] Method

Analytical coefficients of the MI’s for
any helicity configuration

William J. Torres Bobadilla
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Automation

Tree-levels
as input
(u-dependence)

FeynCalc +
[Hahn e

S@

[Maitre & M

William J. Torres Bobadilla
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Automation

Tree-levels Gauge invariance
as input Numerical ‘
AR checks
(u-dependence) ~Ward Ildentity

FeynCalc + FeynArts

Hahn et al
Laan ot el Integrand

Generation .~ (-2e)—SRs

Integrand
S@M Reduction
[Maitre & Mastrolia] Method

Analytical coefficients of the MI’s for
any helicity configuration

William J. Torres Bobadilla
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Results

® 4-gluons amplitudes [Bern and Kosower (1992)]

® Annihilation of quark & antiquark in two gluons
[Kunszt, Sigher and Trocsanyi (1993)]

® Higgs + 3-gluon amplitudes [Schmidt (1997)]

® 5-gluon amplitudes [Njet]

® 6-gluon amplitudes [Njet]

® Higgs + 4-gluon amplitudes [Badger, Glover, Mastrolia, Williams (2009)]

® Higgs + 5-gluon amplitudes (preliminary results) [GoSam]

14
William J. Torres Bobadilla



Further simplifications from colour/kinematics duality

At integrand level,

Generalised Unitarity and C/K duality dance together.

15
William J. Torres Bobadilla



[H. Johansson (MHV@30 2016)]

Which “gauge” theories obey C-K duality

Bern, Carrasco, HJ ('08)

® Pure N=0,1,2,4 super-Yang-Mills (any dimension)_| Bierrum-Bohr, Damgaard,
Vanhove; Stieberger; Feng et al.

® Self-dual Yang-Mills theory O’Connell, Monteiro ('11) Mafra, Schiotterer, etc (08-11)

® Heterotic string theory Stieberger, Taylor ('14)
® Yang-Mills + F3 theory Broedel, Dixon ('12)
® QCD, super-QCD, higher-dim QCD HJ, Ochirov('15)

Chiodaroli, Gunaydin,
® Generic matter coupled to = 0,1,2,4 super-Yang-Mills {Ro'iga?ﬁ_,;’ Oﬂ?ryo\:r(',ﬂ)

® Spontaneously broken N'=0,2,4 SYM chiodaroli, Gunaydin, HJ, Roiban ('15)

® Yang-Mills + scalar ¢3 theory Chiodaroli, Gunaydin, HJ, Roiban ('14)

. . . Bern, de Freitas, Wong ('99), Bern, Dennen, Huang;
) 3
# Bi-adjoint scalar ¢ theory{Du, Feng, Fu; Bjerrum-Bohr, Damgaard, Monteiro, O'Connell

® NLSM/Chiral Lagrangian Chen, Du ('13)

® D=3 Bagger-Lambert-Gustavsson theory (Chern-Simons-matter)
Bargheer, He, McLoughlin; Huang, HJ, Lee ('12 -’13)16

William J. Torres Bobadilla



Colour-kinematics duality

® Both string theory and field theory frameworks suggest an intimate connection

between Yang-Mills theory and gravity
. Gravity ~ (Yang-Mills)?

® Colour-kinematics duality provides a construction of gravity amplitudes from
knowledge of Yang-Mills amplitudes [Bern, Carrasco, Johansson (2008),(2010)]

® In general, Yang-Mills amplitudes can be written as a sum over trivalent graphs
1 n_zzn,,;c?;
¢c; ~ fa,bCfced

Mg ~ (81 . kg)(é‘z . k3)(€3 . 84) + ...

® Colour factors

® Kinematic factors
Jacobi Relation (colour)

> 3 2.3 2 .3 6
1> <4 - 1——-A4 B 1><___4 fala?bfa3“4b Sl fa4albfa2a3b o fa1 a3bfa2a4b
Cs Ct Cu & ribrh drar S
foroa0m0 . poipde e

— Satisfied automatically for 4-point tree amplitudes Mg =Nt — Ny

William J. Torres Bobadilla
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Off-shell Colour-kinematics duality

Consider a tensor as the Jacobi identity of humerators
2~ /N9 2——+—3 2 3 2 —3
\J /) = + +

Four-gluon identity N = Jti-bag, (p1)en, (D2)en; (p3)ep, (a),

N;ree =€ (p1)-p1|(€ (p2) - p1 + 2¢€ (p2) - p4) € (P3)-€ (p4)
— € (p2) - € (pa) (€ (p3) - P1 + 2€ (P3) * P4)

+ € (p2) -€(p3) (€ (pa) - P1 + 2€ (pa) - P3)]
+ cyclic permutations. [Zhu (1980)]

L S
Ngree s 0
by imposing Momentum Conservation and Transversality condition.

18
William J. Torres Bobadilla



Off-shell Colour-kinematics duality
[Mastrolia, Primo, Schubert, W.].T. (2015)]

At loop level

| m %\ / | |
+ || ';:-—<\ ": + \' _\ ') )

/ ' ~ [/

)»«

w\ A
\fﬂ/ §I

Outgoing particles in the J-block are now considered as internal:

Hi Vi Vi i

gt (pz- ;q'i) — JIHV (pz 3 Qi) Di, w11 (pi s ¢3) = Pz2pq—zq

PP = p;
Numerator built from the J-block decomposed in terms of squared momenta

(Néoop)om AT D = Jﬂlnuqtn»“lo‘l(pl’ QI) Hﬂfza'z(p?? QQ) H#saa(p3a 93) H#4a4(p4: q4) ’

4
(Néoop 0yp...04 Z 3 Az al 17 as Z pzp_y (Cm)al Oty with g = Ay({pz})
= ziJ;éjl Cg = Cg({pz‘})

We studied the identities for QCD, in a pure diagrammatic approach

William J. Torres Bobadilla



Off-shell Colour-kinematics duality
[Mastrolia, Primo, Schubert, W.].T. (2015)]

At loop level
/k J\ AN

u(pi),v(p:) = P,
e picq) >y I ()

PP = p;

Numerator built from the J-block decomposed in terms of squared momenta

(Nloop)om oy Jﬂluu"tn“lal(pl’ q1) H#’zaz(p?: g2) H#303(p39 g3) H#4a4(p4: qa),
4
Nloop al . Z 3 Az al .1 Z pzp_y (C’&J)al e with Ag pe Ag({pl})
o 22;31 Cy = Cy({pi})

We studied the identities for QCD, in a pure diagrammatic approach

William J. Torres Bobadilla



Off-shell Colour-kinematics duality
[Mastrolia, Primo, Schubert, W.].T. (2015)]

From the J-block we have

® Any loop diagram built from the J-block can be written as the sum
of diagrams with one or two propagators less.

= ® By imposing on-shellness of the four particles

® Colour-kinematics duality is also manifest for d-dimensional
regulated amplitudes —> Novel approach within FDF
20

William J. Torres Bobadilla



C/K relations @ tree-level in DimReg w/in FDF

[Mastrolia, Primo, Schubert, W.].T. (2015)]
Consider the 4-point amplitude

A4(p1, P2, P3,P4) = C1 2n1 5 T C2 ng - C3 2n3 2
P — p Pry oy —
—c1+ca+c3=0 Pi%':(PiJFPj)z
Solving for c2
A4(p1, P2, 13, Pa) = 1K1 + c3K3 Kinematic numerators
Ky = znl - ) K3 = 2713 2 ng | (f:/lJTf;icfr;::y: 0.
Pgy —p? ~ Pp Pyy — p P

with K3 = A(1,2,3,4) and Ks3=A(2,1,3,4)

P2 .2
A(2,1,3,4) = B 4(1,2,3,4).
Py — 1
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C/K relations @ tree-level in DimReg w/in FDF

[Mastrolia, Primo, Schubert, W.].T. (2015)]
As well, for the 5-point

—P%PEA5(1,2,3,4,5) + (PE, — pn?)(Ps, + Pis — 2u®)As(1,4,3,2,5)

ol shne = (PE — u?)(P3; — 1?) ’
A5(1,2,4,3.5) = — (P} — p®) (P —p*)As(1,4,3,2,5)+ P (Ph+ Py — p*)As(1,2,3,4, )
P325(P224—/$2)
A5(1’4, 2,3, 5) _ _P122P425A5(17 2,3,4, 5) + (P225 - :uz)(P124 + P225 B 2N2)A5(1747 3,2, 5)’
P325(P224 — p?)
A5(1’ 3,2.4, 5) _ _(P124_N2)(P225_UZ)A5(17 4,3, 2, 5)+P122(P224+P425_U2)A5(17 2,3,4, 5) .

(Pfs—p?)(Pgy—p?)

Making use of the photon decoupling identity

P{ + PL — p?)As5(1,2,3,4,5) + (P — p?)As(1,2,3,5,4)
(P224 - ”2)

As5(1,2,4,3,5) = (
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C/K relations @ 1-loop

Inspired by the generalised unitarity

k k+1
=+ _ Atree == == tree == +
Clas. bk 1)t 1).m = A4 (05 1,2,13) ALY (=157, Paok, Ly 1) N
tree + + tree + + I
X A% 2 (“licrn Petin i) AnSie (50 Prtn 7)ot
1 n
P2:t . MZ k k+1
C:t _ l3 2 C:t g |
21[3.. k| (k+1).. | (+1).m = P2 2 71203kl (k). | (41).m
—1772 I
l+1
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C/K relations @ 1-loop

Inspired by the generalised unitarity

C:]:

— One-loop amplitudes in N=4 sYM

[Bjerrum-Bohr, Damgaard, Sondergaard, Vanhove (2010)]
[Chester (2016)]

12|3...k|(k+1)...0|(I+1)...n

+ {
Cot3.. k| (k+1)...0[ (1+1)..

X A

tree
l—k+2

A(2,1,3,4) =

_ AZree (_lit’ 1, 2’ l3i) A‘Iﬁcree (—lgt, P3...k, l;ct+1)

+ - tree
(_lk+1a Pk-i—l...,la ll+1) An—l

— Cut constructible part of One-loop QCD amplitudes

— One-loop QCD amplitudes

William J. Torres Bobadilla

[Primo, W.J.T. (2016)]

+2(_llj—:{—17Pl+1...,nalit) | .'1+1
 C/K relation
P2, — 12
P223 MQA(1727374)
24 — M
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C/K relations @ 1-loop

[Primo, W.].T. (2016)]

Same behaviour for lower topologies

-
Cl23|4...k|(k+1)...n

A (T 1,2,8, 1) AT (1, PatsTEy1) A% (T, Pt 1)

2 2 2\t 2 2\ =+
(Pljf2+P23_“ )0123|4...k|(k+1)...n+(Pz4i2_“ )C132|4...k|(k+1)...n

Ci
2 .9
(P—lﬁ H )

213|4...k|(k+1)..n —

due to

P{ + P — u?)A5(1,2,3,4,5) + (P, — pn?)As(1,2,3,5,4)
(P224 — p?)

A5(1,2,4,3,5) = (
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Summary and Outlook

Unitarity, On-shellness & Integrand Decomposition

— Dramatic developments for One-Loop Amplitudes
— NLO: automating analytic one-loop calculations
— NN...LO

— many legs

— massive particles in the loops

Formal Properties of Scattering Amplitudes

— Hidden properties can emerge only from direct calculations.
— An open problem: C/K duality of higher loop amplitudes.
— Scattering Amplitudes in Gauge theories still reserve a lot of surprises.

New ideas
— Exploiting the Loop-Tree Duality Theorem within FDF,

[S. Catani, T. Gleisberg, F. Krauss, G. Rodrigo and J. C. Winter (2008)]
[Hernandez-Pinto, Rodrigo, Sborlini, (2015)]
[Driencourt-Mangin, Hernandez-Pinto, Rodrigo, Sborlini, (2016)]
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