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Introduction

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

Harlander, Kilgore (2002), Anastasiou, Melnikov (2002)

12 3P > HHX) [pb]

Vs = 14 TeV

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

as (100GeV) ~ 0.12

® K factors
1100 120 140 160 180 200 220 240 260 280 300 K — NLO
M, [GeV] ~ 10

~ 30% + 80%

® 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.
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Introduction

Motivation

e Simplify the calculations in High-Energy Physics.
e Discover hidden properties of Quantum Field Theories

e Towards NNLO is the Next Frontier.
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Outline

e Analytic one-loop amplitudes
— ddimensional generalised unitarity
— Four dimensional formulation of dimensional regularisation

e Automation of analytic one-loop amplitudes

e Results

e Off-shell colour kinematics duality

e Conclusions
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The Method

Standard Unitarity in 4D A ¢ =p {
[Bern, Dixon, Dunbar, Kosower (1994)] i
1 0 O
Glue together the two amplitudes and uplift the integral = i = ,
with ‘ —
7 e—» =p— kl k‘»

2 5(+) (pz _ m2) _ . g o

Generalised Unitarity in 4D
[Bern, Dixon, Kosower (1998); Britto, Cachazo, Feng (2004)]

AL = Z ‘—> Known basis of L-loop scalar integrals

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

AP = Ll + 3Ol A * 20 L+ Xl (O
K3 K>

Scalar Master Integrals: Made of polylogarithmic

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.

5

William J. Torres Bobadilla



Generalised Unitarity: isolate the leading discontinuity

[Ossola, Papadopulos, Pittau (2007)]
[Ellis, Giele, Kunszt, Melnikov (2009)]

Integrand decomposition: Q v‘ﬁ' s *L'/A\*ﬁ O+

William J. Torres Bobadilla

See G. Ossola’s Talk
¥® Fit m-point residues on
« m-ple cuts

Mmeans

Dii 2w (D;)

ID )L
,,,,,,

.putting it on-shell &

: o



Generalised Unitarity: isolate the leading discontinuity

[Ossola, Papadopulos, Pittau (2007)]
[Ellis, Giele, Kunszt, Melnikov (2009)]

*A‘“**@‘ *‘“’O‘

See G. Ossola’s Talk

Integrand decomposition:

cut-4 :: Britto Cachazo Feng

cut-3 :: Forde
Bjerrum-Bohr, Dunbar, Ita, Perkins

Mastrolia

cut-2 :: Bern, Dixon, Dunbar, Kosower.
Britto, Buchbinder, Cachazo, Feng.
Britto, Feng, Mastrolia.

d-dim :: Bern, Morgan.
Anastasiou, Britto, Feng, Kunszt, Mastrolia
Ellis Giele Kunszt Melnikov Badger
Fazio, Mastrolia, Mirabella, W.T.

| 6
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Generalised Unitarity: isolate the leading discontinuity

[Ossola, Papadopulos, Pittau (2007)]
[Ellis, Giele, Kunszt, Melnikov (2009)]

Integrand decomposition: Q vﬁ' s *‘;A\*L’ O+

See G. Ossola’s Talk

Integrand reduction via Laurent expansion

[Forde (2007); Kilgore (2008), Badger (2009)]
[Mastrolia, Mirabella, Peraro (2012)]

- d . z . = . P L - -
S L D Lol te LT T [ R S K S S £ e

their asymptotic
expansions of the cuts

Requires the computation¥
of fewer coefficients 3

O P . > :
it AT

Y-

William J. Torres Bobadilla



Generalised Unitarity: isolate the leading discontinuity

Integrand decomposition: Q r.ﬁ’ s
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[Ossola, Papadopulos, Pittau (2007)]
[Ellis, Giele, Kunszt, Melnikov (2009)]

See G. Ossola’s Talk

Integrand reduction via Laurent expansion
[Forde (2007); Kilgore (2008), Badger (2009)]

[Mastrolia, Mirabella, Peraro (2012)]

Pentagons not needed



Generalised Unitarity: isolate the leading discontinuity

Integrand decomposition: Q >«.‘Q’ s
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[Ossola, Papadopulos, Pittau (2007)]
[Ellis, Giele, Kunszt, Melnikov (2009)]

See G. Ossola’s Talk

Integrand reduction via Laurent expansion

[Forde (2007); Kilgore (2008), Badger (2009)]

[Mastrolia, Mirabella, Peraro (2012)]

Pentagons not needed

Boxes never subtracted out



Generalised Unitarity: isolate the leading discontinuity

Integrand decomposition: Q r.ﬁ’ s
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[Ossola, Papadopulos, Pittau (2007)]
[Ellis, Giele, Kunszt, Melnikov (2009)]

See G. Ossola’s Talk

Integrand reduction via Laurent expansion

[Forde (2007); Kilgore (2008), Badger (2009)]

[Mastrolia, Mirabella, Peraro (2012)]

Pentagons not needed
Boxes never subtracted out

Diagonal system of
equations

Subtraction at coefficient
level



D-dimensional cuts

In D = 4 — 2¢ we can do the decomposition V=gV 4P

/

The on-shell condition D=4 D= —2e

Z2=€2_ﬂ'2=0 __)32 =@)

® Any massless one-loop becomes

=4 —2¢ 0 4
ADP=2(p}) = Y Ciika H + 2 Ciiks
K4 K4

Mass term

0[0] [Bern,Dixon,Dunbar,Kosower (1997)]
+ Z LK1 Q_ [Ossola,Papadopoulos,Pittau (2006)]

William J. Torres Bobadilla A1 7 [Giele,Kunszt,Melnikov (2008)]



D-dimensional cuts

In D = 4 — 2¢ we can do the decomposition o=V 4P

/

The on-shell condition D=4 D= —2e

® Any massless one-loop becomes

Mass term

. Cut-constructible part

A%l),D=4—2e( {Pz}) — ch[l?]l{rl

Ks '
Rational part
0]
+ DOy
K> |
(0] [Bern,Dixon,Dunbar,Kosower (1997)]
+ ZCI;KI ‘ [Ossola,Papadopoulos,Pittau (2006)]

William J. Torres Bobadilla K %, / [Giele,Kunszt,Melnikov (2008)]



How to compute these coefficients?

To compute amplitudes atl-loop and understand how to treat cuts in D-
dimensions there are existing approaches

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

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.
— Automatic generator has to be modified

B3: Don't leave 4 dimensions! [Fazio, Mastrolia, Mirabella, WT (2014)]
8
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How to compute these coefficients?

To compute amplitudes atl-loop and understand how to treat cuts in D-
dimensions there are existing approaches

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]

4 - - = TN = = = - = N = = = - - S, S s v AR
e mat <D s calbT .o o lels v o o= T R BN S PN NN RPN NN T R BN Iy NN - o g e O aps " —7- g e By - - .o

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

X Az B¢ NI VI RIS A WO ST M M TR VI D T A MOl A e LR Il i AR g R B Lo DS 2o Rl o) SN A Ash B La _boih
< = - » - - T - 0. - - " \ - - - - e~ o, . - - - e~ o,

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

. = s‘ = = ‘ “

B3 Don t Ieave 4 dlmensmns' [FaZ|o, Mastrolla, erabella, WT (20I4)]

= 7] - = - s A - - FTo 2t \ N ~. - U o B 2 1 D By
=157 e = <= = >/ - AR 2 =157 e = B - - 4= =

5 > - -
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i B: D-dimensional unitarity offers the determination of all pieces together %

“ B3: Don't leave 4 dimensions! [Fazio, Mastrolia, Mirabella, WT (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 heIiCity SCheme [Bern and Kosower (1992)]
The d-dimensional metric tensor can be splitas  g** = g** + §**

d-dimensional & -2:c-dimensional
Where 4-dimensional
UV o o _ T 2 apvs = 2
g Guv =Y, g = —2€ Y 0, gu =4 ¢ =§"quqy = —p
Projections of the vectors ¢ and g.
~ 1L __ O & _
¢ G = 9" doguv =0 As well for the gamma matrices

7*,7°1=0, {¥%,7°}=25*", {3%,7*}=0.

Can we implement it with 4D-object only?

In 4-dimensions, one can infer: 7}'/ ~ ,Ys
~ X : 5 5
And the Clifford algebra ' 7, —, 0  while voy° =1
_)

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

—2¢e-subspace =8 —2¢-Selection Rules (—2¢)-SRs

William J. Torres Bobadilla 10 [Fazio, Mastrolia, Mirabella, WT (2014)]



FDH: 4D heIiCity SCheme [Bern and Kosower (1992)]
The d-dimensional metric tensor can be splitas  g** = g** + §**

d-dimensional & -2c-dimensional
Where 4-dimensional
~ v _ U no_ ~2 v~ = 2
9" guv = 0, g, = —2¢ m 0, g, =4 i = §* g, = —p
Projections of the vectors ¢ and g.
~H __ xHOo o _
¢ G = 9" doguv =0 As well for the gamma matrices

7*,7°1=0, {¥%,7°}=25*", {3%,7*}=0.

-2e-Selection Rules

The Clifford algebra conditions are satisfied by imposing

éaﬁ—)GAB, Za—)iﬂ,QA, ’?a—)’}"SFA.
A,B := —2¢e-dimensional vectorial indices traded for (—2¢)-SRs
GABGBC — GAO, GAA — O, GAB — GBA,
FAGAB — FB, FAFA — 0, QAGA — 1,

A~AB _ NB ANA __ . . .
Wil 1 Torres Bopaai @ G = Q7 RUQ* =1. [Fazio, Mastrolia, Mirabella, WT (2014)]



Gluon propagator
[Fazio, Mastrolia, Mirabella, WT (2014)]

The helicity sum of the transverse polarisation vector is

OH ¥ 4 Y
-7

)

Zsz(d) (6,7) €5y (67) = —g" +

We choose f* = I¥ — [* (gauge invariance in d-dimensions)

massive gluon -2e-scalar

v ol *V' 3 JH]V A 4
(- + 55 ) = X 00 (gm ”2)  GAB = gAB _ QAQP

112
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Fermion propagator
[Fazio, Mastrolia, Mirabella, WT (2014)]

The spinors of a d-dimensional fermion have to fulfil the
completeness relation

o(d—2)/2
> un@ (D) Ba@ () =l+m
A=1

o(d—2)/2
> @ (D) o () =T-m
A=l

The FDF allows us to express these relations as

Z’u,)‘ (1) ax (1) =] +iupy’ +m

Z’UAU on(l) =1 +iupy’> —m

William J. Torres Bobadilla



Polarisation vectors and Spinors
[Fazio, Mastrolia, Mirabella, WT (2014)]

Spinors

Therefore, we can generalise the Dirac Equation

(£ +ipy° +m) un(€) =0, @2 —m24+,2, =0+ 7;2;;:2 @, (&)= (q)? =
with the solutions (m — igs) (m +i

wO=[0)+ Tl w O =[¢]+ 75 g;‘

w0 =[]+ T wl, a0=(¢+ (’E‘qe‘e;‘f) as]

Polarisation Vectors

Analogous to the spinors we can build polarisation vectors for the internal lines

w18 1"d w o - M) wop O
el (f) = Jon eZ (£) = , €0 (£) :
2 V20 M
. . . . . m?*4pu?
which fulfil the well-known relations for massive vector bosons Qe = 57 q qs -
4y

| 4
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Feynman Rules in FDF

" o w 1 k*kP
S, = 1 0% k2 — 42 + 40 [gaﬂ 112 (gluon),
AB
b cear G
i Ly e}
. i B+’ +m :
.- T X P —m? —a? 130 (fermion),
2,b. 8
e = —g f*° [(k1 — k2)"g*”
3.c.v
+ (k2 — k3)*g"" + (ks — k1)Pg"?]
2,b, B
1,0, =9 fabc (k2 - k’3)a GPC )
3 c,C‘

William J. Torres Bobadilla

[Fazio, Mastrolia, Mirabella, WT (2014)]

2!bvB ”

e =Fg f0° (ip) g7 QF
: '3,c,'y

(k1 =0, ks==0),
2,b,8
l,a,a )
4,d:;§(€2: _ —292 [fxad fxbc (90695‘7 ga"fgﬁ‘s)
3¢, 4+ feac fa:bd ( aBch'y _ga5g3’7)
+ f:z:ab f:z:dc (90593‘7 ga’)’gﬂcs).l

— 22:92 ga6 (fxab f:z:cd + f:z:ac f:z:bd) GBC ’

—Zg tb '76 )

= —ig ( tb I,

5
<
ER



The simplest example: the gggg amplitude

[Fazio, Mastrolia, Mirabella, WT (2014)]

2%y +— 37 2Ty —+ 3 2 00 3
o _ - + + — 0 0
Cl2j3)4 + e + T 0
1+ —+ O + o+ + 400 4

]+ _hlhl 4+

[2] 2 B l_h2h2' +
Ciopa= 2 T& |
h;==+.0 I e

1+ _hlhl 4+

27t 3+
4 R
Clppa="Ta &+
1+99’ '03\4+ 16
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The simplest example: the gggg amplitude

[Fazio, Mastrolia, Mirabella, WT (2014)]

2+ 4 3+ 2+ 4 3+ 2+ 0y O Qe e i i Py N, —
g A e
0 _ . £° . A~NAB B __ Y
1]2|3|4 + + 0 o - o
=+ Py 1 Tttt GRG0 s
. e 2

William J. Torres Bobadilla



The simplest example: the gggg amplitude

[Fazio, Mastrolia, Mirabella, WT (2014)]

ot

n 8 %- QA GAB QB _ O

=29
S

o OON

am

g = s - \g Saf

o

V /f — QAGABGBCGCPQD = -

g T
Clgjga =Ta 1

William J. Torres Bobadilla



The simplest example: the gggg amplitude

[Fazio, Mastrolia, Mirabella, WT (2014)]

ot

" O l: a3
g™

8\7—1 — QAGABQE = (0

=29
O -

w OON )

4T

_ QAGABGBCGCDQD — -

: i + c.p.

T hol
02 N

$hy &
4 NSV IR NS A0 5 SNeed

N
Y "~4 “

% T e QAGABGBC GEPGPEGEF OF

o b2 S ) 3
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The simplest example: the gggg amplitude

[Fazio, Mastrolia, Mirabella, WT (2014)]

=
Z nd

A £ < " n = Q7 GABGBC GODGDEGEF OF —
Ta =t (GéGéGéGG) — 1

William J. Torres Bobadilla



The simplest example: the gggg amplitude

[Fazio, Mastrolia, Mirabella, WT (2014)]

A (15,23 4))

Contributions come only from the coefficients:

0] _ 0] . 112] [34]

(Gluon loop) “Uapsiaso = 0 Cupisis 4 = Sy Eg
[12][34

(-2-Scalar loop)  Ciihano =0. € 12] [34]

C1121314;4 — — ¢ (12) (34)

William J. Torres Bobadilla



The simplest example: the gggg amplitude

[Fazio, Mastrolia, Mirabella, WT (2014)]

1—1
AT (124,37 41)

Contributions corpg®oniy

(Gluon loop)

(-2e-Scalar loop)¥

Recall

William J. Torres Bobadilla



The simplest example: the gggg amplitude

[Fazio, Mastrolia, Mirabella, WT (2014)]

A (15,23 4))

Contributions come only from the coefficients:

0] _ 0] . 112] [34]

(Gluon loop) “Uapsiaso = 0 Cupisis 4 = Sy Eg
[12][34

(-2-Scalar loop)  Ciihano =0. € 12] [34]

C1121314;4 — — ¢ (12) (34)
which amounts

() 4] — 95
C112314 4 = CUj213a; 4 T C1p2Y3)44 2Z<12> (34)

and the full one-loop amplitude
Ay (17,25.35,4F) = cipg3ja; 2 L1joyzjalie’]
i [12][34]
4872 (12)(34)°
William J. Torres Bobadila '7In agreement with [Bern & Kosower (1992)]




FDF can also be implemented in effective theories

99 - H zj> — j&
L(

2,:(65

_____ = —2i |kSk] — g%V (ko - k3 + p2)|

%, = |
2, B )

-}1.--.%}}% =+2kJuQ”, (k3= %L

William J. Torres Bobadilla

.2,
H 'gséé . CD -

4, D/,f’ - Z\/§G (k3 k4))3 )
3,

2"35 ) ) )
:,I%(gi = :F\/igﬁé :U'Qca (k4 - k2 = :i:é) .

3,C °

8

\
C \

Hgg) =

(vaGr)' " o (1420

a v
127 4 7 ) HEuwka

[Adler, Collins and Duncan (1977)]
See C. Duhr’s Talk

= V2 [gp, (k2 — k)5 + gps(ks —

+ gqa(ka - k4)3] ) )



Automation

Tree-levels _ ~ Gauge invariance
as input Nurr‘ner'l(cal |
checks |
(n-dependence) -Ward Identity

FeynCalc + FeynArts

[Hahn et al] Integrand

Generation (-2e)—SRs

Integrand
S@M Reduction
[Maitre & Mastrolia] Method

Analytical coefficients of the MI’s for
any helicity configuration

|19
William J. Torres Bobadilla



Automation

g ]
Tree-levels ey, 9 (€ g 9 (¢ 98298 ey [HANCE
' = <5 Lo Fa) G &
as II"IpLIt G ‘;}Q_‘ézﬁ q G ;"I 20 Q_;._l‘{:‘g G ).2
(n-dependence) 3 I S =9 ty
G I Y G AT LTRSS o e,
G
Feynca|c + ' T1 C1 N1 T2 C1 N2 T3C1 N3
Hahn et al]
: ! Integrand 5 SR
Generation (-2¢) -

Integrand
S@M Reduction
[Maitre & Mastrolia] Method

Analytical coefficients of the MI’s for
any helicity configuration

|19
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Automation

g n
Tree-levels ~2 5 a ¢ g o Re040p. o [FIANCE
. — .
as InPUt \f({ ) g _((-' \‘20’. g {43 \—Q-D 2—-;'_2 2'!;‘.:;3_5—{6-6-5 .y Q_.Q_Q Q.ﬁ_’ g /‘g
(u-dependence) Lo, 6 Y &5 g P g P
Lagct ATITTPS B &
o 3}—‘-_ H g i g = gr &'H
33-3}- ) - ﬁo,,\:' g ) : H ~arr~£‘§~°’€ i
FeynCalc +| = ¢ . ¥g STYYTT LT ST IT.
y g g
[Hahn e T C1 N1 T2 C1 N2 T3 C1 N3 T4 C1 N4
ot —— (-2g)—SR
Generation (-2g)—Shs

Integrand
S@M Reduction
[Maitre & Mastrolia] Method

Analytical coefficients of the MI’s for
any helicity configuration

|19
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Automation

Tree-levels P q rance
as input vy . w 0000 9
(u-dependence) . & G f_'ﬁ » 9 ¢ | &
( RRL0000 B , <
‘3(‘; & a L :56 gs@:g B 4
G % ss24frver GE o fef,
FeynCalc + e 28 B oo "
2 gaaRst 00RRRQ ) o
[Hahn ef ~ g % 3 ""% G g
TICIN T2 C1 N29 T4 C1 N4
9 ¢ G 9 1]
2y G g{g{ﬁ % & 3 g ﬁgé‘g 28202204 cgETES
B O O | X, & 2 9.5 %, g & GE ¢ m mm
G %;)6 ! G S 9 G Heeand g L RREE
3379 S W T o Lo, &8 gt
3> % f% g g 7 g A3 c g
}} g 3: 7 G J‘}\ 7 G g 3 U_Q;L';_Q n )
ﬂ}}\ g o o 33—3)3—
S@ TS5 C1 N5 T6 C1 N6 T7 C1 N7 T8 C1 N8
4 G g
Maitre & MIJ s3:l s
| T et nnnS
g %
9 ¢ g9 ™
o 6{,‘@ o
HEA. 00 © g
29 Q;LA_AQ-%, ~
g %\ 'en‘a-r
g T10 C1 N10
Analytical coefficients of the MI's for

William J. Torres Bobadilla

any helicity configuration
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Automation

4 riance
Tree-levels 8 o Q9 . o Q » R000000 . er
i g
as Inpl‘It P 4 g L \p Q r “R-QQQ 0 X JLQQQQQ. g £
(u-dependence) G g G g a | &
G g G g G P
' . 11 ¢ 6%
FeynCalc + [| . .« < 0 AT Maay, | & Mg
R, A&F ¢ & - BT o
\ - ! - £ s ~ alk o o~
Hah G S g G el GZ H . GE & GZ "% .-
[ ann e X 3-.’5 5" c.c;;." 9. S .- o L5 = BPLe ¥
4 -’}} > G g 1&«, SRAS “%B’B ALsRAR T LAs0itie” %,
}\ ‘:f\ v ?‘?\ v | ‘? ‘A\‘
T1C1 NI T2C1 Nzg GT'J C1 Nig Gractne Grscine @
G a g g &
| % S G < <5
AQ. 2R s] ’Jf ~ C ~ g ’£ .
B O = . e G T TP TP L PO L g o
- b N .} % d Fa it
C: G F.' 66 \{I ,{“‘ RAA G Q“'é’{ H G -;";.; 1Q€J> .
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ap03088, 9 33% Ny ¥ H % 335 o g 8 L
L2 e € [*) > G -\ g By %
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s@ . C e e e
[Maitre & Md| - S,ﬂ’fﬂ & 9 & ruininager AN TTTY Liget §¥°  oagag Ligen §¥e”
(‘P.. g m.i; o "3,90 8 A4 G o H G © H o
Gwi = T ‘.\_ "‘Q’;;;‘ H . . '_ G’ H
c“ 2 At G Q) e - 5
F e Y g G e :-: £ 32980400,
Yo @ * Ya g %, asanwsde . geseasdl, g PYTE ammann
pY o 3 - G g %
T11C1N11 9 T12 C1 N12 Giacing g Griact nra TI5C1 N15 G
© ” < G H 9% © 9 gf' G g £
dtina, gd" aaaan & IR e200046 "Q"-”iua.:p_:h'ﬁ"ﬁ
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AT - ‘f' GEH 9.- Gr 9
G« 2 .33 o .-
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Automation

Tree-levels _ ~ Gauge invariance
as input Nurr‘ner'l(cal |
checks |
(n-dependence) -Ward Identity

FeynCalc + FeynArts

[Hahn et al] Integrand

Generation (-2e)—SRs

Integrand
S@M Reduction
[Maitre & Mastrolia] Method

Analytical coefficients of the MI’s for
any helicity configuration
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Results

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

e Annihilation of quark & antiquark in two gluons [Kunszt, Signer and Trocsanyi (1993)]
e Higgs + 3-gluon amplitudes [Schmidt (1997)]

e 5-gluon amplitudes [Njet]

e 6-gluon amplitudes [Njet]

e Higgs + 4-gluon amplitudes [done! to be checked with GoSam]

e Higgs + 5-gluon amplitudes [in progress, to be checked with GoSam]
See N. Greiner’s Talk

20
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Results
e 5-gluon amplitudes [Njet]

All plus gluon amplitude

+ +
3 4+ 3 \Q{%—--—’m4+
Cioypus = 21 + 2%,

1" 1"

c12i3145:0 = 0,
© 2i[21][43][53] [54]
CL2B45:4 = T2V irs (4. 1,5.3)

with trs (1 2,3 4) = (1 |234| 1] - [1 |234| 1)

— A = ™ ¥ A Ol
,,, /,, ~ - n e .' 0 - —,, _,‘_ :_ R ? Ny

A (1+ 2+ 3+ 4+ 5 )— 012|3|4|5 4112|3|4|5 [,u ] +cychc perms

_ e A2 e B i A
AR 2% - A 4 2V 25 = /

S~ - ‘ . - - - _ _~ ,\ . . ‘_ A N 5; - _ _ . b - N _‘
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Results
e 6-gluon amplitudes [Njet]

All plus gluon amplitude

3+
4 45:

Ciopusie = 27 o 2+;‘;§’ K
0+ S 3 ; ; 1+

ci1z23usi6:0 =0,

Ci2pa516 =

c1234506:0 = 0,

. 2i [12] [54] [63]*
 2i(5|1+2|6]¢61 +2|5][12][43][65]> S
C12)34/56;4 = <12> <23> trs (5, 2, 6, l)trs (5, 4, 6’ 3) ’ (12) (45) tI'5 (2, 3, 6, 1) tI'5 (5, 3, 6, 4)
(32b) X ((3[1+2|3]€6|1 +2[6] — s36512) ;
4+, (32¢)
-
C Tgg, B T ““{(5 PSSR PN PRSI A PSR R IO AP
123/4/516 = A+ g3585 S » i Y
2 g B A(1%,27,3%,4%,5%,6%) = crasusis;a Li23asis [/14] ‘
" A
| + 12134516, 4 112341506 [ﬂ4]
c12314516;0 = 0, k )
2i [56] L1 / -
4= ! 121314516:4 [12p3j456 |1 | %
S T (12235 5,4,6, D15 (5,4,6,3)  § germsss s ] §
x (515 (611 + 2|31 (511 [64]° ¢«  cyclicperms. 3}
~ 516 (511 + 2131 [S41° [61] ) 2
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Results

e Higgs + 3 gluons [Mastrolia and WT (to appear)]

All plus gluon amplitude |
P g P Rg,, &5 o
at leading order e
e »
> 4 ‘\) On —.?,»
Z m O/ ‘k*i'Qv’\, (\(,;7
Agee (H,11,2%,31, 47, 51) = 2 s X
HA%20854050) = i e easEn & o
at one-loop
Ag P (H,17,2%,37,47,57) =§Ag"° (8123481235 — M3 8123) T12314 115 [1]
| 1
" + §A‘é""’ (82348345 — $3452345) TH1)2)34/5 [1]
g 1
- §Ag°e (m% — s1234) T1234)5/m [1]
+ 123415 D123)a 115 (18] + Crr12)3ja)5 T 12305 (1]

+ c1234/5| 1123415 5 [1%] + c1234) mi5L1234) |5 [14%] + cr123)4)5 ] H123)415 [1°]
+ CH12|34|5IH12|34[5[/1'2] + Cl23|4|5HI123|4|5H[/1'2] + Cl23|4H|51123|4H|5[N2]
+ 123455 112345 H [#2] + ¢103)45 1 1123145 H [ﬂz] + cH112345L H1)2345 [#2]

-+ cyclic perm.

O v = s 57 - oL PRy 2 ae Ry Log LB = &
=== === y - - — [SAmifd El = -g - ~ 19 - - -a -
NN . . L \ = . ; L \ S

‘77\
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Off-shell colour kinematics duality

[Bern, Carrasco, Johansson (2008),(2010)]

[Bern, Dennen, Huang, Kiermaier (2010)]

[Bern, Carrasco, Dixon, Johansson, Roiban (2012)
[Du, Luo (2012)]

[Fu, Du, Feng (2012)

[Nohle (2013)]

[Bern, Davies, Dennen, Huang, Nohle (2015)]
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Colour kinematics duality
4-point in gauge theories

Atree _ 2 (nscs | N Cy | nucu) _ 2>_<3 n 2““1—“"3 n 2>Q3
4 g | |
t 4 1——4 17

S U

Jacobi Relation (colour)

2> <3 23 2><-—-"3 Cs = Ct — Cy
o P S - . aiazb pazasb __ pasa1b pazazb  pajazdb pazasd
4 4 1 4 fueebpesedd _ pasarby forashf

Ct Cu

Jacobi identity (Numerators)

2>—<3 _ 2““-[""3 B 2>{3 nS p— nt — ’n,u
4 I——H4 1 4

Ns uz M [Bern, Carrasco, Johansson (2008)]

— Satisfied automatically for 4-point tree amplitudes.
— Conjecture: For m points and L loops, we can regroup terms between

numerators to make this relationship hold.
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Off-shell colour kinematics duality

Consider a tensor as the Jacobi identity of numerators

6) SIS B = G

Four-gluon identity Nge® = JHrtag, (p1)eu, (p2)€pus (P3)€u, (Pa),

N;ree = ¢ (p1)-p1l(e (p2) - p1 + 2€ (p2) - p4) € (p3)-€ (p4)
—€(p2) - € (pa) (€ (P3) - 1 + 2 (P3) - P4)

+ € (p2) - € (p3) (€ (pa) - P1 + 2€ (p4) - P3)]
+ cyclic permutations. [Zhu (1980)]

N, =0 by imposing Momentum Conservation and Transversality
condition.
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Off-shell colour kinematics duality

At loop level

AN //Q\/\/\

= — 4+ [ |+ |

Y o Y\

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

Hi Vi vi i
U (pz) y U (Pz) — }'52 | Hv (p; 1 g;) = —gh + p; qz-p.J.r;z- q;
1 b with ” i i
et (pi; qs) — 1M (pi 5 gi) Pi, w14 (pi; qs) = pfp ”
751'75-;: :Pz'

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

(Nloop)on s Jﬂlnuz;H“lal(pl’ q1) Hﬂ’za'z(p?: g2) H#303(p3> g3) HN404(p4: q4)

4
Nloop Z 2 Az a o Z p3p? (CZJ)Q o . Ag = Ag({pz})
a1 ay pi ( L0l i8] 104 with
= b=t Cy = Cy({p:})
27 [Mastrolia, Primo, Schubert, WT (to appear)]
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Off-shell colour kinematics duality

From the J-block we have

S A AR L AR L AR
@ &)@ @ &

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

=0 e By imposing on-shellness of the four particles

28 [Mastrolia, Primo, Schubert, WT (to appear)]
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Off-shell colour kinematics duality

Cg = Ct — Cy
Gluon and scalars farazb fasasb _ pasard pazash _ farasd pazasd

A" A.L A.L

) + + !g’ +
S AR AR AR
(&) (X)) () (=

CS=Ct_Cu

Tb. —=TeLq% _ 7% o

1314 iak” Kig iak” Kig

)

g

x

Gluon and fermions farasb

29 [Mastrolia, Primo, Schubert, WT (to appear)]
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Off-shell colour kinematics duality

Perspectives: satisfy the colour-kinematics duality at multi-loop level

Dual diagrams at one-loop level

3
P + ) )
1 1 P 4 1 P 3
! - o 1, 1 [Nohle (2013)]

Dual diagrams beyond one-loop

2\ 3 2 3
\/ _ _
NS
1/" 5 4 1 4
2 3 2 3
% N\ A .
1 q 4 1 ‘p q 4
2‘: y 3 2..‘ o 3 2 3
7 4 1 4 1 + [Bern, Carrasco, Johansson (2008)]
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Conclusions

PART |

We introduce the FDF which is a representation of the FDH scheme, where we provide
the explicit representation of spinors and polarisation vectors in 4-dimensions

® Any one-loop amplitude is computed at once, without distinguishing between cut
constructible and rational part.

® Analytical results of one-loop amplitudes are provided to give one the pieces of the
computation of NNLO.

® Perspectives ::: Higgs +3 jets & More loops!

PART 2

® We show explicitly that any loop diagram built from the Jacobi identity (Numerators)
can be decomposed in terms of sub-diagrams with one and two propagators less.

o

By consequence of the decomposition we trivially proved the colour-kinematics duality

is satisfied at multi-loop by only imposing on-shellness of the four particles entering in
the “Jacobi”’-Block.
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Conclusions

PART |

® We introduce the FDF which is a representation of the FDH scheme, where we provide
the explicit representation of spinors and polarisation vectors in 4-dimensions

® Any one-loop amplitude is computed at once, without distinguishing between cut
constructible and rational part.

® Analytical results of one-loop amplitudes are provided to give one the pieces of the
computation of NNLO.

® Perspectives ::: Higgs +3 jets & More loops!

PART 2

® We show explicitly that any loop diagram built from the Jacobi identity (Numerators)
can be decomposed in terms of sub-diagrams with one and two propagators less.

® By consequence of the decomposition we trivially proved the colour-kinematics duality
is satisfied at multi-loop by only imposing on-shellness of the four particles entering in

the “Jacobi”’-Block.
Thanks
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Extra Slides



6-dimensional formalism vs FDF

6-dimensional formalism
e D=4 massless gluon: 2 polarisation states
e D=6 massless gluon: 4 polarisation states

Contribution from extra polarisation states must be subtracted out!

4 polarisation states of 6D massless gluon

= 2 polarisation states of 4D massless gluon + two scalars.
[Giele,Kunszt,Melnikov (2009)]
[Davies (201 1)]

N

FDF

e D=4-2e¢ massless gluon decomposed into
3 polarisation states of 4D massive gluon + a -(2¢)-scalar

Contribution come from both massive gluons and (-2¢)-scalar!

Y

[Fazio, Mastrolia, Mirabella, WT (2014)]
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