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NNLO frontier: 2 to 3 scattering

> pp — Jjj: R3j2, mjj = s determination at multi-TeV range
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> pp — 7vj: background to Higgs pr, signal/background interference effects

» pp — Hjj: Higgs pr, background to VBF (probes Higgs coupling)

» pp — Vjj: Vector boson pr, W /W™ ratios, multiplicity scaling

» pp — VVj: background for new physics
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Introduction

doNNLO

g7 subtraction N-jettiness subtraction projection to Born
antenna subtraction CoLoRFulNNLO STRIPPER
Nested Soft-Collinear Subtraction geometric subtraction

+ ..
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Gl e A 220
Why numerical approach?

Multi-scale process = algebraic and analytic complexities
talk by Dmitry

bottleneck: large intermediate expressions but simple final results

Numerical calculation = many 1-loop calculation with high multiplicity
(Njet, BlackHat, GoSam, ... )

What kind of numerical evaluation?
@ floating-point evaluation (x = 4.744955523489933 x 10°)

v fast X limited precision
@ evaluation over rational field Q (x = 706998373/149)
v exact X can be slow and expensive

@ evaluation over finite fields Z, (x modi; = 8)
Zp, = the field of integer numbers modulo a prime p
v exact+fast X some information lost
— need to reconstruct Q over several finite fields

Strategy = reconstruct analytic expressions from finite-field evaluations [peraro 2016]

Analytics results: fast and stable for pheno applications
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Computational Framework

Colour ordered amplitude:
A1) = [gkllor "1 12)

Integrand Reduction: construct irreducible numerators A;({k}, {p})
[Ossola,Papadopoulos, Pittau,Mastrolia,Badger,Frellesvig, Zhang, Peraro,Mirabella, ... |

Nk} Arh) _ T (Af({kL {r})

Dy --- D, propagators);

ieT
> N({k},{p}): process dependent numerator function

= generalized unitarity cuts — product of tree amplitudes
[Bern,Dixon,Dunbar, Kosower,1994;Britto, Cachazo, Feng,2004;Ellis, Giele, Kunszt, Melnikov,2007-2008; ... ]

= Feynman diagram input ( QGRAF [Nogueira] )

» Integrand parameterisation

Ai({k} {p}) = Z cii({p}) m;({k})

» Fit coefficients ¢ ;j({p}) on multiple cuts {D; = 0}ict
= solve linear system of equation
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, c(1p)) mi({K})
D)) = [ Iokllok 3 =P =46 5, S ani

e (propagators);

» IBP identities: relations between integrals G; — reduce to independent set of
integrals — master integrals (MI;)

vulk,p)
M s o) =

> allows for extraction of the coefficients of master integrals (d;)

[Chetyrkin, Tkachov]

d=( ... )
—_———

all integrand coefficients

IBP reduction

» All steps evaluated numerically over finite fields within FiniteFlow
framework [Peraro,2019]

» Use momentum twistor variables [Hodges]: rational PS parametrisation
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[NEFIEN T A TS IE M AN OIS Computational Framework

1 cij({p}) m;({k})
(2 == -\/] .
({p}) = /[dk1][dk2]§ propagators), E &G; E,- d;MI;

ieT

» IBP identities: relations between integrals G; — reduce to independent set of
integrals — master integrals (MI;)

vulk,p)
M s o) =

> allows for extraction of the coefficients of master integrals (d;)
or special functions (+ Laurent expansion in € + pole subtraction)

[Chetyrkin, Tkachov]

di = ( c.. ) — ( L. )
all integrand coefficients ) . e-pole in special functions basis
———

map Mis to special functions

IBP reduction

» All steps evaluated numerically over finite fields within FiniteFlow
framework [Peraro,2019] reconstruct analytic form of finite remainder

» Use momentum twistor variables [Hodges]: rational PS parametrisation

Bayu Hartanto (IPPP Durham) Integrand Reduction ... July 12, 2019 6/11



LIS Two-loop five-point amplitudes

Two-loop five-point amplitudes

Five-point master integrals talk by Dmitry

<y I I

[Papadopoulos, Tommasini,Wever 2015], [Gehrmann,Henn,Lo Presti 2015,2018],
[Abreu,Page,Zeng 2018], [Chicherin,Gehrmann,Henn,Lo Presti,Mitev,Wasser 2018],
[Abreu,Dixon,Herrmann,Page,Zeng 2018,2019] [Chicherin,Gehrmann,Henn,Wasser,Zhang,Zoia 2018,2019]

Numerical evaluation of two-loop five-point amplitudes in QCD:
» planar five-gluon [Badger,Brannum-Hansen,HBH,Peraro 2017] [Abreu,lta,Febres Cordero,Page,Zeng 2017]
> pIanar five-parton [Badger,Brgnnum-Hansen,HBH, Peraro 2018] [Abreu,lta,Febres Cordero,Page,Sotnikov 2018]

» planar W44 parton [Badger,Brgnnum-Hansen,HBH,Peraro arXiv:1906.11862]

Analytic form of two-loop five-point amplitudes in QCD
» planar five-gluon all-plus [Gehrmann,Henn,Lo Presti 2015]
» planar five—gluon single—minus [Badger,Brgnnum-Hansen,HBH, Peraro arXiv:1811.11699]
> planar five—gluon MHV [Abreu,Dormans, Ita,Febres Cordero,Page 2018]
| 2 planar five—parton MHV [Abreu,Dormans, Ita,Febres Cordero,Page,Sotnikov 2019]
» non-planar five-gluon all-plus [Badger,Chicherin,Gehrmann,Heinrich,Henn,Peraro, Wasser, Zhang, Zoia 2019]

Bayu Hartanto (IPPP Durham) Integrand Reduction ... July 12, 2019 7/11



LIS Two-loop five-point amplitudes

Planar two-loop five-gluon amplitude: single minus

[Badger,Brgnnum-Hansen,HBH, Peraro arXiv:1811.11699]

integrand reduction ‘

‘ Unitarity cuts (6D tree amplitudes via Berends-Giele recursion)

IBP reduction ‘ finite-field sampling H analytic reconstruction ‘

Master integrals in terms of pentagon functions f: MI, = E Cxyz Myyz(F)
[Gehrmann,Henn,Lo Presti 2018] v,z

Subtract IR poles, reconstruct finite remainder F

@] — 4D (0) —
Al = It )A—++++ T bttt A iy =0
Obtain compact expressions for JF (decomposition in (ds — 2)', ds = g/;)

. 2512 . )
FOMT (17 2% 3% 4% 5%) = [25] FOM(1,2,3,4,5) + FLl(1,5,4,3,2))

T [12](23) (34) (45)[51] (

1

F@:M(1,2,3,4,5) = Cﬁ)F(Z) (523, 534, 515) + Cé1>F1()1o)x(S23, s34, 515) + cé’f)Fk(,“gx(st, s34, S15)

sym box
2) (2 1) 0) (0
+ C§4) Fégx(su, s15, 534) + 654) FL()O)X(Slz, s15, 534) + C§4) F}(xzx(suy S15, 534)
0 R R
+ 545Ft(,0)x(512, 523, 545) + 34;51L1(534, 515) + cs51,03L1 (515, 523) + Crat

» c: rational coefficients in s; and try

> Fégx, Li: analytic function basis, free of spurious singularities [Bern,Dixon,Kosower]
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2-loop W + 4 parton amplitudes

[Badger,Brgnnum-Hansen,HBH, Peraro arXiv:1906.11862]
. ~ [y Yy .
Leading colour gQQg ¢ and qggq v{ amplitudes

AP)(14,25,3q,44,57,60) ~ g°gh, N2 5;1i25;3i4 AP (14,25,3q, 44,57, 6¢)

A@)(14,2¢,34,44/,55,60) ~ 28y [NS( T27%), % AP (14,24, 3¢, 45,55,60) + (2 4> 3)

(2.3)
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Bayu Hartanto (IPPP Durham)

Feynman diagrams + integrand reduction
+ IBP relations

Coefficients of master integrals (Mls) are
computed numerically over finite fields

Use mom. twistor variables: xi,--- | xg

only some of Mls known analytically
[Papadopoulos, Tomassini,Wever 2015]
[Gehrmann,von Manteuffel, Tancredi 2015]
[Henn,Melnikov,Smirnov 2014]

[Gehrman,Remiddi 2000]

unknown Mls are evaluated numerically
using pySecDec/Fiesta
= change MI basis to improve accuracy
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LUTITEIE  Two-loop W + 4 parton amplitudes

2-loop W + 4 parton amplitudes

Numerical benchmark: Euclidean phase-space point

1 - 79 B 64 B 37 B 83 B 4723 B 12086 B 3226
MTTh e T BT MU TH ST T quor " 7ast 2287
qggq' vt et e3 e 2 e ! €0
AA% L., | 450000 | -3.63577(3) | -277.2182(7) | -34456(1) | 2051.1(2)
PR 45 -3.63576 277.2186 | -344.569(6) —
Z‘%fﬂf 450000 | -3.63581(9) | -13.6826(2) 6.143(5) 66.21(7)
2
Izafﬂf 45 -3.63576 -13.6824 6.145(1) —
A(E; +i_ | 450000 | -3.63579(5) | -18.79219(7) | -6.633(6) 79.02(4)
PA .. | 45 -3.63576 -18.79212 -6.6303(5) —
qQQg' vt et e 3 2 et 0
A® | 2.00000 | -7.16949(9) | -9.9055(2) 30.022(6) | 154.79(7)
Pe 2 -7.16944 -9.9054 39.9245(8) —
E‘% .y | 200000 | -7.16048(8) | -12.9371(1) 41.432(8) 189.53(6)
P 2 -7.16944 -12.9370 41.4353(6) —
Comparison against universal pole structures in t'Hooft-Veltman scheme
July 12, 2019
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Conclusions

v" Numerical framework to compute two-loop five-point amplitudes
= integrand reduction + IBP relations
= numerical evaluation over finite field

v/ Analytical reconstruction from finite field sampling
= avoid large intermediate expressions encountered in traditional approach

X More processes to explore

X From amplitudes to NNLO cross sections?
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Conclusions

v" Numerical framework to compute two-loop five-point amplitudes
= integrand reduction + IBP relations
= numerical evaluation over finite field

v/ Analytical reconstruction from finite field sampling
= avoid large intermediate expressions encountered in traditional approach

X More processes to explore

X From amplitudes to NNLO cross sections?

THANK YOu!!l
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Conclusions

Back-up Slides
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Two-loop five-gluon: single minus

t t 2
LoD, t,m?) =Liz (1 - m—) +Lip (1 - m—) +Iog< ;) +log (ﬁ) - %,
1

box(s t,m?) = mFbOX (s t, m?),
1 o ~
box(s t,m’) = i tm) [Fé?))x(sa t,m?) + Li(s, m*) + Ly(m?, f)] )
1 s—m? . m?—ta.
box(s t, m?) W{F&x(s t, m?) + o Lo(s,m?) + TLz(m2’t)
RSN
s t)am?]’
u(s,t,m?)=m?> —s—t
log(t/s)
L =
k(57 t) (57 t)k
Lo(s, t) =Lo(s, t), Li(s,t) = Li(s, t),
~ 1 1 1 ~ 1 1 1
La(s,t) =La(s, t —+—, Li(s,t)=L3(s,t)+ ——= | —-—+—- ).
2(s, 1) =La(s )+2(s—t) <s+t) 3(s:8) = La(s )+2(5—t)2 (5+t)
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