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e RECOLA: a generator for electroweak one-loop amplitudes
@ COLLIER: a Fortran library for tensor integrals
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Relevance of electroweak corrections @ LHC ”TB

@ LHC running @ 13 TeV
— electroweak corrections (EWC) ~ some 10%
enhanced by Sudakov logarithms log -

@ integrated LHC luminosity will reach some 100fb~! (2016: 40fb™ ")
— many measurements at several-per-cent level
— typical size of EWC
@ high-precision measurements: cross-section ratios, My, sin? 6%
— EWC are crucial
EW 2-loop corrections needed

@ Les Houches wishlist 2013 and update 2015:
LHC processes where NLO EWC (and NNLO QCD) are needed

= automation of calculation of EWC strongly desireable
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NLO QCD automation established: several (public) tools exist

tool method collaboration
ROCKET generalized unitarity Ellis et al.
BLACKHAT generalized unitarity Berger et al.
NJET generalized unitarity Badger et al.
HELAC-NLO 4-dimensional (OPP) integrand reduction  Bevilacqua et al.
MADLoOOP 4-dimensional (OPP) integrand reduction  Hirschi et al.
GOSAM d-dimensional integrand reduction Cullen et al.
FORMCALC d-dimensional integrand reduction Hahn et al.
OPENLOOPS  recursion relations for “open loops” Cascioli et al.
REcoLA recursion relations for “open loops” Actis et al.

crucial ingredients for reduction
@ recursive calculation of amplitudes
@ generalized unitaritiy
@ reduction at integrand level
@ improved reduction methods for tensor integrals

: :
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Methods for QCD can be transferred to full SM!

Complications mainly in calculation of loops:
@ more contributions (diagrams, off-shell currents)

@ more and very different mass scales
— numerical stability more problematic

@ more complicated renormalization (more parameters)

@ mixing of QCD and EW contributions
(expansion in two couplings)

@ chiral structure of weak interactions (treatment of v5)

@ more complicated treatment of unstable particles
(decay width = EW one-loop effect
= gauge invariance non trivial)

Solutions exist!
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Automation of EW NLO is just happening!

Tools:
tool collaboration published applications
GOosAM Chiesa et al. pp — W + 2 jets
MADGRAPH5_AMC@NLO  Frixione et al. pp — tt + {H,Z, W}
pp — jj
OPENLOOPS Pozzorini et al. pp — W + {2 jets, 3 jets}
RECOLA Actis et al. pp — jjete
pp — 44
pp — e veu” 1, bb(+H)
pp — et vept v
(vector-boson scattering)
This talk:

@ Introduction of RECOLA

@ Discussion of application of RECOLA:
top—antitop production including decays

: :
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e RECOLA: a generator for electroweak one-loop amplitudes
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General form of one-loop amplitudes (free of unphysical singularities)

1-1 (J,R N ) N
SMr Z Z Yy Toomy ) = Z N T0;)

tensor integrals

H1v KR 27ru g 2 2
T(J RJ,N )~ /d . DJ N, Dio--Din.1 Dja=(q4Ppja)” —mja

tensor coefficients

(7B Nj
'/’1"

" free of unphysical singularities, d\%"¥4) involve unphysical singularities
proposal of van Hameren '09:

calculate ¢, J'RJ' J) numerically in a recursive way

implemented for fuII Standard Model in RECOLA Actis, Denner, Hofer, Scharf, Uccirati 16
(Recursive computation of one-loop amplitudes)

evaluation of tensor integrals by COLLIER Denner, Dittmaier, Hofer '16
(Complex one loop library in extended regularizations)
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Basic building blocks of tree-level recursion:
off-shell current of particle P with n external legs

@ w is a scalar, spinor or vector corresponding to P (set of numbers)
@ C represents the colour

@ {ly,...,1,} list of primary external legs

@ off-shell currents for external legs (n = 1) are wave functions

—>— = u\(p), —<o = U)(p), e = ex(p), --e =1

Amplitude for process with N external particles:

, P _ _
M = N‘“D“Nx (propagator of Py)™' x e— Py

amputate off-shell line and multiply with wave function
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Tree-level recursion

Recursion relation

i+j=n Z':>.\P P i+j+k=n '
SO EEND DY Y Y iDeE
{ib 3} PPy j{>./P i ghAk}y BBB

k

incoming currents x vertex x propagator

2-leg currents: ><)« = >—-
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Recursion relation

()43} PPy j{>./’:3' (i}.G} (K} P.BLR

incoming currents x vertex x propagator

2-leg currents: >Q« = >H

3-leg currents: % = >(/—- + )/\—. + >_.

:
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Tree-level recursion

Recursion relation

itj=n z’{)\P P i+j+k=n '
/ P _ ' . ¥
1O EE DD INGH —SEEDIND IS ©
i} {j} Pi.P; y-j>./f i} {i}.{k} B.B.B. )4
ki
incoming currents x vertex x propagator

2-leg currents: >Q« =

3-leg currents: % :./\H + %

4-leg currents: ;:)« = )\ %\
) 4
+

e +

N\

—e 4

L

.
NN
7—.+)7_.+)7_.
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Recursion at one loop IR

Cut loop line and consider tree diagrams with two more legs

. relation can be
defined uniquely

Recursion relation for one-loop currents

) P H=n 'Ii P < . 1:;
- ¥ DI
(iU} BE, ID/P {i}.U1.(k) BER A

ki

( ) x (propagator) =

loop current =

tensor coefficients
computed recursively

tensor integrals
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Basic building blocks for one-loop recursion: ‘

one-loop off-shell currents o
ni, (p1,m1)
wi, (P.C AL, L}y Ay ooy Ama, o omi}) =4
L Or
@ {p1,...,pr}, {m1,...,my}: sequence of
momenta and masses in loop propagators
@ i, multi-index representing k,r and p1, ..., uy: w;, = afﬁi’f.)ur
@ currents for the tree lines are the same as at tree level
@ suitable wave functions for first and last loop line:
i > ':’(/Ji, im:'(/;iv NN\ = €;, ix-eo=1

cutted lines are rglconnected via polarization sums
4

D (@i)a(¥i)s= das, D e =6",
i=1 i=1
(4,R;,N;)

@ coefficients aﬂi’f?ur of the last current equal tensor coefficients c;;,".7.
J
!
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Treatment of colour A

Colour-flow representation  Maltoni, Paul, Stelzer, Willenbrock '02

Gluon field : f , (A% Q

“usual” gluon with colour index gluon with colour-flow
a=1,. 1,7 =1,2,3
Feynman rules
+m
R AR
P p?—m
i1 m“’ Y J2 — i —€— J2 % igl—“’ _ 6?1 6?2 x - igl“’
1 » io j1+i2 p2 J2701 p2
i1
>7m%j3 = \—«J%_i ”C=J5 % u
i3 e s Ne 2
j2 J2 J2
_ 11 ¢i3 = 11 ¢13 gS m
- (633 5]2 6]2 5]3) \/5 v

colour matrices are just products of Kronecker deltas (nontrivial structure shifted to vertices)
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Treatment of colour A

Structure of the amplitude

U5etn i1, Sin
‘A]'Lm,jn - Z 6]'1 6jn Ap,

P(j1,--s9n)

@ Colour-dressed amplitudes:
= compute A’ for all possible colours (NZ")

squared amplitude: ~ M?* = D (AR AR
i1 insJ1sedn

requires colour-dressed off-shell currents

@ Structure-dressed amplitudes:
= compute Ap for all possible P (n!)

squared amplitude: ~ M* = > Ap Cppr Apr,

P,P’ L.
Cpp: are trivial

requires structure-dressed off-shell currents polynomials in N,
efficiently obtained in recursive procedure

:
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@ Full Standard Model (QCD + EW)
@ tree level and one-loop amplitudes
@ Feynman rules for counter terms Denner '93
@ Feynman rules for rational terms (R2)  Garzelli, Malamos, Pittau 10

@ complex-mass scheme for unstable particles

@ mass- and dimensional regularization supported for IR singularities

@ renormalization
@ EW sector: on-shell renormalization
different options for renormalization of o (aq,,, a(0), a(Mz))
@ «s: MS renormalization  (variable and fixed flavour schemes)

@ selection of resonances, e.g. qg — qgZ — qgl™¢~

@ selection of powers of o at matrix-element or cross-section level

e.g. matrix element for ¢g — ¢'q ¢4 a d a d
LO: O(asa) and O(a?) z e; - e;
NLO: O(a2a), O(asa?) and O(a?) e ¢ z Lt

=
q

Q|
Q|
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running of as, dynamical scale choice supported

NLO amplitudes for specific helicities and colour structures
colour- and spin-correlated amplitudes for dipole subtraction
numerical check of cancellation of UV divergences possible
fast, purely numerical Fortran code, low memory usage

optimisations
@ calculation of colour structures
@ recalculation of currents for different helicity configurations avoided
o helicity conservation for massless fermions used

@ external library for tensor integrals needed = COLLIER

RECOLA 1.0 has been published:

@ paper/manual: arXiv:1605.01090 to appear in Comput.Phys.Commun.
@ code: https://recola.hepforge.org/
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Matrix-element generator for theories Beyond the Standard Model
generalization of RECOLA 1.0, under development  J.N. Lang

Input: RECOLA model file with Feynman rules for

@ usual Feynman rules

@ counter terms in specific renormalization scheme(s)

@ rational terms

@ rules for recursive construction of off-shell currents
Features in addition to those of RECOLA 1.0:

@ Background-Field gauge

@ R¢-gauge

First application: Two-Higgs-Doublet model, Higgs-singlet extension of SM
pp— HffandH — 4f

: :
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REnormalization in Python aT 1 Loop  J.N. Lang
Toolchain: PYTHON, FORM, RECOLA
to generate a RECOLA model file

@ Input: usual Feynman rules in UFO format  Degrande et al. '12
(Universal FeynRules Output)

@ Output:
complete RECOLA model file with optimised FORTRAN code for recursive rules
(vectorized, symmetrized, common subexpressions)
FORM expressions that allow RECOLA 2.0 to generate FORM output for
amplitudes

@ applicable to renormalizable theories and effective theories

@ supported renormalization schemes:

@ consistent renormalization of tadpoles  Denner et al. 16
on-shell, MS, MOM for 2-point functions
MS renormalization for n-point functions (n > 2)
fixed-flavour scheme for strong coupling
a(0), G, scheme for EW coupling
specific renormalization schemes for 2-Higgs-Doublet Model

¢ © ¢ ¢ @

: :
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© CoLLiER: a Fortran library for tensor integrals
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General form of one-loop amplitudes (free of unphysical singularities)

M ZZCJRJ#,I]:]) (jR],N) Zd(m J)T A0

tensor integrals

4-D K1 gtR
tensor coefficients
cffl'_r.".;;;\g;’) free of unphysical singularities, d»s) involve unphys. sing.
proposal of van Hameren ’'09:
calculate c(j R]’ J) numerically in a recursive way
implemented for fuII Standard Model in RECOLA Actis, Denner, Hofer, Scharf,

Uccirati (Recursive computation of one-loop amplitudes)

evaluation of tensor integrals by COLLIER  Denner, Dittmaier, Hofer, in preparation
(Complex one loop library in extended regularizations)

:
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Reduction of N-point tensor integrals ”TB

Different methods used depending on number N of propagators

@ N = 1,2: explicit analytical expressions (numerically stable)

@ N = 3,4: exploit Lorentz covariance
different methods used depending on kinematics
@ standard Passarino—Veltman (PV) reduction Passarino, Veltman '79
@ stable expansions in exceptional phase-space regions
(small Gram determinants)
Denner, Dittmaier '05
(see also R.K.Ellis et al. '05; Binoth et al. '05; Ferroglia et al. ’02)
= reduction TN-B — N0 pPN-LR" _, 70..N0
@ N > 5: exploit 4-dimensionality of space-time
= direct reduction of TV-# — TN-1L.E-1 (free of inverse Gram dets.)
Melrose '65; Denner, Dittmaier '02,05; Binoth et al. '05; Diakonidis et al. '08,09
= fast and stable numerical reduction algorithm

Basic scalar integrals Ay, By, Co, Do from explicit analytical expressions
't Hooft, Veltman '79; Beenakker, Denner '90; Denner, Nierste, Scharf '91; Ellis, Zanderighi '08;
Denner, Dittmaier '11

: :
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@ tensor integrals for arbitrary number of external momenta NV
(tested in physical processes up to NV = 9)

@ various expansion methods for exceptional phase-space points
(to arbitrary order in expansion parameter)

mass- and dimensional regularization supported for IR singularities
complex masses supported (unstable particles)

cache-system to avoid recalculation of identical integrals

output: coefficients T\ ; ..., or tensors TN-#1 i

two independent implementations = checks during run possible

error estimates for tensor coefficients and tensor integrals

e &6 6 6 ¢ ¢ ¢

complete set of one-loop scalar integrals for scattering processes
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COLLIER used in matrix-element generators

@ RECOLA Actis et al. '12,'16
@ OPENLOOPS Cascioli, Maierhdfer, Pozzorini '11
@ MADLoOP Hirschi et al. *11

COLLIER 1.0 has been published:

@ paper/manual:
arXiv:1604.06792, Comput.Phys.Commun. 212 (2017) 220

@ code: https://collier.hepforge.org/
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6 Application: Top—antitop production including decays

: :
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Top—antitop production including decays at LO

o [

Study of top-pair production very important at LHC
@ large cross section = precise measurements possible
@ heaviest particle of SM = window to new physics

LO cross section for pp — etvepr,bb: O (aZat)

b

two resonant tops one resonant top no resonant top

@ EW contribution of O (a°) for ¢qg channel neglected.
@ photon-induced process ¢y — e v uiz,bb of O (a,a®) included
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@ NLO QCD for off-shell top quarks: Melnikov, Schulze '09; Bevilacqua et al. '10;
Denner et al. 10, '12; Frederix '13; Campbell et al. '12, 16

@ NLO EW for on shell top quarks: Beenakker et al. ‘94,
Bernreuther et al. ’06, 08, '10, '12; Kiihn et al. '05, ’06, ’13;

Hollik, Kollar '07; Hollik, Pagani 11; Pagani et al. *16
@ NNLO QCD: (on-shell top quarks) Czakon et al. '13,'16

@ Resummation: (soft and small-mass logarithms to NNLL)
Beneke et al. ’10, '11; Czakon et al. '09; Ahrens et al. '10,

Kidonakis 09, '10; Pecjak et al. '16

@ NLO QCD matched to parton showers: Frixione et al. °03, 07;
Kardos et al ‘11, ’13; Alioli et al. '11; Cascioli et al. '13

Hoche et al. "14; Garzelli et al. *14; Campbell et al. '14; JeZzo et al. ‘16
New: NLO EW for off-shell top quarks
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Virtual EW corrections to top-pair production ”TB

EW corrections to LO “QCD cross section™: O (aZa”)

decay products of top quarks
suppressed in diagrams

: :
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Details on virtual EW corrections ”TB

@ all terms of O (a2a”) included

@ terms of O (a,a%), O (a”) neglected

@ on-shell renormalization scheme

@ G, scheme for electromagnetic coupling:

M;

OlGu .
absorbs running of o to EW scale and some universal corrections o« m?

@ complex-mass scheme for top-quark and gauge-boson resonances
Denner, Dittmaier, Roth, Wackeroth, Wieders '99, '05

complex poles: ;= /m2 — imiLy, pdy = M3 —iMwIly
=- complex EW mixing angle

@ matrix elements calculated with RECOLA and COLLIER
@ 't Hooft-Feynman gauge

Seminar, Vienna, January 10, 2017 Ansgar Denner, Wiirzburg RECOLA 23/37



Julius-Maximilians-

UNIVERSITAT : [ )
WURZBURG Real EW NLO corrections 2

Contributions to ¢ in O(a2a?)

@ real photon emission from LO QCD contributions
@ real gluon emission in QCD—-EW interferences

decay products of
top quarks
suppressed in
diagrams

colour structure = only initial-final-state interference
soft and collinear singularities

@ Catani—Seymour dipole subtraction  Catani, Seymour '96; Dittmaier ‘99
@ initial-state collinear singularities cancelled by MS redefinition of PDFs
@ recombination of collinear parton—photon and lepton—photon pairs

(jet clustering)

= cancellation of singularities from collinear photon emission

Phase-space integration with multi-channel Monte Carlo MOCANLO Feger
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@ Tree-level matrix elements and LO hadronic cross section
successfully compared with MG5@NLO Alwall et al. 14

@ |R-singularities, Monte Carlo integration
@ variation of « parameter in subtraction terms Nagy, Trocsanyi '98
@ variation of technical cuts
@ variation of IR scale

@ One-loop matrix elements
@ two independent libraries within COLLIER
@ comparison against double-pole approximation
@ check of Ward identity for matrix elements with external gluons
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Numerical check of Ward identity for gg — e*v.u~,bb
(polarization vector of gluon replaced by normalized momentum p*/po)

1 T

0.1

_ Re M1(6 — p/po)MS

A
Re M{M;

@ typical accuracy:
1078 o 10710

0.001

Fraction of events

@ agreement worse than
103 for less than
0.02% of points

0.0001

16-05 L L L L L
1e-12 1e-10 1e-08 1e-06 0.0001 0.01 1
Maximum accuracy A

= successful check of 8-point functions in COLLIER

:
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Setup for phenomenological analysis ”TB

@ massless bottom quarks (0.8% effect in our setup)
— cuts needed to avoid collinear bottom quarks

@ diagonal quark mixing matrix

@ PDFs: NNPDF23 nlo_as 0119 qged Balletal 13

@ bottom PDFs neglected (0.01% contribution)

@ renormalization and factorization scales: ur = my = ur

@ jet clustering:  anti-kr algorithm with AR = 0.4
Cacciari, Salam, Soyez '08

@ cuts:

b jets: pr.p > 25GeV, lyn| < 2.5
charged leptons: pre > 20GeV, lye| < 2.5
missing transverse momentum:  pr miss > 20 GeV
b-jet-b-jet distance: ARy, > 0.4

: :
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Integrated cross section #TB

Ch. oo [B]  onvLorw [b] 6 [%]

g 2824.2(2)  28342(3)  0.35
q@  375.29(1)  377.18(6)  0.50
8q(/q) 0.259(4)

Vg 27.930(1)

pp  3199.5(2)  3211.7(3)  0.38

@ Cross section dominated by gg channel
@ ~gchannel S 1%

@ small positive EW corrections
(due to the choice of the top width including EW corrections in LO)
must subtract twice the EW corrections to the top width (1.3%)
to compare with on-shell calculations
= negative EW corrections for on-shell top quarks: —2.2%
on-shell results: —1% ... —2% Pagani et al. = agreement within 1%
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Transverse-momentum distribution of subleading b quark ”TB

10?
10"+
100+
= 107"
N Sudakov logarithms —
TN —15% EW corrections
0 L Sizeable photon
contributions — +6%
10 Pagani 16
10 (more recent v PDFs
- (5) e e e yield smaller effects)
i
-10 +
-15

0 100 200 300 400 500 600 700 800
Prb, [GeV]

:
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— 10

EW corrections of
—5% in off-shell region

Sizeable photon
contributions — +10%
(more recent v PDFs
yield smaller effects)

sl — NLoEW l_u—l"_'—l—'_'_‘—Ll_,_._,_n_J
—=— photon
-10 . L . . . . .
0 50 100 150 200 250 300 350 400
M., [GeV]
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Double-pole approximation ”TB

Leading order:

Mgg—rcf—)Gf — Z [Mggﬁtt()‘tvAt)Mtﬁgf(/\t)Mtﬂgf(AE)]on—shell

LO,DPA = (p? — mi +imTy)(p? — mi +im,T'y)
ts ANt

@ only contributions with two resonant tops
= dominant contribution f

@ momenta in numerator projected on shell ¢
= gauge invariance

NLO:

@ factorizable corrections: corrections to production or decay matrix
elements

@ non-factorizable corrections: IR-singular corrections connecting
production and decay =- universal correction factors
Denner et al. ’00; Accomando et al. ’04 ; Dittmaier, Schwan ’15
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@ DPA applied only to squared matrix element for (subtracted) virtual
corrections

@ leading order and real corrections treated exactly
@ phase-space integration treated exactly
@ two different DPAs for resonant tt or WTW~

two resonant W bosons
= all contributions with two resonant tops and most other included!

@ naive error estimate: O(I'/M) x (a/s2) x log(...) ~ O(0.1%)

:
Seminar, Vienna, January 10, 2017 Ansgar Denner, Wiirzburg RECOLA 32/37



Julius-Maximilians-

UNIVERSITAT L i N < )
WURZBURG Integrated cross section in double-pole approximation 2

LO: WW DPA (—0.6%) better than tt DPA (—2.9%) (I'y/m ~ 0.8%)

Ch. O.LWOW DPA [fb] 5LWOW DPA [%] GitODPA [fb] 5£tODPA [%]
gg 2808.4(6) —0.56 2738.8(2) -3.0
qq 372.90(1) —0.64 368.82(1) 2.2
pp  3181.3(5) —0.57 3107.6(2) 2.9

§DPA _ JDPA/qull 1
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WURZBURG Integrated cross section in double-pole approximation 2

LO: WW DPA (—0.6%) better than tt DPA (—2.9%) (T'y/m¢ ~ 0.8%)
Ch. O.LWOW DPA [fb] 5LWOW DPA [%] tt DPA [fb] 5£tODPA [%]

910
gg 2808.4(6) —0.56 2738.8(2) -3.0
qq 372.90(1) —0.64 368.82(1) —2.2
PP 3181.3(5) —0.57 3107.6(2) -2.9

§DPA _ UDPA/qull 1

NLO: WW DPA (—0.04%) equally good as tt DPA (0.07%)
((a/s2) x T'y/my ~ 0.03%)

Ch.  oNio Bw ol ONTO Bw [%]  ordd w [l 0k Bw [%]
gg  2832.9(2) —0.046 2836.5(2) +0.082
qq  377.36(8) +0.047 377.23(5) +0.013

pp  3210.5(2) —0.037 3214.0(2) +0.072
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tt DPA is failing where 0/1-top resonance contributions become sizeable
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@ Conclusion
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@ Electroweak corrections relevant for many LHC processes
importance increases with energy and luminosity

@ General tools for their calculation:

@ COLLIER: fast and numerically stable calculation of one-loop tensor
integrals arXiv:1604.06792

@ RECOLA! recursive generator for tree-level and one-loop amplitudes in
the full Standard Model arXiv:1605.01090

@ Electroweak corrections to off-shell top-antitop production
arXiv:1607.05571
@ full NLO EW corrections calculated for pp — e vepu, bb
o DPA for WW provides very good approximation
DPA for tt fails where on-shell top quarks do not dominate
@ EW corrections below one per cent for integrated cross section
@ EW corrections can reach —15% in distributions

@ Recent extension: Electroweak corrections to off-shell top-antitop
production in association with a Higgs boson  arXiv:1612.07138
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@ Backup
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General form of one-loop amplitudes

5M1—100p _ Z Z C(J R]M,RN i) (j R]ﬁN ) +5 \/ll loop +5M1 loop

@ loop amplitudes have to be renormalized
= add counter terms §M (2P
@ calculated via tree- IeveI matrlx elements with special Feynman rules
counter-term vertices appear only once in each diagram

@ loop amplitude is calculated numerically in D = 4 dimensions
indices p; are 4-dimensional!
= add rational part 5]\/11 199P " 5ss0la, Papadopoulos, Pittau '08
(4,R;,N;) K1 KR _ O(D-4) _ g
@ results from UV poles of ¢urnr, LGNy = (p-p) = finite
loop amplitudes

N—_——
D—4 part 1/(D—4) part
@ result only from UV-divergent vertex functions
accounted for by special Feynman rules similar to counter terms
Draggiotis, Garzelli, Malamos, Papadopoulos, Pittau '09 —'10

: :
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Structure-dressed off-shell currents ”TB

Colour structures: product of Kronecker ds
external currents:

7 . — e L Vet 1 Ve
fomei =)0 a—<ei =006 G d = e (5565 - 305

«, 3: colour indices of external particles, i, 7 “open” colour indices
colour structure of off-shell current:

@ By
- saturated part  open part

; with all possible
: — @@ permutations of
BiyoBnsd
8, w(P,C, {l,...I.})
recursion procedure:
@ saturated parts of incoming currents multiply
@ open parts of incoming currents are contracted
optimization: compute currents differing just by colour structure only once
colour structures involving 5;1 do not contribute foré gluon

: :
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@ Memory for executables, object files and libraries: negligible
@ RAM: less than 2 Gbyte also for complicated processes

@ CPU time (processor Intel(R) Core(TM) i5-2450 CPU 2.50 GHz):
@ QCD corrections (W — £Tv,, W~ — £~ 17, colour and helicity summed)

Process tgen tT1s trcs

ud - Wtgg 24s | 40ms | 1.1ms
ud - Wtggg 15s | 67ms | 45ms
ud - WTW—gg | 76s 83 ms 16 ms

@ EW+QCD corrections (colour and helicity summed)

Process tgen tis trcs

ud — ¢t¢gg 32s | 27ms 25 ms

ud — ¢t¢—ua 5.0s 68 ms 35ms

ud — ¢+t¢—ggg | 44s | 331ms | 684ms

ud — ¢t¢~uidg | 50s | 835ms | 632ms
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checks
® many matrix elements at LO and NLO QCD+EW for 2 — {2,3(,4)}
processes checked against POLE Accomando, Denner, Meier '06
@ many matrix elements at LO and NLO-QCD for 2 — {2, 3,4} processes
checked against OPENLOOPS Cascioli, Maierhdfer, Pozzorini 11

@ pp — veet ", bb at LHC at NLO QCD (off-shell tt production)
cross-section and distributions checked against Denner, Dittmaier, Kallweit,
Pozzorini’12
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@ pp — Z + 2jets (partonic processes gg — Zgq)
EW NLO corrections Actis, Denner, Hofer, Scharf, Uccirati '13
@ pp — LTl + 2jets (gqg — 707 gq, q7 — LT ¢'7)
EW NLO, (’)(oz a? x a) contributions Denner, Hofer, Scharf, Uccirati '14
@ pp = vupte v, ut e et ptuT pt s
(off-shell WW and ZZ production)
EW NLO, O(a* x «) contributions Biedermann et al. '16
@ pp — (Tjjbbbb (gg — T 14q'’bbbb, g7 — ¢t veq'7'bbbb)
full LO matrix element including all interferences (2 — 8 process)
O((aa + aZa? + aga® + o*)?) (off-shell ttH production)
Denner, Feger, Scharf '14
@ pp — e+ucu*z7#bBH (ttH production with off-shell top quarks)
QCD NLO, O(a? a X as), (2 — 7 process) Denner, Feger '15

EW NLO, O(a ab x @) Denner, Lang, Pellen, Uccirati 16
@ pp — (T1yjjbb (off -shell tt production)

EW NLO, O(a2a* x a), (2 — 6 process) Denner, Pellen '16
@ pp — etveuty,jj (WHWT scattering)

EW NLO, O(a’ x ), (2 — 6 process) Biedermann, Denner, Pellen *16
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Reduction of 3-point and 4-point integrals ”TB

Passarino—Veltman reduction

covariant decomposition of tensor integrals:

MR
N1 pp N,R . p. MH1TUER D,_q"-q ™
T = Z TO»-~0i1~-ik{g g Piy plk} Nfd 9D, " D: N 1
ety S~ ~—— > 7
R—k (R—k)/2

contract tensor integral with external momenta p! and metric tensor ¢* and use
2pi'qn = —fi+ Di— Dy, fi=pl—mi+mp
gHV‘quu = m(z) + Do

cancel denominators and insert covariant decomposition
= recursive solution for tensor coefficients:

1 N.R—2 _
TNR _ L [T\.H 1 pN.R=2 pN 1]
A 7 b

reduction to lower-rank and lower-N integrals = scalar integrals
Gram determinant: A = det(Z) with Zi; = 2pip;, Z7'=Z/A
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Reduction of 3-point and 4-point integrals (cont.) ”TB

3

N-—-1
2D+R—N—1)Ta0, o, = 2mp T oy + > fa Tty iy + (TN terms)
N—— N—— N—_——

=1
rank R rank R—2 " rank R—1
11 ;ﬁ 0:
N-1 R
N 5 N N N-1
ATy ip = Z Ziyn [_f" Ti,..in _226"“ :’1)[)72...2,..,4;{ +T terms)}
n=1 v r=2 S——
rank R rank R—1 rank R

1.

CiR”

Ty =basisintegral — 77 — 1Y, — Th.,., —

< recursive calculation of 7}Y ;. from scalar integral 7y and T\

@ explicit D requires expansion of T4y around D = 4
@ UV-poles produce finite polynomial terms (rational terms)
[O(D -4)/(D —4)]
easily obtained from recursion relations
(no A~" since T}y, . finite for i; # 0)
e T, donotinvolve IR poles = no IR rational terms
reduction valid for any IR regularization
@ appearance of inverse Gram determinant A
= potential instabilities for A — 0 in exceptional points

: :
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PV: TN,R — l [TN,Rfl TN’R72 TN*I:I
. A ) )

small Gram determinant: A — 0

o finite 7% as sum of 1/A-singular terms
@ spurious singularities cancel to give O(A)/A-result
@ numerical determination of 7":* becomes unstable

o TN:B-1 TN.RE=2 TN-1 hgcome linearly dependent
= scalar integrals Dy, Co, By, Ao become linearly dependent
= O(A)/A-instabilities intrinsic to all methods relying on the full set of basis
integrals Do, Co, Bo, Ao
@ solution: choose appropriate set of base functions depending on
phase-space point
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Expansion in Gram determinant ”TB

ATN,R+1 — [TNA'R,TN’Ril,TNil] (1)

@ exploit linear dependence of TVN-# TN f=1 TN-1 for A = 0 to
determine T™-% up to terms of O(A)

@ calculate TV-+1 from A TN-i+2 = [TN.B+1 N.E TN=1]
in the same way

@ use TV*1in (1) to compute O(A) in TN F

@ higher orders in A iteratively:
O(AF) of TN-E requires TV i+ and thus TV ~! up to rank R + k

@ basis of scalar integrals effectively reduced
(e.g. Dy expressed by Cjy'’s)

= stable results for 7V:£ for small A

Expansion breaks down in certain regions of phase space
= alternative expansions
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TN.NlW“H - Z TO O i1eig { g *9 Piy "’pik}ﬂlmuR
k (

<lk R R— k))/

COLLIER:

@ output: tensor coefficients 7" , . or tensor integrals 711 /x
~—~

R—k
@ efficient algorithm to construct tensors from coefficients for arbitrary
N, P via recursive calculation of tensor structures

@ for N > 6: direct reduction at tensor level

Bil...ip — Cil...ip — Dil...iP — Eil..‘ip — Fll

B#1---kP CH1---bP DH1---pP E#1---P —  FH1---pp —

# of tensor coefficients > # of tensor elements for N > 5!
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