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. ~ The precision frontier

fixed order calculations
NLO @cbp+Ew), NNLO, ...
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guark mass effects

parametric uncertainties
(e.g. couplings, masses)
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non-perturbative effects

(hadronisation, MPI, pile-up, ...




expected uncertainties at HL-LHC

CMS Projection
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not covered: what’s left?
* wishlist

* NNLO
» quark mass effects

- scale choices (at N*xLO)

* Improvements to fixed order
(resummation, power corrections)

* EW corrections

» photons

 EFT ® NLO QCD
* new methods




progress since Les Houches 2015

» available processes
- available in which form? (public/private program, grids, Ntuples, ...)

* differential?

 decays?
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 parton shower?

* methods
« NNLO IR subtraction schemes

* unitarity-based methods at 2 loops

» 2-loop master integrals with several mass scales
(quark mass effects, EW, mixed EW-QCD corrections, ...)

« 4-dimensional instead of D-dim (various methods)

Max-Planck-Institut fiir Ph
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process known (I\/Iay 201 6) desired
o NSLOHEFT +N2LOQCD (;lg)
t o $
rp— H doe NLOgw do N LOggpt +N2LOQCD
do  N?LOggppr+NLOqcp+PS +NLOgw +NDLOqepxEw
do N2LOHEFT .
—H +j 2 .-
pp J doc NLOpw do N LOpgrr+NLOQcD+NLOEgwW
do NLOHEFT+LOQCD :
. . do N2LO +LOqcp+NLOgw
pp — H + 27 do  N2?LOqcp(VBF*) da NQLOHEFI(‘VBF)Q fli)ILO (E\‘/’}BF)
93 4
dc NLOgw(VBF) Qch W
. do NLOHEFT
— H +3 do NLO +LO +NLOgw
Pp J de  NLOpw o QCD QCD EW
pp—-H+V do  N2?LOqcp do  N2?LOqcp + NLOyys gy + NLOgw
do NzLOHEF’I‘ .
— HH do N2LO +NLOqcp+NLOgw
Pp do NLOgcn o HEFT QCD EW
— do NLOQCD
— H + 1t doec NLO +NLOgw
PP de NLOpw o QCD EW
pp— H+t/H +t do NLOQCD do NLOQCD-FNLOE“

Table 1.1: Precision wish list: C oson ﬁna@

focus still is on “differential”, combination with EW, quark mass effects




process known (May 2016) desired
a NSLOQCD(Z — 0)
v do  N?LOqcp do N3LOqcp + N°LOgw
e doc NLOgpw + N(l’l)LOQCDxEVV + decays
do NUDLOgepxEw
do N2LOqcp + decays
SV Q de N2LOqcp + NLOgw+ d
P do NLOgpw 7 900 EWT cecays
pp—=V +j doc  N2LOqcp do N2LOqcp + NLOgw+ decays
, do  NLOgqcp+ decays .
-V +2 do NZ2LO + NLOgw+ d
i J do NLOgw+ decays ? Qe EW Ceays
, do NLO@cp+ decays
S VV 42 Q do NLOgcp+ NLOgw+ d
pp I 4e NL O o QCD w + decays
doe NLO
pp — VVIV" Qeb de NLOqcp+ NLOgw+ decays
do NLOgw
pp — 7Y do  N2?LOqcp do N2?LOqcp + NLOgw
pp =YY +J do NLOgqcp do N2LOqcp + NLOgw

Table 1.2: Precision wish list:@

focus is on “differential”’, combination with EW, decays




process known (May 2016) desired
_ do N?LOqcp .-
— tt do N2LO NLO d
pp do  NLOmw o QCD T Ew T decays
_ do NLO dec:
pp—oti+i O QCD T decays do N2LOqcp + NLOgw+ decays
do NLOgw
pp —+tt+2j do NLOqcp+ on-shell decays do NLOq@cp+ NLOgw+ decays
Sa+v 97 NMOacp do NLO NLOgw+ d
pp do NLOgpw a QCDT EW 1 decays
pp — t/t do NQLOQCD (t-channel) do NQLOQCD + NLOgw+ decays
. do  N*LOqcp(gg,qq)
— 2 do NLO NLO
pp J do NLOpw o QCDT EW
St do N:9qcp do NLOgcp+ NLO
pp—=] 717 do  NLOpw o QCDT EW
pp — 37 do NLOQCD do NLOQCD+ NLOgw

Table 1.3: Precision wish listCtop quark and jet final st@

focus is on “differential”’, combination with EW, decays
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bottlenecks: IR subtraction two-loop integrals
harder with more massless particles harder with more massive/off-shell particles
(intricate IR singularity structure) (more scales = more complicated

analytic structure)



NNLO real radiation subtraction methods

e antenna subtraction analytically integrated subtraction terms
[Gehrmann-DeRidder, Gehrmann, Glover '05]

2 Clt “subtraction” S”Cing, (colourless final states)
[Catani, Grazzini '07]

* N-jettiness slicing
[Gaunt, Stahlhofen, Tackmann, Walsh '15]
[Boughezal, Focke, Liu, Petriello "15]

® sector-improved residue subtraction

[Czakon, Heymes, Mitov "10; Czakon, Heymes '14] numerically integrated subtraction terms
[Boughezal et al. '11] [Caola, Melnikov, Rontsch 17]

e projection to Born/ structure function approach only special kinematics
[Goa, Li, Zhu '12] [Brucherseifer, Caola, Melnikov '14] [Cacciari, Dreyer, Karlberg, Salam, Zanderighi 193]

. colorful only final state colour
[Del Duca, Somogyi, Trocsanyi '05]
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NNLO

* pro’s and con’s of various subtraction schemes
(in particular in view of automation)

maybe tuned comparison for Drell-Yan?

* how to make results available to non-authors

and allow for easy variation of scales and PDFs
(e.g. via grids, Ntuples)

* NNLO + parton shower
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scale choices
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scale choices

‘_f.ie,, Gehrmann-DeRidder, Gehrmann, Glover, Pires '14; Currie, Glover, Pires “16]
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scale choice matters!  difference larger than scale uncertainty



ATLAS 7 TeV, anti-k_jets, R=0.4 (u=m
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MAX-PLANCK-GESELLSCHAFT
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improvements to fixed order

* Include power corrections to improve N-jettiness method
- *numerical evaluation of soft functions, beam functions
» analytic resummation vs. parton shower (comparisons)

* Include leading NNLO EW effects via EW Sudakov factors




EW corrections

aim: complete automation at NLO, incl. matching to parton showers

iIntense work within
Sherpa, Powheg, Herwig7 with OLPs Recola, OpenLoops, GoSam

and within MG5_aMC@NLO
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dijet full NLO QCD+EW Frederix, Frixione, Hirschi, Pagani, Shao, Zaro ‘16
Z+j, Z+ijj, W+j, ZZ, ttH Biedermann, Brauer, Denner, Pellen, Schumann, Thompson '17

WW, ZZ, yZ (diboson including non-resonant) Kallweit, Lindert, Pozzorini, Schonherr “17
top pair NNLO QCD + NLO EW Czakon, Heymes, Mitov, Pagani, Tsinikos, Zaro '17

* mixed QCD-EW corrections

— P —

Bonciani, Di Vita, Mastrolia, Schubert ’16;

R

e.g. Drell-Yan

von Manteuffel, Schabinger '17

- how to combine N(N)LO QCD with NLO EW

(additive, multiplicative)



more topics in overlap region to MC & tools

* top quark physics
off-shell effects
resonance aware matching

Jezo, Nason '15; Jezo, Lindert, Nason, Oleari, Pozzorini ‘16 (Powheg+OpenLoops bb4l
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Frederix, Frixione, Papanastasiou, Prestel, Torielli 16 (MG5_aMC @NLO single top)
* photons
how well does smooth cone isolation match experimental isolation

democratic clustering (photon as a QCD parton)
see e.g. dijet full NLO QCD+EW  Frederix, Frixione, Hirschi, Pagani, Shao, Zaro ‘16

* EFT @ NLO QCD




status multi-loop integrals/amplitudes
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E

2-loop 4-point: (black lines are massless)

"« massive propagators (also massive on-shell legs) e.g. ¢t
Czakon 07 (numerically)

Bonciani, Ferroglia, Gehrmann, von Manteuffel, Studerus ’10, ‘13 (analytic, partial, tT)

Henn, Smirnov ’13 (analytic, planar, Bhabha)

* massive propagators (one mass)

e.g. mixed QCD-EW corrections to Drell-Yan
Bonciani, Di Vita, Mastrolia, Schubert ’16;

von Manteuffel, Schabinger '17




two-loop integrals/amplitudes

* massive propagators + massive legs with different mass —
(two additional mass scales) e.qg. g9 —» HH

Borowka, Greiner, GH, Jones, Kerner, Schlenk, Schubert, Zirke ‘16 numerically — e

~ * same number of scales e.g. H+jet:
- lots of work on elliptic functions, some integrals still unknown
Tancredi, Remiddi ’16; Adams, Bogner, Weinzierl '15,’16

Bonciani, Del Duca, Henn, Frellesvig, Moriello, Smirnov '16

Tancredi, Primo ’16,17
b-mass dependence: Melnikov, Tancredi, Wever '16,'17

2-loop 5-point:

Geh Henn, Lo Presti ‘1
- all massless, p|anar: > ehrmann, Henn, Lo Presti ‘15
e.g. pp to 3jets

e one off-shell |eg, p|anar: > Papadopoulos, Tomassini, Wever '15
e.g. pp to V+2jets

- non-planar still unknown —< - —




two-loop amplitudes

analytic results based on unitarity approach:

» 5-gluon all-plus helicity amplitude
Badger, Mogull, Ochirov, O’'Connell ’'15; Badger, Mogull, Peraro’16
Gehrmann, Henn, Lo Presti ‘15

Dunbar, Perkins ‘16

* 6-gluon all-plus helicity amplitude
Dunbar, Jehu, Perkins ‘16

remarkable result based on numerical unitarity:

* 4-gluon amplitude (leading colour, all helicities)
Abreu, Febres Cordero, Ita, Jaquier, Page, Zeng '17

result known  [Glover, Oleari, Tejeda-Yeomans '01; Bern De Freitas, Dixon '02]

but method seems suitable for automation
(similar to what caused the “NLO revolution”) ?
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