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Motivation

Precision calculations — the key to fully exploit LHC measurements

Sample case: diboson production
important SM test trilinear couplings

o background for Higgs analyses and BSM searches

o very clean signatures in leptonic decay channels

0 good statistics already with available data

All diboson processes available at NNLO QCD

accuracy in the public MATRIX framework
[Grazzini, SK, Wiesemann (2018)]

@ inevitable for data—theory agreement

Mandatory steps to match experimental
precision also in the future

leading QCD corrections beyond NNLO
@ EW corrections and combination with QCD

MATRIX V2 [Grazzini, SK, Wiesemann (2021)]
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[ATLAS collaboration (2022)]

Diboson Cross Section Measurements Status: February2022
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The MaTrix framework for automated NNLO QCD calculations (and beyond)

[Grazzini, SK, Wiesemann (2018) + Rathlev; Buonocore, Devoto, Mazzitelli, Rottoli, Sargsyan, Savoini, Yook,

]

MATRIX v1 (fall 2017)

. o H,V, vy, Vv, VV at NNLO QCD
for al leptonic decay channels

OpreENLooPs Dedicated 2-loop codes
(CoLrLiEr, CurTOols, .. .) (VVawmp, GINAC, TDHPL, . ..) MATRIX v2 (summer 2021)
@ combination with NLO EW for all
MuNICcH leptonic V and VV processes

I o loop-induced gg channel at NLO

QCD for neutral VV processes

MATRIX v2.1 (spring 2023)

o bin-wise g7 cut — 0 extrapolation
also for all distributions
T

©

recoil-driven linear power corrections
(relevant for Drell-Yan)

vy~ at NNLO QCD (2 — 3)
tt at NNLO QCD (heavy-quark FS)
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Motivation

Motivation for having a MATRIX interface to fast-interpolation tools

Choice in MATRIX: Interface to PINEAPPL — can be converted to APPLgrid/fastNLO formats

o PDF and as uncertainties
o in principle possible directly in MATRIX, but very expensive in runtime and/or disk space
o PINEAPPL grids allow PDF uncertainties to be calculated a posteriori at basically no cost

o Scale (regularization and factorization) variation uncertainties
o available in MATRIX, simulaneously for different dynamic scale choices (and variation by factors)
o PINEAPPL requires dedicated grids for each dynamic scale, variation by arbitrary factors a posteriori

o Splitting of results into partonic channels
o available in MATRIX, but needs to be specified a priori (precision goals for different channels)
o PINEAPPL grids store information on luminosities to achieve channel splitting a posteriori

o Performing PDF fits based on full NNLO information
o practically impossible directly in MATRIX since repeated expensive NNLO runs would be required
o PINEAPPL grids store all information about results of higher-order calculation

Interface to fast-interpolation tools highly desirable in particular in context of PDFs

Goal: make all MATRIX features available in the format of PINEAPPL grids
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The MATRIX

The MunicH/MaTrix framework for automated NNLO calculations

MATRIX — MUNICH Automates qT-subtraction and Resummation to Integrate X-sections
[Grazzini, SK, Wiesemann (2018)]

o public tool to perform fully differential NNLO QCD calculations for a large class of processes
@ core of the framework: the C++ parton-level Monte Carlo generator
MunicH — MUIti-chaNnel Integrator at swiss (CH) precision s«
o bookkeeping of partonic subprocesses for all contributions
o fully automated dipole subtraction for NLO calculations (massive, QCD and EW)

[Catani, Seymour (1997), Catani, Dittmaier, Seymour, Trocsanyi (2002), Dittmaier (2000), SK, Lindert, Maierhsfer, Pozzorini, Schénherr (2015)]
o general amplitude interface
o highly efficient multi-channel Monte Carlo integration with several optimization features

o simultaneous monitoring of slicing parameter and automated extrapolation

@ PYTHON script to simplify the use of MATRIX
o installation of MUNICH and all supplementary software
o interactive shell steering all run phases without human intervention (grid-, pre-, main-run, summary)

o organization of parallelized running on multicore machines and commonly used clusters:
SLURM, HTCONDOR, LSF, etc.

it (UNIMIB) May 4, 2023, xFitter External meeting




(N)NLO
" ar#0

(N)LO
F+jet

Consider the production of a colourless final state F via qgq — F or gg — F: do =do

where gr refers to the transverse momentum of the colourless system F [catani, Grazzini (2007)]

(N)NLO
F

o do is singular for gr — 0

ar
= limiting behaviour known from transverse-momentum resummation
[Bozzi, Catani, de Florian, Grazzini (2006)]

o Define a universal counterterm X with the complementary gr — 0 behaviour [Bozi, catani, de Florian, Grazzini (2006)]

do€T = >(gr/q9) ® do™©  where q is the invariant mass of the colourless system F

o Add the gr = 0 piece with the hard-virtual coefficient #, which contains the 1-(2-)loop amplitudes at
(N)NLO and compensates for the subtraction of X (catani, Cieri, de Florian, Ferrers, Grazzini (2013)]

= Master formula for (N)NLO cross section in gr subtraction method

do’{;N)NLO _ H%N)NLO ® dot© + [ddgi);;? _ y(NMNLO ® dULO]
cuth—>0

. . . 3 [Luo, Yang, Zhu, Zhu (2019; 2020), Ebert, Mistlberger, Vita (2020), Cieri, Chen, Gehrmann, Glover,
@ all ingredients known for extension to N”LO "7 (2019), Camarda, Cieri, Ferrera (2021), Chen, Gehrmann, Glover, Huss, Yang, Zhu (2021)]



The MATRIX framework for 1 calculations

Extension to heavy coloured particles at NNLO QCD and beyond

Extension of gr subtraction method to production of heavy coloured particles (QC_?, QQx, etc.)

NNLO NNLO NLO NNLO
dogox ™ = Hoox ®doro + [do'oc‘)x+jet —dogax.cr
cuth—)O

@ counterterm accounts for IR behaviour of real contribution, including soft singularities related to emissions
from final-state quarks [Catani, Grazzini, Torre (2014), Ferroglia, Neubert, Pecjak, Yang (200), Li, Li, Shao, Yang, Zu (2013)]

o massive NLO subtraction required for real-emission part, e.g. massive dipole subtraction
[Catani, Seymour (1997), Catani, Dittmaier, Seymour, Trocsanyi (2002)]

° Hgg{o contains remainder of integrated final-state soft singularities

o known for heavy-quark pairs [catani, Devoto, Grazzini, Mazzitelli (2023), Angeles-Martinez, Czakon, Sapeta (2018)]
o more involved kinematics for associated heavy-quark pair production [pevoto, Mazitelli (to appear)]

Extension of gt subtraction method to mixed QCD-EW corrections of O(ag o)

dag"’") = ?—L%m’") ® doLo + da;m’[’{") - da%’"gﬂ

cuth —0

o limitation: F contains no massless jets (for m > 1) and no massless charged particles (for n > 1)
[Buonocore, Grazzini, Tramontano (2020), Buonocore (2020), De Florian, Der, Fabre (2018), Cieri, De Florian, Der, Mazzitelli (2020)]
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The MATRIX

or

recision

calculations

Investigation of r.,; = cutq,/q dependence — sample case pp — vy + X

Result for rcyty — 0 via extrapolation

@ automated and simultaneous scan over
reasonable range of rcys values

o quadratic least-x? fit with variable range

oNLo(feut) = Arly + Breut + o(nNLO

@ error estimate based on combination of

statistical error and variation of rcut range

Significant r.,¢ dependence for

processes involving isolated photons

(similar between NLO and NNLO QCD)

good agreement of extrapolated results
within errors for different start values

0 reut > 0.15%
0 reut > 0.01%
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The MATRI

recision ¢

alculations

Investigation of rey = cuty,/q dependence — sample case pp — £~ (T~ 0T + X

Result for reuy — 0 via

@ same procedure for all

extrapolation

processes

o )NLO (Feut) = A2yt + Breus + oNLO

No significant r.,¢ dependence for
processes without isolated photons
(similar between NLO and NNLO QCD)
good agreement of extrapolated results
within errors for different start values

0 rews > 0.15%
0 rewt > 0.01%

0 reut > 0.05%

larger cancellation between contributions

(factor of = 15 at reut

Important exception:

= 0.01%)

linear power corrections induced by
particular fiducial cut configurations
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The MATRIX framework for precision calculations

Main features of EW corrections

o Shape corrections in o Negative corrections in o Photon-induced processes
invariant-mass distributions high-energy observables inclusion via LUXQED PDFs

pp et H vy pp et vty [Manohar, Nason, Salam, Zanderighi (2016; 2017)]

B L e e = — e
¢ m— i E s | o as Born processes,
2 - 4= S 107 pr=pr=3HT =
W 1E Sl emmoww
3 = * 1< I - 8 :
3 1 el TN : o as EW corrections,
L ]: [ = Noochw £ from IS v — gg* splittings
E 3 E] oo === NLOQCDxEW 5
F CT14 QED, 051, 1 = L i
105 e b ] £ N [ A E R .
W ‘ ‘ IR I oS % o Subdominant production
r 1 o 14— = ° . -
e (e i 1< modes (not maximal in as)
5 e q 5 5 e T T - 4 £ o eg qg—> 2"y — tt
el ] % B F E| <
e, £ 08— - .
: J 2 o interferences between QCD
oE 3 L g and EW production modes
o 3 80 100 120 1o o am e so o a0 .
my, [GeV] P [GeV] o corresponding tower of NLO
Pure QED effect: Genuine EW effect: contributions that cannot be
photon bremsstrahlung off decay enhancement due to large universal uniquely qualified as QCD or
leptons (migration effect) Sudakov logarithms EW corrections (in parts)
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The MATRIX framework fol on calculations

Performance features of the MunicH phase space integrator

Issue of poorly populated regions dofdmes, [fo/GeV] dbo/do = £y 5= 13TeV
o sample case: high-energy tails 10 == NNLO QCD
. . . /3 NLO QCD 107!
o standard phase space optimization 1 E= NLOEW
samples points in bulk region 10 102
. . . 1072 3
Solution in MUNICH integrator 107
102
o additional runs with optimization - ot Co sedad i only
including a general bias factor 0 500 1000 1500 2000 0 500 1000 1500 2000
L N GeV GeV’
o sophisticated automated combination ity [GeV] ey [Ge]
with results from standard runs do/dpr, [fb/GeV] déo/do pp— 00y /5 =13TeV
10? =3 NNLO QCD 107
. age . = NLO QCI
Significantly improved errors 1ot —Jrti

LO

1

o O(10) and better with doubled runtime

107!
o simultaneous enhancement of observables 10

1073

104 107t standard run only
Good performance also for off-shell o T et
regions of intermediate resonances 0 a0 40 60 800 100 0 20 40 0 800 1000

DTy [GeV] Pry [GeV]
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H (HTL) NNLO QCD

V4 (€e/) NNLO QCD
[Phys.Rev.Lett. 128 (2022) 1, 012002, ~Phys.Lett.B 829 (2022) 137118]
w* (ev) NNLO QCD
[Phys.Rev.D 103 (2021) 114012]

HH (HTL, FTapprox) NNLO QCD
[JHEP 09 (2016) 151, JHEP 05 (2018) 059]

ZH (¢¢H/vvH) NNLO QCD
W*H (evH) NNLO QCD
R NNLO QCD
Zy (¢¢v/vvy) NNLO QCD
[Phys.Lett.B 731 (2014) 204-207,  JHEP 07 (2015) 085]

wEy (evy) NNLO QCD

[JHEP 07 (2015) 085]

NLO EW

NLO EW

NLO EW
NLO EW
NLO EW
NLO EW

NLO EW

NNLO QCD-EW ggNLO QCD

NNLO QCD-EW

(linPCs)

(linPCs)



wrw-  (202v) NNLO QCD NLO EW
[Phys.Rev.Lett. 113 (2014) 21, 212001, JHEP 08 (2015) 154, JHEP 08 (2016) 140,
zz (4¢/202v/4v) NNLO QCD  NLO EW

[Phys.Lett.B 735 (2014) 311-313,
[Phys.Lett.B 819 (2021) 136465]

wtz (3ev/130)

[Phys.Lett.B 761 (2016) 179-183, JHEP 05 (2017) 139,

JHEP 08 (2015) 154, Phys.Lett.B 750 (2015) 407-410,

NNLO QCD NLO EW

JHEP 02 (2020) 087]

Yy NNLO QCD NLO EW
[Phys.Lett.B 812 (2021) 136013]

tt NNLO QCD  NLO EW
[Phys.Rev.D 99 (2019) 5, 051501, JHEP 07 (2019) 100, JHEP 08 (2020) 08, 027]

bb NNLO QCD NLO EW
[JHEP 03 (2021) 029]

Htt NNLO QCD NLO EW
[Eur.Phys.J.C 81 (2021) 6, 491, Phys.Rev.Lett. 130 (2023) 11, 111902]

W*bb  (£vbb) NNLO QCD NLO EW

[Phys.Rev.D 107 (2023) 7, 074032]

Phys.Lett.B 786 (2018) 382-389,

ggNLO QCD

Phys.Lett.B 786 (2018) 382-389,

JHEP 02 (2020) 087,  Phys.Lett.B 804 (2020) 135399]

ggNLO QCD

JHEP 03 (2019) 070,  JHEP 02 (2020) 087]

ggNLO QCD



Interface to PINEAPPL

Implemented features regarding P APPL grids

o General interface to generate PINEAPPL grids at runtime

o separate grids for each contribution and each subprocess according to run organisation in MATRIX:
o re-organisation of convolution with PDFs for contributions with collinear splittings
o extraction of coefficients of ug/F logarithms to reconstruct scale variations
parallel runs produce individual grids
o grids stored for several rcu values in reut-dependent contributions
o individual grids for each dynamic scale choice required
o MATRIX summary routine merges all individual grids to result grids for desired orders (e.g. NNLO QCD)

o Extrapolation reyt — 0 of PINEAPPL grids

o bin-wise quadratic least-y? fits to find optimal extrapolation range
no integration error information contained in grids, thus extracted from MATRIX
o extrapolated result grid through linear combination of fixed-r.ut grids

o Single- and double-differential distributions supported

o PINEAPPL grids only deal with single-differential distributions, but contain remapping information
o extension to multi-differential distributions straightforward, but not supported by MATRIX (yet)
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Practical

Interface to PINEAPPL grids in MATRIX

issues/to-be-completed features related to Pin=APPL grids

o Memory consumption of PINEAPPL grids (and disk space)

X

© 06 06 o0 o

x
X
X
X

number of non-trivial distribution bins

number of fixed reus values (for reus-dependent contributions)

number of luminosities (i.e. groups of luminosities)

number of dynamic scales

number of required coefficients of g r logarithms (up to 6 at NNLO)

memory becomes a limitation for some contributions (mostly the NNLO counterterm)

several directions to avoid this problem under investigation. ..

o Optimized integration for subdominant phase space regions (e.g. high-energy tails)
o feature requires information about integration errors, event numbers, etc. for each distribution bin

information available in MATRIX needs to be carefully transferred to PINEAPPL grids

o General interface to provide PDF uncertainties from PINEAPPL grids in MATRIX

o Complete metadata in PINEAPPL grids
o store all information to make the grids fully reproducible (MATRIX version, runcards, etc.)

o Automated installation of PINEAPPL and all prerequisites through MATRIX script

an Kallweit (UNIMIB) May 4, 2023, xFitter External meeting




First applications of PINEAPPL grids in MATRI

Inclusive results with uncertainties calculated through P APPL grids

Sample application from LHCHXSWG

_ Vs [TeV]  mp [GeV] XS [fb] =+ QCD Scale Unc. + THU + a, Unc. + PDF Unc.
Reduced mass and energy scan for ttH

: 13 124.6 532.0  +3.1% £0.6% +1.7% +2.3%
cross sections: 13 125 5284 +£3.2% £07%  £17%  +2.3%
o NNLO QCD+NLO SM 13 125.09 5266  +3.1% £07%  +1.7% +2.3%

13 125.38 5227 £3.1% £07%  £1.7% +2.3%

(ur = pr = me + mp/2) 13 125.6 5199 +3.1% £07%  £17%  +2.3%
o PDF recommendation: 13 126 5154  +3.1% +0.7% +1.7% +2.3%
13.6 124.6 596.6 +3.0% +0.7% +£1.6% +2.2%

PDF4LHC21.40 13.6 125 580.9  +2.9% £07%  +1.6% +2.2%
for partons, 13.6 125.09 589.6  +3.0% +07% +1.6% +2.2%
LUXqed17_plus_PDFALHC15 nnlo_100 13.6 125.38 5862 £3.0% +0.7%  +1.6% +2.2%
for photons 13.6 125.6 5835  +3.0% £07% +1.6% +2.2%
. . 13.6 126 577.9  £3.1% +0.7% +1.6% +2.2%

can be straightforwardly achieved 14 124.6 639.7  +2.9% £07%  £1.6%  £22%
through PINEAPPL grids, together 14 125 636.1  +£3.0% £0.6% +1.6% +2.2%
with scale, PDF and «s uncertainties 14 125.09 633.3  +2.9% +0.6% +1.6% +2.2%
. 14 125.38 6324  +31% £0.6% +1.6% +2.2%

(t.heory yncertamtles calculated 14 125.6 627.9  +3.0% £0.6% +1.6% +2.2%
directly in MATRIX) 14 126 6212 £3.0% £07% +£16%  +£22%
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First applications of PINEAPPL grids in MATRIX

Accuracy of distributions generated through

Sample case: ttH production at NNLO QCD

o kallweit@kallweit-VirtualBox: ~/git

. - H Datei Bearbeiten Ansicht Suchen Terminal Hilfe
o PT,H distribution MATRIX kallweit@cloud-ui.physik.uzh.ch: /data/kallweit/MUNICH/run/T]
TX/pPhtEx21MIX/PLneAPPL. LHC13.6. NNPDF31. incl/result> pineap)

with 25 bins in l{ pL convolute result.runs/PineAPPL/PineAPPL_pT_h_NNLO.QCD.1z|

. 4 NNPDF31_nnlo_as_6118
LHAPDF 6.3.0 loading /app/cloud/lhapdf/6.2.3/share/LHAPDF/N|
[0 GeV, 500 Gev] o kallweit@kallweit-VirtualBox: ~ NPDF31_nnlo_as_6118/NNPDF31_nnlo_as_0118_6000.dat
NNPDF31_nnlo_as_6118 PDF set, member #0, version 1; LHAPDF
. . Datei Bearbeiten Ansicht Suchen Terminal Hilfe B
result Of b|n—W|se kallweit@cloud-ui.physik.uzh.ch: /data/kallweit/MUNICH/run/TTX/pph b diff scale uncertainty i/ETsum_2/scale.band/1dd.plo|
lati .pT_h. .NNLO.QCD.dat [x1

# left-edge right-edge scale-central central-error fomas rel-down

Feut eXtrapO ation ) ) 0.98440995 0.00549583 20 9.0458193e-1 . -3.58%

2.4605761 0.0150870 .4610136e0 -3.71%

3.3852751 0.0100831 3859742e0 . B -3.61%

agreement better Sleassos  o0.0211383 csoo180e0 3. : 370
h 0 030 . 3.4609797 0.0186034 4617300e0
n ~J . / In 2.9717763 0.0102315 9723958e0
t a 0 2.4616175 0.0113061 4621663e0
. 1.9688005 0.0128041 9692536e0
each bin 1.5219598 0.00660146 52232560
1.1913389 0.00603956 1916387e0
0.90771561 0.00768397 .0795859%e-1
agreement as 0.70924849 0.00530301 .0942032e-1
0.54602671  0.00290328 .4615548e-1
T 0.42878350 0.00278757 .2889888e-1
gOOd as for flxed 0.34270377 0.00464514 .4278488e-1
0.26198858 0.00231887 .6207046e-1
feut values and 0.20382791  0.06266034 0387881e-1
0.16427982 0.00280818 .6432641e-1
0.13332749 0.00165457 .3336398e-1
for other orders 010627041 0.00105398 eest2ntent
.087583302 0.00146375 .7610131e-2
.069157405 0.000999297 .9175489%e-2

)
. . )
size Of flnal 0.056410183  0.000777354 5.6423229€-2
e

045612428  ©.000950293 480 4.5623885e-2

rld. 0.037404533 0.000685949 500 3.7415691e-2 -5.92 3.14

g . kallweit@cloud-ui.physik.uzh.ch: /data/kallweit/MUNICH/run/TTX/pph Thanks for using LHAPDF 6.3.6. Please make sure to cite thel
paper:

~ 375MB kallweit@cloud-ut.physik.uzh.ch:/data/kallweit/MUNICH/run/T
TX/pphttx21MIX/PineAPPL.LHC13.6.NNPDF31.incl/result> -]
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Conclusions & Outlook

Conclusions & Outlook

The MATRIX framework for NNLO QCD calculations
o based on the MUNICH integrator, amplitudes from OPENLOOPS and dedicated 2-loop amplitudes

vl: o available processes: H, V, vy, Vv, VV at NNLO QCD for all leptonic decay channels

@ combination of NNLO QCD and NLO EW corrections for Drell-Yan and massive diboson processes

2: . I . . . .
v o leading N3LO contributions in terms of NLO QCD corrections to loop-induced gluon fusion channels

o recoil-driven linear power corrections and bin-wise r.,t extrapolation for distributions

v2.1: o new processes: vy (first 2 — 3 application), tt (heavy-quark final state)

Interface to PINEAPPL interpolation grids in MATRIX under construction
o general interface established for NNLO QCD and NLO EW computations

0 extrapolation reut — 0 in gr-subtraction approach implemented on level of interpolation grids
@ single- and double-differential distributions available, reproducing direct results with high accuracy

New MATRIX v2.2 release with PINEAPPL interface planned as soon as remaining issues are fixed!

' Kallweit (UNIMIB) May 4, 2023, xFitter External mesting
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Supplying MunicH/MaTrix with 1-loop amplitudes

Process-independent interfaces to general automated amplitude generators

g [Casciol. Malerhsfer, Pozzorini (2012); SK, Lindert, Maierhber, Pozzorini, Schonherr (2015)]

v2 [Buccioni, Lang, Lindert, Maierhéfer, Pozzorini, Zhang, Zoller (2019)] . written in FORTRAN

o OPENLOOP
o general code and process libraries
o on-the-fly tensor reduction [guccioni, Pozzorini, Zolier (2018)] With hybrid-precision stability system
o scalar integrals from COLLIER [Denner, Dittmaier, Hofer (2006); Denner, Dittmaier (2011)] OF ONELQOOP [van Hameren (2011)]

A [Actis, Denner, Hofer, Lang, Scharf, Uccirati (2017)]

o RecoL v2 [Denner, Lang, Uccirati (2017)] ' written in FORTRAN

o on-the-fly generation of amplitudes
o tensor reduction and scalar integrals via COLLIER [penner, Dittmaier, Hofer (2006); Denner, Dittmaier (2003, 2006, 2011)]
o different model files available, also for SMEFT and BSM applications

@ modular structure of MUNICH allows other generators to be interfaced as well

Several dedicated interfaces developed in context of MATRIX applications

o loopxtree and loopxloop colour (and spin) correlators

@ helicity amplitudes, colour-stripped amplitudes to construct 4-colour correlators
@ imaginary parts of loopxtree amplitudes and correlators, helicity-flip amplitudes
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Interfacing dedicated 2-loop amplitudes to MunicH/MATRIx

o Higgs, Drell-Yan, VH, ~~, V~ production
o direct implementation of public analytic results, e.g. for V7 [cehrmann, Tandredi (2012)]

@ VV production — qqVVAMP [Gehrmann, von Manteuffel, Tancredi (2015)] and ggVVAMP  [von Manteuffel, Tancredi (2015)] libraries

o C++ libraries using GINAC [Bauer, Frink, Kreckel (2002); Vollinga, Weinzierl (2005)] and CLN for arbitrary precision arithmetics
o IBP approach, generated using MATHEMATICA, FORM [Vermaseren et al], REDUZE2 [von Manteuffel, Studerus ('12)]

o independent calculation of amplitudes in [caols, Henn, Melnikov, Smirmov, Smirnov (2015; 2016)]

o Higgs-mediated helicity amplitudes with full m; dependence from [Hariander, Prausa, Usovitsch (2019; 2020)]

@ ~~~ production — amplitudes from [abreu, Page, Pascual, Sotnikov (20)]

o C4+ library, generated by CARAVEL [abreu et al. (2020)], applying PENTAGONFUNCTIONS+4- [Chicherin, Sotnikov (2020)]

o numerical unitarity and analytic reconstruction techniques [ita (2015); Abreu et al. (2018; 2018; 2019; 2019)]
@ HH production (full m; dependence) — HHGRID library [eorowks, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert, Zirke (2016)]

o PYTHON based numerical interpolation of amplitude grid

o generated by 2-loop extension of GOSAM [sones (2016)), REDUZE2 [von Manteuffel, Studerus (12)], SECDEC3 [Borowka et al. (2015)]
o QQ production — amplitude grids from [sarmreuther, Czakon, Fiedier (2014)]

o FORTRAN routine for numerical interpolation of 2-dimensional grid, improved by expansions
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production

Recoil-driven linear power corrections in neutral-current Drell-Yan process

Transverse-momentum cuts on undistinguished particles in two-body final [Buonocore, SK, Rottoli, Wiesemann (2022)]
. ) /oo — 1% PP = 6+ X, pre > 2TGeV, |y <25
states introduce enhanced sensitivity to low momentum scales [saam, siade (2021)]

Linear power corrections (linPCs) in context of gr subtraction

have been resummed to all orders for s-channel (DY, Higgs) production
[Ebert, Michel, Stewart, Tackmann (2021); Billis, Dehnadi, Ebert, Michel, Tackmann (2021)]

Recoil prescription can be used to predict linPCs also in fixed-order
calculations [Buonocore, SK, Rottoli, Wiesemann (2022), Camarda, Cieri, Ferrera (‘21)] :

0 01 02 03 04 05 06 07 085 09 10
Tew = Cutgy/gl%]

*reut CT
||I’]PCS " . df)' Ac/Aaysio — 1% 70 £+ X, pra > 21GeV, |y < 25
Ao HH d(DF dr' did) dr’ e«'111>(¢AF‘( ) - — 0O ..1\(¢r) ; T 47+ @ channels
F

ddrdr’

o ®° describes frame where system F is assigned a recoil g7
(boost from Collins—Soper frame, but precise prescription irrelevant)

+10 g channel

Adding the contribution An‘linpcs(rﬂ”t) reduces leading (recoil-driven)

g channel
reut dependence from linear (without linPCs) to (at most) quadratic -
lllustration for symmetric cuts at NLO (upper plot) and N
NNLO (lower plot; reference result from NNLOjet (eizon et al. (2021)) B T T TR TR TR

Tew = ety gl%]

fan Kallweit (UNIMIB)
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Sample distribution: £* rapidity

at NLO (left) and NNLO (right)

@ up to ~ 2% deviations for
highest considered value
reus = 1% without linPCs

@ good agreement between
considered reyt values with
linPCs (within errors)

Note: The extrapolated results
with linPCs and without linPCs
agree well within errors!

= higher efficiency with linPCs
(larger reut values sufficient)

= accurate results also from
binwise extrapolation
without including linPCs

donwo/dye+ [pb]

do/doSo —11%] do/doSio — 1%

200

-
1)
S

pp = L0+ X, pre > 27GeV, |y < 2.5
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- 40,7 —0.15%
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0 doyl o
\PC
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[Buonocore, SK, Rottoli, Wiesemann (2022)]
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NLO

NNLO

0 ol 02 03 04 05 06 07 08 09 10

symmetric (pr . > 27 GeV)

a/ono = 1%]

PP — £ + X, pre > 27GeV, |ye| <25

asymmetric (pr,e, /2 >27/25 GeV)

o/ono — %] PP+ X, pry, > 27/25GeV, [y < 2.5

staggered (p, ,+ >27/25GeV)

/oo — 11%] PP £+ X, prsr- > 27/25GeV, |yl <25

—— ofig(ran)
et i ()

—— g (ren)

L6 ()

+0.01

—001

—002

—0.03

Fea = Cittyral%]

PP 7 + X, pre > 27GeV, |y <25

o 0l 02 03 04 05 06 07 08 09 10
Tew = Cutber/ql%]

PP 8 4 X, pray, > 27/25GeV, |yl < 25

0 o1 02 03 04 05 06 07 08 09 10
Teu = Cutyr/[%]

PP 6+ X, pr- > 21/25GeV, [y <2.5

—— ofro(ran)
= offo " ofRio(ran)

—— Bl
oG (rew)

—— oo lran)
= oo ofRio(ren)

0 o1 02 03 04 05 06 07 08 09 10

Teu = Cutr/ql%]

01 02 03 04 05 06 07 08 00 1o
Tew = Cber/q[%]

o o1 02z 03 04 05 06 o1 08 09 10
Teu = Cuterq[%]

o similarly sizable linPCs (with opposite sign) for symmetric and asymmetric cuts

o linPCs absent for staggered cuts (as long as gr < dpr) =

SK, Rottoli, Wiesemann (2022)]

[Buonocore

also for other alternative cuts [salam, Siade (2021)]




Investigation of linPCs for diboson processes
(two-body kinematics and symmetric cuts)

2z vy

Aa/Aayo - 1% 22577+ X, pry > 2GeV, || <25

Breakdown into partonic channels for v~ case

[Buonocore, SK, Rottoli, Wiesemann (2022)]

Bo/Boywo — 11%]

7021+ X, pry > 21GeV, Il <25

Ty Refigin 7 chann +15 n iy v 24 chamel
/o0~ 1 224 X, pra > 21GeV, ) <2 /om0~ 1% 71+ X, pry > 27GeV, [y <25 == Rafiolrea) G chaanel [, ot
oo = U] P22+ X, pra > GEV, ] <25 /oo = 1) X e [ i aiglen H: e A
o a —— il i + o]
s Eopo — ofiygln) | B2 oo g0 = Moiio :
= o ato(ran) =1 okfwo 8ol o
40 o
o 15
5 n
™ ‘49 channel A ‘99 channel
5 60
10 " 0
Y
-1 2
o
- 0
* o T T T T " 99 channel
o 01 02 03 o 06 07 0 09 10 o 01 02 03 04 05 06 07 08 09 10 Fou = e /al%] o
Fou = Cutyr/gl%] Fan = Cutgr/ql%] -
-0
1T NLO NNLO — &

@ For ZZ production, linPCs from recoil prescription
reduce rout dependence to (at most) quadratic
= formally proven only for s-channel production
[Ebert, Michel, Stewart, Tackmann (2021)]
o For v production, rcu dependence from photon
isolation dominates over recoil-driven linPCs

= linear rqut dependence

in gg channel only due
to kinematic effects

01 02 03 04 05 06 07 o0& 09 1o
Feut = clityy q[%]

= cured by recoil-driven linPCs for gg channel

Note: Recoil-driven linPCs absent for staggered cuts (e.g. on |y|-ordered bosons), like in Drell-Yan case




Diboson Cross Section Measurements
T T

Status: February 2022

T T T
k24 ]
Wytvy
Y e = 0]
Zy—tty ATLAS Preliminary
~ [ = 0] V5=7813Tev
~Zyowy v 7y 8 swoaco
ww i3l #3 noaco
- WW-sep, [njer =:] s55 LHC pp Vs =13 TeV
] T [ - e
T Stal @ syst
: LHC pp V5 =8TeV
—WZstvet . oy
— R stat @ syst
7z LHCpp ¥ =7 Tev
= AL o 50 Gov << 200 Gat) E;‘:a
-2Z-ttvy 5555535 e— stat® syst
-z7°>4t i
WV-0ii
— WV vl Pr— 5555 555555555555
VH
—Hobb
- Hooyy I n = i 1 1

12

14 1.6
data/theory

Diboson Cross Section Measurements

k24

Wy—tvy
= [mjet

=0
Zy-tey
= [Mjee = 0]
= Zy-wy
ww
—WWoey, [mje = 0]
—WWoses, {"m

SWW3E e 5
wz
—WZ-tvet
2z
= & ncsiv 50 6oV <mar< 200 Gov)
=ZZ-ltvy
—ZZ'-4f

WV 6
—WVo0rd

VH
—HobBy

Status: February 2022

T

> o o
N“Z‘L b cta)
"

e

ATLAS Preliminary
Vs=7813TevV

.
O R
B9 0.021 b fose) - NNLO QCD
"H;Ln’ ey
oo
] B woaco

PR e LHCpp Vs =13 TeV
(&
Ly e [+ Data
P, stat
-, -
ﬁgﬂ LHC pp V5 =8 TeV.
' m

stat
state syst
LHC pp V5=7 TeV.

e

stat
stat@ syst

N (PR i oo

i o470 o)

F

R T IS s o)

P iy Mﬁﬂ"‘“’”m
8o o)

3
Wgwé%‘%mﬂ -
= i

T e NN

PR

00 0204 06 08 10 1.2 1.4 1.6 1.8 20 2.2 2.4
data/theory

[ATLAS collaboration (2022)]

£ e




Combination of QCD and EW corrections for diboson production — pr v,

Both corrections siza b|e’ partiCUIarIy in [Grazzini, SK, Lindert, Pozzorini, Wiesemann (2020)]
. . . . . ey pp— 0wy pp— €'y LHC /s = 13TeV
high-energy tails of distributions p=
& gy : 77 WW WZ
a o .mat.on Of Iead.n O( ) % 13 N baseline cuts baseline cuts baseline cuts
roxi i i asa 3 -
PP a g s S
effects desirable S
E’ 1075
. . 5o
Different combination approaches Sl

= NLO EW
s | == NLO QCD
10 == NNLO QCD

o additive:

+60 %
do™O(1+ 65257 + a¥%°) :;g e
-20
o multiplicative: . ?ﬁ i‘%EE T

=100 F E==3 NNLO QCD /NLO QCD

doO(1+65n")(1 + 65%°)
o multiplicative (only gg):
do LO(]' + 6qq gég)(l + 5NqL8W)

+o”y md ,EW

=== NNLO QCD
NLO QCD+EW

=1 NNLO QCDxEW,q

,,,,,,,,, NNLO QCDXEW

100 200 500 1000 200 500 1000 100 200 500 1000 2000
prv, [GeV] Py, [GeV] prv, [GeV]

do/donnro qep — 1[%]  K-factor — 1 [%]

Factorized approaches well motivated for genuine VV observables (dominated by hard-VV topologies)
catch leading mixed QCD-EW effects and may thus be considered preferrable

iy b, FUDE} w5 (BR el T




son production

Combination of QCD and EW corrections for diboson production — pr v,

Situation more involved in presence of
so-called giant K-factors

QCD corrections in tails dominated
by hard-Vj topologies

also large positive EW corrections
(photon-induced hard-Vj topologies)

additive underestimates EW effects

multiplicative combination multiplies
large QCD and EW K-factors
discarded

multiplicative (only gg) shows
expected Sudakov behaviour, but
overestimates the EW effects (VV
K-factor applied in hard-Vj region)

do/dpry, [fb/GeV]

K-factor

=1 NLO EW /LO

do/doxnro qep — 1(%)

pp — ey

[Grazzini, SK, Lindert, Pozzorini, Wiesemann (2020)]

pp— 0wy

pp = vy LHC /5 = 13TeV

77

baseline cuts

= NLO EW
=== NLO QCD
=== NNLO QCD

WWwW

baseline cuts

WZ

baseline cuts

L

== NLO QCD/LO
== NNLO QCD/NLO QCD

=== NNLO QC

== NNLO QCD+EW
=1 NNLO QCDxEW,q
,,,,,,,,, NNLO QCDXEW

prv, [GeV]

pryv, [GeV]

100 200 500 1000 100 200 500 1000 2000 200 500 1000 2000

pryv, [GeV]

None of the approaches works perfectly well for observables dominated by hard-Vj topologies

merged prediction, full mixed QCD—-EW calculation, or phase space restriction to hard-VV topologies

an Kallweit (UNIMIB)
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Combination of QCD and EW corrections for diboson production — pr.v,/pr.v,

Restriction to hard-VV topologies

o direct requirement on the hardness of
the two vector bosons

© moderate jet veto to suppress hard-Vj
topologies: HJs* < 0.2HP

Illustration of effect on distribution in
r1 = pr,v,/pr,v, at NLO QCD
(r21 =1 for LO kinematics)

o only baseline cuts (upper panels)

cross section peaked at 1 2 0.8;
widely unaffected by Hi** cut

o region pr,v, > 1TeV (lower panels)

second peak at r1 < 0.3 where
hard-Vj topologies dominate;
completely removed by HJs* cut

fan Kallweit (UNIMIB)
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[Grazzini, SK, Lindert, Pozzorini, Wiesemann (2020)]
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Remaining cross section after application of Hﬂ'l?t cut
completely dominated by the (desired) hard-VV region

May 4, 2023, xFitter External meeting

1



Diboson production

Combination of QCD and EW corrections for diboson production — pr v, — Hrpje; cut

- jet lep . [Grazzini, SK, Lindert, Pozzorini, Wiesemann (2020)]
W'th HT < 0'2HT ’ CI’OS.S section p = C LTy pp— 0wy pp— (0 LHC /5 = 13 TeV
dominated by hard-VV region 10-: 77 WW WZ

L ep e = HE' <02 HE? HE' < 0.2 HY? HE' <02 HEP

justification to apply NLO EW 8w B B R B B B

. 1073
correction factor on (N)NLO QCD €

cross sections £

. . -@ 1077 b === NLO EW
o additive underestimates EW effects; 0 | B3 WKL 0en

difference to multiplicative would
overestimate uncertainties

+100
450 = |
f———"

@ both multiplicative approaches well
motivated to catch leading effects
from mixed QCD—-EW corrections

—100 F ===3 NLO QCD /LO
=== NNLO QCD /NLO QCD

0
———— — e
S0P Lo EW/ 1O =

difference between the two as a
rough estimate of O(as«)
uncertainties

==3 NNLO QCD

== NNLO QCD+EW

~80 | == NNLO QCDxEWq,
————————— NNLO QCDXEW

100 200 500 1000 200 500 1000 100 200 500 1000 2000
prv, [GeV] prv, [GeV] prv, [GeV]

Restriction to hard-VV topologies reduces uncertainties from mixed QCD-EW higher-order effects,

but should also increase the sensitivity of experimental searches for BSM effects (like AGCs)

do/donnro qep — 1[%]  K-factor — 1 [%]
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NLO QCD corrections to loop-induced gluon channel in ZZ/WW production

o only LO-accurate at O(a?)
@ enhanced by large gluon luminosity

o presumably dominant O(a?) contribution

Approximate nNNLO QCD prediction
o full m; dependence in 1-loop terms

o massless 2-loop amplitudes from ggVVamp
[von Manteuffel, Tancredi (2015)]

reweighted by full-m; Born amplitude

Effect of NLO QCD in gg channel
@ highest impact in low-energy regions
o enhancement beyond NNLO QCD scale band

fan Kallweit (UN

IMIB)
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[Grazzini, SK, Wiesemann, Yook (2019)]

7Z - 2e2u@LHC 13 TeV

[Grazzini, SK, Wiesemann, Yook (2020)]

W*W@LHC 13 TeV
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Best available fixed-order predictions for ZZ /WW production

o NNLO QCD for qc_] channel [Grazzini, SK, Wiesemann, Yook (2021)] [Grazzini, SK, Wiesemann, Yook (2020)]

o NLO EW combination for gg channel 100 S0 [1DGeV] _ ZZ@LHC 13 TV (ATLAS daa) doldp, , [pb/GeV] W*W-@LHC 18 TeV (ATLAS data)

T T T T T T

@ NLO QCD corrections for gg channel ' i o
10 : [ 0 ~ NNLO H

H H £ — o JE
available for all VV processes in el o = e 1

— 5 Fe4 data |

MATRIX V2 [Grazzini, SK, Wiesemann (2021)] Ny, : R

. . . 103 [— nNNLO T 107 L H
(refinements on m; effects in gg amplitudes r; PNNLOgw I b
still to be added (Grazzini, s, wi ) el — T :

[Grazzini, SK, Wiesemann, Yook (2021)] do/dommto
L

Diboson production beyond fixed order

o resummation (pr,vv, PY e ---)
MATRIX+RADISH (s, re, Rottoli, Wiesemann (2020)]

o event generation at NNLO QCD
NNLOPS (ww: Re, Wiesemann, Zanderighi (2018)]

MINNLOps (z+: Lombardi, Wiesemann, Zanderighi (2021);

WW: Lombardi, Wiesemann, Zanderighi (2021); 05 E
ZZ: Buonocore, Koole, Lombardi, Rottoli, Wiesemann, Zanderighi (2022)] H 1 0 TR R B L
80 100 200 300 400 1000 27 4050 70 100130 220 300 999
GENEVA -
[y~: Alioli, Broggio, Gavardi, SK, Lim, Nagar, Napoletano, Rottoli (2021) m, [GeV] Pry
ZZ: Alioli, Broggio, Gavardi, SK, Lim, Nagar, Napoletano (2021); data from [JHEP 04, 048 (2019)] data from [Eur. Phys. J. C 79 (2019) 884]

W-ry: Cridge, Lim, Nagar (2022)]
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Diboson production

NLO QCD corrections to loop-induced gluon channel in ZZ/WW production

Integrated cross sections for pp — e~ et~ put Integrated cross sections for pp — e~ utv, D
(setup of ATLAS 8 TeV ZZ analysis prep o1, 009 (2017)]) (setup of ATLAS 13 TeV WW analysis [eric 79, 884 (2019)])
[Grazzini, SK, Wiesemann, Yook (2019)] [Grazzini, SK, Wiesemann, Yook (2020)]
Vs 8TeV 13 TeV 8TeV 13 TeV Vs jet veto no veto | jet veto no veto
o [fb] o/onLo — 1 13 TeV o [fb] o/onLo — 1
LO 8.1881(8) % 4% 13.933(1)755%¢ | —27.5% —29.8% LO 284.11(1)*5%% 284.11(1)*%%% | ~15.5% —43.7%
NLO 11.2958(4)725% 19.8454(7)2%%¢ 0% 0% NLO 336.42(3) 5 %% 504.36(3)"4%: | +0.% +0.%
qgNNLO 12.09(2) 315 21.54(2) 7% | 4+7.0% +8.6% qgNNLO 336.8(2)*5 7% 558.5(2)72 0% | +0.1% +10.7%
o [fb] 0/0gzro — 1 o [fb] 0/0ggr0 — 1
ggl0 0.79355(6)25:2% 2.0052(1)+%5% 0% 0% ggl0 21.965(4)7%57% 21.965(4)2%57% | +0.% +0.%
ggNLO,, | 1.4787(4)715% 3.626(1)752% | +86.3% +80.8% ggNLOg, 31.68(6)7105% 38.49(6)7 135 | +44.2% +75.2%
ggNLO 1.3892(4) 7155 3.425(1)F39% | +75.1% +70.8% ggNLO 28.79(6) 15 %% 37.57(6) 550 | +31.1% +71.0%
o [fb] o/onLo — 1 o [fb] o/onto — 1
NNLO 12.88(2) 5% 23.55(2) 3% | +14.0% +18.7% NNLO 358.7(2) 5 2% 580.5(2)72% | +6.6% +15.1%
nNNLO 13.48(2) 2% 24.97(2)*2% | +19.3% +25.8% nNNLO 365.6(2) 5t 506.1(2)72% | +8.7% +18.2%
o [fb] o/ounNLO — 1
o relatively large corrections of 5% — 7% for ZZ, ANNLOpw | 354.3(2)°%% 580.2(2) %74 | —3.1% o1%
exceeding the NNLO QCD uncertainty bands
(slightly smaller effect of 2% — 3% for WW) o similar size as (negative) EW corrections

May 4, 2023, xFitter External meeting




Summary of ATLAS triboson, VBF and VBS measurements

VBF, VBS, and Triboson Cross Section Measurements
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Status: February 2022
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Triboson production

Triboson production at NNLO QCD accuracy

Relevance of triboson production
o important SM test
background for BSM searches

quartic gauge couplings

°
o very clean signatures in leptonic decay channels
°

at least vy and Vv~ processes measured already
with statistics collected during LHC Run |

much smaller cross sections for massive VVV
only WWW and WWZ observed recently

Prospects for triboson predictions at NNLO

@ two-loop amplitudes as the bottleneck
(only available for triphoton production by now)

@ NNLO subtraction methods applicable in principle

o complicated calculation (amplitudes, phase spaces)

challenge for technical performance, but
feasible in the MATRIX framework

[ATLAS collaboration (2021)]

VBF, VBS, and Triboson Cross Section Measurements  stus: Juy 2021

T

Yry
Zyy-ttyy

— [njee =

Wyy—tvyy

— [Mjer =0
WWy—euvy
WWW, (tot.)

— WWWostvtvjj

— WWW - Evivly
WWZ, (tot.)

Hij VBF

ATLAS Preliminary

Vs=7813TeV

— H(>WW)jj VBF

" Theon
— H(oy»)ij VBF Y
LHC pp V5 =13 TeV
- Data
stat
stat e syst
LHC pp 5 =8 TeV

Data
G

Wijj EWK (M) > 1 Tev)
—M(jj) > 500 GeV

Zjj EWK
Zyjj EWK

LHCpp Vs=7TeV

mm e

stat
stat & syst

¥y - WW
(WV+42V)jj EWK
WEWEj EWK

WZjj EWK
2Zj EWK

0.0 0.5

—-
o
—-
o
g
=3
~
o

3.0 35 4.0
data/theory

May 4, 2023, xFitter External meeting



First MATRIX calculation for genuine 2 — 3 process at NNLO QCD [SK, Sotnikov, Wiesemann (2021)]
. . . pp =71y @8 TV, py = Hr/4
@ gt subtraction method for colourless final states directly applicable: " @

- o0
107
Lol ™ AN (rew =+ 0)
T E oM )

YYY Yy YYv+jet ¥7Y,CT
doNLo = HiNLo ® dovo + [dUNLo —do\to 0
cut

= remarkable numerical control over slicing parameter dependence

= full agreement with independent calculation [chawdnry, Czakon, Mitov, Poncelet (2020)]

Further important ingredients of the calculation
o highly efficient phase space integration in MUNICH sk !

1100 2181 PP =YYy (iducia) @LHC

o fast and stable 1-loop amplitudes from OPENLOOPS
[Buccioni, Lang, Lindert, Maierhéfer, Pozzorini, Zhang, Zoller (2019)]

o fast and stable 2-|00p amplitudes [Abreu, Page, Pascual, Sotnikov (2021)]

generated with CARAVEL, using PENTAGONFUNCTIONS++
[Abreu et al. (2020)] [Chicherin, Sotnikov (2020)]

Produced with HATR




Triphoton production at NNLO QCD accuracy

Comparison with ATLAS data at 8 TeV [SK, Sotnikov, Wiesemann (2021)] data from [Phys. Lett. B 781 (2018) 55]
. L. 100 40dm,, [1b/GEV] _PP—+YYY@LHC 8 TeV (ATLAS data) doldm, , [10/GeV] _PP—YyY@LHC 8 TV (ATLAS data)
o perfect agreement with NNLO QCD predictions,
due to both normalization and shape corrections o
@ significant discrepancies at lower orders 102 0
[SK, Sotnikov, Wiesemann (2021)] “;: ooy “:“5 oldons
1ot d0ldm,, [0/GeV] PP ¥¥Y (Rucia) @LHC 13 TeV 10 40/, [0/GeV] PP YYy (Ruca) @LHC 13 TeV E I I I 3’3 ! ! ! !
Zg
% ’ 2
3 05
W Iy E R TN
M H ™ 1GeV] m,,, [GeV]
% % 70 90180, , Ifb] PP—YYY@LHC 8 TeV (ATLAS data) 50 988N, [fb] PP—*YYY@LHC 8 TeV (ATLAS data)
& 106 . 8 60 | — NNLO 45 1 — NNLO
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2 0L e sE s
S “ i }
15 = 25 s
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2 i |5 H
o 08 10 =5 10 E3 ] H
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35 25
o great numerical performance also with refined 22 Jf S S — 1}
resolution and in suppressed phase space regions e o
. : ]
. . 0.85 165 245 285 n 075 15 25
MATRIX fully suitable for triboson processes a0 S

an Kallweit (UNIMIB)
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Feasibility studies on massive triboson production at NNLO QCD accuracy

Studies on rcu: dependence for inclusive massive VVV production processes

o very good numerical control permille-level precision achievable within reasonable runtime

0> 222 018N iy

P WIWZ 0 3TN,y = Hy/2. om = Hy/2

§WVZZ 8 13T,

pn = Hy/2 w

o> WIWIW 0 13T

s,
S

TTOT 0T w05

Obviously, no robust conclusion on the size of NNLO
QCD corrections can be drawn without knowledge of
the two-loop amplitudes

o> WW W™ 0 13T = /2. on = Hy/2

Finite remainder of two-loop amplitudes set to zero
for these technical feasibility studies.

o impact of finite remainder of two-loop amplitudes H® typically small, only O(2%) for VV processes
o NNLO K-factors without H®: O(1 — 2%) (~ +6% from gg channel for WWZ)
no huge NNLO QCD corrections expected for massive VVV production processes

Stefan Kallweit (UNIMIB) May 4, 2023, xFitter External meeting



- Trbosonproduction | [Rezelllyciitaltes fop ity ibezn s ek (O @ED ewmesy
Feasibility studies on Vv production processes at NNLO QCD accuracy

Studies on rcut dependence for V4~ processes (standard cuts and photon isolation)
o large power corrections due to photon isolation (as for yyv), but numerically well under control

b 6 TV g

s
R
i

it
i

L T = T T e T L R & R ]

o impact of finite remainder of two-loop amplitudes H® small, only O(2 — 3%) for Vv processes
o NNLO K-factors without H®: (10 — 30%) (depending on final state and fiducial cuts)
comparable size of NNLO QCD corrections as for V~ expected for V~~ processes

Stefan Kallweit (UNIMIB) May 4, 2023, xFitter External meeting 19 / 19



Triboson production

Production of heavy coloured particles at NNLO QCD accuracy
Extension of gt subtraction method to production of heavy coloured particles (e.g. top-quark pairs)

tt _ tt ti+jet tt,CT
dofinro = Hinro ® dovo + [dofifl! — dofiilo]
cut

o counterterm accounts for IR behaviour of real contribution, including soft singularities related to emissions
from final-state quarks [catani, Grazzini, Torre (2014), Ferroglia, Neubert, Pecjak, Yang (2009), Li, Li, Shao, Yang, Zu (2013)]

o HiNLo contains remainder of integrated final-state soft singularities
[Catani, Devoto, Grazzini, Mazzitelli (to appear), Angeles-Martinez, Czakon, Sapeta (2018)]

o massive NLO subtraction required for real-emission part, e.g. massive dipole subtraction
[Catani, Seymour (1997), Catani, Dittmaier, Seymour, Trocsanyi (2002)]

Associated heavy-quark pair production (ttH, ttV, ...) with identical singularity structure

@ numerical solutions for required for evaluation of the soft function due to more involved kinematics
no back-to-back configuration of heavy quarks

o proof-of-principle calculation for non-diagonal channels in tEH [catani, Fabre, S, Grazzini (2021)]

o two-loop amplitudes as the bottleneck for any beyond 2 — 2 NNLO calculations

Stefan Kallweit (UNIMIB) May 4, 2023, xFitter External meeting



First MATRIX calculation for colourful final states at NNLO QCD
(*] 2-IOOP amplitudes from numerical result [Barnreuther, Czakon, Fiedler (2014)]

o slicing parameter dependence under good numerical control;
investigation after splitting into partonic channels

= full agreement with TOP++ [czakon, Mitov (2014)]

o successful validation also on the level of differential distributions

[Catani, Devoto, Grazzini, SK, Mazzitelli (2019)]

(comparison against results from (czakon, Heymes, Mitov (2017)])
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[Catani, Devoto, Grazzini, SK, Mazzitelli, Sargsyan (2019)]
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da/dmg [pb/GeV]

ratio to NNLO

Good agreement with (multi)differential CMS data

o lowest my; bin problematic: sensitivity to my value,

production

threshold effects, extrapolation to stable tops, ...

o instabilities related to pr ¢z — O region
would require resummation/shower matching

pp i CMS @ 13TeV (35.8fb°))

pp i CMS @ 13TeV (35.8fb°1)

pp i CMS @ 13TeV (35.8fb°))
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Indications for perturbative convergence

widely overlapping bands from NLO to NNLO
with reduced scale variation uncertainties

Top-quark pair production at NNLO QCD accuracy

[Catani, Devoto, Grazzini, SK, Mazzitelli (2019)] data from [Phys. Rev. D 97 (2018) 112003]
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Application to bottom quarks

conceptionally similar to tt production
applications in all LHC experiments

larger uncertainties due to lower scales
= reduction through ratios with partial
cancellation of uncertainties

numerically more challenging (ms, < m;)
= calculation still remarkably stable

pp = bb @ T TeV, pup = my pp = my,

-~ HaTHOR

| ovuo
102} T 7o) II[[[[)II’:':'I['II[“ImmmI
it

00 02 01 06 08 70
Teut = Cltyy /[ ]

dofdn,, [ub]

ratio to NNLO

[ALICE Collaboration (2021)]
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Studies on r..; dependence for inclusive QQ + X processes

o proof-of-principle for non-diagonal channels in tTH [catani, Fabre, SK, Grazzini (2021)]
o finite remainders of two-loop amplitudes and of the soft function neglected in these studies
= no reliable estimate of NNLO QCD result, but cancellation of IR divergences well under control

= permille-level precision achievable within reasonable runtime
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Mixed NNLO QCD-EW calculation for production of massive charged particles

Extension of gr subtraction method to mixed QCD-EW corrections of O(ag o)

20/0v,R £6/4v,CT
(mom) AT ()

do'f,i/f)u = ’H,fﬁ'/ﬁ;/ ® doro + |do ]
’ ’ reut —0

o m=1(2) and n = 0: (N)NLO QCD corrections
@ m=0and n=1: NLO EW corrections
@ m=1and n=1: mixed NNLO QCD-EW corrections

(limitation: no massless jets (for m > 1) and no massless charged particles (for n > 1) allowed at LO)

Strategy to cancel IR singularities in mixed QCD—-EW corrections

o abelianisation procedure, starting from heavy-quark pair production at NNLO QCD
for neutral final states, abelianisation of standard gr subtraction method is sufficient
(mixed QCD-QED corrections on pp —> Z [pe Florian, Der, Fabre (2018)], PP —> VD [Cieri, De Florian, Der, Mazziteli (2020)])

o colourless final state (£¢/¢v) results in soft final-state singularities of pure QED origin
much simpler IR structure than in heavy-quark pair production at NNLO QCD

o finite charged-lepton mass required to regularize collinear final-state singularities

Stefan Kallweit (UNIMIB) May 4, 2023, xFitter External mesting



Triboson production

Towards mixed NNLO QCD-EW corrections for Drell-Yan processes

Mixed NNLO QCD-QED corrections
o on-shell Z prOdUCtion [De Florian, Der, Fabre (2018)]

o off-shell Z — v production
[Cieri, De Florian, Der, Mazzitelli (2020)]

o on-shell Z production with decay, including
NLO QCD (production) x NLO QED (decay)

[Delto, Jaquier, Melnikov, Réntsch (2019)]

Mixed NNLO QCD-EW corrections for on-shell
DY production

@ on-shell Z production [gonciani, Buccioni, Rana, Vicini (2020)]

@ on-shell W production
[Behring, Buccioni, Caola, Delto, Jaquier, Melnikov, Réntsch (2021)]

o estimate of the impact on W mass extraction
[Behring, Buccioni, Caola, Delto, Jaquier, Melnikov, Réntsch (2021)]

Mixed NNLO QCD-EW corrections beyond the
on-shell approximation

o pole approximation (PA) [ittmaier, Huss, Schwinn (2014 & 2015)]

Stefan Kallweit (UNIMIB)

Recent progress towards full mixed NNLO
QCD-EW corrections

o two-loop master integrals

[Bonciani, Di Vita, Mastrolia, Schubert (2016),
Heller, von Manteuffel, Schabinger (2019), Hasan, Schubert (2020)]

o two-loop amplitude for neutral current DY
[Heller, von Manteuffel, Schabinger, Spiesberger (2020)]

o complete result for O(nrasa) effects
[Dittmaier, Schmidt, Schwarz (2020)]

Mixed NNLO QCD-EW calculation within the
MATRIX framework with massive leptons (muons)

o off-shell pp — W — p*v, calculation with
two-loop amplitudes in a reweighted PA approach
[Buonocore, Grazzini, SK, Savoini, Tramontano (2021)]

o off-shell pp — Z/y — pu*pu~ calculation with full
two-loop amplitudes [Bonciani, Rana, Vicini (to appear)]

[Bonciani, Buonocore, Grazzini, SK, Tramontano, Rana, Vicini ('21)]

May 4, 2023, xFitter External meeting



PA vs. reweighted PA at NLO EW
2
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[Buonocore, Grazzini, SK, Savoini, Tramontano (2021)]
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Results for mixed NNLO QCD—-EW corrections in off-shell W production

Setup and integrated results

O NNPDF31 nnlo_as_0118_1luxqed pr = pr = mw

0 pru>25GeV, |yu| <25, prmis > 25GeV
NLO QCD NLO EW NNLO QCD | NNLO QCD-EW

o [pb] oLO 0'(1’0) 0(0.1) 0(2‘0) U(l’l)

qG | 50202 | 9705(3) | —143.61(15) | 251(4) —7.0(1.2)

a — | —1079.86(12) — —377(3) 39.0(4)
q(g)y — — 2.823(1) — 0.055(5)
a@qd | — — — 44.2(7) 1.2382(3)

g — — — 100.8(8) —

tot | 5020.2 | —100.4(4) | —140.8(2) 19(5) 33.3(1.3)

—2.2% —2.8% +0.4% +0.6%

o large cancellations between partonic channels in
NLO and NNLO QCD corrections

o similar size of NLO QCD and EW corrections

@ no dedicated scale dependence studies performed

efan Kallweit (UNIMIB)

Differential distribution in pr ,,+

pp— pty + X

[Buonocore, Grazzini, SK, Savoini, Tramontano (2021)]
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N 11 1. WL I~ Mixed QCD-EW corrections for Drell-Yan production
Results for mixed NNLO QCD-EW corrections in off-shell Z production

Setup and integrated results

O NNPDF31 nnlo_as_0118_1luxqed pr = pr = mz

Differential distribution in pr ,,+

[Bonciani, Buonocore, Grazzini, SK, Tramontano, Rana, Vicini ('21)]

pp—p pt +X

Vs =14TeV

0 pru,>25GeV, |yu| <25, my, >50GeV
NLO QCD | NLO EW | NNLO QCD | NNLO QCD-EW

o [pb] Lo 5(1.0) 501) 5(2.0) PREEY)
qd | 809.56(1) | 191.85(1) | —33.76(1) | 49.9(7) —4.8(3)
a — —158.08(2) — —74.8(5) 8.6(1)
alg)r — — —0.839(2) — 0.084(3)
a@d | — — — 6.3(1) 0.19(0)

gg — — — 18.1(2) —

v | 1.42(0) — —0.0117(4) — —
tot | 810.98(1) | 3377(2) | —3461(1) | —05(9) 4.0(3)
+4.2% 4.3% 0.1% +0.5%

o large cancellations between partonic channels in
NLO and NNLO QCD corrections

o almost complete (accidental) compensation
between NLO QCD and EW corrections

efan Kallweit (UNIMIB)
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Differential distribution in m,,,,

do/dmy,,, [pb/GeV]

do/doro [%]

do/dogro (%]

1.0
0.5

—0.5

10 F

-15
-2.0
+10

[Bonciani, Buonocore, Grazzini, SK, Tramontano, Rana, Vicini ('21)]
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NNLO QCD subtraction/slicing methods and implementations (status Oct 2021)

Subtraction/slicing methods

o

(*]

o

(*]

g1 subtraction (catani, Grazzini (2007)]

N-jettiness subtraction
[Boughezal, Focke, Liu, Petriello (2015); Gaunt, Stahlhofen, Tackmann, Walsh (2015)]

Antenna subtraction [Gehrmann, Gehrmann-De Ridder, Glover (2005)]

Sector-improved residue subtraction
[Czakon (2010); Boughezal, Melnikov, Petriello (2012)]

ColorFul subtraction [semogyi, Trocsanyi, Del Duca (2005)]

Nested soft—collinear subtraction
[Caola, Melnikov, Réntsch (2017)]

Analytic local sector subtraction
[Magnea, Maina, Pelliccioli, Signorile-Signorile, Torrielli, Uccirati (2018)]

Projection to Born (cacciari, Dreyer, Karlberg, Salam, Zanderighi (2015)]

Geometric subtraction [Herzog (2018)]

o ...

General (public) frameworks

o MATRIX (g7 slicing) (Grazzini, Sk, Wiesemann, .. ]
o Z, W, H, vy, Zv, VV_% WW, ZZ, WZ
o ZH, WH, HH, tt, bb, vy, ...

o McFm (N-jettiness slicing)
[Campbell, K. Ellis, Giele, Neumann, Williams, .. .]

o Z, W, H, ZH, WH, ~v, Zv
o Wy, vj, Zj, Wj, Hj, ...

© NNLOJET (antennna subtraction)
[Gehrmann, Gehrmann—de Ridder, Glover, Huss, Chen, Gauld, ... ]

o ij, vi» Zj, Wj, Hj, Zb, ...

o STRIPPER (sector-improved residue subtraction)
[Czakon, Mitov, Poncelet, Chawdhry, .. .]

o tt, jj, WW, We, vyy, vi, iijs - -

o ...

— Extension beyond 2 — 2 conceptionally straightforward if amplitudes become available!
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Recent achievements in (N)NNLO QCD calculations (status oct 2021)

First 2 — 3 calculations at NNLO QCD Inclusive 2 — 1 calculations at N3LO QCD
@ Y7Y7Y [Chawdhry, Czakon, Mitov, Poncelet (2020), SK, Sotnikov, Wiesemann (2021)] @ | [Anastasiou, Dur, Dulat, Herzog, Mistlberger (2015),

Qo ’Y’y_] [Chawdhry, Czakon, Mitov, Poncelet ('21)] _ + Furlan, Gehrmann,Lazopoulos (2016), Mistlberger (2018)]

© jj [Ceskon Mitor, Poncle (21) @ bb — H [puhr, Dulat, Mistiberger (2020), + Hirschi (2020)]

@ W [Duhr, Dulat, Mistiberger (2020 & 2020)]
Recent achievements in 2-loop 2 — 3 amplitudes

. +=+ [Abreu, Page, Pascual, Sotnikov (2021),
0 leading-colour jjj ‘e, Febres Cordero, 1to, Page. Sotnikov (2021)]

*
@ 7y [Dubr, Dulat, Mistlberger (2020)]

Fully differential 2 — 1 calculations at N°*LO QCD

o qq — ’yfyj [Agarwal, Buccioni, von Manteuffel, Tancredi ('21)]
[Badger, Brgnnum-Hansen, Chicherin, Gehrmann, Hartanto, Q H Dulat, Mistlber, Pelloni (2019), Cieri, Ch Geh al H 2019
) ger, Pelloni , Cieri, Chen, Gehrmann, Glover, Huss
g8 18 Henn, Marcoli, Moodie, Peraro, Zoia ('21)] { ( ) ( ]
0 leading-colour Whb (sadger, Hartanto, Zoia (2021)] 0 H (= 47y) IChen, Gehrmann, Glover, Huss, Mistlberger, Pelloni ('21)]
. - * L ) ,
0 leading-colour Hbb [Badger, Hartanto, Kryé, Zoia (21)] O Z/~™ [Camarda, Cieri, Ferrera ('21), Chen, Gehrmann, Glover, Huss, Yang (21)]

combination of local NNLO subtraction with

H - kl fi i .. .
eavy-quark loops for gg — diboson processes slicing/projection methods promoted to N3LO

HH [Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert, Zirke (2016),
Davies, Heinrich, Jones, Kerner, Mishima, Steinhauser, Wellmann (2019)]

Y7Y [Maltoni, Mandal, Zhao (2019), Chen, Heinrich, Jahn, Jones, Kerner (2020)]

(*]

First 3-loop amplitudes beyond 2 — 1

0 leading-colour 47y [Caola, von Manteuffel, Tancredi (2021)]

(*]
(*] ZZ [Agarwal, Jones, von Manteuffel (2021), Brgnnum-Hansen, Wang (2021)]
@ WW [Brgnnum-Hansen, Wang (2021)]

Qo

. Caola, Chakraborty, Gambuti,
ZH [Chen, Heinrich, Jones, Kerner, Klappert, Schlenk (2021)] o four-quark SCatterlng [von Mant:ufrfel, rTchrZ:ir; (”2‘1)]

efan Kallweit (UNIMIB) May 4, 2023, xFitter External meeting




Status of NLO EW calculations (status oct 2021)

Dedicated comparison in Les Houches 2017 proceedings Qi -
o BBMC + REcoLA <
MuUNICH/MATRIX + OPENLOOPS 5 =ve ] E

Lo
100 NLO EW

MoCANLO + RecoLA
SHERPA + GOSAM/ OPENLOOPS/ RECOLA
MADGRAPH5_AMC@NLO + MADLoOOP

© © 06 ©
aanle

ao P

WP
Adey®

conceptionally solved, as for NLO QCD calculations

Recent highlights: high-multiplicity processes

Rl g

o off-shell ttW production (2 — 8) [enner, Peliiccioli (2021)] 5 . é: I L alii
o off-shell ttH production (2 — 7) [penner, Lang, Pellen, Uccirati (2017)] % f;’é: J}"/Jf‘ s I §
o off-shell WWW production (2 — 6) [pittmaier, Knippen, Schwan (2020)] 2 f?; LH" Lﬁ“ }L § HLJH
o vector boson scattering (2 — 6) |

+ + £ o
o WFW™ [Bicdermann, Denner, Pellen (2017), Denner, Lang, Pellen, Uccirati (2017)] s R L}J*P];‘J‘J—}}‘r“ H}
¥ - P T
0 WZ [Denner, Dittmaier, Maierhsfer, Pellen, Schwan (2019)] s &
& . { 1
o 77 [Denner, Franken, Pellen, Schmidt (2020)] 5 E R I P}J\} I3 J}IL‘LJ\_ 'J“}
& 3 - R s
_ i
© WHW ™ [Denner, Franken, Pellen, Schmidt (preliminary results at RADCOR 2021)] 3 A ‘
T e e S e T T
- oo
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[Les Houches 2017: Physics at TeV Colliders SM WG Report (2018)]
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