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Introduction

Precision calculations — the key to fully exploit LHC measurements

. . ATLAS collab: i 202:
Sample case: diboson production t collabaration (2024)]

° important SM test trilinear couplings Diboson Cross Section Measurements Status: June 2024
o background for Higgs analyses and BSM searches 7 J—
. . . Wy-stvy —
o very clean signatures in leptonic decay channels it ATLAS Preliminary
y—ly b ‘
@ good statistics already with available data g V5=7813,136Tev
Z)’—)VV')’ ﬁ EXEAK
<<<<<<<<< %% NLOQCD
All diboson processes available at NNLO QCD wwoo L e
accuracy since the first public MATRIX release wz ; st
[Grazzini, SK, Wiesemann (2017)]
. LHC ppDﬁ; 13 TeV
inevitable for data—theory agreement # -
—— stat
Mandatory features to match also future AN tat syst
. . . . . . . Vs=7Te
experimental precision, in particular differentially & o
i i -zzsac | EEEE Stat ® syst
o leading QCD corrections beyond NNLO
. . . . WV vjj
@ EW corrections and combination with QCD B
VH
. . 1
available since MATRIX V2 [Grazzini, 5K, Wiesemann (2021)] 0% 08 o 2 " 5

data/theory
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The MunicH/MaTrix framework for automated NNLO calculations

The MATRIX framework for precision calculations

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

o first public tool that performs NNLO QCD calculations for a large class of processes

o core of the framework: the C++ parton-level Monte Carlo generator
MunicH — MUIti-chaNnel Integrator at swiss (CH) precision (s«

[+

]

©

©

@ PYTHON script to make usage of MATRIX straightforward from installation to final results

Stefan Ka

bookkeeping of partonic subprocesses for all contributions

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)]

general amplitude interface up to 1—|00p level: OPENLOOPS [Cascioli et at. (2012), Buccioni et al. (2018), Buccioni et al. (2019)] and
REcCOLA [Actis et al. (2017), Denner et al. (2018)], both relying on COLLIER [Denner et al. (2006); Denner, Dittmaier (2011)]

general interface to dedicated 2-loop amplitudes

o direct implementations, external codes, interpolation of grids, etc.
o all analytic 2 — 3 amplitudes rely on the PENTAGONFUNCTIONS++ [Chicherin, Sotnikov (2020), +Zoia (2022)] library

highly efficient multi-channel Monte Carlo integration with several optimization features

simultaneous monitoring of slicing parameter and automated extrapolation

eit (UZH)
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The MaTrix framework for automated NNLO QCD calculations (and beyond)

| MaTRIX vl (fall 2017)
o H,V, vy, Vv, VV at NNLO QCD
for all leptonic decay channels

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

Amplitudes

OpreENLooPs Dedicated 2-loop codes
(CorLier, CutTOols, .. .) (VVamp, GINAC. TDHPL, ... )

MATRIX v2 (summer 2021)
@ combination with NLO EW for all

leptonic V and VV processes

MunNicH
I OINILE , o loop-induced gg channel at NLO

QCD for neutral VV processes

MATRIX v2.1 (spring 2022)
@ bin-wise g7 cut — 0 extrapolation
o vy at NNLO QCD (2 — 3)

T o tt at NNLO QCD (heavy-quark FS)

1

MATRIX v2.2beta (summer 2025)
o PINEAPPL interpolation grids as an
additional output format

Stefan Kallweit (UZH) Precise predictions for multiboson processes April 08, 2026, SM LHC 2026 5 /18
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and beyond

Diboson production at NN

LO QCD accurac

Main features of EW corrections

o Shape corrections in
invariant-mass distributions

pp et p vy

o Negative corrections in
high-energy observables

@ Photon-induced processes
inclusion via LUXQED PDFs

[Manohar, Nason, Salam, Zanderighi (2016; 2017)]

pp et p vy

= L S =
I S | R o E 2 1 T o as Born processes,
> == NLOQCD 1 = S LHEDTY o]
= —— NLOEW ES 2 ﬁi‘ra&ng = e.g. yy — Ww
3 — NLOQCD+EW ] S e o =
§ === NLOQCDXEW % § | = 0 < o as EW corrections,
B 3 g L == NLOQCD 5 —% .
i i3 T, < from IS v — qg* splittings
E ERC] N == NLO QCDxEW S
E } A 0 5
F CT14 QEDo 057 1 = L o
m’;;}}}}111}11}}111}111; 5 Lo b b £ @ Subdominant production
Fal ] e N modes (not maximal in as)
4 o 1 t £ 1 &
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Pure QED effect:
photon bremsstrahlung off decay
leptons (migration effect)
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Genuine EW effect:
enhancement due to large universal
Sudakov logarithms
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o corresponding tower of NLO
contributions that cannot be
uniquely qualified as QCD or
EW corrections (in parts)




son production at NNLO QCD ac

and beyond

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

Both corrections sizable, particularly in

high-energy tails of distributions

approximation of leading O(asax)

effects desirable

Different combination approaches

o additive:

do LO(l_"_(S((QNCI]\DILO_"_(Sg\%]o

o multiplicative:

do™© (1 + 8oen )1 + 6R%°)

o multiplicative (only qg):

dotO(1 4+ 6NN (1 + Ny

NLO q3,QCD
+U —ind.,EW

pp — ey

[Grazzini, SK, Lindert, Pozzorini, Wiesemann (2020)]
pp— 0y LHC /5 = 13TeV

do/dpry, [fb/GeV]

baseline cuts baseline cuts
LO

= NLO EW

== NLO QCD

== NNLO QCD
0

NLO Q D

= \\L() Q(D/ \IL() QCD

=== NNLO QCD

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

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

100 200 500 1000

prv, [GeV]

100 200 500 1000 2000

prv, [GeV]

Factorised approaches well motivated for genuine VV observables (dominated by hard-VV topologies)

catch leading mixed QCD-EW effects and may thus be considered preferrable

April 08, 2026, SM LHC 2026



Diboson production at N

NLO QCD accurac

and beyond

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 (UZH)

April 08, 2026, SM LHC 2026




Diboson production at NNLO QCD accuracy and be!

ond

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

Z |y Tpr

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

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

do/dm,, [pb/GeV] 2Z - 2e2p@LHC 13 TeV do/dm,,, [pb/GeV] W*W@LHC 13 TeV
- v, o T T T
¢ ‘ 107 55 < ---NLO 100 1
g ot ot 102 —= NNLO 3% o]
lzhzth, — ONNLOFE 0 ?%
2 103 - -
o only LO-accurate at O(as) o TP, E g
o enhanced by large gluon luminosity 105 o e E
o presumably dominant O(a?) contribution skl 104 i
do/donnio
115 1.06
Approximate nNNLO QCD prediction 1.04
. 1.02
o full m; dependence in 1-loop terms 1
. 0.98
@ massless 2-loop amplitudes from ggVVAMP 096
[von Manteuffel, Tancredi (2015)] 25 . . . 3
. . ’ ggLo - ggNLOgg — ggNLO
reweighted by full-m; Born amplitude 2f e 25
- - o E
15
Effect of NLO QCD in gg channel . i e =
o hi i i - ions = osbe il L L L
highest impact in low-energy regions 05 e L. - T
o enhancement beyond NNLO QCD scale band m1GeV] My [GeV]
April 08, 2026, SM LHC 2026 | 9/18



Best available fixed-order predictions for ZZ /WW production

o NNLO QCD for gg channel
@ NLO EW combination for gg channel

o do/dm, [fb/GeV]
107 e T

[Grazzini, SK, Wiesemann, Yook (2021)]
ZZ@LHC 13 TeV (ATLAS data)
T T T

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

do/dp, , [pb/GeV] W*W@LHC 13 TeV (ATLAS data)
T T T T T

o NLO QCD corrections for gg channel 10! o]
107 - NI
. . . 15 100 - NN
available for WW/ZZ production in i —mwo 2
> sNNLO : —— ANNLOgy
MATRIX V2 [Grazzini, SK, Wiesemann (2021)] 10%F fno 5 107 g g
NNLOgyq s 3
(refined m; effects in gg amplitudes) L S § 2
[Grazzini, SK, Wiesemann, Yook (2021)] o4 data E i
104 Lt 1 - . L 3
. R . do/dopnnio do/donnio
Diboson production beyond fixed order T 12F k ﬁﬂ’ T
. 11
o resummation (pr,vv, PY e ---) 1 SRATIE
’ 0.9 e
MATRIX+RADISH sk, re, Rottoli, Wiesemann (2020)] 08
. 0.7
o event generation at NNLO QCD 06E 4
do/dogg 0
NNLOPS ww: Re, Wiesemann, Zanderighi (2018)] o T
15F5
MlNNLOps [Z~: Lombardi, Wiesemann, Zanderighi (2021); 8
~~: Gavardi, Oleari, Re (2022); L O S O = — T e S E
ZZ: Buonocore, Koole, Lombardi, Rottoli, Wiesemann, Zanderighi (2022); 0.95 i s
WW: Lombardi, Wiesemann, Zanderighi (2021); ’ :
W?Z: Lindert, Lombardi, Wiesemann, Zanderighi, Zanoli (2022)] 0.9 1 1 027 46 SB 7\0 ‘Dlmalo zéo 360 o
GENEVA |[W~: Cridge, Lim, Nagar (2022); 80 100 200 300 400 1000 y
~~: Alioli, Broggio, Gavardi, SK, Lim, Nagar, Napoletano, Rottoli (2021) m, [GeV] Pry, [GeV]

ZZ: Alioli, Broggio, Gavardi, SK, Lim, Nagar, Napoletano (2021);
WW: Gavardi, Lim, Alioli, Tackmann (2023)]

data from [JHEP 04, 048 (2019)]
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data from [Eur. Phys. J. C 79 (2019) 884]



Triboson production at NNLO QCD accuracy

Triboson production

Relevance of triboson production

o important SM test quartic gauge couplings
o background for BSM searches

o very clean signatures in leptonic decay channels
o several triboson processes already observed

better experimental precision in processes
with photons due to larger cross sections

Prospects for triboson predictions at NNLO QCD
@ subtraction methods applicable in principle

o complicated calculation (amplitudes, phase spaces)

challenge for technical performance,
but feasible in the MATRIX framework

@ two-loop amplitudes as the bottleneck
(only available for yyy and W+~ to date)

solve by developing reliable approximations!

[ATLAS collaboration (2024)]

VBF, VBS, and Triboson Cross Section Measurements  sius: June 2024

Yy
Zyy-ltyy

Wyy—tvyy

WWy—evuvy
WZy—evury

WWW, (tot.)
WWZ, (tot.)
Hijj VBF

Wij EWK
Zjj EWK

Zyjj EWK
Wyij EWK

yy - WW
(WV+2ZV)jj EWK
WHW-jjewx
WEWHjj EWK
WZjj EWK

2Zjj EWK

T T T T T T

ATLAS Preliminary

Vs=813TeV

Theory
LHC pp s =13 TeV
Data
stat

stat ® syst

LHC pp V5=8 TeV
Data

L L L

April 08, 2026, SM LHC 2026

25 3.0 35 4.0
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First MATRIX calculation for genuine 2 — 3 process at NNLO QCD

o using leading-colour 2-loop amplitudes [abreu, Page, Pascual, Sotnikov (2021)]
generated within the CARAVEL framework [abreu et al. (2020)]
(full-colour amplitudes completed more recently (abreu et al. (2023))

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

o very good description of ATLAS data at 8 TeV (phys. Lt B 781 (2018) 55),

PP = 1v7 @8 TeV, o = Hr/4

Lor} ™ oSG
Lol ™ O - 0)
THE oA )
105
3
= 1.04
z
T 103 e
Loz
i

. . . . 0.0 02 0.1 0.6 08 0
but only upon including NNLO QCD corrections: o = €ty ]
100 d0fdmyy, [b/GeV]  PP—*¥YY@LHC 8 TeV (ATLAS data) do/dm,, [fb/GeV] pP—¥YY@LHC 8 TeV (ATLAS data) 70 907080y, [fb] PP—*YYY@LHC 8 TeV (ATLAS data) 50 00/dBN,y, [fb] PP—YYY@LHC 8 TeV (ATLAS data)
— NNLO — NNLO 60 | — NNLO sk — NNLO
~= NLO = NLO - NLO 40 ~ NLO
x o = 50 Lo 35 + —— 10 3x =
107 2 e data |E = data T —data JE O
H EE 40 b %0 : o
H 5 30 > s &
B A 3 20 5
3 3 3
10? = H 20f 15 $| H E
] g 10 ]
; |- : . | i3
T T TR DU SO S H FE . v H h T H
10° doldon o ° do/donio ° doldono <
3 ) T T T 4 T T =
3 25 I B
25 2F 1 I 1 3
: I P == se——— 2
15 I 2 . - 1 £
" T T B 1 ‘2
T
05 05 I ] 05 ¢
50 100 150 250 350 0 0 75 110 150 400 085 765 245 285 n 075 5 25 o,
m,y [GeV] My, [GeV] Dby, B0y,




on production at NNLO Q

W~~ production at NNLO QCD accuracy _

pp = Cupyy (WHyy) @13 TeV Hr = pr = Hr/2

New MATRIX calculation for genuine 2 — 3 process at NNLO QCD

|
s
T
e
e

0 using leading-colour (LC) 2-loop amplitudes (gadger, Harcanto, Wu, Zhang, Zoia (2024)] bl

S

implementation into a numerically stable and reliable C++ library
o quadruple precision required as default
o rescue system based on amplitude symmetry wrt. photons
re-evaluation with even higher precision for unstable points

01 02

average runtime of ~ 6s per point still acceptable

pp = vy (W) 8 BTV g = pg=Hr/2

— 0
= N0
= w0

Sample distributions: pr ., Ay 4y i

o large and quite flat NNLO QCD corrections of ~ +23%
(often larger in suppressed phase-space regions)

@ no overlap with NLO QCD scale uncertainties
typically underestimated in multi-boson processes

o impact of genuine two-loop contribution only ~ 1%
expected error due to LC approximation only few
per mille, well covered by scale uncertainties =+ s

0 o E EQ T e B
Pro [GeV] dy,

Py (05, 20535, G LAE 20

[Garbarino, Grazzini, SK, Savoini (preliminary)]




son production at N

Soft-photon approximation — validation in Z+ production

Soft-photon approximation (SA) of exact amplitude valid in strictly soft limit up to two-loop level

application on full phase space through reweighting with lower-order amplitudes
construction of an error estimate to be confronted with exact prediction:

° 65’\(1) — quality of the reweighted SA at one-loop level

o 65 — impact of exact reweighting prescription dsa — define envelope as

RW approximation error

@ dg, — impact of approximation scale and scheme

P ey (Z9) G BBTY g = i =\ [, + M

0 etey (Z9) G BTN = =\ J7 + M

Sample distribution: pr
o SA works well at NLO QCD

© SA reproduces the exact result  _
at NNLO QCD within d54 over ¢ : - ==
the full range

doy

1%

NS e

A

@ Osa clearly subdominant wrt.
perturbative uncertainties

dofdosio

do oy — 1[%) (do — doy

[Garbarino, Grazzini, SK (preliminary)]

ED Eg wn o E i 0 o Eg W
prs [GeV] pry [GeV pr GV
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son production at N

Soft-photon approximation — validation in Z+ production

Soft-photon approximation (SA) of exact amplitude valid in strictly soft limit up to two-loop level

application on full phase space through reweighting with lower-order amplitudes
construction of an error estimate to be confronted with exact prediction:

° 65’\(1) — quality of the reweighted SA at one-loop level

o 65 — impact of exact reweighting prescription dsa — define envelope as
RW approximation error

@ dg, — impact of approximation scale and scheme

P ey (Z9) BTN = =73, + 0 = eey (Z0) O BTN g = i =ik + M P ey (Z9) G BBTY  p = =\, + M

Sample distribution: 7,
o SA works well at NLO QCD

@ SA reproduces the exact result
at NNLO QCD within d54 over
the full range

dafdn| 0]

wol%]

oy

dadoxio — %]

—1[%) (do — doy

@ Osa clearly subdominant wrt.
perturbative uncertainties

[Garbarino, Grazzini, SK (preliminary)]

Stefan Kallweit (UZH) April 08, 2026, SM LHC 2026



production at NNLO QCD accurac

Soft-photon approximation — application on WW+ production

= By (WWH) 01T g = g =Hr /2

e = pn =Hr/2

0= et vy (WW) 8 13 TV

Soft-photon approximation (SA)
used to substitute the yet unknown
two-loop amplitudes in the calculation

conservative error estimate dsa
provides information about the
quality of the approximation

pro Ge e [GeV

Sample distributions: pr ~, 14 LS e

Bty (WW9) 01BNy = o =2

o error estimate dsa remains below 1% .
of the NNLO QCD predictions
(also for other distributions)

vy WWo) 83TV g = o =l )2

Osa clearly subdominant compared to
perturbative uncertainties

predictions achieved through this SA
are evidently NNLO-accurate!

[Garbarino, Grazzini, SK (preliminary)]

Stefan Kallweit (UZH) April 08, 2026, SM LHC 2026



son production at NNLO QCD accuracy

WW~ production at NNLO QCD accuracy

New MATRIX calculation for genuine 2 — 3 process at NNLO QCD > Uy (W) @ 13T e = pn = Hi 2

I[HHHHHIH]HHHHIHHHHHH

0 two-loop amplitudes treated in soft-photon approximation (SA):

reduced (no ) two-loop amplitudes required, i.e. for WW production
(7 emission re-introduced by soft factor with proper reweighting)

a/oxNio,, = 1%

implemented in the VVAMP package [Gehrmann, von Manteuffel, Tancredi (2015)] . m
already computational-intensive, average runtime per point ~ 1s 0

WWa) @ 13TV pp = py =Hr/2

Further sample distributions: mge, mr ww

o quite significant NNLO QCD corrections of ~ +16%
(often larger in suppressed phase-space regions)

da fdmz yw [fb/GeV]

@ no overlap with NLO QCD scale uncertainties
typically underestimated in multi-boson processes

1%

@ small overall impact of genuine two-loop contribution gl
error estimate dsa (band around central prediction) T o :
negligible compared to perturbative uncertainties = : : SR

w0

[Garbarino, Grazzini, SK (preliminary)]

W
iy [GeV]
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Conclusions & Outlook

Conclusions & Outlook

Precision as the key to fully exploit LHC data on multiboson processes

public tools to provide predictions for many processes at NNLO QCD (and beyond):
MATRIX [Grazzini et al. (2025)], MCFM [Campbell et al. (2023)], NNLOUJET [Huss et al. (2025)]

Precision calculations for diboson production
o available up to NNLO QCD (4+ NLO EW + NLO QCD for gg channel) for many years
o required 2-loop amplitudes known (almost) exactly

possible future directions: o (approximate) NNLO QCD predictions beyond fully leptonic decays
o (approximate) mixed NNLO QCD-EW corrections
o first N°LO QCD calculations — all amplitude ingredients known for ~7

Precision calculations for triboson production
o NNLO QCD known for vy, W+~ (LC) since recently, WW+ (SA) to be published
@ bottleneck: most 2-loop QCD amplitudes beyond present technology
possible future directions: o exploit approximate 2-loop amplitudes further (e.g. Zvvy, ZZ~, WZ~ in SA)

Stefan Kallweit (UZH) April 08, 2026, SM LHC 2026
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(N)LO

Consider the production of a colourless final state F via qq — F or gg — F: do-l(mN)NLO = dop e
qr#0

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

[+ daéN)NLO is singular for gr — 0

qr#0
= 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)]
de®" = Z(gr/q) ® do"® where q is the invariant mass of the colourless system F

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

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

F+jet

da_é‘N)NLO _ H{;‘N)NLO ® do™© + [ do™Lo _ s-(NNLO ® do_LO]

cutqy —0

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



Supplying MunicH/MaTrix with 1-loop amplitudes

Process-independent interfaces to general automated amplitude generators

[Cascioli, Maierhsfer, Pozzorini (2012); SK, Lindert, Maierhdfer, Pozzorini, Schénherr (2015)] . .
o OpENLoOPS v2 [Buccioni, Lang, Lindert, Maierhéfer, Pozzorini, Zhang, Zoller (2019)] . written in FORTRAN

o general code and process libraries
o on-the-fly tensor reduction [guccioni, Pozzorini, Zoller (2018)] With hybrid-precision stability system

o scalar integrals from COLLIER [Denner, Dittmaier, Hofer (2006); Denner, Dittmaier (2011)] OF ONELOOP [van Hameren (2011)]

[Actis, Denner, Hofer, Lang, Scharf, Uccirati (2017)] - -
A v2 [Denner, Lang, Uccirati (2017)] ' written in FORTRAN

o REcoL
o on-the-fly generation of amplitudes
o tensor reduction and scalar integrals via COLLIER [Denner, 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

Stefan Kallweit (UZH) April 08, 2026, SM LHC 2026




Interfacing dedicated 2-loop amplitudes to MunicH/MATRIx

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

@ VV production — qqVVAMP [Genrmann, von Manteuffel, Tancredi (2015)] aNd ggVVAMP  [von Manteuffel, Tancredi (2015)] libraries
o C4+ 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 [caola, Henn, Melnikov, Smirmov, Smirnov (2015; 2016)]
o Higgs-mediated helicity amplitudes with full m; dependence from [Harlander, Prausa, Usovitsch (2019; 2020)]

O YYY production — amp|itudes from [Abreu, Page, Pascual, Sotnikov ('20)]
o C++ library, generated by CARAVEL [abreu et al. (2020, applying PENTAGONFUNCTIONS-+ [Chicherin, Sotnikov (2020)]
o numerical unitarity and analytic reconstruction techniques i (2015); Abreu et al. (2018; 2018; 2019; 2019)]

o HH production (full ms dependence) — HHGRID library [Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert, Zirke (2016)]
o PYTHON based numerical interpolation of amplitude grid
o generated by 2-loop extension of GOSAM [Jones (2016)], REDUZE2 [von Manteuffel, Studerus ('12)], SECDEC3 [Borowka et al. (2015)]

o QQ production — amplitude grids from (Bsrmreuther, Czakon, Fiedier (2014)]
o FORTRAN routine for numerical interpolation of 2-dimensional grid, improved by expansions

Py 05, 20505, G LAE 20



Backu

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
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do/dry [fb]
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[Grazzini, SK,

pp — 0 wpi

Lindert, Pozzorini, Wiesemann (2020)]
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pry, > 1TeV.
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Remaining cross section after application of H¥t cut
completely dominated by the (desired) hard-VV region
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Backur

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

Wit ' < 0,26, ross section partms  parees [ e
ominated by hard- region 1
justification to apply NLO EW 3w i <ot e ey e <o
correction factor on (N)NLO QCD £ e
cross sections £
S 1077 e i"?() EW
o additive underestimates EW effects; 107 L =5 NNDoaen

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] pry, [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 [%]

an Kallweit (UZH) April 08, 2026, SM LHC 2026




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

April 08, 2026, SM LHC 2026
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