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EWV corrections
and mixed-coupling expansion
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Precision physics and
higher-order corrections

® The way we do precise predictions: perturbation theory

Oppox(8) = Y [ dmrdafu(en) fo(2)Faresx (5 = s
ab
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® The way we do precise predictions: perturbation theory

Probability of finding a parton
into the proton

Opp—x (S Z / dz1dxs fol(®1) f6(T2)0ab— x (5 = T1725)

Parton distribution functions:
must be fit to data, process
independent
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® The way we do precise predictions: perturbation theory
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® Going higher orders, the complexity of the computation explodes
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Electroweak corrections:
a multi-coupling expansion

® |[f EW corrections come into play, one must carry the expansion
both in a and as
® The structure of a given process are something like

s a
q

q t osapw 0 ... @® LO

4+ e ™ ™ ™ ™ ™ ™ aq-n+1asp aq-n+2asp-1 QQQSp-n+1

1 ® [ ] L ® ® ] L J QCD

O © ... @ NLO

i ° aq-n+1asp+1 o9-"+2 ¢y P

| wo O O @ NNLO
21 ., NLO
| I . LO n, b, g are process-dependent integers.

I T T T For t t production: n=3, pb=q=2

0-' 1 2 O p For lepton-pair production, n=1, p=0, g=2
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Some comments
(| 2 .. @® LO

og-n+1 oLgP aq-n+2asp- 1 aqasp-n+1
QCD

O O ... @ NLO

aq-l’l+]asp+1 aqqfl+2asp

O O @» NNLO
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Some comments

oqg-n+1 q—n+2a Sp—l o490 S,p—n+1

oLd-n+ ]asp+l aq-m-zasp

® For IR-finiteness, contributions of QCD and EWV origin to a given
contribution must both be included
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Some comments

X — ~ 0.1
aS
ﬁ ® o o

o9+l P o9-"t2qy S,p—l o490 S,p—n+l

aq-n-l—]asp-l—l a(]-n—{—QaSP

® For IR-finiteness, contributions of QCD and EWV origin to a given
contribution must both be included

® The presence of different powers of a and as hints at a power-counting
estimate for the contributions. Such an estimate is often misleading!
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Some comments

o9+l P o9-"t2qy &P- 1 o490 S,p—n+l

a1 uS‘UTl aq—n-t—éasp

® For IR-finiteness, contributions of QCD and EWV origin to a given
contribution must both be included

® The presence of different powers of a and as hints at a power-counting
estimate for the contributions. Such an estimate is often misleading!

® Predictions including all the contributions at LO/NLOY/... are typically

called “Complete-LO/NLO/...”
NLO EW and Complete-NLO predictions can be obtained with

automatic (and mostly public) tools
Collier, GoSam, MG5_aMC, Recola, Sherpa+Collier/OpenLoops/OpenLoops?/...
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Coupling-hiearchy violation <k
Drell-Yan

Dittmaier et al,0911.2329
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Coupling-hiearchy violation <

VBS

Biedermann et al, 1708.00268
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* InVBS, EW and QCD induced production modes

comparable at LO

* NLO EW corrections to EW-induced mode

8 [%]
SSTS

(NLO4) are by far the dominant NLO

contribution
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| e s
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* Not only for ssWW, but general feature of VBS
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Coupling-hiearchy violation INFN
4 top

Frederix, Pagani,MZ, |711.02116
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Approximate EWV corrections
in the high-energy limit
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Approximate EWV corrections
in the hlgh -energy limit

Kallweit et al, I511.08692 10! |t LHC13, LUXQED OCD—§
oF CDXEW —
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* EW corrections show universal behaviour when all invariants are large

® | ogarithmic enhancement due to would-be IR singularities related to W
and Z masses, the so-called Sudakov logs

® |n this limit, the logarithmic contribution can be computed using only tree-
level amplitudes Denner, Pozzorini, hep-ph/0010201 & hep-ph/0104127

® This can be very helpful if EW corrections for a given process are
dominated by Sudakov logs, if the large-invariants regime is considered, and
if the process is not mass-suppressed

Marco Zaro, 10-7-2024 |
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EW Sudakov Iogs are back on stage

ey, Vs =13TeV pp = ZZ @13 TeV
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® |n the recent years, interest towards EVVSL has grown a Iot

¢ Automated by 3 different collaborations
Sherpa: Bothmann et al, 2006.14635; MG5_aMC: Pagani, MZ,2110.03714; OpenLoops: Lindert et al,2312.07927

® They provide easy solutions to difficult problems:
® Much more stable and faster than EVV corrections

® Possibility to combine approximate-EWV corrections with NLO-QCD

predictions matched to PS (possibly in multijet-merged samples)
Bothmann et al, 21 1 .13453; Pagani,Vitos, MZ, 2309.00452

® They exponentiate and can be resummed to all-orders

® However, one should always check whether the Sudakov approx holds
against the exact EWV corrections

Marco Zaro, 10-7-2024 |12
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Don’t buy everything they sell

® In ZHH production, at large p1(Z), EVSLs fail to reproduce EWV corrections

-6 _
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Don’t buy everything they sell

® In ZHH production, at large p1(Z), EVSLs fail to reproduce EWV corrections

-6 _
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WIP with Y. Ma, D. Pagani

® These configurations are dominated by low M(HH) and are mass-suppressed
(dominated by the trilinear diagram)

Marco Zaro, 10-7-2024 |3



Denner, Rode, 2402.10503

Sudakov-logs is highly non-trivial

INFN

Resummation of EW Sudakov logs

Since EWV corrections are non-diagonal wrt flavour, exponentiation of

Seminal studies for 2-loop amplitudes suggested to exponentiate separately

weak and QED terms, and about their order Denner et al, hep-ph/0301241

differential MC

efe” = WW — 4f (CLIC setup)

— —

50

dew (%)

—30

[ Fixed Order
SCET Resummed LL NLO

Resummation achieved using the EWV version of SCET, included in a fully-

Results presented for CLIC@3TeV and FCC-hh@ 100 TeV

pp = WW — 4f (FCC-hh setup)

LL + NLO = exp(al?) 4+ oL + a,

NLLpo + NLO = exp(al?)(1+ al) + a,
NLL 4 NLO = exp{ak? +ab)+a:

—

[

—

;:_th

h

1 SCET Resummed NLLpo NLO —801 [ Fixed Order SCET Resummed NLLpo NLO
SCET Resummed NLL NLO 1 SCET Resummed LL NLO [—1 SCET Resummed NLL NLO
800 1000 1200 1400 0 2000 4000 6000 8000 10000 12000 14000

—1005 200 400 600

E,ﬁ [GCV}

My[GeV]

While the resummation of large EW logarithms is a must at future high-energy collid-

ers, the application of the SCETgw formalism to realistic diboson processes is nontrivial

and requires a number of approximations that need to be carefully checked.

Marco Zaro, 10-7-2024
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Matching with parton shower?

® EW corrections matched with PS still not available for Lindert et al, 2208.12660

do/dmgg [fb/GeV] pp—e*e” ut v ,@LHC 13 TeV

general processes TR

10" |
® Approximate approaches exist, only including n-body |
contribution (“EWVvirt” or EWSL).Accuracy depends | T NNLOgRe
on kinematics region el — NNLOGEResgks
EWYVirt: VV()): Brauer et al, 2005.12128; top: Gutschov et al, 1803.00950; ,,
V+jets: Kallweit et al, 1511.08692, ... R UL R e e
) . . 0.9EF R
® Exact matching performed only for processes with just osf " 5
ook e ey
LO, (in the Powheg scheme) 08 L NORTT N0
DY: Barze et al,1302.4606; HV()): Granata et al, 1706.03522; T :
VBS: Chiesa et al, 1906.01863,VV: Chiesa et al, 2005.12146; 1057 B :
WZ@NNLO+PS: Lindert et al, 2208.12660 L e
. . . 0.955‘ _____ " (QCD)P; >< ‘_ “H’(::-) uk
® Main issue: how to assign colour-flows to 8 O B it e O
interferences (LOz is mostly an interference s GeV)
contribution) Some ideas: Frixione et al, 2106.1347 ” 9 LO
QCD
(2) NLO
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Attaining the highest precision:
Drell-Yan NNLO QCDXxEW
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Attaining the highest precision:
Drell-Yan NNLO QCDXxEW

® |epton-pair production (Drell-Yan) is a high-

precision probe of the EW sector (Mw, sinBw, ...) 0 LO
° not enough for current a?
and upcoming exp. data O @ NLO
oasl ol

® NNLO3 has been the frontier for long time:

® Historically, different approaches have been v 3@1 ) NNLO
pursued for the pole vs large-m(l*l-) region a‘as? adlas!  a

f'_H

® Complicated topologies (massive double box)

® Recently, full computations of NNLO; have Z g ;
become available, both for NC and CC process

® | will briefly review these works, focusing on
pheno results

Marco Zaro, 10-7-2024 |7



Mixed QCD-EW @
corrections to NC Drell-Yan

Mixed Strong-Electroweak Corrections to the Drell-Yan Process

Roberto Bonciani ,1’* Luca Buonocore ,Z’T Massimiliano Grazzini ,2’1 Stefan Kallweit ,3’§ 1\06
“ e sk
Narayan Rana ,4’” Francesco Tramontano ,5’” and Alessandro Vicini®*

® First computation of NNLO> (with massive leptons)
® Amplitues computed with semi-analytical approach
® |R Subtraction with Matrix Grazzini et al, 1711.06631

® Comparison with pole approx and naive factorisation of K-factors

pp = ppt + X V5 = 14TeV

5 11072 ¢ i '
_ 0 A 17 — ~do™Y 7 © Peak region: excellent agreement with PA.
o 05 F S 1103 [ | 1,1) ] . L. .
<] 02 ] P10 ~dops’ 1 Very large effects due to radiation. Naive
2 e Tl ey b= (L) .. .
05 b goun i FIRU doe” 1 factorisation fails
3 r — do'\” oo ] : ]
E 10tk R w5 L = 4 . .
= 12 el g | ==== ' ® Large inv.mass: O(0.5%) difference wrt PA
T o b o dolh 11070 ¢ “i=3  and naive fact, due to genuinely non-
o 0 LN: 1 factorisable contributions
o, E}-:;}:?-‘ o :‘f‘*""-l-: —05 2 e
ag O ¢ e E 5 ] . o .
32 of S —1(5) P NNLO; corrections at the |% level in the
o : =51 BT e —1.0 F R ST e o SRR L S . .
) Yy large inv.mass region

70 80 90 100 110 200 400 600 800 1000

My [GeV] My [GeV]
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Mixed QCD-EW <
corrections at large invariant mass

Mixed QCD-electroweak corrections to dilepton

° TWO-IOOP amplitudes computed in production at the LHC in the high invariant mass
2020, without widths region
Heller et al, 2012.05918 Federico Buccioni,” Fabrizio Caola,” Herschel A. Chawdhry,” Federica Devoto,”

* |R subtraction with nested soft- e e e S teutfet Gl Ml Rao “1353\ \231

collinear scheme
Caola et al, 1702.01352 s e dpnssen

Invariant mass of the dilepton system

> 1 g: T T
* Computation with massless leptons: = TR g o
(recombination needed) o <
NNLO; corrections at the 1% level wrt el SESERR—

NLOqcpsew in the large inv.mass region | ——eu_
-5 [ NLOocp+w/NLO :
(LIP to | TeV) S: QCD+EW QcD

- (NLOGco+ew+NNLO2)/NLOqcp

Growth with invariant mass due to OfZ_R%_RSQ%
Sudakov effects, up to 3% at 3 TeV ) T o
Surprisingly large size in the TeV region fii fZ:
wrt to power counting b i "

e e v T a—

myy [GeV] myy [TeV]
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From NC to CC

Armadillo, Bonciani, Devoto, Rana,Vicini, 2405.006 12

® The CC case requires new topologies wrt the

NC one

® Most complicated: double-box, with 2 different

internal masses

® Solved by in-house package for differential
equations, based on LiteRed and SeaSyde (series

expansion wrt invariants)

® Boundary condition evaluated with AMFlow

® Checked that the result matches the equal-masses

topology

® Complex-mass scheme and lepton mass#0
® Results available as a grid, including full

dependence on W mass

LiteRed: Lee, 1310.1145; AMFlow: Liu et al, 2201.11669;

SeaSyde: Armadillo et al, 2205.03345
Marco Zaro, 10-7-2024
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Resummation of QED effects

Buonocore, Rottoli, Torrielli, 2404.151 12

® Soft QED and mixed effects added on top of QCD ones, within the Radish
framework Monni et al, 1604.02191
® QED soft effects due to correlations with final-state leptons included
® See also earlier work with stable W/Z Autieri et al, 2302.05403
N3LL QCD NLL MIX asman Lm+*n
R(k¢1) = [R(ktl)] + ROP (k) + RMP (k) + 2 & gy,

eq. (2.4) 2T 27
NLL QED

109 g : r 3= 60000 : r -
= NNLOQCD+N3LL;QCD 3 é NNLOQCDJFNSLL;QCD é @
NNLOqep+NLOgw +NPLLY, ., +NLLy +nNLL}, o 1= 50000 NNLOgqep+NLOgpw +N3LLG o, +NLLy +nNLL{ é $
NN\ < 10° 4t = *
A > E 4= > =
N 9 - 35 & 40000 f -5 <
R 9 1z 2 / > o 49
Q 2 12 % z 9
3 (’?“ =10 4% = 30000 F 4% ) O
I i g
O ) = 8 e
N W = 5 L S
AN 20000 | -
"VS' o g 10° - 3 v O
“ W - NNPDF3.1/NNPDF3.1 LUXqed (NNLO) : 10000 LNNPDF3.1/NNPDF3.1 LUXged (NNLOJ i o\o\ §
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Recent and planned developments for
MC tools
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NNLO+PS predictions
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MiINNLO+PS

o QCD+PS has been the golden standard
: . _ (0) (1) 24(2)
for long time GabsX = Oy x + A0y x + 0g, x +...
LO NNLO

MG5_ aMC/Sherpa/Powheg

* Going beyond NLO: NNLO >W< ;ﬁé ;@é

® NINLO+PS relies on rather mature
technology (MiNNLOPS)

pp — tt @ 13 TeV

Monni et al, 1908.06987 10  MINNLOR
® All currently-available NNLO QCD s - wo”

computation can (in principle) be included = ) ™

into a NNLO+PS generator < "L

® [mplementation is still process-dependent, “§ = = e

and mostly done by hand L2y

bbH: Biello et al, 2402.04025; b prod: Mazzitelli et al, 2302.01645;
WZ (+EW) Lindert et al, 2208.12660; ZH (SMEFT): Haisch et al, 2204.00663;%

top: Mazzitelli et al, 2112.12135, ... 0 200 , 4([)80\/] 600 800
Tt oy

Mazzitelli et al, 2012.14267

to MiNNLOps
—_
=
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NNLO+PS in Geneva

at NNLL Alioli et al, 1211.7049

10 ~
Z 10”
0] NNPDF3.1 (NNLO)
— 1w ¢ 13 TeV, pp — Zi~*(— ¢ )+ X

5 [ATLAS fiducial

uncerfainties with g, pp. @ variations

N*LL4NNLQ,
« B8 CENEVA, . parfonic
B== GENEVA, ., hadroniszed

10 20 30 50
Pt [GeV)

100 200 500 1000

® New developments:

Implemented and validated for several color-singlet processes

I oMS ' IooMs
—— GENEVA + PYTHIAS : * —— GENEVA + PYTHIAS
10% = 10
—
&l <
N i
N =
S- A
<I pp = (000 + X .
3 VS =13TeV, 13711, |
E | 60GeV < Mpsp, Mpsp- < 120GeV %
~= [ye| < 2.5, pre > {20,10,5,5} GeV ~- |
Eal o) | pp = L0+ X .
ary VS = 13TeV, 137!, !
10-1] 60 GeV < Mg, Myso- < 120GeV i
! lyel < 2.5, pr.e > {20,10,5,5} GeV . I
| 10-31
0.501 0.501
. 951 . 251 T
;T_i:: 02) d:'_‘ ('-—)
-~ T _ . o) 1f B )
= 0.00] ee— | 0001 a1 !
5 — Q : -
= —0.25 = —0.251
—0.501 —0.501 ! 1 ! 1 i 1 i i
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0 30 60 90 120 150

Apz 7,

® Resumming second jet resolution at NLL
® Extension towards color-singlet+jet processes WIP

Marco Zaro, 10-7-2024
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The Geneva method combines NNLO+PS with N-jettiness resummation
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Reduction of negative weights in
MC@NLO-type matching

Marco Zaro, 10-7-2024 26



INFN

Reduction of negative weights in
MC@NLO-type matching

* MC@NLO-matched MCs affected by negative weights -

® Reduce the statistical quality of the event sample o]

® More events need to be generated than with positive- : *

only events »

® Recent progress both in Sherpa and MG5_ aMC: o
¢ MG5 aMC: modify the matching by a term which =

improves the IR behaviour of the MC counterterms et e 11
Frederix et al,2002.12716

Alternatively, spread the Born over the radiative PS in MC@NLO  MCGNLO-A
order to compensate for over-cancelation of local CTs w—eem 35%

. . pp — €TV, 3.8%
or negatlve wrtuals Frederix, Torrielli, 2310.04160
pp — H 4.9%

( (1.1)
( (1.1)
( (1.1)
® Sherpa: use leading-colour approximation+move K- op— HWb  384% (19)  32.6% (3.2)
( (1.4)
( (1.7)
( (1.5)

t

Relative cos
N

2002.12716

factor to low-mult. processes in merged samples WHW?’_ 16.5%
Danzinger et al, 21 10.1521 | pp— WTit  15.2%

. pp — tt 20.2%
® Other approaches (MC-agnostic):
® Positive resampler: resample cross section to eliminate

negative weights Andersen et al, 2005.09375
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Results

2002.12716 (ttW) 2005.09375 (W+iets) 2110.1521 1 (Z+jets)
W boson p |
pp— Wit 5 Sea | - | = 10 F | | =
% Ch = ==;—:——:_—-—__ = % 10" L —
— % 1 i; _'—::-F*-Tus ] @ 1 =
E : L — WEig:‘ted | T = | j s 10 ? ]I?:aleilritg Colour Mode
: © — iweghied TH T e T e Keaeto fomeore
""""" 0 —+— Positive Resampler (pY) . . C
10 ? Positive Resampler () ?E 10 7 =
10 F——— 1074 L
; : ER
; ; 4 = g 1.0
% é b E 0.95 -
1 10 100 1000 01:'.l - 1 T:’T"i‘#'zi | °9
pr(WTtt) [GeV] 0 " p" [GeV] é 1 é
E’ :1
® Take home message: differences due to new . o3
é 0.3 ;—
matching/resampling are generally small (5%), with 2 °:-
o .QEJ 0.15 ;—
some exceptions o s
. . . 2 g =
® Reduction of neg. weights may entail some extra ;
cost (ie slower code) at event generation, which is <= *
(over)compensated with full sim. i3

p% [GeV]
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Towards the usage of GPUs and Al in
the MGS5 aMC framework
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Improving computing performances

® Computing demand requires more efficient and smarter
handling of resources

® On one side, move away from multi-threading in favour of
multiprocessing (SIMD/OpenMP), suitable for GPUs

® This requires rewriting and rethinking our (old) codes

® On the other, benefit from Al to improve some specific aspects
(integration/event-gen./...)

® See also:

“Event Generators for High-Energy Physics Experiments”, 2203.11110
“Machine learning and LHC event generation”, 2203.07460
“Challenges in Monte Carlo event generator software for High-Luminosity LHC”,2004.13687

Marco Zaro, 10-7-2024 30



QO\ORUM

%

ERSI
0$\\1 7;1&
5
i
&NHNV 10\6

[E=:
s
i)

Towards
MG5 aMC on GPU

MadFlow:
Carrazza, Cruz-Martinez, Rossi, MZ, 2106.10279

MadFlow time for 1M events
pp - ttgg (267 diagrams)

NVIDIA RTX A6000 48GB
NVIDIA V100 32GB
Titan V + RTX 2080 Ti

NVIDIA RTX 2080 Ti 12GB
NVIDIA Titan V 12GB

AMD Radeon VII 16GB

AMD EPYC 7742 64 cores 2TB
E5-2698 20 cores 256GB
i9-9980XE 18 cores 128GB
AMD 2990WX 32 cores 128GB

0

250 500 750 1000 1250 1500

Time (s)

Process MadFlow CPU | MadFlow GPU | MG5_aMC
gg — tt 9.86 us 1.56 us 20.21 us
pp — tt 14.99 us 2.20 pus 45.74 us
pp — ttg 57.84 us 7.54 us 93.23 us
pp — ttgg 559.67 us 121.05 us 793.92 us

Marco Zaro, 10-7-2024
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MG50onGPU:
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Valassi et al, 2106.12631,2303.18244, 2312.02898

2% 16-core 2.1GHz Xeon Gold 6130 with 2x HT

Overcommit

gg—ttgg
(float)

gattgg-sa-cpp-f-inl0-none
gattgg-sa-cpp-f-inl0-ssed
ggttgg-sa-cpp-f-inl0-avx2
gattgg-sa-cpp-f-inl0-512y
gottgg-sa-cpp-f-inl0-512z

Peece

§ S : 1
S 'E No HT : 2x HT |
@ 0819 = - -
g o 2 I
A 0.6 - :
= o :
g = 200
] 1 B
g %% B
o 5 ]
202{ 219
on
= 3
E st
-ls 0.0 - -|E 0 . T T T
0 20 40 60 80 100

120 140 160

Level of parallelism (number of ST jobs)

gg-ttgg

106_: m SYCL

Matrix Elements
Per Second [s71]

103?

I Kokkos. .. . CUDA

INTEL | AMD M [~ NVIDI
C QN © O
Q O



Using NN's for importance samplingC NN
MadNIS

Hiemel et al,2212.06172 &2311.01548

@ Computationally cheap

Phase space |
® CRY

Learned channel
weights @'(x)

High-dim and rich peaking functions
—

Analytic channel

Peaks not aligned with grid axes
mapping k

Normalizing Normalizing s Normalizing Combination of
Flow 1 Flow 2 Flow k k channels

Unit h b
ni YT‘:T]UV e 5. Conditional Splitting
U=[0,1]

® Use NN to overcome some limitations of VEGAS — T GL T

T
(@)
)

® Do not reinvent the wheel:

® Pre-training with VEGAS (fast) used as starting
point of normalizing-flow

—_
-}
-
T
S
-

unw eff € [%]

T
DO
(e

rel std dev o /I

)

~J

Ut
1

()

® Use NF on top of known analytical mappings

-
ot

® NF adjust the weight of each channel

improvement
wrt. VEGAS
ot
()

Do
ot
1

® |Important improvement both on variance and on
unweighting efficiency, even for large multiplicities

W2 W+3j W4
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Conclusions

® EW corrections are not just 1% effects: several mechanisms can
enhance them:

® Kinematics, couplings (e.g.Yukawa), radiative return, EVWSL
® EW corrections are moving beyond NLO

® Drell-Yan corrections available for NNLO2, both NC and CC

® Resummation available both for soft ys (jointly with QCD) and for EWSLs
® Still, we miss a general procedure for PS matching at NLO

® EWSL approximation +PS seems a good compromise

® But the validity of EWSL approximation (both in principle and in practice)
should always be checked

® Lot of progress also beyond LHC physics (e*e-/ p*j-colliders, g-2)
not covered in this talk
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Conclusions

® Understanding and improving MC tools is crucial for a proper
and efficient collaboration between theory and experiments

® Lot of recent activity, only a glimpse of it in these slides

® |nclusion of higher orders beyond NLO QCD

® Reduction of negative weights leads to reduction in needed n
of events. Some methods already implemented in public tools

® Faster simulations can profit of modern hardwares (GPUs)
and of Al for integration/event generation. At the moment
most WIP, but stay tuned!
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