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High accuracy for LHC Phenomenology

LO NLO NNLO
A gA A 2 A
dO- = dO-(O,O) + O{S . dd(l,()) + as . d6(2,0) + ...

Fixed-order (FO) predictiong, based on perturbation
theory ag < 1
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High accuracy for LHC Phenomenology

LO NLO NNLO
dé = db g + ag - d6 g+ a5 - dbo )+ ...
ﬂ Fixed-order (FO) predictiong, based on perturbation tagy - dogy + -
theory ag < 1

2

Subleading correctiong from expangion in the
electroweak coupling agw ~ ag
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High accuracy for LHC Phenomenology

LO NLO NNLO
dé = db g + ag - d6 g+ a5 - dbo )+ ...
ﬂ Fixed-order (FO) predictiong, based on perturbation tagy - dogy + -
theory ag < 1

Resummation of large logarithmic contributiong
aglog(0,/Q,) ~1 = Darton Showere (OS)

2

Subleading corrections from expangion in the
electroweak coupling agw ~ ag
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High accuracy for LHC Phenomenology

/
- LO NLO NNLO
4 Matching/Merging: combine the two redioﬁong% A . R
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Fixed-order (FO) predictiong, based on perturbation +agw - dogy + ...
theory ag < 1
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High accuracy for LHC Phenomenology

/
; ' LO NLO NNLO
4 Matching/Merging: combine the two redicﬁong% A A . R
g g g p do = dO-(O,O) + ag - dd(l,o) + (XS2 . dG(Z,O) + ...
Fixed-order (FO) predictions, baged on perturbation +agw - déoy+ -
theory ag < 1 oo
Resummation of large logarithmic contributiong ® o %/ o
aslog(Q,/0,) ~ 1 — DParton Showers (PS) 22 el TN
() ¢ ®le o o, ®
A

ﬂ Non-perturbative phygice as 2 1

electroweak coupling agw ~ ag

i Subleading correctiong from expangion in the
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High accuracy for LHC Phenomenology: thig talk

/
- LO NLO NNLO
O ( Matehing/Merging: combine the two redioﬁong% A A . R
g g g p / do = dO-(O,O) + as . dU(l,O) + (XSZ . d0(2,0) + ...
Fixed-order (FO) predictiong, based on perturbation +ogy - dog y + ...
theory ag < 1 e .
Resummation of large logarithmic contributiong ® o iy ]
aglog(0,/0,) ~1 = Darton Showere (OS) °'.-. 3 ,: Tl oo | .
A o o S

 NNLOqep+PS aceuraey

- Mateh NNLO predictiong for colour-ginglet
- procesgeg using POWHER + MiNNLOps
2y, WHW-, 22, and W*Z.

B £ e

ﬂ Non-perturbative phygice as 2 1

Subleading correctiong from exgangion in the
electroweak coupling agw ~ a3

Mo CA NLO corrections to multi-leg processes
i Full off-ghell effecte at NLO for procesges with intricate ‘

- regonance structure: tZ, semi-leptonic vector-bogon
| ccattering (UBS) and tri-bogon.
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NNLOQCD+DQ

- Mateh NNLO predictiong for colour-
' ginglet processes uging POWHEG +

MNNLOps : Zp, WA, 22, and -2, s |

NNLOqep+PS

ZV Lombardi, Wiesemann, Zanderighi
[arXiv:2010.10478, arXiv:2108.11315]

w + w - Lombardi, Wiesemann, Zanderighi
[arXiv:2103.12077]

Z Z Buonocore, Koole, Lombardi, Rottoli, Wiesemann, /

2anderighi [arXiv:2108.05337] : : : : o ]
4 Matching/Merging: combine the two predncﬂong%
w iZ Lindert, Lombardi, Wiesemann, Zanderighi,

Zanoli [arXiv:2208.12660]

“* The accuracy of predictiong baged on perturbation theory depends on how many orderg in ag are computed

LO NLO NNLO
VN VN PaN 2 Va N
dU = dU(O,O) + as . do—(l,()) + aS . dG(Z,O) + ...

Fixed-Order (FO) prediction
* The accuraey of a Parton shower (0S) ie named after the clage of logarithmic contributiong it requme
LL NLL NNLL
Jd& - 0(0 < e™h) = exp{L g,(asL) + gr(asL) + ag g3(asL) + ...}  Resummed prediction

POWHEG combines calculations up MiNN LOpg combineg calculationg up to
to NLO to PS (general) T NLO to PS (only for some procesces)

Daniele Lombardi The numerous faces of Precise Phenomenology for LHC Physics November 15th, 2025| 8


https://arxiv.org/pdf/2108.05337
https://arxiv.org/pdf/2010.10478
https://arxiv.org/pdf/2108.11315
https://arxiv.org/pdf/2103.12077
https://arxiv.org/pdf/2208.12660

NNLOqep+P8Q

- Mateh NNLO predictiong for colour-
' ginglet processes uging POWHEG +

MNNLOps : Zp, WA, 22, and -2, s |

NNLOqep+PS

ZV Lombardi, Wiesemann, Zanderighi
[arXiv:2010.10478, arXiv:2108.11315]

w + w - Lombardi, Wiesemann, Zanderighi
[arXiv:2103.12077]

Z Z Buonocore, Koole, Lombardi, Rottoli, Wiesemann, /

2anderighi [arXiv:2108.05337] : : : : o '
4 Matching/Merging: combine the two prednoﬂong%
W iZ Lindert, Lombardi, Wiesemann, Zanderighi,

Zanoli [arXiv:2208.12660]

“* The accuracy of predictiong baged on perturbation theory depends on how many orderg in ag are computed

| ] WNLO
d& = d&(o’o) + as . d&(l,o)

asz b+ ... Fixed-Order (FO) prediction

“* The accuracy of a Parton shower (OS) ie named after the clage of logarithmic contributiong it resume

¢ YR B (N NNLL
| d6 - 0(0 < e7h) = exp{L g (asD)i+ gy(asl) + ag gy(agl) + ...} Resummed prediction

POWHEG combines calculations up MiNN LOpg combineg calculationg up to
to NLO to PS (general) T NNLO 10 DS (only for come procesges)
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M

NNLOqep+P8Q

- Match NNLO predictions for colour-
' ginglet processes uging POWHEG +

MINNLOps : 2y, WA, 22, and W=7, IO |

NNLOqep+PS

Zy Lombardi, Wiesemann, Zanderighi
[arXiv:2010.10478, arXiv:2108.11315]

w + w - Lombardi, Wiesemann, Zanderighi
[arXiv:2103.12077]

Z Z Buonocore, Koole, Lombardi, Rottoli, Wiesemann, /

2anderighi [arXiv:2108.05337] ~ : : : o
4 Matching/Merging: combine the two prediction
w iZ Lindert, Lombardi, Wiesemann, Zanderighi, |

Zanoli [arXiv:2208.12660]

“* The accuracy of predictiong baged on perturbation theory depends on how many orderg in ag are computed

#M‘_,,‘-—Bﬁ.. RS NSRS pa o

| Lo '”‘”NLo"’;
dG = dU(O 0) -+ aS dO'(l 0)

Fixed-Order (FO) prediction

R s e Vet e CANEEEEE s AN R

“* The accuracy of a Parton shower (OS) ie named after the clage of logarithmic contributiong it resume

f i NLL NNLL
| | d6 - 9(0 <e L) = exp{L gl(aSL) g (agl) + ag gz(agl) + ...} Resummed prediction

POWHEG combines calculations up
to NLO to PS (general) T NNLO 10 DS (only for come procesges)

MiNN LOpg combineg calculationg up to
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NNLO+DPSQ for di-bosons (1)
W+Ww-

Lombardi, Wiesemann, Z2anderighi

[arXiv:2103.12077]
10 dC’/deww [fb/GeV] pp—8*vy £"vy@LHC 13 TeV
(LA DL BN DL B | L L L L
L 1 — MINNLOpg (PY8) -
N NNLOPS (PY8) 1
s L - NNLO po=mrww (MATRIX) |
L o NNLO+NNLL (MATRIX+RADISH)

o

0.7 0" 15 "0 25 30 35 40 45 50
pT,WW[GeV]

Fiducial phage-gpace with jet-veto cut at 35
GeV: NNLO+OS results provide physical
degeription both below and above jet-veto

threshold

| | -
O %0 40 50 60 70 80 100 120 150 200 300 500 2000

ZV Lombardi, Wiesemann, Z2anderighi
[arXiv:2010.10478]

pp—»Q*Q y@LHC 13 TeV

do/dpy, [fb/GeV]

ATLAS-setup-2 =~ — MlNNLOpS (PY8 part) |
, | B MIiNNLOpg (PY8,had)
—— data

| 1 | 1
do/dOMiNNLOps (PY8,part)

1.05F 1 5 *

T ¢ 7 1

RTIT T4

Pry [GeV]

Firat MiNNLOpg extengion to general

colour-ginglet processes compared to
ATLAS datal
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NNLO+DPS for di-bosons (2)
W iZ Lindert, Lombardi, Wiesemann,

Z Buonocore, Koole, Lombardi, 2 anderiahi. Zanoli
Rottoli, Wiesemann, Zanderighi [arXing?_C,)S 12660]

[arXiv:2108.05337]

do/dpy ¢, [fb/GeV] ~ pp—e* e” pu* v,@LHC 13 TeV

&== nNNLO+PS (MINNLOpg) 100 L
HH CMS data
> 107 L
o
= 10-2 3
£ . 103 [ - NNLOW@oD e}
g 10-4 F NNLOgCCgf(;EEDI)JPS
t : - — NNLOGSo oDy
I 10° ' — ol
i 1 dU/dONNLo(ggg,OED)ps
FEFEFErE ATETETET APEFEErE ATETEETE PETETArE ATATEETE AFArETArE AT 1-2: i HER L
%/;_ : — o — 11E fidUCigE
3 - ' nNNLO+PS (QED off) X K pw 1 3
H - s sz e :
s F T . 0.8F -
*; 0.8 :— T 1 ¥ Y 0_75_ _____ NNLOggB)Ps : _f
"30.6 1 1 1 1 1 1 T , 065 ; A S S A .
i 100 200 300 400 500 600 700 800 900 1000 M0 100 1000
ma [GeV] Pr,0, [GeV]
.. ' i ' +
nNNLO + P generator: cortbination of S o aront oo LTS generafor
+ qq-induced channelg at NNLO+PS with - NNLOqep + PS with MiNNLOpsg
MiNNLOps -NLOgw + PS with POWHEER
*+ gondioed hannclsaf NLOES wi Additive scheme  NNLOqep+ MLOgy - LO

Multiplicative scheme NNLOqep x (NLOgw / LO)
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Off-shell and EW effects
for multi-leg processes

Asgociated to -pair Denner, Lombardi, Pelliccioli

production: tt [arXiv:2306.13535]
Qemi—leptonic VBS  Denner, Lombardi, Schwan

at LO [arXiv:2406.1230I]
Tri-bogon Denner, Lombardi, Lopez, Pelliccioli

production: WZ +jj  [arXi:2407.21558 ]

Doublg—po[arised Denner, Franken, Haitz, Lombardi,
WZ production Pelliccioli [arXiv:2510.26462]

Realigtic event degeription mugt
account for experimental definition of
cignal: only access to final etates

@_f \_®

et
¢‘ ’ \Ve
° -t

O o

MoC A NLO corrections to multi-leg processes |
{ Full off-ghell effecte at NLO for procesees with intricate resonance |
L structure: #Z, cemi-leptonic vector-bocon scattering (VBS) and tri-bogon.

Typically small impact at the integrated level,
but crucial for precigion phygice at the
differential level:

® EW corrections have a prominent role in
taile of digtributiong;

® QED radiation gignificantly digtorts shape
of obgervableg;

® Off-chell effecte crucial in high pr regiong
or cloge to kinematical boundaries.
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account for experimental definition of
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Off-ghell effects in semi-
leptonic VBS

Semi—leptonic VBS  Denner, Lombardi, Schwan

| M OC A NLO corrections to multi-leg processes v‘

Full off-ghell effecte at NLO for processes with intricate resonance
structure: #Z, semi-leptonic vector-bogon seattering (VBS) and tri-bogon.

at LO [arXiv:24.06.12301]
@ pp = WHCTu)W(ij)jj, — LOst-dpa(uw-)
pp-u* vujjjj, VS=13TeV, resolved setup o pp— WH{Tu,)W(jij, LOsl_dpa (WHW+)
Lol ® pp — W (€ we)Z(j))ij, — LOs1-dpa(w+z)
© pp— H{ v, W (j))ii, LOs1-dpa-h
< 107! L e
S
g I
2102 — 6
. 10 E— LOpA =0 vs —— LO = @(056)
s in DPA full of f-shell
— LOst-dpa(ww-) LOs1-dpa-h
LOsi-dpa(ww) — LO
10-4} — LOsi-dpa(wz) LOpa
1.1_ T T I I T . Llo _lLOPA ]
S 1.0—'_'_'_—'_‘_‘_‘_‘_'_‘—-—__‘_‘__’_‘_,_-
‘% 0.9F _‘—\_\_\_‘_‘—\—\_g
0.8 ]
1.0 l I I I I I I
— LOpa — Losl—dpa(W*W‘)
0.8 — LOs1-dpa LOs1-dpa(wu*) ]
I LOsi-dpa-h — LOs1-gpa(w*2)
El\) 0.6 — I-Ovvv—‘cpa ]
S 04
0.2
0‘065 - e - - - 55 o6 .. (a) non-resonant (b) singly resonant (c) doubly resonant
M., [GeV] e D o o e e e S s N T
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Beyond NLO QCD corrections

Asgociated to -pair Denner, Lombardi, Pelliccioli

| M OC A NLO corrections to multi-leg processes v‘

Full off-ghell effecte at NLO for processes with intricate resonance

. structure: #Z, semi-leptonic vector-bogon seattering (VBS) and tri-bogon.
production: tt [arXiv:2306.13535] S
PP-e*veu” Uyt T bb, VS =13TeV, g = (Mr,:Mr,0) /2
- -- LO;
1073} ---- LO(x10) |
-- LO3(x10)
—— LO; + NLO;
%‘ » —— LO+NLO
8 1074} :
2 N EW Y QCD
;%10-5 ' E | i
3 - ' P . (xsaS
107° I - ' :
0.5 : : =t : ‘
0.4 ———- LOs —— NLO, |
0.3 ---- LO, —— NLO3 ] e e e .
= o2 —— NLO; ]
E oap | ] "
g o0 e : QCD correction to LO,
-0.1 2
-0.2 E
03 : : : : or :
o 13 —— LO; + NLO; —— LO + NLO - . 3
: EW correction to LO, 2 |
g 1.1 B .’
2 10 e ——— e . .
0.06 : ! : : - _
0.04F -
S 0.02F 8
s U_lﬁ 1] Computationally challenging virtual
ol SO termg: high number of rank-6 10-point
) | S OO — OO | I-loop functions to be evaluated!
S 100IE T s e -
% 0.981 % -
- 0 100 200 300 200 500

MT+T_ [GeV]

Daniele Lombardi The numerous faces of Precise Phenomenology for LHC Physics November 15th, 2025 18


https://arxiv.org/pdf/2306.13535

BegOnd N LO QCD corrections M OCA NLO corrections to multi-leg processes
' Full off-chell effecte at NLO for processes with intricate reconance |

Associated top-pair  Denner, Lombardi, Pelliccioli L ctructure: #Z, gemi-leptonic vector-bogon seattering (VBS) and tri-bogon.
production: tt [arXiv:2306.13535] S

pp—et v~ U, TF T bb, VS =13TeV, o = (Mr, My, 1)2/2 LOI
. -- LO,

| L LO, (x10) | ‘ ‘ ‘
-~ LO5(x10)
—— L0y +NLO;
. - — LO+NLO |
- EW Y QC / EW QCD//

NLOl NLO, NLO4

[fb/GeV]

da/dpM,r*r

oy = Negative NLO, correctiong in the
L% | far off-ghell region.

[

ratio [/LO;1]
oL
©O O O O © © o o o
w N P O B N W b U
T T T LI R I |
=2 - -
— O O
ONW
=
zZz =z
— -
o O
w N

5 — L014NLO; —— LO+NLO -
g 1.1 :
RN I B e e A - - 2.
e | , , , NLO, correctiong are the dominant oneg around the
0.06F -
0.04Jl ﬁ mage pole (radiative return due to real-photon radiation).
S 0.02F .
S 0.0 — A oS RS
% -0.02} I_'_l_‘_—
—0.04F —— NLO; —— photon
-0.06} , . . NLOs . ]
R | o (O+NOw — Lo+NO + Flat QCD-like correctiong from
= 1.02f 8
S 100IE T s e - termg.
% 0.98f
- 0 100 200 300 400 500
Mo+ - [GeV]
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Conclugions

e Gios oo s PG iy pa— o= TR s e s

s NNLO+DS generatore using NLO POWHEG matching and MINNLOps method

O [nelugion of NLOew corrections at generation level directly starting from simpler proceggeg

O Matehing to PS with new NLL (or higher) logarithmic accuraey

O Moving beyond LO for gemi-leptonic VBS
O Using DPA for definition of polariged cross sections at NLO
O NLO matehing uging CS-baged MC@NLO
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AAA Fioe o s g IR P NI e PR NP e

r sk NNLO+PS generatorg uging NLO POWHEG matching and MiNNLOpg method

{ O [nclugion of NLOew correctiong at generation level directly starting from gimpler processes

O Matehing to PS with new NLL (or higher) logarithmic accuraey

T P T TP S —
'; O Moving beyond LO for gemi-leptonic VBS |
O Using DPA for definition of polariged cross sections at NLO
O NLO matehing uging CS-baged MC@NLO

= g o R G e e B AN R e e S v e B o e S e s S et S

Thank you for your attention
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