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Solved problem for long time.

Q - S Completely understood and fully automated.
: Two main approaches:
; |
‘ NLO+ PSLL « POWHEG (0409146, 0709.2092, 1002.2581]
S « MC@NLO [0204244]

PS
-— ——b' - -
Problem: Match fixed-order predictions with Parton
Shower avoiding an unphysical matching scale.

NLO
L real Pr< Qm POWHEG idea: implement a Monte Carlo generator that
| produces just one emission (the hardest one) which
%_ < ﬁe\éogumﬁv alone gives the correct NLO result.
ou
G " NLOps Nason [hep-ph/0409146]
T2,
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Two main approaches:
* MINNLOPS [1908.06987]

* in the POWHEG framework
« GENEVA [1311.0286]

C. Biello, Recent results for LHC simulations matched with Parton Shower using MiNNLOPS

Ratio to MiNNLO

State-of-the-art for precision LHC phenomenology.

Lots of ongoing efforts. Many processes already
implemented, beyond the color-singlet production.

13 TeV, pp — Z/~*(—= £T¢7) + X

GENEVA-7; + PYTHIAS
MiNNLOpg-7To + PYTHIAR

NNPDF3.1 (NNLO)
66 < Mgy < 116 GeV

Ebert, Rottoli, Wiesemann, Zanderighi, Zanoli [2402.005906]
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Classes of processes in MINNLOPS

-
% -— G T
:
S & o M M M B B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN M B W
|

gg — H,W/Z[1908.06987,
2006.04133, 2402.00596, 2407.01354

bb — H [2402.04025

Zy [2010.10478, 2108.11315]
WW [2103.12077]

Z7 [2108.05337]

WH/ZH(H — bb) [2112.04168]

HEAVTY-QYUA R

vy [2204.12602] ; PRSDUCTION
WZ 2208.12660] first (and currently only) NNLO+PS )
| method for heavy-quark final stat
SMEFT studies [2204.00663, 2311.06107] | TeTNod Tor hedvy™quark Tha states
o)

{7 [2012.14267,2112.12135

bbZ [2404.08598
bb [2302.01645, in progress,

bbH [in progress

\

F

C. Biello, Recent results for LHC simulations matched with Parton Shower using MiNNLOPS 5/12 Rencountres de Blois 2024



Classes of processes in MINNLOPS

-
% -— G T
:
S & o M M M B B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN M B W
|

gg — H,W/Z[1908.06987,
2006.04133, 2402.00596, 2407.01354

bb — H [2402.04025

Zy [2010.10478, 2108.11315]
WW [2103.12077]

Z7 [2108.05337]

WH/ZH(H — bb) [2112.04168]

HEAVTY-QYUA R

vy [2204.12602] /. TRADUCTON
WZ [2208.126601 first (and currently only) NNLO+PS o)
thod for h - k final stat
SMEFT studies [2204.00663, 2311.06107] | TeTNod Tor hedvy™quark Tha states
Q
bbZ [2404.08598] S t_t ;2012.14267,2.1 12.121352
bbH [in progress qecent N bb [2302.01645, in progress.
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Full top dependence

Niggetiedt, Wiesemann [2407.01354]

Why? Increasing precision calls for the inclusion of effects, like mass corrections!

The Higgs production via gluon fusion with exact top-quark mass dependence has been recently implemented

in the MINNLOPS generator.

y  MINNLOps HTL

- - - 11.0% ),
39.55(1)7 50 P

MIiNNLOpg FT

11.2%
42.()1(1)1“10'6%

pb
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pp—vH@LHC 13 TeV
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Full top dependence

gogF H

Niggetiedt, Wiesemann [2407.01354]

Why? Increasing precision calls for the inclusion of effects, like mass corrections!

The Higgs production via gluon fusion with exact top-quark mass dependence has been recently implemented

in the MINNLOPS generator.
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: : bb—H
A rare but interesting channel s saar wieseman

Zanderighi [2402.04025]

Why bbH? Higgs production via bottom fusion is a rare but crucial channel, background of HH searches.

gk o - massless bottoms (5 flavour scheme)
/) PP v Collinear initial-state logs are resume into bottom
LL -—- H PDFs
LO , k - O(my/my;) are neglected: low accurate description
’ 20, Ce Q. i of bottom kinematic distribution
) [x: e eoak(ﬁ )]
k=1 Mz

b
Feature. Adaptation of the MiINNLOPS method to account for
the extra scale dependence induced by an overall Yukawa

coupling that is MS renormalised /

b

———H

See Moriond 2024
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event generator — fully-exclusive results

With the generated events, we have the opportunity to explore a
lot of physics!

Several pheno studies can be conducted, such as the b-tagging

of jets. . do/dyy [fb] pp->Hbb@LHC 13 TeV
4 31 S ;
IFN v ed -
)OaVour/ﬂU ]et v I T AN \" ;
15F e Loz B AN NV e,
1B OREN i S
: .l — MINNLOps 5FS (IFN) ?

05t | --- MiNNLOpg5FS (EXP) B

° dc;/dlol\l/lil\llNll_Ops 5FS (IFII\I) | | |
tipe """""""""""" FA '
News. We have investigated the properties of the flavour jets in bb — H B e B s M
« EXP, a bjet contains at least a B-hadron T TEE—— —

* IFN, IR-safe method called Interleaved Flavour Neutralisation ' ' ' Vi
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bbZ
A new class of processes Mazaitel, Sotniko,

Wiesmann [2404.08598]

Why? Modelling high-multiplicity processes is mandatory for LHC studies. We must go beyond 2 — 2
processes.

MiINNLOPS now can perform predictions for heavy-quark pair production in association to a color singlet.
Feature. Treatment of the singular structure for heavy quarks in generic kinematics. Applied for the first time

pp — Z+ > 1bjet @ 13 TeV pp — Z+ > 2 bjet @Q 13 TeV
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The maSSive caICUIation CB, Mazzitelli, Sankar, Wiesemann,

Zanderighi [in progress]

Why bbH with massive quarks? The massless calculation is not accurate in some region of the phase-
space and for B-hadron observables.

b
Z massive calculation (four-flavour scheme)
7 - Computing higher orders is extremely non-trivial due to
———H higher multiplicity
; v Mass effects O(m,,/m;;) are present at any order
o

Feature. It requires both the MINNLOPS extensions for Yukawa induced processes and heavy
quarks in final state.

Theoretical bottleneck. Two-loop amplitude +~ implement a reliable and well-tested approximation

2 m,
A® = log(m,)-terms + const. + © 0
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NNLO corrections in
the 4FS solve the
long-standing issue of
discrepancies between
the flavour-scheme
predictions.

Higgs and one Db-jet
observables are In

agreement between
the two MINNLOPS

generators.
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* NLO+PS are the standard of any analysis for a
realistic modelling at colliders

* MINNLORPs is a flexible and adaptive method to be
NNLO+ PSLL applied to several processes with different features!

 Thanks to the accuracy of novel parton showers

NXLO_|_ PS AL and the improvements in fixed-order calculations,
we are in a promising period for the matching
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* NLO+PS are the standard of any analysis for a
realistic modelling at colliders

* MINNLORPs is a flexible and adaptive method to be
applied to several processes with different features!

"NNLO+PS;; |
 Thanks to the accuracy of novel parton showers

NXLO_|_ PS AL and the improvements in fixed-order calculations,
we are in a promising period for the matching

Thank you for the attention!
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Resummation from factorisation

MZ
Consider a physical quantity O(M?, m?) in which m?* measures the \CD

distance from the IR region. Hard Soft L
M2 m2 MZ_
fm* < M?,  OWM?*m? =H (?) S (?) hard scale

1l din H B 1 dInS B

O is u — independent = — = — — = 2
g P H dln u? S dln u? Y
Solving the differential equation,
s g M* dqz ) Sudakov form factor:
OM-,m~) = H(1) S(1) exp —J —zy(q ) it captures at all order

m2 49 the log-enhanced terms
() for mi
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P~ —

produced with transverse momentum < p,?

m
a, In? —= + @(asz) — exp |—
Pr

for small p; we need
to sum up the logs

In general we have a tower of logs

n1.m H
exp |- Y et 22
m Pr
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— Next-To-NLL (NNLL). ..

Ratio to data

COOOoHHEFEEFO

0.10

0.08

0.06

0.04

0.02

VOO OOOOHHEFNO
OCO1IO0O01IO0O010 0100

Transverse momentum resummation

What is the probability that a Higgs boson is
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POWHEG

3???/
|

MINNLO+POWHEG

FOWHE®
mac huncj

B(®y;
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NLO X]' —> NNLo X

MINNLOPS in a nutshell

MINNLOPs is an extension of MINLO’ to achieve NNLO+PS accuracy for inclusive
observables.

Split the differential inclusive cross-section into the singular and regular part in the small
transverse momentum limit: do = do’"*¢ + do’*%.

do’"8 d

dprd®y dp

{F(pr) b =:exp [-S(pp)| D(py) ==l 0

H

F(pr) = exp [—S(PT)]
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do = do*"8 + do'?8

MINNLOPS in a nutshell

The modified POWHEG function is

B(®y,,) = e ~5r) {B (1 — a(pr) 5(1)) + V+ [dCbradR + [D(PT) — DM _ D(Z)] < Feorr

- _ = = —— = pepy e = —— e ——  — —— = — = = g — S — = e ey pa— pe — e~ — -
— ————— e e _ e e = = = o = — P — e ——— ———— = — = = p— e e e — e e SO —2E = = e LT e e e e -

MINLQO’ structure Extra term: it ensures NNLO accuracy.

F°"" encodes the spreading of the
D-terms upon the full Oy ;.

* In the singular part, the QCD scales must be i ~ 1, ~ pr-

* For the regular part, different scale choices can be performed:

» the transverse momentum p (original choice)

e the hard scale 0 (FOatQ=1) Gavardi, Oleari, Re [2204.12602]

C. Biello, Backup slides Rencountres de Blois 2024



Same PDFs:

5 F S resu Its NNPDF40_nnlo_as 01180

with 5 active flavours

Comparison of the total inclusive cross section with FO results obtained with the public code
SusHi with yp = Up = my

Process NLO (SusHi) NNLO (SusHi) MINLO’ MINNLOpg

bb — H | 0.646(0) 1052 pb | 0.518(2) )22 pb | 0.571(1)155% pb | 0.509(8) 3% pb

« NNLO cross section is reduced by ~ 20 %
» Scale uncertainties significantly reduced at NNLO

o Our MINNLOPS predictions are in agreement with SusHi within the uncertainties

C. Biello, Backup slides Rencountres de Blois 2024



Comparison of MINLO’ and MINNLOPs

Transverse momentum Rapidity distribution
spectrum of the Higgs boson of the Higgs boson

pp->H(bb)@LHC 13 TeV 200 907dyH [fo] pp->H(bb)@LHC 13 TeV

--------- MIiNLO' (PY8) ] 180 it i = o At small p7 g, MINNLOPS
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o - - - - - - | imme ey mmms
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T e
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Comparison with FO results

Transverse momentum spectrum of the Higgs

1

pp->H(bb)@LHC 13 Te

107

10'2 -| L L L | L L L L | 1 1 1 1

--— NLO Hj |
----- PWG Hj (p1,>10GeV)

100 S *ﬁﬁ """"" """""""""""""""""" """"""""""""""""""" """"" E

S R
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102

10!

100 L

TeV

do/dpt y [fb/GeV] pp->H(bb)@LHC 13
AL R L BN AL BN AL L

EL ---- NNLO
T e — MiINNLOps (LHE)

| -
’’’’’

g
200

150
PTH

100

NLO Hj Harlander, Ozeren, Wiesemann [1007.5411]
NNLO Harlander, Tripathi, Wiesemann [1403.7196]

Full agreement at large
transverse momenta pry

with analytic fixed-order
predictions
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Comparison with resummed results

Transverse momentum spectrum of the Higgs

o do/dpt H [fo/GeV] pp->H(bb)@LHC 13 TeV 102 do/dpt H [fo/GeV] pp->H(bb)@LHC 13 TeV
_IIIIIII!IIII!IIII!IIIIlllII.IIII.IIII.IIII.IIII_ IIIIIIIII!IIII.IIII.IIII!I
e —=- NNLO+NNLL : S e NNLO+NNLL j

¢ o — MNNLOpg (PY8) 7 - — MiNNLOps (PY8) 3

O :;iillllillllil|||i||||i||||i||||i||||i||||i||||-
do/dONNLO+NNLL

| 1
250

|
200

150

5 10 15 20 25 30 35 40 45 5K0 0 50 100
PTH PTH

We compare the MINNLO

implementation with the
NNLO+NNLL results for low

and high pr 4

* Acceptable agreement for
small pr g

e The shower has an effect
on the tall

NNLO+NNLL Harlander, Tripathi, Wiesemann [1403.7196]

C. Biello, Backup slides

Rencountres de Blois 2024



Mazzitelli, Monni, Nason,
Re, Wiesemann, Zanderighi
[2012.14267]

Heavy-quark pair production

The method was generalised for coloured final states with an intensive phenomenological comparison
against ATLAS, CMS and LHCb data.

do/dpr g+ [ub/GeV]

I1

Mazzitelli, Monni, Nason, Re,
Wiesemann, Zanderighi [2112.12135]

pp — tt — jets @13 TeV

Mazzitelli, Ratti, Wiesmann,
Zanderighi [2302.01645]

pp — tt @ 13 TeV

I I I I I I I I I I I
0-6_ — MINNLOps 600““ — MINNLOps ~ — MiNNLOpg —— MiNNLOpg
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M aSSifi cati O n Biello, Mazzitelli, Sankar, Wiesemann,

Zanderighi [in progress]

First two-loop massification in Bhabha scattering
Penin [hep-ph/0508127]

Extension for non-abelian theories from

factorisation principles
Mitov, Moch [hep-ph/0612149]

First massification of internal loops in Bhabha
using the SCET formalism
Becher, Melnikov [0704.3582]

Recent application for QCD amplitudes
Wang, Xia, Yang, Ye [2312.12242]

We applied decoupling relations for a, and MS
Yukawa

Cross-checks with the independent implementation of Chiara Savoini Q
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