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Monte Carlo event generators — why are they so important?

» Shower Monte Carlo Event generator are the default theoretical tool to interpret
collider data

‘ Hadronization

. Fixed-order calculations

‘ Parton shower

Hard
Scattering
Q) ~ 100GeV

Beam




Monte Carlo event generators — why are they so important?
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» Shower Monte Carlo Event generator are the default theoretical tool to interpret
collider data

Hadronization
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‘ Parton shower
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ARE CURRENT SMC GOOD ENOUGH (FOR HIGGS PHYSICS)?



A snapshot of theory uncertainties
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» Example: theory uncertainties in typical Vector Boson Fusion measurements

VBF H ggH (in
VBF-enriched
region)
PDF <1% <3%
QCD scale <1% 2-20%
UE <1.5% <2-3%
Parton shower 5-15% 4-10%

M. Pellen, HXWG meeting, 2023
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» Example: theory uncertainties in typical Vector Boson Fusion measurements

VBF H ggH (in
VBF-enriched
region)
PDF <1% <3%
QCD scale <% 220%  — Prlma.ry theory uncertainties affecting
txperlmental mesurements are:

UE <1.5% <2-3% Scale uncertainty in the ggH background

Parton shower 5-15% 4-10%

M. Pellen, HXWG meeting, 2023

We need to include an
accurate Higgs+2 hard jets
description in our SMC




A snapshot of theory uncertainties
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» Example: theory uncertainties in typical Vector Boson Fusion measurements

VBF H ggH (in
VBF-enriched
region)
PDF <1% <3%
QCD scale <1% 2-20%
UE <1.5% <2-3%
Parton shower 5-15%

constraint the
accuracy of PS

% Better

Primary theory uncertainties affecting
experimental mesurements are:

» Scale uncertainty in the ggH background

4-10% > Modelling of soft radiation inside the jets

M. Pellen, HXWG meeting, 2023
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We need to include an H .
accurate Higgs+2 hard jets
description in our SMC
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improving the fixed order accuracy of SMC

» For more then 2 decades the standard way to improve showers was to combine them with fixed-order
calculations via a matching procedure that removes the double counting and preserves the fixed-order
accuracy of the result
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improving the fixed order accuracy of SMC

» For more then 2 decades the standard way to improve showers was to combine them with fixed-order
calculations via a matching procedure that removes the double counting and preserves the fixed-order
accuracy of the result
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Higgs with jets
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Fixed-order accuracy for VBF

Can have 2 and 3
jetS at NLO Via 1 ﬁfé}v;gfgoi:ruu
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Fixed-order accuracy for VBF

Can have 2 and 3
jets at NLO via
multi-jet merging

[Chen, Figy, Platzer, iE —
2109.0373]

Interference effects with HV
available in Powheg, Mg5,
Sherpa, Herwig
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Higgs with jets

» For processes where the Higgs appears with hard jets, state of the art is NLO+PS

Transverse momentum of the Iliggs boson
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doldpt  [fb/GeV]

Ratio to
LOSM

Higgs with jets

» For processes where the Higgs appears with hard jets, state of the art is NLO+PS

Transverse momentum of the Iliggs boson
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Higgs (without jets)

W/Z b

» NNLO event generators
used in experiments:

MiNNLO (Powheg Box)

» Other NNLO+PS methods exist: UNNLOPS |[Hoeche,Li,Prestel, 1405.3607], NNLOPS with sector
showers [Cambell, Hoche, Li, Preuss, Skands, 2108.07133]

Silvia Ferrario Ravasio Higgs 2024



NNLO+PS with MINNLO and Geneva

The idea behind both methods

is to use ingredients from
analytic resummation at

N°LL for an observable such

as O-jettines or py to cast the
FO calculation in a “parton-
shower” like way before the
matching

Silvia Ferrario Ravasio

MiNNLO [Monni, Nason et al.,
1908.06987]
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NNLO+PS with MINNLO and Geneva
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Loop-induced processes with an Higgs

» Loop-induced processes (where m, — oo cannot be used) obtained from gluon fusion are formally
NNLO, but due to their size are being computed at NLO+PS

gg — 47 in the Powheg Box
|Alioli, SFR. et al., 2102.07783]
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Is matching all we need?
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0O=1 TeV

100 GeV

10 GeV:

What shall we aim for in a shower?

...................................................................................................................................................................................................

Parton shower: logarithmically-enhanced terms at

all-orders in a; correct when L = In N > 1

.

Sps = exp (Lgy 1 (a,L) + gapr(a,L) + aSgNN@L’) + ...)

NNLL necessary

NLL ~ 20 —40% correction

for %-level

and not entirely under pheno!

control in standard GPMC :’(



NLL showers

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

» Recipe to get NLL showers known, at least in theory ([Catani, Webber, Marchesini ’91; Dasgupta,
Dreyer, Hamilton, Monni, Salam, Soyez ’20])




NLL showers

» Recipe to get NLL showers known, at least in theory ([Catani, Webber, Marchesini ’91; Dasgupta,
Dreyer, Hamilton, Monni, Salam, Soyez ’20])

» This enabled the PanScales to devise the first showers with general NLL accuracy for

pp — colour singlet DIS & VBF

Dasgupta, Dreyer, Hamilton, van Beekveld, SFR, Soto-Ontoso, van Beekveld, SFR,
Monni, Salam, Soyez, Salam, Soyez, Verheyen, 2205.02237, + 2305.08645
2002.11114 Hamilton 2207.09467

...with subleading colour (2011.10054) and spin correlations (2103.16526, 2111.01161)



NLL showers

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

» Recipe to get NLL showers known, at least in theory ([Catani, Webber, Marchesini ’91; Dasgupta,
Dreyer, Hamilton, Monni, Salam, Soyez "20])

» PanScales devised the first showers with general NLL accuracy for processes with two coloured

partons, including H — gg (2002.11114), gegF (2205.02237, 2207.09467) and VBF (2305.08645),
with subleading colour (2011.10054) and spin correlations (2103.16526, 2111.01161)

Jet multiplicity in DY

> Alaric (Sherpa) NLL shower for e"e™ — j, j, [Hoche,
Krauss, Reichelt, 2404.14360]|, with mass effects [Assi,
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NLL showers

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

» Recipe to get NLL showers known, at least in theory ([Catani, Webber, Marchesini ’91; Dasgupta,
Dreyer, Hamilton, Monni, Salam, Soyez "20])

» PanScales devised the first showers with general NLL accuracy for processes with two coloured

partons, including H — gg (2002.11114), gegF (2205.02237, 2207.09467) and VBF (2305.08645),
with subleading colour (2011.10054) and spin correlations (2103.16526, 2111.01161)

> Alaric (Sherpa) NLL shower for e"e™ — j,j, (2404.14360), with mass effects

(2307.00728), recently extended to generic process in hadron-hadron collisions
(2404.14360), supports LO multi-jet merging.

> Apollo (Pythia) NLL shower for e"e™ — J,j, [2403.19452, Preuss]

» FHP (soon in Herwig) NLL shower for e"e¢~ — J, j, [Forshaw, Holguin, Platzer,
2003.06400]

» Deductor NLL accuracy shown at least for e"e™ — J,J, [Nagy, Soper 2011.04777]




Matching with NLL showers

...................................................................................................................................................................................................

Status of matching with NLL showers:

» PanScales [Hamilton et al, 2301.09645] and Apollo [Preuss, 2403.19452] have NLO matching
for colour-singlet decay into 2 jets

» Alaric [Hoche et al, 2404.14360] has LO multi-jet merging for e*e¢™ and pp — jets w/wo colour
singlet


https://arxiv.org/abs/2301.09645

Matching with NLL showers

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Status of matching with NLL showers:

» PanScales [Hamilton et al, 2301.09645] and Apollo [Preuss, 2403.19452] have NLO matching
for colour-singlet decay into 2 jets

» Alaric [Hoche et al, 2404.14360] has LO multi-jet merging for e*e¢™ and pp — jets w/wo colour

singlet
What is so difficult about getting NLO for generic process?

Find a nice NLO subtraction with kinematic mappings and
counterterms compatible with the emission kernels of the shower!

Can we simply use an existing external generator not taylored to the

shower, such as the Powheg Box (and MiNNLO) and Geneva?



https://arxiv.org/abs/2301.09645

Matching and Logarithmic Accuracy

.........................................................................................

» Take a NLL shower, match it using the

standard POWHEG BOX mappings,

then taylor them to match the shower,

see any difference?

1/0 do/dO

Ratio to mult+PGO0O0

0.30 -~ —
Z — qq -~

0.25 - NLL parton shower »,
0.20 1.
0.15 - \\\"“‘\--______- """::':‘:':‘: -----------------------------------
010 -
0.05 NLL Shower with taylored POWHEG map

| NLL Shower with standard POWHEG map
0.00 | | | |

0.6 | | | |

—6 -5 -4 —3 —2

SDZ>O-25rBSD=O Inkt/Q, Vs =2 TeV

O =5D; > 0.25,8,5=0 INkt/Q

[S7960°TOEC ‘U24ayIaA Z0q4hdS ‘wrefes ‘S1aqrey] ‘UOIIWweH]



https://arxiv.org/abs/2301.09645

Matching and Logarithmic Accuracy

.........................................................................................

SDZ>O-25rBSD=O Ink+/Q, Vs =2 TeV

» Take a NLL shower, match it using the 0.30 -
standard POWHEG BOX mappings, Z - qq e
then taylor them to match the shower, 0.25 - NLL parton ShOWEI‘;;‘::’\:\

see any difference?
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» Not tayloring the mappings/ordering
variable will downgrade the NLL ~
accuracy of the shower
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Ratio to mult+PGO0O0

O = SDZ> 0.25, Bsp=0 lnkt/Q
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Matching and Logarithmic Accuracy

.........................................................................................

» Take a NLL shower, match it using the
standard POWHEG BOX mappings,
then taylor them to match the shower,
see any difference?

» Not tayloring the mappings/ordering
variable will downgrade the NLL
accuracy of the shower

» While a correct matching will provide
some ingredients necessary for NNLL!

2 = (14

) exp (Lgp 1 (a,L) + gap(al) + ...
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Going Beyond NLL

The identification of the relation between critical NNLL analytic resummation ingredients and
their parton-shower counterparts is the recipe to build a NNLL shower




Going Beyond NLL

...................................................................................................................................................................................................

The identification of the relation between critical NNLL analytic resummation ingredients and
their parton-shower counterparts is the recipe to build a NNLL shower

» Soft-radiation pattern at NLO

no double soft

double soft
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https://arxiv.org/abs/2307.11142

Going Beyond NLL

The identification of the relation between critical NNLL analytic resummation ingredients and
their parton-shower counterparts is the recipe to build a NNLL shower

» NLO matching

» Soft-radiation pattern at NLO

» Collinear-radiation pattern at NLO

» Soft-collinear-radiation pattern at NNLO




Going Beyond NLL

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

The identification of the relation between critical NNLL analytic resummation ingredients and
their parton-shower counterparts is the recipe to build a NNLL shower

Thrust Y>3 (Durham)
. 10 e*e~—Z-hadrons . I el M-_‘ ' :
» NLO matching VE=M;=912 GeV - 70.1
. 1} @(Mz)=0.118 q.° - ]
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» Soft-radiation pattern at NLO . NNLL | o . | hadonisation =310
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© 1.0 1.0
: . © 0.8} 0.8
» Collinear-radiation pattern at NLO > 0.6 0.6
Y 14F 1.4
S 12} 1.2
S 1.0f 1.0
0.8} 10.8
® * L 4 0'6 B | | | | | | | 7] 0'6
» Soft-collinear-radiation pattern at NNLO 06 07 08 09 10 2 L 6 8 10

v=T v=|n1/y23

With this, we can build the first shower for e¥e™ — j,j,, and H — gg, with NNLL accuracy for
global event shapes [van Beekveld, Dasgupta, ElI-Menoufi, SFR et al, 2406.02661 |




What to do

To exploit the physics potential of the LHC and future colliders, we need theoretical
predictions spanning |several energy-regimes|with|percent-level precision
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NLL showers

» Recipe to get NLL showers known, at least in theory ([Catani, Webber, Marchesini ’91; Dasgupta,

Dreyer, Hamilton, Monni, Salam, Soyez "20])

» This enabled the PanScales to devise the first showers with general NLL accuracy for
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Dasgupta, Dreyer, Hamilton,

Monni, Salam, Soyez,
2002.11114

...with subleading
colour
(2011.10054) and
spin correlations
(2103.16526,
2111.01161)

pp — colour singlet DIS & VBF

van Beekveld, SFR, Soto-Ontoso, van Beekveld, SFR,
Salam, Soyez, Verheyen, 2205.02237, + 2305.08645
Hamilton 2207.09467 T
101 — | - _ | 0.006 - —.— PG(B=0.5), w=0.032 gim 1
' pp-H, Vs/my=5, yy=0 = —— PL(B=0.5), w=0.032 =1 O
_ w. 0.005 D-k: LL a5, w=0.035 —§
1 _NLL ‘‘‘‘ ol m O 004 _ | .- é
3 %% .~ 7 NLL test for 8IS . :
< 0.98F.°* S/ . GGF _ " 0003 VBE - " =] . shower
g oorlr /S Pr 11 : 0.002F rapidity = = I
- Il
3 [ LL |PanScales 0.001} Ard * do
% 0.96 / ---- Dipole-ki(local) | .1 o / 00 3 . Jet. . . . ~ VBFcuts ;
& 0.95F /I = = 1 Dipole-k:(global) - =1 | | | | |
g?m :'I —— PanGlobal(Bps=0) ' C||> -4 XOREx Pans ales
=5 0.94r / ® PanGlobal(Bps=0.5) ' 2 V%
0.93 =~/l I PanLocal(Bps=0.5,antenna) | 4
' 0 PanLocal(Bps=0.5,dipole) =
0.92 1 1 1 1 1 8
-0.25 -0.20 -0.15 -0.10 -0.05 0.00 e

A = asln p/mpy —4 -3 -2 -1 0 1 2 3 4



