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A universe in two lines
The Standard Model 

❖ Standard Model (SM) of particle physics gives us the “code of the Universe” through a compact formula 
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❖ The SM explains outcomes of most current terrestrial 
experiments and many aspects of the evolution of the 
Universe (add a grain of gravity!). 


❖ However, many questions remain unresolved.


❖ The main goal of the particle physics community 
is to test the SM as thoroughly as possible and, 
eventually, find physics beyond it.  

Dark matter?

Sp
ac

e

Who ordered 
flavour?

How did it all start?

Time

Higgs boson? Alone? Really?



Being more realistic…
❖ One key aspect of this search is related to collider physics, where increasing precision requires experimental improvements, 

but also advances in our understanding of the fundamental underlying theory. 

❖ The core idea behind our research: 

A.  Develop methods to obtain high precision* theoretical predictions. 

B.  Exploit these methods for a wide range of phenomenological studies to improve our knowledge of the SM (and its 
possible extensions). 

Quantitative connections 
through a chain of experimental 
and theoretical links, based on 
a profound understanding of 

quantum fluctuations

*precision is not simply an academic exercise, it can really change the game 

 The Higgs potential may determine the fate of the universe!
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Salam, Wang, Zanderighi [2207.00478] 
 



With technical projects come technical notation
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                  𝒫 ≃ − #αs ln2 Q
pT

+ 𝒪(α2
s ) → exp −∑

n,m

αn
s lnm Q

pT

m = n + 1 → Leading Logs (LL)
m = n → Next-To-LL (NLL)
m = n − 1 → Next-To-NLL (NNLL) . . .

A. Expansion in the strong coupling constant (high energy scale effects) 

B. Joint expansion in strong coupling and logarithmic contributions (low energy scale effects) 

dσ = dσLO + αs dσNLO + α2
s dσN2LO + α3

s dσN3LO + …

We refer to this kind of expansion as “fixed order calculation” at NxLO

Problem: Match fixed-order predictions with parton shower avoiding an unphysical matching scale. 

• POWHEG [0409146, 0709.2092, 1002.2581] 

• MiNNLOPS  [1908.06987]


• in the POWHEG framework

NLO+PSLL

NNLO+PSLL

We refer to this kind of expansion as NyLL

• MiNLO’ [1212.4504]



Image credit: Nature

LHC
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Image credit: Nature

Hard Process  
High precision

NxLO

Parton shower  
and hadronisation


Realistic description


 resummation

PSNyLL

NyLL

LO

NLO

NNLO

N3LO

LL

NLL

NNLL

α0
s

α1
s

α2
s

α3
s

αn
s logn+1

αn
s logn

αn
s logn−1

LHC
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Matching  
 

High precision

Realistic simulation of LHC events

Resummation

NxLO + PSNyLL
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Diboson Cross Section Measurements Status: June 2024

ATLAS Preliminary

p
s = 7,8,13,13.6 TeV

LHC
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         [2010.10478, 2108.11315] 

      [2103.12077, in progress] 


         [2108.05337, in progress] 

 [2112.04168] 

         [2204.12602] 
       [2208.12660] 

  [2204.00663, 2311.06107, in progress]


Zγ
WW
ZZ
WH/ZH(H → bb̄)
γγ
WZ
SMEFT

    [2012.14267, 2112.12135]

   [2302.01645, in progress]


tt̄
bb̄

   [1908.06987, 2006.04133, 2402.00596, 2407.01354] 

           [2402.04025] 

gg → H, W/Z
bb̄ → H

        [in progress] 
        [2404.08598]  
         [in progress]  

  [in progress]


bb̄H
bb̄Z
tt̄H
bb̄ℓνℓν

first (and currently only) NNLO+PS 
method for heavy-quark final states

Recent progresses in MiNNLOPS

(1)

(1)

(2)(3)

(3)

(5)
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❖ Goal: account for exact top-quark mass dependence 

❖ Motivation: increasing precision calls for including previously neglected subleading effects. This might require, in turn to 
develop new computational techniques

Missing mass-effects are one of the main sources of uncertainties

Higgs production via gluon fusion: gg → H

Top-mass effects in color-singlet production
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Dulat, Lazopoulos, Mistlberger [1802.00827]  
 



Higgs production via gluon fusion: gg → H

MiNNLOPS  HTL

MiNNLOPS  FT

39.55(1)+11.0%
−10.5% pb

42.01(1)+11.2%
−10.6% pb

Niggetiedt, Wiesemann [2407.01354] 
 

42.13(1)+11.0%
−10.5% pb

Ongoing efforts to include b/c-quarks effects! Niggetiedt, Wiesemann [in progress]

❖ Goal: account for exact top-quark mass dependence 

❖ Motivation: increasing precision calls for including previously neglected subleading effects. This might require, in turn to 
develop new computational techniques

Top-mass effects in color-singlet production
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Double boson production: WW, ZZ
❖ Interesting applications:  

1. Irreducible background to constrain Higgs width 


2. Probing anomalous  coupling to quarks


3. Mass effects tend to increase at high energy (Goldstone equivalence)

H* → WW/ZZ ⟹

W/Z

VH

WV!`⌫jj

– ZZ!4`
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– 4` inclusive (60 GeV <m4`< 200 GeV)
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LHC pp
p
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Data

stat
stat � syst

LHC pp
p
s = 7 TeV

Data

stat
stat � syst

Diboson Cross Section Measurements Status: June 2024

ATLAS Preliminary

p
s = 7,8,13,13.6 TeV

❖ Work in progress: 4-scale integrals@2loop  beyond current analytic 
technology 

✓  numerical IBP + numerical DE


✓  loop integrals evaluated numerically 

→

Top-mass effects in color-singlet production
❖ Goal: account for exact top-quark mass dependence 

❖ Motivation: increasing precision calls for including previously neglected subleading effects. This might require, in turn to 
develop new computational techniques

Ongoing efforts!  
Wang, Wiesemann, Zanderighi, … [in progress] 
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Heavy-quark pair production in MiNNLOPS

❖ Goal: access processes with massive final states  first NNLO+PS implementation of  hadroproduction within MiNNLOPS 

❖ Motivation: multi-purpose studies, from top-quark mass determination, to estimate of backgrounds for cosmic neutrino searches, 
including B-hadron production and flavoured-jet definition impact.

→ QQ̄

LO: Q = t, b, c

Small natural scale of the process 
( )mb, mc < 5GeV Slow convergence of perturbative series: 

sizeable NNLO corrections.

[Mazzitelli, Monni, Nason, Re, 
Wiesemann, Zanderighi ’20]

pp → tt̄ + X
• High precision needed for 

determination of top-quark mass .

• Interplay with EW sector (EW decay).

mt

Ongoing efforts! 

Gauld, Giani, Ratti, Wiesemann, Zanderighi, … 

[in progress]

[Mazzitelli, Ratti, Wiesemann, Zanderighi ’23]

• Main channel for inclusive B-hadron 
production at LHC.


• Predictions for b-jet with finite .mb

pp → bb̄ + X pp → cc̄ + X
• Constrain gluon PDF at low .

• Study prompt atmospheric neutrino 

background in cosmic neutrino searches.

x
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Heavy-quark pair production in MiNNLOPS

pp → bb̄ + X → B + X′￼

B = {B+, B−, B0, B̄0, B0
s , B̄0

s , …}

First NNLO+PS predictions for inclusive B-hadron 
production at the LHC.


[Mazzitelli, Ratti, Wiesemann, Zanderighi ’23]

PRELIMINARY PRELIMINARY

Study of flavoured-jet definition impact

Comparison of different -jet definitions ongoing!

Gauld, Mazzitelli, Ratti, Wiesemann, Zanderighi [in progress]

b

❖ Goal: access processes with massive final states  first NNLO+PS implementation of  hadroproduction within MiNNLOPS 

❖ Motivation: multi-purpose studies, from top-quark mass determination, to estimate of backgrounds for cosmic neutrino searches, 
including B-hadron production and flavoured-jet definition impact.

→ QQ̄

Chiara Signorile-Signorile                                                                                                                                                                                                            MPP project review                                                 



Massless bottoms (5FS)

Massive bottoms (4FS)

Flavour scheme effects in Higgs production:  vs bb̄ → H bb̄H
❖ Goal: account for massless-bottom Higgs production and associated H production with massive bottom at NNLO+PS 

❖ Motivation:  

1. Strong control on major background for HH searches


2. Solving long-standing theoretical issues: significant differences have been observed in predictions in different schemes 

Tevatron Higgs working group, 1998

5FS  10  4FS= ⋅

Biello, Sankar, Wiesemann, Zanderighi [2402.04025]

Biello, Mazzitelli, Sankar, Wiesemann, Zanderighi 
[to appear]
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dσ/dyH [fb] pp→Hbb@LHC 13 TeV
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Problem solved with natural  
scale choices at NNLO!

Flavour scheme effects in Higgs production:  vs bb̄ → H bb̄H
Biello, Sankar, M

azzitelli, W
iesem

ann, Zanderighi [to appear]

❖ Goal: account for massless-bottom Higgs production and associated H production with massive bottom at NNLO+PS 

❖ Motivation:  

1. Strong control on major background for HH searches


2. Solving long-standing theoretical issues: significant differences have been observed in predictions in different schemes 

Ongoing efforts to combine 4FS and 5FS

Biello, Gauld, Sankar, Wiesemann, Zanderighi 

[in progress]
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Flavour scheme effects in Higgs production:  vs bb̄ → H bb̄H
❖ Goal: account for massless-bottom Higgs production and associated H production with massive bottom at NNLO+PS 

❖ Motivation:  

1. Strong control on major background for HH searches


2. Solving long-standing theoretical issues: significant differences have been observed in predictions in different schemes 

Ongoing efforts to obtain predictions for HH 
production in MiNNLOPS 


Garosi, Wiesemann, Zanderighi  [to begin]
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Ongoing efforts to obtain predictions for VBF Higgs 
production with  decays in MiNNLOPS 


Behring, Zanderighi, …  [to begin]
H → bb̄
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FIG. 2. Comparison of theory predictions with di↵erential distributions measured by CMS [15].

That behaviour also appears in the�y
Z,b-jet1 distribution

in an earlier ATLAS measurement [14]. A better under-
standing of this discrepancy requires additional studies
and potentially all-order resummation of logarithms in
mb through a 4FS and 5FS combination at NNLO+PS,
which is left for future work.

Summary.—In this letter, we presented a novel com-
putation for the production of a Z-boson in association
with bottom quarks in hadronic collisions. We have cal-
culated NNLO QCD corrections in the 4FS, including
the five-point two-loop amplitude in the small-mb ap-
proximation. In addition, the first NNLO+PS approach
for the production of a heavy-quark pair in association
with colour-singlet particles has been developed, which
can be readily applied to other processes, like bb̄W [55],
tt̄W [77], and tt̄H [78] production.

Our NNLO+PS calculation solves two (related)
long-standing issues for bb̄Z production: First, the
significant tension of NLO(+PS) predictions in the 4FS
with experimental data. Second, the large di↵erences
between 4FS and 5FS predictions for this process [18].
Our analysis identifies that missing higher-order correc-
tions in the 4FS cause these discrepancies and that the

perturbative accuracy of previous calculations has been
insu�cient. Including NNLO QCD corrections brings
the 4FS predictions in agreement with the experimental
data and with the 5FS results. The calculation presented
in this letter also builds the basis for a more accurate
determination of the bottom-quark mass e↵ects in
Drell-Yan production, relevant for MW measurements,
along the lines of the study in Ref. [79], which at the
time was pursued only at NLO+PS.

Acknowledgements.—We would like to thank Luca
Buonocore, Fernando Febres Cordero, Rhorry Gauld,
Massimiliano Grazzini, Pier Francesco Monni, Luca Rot-
toli and Giulia Zanderighi, for fruitful discussions and
comments on the manuscript. We are indebted to Fed-
erico Buccioni for providing OpenLoops amplitudes
with a di↵erent number of quarks running in the loops.
We are thankful to Stefan Kallweit for helping us with
a fixed-order implementation, which we used for com-
parison. We further thank Luca Buonocore and Luca
Rottoli for performing cross checks on the massification
procedure with us, and we thank Chiara Savoini and
Massimilano Grazzini for bringing to our attention the
issues related to the singular behaviour of the massless
amplitudes for certain mappings from the massive to the
massless momenta of the bottom quarks.
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FIG. 2. Comparison of theory predictions with di↵erential distributions measured by CMS [15].

That behaviour also appears in the�y
Z,b-jet1 distribution

in an earlier ATLAS measurement [14]. A better under-
standing of this discrepancy requires additional studies
and potentially all-order resummation of logarithms in
mb through a 4FS and 5FS combination at NNLO+PS,
which is left for future work.

Summary.—In this letter, we presented a novel com-
putation for the production of a Z-boson in association
with bottom quarks in hadronic collisions. We have cal-
culated NNLO QCD corrections in the 4FS, including
the five-point two-loop amplitude in the small-mb ap-
proximation. In addition, the first NNLO+PS approach
for the production of a heavy-quark pair in association
with colour-singlet particles has been developed, which
can be readily applied to other processes, like bb̄W [55],
tt̄W [77], and tt̄H [78] production.

Our NNLO+PS calculation solves two (related)
long-standing issues for bb̄Z production: First, the
significant tension of NLO(+PS) predictions in the 4FS
with experimental data. Second, the large di↵erences
between 4FS and 5FS predictions for this process [18].
Our analysis identifies that missing higher-order correc-
tions in the 4FS cause these discrepancies and that the

perturbative accuracy of previous calculations has been
insu�cient. Including NNLO QCD corrections brings
the 4FS predictions in agreement with the experimental
data and with the 5FS results. The calculation presented
in this letter also builds the basis for a more accurate
determination of the bottom-quark mass e↵ects in
Drell-Yan production, relevant for MW measurements,
along the lines of the study in Ref. [79], which at the
time was pursued only at NLO+PS.

Acknowledgements.—We would like to thank Luca
Buonocore, Fernando Febres Cordero, Rhorry Gauld,
Massimiliano Grazzini, Pier Francesco Monni, Luca Rot-
toli and Giulia Zanderighi, for fruitful discussions and
comments on the manuscript. We are indebted to Fed-
erico Buccioni for providing OpenLoops amplitudes
with a di↵erent number of quarks running in the loops.
We are thankful to Stefan Kallweit for helping us with
a fixed-order implementation, which we used for com-
parison. We further thank Luca Buonocore and Luca
Rottoli for performing cross checks on the massification
procedure with us, and we thank Chiara Savoini and
Massimilano Grazzini for bringing to our attention the
issues related to the singular behaviour of the massless
amplitudes for certain mappings from the massive to the
massless momenta of the bottom quarks.

pT leading b-jet pT second b-jet

MiNNLOPS

NLO+PS

High multiplicity final state and heavy partons at NNLO+PS

Mazzitelli, Sotnikov, Wiesemann [2404.08598] 
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High multiplicity final state and heavy partons at NNLO+PS

Ongoing efforts!  
Mazzitelli, Wiesemann [in progress]

Chiara Signorile-Signorile                                                                                                                                                                                                            MPP project review                                                 



dσ/dpT,t [fb/GeV] pp→bblνlν@LHC 13 TeV

MiNLO' (RVon)
MiNLO' (RVoff)
NLO+PS (recola)

10-1

100

101

102

dσ/dσMiNLO' (RVon)

0.8

1

1.2

1.4

0 50 100 150 200 250 300 350 400
pT,t

VE
RY 

PR
EL

IM
IN

AR
Y

Ongoing efforts!  
Biello, Mazzitelli, Signorile-Signorile, 
Wiesemann, Zanderighi [in progress]

High multiplicity final state and heavy partons at NNLO+PS
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Not only standard model…
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❖ Goal: model the production and decay of polarised bosons including SMEFT effects 

❖ Motivation:  

1. Probe Standard Model gauge and Higgs sectors  SMEFT effects can be enhanced in some polarisation configurations 


2. Develop/test new techniques to isolate polarisation effects (double-pole approximation)

→

SMEFT effects in polarised diboson production

❖ Work in progress/done: 

✓  Modelling of polarised dibosons in SM


✓  Modelling of polarised dibosons in SMEFT


✓  Implementation in the POWHEG-BOX-RES framework Decay angle of  in the Z boson rest frame, 
w.r.t. the direction of the Z in the VV-CM

e+

Ongoing efforts!  
Haisch, Linder, Pelliccioli, Zanderighi [in progress] 

Pelliccioli, Zanderighi [2311.05220]



… not only hadron collisions…
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Predictions for lepton colliders

❖ Work in progress: many non-trivial steps required, both from the technical 
and the conceptual point of view:


✓  Requires a resummation formula for a reference observable


✓  Combine fixed order + resummation 

❖ Goal: accurate event generator lepton collisions [crucial in view of future colliders] 

❖ Motivation:  

1. Lepton collider phenomenology, quark mass effects, electroweak corrections


2. Improving our understanding of heavy-flavour hadron production

Light jet production in  collisions with MiNNLOPS e+e−

Ongoing efforts!  
König, Schorer, Wiesemann, Zanderighi [in progress] 

q

tra-
9

q

·= 3jet resolution parametery3

Comparison of resummation contributions
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❖ Work in progress:


✓A technique to combine massive and massless fragmentation 
approaches


✓  As a test case, applied to differential quantities in 



✓  Results for D-hadron production at different CoM energies 
(large N = large )

e+ + e− → HQ + X

|pH |

❖ Goal: accurate event generator lepton collisions [crucial in view of future colliders] 

❖ Motivation:  

1. Lepton collider phenomenology, quark mass effects, electroweak corrections


2. Improving our understanding of heavy-flavour hadron production

Heavy-flavour hadron production

Ongoing efforts!  
Ahmadova, Gauld [in progress] 

dΣ/dN e+e-→D+X

[(PC+LL)/LL]xpH@ E=10.6GeV
[(PC+LL)/LL]xEH@ E=91.2GeV
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Large effects 
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Predictions for lepton colliders

Belle vs LEP
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Applications beyond the LHC

simulate prompt atmospheric neutrino 
flux (dominant background) with 

NNLO+PS for pH → cc̄ ( → D+ + X)

5.2.1 Prompt atmospheric neutrino flux with NLO accuracy

hard scattering process are selected for the analysis. The format of these energy distributions is
di�erent than the format which is required for the MCEq code. The energy distributions were
generated for di�erent cosmic ray energies using a di�erent meson energy binning. Therefore, we
developed an interpolation method for the energy distributions at NLO by using energy distri-
butions at LO where we know every grid point without interpolation. At LO, the interpolation
method results in an error of the neutrino flux of less than 3% in ECR 2 [1.4 · 104, 7.9 · 107] GeV.
It should be noted, however, that the energy distributions at LO do not incorporate a parton
shower and are calculated with a di�erent hadronization model.
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Fig. 5.4: Comparison of prompt atmospheric neutrino and antineutrino fluxes calculated with
energy distributions with LO and NLO accuracy with the default MCEq fluxes
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Ongoing efforts!  
Mahr, Gauld, Wiesemann [in progress] 

5.2.1 Prompt atmospheric neutrino flux with NLO accuracy

hard scattering process are selected for the analysis. The format of these energy distributions is
di�erent than the format which is required for the MCEq code. The energy distributions were
generated for di�erent cosmic ray energies using a di�erent meson energy binning. Therefore, we
developed an interpolation method for the energy distributions at NLO by using energy distri-
butions at LO where we know every grid point without interpolation. At LO, the interpolation
method results in an error of the neutrino flux of less than 3% in ECR 2 [1.4 · 104, 7.9 · 107] GeV.
It should be noted, however, that the energy distributions at LO do not incorporate a parton
shower and are calculated with a di�erent hadronization model.
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Fig. 5.4: Comparison of prompt atmospheric neutrino and antineutrino fluxes calculated with
energy distributions with LO and NLO accuracy with the default MCEq fluxes
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❖ Goal: prompt neutrino flux @ LO/NLO+PS 

❖ Motivation: Astrophysical neutrinos are important cosmic messengers. Atmospheric neutrinos form a significant background to 
the signal of astrophysical neutrinos 

Matrix Cascade Equations – MCEq

Particle propagation in the atmosphere
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Conclusions:
✓ I have presented a very limited number of studies that are carried out by the group. The general picture is way more extended 

✓ Incredibly rich research program 


✓ Cutting edge results in a large variety of processes, accounting for different aspects of physics at colliders and beyond
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An event generator for neutrino-induced Deep Inelastic
Scattering and applications to neutrino astronomy
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Alexander Karlberg1,d, Giulia Zanderighi2,4,e

1Theoretical Physics Department, CERN, 1211 Geneva 23, Switzerland
2Max-Planck-Institut für Physik, Boltzmannstraße 8, 85748 Garching, Germany
3Institute for Theoretical Physics, University of Tübingen, Auf der Morgenstelle 14, 72076 Tübingen, Germany
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Abstract We extend the recently presented, fully ex-
clusive, next-to-leading-order accurate event generator
for the simulation of massless neutral- and charged-
current deep inelastic scattering (DIS) to the case of in-
coming neutrinos. The generator can be used to study
neutrino-nucleon interactions at (ultra) high energies,
and is relevant for a range of fixed-target collider ex-
periments and large-volume neutrino detectors, inves-
tigating atmospheric and astrophysical neutrinos. The
matching with multi-purpose event generators such as
PYTHIA 8 is performed with the POWHEG method, and
accounts for parton showering and non-perturbative ef-
fects such as hadronization. This makes it possible to
investigate higher-order perturbative corrections to re-
alistic observables, such as the distribution of charged
particles. To illustrate the capabilities of the code we
provide predictions for several di↵erential distributions
in fixed-target collisions for neutrino energies up to 1 PeV.
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4 Phenomenological results . . . . . . . . . . . . . . . . 6

5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . 11

Appendix A: DIS process selection . . . . . . . . . . . . 12

aE-mail: silvia.ferrario.ravasio@cern.ch
bE-mail: rgauld@mpp.mpg.de
cE-mail: jaeger@itp.uni-tuebingen.de
dE-mail: alexander.karlberg@cern.ch
eE-mail: zanderi@mpp.mpg.de

1 Introduction

Neutrinos, together with photons, are the most abun-
dant elementary particles in the universe. While the
properties of photons are extremely well understood,
there are still many outstanding questions regarding
neutrinos. For instance, the origin and nature of neu-
trino masses (Dirac vs. Majorana mass) is not under-
stood, nor is their mass hierarchy (normal vs. inverted
ordering). Furthermore, neutrinos provide a portal to
beyond the Standard Model (BSM) physics, making
neutrino experiments at the luminosity frontier sensi-
tive to such BSM interactions (see e.g. Ref. [1] for a
review).

Neutrino properties are di�cult to measure because
they only interact though the weak force. For this rea-
son, their study often requires large-volume detectors,
which have enabled the discovery of (ultra) high-energy
cosmic neutrinos in 2014, the observation of an astro-
physical source of energetic neutrinos accompanied by
gamma-ray emissions in 2018, and the determination
of the oscillation properties of multi-GeV energy at-
mospheric neutrinos (see e.g. Ref. [2] for a review of
these and several recent results). Ongoing experiments
such as ANTARES [3], Baikal [4], IceCube [5], and
KM3NeT [6], will continue to extract information on
(ultra) high-energy neutrinos to which their detectors
are exposed. Moreover, a range of proposed next-ge-
neration detectors will facilitate precise measurements
of (ultra) high-energy neutrinos from atmospheric and
cosmic sources. This advancement will usher in a new
era of precision, enabling to probe neutrino properties,
their interactions, and fundamental symmetries at the
highest possible energies. Furthermore, this programme
will be instrumental to discover and characterize the
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The list of collaborators can’t fit a page…

Giovanni Pelliccioli (MPP Munich) - Rencontres de Moriond, QCD & High-Energy Interactions - 26.03.2023 -

Precise predictions for polarised
weak bosons at the LHC

Giovanni Pelliccioli
Max-Planck-Institut für Physik
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Interdisciplinary applications of NLO+PS matching: neutrino astronomy 
9
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Fig. 3: Charged particle multiplicity distribution (left) and multiplicity ratio between charged and neutral particles
(right) obtained at NLO+PS (blue) and LO+PS (green) accuracy for neutrino induced CC DIS, panels (a),(b),
and NC DIS panels (c),(d), on an oxygen target with a neutrino energy of E⌫ = 0.1 PeV, and for CC DIS with
E⌫ = 1 PeV, panels (e),(f). The widths of the bands indicate scale uncertainties estimated by a 7-point variation of
µR and µF by a factor of two around the central value Q. The lower panels show ratios to the respective NLO+PS
results with µR = µF = Q.

charged particle distribution
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4Physik-Department, Technische Universität München, James-Franck-Strasse 1, 85748 Garching, Germany

July 8, 2024

Abstract We extend the recently presented, fully ex-
clusive, next-to-leading-order accurate event generator
for the simulation of massless neutral- and charged-
current deep inelastic scattering (DIS) to the case of in-
coming neutrinos. The generator can be used to study
neutrino-nucleon interactions at (ultra) high energies,
and is relevant for a range of fixed-target collider ex-
periments and large-volume neutrino detectors, inves-
tigating atmospheric and astrophysical neutrinos. The
matching with multi-purpose event generators such as
PYTHIA 8 is performed with the POWHEG method, and
accounts for parton showering and non-perturbative ef-
fects such as hadronization. This makes it possible to
investigate higher-order perturbative corrections to re-
alistic observables, such as the distribution of charged
particles. To illustrate the capabilities of the code we
provide predictions for several di↵erential distributions
in fixed-target collisions for neutrino energies up to 1 PeV.
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1 Introduction

Neutrinos, together with photons, are the most abun-
dant elementary particles in the universe. While the
properties of photons are extremely well understood,
there are still many outstanding questions regarding
neutrinos. For instance, the origin and nature of neu-
trino masses (Dirac vs. Majorana mass) is not under-
stood, nor is their mass hierarchy (normal vs. inverted
ordering). Furthermore, neutrinos provide a portal to
beyond the Standard Model (BSM) physics, making
neutrino experiments at the luminosity frontier sensi-
tive to such BSM interactions (see e.g. Ref. [1] for a
review).

Neutrino properties are di�cult to measure because
they only interact though the weak force. For this rea-
son, their study often requires large-volume detectors,
which have enabled the discovery of (ultra) high-energy
cosmic neutrinos in 2014, the observation of an astro-
physical source of energetic neutrinos accompanied by
gamma-ray emissions in 2018, and the determination
of the oscillation properties of multi-GeV energy at-
mospheric neutrinos (see e.g. Ref. [2] for a review of
these and several recent results). Ongoing experiments
such as ANTARES [3], Baikal [4], IceCube [5], and
KM3NeT [6], will continue to extract information on
(ultra) high-energy neutrinos to which their detectors
are exposed. Moreover, a range of proposed next-ge-
neration detectors will facilitate precise measurements
of (ultra) high-energy neutrinos from atmospheric and
cosmic sources. This advancement will usher in a new
era of precision, enabling to probe neutrino properties,
their interactions, and fundamental symmetries at the
highest possible energies. Furthermore, this programme
will be instrumental to discover and characterize the
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Applied to the case of PeV neutrino interactions with ice/water nuclei 

Here the ‘oscillating’ behaviour due to scattering on either neutron / proton (charge conservation)

X

N(p)

W/Z(q)

ν(k) ℓ/ν(k′)

quark

quark′ ⏟X fully exclusive description



Bottom-mass effects in Higgs production:  vs bb̄ → H bb̄H
❖ Goal: account for massless-bottom Higgs production and associated H production with massive bottom at NNLO+PS 

❖ Motivation:  

1. Strong control on major background for HH searches


2. Solving long-standing theoretical issues: significant differences have been observed in predictions in different schemes 

dσ/dyH [fb] pp→Hbb@LHC 13 TeV
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NLO improvement, but still not sufficient

NLO predictions have improved the agreement by 40%. The 
discrepancy has been artificially mitigated by tuning the 
renormalisation and, notably, the factorisation scale factors.


Our group performed the first NNLO comparison     
(matched with PS)

Wiesemann et al. [‘14]

Jäger, Reina, Wackeroth [’15]



• Goal:
• Production and decay of 2 polarised bosons including SMEFT effects in the POWHEG-BOX-RES framework
• Probe the SM gauge and Higgs sectors

• Use the Double pole approximation to extract the polarised parts of the propagator

SMEFT effects in polarised diboson production
Uli Haisch, Jakob Linder, Giovanni Pelliccioli & Giulia Zanderighi

03.12.2024 SMEFT effects in polarised diboson production

• Replace the Z propagators:

−gμν

k2 − m2
Z + iΓZmZ

=
∑λ ϵμ

λ (k)ϵ*ν
λ (k)

k2 − m2
Z + iΓZmZ

→
ϵμ

λ (k)ϵ*ν
λ (k)

k2 − m2
Z + iΓZmZ

Decay angle of 
 in the Z boson 

rest frame, w.r.t. 
the direction of 
the Z in the VV-
CM

e+

• Status:
• Polarised dibosons in SM
• Polarised dibosons including SMEFT

• Implemented and currently being tested.


