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SUMMARY OF RESEARCH ACTIVITY

Luca Panizzi

Throughout my research career I have being working on the phenomenological aspects at colliders of different new
physics scenarios and I have developed a wide range of skills and competences in both theoretical and experimental
aspects. My approach is model-independent and bottom-up, and it is nowadays widely adopted by the phenomenological
community: it consists in identifing and analysing relevant signatures in minimal extensions of the SM (e.g. effective
field theories or simplified models) and reinterpret them to reconstruct more complex scenarios which approximate
the complete signatures predicted by theoretically motivated models of new physics.

In the first years of my activity I have worked on the calculation of NLO corrections in the electroweak sector to
different processes of production of SM and supersymmetric states at the LHC, such as in Refs. [1,2].

The main focus of my work so far, however, has consisted in the analysis of signatures generated by the production
and decay of new heavy quarks, mostly with vector-like properties. My studies resulted in the production of relevant
publications [3-9] and in the generation of public models for numerical simulations [5,6], which are systematically used
and referenced by both ATLAS and CMS experimental collaborations and in phenomenological papers. As a result
of my studies I also developed a public tool to recast LHC public data in these scenarios [7,8].

My established reputation in the field allowed me to be directly involved in the development and publication of
experimental searches. I actively collaborate with CMS, first through the Rutherford Appleton Laboratory (RAL)
in UK and currently through the CMS group in the University of Genova. Through this collaboration I can directly
contribute to the editing of experimental publications, have access to the relevant subset of non-public data and
influence the way results are presented to the scientific community, while keeping my independence as theoretical
physicist for the rest of my research projects. This has resulted in my authorship of one CMS publication [9] and,
in the forthcoming future, I will be included as author of at least another one which is already in its final stage of
develoment [10].

My research interests have also gradually spanned into different aspects of new physics, and my focus has shifted
to the in-depth characterisation of possible signals and excesses to allow their interpretation in terms of theoretical
scenarios and narrow down the possibilities, which is the research path I am willing to follow in the next years.

Since recently, I have started the analysis of signatures with missing transverse energy, which can be interpreted as
originating from dark matter (DM) candidates, with the purpose of characterising the properties of DM and especially
its spin. The strategy I adopted is to identify and analyse combinations of observables with the aim of associating
specific features of the final states to the spin of DM and therefore discriminate between different scenarios. The
importance of this analysis is due to the fact that if signals compatible with the presence of a DM candidate are
observed at the LHC, a precise and detailed characterisation of their properties would allow to embed the DM state
in a subset of theoretical scenarios and exclude other scenarios. I have already produced different important results,
where signatures originated by fermionic DM were compared with analogous signatures with bosonic DM [6,11,12] in
different contexts. The characterisation of DM properties at colliders has been given mild attention in literature, but
my approach is gaining growing popularity. I am working with the CMS groups of Sao Paulo (Brasil) for applying
shape-analysis techniques with the aim of discriminating signals in the context of a two-Higgs doublet model.

Parallelly to my main research activity, I have worked on different projects, related to extra-dimensions [13] and
neutrino physics [14] and I have recently taken part to a project for the measurement of the Hubble constant at the
University of Genoa, in which I proposed novel observational techniques and analysis strategies for extracting data
from non-resolved astrophysical objects, which are being currently used in observational campaigns of gravitationally
lensed quasars with an optical telescope [15].
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Research Statement - Luca Panizzi

CHARACTERISATION OF SIGNALS OF NEW PHYSICS
AT THE LARGE HADRON COLLIDER AND BEYOND

My research proposal sits in the broad context of the phenomenology of new physics at colliders.
After the discovery of the Higgs boson at the Large Hadron Collider (LHC), the focus has now shifted in trying
to solve the outstanding issues of the Standard Model (SM), which will eventually — and hopefully — lead to
the discovery of signatures of new physics (NP) in the forthcoming years.

My project consists in the development and application of novel and model-independent analysis strategies
for the characterisation of new physics states of different kinds from their signatures at colliders. The ultimate
goal is to pin down the theoretical scenario(s) at the origin of observations of new phenomena in experimental
data at the LHC or future colliders.

Physical case studies

In the following I describe with some detail two case studies which will allow me to present the kind of prob-
lems addressed by my research proposal. They have been chosen considering the research topics I have been
working in the last years and for which I have a now a wide expertise and a strong record of publications,
giving me a deep knowledge of open problems, technical aspects and observational potentialities. I stress,
however, that the techniques I will develop have a much broader reach, and will be applied to address a larger
number of open problems related to manifestations of physics beyond the SM.

e Characterisation of the spin of Dark Matter candidates. One of the current “hot topics” among
experimental searches and phenomenological analyses at the LHC is the exploration of signatures with missing
transverse energy (EW%), which can be originated by dark matter (DM) particles. In case of observation
of a signal with E{Fiss, it is crucial to determine the properties of the DM candidate, its spin being one of
the most interesting from both theoretical and experimental points of view. A determination of the spin
of DM candidates at the LHC (or at least the identification of their spin-statistics properties) would indeed
rule out or put into tension with data entire classes of models — with a very high theoretical impact — and
would allow experiments (both at collider and in complementary sectors, as direct and indirect detection) and
phenomenological analyses to focus only on a much smaller subset of predictions. This goal, however, strongly
depends on the assumptions about how the DM interacts with the SM sector. Hence, this analysis requires
an identification of how different channels are sensitive to the DM spin when different hypotheses about the
DM properties are taken into account. A systematic analysis of different signatures with E}* with the aim
of characterising the properties of DM, its spin in particular, is thus hugely needed and will become a crucial
interpretation element in case of future observations. This part of the project will take at least two years, to
analyse all possible channels at the LHC and future colliders, and will produce a series of papers about the
most relevant channels and a final review paper.

e Characterisation of the properties of extra-fermions. New heavy extra fermions (XFs), either quarks
(XQs) or leptons (XLs) are predicted by a large number of theoretical models. Signatures from XQs, and es-
pecially those with vector-like properties (VLQs) — are among the mostly explored scenarios of exotic NP at
the LHC. A remarkable feature of VLQs is the correspondence between their representation under SU(2) and
the dominant chirality of their couplings to SM states [1]. In case of observation of a signal compatible with
a VLQ, the determination of its coupling properties would be therefore essential for embedding the new state
into a theoretical scenario. However, a quantitative determination of the discrimination potential in case of
VLQ discovery is missing. 1 will explore it for different hypotheses about VLQ couplings (a first analysis has
been recently undertaken [2]) exploiting, for the first time, correlations between kinematic properties of final
state objects. Signal regions (SRs) for experimental searches optimised for chirality discrimination will be
designed, exploiting multivariate analysis techniques. This part of the project will last at least three years,
due to the wide range of final states to explore and to the potential connections between new fermions and DM,
with the production of a series of papers (including experimental ones resulting from my ongoing collaboration
with CMS) dedicated to the characterisation of VLQs and other XFs in specific channels.

Further physical cases which will be considered are the characterisation of the spin of leptoquarks, which
are often invoked to explain current anomalies and for which I will exploit similar techniques as for the DM



spin, or signatures of states with large width (comparable to their mass), which have never received
experimental attention. The approach I will adopt in the development of the analysis techniques and search
strategies will allow me to promptly address all the above examples, and further ones which may gain high
priority, possibly driven by LHC observations.

The aspects related to future colliders will be treated considering both high-energy upgrades of the LHC
and linear colliders. A promising analysis at linear collider would be, for example, the characterisation of
leptophilic DM scenarios and specifically DM interacting with electrons, in which DM interactions are
mediated by new fermionic or bosonic lepton partners, such as XLs or sleptons.

Analysis strategies, their implementation and experimental applications

My approach is model-independent and bottom-up, and it is nowadays widely adopted by the phenomenological
community: it consists in identifying and analysing relevant signatures in minimal extensions of the SM (e.g.
effective field theories or simplified models) and reinterpret them to reconstruct more complex scenarios which
approximate the complete signatures predicted by theoretically motivated models of NP.

I present here the main technical aspects of my project, though different and further improvements will be
developed in due course, depending on the specific issues related to different phenomenological studies.

1) Channel selection criteria. The starting point of the analysis consists in identifying and studying rel-
evant channels or combinations of channels which are more sensitive to differences in NP properties. An
important aspect of this project is that an individual channel may not provide enough information for a
complete discrimination between NP scenarios, but the analysis of different channels, with different discovery
reaches, could be a viable strategy. Combining the results from different channels can therefore provide essen-
tial and novel insight about the properties of NP states, not just their discovery potential.

2) Shape analysis. For each specific channel, an analysis of the shapes of key kinematics distributions will
then be performed to determine the likelihood ratios of different hypotheses. Such analysis is common in
experimental searches, but it is optimised for the discovery of NP. I will go beyond this approach and con-
sider distributions of kinematics observables which are mainly sensitive to the key physical properties under
investigation, designing selection and kinematics cuts to optimise the significance of the signal in regions of
parameter space where characterisation can be achieved. A first example of the application of shape analysis
techniques for the characterisation of DM spin can be found in [3].

3) Correlations between observables. Multi-dimensional correlations between different observables in col-
lider events will be heavily investigated. When correlations are considered in phenomenological analyses, the
goal is usually to optimise the analysis for discovery. Cut-and-count and shape analysis techniques will be
applied to multi-dimensional distributions of key observables in characterisation regions, and advanced statis-
tical methods for the extraction of information from data will be exploited.

To improve the effectiveness of the analysis, optimise its performance, and increase the perspectives for
experimental implementations, state-of-the-art machine-learning techniques will be exploited. The study of
the analysis strategies will therefore be associated to the development of a software for their automation,
which will be publicly released to allow advanced phenomenological analyses by the community. My experience
in the development of public software for physics analysis will guarantee the high-impact, effectiveness and
reliability of the final product. Indeed, I have already ideated, designed and developed a public software, named
XQCAT [4-6], for the recasting of LHC data in scenarios with XQs: I have pioneered the development of
recasting tools, which are nowadays commonly used among phenomenologists, and I will have the opportunity
to pioneer the development of characterisation tools which will play a pivotal role in the high-luminosity and
high-energy eras of collider physics.

An essential aspect of the development of new analysis strategies is related to my direct collaboration
with the experimental community: I have always liaised with experimentalists of both ATLAS and
CMS to propose new observations and improve current searches. This aspect has allowed me to be directly
involved in various experimental searches of CMS, through an analysis-based affiliation to the collaboration.
I can now influence the development of selected searches and their interpretation stage and contribute in the
editing of the final scientific publications [7]. I am planning to collaborate with experimentalists in order
to apply my analysis strategies for NP characterisation in forthcoming experimental searches. My project
will lead to the definition of SRs optimised for the characterisation of NP, which will depend on
the scenario under study and will be different, in general, from SRs optimised for discovery. Furthermore, a



phenomenological guidance on the potentialities of a multivariate analysis to characterise an excess will be
a new and extremely useful element for the experimental community. The development and optimisation of
algorithms for the analysis of experimental data to characterise an observation will be a relevant
milestone for experimental analyses and will represent one of the major successes of my project.

As a final comment about my skills in developing new analysis strategies, I have recently taken part
to a project for the measurement of the Hubble constant at the University of Genoa (thus completely different
from my main research lines), where I proposed novel observational techniques and novel analysis strategies
for extracting data from non-resolved astrophysical objects, which are being currently used in observational
campaigns of gravitationally lensed quasars with an optical telescope [8]. My flexibility in the approach of
physical problems allows me to quickly address new research areas and immediately give essential contributions
to their advancement.

Aptness, timeliness and promptness of the project

The LHC Run IT is ongoing, new data are currently and rapidly piling up and are being analysed: the
development of techniques to identify and characterise signals of NP from experimental data is paramount
and timely and I believe I can play a major role in such quest. Indeed, during my career I have provided
important contributions to research programmes for the analysis and interpretation of LHC data, introducing
new ideas and developing research lines which are allowing me to play an active role in collaborations with
experimentalists and participate to the development of their analyses. I have produced results mostly about
manifestations of NP scenarios featuring new heavy quarks, dark matter candidates and their interactions (see
CV), writing a numerical model [1,9] which is currently a benchmark tool for CMS analyses and a software
for the recasting of LHC data [4-6]. My project is a further step forward for the quest of discovery and
interpretation of new physics.

Projections for characterisation of signatures which can be tested with better accuracy at future colliders
(High-Energy LHC and linear ones, such as ILC or CLIC) will also be produced. Given the ongoing feasibility
studies, proposing searches for future experiments is also essential and timely.

My research program will provide new analysis strategies and tools to test aspects of NP which have not
been explored yet and which will lead to a far better understanding of future observations of new phenomena.
I am hence in the best position and in the perfect moment to influence the strategies for experimental searches
of NP in current and future colliders and to interpret their outcomes.

Finally, my research proposal is flexible with respect to dynamically and rapidly changing scenarios, driven
by the new data produced at the LHC and other experiments, and can take huge advantages from this. The
model-independent nature of my project and the absence of a theoretical bias in my research will allow me to
quickly respond to changes determined by experimental results, and to be able to adapt and optimise the
characterisation techniques to a potentially changed context. Furthermore, the diversification of the analysis
I am proposing guarantees the possibility to put constraints with unprecedented detail. Therefore, the results
I will obtain will also be essential for the recasting of experimental data.
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