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Particle Physics and Cosmology Group

Now: subgroup presentations
From the overview and student topics, we now move to the research stories prepared 
by each subgroup.

1 QCD and Hadron Structure 2 Cosmology

3 Flavor Physics 4 BSM, Higgs and Collider 
Physics

→

→

Each subgroup will briefly introduce its questions, methods, and possible 
student projects.
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1 QCD and Hadron Structure
Subgroup presentations

Kornelija Passek-Kumerički · Goran Duplančić

Open Day for Undergraduate Students



Structure of hadrons



Hadron (nucleon, meson) structure

Established facts

confinement (observed)

quark–gluon dynamics:

QCD
(Quantum Chromodynamics)

Open questions

▶ origin of confinement?

▶ 3D structure of hadrons?

▶ spin decomposition of the
proton?

▶ internal forces?
LQCD = − 1
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Resolving proton structure

SCATTERING

→ elastic (e−p → e−p)

→ inelastic (e−p → e−πp)

}
exclusive

(e−p → e−X)
}

inclusive



Proton structure: electromagnetic form factors and PDFs

electromagnetic form factors → charge distribution ρ(b⊥)

b⊥

Deeply inelastic scattering: PDFs q(x), g(x)

xp

p



From electromagnetic form factors and PDFs to GPDs

▷ GPDs combine momentum and spatial information



Proton/nucleon distribution zoo

FT ∆ b

GTMDs Wigner-Ds

FT  ∆
⊥

↔ b
⊥

FT

GPDs spin densities

FT  

TMDs

FT

PDs Form Factors charge densities

FT  

(G)TMD → PMF group (S. Benić, D. Horvatić, E. Vivoda)



Wigner distribution: full phase space distribution of the nucleon

Generalised 
Parton 

Distributions 
(GPDs)

Form Factors eg: GE, GM

Transverse 
Momentum 
Distributions 

(TMDs)

Parton Distribution Functions (PDFs)

[G. Duplančić, 2025]



From GPDs to a tomographic image of the proton

GPD ⇒ probability density q(x, b⊥)

quarks: gluons:
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From GPDs to proton properties: Spin and Forces

▶ Spin

2nd moment (
∫
dxx) of quark and gluon GPDs

⇒ total quark and gluon angular momentum

▶ Pressure



Experimental landscape



To conclude...

[”Study of DVCS at future EIC”, Aschenauer,..., KPK et al. ’25]
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2 Cosmology
Subgroup presentations

Zvonimir Vlah · Cornelius Rampf · Giovanni Cabass
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Zvonimir Vlah 
(zvlah@irb.hr)

Research Associate (since 2021)
Theory Division, IRB

Also a teaching staff at PMF, Split.

▪ I am a theoretical cosmologist interested in 
understanding the evolution of our Universe

▪ Academic path: Uni. Zurich (PhD), KIPAC - Uni. 
Stanford & SLAC, CERN, KICC - Cambridge

▪ Focused on building analytic tools for existing and 
upcoming galaxy surveys (DESI, Euclid, etc.)

Research:
▪ My primary work is in developing Effective Field Theory 

(EFT) of Large-Scale Structure (LSS)
▪ The main application is the robust analysis of galaxy 

spectroscopic surveys like DESI and Euclid 
▪ Currently, I am building the state of the art two-loop 

predictions for the two-point correlation function and 
one-loop three-point function 

▪ I pioneered methods that reduce the computational 
costs of these calculations, making them efficient and 
thus applicable in data analysis (Green Cosmology)

▪ I’m also interested in the nonlinear methods that would 
include the small-scale effects (e.g. shell crossing)



Cosmological structure formation Cornelius Rampf

✤ What is the nature of dark matter and dark energy? What is the neutrino mass scale? 

✤ to get insights, compare observations with predictions from theoretical model

DESI
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Cornelius Rampf

Perturbation theory, cosmological simulations, and synergies between those two orthogonal approachesToolbox:

classical simulation of dark-matter distribution semi-classical simulation of dark-matter distribution 

Technical aim: find optimal & time-efficient simulation technique to allow for parameter inference

2



The Cosmological Collider
Measuring mass and spin of heavy particles during inflation through the Large-Scale Structure of the Universe

High-Energy Cosmic Inflation

Inflation forged heavy exotic particles at energy 

scales (possibly) trillions of times higher than what 

accessible at Earth-based accelerators, leaving 

subtle imprints in the initial distribution of matter.

The 3D Cosmic Web

Modern sky surveys map out the 3D locations of 

millions of galaxies. By analyzing spatial correlations 

across pairs, triplets, and larger configurations, 

we decode how those heavy particles interacted 

with each other.

EFTofLSS & Cosmological 
Bootstrap

EFT & bootstrap techniques inspired by particle 

physics allow us to: 1) Parameterize our ignorance 

of the physics of galaxy formation. 2) Expose how 

symmetries relate oscillations in the clustering of 

galaxies to the particle’s mass and spin.

STEP 1 STEP 2 STEP 3



Particle Physics and Cosmology Group

3 Flavor Physics
Subgroup presentations

Blaženka Melić · Ivan Nišandžić · Mohd Siddique Akbar Alam Khan · Lovro Dulibić
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What is flavor physics?

Flavor physics is a study of the interactions between the fundamental species (flavors) of 
elementary fermions (quarks and leptons).



Long-distance dynamics
Nonperturbative strong-interaction effects shape flavor processes with mesons and 
baryons.

Semileptonic B decays: 
laboratory where the weak 
transition is embedded in 
long-distance QCD 
dynamics.

Meson mixing phenomena: a 
sensitive probe of nonperturbative 
flavor dynamics.

Various tricks: Heavy Quark Expansion, Lightcone Sum Rules, Operator Product Expansion…



Some recent works: lifetime of heavy hadrons
Comparing precise measurements with Heavy Quark Expansion (HQE) predictions.

• Agreement between 
measurements and 
Heavy Quark 
Expansion

• Lifetime ratios probe 
weak decay dynamics 
in beauty hadrons.

• They test 
nonperturbative QCD for 
heavy quarks

Why is it exciting?
Your calculations become testable predictions, and experiments may confirm or challenge them within a few years.
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4 BSM, Higgs and Collider Physics
Subgroup presentations

Tania Robens · Rakhi Nandalal-Mahbubani · Mohamed Ouchemhou · Andrea
Gurgone · Martina Vujica

Open Day for Undergraduate Students



Group of T. Robens

Work on topics related to collider phenomenology

current: LHC, at CERN (Geneva, largest research lab)

also involved in plans for future colliders in Europe or
elsewhere

latest research: mainly physics beyond the Standard Model
of particle physics:

constraints on parameter spaces, discovery potential, etc

close interaction with experimentalists



HRZZ Project: Beyond the Standard Model discovery and
Standard Model precision at LHC Run III

currently 9 members
(5 local, 4 remote)

2 postdocs, 1 PhD
student

topics cover particle pheno,
higher order calculations,
and dark matter



Possible master topics

collider phenomenology of new physics scenarios:
mainly running code

implementation of higher order calculations:
mainly coding

other...

Contact: trobens@irb.hr



Rakhi Mahbubani



Dark matter searches

Collider searches

SM

SM

Indirect detectionDirect detection

Place complementary limits on particle dark matter



Understanding deep learning

Network parameters
(weights, biases)

Network 
output

Neural scaling laws, Kaplan et. al. arXiv:2001.02361

?

Properties of ‘natural’ datasets e.g. MNIST?
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Seminar and Master Thesis Topics

A selection of student projects offered for seminar works and diploma/master 
theses

Ruđer Bošković Institute · Division of Theoretical Physics · Zagreb



Particle Physics and Cosmology Group QCD and Hadron Structure

QCD and Hadron Structure

Seminar and master thesis topics · Open Day for Undergraduate Students

Supervisor: Kornelija Passek-Kumerički

Seminarski rad

Dekonvolucijski problem i "shadow" GPD-ovi
arXiv:2104.03836

Seminarski rad

D-term nukleona i tlak u protonu
arXiv:2101.03855, arXiv:2410.13518

Diplomski radovi:

Proširenje na modeliranje GPD-ova dvostrukim distribucijama, DVCS faktorizaciju i 
račun CFF-ova na LO, uz mogući osvrt na NLO korekcije
arXiv:hep-ph/0307382, hep-ph/9905376, hep-ph/9902451, 2311.06007
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Seminar and master thesis topics · Open Day for Undergraduate Students

Stohastička teorija polja formiranja kozmoloških 
struktura

Supervisor: Zvonimir Vlah
Abstract
Suvremena kozmologija raspolaže sve većom količinom preciznih podataka o raspodjeli galaksija i tamne materije na velikim 
razmjerima. Opažanja strukture velikih skala, poput spektra snage i višetočkastih korelacijskih funkcija, pružaju izravnu vezu 
između ranih kvantnih fluktuacija i današnje nelinearne strukture svemira. Da bismo te podatke mogli ispravno interpretirati, 
nužno je razviti teorijske okvire koji omogućuju pouzdano statističko opisivanje gravitacijske evolucije kozmoloških 
perturbacija.
Ključni izazov u tom kontekstu proizlazi iz činjenice da ne poznajemo točne početne uvjete iz kojih se svemir razvijao, već 
samo njihove statističke zakonitosti. Zbog toga se teorijski opisi formiranja struktura nužno formuliraju u terminima 
ansambala mogućih realizacija početnih fluktuacija, pri čemu su opservable definirane kao statistička usrednjenja nad tim 
ansamblima. Dodatno, dugodosežna i nelinearna priroda gravitacije dovodi do snažnog miješanja skala, što čini takve 
statističke izračune osobito zahtjevnima.
Tema ovog rada je upoznavanje sa stohastičkom teorijom polja kao formalnim okvirom za opis takvih ansambala, s 
naglaskom na Gaussovu aproksimaciju i izračun korelacijskih funkcija. Posebna pažnja bit će posvećena metodama 
razdvajanja doprinosa dugovalnih (IR) i kratkovalnih (UV) modova, koje omogućuju da se različite fizikalne skale tretiraju 
odgovarajućim teorijskim alatima.
Svrha takvih IR/UV separacija jest omogućiti konzistentno povezivanje perturbacijske teorije, koja je prikladna za velike 
kozmološke skale, s numeričkim simulacijama i “lattice” metodama, koje su nužne za opis nelinearne dinamike na manjim, 
galaktičkim skalama. Na taj način stohastička teorija polja pruža prirodan most između analitičkih i numeričkih pristupa u 
teoriji formiranja kozmoloških struktura.
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Seminar and master thesis topics · Open Day for Undergraduate Students

Fast quantum simulations for cosmological structure 
formation

Abstract

Upcoming cosmological surveys demand fast and accurate simulations to extract cosmological information 
from next-generation observational data. For this, one typically employs classical simulations which are 
justified for cases when quantum effects of dark matter are negligible. Another approach is to consider instead 
the semiclassical Schrödinger-Poisson (SP) system --- a quantum-inspired framework that models dark matter 
with a wave function. While the formalism is reasonably well established, existing simulations remain 
computationally expensive.
This thesis investigates recently developed fast numerical techniques for solving the Schrödinger-Poisson 
system, enabling simulations that are orders of magnitude more efficient than conventional approaches. The 
work focuses on performing high-resolution SP simulations, analysing their dependence on key physical and 
numerical input parameters, and systematically comparing the resulting dynamics and observables with those 
obtained from classical simulations. The aim is to assess the accuracy, efficiency, and potential applicability of 
fast SP methods for cosmological structure formation studies.

Supervisor: Cornelius Rampf
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Seminar and master thesis topics · Open Day for Undergraduate Students

Simulations of the inviscid Taylor-Green vortex

Abstract

The Taylor–Green (TG) vortex is a canonical flow governed by the three-dimensional 
incompressible Euler equations and serves as a standard benchmark for investigating the possible 
formation of finite-time singularities. Despite extensive analytical and numerical efforts, the 
question of whether the TG vortex develops singularities in finite time remains open.
The goal of this project is to develop both (1) analytical tools and (2) new simulation methods for 
the TG vortex and related problems. Concerning (1), high-order Taylor-series solutions of the flow 
fields will be investigated in order to gain insight into convergence-limiting behaviour. Regarding 
(2), novel time-integrating methods that exploit the Taylor-series solutions will be developed.

Supervisor: Cornelius Rampf
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Heavy-Quark Spin Symmetry and Form-Factor Relations 
in B→D*ℓν

Abstract
Semileptonic decays of heavy mesons provide one of the cleanest laboratories for studying the weak 
interaction of quarks and for determining elements of the CKM matrix. In this project, the student will study the 
decay B→D*ℓν using the methods of Heavy Quark Effective Theory. In the limit in which the heavy-quark 
masses m_b and m_c are much larger than Λ_QCD, the spin of the heavy quark decouples from the light 
degrees of freedom. This leads to heavy-quark spin symmetry, which relates the pseudoscalar and vector 
mesons B,B* and D,D*, and strongly constrains the form factors appearing in semileptonic decays.
The main goal of the project is to understand how, in the heavy-quark limit, the several independent form 
factors describing B→D*ℓν reduce to a single universal Isgur–Wise function ξ(w), where w=v·v′ is the product 
of the initial and final meson velocities. Special attention will be given to the zero-recoil point w=1, where 
heavy-quark symmetry fixes the normalization ξ(1)=1. The author of the thesis will derive the basic symmetry 
relations, discuss their physical interpretation, and study how corrections of order Λ_QCD/m_Q modify the 
ideal heavy-quark limit.
As a concrete output, the project may include a simple numerical study of the differential decay rate using 
model parametrizations of the Isgur–Wise function. This provides a connection between abstract symmetry 
arguments and experimentally measurable distributions, illustrating how theoretical ideas from heavy-quark 
physics enter precision determinations of |V_cb|.

Supervisor: Ivan Nišandžić
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Seminar and master thesis topics · Open Day for Undergraduate Students

Review and update of the status of the simplest beyond-
the-standard-model theory for thermal dark matter.

Abstract

Much has been made of the `failure' of the LHC to find physics beyond the standard model. 
However, only about 20% of parameter space of the most robust and predictive particle model for 
thermal dark matter is currently being probed at the LHC. However, astrophysical probes, 
including 'indirect' and 'direct detection' experiments are also probing complementary regions of 
the model's parameter space. In this project you will gather information on all searches that could 
constrain this simple model, and synthesize them to give an overall update on the status, and 
future prospects for this well-motivated theory. Along the way you will learn how to carry out monte 
carlo simulations and analysis of particle collisions, and how to recast existing LHC searches in a 
different context.

Supervisor: Rakhi Nandalal  Mahbubani
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Seminar and master thesis topics · Open Day for Undergraduate Students

Applying statistical field theory techniques to understand 
deep learning. (requires strong skills in Python)

Abstract

The application of (statistical) field theory methods to study machine learning is an emerging field 
of research that offers valuable insights into the behaviour and optimisation of deep networks. This 
is a very new and fast-moving area of research, with many interesting open directions. Two 
options for investigation are:
- Carry out comparisons between existing theoretical results on evolution of statistical correlations 
between node hyperparameters in a deep network during the learning process and empirical 
results using standardized datasets (e.g. MNIST, CFAR);
- Understand the properties of 'natural' datasets, and how these impact neural scaling laws.

Supervisor: Rakhi Nandalal  Mahbubani
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Seminar and master thesis topics · Open Day for Undergraduate Students

Understanding and quantifying the environmental 
impacts of computing clusters at IRB

Abstract

Computing plays a vital role in many areas of research supporting modelling, simulation and data analysis 
across disciplines ranging from literature and economics, to medicine and astrophysics. Its use has a 
significant negative impact on the environment, from raw material extraction and processing in production of 
computing hardware, through energy use in its operation, to its decommissioning and reuse/recycling. The 
demand for higher capacity and efficacy of hardware and software tools, as well as increasing dataset size, 
suggests these environmental impacts will continue to grow.
In this project you will understand and quantify the environmental impacts of using hyper-local group-specific 
computing clusters at IRB to run scientific computing jobs, and how these compare with running the same 
jobs on the purpose-built, energy-efficient SRCE cluster.

Supervisor: Rakhi Nandalal  Mahbubani



IRB · ZAGREB · SPRING TERM 2026

Supek Physics Colloquium
Division of Theoretical Physics · Ruđer Bošković Institute

About the Series

The Supek Physics Colloquium

The Supek Physics Colloquium is a seminar series of the Division of Theoretical Physics
at the Ruđer Bošković Institute, named in honour of Ivan Supek (1915-2007), theoretical
physicist, humanist, and one of the institute's founders. It brings together researchers
from across theoretical physics: high-energy physics, solid-state physics, mathematical
physics, cosmology and beyond, for talks aimed at a broad physics audience.

Talks

• Selected Wednesdays, typically once per month, at
14:00.

• Lecture Theatre, Ivan Supek (1st) wing; shared Zoom
link available.

• Coffee is served afterward.
• Students and visitors from other institutions are

warmly welcome.

Schedule and speakers
https://zvlah.bitbucket.io/colloquium/
Check current dates, selected Wednesdays, and speaker details on the webpage.

Open Day for Undergraduate Students · Particle Physics and Cosmology Group

https://zvlah.bitbucket.io/colloquium/
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Thank you!
Questions and discussion

Questions? Seminars &
Master Theses

Group
Presentations Stay in touch
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