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Preface

The first African Conference on High Energy Physics, ACHEP2023, brings together
scientists, researchers, and students from all over Africa and beyond to share the
latest developments in high-energy physics. Organized by Ibn Tofail University and
Mohammed V University, this conference represented a landmark for the African
scientific community: a chance to collaborate, share knowledge, and celebrate
Africa’s fast-growing contribution to high-energy physics research worldwide.

The ACHEP2023 engaged its audience over several days with a rich program
covering topics such as neutrino physics and dark matter searches, physics beyond
the Standard Model, quark and lepton flavor physics, strong interactions and hadron
physics, astrophysics and cosmology, and more. Sessions also explored detectors
and future experimental facilities, applications of electroweak and Higgs physics,
and heavy ions, as well as education and outreach in Africa. Highlights included
updates on major international experiments like Hyper-Kamiokande, DUNE, and
ATLAS. The conference featured over 95 oral presentations, 19 poster sessions,
and keynote addresses delivered by leading international experts in their respective
fields, offering insights into both current research and the future of high-energy
physics.

Among the main ideas behind the ACHEP2023 was thus to give motivation
and visibility to the next generation of physicists in Africa. Strong emphasis at the
conference is also laid on the scientific infrastructure built across the continent, in
particular, as a necessary instrument for their better integration into international
collaboration. Separate sessions dedicated to issues of capacity building discussed
policy decisions about further increasing the participation of African nations in large
worldwide experiments by creating long-lasting possibilities for African scientists.

A cormnerstone of ACHEP was its dedication to promoting gender balance
and diversity. By prioritizing inclusivity, the conference created a platform that
empowered underrepresented groups in physics, celebrated diverse perspectives,
and inspired the next generation of scientists.

The Organizing Committee of ACHEP2023 warmly thanks all the participants,
speakers, and contributors, for making this event a tremendous success. We would
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like to extend special thanks to our sponsors and host institutions whose support and
vision have been indispensable in shaping this conference.

In publishing the proceedings of ACHEP2023, we celebrate the state-of-the-art
research that was presented at this conference and look forward with bright hope
toward the promising future of high-energy physics in Africa. We hope this volume
will be an inspiration for further creativity, collaboration, and exploration.

Rabat, Morocco Yahya Tayalati
Kénitra, Morocco Mohamed Gouighri



Acknowledgments We are deeply honored to have received the esteemed patron-
age of His Majesty King Mohammed VI for The First edition of the African
Conference of High Energy Physics. This prestigious recognition underscores His
Majesty’s enduring commitment to advancing science and technology, serving as
a powerful testament to the importance of fostering innovation and international
collaboration.

We acknowledge the kind support from the University Mohammed V in Rabat
and the University Ibn Tofail in Kénitra, whose collaboration has been essential
in ensuring the success of this conference. Furthermore, we extend our heartfelt
thanks to the Centre National pour la Recherche Scientifique et Technique for their
crucial support in organizing this event. Their dedication to advancing research and
facilitating collaboration has played a key role in bringing this initiative to fruition.

Additionally, we are deeply grateful to the companies BERTIN and SUETS for
their invaluable contributions. Their support has significantly enhanced the quality
and scope of this conference, and we are honored to have their partnership in
advancing our shared goals.

We also wish to express our sincere gratitude to the International Union of Pure
and Applied Physics (IUPAP) for their endorsement of this event. Their support
underscores the global significance of ACHEP and reinforces its role as a platform
for fostering impactful scientific exchange and collaboration.

vii



Contents

PartI Talks

Neutrino Spin States in Moving Matter and the Effect of
Neutrino Spin Light........................ 3
Alexander Grigoriev, Alexander Studenikin, and Alexei Ternov

Wave Packet Treatment of Neutrino Flavour and Spin
Oscillations in Galactic and Extragalactic Magnetic Fields.................. 7
Artem Popov and Alexander Studenikin

LIGO-Virgo-KAGRA Results and Status of the Current Fourth

Observing RUN ... 13
David Keitel
Multi-Detector Analyses for CCSN Neutrino Detection ..................... 21

Meriem Bendahman, Isabel Goos, Joao Coelho, Matteo Bugli,
Alexis Coleiro, Sonia El Hedri, Thierry Foglizzo, Davide Franco,
Jérdme Guilet, Antoine Kouchner, Raphaél Raynaud, and Yahya Tayalati

Towards a Finite AdS3 Topological Gravity Landscape ..................... 29
Rajae Sammani, Youssra Boujakhrout, El Hassan Saidi,
Rachid Ahl Laamara, and Lalla Btissam Drissi

Maximinext Surfaces: Enhancements in Island Entropy.................... 35
Safae Tariq, R. Ahl Laamara, and E. H. Saidi

A New Vertex Locator for the Next Generation LHCb Experiment ....... 41
Enoch Ejopu

The Compact Linear Collider: Physics Potential ............................. 45
Jan Klamka

The Upgrade of the T2K Near Detector .................ccoooiiiiiiiiiinnnnn 49

Nataliya Skrobova

ix



X Contents

Hyper-Kamiokande: Physics Potential, Calibration and Detector

SYSEEMALICS . . . ... 55
Sam J. Jenkins
Highlights of Recent Standard Model Measurements with ATLAS........ 61

Daniel Lewis

Search for Dark Matter with 2HDM+a in pp Collisions at /s =
13 TeV with the ATLAS Detector .................oociiiiiiiiiiiiiiiiiin... 67
Sanae Ezzarqtouni

Jets Physics Simulations and Analysis with the ATLAS Experiment ...... 75
Saad El Farkh

Reconstructing Long-Lived Particles with the ILD Detector ............... 81
Jan Klamka

The Cross Section of Inverse Beta Decay .......................coooon e, 87
Giulia Ricciardi, N. Vignaroli, and F. Vissani

The KM3NeT Underwater Neutrino Telescope............................... 93

Immacolata Carmen Rea

SATURNE: The Sarov Tritium Neutrino Experiment for Probing

Coherent Elastic Neutrino-Atom Scattering and Neutrino

Electromagnetic Interactions ............................ 99
M. Cadeddu, F. Dordei, C. Giunti, A. P. Ivashkin, K. A. Kouzakov,

F. M. Lazarev, O. A. Moskalev, 1. S. Stepantsov, A. 1. Studenikin,

I. I. Tkachev, V. N. Trofimov, M. A. Verkhovtsev, M. M. Vyalkov,

A. A. Yukhimchuk, and E. F. Zagirdinova

An Overview of the DUNE Far Detectors .....................oooviiiiii... 105
Leila Haegel

Exploring Entanglement and Quantum Fisher Information in a
System of Two Superconducting Qubits Subjected to Thermal Noise ..... 111
Mourad Benzahra and Mostafa Mansour

Status and Perspective of ICARUS at the Fermilab Short-Baseline
Neutrino Program................... i 117
Valerio Pia

Revisiting Inert Doublet Model Parameters ........................ooovunen 123
Hamza Abouabid, Abdesslam Arhrib, Ayoub Hmissou, and Larbi Rahili
Conformity of New CDF-II My with 123-Model............................. 129

B. Ait Ouazghour, R. Benbrik, Es-said Ghourmin, M. Ouchemhou,
and L. Rahili



Contents xi

Enhanced Photon Higgs Associated Production in Two Higgs
Doublet Type-II Seesaw Model at e~e¢™ Colliders ........................... 137
B. Ait Ouazghour, M. Chabab, and Khalid Goure

Collider Constraints on Massive Gravitons ..............................o.. . 147
Malak Ait Tamlihat, David d’Enterria, Laurent Schoeffel,
Hua-Sheng Shao, and Yahya Tayalati

Results From the NA62 Experiment at CERN................................ 151
Mattia Soldani

Probing a Vector-like Top Quark 7 — H¥hand H* — 1b
At HL-LHC . ... 159
R. Benbrik, Mbark Berrouj, and Mohammed Boukidi

Interpreting the Indications of a 95 GeV Higgs Boson Through a

2-Higgs Doublet Model ............ ... 165
A. Belyaev, R. Benbrik, Mohammed Boukidi, M. Chakraborti, S. Moretti,

and S. Semlali

Search for New Phenomena with the ATLAS Detector at the LHC ........ 173
Sijing Zhang
Recent Results from Belle and Belle IT Experiments......................... 183

Paolo Branchini

Measurements of Heavy-flavour Production in pp Collisions with
the ALICE Detector. ........ ..o 189
Tebogo Joyce Shaba

Part I Posters

The W Boson Mass Anomaly within the Inverted Scenario of the

Two-Higgs Doublet Model................ccooiiiiiiiiiiiiiiiiiiiiiiiiiiiiaas 199
Hamza Abouabid, Abdesslam Arhrib, Rachid Benbrik, Mohamed Krab,

and Mohamed Ouchemhou

Propagation and Oscillations of Cosmic Neutrinos in a Stochastic
Magnetic Field................. 203
Konstantin Kouzakov, Anastasia Nikolaeva, and Alexander Studenikin

Weak/Strong Duality and the Asymptotic Weak Gravity Conjecture...... 207
Mohammed Charkaoui, R. Sammani, E. H. Saidi, and R. Ahl Laamara

Neutrino Oscillations and Quantum Decoherence ........................... 211
Konstantin Stankevich, Alexander Studenikin, and Maxim Vyalkov

Neutrino Oscillations in External Environment .............................. 215
A. Popov, N. Dolganov, V. Shakhov, Konstantin Stankevich,
and A. Studenikin



xii

Effect of Quantum Decoherence on Collective Neutrino Oscillations.....

Artem Popov, Anastasiia Purtova, Konstantin Stankevich,
and Alexander Studenikin

Hyper Kamiokande Energy Calibration with N16 ..........................

Abderrazaq EL Abassi, Rafik Er-Rabit, and Mohamed Gouighri

Electromagnetic Effects in Deep Inelastic Neutrino-Proton Scattering. ...

Konstantin Kouzakov, Elena Kovalevskaia, and Alexander Studenikin

Dynamics of Quantum Resources in Hybrid System Under

Decoherence Effect............ ..o

Essalha Chaouki and Mostafa Mansour

Elasic Neutrino-Nucleon Scattering: The Effects of

Electromagnetic Properties and Polarization ................................

Konstantin Kouzakov, Fedor Lazarev, and Alexander Studenikin

Logarithmic Negativity Versus Quantum Discord in a System of

Dipolar Coupled Spins Undergoing Intrinsic Decoherence ................

Mansoura Oumennana, Essalha Chaouki, and Mostafa Mansour

Coherence and Non-classical Correlations within a Graphene

Layer System Subjected to Intrinsic Decoherence ..........................

Zakaria Bouafia and Mostafa Mansour

Contents



Editors and Contributors

Editors

Mohamed Gouighri Professor Mohamed Gouighri is a distinguished physicist
at the Department of Physics, University Ibn Tofail in Kenitra, Morocco. With
extensive expertise in Elementary Particle Physics, Accelerator Physics, and Com-
putational Physics, Dr. Gouighri has made substantial contributions to the global
physics community.

Dr. Gouighri began his journey with The European Organization for Nuclear
Research (CERN) as a Ph.D. student in 2007 and has maintained an active role
in groundbreaking research ever since. His work spans B-physics, Higgs physics,
and, more recently, neutrino physics. As a representative of Morocco in the Hyper-
Kamiokande Collaboration, he serves as a member of their Steering and Resource
Board while contributing to key projects such as Deuterium-Tritium Neutron Gen-
erator (DTG) calibration and physics analyses like Supernova sensitivity studies.

At University Ibn Tofail, Dr. Gouighri leads the university’s A Toroidal LHC
ApparatuS (ATLAS) group, fostering collaboration within one of CERN’s flagship
experiments. His research and leadership continue to inspire advancements in
experimental physics, both hardware and software, while promoting international
partnerships and the involvement of Moroccan physicists in global scientific
endeavors.

Yahya Tayalati Professor Yahya Tayalati is a high-energy physicist, with over two
decades of involvement in the ATLAS collaboration, the largest particle detection
experiment at the CERN Large Hadron Collider. His contributions span from
detector construction to the exploitation of physics data. He played a key role in the
construction of the Liquid Argon Presampler and contributed to ground-breaking
research on light-by-light scattering.

By building collaborations with the Astronomy with a Neutrino Telescope and
Abyss environmental RESearch (ANTARES) and KM3NeT (KM Cube) neutrino
telescope and the ATLAS High Granularity Timing Detector, Tayalati showcased

Xiii



Xiv Editors and Contributors

Morocco’s role in cutting-edge particle physics. Recognized as an honorary fellow
of the Islamic World Academy of Sciences, fellow of the World Academy of
Sciences (TWAS) and a fellow of the African Academy of Sciences. In 2021, he was
honored with the prestigious Mustafa Prize for his significant contribution to physics
research and scientific development. With his leadership and expertise, Tayalati
continues to shape the landscape of particle physics research, driving toward a
deeper understanding of the fundamental principles of the Universe.

Contributors

Hamza Abouabid Faculty of Sciences and Techniques, Abdelmalek Essaadi
University, Tangier, Morocco

Meriem Bendahman Université Paris Cité, CNRS, Astroparticule et Cosmologie,
Paris, France

Faculty of Sciences, Mohammed V University in Rabat, Rabat, Morocco

Mourad Benzahra LHEPCM, Depart of Physics, Faculty of Sciences Ain Chock,
Hassan II University, Casablanca, Morocco

Mbark Berrouj Polydisciplinary Faculty, Laboratory of Fundamental and Applied
Physics, Cadi Ayyad University, Safi, Morocco

Zakaria Bouafia LHEPCM, Physics Department, Faculty of Sciences of Ain
Chock, Hassan II University, Casablanca, Morocco

Mohammed Boukidi Polydisciplinary Faculty, Laboratory of Fundamental and
Applied Physics, Cadi Ayyad University, Safi, Morocco

Paolo Branchini RomaTre INFN Division, Rome, Italy

Essalha Chaouki LHEPCM, Depart of Physics, Faculty of Sciences Ain Chock,
Hassan II University, Casablanca, Morocco

Mohammed Charkaoui LPHE-MS, Science Faculty, Mohammed V University in
Rabat, Rabat, Morocco

Center of Physics and Mathematics, CPM, Rabat, Morocco
Enoch Ejopu The University of Manchester, Manchester, UK

Abderrazaq El Abassi Faculty of Sciences, Ibn Tofail University, Kenitra,
Morocco

Saad El Farkh Faculty of Sciences, University Ibn Tofail, Kenitra, Morocco

Rafik Er-Rabit Faculty of Sciences, Ibn Tofail University, Kenitra, Morocco



Editors and Contributors XV

Sanae Ezzarqtouni Faculty of Sciences Ain Chock, Hassan II University of
Casablanca, Casablanca, Morocco

Es-said Ghourmin Laboratory of Theoretical and High Energy Physics, Faculty
of Science, Ibn Zohr University, Agadir, Morocco

Khalid Goure LPHEA, Faculty of Science Semlalia, Cadi Ayyad University,
Marrakech, Morocco

Alexander Grigoriev Moscow Institute for Physics and Technology, Dolgoprudny,
Russia

Leila Haegel Universite Claude Bernard Lyon 1, CNRS/IN2P3, IP2I Lyon, UMR
5822, Villeurbanne, France

Ayoub Hmissou Faculty of Sciences and Techniques, Abdelmalek Essaadi Univer-
sity, Tangier, Morocco

Sam J. Jenkins University of Liverpool, Liverpool, UK

David Keitel Departament de Fisica, Universitat de les Illes Balears, IAC3-IEEC,
Palma, Spain

Jan Klamka Faculty of Physics, University of Warsaw, Warsaw, Poland

Konstantin Kouzakov Faculty of Physics, Lomonosov Moscow State University,
Moscow, Russia

Elena Kovalevskaia Faculty of Physics, Lomonosov Moscow State University,
Moscow, Russia

Daniel Lewis LAPP, Annecy, France
Fedor Lazarev Lomonosov Moscow State University, Moscow, Russia

Anastasia Nikolaeva Faculty of Physics, Lomonosov Moscow State University,
Moscow, Russia

Mansoura Oumennana LHEPCM, Depart of Physics, Faculty of Sciences Ain
Chock, Hassan II University, Casablanca, Morocco

Valerio Pia INFN Sezione di Bologna,, Bologna, Italy

Artem Popov Faculty of Physics, Lomonosov Moscow State University, Moscow,
Russia

Immacolata Carmen Rea INFN Sez. di Napoli, Complesso universitario di Monte
S. Angelo, Napoli, Italia

Giulia Ricciardi Dipartimento di Fisica E. Pancini, Universita di Napoli Federico
IT and INEN, Naples, Italy



XVi Editors and Contributors

Rajae Sammani LPHE-MS, Science Faculty, Mohammed V University in Rabat,
Rabat, Morocco

Centre of Physics and Mathematics, CPM, Rabat, Morocco

Tebogo Joyce Shaba North-West University, North-West, South Africa
iThemba LABS, Somerset West, Western Cape, South Africa

Nataliya Skrobova INR, Institute for Nuclear Research, Moscow, Russia
LPI, Lebedev Physics Institute, Moscow, Russia

Mattia Soldani INFN Laboratori Nazionali di Frascati, Frascati, Italy

Alexander Studenikin Moscow Institute for Physics and Technology, Dolgo-
prudny, Russia

Malak Ait Tamlihat Faculty of Sciences, Mohammed V University in Rabat,
Rabat, Morocco

Safae Tariq LPHE-MS, Science Faculty, Mohammed V University in Rabat,
Rabat, Morocco

Centre of Physics and Mathematics, CPM, Rabat, Morocco

Maxim Vyalkov Faculty of Physics, Lomonosov Moscow State University,
Moscow, Russia

Branch of Lomonosov Moscow State University in Sarov, Sarov, Nizhny Novgorod
Region, Russia

Sijing Zhang Southern Methodist University, Dallas, TX, USA

Laboratoire des 2 Infinis, Toulouse, France



Part I
Talks



Neutrino Spin States in Moving Matter )
and the Effect of Neutrino Spin Light ST

Alexander Grigoriev, Alexander Studenikin (), and Alexei Ternov

Neutrino electromagnetic properties and its interaction with matter are the key ques-
tions in physics of neutrino propagation in astrophysical media. The electromagnetic
properties can be described by neutrino electromagnetic form factors [1] and the
interaction with matter on the quantum level can be accounted for by the modified
Dirac equation [2]. Combining these two research lines gives the so-called “method
of exact solutions” [2, 3] which makes it possible to describe several new effects of
neutrino propagation under the influence of external conditions (background matter
and external electromagnetic fields). The method implies the use of the modified
Dirac equation solutions to calculate amplitudes for particular processes.

The most important neutrino electromagnetic characteristic is the magnetic
moment. In the minimally extended Standard Model with right-handed neutrinos
its value is calculated to be u & 3.2 x 10~ ug(m /1 eV), where m is the neutrino
mass and pup is the Bohr magneton [4]. Severe upper limits obtained in neutrino
scattering experiments with the reactor and solar neutrino fluxes are at the level of
w < (2.8—2.9) x 107" g [5, 6]. Quite recently significant progress has been made
[7] in verifying the neutrino magnetic moments by analyzing data on the direct
detection of dark matter in experiments.

In the present short note we aim to demonstrate the potential of the exact
solution method which encompasses description of various phenomena related
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4 A. Grigoriev et al.

to the neutrino propagation in external media and the neutrino electromagnetic
properties. On this basis the following important phenomena were predicted and
studied.

1. The neutrino energy quantization in the case of neutrinos moving in a rotating
matter [8].

2. When applied to millicharged neutrinos moving in a magnetized pulsar a new
mechanism (the neutrino star turning, vST) that disturbs the star rotation angular
velocity was predicted [9]. The comparison of the vST impact with the observed
pulsars angular velocities provides the most stringent astrophysical bound on the
neutrino millicharge ¢, < 1.3 x 10~ P¢q (eg is the elementary charge).

3. The neutrino spin and spin-flavour oscillations can be engendered by neutrino
interaction with the background moving matter in the case when there is the
transversal matter current or matter polarization [10, 11].

4. A consistent treatment of neutrino oscillations in a magnetic field with account
for massive neutrino helicity [12]. This approach reveals modulations of the
neutrino oscillation amplitude owing to the interplay between vacuum and
magnetic field oscillation frequencies.

5. The phenomenon of neutrino electromagnetic radiation in matter owing to its
magnetic moment, called the Spin Light of Neutrino (SLv) [2, 13]. The process
was studied for the case of non-moving matter and the higher the density of the
matter and the neutrino energy, the more effective it is. Due to the latter fact it can
be substantial in ultra-dense astrophysical environments (e.g., NSs, third-family
compact stars, GRBs). For instance, for the case of third-family compact stars,
assuming the baryon density as high as n, ~ 10*' cm™ and neutrino energy
E ~ 10PeV, the radiation time is about Tz, ~ 10~% s [14].

Here we show how the method of exact solutions can easily be adopted to
asses the effect of transversal matter motion on SLv. This setting is peculiar for
some GRB models. Note that the SLv photon is emitted between different neutrino
helicity states. In the limit of massless neutrinos they become the chiral states: vy, for
the initial neutrino and vy for the final one which is sterile. For the initial neutrino
moving with momentum p and matter moving at a speed v along the third and first
axes, respectively, we have the effective Dirac equation:

{WE —vap —it(1 — y5) (o — vy } ¥ (x) = 0, (1)

where matter is composed of electrons so that the density parameter is n =
#G #(1 4 4sin® Oy )n with n = yng being the number density in the laboratory
242

frame (y = 1/+/1 —v? is the Lorentz gamma factor). For densities peculiar to
the matter of neutron stars (n ~ 1038 cm_3) one has n ~ 1eV, so that n is very
small compared to p. Then the neutrino energy leading from (1) can be written as
E = /p? + 4i2v2 427 ~ p + 2t + 2i*v?/ p, and, for the standard representation
of gamma-matrices, the solution to Eq. (1) has the form:
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1 o
Wi (x) = —— (—iv, —p, iiv, p)T e EIHIPZ, )

V2p

For the final neutrino, the solution of the free Dirac equation is used.

Solving the kinematical problem with respect to the photon energy w, while
2ip
p(1—cos0)+2n

of the process is defined by the vertex (F'e*), where vector e describes the photon
polarization and I' = i{[E X k] + ia)ys):} [2].

Within the straightforward calculation for the total rate and the power of SLv, in
the limit 71/ p < 1 we obtain, respectively,

neglecting its dispersion for simplicity, gives: @ = . The amplitude

4
I =427 (p =21+ m?) 1= §M2ﬁ2p(p+2ﬁu2). 3)

For the case of non-moving matter, v = 0, these formulas fit perfectly the results
obtained before in [14]. Expressions (3) show that the SLv in moving matter is y2
times more efficient than in the case of the non-moving one given that p and ng are
the same. As a result, the SLv radiation time is appeared to be y 2 times less, which
for high matter velocities in the real GRB conditions can give additional reduction
by an order of magnitude.
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Wave Packet Treatment of Neutrino )
Flavour and Spin Oscillations in Galactic e
and Extragalactic Magnetic Fields

Artem Popov and Alexander Studenikin

1 Introduction

It is known that massive neutrinos possess nontrivial electromagnetic properties,
in particular nonzero anomalous magnetic moments. For a review of theory and
experiment of neutrino electromagnetic properties see [1] and [2]. Currently, the best
upper bound on neutrino effective magnetic moment obtained by the XENONnT
experiment and is on the level u, ~ 6.4 x 10~12 up [3, 4]. Interaction of neutrino
magnetic moments with a magnetic field induces neutrino spin and spin-flavour
precession, i.e. a phenomena in which neutrinos are converted to right-handed states.
In particular, spin precession can be induced by neutrino interaction with cosmic
magnetic field, that is of order of ©G in our Galaxy [5].

To study neutrinos propagation through an environment of cosmological scales
it is necessary to employ the wave packet approach that accounts for decoherence
of neutrino oscillations. Previously, the wave packet formalism was developed for
the case of vacuum neutrino oscillations within relativistic quantum mechanics (see
[6] for a review) and quantum field theory [7] approaches, for neutrino oscillations
in matter [8, 9] and collective neutrino oscillations [10]. In this paper we extend the
wave packet approach to the case of neutrino propagation in a magnetic field.
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2 Neutrino Oscillations in a Magnetic Field in the Wave
Packet Formalism

Neutrino oscillations in a uniform magnetic field are described by the following
modified Dirac equation

(iy" 9, —mi)vi(x) — u; XBv;(x) =0, (D

where i = 1, 2, 3 enumerates neutrino massive states. In [11, 12], Eq. (1) was solved
in the plane wave approximation. To account for potentially important decoherence
effects in neutrino oscillations at long distances, we solve (1) assuming that at initial
moment ¢t = 0 neutrino wave function Fourier transform is described by a Gaussian
wave packet

_ 1 (p — p0)?

vi(p,0) = fi(p, po)u; (p), [fi(p, po) = W exp <_T§> ,

2

where pg is the average wave packet momentum, o, is wave packet width in

momentum space and u; is a left-handed solution of the Dirac equation in

vacuum. For clarity, in this paper we consider one dimensional wave packets.

Three-dimensional consideration leads to different wave packet spreading times

in longitudinal and transversal directions, but does not significantly affect neutrino
oscillations patterns [7, 13].

The dispersion relation for neutrinos interacting with a magnetic field is given by

the following expression [11]

Ej(p) = i\/’"?wz + i B2 + 2spuiyfm? B2 + p?BY, 3)

where s = =+1. Here magnetic field B is decomposed into transverse B and
longitudinal B} components with respect to the neutrino momentum.
For sufficiently small o, (3) can be decomposed near average momentum pg

E$(p) = E(po) + v (po)(p — po) + O((p — po)?), 4)

E! . . .
where é;p ) are group velocities. Using (3), we calculate neutrino wave
=P0

packets group velocities accounting for neutrino interaction with a magnetic field

S [ BJZ_

v} (po) = % L
i \Po JmiB? + ptBT

&)
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Finally, for the probabilities of neutrino flavour and spin oscillations in a
magnetic field accounting for decoherence effects we get

L
hh' ~h .
M%M(Ly_E:E:UmUmUmU*C C7,ap<—ﬂany)

i,j 5.8 osc
L2
X exp( o7 2) (6)
(Lcoh )

where the corresponding oscillations and coherence lengths are introduced

Lijss/ _ 2\/_Gx 7
ss'’ coh — ‘,/ . ( )
$5 S — s
t i J

P
ijss’
Losc =

2

The oscillations frequencies a)f] are given by a) 7 (po) ~ 2170 + (uis — njo)By.

The coefficients Cihsh, in (6) are given by

LL ; RL s m}
~ i
cL —+O(p ) ck ~—§+O(?>. ®)
The oscillations probabilities (6) generalize the expressions we obtained in [12]
and account for exponential damping of neutrino oscillations at large distance
due to wave packets separation. Using (5), we obtain the following approximate
expressions for the coherence lengths given that p > m; > u; B:

2 3
Lijsx - 4\/§0xp ii—+ . 9xP
coh ™ Am2 > coh
ij

ij +~ ijss
Lcoh Lcoh (9)

i Bm?’

ii—+
coh

Here the coherence lengths L h " and L

4
vacuum lengths L33 = A’”;
’nlj

ingly. Note that unlike the coherence lengths of vacuum neutrino oscillations, the
coherence length L’C’UT' is proportional to the cube of the neutrino momentum.

Interaction with a magnetic field can modify the flavour composition of neutrino
emanating from astrophysical objects. For example, consider high-energy neutrinos
originating from the Galactic centre. The flavour composition at distance L is
given by

describe damping of oscillations on

and magnetic lengths L;’;"’ = B , correspond-

Yo raPup(L)

rOl(L) = Zaﬁrgpaﬁ(L)’

(10)
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Pion decay neutrinos Muon decay neutrinos

pi < 6.4 % 107 pp ‘ i < 6.4 % 1072
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pi=0

Muon neutrino fraction
Muon neutrino fraction
=

T00 01 02 03 04 05 06 07 08 09 1.0 0.0 0.1 02 03 04 05 06 07 08 09 10
Electron neutrino fraction Electron neutrino fraction

Fig. 1 Flavour compositions of neutrinos coming from the Galactic centre for the cases of pion
decay and muon decay high-energy neutrinos production

where rg are the flavour ratios at the source and Pypg = P, L—vf are the probabilities

of flavour oscillations.

The mechanism of high-energy neutrinos production is presently unknown. We
study two cases considered in the literature: case of pion decay neutrinos and
case of muon decay neutrinos. The corresponding initial flavour compositions are
r0 = (%, %, 0) and r° = (0, 1,0). We also consider different values of neutrino
magnetic moments from the interval (0.1, 6.4) x 107125, as well as different
experimental values of neutrino mixing parameters within their 3o intervals. In
Fig. 1 we show the possible flavour ratios of neutrinos propagating from the Galactic
centre to a terrestrial neutrino telescope for different values of neutrino magnetic
moments (1, 12, 43 and compare them to ones predicted by the vacuum neutrino
oscillations case. We assume that galactic magnetic field strength is B = 0.2 uG,
which corresponds to the average value of the regular component of the Galactic
magnetic field. Magnetic field of approximately same strength is found in the Local
Supercluster [14]. We find that the neutrino interaction with the Galactic magnetic
field can significantly modify the observed flavour ratio. Thus, we conclude that
neutrino magnetic moments potentially can be probed by neutrino telescopes, such
as IceCube, Baikal-GVD and KM3NeT. The obtained results can be also applied for
description of supernovae neutrino oscillations effects would be detected by JUNO
and Hyper-Kamiokande.

This study was conducted within the Scientific Program of the National Center
for Physics and Mathematics, Section No. 8 (Stage 2023-2025).
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LIGO-Virgo-KAGRA Results and Status ~ m)
of the Current Fourth Observing Run ST

David Keitel

1 The LVK Detector Network and Collaboration

It took 100 years from Einstein’s prediction of gravitational waves (GWs) to their
first detection [3]. Any time-varying mass quadrupole can produce these ripples in
spacetime. But we need both extreme astrophysical sources and extremely sensitive
detectors to observe this new spectrum of cosmic messengers.

The current global network of laser-interferometric GW detectors consists of two
LIGO detectors in the US with 4 km arms [1], the 3 km Virgo detector in Italy [25],
the 3 km underground KAGRA in Japan [27] and the 0.6 km GEO600 in Germany
[31], mainly used to test new technologies and watch for nearby GW events when
the larger detectors are offline. Another 4 km LIGO will be constructed in India [37].

The detectors are operated and their data analyzed by the global LIGO-Virgo—
KAGRA collaboration (LVK) with over 2000 members in over 200 groups. The
progression of LVK observing runs and sensitivities is shown in Fig. 1.

2  GWs from Compact Binary Coalescences (CBCs)

The first detection of GWs [3] was the GW150914 signal from the merger of a
binary black hole (BBH) with component masses ~30 M at a distance ~400 Mpc.
Found by both matched-filter and unmodelled analysis pipelines, the observed
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Fig. 1 LVK observing runs so far and plans for the rest of O4 and the future. Sensitivities are
summarized as the typical distance at which binary neutron star mergers can be detected. Further
updates will be available at https://dcc.ligo.org/G2002127/public/. © 2024, the LIGO Scientific
Collaboration, the Virgo Collaboration and the KAGRA Collaboration

waveform closely matches full numerical relativity (NR) solutions of Einstein’s
equations [2].

Opver the first three observing runs of Advanced LIGO, joined by Advanced Virgo
since O2 and KAGRA at the end of O3, a total of 90 GW events have been published
by the collaboration [9, 13, 20]. Additional events have been reported by external
authors (e.g., [34, 40]) from open data provided by the LVK [17, 21]. All come
from CBCs, and most from BBHs since heavier objects produce stronger GWs, and
hence BBHs can be observed at larger distances. Our current data-based estimates
of actual merger rates (per Gpc® and year) are 17.9-44 for BBHs, 10-1700 binary
neutron stars (BNSs) and 7.8—140 for neutron star—black holes (NSBHs) [22]). The
most distant observations reach redshifts of z ~ 1.

2.1 BBH Results

Since the GW frequency evolution depends on the source parameters (masses,
spins, inclination, sky location), we can extract these parameters through Bayesian
inference [39] against large numbers of NR-calibrated model waveforms (see
references in [20]). We have found a wide spread of systems consistent with BBHs,
recovering an increasingly sharp picture at the population level [22] of their rate
and mass distribution. Observed component masses range from a few solar masses
up into the intermediate-mass range (=100 M), touching both of the “mass gaps”
often discussed in astrophysics [22]. We have also found such systems with mass
ratios from unity to 1:10 and with various spin configurations, though the latter are
still difficult to measure precisely at current detector sensitivity. Both mass ratios
and spins are useful indicators for astrophysical formation channels [22].
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All events so far are well fit by general-relativity waveforms, but the LVK probes
alternative theories of gravity through an array of tests yielding increasingly strong
constraints [16]: inspiral-merger-ringdown consistency, parametrized tests of GW
generation and GW dispersion relation, polarization tests, etc. We are also searching
for signatures of gravitational lensing of GWs [15, 23].

2.2 Binaries Including Neutron Stars

The first BNS observation, GW170187 [6], was a revolutionary multimessenger
event [7]. Among the many results were a first “standard siren” measurement of the
Hubble constant [4, 19], confirmation that the speed of gravity is very close to that of
light [5], constraints on the equation of state of nuclear matter at extreme densities
[8, 9], and that BNS mergers are a prime source of heavy elements in the Universe
[30]. A second BNS event, GW 190425, hinted at a surprising population of heavy
BNS systems [10, 20]. The set of CBC types observable with the LVK network was
completed with the first observation of NSBHs [14, 20].

3 Beyond Binaries: Other GW Sources in the LVK Band

3.1 GW Bursts

While CBCs are well-modelled signals for which matched filtering is the standard
approach, other sources of short GW transients (‘“bursts”) are less well understood:
core-collapse supernovae, magnetars, accretion disk instabilities, highly eccentric
BBHs, cosmic strings, etc. Burst searches use more generic methods, often based on
empirical models such as wavelets or sine-Gaussians or pattern recognition in time-
frequency GW spectrograms. See [11, 12] for recent LVK all-sky burst searches,
and references therein for physical scenarios and analysis methods. No detections
of any signals beyond CBCs have been made so far, but even non-detections can
yield interesting physical constraints, e.g., on galactic supernovae or on magnetars
vs. BNS as sources for nearby gamma-ray bursts.

3.2 Continuous GWs

By contrast, long-duration persistent GWs can also be emitted by a number of
sources, especially spinning non-axisymmetrically deformed neutron stars. They
produce very weak GW strains but stay observable for years, with great promise for
multi-messenger astronomy and as probes of nuclear physics at extreme densities.
For a review of the physics, computationally very challenging search methods and
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the non-detection upper limits results obtained so far, see [36]. CW search methods
are also used for direct and indirect dark matter detection with GW detectors; see
Sect. 5.

3.3 Stochastic GW Backgrounds

GW detectors could uncover two types of stochastic backgrounds in the Universe:
astrophysical backgrounds from the overlap of faint, unresolved CBCs and other
sources or cosmological backgrounds from early-universe physics: inflationary
tensor modes, phase transitions, etc. For recent reviews see [35, 38]. Complementary
to LVK searches, in 2023 pulsar timing array experiments have found first evidence
for such backgrounds at much lower (nHz) frequencies [26].

4 The Present: The O4 Run

The O4 run started on 27 May 2023, with sensitivity of the LIGO detectors further
improved over O3. Virgo rejoined after a commissioning break between the O4a
and O4b periods and KAGRA plans to participate again later in O4b, which will run
into 2025. For detector status see gwosc.org/detector_status/O4a/.

Public alerts from low-latency data analysis are available via gracedb.ligo.org.
News in O4 include alerts for marginal candidates (to enable deep multimessenger
coincidence searches) and BNS pre-merger alerts. The accumulation of detections
from O1-03 and O4a candidates is shown in Fig. 2. When ACHEP2023 was held

01+02+03 = 90, O4a* = 81, Total = 171

u 180 : = . -
g * O4a entries are preliminary candidates found online. p
§ 160
T o
€ 140 o
] y
o A
& 120 r
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>
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L
=
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£
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1160-G2302098(), updated on 16 January, 2024 Time ( Days) Credit: LIGO-Virgo-KAGRA Collaboration

Fig. 2 GW detections published by the LVK from the O1-O3 runs [20, 24] and O4a candidates
up to 2024-01-16, released to the public via gracedb.ligo.org. © 2024, the LIGO Scientific
Collaboration, the Virgo Collaboration and the KAGRA Collaboration
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in October 2023, there were 55 significant candidates from O4a; and by the time of
the final version of this proceedings papers in June 2024, the number from O4a+b
had grown to over 100. CBC catalog updates from O4 and further search results
for bursts, CWs, stochastic backgrounds, etc. will be published by the LVK in due
course, and O4 data will be made public via gwosc.org.

5 GWs, High-Energy Physics and New Physics

Of particular interest to the HEP community are the many avenues for exploring
fundamental physics with GWs. These include the already mentioned tests of
theories of gravity [16] and GWs as a new probe for cosmography [4, 19], the
early Universe [33], and nuclear matter at extreme densities [8, 36]. LVK data
can also be used to look for exotic compact objects [29], primordial BHs [32]
and particulate dark matter—via indirect detection (GWs from annihilating boson
clouds [28]) or direct detection of interactions with the detector hardware [18]. And
multi-messenger astronomy [7] includes GWs and traditional photonic astronomy
together with high-energy astroparticle observatories (gamma-ray, TeV and neutrino
detectors). The HEP and GW communities also have notable overlap in data analysis
techniques, computing infrastructure, instrumentation, the planning of large-scale
facilities, as well as potential synergies in global community building and outreach
strategies.

6 Conclusions

Through decades of work and with the expertise of a global community, GW
astrophysics became reality. With 90 published detections from the first three
observing runs and almost as many new candidates already from the ongoing O4
run, the LVK is obtaining unprecedented insights into the physics, populations and
evolutionary history of compact objects in our Universe. Many other science targets
are within reach as the global detector network is growing and continuing to improve
its sensitivity, and future GW detectors will further push cosmic frontiers.
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1 Introduction

Core-collapse supernovae (CCSNe) offer important insights into the dynamics of
galaxies. Detecting the neutrino burst from a potential CCSN in the Milky Way
before the visible explosion occurs is theoretically possible. Given the infrequency
of galactic supernovae, it is crucial to promptly extract reliable CCSN localization
information from neutrino data and transmit it efficiently to telescopes. Under-
standing the CCSN distance holds particular importance, as it could help ascertain
whether the supernova took place in the dust-obscured regions behind the galactic
center, influencing observation strategies [1]. However, untangling the impact of
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this distance from the effects of progenitor and neutrino properties on observations
presents substantial challenges. Existing strategies for CCSN distance measurement
aim to mitigate progenitor dependence but rely on the assumption of standard
neutrino flavor conversion mechanisms [2, 3]. Approaches to constrain neutrino
properties often hinge on energy measurements [4], a variable that may not be
universally available across all experiments. Over the next two decades, the field
of neutrino detectors sensitive to CCSNe will undergo a significant transformation,
introducing new detectors sensitive to various combinations of neutrino flavors
alongside traditional water Cherenkov detectors. This flavor complementarity could
potentially break degeneracies between neutrino and CCSN properties even when
the event energies are not known, thus improving the robustness of the CCSN dis-
tance measurements made by the Supernova Early Warning System (SNEWS) [5].
In this contribution, we introduce an algorithm designed to simultaneously constrain
CCSN position, progenitor characteristics, and neutrino properties, utilizing only
neutrino counting rates measured at large-scale next-generation experiments. We
assess the algorithm’s capability to locate CCSNe and characterize neutrinos with
minimal information, while also evaluating its robustness in the presence neutrino
two-body decays.

2 Methodology

In examining the effects of CCSN and neutrino properties on observations, we
assess the anticipated neutrino rates across various current and upcoming exper-
iments, employing a diverse range of supernova models and different flavor
conversion mechanisms. This section outlines the methodology involved in this
assessment and details the observables selected for characterizing CCSN.

CCSN Models In this analysis, we explore a collection of 149 progenitor mod-
els formulated and introduced in [6]. These models, established through one-
dimensional simulations, encompass a broad spectrum of progenitor parameters
such as masses, compactness, and metallicity, which are anticipated in CCSNe with
an iron core. The purpose behind their creation was to identify observables with
a weak dependence on the CCSN model, making them particularly well-suited for
our study. The probability distribution for these models is defined using the Salpeter
Initial Mass Function: w(M) oc M~%33, M is the progenitor mass. The models are
sampled using w(M) as a weight.

Neutrino Experiments Future large-scale detectors will exhibit sensitivity to three
neutrino flavor combinations. Water Cherenkov (WC) detectors will be responsive
to electron antineutrinos, kiloton-scale liquid argon detectors to electron neutrinos,
and detectors for Coherent Neutrino-Nucleus scattering (CEvNS) will be sensitive
to the sum of all neutrino flavors. In the case of WC detectors, our considerations
include Hyper-Kamiokande (HK), IceCube, and KM3NeT. For large liquid argon
experiments we focus on DUNE’s far detector, currently the most extensive project
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in this category. Additionally, for CEVNS detection experiments, we examine
DarkSide-20k and a comparable but seven times larger project named ARGO.

Neutrino Flavor Conversion Models This analysis specifically delves into the
initial 150 ms of a CCSN, where adiabatic MSW flavor transitions predominantly
govern flavor-conversion mechanisms within the star. The MSW effect strongly
depends on the mass ordering. Furthermore, we explore scenarios involving two-
body decays of neutrinos. This BSM scenario represents one example of new
physics phenomena which can mimic SM scenarios and introducing biases in
distance and mass ordering estimates [7]. As an example, we consider the Dirac
¢o scenario from [7], where the heaviest neutrino species decays into the lightest,
introducing two parameters: the ratio 7 of the CCSN distance over the decay length
and the branching ratio ¢ to active neutrinos.

Analysis Pipeline Neutrino rates at various detectors are evaluated using the
SNEWPY software [8]. SNEWPY has been modified to incorporate the described
neutrino decay model, along with detection efficiency curves for DarkSide-20k and
ARGO [9]. For IceCube and KM3NeT, Poissonian backgrounds are added, with
rates of 1.5 and 3 MHz, respectively. More details can be found in [10].

Building Block Observables This analysis relies on observables with low or easily
parameterizable dependencies on the CCSN model. Many of these observables,
known as “standard candles” for CCSN distance measurements at single detectors,
have been proposed in previous literature. While earlier time windows display
weaker CCSN model dependence, the reduced statistical uncertainties for larger
windows might lead to more precise measurements [2, 3]. A preliminary study
is made to illustrate how to separate mass ordering using early time windows by
examining ratios between the rates described above and those measured during the
early accretion phase, specifically 100—150 ms after the beginning of the CCSN.
This choice aims to mitigate the residual model-dependence of early neutrino rates
for CCSN distance measurements. The associated observables, referred to as f4 and
illustrated in Fig. 1, exhibit quasi-linear dependence on early neutrino rates.

3.25
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Fig. 1 Left: CCSN neutrino rates in Hyper-Kamiokande for a CCSN at 10 kpc as a function of
progenitor masses in M, for the first 10 ms (green), 20 ms (blue), and 50 ms (purple) postbounce.
Right: fa as a function of the CCSN neutrino rates in the first 50 ms. NMO and the IMO, are
presented with light and dark colors respectively
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N (100 — 150 ms)

fa(Ar) = N (A7) ~aN(An) + p 6]

where At is the time window and N the neutrino rate.
In the study by [2], a value of At was set at 50 ms.

3 Likelihood Analysis

Considering a set of neutrino detectors, we establish the following likelihood
function:

log LE{Oobs}ld, M, ¥, £, MO) = Zlog P[N;(10ms)] 4 log P[N;(10-20ms)]

1

+log P[N;(20-50 ms)]+ log P[N; (100-150 ms)]
2

The index i represents the individual neutrino detectors, M and d represent the
progenitor mass, and the supernova distance, respectively. The parameters (7, )
correspond to the neutrino decay parameters. P denotes the Poisson probability
distribution for observing a specific count of events:

Ni —Xi

P(N;) = = 3)

ri(d, M, 7, ¢, MO) is the expected value of N; considering CCSN and neutrino
properties, {Oyps} denotes the collection of measurements conducted for various
detectors. When constraining a specific parameter, such as the CCSN distance, the
remaining parameters are regarded as nuisance parameters =. In this context, we
establish a profile likelihood:

Lprot({0i}160) = maxz LEO;}0, &) “)
which can be used for either parameter fitting or hypothesis testing. To optimize the

likelihood over (7, ¢), a regular grid is considered, where: Ar = 0.05and A¢ = 0.1.
More details can be found in [10].

4 Mass Ordering Determination

We employ the likelihood specified in Eq. (2) to deduce the neutrino Mass Ordering
(MO) without knowledge of the CCSN distance. Initially assuming that neutrino
properties follow the Standard Model (SM), we maximize the likelihood over
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Fig. 2 3o distance horizon (in kpc) indicating the rejection for the IMO when the NMO is the true
mass ordering. The individual detectors are shown in the diagonal, off-diagonal elements display
pairs of detectors. The cross-hatched regions identify experiments or pairs of experiments lacking
sensitivity to the mass ordering, such as DUNE in the presence of neutrino decays, and CEvNS
experiments like ARGO and DarkSide-20k. Left: SM scenario utilizing a SM likelihood. Right:
Beyond Standard Model scenario with ¥ = 5, ¢ = 1, with 7 and ¢ treated as degrees of freedom in
the likelihood

distances and supernova models for each mass ordering (MO) hypothesis given
a particular measurement. Subsequently, we compute the p-value for a IMO or
NMO measurement, using the ratio of IMO and NMO likelihoods as test statistic
defined as:

maXd,M,f,{ [L({00b§}|d9 M’ F7 é" NMO)]
maxd,M,F,{ [L({OObS”d? Mv fv ;a IMO)]

t({Oobs}) = 5

The likelihoods are optimised over both CCSN distance and the CCSN models.
In the scenario of the Standard Model, the parameters are set to ¥ = 0 and
¢ = 1. However, if the potential for neutrino decays is taken into consideration,
the likelihoods are optimised over the r and ¢ parameters. To assess the probability
distribution of ¢ under a specific mass ordering hypothesis, we generate potential
observations by sampling from a prior probability distribution described in [10].
Figure 2 illustrates the 3 o distance horizon for rejecting the IMO based on the
distribution of the test statistic ¢+ under the NMO case, considering both single
and pairs of experiments. Combining Hyper-Kamiokande and IceCube extends the
distance horizon from 20 kpc, when considering Hyper-Kamiokande alone, to 23
kpc. Notably, the most significant enhancement occurs when combining Hyper-
Kamiokande with DUNE, resulting in a 27 kpc horizon that encompasses the entire
galaxy. Likewise, for the IMO, the 3 distance horizon extends from 11 kpc to
18 kpc when combining DUNE with ARGO and from 14 kpc to 19 kpc when
pairing DUNE with IceCube. We then assess the ability of neutrino experiments
to differentiate between the NMO and the IMO scenarios, considering the presence
of neutrino decays. The right panel of Fig. 2 displays the corresponding distance
horizons for rejecting the Standard Model in the IMO. In this analysis, we simulated
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Fig. 3 Median values and 90% confidence intervals on the measured CCSN distance are presented
as functions of the true distance, for a 11M, progenitor, assuming the IMO and a neutrino decay
model of ¥ = 5,¢ = 1. DUNE, HK and their combination are presented. The grey band is for
the SM hypothesis, while the orange band is a fit where 7 and ¢ are optimized alongside the other
parameters

an observation for which 7 = 5, = 1, but we vary r and ¢ when we optimize
the likelihood. For IMO rejection, the largest distance horizons are achieved by
combining DUNE with HK (22 kpc) and by combining HK with ARGO (21 kpc).

5 Measuring Supernova Distances

To investigate the effect of neutrino decays on CCSN distance measurements, we
examine a representative measurement for an 11 Mg progenitor, considering a
specific neutrino decay scenario (7 = 5 and ¢ = 1). In Fig. 3, the measured CCSN
distance and the corresponding 90% confidence interval are depicted as functions of
the true distance for the IMO scenario with (¥ = 5, ¢ = 1). In Fig. 3, the measured
CCSN distance and the corresponding 90% confidence interval are depicted as
functions of the true distance for the IMO scenario with (¥ = 5, ¢ = 1) mentioned
earlier. This analysis is conducted for the DUNE and HK detectors individually, as
well as for their combined results. In this figure, the distance estimated using the
SM-only likelihood is compared to the distance obtained by allowing 7 and ¢ to
vary. For both DUNE and HK, a noticeable bias in the distance measurement is
evident under the SM assumption. This bias can be, to some extent, rectified by
incorporating 7 and ¢ parameters in the CCSN distance fitting process. In that case,
when combining DUNE and HK, the 90% C.L. uncertainties become comparable to
the ones obtained under the SM assumption.

6 Conclusion

In this contribution, we demonstrated that with a method using a minimal set
of observables, and exploiting the capabilities of the next generation of neutrino
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experiments, the CCSN alert systems impose constraints on CCSN properties even
when the energies of the detected events are unknown. Taking neutrino decays
an example, we showed how new physics in the neutrino sector can introduce
notable biases into CCSN distance estimates. We showed that the neutrino mass
ordering can be determined independently using the method described in Sect. 4.
We also have demonstrated that when new physics impacts neutrino fluxes in a
flavor-dependent manner, it becomes possible to correct distance estimates while
maintaining control over uncertainties. This correction can be achieved through the
combination of flavor-complementary neutrino detectors.
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Towards a Finite AdS3; Topological )
Gravity Landscape ST

Rajae Sammani (», Youssra Boujakhrout, El Hassan Saidi,
Rachid Ahl Laamara, and Lalla Btissam Drissi

1 Introduction

Since the usual tools and techniques of quantum field theory failed to construct a
renormalisable model of quantum gravity, it was suggested that the consistency,
or the lack of, is intrinsically due to gravity. There must be an additional set
of criteria, proper to gravity, that are required to be verified in order for any
quantum gravitational model to be consistent independently of a particular UV
completion. Though, what are these criteria? How many of them are there? And
most importantly, how can we determine them?

This is the basic aim of the swampland program (SP) [1], establishing the
various consistency conditions for effective field theories coupled to gravity by
identifying, formulating, testing, and refining the swampland conjectures. So far,
we have several swampland conjectures, each constraining a different parameter of
the effective quantum gravitational models. The one of interest is the Landscape
finiteness conjecture [2]. It was first established by Vafa [2] and expressed by un
upper bound on the number of massless modes and was tested in various string
theory models with different dimensions and supercharges.

In this work, we further test the validity of the finiteness conjecture in 3d.
However, in this standard case, gravity is topological and might be too trivial for the
swampland analysis. Instead, we consider the addition of a negative cosmological
constant to work in a curve AdS3 space with a CFT, boundary providing therefore
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conformal tools at our disposal. Also, the theory has a gauge formulation given
by the Chern-Simons (CS) formulation based on the gauge group s/(2)r x s/(2)g,
which draws the line for several types of higher spin generalisation by principally
embedding the fundamental s/(2) in various higher spin gauge symmetries. Subse-
quently, in order to derive the swampland finiteness constraint in the new setting,
we must define the AdS3; Landscape, study the consistency of the model by insuring
the cancellation of any emerging anomalies then compute the upper bound on the
rank.

2 Extended AdS3 Asymptotic Symmetry

The three dimensional Einstein-Hilbert action with a negative cosmological constant
can be formulated as a gauge theory given by the difference between two CS actions
based on the sI(2)1 x s/(2)g symmetry as follows [3]

1
167Gy

/de\/?(R —2A) = Scs (AL) — Scs (Ag) (D
where

k 2
Scs (4) = o~ / tr (AdA + 5A) )

Unfortunately, without imposing boundary conditions, the action is anomalous as it
has a defective variational principle. In fact,

5Scs [A] = % fM tr [3A (dA + AZ)] n % fw tr(SAA) 3)

using the on-shell equation F = dA + A? = 0, the bulk vanishes and we are
left with the boundary term. Switching into a radial gauge, the 1-form potential
A = A;dt + Aydy are expressed like a,dt + a,d @, the variation therefore becomes

k
8Scs = 4—/ dtdp+/|h| (8a,a¢, — Sa(pa,) 4)
T JaMsp

with h the determinant of the boundary metric h4g (¢, ¢). In order to restore a healthy
variational principle, it is too restraining to require both da, and da, to cancel.
Instead, one can add a boundary term S?"? given by

k
Shnd _ o ./z;/vt dtd(pﬁtr(a,a(p) )
3D
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the new variation S5 becomes

k
885 = 8(Scs + Sk = o fa dtdg\/|hjtr [8ara,] (6)

Mip

With only da; = 0, the gauge anomaly will cancel and the non-variation is restored.
However, the theory’s physical states are set in a representation of the loop
algebra [4], and the physics is very sensitive to the choice of the boundary
conditions. A choice as 6a; = 0 affects the resulting asymptotic symmetry algebra
(ASA). The derivation of the ASA follows from the computation of the boundary
charge as
80 = & [tr[¢ (Sapde + sasdt)] o
= % [tr(¢day)de = 8, Q¢
where the choice of boundary conditions §a; = 0 omits half of the asymptotic
symmetry. Instead, if one takes both components as non-vanishing da; # 0 and
day, # 0, the resulting asymptotic affine algebra is an extension of the usual one [4].
In fact, by considering

80 = % [tr[¢ (8apde + Saidt)]

8
which gives
0f = Str(¢%ad +¢tay +7af) do 9)
with boundary connections expanded in the s/(2) basis as:
2o 0 -
ay = = [aw Ky —2a0Ko +a; K_] (10)
2T 4 0 -
a == [al Ky —2a°Ko +a; K_] (11)

The ASA algebraic brackets of the left sector are therefore given by 6:a, =
{ay, Q?}DB and §.a; = {a,, th}DB where 6;a = d{ + [a, {]. The extended ASA
for the left sector is given by two copies of the affine s/(2)k, algebra given by

_ k 0 _
lasa.o.abam| =s-9@—baga, TP )
(12)

- - k 0 -
laf .o ali o) =8t - @—bai .otz oc" 2o ~D)  (13)
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A similar analysis for the right handed sector results in additional two copies of the
affine s/(2)k,. The extended algebra (12) can also be derived using the variational
principle by first computing the anomalous currents then the associated algebra.
This method was reported in [5].

3 Anomaly Cancellation and Emerging Strings

Even though the asymptotic symmetry (12, 13) is more encompassing, the choice
of boundary conditions is defective as it leads to a gauge anomaly exhibited by the
violation of the current conservation given by

. , k
8SES = / dtde/|h|Jge (8a5) = Jye = 8855/ (8af) = z—xcbag (14)
aMsp T

where VJ,e # 0. Our next goal is to cancel this anomaly without the restricting
the boundary charge. In other words, we need to neutralize V J,, without imposing
da, = 0. Recall that the bulk CS theory (2) is dual to a chiral WZW model at the
boundary

Skater=g [ ardorr [(s7' 0z ) (e 0ve) 1o [ 77 (s7'dss)’
(15)

And since the edge term can be interpreted as the Polyakov action of a bosonic string
in the conformal gauge [, A2 2/ T— RhP Gupde X4%X"  where g (x) = eKaX*@),
we can therefore introduce a boundary bosonic string via a 2D action coupled to an
external gauge field a; as

1% ~ _ _
Sytring = E/ dtdgTr [(ngatgL) (nga<ng) + 2gL18¢gLa;]
oM

/ 3
T ( ~lq ) 16
+ T /M r\g, d8L (16)
with a anomalous current given by J, = SStCof/ (bay) = %ggla(ng = %aw.
Considering the total action SEHS + Ssiring With k7 = —k, we get two counteracting

currents and the resulting model has therefore an anomaly free boundary.

After generalising the argument for the right sector, the AdS3 gravity with
extended boundary conditions has thus an ASA given by four copies of the sl(2);
affine algebra instead of the usual two with a non-anomalous 2D boundary. The full
computation will be reported in a future work.
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4 Towards a Finite AdS3 Landscape

Another remarkable property of the AdSs gravity model is the ability to couple
gravity to a finite number of higher spin fields without forgoing its consistency
by simply promoting the sl(2) to higher dimensional symmetries via the principle
embedding of [6]. One can hence construct an AdS3 Landscape as a set of the higher
spin AdS3 gravity gauge symmetries [7].

AdS3 Landscape

SL(N,R), x SL(N, R)g Sp (2N, R);, x Sp (2N, R)g
Ay SU(,N=1) x SU (1, N=Dp Cn Sp(P,2N—P); x Sp(P,2N—P)p
SU (ML ML) osu (ML M) Sp(N.N)p, % Sp (N, N)g
SO(N,1+N)r x SO(N,14+ N)g G Gy x Gap)
BN SO(I,ZN)L X SO(I,ZN)R Fj F4(4) X F4(4)

SO(P,2N+1—P); x SO(P,2N+1—P)g
SO(N,N)L x SO(N, N)r
Dy SON—=1,N+ 1)1 x SON —1,N + 1)g
SO(1,2N — 1)y x SO(1,2N — g

Fa—20) X Fa(-20)

Eq Egs) x Egs)
Eg(—24) X Eg(-24)

Ees6) X Ec(6)
Eq Es2) X Eg2) E;
Eg(—14) X Eg(—14)
Eo(—26) X Eg(—26)

E77) x Eqq7)
E7(—s5) X E7(-s)
E7(-25) X E7(-25)

an

The finiteness of the Landscape is bounded to the finiteness of the higher spin
families. One has to derive a consistency constraint on the infinite families and
compute un upper bound on their rank r in order for the AdS3 Landscape to
be finite in accordance with the Swampland conjecture. For instance, in the left
sector, the currents algebras are bounded by the left central charge as follows:
> i¢g;, (r) < cr. The mapping of the central charges to each one of the obtained
copies (12-13) in addition to the computation of the explicit bounds for split reals
forms of (17), are investigated in [5].

5 Conclusion

The successfulness of the Landscape analysis regarding the finiteness conjecture on
topological 3D gravitational theories is enticing, as it prompts consideration of the
possible implications of other swampland criteria. In future work, we investigate
the AdS distance conjecture and the weak gravity constraint [8, 9]. We also study
the associated higher spin black holes solutions for the various real forms of the
Landscape symmetries [10].
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Maximinext Surfaces: Enhancements ®)
in Island Entropy S

Safae Tariq (®, R. Ahl Laamara, and E. H. Saidi

1 Introduction

Black holes are quantum gravitational systems identified with holographic entangle-
ment entropy in the framework of AdS/CFT [1]. Bekenstein [2] defined entropy as
proportional to the horizon area of a black hole. Hawking [3] developed this concept
in semi-classical gravity, which is known as Bekenstein-Hawking entropy. From a
holographic standpoint, the flame is caught by Ryu-Takayanagi (RT) proposal [4]
which suggest that the entropy is proportional to a minimal surface area and HRT
proposal [5]. As an aside, the black hole entropy can be written in terms of quantum
extremal surfaces (QES) [6] and quantum maximin surfaces (QMM) [7]. We suggest
a new surface to compute the von Neumann entropy in the bulk called maximinext
(MME) surface.

In this work, we recast the properties of classical surfaces and quantum surfaces.
We investigate the holographic entanglement entropy formulas in terms of MME
surface. We establish the island entropy using MME surfaces following [8].

The outline of the paper is as follows: In Sect. 2, we revisit some aspects of
classical surfaces and quantum surfaces such as RT, HRT, QES and QMM. Section 3
is fully reserved for implementing new island entropy proposal utilizing maximinext
surfaces. In Sect. 4, we give a summary of our work and discuss our main results.
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2 Gravitational Fine-Grained Entropy

In this section, we revisit the aspects of holographic entanglement entropy written
in terms of quantum extremal surfaces (QES) [6] and quantum maximin surfaces
(QMM) [7]. We suggest a new kind of surfaces called maximinext surface.

2.1 Some Aspects of Classical Surfaces

In semi-classical gravity, the black hole entropy is described with the horizon area
of the black hole known as the Bekenstein-Hawking entropy [2, 3]

_ Area
" 4G pyh

ey

which does not satisfy the second law of thermodynamics, for that von Neumann
entropy adjusted to be the quantum correction to this entropy. Then, combining both
blocks we get the generalized entropy Sge, = féﬁ + Sy~ . However, in gravitational
theories S,y can be computed via classical surfaces as RT [4], HRT [5] and maximin
surfaces [9], or via quantum surfaces such as quantum extremal surfaces [6] and
quantum maximin surfaces [7].

The Ryu-Takayanagi (RT) [4] proposal focuses on investigating the entanglement
entropy in CFT under AdS/CFT duality. Assuming that our system is divided into
two subsystems, A and B, the whole Hilbert space can be acquired as a direct
product of two spaces H;o; = Ha ® Hp for A and B. If we have an observer
who can only access the subsystem, A, the reduced density matrix pg = Trppror
can be obtained by tracing over the Hilbert space H p. Then, the entropy takes the
form

Sa = —tra(palogpa) ()

The above entanglement entropy satisfies the following properties [4]: (1) Equality
of entropies of subsystems A and B, (2) subadditivity, and (3) strong subadditivity.

In AdS/CFT framework, the CFT entanglement entropy is defined by the minimal
surface area of the black hole horizon as

Area of ya
SA=—75— 3
4G+
Here, y,4 is the d dimensional static minimal surface in AdS;4> with boundary 0 A,
and Ggf,”z) is the d+2 dimensional Newton constant.
Subsequently, RT proposal [4] is not dynamically developed in spacetime, for
that HRT (Hubeny, Rangamani and Takayanagi) [5] connects the von Neumann
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Fig. 1 Minimal area !
extremal surface og :
homologous to a boundary —
region R o i

entropy of a boundary subregion R to the size of a minimal area extremal surface
o homologous to boundary region R as suggested in Fig. 1.

Physically, the increasing or decreasing of the area oy is specified by the sign of
k%n, along some vector field n,. To elucidate, instead of minimizing the area, HRT
suggests finding the extremal area,

Sy — m(%) @)

To include quantum corrections, we generalize quantum mechanically these
classical surfaces in the following subsection.

2.2  Quantum Generalizations of Entanglement Entropy

Here, we emphasize the quantum generalizations of the HRT [5] and maximin
surfaces [9] as the corresponding bulk entropies of radiation entropy. The fine-
grained entropy can also be given by a formula that involves a generalized entropy.
We suggest a new von Neumann entropy by maximinextremizing the generalized
entropy functional.

Engelhardt and Wall [6] proposed a new approach to finding the minimal surface
in a gravitational system. The resulting surface is called the quantum extremal
surface which is a quantum deformation of the extremal surface. However, extreme
surfaces that minimize in spatial direction but maximize in time direction the
generalized entropy [6] are

S minex — + S 5
Xl X 4GN bulk

As an aside, QES has featured various boundary conditions [6] on the asymptotic
boundary, of which we have three types (1) absorbing, (2) reflecting, and (3) open.
The above entropy formula can be written with another kind of surfaces mentioned
by Wall [9] and developed by Akers et al. [7] called quantum maximin surfaces
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defined as for every Cauchy slice containing R we find the minimal Sg., surface
homologous to R. We then look for the maximum surface among all of these minima

Sunlor] = Cr;eg];y n}(in[Sgen(x)] (6)

This quantum maximin surfaces [7] must satisfy some criteria, such as stability and
existence.

Furthermore, we investigate a new rule for computing the fine-grained entropy
using Maximinext surfaces. Starting by identifying a specific region in spacetime
called Wheeler-de Witt patch (WdW) W [8]. Then, we choose a Cauchy slice C for
W where x defined as an extremal surface. We minimize x over 7 in the Cauchy slice
C; n C C, and maximize the minext surface. Moreover, by maximinextremizing the
generalized entropy functional we get the new formula of von Neumann entropy in
the WAW patch that informs us about the whole spacetime.

Area 4 Spuie] )
4GN bulk

Syn[or] = max min ext|
c n x

The above entropy is special because it combine both the maximin and quantum
extremal surfaces.

3 Island Holographic Entanglement Entropy

In this section, we inspect the island entropy in JT gravity theory with matter for a
black hole evaporating in a bath that is the C F' T>. By doing so, the radiation region
is related to the region behind the horizon under additional dimension via ER=EPR
theory [1]. We suggest a new way to compute the radiation entropy utilizing the
maximinext surface outlined in the last section.

Starting with identifying the quantum extremal surfaces by extremizing the
generalized entropy functional but here we include the island contribution. When
we include such islands we will have to pay a price due to the boundary area of
the island, which correspond to the area term in the gravity theory. The prescription
is that the actual entropy of some region A in a quantum field theory is given by
extremizing a generalized entropy-like functional over islands Z, followed by a
minimization over all extrema [1]:

®)

. ArealdZ,]
S(A) = MinExt | Serp(AULy) + ————
I, I,

4G N

where ArealdZ,] corresponds to the boundary area of the island. We call the islands

T, that extremize this functional quantum extremal islands. Here, we have a state

piﬁfzg which is a semiclassical gravity state.
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The island gravitational fine-grained entropy might be written using the max-
iminext (MME) proposal as suggested in the last section as

€))

. ArealdJ,]
S(A) = Mj;xﬂg\l/nEgt [Seff(A UJ,) + —g]

4Gn

Here, we extremize over the QES x which is the boundary of the island and mini-
mize over a subregion of the island A'; N C 7, ¢ Then, we maximize the minext over

the total island region 7, sited behind the horizon. This equation maximinextremize

the functional Serr(A U Jg) + %?ng], which obeys the generalized second law

of thermodynamics since is composed of two blocks; the first corresponds to the
quantum correction, and the second represents thermodynamic entropy.

4 Conclusion

In this paper, we recasted the computation of entanglement entropy using RT/HRT
proposals. Then, we outlined the derivation of holographic entanglement entropy
utilizing quantum extremal surfaces and quantum maximin surfaces. We suggested
new maximinext surfaces to determine new version of black hole entropy. Moreover,
we established new release of island entropy proposal founded by MME surfaces.

In Sect. 2, we revisited the quantum generalization of HRT and maximin surfaces
used in computing the holographic entanglement entropy. We investigated new
surface called maximinext surface to reformulate the HEE entropy. In Sect. 3, we
gave insights about a new island gravitational fine-grained entropy proposal and
more details will be given in future work.
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A New Vertex Locator for the Next )
Generation LHCb Experiment <

Enoch Ejopu

1 Introduction

The Large Hadron Collider beauty (LHCD) detector [1] is a single arm forward
spectrometer dedicated to flavour physics measurements like the study of matter
and antimatter states as seen in the precise determination of the B oscillation
frequency [2], rare decays that only proceed via quantum-loop transitions and expe-
rience Cabibbo-Kobayashi-Maskawa (CKM) and helicity suppression [3], and other
Standard Model (SM) precision tests. In addition, the experiment explores exotic
hadrons as shown in the observation of a narrow pentaquark state, P, (4312)* [4],
electroweak physics and many other measurements in the forward region. All
these will further the understanding of the Standard Model and test for potential
extensions.

The detector has a unique coverage in pseudorapidity of 2 < n < 5 with a
40 MHz full-detector readout rate and is currently being operated at an instan-
taneous luminosity of 2 x 1033 cm™2s~! with an expected integrated luminosity
of 50 fb~! by the end of LHC Run 4. The detector comprises the Vertex Locator
(VELO) surrounding the particle collision point, the Upstream Tracker before
and the Scintillating Fibre tracking stations after the dipole magnet. In addition,
particle identification is facilitated by two Ring Imaging Cherenkov detectors, the
electromagnetic and hadronic calorimeters, and the muon stations (see Fig. 1).
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Fig. 1 A layout of the LHCb detector at CERN showing the VELO location. Reprinted under
CC-BY-4.0 license from [5]. © 2024, CERN for the benefit of the LHCb collaboration

2 Vertex Locator

The VELO detector, designed for detecting charged particles near the proton-
proton collision region, consists of 52 double-sided modules arranged in two halves
of 26 modules each. The halves are housed in thin walled RF boxes that guide
the beam wakefield and provide a secondary vacuum. Each module contains four
hybrid planar pixel tiles, two of which are glued to each side of a microchannel
cooling substrate. The VELO uses silicon pixel sensors, each pixel measuring
55 pm x 55 pm in size. The sensors cover an approximately square area transverse
to the beam axis with a central aperture in which the closest active area is 5.1 mm
away from the beam axis. The VELO has a 2.8 Tbs~! data rate and is built to
withstand a maximum fluence of approximately 8 x 10'> 1 MeV Teg cm~2. The
purpose of the detector is the reconstruction of trajectories of particles passing
through it, which facilitates the detection and precision measurement of particles
originating in vertices that are displaced from the primary pp collision region [6].

The sensors used must be operated in a low temperature environment, typically
less than —20 °C for the entire life of the detector. However, the front-end ASICs
operating in the detector vacuum constantly dissipate power and this must be
removed by a cooling system. To do this efficiently, bi-phase CO; cooling was
chosen. Here, the CO, flows in micro-channels within a silicon substrate, onto
which the active components are glued. Presently, the detector is operational and
has gathered data for the initial phase of the Run. Figure 2 shows the velo efficiency,
evaluated using a downstream method, in bins of momentum in comparison of 2024
data and simulation.
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3 LHCb Upgrade 11

To achieve ultimate sensitivity in flavour physics, and thereby increase the potential
to discover new phenomena in physics, the available dataset has to be vastly
increased. This requires an upgraded detector to operate with a tenfold increased
instantaneous luminosity, thus increasing the integrated luminosity to approximately
300 fb~! [8] by the end of High-Luminosity LHC (HL-LHC) era. This requires
the addition of precise timing capabilities to several sub-detectors to disentangle
different collisions and thereby facilitate the required reconstruction precision.

For the upgraded VELO, this necessitates a novel detector that satisfies the
required position and timing resolution in addition to the radiation tolerance.
Candidate silicon sensors like 3D sensors [9], thin planar sensors [10], Silicon
Electron Multiplier sensors [11] and Low Gain Avalanche Detectors (LGADs) [12]
technologies are currently under study. To achieve the performance requirements,
sensors need a time resolution as good as 30 picoseconds per track in order to assign
each particle to the correct vertex [13]. One of the candidates are LGADs, which are
under study by the author.

One particular method that has been used to characterise the performance of
LGAD sensors is the Two Photon Absorption (TPA) technique [14]. Here, a point-
like laser probe formed by energy confinement and known as the “voxel” is used to
induce electron-hole pairs in a precisely defined region. This facilitates the study of
the sensor depletion voltage, electric field, and timing resolution. To obtain a picture
of the sensor response over the entire pixel cell, the voxel is scanned in all three
dimensions. The set-up has been fully installed and initial time resolutions have
been determined. Reflection of the laser on the metallisation of the back plane has
been observed. Studies in the coming years will establish which of the technologies
best satisfies the requirements for the VELO detector for LHCb Upgrade II.
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The Compact Linear Collider: Physics )
Potential ST

Jan Klamka

1 Introduction

The CLIC implementation plan assumes three running stages: first with /s =
380 GeV, and two subsequent high-energy stages at 1.5 and 3 TeV [1]. It is assumed
that integrated luminosities of 1 ab~!, 2.5ab"! and 5ab—! will be collected,
respectively, including 100fb~! for an energy scan around the top quark pair-
production threshold at the first stage. The high luminosity and wide energy range
enable a broad physics programme, while staged implementation allows this to be
adjusted in case of potential discoveries.

The studies of the CLIC physics potential rely on state-of-the-art software.
The main event generator is WHIZARD, and most of the results are based on
detailed GEANT4 simulation, most recently implemented in DD4HEP. Reconstruc-
tion frameworks include Conformal Tracking and VLC jet clustering algorithm
dedicated for CLIC, as well as PandoraPFA for particle flow, algorithms for flavour
tagging, isolation, and more. These tools build on the ILCSoft framework and are
now implemented in KEY4HEP [2]. Beam spectra and beam-induced backgrounds
are also included in the full simulation, with dedicated timing cuts applied at the
reconstruction level to reduce a large background of beam-induced yy — hadrons
events. Implementation of CLICdet in DELPHES also enables fast simulation
studies.
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2 Higgs Physics

At /s = 380GeV the Higgs-strahlung channel (ete™ — ZH) allows the
identification of Higgs production regardless of the HY decay mode, by using
the Z — ete™, uTu™ recoil mass [3]. Therefore, it is possible to measure gHzz
coupling and BR(H — invisible) in a model-independent way, the latter of which
can be constrained to 1% at 95% C.L. [4]. Higgs-strahlung can also be used to
measure the branching ratios for most of the Higgs decays. A global fit to ¢ x BR
measured in the HZ and VBF (e*e™ — Huvv) channels provides an estimate of most
of the Higgs couplings with a precision of less than 1%, without any assumptions
on physics models [3, 5].

The Higgs self-coupling is connected to multiple open problems in fundamental
physics. Direct access to the ggyn coupling is possible only above /s ~ 500 GeV.
Therefore, the high-energy stages of CLIC are well suited for the extraction of
guuu in the ZHH (at 1.5 TeV) and HHvv (at 3 TeV) production channels. Based on
the measured HH distributions, it is expected that gggy will be measured with an
uncertainty of J_ré] % [6]. CLIC is the future Higgs factory that will give the earliest
measurement of ggpy with O(10%) precision [7].

3 Top Quark Physics

CLIC is also well suited for top-quark studies in multiple production channels. The
energy of the first CLIC stage is just above the maximum for the pair-production
cross section while the second stage, with /s = 1.5 TeV, is close to the maximum
rate for ttH production (the luminosity of a linear collider increases with energy),
with 3 TeV data allowing a direct measurement of the top Yukawa coupling. An
interesting physics case is also provided by tt production in VBF, which is very
sensitive to BSM effects in many scenarios [§].

The top-quark mass can be measured at CLIC using three different methods [8].
The most precise involves a dedicated scan of the tt production threshold, with
10 energy points and 10fb~! collected at each energy. The cross section shape in
this region is sensitive to the top-quark mass and width, which can be extracted
using a template fit. With the main systematic uncertainties coming from the strong
coupling constant oy and the top Yukawa coupling, 20 MeV statistical and 50 MeV
total uncertainty on the top mass can be achieved. The second method is based
on the measurement of the tty events above the threshold, with a reconstructed
hard ISR photon, in which the mass is extracted from the cross section dependence
on the effective centre-of-mass energy spectrum, similar to the threshold scan.
The precision of this method is around 140MeV. The top mass can also be
directly reconstructed from the invariant mass distribution; however, this method
is limited by large theoretical and jet energy scale uncertainties. Further top-sector
measurements include electroweak couplings, CP properties and searches for FCNC
and compositeness, among others.
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4 Beyond Standard Model Searches

Direct and indirect searches for new physics are high priorities in the CLIC
programme. The effective field theory framework provides tools that are sensitive
to high new-physics scales in a model-independent way by using precision observ-
ables. Based on measurements of Higgs and top-quark couplings, WW production
and 2-fermion processes at CLIC, it is possible to test scales in the 10-100 TeV
range, depending on the operator [9]. This extends the reach of the HL-LHC by
orders of magnitude. On the other hand, new scalar singlets could be probed for
mixings sin’y > 0.24% with the SM Higgs and the Higgs compositeness tested
up to the scale of 10 TeV. Supersymmetric particles could be discovered in the vast
majority of the parameter space up to masses of 1.5 TeV, and a dark photon up to its
mass of 20 TeV. Here, and in many other direct searches, CLIC can also surpass the
HL-LHC sensitivity, probing many corners of the parameter space and mass ranges
almost up to the kinematic limit [10].

5 Conclusion

The clean environment at CLIC, its high collision energies and electron beam
polarisation enable unprecedented precision in Higgs, electroweak and top quark
studies. Key highlights of the programme are a determination of all Higgs couplings,
studies of CP violation effects and a top-threshold scan. At high energy stages, CLIC
is well-suited for both direct and indirect BSM physics searches. Physics studies
show that CLIC surpasses the HL-LHC in its potential for precision measurements
and is competitive in the exploration of many new physics scenarios.
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The Upgrade of the T2K Near Detector )

Check for
updates

Nataliya Skrobova

1 Introduction

The T2K (Tokai-to-Kamioka) experiment is a world leading long baseline oscilla-
tion experiment. It discovered non-zero 613 mixing angle with accelerator neutrinos,
obtained CP violation hints in neutrino sector [1], and has leading sensitivities in
Am%3 and 63 octant. An off-axis high-intensity neutrino beam is produced in J-
PARK, the near detector complex measures the beam parameters, and then oscillated
neutrino beam is measured in the far detector Super-Kamiokande. The ND280 is an
of-axis near detector. Three time-projection chambers (TPCs) and two Fine-Grained
Detectors (FGDs) form a tracking system which together with a g detector (POD)
is covered by electromagnetic calorimeters, and a solenoid coil. Side Muon Range
Detectors (SMRD) are embedded in the iron yokes of the magnet. Magnetic field is
0.2 T. The schematic view of ND280 is shown in Fig. 1 (left). The role of ND280
is to tune and constrain the flux and cross-section systematics model by selecting
neutrino interactions before the oscillations. The impact on T2K oscillation analysis
is dramatic: systematic uncertainties are reduced from 15-20% to ~5%. Despite a
significant success in systematic uncertainties reduction, the initial ND280 design
has its limitations. ND280 has a non-isotropic detection efficiency in comparison
to 4 sensitivity in the Super-Kamiokande detector. The detection threshold for
protons is about 450 MeV/c (~100 MeV Eg;,) which is relatively high. Moreover
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Fig. 1 The schematic view of the initial Near Detector complex (left) and the proposed upgraded
configuration (right) with the SuperFGD and HA-TPCs. The ECal, solenoid coil, magnet yoke and
SMRD will be kept at place but are not shown as well as the ToF planes

ND280 is not capable to detect neutrons. Hadronic information is essential to
improve neutrino interaction modelling and hence the energy reconstruction for the
oscillation analysis.

The upgrade of ND280 [2] is intended to handle these limitations and to
substantially improve systematics. The POD detector is replaced by a setup of
detectors: a new scintillator target (SuperFGD), two High-Angle TPCs (HA-TPCs)
and a Time-of-Flight (ToF) detector. See Fig. 1 (right).

2 New Detectors

2.1 The SuperFGD Detector

The SuperFGD (Super Fine-Grained Detector) is a fully active and highly granular
scintillator neutrino detector. While FGDs consist of long scintillation strips, which
do not allow reconstruction of high-angle tracks, SuperFGD consists of ~2
million scintillation cubes, which allow reconstruction of particles going in all
directions. Polysterene cubes are injection-molded, doped with PTP (1.5%) and
POPOP (0.01%) and have reflector coating. Each cube has tree drilled holes going
in orthogonal projections. Scintillation light is collected by 1 mm Kuraray Y-
11(200) MS wave-length shifting (WLS) fibers. Silicon photo-multipliers (SiPMs)
are placed at one side of each WLS fiber and are used to read signals (model:
S13360-1325PE Hamamatsu MPPC). A free side of each fiber is connected to a
LED calibration system. Multiple beam tests of prototypes have been performed to
characterize the SuperFGD performance [3, 4]. The (8 x 24 x 48 cm?) prototype
was tested at the beam in CERN [5]. The raw light yield was 53.7 p.e. (51.0 p.e.)
per MIP for events recorded on channels with the 8 cm (24 cm) fibers. For the long
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Fig. 2 Left: The total neutron-CH cross section as a function of neutron kinetic energy. The black
vertical bars represent the total uncertainty and the red the statistical uncertainty. The Geant4
Bertini model is shown in blue. Right: Sensitivity to Charge-Parity violation as a function of
Protons-on-Target when considering only statistical uncertainties (dotted) and when using the
systematic uncertainties with new detectors constraints (solid)

fibers which were parallel to the beam direction energy released in several cubes
contributes to a signal in one channel making it difficult to determine the light yield.
Optical crosstalk was found to be 2.94% per cube side. The d E /dx resolution for a
single cube is 25% and improves up to 10% for longer tracks. It was demonstrated
that one channel time resolution is better than 1 ns, further improved with higher
amplitudes and larger number of channels [6].

Two SuperFGD prototypes (8 x 24 x 48 cm® and 8 x 8 x 32 cm?) were exposed
to a neutron beam at LANL. This is an important measurement to demonstrate a
neutron detection capability in an energy range relevant for T2K [7]. Neutron energy
is reconstructed using time-of-flight information between the arrival of gammas and
neutron secondary interaction. For such type of measurements time resolution is a
crucial factor. It was tested that like in case of muons averaging information from
different channels allows to improve time resolution by a factor of ~/N where N
is a number of channels. For selected neutron events with at least 3 cubes intrinsic
time resolution is about 0.5ns (using time measurements from fibers orthogonal
to the beam direction). The improvement in the neutrino flux constraints due to
the ability of neutron energy reconstruction is discussed in [8] In the presence of
neutron-nucleus interactions, the signal event rate decreases exponentially along the
coordinate parallel to the beam. This allows to measure the neutron cross-section as
a function of its kinetic energy (see Fig. 2, left).

2.2 High-Angle Time Projection Chambers

Two new additional “horizontal” TPCs will surround the SuperFGD detector
from the top and bottom sides. Their configuration allows the identification and
momentum reconstruction for up and downward going tracks with respect to the
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neutrino beam, which is complementary to the forward-going particle information
from the current, vertical TPCs. The design of HA-TPCs is similar to the existing
ND280 TPCs. The main differences to the existing TPCs are the replacement of
the standard bulk-MicroMegas with new resistive bulk-MicroMegas and a new
field cage design to minimize dead space and maximize the tracking volume.
Encapsulated Resistive Anode Micromegas (ERAM) with grounded mesh and
anode at a positive amplification voltage provide several advantages. Since the
charge is spread over several pads the spatial resolution is improved by a factor
of +/12. This allows to use larger pads for the same spatial resolution as for the bulk
Micromegas detectors. Insulation of the resistive anode from the pads suppresses
formation of sparks and limits their intensity. Therefore, it is possible to get rid
of the cumbersome anti-spark protection circuitry. Another advantage of the anode
encapsulation is that the detection plane is fully equipotential. This leads to more
uniform field, less track distortions, and module flexibility.

Characterization of the charge spreading (RC), gain of ERAMs using X-rays,
measurements of the spatial and d E /dx resolution were performed in several test
beam campaigns at CERN and DESY: [9-11]. Achieved spatial resolution is better
than 800 wm and the d E /dx resolution is better than 10% for all track angles and
drift distances of interest for T2K.

2.3 Time-of-Flight Detectors

Time-of-Flight system consists of 6 planes of 2.3x2.5 m? size, each plane is made
of 20 plastic scintillator bars. These planes fully envelope the SuperFGD and High-
Angle TPCs. Each scintillator bar is read out on both ends with an array of 8
SiPMs. An average time resolution of about 0.14 ns is achieved for a single bar
when measured with cosmic muons [12]. This result is very important to determine
the direction of particles and the vertex time, and therefore to suppress backgrounds.

3 Summary

The main goal of the ND280 upgrade is to reduce systematic uncertainties asso-
ciated with neutrino flux and cross-section modeling for future studies of neutrino
oscillations. The upgraded ND280 detector will be able to perform a full exclusive
reconstruction of the final state from neutrino-nucleus interactions, including
measurements of low momentum protons (~50 MeV Ey;,), pions and for the first
time, event-by event measurements of neutron kinematics. The physics sensitivity
that can be expected from the upgraded detector is described in [13]. The expected
sensitivity to Charge-Parity violation searches for the level of systematics expected
after the ND280 upgrade is shown in Fig. 2, right.
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Hyper-Kamiokande: Physics Potential, )
Calibration and Detector Systematics ST

Sam J. Jenkins

1 Introduction

The upcoming Hyper-Kamiokande [1] experiment is a next-generation water
Cherenkov detector, which will be situated in Gifu-ken, Japan. Hyper-K will have
a broad physics program, ranging from precise measurements of the CP violation
phase dcp, to astrophysical sources such as solar, atmospheric and supernova
neutrinos, to proton decay.

2 Experimental Setup

2.1 Hpyper-Kamiokande Detector

The Hyper-K detector will consist of a cylindrical tank measuring 71 m in height
and 68 m in diameter, filled with ultra-pure water (Fig. 1). This equates to a total
(fiducial) volume of 258 kton (187 kton). The detector will be situated in the
Tochibora mine 8 km south of the Super-K site, under the peak of the Nijyuugo-
yama mountain, resulting in an overburden of 650 m (1750 m.w.e).

On behalf of the Hyper-Kamiokande collaboration.
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Fig. 2 mPMT viewed from above

The detector volume will be divided into inner (ID) and outer (OD) detector
regions, optically separated by high reflectivity Tyvek sheets. The ID will be
instrumented by 20,000 50 cm photomultiplier tubes (PMTs), corresponding to a
photo-coverage of 20%. In addition, approximately 800 multi-PMTs (mPMTs) will
be evenly dispersed; these are 19 PMTs (8 cm) housed in a 50 cm diameter pressure-
sealed vessel (Fig.2), providing increased spatial and timing resolution. The OD,
which acts as a veto region, will contain 3600 PMTs (8 cm). Each of these PMTs
will sit at the centre of a 30 cm square wavelength shifting (WLS) plate, in order to
increase the photo-coverage in this region.
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2.2 J-PARC Neutrino Beam

Hyper-K will act as the far detector for a long-baseline neutrino oscillation experi-
ment using an upgraded version of the J-PARC neutrino beam, which produces an
almost pure muon (anti)neutrino beam. This is directed 2.5° off-axis from the far
detector, resulting in a narrow band beam with a peak E,, of around 600 MeV. At a
distance of 295 km, this coincides with the first oscillation maximum.

As of 2021, the neutrino beam was operating at 515 kW. Upgrades to the magnet
power supplies have now increased the repetition rate from 2.48 to 1.36 s per cycle,
achieving the original design of 750 kW. Towards the operation of Hyper-K, further
upgrades including a boost of the repetition rate to 1.16 s per cycle are planned to
bring the beam power to 1.3 MW [2].

2.3 Near and Intermediate Detectors

The ND280 detector sits 280 m downstream of the beam production point, at the
same off-axis angle as the far detector, and is comprised of multiple different
subdetectors. To improve phase space acceptance and tracking thresholds, ND280
has undergone a recent upgrade. Full details on ND280 and the upgrade can be
found in [3] and [4], respectively. The near detector complex also features a second
detector, INGRID [5], a layered iron-scintillator detector which covers a range
of off-axis angles, from 0° to 1.1°. Measurements of neutrino flux at a range
of energies, wrong sign backgrounds, and cross sections on different targets are
performed to constrain systematic uncertainties on oscillation measurements.

To complement these detectors, the Intermediate Water Cherenkov Detector
(IWCD) is planned, with a 1 km baseline. This 500 ton detector will be instrumented
with 400 mPMTs and positioned in a vertical shaft, allowing it to view the neutrino
beam at between 1° and 4° off-axis. Along with measuring flux at various off-axis
angles, IWCD will make high-purity v, and v, cross section measurements from the
intrinsic contamination in the beam.

3 Physics Goals

Hyper-K will cover a wide range of physics, with just a few topics covered here.
Further details can be found in [1].

3.1 Oscillation Physics

One of the primary physics goals of Hyper-K is searching for CP violation in
neutrino oscillations. Electron (anti)neutrino appearance in the muon (anti)neutrino
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Fig. 3 CP conservation exclusion as a function of operating time, for true cp = —m/2 and —m /4.
The mass hierarchy is assumed to be normal

beam is observed; any difference between appearance rates of neutrinos and
antineutrinos implies violation of CP symmetry. While current experiments are
statistically limited, after 10 years of operation Hyper-K expects to see over 1000
ve and v, events, and as such will be limited by systematic uncertainties.

Figure 3 shows the ability to exclude CP conservation as a function of time
for true values of §cp. Exclusion depending on systematic uncertainty levels is
shown, where the improved systematics have a reduction in the v, /v, cross section
uncertainty. This shows the importance of understanding these systematics and the
role of IWCD in v, cross section measurements; CP conservation can be excluded
years earlier with improved systematics. After 10 years, CP conservation can be
excluded in 60% of dcp space at 50, assuming improved systematics.

Due to the relatively short baseline, accelerator neutrinos at Hyper-K do not have
high sensitivity to matter effects. However, atmospheric (anti)neutrinos travelling
through the Earth will have their oscillations enhanced (suppressed) if the mass
hierarchy is normal, where the reverse is true for an inverse hierarchy. This allows
for determination of the hierarchy via upward-going atmospherics. In addition,
combining beam and atmospheric samples helps to break degeneracies between
parameters, improving sensitivities to both §cp and the mass hierarchy.

3.2 Proton Decay

While not allowed by the standard model, proton decay is predicted by Grand Uni-
fied Theories. With its large mass of protons, Hyper-K can produce world leading
measurements of this process. One favoured decay mode Hyper-K can observe is the
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p — etn¥ channel, which produces three back-to-back electromagnetic showers.
The 30 sensitivity to this process is shown in Fig. 4. It is clear that Hyper-K is the
only realistic chance of probing proton lifetimes of up to 103 years.

4 Systematic Requirements and Approaches

It is clear that constraining systematic errors is vital for Hyper-K to make precision
measurements of oscillation parameters. However, systematic effects are also
important as they can be degenerate with the parameters to be measured. Figure 5
shows how a 12° shift in §cp can be mimicked by a 0.5% shift in the detector energy
scale. In order to constrain systematic uncertainties, a diverse program of calibration
sources is in preparation. Light injection systems will be used to illuminate PMTs
with known quantities of light on a daily basis to measure water parameters and
PMT response, whilst an electron LINAC and multiple radioactive sources will
be deployed at less regular intervals for dedicated detector calibration runs. In
addition, a number of the ID PMTs will be calibrated before installation into the
tank, providing references for surrounding PMTs. Further details of the calibration

program are given in [1].

5 Current Status

Excavation of the Hyper-K site is on schedule, with the full cavern nearing
completion. PMT production and quality assurance are underway, toward the
experiment beginning to take data in 2028.
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Highlights of Recent Standard Model ®)
Measurements with ATLAS L

Daniel Lewis

1 Introduction

The Standard Model (SM) of particle physics describes the fundamental constituents
of matter and their interactions. As the search continues at the LHC for indicators of
new physics, the SM is subjected to advancing levels of scrutiny. Recent results from
the ATLAS experiment [1] take advantage of the full Run-1 and Run-2 LHC datasets
to provide precise tests of the SM, and also to explore new regions and aspects. The
first results using the Run-3 dataset at a new, higher centre-of-mass energy of 13.6
TeV, are also now becoming available. This work summarises a selection of recent
results.

2 Measurements of Single Bosons

The study of the individual electroweak bosons of the SM provide powerful tests due
to their large production cross-sections and clean detector signatures. An extremely
precise measurement of the Z boson transverse momentum (pr) spectrum at a
centre-of-mass energy of 8 TeV [2], is used to test predictions of up to next-to>
-leading order (N?LO) in perturbative QCD. The Sudakov (low-pr) region of the
spectrum is only able to be described well when also including approximate next-
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Fig. 1 The extracted value of «s(mz) from the Z boson pr spectrum at 8 TeV, compared to the
world average and other experimental determinations. Reprinted under CC-BY-4.0 license from
[3]. © 2024, CERN for the benefit of the ATLAS Collaboration

to* -leading logarithmic (N*LL) resummed contributions. The measurements are
performed in the full decay phase space of the leptons, which is achieved via
a decomposition of the cross-section into nine spherical harmonics described by
angular variables of the leptons.

These cross-section measurements are also used as an input to a fit to extract
an experimental determination of the strong coupling constant at the scale of the
Z mass, agz(mz) [3]. This fit benefits greatly from the reduction of modelling
uncertainties due to the full lepton decay phase space, and the fantastic precision
of the N3LO+N*LL prediction in the highly sensitive low-p7 region. The result
is the single most precise experimental determination of o (mz), and can be seen
compared to the world average and other experiments in Fig. 1.

The transverse momentum spectra of the Z and W bosons are also measured
in special low pile-up runs at centre-of-mass energies of 5.02 and 13 TeV [4].
The leptonic decays, particularly for the W boson where the neutrino is inferred
from transverse momentum imbalance, are much better reconstructed in the cleaner
detector environment. The measured distributions can be used to tune simulation
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predictions and hence reduce modelling uncertainty in future W boson mass
measurements.

The Z — invisible branching ratio (BR) is measured by investigating the ratio of
the cross-section for Z — invisible to that of Z — ££ in a common phase space [5].
The desired branching ratio is extracted by multiplying the well known Z — ¢¢
BR the ratio of cross-sections. The result is the single most precise recoil-based
measurement of this BR.

The exclusive decays of W — My [6], where M is a meson, provide a probe
to the coupling of the W boson to the different quark generations. Three channels
are investigated with the upper limit on W — 7 ¥y being improved by a factor four
compared to the previous best, and the first limits are presented for W — K%y and
W — piy.

The most abundantly produced electroweak boson at the LHC is the photon,
which allows for extremely precise tests of perturbative QCD and a probe of the
gluon parton density function (PDF). The most recent ATLAS measurement [7],
using the full Run-2 dataset, probes six orders of magnitude in cross-section and
measures the cross-section double differentially as a function of the transverse
energy and pseudorapidity of the photon. The dependence of the cross-section
on the experimentally-imposed photon isolation criteria is also investigated. The
measurements are used to test various predictions up to next-to-next-to-leading
order in QCD and various PDF sets.

3 Multi-Boson Measurements

The measurements of two- or three-boson final states are of interest due to their
connection to bosonic self-couplings that could be portals to new physics. Such
effects could be seen as deviations from the predicted cross-sections which are
typically parameterised within an Effective Field Theory (EFT) framework.

The most recent measurement of the ZZ process [8] at 13 TeV studies some
novel aspects of the underlying physics. Firstly, the polarisation states of the
interacting bosons are attempted to be observed in isolation. This is done via a
multivariate analysis which attempts to separate the different polarisation states via
their kinematic signatures. From the resulting distribution, evidence for the fully
longitudinally polarised state is seen with a significance of 4.3c0. Secondly, the
analysis exploits an “optimal observable” which is built to be maximally sensitive
to CP-odd effects that could arise through anomalous triple gauge couplings. The
resulting measurement is used to set limits on the couplings which describe these
anomalous interactions.

Measurements of diboson processes with an additional pair of forward, high-
mass jets allows for the study of vector boson scattering (VBS) processes, which are
a direct probe of quartic gauge couplings. Of the many combinations of two bosons
which can be studied, a W= W pair has the highest signal to background ratio, but
a small cross-section. The most recent ATLAS measurement [9] of this process at
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13 TeV measures the cross-section differentially and the resulting measurements are
used to set limits on dimension-8 EFT operators and doubly-charged Higgs models.
The W=WF VBS process is also observed for the first time with ATLAS [10]. The
measurement uses a neural network to separate the signal from top quark and QCD
W W backgrounds, and is observed with a significance of 7.1o.

Another way to probe quartic couplings is to study the production of triboson
systems. Similarly to VBS processes, triboson processes typically have small
cross-sections and complicated background sources. The first observations of the
Wyy [11] and W Zy [12] processes are seen by ATLAS with significances of 5.60
and 6.30 respectively. A recent study of Zy y [13] is also presented which performs
the first differential cross-section measurements of this process, and uses these to
set limits on dimension-8 EFT operators.

4 Run-3 Measurements

The Run-3 of the LHC started in 2022, and continued the high pile-up running at a
slightly higher centre-of-mass energy of 13.6 TeV. The first diboson measurement
from ATLAS using this dataset has recently been reported [14]. This study of
the ZZ process includes fiducial and differential cross-section measurements. The
measurement is extrapolated to the total phase space, which allows for comparison
to other experiments, as well as at different centre-of-mass energies, and this is
shown in Fig. 2. The results confirm the predictability of the SM within this previous
unexplored energy regime.

5 Summary

Recent results from the ATLAS experiment are produced using data from the LHC,
recorded across many years and in different energy regimes. The measurements are
used to stringently test state-of-the-art predictions, however the SM stands up to the
test. New, previously unexplored, regions of the SM are also uncovered for the first
time. The measurements are used to constrain new physics effects through primarily
EFT approaches, which allows us to narrow our search for anomalous effects. This
is an important aspect of the physics program of ATLAS that is instrumental in the
quest to find new physics.
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Fig. 2 The measurement of the total cross-section for ZZ production at 13.6 TeV compared to
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Search for Dark Matter with 2HDM+a in
pp Collisions at /s = 13 TeV with the ekt
ATLAS Detector

Sanae Ezzarqtouni

1 Introduction

Despite its experimental successes, the Standard Model (SM) falls short in explain-
ing dark matter, a significant component of the universe’s energy. An alternative
beyond standard model suggests a stable, neutral, weakly-interacting massive
particle (WIMP or x) as a viable dark matter candidate. Various methods, including
indirect searches, direct detection, and collider experiments are used to study dark
matter and its properties.

WIMP production at particle colliders is identified by observing significant
missing transverse energy (E ?" %) in association with SM particles with “E ’}”” +X”
signatures, where the X represents objects that interact with the detector. An
additional strategy involves searching for visible decays of mediator particles to
constrain dark matter models.

These searches are analyzed within the context of an extra pseudo-scalar
mediator, incorporated into the Two Higgs Doublet Model (2HDM), identified as
2HDM-+a [1]. This mediator facilitates interactions between the visible and dark
sectors. The model is defined by 14 parameters, yet only 5 parameters, which
include the masses of m 4, m,, m,, tan B and sin6, are treated as free parameters.
The choise of free parameters and the associated benchmark parameter scans were
comprehensively examined and documented within the white paper [1].
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2 Input Analyses

A variety of searches, examining different final states and addressing both invisible
and visible mediator decays, explore the 2HDM+a model. None of these searches
revealed a deviation from the SM prediction. Consequently, their statistical combi-
nation is used to put constraints on 2HDM-+a (Fig. 1).

2.1 Searches for Invisible Final States: X+E ?iss Searches

Z(ll)+E’T"i“‘Y [2]: The signal is characterized by a pair of leptons originating from
Z-boson decay, accompanied by substantial missing transverse energy in the recoil.
The event selection criteria are based on the observation of significant E;”” and
a pair of leptons with high transverse momentum. Specifically,two opposit-sign
leptons of same flavor with a pr > 30 (20) GeV for the leading (subleading)
lepton. Three Control Regions (CRs) are employed to constrain the SM background
predictions: the 3-lepton CR, 4-lepton CR, and e CR.

h(bb)+E’T"i““ [3]: The analysis signature involves two b-jets, arising from the
decays of a SM Higgs boson and significant E ?iss, denoted as E’T”iss+h(bb). The
analysis utilizes two b-jets reconstruction techniques, namely merged and resolved
selections. The resolved analysis is applied for E ’}” ¥ < 500 GeV, while the merged

Fig. 1 Representative -

Feynman diagrams for (a): b , h b X
EZT'SY 4 h signature,the ’
ESS 4 Z signature (b), A_/f_(’ —"4
tbH*(tb) (c) and the TN X Ala N x
EF'Y 4 j signature (d) in the (
2HDMa Sso -

b X b z
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analysis is used for E?"” > 500 GeV. The main backgrounds stem from 77 and the
production of a weak boson in association with jets, with additional contributions
from single-top, diboson, and SM Vh production.

2.2 Searches for Visible Final States

tb H*(tb) [4]: This search targets the production of heavy charged Higgs bosons,
H* decaying into top and bottom quarks, with masses ranging from 200 to 2000
GeV. Events are subjected to preselection criteria involving single-lepton triggers,
which require exactly one electron or one muon with pr > 27 GeV and at least five
jets with pr > 25 GeV. The analysis mandates the identification of at least three of
the jets as b-jets. among the reconstructed jets, The events are classified into four
distinct regions, labeled as ““5j,3b”, “5j, > 4b”, “ > 6j, 3b”, and “ > 6j, > 4b”. The
primary backgrounds in this search predominantly consist of events from t7+jets
and single top-quark production in the Wt channel.

3 Summary of the Constraints on the 2HDM+a

The most sensitive analyses from the 2HDM+a model, including Z(1)+E ’T”"”,
h(bb)+E g”'”, and tb H*(tb) are statistically combined. The resulting combined limit
consistently exhibits greater stringency than the limits obtained from individual
analyses. The statistical combination is facilitated by the independence of the
three analyses. The Z( — 1)+E ’T"iss analysis includes a b-jet veto, while the
h( —>bb)+E’}“” and tbH*(tb) analyses require a minimum of two and three b-
jets, respectively. Moreover, the selections of the tb H*(tb) signal region require a
charged lepton, which is vetoed by the h( —bb)+E ’T"i““ selections. Consequently, no
overlap is expected between the signal selections of the three analyses. Furthermore,
the combination of analyses is achieved by constructing their combined likelihood
and optimizing the corresponding profile likelihood ratio [5].

The exclusion contours for the m4 — m, and tanp — m, scans are depicted in
Fig. 2. The scans consider sin# values of 0.35 and 0.7. Additionally, the exclusion
contours are presented as a function of m, and sin6. The regions within the
observed contours are excluded by each analysis and the Combination. The figures
indicate that the sensitivities are further improved by the combination.
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Jets Physics Simulations and Analysis )
with the ATLAS Experiment e

Saad El Farkh

1 Introduction

Multijet measurements are integral to advancing our understanding of Quantum
Chromodynamics (QCD). By analyzing the complex interplay of multiple jets in
proton-proton collisions, these studies offer critical insights into both theoretical
and experimental aspects of particle physics. Specifically, multijet events serve as
robust tests for perturbative QCD (pQCD) calculations across different levels of
precision—Leading Order (LO), Next-to-Leading Order (NLO), and Next-to-Next-
to-Leading Order (NNLO)—while also shedding light on parton shower modeling
and aiding in the determination of fundamental QCD parameters.

This paper provides an overview of recent multijet studies conducted by the
ATLAS Collaboration [1] at the Large Hadron Collider (LHC), focusing on three
key analyses at a center-of-mass energy of 13 TeV:

1. The study of event shapes in high- pt multijet events [2], which characterizes the
jet distributions and their geometrical properties.

2. The determination of the strong coupling constant (cg) [3] using transverse
energy-energy correlations (TEEC) in multijet events, offering a precision
measurement of this fundamental QCD parameter.
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3. The investigation of multijet event isotropies [4], which introduces novel observ-
ables to probe the isotropic nature of QCD radiation, compared to advanced
Monte Carlo simulations.

2 Event Shapes in High- pr Multijet Events at 13 TeV

Event shape observables provide insight into the topology and energy distribution of
multijet events. In this analysis, we focus on transverse thrust (7 ), which describes
the geometry of jet events in the transverse plane. Figure 1 provides a visualization
of event shapes for different jet multiplicities.

We also measure transverse sphericity (S, ) across different jet multiplicities
and transverse momentum scales (Ht;), comparing data and MC predictions. The
comparison reveals discrepancies between data and simulations, particularly at low
jet multiplicities, but an improvement in agreement as the jet multiplicity increases
(Fig. 2).

These event shape measurements are crucial for testing and refining QCD
predictions and simulations in high-pt multijet events, revealing discrepancies
between data and Monte Carlo predictions that vary with jet multiplicity and
simulation model.

ATLAS ) e, ATLAS

Fig. 1 Transverse plane projection of a three-jet event with high values of 7, and S, (left), and a
five-jet event with low values 7| and S (right). The colours are chosen for illustrative purposes.
Reprinted under CC-BY-4.0 license from [2]. © 2021, CERN for the benefit of the ATLAS
Collaboration
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3 Determination of the Strong Coupling Constant in Multijet
Events

Multijet events play a crucial role in measuring QCD event shapes and determining
the strong coupling constant (¢ ), which influences jet emission rates and event dis-
tributions. Key observables include the Energy-Energy Correlation (EEC), reflecting
angular energy distributions, the Transverse Energy-Energy Correlation (TEEC),
focusing on the transverse plane, and the Asymmetry of TEEC (ATEEC), comparing
forward and backward correlations.

This analysis uses ATLAS Run-2 data (139 fb~!, \/s = 13 TeV) with strict
cuts: pr > 60GeV, |n| < 2.4, and Ht, > 1TeV. Results compare TEEC and
ATEEC with Monte Carlo predictions, providing insights into o-sensitive models
and improving parton shower accuracy (Fig. 3).

The strong coupling constant «(Q) is extracted from the TEEC and ATEEC
measurements by fitting the data across ten Ht; intervals, which represent different
energy scales. These fits provide precise values for os(m z), as summarized below.

as(mz) = 0.1175 + 0.0006 (exp.)™5.99%% (theo.) and
as(mz) = 0.1185 £ 0.0009 (exp.) T3 0025 (theo.)

These values are consistent with the world average and previous measurements
from ATLAS and other experiments. NNLO corrections to three-jet production
significantly reduce the theoretical uncertainties. The measured o;(Q) values are
compared with the QCD predictions using the RGE, showing excellent agreement.
The measurements of as(m z) from TEEC and ATEEC agree with the world average
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Reprinted under CC-BY-4.0 license from [3]. © 2023, CERN for the benefit of the ATLAS
Collaboration

and theoretical predictions, providing a precise determination of oy with reduced
uncertainties.

4 Multijet Event Isotropies at 13 TeV

In this study, multijet event isotropies are analyzed using the Energy-Mover’s
Distance (EMD), which measures the “work” required to transport one event
configuration to another with equal energy. The focus is on multijet events with
Njer > 2 and Hry > 400 GeV, using data from the ATLAS detector at /s =
13 TeV. The EMD is applied to three reference geometries:

1. Thrust: EMD from an event to a dipole configuration.
2. 2D Event Isotropy: EMD from an event to a ring.
3. 3D Event Isotropy: EMD from an event to a cylinder.

These geometries characterize the spatial distribution of energy and momentum
in multijet events, enhancing our understanding of QCD dynamics and BSM
physics. The ring-like isotropy is dominated by dijet and nearly isotropic multijet
events, with discrepancies in MC predictions, especially with Powheg. The cylin-
drical isotropy is influenced by dijets in the forward region and multijets across
the rapidity-azimuth plane, with MC predictions failing to match data, and parton
shower models playing a larger role than hadronization models (Fig. 4).

These measurements enhance our understanding of multijet event shapes and
provide valuable constraints for improving Monte Carlo simulations. The differ-
ences between parton shower models and the sensitivity of isotropy measurements
to the number of jets highlight the need for further refinement of these models to
better describe high-energy hadronic collisions at the LHC.
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Fig. 4 Comparison of Ring-like and Cylindrical Event Isotropy Distributions in Data and MC
Predictions. Reprinted under CC-BY-4.0 license from [4]. © 2023, CERN for the benefit of
the ATLAS Collaboration

These isotropy measurements offer a unique opportunity to test QCD predictions,
refine event generators, and probe potential BSM effects in multijet final states,
ultimately improving the precision of simulations and the sensitivity of future
searches for new physics.

5 Conclusion

Recent ATLAS studies on multijet events at 13 TeV have provided significant
insights into the dynamics of QCD and have the potential to improve the precision
of event generators. By introducing novel observables like event isotropies and
transverse energy-energy correlations (TEEC), these studies offer new tools to better
describe the complexities of high-energy hadronic collisions. The determination
of the strong coupling constant («) from multijet events has been achieved with
high accuracy, contributing to fundamental QCD measurements. Additionally, the
application of optimal transport techniques to analyze event isotropies marks a new
milestone in collider physics. With new results expected from Run 3, these studies
will continue to refine our understanding of multijet final states and probe new
physics.
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Reconstructing Long-Lived Particles with ~ m
the ILD Detector e

Jan Klamka

1 Introduction

The concept of Beyond the Standard Model (BSM) particles with macroscopic
lifetimes has been extensively studied in recent years, also in the context of collider
searches, as the LLPs can naturally appear in many BSM scenarios [1].

The ILD [2] is a multipurpose detector concept for an experiment at the Higgs
factory, originally proposed for the International Linear Collider (ILC) [3]. The ILD
tracking systems feature vertex detector (three double silicon layers) and a silicon
inner tracker (two double silicon layers), extended by seven silicon discs in the
forward region. They are surrounded by a time projection chamber (TPC), the main
tracker with an inner radius of 329 mm and an outer radius of 1770 mm.

2 Analysis Framework

Two extreme scenarios were selected as benchmarks, based on their kinematic
properties, and not as preferred points in a model parameter space. The more
challenging case involves heavy scalars production with small-boost and a non-
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pointing, low-pr track pair in the final state, as exemplified by the Inert Doublet
Model (IDM). IDM introduces four additional scalars, including two neutral ones,
A and H (where the latter is a stable dark matter candidate). They can be produced
inete™ — AH process, with A — Z®H as the main decay channel. If the mass
splitting, Ama g = m4 — mpg, is sufficiently small, A could be long-lived [4].
Four IDM benchmarks with Amag = 1,2,3,5GeV, ct of A fixed to 1 m, and
my = 155GeV are analysed. Only Z* — puu decays are considered.

The second scenario involves the production of a light pseudoscalar, specifically
an axion-like particle (ALP). ALPs, with masses O(1 GeV) and macroscopic
lifetimes, could be produced at eTe™ colliders in ete™ — ay channel [5]. Four
benchmarks with different ALP masses (m, = 0.3, 1, 3, 10 GeV) and decay lengths
ct = 10 - my; mm/GeV are analyzed, to maintain consistency in the number of
decays within the detector volume. Only a — uu decays are considered.

WHIZARD was used to generate the IDM (ALP) samples at 500 GeV (250 GeV)
ILC, with GEANT4 for full detector simulation. For vertex finding, an algorithm that
uses a calculated distance between the track helices was employed, where the vertex
is placed in between the points of the closest approach of the helices.

3 Background and Its Reduction

At linear colliders, beam-induced background events contribute in each bunch-
crossing (BX). At the ILC, on average 1.05 events of ¥y — hadrons and a fraction
of incoherent e e~ pairs occur per single BX. This background can overlay on hard
events affecting reconstruction, but for low-pr final states in the signal channel, it
can be standalone background and must be considered separately.

Overlay events may contain numerous low-pr tracks starting near the IP. The
algorithm designed for this study, finds many (mostly fake) vertices in this busy
environment, especially near the beam axis. Tracks in overlay events can also
resemble kinematically those in the considered signal scenarios. Given the order of
10! BXs expected at the ILC, overlay becomes a significant background. It is still
possible to strongly suppress overlay background maintaining the presented model-
independent approach. Selection criteria, including veto against decays of K°, A?,
and y conversions, track-pair pr > 1.9 GeV, and cuts on track first hit and “helix-
circle” centers distances, along with preselection to suppress fake vertices, achieve
rejection factor of 10° (10'9) for yy — hadrons (ete™ pairs).

4 Results in the TPC

The vertex finding efficiency, defined as the ratio of the number of correctly
reconstructed vertices to the number of decays inside TPC, varies within 37—
60% range in the heavy scalars case, for scenarios with Amsy > 1GeV. The
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Fig. 1 Expected 95% C.L. upper limits on the signal production cross-section for considered
benchmarks and different LLP mean decay lengths for the heavy scalars at /s = 500 GeV (left)
and the light pseudoscalar at /s = 250 GeV (right)

reconstructed vertex was considered to be “correct”, if its distance from the true
vertex was less than 30 mm. For the msg = 1GeV scenario the efficiency was
only 4% and it could be improved using a dedicated approach [6]. The purity for all
benchmarks was higher than 99%. The vertex finding efficiency for heavy scalars is
higher for decays in TPC than for decays in the inner tracker region.

The corresponding efficiency for the light pseudoscalar case was 54-78% for
scenarios with m, > 1GeV, reaching purity of 83-99%. For the m, = 300 MeV
benchmark, efficiency drops to 24% with 43% purity. Contrary to the heavy scalar
case, the efficiency is higher for decays inside the inner silicon tracker, and it
increases with the LLP mass (decreasing boost). For higher boosts two tracks in
the final state become almost colinear and the separation of hits close to the vertex
is better in the silicon detector, providing much higher resolution.

An estimate was also made of the expected 95% C.L. limit on the signal
production cross-section. An integrated luminosity of 2ab~! was assumed at
250 GeV ILC, corresponding to 10 years of data collection, and 4 ab~! collected
at 500 GeV in 8.5 years. With 10'" BXs each year, 1.05 (1.00) yy — hadrons
(eTe™ pair) events expected per BX, and with the total background rejection of 10~°
(10719), one can expect around 1150 background events. Figure 1 presents the limits
for different benchmark scenarios and a range of the LLP mean decay lengths ct.
For short lifetimes, a small number of LLP decays within the TPC volume results in
worse sensitivities, comparable to scenarios with very high crt.

5 All-Silicon ILD Design

An alternative ILD design was also considered, with the TPC replaced by the outer
silicon tracker modified from CLICdet [7] detector model. As for CLICdet, the
Conformal Tracking [8] algorithm was also used as a pattern recognition tool.
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The tracking efficiency is shown in Fig.2 for heavy scalars, as a function of
the decay vertex distance from the beam axis, and compared with the standard
ILD design. If LLP decays inside the vertex detector or inner tracker (same in
both designs), the performance is similar. However, for the all-silicon design,
the efficiency drops rapidly for larger distances, while the standard ILD design
maintains high efficiency throughout the tracker volume. Limited number of layers
and hits required for track reconstruction contribute to the rapid efficiency decline
for the silicon tracker, reaching almost zero at 1 m from the beam axis.

6 Conclusions

The study explores prospects of LLP searches in the ILD using displaced vertex
signature and a model-independent approach. Two challenging signatures and
background from beam interactions are considered. The estimated limit on the signal
production cross-section below 1fb is reached for several benchmarks within the
ct range of 1-10° mm. Tests using an all-silicon ILD design emphasize the TPC’s
crucial role in sensitivity to LLP searches with soft final states.
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The Cross Section of Inverse Beta Decay )

Check for
updates

Giulia Ricciardi (), N. Vignaroli (), and F. Vissani

1 Introduction

The interaction process
V4+p—>e+n (D

is known as inverse 8 decay (IBD). Its cross section was estimated for the first time
by Bethe and Peierls in 1934 [1], using the Fermi theory, and gave an extremely
small value (o ~ 10~* cm? at E(b) = 2 MeV), leading them to believe that the
neutrino is an “undetectable particle”. It is kind of ironic that in 1956 the inverse beta
decay was exactly the process that allowed the first direct experimental evidence of
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neutrinos [2].! Since then, the IBD has always played a central role in neutrino
physics, giving rise to a positron and a neutron, both potentially observable, and
being in common use at energies below ~20 MeV and its wide use in water- or
hydrocarbon-based detectors, which are relatively cheap materials and rich in target
protons. As a consequence, an accurate estimate of its cross section is essential
for the accuracy of the results in several and different neutrino experiments. In
this work, we discuss its accurate evaluation [4] and relevance in the current
experimental framework.

2 The Cross Section Evaluation

We summarize the main steps needed to build the IBD cross section:?

1. write down the matrix element of the charged weak current between proton and
neutron states, which in the most general form depends on six dimensionless
Lorentz invariant form factors:

_ . q’ L
Ty = Uy (flm +81vuys + lfz(f,wﬂ + gzﬁys

qu | . q" .
+f3ﬁ+183%wm)/5>up, (2)

2. calculate the tree level amplitude for the IBD, by using the lepton current and
the W propagator. By squaring and averaging, one obtains the differential cross
section

do G%, cos? H¢
—_— =t M2 3
dt 64 (s —m3)? M )

where G F is the Fermi coupling, the parameters s = (p,, + pp)2, t = (py— pe)?
are Mandelstam variables and ¢ is the Cabibbo angle (that is linked to the u — d
element of the CKM matrix by the equality cosf¢c = V,,);

3. include the radiative corrections at leading order [5] using:

o 3 m m\ 13
do(Ey, Ec) — do(Ey, E,) [1+;<6.00+§log 2E”g+1.2 <_EE> )}
4)

1 For a brief historical survey see e.g. [3].
2 For details see Ref. [4].
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where « is the fine-structure constant. Next order corrections and other effects
such as isospin breaking are estimated to be small and neglected in the low range
of neutrino energies (below ~10 MeV).

A new series of modern calculations was started by Vogel and Beacom in 1999
[6] and continued by Strumia and Vissani [7] in 2002. An updated and accurate
assessment of the uncertainties was addressed in 2023 by Ricciardi, Vignaroli and
Vissani in 2023 [4].

The estimation of theoretical uncertainties is crucial in experimental measure-
ments aiming at high precision. In the cross section built as outlined before, the
uncertainties are reflection of the uncertainties in the knowledge of the form factors
and the Cabibbo angle.

The hadronic current ), includes the vector and axial vector terms with
form factors f3 and g3, that transform as second class currents under G-parity,
according to a classification due to Weinberg [8]. G-parity is a symmetry for strong
interactions, broken by mass differences. It turns out that second class currents can
be safely neglected at the current level of precision [4].

The input parameters which determine the leading uncertainties in the cross
section evaluation vary with the energy range; they are

* the Cabibbo angle and the axial coupling g1 (0) (lowest energies);
* the axial radius r4 (higher energies).

The magnitude of the mixing element V,,; = cos6¢ can be derived directly from
the super-allowed 07 — 07 nuclear beta decays, which are pure vector transitions.
The result is in tension with the one derived indirectly from the CKM unitarity,
using the currently accepted values for | V,s| and |V, |. That has been interpreted as
a failure of unitarity of around 20 and possibly more [9]. We believe it is reasonable
to assume that this difference merely signals limits to the available interpretations
and measurements, and we combine the data, enlarging all errors contributing to the
result by the scale factor S = /x2/(N — 1) = 2.0 for a conservative estimation
of the uncertainty, in agreement with the PDG suggestion [10]. We obtain V,, =
0.9743(3).

There are eight different measurements of the normalized axial coupling A =
—£1(0)/f1(0) using decay polarized neutrons, with the latest measurement, pub-
lished in 2019 by the Perkeo III collaboration [11], being much more precise than
the others. In a conservative perspective, we include all results, but enlarging their
error by a factor 2 to take into account discrepancies among older and newer results.
That yields the value A = 1.2760(5), which is within 1o from Ref. [11] and agrees
with the global average.

The theoretical relation [12]

2 2
7, 49064+£1.7s
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links both A and V,,4 to the average lifetime of the neutron t,. By propagating the
errors, we find the prediction 7,(SM) = 878.38 & 0.89 s. Since the neutron decay
lifetime 7, is measured, Eq.(5) could help us to improve the inferences on the
IBD cross section. There are two methods of measurement for the neutron decay
lifetime. In experiments “in-bottle” or “storage”, ultra-cold neutrons are trapped
and, after a holding time 7, they are released and the number N (T') of surviving
ultra-cold neutrons is counted. This is repeated for two or more different holding
times, with 7 ranging from a few minutes up to some fraction of an hour. If no
ultra-cold neutrons are lost, 7, is obtained from an exponential fit to N(T)
exp(—T/t,), and no absolute measurement is required. In “beam” experiments the
neutron decay lifetime is directly calculated by counting decay products (protons
and/or electrons) from a thermal neutron beam, while simultaneously measuring the
neutron beam density.> There is a discrepancy among these results. In particular the
value reported by the most precise beam experiment conducted at the NIST Center
for Neutron Research [14, 15] is 8.9s (3.90) higher than the average storage value.
This discrepancy between the two set of 7, measurements has been widely discussed
in literature, without reaching general consensus. Since the values of V4 and A are
consistent with the values from the storage approach, and incompatible with the
ones from the beam approach, we use only the former data set, assuming that the
others are affected by a systematic deviation, which is not yet fully understood. The
observed value of the neutron lifetime, together with the SM prediction, yields the
relationship V,, = 2.36323(75)/+/1 + 3A2.

In summary, by propagating the uncertainty factors we find that the cross section is known
with 8073, /05, = 0.1% for low values of electron anti-neutrino energies, which is four
times better than [7].

At higher energies, the cross section becomes sensible to the momenta depen-
dence of the form factors. This is generally expressed by phenomenological
descriptions as the commonly used dipolar approximation. Since we are mostly con-
cerned with low energy processes, whatever the expression of the full dependence
is, we only need the first terms of its Taylor expansion. This is a rather general
description and lessens the dependence on the phenomenological approximations,
which in the most common cases are not even optimised for the energies we
are discussing. Thus we set g1/g1(0) = 1 + qzri /6. The current value of the
axial mass [16] M4 = 1014 £ 14 MeV in the dipolar approximation implies
ri = 0.455 £ 0.013 fm?; a determination that does not assume the double dipole
has an error larger of about one order of magnitude rf‘ =0.46 +0.12 fm?.

By including the uncertainty on r4, we find é03,,/05,p = 1.1%(E, /50 MeV)2
in the region above ~10 MeV, a value which is 3 times larger than in [7].

3 In the past years a third method for measuring the neutron life-time has been devised, which uses
spacecraft-based neutron detectors to count the relative neutron flux as a function of altitude [13].
Its precision is not yet competitive.
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While the cross section values are consistent with previous ones, the increase in
its uncertainty range motivates attempts to improve the description of form factors
at the energies we are considering.

3 Conclusions

The IBD plays an important role in present and future experiments studying
neutrinos at low and intermediate energy ranges.

The detection of geo-neutrinos, whose energies extend up to about 2.5 MeV,
is realised through IBD. In essentially all oscillation studies at reactors, electron
antineutrinos are detected by interactions with free protons via IBD. Reactor
neutrino energy spectra end at ~10 MeV. Some of supernova experiments based
on water Cherenkov detector are primarily sensitive to IBD interactions, revealing
the Cherenkov light of the final-state positron. The inverse beta decay of supernova
neutrinos can also be observed in scintillation detectors. Neutrino fluxes from
supernovae go up to 50 MeV.

A reliable knowledge of the cross section of the IBD is based on a set of
theoretical concepts and on measurements of the key parameters. We assessed the
uncertainty on the cross section, which is relevant to experimental advances and
increasingly large statistical samples. In order to improve the actual estimates, we
need to address the reason of discrepancy in 7,, measurements and the unitarity issue
in |V,4|. This is particularly significant at the low energies which are relevant e.g.
for reactor neutrinos. A priority, especially for supernova studies, is also to refine
the description of the axial form factor in the 100 MeV range, thus decreasing the
uncertainty due to r4.
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The KM3NeT Underwater Neutrino ®)
Telescope ot

Immacolata Carmen Rea

1 Introduction

Neutrinos are elusive particles. They can be observed indirectly, by detecting the
Cherenkov radiation emitted along the path of the secondary charged particles
produced after their weak interaction with the Earth or seawater.

As neutrinos interact very rarely, huge targets are needed to increase their
probability of interaction. For this reason, their detection technique is based on
instrumenting very large volumes of deep ice or water with a matrix of light
detectors.

The atmospheric muon background, generated mainly by the interaction of
cosmic rays with the atmosphere, decreases at increasing detector depth but to
reliably distinguish the neutrino events from atmospheric cosmic rays-induced
particles, neutrino telescopes look downwards at upgoing tracks, using the Earth
as a shield. In this way, the atmospheric muon background is completely cut out.
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2 The KM3NeT Neutrino Telescope Design: ARCA
and ORCA Technologies

The general design of a neutrino telescope consists of arrays with vertical string-like
structures coupled to electro-optical cables and equipped with optical modules for
the Cherenkov light detection. These detection units have typical lengths of several
hundreds of meters and can be distributed in specific geometries according to the
energy region of study. The optical modules can host one or more photomultipliers
(PMT) with different photocathode areas.

The KM3NeT neutrino telescopes are currently under construction at two
different sites in the Mediterranean Sea: ORCA is in France, while ARCA is in
Italy. The two detectors share the same technology but have different geometries
as they target different energy regions. KM3NeT/ARCA will instrument 1 km?
of water with 230 detection units (DU) and will detect high-energy neutrinos
mainly in the TeV-PeV region. KM3NeT/ORCA will instrument 7 megatonnes of
water with 115 DUs and will be dedicated to low-energy studies in the MeV-GeV
region. In this way, with the entire KM3NeT programme, it will be possible to
span from supernova explosion, and neutrino oscillation studies, up to high-energy
astrophysical neutrino detection. The KM3NeT technology is based on a modular
design, as shown in Fig. 1. The detection unit consists of a mooring line 800 m long
for ARCA and 400 m for ORCA, equipped with 18 digital optical modules (DOM)
[1]. The main difference between the two detectors is the density of photosensors:
the DOMs are spaced by 36 m along an ARCA-DU while are 9 m apart in an ORCA-
DU. The distance between ARCA strings is 90 m, while the ORCA string interspace
is 20 m.

The digital optical module has 31 PMTs (with a 3” photocathode) mounted inside
a 17” diameter high-pressure-resistant glass sphere. Besides the electronics, inside
several calibration devices are hosted. All signals collected are digitised and sent

Fig. 1 KM3NeT detection unit
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to shore, where a farm of processors reduces the data volume and filters the signals
from the background [1]. Because it is located in the northern hemisphere, KM3NeT
has a complementary field of view to IceCube and it points towards the southern sky.
One can say that its geometry is “optimised for the Milky Way,” as the visibility of
the Galactic center and the Galactic plane is about 70%.

3 The KM3NeT Performances: The Effective Area and
the Angular Resolution

In general, weak neutrino interactions generate different event topologies depending
on the flavour of the neutrino and on the charged current (CC) or neutral current
(NC) interaction. This can lead to upgoing track-like events generated by CC-
interactions of muon neutrinos that can travel for a long path within the detector,
or to shower-like events related to CC-interactions of electron neutrinos.

An evaluation of the effective areas (A.ry) for the different partial configurations
of the ARCA detectors for a flux of muon neutrinos and muon anti-neutrinos that
interact via CC interaction can be seen in Fig.2 (on the left) [2]. Compared to
the ANTARES one for similar upgoing event selection, the A,y for ARCA6 and
ARCAS was lower up to 10° GeV; with the new configuration of ARCA19/21
the A.ry increased, becoming comparable to the ANTARES one already at low
energies. The acronyms ARCA 6, ARCA8, ARCA19, and ARCA2I indicate the
ARCA configurations with 6, 8, 19 and 21 detection units respectively. In Fig. 2 on
the right the angular resolution of the telescope is reported [2]: it is not trivial to
obtain a significant pointing accuracy to identify astrophysical sources of neutrinos.
Nevertheless, the period with ARCA6-8 reached an angular resolution of 1° at
100*10%° eV, while in the ARCA21 configuration, the resolution for track-like
events improved up to 0.2°. This resolution is expected to improve further for the
full detector reaching the value of 0.06°.

KM3NeT/ARCA Preliminary KM3NeT/ARCA Preliminary
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Fig. 2 Left: Effective areas for the different ARCA detectors compared to ANTARES. Right:
Angular resolution [2]. © 2023, I. C. Rea on behalf of the KM3NeT Collaboration
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4 KM3NeT/ARCA: First Results

The search for point-like sources is among the primary science goals of KM3NeT.
For the ARCA detector, a series of upper limits on neutrino emission flux at
different configurations have been estimated [2]: in Fig. 3 the sensitivities that have
been calculated for ARCA6, ARCA6-8 and ARCA6-21 at increasing observation
periods (respectively 92, 302 and 424 days of data taking) are reported. These 3
measurements are compared in the same plot with the full final ARCA performance
for 10 years of data taking, and with 15 and 10 years of ANTARES and IceCube. The
sensitivity of ANTARES will be approached very soon thanks to the next upgrades
and, when the entire ARCA detector will be completed, it will reach a sensitivity
level comparable to the IceCube one for the northern hemisphere and will improve
it by almost a factor 50 for the Southern hemisphere.

The detection of the neutrino diffuse flux is a key factor for the understanding of
the production and acceleration mechanisms of cosmic rays. In addition, it can open
a new observation window on faint sources that otherwise would be lost. In the plot
in Fig. 4, the upper limits to a diffuse neutrino flux at the early stages of the ARCA
detector are shown [3]: after 432 days of data-taking, a significant improvement has
been achieved with the ARCA21 configuration, comparable with the ANTARES
and the IceCube performances.

Sensitivity
—— ARCAG6 (92 days)
—— ARCA6-8 (302 days)
ARCAG6-21 (424 days)
—— ANTARES (15 yr)
"ig g om. " ) /| — IceCube (10 yr)
e Z?@is‘; i e o ngl— | —— ARCA230 (10 yr)

Observed limits
A ARCAG6 (92 days)
e ARCA6-8 (302 days)
= ARCA6-21 (424 days)

OULS, E20 for 90% CL [GeVem™2s71]

10-10L. — 71 ! ! | | ! |
-1.00 -0.75 -=0.50 -=0.25 0.00 0.25 0.50 0.75

sin(declination)

Fig. 3 Comparison of the observed limits on the flux for the ARCA6-21 point source sensitivity.
Reprinted under CC-BY-NC-ND-4.0 from [2]. © 2023, I. C. Rea on behalf of the KM3NeT
Collaboration
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Fig. 4 90% C.L. upper limits to a diffuse neutrino flux at the early stages of the detector
construction. Reprinted under CC-BY-NC-ND-4.0 from [3]. © 2023, I. C. Rea on behalf of the
KM3NeT Collaboration

5 KM3NeT/ORCA: First Results

The ORCA detector is optimised in the low-energy range (MeV-GeV) and it aims at
determining the neutrino mass hierarchy, studying the neutrino oscillation patterns,
by detecting the neutrino flux generated in the Earth’s atmosphere. Data collected
with the ORCAG6 configuration confirmed that the oscillation scenario is preferred
over the hypothesis of no oscillation [4]. In Fig. 5 the contour at 90% of C.L. for the
oscillation parameters sin’6,3 and Am%1 , constrained simultaneously and compared
with other experiments, is shown. These preliminary measurements estimated as the
best fit values sin®6r; = 0.5170.0% and A%m3; = 2.14703% % 1073 eV? with a mild
preference for normal mass ordering — 2log(Lyo/L1o) = 0.9. Currently, ORCA
is at 5% of its final configuration and these measurements will gain precision as the
detector volume increases.

6 Conclusions

The KM3NeT network of neutrino telescopes, ARCA and ORCA, is under con-
struction. Both detectors have started to collect data in their partial setup. In this
contribution, preliminary results have been presented and discussed together with
expected performances of the final configuration.
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Fig. 5 Contour at 90% C.L. of ORCAG6 for the oscillation parameters sin’6,3 and Am%l
constrained simultaneously and compared with other experiments. Reprinted under CC-BY-NC-
ND-4.0 from [4]. © 2023, I. C. Rea on behalf of the KM3NeT Collaboration
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SATURNE: The Sarov Tritium Neutrino )
Experiment for Probing Coherent Elastic e
Neutrino-Atom Scattering and Neutrino
Electromagnetic Interactions

M. Cadeddu, F. Dordei, C. Giunti, A. P. Ivashkin, K. A. Kouzakov,
F. M. Lazarev, O. A. Moskalev, 1. S. Stepantsov, A. I. Studenikin,
L. I. Tkachev, V. N. Trofimov, M. A. Verkhovtsev, M. M. Vyalkov,
A. A. Yukhimchuk, and E. F. Zagirdinova

1 Introduction

In the Standard Model (SM), the neutrinos are massless particles coupled only to the
7% and W gauge bosons. The established existence of non-zero neutrino masses
opens up the possibility for neutrinos to have other properties that are beyond the
SM. Of particular interest in this regard is the search for neutrino electromagnetic
characteristics, such as the electric charge (millicharge), charge radius, magnetic,
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electric and anapole moments. The discovery of the indicated neutrino properties
will literally open a window to new physics [1].

So far, the most studied neutrino electromagnetic characteristic, both theoreti-
cally and experimentally, is the neutrino magnetic moment. A nonzero magnetic
moment for neutrinos arises already in the minimal SM extension with addition of
the right-handed Dirac massive neutrinos. The predicted value is [2]

_ 3/aGrm,
Ky = 8\/57‘[2

where G r is the Fermi constant, « is the fine-structure constant, m,, is the neutrino
mass, and u p is the Bohr magneton. There are various theoretical scenarios beyond
the minimally extended SM which predict much greater neutrino magnetic moment
values compared to (1) (see the review article [1] and references therein). Moreover,
some of such theoretical predictions have been already ruled out by the world
leading experimental constraints on the neutrino magnetic moment. Such constraints
are obtained in laboratory experiments and astrophysics (see [3] and references
therein).

SATURNE will search for neutrino electromagnetic interactions in elastic and
ionizing neutrino-atom collisions. A high-intensity tritium neutrino source will be
employed in combination with the He-4, Si and Srl;(Eu) targets in order to study
the elastic and ionization channels of neutrino-atom collisions at unprecedentedly
low energies. With studying the ionization of atoms by tritium neutrinos, SATURNE
has a potential to improve the strongest laboratory limits [4] to a level that makes
them competitive or even better than the world-leading upper limits [3]. It has
an even greater potential with studying coherent elastic neutrino-atom scattering
(CEvAS) [5, 6]. In such a case, the sensitivity to the w, value can be almost an
order of magnitude better than the world-leading upper limits.

~3.2 % 10719 (%) ey (1)

2 Overview of SATURNE

SATURNE is a part of the scientific program of the National Center for Physics and
Mathematics (NCPhM) that was founded in Sarov in 2021. The experiment is under
preparation, with the first taking of data anticipated to begin in 2025 and the data
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collection expected to be completed by 2032. A marked feature of the experiment
is the use of a high-intensity tritium neutrino source, with initial activity of at least
10 MCi and possibly up to 40 MCi. The Si and Srl,(Eu) detectors with record low-
energy thresholds for such detector types will measure the ionization channel of
neutrino-atom collisions, namely

Ve + A—> AT + e + 0y, (2)

where A is the atomic target, and the final antineutrino flavor ¢ may differ from
the electron flavor if neutrino electromagnetic interactions are present. In its turn,
the measurements with the liquid He-4 detector in a superfluid state are expected to
provide the first observation of the CEvAS process

Ve + A — A+ vy 3

This will bring the experimental studies of coherent elastic neutrino-nucleus
scattering (CEvNS) [7] to a qualitatively new level, namely when one will be able
to explore the neutrino elastic scattering not only on a nucleus as a whole, but also
on an atom as a whole.

Low-Background Neutrino Laboratory For conducting the SATURNE measure-
ments, a low-background neutrino laboratory is being created at the NCPhM. For
this purpose an existing shallow underground facility in Sarov is used. It is equipped
with a service lift, waterproofed and meets the necessary requirements for working
with a high-intensity tritium source. The facility has an overburden consisting of 4-
m thick reinforced concrete, manufactured before the Atomic Age and in this regard
pure in terms of uranium series elements, 5-m thick sand and a layer of soil, which
is more than 0.5-m thick. The overburden is about 20-25 m of water equivalent,
which is enough to sufficiently suppress the soft and hadronic components of cosmic
radiation for acceptable background conditions.

Tritium Neutrino Source Tritium is an unstable hydrogen isotope with a half-life of
12.3 years. The tritium 8~ decay,

H - 3He + ¢~ + 1, 4)

produces electron antineutrinos in the energy range from 0 to 18.6 keV, with an
average energy of about 13 keV. A tritium neutrino source is thus well suited for
studying CEvAS that requires neutrino energies £, < 10 keV [5].

The principal design of a tritium neutrino source was worked out in [8]: it
is a set of tubular elements, in which tritium is in a chemically bound state on
titanium. Titanium powder in bulk form is placed in the tubular element. Then the
titanium powder is thermally activated and saturated with tritium, after which the
tubular element is sealed. This tubular element design will be classified as a “closed
radionuclide source”: the design of the tubular element is made in such a way that it
is possible to extract tritium from it only under special factory conditions.
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Si Crystal Detector The Si detector is supposed to consist of fourteen 125-cm> Si
crystal cylinders with a total mass of 4 kg, operating at a temperature between 10
and 50 mK, surrounded with the tubular elements of the tritium neutrino source. The
low operating temperature is designed to take advantage of the Neganov—Trofimov—
Luke effect [9, 10], that is, when the conversion of ionization energy into heat is
amplified by a (high) bias voltage. The heat is measured by microcalorimeters, for
example, such as transition edge sensors (TESs) [11], which are mounted on each
silicon cylinder. This may allow to achieve the energy threshold of the detector as
low as about 10 eV or even 1 eV [12]. In such a case, after 1 year of collecting data
with the Si detector using 1 kg of tritium, one can achieve the sensitivity to the u;,
value on the order of 1.6 x 10~!2 ;. at 90% C.L.

Srlr(Eu) Scintillation Detector The scintillation detector is assumed to be an
assembly of Srl,(Eu) crystal elements with a total mass of 14 kg surrounding the
tritium neutrino source. The elements, each having dimensions of 15 x 15 x 50 mm3
and a mass of 50 g, are combined into modules with four elements per module.
The operating temperature of the detector is in the range of 80-100 K. At such a
temperature the thermal noise of silicon photomultipliers used for signal readout
decreases sharply, thus making it possible to detect extremely low light signals
(at the level of several photons only). This is expected to provide a record light
collection and a detector threshold as low as 100 eV. In the latter case, after 1 year
of collecting data with the Srl,(Eu) detector using 1 kg of tritium, one can achieve
the sensitivity to the uy, value on the order of 2 x 10712 up at 90% C.L.

Liquid He-4 Detector The concept of the liquid He-4 detector assumes that the
tritium neutrino source is placed inside the hollow of the cylinder tank filled with
a cubic meter of liquid He-4 in a superfluid state. The dilution refrigerator keeps
liquid He-4 at a temperature between 40 and 60 mK. An array of about 1000
TES microcalorimeters suspended in vacuum above the helium surface registers the
evaporated He-4 atoms, which are induced by scattering of electron antineutrinos
from the tritium B-decay on atoms in the superfluid. The signal from the TES
microcalorimeters is readout by a SQUID system. In such a way, the He-4 detector
is expected to be sensitive to the energy signals below 0.1 eV. After 5 years of
collecting data with the He-4 detector, one can achieve the sensitivity to the puj,
value as high as (2-3) x 107'3 y at 90% C.L., depending on the initial activity of
the tritium source.

3 Summary and Outlook

The tritium neutrino experiment, SATURNE, is under preparation at the NCPhM
in Sarov. Its major goal is the first observation of coherent elastic neutrino-atom
scattering, in order to test SM neutrino interactions at unprecedentedly low energies
and to search for new physics, in particular, such as the neutrino magnetic moment.
For these purposes, a low-background neutrino laboratory is being created and a
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high-intensity tritium neutrino source is being prepared with a tritium mass of at
least 1 kg (10 MCi), and possibly up to 4 kg (40 MCi).

A 1-m3 superfluid helium-4 detector is being developed for the first observation
of coherent elastic neutrino-atom scattering. After 5 years of collecting data, by
2032, it is expected to achieve the neutrino magnetic moment sensitivity which is
an order of magnitude better than the current world leading constraints [3, 4].

A 14-kg SrI>(Eu) scintillation detector and a 4-kg Si crystal detector are being
developed for studying atomic ionization by tritium neutrinos. After 1 year of
collecting data, by 2026 and 2027, respectively, they are expected to achieve the
neutrino magnetic moment sensitivity that is competitive with or even better than
the current world leading constraints.
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An Overview of the DUNE Far Detectors )

Check for
updates

Leila Haegel

1 The DUNE Physics Program

The Deep Underground Neutrino Experiment (DUNE) is a long-baseline neutrino
oscillation experiment aiming at observing the transition from muon (anti)-neutrinos

to electron and tau (anti)-neutrinos [1]. A (v;) broadband beam peaking at 2.5 GeV
will be created in Fermilab PIP-II accelerator and sent towards the far detector
complex, located 1300 km away in the Sanford Underground Research Facility
(SURF). The far detector complex will hold four ~20-kton far detectors (FDs)

based on liquid-argon technology in order to observe oscillation towards (1);) and (v;)

flavours. In Phase I of the experiment, the complex will hold two detectors (FD1
and FD2), as well as a moveable liquid argon near detector located downstream
the Fermilab beam dump in order to characterise the neutrino flux. In Phase II, two
detectors (FD3 and FD4) will be added in the far detector complex, and an improved
near detector complex will provide better measurements of the unoscillated neutrino
flux.

The physics objectives of DUNE are the measurement of charge-parity (CP)
violation in the leptonic sector, with the ability to reach a 5o precision over 50% of
the CP-violating phase §cp values [2]. Using the difference of scattering in v, and
V. along the long beamline, DUNE also has the capacity to measure the ordering
of neutrino mass eigenstates at 50 as shown on Fig. 1. Concerning the oscillation
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Fig. 1 DUNE sensitivity to CP violation (left) and neutrino mass ordering (right) as a function of
the CP-violating phase 8¢ p, assuming the normal ordering of neutrino masses. Reprinted under
CC-BY-4.0 from [2]. © 2024, The Author(s)

matrix angle, DUNE can resolve the 6,3 octant in case of non-maximal mixing
and provide an independent measurement of 613 with a resolution comparable to
reactor experiments at high exposure. In addition to beam neutrinos, DUNE can
also observe neutrinos at lower energies originating from the Sun or supernovae,
and neutrinos at higher energies created during the collision of cosmic rays with the
Earth atmosphere. Besides its precision neutrino oscillation physics measurements
program, DUNE will be able to probe a large range of beyond-Standard Model
phenomena, from nucleon decay to spacetime symmetry breaking and new particles
and interactions [3].

2 The DUNE Far Detector Complex

The scientific program described above requires a large number of neutrino
observations, a known challenge considering the very low cross-section of those
particles. For this aim, in Phase I, the DUNE far detector complex will include two
far detectors placed in 66 x 19 x 18 m> cryostats in order to observe @ (103) neutrino
interactions over the experiment timeline. The cryostats are subdivised in modules
filled with liquid argon at a temperature of 88 K (—185°C) in order to detect the
charged particles created by neutrino interactions in the 10-kton fiducial volume. At
DUNE energies, neutrinos interact with argon atoms predominantly through charge-
current resonant, quasi-elastic and deep inelastic interactions creating charged
particles. In 79% of the cases, the argon atom is ionised and the created electrons
are drifted towards an anode acting a signal collector by a 500-kV electric field.
In 21% of the cases, the atom is excited and form an excimer state with another
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2x6.5m vertical drift
3mx3.4m CRPs
with superstructure

CRP detail with readout
Perforated readout stri planes and adapter boards

Fig. 2 Left: schematics of a FDI1 (horizontal drift) module, where the red planes are the wire
plane anodes and the grey planes the cathodes (from [4]). Right: schematics of a FD2 (vertical
drift) module, where the top and bottom planes are the CRP anodes, and the middle plane is the
cathode. Reprinted under CC-BY-4.0 from [5]. © 2024, The Author(s)

atom, releasing the extra energy through ultra-violet photons collected by an X-
ARAPUCA light trap made of wavelength shifting, dichroic filer and silicon
phototmultiplier.

While both FD1 and FD2 rely on similar detection principle, they present small
variations in their design. The FD1 modules contain 3 anodes and 2 cathodes placed
vertically, creating four drift volumes of 3.6 m length as shown on Fig. 2 left. The
charge signal is collected at the anode plane assembly, consisting of 3 layers of
wire planes, each plane holding 2560 wires with a 4.7 mm pitch [4]. Each anode
plane contains 10 light traps, and the read-out is performed by cryogenic electronics
located inside the cryostat. The FD2 modules contain 2 anodes and 1 cathode placed
horizontally, creating a vertical electric field with 6.5 m drift length as shown on
Fig.2 right. The ionisation electrons are collected at the anode consisting of 160
charge readout planes across the detector [5]. Each plane is made of 3 layers of
circuit board printed with linear copper strips and drilled with holes to enable the
circulation of charges, with a total of 3072 strips per plane with a pitch from 5
to 7.65 mm. The bottom electronics is similar to FD1, while the top electronic is
divided between the amplification stage inside the cryostat and the digitisation stage
located outside for better accessibility and longevity. The light collection is assured
by 352 X-ARAPUCA located on the cathods and in the field cage.

3 Current Status and Future Prospects

The DUNE collaboration carried a large R&D program over the last years. Small
prototypes have been extensively used to test the design of the FD1 and FD2
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cathodes and anodes. A first module of the FD1, labelled ProtoDUNE-SP, of volume
7 x 6 x 7.2 m, have been assembled and put to test in the CERN Neutrino
platform between 2018 and 2020 [6]. Using cosmic rays and the H4 beamline
delivering charged pions, kaons, protons, muons and electrons with momenta
in the range 0.3-7 GeV/c, the detector performance has been validated within
design specifications, and exceeding them in several cases [7]. The large set of
measurements performed includes the energy loss for charged particle, the drift
electron lifetime, the electronic gain and noise, as well as the light detectors
characteristics. The identification and reconstruction of particles going through
liquid argon is performed using the LArSoft toolkit developed and maintained
for the ArgoNeuT, DUNE, LArIAT, MicroBooNE, and SBND experimentsl [8],
and furthermore calibrated using ProtoDUNE data to achieve the required sub-
centimeter resolution. ProtoDUNE-SP, relabelled ProtoDUNE-HD, will take more
data in Summer 2024. A first module of the FD2, ProtoDUNE-VD, is currently
being assembled and will take data in 2025. The far detectors are planned to be
installed and start taking by the end of the 2020s.
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Exploring Entanglement and Quantum ®)
Fisher Information in a System of Two ST
Superconducting Qubits Subjected to

Thermal Noise

Mourad Benzahra and Mostafa Mansour

1 Introduction

This study delves into the dynamics of a two-qubit superconducting charge system,
an essential component of quantum computing technology. Within the realm of
quantum information theory, entanglement emerges as a critical resource, crucial for
the development of quantum technologies and the execution of quantum tasks [1].
Various metrics, such as concurrence, negativity, and logarithmic negativity, have
been proposed and extensively utilized to quantify entanglement in this domain.
In recent years, there has been a burgeoning interest in local quantum Fisher
information, a measure of quantum correlations that transcends the boundaries of
entanglement and finds applications across the spectrum of quantum information
science [2]. This study is centered on the analysis of a two-qubit system achieved
by coupling a superconducting environment to a superconducting island through
the Josephson junction. Its primary aim is to investigate the dynamic interplay of
logarithmic negativity and quantum Fisher information within this setup, with the
ultimate goal of elucidating its potential for quantum information processing.
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2 Quantum Correlations and Coherence Quantifiers

2.1 Entanglement Quantified by Logarithmic Negativity

Logarithmic negativity (LN) is widely recognized as a significant identifier of the
degree of entanglement for a bipartite system. We consider a two-qubit state p, the
LN is calculated as follows [3, 4] :

LN (p) =1og2()_ I, (1)
I

where B; are the eigenvalues of the partially transposed of the density matrix (o).

2.2 Non-classical Correlations Quantified by Local Quantum
Fisher Information

The local quantum Fisher information of a bipartite density (F(pxy)) is determined
as [5, 6]

F(p) = 1 — Max{ai, a2, a3}, (@)

where «; ;=123 represent the eigenvalues of the 3 x 3 symmetric matrix M whose
components are defined as follows.

3
—  2VVk

Mpn = E E T (771|Um®IY|77k)(77k|Un®IY|7H>’ 3
Lkt >0mnel YL T VE

where o0, ,(m,n = x,y, z) are the Pauli matrices, concerning y; x and |n; ) are
defined the state of the system with p = )", i |m;) (i l.

3 Physical Model

In this present work, we consider two boxes, each containing a pair of coopers
(SCBs), these are identical and coupled by a capacitor. The two identical super-
conducting qubits are established by interfering the quantum state of the two boxes
with each other. The depiction of the dynamics of the two superconducting qubits
can be expressed by the following Hamiltonian [7, 8]:
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1 1 1 1
H=—=(4Eci(z —ng1) +4Eu(5 —ng2)loz1 + [4Eca(5 — ng2)
2 2 2 2
| 4
+2Em(§ —ng1)]opn + Ej10x2 + Ej20x2 — Eyoyy),

where ng is the qubit gate charge. Ecy and Ej; are the charging energy and the
Josephson energy, while the parameter E,, represents the mutual coupling energy
between the qubits under study.

The thermal density matrix of the two superconducting qubits system can be
expressed using the Gibbs relation:

—BH

e
o(T) = T» )

Here, 8 = kl+T is assumed, with the Boltzmann constant set to kg = 1. The

partition function Z is then defined as Z = Tr(e#).

4 Results

In this section, we illustrate the results derived from modelling the dynamics of the
two measures on two superconducting qubits system. We investigate the influence of
the temperature 7', the Josephson energies E j1», and coupling energy E,, on these
measures in the density matrix p (7). In Fig. 1, we set Ej; = Ej, = 1.5 and select
E,, at values of 0,0.3,0.5, 1 and 1.5.

It can be observed from this figure that, when E,,;, = 0, the quantum entanglement
and correlations captured by LN (p) and F(p) are zero at any temperature. This
means that the two-qubit system is unentangled and uncorrelated in the absence of
coupling energy. At T = 0, increasing the parameter E,, lead to an augmentation
of the values of the two measures LN (p) and LQFI. Specifically, the function

En=Ep=15
== Ep=0
En=0.3
— En=05
— En=10
— Em=15

Fig. 1 The behavior of LA (p) and F(p) as function of T for various values of E,,;, with E ;| =
Ejp=1.5
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0.7

Em=Ep=1
0.6 === Ep=0
En=2
0.5 — Ep=25
— Ep=3

0.4 — Ep=4

LN(p)
LQFI(p)

0.31

0.21

0.11

0.0 0.0

Fig. 2 The behavior of LA (p) and F(p) as function of T for various values of E;q, with E,, =
Ep=1

LN (p) attends its maximum at this temperature. Now, as the temperature increases,
LN (p) continues to decrease until it vanishes at a specific temperature value.
Moreover, for high values of E,,, itis noticeable that LN (p) and F(p) become more
resistant to the effects of temperature. On the other hand, we can see that LOF'I
exhibits a different behavior compared to LN (p). Indeed, at low temperatures,
the quantifier LQFI increases with 7 until it reaches its maximum value and
subsequently diminishes. For higher values of temperature, it can be seen that the
measure of entanglement drops completely to zero, in contrast, the measure of
quantum correlations decreases but does not vanish. According to these results,
we can conclude that, although the quantum entanglement is death, quantum
correlations are always present between the two qubits. In the following, Fig.2
illustrates the dependence of LN (p) and LQF I on the parameter E ;| by fixing
E,, and E, at the value of 1.

In Fig.2, we observe that the quantum indicator LA (p) and LQF I are zero
when Ej is zero, regardless of the values of 7', meaning that there is no amount
of entanglement and no correlations between the two qubits of the system. At
T = 0, it can be observed that when the value of E;; is lower but not zero,
the logarithmic negativity is at its maximum values. Moreover, for a small values
of temperature and E 1, the local quantum Fisher information reaches its highest
point. An interesting observation is that the two measures decrease with increasing
temperature. However, for an important value of 7', the two measures do not fail
quickly for increased values of E j;. We also notice that LA/ (p) is more affected by
temperature, which disappears for a significant value of temperature, unlike LO FI.
Hence, LOFI is more resistant against the negative effect of the temperature
compared to the logarithmic negativity.

In order to study the influence of E;, on the system of two qubits, we take
E,, =4and Ej; = 10, with adjusting E ;5 from 2 to 6. In Fig. 3, the parameter E ;>
is found to be similar of the effect of E;; on LN (p) and F(p).

We see in Fig. 3, that the increase of E j, implies an enhancement in preserving
the quantumness of entanglement and correlations between the two superconducting
qubits from the influence of the higher values of temperature. Moreover, it should
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En=4and £, =10

-- Ep=2
Ep=3
— Ep=4

— Ep=5
— Ea=6

Em=4and Ep=10
- Ep=2
Ep=3
— Epms
0.05 1 — Ee=5
— Ep=6

0.0

1 2 3 4 5 1 2 3 4 5
T T

Fig. 3 The behavior of LA/ (p) and F(p) as function of T for various values of E jp, with E,, = 4
and E;; =10

be emphasized that L Q F1 is better than LA/ (p) at resistant temperature and does
not disappear quickly. Consequently, the two measures of quantum resources are
impacted by the temperature. Then, we can conclude that LQ F[ is a good choice
to reveal a higher amount of quantum correlations and still long-lived with growing
the temperature, unlike LN (p).
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Status and Perspective of ICARUS at )
the Fermilab Short-Baseline Neutrino e
Program

Valerio Pia

1 The Short Baseline Neutrino and ICARUS Physics
Program

The Short Baseline Neutrino (SBN) program, at Fermilab, aims to either confirm or
definitively rule out the potential existence of a light sterile neutrino, suggested by
experimental anomalies [1, 2], that participates in the neutrino oscillation without
interacting weakly with the three standard neutrinos. SBN is composed of two
Liquid Argon Time Projection Chambers (LArTPCs) [3] positioned at different
distances along the Booster Neutrino Beam (BNB) and 6° off-axis along the
Neutrinos at the Main Injector beam (NuMI) at Fermilab: the Short Baseline Near
Detector (SBND) at 110 m, and the Far Detector (FD) ICARUS T600 at 600 m
from the neutrino source. Its primary goal is to observe neutrino oscillations in the
v, appearance and v, disappearance channels at a distance of approximately 1 km
and an energy of around 1 GeV.

The combined analysis of data from both the Near and Far detectors will cover
the allowed current range in the Am% 4 parameter space with a So sensitivity level in
3 years of data taking [4], corresponding to 6.6 x 102 POT (Protons On Target, the
number of protons delivered by the accelerator to the neutrino generating target),
as illustrated in Fig. 1. During the early phases of data taking, ICARUS main goal
will be to verify the recent claim of the observation of short-baseline oscillations at
Am? ~ 7 eV? and sin% 6 ~ 0.36 reported by the Neutrino-4 reactor experiment
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Fig. 1 Expected SBN 5 o sensitivities (red solid line) to a light sterile neutrino in the v,
appearance (left) and v, (right) disappearance channel

[5]. ICARUS will study both the v, appearance by selecting contained QE v,
CC candidates, and v,, disappearance channels focusing on quasi-elastic v, CC
interactions.

2 The ICARUS T600 Detector

ICARUS-T600 consists of two adjacent 3.6 x 3.9 x 19.6 m® modules, both filled
with a total of 760 tons (476 active tons) of ultra-pure liquid argon (Fig. 2, left).
Each module is composed of two Time Projection Chambers (TPC), with a common
cathode dividing them, and with a maximum drift distance of 1.5 m. The cathode
is set at a voltage of 75 kV, generating a nominal electric field of 500 V/cm,
equivalent to ~1 ms drift time. The anode of each TPC is made of three wire planes
positioned 3 mm apart and with a different angle with respect to the horizontal
direction: 0°, +60°, and —60°. The first two planes perform non-destructive charge
measurements, while the last one collects the ionization charge. Additionally, Liquid
Argon scintillation light is detected by a light collection system made of 360 Photo-
multiplier tubes (PMTs) located behind the wire planes, which provide the event
time and the trigger of the detector. Due to ICARUS being operated at ground level,
an overburden of about 3 m of concrete was installed on top of the detector to reduce
the background induced by cosmic rays. Overall, a reduction of a factor 200 was
observed for the rate of neutrons and gammas, while a reduction of about 25% was
observed for muons. In addition to the overburden, a Cosmic Rays Tagger (CRT)
was installed around the detector, providing a 4w coverage of the detector with
95% tagging efficiency and few ns time resolution (Fig. 2, right). The CRT system
comprises modules of plastic scintillator bars with embedded Wavelength Shifter
(WLS) fibers coupled to Silicon Photomultipliers (SiPM).



Status and Perspective of ICARUS at the Fermilab Short-Baseline Neutrino Program 119

Fig. 2 Left: Deployment of the second ICARUS module inside the pit of the SBN Far Detector
experimental hall at Fermilab. Right: CRT modules installed on top of the detector. Reprinted
under CC-BY-4.0 license from [6]. ©2023, ICARUS Collaboration

= NuMI Delivered: 267.0 E18 POT
- BNB Delivered: 207.2 E18 POT
= NuMI Collected: 255.8 E18 POT B
200/ == BNB Collected: 197.2 E18 POT 5

Jan 012023, Sun Feb 012023, Wed Mar 01 2023, Wed Apr 012023, Sat May 01 2023, Mon Jun 01 2023, Thu

Fig. 3 Cumulative sum of POT delivered by the accelerator (dotted lines) and collected by the
detector (solid lines) as a function of the operation time for BNB (orange lines) and NuMI (blue
lines) for the ICARUS Run 2, started December 2022 and completed June 2023

3 ICARUS Operations

The ICARUS detector was fully operational in June 2021 and started a commission-
ing phase that lasted until June 2022 [6]. During the commissioning, it collected
296 x 10'® POT and 503 x 10'® POT collected for BNB and NuMI, respectively
with a beam utilization—defined as the amount of POT collected divided by the
amount delivered—of 89% for BNB and 88% for NuMI. In June 2022, ICARUS
started taking physics quality data, with a first run lasting until July 2022 (Run 1),
and a second one (Run 2) started in December 2022 and lasted until July 2023,
just before the summer beam downtime. The combined statistic of both runs is of
2.46 x 10?° POT for BNB and 3.42 x 10%° POT for NuMI, with a beam utilization
of 93% and 95% respectively. Figure 3 shows the cumulative sum of POT delivered
by the accelerator and collected by the detector for the full Run 2 period and both
beams.
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4 Observation and Reconstruction of Neutrino Events

The data collected by the detector is processed to reconstruct and analyze the events.
The signal obtained from the wires is reconstructed by performing a deconvolution
of the waveforms to obtain the structure of the drift electrons generating the signal
at the moment of their production. The ICARUS deconvolution procedure correctly
associates a wire signal with the track generating it with an efficiency higher than
90% for track segments with lengths larger than 3.4 mm [6]. The scintillation light
associated with an event is reconstructed from the signal recorded by the PMTs.
A threshold-based algorithm is applied to each recorded signal, to reconstruct
the characteristics of the detected light to be used in the analysis. Initially, the
association of an event in the TPC with the light detected by the PMTs was
performed comparing the track and the light barycentre along the longitudinal z-
axis. A correlation within a few tens of centimeters was observed for both cosmic
muons (Fig. 4, left) and for a sample of BNB neutrino interactions selected by visual
scanning (Fig. 4, right) [6]. CRT hits are reconstructed by searching for coincidences
of signals above a threshold on different planes of the CRT modules. For each found
coincidence, spatial and timing information of the hit are provided.

Reconstructed hits in each cryostat are then passed as input to a pattern recon-
struction code, Pandora [7], that identifies interaction vertices, and reconstructs
tracks and showers inside the TPC by performing a full 3D reconstruction of
the event. From initial Monte Carlo studies, a rejection of 99.7% of cosmic
rays was obtained, while also accepting more than 82% of true v, CC events.
Pandora, together with new algorithms developed jointly by SBN, are applied to
tracks and showers reconstructed in the event to perform particle identification
and reconstruction, including the reconstruction of the momentum, calorimetry, and
contribution of multiple Coulomb scattering. To validate the Padora reconstruction,
a dedicated visual study of ~500 v, CC interaction from BNB was performed. In
~90% of these events, the difference of the neutrino interaction vertex along the
beam direction reconstructed manually and by Pandora is within 3 cm. Comparison
between visual studies and automated reconstructions will help improve the auto-
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Fig. 4 Left: distribution of Az = z7pc — zpmr for a sample of cosmic ray muons crossing the
cathode. Right: same distribution for a sample of BNB v interactions identified by visual scanning.
Reprinted under CC-BY-4.0 license from [6]. ©2023, ICARUS Collaboration
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matic reconstruction. However, the first results are quite promising and demonstrate
that the basic tools for event selection and reconstruction are operational and allow
an initial identification and measurement of neutrino interactions.

5 Conclusions

The ICARUS detector has been fully operational since June 2021 and collected a
total of 2.46 x 10%° POT and 3.42 x 10?° POT from the BNB and NuMI beams
respectively. Automated selection and reconstructed algorithms are currently being
tuned and will allow sensitive studies of the claim by the Neutrino-4 short-baseline
reactor experiment. Within the Short-Baseline Neutrino program, ICARUS will then
conduct searches for evidence of a sterile neutrino.
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Revisiting Inert Doublet Model )
Parameters ke

Hamza Abouabid, Abdesslam Arhrib, Ayoub Hmissou, and Larbi Rahili

1 Introduction

After the discovery of the Higgs particle around 125 GeV, a wide window opened
in the field of particle physics for exploring the properties of the Higgs boson. This
discovery demonstrated that the SM effectively explains observed phenomena at the
electroweak scale. However, the SM fails to address several issues, such as non-zero
neutrino masses, dark matter (DM), and gravitational interactions. This has spurred
the search for new physics beyond the Standard Model (BSM), often by extending
the SM to include additional real or complex singlets, doublets, or triplet Higgs
fields.

Recently, an excess has been observed for the di-photon Higgs decay, which
we are attempting to explain within the framework of the Inert Doublet model. In
this proceeding examines how current Di-photon (i, ) and recent Z-photon (i, z)
signal measurements constrain the IDM parameter space, particularly the coupling
hHTH~. Additionally, it provides updated insights into the impact of extra scalars
on radiative corrections to the triple Higgs coupling Ahh at the one-loop level.
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2 The Model

The Inert Doublet Model (IDM) extends the Standard Model (SM) Higgs sector
by introducing a dark matter (DM) candidate [1-3]. It is a variant of the 2HDM
with an exact Z, symmetry. This involves adding an inert scalar doublet, H>, to
the SM Higgs doublet, H;. Notably, H, has odd parity under the Z, symmetry,
resulting in no coupling with fermions and no vacuum expectation value. The
physical parametrization of the scalar doublets has the form

Gt HT
Hl:((v—i—h—i—iG)/ﬁ)’ Hz:((SHA)/\/i)’ M

The Higgs potential is given by:
2 i 2 i AN i)
Viow = iy H{ Hy + iy H] Hy + 1 (H Hy )+ 2 (H] H, )
T i
+n3\H Hy ) ( Hy H

e (H ) (HH) + 505 [(HlT )+ (8] Hl)z} e

Where ,ufl and M%z represent mass terms, and 7;—1.. s denote quartic couplings.
When the electroweak symmetry is broken, H; acquires its vacuum expectation
value VEV < H| >¢= v GeV , while H; maintains a vanishing VEV < H; >¢=
0. The IDM consists of six free parameters that we have chosen as:

7) = {/"l’%27 n2, mp, mgs, nay, mHi} (3)

The scalar bosons masses are given by:

my = 2mv* = =27, )

my = w3, + nrv?, )

my = uy, +nsv’, ©)
1

m%—]i = M%z + 577302- 7

where the new expressions 7 s are as follows

1 1
77L=5(773+774+775)a7)5=§(7)3+774_715) (¥
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3 Results and Discussions

This section explores the impact of new measurement on the parameter space and
the trilinear coupling 1y, within the IDM. They applied renormalisation techniques
to following process

h(q) — h(k1) + h(k2) €))

and showed its sensitivity to the effects of NP BSM. Here, with the aim of
approaching IDM towards such measures, we revisit the additional contribution of
the following process.

In line with our purpose in this study, we redefine a ratio that involves the
previous quantities as,

I1DM,1 IDM,0
Al — Do~ = T (10)
hhh [ [DM.0
hhh
where Fhlh?lM ‘L is the one loop amplitude and Fhlh?lM 0 = —3m% /v represents the

trilinear coupling at tree level, identical to the SM value. For more details, we refer
the reader to [4, 5].

In the numerical scan, we will take into consideration all theoretical constraints
Perturbativity, Vacuum Stability, Charge-breaking minima, Inert Vacuum and Uni-
tarity on the scalar sector of the model as well as LHC experimental measurement
such uyy and p7) and the invisible decay of the SM Higgs, as detailed in Ref. [5].
Also, all along our computings, latest version of HiggsBounds-5.10.2. [6] and
HiggsSignals-2.6.2. [7] and micromegas-5. [8] have been used.

Figure 1 displays permissible parameter space, indicating viable ranges for m¢
and 3. At 99%C.L., mg is constrained to <500 GeV and n3 < 9, confirmed by

== Theo. ® LEP. Constraints : OK
g1 == Allowed by 30 of 45 @ u5y°

m= Theo. ® LEP. Constraints : OK
8| == Allowed by 30 of ugP @ Sy
Allowed by 20 of ug® ® ug}? Allowed by 20 of u&P @ Sy

...... 12M contour wee pEM contour

n3

2 -2

100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
mo [GeV] mo [GeV]
Fig. 1 The correlation between my = ms = ms = mpg= and n3 with the dot-dashed line

corresponds to the ,u{,]?,M (left) and ;LIZDVM (right) contours
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Fig. 2 The AT}y, variation within the (73 — mg) plane at 95% .C.L. with n; = 2

the gray region. Narrowing to & 20 reveals a smaller area (orange) up to 488 GeV,
ruling out enhancements for Br(h — Zy)/SM and Br(h — yy)/SM above 4.5%
and 27%, respectively. Experimental validation requires a positive /L%z.

Figure 2 focuses on ;ij;f yz at 20 C.L., showing reduced parameter space
and diminished radiative corrections, particularly for m¢ near 485 GeV. |Aljn]
increases steadily over 13, peaking around 13 = —1 for mg¢ =~ 150 GeV.

4 Conclusion

In this paper, we revisit the Inert Doublet Model (IDM) as an extension of Beyond
the Standard Model (BSM), focusing on the two decay modes, yy and Zy. We
examine the implications of current data on the signal strengths u;xjf vz for various
physical observables. in addition the effects on the radiative corrections to the triple
Higgs coupling hhh at the one-loop level. Our results suggest that y y may constrain
the permissible parameter space for the IDM.
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Conformity of New CDF-II My with )
123-Model e

B. Ait Ouazghour, R. Benbrik (), Es-said Ghourmin, M. Ouchemhou,
and L. Rahili

1 Introduction

High-precision measurements at collider experiments have imposed stringent con-
straints on the Standard Model (SM) and its possible extensions. This level of
precision has been further reinforced by the discovery of the Higgs boson at the LHC
experiment [1, 2]. Recently, the CDF collaboration reported a newly measured value
of the W boson mass [3], which deviates from the SM prediction by approximately
7o . The SM expectation, as provided by [4, 5], is given by:

m$GPY = 80.4335 £ 0.0094 GeV, my' = 80.357 + 0.006 GeV. (1)

In this work, we focus on the 123-model to investigate the possibility of
predicting myw according to the new CDF measurement.

The correction of the 123-model to the W boson mass and the effective weak
mixing angle can be parameterized using the S, 7', and U formalism as follows [6]:

2 2 2 2
ooCo,m 1 —
Am?, = (m%,‘?)z — (m%év[)2 = —; ZZ ——S+chT + w” % 5 wyy , )
Cw —Sw 2 dsy
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where the SM values used are listed in Ref. [4].

This work is organised as follows. In Sect.2, we describe in great length the

123 model. Our main results are discussed in Sect. 3 and finally, we summarize our
conclusions in Sect. 4.

2 123-Model in a Nutshell

In addition to the usual SM scalar doublet, namely ¢, a singlet ¢, and a triplet A have
been introduced as fundamental building blocks of the 123-model [10]. Considering
their representations under the SU (3)c x SU(2)L x U(1)y SM gauge group, one
can explicitly express them as follows:

1
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with corresponding leptonic numbers L, =2, Ly = 0 and L4 = —2, respectively.

The most general renormalizable and gauge-invariant Lagrangian of the 123
scalar sector is given by

L = (Du¢) (D $)+Tr(DyA) (D* A)+(3,0) (8" 0)—V (H, A)+Lyukawa, (5)

with the covariant derivatives in the kinetic terms are
 dora 1
D¢ =0, +igT "W, ¢ +l§g B, ¢,
i dra .1 Yp
Dyd =0, A+iglT W, Al +ig —=ByA, (6)

where Wﬁ and B, stand for SU(2); and U(1)y gauge fields, respectively. Y, is
the hypercharge operator of the triplet A, while 7¢ is related to the Pauli matrices
via T% = 0%/2. Lyukawa refer to the Yukawa part to be subsequently considered in
detail.

The scalar potential V (o, ¢, A), invariant under SU (2);, x U(1)y, reads [7]
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V(o, ¢, 4) = pyo'o + ugp'e + niTr(AT 4) + 11(p' )
+ Az[Tr(A*A)]2 +23(¢TP)Tr(AT A)
+ MTr(ATAATA) + 4507 ATAG) + Bi(0T0)?
+ B2(¢'$) (0 o) + BTr(AT A) (0T o)
— k(T Ao + h.c.), (7

where all quartic couplings are considered to be real. M,z (i = o, ¢, A) are squared
mass parameters of the singlet, doublet, and triplet fields, respectively.

3 Result and Discussion

To study the implication of the new CDF measurement on the 123-Model, we
perform a systematic scan over its parameter space. The scan is done using the
our model code. We assume that the CP-even Higgs boson £ is the observed SM-
like Higgs with My, = 125.09 GeV whose properties are consistent with the LHC
measurements. We randomly sample the remaining model parameters within the
ranges given in Table 1.

During the scan, the following theoretical and experimental constraints are
fulfilled:

— Unitarity, vacuum stability, and perturbativity requirements.

— The compatibility with the 95% bounds imposed by the LHC is checked via the
public program HiggsBounds-5.10.2 [8].

— The criterion that the CP-even h; Higgs boson must match the characteris-
tics of the observed SM-like Higgs boson is enforced using the public code
HiggsSignal-2.6.2. [9].

— Electroweak precision observables (EWPO) are examined using the oblique
parameters S and T (with U fixed to zero), based on both the PDG [4] and CDF
[3] fit results. In particular, we perform the ng test prior to and following the

new mﬁ,DF measurement, referred to as “PDG” and “CDE,” respectively.

PDG: S =0.05+0.08, T =0.09£0.07, pst =0.92 ®)
CDF: S =0.15+£0.08, T =0.27 £0.06, pst = 0.93, (©)]

where pgr represents the correlation between S and 7.
Once the allowed parameter space, which satisfies the outlined theoretical and
experimental constraints, is determined, we proceed to conduct the X]%,[CDF test.
w

This analysis focuses exclusively on points that fall within 20 of the new CDF
measurement.
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Fig. 1 Left panels: The estimation of mw in the 123-model as a function of 7', with the color
gradient representing the magnitude of the parameter S. The light pink bands correspond to the
SM prediction, while the green bands indicate the new CDF measurement of my within a 1o
uncertainty. Right panels: The prediction of sin® 6 in the 123-model as a function of my, where
the color gradient represents the magnitude of 7. The light blue band denotes the world average
value of sin? O with its corresponding 1o uncertainty, while the brown region shows the SLD
collaboration result at the 1o level. The upper (lower) panels correspond to the PDG (CDF) fit
results. Reprinted under CC-BY-4.0 from [10]. ©2023, The Author(s)

The preliminary summary results are presented in Fig. 1. Considering the PDG
values, Fig. 1a displays the 123-prediction for my as a function of 7', with the color
mapping representing the S parameter. At first glance, it is evident that the predicted
myy value within the 123-model is consistent with the SM prediction, requiring T €
[0.02, 0.10] and S € [0, 0.15], while showing a significant deviation from the new
CDF region at the 1o level.

However, when X?T v (PDG) is replaced with X§T v (CDF) in the global Xz, the
CDF bands become interpretable within the 123-model. This adjustment allows the
Peskin parameters 7 and S to marginally fall within the ranges 0.15-0.42 and 0-
0.35, respectively, as shown in Fig. 1c.

On the other hand, the right panel in Fig. 1 presents the model prediction for
my as a function of sin”fefr. As depicted in Fig. 1d, when considering the CDF
S, T results, the parameter points predominantly align with the SLD measurement
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for sin? Ocrr within the 1-1.50 range. This contrasts with the scenario using the
PDG values, where the predicted value exhibits consistency with both experimental
measurements.

4 Conclusion

The CDF II experiment has reported a significant anomaly in the measured mass of
the W boson. With remarkable precision, the result reveals a slightly higher value
than the Standard Model (SM) prediction. This intriguing deviation is currently
under active investigation, as it may provide evidence for new physics beyond
the Standard Model (BSM). In this paper, we have explored the compatibility of
this anomaly within the 123-model, considering both theoretical and experimental
constraints. Our findings suggest that the newly measured my at the CDF-II
experiment favors a nonzero mass splitting among the particles s, h3, A, H*, and
H*[10].
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Enhanced Photon Higgs Associated
Production in Two Higgs Doublet Type-II ¢
Seesaw Model at e—e™ Colliders

B. Ait Ouazghour, M. Chabab, and Khalid Goure

1 Introduction

The discovery of the Higgs boson by the ATLAS and CMS collaborations, the last
missing piece in the completion of the SM, provided an experimental evidence
for the Brout-Englert-Higgs mechanism. Although most of the SM’s predictions
have undergone successful testing with a high degree of accuracy [1-3] it failed
to explain several established physical phenomena. Moreover, given the absence
of any direct evidence supporting new physics so far, precision measurements of
the Higgs boson properties and couplings to other new scalars can offer a promising
opportunity for a potential discovery of new physics. The primary objective of future
e~ e™ colliders [4], such as the International Linear Collider (ILC) [5, 6], Compact
Linear Collider (CLIC) [4, 7], Circular Electron-Positron Collider (CEPC) [8-10],
and Future Circular Collider (FCC) [11, 12] is to enhance our comprehension of
the Higgs physics and refine measurements of the Higgs boson couplings [13—
17] with exceptional precision. Compared to hadron colliders, these colliders,
featuring a cleaner e e~ background, can yield substantial improvements over LHC
measurements . The associated production of SM-like Higgs boson with a photon,
ete™ — hyy,is well suited to study the Higgs-gauge bosons couplings such as the
h1yy and h1yZ couplings. This process was investigated in the SM [18-20] and
recently in some beyond the Standard Model (BSM) scenarios as the inert Higgs
doublet model [21], Higgs Triplet Model (HTM) [22], the minimal supersymmetric
standard model (MSSM) [23, 24] and the effective field theory [25].

In this contribution, we investigate the single production of the neutral Higgs
boson in association with a photon in electron positron collisions in the frame-
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work of 2HDMcT (For details see [26]). To do that, we have implemented a
full set of theoretical constraints originated from perturbative unitarity,
electroweak vacuum stability. Given that any BSM scenario must be capable
of accommodating a 125 GeV state h»5, that exhibits properties consistent with
present measurements, to insure that compatibility the HiggsTools package [27]
is employed. This guarantees that the allowed parameter space align with the
observed properties of the 125 GeV Higgs boson ( HiggsSignals [27-30]) and
with the limits from searches for additional Higgs bosons at the LHC and at LEP (
HiggsBounds [27, 31-34]). In addition the parameter space of the model is further
constrained using Electroweak precision observables and the B — X5y
constraint at 95% C.L.

The structure of this contribution is as follows : In Sect. 2, we briefly introduce
the 2HDMCcT. Section 3 presents the various theoretical and experimental con-
straints imposed on the model parameter space, followed by a discussion of our
results. Finally, Sect. 4 is dedicated to our conclusion.

2 General 2HDMcT

The most general SU(2); x U(1)y invariant scalar potential for 2HDMcT can be
written as [35]:

V(®), D2, A) = m} & ) + m3,®) Py — [m},® s+ h.c]

MM Ao
+ 2@l on? + Z(@]@,)?

2 2
+ 14(®] 1) (D] D))

25 otp? i i i
+13 (@] D2)” + [B1(P| P1) + Po(P, P2) | @ D + hoc.
+33(P] D) (@] P2) + 46 @ DI TrATA + 07 D] D, TrATA
n [m@{iazmqbl + 1207102 ATy + 130T i02 AT, + h.c.}
+rs @ AATD

o @I AAT Dy 4+m? Tr(AT A)+is(TrAT A2 400 Tr (AT A)?
(1)

We assume that m%l, mgz, mzA, m%2, 7123456789, A8.9, K123, P12 are real
parameters. To avoid tree-level Higgs mediated FCNC; at tree level, we consider
Z, symmetry where 81 = > = 0. Also the Z> symmetry is softly broken by the bi-
linear terms proportional to m%z, 1, io and p3 parameters. Eleven physical Higgs
states occur in the model spectrum: three CP-even neutral Higgs bosons (1, h2, h3),



Enhanced Photon Higgs Associated Production in Two Higgs Doublet Type-II. . . 139

four simply charged Higgs bosons (HE, Hzi), two CP odd Higgs (A1, A), and
finally two doubly charged Higgs bosons H**. For details see Ref. [35]. The neutral
scalar mass matrix reads :

2 2 2
o101 Mpapr M pgp,
2 2

m m

2 _
MEP e = p1p2 " pap2 T pora 2)

even

S 3%

o100 ™ o200 ™ 000

Its diagonal terms are,

o N 2 N v (ﬁm% + mv,)
P1P1 1 \/Evl
i v (ﬁm§ + M3Ut)
P22 2 «/Evz
m%opo _ 4 (Ag + Ao) v+ V2 (Z)lv]z + u3zvpvg + MzU%) 3)
t

while the off-diagonal terms are given by,

1
m%zpl = m%lﬂz = — (\/51)11)2)»345 — \/im% — I/LSUI)

V2
22— L (o + As) — Quaon +
mpopl—mplpo—ﬁ vV (A + Ag) — (2urvy + p3v2)

1
Moo = Moy = 5 (V20007 +20) = Quava psvn) (@

The mass matrix can be diagonalized by an orthogonal matrix £ which can be
parametrize as

Cary Cary Sety Cary Sy
&= _(Calsazsa3 + S Ca3) CoyCaz — Sa1SarSay  CarSay (@)

_Coq SDl2CDl3 + sOl|S(X3 _(Ca15a3 + SO[|S012C(X3) COQC(X3

where the mixing angles o1, o> and o3 can be chosen in the range

i < <
-5 =123 =
2

[

(6)

the rotation between the two basis (p1, p2, po) and (h1, ha, h3) diagonalizes the
mass matrix M%p as,
even
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Table 1 Yukawa couplings u d [
of the /| boson to the quarks 4 §¢Y . 5 — % —
and leptons in 2HDMcT-II h o - -
2 T _ . 2 2 2

EMcpmng = diag(mj, , mj,, mj.) (7

and leads to three mass eigenstates, ordered by ascending mass as:
2 2 2
my < mp, <mp, . (8)

Lyukawa encompasses the entire Yukawa sector of the Two-Higgs Doublet Model
(2HDM), along with an additional Yukawa term arising from the triplet field. After
spontaneous symmetry breaking, this additional term generates small Majorana
mass terms for the neutrinos.

— Lyukawa D _YvLTC®i02AL+h.C. )

For the type Il (2HDMCcT-II), up quarks interact with @;, while leptons and down
quarks with @7 as :

- E{/{dmwa = —yuQrPour — y4QrPrdg — yeLLP1lg + h.c, (10)

Here Q and L represent the left-handed quark and lepton doublets, ug, dg,
and £g are the right-handed up-type quark, down-type quark, and lepton singlets.
@1 and @; are the two Higgs doublets , with @2 = i02®P]. Yu, Ya, and yy are
the Yukawa couplings for the up, down-type quarks and leptons, respectively. The
Yukawa couplings of the CP-even Higgs bosons % to the different fermions are
presented in Table 1.

3 Results

We first state briefly the set of theoretical and experimental constraints [35, 36] used
to perform the phenomenological analysis in 2HDMcT :

» Unitarity: The scattering processes must obey perturbative unitarity.

* Perturbativity: The quartic couplings of the scalar potential are constrained by
the following conditions:|;| < 8.

* Vacuum stability: Boundedness from below (B F B) arising from the positivity
in any direction of the fields @;, A.

* Electroweak precision observables: The oblique parameters S, T and U [37,
38] have been calculated in 2HDMcT [36]. The analysis of the precision
electroweak data in light of the new PDG mass of the W boson yields [39]:
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Table 2 Experimental result of flavor observable: B — X,y at 95% C.L.

Observable Experimental result 95% C.L.
BR(B — X,y) [36] (3.49 £0.19) x 1074 [40] [3.11 x 1074, 3.87 x 1074]

So = —0.01 £0.07, Ty =0.04+0.06, psy = 0.92,

We use the following X_%T test :

Ry T2 ST T
(S — So) n (T — To) — 2psr (S — So)(T' — To)

2 2
o o7 osor

< R (I-p5p), (D
with R? = 2.3 and 5.99 corresponding to 68.3% and 95% (C.L.s respectively.
Our numerical analysis is performed with X%T at 95% C.L.

* The HiggsTools package [27] is employed. This guarantees that the permitted
parameter regions are consistent with the observed properties of the 125 GeV
Higgs boson ( HiggsSignals [27-30]) and with the limits from searches for
additional Higgs bosons at the LHC and at LEP (HiggsBounds [27, 31-34]).

¢ Flavour constraints: Flavour constraints are also implemented in our analysis.
We used B-physics derived results derived in [36] as well as the experimental
data at 20 [40] displayed in Table 2.

We define the diphoton signal strength R, as,

o(gg — h1) X Br(hy — yy)
o(gg — HM) x Br(HM — yy)

R,, (12)

Where o (gg — hy), Br(hy — yy) and o(gg — HM), Br(HSM — yy) are the
production cross sections and the branching ratios in 2HDMcT and SM respectively.
HSM refer to the observed SM Higgs boson. The subsequent numerical analysis
utilizes the following set of input parameters:

Pr={a1, @2, @3, mu,, mpy, A1, A3, Aa, A6, A7, A3, Ao, Ag, Ao, i1, vy, tan B}, (13)
with
mp, =125 GeV, my, <mp, <mp, <1TeV,
80 GeV < My My, M s < 1TeV,
=2 <A <2m, —2m < X34 <2m,

—2m <Xe7<2m, —2m <Ag9 <2m, —2m < )_\8,9 <2

—n/2<a1 <7/2, =0, a3 x0, uy =v; =1GeV, tanf =8
(14)
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Fig. 1 Total unpolarized cross-section in fb for the process ete~™ — yph; as a function of

center-of-mass energy, in two benchmark scenarios. Here we assume that o1 = 1.42 and m;, =
673.30 GeV. The other inputs are given in Table 3

Table 3 Benchmark scenarios used in Fig. 1 where the generated points pass the full set of
constraints

Bench. | A 23 4 X6 A7 g Ao X3 X9
BPI 131 | =012 |1.70 |0.64 |0.01 0.28 |0.38 233 |0.54
BP2 1.31 0.80 |3.06 |6.04 |[2.15 |-272 |047 |—-1.10 |3.13

In Fig. 1, we display the unpolarized cross-section of the process e"et — hiy
with respect to the SM one as a function of /s in the range 200-1000 GeV.
The parameters used in the two Benchmark scenarios BP1 and BP2 are given in
Table 3. Our analysis shows that the cross section is very sensitive to the model’s
parameters and it can exceed its SM value. In Fig.2 the signal strength denoted
as Ry, (hy) and o(e"et — hyy) are depicted as a function of the parameter A7
in two distinct scenarios («¢; = 1.42, 1.44). In the upper panels representing the
first scenario (o; = 1.42), the cross section o (e"et — hyy) can reach the SM
value, but never quit exceed it because of the BFB conditions. These panels also
illustrate that the calculated R, agrees with the observed signal strength within
lo C.L, as reported in reference [41] and it is constrained within the range 1.04 <
Ry, (h1) < 1.17. However, In the lower panels of Fig. 2, representing the second
scenario (a1 = 1.44), it is clear that in this case, both R, and ole”et = hiy)
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Fig. 2 The signal strength, denoted as Ry, (k1) (left panels) and the cross section for Js =
250 GeV (right panels), are depicted as a function of the parameter A7 for two values of the
parameter a1, o] = 1.42 (upper panels), and «; = 1.44 (lower panels). The plotted points validate
all constraints. The color coding shows the variation of the trilinear coupling Xh] gttg++. The
displayed horizontal lines on the left panels denote the central and + 1o combined diphoton signal
strength reported by ATLAS [41] at 13 TeV. The error for X%T fit is 95.5% C.L. with A; = 1.31,
A3 = 6.15, 14 = —3.85 and mj, = 673.30 GeV, the other inputs are the same as in (14)

undergo a noticeable enhancement. Particularly, o (e~"e™ — h1y) can achieve, and
even surpass its SM prediction up to 8.06 x 1072 fb, while still satisfying BFB
conditions. This highlights the remarkable sensitivity of these observables to the
model’s parameters, especially «.

4 Conclusion

In this contribution, we have studied the one-loop process e™e™ — yh; in the
framework of 2HDMCcT at the e~ e™ colliders, where the /; Higgs boson is chosen
to replicate the observed Higgs boson at 125 GeV. Within the parameter space of
2HDMCcT, we have shown that the charged new particles in 2HDMCcT can alter
substantially the cross section as well as the signal strength R,,. Our analysis
also observed that these observables depend on the model parameters, with a high



144 B. Ait Ouazghour et al.

sensitivity to o in particular. Besides, our results show that the new charged
scalars Hli, H2i and H** produce a substantial contribution to both R, and
o(ete™ — hyy). These contributions leads to Ry, that agrees with the observed
signal strength within 1o C.L and allow o (ete™ — h1y) to reach and even exceed
the SM prediction up to 8.06 x 1072 fb.
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Collider Constraints on Massive ®
Gravitons i

Malak Ait Tamlihat, David d’Enterria, Laurent Schoeffel, Hua-Sheng Shao,
and Yahya Tayalati

1 Introduction

General Relativity (GR) serves as a classical field theory describing gravity through
an interacting massless tensor (spin-2) field. This theory, when quantized, introduces
gravitons, which are considered massless due to the diffeomorphism invariance of
GR. However, gauge invariance doesn’t universally guarantee zero masses for gauge
states, and quantum effects from other fields can confer mass to gravitons without
compromising the fundamental properties of GR [1]. Although the existence of
a self-consistent quantum field theory of GR applicable across all energy scales
remains an open question, employing an Effective Field Theory (EFT) approach
enables the exploration of practical consequences. This approach has revealed the
emergence of massive spin-2 degrees of freedom in various gravity modifications.
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p. A

p-A

Fig. 1 Diagrams showing the decay of an ALP or graviton into two photons (left), and the
production of an ALP or graviton in eTe™ collisions, leading to a triphoton final state (right)

The interaction between the graviton and photons [2] is described within this
context, by the following formula:

LY = gqy (—FWFU” + %nw(Fpgf) G", (1)
where F),, is the electromagnetic field, 7,,, the flat spacetime metric, and gg, is the
G-y coupling. Photon-photon collisions offer exceptional environment for probing
particles beyond the standard model (BSM) that interact with photons, such as spin-
0 Axion-Like Particles (ALPs) and spin-2 tensor particles like gravitons. In this
study, we establish upper bounds on g¢, across a range of graviton masses mg
spanning from 100 MeV to 2 TeV. Through simulating various productions of both
ALPs and gravitons, based on the digarms depicted in Fig. 1 and considering the
distinctive cross sections, y y partial widths, and decay characteristics between both
particles, we reinterpret the existing experimental limits on the ALP-y coupling
to deduce constraints for the G-y coupling. We derive these constraints in two
distinct contexts. Initially, we adopt a simplified approach assuming a 100% decay
branching fraction of the graviton into two photons (Bg—,, = 1). This scenario,
commonly employed in ALPs searches [3-10], maximizes the sensitivity of the
graviton-photon coupling. Subsequently, we examine a more practical situation in
which the graviton has universal couplings to all Standard Model particles. In this
case, the graviton predominantly decays into diphotons only for lower m¢ values.
However, as we go beyond a few GeV, the emergence of kinematic phase space
for decays to massive Standard Model fermions or bosons becomes significant.
Consequently, the branching fraction decreases to Bg—,, ~ 0.05. The universal
coupling scenario enables a proper computation of the eTe™ — Gy cross sections
without encountering issues related to the violation of perturbative unitarity.

2 Results

When considering graviton limits from PbPb or pp Ultra-Peripheral Collisions
(UPCs), it is possible to maintain the simplifying assumption of unity diphoton-
decay branching fractions (Bg_.,, = 1). The corresponding upper exclusion limits
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Fig. 2 Exclusion Limits at 95% CL on graviton-photon coupling, with Br(G — y y) =1 (Left)
and an universal graviton coupling to SM particles (Right). Projected limits (indicated by dashed
lines) are also showcased for the ultimate integrated luminosities anticipated at LHC and Belle 11

at a 95% confidence level (CL) for the graviton-photon coupling (gg, ) are illustrated
in the left of Fig. 2. Additionally, we present extrapolated limits (depicted by dashed
curves) by projecting the current findings to the future integrated luminosities in
future PbPb and pp collisions at the HL-LHC. Specifically, we consider £
20 nb~! for PbPb and a conservative estimate of £ = 300 fb~! for the pp scenario.
To derive Bg—.y, limits at ete™ colliders, we take into account the universal
coupling scenario. Within this framework, the diphoton branching ratio of the
graviton is set for each mg. The results are depicted in Fig. 2 (Right), showcasing
upper limits on the graviton-photon coupling across the range of gg, ~ 1-
0.05 TeV~! for masses mg &~ 100 MeV-2 TeV. Additionally, the figure illustrates
extrapolated limits (dashed curves) corresponding to the anticipated total integrated
luminosities throughout the entire operational lifetime of the HL-LHC and Belle
IT experiments. These extrapolations suggest the potential for improving current
constraints by approximately 100-fold in the low-mass region and by a factor of 4
at higher masses.

The findings showcased in this study rival existing inclusive graviton searches.
The exclusive production and decay of gravitons into photon pairs (yy) are
subject to negligible standard model backgrounds. Through meticulous control of
instrumental effects and consistent integrated luminosities, the coupling limits for
G-y derived from exclusive analyses have the potential to surpass those obtained
from standard inclusive graviton searches at the LHC.

3 Conclusion

In this work, we explored the prospect of detecting massive spin-2 gravitons
coupling to photons. We established 95% upper limits for gg, in the range of
approximately 1-0.1 TeV~! for graviton masses mg = 5-100 GeV in PbPb and
pp collisions, and over gg, ~ 0.5-0.05 TeV~! for mg = 150 GeV-2 TeV.
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Results From the NA62 Experiment )
at CERN cuhpedc;égr

Mattia Soldani

1 Introduction

Over the last seven decades, measurements of kaon decays have played a central
role in both testing the Standard Model (SM) and searching for New Physics (NP).
Indeed, the kaon sector proves a powerful probe at the intensity frontier, owing to a
small number of decay modes, to rather simple final states and to the accessibility
of intense kaon beams [7].

The NAG62 experiment is currently carrying on the successful series of kaon
decay experiments at the CERN North Area [4]. It makes use of a 400 GeV/c
primary proton beam extracted from the CERN Super Proton Synchrotron with
(1.9-2.2) x 10'? protons per (~4.8 s long) pulse and a relative duty cycle of
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~0.3 [7]. The primary beam impinges on a beryllium target, thus producing
a secondary, unseparated positive hadron beam, with a total rate of 750 MHz
consisting of approximately 70% charged pions, 23% protons and 6% charged
kaons. The 75 GeV £ 1% momentum component of the secondary beam is used
by the experiment [7].

The NAG62 apparatus essentially consists of an instrumented 117 m long vacuum
tank, with variable diameter between 1.92 m (upstream) and 2.8 m (downstream).
It was designed with a strong focus on excellent time resolution for matching
the incident kaon and the decay output tracks with a precision of O(100 ps);
a powerful and redundant charged-particle identification (PID) system; a highly
hermetic coverage of the decay volume, to guarantee that the full reconstruction
of both the signal kinematics and the background veto (especially the channels with
final-state photons from 70 decays) is performed with high efficiency [7].

Firstly, the kaon component of the secondary beam is identified with high
efficiency (=99%) by the KTAG (Kaon TAGger) [22], a CEDAR (ChErenkov Dif-
ferential counter with Achromatic Ring focus) derived from the CERN CEDAR-W
design with custom photodetection and readout systems. The track and momentum
of the beam particle is also measured with a beam spectrometer, the Giga TracKer
(GTK) [27], which consists of an array of silicon pixel modules installed around
4 dipole magnets arranged as a magnetic achromat. Each module is 510 wm thick,
with a 300 x 300 wm? pixel pitch. Overall, an angular resolution of 16 jirad and a
relative momentum resolution of 0.2% are attained.

The fiducial volume (FV), i.e., the region in which the kaon primary decay
vertices are sought, occupies the first 60 m of the vacuum tank, downstream of
the GTK. Only about 4.5 MHz of charged kaons, i.e., 10% of those entering the
experiment, decay in the FV. Several subsystems are devoted to the measurement
of the decay products. A brief summary of the main elements of the apparatus is
provided in the following. Further details can be found in Ref. [7].
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The charged particle trajectories are reconstructed by a magnetic spectrometer,
which includes a bending magnet [21] (with a transverse momentum kick of
270 MeV/c) instrumented by 4 straw-tube modules [7] (STRAW) with a spatial
resolution of 130 pwm and a momentum resolution of 0.3% + 0.005%p (p being the
particle momentum), together with a Charged-particle HODoscope (CHOD) [25].

A hermetic photon-veto system provides efficient coverage to the detection of
photons from several background sources in a very wide angular range. In particular,
the Large-Angle Veto (LAV) [1] encompasses 12 modules of ring-shaped arrays of
lead glass blocks, deployed around and downstream of the FV, providing an angular
coverage up to 50 mrad. On the other hand, angles < 8.5 mrad are covered by
electromagnetic calorimeters placed at the downstream end of the apparatus: the
NA48 Liquid Krypton (LKr) calorimeter [20], the Intermediate-Ring Calorimeter
(IRC) and the Small-Angle Calorimeter (SAC) [7]. Overall, a 7° suppression at the
level of 1078 is achieved.

Hadronic calorimeters [7, 20] and a Ring-Image Cherenkov Detector (RICH)
[2, 3] allow for a powerful PID. Overall, a muon suppression at the level of 107 is
achieved. Moreover, the RICH provides a high-time-resolution (<100 ps) reference
for the output state [3] and allows for additional muon-pion separation at the level
of 1072

2 Kt>agtvwand Kt - ztX

The K+ — 7+t vv (PNN) decay (as well as its neutral counterpart, K; — 707) is
a flavor-changing neutral current process that proceeds via Z-penguin and double-
W-box diagrams [7]. It is heavily suppressed because of the GIM mechanism and of
the CKM hierarchy, with a branching ratio BRlsD%IN = (7.86 £ 0.61) x 10~ in the
SM [18]. See also, e.g., [3, 6]. As the decay dynamics is dominated by short-distance
contributions and its hadronic matrix element can be obtained from the experimental
measurement of the K,3 channel (Kt — n0e+ve) with sub-% precision, rather
clean theoretical predictions are accessible in the SM. The K™ — zmtvv decay
may prove highly sensitive to flavor NP, including, e.g., non-SM behaviour due to
new sources of flavor violation, direct CP violation, lepton-flavor non-universality
and leptoquarks [7].

Essentially, the PNN reconstruction proceeds by identifying an input K+ track
that matches an output 7+ track with some missing tranverse momentum (due to
the neutrinos) with the decay vertex inside the FV. In the (p, mﬁms) plane two
boxes are identified as the signal region (Fig. 1 left) and several other regions are
defined for validation and evaluation of three of the main background sources, i.e.,
Kt — ptv,, K¥ - atatnr~ and KT — 7T70; the latter is also used as
a normalization channel. Two other contributions to the overall background are
noteworthy: the one from K™ — w7 ~eTv,, which only affects the signal box
at higher m%niss and was characterized with simulations only, and the so-called
upstream background, given by 7 coming from K T interactions or decay in flight
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occurring upstream of the FV, which was characterized with a data-driven approach.
The analysis procedure is described in extensive detail in Refs. [8—10].

The datasets collected in 2016 [8], 2017 [9] and 2018 [10] (in Fig. I left) have
been analyzed. Overall, a single-event sensitivity of (0.839 4-0.053ys) x 10~ has
been reached [10]. 20 candidate events have been observed in the signal region, to be

compared to the expected sum of 10.014:0.42¢y441.19.x PNN events and 7.03:1):32

background events [10]. This leads to BREC® = (10.6139 g £ 0.95y50) x 107 at
68% CL, which is the most precise measurement to date, and corresponds to 3.40
evidence for the existence of the decay channel [10].

The event sample selected in the PNN analysis has been used to search for
evidence of the K™ — m+X decay, where X is a dark scalar or pseudo-scalar.
X can be stable, decay to other invisible particles or live long enough to decay
outside the NA62 apparatus. This search proceeds under the assumption that all the
events observed in the PNN signal regions correspond to the expected background—
i.e., including the PNN events, which in this case constitute the main background
source. As shown in Fig. 1 right, upper limits are established on BR(K+ — 7+ X)
for different X mass and lifetime hypotheses. Further details can be found in Ref.
[10].

3 Kt > ntete ete™

In the SM, the K* — mFTete ete™ decay proceeds mainly through the 7 +7°

state followed by the double-Dalitz 79 = etemete™ decay (“K2,pp”), which is
resonant and has a branching ratio BRy*5 = (6.9 £0.3) x 1076 [23]. This final
state also features a non-resonant contribution (“K4,”), given by an intermediate
state with a one-/two-photon exchange and with a branching ratio BRg;f%D = 7.2+
0.7) x 10~ in the SM [17].
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The K4, channel is also a suitable probe for the dark sector. In particular,
the decay might proceed through the K+ — ntaa state, where a is a dark
axion decaying into an electron-positron pair. Moreover, a scenario involving an
intermediate state with a dark scalar S that decays into two dark photons A’, which
in turn decay into an electron-positron pair each, is considered.

The rather characteristic kinematics of the final state allows for this analysis
to rely exclusively on the STRAW data, which prevents an approximately tenfold
loss of signal acceptance. Omitting the information from the other detectors in
the apparatus reduces the selectivity, which is feasible because strong kinematic
constraints can be used. The K,,pp channel is used for normalization, whereas
the signal events are sought in the non-resonant part. Extensive details of the event
selection procedure are provided in Ref. [17].

The analysis was performed on the 2017-2018 data. No signal candidates were
observed within the signal selection cuts [17]. This corresponds to the upper limit
BRGE < 1.4 x 1078 at 90% CL, which is ~200 times larger than the SM
expectation [17]. Upper limits were also estimated for decay chains initiating from
axions and scalar dark-sector particles, as a function of the masses of the dark
mediators involved: they are shown in Fig. 2. In particular, the QCD axion model
is excluded as a possible explanation of the X 17 observations [26].

4 Kt —> pvetet

Depending on the flavor of the neutrino, the K™ — p~veTet (“Kje.”) decay
violates conservation of either lepton flavour or both lepton flavour and lepton
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number. NA62 searched for evidence of this decay in the data collected between
2016 and 2018. Details of the analysis can be found in Ref. [14].

No signal candidates were found within the signal selection box, which leads to
the upper limit BRJIVS, < 8.1 x 10! at 90% CL [14]. This also corresponds to a
250-fold improvement of the result of previous searches [19].

5 A’ - ptu~ in Beam-Dump Mode

A search for evidence of the A’ — u™u~ decay, where A’ is a dark photon with a
mass of O(100 MeV), can be made by running the NA62 experiment in dump mode.
In this mode, which is described in detail in Ref. [16], the 400 GeV /¢ protons from
the Super Proton Synchrotron directly impinge on the fully-closed hadron beam
collimators (TAXes—800 mm of copper and 2400 mm of iron).

About 10 days of dump-mode run were performed in 2021. The resulting data
were used to search for the aforementioned decay, as discussed in Ref. [16]. One
event passed the signal selection criteria, which would correspond to a 2.40 global
significance [16]. This event could be interpreted as background, as it is located
close to the border of the signal selection cuts; indeed, the probability of background
observation within the signal region is 1.6% [16]. Overall, no evidence of the decay
under study is established [16].

6 Conclusions and Outlook

The NA62 experiment is currently very active in exploring the kaon sector. Firstly,
the PNN decay channel, for which an evidence at the level of 3.40 was reached,
is being thoroughly characterized. Moreover, numerous searches for NP through
dark mediators, such asin KT — 77X, in KT — nfete ete” andin A’ —
wTu~ (measured in dump mode), and lepton-flavour/number-violating processes
like KT — p~vete™ are being performed. Other searches done by the NA62
experiment are discussed in Refs. [12, 13, 15]. No evidence of deviations from the
SM have been found so far.

At the same time, the HIKE (High Intensity Kaon Experiments) experiment
[11, 24] is under development, with the aim of succeeding NA62 after the end of
its operations, expected in late 2025, bringing charged-kaon measurements to an
unprecedented sensitivity level and extending the kaon program at CERN to K
physics.
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Probing a Vector-like Top Quark )
T — Hband H* — tb at HL-LHC i

R. Benbrik (%), Mbark Berrouj, and Mohammed Boukidi

1 Introduction

Vector-like quarks (VLQs) [1, 2] are heavy spin-1/2 particles predicted by various
theoretical models, such as Composite Higgs models [3, 4]. Unlike Standard Model
(SM) quarks, VLQs have identical Electro-Weak (EW) quantum numbers for their
left- and right-handed couplings and can mix with top and bottom quarks. If their
masses are within the reach of the Large Hadron Collider (LHC), VLQs could
manifest through distinctive final states. The searches for VLQs at the LHC have
been conducted by both the ATLAS and CMS experiments [5-7].

Previous studies [8—16] have explored the decay modes of VLQs into exotic
particles (Q — q® (& = H, A, HY)) within the Two Higgs Doublet Model
Type II (2HDM-II). These investigations have shown potential for discovering new
physics beyond the SM.

This study focuses on the single production of a vector-like top partner (7') and
its decay into a charged Higgs boson (H*) and a bottom quark. We analyze the
process pp — qg — TYbbj — HYtbbj — Wtbbj — 14 +4b+1j + E7,
which offers promising detection potential at the HL-LHC.

2  Framework

In this section, we provide a brief overview of the 2HDM-II+T B scenario and its
relevant interactions. More analytical details can be found in Ref [10].
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The Yukawa Lagrangian for the charged Higgs interactions is given by:

gm +
Lyg+ =— t(cotﬂZ P —Han,BZ Pr)bH
f «/§MW
=T T(cot Bk, PL + tan BZE, PR)bH + Hec. (1)
\/_ My
The interaction with the W boson is given by:

_ 8 = % L R +

Ly = ——=Ty"(Vp},PL + V7, PR)bW, + H.c. 2)
V2
where the couplings are defined as:
s¢ .
Z,Lb = cic’z S—ﬁ(szz — s’fgz)el(‘/’“_w), 3)
L

mp (b —

ZtI;J = [ L L + L(S sldez)el(qsu ¢d):| , (4)
ny L
d .
Zh, = cdstemitn 4 (542 ;QZ)CM e, (5)
L
o

Z3y = 2 |:CLSL3 Pt (s SZZ)—se_l¢dj| . (6)

mr iy

3 Numerical Analysis

We performed a numerical scan over the parameter space detailed in Ref [11] to
identify scenarios with a significant cross section for the final state Wtbbbbj.
The parameter points were checked for consistency with various theoretical and
experimental constraints described in the same reference. The aim is to identify
parameter regions within the model that are consistent with existing data and exhibit
a potentially large cross section for the signal process.

For illustration, we selected three benchmark points (BPs) from the scan that
show notable cross sections for varying values of m7. The specifics of these BPs
are provided in Table 1.
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Table 1 The .description of Parameters | B P; BP, BP;

our BPs. Reprinted under -

CC-BY-4.0 from [11]. (Masses are in GeV)

©2023, The Author(s) m 125 125 125
my 629.71 | 644.33 |599.34
ma 626.62 | 620.03 |586.75
Myt 654.40 |636.73 |600.62
tan 3.24 2.59 2.74
sin(f —a) | 1 1 1
mr 1498.93 | 1591.92 | 1848.90
mp 1512.33 | 1612.45 | 1870.31

sin(0*);, 1 0.0035 |0.0062 |—0.0014
sin(e?);, | 0.0004 | 0.0005 | 0.0004
sin(6")g 1 0.0306 |0.0575 |—0.0149
sin(@9)z 1 0.1362 | 0.1688 |0.1516

Tabl'e 2 Tltle Setl(?fdt , N(l) — 1’ N(b) > 4
requirements appiied to select PL >50GeV, Er >30GeV, Er > 1000GeV
the signal events T

PP > 450GeV P)> > 220GeV,

b1byb3byl
T

M > 1450 GeV

4 Detector Simulation

The Monte Carlo generation of events for each signal BP was performed using
a FeynRules [17] model file and the corresponding UFO model, based on the
model description in Ref [10]. Signal and background events were generated at
Leading Order (LO) using MadGraph5_aMC_v3.3.1 [18] and processed through
Pythia-8.30 [19] for showering and hadronization. Jet clustering was per-
formed with FastJet [20], and fast detector simulations were conducted using
Delphes-3.5.0 [21] with the default HL-LHC detector card, which assumes the
anti-k; algorithm with a cone radius of R = 0.4 Event analysis was performed using
MadAnalysis5 [22].

The primary SM background contributions arise from ¢7bb, t7jj, and 1tV (V =
Z, W, h). Signal and background parton-level events must satisfy the following
requirements:

n)| <2.5, In(j,b)l <5, prx)>25GeV, AR(x,y) > 0.4,

where x,y = ¢, j, b, n(x) is the pseudorapidity of x, pr(x) is the transverse
momentum of x, and AR(x, y) is the separation between two particles x and y.

A set of requirements presented in Table 2, were imposed to enhance the signal
significance relative to the background.

The discovery significance, Zgisc, and the exclusion significance, Zexc], are
calculated using the following expressions:
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Exclusion at 20, § =0, s =0.05
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Discovery at 5o, 6 =0, s = 0.05
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Fig. 1 The discovery prospects (at 50') and exclusion limit (at 20') contour plots for the signal in
mr — sin@f planes at /s = 14 TeV LHC for different integrated luminosities. Reprinted under
CC-BY-4.0 from [11]. ©2023, The Author(s)

Zgise = /2[(s +b)In (1 +5/b) — 5], 7
Zexel = /2[s —bIn(1 + 5/b)].

Here, s and b represent the expected event count of the signal and total SM
background after all cuts have been applied, respectively.

Figure 1 presents the 5o observation potential and 95% exclusion upper limit
contour plots for the signal in m7 —sin 0 planes at \/s = 14 TeV LHC for different
integrated luminosities. With sin6% = 0.05, tan = 2.6, myg ~ my ~ mg+ =
600 GeV, and m%z = m% tan 8/ (1 + tan ,82).

5 Conclusion

The T — H*b decay mode is shown to be a powerful tool for discovering new
physics beyond the SM. This study demonstrates its sensitivity, particularly at high
integrated luminosities.
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1 Introduction

Since the discovery of the Higgs boson at the Large Hadron Collider (LHC), exten-
sive efforts have focused on accurately determining its characteristics. While the
majority of findings are consistent with the predictions of the Standard Model (SM),
there has been significant interest in exploring the existence of additional Higgs
bosons. Notably, the CMS [16] collaboration reported an excess with a local (global)
significance of 2.90 (1.30) in the di-photon channel around 95 GeV, utilizing data
from the LHC at v/s = 13 TeV. Concurrently, the ATLAS collaboration identified
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a similar excess with a local significance of 1.70 [1]. Additional discrepancies
in the vt [14] and bb [4] channels have been observed by the CMS and LEP
collaborations, respectively, prompting investigations into Beyond the SM (BSM)
explanations. Among various models, the 2-Higgs Doublet Model (2HDM) [11, 19],
particularly its Type-III representation [7-9], stands out as a viable framework to
account for these anomalies. This paper focuses on the 2HDM Type-III’s capacity
to simultaneously explain the observed excesses in the yy, 77, and bb channels,
alongside its predictions for modifications in the Higgs boson production rate,
especially in the gg, gq — hi2st7 process.

2 2HDM Type-III

The 2HDM includes two SU (2); doublets with hypercharge ¥ = 1. The most
general renormalisable SU(2); x U(1)y invariant scalar potential is written as
follows [11]:

Y =m} @l @1 + m3, o)D) — [mﬁcpj@z + H.c.] FA(@] D) + Mo (D] P))>
F33(@] 1) (@] P2)ag(@] D) (@] 1) + 4 [As(qu'@)z + H.c.]
+ {[/\6@]*451) + M@;(pz)] @ @) + H.c.} )

Adopting C’P-conserving option, and very minimal version of Higgs couplings, the
above potential can be parametrized by seven free parameters, those are: Higgs
bosons masses, mj,, mpy, myg+, m 4, the ratio of the vacuum expectation values of the
two Higgs doublets fields tan § = vp/v1, the mixing angle of the CP-even Higgs
states o, and m%z. In the Yukawa sector, the general scalar to fermions couplings are
given by:

— Ly = QLY UR®) + QLYY Ur®y + QLY DRr®) + QY5 Dr®>
+ LY{tgr®P) + LY lr®, + Hoc., )

where Yljj 5 are 3 x 3 Yukawa matrices in flavour space and é 12=1 01,2(61"2, with
o012 being the Pauli matrices. After EWSB has taken place, one can then derive the
fermion masses from Eq. (2).

Here, however, we investigate a modified version of the described 2HDM, the
so-called Type-III, where neither a global symmetry is implemented in the Yukawa
sector nor any alignment in flavour space is enforced. We adopt instead the Cheng-
Sher ansatz [13, 17], which assumes a flavour symmetry in turn suggesting a
specific texture of the Yukawa matrices, where FCNC effects are proportional to
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A
ij
(o Jmimj/v Xi?), where i, j = 1 — 3. After EWSB, the Yukawa sector can be
expressed in terms of the mass eigenstates of the Higgs bosons, as follows:

the geometric mean of the two fermion masses and dimensionless parameters' x

m? o o .
— W= Z T] X ((5;{)1,/fLiijh + E)ij fLifriH — i(s}()ijfLiijA)

f=u,d,t

ig, [ €70 Vi P+ Vi & i) | d
k=1

s <l

+ =i (EQ)ijm  Prt;HY + He., 3)

where the (¢ ¢{ )ij couplings are given in Ref. [7] in terms of the free parameters x.f.

1y’
tan B and the mixing angle «.

3 The Excesses inthe h — yy, 71, and bb Channels

We explore the compatibility of the 2HDM Type-III with the observed excesses
at 94-97GeV in the yy, tt, and bb channels as reported by both LEP and the
LHC. The analysis is performed under the Narrow Width Approximation (NWA),
focusing on signal strengths derived from the product of cross sections (o) and
decay Branching Ratios (BRs), specifically:

ooupm(eTe™ — Z¢)  BRoupm(¢ — bb)
K = — X —, 4
osm(ete™ — Zhsy)  BRsm(hsm — bb)

ooupm (g€ — ¢)  BRoupm(¢ — vy, t7)
HKyy,tt = X . ®)
osm(gg — hsm)  BRsm(hsm — vy, 17)

where ¢ represents the light CP-even Higgs scalar &, and c4z7z and cg,; denote its
couplings to ZZ and ¢, normalized to the SM values.
Experimental measurements for these channels are:

pPATEASTENS) _ 0 941008 & — 124055, ueP =0.117 £0.057. (6)
with the combined di-photon signal strength from ATLAS and CMS measurements
indicating a 3.1¢ local excess, as computed by Ref. [10]. A x? analysis is conducted
using measured central values ©®*P and the 1o uncertainties Au®P of the signal

! For further details, see Ref. [20].
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rates related to the two excesses as defined in Eqs. (4)—(5). The contribution to the
X2 value for each channel (yy, tt, bb) is calculated using the formula

_ o, SXP )2
2 _ (MVVsTT»bb Myy,rr,hh) 7)
ny,T‘L’,bl; - (A,lLeXp _)2
yy,TT,bb

So, the resulting x> which we will use to judge whether the points from the model
describe the excess in three channels, reads as:

2 2 2 2
Xo5—yyteribb = Xyy T Xor T Xpje ®)

4 Numerical Analysis

Before presenting our results, we describe the theoretical self-consistency require-
ments and experimental measurements used to constrain the parameter space of
the 2HDM Type-III scenario. The theoretical requirements include the pertur-
bativity of scalar quartic couplings, vacuum stability, and tree-level perturbative
unitarity conditions for various scattering amplitudes of gauge and Higgs boson
states. These constraints were tested using the public code 2HDMC-1.8.0 [18].
On the experimental side, we considered constraints from electroweak precision
observables (EWPO) in terms of the oblique parameters S, T, and U. We also
took into account measurements of the newly discovered Higgs boson properties
at the LHC, cross-section limits from LEP, Tevatron, and the LHC for additional
Higgs boson searches using HiggsBounds-6 [6], and current Higgs boson signal
strength measurements using HiggsSignals-3 [5]. These packages are part of
HiggsTools [2]. Additionally, we included constraints from flavour physics using
SuperIso-4.1 [21]. Subsequently, we performed a systematic random scan over
the specified parameter ranges (Table 1).

In Fig. 1, we show Xy sertbh results as a color map projected onto the ((t;-

Wyy) (eft), (y5-1yy) (middle), and (purc-pp5) (right) planes of the signal strength
parameters. The dashed ellipses indicate regions consistent with the excess at

lo. Black, gray, and red contours represent x> values using ,u%}’[s, u’;)T/LAS, and
CMS-+ATLAS . 2 o
Ky , respectively. The value of Xy toriph 1S indicated by the color map.

Grey points show exclusions based on recent CMS searches. The green star marks

Table 1 Scan ranges of the 2HDM Type-III input parameters. Masses are in GeV
¢
mpy my ma mpy+ Sp—q tan 8 m%z Xi;

[94; 97] | 125.09 | [80; 300] |[160; 200] | [—0.5; 0] |[1; 30] m% tang/(1 4+ | [-3; 3]
tan? )
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Fig. 1 The colour map of ny+n+b5 in the (U — ter), (Myy — ipjp) and (@5 — tee) planes of

the signal strength parameters for 2HDM Type-III parameter space under study. The ellipses define
the regions consistent with the excess at 1o~ C.L. The contribution from p,,, to x? for black, gray
and red contours comes from CMS, ATLAS and combined CMS+ATLAS data respectively. Grey
points are excluded by o (tt¢) x BR(¢ — tt) . The position of X925min is marked by a green
star. Reprinted under CC-BY-4.0 license from [15]. © 2022, CERN for the benefit of the CMS

Collaboration

the minimum of X;y+n+b15 at4.55, corresponding to a 1.26 o C.L. for three degrees
of freedom, within the 1o C.L. contour for p4;-uy, but not for the other pairs. Dark
blue points around this minimum indicate the 2HDM Type-III can explain the excess
at 1.50 C.L or better, reaching up to 1.30°. The middle and right frames show that all
points are outside the 1o ellipses, as it is difficult to achieve large u,; values while
satisfying all constraints. This is due to the yy excess being achieved by enhancing
BR(hos — yy) through a decrease in I',;, the main decay channel, thus reducing
BR(hgs — bb).

Figure 2 illustrates the correlation between the normalized couplings |cp v v |
and |cp 57| of the ~ 125GeV Higgs. Explaining the excesses in bb, tt, and
yy channels requires an enhancement of the hjst7 and hyss bb couplings by
about 11.5% from the SM. The blue and orange ellipses represent the projected
experimental precision for the normalized couplings at the HL-LHC with 3000 fb~!
and the ILC 500, respectively. The centers of these projections, corresponding to
the SM value, are represented by black diamond. Points describing the excesses
lie outside these ellipses, indicating that the precision of these experiments would
allow distinguishing between the SM-like properties of /125 and the 2HDM Type-III
model. Thus, the HL-LHC and ILC 500 could either confirm or rule out the scenario
explaining the current excesses in the three channels.
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Fig. 2 Correlation between 1.15 . : ;
normalized couplings E
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5 Conclusion

In this contribution, we have shown that within the 2HDM Type-III, the observed
excesses in the di-photon, di-tau, and bb channels can be attributed to the lightest
CP-even Higgs state, &, with a mass around 95GeV. This finding aligns with
both theoretical requirements and current experimental constraints. Our analysis
indicates that these excesses can be simultaneously explained at approximately 1.30
C.L., requiring an enhancement in the &»5¢f coupling by up to 12% from the SM
predictions.

The emergence of a 95GeV resonance and the associated enhancements in
Yukawa couplings to top quarks make this scenario particularly compelling for
further experimental investigations at the LHC, HL-LHC, and future colliders.
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Search for New Phenomena with )
the ATLAS Detector at the LHC Chck for

Sijing Zhang

1 Introduction

The standard model (SM) of particle physics has demonstrated many triumphs along
the years since its formulation, notably with the discovery of the Higgs boson by
the ATLAS and CMS collaborations in 2012. However, we know that the SM is
not complete and cannot describe all phenomena we observe in nature, such as the
origin of dark matter and neutrino masses, the fine-tuning of the Higgs Boson mass,
or the observed pattern of masses and mixing angles in the quark and lepton sectors.
Numerous models have been made to extend the SM in order to solve some of the
shortcomings. There is a large variety of theories beyond the standard model (BSM)
that address this issues and that have a rich phenomenology leading to observable
detector signatures.

One of the key focuses of the ATLAS experiment [1] is the search for new
BSM phenomena. The ATLAS experiment has collected 139 fb! of data during
the LHC Run 2 operation period in the years of 2015 to 2018. This unprecedented
amount of data makes it possible to extend the reach of physics searches and

Sijing Zhang on behalf of the ATLAS Collaboration.
© Copyright 2024 CERN for the benefit of the ATLAS Collaboration. Reproduction of this article
or parts of it is allowed as specified in the CC-BY-4.0 license.

S. Zhang (D<)
Laboratoire des 2 Infinis, Toulouse, France

Southern Methodist University, Dallas, TX, USA
e-mail: sijing.zhang@cern.ch

© The Author(s) 2026 173
Y. Tayalati, M. Gouighri (eds.), The First African Conference on High Energy

Physics, Springer Proceedings in Physics 425,

https://doi.org/10.1007/978-3-031-88933-2_28


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-88933-2protect T1	extunderscore 28&domain=pdf
http://orcid.org/0000-0002-8480-2662

 885 55738
a 885 55738 a
 
mailto:sijing.zhang@cern.ch
mailto:sijing.zhang@cern.ch
mailto:sijing.zhang@cern.ch
https://doi.org/10.1007/978-3-031-88933-2_28
https://doi.org/10.1007/978-3-031-88933-2_28
https://doi.org/10.1007/978-3-031-88933-2_28
https://doi.org/10.1007/978-3-031-88933-2_28
https://doi.org/10.1007/978-3-031-88933-2_28
https://doi.org/10.1007/978-3-031-88933-2_28
https://doi.org/10.1007/978-3-031-88933-2_28
https://doi.org/10.1007/978-3-031-88933-2_28
https://doi.org/10.1007/978-3-031-88933-2_28
https://doi.org/10.1007/978-3-031-88933-2_28
https://doi.org/10.1007/978-3-031-88933-2_28

174 S. Zhang

to develop dedicated analyses to explore for unconventional signatures. In the
following sections, recent results of BSM searches are presented using the Run2
datasets recorded by the ATLAS detector.

2 Electroweak Symmetry Breaking (EWSB)

2.1 Natural EWSB: Supersymmetry (SUSY)

For the naturalness in the electroweak hierarchy, we prefer a model where we could
compute where the Higgs scale comes from, without putting in tiny or huge numbers
“by hand” as in the SM, e.g. SUSY, composite Higgs and neutral naturalness. In
terms of SUSY, it predicts the existence of a bosonic (fermionic) partner for each
fermionic (bosonic) particle of the SM. All the superpartners of the top and bottom
quarks (i.e. the stop, 7, and sbottom, b), the gluon (i.e. the gluino, g) and of an
extended Higgs sector (i.e. the higgsinos, H) are required to be light by the class of
“natural” SUSY models. Theoretically, such particles can be abundantly produced
in the proton-proton (pp) collisions of the Large Hadron Collider (LHC). Exclusion
limits on the higgsino masses have been set by the ATLAS and CMS experiments,
which brings up the change that the higgsino could potentially be the first SUSY
particle to be detected at the LHC.

The results searching for pair production of higgsinos in events with two Higgs
bosons and missing transverse momentum will be presented in this section [2]. It
targets the decay of the two Higgs bosons into bb pairs, leading to a reconstructed
final state with at least three energetic b-jets and missing transverse momentum
(E%‘iss). Two complementary analysis channels are used, with each of them targeting
either low- or high-mass range of the higgsino mass. Exclusion limits as a function
of the higgsino decay branching ratio to a Z or a Higgs boson are obtained.
As shown in Fig. 1, masses up to 940 GeV are excluded for higgsinos decaying
exclusively to Higgs bosons at 95% confidence level (CL). No significant excess
above the Standard Model prediction is found.

The SUSY partners of the Higgs bosons and the SM electroweak gauge bosons,
collectively called electroweakinos, are the higgsinos, winos (partners of the SU(2),,
gauge fields), and bino (partner of the U(1) gauge field). The direct production of
electroweakinos analysis [3] looks for chargino pairs, )Zf' X1 » chargino and next-
to-lightest neutralino, )Z]+ )N(g Model-dependent exclusion limits at 95% CL are
set. Chargino masses ranging from 260 to 520 GeV are excluded for a massless
)?10 in chargino pair production models. Degenerate chargino and next-to-lightest
neutralino masses ranging from 260 to 420 GeV are excluded for a massless f(? for
)Zg — Z )Z?. No deviations from the Standard Model expectations were found.
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Fig. 1 The observed (solid) and expected (dashed) 95% CL upper limits on the cross section of
higgsino pair production (a) and on BR(ﬁ — h+ é) (b). The results of both low mass channel
(m 3<250GeV) and high mass channel (m 5>250 GeV) are included. The phase space above the
lines are excluded in both the two plots. Reprinted under CC-BY-4.0 from [2]. © 2024, CERN for
the ATLAS Collaboration

2.2 Natural EWSB: Large/Warped Extra Dimensions

Low-scale quantum gravity models introduce the existence of Quantum Black
Holes (QBHs) that could provide solutions to the mass hierarchy problem of the
Standard Model (SM). In low-scale quantum gravity models, this is achieved by
means of lowering the scale of quantum gravity (Mp) from the high Planck-scale
(~ 10'® TeV) to the TeV region (1-10 TeV). The search for QBHs can be conducted
by examining the lepton+jets invariant mass spectra. The latest results at /s=
13 TeV [4] are compatible with the Standard Model expectations. No excess was
observed in the distribution of the invariant mass spectrum of lepton+jet pairs.
Upper limit for the combined lepton-+jet channel for the production of a QBH in the
Arkani-Hamed-Dimopoulos-Dvali (ADD) and Randall-Sundrum (RS1) models on
the cross-section times branching fraction (o x Br) as a function of M;j, (threshold
mass of QBHs) is shown in Fig.2. No excess is observed for a QBH signal at
any My, in both models. The observation shows that invariant mass spectrum of
lepton+jet pairs is consistent with SM expectations.

3 Neutrino Mass/Mixing, Flavor Anomalies Studies

Many BSM models predict the existence of new, massive particles that decay into
hadronically interacting particles. The search for a massive resonance in the final
states of pairs of dijet resonances is performed with the 139 fb~! Run 2 datasets
collected by the ATLAS detector [5]. The resonances are searched in both the
invariant mass of the tetrajet system and the average invariant mass of the dijet
pair systems. The background was estimated using the data-driven method to fit the
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Fig. 2 The combined 95% CL upper limits on o x Br as a function of M, for QBH production
at My, = Mp with decay into lepton+jet for (a) ADD (extra dimensions n = 6) and (b) RS1 (extra
dimensions n = 1). Reprinted under CC-BY-4.0 license from [4]. © 2024, CERN for the ATLAS
Collaboration

tetrajet and dijet invariant mass distributions with a four-parameter dijet function.
There is no significant excess of events beyond the Standard Model expectation.
Upper limits are set on the production cross-sections of new physics scenarios.

The results can be interpreted using the R-parity-violating supersymmetry
models, in which feature prompt gluino-pair production that decays either directly
to three jets, or to two jets and a neutralino, which eventually decays promptly to
three jets. No significant excess over the Standard Model expectation is observed.
Exclusion limits at the 95% CL are obtained. As shown in Fig. 3, the gluino mass
range higher than 1800 GeV are excluded in the direct decay mode with three jets
final states. For the cascade case, gluino mass range less than 2340 GeV are excluded
for a neutralino with mass up to 1250 GeV.

4 Dynamic Explanation of EWSB Studies

New gauge bosons like W’ or Z’ bosons are predicted by multiple theories beyond
the Standard Model (SM). The vector boson resonances search for the new W’ is
performed in the final state of a top quark and a bottom quark with the 139 fb~!
dataset collected by the ATLAS detector [7]. The reconstructed ¢b invariant mass
is used for the goal of this analysis and the scenarios of purely right-handed or
left-handed chirality are considered to interpreted the results in a mass range of 0.5—
6 TeV. In addition, the coupling of the W’ boson to the top and bottom quarks with
different values are considered, including the interference with single-top-quark
production in the s-channel. No significant excess from the background prediction is
observed. Figure 4 shows the upper limits on the W' — b production cross-section
times branching ratio as a function of the W’-boson mass and in the plane of the
coupling versus the W/-boson mass.
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Two vector-like quarks searches are performed with the ATLAS Run 2 datasets,
one of which searches for pair-production of heavy vector-like quarks (7) that
decay into a W boson and a b quark (one W boson decays leptonically [8] while
the other decays hadronically) [9]. In the leptonic decay search [8], vector-like
T quarks with 100% branching ratio to Wb are excluded for the mass range
mr <1700 GeV. Isospin singlets with Branching ratio (T — Wb : Ht : Zt) =
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1/2 : 1/4 : 1/4 are excluded for the mass range m7 <1420 GeV. The hadronic decay
search [9] looks for single production of a vector-like B quark in the final state of a
Standard Model b-quark and a Standard Model Higgs boson (decays into a bb pair)
with the ATLAS Run 2 datasets. No significant excess over the Standard Model
background prediction is observed. Exclusion limits with mass-dependence at the
95% confidence level are set based on the resonance production cross-section in
several theoretical scenarios.

5 Unification of All Forces Studies

The Grand Unified Theories (GUTs) [10] predict that the strong, weak and
electromagnetic forces would merge into a single force at extremely high energy
levels (around 10" to 10'® GeV). Many GUT models incorporate SUSY, which
proposes a symmetry between fermions and bosons, as well as the magnetic
monopoles. Searches for magnetic monopoles and high-electric-charge objects
(HECOs) have been extended from cosmic rays to colliders. Magnetic monopoles
or HECOs would leave large energy deposits along their trajectories in the ATLAS
detector. Since the ATLAS detector was designed to record low-charge and neutral
particles, the characterisation of these high-energy deposits is vital to the search. A
recent search for magnetic monopoles and HECOs has been performed using the
ATLAS full Run 2 datasets [11]. In this search candidate signal events are recorded
using a dedicated high ionizing particle (HIP) trigger, and reconstructed using the
deposits in the Transition Radiation Tracker and the electromagnetic calorimeter.
The benchmark models considered in this analysis are the Drell-Yan and photon-
fusion pair production mechanisms. As the first search on the photon-fusion pair
production mechanism of magnetic monopoles and HECOs performed with the
ATLAS detector, the upper limits on the cross-section were set for spin-0 and spin-
122 magnetic monopoles for the HECOs of electric charge 20 < |z| < 100, as well
as the mass range of 200 GeV < m <4000 GeV. Figure 5 shows the observed 95%
CL upper limits as a function of the HIP mass and the comparison of the lower mass
limits observed by the LHC Run 1 and Run 2 searches. There is no evidence for the
existence of HIP candidate.

6 Dark Matter

As an important topic of the new phenomena, several analyses including searching
for the axion-like particles, dark sector, SUSY and scalar mediators have performed
with the ATLAS Run 2 datasets. The search which looks for new phenomena
with top quark pairs carries out in final states with one isolated lepton, either
an electron or a muon, jets, and large missing transverse momentum. In the
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simplified benchmark model for the t7+DM production, it assumes the existence
of a (pseudo)scalar mediator @, and @ can be produced in association with two top
quarks and decay into a pair of SM-singlet DM particles (x).

The search for top quark pairs with the ATLAS Run 2 datasets is performed
in final states with one lepton, jets and missing transverse momentum [12]. The
processes 7, single-top (including tW) and W+jets are the dominant sources of
background in this analysis. As shown in Fig.6, the exclusion limits at 95%
confidence level for the t7+DM production are set. No significant excess above the
Standard Model background is observed.
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7 Conclusions

There are still many open questions to be understood in our universe and that the
answers lie beyond the standard model. Therefore, it’s crucial to search for new
phenomena at the LHC. The latest BSM physics searches with the ATLAS detector
have been enhanced by the large dataset delivered by the LHC during the Run 2 and
the dedicated analyses performed targeting specific BSM signatures.

Despite the extensive analyses performed and the various tested models, no
evidence for new physics has been found so far. Consequently, improved mass limits
have been set for theoretical particles within the respective benchmark models and
the exclusion range of the models phase-space has been extended. The prospects for
BSM physics searches remain promising for Run 3 and the High Luminosity LHC,
as they will benefit from larger datasets, as well as upgraded detector and trigger
capabilities.
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Recent Results from Belle and Belle 11 )
Experiments Crechie

Paolo Branchini

1 Belle II and SuperKEKB

Belle Il represents a substantial upgrade from the original Belle experiment, offering
enhanced performance and increased data acquisition capabilities, as discussed in
reference [1]. Situated at the KEK laboratory in Tsukuba, Japan, Belle II operates in
conjunction with the SuperKEKB ete™ collider. Its research objectives encompass
a wide range of topics, including explorations of the dark sector, the study of
rare and prohibited B meson decays, investigations into lepton flavor and CP
asymmetries, as well as examinations of charm and tau physics, as detailed in [2].
Notably, Belle II has accumulated 428 fb~! of data since March 2019. Currently,
the facility is undergoing an extended period of inactivity known as long shutdown
1, which spans from July 2022 to September 2023. This downtime is dedicated to
the installation of a new two-layer pixel vertex detector. SuperKEKB ranks as the
world’s highest instantaneous luminosity collider, achieving a peak luminosity of
4.7 x 103 cm™2 s~!. To attain the ambitious target of 6 x 103 cm™2 s~!, efforts
within the accelerator development domain are concentrated on increasing the
current while simultaneously reducing injection-related backgrounds. Additional
priorities involve minimizing catastrophic beam loss events and managing emittance
blowup and beam instability. An international task force has been established to
provide insights, including proposals for potential upgrades to the final focus or
other hardware improvements during long shutdown 2, slated for 2028.
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2 Dark Sector

We compute upper limits for the coupling constant g’ as a function of the Z' mass
within the L — Lt framework, assuming B(Z' — ¥ x) = 1. These findings,
illustrated in the right panel of Fig. 1, rule out the parameter space favored by the
(g — 2),. anomaly for Z’ [3] masses ranging from 0.8 to 5.

In a similar vein, we search for a distinctive feature in the mass distribution of
the recoil observed when two muons interact with an additional t pair reconstructed
from t decays into a single charged particle, T — h, £v(v). To accomplish this,
we leverage the unique characteristics of the signal, including final state radiation
and di-tau resonant processes. This is done through the application of multi-layer
perceptron neural networks to effectively suppress QED background, a process
carried out independently in eight distinct mass regions.

To mitigate the impact of known inaccuracies in the simulation, we directly fit
the expected background using the recoil mass distribution from the data. Upon
analyzing 63 fb~! of data, no statistically significant excess is observed when
fitting the recoil mass range within the range of 3.6 < Myecoii(up) < 10 GeV/c?,
employing half mass resolution steps. As a result, we establish upper limits at a
90% confidence level for the quantity c(ete™— pTp" 1Tt )x B(X —1T17),
which can be interpreted across various model classes. This search establishes the
world’s most stringent limits on the scalar coupling constant £ within leptophilic
scalar models [4] for mg > 6.5 GeV/c2, as depicted in the left panel of Fig. 1 in the
right panel limits on the coupling constant of the axion model vs the mass of the
axion like particles are shown.

Belle It preliminary Jedt=6258 o~ Belleill preliminary Jede=628M72
'
10° WM,M]W g BaBar M‘ I
oy *{ﬁl‘! !
3|
10? \M < __l"—- 10 1
2 W
v
E
LV
- S J/“
3 102} Coe = Cpyy= Cre
% all other couplings = 01
10°
[ — soscuu Expactad UL 210 Expactad UL £20 w0l — eIt Expacted UL 210 SxpactedlL 220
10- L ! . . : . ) 5 3 7 53 ) o
7 5 3 7 8 9 U M [GEVIC3]
ms [GeV/c?] ALP

Fig. 1 The 90% CL upper limits on the leptophilic coupling constant £ as a function of the
searched MS are shown on the left panel. On the right one limits of the coupling constant of
axion like particles are shown vs the Mass, assuming universality on lepton couplings



Recent Results from Belle and Belle II Experiments 185

x10°
16f- Belle Il Preliminary t Data — fit e A
14f J’L dt =190 fo! ----- background 1776.86 £ 0.12
BES (1996)
12 t7rege 21t 0n ==

BELLE (2007)
177661+0.13=0.35

Events / (1.5 MeV/c?)
3

8
KEDR (2007) =
6| 177681 2 +0.15 =
4 BaBar (2009)
1776682 0.12£0.41 -
2
: BES Il (2014)
0 177691:0.12 ¢
= 2}, e s e Belle Il Preliminary (2023)
& L R RN et o .".-. e Yo 1777.09+ 0.08 = 0.11
2F . TR WY S| (S PR VU N | | 1
17 172 174 176 178 1.8 182 184 1776 1776.5 1777
Mo [GeV/cz] m, [MeV/cZ]

Fig. 2 On the left, the spectrum of the reconstructed pseudomass in data (black dots) and the
superimposed fit (solid blue line) are shown. The bottom inset plot displays differences between
data and fit result divided by the statistical uncertainties. On the right, the summary of the most
precise measurements of the tau mass to date, compared to the world average (gray band) and this
work result (blue text)

3 Tau Mass Measurements

Lepton properties represent fundamental parameters within the Standard Model
(SM) that necessitate the highest degree of precision in measurement. Belle II
is well-suited for the accurate determination of several properties of t leptons.
Utilizing the pseudo-mass My, technique on reconstructed ete™ — 11~ events
from a dataset of 190 fb~!, we present the most precise measurement in the world
of the t lepton mass, denoted as M. The extracted value is obtained through a fit to
the endpoint of the distribution Miin = +/ M?3; 4 2(/5/2 — E*35)(E* 32 — P*32).
This quantity is computed from events in which one of the t leptons decays into
three charged pions while the other t lepton decays into a single charged particle.
The distributions of the pseudo-mass in both simulation and data are displayed
in the left panel of Fig. 2. Achieving the highest precision in this measurement
necessitates stringent control of systematic uncertainties, primarily stemming from
the calibration of beam energies and the scaling of charged-particle momenta. This
control reduces the overall systematic uncertainty to 0.11 MeV/c?. As a result, we
achieve the most accurate measurement to date of the t lepton mass, yielding a value
of 1777.09 £ 0.08stat £ 0.11sys [1].

4 1 Michel parameter &’

We performed an event selection process for 1= — ™ (— €~ vev, )y, v decays
based on the characteristics of T™ 1™ -pair event topology, kink patterns, and L.~ —
e~ vev, decay features. The primary focus was on selecting events where the T~ —
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W vy vy decay occurred on the signal side, without a specific concern for the decay
mode of the tagging t lepton. To achieve this, they used the event topology criteria
of 1-1 or 1-3, which represented one charged track originating from the beam
interaction point (IP) in the signal hemisphere and one or three charged tracks from
the IP in the tag hemisphere. In the signal hemisphere, an additional requirement
involved one track displaced from the IP, serving as an electron candidate originating
from the u~ — e~ vev,, decay. To suppress non-tt~ background events such as
hadron and muon production, two-photon processes, and Bhabha scattering, they
relied on the characteristic missing energy and momentum signature associated with
11~ pair events. Bhabha scattering was further reduced through an electron veto
in the tagging hemisphere using standard Belle particle identification techniques.
Additionally, background events in the signal hemisphere arising from decay modes
other than t~™— W~ v, v, were minimized by rejecting events with significant
energy deposits in the electromagnetic calorimeter (ECL) related to photons in
the signal hemisphere. The innovative aspect of this analysis involved the use of
kinks, which had not been employed in previous Belle studies. Selection criteria
were based on two reconstructed tracks in the CDC: one originating near the
IP (muon candidate) and ending inside the CDC volume, and the other track
(electron candidate) was required to be inconsistent with production at the IP.
Both tracks needed to be in close proximity, forming a kink, with the point of
their closest approach used as the muon decay vertex. The kink trajectories were
typically shorter than regular trajectories, and this was used to limit the number
of CDC hits assigned to the tracks. Further background suppression was achieved
by vetoing signals in Belle subsystems that were absent for kink tracks, such as
TOF, ECL, and KLM response for the muon track candidate, and SVD and KLM
response for the electron candidate. After implementing these two selection steps,
nonkink background events were reduced to a negligible level, as confirmed using
Monte Carlo (MC) simulation. The remaining events consisted of the signal p~—
€~ vevy, decay and real-kink background processes that mimicked the signal. These
background processes included light meson decays and electron, muon, and hadron
scattering. Backgrounds from K— and m — decays were mainly two-body and had
characteristic monochromatic daughter particle momentum when the correct pair
of mass hypotheses was assigned to the tracks. To further suppress the remaining
background with high efficiency, a boosted decision tree classifier (BDT) was
employed. The BDT was configured to distinguish signal from background based
on 12 selected features, including momentum variables for daughter particles in the
mother rest frame, particle identification variables for muon and electron candidates,
and parameters of the decay vertex. With the BDT selection, a high signal efficiency
(around 80%) was achieved while suppressing background by a factor of 50. The
MC simulation confirmed that the BDT selection did not introduce any bias into the
signal kinematic distributions. To measure the Michel parameter £°, an unbinned
maximum-likelihood fit was performed on the distribution of (y, cos 6.), where y
represented the electron energy in the muon rest frame divided by half the muon
mass, and 6e was an angle that provided information about the muon spin. The
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fit was based on signal and background probability density functions (PDFs), and
the Michel parameter was determined to be g0 = 0.22 4+ 0.94(stat) + 0.42(sys),
consistent with the Standard Model expectation of £° = 1 within the uncertainties. In
summary, this study presented the first direct measurement of the Michel parameter
£0in 1T Wy, ve decays using a comprehensive data sample. The measured
value, 20 = 0.22 + 0.94 £ 0.42, aligned with the SM prediction and demonstrated
significantly improved precision compared to previous measurements.

5 Search for Bt — K*+4vv Decays

The search for the BT — KT+ vv decay presents a unique opportunity within
the Belle II experiment. This decay mode has never been observed previously, and
the Standard Model amplitude [4] can potentially receive significant contributions
from Beyond the Standard Model (BSM) amplitudes. The measurement is carried
out using a dataset with an integrated luminosity of 63 fb~!. Reconstruction is
accomplished through an inclusive tagging approach, where the By particle is
reconstructed by identifying the highest pr track that is consistent with a K™ meson,
while the remainder of the event is assigned to the Biag.

This procedure is validated using decays such as Bt — J/r (— pp) KTas
benchmarks. To enhance the purity of the signal and reduce background, a two-
stage Boosted Decision Tree (BDT) approach is applied, leveraging event shape,
kinematic properties, and vertex characteristics. No signal is observed in the
analysis, and the resulting upper limit is determined to be 4.1 x 107> at a
90% confidence level. The result is also expressed in terms of signal strength or
Br(Bt — Kt 4wv) = (1.9 & 1.3 (stat) +0.08-0.07 (syst)) x 107, a value consistent
with both the Standard Model prediction and previous findings [5]. Projections
based on larger datasets suggest that a S0 observation can be achieved with an
integrated luminosity of 5 ab™!, accompanied by an expected 50% improvement
in efficiency due to the use of exclusive tagging methods in conjunction with the
inclusive one. Furthermore, additional decay channels (such as K* KO) will be
explored in future investigations.
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Measurements of Heavy-flavour ®)
Production in pp Collisions with S
the ALICE Detector

Tebogo Joyce Shaba

1 Introduction

Heavy quarks (charm and beauty) are abundantly produced at the LHC [13] in
the early stages of hadronic collisions via hard parton scattering processes and
pertubative QCD (pQCD) calculations can be used to estimate their production
cross sections. Heavy-quark production is experimentally accessible through the
measurement of heavy-flavour hadrons and their decay products. The measurement
of heavy flavours in pp collisions can be thus used to test pQCD calculations.
In addition, the ratios of heavy-flavour production yields, measured for different
beam energies and different rapidity intervals, are key observables that are sensitive
to the heavy-quark fragmentation functions. Such ingredients of the heavy-flavour
production cross section calculations have recently been observed to be significantly
collision-system dependent.
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2 Results

2.1 Production Cross Sections of Leptons from HF-hadron
Decays

The inclusive production cross section measurement of heavy-flavour hadron decay
muons performed at /s = 5.02TeV [2] is compared to FONLL [9] pQCD
calculations in Fig. 1a and the inclusive production cross section measurement of
heavy-flavour hadron decay electrons performed at /s = 13 TeV [4] is compared to
FONLL [9] and GM-VENS [8] pQCD calculations in Fig. 1b. At both energies the
data lie on the upper edge of the FONLL predictions. The GM-VENS calculation
underestimates the cross section at low pr but describes the data within the
uncertainties for pt > 5GeV/c. The production cross section of heavy-flavour
hadron decay leptons at low pt mainly probes charm production while at high pr it
mainly probes the beauty production.
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Fig. 1 Two-panel figure: (a) [2] and (b) [4] showing X-Y charts related to particle physics data
from the ALICE experiment. (a) displays the differential cross section dot' i —eb /dpt as a
function of transverse momentum p7 (in GeV/c). Data points are shown as red squares, and
theoretical predictions from FONLL are represented with various dashed lines. A note indicates
that a 2.1 % normalization uncertainty is not included. A lower subplot shows the ratio of data
to the FONLL predictions. (b) presents the differential cross section d?c/dprdy for charm and
bottom quarks decaying to electrons, as a function of pT (in GeV/c). The data are compared with
GM-VENS and FONLL model predictions, shown with different colored bands. The chart includes
specific transverse momentum and rapidity ranges, |y|. A lower subplot displays the ratio of data
to model predictions. The measurements are compared with pQCD predictions
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2.2 Prompt Charm-hadron Production Yield Ratios

Figure 2 shows the ratios of production yields of prompt D mesons, namely D*/D°
and D;F/D0 as a function of pr in pp collisions at /s = 5.02, 7 and 13 TeV [6]. The
measurements and their ratios are used to determine the charm-quark fragmentation
fractions [5, 6]. The production yield ratios do not show any significant dependence
on pr or centre-of-mass energy. These results suggest a common fragmentation
function of charm quarks into D-mesons at different LHC energies. Figure 3a
shows the ratio between the production yields at midrapidity of prompt A baryons
and D° mesons in pp collisions at /s = 5.02, 7 and 13TeV [6] compared
with predictions from PYTHIA Monash tune [17], PYTHIA CR-BLC Mode 0,
2 and 3 [11], SHM+RQM [15], Catania [16] and QCM [18]. The ratio of the
production yield times the branching fraction of the heavier charm baryon 92 over
the production yield of D as a function of pr in pp collisions at /s = 13 TeV are
shown in Fig. 3b [7]. The A:“/DO ratio is underestimated by PYTHIA8 Monash by
a factor of 2-5 depending on the pr while the QQ/DO ratio is underestimated by
several orders of magnitude. PYTHIA 8 with CR-BLC models and the SHM-RQM
reproduce correctly the AF/DP ratio, but underestimate the Q2/D°. The catania
model describes both measurements well. QCM underestimates 22/D ratios, while
correctly reproducing the A ratios.
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Fig. 2 Two-panel X-Y chart showing particle physics data from the ALICE experiment for
production yields as a function of pt of prompt DT/D? (a) and D}/ DO (b) mesons in pp
collisions, with data points for /s = 5, 7, and 13 TeV, represented by orange crosses, green
diamonds, and red circles, respectively. The vertical axis ranges from 0 to 1.2, and the horizontal
axis spans from 0 to 50 GeV/c (a) while the vertical axis ranges from 0 to 0.6, and the horizontal
axis spans from 0 to 3.5 GeV/c (b) [5]. Both panels note a branching ratio uncertainty that is not
shown. The rapidity range is |y| < 0.5
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Fig. 3 Panel figure showing two X-Y charts related to particle physics data from ALICE
experiments for the pr-differential production yield ratios at midrapidity of prompt A} baryons
and D° mesons. (a) shows the ratio of A, to D particles as a function of transverse momentum pr
(in GeV/c). Data points are shown for different collision energies: 13, 7, and 5.02 TeV. Theoretical
predictions are included from models such as PYTHIA 8.243 (Monash 2013) [17] and others.
Shaded bands represent additional model calculations including SHM+RQM [15], Catania [16],
and QCM [18]. (b) displays the product of the branching ratio of 2. — & and the ratio £2./ DO,
plotted as a function of pr (in GeV/c). The chart includes both data and predictions from the
Catania model, PYTHIA 8, and CR-BLC. A box plot shows the ratio to the Catania prediction,
with a noted branching ratio of 0.51 %. Both charts are labeled with ALICE and include legends
and annotations for clarity

2.3 Multiplicity Dependence of Charm-hadron Ratios

The measurement of heavy-quark production as a function of charged-particle
multiplicity allows us to investigate the interplay between the hard and soft
particle-production processes, the role of multiparton interactions, and the effect
of color-reconnection mechanisms. Figure 4 shows the D} /D (top) and A}/D®
(bottom) ratios measured in pp collisions at /s = 13 TeV for the low (left) and
high (right) multiplicity classes at midrapidity [3]. The measured D;"/DO ratios do
not show a pt or multiplicity dependence and are compatible with PYTHIAS with
Monash and CR-BLC tunes. The CE-SH model [10] is compatible with D;“/DO
for low multiplicity events, while it overestimates the data at high multiplicity. On
the other hand, the A;"/D0 ratio shows both a pr and a multiplicity dependence,
with an increase in the ratio at higher charged-particle multiplicity. PYTHIAS +
Monash tune [17] does not reproduce the Aj/DO ratio and, furthermore, it does not
show any multiplicity dependence. When using CR-BLC modes [12], the Aj‘/DO
ratios are, however, well described. The ratios of Aj/DO show an enhancement
when compared to e*e” collisions, while D;"/D0 is consistent with that measured
in e*e” collisions [14] (Fig. 5).
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Fig. 4 The panel figure shows the D"/ DY (top) and Af/ DO (bottom) ratios measured in pp colli-
sions at /s = 13 TeV. All ratios are plotted as a function of transverse momentum pr (in GeV/c).
The left panels present data from the ALICE experiment, including different charged-particle
multiplicity classes. The right panels compare the experimental results to model predictions from
PYTHIA [17] and the CE-SH [10] framework. Various lines and markers represent different
models and experimental data, with legends indicating CR-BLC [12] configurations and other
model details. The figure includes both statistical and systematic uncertainties. [3]

3 Conclusion

The measurements of the production cross sections of muons from HF-hadron
decays at forward-rapidity are in agreement with FONLL predictions. The pr -
differential ratios of the measured charm-hadron cross sections suggest a common
fragmentation functions of charm into hadrons at different LHC energies. The
ratios of AF/D° show an enhancement when compared to e*e collisions and
a charged particle-multiplicity dependence, not observed for the D;"/D0 case.
The comparison of these measurements with model predictions suggests that a
modified hadronisation with respect to in-vacuum fragmentation is needed to
correctly describe the results.These self-normalised yields allow a direct comparison
of multiplicity-dependent production of different particle species. A strong pr
dependence is observed for electrons, with high-pT electrons showing a faster-than-
liner increase as a function of the self-normalised multiplicity. With the significantly
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Fig. 5 Two-panel showing the comparison of the self-normalised yields of electrons from heavy-
flavour hadron decays from the ALICE experiment at /s = 13 TeV. (a) displays the normalized
differential cross section for charm and beauty quarks decaying to electrons, as well as inclusive
J/v¥ production. Various transverse momentum ranges are indicated by distinct symbols and
colors. (b) presents similar measurements for charm and beauty quarks, and for charged particles,
again using different symbols and colors to represent different momentum intervals. In both panels,
the normalized yield is plotted as a function of the charged-particle multiplicity density [4]

higher integrated luminosity expected to be collected during LHC Run 3 compared
to Runs 1 and 2, ALICE will enable more precise measurements of heavy-flavor
production, further advancing our understanding of these phenomena.
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The W Boson Mass Anomaly within )
the Inverted Scenario of the Two-Higgs ST
Doublet Model

Hamza Abouabid, Abdesslam Arhrib, Rachid Benbrik (5, Mohamed Krab,
and Mohamed Ouchemhou

1 Introduction

Recent findings from the CDF collaboration, utilizing data from the Tevatron,
revealed a significant W boson mass of M%,DF = 80.4435 £+ 0.0094 GeV [1],
contrasting the SM prediction of M a,M = 80.357 £ 0.006GeV [2, 3]. This
deviation, with a 7o significance,suggests new physics beyond the Standard Model,
particularly in scenarios with extended Higgs sectors.

In light of this outcome, we explore the implications of the CDF measurement
within the 2HDM, which includes a spectrum of two CP-even Higgs bosons (h
and H), one CP-odd A, and a pair charged Higgs bosons H* [4-6]. We identify
the observed SM Higgs with the heavier CP-even Higgs H. Our focus is on how
Two-Higgs Doublet Model (2HDM) may reconcile the M %,DF discrepancy and the
resulting implications for Higgs boson decays in 2HDM type-I.

The structure of our contribution is concise and focused. In Sect. 2, we discuss
the 2HDM setup, including the computation of M %VHDM and sin’ Gezflf{DM. Section 3
covers the parameter space analysis and our key findings on the W boson mass
within the 2HDM framework. We conclude in Sect. 4.
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2 Mw Within the 2HDM

The 2HDM extends the SM by introducing a second Higgs doublet. This addition
enriches the scalar sector and enhances collider phenomenology. Its Higgs potential
is given by:

Vaupm = m2 (g1 1) + m3(@i¢n) — [my (¢l d2) + h.c.]

)\. )\. BN
+71(¢I¢>1)2 + 72(¢>2‘¢z>2

. B 1
23] d1) (DI d2) + 1a(d d2) (Pi1) + E[As(qﬁ@)z T hel, (1)

where Aj_s, m% and m% are real parameters. After Electro-Weak (EW) symmetry
breaking, the 2HDM consists of seven free parameters that we have chosen as: Mj,,
My, My, My+, sin(B — ), tan 8 and m%z.

In order to suppress Flavor Changing Neutral Currents (FCNCs) at the tree level,
a discrete Z, symmetry is imposed, leading to four types of the model based on
Yukawa interactions. In 2HDM type-1, both up- and down-type quarks and leptons
couples to ¢, while in type-II up-type quarks couples to ¢» and down-type quarks
and leptons interacts with ¢1. In type-X (or Lepton-specific) assigns quarks to ¢,
and leptons to ¢;. Conversely, type-Y (or Flipped) couples up-type quarks and
leptons to ¢,, and down-type quarks to ¢;.

The contributions of the 2HDM to the EW Precision Observables (EWPOs)
are encapsulated by the oblique parameters S, 7, and U [7]. The impact of
these contributions on the W boson mass and the effective weak mixing angle is
expressed as:

2 2 2 2
aocy M 1 cy — S
AM@:%[——SH@TJFMU] 2)
_ 2 )
‘w —Sw W
. o) 1
Asin® Oppp = —— [ZS — S%VC%VT} : 3)
‘w—Sw

3 Results and Discussions

This section explores the implications of the new CDF measurement on the
2HDM type-1. A systematic parameter space scan was performed using the code
2HDMC-1.8.0 [8], assuming the CP-even Higgs boson H aligns with the observed
SM-like Higgs at My = 125.09 GeV [9].
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Fig. 1 Splitting of My+ — M4 as a function of My+ — M), (left) and M+ — My (right)

Theoretical and experimental constraints, including constraints from flavor
physics, were considered during the scan, as detailed in Ref. [10]. The allowed
parameter space was then further refined based on the X/%hCVDF test, considering only

points within 2o of the new CDF My measurement.

The dominant contribution to the W boson mass and sin? 0egr observables is that
of the T parameter. The new CDF measurement of the W boson mass necessitates
the charged Higgs boson (H¥) to be heavier than the neutral Higgses (h, H, and
A). This can be seen in Fig. 1, which illustrates the mass splitting My+ — M4 as a
function of Mg+ — M}, (left panel) and M = — My (right panel), with the deviation
from the SM prediction (AMyy) is color-coded. Scenarios where M+ is lighter
than the neutral Higgses are ruled out, as they lead to an insufficiently small or
negative parameter 7, incompatible with the CDF finding. Notably, the new CDF
measurement significantly influences the charged Higgs mass, pushing it to be larger
than 155 GeV.

4 Conclusion

In this paper, we addressed the recent deviation in the W boson mass measurement
reported by CDF, showing a significant 7o departure from the SM prediction. Our
analysis in the 2HDM with an inverted hierarchy demonstrates that this discrepancy
can be reconciled. We found that a positive 7' parameter, essential for aligning with
the CDF findings, necessitates the charged Higgs boson mass, Mg+, to be greater
than My, My, and M 4. Cases with Mg+ less than these masses fail to match the
new CDF My measurement.
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Propagation and Oscillations of Cosmic
Neutrinos in a Stochastic Magnetic Field ST

Konstantin Kouzakov (), Anastasia Nikolaeva, and Alexander Studenikin

1 Introduction

In theoretical extensions of the Standard Model massive neutrinos can have
nonzero electromagnetic properties [1]. The most studied theoretically and searched
experimentally among these properties is the neutrino magnetic moment. One of
the manifestations of a nonzero neutrino magnetic moment can be spin oscillations
of cosmic neutrinos propagating in an interstellar magnetic field [2]. The latter is
known to have both deterministic and stochastic components. In this contribution
we consider the neutrino evolution in a fluctuating interstellar magnetic field and
outline how the stochastic magnetic-field component can impact the probabilities of
flavor and spin oscillations of Dirac neutrinos in a two-component neutrino scenario.

2 Neutrino Evolution in a Fluctuating Magnetic Field

We consider the neutrino mass basis (vfr, v, v;r Vg )T, where the neutrino helicity

basis states |vF s vE) with masses m and m, are related to the flavor ones as
1 2

follows:

[WRLY = cosO]v]) + sind|vy), RE) = —sin@v) +cosOvy). (1)
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The effective Hamiltonian of the problem is given by [2]

Heff = Hy,e + Hp, ()
3 . . . 2
where Hy,e = diag(—ow,, —w,, ®y, »,) is the vacuum part, with v, = %,

Am? = m% —m%, and E, being the neutrino energy. The Hamiltonian of the neutrino

interaction with a magnetic field can be presented as H p=2~HB J_M, where B is the
transverse magnetic-field component with respect to the neutrino velocity, and

0 w1 0 wu2

~ ur 0 wupp O
M = 3)

0 wa 0 w2

21 0 p2 O

is the neutrino magnetic moment matrix, with @) (412(21)) being the diagonal
(transition) neutrino magnetic moments. In the case of Dirac neutrinos the matrix
M is real and W12 = M21, whereas for the Majorana neutrinos it is imaginary with
1 =p2 =0and 2 = —p21 = —uj,.

The galactic and extragalactic magnetic fields are composed of the large-
scale regular component B and a small-scale stochastic component k. The latter
results from interstellar fluctuations, galactic winds, cosmic turbulence and pri-
mordial magnetic field fluctuations and is characterized by the correlation function
(he ()hg(0)) = %3(1‘), where p, is a putative neutrino magnetic moment and

w? = Zn(uVB)ZLO is the dissipation parameter, with L being the correlation

length. As a consequence, the density matrix of the system obeys the evolution
equation in the form of the Lindblad master equation [3-5]:

~i[h.]- 41;’; (64 + 1% — 2016.1).. @

d@_
dr

3 Neutrino Flavor and Spin Oscillation Probabilities

Considering Dirac neutrinos, we assume their transition magnetic moments to be
zero, i.e., t12 = pa1 = 0. For the initial neutrino state v(0) = vf; the solution of
the Lindblad master equation (4) yields the flavor-change probability as

D 1 ) 1 2#%
Pl o1 = sin 260 l+§exp —w Fl cos Qw1 1)

K v

1 2 ,u%
+ —exp | —w"—1 | cos Qwat) — cos Rwyt)
2 u2

v
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v

u? u3
X | exp —wrt=y cos (2w_t) + exp —wrEy cos Cw4t) | ¢,
w? w?

)
where p+ = (1 £ u2)/2, w12 = p12B1 and w+ = u+ B .
The spin-flip probability Pv[z_)v r 1s determined by the expression:
I
P =111 sin2e 2191\ cos 2ot
WLk =3 —sin“fexp | —w F cos (2w1t)
vV
2
—cos’ 6 exp —wz—gt cos 2wnyt) | . (6)
My

As opposed to the probability of the flavor oscillations (5), it does not depend on
the neutrino energy E,. It can be seen from Egs. (5) and (6) that the presence of
a stochastic magnetic-field component leads to the loss of quantum coherence in

neutrino oscillations, with the effective decoherence rate I' ~ w?2.

4 Summary and Conclusions

The Lindblad master equation is solved for Dirac neutrinos with a nonzero magnetic
moment propagating in a fluctuating magnetic field. The probabilities of neutrino
flavor and spin oscillations are derived in a two-component framework. Our results
can be used for studying the effect of interstellar magnetic fields on the propagation
and oscillations of cosmic neutrinos. The indicated effect can influence the regis-
tration of ultrahigh-energy neutrinos in IceCube, Baikal-GVD and KM3NeT. It can
also affect the supernova neutrino signals in upcoming experiments such as JUNO,
Hyper-Kamiokande and DUNE.

Acknowledgments We are grateful to Konstantin Stankevich and Artem Popov for useful
discussions. The study is conducted within the scientific program of the National Center for Physics
and Mathematics (Section No. 8, Stage 2023-2025).

References

1. C. Giunti, A. Studenikin, Neutrino electromagnetic interactions: A window to new physics. Rev.
Mod. Phys. 87(2), 531-591 (2015). https://doi.org/10.1103/RevModPhys.87.531

2. P. Kurashvili, K.A. Kouzakov, L. Chotorlishvili, A.I. Studenikin, Spin-flavor oscillations of
ultrahigh-energy cosmic neutrinos in interstellar space: the role of neutrino magnetic moments.
Phys. Rev. D 96(10), 103017 (2017). https://doi.org/10.1103/PhysRevD.96.103017


https://doi.org/10.1103/RevModPhys.87.531
https://doi.org/10.1103/RevModPhys.87.531
https://doi.org/10.1103/RevModPhys.87.531
https://doi.org/10.1103/RevModPhys.87.531
https://doi.org/10.1103/RevModPhys.87.531
https://doi.org/10.1103/RevModPhys.87.531
https://doi.org/10.1103/RevModPhys.87.531
https://doi.org/10.1103/RevModPhys.87.531
https://doi.org/10.1103/PhysRevD.96.103017
https://doi.org/10.1103/PhysRevD.96.103017
https://doi.org/10.1103/PhysRevD.96.103017
https://doi.org/10.1103/PhysRevD.96.103017
https://doi.org/10.1103/PhysRevD.96.103017
https://doi.org/10.1103/PhysRevD.96.103017
https://doi.org/10.1103/PhysRevD.96.103017
https://doi.org/10.1103/PhysRevD.96.103017

206 K. Kouzakov et al.

3. P. Kurashvili, L. Chotorlishvili, K.A. Kouzakov, A.G. Tevzadze, A.l. Studenikin, Quantum
witness and invasiveness of cosmic neutrino measurements. Phys. Rev. D 103(3), 036011
(2021). https://doi.org/10.1103/PhysRevD.103.03601 1

4. P. Kurashvili, L. Chotorlishvili, K.A. Kouzakov, A.I. Studenikin, Coherence and mixedness of
neutrino oscillations in a magnetic field. Eur. Phys. J. C 81(4), 323 (2021). https://doi.org/10.
1140/epjc/s10052-021-09039-2

5. P. Kurashvili, L. Chotorlishvili, K.A. Kouzakov, A.I. Studenikin, Quantum spin-flavour memory
of ultrahigh-energy neutrino. Eur. Phys. J. Plus 137(2), 234 (2022). https://doi.org/10.1140/epjp/
s13360-022-02457-5

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.


https://doi.org/10.1103/PhysRevD.103.036011
https://doi.org/10.1103/PhysRevD.103.036011
https://doi.org/10.1103/PhysRevD.103.036011
https://doi.org/10.1103/PhysRevD.103.036011
https://doi.org/10.1103/PhysRevD.103.036011
https://doi.org/10.1103/PhysRevD.103.036011
https://doi.org/10.1103/PhysRevD.103.036011
https://doi.org/10.1103/PhysRevD.103.036011
https://doi.org/10.1140/epjc/s10052-021-09039-2
https://doi.org/10.1140/epjc/s10052-021-09039-2
https://doi.org/10.1140/epjc/s10052-021-09039-2
https://doi.org/10.1140/epjc/s10052-021-09039-2
https://doi.org/10.1140/epjc/s10052-021-09039-2
https://doi.org/10.1140/epjc/s10052-021-09039-2
https://doi.org/10.1140/epjc/s10052-021-09039-2
https://doi.org/10.1140/epjc/s10052-021-09039-2
https://doi.org/10.1140/epjc/s10052-021-09039-2
https://doi.org/10.1140/epjc/s10052-021-09039-2
https://doi.org/10.1140/epjp/s13360-022-02457-5
https://doi.org/10.1140/epjp/s13360-022-02457-5
https://doi.org/10.1140/epjp/s13360-022-02457-5
https://doi.org/10.1140/epjp/s13360-022-02457-5
https://doi.org/10.1140/epjp/s13360-022-02457-5
https://doi.org/10.1140/epjp/s13360-022-02457-5
https://doi.org/10.1140/epjp/s13360-022-02457-5
https://doi.org/10.1140/epjp/s13360-022-02457-5
https://doi.org/10.1140/epjp/s13360-022-02457-5
https://doi.org/10.1140/epjp/s13360-022-02457-5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Weak/Strong Duality and the Asymptotic )
Weak Gravity Conjecture ST

Mohammed Charkaoui, R. Sammani (), E. H. Saidi, and R. Ahl Laamara

1 Introduction

The Asymptotic Weak Gravity Conjecture [1-3] has been proposed combining
notions from the Weak Gravity Conjecture [4, 5] and the Distance Conjecture [6, 7].
It states that in an infinite distance in the moduli space, an infinite tower of states
satisies the Weak Gravity Conjecture (WGC). This large distance corresponds to
weak coupling limits, which can be naively be seen as the limit g — 0 where g is
the gauge coupling.

The conjecture has been studied in M-theory on Calabi-Yau threefold [1] and
fourfold [2, 3] with finite volume. In the original statement [1, 2], the conjecture
focuses in the weak coupling limit. In [3] a particular geometrical structure given by
CY4 = K3 x K3 exhibiting an interesting duality has been presented relating weak
and strong gauge couplings via linking the fiber and the base. The conjecture was
then shown to hold for both weakly and strongly coupled states. In this paper we
show that this duality can be applied to Calabi-Yau threefolds with finite volume,
and thus we expect more towers given by M2 branes wrapping some 2-cycles which
are BPS, or excitations of the string given by M5 on K3 as discussed in [3].
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2 Fibration Structure and Weak/Strong Gauge Duality

The study of the fibration structure of Calabi-Yau threefold with finite volume in an
infinite distance of the Kahler moduli space has been studies in [1, 8].It was shown
that in an infinite distance in the moduli space a Calabi-Yau threefold with finite
volume should have either a 72 fibration or a K3/ T4 fiber. These 2 cases were
termed type 72 and type K3/ T*.

The 2 Types were defined as follows:

« Type T%: J3 =0,J2 #0
To simplify we write the Kahler form as:

1 1
J =T+ =Ty (1)
A3

2
In such a way that the fiber T2 contracts and the base expands Vy2 ~A73, Vg, ~

A%, while the overall volume remains finite.
« Type K3/T* 7} =0, J? #0

2 1
J=3Tp+ =Ty ()
A3

and the volumes of the fiber and the base behave as Vi3, 74 ~ )F%, Vg, ~ A3,

For our case we will allow both the fiber and the base to either contract or expand
as long as the volume of the internal manifold is finte. This implies other conditions,
for the case of type T2 the base should obey:

Ji=0 .  J;#0

which is the condition of a Calabi-Yau to admit a K3 or T fibration. Similarly for
the case of type K3/ T* if the fiber expands the additional condition reads as:

Ji=0 . Ji#0 3)

Which is the condition of a Calabi-Yau admitting a 72 fibration. Hence we see
that (focusing on the case of K3) the Calabi-Yau threefold takes the form CY3 =
T2 x K3.

Notice that the mapping A — 1/A exchanges (1) and (2) thus exchanging the
roles of the fiber and the base. On the other hand in the limit A — oo where the
fiber 72 shrinks the gauge coupling matrix behaves as:

2 1
G A3 , Gappy ~ — )

irjr ™~
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clearly the operation A — 1/A switches strong and weak couplings between the
fiber and the base.

The limit A — oo : the fiber T2 shrinks and we distinguish two towers of BPS
states [1] that satisfy the conjecture, since BPS states in 5D are superextremal [9].
one tower is given by M2 branes wrapping fibral curves, and others wrapping curves
with positive self-intersection in the base K3, as for non-non-BPS states it remains
an open question if they are superextremal in this limit.

The limit A — O : the fiber K3 shrinks, according to [1] two towers of states
given the BPS states mentioned earlier and non-BPS states given by excitations of
the heterotic string dual to M5/K3, moreover the base curves host also towers of
BPS states, all these towers satisfy the conjecture, provided that the curves in K3 do
not degenerate at an infinite distance in the moduli space according to [1].

3 Conclusion and Comments

In this paper we investigated the Asymptotic WGC in 5D coming from M-Theory
on a Calabi-Yau threefold with finite volume. We have used results from [3] on
the duality between the different gauge regimes, in addition to [1] on the fiber
structure of the manifold as well as the states satisfying the WGC. We showed
that by allowing both the fiber and the base to expand or shrink while keeping
the volume of the manifold finite, we get a symmetry exchanging weak and strong
gauge couplings. This will allow us to build more towers of states satisfying the
WGC. These towers populate directions in the charge lattice dual strongly or weakly
coupled gauge groups. This result can also be generalised to M-theory on Calabi-
Yau fourfold for setups other than CY4 = K3 x K3.

Following the classification of fiber structure of Calabi-Yau fourfolds in [3]. This
results of this investigation can also be generalised to find a duality between what
was labeled Type-T2 and type-V. Thus generating a symmetry between strong and
weak gauge couplings and provide as a result more towers of states satisfying the
conjecture.
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Neutrino Oscillations and Quantum )
Decoherence e

Konstantin Stankevich (), Alexander Studenikin @), and Maxim Vyalkov

Neutrino quantum decoherence is the process of the violation of the coherent
superposition of neutrino states engendered by the neutrino interaction with external
environment. In [1-3] we proposed and considered the new mechanism of the
neutrino quantum decoherence engendered by neutrino decay to a lighter neutrino
and an arbitrary massless particle. In this paper we consider that there are two
possible independent neutrino decays: (1) neutrino decay to a lighter state and a
massless particle and (2) neutrino decay to a lighter state and another massless
particle. Photons, dark photons, axions, etc. can be considered as an example of
these massless particles.

The evolution of the entire system of both neutrinos and external environment
(reservoir consisted of two types of massless particles) can be represented as follows

p ) =U(t) po U (1), (1)

where p () and U(¢t) is the density matrix and evolution operator of the entire
system, po is the density matrix of the system at the initial moment of time.
According to the approach proposed in [1-3] we use an expression for the expansion
of the evolution operator of the entire system up to the second order in powers of
the coupling constant
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t t 1
U(r,ro>=1+<—i)/ dn Hy (t1)+(—i)2/ dn[ disHy (1) Hy () + .
to 1o fo
@)

where Hj (t) is the Hamiltonian of the interaction of the neutrino with external
reservoir. To get an expression for the neutrino density matrix, we take the trace
of the external environment states of freedom p, () = Trap (¢). Finally, for the
neutrino density matrix we get

t
P(l)=,00+i/ LHy, pldi+
0]
1 t t t t
+—( / / dirdnHy (0) pH; (1) + f / dirdiHy (t1) pH; (1) —
2 1o Jio fo J1o

t t
_ / dn / diy T {Hy (1)) Hy (1)) p
fo ] -

t t
o [an [Can T o o)
) Iy (3)

The neutrino interaction with an external environment is described by two indepen-
dent interaction Hamiltonians

Hi () = Hi(12) + Ha(t2). “)
Following the approach [1-3] we get the expression for the neutrino evolution

dpy (1)
dt

= —i [H1(x) + H2(x), pu(1)] + D [py(1)], ®)

where the term D [p,(¢)] is responsible for neutrino decoherence engendered
by neutrino decays. The neutrino decoherence parameter I that describes the
amplitude of the effect turned out to be a sum of the two independent neutrino
decoherence parameters I'7 and I> engendered by the first channel of the neutrino
decay and the second channel correspondingly, i.e. I" = I'7 + I5. In other words
there is no interference terms in neutrino quantum decoherence when considering
two independent channels of the neutrino decay.
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Neutrino Oscillations in External )
Environment Checicfor

A. Popov, N. Dolganov, V. Shakhov, Konstantin Stankevich ),
and A. Studenikin

1 Neutrino Effective Hamiltonian

Consider neutrino flavour, spin and spin-flavour oscillations engendered by neutrino
interactions with an external electric current due to neutrino charge radii and anapole
moments for the case of two flavour neutrinos with two possible helicities vy =
(ve_ Vs Vi, vt ), where o = p or t. The scheme of the calculations performed is
described in [1, 2].

In the mass basis the neutrino effective potential describing electromagnetic
interactions of the neutrino field v with the external electric current is given by

H}m)fi _ m i(Vf(Pf’hf)|fd4XHJ [vi (pi, hi))

, (H
g—0T (v(p, W)|v(p, h))

where ¢ = p; — py, pi and py are the initial and final neutrino momenta, T is the
normalization time. The matrix element

igx

(v Py hp)| Ho vipi hi)) =T (py. hf)A,{‘(q)q—lzu,-(pi, i) Jf e

(@)

is determined by the electric current of the external charged fermions f (the protons

or electrons), JgM = e(ny,nygvy), ny is density of fermions f. Note that A,{l

in (2) contains the corresponding terms of the neutrino electromagnetic vertex (for

its decomposition see [3]). If one takes into account only the electric charge and
anapole form factors (which is the subject of this paper) then
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AN = (vu — qunvd” /a7 [fQi(qz) + fAi(qz)qzys] , 3)

where fé i(qz) and f f( ‘ (¢%) are charge and anapole form factors in the neutrino
mass basis. The neutrino charge radius is determined by the second term in the

d 2
expansion of the neutrino charge form factor fo (g = fo(0) + q? %
q q2=0
d 2
and the charge radius is given by (r?) = 6 % . We consider the case
q q2=0
of zero neutrino millicharge fp(0) = 0. Therefore, the electromagnetic vertex

accounted for the charge radius (r?) and the anapole moment a = f4(0) reads

<r2>fi

AL @) = @V — aurva®) [ +al! VS} )

which leads to the following expression for the effective interaction Hamiltonian:

. 2yfi _
g e (2L )

+ JEM[ <01 yf_il cos& + ogyf_il siné‘) all+

2\ fi
+ (ian?f_il sin€é — iasz_il cos§> (r6) i| }X(h")’ (5)

where orthogonal xyz-coordinate system was introduced, neutrinos propagate along
z-axis, J f M and J f_M are the longitudinal and transversal (in respect to z-axis)

electric currents, & is the angle between the x-axis and J EM , x™ defines the
neutrino helicity states X(+) = (1, 0)7 and X(_) =, DT. The gamma factors
. - “1_1( - -1 ~—1_1(. - -1

are given by v =B vl =3 (v +0") T =3 ().
Now consider neutrino spin oscillations vZ < vX accounting for neutrino

weak interaction with matter, electromagnetic interactions with an external electric

current due to the neutrino charge radius and anapole moment and electromagnetic

interaction with an external magnetic field due to the neutrino magnetic moment.

2 Neutrino Spin Oscillations vl < vk

Consider two neutrino states with different helicities: (v%, vX). The corresponding

neutrino oscillations are governed by the evolution equation
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i

L L
% (VeR) =H (V‘}e> with Hamiltonian (for the first two terms see [1])
v v

e e

GFr 4n, (1 - UeH) —2ny (1 - U”H) (2never —nnvnL) (ﬂ)ee +

_Yr v
2V2 (2NoVe | — NpUnl) (3) 0
ee
(%) By —lee Bl e —ZJHEMae“’ ZJfM (%) it
ee . . ee s
—leeBreT? — (ﬂ> B, ZJfM <£> e i€ 2J|f5Ma“
4 ee 4 ee

(6)

where n, and n, are the neutron and electron densities, v, o, = Vj ¢|| + Uyl are
the neutrons and electrons velocities, B = B|| + B is an external magnetic field,
¢ is the angle between v, and B, tee = W11 cos? 6 + 1% sin? 6 + 12 Sin 26,
[ee = 411 €082 0 + 127 8in* O + 12 sin 20,

2 )
cos“6  sin“ 6
(E) = + , (E) :ﬂcos29+@sin29+&sin2&
Y/ ee Y11 Y22 YV / ee Yi1 Y22 Y12

a all ) 022 . a12 )
— = —cos“ 6 + —ssin“ 6 + — sin 20.
Y/ ee Y11 Y22 Y12

For the oscillation vt <> vR probability we get
2
. L, TTX . E T
P(x) = sin? 20t sin? T o sin? 20e8r = ﬁ, Leff = ———,
eff —+ 2 2
eff eff Ele + Ay

)

where Eesz and Agff are expressed in terms of the elements H;; of the Hamiltonian

(6):

Gr n
ngf = 4|H12|2 =4 I:m(znevd_ — NpUnl) <;) -
ee

2 2
—UeeB1 cos¢+21fM <ﬁ) cos§i| +4 I:,bbeeBJ_ sin¢—2]fM <£> sin$i| ,
14 v

®

ee ee

Agsp = (Hii — Hp)* =

— | Cnetr= ) = 1= v +2(%) - 4J|EMa“’T- ©

ee
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It follows that whereas the spin oscillations can be generated by the neutrino anapole
moment interactions with an external electric current, the interaction due to the
charge radius does not produce the spin oscillations. Thus, these peculiarities can be
used for disintegration of the anapole moment and charge radius effects in neutrino
oscillations.
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Effect of Quantum Decoherence on )
Collective Neutrino Oscillations s

Artem Popov, Anastasiia Purtova (», Konstantin Stankevich @),
and Alexander Studenikin

We describe the evolution of the neutrino and antineutrino in flavor basis in terms
of the density matrices p(¢) and p(¢), respectively, using the Lindblad equation:

dp(1) .

TR —i[H, p(1)] + D[p(1)]. ey
The similar equation hold for the antineutrino evolution. The total Hamiltonian of
the neutrino H includes three components H = H,,. + H, + H,,. The vacuum
term, Hy,¢, for a neutrino mode of energy E in the flavor basis using the neutrino
mixing matrix U reads

UMt

HULIC 2E

, M? = diag(0, Am3,, Am3,), Amy = mi —m7. )
The second term, H,, describes the matter effects and is dominated by the charged
current interaction of electron neutrinos with electrons of net density N,. In the
weak eigenstate basis it can be written as H) = V2G r diag(Ne, 0, 0), where G
is the Fermi coupling constant. As neutrinos are considered to be ultra-relativistic
their four velocity vector is v#* = (1, v) and |v| = 1. Then, the interaction between
a neutrino and other neutrinos of N discrete modes with velocities v reads

N
Hyy = ~2Gpn, Y (1 —w))p. 3)

J=1
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This part of the Hamiltonian is proportional to the effective neutrino density n, =
%(nve — ny, + ny, — Ny, +ny, — n,—,),) and the relative angle of the propagation
direction of the neutrino modes.

The dissipator, D[p], describes the quantum decoherence of neutrino states and
is given by the expression

28: [Vk, pv,f] + [Vk,o, v,f], @)

k=1

| =

Dlp] =

where V; are the dissipative operators corresponding to the interaction of the
neutrino with the reservoir.

Following the approach that is widely used in studies of collective neutrino
oscillations to simplify the equations (e.g. [1]) we work in a basis spanned by |v,),
[vy) and |vy):

Ve [ Ve 1 0 O
v | =Ry |ve | Ra=10 c23 s3] )
vy vy 0 —s23 23

Here and in the following we use the shorthand ci; = cos(6x;), syl = sin(6y),

Cri = cos(26x;), Sk = sin(26y;) for a mixing angle 6y;. For the mixing angles we
have the following values [2]: 812 = 33.62°, 623 = 47.2°, 613 = 8.54°.

To study the instabilities of our system we can treat flavor correlations (off-
diagonal terms of the density matrix) as plane waves p;; = QO e~ This is
the basis of the linearized stability analysis. If the frequency §2 has a non-zero
imaginary part, then flavor conversion occurs with exponentially growing factor.

We study a simple model of two colliding neutrino beams (one dimensional
motion) and assume the following: antineutrinos are moving to the left (index /)
and neutrinos are moving to the right (index r). These two beams denoted by

; Pex Pex
0 = Pey and Q" = Pey | - (6)
Pxy Pxy

The elements are spanned by the off-diagonal elements of the neutrino and
antineutrino density matrices, p and p. The two beams are collected in a six
dimensional vector 0 = (Q", 0")T. The density of neutrinos and antineutrinos
is considered to be equal and independent of time and space, so the eigenvalue
equation reduces to [3]

(T 0 _ (lolAo+ |wlnBo + (A —21) A 2uA
(2o 1) o= (" TR T oia s o 5200) @
)
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o
W
o

M, 1/km
°
N
IS
instability, 1/km
. 1/km
~
IS
instability, 1/km

o
-
3

10 15 20 25 30 35 40
Y. Vkm Y. Vkm

(a) Normal mass ordering (b) Inverse mass ordering

Fig. 1 Dependence of the instabilities /m(§2) — y on the neutrino-neutrino interaction strength p
and decoherence parameter y for both mass orderings. (a) Normal mass ordering. (b) Inverse mass
ordering

Terms in the Hamiltonian are evaluated in accordance with [2]. Thus, the matrices
Ap and By contain combinations of mixing angles and come from the vacuum term
(2) and read

2 22 1 )
_0112 REIENT 25125213 | 0 s;3 00
Ao = 3812513 Cizsy,  3Sncas |, Bo=| 0 Ciz 0 |. 8)
1 2 2 2 2
0 3512€13 €1y — 52513 0 0 —cj3

The matrix A is defined as A = diag(1, 1,0). And I" is the decoherence matrix
which in case of three neutrino flavors reads I” = diag(y»1, ¥31, ¥32). For simplicity
in our qualitative analysis we consider y21 = y31 = Y32 = V.

Equation (7) solved numerically for 2, variable parameters are the strength of
the neutrino-neutrino interaction u and the decoherence parameter y. Results are
shown both for IO and NO on Fig. 1. From the obtained results we can see that in the
case of a normal hierarchy the disappearance of the neutrino collective oscillations is
possible for smaller values of the decoherence parameter (of the order of 0.1 km™1).

Acknowledgments This study was supported by the Russian Science Foundation (project no.
24-12-00084). The work was performed using the scientific infrastructure provided within the
scientific program of the National Center for Physics and Mathematics (section no. 8 “Physics of
hydrogen isotopes”, project “Fundamental studies in the field of neutrino physics and neutron-rich
nuclei using isotopes of hydrogen and helium”).



222 A. Popov et al.

References

1. A.B. Balantekin, G.M. Fuller, Constraints on neutrino mixing. Phys. Lett. B 471, 195-201
(1999). https://doi.org/10.1016/S0370-2693(99)01371-4

2. C. Doring, R.S.L. Hansen, M. Lindner, Stability of three neutrino flavor conversion in
supernovae. J. Cosmol. Astropart. Phys. 08, 003 (2019). https://doi.org/10.1088/1475-7516/
2019/08/003

3. A.A. Purtova, K.L. Stankevich, A.l. Studenikin, Effect of quantum decoherence on col-
lective neutrino oscillations. JETP Lett. 118(2), 83-86 (2023). https://doi.org/10.1134/
S0021364023601951

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.


https://doi.org/10.1016/S0370-2693(99)01371-4
https://doi.org/10.1016/S0370-2693(99)01371-4
https://doi.org/10.1016/S0370-2693(99)01371-4
https://doi.org/10.1016/S0370-2693(99)01371-4
https://doi.org/10.1016/S0370-2693(99)01371-4
https://doi.org/10.1016/S0370-2693(99)01371-4
https://doi.org/10.1016/S0370-2693(99)01371-4
https://doi.org/10.1016/S0370-2693(99)01371-4
https://doi.org/10.1088/1475-7516/2019/08/003
https://doi.org/10.1088/1475-7516/2019/08/003
https://doi.org/10.1088/1475-7516/2019/08/003
https://doi.org/10.1088/1475-7516/2019/08/003
https://doi.org/10.1088/1475-7516/2019/08/003
https://doi.org/10.1088/1475-7516/2019/08/003
https://doi.org/10.1088/1475-7516/2019/08/003
https://doi.org/10.1088/1475-7516/2019/08/003
https://doi.org/10.1088/1475-7516/2019/08/003
https://doi.org/10.1088/1475-7516/2019/08/003
https://doi.org/10.1134/S0021364023601951
https://doi.org/10.1134/S0021364023601951
https://doi.org/10.1134/S0021364023601951
https://doi.org/10.1134/S0021364023601951
https://doi.org/10.1134/S0021364023601951
https://doi.org/10.1134/S0021364023601951
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Hyper Kamiokande Energy Calibration )
with N16 e

Abderrazaq EL Abassi, Rafik Er-Rabit, and Mohamed Gouighri

1 The Hyper Kamiokande Experiment

Hyper Kamiokande (HK) [1] is a next generation neutrino experiment being built
in Japan, more precisely, the far detector (FD) is under construction in Hida, Gifu,
while other near detector (ND) facilities in Tokai, Ibaraki are being improved to
meet the physics goals of the HK experiment. Led by the University of Tokyo and
the High Energy Accelerator Research Organization (KEK), institutes from over 20
countries are collaborating to build the biggest detector of its kind in the world.

HK will follow the paths of its predecessors Super Kamiokande (SK) [2] and
T2K experiments [3] in investigating the proton decay phenomenon, predicted by
models beyond the Standard Model (BSM), and studying neutrinos from different
sources, such us the cosmos, the Sun, the atmosphere, and the Earth, as well as
exploring neutrino oscillations in lab-made accelerator neutrino and antineutrino
beams. Data-taking is foreseen to start in 2027.

The underground water tank (c.f. Fig. 1) will be filled with 200 kilotons of
ultra-pure water and will consist of an Inner Detector (ID) surrounded by an Outer
Detector (OD). The ID walls will be equipped with 20,000 box-and-line (B&L)
PMTs with a diameter of 50 cm manufactured by Hamamatsu, in addition to 800
multi-PMT modules (mPMTs), each consists of 19 units of 7.6 cm Hamamatsu
PMTs, which will improve HK’s vertexing and timing capabilities. The OD, which
will be used as a veto shield from cosmic muons and other background sources, will
be equipped with 3600 7.6 cm PMTs.
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Fig. 1 (left) Hyper-Kamiokande far detector. (right) Calibration source deployment process

2 Water Activation Preliminary Results

The N16 cloud will be created in multiple places inside the water tank using a
compact neutron generator, through the activation of O16 atoms in water. The N16
cloud will beta decay isotropically, and before starting to take data, the device will
be raised above the radioactive cloud to minimize the shadowing effect [4].

In the following, we will present some preliminary results related to the water
activation simulations and the generation of the N16 radioactive cloud, where we
calculated the yield of N16 creation as a function of the incident neutron energies.
The properties of the N16 cloud such as the spatial distribution have been presented.

Five million neutrons have been simulated using GEANT4 [5], where the neutron
high precision package (NeutronHP) was used, the 14.2 MeV neutron beams are
directed downwards matching the deployment orientation of the calibration devices
inside the water tank, and an opening angle of 15 degrees was chosen (Fig. 2) which
will be adapted to the real value once the properties of the deuterium tritium neutron
generator (DTG) are known. For the given energy, a yield of 2.3% was obtained,
higher than the 1.3% yield cited for the same energy value in the SK results 1].

The evolution of the N16 yield as function of the incident neutrons energy was
studied for 100 energy values between 10 and 20 MeV (c.f. Fig. 2). The goal
is to maximize this value to get enough statistics during calibration without the
need to deploy our device at the same spot multiple times. The neutron capture
energy threshold is around 11 MeV, with the yield peaking at the energy 11.7
MeV, however, the corresponding peak is narrow, and depending on the energy
distribution spread of the generated neutrons (property of the device) the second
peak around 14 MeV might be a better choice. Higher energies are ignored to avoid
the creation of other radioactive isotopes like O15.

The spatial distribution of generated N16 isotopes was evaluated (c.f. Fig. 3).
This information is crucial for a good vertex and energy reconstructions. The
distributions have the expected shapes, where the symmetry around the Z axe
implies a normal distribution for X and Y coordinates, while the vertical deployment
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Distance Traveled by Neutrons Before N16 Isotope Creation

Median: 11.51 N16 Yield from (n,p) Reaction on Water

Mean: 15.47
35
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Fig. 2 (left) Visualization of the 200 neutron tracks. (middle) Distance traveled by neutrons before
being captured. (right) N16 yield evolution as a function of incident neutron energies
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Fig. 3 Spatial distributions of the N16 isotopes for the deployment point (0, 0, 0)

of the source results in a skewed distribution for the Z coordinates. The average
distance traveled by the neutrons before being captured is 15.47 cm, with half of
them being captured within 11.51 cm from the deployment point (c.f. Fig. 2).

3 Conclusion

Future work includes the study of the N16 decay inside the water tank, the
propagation of the daughter particles through the volume of the detector, and the
reconstruction of the events, then the calculation of the energy resolution and the
energy scale for multiple deployment points especially those close to the wall, to
determine the optimal calibration strategy.
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Electromagnetic Effects in Deep Inelastic )
Neutrino-Proton Scattering ST

Konstantin Kouzakov (), Elena Kovalevskaia, and Alexander Studenikin

1 Introduction

Deep inelastic scattering on nucleons is the main process of interaction of high-
energy neutrinos with matter. The corresponding cross sections are measured, for
example, in the IceCube experiment on the basis of the dependence of the neutrino
flux registered in the range 60 TeV-10 PeV on the direction of its arrival in the
detector [1]. This provides a unique opportunity to study the effects of physics
beyond the Standard Model at high and ultrahigh neutrino energies. In particular,
the search for the electromagnetic properties of neutrinos is of interest [2]. Indeed,
the electromagnetic interactions of neutrinos are one of the fundamental problems
in neutrino physics. They are studied theoretically and searched in experiments. The
neutrino electromagnetic properties are related to the basics of elementary particle
physics: since they are absent in the Standard Model with massless neutrinos, their
discovery will open a window to new physics [2].

2 Neutrino Electromagnetic Form Factors

The electromagnetic properties of neutrinos are contained in the vertex function,
which is a matrix in spinor space. It can be decomposed in terms of linearly
independent products of Dirac matrices and the incoming and outgoing neutrino
4-momenta, k and k’.

In accordance with the Lorentz and gauge invariance, the electromagnetic vertex
can be written as follows:
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Au(q) = fq (qz) Vi — M (qz) iouwg” + e (qz) owq"vs

(1)
+a (qz) (q2m — qu 41) s,
where ¢ = k — k’ is the momentum transfer, fo,M,E,A are the neutrino charge
(Q), magnetic (M), electric (E), and anapole (A) form factors, which are Hermitian
matrices in the space of neutrino mass states.
For brevity, we refer to the combination fg — q*fa as the charge form factor,
denoting it by fg, and to the combination f; — ifg as the magnetic form factor,
denoting it by fj1.

3 General Formalism

The neutral-current differential cross section for deep inelastic lepton-nucleon
scattering in a laboratory frame is given by (see, for instance, [3])

26N o E -
dEaR = myd B2 M Wi @
j=y.vZ.Z

where E and E’ are the initial and final lepton energies, and L;“ and W,{M are the
leptonic and hadronic tensors, and

ny =1 Nyz = G M o* nz =n’y.
4 7 Y 227« 02+ M% ’ rZ

The neutral-current total cross section derives from the expression

s 1 LotV
o= [ a4 [ ax i 3)
Q% QZ/S d.de

with Qo = 1 GeV [4],

0 2
s = (k+ P)? ~m% +2myE, 0% = —q> ~ 4EE'sin® =, =Y ,
2 2vmy

where k and P are the initial lepton and nucleon 4-momenta, 6 is the lepton
scattering angle, and
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4 Cross Sections

For the differential cross section of the v; p-scattering, which accounts for electro-
magnetic (y) and weak neutral-current (Z 0) interactions, we get

d*cViP 4’ fi, 0|2 N s xzyzm%
dxdQ? ZW{;‘fQ ) [xy e e

2.,2...2
XFZV(X, Q2)] — Uyzfg(Qz)[xyzFf’Z(x, Q2) + (1 —y— w>

Q2
z y? z
xFY“(x, 0% £ (y — 7) FI%(x, Q2)] + nz[wzF]Z(x, 0%
xzyzmz )
+ (1 —y- 7”) Ff(x, 0% + (y — y;) xFF(x, Qﬂ

L S [-w e o+ te-wH e o]l @
4xm? 7 M Y 2 Yy ’

where the + (—) sign refers to neutrinos (antineutrinos), and

_P-qg v
TPk E
£ iM are the neutrino charge and magnetic form factors of diagonal (i = f)

and transition (i # f) types given in units of elementary charge ey and Bohr

magneton wp, respectively. F ly ’223’VZ are dimensionless structure functions of the
proton. Finally, the neutral-current total cross section is calculated on the basis of
Egs. (3) and (4).
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Dynamics of Quantum Resources in )
Hybrid System Under Decoherence Effect <o

Essalha Chaouki ) and Mostafa Mansour

1 Introduction

Quantum entanglement is a key resource for quantum information processing.
However, it does not capture all non-classical correlations. Measures such as Uc¢
and LQU have emerged to characterize these correlations. Practical applications
are limited by decoherence, including ID, which can occur without external
environmental interactions. Hybrid qubit-qutrit systems are known to be more
resilient to such decoherence.

This study investigates the impact of ID and inhomogeneous magnetic fields on
quantum correlations in a Heisenberg qubit-qutrit XXZ system with DM interaction.
We assess skew information correlations and bipartite entanglement using LQU,
Uc, and Ls. Our results show that adjusting system parameters can mitigate the
negative effects of decoherence.

The paper is structured as follows: Sect. 2 presents the quantifiers used; Sect. 3
details the system and the impact of decoherence; and Sect. 4 discusses our findings
and concludes the study.
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2  Quantum Correlation Measures

2.1 LQU

LQU (Uf) is the minimum skewA information in a quantum state due to the action of
a local observable. For a state D with dimension (2 ® d), U is given by

u(ﬁ) =1—max (A, A2, A3) (D
where A;— 7,3 are the eigenvalues of the matrix W53, defined by:
(W) ETr{\/B(UAi@)HB)\/B(UAj@HB)} )
ij

o4; and [ are the Pauli and identity operators acting on the subsystems A and B,
respectively.

2.2 Uncertainty-Induced Nonlocality (Uc)

Uc also stems from the Wigner—Yanase skew information (WY SI). For a quantum
system D with dimensions (2 ® d), (Uc) is expressed as:

~ 1 — ApinOV), r=0
MC(D)_{I—#YWFT, r;éo (3)

Here, r represents the Bloch vector, rT is its transpose, and Apin (W) signifies the
smallest eigenvalue arising from Wsx3 (Eq. (2)).

2.3 Ly

L s, which is essential for quantifying entanglement, is calculated as follows:

Ly(D) = log, (Z |v,-|> “)

Here, v; represents the eigenvalues of (ﬁT' ).
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3 The Heisenberg Qubit-Qutrit XXZ Model with Intrinsic
Decoherence (ID)

3.1 The Heisenberg Qubit-Qutrit XXZ Model

This section analyzes a qubit-qutrit Heisenberg XXZ system with magnetic fields
and Dzyaloshinsky-Moriya (DM) interaction, described by the Hamiltonian

Hxxz =J (sleZ)c + s1y82y + 6 SIZSZZ) + D; (sleZy - SlySZX)
+ (B+b)S2; + (B —Db)si; 5)

S, and s1, (@ = x; y; z) denote the spin operators corresponding to the spin-1
and spin-1/2 particles, respectively. § denotes the XXZ exchange anisotropy, D,
represents the intensity of the DM interaction along the z-axis, and J signifies
the Heisenberg exchange interaction. Moreover, a static external magnetic field
is indicated by the parameter B. And b represents the magnetic field’s degree of
inhomogeneity. We notice that we are working in units so that the parameters: b,
D, B, 5 and J are dimensionless.

3.2 Intrinsic Decoherence

Intrinsic decoherence, as proposed by Milburn, involves random unitary transforma-
tions impacting non-classical correlations. Its effects on non-classical correlations
have been extensively investigated [1-4]. The evolved density matrix D(1) of the
system, considering ID, is given by:

D)= exp [—%(5; — &) — i - S,mt] (W D)) lvp (val,  (6)

l,m

where D(0) is the initial state characterized by the mixture parameter r. &; . and
|v; ;) represent the eigenvalues and related eigenstates of Hxxz, with y denoting
the ID rate.

4 Results

In this section, we compare three measures to study quantum correlations in
the system. Figures depict the effects of y, B, and D, on these measures. The
figures illustrate that increasing rates of ID negatively impact quantum correlations.
Adjusting the parameters B and D, can alter the system’s ability to withstand
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Fig. 1 The temporal evolution of U¢, U, and L s is examined for various values of y (upper
panel), D, (middle panel), and B (lower panel)

this decoherence. Notably, reducing the values of B and D, strengthens the
system’s resilience to ID, which has significant implications for quantum computing
and information processing. These insights provide valuable understanding of the
quantum properties in the qubit-qutrit Heisenberg XXZ model, showing promise for
practical applications in quantum technology. In conclusion, our findings highlight
the substantial influence of the ID parameter, magnetic field strength B, and
Dzyaloshinskii-Moriya interaction magnitude D, on both bipartite entanglement
and skew information correlations within the system (Fig. 1).
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Elasic Neutrino-Nucleon Scattering: The )
Effects of Electromagnetic Properties and e
Polarization

Konstantin Kouzakov (), Fedor Lazarev (%), and Alexander Studenikin

1 Introduction

There are a large number of experiments investigating both neutrino oscillations
and their interactions. In both cases, it is important to theoretically investigate
neutrino scattering on various targets, since scattering processes is a tool both for
studying fundamental interactions of neutrinos and for detecting neutrino fluxes: the
processes of neutrino scattering on a nucleon or a nucleus contribute to the signals
of such experiments as, for example, MiniBooNE, COHERENT and registration
of supernova neutrinos in JUNO. Of great interest in this context is the search
for the electromagnetic (EM) properties of neutrinos (see, for instance, the review
article [1] and references therein). It should be noted that neutrino charge radii
and magnetic moments are predicted to be nonzero already in the Standard Model
and in its minimal extension, respectively. The nonzero magnetic moments may
induce neutrino spin oscillations in a magnetic field. This effect can be significant
both in the enviroments of neutron stars and supernovas and in interstellar and/or
intergalactic magnetic fields. In addition, such oscillations can affect not only the
flavour composition of neutrino fluxes but also the neutrino spin state. However, to
our knowledge, the neutrino spin polarization has not been taken into account in the
formalism of EM neutrino-nucleon scattering. Therefore, in this contribution we fill
the indicated gap.
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2 General Formulation

We consider the process where an ultrarelativistic neutrino with energy E, origi-
nates from a source and elastically scatters on a nucleon in a detector at energy-
momentum transfer ¢ = (7, q). In the most general case the neutrino state in the
detector can be mixed both in flavour/mass space and in spin space. In our work we
assume that the neutrino is born in the source in flavour state £ and leaves the source
in a mixed spin state such that its density matrix is diagonal in the helicity basis,
which coincides with the chirality basis in the tiny neutrino mass limit. Considering
vacuum oscillations on the source-detector distance L, the neutrino state in the

m2
detector is [vER(L)) = Y3_, Use 21l R) with probabilities oy, for left-
handed (L) and og = 1 — &, for right-handed (R) neutrinos. We assume the target
nucleon to be free and at rest in the lab frame.

3 Cross Sections

Since the final massive state j of the neutrino is not resolved in the detector, the
differential cross section typically measured in the scattering experiment is

do _ % IM[° 0
dT ~ 32mEZmy’

where my is the nucleon mass. In the calculation of the matrix element M ;, we
involve the neutrmo EM charge (Q), magnetic (M), electric (E) and anapole (A)
form factors f k.4 Of diagonal (j = k) and transition (j # k) types in the
mass basis [1]. For the nucleon part, we employ the EM form factors Fo.mE.A
and the weak neutral-current Dirac, Pauli and axial form factors F;, F» and G4,
respectively.

Taking into account the initial neutrino mixed spin state, the cross section can be
presented as dT = oeL dT + ozR dT ,where or +ar = 1, dT are cross sections
for the initial left-handed (K = L) and right-handed (K = R) neutrino spin states,
respectively. Both of them can be split into helicity-preserving (hp) and helicity-
flipping (hf) components [2]. Here we present expressions only for right-handed
neutrinos, and the case of left-handed neutrinos can be found in [3, 4] (for the sake
of brevity, we omit the argument g> = —2myT in the expressions for the form
factors):

Ao _ o1 Fot ZrY 1 (Fo-2Er) (1= LY
dT _mNT2 Q my A Q my A E,




Elasic Neutrino-Nucleon Scattering 239

472 myT T myT 2T T
+ (5 F - FY) A+ Y 24 ) ¥ PR —
m 2mpy N

% E? EZ E, 2m
5 myT 2T N 472 Fory (o T +2T2F F
X - - - 9
E2 E,) " myE, "M E,) " E2'¢M
2
dohlfv ToS e 2 1 2 1 1 my T 5
R, E —— —)F -
ar 2 (L B ( E )" <T E,  2E2) am3 A
T 2mnT T 2
T opopy+ > B) B _E) g2 3)
ZE% orM 8my M N Ep

where

2
—i gk ik | . ik
kL, ENP =Y D Uie B ame (fif +if )]
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It should be noted that only the EM interactions contribute to the right-handed

neutrino-nucleon scattering cross section dL Thus, depending on the effect

of neutrino spin oscillations and the values of neutrino EM characteristics, the
contribution from right-handed neutrinos to the signal in a detector can be at the
same level or even greater than that from left-handed ones.

4 Conclusion

We have accounted for neutrino spin oscillations on a source-detector distance in
the formalism of EM neutrino-nucleon scattering. Our results can be useful in the
searches for EM properties of astrophysical neutrinos with the elastic neutrino-
nucleon scattering, for example, such as the neutrino-proton interaction channel for
registering supernova neutrinos in the JUNO detector.
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Logarithmic Negativity Versus Quantum )
Discord in a System of Dipolar Coupled ST
Spins Undergoing Intrinsic Decoherence

Mansoura Oumennana (), Essalha Chaouki ), and Mostafa Mansour

1 Quantum Estimators

In this section, we provide the explicit formulas used to compute the logarithmic
negativity £ and the quantum discord QD for a bipartite state 04 p.

Logarithmic Negativity

La(0ap) = log, (Z |vi|) ()

1

{v;} are the negative eigenvalues of the partial transpose density matrix Q?B.

Quantum Discord

QD(0ap) = min{QD1, O D}, )
with
4
QD; = H(oi1 +033) + Y _ MLoga(u) + Di. 3)
k=1
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1+4/[1-2(044+033)1*+4 + 2 4
Dy = H( V11-2(0u Q332)] (lo231+1e141) ), Dy = = omLogr(om) —

H(o11 + 033). With H(k) = —kLoga(k) — (1 — k)Logr(1 — k) being the binary
Shannon entropy. A; are the eigenvalues of the density operator 94 .

2 Dipole-Dipole Two-Spin System Under ID
The examined model is governed by the Hamiltonian presented in Eq. (4) [1]:
N 1. .
H=—501T-T-c72+DZ (01%62Y — 0{'03') + Biof + Byo}, @)

where T = diag(A — 3¢, A + 3¢, —2A) represents a diagonal tensor characterized
by € and A, denoting the dipolar coupling parameters influencing the spatial and
relative orientations of the spins. The parameters B; and D, correspond to the
external magnetic field acting on qubit i and the z-component of the DM interaction,
respectively. The initial state of the system is the Werner state.

l—p

0y (0) = L® DL+ ply)(yl, ©)

where 0 < p < 1 is the pureness parameter and |{) = Lz (J01) 4+ 10)) is a

maximally entangled Bell state.
The evolved density matrix obtained using Milburn’s decoherence model [2] is
given by

oy = Y0 el F EEEE] 0w 0161653 (©)

Jk

where £ and |¢; ;) are the eigenvalues and eigenvectors of the Hamiltonian H
(4), and y is the intrinsic decoherence parameter.

3 Results and Discussion

Our findings [1, 3, 4] reveal that in the absence of ID (y = 0), quantum entanglement
and quantum discord are permanently preserved over time as we see that the
damping and the sudden death of entanglement and correlations do not occur in this
case (Fig. 1). On the other hand, as soon as we consider a non-zero ID rate (y # 0),
both £ and QD manifest damping oscillations due to the presence of ID (Fig. 1).
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Fig. 2 L (left) and QD (right) versus time ¢ for different values of the dipolar parameter A
wheny =0.01, By =1.5,B,=1,D;,=05and p =0.9

However, increasing the dipolar parameter A reduces this oscillatory behavior and
allows to maintain higher levels of quantum entanglement and correlations (Fig. 2).
This is not the case for the DM interaction, as we notice that a strong DM interaction
induces a rapid exchange of information within the dipolar-coupled spins system but
does not counteract the deteriorating effect of ID on quantum correlations over time
(Fig. 3). Furthermore, we find that the choice of the initial density matrix affects the
quantitative dynamics of L and QD. In this case study, the choice of the Werner
state Q? (0) (5) results in the suppression of the dipolar parameter € which appears in
the Hamiltonian (4) but has no effect on the evolution of £ and QD. Specifically,
the initial amounts recorded (at ¢+ = 0) of entanglement and quantum discord are
exclusively affected by the pureness p of the initial state (5). Below a certain value
of p, which is also contingent on the other parameters, the system is separable with
zero quantum discord, or may even be separable (Lar(p) = 0) but still contains
nonclassical correlations beyond entanglement (QD(p) # 0) (Fig. 4).



244 M. Oumennana et al.
A=03,B=15B,=1,p=09,7=001 A=03,B =15 B,=1,p=09~=001
1.0 T T T T T T T
— D.=0 08 — D.=0
0.8+
| DX 0. o6k — D,=08 |
< 06F Vb, =Ws1
= S o4}
QOA, ‘ — D,=4 |
0.0 0.0=
0 10 20 30 40 0 10 20 30 40

t

Fig. 3 L (left) and QD (right) versus time ¢ for different values of the DM interaction strength
D, wheny =0.01,B; =15,B,=1,A=03and p =0.9

0.8F
0.8 —y=1 — y=1
0.6l — y=01 061 — y=01
=
< - a S
3 oal 7 =0.01 S o4l y = 0.01
— ~v=0 — ~=0
02f 02F
0.0 L L L L L ‘7 0.0 L L L L L \7
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

A=03,B=15B,=1,D.=05,t=10

P

A=03,B,=15B,=1,D.=05t=10

p

Fig. 4 L (left) and QD (right) versus the degree of purity p for different values of the ID rate
ywhenA=03,B=15,By=1,D,=05and ¢t = 10

References

1. M. Oumennana, E. Chaouki, M. Mansour, The intrinsic decoherence effects on nonclassical
correlations in a dipole-dipole two-spin system with Dzyaloshinsky-Moriya interaction. Int. J.
Theor. Phys. 62(1), 10 (2022). https://doi.org/10.1007/s10773-021-04991-0

2. G.J. Milburn, Intrinsic decoherence in quantum mechanics. Phys. Rev. A 44(9), 5401 (1991).
https://doi.org/10.1103/PhysRevA.44.5401

3. Z. Dahbi, M. Oumennana, M. Mansour, Intrinsic decoherence effects on correlated coherence
and quantum discord in XXZ Heisenberg model. Opt. Quant. Electron. 55(5), 412 (2023).
https://doi.org/10.1007/s11082-023-04635-y

4. E. Chaouki, Z. Dahbi, M. Mansour, Dynamics of quantum correlations in a quantum dot system
with intrinsic decoherence effects. Int. J. Mod. Phys. B 36(22), 2250141 (2022). https://doi.org/
10.1142/S0217979222501417


https://doi.org/10.1007/s10773-021-04991-0
https://doi.org/10.1007/s10773-021-04991-0
https://doi.org/10.1007/s10773-021-04991-0
https://doi.org/10.1007/s10773-021-04991-0
https://doi.org/10.1007/s10773-021-04991-0
https://doi.org/10.1007/s10773-021-04991-0
https://doi.org/10.1007/s10773-021-04991-0
https://doi.org/10.1007/s10773-021-04991-0
https://doi.org/10.1007/s10773-021-04991-0
https://doi.org/10.1103/PhysRevA.44.5401
https://doi.org/10.1103/PhysRevA.44.5401
https://doi.org/10.1103/PhysRevA.44.5401
https://doi.org/10.1103/PhysRevA.44.5401
https://doi.org/10.1103/PhysRevA.44.5401
https://doi.org/10.1103/PhysRevA.44.5401
https://doi.org/10.1103/PhysRevA.44.5401
https://doi.org/10.1103/PhysRevA.44.5401
https://doi.org/10.1007/s11082-023-04635-y
https://doi.org/10.1007/s11082-023-04635-y
https://doi.org/10.1007/s11082-023-04635-y
https://doi.org/10.1007/s11082-023-04635-y
https://doi.org/10.1007/s11082-023-04635-y
https://doi.org/10.1007/s11082-023-04635-y
https://doi.org/10.1007/s11082-023-04635-y
https://doi.org/10.1007/s11082-023-04635-y
https://doi.org/10.1007/s11082-023-04635-y
https://doi.org/10.1142/S0217979222501417
https://doi.org/10.1142/S0217979222501417
https://doi.org/10.1142/S0217979222501417
https://doi.org/10.1142/S0217979222501417
https://doi.org/10.1142/S0217979222501417
https://doi.org/10.1142/S0217979222501417

Dipolar-Coupled Two Spin System with DM Interaction Under ID 245

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Coherence and Non-classical )
Correlations within a Graphene Layer <
System Subjected to Intrinsic

Decoherence

Zakaria Bouafia () and Mostafa Mansour

1 Introduction

Two-dimensional graphene, formed of carbon atoms in a hexagonal lattice within
a single layer [1], showcases extraordinary characteristics that make it ideal for
various captivating applications [2]. Its enormous future potential as a nanoelec-
tronic device makes it an exceedingly captivating material for future-generation
technologies. Furthermore, its honeycomb lattice structure presents numerous
appealing magnetic phenomena, including intrinsic ferromagnetism. Graphene’s
extended spin relaxation time makes it an appealing choice for applications involv-
ing spin qubits, as it enables more dependable storage and processing of quantum
information.

Quantum correlations and coherence are fundamental to insight into the essential
features of non-classical systems. From the early days of quantum mechanics to the
present, quantum resources have been the focus of investigation. In this sense, local
quantum uncertainty (LQU) is an appropriate way of quantifying these correlations.
On the other hand, the concepts of relative entropy and /{-norm are valuable for
exploring the quantum coherence properties of non-classical systems.

In this research, we examine the dynamic evolution of LQU and coherence in
a two-dimensional graphene and how they are affected by intrinsic decoherence
effect.

Z. Bouafia (><) - M. Mansour
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2 Two-Dimensional Graphene Layer System

Within the two-dimensional graphene, the unit cell comprises two separate sublat-
tices referred to as A and B locations (refer to Fig. 1).

Both A and B function like a pseudospin system, in which each location can
adopt an ascending or descending spin. The Fermi area of a half-filled honeycomb
lattice features a pair of points in the first Brillouin zone, defined as K and K’. The
Hamiltonian describing this system is given by the effective-mass approximation
(3,4]

H = Bt (6 ® Dy + 8y ® Tk ], (1)

where ng (ley) are wavenumber operators, § = fivr with vp represents the Fermi
velocity, and T = %1 denotes the valley index. We employ the decoherence model
of Milburn to account for intrinsic decoherence. By employing this model, we can
obtain the explicit formula of the evolved quantum state of the graphene system

pi =Y exp (—V{(Ej — Ex)? —i(Ej — Ek)r> x (w1 0" =lug) uj) (url, (2)
J.k

where y is the intrinsic decoherence rate, |u; x) are the eigenstates of H with their
corresponding eigenvalues E x, and p’ =0 is the system’s state at r = 0. We initially
prepare the graphene system in a state called extended-Werner-like (EWL), which
is given by

=0 _l1—p=s . 6 .6
=P L4p) @] with W) =cos(3)100) +sin(;) (1), (3)

where ﬁ4 is the identity matrix, the mixing parameter p with 0 < p < 1, and
0<6<m.
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Fig. 1 (a) Structure of two-dimensional graphene made up of atoms of carbon. (b) Dirac points
sites on a single cell
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3  Quantum Metrics

3.1 Measures of Quantum Coherence

The /;-norm of coherence (C,(p)) and the relative entropy of coherence (Cy, (p))
are used to assess the extent of quantum coherence in the two-dimensional graphene
system. For a 2-qubits state p, the two measures C,(p) and Cj, (p) are expressed as

(5]

Cr(p) = H(paiag) — H(p), )
C(p) =Y Ipijl; (5)
i#]

where H (p) is defined by H(p) = —Tr(plog(p)), pdiag is the diagonal state of p,
and p; ; are the components of p.

3.2 LQU

To measure the quantities of non-classical correlations in the state (p), one uses
LQU represented here by U (p). The LQU for a given two-qubit state p is defined
as [6, 7]

U(p) = 1 —max (£21, §22, §23) , (6)

where §2;—1 2.3 represent the eigenvalues of the matrix )V, whose elements are
defined as follows

<W>ij ETr[ﬁ(ﬁAi®ﬁB>ﬁ<6Aj®ﬁ3)}, @)

where G4;,; denotes the Pauli matrices acting on the first subsystem A.

4 Results

We represent here the influence of various physical system parameters, including
the intrinsic decoherence (y ), the parameter of purity (p), and the graphene system
parameter (k1) on the temporal evolution of Cy, (p), C,(p) and U (p) in the graphene
layer system. We note that ky = Bk, and ko = Bky.

In Fig.2a—c, we explore how the time evolution of non-classical correlations
measured by LQU (U (p)) (Fig.2c) and quantum coherence captured by C;,(p)
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Fig. 2 Time evolution of Cy, (p), C,(p), and U (p) for various values of y (a)-(c), p (d)—(f), and
ki (2)-()

(Fig.2a) and C, (p) (Fig. 2b) impacted by the intrinsic decoherence rates (y). When
time (¢) progresses, the three metrics present damped oscillations. We show that the
amplitude of these oscillations decays with increasing the values of y and evolves
to a coherent steady state for Fig.2a, b and towards an uncorrelated steady state
for Fig. 2¢c. These results clearly show that intrinsic decoherence negatively affects
quantum resources in the graphene system.

Next, Fig. 2d—f reveals the dynamical of C; (p) (Fig.2d) and C,(p) (Fig.2e)
and U (p) (Fig.2f) versus p. From these figures, we observe that in the absence of
p, the graphene state is described as separable and incoherent across time. This
result highlights the crucial role of p in introducing quantum resources in our
studied system. The amplitude of our quantum metric rises as p increases. When
t approaches infinity, we show that Cj, (o) and C,(p) reach a non-zero steady value
with a damped oscillation pattern, while U (p) attain a constant value near to zero.

Finally, to delve deeper into the dynamic behavior of quantum resources
concerning k1, we have illustrated the impact of varying k1 on Cy, (p), Cr(p), and
U(p) in Fig. 2g-i. We can show from these figures that the oscillations in C;, (p)
(Fig.2g) and C,(p) (Fig.2h) vanish as k; increases and evolve towards a non-
zero stable value. On the other hand, at k; > 3 in (Fig. 2i), U (p) rapidly goes to
zero. Consequently, diminishing k| produces a stronger positive effect on quantum
coherence than on quantum correlations.
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