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Area-Bound Conjecture for Rotating AdS Black Holes
HREERESCT FH I V—T KPR

Abstract We introduce novel thermodynamic conjectures for stationary, axisymmetric, and
asymptotically anti-de Sitter (AdS) black holes. Our conjectures establish relationships among mass,
angular momentum, horizon area, and thermodynamic volume. These relationships offer an intricate
understanding of black hole thermodynamics and the interplay between geometry and rotational
properties.

© 2025 Department of Physics, Kyoto University

In the thermodynamics of black holes in asymptotically anti-de Sitter (AdS) spacetimes, the pressure and
thermodynamic volume are introduced to ensure the consistency between the first law of thermodynamics and the
Smarr formula. The framework incorporating these quantities is known as the extended black hole
thermodynamics [1,2]. A notable property among the fundamental quantities in extended black hole
thermodynamics is the Reverse Isoperimetric Inequality (RIl)—an inequality between the area and the
thermodynamic volume—which was proposed by Cvetic and collaborators in 2011 [2]. The RII states that the area
of any black hole is less than or equal to that of a Schwarzschild-AdS black hole possessing the same
thermodynamic volume. Although no rigorous mathematical proof of this inequality has been established, it has
been verified to hold in a wide variety of spacetimes.

In this work, we propose a stronger conjecture, the stronger Refined Reverse Isoperimetric Inequality
(stronger RRII) [3], which strengthens the original RII by taking into account the effect of angular momentum.
The precise statement of the stronger RRII is that the area of any black hole is less than or equal to that of a
Kerr-AdS black hole with the same mass, angular momentum, and thermodynamic volume. The refinement of the
RII by the angular momentum is analogous to that of the Penrose inequality, in which an upper bound on the area
of black holes in asymptotically flat spacetimes is refined with the angular momentum.

To test our new conjecture, we examined it across a broad range of spacetimes in various dimensions,
encompassing all the examples previously used to verify the original RIl, such as Kerr-Newman-AdS black holes.
We found that the stronger RRII held true in all these cases. However, the scope of its applicability is restricted,;
for instance, it does not apply in situations where no Kerr-AdS black hole with the same mass, angular momentum,
and thermodynamic volume exists.

Motivated by this limitation, we propose a second conjecture, which—while weaker than the stronger
RRII—is still stronger than the original RII. Referred to here as the “weaker RRII,” this relation has a wider range
of applicability. In particular, it can be applied even when no Kerr-AdS black hole exists with the same mass,
angular momentum, and thermodynamic volume. We verify the weaker RRII in settings beyond the reach of the
strong RRII, such as thin black ring spacetimes in five or higher dimensions, and show analytically that the
weaker RRII holds in these cases. Furthermore, because the weaker RRII is more computationally efficient, we
can test it for a broader set of parameters, thereby lending additional support to the conjecture.
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Application of the non-equilibrium Green function method to
induced fission reactions

R BRI TEeE AR R

Abstract

We formulate induced fission reactions using the non-equilibrium Green function method. Based on this
formalism, we analyze the degrees of freedom of fission channels microscopically. In addition, we
introduce the novel efficient method of calculating the Green function applying the shift-invert Lanczos
method.

© 2025 Department of Physics, Kyoto University

Nuclear fission is a process in which a heavy nucleus splits into two smaller nuclei. Fission plays an important
role in many fields, and an accurate and reliable theoretical calculation of nuclear fission is needed. However, its
microscopic theory is not well established. This is because fission is not only a large-amplitude motion, which is
difficult to treat theoretically, but also causes complex interactions between collective and single-particle motions.
To establish a microscopic theory of induced fission reactions, we have developed a novel approach to induced
fission based on the non-equilibrium Green’s function (NEGF) method [1].

In this talk, we will first review the theoretical basis of our model. Then, we will analyze the fluctuation of
fission decay channels. Following the idea of Porter and Thomas, we will analyze the distribution of transmission
coefficients of fission channels [2]. Thereby, we will discuss the microscopic origin of the degrees of freedom in
fission channels. Then, we will propose a novel approach which considerably reduces the numerical cost of the
NEGF method. The main idea is that according to the distribution of fission width, fission channels can be
described by a small number of degrees of freedom, and if these essential parts are calculated efficiently, the
numerical costs of the NEGF method will be reduced. To achieve such efficient calculation, we will apply the
shift-invert Lanczos method and demonstrate its effectiveness [3].
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Phase-space structure of collisionless dark matter
halos from particle dynamics

KRIFEZAIEE WA

Abstract We investigate the phase-space structure of collisionless dark matter halos utilizing
cosmological N-body simulations. We classify particles by dynamical properties and find that their radial
distributions exhibit universal features regardless of whether the dark matter is cold or warm.

© 2025 Department of Physics, Kyoto University

Unveiling the nature of dark matter remains one of the greatest unsolved problems in modern physics. In the
current concordant model of our universe, the Lambda Cold Dark Matter model, dark matter consists of 80% of
matter component [1] and is indispensable to facilitating structure formation. While cold dark matter (CDM) is the
most plausible model in terms of observational facts, other dark matter candidates are still under consideration as
alternatives to CDM [2]. In this point, dark matter halos, which are gravitationally collapsed objects of dark matter,
play a key role in unveiling the nature of dark matter. In other words, a quantitative understanding of the structure
of dark matter halos is indispensable in testing dark matter models on small scales like halos.

However, our current theoretical understanding of the structure of halos is far from comprehensive. From
cosmological N-body simulations, the CDM halos exhibit universal features such as density profiles [3] and
pseudo-density profiles [4]. The physical origin of these universalities is not yet fully understood. Additionally,
CDM halos possess the characteristic multi-stream structure of the three-dimensional sheet-like CDM distribution
folded repeatedly within halos in six-dimensional phase space. Although this multi-stream region provides a clue
to understanding the origin of the universalities mentioned above, a quantitative explanation remains lacking due
to limited study.

In our study, we use cosmological N-body simulations to investigate the phase-space structure of the multi-stream
region in CDM halos. We first classify dark matter particles in simulations by the number of their apocenter
passages. Our analysis reveals that the radial density profiles of these classified particles follow a double
power-law behavior, with a slope of -1 in the central regions and -8 in the outskirts, irrespective of halo mass.
Comparing these density profiles with the spherically symmetric self-similar solutions having a stationary
accretion, we found that none of them describes our findings. Rather, the multi-stream regions of N-body halos
exhibit a broader angular momentum distribution than that of self-similar solutions.

We also conducted simulations for the warm dark matter (WDM) models with particle masses of 1 keV and 0.5
keV to explore the potential of distinguishing between dark matter models using this universal structure. Our
analyses confirmed the presence of the same universal structure within halos across all models, while systematic
differences in the amplitude and characteristic scales of density profiles were observed between cold and warm
dark matter models. By exploring the origin of the universality of the power-law behavior, we would obtain a
deeper understanding of the structure formation of halos. This will offer a framework for testing alternative dark
matter models through observations of the phase-space structure of stars in our galaxy or local galaxies.
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Abstract We develop a method to describe nuclei with finite spin, including odd-mass nuclei, by
imposing a time-reversal antisymmetric external field in density functional theory for superfluid systems.
This method is applied to calculate magnetic moments of odd-mass nuclei, radii of deformed halo nuclei,
and energy spectra of high-K isomers.

© 2025 Department of Physics, Kyoto University
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Abstract For a precise measurement of CP violation in the neutrino oscillation, it is essential to
understand the nuclear model which introduces a large uncertainty to the neutrino interaction. To reduce
the uncertainty, a multi-dimensional unfolding method with machine learning is applied to the

multi-differential cross-section measurement.
© 2025 Department of Physics, Kyoto University
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Fig.1 . The conceptual figure of the unfolding method with machine learning.
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Abstract Recently Kevin Costello and Owen Gwilliam gave a new mathematical formulation of quantum
field theories based on factorization algebras. Factorization algebra is a convenient concept to describe
the various kinds of quantum field theories. In particular, derived observable algebra is a class of
factorization algebras, and it represents perturbative quantum field theories.

We focus on the investigation of free scalar theories based on factorization algebras or derived
observable algebras. By using them, we can treat various physics concepts.
© 2025 Department of Physics, Kyoto University
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Formation of supermassive stars and
heavy seed black holes via cold accretion flow
into the atomic cooling halos

RIFEMIEE =4 IR

Abstract We study the formation of supermassive stars, promising candidates for supermassive black
hole progenitors, under the influence of cold accretion. We discover that cold accretion supplies gas to

the halo center, forming a dense gas disc where stars are born and grow into supermassive stars.
© 2025 Department of Physics, Kyoto University

Supermassive black holes (SMBHs), with masses of 106~?M,, are located at the center of most galaxies. Since
its discovery, the origin of SMBHSs has been a significant unresolved problem, as their mass is substantially larger
than that of other stars and compact objects. Recent discoveries of distant quasars at the redshift z =~ 10 highlight
the challenge of their rapid formation. Even under ideal conditions, the growth of remnant BHs from the “first stars’
with ~10173M, is insufficient to explain the rapid formation of SMBHs [1].

One promising candidate for SMBH progenitors is supermassive stars [2] with masses of ~10°Mg. The typical
star formation in the early universe is driven by H, molecular cooling at T =~ 103K. In the early universe,
supermassive stars are theoretically predicted to form in the Atomic Cooling Halos (ACHs, with masses of M}, =
107Mg) via Ly « cooling (radiative cooling through deexcitation of collisionally excited H atoms) at T = 10*K,
provided that H, molecular cooling is inhibited. After forming, supermassive stars collapse directly into BHs of ~
10°M, Which can grow into SMBHs within the time limit. A key challenge lies in understanding how to inhibit
H, molecular cooling.

Cold accretion [3] refers to the phenomenon where gas accretes from outside the halo and funnels into the
central region without being disturbed by the rarefied gas near the virial radius, provided that radiative
cooling is sufficiently efficient. It occurs in mature galaxies with My, S 101'Mg. It is proposed that cold
accretion could occur in the ACHs [4], potentially facilitating supermassive star formation [5]. However, further
investigation has been limited, leaving the overall picture of this supermassive star formation unclear. Most
importantly, the mechanisms of cold accretion in the early universe had remained unclear. A subsequent study
argued that cold accretion did not occur in the ACHs [6].

First, we investigate the emergence of cold accretion in the early universe using an analytical model and
cosmological hydrodynamical simulations [7]. We find that cold accretion emerges in ACHs via efficient Ly a
cooling. The analytical model consistently interprets our simulation results with previous studies.

Next, we study star formation following the emergence of cold accretion, focusing on the potential formation of
supermassive stars [8]. We use the same cosmological simulations with additional modules of radiative feedback of
stars and ray tracing. We discover that multiple supermassive stars form shortly after the emergence of cold
accretion. Cold accretion supplies gas to the halo center, forming a dense, compact gas disc where stars form. This
disc efficiently transports gas to its center, feeding stars and enabling their growth into supermassive stars. Our
results also suggest that the remnant BHs of supermassive stars grow efficiently, providing favorable conditions for
SMBH formation.
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Abstract We investigate classical chaos in string dynamics on near-pp-wave backgrounds derived from
the AdSs X S5 space-time. By revisiting ansatz assumptions, we compute Poincaré sections and
Lyapunov exponents, confirming chaotic motion. This study links quantum chaos in ' = 4 SU(N)
super Yang-Mills theory to classical string dynamics.
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Abstract Gravitational waves exhibit the unique signature of their spin-2 nature in processes of wave
scattering, due to the interaction between spin and a background spacetime. Since the spin effect is more
pronounced for longer wavelengths and gravitational waves sourced by binaries have a long wavelength,
it may become an important effect in addition to the wave effect. We study the propagation of
gravitational waves lensed by a Kerr black hole by analytically solving the equations of the spinoptics
formalism and numerically solving the Teukolsky equation with a source term of the equal-mass circular
binary. We derive an analytical expression for the polarization-induced correction in the amplification
factor and find helicity-dependent small-period oscillation in the power spectrum of the amplification
factor in the forward direction and the oscillation is enhanced as spin of a prograde Kerr black hole
increases.
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Gravitational waves can serve as powerful tools for cosmology and astrophysics. One of them is the lensing of
gravitational waves. The wavelengths of gravitational waves originating from binary systems are exceptionally
long. One of the primary targets for the gravitational wave detector LISA, which is particularly sensitive to long
wavelengths, is gravitational waves emitted by massive black hole binary. The wavelengths of these gravitational
waves can be comparable to or exceed the curvature radius of spacetime distortions caused by small-scale halos or
supermassive black holes. When the wavelength is larger than the background spacetime curvature radius, wave
effects such as diffraction become prominent. These effects are advantageous for extracting information about the
mass distribution of lensing objects. Since LISA is planned to be launched within several decades, research
concentrating on wave properties has been actively pursued in recent years. Many studies focusing on wave
properties investigate the propagation of gravitational waves by treating them as scalar waves and neglecting
polarization. However, it is known that the influence of polarization on the propagation of gravitational waves
becomes more pronounced as the wavelength becomes long, and thus this effect may also be observable. If this
effect is detected, new information about lensing objects can be obtained. For example, if the lensing object is
rotating, the influence of polarization causes a difference in the propagation of right-handed and left-handed
gravitational waves. By observing this difference, information regarding the rotation of the lensing object can be
acquired.

In this talk, we study the effect of polarization in the gravitational lensing of gravitational waves. As the first
step, we examined the impact of polarization on gravitational waves with wavelengths short enough that wave
effects can be neglected, using the spin-optics formalism. Through this approach, we derived analytical
expressions for the changes in amplification rates and time delays associated with polarization-induced
modifications in propagation. Subsequently, we conducted numerical simulations to explore the influence of
polarization on gravitational waves with long wavelengths, where wave properties are significant, using the
Teukolsky formalism. This formalism enables the simultaneous consideration of both polarization and wave
effects in our analysis. Our results revealed helicity-dependent oscillations in the amplification factor within the
frequency domain, which reflect the spacetime structure of strong gravitational fields near black holes.
Furthermore, we demonstrated that the amplification of gravitational waves lensed by black holes rotating in the
same direction as the circular polarization is greater than that in the opposite direction.
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Abstract In high-intensity proton accelerators like J-PARC MR, chromaticity and transverse feedback
optimization are crucial for beam stability. This study analyzed the transverse decoherence and
recoherence of proton bunches, revealing that space-charge effects influence recoherence periods but not
maximum frequency. Simulations validated these findings, incorporating direct/indirect space-charge
effects and impedance sources.
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Stable operation of high intensity proton beams has become more essential in high-energy physics research.
Japan Proton Accelerator Research Complex Main Ring (J-PARC MR) produces neutrino beams and is the most
important component for the T2K experiment and the future Hyper-Kamiokande experiment, the neutrino
oscillation experiments. High beam power and stable operation of J-PARC MR contributes to increase the
statistics and to improve the accuracy of measurements of neutrino oscillation parameters.

In order to achieve stable operation of the proton beam at a higher intensity, it is necessary to suppress the
transverse beam instability more strongly, and at J-PARC, this is being addressed using chromaticity and digital
feedback dampers. Enlarging chromaticity is a standard method for suppressing beam instability, but the
higher-order, high-frequency head-tail modes could be excited by impedance, making digital feedback difficult. In
order to establish the optimal adjustment method, it is necessary to deepen our understanding of the complex
mechanisms that combine the effects of chromaticity, impedance, and space charge that cause beam instability.

We explored the effects of direct and indirect space charge effects on

the head-tail modes through chromaticity in a parameter region where § iég g
beam instability does not exist. During this measurement, we 2. 80 e
discovered that the modulation of the intra-bunch frequency injected é’ 60 =
with a transverse mismatch had a peculiar periodicity in. In order to S 40|
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charge effects from a fundamental perspective. Furthermore, the
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Fig. 1. Transverse frequency component
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effects of the head-tail modes, chromaticity, and space charge effects.

The measurement results in Fig.1(a) and the calculation results in Fig.
1(b) for the transverse frequency component of the dipole moment in

the bunch are in good agreement. We also examine the dependence of
the modulation period and maximum intra-bunch frequency on the . )
.. . . . of the dipole moment in the bunch for the
beam parameters (chromaticity and beam intensity) that characterize o
. . chromaticity -12.5. (a) Measurement at
this modulation phenomenon. ) i
the beam intensity 8.6<10'> proton per
bunch. (b) Simulation at the beam

intensity 4.2 X 10'2 proton per bunch.
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Holographic studies on semi—-classical saddles
in three-dimensional gravity

R0 RY/b I SIS S VA R el S I (<1

Abstract The semi-classical saddles in three-dimensional gravity are discussed via holography. By using
concrete models of AdSs/CFT, and dSs/CFT,, we determine the relevant saddles in the bulk from CFT
calculations. In the gravity side, the mini-superspace model is utilized to discuss the integration contour
that reproduces the CFT results.
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Coarse-graining black holes out of equilibrium with
boundary observables on time slice
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Abstract The formulation of black hole thermodynamics is one of the important subjects to understand
the unknown microscopic theory of gravity. In this study, we give a proposal for the coarse-gained
entropy of dynamical black holes, based on the AdS/CFT correspondence.
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Abstract The light clusters such as d, t, *He, and o form in the infinite nuclear matter and the ground
state of nuclei according to recent studies. The cluster fractions depend on the density and the isospin
asymmetry of the nuclear matter, but the nature and the mechanism of clustering are poorly understood.
We focused on the mirror t and *He clusters in %42 4%4Ca which are the flagship nuclei of nuclear
physics. We measured the (p, pX) reactions to survey the clusters in Ca isotopes at RCNP, Osaka
University. We analyzed the data using the reaction theory based on the distorted wave impulse
approximation. In this presentation, we will report the details of the experiments and the results of the
analysis.
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Exploring the gamma-ray burst relativistic jet by
very high energy gamma-ray observations
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Abstract Relativistic jet produced in gamma-ray burst is believed to possess a slow component in
addition to a fast component. The existence of the slow component is investigated utilizing very high
energy gamma-ray observations of energetic gamma-ray bursts.
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Exploring the gamma-ray burst relativistic jet by
very high energy gamma-ray observations
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Abstract Relativistic jet produced in gamma-ray burst is believed to possess a slow component in
addition to a fast component. The existence of the slow component is investigated utilizing very high
energy gamma-ray observations of energetic gamma-ray bursts.
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Abstract Polarization angle calibration is a crucial step in the Cosmic Microwave Background (CMB)
polarization observation. We have developed a calibration system for Simons Observatory, which uses a
sparse wire grid as an artificial light source. In this presentation, we report the initial results of the
polarization calibration using the commissioning data.
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Fig. 1. The demonstration of the calibration of the antenna orientation. Small Aperture
Telescopes (SATs) have seven wafers in each focal plane [left]. And the calibrated
angle has the good agreement with the wafer-printed (”design”) angle [right].
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High-Energy Fixed-Angle Meson Scattering
in Holographic QCD

EE PRI GERT - KL T-m 7 /L — 7 Bartosz Pyszkowski

Abstract We study high-energy fixed-angle meson scattering in a holographic QCD model. To this end,
we generalise the approach [1] to write an ansatz for meson amplitudes based on superstring amplitudes
in asymptotically AdS space. Our results are consistent with the Nambu—Goldstone boson equivalence
theorem and the constituent counting rule.
© 2025 Department of Physics, Kyoto University

The early days of string theory can be traced back to 1968 when Veneziano first wrote down a cross-symmetric,
Regge-behaved amplitude meant to describe 2-to-2 scattering of low-lying mesons [2]. The cross-symmetric
property of strong interactions suggested that the s- and t-channels of meson amplitudes should be equivalent.
Moreover, in the Regge regime, where s is large and t is fixed, the meson amplitudes were required to be A ~ s,
Both requirements were captured by the Veneziano formula:

[(—a(s)) T(—a(t)) (1)

Al = T —aw)

where a(s) and a(z) denote linear functions of s and t.

However, the Veneziano formula did not succeed to describe mesons, in part due to experiments conducted at
the SLAC National Accelerator Laboratory through the late 1960s and early 1970s, which investigated proton-
and neutron-electron scattering at large s and t with their ratio fixed (i.e. in the high-energy fixed-angle regime).
These experiments found that the differential cross sections for these processes exhibited power-law scaling with s,
now expected to be captured by the so-called constituent counting rules. In contrast, the Veneziano formula in this
regime predicted exponentially soft behaviour in s.

Today, with the aid of holography, we can reconsider whether string scattering can give rise to power-law
scaling with s in the high-energy fixed-angle regime. An early breakthrough in this direction came from
Polchinski and Strassler [1], who put forward a proposal based on a Virasoro—Shapiro-like amplitude formulated
in hard-wall AdS space that appears to recover the leading-order scaling with s for n-point scalar glueball
amplitudes in agreement with the constituent counting rule. In our recent work [3], we generalise their approach to
propose that, in the context of a bottom-up holographic model, the high-energy fixed-angle limit of an n-meson
amplitude A, can be obtained from an n-superstring amplitude in a five-dimensional asymptotically AdS space,
as given by the equation below (for details, see my presentation):

A (KD,¢0) = / duwy=g < S, (17,17 ITv ). @
: =1

In [3], we demonstrated that our generalisation of [1] is necessary to describe vector and axial vector meson
scattering consistently with the Nambu—Goldstone boson equivalence theorem. Our results for pion, vector and
axial vector meson amplitudes also agree with the constituent counting rule.
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Development of Machine Learning Algorithms for
the Search for Proton Decay in the Super-Kamiokande
Experiment and Search for the Decay
160(ppp) — 13CT wte”

High Energy Physics Laboratory Jiahui Feng

Abstract This study implements convolutional neural networks to search for proton decay in Super-Kamiokande,
specifically targeting the decay channel 160 (ppp) — 13CmTne™. By applying a modified MobileNetV3 archi-
tecture with attention mechanisms, the analysis yields a proton lifetime limit of 4.2 x 1032 years.

© 2025 Department of Physics, Kyoto University

Proton decay is a key prediction of grand unified theories (GUTs) that attempt to unify the fundamental forces
of nature. Observing proton decay would provide crucial evidence for physics beyond the Standard Model and offer
insights into the unification of electromagnetic, weak, and strong interactions. However, proton decay searches are
inherently challenging, particularly due to the rarity of such events and the complexity of the resulting signals.

This study focuses on the search for proton decay in the Super-Kamiokande experiment, specifically targeting
the decay channel:

160 (ppp) — 13Crtnte”

The selected decay mode involves multi-pion final states, which introduce significant challenges due to the final
state interactions (FSI) of pions in water. These interactions often distort the observable signals, complicating the
reconstruction of decay events. FSI processes, including absorption, charge exchange, and scattering interactions
within the nuclear medium, can significantly modify the pion kinematics and resulting Cherenkov ring patterns.
Atmospheric neutrinos also pose a significant background, requiring precise modeling through Monte Carlo simu-
lations to accurately estimate their contribution.

To tackle these challenges, we employ a modified MobileNetV3 Large architecture with integrated Squeeze-
and-Excitation (SE) attention mechanisms and Bottleneck structures. This architecture is particularly effective in
enhancing the identification of key features in Cherenkov ring recognition. The CNN models are trained using sim-
ulated data from five distinct Super-Kamiokande operational periods and evaluated with unseen datasets to ensure
their robustness and generalization capability.

Monte Carlo simulations are used to model both the atmospheric neutrino background and the proton decay
signals. Key observables, such as event energy, the number of Cherenkov rings, and the identification of Michel
electrons from muon decay, are reconstructed to aid in the classification process. A comprehensive analysis of sys-
tematic uncertainties, including those arising from FSI and atmospheric neutrino interactions, has been incorporated
into the sensitivity estimates.

After analyzing data with a cumulative exposure of 0.37 megaton-years, we observed only one candidate event,
consistent with the expected background of 1.81+0.67 events. The results constrain the proton lifetime for this decay
channel to 4.2 x 1032 years at 90% confidence level, exceeding previous limits by six orders of magnitude. This
study not only demonstrates the effectiveness of deep learning techniques in rare event searches but also provides a
foundation for future applications of machine learning in high-energy physics experiments.
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Development of a Combined Pre—supernova Neutrino
Alarm and a Search of Scalar Non-standard
Interactions in Atmospheric Neutrinos at Super-
Kamiokande

BT L X — YRR s HU ZHUOJUN

Abstract We present two studies in neutrino physics: utilizing neutrinos from a massive star approaching
core-collapse supernova as an alarm, and searching for non-standard interactions between neutrinos and

fermions both coupled to a hypothetical boson at Super-Kamiokande.
© 2025 Department of Physics, Kyoto University

Neutrinos are unique tools to advance our understanding of the universe because of the
mysteries about whether or not their oscillations violate CP symmetry, the origin of their
masses, and their ability to convey information inaccessible through other messengers. We
present two studies in neutrino physics, including development of a combined pre—supernova
(pre—SN) neutrino alarm and a search of scalar non—standard interactions (SNSI) in atmospheric
neutrinos at Super—Kamiokande (SK).

Development of a Combined Pre—supernova Neutrino Alarm: Pre-SN neutrinos are produced in
the interior of a massive star which will soon become a supernova (SN). As the star approaches

the end of its life, various physics processes, including pair-production and beta decay
produce an increasing number of pre—SN neutrinos of all flavors characterized by mounting
energies [1]. They can be used as an alarm of the imminent SN, allowing for preparation of
observations with gravitational waves and neutrinos from the burst itself, which can reveal
the underlying mechanism of SN and black—hole formation. We developed and put into operation
a combined pre—SN neutrino alarm [2] utilizing the KamLAND detector and the SK detector. This
alarm integrates observed pre—SN candidate events and expected background levels from the two
detectors to obtain a false alarm rate, accounting for the look—elsewhere effect due to the
unknown timing of a SN explosion. Fully leveraging the complementary properties of these two
detectors, the combined alarm is expected to resolve a pre—SN neutrino signal from a 15 Mo
star within 510 parsecs of the Earth, at a significance level corresponding to a false alarm
rate of no more than 1 per century. For a Betelgeuse—like model with optimistic parameters,
it can provide early warnings up to 12 hours in advance

Search for Scalar Non—Standard Interactions in Neutrinos at SK: The effects of SNSI appears
as a perturbation of absolute neutrino masses, and can thus directly modify the neutrino mass
matrix. SNSI can fake CP violation in accelerator neutrino experiments such as T2K and Hyper-—

Kamiokande, causing a deterioration in the sensitivities of CP measurements [3]. Compared to
accelerator neutrinos, atmospheric neutrinos at SK passing through the core of the earth are
more sensitive to SNSI, because the size of the effect scales linearly with the number density
of fermions. Moreover, the density variation across the Earth can help identify SNSI
unambiguously, because one set of neutrino mass matrix with SNSI cannot be redefined as an
effective mass matrix as it can for constant density matter. We search for SNSI in data taken
from the SK-I and SK-IV periods using a precision reconstruction tool “fiTQun” . For the SK-
I period, we re—calibrated the photomultiplier response in the detector simulation to improve
the data—Monte Carlo consistency, enabling future studies with an additional 91.7 kton-year
exposure of data, an increase of 36%. We present the result of the search and future prospects
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Abstract Modified recombination models have recently been studied as potential candidates for resolving
the Hubble tension. This study demonstrates that the Hubble tension can be further alleviated by
incorporating the spectral running of primordial scalar perturbations or by modifying the visibility
function to extend the models.

© 2025 Department of Physics, Kyoto University
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Controlling method of gamma rays by vibrating nuclear resonant absorber
and measuring method for study of quantum applications

EH IR IUE R

Abstract We developed a coherent control of the gamma rays by the vibrating nuclear resonant absorber
and a method allowing post-measurement analysis for measuring the frequency-modulated gamma-ray
waveform. This method can be applied to future studies involving X-ray quantum optics.
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The recoilless nuclear resonant scattering, known as the Mdossbauer effect and developed into spectroscopy,
extends the concepts of quantum optics into the range of X-rays or gamma rays with an extremely narrow
bandwidth [1-4]. For example, the natural linewidth of the first excited state of >’Fe is 4.6 neV, which corresponds
to a linewidth-to-transition-energy ratio of approximately 1013 for the 14.4 keV transition. X-ray quantum optics
has advanced rapidly with the emergence of remarkable X-ray sources such as synchrotron radiation and X-ray
free electron lasers. X-ray quantum optics is attractive because these photons with wavelengths in the
sub-nanometer range have several advantages over visible or infrared light which are primarily applied in
quantum optics. However, there are still many challenges to controlling X-rays or gamma rays besides the source
limitation. The technique of the vibrating absorber including the Mdssbauer nuclide is one efficient method for
controlling X-rays or gamma rays [1].

We developed a controlling method of the gamma rays using the vibrated nuclear resonant absorber. This
technique utilizes the frequency modulation of gamma rays, and the frequency-modulated gamma rays can be
represented as a superposition of spectral components equally spaced by the vibrational frequency centered at the
carrier frequency of the gamma rays. The intensity of these components depends on the vibrational amplitude.
Since the wavelength of the gamma rays in the 10 to 100 keV range is on the order of sub-nanometers, it is
necessary to control the vibrational amplitude in the sub-nanometer scale to achieve the desired sideband
intensities. Furthermore, efficient control of gamma rays requires high-frequency vibration with minimal
amplitude variance in the nuclei within the sample.

It was confirmed that the nuclei in the stainless-steel foil glued on the PVDF film vibrated with almost zero
amplitude variance in 100 um diameter region by the 5’Fe synchrotron Mdssbauer spectroscopy with X-ray
focusing optics. Therefore, focused synchrotron radiation can make it possible to control the gamma rays without
the influence of the variance of the vibrational amplitude.

Moreover, a method was developed that allows post-measurement analysis by recording all relevant
information such as photon detection and the external parameters for future studies involving X-ray quantum
optics. This method was applied to demonstrate the transformation of the exponentially decaying gamma-ray
waveform into the pulse train with the radioactive source. The results successfully confirmed that the phase of the
gamma-ray pulse train shifted with respect to the initial phase of the vibrating absorber. By recording all relevant
data from the detected photon, experimental results under different conditions could be obtained without the need
to repeat similar experiments.

The method of coherent control of gamma rays using frequency modulation and the experimental technique
developed in this work can be applied to future studies of X-ray quantum optics using synchrotron radiation or
X-ray free electron lasers. This work is expected to accelerate the progress of X-ray quantum optics and quantum
technology applications involving photons with the energy of 10 to 100 keV.
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Abstract R-parity violating supersymmetry (RPV SUSY) is a promising extension of the standard model
of particle physics but remains underexplored. This study develops machine learning-based methods for
the inclusive RPV SUSY search in multijet events and demonstrates their effectiveness.
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Fig. 1. Examples of diagrams covered in the study. The red lines in the diagrams indicate SUSY particles and the
blue vertices show the RPV interaction. The diagrams surrounded by red lines will be covered for the first time.
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Study of chaos in quantum mechanics and classical mechanics
by complexity

= VAR LD V-G SURI TN

Abstract Chaos is ubiquitous, yet still not fully understood. We first propose a novel bound on energy
dependence of the Lyapunov exponent. We also reveal in billiard systems that the variance of the Lanczos
coefficients, which is used to compute the Krylov complexity, reflects the chaoticity of the system.

© 2025 Department of Physics, Kyoto University

Since its discovery in deterministic classical mechanics, chaos has been studied in various fields, including not
only classical mechanics but also more fundamental quantum mechanics. However, compared to classical chaos,
the concept of quantum chaos remains obscure, and various characterizations are still being investigated. One of
them, the out-of-time-order correlator (OTOC), has attracted attention as a measure of the quantum counterpart of
sensitive dependence on the initial condition in classical chaotic systems [1]. In addition to this, Krylov
complexity has recently been proposed [2] as a more direct quantity to quantify the complexity of operators and
quantum states, and its relationship with chaoticity has been studied. We focus on these quantities and investigate
their relationship to the chaotic nature of quantum and classical systems.

In our work [3], focusing on the convergence of OTOC for finite temperature systems, we conjecture that there
is an upper bound on the energy dependence of the Lyapunov exponent, a measure of sensitive dependence on the
initial condition of the system. Specifically, the conjecture states that the Lyapunov exponent grows no faster than
linearly in the total energy in the high-energy region. This bound is expected to apply to fairly general
Hamiltonian systems. We confirm that it is satisfied in concrete examples and discuss that it is consistent with the
chaos bound by Maldacena, Shenker and Stanford in the limit of large degrees of freedom.

Also, in our work [4], we study the characterization of quantum chaos using Krylov complexity with concrete
chaotic systems. We begin with the stadium billiard as a typical example of the quantum mechanical system
obtained by quantizing a classically chaotic system, and numerically evaluate Krylov complexity for operators
and states. Despite no exponential growth of the Krylov complexity, we find a clear correlation between variances
of Lanczos coefficients and classical Lyapunov exponents, and also a correlation with the statistical distribution of
adjacent spacings of the quantum energy levels. This shows that the variances of Lanczos coefficients can be a
measure of quantum chaos. The universality of the result is supported by our similar analysis of Sinai billiards.
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