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Abstract

The accurate modeling of non-oscillated reactor antineutrino energy spectrum is a funda-
mental requirement for high precision neutrino oscillation experiments as JUNO, whose
first aim is to the determine the neutrino mass ordering. The summation method, one of
the primary tools for predicting such spectrum thanks to its modeling of the spectrum
fine structure, is known to be affected by systematic uncertainties, culminating in the
so-called 5 MeV bump. A dominant source of discrepancy is the Pandemonium effect, an
experimental bias coming from incomplete nuclear decay data measured with High Pu-
rity Germanium (HPGe) gamma ray detectors, leading to mis-predictions of the spectral
shape, with a systematic underestimation of the low energy part. While Total Absorption
Gamma-ray Spectroscopy (TAGS) measurements provide the necessary corrections, they

are available for only a limited number of fission fragments.

This thesis presents a machine learning framework and methodology designed to study
and correct the Pandemonium effect. A dataset was constructed, comprehensive of 52
isotopes with available TAGS measuremnts and 52 SAFE isotopes for which HPGe data
is considered reliable. Various supervised regression models were trained to predict the
target normalized spectra shape (TAGS when available or HPGe for SAFE isotopes) using

only nuclear properties and features derived from the HPGe data.

Four distinct models were developed and compared: two multitask Gaussian Process
models — an Intrinsic Coregionalization Model (ICM) and a Linear Model of Coregion-
alization (LCM) — and two Artificial Neural Networks (a shallow and a deep one). The
ICM model was identified as the best performing one, both on the single isotopes spectral
shapes and on the summed spectrum of reference actinides (**U and #8U). A mitigation

of Pandemonium effect is indeed obtained.

This work establishes that data-driven approaches can provide robust and generalizable
corrections to the summation method, and moreover highlights the impressive role they
can play in the world of physics research. A valuable direction is offered by this method-
ology for the reduction of systematic discrepancies. The application of analogous or

different data-driven techniques seems therefore an important possibility for physics, not
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to be overlooked in future years. It is very important however to keep in mind the intrinsic
statistical structure of this framework. The predictions obtained with this methodology
must be regarded as complementary tools to future experimental efforts, rather than a

definitive substitute for them.

Keywords: Reactor Antineutrino Spectrum, Pandemonium Effect, Summation Method,

Machine Learning, Gaussian Processes, Nuclear Data, JUNO Experiment.
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Abstract in lingua italiana

La modellazione accurata dello spettro non oscillato degli antineutrini da reattore ¢ un
requisito fondamentale per esperimenti di oscillazione dei neutrini ad alta precisione come
JUNO, il cui primo obiettivo & determinare I’ordinamento delle masse dei neutrini. E
noto che il summation method, uno degli strumenti principali per prevedere tale spettro
grazie alla sua modellazione della struttura fine dello spettro, é influenzato da incertezze
sistematiche, che culminano nel cosiddetto 5 MeV bump. Una fonte dominante di dis-
crepanza € l'effetto Pandemonio, un bias sperimentale derivante da dati incompleti sul
decadimento nucleare misurati con rivelatori di raggi gamma al germanio ad alta purezza
(HPGe), che porta a previsioni errate della forma spettrale, con una sottostima sistemat-
ica della parte a bassa energia. Sebbene le misurazioni della spettroscopia di raggi gamma
ad assorbimento totale (TAGS) forniscano le correzioni necessarie, sono disponibili solo
per un numero limitato di frammenti di fissione. Questa tesi presenta un framework e una
metodologia di apprendimento automatico progettati per studiare e correggere l'effetto
Pandemonio. E stato costruito un set di dati completo di 52 isotopi con misure TAGS
disponibili e 52 isotopi SAFE per i quali i dati HPGe sono considerati affidabili. Sono stati
addestrati vari modelli di regressione supervisionata per prevedere la forma normalizzata
degli spettri target (TAGS quando disponibile o HPGe per gli isotopi SAFE) utilizzando
solo proprieta e caratteristiche nucleari derivate dai dati HPGe. Sono stati sviluppati e
confrontati quattro modelli distinti: due modelli basati su processi gaussiani multitasking
— un modello di coregionalizzazione intrinseca (ICM) e un modello lineare di coregionaliz-
zazione (LCM) — e due reti neurali artificiali (una superficiale e una profonda). Il modello
ICM ¢ stato identificato come quello pitt performante, sia sulle forme spettrali dei singoli
isotopi che sullo spettro sommato degli attinidi di riferimento (2°U e 2%U). Si ottiene
infatti una effettiva mitigazione dell’effetto Pandemonio. Questo lavoro dimostra che gli
approcci basati sui dati possono fornire correzioni robuste e generalizzabili al metodo di
sommatoria e sottolinea inoltre il ruolo impressionante che possono svolgere nel mondo
della ricerca fisica. Questa metodologia offre una direzione preziosa per la riduzione delle
discrepanze sistematiche. L’applicazione di tecniche analoghe o meno, basate sui dati,

sembra quindi un’importante possibilita per la fisica, da non trascurare negli anni futuri.



E molto importante tuttavia tenere presente la struttura intrinsecamente statistica di
questi modelli. Le previsioni ottenute devono essere considerate strumenti complementari

ai futuri sforzi sperimentali, piuttosto che un loro sostituto definitivo.

Parole chiave: Spettro di Antineutrini da Reattore, Effetto Pandemonio, Summation

Method, Apprendimento Automatico, Processi Gaussiani, Dati Nucleari, Esperimento

JUNO.
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1 ‘ The Elusive Neutrinos

Neutrinos are elementary particles of the Standard Model of Particle Physics. They have
always played an important role in expanding our knowledge of Nature, and they still
do. In 1930, they were rst introduced by Wolfgang Pauli [1] to resolve the apparent
violation of energy and momentum conservation in beta decays. In the following years,
Enrico Fermi [2] incorporated them into his theory of weak interactions, establishing their
role in many nuclear processes.

Their elusive nature was already clear: a neutrino is a neutral leptérthat interacts only
weakly. Their mass was too small to be experimentally measured at the time and was
hence initially assumed to be zero. Detecting such particles was a signi cant challenge,
as they leave no electromagnetic track.

From that moment on, many experiments were set up to reveal their existence [3], with
con rmation only coming in the second half of the twentieth century. The electron an-
tineutrino was rst detected in 1956 by Reines and Cowan [4]. Around the same period,
major developments in particle physics had revealed the existence of negatively charged
leptons other than the familiar electron: the muon [5] and the tau [6]. Each charged
lepton was expected to have an associated neutrino, giving rise to the concept of leptonic
avors: e, , and . The muon neutrino was discovered in 1962 by Lederman, Schwartz,
and Steinberger [7], and the tau neutrino in 2000 by the DONUT experiment at Fermilab
[8]. Meanwhile, an unexpected phenomenon was observed: in 1968, Ray Davis measured
a solar neutrino ux corresponding to only one-third of the Solar Standard Model pre-
diction [9]. This discrepancy marked the beginning of decades of research that led to
the discovery of neutrino avor oscillations, providing undeniable evidence that neutrinos
have a non-zero mass [10].

The study of neutrinos is now one of the most active elds in particle physics. Fundamen-
tal questions regarding mass ordering, the Dirac or Majorana nature, the absolute mass
scale, and CP violation still remain open.

ILeptons are fermions not interacting with the strong nuclear force.
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1.1. Neutrinos in the Standard Model

The Standard Model of Particle Physics [11] is a quantum eld theory describing funda-
mental particles and their interactions, based on th&U(3)c SU(2). U(1)y gauge
symmetry group, whereC, L, and Y respectively represent color charge, left-handed chi-
rality, and hypercharge. The relevance of symmetry groups was rst proposed by Yang
and Mills in 1954 [12], and is detailed in standard textbooks [11, 13 15].

These gauge symmetries determine which interactions are allowed, the number of asso-
ciated gauge bosons, particle multiplets, and - critically for neutrinos - why they appear
massless in the original formulation of the Standard Model.

SU(3)c describes rotations in a three-dimensional color space and governs strong inter-
actions. Quarks exist in three colors, represented as a triplet:

0 1

o
%Cbg ; (1.1)

G

wherer, g, b denote red, green, and blue. Each is a Dirac spinor.
SU(2). describes rotations in a two-dimensional space and acts only on left-handed com-
ponents of fermions. Fermions form weak isospin doublets:

0 1

BS (1.2)
o

whereu, and d, are the left-handed Dirac spinors representing the positive and negative
isospin projections of quarks or neutrino charged lepton pairs. Only left-handed fermions
participate in weak interactions [16].

Both SU(3)c and SU(2), are non-abelian groups. This means they do not satisfy the com-
mutative property. As a consequence, the associated gauge bosons posses self-interacting
properties. U(1)y is a one-dimensional abelian group associated with hypercharge. Unlike
non-abelian groups, its gauge boson does not self-interact, similarly to QED [17].

In the SM, there are eight gluons mediating strong interactions, and four gauge bosons
mediating electroweak interactionsW?, W2, W3 from SU(2), and B from U(1)y. Linear
combinations ofW! and W? generateW , responsible for charged-current (CC) interac-
tions, which maximally violate parity and hence have a V-A structure. Mixing ofV/3 and

B through the Weinberg angle  producesZ® and , respectively mediating neutral-
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current (NC) and electromagnetic (EM) interactions. Conversely to CC interactions, NC
and EM interaction do not posses the chiral character, as a consequence of Wienberg
mixing. W and Z° acquire mass via the Higgs mechanism, while the photon remains
massless.

Neutrinos are massless chiral fermions in the SM: left-handed neutrinos form weak dou-
blets with their charged leptons, while right-handed neutrinos are absent. This prevents
a Dirac mass term for neutrinos in the Higgs Lagrangian. For all other fermions indeed a
Dirac mass term is prescribed and justi ed with the Yukawa coupling to the Higgs eld.

A schematic overview of the particles of the original SM is shown in Fig. 1.1.

Figure 1.1: Schematic representation of the elementary particles described in the original
Standard Model of Particle Physics and their fundamental properties. They are subdi-
vided in: quarks (in purple), leptons (in green) and gauge bosons (in red). The Higgs
boson (in yellow) is the particle associated to the Higgs eld, responsible for the mass
acquisition mechanism of the SM.

The discovery of neutrino oscillations showed that this description is incomplete. The
rst evidence came from the solar neutrino experiment by Ray Davis in 1968 [9]. The
Solar Standard Model (SSM) predicted a ux of 6 10%cm 2s !, dominated (> 90%

by proton-proton (pp) nuclear fusion reactions (endpoint at 0.42 MeV), with smaller
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contributions from ’B at 0.86 MeV and others, as shown in Fig.1.2. Even the pplll chain

Figure 1.2: Main nuclear fusion reactions contributing to the solar neutrino ux. The
gure is taken from [3].

(endpoint at 15 MeV), contributing only 0.1% of the spectrum, was crucial for Davis's
experiment, which counted®’Ar atoms produced in a 615-ton tank ofC,Cl, via:

o+ 3Clt ¥Ar + e

The observed rate was only about one-third of the expected value, initiating the solar
neutrino problem. Following experiments, including GALLEX [18] (Gran Sasso, lItaly)
and SAGE [19] (Baksan, Russia), used radiochemical techniques with gallium targets to
detect pp neutrinos. Water Cherenkov detectors, such as Kamiokande [20] and Super-
Kamiokande [10], allowed detection of MeV energy neutrinos via Cherenkov radiation. The
detectors enabled the reconstruction of their energy and direction, con rming the solar
origin of neutrinos (Fig. 1.3). The total observed ux, interpreted as  interactions only,
remained lower than the SSM prediction. Either the Solar Standard Model was wrong,
or some phenomenon was being neglected. The solution was provided by the Sudbury
Neutrino Observatory (SNO) [21, 22], which used 1000 tons of heavy wat& 4O). Both
charged-current (CC) and neutral-current (NC) interactions could be observed:

" D! e pp(CQ),
T D1 «np (NC),

with x = e; ; . While only , contributes to CC, all avors contribute to NC. Electrons
from CC are detected via Cherenkov rings, and neutrons from NC can be captured, pro-
ducing photons that generate Cherenkov radiation. In the nal phase®He proportional
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Figure 1.3: Image of the Sun obtained from a 500-day Super-Kamiokande run. The gure
is taken from [3].

counters were used to independently count NC events. SNO found

(e
(%)

indicating that electron neutrinos transform into other avors on their path from the
Sun. The total ux matched the SSM predictions, solving the solar neutrino problem
without modifying the SSM. Neutrino avor oscillations are possible only if the mass
eigenstates (free solutions of the Dirac equation) and the avor eigenstates (involved
in the electroweak interaction Lagrangian) of neutrinos do not coincide. Conversely, the

=0:340 0:038(stat. + syst.);

avor eigenstates (.; ; ) must arise from the mixing of the mass eigenstatesy( »; 3)
through the lepton mixing matrix:
0 1 0 1

%} E = Upmns % zg; (1.3)

3

where Upyns IS @ 3x3 unitary matrix, named after Pontecorvo, Maki, Nakagawa and
Sakata [23, 24].
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1.2. Neutrino Flavor Oscillations

As previously stated, neutrinos the Standard Model assumes that neutrinos exist in three
- light - avors, namely ., and , respectively associated to a charged lepton: the
electrone, muon andtau . The phenomenon of neutrino oscillation suggests that these
neutrino avors, which are the ones involved in the electroweak interaction Lagrangian,
do not correspond to the neutrino mass eigenstates, which instead are the free-particle
solution of the Dirac equation.

The mass eigenstates acquire mass through a still unknown mechanism. At this point, it
is worth to introduce the distinction between Dirac and Majorana [25] particles. Dirac
particles are the usual solutions of the Dirac equation. In vacuum, the Dirac equation
has four independent solutions, associated to two distinct degrees of freedom: spin (up
or down) and energy (particle and antiparticle). For usual fermions, such as quarks and
charged leptons, this is the only possible case, since these particles carry a distinctive
gquantum numbers, as the electric charge. In fact, a fermion and an antifermion can be
distinguished by the sign of their electric charge. For instance an electron has negative
electric charge, while a positron - the electron antiparticle - has positive electric charge.
For neutrinos, which have no electric charge, another possibility arises. The work of Ettore
Majorana [25] highlighted the possibility that such particles could be at the same time the
particle and the antiparticle. This is fully possible within the Dirac theory of fermions.
To this day this is one of the most interesting, and still open, problems in physics. Many
experiments are currently searching for a characteristic signal that would con rm the
Majorana hypothesis: neutrino-less double decay [26]. This is a very rare phenomenon
which is possible only if neutrinos have Majorana nature. Its detection would have huge
repercussion in the world of physics. In the hypothesis that they are Dirac particles, the
mass term in the Dirac Lagrangian must have the form:

Lpo=m(rcL*+ L R); (1.4)

hence the neutrino eld must exist with both chiralities, as it happens for all other
fermions. However, this seems to be a rather unsatisfactory theoretical claim, founded on
the assumption of the existence of right-handed neutrinos (and left-handed antineutrinos),
which are coupled to no gauge eld in the SM (sterile), hence with no process able to
produce them. On the other hand, the Majorana hypothesis opens to possible mass acqui-
sition mechanisms which are di erent from the usual Yukawa coupling. An example is the
seesaw mechanism [27], where an apriori unde ned number of sterile heavy neutrinos can
be introduced to explain why the mass of the three light neutrinos is so small. Indepen-
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dently from these questions, it is important to pay attention to the fact that if a neutrino
of some avor can oscillate into some other avor, the conservation of the avor lepton
numbersLe; L ;L is clearly not anymore valid. If one considers neutrinos to be Dirac
particles, there will be a quantum number carried by, and which is conserved by
the interactions. This could, for example, be the total lepton numbet+ L + L . If
instead neutrinos turn out to be Majorana particles, lepton number conservation would
be violated anyway. In the following subsections, a brief theoretical introduction to the
oscillation phenomenon is presented, initially restricted to a two avor framework, and
then extended to three avors. This choice has been made in the interest of simplicity,
but also because, as it will be explained, there are contexts in which neutrino oscillations
can be approximately treated as if they were only involving two avors. Moreover, no
degeneracy between mass eigenstates is assumed.

1.2.1. Two- avor Oscillations

Considering a two avor scenario (suppose for the moment they arg, ) and two mass
( 1, »2) eigenstates, the avor eigenstates can be written as a function of a single real

mixing angle as: 0 1 0 10 1
Cos  sin 1
o K=o Ko 'k (L5)
sin  cos 5
Then, for instance, if a . is produced at timet = 0 and positionx = 0, the space time

evolution of this quantum state will be determined by the mixing of the corresponding
mass eigenstates:

j ()i =jaiicose "Bt Pr¥)y i igine (B2t P2X). (1.6)

where the exponential dependence comes from the fact that the neutrino mass eigenstates
are free solutions of the Dirac equation. Moreover,(x = 0;t =0) = , as a boundary
condition. The interest is in computing:

P(e! )=1ih j @i (1.7)

meaning the probability that electron neutrino produced at time t = 0, oscillates into a
muon neutrino after some time t. Considering the ultra-relativistic limit (UR):

m? m?2
E. .+ E + ’
i B i 2E,

7 (1.8)
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and along with:
m; << E q; (2.9)
m, << E »; (1.10)

the two eigenstates have approximately the same ener§y (detected energy) and same
momentump . Hence, it is possible to write:

m3 m3
= + —< .
Er B+ Eo B+ o2 (1.112)
such that: X ) X
m m m
E=E, E,= 22E 1= 55 (1.12)

where the mass appears only as a UR correction. Since:
h j= sin hy+cos hyj; (1.13)
the scalar product of interest, takes the form:
h j (t)i = sin cose Ei+sin cose 2=sin cos e' B 1 ; (1.14)
leading to:

P(e! )=jsin cos e!' Bt 1 j2=

(1.15)
= jsin cos 2i sin% j2 = sin?(2 ) sin? %

Expressing E = ?’"2 and realizing that for a UR patrticle in natural units,L  t, one
can write:

m?2L
] =sin? in? X 11
P(e ) =sin<“(2 )sin AE ; (1.16)
which can also be written in practical units as:
, _ m2(eV?)L (km)
! = sin? 2 1 1.17
P(e ) =sin“(2 )sin® 127 E (Gev) ( )

In order to have oscillation (mixing) the two masses must be di erent. It is possible to
identify two overall quantities:

" sin?(2 ) as the oscillation amplitude

-~ 2 . .
It L as the oscillation phase
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Figure 1.4: Example of neutrino oscillations in the two- avour scheme. The dashed lines
show the average oscillation probabilities. The gure is taken from [28].

A too small or too large phase makes the measurement of the oscillation parameters
(; m) very dicult. The so-called sensitivity to a given mass splitting j m?j of an
experiment is the value of m?j for which:

m2L m? L 1GeV

' 127 L 11
4E leV? 1km E (1.18)

In this way, it is possible to classify di erent neutrino oscillation experiments based on
the average value of.=E, which determines their sensitivity in terms of m?2. It is also
useful to de ne the quantity:

2E
which is also depending on the sign of m2. In this way, the probability P( ¢ ! ) is
maximal forL  nL .
Clearly, one can also write the survival probability of the neutrino, in our case:
P(e! =1 P(! ): (1.20)

The disappearance and survival probability in the two avor scenario are shown in
Fig. 1.4. Experiments that search for neutrinos with a avor di erent from the avor of
the initial neutrino beam are calledappearanceexperiments. Experiments that measure
the possible depletion of the initial neutrino beam are calledisappearanceexperiments
[3].

An appearance experiment is basically sensitive to a given oscillation channel!
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with 6 , while a disappearance experiment is sensitive to transitions to all possible
di erent neutrino species, or to pure disappearance. This statement is true also in a three
avor scenario.

The determination of the parameters of neutrino oscillations has been one of the priorities
of research during the recent years.

1.2.2. Three- avor Oscillations

Assuming three weak eigenstates and three mass eigenstates, the mixing can be modeled,
using the 30 3 unitary matrix introduced before, the Pontecorvo Maki Nakagawa Sakata

(PMNS) matrix: 0 1 0 10 1

e Uel Ue2 Ue3 1
%E:%leuz Ugggzg: (1.21)

Ul U2 U3 3

Taking into account the relations imposed by unitarity and the fact that several phases
can be absorbed in the de nition of the elds (if the neutrinos are Dirac fermions) there
are only three real parameters usually chosen as the mixing angles 13; »3 and a single
complex phase written in the forme cr .

The mixing phase cp is used to measure the degree GfP violation in neutrino oscilla-
tions. Very interestingly, if CP is violated in the neutrino sector, as well as what is already
known in the quark sector, there could be an explanation for the matter-antimatter asym-
metry observed in the universe; indeed the degree at whi€P is violated in the SM is
still not enough to agree with experimental data.

The PMNS matrix can be decomposed as the product o3 matrices:

0 10 10 1
1 0 0 COS 13 0 sin ge 'cp CoS 1 sSin 1, O
%O COS 23 sin 23§ % 0 1 0 E % sin 12 COS 12 OE
0 sin 53 COS 23 sin 13€ ¢ 0 COS 13 0 0 1
From this decomposition, if ;3 is very small, both the . ! and ! can be
described as approximate two- avor oscillations, with parameters;;, m3, and that 3,
ms3,.

An important prediction is the so-calledmass sum rule establishing that:

m3,  m3+ mi=0: (1.22)
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It is useful to briey summarize the current experimental sensitivities to the neutrino
oscillation parameters. Di erent experiments probe di erent aspects of the three- avor
oscillation framework, as summarized in Table 1.1.

Table 1.1: Sensitivity of the main neutrino experiments to oscillation parameters.

Category Examples Main parameters

Solar SNO [21, 22], Super-Kamiokande [10] 12, m3;

Accelerator  T2K [29], NOVA [30] 23, ) M3, hints on cp
Reactor Daya Bay [31], RENO [32] 13, contribution to j M3
Atmospheric IceCube/DeepCore [33] 23, Mass ordering

Taken together, these complementary sensitivities allow the global ts to provide a co-
herent picture of the three- avor oscillation parameters, while also highlighting remaining
unknowns such as the absolute mass scale and the precise value-pf

1.2.3. Oscillations in Matter

In previous subsections, it was assumed that neutrinos propagate in vacuum between the
source and the detector. Since neutrinos interact only weakly, it might seem that this
is always an excellent approximation. Nevertheless, the e ect of matter is very impor-
tant to account when considering solar neutrino data, indeed an important part of their
path to Earth is traveled inside the Sun [3]. Moreover, it must be taken into account
when considering very high precision measurements of the oscillation parameters, such
as the ones which are expected to be taken from the JUNO experiment [34 36]. In the
same way that light traveling through a transparent medium can have its refractive index
changed, so can a neutrino. In particular, such refractive index can be di erent fog and

. The di erence in refractive indices is determined by the di erence in the real parts
of the forward .e and e elastic scattering amplitudes. The essential point is that
the scattering can be coherent, with the spins and momenta of the particles remaining
unchanged. In this condition (for low energy incoherent scattering can be neglected), the
e ect will be proportional to the density of electrons in matter,n.. The scattering am-
plitude, instead, is proportional to Gg, so that a gure of merit for the e ect is given by
the product Ggne. The neutrino oscillations can be enhanced (or suppressed) whenever
neutrinos travel through matter. In fact, while all neutrino avors interact equally with
matter through neutral currents, charged-current interactions with matter are avor de-
pendent (at solar neutrino energies, basically only electron neutrinos can interact). This
is called the MSW e ect, as it comes from works by Lincoln Wolfenstein [37], Stanislav
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Mikheyev, and Alexei Smirnov [38]. Considering a constant density medium, the matter
e ect is translated, in a two- avor approximation, into a modi ed oscillation probability:

P(! ) =sin?@2 m)sinz(%F); (1.23)
where _
sin2 ) = SN2). (1.24)
S F
F= cos(2) II:_ +sin?(2 ); (1.25)
—_— 2 .
Le= —972 26, (1.26)

L, the electron neutrino interaction length, is positive for neutrinos, negative for antineu-
trinos. L , the neutrino oscillation length in vacuum, is, as de ned before. The values of
the mass eigenstates are also changed. The new eigenstates are given by:

L
MZ,= - mi+m3+ mz(L— F) : (1.27)
e

NI

WheneverL = L.cos(2) the amplitude of the oscillation is maximal -sin?(2 ) = 1.
Thus, for a given set of value§E ; ne), resonant oscillations are possible and the oscillation
probability may be strongly enhanced independently of the value ofin vacuum.

1.3. Neutrino Mass Ordering

Despite signi cant progress in neutrino physics, several properties remain unknown, in-
cluding the Dirac or Majorana nature, CP violation in the leptonic sector, and the neutrino
mass ordering (MO). Oscillation experiments are sensitive only to squared mass di er-
ences m;{, not absolute masses. While solar neutrino data x m3, > 0, the sign of
m3.2 is still unknown, leading to two possibilities: normal ordering (NO, m3; > 0)
and inverted ordering (10, m3, < 0). A representation of the neutrino mass ordering

possibilities is shown in Fig. 1.5.

Determining the MO requires precise measurements ofm3; and m3,, achievable via
long-baseline accelerator experiments (e.g., N@, DUNE), atmospheric neutrino ex-
periments (e.g., PINGU), and medium-baseline reactor experiments like JUNO. Matter
e ects create di erences in oscillation probabilities between neutrinos and antineutrinos,
enhancing sensitivity to MO in appearance channels, while JUNO can resolve the ordering

2 m3. stands for the mass splitting with the largest absolute value, thus m3; for NO, m3, for 0.
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Figure 1.5: Schematic illustration of the neutrino mass ordering. The gure is taken from
[36] and refers to non-updated oscillation parameters.

through high-precision spectral analysis of reactor antineutrinos [3, 30, 34]. In order to
provide a clear overview of the present knowledge on neutrino oscillations, the current
best- t values oscillation parameters, as reported by the Particle Data Group (PDG), are
summarized in Table 1.2.

Table 1.2: Current best-t values and uncertainties of neutrino oscillation parameters
(three- avor framework). Source: PDG [39].

Parameter Best- t value (NO) Best- t value (10)
- 750 0:19 750 0:19
%z 2:451 0:026 2:527 0:034
sin? 1, 0:307 0:012 Q307 0:012
sin® 13 0:0216 0:0006 00216 0:0006
SiN? 53 0:534%:915 0:537 0:020

cp 197 197
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2 ‘ The JUNO Experiment

The Jiangmen Underground Neutrino Observatory (JUNO) is a multi-purpose under-
ground liquid scintillator detector, proposed in 2008 to measure, as a priority, the neutrino
mass ordering with reactor antineutrinos (¢). Moreover, it will enable new measurements
of oscillation parameters with previously never achieved accuracy [35]. Its construction
in South China has been completed, with the beginning of data taking in august 2025.
The expected large volume of the JUNO detector, excellent energy resolution and vertex
reconstruction capability, o er also many opportunities to study other relevant topic to
neutrino and asto-particle physics. Indeed the JUNO detector can observe not only the re-
actor antineutrinos, but also neutrinos/antineutrinos from terrestrial and extra-terrestrial
sources, such as geoneutrinos, solar neutrinos, atmospheric neutrinos, supernova burst
neutrinos and di use supernova neutrino background [34]. The main goal of the JUNO
experiment is to reach a 3 signi cance on neutrino mass ordering in about 6-7 years of
data-taking. Recent studies on JUNO's sensitivity to oscillation parameters [40] shows
that the experiment will be able to estimate the m3,, m3,, sin® ;, parameters to a
precision of 0.26, 0.3%, and 0.%%, after 6 years of exposure, while reaching sub-percent
precision within the rst year of data taking.

2.1. Overview of Experimental Facilities

The JUNO detector is located at a baseline of about 52.5 km from the Taishan and
Yangjiang nuclear power plants (NPPs), that will provide the reactor antineutrino spec-
trum to be measured [34]. The baseline was chosen to optimize the MO determination
and to avoid cancellation of oscillation dephasing e ect, requiring the same distance be-
tween reactor cores and the detector. The detector is placed at the rst disappearance
maximum that is driven by m3; while measuring simultaneously the oscillation pattern
from both m%, and m3, [35].

Yangjiang NPP is composed of six cores of 2@Wy, of thermal power each. Every core is
2nd generation pressurized water reactor (PWR) CPR1000, a derivative of the Framatome
M310, with improvements on safety, design and refueling. Taishan NPP was expected to
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have 4 EPR reactor cores with a thermal power of 4.58Wy, each, however only two
of them have been completed yet. The total power is expected to be 26 B8V, when
JUNO begins data taking [34].

The high energy resolution required for the JUNO purposes, relies on the precise knowl-
edge of the non-oscillated antineutrino spectrum. The Taishan Antineutrino Observatory
(TAO) [41], a smaller, ton level, scintillator detector, will be placed at around 42 m
from one of the Taishan NPP cores with two main purposes:) provide a reference non-
oscillated spectrum for JUNO with sub-percent energy resolution to reduce the possible
model dependence in mass ordering determination, due to the antineutrino spectrum ne
structure; 2) provide a benchmark useful to validate current nuclear databases, exploiting
the comparison between the measurement and the prediction obtained with the summa-
tion method [42]. The theoretical prediction of the reactor antineutrino spectrum using
the summation method is the main topic of this thesis.

At a distance of 215 km, the Daya Bay complex is located, where spread over 1.1 km,
Daya Bay NPP, Ling Ao NPP, and Ling Ao-Il NPP are found, each with two cores of
2.9 GWy, [34].In 2018, Daya Bay provided the measurement of a reactor antineutrino
spectrum, allowing model-independent predictions of reactor antineutrino spectra [31]. A
schematic illustration of the location JUNO and TAO site is shown in Fig. 2.1.

Figure 2.1: Location of the JUNO and TAO experimental site. The main 20 kton LS

detector is indicated in blue [34], at a baseline of around 52.5 km from the Yangjiang
NPP and the Taishan NPP. The 2.8 ton TAO detector [41], indicated in red, is located

about 30 meters away from one of the Taishan reactor cores.
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Figure 2.2: Top: Expected oscillated antineutrino spectrum at JUNO without considering
detector e ect. The non-oscillated spectrum is also shown, in gray. Bottom:e survival
probability at a baseline of 52.5 km. The gure is taken from [36].

At JUNO's location, both a low- and high-frequency distortion of the antineutrino spec-
trum can be observed, respectively driven and modulated bym3,, sin® (2 1) and m%,
sin? (2 13). The e ect is shown in Fig. 2.2. JUNO will be the rst experiment to simul-
taneously observe neutrino oscillations from two di erent frequencies; moreover it will
be able to observe multiple oscillation cycles due to atmospheric mass splittingm3;.
The oscillated spectrum depends on the neutrino mass ordering, providing an important
sensitivity to discriminate between normal or inverted ordering.

2.2. The JUNO detector design

The JUNO detector is found in an underground laboratory under approximately 690 m
of rock, i.e. 1800 meters-water-equivalent (m.w.e.) and at an average baseline of 52.5 km
from the two nearest NPPs. It can be subdivided in three fundamental parts: the Central
Detector (CD), the Water Cherenkov Detector and the Top Tracker (TT).

The central detector consists of a 35.4 m diameter spherical acrylic vessel lled with 20
kton of scintillating liquid (LS) acting as a target. It is inserted in a cylindrical water
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Figure 2.3: A schematic view of the JUNO detector design.

pool, resulting in a shielding of the central detector with at least 2 m of water from every
direction, in order to remove the surrounding rock radioactivity. The acrylic vessel is sup-
ported by a stainless steel (SS) structure via Connecting Bars. The CD Photomultiplier
Tubes (PMTs) are installed on the inner surface of the SS structure. Cherenkov light
from cosmic muons, acting as a veto signal, is detected with PMTs in the water pool. On
top of the water pool, another muon detector - the Top Tracker - is placed to accurately
measure the muon tracks. The JUNO detector will be the largest liquid scintillator-based
detector in the World for the next decade [34].

This detector is designed to have an energy resolution 8= E(MeV). Previous
measurements such of reactor antineutrino spectra, as the one performed at Daya Bay,
achieved a spectral uncertaintypetween 1.5 and 7 MeV, it ranges from 199 at 3.5 MeV
to 6.7% at 7 MeV, and above 7 MeV it is larger than 1% [31]. The high resolution of
JUNO is required for the mass ordering determination, since it is expected to distinguish
hyper ne structure e ects present in the reactor antineutrino spectrum. A schematic view
of the JUNO detector is shown in Fig. 2.3. In order to reach the xed purposes of the
experiment, strict requirements have to be satis ed, including:

A

large number neutrino detection events to increase statistical signi cance,

high light yield from the LS to e ciently detect neutrino interactions, and achieve
high energy resolution,

control of the energy scale to enable resolution of the high frequency oscillations,

management and minimization of background signals in order to achieve an high
signal-to-noise ratioS=N,

careful analysis of systematic uncertainties to avoid possible overall biases in the
measurements.

In the following, these constraints are addressed with respect to the various sub-detector
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systems.

2.2.1. Central Detector

The JUNO Central Detector consists of a 20 kton liquid scintillator contained in a spherical
acrylic vessel with an inner diameter of 35.4 m and 120 mm wall thickness. The vessel
is supported by a stainless steel shell of 40.1 m diameter through 590 Connecting Bars,
which rests on 30 pairs of supporting legs anchored to the bottom of the water pool. The
shell structure and its bearing are called the Main Structure and is shown in Fig. 2.4. The

Figure 2.4: Scheme of the Central Detector (CD). The spherical Acrylic Vessel is supported
by 590 Connecting Bars, constituting a spherical SS structure. The shell structure sits on
a bearing consisting of 30 pairs of Supporting Legs made of stainless steel structures.

Main Structure hosts 17,612 20-inch PMTs and 25,600 3-inch PMTs pointing inward to
collect scintillation light, and 2,400 20-inch PMTs facing outward for the water Cherenkov
veto. The CD and the Water Cherenkov Detector are optically separated [35]. The acrylic,
produced with a dedicated clean process, achieves a transparency aboé @6water and

a radio-purity below 0.5 ppt U/Th, while the supporting nodes withstand loads above
100 t. The shell structure, reinforced with longitudinal and latitudinal beams, is able to
sustain a buoyant force of about 3000 t and is designed to resist earthquakes up to 46.5
Gal. Since the system is expected to operate reliably for 30 years, all surfaces must be kept
ultra-clean and LS-compatible to avoid radon contamination. A dedicated lling, over ow
and circulation system with 50 ni tanks stabilizes the liquid level and ensures continuous
puri cation. In addition, the main structure supports the front-end electronics, cabling,
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and an anti-geomagnetic eld coil to shield the PMTs from the Earth's magnetic eld and
preserve their performance [35].

2.2.2. \eto Detectors

The veto system of JUNO is composed by the Water Cherenkov Detector (WCD) and the
Top Tracker (TT), working together to suppress backgrounds due to natural radioactivity
and cosmic muons. The WCD is a 43.5 m diameter, 44 m high cylinder containing 35 kton
of ultrapure water and instrumented with 2,400 20-inch Microchannel Plate (MCP) PMTs
mounted on the Main stainless-steel Structure. Tyvek re ective foils are employed to
enhance light collection, while the water provides a strong passive shielding against gamma
radiation from the surrounding rock. A sophisticated puri cation system, producing 100
t/h at the surface and circulating underground, maintains water purity and a stable
temperature of (21 1 °C) around the acrylic vessel, compensating for the approximately
260 KW heat load from electronics. Radon contamination, initially at 10 Bg/r#, is reduced

to below 0.2 Bg/m?® with a multi-stage degassing membrane system, enhanced by nitrogen
micro-bubbles, achieving levels of 10 mBg/ms3. Additional protection is ensured by a 5
mm HDPE liner on the pool walls and a gas-tight cover placed 1 m above the water surface,
lled with high-purity nitrogen under slight overpressure to prevent radon penetration
[35]. Muon detection is optimized through the combined action of WCD and TT. The
WCD achieves a tagging e ciency of 99.%, with a local trigger logic that minimizes
noise while maintaining an high e ciency. The TT, which is made of plastic scintillator
strips reused from the OPERA experiment [43], covers the detector in three horizontal
layers with overlapping modules, reaching an e ciency of (98.@ 0.5)% per module and

a median angular resolution of 0.2 Its geometry ensures e ective vetoing of muons
entering through the chimney region, complementing the WCD coverage. Together, the
two systems provide a well-reconstructed muon sample with >90 purity, crucial for
cosmogenic background rejection and calibration. Finally, to counter the geomagnetic
eld, which would otherwise reduce PMT e ciency by up to 60%, a system of 32 circular
coils surrounds the detector. This reduces the residual eld to <0.05 G in the Central
Detector PMT region and <0.1 G in the WCD, ensuring optimal performance of both
veto systems over the 30-year JUNO lifetime [35].

2.2.3. JUNO Liquid Scintillator

The JUNO liquid scintillator (LS) is composed of puri ed Linear Alkyl Benzene (LAB)
with 2.5 g/L of 2,5-diphenyloxazole (PPO) and 3 mg/L 1,4-bis(2-methylstyryl)benzene
(bis-MSB). It is optimized for both high light yield and long optical attenuation length.
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The impurities of PPO and bis-MSB act as waveshitfers in the scintillator. Reactor and
solar neutrino experiments generally demand a very low radioactive background; for this
reason, a dedicated puri cation chain including alumina lItration, vacuum distillation,
water extraction and gas stripping has been built to reduce the U/Th contamination at
a level of 10 ¥ 10 7 g/g. Radon and airborne impurities are suppressed through a
tight sealing of all the system, which is also electro-chemically polished and constantly
blanketed with high-purity nitrogen. All the strategies are able to guarantee that JUNO
will maintain the optical performance required by the experiment, while minimizing back-
grounds, therefore meeting the stringent sensitivity goals of the experiment [35].

2.3. IBD Reaction and Detection

The reactor antineutrinos will be detected by JUNO through the inverse beta decay (IBD)
reaction on protons in the LS, as shown in Fig. 2.5.
The electron antineutrino ( ¢) interacts with a proton (p) in the LS, creating a positron

Figure 2.5: Feynman diagram of the inverse beta decay reaction on protons.

(e") and a neutron (n). The positron retains almost all of the antineutrino energy, and
quickly deposits it inside the LS. After thermalization, the positron annihilates with a
surrounding electron, and two 0.511 MeV gamma rays are produced. The nal result
Is a prompt signal proportional to the sum of the positron kinetic energyl.- and the
1.022 MeV annihilation energy. The positron emission is almost isotropic, with a small
preference for the backward direction [44]. On the other hand, the neutron retains most
of the antineutrino momentum, resulting in a recoil direction parallel to the antineutrino
incidence. The neutron then thermalizes in the scintillator, and is absorbed by a free
proton or by a carbon nucleus, respectively with an approximate 9®or 1% probability.
Subsequently there is the emission a 2.22 MeV or 4.95 MeV gamma ray, respectively,
giving rise to a delayed signal. The time interval between the prompt and delayed signal is
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Figure 2.6: Schematic illustration of the IBD kinematics. The time-charge diagram is not
in scale. The gure is taken from [36].

approximately 200 s. The detection of IBD events in JUNO relies on the time coincidence
between the prompt signal from the positron and the delayed signal from the neutron
capture, allowing a clear identi cation of reactor antineutrinos over background signals.
A scheme summarizing the reaction kinematics is proposed in Fig. 2.6.

Using the IBD reaction the electron antineutrino energy is then:

E.' Te +Th+ ppt Me; (2.1)
whereTe: and T, are the positron and neutron Kinetic energies, ,p, = m, m, =1:293
MeV is the mass di erence between neutron and proton, ande- is the positron mass. The
neutron recoil energy goes from 0 to some tens of keV, thus is often neglected with respect
to the MeV scale energy transferred to the positron. In thisecoil-lessapproximation, the

IBD kinematic threshold results to be at around 1.8 MeV for the .

Accounting for the deposition of the annihilation energy, the energy depositél, in the
LS per interaction is given by:

Ewp' E 0:782MeV: (2.2)

e

The latter quantity is assumed to be fully absorbed by the detector, in fact, less thar?d

of the IBD events is a ected by energy losses due to escaping secondary particle generated
either by Compton scattering or by pair production. Before the detection, the oscillation

of the reactor antineutrino spectrum must be accounted. The survival probability of
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electron antineutrinos is given by':

P(e! o=1 siP2 pc;si? 5 siP2 3 &sin? g+ 85,8 5 (2.3)
2 . . .
wherec; cos;;s; sinj and ;  —=i-. The expression highlights the de-

pendence of the survival probability on the solar and reactor mixing angles, as well as
the squared mass di erences, while,; and the CP-violating phase cp do not a ect it.
Finally, the positron spectrum measured by the JUNO detector is directly linked to the
oscillated antineutrino spectrum, shifted in energy and weighted by the IBD di erential
cross-sectiondgT(E ., Ccos ), which has a dependence both on the neutrino energy and
on the scattering angle. In this kind of experiments, where IBD is used to detect electron
antineutrinos, the . disappearance channel is the only one accessible at MeV energies.

Higher energy channels producing muons or taus are indeed kinematically forbidden.

!Note that, as a consequence of th€P T theorem: P( ¢! )= P( ¢! ).
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3 ‘ Reactor Antineutrino
Spectrum

An accurate description of the electron antineutrino (¢) ux emitted by nuclear reac-
tors is fundamental for the JUNO experiment. The non-oscillated antineutrino spectrum
propagates for about 52.5 km, undergoes avor oscillation following Eq. 2.3, to be then
measured by the JUNO detector, where the IBD cross section and the detector response
will determine the nal positron spectrum. High accuracy is required in the latter to
investigate the neutrino mass ordering. Clearly, such accuracy will be a ected by our
knowledge of the non-oscillated reactor neutrino spectrum.

In particular, JUNO measures the convolution of the antineutrino signals coming from
8 di erent reactors. Therefore, a common non-oscillated spectrum is required in order
to perform the t on the oscillation parameters. From the modeling point of view, this
requires to predict the spectrum of each reactor, and then evaluate their sum. The problem
Is that, as it will be presented in Sec. 3.3, models present various bias.

For this reason, the TAO [41] detector will be placed at around 40 m from one of the
Taishan NPP nuclear reactors to measure with unprecedented energy resolution the non-
oscillated . spectrum. However TAO has some limitations. The reactor antineutrino
spectrum indeed depends on the operation conditions of the reactor itself, that is the
actinide ssion fractions. These are di erent from reactor to reactor.

In this context, computational tools play a relevant role in predicting the reactor antineu-
trino spectra. After validation with experimental measurements, like the one of Daya Bay
[31] and TAO [41], such tools can be used to compute the spectra of interest relying only
on the reactors operational data. [45]. It will be possible then to apply this approach to
the second Taishan core and the six units of the Yangjiang plant, where near detectors
are not available. In this sense, the high-resolution data from TAO would serve as a
benchmark for the accuracy of nuclear databases.

This thesis deals with this last point. The question is how is it possible to improve reactor
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antineutrino spectrum modeling, focusing in particular on the summation method, pre-
sented in Sec. 3.2. A positive answer to this question would be of fundamental importance
not noly in the context of the JUNO experiment, but also for future ones. The valida-
tion of nuclear databases can provide ready to use models for the prediction of reactor
antineutrino spectra, without the need of a near detector such as TAO.

3.1. Antineutrino Production in Nuclear Reactor Cores

Taishan and Yangjang NPPs host multiple pressurized water reactors (PWRSs), a commer-
cial reactor technology based on thermal ssion induced by neutrons. The ssion chain
reaction takes place when in the overall neutronic balance of the reactor, the number of
neutrons lost in absorption, ssion and leakage is balanced by the number of neutrons
emitted as a consequence of ssion itself. At the beginning of the operational life of the
fuel, the core is largely made of uranium dioxide (U£), enriched in?*U with concentra-
tions that can range from 2 to 5 w%b. In this phase, the ssion chain reaction is sustained
only by uranium isotopes present in the core, nameB?°U and 22®U. When irradiation
time increases, neutron captures by uranium isotopes and their subsequent radioactive
decays progressively produce transuranic isotopes in the reactor core. In particuf3?Pu
and ?*1Pu start to get involved in the chain of thermal neutron-induced ssions as well.
The byproduct of ssion are neutron-rich nuclei called ssion fragments, that undergo a
sequence of decays to reach stability. In  decay, a neutron transforms into a proton,
with the emission of two leptons, an electron and an antineutrino:

n' p+e + g (3.1)

An average of about six electron antineutrinos per ssion is emitted consequently [45]. As
explained above, in commercial PWRs the antineutrino ux is mainly due to the decay
of the ssion products of four key actinides:?®U, 238U, 2*°Pu and ?*'Pu; these nuclides
account for around the 9% of the thermal power and of the total antineutrino ux
relevant to JUNO, namely above the 1.8 MeV threshold [35] (see Sec. 2.3). Antineutrinos
are also emitted, in small amounts, after the decay of activated nuclei, following
neutron irradiation of the fuel and/or the structural materials inside the reactor core [42].
Moreover, spent fuel stored in near reactor facilities is also responsible for the emission of
a small percentage of the total antineutrino ux. A schematic illustration of  decay is
shown in Fig. 3.1 In the following, decay will be simply referred to as decay.
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Figure 3.1: lllustration of  decay in nuclei.

3.2. Summation Method

Up to now, the reactor antineutrino spectral modeling has been based on two main
approaches: the conversion method and the summation, ab initio, method. These
computational approaches are both subject to limitations coming from uncertainties and
incompleteness of the nuclear input data. This translates into mismatches with the exper-
imental observations, manifested not only in the overall predicted ux, but also from the
spectral shape point of view. In the context of the JUNO-TAO measurements, charac-
terized by their extraordinary energy resolution, the summation method stands out as it
preserves the so-called ne structure of the antineutrino spectrum, otherwise inaccessible
to the conversion method [45].

Moreover, the summation method enables to treat each isotope in the reactor as a distinct
contribute to the overall spectrum, allowing the identi cation of critical nuclides in the
theoretical prediction. For these reason, this thesis concentrates on the use and correction
of the summation method, a review of which is presented in this section.

The summation method is rst de ned to compute the reactor total spectrum and con-
sists in summing the spectraSy(E) of all the beta emitters within the reactor itself.
More speci cally, these are the ssion fragments p produced by the ssion process of any
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of the four actinides k considered above?°U, 238U, 239py and 2'Pu:

X
St (E;t) = AE(I)Sp(E): (3.2)
kip

where AX(t) is the activity of the p" ssion fragment due to k™ actinide at irradiation
time t and E is the electron kinetic energy. The activities of the ssion fragments can
be estimated using their cumulative ssion yieldsy'rj. This is an approximate treatment,
founded on the assumption that all isotopes in the reactor are at equilibrium. There exist
non-equilibrium models whose aim is to correct for this approximation when its validity
fades. In this way, Eq. 3.2 becomes:

X X X
Sa(Ei)= fi) VESHE) = fu(®Sk(Est); (3.3)
k p k

wheref ¥(t) is the k™ actinide ssion rate, and S.(E;t) represents the total spectrum
associated to one ssion of th&™" actinide, and is often referred as actinide ssion spec-
trum [42]. In general, the spectrumS,(E) can be computed as the weighted sum &f
single transitions connecting either the ground state (GS) or a metastable state (MS)
of the father nucleus to one of the excited levels b of the daughter nucleus:

P
So(E) = BESH(E; ELy); (3.4)
b=1
where B} indicates the probability (branching ratio) of decay through a given transition
and Eg;b is the endpoint energy of the transition. The latter can be computed as:

E5,= @+ Efs  EL; 35)

where QP is the Q-value of the decay (corresponding to a GS to GS transition)E )¢
is the energy of the parent nucleus metastable stat€f, = 0 if the parent nucleus
decays from the ground state), andE)' is the energy of the daughter nucleus™ excited
state.

It is important to underline that the branching ratios of the single transitions add up to
unity only if the nucleus of interest undergoes decay with a 1006 probability; otherwise
the sum of the branching ratios coincides with the probability to have decay. In brief,
the combination of Eq. 3.3, 3.4 and 3.5 allows to express the overall reactoispectrum
as the sum of numerous individual -branch contributions. To accurately reproduce each
branch, both a reliable formal treatment of decay and high-quality evaluated nuclear
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data are required.

Conservation of energy enables to establish a link between the electron spectrum and
the corresponding antineutrino spectrum is established at the level of each transition it
is su cient to replace the electron kinetic energy E with the antineutrino energy, given
by E = Eg;b E; here, the recoil of the daughter nucleus is neglected [42], as shown in
Fig. 3.2.

Figure 3.2: The gure shows the electron (, in orange) and antineutrino (¢, in green)
spectra associated to a single transition df?Ba. This represents the crucial step in which
the ¢ spectrum is obtained from the one by substituting the electron energy E with the
antineutrino energyE = Eg;b E, where Eg;b is the endpoint energy of the transition.
These spectra are normalized to the branching ratio of the speci c transition to which
they are associated. The weighted sum of the obtained transitions (see Eq. 3.4) then gives
the overall isotope spectrum, as shown in Fig. 3.3. This is the founding characteristic of
the ab-initio approach.

An example of how theS,(E ) antineutrino spectrum is computed as the sum of individual
transitions is shown in Fig. 3.3.

In the following of this thesis, only antineutrino spectra will be considered.

In summary, a complete knowledge of the individual transitions spectra and cumulative
ssion yield, alongside with validated neutronic codes for the prediction of ssion fractions
evolution in time are essential to obtain a detailed and in principle correct estimation of
a reactor antineutrino spectra.
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Figure 3.3: Example of computation of the total antineutrino spectruns,(E ) for *4°Ba.
The single transition spectra S{(E ;E{,) are the blue-shaded ones, while the total
Sp(E ) spectrum is the black one. In the legend, the transitions type is indicated, as
well as their endpoint energy:a stands for allowed, whilelnu stands for rst forbidden
non-unique.

3.2.1. Uncertainties Treatment

It is crucial to treat the propagation of the uncertainties associated to all of the quantities
involved. Many sources of uncertainty may have to be accounted [42]. Generally speaking,
the uncertainties are treated through the covariance matrix formalism, a squara ( n)
matrix giving the covariance between each pair of elements of a given random vector.
Consider a set random vectorX = ( Xq;:::; Xk, ) Xm ) With h = 1;:::;n, where the scalar
components are themselves random variables. The covariance matrix is de ned as:

xn
kb )X 0); (3.6)
k=1

>, 1
hl = E
where |, is the expectation value of the random vectoX ;. The elements on the diagonal
are the variances 2, of the vectorX y,, hence always non negative. Every diagonal element
with h 6 |, is the covariance betweerX , and X . If this quantity is positive, it means
that if one of the two grows, the other grows too. The covariance is null if the two random
vectors are independent.

It is possible to consider various sources of uncertainty in reactor antineutrino modeling
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through summation method. The most important uncertainty sources are:
" cumulative ssion yield,
ssion fraction,
" g-value,
" branching ratio of individual transitions,
" individual transition normalized spectrum.

For a given ssion fragmentp, the covariance matrix associated with an uncertainty source

s can be expressed as:
X X

Vp = AR \/ (3.7)
i i6]
where the rst term sums the covariances of individual branches and the second term
accounts for cross-correlations between branches due to shared parameters. Assuming the

di erent uncertainty sourcess as independent, the total fragment covariance becomes:
V, = Vo (3.8)

The uncertainty in each energy bin is given by the square root of the corresponding
diagonal element ofV,. At the actinide level, the covariance of a ssion spectrun®y(E)
can be approximated at rst order using the Jacobian formalism:

X X
Vi Yo¥aVoa*® Vi So(E)Sq(E); (3.9)
p:q p:q

where V,q presents the covariance between fragment spectpaand g, yg are cumulative
ssion yields, and Vykyx accounts for correlations among yields. One must also account
for correlations between ssion rates of di erent actinides, as a fragment may contribute
to the spectra of more than one actinide. The total reactor spectrum covariance is then
approximated as:

X X X

X
Viot Vi 1 SK(E)SI(E) + fefiypyeVog + 2V (3.10)
kil k61 pq k

wheref, is the ssion rate of the k" actinide and V.1, is the covariance of the actinide
ssion rates.
In conclusion, a rst-order estimate of the total uncertainty in the reactor antineutrino
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spectrum is provided by this framework, considering and combining contributions from
fragment spectra, cumulative yields, and ssion rate correlations.

3.3. Discrepancies in Reactor Antineutrino Spectrum
Modeling

In the context of reactor antineutrino spectrum modeling, a persistent discrepancy be-
tween the predicted and measured antineutrino ux has been documented. In the lit-
erature, such discrepancy is referred as Reactor Antineutrino Anomaly (RAA). It was
rst highlighted by in 2011 [46] as a result of the comparison between a Huber-Mueller
model [47, 48] prediction and the IBD rates from 19 short-baseline experiments. As the
Huber-Mueller model has been mentioned, in the interest of completeness, it is worth
mentioning that it is a conversion based method, where the antineutrino spectrum is ex-
tracted from measurements of the electron spectra of ssioning isotopes. This approach
relies on empirical ts of the electron data and subsequently translates them into antineu-
trino spectra. The discrepancy consisted in a de cit of the measured mean cross-section
per ssion, which is currently estimated to be at (6.6 2.4)% and signi cant at the level

of 2.8 [49]. This dierence was then con rmed by more recent short-baseline experi-
ments, such as Daya Bay [31], RENO [32], and Double Chooz [50], not only in the total
antineutrino ux. Moreover, when the predicted IBD spectra and the measured one are
normalized to the same integral, an excess of measured events is observed in the 4-6 MeV
range, commonly referred to as th& MeV bump[51, 52]. While the RAA is not a drastic
problem anymore, the bump still needs an appropriate explanation. Short-baseline exper-
iments provide the most precise and reliable experimental data on reactor antineutrino
spectra thanks to their proximity and high statistical signi cance. For this reason they
are also the primary instrument to investigate these discrepancies. [51, 52]. The spectral
distortions measured at various short-baseline experiment are shown in Fig. 3.4.

In the previous section the summation method has been discussed extensively. From
the point of view of this computational approach, the 5 MeV bump can be attributed to
inaccuracies and incompleteness in the evaluated nuclear data employed in the theoretical
estimation. If these are in fact present at the level of individual transitions, they would

be automatically propagated into the total antineutrino spectrum and could potentially
contribute to the observed ux de cit and spectral distortions. A revision of these nuclear
input data is then of crucial interest. The conversion method, while historically relevant
and widely used, is naturally insensitive to individual ssion fragment contributions and
therefore is not well-suited to provide details on the origins of spectral anomalies. As one
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Figure 3.4: Ratio of the measured to the predicted IBD spectrum at various short-baseline
experiments. The 5 MeV bump is well identi ed. The gure is taken from [49].

would expect, comparisons between summation- and conversion-based predictions indicate
that the summation method lends itself better to identify the contributions of specic
isotopes to spectral distortion, with speci c reference to the 5 MeV bump [49, 51, 52].
Several hypotheses have been proposed to explain the 5 MeV bump within the context of
the summation method. These include:

" Incomplete nuclear data:  Systematic biases in the predicted ux could be the
result of a non-complete characterization of the high-energy region of the spectrum
for certain ssion fragments. These can involve unobserved decay paths or wrongly
estimated individual branching ratios, as well as errors in the determination of the
cumulative ssion yields.

Detector systematics or modeling: residual uncertainties in detector response
could a ect the observed spectra, since the observed distortions are not always fully
consistent.

Existence of new physics: another proposal to explain the RAA was the existence
of a sterile neutrino mixing with the electron avor. Indeed, such process could, in
principle, explain partially the observed deviations.

A mis-prediction in the model or an underestimated uncertainty budget remain the fa-
vored explanation to this day, as reported in [49]. These discrepancies highlight the
interplay between experimental measurements and theoretical predictions, providing a
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strong motivation to revise and improve both nuclear data and summation calculations,
for example including more and more forbidden transitions.

Among the many possible sources of error involved in reactor antineutrino spectrum mod-
eling, the Pandemonium e ect [53] is de nitely one of the most important. The aim of
this thesis is to de ne a strategy to mitigate the Pandemonium e ect and x the 5 MeV
bump. For these reasons, the next section is entirely dedicated to the presentation of
the Pandemonium e ect. This e ect's potential role as a source of systematic bias in
summation predictions underlines, once again, the importance of accurate nuclear input
for antineutrino spectrum calculations.

3.4. Pandemonium E ect

The determination of the . spectrum of a generic isotope through the summation method
requires the knowledge of the individual transitions spectra. These are computed using
the theory of decay from the decay scheme of the daughter nucleus, whose energy
levels are populated as a consequence of theransitions themselves. When a specic
level is populated, after some characteristic time, which can be determined through the
Heisenberg energy principle, a de-excitation gamma)(ray is emitted. The measurement
of these gamma rays enables the reconstruction of the de-excitation levels scheme of the
daughter nucleus. Assuming the father nucleus to be either in the ground state (GS)
or in a metastable state (MS), one can individuate the single branches involved in
of that speci c isotopes. In particular, from the intensity measurements of the de-

excitation -rays itis possible to infer the branching ratios of the individual transitions and
their uncertainties, together with their associated quantum numbers, transition type and
endpoint energies. These information are crucial for the determination of the spectrum of
the individual transitions, whose weighted sum on the branching ratios gives the total

e Spectrum of the isotope (see Eg. 3.3). Clearly the same can be done regarding the
electron spectrum.

The measurements of the de-excitation-rays have been carried out mostly with High
Purity Germanium detectors (HPGe). These detectors are well known for their incredible
energy resolution, that enables the recognition of individual-rays. However, due to their
low atomic number, these detectors are also characterized by a low e ciency if compared
to other -ray detectors such as the Nal(Tl) scintillators. Moreover, this detection e -
ciency decreases with energy. For usual applications in nuclear metrology, this is not a
big problem, indeed the great energy resolution compensates for these ine ciency. On
the other hand, when determining the full de-excitation scheme of a daughter isotope, the
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measurement requires the full knowledge of every possibleay emitted. This require-
ment is necessary because the GS to GSransition is not followed by the emission of a
-ray. The branching ratio of this transition is computed as:

=1 b; (3.11)

wherely is the GS-GS transition branching ratio, 1 is the normalization of the branching
ratios - in this example it is assumed that the isotope -decays with a 1086 probability ?,

and b are the branching ratios of all the other transitions. These latter can be inferred
from the de-excitation spectrum. It is important to understand that a missed de-excitation

-ray produces not only a missing level in the decay scheme, but also messes its internal

coherence. In particular, the qualitative e ect is an over-estimation of the branching ratios
associated to low energy -rays, with a consequent under-estimation of the low energy
spectrum.

This bias was rst noticed by Hardy et al. in 1977 [53]. Using a Monte-Carlo approach,
they simulated the -de-excitation of a virtual nucleus named "Pandemonium” and its
detection with a HPGe detector. A non-negligible amount of -rays was found to remain
unobserved with HPGe detectors when compared to the simulation. This pure measure-
ment e ect, schematically illustrated in Fig. 3.5, becomes more probable as the complexity
of the cascade of gamma rays increases with level density &d energy. It is called Pan-
demonium e ect. As already mentioned, the expected qualitative e ect of this bias is an
under estimation of the low energy part of the antineutrino spectrum, corresponding to
an overestimation of the high energy one.

As reported in [49], among the 40 top contributors to the**U IBD ux, 19 have been
identi ed to be subject to the Pandemonium e ect. In particular, the ENSDF library
[54] is one of the most a ected, and not yet corrected. It is crucial then to develop
experimental techniques and/or theoretical instruments to mitigate this bias, possibly
responsible, as noted in Sec. 3.3 for part of the Reactor Antineutrino Anomaly. In [55] a
list of potentially Pandemonium a ected isotopes has been proposed. The target of this
thesis is to develop a computational approach based on Machine Learning (ML) techniques
to mitigate Pandemonium e ect.

1See the discussion in Sec. 3.2.
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Figure 3.5: Schematic illustration of the Pandemonium e ect. The gamma rays emitted
from high energy levels (in red) are not detected, and result in an overestimation of the
low energy levels (in green) beta feedings. The gure is taken from [49].

3.5. Total Absorption Gamma Ray Spectroscopy

In this section the Total Absorption Gamma Ray Spectroscopy (TAGS) technique is
described. This is the experimental technique mostly used to contrast the errors induced
by Pandemonium e ect [56]. Di erently from usual -ray spectroscopy, where HPGe are
chosen for their very good energy resolution, TAGS measurements employ high e ciency
detectors, as Nal(Tl) scintillators. These detectors have an intrinsically worse energy
resolution with respect to HPGe, but are able to detect with greater con dence the high
energy gamma rays unseen in Pandemonium a ected measurements, thanks to thei higher
atomic number. A simple resume of the properties of these detectors is shown in Table 3.1.

The aim is to detect the total energy of the de-excitation cascade after decay, avoiding
the systematic error encountered measuring individualrays. The use of large scintillator
crystals allows to approximately cover the whole solid angle (¥ the isotope of interest
is then posed in the center of the experimental setup. As pointed out in [49], this method
requires to de-convolute the experimental spectrum from the detector response in order
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HPGe Nal(Tl)
Detector type Solid state Scintillator
E ciency Low High
Energy Resolution Very High Moderate

E ecton . spectrum Pandemonium e ect Correct measurement (TAGS)

Table 3.1: In the table are shown the main characteristics of HPGe and Nal(Tl) detectors,
in the context of -ray spectroscopy for Pandemonium e ect measurements.

to obtain the transition intensities. Various experimental campaigns have been and still
are conducted to use the TAGS technique and produce new evaluations of theand
spectra of the Pandemonium a ected isotopes. At the time of this research, 52 TAGS
measurements where at disposal of the author.

In Fig. 3.6 examples of comparison between the Pandemonium a ected and TAGS mea-
sured spectra per decay, normalized to the decay probability of two isotopes is shown.
The rst case (Fig. 3.6a) shows that the HPGe measurements provides an overestimation
of the high energy part of the spectrum, while underestimating in low energy, as explained
in Sec. 3.4. Hence Pandemonium e ect is present. This example is one of the most af-
fected between the 52 at disposal. On the other hand, Fig. 3.6b shows that the TAGS
measurement do not necessarily produce a di erent spectrum than HPGe measurement:
in this case it is possible to conclude that no Pandemonium e ect is present. This is an
important distinction that will be recalled in the following of this work.

The normalized probability spectra per decay have been computed using the RenShape
software [57], an open-source program developed by the INFN Milano Bicocca group, with
whom the author collaborated during the research. An overview on its functioning and
usefulness is presented in the next section.

3.6. Codes for the Evaluation of Reactor Antineu-
trino Spectrum

Reactor antineutrino modeling with the summation method fundamentally relies on the
existence of computational tools able to estimate in the most reliable and complete way
the . spectra of the ssion fragments. An example of such software is BetaShape [58].
This kind of tools exploit the experimentally obtained information on the daughter decay
scheme. For instance, BetaShape uses as an input the ENSDF les containing this kind
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