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Abstract: Observed disappearance of reactor antineutrinos in the short baseline
in Daya Bay can be explained by the phenomenon of neutrino flavour oscillations.
The analysis in standard three-neutrino framework provide the best measurement
of mixing angle of θ13 and the value of effective mass squared difference ∆m2
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with comparable precision with other experiments. The unprecedented precision
of Daya Bay motivates us to extend our search beyond standard three-neutrino
oscillation scheme. It this thesis, we have explored two scenarios of possible
physics Beyond Standard Model (BSM).
We have tested the fundamental symmetry of the nature by searching for the
Lorentz Invariance violation effect within the framework of the Standard-Model
Extension (SME). Such an effect could be observed as a deviation from three-
neutrino oscillation prediction in the oscillated antineutrino spectrum. Since we
have not observed any significant deviation, we have been able to set the limits
on the SME parameters. Some of the limits were measured for the first time
while some turned out not to be competitive with the measurement of other
experiments.
We have also performed search for Non-standard Interactions (NSIs) in the Daya
Bay. Being forbidden in the Standard Model, these interactions are predicted by
BSM theories for which Standard Model is considered to be a low energy limit.
Such NSIs effects could take place in the process of production and detection
of the reactor antineutrinos and effectively modify the oscillation probability.
In order to perform this analysis we have developed our own phenomenological
approach to include the NSIs effect in the neutrino oscillations. No significant
deviation from standard three-neutrino framework oscillation was found. We
obtained limits on the NSIs parameter.
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1. Introduction

Neutrinos are indeed very interesting particles. Since their postulation by W.
Pauli in 1930, there have been many puzzles connected with neutrinos. Although,
they are the second most abundant particle in the universe, the first challenge
was even to detect them. Interacting only via weak force, their cross-section for
possible detection process is very small. Nevertheless, C. Cowan and F. Reines ac-
complished in the first neutrino measurement [1] in Savanah River experiment in
1956 using inverse beta decay reaction. They have proved the neutrino existence
by detecting the coincidence of positron annihilation and delayed neutron cap-
ture. More precisely, it was reactor electron antineutrino, which was discovered.
Later, two additional neutrino flavours were discovered which makes it in total
three: νe, νµ, ντ . They are named after leptons along with they are produced in
the weak interactions.

One of the neutrino puzzles was observed in electron neutrinos coming from
the Sun in the late 60s by R. Davis in the Homestake experiment [2]. The mea-
sured neutrino flux exhibited deficit in comparison with the prediction. This so-
called “Solar Neutrino Problem” was in fact the first observed effect of neutrino
flavour oscillations, which later served as its explanation. Today well-established
phenomenon of neutrino oscillations showed us that neutrinos, at least two of
them, have tiny but non-zero mass. This is in the contradiction with the Standard
Model (SM) where neutrinos are massless. Neutrinos oscillations as a demonstra-
tion of non-zero neutrino mass are together with the cosmological measurement of
Dark Matter [3] the only solid evidences for physics beyond the Standard Model
(BSM).

Neutrino oscillations were proposed by B. Pontecorvo in 1957 [4] first as
neutrino-antineutrino oscillations. Later, the theory of neutrino flavour oscil-
lations was developed by Z. Maki, M. Nakagawa and S. Sakata [5] and since
then many experiments helped to establish this mechanism to explain the flavour
changes during neutrino propagation. In the beginning, the experiments ob-
served only hints for oscillations, which can still be explained by other scenarios
of flavour changing. It is usually considered that the first compelling evidence
for the neutrino oscillations was provided by the Super-Kamiokande experiment,
which measured the atmospheric neutrinos [6]. Later, experiment SNO finally re-
solved the “Solar Neutrino Problem” by measurement of total neutrino flux from
the Sun being consistent with the prediction [7]. The outstanding contribution
of these experiments was recognized in 2015 by the Nobel Prize committee which
awarded T. Kajita and A. McDonald “for the discovery of neutrino oscillations,
which shows that neutrinos have mass” [8].

After establishing the phenomenon of neutrino oscillations, we have entered
the era of precision measurement of oscillation parameters. Designated exper-
iments were built, among other the Daya Bay experiment in Southern China.
Daya Bay was designed to measure at that time unknown mixing angle θ13. Be-
fore 2012, there were only indications of non-zero value of this parameter. In
2012, Daya Bay with only 56 days reported the non-zero value of θ13 on more
than 5σ significance [9]. Since then, it provides the most precise measurement up
to date. The result was promptly confirmed by the RENO experiment [10], and
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later by the T2K [11] and Double CHOOZ [12] experiments. Precise knowledge
of the mixing angle θ13 is crucial for current and future experiments, which aim
to measure CP-violation in the lepton sector such as NOvA, T2K and Hyper-
Kamiokande. The critical role of Daya Bay is more profound because there is no
proper successor currently planed and the measurement of θ13 done by Daya Bay
will remain the most precise for at least near future.

Daya Bay experiment investigates the reactor antineutrino disappearance in
the short baseline ∼2 km. This is an optimal distance where the disappearance
effect of reactor antineutrinos proportional to sin2 2θ13 is maximal. Daya Bay uses
revolutionary technique of the relative near-far measurement first proposed by
L. Mikaelyan and V. Sinev [13], which largely suppress the correlated systematic
uncertainties and leave usually smaller uncorrelated uncertainties play the leading
role of the uncertainty of the measurement. On the top of that, Daya Bay has
what in general every neutrino experiment needs: large neutrino flux provided
by are six commercial nuclear reactors with total thermal power of 17.4 GW
and large target mass achieved by having 8 detector located in the underground
experimental halls with total 160 tons of liquid scintillator. Moreover, Daya Bay
was designed as a low background experiment having background to signal ratio
better than 2.5%.

All of these factors make the experiment exceptionally sensitive to the oscil-
lation parameters, namely mixing angle θ13 and effective mass squared difference
∆m2

ee. That allows us to go beyond original three-neutrino framework and ex-
plore scenarios of physics BSM. Daya Bay already did that with the search for
possible existence of light sterile neutrino. In this thesis we focus on two other
scenarios.

We first test the Lorentz Invariance violation (LIV) in the oscillations mea-
sured by the Daya Bay experiment within the framework of the Standard-Model
Extension (SME). Lorentz Invariance is the fundamental symmetry, which un-
derline the whole SM. Nevertheless, particular models of quantum gravity, the
unification of general relativity and quantum field theory, predict deviation from
the exact symmetry in the large energy called Planck Scale. Of course, such a
scale is not directly accessible by current experiments, however, we can still ob-
serve indirect effect of new physics as a deviation from the standard prediction.
The idea is similar to searches for new heavy particles. We cannot directly cre-
ate them but their presence in the loops as virtual particles can be observed as
a deviation from SM prediction. We understand that Lorentz Invariance viola-
tion is a sensitive topic. Therefore, we offer two ways how to think about this
analysis. Either you work on quantum gravity and you can take this study as
a test of your theory, or you can conservatively consider this as a test of one of
the fundamental symmetries. As we will explain in detail later, we focus only
on the so-called Isotropic case where the Lorentz Invariance violation does not
depend on the antineutrino propagation direction. This effect would be seen in
the oscillated antineutrino energy spectrum, which will have different shape than
prediction of standard oscillations.

The second scenario of physics BSM we investigate in this thesis is the effect
of the Non-standard Interactions (NSIs). We already consider SM as an effective
low energy limit of some more general theory. That is similar for example to the
Fermi theory to be low energy limit of the Intermediate Vector Boson theory.

6



More general theory can allow interactions which are forbidden in the SM or
which are highly suppressed by the number of loops needed for their realization.
Their effect for typical energies we are dealing with in our experiments will be
however small. Nevertheless, powerful interferometric nature of neutrino flavour
oscillations can provide an access to the indirect effect of NSIs. In general, the
NSIs can appear in the process of antineutrino production, propagation and de-
tection. For Daya Bay, we can neglect them in the propagation phase since for
the Earth density and typical reactor antineutrino energy the ordinary matter ef-
fect is already negligible and any other sub-leading effect would be even smaller.
Therefore for our analysis, we limit ourselves on the NSIs presented in the pro-
duction and detection processes only. Such interactions will modify the shape of
the oscillated antineutrino spectrum in the specific way, which will be different
from the standard oscillation pattern. That makes the analysis in general similar
to the case of the search for LIV.

The thesis is organized as follows. First, we will introduce the standard neu-
trino flavour oscillations and their modification due to the presence of LIV, or
NSIs. Then we briefly describe the Daya Bay experiment and highlight the key
information for the analysis. Next, we present the tool for the oscillation ana-
lysis and introduce used statistical methods. Finally, we show the results of our
searches and end with conclusion remarks.
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2. Neutrino Oscillations

2.1 Neutrino Properties

2.1.1 History of Neutrino

In 1930, W. Pauli postulated existence of ”neutron”, light neutral particle, in
order to save the energy, momentum and angular momentum conservation in
beta decays where continuous energy spectrum of electron was observed. It is
well known that for two-body decay the energy spectrum of the products is mo-
noenergetic therefore we need to add at least one particle to obtain continuous
spectrum. Since the change of the charge of nucleus is compensated by emitted
electron this additional particle has to be neutral. Pauli himself was not very
happy about this new particle.

It was few years later, in 1932, when J. Chadwick proven the existence of par-
ticle we know today as neutron. The terminology was resolved by E. Fermi who
came up with name ”neutrino” along with his contact theory of beta decays [14].
This was big leap forward and very important contribution from E. Fermi who
incorporated the at that time hypothetical particle to his theory. Shortly after,
H. Bethe and R. Peierls estimated the cross-section of the interaction between
neutrino and nuclei. It turned to be extremely small, σ < 10−44 cm2, which made
neutrino practically undetectable [15].

It took more than two decades since the neutrino was finally discovered. In
1956, C. Cowan and F. Reines published the paper about first detection of neu-
trino [1]. They perform the experiment in Savannah River where they used local
nuclear reactor as a powerful source of antineutrinos. They have been detected
via inverse beta decay reaction on free protons:

ν̄e + p→ e+ + n (2.1)

forming a coincidence of two signals: two gammas from positron annihilation
and delayed neutron capture. This characteristic pattern is very powerful in
background suppression and gives a clean antineutrino detection signal. This
very method is still used up to this day in experiments such as Daya Bay, RENO
and Double CHOOZ.

In 1962, L. Lederman, M. Schwetz and J. Steinberger proved that another
neutrino flavour exists showing the neutrinos produced in pion decays together
with muons are detected by creating muons only [16]. Therefore they posses
different flavour from at that time known electron neutrino.

When third lepton τ was discovered in 1975 natural idea was to consider its
neutrino partner with the same flavour. The existence of third neutrino flavour
was confirmed in 2000 when experiment DONUT discovered ντ [17].

The budget of light active neutrinos was finalized by the experiments ALEPH,
DELPHI, L3 and OPAL at the LEP accelerator at CERN. They measured the
total decay width of the Z boson as well as partial visible decay widths. From
these measurements and from the SM calculation of the width of invisible decay
modes Z → ναν̄α they concluded that the total number of active flavour neutrinos
is [18]:

Nν = 2.984± 0.008 (2.2)
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Let us note that this measurement does not rule out the existence of light
sterile neutrinos. By sterile, we mean those, which do not interact via weak
interactions. Thus even though, they are light enough that kinematics does not
forbid Z boson to decay to them, there is no interaction, which can mediate it.

2.1.2 Neutrinos in the Standard Model

The Standard Model (SM) describes properties of particles and their interactions
mediated by gauge bosons and their mass generation via interactions with Higgs
field. There are three fundamental forces included: strong, weak and electro-
magnetic interaction. However, gravitational force is still not incorporated in the
SM.

Neutrinos in SM are massless particles with spin 1
2
. They are neutral so they

do not interact via electromagnetic force. Neutrinos also do not interact strongly
because they do not posses any strong charge. Their only interaction with gauge
bosons is weak interactions.

Neutrinos with flavour α are present is SM in so called SU(2)L doublets, where
they are present together with their charge lepton partners:

Lα =

(
ναL
lαL

)
α = e, µ, τ (2.3)

Relevant parts of SM Lagrangian for the neutrino interactions are charge current
and neutral current:

L = LCC + LNC =
g√
2
l̄αγµναW

+µ +
g

2 cos θW
ν̄αγµναZ

µ (2.4)

Let us notice that both interactions do conserve total lepton number, moreover
family lepton number. Another important fact is that there are only left-handed
neutrinos in SM. Since we are missing right-handed component we cannot con-
struct typical Dirac particle mass term and neutrino remain massless within SM.
For decades, this was not an issue since direct neutrino mass measurements al-
ways results in the value compatible with zero. We were not able to measure the
absolute neutrino mass directly so far.

However nowadays, we know that this is not the picture of nature. In the
next section, we discuss the phenomenon of neutrino flavour oscillations, which
undoubtedly proves that at least two neutrino states are massive. Being in the
contradiction with SM, this is one of the few solid evidences for physics BSM.
There are several BSM scenarios how to accompany massive neutrinos and explain
their much smaller mass compare to other SM particles.

2.2 Neutrino Flavour Oscillations - Compelling

Evidence for Neutrino Mass

The idea of neutrino oscillations was originally proposed by B. Pontecorvo in
1957 [4]. He presented neutrino oscillations ν � ν̄ as an analogy with oscilla-
tions of neutral kaons K0 � K̄0. Of course, this is not what we understand by
neutrino flavour oscillations today. But at that time there was known only one
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neutrino flavour. After the discovery of muon neutrino, B. Pontecorvo’s thoughts
helped Z. Maki, M. Nakagawa and S. Sakata in the proposition of neutrino flavour
oscillations νe � νµ as we know it today [5].

Let us note that neutrino flavour oscillations as well as neutral kaon oscilla-
tions are based on the exceptional sensitivity of interferometry, which allows us
to measure mass differences of kaons and neutrinos with unprecedented precision.

Neutrino flavour oscillations, described in detail below, emerge from two key
ingredients:

• Neutrinos are produced or detected in weak interaction eigenstates which
are not mass eigenstates

• We cannot measure which mass eigenstate is born and propagates to the
detector

Neutrinos interact only via weak force therefore we can produce and detect only
the neutrino flavour states which are not mass eigenstates but their linear super-
position. Each mass eigenstate is produced or detected with certain amplitude.
However, we cannot determine which mass state was propagating. In the lan-
guage of quantum mechanics, we sum the contribution of all possible realizations
on the level of amplitudes. That is where the interference occurs and neutrino
oscillations arise. In this manner, neutrino oscillations are quantum mechanics
phenomenon.

2.2.1 Neutrino Mixing in Three-neutrino Framework

Based on the SM let us assume that there are three neutrino flavour eigenstates
νe, νµ and ντ . These states are weak interaction eigenstates and similar to kaons
K0 and K̄0 they have not definite mass rather they are linear superposition of
mass eigenstates. We can express the transformation as

|να〉 =
∑

i=1,2,3

U∗αi |νi〉 (α = e, µ, τ) (2.5)

where |να〉 stands for neutrino eigenstate with flavour α and |νi〉 stands for mass
eigenstate with mass mi.

The mixing matrix U is called after the pioneers of neutrino flavour os-
cillation theory Pontecorvo-Maki-Nakagawa-Sakta matrix [5]. It is commonly
parametrized as:

U =




1 0 0
0 c23 s23

0 −s23 c23






c13 0 s13e
−iδCP

0 1 0
−s13e

iδCP 0 c13






c12 s12 0
−s12 c12 0

0 0 1






1 0 0

0 ei
α1
2 0

0 0 ei
α2
2




(2.6)
where cij ≡ cos θij and sij ≡ sin θij. It contains six parameters. There are

three mixing angles θ12, θ23, θ13; one CP-violation phase δCP which is responsible
for different oscillations of neutrinos and antineutrinos and two so-called Majo-
rana phases α1 and α2, which would eventually emerge from Majorana properties
of the neutrino. However, these phases do not have any effect in the neutrino
oscillations and we cannot determine from the measurement of neutrino oscilla-
tions whether neutrino is Dirac or Majorana particle ( i.e. if it is different from
or equal to its own antiparticle).
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2.2.2 Neutrino Oscillation Probability in Vacuum

According to quantum mechanics the time evolution of the quantum state is
governed by equation:

i
∂|ψ(t)〉
∂t

= Ĥ|ψ(t)〉 (2.7)

The Hamiltonian in vacuum is just kinetic term. Then the evolution of mass
eigenstate is simple plane wave travelling in the direction of the neutrino momen-
tum:

|νi(t)〉 = e−i(Eit−piL)|νi〉 (2.8)

where Ei and pi are the neutrino mass eigenstate energy and momentum respec-
tively. In the ultrarelativistic limit, we can assume t ≈ L and write

Eit− piL ≈ EiL−
√
E2
i −m2

iL '
m2
i

2E
L+O

(
m4
i

)
(2.9)

where in the last step we have introduced the common energy for all of the mass
eigenstates. The evolution of mass eigenstate can be written as:

|νi(L)〉 = e−i
m2
i

2E
L|νi〉 (2.10)

We derive Eq.(2.10) based on the ultrarelativistic limit. This is completely jus-
tified for reactor antineutrinos which typical energy is ∼4 MeV and mass of the
neutrinos .1 eV. Thus the gamma factor is γ & 106, which makes reactor an-
tineutrinos indeed ultrarelativistic.

In our experiments, we produce flavour eigenstates rather than mass eigen-
states. The time evolution of such a flavour state can be written as

|να (L)〉 =
∑

i

e−i
m2
i

2E
LU∗αi|νi〉 (2.11)

Then we can write the amplitude, and consequently probability, that we measure
neutrino with flavour β while flavour α was produced. The probability is a
function of propagation distance as

Aνα→νβ (L) =
∑

i Uβie
−im

2
i

2E
LU∗αi (2.12)

Pνα→νβ (L) =

∣∣∣∣
∑

i Uβie
−im

2
i

2E
LU∗αi

∣∣∣∣
2

(2.13)

Using the unitarity of mixing matrix U
∑

i

U∗αiUβi = δαβ (2.14)

in the Eq.(2.13) and with little bit of mathematics we get commonly used expres-
sion for oscillation probability:

Pνα→νβ(L) =δαβ − 4
∑

i>j

Re
(
UβiU

∗
αiU

∗
βjUαj

)
sin2

[
∆m2

ijL

4E

]

+ 2
∑

i>j

Im
(
UβiU

∗
αiU

∗
βjUαj

)
sin

[
∆m2

ijL

2E

] (2.15)
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where we have introduced mass squared differences ∆m2
ij ≡ m2

i −m2
j . For three

combinations of i > j, we have only two independent mass squared differences
since ∆m2

31 −∆m2
32 = ∆m2

21.
For the terminology used in what follows, if experiment measures Pνα→να we

call it disappearance experiment since some of the neutrinos oscillate (disappear)
to other flavours. Therefore we refer to the oscillation probability also as a survival
probability. If experiment searches for Pνα→νβ , where α 6= β, we call it appearance
experiment where neutrinos with flavour β appear when neutrinos with flavour
α oscillate into them.

The oscillation probability in Eq.(2.15) contains all the key information about
neutrino oscillation phenomenon. Observation of the typical periodically chang-
ing probability (that is why we call it oscillations) indicates that mass squared
differences are non-zero hence at least some of the neutrino mass eigenstates have
non-zero mass. This argument is used as a proof of massive neutrinos.

2.2.3 Relation between Neutrino and Antineutrino Oscil-
lation Probability

Assuming CPT invariance, we can write the relation between neutrino and an-
tineutrino oscillation probability as

Pνα→νβ = Pνβ→να . (2.16)

From Eq.(2.13) we can see that using complex conjugated elements of the matrix
U , we get the oscillation probability, which corresponds to the oscillation process
inverted in time. We can express this result as

Pνα→νβ(U) = Pνβ→να(U∗). (2.17)

Combining Eq.(2.17) and Eq.(2.16) we get

Pνα→νβ(U) = Pνα→νβ(U∗). (2.18)

which expresses the relation between oscillation probability for neutrinos and
antineutrinos by using complex conjugated mixing matrix U .

If the mixing matrix U is real the oscillation probability is same for neutrinos
and antineutrinos. If the CP-violation phase δCP is not zero or π the probabilities
are different. Anyway, if α = β it holds

Pνα→να = Pνα→να . (2.19)

The probability that neutrino with flavour α is detected with the same flavour α
is equal for neutrinos and antineutrinos.

2.3 Brief History of the Measurement of the Os-

cillation Parameters

The oscillation probability in Eq.(2.15) depends on six parameters. There are
three mixing angles θ12, θ23, θ13, CP-violation phase δCP and two independent
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mass squared differences ∆m2
21 and ∆m2

32 (or ∆m2
31). Depending on the neutrino

flavour, energy and baseline, experiments are sensitive to their particular set
rather than to all of them. Very different oscillation lengths governed by mass
squared differences ∆m2

21 and ∆m2
32 and the small value of mixing angle θ13

allow particular experiments to perform analysis in the simplified two-neutrino
approximation, where only two flavour and two mass states are assumed.

There are various neutrino sources. The typical natural sources are for exam-
ple solar neutrinos, atmospheric neutrinos, geoneutrinos and supernova neutrinos.
We have also artificial neutrinos sources e.g. accelerator neutrinos and reactor
antineutrinos. Experiments use both natural and artificial sources.

There are various detection methods, which are used for neutrino oscillation
measurements. Thee methods depends mainly on the neutrino energy, which is
usually given by the properties of the neutrino source.

2.3.1 Solar Neutrinos

First observation of flavour oscillation effect was done in the famous Homestake
experiment. R. Davis designed the experiment to measure neutrino flux from the
Sun. The Sun should produce electron neutrinos in the thermonuclear reactions in
the core. The experiment itself consists of tank with 380 m3 of tetrachloroethylene
buried 1478 m underground in the Homestake Gold Mine. The neutrino detection
was performed by its capture on chlorine atoms resulting in the production of
argon:

37Cl + νe →37 Ar + e− (2.20)

Argon atoms were then extracted and counted via its decays. We should mention
that this method was first proposed by B. Pontecorvo.

R. Davis measured in average 0.437 ± 0.042 Ar atoms per day [2]. Based on
the calculations of J. Bahcall [19], this was only about 30% of the theoretical
prediction. This deficit in the flux of the neutrinos from the Sun was called the
Solar Neutrino Problem because at that time no explanation existed. The reaction
in Eq.(2.20) is sensitive to electron neutrinos only. If neutrino oscillations were
true, part of the neutrinos could oscillate to different flavour and cause the deficit
in the measurement. However, this result cannot be even explained by neutrino
oscillations in vacuum since they could provide at maximum 50% deficit. The
final solution was proposed by S. Mikheyev, A. Smirnov [20] and L. Wolfenstein
[21] who included the effect of matter of the Sun. The confirmation of their
hypothesis as well as J. Bahcall’s calculations was presented in 2001 when the
SNO experiment reported the measurement of absolute neutrino flux from the
Sun regardless on the neutrino flavour [7]. This was one of the evidences for
solar neutrino flavour oscillation, which brought A. McDonald the Nobel Prize in
Physics in 2015 [8].

Meanwhile several other experiments measured solar neutrino flux and con-
tinuously improving our knowledge. Let us mention the SAGE experiment [22]
and the GALLEX experiment [23], which used different radiochemical detection
method. They used neutrino capture on atoms of Gallium converting them into
Germanium

71Ga+ νe →71 Ge+ e− (2.21)
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The solar neutrino experiments are sensitive to the parameters θ12 and ∆m2
21.

There are therefore called solar mixing angle and solar mass squared difference.
We point out that matter effect in the Sun provided us the opportunity to deter-
mine that ∆m2

21 > 0, i.e. m2 > m1.

2.3.2 Atmospheric Neutrinos

It is widely recognized that the compelling evidence for phenomenon of neutrino
flavour oscillations did not come from the solar neutrino measurement but from
the different neutrino source. In 1998 the Super-Kamiokande (SK) announced
results from atmospheric neutrino measurement favouring the neutrino oscillation
hypothesis over other candidates of neutrino flavour changing theories [6].

SK was originally designed to measure proton lifetime. It consists of cylindri-
cal steel tank 39.3 m in diameter and 41.4 m high with the overburden of 1000 m
of the rock. There is 50 ktons of ultra-pure water. The tank itself is optically di-
vided into inner part, 33.8 m in diameter and 36.2 m high, and outer part. There
are photomultiplier tubes (PMTs) attached to the structure facing both to the
inner part and outer part. SK measured atmospheric neutrino flux as a source of
background for possible proton decays. Atmospheric neutrino with energy ∼GeV
interacts in target volume producing charged lepton. Its energy is high enough to
produce Čerenkov light cone, which imprint in the wall with PMTs as a circle. Us-
ing time information and the pattern of the ring the SK is able to reconstruct the
direction of the particle and its type, electron or muon. The Čerenkov detector
cannot however distinguish between neutrinos and antineutrinos.

Atmospheric neutrinos are created in the atmosphere where cosmic rays inter-
act with the atoms of the air creating charged pions. Pions consequently decay
as

π+ → µ+νµ → e+ + νe + ν̄µ + νµ

π− → µ−ν̄µ → e− + ν̄e + νµ + ν̄µ
(2.22)

producing electron and muon neutrinos and antineutrinos. The flux of the atmo-
spheric neutrinos is assumed to be almost isotropic.

SK analyzed the measured flux of atmospheric neutrinos as a function of the
zenith angle (distance) and energy. The result was not like what we would expect
from the isotropic flux prediction. The down-going muon neutrino flux agreed
with the expectation but the deficit in up-going muon neutrino flux was observed.
This was explained by the neutrino flavour oscillations when down-going muon
neutrinos have to travel short distance to the Earth surface and do not have
enough time to oscillate. On the contrary, up-going muon neutrinos have to
travel all the way though the Earth which provides them enough time to oscillate
to other flavour. Since there was no increase in the electron neutrino flux it was
concluded that muon neutrinos oscillate dominantly to tau neutrinos.

Later with higher statistics, SK reported dependence of the measured muon
neutrino flux over prediction as a function of parameter L

E
. Traveled distance

L has been determined from the zenith angle and energy E from measurement
of Čerenkov light [24]. The shape of the dependence ruled out other scenarios,
which tried to explain neutrino flavour changing, such as neutrino decays or
decoherence. On the contrary, it favoured neutrino oscillation as a mechanism
for flavour changing.

15



The discovery of neutrino oscillations in SK brought T. Kajita the Nobel Prize
in Physics in 2015 [8].

Atmospheric neutrino experiments are sensitive mainly to the oscillation pa-
rameters θ23 and |∆m2

32| (or |∆m2
31|). They are therefore sometimes called at-

mospheric parameters. These experiments as well as accelerator experiments
discussed in the next section can not determine the sign of ∆m2

32.

2.3.3 Accelerator Neutrinos and CP-violation in Lepton
Sector

The long-baseline accelerator neutrino experiments are using high-energy neu-
trino beams to study the neutrino oscillations. The proton beam from the ac-
celerator hits the target producing mainly pions but also kaons. They decay
producing mostly muon neutrinos. The ideal scenario is to tune the energy of the
highest neutrino flux intensity in order to have the far detector in the oscillation
minimum to improve the sensitivity to neutrino oscillation parameters.

The MINOS experiment was designed to measure precisely the atmospheric
neutrino parameters. It uses neutrinos from Fermilab NuMI beam which spec-
trum has maximum around 3 GeV. The actual beam composition is measured
in the Near Detector to suppress systematic uncertainties. The neutrinos travel
735 km to the Soudan Laboratory where the Far Detector is installed. On the
way to Far Detector, some of νµ neutrinos change their flavour to another and the
deficit in energy spectrum is observed. The experiment detects neutrinos through
charge current reaction

νµ/ν̄µ +X → µ−/µ+ +X ′ (2.23)

The oscillation probability depends on the L
E

, i.e. on energy E at fixed dis-
tance L. Precise measurement of the spectral distortion in the Far Detector gives
the MINOS experiment ability to measure more precisely mass squared splitting
∆m2

32 than the atmospheric neutrino experiments [25].
The long-baseline accelerator experiments have unique opportunity to mea-

sure the CP-violation phase δCP due the possibility of production both neutrino
and antineutrino beam. The difference between oscillation probabilities Pνµ→νe
and Pν̄µ→ν̄e is a function of δCP and it is non-zero for δCP 6= 0 and δCP 6= π. The
oscillation probabilities Pνµ→νe and Pν̄µ→ν̄e are also proportional to the mixing
angle θ13. Before its measurement by Daya Bay experiment, there was a possi-
bility that θ13 is too small that we would not be able to investigate the value of
δCP . However, large value of θ13 with precision achieved by Daya Bay allows the
measurement of CP-violation in the lepton sector.

There are currently two running experiments designed for the measurement of
CP-violation phase: T2K and NOvA. They are sensitive to other oscillation pa-
rameters as well, namely θ23, |∆m2

32| and θ13. The NOVA experiment is using the
same NuMI beam as the MINOS experiment. The Far Detector is placed 810 km
far in the Ash River. The neutrino energy spectrum peaks around 2 GeV. Due
to off-axis concept, the spectrum is relatively narrow which helps to reduce the
background and there is higher flux in the energy range important for oscillations.

Both experiments, T2K [26] and NOvA [27], announced their first analysis of
the possible CP-violation in the lepton sector at the NEUTRINO 2016 conference.
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Their results combined with the Daya Bay measurement of θ13 suggests non-zero
CP-violation in the lepton sector. This is more than welcomed by cosmologists
because such a violation can help to create matter-antimatter asymmetry in the
early universe via process called leptogenesis [28]. CP-violation in the quark
sector itself is not powerful enough to create the size of asymmetry we observe
nowadays.

2.3.4 Reactor Antineutrino Measurement

As we discussed above, reactor antineutrinos were the first detected neutrinos.
Since then, they are used in various experiments. Reactor antineutrinos are
produced in the radioactive β− decays of the neutron rich fission products in the
nuclear reactors. The reactors are ideal source of purely electron antineutrinos.

The Kamioka Liquid Scintillator Antineutrino Detector (KamLAND) was the
first experiment that measured neutrino oscillations of reactor antineutrinos. It
detected antineutrinos from Japanese commercial nuclear reactors with weighted
average distance of ∼180 km. The detector itself is a stainless steel sphere 18 m
in diameter with PMTs mounted on the inner surface. The sphere contains nylon
ballon of 13 m in diameter filled with liquid scintillator. Between the ballon and
the stainless vessel there is a mineral oil to shield from natural radioactivity. The
whole sphere is put into the water pool used as a muon detector.

The detection method of the neutrinos uses the coincidence of prompt and
delayed signals of particles produced in the inverse beta decay reaction:

ν̄e + p→ n+ e+ (2.24)

Prompt signal was created by the scintillation light from the positron energy losses
and the following 2×511keV positron annihilation gammas. Delayed signal came
from the neutron capture on hydrogen in average ∼180 µs after prompt signal
emitting single 2.23 MeV gamma.

The KamLAND experiment, like solar neutrino experiments, confirmed an-
tineutrino disappearance on the medium baselines being sensitive to oscillation
parameters ∆m2

21 and θ12. The precision of the ∆m2
21 is better in KamLAND,

however, it can not compete with solar neutrino experiments in precision of θ12.
KamLAND and solar neutrino experiments are in this sense complementary. The
KamLAND experiment is the first experiment, which observed oscillatory be-
haviour of the oscillation probability. It first directly measured the increase of
the survival probability after it initially decreases moving far from the source.

The other experiment, which used reactor antineutrinos for the measurement
of the neutrino oscillations, was the CHOOZ experiment. Having the detector
placed 1050 m from the nuclear core the experiment aimed to investigate the
electron antineutrino oscillations in the short baselines. This could give an access
to at that time unknown mixing angle θ13.

The detector was placed underground with the overburden of about 300 m.w.e.
in order to shield against the cosmic rays. Detector itself was a stainless steel
tank 5.5 m high and 5.5 m in diameter. There were two nested vessels inside
dividing the detector into three zones. The inner vessel was made from highly
transparent Plexiglas while the outer vessel was opaque in order to prevent gam-
mas go in or out. The innermost region was filled with liquid scintillator doped
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with gadolinium. The middle region was filled with pure liquid scintillator to
capture escaping gammas from the inner zone. There were PMTs mounted on
the outer vessel facing inwards. The outer part contained PMTs and was filled
liquid scintillator. This zone was used for muon veto.

The antineutrinos were measured using inverse beta decay reaction. Unlike
KamLAND, the CHOOZ experiment used gadolinium-doped liquid scintillator to
capture delayed neutrons. Gadolinium has large cross-section for thermal neutron
capture. More importantly, there is released gamma cascade after the neutron
capture with total energy about 8 MeV. For this energy the background rate
is significantly lower since the energy spectrum of natural radioactivity basically
vanishes above 3 MeV.

The CHOOZ experiment was able to set the upper limit on sin2(2θ13) < 0.17
at 90% confidence level [29]. The largest systematic uncertainty came from the
uncertainty of antineutrino flux despite the effort to reduce it by detailed simu-
lation of the reactor core and application of previous flux measurements done by
the Bugey-3 experiment [30].

2.3.5 Entering the Era of Precision Measurement of Os-
cillation Parameters

When the phenomenon of neutrino oscillations was established we entered to the
era of precision measurement of oscillation parameters. Designated experiments
were built either to measure parameters more accurate or measure those still
unknown. We have already mentioned accelerator neutrino experiments NOvA
and T2K which aim to measure CP-violation phase δCP , neutrino mass hierarchy
etc.

In order to measure the CP-violation phase δCP , we have to know the value
of θ13 because there is an ambiguity between these parameters. In extreme case,
when θ13 = 0 or θ13 = π there is no room for CP-violation in the lepton sector.
Therefore, there was a strong campaign in last decade to measure θ13 in order to
set future strategy to the CP-violation measurement. Several experiments were
proposed and built: Daya Bay, RENO, Double CHOOZ, NOvA and T2K.

There are future experiments under construction or proposed which perform
even more precise measurement of oscillation parameters and resolve still unan-
swered questions in neutrino oscillations. The JUNO experiment [31] aims to
measure reactor antineutrinos. There will be DUNE [32] and Hyper-Kamiokande
[33] experiments with accelerator and atmospheric neutrinos. All these experi-
ments are rather complementary and they will provide us deep insight into neu-
trino properties.

2.3.6 Road to Mixing Angle θ13

In 2011, more than a decade after the CHOOZ experiment reported the upper
limit on mixing angle θ13, T2K experiment presented indication of non-zero mix-
ing angle θ13 [34]. The T2K experiment is long-baseline accelerator neutrino
experiment. It uses neutrino beam produced at J-PARC, which is sent to 295 km
far Super-Kamikande detector mentioned before. The peak of the energy spec-
trum is tuned to be in the first oscillation maximum, i.e. Eν = 0.6 GeV.
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With 1.43× 1020 proton on target T2K has observed 6 electron neutrino can-
didates while 1.5 ± 0.3 were expected. Under the neutrino flavour oscillation
framework this rules out θ13 = 0 hypothesis with 2.5σ significance [34]. Re-
cent results from T2K support the electron neutrino appearance hypothesis with
significance of 7.3σ [11].

Later, in the end of 2011, the experiment Double CHOOZ presented their
measurement and confirmed with what we already knew from T2K. Their result
disfavoured θ13 = 0 hypothesis at 1.9σ significance [35].

The Double CHOOZ experiment was designed to have two detectors, near
detector located close to nuclear reactor, which is used as a source of antineutrinos
and far detector sensitive to the oscillation effects. The experiment actually uses
formal CHOOZ experimental site for the deployment of its far detector in the
distance L = 1050 m from the reactors. For the 2011 result, the near detector
was not installed therefore single Double CHOOZ was conceptually same as the
CHOOZ experiment only with more advanced detector. The main sources of
systematical uncertainties, e.g. uncertainty in antineutrino flux, were still present
and limited the capabilities of the experiment. The near detector started data
taking in 2015.

Finally in March 2012, the experiment Daya Bay was the first, which beyond
all doubts observed reactor antineutrinos disappearance consistent with neutrino
flavour oscillations. Experiment measured non-zero mixing angle θ13 with the
significance of 5.2σ. Based on the rate-only analysis the deficit was consistent
with the value sin2(2θ13) = 0.092± 0.016(stat)± 0.005(syst) [9].

The non-zero θ13 was promptly confirmed by the RENO experiment. We
should mention that RENO was the first neutrino oscillation experiment which
ran with the near-far detector configuration used also in Daya Bay (see Sec.5.1
for more details about the configuration advantages). Nowadays, we have already
several measurements of mixing angle θ13. The most precise measurement of
mixing angle θ13 was reported recently by Daya Bay experiment with the value
of sin2(2θ13) = 0.0841± 0.0027(stat)± 0.0019(syst) [36].

2.3.7 Neutrino Flavour Oscillation Parameter Values and
Open Questions in Neutrino Oscillations

In the end of this chapter, we would like to summarize the measurement of neu-
trino oscillation parameters in three-neutrino framework. There are three mixing
angles θ12, θ23, θ13 and two independent mass squared differences ∆m2

21 and ∆m2
32

all measured with certain precision.
However, there are still three major questions unanswered in neutrino oscil-

lations. First of course is the value of CP-violation phase δCP , which remain un-
known. Nevertheless, there have been recently some promising results by NOvA
and T2K in this regard. Second, as we have discussed before, we do not know the
sign of ∆m2

32. This gives rise to two potential neutrino mass hierarchies. Normal
hierarchy is called the case when ∆m2

32 > 0 and inverted hierarchy is the case
∆m2

32 < 0. The illustration of two possible hierarchies is shown in Fig.2.1.
Resolving neutrino mass hierarchy is one of the current goals of neutrino

oscillation physics. Future experiments JUNO, DUNE and HyperKamiokande
will likely answer this question. DUNE and HyperKamiokande will also aim to
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Figure 2.1: Illustration of the normal and inverted mass hierarchies. The colours
represent the amount of flavour state in the particular mass state.

resolve third questions of neutrino physics and that is the quadrant of mixing
angle θ23, i.e. θ23 ≶ 45◦. Octant ambiguity cannot be addressed by JUNO
since the electron antineutrino disappearance probability does not depend on θ23.
Currently, data favours two values, one slightly below 45◦ and one slightly above
but still indistinguishable at 3σ confidence level, see Tab.2.1.

Tab.2.1 summarizes current the combined global best-fit oscillation parame-
ters for both normal and inverted neutrino mass hierarchy.

Parameter Best fit ±1σ 3σ range

sin2 θ12 0.302+0.013
−0.012 0.267− 0.344

sin2 θ23 0.413+0.037
−0.025 or 0.594+0.021

−0.022 0.342− 0.667

sin2 θ13 0.0227+0.0023
−0.0024 0.0156− 0.0299

∆m2
21 7.50+0.18

−0.19 × 10−5 eV2 (7.00− 8.09)× 10−5 eV2

∆m2
31 for NH 2.473+0.070

−0.067 × 10−3 eV2 (2.276− 2.695)× 10−3 eV2

∆m2
32 for IH −2.427+0.042

−0.065 × 10−3 eV2 (−2.649−−2.242)×10−3eV2

δCP 300+66
−138

◦
0− 360◦

Table 2.1: Global best fit of neutrino flavour oscillation parameters. We show
best-fit value with ±1σ deviation and 3σ range. More details in [37]

Part of the oscillation parameters will be improved in near future by the
JUNO experiment. The experiment will measure the disappearance of reactor
antineutrino in the medium baseline exploring mixing parameters θ12 and ∆m2

21.
On top of that, due to its excellent precision, the JUNO experiment aims to
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observe sub-leading oscillation pattern governed by the mass squared difference
∆m2

32 (∆m2
31). It will be the first experiment to measure simultaneously both

types of oscillations. JUNO measurement will lead to significant reduction of the
uncertainty of oscillation parameters, see Tab.2.2.

Parameter Current rel. uncertainty Improved uncertainty by JUNO
sin2 θ12 4.1% 0.67%
∆m2

21 2.6% 0.59%
∆m2

ee ∼2.8% 0.44%

Table 2.2: Parameters which can JUNO improve and their expected relative
uncertainty after 6 years of running [38]. ∆m2

ee is effective mass square splitting,
linear combination of the factors depending on ∆m2

32 and ∆m2
31. The current

global uncertainty is approximately the uncertainty of ∆m2
32.

2.3.8 Other Questions in Neutrino Physics

We would like to briefly discuss two other question in neutrino physics which
are not accessible in the oscillation measurements. First is the absolute scale
of neutrino masses. We do not now the mass of the lightest neutrino, which is
illustrated on Fig.2.1 by the broken y-axis. We are not able to anchor three mass
states knowing only the mass differences between them. The closest experiment
to provide the answer or set the better upper limit on the neutrino mass is the
KATRIN experiment. It aims to measure the high energy end of the electron
spectrum in the decay of tritium:

3H →3 He+ ν̄e + e (2.25)

The KATRIN sensitivity can set the upper limit on effective ν̄e mass me < 0.2 eV
[39].

Another question we already briefly mentioned above is the Dirac of Majorana
nature of neutrino. Majorana neutrinos are suggested by most of the theories
trying to explain generation of neutrino mass. The current effort in this regard
is focused on the measurement of neutrinoless double beta decay and similar
reactions like double electron capture. While neutrino flavour oscillations violate
the family lepton number but still conserved the total lepton number, Majorana
neutrinos would violate the total lepton number by two in the neutrinoless double
beta decay. Various experiments are currently under operation, however, no
experimental evidence of Majorana neutrinos was obtained yet.
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3. Test of the Lorentz Invariance
in the Antineutrino Oscillations
in Daya Bay

3.1 Motivation

The main goal of the Daya Bay experiment was the discovery of non-zero value of
mixing angle θ13. This goal was successfully accomplished in 2012 [9]. Due to the
relatively large value of θ13 and high precision achieved in the experiment we are
able to go beyond the standard three-neutrino framework of massive neutrinos
and extend out search for the effects of new physics.

One of such scenarios is the potential breaking of the Lorentz Invariance. It
is considered to be fundamental symmetry of the nature. Nevertheless, certain
candidates for description of the quantum gravity [40] suggest its violation at high
energy scale known as the Planck mass (MP ' 10−19 GeV). Lorentz Invariance
corresponds to the independence of the laws of physics on the orientation or the
boost of the laboratory frame. This symmetry underlies Special Relativity, which
makes it one of the basics components of both General Relativity (GR) and the
Standard Model (SM), our most successful descriptions of nature to date. Despite
the success of our current theories, it can be expected that GR and the SM unify
at an energy scale at which quantum and gravitational effects are comparable in
magnitude. Here is where we could expect Lorentz Invariance violation (LIV).

Further motivation is that every search for the potential LIV works as a test
of one of the fundamental symmetries of the nature. That is always beneficial
since it can make us more confident in our description of laws of physics.

Even though the Planck mass is out of direct experimental reach with our
current technology, indirect effects could be observable in sensitive experimental
setups. The interferometric properties of neutrino oscillations offers us useful
probe to these effects. The hint of presence of LIV could be observed as a devia-
tion from the prediction of the standard oscillations.

A systematic study of Lorentz Invariance violation can be performed using
the so-called Standard-Model Extension (SME) [41, 42, 43], a general framework
based on effective quantum field theory that parametrizes any potential deviation
from exact Lorentz Invariance. In addition to the SM Lagrangian, SME may con-
tain other terms, which are not by construction Lorentz invariant. Each term has
its own in general independent coupling constant. Many experiments performed
search for Lorentz Invariance violation using SME framework. They use various
probes include photons, electrons, protons, neutrons, neutrinos, muons, quarks,
neutral mesons, gluons, and gravity [44]. To date, no hint of Lorentz Invariance
violation was observed resulting in the limits on SME parameters. Nevertheless,
only small part of SME parameters was explored.

In the neutrino sector [45, 46], LIV effects have been already studied by sev-
eral experiments including Double Chooz [47, 48], IceCube [49], LSND [50], Mini-
BooNE [51, 52], MINOS [53, 54, 55, 56], and Super-Kamiokande [57]. Daya Bay
experiment with its ability to perform very precise measurement can join this
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effort.

3.2 The Effects of Lorentz Invariance Violation

in the Perturbative Standard-Model Exten-

sion in Daya Bay

Like other experiments, we will use SME to describe the potential Lorentz Invari-
ance violation in neutrino oscillations in Daya Bay. We will follow the procedure
described in [58] to derive the survival probability Pν̄e→ν̄e , which contain such
effects.

In SME, the effect of LIV can be introduced by effective Hamiltonian schemat-
ically written as:

heff = h0 + δh (3.1)

where h0 is the Lorentz invariant part of the SM and δh represents the LIV effects.
For more details, see [58]. Since no hint of the violation was observed so far we
can assume that δh << h0 and write the oscillation amplitude schematically as
a perturbative expansion in the powers of δh:

Sēē = S
(0)
ēē + S

(1)
ēē + S

(2)
ēē + ... (3.2)

and consequently the oscillation probability as:

Pν̄e→ν̄e =
∣∣∣S(0)

ēē + S
(1)
ēē + S

(2)
ēē + ...

∣∣∣
2

= P
(0)
ν̄e→ν̄e + P

(1)
ν̄e→ν̄e + P

(2)
ν̄e→ν̄e + ... (3.3)

Since we assume that δh << h0, then P
(0)
ν̄e→ν̄e >> P

(1)
ν̄e→ν̄e >> P

(2)
ν̄e→ν̄e ... and we

can consider only leading order of the LIV effect, i.e. 1st perturbative order:

Pν̄e→ν̄e = P
(0)
ν̄e→ν̄e + P

(1)
ν̄e→ν̄e . (3.4)

The zeroth order of the survival probability P
(0)
ν̄e→ν̄e =

∣∣∣S(0)
ēē

∣∣∣
2

represents the the

standard mass-driven oscillation probability, where the zeroth order amplitude
is:

S
(0)
ēē = S(0)

ee =
∑

i=1,2,3

|Uei|2 e−iEiL, (3.5)

Here we use notation

E1L = 0, E2L =
2.53∆m2

21[eV2]L[m]

E[MeV]
, E3L =

2.53∆m2
31[eV2]L[m]

E[MeV]
.

(3.6)
We keep bared indexes to identify, that we are calculating the probability for
antineutrinos. However, it is not important for the Lorentz Invariance conserving
part, it is crucial for the LIV part of the probability

Specifically, the zeroth order probability takes the expected form:

P
(0)
ν̄e→ν̄e = 1− sin2 2θ12 cos4 θ13 sin2

(
∆m2

21L

4E

)

− sin2 2θ13 sin2 θ12 sin2

(
∆m2

32L

4E

)

− sin2 2θ13 cos2 θ12 sin2

(
∆m2

31L

4E

)
(3.7)

24



where E is the antineutrino energy and L is the baseline.
The Lorentz Invariance violating part of the probability for antineutrinos in

Eq. (3.4) is given by

P
(1)
ν̄e→ν̄e = 2L Im

[
S

(0)∗
ēē H(1)

ēē

]
. (3.8)

The factor H(1)
ēē , which depends on energy and baseline, takes the form of

H(1)
ēē =

∑

ᾱ,β̄=ē,µ̄,τ̄

(M(1)
ēē )ᾱβ̄ δhᾱβ̄. (3.9)

In this expression, the oscillation channel dependent factors (M(1)
ēē )ᾱβ̄ are given

by:

(M(1)
ēē )ᾱβ̄ =

∑

ī,j̄=1,2,3

τ
(1)

īj̄
Uē̄iU

∗
ᾱīUβ̄j̄U

∗
ēj̄

=
∑

i,j=1,2,3

τ
(1)
ij U∗eiUαiU

∗
βjUej, (3.10)

where we use the complex conjugate mixing matrix transforming from antineu-
trinos (bared indexes) to neutrinos (non-bared indexes). The δhᾱβ̄ is the LIV
Hamiltonian, which contains the effective coupling constants of the LIV term of
SME. The functions τ

(1)
ij are defined as:

τ
(1)
ij (E,L) =





e−iEjL, Ei = Ej,

e−iEiL − e−iEjL
−i∆ijL

, Ei 6= Ej.
(3.11)

where ∆ij ≡ Ei − Ej. We remind that here we use the notation for EiL shown
in Eq.(3.6).

Using Eq.(3.9) and Eq.(3.8) in Eq.(3.4), we can write the survival probability
as:

Pν̄e→ν̄e = P
(0)
ν̄e→ν̄e + 2L Im

[
S

(0)∗
ēē

∑

ᾱ,β̄=ē,µ̄τ̄

(M(1)
ēē )ᾱβ̄ δhᾱβ̄

]
. (3.12)

3.3 Isotropic Lorentz Invariance Violation vs.

Sidereal Modulation

The violation of Lorentz Invariance breaks the idea of the independence of laws
of physics on the boost and the orientation on the frame. This suggests existence
of the preferred global orientation (preferred frame). It is reflected in the Lorentz
Invariance violating Hamiltonian δhᾱβ̄, which can be decomposed to the form of:

δhᾱβ̄ = (C)ᾱβ̄+(As)ᾱβ̄ sinω⊕T⊕ + (Ac)ᾱβ̄ cosω⊕T⊕

+(Bs)ᾱβ̄ sin 2ω⊕T⊕ + (Bc)ᾱβ̄ cos 2ω⊕T⊕
(3.13)

where the amplitudes are given explicitly in [58]. The T⊕ is the sidereal time and
ω⊕ ≡ 2π/(23 h 56 min) is the sidereal frequency, i.e. the frequency of the Earth

25



rotation with respect to the fixed stars. The Hamiltonian is now the function
of the sidereal time T⊕ which express the changing orientation with respect to
the preferred global orientation frame. While the Earth is rotating, this time-
dependence would result in periodical time-changing oscillations. There is also
term (C)ᾱβ̄ which is not a function of the sidereal time but still contain the LIV
effects. We refer to this case as the Isotropic Lorentz Invariance violation, more
simply Isotropic case, since it does not depend on the orientation.

Searches for both cases, sidereal-time dependent oscillations and Isotropic
Lorentz Invariance violation, are rather complementary and can be easily sepa-
rated at Daya Bay. If we investigate the time-dependent oscillations, the isotropic
term (C)ᾱβ̄ will result just in the increase or decrease of the standard oscillation
effect due to the mixing angle θ13. On the other hand, in the search for the
Isotropic Lorentz Invariance violation the time-dependent LIV will average out if
our data acquisition period spans over large number of sidereal days. In case of
Daya Bay data, it is hundreds of periods.

In this thesis we will limit our focus on the Isotropic Lorentz Invariance vi-
olation case only. Such effects could be observed in the shape of the oscillated
antineutrino energy spectrum, which is modified from the standard oscillation
prediction by the presence of LIV.

3.4 Hamiltonian for the Isotropic Lorentz In-

variance Violation

For the isotropic case the Hamiltonian takes form:

δhᾱβ̄ = (C)ᾱβ̄ = (aR)Tᾱβ̄−
1

2
(cR)TTᾱβ̄

(
3−N̂ZN̂Z

)
E+

1

2
(cR)ZZᾱβ̄

(
1−3N̂ZN̂Z

)
E (3.14)

where the indexes T,X, Y, Z stands for four spacetime coordinates and N̂ i is
component of vector (N̂X , N̂Y , N̂Z) which represents the neutrino propagation
direction in the Sun-centered frame at T⊕ = 0.

The label R indicates that the coefficients refer to right-handed antineutrinos.
It is important to notice that the spacetime trace of the tensor (cR)αβ

ᾱβ̄
is Lorentz

invariant, so the Lorentz Invariance violating part can be taken as traceless. In
other words, (cR)ZZ

ᾱβ̄
= 1

3
(cR)TT

ᾱβ̄
and the Hamiltonian takes the simple form

δhᾱβ̄ = (aR)Tᾱβ̄ −
4

3
E(cR)TTᾱβ̄ (3.15)

Moreover, in order to compare with the studies from other experiments, we
can relate the right-handed coefficients to the left-handed coefficients in the form

(aR)Tᾱβ̄ = −(aL)T∗αβ, (3.16)

(cR)TTᾱβ̄ = (cL)TT∗αβ (3.17)

where minus sign emerges due to the CPT-violating nature of the operator asso-
ciated with the coefficient (aR)T

ᾱβ̄
. The final form of the Hamiltonian is then

δhᾱβ̄ = −(aL)T∗αβ −
4

3
E(cL)TT∗αβ (3.18)
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3.5 Explicit Form of the Survival Probability

with LIV Effect

There are more SME parameters needed for the most general description of the
LIV effect in the Daya Bay than the experiment can constrain. In this section we
present two different approaches how to deal with this issue. In the first approach
we turn on only some SME parameters keeping the others to zero. We refer to
this as the case-by-case approach, see Sec.3.5.1. The advantage is the reduction
of free parameters, which allows us to set constraints on actual SME parameters
which we turned on. In the second approach, we combine the effect of all relevant
SME parameters into effective parameters. This action reduces the number of
free parameters to constrain. The advantage is that we keep the most general
LIV effects but we can set constraints only on specific combinations of the SME
parameters. We refer to this approach as the full formula, see Sec.3.5.2. Let us
now derive the survival probabilities for these two approaches.

3.5.1 Case-by-case Survival Probability Formulae

The case-by-case approach assumes only particular set of the SME parameters to
be non-zero. This approach is commonly used in the analysis and adopt by other
neutrinos experiments as well, e.g. Double Chooz [47, 48] and Super-Kamiokande
[57]. The advantage is that we can set limits on the actual SME parameters (aL)Tαβ
and (cL)TTαβ since we reduce the number of fitted parameters. In order to do that
we adopt procedure turning on only one particular flavour combination αβ while
keeping the other SME parameters corresponding to different flavour combina-
tions zero. In some cases, we might even turn on only one SME parameter, see
results of our analysis in Sec.7.2.4. Obviously, the disadvantage is that we ne-
glect contribution of some of the LIV terms. Although, we relaxed on the most
general case of LIV, fortuitous cancellations between different coefficients are un-
likely because each coefficient of the Hamiltonian hᾱβ̄ is coupled to a different

experimental factor (M(1)
ēē )ᾱβ̄, which depend on the antineutrino energy. For this

reason, any cancellation would occur at a well-defined energy but not for all val-
ues of the antineutrino energy spectrum. Therefore, if there would be some LIV,
we would observe it anyway.

Let us now take step-by-step only one non-zero component of the Lorentz
Invariance violating Hamiltonian δhᾱβ̄ at a time. The hermiticity of the Hamilto-
nian δh∗

ᾱβ̄
= δhβ̄ᾱ implies that there are six out of nine independent components

of ᾱβ̄ combinations. These six independent components can be separated into
two general groups: ᾱ = β̄ and ᾱ 6= β̄.

• ᾱ = β̄: in this case, the components of the Hamiltonian are real and the
probability Eq. (3.12) takes the form

Pν̄e→ν̄e = P
(0)
ν̄e→ν̄e + 2L Im

[
S

(0)∗
ēē (M(1)

ēē )ᾱᾱ

]
δhᾱᾱ (3.19)

Recall that the indexes ᾱᾱ take the values ᾱᾱ = ēē, µ̄µ̄, τ̄ τ̄ .

• ᾱ 6= β̄: It can be shown that if conventional CP violation is neglected
(δCP = 0), then the experimental factors satisfy (M(1)

ēē )β̄ᾱ = (M(1)
ēē )ᾱβ̄. We
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adopt this value of CP violation phase for the convenience. The qualitative
result of LIV remain unchanged, however the quantitative result must be
corrected when the real value of δCP will be measured. With this assump-
tion, the probability Eq. (3.12) can be written as

Pν̄e→ν̄e = P
(0)
ν̄e→ν̄e + 2L Im

[
S

(0)∗
ēē

(
(M(1)

ēē )ᾱβ̄ δhᾱβ̄ + (M(1)
ēē )β̄ᾱ δhβ̄ᾱ

)]

= P
(0)
ν̄e→ν̄e + 2L Im

[
S

(0)∗
ēē (M(1)

ēē )ᾱβ̄
(
δhᾱβ̄ + δhβ̄ᾱ

)]

= P
(0)
ν̄e→ν̄e + 4L Im

[
S

(0)∗
ēē (M(1)

ēē )ᾱβ̄

]
Re(δhᾱβ̄), (3.20)

where the indexes take the values ᾱβ̄ = ēµ̄, ēτ̄ , µ̄τ̄ .

We plug Eq.(3.18) in Eqs.(3.19), Eq.(3.20) and change (M(1)
ēē )ᾱβ̄ → (M(1)

ee )αβ

and S
(0)∗
ēē → S

(0)∗
ee in order to obtain the survival probabilities for the six indepen-

dent flavour components αβ, now with non-bared indexes. Then we can finally
get the exact form of the six case-by-case survival probability formulae.

α = β

The three relevant probabilities take the form:

• ee

Pν̄e→ν̄e = P
(0)
ν̄e→ν̄e − 2L Im

[
S(0)∗
ee (M(1)

ee )ee

][
(aL)Tee +

4

3
E(cL)TTee

]
(3.21)

• µµ

Pν̄e→ν̄e = P
(0)
ν̄e→ν̄e − 2L Im

[
S(0)∗
ee (M(1)

ee )µµ

][
(aL)Tµµ +

4

3
E(cL)TTµµ

]
(3.22)

• ττ

Pν̄e→ν̄e = P
(0)
ν̄e→ν̄e − 2L Im

[
S(0)∗
ee (M(1)

ee )ττ

][
(aL)Tττ +

4

3
E(cL)TTττ

]
(3.23)

α 6= β

The other three probabilities take the form:

• eµ

Pν̄e→ν̄e = P
(0)
ν̄e→ν̄e−4L Im

[
S(0)∗
ee (M(1)

ee )eµ

][
Re(aL)Teµ+

4

3
E Re(cL)TTeµ

]
(3.24)

• eτ

Pν̄e→ν̄e = P
(0)
ν̄e→ν̄e − 4L Im

[
S(0)∗
ee (M(1)

ee )eτ

][
Re(aL)Teτ +

4

3
E Re(cL)TTeτ

]
(3.25)

• µτ

Pν̄e→ν̄e = P
(0)
ν̄e→ν̄e−4L Im

[
S(0)∗
ee (M(1)

ee )µτ

][
Re(aL)Tµτ +

4

3
E Re(cL)TTµτ

]
(3.26)
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We are allowed to take off the bars above the indexes since the zeroth order
amplitude in Eq.(3.5) is same for neutrinos and antineutrinos as we already dis-
cussed before. Since we set δCP = 0 the mixing matrix is real. Using definition
in Eq.(3.10) we can prove that (M(1)

ēē )ᾱβ̄ = (M(1)
ee )αβ.

The survival probabilities for different cases of the flavour combinations are
shown in Fig. 3.1 for Daya Bay near Hall distance 561 m and the Far Hall distance
1579 m. We include the case of Lorentz Invariance conservation. From Fig. 3.1,
it is possible to see that presence of LIV deviates the oscillation pattern from
the standard oscillation picture. This modification is a function of antineutrino
energy.

3.5.2 Full Formula Survival Probability

Let us now investigate the most general survival probability in the first order of
perturbative expansion in SME. The cancellation of the LIV effect is improbable,
nevertheless, there might still be some suppression, which could not be observed
in the case-by-case analysis since only some SME parameters are considered non-
zero.

Combining Eqs.(3.21)-(3.26) the most general formula takes following form:

Pν̄e→ν̄e = P
(0)
ν̄e→ν̄e − 2L Im

[
S(0)∗
ee (M(1)

ee )ee

][
(aL)Tee +

4

3
E(cL)TTee

]

− 2L Im
[
S(0)∗
ee (M(1)

ee )µµ

][
(aL)Tµµ +

4

3
E(cL)TTµµ

]

− 2L Im
[
S(0)∗
ee (M(1)

ee )ττ

][
(aL)Tττ +

4

3
E(cL)TTττ

]

− 4L Im
[
S(0)∗
ee (M(1)

ee )eµ

][
Re(aL)Teµ +

4

3
E Re(cL)TTeµ

]

− 4L Im
[
S(0)∗
ee (M(1)

ee )eτ

][
Re(aL)Teτ +

4

3
E Re(cL)TTeτ

]

− 4L Im
[
S(0)∗
ee (M(1)

ee )µτ

][
Re(aL)Tµτ +

4

3
E Re(cL)TTµτ

]

(3.27)

This expression contains twelve SME parameters, six (aL)Tαβ’s and six (cL)TTαβ ’s.
We shall use case-by-case approach where we reduce their number. Using partic-
ular assumptions we can recast the formula to the simpler form. Let us calculate
the exact form for term:

Im
[
S(0)∗
ee

(
(M(1)

ee )αβ
)]
. (3.28)

In our calculations we neglect terms with ∆m2
21 for P

(1)
ν̄e→ν̄e term by using

formal limit ∆m2
21 = 0. The effect of ∆m2

21-driven oscillations is in Daya Bay
already small for classical case therefore any suppression by SME parameters
makes it negligible. This is a follow-up of our assumption that LIV effect is small
compare to the standard oscillation effect expressed previously by the assumption
δh << h0. With ∆m2

21 = 0 assumption we have ∆m2
32 = ∆m2

31 = ∆m2. From
Eq. (3.11) we get:

τ
(1)
11 (E,L) = τ

(1)
22 (E,L) = τ

(1)
21 (E,L) = 1 (3.29a)

τ
(1)
33 (E,L) = exp

(
−i∆m

2L

2E

)
(3.29b)
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τ
(1)
31 (E,L) = τ

(1)
31 (E,L) = i

exp
(
−i∆m2L

2E

)
− 1

∆m2L
2E

(3.29c)

For completeness, let us note that τ
(1)
ij (E,L) = τ

(1)
ji (E,L). Then the term in Eq.

(3.28) gets the form of:

α = β

Im
[
S(0)∗
ee

(
(M(1)

ee )αα
)]

=U2
e3

[
(δeα − Ue3Uα3)2 − U2

α3

(
1− U2

e3

)]
sin

∆m2L

2E

− 2Ue3Uα3 (δeα − Ue3Uα3)
(
1− 2U2

e3

) sin2 ∆m2L
4E

∆m2L
4E

(3.30)

α 6= β

Im
[
S(0)∗
ee

(
(M(1)

ee )αβ
)]

= U2
e3 [Ue1Ue2 (Uα1Uβ2 + Uβ1Uα2)− Uα3Uβ3] sin

∆m2L

2E

− Ue3
(
1− 2U2

e3

)
[Uα3 (δeβ − Ue3Uβ3) + Uβ3 (δeα − Ue3Uα3)]

sin2 ∆m2L
4E

∆m2L
4E

(3.31)

From Eq. (3.30) and Eq. (3.31), we can see that only two particular combinations
of energy E and distance L have emerged for all combinations α and β, namely

sin ∆m2L
2E

and
sin2 ∆m2L

4E
∆m2L

4E

. That allows us to write the full survival probability in the

form of:

Pν̄e→ν̄e = P
(0)
ν̄e→ν̄e + P

(1)
ν̄e→ν̄e =

P
(0)
ν̄e→ν̄e − 2L

[
(X1 +X2E) sin

∆m2
eeL

2E
+ (X3 +X4E)

sin2(∆m2
eeL

4E
)

∆m2
eeL

4E

]
(3.32)

where we identify effective mass squared difference ∆m2
ee [59] with ∆m2, the

only mass squared splitting considered in P
(1)
ν̄e→ν̄e above. The Xi’s represent linear

combination of (aL)Tαβ’s and (cL)Tαβ’s for different flavour combinations weighted
by coefficients given in Eq.(3.30) and Eq.(3.31). Definition and use of effective
mass squared difference ∆m2

ee is discussed later in Sec.7.1.
In detail, parameters X1 and X3 are linear combination of 6 (aL)Tαβ’s while

parameters X2 and X4 are linear combination of 6 (cL)Tαβ’s. Using Daya Bay
measurement, we can set constraints on parameters Xi’s. Let us note that Xi’s
parameters themselves contain the effect of LIV. Setting them to zero, we restore
standard oscillation probability with Lorentz Invariance conservation.
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Figure 3.1: Antineutrino survival probability with respect to antineutrino
energy for different cases shown in Eqs.(3.21)-(3.26). Top panel: Near
hall, L=561 m. Bottom panel: Far Hall, L=1579 m. We used
((aL)Tαβ, (cL)TTαβ )=(10−20 GeV,−10−18) for all LIV cases. We included the case
of Lorentz Invariance conservation (black line). We have used common values
sin2 2θ13 = 0.084 and ∆m2

ee = 2.48 × 10−3 eV2. The lower panel of each fig-
ure shows the ratio of each case with LIV over the case of Lorentz Invariance
conservation.
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4. Non-standard Interactions
in the Antineutrino Oscillations
in Daya Bay

The observation of neutrino oscillations resulting in non-zero neutrino mass is
the ultimate proof for the physics BSM. Theory in which massive neutrinos are
incorporated must be in this sense more general than SM. Although, SM remains
one of the most successful theories describing the particles and their interactions.
We do not reject it rather than think about it as an effective low energy limit of
some more general model.

More general theory has to contain massive neutrinos but may introduce new
particles and interactions. Even though, the new particles are not in our di-
rect experimental reach, the indirect effects can be observed as a deviation from
prediction of SM. The interactions forbidden or highly suppress in SM can be en-
hanced by the presence of new physics. These so-called Non-standard Interactions
(NSIs) could be observed in Daya Bay due to its exceptional sensitivity.

If mX is the energy scale of new physics, we can expect the deviation from SM

due to NSIs in the order of ∼
(
mW
mX

)2

where the mW is the mass of the W vector

boson. Having new physics just at TeV scale the size of new physics is not higher
than few percent relative to the SM processes. Similar size of NSI effects can be
expected in the neutrino oscillations. Since current limits on NSIs parameters
are still quite loose [60] we need very precise experiments such as Daya Bay to
further constrain the NSIs.

At energy scales µ << mW , we can use effective Lagrangian to describe the
neutrino interactions. The SM interactions are reduced to:

Lν = −GF√
2

(
ν̄αγ

ρ(1− γ5)lα
) (
f̄ ′γρ(1− γ5)f

)
(4.1)

and

LMSW = −GF√
2

(
ν̄αγ

ρ(1− γ5)να
) (
f̄γρ(1− γ5)f

)
(4.2)

where f, f ′ are fermionic fields, lα is the charge lepton field and να is the neutrino
field with flavour α. The GF is famous Fermi constant. Similarly, we can write
the effective Lagrangian for NSIs as:

LNSI =LV±A + LS±P + LT =

=− GF√
2

∑

f,f ′

εf,f
′,V±A

αβ

(
ν̄βγ

ρ(1− γ5)lα
) (
f̄ ′γρ(1± γ5)f

)
+ ... (4.3)

where we write in detail only the relevant part for the Daya Bay with relative
coupling constants εf,f

′,V±A
αβ . The LNSI can be decomposed to the parts according

to their Lorentz structure, nevertheless, we can neglect effect of some of the
operators in Daya Bay. The scalar and pseudoscalar as well as tensor part is
highly suppressed. We can neglect NSIs in the neutrino propagation since for the
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Earth density and typical reactor antineutrino energy the ordinary matter effect
is already negligible and any other sub-leading effect would be even smaller.

In our analysis, we consider NSIs presented in the production and detection
processes only. Together, they will modify the shape of the oscillated antineutrino
energy spectrum in the specific way, which will be different from the standard
oscillation pattern. Other way round, we can use the possible modification of the
shape of the energy spectrum to constrain the NSIs.

4.1 Common Non-unitary Approach

to Non-standard Interactions

In the section we present the commonly used phenomenological formalism for
the description of NSIs effects. It was used previously for the study of reactor
neutrinos e.g. in [61], [62], [63] and for Daya Bay we have explored the potential of
the experiment to constrain NSIs parameters in [64]. The approach motivated by
the terms in effective Lagrangian introduces combination of neutrino SM flavour
states: source flavour state |νsα〉 and detector flavour state

∣∣νdα
〉
. Similarly to the

SM they are named after the involved lepton. However, they are not pure SM
flavour states but mix the effects of SM and NSIs. Neutrinos born in the source
can be treated as a superposition of vacuum flavour eigenstates

|νsα〉 =
1

N s
α

(
|να〉+

∑

β=e,µ,τ

εsαβ |νβ〉
)
. (4.4)

Similarly for detector, we get

〈
νdα
∣∣ =

1

Nd
α

(
〈να|+

∑

β=e,µ,τ

εdβα 〈νβ|
)
. (4.5)

Matrices εs, εd parametrize size of the NSIs in the source and detector respec-
tively. They are in general arbitrary matrices, however, some particular theories
of massive neutrinos can impose relations between the matrices elements. The
N s
α and Nd

α which are appropriate normalization factors

N s
α =

√
[(1 + εs)(1 + εs†)]αα (4.6)

Nd
β =

√
[(1 + εd)(1 + εd†)]ββ (4.7)

We should stress that elements of matrices εs and εd are effective combinations of
the coupling constants appearing in effective Lagrangian in Eq.(4.3). Therefore
formalism presented in this section is phenomenological description of NSIs and
does not offer the opportunity to constrain actual NSIs coupling constants.

The neutrino weak flavour eigenstates are linked to the mass eigenstates by
standard Pontecorvo-Maki-Nakagawa-Sakata matrix U described in Eq.(2.6) as:

|να〉 = Uαi|νi〉 (4.8)
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For νsα and νdα we can write:

|νsα〉 = V s
αβUβi|νi〉∣∣νdα

〉
= V d

αβUβi|νi〉
(4.9)

where

V s
αβ =

1

N s
α

(
δαβ + εsαβ

)
V d
αβ =

1

Nd
α

(
δαβ + εdαβ

)
(4.10)

The transformation between flavour source/detector states and mass states is
in general non-unitary. This is a result of the form of LNSI in Eq.(4.3) where
SM neutrino flavour state α does not have to be produced along with lepton
with flavour α. This non-unitarity however does not imply that we are loosing
neutrinos. The total lepton number in SM+NSIs is conserved. Only the family
lepton number can be violated in the process of neutrino production or detection
by the presence of NSIs.

In case of NSIs the electron neutrino survival amplitude A
(
νse → νde , L

)
≡

A(L) is

A(L) = 〈νde | exp−iHL|νse〉 =
1

N s
eN

d
e

(1 + εd)αeAαβ(1 + εs)eα

=
1

N s
eN

d
e

[
A+ εsA+ Aεd + εsAεd

]
ee

(4.11)

where L is the propagation distance and A is the matrix of standard amplitudes
without the presence of NSIs:

Aαβ =
∑

i

U∗αiUβi exp

(
−im

2
iL

2E

)
(4.12)

Combining Eq.(4.12) and Eq.(4.11) we get

A(L) =
∑

i

Ti exp

(
−im

2
iL

2E

)
(4.13)

where

Ti =
1

N s
eN

d
e

(
U∗eiUei +

∑

γ=e,µ,τ

εseγU
∗
γiUei +

∑

γ=e,µ,τ

εdeγU
∗
eiUγi

+
∑

γ=e,µ,τ

∑

λ=e,µ,τ

εseγε
d
eλU

∗
γiUλi

) (4.14)

Then it is straightforward to get the survival probability

Pνse→νde (L) =
∑

i,j

TiT ∗j − 4
∑

i>j

Re
(
TiT ∗j

)
sin2

(
∆m2

ijL

4E

)

+ 2
∑

i>j

Im
(
TiT ∗j

)
sin

(
∆m2

ijL

2E

) (4.15)

where ∆m2
ij ≡ m2

i −m2
j .
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Since Daya Bay experiment investigate the reactor electron antineutrinos we
have to calculate the oscillation probability for those. Like in classical case we
obtain the probability for antineutrinos by switching (U, ε) → (U∗, ε∗). That is
equivalent to switching T → T ∗ in Eq.(4.15). Then the survival probability for
antineutrinos is

Pν̄se→ν̄de (L) =
∑

i,j

T ∗i Tj − 4
∑

i>j

Re (T ∗i Tj) sin2

(
∆m2

ijL

4E

)

+ 2
∑

i>j

Im (T ∗i Tj) sin

(
∆m2

ijL

2E

) (4.16)

By definition, the survival probability reduces to the standard case without NSIs
in the limit ε→ 0. Another interesting fact is that the term

∑
i,j T ∗i Tj in Eq.(4.16)

which does not depend on antineutrino energy or propagation distance can be in
general less than one. This will result in zero-distance deficit of neutrinos where
the presence of NSIs can be observed in very short distances. The effect has
the same signature as oscillation to sterile neutrinos with ∆m2

41 ∼ 1 eV2. There
are in general two sources of this effect. The NSIs processes can be different
in the source and in the detector resulting in εs 6= εd†, i.e. the states with the
same flavour in source and in detector are not in general orthogonal. But even if
the processes in the source and detector are the same i.e. 〈νdα|νsα〉 = 1 the non-
unitarity of the mixing matrices in Eq.(4.10) itself is able to generate zero-distance
effect. In conclusion, such a zero-distance effect can be source of the so-called
reactor anomaly and can serve as its possible explanation. For completeness
let us mention that reactor anomaly refers to the phenomenon where reactor
experiments including Daya Bay [65] measure lower antineutrino flux than it is
expected based on the predictions.

The formalism presented above is illustrative in the introduction of the effect
of NSIs. However, we can question whether we can start with description by
Lagrangian, which is part of the quantum-field theory domain, and use it for the
quantum mechanics description of neutrino oscillations. Also, the final survival
probability formula is complicated and rather unintuitive. For these reasons we
have decided to develop our own phenomenological approach to the NSIs in the
Daya Bay.

4.2 Our Own Non-unitary Approach to Non-

standard Interactions

The flavour states are orthogonal in SM, it no longer have to be true if we in-
troduce terms from effective Lagrangian in Eq.(4.3). Let us now present slightly
different but completely legitimate derivation of the survival probability in the
presence on NSIs. We use the phenomenological approach based purely on the
quantum mechanics like it is used for the derivation of the standard neutrino
oscillations.

We start from the mixing shown in Eq.(4.9) where we merge two matrices
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into one getting:

|νsα〉 =
1√
N s
α

M s
αi|νi〉

∣∣νdα
〉

=
1√
Nd
α

Md
αi|νi〉

(4.17)

The matrices M s and Md are in general non-unitary. Let us from now focus on
electron flavour only since this is the relevant one for our search for NSIs in Daya
Bay. We can write the electron flavour states in the source and in the detector
as:

|νse〉 =
1√
N s
e

(M s
1 |ν1〉+M s

2 |ν2〉+M s
3 |ν3〉)

∣∣νde
〉

=
1√
Nd
e

(
Md

1 |ν1〉+Md
2 |ν2〉+Md

3 |ν3〉
) (4.18)

where we have omitted to write lower script e for the M s/d elements. The nor-
malization factors are defined to satisfy condition

1 = 〈νs/de |νs/de 〉 =
1

N
s/d
e

(∑

i

|M s/d
i |2

)
(4.19)

The oscillation amplitude is given as

A = 〈νde |νse(L,E)〉 =
1√
N s
e

1√
Nd
e

(∑

i

M s
iM

d∗
i e

i
m2
i L

2E

)
(4.20)

and the corresponding oscillation probability is

Pνe→νe =
1

N s
e

1

Nd
e

(
|M s

1 |2|Md
1 |2 + |M s

2 |2|Md
2 |2 + |M s

3 |2|Md
3 |2

+
∑

i>j

2Re

(
M s

iM
d∗
i M

s∗
j M

d
j e

i
∆m2

ijL

2E

)) (4.21)

where

1

N s
e

1

Nd
e

=
1

(|M s
1 |2 + |M s

2 |2 + |M s
3 |2)

(
|Md

1 |2 + |Md
2 |2 + |Md

3 |2
) (4.22)

If we parametrize

M
s/d
i = |M s/d

i |eiφ
s/d
i (4.23)

we get

Pνe→νe =
1

N s
e

1

Nd
e

[ (
|M s

1 ||Md
1 |+ |M s

2 ||Md
2 |+ |M s

3 ||Md
3 |
)2

− 4
∑

i>j

|M s∗
i ||Md

i ||M s
j ||Md∗

j | sin2

(
∆m2

ijL

4E
+

∆φij
2

)] (4.24)
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where ∆φij ≡ (φdi − φsi )− (φdj − φsj).
In the case of electron antineutrino, we use, similarly to standard oscillations,

complex conjugated mixing matrices. That result in the survival probability
formula:

Pν̄e→ν̄e =
1

N s
e

1

Nd
e

[ (
|M s

1 ||Md
1 |+ |M s

2 ||Md
2 |+ |M s

3 ||Md
3 |
)2

− 4
∑

i>j

|M s
i ||Md∗

i ||M s∗
j ||Md

j | sin2

(
∆m2

ijL

4E
− ∆φij

2

)] (4.25)

The survival probability is different for neutrinos and antineutrinos even for the
disappearance measurement ν̄e → ν̄e.

We can easily prove that such a probability we have derived above is always
lower or equal to one, i.e. it is a legitimate probability. The term in Eq.(4.25)
dependent on the energy and distance is at most zero (or lower). Therefore, it is
enough to show that

(
|M s

1 ||Md
1 |+ |M s

2 ||Md
2 |+ |M s

3 ||Md
3 |
)2

(|M s
1 |2 + |M s

2 |2 + |M s
3 |2)

(
|Md

1 |2 + |Md
2 |2 + |Md

3 |2
) ≤ 1 (4.26)

which reduce to prove that

2|M s
1 ||Md

1 ||M s
2 ||Md

2 |+ 2|M s
1 ||Md

1 ||M s
3 ||Md

3 |+ 2|M s
2 ||Md

2 ||M s
3 ||Md

3 | ≤
|M s

1 |2|Md
2 |2 + |M s

2 |2|Md
1 |2 + |M s

1 |2|Md
3 |2 + |M s

3 |2|Md
1 |2 + |M s

2 |2|Md
3 |2 + |M s

3 |2|Md
2 |2

(4.27)
which can be recast as

0 ≤ (|M s
1 ||Md

2 |− |M s
2 ||Md

1 |)2 +(|M s
1 ||Md

3 |− |M s
3 ||Md

1 |)2 +(|M s
2 ||Md

3 |− |M s
3 ||Md

2 |)2

(4.28)
which is always satisfied.

If we look closely to Eq.(4.25), we can see that formula is very similar to
the one for classical oscillations. There are however few differences due to NSIs.
First, the absolute term does not have to be in general one, thus we can get zero-
distance effect, compatible with reactor anomaly. Also, the additional phases,
which can be different in the source and in the detector, makes the oscillation
start with phase different from zero. This phase can be in general different for
different oscillation sectors ij.

4.3 Specific Cases of the Mixing Matrices

As we have discussed, the mixing matrices for the source and for the detector in
Eq.(4.17) can be in general non-unitary and independent on each other. However,
specific cases motivated by the theory can introduce unitarity or relations between
the matrices. We will in brief describe two of them.

4.3.1 Unitary Mixing with the Non-standard Interactions

The neutrino mass states are orthogonal by definition since they are different par-
ticles. In the past, orthogonality was assumed for the flavour states too. Mainly
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due to the fact that flavour states were considered to be particles themselves.
Of course, the oscillations were not established at that time to provide the full
picture. Actually, the orthogonality of flavour states was assumed by Lederman,
Schwartz and Steinberger in their experiment which showed that muon neutrino
is different from electron neutrino [16].

The orthogonality of the flavour states can be still conserved in the presence
of NSIs picking only part of the terms in the effective Lagrangian in Eq.(4.3). If
we assume that the transformation between flavour and mass states has to be
done via unitary mixing matrix:

|νsα〉 = U s∗
αi |νi〉 (4.29)

|νdα〉 = Ud∗
αi |νi〉 (4.30)

Nevertheless, the NSIs can still be different in the source and in the detector
resulting in two unitary mixing matrices U s and Ud. The oscillation probability
does not change qualitatively from the general case in Eq.4.25. It still contains
phases ∆φij and the absolute term can be lower than one.

4.3.2 Inverse Processes in the Source and the Detector

The effect of NSIs is process dependent. This is generally true since the terms in
the effective Lagrangian can contribute only in specific processes within SM. The
production process different from the detection process can lead to the different
NSIs effects. However, if the processes are same on the level of quantum mechanics
(not on the level of quantum field theory) the mixing matrices in Eq. (4.17) are
related by:

M s
αi = Md∗

αi (4.31)

In this case, the oscillation probability changes, since the phase factor ∆φij is
now zero. All oscillation effects start with same phase now. Nevertheless, the
matrices can still be non-unitary and the zero-distance effect can still be present.

4.4 General Survival Probability to Use in Daya

Bay

Formula in Eq.(4.25) has too many free parameters to constrain all of them at
once in Daya Bay. Therefore, we have to reduce their number using reasonable
assumptions. The mixing due to θ23 does not have any effect in ν̄e → ν̄e oscilla-
tions. Therefore it does not matter if we assume NSIs in this mixing sector or not.
On the contrary, the mixing due to θ12 is present however its effect is suppressed
due to small distances with the comparison of oscillation length of typical reactor
antineutrinos due to ∆m2

21. Since we expect that NSIs effect will be small itself,
any other suppression makes it negligible. Therefore we can assume there is no
NSIs effect in the solar sector thus we keep mixing angle θ12 in place.

The only NSIs effect we consider is in the sector ij = 13 of the mixing matrix
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which can be then schematically expressed as:

MDB =




1 0 0
0 c23 s23

0 −s23 c23






A 0 B
0 1 0
C 0 D






c12 s12 0
−s12 c12 0

0 0 1


 =



c12A s12A B
. . .
. . .




(4.32)
where matrix mixing ij = 13 sector is no longer unitary, therefore we used
A,B,C,D to express general complex numbers. In Eq.(4.32), we have calculated
relevant terms of the mixing matrix MDB for Daya Bay’s oscillation channel
ν̄e → ν̄e which we can directly plug it in into the Eq.(4.25) taking into consider-
ation that we have actually two mixing matrices, one for the source and one for
the detector, marked with indexes s and d respectively. The survival probability
is then:

PDB
ν̄e→ν̄e =

1

As2 +Bs2

1

Ad2 +Bd2

[
(AsAd +BsBd)2 − sin2 2θ12(AsAd)2 sin2 ∆m2

21L

4E

− 4 cos2 θ12A
sAdBsBd sin2

(
∆m2

31L

4E
− ∆φ

2

)

− 4 sin2 θ12A
sAdBsBd sin2

(
∆m2

32L

4E
− ∆φ

2

)]

(4.33)

where we used parametrization As/d ≡ As/deiφ
s/d
A , Bs/d ≡ Bs/deiφ

s/d
B and introduce

∆φ = (φdB − φsB)− (φdA − φsA). We can furthermore introduce

a =
AsAd√

(As2 +Bs2)(Ad2 +Bd2))

b =
BsBd

√
(As2 +Bs2)(Ad2 +Bd2))

(4.34)

and the probability takes the form of

PDB
ν̄e→ν̄e = (a+ b)2 − sin2 2θ12a

2 sin2 ∆m2
21L

4E

− 4 cos2 θ12ab sin2

(
∆m2

31L

4E
− ∆φ

2

)

− 4 sin2 θ12ab sin2

(
∆m2

32L

4E
− ∆φ

2

)
(4.35)

where 1 ≥ a, b ≥ 0 and a+ b ≤ 1.

The general survival probability formula with NSIs effects in Eq.(4.35) is very
similar in structure to the standard oscillation probability in Eq.(5.2). General
NSIs probability can be actually reduced to the standard oscillation probability.
First the mixing matrix has to be unitary which is briefly discussed in section
Sec.4.3.1. Then the size of the matrix elements can be parametrized by mixing
angles and it holds that
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As = cos θs13 Ad = cos θd13 (4.36)

Bs = sin θs13 Bd = sin θd13 (4.37)

a = cos θs13 cos θd13 (4.38)

b = sin θs13 sin θd13 (4.39)

Second, the processes in the source and in the detector have to be the same
what is discussed in section Sec.4.3.2. That means ∆φ = 0. Together with the
first condition we get θs = θd. Plugging all these conditions in Eq.(4.35) we get
the standard oscillation survival probability in three-neutrino framework.

4.5 Discussion about Approaches to Include

the Effects of Non-standard Interactions

Both approaches of introduction of NSIs effects into the neutrino oscillations
presented above are based on the effective Lagrangian of the physics Beyond
Standard Model. They both use phenomenological description and their param-
eters are not exactly the parameters of the Lagrangian. Although, the common
approach is widely used in the literature we prefer our formalism to be more
illustrative at the end in the form of the survival probability formula. It is later
used to quantify the possible effects in the NSIs in the antineutrino oscillations
in Daya Bay.
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5. The Daya Bay Experiment

5.1 Introduction of the Daya Bay Experiment

The Daya Bay experiment was designed for discovery of non-zero mixing an-
gle θ13 using relative measurement of disappearance of nuclear reactor ν̄e in the
functionally identical detectors placed in the underground experimental halls.

The Daya Bay experiment is using concept of near-far detector which was
proposed by L. Mikaelyan and V. Sinev [13]. The detector placed close to the
antineutrino source works as a benchmark measurement for the flux expected in
the far detector. The relative near-far measurement does depend on the neutrino
flux prediction. We can write:

Nf

Nn

=

(
Np,f

Np,n

)(
Ln
Lf

)2(
εf
εn

)(
P (Eν , Lf )

P (Eν , Ln)

)
(5.1)

where the ratio of detected antineutrinos in the far to near detector
Nf
Nn

depends

only on the relative number of targets (protons)
Np,f
Np,n

in detectors, distances ratio
Ln
Lf

from the source, ratio of detection efficiencies
εf
εn

and the survival probability

P (Eν , L) where index f stands for far detector and n stands for near detector.
Since all variables enter as a relative ones only uncorrelated uncertainty matters.
Having these uncertainties well known is essential for precise measurement.

The second major source of the uncertainties is the absolute detection effi-
ciency. For Daya Bay, we already get rid of the part of the problem by introducing
relative near-far measurement where basically only relative uncertainties matters.
In order further suppress the relative detector uncertainties, Daya Bay uses eight
functionally identical detectors where at least two are placed side-by-side in one
experimental hall.

Besides the relative measurement, Daya Bay uses other advanced techniques
and designs, which are described below. The Daya Bay precision led in 2012 to
the first observation of non-zero mixing angle θ13 [9].

5.2 Principle of the θ13 Measurement by Reactor

Antineutrino Disappearance in Short Base-

lines

Using Eq.(2.15) and Eq.(2.18) we can derive the oscillation probability Pν̄e→ν̄e
relevant for the Daya Bay experiment:

Pν̄e→ν̄e = 1− sin2 2θ12 sin2 ∆m2
21L

4E

− sin2 2θ13

(
cos2 θ12 sin2 ∆m2

31L

4E
+ sin2 θ12 sin2 ∆m2

32L

4E

) (5.2)

For illustration the probability as function of distance is shown in Fig.5.1 for
typical reactor antineutrino energy Eν = 3.5 MeV. The curve with sin2 2θ13 = 0
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shows the large amplitude medium baseline oscillation governed by the term

proportional to sin2 ∆m2
21L

4E
in Eq.(5.2). For non-zero value of mixing angle θ13

we get additional oscillation on the top of those with the large amplitude, see
Fig.5.1. These oscillations have shorter oscillation length since mass squared
splitting ∆m2

32 ' ∆m2
31 which governs them are 30-times larger than the mass

square splitting ∆m2
21. We can clearly observe new local oscillation minimum

in the short baseline ∼2 km which dip is almost equal to the value of sin2 2θ13.
Placing the detector to this ideal distance we will see the largest effect of the
reactor antineutrino disappearance, which leads to the measurement of the mixing
angle θ13. In addition, we can determine parameter ∆m2

32 (or ∆m2
31) linked to

the oscillation frequency from the position of the oscillation minimum in the
antineutrino energy spectrum.
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-110 1 10

) eν
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Figure 5.1: Oscillation probability P (ν̄e → ν̄e) as a function of distance for typical
reactor antineutrino energy Eν = 3.5 MeV. The black curve with sin2 2θ13 = 0
express the medium baseline oscillation governed by ∆m2

21. The blue curve
with sin2 2θ13 = 0.1 posses additional short baseline oscillations governed by
∆m2

32 ' ∆m2
31. Daya Bay Far Hall detectors are placed in the distance ∼2 km

sitting right at the first short baseline oscillation minimum, where the amplitude
of the dip is almost equal to the sin2 2θ13.

5.3 Overview of the Experimental Layout and

Setup

The Daya Bay experimental site is located about 60 km from Hong Kong on the
Chinese coast. The location was chosen due to the presence of powerful nuclear
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power plant complex. There are 3 pairs of functionally identical commercial
pressurized water nuclear reactor cores, Daya Bay, Ling Ao and Ling Ao II, see
Fig.5.2. Each core has 2.9 GWth of thermal power which sums up to 17.4 GWth

in total [36].
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⌅ 8 operating detectors
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Figure 5.2: Layout of the Daya Bay experiment. There are 3 pairs of functionally
identical comercial pressurized water nuclear reactor cores, Daya Bay, Ling Ao
and Ling Ao II. There are 8 Antineutrino Detectors in the three underground ex-
perimental halls, Daya Bay Near Hall, Ling Ao Near Hall and Far Hall, connected
with tunnels.

There are two underground near experimental halls one close to Daya Bay
reactor cores, Daya Bay Near Hall, the other close to Ling Ao and Ling Ao II
reactor cores, Ling Ao Near Hall. The Far Hall is located about 2 km far from
reactors, see Fig.5.2.

Cosmic muons are main source of background for antineutrino detection. In
order to be able to perform precise measurement it is necessary to have low-
background experiment. Therefore detectors in Daya Bay are placed underground
under adjacent mountains. The layer of rock provides few hundreds meters of
water equivalent shielding, which results in the cosmic muon flux reduction. The
overburden of each experimental hall is summarized in Tab.5.1.

Experimental hall
Daya Bay Hall Ling Ao Hall Far Hall

Overburden [m (mwe)] 93 (250) 100 (265) 324 (860)

Table 5.1: Overburden of three Daya Bay underground experimental halls in
meters and in meters of water equivalent [36].

There are two functionally identical Antineutrino Detectors (ADs) placed in
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Detector
Reactors

D1 D2 L1 L2 L3 L4

AD1 362.38 371.76 903.47 817.16 1353.62 1265.32
AD2 357.94 368.41 903.35 816.90 1354.23 1265.89
AD3 1332.48 1358.15 467.57 489.58 557.58 499.21
AD8 1337.43 1362.88 472.97 495.35 558.71 501.07
AD4 1894.34 1533.18 1533.63 1551.38 1524.94 1524.94
AD5 1917.52 1891.98 1534.92 1535.03 1554.77 1528.05
AD6 1925.26 1899.86 1538.93 1539.47 1556.34 1530.08
AD7 1923.15 1897.51 1540.67 1540.87 1559.72 1533.18

Table 5.2: Distances in meters between reactor cores: Daya Bay cores (D1, D2)
and Ling Ao and Ling Ao II cores (L1, L2, L3, L4) and Antineutrino Detectors
placed in Daya Bay Near Hall (AD1, AD2), in Ling Ao Near Hall (AD3, AD8)
and in Far Hall (AD4, AD5, AD6, AD7) [36].

each near hall and four ADs in the Far Hall. There are at least two detector
modules at each hall for the comparison of the performance. This is key point
for reduction of the uncorrelated uncertainties while the correlated uncertainties
cancel out by the relative near-far measurement. Tab.5.2 summarizes distances
between the reactors and the experimental halls.

In each hall, ADs are submerged in the pool of purified water. The layer of
water provided at least 2.5 m thick shields from natural radioactivity from the
surrounding rock. Moreover, the water pool is used as an active detector for
cosmic muons. Muon passing through produces Čerenkov light which is subse-
quently collected in PMTs mounted on the walls and bottom of the pool. The
information about passing muon is used in the data analysis for muon veto to
improve signal to background ratio.

In order to identify muons more effectively the water pool, thus ADs, are
covered by four layers of Resistive Plate Chamber detectors.

The muon tagging efficiency is practically 100% for muons passing through
AD. The muon related background is suppressed well below 1% of background to
signal ratio [36].

5.4 The Detection Method

In the Daya Bay experiment the detection of the reactor antineutrinos is per-
formed by already several times mentioned inverse beta decay reaction (IBD):

ν̄e + p→ e+ + n (5.3)

Antineutrinos interact with free protons in liquid scintillator producing posi-
tron and neutron. The antineutrino energy threshold for IBD is Eν̄e = 1.804 MeV.
Both created particles are detected forming the coincidence between the so-called
prompt and delayed signal. Prompt signal is given by the energy losses of positron
and its following 2× 0.511 MeV annihilation γ’s. It happens practically immedi-
ately after the IBD reaction. The released energy can be directly linked to the
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initial antineutrino energy via formula:

Eν ' Eprompt + 0.78 MeV (5.4)

The neutron carries away only small amount of kinetic energy, 10-40 keV, which
is neglected in Eq.(5.4).

The delayed signal is produced by the neutron capture mainly on the atoms
of gadolinium, which are for this purpose added to the liquid scintillator. The
liquid scintillator is loaded with 0.1% by weight of natural gadolinium. Natu-
ral gadolinium contains isotopes 155Gd with 14.80% abundance and 157Gd with
15.65% abundance. These isotopes have enormous cross-section for thermal neu-
tron capture 60900 b, 254000 b respectively [66]. Such a large cross-section
results in short neutron capture time that has positive impact on the reduction
of accidental background. It takes in average ∼30 µs for neutron to thermalize
and being captured in the Daya Bay doped liquid scintillator with low gadolin-
ium concentration of 0.1%. Another advantage of gadolinium is that new isotope
created by neutron capture is in excited state and immediately release gamma
cascade with total energy ∼8 MeV. There is not basically any natural source
of such a energetic events therefore neutron capture on gadolinium provides very
clean signal. For the completeness, let us mention that neutron can be also cap-
tured by the atoms of hydrogen. Such events are also analyzed in the Daya Bay
but our primary focus in this thesis is the sample of IBD events with neutron
capture on gadolinium.

The cross-section for IBD reaction is increasing while the reactor antineutrino
flux is dropping with the energy. Resulting detected unoscillated antineutrino
energy spectrum is shown in Fig.5.3 for illustration. The detected spectrum
starts at the IBD threshold 1.8 MeV, peaks around ∼3.8 MeV and falls to very
low rates above 8 MeV.

5.5 Antineutrino Detector

The Antineutrino Detector (AD) is a liquid scintillator detector. The energy
deposited by physical events in the volume of the scintillator is converted to the
scintillation light, which can be seen by Photomultiplier Tubes (PMTs) mounted
on the walls of the AD. The combination of scintillation efficiency and PMT
coverage results in detection of 168 photoelectron per MeV.

5.5.1 Antineutrino Detector Structure

The section through the AD is shown in Fig.5.4. AD is cylindrical stainless steel
vessel 5 m high and 5 m in diameter. It is divided into three zones by two nested
cylindrical acrylic vessels, Inner Acrylic Vessel (IAV) and Outer Acrylic Vessel
(OAV).
The most inner zone, so-called GdLS region, is filled with organic liquid scintil-
lator with total mass about 20 tons. Liquid scintillator is based on LAB, linear
alkyl benzene, with additional wavelength shifters. Furthermore, the scintillator
is doped by 0.1% by weight with natural gadolinium for the purposes we discussed
in previous section.
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Figure 5.3: Inverse beta decay cross-section (blue), nuclear reactor antineutrino
energy spectrum in arbitrary units (red) and resulting detected unoscillated an-
tineutrino energy spectrum in arbitrary units (black). The detected spectrum
spans from the IBD threshold 1.8 MeV up to more than 8 MeV where it van-
ishes.

The middle zone is so-called LS gamma catcher region. It is filled with 20
tons of the pure liquid scintillator. The main purpose of this region is to catch
gammas escaping from the center of the detector and convert them into light
visible for PMTs. More collected light improves the neutron detection efficiency
and makes it more uniform through the GdLS target volume. In addition, it
decreases the uncertainty in the detection efficiency. Also more converted gammas
to the scintillation light results in better energy resolution, which is key point in
the analysis of the antineutrino energy spectrum shape.

The most outer zone is buffer region filled with 37 tons of transparent low-
scintillating mineral oil. There are 192 8-inch PMTs (Hamamatsu R5912) in total
mounted on 8 stainless steel ladders. On each leader the PMTs are arranged
in three columns with 8 PMTs per column. The main purpose of mineral oil
buffer layer is to shield from natural radioactivity mostly from the PMT glass
and stainless steel tank. Therefore the oil is low-scintillating just to absorb the
radioactivity products, mostly gammas, but do not convert them to light visible
by PMTs.

The acrylic vessels are made from UV-transparent acrylic. Their shape is
cylindrical with the cone-shaped lid with 3 degrees tilt angle. There are three
calibration pipes for lowering the calibration sources. The IAV has both height
and diameter of 3.1 m and 10 mm thick walls. The OAV is 4 m in diameter and
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Figure 5.4: The section of the Antineutrino Detectors [67]. There are two acrylic
vessels, Inner Acrylic Vessel and Outer Acrylic Vessel, separating the volume into
three zones. There are 192 PMTs mounted on the walls if the stainless steel tank.
There are two reflectors on the top and bottom to improve the light collection.
On the top of AD, there are three ACUs, which contains system for deploying
the radioactive calibration sources and LEDs inside the detector through three
calibration pipes.

height. The walls are 18 mm thick.

In order to improve the light collection there are bottom and top reflectors
mounted right outside of the OAV.

The IAV, OAV and ladders with PMTs are nested in the stainless steel tank
5m in diameter and height with 12mm thick walls. It provides the overall support
for inside structures. The stainless steel does not have to be low-radioactive since
the natural radioactivity mostly from U, Th, and K decays is shielded by mineral
oil buffer zone.

5.5.2 The Calibration Instruments

For precision measurement, it is crucial to know accurately the energy response
of AD. Therefore the special calibration system was developed.

Three Automated Calibration Units (ACUs) are mounted on the top of each
AD, see Fig.5.4. They contain mechanism for deploying encapsulated radioactive
sources and low intensity light-emitting diodes (LEDs) to the GdLS and LS re-
gion. The ACU-A is located on the central axis of AD, ACU-B lowers the capsule
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Sources Energy

241Am-13C neutron source
nH capture - 2.223 MeV
nGd capture ∼8 MeV

68Ge positron source 2× 0.511 aninihaliton gammas
60Co gamma source 1.173 + 1.333 MeV gammas
LED light for PMT gain

Table 5.3: List od sources mounted in each Automated Calibration Unit and
corresponding released energy.

to the edge of GdLS region, 1.35 m from the center and ACU-C deploying the
source 1.77 m from center into the LS region.

The ACUs are used for several purposes. LEDs are used for time calibration
of the PMTs and for the calibration of the individual PMT gain. The radioactive
sources are used primarily for the calibration of the absolute energy scale. Know-
ing the released energy and measuring the response of the detector in number of
photoelectrons (PE) we can find the conversion factor PE-to-MeV. The sources
are lowered to AD during special calibration runs on a weekly basis. Daya Bay
also uses independent determination of the conversion factor based on the spalla-
tion neutrons. Spallation neutrons are emitted in the reactions of cosmic muons
passing through the detector. They provides continuous source of calibration
data distributed uniformly in AD volume.

The other use of the source is the study of detector non-uniform response and
for special purposes e.g. study the spill-in and spill-out effect when neutron can
drift in or out from the GdLS region during the process of thermalization. The
list of the sources and appropriate released energy are shown in Tab.5.3.

The ACUs however introduce additional background for the IBD reaction,
especially 241Am-13C neutron source, which is discussed in detail in the Sec.5.8.
The impact is small for ADs located in the near halls, since the statistics from
the reactor antineutrinos is high. However, it become important for ADs located
in the Far Hall where the statistics from the reactor antineutrinos is limited due
to distance factor. In order to reduce this backrgound, the 241Am-13C neutron
sources were removed from ACU-B and ACU-C in all ADs in Far Hall during the
2012 summer shutdown.

5.6 Muon Tagging System

Cosmic muons induce the most important sources of background for the IBD
reaction, see Sec.5.8. Daya Bay developed extensive muon tagging system, which
provides the information about passing muons. This information can be later
used offline in the analysis for the muon veto. The system consists of several
independent detectors. The scheme is shown in Fig.5.5. AD itself can be used
for the muon tagging. But not only muons passing directly though the AD can
induce IBD background. Therefore the ADs are submerged in the water pool,
which works as a passive shielding but more importantly as an active Čerenkov
detector. In order to further improve information about passing muons the whole
water pool is covered by the array of 4 layers of Resistive Plate Chambers (RPCs).
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Figure 5.5: The scheme of Daya Bay muon tagging system, near hall as an
example [67]. ADs in each hall are submerged into the water pool, which is
optically separated to the two zones. Both of them are mounted with PMTs and
work both as a passive shield and active muon Čerenkov light detector. Water
pool is covered with array of RPC detectors providing additional information
about passing muons.

5.6.1 Muons in Antineutrino Detector

Muons passing through the Daya Bay detectors lose its energy primarily by ion-
izitaion. The loss is roughly 2 MeV/cm at the ionization minimum in the liq-
uid scintillator. Therefore muon passing through the whole AD deposits about
800 MeV energy. In minority of cases, the muon deposits large amount of energy,
which is accompanied with higher number of released neutrons and production
of unstable isotopes from the spallation of stable liquid scintillator atoms. These
events are assumed to be muon-induced particle showers. The so-called AD show-
ers are responsible for the production of particular radioactive isotopes 8He and
9Li, which are significant background for the IBD reactions, see Sec.5.8.

In our analysis, every event in AD with reconstructed energy E > 20 MeV is
considered to be a muon. The higher energy is, the longer path muon traveled
through AD. The lowest energy is for the clipping muon. There are not basically
any other natural sources of such energetic events than muons.

ADs provide practically 100% efficiency for cosmic muons [36].
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Halls IWS OWS (inward/outward) Total

Daya Bay Hall 121 167 (103/64) 288
Ling Ao Hall 121 167 (103/64) 288

Far Hall 160 224 (128/96) 384

Table 5.4: The number of 8” PMTs instrumented in IWS and OWS in the three
experimental halls. The PMTs in OWS are in addition divided into those facing
towards the ADs (inward) and those facing from ADs (outward).

5.6.2 Water Pool

Not all muons are passing though AD. But still they can produce fast neutrons
around AD, which can travel to the target volume and mimic IBD signal. There-
fore, ADs are submerged in the water pool to shield these neutrons. In the near
halls the size of water pool is 16× 10 m and 10 m deep while in Far Hall the size
is 16× 16 m and depth is again 10 m. Water pool provides always at least 2.5 m
layer of pure water for shielding from neutrons.

The water pool does not provide only passive shielding but it works also as
an active water Čerenkov light detector. As an enhancement the water pool is
optically separated around the walls and floor by Tyvek sheets into two zones
Inner Water System (IWS) and Outer Water System (OWS). They work as two
independent active systems to tag the muons. There are 8-inch PMTs mounted
on the support structure in both IWS and OWS. The exact numbers of PMTs
are summarized in Tab.5.4.

Using the muons tagged by AD we can estimate the muon detection efficiency
of IWS to be basically 100% while the OWS provides itself ∼97.3% efficiency
for the near halls and 98.7% efficiency in the Far Hall [36]. These values were
confirmed by Monte Carlo simulation, which gives consistent results.

5.6.3 Resistive Plate Chamber Detectors

On the top of the water pool there is an array of four-layer Resistive Plate Cham-
ber (RPC) detectors modules with size of 2× 2 m.

Resistive Plate Chamber detector consist of layer of ionizable gas mixture in
between two highly resistive bakelite plates, see Fig.5.6.3. The graphite layer
is applied on the bakelite plates working as electrodes where high voltage of
thousands of volts is applied. Passing muon ionizes the gas forming streamer.
Limited charged is transported from one bakelite plate to the other. The resistive
nature of the bakelite ensure the only small area of induced charge is depleted
and the streamer stops automatically when it runs out of accumulated electrons.
Transported charge induces due to its movement signal on the read-out copper
electrodes. The advantage of such a setup is that the induced signal is large
enough that it does not need to be amplified and can be directly processed by
read-out electronics.

The signal electrode is not in one piece but it is divided into stripes with
an width of 26 cm with additional structure providing spatial resolution ∼8 cm
perpendicular to the stripes, see Fig.5.6.3. There are four layers of RPC detectors
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Fig. 3. Photograph of a Muon PMT assembly, including
PMT, base, cable, magnetic shield, bracket, and “Tee”.

!
Fig. 4. The basic structure of a bare RPC. The button spacers

maintain a uniform gap, but create small dead areas. The

PET layers are a 100 µm polyethylene terephthalate film
covering the graphite.

2.3. Resistive Plate Chambers

Resistive plate chambers (RPCs) are gaseous par-
ticle detectors that consist of two resistive planar
electrodes separated by a gas gap [11]. The Daya Bay
RPCs are similar to those used by BESIII [12]. The
RPC electrodes are 2 m ⇥ 1 m Bakelite sheets with
Melamine surfaces, but, unlike similar RPCs, linseed
oil is not applied to the inner surface [13]. The out-
side of the RPC electrodes is coated with graphite
for uniform HV distribution. The gas gap between
the two electrodes is 2.0 mm. Daya Bay operates the
RPCs in streamer mode, which provides relatively
large signals and thereby simplifies the readout elec-
tronics. Figure 4 is a schematic of a bare RPC, the
functional element of the Daya Bay RPC modules.

RPC modules, 2.17 m ⇥ 2.20 m ⇥ 8 cm, are con-
structed from four pairs of side-by-side bare RPCs
arranged in layers (Fig. 5), each separated by in-
sulating materials, support panels, ground planes,
and copper-clad FR-4 readout planes associated
with each pair of side-by-side bare RPCs, inside

!
Fig. 5. A schematic of the RPC module structure. Each mod-
ule has four pairs of side-by-side bare RPCs. The “Sunshine”

plates are 1.0 cm twin-wall polycarbonate.

an aluminum box. The readout planes each have
eight 26 cm ⇥ 2.10 m readout strips oriented like
X Y Y X. The strips have a zigzag design (Fig. 6),
equivalent to strips 6.25 cm wide and 8.4 m long.

Each hall has an RPC gas system which mixes
argon, freon (R134a), isobutane, and SF6 in the ra-
tio 65.5:30.0:4.00:0.500 [14]. Each gas system com-
prises a mixing panel, a main gas distribution panel,
a fire/gas safety monitoring system, an MKS In-
struments 247D mass flow control system, a Var-
ian GC430 gas chromatograph, and gas supplies in
a dedicated utility room. The gas from the main
mixing panel is distributed by two independent gas
channels to the upper and lower halves of each mod-
ule, with groups of four bare RPCs connected in se-
ries. If one gas channel fails, the other will continue
to supply one X and one Y readout. The exhaust
of each gas channel is fed into mineral-oil bubblers
in racks mounted on the RPC support frame, where
the bubbles are electronically counted and recorded.

5

210 cm

10
5 c

m
26

 cm

Fig. 6. Top: The RPC zigzag (or folded) readout pattern,

showing four of eight readout strips. Bottom: A single read-

out strip, vertically expanded to improve visualization of
the folds, and showing the readout contacts on the left. The

separation between readout strips is 0.25 cm. The folds in

a single readout strip are 6.25 cm wide and separated by
0.25 cm.

The nominal gas flow rate is about 1 volume per day.
The gas mixture is analyzed every two hours by the
chromatograph, ensuring the correct gas mixture.
The high ambient humidity at Daya Bay, greater
than 65%, is absorbed through the RPCs, thereby
making the gas mixture su�ciently humid without
adding water vapor, which the gas system is capable
of doing.

The RPC HV system consists of a CAEN 1527LC
mainframe in each hall’s dedicated electronics room,
populated with equal numbers of positive (+6 kV
A1732P) and negative (-4 kV A1733N) 12-channel
HV cards, with fanout boxes and HV interface boxes
in the experimental hall. The systems in EH1 and
EH2 each use four CAEN HV cards, while there are
six in EH3. Each HV channel is divided into 9 chan-
nels by a fanout box and distributed to RPCs via
RG59 cables through an HV interface box mounted
on each RPC module. Each RPC layer of a mod-
ule is connected to one positive and one negative
HV channel. If one of the high voltage channels in
a module fails, three of the four layers will continue
to function.

Between January 2008 and July 2009, Gao-
nengkedi Ltd. Co. (Beijing) produced 756 2.1 m ⇥
1.1 m and 756 2.1 m ⇥ 1.0 m bare RPCs for the
main RPC arrays in the three experimental halls,
a total area of about 3300 m2. An additional 24 of

each size of bare RPCs were produced for six special
modules used to form small RPC telescopes. Con-
current with the production, the bare RPCs were
tested using cosmic muons at IHEP, where the av-
erage e�ciency was 96.1%, the noise rate was 0.15
Hz/cm2, and the dark current was 2.5 µA/m2 [15].
The characteristics of these RPCs are in agreement
with previous experience [16].

The bare RPCs that passed all tests (about 12%
were rejected) were then assembled into RPC mod-
ules and performance-tested at IHEP [17]. The in-
tersection area of two orthogonal X and Y readout
strips defines a 26 cm ⇥ 26 cm patch. The average
e�ciency of each patch is about 99.8% with a co-
incidence between any two of the four layers (2/4).
The average patch e�ciency is about 98.0% with
a coincidence between any three of the four layers
(3/4). Considering the dead areas created by the
button spacers (Fig. 4) and bare RPC frames run-
ning through the center of each layer (Fig. 5), this
agrees well with the simulated module 3/4 e�ciency
based on the measured average bare RPC e�ciency
of 96.1%. The accepted modules were transported
in crates to Daya Bay by truck in several trips dur-
ing the dry months of 2010 and 2011. Prior to ship-
ping, a determination was made that the e↵ects of
vibrations during transport would be negligible.

2.4. Construction and Installation

The pools are octagonal, as shown in Fig. 7,
and constructed of poured concrete reinforced with
grounded rebar. Each pool has a small sump pit
about 1 m2 by 1 m deep near one corner, which
is used to house a turbine pump for draining. The
pool walls extend about 20 cm above the experi-
mental hall floor, forming a concrete curb about
20 cm wide around the pool. The two corner walls
nearest the utility rooms in each hall have several
10 and 15 cm penetrations consisting of PVC pipes
embedded in the concrete and above the water level,
through which pass all of the cables, plumbing, and
lines from water level and temperature sensors.

Following a survey of the pool, pairs of anchor
holes were drilled into the concrete pool walls at
marked locations on a roughly 2 m ⇥ 2 m grid, into
which steel anchors were epoxied. Each such pair of
anchors supports a type-304 stainless steel anchor
pad. The anchor pads on each of the eight walls
were adjusted with leveling bolts to be co-planar
with each other, then grouted in place. The entire
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Figure 5.6: (Upper panel) The basic section through one RPC detector layer
[68]. There are two bakelite plates separated with the layer filled with ionizable
gas. The uniform space is ensured by spacers. There are graphite electrodes and
copper read-out strips separated by plastic film. (Lower panel) The RPC readout
pattern showing for illustration four of eight readout strips [68]. There is a zoom
to the single readout strip showing its additional structure. The readout contacts
are marked. The separation between readout strips is 0.25 cm. The folds of a
single readout strip are 6.25 cm wide and separated by again 0.25 cm.

in one module. Combining stripes alignment along x-y axis we can get very precise
spatial information about passing muon.

We should note that RPC detectors are not use for muon tagging in the
process of inverse beta decay candidate selection presented in the next section.

5.7 Inverse Beta Decay Candidate Selection

Inverse beta decay reaction provides unique pattern of prompt and delayed sig-
nal. The cuts are designed in order to select such a coincidence. The cuts are
summarized in Tab.5.5 and described in detail in what follows.
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Name Definition Purpose

Flasher Cut see below Remove ligt emitted by PMTs
WP Muon Veto Veto (-2,600) µs after NHIT> 12 in OWS or IWS

Reduce muon induce backgroundAD Muon Veto Veto (0,1) ms after > 20 MeV signal
AD Shower Muon Veto Veto (0,1) s after > 2.5 GeV signal

Multiplicity Cut
No signal > 0.7 MeV 200 µs before prompt

Cleaner IBD signal
No signal > 0.7 MeV 200 µs after delayed

Prompt Energy Cut 0.7 MeV < Eprompt < 12 MeV Prompt signal energy range
Delayed Energy Cut 6 MeV < Eprompt < 12 MeV Delayed signal energy range

Time Cut 1 µs < tc < 200 µs Coincidence time

Table 5.5: Inverse Beta Decay Candidate Selection Cuts (Selection A in [36]).

Here is a simple explanation of the individual cuts and their motivation:

• Flasher cut: The Flasher Cut is introduced in order to reject events when
light was spontaneously emitted by PMT bases. The events has specific
pattern in the PMT hits, which is used for their identification, for more
details see [36].

• Prompt energy cut: The energy range for the prompt signal is selected
based on the shape of the predicted IBD positron spectrum. It goes from
threshold energy 1.022 MeV up to 12 MeV where the rate of IBD events is
negligible.

• Delayed energy cut: The energy range for the delayed signal is chosen
to contain 8 MeV peak from neutron capture on gadolinium. The lower
bound is set to 6 MeV, which is above natural radioactivity background
hence we get clean signal. Nevertheless, part of the gammas from the
8 MeV gamma cascade is not stopped in liquid scintillator and converted
to the scintillation light. They escape from the detector, which results in
lower reconstructed energy. Therefore delayed energy cut results in about
93% detection efficiency.

• AD shower muon veto: The events reconstructed in AD with energy
E > 2.5 GeV are considered to be particle showers induced by passing
muon. They are likely to produce relatively long-lived unstable isotopes,
which can mimic the IBD signal. Therefore we introduce 1 second veto for
the delayed signal after these events.

• AD muon veto: The events reconstructed in AD with energy in the in-
terval of 2.5 GeV > E > 20 MeV are considered to be muons which does
not produce particle showers but they can still kick out neutron from nuclei
of the surrounding matter. These neutrons can be captured on gadolinium
and together with the natural radioactivity events falling into the prompt
energy window mimic the IBD signal. In order to reduce this background,
1 ms veto after the muon for the delayed signal was chosen. Since the aver-
age time of the neutron capture is ∼30 µs, the probability of muon-induced
neutron to survive this time without being captured is negligible.

• Water Pool muon veto: The muons which does not pass directly through
the AD can still produce neutrons which can travel all the way to the
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detector and introduce the background for IBD events. Therefore 600 µs
veto is used after IWS or OWS tagged muon for the delayed signal. The
event is labeled as muon in the IWS or OWS when the number of hit PMTs
in one of the sub-detectors is higher than 12.

• Multiplicity cut: In order to select clean IBD signal we do not want
any other event happen near the coincidence of prompt and delayed signal.
Therefore we demand no other signal with E > 0.7 MeV to be 200 µs before
prompt and after delayed signal.

• Time coincidence: It takes ∼30 µs for neutron to thermalize and capture
on gadolinium. Therefore appropriate coincidence time from 1 µs to 200 µs
was chosen. The lower bound is due to the dead time after trigger.

The energy distribution of pairs of prompt and delayed signal within time
window (1, 200) µs after multiplicity cut and muon veto is shown Fig.5.7. Fur-
thermore, the energy region of prompt and delayed signal for neutron capture
on gadolinium is marked. In this region, we can see the contamination from the
various backgrounds, e.g. delayed events above 8.5 MeV within the marked area.
The background estimation is discussed in the next section.
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FIG. 18. The distribution of prompt versus delayed energy for signal
pairs which satisfied the ⌫e inverse beta decay selection criteria.
Interactions with prompt energy of 0.7 MeV < Ep < 12 MeV
and delayed energy of 6 MeV < Ed < 12 MeV were used for
the neutrino oscillation analysis discussed here (red dashed box). A
few-percent contamination from accidental backgrounds (symmetric
under interchange of prompt and delayed energy) and 9Li decay and
fast neutron backgrounds (high prompt and ⇠8 MeV delayed energy)
are visible within the selected region. Inverse beta decay interactions
where the neutron was captured on 1H provided an additional signal
region with Ed ⇠ 2.2 MeV, albeit with much higher background.

section describes the methods employed to reduce background1163

contamination to less than a few percent of the reactor ⌫e1164

sample used to measure neutrino oscillation. Aside from1165

natural radioactivity, a minor PMT instrumentation-related1166

background was discovered during detector assembly and1167

commissioning. Rejection of this instrumental background1168

is also discussed here. Selecting pairs of prompt plus1169

delayed signals with the proper energies and time sepa-1170

rations rejected almost all backgrounds caused by natural1171

radioactivity. Occasionally two such uncorrelated interactions1172

would accidentally satisfy the antineutrino selection criteria.1173

Detailed studies of all uncorrelated interactions measured this1174

background contamination to be from 1% to 2% depending1175

on detector, with negligible uncertainty. All remaining1176

backgrounds are from physical processes that produce a1177

pair of correlated interactions, which potentially mimic1178

inverse beta decay. The vast majority of such correlated1179

background results from cosmogenic muon interactions with1180

the detector or nearby environment. Vetoing signals that1181

occur soon after muon interactions with the detector or muon1182

systems effectively reduced the contamination caused by these1183

backgrounds to less than 0.5%. Lastly, three or more signals1184

would occasionally occur close in time, resulting in confusion1185

as to which pair was most likely the result of an antineutrino1186

interaction. To avoid this ambiguity, sets of signals with1187

multiplicity >2 were rejected.1188

1. Instrumental Background1189

Assessment of the PMTs during detector assembly revealed1190

significant light emission from periodic discharges in the1191

circuitry within the PMT base. Such emission is commonly1192

called flashing, although the mechanism of light emission can1193

vary between PMT designs. For the Daya Bay PMTs, direct1194

imaging of the resistive base using an astronomical CCD1195

camera pinpointed the light emission to an electrical discharge1196

occurring at the point of connection of the incoming HV cable1197

with the base circuit board. Most of the PMTs were found1198

to emit light at some level, although the rate and intensity1199

varied between PMTs and fluctuated over time for a given1200

PMT. Once installed within an AD, the black radial shield1201

prevented most of the emitted light from entering the central1202

AD volume. A small fraction of the light propagated within1203

the PMT, striking the photocathode or passing into the central1204

detector volume. The emitted light produced false signals1205

with reconstructed energies up to ⇠100 MeV, with a rate in1206

the energy range of delayed IBD signals (6 MeV to 12 MeV)1207

of approximately 0.7 Hz per AD.1208

Were they not removed, these false delayed signals1209

would have contributed a significant accidental background,1210

comparable with the observed antineutrino rate. Fortunately,1211

light emission by the PMTs produced obvious patterns in1212

space and time, easily distinguishable from actual particle1213

interactions within the scintillator. In particular, the1214

discharging PMT observed a large fraction of the total1215

signal charge, while also projecting significant light onto the1216

PMTs directly opposite within the AD. Figure 19 shows1217

a prototypical charge distribution observed following PMT1218

discharge.1219
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FIG. 19. A prototypical charge distribution resulting from PMT light
emission within an AD, where the 8 ring by 24 column cylindrical
PMT array has been projected onto a plane. Light was emitted by
the PMT at column 19 in ring 5. The logarithmic color scale, as
well as numbers, provide the percentage of the total signal charge
observed by each PMT. The discharging PMT observed the most
significant fraction of the total charge. This PMT also projected light
onto its nearest neighbors and those PMTs on the opposite side of the
AD (i.e. Quadrant 3). The distinct charge pattern allowed efficient
rejection of this instrumental background.

1220

Figure 5.7: The distribution of prompt and delayed signal energy within time
window (1, 200)µs after multiplicity cut and muon veto [36]. The red dashed line
marked the energy cuts used for the selection of neutron capture on gadolinium
as it is listed on in Tab.5.5.

The selection cuts as well as other phenomena introduce IBD efficiency and
related uncertainty. The efficiencies for the IBD selection with neutron capture
on gadolinium for single AD are summarized in Tab.5.6.

Let us go through other phenomena, which contribute to the IBD detection
efficiency or/and to its uncertainty. The first example is the number of target
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protons in the liquid scintillator. We have an uncertainty on the total mass of
the liquid scintillator and also on the content of hydrogen in it. Most of these
uncertainties are correlated among ADs.

There is an efficiency related to the fraction of the captures on gadolinium.
As we have mentioned before, neutron can capture instead on gadolinium on the
other elements in the liquid scintillator. Therefore, the IBD events take place
in the GdLS region end up with neutron captured on gadolinium in only ∼84%
cases while the rest results in the capture on hydrogen or other elements.

The number of detected IBD events with neutron capture on gadolinium is
improved by so-called spill-in effect. Actually, it is the combination of the spill-
in and spill-out of the neutron to or from the GdLS region during the process
of thermalization. Effectively, we get higher target mass than mere GdLS mass
what is expressed in Tab.5.6 as the efficiency being higher than 100%. The spill-
in and spill-out effect is determined by Monte Carlo simulations and confirmed
by measurement of the neutron sources from ACU-B and ACU-C.

There is livetime calculation, which has negligible but non-zero uncertainty.
Taking into consideration all of these effects, the overall detection efficiency

is 80.6% with uncorrelated uncertainty of 0.13% among ADs.

Efficiency Correlated Uncorrelated

Target protons - 0.92% 0.03%
Flasher Cut 99.98% 0.01% 0.01%
Prompt Energy Cut 99.8% 0.10% 0.01%
Delayed Energy Cut 92.7% 0.97% 0.08%
Multiplicity Cut - 0.02% 0.01%
Coincidence Time Cut 98.7% 0.12% 0.01%
Gd Capture Fraction 84.2% 0.95% 0.10%
Spill-in 104.9% 1.00% 0.02%
Livetime - 0.002% 0.01%

Combined 80.6% 1.93% 0.13%

Table 5.6: Efficiencies for the IBD selection with neutron capture on gadolin-
ium and their correlated and uncorrelated uncertainties among ADs [36]. We
remind that for the relative near-far measurement performed by Daya Bay only
uncorrelated uncertainties matter.

5.8 Backgrounds

The Daya Bay experiment was designed and constructed as low-background ex-
periment. As we discussed previously, various features were employed to suppress
different kinds of background. Of course, it is impossible to get rid of it com-
pletely. Let us present the major sources of background and how do we estimate
it.

In general, the background events should exhibit similar properties as IBD
events in order to pass energy cuts and the coincidence time cut. Such back-
grounds can be divided into two major groups. The first group is uncorrelated
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background where two independent events happen to pass the selection cut. The
second group is the correlated background where prompt and delayed signal have
origin in the same physical process as it is in IBD. The main sources are fast neu-
trons and decays of unstable isotopes produced in spallation by cosmic muons.
There is also an α-n natural radioactivity background. Finally there is an cor-
related background we introduced ourselves which is related to the 241Am-13C
calibration source mounted in ACUs.

The proper estimate of these backgrounds and their following subtraction is
key for precise measurement of neutrino oscillation parameters.

5.8.1 Accidental Background

The accidentals are two uncorrelated signals, which happen to pass the IBD
selection criteria listed in Tab.5.5. For the prompt energy there are plenty of
natural radioactivity events especially in the low energy region. The lower bound
of delayed energy cut is high enough that the natural radioactivity spectrum
is practically zero. Therefore the singles rate passing delayed energy cut from
6 MeV up to 12 MeV is very suppressed compare to the prompt-like singles. The
delayed-like singles are mainly caused by neutrons from surrounding rock which
travel all the way to the AD and capture on gadolinium. These neutrons are
produced by muons, which are not tagged by the Muon Tagging System.

The accidentals have the biggest absolute contribution to the overall back-
ground. Nevertheless, we know it with very high precision resulting in a small
uncertainty. The estimation of its rate is based on the measurement of isolated
single prompt-like and delayed-like signals and combining them into the IBD-like
events.

5.8.2 Fast Neutron Background

Fast neutrons are produced by cosmic muons passing through the detector and
most importantly through surrounding rock. We can veto against those caused
by tagged muons. Unlike in the case of accidental background, fast neutron can
itself produce correlated signal with IBD signature. Neutron with high energy
can elastically scatter on the protons in the liquid scintillator producing prompt-
like signal. That is correlated with the following thermalized neutron captured
on gadolinium produced delayed signal.

The energy spectrum of recoiled protons ranges from small energies up to few
hundreds of MeV. Therefore if we loose the prompt energy cut to 0.7 MeV <
Eprompt < 100 MeV we observe rather flat fast neutron prompt energy spectrum
above the real IBD events. The fast neutron background can be estimated by
extrapolating the distribution from 12 MeV to 100 MeV down to 0.7 MeV.

5.8.3 9Li/8He Background

Another correlated background induced also by cosmic muons is production of
unstable long-lived spallation isotopes. The most relevant isotopes are 9Li and
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8He. They decay via beta decay sometimes emitting daughter neutron

9Li→8Be+ e− + n (BR 50.8%)
8He→7Li+ e− + n (BR 16%)

(5.5)

Energy loss by electron and subsequent neutron capture on gadolinium can mimic
IBD signal. The main problem of these isotopes is that they have quite long
lifetime. The half-life of 9Li is 178.3 ms and for 8He it is 118.5 ms. If we would
like to veto against all of their decays we would have to have long shower muon
veto. Production of the isotopes is accompanied with the particle shower with
high reconstructed energy. These events have a low rate. However, long veto
time would lead to the significant increase of the dead time and results in lower
IBD statistics.

Because of the large Q-values (Q9Li = 13.6 MeV, Q8He = 10.7 MeV [69]), the
prompt signal produced in the 9Li or 8He decays by electron energy losses spans
the whole IBD prompt signal spectrum.

The estimation is based on the study of time distribution of IBD-like events
after AD tagged muons where we can identify exponential dependence correspond-
ing to the half-life of these isotopes. Fitting the distribution we can estimate how
many 9Li/8He decay events will happen outside the vetoed time. Although the
showering muons with reconstructed energy E > 2.5 GeV are likely to produce
these isotopes, 9Li and 8He can also be created by muons which deposit lower
energy. The probability of a reaction is lower but this is vastly compensated by
muon rate. Muon sample for the estimation was divided into several bins as a
function of muon deposit energy. For showering muons with energy E > 2.5 GeV
every muon was included. For non-showering muons with E < 2.5 GeV only those
with accompanied neutrons were included since it was assumed that production
of cosmogenic isotopes is very likely to be accompanied by release of neutrons.
Then the production rate was corrected for the efficiency of this cut.

This background has the largest uncertainty among all the sources.

5.8.4 α-n Background

α-n correlated background is dominated by the process 13C(α,n)16O. The alphas
are coming from the natural radioactivity in the liquid scintillator while the 13C
is natural isotope of carbon presented in the organic liquid scintillator. Neutron
from such a reaction can be released with quite a energy when the oxygen is
produced in the ground state. In this case the prompt signal comes from recoiled
proton from the neutron thermalization process. If the oxygen is produced in the
excited state the neutron have rather small energy. However, O∗ de-excitation
γ mimics a prompt signal. In both cases, neutron is eventually captured on
gadolinium producing delayed signal. The 13C(α,n)16O background was estimated
from the measurement of alpha decays and then the neutron yield was determined
by Monte Carlo.

The alphas are produced in 238U,232Th, 227Ac decay chains and in decays of
210Po. For estimating the rate of alphas from decay chains we use correlated
signals from decay cascade. We use following cascades for 238U,232Th, 227Ac
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respectively:

214Bi→214Po+ β 214Po→210 Pb+ α τ1/2 = 164.3 µs
212Bi→212Po+ β 212Po→208 Pb+ α τ1/2 = 0.299 µs

219Rn→215Po+ α 215Po→211 Pb+ α τ1/2 = 1.781 ms

(5.6)

We assume that the whole chains are in equilibrium so we are able to calculate
the total alpha production for all alpha decays within the chain. The 210Po is
a product of decay chain of 222Rn presented in the air. We estimate the alpha
production from special runs with the threshold lowered 0.7 MeV → 0.3 MeV.
This is done due to the strong quenching effect for alphas in the liquid scintillator
when e.g. alpha from 210Po decay with energy 5.3 MeV is reconstructed as only
about ∼0.5 MeV event.

5.8.5 241Am-13C Calibration Source Background

The low-intensity 241Am-13C neutron calibration sources located in ACUs are
primarily used for weekly energy calibration of the detector. Meanwhile, they
are stored in stainless steel box mounted in the top of AD. The neutrons emitted
by the source can scatter inelastically on the nuclei of Cr, Fe, Mn and Ni before
being captured on the nucleus on the stainless steal or in the GdLS overflown tank
on the top of AD. Both processes, inelastic scattering and subsequent neutron
capture, are emitting gammas which occasionally pass through the shield to the
liquid scintillator and mimic IBD signal. The gammas from the neutron capture
have an energy high enough to fall to the delayed signal energy window.

The estimation of the background is based on the MC simulation benchmarked
by the measurement with high-intensity source. Then the Monte Carlo is nor-
malized to the events from the data taken with the regular low-intensity source
in the ACUs. The Monte Carlo normalization is the larges source of the 45%
uncertainty for this background. The rate was found negligible compare to the
IBD rate in the near halls, however significant in the Far Hall. In order to reduce
the impact of this background, the 241Am-13C neutron sources were removed in
summer 2012 from ACU-B and ACU-C in the Far Hall ADs, while ACU-A source
was kept for the calibration purposes. That led to the factor of ∼3 reduction of
this background in the Far Hall.

5.9 Data Set For the Analysis

The Daya Bay experiment started data taking in December 2011 with six ADs.
There were two ADs in the Daya Bay Near Hall, one AD in the Ling Ao Near
Hall and 3 ADs in the Far Hall. This configuration last till July 2012 and brought
the first measurement of non-zero value of mixing angle θ13 [9]. We refer to this
period as 6AD period with 217 days of data. In summer 2012, two additional
ADs were installed and special calibration campaign was performed. After restart
of data taking in October 2012, Daya Bay is running with full configuration of
8ADs.

The Daya Bay most recent analysis is based on the 217 days of 6AD period
and 1013 days of 8AD period [36]. However, in this thesis we have tested the
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Lorentz Invariance and search for effects of the Non-standard Interactions in the
sub set of 217 days of 6AD data and 404 days of data with 8ADs collected from
October 2012 till November 2013 [59]. The number of IBD candidates, which
pass the selection cuts for these in total 621 days of the data as well as the
background rates and multiplicity and muon veto efficiency are shown in Tab.5.7.
The background rates for fast neutrons and 9Li/8He background are assumed to
be same for ADs placed within the experimental hall.

In the table, we can identify several points, which are results of the 2012
summer shutdown. First we can notice shorter data acquisition (DAQ) live time
for AD7 and AD8. Those are the two ADs, which were installed during the break
to complete the original Daya Bay design. We can also notice the drop in the
241Am-13C background rates for ADs in Far Hall due to the removal of the two
out of three neutron source from ACUs.

Regarding the backgrounds and their uncertainties, we can see that the largest
absolute contribution comes from accidentals but with negligible uncertainty. The
largest source of the uncertainty is introduced by decays of isotopes 9Li and 8He.
There was an intensive analysis campaign within Daya Bay for the most recent
publish result [36] which led to the improved method of 9Li/8He background
estimation and uncertainty reduction.
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6. Analysis Methods

Our goal is to obtain the oscillation parameters as well as the additional Lorentz
Invariance violation (LIV) or Non-standard Interactions (NSIs) parameters from
the Daya Bay data. For the analysis, we use the modified tool for relative near-far
measurement developed by the team from Lawrence Berkeley National Labora-
tory. The basic idea is to compare the measurement in the Far Hall with the
prediction based on the energy spectra measured in the near halls. There are
several nice features about this approach. The major fact is that this is com-
pletely relative measurement, where all of the correlated uncertainties cancel out.
The analysis is largely independent on the reactor antineutrino spectrum shape
and absolute flux prediction, the major sources of the uncertainty for the previous
experiments. In addition, all other correlated uncertainties cancel out and only
relative uncertainties have an impact to the measurement.

The parameter fitting is done in the unique way using the covariance matrix
approach. All the variations due to the statistical and systematical uncertainties
are encapsulated into one covariance matrix, which automatically encounter for
the correlation among them. All of these variations are modelled by toy Monte
Carlo (toyMC), which is independent on the fitting code. Covariance matrix
approach does not require any nuisance parameters therefore fitting is done only
for the parameters of our interest, standard oscillation parameters plus additional
new physics parameters based on our particular search.

The whole procedure of prediction and fitting is encapsulated in the code
named LBNL Fitter, which was originally created for the neutrino oscillation
analysis in the three-neutrino framework. We extended it to be able to fit addi-
tional parameters for our searches. Let us now present key features of the LBNL
Fitter [70], [71].

6.1 The LBNL Fitter

In the previous sections, we already discussed the IBD selection and background
estimation. The values to feed into our fitter are summarized in Tab.5.7. We use
the values for the near halls for the prediction of the spectra in the Far Hall.

6.1.1 Prediction of the Far Hall Spectrum from the Near
Hall Measurements

The simple scheme how do we predict Far Hall spectrum based on the near
hall measurements is shown in Fig.6.1. The procedure starts with getting the
near hall prompt energy spectra with subtracted background and corrected for
the efficiencies based on the data. The prompt energy spectrum in each hall is
divided into 37 energy bins.

Each energy bin in this spectrum is converted from the visible energy Evis
measured by the detector to the true energy of the physical event Etrue. For
this conversion we use Evis-to-Etrue matrix, which takes into account detector
response, non-linearity of the scintillator etc. The matrix is modelled by toyMC.
This conversion is introduced only temporary and it is undone in the final stage
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at the prediction process. Therefore in the first order, the use of the conversion
matrix does not introduce any source of a systematic bias.

Next step is to divide the measured energy spectrum into the contributions
from each single reactor. For each energy bin of the true energy spectrum for AD
i we calculate the flux fraction fij(Etrue), which express the fraction of the bin
content originated from the reactor core j. The flux fraction is defined as:

fij(Etrue) =
φij(Etrue)× P osc

ij (Etrue)× 1/L2
ij∑

k φik(Etrue)× P osc
ik (Etrue)× 1/L2

ik

(6.1)

where P osc
ij is the oscillation probability, Lij is distance of the rector j and detector

i based on the Tab.5.2 and φij(Etrue) is the expected antineutrino flux in AD i
produced by reactor core j. The flux is calculated as a sum of the fluxes from
four main isotopes producing reactor antineutrinos 235U, 238U, 239Pu, 241Pu based
on the thermal power of the reactor provided by the power plant company and
corrected for the burn-up.

The flux fraction fij(Etrue) is used to calculate number of events in each true
energy bin in AD i originating from reactor core j simply as

Nij(Etrue) = fij(Etrue)×N IBD
i (Etrue) (6.2)

where N IBD
i (Etrue) is the number of events in the true energy bin which was

background subtracted and efficiency corrected.
We can use the information about contribution from a particular reactor to

get the prediction by extrapolating the near hall measurement to the Far Hall.
Since the flux in each Far Hall AD can be predicted by each AD in the near
halls, we can introduce extrapolation factor ekj,i(Etrue) which is used to predict
the contribution of reactor core j in the Far Hall AD k based on the near hall
AD i. The factor is defined as:

ekj,i(Etrue) =
φkj(Etrue)× P osc

kj (Etrue)× 1/L2
kj

φij(Etrue)× P osc
ij (Etrue)× 1/L2

ij

(6.3)

The number of predicted events Fkj,i(Etrue) for each energy bin in Far Hall AD j
based on the observation in near hall AD i originating from reactor core j is

Fkj,i(Etrue) = ekj,i(Etrue)×Nij(Etrue) (6.4)

The following step is to sum over the contributions from all cores in order to
get the total predicted spectra:

Fk,i(Etrue) =
∑

j

Fkj,i(Etrue) (6.5)

This way we obtain the predicted Far Hall spectra as a function of Etrue. The
last step is to translate the spectra back to the energy visible by the detector Evis
using the Evis-to-Etrue conversion matrix. Such a quantity Fk,i(Evis) can be then
compared with the actual measurement of the Far Hall spectra.

We should note that the procedure leads to 9 values of prediction Fk,i for the
6AD period where we had three ADs in the near halls (i=1,2,3) and three ADs in
the Far Hall (k =1,2,3) and 16 values of prediction Fk,i for period running with
full configuration of 8 ADs.
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Figure 6: Cartoon representing the basic steps involved in making a prediction of the far site spectra
based on the near site spectra. The details of each step are outlined in the text.

10

Figure 6.1: The scheme of steps leading from the near site measurement to the
far site prediction [70]. For more details, see the text.

6.1.2 χ2 Definition

As soon as we have the prediction for the Far Hall, we can compare it with the
actual Daya Bay measurement. Note that the prediction is the function of the
oscillation parameters θ13, ∆m2

ee and additional LIV or NSIs parameters. The
best-fit parameters are found by minimization of χ2 which is defined as:

χ2 =
bins∑

i,j,p,q

[
F obs
i,p − F pred

i,p (θ13,∆m
2
ee, ...)

]
V −1
ij,pq

[
F obs
j,q − F pred

j,q (θ13,∆m
2
ee, ...)

]
(6.6)

where F obs
i,p and F pred

i,p are the observed respectively predicted number of events
after background subtraction in the i-th energy bin in the Far Hall ADs for the

65



p-th period (6AD,8AD). Let us notice the F pred
i,p (θ13,∆m

2
ee, ...) is a function of

the oscillation and additional new physics parameters however still based on near
hall data. The Vij is the covariance matrix, which contains all statistical and
systematical uncertainties. This means that we do not have to use any nuisance
parameters therefore χ2 minimization is very simple and fast.

6.1.3 Covariance Matrix

The overall covariance matrix is composed of four parts:

V = Vsys + Vbkg + Vstat + V∆m2 (6.7)

where the Vsys, Vbkg, Vstat represent respectively the systematic uncertainty of
the IBD signal, systematic uncertainty of the background and the statistical un-
certainty. The additional V∆m2 represents the uncertainty related to the fixing
of m2

ee for some cases of our analysis, what is discussed in detail later in this
chapter. The Vsys, Vbkg, V∆m2 are determined by toyMC. The Vstat is calculated
analytically.

The values of Vsys elements depend on the oscillation parameters. We assume
that their sizes are scaled with the size of the signal, which varies with oscillation
parameters. We first calculate the covariance matrix V norm

sys , which express the
relative size of the systematic uncertainties. The V norm

sys is calculated using nom-
inal parameters based on the 1000 toyMC samples with systematical fluctuation
as:

(V norm
sys )ij,pq =

1

M

toys∑
(
F obs,toy
i,p − F pred,toy

i,p

)(
F obs,toy
j,q − F pred,toy

j,q

)

F pred,toy
i,p × F pred,toy

j,q

(6.8)

where M = 1000 is the number of toyMC samples. The nominal covariance
matrix V norm

sys is then rescaled by the prediction of actual oscillation and new
physics parameters in order to obtain Vsys as

(Vsys)ij,pq = (V norm
sys )ij,pq × F pred

i,p (θ13,∆m
2
ee, ...)× F pred

j,q (θ13,∆m
2
ee, ...) (6.9)

The Vsys includes now the absolute size of the uncertainties. Although, the as-
sumption about scaling does not exactly express the covariance matrix depen-
dence on the oscillation parameters, the difference was found negligible. The
above described procedure is repeated for all sources of IBD signal related sys-
tematical uncertainty and the overall covariance matrix can be written as:

Vsys = Vreactor+Vabs en scale+Vrel en scale+Vnonlinearity+Viav+Vresolution+Vefficiency
(6.10)

where the matrices express respectively the uncertainty related to reactors, de-
termination of relative and absolute energy scale, liquid scintillator non-linearity,
effects of inner acrylic vessel, energy resolution and detection efficiency.

The construction of the Vbkg covariance matrix is similar to Vsys based on
1000 toyMC samples with the background fluctuation. Unlike the Vsys, it does
not depend on the oscillation parameters therefore we can directly calculate it as:

(Vbkg)ij,pq =
1

M

toys∑(
F obs,toy
i,p − F pred,toy

i,p

)(
F obs,toy
j,q − F pred,toy

j,q

)
(6.11)
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Similar to the IBD signal systematics covariance matrix, we repeat this procedure
for all main sources of background resulting in overall Vbkg obtained as:

Vbkg = VLi9 + Vfast n + Vaccidentals + VAmC + Vα n (6.12)

where matrices represent the uncertainty of the cosmogenic isotope background,
fast neutrino background, accidentals, 241Am-13C radioactive source background
and background related to the alpha particle from natural radioactivity.

For part of the analysis presented later, we would like to constrain the value of
∆m2

ee based on the measurements of other experiments. The measurement comes
with some uncertainty, which needs to be taken into account. This is done by
introduction of covariance matrix V∆m2 . In order to obtain it we generate 1000
toyMC samples with the ∆m2

ee fluctuations and calculate the covariance matrix
elements as:

(V∆m2)ij,pq =
1

M

toys∑(
F obs,toy
i,p − F pred,toy

i,p

)(
F obs,toy
j,q − F pred,toy

j,q

)
(6.13)

We should remind that the covariance matrix V∆m2 is included only in the case
when we do not fit ∆m2

ee and instead, we use the constrained value.
There are two components of the statistical uncertainty. There is a statistical

uncertainty of the near halls data propagated to the prediction of the Far Hall
data. There is also statistical uncertainty of Far Hall data itself. In the case of
one detector in near hall and one detector in the Far Hall the uncertainties are
calculated as:

σnear(F
pred) = F pred

Nobs

√
N obs +N bkg (6.14)

σfar(F
pred) =

√
F pred + F bkg (6.15)

where N obs and N bkg is the number of observed IBD events without background
and background itself for the ADs in the near halls. F bkg is the number back-
ground events in the Far Hall while F pred is the IBD event prediction based on
the near halls measurement. The total statistical uncertainty is then:

σ(F pred) =
√
σ2
near(F

pred) + σ2
far(F

pred) (6.16)

However, we have 9 respectively 16 prediction combinations for 6AD and 8AD
periods, which are correlated. Let us explain the situation using an example
assuming simpler configuration with 2 ADs in the near hall and 2 ADs in the Far
Hall. In this case, we have 4 prediction combinations (F pred

1,1 , F pred
2,1 , F pred

1,2 , F pred
2,2 ).

If we take e.g. predictions F pred
1,1 , F pred

2,1 they are correlated since prediction is
based on the same AD1 in the near hall. In this case, we can write the covariance
matrix for vector (F pred

1,1 , F pred
2,1 ) as:

(
σ2
near(F

pred
1,1 ) + σ2

far(F
pred
1,1 ) σnear(F

pred
1,1 )σnear(F

pred
2,1 )

σnear(F
pred
1,1 )σnear(F

pred
2,1 ) σ2

near(F
pred
2,1 ) + σ2

far(F
pred
2,1 )

)
(6.17)

Similar for vector (F pred
1,1 , F pred

1,2 ), where the predictions are correlated because they
are for same AD1 in the Far Hall, we get the covariance matrix as:

(
σ2
near(F

pred
1,1 ) + σ2

far(F
pred
1,1 ) σfar(F

pred
1,1 )σfar(F

pred
1,2 )

σfar(F
pred
1,1 )σfar(F

pred
1,2 ) σ2

near(F
pred
1,2 ) + σ2

far(F
pred
1,2 )

)
(6.18)
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Then the full covariance matrix for vector of 4 prediction combination
(F pred

1,1 , F pred
2,1 , F pred

1,2 , F pred
2,2 ) from our simpler configuration is:




σ2
near(F

pred
1,1 ) + σ2

far(F
pred
1,1 ) σfar(F

pred
1,1 )σfar(F

pred
1,2 ) σnear(F

pred
1,1 )σnear(F

pred
2,1 ) 0

σfar(F
pred
1,1 )σfar(F

pred
1,2 ) σ2

near(F
pred
1,2 ) + σ2

far(F
pred
1,2 ) 0 σnear(F

pred
1,2 )σnear(F

pred
2,2 )

σnear(F
pred
1,1 )σnear(F

pred
2,1 ) 0 σ2

near(F
pred
2,1 ) + σ2

far(F
pred
2,1 ) σfar(F

pred
2,1 )σfar(F

pred
2,2 )

0 σnear(F
pred
1,2 )σnear(F

pred
2,2 ) σfar(F

pred
2,1 )σfar(F

pred
2,2 ) σ2

near(F
pred
2,2 ) + σ2

far(F
pred
2,2 )




(6.19)
In order to calculate the covariance matrix Vstat for 9 or 16 prediction combi-

nations each with 37 energy bins we just extend the procedure described above.

6.1.4 Correlations between Predictions

As we have discussed before we have 9 prediction combinations for the 6AD period
and 16 prediction combinations for 8 AD period. However, these predictions are
correlated. It means that the rank of the covariance matrix V is lower than the
number of columns (or lines). Therefore we can not obtain the inverted covariance
matrix V −1 needed in the Eq.(6.6) for the χ2 calculation.

In order to resolve this issue we have to reduce the number of predictions.
Therefore we use only two combinations of predictions:

• FDB: Prediction of the sum of the Far Hall ADs based on the ADs in Daya
Bay near hall

• FLA: Prediction of the sum of the Far Hall ADs based on the ADs in Ling
Ao near hall

The predictions are calculating simply be combining the predictions Fk,i(Evis)
explained in Sec.6.1.1. For the 6AD period we get:

F 6AD
DB = (F4,1 + F5,1 + F6,1 + F4,2 + F5,2 + F6,2)/2 (6.20)

F 6AD
LA = F4,3 + F5,3 + F6,3 (6.21)

while for the 8AD period we get

F 8AD
DB = (F4,1 + F5,1 + F6,1 + F7,1 + F4,2 + F5,2 + F6,2 + F7,2)/2 (6.22)

F 8AD
LA = (F4,3 + F5,3 + F6,3 + F7,3 + F4,8 + F5,8 + F6,8 + F7,8)/2 (6.23)

(6.24)

This combination can be done without loosing any information in constraining
the systematic uncertainty since the single uncertainties are either fully correlated
among ADs in the same experimental hall or completely uncorrelated.

The final covariance matrix then has got dimension 2 × 2 × 37 = 148 for 2
periods (6AD,8AD), 2 prediction combinations (FDB,FLA) and 37 prompt energy
spectrum bins. The covariance matrix coefficients are shown for the illustration
in Fig.6.2.

6.2 Statistical Methods

In our searches we want to quantify how well are the measured data described
by standard oscillations with three-neutrino flavours or if there is any room left
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4.5 Final covariance matrix

As described above, we have 16 set of predictions for 2 data periods, and each prediction has 37
energy bins to fit. However, fitting this 37⇥16⇥2 bin distribution is impossible because we cannot
mathematically invert the covariance matrix due to the high degree of correlation and degeneracy
between variables.

All uncertainties are either completely correlated among all ADs, correlated among ADs in the
same hall, or completely uncorrelated among ADs. Therefore, we can add the data from ADs in the
same hall and same period together without losing information in order to constrain the systematic
uncertainty. By summing the data from ADs within the same hall, we e↵ectively end up with two
near site spectrum and one far site spectrum hence there are now 2 independent set of predictions
for each data periods.

The reduction in size of the covariance matrix to 37⇥ 2⇥ 2 makes its inversion tractable. This
covriance matrix is shown in Fig.1 and is the final form of the covariance matrix used in the fitter.
For a more detailed discussion on the addition of predictions, we refer the reader to section 4.5 in
our previous technote [1].
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Figure 1: Correlation coe�cients (Vij/
p

ViiVjj) for VNearSite�Period distribution. The final covari-
ance matrix is the correlation between the 37 energy bins of all combinations of 2 distinct near sites
and 2 di↵erent data taking periods.

8

Figure 6.2: The final correlation matrix coefficients (Vij/
√
ViiVjj), which include

the statistical and systematical uncertainties as well as express the correlation
between 2 periods of Daya Bay layout (6AD, 8AD), two prediction combinations
based on the Daya Bay near hall (EH1) and Ling Ao near hall (EH2) and 37
energy bins of the prompt energy spectrum [71]. For the record, matrix in this
figure does not include the V∆m2 contribution.

for new physics. Either way, we would like to set constraints on the new physics
parameters.

In order to do that we use particular statistical methods described in this
section, which is divided into three parts. First we mention p-value calculation
used for quantification of the statistical significance of the effects of new physics.
Then we discuss the Confidence Intervals (CI) method for the parameter estima-
tion. This method is used in the search for NSIs. Unfortunately, we cannot use
it in the search for LIV. As we will explain in detail later it is computationally
demanding. Nevertheless, since we do not observe any significant deviation from
standard oscillations in the search for LIV we can use alternative Gaussian CLS

method [72] described in the third part of this section to set exclusion limits on
LIV parameters.

6.2.1 Statistical Significance of New Physics: p-value

At the beginning we want to calculate the significance or insignificance of the
new physics with respect to the standard oscillations by calculating the p-value.
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We compare here two hypotheses, H0 and H1:

• Null hypothesis H0 is the scenario of standard oscillations with three
neutrino flavours with the oscillation parameter set βSO. That is sin2 2θ13

and eventually ∆m2
ee.

• Alternative hypothesis H1 contains new physics with set of oscillation
parameters βH0 and additional set of parameters βNP . There can be either
SME parameters for LIV case-by-case study or combined parameters Xi’s
used in the full formula eventually NSIs parameters.

We can define ∆χ2 as:

∆χ2
p ≡ χ2

min
H0 − χ2

min
H1

= min
βSO

χ2(βSO, βNP = 0)− min
βSO,βNP

χ2(βSO, βNP ) (6.25)

where χ2 defined in Eq.(6.6) is among others function of the oscillation new
physics parameters parameters. The calculation is done using measured data.
Using the ∆χ2

p we can calculate the p-value as

p =

∫ ∞

∆χ2
p

χ2
DoF (x)dx (6.26)

where we assume that the parent distribution of ∆χ2
p is χ2-distributed with appro-

priate number of degrees of freedom (DoF) equals to the number of parameters in
set βNP . The validity of this assumption is discussed in detail in the next section.

The p-value can be interpreted in terms of significance of the new physics
signal. If the p-value is small our data are not likely to be interpreted with stan-
dard three-neutrino framework and such a low value could point to the possible
existence of new physics. If the p-value is reasonably large, p & 0.1, there is no
significant deviation from the null hypothesis H0 and the possible existence of
new physics cannot be distinguished from standard oscillations.

6.2.2 Parameter Estimation - Confidence Intervals

We would like to estimate the new physics parameters using Confidence Intervals
method (CI).

In the most general case we estimate the value of all parameters in the model
at once. We define ∆χ2 defined as

∆χ2(βSO, βNP ) ≡ χ2(βSO, βNP )− χ2
BF (6.27)

which is the function of all standard βSO and new physics βNP parameters. The
best-fit χ2

BF is the minimal value of χ2 in the parameters space which can be
written as:

χ2
BF = min

βSO,βNP
χ2(βSO, βNP ) (6.28)

The particular combination of parameters (βSO, βNP ) is allowed by the data
on the certain confidence level c if the ∆χ2(βSO, βNP ) is below critical level tc
defined by

P
(
∆χ2(X) ≤ tc

)
≥ c (6.29)
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The X is the random realization under the hypothesis that (βSO, βNP ) are true
parameters and ∆χ2(X) is corresponding parent distribution. Remember we
think about measured data as the one of many realizations of the true model and
thus ∆χ2(βSO, βNP ) is one of the realizations of the ∆χ2 parent distribution. The
calculation provides us the confidence intervals (CI), which include the parameter
values compatible with the data.

If we want to estimate the subset of parameters β ⊂ (βSO ⊕ βNP ), we treat
the complementary parameters as a nuisance parameters and minimize over them.
Then the relevant ∆χ2 is defined as

∆χ2(β) ≡ min
βSO,βNP but not β

χ2(β)− χ2
BF (6.30)

The determination of the critical level tc can be quite peculiar. Although,
under certain relatively stringent conditions the Wilks’ theorem [73] tells us that
the ∆χ2 parent distribution is χ2-distributed with appropriate number of degrees
of freedom. This allows us to calculate the critical values from known parent
distribution. We can call this method Wilks’ CI. For our searches, the conditions
are valid for the whole NSIs search and for LIV only around standard three-
neutrino hypothesis, not for the whole parameter space. The particular condition,
which is not satisfied, is the need to have open neighborhood in the parameter
space around the point of interest. It happens that the allowed region is close to
boundary sin2 2θ13 → 0 where we of course enforce the condition sin2 2θ13 ≥ 0.

When the conditions for Wilks’ theorem are not satisfied we can still use the
CI, however, we have to get the ∆χ2 parent distribution and relevant critical val-
ues tc using Monte Carlo (MC) simulation. To get the critical value for one point
in the parameter space we have to generate N fake experiments and fill the ob-
tained values of ∆χ2 to the histogram, which in the limit N →∞ approaches ∆χ2

parent distribution. Having the distribution, we can calculate the corresponding
critical values using Eq.(6.29). We can call this procedure MC CI. One of the
MC CI examples is Feldman-Cousins method [74]. Although straightforward, it
is computationally demanding and for some cases like our LIV search not even
feasible. Therefore we have to find other way to constrain the LIV parameters.

6.2.3 Exclusion Limits for the Lorentz Invariance
Violation - Gaussian CLS Method

As we will see later, we have not found any significant deviation from the standard
oscillations in three-neutrino framework in our search for LIV. Therefore, we can
only set the exclusion limits for LIV parameters.

Since the MC CI is computationally demanding we can use alternative CLS

method to set exclusion limits [75], [76]. This method is commonly used not only
in high-energy physics accelerator experiments but for example Daya Bay used
this approach to set constraints on possible existence of light sterile neutrino [77],
[78]. We should stress that the CLS method is complementary to CI in settling
exclusion limits however it does not provide the parameter estimation. As soon
as new physics signal is observed we have to use CI to set the parameter limits.

The CLS method [75] compares two hypotheses mentioned in Sec.6.2.1: null
hypothesis H0, in our case the standard oscillations in three-neutrino framework
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and alternative hypothesis H1, in our case new physics scenario. It is based on
the likelihood ratio

CLs =
1− p1

1− p0

. (6.31)

where p0 and p1 are the p-values for null and alternative hypothesis respectively.
Small values of CLS favour H0 over H1 thus we can constrain H1. Usually we use
95% CLS exclusion region for H1 which corresponds to the CLs<0.05 [79].

In order to calculate the p0 and p1 we complementary, to the ∆χ2 defined in
Eq.(6.27), define ∆T as

∆T ≡ χ2
H0

min − χ2
H1

min
(6.32)

where H0 is a null hypothesis, in our case standard oscillations in three-neutrino
framework, with

χ2
H0

min
= minχ2(βSO, βNP = 0) (6.33)

and H1 is an alternative hypothesis, in our case new physics scenario, with

χ2
H1

min
= minχ2(βSO, βNP ) (6.34)

In both cases, we minimize over nuisance or unknown parameters. We specify in
detail the forms of the χ2

H0
min

and χ2
H1

min
for the LIV search in the Sec.7.2.

For the CLS method we get two parent distributions ∆TH0 and ∆TH1 which
assume H0 or H1 respectively to be true. Using the ∆T (data) obtained from the
measured data we can calculate the p0 and p1, and consequently CLS value using
Eq.(6.31). The sketch of this procedure is shown in Fig.6.3.

ΔTdata

ΔT

ΔTH0ΔTH1

p0 1-p1

Figure 6.3: The sketch of the Gaussian CLS method.
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The parent distribution for ∆T in Eq.(6.32) can be approximated under mod-
erate conditions by normal distribution [80], [72]. These conditions are much
easier to satisfy than the conditions for Wilks’ theorem. The conditions are [72]:

• The parameter space and nuisance parameter space are continuous and the
likelihood function is smooth function, i.e. have continuous derivatives.

• Data size is large

• The best model of H0 hypothesis and the alternative hypothesis H1 are
relatively close.

Since we approximate the ∆T ’s by normal distributions we refer to the method
as the Gaussian CLS. In general, conditions for the assumption are valid for the
LIV search in Daya Bay.

It was proven in [72] that the ∆TH distribution under the hypothesis H can

be approximated by normal distribution N

(
∆TH , 2

√
|∆TH |

)
where:

∆TH = 〈∆T (xAsimovH )〉 (6.35)

is the mean value of ∆TH distribution calculated using Asimov data set [80],
i.e. Monte Carlo simulation of the experiment under true hypothesis H without
any statistical or systematical fluctuations. Having the normal distribution the
calculation of the p-values is done simply as:

p0 = 0.5− 0.5× Erf

(
∆TH0 −∆T (data)√

8∆TH0

)

p1 = 0.5− 0.5× Erf

(
∆TH1 −∆T (data)√

8∆TH1

)
,

(6.36)

where Erf stands for the error function and ∆T (data) is the value based on
measured data. The CLS value can be then calculated as:

CLS =

0.5 + 0.5× Erf

(
∆TH0−∆T (data)√

8∆TH0

)

0.5− 0.5× Erf

(
∆TH1−∆T (data)√

8∆TH1

) (6.37)

The Gaussian CLS method is computationally simple, especially with comparison
to MC CI. For each the point in the parameter space we have to produce only
two toyMC sets: xAsimovH0 , xAsimovH1 and get three ∆T ’s: ∆TH0, ∆TH1, ∆T (data).
In summary, the Gaussian CLS method offers us alternative relatively quick pro-
cedure to set exclusion limits in the search for LIV.
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7. Results

7.1 Neutrino Oscillations in Three-neutrino

Framework

In the beginning of this chapter, we present the analysis of Daya Bay data in
standard three-neutrino framework without any effects of new physics since it
was the original purpose of the experiment. Moreover, the results are the starting
point for our searches for LIV and NSIs. The obtained values of the oscillation
parameters can be compared with those found in the cases of new physics.

In Daya Bay, there were developed several independent procedures how to
get the oscillations parameters providing consistent result. The LBNL fitter is
one of them. We will use modified LBNL fitter described in previous chapter
for parameter estimation or setting exclusion limits. The analysis as well as the
searches for physics BSM are based on 621 days of data collected from December
2011 till November 2013. We will also briefly mention the most recent result from
Daya Bay based on in total 1230 days of data obtained by different statistical
method.

7.1.1 Oscillation Probability Formula and Introduction of
∆m2

ee

The analysis of relative near-far measurement using prediction for Far Hall based
on the measurement in the near halls was done assuming slightly different oscil-
lation probability than the one shown in Eq.(5.2). The used probability is:

P (ν̄e → ν̄e) = 1− sin2 2θ12 sin2 ∆m2
21L

4E
− sin2 2θ13 sin2 ∆m2

eeL

4E
(7.1)

where we introduced effective mass squared difference ∆m2
ee [59], which combines

the effects of ∆m2
31 and ∆m2

32. Let us first mention that this rather simplification
is very well justified. In Fig.7.1, there is shown the difference between the oscilla-
tion probability in Eq.(5.2) with both ∆m2

31, ∆m2
32 and the oscillation probability

in Eq.(7.1) with single mass squared difference ∆m2
ee for typical reactor antineu-

trino energy Eν = 3.5 MeV as well as their ratio as a function of distance. The
relative difference is lower than 0.1%, which is negligible. We can conclude that
the oscillation probabilities are equivalent.

The use of ∆m2
ee has particular advantage. Its measurement is independent

on the neutrino mass hierarchy unlike mass squared differences ∆m2
31 and ∆m2

32.

The disadvantage of the parameter ∆m2
ee is that it is not fundamental pa-

rameter. Therefore, we would like to have the way how to convert this value
to the actual mass squared differences ∆m2

31 and ∆m2
32, which are connected by

condition |∆m2
31| = |∆m2

32| ± |∆m2
21| where “+” sign is for the normal and “-”

sign is for inverted hierarchy. Using this relation in the probability in Eq.(5.2),
we get:
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Figure 7.1: Upper panel: The oscillation probability formulae with both ∆m2
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∆m2
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P (ν̄e → ν̄e) = 1− sin2 2θ12 sin2 ∆m2
21L

4E

− sin2 2θ13

1−
√

1− sin2 2θ12 sin2 ∆m2
21L

4E
cos
(

∆m2
32L

2E
± φ
)

2

(7.2)

where φ = arctan
sin

∆m2
21L

2E

cos
∆m2

21L

2E
+tan2 θ12

. For typical reactor antineutrino energy and

distances in Daya Bay experiment, it holds that sin2 ∆m2
21L

4E
<< 1 therefore we

can write:

P (ν̄e → ν̄e) ' 1− sin2 2θ12 sin2 ∆m2
21L

4E
− sin2 2θ13 sin2

(
∆m2

32L

4E
± φ

2

)
(7.3)

If we compare Eq.(7.3) with Eq.(7.1) we get the relation between ∆m2
32 and ∆m2

ee

as

|∆m2
ee| = |∆m2

32| ±∆m2
φ = |∆m2

31| ∓ (|∆m2
21| −∆m2

φ) (7.4)

where ∆m2
φ = φ2E

L
.

Let us now calculate the value of ∆m2
φ. By definition, it is function of distance

and energy. The Fig.7.2 shows the ∆m2
φ as a function of antineutrino energy
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for the distance L=1.8 km. We can see that it is almost constant with value
∆m2

φ ' 5.17× 10−5 eV2. Finally, the conversion between ∆m2
32 and ∆m2

ee is

|∆m2
ee| = |∆m2

32| ± 5.17× 10−5 eV2 (7.5)

where we remind that “+” sign is for the normal and “-” sign is for inverted
hierarchy.
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Figure 7.2: The ∆m2
φ as a function of energy for distance L=1.8 km. The pa-

rameter is almost constant with value ∆m2
φ ' 5.17× 10−5 eV2.

For completeness, the values of other oscillation parameters used in the anal-
ysis are: sin2 2θ12 = 0.857 ± 0.024 [81], ∆m2

21 = (7.50 ± 0.20) × 10−5 eV2 [81],
sin2 2θ23 = 1. Although the survival probability P (ν̄e → ν̄e) in three-neutrino
framework does not depend on θ23, such a dependence emerges if the effects of
LIV are included.

7.1.2 Precise Measurement of sin2 2θ13 and ∆m2
ee

Let us now present the final results for the measurement of the standard oscillation
parameters sin2 2θ13 and ∆m2

ee based on 621 days of data [59]. The best-fit values
are

sin2 2θ13 = 0.084± 0.005 (7.6)

|∆m2
ee| = (2.42± 0.11)× 10−3 eV2 (7.7)

χ2
BF/DoF = 134.6/146 (7.8)

The value of χ2
BF with the comparison to 146 degrees of freedom suggests that

data are very well consistent with the standard three-neutrino oscillations. This
of course reduces our hopes to find any signal of physics BSM. Nevertheless, Daya
Bay can still provide useful limits on the parameters of new physics.

To demonstrate the superb power of the Daya Bay experiment in the mea-
surement of oscillation parameters sin2 2θ13 and ∆m2

ee we present the most recent
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measurement based on the 1230 days of data [36]. The best-fit values of the
parameters are:

sin2 2θ13 = 0.0841± 0.0027(stat.)± 0.0019(syst.) (7.9)

|∆m2
ee| = (2.50± 0.06(stat.)± 0.06(syst.))× 10−3 eV2 (7.10)

χ2
BF/DoF = 232.6/263 (7.11)

We should first notice the number of degrees of freedom changed due to the use
of different statistical approach developed independently on LBNL fitter within
Daya Bay. Nevertheless, LBNL fitter using the same data provides consistent
result. The precision of the parameters is spectacular having only ∼4% relative
uncertainty for the mixing angle. In addition, the precision of |∆m2

ee| measure-
ment is comparable to the precision of accelerator experiments measuring similar
mass square difference [82], [83].

Such a precision motivates us to use the capabilities of Daya Bay and go
beyond standard three-neutrino mixing. We have explored two possible scenarios
for new physics, which is described in following sections.

7.2 Search for Isotropic Lorentz Invariance Vi-

olation

In this section, we present the results of our search for Lorentz Invariance Vi-
olation (LIV) using both case-by-case survival probabilities listed in Eqs.(3.21)-
(3.26) and full formula in Eq.(3.32). For the entire search we use constrained
value ∆m2

ee = (2.48± 0.07)× 10−3 eV2 which is the average value of |∆m2
32| for

the normal and inverted hierarchy [84]. We fix the ∆m2
ee and include its uncer-

tainty to the additional contribution V∆m2 to the overall covariance matrix. We
consider no CP-violation in the mixing matrix (δCP = 0).

On the contrary to the standard oscillation analysis performed in the three-
neutrino framework the probabilities with LIV effects depend on the hierarchy.
Especially, particular LIV terms change sign with the change of the hierarchy
since they are odd functions of ∆m2

31 and ∆m2
32. In the beginning, we will

assume normal mass hierarchy and later add the discussion of the results assuming
inverted mass hierarchy.

The presence of isotropic LIV can be observed in the oscillation pattern, which
exhibit deviation from the standard oscillations. The illustration is shown in
Fig.7.3 where we show the ratio of far data over weighted average of near data.
The lines correspond to the prediction for the best fit for the standard oscillations
as well as examples of the distortion by the presence of LIV. The particular
combinations of LIV parameters provide oscillation pattern quite different from
the measured signal and therefore can be excluded.

7.2.1 Significance of Lorentz Invariance Signal

We use the p-value to quantify the significance of the LIV signal. For the
case-by-case formulae we ended up with three free parameters: sin2 2θ13 and
appropriate combination of (aL)Tαβ and (cL)TTαβ . For each formula in Eqs. (3.21)-
(3.26) we have find the best-fit values with global minimum χ2

αβ/145 DoF. We
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Figure 7.3: The ratio of far data over weighted average of near data. The black
points represent the measured data with their uncertainty. The green line corre-
sponds to the best fit of the standard oscillations with sin2 2θ13 = 0.084 and LIV
parameters being zero. There are two examples of the distortion by the LIV effect
for the ee case for parameters sin2 2θ13 = 0.10, (aL)Tee, (cL)TTee = 3 × 10−19 GeV,
(cL)TTee = −1×10−16 (red) and sin2 2θ13 = 0.03, (aL)Tee, (cL)TTee = −5×10−19 GeV,
(cL)TTee = −0.5× 10−16 (blue).

have also found the minimum χ2
0 = 134.74/147 DoF for the LIV conservation

i.e. (aL)Tαβ = (cL)TTαβ = 0, which is slightly higher than standard oscillation result
(χ2

BF = 134.6/146 DoF) in Eq.(7.8) due to the different value of ∆m2
ee. We define

∆χ2
αβ, which is the specific case of the general definition in Eq.(6.25), as:

∆χ2
αβ ≡ χ2

0 − χ2
αβ (7.12)

and obtain p-value assuming that parent distribution ∆χ2
αβ is χ2-distributed with

2 degrees of freedom (DoF). Those two DoF correspond to two LIV parame-
ters. The results of this procedure for each flavour combination αβ are shown
in Tab.7.1. We have found relatively high p-values, which suggest that data for
all cases are consistent with Lorentz Invariance conservation. That was already
expected since Daya Bay data were found to be consistent with standard three-
neutrino oscillations.

The p-values were obtained with the assumption that the parent ∆χ2
αβ in

Eq.(7.12) is χ2-distributed. The check of this assumption was performed for the
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Case Best-fit χ2
αβ ∆χ2

αβ p-value

ee 133.326 1.41 0.494
µµ 133.337 1.3 0.522
ττ 133.323 1.413 0.493
eµ 131.921 2.815 0.245
eτ 131.931 2.805 0.246
µτ 133.325 1.411 0.494

Table 7.1: The significance of LIV signal for case-by-case formulae in Eqs.(3.21)-
(3.26). For each case we show best-fit χ2

αβ, ∆χ2
αβ and appropriate p-value as-

suming parent distribution of ∆χ2 is χ2-distributed. Note that we obtained
χ2

0 = 134.74 for the case of Lorentz Invariance conservation.

ee case survival probability in Eq.(3.21). We have produced 1000 toyMCs with
systematical and statistical fluctuations. The best-fit χ2

ee as well as χ2
0 for the

Lorentz Invariance conservation case was found for each toyMC. The calculation
of ∆χ2

αβ was done using Eq.(7.12) and expected ∆χ2
ee parent distribution was

obtained. Then we fitted parent distribution with χ2
2 distribution for 2 DoF. Nice

agreement was observed, which supports our assumption about the χ2 shape of
the parent distribution. The results are shown in Fig.7.4.

In addition, we have used ∆χ2
ee
data

= 1.41 obtained from the data to determine
the p-value this time based on distribution from 1000 toyMCs . The corresponding
p-value is 0.491, which is consistent with the previous value 0.494 obtained using
the assumption about the shape of the parent distribution, see Tab.7.1. Since
the values are almost same we do not have any reason to doubt that ∆χ2 parent
distribution is not χ2-distributed for other cases too.

Similar exercise can be done for the full formula in Eq.(3.32), which includes
the effect of all relevant SME parameters working together. There are five free
parameters: sin2 2θ13 and four LIV parameters X1, X2, X3, X4. The procedure
to get the significance is same as for case-by-case. We have found the global min-
imum χ2

full = 131.12/143 DoF for the LIV case and χ2
0 = 134.74/147 DoF for the

Lorentz Invariance conservation case. Corresponding ∆χ2 ≡ χ2
full − χ2

0 = 3.62 re-
sults in p-value of 0.54 assuming that parent distribution of ∆χ2 is χ2-distributed
with 4 DoF. We conclude that even for the full formula the data are consistent
with Lorentz Invariance conservation.

7.2.2 Exclusion Limits for the Standard-Model Extension
Parameters using Case-by-case Formulae

Without any significant signal of LIV, the Daya Bay experiment can proceed only
to set limits on the LIV parameters. In order to do that we use Gaussian CLS
method described in detail in Sec.6.2.3. This method compares two hypotheses.
Hypothesis H1 is the case of LIV and the null hypothesis H0 is the case where
Lorentz Invariance is conserved.

First, we present excluded region as a function of SME parameters (aL)Tαβ,
(cL)TTαβ using case-by-case formulae in Eqs.(3.21)-(3.26). To obtain the exclusion
contours we use grid of 61 × 61 points in the (aL)Tαβ-(cL)TTαβ plane. We used

80



 
H1

2
χ - 

H0

2
χ=

2
χ ∆

0 2 4 6 8 10 12 14

Fa
ke

 e
xp

er
im

en
ts

, n
or

m
al

iz
ed

0

0.1

0.2

0.3

0.4

0.5

1000 toyMCs

Data

2
χ∆

 fit
1

2
χ

Figure 7.4: The ∆χ2
ee distribution obtained from 1000 toyMCs with statistical
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red curve represent the fit with the χ2 distribution function with 2 DoF which
match the distribution based on 1000 toyMCs.

optimized size of the grid for each case with boundaries listed in Tab.7.2. For
each point we calculate the CLS value using the Gaussian CLS method. For the
H1, the (aL)Tαβ, (cL)TTαβ values are set to the coordinates of the point of grid in

(aL)Tαβ-(cL)TTαβ plane. The value of sin2 2θ13 is treated as unconstrained nuisance
parameter thus determined for each point separately as the best fit to the mea-
sured data. For the H0, the values of SME parameters are obviously zero and
the value of sin2 2θ13 is again determined by the best fit to the data. The value
sin2 2θH0

13 = 0.084 is equal to the result of standard three-neutrino oscillation
analysis, see Eq.(7.6). Although in general, it can be slightly different due to the
value of ∆m2

ee used in the analysis which is slightly different from the best fit for
standard oscillations in Eq.(7.7).

The obtained exclusion contours on 95% CLS level for each flavour combina-
tion are shown in Fig.7.5 and Fig.7.6.

For all cases the null hypothesis point, i.e. (aL)Tαβ = (cL)TTαβ = 0 is within the
allowed region. There are two reasons for that. First, this agrees with our pre-
vious observation since we have not found any significant deviation from Lorentz
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Case (aL)Tαβ min (aL)Tαβ max (cL)TTαβ min (cL)TTαβ max

ee −2× 10−19 GeV 4× 10−19 GeV −4× 10−16 1× 10−16

µµ −4× 10−19 GeV 4× 10−19 GeV −2× 10−16 4× 10−16

ττ −4× 10−19 GeV 4× 10−19 GeV −2× 10−16 4× 10−16

Re(aL)Tαβ min Re(aL)Tαβ max Re(cL)TTαβ min Re(cL)TTαβ max

eµ −0.8× 10−19 GeV 0.8× 10−19 GeV −0.06× 10−16 0.1× 10−16

eτ −0.8× 10−19 GeV 0.8× 10−19 GeV −0.06× 10−16 0.1× 10−16

µτ −4× 10−19 GeV 4× 10−19 GeV −2× 10−16 4× 10−16

Table 7.2: Minimum and maximum values of the 61 × 61 grid in (aL)Tαβ-(cL)TTαβ
parameter space used in the scan to obtain CLS exclusion contours.
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Invariance conservation in the p-value calculation. Second, the CLS method can-
not intrinsically exclude the null hypothesis H0, as long as it is nested hypothesis
like in our case.

Qualitatively, we can separate these results into two groups. For eµ and eτ
cases we get closed contours. On the contrary, there are four cases, namely ee,
µµ, ττ and µτ , for which the contours do not close. For ee, µµ and µτ we get
long narrow strip however for ττ case we get widely open allowed region. Open
contours prevent us to set double-sided exclusion limits using exact form of the
case-by-case formulae with two free SME parameters.

7.2.3 Revision of the Validity of the Assumptions for the
Perturbative Expansion

In our procedure of setting limits on LIV parameters we treat sin2 2θ13 as a
nuisance parameter. We use the best-fit value sin2 2θBF13 for each combination of
either (aL)Tαβ, (cL)TTαβ or Xi’s. It eventually happen that we get sin2 2θBF13 → 0
for particular combination LIV parameters allowed by Gaussian CLS . There is
an illustration for ee case in Fig.7.7 where we plotted sin2 2θBF13 as a function of
SME parameters (aL)Tee, (cL)TTee overlaid by the exclusion contours. The region
sin2 2θBF13 → 0 overlaps with the region of open contours which is same for all
other open contours cases µµ, ττ and µτ . As we will show in next paragraphs,
this is the region where the survival probability formula assumptions are not valid
and the contours in this region cannot be trusted.

We have derived survival probability formulae in Eqs.(3.21)-(3.26) for the
case-by-case and in Eq.(3.32) for the full formula as an expansion to the first
perturbative order of SME parameters. Such formulae are good approximation
as long as assumption P

(0)
ν̄e→ν̄e >> P

(1)
ν̄e→ν̄e >> P

(2)
ν̄e→ν̄e ... holds. If we look closely

to P
(0)
ν̄e→ν̄e defined in Eq.(3.7) we can see that the short baseline oscillation terms

vanish for limit sin2 2θBF13 → 0 and P
(0)
ν̄e→ν̄e ' 1. Since we observe short base-

line oscillations in Daya Bay, the effect must be almost entirely created by LIV
terms. This can be done but then the first order probability term is P

(1)
ν̄e→ν̄e ∼ 0.1.

This goes against our assumption for the perturbative expansion where we have
assumed P

(0)
ν̄e→ν̄e >> P

(1)
ν̄e→ν̄e >> P

(2)
ν̄e→ν̄e ... We conclude that probability formu-

lae are valid when sin2 2θBF13 & 0.02. For the part of the LIV parameter space
where the sin2 2θBF13 . 0.02 the assumptions used in the derivation of the survival
probability are not met and the exclusion limits on LIV parameters may not be
correct.

The higher perturbative orders have to be included in the probability in these
regions of LIV parameter space. In that case, we will lose the linearity in LIV
parameters where the LIV part of the survival probability in Eq.(3.12) is simple
sum of each flavour combination ᾱβ̄. That is indeed very nice feature, which
works as a motivation for case-by-case where the contribution of particular SME
parameters is independent on the other. This is no longer true for higher orders
where we get among others for example terms like P

(2)
ν̄e→ν̄e ∼ (aL)Tαα(aL)Tββ where

α 6= β. These terms posses intrinsic interference between SME parameters and
considering only part of the parameters non-zero can lead to qualitative change
of the oscillation formulae.

In what follows, we will keep using the expansion of the survival probability to
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overlaps with the region of open contours. The survival probability formula as-
sumptions are broken here and the exclusion contours in this region cannot be
trusted.

the first order in the LIV parameters. Nevertheless, we are aware of the limited
validity of the survival probability thus we based our conclusion only on the
regions where we can trust it.

7.2.4 Limits on the Standard-Model Extension Param-
eters using Case-by-case Formulae using Gaussian
CLS Method

As we have shown in Sec.7.2.2, even only two SME parameters turned on in case-
by-case formulae in Eqs.(3.21)-(3.26) do not allow us to set double sided limits
on the LIV parameters. This can be done only for two out of six flavour com-
binations, namely eµ and eτ . Those double-sided limits for case-by-case flavour
combinations eµ and eτ with two non-zero SME parameters are shown in Tab.7.3.
We compare the exclusion limits obtained by Daya Bay with previous measure-
ment done by the Super-Kamiokande experiment (SK) [57]. SK considered only
positive values of the SME parameters and therefore provided only upper limits.
These limits are much more stringent than Daya Bay ones due to the longer base-
line in SK. Nevertheless, in the current status, Daya Bay is the first experiment
to provide lower limits on listed SME parameter.

Since we already turn on and off some SME parameters, in order to set double-
sided exclusion limits we have decided to go even further and end up with having
only one non-zero SME parameter at the time. This will result in the further re-
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Coefficient Previous lower limit Previous upper limit DB lower limit DB upper limit

Re(aL)Teµ N/A 1.8× 10−23 GeV [SK] −7.59× 10−20 GeV 5.44× 10−20 GeV
Re(aL)Teτ N/A 4.1× 10−23 GeV [SK] −5.35× 10−20 GeV 3.28× 10−20 GeV
Re(cL)TTeµ N/A 8.0× 10−27 [SK] −4.65× 10−18 8.05× 10−18

Re(cL)TTeτ N/A 9.3× 10−25 [SK] −2.93× 10−18 6.50× 10−18

Table 7.3: Summary of upper and lower limits on 95% CLS for SME parameters
obtained by case-by-case formulae for flavour combinations eµ and eτ with two
non-zero SME parameters Re(aL)Tαβ, Re(cL)TTαβ . Normal neutrino mass hierarchy
is assumed to be true. For comparison, we show previous limits obtained by
the Super-Kamiokande experiment [57] (95% CL). The Super-Kamiokande ex-
periment assumed only non-negative values of the parameters thus provided only
upper limits.

duction of the case-by-case formulae shown in Eqs.(3.21)-(3.26) where we assume
either (aL)Tαβ = 0, or (cL)TTαβ = 0 when setting the limit for the complementary
parameter. The limits for single parameter can be then illustratively viewed as
a cross-section of the exclusion contours in Fig.7.5 and Fig.7.6 with the x-axis
or y-axis respectively, although, they are determined from the CLS profiles. The
double-sided CLS exclusion limits obtained by having only one non-zero SME pa-
rameter at the time are listed in Tab.7.4. Most of them are measured for the first
time providing useful limits for the physics community as well as the benchmark
for the future measurements.

7.2.5 Exclusion Limits for the Xi’s using Full Formula Sur-
vival Probability

Although Xi’s in the full formula survival probability in Eq.(3.32) are not exact
SME coupling constants but their linear combinations, limits on effective param-
eters Xi’s would constrain the overall effect of LIV. Similar to case-by-case, we
use the Gaussian CLS method to set the exclusion limits on Xi’s. We have five
free parameters: sin2 2θ13 and four LIV parameters X1, X2, X3, X4. We extract
the exclusion limits for particular Xi from CLS(Xi) profile, which is a function of
this parameter. The profile is sampled by 50 points across the relevant interval
of Xi values. On the contrary to case-by-case, we would like to stay as general
as we could therefore we do not fix any of the other free parameters. The other
LIV parameters as well as sin2 2θ13 are treated as unconstrained nuisance param-
eters therefore for each point we find and use their best-fit values based on the
measured data. We can express that as:

CLS(Xi) = CLS(sin2 2θBF13 (Xi), X
BF
1 (Xi), ..., Xi, ..., X

BF
4 (Xi)) (7.13)

where the values for sin2 2θBF13 and XBF
j 6=i are obtained by χ2 minimization on the

measured data:

χ2
min(sin2 2θBF13 , X

BF
1 , ..., Xi, ..., X

BF
4 ) = min

sin2 2θ13,XBF
j 6=i
χ2(sin2 2θ13, X1, ..., Xi, ..., X4)

(7.14)
We encounter however the same issue as in the case-by-case analysis. We

eventually end up with the small values of sin2 2θBF13 . For such values our as-
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Coefficient Previous lower limit Previous upper limit DB lower limit DB upper limit
(aL)Tee N/A N/A −1.26× 10−19 GeV 0.42× 10−19 GeV

(aL)Tµµ N/A N/A −0.69× 10−19 GeV 1.63× 10−19 GeV

(aL)Tττ N/A N/A −0.52× 10−19 GeV 3.26× 10−19 GeV

Re(aL)Teµ N/A 1.8× 10−23 GeV [SK] −1.40× 10−20 GeV 2.06× 10−20 GeV

Re(aL)Teτ N/A 4.1× 10−23 GeV [SK] −1.19× 10−20 GeV 1.97× 10−20 GeV

Re(aL)Tµτ N/A 6.5× 10−24 GeV [SK] −0.42× 10−19 GeV 1.27× 10−19 GeV

(cL)TTee N/A N/A −1.20× 10−16 0.16× 10−16

(cL)TTµµ N/A N/A −0.27× 10−16 0.88× 10−16

(cL)TTττ N/A N/A −0.20× 10−16 N/A

Re(cL)TTeµ N/A 8.0× 10−27 [SK] −0.92× 10−18 2.01× 10−18

Re(cL)TTeτ N/A 9.3× 10−25 [SK] −1.08× 10−18 2.34× 10−18

Re(cL)TTµτ N/A 4.4× 10−27 [SK] −0.18× 10−16 1.21× 10−16

Table 7.4: Summary of upper and lower exclusion limits on 95% CLS for SME
parameters set by Daya Bay experiment (DB) obtained by using reduced case-by-
case formulae when only one SME parameter is considered to be non-zero at the
time. Normal neutrino mass hierarchy is assumed to be true. For comparison, we
show previous limits the Super-Kamiokande experiment [57] (95% CL). Let us
note that Super-Kamiokande assumed only non-negative values of the parameters
thus provided only upper limits.

sumptions, which were used in the derivation of the survival probability, are not
valid thus the probability formula cannot be trusted. Similar to the discussion
in Sec.7.2.3, for the values of sin2 2θBF13 . 0.02 the short baseline oscillations ob-
served in Daya Bay are driven by the LIV term in the Eq.(3.32), which is in the

contradiction with our assumption P
(0)
ν̄e→ν̄e >> P

(1)
ν̄e→ν̄e >> P

(2)
ν̄e→ν̄e ... we have used

in the derivation of the formula.
Moreover, for sin2 2θBF13 . 0.02, it is no longer true that oscillation effects

due to ∆m2
21 in LIV part of the probability can be neglected. It turns out that

terms in Eq.(3.27) proportional to f(∆m2
32) or f(∆m2

31) are suppressed at least
by the factor of sin2 θ13 while terms proportional to f(∆m2

21) are not effected.
Since terms proportional to f(∆m2

32) or f(∆m2
31) have to create the oscillation

effect even being suppressed by small value of sin2 θ13, the values of LIV param-
eters must be large. But such a large LIV parameters makes the contribution of
small terms proportional to f(∆m2

21) large enough that they are comparable in
amplitude with f(∆m2

32) terms. Therefore the full formula for which we assume
∆m2

21 → 0 in not correct for sin2 2θBF13 . 0.02.
Let us now look on the exclusion limits for Xi’s parameters. The CLS profiles

as well as the best-fit sin2 2θBF13 are shown in Fig.7.8. We can see that for each
Xi we can set only upper, or lower exclusion limit. For the complementary one,
we always end up with sin2 2θBF13 . 0.02 which is the region where is our survival
probability formula invalid.

From the CLS profiles profiles shown in Fig.7.8 we obtained 95% CLS exclusion
limits for Xi’s which are listed in Tab.7.5.
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Figure 7.8: The CLS profiles (solid black) as well as sin2 2θBF13 (dashed blue) for
four LIV parameters Xi (i=1,2,3,4) from full formula in Eq.(3.32). The red dash-
dotted line represents the 95% CLS limit, i.e. CLS = 0.05. For each parameter
Xi for either upper or lower limit we get sin2 2θBF13 → 0. That violates the
assumptions we used in the probability derivation and these limits cannot be
trusted.
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Normal Hierarchy Inverted Hierarchy
Upper limit Lower limit Upper limit Lower limit

X1 N/A 0.221× 10−19 GeV -0.221× 10−19 GeV N/A
X2 −0.101× 10−16 N/A N/A 0.101× 10−16

X3 −1.08× 10−19 GeV N/A N/A 1.08× 10−19 GeV
X4 N/A 0.246× 10−16 −0.246× 10−16 N/A

Table 7.5: Summary of upper or lower exclusion limits on 95% CLs for LIV
parameters Xi’s for normal (NH) and inverted (IH) neutrino mass hierarchy.
The limits for IH are opposite to the limits for NH. Only one limit is available at
the time since the probability formula is not valid for the complementary.

7.2.6 Results in the Case of Inverted Hierarchy

The probabilities with LIV effect depend on the choice of the hierarchy. Up to
now, we have assumed normal hierarchy to be true. In this section, we discuss
the results for the inverted hierarchy.

We can use effective mass square difference ∆m2
ee in the case of LIV since it

still holds that the Daya Bay experiment is not able to distinguish between mass
squared differences ∆m2

31 and ∆m2
32. Thus with the different hierarchy, we have

to change ∆m2
ee → −∆m2

ee in the oscillation probability formulae.
In case of full formula survival probability, the exclusion limits for inverted

hierarchy can be directly derived from those obtained for the normal hierarchy.
In the survival probability in Eq.(3.32), the term P

(0)
ν̄e→ν̄e corresponds to standard

oscillation probability which is independent on the mass hierarchy. Although
it contains the effective mass squared difference ∆m2

ee the exact dependence on

sin2 ∆m2
eeL

4E
makes in independent on sign of ∆m2

ee. On the contrary, the term

P
(1)
ν̄e→ν̄e contains two energy and distance dependancies sin ∆m2

eeL
2E

and
sin2 ∆m2

eeL

4E
∆m2

eeL
4E

.

They are both odd functions of ∆m2
ee. The change of hierarchy assumption

corresponds to ∆m2
ee → −∆m2

ee, which results in P
(1)
ν̄e→ν̄e → −P

(1)
ν̄e→ν̄e . The same

can be achieved by change Xi → −Xi, which also results in P
(1)
ν̄e→ν̄e → −P

(1)
ν̄e→ν̄e .

At the end, exclusion limits for full formula effective parametersXi’s with inverted
hierarchy to be true are simply numbers with opposite signs to those obtained
with the assumption of the normal hierarchy, see Tab.7.5.

For the case-by-case oscillation probabilities listed in Eqs.(3.21)-(3.26), the
situation is more complicated. In addition to the odd functions of ∆m2

ee which

would lead to the opposite exclusion limits, the LIV term P
(1)
ν̄e→ν̄e contains terms

with ∆m2
21 which is independent on the mass hierarchy. The contribution of

these terms is small but zero. The exclusion limits for the inverted hierarchy are
expected to be close to the opposite values obtained for the normal hierarchy with
small deviations due to the terms containing ∆m2

21. The illustration is shown in
Fig.7.9 where we show the 95% CLS exclusion contours for the ee case for two
possible hierarchies. The contours agree pretty well taking into account opposite
sign of the LIV parameters, note two set of the axes.

The deviation from exact opposite values is linked to the region with small val-
ues of sin2 2θBF13 . Such small values enhance the effect of ∆m2

21-driven oscillations
since they suppress the terms ∆m2

ee, see discussion in Sec.7.2.3.
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Figure 7.9: Comparison of 95% CLS exclusion contours for normal (blue) and
inverted (red) hierarchy for ee case. The contours are almost similar taking the
opposite values of LIV parameters for inverted hierarchy. The small difference
linked to the low values of sin2 2θBF13 can be observed.

In conclusion, the exclusion limits for inverted hierarchy for most of the cases
have just the opposite sign with respect to the limits for normal hierarchy (or
they are very similar). The only exception is µµ case for inverted hierarchy which
exhibits the behaviour of ττ case for the normal hierarchy and we can set only
upper limit on (cL)TTµµ . On the contrary, ττ case for the inverted hierarchy behaves
normally. The 95% CLS exclusion limits for inverted hierarchy are presented in
Tab.7.6. We conclude that for both hierarchies the limits obtained by case-by-case
analysis are in the same ballpark with only slight variations.

7.3 Search for Non-standard Interactions

In this section, we present second investigated scenario of physics BSM, which
is the presence of Non-standard Interactions (NSIs). The NSIs in the source or
the detector would modify the survival probability. To describe such an effect we
use the oscillation probability in Eq.(4.35) where we additionally introduce the
effective mass squared splitting ∆m2

ee discussed before. Then we get formula:

PDB
ν̄e→ν̄e = (a+ b)2 − sin2 2θ12a

2 sin2 ∆m2
21L

4E

− 4ab sin2

(
∆m2

eeL

4E
− ∆φ

2

) (7.15)
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Coefficient Previous lower limit Previous upper limit DB lower limit DB upper limit
(aL)Tee N/A N/A −0.42× 10−19 GeV 1.27× 10−19 GeV

(aL)Tµµ N/A N/A −6.42× 10−19 GeV 1.02× 10−19 GeV

(aL)Tττ N/A N/A −1.65× 10−19 GeV 0.69× 10−19 GeV

Re(aL)Teµ N/A 1.8× 10−23 GeV [SK] −1.96× 10−20 GeV 1.19× 10−20 GeV

Re(aL)Teτ N/A 4.1× 10−23 GeV [SK] −2.06× 10−20 GeV 1.38× 10−20 GeV

Re(aL)Tµτ N/A 6.5× 10−24 GeV [SK] −1.27× 10−19 GeV 0.42× 10−19 GeV

(cL)TTee N/A N/A −0.16× 10−16 1.23× 10−16

(cL)TTµµ N/A N/A N/A 0.39× 10−16

(cL)TTττ N/A N/A −0.90× 10−16 0.27× 10−16

Re(cL)TTeµ N/A 8.0× 10−27 [SK] −2.34× 10−18 1.08× 10−18

Re(cL)TTeτ N/A 9.3× 10−25 [SK] −2.00× 10−18 0.92× 10−18

Re(cL)TTµτ N/A 4.4× 10−27 [SK] −1.21× 10−16 0.18× 10−16

Table 7.6: Summary of upper and lower exclusion limits on 95% CLS for SME
parameters set by Daya Bay experiment (DB) obtained by using reduced case-
by-case formulae when only one SME parameter is considered to be non-zero at
the time. This time, inverted neutrino mass hierarchy is assumed to be true.
For comparison, we show previous limits the Super-Kamiokande experiment [57]
(95% CL). Again, let us note that Super-Kamiokande assumed only non-negative
values of the parameters thus provided only upper limits.

with four free parameters: ∆m2
ee, a, b and ∆φ. Unlike for the LIV analysis,

we in general do not constrain ∆m2
ee and treat it as a free parameter, although

we eventually use constraints as well. What is similar is the dependence on the
mass hierarchy. If we look to the oscillation probability in Eq.(7.15), the ∆m2

ee

changes the sign assuming the other hierarchy while ∆φ is hierarchy independent.
First, we assume normal mass hierarchy to be true and discuss the results for the
inverted hierarchy later.

7.3.1 Parameters to Constrain

Our oscillation analysis is performed using a relative near-far measurement. As
we have discussed before in Sec.5.1, this brings many advantages in the reduction
of systematic uncertainties. However, it prevents us to set limits on all parameters
in Eq.(7.15), i.e. a, b, m2

ee and ∆φ. Let us now explain why it is so and which
parameters can be constrained.

For better illustration, we start with the approximate probability formula,
similar to Eq.(7.15), derived in two-neutrino framework. The probability takes
form of:

P 2ν
ν̄e→ν̄e = (a+ b)2 − 4ab sin2

(
∆m2L

4E
− ∆φ

2

)
(7.16)

where ∆m2 is the only mass squared difference present in two neutrino framework.
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The parameters a and b are defined as:

a =
AsAd√

(As2 +Bs2)(Ad2 +Bd2))

b =
BsBd

√
(As2 +Bs2)(Ad2 +Bd2))

(7.17)

where As/d and Bs/d are elements of in general non-unitary mixing matrix:

M2ν =

(
A B
C D

)
(7.18)

For the relative near-far measurement of the shape of the energy spectrum

• We can constrain ∆m2 due to its relevance to the energy-dependent oscil-
lation frequency.

• We can constrain the common phase shift ∆φ as a energy-independent
oscillation frequency.

• We can constrain parameter combination 4ab since it is the amplitude of
the disappearance effect (for explanation, in standard oscillations this term
takes form of sin2 2θ).

• We cannot constrain the absolute term (a + b)2 since we perform relative
measurement

This leaves us with only one constraint for two parameters a and b. Therefore,
we cannot set limits on those. In the end, we can set limits only on the standard
parameter ∆m2 and NSI parameter ∆φ.

Let us note that change of the absolute term is effectively equivalent to the
change in the absolute antineutrino flux. The near-far measurement is not sen-
sitive to the absolute flux since only relative difference between near and far
measurements matters, which we have already discussed in Sec.5.1.

The situation does not change much for survival probability in three-neutrino
framework, see Eq.(7.15). Again, we can set constraints on ∆m2

ee, ∆φ and os-
cillation amplitude 4ab. In addition, we could get a constraint on the medium

baseline oscillation amplitude sin2 2θ12a
2 standing in front of the term sin2 ∆m2

21L

4E
.

That would provide us constraint on parameter a which could be then used to
constrain also parameter b. However, Daya Bay measurement is only very little
sensitive to the medium baseline oscillations. The standard oscillation effect due
to the term containing ∆m2

21 in the Daya Bay Far Hall for typical reactor an-
tineutrino energy Eν̄=3.5 MeV is less than 0.2%. This is already very small and
any deviation due to the presence of NSIs expressed by a2 is beyond Daya Bay
resolution.

Hence we conclude that relative near-far measurement can provide constraints
only on NSI parameter ∆φ together with mass squared splitting ∆m2

ee.
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7.3.2 Limits on ∆φ with Unconstrained ∆m2
ee

In order to set limits on parameters ∆φ and ∆m2
ee we have performed Wilks’

CI analysis, see Sec.6.2.2. We assumed that ∆χ2 parent distribution in χ2-
distributed. The parameters a and b are treated as a nuisance parameters and
we minimize over them. The relevant ∆χ2 function is according to Eq.(6.30):

∆χ2(∆m2
ee,∆φ) = min

a,b
χ2(a, b,∆m2

ee,∆φ)− χ2
BF (7.19)

with 2 DoF.
Fig.7.10 shows the best-fit point ∆m2

ee = 3.25× 10−3 eV2 and ∆φ = 0.9 and
95% confidence level contours for ∆m2

ee and ∆φ. We can observe correlation
between these two parameters. This is expected since ∆m2

ee and ∆φ are con-

nected by the term

(
∆m2L

4E
− ∆φ

2

)
in Eq.(7.15) which express the effective overall

oscillation frequency.
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Figure 7.10: The 95% confidence level contours for ∆m2
ee and ∆φ and the best-fit

point ∆m2
ee = 3.25× 10−3 eV2 and ∆φ = 0.9.

We as well get limits on single parameters ∆m2
ee and ∆φ using ∆χ2

∆m2 and
∆χ2

∆φ defined as:

∆χ2
∆m2(∆m2

ee) = min
a,b,∆φ

χ2(a, b,∆m2
ee,∆φ)− χ2

BF

∆χ2
∆φ(∆φ) = min

a,b,∆m2
ee

χ2(a, b,∆m2
ee,∆φ)− χ2

BF

(7.20)

which both have 1 DoF. The ∆χ2
∆m2 and ∆χ2

∆φ profiles are shown in Fig.7.11.
The interval of possible values of parameter ∆m2

ee is now broaden with respect
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Figure 7.11: Left: The ∆χ2
∆m2(∆m2

ee) profile with the indication of 95% CL limit
(red dashed line). Right: The ∆χ2

∆φ(∆φ) profile with the indication of 95% CL
limit (red dashed line).

to the case without NSIs due to large correlation with ∆φ. The value of effective
mass squared difference is in the case of NSIs ∆m2

ee = (3.25+0.33
−0.40)× 10−3 eV2 at

68.3% CL. That is significantly higher then the result of the standard oscillations
|∆m2

ee| = 2.42 × 10−3 eV2 from Eq.(7.7). The shift in ∆m2
ee is compensated by

the non-zero value of NSIs phase with best-fit value ∆φBF = 0.9. We obtained
wide interval of values for ∆φ parameter around this central value., see Tab.7.7.
For the standard oscillations expressed by ∆φ = 0 we got ∆χ2

∆φ(0) = 4.39. That
can be translated as the more than 2σ deviation from the standard oscillations
without NSIs. The ∆χ2 value corresponds to the p-value of 0.036.

The value of the effective mass squared difference |∆m2
ee| = 2.42 × 10−3 eV2

obtained in Daya Bay assuming standard oscillations without NSIs agrees with
the measurements performed by other experiments. The comparison of their
results with Daya Bay is shown in Fig.7.12 for fundamental parameter |∆m2

32|.
The values are compatible with each other suggesting that above presented shifted
value of ∆m2

ee in case of NSIs is more result of strong correlation with ∆φ less
than presence of NSIs.

7.3.3 Limits on ∆φ with constrained ∆m2
ee

Since the value of mass squared difference ∆m2
ee was confirmed by other exper-

iments we have to constrain it based on these measurements. We will do it the
same way as in the search for LIV presented in Sec.7.2. We fix the value of mass
squared difference on ∆m2

ee = (2.48± 0.07)× 10−3 eV2 and include the effects of
its uncertainty in the additional contribution to the covariance matrix V∆m2 .

Then we can again use CI to set limits on ∆φ while ∆m2
ee is fixed and a and

b are treated as unconstrained nuisance parameters. The appropriate ∆χ2
∆m2fix

function is according to Eq.(6.30):

∆χ2
∆m2fix(∆φ) = min

a,b
χ2(a, b,∆m2

ee = (2.48±0.07)×10−3 eV2,∆φ)−χ2
BF (7.21)
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Figure 7.12: The comparison of the measurements of |∆m2
32| performed by var-

ious experiments. All results assume normal mass hierarchy. There are results
determined from reactor ν̄e disappearance done by Daya Bay and RENO [85].
We show most recent Daya Bay results from year 2016 [36] as well as result for
the data set used in this analysis from published in 2014 [59] (blue point) from
Eq.(7.7) which was recalculated to the value of |∆m2

32|. We show the results of
MINOS [82], T2K [83] and NOvA [86] experiments obtained by the measurement
of accelerator νµ disappearance. We include also results from Super-Kamiokande
[87] and IceCube [88] experiments based on the atmospheric νµ disappearance.
The red dashed line indicates the value |∆m2

32| = 2.43 × 10−3 eV2 which is the
value of eventually fixed parameter ∆m2

ee.

with 1 DoF where

χ2
BF = min

a,b,∆φ
χ2(a, b,∆m2

ee = (2.48± 0.07)× 10−3 eV2,∆φ) (7.22)

The ∆χ2
∆m2fix profile as a function of ∆φ is shown in Fig.7.13. The best-

fit value is ∆φBF = 0.135. The ∆φ = 0 point corresponds to ∆χ2(0) = 0.744
with corresponding p-value 0.39. The independent knowledge of ∆m2

ee radically
changes the limits on NSIs parameter ∆φ. This time, we do not observe any
significant deviation from standard oscillations with three-neutrino flavours.

As we have discussed before, we can constrain the combination of parameters
4ab, however, we are not able with the relative near-far measurement constrain
the single parameters a and b. Nevertheless, it does not have any effect on the
final ∆φ limits. In order to demonstrate that we fix either a or b to certain value
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Figure 7.13: The ∆χ2
∆m2fix profile as a function of ∆φ. The red dashed line

indicates the 95% CL limit.

and perform CI analysis based on one of

∆χ2
a(∆φ) = min

a
χ2(afix, b,∆m

2
ee = (2.48± 0.07)× 10−3 eV2,∆φ)− χ2

BFa

∆χ2
b(∆φ) = min

b
χ2(a, bfix,∆m

2
ee = (2.48± 0.07)× 10−3 eV2,∆φ)− χ2

BFb

(7.23)

where

χ2
BFa = min

b,∆φ
χ2(afix, b,∆m

2
ee = (2.48± 0.07)× 10−3 eV2,∆φ)

χ2
BFb = min

a,∆φ
χ2(a, bfix,∆m

2
ee = (2.48± 0.07)× 10−3 eV2,∆φ)

(7.24)

The results are shown in Fig.7.14. We can see that ∆χ2 profiles are independent
on the chosen values of either a or b. Our limits for ∆φ are therefore generally
valid.

We illustrated the independence of ∆φ limits on parameters a and b for analy-
sis with constrained value of effective mass square difference ∆m2

ee, nevertheless,
this independence is qualitatively the same also in the case of unconstrained
∆m2

ee.

7.3.4 Results for Inverted Mass Hierarchy

The NSIs probability dependence in Eq.(7.15) on neutrino mass hierarchy is hid-

den in the argument
(

∆m2
eeL

4E
− ∆φ

2

)
. With the change of the hierarchy from

normal to inverted we get
(

∆m2
eeL

4E
− ∆φ

2

)
→
(
−∆m2

eeL

4E
− ∆φ

2

)
(7.25)
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Figure 7.14: Left: The ∆χ2
a profiles as a function of ∆φ for different values of

parameter a. Right: The ∆χ2
b profiles as a function of ∆φ for different values of

parameter b. In both cases, the resulting limits for ∆φ are basically independent
on the choice of a or b and the curves for different choices of those parameters lie
on the top of each other.

which is for the survival probability in Eq.(7.15) equivalent to the change:

(
∆m2

eeL

4E
− ∆φ

2

)
→
(

∆m2
eeL

4E
+

∆φ

2

)
(7.26)

Therefore limits on ∆φ for the normal mass hierarchy are same as the limits on
−∆φ for inverted mass hierarchy.

7.3.5 Summary of Limits on Non-standard Interactions
Parameter ∆φ

The summary of the allowed values of NSIs parameter ∆φ using relative near-far
measurement is shown in Tab.7.7. The table shows the 95% CL limits as well as
the best-fit values. The limits are divided in to two categories based on whether
we use ∆m2

ee constraints from other experiments or just pure Daya Bay data with
unconstrained effective mass squared difference. Furthermore, in each category
we present results assuming normal and inverted mass hierarchy. We should
note that values for the inverted hierarchy are simply the opposite values for the
normal hierarchy due to the structure of the survival probability in Eq.(7.15).

We must note that comparison with previous limits on common approach
parameters [60] described in Sec.4.1 is quite hard. Due to the different approach
in the introduction of NSIs we end up with different sets of parameters, which is
not trivial to match to each other. Especially for the common approach, there
are always several parameters while in our own phenomenological description we
end up at maximum with four free parameters. Therefore matching the limits
require further assumptions on common approach parameters. In conclusion we
consider our limits complementary to the previously obtained limits [60].
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∆φ
Lower limit

Best fit
Upper limit

(95%CL) (95%CL)

∆m2
ee unconstrained

NH 0.07 0.91 1.43
IH -1.43 -0.91 -0.07

∆m2
ee constrained

NH -0.159 0.135 0.438
IH -0.438 -0.135 0.159

Table 7.7: The summary of the allowed values as well as the best fit for NSIs
parameter ∆φ. The lower and upper limit corresponds to 95% CL. The result de-
pends on the option whether we used ∆m2

ee constraints or keep the mass squared
difference free. For each option we present results assuming normal hierarchy
(NH), or inverted hierarchy (IH) to be true, however, the values are just oppo-
site for the other hierarchy. Note that the unconstrained mass squared difference
value is far from the standard three-neutrino oscillations result.

7.3.6 Discussion about Constrained Absolute Antineutri-
no Flux

In order to set limits on all NSIs parameters in Eq.(7.15) including a and b we
have to use absolute antineutrino flux constraints since only then we can limit
the absolute term in the oscillation probability. There are various models [89],
[90], [91], [92], [93], [94], which can provide the prediction based on the nuclear
reactor power, fuel composition, burn-up etc.

The measurements of absolute antineutrino flux in the short baselines were
done in the past. It turned out that the measurements are consistently lower
than the model predictions. This gave rise to the phenomenon called “Reactor
Anomaly” which was observed in many experiments including Daya Bay [95], [96].
The Fig.7.15 shows the previous measurements corrected for the three-neutrino
oscillations and normalized to the prediction of Huber+Mueller model [89], [90].
The anomaly is observed already at distances of the order of O(10 m).

The “Reactor Anomaly” is often consider to be an effect of the oscillations with
new so-called sterile neutrino added to the standard three-neutrino framework,
nevertheless, NSIs can serve as an equally good explanation. Both scenarios can
eventually end up in the measured flux being lower than the prediction.

The common remedy to the anomaly suggests the existence of fourth neutrino
mass state with mass squared difference at least ∆m2 ≈ O(1 eV) which together
with the standard three mass states can create forth flavour state. This state is
called sterile since it does not participate in the weak interaction. Such a mass
squared difference results in the very rapid oscillations with the oscillation length
lower than 10 m. Small oscillation length is hard to observe since the source and
detector has similar dimension and thus the oscillations effectively average out
resulting in the deficit in the measurement over prediction.

Nevertheless, NSIs can serve as an alternative explanation as well since they
can cause the deficit in the flux measurement. This effect is linked to the absolute
term in the probability in Eq.(7.15). The non-unitarity of mixing matrix or
different NSIs effect in the source and detector results in absolute term lower
than one which is effectively observed as absolute antineutrino flux lower than
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�exp
err and �exp

cor now represent experimental uncertainties1453

only. We then build a covariance matrix V exp such that1454

V exp
ij = Robs

i ·�exp
i,cor ·Robs

j ·�exp
j,cor, (19)

where Robs
i is the “ratio” column in Table 11 corrected1455

by the “Psur” column for the ✓13-oscillation e↵ect. Robs
i1456

represents the observed rate from each measurement.1457

We then calculate the best-fit average ratio Rpast
g by

minimizing the �2 function defined as:

�2(Rpast
g ) = (Rpast

g �Ri) ·(V exp
ij )�1(Rpast

g �Rj), (20)

where V �1 is the inverse of the covariance matrix V . This1458

procedure yields the best-fit result Rpast
g = 0.942±0.009,1459

where the error is experimental only.1460

Since we now use the Huber+Mueller model as the1461

reference model, we re-evaluate the model uncertainty1462

using the correlated and uncorrelated uncertainty com-1463

ponents given by ref. [24, 25]. Using the weighted average1464

fission fraction from all experiments (235U : 238U : 239Pu1465

: 241Pu = 0.642 : 0.063 : 0.252 : 0.0425), the model1466

uncertainty is calculated to be 2.4%, and the final result1467

becomes:1468

Rpast
g = 0.942±0.009 (exp.)±0.023 (model) (21)

Finally, we compare the Daya Bay result with the1469

past global average. In the previous subsection, we ob-1470

tained the Daya Bay measured reactor antineutrino flux1471

with respect to the Huber+Mueller model prediction:1472

RDYB = 0.946±0.020(exp.). This result is consistent with1473

the past global average Rpast
g = 0.942±0.009(exp.). If we1474

include the Daya Bay result in the global fit, the new1475

average is Rg = 0.943±0.008(exp.)±0.023(model). The1476

results of the global fit and the Daya Bay measurement1477

are shown in Fig. 17.1478
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Fig. 17. The measured reactor ⌫̄e rate as a function
of the distance from the reactor, normalized to the
theoretical prediction of Huber+Mueller model.
The rate is corrected by 3-flavor neutrino oscilla-
tions at the distance of each experiment. The blue
shaded region represents the global average and
its 1� uncertainty. The 2.4% model uncertainty
is shown as a band around unity. The measure-
ments at the same baseline are combined together

for clarity. The Daya Bay measurement is shown
at the flux-weighted baseline (573 m) of the two
near halls.

The consistency between Daya Bay’s measurement1480

and past experiments suggests that the origin of the “re-1481

actor antineutrino anomaly” is from the theoretical side.1482

Either the uncertainties of the theoretical models that1483

predict the reactor antineutrino flux are underestimated1484

or more intriguingly, there exists an additional neutrino1485

oscillation that suppresses the reactor antineutrino flux1486

within a few meters from the reactor. Such an oscillation1487

would imply the existence of one or more eV-mass-scale1488

sterile neutrinos. To investigate this tantalizing possi-1489

bility future very short baseline (10 m) experiments are1490

required to observe the L/E dependence of such an os-1491

cillation.1492

6 Measurement of Reactor Antineutrino1493

Spectrum1494

In this section, we extend the study from reactor an-1495

tineutrino flux to its energy spectrum. The measured1496

prompt energy spectra from the four near-site ADs were1497

summed and compared with the predictions. The detec-1498

tor response of the Daya Bay ADs was studied and used1499

to convert the predicted antineutrino spectrum to the1500

prompt energy spectrum for comparison. A discrepancy1501

was found in the energy range between 4 and 6 MeV with1502

a maximum local significance of 4.4 �. The discrepancy1503

and possible reasons for it were investigated.1504

6.1 Detector Response1505

The predicted antineutrino flux and spectrum were
calculated via the procedure described in Sec. 2. At
each AD, the reactor antineutrino survival probability
was taken into account with the best fit oscillation pa-
rameters, sin2 2✓13 = 0.084 and |�m2

ee| = 2.42⇥10�3 eV2,
based on the oscillation analysis of the same dataset [32].
The relation of the antineutrino spectrum S(E⌫̄e) and the
reconstructed prompt energy spectrum S(Ep) can be ex-
pressed as,

S(Ep) =

Z
S(E⌫̄e

)R(E⌫̄e
,Ep)dE⌫̄e

(22)

where R(E⌫̄e ,Ep) is the detector energy response and can1506

be thought of as a response matrix, which maps each an-1507

tineutrino energy to a spectrum of reconstructed prompt1508

energies. The energy response includes four main e↵ects:1509

the IBD prompt energy shift, IAV e↵ect, non-linearity,1510

and energy resolution, which are studied in the following.1511

6.1.1 IBD Prompt Energy Shift1512

The antineutrino energy is transferred to a positrons
and a neutron via the IBD reaction, ⌫̄e+ + p ! e+ +n.

010201-23

Figure 7.15: The measured of reactor antineutrino flux as a function of distance
corrected for the three flavour oscillations and normalized to the theoretical pre-
diction of Huber+Mueller model [89], [90]. Blue line corresponds to global average
with marked 1σ uncertainty. Black line is the model prediction with 2.4% uncer-
tainty. The red point is the Daya Bay measurement from the two near halls with
wighted distance of 573 m [96].

prediction.

In order to set the constraints on NSIs parameters responsible for the effect
compatible with “Reactor Anomaly” we would have to use constraints on flux
predictions. Unfortunately, the LBNL fitter we used for analysis cannot easily
accommodate flux constraints, because prediction for the Far Hall measurement
is based on the near halls measurement. However, other tools exist within Daya
Bay, which were developed along with LBNL fitter to study the effect of neutrino
oscillations. Some of them are more suitable for the analysis with constrained
flux [36]. These tools have based its prediction for all halls on the expected
flux from the rectors obtained by the models. That provides ideal instrument to
include flux constraints into the fitting procedure. We can expect that their use
would point to the existence of NSIs due to the existence of “Reactor Anomaly”.
However, we should not rush into the conclusion that there are NSIs. First, we
have to keep in mind that there are other explanations like existence of sterile
neutrinos. Second, the solution might be even simpler.

The conservative explanation for the anomaly questions the accuracy of the
predictions. Used models might not be sufficient in their description of the neu-
trino flux. This fact is backed up by recent measurement of the shape of the
reactor antineutrino energy spectrum, which exhibits the excess over predicted
shape in the energy region from 5 MeV to 7 MeV seen by several experiments
including Daya Bay [95], [96]. Observation of the spectral distortion points to
the model limitations, which, after revision, might lead to the disappearance of
the anomaly. However, we have to note that observed bump in the measured
spectrum itself cannot serve as an explanation for the “Reactor Anomaly”.

Future measurements will determine the ultimate answer. Either it will be the
search for sterile neutrino oscillations, improved measurement of inputs for the
models for the flux prediction or search for new particles and their interactions
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resulting in NSIs effects.
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8. Conclusions

Two scenarios of new physics in reactor electron antineutrino oscillations in short
baselines in the Daya Bay experiment were investigated. We have tested the
fundamental symmetry of Lorentz Invariance by the search for its violation (LIV)
using the perturbative Standard-Model Extension (SME) and we have searched
for the effects of Non-standard interactions (NSIs) using LBNL fitter, tool for
relative near-far analysis developed by the team from Lawrence Berkeley National
Laboratory. I have implemented the effects of LIV and NSI into the LBNL fitter
for the analysis of the new physics parameters.

In the test of the Lorentz Invariance we have limited our study to the so-
called Isotropic Lorentz Invariance violation where the effects are independent
on the direction of antineutrino propagation. Such an effect would be observed
in the oscillated energy spectrum in the far detector as a modification from the
prediction of standard neutrino oscillations in three-neutrino framework.

We have investigated the significance of LIV signal and since we have not
observed any significant deviation we used Gaussian CLS to set exclusion limits on
the SME parameters using case-by-case approach where only one or two Lorentz
Invariance violation parameters are non-zero. Some of these limits are reported
for the first time while we were not able to improve those already reported by the
Super-Kamiokande experiment.

Complementary, we have investigated the effect of LIV with all possible SME
parameters to be non-zero. In order to do that I have derived, based on mild
assumptions, the survival probability formula containing such LIV effects for the
Daya Bay experiment. This formula contains effective LIV parameters, which
are linear combination of actual SME parameters. Again, we have not observed
any significant deviation from Lorentz Invariance conservation therefore we set
particular exclusion limits on full formula effective parameters.

I have performed parallel independent analysis of the LIV effects along with
my Daya Bay colleague Nicolás Viaux.

Second, we searched for the effects of Non-standard interactions. Such inter-
actions are highly suppressed or even forbidden in Standard Model, however, they
can be result of more general theory for which Standard model is low energy limit.
We consider Non-standard interactions only in the process of production and de-
tection of neutrinos since their presence during the propagation is negligible for
typical reactor antineutrino energies and distances at Daya Bay.

I have previously take part on the investigation of the potential of the Daya
Bay experiment to constrain the NSIs parameters [64]. After joining the Daya
Bay, I became the leading analyzer of the NSIs effect within the collaboration.

For this study, I have developed original phenomenological approach to in-
troduce the effects of NSIs to the survival probability measured in Daya Bay. I
consider this approach to be more suitable than the one commonly used, however,
it makes hard to directly compare previous limits obtained with commonly used
approach.

Wilks’ Confidence Intervals method was used for the oscillation and NSIs pa-
rameter estimations. We have demonstrated that relative near-far measurement
performed by Daya Bay can set constrains only to particular set of the param-
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eters, i.e. standard parameter ∆m2
ee and pure NSIs parameter ∆φ. We have

performed two analyses.
For the first one we kept both of these parameters unconstrained. We have

found that there is a strong correlation between them, moreover, there is a more
than 2σ deviation in ∆φ from the standard oscillation prediction with the best fit
value for ∆m2

ee quite off from the measurement of Daya Bay and other experiments
analyzed in three-neutrino framework.

Since the values of ∆m2
32 are consistent among each other we have decided in

our second analysis to constrain ∆m2
ee using the measurements of various neutrino

experiments. In this case, we have not observed any significant deviation from
standard oscillations. We consider deviation in the first analysis to be more of
statistical fluctuation than real signal of Non-standard Interactions.

We conclude that no evidence of NSIs was found in the Daya Bay data. We
have set limits on NSIs parameter ∆φ. Its value is consistent with zero, i.e. data
can be successfully interpreted with standard three-neutrino oscillations.
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