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Chapter 1

Neutrino Physics

Neutrinos are the lightest and most abundant matter particles in the universe. Despite

their large numbers and the vast experimental e�ort dedicated to their study since their

discovery in the 1950s, the feebleness of their interactions makes them the least constrained

sector of our Standard Model. The quest for their understanding will continue into the

future, probing the many open questions about neutrino nature that still remain: their

mass ordering, absolute mass scale, Dirac or Majorana nature, status of CP violation and

role in baryogenesis, and more.

In this chapter we provide an overview of the history of neutrinos (Section 1.1), and

review our current understanding through the lens of theory (Sections 1.2 and 1.3) and

experiment (Section 1.4).

1.1 History of neutrino physics

1.1.1 The neutrino hypothesis

Neutrinos were �rst conceptualised as a potential explanation for the continuous energy

spectrum of � -decay. As understood then,� -decay transformed an atomic nucleus with

chargeZ into one with chargeZ + 1, emitting an electron along the way:

A
ZX �! A

Z+1 Y + e� : (1.1)

This would yield a �xed energy for the emitted electron, equal to the mass di�erence

between the initial and �nal nuclear states. Instead, a continuous energy spectrum was

observed with endpoint equal to said mass di�erence: energy seemed to bedisappearing

in most of the decays.

In 1930, Pauli proposed adesperate solution[1] to salvage conservation of energy: a

neutral light particle that carried away the extra energy not found in the electron. This

particle was coinedneutrino, and using it Fermi constructed his celebrated theory of� -

decay [2] in 1934, where said process is described by a four-fermion vertex with interaction

1
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strength GF . The proposed neutrino required a tiny cross section for the process, so much

so that Pauli believed it would be impossible to detect. Fortunately, a bit of ingenuity

proved him wrong, and (anti)neutrinos were discovered experimentally by Reines and

Cowan in 1956.

1.1.2 Neutrino discovery

Frederick Reines and Clyde L. Cowan exploited the expected neutrino �ux from nuclear

reactors following Fermi's theory, orders of magnitude higher than from any available ra-

dioactive source [3]. In particular, antineutrinos from� -decay in the reactor were expected

to interact with protons via inverse � -decay, producing a neutron and a positron

��p �! ne+ : (1.2)

The 1956 experiment was conducted at the Savannah River Plant in South Carolina,

with two 200 litre water tanks placed at 12 m from the reactor, where around1012� 1013

neutrinos per second and cm2 were expected. Three liquid scintillator tanks with around

1400 litres of the wavelength-shifter POPOP were placed above and below the water

tanks, sandwiching them. Each of them was viewed by 110 photomultiplier tubes.

The strategy to detect the inverse� -decay events was twofold. First, two simultane-

ous � 0.511 MeV gammas coming frome+ e� annihilation should be detected in opposite

directions. Second, to detect the neutron, cadmium chloride was dissolved into the detec-

tor tank, given that cadmium is a strong neutron absorber and produces a clear gamma

signal after absorption:

n + 108Cd �! 109Cd� �! 109Cd + 
; (1.3)

which should be detected a few microseconds later. From the expected �ux, about three

neutrinos per hour were detected. The measured cross section was� 6:3 � 10� 44 cm2,

while the prediction from Fermi theory was� 6 � 10� 44 cm2.

The 1995 Nobel Prize in Physics was awarded to Frederick Reines for this discovery

[4], that con�rmed Pauli's original hypothesis.

1.1.3 Neutrinos come in �avours

A second kind of neutrino. Already at the time of the neutrino discovery there were

theoretical reasons to expect that neutrinos came in di�erent �avours, just like their

charged lepton counterparts (the electron and the muon). While Fermi's� -decay theory

was excellent at describing low-energy neutrino interactions, it broke down at� 100 GeV.

It led to scattering amplitudes that grew too quickly (� � G2
F E 2), violating unitarity, and

at this point had been shown to be non-renormalizable. This breakdown could be avoided

by introducing a mediating boson, but this led to additional problems. For example, in
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muon decay, one would expect� �� pairs to occasionally annihilate producing a photon.

The ratio of cross sections

� =
� (� ! e
 )
� (� ! e� �� )

(1.4)

was predicted to be� � 10� 4 from theory, but experimental limits set it below 10� 8 [5].

This observation could be explained, however, if the two produced neutrinos were di�erent

(a muon neutrino and an electron antineutrino).

A team led by Leon Lederman, Jack Steinberger and Melvin Schwartz ran an exper-

iment at Brookhaven National Lab (BNL) to test this hypothesis [6]. They used BNL's

Alternating Gradient Synchrotron (AGS) to generate a beam of 15 GeV protons and slam

it onto a beryllium target, producing a large amount of charged pions, some of which

decayed in �ight to muons and neutrinos

� �! ��: (1.5)

The rest of the pions (and most of the muons) were then absorbed by a thick iron shield.

At the other side, interactions were observed in a 10-ton aluminium spark chamber [7]

consisting of 90 aluminium plates separated by gas-�lled gaps. When neutrinos interacted

with the aluminium nucleus, the outgoing lepton would ionise the gas, creating aspark

track when high voltage was applied across the plates. After several months of running,

the team identi�ed 51 events triggered by neutrinos passing through the steel wall: all of

them produced muons in the detector. This conclusively showed that neutrinos coming

from beta decay and those from pion decay were di�erent, and could each be associated

to a particular charged lepton.

The 1988 Nobel Prize in Physics was given to Lederman, Steinberger and Schwartz

both for this discovery and the development of the techniques to create accelerator neu-

trino beams, extensively used to study neutrinos from then on [8].

The �nal member of the family. The discovery of the tau in 1975 [9] con�rmed the

three-generation structure of the lepton sector, making the existence of a tau neutrino

all but implied. It was observed experimentally for the �rst time in the DONUT (Direct

Observation of the Nu Tau) experiment at Fermilab (2000), where 800 GeV protons ac-

celerated at the Tevatron and dumped on a tungsten target were used to produce a tau

neutrino beam via the decay of charmed mesons. Tau lepton production was identi�ed

at the emulsion targets behind the shielding, thus con�rming the tau neutrino's existence

[10]: the last (light) neutrino in the lepton family, and the last Standard Model particle

to be detected before the Higgs.
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1.1.4 Neutrinos in the Standard Model

We still have to cover a few key moments to arrive at our present-day understanding of

neutrinos, but for now let us focus on how they �t in the Standard Model in its original

formulation.

As we know, many other ideas and discoveries were unfolding simultaneously with

our understanding of neutrinos. In the late 1940s, quantum electrodynamics (QED) was

developed as the �rst renormalizable quantum �eld theory, paving the way for a consis-

tent description of the weak and strong nuclear forces. The internal structure revealed

in nucleons and theparticle zoo observed in the 1950s and 1960s eventually led to the

concept of quarks, the fundamental particles that feel the strong force and building blocks

of mesons and baryons. The formalisation of the electroweak �that included the Higgs

mass generation mechanism via spontaneous symmetry breaking� and strong interac-

tions as renormalizable quantum �eld theories based on gauge symmetries, together with

the experimental establishment of the three-generation picture of matter, led to the full

original formulation of the Standard Model in the 1980s. It is a renormalizable quantum

�eld theory based on the gauge group [11]

SU(3)C 
 SU(2)L 
 U(1)Y ; (1.6)

with matter content as shown in Figure 1.1. Precision and high-energy experiments since

have shown a remarkable agreement with the Standard Model's predictions, culminating

in the discovery of the Higgs boson at CERN in 2012 [12].

In its original formulation, each of the three Standard Model neutrinos is a member of

the SM gauge group with quantum numbers(1; 2; � 1). Left handed neutrinos are singlets

of the strong interaction, doublets of the weak isospin group together with their charged

lepton counterparts, and have no electric charge:

LL =

 
� e

e

!

L

; (1.7)

and similarly for � and � . In this formulation, neutrinos are massless and right-handed

neutrinos do not exist.

1.1.5 Neutrino oscillations

In contrast to the success of predictions concerning other sectors, the Standard Model

description of neutrinos was not free of problems. Throughout the second half of the 20th

century, two big puzzles took shape.

Solar neutrino problem. The Sun is a bright emitter of light, but also of neutrinos.

In the Standard Solar Model [13], the main reaction powering this emission is the proton-
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Figure 1.1: Standard Model matter content (with massless neutrinos).

proton (p-p) chain

p + p �! 2D + e+ + � e; (1.8)

with over 90% of neutrinos and around 99% of the Sun's total energy output produced by

this reaction. This is followed swiftly by the fusion of the deuteron with another proton,

producing a stable helium isotope

2D + p �! 3He + 
: (1.9)

From here, there are several ways to produce the �nal4Hestate. Almost 100% of reactions

follow the p-p I or p-p II branches, namely:

ˆ p-p I 3He + 3He �! 4He + 2p

ˆ p-p II 3He + 4He ! 7Be + 
 =) 7Be + e� ! 7Li + � e =) 7Li + p ! 4He + 4He

Keeping track of the neutrinos and gammas emitted in both chains, we can write the total

reaction as (omitting the electrons and positrons):

4p �! 4He + 2� e + 2
: (1.10)

We can therefore estimate the expected neutrino �ux by measuring the photon �ux.
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However, when experiments began measuring solar neutrino �uxes starting in the 1960s,

a signi�cant discrepancy emerged between the predicted and measured neutrino �ux.

The pioneering Homestake mine experiment [14] measured inverse� -decay reactions in a

chlorine detector and observed only about1=3 of the expected neutrino count. Subsequent

experiments using Cherenkov detectors �including Kamiokande [15] in the 1980-90s, and

Super-Kamiokande [16] and SNO (Sudbury Neutrino Observatory) [17] in the late 1990s

and early 2000s� found similar neutrino de�cits, consistently measuring �uxes between

1=3 and 1=2 of the expected.

Atmospheric neutrino problem. Cosmic rays, mostly high energy protons and some

heavier nuclei coming from astrophysical sources, scatter on Earth's atmosphere produc-

ing cascades of secondary particles, including pions and kaons. The main production

mechanism for neutrinos is through pion decay, in particular

� + �! � + � � : (1.11)

The lowest energy muons have time to decay

� + �! e+ � e�� � ; (1.12)

and in an analogous fashion for the antiparticles. Then, we expect to �nd 2 muon neutrinos

per electron neutrino:

R�=e = 2: (1.13)

More detailed simulations of cosmic ray interactions and atmospheric particle cascades

con�rmed this intuitive picture, with R�=e � 2. However, experiments measuring atmo-

spheric neutrinos in the 1980s (IMB and Kamiokande) reported discrepancies from this

expectation, in particular a de�cit in the observed muon neutrino �ux. High-statistics

measurements with Super-Kamiokande in the late 1990s [18] showed the observed ratio

was close to 1.

The resolution: neutrino oscillations. The resolution of both these conundrums,

which remained unexplained for several decades, came from the understanding that neu-

trino �avours are not necessarily equal at production and detection. There is mixing be-

tween neutrino generations and, as a consequence, oscillations during propagation. This

implies massive neutrinos and is the �rst evidence of physics beyond the Standard Model

(BSM). We will explore this idea in this section and the following.

The theoretical foundation for neutrino oscillations was �rst laid by Bruno Pontecorvo

in 1957 [19], who postulated that neutrinos might mix between di�erent �avours. Soon

after, it was determined that at least two neutrino types exist, and the mixing hypothesis

was explored further by Maki, Nakagawa and Sakata, who introduced the mixing matrix

formalism.
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De�nite experimental evidence for the phenomenon of neutrino oscillations emerged

between 1999 and 2003 from thee landmark experiments:

ˆ Super-Kamiokande. Super-Kamiokande (SK) is a large water-Cherenkov detector

consisting of50 000tons of ultrapure water surrounded by densely-packed photo-

multiplier tubes, located in Japan's Kamioka mine. Analysing the directional de-

pendence of atmospheric neutrino events, Super-Kamiokande observed that muon

neutrinos with a negative zenith angle (i.e., coming from the opposite side of Earth)

were observed at a signi�cantly lower rate than those coming from directly above.

The measured ratio between upwards- and downwards-going neutrinos deviated from

expectations, suggesting that neutrino oscillations in matter were converting most

missing muon neutrinos into tau neutrinos [20]. We will cover these matter e�ects

in more detail in Section 1.3.1.

ˆ Sudbury Neutrino Observatory (SNO). SNO was a heavy-water-Cherenkov

detector located deep underground in Sudbury, Canada. Using heavy water (D2O)

allowed SNO to independently measure neutrinos through charged-current (CC)

and neutral-current (NC) interactions. This is owing to to the deuteron's shallow

� 2:2MeV binding energy, breaking apart on a NC interaction:

� + 2D �! � + p + n; (1.14)

and leading to a free neutron release as a clear NC signature. CC interactions at solar

neutrino energies, of order 1-10 MeV, only a�ect electron neutrinos (as muon and tau

neutrinos are not energetic enough to produce their charged-lepton counterparts).

On the other hand, NC interactions (mediated by theZ boson) a�ect all neutrino

�avours equally. NC measurements revealed that the total neutrino �ux from the

Sun matched theoretical expectations, while CC-measured electron neutrino �ux

was still � 1=3 of the total [17]. This showed that neutrinos were not disappearing,

but merely changing �avour.

ˆ KamLAND. KamLAND was located in the Kamioka mine, near SK. It was specif-

ically designed to detect electron antineutrinos from distant nuclear reactors. By

measuring their �ux and energy spectrum, KamLAND provided independent and di-

rect evidence of neutrino oscillations. The experiment observed a de�cit in electron

antineutrinos compared to the predicted reactor �ux, with the energy spectrum dis-

tortion matching that expected from neutrino oscillations. This result corroborated

the solar neutrino �ndings and reinforced the oscillation interpretation, establishing

neutrino oscillations as a universally accepted phenomenon [21].

The solar and atmospheric neutrino problems were resolved, and the 2015 Nobel Prize

was awarded to Takaaki Kajita (Super-Kamiokande) and Arthur B. McDonald (SNO) �for

the discovery of neutrino oscillations, which shows that neutrinos have mass� [22].
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1.2 Neutrino masses and mixing

Neutrino oscillations imply massive neutrinos. Furthermore, they also imply that mass

and �avour eigenstates don't coincide, or that there is a mixing between di�erent lepton

generations. In this section we discuss how the Standard Model may be amended to

accommodate this.

1.2.1 Dirac and Majorana masses

The two general ways neutrinos can acquire mass is via a Dirac term, as the rest of the

Standard Model fermions, or via a Majorana term.

Dirac mass. As we know, we cannot add an explicit Dirac term to the Standard Model

Lagrangian

�L Dirac = m  = m( L +  R)(  L +  R) = m( L  R +  R  L ) (1.15)

as it is chiral and explicitly breaks globalSU(2)L symmetry. The standard way to include

these masses is via a Yukawa term (see Figure 1.2).

�L Dirac = LL � ~�� R + h.c.; (1.16)

Where L is the SM lepton doublet, ~� = i� 2� � , and � is the Higgs �eld. This term is

gauge and Lorentz invariant, and will generate the Dirac mass terms after electroweak

symmetry breaking (EWSB)

�L Dirac �! � L �
v

p
2

� R + h :c: (1.17)

wherev is the Higgs vacuum expectation value and� is the Yukawa coupling. In complete

analogy with the rest of fermions, the mass of the neutrino will be given by

m� = �
v

p
2

: (1.18)

To add this term we have introduced a right-handed neutrino (� R) as a new member of

the Standard Model matter content, which must be a full singlet of the SM gauge group:

(1; 1; 0). That is, completely non-interacting. Massive Dirac neutrinos introduce a new

hierarchy problem in the Standard Model [11]: why is the neutrino mass (and hence its

Yukawa coupling) so much smaller than all other fermion masses, even within the same

family?
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� j
R � i

L

H

(M � )ij

Figure 1.2: Mass generation via Yukawa coupling.

Majorana mass. A gauge-invariant way of introducing a Majorana mass term is notic-

ing that the combination �L ~� is a full SM gauge group singlet. Then the term

�L Majorana = �L ~��C ~� T �LT + h.c. ; (1.19)

whereC represents charge conjugation and� is a coupling constant, is Lorentz and gauge

invariant. This is known as the Weinberg operator [23]. After EWSB, this gives rise to a

Majorana mass term of the form

�L Majorana �! �� L �
v2

2
C�� T

L + h.c. : (1.20)

In this case the neutrino mass will be

m� = �v 2: (1.21)

The Weinberg operator is the onlyd = 5 gauge and Lorentz invariant term we can

build with the SM matter content. In opposition to the Dirac mass term, it is non-

renormalizable. Hence we expect the Majorana coupling (see Figure 1.3) to be the e�ec-

tive, low energy version of the exchange of one or more massive �yet unknown� states,

with a characteristic energy scale� . In this way we can write� in terms of a dimensionless

coupling � :

� =
�
�

: (1.22)

Therefore, the neutrino masses will be suppressed by the energy scale� , thus solving the

hierarchy problem that appears in the Dirac case. There are many high-energy theories

that would lead to this e�ective operator at low energies, but the only three mechanisms

that generate this e�ective operator at tree level are the so-calledseesaw mechanisms[24].

We will discuss them in Chapter 8, where we study heavy neutral leptons: candidates for
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massive mediators in many of these Standard Model extensions.

H

H

� j
L

� i
L

(M � )ij

Figure 1.3: Mass generation via thed = 5 Weinberg operator.

1.2.2 Neutrino �avour mixing

Taking into account the non-trivial �avour structure of the Standard Model, the Yukawa

couplings in the Dirac case are generic complex matrices in �avour space, and generic

symmetric complex matrices in the Majorana case. Explicitly including the �avour indices,

and the standard Yukawas for the charged leptons:

�L Dirac = � i
L (M � ) ij � j

R + L i
L (M L ) ij L j

R + h.c.

�L Majorana =
1
2

� i
L (M � ) ij � cj

L + L i
L (M L ) ij L j

R + h.c.
(1.23)

In the Dirac case, both mass matrices can be diagonalized via bi-unitary rotations

M � = Uy
� Diag (m1; m2; m3) V� ; ML = Uy

L Diag (me; m� ; m� ) VL ; (1.24)

while in the Majorana case we can diagonalize the neutrino mass matrix via

M � = Uy
� Diag (m1; m2; m3) U�

� ; (1.25)

as it is symmetric. Then, we can go from the �avour to the mass basis by rotating the

�elds as

� 0
R = V� � R ; � 0

L = U� � L ; L0
R = VL LR ; L0

L = UL LL (1.26)

In this basis the charged current interactions are no longer diagonal:

L lepton
CC = �

g
p

2
`0

i 
 � PL W�

�
Uy

l U�

�

ij| {z }
UPMNS

� 0
j + h.c. : (1.27)
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The mixing matrix in the lepton sector is named PMNS (Pontecorvo, Maki, Nakagawa

and Sakata). It is exactly analogous to the CKM matrix in the quark sector.

UPMNS is unitary (as it is a product of two unitary matrices). How many free param-

eters do we have? We know we can write a unitary matrix as

UPMNS = eiH (1.28)

whereH is Hermitian. This implies N (N � 1)=2 real parameters (angles) andN (N +1) =2

imaginary parameters (phases), whereN is the number of families. There is still freedom

to reabsorb some phases via �eld rede�nitions. In the Dirac case, we can independently

rotate the left-handed lepton doublet and the right-handed charged leptons and neutrinos:

L i �! ei� i L i (1.29)

� j �! ei� j � j (1.30)

Uij �! Uij ei ( � j � � i ) : (1.31)

This gives usN + N � 1 = 2N � 1 phases to reabsorb. For theN = 3 families case, we are

left with 3 angles and 1 phase parametrizingUPMNS . However, in the case of Majorana

neutrinos there is no independent right-handed neutrino �eld. Therefore the number of

�eld rede�nitions is reduced to N . For the N = 3 families case, we get two extra physical

Majorana phases governing �avour mixing.

A standard parametrisation of the PMNS mixing matrix is

UPMNS =

0

B
@

1 0 0

0 c23 s23

0 � s23 c23

1

C
A

0

B
@

c13 0 s13e� i�

0 1 0

� s13ei� 0 c13

1

C
A

0

B
@

c12 s12 0

� s12 c12 0

0 0 1

1

C
A (1.32)

for Dirac neutrinos and

~UPMNS = UPMNS

0

B
@

1 0 0

0 ei� 1 0

0 0 ei� 2

1

C
A (1.33)

for Majorana neutrinos. Note, however, that the two extra Majorana phases are very

hard to measure since they are only physical if neutrino mass is non-zero, and therefore

the amplitude of any process involving them is suppressed by a factorm� =E to some

power. E is the energy involved in the process, which is typically much larger than the

neutrino mass. We will therefore work with eq. (1.32) from now on, whatever the origin

of neutrino masses is.
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1.3 Neutrino oscillation formalism

As we have seen, neutrino �avour eigenstates can be written as a unitary combination of

mass eigenstates: 0

B
@

� e

� �

� �

1

C
A = UPMNS

0

B
@

� 1

� 2

� 3

1

C
A : (1.34)

Neutrino oscillations are the most remarkable phenomena arising from neutrino masses

and mixings. In an oscillation experiment, neutrinos are produced by a source (be it

natural, like a core-collapse supernova, or arti�cial, like an accelerator beam). As neutri-

nos only interact weakly, they are produced and detected as weak eigenstates, that is, as

�avour eigenstates (� e; � � ; � � ). However, mass eigenstates have di�erent phase velocities:

they will pick up di�erent phases during propagation, giving a non-zero probability of

detection in a di�erent �avour eigenstate. This is neutrino oscillation in a nutshell.

Let us �nd a quick derivation of the oscillation probability formula in vacuum, using

plane waves and quantum mechanics1. Suppose a neutrino of �avour� is produced at

an instant t0. We can write it as a superposition of the mass eigenstates with de�nite

momentap:

j� � (t0)i =
X

i

U�
�i j� i (p)i : (1.35)

Being eigenstates of the free Hamiltonian, their time evolution will be given by

j� � (t)i = e� i Ĥ (t � t0 ) j� � (t0)i =
X

i

U�
�i e� iE i (p )( t � t0 ) j� i (p)i : (1.36)

At time t, the probability that we detect the neutrino in �avour � is

P (� � ! � � ) ( t) = jh� � j � � (t)ij 2 =

�
�
�
�
�

X

i

U�i U�
�i e� iE i (p )( t � t0 )

�
�
�
�
�

2

; (1.37)

where we have used the orthonormality of the mass basis. Finally, treating neutrinos in

the ultrarelativistic limit:

E i (p) � E j (p) '
1
2

m2
i � m2

j

jpj
+ O

�
m4

�
=

1
2

� m2
ij

jpj
+ O

�
m4

�
; (1.38)

and L ' t � t0, whereL is the distance travelled by the neutrino. Substituting into (1.37)

we �nd

P (� � ! � � ) =
X

i;j

U�
�i U�i U�j U�

�j e� i
� m 2

ji L

2p (1.39)

1A rigorous derivation using wavepackets is trickier but also possible, and yields the same result. See
[25].
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or, as it is written more often:

P (� � ! � � ) = � �� � 4
X

j>i

Re
�
U�

�i U�i U�j U�
�j

�
sin2

�
� m2

ij L

4E �

�

� 2
X

j>i

Im
�
U�

�i U�i U�j U�
�j

�

| {z }
J � Jarlskog invariant

sin
�

� m2
ij L

2E �

�
;

(1.40)

where � refers to neutrinos/antineutrinos. This is our master formula for oscillation

probability. We call the above probability appearance probabilitywhen the �nal state is

di�erent from the original state (� 6= � ), and disappearance probabilitywhen initial and

�nal states are the same(� = � ). The third term, containing J , is the only source of CP

violation.

As we can see, neutrino oscillations depend on the following parameters:

ˆ Squared mass di�erences between all neutrino mass eigenstates� m2
ij ! Determine

the oscillation frequency, or how rapidly neutrinos oscillate over distance.

ˆ Parameters of theUPMNS matrix: mixing angles and phases.

� Mixing angles� ij ! Determines the amplitude of the oscillation probability.

� CP violating phase � CP ! Controls the neutrino-antineutrino asymmetry in

oscillation.

For 3 families and ignoring Majorana phases, this is a total of 6 independent, physical

parameters.

1.3.1 Neutrino oscillations in matter

Neutrinos interact only via the weak force. They may interact with ordinary matter (pro-

tons, electrons, and neutrons) via charged-current (CC) interactions or neutral-current

(NC) interactions. These processes have been illustrated at tree level in Figure 1.4.

This means propagation in matter is a�ected by neutrino scattering o� electrons and

nucleons. We may neglect neutrino mass with respect to theW boson mass and write

the charged current interaction in Fermi theory [26]

GFp
2

[�� e
 � (1 � 
 5)e][�e
 � (1 � 
 5)� e]; (1.41)

which can be rewritten in the following way after a Fierz transformation [27]:

GFp
2

[�� e
 � (1 � 
 5)� e][�e
 � (1 � 
 5)e]: (1.42)

We would like to average the above quantity over thee� part:
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Figure 1.4: Examples of charged-current (CC, left) and neutral-current (NC, right) weak
interactions of neutrinos with matter at tree level.

ˆ h�e
 0ei = Ne �! Electron density.

ˆ h�e
 i ei / vi ' 0 �! If medium at rest.

ˆ h�e
 � 
 5ei / spin = 0 �! If medium unpolarized.

From here, the e�ective Hamiltonian for the charged current interaction is

He� =
p

2GF Ne�� e
 0PL � e: (1.43)

We can then treat the propagation of electron neutrinos through matter as the scattering

o� an e�ective potential of the form

VCC =
p

2GF Ne: (1.44)

This leads to a modi�ed neutrino propagator

G =
i

=p � m �
p

2GF Ne
 0
; (1.45)

which in turn modi�es the neutrino dispersion relation

E =
p

p2 + m2 �
p

2NeGF � VNC : (1.46)

Here� is for neutrino/antineutrino and VNC refers to the extra neutral current interaction

contribution.

To see the physical relevance of this e�ect it is useful to go to a two-neutrino approx-

imation (which works as the admixture of the� neutrino is small in mass eigenstates 1
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and 2). Under this approximation eq. (1.40) goes to

P(� � ! � e) = sin 2 2� sin2 � m2L
4E

; (1.47)

where � � � 12, � m2 � � m2
21. To take into account the e�ects of matter, notice �rst

that the fact that neutral current interactions a�ect all neutrinos in the oscillation in

equal manner means we can cancel its e�ect in the time evolution operator, as it will be

proportional to the identity. In the constant density approximation (Ne ' const), the

above formula still works by simply replacing the mixing angle and mass di�erence by

two e�ective parameters, which take the form

sin2 2� m �
sin2 2�

sin2 2� + (cos 2� � VCC=2�) 2
(1.48)

� m2
m =� m2

q
sin2 2� + (cos 2� � VCC=2�) 2; (1.49)

where � � � m2=(2E). If cos 2� = VCC
2� = 2

p
2GF NeE
� m2 we will have a great enhancement of

the oscillation probability and mixing angle. This is known as MSW (Mikheyev�Smirnov�Wolfenstein)

resonance, and can be exploited by oscillation experiments where neutrinos propagate

through matter.

1.3.2 Golden channel for observing CP violation

In the same manner that the two neutrino oscillation probability can be adapted to

propagation in constant density matter, ourmaster equation(1.40) can too. We will not

get into the derivation, but the result for the � � ! � e appearance probability is:

P(� � �! � e) = s2
23 sin2 � 13

�
� 31

B �

�
sin2

�
B � L

2

�

+ c2
23 sin2 � 12

�
� 21

A

�
sin2

�
AL
2

�

+
J

sin� CP

� 21

A
� 31

B �
sin

�
AL
2

�
sin

�
B � L

2

�
cos

�
� 31L

2
� � CP

�
(1.50)

where

� ij �
� m2

ij

2E
;

A �
p

2GF Ne �! Matter e�ect ;

B � A � � 31 �! MSW resonance;

(1.51)

and J is the Jarlskog invariant. The �nal term, as we already know, is the only one

causing CP violation. This � � ! � e channel is especially sensitive to CP violation [28],

and is being used by long-baseline neutrino experiments to probe� CP : see next section for

details. For a visual example of how oscillation probabilities depend on baseline distance
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and neutrino energy in the� � ! � e channel, as well as the e�ects of (constant density)

matter and the � CP phase, see Figure 1.5.

Figure 1.5: The � � ! � e oscillation probability as a function of baseline dis-
tance/neutrino energy(L=E � ), as given by (1.50). The top graph (a) shows the probability
for vacuum oscillations with � CP = 0 and shows the contribution for thesin2 2� 13 term
and the sin2 2� 12 term �also called the solar term. The middle graph (b) shows the prob-
ability in vacuum for di�erent values of � CP . The bottom graph (c) shows the probability
in matter (constant density) for di�erent baselines and for normal and inverted orderings
(NH, IH). Taken from [29].
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1.4 Neutrinos: experimental status

Our understanding about neutrinos has progressed immensely since their �rst detection

in the 1950s. We now know they come in three light �avours, which oscillate during

propagation as a consequence of their non-zero masses and mixing, and how they interact

with the rest of the Standard Model particles under electroweak theory. With neutrino

oscillations established, experiments look to hone in on the precise oscillation parameters

that describe the three-�avour paradigm, and to address the array of unsolved questions

about neutrino nature: their mass ordering and absolute mass scale, Dirac or Majorana

nature, the existence of CP violation in the lepton sector, and the potential existence of

sterile neutrinos or non-standard interactions with matter. In this section give an overview

of the current experimental status of neutrinos, and how the experimental landscape of

the present and near future plans to tackle these questions.

1.4.1 Neutrino oscillations

Best measurements and constraints

Decades of experiment have established a consistent three-�avour oscillation picture with

six independent, physical parameters: two independent mass-squared di�erences, three

mixing angles, and a potentially non-zero CP-violating phase. Global �ts of oscillation

data from an array of present and past experiments can be performed (NuFit [30], PDG

[31]), to obtain a picture of the neutrino oscillation parameters. The NuFit collaboration

uses datasets from the following experiments in their 2024 �t:

ˆ Solar experiments (Gallex, GNO, SAGE, Super�Kamiokande, SNO/SNO + ,

Borexino). This class of experiments observe the �ux and energy spectrum of solar

� e either through radiochemical capture (Gallex/GNO, SAGE) or elastic scatter-

ing and charged-current interactions in water and liquid scintillator. The matter-

enhanced (MSW) survival probability of� e depends mainly on the solar parameters

� 12 and � m2
21. Spectral data from Super-Kamiokande and Borexino pick out the

characteristic upturn at low energies, while day-night asymmetry measurements

contribute mild sensitivity to the mass ordering.

ˆ Atmospheric experiments (IceCube, Super�Kamiokande atmospheric).

By comparing the zenith-angle and energy distributions of atmospheric� � and � e

that cross baselines up to the Earth's diameter, these experiments probe oscillations

driven by j� m2
31j and � 23. Matter e�ects inside the Earth modulate the oscillation

pattern, adding sensitivity to the mass ordering and, at multi-GeV energies, to� 13.

ˆ Reactor experiments (KamLAND, SNO + reactor phase, Double Chooz,

Daya Bay, RENO). Electron antineutrinos from nuclear reactors disappear over

baselines ranging from� 1 km to � 180 km. The short-baseline spectral distortions
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seen by Double Chooz, Daya Bay, and RENO measuresin2 2� 13 with percent-level

precision. KamLAND's long-baseline spectrum, �tted to the oscillatory wavelength,

pins down � m2
21 and corroborates the solar determination of� 12. The medium-

baseline SNO+ data provide an independent cross-check in both the� 13 and � 12

sectors.

ˆ Accelerator experiments (MINOS, T2K, NO � A). In long-baseline beams,

� � (or �� � ) disappear and� e (or �� e) appear after traversing hundreds of km. The

disappearance channel measuressin2 � 23 and j� m2
31j via the position of the survival

dip in reconstructed energy. The appearance probability depends additionally on

� 13, the mass ordering, and the CP-violating phase� CP . Combining neutrino and

antineutrino running breaks degeneracies, making these experiments the leading

source of information on� CP .

See Table 1.1 for a detailed view of the current (NuFit-6.0, 2024) con�dence intervals

provided by NuFit.

Solar oscillation parameters2 are relatively well determined, with sin2 � 12 � 0:30 and

� m2
21 � 7:5 � 10� 5 eV2. The atmospheric mixing angle� 23 has a larger uncertainty, but

is close to maximal withsin2 � 23 � 0:5. The smallest mixing angle� 13, long suspected to

be close to zero, is now precisely measured by reactor experiments to be relatively large,

with sin2 � 13 � 0:022.

Two long-baseline experiments have been instrumental in the most recent measure-

ments of � 13, � 23 and probing � CP . T2K (Japan, 295 km baseline, 0.6 GeV beam to

Super-Kamiokande) reported the �rst hint of leptonic CP violation and currently favours

� CP � 270� (maximal) with normal ordering [32]. NO� A (USA, 810 km baseline, 2 GeV

beam to a 14-kton scintillator detector) provides complementary measurements: its data

is consistent with T2K's, showing a slight preference for normal ordering and a large� CP

[33]. Combined T2K+NO� A results strengthen constraints on� CP and � 23: current com-

bined �ts show a slight preference for a relatively large, non-zero� CP , but uncertainties

are yet too large to conclude CP symmetry is violated in the lepton sector. As for the

mass ordering, global �ts prefer normal ordering to inverted ordering, albeit slightly [34].

Both experiments continue to take data and are improving systematic uncertainties, and

T2K is planning an upgraded run (T2K-II) before Hyper-Kamiokande takes over.

Open questions

The next generation of neutrino experiment aims to completely settle the open questions

in the three-�avour oscillation paradigm:

2Historically, parameters associated with the mixing between mass eigenstates 1 and 2 are known as
the solar parameters, as they were mostly constrained from solar neutrino experiments. Similarly for
atmospheric (2, 3) and reactor (1, 3) parameters.
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Normal Ordering (best �t) Inverted Ordering (� � 2 = 6:1)(� � 2 = 6:1)(� � 2 = 6:1)

bfp � 1� 3� range bfp � 1� 3� range

sin2 � 12 0:308+0 :012
� 0:011 0:275! 0:345 0:308+0 :012

� 0:011 0:275! 0:345

� 12=� 33:68+0 :73
� 0:70 31:63 ! 35:95 33:68+0 :73

� 0:70 31:63 ! 35:95

sin2 � 23 0:470+0 :017
� 0:013 0:435! 0:585 0:550+0 :012

� 0:015 0:440! 0:584

� 23=� 43:3+1 :0
� 0:8 41:3 ! 49:9 47:9+0 :7

� 0:9 41:5 ! 49:8

sin2 � 13 0:02215+0 :00056
� 0:00058 0:02030! 0:02388 0:02231+0 :00056

� 0:00056 0:02060! 0:02409

� 13=� 8:56+0 :11
� 0:11 8:19 ! 8:89 8:59+0 :11

� 0:11 8:25 ! 8:93

� CP=� 212+26
� 41 124! 364 274+22

� 25 201! 335

� m2
21

10� 5eV2 7:49+0 :19
� 0:19 6:92 ! 8:05 7:49+0 :19

� 0:19 6:92 ! 8:05

� m2
3`

10� 3eV2 +2:513+0 :021
� 0:019 +2:451! +2:578 � 2:484+0 :020

� 0:020 � 2:547! � 2:421

Table 1.1: Three-�avour oscillation parameters from the 2024 �t (NuFit-6.0) to global
data by the NuFit Collaboration, including T2K atmospheric data. The numbers in the
1st (2nd) column are obtained assuming normal ordering, NO (inverted ordering, IO).
Note that � m2

3` = � m2
31 > 0 for NO and � m2

3` = � m2
32 < 0 for IO. Source: [30].

Octant of � 23. Data collected so far is insu�cient to distinguish whether� 23 is bigger or

smaller than45� . This is particularly interesting as a value of precisely45� would indicate

maximal mixing between the second and the third generation of leptons.

Mass ordering. In the previous section, we saw how oscillation probability depends

on the di�erence in square masses of the di�erent neutrino mass eigenstates. But how

are they ordered? As seen in Table 1.1, there is a hierarchy in the mass di�erences, as

� m2
21 << j� m2

31j ' j � m2
32j. However, the sign of� m2

31 remains unknown: there are two

possible orderings:

ˆ Normal ordering (NO). Where m1 < m 2 < m 3.

ˆ Inverted ordering (IO). Where m3 < m 1 < m 2.

Only next generation neutrino experiments like DUNE, which include matter e�ects, will

be able to determine the correct ordering with> 5� signi�cance.

CP violation. Going back to our master formula for oscillation probability (1.40), neu-

trinos and antineutrinos propagate di�erently. The question of whether they violate CP

symmetry, and therefore give rise to CP violation in the lepton sector, is answered by the
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� CP phase. Next-generation accelerator neutrino experiments, like Hyper-Kamiokande

and DUNE, will attempt to measure � CP via observation of di�erences in neutrino and

antineutrino propagation. Measuring CP violation in the lepton sector is important to

answer whether there is enough CP violation in the SM matter content to explain the

matter-antimatter asymmetry we observe today, which is one of the three Sakharov con-

ditions for baryogenesis [35].

Three general-purpose, next-generation experiments are shaping up to tackle these

questions:

ˆ DUNE. The Deep Underground Neutrino Experiment is long-baseline dual-site

experiment under construction in the US, expecting to start data taking in 2029

[36]. DUNE will send a high-intensity � � beam 1300 km from Fermilab to a 40-

kton liquid argon detector at SURF. Its goals are to determine the neutrino mass

ordering at > 5� signi�cance (for which it has a leading edge thanks to its large

matter e�ect) and to discover leptonic CP violation if � CP is large. DUNE will also

precisely measure� 23 and � m2
31, completing the three-�avour oscillation paradigm.

It will have the unique capability of measuring all neutrino oscillation parameters in

a single experiment, providing PMNS unitarity tests with three-�avour oscillations

(e.g. via � � appearance), and will be sensitive to beyond-PMNS physics. We detail

its physics program and main components in Chapter 2.

ˆ Hyper-Kamiokande. The successor to Super-Kamiokande and T2K in Japan,

Hyper-Kamiokande (HK) is a dual-site experiment expected to start operations in

2027 [37]. Its far detector is a 260-kton water-Cherenkov placed 650 m underground

and equipped with tens of thousands of 20-inch photomultiplier tubes. HK will

use a 1.3 MW upgraded neutrino beam from J-PARC, slightly o�-axis at2:5� to

suppress the high-energy tail and resulting in a narrow-band spectrum peaked at

around 600 MeV. With a 295 km baseline, HK will perform high-statistics oscillation

measurements, complemented by atmospheric neutrino data. Like DUNE, a primary

goal is measuring� CP to con�rm CP violation in the lepton sector.

ˆ JUNO. The Jiangmen Underground Neutrino Observatory is a 20-kton liquid scin-

tillator detector in China designed to study reactor neutrinos, which started taking

data in August 2025 [38]. JUNO's primary goal is to resolve the neutrino mass

ordering by precisely measuring the oscillation pattern of�� e at � 53 km from several

reactors. With � 3%=
p

E energy resolution, JUNO can determine the mass order-

ing at the 3� level in 6 years and measure� m2
21; � m2

31 and sin2 � 12 to sub-percent

precision.

Beyond these oscillation-focused experiments, the upgraded IceCube and KM3NeT-ORCA

observatories will impose additional constraints on oscillation parameters and mass or-

dering through precise measurements of atmospheric� � ! � � disappearance.
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1.4.2 Absolute neutrino mass scale

Oscillation experiments measure mass di�erences between the mass eigenstates, but not

the absolute neutrino mass. Since the neutrino's conception, we have known that it must

be order of magnitudes smaller than that of the electron, but have been unable to measure

it directly. The strongest direct upper limit comes from precise measurement of� -decay

kinematics: the KATRIN tritium decay experiment, operating since 2018, is the �rst

to reach sub-eV sensitivity, setting an upper limit ofm(� e) < 0:45eV (90% C.L.) [39].

KATRIN's ongoing data-taking aims to reach a sensitivity of� 0.2 eV (90% C.L.) in the

coming years [40]. Beyond KATRIN, novel techniques like Project 8 [41] (radiofrequency

tracking of beta decay electrons) and Holmium electron capture spectroscopy are being

developed to eventually probe the mass down toO(0:1 eV).

One may also study the impact of neutrino masses on cosmological evolution. Under

standard assumptions (� CDM), Planck satellite data combined with large-scale structure

data provides the tightest limit yet on the sum of neutrino masses, with� m� < 0:12eV

(95% C.L.) [42]. Future cosmological surveys (CMB-S4 [43]) may sharpen cosmological

neutrino mass sensitivity to the 0.01�0.05 eV level.

1.4.3 Dirac or Majorana nature

Another open question in neutrino physics is whether they are Dirac particles (like the rest

of Standard Model fermions) or Majorana particles (only a possibility as they are electri-

cally neutral), as discussed in Section 1.2.1. Finding that neutrinos are Majorana particles

would imply a novel mechanism for the generation of their mass, potentially explaining

their smallness compared to all other fermions. The search for Majorana neutrinos is done

by attempting to observe neutrinoless double-beta decay (0��� ), a process that would

imply an e�ective Majorana term in the Standard Model Lagrangian and the violation

of lepton number conservation. Current0��� experiments such as KamLAND-Zen [44],

CUORE [45], and LEGEND-200 [46] have achieved remarkable sensitivity, setting half-life

limits beyond 1026 years for candidate isotopes like136Xe, 76Ge, and130Te. These results

correspond to e�ective Majorana masses constrained to the tens to hundreds of meV range,

which already discard a portion of the inverted mass ordering parameter space. Looking

ahead, next-generation projects like LEGEND-1000 and nEXO [47] aim to enhance sen-

sitivity by an order of magnitude, potentially probing into regions favoured by normal

ordering. The progressive improvement in detector design, background suppression, and

nuclear matrix element calculations o�ers a promising path toward either the discovery of

0��� decay or placing even more stringent constraints on theoretical models of neutrino

mass generation and leptogenesis.
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1.4.4 Sterile neutrinos

Hints of anomalies in short-baseline experiments (the LSND experiment and MiniBooNE

excess [48], and the gallium anomaly recently con�rmed by BEST [49]) led to speculation

of a light sterile neutrino that mixes with the three active ones. This would be a neutrino

that does not couple directly to the Standard Model, but could reveal itself through

oscillations (e.g. �� � ! �� e appearance at short distance). However, extensive searches

have not con�rmed these hints. Reactor neutrino experiments observed a de�cit (reactor

anomaly), but improved �ux models and new measurements (PROSPECT [50], STEREO

[51]) suggest �ux uncertainties could explain it.

The Fermilab SBN (Short-Baseline Neutrino) program [52] employs multiple liquid-

argon time projection chamber detectors �SBND, MicroBooNE, and ICARUS�, placed

within hundreds of metres of the BNB and NuMI neutrino beams, to decisively address

the short-baseline anomalies that have hinted at the existence of light sterile neutrinos.

MicroBooNE has recently completed data taking and investigated the MiniBooNE low-

energy excess, �nding no sign of a sterile neutrino interpretation [53] and placing strong

limits on the LSND/MiniBooNE parameter space. The near and far detectors, SBND

and ICARUS, are in early stages of data taking. Results will not only test the sterile

neutrino hypothesis but also provide cross section measurements and help develop analysis

techniques critical for next-generation experiments like DUNE. Likewise, IceCube and

MINOS+ have constrained sterile mixing at � m2 � 1eV2 [54]. The existence of eV-

scale sterile neutrinos is thus increasingly disfavoured, but not yet completely ruled out.

It remains an open question whether additional neutrino-like states exist �perhaps at

di�erent mass scales (e.g. keV sterile neutrinos as dark matter, or heavy neutral leptons

in the MeV�GeV range as in some seesaw models). Ongoing and future experiments

(the SBN program, PROSPECT-II, KATRIN Tritium spectrum anomalies, DUNE's near

detector, etc.) will continue to test for the existence of sterile neutrinos throughout the

mass landscape.

1.4.5 CE � NS

Coherent elastic neutrino-nucleus scattering (CE� NS) is the thresholdless, elastic neutral-

current scattering of low-energy neutrinos (below 50 MeV) with an atomic nucleus, mea-

surable only through nuclear recoil. This process was only �rst measured by the COHER-

ENT experiment in 2017 [55]. Its relatively large cross section at low energies and clean

theoretical pro�le make it a promising candidate to probe BSM phenomena including

non-standard interactions (NSI), light Z 0 bosons and neutrino magnetic moments. CO-

HERENT is currently testing the predicted nuclearN 2 dependence on a multi-target pro-

gram and constraining NSI beyond the 10% level at keV to MeV energies. Other CE� NS

initiatives include reactor-based experiments like CONUS/CONUS+ [56], MINER [57],

and the nuGeN germanium array at Kalinin NPP [58].
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1.4.6 Astrophysical neutrinos

Neutrinos are present in a wealth of astrophysical processes that span tens of orders of

magnitude in energy, from� eV cosmological neutrinos that form the complement to the

photon cosmic microwave background to the PeV-scale neutrinos detected by IceCube and

KM3NeT [59]. The IceCube Neutrino Observatory at the South Pole, while best known

for detecting high-energy astrophysical neutrinos, also observes a large sample of atmo-

spheric neutrinos traversing the Earth. Its DeepCore sub-array allows oscillation studies

in the few-GeV range. IceCube analyses have measured� 23 and j� m2
31j using atmospheric

� � disappearance, consistent with other experiments, and have sensitivity to the mass or-

dering via matter e�ects in the Earth. Future upgrades (IceCube-Upgrade/PINGU) [60]

aim to improve the mass ordering determination using atmospheric neutrinos. KM3NeT-

ORCA, under construction in the Mediterranean, uses a similar concept to IceCube by

detecting �ashes produced by neutrino interactions using a large array of photomultiplier

modules deep in the sea: it will largely complement IceCube's atmospheric measurements

and astrophysical neutrino program.

At lower, sub-100 MeV energies, current experiments like Super-Kamiokande and SNO+

are improving measurements of the solar neutrino spectra (oscillation parameters, di�er-

ent solar production channels) and are ready to detect the neutrino signal from the next

core-collapse supernova.

Future �agship experiments (DUNE, Hyper-Kamiokande, JUNO) will continue to re-

�ne solar and atmospheric neutrino measurements, o�er enhanced sensitivity to core-

collapse supernovae with complementary channels, and hope to detect the di�use super-

nova neutrino background (DSNB). For a more comprehensive treatment of neutrinos

from astrophysical sources, refer to Section 4.1.





Chapter 2

DUNE: The Deep Underground

Neutrino Experiment

The Deep Underground Neutrino Experiment (DUNE) is a next-generation, �agship neu-

trino experiment currently under construction in the United States.

In this chapter we outline its ambitious physics program (Section 2.2), and provide a

detailed description of the key liquid argon TPC technology to be used in its near and far

detectors (Section 2.3). Sections 2.4 through 2.6 cover its three main components: the

neutrino beamline, the near detector, and the far detector.

2.1 Introduction

DUNE is a long-baseline neutrino oscillation experiment expected to start operations in

2029 [61]. It is designed to address some of the most pressing questions in particle physics

through the lens of neutrinos. These include the existence of CP violation in the lepton

sector, tied to leptogenesis in the early universe, the dynamics of stellar core collapse,

and the stability of matter itself at the level of nucleon decay. DUNE is an international

collaboration involving around 1500 scientists from over 200 institutions in 35 countries,

making it the largest neutrino experiment in history.

Dual-site experiment. As a dual-site experiment, it will host a near detector com-

plex located at Fermilab, Illinois, receiving a powerful muon neutrino/antineutrino beam

from the Main Injector (MI), with origin in a proton beam from the PIP-II accelerator.

The near detector (ND) will characterise the beam, reducing oscillation systematics, and

conduct a wide-ranging physics program in its own right. The Long-Baseline Neutrino Fa-

cility (LBNF) provides the necessary infrastructure for both the beamline and the under-

ground detector halls. DUNE's far detectors (FD) are located1300km away and 1.5 km

underground at the Sanford Underground Research Facility (SURF) in South Dakota,

providing the longest baseline in any neutrino experiment. The experiment combines

25
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Figure 2.1: Layout of the di�erent components of the DUNE experiment.

this high-intensity neutrino beam with 17 kiloton liquid argon time projection chambers

(LArTPCs), pushing the frontiers of the technology to unprecedented scale.

Broad physics program. DUNE aims to complete the neutrino oscillation picture

with precision measurements of all parameters, including the yet unknown mass order-

ing and CP-violating phase� CP . DUNE will test the three-�avour oscillation paradigm

with remarkable precision, searching for cracks and hints of physics beyond the Stan-

dard Model (BSM). Furthermore, DUNE's far detectors will be uniquely sensitive to

exotic searches like nucleon decay or neutron-antineutron oscillations, and be poised to

detect and study neutrinos from astrophysical sources, like core-collapse supernovae or the

Sun. Its multi-purpose near detector suite will have state-of-the-art sensitivities to several

BSM extensions, including heavy neutral leptons, axions, or boosted dark matter. DUNE

will coexist with other next-generation projects (such as Japan's Hyper-Kamiokande or

China's JUNO), providing complementary measurements in oscillation-critical parame-

ters like � 13, � CP or the mass ordering, while maintaining a suite of unique strengths,

such as leading sensitivities in a wealth of BSM searches, or the clean tagging of electron

neutrinos from a supernova.

Phase I and Phase II. DUNE is designed to unfold in two phases, with Phase II

completing DUNE's physics program by upgrading its sensitivity in oscillation-critical

measurements. Phase I will leverage a 1.2 MW beamline and two 17 kiloton far detector

modules, accumulating approximately 100 kt�MW�yr of data in 5 years, corresponding to

� 400 � e and � 150 �� e candidates in the FD. Phase II will double the volume of the far

detector and the beam power, leading to 400 kt�MW�yr in the next 5 years of operation,

and implement a near detector upgrade that will signi�cantly reduce oscillation-related

systematic uncertainties. Overall, the large statistics and unprecedented �ducial volumes

position DUNE as a key player in the next generation of neutrino and particle physics

experiments.
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Figure 2.2: DUNE cavern excavation site at SURF, as of February 2024.

Timeline. With the completion of the far detector cavern excavations in 2024 (see

Figure 2.2), the current forecasted timeline (as of September 2025) for key milestones in

Phase I is [62]:

ˆ Out�t FD caverns: Ongoing�2027.

ˆ Construction and �lling of FD1-HD and FD2-VD: 2026�2031.

ˆ Near-site facility construction: 2026�2030.

ˆ Beamline development: 2028�2031.

ˆ Near detector construction and installation: 2027�2031.

The start of science data-taking (far detector only, i.e., limited to neutrino astrophysics

and rare event searches) is forecast for 2029, and the start of beam-based science (including

oscillation physics) for 2032.

Phase II is less well de�ned in time. Design choices for FD3 and FD4 are expected

to be made by the DUNE collaboration in 2027 and 2028, respectively. The earliest

completion and �lling scenario for FD3 (FD4) would then be 2034 (2036). As for the
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near detector Phase II upgrade, a detailed schedule has not yet been developed, but data

taking is expected in 2037. Finally, the ACE-MIRT beamline upgrade will be applied by

progressively reducing the Main Injector cycle time in a period starting two years after

the start of beam operations (2033-2034) until 2038, when a shutdown of the beam and

replacement of the booster (ACE-BR) is expected to take place.

The ProtoDUNE program. ProtoDUNE was established at CERN in order to pro-

totype and validate the LArTPC technologies to be used in the DUNE far detectors. It

consists of two6� 6� 6m3 LArTPCs prepared to support and test various con�gurations.

In Run I, with data taking from 2018 to 2020, the Single-Phase (SP) [63] and Dual-Phase

(DP) [64] technologies were tested, validating the SP design at scale, characterising the

e�ect of xenon doping and impurities on light propagation [65, 66], and producing several

meson-argon cross-section measurements [67]. Run II is currently underway, testing the

Vertical Drift (VD) and Horizontal Drift (HD) con�gurations, which are the �nal tech-

nologies to be implemented in the DUNE Phase I far detectors. While HD is a variation

on the original SP design, the VD technology is new, and the output from the current

ProtoDUNE run will be crucial for its later DUNE installation. Finally, a future Run III

is planned to test DUNE Phase II far detector design technologies.

2.2 Physics objectives

DUNE's broad physics program can be summarised in three main objectives: precision

neutrino oscillation measurements, astrophysical neutrino detection, and beyond the Stan-

dard Model searches [62, 68].

2.2.1 Long-baseline neutrino oscillation physics

DUNE is designed to measure the appearance of electron (anti)neutrinos (� e or �� e) and

the disappearance of muon (anti)neutrinos (� � or �� � ) as a function of neutrino energy. Its

wide-band beam, with neutrinos in the� 0.5�8 GeV range and a peak around 2�3 GeV, is

optimised to cover the �rst and second oscillation maxima. DUNE will be sensitive to all

oscillation parameters governing� 1 ! � 3 and � 2 ! � 3 simultaneously: � 13, � 23, � m2
32 and

its sign (which determines the neutrino mass ordering), and the CP-violating phase� CP .

DUNE's 1300 km baseline establishes one of its key strengths: sensitivity to the matter

e�ect, leading to a large asymmetry in the� � ! � e vs. �� � ! �� e oscillation probabilities,

which enhances sensitivity to CP violation and the mass ordering. Through the disap-

pearance channels, DUNE will provide accurate measurements of the atmospheric mixing

angle � 23 and the atmospheric mass-squared splitting� m2
32. In particular, DUNE will

disambiguate the mass ordering within a few years of measurement, irrespective of the

value of � CP . In the appearance channels, precise measurement of the oscillation energies
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Figure 2.3: The appearance probability at a baseline of 1300 km as a function of neutrino
energy, for neutrinos (left) and antineutrinos (right), under normal ordering, for di�erent
� CP and � 23 scenarios. Taken from [69].

and energy distributions of electron (anti)neutrino interactions can establish CP viola-

tion in the lepton sector for a wide range of possible� CP values. See Figure 2.3 for an

illustration of appearance and disappearance probabilities under di�erent scenarios.

Phase II, with double the �ducial mass in the FD, an upgraded beam up to> 2MW,

and reduced systematic uncertainties thanks to the ND upgrades, will provide world-

leading precision in the measurements of� 23 and � CP . Refer to Figure 2.4 for the expected

evolution of DUNE's sensitivity to CP violation over time, Figure 2.5 for the evolution

of the sensitivity to mass ordering, and Table 2.1 for the experiment's projected reach on

various oscillation parameters.

Benchmark DUNE's Projected Reach Assumptions

Sensitivity to CP viola-
tion

5� (50% of � CP values)
3� (75% of � CP values)

600 kt�MW�yr
1000 kt�MW�yr

Precision on � CP as a
function of true � CP

11� (� CP = 0) � 27� (� CP = � �= 2)
8� (� CP = 0) � 22� (� CP = � �= 2)
7� (� CP = 0) � 18� (� CP = � �= 2)

300 kt�MW�yr
600 kt�MW�yr
1000 kt�MW�yr

Sensitivity to mass order-
ing

5� (100% of� CP values) 70 kt�MW�yr

Precision on mixing an-
gles and mass di�erences
in PMNS

sin2 2� 13 resolution of 5%
� m2

32 resolution of 1%
� m2

32 resolution of 0.4%

1000 kt�MW�yr
100 kt�MW�yr
1000 kt�MW�yr

Table 2.1: DUNE's projected reach on various oscillation parameters for a set of exposure
assumptions. Taken from [62].
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Figure 2.4: Signi�cance of the DUNE determination of CP-violation (i.e.: � CP 6= 0; � )
as a function of time in calendar years, assuming normal ordering and for 75% of� CP

values. Orange line: baseline scenario.Blue line: less favourable scenario with no near
detector upgrade (MCND), no beam upgrade (ACE-MIRT), and no fourth far detector
module (FD4). Taken from the DUNE submissions to ESPPU-2026 [62].

Figure 2.5: Signi�cance of the DUNE determination of the mass ordering as a function
of time in calendar years, assuming normal ordering and for 100% of� CP values. Orange
line: baseline scenario.Blue line: less favourable scenario with no beam upgrade (ACE-
MIRT) and no fourth far detector module (FD4). Taken from the DUNE submissions to
ESPPU-2026 [62].
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2.2.2 Neutrino astrophysics: supernova and solar neutrinos

DUNE will detect low-energy MeV-scale neutrinos from astrophysical sources, primarily

from the Sun and from core-collapse supernova explosions. With argon as the target,

DUNE is especially sensitive to the astrophysical� e �ux for energies in the 5�100 MeV

range via charged-current (CC) interaction on the argon nucleus

� e + 40Ar �! e� + 40K � : (2.1)

DUNE's � e sensitivity is unique and highly complementary to existing and proposed

experiments for similar astrophysical measurements. In the context of a core-collapse

supernova, this enhanced� e sensitivity is especially advantageous in the �rst tens of mil-

liseconds following the collapse, where a sharpneutronization burst comprised primarily

of electron neutrinos escapes the collapsing star, providing an early signal amenable to

triggering and highly sensitive to the properties of the remnant. As neutrinos escape at

least tens of seconds before the �rst optical signal, their detection can provide a crucial

early warning to astronomers to observe the optical supernova unfold in real time. DUNE

will also be able to point to the supernova source exploiting the directionality of the

�e ! �e elastic scattering channel. As such, DUNE will be a member of the Supernova

Early Warning System (SNEWS) [70], a program involving an array of current and fu-

ture neutrino experiments to communicate these early alerts e�ciently to observatories.

Furthermore, by measuring the supernova neutrino �ux, DUNE will be sensitive to funda-

mental neutrino properties including the neutrino mass ordering, neutrino self-interaction

strength, and absolute neutrino mass [71].

DUNE will also measure solar neutrinos. It will improve upon current solar measure-

ments of� m2
21 via the day-night asymmetry induced by Earth matter e�ects, be sensitive

to the 8B channel, and provide the �rst observation of the solar hep �ux:

3He + p �! 4He + e+ + � e: (2.2)

Beyond the additional target mass, improved technologies with Phase II can greatly ex-

pand the low-energy physics reach of DUNE. With improved energy resolution and a lower

background, DUNE could probe the upturn in solar� e survival probability (the transition

between the low-energy regime where vacuum oscillation dominates to the high-energy

regime where MSW e�ects inside the Sun dominate). Increased photodetector coverage

will also allow enhanced hep �ux measurements and enable competitive constraints on

the solar oscillation parameters.
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Benchmark DUNE's Projected Reach Assumptions

Sensitivity to supernova
neutrinos

3000� e + 40Ar ! e� + 40K � events 40 kt of LAr,
10 kpc SN distance

Pointing capabilities of
neutrino experiments to
identify sources

4:3� SN pointing resolution 40 kt of LAr,
10 kpc SN distance

Table 2.2: DUNE's projected sensitivity to supernova neutrinos and pointing capabili-
ties. Taken from [62].

2.2.3 Physics beyond the Standard Model

DUNE will be sensitive to a wide range of BSM physics scenarios (see Table 2.3 for a set

of projected sensitivities). We can divide them into three broad categories:

Rare processes observed in the ND. The high intensity and energy of the LBNF

proton beam will enable DUNE to search for long-lived particles produced in the carbon

target that either scatter or decay in the ND:

ˆ Heavy neutral leptons (HNLs), gauge singlet extensions to the Standard Model

with the potential to explain neutrino masses and leptogenesis. DUNE will have

world-leading sensitivities around the kaon mass peak [72].

ˆ Axion-like particles (ALPs), proposed to solve the strong CP problem and a cold

dark matter candidate, with expected improvements to current constraints below

the kaon mass [73].

ˆ Trident production (e.g. � � ! � � � + � � after scattering o� a nucleus), a powerful

probe of BSM physics in the lepton sector [74].

Phase II will include the addition of ND-GAr, a gaseous argon detector particularly suited

for detecting BSM decays like HNLs (as signal scales with detector volume, while SM

background scales with detector mass), providing extremely good vertex reconstruction.

Rare event searches at the FD. Several BSM extensions like Grand Uni�ed Theories

(GUTs) predict a number of nucleon decay channels at low energies. The DUNE FD

will be highly sensitive to several possible decay modes, complementing the capabilities

of large water detectors like Hyper-K. In particular, the LArTPC technology o�ers a

leading sensitivity to the p ! K + �� decay channel [75], as the kaon is typically below

water's Cherenkov threshold. DUNE will also be competitive in the better explored

p ! e+ � 0. Other baryon number violating processes DUNE may observe include the

neutronic n ! e� K + and n ! e� � + , and n� �n oscillation in nuclei.
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Added exposure to all these modes will be signi�cant in Phase II, with a doubling of

the �ducial mass.

BSM neutrino oscillations. DUNE will probe oscillation scenarios beyond the stan-

dard three-�avour paradigm. This includes sterile neutrinos, non-standard interactions

(NSI) with matter, PMNS non-unitarity and CPT violation. DUNE is especially sensitive

to NSI due to the long-baseline-induced matter e�ects. Furthemore, DUNE is uniquely

sensitive to� appearance in the FD, providing additional sensitivity to non-unitarity and

NSI [76].

Benchmark DUNE's Projected Reach Assumptions

Sensitivity to light
sterile neutrinos,
(3+1) model

sin2 2� 14 > 2 � 10� 3 at 90% C.L.
sin2 2� 24 > 2 � 10� 4 at 90% C.L

300 kt�MW�yr
300 kt�MW�yr

Sensitivity to non-
standard neutrino
interactions

j� m
e� j > 0:1 at 90% C.L.

j� m
e� j > 0:3 at 90% C.L.

300 kt�MW�yr
300 kt�MW�yr

Sensitivity to heavy
neutral lepton mixing

jUeN j2 > 2 � 10� 10 at 90% C.L.
jU�N j2 > 2 � 10� 10 at 90% C.L.
jU�N j2 > 2 � 10� 7 at 90% C.L.

7.7 � 1021 PoT, no BG
7.7 � 1021 PoT, no BG
7.7 � 1021 PoT, no BG

Sensitivity to proton
decay

< 1:3 � 1034 years for p ! K + ��
partial lifetime at 90% C.L.

400 kt�yr

Table 2.3: DUNE's projected reach to several beyond the Standard Model scenarios.
Taken from [62].

2.3 The LArTPC technology

Time Projection Chambers (TPCs) are a detection technology widely used in high en-

ergy physics, including accelerator detectors like ALICE's central barrel [77], dark matter

detection experiments like XENONnT [78] or Darkside-20k [79], and neutrino oscillation

experiments like ICARUS [52]. DUNE will employ this technology extensively, with at

least three of its four 17 kiloton far detectors and the near detector's ND-LAr using the

liquid argon TPC (LArTPC) technology.

The TPC technology was �rst proposed by David Nygren in 1974 [80]. It is a detector

with the ability to identify ionising crossing particles from their energy depositions, herein

reconstructing its three-dimensional track in space. It consists of an active volume �lled

with liquid or gas with an applied uniform electric �eld. When a particle crossing the

active volume has enough energy to ionise the liquid or gas atoms, electrons are produced
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Figure 2.6: Basic operation of a TPC. The orange line represents the crossing particle
that ionises the liquid/gas, for example a muon. The charge readout at the anode plane
combined with the arrival time gives a 3D reconstruction of the particle's track.

in the form of swarms. These electrons are drifted by the electric �eld towards a position-

sensitive anode that provides a 2D projection of the particle trajectory in thex-y plane.

The arrival time of the drifted electrons can be used to reconstruct thez coordinate, pro-

viding a 3D track reconstruction. This process is illustrated in Figure 2.6. The crossing

particle can be identi�ed via the collected charge per wiredQ=dx, which is proportional

to its energy depositiondE=dx in the detector. In order to optimise the TPC's perfor-

mance and resolution, one must characterise the transport of electrons through the liquid

or gas: the di�usion of electrons in the electric �eld in their journey to the anode plane

a�ects the spatial resolution over long drift distances. Also, recombination of electrons

with the atomic or molecular ions may degrade the swarm formation. Crossing particles

also produce scintillation light, which gives complementary information about the parti-

cle: importantly, it provides precise timing information thanks to its faster travel time,

enhancing 3D reconstruction.

Early TPCs were �lled with noble gases or mixtures, and later on liquids were in-

troduced. Liquids have several advantages over gases: ionisation charges have greater

mobility in liquids, and electron-ion recombination is reduced. Furthermore, liquids have

a higher density, making them more suited for the detection of processes with very small

cross sections, like neutrino interactions or dark matter detection. In DUNE, the detector

�lling of choice is liquid argon (LAr), which is doubly motivated: �rst, it is a noble gas,

meaning that scintillation light produced by particles crossing the TPC can be detected,

as noble gases are transparent to their own scintillation light [81]. The detection of light

is important as light signals are more time sensitive (giving a better track time resolution)

and can serve as a trigger for rare or low-energy events, as the light signal arrives before

the charge. Secondly, argon has a set of unique advantages over the rest of noble gases:
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ˆ Liquid argon is dense (1.4 g/cm3), so neutrino cross sections are relatively high and

the ionising particles deposit signi�cant energy.

ˆ It is abundant (1% of Earth's atmosphere) and easy to purify.

ˆ It has a large dielectric rigidity, easing the use of high voltage for long drift paths.

Furthermore, liquid argon has a demonstrated track record as a reliable choice for neutrino

detectors, its behaviour characterised through a series of prototypes including the LBNE

35-ton single-phase TPC at Fermilab [82], the WA105 3x1x1 demonstrator at CERN [83],

and the ongoing ProtoDUNE program. LArTPCs are already the core technology of

several neutrino detectors including SBND, MicroBooNE, ICARUS, and the T2K ND280

near detector.

2.3.1 Scintillation light in a LArTPC

In liquid argon, scintillation light is produced by the decay to the ground state of excited

diatomic argon molecules. These excimers (Ar �
2) can be produced via direct excitation or

via the recombination of ionised argon with an electron [84, 85]:

Excitation: Ar � + Ar ! Ar �
2 ! 2Ar + 
 (2.3)

Recombination: Ar+ + Ar ! Ar+
2 + e� ! Ar �

2 ! 2Ar + 
: (2.4)

We have illustrated these processes in Figure 2.7. In both production processes photons

are emitted isotropically with a wavelength distribution peaked at 127 nm, in the vacuum-

ultra-violet (VUV) region. The Ar �
2 excimer can be produced in a singlet or triplet state.

In molecular term symbols, this is denoted byAr �
2

�
1;3 � +

u

�
:

ˆ � indicates that the total orbital angular momentum projected onto the internuclear

axis is 0.

ˆ The + (or � ) superscript refers to the re�ection symmetry of the wavefunction with

respect to a plane containing the internuclear axis.

ˆ The u (or g) subscript denotes the parity under inversion through the molecular

centre (u for negative parity, g for positive parity).

ˆ The leading superscript1; 3 indicates the spin multiplicity (2S + 1) .

The singlet state has a lifetime of� 6 ns, while the triplet state is much longer lived, with

a lifetime of � 1.6� s [86]. The fast singlet component therefore presents a pronounced

peak that is used for timing and triggering, while the slower triplet component produces

a characteristic tail in the optical signal. In total, the scintillation light yield in LAr is of

40 000photons/MeV in the absence of an electric �eld, and of24 000photons/MeV with

a typical 500 V/cm �eld applied.
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Figure 2.7: Light and ionisation charge production in a liquid argon TPC.

Two main processes a�ect the propagation of scintillation light in LAr once it is pro-

duced: absorption and Rayleigh scattering. LAr is highly transparent to its own scin-

tillation light, but even small amounts of gas impurities (such as methane, nitrogen or

oxygen [87]) can lead to signi�cant light absorption and limit the energy detection thresh-

old. Light can also be absorbed by the detector components. As for Rayleigh scattering

(i.e., the elastic scattering of light o� particles much smaller than its wavelength), its net

e�ect is the increase of the distance photons travel between production and detection,

leading to attenuation. The Rayleigh scattering length� RS in LAr for 127 nm photons

is estimated to be� RS � 1m, while the usual absorption length is much larger (> 10 m),

meaning attenuation is dominated by� RS.

2.3.2 Xenon doping

Doping pure liquid argon with xenon can signi�cantly change the behaviour of light pro-

duction and propagation, enhancing the total light yield. Here we follow [87], a simpli�ed

model in the regime of small doping (< 500 ppm), like DUNE will have in its Vertical

Drift far detector module. In this model, theAr �
2 excimers in the singlet state still decay

through 127 nm photons, but the triplet state may also produce anArXe � excimer instead:

Ar �
2

�
1; 3 � +

u

�
�! 2Ar + 
 (127nm) (2.5)

Ar �
2

�
3 � +

u

�
�! ArXe � + Ar : (2.6)

Then, ArXe � excimers can decay producing 150 nm photons or produceXe�
2 excimers in

a singlet or triplet state

ArXe � �! Ar + Xe + 
 (150nm) (2.7)

ArXe � + Xe �! Xe�
2

�
1; 3 � +

u

�
+ Ar : (2.8)
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