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There are things known, and things 
unknown, and in between are the Doors.

2



Things known about neutrinos
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• Neutrinos are fermions. 
• There are 3 active neutrinos flavours (νe,νμ,ντ). 
• Neutrino flavour states are a mixture of neutrino 

mass states (ν1,ν2,ν3). As a consequence, we 
have observed neutrino oscillations.

2 Introduction: physics of neutrinos

Neutrinos are the most elusive of the known fundamental particles. They are color-neutral and charge-
neutral spin-one-half fermions. To the best of our knowledge, they only interact with charged fermions and
massive gauge bosons through the weak interactions. For this reason, neutrinos can only be observed and
studied because there are very intense neutrino sources (natural and artificial) and only if one is willing to
work with large detectors.

The existence of neutrinos was postulated in the early 1930s, but they were only first observed in the
1950’s [2]. The third neutrino flavor eigenstate, the tau-type neutrino ⌫⌧ , was the last of the fundamental
matter particles to be observed [3], eluding direct observation six years longer than the top quark [4, 5].
More relevant to this report, in the late 1990s the discovery of nonzero neutrino masses moved the study of
neutrino properties to the forefront of experimental and theoretical particle physics.

Experiments with solar [6, 7, 8, 9, 10, 11], atmospheric [12, 13], reactor [14, 15, 16, 17, 18] and ac-
celerator [19, 20, 21] neutrinos have established, beyond reasonable doubt, that a neutrino produced in a
well-defined flavor state (say, a muon-type neutrino ⌫µ) has a nonzero probability of being detected in a
di↵erent flavor state (say, an electron-type neutrino ⌫e). This flavor-changing probability depends on the
neutrino energy and the distance traversed between the source and the detector. The simplest and only
consistent explanation of almost all neutrino data collected over the last two decades is a phenomenon re-
ferred to as “neutrino mass-induced flavor oscillation.” These neutrino oscillations, which will be discussed
in more detail in Sec. 2.1, in turn imply that neutrinos have nonzero masses and neutrino mass eigenstates
are di↵erent from neutrino weak eigenstates, i.e., leptons mix.

In a nutshell, if the neutrino masses are distinct and leptons mix, a neutrino can be produced, via
weak interactions, as a coherent superposition of mass-eigenstates, e.g., a neutrino ⌫↵ with a well-defined
flavor, and has a nonzero probability to be measured as a neutrino ⌫� of a di↵erent flavor (↵,� = e, µ, ⌧).
The oscillation probability P↵� depends on the neutrino energy E, the propagation distance L, and on the
neutrino mass-squared di↵erences, �m2

ij ⌘ m2
i �m2

j , i, j = 1, 2, 3, . . ., and the elements of the leptonic mixing
matrix,1 U , which relates neutrinos with a well-defined flavor (⌫e, ⌫µ, ⌫⌧ ) and neutrinos with a well-defined
mass (⌫1, ⌫2, ⌫3, . . .). For three neutrino flavors, the elements of U are defined by

0

B@
⌫e

⌫µ

⌫⌧

1

CA =

0

B@
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 Ue⌧2 U⌧3

1

CA

0

B@
⌫1

⌫2

⌫3

1

CA . (1)

Almost all neutrino data to date can be explained assuming that neutrinos interact as prescribed by the
standard model, there are only three neutrino mass eigenstates, and U is unitary. Under these circumstances,
it is customary to parameterize U in Eq. (1) with three mixing angles ✓12, ✓13, ✓23 and three complex phases,
�, ⇠, ⇣, defined by

|Ue2|2
|Ue1|2 ⌘ tan2 ✓12;

|Uµ3|2
|U⌧3|2 ⌘ tan2 ✓23; Ue3 ⌘ sin ✓13e

�i�, (2)

with the exception of ⇠ and ⇣, the so-called Majorana CP -odd phases. These are only physical if the neutrinos
are Majorana fermions, and have no e↵ect in flavor-changing phenomena.

In order to relate the mixing elements to experimental observables, it is necessary to properly define
the neutrino mass eigenstates, i.e., to “order” the neutrino masses. This is done in the following way:
m2

2 > m2
1 and �m2

21 < |�m2
31|. In this case, there are three mass-related oscillation observables: �m2

21

(positive-definite), |�m2
31|, and the sign of �m2

31. A positive (negative) sign for �m2
31 implies m2

3 > m2
2

(m2
3 < m2

1) and characterizes a so-called normal (inverted) neutrino mass hierarchy. The two mass hierarchies
are depicted in Fig. 2.

Our knowledge of neutrino oscillation parameters has evolved dramatically over the past two decades. As
summarized in Sec. 3, all three mixing angles have been measured relatively well, along with (the magnitudes

1Often referred to as the Maki-Nakagawa-Sakata (MNS) Matrix, or the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) Matrix.
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Neutrino Oscillations

Known facts

Neutrino are fermions;
There are 3 active neutrino flavors
(⌫e, ⌫µ, ⌫⌧);
Neutrino flavor states are mixture of mass
states (⌫1, ⌫2, ⌫3);

) neutrino oscillation
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:

|⌫↵i : Flavor weak eigenstate;
U↵j : Neutrino mixing matrix;��⌫j

↵
: Mass eigenstate.

Parameter Best fit 1� range �symmetric

NH

sin2(✓12) 3.08 · 10-1 (2.91 - 3.25) · 10-1 0.17 · 10-1

sin2(✓13) 2.34 · 10-2 (2.16 - 2.56) · 10-2 0.22 · 10-2

�m2 [eV2] 7.54 · 10-5 (7.32 - 7.80) · 10-5 0.26 · 10-5

�m2 [eV2] 2.44 · 10-3 (2.38 - 2.52) · 10-3 0.08 · 10-3

IH

sin2(✓12) 3.08 · 10-1 (2.91 - 3.25) · 10-1 0.17 · 10-1

sin2(✓13) 2.39 · 10-2 (2.18 - 2.60) · 10-2 0.21 · 10-2

�m2 [eV2] 7.54 · 10-5 (7.32 - 7.80) · 10-5 0.26 · 10-5

�m2 [eV2] 2.40 · 10-3 (2.33 - 2.47) · 10-3 0.07 · 10-3

Results of the global 3⌫ oscillation analysis [1, 2]
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Parameter Dominated by [1]

✓12 Solar data
✓13 Short-baseline (SBL) reactor data

Daya Bay, RENO
✓23 Atmospheric data

Super-Kamiokande
�m2 Long-baseline (LBL) accelerator data

KamLAND
�m2 Long-baseline (LBL) accelerator data

MINOS, T2K
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phenomenon of electroweak symmetry breaking and a single mass scale — the vacuum expectation value
of the Higgs field. Nonzero neutrino masses may prove to be the first direct evidence of a new mass scale,
completely unrelated to electroweak symmetry breaking, or evidence that electroweak symmetry breaking is
more complex than dictated by the standard model.

Here we discuss one generic mechanism in more detail. The e↵ect of heavy new degrees of freedom in
low-energy phenomena can often be captured by adding higher-dimensional operators to the standard model.
As first pointed out in [24], given the standard model particle content and gauge symmetries, one is allowed
to write only one type of dimension-five operator — all others are dimension-six or higher:

1

⇤
(LH)(LH) + h.c. ) v2

⇤
⌫⌫ + h.c., (3)

where L and H are the lepton and Higgs boson SU(2)L doublets, and the arrow indicates one of the
components of the operator after electroweak symmetry is broken. v is the vacuum expectation value of the
neutral component of H, and ⇤ is the e↵ective new physics scale. If this operator is indeed generated by
some new physics, neutrinos obtain Majorana masses m⌫ ⇠ v2/⇤. For ⇤ ⇠ 1015 GeV, m⌫ ⇠ 10�1 eV, in
agreement with the current neutrino data. This formalism explains the small neutrino masses via a seesaw
mechanism: m⌫ ⌧ v because ⇤ � v.

⇤ is an upper bound for the masses of the new particles that lead to Eq. (3). If the new physics is
strongly coupled and Eq. (3) is generated at the tree-level, the new degrees of freedom are super-heavy:
Mnew ⇠ 1015 GeV. If that turns out to be the case, we will only be able to access the new physics indirectly
through neutrino experiments and the study of relics in the Cosmic Frontier. If, however, the new physics
is weakly coupled or Eq. (3) is generated at the loop level, virtually any value for Mnew & 1 eV is allowed.
There are many scenarios where the new physics responsible for nonzero neutrino masses can be probed at
the Energy Frontier or elsewhere in the Intensity Frontier [25]. In summary, if Eq. (3) is correct, we expect
new physics to show up at a new mass scale Mnew which lies somewhere between 10�9 GeV and 1015 GeV.
Clearly, more experimental information is required!

Neutrino data also provide a new piece to the flavor puzzle: the pattern of neutrino mixing. The absolute
values of the entries of the CKM quark mixing matrix are given by

|VCKM| ⇠

0
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while those of the entries of the PMNS matrix are given by

|UPMNS| ⇠
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It is clear that the two matrices look very di↵erent. While the CKM matrix is almost proportional to the
identity matrix plus hierarchically ordered o↵-diagonal elements, the PMNS matrix is far from diagonal
and, with the possible exception of the Ue3 element, all elements are O(1). Significant research e↵orts are
concentrated on understanding what, if any, is the relationship between the quark and lepton mixing matrices
and what, if any, is the “organizing principle” responsible for the observed pattern of neutrino masses and
lepton mixing. There are several di↵erent theoretical ideas in the market (for summaries, overviews and
more references see, e.g., [26, 27]). Typical results include predictions for the currently-unknown neutrino
mass and mixing parameters (✓23 octant, the mass hierarchy, CP-violating �) and the establishment of sum
rules involving di↵erent parameters. Some of the challenges are discussed in Sec. 3.

Precision neutrino oscillation measurements are required to address the flavor questions above. That can
only be achieved as the result of significant investments in intense, well-characterized neutrino sources and
massive high-precision detectors. Some of these are summarized later in this section and spelled out in more
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• Neutrinos oscillation experiments are sensitive to 
the difference of mass squared between states 

• The mixing angles measured by oscillation 
experiments are functions of the elements of the 
PMNS matrix and allow its determination.
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• Two mass splits measured by oscillation experiments. 
• Two mass hierarchies possible. 

3 The standard oscillation paradigm

The three-flavor oscillation framework is quite successful in accounting for a large number of results obtained
in very di↵erent contexts: the transformation of ⌫e into ⌫µ,⌧ from the Sun [37]; the disappearance of ⌫µ and
⌫̄µ from neutrinos produced by cosmic-ray interactions in the atmosphere [56, 57]; the disappearance of ⌫µ
and ⌫̄µ from neutrino beams over distances from 200-740 km [58, 59, 60]; the disappearance of ⌫̄e from nuclear
reactors over a distance of about 160 km [61]; the disappearance of ⌫̄e from nuclear reactors over a distance
of about 2 km [16, 17, 18]. Now also the appearance of ⌫e [21, 62] and, at relatively low significance, the
appearance of ⌫⌧ [31, 32] have been observed. All these experimental results can be succinctly and accurately
described by the oscillation of three active neutrinos governed by the following parameters, including their
1� ranges from a global fit [63]6

�m2
21 = 7.54+0.26

�0.22 ⇥ 10�5 eV2 , (3.2%) �m2
32 = 2.43�0.06

+0.1 ⇥ 10�3 eV2 , (3.3%) (8)

sin2 ✓12 = 3.07+0.18
�0.16 ⇥ 10�1 , (16%) sin2 ✓23 = 3.86+0.24

�0.21 ⇥ 10�1 , (21%)

sin2 ✓13 = 2.41± 0.25⇥ 10�1 , (10%) �/⇡ = 1.08+0.28
�0.31 rad ,

where for all parameters whose value depends on the mass hierarchy, we have chosen the values for the normal
mass ordering. The choice of parametrization is guided by the observation that for those parameters the
�2 in the global fit is approximately Gaussian, except for �. The percentages given in parentheses indicate
the relative error on each parameter. For the mass splitting we reach errors of a few percent; however, for
all of the mixing angles the errors are in the 10-30% range, while the CP-odd phase is unconstrained at
the 2� level. The mass hierarchy and octant of ✓23 (i.e., whether ✓23 is smaller or larger than ⇡/4) are not
constrained at all. Therefore, while three-flavor oscillation is able to describe a wide variety of experiments,
it would seem premature to claim that we have entered the era of precision neutrino physics or that we
have established the three-flavor paradigm at a high level of accuracy. This is also borne out by the fact
that there are interesting hints at short baselines for a fourth neutrino [64]. Also, more generally, so-called
non-standard interactions (NSI) are not well constrained by neutrino data; for a recent review on the topic
see Ref. [65]. The issue of what may exist beyond three-flavor oscillations will be discussed in detail in Sec. 7
of this report.

The next question is: how well do we want to determine the various mixing parameters? The answer can
be given on two distinct levels. One is a purely technical one — if I want know X to a precision of x, I need to
know Y with a precision of y. For example, Y could be given by ✓13 and X could be the mass hierarchy. At
another level, the answer is driven by theory expectations of how large possible phenomenological deviations
from the three-flavor framework could be. In order to address the technical part of the question, one first has
to define the target precision from a physics point of view. Guidance from other subareas of particle physics
reveals that the target precision evolves over time. For example, history shows that before the top quark
discovery, theoretical estimates of the top quark mass from electroweak precision data and other indirect
observables seem to have been, for the most part (and with very large uncertainties), only several GeV ahead
of the experimental reach — at the time, there always was a valid physics argument for why the top quark was
“just around the corner.” A similar evolution of theoretical expectations can be observed in, e.g., searches
for new phenomena in quark flavor physics. Thus, any argument based on model-building-inspired target
precisions is always of a preliminary nature, as our understanding of models evolves over time. With this
caveat in mind, one argument for a target precision can be based on a comparison to the quark sector. Based
on theoretical guidance from Grand Unification, one would expect that the answer to the flavor question
should find a concurrent answer for leptons and quarks. Therefore, tests of such models are most sensitive if
the precision in the lepton and quark sector is comparable. For instance, the CKM angle �, which is a very
close analog of � in the neutrino sector, is determined to (70.4+4.3

�4.4)
� [66] and thus, a precision target for � of

roughly 5� would follow.

6See [63] for more details. When it comes to the “large” mass-squared di↵erence, di↵erent experiments, in principle, are
most sensitive to di↵erent linear combinations of �m2

31 and �m2
32. Throughout this document, however, we will refer to these

di↵erent quantitates as �m2
32, unless otherwise noted, as the current data, and most of the data expected from near-future

e↵orts, are not precise enough to be sensitive to the slight di↵erences.
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Neutrino mass hierarchy �
Unknown facts

Mass scale:

•Mass of the lightest neutrino

Mass ordering (hierarchy):
• degenerate (QD): m1 ' m2 ' m3
• normal (NH) : m1 ⌧ (<)m2 ⌧ m3
• inververd (IH) : m3 ⌧ m1 .m2

Mass Nature:
• Dirac particle : ⌫ , ⌫
•Majorana particle: ⌫ = ⌫

Others?

Oscillations experiments:

Sensitive ONLY to the squared mass
di↵erences: �m2

ij;
NO information about absolute mass scale
and nature.

� �� ��

�� �� �

�� �� ��

�� �� �

�� �� ��

� �� ��

���

S. Goswami et al. [3]
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• We don’t know the mass scale  
• the mass of the lightest neutrino, ml). In fact, nothing prevents ml from 

being ~0.  
• Alternatively, the masses of the neutrinos could be roughly the same (the 

degenerate scenario), e.g, mν~0.1 eV, to satisfy cosmological bounds.   
• Neutrinos could be Majorana particles.  
• Neutrino interactions could violate CP (as in the quark sector) 
• There could be additional neutrinos (e.g, sterile). 

Things unknown about neutrinos
Neutrino mass hierarchy �
Unknown facts
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• normal (NH) : m1 ⌧ (<)m2 ⌧ m3
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• Dirac particle : ⌫ , ⌫
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Others?
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ij;
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� �� ��

�� �� �

�� �� ��

�� �� �

�� �� ��
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S. Goswami et al. [3]
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• See Boris Kayser lectures
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• Neutrino oscillation experiments to measure CP violating phase and 
determine mass hierarchy. Also sensitive to additional (sterile neutrinos) 

• Cosmological measurements sensitive to the number of neutrino species and 
to the absolute scale of (the sum) of neutrino masses. 

• Beta decay experiments sensitive to the “mβ” (recall that νe is a lineal 
superposition of (ν1,ν2,ν3) masses. 

• Neutrinoless double beta decay experiments can demonstrate (if successful) 
the Majorana nature of neutrino. They are sensitive to mass hierarchy and to 
the “mββ”.

The Doors

• … of experimentation!



Cosmological measurements of neutrino masses
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• See Jenni Adams lectures

2Volker Hannen, ICHEP 2012, 5.7.2012

Neutrino mass in particle physics and cosmology

Cosmology viewpoint:
 

● Influence on structure formation ?
 

● Warm dark matter in the form of keV mass
sterile neutrinos ?

Ʃ Ʃ

Ʃ Ʃ

simulation Chung-Pei Ma 1996

Particle physics viewpoint:
 

● Mass gap between charged fermions and 
neutrinos (sea-saw I / II models) ?

● Dirac or Majorana nature of neutrinos ?
● Normal or inverted hierachy ?
● CP violating phases in mixing matrix ?
● Absolute mass scale ?

• Neutrinos masses affect the structure of 
CMB and the large scale structure of the 
universe. 

• Measurement sensitive to the sum of 
neutrino masses. 

• “Model dependent”

Evidence for Massive Neutrinos from 
Cosmic Microwave Background and 

Lensing Observations
Phys. Rev. Lett. 112, 051303 (2014) 

X
mi = 0.32± 0.11eV

X
mi  0.23eV

WMAP CMB only
X

mi  1.3eV

CMB+BAO
X

mi  0.58eV

CMB+BAO+ H0
X

mi  0.48eV

Physical Review Letters, 
105 (3) 



End-point of β decay
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• The presence of a massive neutrino affects 
the shape of the electron energy distribution 
(very) near the end point. 

• Measurement is “model independent”. 
• One measures mνe (an incoherent sum of 

mass eigenstates)

3Volker Hannen, ICHEP 2012, 5.7.2012

β-decay: absolute ν-mass

model independent, kinematics

status: m
ν
 < 2.3 eV

potential: m
ν
 ≈ 200 meV

e.g.: KATRIN, MARE-II

0νββ-decay: eff. Majorana mass

model-dependent (CP-phases)

status:   m
ββ

 ≤ 140 - 380 meV 

potential:  m
ββ

 ≈ 20-50 meV

e.g.: GERDA, CUORE, EXO, SNO+, Majorana,
         Nemo 3, COBRA, KamLAND-Zen

cosmology: ν hot dark matter Ω
ν

model dependent, analysis of LSS data

status:   Σm
ν
 < 440 meV (Hannestad et al., 

       JCAP08(2010)001)

potential:  Σm
ν
 ≈ 20-50 meV

e.g.: WMAP, SDSS, LSST, Planck

neutrino mass

measurements

m
ν m

ββ

Σm
i

Search for neutrino mass

(EXO-200),

arXiv:1205.5608v1 

4Volker Hannen, ICHEP 2012, 5.7.2012

Requirements
● low endpoint energy
● high count rate
● high energy resolution
● very low background

Tritium

● E
0    

= 18.6 keV

● T
1/2

 = 12.3 a

● superallowed transition
● simple electronic structure

 

(modified by final states, recoil corrections, 

radiative corrections)

T-decay
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ββ0ν decays
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• Lepton number violating process. 
• Requires Majorana neutrinos  
• Measures mββ (coherent sum of states) 
• Result depends on mass hierarchy (eg 

cancelations in the case of normal hierarchy) 
• Theoretical uncertainties related with NME
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• A discovery would be crucial to 
determine the mass hierarchy, the 
scale of the neutrino mass and the 
nature of the neutrino.



Direct mass measurements
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Cosmology, single and double β decay measure different combinations 
of the neutrino mass eigenvalues, constraining the neutrino mass scale 

In a standard three active neutrino scenario: 

Σ Mi
 

i=1 

3 

Σ    ≡   $
cosmology 
simple sum 

pure kinematical effect 

Σ Mi
2 |Uei|2 

i=1 

3 1/2 

〈Mβ〉  ≡  
β decay 

incoherent sum 
real neutrino  

|Σ Mi
 |Uei|2 eiα  | i 

i=1 

3 

〈Mββ〉 ≡ 
double β decay 
coherent sum 

virtual neutrino 
Majorana phases 

Cosmology, single and double β 
decay  

A. Giuliani, IMFP 2012


