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What we have explained so far 

• Unification of strong and electroweak interactions 
• Interactions: gauge, Yukawas and self-interactions 
• Discovery of the Higgs boson  

Several puzzles to solve… 
• Elusive sector: Dark Matter and Neutrinos  
• Baryon asymmetry          
• Unification of the forces of Nature 
• Hierarchy problem 
• Stability of the vacuum  
• The flavour puzzle 
• …

 Not so Standard SM

From Quanta Magazine
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1 Motivations and Goals

neutrino masses.

I The three neutrino mixing framework

In the formalism used to construct the Standard Model (SM), the existence of a non-
trivial neutrino mixing and massive neutrinos implies that the left-handed (LH) flavour
neutrino fields ⌫lL(x), which enter into the expression for the lepton current in the
charged current weak interaction Lagrangian, are linear combinations of the fields of
three (or more) neutrinos ⌫j , having masses mj 6= 0:

⌫lL(x) =
X

j

Ulj ⌫jL(x), l = e, µ, ⌧, (1.1)

where ⌫jL(x) is the LH component of the field of ⌫j possessing a mass mj � 0 and U is a
unitary matrix —the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) neutrino mixing ma-
trix [3, 4, 9], U ⌘ U

PMNS

. Similarly to the Cabibbo-Kobayashi-Maskawa (CKM) quark
mixing matrix, the leptonic matrix U

PMNS

, is described (to a good approximation) by
a 3⇥3 unitary mixing matrix. In the widely used standard parametrization [6], U

PMNS

is expressed in terms of the solar, atmospheric and reactor neutrino mixing angles ✓
12

,
✓
23

and ✓
13

, respectively, and one Dirac - �, and two (eventually) Majorana [21] - ↵
21

and ↵
31

, CP violating phases:
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and we have used the standard notation cij ⌘ cos ✓ij , sij ⌘ sin ✓ij , the allowed range
for the values of the angles being 0  ✓ij  ⇡/2, and

Q = Diag(1, ei↵
21

/2, ei↵
31

/2) . (1.4)

The neutrino oscillation data, accumulated over many years, allowed to determine
the frequencies and the amplitudes (i.e. the angles and the mass squared di↵erences)
which drive the solar and atmospheric neutrino oscillations, with a rather high precision
(see, e.g., [6]). Furthermore, there were spectacular developments in the period June
2011 - June 2012 year in what concerns the CHOOZ angle ✓

13

. In June of 2011 the T2K
collaboration reported [22] evidence at 2.5� for a non-zero value of ✓

13

. Subsequently
the MINOS [23] and Double Chooz [24] collaborations also reported evidence for ✓

13

6=
0, although with a smaller statistical significance. Global analysis of the neutrino
oscillation data, including the data from the T2K and MINOS experiments, performed
in [25], showed that actually sin ✓

13

6= 0 at � 3�. In March of 2012 the first data of
the Daya Bay reactor antineutrino experiment on ✓

13

were published [26]. The value
of sin2 2✓

13

was measured with a rather high precision and was found to be di↵erent
from zero at 5.2�:

sin2 2✓
13

= 0.092± 0.016± 0.005 . (1.5)
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coefficient of |νβ⟩,

Aνα→νβ
(t) ≡ ⟨νβ |να(t)⟩ =

!

k

U∗αk Uβk e−iEkt , (7.16)

is the amplitude of να → νβ transitions as a function of time. The transition
probability is, then, given by

Pνα→νβ
(t) =

""Aνα→νβ
(t)

""2 =
!

k,j

U∗αk Uβk Uαj U∗βj e−i(Ek−Ej)t . (7.17)

For ultrarelativistic neutrinos, the dispersion relation in eqn (7.8) can be approxi-
mated by

Ek ≃ E +
m2

k

2E
. (7.18)

In this case,

Ek − Ej ≃
∆m2

kj

2E
, (7.19)

where ∆m2
kj is the squared-mass difference

∆m2
kj ≡ m2

k − m2
j , (7.20)

and
E = |⃗p| (7.21)

is the neutrino energy, neglecting the mass contribution. Therefore, the transition
probability in eqn (7.17) can be approximated by

Pνα→νβ
(t) =

!

k,j

U∗αkUβkUαjU
∗
βj exp

#

−i
∆m2

kjt

2E

$

. (7.22)

The final step in the standard derivation of the neutrino oscillation probability is
based on the fact that, in neutrino oscillation experiments, the propagation time
t is not measured. What is known is the distance L between the source and the
detector. Since ultrarelativistic neutrinos propagate almost at the speed of light, it
is possible to approximate t = L, leading to

Pνα→νβ
(L, E) =

!

k,j

U∗αk Uβk Uαj U∗βj exp

#

−i
∆m2

kjL

2E

$

. (7.23)

This expression shows that the source–detector distance L and the neutrino energy
E are the quantities depending on the experiment which determine the phases of
neutrino oscillations

Φkj = −
∆m2

kj L

2 E
. (7.24)

Of course, the phases are determined also by the squared-mass differences ∆m2
kj ,

which are physical constants. The amplitude of the oscillations is specified only
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TABLE I: Results of the global 3⌫ oscillation analysis, in terms of best-fit values for the mass-mixing parameters and associated n�
ranges (n = 1, 2, 3), defined by �2 � �2

min = n2 with respect to the separate minima in each mass ordering (NO, IO) and to the absolute

minimum in any ordering. (Note that the fit to the �m2 and sin2 ✓12 parameters is basically insensitive to the mass ordering.) We recall
that �m2 is defined herein as m2

3 � (m2
1 +m2

2)/2, and that � is taken in the (cyclic) interval �/⇡ 2 [0, 2].

Parameter Ordering Best fit 1� range 2� range 3� range

�m2/10�5 eV2 NO, IO, Any 7.37 7.21 – 7.54 7.07 – 7.73 6.93 – 7.96

sin2 ✓12/10
�1 NO, IO, Any 2.97 2.81 – 3.14 2.65 – 3.34 2.50 – 3.54

|�m2|/10�3 eV2 NO 2.525 2.495 – 2.567 2.454 – 2.606 2.411 – 2.646

IO 2.505 2.473 – 2.539 2.430 – 2.582 2.390 – 2.624

Any 2.525 2.495 – 2.567 2.454 – 2.606 2.411 – 2.646

sin2 ✓13/10
�2 NO 2.15 2.08 – 2.22 1.99 – 2.31 1.90 – 2.40

IO 2.16 2.07 – 2.24 1.98 – 2.33 1.90 – 2.42

Any 2.15 2.08 – 2.22 1.99 – 2.31 1.90 – 2.40

sin2 ✓23/10
�1 NO 4.25 4.10 – 4.46 3.95 – 4.70 3.81 – 6.15

IO 5.89 4.17 – 4.48 � 5.67 – 6.05 3.99 – 4.83 � 5.33 – 6.21 3.84 – 6.36

Any 4.25 4.10 – 4.46 3.95 – 4.70 � 5.75 – 6.00 3.81 – 6.26

�/⇡ NO 1.38 1.18 – 1.61 1.00 – 1.90 0 – 0.17 � 0.76 – 2

IO 1.31 1.12 – 1.62 0.92 – 1.88 0 – 0.15 � 0.69 – 2

Any 1.38 1.18 – 1.61 1.00 – 1.90 0 – 0.17 � 0.76 – 2

Table I reports best-fit values and parameter ranges for separate �2 minimization in each separate ordering (NO
and IO) and in any ordering; the latter case takes into account the above ��2

IO�NO value. The known parameters

(�m2, |�m2|, sin2 ✓12, sin2 ✓13), which a↵ect the absolute mass observables in Eqs. (4)–(6), are determined with a
fractional 1� accuracy (defined as 1/6 of the ±3� range) of (2.3, 1.6, 5.8, 4.0) percent, respectively. For such param-
eters, it turns out that minimization in any ordering reproduces the same allowed ranges as for NO. Given the �m2

and �m2 estimates in Table I, Eq. (3) becomes

(m1, m2, m3) >⇠
⇢

(0, 0.86, 5.06)⇥ 10�2 eV (NO) ,
(4.97, 5.04, 0)⇥ 10�2 eV (IO) .

(10)

The parameter sin2 ✓23 is less well known, at the level of 9.6%. At 3�, its octant degeneracy is unresolved, and
maximal mixing is also allowed. At lower significance, maximal mixing is disfavored in both NO and IO, and the
first octant is preferred in NO. The n� ranges for ✓23 for any ordering are larger than for NO (Table I), as a result of
joining the NO and IO intervals determined by the curves in the right-lower panel of Fig. 1 at �2 = n2. Concerning
the possible CP-violating phase �, our analysis strengthen the trend in favor of � ⇠ 3⇡/2 [9, 11, 42], and disfavors
ranges close � ⇠ ⇡/2 at >⇠ 3�. In any case, the parameters ✓23 and � do not enter in the calculation of (m� , m�� , ⌃).

A few remarks are in order about the IO-NO o↵set in Eq. (9). This value is in the ballpark of the o�cial SK fit
results quoted in [46, 47], namely: ��2

IO�NO = 4.3 (for SK data at fixed ✓13) and ��2
IO�NO = 5.2 (for SK + T2K

data at fixed ✓13). By excluding SK atmospheric data in our fit, we find ��2
IO�NO = 1.1, in qualitative accord with

the o�cial T2K data analysis constrained by reactor data [42].
Concerning SK atmospheric data, it has been emphasized [9, 11, 12] that the complete set of bins and systematics

[46, 47] can only be handled within the collaboration, especially when ⌫/⌫ or multi-ring event features are involved.
Nevertheless, we think it useful to continue updating our analysis of reproducible SK samples, namely, sub/multi-GeV
single-ring (e-like and µ-like) and stopping/through-going (µ-like) distributions. These samples encode interesting
(although entangled and smeared) pieces of information about subleading e↵ects driven by known and unknown
oscillation parameters, see e.g. [2]; in particular, they contributed to early hints of nonzero ✓13 [48]. At present, we
trace the atmospheric hint of NO to e-like events, especially multi-GeV, in qualitative agreement with [49].1

Summarizing, the SK(+T2K) o�cial results in [42, 46, 47] and ours in Eq. (9) suggest, at face value, that global
3⌫ oscillation analyses may have reached an overall ⇠ 2� sensitivity to the mass ordering, with a preference for NO
driven by atmospheric data and corroborated by accelerator data, together with reactor constraints. This intriguing
indication, although still tentative, is generally supported by cosmological data (see Sec. II C) and thus warrants a
dedicated discussion in the context of absolute ⌫ mass observables (see Sec. III).

1 Note, however, that weaker results for the IO-NO di↵erence (<⇠ 1�), with or without atmospheric data, have been found in [11].

arXiv:1703.04471  Lisi et al.
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 Unknowns in Neutrino Physics
• Mass Ordering (Normal or Inverted)     
• Absolute Neutrino Mass Scale    
• CP violation in the leptonic sector 
• The nature: Dirac or Majorana
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Inverted Ordering Normal Ordering 

I The three neutrino mixing framework

Subsequently, the RENO experiment reported a 4.9� evidence for a non-zero value of
✓
13

[27], compatible with the Day Bay result:

sin2 2✓
13

= 0.113 ± 0.013 ± 0.019 . (1.6)

The results on ✓
13

described above will have far reaching implications for the program
of future research in neutrino physics (see, e.g., [28]). In Table 1.1 we list the best
fit values of the angles parametrising the PMNS mixing matrix with 1� uncertainty
coming form two of the latest global fits analysis which combine results from several
experiments [29, 30]. From the 3� allowed intervals obtained in [29] we can write the
numerical expression for |U

PMNS

| :

|U
PMNS

| =

0

@
0.788� 0.853 0.505� 0.590 0.130� 0.177
0.474� 0.481 0.398� 0.666 0.570� 0.785
0.201� 0.393 0.549� 0.703 0.593� 0.811

1

A . (1.7)

Parameter Fogli et al. [29] Gonzalez-Garcia et al. [30]

�m2

21

[10�5eV2] 7.54+0.26

�0.22

7.50 ± 0.185

�m2

31

[10�3eV2]
2.43+0.06

�0.10

�2.42+0.11
�0.07

2.47+0.069

�0.067

�2.43+0.042

�0.065

sin2 ✓
12

0.307+0.018

�0.016

0.30 ± 0.013

sin2 ✓
23

0.386+0.024

�0.021

0.392+0.039

�0.022

0.41+0.037

�0.025

0.41+0.037

�0.025

� 0.59+0.021

�0.022

sin2 ✓
13

0.0241 ± 0.0025
0.0244+0.0023

�0.0025

0.023 ± 0.0023

Table 1.1: The table summarizes two recent global fit analysis for the neutrino os-
cillation parameters corresponding to 1� uncertainty. For �m2

31, sin2 ✓23 and sin2 ✓13

the upper (lower) row corresponds to normal (inverted) neutrino mass ordering. These
values and the methods to extract them from experimental data are discussed in re-
spectively in [29] and [30].

The experimental data we have summarized in Table 1.1 are compatible with dif-
ferent neutrino mass patterns (see Figure 1.1):

• spectrum with normal ordering (NO), m
1

< m
2

< m
3

, corresponding to �m2� ⌘
�m2

21

> 0 and �m2

A ⌘ �m2

31

> 0;

• spectrum with inverted ordering (IO), m
3

< m
1

< m
2

, corresponding to �m2� ⌘
�m2

21

> 0 and �m2

A ⌘ �m2

32

< 0.

Depending on the value of the light neutrino mass min(mj), the neutrino mass spectrum
can be:

• normal hierarchical (NH): m
1

⌧ m
2

< m
3

so m
2

⇠
q

�m2�, m
3

⇠
q

�m2

A
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The experimental data we have summarized in Table 1.1 are compatible with dif-
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• spectrum with normal ordering (NO), m
1

< m
2

< m
3

, corresponding to �m2� ⌘
�m2

21

> 0 and �m2

A ⌘ �m2

31

> 0;

• spectrum with inverted ordering (IO), m
3

< m
1

< m
2

, corresponding to �m2� ⌘
�m2

21

> 0 and �m2

A ⌘ �m2

32

< 0.

Depending on the value of the light neutrino mass min(mj), the neutrino mass spectrum
can be:

• normal hierarchical (NH): m
1

⌧ m
2

< m
3

so m
2

⇠
q

�m2�, m
3

⇠
q

�m2

A

4

I The three neutrino mixing framework
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Figure 1.1: The two possible neutrino mass spectra: with normal ordering (NO, left)
and with inverted ordering (IO, right).
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It is worth noticing that the global fit analyses we are referring to, [29] and [30],
which are performed within the framework of the 3-neutrino mixing, suggest that
sin2 ✓

23

. 1/2 in the case of NO neutrino mass spectrum. In the IO case the au-
thors of [29] find that sin2 ✓

23

& 1/2, while in [30] two di↵erent solutions for sin2 ✓
23

,
slightly below and above the value of 1/2, are found. These results have important con-
sequences from a theoretical point of view in view of the need of finding an economic
and simple principle which could explain the patterns of the masses and of the mixing
in the neutrino sector.

All the possible types of neutrino mass spectrum are compatible with the experi-
mental constrains on the absolute scale of neutrino masses coming from 3H �-decay
experiments and cosmological/astrophysical data. From 3H �-decay (3H ! 3He e�⌫̄e

with Q = m
3He � m

3H = 18.6 keV), one can measure the spectrum of the electron
energy near the end-point and extract the value of m⌫̄e

⇠=
qP

i |Uei|2m2

i .
The most stringent upper limit on m⌫̄e was obtained by the Mainz and Troitzk

experiments [31]:
m⌫̄e < 2.3 eV at 95% C.L., (1.8)

while the KArlsruhe TRItium Neutrino experiment (KATRIN), which is expected to
start the data taking in 2015, will provide data on the absolute scale of neutrino masses
with a sensitivity to mj ⇠ 0.2 eV [32].

Information on the masses of light neutrinos can be obtained also from cosmological
observations. In particular the total mass of light active neutrinos, ⌃ mi , can be con-
strained from measurements of the matter power spectrum, P (~k), i.e., a measure of the
the variance of the distribution of density fluctuations. An upper bound for the sum of
the masses can be obtained from the lack of the suppression of the power spectrum at
small scales. This bound is model dependent and varies with the assumptions used in
the analysis of the data. The Planck Collaboration [33] recently presented the first cos-
mological results based on Planck measurements of the cosmic microwave background
(CMB) temperature and lensing-potential power spectra. In [34] the Collaboration pro-
vided constraints assuming three species of degenerate massive neutrinos and a ⇤CDM
model. We give here some results reported in [34] based on the combination of the
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Inverted Hierarchy (IH)

Quasi Degenerate (QD)

comparable to that of LBNE.
European long-baseline projects (LAGUNA-LBNO) involve an intense neutrino source

at CERN, a near detector, and a (phased) 100 kT underground LAr detector at Pyhäsalmi
in Finland, at a baseline of 2300 km. The long baseline, large detector mass, underground
location, near detector, and a broad-band neutrino beam from a 2 MW proton source make
LAGUNA-LBNO an ultimate neutrino oscillation experiment, with outstanding sensitivity
to both the neutrino mass hierarchy and �

CP

. However, the timescale, costs, and priority to
host such an experiment in Europe are not well defined at present.

JUNO is a 20 kT liquid scintillator detector to be located at the solar oscillation maxi-
mum, approximately 60 km away from two nuclear power plants in China. This experiment
plans to exploit subtle distortions in the neutrino energy spectrum sensitive to the sign of
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Figure 23: Summary of sensitivities to the neutrino mass hierarchy for various experimental
approaches, with timescales, as claimed by the proponents in each case. In the case of
PINGU, for which multiple studies exist, the proponents’ stated sensitivity [29] is shown in
the dark blue region, with the larger blue region representing the independent analysis of
Ref. [7]. One di↵erence between the two is the consideration of a wider range of oscillation
parameters in [7] (see Section 6 for details). The vertical scale of each region represents the
spread in the expected sensitivity after the full exposure. We do not attempt to project the
natural increase in sensitivity over time. Note: the “long baseline” region represents the
inclusive range of sensitivities for individual long-baseline experiments (LBNE, HyperK, and
LBNO) rather than a combined sensitivity.
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The absolute mass scale

Cosmological Surveys

β-Decay Experiments

Neutrinoless Double β-Decay Experiments

Planck + EUCLID + …

KATRIN + Project8

EXO-200 + GERDA + CUORE +  KamLAND-Zen + SNO+  …

Multi-Messenger astronomy
Ligo + Virgo + Super-Kamiokande + Antares + IceCube + HSK…

Neutrino oscillation experiments are not sensitive to absolute neutrino masses.
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An artist view of the Euclid Satellite – 
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I The three neutrino mixing framework

Planck temperature power spectrum with a WMAP polarization low-multipole (` 23)
and ACT high-multipole (` �2500) data. We refer to this CMB data combination as
Planck+WP. In this case the upper limit on the sum of the neutrino mass reads:

⌃ mi < 0.66 eV at 95% C.L. (Planck + WP), (1.9)

Combining the latter with the Barion Acoustic Oscillation data (BAO), the limit is
significantly lowered at

⌃ mi < 0.23 eV at 95% C.L. (Planck + WP + BAO). (1.10)

The above upper limits can be converted into limits on the absolute scale of neutrino
masses that read respectively mmin . 0.22 eV in the more conservative case (eq. 1.9)
and mmin . 0.07 eV in the more stringent case (eq. 1.10). This is depicted in Figure
1.2.
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Figure 1.2: The sum of the light neutrino masses plotted as function of the lightest
neutrino mass considering the 3� uncertainty in the atmospheric and solar �m2 given
in [29]. The horizontal solid lines represent the recent Planck limits. The allowed area
is indicated by the arrows.

We have to add that in addition to the Planck Collaboration also the South Pole
Telescope (SPT) Collaboration released in December 2012 a fit analysis that indicated
a preferred value for the sum of the light neutrino, being the latter ⌃mi = 0.32± 0.11
eV, with a 3� detection of positive neutrino mass in the range [0.01, 0.63]eV at 99.7 %
C.L. [35].

Clearly, all these bounds are not definitive and they will be improved by current or
forthcoming observations. For instance, the EUCLID survey [36], approved in 2012, will
be able most likely to measure the neutrino mass sum at the 0.01 eV level of precision
by combining their data with measurements of the CMB anisotropies by the Planck
mission [33]. Such an outstanding precision will be able to provide unique information
on, and possibly determine, the absolute scale of neutrino masses [37]: the minimum
of the sum compatible with current neutrino oscillation data being ⌃min = 5.87⇥ 10�2

eV for a normal hierarchical (NH) spectrum and ⌃min = 9.78⇥10�2 eV for an inverted
hierarchical spectrum (IH). This information could be used in synergy with (��)

0⌫-
decay data to test the nature —Dirac or Majorana— of massive neutrinos.
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Abstract. We present constraints on neutrino masses, the primordial fluctuation spectrum from
inflation, and other parameters of the ⇤CDM model, using the one-dimensional Ly↵-forest power
spectrum measured by Palanque-Delabrouille et al. [1] from the Baryon Oscillation Spectroscopic
Survey (BOSS) of the Sloan Digital Sky Survey (SDSS-III), complemented by Planck 2015 cosmic
microwave background (CMB) data and other cosmological probes. This paper improves on the
previous analysis by Palanque-Delabrouille et al. [2] by using a more powerful set of calibrating
hydrodynamical simulations that reduces uncertainties associated with resolution and box size, by
adopting a more flexible set of nuisance parameters for describing the evolution of the intergalactic
medium, by including additional freedom to account for systematic uncertainties, and by using Planck
2015 constraints in place of Planck 2013.

Fitting Ly↵ data alone leads to cosmological parameters in excellent agreement with the values
derived independently from CMB data, except for a weak tension on the scalar index ns. Combining
BOSS Ly↵ with Planck CMB constrains the sum of neutrino masses to

P
m⌫ < 0.12 eV (95% C.L.)

including all identified systematic uncertainties, tighter than our previous limit (0.15 eV) and more
robust. Adding Ly↵ data to CMB data reduces the uncertainties on the optical depth to reionization
⌧, through the correlation of ⌧ with �8. Similarly, correlations between cosmological parameters
help in constraining the tensor-to-scalar ratio of primordial fluctuations r. The tension on ns can be
accommodated by allowing for a running dns/d ln k. Allowing running as a free parameter in the fits
does not change the limit on

P
m⌫. We discuss possible interpretations of these results in the context

of slow-roll inflation.
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2.1 Allowed and superallowed transitions Current Direct Neutrino Mass Experiments

νm   = 1 eV

∼ νe

Σ:=     |U   |  mi ei
2 2

i

2const. offset    m (    )

νm   = 0 eV

2  10∼ ∗ −13

Figure 3: Expanded �-spectrum of an allowed or super-allowed �-decay around its endpoint E0 for
m(⌫e) = 0 (red line) and for an arbitrarily chosen neutrino mass of 1 eV (blue line). In the case of
tritium (see section 2.2), the gray-shaded area corresponds to a fraction of 2 · 10�13 of all tritium
�-decays.

in the region just below the endpoint E0, where the count rate is going to vanish. Therefore a high
sensitivity experiment requires high energy resolution, large �-decay source strength and acceptance,
and low background rate.

Now we should firstly discuss, what is the best �-emitter for such a task. Figure 4 shows the
total count rate of a super-allowed �-emitter as function of the endpoint energy. Of course, the total
count rate rises strongly with E0, while the relative fraction in the last 10 eV below E0 decreases.

Figure 4: Dependence on endpoint energy E0 of total count rate (left), relative fraction in the last
10 eV below the endpoint (middle) and total count rate in the last 10 eV of a �-emitter (right). These
numbers have been calculated for a super-allowed �-decay using (18) for m(⌫e) = 0 and neglecting
possible final states as well as the Fermi function F .
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The investigation of the endpoint region of a β-decay spectrum (or an electron capture) 
is still the most sensitive model-independent and direct method to determine the 
neutrino mass.

β-Decay Experiments

• Troitz/Mainz Experiment 

• KATRIN  sensitivity is around

• Project8 sensitivity around

The absolute mass
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6

? ?6�m2

21

�m2

31

1
2

3
6

?3

1
2

�m2

32

?6�m2

21

Figure 1.1: The two possible neutrino mass spectra: with normal ordering (NO, left)
and with inverted ordering (IO, right).
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It is worth noticing that the global fit analyses we are referring to, [29] and [30],
which are performed within the framework of the 3-neutrino mixing, suggest that
sin2 ✓

23

. 1/2 in the case of NO neutrino mass spectrum. In the IO case the au-
thors of [29] find that sin2 ✓

23

& 1/2, while in [30] two di↵erent solutions for sin2 ✓
23

,
slightly below and above the value of 1/2, are found. These results have important con-
sequences from a theoretical point of view in view of the need of finding an economic
and simple principle which could explain the patterns of the masses and of the mixing
in the neutrino sector.

All the possible types of neutrino mass spectrum are compatible with the experi-
mental constrains on the absolute scale of neutrino masses coming from 3H �-decay
experiments and cosmological/astrophysical data. From 3H �-decay (3H ! 3He e�⌫̄e

with Q = m
3He � m

3H = 18.6 keV), one can measure the spectrum of the electron
energy near the end-point and extract the value of m⌫̄e

⇠=
qP

i |Uei|2m2

i .
The most stringent upper limit on m⌫̄e was obtained by the Mainz and Troitzk

experiments [31]:
m⌫̄e < 2.3 eV at 95% C.L., (1.8)

while the KArlsruhe TRItium Neutrino experiment (KATRIN), which is expected to
start the data taking in 2015, will provide data on the absolute scale of neutrino masses
with a sensitivity to mj ⇠ 0.2 eV [32].

Information on the masses of light neutrinos can be obtained also from cosmological
observations. In particular the total mass of light active neutrinos, ⌃ mi , can be con-
strained from measurements of the matter power spectrum, P (~k), i.e., a measure of the
the variance of the distribution of density fluctuations. An upper bound for the sum of
the masses can be obtained from the lack of the suppression of the power spectrum at
small scales. This bound is model dependent and varies with the assumptions used in
the analysis of the data. The Planck Collaboration [33] recently presented the first cos-
mological results based on Planck measurements of the cosmic microwave background
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(KIT, Karlsruhe, IKP), C. Weinheimer (Munster U.) 2013. 
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The Majorana nature of 
neutrinos manifests itself in the 
existence of processes in which 
the total lepton charge L 
changes by two units.
K+ � �� + µ+ + µ+

µ� + (A, Z) � µ+ + (A, Z � 2)
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i = C �̄T
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Double β-Decay

Neutrinoless Double β-Decay
1939, Wolfgang Furry

Double b-Decay with neutrinos
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The Nature: Dirac or Majorana
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0⌫-Decay

I.I Light Majorana Neutrino exchange mechanism

The standard scenario to allow (��)
0⌫-decay is the exchange of a light Majorana left-

handed neutrino, �jL, via V �A weak interactions. The following term in the S-matrix
(or scattering matrix) gives the contribution to the matrix element of the process in
second order of perturbation theory in GF :
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⇣
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I (x)dx
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dx4
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)Lw.i.
I (x

2

)
⇤
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)e�i
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I (x)dx
⌘ (2.4)

where
Lw.i.

I = ēL�↵⌫eL. (2.5)

We can recast the weak lepton current part using the Majorana properties ��T
j C† =

�c
j = ⇠j�j , C�1�↵C = ��T

↵ and ⌫eL =
P

3

j=1

Uej�jL with Uej being the elements of the
first row of the PMNS mixing matrix.

Thus we get1:

(ēL�↵⌫eL)(ēL��⌫eL) =�
X

j

(Uej)2ē�↵PL�j�
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)PL��CēT

(2.6)

where S(x
1

� x
2

) is the propagator:

PLS(x
1

� x
2

)PL = PL(�i)
R

eiq(x
1

�x
2

)(/q + mk)dq

q2 �m2
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PL = PL(�i)(mk)
R

eiq(x
1

�x
2

)

q2 �m2

k

PL

(2.7)
Therefore one can define the e↵ective Majorana mass |hmi| corresponding to the con-
tribution from standard (V �A) charged current (CC) weak interaction as follows:

|hmi| ⌘
������

3X

j

(Uej)2 mj

������
= |m

1

U2

e1 + m
2

U2

e2 + m
3

U2

e3| , (all mj � 0). (2.8)

One can show (appendix of [9]) that taking some approximations, that usually
are made in calculating (��)

0⌫-decay amplitudes, the hadron current is a symmetric
operator:

A↵� ⌘ J↵(x
1

)J�(x
2

) = J�(x
2

)J↵(x
1

), (2.9)

therefore in the matrix element the product of the hadron part and the weak V-A
current can be written as:

� ē�↵PL��CēT A↵� = ē�↵��PRCēT A↵� = ē(g↵� +
1
2
(�↵������↵))PRCēT A↵� , (2.10)

1We define the chiral projectors as PL,R = (1⌥ �
5
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We study the implications of two on-interfering or interfering mechanisms in (��)0⌫-decay
using a multi-isotope approach involving NMEs of 48Ca .

I. LIMITS

GERDA T 0⌫
1/2(

76Ge) > 5.3⇥ 1025yr at 90% C.L., (1)

Kamland-Zen T 0⌫
1/2(

136Xe) > 1.1⇥ 1026yr at 90% C.L., (2)

LEGEND-200 T 0⌫
1/2(

76Ge) > few1027(1028laterstage)yr at 90% C.L., (3)

II. CONSTRAINTS

The most stringent upper limits on |m�� | were set by the IGEX (76Ge), CUORICINO (130Te),

NEMO3 (100Mo) and more recently by EXO-200 , KamLAND-ZEN (136Xe) and GERDA (76Ge)

experiments (see e.g. [1] for a summary). A lower limit on the half-life of 76Ge, T0⌫
1/2 > 1.9⇥ 1025 yr

(90% C.L.), was found in the Heidelberg-Moscow 76Ge experiment (HdM) [2]. Further a positive

(��)0⌫-decay signal at> 3�, corresponding to T0⌫
1/2 = (0.69�4.18)⇥1025 yr (99.73% C.L.) and implying

|m�� | = (0.1�0.9) eV, was claimed to have been observed in [3], and a later analysis reported evidence

for (��)0⌫-decay at 6� corresponding to |m�� | = 0.32± 0.03 eV [4]. More recently, a large number of

projects, or already running experiments, have aimed at a sensitivity of |m�� | ⇠ (0.01�0.05) eV, i.e.,

to probe the range of |m�� | corresponding to IH mass spectrum [1]: CUORE (130Te), GERDA (76Ge),
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propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]

M ¼ ðm1m2Þ3=5

ðm1 þm2Þ1=5
¼ c3

G

!
5

96
π−8=3f−11=3 _f

"
3=5

;

where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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CUBE [9]). The next-generation kilometer-scale
laser-interferometric GW detectors such as aLIGO
[10], aVIRGO [11], and KAGRA [12] will have
strong impact on multi-messenger astronomy.
The goal of this work is to investigate whether ex-
periments, making use of GW detection in com-
bination with associated photon and neutrino de-
tections, can make a dent in understanding the
ordering of neutrino masses.
Current experiments cannot yet decide on the
neutrino mass ordering while their absolute mass
is constrained by cosmology and tritium-beta de-
cay experiments. Future large scale structure sur-
veys like the recently approved EUCLID [13], will
allow to constrain

P
i mi down to 0.01 eV when

combined with Planck data.
In the following we explore the conditions under
which multi-messenger astronomy can reveal or
constrain the neutrino mass ordering and abso-
lute mass.

II. MULTI-MESSENGER ASTRONOMY

The detection of GWs is a crucial test of
general relativity and, as already discussed in
the literature (see e.g. [14]), it is also important
to deduce other relevant physical properties.
This new information can be derived when
comparing, for example, their propagation
velocity with those of photons and neutrinos
coming both from the same astrophysical source.

A. Set-up

Let’s start by considering a potential obser-
vation of an astrophysical catastrophe. Using
the same notation of [14], we denote with Tg ⌘
L/vg, T⌫i ⌘ L/v⌫i and T� ⌘ L/v� respectively the
time of propagation of a GW, a given neutrino
mass eigenstate and photons with group veloci-
ties vg, v⌫i , and v�. Following Fig. 1 a GW is emit-
ted at the time tE

g from a source at distance L and
detected on Earth at tg. Similarly, we have emis-
sion and detection times for photons and neu-
trinos. For instance, astrophysical catastrophes

GW
Tg

⌫
T⌫

�
T�

tE
g tE

⌫ tE
� tg t�t⌫

Figure 1. GW, neutrino and photon propagation in
time.

like the merging of a neutron star binary or the
core bounce of a core-collapsed supernova (SN)
are believed to follow this pattern. We will adopt
and extend the notation of [14]. The di↵erence
of the arrival times between the GWs and neu-
trinos, ⌧obs ⌘ t⌫ � tg, or the GW and a photon,
⌧�obs ⌘ t� � tg, are both observables, which can be
positive or negative for an early or late arrival
of a GW. Typically the emission time of the three
signals (GW, � and ⌫) do not coincide1. For in-
stance in the supernova explosion SN1987A [16],
the neutrinos arrived approximately 2 – 3 hours
before the associated photons.
Let us assume now that a neutrino is emitted at
tE
⌫ = tE

g + ⌧
⌫
int and detected at time t⌫. A relativistic

mass eigenstate neutrino with mass mi c2 ⌧ E (
i = 1, 2, 3 ) propagates with a group velocity:

vi

c
= 1 � m2

i c4

2E2 + O
0
BBBB@

m4
i c8

8E4

1
CCCCA , (1)

where we assumed that the di↵erent species of
neutrinos have been produced with a common
energy value E. If a given neutrino is produced
by a source at a distance L, the time-of-flight delay

1 In alternative theory of gravity the three particles under
study — photons, gravitons and neutrinos— can couple to
di↵erent e↵ective metrics. In this case the Shapiro delay
is not the same for the three signals [15]. In this work
however we assume the same coupling to the metric for
all the signals.
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Normal Ordering Inverted Ordering
bfp ±1� 3� range bfp ±1� 3� range

sin2 ✓12 0.304+0.013
�0.012 0.270! 0.344 0.304+0.013

�0.012 0.270! 0.344

sin2 ✓23 0.452+0.052
�0.028 0.382! 0.643 0.579+0.025

�0.037 0.389! 0.644

sin2 ✓13 0.0218+0.0010
�0.0010 0.0186! 0.0250 0.0219+0.0011

�0.0010 0.0188! 0.0251

�m2
21[10�5 eV2] 7.50+0.19

�0.17 7.02! 8.09 7.50+0.19
�0.17 7.02! 8.09

�m2
3`[10�3 eV2] +2.457+0.047

�0.047 +2.317! +2.607 �2.449+0.048
�0.047 �2.590! �2.307

Table I. Three-flavor oscillation parameters from the fit to global data after the NOW 2014 conference performed
by the NuFIT group [17]. The numbers in the 1st (2nd) column are obtained assuming NO (IO). Note that
�m2

3` ⌘ �m2
31 > 0 for NO and �m2

3` ⌘ �m2
32 < 0 for IO.

�ti with respect to a massless particle, emitted by
the same source at the same time, is

�ti �
m2

i c4

2E2
L
c
= 2.57

 
mic2

eV

!2 ✓ E
MeV

◆�2 L
50kpc

s.

(2)
Here we do not take into account cosmic expan-
sion since we consider sources at low redshift,
z < 0.1. This causes an error less than 5%. From
the expression in (2) we observe that larger dis-
tances and small neutrino energies are needed in
order to maximise the experimental sensitivity.
For distances around 50 kpc (SN1987A) and an
energy of 10 MeV, a neutrino with a mass of 0.07
eV (the upper current absolute mass scale inferred
from the Planck Collaboration [8]) would arrive
⇠ 10�4 s later than a massless particle. Similar to
(2) we express the time delay between the arrival
of two neutrino mass eigenstates as:

�t⌫i⌫ j = �ti � �tj =
�m2

i jc
4

2E2 T0 with T0 =
L
c
, (3)

with �m2
i j = m2

i � m2
j and to leading order in

m2c4/E2. In this limit the time intervals don’t de-
pend on the absolute neutrino mass scale. To
learn about the sensitivity needed to disentangle
di↵erent neutrino mass di↵erences we pause this
discussion and resume it after having briefly re-
viewed the current status of neutrino ordering in
the next subsection.

B. Neutrino orderings: current status

Current available neutrino oscillation data
[17] (see Table I) are compatible with two types of
neutrino mass spectra. These depend on the sign
of �m2

3` (` = 1, 2) and are summarised below:
i) spectrum with normal ordering (NO):
m1 < m2 < m3, �m2

31 > 0, �m2
21 > 0,

m2(3) = (m2
1 + �m2

21(31))
1
2 ;

ii) spectrum with inverted ordering (IO):
m3 < m1 < m2, �m2

32 < 0, �m2
21 > 0,

m2 = (m2
3 + �m2

23)
1
2 , m1 = (m2

3 + �m2
23 � �m2

21)
1
2 .

It should be kept in mind also that
�m2

31(NO) = |�m2
32(IO)|, where the notation

is self-explanatory. Depending on the value of the
lightest neutrino mass, mmin, the neutrino mass
spectrum can be:
a) Normal Hierarchical (NH):
m1 ⌧ m2 < m3, m2 � (�m2

21)
1
2 � 8.68 ⇥ 10�3 eV,

m3 � (�m2
31)

1
2 � 4.97 ⇥ 10�2 eV; or

b) Inverted Hierarchical (IH):
m3 ⌧ m1 < m2, with m1,2 � |�m2

32|
1
2 �

4.97 ⇥ 10�2 eV; or
c) Quasi-Degenerate (QD):
m1 � m2 � m3 � m0, m2

j � |�m2
31(32)|, m0 & 0.1 eV,

j = 1, 2, 3. We denote solar and atmospheric
square mass di↵erences respectively, �m2

21 and
�m2

3`.
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like the merging of a neutron star binary or the
core bounce of a core-collapsed supernova (SN)
are believed to follow this pattern. We will adopt
and extend the notation of [14]. The di↵erence
of the arrival times between the GWs and neu-
trinos, ⌧obs ⌘ t⌫ � tg, or the GW and a photon,
⌧�obs ⌘ t� � tg, are both observables, which can be
positive or negative for an early or late arrival
of a GW. Typically the emission time of the three
signals (GW, � and ⌫) do not coincide1. For in-
stance in the supernova explosion SN1987A [16],
the neutrinos arrived approximately 2 – 3 hours
before the associated photons.
Let us assume now that a neutrino is emitted at
tE
⌫ = tE

g + ⌧
⌫
int and detected at time t⌫. A relativistic

mass eigenstate neutrino with mass mi c2 ⌧ E (
i = 1, 2, 3 ) propagates with a group velocity:
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where we assumed that the di↵erent species of
neutrinos have been produced with a common
energy value E. If a given neutrino is produced
by a source at a distance L, the time-of-flight delay

1 In alternative theory of gravity the three particles under
study — photons, gravitons and neutrinos— can couple to
di↵erent e↵ective metrics. In this case the Shapiro delay
is not the same for the three signals [15]. In this work
however we assume the same coupling to the metric for
all the signals.
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Neutrinos are produced as flavour eigenstates 
ν_(e, μ, τ) but they propagate as mass 
eigenstates ν_(1,2,3) 

1 Motivations and Goals

neutrino masses.

I The three neutrino mixing framework

In the formalism used to construct the Standard Model (SM), the existence of a non-
trivial neutrino mixing and massive neutrinos implies that the left-handed (LH) flavour
neutrino fields ⌫lL(x), which enter into the expression for the lepton current in the
charged current weak interaction Lagrangian, are linear combinations of the fields of
three (or more) neutrinos ⌫j , having masses mj 6= 0:

⌫lL(x) =
X

j

Ulj ⌫jL(x), l = e, µ, ⌧, (1.1)

where ⌫jL(x) is the LH component of the field of ⌫j possessing a mass mj � 0 and U is a
unitary matrix —the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) neutrino mixing ma-
trix [3, 4, 9], U ⌘ U

PMNS

. Similarly to the Cabibbo-Kobayashi-Maskawa (CKM) quark
mixing matrix, the leptonic matrix U

PMNS

, is described (to a good approximation) by
a 3⇥3 unitary mixing matrix. In the widely used standard parametrization [6], U

PMNS

is expressed in terms of the solar, atmospheric and reactor neutrino mixing angles ✓
12

,
✓
23

and ✓
13

, respectively, and one Dirac - �, and two (eventually) Majorana [21] - ↵
21

and ↵
31

, CP violating phases:

U
PMNS

⌘ U = V (✓
12

, ✓
23

, ✓
13

, �) Q(↵
21

,↵
31

) , (1.2)

where

V =

0

@
1 0 0
0 c

23

s
23

0 �s
23

c
23

1

A

0

@
c
13

0 s
13

e�i�

0 1 0
�s

13

ei� 0 c
13

1

A

0

@
c
12

s
12

0
�s

12

c
12

0
0 0 1

1

A , (1.3)

and we have used the standard notation cij ⌘ cos ✓ij , sij ⌘ sin ✓ij , the allowed range
for the values of the angles being 0  ✓ij  ⇡/2, and

Q = Diag(1, ei↵
21

/2, ei↵
31

/2) . (1.4)

The neutrino oscillation data, accumulated over many years, allowed to determine
the frequencies and the amplitudes (i.e. the angles and the mass squared di↵erences)
which drive the solar and atmospheric neutrino oscillations, with a rather high precision
(see, e.g., [6]). Furthermore, there were spectacular developments in the period June
2011 - June 2012 year in what concerns the CHOOZ angle ✓

13

. In June of 2011 the T2K
collaboration reported [22] evidence at 2.5� for a non-zero value of ✓

13

. Subsequently
the MINOS [23] and Double Chooz [24] collaborations also reported evidence for ✓

13

6=
0, although with a smaller statistical significance. Global analysis of the neutrino
oscillation data, including the data from the T2K and MINOS experiments, performed
in [25], showed that actually sin ✓

13

6= 0 at � 3�. In March of 2012 the first data of
the Daya Bay reactor antineutrino experiment on ✓

13

were published [26]. The value
of sin2 2✓

13

was measured with a rather high precision and was found to be di↵erent
from zero at 5.2�:

sin2 2✓
13

= 0.092± 0.016± 0.005 . (1.5)

3

Set Up
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�0.012 0.270! 0.344

sin2 ✓23 0.452+0.052
�0.028 0.382! 0.643 0.579+0.025

�0.037 0.389! 0.644

sin2 ✓13 0.0218+0.0010
�0.0010 0.0186! 0.0250 0.0219+0.0011

�0.0010 0.0188! 0.0251

�m2
21[10�5 eV2] 7.50+0.19

�0.17 7.02! 8.09 7.50+0.19
�0.17 7.02! 8.09

�m2
3`[10�3 eV2] +2.457+0.047

�0.047 +2.317! +2.607 �2.449+0.048
�0.047 �2.590! �2.307

Table I. Three-flavor oscillation parameters from the fit to global data after the NOW 2014 conference performed
by the NuFIT group [17]. The numbers in the 1st (2nd) column are obtained assuming NO (IO). Note that
�m2

3` ⌘ �m2
31 > 0 for NO and �m2

3` ⌘ �m2
32 < 0 for IO.

�ti with respect to a massless particle, emitted by
the same source at the same time, is

�ti �
m2

i c4

2E2
L
c
= 2.57

 
mic2

eV

!2 ✓ E
MeV

◆�2 L
50kpc

s.

(2)
Here we do not take into account cosmic expan-
sion since we consider sources at low redshift,
z < 0.1. This causes an error less than 5%. From
the expression in (2) we observe that larger dis-
tances and small neutrino energies are needed in
order to maximise the experimental sensitivity.
For distances around 50 kpc (SN1987A) and an
energy of 10 MeV, a neutrino with a mass of 0.07
eV (the upper current absolute mass scale inferred
from the Planck Collaboration [8]) would arrive
⇠ 10�4 s later than a massless particle. Similar to
(2) we express the time delay between the arrival
of two neutrino mass eigenstates as:

�t⌫i⌫ j = �ti � �tj =
�m2

i jc
4

2E2 T0 with T0 =
L
c
, (3)

with �m2
i j = m2

i � m2
j and to leading order in

m2c4/E2. In this limit the time intervals don’t de-
pend on the absolute neutrino mass scale. To
learn about the sensitivity needed to disentangle
di↵erent neutrino mass di↵erences we pause this
discussion and resume it after having briefly re-
viewed the current status of neutrino ordering in
the next subsection.

B. Neutrino orderings: current status

Current available neutrino oscillation data
[17] (see Table I) are compatible with two types of
neutrino mass spectra. These depend on the sign
of �m2

3` (` = 1, 2) and are summarised below:
i) spectrum with normal ordering (NO):
m1 < m2 < m3, �m2

31 > 0, �m2
21 > 0,

m2(3) = (m2
1 + �m2

21(31))
1
2 ;

ii) spectrum with inverted ordering (IO):
m3 < m1 < m2, �m2

32 < 0, �m2
21 > 0,

m2 = (m2
3 + �m2

23)
1
2 , m1 = (m2

3 + �m2
23 � �m2

21)
1
2 .

It should be kept in mind also that
�m2

31(NO) = |�m2
32(IO)|, where the notation

is self-explanatory. Depending on the value of the
lightest neutrino mass, mmin, the neutrino mass
spectrum can be:
a) Normal Hierarchical (NH):
m1 ⌧ m2 < m3, m2 � (�m2

21)
1
2 � 8.68 ⇥ 10�3 eV,

m3 � (�m2
31)

1
2 � 4.97 ⇥ 10�2 eV; or

b) Inverted Hierarchical (IH):
m3 ⌧ m1 < m2, with m1,2 � |�m2

32|
1
2 �

4.97 ⇥ 10�2 eV; or
c) Quasi-Degenerate (QD):
m1 � m2 � m3 � m0, m2

j � |�m2
31(32)|, m0 & 0.1 eV,

j = 1, 2, 3. We denote solar and atmospheric
square mass di↵erences respectively, �m2

21 and
�m2

3`.
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Figure 2. The range of �ti (i = 1, 2, 3), the time delay of neutrinos with respect to photons, vs the lightest of
the neutrino masses, mmin, for a distance of 1 Mpc and 10 Mev. We show the results for NO and IO (left and
right panels) considering a the 3� uncertainty in the oscillations parameters given in Table I. The dashed and
dotted vertical lines correspond to the Planck limit on the sum of neutrinos masses and the perspective upper
limits from the KATRIN experiment (more details in the text).

larger than ⇠ 0.8 Mpc. We show in Fig. 2 the time
delay (for each mass eigenstate) �ti considering
NO and IO (left and right panels respectively)
as function of the lightest neutrino mass, setting
the neutrino energy to 10 MeV and the distance
of the source to 1 Mpc. The physically relevant
arrival time di↵erences between neutrino mass
eigenstates �t⌫i⌫ j can be readily determined from
Fig. 2. We also report in the plot the future sensi-
tivity on the absolute neutrino mass of the �-decay
experiment KATRIN [17] which is expected to be
around 0.2 eV and the constraints given by the
Planck Collaboration on the sum of the light active
neutrinos [8]

P
i mi  0.23 eV 95% CL. From Fig. 2

we observe that for the given distance and energy,
the NO and IO spectra di↵er by having di↵erent
time delays i.e. di↵erent detection patterns. We
note that for IO the delay between the two heavi-
est mass eigenstates is equivalent to the time lapse
between the first two lighter mass eigenstates for
NO. The time lapse di↵erences for both NO and
IO will fall within reach of the next generation of
detectors in which the time accuracy is expected to
be around 10�4s. In Table II we produce relevant
benchmark neutrino time lapses considering two
di↵erent source-distances for di↵erent values of
the lightest neutrino mass for 10 MeV neutrinos.
Table III shows the substantial gain in time-lapse
for the distances of 1 (10) Mpc but with a neutrino
mass energy of 5 MeV which is still within exper-
imental reach [18].

mmin [eV] �t⌫i [s]
NO IO

0
0 1.23 · 10�5(10�3)

3.86 · 10�7(10�5) 1.26 · 10�5(10�3)
1.26 · 10�5(10�3) 0

0.01
5.14 · 10�7(10�5) 1.28 · 10�5(10�3)
9.00 · 10�7(10�5) 1.32 · 10�5(10�3)
1.32 · 10�5(10�3) 5.14 · 10�7(10�5)

Table II. Benchmark time lapses for ⌫1, ⌫2 and ⌫3 re-
spectively. We consider a distance of 10 kpc (1 Mpc)
and a neutrino energy of E = 10 MeV.

mmin [eV] �t⌫i [s]
NO IO

0
0 4.91 · 10�3(10�2)

1.54 · 10�4(10�3) 5.06 · 10�3(10�2)
5.06 · 10�3(10�2) 0

0.01
2.06 · 10�4(10�3) 5.11 · 10�3(10�2)
3.60 · 10�4(10�3) 5.27 · 10�3(10�2)
5.27 · 10�3(10�2) 2.06 · 10�4(10�3)

Table III. Benchmark time lapses for ⌫1, ⌫2 and ⌫3

respectively. We consider a distance of 1 (10) Mpc and
a neutrino energy of E = 5 MeV.

In addition to the time stamp information, also
the ratio between the amplitudes of the di↵er-
ent neutrinos reaching the detector can be mea-
sured. Since the distances considered here are
very large, neutrinos will reach the detector in-
coherently such that the time integrated arrival

Time delay of neutrinos with respect to photons 
for a distance of 400 Mpc (LIGO event) and  
E=5 MeV.

5

Figure 2. The range of �ti (i = 1, 2, 3), the time delay of neutrinos with respect to photons, vs the lightest of
the neutrino masses, mmin, for a distance of 1 Mpc and 10 MeV. We show the results for NO and IO (left and
right panels) considering a the 3� uncertainty in the oscillations parameters given in Table I. The dashed and
dotted vertical lines correspond to the Planck limit on the sum of neutrinos masses and the perspective upper
limits from the KATRIN experiment (more details in the text).
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and a neutrino energy of E = 10 MeV.
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Table III. Benchmark time lapses for ⌫1, ⌫2 and ⌫3

respectively. We consider a distance of 1 (10) Mpc and
a neutrino energy of E = 5 MeV.

mass eigenstates is equivalent to the time lapse
between the first two lighter mass eigenstates for
NO. If we consider a conservative time accuracy
of 10�4 s for the next generation of detectors 4, the

4 This accuracy is conservative compared with an estimate
based on the uncertainty on the vertex reconstruction,
which is about 3 m for Hyper-Kamiokande [34]. In or-

time lapse di↵erences between NO and IO will
not be distinguishable.

However, in addition to the time information,
also the ratio between the amplitudes of the dif-
ferent neutrinos reaching the detector can be mea-
sured. Since the distances considered here are
very large, neutrinos will reach the detector in-
coherently such that the time integrated arrival
probability is:

P
⇣
⌫↵ ! ⌫�

⌘
=
X

i

���U↵i
���2
���U�i
���2 , (4)

where ↵ and � are flavour eigenstates. In fact, this
expression holds true whenever the time arrival
di↵erences among the three mass eigenstates is
smaller than the detector time resolution. How-
ever, when�t⌫i⌫ j is larger than the detector resolu-
tion, then each mass eigenstates ⌫i can be detected
independently and will interact with the detector
with probability 5

P
⇣
⌫↵ ! ⌫�

⌘
i
=
���U↵i
���2
���U�i
���2 . (5)

For simplicity, here we do not consider matter ef-
fects which could in principle take place in the

der to obtain a global time, when comparing with other
experiments, a higher uncertainty is expected.

5 We work in the regime of incoherence. Defining �xP (�xD)
as the spatial width of the production (detection) neu-
trino wave packet, we work under the assumption that
|(vj�vk)L/c|� max(�xP, �xD) being vi and vj the two group
velocities of the two wave packets of neutrino mass eigen-
states ⌫i and ⌫ j.

L=10 kpc (1 Mpc) and E= 10 MeV.

L=1 Mpc (10 Mpc) and E= 5 MeV.

 Time Lapses
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Normal Ordering Inverted Ordering
bfp ±1� 3� range bfp ±1� 3� range

sin2 ✓12 0.304+0.013
�0.012 0.270! 0.344 0.304+0.013

�0.012 0.270! 0.344

sin2 ✓23 0.452+0.052
�0.028 0.382! 0.643 0.579+0.025

�0.037 0.389! 0.644

sin2 ✓13 0.0218+0.0010
�0.0010 0.0186! 0.0250 0.0219+0.0011

�0.0010 0.0188! 0.0251

�m2
21[10�5 eV2] 7.50+0.19

�0.17 7.02! 8.09 7.50+0.19
�0.17 7.02! 8.09

�m2
3`[10�3 eV2] +2.457+0.047

�0.047 +2.317! +2.607 �2.449+0.048
�0.047 �2.590! �2.307

Table I. Three-flavor oscillation parameters from the fit to global data after the NOW 2014 conference performed
by the NuFIT group [17]. The numbers in the 1st (2nd) column are obtained assuming NO (IO). Note that
�m2

3` ⌘ �m2
31 > 0 for NO and �m2

3` ⌘ �m2
32 < 0 for IO.

�ti with respect to a massless particle, emitted by
the same source at the same time, is

�ti �
m2

i c4

2E2
L
c
= 2.57

 
mic2

eV

!2 ✓ E
MeV

◆�2 L
50kpc

s.

(2)
Here we do not take into account cosmic expan-
sion since we consider sources at low redshift,
z < 0.1. This causes an error less than 5%. From
the expression in (2) we observe that larger dis-
tances and small neutrino energies are needed in
order to maximise the experimental sensitivity.
For distances around 50 kpc (SN1987A) and an
energy of 10 MeV, a neutrino with a mass of 0.07
eV (the upper current absolute mass scale inferred
from the Planck Collaboration [8]) would arrive
⇠ 10�4 s later than a massless particle. Similar to
(2) we express the time delay between the arrival
of two neutrino mass eigenstates as:

�t⌫i⌫ j = �ti � �tj =
�m2

i jc
4

2E2 T0 with T0 =
L
c
, (3)

with �m2
i j = m2

i � m2
j and to leading order in

m2c4/E2. In this limit the time intervals don’t de-
pend on the absolute neutrino mass scale. To
learn about the sensitivity needed to disentangle
di↵erent neutrino mass di↵erences we pause this
discussion and resume it after having briefly re-
viewed the current status of neutrino ordering in
the next subsection.

B. Neutrino orderings: current status

Current available neutrino oscillation data
[17] (see Table I) are compatible with two types of
neutrino mass spectra. These depend on the sign
of �m2

3` (` = 1, 2) and are summarised below:
i) spectrum with normal ordering (NO):
m1 < m2 < m3, �m2

31 > 0, �m2
21 > 0,

m2(3) = (m2
1 + �m2

21(31))
1
2 ;

ii) spectrum with inverted ordering (IO):
m3 < m1 < m2, �m2

32 < 0, �m2
21 > 0,

m2 = (m2
3 + �m2

23)
1
2 , m1 = (m2

3 + �m2
23 � �m2

21)
1
2 .

It should be kept in mind also that
�m2

31(NO) = |�m2
32(IO)|, where the notation

is self-explanatory. Depending on the value of the
lightest neutrino mass, mmin, the neutrino mass
spectrum can be:
a) Normal Hierarchical (NH):
m1 ⌧ m2 < m3, m2 � (�m2

21)
1
2 � 8.68 ⇥ 10�3 eV,

m3 � (�m2
31)

1
2 � 4.97 ⇥ 10�2 eV; or

b) Inverted Hierarchical (IH):
m3 ⌧ m1 < m2, with m1,2 � |�m2

32|
1
2 �

4.97 ⇥ 10�2 eV; or
c) Quasi-Degenerate (QD):
m1 � m2 � m3 � m0, m2

j � |�m2
31(32)|, m0 & 0.1 eV,

j = 1, 2, 3. We denote solar and atmospheric
square mass di↵erences respectively, �m2

21 and
�m2

3`.

Normal Ordering Inverted Ordering

10 14. Neutrino mixing

violating effects will be strongly suppressed. In particular, we get A
(l′l)
CP = 0, unless all

three ∆m2
ij ̸= 0, (ij) = (32), (21), (13).

If the number of massive neutrinos n is equal to the number of neutrino flavours,
n = 3, one has as a consequence of the unitarity of the neutrino mixing matrix:
!

l′=e,µ,τ P (νl → νl′) = 1, l = e, µ, τ ,
!

l=e,µ,τ P (νl → νl′) = 1, l′ = e, µ, τ .
Similar “probability conservation” equations hold for P (ν̄l → ν̄l′). If, however, the
number of light massive neutrinos is bigger than the number of flavour neutrinos as
a consequence, e.g., of a flavour neutrino - sterile neutrino mixing, we would have
!

l′=e,µ,τ P (νl → νl′) = 1 − P (νl → ν̄sL), l = e, µ, τ , where we have assumed the
existence of just one sterile neutrino. Obviously, in this case

!

l′=e,µ,τ P (νl → νl′) < 1 if
P (νl → ν̄sL) ̸= 0. The former inequality is used in the searches for oscillations between
active and sterile neutrinos.

Consider next neutrino oscillations in the case of one neutrino mass squared difference
“dominance”: suppose that |∆m2

j1| ≪ |∆m2
n1|, j = 2, ..., (n − 1), |∆m2

n1|L/(2p) !1 and

|∆m2
j1|L/(2p) ≪ 1, so that exp[i(∆m2

j1 L/(2p)] ∼= 1, j = 2, ..., (n − 1). Under these
conditions we obtain from Eq. (14.13) and Eq. (14.14), keeping only the oscillating terms
involving ∆m2

n1:

P (νl(l′) → νl′(l))
∼= P (ν̄l(l′) → ν̄l′(l))

∼= δll′ − 2|Uln|2
"

δll′ − |Ul′n|
2
#

(1 − cos
∆m2

n1

2p
L) . (14.20)

It follows from the neutrino oscillation data (Sections 14.4 and 14.5) that in the case
of 3-neutrino mixing, one of the two independent neutrino mass squared differences, say
∆m2

21, is much smaller in absolute value than the second one, ∆m2
31: |∆m2

21| ≪ |∆m2
31|.

The data imply:

|∆m2
21| ∼= 7.5 × 10−5 eV2 ,

|∆m2
31| ∼= 2.5 × 10−3 eV2 ,

|∆m2
21|/|∆m2

31| ∼= 0.03 . (14.21)

Neglecting the effects due to ∆m2
21 we get from Eq. (14.20) by setting n = 3 and choosing,

e.g., i) l = l′ = e and ii) l = e(µ), l′ = µ(e) [60]:

P (νe → νe) = P (ν̄e → ν̄e) ∼= 1 − 2|Ue3|2
$

1 − |Ue3|2
%

&

1 − cos
∆m2

31

2p
L

'

, (14.22)

P (νµ(e) → νe(µ)) ∼= 2 |Uµ3|2 |Ue3|2
&

1 − cos
∆m2

31

2p
L

'

=
|Uµ3|2

1 − |Ue3|2
P 2ν

$

|Ue3|2, m2
31

%

, (14.23)
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of 3-neutrino mixing, one of the two independent neutrino mass squared differences, say
∆m2

21, is much smaller in absolute value than the second one, ∆m2
31: |∆m2

21| ≪ |∆m2
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The data imply:
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Neglecting the effects due to ∆m2
21 we get from Eq. (14.20) by setting n = 3 and choosing,

e.g., i) l = l′ = e and ii) l = e(µ), l′ = µ(e) [60]:
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P (νµ(e) → νe(µ)) ∼= 2 |Uµ3|2 |Ue3|2
&

1 − cos
∆m2

31

2p
L

'

=
|Uµ3|2

1 − |Ue3|2
P 2ν

$

|Ue3|2, m2
31

%

, (14.23)
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Time delay of neutrinos with respect to photons for a distance of 1 Mpc and 10 MeV 
using a 3σ uncertainty on neutrino oscillation parameters.
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Disentangling neutrino mass ordering
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Figure 2. The range of �ti (i = 1, 2, 3), the time delay of neutrinos with respect to photons, vs the lightest of
the neutrino masses, mmin, for a distance of 1 Mpc and 10 MeV. We show the results for NO and IO (left and
right panels) considering a the 3� uncertainty in the oscillations parameters given in Table I. The dashed and
dotted vertical lines correspond to the Planck limit on the sum of neutrinos masses and the perspective upper
limits from the KATRIN experiment (more details in the text).

mmin [eV] �t⌫i [s]
NO IO

0
0 1.23 · 10�5(10�3)

3.86 · 10�7(10�5) 1.26 · 10�5(10�3)
1.26 · 10�5(10�3) 0

0.01
5.14 · 10�7(10�5) 1.28 · 10�5(10�3)
9.00 · 10�7(10�5) 1.32 · 10�5(10�3)
1.32 · 10�5(10�3) 5.14 · 10�7(10�5)

Table II. Benchmark time lapses for ⌫1, ⌫2 and ⌫3 re-
spectively. We consider a distance of 10 kpc (1 Mpc)
and a neutrino energy of E = 10 MeV.

mmin [eV] �t⌫i [s]
NO IO

0
0 4.91 · 10�3(10�2)

1.54 · 10�4(10�3) 5.06 · 10�3(10�2)
5.06 · 10�3(10�2) 0

0.01
2.06 · 10�4(10�3) 5.11 · 10�3(10�2)
3.60 · 10�4(10�3) 5.27 · 10�3(10�2)
5.27 · 10�3(10�2) 2.06 · 10�4(10�3)

Table III. Benchmark time lapses for ⌫1, ⌫2 and ⌫3

respectively. We consider a distance of 1 (10) Mpc and
a neutrino energy of E = 5 MeV.

mass eigenstates is equivalent to the time lapse
between the first two lighter mass eigenstates for
NO. If we consider a conservative time accuracy
of 10�4 s for the next generation of detectors 4, the

4 This accuracy is conservative compared with an estimate
based on the uncertainty on the vertex reconstruction,
which is about 3 m for Hyper-Kamiokande [34]. In or-

time lapse di↵erences between NO and IO will
not be distinguishable.

However, in addition to the time information,
also the ratio between the amplitudes of the dif-
ferent neutrinos reaching the detector can be mea-
sured. Since the distances considered here are
very large, neutrinos will reach the detector in-
coherently such that the time integrated arrival
probability is:

P
⇣
⌫↵ ! ⌫�

⌘
=
X

i

���U↵i
���2
���U�i
���2 , (4)

where ↵ and � are flavour eigenstates. In fact, this
expression holds true whenever the time arrival
di↵erences among the three mass eigenstates is
smaller than the detector time resolution. How-
ever, when�t⌫i⌫ j is larger than the detector resolu-
tion, then each mass eigenstates ⌫i can be detected
independently and will interact with the detector
with probability 5

P
⇣
⌫↵ ! ⌫�

⌘
i
=
���U↵i
���2
���U�i
���2 . (5)

For simplicity, here we do not consider matter ef-
fects which could in principle take place in the

der to obtain a global time, when comparing with other
experiments, a higher uncertainty is expected.

5 We work in the regime of incoherence. Defining �xP (�xD)
as the spatial width of the production (detection) neu-
trino wave packet, we work under the assumption that
|(vj�vk)L/c|� max(�xP, �xD) being vi and vj the two group
velocities of the two wave packets of neutrino mass eigen-
states ⌫i and ⌫ j.

decoherence

Valid if the time arrival differences among 
the three mass eigenstates is smaller 
than the detector time resolution  

When ∆tνiνj is larger than the detector 
resolution, each mass eigenstates νi can be 
detected independently 

Schematic representation of the square root of the probability of detecting flavour state νe if the source emits 
a short burst of νe as a function of time.  E=5 MeV. We assume NO and each bin corresponds to a fiducial 
collective time of 5 ms.  



Aurora Meroni University of Helsinki 18

0

10

20

30

R ν
i (1

057
 s-1

)

0
2
4
6

L ν
i (1

053
 e

rg
 s-1

)

νe
νe
νx

0 10 20 30 40 50
t - tmerge (ms)

0

10

20

<E
ν i> 

(M
eV

)
What can be measured?What	informa'on	can	we	get?

When        can be 
disentangled from        and 
detector timing uncertainties, 
we can get information on the 
absolute mass.

�t1

When         can be 
disentangled from       and/or 
detector timing uncertainties, 
we can get information on the 
hierarchy.

�int

�t13

Prob.

Time�int

�1

�2 �3{

�t1
�t12 �t13

{

�int

When Δt1 can be disentangled from τint and 
detector timing uncertainties, we can get 
information on the absolute mass. 

When Δt13 can be disentangled from τint 
and/or detector timing uncertainties, we 
can get information on the absolute mass. 

BLACK HOLE–NEUTRON STAR MERGERS WITH A HOT NUCLEAR EQUATION OF STATE: 
OUTFLOW AND NEUTRINO-COOLED DISK FOR A LOW-MASS, HIGH-SPIN CASE 
M. Brett Deaton et al.
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τνint ∼ 10 ms  and  L = 1 Mpc. HK and JUNO 
energy thresholds,  Eν = 7 MeV (grey region) and 
Eν = 1.806 MeV (orange region) respectively.  
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Figure 4. Plot of �g as function of the lightest neutrino mass considering ⌧⌫int ⇠ 10 ms considering the (15). In
Left Panel we consider E⌫ = 5 MeV and L = 10 Mpc (grey region) or 100 Mpc (orange region). In the Right
Panel we show the same but considering the distance of the GW150914 event i.e. 400 Mpc. In the plots we
consider the most stringent bound for �g given in (18). The dashed and dotted vertical lines correspond to the
Planck limit and the perspective upper limits of KATRIN.

that implies:

�T⌫i g = ⌧
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obs � ⌧⌫int, (10)

where i denotes now the i-th neutrino mass eigen-
state. The deviation from the speed of light for
GWs and neutrinos reads:
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From the definition (9) follows:

�T⌫i g

T0
=

�⌫i � �g

(1 � �g)(1 � �⌫i)
, (13)

where, as already defined earlier, T0 = L/c. If
in (13) we consider an uncertainty in the time of
emission of neutrinos, ⌧⌫int, in order to detect the
GW and the neutrino signal, we must have:

|�T⌫i g| > ⌧⌫int, (14)

and using (13) to the first oder in �⌫ and �g one
finds:

|�⌫i � �g|T0 & ⌧⌫int. (15)

Using the inequality above and assuming ⌧⌫int ⇠
10 ms (typical time for a SN burst) and E⌫ = 5 MeV
we show in Fig. 4 the �g dependence on the light-
est neutrino mass for two benchmark distances,

L = 10 Mpc (grey region) and 100 Mpc (orange
region). In the right panel of Fig. 4 we show the
inequality (15) reach in the case neutrinos were
detected for the GW150914 event [1] correspond-
ing to a distance of 400 Mpc.

Depending on the distance and the considered
neutrino energy, we obtain di↵erent sensitivity
on mmin which are at least an order of magnitude
lower than present cosmological limits and the
perspective upper limit from KATRIN. For exam-
ple, for 10 Mpc it is possible to probe the lightest
neutrino mass up to ⇠ 0.02 eV, while events such
as GW150914, could probe masses of an order of
magnitude less.
Last, we notice that limits on vg can also be ob-
tained from high energetic events or from the re-
quirement of Lorentz invariance. In fact, if the
GW velocity is subluminal, then cosmic rays lose
their energy via gravitational Cherenkov radia-
tion and cannot reach the Earth. The fact that
ultra-high-energy cosmic rays are observed on
Earth limits the GW propagation speed to be

c � vg < 2 ⇥ 10�15(10�19)c, (16)

assuming that the cosmic rays have galactic ori-
gin (extra-galactic) [19].
Further independent constraints on Lorentz vio-
lation have been set by combining the observation
of the event GW150914 in GWs with the observa-
tion made by the Fermi Gamma-Ray Burst Mon-
itor [20] of a transient photon source in apparent
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CUBE [9]). The next-generation kilometer-scale
laser-interferometric GW detectors such as aLIGO
[10], aVIRGO [11], and KAGRA [12] will have
strong impact on multi-messenger astronomy.
The goal of this work is to investigate whether ex-
periments, making use of GW detection in com-
bination with associated photon and neutrino de-
tections, can make a dent in understanding the
ordering of neutrino masses.
Current experiments cannot yet decide on the
neutrino mass ordering while their absolute mass
is constrained by cosmology and tritium-beta de-
cay experiments. Future large scale structure sur-
veys like the recently approved EUCLID [13], will
allow to constrain

P
i mi down to 0.01 eV when

combined with Planck data.
In the following we explore the conditions under
which multi-messenger astronomy can reveal or
constrain the neutrino mass ordering and abso-
lute mass.

II. MULTI-MESSENGER ASTRONOMY

The detection of GWs is a crucial test of
general relativity and, as already discussed in
the literature (see e.g. [14]), it is also important
to deduce other relevant physical properties.
This new information can be derived when
comparing, for example, their propagation
velocity with those of photons and neutrinos
coming both from the same astrophysical source.

A. Set-up

Let’s start by considering a potential obser-
vation of an astrophysical catastrophe. Using
the same notation of [14], we denote with Tg ⌘
L/vg, T⌫i ⌘ L/v⌫i and T� ⌘ L/v� respectively the
time of propagation of a GW, a given neutrino
mass eigenstate and photons with group veloci-
ties vg, v⌫i , and v�. Following Fig. 1 a GW is emit-
ted at the time tE

g from a source at distance L and
detected on Earth at tg. Similarly, we have emis-
sion and detection times for photons and neu-
trinos. For instance, astrophysical catastrophes

GW
Tg

⌫
T⌫

�
T�

tE
g tE

⌫ tE
� tg t�t⌫

Figure 1. GW, neutrino and photon propagation in
time.

like the merging of a neutron star binary or the
core bounce of a core-collapsed supernova (SN)
are believed to follow this pattern. We will adopt
and extend the notation of [14]. The di↵erence
of the arrival times between the GWs and neu-
trinos, ⌧obs ⌘ t⌫ � tg, or the GW and a photon,
⌧�obs ⌘ t� � tg, are both observables, which can be
positive or negative for an early or late arrival
of a GW. Typically the emission time of the three
signals (GW, � and ⌫) do not coincide1. For in-
stance in the supernova explosion SN1987A [16],
the neutrinos arrived approximately 2 – 3 hours
before the associated photons.
Let us assume now that a neutrino is emitted at
tE
⌫ = tE

g + ⌧
⌫
int and detected at time t⌫. A relativistic

mass eigenstate neutrino with mass mi c2 ⌧ E (
i = 1, 2, 3 ) propagates with a group velocity:

vi

c
= 1 � m2

i c4

2E2 + O
0
BBBB@

m4
i c8

8E4

1
CCCCA , (1)

where we assumed that the di↵erent species of
neutrinos have been produced with a common
energy value E. If a given neutrino is produced
by a source at a distance L, the time-of-flight delay

1 In alternative theory of gravity the three particles under
study — photons, gravitons and neutrinos— can couple to
di↵erent e↵ective metrics. In this case the Shapiro delay
is not the same for the three signals [15]. In this work
however we assume the same coupling to the metric for
all the signals.
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Figure 4. Plot of �g as function of the lightest neutrino
mass considering ⌧⌫int ⇠ 10 ms considering the eq. (12).
We consider of the HK and JUNO energy thresholds,
E⌫ = 7 MeV (grey region) and E⌫ = 1.806 MeV (orange
region), respectively, for L = 1 Mpc. The dashed and
dotted vertical lines correspond to the Planck limit,P

i mi < 0.23 eV, and the perspective upper limits of
KATRIN, 0.2 eV.

and could probe neutrino mass up to ⇠ 0.02 eV
for distances around 1 Mpc, which are at least
an order of magnitude lower than present cos-
mological limits and the perspective upper limit
from KATRIN, see orange region in Fig. 4.
Last, we notice that limits on vg can also be ob-
tained from high energetic events or from the re-
quirement of Lorentz invariance. In fact, if the
GW velocity is subluminal, then cosmic rays lose
their energy via gravitational Cherenkov radia-
tion and cannot reach the Earth. The fact that
ultra-high-energy cosmic rays are observed on
Earth limits the GW propagation speed to be

c � vg < 2 ⇥ 10�15(10�19)c, (13)

assuming that the cosmic rays have galactic ori-
gin (extra-galactic) [35].
Further independent constraints on Lorentz vio-
lation can therefore be set when observing pho-
ton and gravitational waves. An attempt of do-
ing so appeared in [36] by combining the event
GW150914 in GWs with the observation made by
the Fermi Gamma-Ray Burst Monitor [37] of a
transient photon source in apparent coincidence
[36]

vg � c < 10�17c. (14)

There are serious concerns about the true correla-
tion between the two events. Nevertheless if one

recasts the limits in eqs. (13) and (14) one obtains:

� 10�17 < �g < 2 ⇥ 10�15(10�19). (15)

Independent bounds on �g are important, since
they allow for a more precise interpretation of
Fig. 4 in terms of mmin.

We discussed so far the time di↵erence mea-
surement between a neutrino and a GW. Simi-
larly one can imagine a time di↵erence to emerge
if rather than a GW, one were to detect a photon. If
all messengers were simultaneously detected and
assuming a unique source by using (2), within ex-
perimental resolution, the following consistency
condition must hold:

�t�⌫i � �t�⌫ j = �t⌫ j⌫i = �tg⌫i � �tg⌫ j . (16)

IV. CONCLUDING WITH A PRELIMINARY
FEASIBILITY STUDY

So far we have been concerned with the theo-
retical setup, and since the framework presented
here relies on distant sources, we will now per-
form a preliminary study of the actual experi-
mental feasibility. In the following, we will not
discuss the distribution and the expected num-
ber of various kinds of astrophysical events, but
focus on the number of detected neutrinos assum-
ing a specific source at a given distance. From the
analysis above it is clear, that three parameters
are vital to increase the time lapse between mass
eigenstates: the distance from the source L, the
energy of the emitted neutrino, E⌫, and the abso-
lute neutrino mass mmin. Conversely, the larger
the distance is, the smaller is the rate. As a con-
sequence, if the neutrino counterparts of events
like GW150914 would be emitted by the source, it
would be hard, if not impossible, to detect them
on Earth.
As a benchmark investigation we will concen-
trate on the next generation of neutrino detection
experiments such as 1 Mton Hyper-Kamiokande
(HK) in Japan [34] that has already sparkled inter-
ests in the astrophysical community. Astrophysi-
cal catastrophes like the merging of a neutron star
black hole binary or the core bounce of a core-
collapsed supernova are expected to produce a
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total neutrino output carrying an overall energy
of circa 1053 erg. For such an event one expects on
Earth an integrated time flux per squared meter
of about 3⇥ 1011 �

d/Mpc
��2 m�2. Despite the fact

that a large number of neutrinos will reach Earth
because of their low cross section only a tiny frac-
tion will be detected. Previous studies [38] indi-
cate that HK can detect 1-2 neutrino events per
year from supernovae in the range up to 10 Mpc.
However, our theoretical analysis made use only
of the neutrinos emitted during the initial burst
from the source which can be determined by inte-
grating the following neutrino detection rate over
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is the di↵erential cross section of the process un-
der study. We will assume the e�ciency of the
detector to be 100% for energies larger than the
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⌫ .
Our estimates assume a typical energy in neutri-
nos emitted from astrophysical sources within the
initial burst to be of the order of ⇠ 1051 erg as well
as a mean neutrino energy hE⌫̄ei ⇠ 12 MeV. From
a SN at a distance d, HK (0.74 Mton, Eth
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e =4.5 MeV) would expect the following num-
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where the initial burst is primarily ⌫e from the
neutronization process. Similarly, from a neutron
star black hole (NS-BH) merger, where the burst
consists mostly of ⌫̄e, we get via inverse beta decay
(IBD) [39] a number of neutrinos of
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For such low rates it is useful to estimate the

actual detection probability as function of the
distance from the source. To assess this, we
use the Poisson probability to detect n events as
Pn = �ne��/n! where � is the expected number of
events, given in eq. (18) or eq. (19). In Fig. 5 we
show, as an illustrative example, the detection
probability for IBD resulting from requiring at
least one, two, and 10 events per burst, indicated
respectively with blue, red and black curves. We
use in our estimates the energy range 7� 30 MeV.
The plot shows the HK detection probability for
⌫̄e for a NS-BH merger (solid line), as well as the
one for a hypothetical 5 Mton detector (dashed
line), e.g. [40]. We observe that even for ⇠1 Mpc
and a 7 � 30 MeV energy range one can still
observe ⇠ 1 event. These estimates show that it is
possible to reach phenomenologically interesting
neutrino mass di↵erences from sources at ⇠1
Mpc provided one can combine more than one
Mton experiment. In order to compute the
expected annual rate of detected neutrino events,
one has to combine the above analysis with the
annual rate of relevant astrophysical events. The
annual rate of SNs is expected to be 1/3 yr�1

within 4 Mpc [38], while the rate for NS-BH
mergers is more uncertain with an expected rate
of 102 � 103yr�1 within 1 Gpc. This rate will in
the future be constrained by LIGO [41].
We stress that we have used conservative esti-
mates, for example, in the total energy emitted
with the neutrino burst. Another parameter
that can be played with is the time resolution
in neutrino detection that can, in the future, be
expected to go below one millisecond. If this is
the case it would allow sources as close as 100
kpc to become relevant for our analysis. In this
case the neutrino flux increases by two orders of
magnitude.

To conclude, we derived the theoretical
and phenomenological conditions under which
multi-messenger astronomy can disentangle or
further constrain the neutrino mass ordering.
We have also argued that it can provide salient
information on the absolute neutrino masses.
We added a preliminary feasibility study to
substantiate and further motivate our theoretical
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Low number of events at required distances 
What can improve the number of events: 

• Larger detector (Linear) 
• Less uncertainty on τ_int (Quadratic)  
• Better time resolution (Quadratic)  

Detection probability for IBD resulting from requiring at 
least one, two, and 10 events per burst, indicated 
respectively with blue, red and black curves. We use in 
our estimates the energy range 7 − 30 MeV.
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Figure 5. Detection probability of neutrinos ver-
sus distance from the source to Hyper-Kamiokande
(solid lines) and to a hypothetical future 5 Mton ex-
periment (dotted lines) [40] using a 7� 30 MeV energy
range. Blue, red and black curves represent the detec-
tion probability resulting in requiring observation of
at least one, two, and ten events per burst, respectively.

analysis. We have seen that future experiments
can be useful also in testing independently

the cosmological bounds on neutrino absolute
masses. However, this requires high resolution
timing and a significant increase in the com-
bined fiducial volume compared to the current
Cherenkov water detectors.

Conversely one can use future results on
neutrino properties to provide detailed infor-
mation about astrophysical sources emitting
simultaneously GWs, photons and neutrinos,
and possibly lower uncertainties in the emitted
multi-messenger signal from the source.

NOTE ADDED IN PROOF

While our work was under review related pa-
pers on the propagation time of ultra-relativistic
particles appeared in the literature [42, 43], which
provide relevant details for a high precision ap-
plication of the presented framework.
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Conclusions

Fundamental unknowns in Neutrino Physics:  

• The absolute neutrino mass,  
• Ordering (Normal or Inverted),  
• CP violation in the leptonic sector,  
• The nature: Dirac or Majorana.  

Μulti-messenger astronomy can: 

• disentangle or further constrain the neutrino mass ordering.  
• provide salient information on the absolute neutrino masses.  

Future experiments can be useful also in testing independently the cosmological bounds on 
neutrino absolute masses. 

However, this requires high resolution timing and a significant increase in the combined 
fiducial volume compared to the current Cherenkov water detectors.  

Conversely one can use future results on neutrino properties to provide detailed information 
about astrophysical sources emitting simultaneously GWs, photons and neutrinos, and 
possibly lower uncertainties in the emitted multi-messenger signal from the source.  
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