1' frontiers

in Astronomy and Space Sciences

REVIEW
published: 09 October 2018
doi: 10.3389/fspas.2018.00036

OPEN ACCESS

Edited by:
Alberto Salvio,
European Organization for Nuclear
Research (CERN), Switzerland

Reviewed by:
Thomas Schwetz,
Karlsruher Institut fur Technologie
(KIT), Germany
Orlando Luis Goulart Peres,
Universidade Estadual de Campinas,
Brazil

*Correspondence:
Olga Mena
omena@i c.uv.es

Specialty section:
This article was submitted to
High-Energy and Astroparticle
Physics,
a section of the journal
Frontiers in Astronomy and Space
Sciences

Received: 28 July 2018
Accepted: 12 September 2018
Published: 09 October 2018

Citation:

de Salas PF, Gariazzo S, Mena O,
Ternes CA and Tértola M (2018)
Neutrino Mass Ordering From
Oscillations and Beyond: 2018 Status
and Future Prospects.

Front. Astron. Space Sci. 5:36.

doi: 10.3389/fspas.2018.00036

Check for
updates

Neutrino Mass Ordering From
Oscillations and Beyond: 2018 Status
and Future Prospects
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Instituto de Fisica Corpuscular, CSIC-Universitat de Valéig Valencia, Spain

The ordering of the neutrino masses is a crucial input for a adg@ understanding of

avor physics, and its determination may provide the key to stablish the relationship
among the lepton masses and mixings and their analogous progrties in the quark
sector. The extraction of the neutrino mass ordering is a datdriven eld expected

to evolve very rapidly in the next decade. In this review, wedth analyse the present
status and describe the physics of subsequent prospects. Fstly, the different current
available tools to measure the neutrino mass ordering are deribed. Namely, reactor,
long-baseline (accelerator and atmospheric) neutrino beas, laboratory searches for
beta and neutrinoless double beta decays and observationsfathe cosmic background

radiation and the large scale structure of the universe areazefully reviewed. Secondly,
the results from an up-to-date comprehensive global t are eported: the Bayesian
analysis to the 2018 publicly available oscillation and casological data sets provides
strong evidence for the normal neutrino mass ordering vs. the invexd scenario, with a
signi cance of 3.5 standard deviations. This preference fothe normal neutrino mass
ordering is mostly due to neutrino oscillation measuremest Finally, we shall also
emphasize the future perspectives for unveiling the neutrd mass ordering. In this regard,
apart from describing the expectations from the aforementined probes, we also focus
on those arising from alternative and novel methods, as 21 craosmology, core-collapse

supernova neutrinos and the direct detection of relic neuinos.

eutrinoless double beta (Ov ) decay, large scale
ino masses and avor mixing

Keywords: neutrino mass ordering, neutrino oscillations, n
structure formation, cosmic microwave Background (CMB), neutr

1. INTRODUCTION

The Royal Swedish Academy of Sciences decided to award theNaflfel Prize in Physics to
Takaaki Kajita and Arthur B. McDonaltfor the discovery of neutrino oscillations, which shovis tha
neutrinos have mass. [...] New discoveries about the teepieso secrets are expected to change
our current understanding of the history, structure andrufate of the Universéee~ukuda et al.,
1998; Ahmad et al., 2001, 2002; Eguchi et al., 2003; Abe 20&la; An et al., 20} for essential
publications. These discoveries robustly establishedbatrinos are massive particles. However,
neutrinos are massless particles in the Standard Model (SM)rtitfgaphysics: in the absence of
any direct indication for their mass available at the timey were introduced as fermions for
which no gauge invariant renormalizable mass term can betrooted. As a consequence, in the
SM there is neither mixing nor CP violation in the lepton sect®herefore, neutrino oscillations
and masseinply the rst known departure from the SM of particle physics
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Despite the good precision that neutrino experiments have
reached in the recent years, still many neutrino properties
remain unknown. Among them, the neutrino character, Dirac a2 > 2n
vs. Majorana, the existence of CP violation in the leptonic 3 0 o IAm§1
sector, the absolute scale of neutrino masses, and the type|c Am2 0
the neutrino mass spectrum. Future laboratory, accelerataf 32
reactor, astrophysical and cosmological probes will addritss a W | 2 Am%,

Amle

. - v, Ve

these open questions, that may further reinforce the evidéac
physics beyond the SM. The main focus of this review is, however
the last of the aforementioned unknowns. We will discuss what
we know and how we could improve our current knowledge of
the neutrino mass ordering. NO 10

Neutrino oscillation physics is only sensitive to the sqdare

mass di erences]( miz D mi2 m_z)_ Current oscillation data F-IGURE 1] Probab|l|tylof rtndmg the neu‘trlno lavor in thel-th neutrino mass
) ] eigenstate as the CP-violating phase, cp, is varied. Inspired by Mena and

can be remarkably well-tted in terms of two squared mass parke (2004)
di erences, dubbed as the solar mass splittidgn@3, ' 7.6
10 ® eV?) and the atmospheric mass splittingl(m3,j © 2.5
10 3 eV?) (de Salas et al., 208 Thanks to matter e ects in . . _
the Sun, we know that m3, > 02 Since the atmospheric analyss, following the method of5ariazzo et al. (20184$ee
mass splittingl m3, is essentially measured only via neutrino S€ction 5). _ _ _ _ _
oscillations in vacuum, which exclusively depend on its aliso The two possible hierarchiheutrino mass scenarios are
value, its sign is unknown at the moment. As a consequence, viBown inFigure 1, inspired by Mena and Parke (2004yvhich
have two possibilities for the ordering of neutrino massesmal ~ Provides a graphical representation of the neutrino avor camtt
ordering(NO, 1 m3, > 0) orinverted orderinglO, 1 m3; < 0). of each of the neutrino mass eigenstates given the current
The situation for the mass ordering has changed a lot irpreferred values of the oscillation parameteis Salas et al.
the last few months. The 2017 analyses dealing with glob&f018) see section 2. At present, even if the current preferred
oscillation neutrino data have only shown a mild preferencevalue of cp for both normal and inverted mass orderings lies
for the normal ordering. Namely, the authors ofCapozzi Close to 3=2 de Salas et al. (2018he precise value of the
et al. (2017)by means of a frequentist analysis, foung CP violating phase in the leptonic sector remains unknown.
25 D 3.6 from all the oscillation data considered in their Consequently, irFigure 1, we have variedcp within its entire
analyses. Very similar results were reported in the rst i@rs range, ranging from O to 2. - o
of de Salas et al. (2083)where a value of 2, 25 D 4.3 Given the two known mass splittings that oscillation
was quotefi (nu't) ® Furthermore, in Gariazzo et al. (2018a) €xperiments prowgleiwe are sure that at least two neutrinos
the authors veri ed that the use of a Bayesian approach and thigave a mass abovel m%l ' 8 meV and that at least one of
introduction of cosmological or neutrinoless double betcdy ) oy
data did not alter the main result, which was a weak-to-mader th€se two neutrinos has a mass larger thgd mz,j 50 meV.
evidence for the normal neutrino mass ordering according td-or the same reason, we also know that there gxists a lower
the Jereys' scale (se€able?. The most recent global t bound on the sum of the three active neutrino massesnf D
to neutrino oscillation data, however, reported a strengée M1 C mz C ma):

|

preference for normal ordering that is mainly due to the neweda q q

from the Super-Kamiokande  Abe et al. (2018a)T2K Hartz mN° D mC miC1m3, C miC1m3, (1)
(2017) andNO A Radovic (2018gxperiments. The inclusion of q q

these new data in both the analyses Ghpozzi et al. (2018a) m©° D mgC m3Cjim3jC m3Cjlmi;jC 1m3,,

and the 2018 update ofde Salas et al. (2048increases the

preference for normal ordering, which now lies mildly aboveyhere the lightest neutrino mass eigenstate corresponds;to
the 3 level. In this review we will comment these new results(ma) in the normal (inverted) ordering. Using the beg- t valse

(see section 2) and use them to perform an updated globgh e neutrino mass splittings iigble lone ndsthat m &
0.06 eV in normal ordering, while m & 0.10 eV in inverted

1Valencia-Global t, 2018; Available online at: http:/global t.esparticles.es/.
2Note that the observation of matter e ects in the Sun constsathe product  ®A clari cation about the use of “hierarchy” and “ordering” is martday. One
1 m§1005212 to be positive. Therefore, depending on the convention chosen tdalks about “hierarchy” when referring to the absolute scales ofrimeumasses,
describe solar neutrino oscillations, matter e ects either x thign of the solar  in the sense that neutrino masses can be distinguished and d&fnie lower to
mass splittingl mgl or the octant of the solar angle, with 1 m%l positive by higher. This does notinclude the possibility that the lightesitm@o mass is much

de nition. larger than the mass splittings obtained by neutrino oscillation sneaments,
3See the “July 2017” versiontin since in this case the neutrino masses are degenerate. On thehatindk the mass
4A somewhat milder preference in favor of normal mass ordering was oltaine  “ordering” is basically de ned by the sign afmgl, or by the fact that the lightest
the corresponding version of the analysis in REfseban et al. (2017) neutrino is the most (least) coupled to the electron neutrino avottlie normal
SNUFIT v3.2, http://www.nu- t.org/. (inverted) case.
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TABLE 1 | Neutrino oscillation parameters summary determined fromhe global
analysis.

parameter Best- t 1 2 range 3 range
1m3; [10 SeV?] 7.55¢0:20 7.20-7.94 7.05-8.14
j1m3 j[10 3eV2] (NO) 250 0.03 2.44-2.57 2.41-2.60
j1mZ,j[10 3eV?] (10) 245003 2.34-2.47 2.31-2.51
sin? =10 1 3.209:2 2.89-3.59 2.73-3.79
sin? 53=10 1 (NO) 5.470:29 4.67-5.83 4.45-5.99
sin? 53=10 1 (10) 551018 4.91-5.84 4.53-5.98
sin? 13=10 2 (NO) 2.16¢°5:983 2.03-2.34 1.96-2.41
sin? 13=10 2 (10) 222670074 2.07-2.36 1.99-2.44
cp= (NO) 135524 1.01-1.75 0.87-1.94
= (10) 156313 1.27-1.82 1.12-1.94

The results for inverted mass ordering were calculated with respett this mass ordering.

4x107%
3x107!
2 x 107! { cosmological limits
_ >m, <0.15 eV
2
= >m,<0.12 eV
g
W 10-1
6x 1072
— NO
— 10
4x1072 - T T
1075 1074 1073 1072 1071
Miightest [€V]
. P .
FIGURE 2 | The sum of the neutrino masses m as a function of the mass
of the lightest neutrino,m; (mg3) for the normal (inverted) ordering, in red (blue
respectively. The (indistinguishable) width of the linespresents the present
3 uncertainties in the neutrino mass splittings from the gladl t to neutrino
oscillation data (le Salas et al., 2019. The hgrizontal bands illustrate two
distinct 95% Con dence Level (CL) limitson m from cosmology, see the
text for details.

P
ordering. Figure 2 illustrates the values of m as a function

Microwave Background (CMB) uctuations, distant Supernovae
la and galaxy clustering data.

Using the known neutrino oscillation parameters and the
standard cosmological evolution, it is possible to compute th
thermalization and the decoupling of neutrinos in the early
universe (see e.gMangano et al., 2005; de Salas and Pastor,
2016. While neutrinos decoupled as ultra-relativistic particles
currently at least two out of the three neutrino mass eigeesta
are non-relativistic. Neutrinos constitute the rst and agnl
known form of dark matter so far. Indeed, neutrinos behave
ashot dark matter particles, possessing large thermal velocities,
clustering only at scales below their free streaming scale,
modifying the evolution of matter overdensities and suppmgsi
structure formation at small scales. The CMB is also a ected
by the presence of massive neutrinos, as these particles may
turn non-relativistic around the decoupling period. Howeyer
the strong degeneracy between the Hubble constant and the
total neutrino mass requires additional constraints (fromrigon
Acoustic Oscillations, Supernovae la luminosity distance data
and/or direct measurements of the Hubble constant) to be ddde
in the global analyses. In this regard, CMB lensing is also
helpful and improves the CMB temperature and polarization
constraints, as the presence of massive neutrinos modify the
matter distribution along the line of sight through theiréde
streaming nature, reducing clustering and, consequently, CMB
Iensing.PThe most constraining cosmological upper bounds to
date on m can be obtained combining CMB w,};h di erent
large scalg structure observations and range fromm <
0.12eVto m < 0.15eV at 95% CLFalanque-Delabrouille
et al., 2015; Cuesta et al., 2016; Di Valentino et al., 2016c;
Giusarma et al., 2016; Vagnozzi et al., 2017, 2018; Lathaalzi
Gerbino, 201} as illustrated irFigure 2

If the massive neutrino spectrum does not lie in the degererat
region, the three distinct neutrino masses a ect the cosmalalgi
observables in a di erent way. For instance, the transition t
the non-relativistic period takes place at di erent cosmic tene
and the associated free-streaming scale is dierent for each
of the neutrino mass eigenstates. However, the e ect on the
power spectrum is very small (permille level) and therefore an
extraction of the neutrino mass hierarchy via singling oatle
of the massive neutrino states seems a very futuristic exng.
This will be possibly attainable only via huge e ective volume

of the lightest neutrino mass for the two possible orderingsurveys, as those tracing the 21 cm spin- ip transition in tral
schemes. We also show the two representative bounds on thgdrogen, see sections 6.4 and §,5. On the other hand, should
sum of the neutrino masses from cosmology (discussed later the cosmopgical measurements ofm be strong enough to

ction 4) which is currently providing the strongest limda

rule outthe m parameter space corresponding to the inverted

m thanks to the fact that neutrinos a ect both the evolution ordelrj'ng (i.e., strong enough to establish in a very sigantway

of the cosmological background and perturbation quanti(sse

that m < 0.1 eV), we would know that the neutrino mass

e.g., the excellent detailed reviews bésgourgues and Pastor, ordering must be normal. A word of caution is needed here when
2006, 2012, 2014; Lesgourgues et al., 2013; Lattanzi ahihGer dealing with Bayesian analyses, usually performed when dealing

2019.
The state-of-knowledge of cosmological observatiémks

with cosmological data: a detection of the neutrino massard
could be driven by volume e ects in the marginalization, and

etal. (2016bpointsto a at Universe whose mass-energy densitytherefore the prior choice can make a huge di erence, if data ar
includes 5% of ordinary matter (baryons), 22% non-baryoniamot powerful enough$chwetz et al., 20).7

dark matter and that is dominated by theark energyidenti ed

Another way to probe the neutrino mass ordering, apart

as the motor for the accelerated expansion. This is the sdrom direct determinations of the sign of the atmospheric
called3 CDM Universe, which ts extremely well the Cosmic mass splittingl m%l in neutrino oscillation experiments and,
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indirectly, from cosmological bounds on the sum of the néuir  current data, regardless the frequentist vs. Bayesian apprivach
masses, iseutrinoless double decay (Rodejohann, 2011; the latter case, however, the results may be subject-depgnde
Gomez-Cadenas etal., 2012; Vergados et al., 2012; Dedt@ro as a consequence of dierent possible choices of priors and
2016. This process is a spontaneous nuclear transition in whiclparameterizations when describing the theoretical modai, f
the charge of two isobaric nuclei would change by two unitexample in the case of sampling over the three individual
with the simultaneous emission of two electrons and withouteutrino mass states. Therefore, one must be careful when
the emission of neutrinos. This process is only possible if thplaying with di erent priors, as recently shown inGariazzo
neutrino is a Majorana particle and an experimental signaheft et al. (2018a)The current status of the preference of normal
existence of this process would constitute evidence of thatimet vs. inverted ordering will be further investigated carefull
Majorana neutrino character. The non-observation of theqass throughout this review. Furthermore, as it will be carejull
provides bounds on the so-calledective Majorana mass m,  detailed in section 5, the Bayesian global t to the 2018 plplic
which is a combination of the (Majorana) neutrino massesavailable oscillation and cosmological data points to a strong
weighted by the leptonic avor mixing e ects (see section 3).preference (3.5 standard deviations) for the normal neuwtrin
Figure 3 illustrates the (Bayesian) 95.5% and 99.7% credibl@ass ordering vs. the inverted one.
intervals form as a function of the lightest neutrino mass  Tosummarize and conclude this introductory part, we resume
in the case of three neutrino mixing, considering a logaritb  that the current available methods to determine the neuwrin
prior on the lightest neutrino mass. The picture di ers from the mass ordering can be grouped as:
plot that is usually shown, which features an open band toward . _— I
: . , a) neutrino oscillation facilities;
increasingly smaller values of - for Migntest” 5 meV, due to b) neutrinoless double beta decay experiments, with theatave
cancellations which depend on the values of the Majorana ghase . ay exp Y -
. . Lo that the results will only apply in case neutrinos are Majorana
i (see section 3). In the Bayesian sense of credible intethals fermions:

values of j which produce such a suppressionrof represent ’
an extremely small fraction of the parameter space, which i%) CMB and large scale structure surveys.
therefore not relevant when computing the 95.5% and 99.7%or each of these three categories we will review the custatiis
credible intervals. In other words, given our knowledge loé t and also analyse the future prospects, with a particular focus on
neutrino mixing parameters, havimp . 2 10 “eVwould the existing experiments which will be improved in the future
require some amount of ne tuning in the Majorana phases.and on new facilities which aim at determining the neutrino
This gure is in perfect agreement with the results shown inmass ordering in the next 22 years the second part of this
Figure 1 of Agostini et al. (2017g)which shows that most of review we will also focus on possible novel methods that in the
the allowed parameter space is not concentrated at small  future will enable us to determine the neutrino mass ordeyiag)
if one considers a linear prior on the lightest neutrino massfor example future cosmological observations of the 21 cm, lin
We also show the most conservative version of some of thiae detection of neutrinos emitted by core-collapse supernovae
most competitive current limits, as those frokemLAND-Zen  measurements of the electron spectrum edecaying nuclei and
(m < 61 165 meV at 90% CLpando et al. (2016 GERDA the direct detection of relic neutrinos.
Phasellfn < 120 260 meV at90% Cljgostinietal. (2018) We shall exploit the complementarity of both cosmology
andCUOREm < 110 520 meV at 90% CLjlduino etal. and particle physics approaches, proting from the highly
(2018a) Please note that a detection of the e ective Majoranamultidisciplinary character of the topic. We dedicate semsi@,
mass will not be su cient to determine the mass ordering ieth 3, and 4 to explain the extraction of the neutrino mass orderin
lightest neutrino mass is above40 meV: in this case, indeed, the via neutrino oscillations, and neutrinoless double decays and
normal and the inverted ordering become indistinguishdbden ~ cosmological observations, which will be combined in sech
the point of view of neutrinoless double beta decay. %jnyilurl where we present the analysis of current data related to these
the case of the cosmologic@l bounds on the neutrinomasa ,  three data sets. Future perspectives are described throtighou
in which only constraining m to be below 0.1 eV could be section 6 and its subsections, while the nal remarks will be
used to disfavor the inverted mass ordering, only a limitron outlined in section 7.
below 10 meV could be used to rule out the inverted ordering
scheme, and only assuming that neutrinos are Majorana pestic . NEUTRINO OSCILLATIONS

Since neutrino oscillation measurements, cosmological
observations and neutrinoless double beta decay expersmendyr current knowledge on the neutrino mass ordering comes
are cornering the inverted mass ordering region, it makesse mainly from the analysis of the available neutrino oscidlati
to combine their present results. Indeed, plenty of works hav@ata. The sensitivity to the neutrino mass spectrum at aatiih
been recently devoted to test whether a preference for ongperiments is mostly due to the presence of matter e ects in
mass ordering over the other exists, given current osalfeti the neutrino propagation. Therefore, one can expect that this
neutrinoless double beta decay and cosmological data. ensitivity will increase with the size of matter e ects, lggin
number of studies on the subjectignnestad and Schwetz, |arger for atmospheric neutrino experiments, where a fractié
2016; Caldwell et al., 2017; Capozzi et al., 2017; Gerbinlo, et a

2017b; Wang and Xia, 20)18ound that the preference for 7see aiso the revieian and Vogel (2015focused mostly on neutrino oscillation
the normal vs. the inverted mass scenario is rather mild wittperspectives.
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FIGURE 3 | 95.5 and 99.7% Bayesian credible intervals for the effectesMajorana mass,m , as a function of the lightest neutrino masgLeft) or of the sum of the
neutrino masses m (Right), taking into account the current uncertainties on the neutno mixing parameters (angles and phases), when three neirtos are
considered. The horizontal bands indicate the most consemtive version (obtained by each collaboration when assumina disfavorable value for the nuclear matrix
element of the process) of some of the most competitive uppebounds, as those reported by KamLAND-ZenGando et al. (2016) GERDA Phase IIAgostini et al.
(2018)and CUOREAIduino et al. (2018a) The vertical band in theRight indicates the strongest limit reported byPlanck Aghanim et al. (2016b) using the Planck
TT,TE,EE + SimLow + lensing data combination.

neutrinos travel through the Earth. For long-baseline é&@gor  ordering is normal (inverted). Exploiting the di erent matte
experiments, matter e ects will increase with the baselingjev e ects for neutrinos and antineutrinos provides thereforeeth
these e ects will be negligible at short-baseline and mediumideal tool to unravel the mass ordering.
baseline experiments. Matter e ects are expected to be particularly relevant when the
When neutrinos travel through the Earth, the e ective matterfollowing resonance condition is satis ed:
potential due to the electron (anti)neutrino charged-curte
elastic scatterings with the electrons in the medium will rifipd
the three- avor mixing processes. The e ect will strongly degen
on the neutrino mass ordering: in the normal (inverted) mass
ordering scenario, the neutrino avor transition probabiés
will get (_enha_nced (suppressed). In_ _the case (.)f _antm_eutnmllhe precise location of the resonance will depend on both the
propagation, instead, the avor transition probabilities wgét . : . 5
. : ._neutrino path and the neutrino energy. For instance, fang;
suppressed (enhanced) in the normal (inverted) mass ordermg 3 \2 . ;
. . . . .5 10 ° eV~ and distances of several thousand kilometers, as
scenario. This is the Wolfenstein e eci\(olfenstein, 197§ it is the case of atmospheric neutrinos, the resonance e ect is
later expanded by Mikheev and Smirndlikheev and Smirnov P ’

(1985, 19{36)and commonly named as the MikhefEV-Sf’ﬂimOV'exl?r(]a Cttr?g L%Qgpgfe?nﬁ;r? %?;gg%:ggr?;gexngeﬁnﬁ\éhts, in the
Wolfenstein (MSW) e ect (see e.gglennow and Smirnov, 2013 GeV energy range relevant for long-baseline and atmospheric

for a detailed description of neutrino oscillations in majte neutrino beams, thd®  survival probabilities are suppressed
Matter e ects in long-baseline accelerator or atmospheridenhanced) due to matter e ects if the ordering is normal

neutrino oscillation experiments depend on the size of thdinverted). If the matter density is constant, the survival

e ective mixing angle 13 in matter, which leads the transitions Probability at terrestrial baselinés given by

p_
1m3;c0s213D 2 2GeNGE. (3)

e$ | governed by the atmospheric mass-squared di erence

133 D 1 m§1:2E. Within the simple two- avor mixing " .

framework, the e ective 13 angle in matter reads as 1m2,CAC (1 mZ)m
1ang P D1 cod [isif2z; sif 127 —=l-— (1 m5,) E
. Sif2 13 " | #

25 m

sinf2 M D , 2) 1m2, CA (Im2)m L

13 Si2 13C c0S2; piGFNe 2 sin? f?gsinzz 23 sin? 1.27 31 5 (1ms)" L

3 13 E

(4)

where the minus (plus) sign refers to neutrinos (antineutisj 4 o 5l
andNe is the electron number density in the Earth interior. The sin® 23sin’2 fysin® 1.7 m3,) E
neutrino mass ordering xes the sign df 31, that is positive

(negative) for normal (inverted) ordering: notice that, the

presence of matter e ects, the neutrino (antineutrino) ostibn 8For an expansion including also the solar mixing parameters, seaiRefiedov
probability P( ! e) [P(N ! N ¢)] gets enhanced if the etal. (2004)
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whereA D 2p 2GeNGE, % is that of Equation (2) and obtain improved sensitivities on them. In the global analysis
to neutrino oscillations, the parameters 4in, and 1 m3; are
P 5 rather well measured by the solar experimeriig{eland et al.,
2 2GeNeE 1998; Hosaka et al., 2006; Aharmim et al., 2008, 2010; Graven
1m§1 ' et al., 2008; Abdurashitov et al., 2009; Kaether et al., ;2010
(5) Abe et al., 2011b; Bellini et al., 2014; Nakano, 2GIfl the

The dependence of the survival probabilRy on the neutrino  '0ng-baseline reactor experimeiamLANDSando et al. (2011)
energyE and the cosine of the zenith angle cesrelated to The short-baseline reactor neutrino experimebD&ya Bay An
the distance the atmospheric neutrinos travel inside thettEar €t @l (2017)RENCPac (2018and Double Chooz  Abe et al.
before being detected at the experiments, is showigare 4for ~ (2014) are the most e cient ones in measuring the reactor
normal (Left) and inverted(Right) ordering. There, we can see @Ndle 13 and also measure very well the atmospheric mass
that reconstructing the oscillation pattern at di erent distces SPItfing, 1 m3;. Notice however that the atmospheric mass
and energies allows to determine the neutrino mass ordeiseg ~ SPIitting is best measured by the combined data from MINOS
also section 6.1). (beam an(_ll atmospheric) and MINOS+, as shown Anlam
Until very recently, oscillation experiments were not shogvin (2018) This mass splitting is also measured, together with
a particular preference for any of the mass orderings, not evelff® atmospheric anglezs, by the atmospheric experiments
when combined in a global analysis (see for instarieerero  'c@Cube-DeepCore  Aartsen etal. (2015ANTARESAdrian-
et al., 201} Lately, however, the most recent data releasg¥@rtinez et al. (2012pand Super-Kamiokande ~ Abe et al.
from some of the experiments have become more sensitivé(18a) where the latter shows some sensitivity tg; and
to the ordering of the neutrino mass spectrum. In particular, cP» {©00. The long-baseline accelerator experiments are also
the long-baseline experimentE&2K and NO A on their own sensmye to these four parameters through their appearance
obtain a slight preference in favor of normal mass ordering@"d disappearance neutrino channels. Apart from the already
with 1 2 4 each Hartz, 2017; Radovic, 20L&Note that ment|onedT2_K Hartz (2017)a_nd NO A R_adowc (2018)the
these results have been obtained imposing a prior on the mixin?IObaI talso includes the previous experimet&K Ahn et al.
angle 13 according to its most recent determination at reactor(2006)andMINOSAdamson etal. (2014) .
experiments. Relaxing the prior on the reactor angle resuls in 1 "€ result of the global analysis is summarizedTable 1
milder preference for normal over inverted mass orderingeTh and Figure 5. Before discussing the sensitivity to the neutrino
latest atmospheric neutrino results frofuper-Kamiokande mass ordering, we shall brie y discuss some other featufes o
also show some sensitivity to the neutrino mass orderinghis ~ this global t. Notice rst that now the best-t value for the
case, the collaboration obtains a preference for normalmmde atmospheric mixing angleyz lies in the second octant, although
with 1 2 3.5, without any prior on the reactor angle. values in the rst octant are still allowed with 2 D 1.6 (3.2)
Constraining the value of;3, the preference for normal mass for normal (inverted) ordering. Therefore, the octant prebi
ordering increasesuptb 2 4.5Abe et al. (2018a) remains unsolved so far. Note also that, for the rst time, the
The full sensitivity to the ordering of the neutrino mass CP violating phasecp is determined with rather good accuracy.
spectrum from oscillations is obtained after combining tretal The best-t values for this parameter lie close to maximal
samples described above with all the available experiment@P violation, being cp D 1.32 for normal ordering and
results in a global t (le Salas et al., 201&his type of analysis cp D 1.56 for inverted ordering. As can be seen from
exploits the complementarity among the dierent results asthe 1 2 prole in Figure 5, values around cp 0.5 are
well as the correlations among the oscillation parameters taow highly disfavored by data. Indeed, only around 50% of the
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FIGURE 4 | Survival probabilityP , as a function of the neutrino energyE and the cosine of the zenith anglecos z, for normal (inverted) ordering in théLeft, Right) .
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FIGURE 5 | Summary of neutrino oscillation parameters, 2018. Red (b&) lines correspond to normal ordering (inverted orderingNotice that the 1 2 pro les for
inverted ordering are plotted with respect to the minimum fonormal neutrino mass ordering.

parameter space remains allowed at the I18vel, roughly the the combined analysis of all long-baseline accelerator aot-sh
interval [0.9 ,1.9 ] for normal and [1.1 ,1.9 ] for inverted baseline reactor data one obtaing a? D 7.5 between normal
ordering. In the case of normal ordering, CP conservatiorand inverted ordering, which corresponds to a preferencef 2.
remains allowed at 2, while it is slightly more disfavored for infavor of normal mass ordering. By adding the atmospheriadat
inverted ordering. For the remaining oscillation parametersto the neutrino oscillations t, we nally obtaint 2 D 11.7,
one clearly sees that neutrino oscillations are entering thindicating a global preference for normal ordering at theelev
precision era, with relative uncertainties on their detemation of 3.4 .
of 5% or below. For a more detailed discussion about these
parameters we refer the reader tade Salas et al. (2018)
and. 3. MASS ORDERING AND DECAY

Concerning the neutrino mass ordering, we obtain a globaEXPERIMENTS
preference of 3.4 (1 2 D 11.7) in favor of normal ordering. .
This result emerges from the combination of all the neutrino3-1. Mass Ordering Through ~ -Decay
oscillation experiments, as we explain in the following. Stgrt Experiments
with long-baseline data alone, the inverted mass ordersig iThe most reliable method to determine the absolute neutrino
disfavored with1 2 D 2.0, when no prior is considered on masses in a completely model independent way is to measure the
the value of ;3. However, as explained above, the separatepectrum of -decay near the endpoint of the electron spectrum.
analysis of the latest2K and NO A data independently report The reason for this is related to the fact that, if neutrings a
al 2 4 among the two possible mass orderings when anassive, part of the released energy must go into the neutrino
prior on the reactor angle is imposed. This comes from themass and the electron spectrum endpoint shifts to lower eesrgi
mismatch between the value ofs preferred by short-baseline When there are more than one massive neutrino, each of the
reactor and long-baseline accelerator experiments, wiiofore  separate mass eigenstates contributes to the suppressioe of th
important for inverted ordering. Besides that, the combinat electron energy spectrum and it becomes possible to study the
of T2K and reactor data results in an additional tension relativepattern of the neutrino masses. Nowadays none of thgdecay
to the preferred value of the atmospheric mass splitﬂnglgl, experiments can reach the energy resolution required to tee ab
which is again larger for the inverted mass ordering. ThigHer
discrepancy results in a pref(_arence for normal ordering WIth’Note that this extra sensitivity comes essentially frBmper-Kamiokande
1 2 D 523 for the combination of T2K plus reactors” and since the eect ofIceCube DeepCore and ANTARESIs negligible in
1 2 D 3.7 for the combination of NO A plus reactors”. From  comparison.
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the separation of the mass eigenstates would decrease, diyentua

massless v becoming negligible in the degenerate case. For this reason

I“(‘DO will only discuss the case of a massless lightest neutrimo fne

NO, Mightest = 0.05~eV perspective of the -decay experiments.

0.05 | Given the unitarity of the mixing matrix ( i’\,‘:,ljue-lj2 D 1),

the normalization of the Kurie function is the same @t

< 0.04 T m;. Since we are interested in the small di erences which

§ appear near the endpoint, the plot only focuses on the very end

¥ 0.031 of the electron spectrum and the common normalization is not

visible for the inverted ordering case. In the considered sng

0.027 however, the e ect of the di erent correspondence between the
mass eigenstates and the mixing matrix elements introduces

a di erence which in principle would allow to determine the

0.00 . . . . . : mass ordering through the observation of thedecay spectrum.
-0.07 -0.06 -0.05 -0.04 -003 —002 —001 0.0 The observation of the kinks in the electron spectrum is very

7= QpleV] challenging, especially in the case of normal ordgring, foicty

0.07

0.06 4

0.014

FIGURE 6 | Kurie function in -decays. The red (blue) line indicates the norma|  even the more pronounced kink (a® T 1 m%l '

(inverted) ordering case for a masslgss lightest neutrinahile the black line is 8 meV) is barely visible irFigure 6 In the case of inverted
for the case of three massless neutrinos. The green curve ﬂws how the . . . .
— ordering, since the mass di erence b&tween the two lightestsn

Kurie function of a normal ordering scenario witjightest* 1 mgl can
mimic the inverted ordering case. eigenstates is the largest possible oné (3, ' 50 meV), and
the lightest neutrino is the one with the smallest mixingiwihe
electron neutrino, the amplitude of the kink is much larger. As
a consequence, an experiment with enough energy resolution t
pmeasure the spectrum in the relevant energy range can directl
result. probe Fhe mass ordering observing the presence of a kink. N_ote
The best way to depict the e ects of the separate madbat this measurement can be obtained even without a detecti

eigenstates is to compute the Kurie function fordecay. The Of the lightest neutrino mass. As we showFiigure 6 however, it
Complete expression can be written as (See egjnt| and K|m’ is crucial to have a noa-ZEI'O observation of the e|eCtl‘0n'ESprC

2007%: betweerQ andQ 1 m3,, otherwise one could confuse the

to determine the mass hierarcly but we will explain in the
following how, in principle, future experiments may aim at suc

" #1m inverted ordering spectrum with a normal orderingqspectrum
qg —— - . , : . T
KMD (Q -|-)Xd jUei®> (@ T2 m?2(@Q T my) , Obtainedwithalarger lightest neutrino masggntes:’ 1 m3,
iD1 (green curve).
(6) Another consideration is due. One could think to probe the

whereQ is the Q-value of the considered-decay,T is the  neytrino mass ordering just using the fact that the expected
electron kinetic energy2 is the Heaviside step function and nymper of events is smaller in the inverted ordering than in
jUei® is the mixing matrix element that de nes the mixing he normal ordering case. As we discussed above, this could be
between the electron neutrino avor and thdh mass eigenstate ossile only if some independent experiment would be able to
with a massm;. The standard scenario featurlisD 3, but the  yetermine the mass of the lightest neutrino, in order to lirea
formula is valid also if a larger number of neutrinos exists.( if the possible degeneracy betweBjynes:and the mass ordering
there are sterile neutrinos, as explained for exampl&ariazzo depicted by the blue and green curvesigure 6, otherwise the

etal., 2015_ ] ] ) ) L conditions reauired to observe the electron spectrum betwee
The Kurie function of Equation (6) is depicted iRigure 6,

where we show in red (blue) the result obtained using a massleQ 2ndQ 1 m; would be probably su cient to guarantee
lightest neutrino and the current best- t mixing angles antass @ direct observation or exclusion of the kink. The best way to
splittings for normal (inverted) ordering, as described imet determine the neutrino mass ordering, however, may be to use
previous section. As a reference, we also BIT) for a case an estimator which compares the binned spectra in the normal
with massless neutrinos only (in black). Should we consideand inverted ordering cases, as proposed for examplgtiamco
higher values for the lightest neutrino mass, the detectbn et al. (2017]jn the context of reactor neutrino experiments. The
the mass ordering would be increasingly more di cult, since authors of the study, indeed, nd that a dedicated estimatan
enhance the detection signi cance with respect to a standard
10n the case of quasi-degenerate spectrum, the distortion of thetrsme will Comparison.
consist of just a bending and a shift of the end point, similar e tase of an To conclude, today the status ofdecay experiments is far
electr‘on neutrino with a given mass without mixirigarzan et al. (200Land the_ from the level of determining the mass ordering, since thergy
ordering cannot be measured. Therefore, for futurelecay searches, measuring . . . ;
resolution achieved in past and current measurements is not

the neutrino massrderingwill be practically the same as measuring the neutrino . . . .
masshierarchy su cient to guarantee a precise probe of the interesting part
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of the spectrumKATRIN, for example, aims at a sensitivity of constraining the inverted ordering in the framework of tlere
0.2 eV on the e ective electron neutrino maséngrik et al., neutrinos, se&igure 3.

2004; Sejersen Riis et al., 2))dnly su cient to probe the fully If we computem  as a function of the lightest neutrino mass
degenerate region of the neutrino mass spectrum. with the current preferred values of the mixing parameters end

. . the context of three neutrinos, we discover that the valusof
3.2. Mass Ordering From Neutrinoless depends on the mass ordering only fighest . 40 meV, see
Double Beta Decay Figure 3. For this reason, neutrinoless double beta experiments

In the second part of this section we shall discuss instead thgan aim to distinguish the mass ordering only for the smalles
perspectives from the neutrinoless double beta decay (sethe.g values of the lightest neutrino mass. Please note that tkis al
reviewsGomez-Cadenas etal., 2012: Dell'Oro et al., Z0idfalso  means that if the lightest neutrino has a mass abové40 meV,
Pascoli and Petcov (2002a process allowed only if neutrinos are perfectly allowed by all the present constraints on the neatrin
Majorana particles§chechter and Valle, 198%ince it requires mass scale, the two mass orderings will never be distingdiishe
the lepton number to be violated by two units. Neutrinolessthe context of neutrinoless double beta decay experiments.
double beta decay experiments therefore aim at measuring the When going to smallemyghes; the situation changes, as

life time TY, of the decay, which can be written as: m  becomes independent @fiigntest IN the regionmygniest -
10 meV, a di erence between the two mass orderings appears,
1 N 0o M 2 sinpg the e ective Majorana mass is. constrained py the mass
W DGyiM i e ) (7)  splittings to be larger than 10 meV for inverted ordering, while

it must be below 7 meV for normal ordering. This means that
) _ experiments which can test the regian < 10 meV can rule
whereme is the electron mas$Gj is the phase space factor, oyt the inverted scenario. Note that a positive detectiof B,
M ﬂ is the nuclear matrix element (NME) of the neutrinolessj, tne range that corresponds tm & 10 meV, on the other
double beta decay process, indicates the chemical element pang would not give su cient information to determine the
which is adopted to build the experimentand is the e ective 1555 ordering without an independent determinatioma,nest
Majorana mass, see below. In case no events are observedgesume, in the context of three neutrino mixing, neutriess
lower bound onT{_, can be derived. Recent constraints ongoyple beta decay experiments alone will be able to deterthine
the neutrinoless double beta decay half-life come from th@eytrino mass ordering only ruling out the inverted scherhea
EXO-200 Albert et' al. (2014) KamLAND-Zen Gando et al. jgtg say if the ordering is normal antjgnest. 10 meV.
(2016) CUOREAIduino et al. (20183)Majorana  Aalseth et al. In any case, we should remember that if no neutrinoless
(2018) CUPID-0 Azzolini et al. (2018)Gerda Agostini et al.  gouple beta decay candidate event will ever be observed we
(2018) and NEMO-3 Arnold et al. (2018)experiments. The || not have determined the mass ordering univocally: Dirac
strongest bounds to date on the half-life of the di erentispes neytrinos escape the constraints from this kind of procesthab
are:T),("%Ge) > 8.0 10°° year fromGerda Agostini et al. ¢ would be stil perfectly allowed to have an inverted orderi
(2018) T, (8%Se)> 2.4 10** year fromCUPID-0 Azzolini  scheme and no Majorana fermions in the neutrino sector.
et al. (2018) TY,(*%Te) > 1.5 10% year from CUORE Due to the presence of the Majorana phases in Equation (8),
Alduino et al. (2018aade§’:2(136Xe) > 1.07 10®year from unfor;unately, there is a small window fC“?ligh}est in normal
KamLAND-Zen Gando et al. (2016) ord'ermg' that can correspond to almost vanishing val.u.emof,
The e ective Majorana mass reads as: which will possm!y never be observable. As we shoﬁngture 3
however, the region of parameter space where this happens has a
very small volume if one considers the phases to vary between 0
m D d KjUeid2mg (8) and2 ,sothatthe credible region fan in a Bayesian context
kD1 shows that it is rather unlikely to have . 2 10 4 eV,
as a signi cant amount of ne tuning would be needed in the
where N is the number of neutrino mass eigenstates, eacfcompletely unknown) Majorana phases. Our statement, which
with its massmy,  are the Majorana phases (one of whicharises from assuming a logarithmic prior @mghtes; is in perfect
can be rotated away, so that there ade 1 independent agreement with the results ofAgostini et al. (2017a)where a
phases), andJe represents the mixing between the electronlinear prior onmiightestis assumed.
avor neutrino and the k-th mass eigenstate. Notice that the Please note that the situation depicted Figure 3 is only
conversion between the half-life of the process and the evecti valid if there are only three neutrinos. If, as the current D88
Majorana mass depends on the NMEs (see ¥grgados et al., Alekseev et al. (201&@nd NEOSKo et al. (2017)experiments
2016; Engel and Menéendez, 2)1which are typically dicult ~ may suggest, a sterile neutrino with a mass around 1 eV exists
to compute. Several methods can be employed and there is isee e.gDentler et al., 2017, 2018; Gariazzo et al., 2017, 2018b
full agreement between the results obtained with the di @renthe situation would be signi cantly di erent. The allowed bds
methods. As a consequence, the quoted IimitsTc?g2 can be form as a function of the lightest neutrino mass when a light
translated into limits onm  which depend on the NMEs. If sterile neutrino is introduced are reported for exampleGiunti
the most conservative values for the NMEs are considereds nomnd Zavanin (2015(see alsoGariazzo et al., 20)6n this three
of the current constraints reaches the level required tatstaactive plus one sterile neutrino case (3+1), the contributiéthe
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fourth neutrino mass eigenstate (mainly mixed with the #er this section, cosmological measurements are currentlpleni@
avor) must be added in Equation (8), with the consequenceextract individually the masses of the neutrino eigenstates a
that the allowed bands are located at higlner . In Figure 7,  the ordering of their mass spectrum and, therefore, conaggni
adapted fromGiunti (2017) we reproduce the dependence of thecurrent cosmological data, all the limits on the neutrino sea
e ective Majorana mass on the lightest neutrino mass when onerderi’gg will come from the sensitivity to the total neutrino
assumes the 3+1 neutrino scenario, compared with the stahdamass m . Consequently, in what follows, we shall mainly
three neutrino case. As we can see, with the introduction og)ncentrate on the e ects on the cosmological observables of
an extra sterile neutrino staten is signi cantly increased m , providing additional insights on the sensitivity to the
for the normal ordering case, reaching the level of the itegtr ordering of the individual mass eigenstates whenever rateva
ordering bands, which are less shifted toward higher vabfes
m . Furthermore, in the 3+1 scenario, also in the invertedd.1l. CMB
ordering case it is possible to have accidental cancelgiiie There are several imprints of neutrino masses on the CMB
to the three independent Majorana phases in Equation (8) (seemperature uctuations pattern once neutrinos become non-
the detailed discussion ofsiunti and Zavanin, 201 so that relativistic: a shift in the matter-radiation equality r&uift or
a non-detection of the neutrinoless double beta decay psocea change in the amount of non-relativistic energy density at
would never be sucient to rule out the inverted ordering. late times, both induced by the evolution of the neutrino
The opposite situation may occur in case the lightest neutrindoackground, that will, respectively, a ect the angular locati
mass will be independently constrained to be belonl0 meV  of the acoustic peaks and the slope of the CMB tail, through
whilem . 10 meV: in this case, however, we would rulethe Late Integrated Sachs Wolfe (ISW) e €the former will
out normal ordering. Consequently, if a light sterile nentr  mostly modify2 g, i.e., the angular position of the CMB peaks,
exists, neutrinoless double beta experiments will never e abwhich is given by the ratio of the sound horizon and the
to determine the mass ordering if the mass ordering is normalangular diameter distance, both evaluated at the recontioina
while some possibility remains if the ordering of the thretvac  epoch. Massive neutrinos enhance the Hubble expansion rate,
neutrino masses is inverted, provided that the lightest naat  with a consequent reduction of the angular diameter distance
is very light and the Majorana phases are tuned enough. Thand an increase o2 s, which would correspond to a shift of
KamLAND-Zen Gerda, and CUOREexperiments, using three the peaks toward larger (smaller) angular scales (multipoles).
di erent materials, may very soon start probing the invertedThe latter, the Late ISW eect, is related to the fact that
ordering region in the case of 3+1 neutrino mixing for all the the gravitational potentials are constant in a matter-dont@th
possible values of the NMEs, sEgure 7, where the current universe. The inclusion of massive neutrinos will delay diaek
KamLAND-ZenGando et al. (201&onstraints are reported. energy dominated period and consequently reduce the time
To conclude and summarize the current status: neutrinolesgariation of the gravitational potential at late times, supgsiag
double beta decay cannot yet provide constraints on the imeutr the photon temperature anisotropies in the multipole region
mass ordering. Depending on the lightest neutrino massando@ < °~ < 50. A very similar e ect occurs at early times
the existence of a fourth (sterile) neutrino, it would be pbks through the so-called Early ISW e ect, which governs the heigh
that not even far-future experiments could be able to readh th of the rst CMB peak. Light active neutrino species, indeed,

goal. reduce the time variations of the gravitational potentiasaal
around the recombination period, due to the di erent evolutio
4. RESULTS FROM COSMOLOGY of these potentials in radiation/matter dominated epochayieg

a signature on the CMB photon uctuations when they become

Massive neutrinos a ect the cosmological observables inrding non-relativistic._Massiye neutrinos will therefore demfe the
ways, that we shall summarize in what follows. For éemperature anlsotr9p|es by C =C m j=0.1eV % in the
comprehensive review of the eects of neutrino masses ifultipole range 26" < 500 (esgourgues and Pastor, 212

cosmology, we refer the reader to the recent work presented in Unfortunately, the Late ISW e ect a ects the CMB spectrum
Lattanzi and Gerbino (2018) in a region where cosmic variance does not allow for very

A very important epoch when discussing the impact ofaccurate measurements. From what regards the other twos ect

massive neutrinos in the cosmological expansion history anb€-» the shift in the location of the acoustic peaks and the

in the perturbation evolution is the redshift at which neutds ~ Early ISW e ect, they can both easily be compensated varying
become non-relativistic. This redshift is given by other parameters which govern the expansion of the universe.

For example, within the minima8 CDM framework, the total
amount of matter in the universe and the Hubble constahy

can be tuned in order to compensate the e ects of massive
neutrinos. Therefore, CMB primary anisotropies alone can not
with m; referring to the mass of each massive neutrino eigenstatprovide very tight bounds on the neutrino masses, due to the
Current bounds on neutrino masses imply that at least twastrong parameter degeneracies. This automatically imptias t
out of the three massive eigenstates became non-relativist CMB measurements alone are unable to extract any information
the matter dominated period of the universe. As stated in the&oncerning the neutrino mass ordering, as showrFigure §,
introductory section, and as we shall further illustrate rgjo obtained by means of the publicly available Boltzmann solver

m
1C zyi' 1890 —— , 9
Znri 1ev 9
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FIGURE 7 | Effective Majorana mass as a function of the lightest neutd mass in the three neutrino(Left) and 3+1 neutrino (Right) scenarios, at 99.7% CL,
comparing normal (red) and inverted (blue) ordering of thétee active neutrinos. Adapted from Giunti (2017) The green band represents the 90% CL bounds from
KamLAND-ZenGando et al. (2016) given the uncertainty on the NME.

Among the secondary CMB anisotropies, i.e., those
6,006 generated along the photon line of sight and not produced
at recombination, there are two e ects tharP can notably
p—-— improve the sensitivity to the total neutrino mass m from
CMB observations. One of them is CMB lensing, that is, a
~ .0002} distortion of the photon paths because of the presence of matter
P inhomogeneities along the line of sight. Due to such distorfi
R the CMB acoustic oscillation features will be smeared out in a
§~ scale-dependent way, mostly due to matter overdensities &5.
—0.0002 By measuring the non-gaussianities of CMB polarization and
temperature maps it is possible to extract the power spectrum
—0.00041 of the lensing potential. This, in turn, contains very useful
information on the integrated matter distribution along ttiee
i ; ; of sight. Since massive neutrinos behave di erently from aepur
10t 107 10? cold dark matter component, characterized by zero velasitiee
small-scale structure suppression induced by the non-néxdgigi
FIGURE 8 | Relative ratio of the temperature and polarization anisatpies for neutrino dispersion velocities will decrease the CMB lensing
the inverted over the normal mass orderings, see the text fatetails. signal expected in the absence of neutrino masKe:pI(nghat

etal., 2003; Song and Knox, 2004; Lesgourgues et al., 20@6; S
et al., 2006; de Putter et al., 2009; Allison et al., pd&&aving
unchanged the power spectrum of the lensing potential at large
Cosmic Linear Anisotropy Solving System (CLASSR¢ et al., scales, and suppressing it at small scales. Furthermoreg sinc
2011; Lesgourgues, 2011a,b; Lesgourgues and Trar). M14 CMB lensing involves high redshifts, non-linearities do eater
the gure we can notice that the di ergnce between normal andin the calculation of the matter density eld. Therefore, CMB
inverted neutrino mass orderings, for m D 0.12 eV is lensing enhances the capabilities to bound the neutrino e&ss
almost negligible. Moreover, the largest di erences appeahén t using CMB data. In the future, this technique may even surpass
multipole range where cosmic variance dominates. weak lensing capabilities, based on statistical analysekeof t
ellipticity of remote galaxies, see below and section 6.4ddd
nowadays, measurements from tRé&anck satellite constrain
UThis is the most_constrain_ing_95% CL Iirrﬁllalanque—Dela_brouillg et al. (2015) the neutrino masses dominantly through CMB gravitational
at prese_nt, excluding combinations pf data sets _that are in ’Fensmd we ha_ve lensing. As stated inAde et al. (2014)increasing the neutrino
chosen it as the benchmark value in the following discussions tftout this s : ] X X
review. mass implies an increase on the expansion rate at redghifts,
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corresponding to a suppression of clustering at scales belew tla ect both the background evolution and the perturbation
size of the horizon at the non-relativistic transition. Bhé ect  observables Lesgourgues et al., 20Q04the dierent free-
leads to ade,grease in CMB lensing that, at multipdlBs1, 000, streaming scales associated to each of the three neutrires ma
is 10%for m D 0.66eV. eigenstates will be imprinted in the matter power spectrum.
On the other hand, we have the reionization process in the latEBigure 9 shows the ratios of the matter power spectrum for
universe, when the rst generation of galaxies emittedasiolet normal over degenerate, inverted over degenerate, andtate
(UV) photons that ionized the neutral hydrogen, leading toover normal neutrino mass spectra for a total neutrino mass of
the end of the so-calledark agesReionization increases the 0.12 eV. We illustrate such ratios at di erent redshifts. Neti
number density of free electromg which can scatter the CMB that the di erences among the possible neutrino mass schemes
with a probability given by a quantity namedionization optical are tiny, saturating at the 0.06% level lat> 0.2h Mpc 1.
depth , which can be computed as an integral over the line offherefore, only very futuristic means of measuring the matt
sight of ne. The consequence of an increase obn the CMB  power spectrum could be directly sensitive to the neutrino
temperature uctuations is the suppression of the acoustic peakmass ordering, and, eventually, be able to isolate eacheof th
by a factor exp( 2 ) at scales smaller than the Hubble horizonfree-streaming scales associated to each individual imeutr
at the reionization epoch. Even if from the point of view of mass eigenstate. We shall comment on these future probes in
CMB temperature anisotropies this e ect is highly degeneratesection 6.5.
with a change in the amplitude of the primordial power spectrum  Since, @ present, matter power spectrum data constrain
As, which governs the overall amplitude of the CMB spectragxclusively m , it is only via these bounds, combined with
reionization induces linear polarization on the CMB spectrum,CMB or other external data sets, that nowadays a limit on
leading to a “reionization bump” in the polarization spectrathe neutrino mass ordering can be obtained, see section 4.3.
at large scales, which otherwise would vanish. Even if thBevertheless, and as aforementioned, there are a number of
reionization signal is rather weak, as it amounts to no mdv@t problems which may interfere with a proper understanding of
10% of the primary polarization signah¢hanim et al., 2008  the scale-dependent neutrino mass suppression of clustering.
very accurate measurements of the reionization optical depth The rst of them is due to the fact that observations measure
sharpen considerably the CMB neutrino mass boundsyfozzi  the spatial distributions (or their Fourier transforms, tbewer

et al., 201), as they alleviate the degensracy betwaeand spectra) of galaxies, clusters, or quasars, e.g., of gigenrs,

and consequently the existing one betweemm andAs. mapping the large scale structure of the Universe at a number
) of redshifts, by measuring the growth of uctuations at diemt

4.2. Large Scale Structure of the Universe scales. However, the matter distribution is not directly si@ad,

The largest e ect of neutrino masses on the cosmologicdle., it needs to be inferred from the tracers observed. Apm
observables is imprinted in the matter power spectruoifd  model of structure formation suggests that at large scabes a
et al., 1980; Hu et al., 19p&Neutrinos arehot dark matter therefore, when the perturbation evolution is still in the giar
particles and, therefore, due to the pressure gradient, atengi regime, the galaxy power spectrum is related to the matter
redshift z, the non-relativistic neutrino overdensities can onlyone by a constant namel| the light-to-mass biasOesjacques
cluster at scales for which the wavenumber of perturbatiens iet al., 201 The galaxy bias can be determined either separately
below the neutrino free streaming scéjg(i.e., at scalds< ki), by independent methods or to be considered as an additional

with free parameter to be measured together with the neutrino mass
0677 m P_— N m . This approach has been followed in many studies in
ki(2) D Ac2= 1ev mhMpc =, (10)  the past Cuesta et al., 2016; Giusarma et al., 2016; Vagnozzi

et al., 201y, However, when dealing with neutrino masses,

beinge 1, the ratio of the total matter energy density over thethe relationship between the tracers and the underlyingterat
critical density at redshift zero. The free-streaming matwf eld may be more complicated, as neutrinos themselves may
the neutrino will be directly translated into a suppression ofinduce scale-dependent features in the bi@siqtorina et al.,
the growth of matter uctuations at small scales. One could2014; LoVerde and Zaldarriaga, 2014;féz and Dvorkin, 2018
then conclude that extracting the neutrino relic massestwedr due to their free-streaming nature (see also the recent work
ordering is a straightforward task, once that measuremeiits of Giusarma et al., 201for a new method to extract a scale-
the matter power spectrum at the relevant scales are availalllependent bias, based on the cross-correlation of CMB lensing
at a dierent number of redshifts. The former statement ismaps and galaxy samples).
incorrect, not only because it does not consider the existen  Another additional complication when extracting the
of degeneracies with the remaining cosmological parameterseutrino mass from clustering observations arises from te th
but also because a number of subtleties must be taken infaresence of non-linearities at scakes k%, 0.1 0.2hMpc *
account, as we shall explain in what follows. The decrgadeeof tatz D 0. The e ect of neutrino masses is very-well understood on
matter power spectrum due to the total neutrino massm linear scales, i.e., scales belgw atz D 0 (or located at slightly
i§, in principle, currently measurable. Nonetheless, wheingx larger values ok but at higher redshifts). Massive neutrinos

m , the total mass could be splitted di erently among theinduce a suppression in the linear matter power spectrum below
three neutrino mass eigenstates (irei, mp andmg), modifying  their free streaming scale P=P / 8f , with f the fraction
slightly the relativistic to non-relativistic transitioriThis will — of matter in the form of massive neutrinosi(i et al., 1998
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important in the case of galaxy surveys, in which the inforioat
depends on the number of independent modes available, and
where going to smaller scales (i.e., larger valueg)dfias a
profound impact on the sensitivity to neutrino masses. Several
approaches have been followed in the literature to account for
the e ect of massive neutrinos in the non-linear regime, most
of them relying on N-body cosmological simulations, which
0.0000 )\ have been upgraded to include the e ects of neutrino clustering
in the evolution of the cosmological structures. Methods mang
from perturbative attemptsSaito et al., 2008; Brandbyge and
Hannestad, 2009; Shoji and Komatsu, 2010; Ali-Haimoud and
Bird, 2012; Archidiacono and Hannestad, 2016; Upadhye et al.,
-0.0010f 1 2016; Dakin et al., 2017; Senatore and Zaldarriaga,)201te
105 e T e ST =5 fully non-linear inclusion‘(/illaescusa-Navarro et ‘al., 2014a;
k thMpc-1] Inman et al., 2015; Banerjee and Dalal, 2016; Dakin et dl7;20
Banerjee et al., 2018; Liu et al., 2D®8 neutrinos as an extra
set of particles. A conservative alternative consists on using
exclusively power spectrum measurements within the linear
regime (i.e.,k < 0.1h Mpc 1). Some of the cosmological
5 constraints have also been obtained using the mildly nonaline
0 1 regime k < 0.2h Mpc 1) by means of the so-called Halo t
formalism (Smith et al., 2003; Takahashi et al., 20The Halo t
prescription models the non-linear matter power spectrum, and
it has been calibrated against a wide range of CDM simulation
It has also been extended for massive neutrino cosmologies (
et al., 201, Other predictions for the non-linear matter power
spectrum include the Coyote emulatari¢itmann et al., 2014
which is based on a set of high-accuracy N-body simulations.
However, there is also another avenue to use large scale
structure information, thegeometricahpproach, which exploits
the so-called Baryon Acoustic Oscillations (BAO) rathearth
the measurements of the broad-baskapeof the galaxy power
spectrum. The BAO signal appears as a peak in the two-point
mass correlation function corresponding to the distance axslou
wave can travel in the photon-baryon uid from very early
in the universe until the drag epoch, when the baryon optical
depth equals one. The BAO signature provides a standard ruler
to measure the distance to various redshifts, and it can be
measured eithelong the line of sightn which the radial
distance is inversely proportional to the Hubble expansion rate
H(z), or across the line of sighin which case the angular
distance is proportional to an integral dfi(z), the angular
diameter distancala(z). To use the BAO method, one must,
therefore, extract the acoustic scale from the clustering of
—0.0010¢ 1 some tracer of the baryon distribution (galaxies, quasarsis
1075 o o 1= o 700 is typically done statistically using the two-point correteti
Kk [hMpc] function of the spatial distribution of tracers, or from ito&rier
transform, the power spectrum. From these functions, it is
FIGURE 9 | The Top (Middle) shows the ratios of the matter power spectrum possib|e to measure two di erent quantities Corresponding t®th
of normal (inverted) ordering over the degenerate case. Tlﬁottom shows oscillations parallel and perpendicular to the line of sigh'atth
the ratio of the matter power spectra for the normal and inveéed mass . . .
orderings. See the text for details. is rsH(2) and da(2)=rs, with rs the sound horizon at the drag
epoch. Many of the BAO analyses to date have used spherically
averaged clustering statistics, measuring an e ective miista
Dv  (zda(2)?=H(2)) %, which is the volume-averaged distance.
Accurate descriptions of the matter power spectrum in theSome of the most recent BAO extractions by the Sloan Digital
non-linear regime are therefore mandatory in order to beSky Survey Ill §DSS-IIl ) (Eisenstein et al., 20} Baryon
sensitive to the full neutrino mass signature. This is patddy  Oscillation Spectroscopic SurveB@®S3 (Dawson et al., 20)3
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have achieved, by measuring the clustering of 1.2 millidaxges  providing a measurement of the so-called cluster number count
with redshifts 0.2< z < 0.75, 1.8% precision on the radial function dN=dz. This function gives the number of clusters of a
BAO distance and 1.1% precision on the transverse distanoertain mas$ within a redshift interval (binz C z and, for a

in the z < 0.75 redshift region Keutler et al., 2017b; Ross given survey:

et al., 2017; Vargas-Magana et al., J0These results improve 7

former determinations from previous data release8@SSand dN dv(z ! dM @(M 2 (11)
SDSS(Eisenstein et al., 2005; Anderson et al., 2013, 2014; dojeir dz M>Mmin sky dz M dm™

et al., 2014; Ross et al., 2D05 other galaxy surveysercival

etal., 2001; Cole et al., 2005; Beutler et al., 2011; Blake2d11; The quantityfg,y D 1= 4 refers to the fraction of sky covered
Kazin et al., 201y see also the recent works dautista et al. by the survey and the unit volume is given by

(2017b)for a 2.6% measurement B, at 2.8 signi cance with Z

the extended Baryon Oscillation Spectroscopic Sure®0OSS dv(2) 4 ‘ 1 (12)
from SDSS-IV Dawson et al. (2016)The Dark Energy Survey dz H(2) o H(z92 "

(DES has also achieved a 4.4% accuracy on the measurement of o _ )
da(z)=rsatz D 0.81Abbott et al. (2017) While the redshift is relatively easy to measure, the main

Galaxy clustering measurements can also be exploited ticertainty of this method comes from the cluster mass
constrain, at a number of redshifts, the product of the lineaf€Stimates, determined through four main available methags
growth ratef  g'2 by means of the so-called redshift spacd@ys, Vvelocity dispersion, Sunyaev-Zeldovich (S2) é%e_at_wd
distortions, caused by galaxy peculiar velocities, seeebent weak lensing. The overall error in the cluster mass detertiuna

analyses of Beutler et al. (2017aBatpathy et al. (2016and is usually aroundl M=M 10%. Furthermore, in order to
Sanchez et al. (2017) relate the cluster number count function to the underlying

Apart from the spatial distribution of galaxies, there areoals €0Smological parameters, one needs as an input a mass function
other ways of mapping the large scale structure of the universd(z,M)=dM describing the abundance of virialised objects
at di erent cosmic times. The Lyman-forest power spectrum &t @ given redshift, usually obtained by means Ntbody
from distant quasars plays a major role for constraining thesimulations {linker et al., 2008; Costanzi et al., 2)iTthis mass
neutrino masses, as it is sensitive to smaller scales, where function depends on both the matter mass-energy density and on
e ect of neutrino masses is more pronounced. We refer théhe standard deviation (computed in linear perturbation tigo
reader to the seminal works ofCroft et al. (1999) Seljak ©f the density perturbations:

et al. (2005)Goobar et al. (2006Seljak et al. (2006)ratton 1 Z,
et al. (2008) Fogli et al. (2008)and Viel et al. (201Q) In 2D — dkiCP(K\W2(KR) , (13)
addition, since the redshifts at which Lymanforest probes 2 0

r nsitivi re higher than th rr ndin | . .
are sensitive to are hig e than those co €spo ding .to ya a)flvhereP(k) is the matter power spectrunW/ (kR) is the top-hat
surveys, a xed scalk will be closer to the linear regime in

the Lyman- case. An additional benet of going to higher window function,R is the comoving uctuation size, related to

redshifts is that uncertainties related to the evolution tbé the cluster mash! asRD (3M=4 )™, and
dark energy uid will be sub-dominant, as dark energy e ects

are expected to be more prominent at very low redshifts. W(kR) D
However, modeling the neutrino mass e ect in the Lyman-

fo:est p(:]wctjar zpectru_m I'S .h'gTh,:_ nor\1/-tr||V|a:I als '; (TlayTs;ronglyThere are still some degeneracies in the cosmological paresnete
rely on hydrodynamical simufations el et al., Y These probed by cluster surveys, whose results are reported by means
r'lumerlcal'calculatlons' try to pr'operly acgount for the Iateof a relationship between the matter clustering amplitude
time non-linear evolution of the intergalactic medium (IGM) (obtained from Equation 13), and the matter mass-energysitgn

K:Clumng :el?nggtlgr_:_hprog;soseyleltet al., 201|0; \énlaescusa— * m parameters. More concretely, cluster catalogs measure the
avarro et al., 2033The signature can aiso be measuredso_ca"ed cluster normalization conditionge , where

in the ux correlation function of the Lyman- forest of quasars, 0.4 @llen et al., 2011: Weinberg et al., 2)1@urrent cluster
rst detected at a mean redshitl_) 2.3InBusca et a(2013 see catalogs include X ray clusters (see édgtpn et al., 2018; Sohn
also Slosar et al., 2013; Font-Ribera et al., 2014a; Delubag et al 2l 201@nd references therein), the optically detecBRISS

2015; Bautlgta et_al.,.2917a; Bourboux etal, Z(Dﬂj?Au.bourg photometric redMaPPer cluster catalog Kozo and Ryko,
et al., 201} in which joint constraints from the BAO signature 2014: Ryko et al., 2014: Rozo et al., 2pafd thePlanck SZ

frorg g{alaxuals a;nd quasa};s havte beiﬂ pr(tesetnteg_. h all ‘ alaxy clustersRSz2) Ade et al. (2016awhich contains more
; aﬂ?xy lc uts ers p;ow tf ye atmob ?r estw tlﬁ a d?mve\tls Lt’s an a thousand con rmed clusters. Other SZ cluster catalogs
race the clustering of matter perturbations aan erejoodes are those detected from the Atacama Cosmology Telescope

the suppression due to the prese_n_ce_of anon-zerm . C_salaxy (ACT) (Hilton et al., 2013 and from the South Pole Telescope
clusters are, by far, the largest virialised objects in thieerse, (SPT) (de Haan et al., 20)6

3 sinkR)  (kR) coskR)
(kR3

(14)

12Here, g corresponds to the normalization of the matter power spectrum on'3The thermal SZ thermal e ect consists on a spectral distortion on GMBtons
scales of 8  Mpc, see Equation (13). which arrive along the line of sight of a cluster.
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Last but not least, weak lensing surveys are also @mBLE 2 | Jeffreys' scaleJeffreys (1961)or estimating the strength of the
additional probe of the large scale structure e ects of massivPreference for one model over the other (adapted fromTrotta (2008) when
neutrinos (Cooray, 1999; Abazajian and Dodelson, 2003PerformingBayesian model comparison analysis.

Hannestad et al., 2006b; Kitching et al., 2008; De Bernatdib, Brnojol  Odds Strength of N for the mass
2009; Ichiki et al., 2009; Tereno et al., 2009; Debono €Gil0; evidence ordering
Jimenez et al., 20).0Light rays from distant galaxies are bent

by the matter density perturbations between the source gdax <10 - 311 inconclusive <11
and the observer, thereby inducing distortions in the obser 2[1.0.25 (3 12):1 weak 11 17
images of the source galaxies (see the reviéwsshi et al., 2008; 2[2550] (12 150):1 moderate 17 27
Kilbinger, 2013. Commonly, the deformations in the source 2[50.10] (150 22 10%):1 strong 27 41
galaxies are rather weak and to extract the lensing sigeatu? [10,15] (22 10% 33 10°:1  verystrong 41 51
one needs a correlation among di erent galaxy images, the sa-15 >33 100:1 decisive >5.1

called ;hear-correlatlo_n fUI.’lC'[IOI’lS. By measuring the mu The fourth column indicates the approximate correspondence between the quoted Baye
correlation of these distortions, one can probe the CIUBERI factor levels and the N probabilities computed for a Gaussian variable.

statistics of the intervening matter density eld along theel
of sight, without relying strongly on bias assumptions, isett
therefore independent constraints on the neutrino massesakV ponsequence of this lower value ofon the CMB bounds on
lensing surveys usually report their cosmological constsain m is related to the degeneracy between the amplitude of the
terms of the clustering amplitudeg and the current matter primordial power spectrumAs, and , as already introduced
energy densitye n. I\fgore speci cally, they make use of the in section 4.1: a lower value ofwill imply a lower value ofAs,
combination S 8 ¢ m as an accurate description of the thus implying a lower overall normalization of the spectrum,
amplitude of structure growth in the universe. The most recenleading therefore togtighter constraints N neutrino masses
weak lensing cosmological analyses pro ting of weak lendailg  The 95% CL limitsof m < 0.72eVand m < 0.49 eV,
from DESand from the Kilo Degree SurveKiDS), consisting of respectively from thePlanck TT + lowP 5 and Planck

450 ded of imaging data, are presented ikbbott et al. (2018) TT,TEEE + lowP analyses, are updatedtom < 0.59 eV
Hildebrandt et al. (2017Joudaki et al. (2017)and Kéhlinger and m < 0.34 eV when usinglanck TT + SimLow

et al. (2017)respectively. and Planck TT,TE,EE + SimLow , respectively. These
constraints are clearly located away from the region in which

4.3. Cosmological Bounds on Neutrino preference for a given mass ordering (normal vs. invertedy ma

Masses and Their Ordering show up. Indeed, the CMB data alone were used by the authors

In the following, we shall review the current cosmologicalof Gerbino et al. (2017byhich, by means of a novel approach
bounds on neutrino masses and on their ordering, rstly in theto quantify the neutrino mass ordering, have shown that the
standard3 CDM scenario and then when considering extendededds favoring normal ordering vs. inverted ordering arell

cosmological models. and 9: 8 in the case of th@lanck TT + lowP andPlanck
TT,TE,EE + lowP data combinations, respectively. These
4.3.1. Constraints Within the 3 CDM Universe results point to an inconclusive strength of evidence, Tsdse 2

Focusing on bounds exclusively from tRé&anck collaboration, Based on a full Bayesian comparison analysisjriazzo et al.
making use of their CMB temperature anisotropies(2018a) has shown, usingPlanck TT,TE,EE + lowP
measurements in the multipole range . 2500 Planck measurements together with global neutrino oscillationadat
TT) and of their low-nyultipole (up to’ D 29) polarization that the Bayes factor for such a combination is Bigf 10) ' 2.5
data,lowP , a bound of m < 0.72 eV at 95% CRde et al. for almost all the possible parameterizations and prior choices
(2016b) is reported. When high-multipole (i.e., small scale,considered. This valuev of the Bayes factor, which only sdimt
* > 30) polarization measurements are included in the analyseseak preference for normal ordering, is entirely due to nigr
lanck TT,TE,EE + lowP ), the quoted constraint is oscillation data, in agreement with the results ofaldwell
m < 0.49 eV at 95% CL. As tHdlanck TT,TE,EE data et al. (2017)ThereforePlanck temperature and polarization
combination may still have some systematics due to tempezatu measurements alone can not further improve our current
to-polarization leakage?(de et al., 2016hHthe bounds including knowledge of the neutrino mass ordering from global osddlat
these measurements provide the less conservative approatdia.
when exploiting CMB data. In 2016, tiidanck collaboration The CMB limits on neutrino|5nasses can also include the
presented a series of new results based on a new analysisldansing likelihood, which leads to m < 0.59 eV at 95% CL
which the modeling and removal of unexplained systematics ifor the case ofPlanck TT,TE,EE + lowP  + lensing
the large angular polarization data were accountedohanim  measurements/Ade et al., 2016b Notice that the bound with
et al. (2016h)The value of the optical depth found in these the lensing likelihood is Iesgtight than that obtained waitth the
re ned analyses (using th&imLow likelihood) was smaller lensing potential extraction ( m < 0.49 eV at 95% CL from
than that quoted in previous analysesde et al., 201owhile  Planck TT,TE,EE + lowP ). The reason is related to the
thelowP data was providing D 0.067 0.022, theSimLow  fact that, while thePlanck CMB power spectra favor a larger
likelihood results in D 0.055 0.009. The most important lensing amplitude, the lensing potential reconstructions prefe
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a lower one. Since increasing the neutrino masses reduees tmeasurements of the galaxy power spectrum map a large volume
lenging amplitude, the one dimensional posterior distributi  of our universe, the geometric apgroach is still more powerful, a
of m arising from the combination of CMB temperature, least within the minimaB CDM + m cosmology. The better
polarization and lensing data sets shifts the neutrino masperformance of BAO measurements is partly due to the upper
constraints away from zero, so that |{ess posterior volume isuto applied in the scalé of the power spectrum when dealing
found near zero than when constraining m only with CMB  with shape analyses (mandatory to avoid non-linearitiesy an
temperature and polarization data. partly due to the fact that two additional nuisance parameters
A signi cant strengthening on the aforementioned limits are further required to relate the galaxy power spectrum to
can be obtained by means of additional data sets, which hepe matter power on¥. As an example, the 95% CL bound of
enormously in breaking the degeneracies which are allowed m < 0.118 eV obtained,witPlanck TT,TE,EE + BAO
when only CMB data are considered. Among them, the on@lus SimLow is degradedto m < 0.177 eV when replacing
existing between m and the Hubble constanty (see part of the BAO data [more concretely, the high redstd@fbSS
e.g Giusarma et al. (2013p)Large scale structure data from CMAS®ata Release 1DR11) sample by the full-shape power
galaxy clustering are of great help in breaking degenesaciespectrum measurements from tHBOSS CMAS®ata Release
When exploited in the geometricalP(BAO) form, tH&lanck 12 PR12)].
collaboration quotes 95% CL limits of m < 0.17 eV from the An alternative tracer to map out the large scale structurain
combination Planck TT,TE,EE + SimLow C lensing universe and improve the CMB-only bounds on the sum of the
C BAO dataAghanim et al. (20168f. Concerning the neutrino three active neutrinos is the Lymanforest, leading to neutrino
mass ordering, the addition of BAO measurements to CMBnass bounds which turn out to be among the most constraining
Planck measurements leads to odds for the normal vs. thenes. By means of the one-dimensional Lymaiferest power
inverted ordering of 43 and of 3 2, in the case of thPlanck spectrum extracted byalanque-Delabrouille et al. (201&8nhd
TT + lowP + BAO and Planck TT,TE,EE + lowP + combining these measurements witHanck TT,TE,EE +
BAO respectively, suggesting only very mild evidence for thewP + BAO, the authors oPaI@que-Delabrouille et al. (2015)
normal ordering caseGerbino et al. (2017b)These results nd a 95% CL upper limit of m < 0.12 eV. It is also
conrmed the previous ndings obtained in Hannestad and remarkable the fact that, even without the addition of CMB
Schwetz (2016)The authors of Vagnozzi et al. (201 #eported data, the combination of the Lyman-forest power spectrum
odds for the normal vs. the inverted ordering of 24from the  of Palanque-Delabrouille et al. (201 8gether with those from
combination ofPlanck TT,TE,EE + BAO plus theSimLow  the XQ-100 quasars az * 3.5 4.5 and the high-resolution
prior on the reionization optical depth, i.e., D 0.05 0.009. HIRES/MIKE spectrographs at D 4.2 gndz D 4.6 (viel et al.,
Notice that if data are not informative enough, the choiceabr 2013, is already able to provide a limitof m < 0.8 eV {feche
on MyghtestWill make a di erence in the odds ratié. et al., 201), showing clearly the enormous potential of small-
Another possible avenue to exploit galaxy clustering data iscale probes to extract the p,eutrino masses.
to use the information contained in the full-shape of the gglax ~ The degeneracies among m and the other cosmological
power spectrum (see e.gillen et al., 2003; Elgaroy and Lahav,parameters that appear when considering CMB data only can also
2003; Hannestad, 2003; Spergel et al., 2003; Barger etCdl;, 2be strongly alleviated by the addition of Supernova la lursibo
Crotty et al., 2004; Hannestad and Ra elt, 2004; Tegmark.et adistance data and/or local measurements of the Hubble
2004, 2006; Fogli et al., 2007, 2008; Hamann et al., 20008, Zmaramete?V. Concerning Supernovae la data, the most complete
2010a; de Putter et al., 2012, 2014; Riemer-Sorensen €ild,, 2 photometric redshift calibrated sample joins the SuperNova
2014; Giusarma et al., 2013a, 2016; Zhao et al., 2013; @tiakta Legacy SurveySNLS and SDSS supernova catalogs. This
2016; Vagnozzi et al., 201 Notice however that using BAO is Joint Light-Curve Analysis (JLA) catalog Betoule
currently a more robust method, as the e ects of the galaxg biaet al., 2013, 2014; Mosher et al., 20has been used by the
and non-linearities are not as severe as in shapeapproach. Planck collalggration and by other analyses to improve the
In the minimal 3 CDM scenario, the BA@eometricahpproach constraints on  m , being its impact particularly crucial in
can supersede the neutrino mass constraints obtained fram tmon-minimal cosmologies\(agnozzi et al., 20)8as we shall
shapene (see e.ghlamann etal., 2010a; Giusarma et al., 2013b explain toward the end of this section. Concerning the valfie o
Indeed, a dedicated analysis has been devotétimozzi et al. Ho, as there eﬁists a strong anti-correlation between the teibb
(2017)to compare the constraining power of these two di erentconstant and m when considering CMB measurements,
approaches to large scale structure data with $1@SS-III larger mean values dfip will lead to tighter constraints on the
BOSSmeasurements. The conclusions are that, even if the lateseutrino mass and consequently on the inverted mass orderin
When performing combined analyses of CMB aHg data, the

14The BAO measurements exploited by flanck collaboration include the 6dF
Galaxy SurveysdFGS) Beutler et al. (2011theBOSS LOWRAO extraction of  ®As stated invagnozzi et al. (2017}n the future, a deeper understanding of the
the spherical averagé,=rs (Anderson etal., 2014; Ross et al., )@t theBOSS  non-linear regime of the galaxy power spectrum with massive neutiimdaded,
CMASS-DR11data of Anderson et al. (2014) plus a better understanding of the galaxy bias could change th&tr@ining power
15see e.g., the work of the authors 6fmpson et al. (201@nd the explanation  of full-shape analyses vs. BAO ones.

of their results inSchwetz et al. (201@ndGariazzo et al. (2018a$ee alsd_ong 17see Jackson (2007and Freedman and Madore (20189r dedicated reviews
et al. (2018)Heavens and Sellentin (2018jandley and Millea (2018for useful  concerning the di erent possible local measurementslef Among them, the one
discussions concerning the prior choice on the neutrino mass ondegktraction.  based on Cepheid variables.
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2015Planck release relies on the reanalyBistathiou (2014) shear data is presented iDostanzi et al. (2014 where it is
of a former Hp measurement based on théubble Space shown that the inclusion of either cluster or shear measurgse
Telescope (HST) (Ho D (73.8 2.4) kms! Mpc LRiess l{,] the Planck + BAO joint analysis indicates a preference for
et al., 2011), which was in mild (2.5 tension with the value m > 0 at more than 2. However, the authors clearly
of the Hubble parameter derived from 20Ranck CMB state that these results can not be interpreted as a claim for
dataAde et al. (2014)This reanalysis{fstathiou, 201)iconsiders a cosmological detection of the neutrino mass, but rathea as
the original Cepheid data dRiess et al. (20138nd uses a new remedy to palliate the existing tension between clusters/shear
geometric maser distance estimate to the active galaxy NGdata andPlanck /BAO observations.
4,258 Humphreys et al., 20)3which is used as a distance Finally, weak lensing constraints from th2ark Energy
anchor to nd a value of the Hubble constafmtp D (70.6 Survey Year 1 resultg\bbott et al. (2018{DES Y1), have also
3.3) km s 1 Mpc 118 The limit on the sum of the three active recently provided bounds on the sum of the total neutrino mass.
neutrino massesF;eported by tHlanck collaboration using Based on 1321 dégmnaging dataDES Ylanalyses exploit the
this value oHpis m < 0.23 eV at 95% CL, when combined galaxy correlation function (from 650.000 luminous redayaés
with Planck TT + lowP +lensing + BAO +SNla data. divided into ve redshift bins) and the shear correlatiomfttion
Other estimates of the Hubble constant, however, exist. Th@rom twenty-six million source galaxies from four di erent
2.4% determination oRiess et al. (201¢ro ts from new, near-  redshift bins) as well as the galaxy-shear cross-coroelaiihe
infrared observations of Cepheid variables, and it provides t 95% CL upper bound reported on the neutrino mass after
valueHo D (73.02 1.79) km s Mpc ! Riessetal. (2016As combining their measgrements witRlanck TT,TE,EE +
the former mearHg value is higher than the one cons"t_dered bylowP + BAO +JLAis m < 0.29 eV, 20% higher than
thePlanck collaboration, it will lead to tighter limitson m . ithout DESmeasurements. The reason for this higher value of
Indeed, the, work ofvagnozzi et al.2017quotes the 95% CL m is that the clustering amplitude in the case@ES Y1lis
bounds of m < 0.196 eV and m < 0.132 eV when mildly below the one preferred B9lanck measurements. Since
combining with external data sets using the pribtg D (70.6 larger values of the neutrino mass will decrease the valtileeof
3.3) kmsIMpc TandHp D (73.02 1.79) kms! Mpc 1, clustering amplitude, the upper limit on the total neutrino mass
respectively. Focusing on the less conservative chdiceD  isloosened by 20% after thdESresults are also considered.
(73.02 1.79) km s! Mpc 1, odds for the normal vs. the
inverted neutrino mass ordering of 3.3 were found for both  4.3.2. Extensions to the Minimal 3 CDM Universe
the Planck TT,TE,EE + BAO + SimLow + Hg and the So far we have discussed the neutrino mass and neutrino
Planck TT,TE,EE + BAO + SimLow + Hg + Planck SZ mass ordering sensitivities within the minimaICDM universe.
data sets\(agnozzietal., 20)7The 95% CL upper bounds on the However, these limits will change when additional paramedegs
neufgno mass for these two combinations arem < 0.094 eV  introduced in the analyses.
and m < 0.093 eV, respectively. These results indicate, once The rst and most obvious scenario one can consider is to
again, very mild evidence for the normal mass ordering, evetest the stability of the neutrino mass limits when new physics
within these more aggressive gpd less conservative sosnariadded in the neutrino sector. As already mentioned in sec8i@,
in which the very tight limit on m is mostly due to the short baseline neutrino experiments indicate that a ligletrié
tension between CMB and direct measurements of tBe Hubblgeutrino at the eV scale may exist. These extra sterile species
constantHyp, together with the strong degeneracy betweem will contribute to the e ective number of relativistic degrees
and Hg, Using these results, we stress that having an uppdreedomNe , de ned by
bound m . 0.1eV at 95% CL is not equivalent to having |
a 95% CL preference for normal ordering: the probabilities for 7 4 B
normal ordering and inverted ordering, as computed from the radD 1C 3 11 Ne : (15)
odds 3.3 1, are approximately 77 and 23% (see also section 5.1).

In general, the combination of data sets that are inconstste ) o
is potentially dangerous. Apart from the constraining e ect onwherg rad () Is the tOté}l radiation (CMB photons) energy
the neutrino mass limits when considering a particular priordensity. In the standard picturdle D 3.046 (langano et al,,
on the Hubble constanHo, there have been also other related?00°; de Salas and Pastor, 20This number accounts for the
cases in which the neutrino masses were a tool to accommoddf¥€€ active neutrino contribution and considers e ects teta
tensions among di erent data sets. For instance, in the cdse & non-instantaneous neutrino decoupling and QED nite
galaxy cluster counts, a larger neutrino mass could in ppifecit _temperature correctlons_to the plasma e_voluﬁ%nVarlanns
both CMB and low-redshift universe constraints on the powern Ne , apart from the light sterile neutrino, may be related
spectrum normalization g Allen et al. (2003) The e ect of to the existence of additional relativistic particles, agrtely-

combining CMB and BAO observations with clusters and/orProduced axions (see below). Analyses in which both the active
neutrino masses and the number of additional massless or

18The nal result ofEfstathiou (2014js howeveHg D (72.5 2.5)kms Mpc 1,  1®The work of de Salas and Pastor (20]6hcluding three- avor neutrino
when the combination of théHp results obtained with three di erent distance oscillations, has revisited previous calculations including allptoper collision
estimators is performed. The valiy D (70.6 3.3) kms®Mpc listhe only integrals for both diagonal and o -diagonal elements in the nid density
one of the three which shows a milder tension with thgestimate fronPlanck . matrix and quotes the value &fg D 3.045.
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massive species are varied simultaneously have been gelgnsithan for the neutrino, andP m is slightly more constrained
carried out in the literature llamann et al.,, 2007a, 2010b,in scenarios in which thermal axions e also present. For
2011; Giusarma et al., 2011, 2013b; Archidiacono et al3a&2b1 instance Di Valentino et al. (2016cguotes m < 0.175 eV
Di Valentino et al., 2013; Riemer-Sorensen et al., p&tidowing at 95% CL from thePlanck TT,TE,EE + lowP + BAO
that the bounds on the active neutrino mass are relaxed whetiata combinations when considering only neutrinos, while the
additional sterile species are added to the fermion contént aanalyses ii Valentino et al. (2016hjncluding massive axions,
the SM of particle physics. The constraints on the total netri nd m < 0.159 eV andny < 0.763 eV, both at 95% CL, for
mass m are less stringent than in thesstandard three neutrinathe very same data combination.
case due to the large degeneracy betweem andNg , which There are also other ways of relaxing the cosmological
arises from the fact that a number of massless or sub-eMesterineutrino mass bounds, related either to the early or the-late
neutrino species contributing to the radiation content ofeth time accelerating periods in the universe. In the former case
universe will shift both the matter-radiation equality eeend one can play with in ationary processes. There have been a
the location of the CMB acoustic peaks. This e ect could benumber of studies devoted to explore their degeneracies with
compensated by enlarging the matter content of the universéhe neutrino sector( see the recent works éfamann et al.,
implying therefore that larger values for the neutrino masse2007b; Archidiacono et al., 2013b; Joudaki, 2013; de Putter
gpuld be allowed. Consequently, a priori, the constraints oret al., 2014; Canac et al., 2016; Di Valentino et al., 2016a;
m when N is also a free parameter in the analyses ar&erbino et al., 201jaThe authors oDi Valentino et al. (2016a)
not very competitive. Fortunately, CMB measurements fromhave considered a non-standard and parametric form for the
the Planck collaboration help enormously in sharpening the primordial power spectrum, parameterized with tHeCHIP
measurement o , especially when considering polarization (piecewise cubic Hermite interpolating polynomial) formalism
measurements at small scales: including data at high migtipo with twelve nodes betweeky D 5 10 8 Mpc * andk, D
one obtains1 Ne < 1 at more than 4 signicance from 10 Mpc ! and derived the neutrino mass constraints within
Planck CMB observations alone. Indeed, the limit on the sumthis more general scenario. When oriyanck TT + lowP

of the three active neutrino species considering also aultiti easurements were considered, the 95% CL mass bound of
ra('djation neutrino species (i.e., massless sterile neugpecies) m < 0.75 eV obtained with the usual power-la‘f_\g description
is m < 0.178 eV at 95% CL fror®lanck TTJEEE of the primordial power spectrum was relaxed tom <

+ lowP + BAO data, very similar to the bound m <  2.16 eV. This Iargg value is explained in terms of the strong
0.168 eV at 95% CL arising from the very same dataselegeneracy between m and thePCHIP nodes corresponding
within the minimal 3 CDM scenario with three active massive to the wave-numbers where the contribution of the Early ISW
neutrinos. Another possible way of relaxing (or even avaylin e ect is located, in such a way that the e ect induced by a
the cosmological neutrino mass limits is via the additiomof-  non-zero neutrino mass is easily compensated by an increase
standard interactions in the active neutrino sectBe@com et al., of the primordial power spectrum at these scales only. BAO
2004; Fardon et al., 2004; Afshordi et al., 2005; Hannea@hb; information improves considerably the limits in thECHIP
Bell et al., 2006; Brook eld et al., 2006a,b; Bjaelde eR@08; prescription, but it is the addition of high- polarization data
Ichiki and Keum, 2008; Mota et al., 2008; Boehm et al., 201%hat further constrains the e ect. The 95% CL upper limit in
Archidiacono and Hannestad, 2014; Dvali and Funcke, 201@he PCHIP scenario from thg’lanck TT,TE,EE + lowP
Di Valentino et al., 2018pb + BAO data combination is m < 0.218 eV, quite close
Furthermore, additional relics di erent from sterile neutios, to the bg,und found when the usual power-law description is
as thermal axionsHeccei and Quinn, 1977a,b; Weinberg, 1978applied ( m < 0.175 eV). Referendgerbino et al. (2017a)
Wilczek, 197§ contributing to both Ng at early times and deals instead with the robustness of the constraints on thiaisca
to the hot dark matter component in the late-time universe,spectral indexns under several neutrino physics scenarios. The
suppress small-scale structure formation and show e ects veguthors have explored the shifts induced in the in ationary
similar to those induced by the (active) three massive neatr parameters for di erent choices of the neutrino mass ordering
species. Therefore, the cosmological bounds on the thréeeact comparing the approximate massive neutrino case (one massive
neutrino masses are modi ed in scenarios with thermal asion eigenstate plus two massless species when the total mass is
(see Hannestad et al., 2007, 2008, 2010; Melchiorri et al., 200¢lpse to the minimum allowed value by oscillation data, and
Archidiacono et al., 2013c; Giusarma et al., 2014; Di Valent three degenerate massive neutrinos otherwise) vs. the exse
et al., 2015, 20169,bas these two species have to share thénormal or inverted mass orderings). ijle the mass-oradgri
allowed amount of dark matter. Nonetheless, there are nonassumptions are not very signi cant when b is xed to its
negligible di erences among neutrinos and thermal axiof@: minimum value, there is a shift ims when m isr_a free
axions are colder than neutrinos, as they decouple ea(lgr; parameter, inherited from the strong degeneracies in then ,
since the axion is a scalar particle, an axion mass largertttan Hg ande rF,hz parameter space. Fortunately, BAO measurements
neutrino one is required in order to make identical contriilmns  revertthe m -nganti-correlation present with CMB data only,
to the current mass-energy density of the univer@;in the  and the shift in the spectral index turns out to be negligible.
case of axions, the contribution tdle is related to their The other possibility is to play with the late-time accelemtio
mass, while for neutrinos this is usually not true. Consetlye period and study how the neutrino mass bounds change. The
the bounds on the axion mass are always less constrainimgirrent accelerated expansion of the universe, explainesring
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of a cosmological constant in the minimalCDM scenario, may length scales, the cosmological limits on neutrino massés w

be due to a dynamical dark energy uid with a constant equatio di er from those in the standar® CDM model ( see e.g-{uterer

of statew 6D 1 or a time-dependentv(z) (Chevallier and and Linder (2007)Baldi et al. (2014 Hu et al. (2015)Shim et al.

Polarski, 2001; Linder, 20Q%r to quintessence models, based(2014) Barreira et al. (2014Bellomo et al. (2017Peirone et al.

on the existence of a cosmic scalar ekkebles and Ratra, 1988;(2018) Renk et al. (2017 andDirian (2017)

Ratra and Peebles, 1988; Wetterich, 1995; Caldwell e©8B; 1

Zlatev et al., 1999; Wang et al., 2)\&hich provide a dynamical 5 GLOBAL 2018 DATA ANALYSIS

alternative to the cosmological constant scenariowdth 1. It

is naturally expected that the neutrino mass bounds will iasee  In this section we shall combine the available measurentbats

when enlarging the parameter space. Indeed, when the daedlow us to constrain the neutrino mass ordering, updating th

energy equation of state is allowed to vary within the phantomresults presented i ariazzo et al. (2018a)

regionw < 1, there is a very well-known degeneracy between ) )

the dark energy equation of state and the sum of the three 5.1. Bayesian Model Comparison

active neutrino masses, as rst noticedtmnnestad (20054see  Before performing the analysis, we will brie y summarize the

also La Vacca and Kristiansen, 2009; Archidiacono et al., 2013method we will adopt to compare the two possible orderings.

Joudaki, 2013; Lorenz et al., 2017; Sutherland, 2018; Vagnozz We will follow a Bayesian approach to model comparison (see

etal., 2010, It has been pointed out that for very high neutrino previous work suggesting the Bayesian method as the mostisuit

masses only dark energy models lying within the phantom megioone for the mass ordering extraction iQian et al., 201and

will be allowed. The reason for that is the following: a largef2lennow, 201y%, which makes use of the Bayesian evidehce
m can be compensated by a largef,, which in turn can This quantity, which is also known as the marginal likelihpad

be compensated by a smaller equation of state of the dade ned as the integral over the entire parameter spage of the

energy component, i.ew < 1. Interestingly, the recent work prior ()  p( jM) times the likelihoodL( )  p(dj ,M ),

of \@gnozzi et al. (2018shows that the cosmological boundswhere is the set of parameters that describe the madeandd

on m become more restrictive in the case of a dynamicalepresents the available data:

dark energy component witlv(z) 1. Following the usual Z
dynamical dark energy description, whose redshift depenelenc Zw D L() ()d . (16)
is described by the standard Chevallier-Polarski-LindePI({C * M

parametrization Chevallier and Polarski, 2001; Linder, 2)03

the authors of\Vagnozzi et al. (2018have shown that the The posterior probability of the mod&l can be written in terms
combination ofPlanck TT,TE,EE + BAO + JLA plus the Ofits prior probability (M ) times the Bayesian evidenzg :
SimLow Brior on the reionization optical depth provides, at )

95% CL, m < 0.11 eV in the CPL case when restricting pMid)/ Zm (M), a7
w(z) 1 (within the physical, non-phantom region), while . .

m < 0.13 eV in the3 CDM case. Whem(z) is also allowed where the propomonalllty constapt depend.s only on the d{:lta.
to be in the phantom regionw(z) < 1) within the CPL In our case we will be |r_1terested in comparing normal ordering
parameterization, the rgsulting 95% CL constraint on theegr (NO) and inverted ordering (I0), which can be considered as tw
active neutrino masses is m < 0.37 eV. These results have adi erentcompeting modelsv ;  NO andM 2 10. The ratio
directimpact on the cosmological preference for a given rieatr  ©f the posterior probabilities of the two models can be writeen

mass ordering. FollowingHannestad and Schwetz (201&nd

Vagnozzi et al. (2017}t is found that the normal ordering is M DB (NO) ' (18)
mildly preferred over the inverted one, with posterior oddsl3 p(10jd) (10)
for the data combination quoted above whei(z) 1. On havina d dthe B fact
the contrary, if there is no such a restriction amgz) can also aving de ned the bayes tactor as
take values in the phantom region, the odds ard 1The odds
P J Bno,io D Zno=Zio - (19)

in the non-phantom dynamical dark energy case show a mild
preference for normal ordering. Therefore, if neutrino distion
experiments or neutrinoless double beta decay searches
that the neutrino mass ordering is the inverted one, if the
current cosmic acceleration is due to a dynamical dark ener
component, one would require this component to be phantom.
As a nal point in this section, we would like to note that
also in scenarios in which the current accelerated expanision
explained by means of modi cations of gravity at ultra-large

n%ssuming the same prior probabilities for normal and inverted
ordering, the Bayes factor is what determines the odds inrfav
of one of the competing models. In particular we will indicate
gthe results in terms of its natural logarithm Bno o0, which

will be positive when data will prefer normal ordering and
negative otherwise. Quantitatively, the preference isrgive
terms of posterior odds, which are alwayBno o0j: 1 in favor

of the preferred model. The strength of the preference can be

20|nteracting dark energy models can also change the neutrino masgregits ~ 2'We also refer the reader tdlennow et al. (2014)which provides a
(see e.gGavelaetal., 2009; La Vacca et al., 2009; Lopez Honorez and M&@a, 20comprehensive study of the sensitivity reach to the mass orderitigeircontext
Reid et al., 2010; Guo et al., 2018 of the frequentist approach.

Frontiers in Astronomy and Space Sciences | www.frontiersiorg 19 October 2018 | Volume 5 | Article 36


https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

de Salas et al. Neutrino Mass Ordering in 2018

also translated into an empirical scale, which in our case idark matter densitiess ,h? and ¢ ch?; the optical depth to

summarized in the third column ofable 2 reionization, ; the angular scale of the acoustic peaks through
Let us brie y discuss the correspondence of the quoted levels and the amplitude log(1§As) and tilt ns of the power

that classify the strength of the preference in favor of onthef spectrum of initial curvature perturbations. In addition, \aeld

competing models. In the case of the neutrino mass orderinghe e ect of the three massive neutrinos computing the evoluti

we have only two possibilities (normal or inverted), so thatof the cosmological observables assuming three independent

p(NQjd) C p(10jd) D (NO) C (I0) D 1. If we assign the mass eigenstates, which, in terms of tfbe parameters invatved

same prior probability to the two casesqNO) D (I0) D 1=2,  gyranalyses, read as D Miightest M1 D mﬁghtestcjl mij

it is easy to compute the posterior probability for each of the tw q q
) : 2 2 2 1 M2 2
cases, which will be M2 D MiigntetC 1M1 M2 D Mg C 11 M5y € 1 M3y
2 2 _
p(NOjd) D Bno,0=Bno,io C 1), (20) and mz D m”ghtestc 1ms; m3 D Mygnest for normal
p(10jd) D 1=(Bno.o C 1) (21) (inverted) neutrino mass orderings.

When considering cosmological data, we will focus on the
having used Equations (18, 19). The con dence levels for thBlanck measurements of the CMB spectrum and on the
rejection of the disfavored (e.g., inverted) mass ordenvity ~Most recent results from BAO observations. For the former we
then bex D 100 (1 j Bnoioj })%. For example, a consider the 201%lanck release Adam et al., 2016; Ade
Bayes factorByojo D 10 corresponds to a rejection of et al., 2016pof the high- likelihood (Aghanim et al., 2016a
the inverted ordering at 90% CL. If, jnstead, we want totogether with a prior on as obtained in the 2016 intermediate
reproduce the probability leveR D erf(N="2) that are usually results fghanim etal., 2019bFor the purposes of our analyses,
associated to the classitdl levels for a Gaussian measurementthis will be su cient to mimic the nal Planck release which
being erf the error function and considering, for example,is expected within the next few months. Complementary to the
N 2 (1,2,3,4,5), the corresponding Bayes fac®rsan be CMB, we include in our calculations the nal constraints from
computed to beB D P=1 P), which gives us IBy ' the SDSS BOSSexperiment, theDR12 release, in the form
0.77, 3, 5.9, 9.7, 14.37. Therefore, our “strong”, “vergngft denoted as “ nal consensusgtlam et al. (2017)which provides
and “decisive” levels roughly correspond to the 3 , > 4 constraints from observing 1.2 million massive galaxiethiee
and> 5 probabilities, as indicated in the fourth column of separate bands at e ective redshifts 0.38, 0.51, and 0.61, plus
Table 2 results from the6DF survey atz D 0.106 Beutler et al., 201

L and from theSDSS DR7 MGSurvey az D 0.15 Ross et al.,

5.2. Parameterization and Data 2019. The combined dataset including the mentioned CMB and
Our two competing models are described by the same number A0 data will be denoted as “Cosmo.”
parameters, listed with their priors ifable 3 the three neutrino In addition, we shall impose a prior on the Hubble parameter
mixing angles (sif 1, Sir? 13, sir? 23), the CP violating as obtained in the recent results fromiess et al. (2018)
phase cp and the parameters associated with neutrino massegy, D (73.24 1.74)kms?®Mpc 1. We will denote the data
neutrinoless double beta decay (0 ) and cosmology, as we shall combinations including this prior with the labeHj.”
describe now. Finally, concerning neutrinoless double beta decay, wg var

We consider in our analysis the parameterization that uses ththe two Majorana phases in the entire available range (§-a&d
two mass splittingsi(m3; and 1 m3,) and the lightest neutrino  the NMEs according to the range allowed by recent theoretical
mass Mygntest With logarithmic priors. This parameterization, cajculations. We revised the NME ranges adoptediniazzo
strongly motivated by the physical observables, was shown tq 5. (20183)which were the ones suggestedGiuliani and
provide the optimal strategy to successfully explore the meoitr pgyeg (2012Here we use these new ranges: [3.3 — 5.7]96e

parameter space (s€riazzo et al., 201)2. Within the other  gng [1.5 — 3.7] for'36Xe, following the 1 range proposed in
possible choice, that is, within the parametrization thatsue  \/ergados et al. (2016)

three neutrino masses as free parameters, most of the paramete \we uyse 0 data from the 136Xe experiments
space at high neutrino masses is useless for the data t. Tdvete  kKamLAND-Zen Gando et al. (2016|and EXO-200 Albert
this second possibility is penalized by the Occam's razor amd wat 5. (2014)and from the 7%Ge experimentGerda, for
shall not explore it here. which we use the results imgostini et al. (2017h)since
The neutrino mixing parameters are constrained UsiNGthe |atest publicationAgostini et al. (2018does not contain
the same data we described in section 2. The completghough information that allows us to parameterize a likeliioo
oscillation data set is indicated with the label “OSC” in thef nction. The most stringent bounds, anyways, still comenfro
following. KamLAND-Zen so that not including the nevGerda results
For the cosmological part, we will describe the universegisingges not a ect signi cantly our results. For the very same mas
the 3 CDM model and its six parameters: the baryon and coldye do not include the results @ UOREAIduino et al. (20183)
for which the uncertainty on the NME of*°Te is very large and

22ps we are making use of logarithmic priors here, we shall not report the uppe . .
limits we obtain on the sum of the neutrino masses, as they will behnsucaller {he constraints correspondlng to most of the ValueSVDﬂOTe

than the usually quoted results due to the volume e ects associgtadhe use of are much Ioose_r _than the ones ffolﬁam LAND'Zen and of
the logarithmic prior, that naturally leads to a preference for small neotrirasses. CUPID-0 Azzolini et al. (2018)which establishes a much less
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TABLE 3 | Neutrino, cosmological and 0  parameters used in the analysis, with the adopted priors.

Neutrino mixing and masses Cosmological 0
Parameter Prior Parameter Prior Parameter Prior
sin? 15 0.1-0.6 o ph? 0.019 - 0.025 2
sin? 13 0.00 - 0.06 . ch? 0.095 - 0.145 3 0-2
sin? 53 0.25-0.75 25 1.03-1.05 M %o 33-57
cp= 0-2 0.01-0.4 M Qoo 15-37
1mZ, =eV? 5 10 5-10 4 Ns 0.885 - 1.04
1m3, =eV? 15 10 3-35 10 3 log (1010Ag) 25-37
log 10Miightest=eV) 5-0

All the priors are linear in the corresponding quantity.

stringent limit on the®Se half-life. The complete neutrinoless

double beta set of data will be denoted as “0.” very strong
All the previously listed data are coded as likelihood terms i 14 1 strong

a full Bayesian analysis. We compute the cosmological diemti vrvggfrate

using the Boltzmann solveCAMBLewis et al. (2000)the 12 inconclusive

likelihoods using the interface provided B@osmoMCLewis
and Bridle (2002) modied in order to take into account
the oscillation and neutrinoless double beta decay datalewh 10
the calculation of the Bayesian evidence is committed tp
PolyChord Handley et al. (2015a,b)

5.3. Constraints on the Mass Orderings

The main results are depicted Figure 10 The rst data point
corresponds to the Bayesian evidence from oscillation dala on 6
Notice that the Bayes factor [IBoo) D 6.5 0.2 for
concreteness] indicatestrong evidence for the normal mass
orderingfrom oscillation data onlyT his Bayes factor is translated 41
intoa 3.2 evidence favoring normal mass ordering. This
result was expected in light of the results presented in se@jo
arising from the frequentist joint analysis. There it wapoged
al 2 D 11.7 in favor of the normal mass ordering from the
combination of all long baseline, reactor and atmospheri@da 0
which corresponds, roughly, to 3.4 . Adding information
from neutrinoless double beta decay searches does not a ect
the Bayesian analysis, as shown by the second data point|in
Figure 10 and as expected from previous waoBariazzo et al.
(Zoéﬁii CMB and BAO measurements are also added in thez;i?niirilé)dﬁézz:igclal visualization of the Bayesian factors comparingormal
Bayesian analysis, Bo,i0) D 7.4 0.3 is obtained (see

the third point in Figure 10, improving the signi cance of

the preference for normal ordering from 3.2 to 3.4 .

Notice that, even if the preference for the normal neutrinogsa inverted one, in perfect agreement with the analysegaofnozzi
ordering is mostly driven by oscillation data, the infornmat et al. (2017)where odds of 2.41 with cosmological data only
provided by cosmological observations is more powerful thamvere reported when considering the very same data sets adopted
that in the analysis carried out iGariazzo et al. (2018zas the here (albeit the odds were derived with an alternative mdjho
Bayesian analyses here also include BAO measurementhigoge  Finally, the addition of the prior on the Hubble constant
with CMB data. Indeed, from the two Bayes factors obtainedaises the evidence for the normal ordering toBR6,10) D
considering oscillation data only [IByo,o) D 6.5 0.2] 7.7 0.3 (i.e., 3.5). This improvement is expected, as
and oscillation plus cosmological measurementsBit{i0) D  previously explained in section 4, sinceFa prior on the Hubble
7.4 0.3], itis straightforward to infer the probability odds for constant breaks the degeneracy betweemm and Hp and,
normal ordering arising exclusively from cosmology. Byrdpi therefore, sharpens the neutrino mass bounds from cosmology.
S0, one obtains odds of 2.7 for the normal ordering against the By performing a similar exercise to the one previously quoted,

InBno, 10
o
1
—e—
——

2SO0 A
ggao +
OH +

owIS0) + -
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one nds that the odds for normal vs. inverted ordering from however, that the NOA sensitivity analysis considers a xed
cosmology data only are 3.3 for the combination of CMB, BAO value of 13 and does not marginalize ovérm%l. Upgrading
plus theHg prior, again in excellent agreement with the resultsT2K to T2K-Il will improve the sensitivity substantially, simc

obtained inVagnozzi et al. (2017) the experiment should gather around 2010%* POT by 2026,
which would be roughly 6 times the current amount of d&ta
6. FUTURE PROSPECTS Combining beam data from T2K with atmospheric data from

SK can improve the sensitivity even further, as showntire
In this last section, we will explore the future prospects foret al. (2018a)Performing a combined t of T2K, NOA and
the detection of the neutrino mass ordering. Let us clarifyeventually SK could bring the sensitivity to the fevel within
that many of the proposed methods are much less robust thad few years. In any case, apart from the combinations of di éren
the ones involving neutrino oscillations through mattere¢s experiments, a very robust determination of the neutrino mas
section 6.1), and will likely give their rst results muchtef ordering from a single current experiment seems rather utyike
the rst experimental 5 determinations which are likely to be Indeed, one of the main goals of the next-generation neotrin
reached in the next 5 10 years. Many of the discussed methodsgscillation experiments, including new long-baseline, teac
indeed, will give constraints on the neutrino mass orderamgy ~ and atmospheric neutrino detectors, will be to perform the
as a secondary product of their operation and not as a maidetermination of the mass ordering by a single experimene Th
result, hence they are not optimized nor mainly focused oripcoming facilities will be able to measure the neutrino mass
the mass ordering determination. Nevertheless, it is ieséng ordering with astonishing precision. In this section we bye
to discuss these additional methods for di erent reasonsstFi discuss some of the proposed projects and their physics potential.
of all, independent tests of the neutrino mass ordering from
di erent methods are surely welcome to have more robust issul Long-Baseline Experiments
Secondly, the dierent methods can provide complementarylhe Deep Underground Neutrino ExperimerUNE (Acciarri
information: if some inconsistencies or anomalies will appear, €tal., 2015, 2016a,b; Strait et al., Jatili be a new long-baseline
will have new hints for our quest toward new physics beyondiccelerator experiment, with a small near detector and a farge
our current knowledge. In conclusion, even if the questiondetector with a ducial mass of 40 kton located 1,300 km away
regarding the neutrino mass ordering will be solved withiret from the neutrino source at Fermilab. With its powerful 1.1 MW
next few years by the currently running experiments or theiroeam, it will be exposed to around 15 10°° POTs (protons
immediate extensions, its study through the other methogs won target) per year, which will lead to a huge number of events
discuss here will be useful to shed more light on the topi@nd therefore to high precision measurements of the neutrino
and provide more interesting information on neutrino physics oscillation parameters. As explained in section 2, the presence
and beyond. This is why we do not focus only on neutrinoof matter a ects di erently the neutrino appearance probabilgtie
oscillation experiments (section 6.1), which will probablyyide ~ for normal and inverted mass orderingSUNE with the longest
the rst and strongest results, but also on more exotic cames baseline ever for an accelerator neutrino experiment, \eilhble
determinations from decay experiments (sections 6.2 anji 6.80 measure the neutrino mass ordering with a signi cance\abo
cosmological constraints (section 6.4), measurements iftee 5 for any set of the oscillation parameters4, cp) after 7
21 cm surveys (section 6.5), and probes which involve neagrin Years of data taking. Note that this sensitivity could be farth
emitted by core-collapse supernova explosions (section 6.6) #creased by using an improved energy reconstruction method,

relic neutrinos from the early Universe (section 6.7). as shown inDe Romeri et al. (2016)0On the other hand, the
o sensitivities could also be biased by the potential presefce o
6.1. Prospects From Oscillations new physics beyond the SM, such as non-standard neutrino

As we have seen in section 2, the combination of all curreninteractions (liranda et al., 2006; Coloma, 2016; Coloma and
neutrino experiments leads to a preference for normal ordgrin Schwetz, 2016; de Gouvéa and Kelly, 2016; Forero and Huber,
of 3.4 , within the context of the latest frequentists global data2016; Masud and Mehta, 2016; Bakhti and Khan, 2017; Coloma
analyses. The Bayesian analysis described in the previttimse et al., 2017; Deepthi et al., 2017; Forero and Huang, 2017;
conrms these results, as we have reported a 3&idence Farzan and Tortola, 20)8deviations from unitarityBlennow

for normal mass ordering. In principle, one may expect toet al. (2017); Dutta et al. (2017); Escrihuela et al. (20t The
achieve further sensitivity on the neutrino mass orderingni  presence of light-sterile neutrino8¢rryman et al., 2015, 2016;
more precise data by the current long-baseline and atmospherigarwalla et al., 2016; Coloma et al., 20ladeed, besides
neutrino experiments, since these experiments will still rurproviding very precise information about the neutrino osaiiibn

for some time before the new experiments will take overmechanism, th®UNEexperiment will also be very useful to test
However, it is not easy to predict the nal results of currentdi erent models for neutrino masses and mixing€l{atterjee
experiments, since the sensitivity to the mass orderinggbllgi et al., 2017a,b; Pasquini et al., 2017; Agarwalla et algh201
correlated to the true value of the CP phagg. The NO A Chakraborty et al., 2018; Srivastava et al., 20)8sbwell
experiment alone expects a Zensitivity for 30-50% of the as to check for various e ects of new physics such as the
values of cp by 2,024Himmel (2018) If cp D 3=2, the

expected sensitivity would be higher than that and, then,rgt ve 23ye are not aware of any study showing the T2K or SK expectatiotigetmass
strong result could be obtained by 2,0R4mmel (2018) Note,  ordering in the next few years.
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ones mentioned above, neutrino decay scenariosidma and is realized in nature. In the following we list some of theufit
Peres, 2017; Ascencio-Sosa et al., 2018; Choubey et &), 201projects with this aim.
guantum decoherenc@alieiro Gomes et al. (2018 even CPT The Oscillation Research with Cosmics in the AbyORCA
invariance (le Gouvéa and Kelly, 2017; Barenboim et al., 20)8b,experimentAdrian-Martinez et al. (2016Will be a large neutrino
and Lorentz invarianceSarenboim et al., 2018a; Jurkovich et al. telescope placed deep inside the Mediterranean sea. It wélttet
2018. the Cherenkov light emitted by the muons and electrons aéat

There are also plans to build a larger version of thedy the interactions of atmospheric neutrinos in the sea arat th
Super-Kamiokande  detector, Hyper-Kamiokande  Abe  propagate into water. Unlike its precurséiNTARES with 12
et al. (2018h) that will be very similar to its predecessor lines and a separation of 70 meters between neighboring dptica
but with a ducial mass of 560 kton, 25 times larger thanmodules,ORCAwill have 60 lines with modules separated by 9
Super-Kamiokande . The Hyper-Kamiokande  detector m. Due to the matter e ects on the propagation of atmospheric
will be a requirement for the upgrade ®2K, the T2HK (Tokai-  neutrinos, theORCAexperiment will be able to measure the
to-Hyper-Kamiokande) experiment®pe et al., 2015 The very neutrino mass ordering with very good precision. In particular
massive detector together with the upgraded neutrino beama 3 determination of the mass ordering can be expected after
from J-PARC will guarantee a huge number of neutrino eventsnly 3 years of data taking, with even higher signi cancetf@
and therefore larger statistics. As a consequed@HK will  case in which nature has chosen normal ordering and the upper
be able to determine the neutrino mass ordering after fewoctant for the atmospheric mixing angle. Several studiee hav
years of running time with very high signi cance, as well asbeen performed in order to analyze the sensitivityGRCAto
to explore new physics scenarios (see for instaridee et al., the standard oscillation parametefgipordy and Smirnov, 2013;
2017, 2018b; Agarwalla et al., 2018m combination with  Yafiez and Kouchner, 20).9ts potential to determine the Earth
atmospheric data fronHyper-Kamiokande , a 3 rejection matter density through neutrino oscillation tomographyinter
of the wrong mass ordering would be expected after 5 yeaf2016)or to test new physics scenaridse et al., 2017; Capozzi
of data taking. A third project has been proposed as aretal., 2018phave also been extensively discussed.
extension of T2HK to Korea, the T2HKK (Tokai-to-Hyper- PINGU (Precision IceCube Next Generation Upgrade)
Kamiokande-and-Korea) experimentlfe et al., 201§c This  (Aartsen and Adelaide, 20)4s a planned upgrade of the
proposal includes a second far detector facility for the JiceCube DeepCore detector, an ice-Cherenkov neutrino
PARC neutrino beam, located at 1,000-1,300 km from th¢elescope which uses the antarctic ice as a detection medium.
source. The longer path traveled within the Earth by theThe IceCube design aims at the detection of very high
neutrinos detected InT2HKK will result in an enhanced energy neutrinos, with an energy threshold above the releva
sensitivity to the neutrino mass ordering if compared@HK  energy range for neutrino oscillations. However, the denser
alone. instrumented regiobeepCore allowslceCube todecrease its

The synergies and complementarities among the three longenergy threshold down tBy, D 6.3 GeV. A further improvement
baseline proposals abov®UNE T2HK and T2HKK have with an even denser zon®INGU, could lowerEy, to only
been discussed imallett et al. (2017)It is found that the a few GeV. With this very low-energy threshold, one of the
combination of their experimental results may signi cantly main purposes oPINGU is the determination of the neutrino
mitigate the limitations of a given experiment, improving the mass ordering, with expected sensitivities similar to @RCA
precision in both the determination of the mass ordering andt experiment®. Besides thaPINGU is expected to have the best
measurement of CP violation. sensitivity to  appearance and to determine accurately the

Note that, although here we have focused on the longectant of the atmospheric mixing angle. TRENGU capabilities
baseline side oDUNEand Hyper-Kamiokande , they are to detect high-energy supernova neutrindgi(rase, 2018 and
actually designed as multi-purpose experiments, with a riclio investigate scenarios beyond the Standard Model, such as
physics program aiming to study the neutrino oscillationsnon-standard interactions Ghoubey and Ohlsson, 20)L4r
with accelerator, atmospheric and solar neutrinos as well agark matter self-interactionsChen et al., 2014; Robertson and
to detect neutrinos from astrophysical sources and protorilbuquerque, 201)have been also analyzed in the literature.
decay. The India-based Neutrino ObservatoryiNQO) is a very

ambitious project, aiming to detect atmospheric neutrinoshwit
a 50 kton magnetized iron calorimetetfQAL ) (Ahmed et al.,

Atmospheric Experiments 2017. The most outstanding feature of thO experiment will
In atmospheric neutrino experiments, the sensitivity to thase be its capability to distinguish neutrinos from antineutas in
ordering comes from the matter e ects that distort the pattein  an event by event basis. As a result, the identi cation of the
neutrino oscillations inside Earth, see Equation (4). Basethe matter e ects in the neutrino and antineutrino propagation il
oscillatory pattern that depends on the reconstructed newtri be much cleanerin comparison with the sea water/ice Cherenkov
energy and zenith angle, an ideal experiment would observedetectors. Indeed, one of the main scienti ¢ goalsIND will
given number of events in each energy and zenith angle bin d® the determination of the neutrino mass orderinGHosh
shown inFigure 11 Comparing the observed two-dimensional
histograms with the theoretical ones for nornfaeft) orinverted  2+7ne e ect of statistic and systematic uncertainties on BiBIGU sensitivity to
ordering(Right) allows to determine the true mass ordering thatthe mass ordering has been presente@apozzi et al. (2015)
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FIGURE 11 | Expected number of events (arbitrary units) for an hypothieal atmospheric neutrino detector with perfect energy reslution as a function of the
reconstructed neutrino energyE and the cosine of the zenith anglecos z, for normal (Left) and inverted (Right) ordering.

et al., 2018 According to the Physics White Paper of the ICAL
(INO) Collaboration Ahmed et al. (2017)after 10 years run,
INO will be able to identify the correct neutrino mass ordering
with a signi cance larger than 3. As the experiments discussed
above, the atmospheric neutrino results frddMO can also be
used to test the presence of new physics beyond the SM, sych
as CPT- or Lorentz violationGhatterjee et al., 20)4sterile
neutrinos Behera et al., 2017; Thakore et al., J0dark matter
related studie®ash et al. (2016); Choubey et al. (201 &on-
standard neutrino interactionShoubey et al. (201%r decaying
neutrinos Choubey et al., 2013b

Medium-Baseline Reactor Experiments

We have focused so far on extracting the neutrino mass onderi
from matter e ects in the neutrino propagation through the
Earth interior. An alternative technique is that provided by
medium-baseline reactor neutrino experimeftstcov and Piali
(2002) For baselines of the order of 50 km, the survival
probability for reactor antineutrinos exhibits a pattern thaay
allow the discrimination between normal and inverted mass
orderings. Indeed, for such distances, the electron antiveo

. s . . . FIGURE 12 | Electi ti tri ival babilities i diurh li
survival probability is given by the following expression: | Electron antineutrino survival probabilies in & mediumaseline

reactor experiment withL D 53 km. The red (blue) line corresponds to normal
(inverted) mass ordering using the best- t values fronTable 2, while the black

Po D1 cod 13 sin? 2 123ir|2 12 line contains the main term in the survival probability, gin by the solar mass
S|n2 213 SIn2 15C SmZ lean 151c0s2 31 splitting frequency by settingl m$,; D 0.
sin2 12 . . .
> sin2l p1sin31 33 , (22)
5 full neutrino survival probability for normal (inverted) nss

wherelj D % and the minus (plus) sign in the last term ordering. Note that this plot was obtained using the best- lnes
corresponds to normal (inverted) mass ordering. This probgbi  from Table 1for each ordering.

contains a main oscillatory term with a frequency given bg th  The Jiangmen Underground Neutrino Observatory
solar neutrino mass splittind. m%l, plus an additional term (JUNQ An et al. (2016)s a 20 kton multi-purpose underground
whose frequency depends on the sign of the atmospheric splittirliquid scintillator detector. The site of the experiment, dbed

1 m%l, i.e., on the neutrino mass ordering. The e ect of the53 km away from the Yangjiang and Taishan nuclear power
ordering over the neutrino survival probability in a medium- plants in China, was chosen to optimize its sensitivity to the
baseline reactor experiment is illustrated figure 12 There, neutrino mass ordering, one of its main physics goals. Like any
we depict in black the oscillatory term corresponding to theother reactor neutrino experimeniUNOwill be sensitive to the
solar splitting frequency. The red (blue) line correspondsti®  disappearance of electron antineutrinos, with about &0ents
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expected after 6 years of run time. From this high-statisticsletailed study of the detector systematics which has begieda
data sampleJUNOwill try to reconstruct with extremely good out, it is possible that the nal mass determination will reach
precision the neutrino oscillation spectrum and to discrirate  a better sensitivity than the nominal one of 0.2 eV, everyual
the di erent high-frequency behavior for normal and invedte reaching something closer to 0.1 eWafno, 2018 Even with
mass ordering, as illustrated in Equation (22) dfidure 12 For  the more optimistic sensitivity, however, it will be impodsilor
a projected energy resolution of 3% at 1 M@UNOwill be able KATRIN to determine the mass ordering.
to establish the neutrino mass ordering at the level of 346 Other tritium experiments exploiting di erent technologies
years. Its combination with th®€INGU facility could lead to a include theProject-8  (Doe et al., 2013; Asner et al., 2015;
high signi cance improvement of the individual capabilities  Esfahani et al., 20} @xperiment, which will use the Cyclotron
these two experiments (s€&nnow and Schwetz, 2013 Radiation Emission Spectroscopy (CRES) in order to determine
Apart from the mass orderingJUNO will also provide the mass of the electron antineutrino. The technique consists
precision measurements of the solar oscillation parameters) measuring the frequency of cyclotron radiation emitted b
12 and 1 m3,, with an accuracy of around 1%. In this the electrons released during tritum decay and spiralingp in
sense, JUNO might help to solve the observed disagreement magnetic eld. The frequency can then be related with the
between the mass splitting measured at solar experiments aetectron energy and consequently the energy spectrum can be
at the reactor experimerKamLANDIf the discrepancy persists determined. At the momentProject-8  is in the calibration
after new measurements RJNOand future solar results by phase (phase-Il) Kybka, 2018 for a small prototype which
Super-Kamiokande , it could be considered as an indication will not have enough sensitivity to be competitive in the
of new physic$-arzan and Tortola (2018MoreoverJUNOwill  determination of the neutrino mass. Next phases include gdar
be sensitive to di erent types of new physics scenarios beyongblume system using molecular tritium (phase-lll), stagiim
the SM, as studied irKhan et al. (2013)Bakhti and Farzan 2020, which will be competitive in determining the neutrino ssa
(2014) Girardi et al. (2014)Li and Zhao (2014)Ohlsson et al. and will serve as an intermediate step before moving to phase-
(2014) Abrahéaoetal. (2015Liao etal. (2017¢haoetal. (2017) 1V, which will use atomic tritium, required in order to avoid
and Krnjaic et al. (2018) uncertainties related to the existence of excited moledtitarm
In parallel toJUNQ there is a proposal to extend the alreadystates.Project-8 in its atomic tritium phase is expected to
existing experimenRENQwith a third medium-baseline detector reach the sensitivityny, . 40 meV with an exposure of 10
located at a distance of 47 km. This new project is knowrl00 n? year, su cient to probe the values ahy, allowed in the
as RENO-50 Kim (2015) given its location, at approximately context of inverted orderingKsfahani et al., 20),7so that in
50 km from the Hanbit power plant, in South Korea. The case of no observation we will know that the ordering of nawdr
detector would consist of a 18 kton ultra-low-radioactivguid ~ masses must be normal.
scintillator instrumented with 15,000 high quantum e ciey Another interesting class of the experiments includes the
photomultiplier tubes. Using the same technique describe¢tHOLMES(Alpert et al., 2015; Giachero et al., 2pland
above,RENO-50 will be able to determine the neutrino mass ECHo (Eliseev et al., 20)5experiments, which both aim
ordering as well as the solar oscillation parameters witreemély — at the determination of the electron neutrino mass through
good precision. Conceived as multi-purpose detectdtNO observations of the endpoint of the electron capture decay of
and RENO-50 will have a wide physics program, including not 163Ho, which practically proceeds through the measurement of
only the observation of reactor and solar neutrinos, buials de-excitation transitions of the Dy atoms, which are produged
neutrinos from supernova bursts, the di use supernova neuwirin the proces$®®HoCe ! 163Dy C o (De Rujulaand Lusignoli,
background, atmospheric neutrinos and geoneutrinos. 198). As for the tritium -decay, also the endpoint of tH&3Ho
electron capture spectrum depends on the value of the neutrino
masses and, in principle, it would be possible to determine
6.2. Prospects From Beta-Decay the mass ordering in this way. Besides the experimental and
Experiments theoretical problems that thl OLME&nd ECHocollaborations
As already mentioned in section 3, the determination of thessy must face, however, it seems that the current technologyis n
ordering through the observation of the energy spectrum neayet at the level of precision required for the mass ordering
the endpoint of -decay or similar will be extremely challenging, determination. TheHOLMESJemonstrator, currently running,
because an impressive energy resolution is required tandisish ~ should reach a sensitivity @ , . 10 eV by the end of 2018,
the kink due to the second and third mass eigenstates in thenhile the full-scale experiment, possibly starting in 201% ha
spectrum. We list here the main projects that aim at detecting target sensitivity om ., . 1 eV (Gastaldo, 2008 ECHq
the neutrino mass in the future and comment their perspectivesn the other hand, is running a rst phase&eCHo-1k) which
for the mass ordering determination. has also a target afn , . 10 eV in 1 year, while the full
The rst experiment we will comment on iIKATRIN, which  scaleECHo-100k will reachm, . 1.5 eV in 3 year of data
has recently started operations and aims at a detection of thaking, expected to start in 201%4staldo, 2013 Both results
e ective electron antineutrino mass with a sensitivity o2 @V  are impressive when compared with the current upper limit on
(Angrik et al., 2004; Sejersen Riis et al., 20The rst results the electron neutrino mass using the same isotope, which is
from KATRIN are expected in early 2019, but the nal target225 eV Gpringer et al., 19§/more than two orders of magnitude
statistics will be reached after 3 year of data taking. Tkdalkhe larger.
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Finally, to conclude this subsection we want to mention thafprototype with 10 kg of natural Xenon will start data takingghi
thePTOLEMYoroposal Betts et al., 2013; Baracchini et al., 2018 year to demonstrate that the expected background control and
aiming at the detection of the relic neutrino background andparticle tracking have been achieved. In 20BXTis expected
recently approved by the Scienti c Committee of the Laboratorto start a new phase with 100 kg &#%Xe, which will reach
Nazionali del Gran Sasso (LNGS), will be able to study an@?,' 1 10°®year with 5 year of data.

possibly determine the mass ordering through the obsermatio A similar project is callePanda-X-IlI (Chenetal., 2007

of the -spectrum of tritium decayPTOLEMMYvill be discussed which is based in the Jinping underground laboratories in Ghin

later in section 6.7. Panda-X-llI will run the rst phase using 200 kg df®Xe to
reachT,' 1 10%yearin 3year.

6.3. Prospects From Neutrinoless Double Going to a di erent conceptSNO+(Andringa et al., 2016

Beta Decay will feature a detector of 760 ton of ultra-pure liquid scitgtbor.

We list here the future perspectives for neutrinoless douklab SNO+will be a multipurpose detector, as it will be capable of
decay experiments in terms of sensitivity to the half-lifetloe ~ studying reactor, solar, supernova and geoneutrinos, andtalso
processes of interest (where possible). As we already corechenfrobe proton decay@rebi Gann, 2018 After the background

in section 3.2, the conversion between the halfTife, and the ~ Studies will be completed, a 0.5% loading will be performed,
e ective Majorana mass1  depends on the NME and the phase inserting 130Te in the detector to measure double beta decay

space factor of the process of interest, see Equation (7)deror processes. The target sensitivity after 5 yeafls ' 2
to exclude the inverted ordering allowed range for (in case 10?8 year. Future plans for th&NO+experiment include the
there is no sterile neutrino), one would need to constrain . further 13%Te loading to 1%, or even more, of the detector mass,

10 meV, which corresponds ®)_, ' 1 10?8 year, with some with the advantage that increasing th&Te amount will not
dependence on the material (phase space and NME). This meainsuence the backgrounds but only the signal. The nal tarfer
that none of the current generation experiments will be able tahis second phase is to reaﬁﬁ=2 " 1 10%year, thus starting
reach the required sensitivity, and we will have to wait fexia  to cover the inverted ordering allowed range.

generation upgrades and new projects. Many of the information Let us nally comment theSuperNEMOexperiment Arnold
listed in the following has been taken fromgostini et al. (2017a) et al., 2010; Patrick and Xie, 2Q1hich uses®2Se for its

and Giuliani (2018) study.SuperNEMOis particularly interesting because it will be
_ ) able to perform a full topological reconstruction of the events,
Current Generation Experiments which is extremely important in case of detection because it

Let us rstly address the current generation of experimentsgpens the possibility to directly test the mechanism that utiée
which at most will be able to start exploring the three-nentri neutrinoless double beta decay and, in principle, to detesntie
inverted mass ordering regime or to probe the upper range fofepton-number violating process. A rst demonstrator of about
m  allowed within the 3+1 neutrino scenario. The experimentsy kg is expected to start in 2018 and to reg@b ' 6 10%year
will be listed in alphabetical order. with 2.5 year of data. The subsequent plans include an extensi
AMoREAlenkov et al. (2015)s an experiment devoted to with a 100 kg scale detector with 20 modules, which will be
determine the life-time Ofloolvlo. After a rst pl|0t run, the able to probeT?_z up to 1 ]_026 year, and the poss|b|||ty to
current status AMOREI) is to test the technology with Mo ;¢ 1 elsoyg isotope, for two reasons: to have a more favorable
mass of 5-6 kg, in order to demonstrate the scalability tmforphase space when convertifﬁ@z tom and to get rid of the

moving to the full scale AMoREll) detector, which will use . o
200 kg of material and is expected to start around 2020, with gglgackground which a ects th&’Se measurementsS{uliani,

nal target sensitivity oﬂ'i’zz ' 5 10%year. As a summary, some of the current generation experiments
CUOREArusa et al. (20159nd Alduino et al. (2016, 2018p) will be able to probe the inverted ordering range of

already mentioned in section 3.2, works WifTe and is already .., . . .
- . . . . within the standard three neutrino framework and assumimg a
taking data with the full scale detector, which will have aisndte . . .
sensitivityT2_,* 9 10%year after 5 year of data takinggams exchange of light Majorana neutrinos. However, none of them
1= will be able to rule out completely the inverted mass ordering,

etal., 2018; Ouellet, 20118 .
The KamLAND-Zenexperiment (Gando et al., 2016; Gando, because of the uncertainty related to the NMES.

2019, after the previous successful data taking period, is
now upgrading the detector for a new observation run withNext Generation Experiments
approximately 750 kg of3®Xe and a new balloon inside the The situation will be di erent for the following generation of
KamLANDRietector. The target sensitivity for the upcoming phaseexperiments, which are mostly the natural evolution of catre
is aroundTi’fz ' 5 108 year, a factor of ve larger than the experiments to the ton-scale of decaying material. With the
current limit (Gando et al., 2006 increased amount of material, a larger statistics will béeacd

A smaller experiment iSNEXT (Martin-Albo et al.,, 2013  and stronger bounds, of the order Efffzz "1 108 vyear, will
which is running background studies in the Canfrancbe feasible. We brie y discuss here the main current proposals f
laboratories in SpainNEXT will use high pressure'®®Xe  the next 10-20 years. The time schedules for these projdttswi
TPCs, which will allow an impressive tracking of the emittednecessarily vague, as they will depend on the results of tisepte
particles through scintillation and electroluminescenc&. ones.
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Let us start withCUPID (CUOREUpgrade with Particle
ID) (Wang et al., 2015; Azzolini et al., 20,Ll8hich will be
the evolution of the previously discuss€@JOREexperiment.
The goal of CUPID is to use particle tracking in order to

will be builtin di erent phases. The rst moduld,EGEND-200,
made of 200 kg of Germanium and expected to start in 2021,
will be built on top of the existingserda infrastructures and
will have a target sensitiviy, ' 1 10°"yearin 5 year. The

have a better discrimination of background and ultimatelyfull scale detectob, EGEND-1000, consisting in several modules

allow a background-free experiment: the target ds 0.1
counts/(ton year) Quellet, 2013 A rst demonstrator, named
CUPID-0 (Azzolini et al., 2018 is already running with about

summing up to a total of 1 ton of material, will have as an ukii@
goalTy,' 1 108yearin 10yearAbgrall etal., 201)7 giving
a full coverage of the inverted mass ordering region.

5 kg 0f82Se, and already obtained the strongest-to-date constraint Even larger in sizeyEXO(Albert et al., 2018; Kharusi et al.,
on the life-time on this isotope. In order to reach the target2019 will replace theEXO-200 experiment after its completion,

sensitivityT‘l):2 & 1 10?7 year, however, further improvement

in the crystals quality and radio-purity is required. A full
development plan fo€CUPIDis currently under discussion.

Although not speci cally designed for neutrinoless double

beta decay searches, tB&RWIN(DARk matter Wimp search
with liquid xenoN) experiment Aalbers et al., 20)6&will have

sensitivity to a number of rare decay phenomena. The primary 7

target of DARWINis to perform direct detection of dark matter

in a wide mass-range of the experimentally accessible paramete |, -the same way, th@anda-X-Ill

space for Weakly Interacting Massive Particles (WIMPs), ® th
level at which neutrino interactions with the target becoare
irreducible background (the so-called neutrino oor). Tlere
of the detector will be a multi-ton liquid xenon time projeoti
chamber. Having a large mass, low-energy threshold and-ultr
low background leveDARWINwill also search for solar axions
or galactic axion-like particles, measure the low-energgarso
neutrino ux with < 1% precision, observe coherent neutrino-
nucleus interactions, detect galactic supernovae negriged
study the double beta decay'dfXe (Aalbers et al., 20)6Even if
it will be build using natural Xenon without isotope enrichmig
DARWINwill contain 3.5 t oft36Xe. If the target energy resolution
of1 2% at 2.5 MeV will be achieved, the sensitivitypgfRWIN
will be TO, ' 5.6 107 year with an exposure of 30 t yr
(Aalbers et al., 20)6The estimated ultimate sensitivity, which
will be achieved only with a complete mitigation of the maaéri
background and 140 t year of exposure, is claimed tFhs '
8.5 10”year Qalbers et al., 20)6

The successor ddamLAND-Zen KamLAND2-Zen (Shirali,
2017; Gando, 2018; Giuliani, 201®&ill bene t the upgrades
of KamLANDinto KamLAND?2 including the improved light
collection and better energy resolution guaranteed by tea/ n
photomultipliers, together with an increased amount-#iXe, to

expected this year. The new detector will use 5 ton of Xenon in
ordertoreachly_, ' 1 10°"year with just 1 year of data and
T9,' 1 108year with the full statistics, after 10 year.

After the completion of the upcoming phadeEXT-100 will
be possibly upgraded intNEXT 2.0, which will need a 1.5 ton
of Xenon to obtain the statistics for achievirif, ' 1

year after 5 year of runningigostini et al., 2017a; Giuliani,

collaboration is also

planning a 1 ton scale phase Il with a target'lqt2 1
10%" year Chen et al., 2097
The last comment regards another interesting

possibility related to theSNO+ experiment. The THEIA
proposal Orebi Gann, 201pis a concept study for a gigantic
detector of something around 30-100 kton of target material
which will use water-based liquid scintillator. Such targows

to track both Cherenkov and delayed scintillation lightugh
enabling high light yield and low-threshold detection with
attenuation close to that of pure water. The result is thathsac
detector would be able to achieve excellent backgroundtiefec
thanks to directionality, event topology, and particle ID, hwit
very large statistics. Loading of metallic ions which cadengo
neutrinoless double beta decay would enable to useTttelA
detector for studying the Dirac/Majorana nature of neus
Given the size of the detector, a 0.5% loading will allow to
store several tons of decaying material, which naturalsuite

in huge statistics when compared with current experiments.
A 3% loading with natural (not enriched) Tellurium will be
su cient to reach, assumingn ' 15 meV, a 3 discovery in

10 year Qlonso et al., 2014; Giuliani, 2018

reach at least 1 ton of material. These upgrades will be perdrme

after the completion oKamLAND-Zen 800, expected to start
this year. The target sensitivity after 5 year will e
20 me\?, su cient for “fully covering the inverted ordering
region” (Shirai, 201). Future studies will also test the possibility
to accommodate scintillating crystals inside the deteatat run
a multi-isotope experiment.

Back to "5Ge-based experiments, the e orts of ti@erda
andMajorana collaborations will join to work on th& EGEND

6.4. Prospects From Cosmology
There are a number of studies in the literature focused on
forecasting the expected sensitivity from both future CMB
gnd large scale structure surveys to the total neutrino mass
m (de Putter et al., 2009; Abazajian et al., 2011; Carbone
et al., 2011, 2012; Hamann et al., 2012; Basse et al., 20i4; Fo
Ribera et al., 2014b; Allison et al., 2015; Archidiacono g2@1.7;
Amendola et al., 2018; Di Valentino et al., 2018a; Sprenggar,et

(Large Enriched Germanium Experiment for Neutrinoless?019. o _
Double beta decay) experiment. Learning from both its Awaiting for very futuristic measurements which may allow

precursorsL EGENDwill need further background rejection and

25The collaboration does not report the sensitivity in terms of the Higfof the
decay.

for the extraction of each of the individual masses asseditt
the neutrino mass eigenstates (see section 4), the exinacfi
thereutrino mass ordering strongly relies on the error acied
on m forachosenducial value of the neutrino mass.
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A complete, updated and useful summary is provided inLuminous Red and Emission Line Galaxies plus quasars in
Table Il of (Lattanzi andPGerbino, 20)8 which shows the redshift interval (0.05< z < 1.85), and a Lyman-
the expected sensitivity [ m )] from di erepf future  survey iB the 1.9< z < 4 redshift interval. The expected
cosmological probes, assuming the ducial valuem D errorin m from DESI and Planck data is 0.02 eV. This
0.06 eV. Nevertheless, the authors @&rbino et al. (2017b) number corresponds, approximately, to a 2letermination of
considered di erent ducial values for the total neutrino rea  the neutrino mass ordering in case neutrinos have the mithima
and computed the odds for the normal vs. the invertedmass within the normal ordering scenaridghamousa et al.,
ordering for possible combinations of future cosmologicallpes 2016. The authors of font-Ribera et al., 201}thave also
including the current information from oscillation experimés.  explored a number of possible combinations DESI with
We shall comment on these results toward the end of thissecti other surveys. Namely, combininQESI measuremengs with

the nal results from DES an error of 0.017 e\‘{, in m

6.4.1. CMB Prospects could be achieved. Their most constraining result, m ) D
Two main missions are expected to lead the next decad®2011l eV, however, arises from an extension of DESI
generation of CMB experiments, albeit a number of othesurvey, together with data fronkEuclid and LSST (Large
experiments are in progress between now and then. Th8ynoptic Survey Telescopé)€zic et al., 2008; Abell et al., 2009
latter list includes ground-based observatories as A@T (see below). In case this small error is achieved, the rmewtri
(Atacama Cosmology Telescope)e( Bernardis et al., 20),6 mass ordering can be determined with a high accuracy, again
the SPT-3G (South Pole Telescope-3G3dnson et al., 20)4 assuming a massless lightest neutrino and nggmal ordering.
the Simons Array (Suzuki et al., 20)6 CLASS (Essinger- Other analyses have also reduced the nomindl m) D
Hileman et al., 2014 BICEP3 (Ahmed et al., 2014 and 0.02 eV expected from tHBESI survey replacing th@lanck
the Simons Observatory 25, The two main missions are CMB information with that expected from the futur€MB
expected to be th€MB-Stage IV project (Abazajian et al., Stage IV (Abazajian etal., 20)&r COREDI Valentino et al.,
2016 and CORECosmic Origin Explorer) Delabrouille et al., 20183 probes.
2019. The former, theCMB-Stage IV project (Abazajian Euclid , an ESA mission expected to be launched early in
et al., 201 expected to behe de nitive ground-based CMB the upcoming decade, mapping 15,000 deg of the sky,
experiment aims at 250000 detectors operating for 4 yeard)as also been shown to provide excellent capabilities to test
covering a 40% fraction of the sky. Depending on the beam sizbe neutrino properties Amendola et al., 20)8Euclid  will
and on the e ective nojse temperaturéMB Stage IV could focus on both galaxy clustering and weak lensing measurtsnen

ach sensitivities of (' m) D 0.073 0.11 eV, assuming which, combined witiPlanck CMBxdata, will provide errors on

m D 0.058 eV as the ducial model and an external priorthe sum of the neutring masses of m ) D 0.04 eV Carbone
on the reionization optical depth of D 0.06 0.01, see et al., 201l and ( m) D 0.05 eV Kitching et al,
(Abazajian et al., 20)6for the precise con guration details. 2009, respectively, albeit exploiting the mildly non-linear regim
The latter, CORE a medium-size space mission proposed tacould highly reduce these erroré\(dren et al., 2013 While
the European Space Agency (ESBR(abrouille et al., 20)8is  these errors are large to extract useful information conitern
expected to have an one order of magnitude larger number dhe neutrino mass ordering, the weak gravitational lensing
frequency channels and a twice better angular resoluti@anth abilities from Euclid have also been considered to extract
Planck . With thlgse improved capabilitie€OREcould achieve the neutrino mass ordering when it lies far enough from the
a sensitivity of ( 'm ) D 0.044 eV Di Valentino et al., 2018a; degenerate region (see efgnendola et al., 20)8The addition
Lattanzi and Gerbino, 20)8for a ducial total neutrino mass of future CMB measurements, as those fro@ORE could
of 0.06 eV. As it is evident from these estimates, future CMBiotably improve the expectdtliclid sensitivity. The authors of
experiments alone will not be able to determine the neutrirmss  Archidiacono et al. (201Have shown that CMB measurements

ordering. from CORE combined with full shape measurements of the
galaxy power ghectrum and weak lensing data freoclid
6.4.2. Large Scale Structure Prospects could reach ( m ) D 0.014 eV. This result clearly states

From the large scale structure perspective, in analogy to thiée complementarity of cosmic shear and galaxy clustering
future CMB probes, there are also two main surveD&SI  probes, crucial to test the neutrino mass ordering. Further
(Dark Energy Spectroscopic Instrument)gyvi et al., 2013; improved measurements of the reionization optical depth
Aghamousa et al., 20),6a ground-based telescope which will could strengthen this bound and consequently the sensitivity
improve the SDSS-IIl and IV legacieB@QSSDawson et al., to the ordering of the neutrino massed.i( et al., 2016;
2013and eBOSSgalaxy survey®awson et al., 20)6and the Archidiacono etal., 2017; Sprenger et al., J04&e the following
Euclid space missionAmendola et al., 20)8 The baseline section. Other future large scale structure surveys are the
design ofDESI assumes that it will run over 5 years, coveringaforementioned SST and WFIRST (Spergel et al., 2013, 2015
14000 defj of the sky targeting four di erent tracers: Bright, that will lead as well to accurate measurements of the total
neutrino mass. Their combination with e.gguclid  could

26For a detailed study on the prospects from pre- and post-2020 CMB expetsme pr@_ylde an error of a few meV on the total neutrino mass,

pn the extraction of cosmological parameters, including the totaltrino mass ( m). 0.008eV{ainetal, 2095
m , see alsorrard et al., 2016
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The above neutrino mass (neutrino mass ordering) projectedradient along the line of sight. Therefore, 21 cm cosmology
errors (sensitivities), even if strgngly constraininge drighly — aims to trace the baryon overdensities via transitions intredu
dependent on the ducial value of m , in the sense that the hydrogen.
majority of the forecast¢a) are usually carried out assuming  There are a number of current and future experimental setups
the minimal |geutrino mass allowed within the normal ordegin devoted to detect the 21 cm global signal averaged over all
scheme, i.e., m ' 0.06 eV’; (b) the quoted sensitivities in directions in the sky, aEDGES(Experiment to Detect the
the neutrino mass ordering are computed via an extrapolatioiReionization Step)§owman and Rogers, 20/ the futureLEDA
of the error on the sum of neutrino masses rather than from(Large Aperture Experiment to Detect the Dark Ages)é€enhill
proper Bayesian comparison tools. The authors Gxérbino and Bernardi, 2012or DARE(Moon space observatory Dark
et al. (2017b)found that a future CMBCORHike satellite Ages Radio Experiment)Blrns et al., 2012 The EDGES
mission, even combined with a 1% measurement of the Hubblexperiment has quoted the observation of an absorption pro le
constantHg and with the futureDESI survey Font-Ribera etal., located at a frequency of 78 1 MHz, corresponding to a
2014b; Aghamousa et al., 20Z0an not extract the gdering if redshift of z 17, with an amplitude of about a factor of
nature has chosen a value for the neutrino masses @ D  two larger than the maximum expected in the canonig&DM
0.1 eV. Odds for the normal vs. the inverted ordering ofl1 framework Bowman et al., 20)8This recent claim has led to
were reported Gerbino et al., 2017)b When considering the a number of studies aiming either to explain the e ect or to
minimum allowed value for the togl neutrino mass set byconstrain some non-standard scenari@si(kana, 2018; Barkana
neutrino oscillation experiments, i.e., m D 0.06 eV, they et al., 2018; Berlin et al., 2018; Cheung et al., 2018; Clak, e
quote odds of 32 (9: 1) for the case in whicROREand the prior  2018; Costa et al., 2018; D'Amico et al., 2018; Ewall-Wick,et a
on Ho without (with) DESI measurements are consideféd 2018; Falkowski and Petraki, 2018; Feng and Holder, 2018;
Therefore, the next generation of CMB and large scale stractu Fialkov et al., 2018; Fraser et al., 2018; Hektor et al.,; 20ill8
surveys will be sensitive to the mass ordering only if itismal  and Baxter, 2018; Hirano and Bromm, 2018; Kang, 2018; Liu
and the lightest neutrino mass is close to zero.Thel§igmiueeof and Slatyer, 2018; Mahdawi and Farrar, 2018; McGaugh, 2018;
such a measurement will crucially depend on how fam lies  Mitridate and Podo, 2018; Mufioz and Loeb, 2018; Mufoz et al.,

from its minimum allowed value from oscillation probes. 2018; Pospelov et al., 2018; Safarzadeh et al., 2018; Siadyer
Wu, 2018; Witte et al., 2018; Yang, 2p18
6.5. Prospects From 21 cm Surveys Fluctuations in the redshifted 21 cm signal can be used

Cosmological measurements of the redshifted 21 cm hydrogag compute the power spectrum of the di erential brightness
line provide a unique test of the Epoch of Reionization (EOR}emperature. This is the major goal of experimentsGIEIRT
and the “dark ages,” the period before the rst stars formelde T (Giant Metrewave Radio Telescopejn@nthakrishnan, 1995;
21 cm line is due to spin- ip transitions in neutral hydrogen Paciga et al., 20),1LOFAR (LOw Frequency ARray)v@n
between the more energetic triplet state and the ground single zariem et al., 20)3MWAMurchison Wide eld Array) (Tingay
state, and its intensity depends on the ratio of the populatidns Ot a|.’ ZOlBand PAPER(Precision Array for Probing the Epoch
these two neutral hydrogen hyper ne levels. At a given observ of Rejonization) Parsons et al., 2010; Ali et al., 2015; Pober
frequency , the 21 cm signal can be measured in emission or it 5., 201} targeting statistical power-spectrum measurements
absorption against the CMB. The so-called di erential brighés  of the 21 cm signal employing large radio interferometers.
temperature Ty, therefore refers to the contrast between thegyen if current experiments have not yet detected the 21 cm
temperature of the hydrogen clouds and that of the CMB, whichg¢osmological signature, theAPERCcollaboration has recently
for small frequencies and up to rst order in perturbation they, improved the previous upper limits a D 8.4 @li et al.,
reads asviadau et al. (1997); Furlanetto et al. (2006); Pritcharchp15. Next decade, high-redshift 21 cm experiments include
and Loeb (2012); Furlanetto (2015) the SKA (Square Kilometre Array)Mellema et al., 20)3and
HERA(Hydrogen Epoch of Reionization ArrayBeardsley et al.,

To( ) ' 274 (1C ) 1 Tews 1 2019. A three-dimensional map of the 21 cm signal could
Ts 1CH '@r=@ also be obtained by means of the so-called intensity mapping
1cz ¥ 015 2 < p? technique, which measures the collective emission frontragu
10 o mh2 0.023 mK, (23) hydrogen in dense clumps, targeting large regions without

resolving individual galaxies in the post-reionization era.(
wherexy, is the fraction of neutral hydrogeny, is the baryon 3) (Chang et al., 2008; Loeb and Wyithe, 2008; Wyithe et al.,
overdensity,» ph? and ¢ hh? the present baryon and matter 2008; Villaescusa-Navarro et al., 20)L4the experimental e orts
contributions to the mass-energy budget of the Univetd€z)  for this technique include th&BT-HIM project, with theGBT
the Hubble parameter an@,=@the comoving peculiar velocity (Green Bank Telescopeliang et al., 20)6CHIME (Canadian
Hydrogen Intensity Mapping Experiment)Newburgh et al.,
2TThe authors ofAmendola et al. (2018have nonetheless presented constraints2014), theTianlai  project (Chen and Xu, 2006&and SKA-mid
fordi erent ducial models. _ frequency Dewdney et al., 20)(ee e.gBull et al., 20156
28For the CORECMB mission, data were generated following Ré&fsr(d et al., D ite the fact that th - task of fut 21
1997, 2000 ForDESI, mockrsH(z) andda (z)=rs data were generated for the three e§p| e e ac . a € primary task of tuture cm
DESI tracers in the 0.1% z < 1.85 redshift range, accordingly Emnt-Ribera experiments Is to Improve our current knOWIEdge of the
etal. (2014h) reionization history, they provide as well an additional tdot
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fundamental cosmologyscott and Rees, 1990; Tozzi et al., 200(polarization measurements. Based exclusively on the induced
liev et al., 2002; Barkana and Loeb, 2005a,b; McQuinn gt aé ect of the neutrino mass ordering on the cosmic expansion rate,
2006; Santos and Cooray, 2006; Bowman et al., 2007; Mag et alpbust 90% CL neutrino mass ordering extraction was rejgorte
2008; Visbal et al., 2009; Clesse et al., 2012; Liu and RBarsdh  m < 0.1 eV, regardless the underlying true ordering (i.e.,
2016; Liu et al., 20)6complementary to CMB missions and normal or inverted). InOyama et al. (20163he authors propose
galaxy surveys. Indeed, 21 cm cosmological observatidngayi to combine ground-based CMB polarization observaticBKA
a very important role concerning neutrino physics. As previgus Phase 2 and BAO measurements fr@&Sl. With these data
stated, there are two types of experiments. First of all, wénewie  sets, a 2 extraction of the neutrino mass ordering seems feasible,
observations focused on the pre-reionization and EoR periodsinless the neutrino spectrum is degenerate. Notice thatethes
that can probe very large volumes (where the non-linear scakesults arise from the signature induced by the neutrino snas
is small). Remember that the largest signal from relic newotri ordering in the cosmic expansion rate, as the minimum cuto
masses and their ordering appears at scales which, at theftedshof the wavenumber in the 21 cm observations kign D
attainable at galaxy clustering surveys, lie within thediyil 0.061 Mpc 1, while the wavenumber corresponding to the
non-linear regime. Therefore, one needs to rely on either Nneutrino free-streaming scale lgnyin *© 0.0 Mpc 1for a
body simulations or on analytical approximations for the nesitt 0.05 eV massive neutrino.
power spectrum to simulate the massive neutrino signatur® Eo  More futuristic 21 cm experiments, &~TT, may open the
21 cm experiments will achieve the scales required to obsermssiqgity of going beyond measurements of the total newatri
the neutrino signature within the linear regime, avoidinget mass m and measure the individual neutrino masses,
simulation problems described in section 4.2. Inthisregtltdse  revealing the uniqueness of such experiments for constrginin
probes may widely surpass the constraints on neutrino massése neutrino properties. As shown ifrigure 9 in section 4,
expected from even very large galaxy survéys({uinn et al., the dierences in the power spectra for the two possible mass
2006; Mao et al., 2008; Pritchard and Pierpaoli, 2008; Tegmadrderings are tiny. Therefore, exquisite precision measers
and Zaldarriaga, 2009; Abazajian et al., 2011; Oyama et are required to identify such signatures. Galaxy survdysady
2013, 2016; Shimabukuro et al., 2R FHurthermore, the neutrino  discussed in the previous section, are limited by two fade T
constraints will be largely independent of the uncertaisfiiethe  rst one is related to non-linearities, which will not allovor a
dark energy uid, which, as we have seen in section 4.3.2 hameasurement of the power spectrum at sc&les 0.2h Mpc 1
instead a non-negligible impact in lower redshift, galaxyvey  at small redshifts, see section 4.2. Since the non-linede st
measurements. This is a byproduct of usingthe 21 cmlinetetra z D 8 isk ' 3h Mpc 1, both SKAand FFTT can measure
the matter overdensities: at redshifts 2, the universe starts to the entire linear region and be more sensitive to the scale-
be dominated by the dark energy uid and the growth of matterdependent suppression, which is di erent in the two neutrino
perturbations is modi ed depending on the dark energy equatio mass orderings. The second one is related to the fact that a
of statew(z), whose precise time-evolution remains unknown.galaxy survey requires a large number density of tracers to
Consequently, for a given perturbation in the matter uid, a ensure a good sensitivity at small scales, while for 21 cnegsrv
suppression in its structure growth could be either due to thdracing the ubiquitous permeating hydrogen, a high-density
presence of massive neutrinos or to an evolving dark energgly u antennae distribution will already warrant excellent snsa&le
Focusing at higher redshifts, the neutrino mass constegirdm  sensitivities. One drawback of 21 cm probes are foregrounds,
21 cm probes will be largely independent of the uncertainties i which should be kept under control.
the dark energy uid properties. The authors ofPritchard and Pierpaoli (200&ave studied
Expectations fromMWA SKA and FFTT (Fast Fourier the perspectives for extracting the individual neutrino nesss
Transform Telescope)Tegmark and Zaldarriaga, 200Were  with SKA and FFTT, nding that FFTT could be able to
considered inMao et al. (2008) Focusing on 4000 h of distinguish all the three neutrino masses from zero at the 3
observations of two areas in the sky inarange @ 6.8 8.2 level, due to its enormous e ective volume (see Figure 3 of
(divided into three redspjft bins) and a valuelgfax D 2 Mpc 1, Pritchard and Pierpaoli, 2008 Extracting the neutrino mass
the reported errors on m are 0.19 (0.027), 0.056 (0.017),ordering directly from the individual masses, however, was
0.007 (0.003) foMWASKA and FFTT, respectively, in their shown to be a very di cult achievement. Our calculations sho
middle (optimistic) scenarid$, when combined withPlanck at, for the total neutrino mass we use here as a reference,
measurements. These forecasts were performed for a ducial m D 0.12 eV, the di erences among the lighte§{ (nedium
« h? D 0.0875, which corresponds to a quite high value fom) and heaviestH) neutrino mass eigenstates between the
the neutrino mass, lying in the fully degenerate neutrinossia normal and inverted orderings argl(myj, j1 mmyj, j1 myj) D
spectrum. (0.015,0.0209, 0.0059) eV, which, especially for the case of
The authors ofOyama et al. (2013gevoted a dedicated j1 myj D 0.0059 eV, are tiny and very dicult to resolve,
analysis to establish the potential for extracting the niewtr even with very futuristic 21 cm measurements. While incirgs
mass ordering combining theFTT capabilities with future CMB  the exposure ofFFTT may improve its capabilities for this
purpose (the error in the most optimistiEFTT scenario ofVlao
2These scenarios di er in the assumptions concerning the power firmglethe et al. ,(2008)5 O'QOS ev), !t Seems ?‘n extremely challenging
prior on the reionization history and the residual foregrounds cistcale, among ~ task.Figure 13depicts the di erences in the values of the three
other factors (se€egmark and Zaldarriaga, 2009 neutrino masses as a function of the total neutrino mass betw
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inverted and normal orderings. We show with a dashed velrtica
line our representative case m D 0.12 eV (the present

ost constraining 95% CL upper limit) and another one for

m D 0.34 eV (the most recent 95% CL bound from the
Planck collaboration after the removal of systematics in their
polarization data at high angular scalkeghanim et al., 2016b
Notice that, as expected, the di erences between the valuég of
three neutrino masses decrease with the total neutrino nmiass
this regard, the lower the neutrino mass, the easier it cdndd
to single out the three neutrino mass eigenstates, becdese t
are more separated. However, an extraction of the mass owgleri
in the non-degenerate region via the values of the individua
neutrino masses seems very di cult. Indeddgure 13illustrates
the values of the individual neutrino masses for the heayvies
medium and lightest states for the normal and inverted ondgs
as a function of the total neutrino mass. The bands, friﬁop FIGUR-E 13 | Differences iq the masses for three neutrino mass eigengm as
to Bottom , depit the errors (m) D 0.02 eV and (m) D | Sl cne o et mss even et i ) orrncs
0.01 eV, together with the very futuristFTT one, (mj) D m D 0.34 eV, which are the present most constraining 9% CL limit on
0.005 eV. For an error of (m;) D 0.02 eV, there is no hope to m Palanque-Delabrouille et al. (2015and the latest 9% CL bound
disentangle the individual neutrino masses, as the errardbsa quoted by the Planck collaboration Aghanim et al., 20166, respectively.
Ove”ap for the heaviest, medium and Iightest masses irhall t Diffgrent shades of colored bgnds indi(?ate the possible ecnrs.wlhich cquld be

. . achieved by future cosmological experiments on the determation of single

parameter space. If instead one could achief®j) D 0.01 eV, | o masses 0.02 eV, 0.01 eV or 0.005 eV,
a measurement of the individual neutrino masses in the non
degenerate region could be possible at the 2 level, but
in order to unravel the ordering ons would need very extreme
conditions as, for instance, a value ofm very close to 0.1 eV Several studies have been carried out in the literature to
independently determined with very small errors. The bottomunravel the perspectives of the intensity mapping technique
plot in Figure 14 shows the results if we assume the futuristicin unveiling the neutrino properties. Some of them include
value of (m;) D 0.005, expected to be achievedH§TT. In  the combination of the expectations from future large scale
this case, a measurement of the three neutrino masses will B&ucture and intensity mapping surveysoehb and Wyithe, 2008;
achieved. Furthermore, in this (very optimistic) situatjotme Visbal et al., 2009; Abazajian et al., 2011; Villaescusaska
error bars will be, in principle, su ciently small to detect éh et al., 2015; Archidiacono et al., 2017; Sprenger et al.,)2018
presence (or the lack) of two massive neutrino states wittsems Notice that all these studies rely on di erent assumptions on
in the 0.02-0.03 eV range, required if the ordering is normathe cosmological parameters, on the foregrounds and on the
toexplain  m ' 0.1 eV, which would strongly con rm the systematic uncertainties, therefore we can not do compasison
normal (or inverted) neutrino mass ordering. If(m;) D 0.005, among them. Instead, we quote the most recent ndings and
Hae detection of the mass orderiqg will still be possible efen ithe impact for an eventual future detection of the neutrinossa

m . 0.1 eV, since the erroron m will allow to exclude ordering.
the inverted ordering with great accuracy. The authors ofVillaescusa-Navarro et al. (201fgund that,

As already mentioned, another possibility is the so-calledy combining SKA1-LOWwith Planck measurements, the
21 cm intensity mapping, which will focus on low redshifts95% CL error on m could be 0.089 eV. It is remarkable
z . 3 and will measure, with low angular resolution, that such a combination could potentially rule out the inverted
the integrated 21 cm ux emitted from unresolved sourcesordering scenario, assuming that normal ordering is resaliin
observing large patches of the sky. The lack of high angularature. These authors also nd that, under identical assuom
resolution will result in a less precise measurement of nonin the forecasted analyses, their combination of intensity
linear scales. On the other hand, low angular resolutiormapping surveys JKA1-LOWand MID) should be regarded
will imply a much faster survey. Future planned intensityas competitive with future spectroscopic surveys concerning
mapping surveys are developed within the Phase 1 ofStk& neutrino mass properties. The authors afchidiacono et al.
experiment, which will include a wide and deep survey at2017)showed that constraints of the futu@ORECMB mission
low redshifts £ . 3, the SKA1-MID array) and a narrow and galaxy redshift/weak lensing large scale structureeysr
and deep survey at higher redshift (3 'z . 6, the (asEuclid ) on the neutrino mass can be improved if a prior
SKA1-LOWarray), and within the Phase 2 &KA (SKA2. on the reionization optical depth from 21 cm probes lAERA
Since, in some sense, these intensity mapping probes will loe SKAis also included. A prior of ( ) D 0.001 will reduce
complementary to future planned optical surveys,CdsSI or  the freedom in the amplitude of the primordial power spectrum
Euclid , it makes sense to combine their expected results\s, as CMB measurements mostly constrain the combination
The intensity mapping technique, as galaxy clustering, is alsAsexp( % ), see section 4.1. Therefore, the direct correlation
a ected by bias uncertainties and non-linearities at smedlles. between m and As, both modifying the amplitude of the
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FIGURE 14 | Values of the individual neutrino masses for the heaviest,
medium and lightest mass eigenstates for the normal and inveed orderings
as a function of the total neutrino mass. The panels, frorffop to Bottom ,
depict the error bands (m;) D 0.02 eV, (m;)D 0.01eVand (m;)D 0.005eV.

matter power spectrum (although the change inducedpbyn
is, obviously, scale dependent), is largely a ected by theepias
of a precise determination of. The 1 sensitivity they nd for
the combination ofCOREEuclid plus tqg prior on the optical
depth from future 21 cm observationsi§ m ) D 0.012 eV°,

3OMore recently, this very important synergy betwenclid and future 21 cm
surveys, concretely with the intensity mapping sun&gAl, has been further
assessed iiprenger et al. (2018)

Neverthgeless, as carefully detailed above, even if thege ti
errors on m will be reached and extrapolated to an error
on the individual neutrino mass eigenstates, the possibility
of extracting the neutrino mass ordering via singling oueth
neutrino mass eigenstates with cosmological observablesmem
unfeasible, unless very visionary scenariog;-BET under the
most optimistic assumptions, are envisaged.

6.6. Prospects From Core-Collapse

Supernova

Neutrinos from core-collapse supernovae o er an independent
and complementary way to test neutrino physics. The existence
of these neutrinos was robustly con rmed by the detection
of 25 events from Supernova 1987A in the Large Magellanic
Cloud (Alekseev et al., 1987; Bionta et al., 1987; Hirata et al.,
1987, located at 50 kpc from our Milky Way galaxy. Such a
detection allowed to set very compelling bounds on a number of
neutrino properties §chramm and Truran, 1990; Ra elt, 1999
Even if laboratory experiments have surpassed some of these
limits, the eventual detection of supernovae neutrinos wiill
provide precious information about the details of the explosion
process (see e.danka, 2012; Mirizzi et al., 2016; Scholberg, 2018
and references therein), and also of neutrino mixing e ects in
dense media, see alsoriuchi and Kneller (2018)

Neutrino production in core-collapse supernovae occurs in a
number of di erent stages. The rst one is thefall, in which
electron neutrinos are produced, con ned, as a result of the
processe Cp ! nC ¢ When electrons are converted,
the outwards pressure they generate disappears and the gravity
forces are no more balanced: the core will start to collapse
until its density reaches that of matter inside atomic nicle
i.e., nuclear densities. Once these densities are reactatbrm
becomes incompressible, and a hydrodynamic shock is formed.
As this shock wave propagates outwards, it heats up the nuclei
and disintegrates them, releasing neutrinos. This initeditnino
release is commonly known aseutronization burst and it
is mainly composed of ¢ and may last for a few tens of
milliseconds. After the neutronization burst, the remnambto-
neutron star may evolve into a neutron star or collapse to a
black hole, depending on the mass of the progenitor star. Dyrin
this phase oexplosion and accretipwhich lasts for 1-2 s, the

e contribution is still the dominant one, albeit there is also
a contribution from other (anti)neutrino avors, in particlar

N. The neutrinos produced in theoolingstage give the main
contribution to the total ux, as it is in this phase when the
supernova releases its energy via all- avor neutrino-agtitnino
pair production, reaching its nal cold state. This processddsr
about tens of seconds. The di erences in the mean temperature
of the neutrino uxes of ¢, Nand x (N) are due to the di erent
medium opacity of each species. The larger the opacity, the lowe
the temperature that the (anti)neutrino will have at decoupli
The neutrino uxes read ascholberg (2018)

(cnced g

E)DNo=Tor ey ET

exp ( Cl)% )
(24)
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whereNg is the total number of emitted neutrinos, and both  squared di erence (solar and atmospheric) take pfacén the
and the mean energfE i are avor dependent. The supernova normal ordering case, the neutrino uxes will have a sigmirgly
neutrino energy spectra peaks around the 180 MeV region.  transformed spectrum, while the electron antineutrino ondl wi

The most popular process for supernova neutrino detectiornly be partially transformed F(';a' D F”;'“a' and Fl{la' D
is inverse beta decay on proton&(C p ! n C €). Other ¢o@ ; Fital C sir? 12F)"). In the inverted ordering case,
possibilities include elastic scattering on electron(e ! the e ects on the electron neutrino and antineutrino uxes|wi

C e ), whose kinematics may provide information on the pe approximately the opposite oneB8™®' D sin? 1FNtial C

1 1 H 1 o _aae PR € e

supernova location. Supernova neutrinos can also interatt wi co2 12F'2'“a' and F ’Qm D Fl'qltlal)' Once neutrinos exit from

nuclei via charged current or neutral current interactiogssing supernovae, they can still undergo avor transitions if they

rise to charged leptons andfor excited nuclei which may prewq traverse the Earth. Their nal avor composition at the detec

avor tagging. A very important process on argon nuclei Socation will again depend on the neutrino mass ordering, as

40 | 40 H : S .
e CTAr 1 e C™ K, which allows for electron neutrino .\ ver @ ects in Earth depend on it (see e.gcholberg, 208
tagging. In practice, water Cherenkov and scintillator dege and references therein

gre mostm s?rr:snl!ve.éo electrton haptlneutrlqols, \(/jlatln\t/e:ma Furthermore collective e ectsom neutrino self-interactions,
ecay, while the liquid argon technique mainly detectstedec due to o C N ! . C N avor processes, can lead to

neutrinos. While other avors may also be detected, the tWodepartures from the above summarized three- avor osciblati

processes above are the dominant ones. Large detector \mlunb?cture (Hannestad et al., 2006a; Duan et al., 2007, 2010; Esteban-

(dozens of kilotons) are required to detect neutrinos froate: Pretel etal., 2007, 2008: Ra elt and Sigl, 2007; Mirizzi £2@16
collapse supernovae located aD(10) kpc. A convenient way to The e ective potential, proportional to the di erence betweereth

scale the total number of supernova neutrino events in a detec electron antineutrino and the muon/tau antineutrino uxeand

of given e ective mass iBeacom and Vogel (1998); Mena et al'inversely proportional to the supernova radius, should donena
(2007) over the standard matter one, leading 8pectral swaps or
splits(Ra elt and Smirnov, 2007a,b; Dasgupta et al., 2009,2010
Es 10 kpc 2 In the early stages, these self-interacting e ects are satlifig
3 10F3erg Dos : 25 formass ordering signatures, albeit we shall comment onipless
non-thermal features in the neutrino or antineutrino spextr
which depend on the mass orderinGlfoubey et al., 20)0
In the following, we shall summarize the most relevant

available methods to extract the neutrino mass ordering gisin

N D No

In the expression abové&g is the gravitational binding energy
of the collapsing star anDpsthe distance between the observer

and the supernova. Assuming sensitivity to all reactiong th . ;
P g y & the mentioned uxes. For a recent and thorough review of

reference rate i8lp D O(10") for the Super-Kamiokande the mass ordering signatures from supernovae neutrinos, we
water Cherenkov detector with 32 kton and 5 MeV energy g sig P ’

detection threshold. Scholberg, 2012, 20)Lgive an estimate refer the Feader toSchoI_berg (2018)The electron neutrinos
of the number of neutrino events for a number of ongoing prqduced in the neutr_onlzanon burst und.ergc;;lhe MSYr\ﬁtgleCt
and future facilities, based on dierent detection techrggu °€ind fully (only partially) transformed, i.ef7* D FY
water Cherenkov (including also those with long string(F"® D si® 1P C cog 1,F""@) if the mass ordering is
photosensors in ice, agecube and PINGU), liquid argon normal (inverted), respectively. Therefore, detectorsvgibod
time projection chambers, and liquid scintillators. Upcoming e tagging, such as liquid argon or water Cherenkov ones, will
neutrino detectors, already described in section 6.1 andiat detect a neutronization burst only in the inverted neutrinass
for oscillation physics measurements, such asXidlOliquid ~ ordering case. Concerning the accretion phase, and onceaiec
scintillator (An et al., 201} the liquid argonDUNE(Acciarri ~ antineutrinos are also produced, as they are almost uncfeinge
etal., 2015, 2016a,b; Strait et al., JGirl the water Cherenkov the MSW resonance, the largest signature is expected to amcur f
Hyper-Kamiokande  (Abe et al., 201)5can lead to a number the normal ordering case for the three type of aforementioned
of 6000, 3000 and 75000 supernova neutrino events respectivélgtector types (liquid argon, water Cherenkov and scirttifp
assuming that the explosion occurs at 10 kpc from our position_although thelcecube detector, with its excellent capabilities
Flavor transitions inside a supernova have been careful® reconstruct the time dependence of the signal, could also
reviewed in Refd\lirizzi et al. (2016); Scholberg (201@ge also distinguish between the normal and inverted mass order{ags
Lunardini and Smirnov, 2001a,b, 2003, 2004: Akhmedov et aft al., 2013 While a devoted study with precise and accurate
2009). Here we summarize the most relevant results. As we haJgass ordering sensitivities attainable at these threectimteypes
seen in section 2, when neutrinos propagate through matter theVia supernova neutrinos is, to our knowledge, missing in the
mixing e ects undergo the so-called MSW mechanism, feelinditerature, we exploit the event rates during the accretioagsh
a matter potential which is proportional to the electron numberguoted for normal and inverted orderings cholberg (2018pr
densityNe. If the supernova matter density has a pro le which @supernova located at 10 kpc. For a 40 kton liquid argon detecto
varies slowly, the neutrino matter eigenstates will propagate
adiabatically _and their nal . avor C.OmpO.SItIOI‘l WI." depend 3ln case the matter potential inside the supernova su ers from aligiouities,
on the neutrino mass ordering, which will establish whethefine neutrino transitions will be non-adiabatic and the nal avcomposition will
or not resonant transitions associated to each neutrino Snasiepend on the precise matter pro le.
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374 kton water Cherenkov and 20 kton scintillator, the normalof view. The one exploiting UHE neutrino&/eiler (1982, 1984);

mass ordering could be extracted with2, 6 and 2 signi cance, Eberle et al. (2004); Barenboim et al. (20h&$ two problems,

respectively, based on a pure statistical-error analysis. one related with the fact that it is di cult to think about a soce
On the other hand, collective e ects, which lead to spectrathat produces such UHE neutrinos, of energies

swaps in the electron (anti)neutrino spectra, show very sharp

features at xed energy values which depend, among other gres fﬁ 4 102 0.1ev

factors, on the neutrino mass ordering. However, theseadiges 2m; m;

are not as robust as the ones existing in the neutronization ) o ]

and accretion phases. Finally, a very signicant imprint ofand another one regarding the di culties of detecting a larg

the neutrino mass ordering on the supernovae neutrino uxe£nough sample of UHE neutrinos in order to resolve the dips. The

is that due to their propagation through the Earth interior, Method based on interferometerS¢mcke and Spinrath, 20)7
where the standard MSW e ect will induce a few percent-iS €ven more complicated to address. At interferometers grurr

level oscillatory pattern in the 10 60 MeV energy range, in Sensitivities to accelerations are of the ordeatf 10 ‘°cm=s’,

. ) . . : et oot - 18
the electron (anti)neutrino spectra in case of (normal) irteer  With an optimistic estimation o& * 3 10 cm_=32 (Domcke
mass ordering. The detection of these wiggles requires viewe and Spinrath, 200)7for the incoming generation. However,

ev, 27)

excellent energy resolution. expected accelerations due to relic neutrino interactiosofthe

order of 10 2 10 33 cm=s? (Duda et al., 2001; Domcke and
6.7. Prospects From Relic Neutrino Direct Spinrath, 201y, many orders of magnitude below the sensitivity
Detection of the next-generation interferometers.

In the early Universe, neutrinos decoupled from the cosmic The& most promising approach to detect relic neutrinos is to
plasma during the cool down, in a process similar to the ond!S€ neutrino capture in a-decaying nucleus

leading to the formation of the CMB but at an earlier time, ) 0

when the universe was seconds to minutes old. These nestrino eCAl e CA, (28)
have been free-streaming for such a long time that they have ) . o

decohered and are currently propagating as mass eigenstat¥&iere the signal for a positive detection is a peak locatedtabou
The decoupling of neutrinos occurred just befareannihilated 27 @bove the true -decay endpoint (see below). In particular,
and reheated photons, leading to the following ratio betwesen tritium is considered as the best candidate since it has & hig

photon (T ) and neutrino (T ) temperatures, see Equation (15): neutrino capture cross section, low Q-value and it is long-
lived (Cocco et al., 2007; Blennow, 2008; Lazauskas et al., 2008;

T 4 13 Faessler et al., 2011; Long et al., 30The proposal for an
TP - (26)  experiment chasing this purpose was mad€irco et al. (2007)
Currently, e orts are put for such experiment, the PonTecorvo

Today, the temperature of the neutrino backgroundTi§ Observatory for Light Early-Universe Massive-Neutrino diel

1.6 10 “eV.TheirmeanenergyE i’ 3T ' 5 10 %eV. (PTOLEMY(Betts et al., 2013; Baracchini et al., 20fdbe built.
much smaller than the minimal mass of the second-to-lightes' "€ €xperiment has recently been approved by the Scienti c
neutrino as required by avor oscillations, so that at leed out Committee of the Italian National Laboratories of Gran Sass
of three neutrinos are non-relativistic today. The cosneeitrino and, in the following months, the existing protof[ypes for vasou
background (CB) is the only known source of non-relativistic components are expected to be moved from Princeton, where the
neutrinos and it has never been detected directly R&D has been performed up to now, to Gran Sasso. The idea is
Apart from the imprints that relic neutrinos leave in the to implant the tritium source on graphene layers, to avoid the
CMB (see section 4.1), which allow to have an indirect probgroblems related to a gaseous source, then col!ect.and measur
of their existence through the determination b , the direct the énergy of the emitted electrons using a combination of MAC-
detection of the CB would o er a good opportunity to test E lter, ra(_jlo-frequencytracklng and m|c_ro-calor|metryt|bta|n
neutrino masses and their ordering. Capturing relic neussn a determination of the -decay and neutrino capture spectrum of
tritium with an energy resolution of the order ' 0.05 0.1eV.

is not only rewarding from the point of view of what we can ; X
learn about neutrino properties, but also because it would be The total expected event rate from relic neutrino capture for a

a further con rmation of the standard Big Bang cosmologicaIPTOLEM_Wke experiment, assuming the estimated tritium mass
model. Dierent ideas on how to achieve such a detectior’’1009.1S

have been proposed\(einberg, 1962; Weiler, 1982, 1984; Duda 3

et al., 2001; Eberle et al., 2004; Barenboim et al., 2005;relm iy a2 '

2005. Ringwald, 2005; Cocco et al., 2007; Li, 2015; Voga: 201 ¢ 80 "o ) Coln) Nr N JUelfe(mi),  (29)
Domcke and Spinrath, 20),7ranging from absorption dips

in the ultra-high-energy (UHE) neutrino uxes due to their whereno( ng, ) is the averaged number density of relic neutrinos
annihilation with relic neutrinos at the&Z boson resonance, to with right (R) or left (L) helicity, Nt D Mt=m(®H) is the
forces generated by coherent scattering of the relic batlaon approximated number of tritium atoms in the sourcéy '
pendulum and measured by laser interferometers. Most of thes2834 10 “°cm? (Long et al., 2014 and fo(m;) is a mass-
proposed methods are impractical from the experimental pointlependent overdensity factor that accounts for the clusteah

iD1
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relic neutrinos under the gravitational attraction of theatter
potential (mostly from the dark matter halo) of our galaxy.i$h
last factor was originally computed inSingh and Ma (2003)
and Ringwald and Wong (2004and later updated inde Salas
et al. (2017)see als&zhang and Zhang, 20)8where smaller
masses were considered for the neutrinos, and the treatwient
the matter potential of the Milky Way was improved. The values
of fe(m ) range from 1.1 1.2 for a neutrino witbm D 60 meV
tol.7 2.9form D 150 meV (e Salasetal., 2017

For unclustered neutrinos (i.ef; D 1) and 100 g of tritium,
the expected number of events per yedrasig et al. (2014)

025" 4yearl, oM .D202 ;" 8yearl, (30)
where the upperscripts D and M stand for the possible Dirac
and Majorana neutrino character. If neutrinos are Majorang
particles, the expected number of events is doubled with réspe
to the Dirac case. The reason is related to the fact that,nduri
the transition from ultra-relativistic to non-relativigt particles,
helicity is conserved, but not chirality. The population oficel
neutrinos is then composed by left- and right-helical nends
in the Majorana case, and only left-helical neutrinos in Bieac
case. Since the neutrino capture can only occur for leftathir
electron neutrinos, the fact that in the Majorana case tlytd
handed neutrinos can have a left-chiral component leads to [a
doubled number of possible interactions. While this mearet th
in principle it is possible to distinguish the Dirac or Majorana
neutrino nature with a precise determination of the eventerat
there are two problems. First of all, even without assuming ne
physics, the factor of two coming from the neutrino nature is
degenerate with the clustering factor, see Equation (20)hat
a precise calculation d is required to determine if neutrinos
are Dirac or Majorana particles through the direct detectmn
relic neutrinos (le Salas et al., 201 Moreover, non-standard
interactions can increase the event rate in the Dirac casa by,
factor larger than two, canceling the di erence with Majoean
neutrinos in some scenarioé\(teaga et al., 20)7

Let us come back to th€TOLEMYproposal. Instead of
considering the total event rate, for this kind of experiment
it is much better to study the energy spectrum, as the direg
detection of relic neutrinos can only be possible if one can
distinguish the signal events due to neutrino capture frore th
background events due to thedecay of tritium. A crucial issue
for such an experiment, actually more important than the event

(9]

—

rate, is therefore the energy resolution. In order to digtiish FIGURE 15 | Electron spectrum in aPTOLEMMike experiment, comparing
the peak due to the Captured relic neutrinos from the normal (red) and inverted ordering (blue) witimjjghtest D 10 meV and three
decay background, a full-width half maximum (FWHM) energy different energy resolutions1 D 10 meV (Top), 1 D 20 meV (Middle),

resolutionl 0.7m is needed l(ong et al 201)4 If neutrinos 1 D 50 meV (Bottom) . Dashed lines indicate the spectrum as it would be
o iy : Jeasured by an experiment with perfect energy resolution.

are non-degenerate in mass, the neutrino capture signal has

peak for each of the separate neutrino mass eigenstates. The fu
expression of the energ)bspectrum of neutrino capture, given an

energy resolution D 1=" 8In2, can be written as:

d9cnB

1
E(Ee) D sznoNT N

)
[Ee  (EendC Mi C Mightesd]?
22 ’

(CH)

jUei’fei  exp
iD1

whereEqpqis the energy of the-decay endpointzeng D Eend,o
Miightesy DEINGEend,othe endpoint energy whemiighest D 0. If

the energy resolution is good enough, the three peaks coming
from the three neutrino mass eigenstates could be resolved,
each of them with an expected number of events modulated by
jUeii%. This might lead to a positive detection of the neutrino
mass ordering, since the electron- avor component af is
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larger than the one of; and 3, and therefore the furthest preference for a given neutrino mass ordering from a Bayesian
peak from the -decay endpoint (again if neutrinos are non- global tto all 2018 publicly available neutrino data has disen
degenerate) is enhanced if the ordering of neutrino masses presented.
inverted. This can be seen in the three panelsFafure 15 Currently, among the three available methods to extract the
which also show the e ect of changing the mass ordering on th@eutrino mass ordering (oscillations, neutrinoless deubkta
-decay spectrum. Dashed lines represent the spectrum whidecay searches and cosmological observations), the tgaidibhe
would be determined by an experiment capable of measuringomes from oscillations in matter, measured at long-baselin
the spectrum with zero energy uncertainty, while solid linesaccelerator or atmospheric neutrino beams in combinatiothwi
represent the shape of the spectrum that one would observe meactor experiments. The latest frequentists global datayaisal
a real experiment. We plot in red (blue) the spectrum obtainedesults in a preference for normal mass ordering with 2 D
using normal (inverted) ordering, a FWHM resolutioh D  11.7 ( 3.4 ), mostly arising from the combination of the long-
10 meV (top),1 D 20 meV (middle),l D 50 meV (bottom) baselineT2K and NO A data with reactor experimentDaya
and a lightest neutrino masSijghiest D 10 meV. As we can Bay, RENCGand Double Chooz ), plus the latest atmospheric
see from the gure, the kink commented in section 3 is clearlyneutrino results fronSuper-Kamiokande . Similar results for
visible when one observes the huge number of events that cortlee preference in favor of the normal mass ordering arise from
from the 100 g of decaying tritium with a su cient energy other global tanalysesGapozzietal., 201%a
resolution. While for distinguishing the relic neutrino ents Cosmological measurements are able to set indirect,
from the -decay background and for having a direct detectionalbeit independent bounds on the neutrino mass ordering.
of the C B the energy resolution is a crucial requirement, inNeutrinos a ect Cosmic Microwave Background (CMB) primary
principle even a worse energy resolution may allow to deteeminanisotropies by changing the gravitational potential at the
the neutrino mass scale and the mass ordering, thanks taaitte f recombination period when they become non-relativistic.
that we expect less events near the endpoint when the orderirigowever, for sub-eV neutrino masses this e ect is tiny and the
is inverted. A direct observation of the amplitude of all theBZ most prominent e ect on the CMB is via lensing, as neutrinos,
peaks, however, would give a much cleaner signal, because ti@/ing non-zero velocities, will reduce the lensing e ecsiall
peak corresponding to the heaviest neutrino would be alwayscales. Nevertheless, the largest impact of neutrinos in@ogmy
higher in the inverted ordering case, independently of arfyeot gets imprinted in the matter power spectrum. Once neutrinos
factor. become non-relativistic, their large velocity dispersiondl w
In summary, the CB capture event rate in & TOLEMY  prevent the clustering of matter inhomogeneities at all ssal
like experiment (Equation (31)), even within SM physics andsmaller than their free streaming length. At present, the
without considering non-standard interactions, depends orncosmological constraints on the neutrino pass ordering eom
several main unknowns) the absolute neutrino mass) the  from the sensitivity to the total neutrino mass m and not via
matter distribution (especially that of dark matter) in oualgxy, the e ects induced in the CMB and matter power spectrum by
iii) the nature of neutrino masses (whether neutrinos are Diraeach of the individual neutrino masseg. Within the context
or Majorana particles), antv) the true mass ordering. This last of the minimal 3 CDM model with massive neutrinos, current
dependence is encoded in thdyj? factor in Equation (31) and it cosmological probes cannot provide odds stronger thas: 1
is only accessible if neutrinos are non-degenerate. A daive  in favor of normal ordering.
study on thePTOLEMYcapabilities in determining the mass  Neutrinoless double beta decay searches can also test the
ordering has not been published yet, but a new Letter of Intenbeutrino mass ordering if neutrinos are Majorana particles.

is in preparation Baracchini et al., 20)%. However, present constraints on the so-called e ective Majar
mass do not a ect the overall Bayesian analyses.
7. SUMMARY All in all, the 2018 Bayesian global analysis, including all

the neutrino oscillation data available before the Neutrino
Identifying the neutrino mass ordering is one of the major2018 conference, results in a 3.preference for the normal

pending issues to complete our knowledge of masses and mixinggUtrino mass ordering which, in Bayesian words, implies a
in the lepton sector. The two possibilities, normal vs. ineeft Strongpreference for such a scenario. One can then combine the

may result from very dierent underlying symmetries and ©ScillationdatawithO0  data fromKamLAND-Zen EXO-200
therefore to single out the one realized in nature is a maagat 2ndGerda and cosmological observations frddfanck , SDSS
step to solve the avor puzzle, i.e., to ensure a full thegsdti BOSS 6DF and SDSS DR7 MGSUsing this conservative

understanding of the origin of particle masses and mixinge W cosmological data combination, the aforementioned prefeee
have presented a comprehensive review on the current statB§COMes 3.4, which raises to 3.5if a prior on the Hubble
and on future prospects of extracting the neutrino mass orttgri parameteHofrom local measurements is conIS|d.ered in addition.
via a number of di erent ongoing and upcoming observations. This clearly states the current power of oscillation resulem

Furthermore, the most updated and complete result on th&l€@ling with neutrino mass ordering extractions. o
While in the very near perspective an improved sensitivity

32We suggest the interested readers to look forward to the publicatfothis (I'e". above the 3.5 level) IS eXpeCted m_OStIy from more i
document, which will describe in more detail the physics reach aedéhnical ~Precise measurements of current long-baseline and atmospheri
characteristics GPTOLEMY experiments, and, to a minor extent, from cosmological surveys
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(Planck , DES and eBOSS among others), there will be a -decay spectrum, ensured by the extremely large amount of
number of planned experiments which will be crucial fortritium adopted. The detection is possible both from a kink
extracting the neutrino mass ordering in the non-immediatein the -decay spectrum which only appears if the ordering is
future. inverted and from the peaks due to neutrino capture just above
Of particular relevance are the upcoming neutrino oscillationthe endpoint.
facilities, as they will be able to measure the neutrino All these future probes may either conrm or reject
mass ordering with astonishing precision without relying onthe current strong preference (3.5) in favor of the
combinations of di erent data sets. Such is the case of thgopDeenormal neutrino mass ordering. Such a preference has
Underground Neutrino Experiment@UNE, that will be able kept gaining signicance in the recent years, thanks to
to measure the neutrino mass ordering with a signi cance othe fact that current neutrino oscillation experiments have
5 with 7 years of data. Atmospheric neutrino observatories asnormously improved our knowledge of neutrino avor
PINGU or ORCAwill also mainly focus on the mass ordering physics.
measurement. Some of these future devices could alsofiglérei
neutrino mass ordering via the detection of matter e ectsfiet AUTHOR CONTRIBUTIONS
neutrino uxes emitted at the eventual explosion of a supem@ov
in our galaxy orin its neighborhood. On the other hand, mediu PFdS, CT, and MT have contributed mainly to review the
baseline reactor neutrino detectors suchJaiNOor RENOwill  current status of neutrino oscillations as well as to the stanm
also be able to extract the neutrino mass ordering despitéanat of the prospects on the neutrino mass ordering from future
e ects are negligible for these two experiments. They will ®ocuneutrino oscillation experiments. SG has contributed to egwi
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