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Neutrino oscillations: 

•  

•  

Absolute mass determinations: 

•beta-decay spectrum(KATRIN) 

• neutrinoless double-beta decay  
(assuming Majorana neutrinos) 

• cosmology 
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Beta decay spectrum — KATRIN
Absolute neutrino mass Beta decay – the KATRIN experiment

Cosmology and — decay observables

T. Schwetz (KIT) Neutrino physics II 16 / 44
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precision level each minute. A silicon drift detector sys-
tem, installed in the transport section, as well as a beta-
induced X-ray system at the rear section [39], contin-
uously monitor the tritium activity, obtaining a result
at the 0.1%-precision level each minute. The high volt-
age of the main spectrometer is continuously measured
at the ppm level with a high-precision voltage divider
system [40, 41] and an additional monitoring spectrome-
ter [42]. The magnetic fields are determined with a high-
precision magnetic field sensor system [43].

After the successful commissioning of the complete
KATRIN beamline in summer 2017 [44], first tritium op-
eration was demonstrated with a small tritium activity
of (5⇥ 10

8
Bq) in mid-2018 [45]. During the first neu-

trino mass campaign (KNM1) in 2019 [14], the source
was operated in a ‘burn-in’ configuration at a reduced
activity of 2.5⇥ 10

10
Bq, which is required when struc-

tural materials are exposed to high amounts of tritium
for the first time. Major technical achievements of the
second measurement campaign (KNM2) are the oper-
ation of the tritium source at its nominal activity of
9.5⇥ 10

10
Bq and improved vacuum conditions in the

spectrometer [46] that led to a reduction of the back-
ground by 25% to 220mcps. We thus increased the �-
electron-to-background ratio by a factor of 2.7 with re-
spect to the first campaign. In the last 40 eV of the inte-
gral spectrum, we collected a total number of 3.7⇥ 10

6

�-electrons. Fig. 2 a) compares the spectra of both neu-
trino mass campaigns. A direct comparison of the exper-
imental parameters is given in Tab. I.

III. MEASUREMENT OF THE TRITIUM BETA
SPECTRUM

The integral �-spectrum is obtained by repeatedly
measuring the count rate Rdata(qUi) for a set of 39
non-equidistant high voltage (HV) settings Ui, creat-
ing a retarding energy qUi for the electrons of charge
q. The retarding energy is adjusted in a range of
qUi 2 (E0 � 300 eV, E0 + 135 eV), where E0 = 18 574 eV

is the approximate spectral endpoint. Note that for
the spectral fit, only 28 of those points in the range of
qUi 2 [E0 � 40 eV, E0 + 135 eV] are used. Data points
further below the endpoint are used to monitor the activ-
ity stability, complementing the other monitoring devices
mentioned above. The time spent at each HV set-point
(called scan step) varies between 17 s and 576 s and is
chosen to optimise the neutrino mass sensitivity. The to-
tal time to measure the rate at all 39 retarding energies
(a so-called scan) is about 2 h. As can be seen in Fig.
2 e), the measurement time distribution (MTD) com-
pensates for the steeply falling count rate towards the
endpoint and peaks at approximately 10 eV below the
endpoint, where a neutrino-mass signal would be maxi-
mal. Based on pre-defined experimental conditions and
data quality criteria, 361 golden scans were chosen for
the presented analysis. Since the HV values can be set

FIG. 2. a): Individual fits to both KATRIN measurement
campaigns (KNM1 and KNM2). Here the 12 detector rings
are combined to a single detector area (uniform fit). The
graph illustrates the improvements in lower background rate,
higher signal strength and overall better statistics (as indi-
cated by smaller error bars). b) Normalised residuals for the
uniform fit of the KNM2 data set. c) Simultaneous fit of the
rates measured with 12 detector rings (note that most of the
ring overlap) at 28 retarding energies in the KNM2 measure-
ment campaign (see main text). d) Normalised residuals for
the fit to the data of the (exemplary) third detector ring of
the KNM2 data set. e) Measurement time distribution for
KNM1 and KNM2.

with a reproducibility at the sub-ppm-level, these scans
are later combined to a single spectrum by adding the
counts at a given set point.

The focal-plane detector, shown as magnified inset in
Fig. 1, is segmented into 148 individual pixels to ac-
count for spatial variations of the electromagnetic fields
inside the source and spectrometer, and of the back-
ground. Removing malfunctioning pixels and those shad-
owed by hardware upstream, 117 pixels have been se-
lected. For the presented analysis these golden pixels
are grouped into 12 concentric rings, resulting in 336
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with a reproducibility at the sub-ppm-level, these scans
are later combined to a single spectrum by adding the
counts at a given set point.

The focal-plane detector, shown as magnified inset in
Fig. 1, is segmented into 148 individual pixels to ac-
count for spatial variations of the electromagnetic fields
inside the source and spectrometer, and of the back-
ground. Removing malfunctioning pixels and those shad-
owed by hardware upstream, 117 pixels have been se-
lected. For the presented analysis these golden pixels
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KATRIN, Nature Phys. 18 (2022) 160 [2105.08533]
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Neutrinoless double-beta decay  lepton number violation⇒
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Figure 2: Upper bounds on q2m�� at 3� C.L. from current experiments combined, both

considering and neglecting the contribution of SRI, for the NSM and QRPA models in

Tab. 1. Triangles (squares) include the contribution of SRI taken with negative (positive)

sign, and vertical lines connect the upper and lower values obtained by varying n↵ in

the range of Tab. 2. For the EDF and IBM models, no short-range data are available

and results considering only the long-range contribution are presented. The coloured area

indicates the IMO region.

Fig. 2 highlights also the rather dramatic e↵ect which the short-range contribution to

the NME can have on the upper bound on m�� (note the logarithmic scale), which can

vary by up to a factor 10 in some cases. Note that, for each of the NME calculations

among N1–N5 and Q1–Q6, the q2m�� limits between the two squares and between the

two triangles indicated by the solid lines is obtained by adopting a fixed SRI sign for all

isotopes.

The gA quenching factor q enters as multiplicative factor as q2m�� ; it is therefore

actually this product which is constrained by data. In order to translate the results shown

in Fig. 2 into a bound on m�� alone, a value for q needs to be assumed.

4 Next generation of 0⌫�� experiments

4.1 Description of experimental setups and analysis

Let us now move to the discussion of future 0⌫�� projects. There is a rich landscape of

experiments proposed or in preparation exploiting di↵erent �� emitters and experimental

techniques. In particular, we consider LEGEND-1000 [49] for 76Ge, SNO+II [50] for 130Te,

nEXO [51] for 136Xe , SuperNEMO [52] for 82Se and CUPID [53] for 100Mo. Each of

them is characterized by a set of so called performance parameters, through which both

– 8 –

Pompa, Schwetz, Zhu,  
2303.10562

Combined 3  upper bound from CUORE, EXO,  
GERDA, KamLLAND-Zen, MAJORANA

σ

selection of nucl. matrix element calculations

see also talk by Simone Quitadamo

IO range

new short-range contribution to NME Cirigliano et al., 1802.10097
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��2

ij = 9 in Eq. (4.9), by including the CUPID contribution, both in comparison and

in combination with the dominant sensitivities of LEGEND-1000 and nEXO. A reduced

sample of nuclear models has been considered, see Tab. 1, and contributions from SRI are

neglected. The coloured area refers to the IMO region.

available. Only the LEGEND-1000 and nEXO contributions are reported here, since these

emerged to be the dominant ones. Comparing the three experiments individually (open

symbols), we see that CUPID has a similar sensitivity to the assumed LEGEND-1000 and

nEXO configurations, though slightly worse. By comparing the (q2m��)True sensitivity

from the LEGEND-1000 and nEXO combination (solid green triangles) with the combined

LEGEND-1000, nEXO and CUPID one (solid black dots), the contribution of CUPID to

the sensitivity will not be dominant. For some NME models (E1, E2, E3) the nEXO-

CUPID combination is very powerful and adding LEGEND-1000 in addition leads to little

improvement.

Complementary to Fig. 3, Fig. 5 shows how the��2 relevant for the sensitivity changes

with (q2m��)True. We see that a positive contribution from SRI leads for most nuclear

models to favor a 0⌫�� signal even at 5� in the IMO case, while a negative SRI contribution

only implies the 0⌫�� signal at 3� mostly. Supposing that the lightest neutrino mass is

zero in the case of normal neutrino mass ordering (NMO), we get the minimal NMO range

of m�� : 0.9 meV < m�� < 4.2 meV, similar to Eq. (1.4). As indicated in the figure,

it will be di�cult to observe a positive 0⌫�� signal from the considered combination of

future LEGEND-1000, SNO+II, nEXO and SuperNEMO project if Nature takes values of

(q2m��)True within the minimal NMO range.
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Pompa, TS, Zhu, 2303.10562

IO range

see also talk by Antoine Armatol

selection of nucl. matrix element calculations

Isotope exposure backgr

mol yr #/mol yr

LEGEND 76Ge 8736 4.9e-6

nEXO 136Xe 13700 4.0e-5

CUPID 100Mo 1717 2.3e-4

Agostini et al., 2202.01787
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Neutrino mass from cosmology
see also talk by Vivian Poulin
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Neutrino mass from cosmology

•minimal values predicted from oscillation data for : 
 

 

m0 = 0
<latexit sha1_base64="ODe5hesYhOJ41UAg7fcLcupkEgc="></latexit>

⌃min =

⇢
98.6± 0.85meV (IO)

58.5± 0.48meV (NO)

see also talk by Vivian Poulin
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Neutrino mass from cosmology

•minimal values predicted from oscillation data for : 
 

 

m0 = 0
<latexit sha1_base64="ODe5hesYhOJ41UAg7fcLcupkEgc="></latexit>

⌃min =

⇢
98.6± 0.85meV (IO)

58.5± 0.48meV (NO)

•Upper bounds from current data:

•  Planck CMB+BAOΣmν < 0.12 eV (95 % CL)

•   
DiValentino, Gariazzo, Mena, 21; many papers 
Σmν < 0.09 eV (95 % CL)

see also talk by Vivian Poulin
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•Strong Bayesian Evidence for 
the Normal Neutrino Hierarchy  
Simpson et al., 1703.03425;  
Jimenez et al., 2203.14247

7

Excluding inverted ordering with cosmology?

•No conclusive evidence for normal ordering: TS et al. 1703.04585; 
Vagnozzi et al., 1701.08172; Gariazzo et al., 1801.04946; Heavens, Sellentin, 
1802.09450; deSalas et al., 1806.11051; Mahony et al., 1907.04331; 
Hannestad, Roy Choudhury, 1907.12598; Gariazzo et al., 2205.02195

Bayesian model comparison:

2

two orderings. We argue that it is meaningful to reject
IO from a comparison of cosmology and oscillations only
if these two data sets are consistent for NO. In the case
when there is tension between cosmology and oscillations
for both orderings, a relative comparison of the two mod-
els can be misleading. We shall explore this putative
tension exploiting both current and future cosmological
measurements.

The structure of the manuscript is as follows. In Sec. II
we describe the di↵erent methods commonly exploited in
the literature to quantify tensions between two sets of
measurements. Section III contains a description of the
methodology for the numerical analyses, the parameteri-
zations employed to describe the parameter space and the
data involved in quantifying the tension between cosmo-
logical and terrestrial neutrino mass measurements. Sec-
tion IV presents the results from our analyses, includ-
ing a mass ordering comparison. Finally, we conclude in
Sec. V.

II. TENSION METRICS

In this section we provide a brief review of various met-
rics used to quantify a tension between di↵erent data
sets. We follow closely the discussion in Ref. [31], where
a number of tests is reviewed and applied in the con-
text of the H0 tension. We refer the interested reader to
Ref. [31] for further references and more in depth discus-
sions of the various tests. Additional discussions can be
found for instance, in the context of cosmology in [32, 33],
in the context of Type Ia Supernova analysis in [34], and
within a frequentist framework in the context of neutrino
oscillations in [35].

To fix the notation, in the following LD = P (D|✓,M)
denotes the likelihood, which is the probability for the
dataD given a modelM with parameters ✓, ⇧ = P (✓|M)
is the prior for the parameters,

ZD = P (D|M) =

Z
d✓LD(✓)⇧(✓) , (6)

is the Bayesian evidence, and

PD(✓) = P (✓|D,M) =
LD(✓)⇧(✓)

ZD
, (7)

is the posterior density for the parameters ✓ for data D.
Considering now two data sets D = A,B, the question
posed here is whether these data are consistent within
a given model. In order to quantitatively address this
question, the following tests can be used:

• Bayesian evidence ratio. Consider the ratio

R ⌘ ZAB

ZAZB
. (8)

The numerator corresponds to the evidence when
data sets A and B are described by the same set of

parameters ✓, whereas in the denominator di↵erent
parameters may be preferred by the two data sets.
Values of R � 1 (⌧ 1) would indicate agreement
(disagreement) between the two data sets. As dis-
cussed in [31], R is dependent on the prior volume,
and small values of R, indicating a possible tension
between data sets, can be increased by increasing
the prior volume. Therefore, we will not use the
Bayesian evidence ratio in our tension analysis be-
low.

• Bayesian suspiciousness. This test departs from
the Bayesian evidence ratio, but the information
ratio I based on the Kullback-Leibler divergence is
used to remove the prior dependence. Consider the
log-information ratio

ln I = DA +DB �DAB , (9)

where the Kullback-Leibler divergence is defined as

DD =

Z
d✓PD ln

✓
PD

⇧

◆
. (10)

Using the log-information ratio we can cancel the
prior dependence from the Bayesian evidence ratio
R and define the suspiciousness [36]:

lnS ⌘ lnR� ln I . (11)

As for R, positive values of lnS indicate agreement
among the data sets while negative ones indicate
disagreement.

For Gaussian posteriors, the quantity (d � 2 lnS)
follows a �

2

d distribution, where the number of de-
grees of freedom can be obtained using the Bayesian
model dimensionality defined in [37]:

dD = 2

Z
d✓PD


ln

✓
PD

⇧

◆
�DD

�2
. (12)

In order to compute the significance of the tension
between two data sets, the relevant Bayesian di-
mensionality can be obtained using [37]

d = dA + dB � dAB . (13)

As we will discuss in the following, the Bayesian
model dimensionality dD may have problems when
dealing with posteriors that are not Gaussian in
the parameters under consideration, or when the
prior limits impose a significant cut on the posterior
shape. In these cases, we will replace the Bayesian
model dimensionality with a more naive counting
for the number of degrees of freedom, see below.

• Parameter goodness-of-fit tests. This test is
based on the idea to evaluate the “cost” of explain-
ing data sets together (i.e., with the same param-
eter values) as compared to describing them sep-
arately (i.e., each data set can chose its own pre-
ferred parameter values). Therefore this type of

6

Cosmo data Model lnS pS QDMAP 1� P (QDMAP ) 1� P (�) dA dB dAB d

current

3⌫ NO -1.34 0.13 (1.52�) 2.62 0.45 (0.75�) 0.011 (2.66�) 1.94 0.31 2.28 -0.02
3⌫ IO -3.30 0.023 (2.29�) 5.61 0.13 (1.50�) 0.0014 (3.90�) 1.98 0.33 3.54 -1.23
⌃ NO -1.23 0.063 (1.86�) 2.62 0.098 (1.65�) 0.021 (2.31�) 0.44 1.24 1.47 0.21
⌃ IO -2.86 0.0095 (2.59�) 5.59 0.017 (2.39�) 0.0014 (3.20�) 0.46 1.21 1.65 0.02

future NO

3⌫ NO 0.55 0.59 (0.53�) 0.033 1 (0.00�) 0.23 (1.19�) 1.94 1.81 2.32 1.43
3⌫ IO -1.75 0.089 (1.70�) 3.99 0.26 (1.12�) 0.018 (2.54�) 1.98 1.71 2.76 0.93
⌃ NO 0.2 0.44 (0.78�) 0.035 0.84 (0.21�) 0.1 (1.62�) 0.44 0.93 1.00 0.38
⌃ IO -2.16 0.021 (2.31�) 3.98 0.043 (2.03�) 0.00099 (3.29�) 0.46 0.92 1.60 -0.22

future 0

3⌫ NO -4.58 0.0068 (2.70�) 8.78 0.032 (2.14�) 0.0016 (3.66�) 1.94 0.31 2.55 -0.30
3⌫ IO -13.04 2.3e-06 (4.74�) 24.90 1.6e-05 (4.31�) 2.5e-05 (5.28�) 1.98 0.32 3.51 -1.21
⌃ NO -4.56 0.0015 (3.18�) 8.80 0.0028 (2.99�) 8.1e-06 (4.46�) 0.44 1.00 1.71 -0.26
⌃ IO -12.68 2.8e-07 (5.13�) 24.91 5.4e-07 (5.01�) 4.1e-10 (6.25�) 0.46 1.03 1.87 -0.37

TABLE I. Tension between cosmological and terrestrial neutrino mass determination assuming di↵erent cosmological data sets:
current data, a future observation with a value for

P
m⌫ consistent with NO (future NO, Eq. (20)), and a non-observation ofP

m⌫ (future 0, Eq. (21)). In each case we show results for the two parameterizations 3⌫ and ⌃ (see section III B) and the
two mass orderings. The table shows the test statistics lnS, QDMAP from Eqs. (11) and (14) respectively, and the probabilities
of the data sets being consistent, pS , 1 � P (QDMAP) and 1 � P (�), corresponding to the suspiciousness test, the parameter
goodness-of-fit test, and the parameter shift test, respectively. In the right part of the table we show the Bayesian model
dimensionalities according to Eqs. (12) and (13), indicating with A the terrestrial and B the cosmological data sets. The values
for pS [as well as for 1 � P (QDMAP)] are calculated with the parameter counting according to Eq. (15), i.e., for 3 (1) dof for
the 3⌫ (⌃) parameterization.

cosmological data (magenta symbols), we see very strong
tension for IO (above 4�), however, also significant ten-
sion for NO (between 2 and 3�). Hence, rejection of IO
on the basis of this tension becomes problematic, as also
the alternative hypothesis su↵ers from a non-negligible
tension.

B. Parameter shift test

Figure 3 depicts the corresponding results for the pa-
rameter shift test. In general we observe a similar pattern
as for the suspiciousness and parameter goodness-of-fit
tests, and the physics interpretation is similar. However,
we notice in all cases that the parameter shift leads to
a higher tension. According to the parameter shift test,
current data shows tension of & 2� (& 3�) for NO (IO).
The non-observation of neutrino mass by future cosmol-
ogy will lead to a (very) strong tension with oscillation
data regardless of the mass ordering. Even for future
NO, some tension close to the 2� level still remains for
NO in the case of the ⌃ parameterization.

The reason for the relative stronger tensions obtained
with the parameter shift test is a Bayesian volume e↵ect.
This test, as defined in Eq. (17), measures the relative
size of the overlap of the posterior volumes in parame-
ter space of the two models. As an example, we can see
from Fig. 1 that even for the future NO case, the overlap
volume with the terrestrial posterior is rather small. The
result of the parameter shift test depends on the available
parameter volume of the data sets, in particular on the
upper bound on

P
m⌫ from KATRIN: the tension will

become stronger (weaker) for a weaker (stronger) upper
bound on

P
m⌫ , just by increasing (decreasing) the ter-

restrial posterior volume in the region far away from the
cosmological posterior volume.4 Note also that there is
no systematic trend when switching from the 3⌫ to the
⌃ parameterizations: while for current data the tension
becomes weaker, for future NO as well as future 0 it be-
comes stronger (both for NO and IO).

C. Mass ordering comparison

Let us now briefly compare the tension measures pre-
sented above to a direct model comparison of NO versus
IO. To this aim we consider the so-called Bayes factor, in
analogy to the Bayesian evidence ratio from Eq. (8):

BNO,IO ⌘ ZNO

ZIO

. (22)

This quantity describes the Bayesian odds in favour of
NO, i.e., large values of BNO,IO correspond to a prefer-
ence for NO. We convert Bayes factors into probabili-
ties by using PNO = BNO,IO/(1 + BNO,IO) and PIO =
1/(1 +BNO,IO) (given equal initial prior probabilities).
Figure 4 shows the logarithm of the Bayes factor. Here

we show only the contribution from the available param-
eter space volume from the interplay of cosmological and
terrestrial data, in order to compare with the tension
measures discussed above. We note that here the di-
rect contribution from the �2 di↵erence between NO and

4 We have checked that this e↵ect is still relatively small if we use
the final KATRIN sensitivity instead of the present result, for
which results of the parameter shift test are rather similar.

• current preference for NO  
• from cosmology is prior driven  

(not data driven) 
• in combined analysis dominated by 

oscillation data
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FIG. 1. Bayes factors B in favor of NO: probability of NO being the true mass ordering and corresponding number of � (not
indicated if smaller than 1�), for di↵erent parameterizations and constraining data, as described in the text. Colored bands
represent the Bayes factor ranges that correspond to statistical significance of 1�, 2� and 3� Gaussian probabilities. Note that
the ��2 value from oscillation experiments has not been included in this figure.

show the Bayes factors plus the corresponding probabil-
ity and significance in favor of NO for the five di↵erent
parameterizations described in section II B.

As we can see, considering only oscillation data (cir-
cles) or adding the KATRIN constraints (crosses) on the
e↵ective electron neutrino mass gives the same results
(apart from small numerical fluctuations): the limit on
the neutrino masses from KATRIN is broad enough not
to alter the Bayes factor in favor of NO. The significance
of the preference in favor of NO, however, changes sig-
nificantly when we consider di↵erent parameterizations.
Given that the oscillation ��2 between NO and IO is
not taken into account and that the constraints on the
mass splittings are the same, we expect that there is no
preference in favor of NO when only oscillation data are
considered, and indeed this is what we obtain in cases
B, D and E. On the contrary, cases A and C provide a
preference in favor of NO, which therefore is necessarily
a consequence of the specific choice of parameters and
their priors, because the data are the same.

When more constraining observations in the form of
upper limits on the sum of neutrino masses, ⌃m⌫ <
0.12 eV (diamonds) or ⌃m⌫ < 0.09 eV (stars), are taken
into account, the preference in favor of NO increases.
Cases D and E are almost equivalent, providing a Bayes
factor just above 5, which corresponds to approximately
85% probability (1.4�) in favor of NO. Concerning the
other cases, the preference can be significantly higher,
reaching a Bayes factor of approximately 175, for a nearly

2.8� preference for NO in case A, i.e. twice the signifi-
cance of cases D or E. Notice that even when consider-
ing the three neutrino masses as free parameters (cases
A, B, C), the Bayes factor in favor of NO varies up to
a factor 6 depending on the selected sampling method.
We can also note that when switching from terrestrial
measurements only to the terrestrial plus cosmological
constraints, the Bayes factor increases di↵erently in the
various cases: from a factor around 40 for cases A, B
to a much smaller 5 in case D. Varying the parameteri-
zation or the prior, therefore, does not simply introduce
a global normalization in the Bayes factors, but rather
it exacerbates the preferences in favor of NO when the
constraints on the absolute mass scale become tighter.

Notice that our results are in good agreement with
those obtained in [1] for case A (their SJPV prior), with
a slightly increased significance when including cosmolog-
ical constraints, while in case E (their HS prior) we ob-
tain slightly less significant results. The minimum prefer-
ence for NO when considering the strongest cosmological
constraints, however, is obtained within our case D, for
which the preference for NO is only driven by data: this
should be considered as the most robust result. The ef-
fect of parameterization and prior choices, therefore, is
as large as a factor of 33 in the Bayes factor, solely due
to subjective choices, when changing from case A to case
D.

When including the ��2 from oscillation experiments
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FIG. 2. Same as figure 1, but taking into account the additional preference in favor of NO arising from neutrino oscillations;
we use the average ��2 obtained in the global analyses [2–4]. Colored bands represent the Bayes factor ranges that correspond
to statistical significance of 2� to 4� Gaussian probabilities.

in favor of NO 5, which is currently between 6.5 [2, 4] and
7 [3] with the full datasets, we obtain the preferences
summarized in Fig. 2. As can be seen, the preference
in favor of NO ranges between 2.7� (case D) and 3.7�
(case A) when the most stringent cosmological limit is
considered. The former case, in particular, is not con-
sidered as decisive in particle physics. Notice that the
oscillation ��2 alone gives a Bayes factor of e3.2 to e3.5

in favor of NO, which corresponds to a significance of 2.1
to 2.2�. The increase due to cosmological constraints,
when a conservative parameterization is considered, is
therefore a mere 0.6�.

We conclude this section with the following note: in
case D, we verified that a uniform prior on the param-
eters gives the same results as those presented in this
section and obtained with a uniform prior on the loga-
rithm of the parameters.

B. Relative entropy

We also assess the impact of di↵erent parameteriza-
tions by computing the relative entropy between the prior
and the posterior. The relative entropy, or Kullback-
Leibler (KL) divergence, DKL(P ||Q), between two prob-
ability distributions P and Q of a continuous random

5
This is achieved by multiplying the Bayes factor by e��2/2

, or

adding ��2/2 to its logarithm.

variable x is given by:

DKL(P ||Q) =

Z
P (x) ln

P (x)

Q(x)
dx . (2)

The KL divergence is a measure of the “distance” 6 be-
tween the two distributions. In the context of Bayesian
inference, DKL(P ||Q) measures how much information is
gained when prior beliefs, encoded in the prior Q, are
updated, after observations, to bear the posterior P .
We have computed, using Polychord, the KL diver-

gence between the full (i.e., multidimensional) parame-
ter prior and posterior for all the parameterization and
dataset combination considered so far. The results are
shown in Fig. 3. A larger value of DKL corresponds to a
greater information gain. If we compare the obtained val-
ues, from the same data, for di↵erent parameterizations
(i.e., same symbol but di↵erent colors), we can gauge the
impact of the parameterization itself, and of the prior
induced by this choice, on the information gain 7. In
particular, less (more) informative priors lie in the top
(bottom) part of the plot. It is evident how the param-
eterizations in which the mass parameters are sampled

6
Note that the relative entropy is not strictly a distance, as it is

not symmetric for exchange of P and Q, nor does it satisfy the

triangle inequality.
7
In fact, the reference prior proposed in Ref. [30] as an “objective”

prior, is built from the property of maximizing, on average, the

information gain.

log(mi)             linear               log(mi) prior on mlightest             sum



Th. Schwetz - ALPS202310

Tension between cosmology and terrestrial data

7

FIG. 2. Tension between cosmological and terrestrial experiments according to the suspiciousness test (left panels) and param-
eter goodness-of-fit test (right panels). Upper panels show the corresponding test statistics as defined in Eqs. (11) and (14).
The left (right) part in each panel corresponds to the 3⌫ (⌃) parameterization as defined in Sec. III B. Lower panels show the
corresponding significance in numbers of standard deviations obtained by converting to a p-value assuming a �2

d distribution,
where d = 3 (1) for the 3⌫ (⌃) parameterization. Di↵erent colors indicate di↵erent assumptions on the the cosmological data
set, see Sec. III C, and square (triangle) symbols correspond to normal (inverted) neutrino mass ordering.

IO from oscillation data alone [14–16] is not considered,
which may provide additional NO/IO discrimination in
the Bayes factor, see [30] for a recent discussion.

The black, red, and dark-blue symbols in the figure
correspond to using the prior-only, terrestrial data alone,
and current cosmology without terrestrial data, respec-
tively. None of these cases shows any significant MO
preference. Note that the slightly non-zero value for
lnBNO,IO for terrestrial data in the 3⌫ parameterization
is a pure volume e↵ect. By comparing the lnBNO,IO re-
sults for the combination of terrestrial and cosmological
data (light-blue, green and magenta), we observe a sig-
nificant dependence on the parameterization. This is in
line with the arguments discussed in [30, 42], where it is
stressed that parameterizations with three independent
neutrino masses in general lead to a strong preference for
NO compared to other parameterizations. Indeed, from
Fig. 4 we see approximately a di↵erence of 1� between
the two considered parameterizations.

Concerning future cosmological data, a measurementP
m⌫ = 0.06 ± 0.02 eV would provide a significance of

approximately 2 � 3� in favor of NO. Hence, from this
argument alone (i.e., without using additional informa-

tion from oscillation data), a precision such as the one
considered here is not su�cient for a decisive determina-
tion of the mass ordering. Within the case “future 0”,
for which the measurements provide a preferred valueP

m⌫ = 0 eV, the preference for NO is strong, close to
the 4� level (even for the ⌃ parameterization). This re-
sult, however, is a consequence of the stronger rejection
of the region at

P
m⌫ > 0.1 eV with respect to the one

at
P

m⌫ > 0.06 eV, and does not take into account that
also the NO solution su↵ers from a tension between cos-
mology and oscillation data, as discussed in the previous
sections.

V. CONCLUSIONS

The neutrino mass sensitivity from cosmological data
analyses is entering an exciting phase, approaching the
minimal values for

P
m⌫ as required by oscillation

data, i.e.,
P

m⌫ ⇡ 0.06 (0.1) eV for NO (IO). In this
manuscript we discuss quantitative measures to evaluate
a possible tension between cosmology and terrestrial neu-
trino mass determinations. In particular we have applied
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IO from oscillation data alone [14–16] is not considered,
which may provide additional NO/IO discrimination in
the Bayes factor, see [30] for a recent discussion.

The black, red, and dark-blue symbols in the figure
correspond to using the prior-only, terrestrial data alone,
and current cosmology without terrestrial data, respec-
tively. None of these cases shows any significant MO
preference. Note that the slightly non-zero value for
lnBNO,IO for terrestrial data in the 3⌫ parameterization
is a pure volume e↵ect. By comparing the lnBNO,IO re-
sults for the combination of terrestrial and cosmological
data (light-blue, green and magenta), we observe a sig-
nificant dependence on the parameterization. This is in
line with the arguments discussed in [30, 42], where it is
stressed that parameterizations with three independent
neutrino masses in general lead to a strong preference for
NO compared to other parameterizations. Indeed, from
Fig. 4 we see approximately a di↵erence of 1� between
the two considered parameterizations.

Concerning future cosmological data, a measurementP
m⌫ = 0.06 ± 0.02 eV would provide a significance of

approximately 2 � 3� in favor of NO. Hence, from this
argument alone (i.e., without using additional informa-

tion from oscillation data), a precision such as the one
considered here is not su�cient for a decisive determina-
tion of the mass ordering. Within the case “future 0”,
for which the measurements provide a preferred valueP

m⌫ = 0 eV, the preference for NO is strong, close to
the 4� level (even for the ⌃ parameterization). This re-
sult, however, is a consequence of the stronger rejection
of the region at

P
m⌫ > 0.1 eV with respect to the one

at
P

m⌫ > 0.06 eV, and does not take into account that
also the NO solution su↵ers from a tension between cos-
mology and oscillation data, as discussed in the previous
sections.

V. CONCLUSIONS

The neutrino mass sensitivity from cosmological data
analyses is entering an exciting phase, approaching the
minimal values for

P
m⌫ as required by oscillation

data, i.e.,
P

m⌫ ⇡ 0.06 (0.1) eV for NO (IO). In this
manuscript we discuss quantitative measures to evaluate
a possible tension between cosmology and terrestrial neu-
trino mass determinations. In particular we have applied
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FIG. 2. Tension between cosmological and terrestrial experiments according to the suspiciousness test (left panels) and param-
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d distribution,
where d = 3 (1) for the 3⌫ (⌃) parameterization. Di↵erent colors indicate di↵erent assumptions on the the cosmological data
set, see Sec. III C, and square (triangle) symbols correspond to normal (inverted) neutrino mass ordering.

IO from oscillation data alone [14–16] is not considered,
which may provide additional NO/IO discrimination in
the Bayes factor, see [30] for a recent discussion.
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NO compared to other parameterizations. Indeed, from
Fig. 4 we see approximately a di↵erence of 1� between
the two considered parameterizations.

Concerning future cosmological data, a measurementP
m⌫ = 0.06 ± 0.02 eV would provide a significance of

approximately 2 � 3� in favor of NO. Hence, from this
argument alone (i.e., without using additional informa-

tion from oscillation data), a precision such as the one
considered here is not su�cient for a decisive determina-
tion of the mass ordering. Within the case “future 0”,
for which the measurements provide a preferred valueP

m⌫ = 0 eV, the preference for NO is strong, close to
the 4� level (even for the ⌃ parameterization). This re-
sult, however, is a consequence of the stronger rejection
of the region at

P
m⌫ > 0.1 eV with respect to the one

at
P

m⌫ > 0.06 eV, and does not take into account that
also the NO solution su↵ers from a tension between cos-
mology and oscillation data, as discussed in the previous
sections.

V. CONCLUSIONS

The neutrino mass sensitivity from cosmological data
analyses is entering an exciting phase, approaching the
minimal values for

P
m⌫ as required by oscillation

data, i.e.,
P

m⌫ ⇡ 0.06 (0.1) eV for NO (IO). In this
manuscript we discuss quantitative measures to evaluate
a possible tension between cosmology and terrestrial neu-
trino mass determinations. In particular we have applied

7

FIG. 2. Tension between cosmological and terrestrial experiments according to the suspiciousness test (left panels) and param-
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IO from oscillation data alone [14–16] is not considered,
which may provide additional NO/IO discrimination in
the Bayes factor, see [30] for a recent discussion.

The black, red, and dark-blue symbols in the figure
correspond to using the prior-only, terrestrial data alone,
and current cosmology without terrestrial data, respec-
tively. None of these cases shows any significant MO
preference. Note that the slightly non-zero value for
lnBNO,IO for terrestrial data in the 3⌫ parameterization
is a pure volume e↵ect. By comparing the lnBNO,IO re-
sults for the combination of terrestrial and cosmological
data (light-blue, green and magenta), we observe a sig-
nificant dependence on the parameterization. This is in
line with the arguments discussed in [30, 42], where it is
stressed that parameterizations with three independent
neutrino masses in general lead to a strong preference for
NO compared to other parameterizations. Indeed, from
Fig. 4 we see approximately a di↵erence of 1� between
the two considered parameterizations.

Concerning future cosmological data, a measurementP
m⌫ = 0.06 ± 0.02 eV would provide a significance of

approximately 2 � 3� in favor of NO. Hence, from this
argument alone (i.e., without using additional informa-

tion from oscillation data), a precision such as the one
considered here is not su�cient for a decisive determina-
tion of the mass ordering. Within the case “future 0”,
for which the measurements provide a preferred valueP

m⌫ = 0 eV, the preference for NO is strong, close to
the 4� level (even for the ⌃ parameterization). This re-
sult, however, is a consequence of the stronger rejection
of the region at

P
m⌫ > 0.1 eV with respect to the one

at
P

m⌫ > 0.06 eV, and does not take into account that
also the NO solution su↵ers from a tension between cos-
mology and oscillation data, as discussed in the previous
sections.

V. CONCLUSIONS

The neutrino mass sensitivity from cosmological data
analyses is entering an exciting phase, approaching the
minimal values for

P
m⌫ as required by oscillation

data, i.e.,
P

m⌫ ⇡ 0.06 (0.1) eV for NO (IO). In this
manuscript we discuss quantitative measures to evaluate
a possible tension between cosmology and terrestrial neu-
trino mass determinations. In particular we have applied
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FIG. 2. Tension between cosmological and terrestrial experiments according to the suspiciousness test (left panels) and param-
eter goodness-of-fit test (right panels). Upper panels show the corresponding test statistics as defined in Eqs. (11) and (14).
The left (right) part in each panel corresponds to the 3⌫ (⌃) parameterization as defined in Sec. III B. Lower panels show the
corresponding significance in numbers of standard deviations obtained by converting to a p-value assuming a �2

d distribution,
where d = 3 (1) for the 3⌫ (⌃) parameterization. Di↵erent colors indicate di↵erent assumptions on the the cosmological data
set, see Sec. III C, and square (triangle) symbols correspond to normal (inverted) neutrino mass ordering.

IO from oscillation data alone [14–16] is not considered,
which may provide additional NO/IO discrimination in
the Bayes factor, see [30] for a recent discussion.

The black, red, and dark-blue symbols in the figure
correspond to using the prior-only, terrestrial data alone,
and current cosmology without terrestrial data, respec-
tively. None of these cases shows any significant MO
preference. Note that the slightly non-zero value for
lnBNO,IO for terrestrial data in the 3⌫ parameterization
is a pure volume e↵ect. By comparing the lnBNO,IO re-
sults for the combination of terrestrial and cosmological
data (light-blue, green and magenta), we observe a sig-
nificant dependence on the parameterization. This is in
line with the arguments discussed in [30, 42], where it is
stressed that parameterizations with three independent
neutrino masses in general lead to a strong preference for
NO compared to other parameterizations. Indeed, from
Fig. 4 we see approximately a di↵erence of 1� between
the two considered parameterizations.

Concerning future cosmological data, a measurementP
m⌫ = 0.06 ± 0.02 eV would provide a significance of

approximately 2 � 3� in favor of NO. Hence, from this
argument alone (i.e., without using additional informa-

tion from oscillation data), a precision such as the one
considered here is not su�cient for a decisive determina-
tion of the mass ordering. Within the case “future 0”,
for which the measurements provide a preferred valueP

m⌫ = 0 eV, the preference for NO is strong, close to
the 4� level (even for the ⌃ parameterization). This re-
sult, however, is a consequence of the stronger rejection
of the region at

P
m⌫ > 0.1 eV with respect to the one

at
P

m⌫ > 0.06 eV, and does not take into account that
also the NO solution su↵ers from a tension between cos-
mology and oscillation data, as discussed in the previous
sections.
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manuscript we discuss quantitative measures to evaluate
a possible tension between cosmology and terrestrial neu-
trino mass determinations. In particular we have applied
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•What if cosmology does not see finite neutrino mass and upper bounds 
become tighter than the minimal value predicted by neutrino oscillation? 

•Can we relax cosmological bounds such that neutrino mass can be in 
reach for terrestrial experiments?



Th. Schwetz - ALPS2023

• neutrino decay into dark radiation  
Chacko et al. 1909.05275; 2002.08401; Escudero et al., 2007.04994;  
Barenboim et al.,2011.01502; Chacko et al. 2112.13862:  

• time dependent neutrino mass  
Lorenz et al. 1811.01991; 2102.13618; Esteban, Salvado, 2101.05804 

•modified momentum distribution  
Cuoco et al., astro-ph/0502465; Barenboim et al., 1901.04352;  
Alvey, Sabti, Escudero, 2111.14870 

• reduced neutrino density + dark radiation 
Beacom, Bell, Dodelson, 04; Farzan, Hannestad, 1510.02201;  
Renk, Stöcker et al., 2009.03286; Escudero, TS, Terol-Calvo, 2211.01729 

∑ mν < 0.42 eV

14

Cosmology bounds can be relaxed in non-standard scenarios



Th. Schwetz - ALPS2023

• neutrino decay into dark radiation  
Chacko et al. 1909.05275; 2002.08401; Escudero et al., 2007.04994;  
Barenboim et al.,2011.01502; Chacko et al. 2112.13862:  

• time dependent neutrino mass  
Lorenz et al. 1811.01991; 2102.13618; Esteban, Salvado, 2101.05804 

•modified momentum distribution  
Cuoco et al., astro-ph/0502465; Barenboim et al., 1901.04352;  
Alvey, Sabti, Escudero, 2111.14870 

• reduced neutrino density + dark radiation 
Beacom, Bell, Dodelson, 04; Farzan, Hannestad, 1510.02201;  
Renk, Stöcker et al., 2009.03286; Escudero, TS, Terol-Calvo, 2211.01729 

∑ mν < 0.42 eV

14

Cosmology bounds can be relaxed in non-standard scenarios



Th. Schwetz - ALPS2023

• energy density in non-relativistic 
neutrinos (late times) 
 
 

• energy density in relativistic 
neutrinos (early times, BBN, CMB) 
                                                             

15

Relaxing the neutrino mass bound from cosmology

ρnon.rel.
ν ≈ nν ∑ mν < 14 eV cm−3

Cosmology is sensitive to:

N relat.
eff = 2.99 ± 0.17
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FIG. 2. Illustration of the mechanism of Farzan and Hannestad [30] to reduce the neutrino number density between BBN
and recombination. We show the relative number densities of active neutrinos (red), N� = 10 generations of massless sterile
fermions (blue), and the mediator boson X with mass mX = 1 keV (purple). For reference we show relevant events taking
place in the early Universe, see e.g. [46], as well as the region of temperatures at which neutrinos (or other relativistic species)
should be freestreaming [47].

lution of neutrino and dark-sector particle densities as a
function of photon temperature. For the parameters cho-
sen in the plot, the bound on the sum of neutrino masses
can be relaxed to 0.9 eV.

3. A SEESAW MODEL FOR LARGE
NEUTRINO MASSES AND DARK RADIATION

In this section we discuss a specific model realisation of
the mechanism described in the previous section, which
in addition provides a framework to generate neutrino
masses, following closely the discussion of Ref. [19], sec-
tion 4. The beyond-SM ingredients of the model are:

• three fermion singlets NR (“right-handed neutri-
nos”) which play the usual role to generate active
neutrino masses as in the type-I seesaw,

• a new abelian symmetry U(1)X which can be either
global or local,

• a scalar � with U(1)X charge +1, and

• a set of N� fermions � with U(1)X charge �1.

With these assignments we can write the following BSM
terms in the Lagrangian:

�L = NR Y⌫ `L
eH†+

1

2
NR MR N

c

R
+NRY� �L �+ h.c. .

(3.1)

Here H and `L are the SM Higgs and lepton doublets,
respectively, and eH = i ⌧2 H

⇤, MR is the 3⇥ 3 Majorana
mass matrix for NR, and Y⌫ and Y� are 3⇥3 and 3⇥N�

Yukawa matrices, respectively. As we are interested in
“large” neutrino masses, possibly in the quasi-degenerate
regime, we need 3 right-handed neutrinos NR

3. Here
and in the following we keep SU(2)L and flavour indices
contractions implicit. The scalar potential is

V = µ
2

H
H

†
H + �H

�
H

†
H

�2

+ µ
2

�
|�|

2 + ��|�|
4 + �H�|�|

2
H

†
H , (3.2)

with µ
2 and µ

2

�
parameters with dimensions of [mass]2

and �H ,��,�H� dimensionless. We assume �H� = 0,
i.e., no mixing between the two scalar fields. With this
assumption we avoid that � gets thermalised in the early
Universe due to its interactions with the SM Higgs. Elec-
troweak symmetry breaking takes place in the usual way,
with

hHi =
1

p
2

✓
0

vEW

◆
, (3.3)

with vEW ' 246 GeV denoting the SM Higgs vacuum ex-
pectation value (VEV). The breaking of the U(1)X takes

3
We note that the mixing pattern of very degenerate neutrinos is

particularly sensitive to radiative corrections [48–50]. In specific

flavor models this poses constraints on the scale of the origin of

neutrino masses, see e.g. for some constructions [51, 52].
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after BBN but before CMB decoupling
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Relaxed bound from cosmology
3

neutrino number density today:

X
m⌫ ⇥


n
0

⌫

56 cm�3

�
< 0.12 eV [95%CL] , (2.4)

where n0

⌫
refers to the background number density of neu-

trinos today per helicity state, which in the Standard
Model is n0

⌫
' 56 cm�3 [2].

Eq. (2.4) highlights a way to relax the cosmological
neutrino mass bound. Since what is constrained is a
product of number density and mass, reducing the num-
ber density of neutrinos would relax the neutrino mass
bound accordingly. Importantly, since Ne↵ / hp⌫in⌫ , if
one reduces the number density of neutrinos Ne↵ will de-
crease, but from eq. (2.2) we see that Ne↵ measurements
are compatible with the Standard Model prediction. This
means that if one wants to reduce the neutrino number
density before recombination one should also add new
light or massless species beyond the Standard Model to
compensate for the decrease of Ne↵ due to the decrease
of n⌫ . This was precisely the idea of Farzan and Hannes-
tad in [30]. For this mechanism to work, both the re-
duction of the neutrino number density and the addition
of new massless dark radiation should happen before re-
combination1. In addition, this should certainly happen
after proton to neutron conversions have frozen out in
the early Universe (around T� ⇠ 0.7MeV), because oth-
erwise the successful predictions of Big Bang Nucleosyn-
thesis (BBN) will be spoiled. Nevertheless, since CMB
observations are only sensitive to the Universe’s evolution
at z . 2 ⇥ 105, see e.g. [45], or equivalently T� . 10 eV,
there is plenty of time for this to happen.

Farzan and Hannestad [30] pointed out a way to
achieve the two requirements outlined above: have a
large number, N�, of massless particles that thermalise
with neutrinos after BBN but before recombination, at
10 eV . T� . 100 keV. Since after neutrino decoupling
at T� . 2MeV neutrinos do not interact with the Stan-
dard Model plasma, neutrinos cannot be produced any-
more and therefore the production of new particles will
be at the expense of neutrinos. In this case, the number
of e↵ective relativistic neutrino species in the early Uni-
verse is almost unchanged from its SM value Ne↵ ' 32,
but the number density decreases and the current cos-
mological neutrino mass bound becomes:

X
m⌫ < 0.12 eV (1 + g�N�/6) [95%CL] . (2.5)

1
In Appendix A we study the possibility of actually realizing the

mechanism after recombination. We show that while it is in prin-

ciple possible the regions of parameter space is significantly more

restricted than if the mechanism operates before recombination.
2
In [30] it was mentioned that Ne↵ does not change in this mech-

anism. However, the production of particles out of equilibrium

always leads to some entropy generation which does indeed make

Ne↵ slightly larger than 3.044. The small di↵erence is however

negligible for practical purposes, see Appendix B for more de-

tails.
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FIG. 1. Number of massless fermions � with g� = 4 degrees
of freedom needed to make the standard cosmological bound
(shown on the horizontal axis) consistent with di↵erent val-
ues of the sum of the neutrino masses

P
m⌫ . The vertical

dashed lines indicate the current cosmological bound from
Planck+BAO data, eq. (1.1), and the prospect for future cos-
mological observations (0.02 eV).

Here g� corresponds to the number of internal degrees
of freedom of the massless BSM particle � per species
and N� is the number of species. Fig. 1 explicitly shows
the number of new massless species needed to relax the
cosmological neutrino mass bound as a function of the
true neutrino mass for g� = 4, as this is the case for
the most relevant model of the two we will present later.
We see that for example, for the case of

P
m⌫ = 0.6 eV

(which is the sensitivity limit of KATRIN),N� ⇠ 6 would
be needed to avoid the current Planck bound.

An important question in this mechanism is how can
neutrinos thermalise with a large number of new massless
BSM species between BBN and recombination. Ref. [30]
considers resonantly enhanced scattering between neu-
trinos and these new species, mediated by a new boson
X with a mass 10 eV . mX . 100 keV via the process
⌫̄⌫ ! (X) ! �� where � here represents one of the mass-
less states. This requirement can actually be relaxed and
what is really minimally required is that the new boson
thermalises with neutrinos and that it interacts e�ciently
with a large number of massless species beyond the Stan-
dard Model (SM). Thus, the two requirements for this to
work are:

1) h�(⌫̄⌫ ! X)i > H , (2.6)

and

2) h�(X ! �i + anything)i > H , (2.7)

both for 10 eV . T . 100 keV. To illustrate the mecha-
nism and its main ingredients we show in fig. 2 the evo-
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relaxing the present bound by 
converting neutrinos into  generations 
of massless fermions with  internal 
degrees of freedom:

Nχ
gχ

need  massless species for  eV≳ 10 mν ∼ 1

gχ = 4
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Escudero, TS, Terol-Calvo, 2211.01729
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FIG. 2. Illustration of the mechanism of Farzan and Hannestad [30] to reduce the neutrino number density between BBN
and recombination. We show the relative number densities of active neutrinos (red), N� = 10 generations of massless sterile
fermions (blue), and the mediator boson X with mass mX = 1 keV (purple). For reference we show relevant events taking
place in the early Universe, see e.g. [46], as well as the region of temperatures at which neutrinos (or other relativistic species)
should be freestreaming [47].

lution of neutrino and dark-sector particle densities as a
function of photon temperature. For the parameters cho-
sen in the plot, the bound on the sum of neutrino masses
can be relaxed to 0.9 eV.

3. A SEESAW MODEL FOR LARGE
NEUTRINO MASSES AND DARK RADIATION

In this section we discuss a specific model realisation of
the mechanism described in the previous section, which
in addition provides a framework to generate neutrino
masses, following closely the discussion of Ref. [19], sec-
tion 4. The beyond-SM ingredients of the model are:

• three fermion singlets NR (“right-handed neutri-
nos”) which play the usual role to generate active
neutrino masses as in the type-I seesaw,

• a new abelian symmetry U(1)X which can be either
global or local,

• a scalar � with U(1)X charge +1, and

• a set of N� fermions � with U(1)X charge �1.

With these assignments we can write the following BSM
terms in the Lagrangian:

�L = NR Y⌫ `L
eH†+

1

2
NR MR N

c

R
+NRY� �L �+ h.c. .

(3.1)

Here H and `L are the SM Higgs and lepton doublets,
respectively, and eH = i ⌧2 H

⇤, MR is the 3⇥ 3 Majorana
mass matrix for NR, and Y⌫ and Y� are 3⇥3 and 3⇥N�

Yukawa matrices, respectively. As we are interested in
“large” neutrino masses, possibly in the quasi-degenerate
regime, we need 3 right-handed neutrinos NR

3. Here
and in the following we keep SU(2)L and flavour indices
contractions implicit. The scalar potential is

V = µ
2

H
H

†
H + �H

�
H

†
H

�2

+ µ
2

�
|�|

2 + ��|�|
4 + �H�|�|

2
H

†
H , (3.2)

with µ
2 and µ

2

�
parameters with dimensions of [mass]2

and �H ,��,�H� dimensionless. We assume �H� = 0,
i.e., no mixing between the two scalar fields. With this
assumption we avoid that � gets thermalised in the early
Universe due to its interactions with the SM Higgs. Elec-
troweak symmetry breaking takes place in the usual way,
with

hHi =
1

p
2

✓
0

vEW

◆
, (3.3)

with vEW ' 246 GeV denoting the SM Higgs vacuum ex-
pectation value (VEV). The breaking of the U(1)X takes

3
We note that the mixing pattern of very degenerate neutrinos is

particularly sensitive to radiative corrections [48–50]. In specific

flavor models this poses constraints on the scale of the origin of

neutrino masses, see e.g. for some constructions [51, 52].
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and recombination. We show the relative number densities of active neutrinos (red), N� = 10 generations of massless sterile
fermions (blue), and the mediator boson X with mass mX = 1 keV (purple). For reference we show relevant events taking
place in the early Universe, see e.g. [46], as well as the region of temperatures at which neutrinos (or other relativistic species)
should be freestreaming [47].
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3.1. Neutrino mixing

After symmetry breaking, several terms in the Yukawa
Lagrangian in eq. (3.1) induce mixing in the neutral lep-
ton sector. In the basis n = (⌫c

L
, NR,�
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L
), the fermion

mass terms can be written as

� Lm =
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nc Mn n+ h.c. , (3.5)

with the (6 +N�) ⇥ (6 +N�) mass matrix given by

Mn =

0

@
0 mD 0

m
T

D
MR ⇤

0 ⇤T 0

1

A , (3.6)

where mD = vEWp
2
Y⌫ and ⇤ = v�p

2
Y�. We assume the fol-

lowing hierarchy between the entries of the mass matrix:

⇤ ⌧ mD ⌧ MR , (3.7)

where these relations are understood for the typical scales
relevant for the matrices.

The block-diagonalisation of the mass matrix leads to
the masses of the 3 active neutrinos, the 3 heavy neutri-
nos and the N� massless sterile neutrinos
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where mactive = U
⇤
⌫

bm⌫ U
†
⌫
. Adopting the diagonal mass

basis for charged lepton, U⌫ is the PMNS mixing matrix,
given in terms of 3 mixing angles and 3 CP-violating
phases (including Majorana phases), while bm⌫ is a diag-
onal matrix containing the physical neutrino mass eigen-
values mi. There are N� states which are exactly mass-
less at tree level, due to the rank of the matrix (3.6).
Loop contributions to msterile are small enough to con-
sider the N� states e↵ectively massless [19].

The mass basis is obtained by rotating the fields with
the unitary matrix W which induces a mixing between
the di↵erent states:
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where we have introduced the notation ⌫̃, Ñ , �̃ to de-
note the active neutrinos, heavy neutrinos, massless ster-
ile neutrino in the mass basis, respectively. Following
e.g., [53] one can find the mixing matrix at leading or-
der, taking into account the hierarchy in eq. (3.7):
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(3.11)
Without loss of generality, we have adopted a basis where
the right-handed neutrino mass matrix MR is diagonal.

In order to simplify the discussion, we will adopt below
the one-flavour approximation for the active and heavy
neutrinos and introduce mixing angles

✓⌫N =
mD

MR

, ✓⌫� =
⇤

mD

, (3.12)

describing the mixing between active neutrinos and the
heavy and massless states, respectively. With our as-
sumption eq. (3.7), both angles are small. We need to
keep N� flavors of massless sterile states and ✓⌫� rep-
resents the mixing between each of them and the ac-
tive neutrinos. Finally, using the seesaw relation m⌫ =
m

2

D
/MR = ✓

2

⌫N
MR we will eliminate mD (or ✓⌫N ) and

⇤ and consider m⌫ , MR and ✓⌫� as independent param-
eters.

In the following we discuss the relevant interaction
terms and distinguish the particularities of the global and
gauged versions of the model.

3.2. Global U(1)X

Let us decompose the complex scalar � into two real

fields as � =
1

p
2
(v� + ⇢+ i�), where we take v� real

without loss of generality. The real part ⇢ has a mass
m⇢ of order |µ�|, while � corresponds to the Gold-
stone boson. We assume that in addition to the spon-
taneously breaking of the U(1)X global symmetry also
explicit breaking terms are present, e.g. arising from
higher-dimensional terms of the scalar potential, induc-
ing a mass term for the imaginary part �. Hence, the
pseudo-Goldstone mass m� is an additional independent
parameter in the global version of the model.

The relevant processes for our mechanism areX $ ⌫ ⌫

and X $ ⌫ �, where for the global case X can be the
scalar ⇢ or the pseudoscalar �. These interactions arise
from the third term in eq. (3.1) through the mixing of the
neutral particles ⌫L, NR and �L. In the mass basis and
after Spontaneous Symmetry Breaking (SSB) we have for
the interaction of the scalars with two active neutrinos

NRY� �L �+ h.c. � �⌫̃ �
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2
(⇢ � i�5�) ⌫̃

c + h.c.

(3.13)

mD =
vEW

2
Yν , Λ =

vΦ

2
YΦ

mheavy ≈ MR

mactive ≈ m2
D/MR

mχ = 0 , θνχ ≈ Λ/mD

5

place when � develops a VEV

h�i =
v�
p
2
, (3.4)

with v
2

�
= �µ

2

�
/��.

3.1. Neutrino mixing

After symmetry breaking, several terms in the Yukawa
Lagrangian in eq. (3.1) induce mixing in the neutral lep-
ton sector. In the basis n = (⌫c

L
, NR,�

c

L
), the fermion

mass terms can be written as

� Lm =
1

2
nc Mn n+ h.c. , (3.5)

with the (6 +N�) ⇥ (6 +N�) mass matrix given by

Mn =

0

@
0 mD 0

m
T

D
MR ⇤

0 ⇤T 0

1

A , (3.6)

where mD = vEWp
2
Y⌫ and ⇤ = v�p

2
Y�. We assume the fol-

lowing hierarchy between the entries of the mass matrix:

⇤ ⌧ mD ⌧ MR , (3.7)

where these relations are understood for the typical scales
relevant for the matrices.

The block-diagonalisation of the mass matrix leads to
the masses of the 3 active neutrinos, the 3 heavy neutri-
nos and the N� massless sterile neutrinos

M
D

n
=

0

@
mactive 0 0

0 mheavy 0
0 0 msterile

1

A , (3.8)

with

mactive ⇡ mD M
�1

R
m

T

D
+ ⇤⇤T

M
�1

R
⇡ mD M

�1

R
m

T

D
,

mheavy ⇡ MR +mD M
�1

R
m

T

D
+ ⇤⇤T

M
�1

R
⇡ MR,

msterile = 0, (3.9)

where mactive = U
⇤
⌫

bm⌫ U
†
⌫
. Adopting the diagonal mass

basis for charged lepton, U⌫ is the PMNS mixing matrix,
given in terms of 3 mixing angles and 3 CP-violating
phases (including Majorana phases), while bm⌫ is a diag-
onal matrix containing the physical neutrino mass eigen-
values mi. There are N� states which are exactly mass-
less at tree level, due to the rank of the matrix (3.6).
Loop contributions to msterile are small enough to con-
sider the N� states e↵ectively massless [19].

The mass basis is obtained by rotating the fields with
the unitary matrix W which induces a mixing between
the di↵erent states:

0

@
⌫̃

Ñ

�̃

1

A = W
†

0

@
⌫
c

L

NR

�
c

L

1

A , (3.10)

where we have introduced the notation ⌫̃, Ñ , �̃ to de-
note the active neutrinos, heavy neutrinos, massless ster-
ile neutrino in the mass basis, respectively. Following
e.g., [53] one can find the mixing matrix at leading or-
der, taking into account the hierarchy in eq. (3.7):

W =

0

@
1 m⇤

D (M�1
R )† �(m�1

D )T ⇤
�M�1

R mT
D 1 0

⇤† (m�1
D )⇤ 0 1

1

A

0

@
U⌫ 0 0
0 1 0
0 0 1

1

A .

(3.11)
Without loss of generality, we have adopted a basis where
the right-handed neutrino mass matrix MR is diagonal.

In order to simplify the discussion, we will adopt below
the one-flavour approximation for the active and heavy
neutrinos and introduce mixing angles

✓⌫N =
mD

MR

, ✓⌫� =
⇤

mD

, (3.12)

describing the mixing between active neutrinos and the
heavy and massless states, respectively. With our as-
sumption eq. (3.7), both angles are small. We need to
keep N� flavors of massless sterile states and ✓⌫� rep-
resents the mixing between each of them and the ac-
tive neutrinos. Finally, using the seesaw relation m⌫ =
m

2

D
/MR = ✓

2

⌫N
MR we will eliminate mD (or ✓⌫N ) and

⇤ and consider m⌫ , MR and ✓⌫� as independent param-
eters.

In the following we discuss the relevant interaction
terms and distinguish the particularities of the global and
gauged versions of the model.

3.2. Global U(1)X

Let us decompose the complex scalar � into two real

fields as � =
1

p
2
(v� + ⇢+ i�), where we take v� real

without loss of generality. The real part ⇢ has a mass
m⇢ of order |µ�|, while � corresponds to the Gold-
stone boson. We assume that in addition to the spon-
taneously breaking of the U(1)X global symmetry also
explicit breaking terms are present, e.g. arising from
higher-dimensional terms of the scalar potential, induc-
ing a mass term for the imaginary part �. Hence, the
pseudo-Goldstone mass m� is an additional independent
parameter in the global version of the model.

The relevant processes for our mechanism areX $ ⌫ ⌫

and X $ ⌫ �, where for the global case X can be the
scalar ⇢ or the pseudoscalar �. These interactions arise
from the third term in eq. (3.1) through the mixing of the
neutral particles ⌫L, NR and �L. In the mass basis and
after Spontaneous Symmetry Breaking (SSB) we have for
the interaction of the scalars with two active neutrinos

NRY� �L �+ h.c. � �⌫̃ �
⌫⌫

⇢/�

1
p
2
(⇢ � i�5�) ⌫̃

c + h.c.

(3.13)
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FIG. 2. Illustration of the mechanism of Farzan and Hannestad [30] to reduce the neutrino number density between BBN
and recombination. We show the relative number densities of active neutrinos (red), N� = 10 generations of massless sterile
fermions (blue), and the mediator boson X with mass mX = 1 keV (purple). For reference we show relevant events taking
place in the early Universe, see e.g. [46], as well as the region of temperatures at which neutrinos (or other relativistic species)
should be freestreaming [47].

lution of neutrino and dark-sector particle densities as a
function of photon temperature. For the parameters cho-
sen in the plot, the bound on the sum of neutrino masses
can be relaxed to 0.9 eV.

3. A SEESAW MODEL FOR LARGE
NEUTRINO MASSES AND DARK RADIATION

In this section we discuss a specific model realisation of
the mechanism described in the previous section, which
in addition provides a framework to generate neutrino
masses, following closely the discussion of Ref. [19], sec-
tion 4. The beyond-SM ingredients of the model are:

• three fermion singlets NR (“right-handed neutri-
nos”) which play the usual role to generate active
neutrino masses as in the type-I seesaw,

• a new abelian symmetry U(1)X which can be either
global or local,

• a scalar � with U(1)X charge +1, and

• a set of N� fermions � with U(1)X charge �1.

With these assignments we can write the following BSM
terms in the Lagrangian:

�L = NR Y⌫ `L
eH†+

1

2
NR MR N

c

R
+NRY� �L �+ h.c. .

(3.1)

Here H and `L are the SM Higgs and lepton doublets,
respectively, and eH = i ⌧2 H

⇤, MR is the 3⇥ 3 Majorana
mass matrix for NR, and Y⌫ and Y� are 3⇥3 and 3⇥N�

Yukawa matrices, respectively. As we are interested in
“large” neutrino masses, possibly in the quasi-degenerate
regime, we need 3 right-handed neutrinos NR

3. Here
and in the following we keep SU(2)L and flavour indices
contractions implicit. The scalar potential is

V = µ
2

H
H

†
H + �H

�
H

†
H

�2

+ µ
2

�
|�|

2 + ��|�|
4 + �H�|�|

2
H

†
H , (3.2)

with µ
2 and µ

2

�
parameters with dimensions of [mass]2

and �H ,��,�H� dimensionless. We assume �H� = 0,
i.e., no mixing between the two scalar fields. With this
assumption we avoid that � gets thermalised in the early
Universe due to its interactions with the SM Higgs. Elec-
troweak symmetry breaking takes place in the usual way,
with

hHi =
1

p
2

✓
0

vEW

◆
, (3.3)

with vEW ' 246 GeV denoting the SM Higgs vacuum ex-
pectation value (VEV). The breaking of the U(1)X takes

3
We note that the mixing pattern of very degenerate neutrinos is

particularly sensitive to radiative corrections [48–50]. In specific

flavor models this poses constraints on the scale of the origin of

neutrino masses, see e.g. for some constructions [51, 52].

ℒint = gX Z′ μ χγμχ

couplings to neutrinos induced by mixing: Z′ ↔ νν/νχ/χχ

gX =
mZ′ 

vΦ

λχχ
Z′ 

= gX

λχν
Z′ 

= gXθνχ

λνν
Z′ 

= gXθ2
νχ
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FIG. 2. Illustration of the mechanism of Farzan and Hannestad [30] to reduce the neutrino number density between BBN
and recombination. We show the relative number densities of active neutrinos (red), N� = 10 generations of massless sterile
fermions (blue), and the mediator boson X with mass mX = 1 keV (purple). For reference we show relevant events taking
place in the early Universe, see e.g. [46], as well as the region of temperatures at which neutrinos (or other relativistic species)
should be freestreaming [47].

lution of neutrino and dark-sector particle densities as a
function of photon temperature. For the parameters cho-
sen in the plot, the bound on the sum of neutrino masses
can be relaxed to 0.9 eV.

3. A SEESAW MODEL FOR LARGE
NEUTRINO MASSES AND DARK RADIATION

In this section we discuss a specific model realisation of
the mechanism described in the previous section, which
in addition provides a framework to generate neutrino
masses, following closely the discussion of Ref. [19], sec-
tion 4. The beyond-SM ingredients of the model are:

• three fermion singlets NR (“right-handed neutri-
nos”) which play the usual role to generate active
neutrino masses as in the type-I seesaw,

• a new abelian symmetry U(1)X which can be either
global or local,

• a scalar � with U(1)X charge +1, and

• a set of N� fermions � with U(1)X charge �1.

With these assignments we can write the following BSM
terms in the Lagrangian:

�L = NR Y⌫ `L
eH†+

1

2
NR MR N

c

R
+NRY� �L �+ h.c. .

(3.1)

Here H and `L are the SM Higgs and lepton doublets,
respectively, and eH = i ⌧2 H

⇤, MR is the 3⇥ 3 Majorana
mass matrix for NR, and Y⌫ and Y� are 3⇥3 and 3⇥N�

Yukawa matrices, respectively. As we are interested in
“large” neutrino masses, possibly in the quasi-degenerate
regime, we need 3 right-handed neutrinos NR

3. Here
and in the following we keep SU(2)L and flavour indices
contractions implicit. The scalar potential is

V = µ
2

H
H

†
H + �H

�
H

†
H

�2

+ µ
2

�
|�|

2 + ��|�|
4 + �H�|�|

2
H

†
H , (3.2)

with µ
2 and µ

2

�
parameters with dimensions of [mass]2

and �H ,��,�H� dimensionless. We assume �H� = 0,
i.e., no mixing between the two scalar fields. With this
assumption we avoid that � gets thermalised in the early
Universe due to its interactions with the SM Higgs. Elec-
troweak symmetry breaking takes place in the usual way,
with

hHi =
1

p
2

✓
0

vEW

◆
, (3.3)

with vEW ' 246 GeV denoting the SM Higgs vacuum ex-
pectation value (VEV). The breaking of the U(1)X takes

3
We note that the mixing pattern of very degenerate neutrinos is

particularly sensitive to radiative corrections [48–50]. In specific

flavor models this poses constraints on the scale of the origin of

neutrino masses, see e.g. for some constructions [51, 52].

ℒint = gX Z′ μ χγμχ gX =
mZ′ 

vΦ

indep. params for pheno:

mν, MR, θνχ

vΦ, mZ′ 
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• thermalization of the dark sector: 

   ⇒ ⟨Γ(νν → Z′ )⟩ ≳ H(T = mZ′ 
/3)

•avoid thermalization of the dark sector 
before BBN: 
⟨Γ(νν → Z′ )⟩ < H(T = 0.7 MeV)

• free-streaming of neutrinos & dark 
radiation before/around recombination 

  for   
Taule, Escudero, Garny, 2207.04062
⟨Γ⟩ < H z < 105

22

Available parameter space 

allowed
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• avoid thermalization of  prior neutrino 
decoupling due to oscillations  
 
 
 
 
 
too small to be tested in SBL oscillation 
experiments

χ

23

Available parameter space 

allowed
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we find a constraint on v�:

v� > 3 ⇥ 104 keV , (4.7)

for the gauge case. This bound is shown with a darker
green colour in fig. 4 and restricts or even close the al-
lowed parameter space for smaller values of ✓⌫�.

For the scalar case we still should consider the process
�⌫ $ �⌫. By demanding the same requirement on this
process we find a small region of parameter space to be
excluded which is highlighted in green in the left corner of
the available parameter space and that follows a diagonal
shape in fig. 3.

••• Astrophysical considerations: Since our X boson
interacts with neutrinos it can be subject to constraints
from astrophysical considerations, in particular from core
collapse supernova. Supernova cores have temperatures
T ⇠ 30MeV and release almost all their binding energy
in the form of neutrinos on a timescale of t ⇠ O(10) s.
The observed neutrino spectrum of SN1987A is in broad
agreement with that expected from standard core col-
lapse supernova simulations, see e.g. for a review [56]. In
this context, there are two bounds one can place. Firstly,
the X particle should not be copiously produced and es-
cape on a timescale shorter than t ⇠ O(10) s, otherwise
the supernova will cool much faster than what has been
observed in SN1987A [57]. Requiring that the luminosity
in X states is smaller than the one from neutrinos in the
standard scenario rules out couplings in the range [58]:

4 ⇥ 10�6
keV

mX

. �
⌫⌫

X
. 10�4

keV

mX

, (4.8)

for keV scale bosons. Secondly, it has been very recently
pointed out [58] that even if the luminosity of X par-
ticles emitted by the supernova is substantially smaller
than that of active neutrinos there could still be con-
straints due to the lack of high energy events in the time
window where the SN1987A signal was observed. For
mX < MeV, the reported exclusion range corresponds to

3 ⇥ 10�7
keV

mX

. �
⌫⌫

X
. 10�4

keV

mX

. (4.9)

As such, we find that these constraints are weaker than
the one we impose from BBN consistency in our scenario.

••• BBN Constraints on the mixing between active
and sterile neutrinos: The massless sterile neutrinos we
consider are subject to BBN constraints on their own be-
cause they mix with active neutrinos and therefore can
be produced via collisions and oscillations in the early
Universe. In addition, since these states are lighter than
active neutrinos they feature an enhanced resonant pro-
duction [59]. The production rate for these sterile neutri-
nos peaks at T ' 10MeV(|�m

2
|/0.1eV2)1/6 [1], which is

well above neutrino decoupling and BBN. The main ef-
fect of these additional states will then be to contribute
to the energy density in the Universe both at the time of

BBN and recombination. Here we take the production
rate of sterile neutrinos from [60] and integrate it up to
the time of neutrino decoupling, T dec

⌫
' 2MeV, in order

to obtain this contribution to the number of ultrarela-
tivistic neutrino species in the early Universe:

�Ne↵ |
�

' 0.014

N�X

�=1

|✓e�|
2 + 0.8(|✓µ�|

2 + |✓⌧�|
2)

10�6

⇣
m⌫

0.1 eV

⌘
.

(4.10)

Note that for simplicity to obtain this expression we have
neglected destruction of sterile neutrinos in the collision
rates. By solving the relevant Boltzmann equations we
have explicitly checked that this is a good approximation
provided that �Ne↵ . 0.3 for a given new species.

Assuming that the mixing is similar for each species
and applying a bound of�Ne↵ < 0.3 which is representa-
tive of both Planck data [3] and global BBN analyses [61],
we can find a bound on ✓⌫� and N� which reads:

|✓⌫�| . 10�3

s
10

N�

r
0.2 eV

m⌫

, (4.11)

where here m⌫ refers to the mass of an individual and
almost degenerate active neutrino. In terms of the pa-
rameters of interest in our study this means that:

✓⌫� =
⇤

mD

. 10�4
� 10�3

, (4.12)

where the ranges are taken by varying 0.1 eV < m⌫ <

1 eV and N� . 50 as relevant for a range of scenarios
as seen in fig. 1. This explains why in Figures 3 and 4
we take as benchmarks |✓⌫�| = 10�3 and |✓⌫�| = 10�4.
Choosing smaller values of ✓⌫� would move the allowed
regions to smaller values of v�, as a seen from eqs. (3.15),
(3.18). This would lead to non-perturbative gauge cou-
plings or similar inconsistencies in the global case (see
discussion below). For the gauged version, for mixing
angles significantly below 10�4 the allowed region above
the free streaming bound on v�, eq. (4.7), would disap-
pear. Therefore, the preferred parameter region is close
to the upper bounds for ✓⌫� discussed above.

With active neutrinos close to the eV scale and mass-
less sterile neutrinos, we obtain a mass-squared di↵erence
�m

2
⇠ 1 eV2, potentially relevant for short-baseline os-

cillation experiments [62, 63]. However, mixing angles
in the range indicated in eq. (4.12) are too small to be
tested in oscillation experiments.

5. DISCUSSION

Let us summarise the main results from the various
constraints discussed in the previous section, referring
to figs. 3 and 4. We find a closed region of parameter
space for the mediator mass mX and scalar VEV v�,
where the mechanism can work. The mediator mass is
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• constraints on heavy RH neutrinos: 
 

• perturbativity of Yukawa  

• loop-induced Higgs portal  
remains small enough to avoid thermalization 
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• constraints on heavy RH neutrinos: 
 

• perturbativity of Yukawa  

• loop-induced Higgs portal  
remains small enough to avoid thermalization 
of  prior BBN

YΦ NR χLΦ
λΦH |Φ |2 H†H

Φ

25

Available parameter space 

allowed

MR ≲ 1010 − 1014 GeV

• standard thermal leptogensis works if  
dominates over  

• otherwise  would thermalize and conflict with  
during BBN  require   
(allows still for )

N → HL
N → χΦ

χ Neff
⇒ TRH < MR

TRH ≫ TEW
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Further signatures of the model

future gal. SN

•SN cooling arguments for SN1987A exclude 
 

  

 
weaker than BBN constraint 

  

• Future galactic SN at 10 kpc detected by HyperK: 
sensitivity down to 
 
 

3 × 10−7 keV
mZ′ 

≲ λνν
Z′ 

≲ 10−4 keV
mZ′ 

λνν
Z′ 

≲ 10−7(keV/mZ′ 
)

λνν
Z′ 

∼ 10−9(keV/mZ′ 
)

Fiorillo, Raffelt, 
Vitagliano, 

2209.11773

Akita, Im, Masud, 2206.06852
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• Exciting interplay of cosmology and terrestrial neutrino mass determinations 

•Cosmological bounds reaching minimal values required by oscillations 

•Relaxing cosmo bound requires new physics 

• Presented simple seesaw model: 

• large number of massless sterile neutrinos ( ) 

• dark U(1) symmetry with breaking scale between 10 MeV and 10 GeV 

• weakly coupled  with mass 1 — 100 keV with 

Nχ ≳ 10 − 30

Z′ λνν
Z′ 

∼ 10−9

27

Summary
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Complementarity between mass determinations from heaven and earth

fig. by I. Esteban 
based on NuFit 5.0

link between neutrino mass observables in the standard scenario:

oscillation prediction:
co

sm
ol

og
y

beta decay neutrinoless double beta decay



Th. Schwetz - ALPS2023

 affects  

• formation of light elements (BBN),  
T ~ MeV, t ~ 1 min 
 

•CMB decoupling, T ~ eV, t ~ 400 000 yr

Neff

29

Counting the number of neutrino flavours
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Cosmic Neutrino Background Detection in Large-Neutrino-Mass Cosmologies
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The Cosmic Neutrino Background (CNB) is a definite prediction of the standard cosmological model
and its direct discovery would represent a milestone in cosmology and neutrino physics. In this
work, we consider the capture of relic neutrinos on a tritium target as a possible way to detect the
CNB, as aimed for by the PTOLEMY project. Crucial parameters for this measurement are the
absolute neutrino mass m⌫ and the local neutrino number density nloc

⌫ . Within the ⇤CDM model,
cosmology provides a stringent upper limit on the sum of neutrino masses of

P
m⌫ < 0.12 eV, with

further improvements expected soon from galaxy surveys by DESI and EUCLID. This makes the
prospects for a CNB detection and a neutrino mass measurement in the laboratory very di�cult.
In this context, we consider a set of non-standard cosmological models that allow for large neutrino
masses (m⌫ ⇠ 1 eV), potentially in reach of the KATRIN neutrino mass experiment or upcoming
neutrinoless double-beta decay searches. We show that the CNB detection prospects could be much
higher in some of these models compared to those in ⇤CDM, and discuss the potential for such a
detection to discriminate between cosmological scenarios. Moreover, we provide a simple rule to
estimate the required values of energy resolution, exposure, and background rate for a PTOLEMY-
like experiment to cover a certain region in the (m⌫ , nloc

⌫ ) parameter space. Alongside this paper,
we publicly release a code to calculate the CNB sensitivity in a given cosmological model.

GitHub: Public code to compute the sensitivity of a PTOLEMY-like experiment can be found here.

I. INTRODUCTION

The Cosmic Relic Neutrino Background

One of the central predictions of the standard cosmo-
logical model is the existence of the Cosmic Relic Neu-
trino Background (CNB). In the ⇤CDM scenario, we ex-
pect a neutrino population with a momentum distribu-
tion close to the thermal Fermi-Dirac distribution [1–4],
with a present day temperature of:

T
SM

⌫,0 ⇡ T�,0/1.4 ⇡ 1.95 K , (1)

and an average number density of about:

n
SM

⌫,0 =
3

4

⇣(3)

⇡2
T

3

⌫,0 ⇡ 56 cm�3
, (2)

for each helicity degree of freedom. Its existence has been
established indirectly at very high confidence by the de-
termination of the e↵ective number of relativistic species
in the early Universe, Ne↵ , both via measurements of the
primordial element abundances as synthesised during Big
Bang Nucleosynthesis (BBN), as well as by observations

⇤
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‡
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of the Cosmic Microwave Background (CMB). A recent
global BBN analysis [5] (see also [6, 7]) obtains:

Ne↵ = 2.78 ± 0.28 (68%CL) , (3)

when using the latest helium primordial abundance
from [8], the deuterium measurements from [9], and an
updated set of nuclear reaction rates from [10]. From
CMB observations, combined with Baryonic Acoustic Os-
cillations (BAO), the Planck collaboration reports [11]:

Ne↵ = 2.99 ± 0.17 (68%CL) . (4)

Both of these numbers are in remarkable agreement with
each other, as well as with the prediction of the standard
⇤CDM model of Ne↵ = 3.044 [12–15]. Moreover, they
are di↵erent from zero at very high confidence, imply-
ing an indirect detection of the presence of cosmological
neutrinos.

The direct detection of relic neutrinos by experiments
on Earth, however, is very challenging. This is mainly
because their interaction cross-section is tiny as a result
of the very low neutrino energies, see Eq. (1). A possible
method to overcome the low energy deposition is to use
the capture on a �-unstable nucleus, which is a threshold-
less reaction [16, 17]. PTOLEMY [18] is an ambitious
project pursuing this idea using electron neutrino capture
on tritium:

⌫e + 3H ! e
� + 3He+ . (5)

The signature of the relic neutrino background would
be a peak in the electron energy above the continuous
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The Cosmic Neutrino Background (CNB) is a definite prediction of the standard cosmological model
and its direct discovery would represent a milestone in cosmology and neutrino physics. In this
work, we consider the capture of relic neutrinos on a tritium target as a possible way to detect the
CNB, as aimed for by the PTOLEMY project. Crucial parameters for this measurement are the
absolute neutrino mass m⌫ and the local neutrino number density nloc

⌫ . Within the ⇤CDM model,
cosmology provides a stringent upper limit on the sum of neutrino masses of

P
m⌫ < 0.12 eV, with

further improvements expected soon from galaxy surveys by DESI and EUCLID. This makes the
prospects for a CNB detection and a neutrino mass measurement in the laboratory very di�cult.
In this context, we consider a set of non-standard cosmological models that allow for large neutrino
masses (m⌫ ⇠ 1 eV), potentially in reach of the KATRIN neutrino mass experiment or upcoming
neutrinoless double-beta decay searches. We show that the CNB detection prospects could be much
higher in some of these models compared to those in ⇤CDM, and discuss the potential for such a
detection to discriminate between cosmological scenarios. Moreover, we provide a simple rule to
estimate the required values of energy resolution, exposure, and background rate for a PTOLEMY-
like experiment to cover a certain region in the (m⌫ , nloc

⌫ ) parameter space. Alongside this paper,
we publicly release a code to calculate the CNB sensitivity in a given cosmological model.

GitHub: Public code to compute the sensitivity of a PTOLEMY-like experiment can be found here.

I. INTRODUCTION

The Cosmic Relic Neutrino Background

One of the central predictions of the standard cosmo-
logical model is the existence of the Cosmic Relic Neu-
trino Background (CNB). In the ⇤CDM scenario, we ex-
pect a neutrino population with a momentum distribu-
tion close to the thermal Fermi-Dirac distribution [1–4],
with a present day temperature of:

T
SM

⌫,0 ⇡ T�,0/1.4 ⇡ 1.95 K , (1)

and an average number density of about:

n
SM

⌫,0 =
3

4

⇣(3)

⇡2
T

3

⌫,0 ⇡ 56 cm�3
, (2)

for each helicity degree of freedom. Its existence has been
established indirectly at very high confidence by the de-
termination of the e↵ective number of relativistic species
in the early Universe, Ne↵ , both via measurements of the
primordial element abundances as synthesised during Big
Bang Nucleosynthesis (BBN), as well as by observations
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of the Cosmic Microwave Background (CMB). A recent
global BBN analysis [5] (see also [6, 7]) obtains:

Ne↵ = 2.78 ± 0.28 (68%CL) , (3)

when using the latest helium primordial abundance
from [8], the deuterium measurements from [9], and an
updated set of nuclear reaction rates from [10]. From
CMB observations, combined with Baryonic Acoustic Os-
cillations (BAO), the Planck collaboration reports [11]:

Ne↵ = 2.99 ± 0.17 (68%CL) . (4)

Both of these numbers are in remarkable agreement with
each other, as well as with the prediction of the standard
⇤CDM model of Ne↵ = 3.044 [12–15]. Moreover, they
are di↵erent from zero at very high confidence, imply-
ing an indirect detection of the presence of cosmological
neutrinos.

The direct detection of relic neutrinos by experiments
on Earth, however, is very challenging. This is mainly
because their interaction cross-section is tiny as a result
of the very low neutrino energies, see Eq. (1). A possible
method to overcome the low energy deposition is to use
the capture on a �-unstable nucleus, which is a threshold-
less reaction [16, 17]. PTOLEMY [18] is an ambitious
project pursuing this idea using electron neutrino capture
on tritium:

⌫e + 3H ! e
� + 3He+ . (5)

The signature of the relic neutrino background would
be a peak in the electron energy above the continuous
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Big Bang nucleosynthesis Counting neutrino flavours

we “see” the relic neutrinos in
the Universe:

Ne� = 2.99± 0.34 (95%)

Planck 1807.06209

severe constraint for light
sterile neutrinos!

Planck Collaboration: Cosmological parameters
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Fig. 39. Constraints in the �b–Ne� plane from Planck TT,TE,EE
+lowE and Planck TT,TE,EE+lowE+BAO+lensing data (68 %
and 95 % contours) compared to the predictions of BBN com-
bined with primordial abundance measurements of helium
(Aver et al. 2015, in grey) and deuterium (Cooke et al. 2018, in
green and blue, depending on which reaction rates are assumed).
In the CMB analysis, Ne� is allowed to vary as an additional
parameter to the base-�CDM model, while YP is inferred from
�b and Ne� according to BBN predictions. For clarity we only
show the deuterium predictions based on the PArthENoPEcode
with two assumptions on the nuclear rate d(p, �)3He (case (a) in
blue, case (b) in green). These constraints assume no significant
lepton asymmetry.

e�ective rescaling factor Ath
2 = 1.16 (Mangano & Pisanti, pri-

vate communication).
Assuming the base-�CDM model, we then constrain A2 us-

ing Planck data combined with the latest deuterium abundance
measurements from Cooke et al. (2018). We still need to take
into account theoretical errors on deuterium predictions arising
from uncertainties on other rates, and from the di�erence be-
tween various codes. According to Marcucci et al. (2016) and
Pitrou et al. (2018), the deuterium fusion uncertainties propagate
to an error �(yDP) = 0.03, which encompasses the di�erence
on deuterium predictions between PArthENoPE versus PRIMAT.
Thus we adopt �(yDP) = 0.03 as the theoretical error on deu-
terium predictions in this analysis. Adding the theoretical error
in quadrature to the observational error of Cooke et al. (2018),
we obtain a total error of �(yDP) = 0.042 on deuterium, which
we use in our joint fits of Planck+deutrium (D) data. We find

A2 = 1.138 ± 0.072 (68 %, Planck TT+lowE+D), (76a)

A2 = 1.080 ± 0.061 (68 %, Planck TT,TE,EE
+lowE+D). (76b)

If we compare these results with those from PCP15, the tension
between the Planck TT+lowE+D prediction and the experimen-
tal rate slightly increases to 1.9�. However the inclusion of po-
larization brings the Planck TT,TE,EE+lowE+D prediction half-
way between the experimental value and the theoretical rate of
Marcucci et al. (2016), in agreement with both at the 1.3� level.
The situation is thus inconclusive and highlights the need for a
precise experimental determination of the d(p, �)3He rate with
LUNA (Gustavino 2017).

Varying the density of relic radiation. We can also relax the as-
sumption that Ne� = 3.046 to check the agreement between
CMB and primordial element abundances in the �b–Ne� plane.
Figure 39 shows that this agreement is very good, with a clear
overlap of the 95 % preferred regions of Planck and of the he-
lium+deuterium measurements. This is true with any of our as-
sumptions on the nuclear rates. For clarity in the plot, we only
include the predictions of PArthENoPE (cases (a) and (b)), but
those of PRIMAT are very close to case (b). Since all these data
sets are compatible with each other, we can combine them to
obtain marginalized bounds on Ne� , valid in the 7-parameter
�CDM+Ne� model, with an error bar reduced by up to 30 %
compared to the Planck+BAO bounds of Eq. (67b):

(a) Ne� = 2.89+0.29
�0.29

(b) Ne� = 3.05+0.27
�0.27

(c) Ne� = 3.06+0.26
�0.28

�������
������

95 %, Planck TT,TE,EE
+lowE+Aver (2015)
+Cooke (2018);

(77)

(a) Ne� = 2.94+0.27
�0.27

(b) Ne� = 3.10+0.26
�0.25

(c) Ne� = 3.12+0.25
�0.26

�������
������

95 %, Planck TT,TE,EE
+lowE+BAO+Aver (2015)
+Cooke (2018).

(78)

The bounds become even stronger if we combine the helium
measurements of Aver et al. (2015) and Peimbert et al. (2016):

(a) Ne� = 2.93+0.23
�0.23

(b) Ne� = 3.04+0.22
�0.22

(c) Ne� = 3.06+0.22
�0.22

�������
������

95 %, Planck TT,TE,EE
+lowE+BAO+Aver (2015)
+Peimbert (2016)
+Cooke (2018).

(79)

However, as noted in the previous section, there is some incon-
sistency between the helium abundance measurements reported
by di�erent authors. If we use the helium abundance measure-
ment of Izotov et al. (2014) in place of Aver et al. (2015) and
Peimbert et al. (2016), the mean value of Ne� shifts by about
0.35 (e.g., for case (b), Ne� = 3.37 ± 0.22 at the 95% level), in
2.9� tension with the standard model value of 3.046.

Note finally that one can obtain Ne� bounds independently
of the details of the CMB spectra at high multipoles by com-
bining the helium, deuterium, and BAO data sets with a nearly
model-independent prior on the scale of the sound horizon at de-
coupling inferred from Planck data, 100�MC = 1.0409 ± 0.0006
(68 %). This gives a very conservative bound, Ne� = 2.95+0.56

�0.52
(95 %), when BBN is modelled as in case (b), along with a 68 %
bound on the Hubble rate, H0 = (67.2 ± 1.7) km s�1Mpc�1.

7.6.2. CMB constraints on the helium fraction

We now allow the helium fraction to vary independently of BBN,
and compare Planck constraints with expectations. In the pa-
rameter chains we vary the mass fraction YP and compute the
nucleon fraction YBBN

P as a derived parameter, obtaining

YBBN
P = 0.241 ± 0.025 (95 %, Planck TT,TE,EE+lowE), (80a)

with similar results combined with lensing and BAO,

YBBN
P = 0.243+0.023

�0.024
(95 %, Planck TT,TE,EE+lowE
+lensing+BAO). (80b)

53

T. Schwetz (KIT) Neutrino physics II 25 / 42

4He

deuterium

Planck, 1807.06209



Th. Schwetz - ALPS202330

Neutrino mass from cosmology
Structure formation Neutrino mass bound from cosmology

Neutrino mass bound from cosmology

ÿ
m‹ < 0.24 eV (CMB)

ÿ
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Fig. 34. Samples from Planck TT,TE,EE+lowE chains in the�
m�–H0 plane, colour-coded by �8. Solid black contours

show the constraints from Planck TT,TE,EE+lowE+lensing,
while dashed blue lines show the joint constraint from Planck
TT,TE,EE+lowE+lensing+BAO, and the dashed green lines ad-
ditionally marginalize over Ne� . The grey band on the left shows
the region with

�
m� < 0.056 eV ruled out by neutrino oscilla-

tion experiments. Mass splittings observed in neutrino oscilla-
tion experiments also imply that the region left of the dotted ver-
tical line can only be a normal hierarchy (NH), while the region
to the right could be either the normal hierarchy or an inverted
hierarchy (IH).

Increasing the neutrino mass leads to lower values of H0, and
hence aggravates the tension with the distance-ladder determina-
tion of Riess et al. (2018a, see Fig. 34). Adding the Riess et al.
(2018a) H0 measurement to Planck will therefore give even
tighter neutrino mass constraints (see the parameter tables in the
PLA), but such constraints should be interpreted cautiously until
the Hubble tension is better understood.

The remarkably tight constraints using CMB and BAO data
are comparable with the latest bounds from combining with
Ly� forest data (Palanque-Delabrouille et al. 2015; Yèche et al.
2017). Although Ly� is a more direct probe of the neutrino mass
(in the sense that it is sensitive to the matter power spectrum on
scales where the suppression caused by neutrinos is expected
to be significant) the measurements are substantially more dif-
ficult to model and interpret than the CMB and BAO data. Our
95 % limit of

�
m� < 0.12 eV starts to put pressure on the in-

verted mass hierarchy (which requires
�

m� >� 0.1 eV) indepen-
dently of Ly� data. This is consistent with constraints from neu-
trino laboratory experiments which also slightly prefer the nor-
mal hierarchy at 2–3� (Adamson et al. 2017; Abe et al. 2018;
Capozzi et al. 2018; de Salas et al. 2018a,b).

7.5.2. Effective number of relativistic species

New light particles appear in many extensions of the Standard
Model of particle physics. Additional dark relativistic degrees
of freedom are usually parameterized by Ne� , defined so that
the total relativistic energy density well after electron-positron
annihilation is given by

�rad = Ne�
7
8

�
4

11

�4/3
��. (64)

Fig. 35. Samples from Planck TT,TE,EE+lowE chains in
the Ne�–H0 plane, colour-coded by �8. The grey bands
show the local Hubble parameter measurement H0 =
(73.45 ± 1.66) km s�1Mpc�1 from Riess et al. (2018a). Solid
black contours show the constraints from Planck TT,TE,EE
+lowE+lensing+BAO, while dashed lines the joint constraint
also including Riess et al. (2018a). Models with Ne� < 3.046
(left of the solid vertical line) require photon heating after neu-
trino decoupling or incomplete thermalization.

The standard cosmological model has Ne� � 3.046,
slightly larger than 3 since the three standard model neu-
trinos were not completely decoupled at electron-positron
annihilation (Gnedin & Gnedin 1998; Mangano et al. 2005;
de Salas & Pastor 2016).

We can treat any additional massless particles produced well
before recombination (that neither interact nor decay) as simply
an additional contribution to Ne� . Any species that was initially
in thermal equilibrium with the Standard Model particles pro-
duces a �Ne� (� Ne� � 3.046) that depends only on the number
of degrees of freedom and decoupling temperature. Using con-
servation of entropy, fully thermalized relics with g degrees of
freedom contribute

�Ne� = g
�

43
4 gs

�4/3
�
�

4/7 boson,
1/2 fermion, (65)

where gs is the e�ective degrees of freedom for the entropy of
the other thermalized relativistic species that are present when
they decouple.37 Examples range from a fully thermalized ster-
ile neutrino decoupling at 1 <� T <� 100 MeV, which produces
�Ne� = 1, to a thermalized boson decoupling before top quark
freeze-out, which produces �Ne� � 0.027.

Additional radiation does not need to be fully thermalized, in
which case �Ne� must be computed on a model-by-model basis.
We follow a phenomenological approach in which we treat Ne�
as a free parameter. We allow Ne� < 3.046 for completeness,
corresponding to standard neutrinos having a lower temperature
than expected, even though such models are less well motivated
theoretically.

The 2018 Planck data are still entirely consistent with Ne� �
3.046, with the new low-� polarization constraint lowering the

37For most of the thermal history gs � g�, where g� is the e�ective
degrees of freedom for density, but they can di�er slightly, for example
during the QCD phase transition (Borsanyi et al. 2016) .
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I currently strongest bounds on absolute neutrino mass (see later)
I severe constraint for light sterile neutrinos
I rather stable wrt to modifications of cosmology
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