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• Introduction — why new s ? 

• Phenomenological motivations for new s: 

• new s dark matter? 

• new s for short-baseline anomalies? 

• new s and missing neutrino mass in cosmology?
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•neutrino masses are tiny 

•mixing of leptons is very different than for quarks
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The neutrino challenge
Global data and 3-flavour oscillations Qualitative picture

What we know – masses
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I The two mass-squared di�erences are separated roughly by a factor 30:
�m
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I at least two neutrinos are massive
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Global data and 3-flavour oscillations Qualitative picture

The SM flavour puzzle
Lepton mixing:
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Leptons Quarks
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•absence of right-handed neutrinos 
no Dirac mass for neutrinos 

•lepton-number is an accidental symmetry at the renormalizable level 
given SM fields and gauge symmetry, lepton number cannot be violated at dim. 4 → 
no Majorana mass can be generated

4

In the Standard model neutrinos are massless

→ neutrino mass requires physics beyond the SM
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• Weinberg 1979: unique dim-5 operator consistent with gauge-symmetry of SM 
 

5

Standard Model EFT

Y2
ab

Λ
Lc

aϕ̃* ϕ†Lb →
1
2

νc
aLmabνbL mab ∼ Y2

ab
⟨ϕ⟩2

Λ

https://news.utexas.edu

scale of new physics EWSB: Majorana neutrino mass 

https://news.utexas.edu/2021/07/24/ut-austin-mourns-death-of-world-renowned-physicist-steven-weinberg/
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scale of new physics EWSB: Majorana neutrino mass 

mν ≈ 0.06 eV ( Y
1 )

2

( 1015 GeV
Λ ) ≈ 0.06 eV ( Y

10−6 )
2

( 1 TeV
Λ )

• No indication of scale of new physics!

https://news.utexas.edu/2021/07/24/ut-austin-mourns-death-of-world-renowned-physicist-steven-weinberg/
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What is the new physics responsible for neutrino mass? 

• What is its energy scale? 

• UV completion of the Weinberg operator? 
• tree-level: seesaw type I (singlet fermion), II (triplet scalar), III (triplet fermion) 
• many realisations at loop level (radiative neutrino mass models)

6

Beyond the Weinberg operator

Giving mass to neutrinos Weinberg operator

The Weinberg operator

Y
2
Lc „̃ú „̃†

L

�

<  >    <  >    

?
What is the new physics responsible for neutrino mass?

many realisations (too many?) are known:
at tree-level:

I Type I: fermionic singlet
(right-handed neutrinos)

I Type II: scalar triplet
I Type III: fermionic triplet

many extended scenarios:
I extended Higgs sector
I realisations due to quantum

e�ects (loop-induced)
I ...

T. Schwetz (KIT) Neutrino physics III 9 / 43
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• Most (but not all!) UV completions involve fermionic SM gauge singlets:  
 
                 sterile neutrinos, right-handed neutrinos, heavy neutral leptons 
                                            for this talk: new- s („nu-nus“)ν
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well-known examples of neutrino mass generation 
without new fermionic degrees-of-freedom,  
e.g. Higgs-triplet (type-II seesaw),  
radiative models (Zee, Zee-Babu)

7

We have no proof for the existence of new- sν

… but for the existence of new-  physics!ν
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Where to look for new- s?ν
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•unfortunately little guidance from theory 

• follow „Galileo’s principle“?

https://www.azquotes.com/quote/905195

Where to look for new- s?ν
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Heavy new- s: ~106–1016 GeVν
motivation: 

• high-scale seesaw 

• high-scale leptogenesis  

•GUTs
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Heavy new- s: ~106–1016 GeVν
motivation: 

• high-scale seesaw 

• high-scale leptogenesis  

•GUTs

possible signatures: 

• proton decay (DUNE, HyperK) 

• stochastic gravitational waves from cosmic 
strings due to breaking of symmetry possibly 
related to Majorana mass (e.g., B-L, GUT)
Buchmüller, Domcke, Kamada, Schmitz ’13; Dror, Hiramatsu, Kohri, 
Murayama, White ’19;  King, Pascoli, Turner, Zhou ’20;…

3

conventional estimate relies on Nambu–Goto string, an
approximation where the string is infinitely thin with
no couplings to particles [21]. In this case, the numer-
ical simulations are tractable over a large range of dis-
tance scales and hence frequencies of gravitational waves.
There is additional uncertainty in the loop length (li) at
the time of formation (ti) which is normally taken to
be a linear relation: li = ↵ti. The parameter ↵ has a
peaked distribution in both radiation and matter domi-
nation ranging from 0.01� 0.1 [22].

Unfortunately, there has been major disagreements
whether the particle production dominates the energy
loss over that from gravitational wave emission. Simula-
tions based on Nambu–Goto strings cannot address this
question. If particle production dominates [23], the re-
sulting stochastic gravitational wave background is sup-
pressed by the quadratic power in Gµ [20] (where G is
Newton’s constant and µ is the string tension and roughly
given by the square of the symmetry breaking scale,
µ ⇠ v2). Recent work in [24] did extensive numerical
simulations with the abelian Higgs model and found that
the particle production is only important for extremely
small loops, and hence the gravitational wave is the dom-
inant mechanism for most situations. The present study
is only for the BPS string (the critical point where the
gauge boson mass is equal to the Higgs mass of the sym-
metry breaking scalar) but we suspect there is no quali-
tative change for non-BPS strings, as both the Higgs and
gauge bosons are massive. On the other hand, the grav-
itational wave emission may be further enhanced if the
di↵erence between the gravitational radiation scale and
gravitational back reaction scale is considered (see, e.g.,
[25]). This possibility is under active study [26]. We as-
sume the dominance of the gravitational wave emission
in this paper, but emphasize that the discrepancy among
various estimates needs to be settled before concrete pre-
dictions can be made. To estimate the gravitational wave
emission we follow the strategy employed in [27] which as-
sumes large loops are produced with a spectrum sharply
peaked at a given ↵, which we fix to be 0.05, and a frac-
tion of energy released in the form of GW of F↵ ' 0.1.
The energy density (⌦GW) per unit log f (where f is the
frequency) can be derived for each string normal-mode,
k (see [27] for more details),

⌦GW =
1X

k=1

⌦(k)
GW(f) , (6)

⌦(k)
GW = ⌦(k)

0 (f)

Z ⌧0

1
d⌧

Ce↵(⌧i)

⌧4i

a2(⌧)a3(⌧i)

a50
⇥(⌧i � ⌧F ) ,

(7)

⌦(k)
0 (f) =

1

⇢c

2k

f

F↵�(k)Gµ2

↵2t3F
, (8)

⌧i(⌧) =
1

↵


2k

ftF

a(⌧)

a0
+ �Gµ⌧

�
, (9)

Figure 1: The predicted GW background from cosmic strings
for di↵erent symmetry breaking scales, assuming the particle
production is subdominant. For comparison we also display
the sensitivity of current (solid) and future (dashed) experi-
ments (from left to right) of Square Kilometer Array (SKA),
NANOGRAV (NANO), Laser Interferometer Space Antenna
(LISA), Big Bang Observer (BBO), DECi-hertz Interferom-
eter Gravitational wave Observatory (DECIGO), Einstein
Telescope (ET), Cosmic Explorer (CE), and Laser Interferom-
eter Gravitational-Wave Observatory (LIGO). Here, we made
an approximation for the string tension µ = v2 where v is the
symmetry breaking scale.

where ⌧a ⌘ ta/tF , tF is the time the cosmic string net-
work reaches the scaling regime (shortly after symmetry
breaking), Ce↵ = 0.5 (5.7) in matter (radiation) dom-
ination, �(k)

' �k�4/3/3.6 is a dimensionless constant
which parameterizes the emission rate per mode, � ' 50,
⇥ is the Heaviside theta function which restricts string
production till after formation of the scaling regime, a is
the scale factor, and ⇢c is the critical density.

We present the stochastic gravitational wave back-
ground for di↵erent symmetry breaking scales assum-
ing a simple radiation domination to matter domination
cosmology in Fig. 1. The flat scale invariant contribu-
tion arises from radiation domination and remains all
the way up to frequencies beyond expected future capa-
bilities. The additional bump at lower frequencies arises
during matter-domination. Interestingly, for lower break-
ing scales future detectors tend to be most sensitive to
this second, often neglected, contribution. For compar-
ison we show current sensitivity from gravitional wave
experiments from NANOGRAV [28] and Laser Interfer-
ometer Gravitational-Wave Observatory (LIGO) [29] as
well as projected sensitivity from planned gravitational
wave searches using the Square Kilometer Array pulsar
set [30]4, Laser Interferometer Space Antenna [33], Big

4
Supermassive black hole (SMBH) mergers may make it challeng-

Dror et al., ’19 
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„weak scale“ new- s: 0.1 GeV–10 TeVν

motivation: 

• low-scale seesaw  
(type-II, inverse seesaw, MSM, …) 

• TeV-scale left-right symmetric models 

• loop-induced neutrino masses 

• links to dark matter candidates 

• ARS leptogenesis via HNL oscillations

ν

rich „particle physics signatures“: 

• HNLs, WR, extended Higgs 
sector,… (collider, beam-dumps),  

• charged lepton-flavour violation 
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new-  dark matter: 1 keV – 100 keVν

motivation: 

• 2-parameter model for DM:  

• very predictive in its minimal version
θs, ms

review: Boyarsky et al., arXiv:1807.07938
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new-  dark matter: 1 keV – 100 keVν

motivation: 

• 2-parameter model for DM:  

• very predictive in its minimal version
θs, ms

DM production rate:  

 

Γ ∼ G2
FT5 sin2 2θm

Δ = Δm2/(2pν) , VT ≃ G2
FT4pν , VD ≃ GFT3Lν

does not disturb the coherent evolution of the quantum system. A neutrino is produced by
the weak interaction in the state |⌫ai. At any later point in time, the quantum state has
an “active” and a “sterile” component [428]. The probability to find an active or sterile
neutrino in a measurement can be computed by solving Schrödinger’s equation. Hence, |⌫si
gets populated through the coherent oscillations.

On the other hand, sterile neutrinos can also be produced or annihilated in scatterings
mediated by the weak interaction. These scatterings can be viewed as a measurement, they
destroy the coherence of the quantum state and force it into a weak interaction (flavour)
eigenstate. This phenomenon, which was initially discovered in the context of light neutri-
nos [429, 430], has been applied to the DM problem by Dodelson and Widrow [31]. The
mixing therefore leads to the production of sterile neutrinos in the early universe two ways:

• There are coherent oscillations between active and sterile states.

• Sterile neutrinos are produced in decoherent scatterings.

The production of sterile neutrino DM occurs mainly via decoherent scatterings. The active
neutrino scattering cross section is � ⇠ G2

F
E2

⌫ , where E⌫ is the neutrino energy, leading to
an overall scattering rate �⌫ ⇠ � ·flux ⇠ G2

F
T 5, where GF is the Fermi constant and we used

E⌫ ⇠ T . The probability that a neutrino is “measured” in a sterile state is ⇠ sin2(2✓m).
This gives a sterile production rate �N ⇠ G2

FT
5 sin2(2✓m).

The e↵ective in-medium mixing angle ✓m for a neutrino state with momentum p is given
by

sin2(2✓m) =
�2(p) sin2(2✓)

�2(p) sin2(2✓) + [�(p) cos(2✓)� VD � VT ]
2
. (37)

Here�(p) = �m2/(2p) is given by the splitting �m2 = m2

2
� m2

1
' M2 between the two

mass eigenvalues in vacuum. VD and VT are the finite density and finite temperature matter
potentials, which are generated by forward scatterings in the plasma and are only felt by
the active neutrino. The finite density potential VD dominates in highly matter-antimatter
asymmetric environments, such as stars. In the early universe it is negligible if all matter-
antimatter asymmetries are of the order of the baryon asymmetry of the universe ⌘B ⇠ 10�10.
The finite temperature potential VT in this approximation is simply a temperature dependent
shift in the e↵ective in-medium mass.34 In the simple single flavour picture they can be
estimated as

VT ' �8

3

p
2GF


⇢⌫
m2

Z

+
⇢`
m2

W

�
E⌫ ⇠ 2GFT

4


1

m2

Z

+ r`
2

m2

W

�
p ⌘ G2

e↵
T 4p (38)

VD ' 2
p
2GFn�l⌫ = 2

p
2GF

2⇣(3)

⇡2
T 3l⌫ , (39)

34In principle the dispersion relations of fermions in a plasma can have a rather complicated momentum
dependence [426, 431–433], but for the present purpose the approximation of a momentum independent
thermal mass is su�cient.

33

review: Boyarsky et al., arXiv:1807.07938
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Figure 2: Radiative decay of sterile neutrino N ! � + ⌫↵. A similar diagram where a photon couples to the
W -boson is not shown. The N coupling to weak gauge bosons exists for each flavour and is proportional to
✓↵, cf. (24).

From now on we will discuss the total mixing angle and use the simplified notation

✓2 ⌘
X

↵=e,µ,⌧

|✓↵|2, (26)

within this section, not to be confused with the full mixing matrix ✓ in eq. (16) and following.
If one requires that the lifetime corresponding to the process (25) should be (much) longer
than the age of the Universe, tUniverse = 4.4⇥1017sec [18] the bound on the sum of the mixing
angles ✓2↵ becomes (see Fig. 14)

✓2 < 3.3⇥ 10�4

✓
10 keV

M

◆5

— lifetime longer than the age of the Universe (27)

Already the requirement that the sterile neutrino lifetime is longer than the age of the
Universe (bound (27)) implies that the contribution of DM sterile neutrino to the neutrino
masses, �m⌫ ⇠ M✓2, is smaller than the solar neutrino mass di↵erence msol = 0.0086 eV) [36,
110]. Therefore, at least two more sterile neutrinos are required to explain to observed mass
di↵erences, as discussed already in 2.4. If the neutrino masses are due to exactly two sterile
neutrinos, the lightest active mass eigenstate, m1 is essentially zero, which bounds the total
sum of neutrino masses to be X

i

mi ' matm (28)

where  = 1 for the case of normal hierarchy and  = 2 for the case of inverted hierarchy.
This is a non-trivial prediction that can be checked by ESA’s Euclid space mission [167].

Along with the dominant decay channel, N ! 3⌫ sterile neutrino also possesses a loop
mediated radiative decay N ! ⌫ + � [165] (Fig. 2). The decay width of this process is [165,
166]

�N!�⌫ =
9↵G2

F

256⇡4
✓2M5 = 5.5⇥ 10�22✓2


M

1 keV

�5
sec�1 . (29)

While it is suppressed by 27↵
8⇡ ⇡ 1

128
as compared to the main decay channel, such a decay

produces a photon with energy E = 1

2
M . If the sterile neutrino is a main ingredient of

20

loop-induced decay (X-ray signature): 
  Γ ∼ G2

Fθ2m5
s

review: Boyarsky et al., arXiv:1807.07938
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new-  dark matter: 1 keV – 100 keVν

Figure 14: Constraints on sterile neutrino DM. The solid lines represent the most important constraints
that are largely model independent, i.e., they can be derived for a generic SM-singlet fermion N of mass
M and a mixing angle ✓ with SM neutrinos, without specification of the model that this DM candidate is
embedded in. The model independent phase space bound (solid purple line) is based on Pauli’s exclusion
principle (c.f. Section 3.1). The bounds based on the non-observation of X-rays from the decay N ! ⌫�
(violet area, see Section 3.2 for details) assume that the decay occurs solely through mixing with the active
neutrinos with the decay rate given by eq. (29). In the presence of additional interactions, these constraints
could be stronger, see e.g. [520]. All X-ray bounds have been smoothed and divided by a factor 2 to account
for the uncertainty in the DM density in the observed objects. They are compared to two estimates of the
ATHENA sensitivity made in ref. [234]. The blue square marks the interpretation of the 3.5 keV excess as
decaying sterile neutrino DM [184, 188]. All other constraints depend on the sterile neutrino production
mechanism. As an example, we here show di↵erent bounds that apply to thermally produced sterile
neutrino DM, cf. section 4.2. The correct DM density is produced for any point along black solid line
via the non-resonant mechanism due to ✓-suppressed weak interactions (24) alone (Section 4.2.1). Above
this line the abundance of sterile neutrinos would exceed the observed DM density. We have indicated
this overclosure bound by a solid line because it applies to any sterile neutrino, i.e., singlet fermion that
mixes with the SM neutrinos. It can only be avoided if one either assumes significant deviations from the
standard thermal history of the universe or considers a mechanism that suppresses the neutrino production
at temperatures of a few hundred MeV, well within the energy range that is testable in experiments, cf. e.g.
[521]. For parameter values between the solid black line and the dotted green line, the observed DM density
can be generated by resonantly enhanced thermal production (Section 4.2.2). Below the dotted green line
the lepton asymmetries required for this mechanism to work are ruled out because they would alternate the
abundances of light elements produced during BBN [584]. The dotted purple line represents the lower bound
from phase space arguments that takes into account primordial distribution of sterile neutrinos, depending on
the production mechanism [22]. As a structure formation bound we choose to display the conservative lower
bound on the mass of resonantly produced sterile neutrinos, based on the BOSS Lyman-↵ forest data [268]
(see Section 3.3 for discussion). The structure formation constraints depend very strongly on the production
mechanism (Section 4). The dashed red line shows the sensitivity estimate for the TRISTAN upgrade of the
KATRIN experiment (90% C.L., ignoring systematics, c.f. Section 5.2).
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Boyarsky et al., [arXiv:1807.07938]

minimal scenario  
ruled out
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„oscillation scale“: < 10 eV

motivation: 

• phenomenological (effects in oscillations, short-baselines) 

• not well motivated from „top-down“ perspective 

• (very) low-scale seesaw models exist
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Short-baseline anomalies

Anomaly Channel Status Explanation?

Reactor 
rate and shape

fading away ( < 2σ)

systematics dominated

Gallium / BEST very significant (~5σ)

LSND significant (3.8σ)

~25 yr anomaly

MiniBooNE  very significant (4.8σ)

relies on background estimate

νe → νe

νμ → νe

νμ → νe

νe → νe
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Short-baseline anomalies

Anomaly Channel Status Explanation?

Reactor 
rate and shape

fading away ( < 2σ)

systematics dominated systematics/nuclear physics

Gallium / BEST very significant (~5σ)

LSND significant (3.8σ)

~25 yr anomaly

MiniBooNE  very significant (4.8σ)

relies on background estimate

νe → νe

νμ → νe

νμ → νe

νe → νe
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The gallium anomaly and BEST results

�
2
null/dof p-value

CS1, BEST 32.1/2 1.1⇥ 10�7 (5.3�)
CS1, all 36.3/6 2.4⇥ 10�6 (4.7�)
CS2, BEST 34.7/2 2.9⇥ 10�8 (5.5�)
CS2, all 38.4/6 9.4⇥ 10�7 (4.9�)

Table 2: Evaluating the null-hypothesis R = 1 for the BEST experiments (inner and outer volumes

combined) and for all gallium experiments, for the two recommended cross sections CS1 and CS2 from

Haxton et al. [16]. We give the �2/dof for the null-hypothesis and the corresponding p-values. In the bracket

the p-values are converted into two-sided Gaussian standard deviations. The analysis includes experimental

uncertainties as well as the cross section uncertainties as provided in [16].

combined with the correlated uncertainty due to the cross sections from eq. (10). To test
the null-hypothesis of no neutrino disappearance we define

�
2
null = min⇠CS

"
X

i

(1 + �
i
CS⇠CS �Ri)2

�
2
i

+ ⇠
2
CS

#
, (11)

with Ri and �i given in table 1 and the index i runs over the used data points; �iCS is the
relative uncertainty of the cross section derived from eq. (10), which depends on the index
i whether a Cr or Ar source has been used. In order to take into account the asymmetric
cross section errors we use for �iCS the upper (lower) error if the value of the pull parameter
⇠CS at the minimum is larger (smaller) than zero. The results of this test are summarized in
table 2, where we give the �2 of the null-hypothesis for using only the two BEST data points
or for combining all 6 gallium data points. We see that for both cross sections, very low
p-values are obtained, corresponding roughly to 5� significance, with CS2 leading to slightly
higher significances.

3.2 Fitting gallium data with the decoherence model

To test the decoherence model introduced in section 2, we modify the �
2 definition from

eq. (11) in the following way:

�
2 = min⇠↵�

2(⇠↵) , ↵ = CS, ✓12, ✓13 , (12)

�
2(⇠↵) =

X

i

1

�
2
i

⇥�
1 + �

i
CS⇠CS

�
hPeeii + ⇡

i
✓12⇠✓12 + ⇡

i
✓13⇠✓13 �Ri

⇤2
+

X

↵=CS,✓12,✓13

⇠
2
↵ , (13)

⇡
i
✓jk

= �s2jk

@hPeeii
@s

2
jk

, s
2
jk ⌘ sin2

✓jk , jk = (12, 13) , (14)

where hPeeii is the ⌫e survival probability averaged over the detector volume as well as the
neutrino energy lines corresponding to each data point i, for details see [6, 10]. As before,
we take into account the asymmetric cross section uncertainties by chosing �

i
CS depending

on the sign of ⇠CS at the minimum, and we include the uncertainties on the leptonic mixing

5

Farzan, TS, 2306.09422 
cross sections CS1, CS2 from 
Haxton et al., 2303.13623

•Measurements of gallium solar neutrino experiments GALLEX and SAGE 
with radioactive 51Cr or 37Ar sources lead to rates lower than expected

BEST coll., Barinov et al., Phys. Rev. Lett. 128 (2022), 
no. 23 232501; Phys. Rev. C 105 (2022), no. 6 065502
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• in tension with solar neutrinos, reactor experiments and cosmology!

18

Giunti, Li, Ternes, Tyagi, Xin, 2209.00916
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FIG. 10. Comparison of the contours delimiting the [(a) and (b)] 2� and [(c) and (d)] 3� allowed regions in the (sin22#ee,�m2
41)

plane obtained from the combined analysis of the data of the reactor rate experiments with di↵erent flux models, the spectral
ratio experiments,reactor the Tritium experiments, and the solar bound with those obtained from the Gallium data with
di↵erent cross sections. Also shown is the 3� bound obtained from the combination of the Tritium and solar bounds. The
figures di↵er by the use of [(a) and (c)] NEOS/Daya Bay [45] or [(b) and (d)] NEOS/RENO [46] spectral ratio data. The
best-fit points are indicated by crosses.

One can see that the goodness of fit is high. There is a
3.1–3.3� indication in favor of 3+1 active-sterile neutrino
mixing in the global fits with the NEOS/Daya Bay data.
The indication decreases to 2.6–2.8� if the NEOS/RENO

are used. The values of the best-fit points are in any case
around sin22#ee ' 0.02 and �m

2

41
' 1.3 eV2.

Figure 10 shows the 2� and 3� allowed regions in
the (sin22#ee,�m

2

41
) plane obtained from the global fits
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One can see that the goodness of fit is high. There is a
3.1–3.3� indication in favor of 3+1 active-sterile neutrino
mixing in the global fits with the NEOS/Daya Bay data.
The indication decreases to 2.6–2.8� if the NEOS/RENO

are used. The values of the best-fit points are in any case
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Figure 10 shows the 2� and 3� allowed regions in
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see also 

Berryman, Coloma, 
Huber, TS, Zhou, 
2111.12530; 
Goldhagen, Maltoni, 
Reichard, TS, 
2109.14898; 


Can it be explained by eV sterile neutrino oscillations?

severe tension of 4 − 5σ
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Short-baseline anomalies

Anomaly Channel Status Explanation?

Reactor 
rate and shape

fading away ( < 2σ)

systematics dominated systematics/nuclear physics

Gallium / BEST very significant (~5σ)

sterile oscillations in strong tension  
w reactor, solar, cosmology 

difficult to explain

exotic decoherence? [Farzan, TS, ’23]

LSND significant (3.8σ)

~25 yr anomaly

MiniBooNE  very significant (4.8σ)

relies on background estimate

νe → νe

νμ → νe

νμ → νe

νe → νe
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Strong tension btw appearance and disappearanceeV-scale sterile neutrino oscillations Global analysis

Strong tension in global data Dentler et al, 1803.10661

10-2 10-1
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100

101

|U�4
2

�
m

4
1

2
[e

V
2
] �e

(-)
/��
(-)

��e

(-)

( Fixed Fluxes)

CDHS

MB disapp

��
(-)
-disapp

combined

MINOS/
MINOS+

DC+SK
+IC

99% CL
2 dof

non-observation of oscillations in ‹µ

disappearance (CDHS, MiniB,
MINOS+, SK, IceCube)

10-4 10-3 10-2 10-1
10-1

100

101

sin2 2��e

�
m

2
[e

V
2
]

Disappearance
Free Fluxes

Fixed Fluxes

Appearance
( w/o DiF)

99.73% CL

2 dof

consistency of appearance and disapp.
data with a p-value < 10≠6

T. Schwetz (KIT) 14

eV-scale sterile neutrino oscillations ‹µ æ ‹e appearance

Global data on SBL ‹µ æ ‹e appearance Dentler et al, 1803.10661

using pre-2018 MiniBooNE data, results quantitativley very similar

T. Schwetz (KIT) 11

eV-scale sterile neutrino physics Global analysis

Can we explain all the hints together?
appearance

Pµe = sin2 2◊µe sin2 �m
2
41L

4E
sin2 2◊µe = 4|Ue4|2|Uµ4|2

disappearance (– = e, µ)

P–– = 1 ≠ sin2 2◊–– sin2 �m
2
41L

4E
sin2 2◊–– = 4|U–4|2(1 ≠ |U–4|2)

sin2 2◊µe ¥ 1
4 sin2 2◊ee sin2 2◊µµ

‹µ æ ‹e app. signal requires also signal in both, ‹e and ‹µ disappearance
(appearance mixing angle quadratically suppressed)

T. Schwetz (KIT), NNN17 17

sterile oscillation 
explanation of LSND/MiniB 
robustly disfavoured
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•sterile neutrino N with mN ~ keV to ~500 MeV 

•produce N either by mixing or by up-scattering 

•decay: 

•  with standard neutrino interaction in detector 

• electromagn. decay inside MB detector  (no LSND) 

•exciting new physics / rich phenomenology / predict signatures in existing (near 
detectors) and/or upcoming experiments (e.g., Fermilab SBN, DUNE, HK, IceC)

N → ϕ νe
N → νγ / νe± / νπ0 / . . .

21

MiniBooNE and a decaying sterile neutrino
Palomares, Pascoli, TS, hep-ph/0505216; Gninenko, 0902.3802, 1009.5536;  Bertuzzo, Jana, Machado, Zukanovich, 1807.09877;  
Ballett, Pascoli, Ross-Lonergan, 1808.2915;  Arguelles, Hostert, Tsai, 1812.08768;  Fischer, Hernandez,  TS, 1909.09561; 
Dentler, Esteban, Kopp, Machado, 1911.01427; deGouvea, Peres, Prakash, Stenico, 1911.01447; Brdar, Fischer, Smirnov, 
2007.14411; Abdallah, Gandhi, Roy, 2010.06159; Abdullahi, Hostert, Pascoli, 2007.11813; Abdullahi et al., 2308.02543; Hoster, 
Kelly, Zhou, 2406.04401; …
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Palomares, Pascoli, TS, hep-ph/0505216; Gninenko, 0902.3802, 1009.5536;  Bertuzzo, Jana, Machado, Zukanovich, 1807.09877;  
Ballett, Pascoli, Ross-Lonergan, 1808.2915;  Arguelles, Hostert, Tsai, 1812.08768;  Fischer, Hernandez,  TS, 1909.09561; 
Dentler, Esteban, Kopp, Machado, 1911.01427; deGouvea, Peres, Prakash, Stenico, 1911.01447; Brdar, Fischer, Smirnov, 
2007.14411; Abdallah, Gandhi, Roy, 2010.06159; Abdullahi, Hostert, Pascoli, 2007.11813; Abdullahi et al., 2308.02543; Hoster, 
Kelly, Zhou, 2406.04401; …

•sterile neutrino N with mN ~ keV to ~500 MeV 

•produce N either by mixing or by up-scattering 

•decay: 

•  with standard neutrino interaction in detector 

• electromagn. decay inside MB detector  (no LSND) 

•exciting new physics / rich phenomenology / predict signatures in existing (near 
detectors) and/or upcoming experiments (e.g., Fermilab SBN, DUNE, HK, IceC)

N → ϕ νe
N → νγ / νe± / νπ0 / . . .

22

MiniBooNE and a decaying sterile neutrino

MeV
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Short-baseline anomalies — summary

Anomaly Channel Status Explanation?

Reactor 
rate and shape

fading away ( < 2σ)

systematics dominated systematics/nuclear physics

Gallium / BEST very significant (~5σ)

sterile oscillations in strong tension  
w reactor, solar, cosmology 

difficult to explain

exotic decoherence (?)

LSND significant (3.8σ)

~25 yr anomaly sterile oscillations in strong tension  

w disappearance data, cosmology 
difficult to explain


HNL decayMiniBooNE  very significant (4.8σ)

relies on background estimate

νe → νe

νμ → νe

νμ → νe

νe → νe



Th. Schwetz - Why new s, 9 April 2025ν

Why is neutrino mass not seen in cosmology?

24

The cosmo anomaly:
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Neutrino mass from cosmology

•minimal values predicted from oscillation data for : 
 

 

•Upper bounds from current data: 

•  Planck CMB+BAO 2018 

•  DESI 2025 + CMB

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

⌃min =

⇢
98.6± 0.85meV (IO)

58.5± 0.48meV (NO)

Σmν < 0.12 eV (95 % CL)
Σmν < 0.064 eV (95 % CL)

DESI 2025 + CMB
/DESI
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Tension between cosmology and oscillation results?

updated from Gariazzo, Mena, TS, 2302.14159
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Hint for the existence of new- s?ν

dark 
radiation
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dark 
radiation

seesaw

Hint for the existence of new- s?ν
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dark 
radiation

seesaw

Hint for the existence of new- s?ν
work with 
Miguel Escudero, Jorge Terol-Calvo, 2211.01729 
Cristina Benso, Drona Vatsyayan, 2410.23926
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•dynamical dark energy 
Green, Meyers, 2407.07878;…; DESI DR2 2503.14743:  

• 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; Sen, Smirnov, 2407.02462, 
2306.15718;  

•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 ≲ 0.16 eV

∑ mν < 0.42 eV

29

Cosmology bounds can be relaxed in non-standard scenarios
incomplete!
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• introduce a set of  massless new- s  

• a mediator X coupled to neutrinos 

• convert active neutrinos into massless  new- s after BBN but before CMB decoupling 

• ~10 keV new-  dark matter freeze-out in the dark sector

Nχ ν

ν
ν

30

Farzan, Hannestad, 1510.02201; Escudero, TS, Terol-Calvo, 2211.01729; Benso, TS, Vatsyayan, 2410.23926

4

FIG. 1. Schematic representation of the mechanism to reduce the active neutrino number density relative to the one in the
Standard Model (shown in red) by equilibrating a dark sector consisting of N� = 10 massless Dirac fermion species and the
DM candidate  with mass m = 18 keV due to a mediator X with mass mX = 100 keV and coupling g = 2⇥ 10�4. The X

boson is produced initially from the inverse decays ⌫⌫ ! X and then decays dominantly to dark sector species, i.e. X ! ��

and X !   . The DM relic abundance ⌦ h
2 = 0.12± 0.0012 [45] is obtained once the interactions   $ �� freeze out.

where

mD = Y⌫vEW/

p
2 , mD

0 = Y
0
⌫
vEW/

p
2 ,

⇤ = Y�v�/

p
2 , ⇤0 = Y

0
�
v�/

p
2 , (9)

 = Y v�/

p
2 , 

0 = Y
0
 
v�/

p
2 .

The rank of the matrix (8) is 2Nheavy, leading to (3 +
Nlight�Nheavy) massless and 2Nheavy massive states. For
our purposes, we want 4 massive states in addition to
the Nheavy heavy right-handed neutrinos: the 3 active
neutrinos plus the DM candidate. Therefore, we chose
Nheavy = 4, and Nlight = N� + 1, leaving N� states
massless. One of the “light” dark sector fermions gets
massive, which will become our DM candidate, and we
single it out by denoting it with  to distinguish it from
its massless partners �.1

Note that only left-handed fields appear in the Yukawa
Lagrangian eq. (6) and receive masses according to (8),
whereas the right-handed fields �R and  R remain mass-
less due to the postulated Z2 symmetry. Hence, we are
left with

Ñ = 2N� + 1 ,

g̃ = 4N� + 2
(10)

massless states and degrees of freedom in total, respec-
tively, corresponding to �L,�R and  R.

Upon block diagonalisation (see Appendix A for de-

1
Here we assume that all three active neutrinos are massive. If the

lightest of them remains massless, we would need only Nheavy =

3 heavy right-handed neutrinos.

tails) we get the following mass eigenvalues

m� = 0 ,

m⌫ =
(mD

0
�mD

0
)2 + (mD

0⇤�mD⇤0)2 + (0⇤� ⇤0)2

M 0(m2

D
+ 2 + ⇤2) +M(mD

02 + 02 + ⇤02)
,

m ⇡
m

2

D
+ 

2 + ⇤2

M
+

mD
02 + 

02 + ⇤02

M 0 ,

mN 0 ⇡ M
0
,

mN ⇡ M . (11)

Here, m⌫ = U
⇤
⌫
m̂⌫U

†
⌫
, where U⌫ is the PMNS mixing

matrix in the diagonal mass basis for the charged lep-
tons and m̂⌫ = diag(m1,m2,m3) contains the physical
neutrino mass eigenvalues, and we use a2 = aa

T in order
to write the equations for m⌫, in a compact form.
The mass eigenstates are then obtained as

(�̂, ⌫̂,  ̂, N̂ 0, N̂)T = W†(�c

L
, ⌫

c

L
, 

c

L
, N

0
, N)T , (12)

where the mixing matrix W is given by

W =

0

BBBBBB@

1 ⇤
⇤

m
⇤
D

0 ⇤
0⇤

M 0†
⇤

⇤

M†

�⇤
T

m
T
D

1 mD
0⇤

0⇤
mD

0⇤

M 0†
m

⇤
D

M†

0 �mD
0T

0T 1 
0

M 0


M

�⇤
0T

M 0
�mD

0T

M 0
�0T

M 0 1 0
�⇤

T

M

�m
T
D

M

�T

M
0 1

1

CCCCCCA

⇥ Diag[1, U⌫ , 1, 1, 1] . (13)

In deriving the mixing matrix above, we adopt a di-
agonal basis for the right-handed neutrino mass matrix,
and assume the following hierarchy:

M � M
0
� mD � 

0
,⇤ � m

0
D
,⇤0

, . (14)

This corresponds to a regime where the dominant in-
teractions of N 0 are with  whereas N interacts domi-
nantly with � and ⌫. Indeed, in the limit of m0

D
,⇤0

,!
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•3 heavy new- s (seesaw) 

• new abelian gauge symmetry    
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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
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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].

Yukawa sector
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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.
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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
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With these assignments we can write the following BSM
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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
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Universe due to its interactions with the SM Higgs. Elec-
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pectation value (VEV). The breaking of the U(1)X takes
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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].
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h�i =
v�
p
2
, (3.4)

with v
2

�
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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
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M
�1
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⇡ mD M
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,

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

@
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Ñ

�̃

1

A = W
†
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@
⌫
c
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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
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D 1 0
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U⌫ 0 0
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1
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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. � �⌫̃ �
⌫⌫

⇢/�

1
p
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
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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
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der, taking into account the hierarchy in eq. (3.7):
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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 =
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MR

, ✓⌫� =
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, (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⌫ =
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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
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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

•3 heavy new- s (seesaw) 

• new abelian gauge symmetry    

• a scalar  charged under   

• a set of  massless new- s charged under  

ν
U(1)X

Φ U(1)X
Nχ ν U(1)X
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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:
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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
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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
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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′￼

•3 heavy new- s (seesaw) 
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• a set of  massless new- s charged under  
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U(1)X

Φ U(1)X
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FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.
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FIG. 4. Regions of the parameter space of the gauge U(1)X model excluded by several cosmological bounds for a value of the
mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed. Dotted
black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the

35

Available parameter space 

allowed

 

 




θνχ ≃ 10−3

mZ′￼
∼ 10 keV

vΦ ∼ 100 MeV

gX =
mZ′￼

vΦ
∼ 10−4



Th. Schwetz - Why new s, 9 April 2025ν

•add one more heavy new-  neutrino N’ 
one of the  will also pick up a seesaw induced mass 

ν
⇒ χ → ψ

36

Extending the model to include keV sterile neutrino dark matter

 Benso, TS, Vatsyayan, 2410.23926

•3 heavy new- s (seesaw) 

• new abelian gauge symmetry    

• a scalar  charged under   

• a set of  massless new- s charged under  

ν
U(1)X

Φ U(1)X
Nχ ν U(1)X



Th. Schwetz - Why new s, 9 April 2025ν37

Extending the model to include keV sterile neutrino dark matter

neutral fermion mass matrix

in the basis

assume hierarchies:
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Extending the model to include keV sterile neutrino dark matter

neutral fermion mass matrix

in the basis

assume hierarchies:

keV DM candidate

θνψ =
m′￼D

κ′￼

, θχψ = 0

ℒint = gX Z′￼μ ψγμψ

mixing and interactions:
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•assume  

•  thermalizes with the dark fluid via  

•DM freeze-out for 

mψ < mZ′￼

ψ ψψ ↔ Z′￼

TDS ≲ mψ

38

DM production via dark freeze-out similar to Berlin, Blinov, 1706.07046, 1807.04282
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• DM mass 
 

• DM stability and X-ray constraints: 
,  

suppressed by   

require 

15 keV ≲ mψ ≲ 100 keV

ψ → νχχ ψ → νγ
θ2

νψ

θνψ ≲ 10−8

39

Right DM abundance in the relevant parameter region

8

Ñ = 21, we also show the numerical result by solving the
Boltzmann equations by blue points, matching closely
the blue curve corresponding to the analytical approx-
imation. For m

0
Z

> m , where the annihilation to �

dominates, the dependence on Ñ follows explicitly from
eq. (24). In the region where annihilation to Z

0 domi-
nates, i.e., when m is much larger than mZ0 , the Ñ de-
pendence appears due to the modification of xf via ⇠. It
should be noted that near the resonance region, i.e., when
mZ0 ' 2m , the analytical solution and the thermally
averaged cross-sections (eq. (24)) are not a good approx-
imation, and a careful treatment of the cross-section and
the freeze-out temperature is required in order to prop-
erly determine the DM relic abundance. Therefore, for
dealing with resonances, we use the complete formula for
thermal averaging (see Appendix B) and compute the
relic abundance numerically after solving the Boltzmann
equations. We find that in the region very close to the
resonance, the annihilation rate during freeze-out is so
large that we do not obtain the correct abundance.

In fig. 4, we show with solid lines of di↵erent colors con-
tours of di↵erent DM mass which satisfy the relic abun-
dance, highlighting the parameter space compatible with
accommodating keV scale DM in the model as well as
relaxing the cosmological neutrino mass bound. This is
the main result of our work.

Note that in the limits far away from the resonance,
the annihilation cross-sections from eq. (24) depend only
on the combination g/mZ0 = v� in both limits:

h�vi =
m

2

 

8⇡v4
�
xd

⇥

⇢
Ñ (mZ0 � m )
3 (mZ0 ⌧ m )

, (28)

where we have used hv
2
i = 6/xd Hence, in these limits,

the DM relic abundance according to eq. (26) fixes the
dark VEV for a given DM mass:

v� ' 105 keV
⇣

m 

15 keV

⌘1/2
✓
3.2

xf

◆1/2

⇥

⇢
2Ñ1/4 (mZ0 � m )
2.4 (mZ0 ⌧ m )

, (29)

in agreement with fig. 4. For large mixing angles ✓⌫�
(upper panel of fig. 4), we are in the limit mZ0 < m 

in large regions of the parameter space and therefore
the DM contours are determined by the combination
m /v

2

�
= g

2
m /m

2

Z0 , and depend mildly on Ñ due to
xf .

C. Stability and X-ray constraints

In our model, the interaction of  L and SM neutri-
nos with the massless states �L,R, R mediated by the
gauge boson Z

0 can lead to DM decay via three body

FIG. 4. Parameter space of the model with the shaded ar-
eas highlighting regions of the parameter space excluded by
several cosmological constraints, for a fixed value of ⌫�� mix-
ing ✓⌫� = 10�2 (top) and ✓⌫� = 10�3 (bottom), and N� = 10.
Along the orange, blue, purple solid curves the observed relic
DM density is obtained for m = 15, 50, 100 keV, respec-
tively. The gray dashed lines indicate a fixed value of the
U(1)X gauge coupling, g = mZ0/v� and the dotted lines cor-
respond to mZ0 = 2m for a given DM mass. The red region
is excluded from the thermalization condition, as the interac-
tions of Z0 with neutrinos are not strong enough. The blue
regions are excluded from BBN by requiring that Z0 is not in
equilibrium with ⌫’s at T > 0.7 MeV, and the green regions
show the area excluded by ⌫-free-streaming and CMB power
spectra. The gray shaded region is excluded from production
of � via ⌫ � � oscillations before BBN.

processes. The dominant ones are  ! ⌫��.5 There-
fore, in order for the DM to be stable on cosmological
timescales, we need to ensure that the lifetime of  rela-

5
The decay  ! 3⌫ is also allowed, but the amplitude of this

process is suppressed by the 3
rd

power of the mixing angle ✓⌫�,
instead of the single power of ✓⌫� that suppresses  ! ⌫��.
Therefore, to account for DM stability, we only need to consider

 ! ⌫��. Moreover, due to the absence of Z0 � interactions,

decays such as  ! 3� do not occur.
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warm DM candidate: 
potentially observable cut-off 
in matter power spectrum 
 
determined by kinetic decoupling 
of DM from dark radiation
Berlin, Blinov, 1807.04282; 

Bringmann, Ihle, Kersten, Walia, 1603.04884
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• theory suggests (but does not proof) the existence of new- s,  

• but theory gives us very little guidance on where they are 

• look for them everywhere we can

ν

42

Summary — why new s?ν

„Science is a bit like the joke about the drunk who 
is looking under a lamppost for a key that he has 
lost at the other side of the street, because that’s 
where the light is. It has no other choice.“  
Noam Chomsky
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Hint for dynamical dark energy?

w(z) = w0 + wa
z

1 + z

DE equation of state: p = wρ

cosm . const . : w0 = − 1, wa = 0 23
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FIG. 11. Results for the posterior distributions of w0 and
wa, from fits of the w0waCDM model to DESI in combina-
tion with CMB and three SNe datasets as labelled. We also
show the contour for DESI combined with CMB alone. The
contours enclose 68% and 95% of the posterior probability.
The gray dashed lines indicate w0 = �1 and wa = 0; the
⇤CDM limit (w0 = �1, wa = 0) lies at their intersection.
The significance of rejection of ⇤CDM is 2.8�, 3.8� and 4.2�

for combinations with the Pantheon+, Union3 and DESY5
SNe samples, respectively, and 3.1� for DESI+CMB without
any SNe.

⇤CDM and w0waCDM models for that combination. Be-
cause ⇤CDM is nested within w0waCDM, correspond-
ing to w0 = �1, wa = 0, Wilks’ theorem [141] implies
that ��

2

MAP
should follow a �

2 distribution with two
degrees of freedom under the assumption the null hypoth-
esis (⇤CDM model) holds, and assuming that errors are
Gaussian and correctly estimated. To translate ��

2

MAP

into familiar terms, we quote the corresponding frequen-
tist significance N� for a 1D Gaussian distribution,

CDF�2

�
��

2

MAP
| 2 dof

�
=

1p
2⇡

Z N

�N
e
�t2/2

dt , (22)

where the left hand side denotes the cumulative distribu-
tion of �

2. We also compute the Deviance Information
Criterion (DIC) [142–145], which takes into account the
Bayesian complexity of the model and penalizes including
extra parameters.

A. Results

From DESI DR2 BAO alone, we obtain rather weak
constraints on the parameters

w0 = �0.48+0.35
�0.17

wa < �1.34

)
DESI BAO, (23)

which mildly favor the w0 > �1, wa < 0 quadrant but
are cut o↵ by the priors. The upper bound on wa here
is the 68% limit, and wa = 0 is not excluded at 95%. As
was the case in DR1, BAO data alone define a degener-
acy direction in the w0-wa plane, but they do not show a
strong preference for dark energy evolution: the improve-
ment in �

2

MAP
relative to the ⇤CDM case of w0 = �1,

wa = 0 is equivalent to a preference of just 1.7�.
The minimal extension we consider, beyond BAO data

alone, is to add a high-redshift constraint from the early
universe. This can be achieved by imposing CMB-derived
priors on ✓⇤, !b and !bc, as described in Section IV.
These priors are independent of the late-time dark en-
ergy, and also marginalize over contributions such as the
late ISW e↵ect and CMB lensing. Therefore, they pro-
vide us with an early time physics prior that can help
us set the sound horizon and is based solely on early-
Universe information. The result from this data combi-
nation is

w0 = �0.43 ± 0.22

wa = �1.72 ± 0.64

�
DESI+(✓⇤, !b, !bc)CMB. (24)

While this is still bounded by the wa > �3 prior at the
lower end, the posterior already clearly disfavors ⇤CDM.
The ��

2

MAP
value decreases to �8.0, indicating a prefer-

ence for an evolving dark energy equation of state at the
2.4� level.

Replacing these minimal early-Universe priors with the
full CMB information leads to only a small shift in the
maginalized posteriors

w0 = �0.42 ± 0.21

wa = �1.75 ± 0.58

�
DESI+CMB, (25)

showing that most of the information that the CMB pro-
vides on w(z) comes from its role in anchoring early-
Universe values of (✓⇤, !b, !bc) and thus limiting the free-
dom for models to fit the low-redshift data without an
evolving dark energy component. Nevertheless, when in-
cluding the full CMB information the ��

2

MAP
decreases

to �12.5, corresponding to a 3.1� preference for evolv-
ing dark energy. This change in the ��

2

MAP
is driven

primarily by the inclusion of CMB lensing, the e↵ect of
which is (by construction) not captured in the minimal
early-Universe priors (see Appendix A for further discus-
sion and a comparison of posteriors with di↵erent choices
of CMB likelihoods).

SNe data alone provide a complementary degeneracy
direction in the w0-wa plane, as they measure w0 well
independently of wa, which is only weakly constrained.
The combination of SNe data with DESI BAO can there-
fore measure w0 and wa without having the posteriors
cut o↵ by the prior ranges we assumed. The marginal-
ized posterior results are listed in Table V and depend on
the choice of SNe dataset, with the significances of the
preference for the model over ⇤CDM ranging from 1.7�

to 3.3� as summarized in Table VI.

DESI DR2 2025 [2503.14738]

 indication for  
deviation from cosmolog. const.
2.8σ − 4.2σ
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Model/Dataset ⌦m H0 [km s�1 Mpc�1] H0rd [100 km s�1]
P

m⌫ [eV] w or w0 wa

⇤CDM+
PPP

m⌫

DESI BAO+CMB [Camspec] 0.3009 ± 0.0037 68.36 ± 0.29 100.96 ± 0.48 < 0.0642 — —

DESI BAO+CMB [L-H] 0.2995 ± 0.0037 68.48 ± 0.30 101.16 ± 0.49 < 0.0774 — —

DESI BAO+CMB [Plik] 0.2998 ± 0.0038 68.56 ± 0.31 101.09 ± 0.50 < 0.0691 — —

wCDM+
PPP

m⌫

DESI BAO+CMB 0.2943 ± 0.0073 69.28 ± 0.92 102.3 ± 1.3 < 0.0851 �1.039 ± 0.037 —

DESI BAO+CMB+Pantheon+ 0.3045 ± 0.0051 67.94 ± 0.58 100.35 ± 0.84 < 0.0653 �0.985 ± 0.023 —

DESI BAO+CMB+Union3 0.3047 ± 0.0059 67.93 ± 0.69 100.33 ± 0.99 < 0.0649 �0.985 ± 0.028 —

DESI BAO+CMB+DESY5 0.3094 ± 0.0049 67.34 ± 0.53 99.49 ± 0.78 < 0.0586 �0.961 ± 0.021 —

w0waCDM+
PPP

m⌫

DESI BAO+CMB 0.353 ± 0.022 63.7+1.7
�2.2 93.8+2.5

�3.2 < 0.163 �0.42+0.24
�0.21 �1.75 ± 0.63

DESI BAO+CMB+Pantheon+ 0.3109 ± 0.0057 67.54 ± 0.59 99.62 ± 0.86 < 0.117 �0.845 ± 0.055 �0.57+0.23
�0.19

DESI BAO+CMB+Union3 0.3269 ± 0.0088 65.96 ± 0.84 97.3 ± 1.2 < 0.139 �0.674 ± 0.090 �1.06+0.34
�0.28

DESI BAO+CMB+DESY5 0.3188 ± 0.0058 66.75 ± 0.56 98.43 ± 0.83 < 0.129 �0.758 ± 0.058 �0.82+0.26
�0.21

TABLE VII. Cosmological parameter constraints where the neutrino mass parameter is allowed to vary assuming a
P

m⌫ > 0
prior. Additionally, we include models with more general dark energy backgrounds beyond ⇤CDM. While we quote the 95%
upper limit for the neutrino mass parameter in eV units, we refer to the 68% credible interval for the rest of the parameters.
We quote the constraints for DESI and three di↵erent CMB likelihoods for ⇤CDM+

P
m⌫ ; in all other rows the label ‘CMB’

refers to use of the baseline CamSpec likelihood.
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FIG. 15. 1D marginalized posterior constraints on
P

m⌫ from
DESI DR2 BAO measurements combined with di↵erent CMB
likelihoods, assuming the ⇤CDM+

P
m⌫ model. We show the

1D posteriors for the CamSpec CMB likelihood (leading to the
tightest constraint) as well as the Plik and L-H CMB likeli-
hoods. We also show the posterior for the w0waCDM+

P
m⌫

model, using DESI and the CamSpec CMB. Other models and
datasets are presented in Table VII. The vertical dashed lines
and shaded regions indicate the minimum allowed

P
m⌫ val-

ues for (from left to right) the normal and inverted mass or-
dering scenarios, respectively.

of about 1 MeV; see, e.g., [34] for a review of neutrino cos-
mology. As the Universe expanded, neutrinos gradually
lost kinetic energy, behaving as radiation in the early Uni-
verse and transitioning to non-relativistic matter around
redshifts of z ⇠ 100 for realistic neutrino masses, there-
after influencing the late-time expansion history by con-
tributing to the matter component. The main e↵ect of
massive neutrinos on the CMB is to impact the angular
diameter distance to last scattering, which is degenerate
with the e↵ects of other cosmological parameters such as
⌦m and H0 (see, e.g., [163] for a recent discussion). Neu-
trinos also a↵ect the lensing of CMB anisotropies by sup-
pressing the growth of structure below the free-streaming
scale. BAO are not sensitive to the latter e↵ect at all, and
only probe the background geometry by constraining the
total matter density ⌦m and the parameter combination
H0rd, so DESI BAO alone cannot constrain the neutrino
masses. Nevertheless by breaking geometrical degenera-
cies, BAO significantly enhance the ability of the CMB
to constrain this parameter.

The upper limits on
P

m⌫ that we obtain from the
combination of DESI and CMB depend on the particu-
lar choice of the CMB likelihood used, since the various
likelihoods di↵er slightly in the amount of lensing power
they infer from the lensed TT , TE and EE power spec-
tra. This can be incorporated into a phenomenological
parameter AL that scales the model lensing power used to
compute the lensed power spectra (but not the power re-
constructed from the 4-point function), such that values
AL > 1 indicate an excess of lensing power, often referred
to as the ‘AL anomaly’. Increasing

P
m⌫ above 0.06 eV
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�2.2 93.8+2.5
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TABLE VII. Cosmological parameter constraints where the neutrino mass parameter is allowed to vary assuming a
P

m⌫ > 0
prior. Additionally, we include models with more general dark energy backgrounds beyond ⇤CDM. While we quote the 95%
upper limit for the neutrino mass parameter in eV units, we refer to the 68% credible interval for the rest of the parameters.
We quote the constraints for DESI and three di↵erent CMB likelihoods for ⇤CDM+

P
m⌫ ; in all other rows the label ‘CMB’

refers to use of the baseline CamSpec likelihood.
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FIG. 15. 1D marginalized posterior constraints on
P

m⌫ from
DESI DR2 BAO measurements combined with di↵erent CMB
likelihoods, assuming the ⇤CDM+

P
m⌫ model. We show the

1D posteriors for the CamSpec CMB likelihood (leading to the
tightest constraint) as well as the Plik and L-H CMB likeli-
hoods. We also show the posterior for the w0waCDM+

P
m⌫

model, using DESI and the CamSpec CMB. Other models and
datasets are presented in Table VII. The vertical dashed lines
and shaded regions indicate the minimum allowed

P
m⌫ val-

ues for (from left to right) the normal and inverted mass or-
dering scenarios, respectively.

of about 1 MeV; see, e.g., [34] for a review of neutrino cos-
mology. As the Universe expanded, neutrinos gradually
lost kinetic energy, behaving as radiation in the early Uni-
verse and transitioning to non-relativistic matter around
redshifts of z ⇠ 100 for realistic neutrino masses, there-
after influencing the late-time expansion history by con-
tributing to the matter component. The main e↵ect of
massive neutrinos on the CMB is to impact the angular
diameter distance to last scattering, which is degenerate
with the e↵ects of other cosmological parameters such as
⌦m and H0 (see, e.g., [163] for a recent discussion). Neu-
trinos also a↵ect the lensing of CMB anisotropies by sup-
pressing the growth of structure below the free-streaming
scale. BAO are not sensitive to the latter e↵ect at all, and
only probe the background geometry by constraining the
total matter density ⌦m and the parameter combination
H0rd, so DESI BAO alone cannot constrain the neutrino
masses. Nevertheless by breaking geometrical degenera-
cies, BAO significantly enhance the ability of the CMB
to constrain this parameter.

The upper limits on
P

m⌫ that we obtain from the
combination of DESI and CMB depend on the particu-
lar choice of the CMB likelihood used, since the various
likelihoods di↵er slightly in the amount of lensing power
they infer from the lensed TT , TE and EE power spec-
tra. This can be incorporated into a phenomenological
parameter AL that scales the model lensing power used to
compute the lensed power spectra (but not the power re-
constructed from the 4-point function), such that values
AL > 1 indicate an excess of lensing power, often referred
to as the ‘AL anomaly’. Increasing

P
m⌫ above 0.06 eV
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prior. Additionally, we include models with more general dark energy backgrounds beyond ⇤CDM. While we quote the 95%
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FIG. 15. 1D marginalized posterior constraints on
P

m⌫ from
DESI DR2 BAO measurements combined with di↵erent CMB
likelihoods, assuming the ⇤CDM+

P
m⌫ model. We show the

1D posteriors for the CamSpec CMB likelihood (leading to the
tightest constraint) as well as the Plik and L-H CMB likeli-
hoods. We also show the posterior for the w0waCDM+

P
m⌫

model, using DESI and the CamSpec CMB. Other models and
datasets are presented in Table VII. The vertical dashed lines
and shaded regions indicate the minimum allowed

P
m⌫ val-

ues for (from left to right) the normal and inverted mass or-
dering scenarios, respectively.

of about 1 MeV; see, e.g., [34] for a review of neutrino cos-
mology. As the Universe expanded, neutrinos gradually
lost kinetic energy, behaving as radiation in the early Uni-
verse and transitioning to non-relativistic matter around
redshifts of z ⇠ 100 for realistic neutrino masses, there-
after influencing the late-time expansion history by con-
tributing to the matter component. The main e↵ect of
massive neutrinos on the CMB is to impact the angular
diameter distance to last scattering, which is degenerate
with the e↵ects of other cosmological parameters such as
⌦m and H0 (see, e.g., [163] for a recent discussion). Neu-
trinos also a↵ect the lensing of CMB anisotropies by sup-
pressing the growth of structure below the free-streaming
scale. BAO are not sensitive to the latter e↵ect at all, and
only probe the background geometry by constraining the
total matter density ⌦m and the parameter combination
H0rd, so DESI BAO alone cannot constrain the neutrino
masses. Nevertheless by breaking geometrical degenera-
cies, BAO significantly enhance the ability of the CMB
to constrain this parameter.

The upper limits on
P

m⌫ that we obtain from the
combination of DESI and CMB depend on the particu-
lar choice of the CMB likelihood used, since the various
likelihoods di↵er slightly in the amount of lensing power
they infer from the lensed TT , TE and EE power spec-
tra. This can be incorporated into a phenomenological
parameter AL that scales the model lensing power used to
compute the lensed power spectra (but not the power re-
constructed from the 4-point function), such that values
AL > 1 indicate an excess of lensing power, often referred
to as the ‘AL anomaly’. Increasing

P
m⌫ above 0.06 eV
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FIG. 15. 1D marginalized posterior constraints on
P

m⌫ from
DESI DR2 BAO measurements combined with di↵erent CMB
likelihoods, assuming the ⇤CDM+

P
m⌫ model. We show the

1D posteriors for the CamSpec CMB likelihood (leading to the
tightest constraint) as well as the Plik and L-H CMB likeli-
hoods. We also show the posterior for the w0waCDM+

P
m⌫

model, using DESI and the CamSpec CMB. Other models and
datasets are presented in Table VII. The vertical dashed lines
and shaded regions indicate the minimum allowed

P
m⌫ val-

ues for (from left to right) the normal and inverted mass or-
dering scenarios, respectively.

of about 1 MeV; see, e.g., [34] for a review of neutrino cos-
mology. As the Universe expanded, neutrinos gradually
lost kinetic energy, behaving as radiation in the early Uni-
verse and transitioning to non-relativistic matter around
redshifts of z ⇠ 100 for realistic neutrino masses, there-
after influencing the late-time expansion history by con-
tributing to the matter component. The main e↵ect of
massive neutrinos on the CMB is to impact the angular
diameter distance to last scattering, which is degenerate
with the e↵ects of other cosmological parameters such as
⌦m and H0 (see, e.g., [163] for a recent discussion). Neu-
trinos also a↵ect the lensing of CMB anisotropies by sup-
pressing the growth of structure below the free-streaming
scale. BAO are not sensitive to the latter e↵ect at all, and
only probe the background geometry by constraining the
total matter density ⌦m and the parameter combination
H0rd, so DESI BAO alone cannot constrain the neutrino
masses. Nevertheless by breaking geometrical degenera-
cies, BAO significantly enhance the ability of the CMB
to constrain this parameter.

The upper limits on
P

m⌫ that we obtain from the
combination of DESI and CMB depend on the particu-
lar choice of the CMB likelihood used, since the various
likelihoods di↵er slightly in the amount of lensing power
they infer from the lensed TT , TE and EE power spec-
tra. This can be incorporated into a phenomenological
parameter AL that scales the model lensing power used to
compute the lensed power spectra (but not the power re-
constructed from the 4-point function), such that values
AL > 1 indicate an excess of lensing power, often referred
to as the ‘AL anomaly’. Increasing

P
m⌫ above 0.06 eV

29

Model/Dataset ⌦m H0 [km s�1 Mpc�1] H0rd [100 km s�1]
P

m⌫ [eV] w or w0 wa

⇤CDM+
PPP

m⌫

DESI BAO+CMB [Camspec] 0.3009 ± 0.0037 68.36 ± 0.29 100.96 ± 0.48 < 0.0642 — —

DESI BAO+CMB [L-H] 0.2995 ± 0.0037 68.48 ± 0.30 101.16 ± 0.49 < 0.0774 — —

DESI BAO+CMB [Plik] 0.2998 ± 0.0038 68.56 ± 0.31 101.09 ± 0.50 < 0.0691 — —

wCDM+
PPP

m⌫

DESI BAO+CMB 0.2943 ± 0.0073 69.28 ± 0.92 102.3 ± 1.3 < 0.0851 �1.039 ± 0.037 —

DESI BAO+CMB+Pantheon+ 0.3045 ± 0.0051 67.94 ± 0.58 100.35 ± 0.84 < 0.0653 �0.985 ± 0.023 —

DESI BAO+CMB+Union3 0.3047 ± 0.0059 67.93 ± 0.69 100.33 ± 0.99 < 0.0649 �0.985 ± 0.028 —

DESI BAO+CMB+DESY5 0.3094 ± 0.0049 67.34 ± 0.53 99.49 ± 0.78 < 0.0586 �0.961 ± 0.021 —

w0waCDM+
PPP

m⌫

DESI BAO+CMB 0.353 ± 0.022 63.7+1.7
�2.2 93.8+2.5

�3.2 < 0.163 �0.42+0.24
�0.21 �1.75 ± 0.63

DESI BAO+CMB+Pantheon+ 0.3109 ± 0.0057 67.54 ± 0.59 99.62 ± 0.86 < 0.117 �0.845 ± 0.055 �0.57+0.23
�0.19

DESI BAO+CMB+Union3 0.3269 ± 0.0088 65.96 ± 0.84 97.3 ± 1.2 < 0.139 �0.674 ± 0.090 �1.06+0.34
�0.28

DESI BAO+CMB+DESY5 0.3188 ± 0.0058 66.75 ± 0.56 98.43 ± 0.83 < 0.129 �0.758 ± 0.058 �0.82+0.26
�0.21

TABLE VII. Cosmological parameter constraints where the neutrino mass parameter is allowed to vary assuming a
P

m⌫ > 0
prior. Additionally, we include models with more general dark energy backgrounds beyond ⇤CDM. While we quote the 95%
upper limit for the neutrino mass parameter in eV units, we refer to the 68% credible interval for the rest of the parameters.
We quote the constraints for DESI and three di↵erent CMB likelihoods for ⇤CDM+

P
m⌫ ; in all other rows the label ‘CMB’

refers to use of the baseline CamSpec likelihood.
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FIG. 15. 1D marginalized posterior constraints on
P

m⌫ from
DESI DR2 BAO measurements combined with di↵erent CMB
likelihoods, assuming the ⇤CDM+

P
m⌫ model. We show the

1D posteriors for the CamSpec CMB likelihood (leading to the
tightest constraint) as well as the Plik and L-H CMB likeli-
hoods. We also show the posterior for the w0waCDM+

P
m⌫

model, using DESI and the CamSpec CMB. Other models and
datasets are presented in Table VII. The vertical dashed lines
and shaded regions indicate the minimum allowed

P
m⌫ val-

ues for (from left to right) the normal and inverted mass or-
dering scenarios, respectively.

of about 1 MeV; see, e.g., [34] for a review of neutrino cos-
mology. As the Universe expanded, neutrinos gradually
lost kinetic energy, behaving as radiation in the early Uni-
verse and transitioning to non-relativistic matter around
redshifts of z ⇠ 100 for realistic neutrino masses, there-
after influencing the late-time expansion history by con-
tributing to the matter component. The main e↵ect of
massive neutrinos on the CMB is to impact the angular
diameter distance to last scattering, which is degenerate
with the e↵ects of other cosmological parameters such as
⌦m and H0 (see, e.g., [163] for a recent discussion). Neu-
trinos also a↵ect the lensing of CMB anisotropies by sup-
pressing the growth of structure below the free-streaming
scale. BAO are not sensitive to the latter e↵ect at all, and
only probe the background geometry by constraining the
total matter density ⌦m and the parameter combination
H0rd, so DESI BAO alone cannot constrain the neutrino
masses. Nevertheless by breaking geometrical degenera-
cies, BAO significantly enhance the ability of the CMB
to constrain this parameter.

The upper limits on
P

m⌫ that we obtain from the
combination of DESI and CMB depend on the particu-
lar choice of the CMB likelihood used, since the various
likelihoods di↵er slightly in the amount of lensing power
they infer from the lensed TT , TE and EE power spec-
tra. This can be incorporated into a phenomenological
parameter AL that scales the model lensing power used to
compute the lensed power spectra (but not the power re-
constructed from the 4-point function), such that values
AL > 1 indicate an excess of lensing power, often referred
to as the ‘AL anomaly’. Increasing

P
m⌫ above 0.06 eV
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FIG. 7. Constraints on
P

m⌫ from our baseline data combination (DESI DR2 BAO with CMB) and with the addition of
di↵erent supernova datasets for ⇤CDM (left) and w0waCDM (right). The impact of the choice of SN dataset is significantly
greater in w0waCDM, while the choice of CMB likelihood is more important in ⇤CDM.

mass orderings. While this prescription o↵ers a natural
way to fold in prior information from neutrino oscilla-
tion experiments, it also leads to highly non-linear priors
for the heavier neutrino masses. If the same mechanism
is responsible for generating all three neutrino masses,
then a prior that is linear for all masses may be better
motivated.

From the combination of DESI BAO, CMB, and a
global fit to neutrino oscillation experiments (NuFIT 6.0)
[49], we obtain the following constraint on the lightest
neutrino mass,

ml < 0.023 eV (95%; NO or NO/IO), (21)

when assuming the normal mass ordering or in the gen-
eral case (NO/IO). When assuming the inverted mass
ordering, we find a very similar bound of

ml < 0.024 eV (95%; IO). (22)

This is a significant improvement with respect to a similar
analysis utilizing BOSS DR12 [163], Planck 2015 [164],
Pantheon SNe Ia [165], and BBN information [166], that
yielded ml < 0.086 eV (95%) [32]. The result may also
be compared with the constraint, ml < 0.040 eV [33]
from Planck 2018[34], BOSS DR12 [163], the DR7 Main
Galaxy Survey [167], and the Six-degree-Field Galaxy
Survey (6dFGS) [168].

In the general case, the data moderately prefer the nor-
mal mass ordering. Assuming ⇤CDM, we find a posterior
probability from DESI BAO + CMB + NuFIT of

P (NO) = 1 � P (IO) = 0.91. (23)

This corresponds to a Bayes factor of K = 10. The ev-
idence is slightly weaker for the alternative CMB likeli-
hoods (K = 6 for L-H and K = 8 for plik). Overall, this

analysis thus provides substantial evidence in support of
the normal mass ordering, under the assumption of the
⇤CDM +

P
m⌫ cosmology. See Fig. 6 for the marginal-

ized posterior distributions on the sum of neutrino masses
for the di↵erent mass ordering scenarios.

In a previous DESI analysis based on DR1 BAO data
[38], the upper limits for the normal and inverted mass or-
derings were determined by assuming a degenerate mass
spectrum (as in the baseline case here) and imposing
the additional prior that

P
m⌫ � 0.059 eV (NO) orP

m⌫ � 0.10 eV (IO). The posteriors obtained under
this approximation agree well in the tail of the distri-
bution. Consequently, we confirm that the approximate
procedure produces accurate 95% upper limits. In the
case of the normal ordering, we find

X
m⌫ < 0.101 eV (95%; NO), (24)

X
m⌫ < 0.105 eV (95%;

X
m⌫ � 0.059 eV), (25)

while in the case of the inverted mass ordering

X
m⌫ < 0.133 eV (95%; IO), (26)

X
m⌫ < 0.135 eV (95%;

X
m⌫ � 0.10 eV), (27)

thus validating the results from [38].

D. Impact of CMB likelihoods

We investigate the dependence of neutrino mass con-
straints on the Planck CMB likelihood, specifically com-
paring the plik, CamSpec and L-H combinations within

DESI DR2  
[2503.14743]
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FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.
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FIG. 4. Regions of the parameter space of the gauge U(1)X model excluded by several cosmological bounds for a value of the
mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed. Dotted
black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the

46
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FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.
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FIG. 4. Regions of the parameter space of the gauge U(1)X model excluded by several cosmological bounds for a value of the
mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed. Dotted
black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the

• thermalization of the dark sector: 

   ⇒ ⟨Γ(νν → Z′￼)⟩ ≳ H(T = mZ′￼
/3)

46
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FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.

103 104 105 106 107

v� [keV]

10�1

100

101

102

103

m
Z

�
[k

eV
] M

R


2
⇥

10
9

G
eV

M
R


7

⇥
10

13
G

eV

gX
=

10
�
1

gX
=

10
�
6

�
�
!

�
�

Ex
clu

de
d
by

�
fre

es
tre

am
in
g

Z
� $

� �

� � !
��

� �
dec.

&BBN� � $
Z

�

To
o

w
ea

kl
y

co
up

le
d

L
ep

to
ge

ne
si

s

Gauge
�
��� = 10�3

�

FIG. 4. Regions of the parameter space of the gauge U(1)X model excluded by several cosmological bounds for a value of the
mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed. Dotted
black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the

• 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)
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FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.
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FIG. 4. Regions of the parameter space of the gauge U(1)X model excluded by several cosmological bounds for a value of the
mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed. Dotted
black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the

• 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
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FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.
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FIG. 4. Regions of the parameter space of the gauge U(1)X model excluded by several cosmological bounds for a value of the
mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed. Dotted
black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the

•avoid thermalization of  prior 
neutrino decoupling due to 
oscillations 

• take into account effective 
potential due to self-interactions

χ

47

Neutrino mixing with massless states θνχ
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FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.
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FIG. 4. Regions of the parameter space of the gauge U(1)X model excluded by several cosmological bounds for a value of the
mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed. Dotted
black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the
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FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.
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FIG. 4. Regions of the parameter space of the gauge U(1)X model excluded by several cosmological bounds for a value of the
mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed. Dotted
black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the

upper range potentially testable in oscillation experiments

T. Ota, 2411.16356

       θνχ = 10−4        θνχ = 10−3        θνχ = 10−2        θνχ = 10−1

Neutrino mixing with massless states θνχ

10−4 ≲ θνχ ≲ 10−1
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FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.
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FIG. 4. Regions of the parameter space of the gauge U(1)X model excluded by several cosmological bounds for a value of the
mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed. Dotted
black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the

49

Constraints on heavy RH neutrinos

allowed

MR ≲ 1010 − 1014 GeV

• perturbativity of Yukawa  

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

YΦ NR χLΦ

λΦH |Φ |2 H†H
Φ
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• standard thermal LG works if  dominates over 
 

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

N → HL
N → ϕχ

χ Neff
⇒ TRH < MR TRH ≫ TEW
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FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.
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FIG. 4. Regions of the parameter space of the gauge U(1)X model excluded by several cosmological bounds for a value of the
mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed. Dotted
black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the

49

Constraints on heavy RH neutrinos

allowed

MR ≲ 1010 − 1014 GeV

• perturbativity of Yukawa  

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

YΦ NR χLΦ

λΦH |Φ |2 H†H
Φ

Comment on leptogenesis:
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FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.
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FIG. 4. Regions of the parameter space of the gauge U(1)X model excluded by several cosmological bounds for a value of the
mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed. Dotted
black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the

• SN cooling arguments for SN1987A exclude 
 

  

 
weaker than BBN constraint   

• Future galactic SN at 10 kpc: neutrino signal in 
HyperK from : sensitivity down to 
 
 

3 × 10−7 keV
mZ′￼

≲ λνν
Z′￼

≲ 10−4 keV
mZ′￼

λνν
Z′￼

≲ 10−7(keV/mZ′￼
)

Z′￼ → νν

λνν
Z′￼

∼ 10−9(keV/mZ′￼
)
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Signatures in a super nova

future gal. SN HyperK

Fiorillo, Raffelt, 
Vitagliano, 

2209.11773

Akita, Im, Masud, 2206.06852


