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Sterile neutrinos

Only 3 light neutrinos (                  ) couple to the Z boson :

Still additional light neutrino species without electroweak interactions may 
exist. These ‟sterile neutrinos” would interact only through their mixing  
with the ‟active neutrinos”                and affect their oscillations.

(eV-scale) sterile neutrinos have been invoked to explain experimental 
anomalies that cannot be accounted for within 3-flavour oscillations

Sterile neutrinos are present in models where the SM neutrino masses arise 
from their coupling to RH neutrinos with a Majorana mass. In the seesaw 
limit, the sterile neutrinos are very heavy and mix very weakly with the SM 
neutrinos. But in general, their masses may lie anywhere between the eV   
and the Grand Unification scale. Generic prediction : the lighter the sterile 
neutrinos, the stronger their mixing with active neutrinos

m⌫ < MZ/2
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Standard case (3 flavours)

Add a sterile neutrino :

lepton mixing matrix U = 4x4 unitary matrix

Only                  couple to electroweak gauge bosons, but all four mass 
eigenstates are produced in a weak process like beta decay

Active-sterile neutrino mixing

flavour eigenstate
mass eigenstate (     )

⌫s
⌫4

⌫e, ⌫µ, ⌫⌧

3x3 lepton mixing matrix (PMNS)

3 flavour eigenstates

⌫↵ =
3X

i=1

U↵i ⌫i
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New oscillation parameters :

Consider short baseline oscillations with
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Experimental status of oscillation anomalies

Short-baseline           disappearance experiments

The reactor antineutrino anomaly (RAA) [2011] 
New computation of the reactor     spectra [Th. Mueller et al., 2011 - P. Huber, 2011]
⇒ increase of the flux by about 3.5%
⇒ deficit of antineutrinos in SBL reactor experiments
Mean observed to predicted rate 0.943 ± 0.023 [G. Mention et al., arXiv:1101.2755]
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J.	Kopp,	JHEP	1305	(2013)	050	

Could be explained by an oscillation of  the νe flux toward a sterile 
neutrino in the eV Δm2 scale 
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(significance of 2.6 σ)



The Gallium anomaly

Calibration of the Gallex and SAGE experiments with radioactive sources
⇒ observed 3σ deficit of     with respect to predictions (R = 0.84 ± 0.05)

The reactor and gallium anomalies suggest oscillations into a sterile neutrino 
with                     and
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Figure 2. Allowed regions at 95% CL (2 dof) for 3+1 oscillations. We show SBL reactor data
(blue shaded), Gallium radioactive source data (orange shaded), ⌫e disappearance constraints
from ⌫e–12C scattering data from LSND and KARMEN (dark red dotted), long-baseline reac-
tor data from CHOOZ, Palo Verde, DoubleChooz, Daya Bay and RENO (blue short-dashed) and
solar+KamLAND data (black long-dashed). The red shaded region is the combined region from all
these ⌫e and ⌫̄e disappearance data sets.

source data in Tab. 5. For these two cases we find an improvement of 5.3 and 3.8 units in
�2, respectively, when going from the 3+1 scenario to the 3+2 case. Considering that the
3+2 model has two additional parameters compared to 3+1, we conclude that there is no
improvement of the fit beyond the one expected by increasing the number of parameters,
and that SBL

(–)

⌫ e data sets show no significant preference for 3+2 over 3+1. This is
also visible from the fact that the confidence level at which the no oscillation hypothesis is
excluded does not increase for 3+2 compared to 3+1, see the last columns of Tabs. 4 and 5.
There the ��2 is translated into a confidence level by taking into account the number of
parameters relevant in each model, i.e., 2 for 3+1 and 4 for 3+2.

3.3 Global data on ⌫e and ⌫̄e disappearance

Let us now consider the global picture regarding
(–)

⌫ e disappearance. In addition to the
short-baseline reactor and Gallium data discussed above, we now add data from the fol-
lowing experiments:

• The remaining reactor experiments at a long baseline (“LBL reactors”) and the very
long-baseline reactor experiment KamLAND, see table 3.

• Global data on solar neutrinos, see appendix C for details.

• LSND and KARMEN measurements of the reaction ⌫e + 12C ! e� + 12N [91, 92].
The experiments have found agreement with the expected cross section [93], hence

– 12 –

�m2
41 & 1 eV2
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Recent results on the reactor antineutrino anomaly

Kopeikin et al. (arXiv:2103.01684): new computation of the reactor      
spectra using recent measurements at the Kurchatov Institute (KI). Find a 
smaller         antineutrino flux than Mueller and Huber, in agreement with the 
dependence of the antineutrino flux on the fuel composition (proportion of
                                    ) observed by the Daya Bay and RENO experiments, 
and confirmed by PROSPECT and STEREO.

⇒ the significance of the RAA decreases to 1.1 σ [similar conclusion with an 
independent flux computation by Estienne et al. (2019) using a different method]
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(a) EF model [18]: no RAA (1.2�).
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(b) HKSS model [22]: RAA (2.9�).
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(c) KI model [24]: no RAA (1.1�).
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(d) HKSS-KI model: no RAA (1.5�).

FIG. 3. Ratio of measured and expected IBD yields for the reactor experiments considered in our analysis as a function of the
reactor-detector distance L for the EF, HKSS, KI, and HKSS-KI models. The error bars show the experimental uncertainties.
The horizontal green bands show the average ratio R and its uncertainty that we obtained for each model.

average ratio of observed
to predicted rates

Giunti et al.,
 arXiv:2110.06820



Searches for short-baseline     disappearance

NEOS, DANSS, STEREO and PROSPECT exclude a significant portion of the 
reactor antineutrino anomaly parameter space

⇒ the reactor antineutrino anomaly is disfavored by SBL reactor experiments 
and no longer supported by reactor antineutrino flux computations

⌫̄e
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Figure 1 – Exclusion and sensitivity contours from (top left) Stereo 12, (top right) PROSPECT 13 and (bottom)
DANSS 14, showing strong rejection of the RAA best-fit point as well as a large surrounding region.

4 Spectral analysis

For the experiments at HEU reactors, the spectral analysis has been developped for two
main purposes: i) to investigate the 235U contribution to the event excess around 5 MeV, and
ii) to provide an experimental reference to the community, since the current prediction fails to
reproduce the experimental data in this specific region. Therefore, the measured energy spectra
have been unfolded and expressed as a function of the antineutrino energy.

4.1 Analysis of Stereo data

The unknown unfolded spectrum is parametrized by a set of parameters �i (one per E⌫

bin i) and is folded into measured-energy space through the experimental response matrix R.
There, it is fitted against the measured spectrum D, using one of the following two methods:
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Fig. 2 Results of the Stereo oscillation analysis. The exclusion contour (solid red)
and exclusion sensitivity contour (dashed red) at 95% CL are shown in the plane of the
sterile neutrino parameters: the oscillation amplitude, sin2(2✓ee), related to sterile-active
neutrinos mixing angle ✓ee, and the oscillation frequency, �m2

41, which is also the di↵erence
of the square masses of the additional neutrino mass eigenstate and the lightest one. High
values of sin2(2✓ee) are exluded (right of the exclusion curve). These results are derived in a
2D Feldman-Cousins framework (red). We verify our conclusions by following an alternative
statistical prescription, the Gaussian CLs method [30], which yields a very similar exclusion
contour (blue). The 95% CL parameter space regions of the sterile neutrino as an explanation
of the RAA (grey area) is rejected by Stereo below mass splittings of 4 eV2. The initial
RAA best fit point, marked by a star, is rejected with very high confidence level (p-value
< 10�4).



Update on the gallium anomaly

Recently confirmed by the BEST experiment (arXiv:2109.11482), with an 
increased statistical significance of 4σ

Oscillation explanation requires
a large active-sterile mixing,
                     , in conflict with
reactor data for
and with solar neutrino data,
which excludes
at 2σ 

⇒ very confusing situation
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FIG. 4. Left: confidence regions at 68.27%, 95.45%, 99.73% CL (1, 2, 3�, respectively) for the

Feldman-Cousins analysis (bands), where the bands indicate the 99% confidence spread of the

contour for 105 runs due to the finite size of our MC sample (see appendix B.3). Dash-dotted

curves are obtained under the assumption of Wilks’ theorem (2 dof). Right: FC confidence regions

for gallium, reactor, and solar data at 2�. We superimpose the 95% exclusion limit from the

KATRIN collaboration [48] (this curve fixes the lightest neutrino mass to zero) and the Wilks’

95% exclusion limit (2 dof) from ⌫e-12C scattering from the LSND and KARMEN experiments

[42, 43], taken from ref. [55]. Dash-dotted lines are extrapolations assuming constant sensitivity in

the mixing.

IV. GLOBAL FIT RESULTS AND CONSISTENCY TESTS

In this section, we combine the reactor and gallium data discussed in sections II and III,
respectively, and study their consistency. In addition, we take into account information
from solar neutrinos, which provides an important constraint on large mixing angles. The
solar-neutrino analysis adopted here is based on the simplified �

2 construction from ref. [58],
which o↵ers an e�cient way to include solar neutrino data in a MC study. We refer the
interested reader to that reference for details; a brief summary is provided in appendix A.6.

Table I shows the value of the �
2 per dof for the combination of reactor data, and the

combination of reactor + solar, and reactor + gallium. The mild di↵erences between the
values of the �

2
min in the last three rows of the table indicate that the usual goodness-of-

fit test would not provide any insights concerning the mutual consistency of the di↵erent
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KATRIN collaboration [48] (this curve fixes the lightest neutrino mass to zero) and the Wilks’
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the mixing.

IV. GLOBAL FIT RESULTS AND CONSISTENCY TESTS

In this section, we combine the reactor and gallium data discussed in sections II and III,
respectively, and study their consistency. In addition, we take into account information
from solar neutrinos, which provides an important constraint on large mixing angles. The
solar-neutrino analysis adopted here is based on the simplified �

2 construction from ref. [58],
which o↵ers an e�cient way to include solar neutrino data in a MC study. We refer the
interested reader to that reference for details; a brief summary is provided in appendix A.6.

Table I shows the value of the �
2 per dof for the combination of reactor data, and the

combination of reactor + solar, and reactor + gallium. The mild di↵erences between the
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Short-baseline appearance experiments [          appearance in a           beam]

LSND (1993-1998) [     beam,                ]

Excess of      events over background at 3.8 σ
interpreted by LSND as               oscillations

Not observed by KARMEN

MiniBooNE (2002-2017) [               ,                 ] 

Designed to test the LSND anomaly with
a different L but a similar L/E

2002-2012 : inconclusive/contradictory results

Full 2002-2019 data : excess of           CC events
both in the    and    modes (4.8 σ in total), mainly
in the low-energy region, consistent with LSND

    ➞ suggests                                    oscillations
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  plane (2-neutrino fit) - hep-ex/0203021]
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FIG. 14: Comparison of oscillation searches performed by different short baseline experiments.

both experimental results. At high∆m2 values, the LSND solutions are in clear contradiction

with the KARMEN upper limit.

VIII. CONCLUSION

Results based on the entire KARMEN2 data set collected from 1997 through to 2001

have been presented. The extracted candidate events for ν̄e are in excellent agreement with

background expectations showing no signal for ν̄µ→ ν̄e oscillations. A detailed likelihood

analysis of the data leads to upper limits on the oscillation parameters sin2(2Θ) and ∆m2

excluding parameter regions not explored analyzed by other experiments.
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2002-2019 MiniBooNE results
MiniBooNE + LSND excesses :

6.1 σ significance

[M
iniBooN

E C
ollaboration, arX

iv:2006.16883]

Oscillation interpretation requires a 
4th massive neutrino in the eV range

However, this interpretation is
essentially excluded by
disappearance data :

• MINOS/MINOS+ (long-baseline 
oscillation experiment)

• IceCube (neutrino telescope 
located under the Antarctic ice: 
atmospheric neutrino data)
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FIG. 20: MiniBooNE allowed regions for combined neutrino mode (18.75 ⇥ 1020 POT) and an-

tineutrino mode (11.27 ⇥ 1020 POT) data sets for events with 200 < EQE
⌫ < 3000 MeV within

a two-neutrino oscillation model. The shaded areas show the 90% and 99% C.L. LSND ⌫̄µ ! ⌫̄e

allowed regions. The black point shows the MiniBooNE best fit point. Also shown are 90% C.L.

limits from the KARMEN [26] and OPERA [27] experiments.

Single-gamma backgrounds from external neutrino interactions (“dirt” backgrounds) are

estimated using topological and spatial cuts to isolate the events whose vertices are near the

edge of the detector and point towards the detector center [30]. The external event back-

ground estimate has been confirmed by measuring the absolute time of signal events relative

to the proton beam microstructure (52.81 MHz extraction frequency), which corresponds to

buckets of beam approximately every 18.9 ns. Fig. 24 shows that the event excess peaks

in the 8 ns window associated with beam bunch time, as expected from neutrino events in

the detector, and is inconsistent with external neutrino events or beam-o↵ events, which

would be approximately flat in time. Also, the observed background level outside of the

beam agrees well with the predicted background estimate. In addition, good agreement is

obtained for the event excess with cos ✓ > 0.9. The timing reconstruction performed here is
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buckets of beam approximately every 18.9 ns. Fig. 24 shows that the event excess peaks
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the detector, and is inconsistent with external neutrino events or beam-o↵ events, which

would be approximately flat in time. Also, the observed background level outside of the

beam agrees well with the predicted background estimate. In addition, good agreement is

obtained for the event excess with cos ✓ > 0.9. The timing reconstruction performed here is

20



MINOS/MINOS+ :  long-baseline oscillation experiment (Lnear = 1.04 km,
Lfar= 735 km). Has analyzed both charged current data (           disappearance)  
and neutral current data, which is sensitive to the total flux of active 
neutrinos, hence to              oscillations

IceCube : a sterile neutrino in the eV range would affect the survival 
probability of atmospheric      passing through the Earth (MSW resonance)
⇒ sensitivity to           and

⌫µ ! ⌫s
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FIG. 5. Constraints on the 3 + 1 scenario from ⌫µ/⌫̄µ disappearance. We show the allowed
parameter regions, projected onto the plane spanned by the mixing matrix element |Uµ4|2 and
the mass squared di↵erence �m

2
41. Note that the exclusion limit from NO⌫A is still too weak

to appear in the plot. It is, however, included in the curve labelled “combined”, which includes
all data listed in table IV. The curve labelled DC+SK+IC combines all our atmospheric neutrino
data; for this bound we have fixed the parameters ✓12, ✓13, ✓14 but minimize with respect to all other
mixing parameters, including complex phases. For comparison, we also show the parameter region
favoured by ⌫e disappearance and ⌫µ ! ⌫e appearance data (using LSND DaR+DiF), projected
onto the |Uµ4|2–�m

2
41 plane; we show the allowed regions for the analyses with fixed and free

reactor neutrino fluxes.

therein. Our results are shown in fig. 5 as a function of the mixing matrix element |Uµ4|2
and the mass squared di↵erence �m

2
41. The plot reveals strong limits of order |Uµ4|2 . 10�2

across a wide range of �m
2
41 values from ⇠ 2 ⇥ 10�1 eV2 to ⇠ 10 eV2. MINOS/MINOS+

gives an important contribution in most of the parameter space. The strong constraint from
atmospheric neutrino data at �m

2
41 . 1 eV2 is dominated by IceCube. At large masses,

MiniBooNE and to some extent CDHS are competitive with the MINOS/MINOS+ bound.
Comparing to the parameter region preferred by appearance and ⌫e/⌫̄e disappearance data
(which includes the oscillation anomalies), we see dramatic tension. Given the constraints
on Ue4 from reactor experiments, the values of sin2 2✓µe ⌘ 4|Ue4|2|Uµ4|2 required by LSND
and MiniBooNE can only be reached if |Uµ4| is large. This, however, is clearly disfavoured
by multiple ⌫µ/⌫̄µ disappearance null results. This is the origin of the severe tension in the
global fit we are going to report below. As we are going to discuss, this tension has become

very robust and does not rely on any single
(–)

⌫ µ disappearance data set.
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Origin of the conflict between appearance (LSND + MiniBooNE) and 
disappearance experiments (reactors, accelerators, IceCube…)

Reactors :

require relatively small

MINOS, IceCube… :                 disappearance not observed

require relatively small

Appearance experiments (LSND + MiniBooNE) :

require relatively large

P⌫̄e!⌫̄e ' 1� sin2 2✓ee sin
2

✓
�m2

41L

4E

◆

sin2 2✓ee ⌘ 4 (1� |Ue4|2)|Ue4|2 ' 4 |Ue4|2

(                  excluded by SNO)

sin2 2✓µµ ⌘ 4 (1� |Uµ4|2)|Uµ4|2 ' 4 |Uµ4|2

(                 excluded by SK and LBL experiments)|Uµ4|2 ⇡ 1
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Quantifying the tension between appearance and disappearance data

                                              plane 

(M. Dentler et al., arXiV:1803.10661)
[M
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FIG. 7. Appearance versus disappearance data in the plane spanned by the e↵ective mixing angle
sin2 2✓µe ⌘ 4|Ue4Uµ4|2 and the mass squared di↵erence �m

2
41. The blue curves show limits from

the disappearance data sets using free reactor fluxes (solid) or fixed reactor fluxes (dashed), while
the shaded contours are based on the appearance data sets using LSND DaR+DiF (red) and LSND
DaR (pink hatched). All contours are at 99.73% CL for 2 dof.

two additional free parameters.
We would now like to quantify the tension between di↵erent subsets of the global data

that is evident from fig. 5. We first note that combining all data sets we find a goodness-of-fit
for the global best fit point around 65%, see table VI. This good p-value does not reflect the
tension we found because many data points entering the global fit have only little sensitivity
to sterile neutrino oscillations, thus diluting the power of a goodness-of-fit test based on
�
2
/dof.
A more reliable method for quantifying the compatibility of di↵erent data sets is the

parameter goodness-of-fit (PG) test [92], which measures the penalty in �
2 that one has to

pay for combining data sets, see appendix A for a brief review of this test. If the global
neutrino oscillation data were consistent when interpreted in the framework of a 3 + 1
model, any slicing into two statistically independent data sets A and B should result in an
acceptable p-value from the PG test. To illustrate an inconsistency in the data, it is however
su�cient to demonstrate that at least one way of dividing it leads to a poor value. Here,
we choose to split the data into disappearance data encompassing the oscillation channels
(–)

⌫ e !
(–)

⌫ e and
(–)

⌫ µ !
(–)

⌫ µ, and appearance data covering the
(–)

⌫ µ !
(–)

⌫ e channel. Note that
it is important to chose data sets independent of their “result”. For instance, dividing data
into “evidence” and “no-evidence” samples would bias the PG test.

The tension between appearance and disappearance data is shown graphically in fig. 7.
The figure illustrates the lack of overlap between the parameter region favoured by ap-
pearance data (driven by LSND and MiniBooNE) and the strong exclusion limits from
disappearance data. The tension persists independently of whether reactor fluxes are fixed
or kept free, and whether the LSND DaR or DaR+DiF samples are used. The corresponding
results from the PG test are shown in the last two columns of table VI. To evaluate the

red region is allowed at 3σ 
by appearance data

[pink hatched: without LSND DiF]

blue curve defines 3σ excluded
region by disappearance data

[dashed = fixed reactor fluxes]

�
sin2 2✓µe ⌘ 4|Ue4Uµ4|2, �m2

41

�
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➞ sterile neutrino interpretation of LSND and MiniBooNE data
    excluded at the 4.7 σ level

This tension persists for 2 sterile neutrinos [M. Maltoni at Neutrino 2018]



Cosmological constraints on sterile neutrinos

Cosmological measurements constrain the number of stable, relativistic 
degrees of freedom (other than photons) in the early Universe :

A given species contributes to Neff proportionally to its contribution to the 
relativistic energy density (normalization : Neff = 1 for a neutrino)

The Standard Model value, due to neutrinos, is
[not exactly 3, since neutrino decoupling is not fully completed when e+ and e- annihilate]

In the presence of a sterile neutrino, the cosmological constraint becomes :

A sterile neutrino with the mixing angles suggested by oscillation anomalies 
would be fully thermalized and contribute as
➞ strongly disfavored by standard cosmology [at 6σ according to Planck]

Ways out : non-standard cosmological model, sterile neutrino interactions 
that would prevent thermalization… however no compelling proposal so far

Planck Collaboration: Cosmological parameters

Fig. 36. Constraints on additional relativistic particles. Top: Evolution of the e↵ective degrees of freedom for Standard Model
particle density, g⇤, as a function of photon temperature in the early Universe. Vertical bands show the approximate temperature
of neutrino decoupling and the QCD phase transition, and dashed vertical lines denote some mass scales at which corresponding
particles annihilate with their antiparticles, reducing g⇤. The solid line shows the fit of Borsanyi et al. (2016) plus standard evolution
at T� < 1 MeV, and the pale blue bands the estimated ±1� error region from Saikawa & Shirai (2018). Numbers on the right indicate
specific values of g⇤ expected from simple degrees of freedom counting. Bottom: Expected �Ne↵ today for species decoupling
from thermal equilibrium as a function of the decoupling temperature, where lines show the prediction from the Borsanyi et al.
(2016) fit assuming a single scalar boson (g = 1, blue), bosons with g = 2 (e.g., a massless gauge vector boson, orange), a Weyl
fermion with g = 2 (green), or fermions with g = 4 (red). One-tailed 68 % and 95 % regions excluded by Planck TT,TE,EE
+lowE+lensing+BAO are shown in gold; this rules out at 95 % significance light thermal relics decoupling after the QCD phase
transition (where the theoretical uncertainty on g⇤ is negligible), including specific values indicated on the right axis of �Ne↵ =
0.57 and 1 for particles decoupling between muon and positron annihilation. At temperatures well above the top quark mass and
electroweak phase transition, g⇤ remains somewhat below the naive 106.75 value expected for all the particles in the Standard
Model, giving interesting targets for �Ne↵ that may be detectable in future CMB experiments (see e.g. Baumann et al. 2017).

found without lensing and BAO data. Although the mass con-
straint is almost unchanged, varying Ne↵ does allow for larger
Hubble parameters, as shown in Fig. 34. However, as discussed
in PCP15 and the previous section, this does not substantially
help to resolve possible tensions with �8 measurements from
other astrophysical data.

The second case that we consider is massive sterile neu-
trinos combined with standard active neutrinos having a
minimal-mass hierarchy, parameterizing the sterile mass by
m

e↵
⌫, sterile ⌘ ⌦⌫,sterileh

2(94.1 eV) as in PCP13 and PCP15. The
physical mass of the sterile neutrino in this case is m

thermal
sterile =

(�Ne↵)�3/4
m

e↵
⌫, sterile assuming a thermal sterile neutrino, or

m
DW
sterile = (�Ne↵)�1

m
e↵
⌫, sterile in the case of production via the

mechanism described by Dodelson & Widrow (1994). For low
�Ne↵ the physical mass can therefore become large, in which
case the particles behave in the same way as cold dark matter.
In our grid of parameter chains we adopt a prior that m

thermal
sterile <

10 eV (and necessarily �Ne↵ � 0) to exclude parameter space
that is degenerate with a change in the cold dark matter density;

as we show in Fig. 37, detailed constraints will depend on this
choice of prior. Assuming m

thermal
sterile < 10 eV we find

Ne↵ < 3.29,

m
e↵
⌫, sterile < 0.65 eV,

9>>=
>>;

95 %, Planck TT,TE,EE+lowE
+lensing+BAO, (70a)

or adopting a stronger prior of m
thermal
sterile < 2 eV, we obtain the

stronger constraint

Ne↵ < 3.34,

m
e↵
⌫, sterile < 0.23 eV,

9>>=
>>;

95 %, Planck TT,TE,EE+lowE
+lensing+BAO. (70b)

The mass constraint in Eq. (70a) actually appears weaker than
in PCP15; this is because the change in optical depth reduces
the high-Ne↵ parameter space, and the remaining lower-Ne↵ pa-
rameter space has significant volume associated with models
having relatively large m

e↵
⌫, sterile (close to the m

thermal
sterile prior cut).
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Planck Collaboration: Cosmological parameters

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

where gs is the e↵ective degrees of freedom for the entropy of
the other thermalized relativistic species that are present when
they decouple.33 Examples range from a fully thermalized ster-
ile neutrino decoupling at 1 <

⇠
T <
⇠

100 MeV, which produces
�Ne↵ = 1, to a thermalized boson decoupling before top quark
freeze-out, which produces �Ne↵ ⇡ 0.027.

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

The 2018 Planck data are still entirely consistent with Ne↵ ⇡
3.046, with the new low-` polarization constraint lowering the
2015 central value slightly and with a corresponding 10 % re-
duction in the error bar, giving

Ne↵ = 3.00+0.57
�0.53 (95 %, Planck TT+lowE), (66a)

Ne↵ = 2.92+0.36
�0.37 (95 %, Planck TT,TE,EE+lowE), (66b)

with similar results including lensing. Modifying the relativis-
tic energy density before recombination changes the sound hori-
zon, which is partly degenerate with changes in the late-time ge-
ometry. Although the physical acoustic scale measured by BAO
data changes in the same way, the low-redshift BAO geometry
helps to partially break the degeneracies. Despite improvements

33For most of the thermal history gs ⇡ g⇤, where g⇤ is the e↵ective
degrees of freedom for density, but they can di↵er slightly, for example
during the QCD phase transition (Borsanyi et al. 2016) .

in both BAO data and Planck polarization measurements, the
joint Planck+BAO constraints remain similar to PCP15:

Ne↵ = 3.11+0.44
�0.43 (95 %, TT+lowE+lensing+BAO); (67a)

Ne↵ = 2.99+0.34
�0.33

(95 %, TT,TE,EE+lowE+lensing
+BAO). (67b)

For Ne↵ > 3.046 the Planck data prefer higher values of the
Hubble constant and fluctuation amplitude,�8, than for the base-
⇤CDM model. This is because higher Ne↵ leads to a smaller
sound horizon at recombination and H0 must rise to keep the
acoustic scale, ✓⇤ = r⇤/DM, fixed at the observed value. Since
the change in the allowed Hubble constant with Ne↵ is associ-
ated with a change in the sound horizon, BAO data do not help to
strongly exclude larger values of Ne↵ . Thus varying Ne↵ allows
the tension with Riess et al. (2018a, R18) to be somewhat eased,
as illustrated in Fig. 35. However, although the 68 % error from
Planck TT,TE,EE+lowE+lensing+BAO on the Hubble parame-
ter is weakened when allowing varying Ne↵ , it is still discrepant
with R18 at just over 3�, giving H0 = (67.3±1.1) km s�1Mpc�1.
Interpreting this discrepancy as a moderate statistical fluctuation,
the combined result is

Ne↵ = 3.27 ± 0.15

H0 = (69.32 ± 0.97) km s�1Mpc�1

9>=
>;

68 %, TT,TE,EE
+lowE+lensing
+BAO+R18.

(68)

However, as explained in PCP15, this set of parameters requires
an increase in �8 and a decrease in ⌦m, potentially increas-
ing tensions with weak galaxy lensing and (possibly) cluster
count data. Higher values for Ne↵ also start to come into ten-
sion with observational constraints on primordial light element
abundances (see Sect. 7.6).

Restricting ourselves to the more physically motivated
models with �Ne↵ > 0, the one-tailed Planck TT,TE,EE
+lowE+lensing+BAO constraint is �Ne↵ < 0.30 at 95 %. This
rules out light thermal relics that decoupled after the QCD phase
transition (although new species are still allowed if they decou-
pled at higher temperatures and with g not too large). Figure 36
shows the detailed constraint as a function of decoupling tem-
perature, assuming only light thermal relics and other Standard
Model particles.

7.5.3. Joint constraints on neutrino mass and Ne↵

There are various theoretical scenarios in which it is possible to
have both sterile neutrinos and neutrino mass. We first consider
the case of massless relics combined with the three standard de-
generate active neutrinos, varying Ne↵ and

P
m⌫ together. The

parameters are not very correlated, so the mass constraint is sim-
ilar to that obtained when not also varying Ne↵ . We find:

Ne↵ = 2.96+0.34
�0.33,X

m⌫ < 0.12 eV,

9>>=
>>;

95 %, Planck TT,TE,EE+lowE
+lensing+BAO. (69)

The bounds remain very close to the bounds on either Ne↵
(Eq. 67b) or

P
m⌫ (Eq. 63b) in 7-parameter models, showing that

the data clearly di↵erentiate between the physical e↵ects gener-
ated by the addition of these two parameters. Similar results are
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�Ne↵ = 1
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Ne↵ = 3.044



Conclusions on sterile neutrinos

-     disappearance: the reactor antineutrino anomaly is fading away, but the 
gallium anomaly is reinforced by the BEST results, which are in tension with 
solar neutrino and reactor data

-     appearance (LSND, MiniBooNE) is in strong conflict with disappearance 
experiments. Also, MicroBooNE has excluded the possibility that the low-
energy excess of MiniBooNE be due to e+/e-. Might be due to an unidentified 
background process or to some new physics other than oscillations

- will be tested by the short baseline accelerator neutrino program at 
Fermilab (SBN), consisting of a near detector (SBND, 110 m), MicroBoone 
(470 m) and a far detector (ICARUS, 600 m)

- eV-scale sterile neutrino with significant mixing with active neutrinos are 
disfavored by cosmology

- heavier sterile neutrinos (keV,  MeV,  GeV,  TeV and above) are a less 
constrained possibility and may play a role in the origin of SM neutrino 
masses, dark matter and the baryon asymmetry of the Universe
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Potential signatures of low-scale neutrino mass generation

The new physics responsible for neutrino masses may be light if the new 
particles couplings to leptons (and/or to the Higgs) are small

Type-I seesaw: no model-independent prediction for the RH neutrino masses
Can lie anywhere between the GeV scale and        GeV, or even below
(same for the scalar triplet of the type-II seesaw mechanism)

If around the electroweak/TeV scale, can be produced at colliders through
their mixing with the SM neutrinos (GeV-scale RH/sterile neutrinos can also
be produced in beam-dump experiments like SHiP) 

<latexit sha1_base64="inTeY1Rg8pm2DsLv1Ip3q7Jmy+w="></latexit>
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Direct Searches 
rely on decay 

channels+lifetime dictated 
by active-sterile mixing
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Figure 2: The tree-level diagrams for the production of a heavy Majorana neutrino (N) in the LRSM model, in
which heavy gauge bosons WR and Z0 are also incorporated. Lepton flavour is denoted by ↵ and �. Lepton flavour
is assumed to be conserved, such that ↵ = �. The WR boson produced from the N decay is o↵-shell and, in this
case, decays hadronically.

mWR � mN > 0.3 TeV at 95% confidence level (CL) [17]. A more recent search performed by CMS has
excluded mWR < 3.0 TeVfor mWR � mN > 0.05 TeV at 95% CL [18]. There are no such limits for the
production of heavy neutrinos from Z0 boson decays.

Both the mTISM and LRSM models produce final states containing two same-sign leptons and high-pT
jets, but the kinematic characteristics of the events are quite di↵erent. In the mTISM final state, one can
reconstruct the resonant SM W boson from the jets originating from the tree-level qq̄ pair, whereas in
the LRSM final states, one can instead reconstruct the masses of the heavy gauge bosons. Furthermore,
the energy scales of the two models are largely separate. The energy scale of mTISM final states is set
by the heavy neutrino mass, which, based on the LEP constraints [10, 11], is assumed to be greater than
100 GeV. Instead, the energy scale of LRSM final states is set by the masses of the heavy bosons, which,
motivated by the earlier heavy neutrino searches, are assumed to be greater than 400 GeV. For these
reasons, the event selection criteria are optimised separately for each model, although a common object
selection is used in both cases.

2 The ATLAS detector

The ATLAS detector [19] surrounds the interaction point and covers nearly the entire solid angle. The
detector consists of an inner detector (ID) tracking system, electromagnetic and hadronic calorimeters,
and a muon spectrometer (MS) that surrounds the other detector systems. The ID tracking system consists
of a silicon pixel detector, a silicon microstrip tracker, both covering |⌘| < 2.5, and a transition radiation
tracker covering |⌘| < 2.0. The ID tracker is immersed in a 2 T axial magnetic field provided by a
superconducting solenoid magnet. The electromagnetic accordion calorimeter is composed of lead and
liquid-argon (LAr) and provides coverage for |⌘| < 3.2. Hadronic calorimetry is provided by steel and
scintillator tile calorimeters for |⌘| < 1.7 and copper and LAr calorimeters for 1.5 < |⌘| < 3.2. Additional
LAr calorimeters with copper and tungsten absorbers cover the forward region. The MS consists of
dedicated trigger chambers covering |⌘| < 2.4 and precision tracking detectors covering |⌘| < 2.7. A
system of three superconducting toroids (one in the barrel, two in the end-caps), with eight coils each,

4

(same-sign) are considered as there is a smaller expected SM background for pairs of same-sign leptons
than for pairs of leptons of opposite charge (opposite-sign). The search includes the ee and µµ final
states.

qa

q̄b

(W±)�

W�

N

l±�

l±�

qc

q̄d

Figure 1: The tree-level diagram for the production of a heavy Majorana neutrino (N) in the mTISM model. Lepton
flavour is denoted by ↵ and �. Lepton flavour is assumed to be conserved, such that ↵ = �. The W boson produced
from the N decay is on-shell and, in this case, decays hadronically.

The search is guided by two theoretical models. In the first model, the SM is extended in the simplest way
to include right-handed neutrinos [8], such that light neutrino masses are generated by a Type-I seesaw
mechanism or by radiative corrections [9]. In this minimal Type-I seesaw mechanism (mTISM), the
heavy Majorana neutrinos, N, can be produced via an o↵-shell W boson, pp ! (W±)⇤ ! `±N. Due to
previous limits [10, 11], the heavy neutrino is assumed to be more massive than the W boson and therefore
subsequently decays to an on-shell W boson and a lepton. The on-shell W boson produced in the decay
of the heavy neutrino predominantly decays into a quark–antiquark (qq̄) pair. The final state in this case
contains two opposite-sign or same-sign leptons and at least two high-pT jets, where pT is the transverse
momentum with respect to the beam direction.1 The tree-level process is illustrated in figure 1. The free
parameters in this model are the mixing between the heavy Majorana neutrinos and the Standard Model
neutrinos, V`N , and the masses of the heavy neutrinos, mN . In this framework, LEP has set direct limits
for mN < mZ [10, 11] and CMS has set direct limits for 90 < mN < 200 GeV in ee final states [12] and
40 < mN < 500 GeV in µµ final states [13].

The second model is the left-right symmetric model (LRSM) [4, 14–16], where a right-handed symmetry
SU(2)R is added to the SM. The symmetry SU(2)R is assumed to be the right-handed analogue of the
SM SU(2)L symmetry. In this model, heavy gauge bosons VR = {WR,Z0} are also predicted and, in this
analysis, the heavy gauge bosons are assumed to be more massive than the heavy neutrinos, such that they
are kinematically allowed to decay into final states including heavy neutrinos. These can be produced in
the decays of heavy gauge bosons according to WR ! N` and Z0 ! NN and can subsequently decay via
an o↵-shell WR boson into a lepton and a qq̄ pair, N ! `W⇤R with W⇤R ! qq̄0. The tree-level processes
are shown in figure 2. A previous ATLAS search in this framework has excluded mWR < 2.3 TeV for

1 ATLAS uses a right-handed coordinate system, with its origin at the nominal interaction point in the centre of the detector.
The z-axis points along the beam direction, the x-axis from the interaction point to the centre of the LHC ring, and the y-axis
upwards. In the transverse plane, cylindrical coordinates (r, �) are used, where � is the azimuthal angle around the beam
direction. The pseudorapidity ⌘ is defined via the polar angle ✓ as ⌘ = � ln tan (✓/2) .
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Heavy neutral leptons

Heavy neutral leptons (HNLs) = sterile neutrinos with GeV-TeV scale masses, 
remnants of a low-scale neutrino mass generation mechanism (type-I or inverse 
seesaw), which could be produced at colliders

Sterile ⇒ only interact through their mixing with active neutrinos, resulting in 
the effective couplings to the W and Z bosons

                                    = active-sterile neutrino mixing

Thus N may be produced in W and Z decays (or via off-shell W or Z bosons), 
and their decays are also mediated by (on- or off-shell) W and Z bosons

⇒ both the N production cross section and decay rate are suppressed by

<latexit sha1_base64="TxOz1B4FEhtEiLYl+jXZIZScEOY="></latexit>

LN = � 1
2 MN N̄N +

⇣
gp
2
U↵N W�

µ
¯̀
↵�µN + g

2 cos ✓W
U↵N Zµ⌫̄↵�µN + h.c.

⌘

<latexit sha1_base64="dhsocz9A8AE5a6uHG4JxAGLeyz0="></latexit>

U↵N (U↵4)
<latexit sha1_base64="kBJAlyoLKYgAaKTPlO5kDN7qWBo="></latexit>

(↵ = e, µ, ⌧)

<latexit sha1_base64="cu4rHmO+M1Lgq654oEkmHOBqgHU="></latexit>

N ! l±W⌥ ! l±jj or l±l0⌥⌫l0
<latexit sha1_base64="40DaQeAB3Ye8nQx+6Ayf2Oe78lk="></latexit>

N ! ⌫Z ! ⌫jj or l±l⌥⌫l0 or ⌫⌫̄⌫
<latexit sha1_base64="pazgRovxutirptzPnbEojcYEdIc="></latexit>

|U↵N |2



Constraints on / sensitivity to heavy neutral leptons

        Warning: LHC constraints not up to date / some future experiments missing,
                     LBNE = obsolete for DUNE (near detector)

[earlier derivations of current constraints:  Atre et al. (arXiv:0901.3589), Mitra et al. (arXiv:1108.0004)] 
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Figure 3. Limits on the mixing between the electron neutrino and a single heavy
neutrino in the mass range 100 MeV - 500 GeV. For details, see text.

the interpolating formula (11) allows us to calculate the 0⌫�� half-life for arbitrary

heavy neutrino masses using the NMEs M0⌫
⌫ (light) and M

0⌫
N (heavy) [158,159].

Using the combined 90% C.L. limit on 0⌫�� half-life T 0⌫
1/2(

76Ge) � 3⇥ 1025 yr from

GERDA+Heidelberg-Moscow experiment [160], we derive from the second term in (11)

upper limits on |VeN |
2 as a function of a generic heavy neutrino mass MN . Our results

are shown in Figure 3, where the shaded (orange) region between the solid and dashed

lines, labeled ‘GERDA’, shows the uncertainty due to NMEs [159, 161]. Here we have

used the recently re-evaluated phase-space factors [162] and the NMEs from a recent

calculation within the quasi-particle random phase approximation (QRPA) [159, 163].

Similar limits are obtained using the half-life limit T 0⌫
1/2(

136Xe) � 2.6 ⇥ 1025 yr from

KamLAND-Zen experiment [164,165] and the corresponding QRPA NMEs [159].

From Figure 3, it seems that the 0⌫�� constraints are very severe, thus shadowing

the future prospects of observing LNV in other processes involving the electron channel.

However, one must keep in mind that the 0⌫�� limits may be significantly weakened

in certain cases when a cancellation between di↵erent terms in (11) may happen [166],

e.g. due to the presence of Majorana CP phases. In general, the Majorana nature of

neutrinos does not guarantee an observable 0⌫�� rate in all models [167]. Also, in the

inverse seesaw scenario with pseudo-Dirac heavy neutrinos, the 0⌫�� limits are usually

diluted by the small LNV term  = µS/MS. Therefore, it is still important to include

the electron channel while performing an independent direct search for heavy neutrinos

at colliders.

Deppisch, Dev, Pilaftsis, arXiv:1502.06541



BBN constraint: sterile neutrino decays will spoil the successful predictions 
from Big Bang Nucleosynthesis if their lifetime is < 1s or so

bb0nu constraint: the non-observation of neutrinoless
double beta decay constrains
Heavy neutrino (                      ) contribution to the bb0nu
amplitude                 (                  for light = SM neutrinos)
Cancellations (due to Majorana phases or to the neutrino mass mechanism 
itself) must be invoked in order to allow the HNL parameter space above

Peak searches in leptonic meson decays: e.g.                  suppressed relative 
to                 by          , and the electron momentum is shifted due to MN

Also constraints from semileptonic B decays (Belle), muon and tau decays 
(future expected limits from B factories)

Beam dump experiments: search for decay products of N’s produced in 
semileptonic meson decays. Strong improvement expected from the 
planned SHiP experiment at CERN, and from the DUNE near detector
Also constraints from LNV meson decays (due to Majorana nature of N)  
at B factories (Belle, LHCb)

20 J.J. GÓMEZ-CADENAS, J. MARTÍN-ALBO, M. MEZZETTO, F. MONRABAL and M. SOREL
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Fig. 9. – The standard mechanism for ββ0ν decay, based on light Majorana neutrino exchange.

In other words, the value of the effective neutrino Majorana mass mββ in eq. (27) can
be inferred from a non-zero ββ0ν rate measurement, albeit with some nuclear physics
uncertainties. Conversely, if a given experiment does not observe the ββ0ν process, the
result can be interpreted in terms of an upper bound on mββ.

If light Majorana neutrino exchange is the dominant mechanism for ββ0ν, it is clear
from eq. (27) that ββ0ν is in this case directly connected to neutrino oscillations phe-
nomenology, and that it also provides direct information on the absolute neutrino mass
scale, as cosmology and β decay experiments do (see sect. 2.1). The relationship between
mββ and the actual neutrino masses mi is affected by:

1. the uncertainties in the measured oscillation parameters;

2. the unknown neutrino mass ordering (normal or inverted);

3. the unknown phases in the neutrino mixing matrix (both Dirac and Majorana).

For example, the relationship between mββ and the lightest neutrino mass mlight

(which is equal to m1 or m3 in the normal and inverted mass ordering cases, respectively)
is illustrated in fig. 10. This graphical representation was first proposed in [58]. The width
of the two bands is due to items 1 and 3 above, where the uncertainties in the measured
oscillation parameters (item 1) are taken as 3σ ranges from a recent global oscillation fit
[3]. Figure 10 also shows an upper bound on mlight from cosmology (mlight < 0.43 eV),
also shown in fig. 2, and an upper bound on mββ from current ββ0ν data (mββ <
0.32 eV), which we will discuss in sect. 3.5. As can be seen from fig. 10, current ββ0ν
data provide a constraint on the absolute mass scale mlight that is almost as competitive
as the cosmological one.

In figs. 2 and 10, we have shown only upper bounds on various neutrino mass combi-
nations, coming from current data. The detection of positive results for absolute neutrino
mass scale observables would open up the possibility to further explore neutrino prop-
erties and lepton number violating processes. We give three examples in the following.
First, the successful determination of both mβ in eq. (3) and mββ in eq. (27) via β
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Figure 4. Limits on the mixing between the muon neutrino and a single heavy
neutrino in the mass range 100 MeV - 500 GeV. For details, see text.

2.2.2. Peak Searches in Meson Decays Peak searches in weak decays of heavy leptons

and mesons are powerful probes of heavy neutrino mixing with all lepton flavors. The

most promising are the two-body decays of electrically charged mesons into leptons and

neutrinos: X±
! `±N [168–170], whose branching ratio is proportional to the mixing

|V`N |
2. Thus, for a non-zero mixing and in the meson’s rest frame, one expects the

lepton spectrum to show a second monochromatic line at

E` =
M2

X +m2

` �M2

N

2MX
, (12)

apart from the usual peak due to the active neutrino ⌫L`. For sterile neutrinos heavier

than the charged lepton, the helicity suppression factor inherent in leptonic decay rate is

weakened by a factor M2

N/m
2

` [169] due to which the sensitivity on |V`N |
2 increases with

MN till the phase space becomes relevant. Peak searches have been performed in the

channels ⇡ ! eN [171–175], ⇡ ! µN [176–180], K ! eN [181] and K ! µN [181–185].

The current 90% C.L. limits on |V`N |
2 (for ` = e, µ) derived from these searches are

shown in Figures 3 and 4, labeled as ‘X ! `⌫’ (with X = ⇡, K and ` = e, µ). The limit

from ⇡ ! µN is not shown here, since it is only applicable in the mass range 1 MeV

 MN  30 MeV.

The peak searches could in principle be extended to higher masses with heavier

meson/baryon decays [186–188]. For instance, the Belle experiment [189] used the decay

mode B ! X`N followed by N ! `⇡ (with ` = e, µ) in a data sample of 772 million

Deppisch, Dev, Pilaftsis, arXiv:1502.06541
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Figure 5. Limits on the mixing between the tau neutrino and a single heavy neutrino
in the mass range 100 MeV - 500 GeV. For details, see text.

BB̄ pairs coming from ⌥(4s) resonance to place 90% C.L. limits on |VeN |
2 and |VµN |

2 in

the heavy neutrino mass range 500 MeV to 5 GeV, as shown in Figures 3 and 4, labeled

as ‘Belle’.

Limits on the mixing parameter can also be set from the 3-body decay of muons,

where a sterile neutrino contribution may distort the spectrum of Michel electrons [169].

In case of ⌧ -leptons, the 2-body decays into hadrons ⌧ ! NX are promising. If the

hadronic system X hadronizes into charged pions or kaons, then its mass and energy

can be reconstructed at high precision. Using future B-factories with a large dataset of

⌧ decays like ⌧� ! N⇡�⇡+⇡�, stringent limits on the mixing parameter |V⌧N |
2 can be

placed [190], as shown in Figure 5, where the (red, solid and dashed) contours labeled

B-factory are the conservative and optimistic projected limits at 90% C.L. from ⇠ 10

million ⌧ -decays.

We should note here that the bounds from peak searches are very robust since they

use only the kinematic features and minimal assumptions regarding the decay modes

of the heavy neutrino. Moreover, since the heavy neutrino is assumed to be produced

on-shell, these limits are valid irrespective of whether the heavy neutrino is a Majorana

or Dirac particle.

2.2.3. Beam Dump Experiments Another way to constrain the sterile neutrinos is via

searches of their decay products. The sterile neutrinos are unstable due to their mixing

with active neutrinos, and their decay rate is proportional to the mixing parameter



Can we actually observe heavy neutral lepton ?

The naive type-I seesaw relation                      seems to imply that most of the 
HNL parameter space accessible to experiments is excluded

However, variations of the type-I seesaw, such as the inverse seesaw mechanism, 
can allow for

Inverse seesaw mechanism:  add 2 sterile neutrinos per generation with 
opposite chiralities

⇒ smallness of neutrino masses controlled by the LNV mass

          [small     can be justified by approximate lepton number conservation]

⇒ can have “large”            with HNLs in the GeV-TeV range if
    (S and N then form a pseudo-Dirac pair)
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small neutrino masses. However, unlike the type II case, the flavour-changing couplings are
disconnected from the neutrino mass matrix, and several heavy new particles are added,
with potentially different masses.

We add to the SM n pairs of gauge singlet fermions N,S of opposite chirality, with
the interactions

δLNS = iN /∂N + iS /∂S −
(
Y αa

ν (ℓαH̃Na) +MabSaNb +
1
2µabSaS

c
b + h.c

)
, (3.1)

where Yν is a complex 3 × n dimensionless matrix and M,µ are n × n mass matrices. If
Lepton Number is attributed to ℓ, N and S, then only µ is Lepton Number Violating. Upon
the spontaneous breaking of the electroweak symmetry, the neutrino mass Lagrangian reads
(suppressing flavour indices)

MνN =
(
νL N c S

)
⎛

⎜⎝
0 mD 0

mT
D 0 MT

0 M µ

⎞

⎟⎠

⎛

⎜⎝
νc
L

N

Sc

⎞

⎟⎠+ h.c. (3.2)

which, in the seesaw limit (Yνv = mD ≪ M), give the following active neutrino masses

mν = mD(M−1)µ(MT )−1mT
D, (3.3)

while for M ≫ µ the N,S pairs have pseudo-Dirac masses determined by the eigenvalues of
M . Neutrino masses and oscillation parameters can be obtained by adjusting the lepton
number breaking matrix µ for arbitrary choices of the Yukawa couplings Yν and sterile
neutrino masses M . This contrasts with the “vanilla” type I seesaw expectation of GUT
scale sterile neutrinos or suppressed Yukawa couplings [117–121], which give negligible
contributions to LFV observables.

In the following, we consider M ∼TeV and allow Yν to vary in the parameter space
allowed by current LFV searches and other experimental constraints. Low-scale type I
seesaw models can be directly probed via the production of the heavy neutral leptons at
colliders [122–128], or indirectly through the active-sterile neutrino mixing (or the associated
non-unitarity of the effective 3× 3 lepton mixing matrix), which affect electroweak precision
observables, universality ratios and lepton flavor violating processes [129–132].

3.1 µ → e LFV
Large lepton flavour violating transitions are among the distinctive features of the inverse
seesaw [56, 58–68]. In this paper, we focus on the contact interactions that are relevant for
µ → e observables and aim at determining the region of the EFT coefficient space that the
model cannot reach.

The LFV transitions we are interested in occurs in this model via loops, as we illustrate
in figure 3. The four-fermion operator coefficients are obtained in matching out the heavy
singlets in penguin and box diagrams. The vector four-fermion coefficients Ceµff

V,LX , receive
contributions from penguin diagrams shown in figures 3a and 3b, which are respectively
O(YνY †

ν ) and O(YνY †
ν YνY †

ν ). We include the diagram in figure 3b following ref. [68], who
observed that the contributions ∝ Y 4

ν could be relevant for Yν O(1). The box diagrams
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Heavy neutral lepton collider searches

LEP:  HNL production from                                        (off-shell Z at LEP2)
Best limit from DELPHI in the range 

FCC-ee (future 90 km circular e+e- collider):  will be a Z factory
⇒ strong improvement in the limits on           expected

Hadron colliders (LHC):  Drell-Yan production
followed by N decay (for MN > 600 GeV, dominant
production mode involves a photon in the t-channel,
giving                             )

Sensitivity limited by 

Smoking gun for a Majorana HLN:
same-sign dileptons + jets, not MET

e+e� ! Z ! N ⌫̄i /N̄⌫i
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Figure 2: The tree-level diagrams for the production of a heavy Majorana neutrino (N) in the LRSM model, in
which heavy gauge bosons WR and Z0 are also incorporated. Lepton flavour is denoted by ↵ and �. Lepton flavour
is assumed to be conserved, such that ↵ = �. The WR boson produced from the N decay is o↵-shell and, in this
case, decays hadronically.

mWR � mN > 0.3 TeV at 95% confidence level (CL) [17]. A more recent search performed by CMS has
excluded mWR < 3.0 TeVfor mWR � mN > 0.05 TeV at 95% CL [18]. There are no such limits for the
production of heavy neutrinos from Z0 boson decays.

Both the mTISM and LRSM models produce final states containing two same-sign leptons and high-pT
jets, but the kinematic characteristics of the events are quite di↵erent. In the mTISM final state, one can
reconstruct the resonant SM W boson from the jets originating from the tree-level qq̄ pair, whereas in
the LRSM final states, one can instead reconstruct the masses of the heavy gauge bosons. Furthermore,
the energy scales of the two models are largely separate. The energy scale of mTISM final states is set
by the heavy neutrino mass, which, based on the LEP constraints [10, 11], is assumed to be greater than
100 GeV. Instead, the energy scale of LRSM final states is set by the masses of the heavy bosons, which,
motivated by the earlier heavy neutrino searches, are assumed to be greater than 400 GeV. For these
reasons, the event selection criteria are optimised separately for each model, although a common object
selection is used in both cases.

2 The ATLAS detector

The ATLAS detector [19] surrounds the interaction point and covers nearly the entire solid angle. The
detector consists of an inner detector (ID) tracking system, electromagnetic and hadronic calorimeters,
and a muon spectrometer (MS) that surrounds the other detector systems. The ID tracking system consists
of a silicon pixel detector, a silicon microstrip tracker, both covering |⌘| < 2.5, and a transition radiation
tracker covering |⌘| < 2.0. The ID tracker is immersed in a 2 T axial magnetic field provided by a
superconducting solenoid magnet. The electromagnetic accordion calorimeter is composed of lead and
liquid-argon (LAr) and provides coverage for |⌘| < 3.2. Hadronic calorimetry is provided by steel and
scintillator tile calorimeters for |⌘| < 1.7 and copper and LAr calorimeters for 1.5 < |⌘| < 3.2. Additional
LAr calorimeters with copper and tungsten absorbers cover the forward region. The MS consists of
dedicated trigger chambers covering |⌘| < 2.4 and precision tracking detectors covering |⌘| < 2.7. A
system of three superconducting toroids (one in the barrel, two in the end-caps), with eight coils each,

4

(same-sign) are considered as there is a smaller expected SM background for pairs of same-sign leptons
than for pairs of leptons of opposite charge (opposite-sign). The search includes the ee and µµ final
states.

qa

q̄b

(W±)�
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N

l±�

l±�

qc

q̄d

Figure 1: The tree-level diagram for the production of a heavy Majorana neutrino (N) in the mTISM model. Lepton
flavour is denoted by ↵ and �. Lepton flavour is assumed to be conserved, such that ↵ = �. The W boson produced
from the N decay is on-shell and, in this case, decays hadronically.

The search is guided by two theoretical models. In the first model, the SM is extended in the simplest way
to include right-handed neutrinos [8], such that light neutrino masses are generated by a Type-I seesaw
mechanism or by radiative corrections [9]. In this minimal Type-I seesaw mechanism (mTISM), the
heavy Majorana neutrinos, N, can be produced via an o↵-shell W boson, pp ! (W±)⇤ ! `±N. Due to
previous limits [10, 11], the heavy neutrino is assumed to be more massive than the W boson and therefore
subsequently decays to an on-shell W boson and a lepton. The on-shell W boson produced in the decay
of the heavy neutrino predominantly decays into a quark–antiquark (qq̄) pair. The final state in this case
contains two opposite-sign or same-sign leptons and at least two high-pT jets, where pT is the transverse
momentum with respect to the beam direction.1 The tree-level process is illustrated in figure 1. The free
parameters in this model are the mixing between the heavy Majorana neutrinos and the Standard Model
neutrinos, V`N , and the masses of the heavy neutrinos, mN . In this framework, LEP has set direct limits
for mN < mZ [10, 11] and CMS has set direct limits for 90 < mN < 200 GeV in ee final states [12] and
40 < mN < 500 GeV in µµ final states [13].

The second model is the left-right symmetric model (LRSM) [4, 14–16], where a right-handed symmetry
SU(2)R is added to the SM. The symmetry SU(2)R is assumed to be the right-handed analogue of the
SM SU(2)L symmetry. In this model, heavy gauge bosons VR = {WR,Z0} are also predicted and, in this
analysis, the heavy gauge bosons are assumed to be more massive than the heavy neutrinos, such that they
are kinematically allowed to decay into final states including heavy neutrinos. These can be produced in
the decays of heavy gauge bosons according to WR ! N` and Z0 ! NN and can subsequently decay via
an o↵-shell WR boson into a lepton and a qq̄ pair, N ! `W⇤R with W⇤R ! qq̄0. The tree-level processes
are shown in figure 2. A previous ATLAS search in this framework has excluded mWR < 2.3 TeV for

1 ATLAS uses a right-handed coordinate system, with its origin at the nominal interaction point in the centre of the detector.
The z-axis points along the beam direction, the x-axis from the interaction point to the centre of the LHC ring, and the y-axis
upwards. In the transverse plane, cylindrical coordinates (r, �) are used, where � is the azimuthal angle around the beam
direction. The pseudorapidity ⌘ is defined via the polar angle ✓ as ⌘ = � ln tan (✓/2) .
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Figure 7. Feynman diagrams for heavy neutrino production at the LHC via the
t-channel photon-mediated processes [241].

Here, we have not included the QCD corrections, which could further lower the cross-

over point to the level presented in [241], but this requires a more careful analysis and

will be presented elsewhere. Note that the numerical results shown in Figure 8 are

slightly di↵erent from those presented in [242], which can be mainly attributed to the

choice of regulator used to treat the collinear behavior.

In any case, including the collinear enhancement e↵ect could further enhance the

heavy neutrino signal sensitivity at the next run of the LHC [241]. As an illustration,

we have shown in Figures 3 and 4 projected conservative limits with 300 fb�1 data at
p
s = 14 TeV (blue, dashed contours labeled ‘LHC 14’), assuming that the cross-section
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Updated constraints on HNLs
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FIG. 11. The DUNE near detectors compared to other experiments sensitive to HNLs. The top, middle,
and bottom panels show the sensitivity to the squared mixing matrix elements |Ue4|
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different off-axis locations). Dotted blue contours show results for on-axis running only, and thin dashed
blue curves represent a hypothetical background-free analysis. The contours shown in the background
correspond to existing limits (filled) and sensitivities of planned experiments (unfilled dashed and dotted).
These limits are taken from the compilation in ref. [57] and from refs. [18, 84, 87, 88].
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FASER-2, CODEX-b, MATHUSLA
= planned foward or transverse physics
detectors at the LHC, located away
from the interaction point

[M. Breitbach et al., arXiv:2102.03383]



Displaced vertices can be used to improve the LHCsensitivity to small 
active-sterile mixing angles

Small production cross section, but almost no SM background
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Figure 4: A simplified sensitivity estimate based on the analytic approximation (2) using l0 = 5 mm and
l1 = 3 m illustrates the three main obstacles in improving the sensitivity (colored dotted lines). The three
black sensitivity curves correspond to nine expected events for integrated luminosities of 3, 30, 300 fb≠1,
and we have assumed that all e�ciencies are 100 %.

along with the W ú bosons. The W ú can then decay into leptons and neutrinos or quarks that
hadronise, so that the final states of the N decay can be leptonic or semileptonic. N decays
mediated by the neutral current can also have purely hadronic detector-visible final states.

For a = e, µ the first lepton produced in W ú mediated decays is detector stable and can be
used to reconstruct the displaced vertex. For a = · the · -lepton decays within the detector,
mostly pions, leptons and neutrinos. It has been pointed out in Reference [60] that the finite
lifetime of the · -lepton implies that the published ATLAS e�ciencies for displaced vertices [69]
cannot be applied because they assume that all decay products appear promptly at the displaced
vertex. To avoid this problem the authors only included N decays mediated by the neutral
current. The same strategy was also adapted in Reference [62]. This drastically reduces the
sensitivity in the scenario with a = · when a cut on the displaced vertex invariant mass is applied
because the unobservable ‹· that unavoidably appears in decays mediated by Zú carries away
part of the energy and momentum. In the present work we include both, N decays mediated
by neutral and charged currents, for all three scenarios a = e, µ, · . For a = · this can be
justified with two arguments. First, for · -leptons with energies ≥ 10 GeV in the laboratory frame
the opening angle between decay products is so small that it is hardly noticeable that they do
not promptly originate from the displaced vertex. Second, the displaced vertex reconstruction
algorithms can be improved in the future and therefore do not pose a fundamental restriction.
Such studies are e.g. already under way in the CMS collaboration.

It is instructive to illustrate the dependence of the expected number of events on the model
parameters with in a simplified spherical detector of radius l1. Under the assumptions summarised
in Section 2 the cross section of events in a scenario where the right handed neutrinos mix with

5

Drewes & Hajer, arXiv:1903.06100
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Figure 6: Sensitivity reach of the 13 and 14 TeV LHC. The three columns show the results for ATLAS,
CMS and LHCb. The luminosities assumed for CMS and ATLAS are 0.3 and 3 ab≠1 and for LHCb
are 30 and 380 fb≠1. The three rows constitute the three extreme cases of pure electron, muon and tau
coupling, respectively. The blue (red) curves show the discovery (exclusion) potential, both of which are
shown for searches using only the tracker and using the tracker together with the muon chamber. For
the simulation of LHCb we require decays to happen before or within the first RICH (cf. also figure 8).
The gray bands represent the exclusion bound from DELPHI [52] and CMS [50].
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A link between neutrino masses and the BAU: 
baryogenesis via leptogenesis

In the (type-I) seesaw mechanism, the SM neutrinos get Majorana masses 
through their couplings to heavy Majorana neutrinos

                                    ⇒

Interestingly, this mechanism contains all ingredients needed for baryogenesis 
[Sakharov conditions: B violation, C and CP violation, departure from thermal equilibrium]:

- out-of-equilibrium decays of the heavy Majorana neutrinos can generate a 
lepton asymmetry if their couplings to SM leptons violate CP

- part of the generated lepton asymmetry is converted into a baryon asymmetry 
by non-perturbative SM processes (sphalerons), which are in equilibrium in the 
early Universe and violate B and L, while preserving B-L 

                      → leptogenesis

Minkowski - Gell-Mann,
Ramond, Slansky - Yanagida
Mohapatra, Senjanovic
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Lepton number violation: being Majorana fermions, the heavy neutrinos  
can decay both into leptons and into antileptons

CP violation: the decay rates into leptons and antileptons differ due to 
quantum corrections induced by the CP-violating heavy neutrino couplings

                              ⇒

out-of-equilibrium condition: provided by the expansion of the Universe, as 
the temperature drops below the heavy Majorana neutrino masses

The generated lepton asymmetry is partly erased by washout processes

Interestingly, this mechanism contains all ingredient for baryogenesis:
out-of-equilibrium decays of the heavy Majorana neutrinos can generate
a lepton asymmetry if their couplings to SM leptons violate CP

Being Majorana, the heavy neutrinos can decay both into leptons and into 
antileptons (⇒ lepton number violation)

The decay rates into leptons and antileptons differ due to quantum 
corrections induced by the CP-violating heavy neutrino couplings
⇒ generation of a lepton asymmetry

The generated lepton asymmetry is partially converted into a baryon 
asymmetry by sphaleron processes, which are in equilibrium at T > TEW

Fukugita, Yanagida ’86

Γ(Ni → LH) ̸= Γ(Ni → L̄H
⋆) Covi, Roulet, Vissani ’96

Buchmüller, Plümacher ‘98

• inverse decays
• ΔL=2 N-mediated scatterings

• ΔL=1 scatterings involving the top or gauge bosons

LH ! N1

LH ! L̄H̄ , LL ! H̄H̄



The evolution of the lepton asymmetry is described by the Boltzmann equation

Typical evolution:
Maximal Temperature of the Early Universe 17
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Fig. 10. Evolution of heavy neutrino abundance NN1 and lepton asymmetry NB�L

for typical leptogenesis parameters: M1 = 1010 GeV, em1 = 8⇡�1(vEW)/M1)2 eV,
✏1 = 10�6; the inverse temperature z = M1/T is the time variable. The dashed
(full) lines correspond to thermal (vacuum) initial conditions for the heavy neutrino
abundance; the dotted line represents the equilibrium abundance. From Ref. [47].

Here the dilution factor d ⇠ 0.01 accounts for the increase of the photon
number density between leptogenesis and today, and the e�ciency factor
f ⇠ 10�2 is a consequence of washout e↵ects due to lepton number chang-
ing scatterings in the plasma.

It turns out that for the relevant range of neutrino masses, the final
baryon asymmetry is determined by decays and inverse decays of the heavy
neutrinos [46]. In the “one-flavour” approximation, where one sums over
lepton flavours in the final state, the Boltzmann equations take the simple
form

dnN

dt
+ 3HnN = �

�
nN � neq

N

�
�N , (5.8)

dnL

dt
+ 3HnL = �✏1

�
nN � neq

N

�
�N . (5.9)

Here nN (neq

N
) and nL (neq

L
) are the (equilibrium) number densities2 of heavy

neutrinos and leptons, respectively. Note that the CP asymmetry ✏1 results
from a quantum interference. On the contrary, washout terms, which are
neglected in Eqs. (5.8) and (5.9), are tree level proesses.

2 Note that in Fig. 10 number densities NN1 and NB�L are plotted for a portion of
comoving volume that contains one photon.

[Buchmüller, Di Bari, Plümacher ’02]
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Thermal leptogenesis can explain the observed baryon asymmetry

region of successful leptogenesis in
the                plane (                      )

⇒                                              depending on the initial conditions 

Case                : if                        , the generated lepton asymmetry is 
resonantly enhanced, and                        becomes compatible with    
successful leptogenesis (“resonant leptogenesis”)
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Figure 9: Allowed range of m̃1 and mN1
for leptogenesis in the SM and MSSM assuming

m3 = max(m̃1, matm) and ξ = m3/m̃1. Successful leptogenesis is possible in the area inside
the curves (more likely around the border).

In fact, even if N1 initially has a thermal abundancy ρN1
/ρR ∼ gN1

/g∗ ≪ 1, its contribution
to the total density of the universe becomes no longer negligible, ρN1

/ρR ∼ (gN1
mN1

)/(g⋆T ),
if it decays strongly out of equilibrium at T ≪ mN1

. For the reasons explained above, this
effect gives a suppression of η (rather than an enhancement), and for very small m̃1 the
case (1) and (∞) give the same result.

The lower panel of fig. 8 contains our result for the efficiency |η| of thermal leptogenesis
computed in cases (0), (1) and (∞) as function of both m̃1 and mN1

. At mN1
>∼ 1014 GeV

non-resonant ∆L = 2 scatterings enter in thermal equilibrium strongly suppressing η.
Details depend on unknown flavour factors.

Our results in fig. 8 can be summarized with simple analytical fits

1

η
≈

3.3 × 10−3 eV

m̃1

+

(

m̃1

0.55 × 10−3 eV

)1.16

in case (0) (40)

valid for mN1
≪ 1014 GeV. This enables the reader to study leptogenesis in neutrino mass

models without setting up and solving the complicated Boltzmann equations.

Implications

Experiments have not yet determined the mass m3 of the heaviest mainly left-handed
neutrino. We assume m3 = max(m̃1, matm). Slightly different plausible assumptions are
possible when m̃1 ≈ matm, and very different fine-tuned assumptions are always possible.

20

M1 ≥ (0.5 − 2.5) × 109 GeV

|M1 − M2| ∼ Γ2

M1 ≪ 10
9
GeV

M1 �M2

Covi, Roulet, Vissani ’96
Pilaftsis ’97

[Giudice, Notari, Raidal, Riotto, Strumia ’03]

m̃1 ⌘ (Y Y †)11v2

M1

(m̃1,M1)

[Davidson, Ibarra ’02]
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Low-scale leptogenesis

Even within the type-I seesaw model, leptogenesis possible with right-handed 
neutrinos in the TeV range (resonant leptogenesis) or in the GeV range, 
through a completely different mechanism (leptogenesis from sterile neutrino 
oscillations, aka ARS leptogenesis)

                                     Resonant leptogenesis

Successful resonant leptogenesis possible at the TeV scale at the price of a 
strong mass degeneracy, e.g.

⇒ can be tested via direct production of heavy Majorana neutrinos at colliders   
+ contributions to flavour violating processes in the charged lepton sector

[note : this assumes cancellations in the seesaw formula, such that the heavy neutrino 
couplings are larger than suggested by the SM neutrino masses, namely                       
rather than                                  ]

[Dev, Millington, Pilaftsis, Teresi ’14]
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A recent study :  “tri-resonant leptogenesis”

Assumes three nearly degenerate heavy Majorana neutrinos with mass differences 
comparable to their widths (motivated by SO(3) and Z6 symmetries)

Results in the (M1, light-heavy mixing^2) plane :

Left plot (cLFV) : solid = current bound, dashed = future bounds

Right plot (colliders) : reach of LHC14 with                                                 
and of FCC-ee

Successful leptogenesis possible with M1 as light as 50 GeV

[Candia da Silva, Karamitros, McKelvey, Pilaftsis ’22]

Allowed parameter space from cLFV processes and Colliders
[P. Candia da Silva, D. Karamitros, T. McKelvey, A.P., arXiv:2206.08352.]

Blα ≃
(
MD

)
lα
m−1

Nα
: light-to-heavy neutrino mixings

Hypothesis: Democratic flavour models based on ∼Z3 or ∼Z6 symmetries.

INVISIBLES ’22 Leptogenesis and Charged LFV A. Pilaftsis
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Thermal leptogenesis does not work for GeV-scale sterile neutrinos (they 
would decay after sphaleron freeze-out), but their CP-violating oscillations   
can produce a lepton asymmetry above the electroweak phase transition  
(ARS mechanism)

This is how the baryon asymmetry of the Universe is produced in the   MSM, 
where N1 is a keV sterile neutrino that constitutes dark matter, while N2 and 
N3 have GeV-scale masses

However, large lepton asymmetries are needed to resonantly produce N1
Can be due to N2 and N3 decays after sphaleron freeze-out                       ,
but requires extreme fine-tuning:

(also, the value of            and of other parameters must be very precisely tuned)

In addition, as a warm dark matter candidate, N1 is strongly constrained by 
structure formation

Leptogenesis from sterile neutrino oscillations

[Akhmedov, Rubakov, Smirnov ’98]

[Asaka, Shaposhnikov ’05]
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[Canetti et al. ’12]
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[Baur et al. ’17]
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Out-of-equilibrium condition:  due to their small couplings to the SM leptons, 
GeV-scale sterile neutrinos typically do not reach thermal equilibrium before 
sphaleron freeze-out ⇒ « freeze-in leptogenesis »

                           sterile neutrino production rate, with

              ⇒ 

The CP-violating oscillations of sterile neutrinos generate asymmetries in the 
different sterile neutrino flavours (neutrinos and antineutrinos oscillate with 
different probabilities), which are transferred to the active sector by the SM 
leptons / sterile neutrino interactions. Eventually net lepton asymmetries 
develop in the active and in the sterile sectors (which sum up to zero if lepton 
number violating processes are negligible)

Sphalerons convert part of the SM lepton asymmetry into a baryon asymmetry, 
which is frozen below the electroweak phase transition (even if the lepton 
asymmetry continues to evolve)

Key points of the ARS mechanism
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If do not require N1 to constitute the dark matter, the strong fine-tuning of  
the MSM is relaxed

Under suitable conditions on the sterile neutrino couplings, ARS leptogenesis  
is even possible for M as large as 100 TeV

Large values of the active-sterile neutrino mixing U arise when some tuning is 
present in the sterile neutrino couplings (can be justified by symmetries)

<latexit sha1_base64="zIhcaHd+WBr3Ci3O673InOlReVQ="></latexit>⌫ [Antusch et al. ’17]

31

FIG. 9. The range of the total mixing angle U2 consistent with both the seesaw mechanism and

leptogenesis as a function of HNLs’ mass MN . The black solid lines show the results obtained

with the full kinetic equations and vanishing initial conditions for HNLs. The blue, dashed lines

correspond to thermal initial conditions. In this regime the freeze-in does not contribute to the

asymmetry generation. The red, dotted line corresponds to neglecting the e↵ect of the expansion

of the Universe on the distribution of the heavy neutrinos. In this case the freeze-out cannot

contribute and the asymmetry is generated during freeze-in. The color contours represent the

largest allowed value of the mass splitting �M/M . Within the white regions the mass splitting is

smaller than 10�6. The left (right) panel shows the case of normal (inverted) hierarchy.

C. Constraints on the heavy neutrino mass splitting

The mass splitting between the heavy neutrinos is one of the most important parameters

for both leptogenesis scenarios. The main reason why leptogenesis is so sensitive to the

mass splitting �M between the heavy neutrinos is that this parameter sets the scale for the

oscillations that violate CP and lead to a lepton asymmetry. The temperature corresponding

to the onset of oscillations depends on the Hubble rate and is given as [21]

Tosc ⇡ (M0M�M)1/3 if Tosc � MN , (52)

where M0 =
p

90/ (8⇡3g⇤)MPl and g⇤ is the e↵ective number of relativistic degrees of free-

dom. For heavier neutrinos, it is possible that the oscillations begin when they are already

non-relativistic, which gives us a di↵erent temperature since the typical HNL energy is M

instead of T

Tosc ⇡ (M0�M)1/2 if Tosc
<
⇠ MN . (53)

[Klaric, Shaposhnikov, Timiryasov ’21]



If the 3 sterile neutrinos contribute to the baryon asymmetry of the Universe, 
only a mild tuning of their masses is required

Successful leptogenesis is possible for values of the sterile neutrino masses and 
of their mixing angles with the active neutrinos that can be probed in particle 
physics experiments 

[Drewes, Georis, Klaric ’21]
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Figure 1: Allowed parameter space for leptogenesis with 3
heavy neutrinos for vanishing (inside solid black line) and
thermal (inside dashed black line) initial conditions and
mlightest = 0 eV (upper panel) or mlightest = 0.1 eV (lower
panel). The gray area indicates the experimentally excluded
region identified in the global scan [50], complemented by
the updated BBN bounds from [53, 54]. The coloured lines
indicate the estimated sentitivities of the LHC main detec-
tors (taken from [103–105]) and NA62 [102] along with that
of selected planned or proposed experiments (DUNE [106],
FASER2 [44], SHiP [107, 108] MATHUSLA [43], Codex-b [45])
as well as future lepton colliders [109] or proton colliders [30].

been made in [78], where only the freeze-in and M̄ below
50 GeV were considered. Amongst the various di�erences
between n = 2 and n = 3 discussed in [78], two are most
relevant here. i) Lepton asymmetries can be preserved
from large washout by a flavor hierarchical washout, since
the ratios U2

–i/U2
i with n = 3 are much less constrained by

neutrino oscillation data than for n = 2 [50]. ii) Thermal
e�ects can cause a level-crossing between the Ni dispersion
relations (similar to the well-known MSW e�ect) that
resonantly enhances the asymmetry production, which
cannot be realised in the B ≠ L̄ limit for n = 2. For the
freeze-out (where the Ni are non-relativistic) these two
e�ects appear to play a much smaller role since we find
a large population of points that do not satisfy either
of these two criteria. We instead find that a crucial
element in preventing washout is that one direction in

the ‹Ri flavor space can remain weakly coupled and can
have a much more significant deviation from equilibrium.
This is in contrast to the case with n = 2, where both
reach equilibrium soon after they become non-relativistic
because they form a pseudo-Dirac pair. The deviation
from equilibrium during decays is typically of the order
”ni ¥ ṅeq/≈ , where ≈ ¥ ≈1 ¥ ≈2 is the inverse lifetime
of the two neutrinos ‹R1 and ‹R2 that form the pseudo-
Dirac pair with M2 ƒ M3. If we include a third neutrino
‹R3, its lifetime is not necessarily determined by the
mixing angle U2, it can have a much bigger deviation
from equilibrium. If M3 is very di�erent from M2 and
M1, the B ≠ L̄ symmetry dictates that ‹R1 and ‹R2 form
a pseudo-Dirac pair of mass eigenstates Ni (first two
columns in (4)) with mixings of order U2, while the third
mass eigenstate N3 remains feebly coupled (third column
in (4)). However, in the triple mass-degenerate scenario,
‹R3 can mix with the pseudo-Dirac pair through the mass
term. This explains not only point 1), but also point 3)
because smaller mlightest allow for smaller couplings of ‹R3.
Regarding 2), leptogenesis with thermal initial conditions
is possible for M̄ π v because the enhancement of the
asymmetry due to resonant and flavour e�ects can be
su�cient to overcome the suppression by (M̄/T )2 of the
deviation from equilibrium [86, 110–112].9 Finally, point
4) is a result of the well-known fact that the asymmetries
generated during freeze-in and freeze-out have opposite
signs [115] (cf. [116] for a recent discussion) and partially
cancel each other in the case of vanishing initial conditions.

The much larger range of masses and mixings for which
leptogenesis is feasible for n = 3 compared to n = 2
do not only imply considerably better chances for exist-
ing experiments to discover the Ni, but also imply that
a much larger number of them may be observed. The
price at which this comes is the larger number of model
parameters, which makes the model with n = 3 less pre-
dictive than with n = 2, where in principle all model
parameters can be constrained experimentally [99, 100].
In spite of this, with such a large number of events, one
can perform several consistency checks of the hypotheses
that the model (1) can simultaneously generate the light
neutrino masses and the matter-antimatter asymmetry in
the universe. For instance, if U2 happens to lie near the
current experimental limit, we estimate (using the results
of [104]) that the HL-LHC could observe thousands of
displaced vertex events. This would permit a percent
level determination of the fractions U2

–/U2 (cf. appendix
B of [109]). Moreover, the amount of B ≠ L̄ breaking

9 The late decay of the Ni in this scenario could potentially generate
a lepton asymmetry that greatly exceeds the baryon asymmetry,
which can have interesting phenomenological consequences, in-
cluding enhanced singlet fermion DM production [8] and a�ect
the nature of the QCD transition [113] and primordial black hole
production [114].

[Abada et al. ’18]



Conclusion on leptogenesis

The observed baryon asymmetry of the Universe requires new physics 
beyond the Standard Model. Leptogenesis, which relates neutrino masses  
to the baryon asymmetry, is a very interesting possibility

Although difficult to test, leptogenesis would gain support from:
- observation of neutrinoless double beta decay: (A,Z) → (A,Z+2) e⁻ e⁻ 
[proof of the Majorana nature of neutrinos - necessary condition]
- observation of CP violation in the lepton sector, e.g. in neutrino 
oscillations [neither necessary nor sufficient]
- non-observation of other light scalars (which are present in many non-
standard electroweak baryogenesis scenarios) than the Higgs boson at 
high-energy colliders; strong constraints on additional CP violation (e.g.   
on the electron EDM)

Scenarios involving sterile neutrinos in the 100 MeV - 1 TeV range 
(resonant and ARS leptogenesis) may be directly probed in particle physics 
experiments (at least part of their parameter space)


