
LECTURE II

• Evidence for neutrino masses

• The standard 3n scenario and its unknowns: status and 
prospects

• Neutrinos and beyond the Standard Model physics



Atmospheric Neutrinos



Atmospheric Neutrinos

Produced in the atmosphere when primary cosmic rays collide with it, 
producing p, K

⌫µ/⌫e ⇠ 2



Atmospheric Neutrinos

Measuring the energy dependence and the zenith angle E/L spans many orders
of magnitude



Oscillation of Atmospheric Neutrinos



Atmospheric Oscillation

Reines&Cowan experiment at 1km!

Lederman&co experiment  at 1000km!

�m2
atm = 2.5⇥ 10�3eV 2
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Accelerator Neutrinos oscillate with the 
atmospheric wavelength

Pulsed neutrino beams to 700 km baselines

OPERA

MINOS

|�m2
atmos| ⇥ 2.5� 10�3 eV 2

⌫µ ! ⌫⌧

sin2 2✓atmos ' 1



Reactor neutrinos oscillate with atmospheric 
wavelength

Double Chooz, Daya Bay, RENO 

10% effect 

|�m2
atmos| ⇥ 2.5� 10�3 eV 2



Accelerator Neutrinos :T2K
Using the SuperKamiokande detector! 

@L=300km

|�m2
atmos| ⇥ 2.5� 10�3 eV 2

⌫µ ! ⌫e
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vs.
20Far detector samples

Data set

Mode Sample
δ=-π/2

MC
δ=0
MC

δ=π/2
MC

δ=π
MC

Data

ν

1Re 102.7 86.7 71.1 87.1 94

1Re 
CC1π+ 10.0 8.7 7.1 8.4 14

1Rμ 379.1 378.3 379.1 380.0 318

MRμ 
CC1π+ 116.5 116.0 116.5 117.0 134

ν
1Re 17.3 19.7 21.8 19.4 16

1Rμ 144.9 144.5 144.9 145.3 137

νe

νe

T2K preliminary➢ Numbers of observed e-like events indicate a 
preference for sin(δ)<0

➢ Less events than predicted for ν-mode 1Rμ sample
➢ Goodness of fit p-value for this sample of 0.04 (rate 

only) and 0.35 (rate+shape)
➢ Considering look-elsewhere-effect, above our 5% 

threshold

MC: sin2(θ23)=0.561, Δm232=2.494*10-3 eV2c-4, sin2(θ13)=0.0220, Normal ordering



Accelerator Neutrinos : NOnA
@ L=810km

|�m2
atmos| ⇥ 2.5� 10�3 eV 2

Far Detector 2020
!" and !̅" spectra

Jeff Hartnell, Neutrino 2022 NOvA 19

2020 data set: https://arxiv.org/abs/2108.08219

• Observe
§ 82 !" candidates (27 bkg)
§ 33 !̅" candidates (14 bkg)

⌫µ ! ⌫e
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3n scenario

Solar and atmospheric osc. decouple as 2x2 mixing phenomena:

• hierarchy

• small

0
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Reactor Neutrinos

The <10% effect implies that one of the angles is small 

Tunning to the large splitting and neglecting the small one:



Accelerator Neutrinos

Tunning to the large splitting and neglecting the small one:



0

0

Accelerator Neutrinos

Tunning to the large splitting and neglecting the small one:

Experiments in the atmospheric range are described approximately by 2x2 
mixing with 



Reactor Neutrinos

Tunning to the small splitting and averaging large oscillations:



Reactor Neutrinos

Tunning to the small splitting and averaging large oscillations:

Experiments in the solar range are described approximately by 2x2 mixing with 

The measurement of                     implies that corrections to these approximations 
are  sizeable O(10%) and need to be included in all analyses 

✓13 ⇠ 9�



Esteban et al ’20; see also Salas et al, ’20 and Capozzi et al ‘21

SM+3 massive neutrinos: Global Fits
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The big open questions 

What is the neutrino ordering normal or inverted ?

Is there leptonic CP violation ? 

Absolute mass scale:  minimum mn

Are neutrinos Majorana and if so, what new physics lies 
behind this fact ?



Neutrino ordering from MSW

Solar resonance
Atmospheric resonance

�m2
12 cos 2✓12 = 2
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Earth density, Eres ~ few GeV ! Solar density, Eres ~ few MeV ! 
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Spectacular MSW effect at O(6GeV) and very long baselines: no need for 
spectral info nor two channels 

Hierarchy through MSW @Earth
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Even if we don’t shoot so far away, relatively easy measurements for L >1000km



Hierarchy from atmospherics ? the hard way…

�e, �̄e, �µ, �̄µ

Atmospheric data contain the golden signal but hard to dig…
neutrino telescopes (ORCA, PINGU) or improved atmospheric detectors
(HyperK, INO)



Hierarchy from reactor n’s

L = 50 km

JUNO experiment is planning to do this measurement

Neutrino Mass Ordering

25Jie Zhao Neutrino2022

JUNO sensitivity on NMO: 3σ (reactors only) @ ~6 yrs * 26.6 GWth exposure

Estimation of NMO sensitivity with combined reactor + atmospheric neutrino analysis under preparation

Design
(J. Phys. G 43:030401 (2016) )

Now (2022)

Thermal Power 36 GWth 26.6 GWth (26%↓)

Overburden ~700 m ~650 m

Muon flux in LS 3 Hz 4 Hz (33%↑)

Muon veto efficiency 83% 93% (12%↑)

Signal rate 60 /day 47.1 /day (22%↓)

Backgrounds 3.75 /day 4.11 /day (10%↑)

Energy resolution 3% @ 1 MeV 2.9% @ 1 MeV (3%↑)

Shape uncertainty 1% JUNO+TAO

3𝜎 NMO sensitivity 
exposure

< 6 yrs × 35.8 GWth ~ 6 yrs × 26.6 GWth

JUNO+TAO



Leptonic CP violation
CP violation shows up in a difference between

Golden channel:

P (⌫↵ ! ⌫�) 6= P (⌫̄↵ ! ⌫̄�)

simultaneous sensitivity to both splittings is needed 

⌫µ $ ⌫e
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Hierarchy + CP in one go…
superbeams+superdectectors

USA DUNE: 1300km

Japan Hyper-Kamiokande: 295km

19

FIG. 1. Illustration of the Hyper-Kamiokande first cylindrical tank in Japan.

and flux. The WAGASCI detector is a new concept under development that would have a larger

angular acceptance and a larger mass ratio of water (and thus making the properties more similar

to the Hyper-K detector) than the ND280 design. Intermediate detectors, placed 1-2 km from the

J-PARC beam line, would measure the beam properties directly on a water target. Details of the

beam, as well as the near and intermediate detectors, can be found in Section II.1.

Hyper-K is a truly international proto-collaboration with over 70 participating institutions

from Armenia, Brazil, Canada, France, Italy, Korea, Poland, Russia, Spain, Sweden, Switzerland,

Ukraine, the United Kingdom and the United States, in addition to Japan.

Hyper-K will be a multipurpose neutrino detector with a rich physics program that aims to

address some of the most significant questions facing particle physicists today. Oscillation studies

from accelerator, atmospheric and solar neutrinos will refine the neutrino mixing angles and mass

squared di↵erence parameters and will aim to make the first observation of asymmetries in neutrino

and antineutrino oscillations arising from a CP-violating phase, shedding light on one of the most

promising explanations for the matter-antimatter asymmetry in the Universe. The search for



Hyper Kamiokande

Hierarchy

DUNE28

Fig. 18 Asimov sensitivity to the neutrino mass ordering, as
a function of the true value of �CP, for ten years of exposure.
Curves are shown for variations in the true values of ✓23 (top),
✓13 (middle) and �m2

32
(bottom), which correspond to their

3� NuFIT 4.0 range of values, as well as the NuFIT 4.0 central
value. and maximal mixing.

Fig. 19 Significance of the DUNE determination of the neu-
trino mass ordering for the case when �CP =�⇡/2, and for
100% of possible true �CP values, as a function of exposure
in kt-MW-years. Top: The width of the band shows the im-
pact of applying an external constraint on ✓13. Bottom: The
width of the band shows the impact of varying the true value
of sin2 ✓23 within the NuFIT 4.0 90% C.L. region.

eters that govern neutrino oscillations, including �CP,
sin2 2✓13, �m2

31
, and sin2 ✓23.

Figure 21 shows the resolution, in degrees, of
DUNE’s measurement of �CP, as a function of the true
value of �CP, for true NH. The resolution on a parame-
ter is produced from the central 68% of post-fit param-
eter values using many throws of the systematic and re-
maining oscillation parameters, and statistical throws.
The resolution of this measurement is significantly bet-
ter near CP-conserving values of �CP, compared to max-
imally CP-violating values. For fifteen years of expo-
sure, resolutions between 5�–15� are possible, depend-

230 III.1 NEUTRINO OSCILLATION
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FIG. 149. Neutrino mass hierarchy sensitivity (left) and octant sensitivity (right) as a function of the true

value of sin2✓23 for a single detector after 10 years. (a 1.9 Mton·year exposure). In both figures the blue

(red) band denotes the normal (inverted) hierarchy and the uncertainty from �CP is shown by the width of

the band.

ability to resolve the ✓23 octant improves with the combination as shown in Figure 151. While

atmospheric neutrinos alone can resolve the octant at 3 � if |✓23�45| > 4�, in the combined analysis

it can be resolved when this di↵erence is only 2.3� in ten years.
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FIG. 150. Expected sensitivity to the mass hierarchy as a function of time assuming sin2 ✓23 = 0.4

(triangle), 0.5 (circle), and 0.6 (square) from a combined analysis of atmospheric and accelerator neutrinos

data at Hyper-K. Blue (red) colors denote the normal (inverted) hierarchy.

However, it is not just the atmospheric neutrinos that benefit from combined measurements.

(Using atmospheric neutrinos)



Hyper Kamiokande (10y)

CP violation

26

Fig. 15 Asimov sensitivity to CP violation, as a function
of the true value of �CP, for ten years of exposure. Curves
are shown for variations in the true values of ✓23 (top), ✓13
(middle) and �m2

32
(bottom), which correspond to their 3�

NuFIT 4.0 range of values, as well as the NuFIT 4.0 central
value, and maximal mixing.

Fig. 16 Significance of the DUNE determination of CP-
violation (�CP 6= [0,⇡]) for the case when �CP =�⇡/2, and
for 50% and 75% of possible true �CP values, as a function of
exposure in kt-MW-years. Top: The width of the band shows
the impact of applying an external constraint on ✓13. Bottom:
The width of the band shows the impact of varying the true
value of sin2 ✓23 within the NuFIT 4.0 90% C.L. region.

�CP = �⇡/2, as a function of exposure in kt-MW-years,
which can be converted to years using the staging sce-
nario described in Section 6. The width of the bands
show the impact of applying an external constraint on
✓13. CP violation can be observed with 5� significance
after about seven years (336 kt-MW-years) if �CP =
�⇡/2 and after about ten years (624 kt-MW-years) for
50% of �CP values. CP violation can be observed with
3� significance for 75% of �CP values after about 13
years of running. In the bottom plot of Figure 16, the
width of the bands shows the impact of applying an
external constraint on ✓13, while in the bottom plot,

DUNE(10y)

Long Baseline Physics - !!"
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Neutrino Anomalies



Outliers: LSND anomaly 

-



Outliers: LSND anomaly

-

FIG. 21: A comparison between the L/EQE
⌫ distributions for the MiniBooNE data excesses in neu-

trino mode (18.75⇥1020 POT) and antineutrino mode (11.27⇥1020 POT) to the L/E distribution

from LSND [1]. The error bars show statistical uncertainties only. The curves show fits to the

MiniBooNE data, assuming two-neutrino oscillations, while the shaded area is the MiniBooNE 1�

allowed band. The best-fit curve corresponds to (sin2 2✓, �m2) = (0.807, 0.043 eV2), while the

dashed curve corresponds to a 1� fit point at (sin2 2✓, �m2) = (0.01, 0.4 eV2).

similar to the reconstruction in reference [24], but with a di↵erent time o↵set applied.

The � ! N + � background is determined from the NC ⇡0 event sample [29], which

has contributions from � production in 12C (52.2%), � production in H2 (15.1%), coherent

scattering on 12C (12.5%), coherent scattering on H2 (3.1%), higher-mass resonances (12.9%),

and non-resonant background (4.2%). The fraction of� decays to ⇡0 is 2/3 from the Clebsch-

Gordon coe�cients, and the probability of pion escape from the 12C nucleus is estimated

to be 62.5%. The � radiative branching fraction is 0.60% for 12C and 0.68% for H2 after

integration over all the invariant mass range, where the single gamma production branching

ratio increases below the pion production threshold. With these values, the ratio of single

gamma events to NC ⇡0 events, R, can be estimated to be

R = 0.151⇥ 0.0068⇥ 1.5 + 0.522⇥ 0.0060⇥ 1.5/0.625 = 0.0091.

Note that single gamma events are assumed to come entirely from � radiative decay. The

total uncertainty on this ratio is 14.0% (15.6%) in neutrino (antineutrino) mode. This

estimate of R = 0.0091± 0.0013 agrees fairly well with theoretical calculations of the single

gamma event rate [31].
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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

20

4.8s discrepancy with SM !



SBL anomalies: 4th neutrino ?

-

P(ne -> ne) = O(|Ue4|2)

eV-scale sterile neutrino oscillations

Hints for sterile neutrinos at the eV scale?

I Reactor anomaly (‹̄e disappearance)
I predicted vs measured rate
I distance dependent spectral distortions

I Gallium anomaly (‹e disappearance)

I LSND (‹̄µ æ ‹̄e appearance)

I MiniBooNE (‹µ æ ‹e , ‹̄µ æ ‹̄e appearance)
�m2

21

�m2
31

�m2
41

�e

�µ

��

�s

‹e disappearance: depends on |Ue4| æ ◊ee

T. Schwetz (KIT) 2

P(nµ ->ne ) = O(|Ue4|2 |Uµ4|2)

Oscillations at @meters for MeV neutrinos: short baseline reactor experiment

P(nµ -> nµ) = O(|Uµ4|2)
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Reactor 

Outliers: SBL reactor anomalies

Re-evaluation of the predicted fluxes in ‘11 indicates an L-independent deficit 
(~2.5s)

Mueller et al ‘11
Huber ‘11
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Outliers: SBL reactor anomalies
New re-evaluation…
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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.

Giunti et al, ‘21

Estienne, Fallot et al, ‘19; Hayen et al ’19; Kopeikin et al ‘21
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New SBL reactor strategies: L-dep of signal
DANSS

Stereo

Prospect

Yoomin Oh / NEOS Neutrino 2018 @ Heidelberg

Active-to-sterile oscillation

• Normalized with the Daya Bay shape

• Best fits at: 
(1.73 eV2, 0.05), (1.30 eV2, 0.04)  
with χ2(3ν)-χ2(4ν) = 6.5, 
p-value = 0.22

• Fine structures in reactor ν spectrum 
or oscillation?

�13
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FIG. S1. The χ2 difference between the 3-ν hypothesis and the best 
fit for 3+1 hypothesis from 200,000 Monte Carlo (MC) data sets 
generated based on 3-ν hypothesis with statistical and systematic 
fluctuations (blue). For the uncertainties of the neutrino flux, the 
data from Fig. 29 in Ref. [31] are used. The p-value corresponding 
to Δχ2=6.5 is estimated at 22%. Superimposed is the χ2 distribution 
with two degrees of freedom (green).
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All data 2016 -2019 + background 20119 

The period  
of oscillation  

is   1.4 m 
 for neutrino energy  

4 MeV 

A.P.Serebrov, et al.  
JETP Letters, 
 Volume 109, (2019) 
Issue 4, pp 213–221.  
 
arxiv:1809.10561 

arXiv:2005.05301 

22/22Stefan Schoppmann Accurate Measurement of Electron An6neutrinos of U-235 Fissions from the STEREO Experiment

Summary/Outlook

Photo: NathanR / bricksafe.com

arXiv:1912.06582

 → data taking phase-I+II completed (65k neutrinos)

 → improved background description by in-situ
measurements during reactor-off periods and
pulse shape discrimination

 → improved description of gamma-cascade after
neutron capture by gadolinium
→ EPJA 55, 183 / arXiv:1905.11967 / Zenodo.2653786

 → large fraction of RAA parameter-space excluded
 → RAA best-fit point rejected at >99.9% C.L.

→ arXiv:1912.06582 / HEPdata.92323

 → rate deficit consistent with RAA found
 → result among the world leading measurements

for pure 235U reactors
→ arXiv:2004.04075

 → first spectral shape in unfolded energy space
achieved

 → spectral distortion of ~10% between
4.0 and 5.5 MeV (prompt space) found

 → publication under preparation

 → further data taking until end of 2020:
→ final dataset of >300 days expected
→ factor ~2 increase with respect to Neutrino2020

 → joint analysis with PROSPECT and Daya Bay underway
(poster #556)

� Exclusion region was calculated using 
Gaussian CLs method (for e+ in 1.5-6 
MeV to be conservative), which is also 
more conservative than usual CI 
method.

� Systematics included:
• Energy resolution +/-10%

• Energy scale +/-2%

• Cosmic background +/-25%

• Fast neutron background +/-30%

• Distance to reactor: +/-0.15%

• Relative detector eff.: +/- 0.2%

� Systematics influence is small, results 
of our method are independent from 
shape of n-spectrum and detector 
efficiency.

� New data allowed to extend excluded 
area of 4n phase space in comparison 
with previous results shown in 2019.

The DANSS results

DANSS @ NEUTRINO 2020 shitov@jinr.ru 14/17
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Sterile Search: Exclusion

• Use both Feldman-Cousins and CLs to convert Δχ2 values 
to statistically valid excluded regions of oscillation phase space

• RAA best-fit excluded: 98.5% CL

• Data is compatible with null  
oscillation hypothesis (p=0.57)

• Δχ2 doesn’t follow χ2 distribution

• Wilk’s incorrectly ‘excludes’ RAA at 99.96% CL!
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New SBL reactor strategies: L-dep of signal

SBL reactor anomalynews
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FIG. 3. Allowed regions in the (sin22#ee,�m2
41) plane obtained from the combined analysis of the (a) NEOS/Daya Bay [45]

or (b) NEOS/RENO [46] spectral ratio data with those of the DANSS [40], PROSPECT [42], STEREO [44], and Bugey-3 [57]
experiments. Also shown are the contours of the 2� allowed regions of each experiments. Closed contours surround the allowed
region and open contours exclude the region on the right.

RSRF(N/DB) RSRF(N/R)

��2
PG GoFPG ��2

PG GoFPG

Ground State 12.95 0.15% 8.91 1.2%

Bahcall 12.86 0.16% 8.74 1.3%

Kostensalo 12.91 0.16% 8.89 1.2%

Semenov 12.88 0.16% 8.70 1.3%

TABLE III. �2 di↵erence ��2
PG of the parameter goodness of fit test [36] applied to the comparison of the neutrino oscillation

fits of the reactor spectral ratio data and the Gallium data with the four Gallium detection cross sections in Tab. I. The values
of the corresponding parameter goodness of fit GoFPG are calculated with two degrees of freedom corresponding to the two
common oscillation parameters sin22#ee and �m2

41. The column titles RSRF(N/DB) and RSRF(N/R) indicate, respectively,
the combined fits of NEOS/Daya Bay and NEOS/RENO data with those of the other reactor spectral ratio experiments
discussed in the text (DANSS, PROSPECT, STEREO, and Bugey-3).

the analyses of the reactor rate data discussed in Sec-
tion III and to compare the combination with the results
of the analyses of the Gallium data discussed in Sec-
tion II. Fig. 5 shows the comparison of the corresponding
2� and 3� allowed regions.

Comparing Fig. 5(a) with Fig. 4, one can see that
the addition of the reactor rate data leads to a bet-
ter localization of the reactor 2� allowed regions in the
RSRF(N/DB) analysis, for all the reactor flux models. In
this case there are only two 2�-allowed islands at�m

2

41
'

1.3 eV2 and �m
2

41
' 0.4 eV2 for the HM, EF, and KI re-

actor flux models. The first 2�-allowed island surrounds
the best-fit point at sin22#ee = 0.022. With the HKSS
reactor flux models there is also a third small 2�-allowed

island at �m
2

41
' 12 eV2 and sin22#ee = 0.13 � 0.17,

indicating a larger compatibility with the Gallium data.
However, in this case the best-fit point lies in the second
2�-allowed island at sin22#ee = 0.04. Figure 5(c) shows
the 3�-allowed regions obtained with the combined anal-
ysis of RSRF(N/DB) and reactor rates. One can see that
the HM and HKSS reactor flux models give large 3�-
allowed regions at large values of �m

2

41
, which include

relatively large values of sin22#ee and partially overlap
with the Gallium 3�-allowed regions. Also the EF re-
actor flux model has some small 3�-allowed regions at
large values of �m

2

41
, but there is only little overlap with

the Gallium 3�-allowed regions and only when consider-
ing the extreme Ground State cross section model. The

2.6s effect



O(eV) sterile neutrinos ?

Neutrino muons must disappear also but they don’t Minos, Minos+
6
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Figure 4. The MINOS and MINOS+ 90% Feldman-Cousins
exclusion limit compared to the previous MINOS result [17]
and results from other experiments [20, 43–46]. The Gariazzo
et al. region is the result of a global fit to neutrino oscillation
data [47].

all values of �m2
41 above 10�2 eV2. The low sensitivity

in the region �m2
41 < 10�2 eV2 arises from degeneracies

with the atmospheric mass-splitting�m2
31. The upper is-

land occurs at �m2
41 = 2�m2

31, and the dip below occurs
at �m2

41 = �m2
31. The MINOS/MINOS+ result is com-

pared to results from other experiments in Fig. 4, showing
it to be the leading limit over the majority of the range of
�m2

41. At fixed values of �m2
41 the data provide limits

on the mixing angles ✓24 and ✓34. At �m2
41 = 0.5 eV2,

we find sin2 ✓24 < [0.006 (90% C.L.), 0.008 (95% C.L.)]
and sin2 ✓34 < [0.41 (90% C.L.), 0.49 (95% C.L.)].

In conclusion, the joint analysis of data from the MI-
NOS and MINOS+ experiments sets leading and strin-
gent limits on mixing with sterile neutrinos in the 3+1
model for values of �m2

41 > 10�2 eV2 through the study
of ⌫µ disappearance. The final year of MINOS+ data,
corresponding to 40% of the total MINOS+ exposure,
combined with ongoing analysis improvements, will in-
crease the sensitivity of future analyses even further.

This document was prepared by the MINOS/MINOS+
Collaboration using the resources of the Fermi National
Accelerator Laboratory (Fermilab), a U.S. Department of
Energy, O�ce of Science, HEP User Facility. Fermilab is
managed by Fermi Research Alliance, LLC (FRA), acting
under Contract No. DE-AC02-07CH11359. This work
was supported by the U.S. DOE; the United Kingdom
STFC; the U.S. NSF; the State and University of Min-
nesota; and Brazil’s FAPESP, CNPq and CAPES. We

thank the personnel of Fermilab’s Accelerator and Sci-
entific Computing Divisions and the crew of the Soudan
Underground Laboratory for their e↵ort and dedication.
We thank the Texas Advanced Computing Center at The
University of Texas at Austin for the provision of com-
puting resources. We acknowledge fruitful cooperation
with Minnesota DNR.

⇤ Now at South Dakota School of Mines and Technology,
Rapid City, South Dakota 57701, USA.

† Deceased.
‡ Now at Lancaster University, Lancaster, LA1 4YB, UK.
§ Now at CERN, CH-1211 Geneva 23, Switzerland.
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Figure 2. Comparison of the MINOS and MINOS+ 90% C.L. exclu-
sion contour using the Feldman-Cousins method [52] and the CLs

method. The regions to the right of the curves are excluded at the
90% C.L. (CLs ). The 90% C.L. median sensitivity is shown in red
along with the 1� and 2� bands.

ders of magnitude in the sterile mass-squared splitting �m2

41
.

These limits are the world’s most stringent over 5 orders of
magnitude, for �m2

41
. 10 eV2.

The new constraints exclude the entire 90% C.L. allowed
regions from LSND and MiniBooNE for �m2

41
< 5 eV2,

with regions at higher values being excluded by NO-
MAD [54]. Further, the 99% C.L. allowed regions from
LSND and MiniBooNE are excluded for �m2

41
< 1.2 eV2.

The allowed region from a global fit to data from sterile
neutrino probes, intentionally excluding MINOS, MINOS+,
Daya Bay, and Bugey-3 contributions, computed by the
authors of Refs. [55, 56], is fully excluded at the 99% C.L.
The allowed region resulting from a fit to all appearance
data, updated by the authors of Ref. [57] to include the
MiniBooNE 2018 results [21], is equally strongly excluded.
The new limits presented here thus significantly increase the
tension between pure sterile neutrino mixing explanations
of appearance-based indications and the null results from
disappearance searches. The sole consideration of additional
sterile neutrino states cannot resolve this tension, which stems
from the non-observation of ⌫̄e and

(�)

⌫µ disappearance beyond
what is expected from the three-neutrino mixing model. This
inconsistency may be further quantified in additional detector
exposures in the process of being analyzed, specifically the
last year of MINOS+ data taking, representing an additional
sample of similar size to the one used here, as well as over
two more years of Daya Bay data.
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Figure 3. Comparison of the MINOS, MINOS+, Daya Bay, and
Bugey-3 combined 90% CLs limit on sin22✓µe to the LSND and
MiniBooNE 90% C.L. allowed regions. Regions of parameter space
to the right of the red contour are excluded. The regions excluded
at 90% C.L. by the KARMEN2 Collaboration [53] and the NOMAD
Collaboration [54] are also shown. The combined limit also excludes
the 90% C.L. region allowed by a fit to global data by Gariazzo et
al. where MINOS, MINOS+, Daya Bay, and Bugey-3 are not in-
cluded [55, 56], and the 90% C.L. region allowed by a fit to all avail-
able appearance data by Dentler et al. [57] updated with the 2018
MiniBooNE appearance results [21].

We gratefully acknowledge valuable contributions by Carlo
Giunti, for supplying a custom fit to global data excluding MI-
NOS, MINOS+, Daya Bay, and Bugey-3 data, and by Mona
Dentler and Joachim Kopp, for providing an updated version
of a fit to global appearance data including information from
the 2018 MiniBooNE appearance results.

The Daya Bay experiment is supported in part by the Min-
istry of Science and Technology of China, the U.S. Depart-
ment of Energy, the Chinese Academy of Sciences, the CAS
Center for Excellence in Particle Physics, the National Nat-
ural Science Foundation of China, the Guangdong provincial
government, the Shenzhen municipal government, the China
General Nuclear Power Group, the Research Grants Council
of the Hong Kong Special Administrative Region of China,
the Ministry of Education in Taiwan, the U.S. National Sci-
ence Foundation, the Ministry of Education, Youth and Sports
of the Czech Republic, the Joint Institute of Nuclear Research
in Dubna, Russia, the NSFC-RFBR joint research program,
and the National Commission for Scientific and Technolog-
ical Research of Chile. We acknowledge Yellow River En-
gineering Consulting Co., Ltd. and China Railway 15th Bu-
reau Group Co., Ltd. for building the underground laboratory.
We are grateful for the ongoing cooperation from the China

P (⌫µ ! ⌫µ)

<latexit sha1_base64="N2I3bI1MfjVRADb5LCFgOqItCW8="></latexit>

P (⌫µ ! ⌫µ)

<latexit sha1_base64="N2I3bI1MfjVRADb5LCFgOqItCW8="></latexit>

&

O(eV) 4th neutrino is not a good fit (all things considered…)



MicroBooNE

"" energy spectra

Low-energy excess
• Unblinded in summer 2021
• No observation of ν&

candidate excess in the 
low-energy region (except 
for the low- ν&-purity 
1%010" channel)

1%110" 1%210"

1%3

Ivan Caro, poster I-b DT14-735, 
“Search for an anomalous excess of 
charged-current electron neutrino 
interactions without pions in the final 
state with the MicroBooNE experiment ”

1%010"

5/31/22 16

arXiv: 2110.14080 (PRD accepted)
arXiv: 2110.14065 (PRD accepted)
arXiv: 2110.13978 (PRD accepted)

Does not confirm  the MiniBooNE excess

MicroBooNE 3+1 oscillation analysis results

MicroBooNE Preliminary
BNB Run 1-3 
6.369×10#' POT

2D profiled result

o Part of the LSND allowed region (not including the best-fit) 
is excluded by the MicroBooNE 95% CL limit

o J5 appearance-only result (see backup slide) is not shown 
and it is physically not allowed in the 3+1 framework

95% CL 
exclusion 
limits

5/31/22

J5 appearance 2D parameter space
3% appearance-only; a reasonable approximation 
because of low stats. Intrinsic 3̅%

Xiangpan Ji, poster I-b DT14-753, “Search for a sterile 
neutrino at MicroBooNE using BNB and NuMI beams”

23

All in all: significant hints of deviations with the SM remain, but non-understood 
systematics is possible and sterile hypothesis not a good fit to the data



Exercise: what about MSW resonances in the 4n model ? 
Can the steriles oscillation be resonantly enhanced ? Estimate the 
resonance energy for Earth density and think where to look for this 
effect. 



The other big open questions 

Absolute mass scale:  minimum mn

Are neutrinos Majorana and if so, what new physics lies 
behind this fact ?



n n
n
n
n
n
n

n

Absolute n mass scale
Best constraints at present from cosmology

Planck ‘18



Cosmological neutrinos

Neutrinos have left many traces in the history of the Universe

Galaxy distribution (LSS)
Nucleosynthesis

CMB

-> G. Servant’s lectures

N⌫
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Majorana nature: bb0n
Plethora of experiments with different techniques/systematics: EXO,
KAMLAND-ZEN, GERDA, CUORE, NEXT…



Majorana nature: bb0n
Plethora of experiments with different techniques/systematics: EXO,
KAMLAND-ZEN, GERDA, CUORE, NEXT …

If L > 100MeV

Capo

2s

Next generation of experiments @Ton scale to cover the IO region (eg. LEGEND) 



New era of n physics:
neutrino astronomy, geology,…

Understand the Earth Understand Astrophysical sources

Donini, Palomares-Ruiz, Salvado ‘18
Jakob van Santen – ICRC 2017 – Highlights from IceCube

4 years (ICRC 2015)6 years (ICRC 2017)

High-energy starting events in IceCube

• Selected events 
that start in 
IceCube volume 

• 82 events in 6 
years (54 in 4 
years)

7

See C. Kopper, NU060
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νμ
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μ Veto
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Icecube



Icecube col. 2211.09972

directions, but without these new methods. This difference is expected and can be reproduced

in Monte Carlo studies, see (27). Incrementally removing the most significant events from the

hot spot reveals that the excess persists, which demonstrates that the hot spot is not dominated

by one or a few single events but is the result of an accumulation of neutrinos from this partic-

ular direction (27). The neutrino events contributing to the excess from NGC 1068 have been

visually inspected, and show well-reconstructed horizontal ⇠TeV energy track events with no

sign of unexpected contamination or anomalies (27). Out of the 20 events contributing most to

the results presented here, 19 were included in the previous analysis (25). Although the hot spot

is thus dominated by the same neutrinos, the new data reprocessing and improved modeling of

the likelihood function slightly change the precise evaluation of the events’ characteristics and

therefore their contribution to the likelihood function. These small but consistent recalibrations

and the effects of the refined reconstructions align the events more precisely with the direction

of NGC 1068, thus significantly strengthening the neutrino association (27).

NGC 1068 as a neutrino source

The signal identified during the 3186 days period of IceCube data taking in the complete con-

figuration consists of an estimated 79+22
�20 muon-neutrino events that are present in addition to

the expected background. Scaling the 1 TeV muon neutrino flux normalization �1TeV
⌫µ+⌫̄µ = (5.0±

1.5stat) ⇥ 10�11 TeV�1 cm�2 s�1 by a factor of 3 we obtain the all-flavor neutrino flux, as-

suming equal contributions from all flavors, e.g. from pion decay dominated sources and neu-

trino oscillations over cosmic distances (36, 37). In the following we adopt a distance of 14.4

Mpc for NGC 1068 (38), as most commonly used in the literature, but note that there is some

uncertainty with values ranging between 10.3 ± 3Mpc (from the NASA/IPAC Extragalactic

Database) using the Tully-Fisher relation and 16.5 Mpc (39). The resulting redshift-corrected

isotropic equivalent neutrino luminosity in the neutrino energy range from 1.5 TeV to 15 TeV

13

4.2s

Figure 1: Skymap of the scan for point sources in the Northern Hemisphere. The color scale
represents the local p-value obtained from the maximum likelihood analysis evaluated (with the
spectral index as free fit parameter) at each location in the sky, shown in Equatorial coordinates
with Hammer-Aitoff projection. The black circles indicate the three most significant objects in
the source list search. The circle of NGC 1068 also coincides with the overall hottest spot in the
Northern Sky.

scanning many independent positions in the sky under the three spectral index hypotheses, the

global p-value corresponds (27) to a significance of 2.0� and therefore is not significant when

the entire Northern Sky is scanned without additional prior information. A high-resolution scan

around the best-fit position of the hottest spot is shown in Fig. 2.

As part of the various inspections to be carried out a posteriori, we also searched for astro-

physical counterparts in close proximity with the direction of the five locally most significant

spots in each of the three skymaps (reported in Tab. 2 (27)). We note that the nearby Seyfert I

galaxy NGC 4151 (11) is located at ⇠0.18 degrees distance from the fourth-hottest spot in the

map obtained with �=2.5. Because possible neutrino emission from NGC 4151 is not one of

the hypotheses that were formulated for this work, we cannot estimate a global p-value for this

coincidence.

Searching the entire Northern Hemisphere entails a strong penalty due to testing multiple

7

Icecube started mapping the most powerful cosmic accelerators



New era of n physics:CnB?

Figure 2: (Left) The two competing processes, which share the same invariant
amplitude, where the out-coming neutrino in the beta decay process is considered
as incoming particle in the case of neutrino capture. (Right) The expected decay
spectrum are depicted in the case of beta decay and neutrino capture.

Thus, if a detector is capable to exploit enough target material and has the

required energy resolution few events per year of relic neutrino interactions

are expected. It is worth pointing out, as also underlined in 2), that the

best target elements for this measurement are those with the largest value of

⌧� · (�capturev⌫), so tritium comes out to be the most suitable when used in

quantity on the mass scale of grams.

Tritium brings to our mind the KATRIN experiment 7) devoted to the

direct neutrino mass measurement. Unfortunately, it exploits an amount of tri-

tium, 100 µg, which results in a negligible number of expected relic neutrino

interactions. The KATRIN detector is based on the technique of electrostatic

filter, where electrons follow the field lines of a static B field with large gra-

dient. This imposes that to increase the amount of tritium ( i,e, grams), the

volume must be increased proportionally, thus few 104 times larger volume

which makes the KATRIN’s technology not suitable for relic neutrino detec-

tion. The increase in volume is need not only to prevent inelastic scattering of

tritium molecules, the pressure can not be as high as we like, but also by the

fact that the electrons follow an adiabatic motion across field lines where the

B flux must be conserved, i.e. B · S = const. Thus if B decrees across particle
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direct neutrino mass measurement. Unfortunately, it exploits an amount of tri-

tium, 100 µg, which results in a negligible number of expected relic neutrino

interactions. The KATRIN detector is based on the technique of electrostatic

filter, where electrons follow the field lines of a static B field with large gra-

dient. This imposes that to increase the amount of tritium ( i,e, grams), the

volume must be increased proportionally, thus few 104 times larger volume

which makes the KATRIN’s technology not suitable for relic neutrino detec-

tion. The increase in volume is need not only to prevent inelastic scattering of

tritium molecules, the pressure can not be as high as we like, but also by the

fact that the electrons follow an adiabatic motion across field lines where the

B flux must be conserved, i.e. B · S = const. Thus if B decrees across particle
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M. Messina ‘18

PTOLOMY experiment

n⌫ = 336⌫/cm3(1/6 ⌫e)
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Atomic Tritium on graphene



New era of n physics:
Neutrino interactions in new regimes

A. Di Crescenzo 
CERN, Università Federico II and INFN 

On behalf of SND@LHC and FASER Collaborations

NEUTRINO 2022 - May 30 - June 4, 2022

NEUTRINO PHYSICS AT LHC: 
CURRENT EXPERIMENTS

The FASER neutrino program is supported 
by Heising-Simons Foundation, Simons 

Foundation, ERC, and JSPS KAKENHI 

Neutrino physics at the LHC
‣Klaus Winter, 1990, observing tau neutrinos at the LHC
‣A. De Rùjula, E. Fernandez and J. J. Gòmez-Cadenas, 1993,  Neutrino fluxes at LHC
‣F. Vannucci, 1993, neutrino physics at the LHC
‣http://arxiv.org/abs/1804.04413 April 12th 2018

LHC is in intense source of TeV scale neutrinos !

[Phys. Rev. D 104, L091101]

2018 FASERv Pilot run 

‣Analyzed target mass of 11 kg and luminosity of 
12.2 fb-1 
‣18 neutral vertices selected 
- By applying topological cuts 
- Expected signal 3.3+1.7-0.9 events, background 
11.0 events 
‣no lepton ID in the pilot detector, high BG 
‣In the BDT analysis, excess of neutrino signal 
observed 
‣Statistical significance 2.7  from null hypothesis 
‣This result demonstrates detection of neutrinos 
at the LHC

σ

2.7s evidence for LHC neutrinos



New era of n physics:
Neutrino interactions in new regimes

A. Di Crescenzo 
CERN, Università Federico II and INFN 

On behalf of SND@LHC and FASER Collaborations

NEUTRINO 2022 - May 30 - June 4, 2022

NEUTRINO PHYSICS AT LHC: 
CURRENT EXPERIMENTS

The FASER neutrino program is supported 
by Heising-Simons Foundation, Simons 

Foundation, ERC, and JSPS KAKENHI 

LHC is in intense source of TeV scale neutrinos !
‣ Neutrino cross-section measurement of three flavors at TeV energies 

‣ Neutrino CC interactions with charm production ( ): 
- study strange quark content  
- probe inconsistency between predictions and LHC data 

‣ Neutrino NC measurements could constraint non-standard 
interactions 

‣ High energy electron neutrinos (E>500 GeV) mainly produced in 
charmed hadron decays: 
- measurement of forward charm production  

νs → lc



New era of n physics:
Neutrino interactions in new regimes
Coherent Neutrino Scattering

SM and BSM CE⌫NS Neutrino Interactions

Standard Model NC Electromagnetic Interactions

Z

να να

N (A,Z) N (A,Z)

γ

να νβ

N (A,Z) N (A,Z)

BSM Vector Mediator BSM Scalar Mediator

Z ′

να νβ

N (A,Z) N (A,Z)

Φ

να νβ

N (A,Z) N (A,Z)

C. Giunti � New Physics Searches with CEvNS (Theory) � Neutrino 2022 � 4 June 2022 � 4/29

D. Freedman ‘74

What is 
CE!NS?

Coherent Elastic 
Neutrino-Nucleus Scattering

is	a	process	in	which	neutrinos	scatter	off	a	nucleus	
acting	as	a	single	particle

	Predicted in 1974 by Freedman 

 Measured for the first time in 2017 by COHERENT 

 Dominant process for E! ≲ 50 eV 

 Cross section increase with N2

D. Akimov et al, Science 357 (2017) 

A

A

A

A
D. Freedman, Phys.Rev. D 9 1389  (1974)

4

First measured in 2017 by COHERENT experiment! 

What is 
CE!NS?

Coherent Elastic 
Neutrino-Nucleus Scattering

is	a	process	in	which	neutrinos	scatter	off	a	nucleus	
acting	as	a	single	particle

	Predicted in 1974 by Freedman 

 Measured for the first time in 2017 by COHERENT 

 Dominant process for E! ≲ 50 MeV 

 Cross section increases as N2

Raimund Strauss – Magnificent CEvNS 2018 

A

A

A

A

�SM ⇠ G2
F

4⇡
N2E2

⌫
<latexit sha1_base64="gl4FNuTpDDKlQshgAaMT2k8hL0A="></latexit>
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D. Akimov et al, Science 357 (2017) 

D. Freedman, Phys.Rev. D 9 1389  (1974)

D. Pershey New results from COHERENT

❑ The process is coherent, which gives a large cross section, roughly scaling with 
the square of the number of neutrons

σ ≈
𝐺𝐹2

4π
𝑁 − 1 − 4 sin2 θ𝑊 𝑍 2𝐸ν2

❑ Very large cross section, compared to low-energy neutrino processes
• Measurements within reach of kg-scale detectors with 10t-scale detectors capable of 

precision BSM tests   

5

CEvNS

Coherent Elastic Neutrino Nucleus Scattering (CEvNS)



New era of n physics:
Neutrino interactions in new regimes
Coherent Neutrino Scattering

Coherent CAPTAIN-Mills 
(CCM)

LANSCE Lujan

Experiments

Nuclear reactors

Stopped-pion beams 

2023

vIOLETA

GaNESS

Future/Planned

NCC-1701
RED-100

CHILLAX

SBC

CEvNS experiments

Bonifazi ‘22



New era of n physics:
Neutrino interactions in new regimes
Coherent Neutrino Scattering

• Test neutrino properties and light BSM connected to neutrinos

• Understand background to DM searches (neutrino floor: CNS of solar neutrinos)

• Nuclear physics: new probe of nuclear properties

• Monitoring reactor fluxes (for physics and non proliferation)



Neutrinos and BSM



CKM

PMNS 3s

Why do they mix so differently ? 
Massive neutrinos: a new flavour perspective

16 12. CKM quark-mixing matrix

and the Jarlskog invariant is J = (3.18 ± 0.15) × 10−5.

Figure 12.2 illustrates the constraints on the ρ̄, η̄ plane from various measurements
and the global fit result. The shaded 95% CL regions all overlap consistently around the
global fit region.

12.5. Implications beyond the SM

The effects in B, Bs, K, and D decays and mixings due to high-scale physics
(W , Z, t, H in the SM, and unknown heavier particles) can be parameterized by
operators composed of SM fields, obeying the SU(3) × SU(2) × U(1) gauge symmetry.
Flavor-changing neutral currents, suppressed in the SM, are especially sensitive to beyond
SM (BSM) contributions. Processes studied in great detail, both experimentally and
theoretically, include neutral meson mixings, B(s) → Xγ, X$+$−, $+$−, K → πνν̄,
etc. The BSM contributions to these operators are suppressed by powers of the scale
of new physics. Already at lowest order, there are many dimension-6 operators, and
the observable effects of BSM interactions are encoded in their coefficients. In the SM,
these coefficients are determined by just the four CKM parameters, and the W , Z, and
quark masses. For example, ∆md, Γ(B → ργ), Γ(B → π$+$−), and Γ(B → $+$−) are all
proportional to |VtdVtb|2 in the SM, however, they may receive unrelated contributions
from new physics. The new physics contributions may or may not obey the SM relations.
(For example, the flavor sector of the MSSM contains 69 CP -conserving parameters and
41 CP -violating phases, i.e., 40 new ones [129]). Thus, similar to the measurements of
sin 2β in tree- and loop-dominated decay modes, overconstraining measurements of the
magnitudes and phases of flavor-changing neutral-current amplitudes give good sensitivity
to new physics.

To illustrate the level of suppression required for BSM contributions, consider a
class of models in which the unitarity of the CKM matrix is maintained, and the
dominant effect of new physics is to modify the neutral meson mixing amplitudes [130] by
(zij/Λ2)(qiγ

µPLqj)
2 (see [131,132]). It is only known since the measurements of γ and

α that the SM gives the leading contribution to B0 –B0 mixing [6,133]. Nevertheless,
new physics with a generic weak phase may still contribute to neutral meson mixings at
a significant fraction of the SM [134,135,127]. The existing data imply that Λ/|zij |1/2

has to exceed about 104 TeV for K0 –K0 mixing, 103 TeV for D0 –D0 mixing, 500 TeV
for B0 –B0 mixing, and 100TeV for B0

s –B0
s mixing [127,132]. (Some other operators

are even better constrained [127].) The constraints are the strongest in the kaon sector,
because the CKM suppression is the most severe. Thus, if there is new physics at the TeV
scale, |zij | # 1 is required. Even if |zij | are suppressed by a loop factor and |V ∗

tiVtj |2 (in
the down quark sector), similar to the SM, one expects percent-level effects, which may
be observable in forthcoming flavor physics experiments. To constrain such extensions of
the SM, many measurements irrelevant for the SM-CKM fit, such as the CP asymmetry

in semileptonic B0
d,s decays, Ad,s

SL , are important [136]. The current world averages [21]
are consistent with the SM, with experimental uncertainties far greater than those of the
theory predictions.

Many key measurements which are sensitive to BSM flavor physics are not useful

June 5, 2018 19:49
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Figure 12.2: Constraints on the ρ̄, η̄ plane. The shaded areas have 95% CL.

unitarity). The fit must also use theory predictions for hadronic matrix elements, which
sometimes have significant uncertainties. There are several approaches to combining
the experimental data. CKMfitter [6,109] and Ref. [124] (which develops [125,126]
further) use frequentist statistics, while UTfit [110,127] uses a Bayesian approach. These
approaches provide similar results.

The constraints implied by the unitarity of the three generation CKM matrix
significantly reduce the allowed range of some of the CKM elements. The fit for the
Wolfenstein parameters defined in Eq. (12.4) gives

λ = 0.22453 ± 0.00044 , A = 0.836 ± 0.015 ,

ρ̄ = 0.122+0.018
−0.017 , η̄ = 0.355+0.012

−0.011 . (12.26)

These values are obtained using the method of Refs. [6,109]. Using the prescription
of Refs. [110,127] gives λ = 0.22465 ± 0.00039, A = 0.832 ± 0.009, ρ̄ = 0.139 ± 0.016,
η̄ = 0.346 ± 0.010 [128]. The fit results for the magnitudes of all nine CKM elements are

VCKM =




0.97446 ± 0.00010 0.22452± 0.00044 0.00365 ± 0.00012
0.22438 ± 0.00044 0.97359+0.00010

−0.00011 0.04214 ± 0.00076

0.00896+0.00024
−0.00023 0.04133± 0.00074 0.999105 ± 0.000032



 , (12.27)
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NuFIT 5.0 (2020)

|U |w/o SK-atm
3� =

0

B@
0.801 ! 0.845 0.513 ! 0.579 0.143 ! 0.156

0.233 ! 0.507 0.461 ! 0.694 0.631 ! 0.778

0.261 ! 0.526 0.471 ! 0.701 0.611 ! 0.761

1

CA

|U |with SK-atm
3� =

0

B@
0.801 ! 0.845 0.513 ! 0.579 0.143 ! 0.155

0.234 ! 0.500 0.471 ! 0.689 0.637 ! 0.776

0.271 ! 0.525 0.477 ! 0.694 0.613 ! 0.756

1

CA
J ' 0.033 sin �
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Why so different mixing ?
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Where the large mixing comes from ?

Discrete or continuous symmetries
Anarchy for leptons  

Lepton-quark flavour connection in GUTs ?



mH

Massive neutrinos: a new flavour perspective

Why are neutrinos so much lighter ? 

They get their masses differently!



?nSM

Neutrinos have tiny masses -> a new physics scale, what ?

m⌫ = �
v2

⇤

Scale at which new
particles will show up



What originates the neutrino mass ?

Could be  L >> v… the standard lore (theoretical prejudice ?)

� ⇠ O(1)
m⌫

p⇤ = MGUT

Hierarchy problem m2
H

/ ⇤2

not natural in the absence of SUSY/other solution to the hierarchy problem

Vissani



mH

The Standard Model  is healthy as far as we can see…

Could be naturally  L ~ v ? 

Yes ! l in front of neutrino mass operator must be small…



Type II see-saw:
a heavy triplet scalar

Konetschny, Kummer; 
Cheng, Li;
Lazarides, Shafi, Wetterich…

Resolving the neutrino mass operator at tree level

Type III see-saw:
a heavy triplet fermion

Foot et al; Ma; 
Bajc, Senjanovic…

Type I see-saw:
a heavy singlet scalar

Minkowski; 
Yanagida; Glashow; 
Gell-Mann, Ramond Slansky; 
Mohapatra, Senjanovic…

E. Ma

l ~ O(Y2) l ~ O(Y2)l ~ O(Y µ/MD)

l l l



MN = GUT

MN~ v
n

Yukawa

Yukawa

MN~ GUT
n

Type I and III



eV keV MeV GeV TeV MPlanck
MN

Where is the new scale ?

Generic predictions 

Ø there is neutrinoless double beta decay at some level (L > 100MeV) 

model independent contribution from the neutrino mass 😊

bb0n



Where is the new scale ?

GeVMeVkeVeV TeVeV keV MeV GeV TeV MPlanck
MN

Leptogenesis

Generic predictions:

Ø a matter-antimatter asymmetry if there is CP violation in the 
lepton sector via leptogenesis

model dependent…      😪



eV keV MeV GeV TeV MPlanck
MN

Generic predictions:

Ø there are other states out there at scale L: new physics beyond 
neutrino masses 

potential impact in cosmology, EW precision tests, collider, 
rare searches, bb0n, …

model dependent…   😪

Where is the new scale ?

new states accessible



eV keV MeV GeV TeV MPlanck
MN

Where is the new scale ?

bb0n

new states accessible
Leptogenesis

The EW scale is an interesting region: new physics underlying the 
matter-antimatter asymmetry  
could be predicted & tested !



The Standard Model+massive n
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Table 1: Irreducible fermionic representations in the Standard Model: (dSU(3), dSU(2))Y

2 Neutrinos in the Standard Model
The Standard Model (SM) is a gauge theory based on the gauge group SU(3) ⇥ SU(2) ⇥ UY (1). All
elementary particles arrange in irreducible representations of this gauge group. The quantum numbers
of the fermions (dSU(3), dSU(2))Y are listed in table 1.

Under gauge transformations neutrinos transform as doublets of SU(2), they are singlets under
SU(3) and their hypercharge is �1/2. The electric charge, given by Q = T3 + Y , vanishes. They are
therefore the only particles in the SM that carry no conserved charge.

The two most intriguing features of table 1 are its left-right or chiral asymmetry, and the three-fold
repetition of family structures. Neutrinos have been essential in establishing both features.

2.1 Chiral structure of the weak interactions
The left and right entries in table 1 have well defined chirality, negative and positive respectively.
They are two-component spinors or Weyl fermions, that is the smallest irreducible representation of
the Lorentz group representing spin 1/2 particles. Only fields with negative chirality (i.e. eigenvalue of
�5 minus one) carry the SU(2) charge. For free fermions moving at the speed of light (i.e., massless), it
is easy to see that the chiral projectors are equivalent to the projectors on helicity components:

PR,L ⌘ 1 ± �5

2
=

1

2

✓
1 ± s · p

|p|

◆
+ O

⇣mi

E

⌘
, (6)

where the helicity operator ⌃ =
s·p
|p| measures the component of the spin in the direction of the momen-

tum. Therefore for massless fermions only the left-handed states (with the spin pointing in the opposite
direction to the momentum) carry SU(2) charge. This is not inconsistent with Lorentz invariance, since
for a fermion travelling at the speed of light, the helicity is the same in any reference frame. In other
words, the helicity operator commutes with the Hamiltonian for a massless fermion and is thus a good
quantum number.

The discrete symmetry under CPT (charge conjugation, parity, and time reversal), which is a basic
building block of any Lorentz invariant and unitary quantum field theory (QFT), requires that for any
left-handed particle, there exists a right-handed antiparticle, with opposite charge, but the right-handed
particle state may not exist. A Weyl fermion field represents therefore a particle of negative helicity and
an antiparticle with positive one.

Parity however transforms left and right fields into each other, thus the left-handedness of the weak
interactions implies that parity is maximally broken in the SM. The breaking is nowhere more obvious

4

(1,1)0

<latexit sha1_base64="YC0z8+3D3BVtR/fRi5Hh63c5eMA=">AAACL3icbVBbS8MwGE29znmr+uhLcAgTxmhloo9DQXyc4C7QlpJm6RaWXkhSYZT+I1/8K3sRUcRX/4Vpt8HcPBA4nO92cryYUSEN411bW9/Y3Nou7ZR39/YPDvWj446IEo5JG0cs4j0PCcJoSNqSSkZ6MSco8BjpeqO7vN59JlzQKHyS45g4ARqE1KcYSSW5+n1qF0ssPvCc1KwbBWrGMsmqqR0gOfR8aGa1BX7hpkaWuXpl3glXyXxtBczQcvWJ3Y9wEpBQYoaEsEwjlk6KuKSYkaxsJ4LECI/QgFiKhiggwkkLqxk8V0of+hFXL5SwUBcnUhQIMQ481Zn7FMu1XPyvZiXSv3FSGsaJJCGeHvITBmUE8/Bgn3KCJRsrgjCnyivEQ8QRlirisgrBXP7yKulc1s1G/eqxUWnezuIogVNwBqrABNegCR5AC7QBBi9gAj7Ap/aqvWlf2ve0dU2bzZyAP9B+fgHwOqTS</latexit>

⌫3R

<latexit sha1_base64="z6ji8Y9y4sPU5dN3CS2ALyanAi4=">AAACGXicbVDNS8MwHE39nPOr6tFLcAgeZLQ60ePQi8cp7gPaWtIs3cLStCSpMEr/DS/+K148KOJRT/43Zt0Guvkg8Hjv95UXJIxKZVnfxsLi0vLKammtvL6xubVt7uy2ZJwKTJo4ZrHoBEgSRjlpKqoY6SSCoChgpB0MrkZ++4EISWN+p4YJ8SLU4zSkGCkt+aaVucUQR/QCL7OrVoFja5bkLk/vT/3b3DcrUw3Ok+mACpig4ZufbjfGaUS4wgxJ6dhWorwMCUUxI3nZTSVJEB6gHnE05Sgi0suKo3J4qJUuDGOhH1ewUH93ZCiSchgFujJCqi9nvZH4n+ekKrzwMsqTVBGOx4vClEEVw1FMsEsFwYoNNUFYUH0rxH0kEFY6zLIOwZ798jxpnVTtWvXsplapX07iKIF9cACOgA3OQR1cgwZoAgwewTN4BW/Gk/FivBsf49IFY9KzB/7A+PoBk7GcRQ==</latexit>

⌫2R

<latexit sha1_base64="AjW4XykAVEGzh99c6khi/s6ZY2Q=">AAACGXicbVDNS8MwHE39nPOr6tFLcAgeZLRjosehF49T3Ae0taRZuoWlaUlSYZT+G178V7x4UMSjnvxvzLoNdPNB4PHe7ysvSBiVyrK+jaXlldW19dJGeXNre2fX3NtvyzgVmLRwzGLRDZAkjHLSUlQx0k0EQVHASCcYXo39zgMRksb8To0S4kWoz2lIMVJa8k0rc4shjugHXmZXrQKn1jzJXZ7e1/zb3DcrMw0uktmACpii6Zufbi/GaUS4wgxJ6dhWorwMCUUxI3nZTSVJEB6iPnE05Sgi0suKo3J4rJUeDGOhH1ewUH93ZCiSchQFujJCaiDnvbH4n+ekKrzwMsqTVBGOJ4vClEEVw3FMsEcFwYqNNEFYUH0rxAMkEFY6zLIOwZ7/8iJp16p2vXp2U680LqdxlMAhOAInwAbnoAGuQRO0AAaP4Bm8gjfjyXgx3o2PSemSMe05AH9gfP0AkiqcRA==</latexit>

⌫1R

<latexit sha1_base64="COZQ2OuSczzpWNGf/gxO1xX0Ayg=">AAACGXicbVDNS8MwHE3n15xfVY9egkPwIKOViR6HXjxOcR/Q1pJm6RaWpiVJhVH6b3jxX/HiQRGPevK/Mes20M0Hgcd7v6+8IGFUKsv6NkpLyyura+X1ysbm1vaOubvXlnEqMGnhmMWiGyBJGOWkpahipJsIgqKAkU4wvBr7nQciJI35nRolxItQn9OQYqS05JtW5hZDHNEPvMyuWQVOrHmSuzy9t/3b3DerMw0uktmAKpii6Zufbi/GaUS4wgxJ6dhWorwMCUUxI3nFTSVJEB6iPnE05Sgi0suKo3J4pJUeDGOhH1ewUH93ZCiSchQFujJCaiDnvbH4n+ekKrzwMsqTVBGOJ4vClEEVw3FMsEcFwYqNNEFYUH0rxAMkEFY6zIoOwZ7/8iJpn9bseu3spl5tXE7jKIMDcAiOgQ3OQQNcgyZoAQwewTN4BW/Gk/FivBsfk9KSMe3ZB39gfP0AkKOcQw==</latexit>

An extension of the SM table is mandatory

LSM � ⌫̄LiYijH⌫Rj + ⌫̄RiMij⌫
c
Rj
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Seesaw
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Light neutrinos (n)

Heavy Neutral Leptons (N)

M≠ 0 <->  6 Majorana neutrinos (3 light, 3 heavy)
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Fixing the light neutrino masses leaves us with a degeneracy  

M ⇠ Y 2
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Robust prediction: generation of a baryon asymmetry via leptogenesis for a wide
range of M

Excluded by cosmology eg. BBN
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The Standard Model+massive n

eV keV MeV GeV TeV MPlanck
MN

Robust prediction: generation of a baryon asymmetry via leptogenesis for a wide
range of M

Excluded by cosmology eg. BBN

@EW scale leptogenesis
via neutrino oscillations

@leptogenesis from
out-of-equilibrium decay

Hierarchy problem

Fukugita, Yanagida; Abada et al;..Pilaftsis…; Ahkmedov,Rubakov, Smirnov; Asaka, Shaposhnikov…
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(~PMNS)

HNL mixing

Heavy Neutral Leptons

Naïve seesaw scaling: 

For n ≥ 2, large naïve scaling not true ! 



W/Z

l/ν

N
1

a

Hadron colliders

M

e�

e+
Z

⌫

N `±

q

q̄

Meson decays e+e-@Z peake�

e+
Z

⌫

N `±

q

q̄

⇡, K,D,B W
`

N `
q

q̄

@Laboratory (fixed target, colliders) and cosmic rays  
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Heavy Neutral Leptons
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FCC

Heavy Neutral Leptons

Most of the accessible region is quite far from the seesaw limit …

Within naive see-saw scaling   

Larger mixings can be achieved via an approximate Lepton Number symmetry!  
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Future experimental sensitivity  
               SHiP & FCC-ee

ΔM = 2μ

U2 ≃ y2 v2

M2

mν = f (y′ /y, μ /Λ)
y′ ≪ y, μ ≪ Λ

M = (0 Λ
Λ 0) + diag(μ)

Y = (y, 0) + (0, y′ )

Wyler, Wolfenstein ’83; Mohapatra, Valle ’86 

Prerequisite II
Displaced vertex searches

|U |2 � ml

M
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LHC Displaced V

DELPHI

D meson

K meson

Is this natural ?

n masses 
not explained
below the line 

U2 =
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“Light” HNL searches at LHC

Jie Xiao (Peking University)

Neutrino2022 Heavy neutrinos at the LHC - results and prospects

03 June 2022

Long-lived heavy neutral leptons with displaced vertices

• The CMS analysis only considers the HNL mixes with a single neutrino flavor (1SFH)

23

CMS arXiv:2201.05578

Distances between the PV and the SV in the transverse plane (∆2D)

eeX

Xμμ

Clear improvement wrt 
DELPHI results in the 

displaced regime

Jie Xiao (Peking University)

Neutrino2022 Heavy neutrinos at the LHC - results and prospects

03 June 2022

Long-lived heavy neutral leptons with displaced vertices

• The ATLAS analysis considers both 1SFH and two quasi-degenerate HNLs (2QDH) scenarios
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ATLAS arXiv:2204.11988

- Inverted-hierarchy (IH)
 

- Normal-hierarchy (NH) 
, , and 

xα ≡ Uα
2
/ |U |2 = 1/3 (α = e, μ, τ)

xe = 0.06 xμ = 0.48 xτ = 0.46

Jie Xiao (Peking University)

Neutrino2022 Heavy neutrinos at the LHC - results and prospects

03 June 2022

Long-lived heavy neutral leptons with displaced vertices

• HNLs are sterile which means they only interact with  through mixing . 

• HNL lifetime ( ): smaller is the mass or the -mixing — longer  lives

νSM νSM → N

τ N N
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τ ∝ ∑
i

Vi N
−2

m−5
N

From very small (prompt decays) to macroscopic distances 
from production vertex (displaced decays) at very low mass 
and couplings.

Pioneering signatures: displaced objects

Displaced vertices is the golden signal !

Jie Xiao (Peking University)

Neutrino2022 Heavy neutrinos at the LHC - results and prospects

03 June 2022

Long-lived heavy neutral leptons with displaced vertices

• HNLs are sterile which means they only interact with  through mixing . 

• HNL lifetime ( ): smaller is the mass or the -mixing — longer  lives

νSM νSM → N

τ N N
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and couplings.
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Baryon asymmetry
The Universe seems to be made of matter



A. Sakharov

Baryon asymmetry of the universe
A. D. Sakharov

P.N. Lebedev Physics Institute, Academy of Sciences of the USSR

Usp. Fiz. Nauk 161,110-120 (May 1991)

(Review paper presented at the A. A. Friedmann Centenary Conference, Leningrad, 22-26 June,
1988)1'

The concept of a nonstationary Universe whose founda-
tion was laid by Friedmann is of a vast scientific and philo-
sophical significance.

Among the problems, whose very formulation was im-
possible in the pre-Friedmann time there is the problem of
baryon asymmetry of the Universe. How can one explain
why there are only baryons in the observable part of the
Universe, and not antibaryons? What determines quantita-
tively the magnitude of the baryonic asymmetry (the latter is
conventionally characterized by the ratio

(BAU) = — ~  √9;

where Ô
‚
 is the mean density of baryons in the Universe, n

Y

is the relic photon density, in the order of magnitude equal to
the density of entropy). The value of BAU is known but
approximately because of: (1) the inaccuracy in the knowl-
edge of the Hubble constant; (2) the value of fi = p/p

ci
 < 1 is

uncertain, we assume that fix 1, although this needs to be
checked; (3) the nature of the hidden mass remains un-
known (most likely, it is mainly of nonbaryonic nature, and
hence is not essential here).

Certainly there should also exist some lepton asymme-
try, although no experimental data about it are available,
since most of the leptons and antileptons exist in the form of
the up to now unobservable relic neutrinos and antineu-
trinos. Within a wide class of theories the relation Ë‚ = Î¸

holds true; however, some scenarios exist wherein nL and Ë‚

have different signs and magnitudes.
Numerous attempts are known to solve the problem of

BAU without abandoning the conservation law of the bar-

yonic number (items 1,2).
1. It is assumed (Alfven [ 1 ] and other authors) that at

an early stage there existed a plasma that was primarily bar-
yonic-neutral (hot Universe with a temperature T^>M

B
)

but later underwent the spatial separation of the baryonic
charges

FIG. l.

However, nobody succeeded in inventing a sufficiently effec-
tive separation mechanism. A shadow of hope is provided by
a hypothesis concerning the role which may be played by the
primordial black holes (Hawking [2], Zel'dovichefa/. [3])

FIG. 2.

If, due to some reasons, the capture of antibaryons is more
intensive, the excess baryonic charge arises outside the black
holes.

2. Another hypothesis admits that the primordial mat-
ter was cold and contained positive baryonic charge (bar-
yons or, more likely quarks). The primary entropy was ei-
ther S = 0, or S~B (S is the entropy, ¬ the number of
baryons in some region of the Universe). It grows in the
irreversible processes in the course of expansion of the Uni-
verse, and the entropy increases to a value ~ 109.

fi=const

grows

FIG. 3.

Hypotheses of this sort are completely ruled out within the
scenarios of an inflationary Universe.

Inflation

5=const,
ng decreasing

FIG. 4.

3. The third approach to the BAU problem abandons

the baryonic charge conservation (S. Weinberg, 1964 [4]; A.
D. Sakharov, 1967 [5]; V. A. Kuz'min, 1970 [6]).

Three basic conditions for cosmological formation of
baryonic asymmetry

I. Absence of baryonic charge conservation.
II. Difference between particles and antiparticles, man-

ifesting itself in the violation of CP-invariance.
III. Nonstationarity. Formation of BA is only possible

under nonstationary conditions in the absence of local ther-
modynamic equilibrium.

Let us discuss these conditions.
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Violation of CP in variance, — asymmetry, and baryon asymmetry of the universe
A. D. Sakharov

(Submitted 23 September 1966)
Pis'maZh. Eksp.Teor. Fiz. 5,32-35 (1967) [JETPLett. 5,24-27 (1967).
Also S7, pp. 85-88]

Usp. Fiz. Nauk 161,61-64 (May 1991)

C^TTML-

Literal translation: Out ofS. Okubo's effect

At high temperature

A fur coat is sewed for the Universe

Shaped for its crooked figure.

The theory of the expanding universe, which presup-
poses a superdense initial state of matter, apparently ex-
cludes the possibility of macroscopic separation of matter
from antimatter; it must therefore be assumed that there are
no antimatter bodies in nature, i.e., the universe is asymmet-
rical with respect to the number of particles and antiparticles
(— asymmetry). In particular, the absence of antibaryons
and the proposed absence of baryonic neutrinos implies a
nonzero baryon charge (baryonic asymmetry). We wish to
point out a possible explanation of — asymmetry in the hot
model of the expanding universe (see Ref. 1) by making use
of effects of CPinvariance violation (see Ref. 2). To explain
baryon asymmetry, we propose in addition an approximate
character for the baryon conservation law.

We assume that the baryon and muon conservation
laws are not absolute and should be unified into a "com-
bined" baryon-muon charge n

c
 = 3n

B
 — n^. We put

forantimuons/^+ and v^ =
0
'Ô^ = — 1, /IK = +1.

formuons/i. and V
M
 = ̂

‡
'.Ô = +1, Ô

Í
 = -I.

for baryons P and TV: Ô
‚
 = +1, Ô

Í
= +3.

for antibaryons P and N: «B = — 1, Ô
Í
 = —3.

This form of notation is connected with the quark concept;
we ascribe to the/?, n, and À quarks n

c
 = + I, and to anti-

quarks, Ë,. = — 1. The theory proposes that under laborato-
ry conditions processes involving violation of Ô

‚
 and Ë‰ play

a negligible role, but they were very important during the
earlier stage of the expansion of the universe.

We assume that the universe is neutral with respect to
the conserved charges (lepton, electric, and combined), but
— asymmetrical during the given instant of its development
(the positive lepton charge is concentrated in the electrons
and the negative lepton charge in the excess of antineutrinos
over the neutrinos; the positive electric charge is concentrat-
ed in the protons and the negative in the electrons; the posi-
tive combined charge is concentrated in the baryons, and the

negative in the excess of fi neutrinos over/z antineutrinos).
According to our hypothesis, the occurrence of — asym-

metry is the consequence of violation of CP in variance in the
nonstationary expansion of the hot universe during the su-
perdense stage, as manifest in the difference between the par-
tial probabilities of the charge-conjugate reactions. This ef-
fect has not yet been observed experimentally, but its
existence is theoretically undisputed (the first concrete ex-
ample, I,

 +
 and 2 _ decay, was pointed out by S. Okubo as

early as 1958) and should, in our opinion, have much cosmo-
logical significance.

We assume that the asymmetry has occurred in an ear-
lier stage of the expansion, in which the particle, energy, and
entropy densities, the Hubble constant, and the tempera-
tures were of the order of unity in gravitational units (in
conventional units the particle and energy densities were
n~ 1098 cm"3 and e~ 10114 erg/cm3).

M. A. Markov (see Ref. 3) proposed that during the
early stages there existed particles with maximum mass of
the order of one gravitational unit (M

0
 = 2 x l O ~ 5 g i n ordi-

nary units), and called them maximons. The presence of
such particles leads unavoidably to strong violation of ther-
modynamic equilibrium. We can visualize that neutral spin-
less maximons (or photons) are produced at t < 0 from con-
tracting matter having an excess of antiquarks, that they
pass "one through the other" at the instant t = 0 when the
density is infinite, and decay with an excess of quarks when
t >0, realizing total CPT symmetry of the universe. All the
phenomena at t < 0 are assumed in this hypothesis to be CPT

reflections of the phenomena at t > 0. We note that in the
cold model CPT reflection is impossible and only T and TP

reflections are kinematically possible. TP reflection was con-
sidered by Milne, and T reflection by the author; according
to modern notions, such a reflection is dynamically impossi-
ble because of violation of TP and T invariance.

We regard maximons as particles whose energy per par-
ticle E/n depends implicitly on the average particle density n.

If we assume that e/n~n ~~
1/3, then e/n is proportional to

the interaction energy of two "neighboring" maximons
(£/n)V/3 (cf. the arguments in Ref. 4). Then £~n2/3 and
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The Standard Model (subtly) complies   

I    Baryon Number 
Symmetry is broken by quantum vacuum effects: anomaly

W W

t’Hooft ‘76, Klinkhammer, Manton ’84;  

Only B-L is conserved in the SM !
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FIG. 2: The Higgs expectation value as a function of tem-
perature, compared with the perturbative result [2].

sphaleron barrier (∼ sphaleron energy), and special real-
time runs are performed to calculate the dynamical pref-
actors of the tunneling process. The physical rate is then
obtained by reweighting the measurements. For details
of this intricate technique, we refer to [12, 27]. As we will
observe, in the temperature range where both methods
work, these overlap smoothly.
Simulation results: We perform the simulations using lat-
tice spacing a = 4/(9g23) (i.e. βG = 4/(g23a) = 9 in
conventional lattice units), and volume V = 323a3. In
ref. [12] we observed that the rate measured with this
lattice spacing in the symmetric phase is in practice in-
distinguishable from the continuum rate, and deep in the
broken phase it is within a factor of two of our estimate
for the continuum value, well within our accuracy goals.
In fact, algorithmic inefficiencies in multicanonical simu-
lations become severe at significantly smaller lattice spac-
ing, making simulations there very costly in the broken
phase. The simulation volume is large enough for the
finite-volume effects to be negligible [12].
The expectation value of the square of the Higgs field,

v2/T 2 = 2〈φ†φ〉/T (here φ is in 3d units), measures the
“turning on” of the Higgs mechanism, see Fig. 2. As
mentioned above, there is no proper phase transition and
v2(T ) behaves smoothly as a function of the tempera-
ture. Nevertheless, the cross-over is rather sharp, and
the pseudocritical temperature can be estimated to be
Tc = 159± 1GeV. If the temperature is below Tc, v2(T )
is approximately linear in T , and at T > Tc, it is close to
zero. The observable 〈φ†φ〉 is ultraviolet divergent and
is additively renormalized; because of additive renormal-
ization, v2(T ) can become negative.
We also show the two-loop RG-improved perturbative
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FIG. 3: The measured sphaleron rate and the fit to the broken
phase rate, Eq. (7), shown with a shaded error band. The
perturbative result is from Burnier et al. [11] with the non-
perturbative correction used there removed; see main text.
Pure gauge refers to the rate in hot SU(2) gauge theory [19].
The freeze-out temperature T∗ is solved from the crossing of
Γ and the appropriately scaled Hubble rate, shown with the
almost horizontal line.

result [2] for v2(T ) in the broken phase. Perturbation
theory reproduces Tc perfectly, and v2 is slightly larger
than the lattice measurement. In the continuum limit we
expect this difference to decrease for this observable; in
ref. [12] we extrapolated v2(T ) to the continuum at a few
temperature values and with Higgs mass 115GeV. The
continuum limit in the broken phase was observed to be
about 6% larger than the result at βG = 9. Thus, for
v2(T ) perturbation theory and lattice results match very
well.
Finally, in Fig. 3 we show the sphaleron rate as a func-

tion of temperature. The straightforward Langevin re-
sults cover the high-temperature phase, where the rate
is not too strongly suppressed by the sphaleron barrier.
In fact, we were able to extend the range of the method
through the cross-over and into the broken phase, down
to relative suppression of 10−3.
Using the multicanonical simulation methods we are

able to compute the rate 4 orders of magnitude further
down into the broken low-temperature phase. The results
nicely interpolate with the canonical simulations in the
range where both exist. In the interval 140<∼T<∼155GeV
the broken phase rate is very close to a pure exponential,
and can be parametrized as

log
ΓBroken

T 4
= (0.83± 0.01)

T

GeV
− (147.7± 1.9). (7)

The error in the second constant is completely dominated

D’Onofrio, Rummukainen, Trangberg ‘14
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Sphaleron rate in the SM
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II    CP violation

It is a subtle phenomenon that depends on many flavour parameters 

�quarks
CP =
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But the Standard Model fails

• Polynomial in Yu, Yd
• Has an imaginary part
• It is flavour-basis invariant

YB / �CP
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II    CP violation

It is a subtle phenomenon that depends on many flavour parameters 

Im
h
det

⇣
[YuY

†
u , YdY

†
d ]
⌘i

/ J
Y

i<j

(m2
di

�m2
dj
)
Y

i<j

(m2
ui

�m2
uj
)

Jarlskog ‘85

�quarks
CP =

<latexit sha1_base64="cfSkI0/B9u4HNA4FsrZUIRx/Rj0=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KolUdCMU68JlBfuAJobJdNoOnZnEmYlQQsCNv+LGhSJu/Ql3/o3TNgttPXDhcM693HtPGDOqtON8WwuLS8srq4W14vrG5ta2vbPbVFEiMWngiEWyHSJFGBWkoalmpB1LgnjISCsc1sZ+64FIRSNxq0cx8TnqC9qjGGkjBfa+d0WYRnepJzm8T5AcqixIa/UMXgR2ySk7E8B54uakBHLUA/vL60Y44URozJBSHdeJtZ8iqSlmJCt6iSIxwkPUJx1DBeJE+enkhwweGaULe5E0JTScqL8nUsSVGvHQdHKkB2rWG4v/eZ1E9879lIo40UTg6aJewqCO4DgQ2KWSYM1GhiAsqbkV4gGSCGsTW9GE4M6+PE+aJ2W3Uj69qZSql3kcBXAADsExcMEZqIJrUAcNgMEjeAav4M16sl6sd+tj2rpg5TN74A+szx+uq5eM</latexit>

Three non-degenerate families of up and down quarks that mix are 
needed for there to be CP violation !

But the Standard Model fails

YB / �CP
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But the Standard Model fails

Too small CP violation in quark sector

New sources of CP violation are needed !

nb
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Gavela, PH, Orloff, Pene ‘93



But the Standard Model fails

III   Non-equilibrium

• First order phase transitions  

It is a smooth crossover in the SM  (too heavy higgs)

Kajantie, Laine, Rummukainen,Shaposhnikov ‘96
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But the Standard Model fails

III   Non-equilibrium

• Expansion of the Universe when �(T )  H(T )
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scattering rate < Hubble expansion 

All particles in the SM (even neutrinos) satisfy 

�SM (T ) � H(T ), T � TEW
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The Standard Model+massive n
New opportunities for baryogenesis!

Ø CP violation in the lepton sector potentially larger if M ≠ 0: new 
invariants

Ø Heavy neutrino states might exit early/never reach thermal equilibrium 
at T>TEW

Im
�
Tr[Y †YM†MM⇤(Y †Y )⇤M ]
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�Ni(T )  H(T ), T � TEW
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(Scattering rate < Hubble expansion rate)

Branco et al; Jenkins, Manohar;Wang, Yu Zhou… 

Fukugita, Yanagida 



High–scale (vanilla) leptogenesis

Works for large enough masses MN > 107-109 GeV (unless an extreme 
degeneracy exits)

Fukuyita, Yanagida

�Ni(Mi)  H(Mi)
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Leptogenesis via oscillations
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Courtesy of S. Sandner

Low-scale (Freeze-in) Leptogenesis
Akhmedov, Rubakov, Smirnov
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Quantification of the asymmetry via quantum Boltzmann equation  

Leptogenesis via oscillations
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·ρ = − i[H, ρ] − 1
2 {Γa, ρ} + 1

2 {Γp, ρeq − ρ}

Quantum  
density matrix

CP violating 
oscillations  H ∝ ΔM2

ij /k0

Thermalization 
efficiency  Γa,p ∝ YY†

Estimated equilibration rate at EWPT  
Γ ∝ U2 M2

v2 TEW ≲ H = T2
EW /M*p

Γ > H

Non thermal equilibration?

BUT approximate LN symmetry and flavour effects can lead to other slow 
modes

� / Tr[Y †Y ]T
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Strongly mixed HNL that explain neutrino masses iff approximate global 
symmetry U(1)L

L(N1)= +1,  L(N2) = -1

Degenerate heavy neutrinos, massless light neutrinos, no CP violation…

Wyler, Wolfenstein; Mohapatra, Valle; Branco, Grimus, Lavoura, Malinsky, Romao;Kersten, Smirnov; Abada et al; 
Gavela et al….many others
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Minimal Model two neutrinos:



Heavy Neutral Leptons
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y0 ⌧ y, µ ⌧ ⇤, �M / µ
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Expansion parameters

Strongly mixed HNL that explain neutrino masses iff approximate global 
symmetry U(1)L

Neutrino masses suppressed: HNL Mixing unsuppressed: 

(m⌫)↵� / v2

⇤
(y↵y

0
� + y�y

0
↵ � y↵y�

µ2

⇤
)
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Overdamped: �M ⌧ M
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A first relevant scale in the problem is the one related to the vacuum oscillation rate,

which is not a thermalization rate, but it is the scale at which CP asymmetries build up:

�osc(T ) /
M2

2
� M2

1

T
, (2.8)

where Mi are the mass eigenvalues of the heavy states above the EW phase transition.

Secondly, we have the scattering, decay or inverse decay rates. At temperatures such

that T � Mi, the HNLs can be assumed relativistic in the corresponding processes. In

this case the interaction rate with flavour ↵ is given by:

�↵(T ) / ✏↵�(T ), � / Tr[Y Y †]T, ✏↵ ⌘
(Y Y †)↵↵
Tr[Y Y †]

. (2.9)

A flavour hierarchy in the Yukawa couplings can result in a hierarchy in the corresponding

interaction rates.

There are, however, slow modes that do not thermalize with this rate, owing to the

approximate zero mode of Y †Y , related to the approximate LN symmetry. The thermal-

ization rate of this mode involves oscillations and is of the form

�slow

osc / Posc�  � , (2.10)

where Posc can be thought of as an oscillation probability which is Posc ! 1 when �osc � �,

while Posc ! 0 when �osc ⌧ � (oscillations are damped). Note that this rate may be

suppressed even in strong washout, i.e. when � � Hu, as long as the mass di↵erence,

|M2 � M1|, is su�ciently small.

When Mi/T corrections are included in the rates, there is an additional slow mode,

related to LN. The corresponding slow rate is (we assume M  TEW ):

�slow

M /

✓
Mi

T

◆
2

�  � . (2.11)

When both slow rates become large compared to Hu, and no significantly flavour e↵ects are

present, full thermalization is achieved. If this happens before TEW, the baryon asymmetry

is exponentially suppressed.

A large fraction of the parameter space of the model, compatible with the light neutrino

masses, satisfies

�osc(TEW), �(TEW) � Hu(TEW) . (2.12)

This regime is also the most interesting one, as regards testability prospects, since it corre-

sponds to large mixing of the HNLs. In particular most of the accessible parameter space

for future experiments corresponds to the strong washout regime �(TEW) � Hu(TEW).

2.1.2 Washout regimes

Di↵erent regimes can be identified depending on the relative strength of the rates that

remain below Hu at TEW . In Fig. 1 we show the di↵erent regimes on the plane mixing of

the HNL, U2
⌘

P
↵

|⇥↵1|
2

'
P

↵
|⇥↵2|

2, versus their mass, M1 ' M2, with light neutrino

masses properly accounted for (see sec. 3), and for two fixed values of the degeneracy

|M2 � M1|/M1.
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oscillations are damped by the faster interactions in the plasma and

Posc / ✏2 . (2.16)

As a result the slow thermalization rate of eq. (2.10) is suppressed as

�slow

osc = ✏2� . (2.17)

In strong washout, � � Hu, the overdamped regime is defined by the condition

�slow

osc (TEW) < Hu(TEW) , (2.18)

which implies a lower limit on the mixing, as is shown in Fig. 1.

• Weak lepton number violating (wLNV) regime

When M/T terms are not negligible but still

�slow

M (TEW) < Hu(TEW) , (2.19)

the asymmetry can survive even when all other rates are larger than Hu. This

condition implies an upper limit in the mixing, although significantly less restrictive

for small masses than the flavoured weak washout, as shown in Fig. 1. It is important

to stress that this regime is not relevant if M/T corrections are neglected: there

is e↵ectively an exact lepton number symmetry in this case and no asymmetry is

generated in the slow mode direction.

In the unshaded regions of Fig. 1 the Sakharov conditions are not fulfilled at TEW, and

therefore the asymmetry is exponentially suppressed. Only exponential fine-tunning could

reproduce the baryon asymmetry.

Within the shaded regions the generation of the asymmetry is most important at Tosc

defined as:

�osc(Tosc) = Hu(Tosc) , (2.20)

that is when the oscillation rate is the same as the Hubble expansion rate. As we will see the

asymmetry generated depends on the relative strength of �osc and � at this temperature.

The dashed line on the Fig. 1 separates two regions:

• Intermediate region (above dashed line)

�osc(Tosc) ⌧ �(Tosc) . (2.21)

• Fast oscillation region (below dashed line):

�osc(Tosc) � �(Tosc) . (2.22)

– 7 –

Figure 1. Boundaries of washout regimes and regions described in the text on the plane |U |
2

versus M for two choices of �M/M .

• Weak washout

Defined by the condition

�↵(TEW ) < �(TEW ) < Hu(TEW ) . (2.13)

The thermalization rates of all modes are slow compared to the Hubble rate, so an

asymmetry can survive at TEW. The condition of eq. (2.13) can be translated on

the plane |U2
| versus Mi, leading to an upper bound on the mixing, as shown in

Fig. 1. Unfortunately, this regime is beyond reach of future experiments such as

FCC [53–55] and could be reached only in the lowest mass region at SHiP [56, 57],

where constraints from BBN are significant. An analytical approximate solution for

the baryon asymmetry in this regime (including the connection to the observable

parameters) was presented in [30, 32].

• Flavoured weak washout

When there is a hierarchy in ✏↵, eq. (2.9), we might have

�↵(TEW) < Hu(TEW) < �(TEW) , (2.14)

for some ↵ = e, µ, ⌧ . The flavour ↵ remains the reservoir of the baryon asymmetry.

In Fig. 1, we show the band corresponding to eq. (2.14). This regime reaches up to

two order magnitude larger couplings than in the weak washout.

When �↵(TEW) � Hu(TEW) for all ↵, the asymmetry can only survive if any of the

slow modes, in eqs. (2.10) and/or (2.11), remain in weak washout. Depending on which

one of them does we can distinguish two additional regimes:

• Overdamped regime

When

✏ ⌘
�osc

�
⌧ 1 , (2.15)

– 6 –

Highly-degenerate regime
Shaded regions have slow thermalizing modes
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Flavoured: y↵ ⌧ y�
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wLNV: M ⌧ T
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A first relevant scale in the problem is the one related to the vacuum oscillation rate,

which is not a thermalization rate, but it is the scale at which CP asymmetries build up:

�osc(T ) /
M2

2
� M2

1

T
, (2.8)

where Mi are the mass eigenvalues of the heavy states above the EW phase transition.

Secondly, we have the scattering, decay or inverse decay rates. At temperatures such

that T � Mi, the HNLs can be assumed relativistic in the corresponding processes. In

this case the interaction rate with flavour ↵ is given by:

�↵(T ) / ✏↵�(T ), � / Tr[Y Y †]T, ✏↵ ⌘
(Y Y †)↵↵
Tr[Y Y †]

. (2.9)

A flavour hierarchy in the Yukawa couplings can result in a hierarchy in the corresponding

interaction rates.

There are, however, slow modes that do not thermalize with this rate, owing to the

approximate zero mode of Y †Y , related to the approximate LN symmetry. The thermal-

ization rate of this mode involves oscillations and is of the form

�slow

osc / Posc�  � , (2.10)

where Posc can be thought of as an oscillation probability which is Posc ! 1 when �osc � �,

while Posc ! 0 when �osc ⌧ � (oscillations are damped). Note that this rate may be

suppressed even in strong washout, i.e. when � � Hu, as long as the mass di↵erence,

|M2 � M1|, is su�ciently small.

When Mi/T corrections are included in the rates, there is an additional slow mode,

related to LN. The corresponding slow rate is (we assume M  TEW ):

�slow

M /

✓
Mi

T

◆
2

�  � . (2.11)

When both slow rates become large compared to Hu, and no significantly flavour e↵ects are

present, full thermalization is achieved. If this happens before TEW, the baryon asymmetry

is exponentially suppressed.

A large fraction of the parameter space of the model, compatible with the light neutrino

masses, satisfies

�osc(TEW), �(TEW) � Hu(TEW) . (2.12)

This regime is also the most interesting one, as regards testability prospects, since it corre-

sponds to large mixing of the HNLs. In particular most of the accessible parameter space

for future experiments corresponds to the strong washout regime �(TEW) � Hu(TEW).

2.1.2 Washout regimes

Di↵erent regimes can be identified depending on the relative strength of the rates that

remain below Hu at TEW . In Fig. 1 we show the di↵erent regimes on the plane mixing of

the HNL, U2
⌘

P
↵

|⇥↵1|
2

'
P

↵
|⇥↵2|

2, versus their mass, M1 ' M2, with light neutrino

masses properly accounted for (see sec. 3), and for two fixed values of the degeneracy

|M2 � M1|/M1.
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Not-so-degenerate regime

�↵ / (Y Y †)↵↵T
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Towards an analytical understanding

• Identify the different non-thermal regimes and their characteristic time-scales

• Identify the CP invariants that control the parameter dependences of YB

• Write the CP invariants in terms of observable parameters (neutrino masses, 
HNL properties, bb0n): find bounds and correlations implied by the 
matter-antimatter asymmetry

I0 = Im
⇣
Tr[Y †YM†MY †YlY

†
l Y ]

⌘
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I1 = Im
�
Tr[Y †YM†MM⇤(Y †Y )⇤M ]

�
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Figure 7. Comparison of the asymptotic analytical result (black dashed) to i) the numerical
result with the same settings (blue) and ii) the full non-linear numerical solution (red) in the four
scenarios (a)-(d) as described in the main text. In the top left we show the scenario (a), in the top
right the scenario (b), in the bottom left the scenario (c) and in the bottom right the scenario (d).
The vertical dashed lines indicate projection times used for the analytical derivation.

of parameters allow us to exemplify the di↵erent regimes that are relevant in di↵erent

regions of the parameter space, namely

(a) Overdamped regime with weak LNV as given by eq. (4.51),

(b) Overdamped regime with strong LNV as given by eq. (4.52),

(c) Intermediate regime with slow flavour ↵ and strong LNV as given by eq. (4.56),

(d) Fast oscillation regime with slow flavour ↵ and strong LNV as given by eq. (4.58).

Our results are shown in Fig. 7. The comparison of the analytical result, indicated by the

dashed line, with the numerical solution obtained in the same approximations used in the

analytical analysis, shown in blue, is very good in all cases. The exact numerical result

(red) including non-linear terms, the C matrix of eq. (4.5) and temperature dependent

rates di↵er within a factor of two at most with the analytical estimate. This is mainly due

to the di↵erence in the rates considered.

6.2 Parameter scan of testable baryogenesis

We have performed a numerical scan of the parameter space compatible with successful

baryogenesis for HNL masses in the range 0.1  M  100 GeV. In this range, the best

– 33 –

Analytical understanding 

Overdamped regime

The asymmetry in the overdamped regime is expected to be proportional to the full

invariant up to a normalization:

�ov

LNV =
1

[Tr (Y †Y )]2
X

↵

�M

↵ (2.33)

=
1

[Tr (Y †Y )]2
X

↵

X

i<j

�
M2

j � M2

i

�
MiMjIm


Y↵jY

⇤
↵i

⇣
Y †Y

⌘

ij

�
.

Again, the extra normalization factor is introduced to match the analytical result to be

shown in sec. 4.3.

Flavoured weak washout

The asymmetry is that obtained in flavour ↵ and the expected invariant is thus given

by:

�int (↵)

LNV
=

�M
↵

[Tr (Y †Y )]2

=
1

[Tr (Y †Y )]2
X

i<j

�
M2

j � M2

i

�
MiMjIm


Y↵jY

⇤
↵i

⇣
Y †Y

⌘

ij

�
, (2.34)

for the intermediate regime, where we introduce the same normalization factor as in the

previous case, eq. (2.33).

In the fast oscillation region we expect:

�osc

LNV =
1

Tr (Y †Y )

X

↵

X

i<j

Im


Y↵jY

⇤
↵i

⇣
Y †Y

⌘

ij

�
gM (Mi, Mj) , (2.35)

where the antisymmetric function gM (Mi, Mj) will be determined after matching to the

analytical solution.

3 CP invariants versus neutrino masses

Let us first show the expressions for the CP invariants presented in the previous section

considering the parameterization given in eq. (2.4), and expanding in the small symmetry

breaking parameters y0
�

and µ2.

�ov

LNC
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2
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1
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, (3.1)
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Overdamped regime

The asymmetry in the overdamped regime is expected to be proportional to the full

invariant up to a normalization:
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Again, the extra normalization factor is introduced to match the analytical result to be

shown in sec. 4.3.
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for the intermediate regime, where we introduce the same normalization factor as in the

previous case, eq. (2.33).
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where the antisymmetric function gM (Mi, Mj) will be determined after matching to the

analytical solution.
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Note that X

↵

�↵ = Im (Tr [h HMh ]) = 0 , (2.27)

because the matrix in the trace is hermitian and therefore its trace is real.

At the temperatures we are interested in, the plasma can distinguish the charged lepton

flavours. The lepton CP asymmetry generated in the neutral lepton sector in flavour ↵ is

proportional to the basic quantity �↵, and the net lepton asymmetry is given by a weighted

combination of �↵, with di↵erent weights in di↵erent regimes.

Overdamped regime

Since �↵ / �M ⇠ �osc, and the coherent oscillation is cut o↵ by ��1
↵ we expect

�ov
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. (2.28)

Including an extra invariant normalization to match the analytical result in sec. 4.3, the

full flavour-dependence of the asymmetry in this regime will be proportional to:
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Flavoured weak washout

There must be a weakly coupled flavour, ↵, for the asymmetry to survive. In the

intermediate region, eq. (2.21), the net asymmetry is simply the one obtained in flavour ↵:

�int(↵)

LNC
= �↵ . (2.30)

In the fast oscillation region, eq. (2.22), the invariant that controls the production of

asymmetry is not simply proportional to �osc since this rate is large. A more general

dependence on the masses is expected, but in any case it should be of the form
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where g(Mi, Mj) is an antisymmetric function of the two arguments. The precise form of

this function will be fixed after matching to the analytical solution.

2.2.2 LNV invariants

When M/T corrections to the rates cannot be neglected, additional invariants become

relevant, that are sensitive to the Majorana character of the HNLs.

The simplest non-vanishing invariant of this type is given by
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Note that it does not involve the charged lepton Yukawa.
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Imprint of YB on other observables 

For Inverted Ordering: 

Depend on:

• HNL properties: M, U, q not  accessible at low energies

• Neutrino masses and PMNS parameters (eg Majorana phase f)
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All the CP invariants depend on the “high scale” phase ✓ and, remarkably, �osc

LNV
and

�ov

LNV
only depend on this phase. Indeed, it can be easily checked that this is a general

result, satisfied to all orders in the expansion. All the other invariants are also functions

of the PMNS CP phases � (Majorana) and � (Dirac). Even if this dependence can be

subleading (as it is always the case for � due to the suppression in ✓13), the corrections

may be relevant for values of the parameters that suppress the leading order.

Our results can be mapped to the Casas-Ibarra parameterization following the pre-

scription given in appendix B.

4 Baryon asymmetry: kinetic equations and analytical approximations

4.1 Kinetic equations

The quantum kinetic equations that describe the generation of the baryon asymmetry have

been studied in detail before (see for instance [14] for the complete derivation of the kinetic

equations). We use the same equations as derived in [32], but adding the LNV corrections

to the rates that have been computed in [14]. We have checked that they are equivalent

to those in [14], but neglecting the hypercharge chemical potential, which is a small e↵ect.

We consider only the momentum-averaged approximation.
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Upper bound on the HNL mixingAdiabatic perturbation around slow oscillation mode => Analytical solution of BAU 

=> Leptogenesis is possible for mixings far larger than naively expected! 
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Upper bound on the HNL mixing

Numerical scan within the sensitivity region of SHIP and FCCee
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Implications for HNL mixings
In the not-so-degenerate case YB constrains significantly flavour ratios because 
flavour effects are necessary

Constrained by n masses
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M
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Implications for PMNS CP violation
In the not-so-degenerate case strong correlations with UPMNS CP phases because
flavour effects are necessary
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Figure 15. Points from the scan at �M/M = 10�2 for NH (left) and IH (right). The black dashed
lines enclose the regions where ✏e  0.01 (NH), and ✏e  0.05 (IH), while the dashed blue lines
enclose the region ✏µ  0.03 and the green ones that corresponding to ✏⌧  0.03.

ings or the PMNS phases when �M/M is su�ciently large.

7.2 Neutrinoless double-beta decay

The amplitude for this process depends on the combination of neutrino parameters m�� ,

that gets contributions from the light and heavy neutrino sectors

m�� =

������

X

i=light

U2

eimi +
X

I=heavy

⇥2

eIMIM (MI) /M (0)

������
, (7.1)

where M (Mi) are the Nuclear Matrix Elements (NME) as a function of the mass of

the neutrino mediating the process, as defined in [71]. In order to illustrate the main

dependence of m�� on the neutrino parameters, using eq. (3.11) together with eqs. (3.6)-

(3.8) and (A.11), the following approximated expression8 can be derived [32, 71–73] for the

symmetry protected scenario considered here:
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The approximation implies a scaling of the NMEs as M (MI) / 1/M2

I . For MI . 3 GeV the deviation

with respect to the nuclear computation [71] is larger than 1%.

– 40 –

✏µ  0.05

<latexit sha1_base64="gIKypVWr6FAos/0/hpCjx8XfzLg=">AAAB/3icbZDLSgMxFIYz9VbrbVRw4yZYBFdlRlp0WXTjsoK9QGcomfRMG5rMjElGKGMXvoobF4q49TXc+Tam7Sy09UDIx/+fQ07+IOFMacf5tgorq2vrG8XN0tb2zu6evX/QUnEqKTRpzGPZCYgCziJoaqY5dBIJRAQc2sHoeuq3H0AqFkd3epyAL8ggYiGjRBupZx95kCjGDXoixR6He+xUnFrPLptrVngZ3BzKKK9Gz/7y+jFNBUSacqJU13US7WdEakY5TEpeqiAhdEQG0DUYEQHKz2b7T/CpUfo4jKU5kcYz9fdERoRSYxGYTkH0UC16U/E/r5vq8NLPWJSkGiI6fyhMOdYxnoaB+0wC1XxsgFDJzK6YDokkVJvISiYEd/HLy9A6r7jVSu22Wq5f5XEU0TE6QWfIRReojm5QAzURRY/oGb2iN+vJerHerY95a8HKZw7Rn7I+fwCKo5Uj</latexit>

✏e  0.01

<latexit sha1_base64="2e1IvBInfmPU4qtE8LWmDha9q0w=">AAAB/XicbZDLSgMxFIbPeK31Nl52boJFcFVmpKLLohuXFewFOkPJpGfa0MzFJCPUofgqblwo4tb3cOfbmF4W2nog5OP/zyEnf5AKrrTjfFtLyyura+uFjeLm1vbOrr2331BJJhnWWSIS2QqoQsFjrGuuBbZSiTQKBDaDwfXYbz6gVDyJ7/QwRT+ivZiHnFFtpI596GGquDCIxBN4T5yy43bskrkmRRbBnUEJZlXr2F9eN2FZhLFmgirVdp1U+zmVmjOBo6KXKUwpG9Aetg3GNELl55PtR+TEKF0SJtKcWJOJ+nsip5FSwygwnRHVfTXvjcX/vHamw0s/53GaaYzZ9KEwE0QnZBwF6XKJTIuhAcokN7sS1qeSMm0CK5oQ3PkvL0LjrOxWyue3lVL1ahZHAY7gGE7BhQuowg3UoA4MHuEZXuHNerJerHfrY9q6ZM1mDuBPWZ8/4DSUMg==</latexit>

✏e  0.05

<latexit sha1_base64="cx8FtOJAxUBpNgaLa7xKseaUK0k=">AAAB/XicbZDLSgMxFIYz9Vbrbbzs3ASL4KrMSIsui25cVrAX6Awlk55pQzOZMckIdSi+ihsXirj1Pdz5NqbtLLT1QMjH/59DTv4g4Uxpx/m2Ciura+sbxc3S1vbO7p69f9BScSopNGnMY9kJiALOBDQ10xw6iQQSBRzaweh66rcfQCoWizs9TsCPyECwkFGijdSzjzxIFOMGAXsc7rFTcWo9u2yuWeFlcHMoo7waPfvL68c0jUBoyolSXddJtJ8RqRnlMCl5qYKE0BEZQNegIBEoP5ttP8GnRunjMJbmCI1n6u+JjERKjaPAdEZED9WiNxX/87qpDi/9jIkk1SDo/KEw5VjHeBoF7jMJVPOxAUIlM7tiOiSSUG0CK5kQ3MUvL0PrvOJWK7Xbarl+lcdRRMfoBJ0hF12gOrpBDdREFD2iZ/SK3qwn68V6tz7mrQUrnzlEf8r6/AHmRJQ2</latexit>

✏⌧  0.03

<latexit sha1_base64="YzmAxXGWLVT6110qr2TmDe7b3U8=">AAACAHicbZC7SgNBFIbPeo3xtmphYTMYBKuwqxEtgzaWEcwFsiHMTs4mQ2YvzswKYUnjq9hYKGLrY9j5Nk6SLTTxwDAf/38OM+f3E8GVdpxva2l5ZXVtvbBR3Nza3tm19/YbKk4lwzqLRSxbPlUoeIR1zbXAViKRhr7Apj+8mfjNR5SKx9G9HiXYCWk/4gFnVBupax96mCguDHqapsQT+ECcsnPetUvmmhZZBDeHEuRV69pfXi9maYiRZoIq1XadRHcyKjVnAsdFL1WYUDakfWwbjGiIqpNNFxiTE6P0SBBLcyJNpurviYyGSo1C33SGVA/UvDcR//PaqQ6uOhmPklRjxGYPBakgOiaTNEiPS2RajAxQJrn5K2EDKinTJrOiCcGdX3kRGmdlt1K+uKuUqtd5HAU4gmM4BRcuoQq3UIM6MBjDM7zCm/VkvVjv1sesdcnKZw7gT1mfP1N0lZM=</latexit>

CP violation in 
n oscillations

d+f  in bb0n

nb

n�

p

<latexit sha1_base64="GIXRnUK5JQdw/VQLbBRexdNBEYU=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGKrosunFZwT6gMwyZTNqG5jEkGaEMxY2/4saFIm79Cnf+jWk7C209EDiccy4398Qpo9p43rdTWlldW98ob1a2tnd299z9g7aWmcKkhSWTqhsjTRgVpGWoYaSbKoJ4zEgnHt1M/c4DUZpKcW/GKQk5GgjapxgZK0XuUS6iOJA2AkUUDBDnaAIDnakkcqtezZsBLhO/IFVQoBm5X0EiccaJMJghrXu+l5owR8pQzMikEmSapAiP0ID0LBWIEx3msxMm8NQqCexLZZ8wcKb+nsgR13rMY5vkyAz1ojcV//N6melfhTkVaWaIwPNF/YxBI+G0D5hQRbBhY0sQVtT+FeIhUggb21rFluAvnrxM2uc1v167uKtXG9dFHWVwDE7AGfDBJWiAW9AELYDBI3gGr+DNeXJenHfnYx4tOcXMIfgD5/MHaRaXcg==</latexit>

Majorana phase



Figure 15. Points from the scan at �M/M = 10�2 for NH (left) and IH (right). The black dashed
lines enclose the regions where ✏e  0.01 (NH), and ✏e  0.05 (IH), while the dashed blue lines
enclose the region ✏µ  0.03 and the green ones that corresponding to ✏⌧  0.03.

ings or the PMNS phases when �M/M is su�ciently large.

7.2 Neutrinoless double-beta decay

The amplitude for this process depends on the combination of neutrino parameters m�� ,

that gets contributions from the light and heavy neutrino sectors

m�� =

������

X

i=light

U2
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eIMIM (MI) /M (0)

������
, (7.1)

where M (Mi) are the Nuclear Matrix Elements (NME) as a function of the mass of

the neutrino mediating the process, as defined in [71]. In order to illustrate the main

dependence of m�� on the neutrino parameters, using eq. (3.11) together with eqs. (3.6)-

(3.8) and (A.11), the following approximated expression8 can be derived [32, 71–73] for the

symmetry protected scenario considered here:
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8
The approximation implies a scaling of the NMEs as M (MI) / 1/M2

I . For MI . 3 GeV the deviation

with respect to the nuclear computation [71] is larger than 1%.
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• HNL effects on the amplitude within SHIP: no trivial dependence on phases

• Flavour effects needed for YB constrain the light contribution within FCC

nb

n�

p

<latexit sha1_base64="GIXRnUK5JQdw/VQLbBRexdNBEYU=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGKrosunFZwT6gMwyZTNqG5jEkGaEMxY2/4saFIm79Cnf+jWk7C209EDiccy4398Qpo9p43rdTWlldW98ob1a2tnd299z9g7aWmcKkhSWTqhsjTRgVpGWoYaSbKoJ4zEgnHt1M/c4DUZpKcW/GKQk5GgjapxgZK0XuUS6iOJA2AkUUDBDnaAIDnakkcqtezZsBLhO/IFVQoBm5X0EiccaJMJghrXu+l5owR8pQzMikEmSapAiP0ID0LBWIEx3msxMm8NQqCexLZZ8wcKb+nsgR13rMY5vkyAz1ojcV//N6melfhTkVaWaIwPNF/YxBI+G0D5hQRbBhY0sQVtT+FeIhUggb21rFluAvnrxM2uc1v167uKtXG9dFHWVwDE7AGfDBJWiAW9AELYDBI3gGr+DNeXJenHfnYx4tOcXMIfgD5/MHaRaXcg==</latexit>

0 1 2 3 4 5 6

±

°3

°2

°1

lo
g 1

0
(m

Ø
Ø
/e

V
)

SHiP

IH

NH
0 1 2 3 4 5 6

±

°3

°2

°1

lo
g 1

0
(m

Ø
Ø
/e

V
)

FCC

IH

NH



Beyond the minimal model

Many possibilities:

Examples:   type I +  extra Z’,
type II, III 
left-right symmetric models
GUTs, etc

Keung, Senjanovic; Pati, Salam, Mohapatra, Pati; Mohapatra, Senjanovic; 
Ferrari et al + many recent refs ... And many LHC analyses

Ø Generically new gauge interactions can enhance the production in 
colliders: richer phenomenology

Ø But also make leptogenesis more challenging (out-of-equilibrium 
condition harder to meet)



• The results of many beautiful experiments have demonstrated that n are 
(for the time-being) the less standard of the SM particles

• Many fundamental questions remain to be answered however: 
Majorana nature of neutrinos and scale of new physics? CP violation in 
the lepton sector? Source of the matter-antimatter asymmetry ? 
Lepton vs quark flavour ?

• A new scale L could explain the smallness of neutrino and other mysteries such
as the matter-antimatter asymmetry, DM, etc

• Complementarity of different experimental approaches: bb0n,  CP violation in 
neutrino oscillations, direct searches in meson decays, collider searches of 
displaced vertices, etc…holds in well motivated models with a low scale L (GeV
scale very interesting)

Conclusions 



These tiny pieces of reality have brought many (lucky) surprises, maybe 
they will continue with their tradition…


