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Invisibles are all around us

Symmetry magazine

?
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• The new invisibles could be connected to the origin 
of Neutrino Masses and leptonic mixing, the DM 
abundance, the Baryon Asymmetry, the hierarchy 
problem, Higgs physics, exp anomalies,… In many 
instances they emerge in models which are 
otherwise motivated.

• Or maybe not. This opens a wider range of 
possibilities for the mass scale and their properties.

We are extensively searching for Invisibles, to uncover 
them and study their properties. 
The key question is what their new Physics scale/s is.

MeV GeV TeV GUT scalekeVeVsub-eV Intermediate 
scale
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The known Invisible: the Neutrino
First of all, we need to fully establish their properties: 
nature, MO and masses, CPV, precise determination 
of the oscillation parameters and test of the 3-
neutrino mixing scenario.

LBL and SBL exp: 
B. C. Choudhary,  
I. Esteban, W. Van 
De Pontseele

NSIs and other 
exotics:  Y. Farzan, 
M. Pandey
Direct mass searches: L. Gastaldo, A. Pollithy

Neutrinoless double beta decay: C. Brofferio, 
C. Ransom

Sterile neutrino searches:
S. Antusch, J. Gehrlein, 
Hernandez-Cabezudo, J. 
Hernandez, X. Marcano,
D. Pramanik, Z. S. Wang, 

From J. Hernandez’s talk

NOvA Coll., from B. C. Choudhary’s talk

From C. Brofferio’s talk
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Neutrinos masses and mixing
We need to understand where their masses come 
from and what the underlying principle behind leptonic 
mixing is. This calls for new Physics BSM. 
At which scale?
Recently, a lot of attention has been devoted to scales 
other than GUT (see-saw type I): from eV to TeV.

MeV GeV TeV GUT scalekeVeVsub-eV Intermediate 
scale

Neutrino mass/
mixing models: S. 
Molina Sedgwick, E. 
Perdomo Mendez, 

EFTs: R. Coy

Leptogenesis: A. 
Caputo, J. Harz, J. 
Lopez-Pavon, K. 
Moffat

New ideas for 
neutrino masses:  
L. Funcke, A. 
Ibarra

From J. Lopez-Pavon’s talk,
P. Hernandez et al., 1606.06719
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Neutrinos and cosmology

Neutrinos very significantly impact the evolution of 
the Universe, via the imprint of the sum of masses 
and Neff. Cosmological observations may be the most 
sensitive way to measure neutrino masses.

Cosmic neutrino 
background: M. 
Arteaga Tupia

Connection to 
DM: A. Titov

Neutrino 
cosmology: O. 
Mena

From O. Mena’s talk, 
based on 1807.06209
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HE Neutrinos

With their relatively recent discovery, HE neutrinos 
are opening a new window on astrophysical objects 
and provide a complementary test of particle physics.

A. Franckowiak, 
I. Tamborra

From I. Tamborra’s talk
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The known unknown Invisible: Dark Matter

The particle identity of dark matter remains a 
mystery. In many cases, candidates have emerged in 
otherwise-motivated models. New ideas explore new 
territory for masses (light masses).

MeV GeV TeV GUT scalekeVeVsub-eV Intermediate 
scale

WIMPs
light DMaxions

very heavy DM
Models at low 
masses: K. Zurek

TeV-scale DM: M. Dutra, A. 
Filimova, S. Khan

sterile nus

FIMP DM: N. Bernal

Light mediators: F. Kahlhofer

Heavy spin-2 field: A. Schmidt-
May
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Dark Matter searches

DM tests: Direct and indirect searches and 
gravitational effects (large scale structure formation). 
Very exciting time: a broad ongoing and planned 
experimental programme and new ideas to test 
different mass ranges.

MeV GeV TeV GUT scalekeVeVsub-eV Intermediate 
scale

Direct searches: A. 
Cheek, F. Gao, T. Edwards

Indirect searches: S. Clementz, 
P. Sandick

WIMP pheno: R. 
Catena

Direct searches for 
light DM: K. Zurek

Canetti et al., 2013

Sterile neutrino 
searches: F. Bezrukov

DM-radiation 
interaction: J. Stadler, 

Dwarf Spheroidal 
galaxies: S. Horigome

Dark radiation: J. 
Padler

From J. Padler’s talk
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The well motivated unknown Invisible:  Axion

Axions provide a compelling answer to the strong CP 
problem. Theoretical embedding and problem of 
naturalness as the scale is very high. 
New models at different scales (extended gauge 
sectors, tuned models).

MeV GeV TeV GUT scalekeVeVsub-eV Intermediate 
scale

Invisible axion 
(QCD)

Extended 
gauge 
sectors:
P. Agrawal, R. 
Houtz, P. 
Quilez 
Lasanta

f a > 109 GeV
<latexit sha1_base64="UptGa59OcbvpLPVnUk4xPdHpA3E=">AAACFXicbVDLSsNAFJ34rPUVdSVuBovgqiQiqBsputBlBfuAppbJ9KYdOjMJMxMhhOJn+AVu9QvciVvXfoD/YdJ2YVsPXDiccy/33uNHnGnjON/WwuLS8spqYa24vrG5tW3v7NZ1GCsKNRryUDV9ooEzCTXDDIdmpIAIn0PDH1znfuMRlGahvDdJBG1BepIFjBKTSR17P+gQfIld5+ECe9gTxPSVSG+gPuzYJafsjIDniTshJTRBtWP/eN2QxgKkoZxo3XKdyLRTogyjHIZFL9YQETogPWhlVBIBup2OXhjio0zp4iBUWUmDR+rfiZQIrRPhZ535jXrWy8X/vFZsgvN2ymQUG5B0vCiIOTYhzvPAXaaAGp5khFDFslsx7RNFqMlSm9oSQCJFlOfizqYwT+onZdcpu3enpcrVJKECOkCH6Bi56AxV0C2qohqi6Am9oFf0Zj1b79aH9TluXbAmM3toCtbXL+dgnio=</latexit><latexit sha1_base64="UptGa59OcbvpLPVnUk4xPdHpA3E=">AAACFXicbVDLSsNAFJ34rPUVdSVuBovgqiQiqBsputBlBfuAppbJ9KYdOjMJMxMhhOJn+AVu9QvciVvXfoD/YdJ2YVsPXDiccy/33uNHnGnjON/WwuLS8spqYa24vrG5tW3v7NZ1GCsKNRryUDV9ooEzCTXDDIdmpIAIn0PDH1znfuMRlGahvDdJBG1BepIFjBKTSR17P+gQfIld5+ECe9gTxPSVSG+gPuzYJafsjIDniTshJTRBtWP/eN2QxgKkoZxo3XKdyLRTogyjHIZFL9YQETogPWhlVBIBup2OXhjio0zp4iBUWUmDR+rfiZQIrRPhZ535jXrWy8X/vFZsgvN2ymQUG5B0vCiIOTYhzvPAXaaAGp5khFDFslsx7RNFqMlSm9oSQCJFlOfizqYwT+onZdcpu3enpcrVJKECOkCH6Bi56AxV0C2qohqi6Am9oFf0Zj1b79aH9TluXbAmM3toCtbXL+dgnio=</latexit><latexit sha1_base64="UptGa59OcbvpLPVnUk4xPdHpA3E=">AAACFXicbVDLSsNAFJ34rPUVdSVuBovgqiQiqBsputBlBfuAppbJ9KYdOjMJMxMhhOJn+AVu9QvciVvXfoD/YdJ2YVsPXDiccy/33uNHnGnjON/WwuLS8spqYa24vrG5tW3v7NZ1GCsKNRryUDV9ooEzCTXDDIdmpIAIn0PDH1znfuMRlGahvDdJBG1BepIFjBKTSR17P+gQfIld5+ECe9gTxPSVSG+gPuzYJafsjIDniTshJTRBtWP/eN2QxgKkoZxo3XKdyLRTogyjHIZFL9YQETogPWhlVBIBup2OXhjio0zp4iBUWUmDR+rfiZQIrRPhZ535jXrWy8X/vFZsgvN2ymQUG5B0vCiIOTYhzvPAXaaAGp5khFDFslsx7RNFqMlSm9oSQCJFlOfizqYwT+onZdcpu3enpcrVJKECOkCH6Bi56AxV0C2qohqi6Am9oFf0Zj1b79aH9TluXbAmM3toCtbXL+dgnio=</latexit><latexit sha1_base64="UptGa59OcbvpLPVnUk4xPdHpA3E=">AAACFXicbVDLSsNAFJ34rPUVdSVuBovgqiQiqBsputBlBfuAppbJ9KYdOjMJMxMhhOJn+AVu9QvciVvXfoD/YdJ2YVsPXDiccy/33uNHnGnjON/WwuLS8spqYa24vrG5tW3v7NZ1GCsKNRryUDV9ooEzCTXDDIdmpIAIn0PDH1znfuMRlGahvDdJBG1BepIFjBKTSR17P+gQfIld5+ECe9gTxPSVSG+gPuzYJafsjIDniTshJTRBtWP/eN2QxgKkoZxo3XKdyLRTogyjHIZFL9YQETogPWhlVBIBup2OXhjio0zp4iBUWUmDR+rfiZQIrRPhZ535jXrWy8X/vFZsgvN2ymQUG5B0vCiIOTYhzvPAXaaAGp5khFDFslsx7RNFqMlSm9oSQCJFlOfizqYwT+onZdcpu3enpcrVJKECOkCH6Bi56AxV0C2qohqi6Am9oFf0Zj1b79aH9TluXbAmM3toCtbXL+dgnio=</latexit>

Irastorza & Redondo 1801.08127

L. di Luzio, S. 
Rigolin, 
M. Ibe (gauge 
PQ)
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Axions/ALPs searches
Experimental searches are expanding their reach with 
new experiments and new detection ideas.
Cosmological consequences are of great interest: axion 
DM has specific signatures (miniclusters, axion stars).

MeV GeVkeVsub-eVsub-meV

Photophobic
+astrophobic axions: L. 
di Luzio

Axion experiment overview: C. 
Braggio

sub-mueV

ADMX

Axion cosmology: 
A. Pargner, V. Klaer, J. 
Niemeyer, L. Visinelli, 
B. Safdi, S. Witte

From C. Braggio’s talk

Axions in cosmology: 
E. Vitagliano



L = · · ·+ ¯̀
LU`4�µ⌫4,LW

µ +NC+ h.c.

Sterile neutrinos: neutral fermionic singlets of the 
Standard Model. Generically they mix with the light 
neutrinos:

12
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BB@

⌫e
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CCA = U4⇥4

0

BB@

⌫1

⌫2

⌫3

⌫4

1

CCA

Flavour state Massive state
Nearly-sterile neutrino, 
commonly called sterile neutrino

The maybe unknown Invisible: Sterile neutrino
and Other really unknown unknown Invisibles: 
dark photons, ZÕ, new scalars, hidden sectors



Adding sterile neutrinos to the Standard Model is the 
simplest possible extension BSM. 

- Theory remains anomaly free.

- Can give origin to neutrino masses and explain their 
smallness (at least in some cases), provide a DM candidate 
(for KeV ones) and explain the baryon asymmetry.

- GUT theories embedding L-R symmetries, e.g. SU(4), 
SO(10),... predict their existence.

13

MeV GeV TeV GUT scalekeVeVsub-eV Intermediate 
scale

There are many other Invisibles particles which can be 
searched for and have interesting phenomenological 
consequences…



14

Connection to BSM and theoretical 
issues

BSM models and their 
signatures: F. Kirk, N. 
Rosa Agostinho, S. King,

Connection with 
gravity: S. Gonzalez-
Martin, R. Santos

Hidden CFTs: 
K. Max

Inflation: 
A. Ijjas

B and CLFV 
physics: A. 
Crivelin, O. 
Sumensari

Higgs: R. Grober, S. 
Patel

CPV: A. Trautner
From A. Crivelin’s talk



Could there be a new 
hidden invisible sector 
just around the corner 
(below the EW scale) ?

15

MeV GeV TeV GUT scalekeVeVsub-eV Intermediate 
scale



It could contain several new 
states (neutral fermions, gauge 
bosons, scalars, DM.)É

How does it ÒtalkÓ to the SM?
- mixing/Yukawa couplings
- new gauge interactions
- kinetic mixing
- new scalars via the Higgs portal
- EFTs

16
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m⌫ =
Y 2
⌫ vH
MN

!
1 GeV2

1010GeV
! 0.1 eV

�
0 mD

mT
D M N

⇥

The required Yukawa couplings need to be small. 
Or should be forbidden altogether by a 
symmetry (-> radiative neutrino mass models).

2
(10�5 GeV)2

1 GeV
⇠ 0.1 eV

<latexit sha1_base64="WH0fLCyj0Ed26Ud5DmMWw7Mm0/k="></latexit><latexit sha1_base64="WH0fLCyj0Ed26Ud5DmMWw7Mm0/k="></latexit><latexit sha1_base64="WH0fLCyj0Ed26Ud5DmMWw7Mm0/k="></latexit><latexit sha1_base64="WH0fLCyj0Ed26Ud5DmMWw7Mm0/k="></latexit>

The simplest extension introduces neutral 
fermions, which (unless a symmetry distinguishes 
them from the SM) will mix with the active 
neutrinos.

A coupling to the Higgs is allowed and neutrino 
masses can emerge.
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GUT see-sawLHC N 
searches

Light sterile 
neutrino searches

m⌫ ' �Y 2v2H
M

' sin2 ! M

m = 0.1 eV 

m = 1 eV 

The massive states are Majorana particles and
⌫active = Ui ni, light + Uk Nk,heavy

Non unitarity Active and heavy neutrino mixing

Important 
for 
searches
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The mixing-mass relation can be avoided if neutrino 
masses are suppressed.  A typical example are the 
inverse see-saw and extended see-saw models, in 
which two sterile neutrinos are introduced.
L = Y L̄ ·HN1 + Y2L̄ ·HN c

2 + ⇤N̄1N2 + µ!NT
1 CN1 + µNT

2 CN2

0

@
0 Y v Y2v

Y v µ! ⇤
Y2v ⇤ µ

1

A

The neutrino mass matrix is

Models with enhanced mixing

Neutrino masses are suppressed by the (small) lepton 
number parameters:

doDirac limit). In fact, in Ref. [24] it is shown how the constraints from neutrino oscillation

experiments leave those limits as the only allowed regions forn = n! = 1 and ÷M
1

= ÷M
2

.

The region of the parameter space in between is ruled out and only the pseudoDirac and

seesaw limits survive. Reasonably extrapolating these results to the more general case with

÷M
1

!= ÷M
2

studied here, leaves the seesaw limit (÷M i " ÷mD) as the only relevant part of the

parameter space in the 0⌫�� decay context2. From now on, we will focus on theseesaw

limit. Notice, however, that this does not necessarily mean that÷M i have to be at the GUT

or the TeV scale and can be considerably lighter [25Ð27].

IV. LIGHT NEUTRINO MASSES AND 0!"" DECAY

For ÷M i " ÷mD, the light neutrino mass matrix is given at tree level by

mtree # $ mT
DM " 1mD #

v2

2(! 2 $ µ!µ)

�
µY T

1

Y
1

+ ✏2µ!YT
2

Y
2

$ ! ✏(YT
2

Y
1

+ YT
1

Y
2

)
�

, (12)

where mD and M are the 2% 3 Dirac and 2% 2 Majorana sub-matrices respectively in

Eq. (8) for n = n! = 1. Here, we have performed the standard Òsee-sawÓmD/M expansion

keeping the leading order terms. We will discuss later if the higher order corrections can be

relevant. The contribution of the light mostly-active neutrinos to the 0⌫�� decay amplitude

is proportional to the ÒeeÓ element of this e" ective mass matrix as

A light &
3X

i=1

miU2

eiM
0⌫��(0) ' $

�
mT

DM " 1mD

�
ee

M 0⌫��(0) =

=
µY 2

1e + ✏Y
2e (✏µ!Y

2e $ 2! Y
1e)

2(! 2 $ µ!µ)
v2M 0⌫��(0) . (13)

Therefore, the light neutrino contribution is strictly cancelled as long as the parameters of

the model satisfy the following relation

µY 2

1e + ✏Y
2e (✏µ!Y

2e $ 2! Y
1e) = 0 . (14)

This condition is fulÞlled for

✏ = µ = 0 . (15)

2 Of course, the Dirac limit will not be considered in this analysis where the 0!"" decay phenomenology is

studied.

9



How to test the 
existence of these 
sterile neutrinos?

20
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Signatures

They critically depend on the masses of the sterile 
neutrinos. Direct searches cannot go beyond TeV masses.

MeV GeV TeV GUT scalekeVeVsub-eV

Neutrino 
masses

Peak searches

Neutrinoless double 
beta decay

Kinks in 
beta decay

Dark Matter, 
WDM, HDM

Nu oscillations Decays

10^6 GeV

Leptogenesis



GeV-TeV scale: direct searches

@Silvia Pascoli22

MeV GeV TeV GUT scalekeVeVsub-eV

Peak Searches

5 – Peak searches

5 – Peak searches

If a heavy neutrino mixes with ! e,µ, it would modify the spectrum

of e and µ in meson decays. For ex., in " ! µ! µ a peak would

appear at

Ti = ( m2
! + m2

µ " 2m! mµ " m2
" i

)/2m! ,

[Shrock, PRD 1980]

Shrock, PRD 1980If produced in pion and kaon 
decays, they would modify the 
electron and muon spectrum 
with a peak at lower E.

Once produced, they can decay in visible particles 
inside the detector (electrons, muons, pions....). 

Source N

Decay Searches

visible particles
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10
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0

|V
µ

4|2

L3

NA3

PS 191

NuTeV

BEBC

CHARM II

FMMF

K -->  µ !

DELPHI

Figure 4: Limits on |Vµ4|2 versus m4 in the mass range 100 MeV–100 GeV come from peak
searches and from N4 decays. The area with solid (black) contour labeled K → µν [92] is excluded
by peak searches. The bounds indicated by contours labeled by PS191 [86], NA3 [87], BEBC [93],
FMMF [94], NuTeV [95] and CHARMII [96] are at 90% C.L., while DELPHI [89] and L3 [90] are
at 95% C.L. and are deduced from searches of visible products in N4 decays. For the beam dump
experiments, NA3, PS191, BEBC, FMMF and NuTeV we give an estimate of the upper limit for
the excluded values of the mixing angle.

The µ− e universality test, done by comparing the decay rate of pions into eν̄ and µν̄, can
be used to constrain the ratio

1 − |Ve4|2

1 − |Vµ4|2
, (2.11)

for m4 > m! [70, 71]. The analysis of experimental data leads to 1−|Vµ4|2

1−|Ve4|2 = 1.0012± 0.0016

[71], which implies |Ve4|2 < 0.004 at 2σ for the least conservative case of |Vµ4|2 = 0. For
m4 > m" , the µ − τ universality sets limits on:

1 − |V" 4|2

1 − |Vµ4|2
, (2.12)

and can be tested by looking at the τ leptonic and hadronic decays which give |V" 4|2 −
|Vµ4|2 = 0.0057 ± 0.0065 [71] and |V" 4|2 − |Ve4|2 = 0.0054 ± 0.0064 [71]. The most con-
straining bound on |V" 4|2 is obtained for |Ve4|2, |Vµ4|2 = 0 and reads |V" 4|2 < 0.018 at 2σ.
The unitarity constraint on the first row of the CKM matrix [99] reads

!

i =1 ,2,3

|V CKM
ui |2 =

1

1 − |Vµ4|2
= 0.9992 ± 0.0011, (2.13)

– 11 –

Some bounds are close to the naive see-saw predictions.

Atre et al., JHEP 0905 (2009)
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Current and future SBL/LBL experiments are effectively 
beam-dump experiments, with bigger exposure with 
respect to past searches.The Near Detector in DUNE

80 GeV (or 120 GeV) proton
beam on graphite target

3 y 1.07 MW (1.2 MW)
1.47 (1.1)! 1021 POT/y

3 y 2.14 MW (2.4 MW)
2.94 (2.2)! 1021 POT/y

PS191 SBND! LArTPC HPArFGT

Baseline 128 m 110 m 574 m 578 m
Size – 4m! 4m! 5m 3m! 3m! 4m 3.5m! 3.5m! 6.4m
Volume 216 m3 80 m3 36 m3 78.4 m3

Weight – 112 ton 50 ton 8 ton
POT 0.86 ! 1019 6.6 ! 1020 13.23 ! 1021 13.23 ! 1021

Exposure 1.0 39.5 12.7 27.4

The exposure is defined as POT! Vol! Bl" 2

with respect to PS191.
For this search, volume is the driving feature,
whereas fiducial weight a↵ects the background
(e.g. SHiP).

*part of SBN programme together with MicroBooNE and
Icarus-600. The analysis is found in [P. Ballett et al., ’17].

Tommaso Boschi DU, IPPP 7

Ballett, SP, Ross-Lonergan, JHEP 1704 (2017)
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PS 191

��- Peak Search

|

Figure 7: The predicted 90% CL upper limit contours for the combined SBN detectors.

Shown also in black solid lines is the prior best bounds from PS-191, scaled to show bounds

on the minimal extension as discussed here, as well as bounds from lepton peak searches

in pion and kaon decay [49, 50] (dashed black lines). Note that the peak searches are

only valid when bounding pure mixing combinations, e.g. |U
µ4

|2 and not |U
µ4

||U
⌧4

|. The

photonic channels have little or no direct bounds, with ISTRA+ bounding the radiative

decay [65] and reinterpreted N Ñ !"" bounds at NOMAD on N Ñ !# 0 [66]. In all panels,

the mixing matrix elements not shown on the y-axis are zero.

the right (left) assumes that the mixing-matrix element with the electron (muon) flavour is

dominant. The y-axis refers to a single mixing element, |U
↵4

|2, but each bound is equally

applicable to the combination |U
↵4

||U
⌧4

|, as although production must proceed through

electron-neutrino or muon-neutrino mixing, the decay can take place through U
⌧4

driven

processes. The lower solid coloured lines are the background-less 90% CL upper limit
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SBN, mainly thanks to the 
SBND detector, DUNE, T2K, 
and the specifically designed 
SHiP experiment can 
significantly improve bounds. In 
SBN, precise information about 
arrival times would provide a 
smoking gun signature.



keV scale: Kinks and dark matter

Sterile neutrinos with keV masses have attracted a lot of 
attention because they constitute a favoured warm dark 
matter candidate. Their phenomenology depends 
critically on the mixing angles. 

- Kinks in beta decays.

@Silvia Pascoli25
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13 – Laboratory constraints

Kinks in the electron β-spectrum

For masses m ! 10 eVÐ1 MeV, the search of kinks in the β" spectrum is

very sensitive to an admixture of heavy neutrinos in νe. Mitra, SP, Wong, 1310.6218
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FIG. 2. Upper bound of |U2
e4| as a function of m4 from the limit on the half-life from GERDA [28]. The gray band is due

to the uncertainty on the NMEs. For comparison, we also show the di ↵erent bounds from beta decay, solar and reactor
experiments, peak search and beam dump experiment, Þrst compiled in Ref. [101] .

nucleous would never be observed. However, this does not need to be the case for another isotope. Between two
isotopes (A, B), if this cancellation is e! ective for isotope A, then the half life for isotope B is

1

T 0⌫
1/2(B)

= GB
0⌫ |⌘21 |(M1,B � M1,A

M2,A
M2,B)

2, (9)

where M1,A, M2,A are the NMEs for the two exchange processes in isotope A and M1,B , M2,B are for isotope B.
As an example we consider the case when the cancellation is e! ective in 136Xe. In this case, the bound on half-life
T 0⌫
1/2 > 3.4 ⇥ 1025 yrs [31] is automatically satisfied, irrespective of the absolute magnitude of |⌘1,2|. Denoting the

nuclear matrix elements for 76Ge and 136Xe by M1,Ge, M2,Ge and M1,Xe, M2,Xe and the phase space of 76Ge by
GGe

0⌫ , the half-life of 76Ge is

1

T 0⌫
1/2(

76Ge)
= GGe

0⌫ |⌘21 |(M1,Ge � M1,Xe

M2,Xe
M2,Ge)

2. (10)

The value of |⌘1| that saturates the lower limit of half-life from GERDA [28] and GERDA+HDM+IGEX [28] are

|⌘1|  (2.87, 2.40)⇥ 10�6

��(M1,Ge � M 1,Xe

M 2,Xe
M2,Ge)

�� , (11)

while the range of |⌘1| that satisfies the positive claim (90% C.L.) in [26] is

|⌘1| = (2.42� 3.18)⇥ 10�6

��(M1,Ge � M 1,Xe

M 2,Xe
M2,Ge)

�� . (12)
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eV scale: Neutrino oscillations etc.

Sterile neutrinos with eV 
masses will induce 
neutrino oscillations 
at short baseline.  
Other signatures are 
present:

- Beta decays
- Neutrinoless double 
beta decay.
- if in equilibrium in the Early Universe, contribute to the 
HDM and to the number of relativistic degrees of 
freedom at BBN and CMB.
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There are hints beyond 
standard 3 neutrino mixing. 
LS N D  r e p o r t e d t h e 
appearance of electron anti-
neutrinos at short distance.

27

3 – Neutrino oscillations

¥Appearance experiments and LSND
The LSND exp took data from 1993 to 1998. Accelerator neutrinos, νµ , νe

and ν̄µ , were produced in π+ and µ+ decays. The LSND detector was
located at a distance of 30 m. ν̄e were reveled.

[LSND Coll., PRL 81 (1998) 1774]

The KARMEN experiment found no positive result. MiniBooNE is testing the
LSND result and is expected to present their data soon.
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Neutrino oscillation experiments

3

TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

⌫ < 1250 MeV neutrino energy range from all
of the backgrounds in the⌫e and ⌫̄e appearance analysis. Also
shown are the constrained background and the expected num-
ber of events corresponding to the LSND best Þt oscillation
probability of 0.26%. The table shows the diagonal-element
systematic uncertainties, which become substantially reduced
in the oscillation Þts when correlations between energy bins
and between the electron and muon neutrino events are in-
cluded. The antineutrino numbers are from a previous analy-
sis [3].

Process Neutrino Mode Antineutrino Mode
⌫µ & ⌫̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC ⇡0 501.5 ± 65.4 112.3 ± 11.5
NC � ! N� 172.5 ± 24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other ⌫µ & ⌫̄µ 89.6 ± 22.9 22.3 ± 3.5

⌫e & ⌫̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
⌫e & ⌫̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
⌫e & ⌫̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other ⌫e & ⌫̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. 1577.8 ± 85.2 398.7 ± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) ⌫µ ! ⌫e 463.1 100.0

energy range for the total 12.84⇥ 1020 POT data. Each
bin of reconstructed E

QE
⌫ corresponds to a distribution

of ÒtrueÓ generated neutrino energies, which can overlap
adjacent bins. In neutrino mode, a total of 1959 data
events pass the! e CCQE event selection requirements
with 200 < E

QE
⌫ < 1250 MeV, compared to a back-

ground expectation of 1577.8 ± 39.7(stat.) ± 75.4(syst.)
events. The excess is then 381.2 ± 85.2 events or a
4.5" e↵ect. Note that the 162.0 event excess in the
Þrst 6.46 ⇥ 1020 POT data is approximately 1" lower
than the average excess, while the 219.2 event excess in
the second 6.38⇥ 1020 POT data is approximately 1"
higher than the average excess. Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200< E

QE
⌫ < 1250 MeV en-

ergy region, compared to a background expectation of
1976.5± 44.5(stat.)± 84.8(syst.) events. This corresponds
to a total ! e plus ø! e CCQE excess of 460.5 ± 95.8 events
with respect to expectation or a 4.8" excess. The signif-
icance of the combined LSND (3.8" ) [1] and MiniBooNE
(4.8" ) excesses is 6.1" . Fig. 2 shows the total event ex-
cesses as a function ofEQE

⌫ in both neutrino mode and
antineutrino mode. The dashed curves show the best Þts
to standard two-neutrino oscillations.

Fig. 3 compares theL/EQE
⌫ distributions for the Mini-

BooNE data excesses in neutrino mode and antineutrino
mode to the L/E distribution from LSND [1]. The er-
ror bars show statistical uncertainties only. As shown
in the Þgure, there is agreement among all three data
sets. Fitting these data to standard two-neutrino oscil-
lations including statistical errors only, the best Þt oc-
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FIG. 1: The MiniBooNE neutrino mode EQE
⌫ distributions,

corresponding to the total 12.84 ⇥ 1020 POT data, for ⌫e
CCQE data (points with statistical errors) and background
(histogram with systematic errors). The dashed curve shows
the best fit to the neutrino-mode data assuming standard two-
neutrino oscillations.
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FIG. 2: The MiniBooNE total event excesses as a function
of EQE

⌫ in both neutrino mode and antineutrino mode, cor-
responding to 12.84 ⇥ 1020 POT and 11.27 ⇥ 1020 POT, re-
spectively. (Error bars include both statistical and correlated
systematic uncertainties.) The dashed curves show the best
fits to the neutrino-mode and antineutrino-mode data assum-
ing standard two-neutrino oscillations.

curs at �m

2 = 0 .040 eV2 and sin2 2# = 0 .894 with
a $2

/ndf = 35.2/28, corresponding to a probability of
16.4%. This best Þt agrees with the MiniBooNE only
best Þt described below. The MiniBooNE excess of
events in both oscillation probability and L/E spectrum
is, therefore, consistent with the LSND excess of events,
even though the two experiments have completely dif-
ferent neutrino energies, neutrino ßuxes, reconstruction,
backgrounds, and systematic uncertainties.
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Significance will be estimated using Feldman and Cousins method
with systematic uncertainties

M i n i B o o N E  w a s 
designed to test this 
results. It found an excess 
of events at low energy.

Danilov, Solvay 
workshop, ULB, 
Dec 2017

T h e DA N S S  r e a c t o r 
n e u t r i n o e x p e r i m e n t 
observes some indication 
compat ib le with ster i le 
neutrino oscillations. 



Appearance experiments require mixing both with electron 
neutrinos and muon neutrinos: in tension with muon 
neutrino disappearance experiments.

@Silvia Pascoli28
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Gariazzo et 
al., JHEP 
1706 
(2017)

Several new experiments are starting or planned. SBN 
(MicroBooNE, ICARUS, SBND) will search for neutrino 
appearance. Beta decay experiments (KATRIN) are sensitive 
to eV sterile neutrinos via kink searches in positrons.

See also T. 
Schwetz talk at 
CENF workshop, 
A. Hernandez 
updated from 
Dentler et al.,  
1709.04294.

P(! ↵ ! ! ↵) = 1 � 4|U↵4|2(1 � |U↵4|2) sin2 ! m2
41L

4E



Can this sector contain 
other Invisibles?

29



Dark Matter
DM could also belong to this sector and “talk” to Ns and 
the SM via e.g. Neutrino, Higgs and Vector Portal:

@Silvia Pascoli30
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FIG. 3: Same as Fig. 2 but for g = 10�2 (left) and for g = 10�1 (right).

Other scenarios where the mediator is either a fermion or a scalar show a similar behaviour to the one discussed
here, if no lepton number violating (LNV) process occurs. Specifically, scenarios in which a vector DM candidate is
coupled to a Dirac mediator would have a very similar behaviour to the case of a Dirac DM particle coupled to a scalar
mediator. Indeed, the leading term in the annihilation cross section is velocity-independent and features the same DM
and mediator mass dependence. The scenario with a complex scalar DM coupled to a Dirac mediator is analogous to
the Majorana DM case, and given the v

2 dependence of the annihilation cross section, indirect DM searches are less
sensitive to it. The only case which is somewhat di! erent is the real scalar DM and Dirac mediator scenario, since the
annihilation cross section scales as v

4. Therefore, finding evidence for this scenario using indirect detection searches
would be very challenging. In this case, unless m

DM

⇠ m

N

, the elastic cross section is severely suppressed, as it varies
as E

4

⌫ . Therefore, for this scenario we only expect sizable collisional damping when the mediator and DM masses are
similar and in the ⇠ [4, 10

4

] MeV range, i.e., above the N

e↵

bound (see Appendix C for the relevant results of the
remaining scenarios).

3. Scalar DM and Majorana mediator

When the mediator is a Majorana particle, LNV processes are allowed and change the phenomenology significantly.
In fact, LNV processes may constitute the dominant annihilation channels. This is the case for example when the
DM is a spin-0 or a spin-1 particle that interacts with active neutrinos through the exchange of a Majorana fermion
N

R

. We will focus here on the spin-0 DM scenario for concreteness, but similar conclusions apply to a spin-1 DM
candidate. The term in the Lagrangian describing this interaction corresponds to

L
int

� � g ! N

R

"
L

+ h.c. , (12)

and applies regardless the DM candidate, ! , is a real or complex scalar. Note that the same interaction term can also
lead to neutrino masses at loop level [20, 21, 112, 113].

a. Annihilation cross section. The two dominant annihilation channels are !! ⇤ ! "" and !! ⇤ ! "̄ "̄ , which
violate lepton number by two units. We ignore annihilations into !! ⇤ ! " "̄ , even though they also take place in LNV
scenarios because the associated cross section is v

2-suppressed. This scenario provides a natural implementation of
thermal light DM candidates while keeping the mass of the mediator very heavy. The annihilation cross section is
proportional to

h#v
r

i / g

4

m

2

N

(m

2

DM

+m

2

N

)

2

/ g

4

m

2

N

, (13)

Olivares-Del Campo et al.,  1711.05283

Dirac DM, 
scalar 
mediator
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TABLE I: This table presents the relevant terms in the Lagrangian, the approximate expressions for the annihilation cross
section and the low-energy limit of the elastic scattering for all possible scenarios that involve DM- ⌫ interactions (12 in total).
Only the leading terms in vCM and y = (s � m2

DM )/m 2
DM ' 2E⌫ /m DM (with s the usual Mandelstam variable) are presented

for the thermally averaged annihilation cross section and the elastic scattering cross section, respectively. We refer the reader
to Appendix B for the full expressions of the elastic scattering cross sections.
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TABLE I: This table presents the relevant terms in the Lagrangian, the approximate expressions for the annihilation cross
section and the low-energy limit of the elastic scattering for all possible scenarios that involve DM- ⌫ interactions (12 in total).
Only the leading terms in vCM and y = (s � m2

DM )/m 2
DM ' 2E⌫ /m DM (with s the usual Mandelstam variable) are presented

for the thermally averaged annihilation cross section and the elastic scattering cross section, respectively. We refer the reader
to Appendix B for the full expressions of the elastic scattering cross sections.
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It is also possible to extend the gauge sector via new 
U(1) and an associated Z’ with light mass and very weak 

interactions with the SM.
New scalars are also introduced to break the symmetry 

and necessarily talk to the Higgs.

Extended gauge symmetry

M. Bauer, P. Foldenauer, J. Jaeckel, 1803.05466



@Silvia Pascoli32

For a long time (>4 years) we looked for a viable 
explanation of the MiniBooNE low-E excess. Guided by 
the data, we introduce a sterile neutrino, charged under 

a new U(1) which mixes with the standard model 
neutrinos, and a light gauge boson Z’.
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Very good angular and energy distributions 
can be obtained.

The values of the parameters are compatible 
with other sterile neutrino and Z’ searches. The 

model can be made theoretically consistent.

For a similar idea see Bertuzzo et al., 1808. 02500.
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Invisibles are all around us and appear in many 
extensions of the SM.

New ideas are emerging exploring different mass scales: 
neutrino masses, sterile neutrinos, DM, axions, exotics… 
Liberating ourselves from theoretical prejudice [B. Gavela].

There may be more than one invisible: a new invisibles 
sector with multiple particles, new interactions and 
distinct phenomenology and cosmological consequences. 
Can it be just around the corner?
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