
Neutrino physics

Stéphane Lavignac (IPhT Saclay)

Lecture 3

• Dirac and Majorana neutrinos

• mechanisms of neutrino mass generation

• sterile neutrinos

2024 Asia-Europe-Pacific School of High-Energy Physics
Nakhon Pathom, Thailand, 12-25 June 2024

1



Dirac mass term

The simplest way to describe a massive neutrino is to add a       to the SM 
and to write a Dirac mass term, as for the other fermions:

The massive neutrino       is a Dirac fermion (2 independent chiralities)

not invariant under                         but can be generated from a Yukawa 
coupling to the SM Higgs doublet (which has weak isospin 1/2)

caveat :  possible to write  a Majorana mass term for       ⇒ end up with two 
Majorana neutrinos rather than one Dirac neutrino (see later)

Massive neutrinos – Dirac versus Majorana
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Majorana mass term

Preliminary remark: can form a RH spinor from 

                                    CP conjugate of 

C = charge conjugation matrix; enters the charge conjugate of a Dirac spinor

                                              describes the corresponding antifermion

⇒ the existence of a LH neutrino (     ) implies the existence of a RH 
antineutrino (                          )

Now, with      and      , can write a (Majorana) mass term :

The massive neutrino                        satisfies the Majorana condition
                 → Majorana fermion

                              

A Majorana mass term violates lepton number (signature of a Majorana 
neutrino). It cannot be generated from a coupling to the SM Higgs doublet, 
which has a T = 1/2  ⇒ neutrino masses require an extension of the SM
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Dirac versus Majorana neutrino

A Dirac neutrino is different from its antiparticle (            )
⇒ describes 4 degrees of freedom:                                [or                        ] 

Described by a 4-component spinor                         , with independent LH 
and RH components         and 

A Majorana neutrino satisfies the condition
⇒ describes only 2 degrees of freedom:                  [or            ]

Can be described by a 4-component spinor                        , but its LH and RH

components are not independent, as                 ⇒

The Majorana condition is inconsistent with any conserved additive quantum 
number: if ψ possesses a conserved quantum number q, 

Thus only neutrinos (not quarks, charged leptons) can be Majorana fermions

For the same reason, one cannot rephase a Majorana neutrino
⇒ 2 additional physical phases in the PMNS matrix wrt the Dirac case
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How to distinguish Majorana from Dirac neutrinos?

Dirac and Majorana neutrinos have the same gauge interactions, since weak 
interactions only involve       and its CP conjugate      , which can be described 
either by a Dirac or a Majorana neutrino (      and      , if they exist, are SM 
gauge singlets and do not interact at all)

One commonly calls      ‟neutrino” and      ‟antineutrino”, irrespective of 
whether they are degrees of freedom of a Dirac or Majorana neutrino. This 
terminology is motivated by the fact that, via the charged weak interaction,
     (     ) creates a negatively charged (positively charged) lepton

Similarly, oscillations probabilities are the same for Dirac and Majorana 
neutrinos (production and detection are weak interaction processes:
only      and      can be produced and detected) (*)

(*) note:                                          corresponds to CP violation, not C violation, 
and is possible both for Dirac and Majorana neutrinos, precisely because
                    CP conjugate of 
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The only practical difference between Dirac and Majorana neutrinos lies in 
their mass term, which violates lepton number by 2 units in the Majorana case

→ the Majorana nature of neutrinos can be established in               processes 
such as neutrinoless double beta decay

[the only               process that is accessible to experiment, in practice, in the 
absence of other sources of lepton number violation than the masses of the 
Majorana neutrinos]

�L = 2

�L = 2
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Mechanisms of neutrino mass generation

Simplest possibility:  add a RH neutrino       to the Standard Model

In addition to the Dirac mass term                              , must write a 
Majorana mass term for the RH neutrino, which is allowed by all (non-
accidental) symmetries of the SM (or justify its absence):

[only lepton number, if imposed, can forbid this term]

Mass eigenstates : write the mass terms in a matrix form and diagonalize

          where 
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Defining                               (such that                   ), one can see that the 
mass eigenstates are 2 Majorana neutrinos with masses m1 and m2 :

‟Seesaw” limit : 

(       = gauge singlet ⇒ M unconstrained by the electroweak symmetry)

→ the light Majorana neutrino is essentially the SM neutrino

→ natural explanation of the smallness of neutrino masses

New physics interpretation :  M = scale of the new physics responsible for 
lepton number violation – can a priori lie anywhere between
(a larger M would give                                        , unless            )
and the weak scale (low-scale seesaw mechanism), or even below
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3-generation (type I) seesaw mechanism (                                  )

                                                 ⇒ 

Light neutrino mass matrix:

        U = lepton mixing (PMNS) matrix
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Natural realization of the seesaw mechanism in Grand Unified Theories 
(GUTs) based on the SO(10) gauge group

- SM quarks and leptons fit in a single 16-dimensional representation of 
SO(10), which also contains a right-handed neutrino:

- the scale of RH neutrino masses is associated with the breaking of the B-L 
symmetry, which is a generator of SO(10), and is typically broken at or a few 
orders of magnitude below the GUT scale MGUT

(≠ arbitrary scale, even if model dependent)

- natural values of the Dirac Yukawa coupling                           
                         (i.e.             ) give

                                      for                       ,
near the unification scale in supersymmetric
extensions of the SM,
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Right-handed neutrinos imply a deep (even if minimal) modification of the SM

- without RHNs, gauge invariance and renormalizability imply that B and L are 
global symmetries of the SM, only broken by quantum effects (anomalies)

- with RHNs, this is no longer true: a              Majorana mass term is allowed 
both by gauge invariance and renormalizability

Dirac neutrinos remain a viable possibility, but lepton number has to be 
imposed: no longer automatic

Theoretical prejudices against Dirac neutrinos:

- must impose lepton number

- need very small Yukawa couplings:

[this makes the SM flavour puzzle, i.e. the unexplained hierarchy of fermion masses / 
Yukawa couplings even stronger, but it might be explained by a theory of flavour]
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Theoretical prejudices for Majorana neutrinos:

- lepton number violated in many extensions of the SM

- any mechanism generating neutrino masses without RHNs gives Majorana 
neutrinos

- natural in SO(10) Grand Unified Theories (GUTs), left-right symmetric 
theories (based on the gauge group
or larger), supersymmetry without R-parity

- possible explanation of the small neutrino masses (seesaw mechanism...)

- open the possibility of generating the baryon asymmetry of the Universe via 
leptogenesis (B-L violation and CP violation are necessary ingredients of 
baryogenesis) 

While Majorana neutrinos are theoretically compelling, only experiment 
(neutrinoless double beta decay, or possibly some other              leptonic 
process) will tell whether neutrinos are Dirac or Majorana particles

SU(3)C ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L

�L = 2
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Alternative mechanisms of neutrino (Majorana) mass generation :

- other versions of the seesaw mechanism with heavy SU(2) triplets (scalar 
[type II seesaw] or fermionic [type III seesaw]). Can be realized at high or low 
energy (with possibly new states accessible at colliders in the latter case)

- radiative models: neutrino masses generated at the one-loop (Zee model, 
supersymmetry with trilinear R-parity violation), two loop level (Babu-Zee 
model) or more. These are typically low-scale models, which can be tested at 
colliders and predict flavour-violating processes involving charged leptons

- more exotic: supersymmetric models with R-parity violation (in which 
lepton number is violated), extra spatial dimensions (*)…

(*) the minimal model with a flat extra dimensions,      on the SM brane and       in 
the bulk, predicted a mixing of      with an infinite tower of sterile neutrinos, and has 
been excluded by Super-Kamiokande and SNO
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Type II seesaw mechanism: heavy scalar triplet exchange

The Majorana mass term                                                 has               
⇒ can be generated from a coupling to a Higgs triplet:

violation of lepton number in the scalar potential:

need small vev      and/or small Yukawa coupling

Natural limit: heavy Higgs triplet ⇒       suppressed by

➞ type II seesaw mechanism

                                              no need for small µ or

The triplet mass is a priori not related to the lepton number breaking scale : 
low-scale lepton number breaking (                   ) possible 

More economical in parameters than type I: 
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Right-handed neutrino mass matrix: 
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Type II seesaw can be realized in SO(10) GUTs, using the               triplets 
present in the 54- and 126-dimensional Higgs representations

Type I and II can be simultaneously present in SO(10) models or in left-right 
symmetric theories with               and               triplets:

                         =              and              triplet couplings (vevs) 

Often an underlying left-right symmetry ensures 
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R Y
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Type III seesaw mechanism: heavy fermion triplet exchange

The Majorana mass term                                                 can also be 
generated from a coupling to a fermion Higgs triplet:

Natural limit: heavy Higgs triplet ⇒       suppressed by

➞ type III seesaw mechanism

                                  

With a single    ,         has rank one ⇒ a single massive neutrino
⇒ at least two fermion triplets needed

Can be realized in SU(5) GUTs with a fermion in the adjoint representation

➞ type I+III seesaw mechanism

Foot, Lew, He, Joshi - Ma

LMaj.
m = � 1

2 m⌫ ⌫TLC⌫L + h.c.

m⌫

Fermionic triplet seesaw

...
11 6

2

5
+

!
+

!
+=

== dd

SM

eff LLLLIntegrate out N
R

d=5 operator
it gives mass to !

d=6 operator
it renormalises kinetic energy+
corrects fermion-gauge couplings

L = LSM+ i !RD!R - Y! L ".H !R - M !R !R    
_ _

M M2

Y! Y!/M (L L H H)
T

Y! 
Y!/M2 (L " H) D (H " L) 

+

_
⌃ =

✓
⌃0

p
2⌃+

p
2⌃� �⌃0

◆
�Y

⌃
↵ L̄↵⌃ i�

2
H

⇤ + h.c.

1/M⌃

(M⌫)↵� =
Y ⌃
↵ Y ⌃

�

M⌃
v2

M⌫⌃

24F 3 (1, 3)0 � (1, 1)0 5̄↵ 24F 5H 5̄↵ = (L↵, d
c

↵
), 5H = (H,T )
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Radiative neutrino mass models

Zee model (1-loop) 

Adding to the SM a second Higgs doublet     and a charged SU(2) singlet    
leads to the following leptonic Yukawa couplings + scalar trilinear coupling

where                     and both H and     acquire a vev

⇒ charged lepton masses depend on both       
and        , and neutrino masses arise at 1-loop

The testable signatures of this mechanism are
exotic scalars and flavour-violating charged
lepton decays such as  

Note: the original Zee model had              
and was predicting an inverted mass ordering with a near-maximal solar
mixing angle,  which is excluded by the data
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Zee, Cheng-Li, Babu
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+ēyΦ†L + μh−HΦ +ēgēk−− + μk++h−h−
1 loop: Zee model 2 loops: Zee-Babu model
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Supersymmetry with trilinear R-parity breaking (1-loop)

Neutrino masses arise from quark-squark and lepton-slepton loops

Zee-Babu model (2-loop) 

introduce 2 charged SU(2) singlet scalars,
     and       , with couplings to leptons:

Lepton number is violated by scalar couplings:

Neutrino mass matrix:

In addition to new exotic scalars, this mechanism predicts flavour-violating 
processes involving charged leptons, such as 

3

Fig. 1 Feynman diagram for the 2-loop Majorana neutrino masses in the model of [3,4].

such realizations usually lead to testable predictions in either high-energy or high-intensity

experiments. In what follows we will discuss two main cases, the Babu-Zee model and

supersymmetric bilinear R-parity violating models, paying special attention to some of their

phenomenological implications.

3 Two loop realization: the Babu-Zee model

In this model the standard model scalar sector is extended by the addition of two new scalars,

h+ and k++, both singlets under SU(2). Their couplings to standard model leptons is given
by

L = fαβ (L
Ti
αLCL

j

βL
)εi jh

++h′αβ (e
T
αRCeβR)k

+++h.c. (2)

Here, LL are the standard model (left-handed) lepton doublets, eR the charged lepton singlets,

α ,β are generation indices and εi j is the completely antisymmetric tensor. Note that f is
antisymmetric, while h′ is symmetric. Assigning L = 2 to h− and k++, eq. (2) conserves

lepton number. Lepton number violation in the model resides only in the following term in

the scalar potential

L =−µh+h+k−−+h.c. (3)

Here, µ is a parameter with dimension of mass.

The setup of eq. (2) and eq. (3) generates Majorana neutrino masses via the two-loop

diagram shown in fig. (1). The resulting neutrino mass matrix can be expressed as

M ν
αβ =

8µ

(16π2)2m2h
fαxωxy fyβI (

m2k

m2h
), (4)

with summation over x,y implied. The parameters ωxy are defined as ωxy = mxhxymy, with

mx the mass of the charged lepton lx. Following [17] we have rewritten hαα = h′αα and

hαβ = 2h′αβ . I (r) finally is a dimensionless two-loop integral given by

I (r) =−
∫ 1

0
dx

∫ 1−x

0
dy

1

x+(r−1)y+ y2
log

y(1− y)

x+ ry
. (5)

For non-zero values of r,I (r) can be solved only numerically. We note that for the range of
interest, say 10−2 ≤ r≤ 102,I (r) varies quite smoothly between (roughly) 3≤I (r)≤ 0.2.

h+ k++

f↵� LT
↵Ci�2L�h+ + h0

↵�e
T
R↵CeR�k++ + h.c.

µh+h+k�� + h.c.

(M⌫)↵� ⇠ 8µ

(16⇡2)2m2
h

f↵�me�h��me�f��

µ → e γ

Figure 5.1: One-loop contributions to neutrino masses and mixings induced by the trilinear

R̸p couplings λijk (a) and λ′
ijk (b). The cross on the sfermion line indicates the insertion of a

left-right mixing mass term. The arrows on external legs follow the flow of the lepton number.

The massive neutrino is mainly a superposition of the electroweak neutrino eigenstates, and

its flavour composition is given, in the basis we are considering, by the superpotential R̸p mass

parameters µi [181]:

ν3 ≃ 1√∑
i µ

2
i

(µ1νe + µ2νµ + µ3ντ ) . (5.7)

In terms of mixing angles, this gives the relations

sin θ13 =
µ1√∑

i µ
2
i

, sin θ23 =
µ2√

µ2
2 + µ2

3

, (5.8)

while sin θ12 is undetermined.

5.1.3 One-Loop Contributions Generated by Trilinear ̸Rp Couplings

At the one-loop level, a variety of diagrams involving the trilinear R̸p couplings λ and λ′ and/or

insertions of bilinear R̸p masses contribute to the neutralino-neutrino mass matrix, thus correct-

ing Eq. (5.5). In this subsection, we concentrate on the diagrams involving trilinear R̸p cou-

plings only. These diagrams represent the dominant one-loop contribution to neutrino masses

and mixings when bilinear R-parity violation is strongly suppressed (i.e. when sin ξ ≃ 0 and
sin ζ ≃ 0 in the language of subsection 2.3.1, where the angle ζ formed by the 4-vectors
Bα ≡ (B0, Bi) and vα ≡ (v0, vi) controls the Higgs-slepton mixing ). The one-loop diagrams
involving bilinear̸Rp masses will be discussed in the next subsection.

The trilinear R̸p couplings λijk and λ′
ijk contribute to each entry of the neutrino mass matrix

through the lepton-slepton and quark-squark loops of Fig. 5.1, yielding [24, 182]

Mν
ij |λ =

1

16π2

∑

k,l,m

λiklλjmk mek

(m̃e 2
LR)ml

m2
ẽRl

− m2
ẽLm

ln

(
m2

ẽRl

m2
ẽLm

)
+ (i ↔ j) , (5.9)

Mν
ij |λ′ =

3

16π2

∑

k,l,m

λ′
iklλ

′
jmk mdk

(m̃d 2
LR

)ml

m2
d̃Rl

− m2
d̃Lm

ln

(
m2

d̃Rl

m2
d̃Lm

)

+ (i ↔ j) , (5.10)

Here the couplings λijk (resp. λ′
ijk) and the left-right slepton mixing matrix m̃e 2

LR = (Ae
ij −

µ tanβ λe
ij) vd/

√
2 (resp. the left-right squark mixing matrix m̃d 2

LR
= (Ad

ij −µ tan β λd
ij) vd/

√
2)

are expressed in the basis in which the charged lepton masses (resp. the down quark masses) as

75
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Sterile neutrinos

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

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

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

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

m⌫ < MZ/2
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Standard case (3 flavours)

Add a sterile neutrino :

lepton mixing matrix U = 4x4 unitary matrix

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

Active-sterile neutrino mixing

flavour eigenstate
mass eigenstate (     )

⌫s
⌫4

⌫e, ⌫µ, ⌫⌧

3x3 lepton mixing matrix (PMNS)

3 flavour eigenstates

⌫↵ =
3X

i=1

U↵i ⌫i
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New oscillation parameters :

Consider short baseline oscillations with
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Experimental status of oscillation anomalies

Short-baseline           disappearance experiments

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

Could be explained by an oscillation of  the νe flux toward a sterile 
neutrino in the eV Δm2 scale 
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can be explained by
             oscillations
with
and

�m2
41 ⇠ 1 eV2
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(significance of 2.6 σ)
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The Gallium anomaly

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

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

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

(–)

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

3.3 Global data on ⌫e and ⌫̄e disappearance

Let us now consider the global picture regarding
(–)

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

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

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

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

– 12 –

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

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

⇒ the significance of the RAA decreases to 1.1 σ [similar conclusion with an 
independent flux computation by Estienne et al. (2019) using a different method]

235U
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(a) EF model [18]: no RAA (1.2�).
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(b) HKSS model [22]: RAA (2.9�).
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(c) KI model [24]: no RAA (1.1�).
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(d) HKSS-KI model: no RAA (1.5�).

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

average ratio of observed
to predicted rates

Giunti et al.,
 arXiv:2110.06820
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Searches for short-baseline     disappearance

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

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

⌫̄e
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integral of the predicted IBD spectrum presented in Sec. IV,
we constrain this sum, for each pseudoexperiment, to the
sum of the free normalization parameters calculated for the
pseudoexperiment under the assumption of no oscillations.
In this study, we only impose a mild constraint of 20%
relative uncertainty with respect to the reference. This
constraint is chosen to be much looser than it would be
possible from the uncertainty of the absolute rate. Note that
we utilized the normalization constraint only for this study
of best-fit point positions, but not in the determination of
any oscillation result presented in this article.
To draw exclusion contours, we use the two-dimensional

approach given in Eqs. (18) and (19). Since the conditions
for applying Wilks’ theorem [73] are not always met in
sterile neutrino searches (cf. e.g., [74] for a discussion), we
cannot assume standard χ2 distributions in the calculation
of our exclusion contours. Instead, we obtain correct
distributions by generating 104 pseudodatasets in each
parameter space point. Note that our approach yields much
weaker exclusion contours as a simple application of
Wilks’ theorem [75]. The set of all rejected points is
depicted in Fig. 33. In particular, we reject the best-fit
point of the RAA at more than 99.9% C.L.
The oscillatory structure of the exclusion contour (red)

around the expected mean sensitivity (blue) in Fig. 33 can
be interpreted as statistical fluctuation. These structures are
also found in similar measurements by other experiments
[14–17]. By replacing the real dataset with several pseu-
dodatasets, we are able to generate pseudoexclusion con-
tours which show a similar oscillatory structure around the

expected mean sensitivity, but whose extrema are located at
different values of Δm2

41. In the same way, we find the
pseudoexclusion contours shifted along sin2ð2θeeÞ to either
side of the sensitivity contour. This behavior is expected for
the two-dimensional approach, when the no-oscillation
hypothesis cannot be excluded by the data, where shifts
toward lower sin2ð2θeeÞ are related to low p-values of the
no-oscillation hypothesis [76]. In Fig. 34, we compare our
sensitivity and exclusion contours presented in Fig. 33 with
contours obtained with two alternative statistical methods.
First, we compare them with the contours from a one-
dimensional method, where rejected intervals of sin2ð2θeeÞ
are obtained for a series of several fixed Δm2

41 values. By
plotting the rejected intervals for eachΔm2

41 value along the
ordinate of Fig. 34, we achieve the depicted sensitivity and
exclusion contours (raster-scan method). In addition, we
compute the contours in a two-dimensional frequentist
approach by normalizing the confidence level of the
oscillation-hypothesis to the confidence level of the null-
hypothesis, i.e., no-oscillation-hypothesis, (CLs method)
[76,77]. As shown in Fig. 34, the sensitivities of all three
methods agree across the relevant range of Δm2

41, with the
two-dimensional approach yielding a slightly weaker
sensitivity. The exclusion contours also show, in general,
good agreement with respect to their structure and position.
However, for our dataset, the two-dimensional approach
exhibits a stronger exclusion contour. As discussed above,
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RAA 99% C.L.
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FIG. 33. Exclusion contour (red) and exclusion sensitivity
contour (blue) at 95% C.L. of phase-Iþ II. Overlaid are the
allowed regions of the RAA (grey) and its best-fit point (star)
[13]. The contours and their underlying data are available
in Ref. [72].
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FIG. 34. Comparison of the exclusion contours (solid) and
exclusion sensitivity contours (dashed) at 95% C.L. of phase-
Iþ II, for the two-dimensional method (red, same as Fig. 33), the
raster-scan method (dark blue), and the CLs method (light blue).
Overlaid are the allowed regions of the RAA (grey) and its best-fit
point (star) [13]. The contours and their underlying data are
available in Ref. [72].

IMPROVED STERILE NEUTRINO CONSTRAINTS FROM THE … PHYS. REV. D 102, 052002 (2020)

052002-27

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

4 Spectral analysis

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

4.1 Analysis of Stereo data

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

bin i) and is folded into measured-energy space through the experimental response matrix R.
There, it is fitted against the measured spectrum D, using one of the following two methods:

�
2(�) =

�
R��D

�T
V

�1
D

�
R��D

�
+ r · R1(�) (6)

or
�
2(�) =

�
R(~↵)��D

�T
V

�1
stat

�
R(~↵)��D

�
+ |~↵|2 + r · R1(�). (7)
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Update on the gallium anomaly

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

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

⇒ very confusing situation

<latexit sha1_base64="oUwY3idyH06uKMaORa6d0LJ0E2Y="></latexit>

sin2 2✓ee � 0.2
<latexit sha1_base64="SHqMQZyPrgheXc1sXni18XCsmZA="></latexit>

�m2
41 . 10 eV2

<latexit sha1_base64="B4JUO9CzQKr6z8nT73C4Hd9W+YE="></latexit>

sin2 2✓ee > 0.11

14

0.0 0.2 0.4 0.6
sin2 2✓

1

10

100

200

�
m

2
⇥ eV

2
⇤

FC 1�
FC 2�
FC 3�

0.0 0.2 0.4 0.6
sin2 2✓

2� C.L.

Reactors FC

Gallium FC
12
C Wilks’

KATRIN

Solar FC

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

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

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

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

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

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

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

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

the mixing.

IV. GLOBAL FIT RESULTS AND CONSISTENCY TESTS

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

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

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

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

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

fit test would not provide any insights concerning the mutual consistency of the di↵erent
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Feldman-Cousins analysis (bands), where the bands indicate the 99% confidence spread of the

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

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

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

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

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

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

the mixing.

IV. GLOBAL FIT RESULTS AND CONSISTENCY TESTS

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

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

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

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

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

fit test would not provide any insights concerning the mutual consistency of the di↵erent
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Short-baseline appearance experiments [          appearance in a           beam]

LSND (1993-1998) [     beam,                ]

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

Not observed by KARMEN

MiniBooNE (2002-2017) [               ,                 ] 

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

2002-2012 : inconclusive/contradictory results

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

    ➞ suggests                                    oscillations

⌫̄µ ! ⌫̄e
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  plane (2-neutrino fit) - hep-ex/0203021]

⌫µ and ⌫̄µ
<latexit sha1_base64="CHqee8rM7e6PMw5OQlGiHiydLQY="></latexit><latexit sha1_base64="CHqee8rM7e6PMw5OQlGiHiydLQY="></latexit><latexit sha1_base64="CHqee8rM7e6PMw5OQlGiHiydLQY="></latexit><latexit sha1_base64="CHqee8rM7e6PMw5OQlGiHiydLQY="></latexit>

Bugey

CCFR

1

10

10
-3

10
-2

10
-1

1

100

0.1

sin  (2θ)2

Δ
m

2
[e

V
  
]

2

KARMEN 2
90% C.I.

LSND
Likelihood Favored regions

FIG. 14: Comparison of oscillation searches performed by different short baseline experiments.

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

with the KARMEN upper limit.

VIII. CONCLUSION

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

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

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

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

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

6.1 σ significance

[M
iniBooN

E C
ollaboration, arX

iv:2006.16883]

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

However, this interpretation is
essentially excluded by
disappearance data :

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

obtained for the event excess with cos ✓ > 0.9. The timing reconstruction performed here is
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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
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MINOS/MINOS+ :  long-baseline oscillation experiment (Lnear = 1.04 km,
Lfar= 735 km). Has analyzed both charged current data (           disappearance)  
and neutral current data, which is sensitive to the total flux of active 
neutrinos, hence to              oscillations

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

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

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

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

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

reactor neutrino fluxes.

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

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

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

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

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

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

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

⌫ µ disappearance data set.

<latexit sha1_base64="ZgG0/NypIxR2ORKAnlWwYowbNMw="></latexit>

⌫µ/⌫̄µ

strong conflict between appearance
data (LSND + MiniBooNE, allowed
regions in red) and disappearance

data (exclusion curves from CDHS,
MINOS/MINOS+, MiniBooNE

disappearance data, SK + IceCube) 

[M. Dentler et al., arXiV:1803.10661]
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Origin of the conflict between appearance (LSND + MiniBooNE) and 
disappearance experiments (reactors, accelerators, IceCube…)

Reactors :

require relatively small

MINOS, IceCube… :                 disappearance not observed

require relatively small

Appearance experiments (LSND + MiniBooNE) :

require relatively large

P⌫̄e!⌫̄e ' 1� sin2 2✓ee sin
2

✓
�m2

41L

4E

◆

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

(                  excluded by SNO)

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

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

                                              plane 

(M. Dentler et al., arXiV:1803.10661)
[M

. D
entler et al., arX

iV
:1803.10661]
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FIG. 7. Appearance versus disappearance data in the plane spanned by the e↵ective mixing angle
sin2 2✓µe ⌘ 4|Ue4Uµ4|2 and the mass squared di↵erence �m

2
41. The blue curves show limits from

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

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

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

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

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

⌫ e !
(–)

⌫ e and
(–)

⌫ µ !
(–)

⌫ µ, and appearance data covering the
(–)

⌫ µ !
(–)

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

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

red region is allowed at 3σ 
by appearance data

[pink hatched: without LSND DiF]

blue curve defines 3σ excluded
region by disappearance data

[dashed = fixed reactor fluxes]

�
sin2 2✓µe ⌘ 4|Ue4Uµ4|2, �m2

41

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

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

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

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

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

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

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

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

Planck Collaboration: Cosmological parameters

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

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

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

e↵
⌫, sterile ⌘ ⌦⌫,sterileh

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

thermal
sterile =

(�Ne↵)�3/4
m

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

m
DW
sterile = (�Ne↵)�1

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

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

thermal
sterile <

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

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

thermal
sterile < 10 eV we find

Ne↵ < 3.29,

m
e↵
⌫, sterile < 0.65 eV,

9>>=
>>;

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

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

stronger constraint

Ne↵ < 3.34,

m
e↵
⌫, sterile < 0.23 eV,

9>>=
>>;

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

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

e↵
⌫, sterile (close to the m

thermal
sterile prior cut).
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[Planck 2018]

Planck Collaboration: Cosmological parameters

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

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

⇠
T <
⇠

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

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

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

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

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

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

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

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

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

Ne↵ = 2.99+0.34
�0.33

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

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

Ne↵ = 3.27 ± 0.15

H0 = (69.32 ± 0.97) km s�1Mpc�1

9>=
>;

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

(68)

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

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

7.5.3. Joint constraints on neutrino mass and Ne↵

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

P
m⌫ together. The

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

Ne↵ = 2.96+0.34
�0.33,X

m⌫ < 0.12 eV,

9>>=
>>;

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

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

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

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

32



Conclusions on sterile neutrinos

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

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

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

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

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