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★ Are neutrinos Dirac or 
Majorana particles? 
★

★ Is there CP violation in the 
leptonic sector? 
★

★ Is the neutrino mass 
hierarchy normal or inverted? 
★

★ What are the absolute 
masses of neutrinos? 
★

★ Are there additional light 
sterile neutrinos? 
★

★ Atmospheric, solar, 
reactor, accellerator based 
neutrino experiments have 
helped us determine 
neutrino mass and mixing 
parameters to within 
uncertainties. 

★ While it is fairly clear 
that oscillations are 
dominantly responsible for 
observed excesses and 
deficits seen in the neutrino 
fluxes in these 
experiments, subdominant 
effects that have not yet 
been ruled out include NSI, 
decoherence and neutrino 
decay. 



Mass hierarchy of neutrinos



One of the most essential ingredients in making the oscillation scenario work is that the 
spread in energy ∆E of the neutrino “beam” is not too wide.

If  ∆E of the neutrino “beam” is  wide then by the time the neutrinos arrive at the 
detector the oscillation patterns for neutrinos of different energies get sufficiently out 
of phase to dampen potentially observable oscillations

In transit, a neutrino may decay invisibly, e.g into sterile neutrinos which do not produce a 
signal in a detector.

It could decay visibly, say to another SM neutrino, which gets picked up in a downstream 
detector.

Decoherence

Decay

Both these “non-oscillation” mechanisms could modify neutrino signatures in 
oscillation experiments 



Motivations for studying NSI…….
Generically, new interactions and couplings of neutrinos beyond those in the SM are termed 
and “Non-Standard Interactions” (NSI).

Such interactions could be present in the production, propagation  and detection of neutrinos.

They could  affect oscillation probability predictions and measurements made by existing and 
future experiments.

They could impact our efforts to answer the important unanswered questions about neutrinos 
listed earlier..



It is important to emphasize that NSI are not necessarily some strange new beasts, but 
may very well arise from known BSM physics theories, like supersymmetry, GUT models, 
left-right models, compositeness, extra dimensional theories…….The term “NSI” is thus 
an umbrella categorization 

Motivations for studying NSI…….

It is also important to realise that existing neutrino data are quite well-described by 
the standard 3 family oscillation picture and the currently measured mass-squared 
differences and mixings. Hence additional interactions are very likely small effects, 
sub-dominant to the present understanding of SM interactions of neutrinos.

Despite their smallness and sub-dominance, it is important to study them because they 
could point towards physics beyond the SM.



E is the neutrino energy,

A = 2√ 2EGFNe is the effective matter potential

GF = (1.1663787 ± 0.0000006) × 10−5 GeV−2

Ne is the electron number density in matter
M = U Diag {m1,m2,m3) UT is the neutrino mass matrix,  

Standard Neutrino oscillations…….in matter

U relates the weak interaction 
eigenstates and the mass eigenstates 
through the leptonic mixing parameters 
θ12, θ13, θ23, δ (the Dirac CP-violating 
phase)



Non-Standard neutrino Interactions

■ Neutral current Non-Standard Interaction (NSI): propagation of neutrinos in matter

■ Charged current Non-Standard Interaction (NSI): production and detection
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there are still three unknown parameters in the oscillation of standard three neutrino scheme: the octant of ✓23, the
value of the CP phase � and the neutrino mass ordering. The current status of these still unknown parameters will
be discussed next.

Let us now comment on the maximality/non-maximality and octant preference for the atmospheric mixing angle.
So far, experimental neutrino data have not shown a conclusive preference for values of ✓23 smaller, equal or larger
than ⇡/4. Di↵erent experiments may show a limited preference for one of the choices, but for the moment all the
results are consistent at the 3� level. On the other hand, one finds that the available global analyses of neutrino
data [39–41], using very similar data samples show slightly di↵erent results for the octant preference. For this par-
ticular case, one can find the origin of the possible discrepancies in the di↵erent treatment of the Super–Kamiokande
atmospheric data. See the previous references for more details on the chosen approach at each work. The results
in Fig. 4 and Table I, corresponding to the analysis in Ref. [39], show a preference for ✓23 in the first octant. This
global best fit point corresponds to normal mass ordering, but a local minimum can also be found with ✓23 > ⇡/4
and inverted mass ordering with a ��2 = 4.3. In the same way, additional local minima can be found with ✓23 in the
second octant and inverted mass spectrum and the other way around. All these possibilities are allowed at 90% C.L.
as can be seen in the right panels of Fig. 4. With current data, the status of the maximal atmospheric mixing is a bit
delicate, being allowed only at 99% C.L. However, this result may change after the implementation of the partially
published data release of T2K [102] in the global fit.

In the same way, the current neutrino oscillation data do not o↵er a definitive determination for the neutrino
mass ordering. Individual neutrino experiments show in general a limited sensitivity to the mass ordering, with the
exception of the latest atmospheric data from Super-Kamiokande, that prefer normal mass ordering with a signifi-
cance of ��2 = 4.3. Note however that this data sample is not included in some of the global analyses of neutrino
oscillations [39, 41]. The sensitivity to the mass ordering in the global analysis arises instead from the interplay of
the di↵erent neutrino data, as a result of the existing correlations and tensions among the other neutrino parameters.
Indeed, the three global analysis discussed in this review show a preference for normal mass ordering, although the
significance may be di↵erent in each case, depending on the particular details of the specific global fit. In the work
in Ref. [39], discussed in a bit more details here, a preference for normal ordering over inverted is obtained, with
a significance of ��2 = 4.3. In any case, the results reported are not conclusive yet, and we will have to wait for
the next generation of experiments devoted to this purpose (among others), such as DUNE [103], PINGU [104],
ORCA [105], JUNO [106] or RENO-50 [107].

Finally, we comment on the sensitivity to the CP-violating phase �. Prior to the publication of the antineutrino run
data from T2K, combined analyses were already showing a weak preference for � = 3⇡/2, while � = ⇡/2 was disfavored
above the 2� level [108–110]. This sensitivity, absent in all the individual data samples, emerged from the tension
between the value of ✓13 measured at the reactor experiments and the preferred value of ✓13 for � = ⇡/2 in T2K. This
scenario has changed after the release of T2K results from its antineutrino run and now the sensitivity to � comes
mainly from the combined analysis of the neutrino and antineutrino channel in T2K. The remaining experiments
contribute only marginally to the determination of the CP–violating phase.

III. CURRENT BOUNDS ON NON–STANDARD INTERACTIONS

New neutrino interactions beyond the Standard Model are natural features in most neutrino mass models [111, 112].
As commented in the introduction, these Non–Standard Interactions (NSI) may be of Charged-Current (CC) or of
Neutral-Current (NC) type. In the low energy regime, neutrino NSI with matter fields can be formulated in terms of
the e↵ective four-fermion Lagrangian terms as follows:
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where GF is the Fermi constant and PX denote the left and right chirality projection operators PR,L = (1 ± �5)/2.

The dimensionless coe�cients ✏ff
0
X

↵�
and ✏fX

↵�
quantify the strength of the NSI between leptons of ↵ and � flavour

and the matter field f 2 {e, u, d} (for NC-NSI) and f 6= f 0 2 {u, d} (for CC-NSI). At the limit ✏fX
↵�

! 0, we recover
the standard interactions, while ✏↵� ⇠ 1 corresponds to new interactions with strength comparable to that of SM
weak interactions. If ✏↵� is non-zero for ↵ 6= �, the NSIs violate lepton flavor. If ✏↵↵ � ✏�� 6= 0, the lepton flavor
universality is violated by NSI.

The presence of neutrino NSI may a↵ect the neutrino production and detection at experiments as well as their
propagation in a medium through modified matter e↵ects [52, 53]. In the literature, it is common denoting the
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Non-Standard neutrino Interactions

■ Neutral current Non-Standard Interaction (NSI): propagation of neutrinos in matter

■ Charged current Non-Standard Interaction (NSI): production and detection
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ticular case, one can find the origin of the possible discrepancies in the di↵erent treatment of the Super–Kamiokande
atmospheric data. See the previous references for more details on the chosen approach at each work. The results
in Fig. 4 and Table I, corresponding to the analysis in Ref. [39], show a preference for ✓23 in the first octant. This
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So far, experimental neutrino data have not shown a conclusive preference for values of ✓23 smaller, equal or larger
than ⇡/4. Di↵erent experiments may show a limited preference for one of the choices, but for the moment all the
results are consistent at the 3� level. On the other hand, one finds that the available global analyses of neutrino
data [39–41], using very similar data samples show slightly di↵erent results for the octant preference. For this par-
ticular case, one can find the origin of the possible discrepancies in the di↵erent treatment of the Super–Kamiokande
atmospheric data. See the previous references for more details on the chosen approach at each work. The results
in Fig. 4 and Table I, corresponding to the analysis in Ref. [39], show a preference for ✓23 in the first octant. This
global best fit point corresponds to normal mass ordering, but a local minimum can also be found with ✓23 > ⇡/4
and inverted mass ordering with a ��2 = 4.3. In the same way, additional local minima can be found with ✓23 in the
second octant and inverted mass spectrum and the other way around. All these possibilities are allowed at 90% C.L.
as can be seen in the right panels of Fig. 4. With current data, the status of the maximal atmospheric mixing is a bit
delicate, being allowed only at 99% C.L. However, this result may change after the implementation of the partially
published data release of T2K [102] in the global fit.

In the same way, the current neutrino oscillation data do not o↵er a definitive determination for the neutrino
mass ordering. Individual neutrino experiments show in general a limited sensitivity to the mass ordering, with the
exception of the latest atmospheric data from Super-Kamiokande, that prefer normal mass ordering with a signifi-
cance of ��2 = 4.3. Note however that this data sample is not included in some of the global analyses of neutrino
oscillations [39, 41]. The sensitivity to the mass ordering in the global analysis arises instead from the interplay of
the di↵erent neutrino data, as a result of the existing correlations and tensions among the other neutrino parameters.
Indeed, the three global analysis discussed in this review show a preference for normal mass ordering, although the
significance may be di↵erent in each case, depending on the particular details of the specific global fit. In the work
in Ref. [39], discussed in a bit more details here, a preference for normal ordering over inverted is obtained, with
a significance of ��2 = 4.3. In any case, the results reported are not conclusive yet, and we will have to wait for
the next generation of experiments devoted to this purpose (among others), such as DUNE [103], PINGU [104],
ORCA [105], JUNO [106] or RENO-50 [107].

Finally, we comment on the sensitivity to the CP-violating phase �. Prior to the publication of the antineutrino run
data from T2K, combined analyses were already showing a weak preference for � = 3⇡/2, while � = ⇡/2 was disfavored
above the 2� level [108–110]. This sensitivity, absent in all the individual data samples, emerged from the tension
between the value of ✓13 measured at the reactor experiments and the preferred value of ✓13 for � = ⇡/2 in T2K. This
scenario has changed after the release of T2K results from its antineutrino run and now the sensitivity to � comes
mainly from the combined analysis of the neutrino and antineutrino channel in T2K. The remaining experiments
contribute only marginally to the determination of the CP–violating phase.

III. CURRENT BOUNDS ON NON–STANDARD INTERACTIONS

New neutrino interactions beyond the Standard Model are natural features in most neutrino mass models [111, 112].
As commented in the introduction, these Non–Standard Interactions (NSI) may be of Charged-Current (CC) or of
Neutral-Current (NC) type. In the low energy regime, neutrino NSI with matter fields can be formulated in terms of
the e↵ective four-fermion Lagrangian terms as follows:
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where GF is the Fermi constant and PX denote the left and right chirality projection operators PR,L = (1 ± �5)/2.

The dimensionless coe�cients ✏ff
0
X

↵�
and ✏fX

↵�
quantify the strength of the NSI between leptons of ↵ and � flavour

and the matter field f 2 {e, u, d} (for NC-NSI) and f 6= f 0 2 {u, d} (for CC-NSI). At the limit ✏fX
↵�

! 0, we recover
the standard interactions, while ✏↵� ⇠ 1 corresponds to new interactions with strength comparable to that of SM
weak interactions. If ✏↵� is non-zero for ↵ 6= �, the NSIs violate lepton flavor. If ✏↵↵ � ✏�� 6= 0, the lepton flavor
universality is violated by NSI.

The presence of neutrino NSI may a↵ect the neutrino production and detection at experiments as well as their
propagation in a medium through modified matter e↵ects [52, 53]. In the literature, it is common denoting the
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there are still three unknown parameters in the oscillation of standard three neutrino scheme: the octant of ✓23, the
value of the CP phase � and the neutrino mass ordering. The current status of these still unknown parameters will
be discussed next.

Let us now comment on the maximality/non-maximality and octant preference for the atmospheric mixing angle.
So far, experimental neutrino data have not shown a conclusive preference for values of ✓23 smaller, equal or larger
than ⇡/4. Di↵erent experiments may show a limited preference for one of the choices, but for the moment all the
results are consistent at the 3� level. On the other hand, one finds that the available global analyses of neutrino
data [39–41], using very similar data samples show slightly di↵erent results for the octant preference. For this par-
ticular case, one can find the origin of the possible discrepancies in the di↵erent treatment of the Super–Kamiokande
atmospheric data. See the previous references for more details on the chosen approach at each work. The results
in Fig. 4 and Table I, corresponding to the analysis in Ref. [39], show a preference for ✓23 in the first octant. This
global best fit point corresponds to normal mass ordering, but a local minimum can also be found with ✓23 > ⇡/4
and inverted mass ordering with a ��2 = 4.3. In the same way, additional local minima can be found with ✓23 in the
second octant and inverted mass spectrum and the other way around. All these possibilities are allowed at 90% C.L.
as can be seen in the right panels of Fig. 4. With current data, the status of the maximal atmospheric mixing is a bit
delicate, being allowed only at 99% C.L. However, this result may change after the implementation of the partially
published data release of T2K [102] in the global fit.

In the same way, the current neutrino oscillation data do not o↵er a definitive determination for the neutrino
mass ordering. Individual neutrino experiments show in general a limited sensitivity to the mass ordering, with the
exception of the latest atmospheric data from Super-Kamiokande, that prefer normal mass ordering with a signifi-
cance of ��2 = 4.3. Note however that this data sample is not included in some of the global analyses of neutrino
oscillations [39, 41]. The sensitivity to the mass ordering in the global analysis arises instead from the interplay of
the di↵erent neutrino data, as a result of the existing correlations and tensions among the other neutrino parameters.
Indeed, the three global analysis discussed in this review show a preference for normal mass ordering, although the
significance may be di↵erent in each case, depending on the particular details of the specific global fit. In the work
in Ref. [39], discussed in a bit more details here, a preference for normal ordering over inverted is obtained, with
a significance of ��2 = 4.3. In any case, the results reported are not conclusive yet, and we will have to wait for
the next generation of experiments devoted to this purpose (among others), such as DUNE [103], PINGU [104],
ORCA [105], JUNO [106] or RENO-50 [107].

Finally, we comment on the sensitivity to the CP-violating phase �. Prior to the publication of the antineutrino run
data from T2K, combined analyses were already showing a weak preference for � = 3⇡/2, while � = ⇡/2 was disfavored
above the 2� level [108–110]. This sensitivity, absent in all the individual data samples, emerged from the tension
between the value of ✓13 measured at the reactor experiments and the preferred value of ✓13 for � = ⇡/2 in T2K. This
scenario has changed after the release of T2K results from its antineutrino run and now the sensitivity to � comes
mainly from the combined analysis of the neutrino and antineutrino channel in T2K. The remaining experiments
contribute only marginally to the determination of the CP–violating phase.

III. CURRENT BOUNDS ON NON–STANDARD INTERACTIONS

New neutrino interactions beyond the Standard Model are natural features in most neutrino mass models [111, 112].
As commented in the introduction, these Non–Standard Interactions (NSI) may be of Charged-Current (CC) or of
Neutral-Current (NC) type. In the low energy regime, neutrino NSI with matter fields can be formulated in terms of
the e↵ective four-fermion Lagrangian terms as follows:
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where GF is the Fermi constant and PX denote the left and right chirality projection operators PR,L = (1 ± �5)/2.

The dimensionless coe�cients ✏ff
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quantify the strength of the NSI between leptons of ↵ and � flavour

and the matter field f 2 {e, u, d} (for NC-NSI) and f 6= f 0 2 {u, d} (for CC-NSI). At the limit ✏fX
↵�

! 0, we recover
the standard interactions, while ✏↵� ⇠ 1 corresponds to new interactions with strength comparable to that of SM
weak interactions. If ✏↵� is non-zero for ↵ 6= �, the NSIs violate lepton flavor. If ✏↵↵ � ✏�� 6= 0, the lepton flavor
universality is violated by NSI.

The presence of neutrino NSI may a↵ect the neutrino production and detection at experiments as well as their
propagation in a medium through modified matter e↵ects [52, 53]. In the literature, it is common denoting the
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Standard Two flavour oscillations  
in matter to the vacuum oscillation probability P(⌫e ! ⌫µ) of Eq. (31), HM must lead to the in-matter oscillation

probability
PM (⌫e ! ⌫µ) = sin2 2✓M sin2

✓
�m2

M
L

4E

◆
. (39)

That is, the oscillation probability in matter is the same as in vacuum, except for the replacement of the
vacuum parameters ✓ and �m2 by their in-matter equivalents.

In principle, matter effects can have very dramatic consequences. From Eq. (37) for the effective
mixing angle in matter ✓M we see that if the vacuum mixing angle ✓ is tiny, with, say, sin2 2✓ = 10�3,
but A ⇠= cos 2✓, then sin2 2✓M can be near to or at its maximum possible value, unity. This dramatic
amplification of a tiny mixing angle in vacuum into a very large one in matter is the ‘resonant’ version
of the Mikheyev–Smirnov–Wolfenstein (MSW) effect [6–9]. It used to be thought that this dramatic
amplification is actually occurring inside the Sun. However, we shall see that the solar neutrino mixing
angle is already quite large (⇠ 34�) in vacuum [10]. Thus, while the effect of solar matter on solar
neutrinos is still very significant, it is not quite so dramatic as once thought.

4 Evidence for neutrino oscillations
4.1 Atmospheric and accelerator neutrinos
SuperKamiokande (SK) has very compelling evidence for ⌫µ disappearance in their atmospheric neutrino
studies, see Ref. [11]. In Fig. 2 the zenith angle dependence of the multi-GeV ⌫µ sample is shown
together with their L/E plot. This data fits very well the simple two-component neutrino hypothesis
with

�m2

atm = 2� 3⇥ 10�3eV2 and sin2 ✓atm = 0.50 ± 0.15 . (40)

This corresponds to an L/E for oscillations of 500 km/GeV and nearly maximal mixing. No evidence
for the involvement of the ⌫e is observed so the assumption is that ⌫µ ! ⌫⌧ .

Fig. 2: SuperKamiokande’s evidence for neutrino oscillations both in the zenith angle and L/E plots

Two beams of ⌫µ neutrinos have been sent to two detectors located at large distance: the K2K
experiment [12, 13], is from KEK to SK with a baseline of 120 km, and the MINOS experiment [14]
from Fermilab to the Soudan mine with a baseline of 735 km. Both experiments see evidence for ⌫µ

disappearance which is summarized in Fig. 3.
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Let us turn now to neutrino propagation in matter. There, the 2⇥2 vacuum Hamiltonian HVac is
replaced by a matrix HM given by

HM = HVac + VW

✓
1 0
0 0

◆
+ VZ

✓
1 0
0 1

◆
. (32)

Here, the second term on the right-hand side is the contribution from the interaction potential energy
caused by W exchange, Eq. (21). Since this energy affects only ⌫e, its contribution is non-vanishing
only in the upper left, ⌫e–⌫e, element of HM . The last term on the right-hand side of Eq. (32) is the
contribution from the interaction potential energy caused by Z exchange, Eq. (22). Since this energy
affects all flavours equally, its contribution to HM is a multiple of the identity matrix, and consequently
can be dropped. Then

HM = HVac +
VW

2
+

VW

2

✓
1 0
0 �1

◆
, (33)

where we have now split theW -exchange contribution into a piece that is not proportional to the identity,
plus a piece that is proportional to it. Dropping the irrelevant latter piece as well, we have from Eqs. (26)
and (33)

HM =
�m2

4E

✓
�(cos 2✓ �A) sin 2✓

sin 2✓ (cos 2✓ �A)

◆
, (34)

in which
A ⌘ VW /2

�m2/4E
=

2
p

2GF NeE

�m2
. (35)

The parameter A is a measure of the importance of the matter effect relative to that of the neutrino
squared-mass splitting.

If we define
�m2

M ⌘ �m2

q
sin2 2✓ + (cos 2✓ �A)2 (36)

and
sin2 2✓M ⌘ sin2 2✓

sin2 2✓ + (cos 2✓ �A)2
, (37)

then HM can be written as

HM =
�m2

M

4E

✓
� cos 2✓M sin 2✓M

sin 2✓M cos 2✓M

◆
. (38)

That is, the Hamiltonian in matter, HM , is identical to its vacuum counterpart, HVac, Eq. (26), except
that the vacuum parameters �m2 and ✓ are replaced, respectively, by�m2

M and ✓M .
Needless to say, the eigenstates of HM differ from their vacuum counterparts. The splitting be-

tween the effective squared-masses of these eigenstates in matter differs from the vacuum splitting�m2,
and the effective mixing angle in matter—the angle that determines the ⌫e, ⌫µ composition of the eigen-
states in matter—differs from the vacuum mixing angle ✓. Now, all of the physics of neutrino propagation
in matter is contained in the matter Hamiltonian HM . But, according to Eq. (38), HM depends on the
parameters �m2

M and ✓M in exactly the same way as the vacuum Hamiltonian HVac, Eq. (26), depends
on�m2 and ✓. Thus�m2

M must be the splitting between the effective squared-masses of the eigenstates
in matter, and ✓M must be the effective mixing angle in matter.

In an experiment where an accelerator-generated neutrino beam is sent to a detector that is, say,
1000 km away, the beam passes through Earth matter, but does not penetrate very deeply into the Earth.
The matter density encountered by such a beam en route is very roughly constant. Thus, the electron
density Ne, hence the parameter A, hence the matter Hamiltonian HM , is roughly position independent,
just like the vacuum HamiltonianHVac. Comparing Eqs. (38) and (26), we then see that sinceHVac leads
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We thus see that measurements of mass-squared differences and mixing angles 
can be affected by the presence of NSI when we study neutrino oscillations in 
matter. 

Gives us back the standard matter oscillations
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Such interactions, which lead to non-standard effects during the production or the 
detection of a neutrino involve charged current processes, and may arise from a term 
such as 

Non-Standard neutrino Interactions

■ Neutral current Non-Standard Interaction (NSI): propagation of neutrinos in matter

■ Charged current Non-Standard Interaction (NSI): production and detection
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there are still three unknown parameters in the oscillation of standard three neutrino scheme: the octant of ✓23, the
value of the CP phase � and the neutrino mass ordering. The current status of these still unknown parameters will
be discussed next.

Let us now comment on the maximality/non-maximality and octant preference for the atmospheric mixing angle.
So far, experimental neutrino data have not shown a conclusive preference for values of ✓23 smaller, equal or larger
than ⇡/4. Di↵erent experiments may show a limited preference for one of the choices, but for the moment all the
results are consistent at the 3� level. On the other hand, one finds that the available global analyses of neutrino
data [39–41], using very similar data samples show slightly di↵erent results for the octant preference. For this par-
ticular case, one can find the origin of the possible discrepancies in the di↵erent treatment of the Super–Kamiokande
atmospheric data. See the previous references for more details on the chosen approach at each work. The results
in Fig. 4 and Table I, corresponding to the analysis in Ref. [39], show a preference for ✓23 in the first octant. This
global best fit point corresponds to normal mass ordering, but a local minimum can also be found with ✓23 > ⇡/4
and inverted mass ordering with a ��2 = 4.3. In the same way, additional local minima can be found with ✓23 in the
second octant and inverted mass spectrum and the other way around. All these possibilities are allowed at 90% C.L.
as can be seen in the right panels of Fig. 4. With current data, the status of the maximal atmospheric mixing is a bit
delicate, being allowed only at 99% C.L. However, this result may change after the implementation of the partially
published data release of T2K [102] in the global fit.

In the same way, the current neutrino oscillation data do not o↵er a definitive determination for the neutrino
mass ordering. Individual neutrino experiments show in general a limited sensitivity to the mass ordering, with the
exception of the latest atmospheric data from Super-Kamiokande, that prefer normal mass ordering with a signifi-
cance of ��2 = 4.3. Note however that this data sample is not included in some of the global analyses of neutrino
oscillations [39, 41]. The sensitivity to the mass ordering in the global analysis arises instead from the interplay of
the di↵erent neutrino data, as a result of the existing correlations and tensions among the other neutrino parameters.
Indeed, the three global analysis discussed in this review show a preference for normal mass ordering, although the
significance may be di↵erent in each case, depending on the particular details of the specific global fit. In the work
in Ref. [39], discussed in a bit more details here, a preference for normal ordering over inverted is obtained, with
a significance of ��2 = 4.3. In any case, the results reported are not conclusive yet, and we will have to wait for
the next generation of experiments devoted to this purpose (among others), such as DUNE [103], PINGU [104],
ORCA [105], JUNO [106] or RENO-50 [107].

Finally, we comment on the sensitivity to the CP-violating phase �. Prior to the publication of the antineutrino run
data from T2K, combined analyses were already showing a weak preference for � = 3⇡/2, while � = ⇡/2 was disfavored
above the 2� level [108–110]. This sensitivity, absent in all the individual data samples, emerged from the tension
between the value of ✓13 measured at the reactor experiments and the preferred value of ✓13 for � = ⇡/2 in T2K. This
scenario has changed after the release of T2K results from its antineutrino run and now the sensitivity to � comes
mainly from the combined analysis of the neutrino and antineutrino channel in T2K. The remaining experiments
contribute only marginally to the determination of the CP–violating phase.

III. CURRENT BOUNDS ON NON–STANDARD INTERACTIONS

New neutrino interactions beyond the Standard Model are natural features in most neutrino mass models [111, 112].
As commented in the introduction, these Non–Standard Interactions (NSI) may be of Charged-Current (CC) or of
Neutral-Current (NC) type. In the low energy regime, neutrino NSI with matter fields can be formulated in terms of
the e↵ective four-fermion Lagrangian terms as follows:

LCC�NSI = �2
p
2GF ✏ff
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where GF is the Fermi constant and PX denote the left and right chirality projection operators PR,L = (1 ± �5)/2.

The dimensionless coe�cients ✏ff
0
X

↵�
and ✏fX

↵�
quantify the strength of the NSI between leptons of ↵ and � flavour

and the matter field f 2 {e, u, d} (for NC-NSI) and f 6= f 0 2 {u, d} (for CC-NSI). At the limit ✏fX
↵�

! 0, we recover
the standard interactions, while ✏↵� ⇠ 1 corresponds to new interactions with strength comparable to that of SM
weak interactions. If ✏↵� is non-zero for ↵ 6= �, the NSIs violate lepton flavor. If ✏↵↵ � ✏�� 6= 0, the lepton flavor
universality is violated by NSI.

The presence of neutrino NSI may a↵ect the neutrino production and detection at experiments as well as their
propagation in a medium through modified matter e↵ects [52, 53]. In the literature, it is common denoting the
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In the same way, the current neutrino oscillation data do not o↵er a definitive determination for the neutrino
mass ordering. Individual neutrino experiments show in general a limited sensitivity to the mass ordering, with the
exception of the latest atmospheric data from Super-Kamiokande, that prefer normal mass ordering with a signifi-
cance of ��2 = 4.3. Note however that this data sample is not included in some of the global analyses of neutrino
oscillations [39, 41]. The sensitivity to the mass ordering in the global analysis arises instead from the interplay of
the di↵erent neutrino data, as a result of the existing correlations and tensions among the other neutrino parameters.
Indeed, the three global analysis discussed in this review show a preference for normal mass ordering, although the
significance may be di↵erent in each case, depending on the particular details of the specific global fit. In the work
in Ref. [39], discussed in a bit more details here, a preference for normal ordering over inverted is obtained, with
a significance of ��2 = 4.3. In any case, the results reported are not conclusive yet, and we will have to wait for
the next generation of experiments devoted to this purpose (among others), such as DUNE [103], PINGU [104],
ORCA [105], JUNO [106] or RENO-50 [107].

Finally, we comment on the sensitivity to the CP-violating phase �. Prior to the publication of the antineutrino run
data from T2K, combined analyses were already showing a weak preference for � = 3⇡/2, while � = ⇡/2 was disfavored
above the 2� level [108–110]. This sensitivity, absent in all the individual data samples, emerged from the tension
between the value of ✓13 measured at the reactor experiments and the preferred value of ✓13 for � = ⇡/2 in T2K. This
scenario has changed after the release of T2K results from its antineutrino run and now the sensitivity to � comes
mainly from the combined analysis of the neutrino and antineutrino channel in T2K. The remaining experiments
contribute only marginally to the determination of the CP–violating phase.

III. CURRENT BOUNDS ON NON–STANDARD INTERACTIONS

New neutrino interactions beyond the Standard Model are natural features in most neutrino mass models [111, 112].
As commented in the introduction, these Non–Standard Interactions (NSI) may be of Charged-Current (CC) or of
Neutral-Current (NC) type. In the low energy regime, neutrino NSI with matter fields can be formulated in terms of
the e↵ective four-fermion Lagrangian terms as follows:
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where GF is the Fermi constant and PX denote the left and right chirality projection operators PR,L = (1 ± �5)/2.

The dimensionless coe�cients ✏ff
0
X

↵�
and ✏fX

↵�
quantify the strength of the NSI between leptons of ↵ and � flavour

and the matter field f 2 {e, u, d} (for NC-NSI) and f 6= f 0 2 {u, d} (for CC-NSI). At the limit ✏fX
↵�

! 0, we recover
the standard interactions, while ✏↵� ⇠ 1 corresponds to new interactions with strength comparable to that of SM
weak interactions. If ✏↵� is non-zero for ↵ 6= �, the NSIs violate lepton flavor. If ✏↵↵ � ✏�� 6= 0, the lepton flavor
universality is violated by NSI.

The presence of neutrino NSI may a↵ect the neutrino production and detection at experiments as well as their
propagation in a medium through modified matter e↵ects [52, 53]. In the literature, it is common denoting the
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1 Overview

Given the wide interest in the worldwide neutrino program, it is timely to reassess the state
of the art topics related to non-standard neutrino interactions (NSIs). This document presents
an overview of NSIs and a number of in depth modern analyses spanning numerous related
topics presented at a recent workshop.

1.1 Introduction to Non-Standard Neutrino Interactions (Denton)

NSIs provide a general effective field theory (EFT) style framework to quantify new physics in
the neutrino sector1. While the details of a specific model may vary, they typically all have the
following forms for NC and CC NSI,
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where GF is Fermi’s constant and the " terms quantify the size of the new interaction relative
to the weak scale. The sum is over matter fermions, typically f , f 0 2 {e, u, d} and P 2 {PL , PR}
are the chirality projection operators. These projection operators can also be reparameterized
into vector and axial components of the interaction. NSIs were first introduced by Wolfenstein
in 1978 in his landmark paper that also identified the conventional matter effect [1].

Such a new interaction leads to a rich phenomenology in both scattering experiments and
neutrino oscillation experiments [2–4]. Since oscillation phenomenology is generally quite
distinct from scattering phenomenology, the NSI framework provides a convenient way to re-
late new physics models to both cases. The " terms can be thought of in a simplified model
framework as " / g2

X/M
2
X . In the case of scattering the denominator becomes q2 + M2

X in-
dicating that a scattering experiment is only sensitive to mediators heavier than the typical
energy scale of the experiment. NuTeV and COHERENT have particularly strong NSI scatter-
ing constraints [5–7].

The vector component of NSIs affect oscillations by providing a new flavor dependent
matter effect. The Hamiltonian for this is
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where UPMNS is the standard lepton mixing matrix [8, 9], a ⌘ 2
p

2GF NeE is the Wolfenstein
matter potential, Ne is the electron number density, E is the neutrino energy, and the 1 in the
1 + "ee term is due to the standard charged current matter potential. For useful reviews see
e.g. refs. [10–13]. The diagonal NSI terms are known as non-universal since they provide
a mechanism for breaking lepton flavor universality while the off-diagonal terms are known
as flavor-changing. While the non-universal (diagonal) terms are real, the flavor-changing
terms (off-diagonal) are, in general complex and can interfere with the standard CP-violating
phase [14], and can be parameterized,

"↵� = |"↵� |ei�↵� . (4)

Since the flavor-changing NSI terms can be complex, at the Hamiltonian level there are
9 new parameters, of which 8 are testable by oscillations. Including scattering or oscillations

1The fact that neutrinos have mass already guarantees new physics beyond the standard model. NSIs represent
new physics beyond mass generation.

1.4
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While the diagonal terms are real , the off diagonal parameters can be complex, and thus interfere in CP 
measurements.

One would like to associate an underlying gauge structure for NSIs, as opposed to simply parametrising 
them effectively as we have done so far.

Examining NSI parameters as stemming from an underlying gauge theory



Example of a simple underlying gauge theory for  NSI

What is the underlying model for the 
effective four-fermion Lagrangian?
■ Integrating out       with mass             and coupling 
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Consider a new Z’ with mass MX 

associated with a new U(1) group 
with gauge coupling gX

Then    
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considerably with new models, new phenomenology, and new tests. For other unconventional
NSIs not covered here, see e.g. Refs. [22, 23] (source-detector NSI), [24] (lepton-number-
violating NSI), [25] (scalar NSI) and [26] (dark NSI).

1.2 Motivation for NSIs (Dev)

The neutrino oscillation program is entering a new era, where the known parameters are
being measured with an ever-increasing accuracy. Next generation of long–baseline neutrino
experiments like DUNE [27] are poised to resolve the sub-dominant effects in oscillation data
sensitive to the currently unknown oscillation parameters, namely �CP and sign of �m2

32. Of
course, all these derivations are within the 3⇥ 3 neutrino mass and mixing scheme under the
assumption that neutrinos interact with matter only through the Standard Model (SM) weak
interactions. Allowing for NSI can in principle change the whole picture. NSIs are of two types:
Neutral Current (NC) NSI [cf. Eq. (1)] and Charged Current (CC) NSI [cf. Eq. (2)]. While
the CC NSI of neutrinos with the matter fields (e, u, d) affects in general the production and
detection of neutrinos, the NC NSI affects the neutrino propagation in matter. The effects of
both types of NSI on neutrino experiments have been extensively studied in the literature; see
e.g., Refs. [10–13] for reviews. The general, model-independent bounds from the combination
of neutrino oscillation and detection or production experimental results have been summarized
in Refs. [11, 13] (see also Sec. 4 and Refs. [28, 29] for recent global-fit constraints on NSI
parameters).

On the other hand, NSI of neutrinos can crucially affect the interpretation of the exper-
imental data in terms of the relevant 3 ⇥ 3 neutrino oscillation parameters. For instance,
the presence of NSI in the neutrino propagation may give rise to a degeneracy in the mea-
surement of the solar mixing angle [30]. Likewise, CC NSI at the production and detection
of reactor antineutrinos can affect the very precise measurement of the reactor mixing an-
gle ✓13 [14, 31]. Moreover, NSI can cause degeneracies in deriving the CP–violating phase
�CP [32, 33], mass hierarchy [34], as well as the correct octant of the atmospheric mixing
angle ✓23 [35] at current and future long–baseline neutrino experiments (see Sec. 19). There
are possible ways to resolve the parameter degeneracies due to NSI, by exploiting the capa-
bilities of some of the planned experiments such as the intermediate baseline reactor neutrino
experiments JUNO [36] and RENO50 [37].

Most of the NSI analyses parameterize the new interactions in terms of the effective
dimension-6 operator given in Eq. (1). If the effective coupling comes from integrating out a
new state (X ) of mass mX and coupling gX , we expect the strength of the NSI parameters to
be given by " ⇠ g2

X m2
W/m

2
X . Thus, for the NSI to be experimentally observable (¶ 10�2), the

new particle X cannot be much heavier than the electroweak scale (see Sec. 7 for a concrete
model realization of large NSI with mX ⇠ O(100) GeV). The alternative approach is to take
mX ⌧ mW and gX ⌧ 1 such that g2

X/m
2
X ⇠ GF , while evading the low-energy experimental

constraints (see Secs. 13 and 14 for examples of this scenario).
One may wonder whether it is possible to build viable renormalizable, UV-complete models

of neutrino mass with NSIs large enough to be discernible at neutrino oscillation experiments.
In general, since neutrinos are part of the SU(2)L doublet in the SM, respecting the SM gauge
symmetry imposes stringent constraints on possible models of large NSI [38]. For instance,
allowing the dimension-6 operator of the form given in Eq. (1) with f = e typically leads to
another dimension-6 operator involving four charged leptons: (¯̀↵�µPL`� )(ē�µPe)/⇤2, which
is severely constrained by the charged-lepton flavor violation (LFV) searches, such as µ! eee.
In this case, the current limit on BR(µ ! 3e) < 10�12 [39] translates into an upper limit on
"eµ Æ 10�6. Similar stringent constraints can be derived from other rare LFV processes, such
as `! `0�, as well as from universality in muon and tau decays, assuming CKM unitarity [10].
However, there exist a few explicit UV-complete models with observable NSI (mostly involving

1.6

Note that if the new gauge boson is much heavier than the electroweak scale, the couplings may 
become unobservable small. 
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being measured with an ever-increasing accuracy. Next generation of long–baseline neutrino
experiments like DUNE [27] are poised to resolve the sub-dominant effects in oscillation data
sensitive to the currently unknown oscillation parameters, namely �CP and sign of �m2

32. Of
course, all these derivations are within the 3⇥ 3 neutrino mass and mixing scheme under the
assumption that neutrinos interact with matter only through the Standard Model (SM) weak
interactions. Allowing for NSI can in principle change the whole picture. NSIs are of two types:
Neutral Current (NC) NSI [cf. Eq. (1)] and Charged Current (CC) NSI [cf. Eq. (2)]. While
the CC NSI of neutrinos with the matter fields (e, u, d) affects in general the production and
detection of neutrinos, the NC NSI affects the neutrino propagation in matter. The effects of
both types of NSI on neutrino experiments have been extensively studied in the literature; see
e.g., Refs. [10–13] for reviews. The general, model-independent bounds from the combination
of neutrino oscillation and detection or production experimental results have been summarized
in Refs. [11, 13] (see also Sec. 4 and Refs. [28, 29] for recent global-fit constraints on NSI
parameters).

On the other hand, NSI of neutrinos can crucially affect the interpretation of the exper-
imental data in terms of the relevant 3 ⇥ 3 neutrino oscillation parameters. For instance,
the presence of NSI in the neutrino propagation may give rise to a degeneracy in the mea-
surement of the solar mixing angle [30]. Likewise, CC NSI at the production and detection
of reactor antineutrinos can affect the very precise measurement of the reactor mixing an-
gle ✓13 [14, 31]. Moreover, NSI can cause degeneracies in deriving the CP–violating phase
�CP [32, 33], mass hierarchy [34], as well as the correct octant of the atmospheric mixing
angle ✓23 [35] at current and future long–baseline neutrino experiments (see Sec. 19). There
are possible ways to resolve the parameter degeneracies due to NSI, by exploiting the capa-
bilities of some of the planned experiments such as the intermediate baseline reactor neutrino
experiments JUNO [36] and RENO50 [37].

Most of the NSI analyses parameterize the new interactions in terms of the effective
dimension-6 operator given in Eq. (1). If the effective coupling comes from integrating out a
new state (X ) of mass mX and coupling gX , we expect the strength of the NSI parameters to
be given by " ⇠ g2

X m2
W/m

2
X . Thus, for the NSI to be experimentally observable (¶ 10�2), the

new particle X cannot be much heavier than the electroweak scale (see Sec. 7 for a concrete
model realization of large NSI with mX ⇠ O(100) GeV). The alternative approach is to take
mX ⌧ mW and gX ⌧ 1 such that g2

X/m
2
X ⇠ GF , while evading the low-energy experimental

constraints (see Secs. 13 and 14 for examples of this scenario).
One may wonder whether it is possible to build viable renormalizable, UV-complete models

of neutrino mass with NSIs large enough to be discernible at neutrino oscillation experiments.
In general, since neutrinos are part of the SU(2)L doublet in the SM, respecting the SM gauge
symmetry imposes stringent constraints on possible models of large NSI [38]. For instance,
allowing the dimension-6 operator of the form given in Eq. (1) with f = e typically leads to
another dimension-6 operator involving four charged leptons: (¯̀↵�µPL`� )(ē�µPe)/⇤2, which
is severely constrained by the charged-lepton flavor violation (LFV) searches, such as µ! eee.
In this case, the current limit on BR(µ ! 3e) < 10�12 [39] translates into an upper limit on
"eµ Æ 10�6. Similar stringent constraints can be derived from other rare LFV processes, such
as `! `0�, as well as from universality in muon and tau decays, assuming CKM unitarity [10].
However, there exist a few explicit UV-complete models with observable NSI (mostly involving
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Putting constraints on NSI…………

Requiring that the new theory preserve SU(2)L x U(1)  gauge invariance at high 
energies  immediately leads to strong constraints 
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Atmospheric neutrinos are very sensitive to matter NSIs, since they travel over 

long distances inside the Earth before being detected, and  oscillations are 
important.

Further, a two flavour approximation can be made,

Putting constraints on NSI…………atmospheric neutrinos
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Figure 1. Survival probabilities of ⌫µ ! ⌫µ (upper panels) and ⌫̄µ ! ⌫̄µ (lower
panels) as a function of the neutrino energy for di↵erent zenith angle of incoming
neutrinos, cos ✓z = �0.3 (left panels), �0.6 (middle panels) and �1 (right panels).
The corresponding distances traveled by neutrinos are indicated in the plots. The
normal mass ordering was assumed.

1, the impact of NSI is small for lower energies, for E <⇠ 5 GeV, even for the case where

neutrino pass through the center of the Earth. On the other hand, the impact of NSI

for energy >⇠ 10 GeV, could be quite large for the NSI parameters considered in Fig. 1

and it is expected that these values could be disfavored or excluded.

Here we quote the bounds on these NSI parameters obtained by the Super-

Kamiokande collaboration [99], |✏µ⌧ | < 1.1⇥10�2 and�4.9⇥10�2
< ✏⌧⌧�✏µµ < 4.9⇥10�2

at 90% CL. More recently, by using the IceCube-79 and DeepCore data, authors of [100]

obtained somewhat better bounds, |✏µ⌧ | <⇠ 6 ⇥ 10�3 and |✏⌧⌧ � ✏µµ| <⇠ 3 ⇥ 10�2 at 90%

CL.

For the ⌫e � ⌫⌧ sector, besides the probability for ⌫µ ! ⌫µ, it is also useful to

consider the ⌫µ ! ⌫e case. The computation of these probabilities, shown in Fig. 2, was

done in an analogous way to the case shown in Fig. 1. For this computation di↵erent

NSI parameters have been considered: "ee, "⌧⌧ and "e⌧ . It is important to notice that, in

this case, the "e⌧ parameters, could play a role similar to ✓13. Therefore, there is some

impact on the ⌫µ ! ⌫e channel as it is possible to see in the lower panels of Fig. 2.

When "ee, "⌧⌧ and "e⌧ are assumed to be simultaneously nonzero, it is known [44]

that the allowed combinations of the NSI parameters are approximately given by the

parabolic relation,

"⌧⌧ ⇠ 3|"e⌧ |2

1 + 3"ee
. (20)

This feature can be also confirmed in Figs. 8 and 9 in [99] which show the constraints

on these NSI parameters obtained by the Super-Kamiokande atmospheric neutrino data.

Miranda and Nunokawa, 1505.06254

Solid lines: with NSI 
Dashed lines: Normal 
oscillations



Putting constraints on NSI…………detection of reactor neutrinos

Nuclear reactor experiments usually have short or medium baselines, and hence 
effects of matter and NSI in propagation can be neglected.

Their  energy is around a few MeV, 

NSI may thus arise only at source (production) or in the detector.

Constraints will arise based on the deviation in the survival probability standard (known) reactor 
flux and standard oscillations, i.e. measurements of                           are done at source (LHS) and 
detector (RHS) and compared to expectations.
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We can see from this expression that flavor changing NSI parameters ("L,R
µe

and "
L,R

⌧e
)

will only give quadratic corrections while the flavor diagonal ones could give linear

corrections.
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Figure 4. Averaged di↵erential cross section for the electron anti-neutrino scattering
o↵ electrons for the SM case (black solid line), for a flavor changing NSI (blue dashed
line), and for a flavor conserving NSI (green dashed dotted line). The reactor anti-
neutrino flux has been considered in order to integrate the anti-neutrino cross section
over the appropriate neutrino energy range.

This is illustrated in Fig. 4, where we show the di↵erential cross section for anti-

neutrino electron scattering, ⌫̄ee� ! ⌫̄ee
�, averaged over a typical anti-neutrino reactor

spectrum [103, 104]. The plot is given in terms of the electron recoil energy, Te, for an

energy window relevant for an anti-neutrino detector such as TEXONO [105, 106]. In

the plot, the prediction for the SM cross section is shown, as well as that for the NSI

one. For both flavor changing and flavor conserving NSI, the same negative value of

the parameters are used; this illustrates how flavor diagonal NSIs have more impact on

detection signals than flavor changing parameters.

The NSI parameters for this reaction can be constrained by considering, for

example, the data from the TEXONO collaboration, which use ⌫̄ee scattering as

the detection signal. We have updated the analysis reported by the TEXONO

collaboration [105], including the new predicted spectrum [103, 104] and radiative

corrections [107] in order to obtain new constraints for these parameters. We have

also combined the results of this analysis with the constraints coming from the ⌫ee

scattering measurements reported by the LSND collaboration [108]. By combining these

two experiments we can obtain stronger bounds both on left and right NSI parameters,

taking advantage of the di↵erent chirality of both neutrino experiments. The result of

this new analysis is shown in Fig. 5 for the diagonal parameters "L,R
ee

, and is also shown

in Table 3 along with other current constraints.

Previous works involving the neutrino scattering o↵ electrons obtained constraints

Thus at reactors, the relevant NSI parameters  which can be constrained are 
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3.2. Neutrino evolution with NSI

Phenomenologically, the evolution equation of neutrinos in the flavor basis in the

presence of propagation NSI in unpolarized matter can be generically written as,
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where ⌫↵ ⌘ h⌫↵|⌫(r)i (↵ = e, µ, ⌧) denotes the probability amplitude to find neutrino

as ⌫↵ at the position r, �ij ⌘ �m
2
ij
/(2E), E being the neutrino energy. Vf = Vf (r) ⌘p

2GFNf (r) where Nf (f = e, u or d) denotes the fermion number density along the

neutrino trajectory in matter. Note that Ve(r) is the standard matter potential [16]

which induces the usual MSW e↵ect [94, 16].

Since NSI e↵ects in propagation enter only through the vector couplings, "f
↵�

must

be interpreted as "f
↵�

= "
fL

↵�
+ "

fR

↵�
. For simplicity, throughout this review, we consider

the case where only d-quark has the propagation NSI with neutrinos, and write NSI

parameters simply as "↵� by omitting the fermion superscript. Note that the case of

u-quark NSI is very similar in most cases to be discussed in this section because in the

usual matter, Nu ⇠ Nd ⇠ 3Ne.

In this review, unless otherwise stated, for definiteness, we use the following values

of the mixing parameters as our reference values; sin2
✓12 = 0.31, sin2

✓13 = 0.023,

sin2
✓23 = 0.5, �m

2
21 = 7.5⇥10�5 eV2 and |�m

2
31| = 2.4⇥10�3 eV2, and �CP = 0, which

are consistent at 2� with the results obtained by the recent global analysis [95, 96, 97].

Eq. (15) defines the framework for neutrino propagation in matter with NSI. The

parameters "↵� (↵, � = e, µ, ⌧) describe the magnitude of NSI. The diagonal NSI

parameters, "↵↵(↵ = e, µ, ⌧), could play a role similar to the terms of the standard

MSW matter potential, or could be interpreted as the NSI induced mass squared

di↵erence, mimicking the ones that contain �m
2, which could induce new resonance

even if neutrinos were massless [18, 20]. On the other hand, o↵-diagonal NSI parameters,

"↵�(↵ 6= �) could play a role similar to the mixing angle. Even if there is no mixing in

vacuum, the flavor transitions ⌫↵ ! ⌫� can occur in matter due to the presence of the

o↵-diagonal NSI [18, 19, 20]. The complex phases of the o↵-diagonal elements "↵� could

be a new source of CP violation, see e.g., [31, 64].

Currently, almost all the neutrino data are consistent with the standard three flavor

scheme of massive and mixed neutrinos. Therefore, NSI, if they exist, is expected to

manifest only as a subdominant e↵ect. NSI in propagation has been constrained mainly

by the oscillation data of solar and atmospheric neutrinos as well as neutrinos produced

by accelerators. Reactor neutrinos do not constrain the propagation NSI because the

matter e↵ect is expected to be very small though they can constrain the detection NSI.

Roughly speaking, for a given neutrino energy, and the matter density, ⇢, the impact

of propagation NSI in neutrino oscillation (modification of the standard oscillation due to
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parameters, "↵↵(↵ = e, µ, ⌧), could play a role similar to the terms of the standard

MSW matter potential, or could be interpreted as the NSI induced mass squared

di↵erence, mimicking the ones that contain �m
2, which could induce new resonance

even if neutrinos were massless [18, 20]. On the other hand, o↵-diagonal NSI parameters,

"↵�(↵ 6= �) could play a role similar to the mixing angle. Even if there is no mixing in

vacuum, the flavor transitions ⌫↵ ! ⌫� can occur in matter due to the presence of the

o↵-diagonal NSI [18, 19, 20]. The complex phases of the o↵-diagonal elements "↵� could

be a new source of CP violation, see e.g., [31, 64].

Currently, almost all the neutrino data are consistent with the standard three flavor

scheme of massive and mixed neutrinos. Therefore, NSI, if they exist, is expected to

manifest only as a subdominant e↵ect. NSI in propagation has been constrained mainly

by the oscillation data of solar and atmospheric neutrinos as well as neutrinos produced

by accelerators. Reactor neutrinos do not constrain the propagation NSI because the

matter e↵ect is expected to be very small though they can constrain the detection NSI.

Roughly speaking, for a given neutrino energy, and the matter density, ⇢, the impact

of propagation NSI in neutrino oscillation (modification of the standard oscillation due to
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We can see from this expression that flavor changing NSI parameters ("L,R
µe

and "
L,R

⌧e
)

will only give quadratic corrections while the flavor diagonal ones could give linear

corrections.
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Figure 4. Averaged di↵erential cross section for the electron anti-neutrino scattering
o↵ electrons for the SM case (black solid line), for a flavor changing NSI (blue dashed
line), and for a flavor conserving NSI (green dashed dotted line). The reactor anti-
neutrino flux has been considered in order to integrate the anti-neutrino cross section
over the appropriate neutrino energy range.

This is illustrated in Fig. 4, where we show the di↵erential cross section for anti-

neutrino electron scattering, ⌫̄ee� ! ⌫̄ee
�, averaged over a typical anti-neutrino reactor

spectrum [103, 104]. The plot is given in terms of the electron recoil energy, Te, for an

energy window relevant for an anti-neutrino detector such as TEXONO [105, 106]. In

the plot, the prediction for the SM cross section is shown, as well as that for the NSI

one. For both flavor changing and flavor conserving NSI, the same negative value of

the parameters are used; this illustrates how flavor diagonal NSIs have more impact on

detection signals than flavor changing parameters.

The NSI parameters for this reaction can be constrained by considering, for

example, the data from the TEXONO collaboration, which use ⌫̄ee scattering as

the detection signal. We have updated the analysis reported by the TEXONO

collaboration [105], including the new predicted spectrum [103, 104] and radiative

corrections [107] in order to obtain new constraints for these parameters. We have

also combined the results of this analysis with the constraints coming from the ⌫ee

scattering measurements reported by the LSND collaboration [108]. By combining these

two experiments we can obtain stronger bounds both on left and right NSI parameters,

taking advantage of the di↵erent chirality of both neutrino experiments. The result of

this new analysis is shown in Fig. 5 for the diagonal parameters "L,R
ee

, and is also shown

in Table 3 along with other current constraints.

Previous works involving the neutrino scattering o↵ electrons obtained constraints
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Table 2. Constraints on the matter (propagation) NSI parameters at 90% C L. for
the interaction of neutrinos with d type quark. The other NSI parameters are set to
zero.

NSI parameters Bounds Reference

"
m

ee
� "

m

µµ
(0.02, 0.51) [74]

"
m

⌧⌧
� "

m

µµ
(�0.01, 0.03) [74]

"
m

⌧⌧
� "

m

µµ
(�0.049, 0.049) [99]

"
m

⌧⌧
� "

m

µµ
(�0.036, 0.031) [100]

"
m

eµ
(�0.09, 0.04) [74]

"
m

µ⌧
(�0.01, 0.01) [74]

"
m

µ⌧
(�0.011, 0.011) [99]

"
m

µ⌧
(�6.1⇥ 10�3, 5.6⇥ 10�3) [100]

"
m

e⌧
(�0.13, 0.14) [74]

"
m

e⌧
(for "m

ee
= �0.50) (�0.05, 0.05) [99]

"
m

e⌧
(for "m

ee
=0.50) (�0.19, 0.13) [99]

baselines, avoiding e↵ects coming from the standard oscillation. These measurements

allow us to test the validity of the interactions described by the Standard Model, and,

therefore, they could be a basis to search for new physics beyond SM.

For non-oscillation experiments, NSI can be constrained by comparing the measured

cross sections with that predicted by SM for the interaction of the neutrinos with the

corresponding target. Most of these experiments record fewer events than oscillation

experiments. On the other hand, they are independent of the mixing parameters;

therefore, the cross section measurements, in general, do not su↵er from the uncertainties

of the oscillation parameters. Moreover, non-oscillation experiments are sensitive to

axial couplings, a coupling that is absent in propagation NSI e↵ects.

Here we will review di↵erent experiments that constrain NSI through detection.

We will start by considering the neutrino interactions with electrons and, afterwards,

we will review its interactions with quarks.

We will illustrate the phenomenology involved in this type of experiments by

considering the specific case of the electron anti-neutrino scattering o↵ electrons. In this

case, the di↵erential cross section, including the corrections coming from the Lagrangian

shown in Eq. (1), will be given by

d�

dTe

=
2G2

F
me

⇡

⇥
(gR + "

R

ee
)2 +

X

↵ 6=e

|"R
↵e
|2 +

(
(gL + "

L

ee
)2 +

X

↵ 6=e

|"L
↵e
|2
)✓

1� Te

E⌫

◆2

�
(
(gL + "

L

ee
)(gR + "

R

ee
) +

X

↵ 6=e

|"L
↵e
||"R

↵e
|
)
me

Te

E2
⌫

#
. (26)

Here, me is the electron mass, Te ⌘ Ee �me (with Ee being the total electron energy)

stands for the electron recoil energy, and E⌫ is the anti-neutrino energy. The Standard

Model couplings, at tree level, are defined as gL = 1/2 + sin2
✓W and gR = sin2

✓W.
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We can see from this expression that flavor changing NSI parameters ("L,R
µe

and "
L,R

⌧e
)

will only give quadratic corrections while the flavor diagonal ones could give linear

corrections.
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Figure 4. Averaged di↵erential cross section for the electron anti-neutrino scattering
o↵ electrons for the SM case (black solid line), for a flavor changing NSI (blue dashed
line), and for a flavor conserving NSI (green dashed dotted line). The reactor anti-
neutrino flux has been considered in order to integrate the anti-neutrino cross section
over the appropriate neutrino energy range.

This is illustrated in Fig. 4, where we show the di↵erential cross section for anti-

neutrino electron scattering, ⌫̄ee� ! ⌫̄ee
�, averaged over a typical anti-neutrino reactor

spectrum [103, 104]. The plot is given in terms of the electron recoil energy, Te, for an

energy window relevant for an anti-neutrino detector such as TEXONO [105, 106]. In

the plot, the prediction for the SM cross section is shown, as well as that for the NSI

one. For both flavor changing and flavor conserving NSI, the same negative value of

the parameters are used; this illustrates how flavor diagonal NSIs have more impact on

detection signals than flavor changing parameters.

The NSI parameters for this reaction can be constrained by considering, for

example, the data from the TEXONO collaboration, which use ⌫̄ee scattering as

the detection signal. We have updated the analysis reported by the TEXONO

collaboration [105], including the new predicted spectrum [103, 104] and radiative

corrections [107] in order to obtain new constraints for these parameters. We have

also combined the results of this analysis with the constraints coming from the ⌫ee

scattering measurements reported by the LSND collaboration [108]. By combining these

two experiments we can obtain stronger bounds both on left and right NSI parameters,

taking advantage of the di↵erent chirality of both neutrino experiments. The result of

this new analysis is shown in Fig. 5 for the diagonal parameters "L,R
ee

, and is also shown

in Table 3 along with other current constraints.

Previous works involving the neutrino scattering o↵ electrons obtained constraints

Flavour diagonal NSI 
give linear corrections,

Flavour changing NSI 
give quadratic  
corrections,

Miranda and Nunokawa, 1505.06254
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Figure 5. Allowed region, at 90 % CL, for diagonal NSI parameters, "L,R
ee , from

a combined analysis of TEXONO reactor anti-neutrino and LSND neutrino electron
scattering o↵ electrons.

from a combined analysis of reactor neutrino experiments. There are di↵erent

experiments that involve an electron (anti)neutrino flux, such as reactor neutrinos

(TEXONO [105], MUNU [109], Rovno [110], Krasnoyarsk [111], Irvine [112]) and

accelerator neutrinos (LSND [108] and LAMPF [113]).

We show in Table 3 the summary of the constraints from these analysis. We prefer

to show in this table results obtained by di↵erent research groups since the analysis may

have di↵erent assumptions that can be important in the interpretation of the parameters.

These results consider either one or two parameters at a time, while all other parameters

equal to zero; in some cases, especially for flavor diagonal couplings, the correlation

between these two parameters is important.

We also show in Table 3 the constraints obtained from muon (anti)neutrino fluxes,

based on the results coming from the CHARMII experiments [116]. Although there is

no man made tau neutrino sources, it is possible to constrain these interactions if one

considers the LEP measurements of the process [33] e+e� ! ⌫⌫̄� where tau neutrinos

appear as part of this inclusive reaction, or to consider the solar neutrino flux that also

includes a tau neutrino component [60]; such constraints are also shown in Table 3.

In order to get constraints on the NSI of neutrinos with d type quarks, it is

necessary to study experiments such as CHARM, CDHS [117, 118] and, more recently,

by NuTeV [119]. They have measured the cross section for the scattering of electron and

muon neutrinos o↵ quarks. For the case of NuTeV, there have been a long discussion

about a discrepancy of the measured cross section with the SM prediction. After the

revaluation of the predicted sea contributions from the c quark, it has been possible

to solve this puzzle [120, 121]; currently NSI suggested by the NuTeV experiment are

considered as consistent with zero.

Table 4 shows the summary of the constraints for the d quark NSI coming from these

experiments. Constraints coming from charge lepton flavor conversion, such as µ ! e�

Usually one combines 
more than one experiment 
to get better constraints

Putting constraints on NSI…………detection of reactor neutrinos

The NSI parameters for this 
reaction can be constrained by 
considering, for example, the 
data from the TEXONO 
collaboration, which use ¯νee 
scattering as the detection 
signal



The conventional formalism studied so far mainly looks at new physics in neutrinos at high 
energies.

It assumes heavy particles and loop contributions which can be integrated out and cast in the  

form      

SciPost Phys. Proc. 2, 001 (2019)

considerably with new models, new phenomenology, and new tests. For other unconventional
NSIs not covered here, see e.g. Refs. [22, 23] (source-detector NSI), [24] (lepton-number-
violating NSI), [25] (scalar NSI) and [26] (dark NSI).

1.2 Motivation for NSIs (Dev)

The neutrino oscillation program is entering a new era, where the known parameters are
being measured with an ever-increasing accuracy. Next generation of long–baseline neutrino
experiments like DUNE [27] are poised to resolve the sub-dominant effects in oscillation data
sensitive to the currently unknown oscillation parameters, namely �CP and sign of �m2

32. Of
course, all these derivations are within the 3⇥ 3 neutrino mass and mixing scheme under the
assumption that neutrinos interact with matter only through the Standard Model (SM) weak
interactions. Allowing for NSI can in principle change the whole picture. NSIs are of two types:
Neutral Current (NC) NSI [cf. Eq. (1)] and Charged Current (CC) NSI [cf. Eq. (2)]. While
the CC NSI of neutrinos with the matter fields (e, u, d) affects in general the production and
detection of neutrinos, the NC NSI affects the neutrino propagation in matter. The effects of
both types of NSI on neutrino experiments have been extensively studied in the literature; see
e.g., Refs. [10–13] for reviews. The general, model-independent bounds from the combination
of neutrino oscillation and detection or production experimental results have been summarized
in Refs. [11, 13] (see also Sec. 4 and Refs. [28, 29] for recent global-fit constraints on NSI
parameters).

On the other hand, NSI of neutrinos can crucially affect the interpretation of the exper-
imental data in terms of the relevant 3 ⇥ 3 neutrino oscillation parameters. For instance,
the presence of NSI in the neutrino propagation may give rise to a degeneracy in the mea-
surement of the solar mixing angle [30]. Likewise, CC NSI at the production and detection
of reactor antineutrinos can affect the very precise measurement of the reactor mixing an-
gle ✓13 [14, 31]. Moreover, NSI can cause degeneracies in deriving the CP–violating phase
�CP [32, 33], mass hierarchy [34], as well as the correct octant of the atmospheric mixing
angle ✓23 [35] at current and future long–baseline neutrino experiments (see Sec. 19). There
are possible ways to resolve the parameter degeneracies due to NSI, by exploiting the capa-
bilities of some of the planned experiments such as the intermediate baseline reactor neutrino
experiments JUNO [36] and RENO50 [37].

Most of the NSI analyses parameterize the new interactions in terms of the effective
dimension-6 operator given in Eq. (1). If the effective coupling comes from integrating out a
new state (X ) of mass mX and coupling gX , we expect the strength of the NSI parameters to
be given by " ⇠ g2

X m2
W/m

2
X . Thus, for the NSI to be experimentally observable (¶ 10�2), the

new particle X cannot be much heavier than the electroweak scale (see Sec. 7 for a concrete
model realization of large NSI with mX ⇠ O(100) GeV). The alternative approach is to take
mX ⌧ mW and gX ⌧ 1 such that g2

X/m
2
X ⇠ GF , while evading the low-energy experimental

constraints (see Secs. 13 and 14 for examples of this scenario).
One may wonder whether it is possible to build viable renormalizable, UV-complete models

of neutrino mass with NSIs large enough to be discernible at neutrino oscillation experiments.
In general, since neutrinos are part of the SU(2)L doublet in the SM, respecting the SM gauge
symmetry imposes stringent constraints on possible models of large NSI [38]. For instance,
allowing the dimension-6 operator of the form given in Eq. (1) with f = e typically leads to
another dimension-6 operator involving four charged leptons: (¯̀↵�µPL`� )(ē�µPe)/⇤2, which
is severely constrained by the charged-lepton flavor violation (LFV) searches, such as µ! eee.
In this case, the current limit on BR(µ ! 3e) < 10�12 [39] translates into an upper limit on
"eµ Æ 10�6. Similar stringent constraints can be derived from other rare LFV processes, such
as `! `0�, as well as from universality in muon and tau decays, assuming CKM unitarity [10].
However, there exist a few explicit UV-complete models with observable NSI (mostly involving

1.6

The absence of new physics discoveries at the LHC have spiked interest in searching for new 
physics at low energies. Such physics must be weakly (feebly) coupled . It could involve  
Low energy NSI of neutrinos and may show itself in anomalies at neutrino and DM detectors. 

Such NSI of neutrinos may not be easily cast into the formalism studied here……

 NSI at low energies……..



Conclusions………..

Among anomalous observations at neutrino experiments, their flavour transitions are the most 
studied, using oscillations and matter effects.  

At present, a fairly accurate picture of SM neutrino interactions explains all the oscillation data 
well across many experiments, giving us a handle on their mixings and mass-squared differences. 

Given the uncertainties, however, NSI could be playing a subdominant role in oscillations and 
neutrino scattering. Exploring NSI thus opens a window to new physics at high energy scales. 

It could play a subdominant role in the physics of  production, detection and propagation of 
neutrinos in matter.  



Conclusions………..cont’d

Existing neutrino experiments can be used to constrain NSI parameters, e.g  data from 
atmospheric, reactor, coherent elastic neutrino-nucleus scattering long-baseline accelerator 
experiments etc. 

If BSM physics resides at low energies, a somewhat different approach from the standard NSI 
parameters discussed here may be necessary. 

Analytic expressions for both 2 and 3 flavour standard oscillations in matter can be recast to 
include NSI. This underlines the fact that measurements made in experiments may hide 
subdominant effects of new physics. 

Unravelling these effects would require the help of multiple experiments due to degeneracies. 



Short Baseline Anomalies and Sterile Neutrinos: 
Status and Perspectives  



Initial remarks…….
Generically, any neutral lepton that is a singlet under the gauge groups of the Standard 
Model (SM) is loosely referred to as a sterile neutrino. Their mass can range from light to 
very heavy. Heavier ones are generically called HNLs (heavy neutral leptons)

Over the past couple of decades, a number of anomalous results have been observed in 
experiments which involve the production and detection of neutrinos over short baselines 
 (< 1 km). Sterile neutrino oscillations of mass ~ eV have been invoked to understand them 
and comprise a major proposed solution to resolve them.

Sterile neutrinos have come to play an increasingly important role in present-day attempts to  
take our current understanding beyond the standard model (BSM).

Sterile neutrinos which are heavy (~>> GeV or more) have been invoked to explain the smallness 
of neutrino masses via the seesaw mechanism.



Initial remarks……. (Contd)

Sterile neutrinos which have masses in ~keV or higher range have also been considered as dark 
matter candidates. (e.g Dodelson-Widrow mechanism)

Sterile neutrinos which are heavy (mass >> 100 GeV) have been invoked to explain the baryon 
asymmetry of the Universe.

Finally, most recently, HNLs play an important role in explaining the short baseline anomalies  
via new physics (non-oscillation) mechanisms.



Anomalies at Short Baselines…….1) The Gallium source Anomaly

Intense radioactive sources (e.g. Cr, Ar) with well-determined neutrino spectra are used. These 
neutrinos are captured by Ga via 

BNO INR RAS

Schematic drawing of
the BEST neutrino
source experiment. 

•Neutrinos produced at center of Ga by 51Cr decay:
51Cr + e- → 51V + νe

• This is a well-understood monochromatic spectrum of a 
compact source. The source intensity is well measured.
• These neutrinos are detected via a charged-current (CC) 

reaction on Ga surrounding the source:
νe + 71Ga → 71Ge + e-

•Very Short Baseline. ~1m, two zone target to measure n
interaction rate at two distances.
•Almost zero background. Mainly from the Sun.

The source, 3.4 MCi, provides a capture rate in the Ga that exceeds 
the rate from the Sun by several factors of ten.
•Well established experimental procedures for extraction and 

counting of the 71Ge developed in SAGE solar measurements.
• Simple interpretation of results. (Phys. Part. Nucl. 46 (2015) 131)

Overview of BEST

May 31, 2022 S.R. Elliott - Neutrino 2022 3

• Radio chemistry  for extraction and counting of the 71Ge was developed in SAGE solar 
measurements. and is well understood  

Baselines over which the decay neutrinos propagate are very short, ~ 1 m. However, in the 
latest experiment (BEST) 2 target zones are created, to see evidence of oscillations.
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51Cr + e- → 51V + νe

• This is a well-understood monochromatic spectrum of a 
compact source. The source intensity is well measured.
• These neutrinos are detected via a charged-current (CC) 

reaction on Ga surrounding the source:
νe + 71Ga → 71Ge + e-

•Very Short Baseline. ~1m, two zone target to measure n
interaction rate at two distances.
•Almost zero background. Mainly from the Sun.

The source, 3.4 MCi, provides a capture rate in the Ga that exceeds 
the rate from the Sun by several factors of ten.
•Well established experimental procedures for extraction and 

counting of the 71Ge developed in SAGE solar measurements.
• Simple interpretation of results. (Phys. Part. Nucl. 46 (2015) 131)

Overview of BEST

May 31, 2022 S.R. Elliott - Neutrino 2022 3
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Anomaly #3: the Gallium Anomaly

Experiments with 
intense radioactive 
sources 

Neutrino detection via 

~3σ deficit 

νe disappearance into 
sterile state? 

would require very large mixing 
(conflict with reactor observations)

71Ga + ⌫e ! 71Ge + e�

Giunti Laveder 1006.3244

Giunti and Laveder, 1006.3224 

Earlier experiments, SAGE and 
Gallex, had reported a deficit in the 
neutrino flux. (R = 0.87 \pm 0.05) BNO INR RAS

Schematic drawing of
the BEST neutrino
source experiment. 

•Neutrinos produced at center of Ga by 51Cr decay:
51Cr + e- → 51V + νe

• This is a well-understood monochromatic spectrum of a 
compact source. The source intensity is well measured.
• These neutrinos are detected via a charged-current (CC) 

reaction on Ga surrounding the source:
νe + 71Ga → 71Ge + e-

•Very Short Baseline. ~1m, two zone target to measure n
interaction rate at two distances.
•Almost zero background. Mainly from the Sun.

The source, 3.4 MCi, provides a capture rate in the Ga that exceeds 
the rate from the Sun by several factors of ten.
•Well established experimental procedures for extraction and 

counting of the 71Ge developed in SAGE solar measurements.
• Simple interpretation of results. (Phys. Part. Nucl. 46 (2015) 131)

Overview of BEST

May 31, 2022 S.R. Elliott - Neutrino 2022 3

More 
recently, the 
BEST 
experiment 
was 
conducted to 
test this 
anomaly 
(2011-2021)
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If one were to understand the 
SAGE and Gallex results in terms of 
sterile neutrino oscillations, one 
would expect these results (shown 
adjacent)  in BEST
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Schematic drawing of
the BEST neutrino
source experiment. 

•Neutrinos produced at center of Ga by 51Cr decay:
51Cr + e- → 51V + νe

• This is a well-understood monochromatic spectrum of a 
compact source. The source intensity is well measured.
• These neutrinos are detected via a charged-current (CC) 

reaction on Ga surrounding the source:
νe + 71Ga → 71Ge + e-

•Very Short Baseline. ~1m, two zone target to measure n
interaction rate at two distances.
•Almost zero background. Mainly from the Sun.

The source, 3.4 MCi, provides a capture rate in the Ga that exceeds 
the rate from the Sun by several factors of ten.
•Well established experimental procedures for extraction and 

counting of the 71Ge developed in SAGE solar measurements.
• Simple interpretation of results. (Phys. Part. Nucl. 46 (2015) 131)

Overview of BEST

May 31, 2022 S.R. Elliott - Neutrino 2022 3
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Combined Analysis with Other Ga Source Experiments

S.R. Elliott - Neutrino 2022

Experiment Measured/Predicted Ref.

SAGE-Cr 0.95 ± 0.12 PRC 59, 2246 (1999)

SAGE-Ar 0.79!".$"%"."& PRC 73, 045805 (2006)

GALLEX-Cr1 0.95 ± 0.11 PLB 420, 114 (1998)

GALLEX-Cr1 0.81 ± 0.11 PLB 420, 114 (1998)

BEST-Inner 0.791 ± 0.05 arXiv:2109.11482

BEST-Inner 0.766 ± 0.05 arXiv:2109.11482

Combined result:
R0 = 0.80 ± 0.05

May 31, 2022 14

 BEST confirms (with higher 
statistical precision) (4σ) the 
presence of a deficit in overall flux 
consistent with earlier SAGE/
GALLEX results.

arXiv:2109.11482, PRL arXiv:2201.07364, PRC 
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Combined Analysis with Other Ga Source Experiments

S.R. Elliott - Neutrino 2022

Experiment Measured/Predicted Ref.

SAGE-Cr 0.95 ± 0.12 PRC 59, 2246 (1999)

SAGE-Ar 0.79!".$"%"."& PRC 73, 045805 (2006)

GALLEX-Cr1 0.95 ± 0.11 PLB 420, 114 (1998)

GALLEX-Cr1 0.81 ± 0.11 PLB 420, 114 (1998)

BEST-Inner 0.791 ± 0.05 arXiv:2109.11482

BEST-Inner 0.766 ± 0.05 arXiv:2109.11482

Combined result:
R0 = 0.80 ± 0.05

May 31, 2022 14

Note that large mixing is required 

However, while results can be 
accommodated in the sterile/active 
oscillation space, BEST did not 
observe any variation with distance.

Smoking gun 
for 
oscillations 
is missing

Possible non-oscillation reasons for the 
observed deficit could be inaccuracies in 1) 
xsecs, 2) source strength, 3) counting 
efficiency 4) extraction efficiency. No clear answer at present.



Reactor antineutrinos are produced from beta decays of neutron-rich fission fragments generated by 
the heavy isotopes 235U, 238U, 239Pu, and 241Pu

Anomalies at Short Baselines…….Reactor Antineutrino Anomaly (RAA)

The most important antineutrino fluxes are those produced by the fissions of 235U and 239Pu.

The flux measurement from various reactors, was, until recently, on the average, about 3.5% 
(~3σ) lower than predicted from careful calculations done by several groups.

Mueller et al. 1101.2663, Huber 1106.0687, Giunti et al. 2110.06820

.
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Anomaly #1: Reactor Neutrino Fluxes

νe̅ flux from nuclear reactors ~ 3.5% (~ 3σ) below prediction 

 ➠ oscillations of νe̅ into sterile neutrinos νs̅? 
(L/E too small for standard oscillations)

Mueller et al. 1101.2663, Huber 1106.0687, Giunti et al. 2110.06820

Mueller et al. 1101.2663, Huber 1106.0687, Giunti et al. 2110.06820

This raised the possibility that the deficit was due to active-sterile oscillations .
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Table 1. Comparison of the experimental parameters (reactor thermal power Pth, water equivalent
overburden D, baseline L, target mass m), detection technique and statistical method used in the
search for sterile neutrinos at reactors. If more than one detector site or method exists, a full list
is given.

Experiment Pth/MW D/m.w.e. L/m m/t Detection Method

SoLid 80 10 6–9 1.6 6Li-PS n.a.
NEOS 2800 20 24 1.0 Gd-LS RS
DANSS 3100 50 11–13 0.9 Gd-LS CLs
STEREO 58 15 9–11 1.7 Gd-LS RS, 2D, CLs
PROSPECT 85 1 7–9 4.0 6Li-PS 2D, CLs
Neutrino-4 100 5–10 6–12 1.5 Gd-LS 2D
Daya Bay 17,400 250, 860 550, 1650 80, 80 Gd-LS 2D, CLs
D-Chooz 8500 120, 300 400, 1050 8, 8 Gd-LS RS
RENO 16,800 120, 450 294, 1383 16, 16 Gd-LS 2D, CLs

Figure 1. Exclusion contours of all reactor experiments in the plane of
⇥
sin2(2qee), Dm

2
41
⇤

alongside
the allowed contours of the RAA and Gallium anomaly as well as Neutrino-4. KATRIN’s current and
expected exclusion limits are shown in addition. Reprinted from [29] under CC BY 4.0.

2.1.1. SoLid
The SoLid experiment [30] is located at baselines between 6 and 9 m from the BR2

HEU reactor in Belgium. Its core has a height of 90 cm and a diameter of 50 cm, providing
80 MW thermal power. The detector, placed at an overburden of 10 m.w.e., is foreseen to
exploit a novel technique aiming for a high vertex resolution of the IBD event and a good
neutron–gamma discrimination. The detector target has a composite scintillator design
made from 16 ⇥ 16 cubes of 5 cm width consisting of polyvinyl toluene (PVT) scintillator,
which are optically separated by reflective Tyvek. Two faces of each PVT cube are covered
by a layer of LiF:ZnS(Ag) to detect neutrons. The signal to background ratio in SoLid is
estimated to be 0.33. No oscillation results have been reported by SoLid to date.
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 Allowed oscillation regions for 
RAA in strong tension with many 
exclusion curves of reactors.

Anomalies at Short Baselines…….Reactor Antineutrino Anomaly (RAA)



Nuclear databases have been improved in recent years, especially through the 
application of the Total Absorption Gamma-ray Spectroscopy (TAGS) technique 
for a better identification of the β decay branches.

Anomalies at Short Baselines…….Reactor Antineutrino Anomaly (RAA)

This new information was used by Fallot et al [18] (EF model) (1904.09358), and Silaeva et 
al, 2012.09917 to  obtain a 235U reactor antineutrino flux that is smaller than that of 
the earlier  models.

This has led to improved agreement with measured fluxes, and there is now a belief in the 
community that the RAA has been understood to be a flux calculation/data  issue (as opposed 
to a neutrino deficit issue) .



7

Anomaly #1: Reactor Neutrino Fluxes

Kopeikin Skorokhvatov Titov arXiv:2103.01684 
Berryman Huber arXiv:2005.01756 

Giunti Li Ternes Xin arXiv:2110.06820

With updated input data to flux calculation 
(new β spectra from 235U fission)Anomalies at Short Baselines…….Reactor Antineutrino Anomaly (RAA)

Kopeikin et al 2103.01684,  Berryman et al 2005.01756,  Giunti et al 2110.06820 



Anomalies at Short Baselines…….MiniBooNE (2002-2017)

4

The pieces that do not fit: 
short-baseline anomalies

These experiments observe 
appearance at L/E ~ 1 km/GeV! 

This points to 
                Δm2~1eV2

νe

LSND 
(3.8 !)σ

MiniBooNE 
(4.8 !) σ

Carlos Argüelles (Neutrino 2022)

Mineral oil detector, 541 
m baseline, 600 MeV (νµ) 
and 400 MeV (ν ̄µ) peak 
fluxes.  

 

Was specifically built 
to test the LSND 

anomalyMiniBooNE event identification

Three typical event 
signatures:
- Muon-neutrino CCQE 

produces sharp photon 
ring on PMTS,

- Electron-neutrino CCQE 
events produces fuzzy 
ring,

- Muon-neutrino NC can 
produce : two gammas 
-> two fuzzy rings. 

π0

Cannot distinguish between 
electrons and photons!

28Carlos Argüelles (Neutrino 2022)



Anomalies at Short Baselines…….MiniBooNE

TABLE II: The number of data events, background events, and excess events in neutrino mode for

di↵erent selection crteria. The errors include both statistical and systematic uncertainties. Also

shown is the significance of each event excess. R is the radius of the reconstructed event interaction

point.

Selection Data Background Excess Significance

200 < EQE
⌫ < 1250 MeV & R < 5m 2870 2309.4± 119.6 560.6± 119.6 4.7�

150 < EQE
⌫ < 1250 MeV & R < 5m 3172 2560.4± 131.5 611.6± 131.5 4.7�

200 < EQE
⌫ < 1250 MeV & R < 4m 1978 1519.4± 81.9 458.6± 81.9 5.6�

200 < EQE
⌫ < 1250 MeV & R < 3m 864 673.9± 41.2 190.1± 41.2 4.6�
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FIG. 7: The MiniBooNE neutrino mode visible energy distributions, corresponding to the total

18.75 ⇥ 1020 POT data in the 200 < EQE
⌫ < 1250 MeV energy range, for ⌫e CCQE data (points

with statistical errors) and background (colored histogram). The dashed histogram shows the best

fit to the neutrino-mode data assuming two-neutrino oscillations.

1. There are a total of 3182 data events, 2568.8 background events and 613.2 excess events.

Fig. 14 shows the cos ✓ distribution of data and background events for the 20 di↵erent

energy bins, while Fig. 15 shows the cos ✓ distributions from 0.9 to 1 for 10 di↵erent visible

energy bins. Neutrino-electron elastic scattering events are shown as the hatched region in

the “Others” category.

Fig. 16 shows the number of data and background events as a function of cos ✓ for

cos ✓ > 0.9, where neutrino-electron elastic scattering events are shown as the hatched

region in the “Others” category and contribute to the cos ✓ > 0.98 bins. The neutrino-
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FIG. 8: The MiniBooNE neutrino mode cos ✓ distributions, corresponding to the total 18.75⇥1020

POT data in the 200 < EQE
⌫ < 1250 MeV energy range, for ⌫e CCQE data (points with statistical

errors) and background (colored histogram). The dashed histogram shows the best fit to the

neutrino-mode data assuming two-neutrino oscillations.
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FIG. 9: The MiniBooNE neutrino mode EQE
⌫ distributions, corresponding to the total 18.75⇥1020

POT data in the 200 < EQE
⌫ < 3000 MeV energy range, for ⌫e CCQE data (points with statistical

errors) and predicted backgrounds (colored histograms). The constrained background is shown

as additional points with systematic error bars. The dashed histogram shows the best fit to the

neutrino-mode data assuming two-neutrino oscillations. The last bin is for the energy interval from

1500-3000 MeV.
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• The observation of a 4.8σ excess in electron-like events for neutrino and antineutrino modes in the 
MiniBooNE (MB) detector is observed  

• SM: 2309 events 
Data: 2870 
Excess: 560 

Excess is not small. 
Note it is at level of 

important SM 
backgrounds

Distinctive energy 
and angular 
distribution 

 

Dashed line is oscillation fit. 
Not a good fit at low energies 
or forward angles where most 

events present 
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FIG. 16: The energy distribution of the 1993-1998 data sample for events with Rγ > 10. The

shaded region shows the expected distribution from a combination of neutrino background plus

neutrino oscillations at low ∆m2.
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Anomalies at Short Baselines…….LSND (1993-1998)

• Observation of unexplained 
electron-like excesses in the 
LSND  at a level of 3.8σ above 
SM backgrounds.  

•

Blue hatched region  is 
oscillation fit. 

• Note that unlike MB, 
both energy and 
angular distributions 
are relatively flat 

•

4

The pieces that do not fit: 
short-baseline anomalies

These experiments observe 
appearance at L/E ~ 1 km/GeV! 

This points to 
                Δm2~1eV2

νe

LSND 
(3.8 !)σ

MiniBooNE 
(4.8 !) σ

Carlos Argüelles (Neutrino 2022)



Anomalies at Short Baselines…….LSND and MiniBooNE

An 
important 
point: Both 

are 
mineral oil 
detectors, 
unable to 

distinguish 
electrons 

from 
photons or 
e+e- pairs 

   

Review of sterile neutrino searches at very short-baseline reactor experiments 5

contradict the LSND and MiniBooNE results [50, 51]. However one should mention

that a weak indication of ⌫µ disappearance was obtained by the Ice Cube experiment

(sin2 2✓µµ = 0.10,�m2
14 = 4.5eV2) [52]. With such a large mixing parameter appearance

and disappearance results are marginally compatible at large �m2
14. On the other hand

such large mixing is in contradiction with strong limits on ⌫µ disappearance mainly form

the MINOS/MINOS+ experiments [53].

The overall situation with the ⌫e appearance is not yet clear and more results

are needed to clarify it. The MiniBooNE results are scrutinized by the MicroBooNE

experiment at the same neutrino beam. MicroBooNE observed even smaller number

of ⌫e events than expected and established upper limits on the possible excess [54].

However, the sterile neutrino explanation of the MiniBooNE excess is not completely

ruled out [55] (see Figure 2).

Figure 1. MiniBooNE allowed regions for combined neutrino and antineutrino mode
data sets for events with 200 < E⌫ < 3000 MeV within a two-neutrino oscillation
model. The shaded areas show the 90% and 99% Confidence Level (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 [56] and OPERA [49] experiments.
Figure is adopted from [48].

The Neutrino-4 collaboration claimed in 2018 an observation of ⌫̃e oscillations to

sterile neutrinos with very large values of �m2
41 ' 7 eV2 and sin2 2✓ee ' 0.4 although

the significance of the result was only 2.8�[58, 59] (see Figure 3).

The Neutrino-4 analysis was criticized in [60, 61, 62, 63]. Neutrino-4 initially

refused these critical comments [64, 65] but later took into account two of them [66].

This reduced the significance of the result by ⇡ 0.5�. The best-fit point for the

improved analysis and increased data sample is �m2
41 = 7.3 ± 1.17 eV2, sin2 2✓ee =

• Elongated bullet shaped regions in the above 
are MB preferred regions. KARMEN2 and 
OPERA exclude much of these. 

•

• Oscillations? 
or new 
physics? 

•

More exploration of MiniBooNE excess

Evolving theory landscape …
(not an exhaustive list)
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From Collin et al. 1602.00671, similar conclusions from other groups see 
Gariazzo et al. 1703.00860, and Dentler et al JHEP 1808 (2018). See Diaz 
et al. arXiv:1906.00045 for more discussion. 8

Appearance and disappearance 
“preference regions” don’t overlap!

LSND/MB Driven Reactor, Long-Baseline Driven

See poster by John Hardin on latest global fit (P0754)

Carlos Argüelles (Neutrino 2022)
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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

Dentler et al 1803.10661 

• Combined analyses to test the active-sterile hypothesis for short 
baseline anomalies by various groups all reveal a common underlying 
problem: Strong tension between appearance and disappearance data 



Additionally, eV scale sterile neutrinos are constrained by 
Cosmology…….

Any relativistic neutrino species will contribute to the energy density of the Universe as radiation. 
Their total contribution may be parametrised by the parameter Neff 

Cosmology is sensitive to neutrinos in a way that is complementary to laboratory searches. It is less 

sensitive to individual masses and mixings, but is more directly affected by the absolute mass scale,

However, Neff  = 3.044 +- 0005 in the SM, leaving no space for an additional  
sterile relativistic neutrino  species

43

Also, from PLANCK data, 



Hence, so far, vis a vis sterile-active oscillations of eV neutrinos, 

Situation with the Ga anomaly is somewhat unclear, since BEST confirmed earlier deficit seen by 
SAGE and GALLEX but did not see any variation with L.

It is likely that RAA is resolved by the new flux calculations using improved beta decay spectra now 
available.

MiniBooNE and LSND appear to be statistically strong and long-standing anomalies which, when we 
try to explain using sterile -active appearance oscillations, are in  strong contradiction with 
disappearance data from reactors and long baseline experiments.

This has led to a lot of efforts to explain MiniBooNE (and in some cases, LSND) by non-
oscillation new physics mechanisms. 

Many of these efforts also use sterile neutrinos which are significantly heavier than the eV 
scale.

Increasingly accurate cosmological observations put strong constraints on the mass and number of 
eV scale neutrinos, in tension with what is required to explain SBL anomalies by sterile active 
oscillations.
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MicroBooNE

80 ton LAr TPC 

Very good event reconstruction 
capabilities 

can distinguish e± from γ

MicroBooNE (to test MB)

80 ton LAr TPC

Excellent particle identification capabilities.

Can potentially distinguish electrons , 
protons and photons

43

Check out MicroBooNE posters: 
- Erin Yandel P0722 
- Lee Hagaman P0764 
- Guanqun Ge P0765 
- Mark Ross-Longerman P0767 
- Asli Abdullahi P0615

Carlos Argüelles (Neutrino 2022)

Check out IceCube poster: 
- Julia Book P0047 on HNLs
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- Lee Hagaman P0764 
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- Asli Abdullahi P0615

Carlos Argüelles (Neutrino 2022)

Check out IceCube poster: 
- Julia Book P0047 on HNLs



• The combined significance of the LSND and MB results is 6.1 σ  

•
Both are long-standing anomalies. The community has worked hard to check 
errors and background estimates  over this period. Most recent efforts in 
this direction come from MicroBooNE  

Search for a single-photon excess 

! "
• An enhancement in NC Δ → Nγ with a 

multiplicative factor of x3.18 would give good 
agreement with the observed MiniBooNE LEE

Targeting NC Δ resonance radiative decay (Δ → 2$)
• Standard model process
• Never been directly observed in neutrino scattering
• Previous best experimental limit at O(1 GeV) is orders of magnitude higher than the prediction

Event topologies

Phys. Rev. Lett. 128, 111801

5/31/22 29
(From Hanyu Wei, Nu 2022 talk) 

No evidence for 
any enhancement 

over SM prediction 
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FIG. 2. MicroBooNE CLs exclusion contours at the 95% CL in the plane of �m2
41 and (a) sin22✓µe or (b) sin22✓ee. The red

solid (dashed) curve represents the MicroBooNE 95% CLs data exclusion (Asimov sensitivity) limits after profiling over the
mixing angle sin2✓24. The blue long-dashed curve represents the MicroBooNE 95% CLs Asimov sensitivity in the scenario of
(a) ⌫e appearance-only or (b) ⌫e disappearance-only as opposed to the full 3 + 1 oscillation result. In (a), the LSND 90% and
99% CL allowed regions [25] using the ⌫e appearance-only approximation are shown as the light blue and gray shaded areas,
respectively. In (b), the cyan shaded area represents the 2� allowed region of the gallium anomaly from the experimental results
of GALLEX, SAGE, and BEST [20]. The 2� allowed region of the Neutrino-4 experiment [24] is also shown in (b).

the dominant oscillation e↵ects from ⌫e appearance
and ⌫e disappearance depend on sin22✓14. The best-
fit slightly prefers sin2✓14 = 0.936 to sin2✓14 = 0.064.
We obtain a ��2

data = �2
null,3⌫ � �2

min,4⌫ = 2.53 with
3 degrees of freedom, corresponding to a p-value of
0.426 following the Feldman-Cousins procedure [68].
The supplemental material [69] provides the values of
��2

data = �2
4⌫ � �2

min,4⌫ for each 4⌫ hypothesis in an
80 ⇥ 60 ⇥ 60 three-dimensional grid of the oscillation
parameters spanning over 0.01–100 eV2 in�m2

41, 0.0001–
1.0 in sin2✓14, and 0.0001–1.0 in sin2✓24 on a logarithmic
scale.

Since the data is found to be consistent with the
3⌫ hypothesis, exclusion limits are calculated using
the frequentist-motivated CLs method [70], which is
commonly used for the discovery or exclusion limits in
neutrino oscillation analyses [34–36, 71]. The CLs test
statistic is based on ��2

CLs
= �2

4⌫ ��2
3⌫ , which compares

the null 3⌫ hypothesis and an alternative 4⌫ hypothesis.
It is defined by

CLs =
1� p4⌫
1� p3⌫

, (8)

where p4⌫ (p3⌫) is the p-value of ��2
CLs,data

assuming
the 4⌫ (null 3⌫) hypothesis is true. The p-value is de-
termined in a frequentist approach by throwing pseudo-
experiments following the corresponding full covariance
matrix assuming a hypothesis is true. The region with
CLs  1 � ↵ is excluded at the confidence level (CL) of
↵.

Figure 2 shows the frequentist CLs exclusion contours
and sensitivities at the 95% CL in the (�m2

41, sin
22✓µe)

plane and in the (�m2
41, sin22✓ee) plane. Since there

are three free oscillation parameters in the fit, the
exclusion limit in any two-dimensional (2D) parameter
space is obtained by profiling the third dimension. After
profiling, the exclusion limit corresponds to the value of
the third dimension that gives the minimal �2

4⌫ along
that dimension at each point in the 2D parameter space.
This procedure is a natural choice according to Refs. [72–
74]. The sin2✓24 value after profiling in this analysis is
generally small, between 0 and 0.01, which is consistent
with the existing experimental constraints [29, 75]. All
sensitivities in this Letter are calculated using the
Asimov data set [76] from MC simulation, corresponding
to the 3⌫ central value predictions without oscillation.

The Asimov sensitivities in the scenarios with only ⌫e
appearance or only ⌫e disappearance are often quoted
in the literature [25–27, 77, 78] as an approximation,
neglecting the oscillation e↵ects from the intrinsic ⌫e
or ⌫µ component in the beam. These approximations
result in overly optimistic sensitivities compared to the
2D profiled results because the cancellation between ⌫e
appearance and ⌫e disappearance is neglected. Our
primary result, therefore, does not use this approxima-
tion, but we include data exclusion limits taking only
⌫e appearance or only ⌫e disappearance into account in
the supplemental materials [69] in order to compare to
historical results.

• Finally, latest results from the 
MicroBoone detector strongly 
disfavour the sterile neutrino 
hypothesis of electron appearance 
as a solution to the LSND and MB 
excesses. 

eLEE search results
• Observed ν& candidate rates are statistically 

consistent with the predicted background rates in 
the LEE region

• With exception of the low- ν&-purity (1%010") 
channel, the hypothesis that ν& events are fully 
responsible for the median MiniBooNE LEE is 
rejected at >97% C.L.; >34 in the inclusive channel

Inclusive 1eX channel

arXiv: 2110.14054 (PRL accepted)
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• Given the situation as summarised, it makes sense to 
consider new physics solutions to MB and LSND which 
involve sterile neutrinos, but not those at the eV scale 
and involved in active-sterile oscillations. 

•



New Physics solutions to MB and LSND

E. Bertuzzo et al., PhysRevLett.121.241801
P. Ballett, M. Ross-Lonergan, S. Pascoli, 
PhysRevD.99.071701
A. Abdullahi, M. Hostert, S. Pascoli,

arXiv:2007.11813


See also Abdallah et al 2202.09373

35

Dielectron

Idea 8: Dark Neutrino

Two phenomenologically distinct scenarios: 
-  : slow, three-body decays. 
-  : prompt, two-body decays.
mz > mN
mz < mN

Carlos Argüelles (Neutrino 2022)

• Generic new physics process 

•

NSI, but 
at low 

energies



New physics, LSND and MB, ……  

Using an additional Z’ and heavier sterile neutrinos, it is possible to get good fits to the MB data
 Bertuzzo, Jana, Machado & Funchal, 1807.09877;  

 Ballet, Pascoli, Ross-Lonergon 1808.02915;  
Abdallah, RG and Roy 2006.01948) 

However, it is very difficult to explain both LSND and MB simultaneously using these ingredients, 
because a vector mediator does not give enough events at LSND

6
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FIG. 2: The incoherent (coherent) cross section per CH2 molecule (C atom) as a function of incoming neutrino
energy. The overall constants for di↵erent kinds of mediator masses are taken from Table I.

(⌫µ+A ! N2+A ! N1+e
++e

�+A) could mimic
a charged or neutral current ⌫ � e event. Hence, a
large coherent contribution, as is present in the Z

0

case, will be in conflict with the ⌫ � e scattering
measurements of CHARM II and MINER⌫A.

• We also note from Fig. 2 that the coherent contribu-
tion dominates over the incoherent part for lighter
mediator masses, whereas the opposite is true for
the higher mass choice for both types of mediators.
Thus lighter mediators tend to make large coherent
contributions, and since these tend to be forward in
angle, they help populate event bins for cos ✓ ' 1,
a point that we explore further in section V.

• We note that for LSND, contributions to events
stem from the incoherent part of the cross sec-
tion only, given the presence of a neutron in the
final state. We thus focus on the region in the left
panel of Fig. 2, and note the behaviour as the en-
ergy drops from MB (⇠ 800 MeV) to LSND DAR
flux values (⇠ 150 � 200 MeV). We see that for
the higher mass mediators (mZ0/H = 1 GeV; blue
curves), while the incoherent cross section drops for
both mediators, the vector cross section has lower
values to begin with compared to the scalar and
also drops rapidly. For instance, it can be seen
that the cross section for the Z

0 drops an order of
magnitude over this energy range formZ0 = 1 GeV.

For the lighter mass choices (mZ0/H = 50 MeV;
red curves), the incoherent scalar cross section is
significantly higher than the vector one over this
energy range, and in fact increases as the energy
is lowered, unlike its vector counterpart. This re-
duction in the incoherent vector cross section at
values below MB energies (< 800 MeV) makes it
more di�cult for models with an additional vector
mediator to give a su�cient number of electron-like
excess events at LSND, even though a high enough

Z
0 mass may allow one to successfully evade the

CHARM II and MINER⌫A bounds. On the other
hand, too low a scalar mediator mass results in
many more events than those observed in LSND,
both in the 20�60 MeV visible energy range which
recorded data, and beyond 60 MeV, where only a
limited number of events were seen.

• Finally, we point out an important constraint that
applies to models which use scalar mediators, es-
pecially those with low masses mH ' 100 MeV.
As can be seen in Fig. 2 the cross section tends to
rise at low values of the incoming neutrino energy.
However, in such models, if N2 decays primarily in-
visibly, as in [20], the incoherent interaction would
mimic the neutral current interaction ⌫N ! ⌫N ,
which has been measured at MB [104] at these en-
ergies, and found to be in agreement with the SM.
Conformity with this measurement is thus an im-
portant restriction on such models.

Overall, the cross section and mediator mass considera-
tions for a common solution thus appear to favour scalar
mediators over vectors. Secondly, our representative cal-
culations also point to a preference for lighter (but not
ultra-light) mediators if both excesses are to have a si-
multaneous solution.
We next provide some example numbers to quantita-

tively illustrate these qualitative conclusions:

Assuming a mediator mass of 1 GeV, we fit the MB
events by considering the appropriate values of CZ

0

⌫
C

Z
0

n

and C
H

⌫
C

H

n
. Now using the same coupling values, we

calculate the number of produced N2 of mass 100 MeV
in LSND. We find that:

• To produce 560 N2 in final state of MB, the re-
quired value of CZ

0

⌫
C

Z
0

n
is 8.5 ⇥ 10�7. These cou-

plings, yield around 7 N2 in LSND instead of the
required number of 32 [5].

LSND MB

 (Abdallah, RG and Roy 2202.09373) 

Scalar mediators not only avoid HE constraints that vector mediators 
have difficulty avoiding, but also give enough events at LSND once you 
get the required number at MB. 



Vector models, given the shape of the xsec, violate constraints by experiments with 
higher E, e.g. CHARM II  (E_nu ~ 20 GeV and MINERvA, E_nu ~ 4-5 GeV

One learns something new if one demands that the new physics resolve 
both LSND and MB, as opposed to just MB. 7
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FIG. 3: Angular variation of the total cross section for two di↵erent mass choices of light scalar and light vector
mediators. Both coherent and incoherent contributions are shown.

• For the scalar mediator, the necessary value of
C

H

⌫
C

H

n
is 2.14 ⇥ 10�6, obtained from the MB fit.

Using the same coupling constant, we get around
35 events in LSND.

We see in this example that while both mediators fit MB
total events, the scalar mediator produces 5 times more
events compared to the Z

0 in LSND.
Additionally, as mentioned above, the di↵erent be-

haviour exhibited by the vector also places more restric-
tions on it constraint-wise than it does on the scalar.
Noting, from the right panel of Fig. 2, that the coherent
contribution to the cross section increases as the media-
tor mass decreases, we find that the mass of Z 0 should
be approximately 500 MeV to avoid the CHARM II and
MINER⌫A constraints discussed above, if it has to con-
currently produce 560 N2 in MB. On the other hand, no
such restriction results for the scalar, since the coherent
cross section drops rapidly as it approaches CHARM II
(hE⌫i = 24 GeV, hE⌫̄i = 19 GeV) and MINER⌫A
(hE⌫i = 6 GeV) energies.

V. REQUIREMENTS RESULTING FROM
FITTING THE ANGULAR DISTRIBUTION IN

MB

An examination of the angular distribution of MB is
also useful from the point of view of imposing require-
ments on proposed solutions. The excess in MB is dis-
tributed over all directions, but is moderately forward.
Fig. 3 shows, bin-wise, the cross section responsible for
the production of N2 as a function of the cosine of the
angle between the momentum direction of N2 and the
beam direction7. The incoming neutrino energy is fixed
at 800 MeV and mN2 = 100 MeV for all panels. Both the
coherent (red) and incoherent (green) contributions are

7 We have checked that this is a good approximate indicator of the
eventual angle that the signal will form with the beam, once N2

decays.

By studying the 
angular 
distribution at 
MB for both 
light and not so 
light scalar and 
vector 
mediators, one 
discerns the 
need for both a 
light and an 
intermediate 
mass mediator

 (Abdallah, RG and Roy 2202.09373) 



The model, ……  

3

important results obtained in that paper on the LSND,
MB and muon g � 2 anomalies. Section III provides de-
tails of the calculation of the correction to the W mass
which results from the model. Section IV summarizes
and discusses our results and section V presents our con-
clusions.

II. SUMMARY OF THE MODEL AND
EARLIER RESULTS

Our model extends the scalar sector of the SM by aug-
menting it with a second Higgs doublet, i .e., the widely
studied 2HDM [108, 109]. Additionally, it incorporates a
dark singlet real scalar �h0 . Three right-handed neutrinos
help generate neutrino masses via the seesaw mechanism.
For brevity, we have not included the neutrino part of the
Lagrangian here, since it is not directly relevant to the
W mass issue we address in this paper. Consequently,
only the scalar part of the Lagrangian is provided below.
Full details of the model and the results it leads to can
be found in [102].

With the �i denoting the usual set of quartic cou-
plings, we write the scalar potential V in the Higgs basis
(�h,�H ,�h0) [110, 111] as

V= |�h|
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With v, vi denoting vacuum expectation values (vevs),
so that v

2 = v
2

1
+ v

2

2
' (246 GeV)2 and tan� = v2/v1,

where h�ii = vi/
p
2, h�hi = v while h�Hi = 0 = h�h0i.

Here, H+

1
, G

0 are the Goldstone bosons which give the
gauge bosons mass after the spontaneous breaking of elec-
troweak symmetry. In the basis
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and i) � is the scalar mixing angle between the gauge
eigenstates (H0

2
, H

0
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) and the mass eigenstates (H,h

0),
ii) (h1, h2, h3) = (h,H, h

0) are the mass eigenstates,
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0
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⇡ h is the SM-like Higgs, m
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2 and
iv) m12 < 0 so as to obtain m
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h0 . Therefore, the
extra CP-even physical Higgs states (H,h

0) have masses
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Finally, the CP-odd Higgs mass is given by

m
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2
/2, (10)

and the charged Higgs mass is given by

m
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H± = µ2 + �3v
2
/2. (11)

After making a convenient basis rotation, the coupling
strengths of the scalars (h0

, H) with fermions (leptons
and quarks)3 are (yh

0

f
, y

H

f
). Similar considerations apply

to neutrinos, where the coupling strengths of the light
scalars (h0

, H) for vertices connecting active and sterile
neutrinos are (yh

0

⌫ij
, y

H

⌫ij
) while the couplings of the scalars

(h0
, H) to the sterile states are (�h

0

Nij
,�

H

Nij
). Our choice

of benchmarks for the fits shown in Fig. 1 is such that the
values are compatible with experimental values of global
fits of neutrino mass di↵erences, as shown in [102]. In
Fig. 1, taken from this reference, we show our results for
the fits in MB (top panels) and LSND (bottom panels).
Table I collects the relevant benchmark parameters asso-
ciated with the fits. The masses of the three right-handed
neutrinos Ni are also shown, since besides playing a role

3
In using these to compute the muon g� 2 contribution, we have

assumed diagonal couplings to avoid FCNCs. However, under

certain assumptions, o↵-diagonal couplings can be used to obtain

this result, e.g., as in [37].
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Table I collects the relevant benchmark parameters asso-
ciated with the fits. The masses of the three right-handed
neutrinos Ni are also shown, since besides playing a role

3
In using these to compute the muon g� 2 contribution, we have

assumed diagonal couplings to avoid FCNCs. However, under

certain assumptions, o↵-diagonal couplings can be used to obtain

this result, e.g., as in [37].
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FIG. 1: Feynman diagram of the scattering process in
our model which leads to the excess in LSND and MB.

LSND and MB; b) they help generate neutrino masses
via a seesaw mechanism. This lends synergy and econ-
omy to the model, the specifics of which we give below. It
provides excellent fits to both energy and angular event
distributions at LSND and MB.

Our paper is organized as follows: Section II briefly
gives the specifics of the MB and LSND anomalies and
has a brief discussion of the observed discrepancy in the
value of the muon g � 2. Section III describes i) the La-
grangian of our model and its particle content, ii) how
the couplings of the additional scalars to fermions arise,
and iii) the generation of neutrino masses. Section IV
focusses on the interaction we use to explain the MB and
LSND excesses. Section V gives our results and provides
an accompanying discussion of their important features.
Section VI discusses the constraints on our model. Sec-
tion VII provides a concluding discussion, and indicates
possible future tests of the model.

II. THE MB, LSND AND THE MUON g � 2
ANOMALIES

A. Event excesses in MB and LSND

Two low energy neutrino experiments, MB (see [20]
and references therein) and LSND (see [19], and refer-
ences therein), have observed electron-like event excesses.
Over time, it has become evident that the results of both
cannot easily be explained within the ambit of the SM.

MB, based at Fermilab, uses muon neutrino and anti-
neutrino beams produced by 8 GeV protons impinging
upon a beryllium target. The neutrino fluxes peak at
around 600 MeV (⌫µ) and around 400 MeV (⌫̄µ). The
detector consists of a 40-foot diameter sphere containing
818 tons of pure mineral oil (CH2) and is located 541 m
from the target. Starting in 2002, the MB experiment
has up to 2019 collected a total of 11.27 ⇥ 1020 Protons
on Target (POT) in anti-neutrino mode and 18.75⇥1020

POT in neutrino mode. Electron-like event excesses of
560.6 ± 119.6 in the neutrino mode, and 79.3 ± 28.6 in

the anti-neutrino mode, with an overall significance of
4.8� have been established in the neutrino energy range
200 MeV< E

QE

⌫
< 1250 MeV. Most of the excess is con-

fined to the range 100 MeV < Evis < 700 MeV in visible
energy, with a somewhat forward angular distribution,
and is referred to as the MB LEE. We note that a) that
all major backgrounds are constrained by in-situ mea-
surements, and b) that MB, due to being a mineral oil
Cerenkov light detector, cannot distinguish photons from
electrons in the final state. Additionally, under certain
conditions, MB could also mis-identify an e

+
e
� pair as a

single electron or positron.

LSND was a detector with 167 tons of mineral oil,
doped with scintillator. It employed neutrino and anti-
neutrino beams originating from ⇡

� DIF as well as µ

decay-at-rest (DAR). The principal detection interaction
was the inverse beta decay process, ⌫̄e + p ! e

+ + n.
The detector looked for Cherenkov and scintillation light
associated with the e

+ and the correlated and delayed
scintillation light from the neutron capture on hydro-
gen, producing a 2.2 MeV �. The experiment observed
87.9 ± 22.4 ± 6.0 such events above expectations, at a
significance of 3.8�, over its run span from 1993 to 1998
at the Los Alamos Accelerator National Laboratory. For
reasons similar to those as in MB, LSND lacked the ca-
pability to discriminate a photon signal from those of e+,
e
� or an e

+
e
� pair.

In addition, we mention the KARMEN experi-
ment [23], which, like LSND and MB, employed a min-
eral oil detection medium, but was less than a third of
the size of LSND. It had similar incoming proton energy
and e�ciencies. Unlike LSND, it saw no evidence of an
excess.

There have been numerous attempts to understand
both these excesses. A widely discussed resolution in-
volves the presence of sterile neutrinos with mass-squared
values of ⇠ 1�10 eV2, oscillating to SM neutrinos, lead-
ing to ⌫̄e and ⌫e appearance [24]. It is partially supported
by deficits in ⌫e events in radioactive source experiments
and in ⌫̄e reactor flux measurements as well as results
from the reactor experiments. However, this explana-
tion for LSND and MB excesses has had to contend with
gradually increasing tension with disappearance experi-
ments and is also disfavoured by cosmological data. For
recent global analyses, a full set of references and more
detailed discussions of these issues, the reader is referred
to [25–31].

The tightening of constraints and parameter space for
the sterile-active hypothesis has, in turn, led to a large
number of proposals to explain one or both of the LSND
and MB excesses via new physics [32–49]. Many of these
scenarios also face a significant number of constraints.
For a discussion of these and for related references, we re-
fer the reader to [50–53]. It is, however, fair to say that at
the present time, the search for a compelling and simulta-
neous explanation of both the LSND and MB anomalies
remains a challenge [54].
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where

X
k

ij
= Y

k

ij
c� + Ỹ

k

ij
s� , X̄

k

ij
= �Y

k

ij
s� + Ỹ

k

ij
c� , (14)

and Y
k
, Ỹ

k are the Yukawa couplings in the (�1,�2) ba-
sis. We note that X

k

ij
and X̄

k

ij
are independent Yukawa

matrices. The fermion masses receive contributions only
from X

k

ij
, since in the Higgs basis only �h acquires a

non-zero vev while h�Hi = 0 = h�h0i. This leads to
X

k = Mk/v, where Mk are the fermion mass matri-
ces. Hereafter, we work in a basis in which the fermion
(leptons and quarks) mass matrices are real and diagonal,
where UkMkV

†

k
= m

diag

k
are their bi-unitary transforma-

tions. In this basis, in general, X̄k

ij
are free parameters

and non-diagonal matrices.
After rotation, one finds the following coupling

strengths of the scalars h, h
0
, H with fermions (leptons

and quarks), respectively:

y
h

f
=

mf

v
, y

h
0

f
=y

f
Z

H

32
=y

f
s�, y

H

f
=y

f
Z

H

22
=y

f
c�, (15)

where m
diag

f
= UfMfV

†

f
and � manifestly becomes the

scalar mixing angle between the mass eigenstates (H,h
0)

and the gauge eigenstates (H0

2
, H

0

3
). For neutrinos, defin-

ing nRi = (U⌫R)ij⌫Rj and nLi = (U⌫L)ij⌫Lj such that
the matrices M⌫(= vX

⌫) and m can be diagonalized as
follows

U⌫LM⌫U
†

⌫R
= m

diag

D
, U⌫RmU

†

⌫R
= m

diag

⌫R
. (16)

One can then define the following matrices

�
n = U⌫R�

N
U

†

⌫R
, y

⌫ = U⌫LX̄
⌫
U

†

⌫R
. (17)

The part of the Lagrangian describing neutrino masses
and interactions is then given by

L⌫ = m
diag

Di
n̄LinRi +

1

2
m

diag

⌫Ri
n̄
c

Ri
nRi + y

�

⌫ij
n̄LinRj�

+ (�h
0

Nij
h
0 + �

H

Nij
H) n̄c

Ri
nRj + h.c., (18)

where � = A, h,H, h
0.

Consequently the neutrino mass Lagrangian becomes

L
m

⌫
=

1

2
(n̄c

L
n̄R)

 
0 m

diag

D

m
diag

D
m

diag

⌫R

!✓
nL

n
c

R

◆
+ h.c., (19)

and the neutrino mass matrix is given by

m⌫ =

 
0 m

diag

D

m
diag

D
m

diag

⌫R

!
! m

diag

⌫
= Nm⌫ N

†
. (20)

Its eigenvalues (mdiag

⌫
) are

m
diag

⌫
' diag

�
�m

2

Di
/m⌫Ri

,m⌫Ri

 
, (i = 1, 2, 3). (21)

The neutrino mass matrix m⌫ can be diagonalised, up to
O(mDi/m⌫Ri

), by the neutrino mixing matrix N which
can be written, up to corrections of O(m2

Di
/m

2

⌫Ri
), as

N '

✓
I �⇥2

/2 ⇥
�⇥ I �⇥2

/2

◆
, (22)

where ⇥i = mDi/m⌫Ri
. The neutrino mass eigenstates

(physical states) are given by
✓

⌫

N

◆
=

✓
I �⇥2

/2 ⇥
�⇥ I �⇥2

/2

◆✓
nL

n
c

R

◆
. (23)

For the normal order (m⌫1 < m⌫2 < m⌫3), the two mass
squared di↵erences of the light neutrinos determined
from the oscillation data are �m

2

21
= (7.05 � 8.14) ⇥

10�5 eV2 and �m
2

31
= (2.41� 2.60)⇥ 10�3 eV2 [74]. We

have chosen a benchmark point, see Table I, so that it
satisfies these values. Finally, the part of the Lagrangian
specifying neutrino interactions is given by

L
int

⌫
' y

�

⌫ij
⌫̄iNj�+ (�h

0

Nij
h
0 + �

H

Nij
H)N̄iNj + h.c., (24)

where the coupling strengths of the scalars h0
, H for ver-

tices connecting active and sterile neutrinos, respectively,
are as follows

y
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= y
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s�, y

H
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= y
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Z

H

22
= y
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c�. (25)

Additionally, the coupling strengths of the scalars h
0
, H

for vertices connecting two sterile states, respectively, are

�
h
0

Nij
= �

n

ij
Z

H

32
= �

n

ij
c�, �

H

Nij
= �

n

ij
Z

H

22
= ��

n

ij
s�. (26)

mN1 mN2 mN3 yh
0(H)

u ⇥106 yh
0

e(µ)⇥104 yH

e(µ)⇥104
85MeV 130MeV 10GeV 0.8(8) 0.73(1.6) 7.25(15.9)

mh0 mH sin � yh
0(H)

d
⇥106 yh

0(H)
⌫i2 ⇥103 �h

0(H)
N12

⇥103

15MeV 750MeV 0.1 0.8(8) 1.3(12.4) 7.5(74.4)

TABLE I: Benchmark parameter values used for event
generation in LSND, MB and for calculating the muon

g � 2.

IV. THE INTERACTION IN MB AND LSND

In the process shown in Fig. 1, the heavy sterile neu-
trino N2 is produced via the upscattering of a muon neu-
trino (⌫µ = Uµi⌫i) present in the beam, both for MB
and LSND. Once N2 is produced, it decays promptly to
another lighter sterile neutrino N1 and a light scalar h0.
In our scenario, N1 is a long-lived particle that either
escapes the detector or decays to lighter dark particles
but h

0 decays promptly to a collimated e
+
e
� pair and

produces the visible light that comprises the signal.
As shown in Fig. 1, both H and h

0 act as mediators
and contribute to the total cross section. The contribu-
tion of h0 is much smaller (⇠ 10%) compared to that of
H, since sin � ' 0.1. However, this small contribution
plays an important role in producing the correct angular
distribution in MB, as we discuss later. In our model,
H and h

0 predominantly couple to the first generation of
quarks (u and d) and have negligible or tiny couplings
to other families. The e↵ective coupling (FN ) of either
scalar to a nucleon (N) can be written as [75–77]

FN

MN

=
X

q=u,d

f
N

Tq

fq

mq

. (27)

 (Abdallah, RG and Roy 2010.06159) 
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FIG. 2: Top panels: The MB electron-like events (backgrounds and signal) from [20], versus the visible energy Evis

(left panel) and versus the cosine of the emitted angle of the light (right panel), for neutrino runs. Data points show
statistical errors, whereas the blue band shows (estimated) systematic errors. The blue solid line is the prediction of
our model. Bottom panels: The energy (Evis) distribution (left panel) of the LSND data [19], for R� > 10. The right
panel shows the angular distribution of the light due to the electron-like final state, for R� > 1 and visible energies in
the range 36 MeV < Evis < 60 MeV. The shaded blue region in both panels is our fit, and other shaded regions are
the background. The parameter values used in calculating both sets of plots (MB and LSND) are shown in Table I.

Here MN is the nucleon mass and the values of
(fp

Tu
, f

p

Td
, f

n

Tu
, f

n

Td
) = (0.020, 0.041, 0.0189, 0.0451). In

our scenario, fq = y
H,h

0

q
, (q = u, d).

We include both the incoherent and coherent contri-
bution in the production of N2 in MB. For LSND, how-
ever, we consider only incoherent scattering from neu-
trons. The total di↵erential cross section, for the target
in MB, i .e., CH2, is given by


d�

dEN2

�

CH2

= (8Fp + 6Fn)


d�

dEN2

�

| {z }
incoherent

+ (6Fp + 6Fn)
2
e
2b(k

0
�k)

2


d�

dEN2

�

| {z }
coherent

. (28)

The entire carbon nucleus (C12) contributes in coher-
ent scattering, with, however, decreasing contributions
as q

2 = (k0 � k)2 increases. This is implemented by the
form factor exp(2b(k0 � k)2) [78], where b is a numer-
ical parameter, which for C12, has been chosen to be

25 GeV�2 [78, 79]. The number of events is given by

Nevents=⌘

Z
dE⌫dEN2

d�⌫

dE⌫

d�

dEN2

⇥BR(N2!N1h
0), (29)

with Eh0 2 [Eh0 , Eh0 + �Eh0 ] and �⌫ is the incoming
muon neutrino flux. ⌘ contains all detector related in-
formation like e�ciencies, POT etc. All calculations for
LSND, MB and the value of the muon g � 2 are carried
out using the benchmark values in Table I. Finally,
for these values, the calculated lifetimes of N2 and h

0

in the rest frame are 10�17 s and 2⇥10�13 s, respectively.

Our results are presented in the next section.

V. RESULTS AND DISCUSSION

In this section we present the results of our numerical
calculations, using the cross section for the process and
the model described in Section III.

LSND  

MB 

 (Abdallah, RG and Roy 2010.06159) 



Conclusions……  
•Short baseline anomalies like the Ga source anomaly, the RAA, LSND and MB  have reached a 

stage where a host of complementary experiments and theoretical inputs  have helped gradually 
clarify  the situation. No clear resolution has yet emerged, however.

• The situation with the Ga anomaly is unclear, given that the most recent experiment, BEST, verified 
the presence of the deficit  but could not detect any L variation, which would have signalled active 
sterile oscillations

• Improved data on beta spectra and consequent improved flux calculations point to a disappearance of 
the RAA.   

• Attempts to understand the anomalies using oscillations with eV scale  neutrinos show a very strong 
tension between appearance and disappearance data.

The MB and LSND anomalies persist with a high combined statistical significance of 6.1 sigma  



Conclusions……  

MicroBooNE has recently made important (but not conclusive)  strides in helping 
establish that SM backgrounds are unlikely to be responsible for the MB signal, 
strengthening the case that MB and possibly LSND could be signals for new physics.   

It is significant that  sterile neutrinos (much ) heavier than ~eV play a  role in most new 
physics   proposals put forward to explain the anomaly (anomalies) 

A definitive resolution must await results from the Fermilab Short Baseline Program, 
with its 3 detectors , MicroBooNE, ICARUS and SBND.  



• Three detectors sampling the same neutrino beam at different distances

• Same nuclear target (Ar) and detector technology (LArTPC)

• reduces systematic uncertainties to the %-level

Short Baseline Neutrino Program at Fermilab

3 5/31/2022

Booster Neutrino Beam (BNB)

ICARUS

600m baseline
470t active volume
Commissioning

SBND

110m baseline
112t active volume
Under Construction

A. Schukraft | Short Baseline Neutrino Program

Anne Schukraft talk at Neutrino 2022 



• SBND + ICARUS will test the sterile neutrino hypothesis
– can cover the parameter space favored by past anomalies with 5σ significance

• Observing neutrino flux at different distances from the beam target

SBN Oscillation Sensitivity

4 5/31/2022

P. Machado et al, arXiv:1903.04608V11

• Effective systematics constraint through near detector (SBND) and same detector 
technology in near and far detector

• Search for appearance of ν
e
 and disappearance of ν

μ
 within the same experiment

– current results show a 4.7σ tension between ν
e
 appearance and ν

μ
 disappearance channels

A. Schukraft | Short Baseline Neutrino Program

(SBN sensitivities for 6.6 x 1020 protons on the BNB target)

Anne Schukraft talk at Neutrino 2022 



Thank you for your attention!
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Figure 16.2: Limits from COHERENT, CHARM, Borexino, and projected limits from

a NaI 2T experiment on the scale ⇤ of dimension 5 and dimension 7 NSI operators for

electron neutrinos.

Figure 17.1: Future coherent bounds on NSIs, from Ref. [274].

The SM cross section of coherent elastic neutrino-nucleus scattering, assuming full

coherency, is given by
d�

dT
=

G2
F
Q2
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4⇡
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, (17.1)

Q2
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⇥
N � (1 � 4s2

W )Z
⇤2

, Tmax =
2E2

⌫

M + 2E⌫

, (17.2)

where M is the mass of the nucleus, T is the recoil energy of the nucleus, Tmax is the

maximal recoil energy that can be generated for a certain value of neutrino energy, N and

Z are the neutron and proton numbers of the nucleus.

– 49 –

where M is the mass of the nucleus, T is the recoil energy of the nucleus, Tmax is the 
maximal recoil energy that can be generated for a certain value of neutrino energy, N and 
Z are the neutron and proton numbers of the nucleus.  

Coherent neutrino Scattering and NSI…………

Coherent elastic neutrino-nucleus scattering (CEνNS), which has been recently observed by the 
COHERENT collaboration  



Since in coherent scattering, the cross section is proportional to the square of the total

amplitude of neutrino-nucleon scattering amplitudes, it is significantly enhanced by the

number of nucleons (mostly N). However, if N is large, then the nucleus is heavy, and the

recoil energy, which is the only observable e↵ect in any elastic neutrino scattering processes,

has to be very small. So even though the cross section can be very large, detection of such

a process is technically challenging. Due to recent significant development of ultra-low

threshold detection technology, which is also demanded by dark matter direct detection

experiments, CE⌫NS has been observed successfully and will soon become an e↵ective way

to detect neutrinos with robust statistics.

• NSI

Generally speaking, if neutrino interactions are mediated by a new gauge boson, then

integrating it out gives rise to NSIs. In addition, loop corrections could also give rise to

NSIs, which can be potentially large if some dark sectors contribute to the loop corrections

[307]. Note that NSIs remain the well-known V�A form, which implies that there are no

light right-handed neutrinos involved in such interactions. Because of the V�A form, the

e↵ect of NSI in CE⌫NS is simple. We simply need to replace the SM weak charge of the

nucleus in Eq. (17.1) with the NSI charge (i.e., Q2
SM ! Q2

NSI):

Q2
NSI ⌘ 4
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↵e + 2"dV
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↵e )
i2

. (17.3)

For NSI, what CE⌫NS can measure is actually Q2
NSI, which leads to a lot of degen-

eracy among those NSI parameters. From the studies in Refs. [19, 20, 273, 308], one can

summarize the current COHERENT constraints on NSIs, which are that generally around

O(0.5). In the future, CE⌫NS experiments based on reactor sources can provide very strong

constraints on NSIs, due to the potentially high statistics. As shown in Fig. 17.1, with a

low-threshold 100 kg Germanium detector being set near a 1 GW reactor, the NSI bounds

on "ee and "e⌧ can be improved by one or two orders of magnitudes.

• SPVAT

SPVAT interactions refer to four-fermion contact interactions with the the most general

Lorentz invariant forms. More explicitly, the interactions can be formulated as follows [274]

L �
GF
p

2

X

a=S,P,V,A,T

⌫�a⌫
⇥
 �a(Ca + Dai�

5) 
⇤
, (17.4)

where  denotes electrons, quarks or nucleons, and �a can be one of the five possible Dirac

matrices:

�a = {1, i�5, �µ, �µ�5, �µ⌫
⌘

i

2
[�µ, �⌫ ]}. (17.5)
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For NSI, what CEνNS can measure is actually Q2NSI, which leads to a lot of degeneracy 
among those NSI parameters. From studies  one can summarize the current COHERENT 
constraints on NSIs, which are that generally around O(0.5). In the future, CEνNS 
experiments based on reactor sources can provide very strong constraints on NSIs, due 
to the potentially high statistics.  



An example ……MiniBooNE anomaly

TABLE II: The number of data events, background events, and excess events in neutrino mode for

di↵erent selection crteria. The errors include both statistical and systematic uncertainties. Also

shown is the significance of each event excess. R is the radius of the reconstructed event interaction

point.

Selection Data Background Excess Significance

200 < EQE
⌫ < 1250 MeV & R < 5m 2870 2309.4± 119.6 560.6± 119.6 4.7�

150 < EQE
⌫ < 1250 MeV & R < 5m 3172 2560.4± 131.5 611.6± 131.5 4.7�

200 < EQE
⌫ < 1250 MeV & R < 4m 1978 1519.4± 81.9 458.6± 81.9 5.6�

200 < EQE
⌫ < 1250 MeV & R < 3m 864 673.9± 41.2 190.1± 41.2 4.6�
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FIG. 7: The MiniBooNE neutrino mode visible energy distributions, corresponding to the total

18.75 ⇥ 1020 POT data in the 200 < EQE
⌫ < 1250 MeV energy range, for ⌫e CCQE data (points

with statistical errors) and background (colored histogram). The dashed histogram shows the best

fit to the neutrino-mode data assuming two-neutrino oscillations.

1. There are a total of 3182 data events, 2568.8 background events and 613.2 excess events.

Fig. 14 shows the cos ✓ distribution of data and background events for the 20 di↵erent

energy bins, while Fig. 15 shows the cos ✓ distributions from 0.9 to 1 for 10 di↵erent visible

energy bins. Neutrino-electron elastic scattering events are shown as the hatched region in

the “Others” category.

Fig. 16 shows the number of data and background events as a function of cos ✓ for

cos ✓ > 0.9, where neutrino-electron elastic scattering events are shown as the hatched

region in the “Others” category and contribute to the cos ✓ > 0.98 bins. The neutrino-

11

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
θcos

0

100

200

300

400

500

600

Ev
en

ts Other

Dirt

γ N→Δ

 misid0π

0 from Keν

+/- from Keν

+/-µ from eν

Best-fit

Data

FIG. 8: The MiniBooNE neutrino mode cos ✓ distributions, corresponding to the total 18.75⇥1020

POT data in the 200 < EQE
⌫ < 1250 MeV energy range, for ⌫e CCQE data (points with statistical

errors) and background (colored histogram). The dashed histogram shows the best fit to the

neutrino-mode data assuming two-neutrino oscillations.
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⌫ distributions, corresponding to the total 18.75⇥1020
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1500-3000 MeV.
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• The observation of a 4.8σ excess in electron-like events for neutrino and antineutrino modes in the 
MiniBooNE (MB) detector is observed  

• SM: 2309 events 
Data: 2870 
Excess: 560 

Excess is not small. 
Note it is at level of 

important SM 
backgrounds

Distinctive energy 
and angular 
distribution 

 

Dashed line is oscillation fit. 
Not a good fit at low energies 
or forward angles where most 

events present 
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important results obtained in that paper on the LSND,
MB and muon g � 2 anomalies. Section III provides de-
tails of the calculation of the correction to the W mass
which results from the model. Section IV summarizes
and discusses our results and section V presents our con-
clusions.

II. SUMMARY OF THE MODEL AND
EARLIER RESULTS

Our model extends the scalar sector of the SM by aug-
menting it with a second Higgs doublet, i .e., the widely
studied 2HDM [108, 109]. Additionally, it incorporates a
dark singlet real scalar �h0 . Three right-handed neutrinos
help generate neutrino masses via the seesaw mechanism.
For brevity, we have not included the neutrino part of the
Lagrangian here, since it is not directly relevant to the
W mass issue we address in this paper. Consequently,
only the scalar part of the Lagrangian is provided below.
Full details of the model and the results it leads to can
be found in [102].

With the �i denoting the usual set of quartic cou-
plings, we write the scalar potential V in the Higgs basis
(�h,�H ,�h0) [110, 111] as
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After making a convenient basis rotation, the coupling
strengths of the scalars (h0

, H) with fermions (leptons
and quarks)3 are (yh
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). Similar considerations apply

to neutrinos, where the coupling strengths of the light
scalars (h0

, H) for vertices connecting active and sterile
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) while the couplings of the scalars
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, H) to the sterile states are (�h
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). Our choice

of benchmarks for the fits shown in Fig. 1 is such that the
values are compatible with experimental values of global
fits of neutrino mass di↵erences, as shown in [102]. In
Fig. 1, taken from this reference, we show our results for
the fits in MB (top panels) and LSND (bottom panels).
Table I collects the relevant benchmark parameters asso-
ciated with the fits. The masses of the three right-handed
neutrinos Ni are also shown, since besides playing a role

3
In using these to compute the muon g� 2 contribution, we have

assumed diagonal couplings to avoid FCNCs. However, under

certain assumptions, o↵-diagonal couplings can be used to obtain

this result, e.g., as in [37].
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FIG. 1: Feynman diagram of the scattering process in
our model which leads to the excess in LSND and MB.

LSND and MB; b) they help generate neutrino masses
via a seesaw mechanism. This lends synergy and econ-
omy to the model, the specifics of which we give below. It
provides excellent fits to both energy and angular event
distributions at LSND and MB.

Our paper is organized as follows: Section II briefly
gives the specifics of the MB and LSND anomalies and
has a brief discussion of the observed discrepancy in the
value of the muon g � 2. Section III describes i) the La-
grangian of our model and its particle content, ii) how
the couplings of the additional scalars to fermions arise,
and iii) the generation of neutrino masses. Section IV
focusses on the interaction we use to explain the MB and
LSND excesses. Section V gives our results and provides
an accompanying discussion of their important features.
Section VI discusses the constraints on our model. Sec-
tion VII provides a concluding discussion, and indicates
possible future tests of the model.

II. THE MB, LSND AND THE MUON g � 2
ANOMALIES

A. Event excesses in MB and LSND

Two low energy neutrino experiments, MB (see [20]
and references therein) and LSND (see [19], and refer-
ences therein), have observed electron-like event excesses.
Over time, it has become evident that the results of both
cannot easily be explained within the ambit of the SM.

MB, based at Fermilab, uses muon neutrino and anti-
neutrino beams produced by 8 GeV protons impinging
upon a beryllium target. The neutrino fluxes peak at
around 600 MeV (⌫µ) and around 400 MeV (⌫̄µ). The
detector consists of a 40-foot diameter sphere containing
818 tons of pure mineral oil (CH2) and is located 541 m
from the target. Starting in 2002, the MB experiment
has up to 2019 collected a total of 11.27 ⇥ 1020 Protons
on Target (POT) in anti-neutrino mode and 18.75⇥1020

POT in neutrino mode. Electron-like event excesses of
560.6 ± 119.6 in the neutrino mode, and 79.3 ± 28.6 in

the anti-neutrino mode, with an overall significance of
4.8� have been established in the neutrino energy range
200 MeV< E

QE

⌫
< 1250 MeV. Most of the excess is con-

fined to the range 100 MeV < Evis < 700 MeV in visible
energy, with a somewhat forward angular distribution,
and is referred to as the MB LEE. We note that a) that
all major backgrounds are constrained by in-situ mea-
surements, and b) that MB, due to being a mineral oil
Cerenkov light detector, cannot distinguish photons from
electrons in the final state. Additionally, under certain
conditions, MB could also mis-identify an e

+
e
� pair as a

single electron or positron.

LSND was a detector with 167 tons of mineral oil,
doped with scintillator. It employed neutrino and anti-
neutrino beams originating from ⇡

� DIF as well as µ

decay-at-rest (DAR). The principal detection interaction
was the inverse beta decay process, ⌫̄e + p ! e

+ + n.
The detector looked for Cherenkov and scintillation light
associated with the e

+ and the correlated and delayed
scintillation light from the neutron capture on hydro-
gen, producing a 2.2 MeV �. The experiment observed
87.9 ± 22.4 ± 6.0 such events above expectations, at a
significance of 3.8�, over its run span from 1993 to 1998
at the Los Alamos Accelerator National Laboratory. For
reasons similar to those as in MB, LSND lacked the ca-
pability to discriminate a photon signal from those of e+,
e
� or an e

+
e
� pair.

In addition, we mention the KARMEN experi-
ment [23], which, like LSND and MB, employed a min-
eral oil detection medium, but was less than a third of
the size of LSND. It had similar incoming proton energy
and e�ciencies. Unlike LSND, it saw no evidence of an
excess.

There have been numerous attempts to understand
both these excesses. A widely discussed resolution in-
volves the presence of sterile neutrinos with mass-squared
values of ⇠ 1�10 eV2, oscillating to SM neutrinos, lead-
ing to ⌫̄e and ⌫e appearance [24]. It is partially supported
by deficits in ⌫e events in radioactive source experiments
and in ⌫̄e reactor flux measurements as well as results
from the reactor experiments. However, this explana-
tion for LSND and MB excesses has had to contend with
gradually increasing tension with disappearance experi-
ments and is also disfavoured by cosmological data. For
recent global analyses, a full set of references and more
detailed discussions of these issues, the reader is referred
to [25–31].

The tightening of constraints and parameter space for
the sterile-active hypothesis has, in turn, led to a large
number of proposals to explain one or both of the LSND
and MB excesses via new physics [32–49]. Many of these
scenarios also face a significant number of constraints.
For a discussion of these and for related references, we re-
fer the reader to [50–53]. It is, however, fair to say that at
the present time, the search for a compelling and simulta-
neous explanation of both the LSND and MB anomalies
remains a challenge [54].
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ij
, since in the Higgs basis only �h acquires a

non-zero vev while h�Hi = 0 = h�h0i. This leads to
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k = Mk/v, where Mk are the fermion mass matri-
ces. Hereafter, we work in a basis in which the fermion
(leptons and quarks) mass matrices are real and diagonal,
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and non-diagonal matrices.
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where m
diag

f
= UfMfV

†

f
and � manifestly becomes the

scalar mixing angle between the mass eigenstates (H,h
0)

and the gauge eigenstates (H0

2
, H

0

3
). For neutrinos, defin-

ing nRi = (U⌫R)ij⌫Rj and nLi = (U⌫L)ij⌫Lj such that
the matrices M⌫(= vX

⌫) and m can be diagonalized as
follows
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The part of the Lagrangian describing neutrino masses
and interactions is then given by
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where � = A, h,H, h
0.

Consequently the neutrino mass Lagrangian becomes
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and the neutrino mass matrix is given by
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The neutrino mass matrix m⌫ can be diagonalised, up to
O(mDi/m⌫Ri

), by the neutrino mixing matrix N which
can be written, up to corrections of O(m2
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For the normal order (m⌫1 < m⌫2 < m⌫3), the two mass
squared di↵erences of the light neutrinos determined
from the oscillation data are �m

2

21
= (7.05 � 8.14) ⇥

10�5 eV2 and �m
2

31
= (2.41� 2.60)⇥ 10�3 eV2 [74]. We

have chosen a benchmark point, see Table I, so that it
satisfies these values. Finally, the part of the Lagrangian
specifying neutrino interactions is given by
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where the coupling strengths of the scalars h0
, H for ver-

tices connecting active and sterile neutrinos, respectively,
are as follows
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Additionally, the coupling strengths of the scalars h
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, H

for vertices connecting two sterile states, respectively, are
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mN1 mN2 mN3 yh
0(H)

u ⇥106 yh
0

e(µ)⇥104 yH

e(µ)⇥104
85MeV 130MeV 10GeV 0.8(8) 0.73(1.6) 7.25(15.9)

mh0 mH sin � yh
0(H)

d
⇥106 yh

0(H)
⌫i2 ⇥103 �h

0(H)
N12

⇥103

15MeV 750MeV 0.1 0.8(8) 1.3(12.4) 7.5(74.4)

TABLE I: Benchmark parameter values used for event
generation in LSND, MB and for calculating the muon

g � 2.

IV. THE INTERACTION IN MB AND LSND

In the process shown in Fig. 1, the heavy sterile neu-
trino N2 is produced via the upscattering of a muon neu-
trino (⌫µ = Uµi⌫i) present in the beam, both for MB
and LSND. Once N2 is produced, it decays promptly to
another lighter sterile neutrino N1 and a light scalar h0.
In our scenario, N1 is a long-lived particle that either
escapes the detector or decays to lighter dark particles
but h

0 decays promptly to a collimated e
+
e
� pair and

produces the visible light that comprises the signal.
As shown in Fig. 1, both H and h

0 act as mediators
and contribute to the total cross section. The contribu-
tion of h0 is much smaller (⇠ 10%) compared to that of
H, since sin � ' 0.1. However, this small contribution
plays an important role in producing the correct angular
distribution in MB, as we discuss later. In our model,
H and h

0 predominantly couple to the first generation of
quarks (u and d) and have negligible or tiny couplings
to other families. The e↵ective coupling (FN ) of either
scalar to a nucleon (N) can be written as [75–77]

FN

MN

=
X

q=u,d

f
N

Tq

fq

mq

. (27)

 (Abdallah, RG and Roy 2010.06159) 

MeV energies, 
both for beam 
and particle 
masses 



α, β = e, µ, τ .
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Figure 3. ⌫µ ! ⌫µ and ⌫̄µ ! ⌫̄µ survival probabilities as a function of neutrino
energy for the MINOS baseline, L = 730 km without the presence of NSI with and
with NSI, "µ⌧ = ±0.1. The matter density was assumed to be constant, ⇢ = 3.2 g/cm3.

of the 2 flavor system [102], as follows,

i
d

dr

"
⌫
0
e

⌫
0
µ

#
=

(
U✓12

"
0 0

0 �21

#
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†
✓12

+
X

f

Vf
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c
2
13�ef � "

f

D
"
f

N

"
f ⇤
N

"
f

D

#)"
⌫
0
e

⌫
0
µ

#
, (21)
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with ⌫
0
⌧
being decoupled from the system [102], and diagonal "D and o↵-diagonal "N

NSI parameters are related to "↵� as [74],

"D = c13s13Re
⇥
ei�CP (s23 "eµ + c23 "e⌧ )

⇤
� (1 + s

2
13)c23s23Re("µ⌧ )

� c
2
13

2
("ee � "µµ) +

s
2
23 � s

2
13c

2
23

2
("⌧⌧ � "µµ) , (23)

"N = c13(c23 "eµ � s23 "e⌧ ) + s13e
�i�CP

⇥
s
2
23 "µ⌧ � c

2
23 "

⇤
µ⌧

+ c23s23("⌧⌧ � "µµ)
⇤
. (24)

In this approximation, the survival probability is given as

P (⌫e ! ⌫e) = s
4
13 + c

4
13P2⌫(⌫

0
e
! ⌫

0
e
), (25)

where P2⌫(⌫ 0
e
! ⌫

0
e
) is calculated for the e↵ective 2 flavor system described by (21).

According to [74], the bounds on these parameters are �0.25 < "D < �0.02 and

�0.14 < "N < 0.12 at 90% CL assuming NSI with d-quark.

In Table 2 we show the summary of the bounds on the propagation NSI.

4. NSI phenomenology in detection

Several experiments have been devoted specifically to measure with precision the

neutrino interaction with quarks and leptons. They are performed at very short
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Figure 2. Survival probabilities of ⌫µ ! ⌫µ (upper panels) and ⌫µ ! ⌫e (lower
panels) as a function of the neutrino energy for di↵erent zenith angle of incoming
neutrinos, cos ✓z = �0.3 (left panels), �0.6 (middle panels) and �1 (right panels).
The normal mass ordering was assumed.

It is also pointed out in [44] that atmospheric neutrino data alone can not essentially

constrain "ee parameter. Therefore, in general one can obtain the allowed regions of "e⌧
and "⌧⌧ for given values of ✏ee as done in [44, 99]. For example, from Fig. 9 of [99],

we see that for sin2
✓23 = 0.5, for "ee = �0.5, 0, and 0.5, "e⌧ <⇠ , 0.08, 0.11 and 0.18,

respectively, at 90% CL.

3.4. NSI for accelerator neutrinos

So far the bounds on propagation NSI from accelerator neutrinos mainly come from the

⌫µ ! ⌫µ and ⌫̄µ ! ⌫̄µ channels. For these channels, at first approximation, the relevant

NSI parameters are "µ⌧ , "µµ and "⌧⌧ . The ⌫µ ! ⌫µ and ⌫̄µ ! ⌫̄µ survival probabilities

as a function of neutrino energy for the MINOS baseline, L = 730 km, are shown in

Fig. 3. The computations were done without the presence of NSI (solid lines) and with

"µ⌧ = ±0.1 (dotted and dashed lines). As it is possible to see from Fig. 3 the impact

of NSI for ⌫ and ⌫̄ channels are opposite.

The bounds obtained by the MINOS collaboration [101], translated to the notation

used in this review, can be stated as �0.067 < "µ⌧ < 0.023 at 90% CL.

3.5. NSI for solar neutrinos

The most updated analysis of solar neutrinos in the context of the propagation NSI

comes from [74]. For solar neutrinos, under the so called one mass scale dominance

approximation, |�m
2
31| ! 1, the neutrino evolution can be e↵ectively reduced to that

Miranda and Nunokawa, 1505.06254



U relates the weak interaction 
eigenstates and the mass eigenstates 
through the leptonic mixing parameters 
θ12, θ13, θ23, δ (the Dirac CP-violating 
phase), as well as ρ and σ (the Majorana 
CP-violating phases).
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Two flavour oscillations with NSI

Note that as  

, i.e. as NSI effects disappear,we get 

Thus, we get back the SM MSW 
matter oscillations. 

We thus see that measurements of mass-squared differences and mixing 
angles can be affected by the presence of NSI when we study neutrino 
oscillations in matter. 



have different dependences on L/E, will appear in the oscillation probability. Another

peculiar feature in the survival probability is that, in the case of α = β, CP violating terms

in the last line of Eq. (13) should, in principle, not vanish. Note that Eq. (13) is also valid

in the MUV model and could be very instructive for analyzing the CP violating effects in

the MUV model in future long baseline experiments.

III. REACTOR NEUTRINO EXPERIMENTS

Reactor neutrino experiments with short or medium baselines are only sensitive to the

survival probability P (ν̄s
e → ν̄d

e ). The typical energy of antineutrinos produced in nuclear

reactors is around a few MeV, which indicates that the Earth matter effects are extremely

small and can safely be neglected. Hence, we take (Û ≃ U , m̂i ≃ mi) or effectively set

VCC = 0 in Eq. (5). As mentioned above, among all the NSI parameters, only εseα and εdαe

are relevant to our discussion. It has been pointed out that for realistic reactor neutrino

experiments, the leading-order NSIs are of the V ±A type, and the relation εseα = εd∗αe holds

well [7]. Therefore, we assume εseα = εd∗αe = |εeα|eiφeα in the current consideration and neglect

the superscript ‘s’ throughout the following parts of this work. It can be seen from Eq. (12)

that the imaginary parts of the parameters J i
ee disappear, and hence, the corresponding

ν̄s
e → ν̄d

e oscillation is a CP conserved process.

Similar to the case without NSIs, one may define the effective mixing angles θ̃13 and

θ̃12, in which all the NSI effects are included. For the smallest mixing angle θ̃13, we take

α = β = e and i = 3 in Eq. (12) together with the standard parametrization defined by

Eq. (6), and obtain the mapping between θ̃13 and θ13

s̃213 = s213 + 2s13c13 [s23 cos(δ − φeµ)|εeµ|+ c23 cos(δ − φeτ )|εeτ |

−s23 cos(δ − φee − φeµ)|εee||εeµ|− c23 cos(δ − φee − φeτ)|εee||εeτ |]

+(s223c
2

13 − s213)|εeµ|2 + (c223c
2

13 − s213)|εeτ |2

+2s23c23c
2
13 cos(φeµ − φeτ)|εeµ||εeτ |+O(ε3) , (14)

where the third-order terms in ε are neglected. As for the effective mixing angle θ̃12, we take

α = β = e and i = 2, and obtain

s̃212c̃
2
13 = s212c

2
13 + 2s12c12c13 [c23 cos(φeµ)|εeµ|− s23 cos(φeτ)|εeτ |]

−2s212s13c13 [s23 cos(δ − φeµ)|εeµ|+ c23 cos(δ − φeτ )|εeτ |] +O(ε2) . (15)
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Since the NSI parameters should not be comparable to the sizable mixing angle θ12, only

the first-order terms in ε are taken into account in Eq. (15).

With the help of the effective mixing angles θ̃13 and θ̃12, the survival probability reads

P (ν̄s
e → ν̄d

e ) = 1− cos4 θ̃13 sin
2 2θ̃12 sin

2
∆m2

21L

4E
− cos2 θ̃12 sin

2 2θ̃13 sin
2
∆m2

31L

4E

− sin2 θ̃12 sin
2 2θ̃13 sin

2 ∆m2
32L

4E
. (16)

A. Short baseline reactor experiments and θ13

The forthcoming two improved short baseline reactor neutrino experiments Double Chooz

and Daya Bay are planned with the same goal of searching for the smallest leptonic mixing

angle θ13. Both of these two experiments make use of the same concept: one near detector

is placed a few hundred meters from the core of the nuclear power plant in order to reduce

systematic errors and one far detector is located at distance (L ≃ 1 − 2 km) close to the

first maximum of the survival probability caused by the large mass squared difference ∆m2
31.

The ν̄e → ν̄e channel is dominated by the atmospheric oscillation dip, which allows us to

safely neglect the term containing ∆m2
21 in Eq. (16), and we arrive at

P (ν̄s
e → ν̄d

e ) ≃ 1− sin2 2θ̃13 sin
2
∆m2

31L

4E
. (17)

Since NSIs are only sub-leading order effects, higher-order terms proportional to εs213 can

be ignored, and then the effective mixing angle θ̃13 in Eq. (14) approximates to

s̃213 = s213 + 2s13 [s23 cos(δ − φeµ)|εeµ|+ c23 cos(δ − φeτ)|εeτ |]

+s223|εeµ|2 + c223|εeτ |2 + 2|εeµ||εeτ |s23c23 cos(φeµ − φeτ ) +O(ε3, εs213) . (18)

Note that s̃213 is invariant with respect to the exchange εeµ ↔ εeτ , and obviously, in the limit

ε → 0, θ̃13 equals θ13. Equation (18) clearly shows how the mixing angle θ13 is modified by

NSIs. Some comments are in order:

• The contributions coming from the NSI parameter εee are always correlated with

higher-order corrections, and hence cannot be well constrained in a reactor experiment.

However, it induces an enhancement of the total neutrino flux at a near detector,

which appears as an overall factor in the oscillation probability if we do not normalize

neutrino states as in Eq. (1). Due to the flux uncertainty in reactor experiments, it is

very hard for this enhancement to be observed [7].
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Putting constraints on NSI…………detection of reactor neutrinos
In general, somewhat complicated analytical expressions which mimic the form of 
SM probabilities are possible


