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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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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

11

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

0
X

↵�
(⌫̄↵�

µPL`�)
�
f̄ 0�µPXf

�
, (15)

LNC�NSI = �2
p
2GF ✏fX

↵�
(⌫̄↵�

µPL⌫�)
�
f̄�µPXf

�
. (16)

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

11

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

0
X

↵�
(⌫̄↵�

µPL`�)
�
f̄ 0�µPXf

�
, (15)

LNC�NSI = �2
p
2GF ✏fX

↵�
(⌫̄↵�

µPL⌫�)
�
f̄�µPXf

�
. (16)

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

11

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

0
X

↵�
(⌫̄↵�

µPL`�)
�
f̄ 0�µPXf

�
, (15)

LNC�NSI = �2
p
2GF ✏fX

↵�
(⌫̄↵�

µPL⌫�)
�
f̄�µPXf

�
. (16)

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

Yasaman Farzan         Neutrino 2022 2



Neutral current NSI

11

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

0
X

↵�
(⌫̄↵�

µPL`�)
�
f̄ 0�µPXf

�
, (15)

LNC�NSI = �2
p
2GF ✏fX

↵�
(⌫̄↵�

µPL⌫�)
�
f̄�µPXf

�
. (16)

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

<latexit sha1_base64="NA6c46fvnfA8oVxCVIQ/Za3W74Q=">AAACCXicbVC7SgNBFJ2NrxhfUUubwSBYhV0Jahm0sYxgHpBdw93J3WTI7IOZWSEs29r4KzYWitj6B3b+jZNHoYkHBg7n3Mudc/xEcKVt+9sqrKyurW8UN0tb2zu7e+X9g5aKU8mwyWIRy44PCgWPsKm5FthJJELoC2z7o+uJ335AqXgc3elxgl4Ig4gHnIE2Uq9MXUwUF4ZmLohkCK6PGvL7LOjkro6p3StX7Ko9BV0mzpxUyByNXvnL7ccsDTHSTIBSXcdOtJeB1JwJzEtuqjABNoIBdg2NIETlZdMkOT0xSp8GsTQv0nSq/t7IIFRqHPpmMgQ9VIveRPzP66Y6uPQyHiWpxojNDgWpoCbipBba5xKZFmNDgElu/krZECQwbcormRKcxcjLpHVWdc6rtdtapX41r6NIjsgxOSUOuSB1ckMapEkYeSTP5JW8WU/Wi/VufcxGC9Z855D8gfX5AyaImp4=</latexit>

✏fX↵� ! 0 Standard Model 

11

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
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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
0
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↵�
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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Allowed regions at 90% CL (��2 = 2.71)

Vector Axial Vector
1 Parameter Marginalized 1 Parameter Marginalized

"ee [�0.09,+0.14] [�1.05,+0.17] [�0.05,+0.10] [�0.38,+0.24]

"µµ [�0.51,+0.35] [�2.38,+1.54] [�0.29,+0.19]� [+0.68,+1.45] [�1.47,+2.37]

"⌧⌧ [�0.66,+0.52] [�2.85,+2.04] [�0.40,+0.36]� [+0.69,+1.44] [�1.82,+2.81]

"eµ [�0.34,+0.61] [�0.83,+0.84] [�0.30,+0.43] [�0.79,+0.76]

"e⌧ [�0.48,+0.47] [�0.90,+0.85] [�0.40,+0.38] [�0.81,+0.78]

"µ⌧ [�0.25,+0.36] [�2.07,+2.06] [�1.10,�0.75]� [�0.13,+0.22] [�1.95,+1.91]

Table 2. 90% CL bounds (1 d.o.f., 2-sided) on the coefficients of NSI operators with electrons, for
the vector ("V ) and axial vector ("A) scenarios. Results are provided separately for two cases: when
only one NSI operator is included at at time (“1 Parameter”) or when the remaining NSI coefficients
are allowed to float freely in the fit (“Marginalized”).

of the matter potential on the fit is very limited and the sensitivity comes dominantly from
NSI effects on the detection cross section.6 We also find that, even allowing all 6 vector
NSI coefficients to vary freely in the analysis, �2

min,SM+NSIV � �2
min,SM is only �0.2.

Our allowed regions for vector NSI are presented in Fig. 4, where we see that the
potential of Borexino to test NSI with electrons is again limited in this multi-parameter
scenario: Borexino is only able to constrain NSI at the level of |"V↵↵| < O(2� 3) for flavour-
diagonal interactions, and |"V↵� | < O(1) for the off-diagonal parameters. Precise values for
the allowed regions at 90% CL are given in Tab. 2.

The features describing the allowed regions in the two-dimensional projections of the
��2 are qualitatively similar to the results found for the axial case, albeit with some
differences. In particular the regions for "Vµµ and "V⌧⌧ are slightly more symmetric than the
axial case. Again, this can be qualitatively understood if the cross section in Eq. (2.8) is
rewritten in terms of the axial and vector couplings which results in Eq. (4.5) but replacing
cA↵ $ cV ↵ and "A↵↵ $ "V↵↵. Thus, a similar interference as in the axial case takes place
here; however since cV µ = cV ⌧ ⇠ �0.04 the quasi-degenerate SM-like solution lies closer to
the SM so the region is more symmetric about zero.

For completeness, we also provide our results for NSI involving only left-handed and
right-handed electrons in Tab. 3, where we again show the results obtained turning on only
one operator at a time, and allowing all NSI operators simultaneously in the fit. We have
numerically checked that, if only a single operator is included, we recover the results of the
Borexino collaboration for both left-handed and right-handed NSI (Fig. 5 in Ref. [25]) with
a very good accuracy. The only difference is the secondary minimum for "Lee ⇠ �1.3 which
is outside of the range of parameters explored in Ref. [25].

6A similar finding was also reported in Ref. [25], although only on-diagonal operators were considered
in that case.
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Figure 3. 90% CL allowed regions on flavor diagonal NSI with up-quarks (for zero values of all
other NSI coe�cients) from the analysis of COHERENT CsI and Ar data, the Dresden-II reactor
data – with Fef (YBe) quenching factor in left (right) panel –, and their combination. Note that,
in the two-dimensional panels, the results for the Dresden-II reactor experiment are obtained for 1
dof, while the rest of the regions are obtained for 2 dof.

points that satisfy
h
QW + (2Z +N) "uee + (2N + Z) "dee

i2
= constant , (4.2)

which follow lines in the ("uee, "
d
ee) plane with the slope given by �(2Z + N)/(2N + Z).

As seen in the figure, the analysis employing the Fef quenching factor results in slightly

stronger constraints. In most scenarios we find that the analysis using the Fef quenching

factor reproduces slightly better the SM predictions and therefore leaves less room for new

physics. Exception, as we will see, is the case for some models with light vector mediators

for which a local non-standard minima appears in the analysis with the YBe quenching

factor, which results in slightly stronger constraints (see Sec. 4.4).

CE⌫NS at the COHERENT experiment is sensitive to interactions of electron and

muon neutrinos and hence, it provides information on the corresponding e↵ective combi-

nations QCsI
e ("), QCsI

µ ("), QAr
e ("), QAr

µ ("). Generically, because both ⌫e and ⌫µ are present

in the beam, degeneracies between NSI parameters corresponding to e and µ flavors appear.

This is illustrated in Fig. 3, where we show the allowed regions obtained from our combined

analysis of CE⌫NS at COHERENT with both CsI and Ar targets for flavor-diagonal NSIs

with up-quarks only (the results for NSI with only down-quarks are similar). The shape

of these regions for a given nucleus leads to allowed regions defined by a band around the

points that approximately obey the equation of an ellipse in the ("uee, "
u
µµ) plane,

[QW + (2Z +N) "uee]
2 + 2

⇥
QW + (2Z +N) "uµµ

⇤2
= constant . (4.3)

– 15 –

P. Coloma  et al., “Bounds on new physics with data of the Dresden-II reactor experiment and 
COHERENT,'' JHEP 05 (2022), 037

Figure 3. 90% CL allowed regions on flavor diagonal NSI with up-quarks (for zero values of all
other NSI coe�cients) from the analysis of COHERENT CsI and Ar data, the Dresden-II reactor
data – with Fef (YBe) quenching factor in left (right) panel –, and their combination. Note that,
in the two-dimensional panels, the results for the Dresden-II reactor experiment are obtained for 1
dof, while the rest of the regions are obtained for 2 dof.

points that satisfy
h
QW + (2Z +N) "uee + (2N + Z) "dee

i2
= constant , (4.2)

which follow lines in the ("uee, "
d
ee) plane with the slope given by �(2Z + N)/(2N + Z).

As seen in the figure, the analysis employing the Fef quenching factor results in slightly

stronger constraints. In most scenarios we find that the analysis using the Fef quenching

factor reproduces slightly better the SM predictions and therefore leaves less room for new

physics. Exception, as we will see, is the case for some models with light vector mediators

for which a local non-standard minima appears in the analysis with the YBe quenching

factor, which results in slightly stronger constraints (see Sec. 4.4).

CE⌫NS at the COHERENT experiment is sensitive to interactions of electron and

muon neutrinos and hence, it provides information on the corresponding e↵ective combi-

nations QCsI
e ("), QCsI

µ ("), QAr
e ("), QAr

µ ("). Generically, because both ⌫e and ⌫µ are present

in the beam, degeneracies between NSI parameters corresponding to e and µ flavors appear.

This is illustrated in Fig. 3, where we show the allowed regions obtained from our combined

analysis of CE⌫NS at COHERENT with both CsI and Ar targets for flavor-diagonal NSIs

with up-quarks only (the results for NSI with only down-quarks are similar). The shape

of these regions for a given nucleus leads to allowed regions defined by a band around the

points that approximately obey the equation of an ellipse in the ("uee, "
u
µµ) plane,

[QW + (2Z +N) "uee]
2 + 2

⇥
QW + (2Z +N) "uµµ

⇤2
= constant . (4.3)

– 15 –
Yasaman Farzan         Neutrino 2022 7



Oscillation in matter in presence of NSI
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Oscillation is senstive to 
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background shapes
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Energy spectrum
Upturn toward the lower energy?
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Data (statistically merged)
SK+SNO best fit expectation
KamLAND best fit expectation
Quadratic fit
Exponential fit

Slightly favors up-turn, though need more data

Cubic fit

See also the poster MT10-097 by A.Yankelevich
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Day-Night flux difference
Direct MSW effect
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Significance of D/N asymmetry:

Fit SK data with error

3.2σ for Solar Best fit 
3.1σ for Global Best fit 
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1.5  sigma discrepancy between KamLAND and SK from D/N asymmetry
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Global neutrino oscillation 
analysis plus COHERENT

Total Rate Data Release t+E Our Fit t+E Chicago Our Fit t+E Duke
"
u
ee [�0.012, +0.621] [+0.043, +0.384] [�0.032, +0.533] [�0.004, +0.496]

"
u
µµ [�0.115, +0.405] [�0.050, +0.062] [�0.094, +0.071] � [+0.302, +0.429] [�0.045, +0.108] � [+0.290, +0.399]

"
u
⌧⌧ [�0.116, +0.406] [�0.050, +0.065] [�0.095, +0.125] � [+0.302, +0.428] [�0.045, +0.141] � [+0.290, +0.399]

"
u
eµ [�0.059, +0.033] [�0.055, +0.027] [�0.060, +0.036] [�0.060, +0.034]

"
u
e⌧ [�0.250, +0.110] [�0.141, +0.090] [�0.243, +0.118] [�0.222, +0.113]

"
u
µ⌧ [�0.012, +0.008] [�0.006, +0.006] [�0.013, +0.009] [�0.012, +0.009]

"
d
ee [�0.015, +0.566] [+0.036, +0.354] [�0.030, +0.468] [�0.006, +0.434]

"
d
µµ [�0.104, +0.363] [�0.046, +0.057] [�0.083, +0.077] � [+0.278, +0.384] [�0.037, +0.099] � [+0.267, +0.356]

"
d
⌧⌧ [�0.104, +0.363] [�0.046, +0.059] [�0.083, +0.083] � [+0.279, +0.383] [�0.038, +0.104] � [+0.268, +0.354]

"
d
eµ [�0.058, +0.032] [�0.052, +0.024] [�0.059, +0.034] [�0.058, +0.034]

"
d
e⌧ [�0.198, +0.103] [�0.106, +0.082] [�0.196, +0.107] [�0.181, +0.101]

"
d
µ⌧ [�0.008, +0.008] [�0.005, +0.005] [�0.008, +0.008] [�0.007, +0.008]

"
p
ee [�0.035, +2.056] [+0.142, +1.239] [�0.095, +1.812] [�0.024, +1.723]

"
p
µµ [�0.379, +1.402] [�0.166, +0.204] [�0.312, +0.138] � [+1.036, +1.456] [�0.166, +0.337] � [+0.952, +1.374]

"
p
⌧⌧ [�0.379, +1.409] [�0.168, +0.257] [�0.313, +0.478] � [+1.038, +1.453] [�0.167, +0.582] � [+0.950, +1.382]

"
p
eµ [�0.179, +0.112] [�0.174, +0.086] [�0.179, +0.120] [�0.187, +0.131]

"
p
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p
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Table 2. 2� allowed ranges for the NSI couplings "
u
↵� , "

d
↵� and "

p
↵� as obtained from the global analysis of oscillation plus COHERENT data. See

text for details.

–
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P. Coloma, et al, “Improved global fit to Non-Standard 
neutrino Interactions using COHERENT energy
and timing data,” JHEP 02 (2020), 023

Yasaman Farzan         Neutrino 2022 12



What is the underlying model for the 
effective four-fermion Lagrangian?
■ Integrating out       with mass             and coupling 
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Underlying theory for NSI

Integrating out a heavy intermediate  state

Neutral U(1) gauge boson as 
mediator

Yasaman Farzan         Neutrino 2022 14



Underlying theory for NSI

Charged scalar (a la Fierz transformation)

Integrating out a heavy intermediate  state

Neutral U(1) gauge boson as 
mediator

Forero and Huang, JHEP 1703 (2017); Bischer,
Rodejohann and Xu, JHEP 1810 (2018) 096,
arXiv:1807.08102
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Underlying theory for NSI

Integrating out a heavy intermediate  state

Neutral U(1) gauge boson as 
mediator

Our Focus
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PDG
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Too small NSI
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Can we make a viable model for          ?

Motivation: LMA-Dark solution for solar  neutrino
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Oscillation in matter in presence of NSI
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LMA-Dark solution

■ Miranda, Tortola and Valle, JHEP 2006; Escrihuela et al., PRD 2009
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Generalized mass ordering degeneracy

28

V. NSI AT UPCOMING LONG BASELINE EXPERIMENTS: T2HK, T2HKK, DUNE, JUNO AND
MOMENT

In recent years, rich literature has been developed on the possibility of detecting the NSI e↵ects in upcoming long
baseline neutrino experiments. In particular, degeneracies induced by the presence of NSI in the DUNE experiment
have been scrutinized [15–18, 214–224]. In sect. VA, we review the e↵ects of NSI at DUNE, T2HK and T2HKK
experiments. In sect VB, we show how intermediate baseline reactor experiments such as JUNO and RENO-50 can
help to determine sign(cos 2✓12) and therefore test the LMA-Dark solution. In sect VC, we show how the MOMENT
experiment can help to determine the octant of ✓23 and the true value of � despite the presence of NSI. Throughout
this section, we set ✏µµ = 0 for definiteness and consistency with the majority of our references.

A. NSI at upcoming long baseline neutrino experiments

Let us first briefly review the setups of the three upcoming state-of-the-art long baseline neutrino experiments which
are designed to measure the yet unknown neutrino parameters with special focus on the Dirac CP-violating phase of
the PMNS matrix.

• DUNE: The source of the DUNE experiment will be at the Fermilab and the detector will be located at Sanford
Underground Research Facility (SURF) at Homestake mine in South Dakota [103]. The baseline will be 1300
km. The far detector will be a 40 kton liquid Argon detector sitting on axis with the beam so the spectrum will
be broad band. The energy of the neutrino beam will be around 3 GeV which comes from an 80 GeV proton
beam with 1.47 ⇥ 1021 POT per year. A reasonable assumption for data taking is 3.5 years in each neutrino
and antineutrinos modes.

• T2HK: The source of T2HK [225] will be upgraded 30 GeV JPARC beam with 2.7⇥ 1021 POT per year. The
Hyper-Kamiokande detector with fiducial volume of 0.56 Mton [226] (25 times that of Super-Kamiokande) will
be located in Kamiokande, 2.5� o↵ axis so the spectrum will be narrow band. The energy of neutrinos will be
around 0.6 GeV. The baseline of this experiment is 295 km. A reasonable assumption for data taking is the
2TankHK-staged configuration 11 for which the data taking time is 6 years for one tank plus another 4 years
with second tank [222]. The ratio of running time in neutrino mode to that in the antineutrino mode is 1:3.

• T2HKK: This project is an extension of T2HK [219] with an extra detector in Korea with a baseline of 1100 km.
Two options with 2.5� o↵-axis-angle and 1.5� o↵-axis-angle have been discussed which respectively correspond
to neutrino energies of 0.6 GeV and 0.8 GeV.

Notice that at T2HK, both energy of the neutrino beam and the baseline are lower than those at DUNE. We therefore
expect the DUNE experiment to be more sensitive to both standard and non-standard matter e↵ects than T2HK
and T2HKK. Although the baseline for the Korean detector of T2HKK is comparable to the DUNE baseline, the
DUNE experiment will be more sensitive to matter e↵ects than T2HKK, because the energy of the beam at T2HKK
is lower. Detailed simulation confirms this expectation [222]. In the presence of NSI, new degeneracies will appear in
long baseline neutrino experiments for determination of the value of �, mass ordering and the octant of ✓23. One of
the famous degeneracies is the so called generalized mass ordering degeneracy [11, 13, 19, 123, 222]. The oscillation
probability remains invariant under the following simultaneous transformations

✓12 ! ⇡

2
� ✓12, � ! ⇡ � �, �m2

31 ! ��m2
31 +�m2

21, and Veff ! �S · V ⇤
eff

· S (56)

where S = Diag(1,�1,�1) and (Veff )↵� =
p
2GFNe[(�↵1��1) + ✏↵� ] in which ✏↵� =

P
f2{e,u,d}(Nf/Ne)✏

f

↵�
depends

on the composition of medium. Notice that the LMA-Dark solution with ✓12 > ⇡/4 and ✏f ⇠ �1 [13] is related to the
generalized mass ordering transformation from the standard LMA solution with ✏ = 0. For the Earth (with Np ' Nn),
we can write Nu/Ne ' Nd/Ne = 3. Notice however that the transformation in Eq. (56) does not depend on the beam
energy or baseline. As a result, by carrying out long baseline neutrino experiments on Earth with di↵erent baseline
and beam energy configurations, this degeneracy cannot be resolved. Resolving this degeneracy requires media with
di↵erent Nn/Ne composition. Notice that although the nuclear compositions of the Earth core and mantle are quite
di↵erent, Nn/Ne is uniformly close to 1 across the Earth radius [113]. However, Nn/Ne in the Sun considerably

11 KEK Preprint 2016-21 and ICRR-Report-701-2016-1, https://lib-extopc.kek.jp/preprints/PDF/2016/1627/1627021.pdf

By carrying out long baseline neutrino experiments on Earth 
with different baseline and beam energy configurations, this 
degeneracy cannot be resolved.
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long baseline neutrino experiments for determination of the value of �, mass ordering and the octant of ✓23. One of
the famous degeneracies is the so called generalized mass ordering degeneracy [11, 13, 19, 123, 222]. The oscillation
probability remains invariant under the following simultaneous transformations
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energy or baseline. As a result, by carrying out long baseline neutrino experiments on Earth with di↵erent baseline
and beam energy configurations, this degeneracy cannot be resolved. Resolving this degeneracy requires media with
di↵erent Nn/Ne composition. Notice that although the nuclear compositions of the Earth core and mantle are quite
di↵erent, Nn/Ne is uniformly close to 1 across the Earth radius [113]. However, Nn/Ne in the Sun considerably
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this section, we set ✏µµ = 0 for definiteness and consistency with the majority of our references.

A. NSI at upcoming long baseline neutrino experiments

Let us first briefly review the setups of the three upcoming state-of-the-art long baseline neutrino experiments which
are designed to measure the yet unknown neutrino parameters with special focus on the Dirac CP-violating phase of
the PMNS matrix.

• DUNE: The source of the DUNE experiment will be at the Fermilab and the detector will be located at Sanford
Underground Research Facility (SURF) at Homestake mine in South Dakota [103]. The baseline will be 1300
km. The far detector will be a 40 kton liquid Argon detector sitting on axis with the beam so the spectrum will
be broad band. The energy of the neutrino beam will be around 3 GeV which comes from an 80 GeV proton
beam with 1.47 ⇥ 1021 POT per year. A reasonable assumption for data taking is 3.5 years in each neutrino
and antineutrinos modes.

• T2HK: The source of T2HK [225] will be upgraded 30 GeV JPARC beam with 2.7⇥ 1021 POT per year. The
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Two options with 2.5� o↵-axis-angle and 1.5� o↵-axis-angle have been discussed which respectively correspond
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energy or baseline. As a result, by carrying out long baseline neutrino experiments on Earth with di↵erent baseline
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In recent years, rich literature has been developed on the possibility of detecting the NSI e↵ects in upcoming long
baseline neutrino experiments. In particular, degeneracies induced by the presence of NSI in the DUNE experiment
have been scrutinized [15–18, 214–224]. In sect. VA, we review the e↵ects of NSI at DUNE, T2HK and T2HKK
experiments. In sect VB, we show how intermediate baseline reactor experiments such as JUNO and RENO-50 can
help to determine sign(cos 2✓12) and therefore test the LMA-Dark solution. In sect VC, we show how the MOMENT
experiment can help to determine the octant of ✓23 and the true value of � despite the presence of NSI. Throughout
this section, we set ✏µµ = 0 for definiteness and consistency with the majority of our references.

A. NSI at upcoming long baseline neutrino experiments

Let us first briefly review the setups of the three upcoming state-of-the-art long baseline neutrino experiments which
are designed to measure the yet unknown neutrino parameters with special focus on the Dirac CP-violating phase of
the PMNS matrix.

• DUNE: The source of the DUNE experiment will be at the Fermilab and the detector will be located at Sanford
Underground Research Facility (SURF) at Homestake mine in South Dakota [103]. The baseline will be 1300
km. The far detector will be a 40 kton liquid Argon detector sitting on axis with the beam so the spectrum will
be broad band. The energy of the neutrino beam will be around 3 GeV which comes from an 80 GeV proton
beam with 1.47 ⇥ 1021 POT per year. A reasonable assumption for data taking is 3.5 years in each neutrino
and antineutrinos modes.

• T2HK: The source of T2HK [225] will be upgraded 30 GeV JPARC beam with 2.7⇥ 1021 POT per year. The
Hyper-Kamiokande detector with fiducial volume of 0.56 Mton [226] (25 times that of Super-Kamiokande) will
be located in Kamiokande, 2.5� o↵ axis so the spectrum will be narrow band. The energy of neutrinos will be
around 0.6 GeV. The baseline of this experiment is 295 km. A reasonable assumption for data taking is the
2TankHK-staged configuration 11 for which the data taking time is 6 years for one tank plus another 4 years
with second tank [222]. The ratio of running time in neutrino mode to that in the antineutrino mode is 1:3.

• T2HKK: This project is an extension of T2HK [219] with an extra detector in Korea with a baseline of 1100 km.
Two options with 2.5� o↵-axis-angle and 1.5� o↵-axis-angle have been discussed which respectively correspond
to neutrino energies of 0.6 GeV and 0.8 GeV.

Notice that at T2HK, both energy of the neutrino beam and the baseline are lower than those at DUNE. We therefore
expect the DUNE experiment to be more sensitive to both standard and non-standard matter e↵ects than T2HK
and T2HKK. Although the baseline for the Korean detector of T2HKK is comparable to the DUNE baseline, the
DUNE experiment will be more sensitive to matter e↵ects than T2HKK, because the energy of the beam at T2HKK
is lower. Detailed simulation confirms this expectation [222]. In the presence of NSI, new degeneracies will appear in
long baseline neutrino experiments for determination of the value of �, mass ordering and the octant of ✓23. One of
the famous degeneracies is the so called generalized mass ordering degeneracy [11, 13, 19, 123, 222]. The oscillation
probability remains invariant under the following simultaneous transformations
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on the composition of medium. Notice that the LMA-Dark solution with ✓12 > ⇡/4 and ✏f ⇠ �1 [13] is related to the
generalized mass ordering transformation from the standard LMA solution with ✏ = 0. For the Earth (with Np ' Nn),
we can write Nu/Ne ' Nd/Ne = 3. Notice however that the transformation in Eq. (56) does not depend on the beam
energy or baseline. As a result, by carrying out long baseline neutrino experiments on Earth with di↵erent baseline
and beam energy configurations, this degeneracy cannot be resolved. Resolving this degeneracy requires media with
di↵erent Nn/Ne composition. Notice that although the nuclear compositions of the Earth core and mantle are quite
di↵erent, Nn/Ne is uniformly close to 1 across the Earth radius [113]. However, Nn/Ne in the Sun considerably
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Suggestion

■ What if 
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Suggestion

■ What if

■ Bounds can be avoided not because the mass of the intermediate state is high

But because coupling is small! 
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Cosmological bounds on extra 
relativistic degrees of freedom 
■ Huang, Ohlsson and Zhou, PRD 97 (2018) 75009
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Bounds on Couplings of neutrinos
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P Bakhti and YF, PRD 95 (2017) 095008
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P Bakhti and YF, PRD 95 (2017) 095008

Artamonov et al., 
BNL-E494 collaboration, 
PRD 79 (2009) 092004
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Coupling to quarks

■ Non-chiral couplings: No impact on total measurement at SNO

■ Flavor universal: Going to mass basis 

Y.F. and J Heeck, PRD 94 (2016)
053010
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Coupling to neutrinos

■ Direct coupling to neutrinos

Gauge symmetry: 

Yasaman Farzan         Neutrino 2022 33

Charged leptons including the electron obtain NSI.



Harnik, Kopp and Machado, JCAP 1207 (2012) 026
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✏ee = 0
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✏µµ, ✏⌧⌧ 6= 0

Oscillation is sensitive to 
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Can we build a model for nonzero ee 
and off-diagonal elements?
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13

the preferred value of �m2
21 by KamLAND and by solar experiments that can be eased by introducing NSI. More

surprisingly, these studies revealed an alternative solution to the standard LMA–MSW, known as LMA-Dark or LMA-
D solution [9–11], requiring NSI with strength ✏dV

⌧⌧
� ✏dV

ee
' 1. The presence of this new degenerate solution to the

solar neutrino anomaly, shown in Fig. 5, can be understood in the framework of two-neutrino mixing as follows. Under
this approximation (justified by the fact that sin2 ✓13 ⌧ 1), the two by two Hamiltonian matrix can be diagonalized
with an e↵ective mixing angle given by

tan 2✓m12 =
sin 2✓12(�m2

12/2E)

cos 2✓12(�m2
12/2E)� (Hm)ee

. (18)

The splitting between two eigenvalues is given by

�m =

 
(Hm)2

ee
+

✓
�m2

21

2E

◆2

� �m2
21

E
(Hm)ee cos 2✓12

!1/2

. (19)

Under the simultaneous transformations cos 2✓12 ! � cos 2✓12 and (Hm)ee ! �(Hm)ee, we find ✓m12 ! ⇡/2�✓m12 and
�m ! �m which means that the o↵-diagonal elements of the 2⇥ 2 Hamiltonian remains the same but the diagonal
elements (the 11 and 22 elements) flip. That is, P (⌫e ! ⌫e) changes to P (⌫c ! ⌫c) where ⌫c ⌘ c23⌫µ � s23⌫⌧ is the
combination that ⌫e converts to (that is h⌫c|⌫3i = h⌫c|⌫ei = 0). Since in two neutrino approximation, we can write
P (⌫e ! ⌫e) + P (⌫e ! ⌫c) = 1, P (⌫c ! ⌫e) + P (⌫c ! ⌫c) = 1 and P (⌫e ! ⌫c) = P (⌫c ! ⌫e). We therefore conclude
P (⌫e ! ⌫e) = P (⌫c ! ⌫c). As a result, under the transformation described above, P (⌫e ! ⌫e) remains invariant.
This transformation is not possible for the case of standard matter e↵ects, where the value of (Hm)ee is fixed top
2GFNe. However, if one considers the presence of neutrino NSI with the matter field f , the e↵ective Hamiltonian

in the medium is modified to:

H 0
m

= Hm +HNSI =
p
2GFNe

0

@
1 0 0
0 0 0
0 0 0

1

A+
p
2GF

X

f

Nf

0

@
✏fV
ee

✏fV
eµ

✏fV
e⌧

✏fV ⇤
eµ

✏fV
µµ

✏fV
µ⌧

✏fV ⇤
e⌧

✏fV ⇤
µ⌧

✏fV
⌧⌧

1

A . (20)

Allowing for su�ciently large values of the ✏fV
ee

coupling in the e↵ective Hamiltonian in matter H 0
m
, it is now possible

to apply the transformation described above, obtaining a degenerate solution to the solar neutrino anomaly with
cos 2✓12 < 0. Notice that, letting cos 2✓12 to change sign, we are violating the historical choice of keeping ✓12 in the
first octant and, therefore, ⌫1 will not be anymore the state giving the largest contribution to ⌫e, but the lighter one
between those two eigenstates that give the main contribution to ⌫e. This change of definition is in fact equivalent to
maintain the same convention regarding the allowed range for the mixing angle, but allowing �m2

21 to be negative.
Indeed, changing �m2

21 ! ��m2
21 instead of cos 2✓12 ! � cos 2✓12, we would find the same degeneracy. In other

words, for a given Hm, solar neutrino data only determine the sign of the product �m2
21 cos 2✓12, not the signs of

�m2
21 and cos 2✓12 separately, and therefore there is a freedom in definition. Since the LMA-D solution was introduced

in the literature keeping �m2
21 positive while allowing ✓12 to vary in the range (0,⇡/2) [9] and this convention has

become popular in the literature since then, we will use it along this review. Note also that the degeneracy found at
the neutrino oscillation probability is exact only for a given composition of matter (i.e., for a given Nn/Np = Nn/Ne).
The composition slightly varies across the Sun radius and of course is quite di↵erent for the Sun and the Earth.
Because of this, the allowed regions in the neutrino oscillation parameter space for the LMA and LMA-D solutions
are not completely degenerate. A small �2 di↵erence between the best fit point of the LMA solution and the local
minimum of LMA-Dark solution appears because the relevant data analyses take into account the varying composition
of the Sun and the day-night asymmetry due to propagation in the Earth.

Unfortunately, the degeneracy between the LMA and LMA-Dark solutions could not be lifted by the KamLAND
reactor experiment because KamLAND was not sensitive to the octant of the solar mixing angle due to the lack of
matter e↵ects. A possible way to solve this problem was proposed in Ref. [10]. There, it was found that the combination
of solar experiments, KamLAND and neutrino neutral–current scattering experiments, such as CHARM [122], may
help to probe the LMA-D solution. The relevance of the degeneracy in the solar neutrino parameter determination
has been explored recently in Ref. [123]. As discussed in this analysis, the ambiguity of LMA-D does not a↵ect only
the octant of the solar mixing angle but it also makes impossible the determination of the neutrino mass ordering
at oscillation experiments. More recently, a global analysis of neutrino scattering and solar neutrino experiments
was performed to further investigate the situation of the LMA-D solution [124]. Besides the accelerator experiment
CHARM, the authors also considered the NuTeV experiment [125]. They found that the degenerate LMA-D solution
may be lifted for NSI with down quarks, although it does not disappear for the case of neutrino NSI with up quarks.
As discussed in that work, constraints from CHARM and NuTeV experiments can be however directly applied only



NSI for neutrinos but not for charged 
leptons

Mixing with        :     
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⌫� + � 

��⌫� +  
<latexit sha1_base64="CM8uuCXVbdEr/q0QuebvUGWdbGk=">AAACKXicbVDLSgMxFM3UVx1fVZdugkUQxDIjgi6LblxWsA/oDMOdNG1DM5mQZIRS+jtu/BU3Coq69UdM21nU1gOBk3POJbknlpxp43lfTmFldW19o7jpbm3v7O6V9g8aOs0UoXWS8lS1YtCUM0HrhhlOW1JRSGJOm/HgduI3H6nSLBUPZihpmEBPsC4jYKwUlaqByKIgpgbwWTAAKSG/BVIz7AZEuefz+lx8FolKZa/iTYGXiZ+TMspRi0pvQSclWUKFIRy0bvueNOEIlGGE07EbZJpKIAPo0balAhKqw9F00zE+sUoHd1NljzB4qs5PjCDRepjENpmA6etFbyL+57Uz070OR0zIzFBBZg91M45Niie14Q5TlBg+tASIYvavmPRBATG2XNeW4C+uvEwaFxXfq/j3l+XqTV5HER2hY3SKfHSFqugO1VAdEfSEXtA7+nCenVfn0/meRQtOPnOI/sD5+QXFh6Wv</latexit><latexit sha1_base64="CM8uuCXVbdEr/q0QuebvUGWdbGk=">AAACKXicbVDLSgMxFM3UVx1fVZdugkUQxDIjgi6LblxWsA/oDMOdNG1DM5mQZIRS+jtu/BU3Coq69UdM21nU1gOBk3POJbknlpxp43lfTmFldW19o7jpbm3v7O6V9g8aOs0UoXWS8lS1YtCUM0HrhhlOW1JRSGJOm/HgduI3H6nSLBUPZihpmEBPsC4jYKwUlaqByKIgpgbwWTAAKSG/BVIz7AZEuefz+lx8FolKZa/iTYGXiZ+TMspRi0pvQSclWUKFIRy0bvueNOEIlGGE07EbZJpKIAPo0balAhKqw9F00zE+sUoHd1NljzB4qs5PjCDRepjENpmA6etFbyL+57Uz070OR0zIzFBBZg91M45Niie14Q5TlBg+tASIYvavmPRBATG2XNeW4C+uvEwaFxXfq/j3l+XqTV5HER2hY3SKfHSFqugO1VAdEfSEXtA7+nCenVfn0/meRQtOPnOI/sD5+QXFh6Wv</latexit><latexit sha1_base64="CM8uuCXVbdEr/q0QuebvUGWdbGk=">AAACKXicbVDLSgMxFM3UVx1fVZdugkUQxDIjgi6LblxWsA/oDMOdNG1DM5mQZIRS+jtu/BU3Coq69UdM21nU1gOBk3POJbknlpxp43lfTmFldW19o7jpbm3v7O6V9g8aOs0UoXWS8lS1YtCUM0HrhhlOW1JRSGJOm/HgduI3H6nSLBUPZihpmEBPsC4jYKwUlaqByKIgpgbwWTAAKSG/BVIz7AZEuefz+lx8FolKZa/iTYGXiZ+TMspRi0pvQSclWUKFIRy0bvueNOEIlGGE07EbZJpKIAPo0balAhKqw9F00zE+sUoHd1NljzB4qs5PjCDRepjENpmA6etFbyL+57Uz070OR0zIzFBBZg91M45Niie14Q5TlBg+tASIYvavmPRBATG2XNeW4C+uvEwaFxXfq/j3l+XqTV5HER2hY3SKfHSFqugO1VAdEfSEXtA7+nCenVfn0/meRQtOPnOI/sD5+QXFh6Wv</latexit><latexit sha1_base64="CM8uuCXVbdEr/q0QuebvUGWdbGk=">AAACKXicbVDLSgMxFM3UVx1fVZdugkUQxDIjgi6LblxWsA/oDMOdNG1DM5mQZIRS+jtu/BU3Coq69UdM21nU1gOBk3POJbknlpxp43lfTmFldW19o7jpbm3v7O6V9g8aOs0UoXWS8lS1YtCUM0HrhhlOW1JRSGJOm/HgduI3H6nSLBUPZihpmEBPsC4jYKwUlaqByKIgpgbwWTAAKSG/BVIz7AZEuefz+lx8FolKZa/iTYGXiZ+TMspRi0pvQSclWUKFIRy0bvueNOEIlGGE07EbZJpKIAPo0balAhKqw9F00zE+sUoHd1NljzB4qs5PjCDRepjENpmA6etFbyL+57Uz070OR0zIzFBBZg91M45Niie14Q5TlBg+tASIYvavmPRBATG2XNeW4C+uvEwaFxXfq/j3l+XqTV5HER2hY3SKfHSFqugO1VAdEfSEXtA7+nCenVfn0/meRQtOPnOI/sD5+QXFh6Wv</latexit>

Z 0
<latexit sha1_base64="OjVt2H8R41H8rTMCEXDwW6dntNI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0GPRi8cq9gPbUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuLaiFg94DjhfkQHSoSCUbTS/eNpr1xxq+4MZJl4OalAjnqv/NXtxyyNuEImqTEdz03Qz6hGwSSflLqp4QllIzrgHUsVjbjxs9mlE3JilT4JY21LIZmpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMqCRFrth8UZhKgjGZvk36QnOGcmwJZVrYWwkbUk0Z2nBKNgRv8eVl0jyvem7Vu7uo1K7zOIpwBMdwBh5cQg1uoQ4NYBDCM7zCmzNyXpx352PeWnDymUP4A+fzBxkqjQ8=</latexit><latexit sha1_base64="OjVt2H8R41H8rTMCEXDwW6dntNI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0GPRi8cq9gPbUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuLaiFg94DjhfkQHSoSCUbTS/eNpr1xxq+4MZJl4OalAjnqv/NXtxyyNuEImqTEdz03Qz6hGwSSflLqp4QllIzrgHUsVjbjxs9mlE3JilT4JY21LIZmpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMqCRFrth8UZhKgjGZvk36QnOGcmwJZVrYWwkbUk0Z2nBKNgRv8eVl0jyvem7Vu7uo1K7zOIpwBMdwBh5cQg1uoQ4NYBDCM7zCmzNyXpx352PeWnDymUP4A+fzBxkqjQ8=</latexit><latexit sha1_base64="OjVt2H8R41H8rTMCEXDwW6dntNI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0GPRi8cq9gPbUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuLaiFg94DjhfkQHSoSCUbTS/eNpr1xxq+4MZJl4OalAjnqv/NXtxyyNuEImqTEdz03Qz6hGwSSflLqp4QllIzrgHUsVjbjxs9mlE3JilT4JY21LIZmpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMqCRFrth8UZhKgjGZvk36QnOGcmwJZVrYWwkbUk0Z2nBKNgRv8eVl0jyvem7Vu7uo1K7zOIpwBMdwBh5cQg1uoQ4NYBDCM7zCmzNyXpx352PeWnDymUP4A+fzBxkqjQ8=</latexit><latexit sha1_base64="OjVt2H8R41H8rTMCEXDwW6dntNI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0GPRi8cq9gPbUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuLaiFg94DjhfkQHSoSCUbTS/eNpr1xxq+4MZJl4OalAjnqv/NXtxyyNuEImqTEdz03Qz6hGwSSflLqp4QllIzrgHUsVjbjxs9mlE3JilT4JY21LIZmpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMqCRFrth8UZhKgjGZvk36QnOGcmwJZVrYWwkbUk0Z2nBKNgRv8eVl0jyvem7Vu7uo1K7zOIpwBMdwBh5cQg1uoQ4NYBDCM7zCmzNyXpx352PeWnDymUP4A+fzBxkqjQ8=</latexit>

Z 0
<latexit sha1_base64="OjVt2H8R41H8rTMCEXDwW6dntNI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0GPRi8cq9gPbUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuLaiFg94DjhfkQHSoSCUbTS/eNpr1xxq+4MZJl4OalAjnqv/NXtxyyNuEImqTEdz03Qz6hGwSSflLqp4QllIzrgHUsVjbjxs9mlE3JilT4JY21LIZmpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMqCRFrth8UZhKgjGZvk36QnOGcmwJZVrYWwkbUk0Z2nBKNgRv8eVl0jyvem7Vu7uo1K7zOIpwBMdwBh5cQg1uoQ4NYBDCM7zCmzNyXpx352PeWnDymUP4A+fzBxkqjQ8=</latexit><latexit sha1_base64="OjVt2H8R41H8rTMCEXDwW6dntNI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0GPRi8cq9gPbUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuLaiFg94DjhfkQHSoSCUbTS/eNpr1xxq+4MZJl4OalAjnqv/NXtxyyNuEImqTEdz03Qz6hGwSSflLqp4QllIzrgHUsVjbjxs9mlE3JilT4JY21LIZmpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMqCRFrth8UZhKgjGZvk36QnOGcmwJZVrYWwkbUk0Z2nBKNgRv8eVl0jyvem7Vu7uo1K7zOIpwBMdwBh5cQg1uoQ4NYBDCM7zCmzNyXpx352PeWnDymUP4A+fzBxkqjQ8=</latexit><latexit sha1_base64="OjVt2H8R41H8rTMCEXDwW6dntNI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0GPRi8cq9gPbUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuLaiFg94DjhfkQHSoSCUbTS/eNpr1xxq+4MZJl4OalAjnqv/NXtxyyNuEImqTEdz03Qz6hGwSSflLqp4QllIzrgHUsVjbjxs9mlE3JilT4JY21LIZmpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMqCRFrth8UZhKgjGZvk36QnOGcmwJZVrYWwkbUk0Z2nBKNgRv8eVl0jyvem7Vu7uo1K7zOIpwBMdwBh5cQg1uoQ4NYBDCM7zCmzNyXpx352PeWnDymUP4A+fzBxkqjQ8=</latexit><latexit sha1_base64="OjVt2H8R41H8rTMCEXDwW6dntNI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0GPRi8cq9gPbUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuLaiFg94DjhfkQHSoSCUbTS/eNpr1xxq+4MZJl4OalAjnqv/NXtxyyNuEImqTEdz03Qz6hGwSSflLqp4QllIzrgHUsVjbjxs9mlE3JilT4JY21LIZmpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMqCRFrth8UZhKgjGZvk36QnOGcmwJZVrYWwkbUk0Z2nBKNgRv8eVl0jyvem7Vu7uo1K7zOIpwBMdwBh5cQg1uoQ4NYBDCM7zCmzNyXpx352PeWnDymUP4A+fzBxkqjQ8=</latexit>
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<latexit sha1_base64="Dsfi1Q1V63WJTAgv+PwmPGEZTU0=">AAAB+HicbVBNS8NAEN3Ur1o/WvXoZbEInkoioh6LXjxWsB/QhLDZTtqlm82yuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzIsmZNq777ZTW1jc2t8rblZ3dvf1q7eCwo9NMUWjTlKeqFxENnAloG2Y49KQCkkQcutH4duZ3H0FplooHM5EQJGQoWMwoMVYKa1WM/TGRkoTgC8BuWKu7DXcOvEq8gtRRgVZY+/IHKc0SEIZyonXfc6UJcqIMoxymFT/TIAkdkyH0LRUkAR3k88On+NQqAxynypYweK7+nshJovUkiWxnQsxIL3sz8T+vn5n4OsiZkJkBQReL4oxjk+JZCnjAFFDDJ5YQqpi9FdMRUYQam1XFhuAtv7xKOucN77JxcX9Rb94UcZTRMTpBZ8hDV6iJ7lALtRFFGXpGr+jNeXJenHfnY9FacoqZI/QHzucPSHGSNg==</latexit>

e 6= 0
<latexit sha1_base64="tP2YFMf+gMNDfo/0wVRp6GqFjVw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5PZn1sV+tuXV3DrJKvILUoECzX/3qDRKWxSgNE1TrruemJsipMpwJnFZ6mcaUsjEdYtdSSWPUQT4/dkrOrDIgUaJsSUPm6u+JnMZaT+LQdsbUjPSyNxP/87qZiW6CnMs0MyjZYlGUCWISMvucDLhCZsTEEsoUt7cSNqKKMmPzqdgQvOWXV0nrou5d1S8fLmuN2yKOMpzAKZyDB9fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx/Xn464</latexit>⌫e

<latexit sha1_base64="tP2YFMf+gMNDfo/0wVRp6GqFjVw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5PZn1sV+tuXV3DrJKvILUoECzX/3qDRKWxSgNE1TrruemJsipMpwJnFZ6mcaUsjEdYtdSSWPUQT4/dkrOrDIgUaJsSUPm6u+JnMZaT+LQdsbUjPSyNxP/87qZiW6CnMs0MyjZYlGUCWISMvucDLhCZsTEEsoUt7cSNqKKMmPzqdgQvOWXV0nrou5d1S8fLmuN2yKOMpzAKZyDB9fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx/Xn464</latexit>⌫e <latexit sha1_base64="RmIhIcc96OVgeQ7eZV6aQIOc4wQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDzFuM8g==</latexit>e
<latexit sha1_base64="RmIhIcc96OVgeQ7eZV6aQIOc4wQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDzFuM8g==</latexit>e

<latexit sha1_base64="tzillW7fD1tWM/tMuTyqZavVbXc=">AAAB/nicbZDNSgMxFIUz9a/Wv1Fx5SZYBFdlRoq6LLpxWcHWQmcomfS2DU0yQ5IRyrTgq7hxoYhbn8Odb2PazkJbDwQ+zr2Xe3OihDNtPO/bKaysrq1vFDdLW9s7u3vu/kFTx6mi0KAxj1UrIho4k9AwzHBoJQqIiDg8RMObaf3hEZRmsbw3owRCQfqS9Rglxlod92gcQKIZt5wBTMaBZgL7HbfsVbyZ8DL4OZRRrnrH/Qq6MU0FSEM50brte4kJM6IMoxwmpSDVkBA6JH1oW5REgA6z2fkTfGqdLu7Fyj5p8Mz9PZERofVIRLZTEDPQi7Wp+V+tnZreVZgxmaQGJJ0v6qUcmxhPs8BdpoAaPrJAqGL2VkwHRBFqbGIlG4K/+OVlaJ5X/ItK9a5arl3ncRTRMTpBZ8hHl6iGblEdNRBFGXpGr+jNeXJenHfnY95acPKZQ/RHzucPodaV6w==</latexit>

|✏ee| ⇠ 1



LFV NSI for neutrinos but not for 
charged leptons

Mixing with        :     
<latexit sha1_base64="17uENeVNbGzAf0rC1EQQVr4Zn7Q=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOplxjer9b8uj8HWSVBQWpQoNmvfvUGMUslKssENaYb+IkNM6otZwJnlV5qMKFsQkfYdVRRiSbM5rfOyJlTBmQYa1fKkrn6eyKj0pipjFynpHZslr1c/M/rpnZ4HWZcJalFxRaLhqkgNib542TANTIrpo5Qprm7lbAx1ZRZF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDMbwDK/w5knvxXv3PhatJa+YOYY/8D5/ACQ/jko=</latexit><latexit sha1_base64="17uENeVNbGzAf0rC1EQQVr4Zn7Q=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOplxjer9b8uj8HWSVBQWpQoNmvfvUGMUslKssENaYb+IkNM6otZwJnlV5qMKFsQkfYdVRRiSbM5rfOyJlTBmQYa1fKkrn6eyKj0pipjFynpHZslr1c/M/rpnZ4HWZcJalFxRaLhqkgNib542TANTIrpo5Qprm7lbAx1ZRZF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDMbwDK/w5knvxXv3PhatJa+YOYY/8D5/ACQ/jko=</latexit><latexit sha1_base64="17uENeVNbGzAf0rC1EQQVr4Zn7Q=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOplxjer9b8uj8HWSVBQWpQoNmvfvUGMUslKssENaYb+IkNM6otZwJnlV5qMKFsQkfYdVRRiSbM5rfOyJlTBmQYa1fKkrn6eyKj0pipjFynpHZslr1c/M/rpnZ4HWZcJalFxRaLhqkgNib542TANTIrpo5Qprm7lbAx1ZRZF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDMbwDK/w5knvxXv3PhatJa+YOYY/8D5/ACQ/jko=</latexit><latexit sha1_base64="17uENeVNbGzAf0rC1EQQVr4Zn7Q=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOplxjer9b8uj8HWSVBQWpQoNmvfvUGMUslKssENaYb+IkNM6otZwJnlV5qMKFsQkfYdVRRiSbM5rfOyJlTBmQYa1fKkrn6eyKj0pipjFynpHZslr1c/M/rpnZ4HWZcJalFxRaLhqkgNib542TANTIrpo5Qprm7lbAx1ZRZF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDMbwDK/w5knvxXv3PhatJa+YOYY/8D5/ACQ/jko=</latexit>

⌫↵ + ↵ 

�↵⌫↵ +  
<latexit sha1_base64="xosL/dmpd63z1ln2zkKeow0EgBw=">AAACLXicbVDLSgMxFM34rOOr6tJNsAiCWGZE0GVRFy4r2Ad0huFOmrahmUxIMkIp/SE3/ooILiri1t8wfQh9eCBwcs49JPfEkjNtPG/orKyurW9s5rbc7Z3dvf38wWFVp5kitEJSnqp6DJpyJmjFMMNpXSoKScxpLe7ejfzaM1WapeLJ9CQNE2gL1mIEjJWi/H0gsigALjuAz4MuSAl/10Bqht2AKPdizphNTIaifMEremPgZeJPSQFNUY7y70EzJVlChSEctG74njRhH5RhhNOBG2SaSiBdaNOGpQISqsP+eNsBPrVKE7dSZY8weKzOJvqQaN1LYjuZgOnoRW8k/uc1MtO6CftMyMxQQSYPtTKOTYpH1eEmU5QY3rMEiGL2r5h0QAExtmDXluAvrrxMqpdF3yv6j1eF0u20jhw6RifoDPnoGpXQAyqjCiLoBb2hIfp0Xp0P58v5noyuONPMEZqD8/MLRIynfw==</latexit><latexit sha1_base64="xosL/dmpd63z1ln2zkKeow0EgBw=">AAACLXicbVDLSgMxFM34rOOr6tJNsAiCWGZE0GVRFy4r2Ad0huFOmrahmUxIMkIp/SE3/ooILiri1t8wfQh9eCBwcs49JPfEkjNtPG/orKyurW9s5rbc7Z3dvf38wWFVp5kitEJSnqp6DJpyJmjFMMNpXSoKScxpLe7ejfzaM1WapeLJ9CQNE2gL1mIEjJWi/H0gsigALjuAz4MuSAl/10Bqht2AKPdizphNTIaifMEremPgZeJPSQFNUY7y70EzJVlChSEctG74njRhH5RhhNOBG2SaSiBdaNOGpQISqsP+eNsBPrVKE7dSZY8weKzOJvqQaN1LYjuZgOnoRW8k/uc1MtO6CftMyMxQQSYPtTKOTYpH1eEmU5QY3rMEiGL2r5h0QAExtmDXluAvrrxMqpdF3yv6j1eF0u20jhw6RifoDPnoGpXQAyqjCiLoBb2hIfp0Xp0P58v5noyuONPMEZqD8/MLRIynfw==</latexit><latexit sha1_base64="xosL/dmpd63z1ln2zkKeow0EgBw=">AAACLXicbVDLSgMxFM34rOOr6tJNsAiCWGZE0GVRFy4r2Ad0huFOmrahmUxIMkIp/SE3/ooILiri1t8wfQh9eCBwcs49JPfEkjNtPG/orKyurW9s5rbc7Z3dvf38wWFVp5kitEJSnqp6DJpyJmjFMMNpXSoKScxpLe7ejfzaM1WapeLJ9CQNE2gL1mIEjJWi/H0gsigALjuAz4MuSAl/10Bqht2AKPdizphNTIaifMEremPgZeJPSQFNUY7y70EzJVlChSEctG74njRhH5RhhNOBG2SaSiBdaNOGpQISqsP+eNsBPrVKE7dSZY8weKzOJvqQaN1LYjuZgOnoRW8k/uc1MtO6CftMyMxQQSYPtTKOTYpH1eEmU5QY3rMEiGL2r5h0QAExtmDXluAvrrxMqpdF3yv6j1eF0u20jhw6RifoDPnoGpXQAyqjCiLoBb2hIfp0Xp0P58v5noyuONPMEZqD8/MLRIynfw==</latexit><latexit sha1_base64="xosL/dmpd63z1ln2zkKeow0EgBw=">AAACLXicbVDLSgMxFM34rOOr6tJNsAiCWGZE0GVRFy4r2Ad0huFOmrahmUxIMkIp/SE3/ooILiri1t8wfQh9eCBwcs49JPfEkjNtPG/orKyurW9s5rbc7Z3dvf38wWFVp5kitEJSnqp6DJpyJmjFMMNpXSoKScxpLe7ejfzaM1WapeLJ9CQNE2gL1mIEjJWi/H0gsigALjuAz4MuSAl/10Bqht2AKPdizphNTIaifMEremPgZeJPSQFNUY7y70EzJVlChSEctG74njRhH5RhhNOBG2SaSiBdaNOGpQISqsP+eNsBPrVKE7dSZY8weKzOJvqQaN1LYjuZgOnoRW8k/uc1MtO6CftMyMxQQSYPtTKOTYpH1eEmU5QY3rMEiGL2r5h0QAExtmDXluAvrrxMqpdF3yv6j1eF0u20jhw6RifoDPnoGpXQAyqjCiLoBb2hIfp0Xp0P58v5noyuONPMEZqD8/MLRIynfw==</latexit>

⌫� + � 

��⌫� +  
<latexit sha1_base64="CM8uuCXVbdEr/q0QuebvUGWdbGk=">AAACKXicbVDLSgMxFM3UVx1fVZdugkUQxDIjgi6LblxWsA/oDMOdNG1DM5mQZIRS+jtu/BU3Coq69UdM21nU1gOBk3POJbknlpxp43lfTmFldW19o7jpbm3v7O6V9g8aOs0UoXWS8lS1YtCUM0HrhhlOW1JRSGJOm/HgduI3H6nSLBUPZihpmEBPsC4jYKwUlaqByKIgpgbwWTAAKSG/BVIz7AZEuefz+lx8FolKZa/iTYGXiZ+TMspRi0pvQSclWUKFIRy0bvueNOEIlGGE07EbZJpKIAPo0balAhKqw9F00zE+sUoHd1NljzB4qs5PjCDRepjENpmA6etFbyL+57Uz070OR0zIzFBBZg91M45Niie14Q5TlBg+tASIYvavmPRBATG2XNeW4C+uvEwaFxXfq/j3l+XqTV5HER2hY3SKfHSFqugO1VAdEfSEXtA7+nCenVfn0/meRQtOPnOI/sD5+QXFh6Wv</latexit><latexit sha1_base64="CM8uuCXVbdEr/q0QuebvUGWdbGk=">AAACKXicbVDLSgMxFM3UVx1fVZdugkUQxDIjgi6LblxWsA/oDMOdNG1DM5mQZIRS+jtu/BU3Coq69UdM21nU1gOBk3POJbknlpxp43lfTmFldW19o7jpbm3v7O6V9g8aOs0UoXWS8lS1YtCUM0HrhhlOW1JRSGJOm/HgduI3H6nSLBUPZihpmEBPsC4jYKwUlaqByKIgpgbwWTAAKSG/BVIz7AZEuefz+lx8FolKZa/iTYGXiZ+TMspRi0pvQSclWUKFIRy0bvueNOEIlGGE07EbZJpKIAPo0balAhKqw9F00zE+sUoHd1NljzB4qs5PjCDRepjENpmA6etFbyL+57Uz070OR0zIzFBBZg91M45Niie14Q5TlBg+tASIYvavmPRBATG2XNeW4C+uvEwaFxXfq/j3l+XqTV5HER2hY3SKfHSFqugO1VAdEfSEXtA7+nCenVfn0/meRQtOPnOI/sD5+QXFh6Wv</latexit><latexit sha1_base64="CM8uuCXVbdEr/q0QuebvUGWdbGk=">AAACKXicbVDLSgMxFM3UVx1fVZdugkUQxDIjgi6LblxWsA/oDMOdNG1DM5mQZIRS+jtu/BU3Coq69UdM21nU1gOBk3POJbknlpxp43lfTmFldW19o7jpbm3v7O6V9g8aOs0UoXWS8lS1YtCUM0HrhhlOW1JRSGJOm/HgduI3H6nSLBUPZihpmEBPsC4jYKwUlaqByKIgpgbwWTAAKSG/BVIz7AZEuefz+lx8FolKZa/iTYGXiZ+TMspRi0pvQSclWUKFIRy0bvueNOEIlGGE07EbZJpKIAPo0balAhKqw9F00zE+sUoHd1NljzB4qs5PjCDRepjENpmA6etFbyL+57Uz070OR0zIzFBBZg91M45Niie14Q5TlBg+tASIYvavmPRBATG2XNeW4C+uvEwaFxXfq/j3l+XqTV5HER2hY3SKfHSFqugO1VAdEfSEXtA7+nCenVfn0/meRQtOPnOI/sD5+QXFh6Wv</latexit><latexit sha1_base64="CM8uuCXVbdEr/q0QuebvUGWdbGk=">AAACKXicbVDLSgMxFM3UVx1fVZdugkUQxDIjgi6LblxWsA/oDMOdNG1DM5mQZIRS+jtu/BU3Coq69UdM21nU1gOBk3POJbknlpxp43lfTmFldW19o7jpbm3v7O6V9g8aOs0UoXWS8lS1YtCUM0HrhhlOW1JRSGJOm/HgduI3H6nSLBUPZihpmEBPsC4jYKwUlaqByKIgpgbwWTAAKSG/BVIz7AZEuefz+lx8FolKZa/iTYGXiZ+TMspRi0pvQSclWUKFIRy0bvueNOEIlGGE07EbZJpKIAPo0balAhKqw9F00zE+sUoHd1NljzB4qs5PjCDRepjENpmA6etFbyL+57Uz070OR0zIzFBBZg91M45Niie14Q5TlBg+tASIYvavmPRBATG2XNeW4C+uvEwaFxXfq/j3l+XqTV5HER2hY3SKfHSFqugO1VAdEfSEXtA7+nCenVfn0/meRQtOPnOI/sD5+QXFh6Wv</latexit>

⌫�
<latexit sha1_base64="+HYNCJeYhnjVtBkakPkCUft9YTA=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9kOaUDbbSbt0swm7E6GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpDi2eyER3Q2ZACgUtFCihm2pgcSihE45vZ37nCbQRiXrASQpBzIZKRIIztNKjr7K+HwKyfrXm1t056CrxClIjBZr96pc/SHgWg0IumTE9z00xyJlGwSVMK35mIGV8zIbQs1SxGEyQzw+e0jOrDGiUaFsK6Vz9PZGz2JhJHNrOmOHILHsz8T+vl2F0HeRCpRmC4otFUSYpJnT2PR0IDRzlxBLGtbC3Uj5imnG0GVVsCN7yy6ukfVH33Lp3f1lr3BRxlMkJOSXnxCNXpEHuSJO0CCcxeSav5M3Rzovz7nwsWktOMXNM/sD5/AHVspBq</latexit><latexit sha1_base64="+HYNCJeYhnjVtBkakPkCUft9YTA=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9kOaUDbbSbt0swm7E6GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpDi2eyER3Q2ZACgUtFCihm2pgcSihE45vZ37nCbQRiXrASQpBzIZKRIIztNKjr7K+HwKyfrXm1t056CrxClIjBZr96pc/SHgWg0IumTE9z00xyJlGwSVMK35mIGV8zIbQs1SxGEyQzw+e0jOrDGiUaFsK6Vz9PZGz2JhJHNrOmOHILHsz8T+vl2F0HeRCpRmC4otFUSYpJnT2PR0IDRzlxBLGtbC3Uj5imnG0GVVsCN7yy6ukfVH33Lp3f1lr3BRxlMkJOSXnxCNXpEHuSJO0CCcxeSav5M3Rzovz7nwsWktOMXNM/sD5/AHVspBq</latexit><latexit sha1_base64="+HYNCJeYhnjVtBkakPkCUft9YTA=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9kOaUDbbSbt0swm7E6GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpDi2eyER3Q2ZACgUtFCihm2pgcSihE45vZ37nCbQRiXrASQpBzIZKRIIztNKjr7K+HwKyfrXm1t056CrxClIjBZr96pc/SHgWg0IumTE9z00xyJlGwSVMK35mIGV8zIbQs1SxGEyQzw+e0jOrDGiUaFsK6Vz9PZGz2JhJHNrOmOHILHsz8T+vl2F0HeRCpRmC4otFUSYpJnT2PR0IDRzlxBLGtbC3Uj5imnG0GVVsCN7yy6ukfVH33Lp3f1lr3BRxlMkJOSXnxCNXpEHuSJO0CCcxeSav5M3Rzovz7nwsWktOMXNM/sD5/AHVspBq</latexit><latexit sha1_base64="+HYNCJeYhnjVtBkakPkCUft9YTA=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9kOaUDbbSbt0swm7E6GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpDi2eyER3Q2ZACgUtFCihm2pgcSihE45vZ37nCbQRiXrASQpBzIZKRIIztNKjr7K+HwKyfrXm1t056CrxClIjBZr96pc/SHgWg0IumTE9z00xyJlGwSVMK35mIGV8zIbQs1SxGEyQzw+e0jOrDGiUaFsK6Vz9PZGz2JhJHNrOmOHILHsz8T+vl2F0HeRCpRmC4otFUSYpJnT2PR0IDRzlxBLGtbC3Uj5imnG0GVVsCN7yy6ukfVH33Lp3f1lr3BRxlMkJOSXnxCNXpEHuSJO0CCcxeSav5M3Rzovz7nwsWktOMXNM/sD5/AHVspBq</latexit>

l+�
<latexit sha1_base64="Bwfnbq4A9+h3Gwd1fgVHouDLVmM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWsB/SxrLZTtqlm03Y3Qgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSzvzThBP6IDyUPOqLHSg+h1AzT08axXrrhVdwayTLycVCBHvVf+6vZjlkYoDRNU647nJsbPqDKcCZyUuqnGhLIRHWDHUkkj1H42O3hCTqzSJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/IzLJDUo2XxRmApiYjL9nvS5QmbE2BLKFLe3EjakijJjMyrZELzFl5dJ87zquVXv7qJSu87jKMIRHMMpeHAJNbiFOjSAQQTP8ApvjnJenHfnY95acPKZQ/gD5/MHZVaQIA==</latexit><latexit sha1_base64="Bwfnbq4A9+h3Gwd1fgVHouDLVmM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWsB/SxrLZTtqlm03Y3Qgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSzvzThBP6IDyUPOqLHSg+h1AzT08axXrrhVdwayTLycVCBHvVf+6vZjlkYoDRNU647nJsbPqDKcCZyUuqnGhLIRHWDHUkkj1H42O3hCTqzSJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/IzLJDUo2XxRmApiYjL9nvS5QmbE2BLKFLe3EjakijJjMyrZELzFl5dJ87zquVXv7qJSu87jKMIRHMMpeHAJNbiFOjSAQQTP8ApvjnJenHfnY95acPKZQ/gD5/MHZVaQIA==</latexit><latexit sha1_base64="Bwfnbq4A9+h3Gwd1fgVHouDLVmM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWsB/SxrLZTtqlm03Y3Qgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSzvzThBP6IDyUPOqLHSg+h1AzT08axXrrhVdwayTLycVCBHvVf+6vZjlkYoDRNU647nJsbPqDKcCZyUuqnGhLIRHWDHUkkj1H42O3hCTqzSJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/IzLJDUo2XxRmApiYjL9nvS5QmbE2BLKFLe3EjakijJjMyrZELzFl5dJ87zquVXv7qJSu87jKMIRHMMpeHAJNbiFOjSAQQTP8ApvjnJenHfnY95acPKZQ/gD5/MHZVaQIA==</latexit><latexit sha1_base64="Bwfnbq4A9+h3Gwd1fgVHouDLVmM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWsB/SxrLZTtqlm03Y3Qgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSzvzThBP6IDyUPOqLHSg+h1AzT08axXrrhVdwayTLycVCBHvVf+6vZjlkYoDRNU647nJsbPqDKcCZyUuqnGhLIRHWDHUkkj1H42O3hCTqzSJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/IzLJDUo2XxRmApiYjL9nvS5QmbE2BLKFLe3EjakijJjMyrZELzFl5dJ87zquVXv7qJSu87jKMIRHMMpeHAJNbiFOjSAQQTP8ApvjnJenHfnY95acPKZQ/gD5/MHZVaQIA==</latexit>

l+↵
<latexit sha1_base64="lmkJYClXteo742eNKiBvmtv0zhU=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWsB/YxjLZbtqlm03Y3Qgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epoqxBYxGrdoCaCS5Zw3AjWDtRDKNAsFYwupn6rSemNI/lvRknzI9wIHnIKRorPYheF0UyxMezXrniVt0ZyDLxclKBHPVe+avbj2kaMWmoQK07npsYP0NlOBVsUuqmmiVIRzhgHUslRkz72eziCTmxSp+EsbIlDZmpvycyjLQeR4HtjNAM9aI3Ff/zOqkJr/yMyyQ1TNL5ojAVxMRk+j7pc8WoEWNLkCpubyV0iAqpsSGVbAje4svLpHle9dyqd3dRqV3ncRThCI7hFDy4hBrcQh0aQEHCM7zCm6OdF+fd+Zi3Fpx85hD+wPn8AS6okJQ=</latexit><latexit sha1_base64="lmkJYClXteo742eNKiBvmtv0zhU=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWsB/YxjLZbtqlm03Y3Qgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epoqxBYxGrdoCaCS5Zw3AjWDtRDKNAsFYwupn6rSemNI/lvRknzI9wIHnIKRorPYheF0UyxMezXrniVt0ZyDLxclKBHPVe+avbj2kaMWmoQK07npsYP0NlOBVsUuqmmiVIRzhgHUslRkz72eziCTmxSp+EsbIlDZmpvycyjLQeR4HtjNAM9aI3Ff/zOqkJr/yMyyQ1TNL5ojAVxMRk+j7pc8WoEWNLkCpubyV0iAqpsSGVbAje4svLpHle9dyqd3dRqV3ncRThCI7hFDy4hBrcQh0aQEHCM7zCm6OdF+fd+Zi3Fpx85hD+wPn8AS6okJQ=</latexit><latexit sha1_base64="lmkJYClXteo742eNKiBvmtv0zhU=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWsB/YxjLZbtqlm03Y3Qgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epoqxBYxGrdoCaCS5Zw3AjWDtRDKNAsFYwupn6rSemNI/lvRknzI9wIHnIKRorPYheF0UyxMezXrniVt0ZyDLxclKBHPVe+avbj2kaMWmoQK07npsYP0NlOBVsUuqmmiVIRzhgHUslRkz72eziCTmxSp+EsbIlDZmpvycyjLQeR4HtjNAM9aI3Ff/zOqkJr/yMyyQ1TNL5ojAVxMRk+j7pc8WoEWNLkCpubyV0iAqpsSGVbAje4svLpHle9dyqd3dRqV3ncRThCI7hFDy4hBrcQh0aQEHCM7zCm6OdF+fd+Zi3Fpx85hD+wPn8AS6okJQ=</latexit><latexit sha1_base64="lmkJYClXteo742eNKiBvmtv0zhU=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWsB/YxjLZbtqlm03Y3Qgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epoqxBYxGrdoCaCS5Zw3AjWDtRDKNAsFYwupn6rSemNI/lvRknzI9wIHnIKRorPYheF0UyxMezXrniVt0ZyDLxclKBHPVe+avbj2kaMWmoQK07npsYP0NlOBVsUuqmmiVIRzhgHUslRkz72eziCTmxSp+EsbIlDZmpvycyjLQeR4HtjNAM9aI3Ff/zOqkJr/yMyyQ1TNL5ojAVxMRk+j7pc8WoEWNLkCpubyV0iAqpsSGVbAje4svLpHle9dyqd3dRqV3ncRThCI7hFDy4hBrcQh0aQEHCM7zCm6OdF+fd+Zi3Fpx85hD+wPn8AS6okJQ=</latexit>⌫↵
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Coupling of neutrinos through mixing

Fernandez-Martinez et al., JHEP 08 (2016) 033
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Y.F. and J. Heeck,
PRD94 (2016)

Solar neutrino coherent
Interaction in future direct
dark matter search experiments
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Credibility limit of four Fermi effective 
interaction
■ For neutrino oscillation,

(forward scattering).     

A. Yu. Smirnov and X-J Xu, JHEP 2 (2019) 046
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High energy neutrino scattering 
experiments

Suppression factor

Bounds from CHARM II and  NuTeV are relaxed
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Coherent  Elastic neutrino Nucleus 
Scattering

the cross section is enhanced by [A � 2Z(1 � 2 sin2 ✓W )]2 and is relatively large. However, it
is difficult to detect CE⌫NS due to low nuclear recoil energies ⇠ keV. Recently the COHERENT
collaboration [12] reported the first detection of CE⌫NS at 6.7 � [11]. COHERENT uses neutrinos
from pion decay at rest (DAR) coming from the Spallation Neutron Source (SNS) at Oak Ridge
National Laboratory detected in a low threshold CsI detector.

We calculate the CE⌫NS event rates as a function of the NSI parameters as described in [24]
using form factors from [29] and a detection threshold of 7 keV [30]. We assume the background
to be 20% of the signal and a systematic uncertainty in the total flux of 20% consistent with the
uncertainties reported by COHERENT. We marginalize the �2 over the normalization uncertainty
using the pull method [31].

The SNS beam is pulsed which means that the ⌫µ’s from the prompt ⇡+ decay can be distin-
guished from the delayed ⌫e’s and ⌫̄µ’s from the µ+ decay coming from the initial ⇡+ decay. We
make use of two separate timing bins contributing to the �2 as first described in [24]: the prompt
component and delayed components. The numbers of prompt and delayed events, as a function of
each flavor are

Np = N⌫µ + Pc(N⌫e + N⌫̄µ) ,

Nd = (1 � Pc)(N⌫e + N⌫̄µ) ,
(4.1)

where the contamination from early muon decay given by

Pc =
1

pw

Z pw

0
dt[1 � e�(bw�t)/�⌧ ] = 0.246 , (4.2)

in which pw = 0.695 µs is the pulse width and bw = 1 µs is the bin width from the data presented
by COHERENT. Note that our results are fairly insensitive to the value of Pc; as long as the prompt
and delayed events can be largely separated, we get the full benefit of discriminating between the
flavors. The contamination due to other backgrounds are suppressed by at least two orders of
magnitude and are safely ignored here.

The per-flavor event rates are then given by

N↵ = Nt�t
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2⇡
Mt
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Er,tr

dEr

Z
dE⌫�↵(E⌫)

Q2
w↵(

p
2MtEr)

4
F 2(2MtEr)

✓
2 �

MtEr

E2
⌫

◆
,

(4.3)
where Mt is the mass of the target nuclei, Nt is the number of target nuclei in the detector, and
Er,tr is the threshold recoil energy. The electroweak charge is

Q2
w↵(q)

4
=

⇥
ZgV

p + NgV
n + 3(Z + N)✏q,V

↵↵ (q)
⇤2

+ 9(Z + N)2
X

� 6=↵

h
✏q,V
↵� (q)

i2
, (4.4)

and the normalized per-flavor fluxes from ⇡DAR are to an excellent approximation given by kine-
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(4.5)

where E⌫ 2 [0, mµ/2]. In general we fix all off-diagonal NSI terms to be zero unless otherwise
specified. Note that there is a degeneracy in the weak charge between the SM and NSI which
occurs at

✏q,V
↵↵ (q) = �

2(ZgV
p + NgV

n )

3(Z + N)
. (4.6)

For COHERENT, this corresponds to ✏q,V
↵↵ = 0.18 in the heavy mediator limit for gV

n = �
1
2 and

gV
p = 1

2 � 2 sin2 ✓W ⇡ 0.055.
The current COHERENT constraints in the ✏ee sector are shown in Fig. 1 for heavy mediator

at x = 0. Note that these results are stronger than those previously presented [11] due to the
additional timing information to separate electron and muon neutrinos. While the SM (✏ = 0) is
included within the blue bands, it is disfavored. A good fit with �2 = 0 can be obtained by varying
more than just the ✏q,V

ee terms.
For COHERENT to be sensitive to the details of the Z 0, there must be nonzero momentum

transfer. This leads us to define the generalized NSI coefficient,

✏f,V
↵� (q) ⌘

(g⌫)↵�gf

2
p
2GF (q2 + M2

Z0)
= ✏f,V

↵� (0)
M2

Z0

q2 + M2
Z0

, (4.7)

which is related to the ✏’s relevant to oscillation physics by taking the q = 0 limit, ✏f,V
↵� ⌘ ✏f,V

↵� (q =

0).
For MZ0 ⇠ q, in principle by studying the energy dependence of the scattering cross section,

the values of both MZ0 and the product (g⌫)↵�gf can be extracted. Taking a flavor universal
coupling to neutrinos and using the released COHERENT data, Ref. [15] constrains p

g⌫gq for
MZ0 ⇠ few 10 MeV. In principle, by using the timing information to discriminate between flavors a
similar analysis of energy spectrum can be carried out for arbitrary flavor structure of NSI including
the LMA–Dark flavor pattern in Eq. (3.1). Although the COHERENT collaboration has released
the information both on time (count per arrival time bin) and on energy (count per number of
photoelectrons), it has not unfortunately released information on simultaneous dependence on both
(count per time per number of the photoelectrons). In the absence of this information, we have
resorted to using only the timing (or equivalently only flavor information) to derive bounds on
MZ0 . In the event that COHERENT releases the energy spectrum in both timing bins, we expect
that even stronger constraints could be placed by combining timing and energy information.

Taking the LMA–Dark solution (i.e., flavor pattern in Eq. (3.1)) with various values of x and
Yn = 1/3 (the average neutron yield in the Sun), we have computed ✏f,V

↵� (q) in terms of MZ0 and
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LMA-Dark solution

■ Miranda, Tortola and Valle, JHEP 2006; Escrihuela et al., PRD 2009
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IS LMA-Dark ruled out?

Coherent Elastic neutrino  Nucleus Scattering experiments can probe this 
solution.
P. Coloma, M.C. Gonzalez-Garcia, M. Maltoni and T. Schwetz,, Phys. Rev. D 96 (2017) 
115007, J. Liao and D. Marfatia,, Phys. Lett. B 775 (2017) 54, P.B. Denton, Y. Farzan 
and I.M. Shoemaker, JHEP 07 (2018) 037, C. Giunti, Phys.Rev. D 101 (2020) 035039, 
P. Coloma, I. Esteban, M.C. Gonzalez-Garcia and M. Maltoni, JHEP 02 (2020) 023, O.G. 
Miranda, D.K. Papoulias, G. Sanchez Garcia, O. Sanders, M. Tórtola and J.W.F. Valle, 
JHEP 05 (2020) 130, B. Dutta, R.F. Lang, S. Liao, S. Sinha, L. Strigari and A. Thompson, 
JHEP 09 (2020) 106, M Chaves and T. Schwetz, JHEP 05 (2021) 042; P. B. Denton and 
J Gehrlein, arXiv:2204.09060
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COHERENT experiment

Neutrino source: Pion decay at rest

Coloma et al,
JHEP 1704 (2017)
116

Arbitrary
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Denton, YF  and Shoemaker,  JHEP 1807 (2018) 037; arXiv:1804.03660.

COherent NeUtrino Scattering experiment (CONUS)

Germanium detector with detection threshold of 0.1 keV located 17 m away from
a nuclear power plant 3.9 GW in Brokdorf, Germany
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✏u = ✏d
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Figure 6. Upper left panel: 90% CL excluded regions for models with light vector mediators
coupled universally to all relevant fermions. Upper right panel: 90% CL excluded regions for
models with light vector mediators coupled only to Le. Lower panel: 90% CL excluded regions for
models with light vector mediators coupled only to B � L. The thick blue and red dotted lines
show the boundary of the region excluded by the Dresden-II reactor experiment with the Fef and
YBe quenching factors, respectively. The black dashed line shows the boundary of region excluded
from the analysis of COHERENT CsI and Ar data. The filled regions are those excluded by the
combined COHERENT+Dresden-II analysis.

The black dashed lines indicate the boundary of the regions excluded from the analysis

of COHERENT CsI and Ar data and the filled regions correspond to the results of the

COHERENT + Dresden-II combination. We see that COHERENT bounds only give some

contribution for the universal and B � L models for gunivZ0 & 5⇥ 10�4.

Again, we find that for su�ciently light mediator masses (M� . 10�2 MeV) the region

becomes independent of the mediator mass. For these e↵ectively massless vector mediators,

the corresponding 90% CL (1 dof) upper bounds on the coupling constant read

gunivZ0  0.97 (1.0) ⇥ 10�6 ,

gLe
Z0  0.95 (1.0) ⇥ 10�6 , (4.8)

gB�L
Z0  0.96 (1.1) ⇥ 10�6 ,
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■ CAN WE SAY THAT LMA-DARK SOLUTION HAS COMPLETELY DIED?

■ NO

■ IN OUR MODEL,                             but if we allow for 
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assuming a 5% measurement of the weak charge QSM.

In figure 7 the off-diagonal NSI parameters are fixed at zero. If we would allow them
to vary freely, the region between the two vertical reactor bands would be filled, for a
similar reason as discussed in section 3 in the context of COHERENT. However, once the
constraints from oscillation data are applied, the result is practically identical to the fixed
case, cf. figure 8.

In figure 9 we show some examples, where the complementarity of reactor and stopped
pion source can be used to reach high significances. We combine a reactor measurement
using Si with several target materials at ESS. (Results for using Ge at the reactor are very
similar.) The ESS targets have been chosen such that by themselves they cannot reach 3σ,
cf. section 4.1. We observe that the combination of reactor with Ar (Ge) at ESS allows to
reject LMA-dark at more than 4σ (3σ). For the heavy targets Xe and CsI a small region
remains below 3σ around η ≈ −20◦.
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where, α,β = e, µ, τ . The dimensionless parameters εfαβ parametrize the strength of
the new interaction with respect to the Fermi constant GF . Hermiticity requires that
εfαβ = (εfβα)∗. Note that we consider only vector interactions since we are interested in
the contribution to the effective matter potential. The embedding of the low-energy effec-
tive interaction of eq. (2.1) into a consistent effective field theory in the framework of the
Standard Model has been discussed in [37–39].

Following ref. [33] we allow for arbitrary relative couplings to up- and down-quarks
parametrized by a parameter η, but we assume that the relative up- and down-quark
coupling is independent of the neutrino flavour:

εuαβ =
√
5
3 (2 cos η − sin η)εη

αβ , εdαβ =
√
5
3 (2 sin η − cos η)εη

αβ . (2.2)

The analysis is performed in terms of the coefficients εη
αβ and the angle η. The normalization

is chosen such that εη
αβ = εuαβ , εdαβ = 0 for η = arctan(1/2) ≈ 26.6◦ and εη

αβ = εdαβ , εuαβ = 0
for η = arctan(2) ≈ 63.4◦. The effective couplings to protons and neutrons are obtained as

εpαβ = 2εuαβ + εdαβ =
√
5εη

αβ cos η , εnαβ = 2εdαβ + εuαβ =
√
5εη

αβ sin η . (2.3)

To cover the full parameter space we chose the convention to restrict η to the interval
[−π/2,π/2] and consider both signs for εη

αβ .
These NSI will contribute to the effective matter potential [3] in the Hamiltonian

relevant for neutrino propagation. Since the flavour evolution is only sensitive to phase
differences, oscillations are sensitive only to two differences of flavour diagonal NSI, for
instance εη

ee − εη
µµ and εη

µµ − εη
ττ , as well as the three (complex) off-diagonal coefficients

εη
αβ (α $= β). Neutrino scattering experiments are sensitive also to the individual diagonal
NSI, εη

αα.
Let us consider now a NC-type interaction with a medium consisting of nuclei with Z

protons and N neutrons. We define an effective NSI parameter depending on the neutron-
to-proton ratio Y = N/Z by

εY,ηαβ = εpαβ + Y εnαβ =
√
5εη

αβ(cos η + Y sin η) . (2.4)

Note that in general εY,ηαβ may change along a given neutrino trajectory, if the neutron-to-
proton ratio changes along the path. Only if εnαβ = 0, i.e., for η = 0, εY,ηαβ becomes position
independent and is equal to the NSI with protons. In general, sensitivity to η arises due to
data from different matter composition (implying different values of Y ), e.g., matter effects
in the Sun versus Earth, or different target materials in CEνNS experiments as discussed
below.

Our approach is driven by phenomenology, without reference to a specific model re-
alization. A straight-forward way to realise NSI is based on a Z ′ mediator from a new
U(1) gauge symmetry, see e.g., [40–43]; for other possibilities see e.g., [44, 45]. If the U(1)
symmetry is restricted to anomaly free combinations of the SM global symmetries, gener-
ically one expects εuαβ = εdαβ , i.e., η = 45◦. For this case, LMA-dark is already strongly
disfavoured by present data [17]. As discussed below, we focus on the region −40◦ ! η ! 0,
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pion source can be used to reach high significances. We combine a reactor measurement
using Si with several target materials at ESS. (Results for using Ge at the reactor are very
similar.) The ESS targets have been chosen such that by themselves they cannot reach 3σ,
cf. section 4.1. We observe that the combination of reactor with Ar (Ge) at ESS allows to
reject LMA-dark at more than 4σ (3σ). For the heavy targets Xe and CsI a small region
remains below 3σ around η ≈ −20◦.
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Figure 2: Allowed regions determined from the combined analysis of T2K and NOaA in the plane�
qe`/c, |Y4` |

�
and (qeg/c, |Y4g |) for both the NO and IO. The contours have been drawn at the 68%

and 90% confidence level for 2 d.o.f.. The dashed curves correspond to the upper bounds (90% C.L., 2 d.o.f.)
derived from the IceCube data [9]. This figure has been taken from [7].

Figure 3: Allowed regions derived separately by T2K and NOaA for NO in the plane
⇣
XCP/c, sin2 \23

⌘
. Left

panel represents the SM case and middle (right) panel corresponds to the NSI in the 4 � ` (4 � g) sector. In
the middle panel we have considered the NSI parameters at their best fit values obtained from T2K + NOaA
(|Y4` | = 0.15, q4` = 1.38c). Similarly, in the right panel we have taken |Y4g | = 0.275, q4g = 1.62c. The
contours are drawn at the 68% and 90% C.L. for 2 d.o.f.. This figure has been taken from [7].

panel corresponds to the upper bounds given by the analysis of the IceCube data [9]. It can be seen
that the bounds we have obtained from the combined analysis, are compatible with that of IceCube.

Let us now try to understand how the preference of the non-zero values of the NSI couplings in
the 4 � ` and 4 � g sectors help to resolve the tension between the NOaA and T2K measurement on
XCP. In Fig. 3 we display the 68% and 90% C.L. allowed regions for 2 d.o.f. in the plane spanned
by the standard CP-phase XCP and the atmospheric mixing angle \23 in the NO case. The left panel
refers to the SM case, while the middle and right panels concern the SM+NSI scenario with NSI
in the 4 � ` and 4 � g sectors respectively. The red (green) contours correspond to T2K (NOaA)
respectively. From the left panel it is clearly evident that the discrepancy between the NOaA and
T2K lies at more than 90% confidence level. NOaA (T2K) prefers values close to XCP ⇠ 0.8c
(⇠ 1.4c). In the middle and right panel the contours have been drawn considering the best fit values
of the NSI parameters obtained from the combined analysis of both the experiments as shown in
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Introduction. The new datasets[1, 2] from the two long-baseline (LBL) accelerator experiments
NOaA and T2K were recently presented at the Neutrino 2020 Conference. Interestingly, the
measurements on the standard 3-flavor CP-phase XCP show an appreciable discrepancy between the
two experiments in case of NO, and this lies at more than 90% C.L. for 2 degrees of freedom (d.o.f.).
This discrepancy can be attributed either to a statistical fluctuation or to an unknown systematic
error,or it may be the signature of some new physics beyond the Standard Model (SM). In particular,
these two experiments are of di�erent nature with respect to their sensitivity to the matter e�ects
due to their di�erent baselines (810 km for NOaA and 295 km for T2K). This invites ample of
opportunities for the new physics to play an exciting role. In this work we explore the impact of
neutral current (NC) non-standard interactions (NSI) of neutrinos in resolving the tension between
the two experiments.

Theoretical framework. NSI represents the low-energy manifestation of high-energy physics
involving the new heavy states (for a review see [3, 4]) or, the light mediators [5]. As first recognised
in [6], NSI of type neutral current (NC) can alter the dynamics of the neutrino flavor oscillation in
matter and this can be represented by a dimension-six operator [6]

LNC�NSI = �2
p

2⌧�Y
5 ⇠
UV

�
aUW

`%!aV
� �
5 W`%⇠ 5

�
, (1)

where U, V = 4, `, g denote the neutrino flavor, 5 = 4, D, 3 indicate the matter fermions, % represents
the projector operator with superscript ⇠ = !, ' referring to the chirality of the 5 5 current, and
Y 5 ⇠
UV are the strengths of the NSI. The hermiticity of the interaction implies Y 5 ⇠

VU = (Y 5 ⇠
UV )⇤. For

the neutrino propagation in matter, the e�ective NSI couplings can be written as

YUV ⌘
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5 ,⇠

Y 5 ⇠
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# 5
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⌘

’
5 =4,D,3

⇣
Y 5 !
UV + Y 5 '

UV

⌘ # 5

#4
, (2)

# 5 being the number density of 5 fermion. For the neutral and isoscalar Earth matter, #= ' #? =
#4, which in turn leads to #D ' #3 ' 3#4. So, YUV ' Y4UV + 3 YDUV + 3 Y3UV . The e�ective
Hamiltonian which governs the neutrino flavors oscillations through the matter gets modified in
the presence of NSI, for more details see [7]. In this work we focus only on the flavor changing
non-diagonal NSIs |Y4` | and |Y4g | 1 along with their associated CP-phases q4` and q4g respectively
which is a crucial ingredient to resolve the discrepancy between NOaA and T2K we are considering.
Let us focus on the conversion probability relevant for the LBL experiments T2K and NOaA. In
the presence of NSI, the probability can be expressed as the sum of three terms %`4 ' %0 + %1 + %2

which, using a compact notation take the following forms

%0 ' 4B2
13B

2
23 5

2 , (3)

%1 ' 8B13B12212B23223U 5 6 cos(� + XCP) , (4)

%2 ' 8B13B23E |Y | [0 5 2 cos(XCP + q) + 1 5 6 cos(� + XCP + q)] , (5)

where � ⌘ �<2
31!/4⇢ is the atmospheric oscillating frequency, ! is the baseline and ⇢ the neutrino

energy, U ⌘ �<2
21/�<2

31, and E = 2+⇠⇠⇢/�<2
31. Here +⇠⇠ =

p
2⌧�#4 is the charged current

1 |Y`g | is strongly constrained by the atmospheric neutrinos, |Y`g | < 8.0 ⇥ 10�3 [8].
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sin�
<latexit sha1_base64="mWIWYiIsLRoIJPuteA6az5fjMzE=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthaaUDbbTbt0sxt2J0IJ/RlePCji1V/jzX9j0uagrQ8GHu/NMDMvTKSw6LrfTmVtfWNzq7pd29nd2z+oHx51rU4N4x2mpTa9kFouheIdFCh5LzGcxqHkj+HktvAfn7ixQqsHnCY8iOlIiUgwirnU961QxA850tqg3nCb7hxklXglaUCJ9qD+5Q81S2OukElqbd9zEwwyalAwyWc1P7U8oWxCR7yfU0VjboNsfvKMnOXKkETa5KWQzNXfExmNrZ3GYd4ZUxzbZa8Q//P6KUbXQSZUkiJXbLEoSiVBTYr/yVAYzlBOc0KZEfmthI2poQzzlIoQvOWXV0n3oum5Te/+stG6KeOowgmcwjl4cAUtuIM2dICBhmd4hTcHnRfn3flYtFaccuYY/sD5/AFxnZCw</latexit><latexit sha1_base64="mWIWYiIsLRoIJPuteA6az5fjMzE=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthaaUDbbTbt0sxt2J0IJ/RlePCji1V/jzX9j0uagrQ8GHu/NMDMvTKSw6LrfTmVtfWNzq7pd29nd2z+oHx51rU4N4x2mpTa9kFouheIdFCh5LzGcxqHkj+HktvAfn7ixQqsHnCY8iOlIiUgwirnU961QxA850tqg3nCb7hxklXglaUCJ9qD+5Q81S2OukElqbd9zEwwyalAwyWc1P7U8oWxCR7yfU0VjboNsfvKMnOXKkETa5KWQzNXfExmNrZ3GYd4ZUxzbZa8Q//P6KUbXQSZUkiJXbLEoSiVBTYr/yVAYzlBOc0KZEfmthI2poQzzlIoQvOWXV0n3oum5Te/+stG6KeOowgmcwjl4cAUtuIM2dICBhmd4hTcHnRfn3flYtFaccuYY/sD5/AFxnZCw</latexit><latexit sha1_base64="mWIWYiIsLRoIJPuteA6az5fjMzE=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthaaUDbbTbt0sxt2J0IJ/RlePCji1V/jzX9j0uagrQ8GHu/NMDMvTKSw6LrfTmVtfWNzq7pd29nd2z+oHx51rU4N4x2mpTa9kFouheIdFCh5LzGcxqHkj+HktvAfn7ixQqsHnCY8iOlIiUgwirnU961QxA850tqg3nCb7hxklXglaUCJ9qD+5Q81S2OukElqbd9zEwwyalAwyWc1P7U8oWxCR7yfU0VjboNsfvKMnOXKkETa5KWQzNXfExmNrZ3GYd4ZUxzbZa8Q//P6KUbXQSZUkiJXbLEoSiVBTYr/yVAYzlBOc0KZEfmthI2poQzzlIoQvOWXV0n3oum5Te/+stG6KeOowgmcwjl4cAUtuIM2dICBhmd4hTcHnRfn3flYtFaccuYY/sD5/AFxnZCw</latexit><latexit sha1_base64="mWIWYiIsLRoIJPuteA6az5fjMzE=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthaaUDbbTbt0sxt2J0IJ/RlePCji1V/jzX9j0uagrQ8GHu/NMDMvTKSw6LrfTmVtfWNzq7pd29nd2z+oHx51rU4N4x2mpTa9kFouheIdFCh5LzGcxqHkj+HktvAfn7ixQqsHnCY8iOlIiUgwirnU961QxA850tqg3nCb7hxklXglaUCJ9qD+5Q81S2OukElqbd9zEwwyalAwyWc1P7U8oWxCR7yfU0VjboNsfvKMnOXKkETa5KWQzNXfExmNrZ3GYd4ZUxzbZa8Q//P6KUbXQSZUkiJXbLEoSiVBTYr/yVAYzlBOc0KZEfmthI2poQzzlIoQvOWXV0n3oum5Te/+stG6KeOowgmcwjl4cAUtuIM2dICBhmd4hTcHnRfn3flYtFaccuYY/sD5/AFxnZCw</latexit>

sin↵
<latexit sha1_base64="yoefg2QORy4YQ6TPiElICn/l5jo=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthaaUCbbTbt0swm7G6GE/g0vHhTx6p/x5r9x0+agrQ8GHu/NMDMvTAXXxnW/ncra+sbmVnW7trO7t39QPzzq6iRTlHVoIhLVC1EzwSXrGG4E66WKYRwK9hhObgv/8YkpzRP5YKYpC2IcSR5xisZKvq+5JD6KdIy1Qb3hNt05yCrxStKAEu1B/csfJjSLmTRUoNZ9z01NkKMynAo2q/mZZinSCY5Y31KJMdNBPr95Rs6sMiRRomxJQ+bq74kcY62ncWg7YzRjvewV4n9ePzPRdZBzmWaGSbpYFGWCmIQUAZAhV4waMbUEqeL2VkLHqJAaG1MRgrf88irpXjQ9t+ndXzZaN2UcVTiBUzgHD66gBXfQhg5QSOEZXuHNyZwX5935WLRWnHLmGP7A+fwBO4SRJA==</latexit><latexit sha1_base64="yoefg2QORy4YQ6TPiElICn/l5jo=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthaaUCbbTbt0swm7G6GE/g0vHhTx6p/x5r9x0+agrQ8GHu/NMDMvTAXXxnW/ncra+sbmVnW7trO7t39QPzzq6iRTlHVoIhLVC1EzwSXrGG4E66WKYRwK9hhObgv/8YkpzRP5YKYpC2IcSR5xisZKvq+5JD6KdIy1Qb3hNt05yCrxStKAEu1B/csfJjSLmTRUoNZ9z01NkKMynAo2q/mZZinSCY5Y31KJMdNBPr95Rs6sMiRRomxJQ+bq74kcY62ncWg7YzRjvewV4n9ePzPRdZBzmWaGSbpYFGWCmIQUAZAhV4waMbUEqeL2VkLHqJAaG1MRgrf88irpXjQ9t+ndXzZaN2UcVTiBUzgHD66gBXfQhg5QSOEZXuHNyZwX5935WLRWnHLmGP7A+fwBO4SRJA==</latexit><latexit sha1_base64="yoefg2QORy4YQ6TPiElICn/l5jo=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthaaUCbbTbt0swm7G6GE/g0vHhTx6p/x5r9x0+agrQ8GHu/NMDMvTAXXxnW/ncra+sbmVnW7trO7t39QPzzq6iRTlHVoIhLVC1EzwSXrGG4E66WKYRwK9hhObgv/8YkpzRP5YKYpC2IcSR5xisZKvq+5JD6KdIy1Qb3hNt05yCrxStKAEu1B/csfJjSLmTRUoNZ9z01NkKMynAo2q/mZZinSCY5Y31KJMdNBPr95Rs6sMiRRomxJQ+bq74kcY62ncWg7YzRjvewV4n9ePzPRdZBzmWaGSbpYFGWCmIQUAZAhV4waMbUEqeL2VkLHqJAaG1MRgrf88irpXjQ9t+ndXzZaN2UcVTiBUzgHD66gBXfQhg5QSOEZXuHNyZwX5935WLRWnHLmGP7A+fwBO4SRJA==</latexit><latexit sha1_base64="yoefg2QORy4YQ6TPiElICn/l5jo=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthaaUCbbTbt0swm7G6GE/g0vHhTx6p/x5r9x0+agrQ8GHu/NMDMvTAXXxnW/ncra+sbmVnW7trO7t39QPzzq6iRTlHVoIhLVC1EzwSXrGG4E66WKYRwK9hhObgv/8YkpzRP5YKYpC2IcSR5xisZKvq+5JD6KdIy1Qb3hNt05yCrxStKAEu1B/csfJjSLmTRUoNZ9z01NkKMynAo2q/mZZinSCY5Y31KJMdNBPr95Rs6sMiRRomxJQ+bq74kcY62ncWg7YzRjvewV4n9ePzPRdZBzmWaGSbpYFGWCmIQUAZAhV4waMbUEqeL2VkLHqJAaG1MRgrf88irpXjQ9t+ndXzZaN2UcVTiBUzgHD66gBXfQhg5QSOEZXuHNyZwX5935WLRWnHLmGP7A+fwBO4SRJA==</latexit>
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How to obtain the mixing?

Even odd
L↵ ! L↵ L� ! �L�

<latexit sha1_base64="zjO6t7VWsIuNV1Hmd/+rbvec1xI=">AAACHHicbVDLSsNAFJ34rPUVdelmsAhuLIkKuiy6ceGign1AE8LNdNIOnTyYmQgl9EPc+CtuXCjixoXg3zhJg2jrHQbOnHMvd87xE86ksqwvY2FxaXlltbJWXd/Y3No2d3bbMk4FoS0S81h0fZCUs4i2FFOcdhNBIfQ57fijq1zv3FMhWRzdqXFC3RAGEQsYAaUpzzy98RzgyRCwo2L888DYKU7O+FRBLh6XuOqZNatuFYXngV2CGiqr6ZkfTj8maUgjRThI2bOtRLkZCMUIp5Oqk0qaABnBgPY0jCCk0s0KcxN8qJk+DmKhb6Rwwf6eyCCUchz6ujMENZSzWk7+p/VSFVy4GYuSVNGITBcFKcfaap4U7jNBieJjDYAIpv+KyRAEEKXzzEOwZy3Pg/ZJ3bbq9u1ZrXFZxlFB++gAHSEbnaMGukZN1EIEPaAn9IJejUfj2Xgz3qetC0Y5s4f+lPH5DW32nxI=</latexit><latexit sha1_base64="zjO6t7VWsIuNV1Hmd/+rbvec1xI=">AAACHHicbVDLSsNAFJ34rPUVdelmsAhuLIkKuiy6ceGign1AE8LNdNIOnTyYmQgl9EPc+CtuXCjixoXg3zhJg2jrHQbOnHMvd87xE86ksqwvY2FxaXlltbJWXd/Y3No2d3bbMk4FoS0S81h0fZCUs4i2FFOcdhNBIfQ57fijq1zv3FMhWRzdqXFC3RAGEQsYAaUpzzy98RzgyRCwo2L888DYKU7O+FRBLh6XuOqZNatuFYXngV2CGiqr6ZkfTj8maUgjRThI2bOtRLkZCMUIp5Oqk0qaABnBgPY0jCCk0s0KcxN8qJk+DmKhb6Rwwf6eyCCUchz6ujMENZSzWk7+p/VSFVy4GYuSVNGITBcFKcfaap4U7jNBieJjDYAIpv+KyRAEEKXzzEOwZy3Pg/ZJ3bbq9u1ZrXFZxlFB++gAHSEbnaMGukZN1EIEPaAn9IJejUfj2Xgz3qetC0Y5s4f+lPH5DW32nxI=</latexit><latexit sha1_base64="zjO6t7VWsIuNV1Hmd/+rbvec1xI=">AAACHHicbVDLSsNAFJ34rPUVdelmsAhuLIkKuiy6ceGign1AE8LNdNIOnTyYmQgl9EPc+CtuXCjixoXg3zhJg2jrHQbOnHMvd87xE86ksqwvY2FxaXlltbJWXd/Y3No2d3bbMk4FoS0S81h0fZCUs4i2FFOcdhNBIfQ57fijq1zv3FMhWRzdqXFC3RAGEQsYAaUpzzy98RzgyRCwo2L888DYKU7O+FRBLh6XuOqZNatuFYXngV2CGiqr6ZkfTj8maUgjRThI2bOtRLkZCMUIp5Oqk0qaABnBgPY0jCCk0s0KcxN8qJk+DmKhb6Rwwf6eyCCUchz6ujMENZSzWk7+p/VSFVy4GYuSVNGITBcFKcfaap4U7jNBieJjDYAIpv+KyRAEEKXzzEOwZy3Pg/ZJ3bbq9u1ZrXFZxlFB++gAHSEbnaMGukZN1EIEPaAn9IJejUfj2Xgz3qetC0Y5s4f+lPH5DW32nxI=</latexit><latexit sha1_base64="zjO6t7VWsIuNV1Hmd/+rbvec1xI=">AAACHHicbVDLSsNAFJ34rPUVdelmsAhuLIkKuiy6ceGign1AE8LNdNIOnTyYmQgl9EPc+CtuXCjixoXg3zhJg2jrHQbOnHMvd87xE86ksqwvY2FxaXlltbJWXd/Y3No2d3bbMk4FoS0S81h0fZCUs4i2FFOcdhNBIfQ57fijq1zv3FMhWRzdqXFC3RAGEQsYAaUpzzy98RzgyRCwo2L888DYKU7O+FRBLh6XuOqZNatuFYXngV2CGiqr6ZkfTj8maUgjRThI2bOtRLkZCMUIp5Oqk0qaABnBgPY0jCCk0s0KcxN8qJk+DmKhb6Rwwf6eyCCUchz6ujMENZSzWk7+p/VSFVy4GYuSVNGITBcFKcfaap4U7jNBieJjDYAIpv+KyRAEEKXzzEOwZy3Pg/ZJ3bbq9u1ZrXFZxlFB++gAHSEbnaMGukZN1EIEPaAn9IJejUfj2Xgz3qetC0Y5s4f+lPH5DW32nxI=</latexit>
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Flavor  structure of NSI

(g⌫)↵↵ = 0
<latexit sha1_base64="fuwc38ZaWUY3wotsvvdFAD3xj3w=">AAACA3icbVDLSsNAFJ34rPUVdaebwSLUTUlE0I1QdOOygn1AE8LNdNIOnUzCzEQooeDGX3HjQhG3/oQ7/8Zpm4W2Hrjcwzn3MnNPmHKmtON8W0vLK6tr66WN8ubW9s6uvbffUkkmCW2ShCeyE4KinAna1Exz2kklhTjktB0ObyZ++4FKxRJxr0cp9WPoCxYxAtpIgX1Y7QeeyE6D3AOeDgDP2vjKwYFdcWrOFHiRuAWpoAKNwP7yegnJYio04aBU13VS7ecgNSOcjstepmgKZAh92jVUQEyVn09vGOMTo/RwlEhTQuOp+nsjh1ipURyayRj0QM17E/E/r5vp6NLPmUgzTQWZPRRlHOsETwLBPSYp0XxkCBDJzF8xGYAEok1sZROCO3/yImmd1Vyn5t6dV+rXRRwldISOURW56ALV0S1qoCYi6BE9o1f0Zj1ZL9a79TEbXbKKnQP0B9bnD41rls0=</latexit><latexit sha1_base64="fuwc38ZaWUY3wotsvvdFAD3xj3w=">AAACA3icbVDLSsNAFJ34rPUVdaebwSLUTUlE0I1QdOOygn1AE8LNdNIOnUzCzEQooeDGX3HjQhG3/oQ7/8Zpm4W2Hrjcwzn3MnNPmHKmtON8W0vLK6tr66WN8ubW9s6uvbffUkkmCW2ShCeyE4KinAna1Exz2kklhTjktB0ObyZ++4FKxRJxr0cp9WPoCxYxAtpIgX1Y7QeeyE6D3AOeDgDP2vjKwYFdcWrOFHiRuAWpoAKNwP7yegnJYio04aBU13VS7ecgNSOcjstepmgKZAh92jVUQEyVn09vGOMTo/RwlEhTQuOp+nsjh1ipURyayRj0QM17E/E/r5vp6NLPmUgzTQWZPRRlHOsETwLBPSYp0XxkCBDJzF8xGYAEok1sZROCO3/yImmd1Vyn5t6dV+rXRRwldISOURW56ALV0S1qoCYi6BE9o1f0Zj1ZL9a79TEbXbKKnQP0B9bnD41rls0=</latexit><latexit sha1_base64="fuwc38ZaWUY3wotsvvdFAD3xj3w=">AAACA3icbVDLSsNAFJ34rPUVdaebwSLUTUlE0I1QdOOygn1AE8LNdNIOnUzCzEQooeDGX3HjQhG3/oQ7/8Zpm4W2Hrjcwzn3MnNPmHKmtON8W0vLK6tr66WN8ubW9s6uvbffUkkmCW2ShCeyE4KinAna1Exz2kklhTjktB0ObyZ++4FKxRJxr0cp9WPoCxYxAtpIgX1Y7QeeyE6D3AOeDgDP2vjKwYFdcWrOFHiRuAWpoAKNwP7yegnJYio04aBU13VS7ecgNSOcjstepmgKZAh92jVUQEyVn09vGOMTo/RwlEhTQuOp+nsjh1ipURyayRj0QM17E/E/r5vp6NLPmUgzTQWZPRRlHOsETwLBPSYp0XxkCBDJzF8xGYAEok1sZROCO3/yImmd1Vyn5t6dV+rXRRwldISOURW56ALV0S1qoCYi6BE9o1f0Zj1ZL9a79TEbXbKKnQP0B9bnD41rls0=</latexit><latexit sha1_base64="fuwc38ZaWUY3wotsvvdFAD3xj3w=">AAACA3icbVDLSsNAFJ34rPUVdaebwSLUTUlE0I1QdOOygn1AE8LNdNIOnUzCzEQooeDGX3HjQhG3/oQ7/8Zpm4W2Hrjcwzn3MnNPmHKmtON8W0vLK6tr66WN8ubW9s6uvbffUkkmCW2ShCeyE4KinAna1Exz2kklhTjktB0ObyZ++4FKxRJxr0cp9WPoCxYxAtpIgX1Y7QeeyE6D3AOeDgDP2vjKwYFdcWrOFHiRuAWpoAKNwP7yegnJYio04aBU13VS7ecgNSOcjstepmgKZAh92jVUQEyVn09vGOMTo/RwlEhTQuOp+nsjh1ipURyayRj0QM17E/E/r5vp6NLPmUgzTQWZPRRlHOsETwLBPSYp0XxkCBDJzF8xGYAEok1sZROCO3/yImmd1Vyn5t6dV+rXRRwldISOURW56ALV0S1qoCYi6BE9o1f0Zj1ZL9a79TEbXbKKnQP0B9bnD41rls0=</latexit>

(g⌫)�� = 0
<latexit sha1_base64="WSj33mJBCLxy6kqCOgTUxlZvtBY=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSxC3ZREBN0IRTcuK9gHNCFMprft0MkkzEyEEurGX3HjQhG3/oU7/8ZpmoW2HriXwzn3MnNPmHCmtON8W0vLK6tr66WN8ubW9s6uvbffUnEqKTRpzGPZCYkCzgQ0NdMcOokEEoUc2uHoZuq3H0AqFot7PU7Aj8hAsD6jRBspsA+rg8AT6WmQeSFogvM+uXJwYFecmpMDLxK3IBVUoBHYX14vpmkEQlNOlOq6TqL9jEjNKIdJ2UsVJISOyAC6hgoSgfKz/IIJPjFKD/djaUponKu/NzISKTWOQjMZET1U895U/M/rprp/6WdMJKkGQWcP9VOOdYynceAek0A1HxtCqGTmr5gOiSRUm9DKJgR3/uRF0jqruU7NvTuv1K+LOEroCB2jKnLRBaqjW9RATUTRI3pGr+jNerJerHfrYza6ZBU7B+gPrM8f7tuV5Q==</latexit><latexit sha1_base64="WSj33mJBCLxy6kqCOgTUxlZvtBY=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSxC3ZREBN0IRTcuK9gHNCFMprft0MkkzEyEEurGX3HjQhG3/oU7/8ZpmoW2HriXwzn3MnNPmHCmtON8W0vLK6tr66WN8ubW9s6uvbffUnEqKTRpzGPZCYkCzgQ0NdMcOokEEoUc2uHoZuq3H0AqFot7PU7Aj8hAsD6jRBspsA+rg8AT6WmQeSFogvM+uXJwYFecmpMDLxK3IBVUoBHYX14vpmkEQlNOlOq6TqL9jEjNKIdJ2UsVJISOyAC6hgoSgfKz/IIJPjFKD/djaUponKu/NzISKTWOQjMZET1U895U/M/rprp/6WdMJKkGQWcP9VOOdYynceAek0A1HxtCqGTmr5gOiSRUm9DKJgR3/uRF0jqruU7NvTuv1K+LOEroCB2jKnLRBaqjW9RATUTRI3pGr+jNerJerHfrYza6ZBU7B+gPrM8f7tuV5Q==</latexit><latexit sha1_base64="WSj33mJBCLxy6kqCOgTUxlZvtBY=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSxC3ZREBN0IRTcuK9gHNCFMprft0MkkzEyEEurGX3HjQhG3/oU7/8ZpmoW2HriXwzn3MnNPmHCmtON8W0vLK6tr66WN8ubW9s6uvbffUnEqKTRpzGPZCYkCzgQ0NdMcOokEEoUc2uHoZuq3H0AqFot7PU7Aj8hAsD6jRBspsA+rg8AT6WmQeSFogvM+uXJwYFecmpMDLxK3IBVUoBHYX14vpmkEQlNOlOq6TqL9jEjNKIdJ2UsVJISOyAC6hgoSgfKz/IIJPjFKD/djaUponKu/NzISKTWOQjMZET1U895U/M/rprp/6WdMJKkGQWcP9VOOdYynceAek0A1HxtCqGTmr5gOiSRUm9DKJgR3/uRF0jqruU7NvTuv1K+LOEroCB2jKnLRBaqjW9RATUTRI3pGr+jNerJerHfrYza6ZBU7B+gPrM8f7tuV5Q==</latexit><latexit sha1_base64="WSj33mJBCLxy6kqCOgTUxlZvtBY=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSxC3ZREBN0IRTcuK9gHNCFMprft0MkkzEyEEurGX3HjQhG3/oU7/8ZpmoW2HriXwzn3MnNPmHCmtON8W0vLK6tr66WN8ubW9s6uvbffUnEqKTRpzGPZCYkCzgQ0NdMcOokEEoUc2uHoZuq3H0AqFot7PU7Aj8hAsD6jRBspsA+rg8AT6WmQeSFogvM+uXJwYFecmpMDLxK3IBVUoBHYX14vpmkEQlNOlOq6TqL9jEjNKIdJ2UsVJISOyAC6hgoSgfKz/IIJPjFKD/djaUponKu/NzISKTWOQjMZET1U895U/M/rprp/6WdMJKkGQWcP9VOOdYynceAek0A1HxtCqGTmr5gOiSRUm9DKJgR3/uRF0jqruU7NvTuv1K+LOEroCB2jKnLRBaqjW9RATUTRI3pGr+jNerJerHfrYza6ZBU7B+gPrM8f7tuV5Q==</latexit>

(g⌫)↵� 6= 0
<latexit sha1_base64="1HP2DedLwozNIQTd7svc3KbmS+A=">AAACBXicbVA9SwNBEN2LXzF+RS21WAxCbMKdCFoGbSwjmA/IhWNuM0mW7O0du3tCONLY+FdsLBSx9T/Y+W/cfBSa+GDg8d4MM/PCRHBtXPfbya2srq1v5DcLW9s7u3vF/YOGjlPFsM5iEatWCBoFl1g33AhsJQohCgU2w+HNxG8+oNI8lvdmlGAngr7kPc7AWCkoHpf7gS/TsyDzQSQDoH6IBsa+ROrSoFhyK+4UdJl4c1Iic9SC4pffjVkaoTRMgNZtz01MJwNlOBM4LvipxgTYEPrYtlRChLqTTb8Y01OrdGkvVrakoVP190QGkdajKLSdEZiBXvQm4n9eOzW9q07GZZIalGy2qJcKamI6iYR2uUJmxMgSYIrbWykbgAJmbHAFG4K3+PIyaZxXPLfi3V2UqtfzOPLkiJyQMvHIJamSW1IjdcLII3kmr+TNeXJenHfnY9aac+Yzh+QPnM8f6hKXiQ==</latexit><latexit sha1_base64="1HP2DedLwozNIQTd7svc3KbmS+A=">AAACBXicbVA9SwNBEN2LXzF+RS21WAxCbMKdCFoGbSwjmA/IhWNuM0mW7O0du3tCONLY+FdsLBSx9T/Y+W/cfBSa+GDg8d4MM/PCRHBtXPfbya2srq1v5DcLW9s7u3vF/YOGjlPFsM5iEatWCBoFl1g33AhsJQohCgU2w+HNxG8+oNI8lvdmlGAngr7kPc7AWCkoHpf7gS/TsyDzQSQDoH6IBsa+ROrSoFhyK+4UdJl4c1Iic9SC4pffjVkaoTRMgNZtz01MJwNlOBM4LvipxgTYEPrYtlRChLqTTb8Y01OrdGkvVrakoVP190QGkdajKLSdEZiBXvQm4n9eOzW9q07GZZIalGy2qJcKamI6iYR2uUJmxMgSYIrbWykbgAJmbHAFG4K3+PIyaZxXPLfi3V2UqtfzOPLkiJyQMvHIJamSW1IjdcLII3kmr+TNeXJenHfnY9aac+Yzh+QPnM8f6hKXiQ==</latexit><latexit sha1_base64="1HP2DedLwozNIQTd7svc3KbmS+A=">AAACBXicbVA9SwNBEN2LXzF+RS21WAxCbMKdCFoGbSwjmA/IhWNuM0mW7O0du3tCONLY+FdsLBSx9T/Y+W/cfBSa+GDg8d4MM/PCRHBtXPfbya2srq1v5DcLW9s7u3vF/YOGjlPFsM5iEatWCBoFl1g33AhsJQohCgU2w+HNxG8+oNI8lvdmlGAngr7kPc7AWCkoHpf7gS/TsyDzQSQDoH6IBsa+ROrSoFhyK+4UdJl4c1Iic9SC4pffjVkaoTRMgNZtz01MJwNlOBM4LvipxgTYEPrYtlRChLqTTb8Y01OrdGkvVrakoVP190QGkdajKLSdEZiBXvQm4n9eOzW9q07GZZIalGy2qJcKamI6iYR2uUJmxMgSYIrbWykbgAJmbHAFG4K3+PIyaZxXPLfi3V2UqtfzOPLkiJyQMvHIJamSW1IjdcLII3kmr+TNeXJenHfnY9aac+Yzh+QPnM8f6hKXiQ==</latexit><latexit sha1_base64="1HP2DedLwozNIQTd7svc3KbmS+A=">AAACBXicbVA9SwNBEN2LXzF+RS21WAxCbMKdCFoGbSwjmA/IhWNuM0mW7O0du3tCONLY+FdsLBSx9T/Y+W/cfBSa+GDg8d4MM/PCRHBtXPfbya2srq1v5DcLW9s7u3vF/YOGjlPFsM5iEatWCBoFl1g33AhsJQohCgU2w+HNxG8+oNI8lvdmlGAngr7kPc7AWCkoHpf7gS/TsyDzQSQDoH6IBsa+ROrSoFhyK+4UdJl4c1Iic9SC4pffjVkaoTRMgNZtz01MJwNlOBM4LvipxgTYEPrYtlRChLqTTb8Y01OrdGkvVrakoVP190QGkdajKLSdEZiBXvQm4n9eOzW9q07GZZIalGy2qJcKamI6iYR2uUJmxMgSYIrbWykbgAJmbHAFG4K3+PIyaZxXPLfi3V2UqtfzOPLkiJyQMvHIJamSW1IjdcLII3kmr+TNeXJenHfnY9aac+Yzh+QPnM8f6hKXiQ==</latexit>

|✏↵� |2 < ✏↵↵✏��
<latexit sha1_base64="JYT4fqR0SqhL3jHLXjVF7/HyN8I=">AAACNXicbVC7TgJBFJ3FF+ILtbSZSEysyC4x0cKCaGNhgYk8EhbJ3eECE2YfmZk1IQs/ZeN/WGlhoTG2/oIDbIHgTSZzch6ZuceLBFfatt+szMrq2vpGdjO3tb2zu5ffP6ipMJYMqywUoWx4oFDwAKuaa4GNSCL4nsC6N7ie6PVHlIqHwb0eRtjyoRfwLmegDdXO345cjBQXBicuiKgP1PVQw3j0ULqky9r0Gs8LE3eaaecLdtGeDl0GTgoKJJ1KO//idkIW+xhoJkCppmNHupWA1JwJHOfcWGEEbAA9bBoYgI+qlUy3HtMTw3RoN5TmBJpO2flEAr5SQ98zTh90Xy1qE/I/rRnr7kUr4UEUawzY7KFuLKgO6aRC2uESmRZDA4BJbv5KWR8kMG2KzpkSnMWVl0GtVHTsonN3VihfpXVkyRE5JqfEIeekTG5IhVQJI0/klXyQT+vZere+rO+ZNWOlmUPyZ6yfX5l1rRw=</latexit><latexit sha1_base64="JYT4fqR0SqhL3jHLXjVF7/HyN8I=">AAACNXicbVC7TgJBFJ3FF+ILtbSZSEysyC4x0cKCaGNhgYk8EhbJ3eECE2YfmZk1IQs/ZeN/WGlhoTG2/oIDbIHgTSZzch6ZuceLBFfatt+szMrq2vpGdjO3tb2zu5ffP6ipMJYMqywUoWx4oFDwAKuaa4GNSCL4nsC6N7ie6PVHlIqHwb0eRtjyoRfwLmegDdXO345cjBQXBicuiKgP1PVQw3j0ULqky9r0Gs8LE3eaaecLdtGeDl0GTgoKJJ1KO//idkIW+xhoJkCppmNHupWA1JwJHOfcWGEEbAA9bBoYgI+qlUy3HtMTw3RoN5TmBJpO2flEAr5SQ98zTh90Xy1qE/I/rRnr7kUr4UEUawzY7KFuLKgO6aRC2uESmRZDA4BJbv5KWR8kMG2KzpkSnMWVl0GtVHTsonN3VihfpXVkyRE5JqfEIeekTG5IhVQJI0/klXyQT+vZere+rO+ZNWOlmUPyZ6yfX5l1rRw=</latexit><latexit sha1_base64="JYT4fqR0SqhL3jHLXjVF7/HyN8I=">AAACNXicbVC7TgJBFJ3FF+ILtbSZSEysyC4x0cKCaGNhgYk8EhbJ3eECE2YfmZk1IQs/ZeN/WGlhoTG2/oIDbIHgTSZzch6ZuceLBFfatt+szMrq2vpGdjO3tb2zu5ffP6ipMJYMqywUoWx4oFDwAKuaa4GNSCL4nsC6N7ie6PVHlIqHwb0eRtjyoRfwLmegDdXO345cjBQXBicuiKgP1PVQw3j0ULqky9r0Gs8LE3eaaecLdtGeDl0GTgoKJJ1KO//idkIW+xhoJkCppmNHupWA1JwJHOfcWGEEbAA9bBoYgI+qlUy3HtMTw3RoN5TmBJpO2flEAr5SQ98zTh90Xy1qE/I/rRnr7kUr4UEUawzY7KFuLKgO6aRC2uESmRZDA4BJbv5KWR8kMG2KzpkSnMWVl0GtVHTsonN3VihfpXVkyRE5JqfEIeekTG5IhVQJI0/klXyQT+vZere+rO+ZNWOlmUPyZ6yfX5l1rRw=</latexit><latexit sha1_base64="JYT4fqR0SqhL3jHLXjVF7/HyN8I=">AAACNXicbVC7TgJBFJ3FF+ILtbSZSEysyC4x0cKCaGNhgYk8EhbJ3eECE2YfmZk1IQs/ZeN/WGlhoTG2/oIDbIHgTSZzch6ZuceLBFfatt+szMrq2vpGdjO3tb2zu5ffP6ipMJYMqywUoWx4oFDwAKuaa4GNSCL4nsC6N7ie6PVHlIqHwb0eRtjyoRfwLmegDdXO345cjBQXBicuiKgP1PVQw3j0ULqky9r0Gs8LE3eaaecLdtGeDl0GTgoKJJ1KO//idkIW+xhoJkCppmNHupWA1JwJHOfcWGEEbAA9bBoYgI+qlUy3HtMTw3RoN5TmBJpO2flEAr5SQ98zTh90Xy1qE/I/rRnr7kUr4UEUawzY7KFuLKgO6aRC2uESmRZDA4BJbv5KWR8kMG2KzpkSnMWVl0GtVHTsonN3VihfpXVkyRE5JqfEIeekTG5IhVQJI0/klXyQT+vZere+rO+ZNWOlmUPyZ6yfX5l1rRw=</latexit>
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Can we escape the bounds?

Let us take 

Most of the bounds come from searching the last charged leptons.

■ Electroweak interactions:

■ The dominant decay mode in our model: 

N ! l↵ l̄�⌫
<latexit sha1_base64="maDafYXwkUwuwslyhivgmFNwG8Y=">AAACCHicbVBNSwMxFMzWr1q/qh49GCyCp7Irgh6LXjxJBVsL3bK8TV/b0Gx2SbJCWXr04l/x4kERr/4Eb/4b03YP2joQmMy8RzITJoJr47rfTmFpeWV1rbhe2tjc2t4p7+41dZwqhg0Wi1i1QtAouMSG4UZgK1EIUSjwPhxeTfz7B1Sax/LOjBLsRNCXvMcZGCsF5cMb38RUBD6IZADUD0FlYhz4IRp7k2lQrrhVdwq6SLycVEiOelD+8rsxSyOUhgnQuu25ielkoAxnAsclP9WYABtCH9uWSohQd7JpkDE9tkqX9mJljzR0qv7eyCDSehSFdjICM9Dz3kT8z2unpnfRybhMUoOSzR7qpYLa7JNWaJcrZEaMLAGmuP0rZQNQwIztrmRL8OYjL5LmadVzq97tWaV2mddRJAfkiJwQj5yTGrkmddIgjDySZ/JK3pwn58V5dz5mowUn39knf+B8/gBTg5mG</latexit><latexit sha1_base64="maDafYXwkUwuwslyhivgmFNwG8Y=">AAACCHicbVBNSwMxFMzWr1q/qh49GCyCp7Irgh6LXjxJBVsL3bK8TV/b0Gx2SbJCWXr04l/x4kERr/4Eb/4b03YP2joQmMy8RzITJoJr47rfTmFpeWV1rbhe2tjc2t4p7+41dZwqhg0Wi1i1QtAouMSG4UZgK1EIUSjwPhxeTfz7B1Sax/LOjBLsRNCXvMcZGCsF5cMb38RUBD6IZADUD0FlYhz4IRp7k2lQrrhVdwq6SLycVEiOelD+8rsxSyOUhgnQuu25ielkoAxnAsclP9WYABtCH9uWSohQd7JpkDE9tkqX9mJljzR0qv7eyCDSehSFdjICM9Dz3kT8z2unpnfRybhMUoOSzR7qpYLa7JNWaJcrZEaMLAGmuP0rZQNQwIztrmRL8OYjL5LmadVzq97tWaV2mddRJAfkiJwQj5yTGrkmddIgjDySZ/JK3pwn58V5dz5mowUn39knf+B8/gBTg5mG</latexit><latexit sha1_base64="maDafYXwkUwuwslyhivgmFNwG8Y=">AAACCHicbVBNSwMxFMzWr1q/qh49GCyCp7Irgh6LXjxJBVsL3bK8TV/b0Gx2SbJCWXr04l/x4kERr/4Eb/4b03YP2joQmMy8RzITJoJr47rfTmFpeWV1rbhe2tjc2t4p7+41dZwqhg0Wi1i1QtAouMSG4UZgK1EIUSjwPhxeTfz7B1Sax/LOjBLsRNCXvMcZGCsF5cMb38RUBD6IZADUD0FlYhz4IRp7k2lQrrhVdwq6SLycVEiOelD+8rsxSyOUhgnQuu25ielkoAxnAsclP9WYABtCH9uWSohQd7JpkDE9tkqX9mJljzR0qv7eyCDSehSFdjICM9Dz3kT8z2unpnfRybhMUoOSzR7qpYLa7JNWaJcrZEaMLAGmuP0rZQNQwIztrmRL8OYjL5LmadVzq97tWaV2mddRJAfkiJwQj5yTGrkmddIgjDySZ/JK3pwn58V5dz5mowUn39knf+B8/gBTg5mG</latexit><latexit sha1_base64="maDafYXwkUwuwslyhivgmFNwG8Y=">AAACCHicbVBNSwMxFMzWr1q/qh49GCyCp7Irgh6LXjxJBVsL3bK8TV/b0Gx2SbJCWXr04l/x4kERr/4Eb/4b03YP2joQmMy8RzITJoJr47rfTmFpeWV1rbhe2tjc2t4p7+41dZwqhg0Wi1i1QtAouMSG4UZgK1EIUSjwPhxeTfz7B1Sax/LOjBLsRNCXvMcZGCsF5cMb38RUBD6IZADUD0FlYhz4IRp7k2lQrrhVdwq6SLycVEiOelD+8rsxSyOUhgnQuu25ielkoAxnAsclP9WYABtCH9uWSohQd7JpkDE9tkqX9mJljzR0qv7eyCDSehSFdjICM9Dz3kT8z2unpnfRybhMUoOSzR7qpYLa7JNWaJcrZEaMLAGmuP0rZQNQwIztrmRL8OYjL5LmadVzq97tWaV2mddRJAfkiJwQj5yTGrkmddIgjDySZ/JK3pwn58V5dz5mowUn39knf+B8/gBTg5mG</latexit>

N ! Z 0⌫ Z 0 ! ⌫⌫̄
<latexit sha1_base64="25OLpFMeFh0ITitpK37wFpMzvY4=">AAACF3icbVDLSgMxFL3js9bXqEs3wSK6KjMi6LLoxpVUsA/sDCWTZtrQTGZIMkIZ+hdu/BU3LhRxqzv/xkw7iLaeEDiccy/JOUHCmdKO82UtLC4tr6yW1srrG5tb2/bOblPFqSS0QWIey3aAFeVM0IZmmtN2IimOAk5bwfAy91v3VCoWi1s9Sqgf4b5gISNYG6lrV689HaO7I+SJFOXwfk4uGi83vADLzJBx1644VWcCNE/cglSgQL1rf3q9mKQRFZpwrFTHdRLtZ1hqRjgdl71U0QSTIe7TjqECR1T52STXGB0apYfCWJorNJqovzcyHCk1igIzGWE9ULNeLv7ndVIdnvsZE0mqqSDTh8KUIxM3Lwn1mKRE85EhmEhm/orIAEtMtKmybEpwZyPPk+ZJ1XWq7s1ppXZR1FGCfTiAY3DhDGpwBXVoAIEHeIIXeLUerWfrzXqfji5Yxc4e/IH18Q0i/5w3</latexit><latexit sha1_base64="25OLpFMeFh0ITitpK37wFpMzvY4=">AAACF3icbVDLSgMxFL3js9bXqEs3wSK6KjMi6LLoxpVUsA/sDCWTZtrQTGZIMkIZ+hdu/BU3LhRxqzv/xkw7iLaeEDiccy/JOUHCmdKO82UtLC4tr6yW1srrG5tb2/bOblPFqSS0QWIey3aAFeVM0IZmmtN2IimOAk5bwfAy91v3VCoWi1s9Sqgf4b5gISNYG6lrV689HaO7I+SJFOXwfk4uGi83vADLzJBx1644VWcCNE/cglSgQL1rf3q9mKQRFZpwrFTHdRLtZ1hqRjgdl71U0QSTIe7TjqECR1T52STXGB0apYfCWJorNJqovzcyHCk1igIzGWE9ULNeLv7ndVIdnvsZE0mqqSDTh8KUIxM3Lwn1mKRE85EhmEhm/orIAEtMtKmybEpwZyPPk+ZJ1XWq7s1ppXZR1FGCfTiAY3DhDGpwBXVoAIEHeIIXeLUerWfrzXqfji5Yxc4e/IH18Q0i/5w3</latexit><latexit sha1_base64="25OLpFMeFh0ITitpK37wFpMzvY4=">AAACF3icbVDLSgMxFL3js9bXqEs3wSK6KjMi6LLoxpVUsA/sDCWTZtrQTGZIMkIZ+hdu/BU3LhRxqzv/xkw7iLaeEDiccy/JOUHCmdKO82UtLC4tr6yW1srrG5tb2/bOblPFqSS0QWIey3aAFeVM0IZmmtN2IimOAk5bwfAy91v3VCoWi1s9Sqgf4b5gISNYG6lrV689HaO7I+SJFOXwfk4uGi83vADLzJBx1644VWcCNE/cglSgQL1rf3q9mKQRFZpwrFTHdRLtZ1hqRjgdl71U0QSTIe7TjqECR1T52STXGB0apYfCWJorNJqovzcyHCk1igIzGWE9ULNeLv7ndVIdnvsZE0mqqSDTh8KUIxM3Lwn1mKRE85EhmEhm/orIAEtMtKmybEpwZyPPk+ZJ1XWq7s1ppXZR1FGCfTiAY3DhDGpwBXVoAIEHeIIXeLUerWfrzXqfji5Yxc4e/IH18Q0i/5w3</latexit><latexit sha1_base64="25OLpFMeFh0ITitpK37wFpMzvY4=">AAACF3icbVDLSgMxFL3js9bXqEs3wSK6KjMi6LLoxpVUsA/sDCWTZtrQTGZIMkIZ+hdu/BU3LhRxqzv/xkw7iLaeEDiccy/JOUHCmdKO82UtLC4tr6yW1srrG5tb2/bOblPFqSS0QWIey3aAFeVM0IZmmtN2IimOAk5bwfAy91v3VCoWi1s9Sqgf4b5gISNYG6lrV689HaO7I+SJFOXwfk4uGi83vADLzJBx1644VWcCNE/cglSgQL1rf3q9mKQRFZpwrFTHdRLtZ1hqRjgdl71U0QSTIe7TjqECR1T52STXGB0apYfCWJorNJqovzcyHCk1igIzGWE9ULNeLv7ndVIdnvsZE0mqqSDTh8KUIxM3Lwn1mKRE85EhmEhm/orIAEtMtKmybEpwZyPPk+ZJ1XWq7s1ppXZR1FGCfTiAY3DhDGpwBXVoAIEHeIIXeLUerWfrzXqfji5Yxc4e/IH18Q0i/5w3</latexit>
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<latexit sha1_base64="Lykx7/m5Y5d5AabRQGC9htKFV58=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVop6k6EUQpIL9gHZZsmm2DU2yS5IVytIf4cWDIl79Pd78N6btHrT1wcDjvRlm5oUJZ9q47rdTWFldW98obpa2tnd298r7By0dp4rQJol5rDoh1pQzSZuGGU47iaJYhJy2w9HN1G8/UaVZLB/NOKG+wAPJIkawsVJbBPdXIrgLyhW36s6AlomXkwrkaATlr14/Jqmg0hCOte56bmL8DCvDCKeTUi/VNMFkhAe0a6nEgmo/m507QSdW6aMoVrakQTP190SGhdZjEdpOgc1QL3pT8T+vm5ro0s+YTFJDJZkvilKOTIymv6M+U5QYPrYEE8XsrYgMscLE2IRKNgRv8eVl0jqreufV2kOtUr/O4yjCERzDKXhwAXW4hQY0gcAInuEV3pzEeXHenY95a8HJZw7hD5zPH8jJjzg=</latexit>

mN > mK



Lepton flavor violating process

■ Violation of unitarity:

<latexit sha1_base64="B36jhQZgx5KuAI6JnBLwbj/0UDs=">AAACH3icbVDLSsNAFJ34rPEVdelmsAiCUJJSqsuiG1dSwT6gCWEynbRDJ5MwMxFK6J+48VfcuFBE3PVvnKRZaOuBgXPPuZc79wQJo1LZ9txYW9/Y3Nqu7Ji7e/sHh9bRcVfGqcCkg2MWi36AJGGUk46iipF+IgiKAkZ6weQ293tPREga80c1TYgXoRGnIcVIacm3mi5PfRexZIwu730HupJyuKih65qFGxCVm/XSzEvfqto1uwBcJU5JqqBE27e+3WGM04hwhRmScuDYifIyJBTFjMxMN5UkQXiCRmSgKUcRkV5W3DeD51oZwjAW+nEFC/X3RIYiKadRoDsjpMZy2cvF/7xBqsJrL6M8SRXheLEoTBlUMczDgkMqCFZsqgnCguq/QjxGAmGlIzV1CM7yyaukW685zVrjoVFt3ZRxVMApOAMXwAFXoAXuQBt0AAbP4BW8gw/jxXgzPo2vReuaUc6cgD8w5j+ob6GB</latexit>

⌫↵ +N1 sin↵

⌫� +N2 sin�

<latexit sha1_base64="AskLfvuPUQTQvcaVK6hoj4jCp3w=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgxpJIUZdFNy4r2Ac0MdxMJ+3QmSTMTIQSunPjr7hxoYhbf8Gdf+P0sdDWAwPnnnMvd+4JU86Udpxvq7C0vLK6VlwvbWxube/Yu3tNlWSS0AZJeCLbISjKWUwbmmlO26mkIEJOW+Hgeuy3HqhULInv9DClvoBezCJGQBspsA954AFP+3B/6ukEmyqk2hTY64EQENhlp+JMgBeJOyNlNEM9sL+8bkIyQWNNOCjVcZ1U+zlIzQino5KXKZoCGUCPdgyNQVDl55M7RvjYKF0cJdK8WOOJ+nsiB6HUUISmU4Duq3lvLP7ndTIdXfo5i9NM05hMF0UZx+bicSi4yyQlmg8NASKZ+SsmfZBAtImuZEJw509eJM2zinteqd5Wy7WrWRxFdICO0Aly0QWqoRtURw1E0CN6Rq/ozXqyXqx362PaWrBmM/voD6zPHwDzmMQ=</latexit>

l�↵ ! l�� �
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Violation of unitarity of the mixing 
matrix

Z ! invisibles
<latexit sha1_base64="XpFVdWsLJnBDJ7SvZnT7+5kzY3A=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCqzIjgi6LblxWsA/sDCWTZtrQJDMkmUIZCv6KGxeKuPU73Pk3pu0stPVA4HDOPeTeE6WcaeN5387K6tr6xmZpq7y9s7u37x4cNnWSKUIbJOGJakdYU84kbRhmOG2nimIRcdqKhrdTvzWiSrNEPphxSkOB+5LFjGBjpa57/BiYBOWBEojJEdPMBvWk61a8qjcDWiZ+QSpQoN51v4JeQjJBpSEca93xvdSEOVaGEU4n5SDTNMVkiPu0Y6nEguown60/QWdW6aE4UfZJg2bq70SOhdZjEdlJgc1AL3pT8T+vk5n4OsyZTDNDJZl/FGcc2YunXaAeU5QYPrYEE8XsrogMsMLE2MbKtgR/8eRl0ryo+l7Vv7+s1G6KOkpwAqdwDj5cQQ3uoA4NIJDDM7zCm/PkvDjvzsd8dMUpMkfwB87nD2NJlcE=</latexit><latexit sha1_base64="XpFVdWsLJnBDJ7SvZnT7+5kzY3A=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCqzIjgi6LblxWsA/sDCWTZtrQJDMkmUIZCv6KGxeKuPU73Pk3pu0stPVA4HDOPeTeE6WcaeN5387K6tr6xmZpq7y9s7u37x4cNnWSKUIbJOGJakdYU84kbRhmOG2nimIRcdqKhrdTvzWiSrNEPphxSkOB+5LFjGBjpa57/BiYBOWBEojJEdPMBvWk61a8qjcDWiZ+QSpQoN51v4JeQjJBpSEca93xvdSEOVaGEU4n5SDTNMVkiPu0Y6nEguown60/QWdW6aE4UfZJg2bq70SOhdZjEdlJgc1AL3pT8T+vk5n4OsyZTDNDJZl/FGcc2YunXaAeU5QYPrYEE8XsrogMsMLE2MbKtgR/8eRl0ryo+l7Vv7+s1G6KOkpwAqdwDj5cQQ3uoA4NIJDDM7zCm/PkvDjvzsd8dMUpMkfwB87nD2NJlcE=</latexit><latexit sha1_base64="XpFVdWsLJnBDJ7SvZnT7+5kzY3A=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCqzIjgi6LblxWsA/sDCWTZtrQJDMkmUIZCv6KGxeKuPU73Pk3pu0stPVA4HDOPeTeE6WcaeN5387K6tr6xmZpq7y9s7u37x4cNnWSKUIbJOGJakdYU84kbRhmOG2nimIRcdqKhrdTvzWiSrNEPphxSkOB+5LFjGBjpa57/BiYBOWBEojJEdPMBvWk61a8qjcDWiZ+QSpQoN51v4JeQjJBpSEca93xvdSEOVaGEU4n5SDTNMVkiPu0Y6nEguown60/QWdW6aE4UfZJg2bq70SOhdZjEdlJgc1AL3pT8T+vk5n4OsyZTDNDJZl/FGcc2YunXaAeU5QYPrYEE8XsrogMsMLE2MbKtgR/8eRl0ryo+l7Vv7+s1G6KOkpwAqdwDj5cQQ3uoA4NIJDDM7zCm/PkvDjvzsd8dMUpMkfwB87nD2NJlcE=</latexit><latexit sha1_base64="XpFVdWsLJnBDJ7SvZnT7+5kzY3A=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCqzIjgi6LblxWsA/sDCWTZtrQJDMkmUIZCv6KGxeKuPU73Pk3pu0stPVA4HDOPeTeE6WcaeN5387K6tr6xmZpq7y9s7u37x4cNnWSKUIbJOGJakdYU84kbRhmOG2nimIRcdqKhrdTvzWiSrNEPphxSkOB+5LFjGBjpa57/BiYBOWBEojJEdPMBvWk61a8qjcDWiZ+QSpQoN51v4JeQjJBpSEca93xvdSEOVaGEU4n5SDTNMVkiPu0Y6nEguown60/QWdW6aE4UfZJg2bq70SOhdZjEdlJgc1AL3pT8T+vk5n4OsyZTDNDJZl/FGcc2YunXaAeU5QYPrYEE8XsrogMsMLE2MbKtgR/8eRl0ryo+l7Vv7+s1G6KOkpwAqdwDj5cQQ3uoA4NIJDDM7zCm/PkvDjvzsd8dMUpMkfwB87nD2NJlcE=</latexit>

W ! l +missing energy
<latexit sha1_base64="cGzSyYO0gqNBxQtb8gA7xR5P6v0=">AAACBnicbVDLSgMxFM3UV62vUZciBIsgCGVGBF0W3bisYB/QDiWT3rahSWZIMsIw1I0bf8WNC0Xc+g3u/BvTdhbaeiBwOOdebs4JY8608bxvp7C0vLK6VlwvbWxube+4u3sNHSWKQp1GPFKtkGjgTELdMMOhFSsgIuTQDEfXE795D0qzSN6ZNIZAkIFkfUaJsVLXPWx2TIT5adZRAgumNZMD/IBBghqk465b9ireFHiR+Dkpoxy1rvvV6UU0ESAN5UTrtu/FJsiIMoxyGJc6iYaY0BEZQNtSSQToIJvGGONjq/RwP1L2SYOn6u+NjAitUxHaSUHMUM97E/E/r52Y/mWQMRknBiSdHeonHNvkk05wjymghqeWEKqY/SumQ6IINba5ki3Bn4+8SBpnFd+r+Lfn5epVXkcRHaAjdIJ8dIGq6AbVUB1R9Iie0St6c56cF+fd+ZiNFpx8Zx/9gfP5A8iUmK8=</latexit><latexit sha1_base64="cGzSyYO0gqNBxQtb8gA7xR5P6v0=">AAACBnicbVDLSgMxFM3UV62vUZciBIsgCGVGBF0W3bisYB/QDiWT3rahSWZIMsIw1I0bf8WNC0Xc+g3u/BvTdhbaeiBwOOdebs4JY8608bxvp7C0vLK6VlwvbWxube+4u3sNHSWKQp1GPFKtkGjgTELdMMOhFSsgIuTQDEfXE795D0qzSN6ZNIZAkIFkfUaJsVLXPWx2TIT5adZRAgumNZMD/IBBghqk465b9ireFHiR+Dkpoxy1rvvV6UU0ESAN5UTrtu/FJsiIMoxyGJc6iYaY0BEZQNtSSQToIJvGGONjq/RwP1L2SYOn6u+NjAitUxHaSUHMUM97E/E/r52Y/mWQMRknBiSdHeonHNvkk05wjymghqeWEKqY/SumQ6IINba5ki3Bn4+8SBpnFd+r+Lfn5epVXkcRHaAjdIJ8dIGq6AbVUB1R9Iie0St6c56cF+fd+ZiNFpx8Zx/9gfP5A8iUmK8=</latexit><latexit sha1_base64="cGzSyYO0gqNBxQtb8gA7xR5P6v0=">AAACBnicbVDLSgMxFM3UV62vUZciBIsgCGVGBF0W3bisYB/QDiWT3rahSWZIMsIw1I0bf8WNC0Xc+g3u/BvTdhbaeiBwOOdebs4JY8608bxvp7C0vLK6VlwvbWxube+4u3sNHSWKQp1GPFKtkGjgTELdMMOhFSsgIuTQDEfXE795D0qzSN6ZNIZAkIFkfUaJsVLXPWx2TIT5adZRAgumNZMD/IBBghqk465b9ireFHiR+Dkpoxy1rvvV6UU0ESAN5UTrtu/FJsiIMoxyGJc6iYaY0BEZQNtSSQToIJvGGONjq/RwP1L2SYOn6u+NjAitUxHaSUHMUM97E/E/r52Y/mWQMRknBiSdHeonHNvkk05wjymghqeWEKqY/SumQ6IINba5ki3Bn4+8SBpnFd+r+Lfn5epVXkcRHaAjdIJ8dIGq6AbVUB1R9Iie0St6c56cF+fd+ZiNFpx8Zx/9gfP5A8iUmK8=</latexit><latexit sha1_base64="cGzSyYO0gqNBxQtb8gA7xR5P6v0=">AAACBnicbVDLSgMxFM3UV62vUZciBIsgCGVGBF0W3bisYB/QDiWT3rahSWZIMsIw1I0bf8WNC0Xc+g3u/BvTdhbaeiBwOOdebs4JY8608bxvp7C0vLK6VlwvbWxube+4u3sNHSWKQp1GPFKtkGjgTELdMMOhFSsgIuTQDEfXE795D0qzSN6ZNIZAkIFkfUaJsVLXPWx2TIT5adZRAgumNZMD/IBBghqk465b9ireFHiR+Dkpoxy1rvvV6UU0ESAN5UTrtu/FJsiIMoxyGJc6iYaY0BEZQNtSSQToIJvGGONjq/RwP1L2SYOn6u+NjAitUxHaSUHMUM97E/E/r52Y/mWQMRknBiSdHeonHNvkk05wjymghqeWEKqY/SumQ6IINba5ki3Bn4+8SBpnFd+r+Lfn5epVXkcRHaAjdIJ8dIGq6AbVUB1R9Iie0St6c56cF+fd+ZiNFpx8Zx/9gfP5A8iUmK8=</latexit>

Deviation from SM is 
Suppressed both by                                          and               sin2 ↵ or sin2 �

<latexit sha1_base64="SPP0B6KANJX58hzOqi6DDgp3Q4Y=">AAACC3icbVBNS8NAEN3Ur1q/oh69LC2Cp5IUQY9FLx4r2A9oYplsN+3SzSbsboQS2rMX/4oXD4p49Q9489+4bXPQ1gcDj/dmmJkXJJwp7TjfVmFtfWNzq7hd2tnd2z+wD49aKk4loU0S81h2AlCUM0GbmmlOO4mkEAWctoPR9cxvP1CpWCzu9DihfgQDwUJGQBupZ5c9xcR9zQOeDGGaeTLCsZzgaS4HVEPPrjhVZw68StycVFCORs/+8voxSSMqNOGgVNd1Eu1nIDUjnE5KXqpoAmQEA9o1VEBElZ/Nf5ngU6P0cRhLU0Ljufp7IoNIqXEUmM4I9FAtezPxP6+b6vDSz5hIUk0FWSwKU451jGfB4D6TlGg+NgSIZOZWTIYggWgTX8mE4C6/vEpatarrVN3b80r9Ko+jiE5QGZ0hF12gOrpBDdREBD2iZ/SK3qwn68V6tz4WrQUrnzlGf2B9/gAf8JsV</latexit><latexit sha1_base64="SPP0B6KANJX58hzOqi6DDgp3Q4Y=">AAACC3icbVBNS8NAEN3Ur1q/oh69LC2Cp5IUQY9FLx4r2A9oYplsN+3SzSbsboQS2rMX/4oXD4p49Q9489+4bXPQ1gcDj/dmmJkXJJwp7TjfVmFtfWNzq7hd2tnd2z+wD49aKk4loU0S81h2AlCUM0GbmmlOO4mkEAWctoPR9cxvP1CpWCzu9DihfgQDwUJGQBupZ5c9xcR9zQOeDGGaeTLCsZzgaS4HVEPPrjhVZw68StycVFCORs/+8voxSSMqNOGgVNd1Eu1nIDUjnE5KXqpoAmQEA9o1VEBElZ/Nf5ngU6P0cRhLU0Ljufp7IoNIqXEUmM4I9FAtezPxP6+b6vDSz5hIUk0FWSwKU451jGfB4D6TlGg+NgSIZOZWTIYggWgTX8mE4C6/vEpatarrVN3b80r9Ko+jiE5QGZ0hF12gOrpBDdREBD2iZ/SK3qwn68V6tz4WrQUrnzlGf2B9/gAf8JsV</latexit><latexit sha1_base64="SPP0B6KANJX58hzOqi6DDgp3Q4Y=">AAACC3icbVBNS8NAEN3Ur1q/oh69LC2Cp5IUQY9FLx4r2A9oYplsN+3SzSbsboQS2rMX/4oXD4p49Q9489+4bXPQ1gcDj/dmmJkXJJwp7TjfVmFtfWNzq7hd2tnd2z+wD49aKk4loU0S81h2AlCUM0GbmmlOO4mkEAWctoPR9cxvP1CpWCzu9DihfgQDwUJGQBupZ5c9xcR9zQOeDGGaeTLCsZzgaS4HVEPPrjhVZw68StycVFCORs/+8voxSSMqNOGgVNd1Eu1nIDUjnE5KXqpoAmQEA9o1VEBElZ/Nf5ngU6P0cRhLU0Ljufp7IoNIqXEUmM4I9FAtezPxP6+b6vDSz5hIUk0FWSwKU451jGfB4D6TlGg+NgSIZOZWTIYggWgTX8mE4C6/vEpatarrVN3b80r9Ko+jiE5QGZ0hF12gOrpBDdREBD2iZ/SK3qwn68V6tz4WrQUrnzlGf2B9/gAf8JsV</latexit><latexit sha1_base64="SPP0B6KANJX58hzOqi6DDgp3Q4Y=">AAACC3icbVBNS8NAEN3Ur1q/oh69LC2Cp5IUQY9FLx4r2A9oYplsN+3SzSbsboQS2rMX/4oXD4p49Q9489+4bXPQ1gcDj/dmmJkXJJwp7TjfVmFtfWNzq7hd2tnd2z+wD49aKk4loU0S81h2AlCUM0GbmmlOO4mkEAWctoPR9cxvP1CpWCzu9DihfgQDwUJGQBupZ5c9xcR9zQOeDGGaeTLCsZzgaS4HVEPPrjhVZw68StycVFCORs/+8voxSSMqNOGgVNd1Eu1nIDUjnE5KXqpoAmQEA9o1VEBElZ/Nf5ngU6P0cRhLU0Ljufp7IoNIqXEUmM4I9FAtezPxP6+b6vDSz5hIUk0FWSwKU451jGfB4D6TlGg+NgSIZOZWTIYggWgTX8mE4C6/vEpatarrVN3b80r9Ko+jiE5QGZ0hF12gOrpBDdREBD2iZ/SK3qwn68V6tz4WrQUrnzlGf2B9/gAf8JsV</latexit>
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<latexit sha1_base64="5b9I46sRqie9W6SLT1xGDJg4/Uo=">AAACCnicbVDLSsNAFJ3UV62vqEs30SLUTUmKoMuiG1dawT6giWEynbRDZ5IwcyOU0LUbf8WNC0Xc+gXu/BunbRbaemC4h3Pu5c49QcKZAtv+NgpLyyura8X10sbm1vaOubvXUnEqCW2SmMeyE2BFOYtoExhw2kkkxSLgtB0MLyd++4FKxeLoDkYJ9QTuRyxkBIOWfPPwxuU0hIobSkwy4V/f18a6tHVxJesP4MQ3y3bVnsJaJE5OyihHwze/3F5MUkEjIBwr1XXsBLwMS2CE03HJTRVNMBniPu1qGmFBlZdNTxlbx1rpWWEs9YvAmqq/JzIslBqJQHcKDAM1703E/7xuCuG5l7EoSYFGZLYoTLkFsTXJxeoxSQnwkSaYSKb/apEB1qGATq+kQ3DmT14krVrVsavO7Wm5fpHHUUQH6AhVkIPOUB1doQZqIoIe0TN6RW/Gk/FivBsfs9aCkc/soz8wPn8A3T2aWw==</latexit><latexit sha1_base64="5b9I46sRqie9W6SLT1xGDJg4/Uo=">AAACCnicbVDLSsNAFJ3UV62vqEs30SLUTUmKoMuiG1dawT6giWEynbRDZ5IwcyOU0LUbf8WNC0Xc+gXu/BunbRbaemC4h3Pu5c49QcKZAtv+NgpLyyura8X10sbm1vaOubvXUnEqCW2SmMeyE2BFOYtoExhw2kkkxSLgtB0MLyd++4FKxeLoDkYJ9QTuRyxkBIOWfPPwxuU0hIobSkwy4V/f18a6tHVxJesP4MQ3y3bVnsJaJE5OyihHwze/3F5MUkEjIBwr1XXsBLwMS2CE03HJTRVNMBniPu1qGmFBlZdNTxlbx1rpWWEs9YvAmqq/JzIslBqJQHcKDAM1703E/7xuCuG5l7EoSYFGZLYoTLkFsTXJxeoxSQnwkSaYSKb/apEB1qGATq+kQ3DmT14krVrVsavO7Wm5fpHHUUQH6AhVkIPOUB1doQZqIoIe0TN6RW/Gk/FivBsfs9aCkc/soz8wPn8A3T2aWw==</latexit><latexit sha1_base64="5b9I46sRqie9W6SLT1xGDJg4/Uo=">AAACCnicbVDLSsNAFJ3UV62vqEs30SLUTUmKoMuiG1dawT6giWEynbRDZ5IwcyOU0LUbf8WNC0Xc+gXu/BunbRbaemC4h3Pu5c49QcKZAtv+NgpLyyura8X10sbm1vaOubvXUnEqCW2SmMeyE2BFOYtoExhw2kkkxSLgtB0MLyd++4FKxeLoDkYJ9QTuRyxkBIOWfPPwxuU0hIobSkwy4V/f18a6tHVxJesP4MQ3y3bVnsJaJE5OyihHwze/3F5MUkEjIBwr1XXsBLwMS2CE03HJTRVNMBniPu1qGmFBlZdNTxlbx1rpWWEs9YvAmqq/JzIslBqJQHcKDAM1703E/7xuCuG5l7EoSYFGZLYoTLkFsTXJxeoxSQnwkSaYSKb/apEB1qGATq+kQ3DmT14krVrVsavO7Wm5fpHHUUQH6AhVkIPOUB1doQZqIoIe0TN6RW/Gk/FivBsfs9aCkc/soz8wPn8A3T2aWw==</latexit><latexit sha1_base64="5b9I46sRqie9W6SLT1xGDJg4/Uo=">AAACCnicbVDLSsNAFJ3UV62vqEs30SLUTUmKoMuiG1dawT6giWEynbRDZ5IwcyOU0LUbf8WNC0Xc+gXu/BunbRbaemC4h3Pu5c49QcKZAtv+NgpLyyura8X10sbm1vaOubvXUnEqCW2SmMeyE2BFOYtoExhw2kkkxSLgtB0MLyd++4FKxeLoDkYJ9QTuRyxkBIOWfPPwxuU0hIobSkwy4V/f18a6tHVxJesP4MQ3y3bVnsJaJE5OyihHwze/3F5MUkEjIBwr1XXsBLwMS2CE03HJTRVNMBniPu1qGmFBlZdNTxlbx1rpWWEs9YvAmqq/JzIslBqJQHcKDAM1703E/7xuCuG5l7EoSYFGZLYoTLkFsTXJxeoxSQnwkSaYSKb/apEB1qGATq+kQ3DmT14krVrVsavO7Wm5fpHHUUQH6AhVkIPOUB1doQZqIoIe0TN6RW/Gk/FivBsfs9aCkc/soz8wPn8A3T2aWw==</latexit>

<latexit sha1_base64="0/hDAK5jW4O8VFCO3tDy7MA+cX4=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrulqMeiF48V7Ad015JNs21oNlmTbKEs/R1ePCji1R/jzX9j2u5BWx8MPN6bYWZemHCmjet+O2vrG5tb24Wd4u7e/sFh6ei4pWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2Obmd+e0yVZlI8mElCgxgPBIsYwcZKgU+kfqwiH/NkiHulsltx50CrxMtJGXI0eqUvvy9JGlNhCMdadz03MUGGlWGE02nRTzVNMBnhAe1aKnBMdZDNj56ic6v0USSVLWHQXP09keFY60kc2s4Ym6Fe9mbif143NdF1kDGRpIYKslgUpRwZiWYJoD5TlBg+sQQTxeytiAyxwsTYnIo2BG/55VXSqla8y0rtvlau3+RxFOAUzuACPLiCOtxBA5pA4Ame4RXenLHz4rw7H4vWNSefOYE/cD5/ACoqkbg=</latexit>

cos2 ↵
<latexit sha1_base64="qwU6SjjnhTIijO3Zrjutp2H8YA8=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4Kkkp6rHoxWMF+wFNLJvtpF26yYbdiVBK/4YXD4p49c9489+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7BT3N3bPzgsHR23jMo0hyZXUulOyAxIkUATBUropBpYHEpoh6Pbmd9+Am2ESh5wnEIQs0EiIsEZWsn3uTKPVeqHgKxXKrsVdw66SryclEmORq/05fcVz2JIkEtmTNdzUwwmTKPgEqZFPzOQMj5iA+hamrAYTDCZ3zyl51bp00hpWwnSufp7YsJiY8ZxaDtjhkOz7M3E/7xuhtF1MBFJmiEkfLEoyiRFRWcB0L7QwFGOLWFcC3sr5UOmGUcbU9GG4C2/vEpa1Yp3Wand18r1mzyOAjklZ+SCeOSK1MkdaZAm4SQlz+SVvDmZ8+K8Ox+L1jUnnzkhf+B8/gBgIJFE</latexit>

cos2 �

Yasaman Farzan         Neutrino 2022 63
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LFV charged lepton decay

One-loop effect 

GIM suppression
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LFV charged lepton decay

One-loop effect 

PDG:

Br(µ ! eZ 0) < 10�5
<latexit sha1_base64="gTFx7XmKNJrb16Fr7onq3TYbWtY=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR68IyI4ouXJS6cVnBPrAzlkyaaUOTzJBkhDLUjb/ixoUibv0Ld/6NaTsLrR4IHM65l5tzgphRpR3ny8rNzS8sLuWXCyura+sb9uZWQ0WJxKSOIxbJVoAUYVSQuqaakVYsCeIBI81gcDn2m/dEKhqJGz2Mic9RT9CQYqSN1LF3qrLk8QR6OoIE3h4cXrjOXXp0OurYRafsTAD/EjcjRZCh1rE/vW6EE06Exgwp1XadWPspkppiRkYFL1EkRniAeqRtqECcKD+dJBjBfaN0YRhJ84SGE/XnRoq4UkMemEmOdF/NemPxP6+d6PDcT6mIE00Enh4KEwZN3HEdsEslwZoNDUFYUvNXiPtIIqxNaQVTgjsb+S9pHJddp+xenxQr1ayOPNgFe6AEXHAGKuAK1EAdYPAAnsALeLUerWfrzXqfjuasbGcb/IL18Q0YypS4</latexit><latexit sha1_base64="gTFx7XmKNJrb16Fr7onq3TYbWtY=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR68IyI4ouXJS6cVnBPrAzlkyaaUOTzJBkhDLUjb/ixoUibv0Ld/6NaTsLrR4IHM65l5tzgphRpR3ny8rNzS8sLuWXCyura+sb9uZWQ0WJxKSOIxbJVoAUYVSQuqaakVYsCeIBI81gcDn2m/dEKhqJGz2Mic9RT9CQYqSN1LF3qrLk8QR6OoIE3h4cXrjOXXp0OurYRafsTAD/EjcjRZCh1rE/vW6EE06Exgwp1XadWPspkppiRkYFL1EkRniAeqRtqECcKD+dJBjBfaN0YRhJ84SGE/XnRoq4UkMemEmOdF/NemPxP6+d6PDcT6mIE00Enh4KEwZN3HEdsEslwZoNDUFYUvNXiPtIIqxNaQVTgjsb+S9pHJddp+xenxQr1ayOPNgFe6AEXHAGKuAK1EAdYPAAnsALeLUerWfrzXqfjuasbGcb/IL18Q0YypS4</latexit><latexit sha1_base64="gTFx7XmKNJrb16Fr7onq3TYbWtY=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR68IyI4ouXJS6cVnBPrAzlkyaaUOTzJBkhDLUjb/ixoUibv0Ld/6NaTsLrR4IHM65l5tzgphRpR3ny8rNzS8sLuWXCyura+sb9uZWQ0WJxKSOIxbJVoAUYVSQuqaakVYsCeIBI81gcDn2m/dEKhqJGz2Mic9RT9CQYqSN1LF3qrLk8QR6OoIE3h4cXrjOXXp0OurYRafsTAD/EjcjRZCh1rE/vW6EE06Exgwp1XadWPspkppiRkYFL1EkRniAeqRtqECcKD+dJBjBfaN0YRhJ84SGE/XnRoq4UkMemEmOdF/NemPxP6+d6PDcT6mIE00Enh4KEwZN3HEdsEslwZoNDUFYUvNXiPtIIqxNaQVTgjsb+S9pHJddp+xenxQr1ayOPNgFe6AEXHAGKuAK1EAdYPAAnsALeLUerWfrzXqfjuasbGcb/IL18Q0YypS4</latexit><latexit sha1_base64="gTFx7XmKNJrb16Fr7onq3TYbWtY=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR68IyI4ouXJS6cVnBPrAzlkyaaUOTzJBkhDLUjb/ixoUibv0Ld/6NaTsLrR4IHM65l5tzgphRpR3ny8rNzS8sLuWXCyura+sb9uZWQ0WJxKSOIxbJVoAUYVSQuqaakVYsCeIBI81gcDn2m/dEKhqJGz2Mic9RT9CQYqSN1LF3qrLk8QR6OoIE3h4cXrjOXXp0OurYRafsTAD/EjcjRZCh1rE/vW6EE06Exgwp1XadWPspkppiRkYFL1EkRniAeqRtqECcKD+dJBjBfaN0YRhJ84SGE/XnRoq4UkMemEmOdF/NemPxP6+d6PDcT6mIE00Enh4KEwZN3HEdsEslwZoNDUFYUvNXiPtIIqxNaQVTgjsb+S9pHJddp+xenxQr1ayOPNgFe6AEXHAGKuAK1EAdYPAAnsALeLUerWfrzXqfjuasbGcb/IL18Q0YypS4</latexit>
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If we are interested in εeτ or εeµ close to the present bounds, we then need to adopt the lepton number conserving
version of the model as described in sec. II A 2 to avoid the bounds from 0νββ. Moreover, for the Majorana type
sterile neutrinos, there is also a strong bound on the mixing with νµ of order of 10−2 from searches for lepton number
violating decay mode B− → π+µ−µ− from the LHCb [42].
Since active neutrinos mix with sterile neutrinos, the PMNS 3 × 3 matrix will not be unitary. There are strong

bounds on the violation of the unitarity of the PMNS matrix [24]. Some of these bounds do not however apply to
our case. Most notably despite the deviation of the PMNS matrix from unitarity, in our model we do not obtain a
significant contribution to l−α → l−β γ at one loop level as να and νβ mix with different sets of sterile neutrinos. In
other words, the heavier mass eigenstate either have a contribution from να or from νβ but not from both, making

one loop contribution absent. As a result, the bounds on (U †
PMNS · UPMNS)αβ |α"=β from lα → lβγ discussed in the

literature [24] does not apply here. There will be a two-loop contribution in which both W and Z ′ propagate but the
effect will be both GIM and two-loop suppressed and therefore negligible.
As long as the heaviest sterile neutrino mixed with the active neutrinos is much lighter than mZ/2, the bounds on

the invisible decay width of Z and those from the leptonic decay modes of W can also be relaxed in our model. In
other words, the deviation from standard model prediction for (Z →invisibles) and for (W → l+missing energy) will
be suppressed not only by the square of mixing but also by O(m2

N/m2
W ). However for mN > mK , K+(π+) → l+α ν

and K+(π+) → l+β ν will be suppressed by cos2 α and cos2 β, respectively. Moreover, the rate of the muon decay which
is used to extract GF will be affected. To be on the safe side, we take

sinα sinβ < 10−3

to satisfy the bounds from the violation of the unitarity of the PMNS matrix [24]. We then find

(gν)αβ |α"=β < 10−3gψ . (18)

There are also direct bounds on (
∑

α |(gν)eα|2)1/2 and (
∑

α |(gν)µα|2)1/2 from the K+ and π+ decays into e+ and µ+

plus missing energy which are again around 10−3 [25]. As shown in [26], the DUNE near detector can probe small
values of gν and even determine its flavor structure.
As discussed before, the contribution to lα → lβγ in our model is two-loop suppressed but at one loop, we obtain

lα → lβZ ′ with a rate estimated as

mα

4π
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)2

g4SU(2)
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α

m2
Z′

,

where m2
ψ/m

2
W comes from the GIM suppression and (m2

α/m
2
Z′) is the enhancement factor due to the longitudinal

component of Z ′. In PDG [27], there are explicit bounds on such exotic decay modes of τ :

Br(τ → eZ ′) < 2.7× 10−3 and Br(τ → µZ ′) < 5× 10−3 .

These bounds can be easily satisfied for gν < 10−3 and mZ′ > 10 MeV. The present bound on Br(µ → eZ ′) is of
order of 10−5 [28]. Taking (gν)µe < 10−3, mψ ∼ GeV and mZ′ ∼ 10 MeV, we find that Br(µ → eZ ′) is of similar
order. Future muon decay experiments can easily test this prediction [28].
Similarly, at one loop level and through Z ′ exchange, µ to e conversion can take place with

R =
Γ(µ+N → e+N)

Γ(µ+N → νµ +N ′)
∼

(gν)2eµg
2
q

(16π2)2

(

m2
ψ

m2
µ +m2

Z′

)2

= 5× 10−15
( gν
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)2 ( gq
10−4

)2 ( mψ

1 GeV

)4
. (19)

The present bound is set by SINDRUM II collaboration which is 7 × 10−13 [29] so the present bound can be easily
satisfied. The next generation Mu2e and COMET experiments can probe R down to 5 × 10−17 [30] so they can be
sensitive down to (gν)eµgq ∼ 10−8.
In our model, the Higgs will have new invisible decay modes into ν̄βÑ2 and ν̄αÑ1 with rates of λ2βmH/(4π) and

λ2αmH/(4π), respectively. Taking λα,β〈H〉 = m̃α, m̃β < 2 GeV, the present bound on the branching ratio of the
invisibles decay mode, Br(H → invisibles) < 0.2 [27], can be satisfied. Future searches for H → invisibles can test the
model. In fact, if Br(H → invisibles) down to O(1%) is measured, the entire parameter space of interest to us can be
probed. In principle, we can consider the masses of the sterile neutrinos to be heavier than the Higgs mass but then
the mixing parameters sinα and sinβ will be suppressed by m1,2/mN ∼ (mZ′/mN )(Y1,2/gψ). (Remember that we
require relatively light Z ′ to obtain sizable NSI.)
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These bounds can be easily satisfied for gν < 10−3 and mZ′ > 10 MeV. The present bound on Br(µ → eZ ′) is of
order of 10−5 [28]. Taking (gν)µe < 10−3, mψ ∼ GeV and mZ′ ∼ 10 MeV, we find that Br(µ → eZ ′) is of similar
order. Future muon decay experiments can easily test this prediction [28].
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The present bound is set by SINDRUM II collaboration which is 7 × 10−13 [29] so the present bound can be easily
satisfied. The next generation Mu2e and COMET experiments can probe R down to 5 × 10−17 [30] so they can be
sensitive down to (gν)eµgq ∼ 10−8.
In our model, the Higgs will have new invisible decay modes into ν̄βÑ2 and ν̄αÑ1 with rates of λ2βmH/(4π) and

λ2αmH/(4π), respectively. Taking λα,β〈H〉 = m̃α, m̃β < 2 GeV, the present bound on the branching ratio of the
invisibles decay mode, Br(H → invisibles) < 0.2 [27], can be satisfied. Future searches for H → invisibles can test the
model. In fact, if Br(H → invisibles) down to O(1%) is measured, the entire parameter space of interest to us can be
probed. In principle, we can consider the masses of the sterile neutrinos to be heavier than the Higgs mass but then
the mixing parameters sinα and sinβ will be suppressed by m1,2/mN ∼ (mZ′/mN )(Y1,2/gψ). (Remember that we
require relatively light Z ′ to obtain sizable NSI.)
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version of the model as described in sec. II A 2 to avoid the bounds from 0νββ. Moreover, for the Majorana type
sterile neutrinos, there is also a strong bound on the mixing with νµ of order of 10−2 from searches for lepton number
violating decay mode B− → π+µ−µ− from the LHCb [42].
Since active neutrinos mix with sterile neutrinos, the PMNS 3 × 3 matrix will not be unitary. There are strong

bounds on the violation of the unitarity of the PMNS matrix [24]. Some of these bounds do not however apply to
our case. Most notably despite the deviation of the PMNS matrix from unitarity, in our model we do not obtain a
significant contribution to l−α → l−β γ at one loop level as να and νβ mix with different sets of sterile neutrinos. In
other words, the heavier mass eigenstate either have a contribution from να or from νβ but not from both, making

one loop contribution absent. As a result, the bounds on (U †
PMNS · UPMNS)αβ |α"=β from lα → lβγ discussed in the

literature [24] does not apply here. There will be a two-loop contribution in which both W and Z ′ propagate but the
effect will be both GIM and two-loop suppressed and therefore negligible.
As long as the heaviest sterile neutrino mixed with the active neutrinos is much lighter than mZ/2, the bounds on

the invisible decay width of Z and those from the leptonic decay modes of W can also be relaxed in our model. In
other words, the deviation from standard model prediction for (Z →invisibles) and for (W → l+missing energy) will
be suppressed not only by the square of mixing but also by O(m2
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W ). However for mN > mK , K+(π+) → l+α ν

and K+(π+) → l+β ν will be suppressed by cos2 α and cos2 β, respectively. Moreover, the rate of the muon decay which
is used to extract GF will be affected. To be on the safe side, we take

sinα sinβ < 10−3

to satisfy the bounds from the violation of the unitarity of the PMNS matrix [24]. We then find
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There are also direct bounds on (
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plus missing energy which are again around 10−3 [25]. As shown in [26], the DUNE near detector can probe small
values of gν and even determine its flavor structure.
As discussed before, the contribution to lα → lβγ in our model is two-loop suppressed but at one loop, we obtain
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component of Z ′. In PDG [27], there are explicit bounds on such exotic decay modes of τ :

Br(τ → eZ ′) < 2.7× 10−3 and Br(τ → µZ ′) < 5× 10−3 .

These bounds can be easily satisfied for gν < 10−3 and mZ′ > 10 MeV. The present bound on Br(µ → eZ ′) is of
order of 10−5 [28]. Taking (gν)µe < 10−3, mψ ∼ GeV and mZ′ ∼ 10 MeV, we find that Br(µ → eZ ′) is of similar
order. Future muon decay experiments can easily test this prediction [28].
Similarly, at one loop level and through Z ′ exchange, µ to e conversion can take place with

R =
Γ(µ+N → e+N)

Γ(µ+N → νµ +N ′)
∼
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The present bound is set by SINDRUM II collaboration which is 7 × 10−13 [29] so the present bound can be easily
satisfied. The next generation Mu2e and COMET experiments can probe R down to 5 × 10−17 [30] so they can be
sensitive down to (gν)eµgq ∼ 10−8.
In our model, the Higgs will have new invisible decay modes into ν̄βÑ2 and ν̄αÑ1 with rates of λ2βmH/(4π) and

λ2αmH/(4π), respectively. Taking λα,β〈H〉 = m̃α, m̃β < 2 GeV, the present bound on the branching ratio of the
invisibles decay mode, Br(H → invisibles) < 0.2 [27], can be satisfied. Future searches for H → invisibles can test the
model. In fact, if Br(H → invisibles) down to O(1%) is measured, the entire parameter space of interest to us can be
probed. In principle, we can consider the masses of the sterile neutrinos to be heavier than the Higgs mass but then
the mixing parameters sinα and sinβ will be suppressed by m1,2/mN ∼ (mZ′/mN )(Y1,2/gψ). (Remember that we
require relatively light Z ′ to obtain sizable NSI.)
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Smoking gun of the model for 
discernible
1)  Muon to e conversion but 

2)

3)

4)    Invisible Higgs decay mode

µ� ! e��
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Resolving the NOaA and T2K tension in the presence of Neutrino Non-Standard interactions Sabya Sachi
Chatterjee

Figure 2: Allowed regions determined from the combined analysis of T2K and NOaA in the plane�
qe`/c, |Y4` |

�
and (qeg/c, |Y4g |) for both the NO and IO. The contours have been drawn at the 68%

and 90% confidence level for 2 d.o.f.. The dashed curves correspond to the upper bounds (90% C.L., 2 d.o.f.)
derived from the IceCube data [9]. This figure has been taken from [7].

Figure 3: Allowed regions derived separately by T2K and NOaA for NO in the plane
⇣
XCP/c, sin2 \23

⌘
. Left

panel represents the SM case and middle (right) panel corresponds to the NSI in the 4 � ` (4 � g) sector. In
the middle panel we have considered the NSI parameters at their best fit values obtained from T2K + NOaA
(|Y4` | = 0.15, q4` = 1.38c). Similarly, in the right panel we have taken |Y4g | = 0.275, q4g = 1.62c. The
contours are drawn at the 68% and 90% C.L. for 2 d.o.f.. This figure has been taken from [7].

panel corresponds to the upper bounds given by the analysis of the IceCube data [9]. It can be seen
that the bounds we have obtained from the combined analysis, are compatible with that of IceCube.

Let us now try to understand how the preference of the non-zero values of the NSI couplings in
the 4 � ` and 4 � g sectors help to resolve the tension between the NOaA and T2K measurement on
XCP. In Fig. 3 we display the 68% and 90% C.L. allowed regions for 2 d.o.f. in the plane spanned
by the standard CP-phase XCP and the atmospheric mixing angle \23 in the NO case. The left panel
refers to the SM case, while the middle and right panels concern the SM+NSI scenario with NSI
in the 4 � ` and 4 � g sectors respectively. The red (green) contours correspond to T2K (NOaA)
respectively. From the left panel it is clearly evident that the discrepancy between the NOaA and
T2K lies at more than 90% confidence level. NOaA (T2K) prefers values close to XCP ⇠ 0.8c
(⇠ 1.4c). In the middle and right panel the contours have been drawn considering the best fit values
of the NSI parameters obtained from the combined analysis of both the experiments as shown in

4

S. S. Chatterjee and A Palazzo, PRL 126 (2021) 5, 051802
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|✏eµ| ⇠ 0.15



Summary

■ In the neutrino precision era, we should take possibility of NSI more serious.

■ New U(1):  Light mediator, small coupling                    large NSI 

■ Mixing of neutrinos with fermions charged under new U(1) NSI for neutrinos

No NSI for charged leptons

■ Models for arbitrary flavor structure:                                          or    
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Planck Collaboration: Cosmological parameters

Fig. 34. Samples from Planck TT,TE,EE+lowE chains in theP
m⌫–H0 plane, colour-coded by �8. Solid black contours

show the constraints from Planck TT,TE,EE+lowE+lensing,
while dashed blue lines show the joint constraint from Planck
TT,TE,EE+lowE+lensing+BAO, and the dashed green lines ad-
ditionally marginalize over Ne↵ . The grey band on the left shows
the region with

P
m⌫ < 0.056 eV ruled out by neutrino oscilla-

tion experiments. Mass splittings observed in neutrino oscilla-
tion experiments also imply that the region left of the dotted ver-
tical line can only be a normal hierarchy (NH), while the region
to the right could be either the normal hierarchy or an inverted
hierarchy (IH).

scales where the suppression caused by neutrinos is expected
to be significant) the measurements are substantially more dif-
ficult to model and interpret than the CMB and BAO data. Our
95 % limit of

P
m⌫ < 0.12 eV starts to put pressure on the in-

verted mass hierarchy (which requires
P

m⌫ >⇠ 0.1 eV) indepen-
dently of Ly↵ data. This is consistent with constraints from neu-
trino laboratory experiments which also slightly prefer the nor-
mal hierarchy at 2–3� (Adamson et al. 2017; Abe et al. 2018;
Capozzi et al. 2018; de Salas et al. 2018a,b).

7.5.2. Effective number of relativistic species

New light particles appear in many extensions of the Standard
Model of particle physics. Additional dark relativistic degrees
of freedom are usually parameterized by Ne↵ , defined so that
the total relativistic energy density well after electron-positron
annihilation is given by

⇢rad = Ne↵
7
8

 
4

11

!4/3

⇢�. (64)

The standard cosmological model has Ne↵ ⇡ 3.046,
slightly larger than 3 since the three standard model neu-
trinos were not completely decoupled at electron-positron
annihilation (Gnedin & Gnedin 1998; Mangano et al. 2005;
de Salas & Pastor 2016).

We can treat any additional massless particles produced well
before recombination (that neither interact nor decay) as simply
an additional contribution to Ne↵ . Any species that was initially
in thermal equilibrium with the Standard Model particles pro-
duces a �Ne↵ (⌘ Ne↵ � 3.046) that depends only on the number
of degrees of freedom and decoupling temperature. Using con-
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Fig. 35. Samples from Planck TT,TE,EE+lowE chains in
the Ne↵–H0 plane, colour-coded by �8. The grey bands
show the local Hubble parameter measurement H0 =
(73.45 ± 1.66) km s�1Mpc�1 from Riess et al. (2018a). Solid
black contours show the constraints from Planck TT,TE,EE
+lowE+lensing+BAO, while dashed lines the joint constraint
also including Riess et al. (2018a). Models with Ne↵ < 3.046
(left of the solid vertical line) require photon heating after neu-
trino decoupling or incomplete thermalization.

servation of entropy, fully thermalized relics with g degrees of
freedom contribute

�Ne↵ = g
"

43
4 gs

#4/3

⇥

(
4/7 boson,
1/2 fermion, (65)

where gs is the e↵ective degrees of freedom for the entropy of
the other thermalized relativistic species that are present when
they decouple.38 Examples range from a fully thermalized ster-
ile neutrino decoupling at 1 <

⇠
T <
⇠

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

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

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

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

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

with similar results including lensing. Modifying the relativis-
tic energy density before recombination changes the sound hori-
zon, which is partly degenerate with changes in the late-time ge-
ometry. Although the physical acoustic scale measured by BAO

38For most of the thermal history gs ⇡ g⇤, where g⇤ is the e↵ective
degrees of freedom for density, but they can di↵er slightly, for example
during the QCD phase transition (Borsanyi et al. 2016) .
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P. Coloma  et al., “Bounds on new physics with data of the Dresden-II reactor experiment and 
COHERENT,'' JHEP 05 (2022), 037

Figure 3. 90% CL allowed regions on flavor diagonal NSI with up-quarks (for zero values of all
other NSI coe�cients) from the analysis of COHERENT CsI and Ar data, the Dresden-II reactor
data – with Fef (YBe) quenching factor in left (right) panel –, and their combination. Note that,
in the two-dimensional panels, the results for the Dresden-II reactor experiment are obtained for 1
dof, while the rest of the regions are obtained for 2 dof.

points that satisfy
h
QW + (2Z +N) "uee + (2N + Z) "dee

i2
= constant , (4.2)

which follow lines in the ("uee, "
d
ee) plane with the slope given by �(2Z + N)/(2N + Z).

As seen in the figure, the analysis employing the Fef quenching factor results in slightly

stronger constraints. In most scenarios we find that the analysis using the Fef quenching

factor reproduces slightly better the SM predictions and therefore leaves less room for new

physics. Exception, as we will see, is the case for some models with light vector mediators

for which a local non-standard minima appears in the analysis with the YBe quenching

factor, which results in slightly stronger constraints (see Sec. 4.4).

CE⌫NS at the COHERENT experiment is sensitive to interactions of electron and

muon neutrinos and hence, it provides information on the corresponding e↵ective combi-

nations QCsI
e ("), QCsI

µ ("), QAr
e ("), QAr

µ ("). Generically, because both ⌫e and ⌫µ are present

in the beam, degeneracies between NSI parameters corresponding to e and µ flavors appear.

This is illustrated in Fig. 3, where we show the allowed regions obtained from our combined

analysis of CE⌫NS at COHERENT with both CsI and Ar targets for flavor-diagonal NSIs

with up-quarks only (the results for NSI with only down-quarks are similar). The shape

of these regions for a given nucleus leads to allowed regions defined by a band around the

points that approximately obey the equation of an ellipse in the ("uee, "
u
µµ) plane,

[QW + (2Z +N) "uee]
2 + 2

⇥
QW + (2Z +N) "uµµ

⇤2
= constant . (4.3)
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2.2 CEνNS

The differential cross section for coherent scattering of a neutrino with energy Eν on a
nucleus with Z protons, N neutrons, and mass M reads [48]:

dσ

dT
= G2

F

2π
Q2F 2(q2)M

(
2 − MT

E2
ν

)
. (2.7)

Here, T is the recoil energy of the nucleus, F (q2) is the nuclear form factor depending on
the momentum transfer squared, q2 = 2MT and Q2 is the weak charge of the nucleus. In
the Standard Model (SM) its value is

Q2
SM = (ZgVp +NgVn )2 , (2.8)

with the tree-level relations gVp = 1/2 − 2 sin2 θW and gVn = −1/2. We have checked that
loop-corrections to these values (see e.g., [49] for a discussion) have a negligible impact on
our numerical results; therefore, for the sake of simplicity, we stick to the tree-level values
for QSM. For the weak mixing angle θW , we adopt the low-energy value derived in [50].

The effect of NC vector NSI as considered in this work can be taken into account by
replacing Q2

SM by an effective weak charge, which now becomes dependent on the flavour
α of the incoming neutrino [11]:

Q2
α =

[
Z(gVp + εpαα) +N(gVn + εnαα)

]2
+
∑

β !=α

[
Zεpαβ +Nεnαβ

]2

=
(
QSM + ZεY,ηαα

)2
+ Z2 ∑

β !=α

(
εY,ηαβ

)2
, (2.9)

with εY,ηαβ defined in eq. (2.4) and for the sake of simplicity, here and in the following we
assume that off-diagonal NSI coefficients are real. The first term in eq. (2.9) corresponds
to the flavour diagonal process να + A → να + A, where the NSI induced amplitude can
interfere with the SM term, whereas the second term corresponds to flavour changing
scattering, να +A → νβ +A.

It is clear from eqs. (2.9) and (2.4) that an experiment with a given target nucleus will
not be sensitive to NSI if εY,ηαβ = 0 because of the negative interference of the interactions
with protons and neutrons, which happens for

ηblind = − arctan
( 1
Y

)
. (2.10)

In table 1 we list several of possible detector targets showing their respective values for Z,
Y , and ηblind. LMA-dark is allowed by present data for values of η somewhat larger — but
close to — the blind spot for CsI, ηCsI

blind ≈ −35.4◦. In order to resolve the degeneracy, data
from a target with an ηblind sufficiently smaller than this value will be needed.
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interfere with the SM term, whereas the second term corresponds to flavour changing
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It is clear from eqs. (2.9) and (2.4) that an experiment with a given target nucleus will
not be sensitive to NSI if εY,ηαβ = 0 because of the negative interference of the interactions
with protons and neutrons, which happens for
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In table 1 we list several of possible detector targets showing their respective values for Z,
Y , and ηblind. LMA-dark is allowed by present data for values of η somewhat larger — but
close to — the blind spot for CsI, ηCsI

blind ≈ −35.4◦. In order to resolve the degeneracy, data
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Target Z Y ηblind −QSM σ/Q2
SM σµ/σ

C3F8 8.2 1.081 −42.8◦ 4.27 13.3% ∞
Si 14 1.006 −44.8◦ 6.72 17.6% ∞
Ar 18 1.235 −39.0◦ 10.71 12.0% ∞
Ge 32 1.270 −38.2◦ 19.6 14.2% 4.20
CsI 54 1.405 −35.4◦ 36.7 12.5% 3.37
Xe 54 1.431 −35.0◦ 37.4 12.0% 4.01

Table 1. Number of protons Z, the neutron-to-proton ratio Y = N/Z, the corresponding blind
spot ηblind, eq. (2.10), and the value of the SM weak charge, QSM, for different target materials. We
use the average N corresponding to the natural isotope abundances, and for the molecules C3F8
and CsI we take the average Z and N values. The last two columns show our assumptions about
the measurement uncertainties obtainable at ESS, see eq. (4.1).

3 Present status of the LMA-dark degeneracy

3.1 Analysis details
Statistical method. In order to test the LMA-dark solution we define the following ∆χ2

function:

∆χ2(εη, η) = χ2
D(εη, η) − χ2

L,min , χ2
L,min = min

εη ,η
χ2
L(εη, η) . (3.1)

Here, εη = (εη
αβ) is a short-hand for all NSI coefficients and χ2

D,L(εη, η) are the χ2 functions
restricted to the LMA-dark (θ12 > 45◦) or LMA-light (θ12 < 45◦) sides of the parameter
space, respectively. The ∆χ2 in eq. (3.1) quantifies the degree to which the LMA-dark
solution is disfavoured with respect to LMA-light. In particular,

∆χ2
DL ≡ min

εη ,η

[
∆χ2(εη, η)

]
= χ2

D,min − χ2
L,min (3.2)

corresponds to the log-likelihood ratio of the two hypotheses LMA-dark versus LMA-light.
In the following, we will evaluate ∆χ2

DL from eq. (3.2) for 1 dof to quantify the exclusion of
the LMA-dark degeneracy. In order to perform the minimisation over the NSI parameters,
we use a Monte Carlo minimisation based on the differential evolution method [51]. The
numerical calculations are performed with the SciPy library [52] in python that already
has this algorithm implemented.

Oscillation experiments. The information from oscillation experiments is included by
using the results of the global analysis from ref. [33]. We re-construct approximate functions
χ2
L,osc(εη, η) and χ2

D,osc(εη, η) from figures 7 and 10 of ref. [33] (2020 updated version).1 We
1We are grateful to the authors of ref. [33] for providing us a χ2-table corresponding to an updated

version of their figure 7. Let us note that the figure shows marginalized regions for each εη
αβ as a function

of η. Therefore, we neglect correlations between the different εη
αβ . In general, our exclusions will be

conservative; if parameter correlations can be included exclusions of the LMA-dark degeneracy would be
somewhat stronger.

– 6 –
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Lepton number violation
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mNNT cN
<latexit sha1_base64="RWwmXXJh1khhGPQOklO1fE+lxuo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY9FL56WCv2Sdi3ZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzwoQzbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+Hbmt5+o0iyWDTNJaCDwULKIEWys9CD6PvIfG8Tvlytu1Z0DrRIvJxXIUe+Xv3qDmKSCSkM41rrruYkJMqwMI5xOS71U0wSTMR7SrqUSC6qDbH7wFJ1ZZYCiWNmSBs3V3xMZFlpPRGg7BTYjvezNxP+8bmqi6yBjMkkNlWSxKEo5MjGafY8GTFFi+MQSTBSztyIywgoTYzMq2RC85ZdXSeui6rlV7/6yUrvJ4yjCCZzCOXhwBTW4gzo0gYCAZ3iFN0c5L86787FoLTj5zDH8gfP5A8/6j78=</latexit><latexit sha1_base64="RWwmXXJh1khhGPQOklO1fE+lxuo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY9FL56WCv2Sdi3ZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzwoQzbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+Hbmt5+o0iyWDTNJaCDwULKIEWys9CD6PvIfG8Tvlytu1Z0DrRIvJxXIUe+Xv3qDmKSCSkM41rrruYkJMqwMI5xOS71U0wSTMR7SrqUSC6qDbH7wFJ1ZZYCiWNmSBs3V3xMZFlpPRGg7BTYjvezNxP+8bmqi6yBjMkkNlWSxKEo5MjGafY8GTFFi+MQSTBSztyIywgoTYzMq2RC85ZdXSeui6rlV7/6yUrvJ4yjCCZzCOXhwBTW4gzo0gYCAZ3iFN0c5L86787FoLTj5zDH8gfP5A8/6j78=</latexit><latexit sha1_base64="RWwmXXJh1khhGPQOklO1fE+lxuo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY9FL56WCv2Sdi3ZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzwoQzbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+Hbmt5+o0iyWDTNJaCDwULKIEWys9CD6PvIfG8Tvlytu1Z0DrRIvJxXIUe+Xv3qDmKSCSkM41rrruYkJMqwMI5xOS71U0wSTMR7SrqUSC6qDbH7wFJ1ZZYCiWNmSBs3V3xMZFlpPRGg7BTYjvezNxP+8bmqi6yBjMkkNlWSxKEo5MjGafY8GTFFi+MQSTBSztyIywgoTYzMq2RC85ZdXSeui6rlV7/6yUrvJ4yjCCZzCOXhwBTW4gzo0gYCAZ3iFN0c5L86787FoLTj5zDH8gfP5A8/6j78=</latexit><latexit sha1_base64="RWwmXXJh1khhGPQOklO1fE+lxuo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY9FL56WCv2Sdi3ZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzwoQzbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+Hbmt5+o0iyWDTNJaCDwULKIEWys9CD6PvIfG8Tvlytu1Z0DrRIvJxXIUe+Xv3qDmKSCSkM41rrruYkJMqwMI5xOS71U0wSTMR7SrqUSC6qDbH7wFJ1ZZYCiWNmSBs3V3xMZFlpPRGg7BTYjvezNxP+8bmqi6yBjMkkNlWSxKEo5MjGafY8GTFFi+MQSTBSztyIywgoTYzMq2RC85ZdXSeui6rlV7/6yUrvJ4yjCCZzCOXhwBTW4gzo0gYCAZ3iFN0c5L86787FoLTj5zDH8gfP5A8/6j78=</latexit>

Majorana mass Dirac mass

mN N̄N
<latexit sha1_base64="nkYrWr97YBgPRr27sGYhdeUWTh0=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF08hgomBZAmzk9lkyDzWmdlAWPIdXjwo4tWP8ebfOEn2oIkFDUVVN91dUcKZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRy6hUE9okiivdjrChnEnatMxy2k40xSLi9DEa3c78xzHVhin5YCcJDQUeSBYzgq2TQtGro26EdVafonqvXPGr/hxolQQ5qUCORq/81e0rkgoqLeHYmE7gJzbMsLaMcDotdVNDE0xGeEA7jkosqAmz+dFTdOaUPoqVdiUtmqu/JzIsjJmIyHUKbIdm2ZuJ/3md1MbXYcZkkloqyWJRnHJkFZolgPpMU2L5xBFMNHO3IjLEGhPrciq5EILll1dJ66Ia+NXg/rJSu8njKMIJnMI5BHAFNbiDBjSBwBM8wyu8eWPvxXv3PhatBS+fOYY/8D5/ANfckXs=</latexit><latexit sha1_base64="nkYrWr97YBgPRr27sGYhdeUWTh0=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF08hgomBZAmzk9lkyDzWmdlAWPIdXjwo4tWP8ebfOEn2oIkFDUVVN91dUcKZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRy6hUE9okiivdjrChnEnatMxy2k40xSLi9DEa3c78xzHVhin5YCcJDQUeSBYzgq2TQtGro26EdVafonqvXPGr/hxolQQ5qUCORq/81e0rkgoqLeHYmE7gJzbMsLaMcDotdVNDE0xGeEA7jkosqAmz+dFTdOaUPoqVdiUtmqu/JzIsjJmIyHUKbIdm2ZuJ/3md1MbXYcZkkloqyWJRnHJkFZolgPpMU2L5xBFMNHO3IjLEGhPrciq5EILll1dJ66Ia+NXg/rJSu8njKMIJnMI5BHAFNbiDBjSBwBM8wyu8eWPvxXv3PhatBS+fOYY/8D5/ANfckXs=</latexit><latexit sha1_base64="nkYrWr97YBgPRr27sGYhdeUWTh0=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF08hgomBZAmzk9lkyDzWmdlAWPIdXjwo4tWP8ebfOEn2oIkFDUVVN91dUcKZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRy6hUE9okiivdjrChnEnatMxy2k40xSLi9DEa3c78xzHVhin5YCcJDQUeSBYzgq2TQtGro26EdVafonqvXPGr/hxolQQ5qUCORq/81e0rkgoqLeHYmE7gJzbMsLaMcDotdVNDE0xGeEA7jkosqAmz+dFTdOaUPoqVdiUtmqu/JzIsjJmIyHUKbIdm2ZuJ/3md1MbXYcZkkloqyWJRnHJkFZolgPpMU2L5xBFMNHO3IjLEGhPrciq5EILll1dJ66Ia+NXg/rJSu8njKMIJnMI5BHAFNbiDBjSBwBM8wyu8eWPvxXv3PhatBS+fOYY/8D5/ANfckXs=</latexit><latexit sha1_base64="nkYrWr97YBgPRr27sGYhdeUWTh0=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF08hgomBZAmzk9lkyDzWmdlAWPIdXjwo4tWP8ebfOEn2oIkFDUVVN91dUcKZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRy6hUE9okiivdjrChnEnatMxy2k40xSLi9DEa3c78xzHVhin5YCcJDQUeSBYzgq2TQtGro26EdVafonqvXPGr/hxolQQ5qUCORq/81e0rkgoqLeHYmE7gJzbMsLaMcDotdVNDE0xGeEA7jkosqAmz+dFTdOaUPoqVdiUtmqu/JzIsjJmIyHUKbIdm2ZuJ/3md1MbXYcZkkloqyWJRnHJkFZolgPpMU2L5xBFMNHO3IjLEGhPrciq5EILll1dJ66Ia+NXg/rJSu8njKMIJnMI5BHAFNbiDBjSBwBM8wyu8eWPvxXv3PhatBS+fOYY/8D5/ANfckXs=</latexit>

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="mcbuxDXTW9QgPzCOHFrdFyHodyI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3QeM/Q==</latexit>p

<latexit sha1_base64="mcbuxDXTW9QgPzCOHFrdFyHodyI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3QeM/Q==</latexit>p

<latexit sha1_base64="RmIhIcc96OVgeQ7eZV6aQIOc4wQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDzFuM8g==</latexit>e

<latexit sha1_base64="RmIhIcc96OVgeQ7eZV6aQIOc4wQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDzFuM8g==</latexit>e

<latexit sha1_base64="3/4YisKq/bnccaEY7EkdQlpA6Eg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6l/jNs=</latexit>

N

73



Z′ coupling to matter fields

1

2

Gauging a linear combination of Baryon number and lepton numbers

Kinetic mixing with hypercharge gauge boson

Photon component

Z component Coupling suppressed by 
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Z′ coupling to matter fields

1

2

Gauging a linear combination of Baryon number and lepton numbers

Kinetic mixing with hypercharge gauge boson

Photon component

NSI in CE𝜈NS CONUS, COHERENT NO NSI in neutrino oscillation
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Gauging <latexit sha1_base64="cuPo/8//iwxXv8RNPkEdo7nY02w=">AAACDXicbVDLTgIxFO3gC/GFunTTiCYYI5kxRF0S3LhggYk8EiCTO+WCDZ1H2o4JIfyAG3/FjQuNcevenX9jB1goeJK2p+fcm/YeLxJcadv+tlJLyyura+n1zMbm1vZOdnevrsJYMqyxUISy6YFCwQOsaa4FNiOJ4HsCG97gOvEbDygVD4M7PYyw40M/4D3OQBvJzR6Vz/LgYsXFU3DbfkwryZ5wDZOLOU7cbM4u2BPQReLMSI7MUHWzX+1uyGIfA80EKNVy7Eh3RiA1ZwLHmXasMAI2gD62DA3AR9UZTaYZ02OjdGkvlGYFmk7U3x0j8JUa+p6p9EHfq3kvEf/zWrHuXXVGPIhijQGbPtSLBdUhTaKhXS6RaTE0BJjk5q+U3YMEpk2AGROCMz/yIqmfF5yLQvG2mCuVZ3GkyQE5JHnikEtSIjekSmqEkUfyTF7Jm/VkvVjv1se0NGXNevbJH1ifP/qMmkU=</latexit>

B � (aeLe + aµLµ + a⌧L⌧ )
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Flavor conserving NSI

g /gq
<latexit sha1_base64="RtQjAT9C/vkLbBrDQOzNudvRSbg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GPRi8cK9gPbEDbbTbp0sxt3N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemHKmjet+O6WV1bX1jfJmZWt7Z3evun/Q1jJThLaI5FJ1Q6wpZ4K2DDOcdlNFcRJy2glHN1O/80SVZlLcm3FK/QTHgkWMYGOlhzjop5qdxcFjUK25dXcGtEy8gtSgQDOofvUHkmQJFYZwrHXPc1Pj51gZRjidVPqZpikmIxzTnqUCJ1T7+eziCTqxygBFUtkSBs3U3xM5TrQeJ6HtTLAZ6kVvKv7n9TITXfk5E2lmqCDzRVHGkZFo+j4aMEWJ4WNLMFHM3orIECtMjA2pYkPwFl9eJu3zuufWvbuLWuO6iKMMR3AMp+DBJTTgFprQAgICnuEV3hztvDjvzse8teQUM4fwB87nD1u2kLI=</latexit><latexit sha1_base64="RtQjAT9C/vkLbBrDQOzNudvRSbg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GPRi8cK9gPbEDbbTbp0sxt3N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemHKmjet+O6WV1bX1jfJmZWt7Z3evun/Q1jJThLaI5FJ1Q6wpZ4K2DDOcdlNFcRJy2glHN1O/80SVZlLcm3FK/QTHgkWMYGOlhzjop5qdxcFjUK25dXcGtEy8gtSgQDOofvUHkmQJFYZwrHXPc1Pj51gZRjidVPqZpikmIxzTnqUCJ1T7+eziCTqxygBFUtkSBs3U3xM5TrQeJ6HtTLAZ6kVvKv7n9TITXfk5E2lmqCDzRVHGkZFo+j4aMEWJ4WNLMFHM3orIECtMjA2pYkPwFl9eJu3zuufWvbuLWuO6iKMMR3AMp+DBJTTgFprQAgICnuEV3hztvDjvzse8teQUM4fwB87nD1u2kLI=</latexit><latexit sha1_base64="RtQjAT9C/vkLbBrDQOzNudvRSbg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GPRi8cK9gPbEDbbTbp0sxt3N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemHKmjet+O6WV1bX1jfJmZWt7Z3evun/Q1jJThLaI5FJ1Q6wpZ4K2DDOcdlNFcRJy2glHN1O/80SVZlLcm3FK/QTHgkWMYGOlhzjop5qdxcFjUK25dXcGtEy8gtSgQDOofvUHkmQJFYZwrHXPc1Pj51gZRjidVPqZpikmIxzTnqUCJ1T7+eziCTqxygBFUtkSBs3U3xM5TrQeJ6HtTLAZ6kVvKv7n9TITXfk5E2lmqCDzRVHGkZFo+j4aMEWJ4WNLMFHM3orIECtMjA2pYkPwFl9eJu3zuufWvbuLWuO6iKMMR3AMp+DBJTTgFprQAgICnuEV3hztvDjvzse8teQUM4fwB87nD1u2kLI=</latexit><latexit sha1_base64="RtQjAT9C/vkLbBrDQOzNudvRSbg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GPRi8cK9gPbEDbbTbp0sxt3N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemHKmjet+O6WV1bX1jfJmZWt7Z3evun/Q1jJThLaI5FJ1Q6wpZ4K2DDOcdlNFcRJy2glHN1O/80SVZlLcm3FK/QTHgkWMYGOlhzjop5qdxcFjUK25dXcGtEy8gtSgQDOofvUHkmQJFYZwrHXPc1Pj51gZRjidVPqZpikmIxzTnqUCJ1T7+eziCTqxygBFUtkSBs3U3xM5TrQeJ6HtTLAZ6kVvKv7n9TITXfk5E2lmqCDzRVHGkZFo+j4aMEWJ4WNLMFHM3orIECtMjA2pYkPwFl9eJu3zuufWvbuLWuO6iKMMR3AMp+DBJTTgFprQAgICnuEV3hztvDjvzse8teQUM4fwB87nD1u2kLI=</latexit>

Proper choice of

Anomaly cancelation:

<latexit sha1_base64="4DvMpNvNwkuzw96RFk9gzxrfAX4=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEF1ISLeqmUHTjsoK9QBPCZDpph04mYS5CCPVV3LhQxK0P4s63cdpmoa0/DHz85xzOmT9MGZXKcb6tldW19Y3N0lZ5e2d3b98+OOzIRAtM2jhhieiFSBJGOWkrqhjppYKgOGSkG45vp/XuIxGSJvxBZSnxYzTkNKIYKWMFdgUFXqwbzhn0oEGFdOMisKtOzZkJLoNbQBUUagX2lzdIsI4JV5ghKfuukyo/R0JRzMik7GlJUoTHaEj6BjmKifTz2fETeGKcAYwSYR5XcOb+nshRLGUWh6YzRmokF2tT879aX6vo2s8pT7UiHM8XRZpBlcBpEnBABcGKZQYQFtTcCvEICYSVyatsQnAXv7wMnfOae1mr39erzZsijhI4AsfgFLjgCjTBHWiBNsAgA8/gFbxZT9aL9W59zFtXrGKmAv7I+vwBojSTew==</latexit>

aµ = 0, a⌧ = 3Strong bounds on               from  CE𝜈NS
<latexit sha1_base64="sr5kQA9PiMPGGeEUvs+JxppTNsQ=">AAAB/HicbZC7TsMwFIadcivlFujIYlEhMVUJQsBYwcJYJHqRmlA57klr1U6C7SBFUXkVFgYQYuVB2Hgb3DYDtBzZ0qf/P0c+/oOEM6Ud59sqrayurW+UNytb2zu7e/b+QVvFqaTQojGPZTcgCjiLoKWZ5tBNJBARcOgE4+up33kEqVgc3eksAV+QYcRCRok2Ut+uepAoxg3mnkjNmdw/9O2aU3dmhZfBLaCGimr27S9vENNUQKQpJ0r1XCfRfk6kZpTDpOKlChJCx2QIPYMREaD8fLb8BB8bZYDDWJobaTxTf0/kRCiVicB0CqJHatGbiv95vVSHl37OoiTVENH5Q2HKsY7xNAk8YBKo5pkBQiUzu2I6IpJQbfKqmBDcxS8vQ/u07p7Xz27Pao2rIo4yOkRH6AS56AI10A1qohaiKEPP6BW9WU/Wi/VufcxbS1YxU0V/yvr8AaBelWo=</latexit>

✏qµµ
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