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1 Introduction

In the search for new physics beyond the Standard Model (SM), Effective Field Theories
(EFTs) provide a versatile tool to analize data in an agnostic, model-independent way.
Through the use of EFTs, these searches can be made with very minimal assumptions and
the constraints derived are thus particularly robust. This approach lies at the opposite end
of the spectrum and is complementary to searches for a specific new physics model, usually
characterized by only a few parameters. This latter strategy will generally provide much
stronger constraints, but its applicability will be reduced to the particular model assumed.
Conversely, one of the main challenges of the EFT approach is the very large number of
free parameters that are, in principle, uncorrelated and should be analyzed globally for
the searches and constraints to be truly general and model-independent, maximizing the
complementarity with the specific model searches. Indeed, this freedom often allows to move
along particular directions in parameter space that avoid the most stringent constraints and
significantly relax the global results that may be derived. It is then very interesting to find
observables capable of closing these “flat directions”, which are always the main bottleneck
of the truly general and model-independent constraints.

In this context, the SMEFT [1, 2] is the most general EFT that can be built with the
SM particle content and respecting its fundamental symmetries. Even stopping the tower
of effective operators at dimension 6, 2499 parameters are required to fully characterize the
Lagrangian at this level [3]. Thus, the SMEFT programme must analize dozens of different
observables simultaneously with the aim of exploring as fully as possible its vast parameter
space and derive solid, model-independent new physics constraints. In parallel, flat and
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poorly constrained directions need to be identified in order to find new observables with
the most potential to improve the overall constraints. Given the daunting nature of this
task, SMEFT analyses are usually performed in subsectors of the theory or with subsets of
observables, such as collider measurements, electroweak precision observables or flavour data.

The analogous approach with neutrino oscillation and scattering data is known as Non-
Standard neutrino Interactions (NSI). It represents an EFT parametrization of hypothetical
new interactions in which neutrinos would be involved, affecting their production, detection
and/or propagation, and thus the neutrino oscillation phenomenon [4–10]. Unlike the SMEFT,
the NSI formalism is not an exhaustive list of all EFT operators allowed by the matter content
and symmetries under consideration. It is instead a useful parametrization of the effects
that would be relevant for the neutrino oscillation phenomenon. As such, it is interesting
to study the connection between the SMEFT and NSI formalisms. Several works have
already investigated the combinations of SMEFT operators that give rise to the relevant NSI
parameters [11–17]. One of the main consequences of assuming that neutrino NSI arise from
SMEFT operators is that the SU(2)L gauge invariance built into the SMEFT implies relations
between the neutrino NSI operators and processes involving charged leptons, generally much
easier to constrain. Thus, the stronger constraints stemming from the charged lepton sector
generally lead to the conclusion that NSI originating from heavy mediators1 is too strongly
constraint to have an impact in present or near-future neutrino experiments [11, 30].

Nevertheless, despite the very strong constraints that other data place on the relevant
SMEFT operators for neutrino NSI, some flat or poorly constrained directions exist along
which sizable contributions could be possible (see e.g. [12, 31]). It is therefore interesting to
explore the capabilities and complementary of neutrino bounds on NSI to contribute to the
global SMEFT constraints. In this work we explore this possibility and find that, in fact,
neutrino constraints on NSI from neutrino oscillations and Coherent Elastic neutrino-Nucleus
Scattering (CEνNS) [32, 33] do improve upon present constraints from other observables
for particular operator combinations or even provide unique constraints on some previously
unbounded operators, contributing to the global SMEFT fit.

In section 2 we review how different neutrino experiments are sensitive to neutrino NSI.
In this context, we will take particular care to describe how the necessary measurements
of neutrino fluxes and cross sections, required to determine the oscillation probability, are
also affected by NSI operators and induce an indirect dependence on them. In section 3
we present the connection between the NSI and SMEFT formalism and highlight also the
connection with operators involving charged leptons. In sections 4 and 5 we explore how
neutrino data may contribute to the global SMEFT constraints in two particular simplified but
well-motivated and meaningful scenarios focusing on lepton flavour conserving and violating
operators respectively. Finally, in section 6 we conclude and summarize our findings.

2 Neutrino oscillation event rates in presence of general NSI

In this section we review how neutrino experiments are affected by general NSI, which can alter
the experimental observations by modifying either the propagation itself or the production

1These constraints may be evaded when NSI are mediated through light mediators, see refs. [18–29] for
particular examples.
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and detection rates [4–10]. We will pay special attention to how the oscillation rates must be
normalized so as to compare them with the actual measurement at experiments, an issue that
is sometimes overlooked. Finally, we also briefly review CEνNS in presence of NSI, since it
plays a fundamental role breaking the degeneracies from an analysis with only oscillation data.

We parameterize new physics effects at neutrino oscillation and scattering experiments
by means of the most general NSI Lagrangian, which can be classified as neutral current
(NC) and charged current (CC) NSI. In the SM flavour basis they read:

LNC-NSI ⊃ − 2
√

2GF εf,X
αβ (ν̄αγµPLνβ)(f̄γµPXf) , (2.1)

LCC-NSI ⊃ − 2
√

2GF

{
εµeX

αβ (ν̄αγµPLνβ)(µ̄γµPXe) + εudL
αβ (ēαγµPLνβ)(ūγµPLd)

+ εudR
αβ (ēαγµPLνβ)(ūγµPRd) + 1

2εudS
αβ (ēαPLνβ)(ūd)

+ 1
2εudP

αβ (ēαPLνβ)(ūγ5d) + εudT
αβ (ēασµνPLνβ)(ūσµνPLd)

}
+ h.c. (2.2)

Here, GF is extracted from µ decay, the index X denotes the Lorentz structure of the operator,
taking values X = L, R, and PL,R = 1

2(1 ∓ γ5) are the chirality projection operators.2 For
convenience, we can also define the corresponding vector and axial-vector combinations of
NC NSI coefficients as:

εf,V
αβ ≡ εf,L

αβ + εf,R
αβ and εf,A

αβ ≡ εf,L
αβ − εf,R

αβ . (2.3)

In general, CC NSI, which typically impact the neutrino production and detection
processes, and NC NSI, which are rather mostly relevant for neutrino propagation inducing
non-standard matter effects, are expected to appear simultaneously. Indeed, several of the
SMEFT operators that may induce NSI do contribute to both the CC and NC operators, as
we will explicitly show in the next section. Even beyond the SMEFT approach, it is SU(2)L

gauge invariance what relates CC and NC NSI. As such, in all generality, NSI of both CC
and NC types should be considered simultaneously when analyzing data.

Nevertheless, while both CC and NC NSI will impact the neutrino oscillation phenomenon,
the impact of CC NSI does not require neutrinos to propagate over long baselines. As such, this
“zero distance effect” may be exploited to set stringent bounds on these types of NSI [37, 38].
On the other hand, the same zero distance effect will impact any data used to estimate
the fluxes and cross sections needed to extract the oscillation probability from the number
of events measured. When this indirect dependence on NSI is properly accounted for, the
zero distance effect as well as the dependence on Lepton Flavour Conserving (LFC) CC NSI
expected in the oscillation probabilities may cancel in disappearance channels. We elaborate
these discussions in the following sections.

2.1 Charged current NSI

We start discussing how the modification of production and detection rates due to CC NSI
affect neutrino oscillation experiments. To begin with, a very important remark is that the

2Notice that for NC NSI eq. (2.1) is the only possible Lorentz structure. Scalar or tensor bilinears would
require either the addition of right-handed neutrinos or violating L, which would in turn require to go to
higher order in the SMEFT matching to restore gauge invariance through Higgs insertions. See refs. [34–36]
for models in which they arise from light mediator exchanges.

– 3 –



J
H
E
P
0
2
(
2
0
2
5
)
1
3
7

neutrino oscillation probability is not a physical observable and has to be carefully defined
in presence of new physics effects that impact the production and/or detection processes.
Indeed, the standard definition of the oscillation probability Pαβ(L) and its connection to
the observable number of events is usually given by:

RCC,β
α (L) = NT ΦαPαβ(L) dσβ

dEν
, (2.4)

where RCC,β
α (L) is the differential event rate (as a function of neutrino energy, Eν) when

an initial flux of neutrinos Φα is detected at a distance L from the neutrino source via
CC neutrino interactions with a target containing NT particles and producing an outgoing
charged lepton of flavour β. Here, the initial flux Φα is produced in a decay of a parent
particle in association with a charged lepton of flavour α, while the differential cross section of
the detection process as νT → ℓβ + . . . would be given by dσβ

dEν
. Thus, the neutrino oscillation

probability is extracted from the measured number of events at a given experiment as:

Pαβ(L) = RCC,β
α (L)

NT Φest
α

dσest
β

dEν

, (2.5)

where Φest
α and σest

β are the estimations of the neutrino flux and cross sections obtained by
the corresponding experimental collaboration. As discussed below, the way these quantities
are estimated impacts the actual sensitivity to new physics parameters.

Neutrino oscillations take place and Pαβ(L) ̸= δαβ because the neutrino flavour eigenstates
which are produced and detected do not coincide with the propagation eigenstates and
are related through the mixing matrix Uαi, leading to the well-known neutrino oscillation
probability:

Pαβ(L) =
∑
i,j

U∗
αiUβiUαjU∗

βj e−i
∆m2

ij
L

2E . (2.6)

The matrix elements U∗
αi and Uβi respectively stem from the initial flux Φα and detection cross

section σβ amplitudes when the neutrino fields are expressed in the propagation eigenbasis.
Nevertheless, since ∑i |Uαi|2 = 1, the factorization performed in eq. (2.4) is possible and
Φα and σβ are unaffected even if the elements Uαi and U∗

βi are ascribed to the oscillation
probability Pαβ(L) instead. As such, the oscillation probability can be cleanly extracted
from eq. (2.5).

This is no longer the case when new physics effects impact the production and/or
detection processes. For illustration purposes, we first focus on a concrete simplified example
of NSI affecting exclusively neutrino production through pion decay. In presence of CC NSI
affecting π → µνj , the amplitude would be given by:

M(π+ → µ+νj) = −i mµfπ
Vud

v2

∑
α

(
δµα + επ

µα

)
U∗

αj(ūνj PLvµ) , (2.7)

where Vud stands for the corresponding CKM matrix element and fπ is the pion decay
constant. Here, the δµα accounts for the SM contribution to this process (which arises from
an axial operator), while

επ
µα ≡ εudA

µα + m2
π

mµ (mu + md)εudP
µα , (2.8)
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may include new contributions from axial operators as well as a pseudoscalar contribution (in
fact, notice the significant enhancement of the pseudoscalar contribution with the light fermion
masses mµ, mu and md with respect to the axial contributions, where a chirality flip is needed).

Importantly, from eq. (2.7) we see that now ∑α(δµα+επ
µα)U∗

αi replaces U∗
αi in the standard

scenario. However, since ∑α |δµα + επ
µα|2 ̸= 1, not only the combination of propagation

eigenstates produced at the source but also the neutrino flux itself Φα is affected. As such,
special care must be taken in considering not only the non-trivial dependence that Φα (and
σβ when detection is also affected) may have on the new physics, but also whether the
estimations Φest

α and σest
β are affected too, and propagate this dependence accordingly in

eq. (2.5). These will greatly depend on the concrete experimental setup under consideration.
The most common scenario when considering neutrinos from pion decay corresponds to

pion beams decaying in a decay pipe towards the neutrino detector. The neutrino flux Φα will
in this case depend on the pion flux Φπ itself. The pion flux is often estimated either through
Monte Carlo methods or through direct measurements of hadroproduction. In any event, pion
production from the proton beam impinging the target will not be affected by the NSI under
consideration here. Moreover, if the decay pipe is long enough, all pions will decay. As such,
the neutrino flux from pion decay associated with a charged lepton of a flavour α = µ will be:

Φα = ΦπBr(π → µν). (2.9)

Notice that in general the charged lepton flavour would not be detected, so neutrinos
from π → eν could also contribute if enhanced by NSI. Nevertheless, measurements of this
branching ratio are in good agreement with the SM expectations and the corresponding
lepton flavour universality constraint from the ratio of both decay modes may be used to
derive strong constraints on these NSI instead [38, 39]. As such, π → eν can be neglected
for simplicity and it is a good approximation to assume that π → µν has a 100% decay rate
for our purposes. In any case, our conclusions are not affected by this assumption. In this
context, to compensate the ∑α

(
δµα + επ

µα

)
U∗

αi replacing U∗
αi in the produced eigenstate, we

need to normalize with ∑α

∣∣∣δµα + επ
µα

∣∣∣2 so that ∑α Pµα(L = 0) = 1, that is, for each pion
decay a neutrino is produced. Thus the oscillation probability reads:

Pµγ(L) =
∑

α,β,i,j

(
δµα + επ

µα

)
U∗

αiUγi

(
δµβ + επ∗

µβ

)
UβjU∗

γj e−i
∆m2

ij
L

2E∑
α

∣∣∣δµα + επ
µα

∣∣∣2 . (2.10)

Interestingly, this oscillation probability already displays observable effects at vanishing
baseline L. This “zero distance” effect will be given by:

Pµγ(L = 0) =

∣∣∣δµγ + επ
µγ

∣∣∣2∑
α

∣∣∣δµα + επ
µα

∣∣∣2 . (2.11)

In disappearance channels, the leading order reduces to:

Pµµ(L = 0) ≃ 1 − |επ
µe|2 − |επ

µτ |2 , (2.12)

– 5 –



J
H
E
P
0
2
(
2
0
2
5
)
1
3
7

and the would-be leading linear contribution with επ
µµ is lost since we have properly accounted

for the normalization in the branching ratio through the denominator of eq. (2.10). This
subtlety has however sometimes been missed in the literature and misused to set strong
constraints on diagonal CC NSI. Only a subleading (quadratic) dependence on the off-diagonal
elements επ

µα remains, nevertheless these are more efficiently probed by appearance channels:

Pµα(L = 0) ≃ |επ
µα|2 , for α ̸= µ . (2.13)

Thus, the zero distance effect at appearance channels provides a very effective way of
constraining CC NSI and their impact at production and detection. In fact, we will make use
of this effect in section 5 to improve upon present constraints on Lepton Flavour Violating
(LFV) SMEFT operators [31] using bounds on νµ → νe transitions at zero distance.

Conversely, Lepton Flavour Conserving (LFC) CC NSI in general cannot be probed by
searching for zero distance effects in disappearance channels. This is particularly relevant for
the flavour conserving SMEFT scenario, as often adopted in many analyses. Indeed, since
only diagonal NSI εαα would be present, all sensitivity to production and detection CC NSI
(even beyond the zero distance effect) is lost [16, 17] in eq. (2.10). This implies that, while in
general it is not consistent to analyze neutrino oscillations in presence of only propagation NC
NSI, it may be justified when studying a framework with only LFC NSI. We will make use of
this observation in section 4 where we will combine a global fit of LFC SMEFT operators [16]
with the constraints on LFC NC NSI from a global fit including only NC and not CC NSI [40].

The lack of sensitivity to LFC CC NSI stemming from a proper normalization of the
probabilities when in presence of CC NSI is more generic3 and goes beyond the simplified
example we studied so far. Indeed, even if we consider a setup in which the decay pipe is
not long enough for all pions to decay and thus the neutrino flux is now proportional to the
width instead of to the branching ratio, a measurement of the pion decay width would now be
needed for the estimation of the neutrino flux Φest

α . This measurement will be proportional
to the modulus squared of the amplitude in eq. (2.7), that is:

Φest
α = Φα

∑
α

|δµα + επ
µα|2 . (2.14)

Thus, even if the normalization from the branching ratio is not present, upon substituting
eq. (2.14) in eq. (2.5), eq. (2.10) is again obtained.

In more general terms beyond our pion decay example, the differential event rate in
eq. (2.4) will generally be given by [43]:

RCC,β
α (L) = NSNT

32πL2ESmT Eν

∑
k,l

e−i
∆m2

kl
L

2Eν

∫
dΠP ′MP

αkM
P
αl

∫
dΠDMD

βkM
D
βl , (2.15)

where NS,T are the number of source and target particles, ES the energy of the monochromatic
flux of the source particle, mT the mass of the target particle (which is considered to be
at rest) and dΠP = dΠP ′dEν . Note that the Eν is uniquely determined by ES in the case

3Also in presence of a non-unitary mixing matrix whose impact in oscillations can be mapped to the NSI
formalism, see refs. [41, 42].
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of a two-body decay, which we are assuming for simplicity.4 Now, in the presence of the
CC NSI defined in eq. (2.2), the production and detection amplitudes at linear order in
the NSI parameters are given by:

MP
αk = U∗

αkAP
L +

∑
X

[
εXU

]∗
αk

AP
X ,

MD
βk = UβkAD

L +
∑
X

[
εXU

]
βk

AD
X ,

(2.16)

where AP
X and AD

X are the relevant amplitudes for the Lorentz structure X ≡ L, R, S, T, P of
the corresponding operator contributing to the production or detection process respectively.

As discussed above, the estimations of Φest
α and σest

β are very facility-dependent and
will necessarily be based on some measurement. As such, they also consequently depend
on the new physics parameters and are not “pure” SM predictions.5 This is one of the
crucial points where new physics dependence enters the normalization of the oscillation
probability, potentially cancelling the corresponding sensitivity. Let us define two broad
scenarios depending on how Φest

α and dσest
β

dEν
are estimated:

• Underlying SM structure assumed. It is common when estimating fluxes and
cross sections through simulations to assume the SM weak interactions to generate
events. This is also a usual assumption in phenomenological works. In this scenario,
the estimated flux and cross section would then be:

Φest
α = NΦ(ε)

NS
∫

dΠP ′

∣∣∣AP
L

∣∣∣2
8ESπL2 ,

dσest
β

dEν
= Nσ(ε)

∫
dΠD

∣∣∣AD
L

∣∣∣2
4EνmT

. (2.17)

Here NΦ(ε) and Nσ(ε) take into account that, even though the SM operators are
usually assumed in Monte Carlo simulations, their normalization (branching ratios of
corresponding processes, relevant form factors for scattering amplitudes, etc) will come
from measurements and, as such, will be affected by the new physics parameters ε too.6
Upon substituting eq. (2.17) in eq. (2.5) we obtain:

Pαβ(L) =
∑

k,l e−i
∆m2

kl
L

2Eν

NΦ(ε)Nσ(ε)
×
[
U∗

αkUαl + pXL

(
εXU

)∗
αk

Uαl + p∗XLU∗
αk

(
εXU

)
αl

+ pXY

(
εXU

)∗
αk

(
εY U

)
αl

]
×
[
UβkU∗

βl + dX′L

(
εX′

U
)

βk
U∗

βl + d∗X′LUβk

(
εX′

U
)∗

βl
+ dX′Y ′

(
εX′

U
)

βk

(
εY ′

U
)∗

βl

]
,

(2.18)

4We point the interested reader to ref. [38] for a more general scenario.
5Even though they are defined as such in some references.
6It can be tempting to neglect this ε dependence against the, usually sizable, systematic uncertainties

affecting these normalizations. However, this ε dependence is of the same order as the one considered in
eq. (2.16). As such, it is not consistent to neglect one and not the other, and doing so may lead to wrong
expectations for the sensitivity to ε.
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where in this formula repeated X, Y, X ′, Y ′ indices are implicitly summed over, and we
define the production and detection coefficients as

pXY ≡
∫

dΠP ′AP
XĀP

Y∫
dΠP ′

∣∣AP
L

∣∣2 , dXY ≡
∫

dΠDAD
XĀD

Y∫
dΠD

∣∣AD
L

∣∣2 . (2.19)

If the data used to normalize the event rates in the simulations comes from the exact
same processes through which neutrinos are respectively produced and detected in
eq. (2.15), then:

NΦ(ε) = 1 + pXL

(
εX
)∗

αα
+ p∗XL

(
εX
)

αα
+ pXY

(
εX∗εY

)
αα

,

Nσ(ε) = 1 + dX′L

(
εX′)

ββ
+ d∗X′L

(
εX′)∗

ββ
+ dX′Y ′

(
εX′

εY ′∗
)

ββ
.

(2.20)

Thus, when the neutrino flux and cross section are normalized through measurements
of the same processes involved in RCC,β

α , then Pαα(0) = 1 and the zero distance in
disappearance channels is lost at linear order in ε.
In general, the situation will be more complex than the simplified generalized scenario
we have presented here. Beyond our approximation from a two-body decay, pXY

and dXY , and hence NΦ(ε) and Nσ(ε), may have a non-trivial energy dependence.7
Moreover, many inputs go into the computation Φest

α and dσest
β generally involving clever

combinations of Monte Carlo techniques (usually assuming underlying SM interactions)
but calibrated against data (that would then be affected by NSI). Thus, in practice
special care must always be taken to correctly propagate this NSI dependence into Φest

α

and dσest
β and hence to the oscillation probability extracted from the observed number

of events through eq. (2.5).

• Normalization with a near detector.
Even though the former scenario is more often assumed, most modern neutrino oscillation
experiments actually calibrate the expectations for the unoscillated number of events
through measurements at a near detector before the onset of oscillations. The goal is
that the measured events at the near detector mimic as much as possible the production
and detection processes at the far detector so as to cancel systematic uncertainties to
the largest possible extent. As such, some of the production and detection effects caused
by NSI will necessarily cancel together with the systematics. However, since oscillations
have not developed yet at the near detector, the corresponding measurement is normally
done through the original flavour also when an appearance channel is searched for at
the far detector. As such, in this scenario the normalization factors for the oscillation
probability in eq. (2.18) will be given by:

NΦ(ε) = 1 + pXL

(
εX
)∗

αα
+ p∗XL

(
εX
)

αα
+ pXY

(
εX∗εY

)
αα

,

Nσ(ε) = 1 + dX′L

(
εX′)

αα
+ d∗X′L

(
εX′)∗

αα
+ dX′Y ′

(
εX′

εY ′∗
)

αα
.

(2.21)

7The energy dependence of NΦ(ε) and Nσ(ε) will depend on the data used to normalize the Monte Carlo
predictions and it may or not be the same as for the actual measurement. Thus, the level of cancellation will
strongly depend on this and in some instances energy resolution may be exploited to derive constraints on
NSI through disappearance channels (see [44]).
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Thus, in this scenario the zero distance effect is not observable in disappearance channels
either.
As the previous scenario, this description is also somewhat oversimplified. Indeed, even
if the flux and cross section measured in the near detector try to mimic as much as
possible those in the far to cancel systematic uncertainties, this is never exactly the
case. For instance, while the far detector sees a point source, at the near detector the
neutrinos come from an extended source with different off-axis angles and a necessarily
different spectrum. Similarly, as mentioned above, the neutrino flavour detected may
be different in the near and far detectors, and the cross sections may vary accordingly.
In order to correctly estimate the events at the far detector from the near detector
measurements, these effects need to be corrected for and when these corrections are
implemented SM physics is assumed to relate both measurements. As such, there
will be some distortion to the simple expressions of eq. (2.21), preventing a complete
cancellation of the effects. These corrections would need to be quantified for each
facility under study and included if relevant.

In summary, the general observation is that, when the indirect dependence on NSI
parameters from the modification of the neutrino fluxes and cross sections is properly
accounted for, the sensitivity to exclusively LFC CC NSI (that is, diagonal εαα) is lost (see
eq. (2.10)) together with the leading contribution of the zero distance effect in disappearance
channels. In order to avoid this cancellation, an estimation for the fluxes Φest

α and cross
sections σest

β unaffected by the NSI would be needed. However, these estimations necessarily
rely on some measurements that will generically be affected by the NSI (see eq. (2.14)), in a
similar way to the oscillation process, hence partially cancelling its dependence.

The estimation of the neutrino cross sections is often more subtle, as it does not always
entail a measurement of the same process taking place at the neutrino detector and is often
estimated from Monte Carlo simulations. Nevertheless, the data used to calibrate these
simulations will generally also be affected by NSI. For instance, one of the most basic inputs to
estimate these CC interactions will be the CKM matrix element Vud, which is extracted from
superallowed β decays that are affected by the same CC NSI defined in eq. (2.2) and affects
neutrino CC interactions in the detection process. Similar arguments apply to the extraction
of the different relevant form factors. While the combinations in which the NSI appear in
each of these processes may vary, avoiding an exact cancellation since the normalization
factors would not be given by eq. (2.20) in this case, we will argue in section 4 that the NSI
involved are, in any event, either more strongly constrained through direct measurements
than the current sensitivity of oscillation experiments or they only appear at a subleading
(quadratic) order and their impact can be neglected. Thus, it is meaningful to neglect the
impact of CC NSI in neutrino oscillations when studying a LFC scenario. Therefore, in
the following we will focus on discussing what combinations of NC NSI operators neutrino
experiments are sensitive to.

2.2 Neutral current NSI

The presence of NC NSI may affect both neutrino propagation in matter (if the new operators
are vector-like) and the detection cross section via NC interactions in the detector (for any
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Lorentz structure considered). Here we consider the two effects separately just to simplify the
discussion; however we note that in general the two may be present for a given experiment
simultaneously.

2.2.1 Impact of NC NSI in detection processes

In case of neutral-current interactions, the event rates should account for the interactions
of all neutrinos that arrive to the detector, regardless of their flavour. In fact, since there
is no outgoing charged lepton in the detection process, in this case it is more convenient
to compute the differential event rates in the neutrino mass basis.8 While the new physics
effects in the interaction vertex may still be expressed in the flavour basis (as is commonly
done in the literature for neutrino NSI), it is possible to write down new amplitudes for the
detection process in the mass basis, in full analogy to eq. (2.16), as:

MD
jk ≡

∑
β

U∗
βjMD

βk = δjkAD
L +

∑
X

[
U †εXU

]
jk

AD
X . (2.22)

For oscillations in vacuum, the differential event rates with an outgoing neutrino νj therefore
read [16]

RNC,j
α = NT

32πL2mSmT Eν

∑
k,l

e−i
∆m2

kl
L

2Eν

∫
dΠP ′MP

αkM
P
αl

∫
dΠD′MD

jkM
D
jl , (2.23)

where dΠD = dΠD′dT and T is the recoil energy, while the observed event rates are obtained
as the sum of all contributions for the outgoing neutrino mass eigenstates:

RNC
α =

∑
j

RNC,j
α . (2.24)

In the oscillation experiments we consider on the following sections, neutral-current
interactions are only relevant for SNO [45–48], as these induce the breakup of deuterium.9
As explained in detail in refs. [50–52], this process is mediated by a Gamow-Teller operator.
Therefore, the number of events is sensitive to the axial isovector hadronic current, which
in the SM is given by gA ≡ gu

A − gd
A. Assuming that the nuclear corrections to gA are the

same in presence of NSI (so they can be factorized out), this implies that the SNO data is
sensitive to the same combination of axial NSI operators [53]: εu,A

αβ − εd,A
αβ . Here we will use

the bound derived from the numerical analysis of SNO data performed in ref. [40].
Finally, neutral-current interactions are also relevant for CEνNS experiments, which were

also included in the global fit to neutrino data in ref. [40]. In this case, the impact of NSI
operators can be parametrized through a generalized weak charge of the nucleus:

Qαβ = Z
(
gV

p δαβ + εp,V
αβ

)
+ N

(
gV

n δαβ + εn,V
αβ

)
, (2.25)

with Z and N the number of protons and neutrons in the nucleus upon which neutrinos scatter.
gV

p = 1/2 − 2 sin2 θw and gV
n = −1/2 are the SM contribution while εp,V

αβ ≡ 2εu,V
αβ + εd,V

αβ and
8This also circumvents the problem of a potentially ill-defined flavour basis when also in presence of CC NSI.
9There are also strong constraints on sterile neutrinos [49] from NC measurements in MINOS and MINOS+

which could be used to constrain NSI but are not considered here.
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εn,V
αβ ≡ 2εd,V

αβ + εu,V
αβ are the NSI contributions to neutrino vector couplings to protons and

neutrons. The CEνNS scattering cross section of an incoming να would thus be given by:

dσcoh
α (ER, Eν)

dER
= G2

F

2π

∑
β

|Qαβ |2 F 2(q2) mA

(
2 − mAER

E2
ν

)
, (2.26)

where ER is the nucleus recoil energy, mA is the mass of the nucleus and F (q2) is its nuclear
form factor evaluated at the squared momentum transfer of the process, q2 = 2mAER.

2.2.2 Impact of NC NSI on the matter potential in neutrino oscillations

Regarding the impact of NC NSI in neutrino propagation and the sensitivity of neutrino
oscillation experiments we follow ref. [40]. In particular, the combination of NSI parameters
that determines the matter effects in Earth’s interior, with the corresponding weights from
its relative amount of electrons, protons and neutrinos, is given by:

ε⊕αβ = εe,V
αβ + (2 + Y ⊕

n )εu,V
αβ + (1 + 2Y ⊕

n )εd,V
αβ , (2.27)

where Y ⊕
n is the neutron/proton ratio and can be taken to be constant to very good approxi-

mation. The PREM model [54] fixes Y ⊕
n = 1.012 in the Mantle and Y ⊕

n = 1.137 in the Core,
with an average value Y ⊕

n = 1.051 over the whole Earth.
Notice that, since neutrino oscillations are only sensitive to relative phase differences

(and hence the sensitivity to mass squared differences), oscillation experiments affected by
propagation NSI through the matter potential are only sensitive to the differences of the
LFC NSI, namely ε⊕ee − ε⊕µµ and ε⊕ττ − ε⊕µµ.

As previously stated, we will combine the results of the global fit to NSI from neutrino
oscillation and CEνNS data presented in ref. [40]. In particular, we will make use of the results
of the parameter scan projected to the ε⊕αβ space. Notice that CEνNS and some oscillation
experiments such as those observing solar neutrinos are sensitive to different combinations of
NSI. Nevertheless, since part of the sensitivity is provided through matter effects through
the Earth, it is convenient to project to this subspace the global NSI bounds.

3 NSI from SMEFT

The SMEFT is the most general EFT framework built to study new physics heavier than the
electroweak scale. Thus, it is introduced as a tower of higher dimensional operators built
from the SM particle content and respecting its symmetries:

LSMEFT = LSM + Ld=5 + Ld=6 + . . . , (3.1)

where the d = N operators are suppressed by powers 1/ΛN−4 of the new physics scale Λ.
Therefore, beyond the Weinberg d = 5 operator that leads to neutrino mass generation,
the naively least suppressed new physics effects will be driven by the d = 6 contributions,
which for convenience we normalize as

Ld=6 =
∑

i

ci

v2Oi , (3.2)
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where v2 = 1/
√

2GF , GF is extracted from µ decay and ci are the corresponding dimensionless
Wilson Coefficients (WC). We will thus focus our analysis on the impact of the d = 6 effective
operators. In the remainder of the paper we will follow the notation for their coefficients
given in [16].

When particularized to the neutrino sector, the SMEFT operators generate at low energies
the NSI introduced in the previous section, as has been studied before in the literature, see
for instance [11–13, 15–17]. In this section we review these matching conditions relevant
for our study.

In general, the NSI defined in eqs. (2.1) and (2.2) could receive two types of contributions.
On the one hand, they can be directly matched to the corresponding 4-fermion SMEFT
operator with the same Lorentz structure and flavour indices. On the other hand, they could
be generated after integrating out the W and Z bosons, inheriting a dependence on the
SMEFT operators that modify the coupling of these bosons to fermions. Here we show both
these contributions to NC and CC NSI. We have, however, particularized their corresponding
expressions to the cases of flavour conserving NC NSI and flavour violating CC NSI for
simplicity. Indeed, as we will argue below, these are the scenarios where we find it easier
and more relevant to study the interplay between neutrino oscillation constraints on NSI
and the SMEFT program, and will thus be the main focus of sections 4 and 5 respectively.
With this particularization, the matching between dimension-6 SMEFT operators to the
NC NSI in eq. (2.1) reads [12]:

εe,V
αα = δeα

(
δgW e

L − δgW µ
L + 1

2[cℓℓ]eµµe

)
− (1 − 4s2

w)δgZνα
L + δgZe

L + δgZe
R

− 1
2
(
[cℓℓ]eeαα + [cℓe]ααee

)
, (3.3)

εu,V
αα = δgZu

L + δgZu
R +

(
1 − 8

3s2
w

)
δgZνα − 1

2
(
[c(1)

ℓq ]αα11 + [c(3)
ℓq ]αα11 + [cℓu]αα11

)
, (3.4)

εd,V
αα = δgZd

L + δgZd
R −

(
1 − 4

3s2
w

)
δgZνα − 1

2
(
[c(1)

ℓq ]αα11 − [c(3)
ℓq ]αα11 + [cℓd]αα11

)
, (3.5)

εu,A
αα = δgZu

L − δgZu
R + δgZνα − 1

2
(
[c(1)

ℓq ]αα11 + [c(3)
ℓq ]αα11 − [cℓu]αα11

)
, (3.6)

εd,A
αα = δgZd

L − δgZd
R − δgZνα − 1

2
(
[c(1)

ℓq ]αα11 − [c(3)
ℓq ]αα11 − [cℓd]αα11

)
, (3.7)

where δgZ and δgW contain the modified vertex between gauge bosons and fermions. Equiva-
lently, the matching to the CC NSI in eq. (2.2) is given by [12]:

εµeL
αβ = −1

2[cℓℓ]αβµe + δαβ [δgZe
L ]µe + δµβ [δgW e

L ]eα + δeα[δgW e
L ]µβ , (3.8)

εµeR
αβ = −1

2[cℓe]αβµe + δαβ [δgZe
R ]µe , (3.9)

εudL
αβ = −[c(3)

ℓq ]αβ11 + [δgW e
L ]αβ , (3.10)

εudR
αβ = 0 , (3.11)

εudS
αβ = −1

2
(
[c(1)

ℓequ]∗βα11 + [cℓedq]∗βα11

)
, (3.12)
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up-quarks down-quarks

OuV
αβL (ūγµu)(ēLαγµeLβ) OdV

αβL (d̄γµd)(ēLαγµeLβ)

OuA
αβL (ūγµγ5u)(ēLαγµeLβ) OdA

αβL (d̄γµγ5d)(ēLαγµeLβ)

OuV
αβR (ūγµu)(ēRαγµeRβ) OdV

αβR (d̄γµd)(ēRαγµeRβ)

OuA
αβR (ūγµγ5u)(ēRαγµeRβ) OdA

αβR (d̄γµγ5d)(ēRαγµeRβ)

OuS
αβR (ūu)(ēLαeRβ) + h.c. OdS

αβR (d̄d)(ēLαeRβ) + h.c.

OuP
αβR (ūγ5u)(ēLαeRβ) + h.c. OdP

αβR (d̄γ5d)(ēLαeRβ) + h.c.

OuT
αβR (ūσµνu)(ēLασµνeRβ) + h.c. OdT

αβR (d̄σµνd)(ēLασµνeRβ) + h.c.

Table 1. List of relevant low-energy d = 6 semileptonic operators involving charged lepton flavour
change, some of them potentially related to neutrino NSI from the SU(2)L gauge invariance of the
SMEFT framework.

εudP
αβ = −1

2
(
[cℓedq]∗βα11 − [c(1)

ℓequ]∗βα11

)
, (3.13)

εudT
αβ = −1

2[c(3)
ℓequ]∗βα11 . (3.14)

In these expressions, as we are considering only flavour violating CC NSI, α ̸= β for the
semileptonic operators while either α ̸= e or β ̸= µ for the fully leptonic ones.10

As it is manifest from the above expressions, the SMEFT generally induces at the same
time both NC and CC NSI, a direct consequence of the SU(2)L gauge invariance. Furthermore,
this also implies that the same SMEFT operators also generate at low energies operators
with four charged fermions:

−Ldim−6
LEFT ⊃ 1

v2

∑
q,x,X

cqx
αβX Oqx

αβX , (3.15)

where the corresponding operators are defined in table 1. From the following matching
conditions to the operator basis defined in ref. [16], we indeed find that the same SMEFT
operators leading to the LFV CC neutrino NSI listed above will also lead to LFV operators
involving 2 charged leptons:11

cuV
αβL = −1

2
[
cℓu + c

(1)
ℓq − c

(3)
ℓq

]
αβ11

+
(
1 − 8

3s2
w

) [
δgZe

L

]
αβ

, (3.16)

cuA
αβL = −1

2
[
cℓu − c

(1)
ℓq + c

(3)
ℓq

]
αβ11

−
[
δgZe

L

]
αβ

, (3.17)

cuV
αβR = −1

2 [ceu + ceq]αβ11 +
(
1 − 8

3s2
w

) [
δgZe

R

]
αβ

, (3.18)

cuA
αβR = −1

2 [ceu − ceq]αβ11 −
[
δgZe

R

]
αβ

, (3.19)

10Notice that this implies no leading order corrections to the measurements of GF or Vud through µ and β

decays respectively and no contribution to εudR
αβ at d = 6. Hence the simpler expressions reported.

11Also 4-charged lepton operators will relate to the fully leptonic CC NSI. We have omitted this as they are
constrained beyond the sensitivity of neutrino searches (see ref. [31]).
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cdV
αβL = −1

2
[
cℓd + c

(1)
ℓq + c

(3)
ℓq

]
αβ11

−
(
1 − 4

3s2
w

) [
δgZe

L

]
αβ

, (3.20)

cdA
αβL = −1

2
[
cℓd − c

(1)
ℓq − c

(3)
ℓq

]
αβ11

+
[
δgZe

L

]
αβ

, (3.21)

cdV
αβR = −1

2 [ced + ceq]αβ11 −
(
1 − 4

3s2
w

) [
δgZe

R

]
αβ

, (3.22)

cdA
αβR = −1

2 [ced − ceq]αβ11 +
[
δgZe

R

]
αβ

, (3.23)

cuS
αβR = cuP

αβR = 1
2[c(1)

ℓequ]αβ11, (3.24)

cdS
αβR = −cdP

αβR = −1
2[cℓedq]αβ11, (3.25)

cuT
αβR = 1

2[c(3)
ℓequ]αβ11, (3.26)

cdT
αβR = 0 . (3.27)

Given all these relations that the SMEFT induces at low energies, it is clear that a global
analysis should consider not only those low-energy observables involving charged leptons,
but also the neutrino sector by means of both CC and NC NSI. In this sense, some neutrino
scattering data has been considered in previous SMEFT analyses [12, 14, 16], while the
impact of reactor experiments has been analyzed in [44], nevertheless a detailed study of
the role of neutrino oscillation experiments is still missing.

Performing a full general fit, considering all possible operators and observables, including
all possible effects at neutrino oscillation experiments (production, oscillation and detection
effects), is a very challenging task and beyond the scope of this work. Nevertheless, there are
two interesting and consistent examples of how neutrinos can add information to the SMEFT
analysis (and viceversa) that we present and study in the next sections.

4 Global analysis of flavour conserving operators

In this section we focus on the lepton flavour conserving operators and study how the current
constraints from neutrino experiments on the NSI, as globally derived in [40], can contribute
to the global SMEFT picture. More specifically, our motivation is to understand if neutrino
data can contribute and improve upon the global bounds on the SMEFT operators extracted
from other low-energy observables, or even lifting some of the flat directions present.

In order to address these questions, we start from the NSI constraints from the global
SMEFT analysis in ref. [16], where a global fit to SMEFT operators was carried out by
combining several sets of low-energy observables [55–74], as well as collider data [75–94].
More specifically, we use their results, kindly provided by the authors of ref. [16], without
including the neutrino-nucleus scattering data from COHERENT, since CEνNS data from
both COHERENT [95–97] and Dresden-II [98] was already included in the neutrino constraints
on NSI of ref. [40].

It is important to note that the results of [40] were derived from CEνNS and oscillation
data [45–48, 99–119] considering only NC NSI, while the SMEFT correlates CC and NC
NSI and, in principle, both should be considered together in neutrino oscillation analyses.
Thus, special care needs to be taken when combining them with the general constraints in
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the LFC SMEFT scenario from [16]. Nevertheless, there are two reasons that justify such
a combination in this LFC scenario.

On the one hand, as argued in section 2.1, the effects of CC NSI often cancel when
properly normalizing the probabilities in the LFC scenario. On the other hand, the observables
considered in ref. [16] impose constraints on CC NSI beyond the sensitivity of current neutrino
oscillation experiments. In particular, the SMEFT operators that can lead to CC NSI and
affect neutrino production and detection rates are vertex corrections as well as 4-fermion
operators. The former are all bounded at the percent level or below by the global bounds
derived in [16], beyond current sensitivities of present oscillation experiments. Thus, the CC
interactions that may potentially be probed through neutrino data would be:

[c(3)
ℓq ]αα11 , [cℓedq]αα11 , [c(1)

ℓequ]αα11 , [c(3)
ℓequ]αα11 , for α = e, µ, τ . (4.1)

For operators involving electrons, all of the above operators are constrained at the percent
level or below by β-decays, π → eνe and LEP precision measurements [16]. Operators
involving τ ’s are constrained by semileptonic τ -decays. Moreover, they do not impact the
observables considered in the neutrino NSI constraints of ref. [40], as none of them involve
the production or detection of neutrinos in association with a τ .

Regarding the muon sector, the vector operator [c(3)
ℓq ]µµ11 is constrained at the percent

level by νµ-scattering on nucleons. Conversely, for the scalar/tensor operators two flat
directions exist as only one direction is constrained by π → µνµ. Since this decay is precisely
how νµ beams are produced, the flat directions do not play a role in production. In the
detection process, scalar/tensor structures are chirality-suppressed, as they require a chirality
flip with respect to the SM Lorentz structure, and their contribution can be neglected at
the linear order approximation.

Therefore, we conclude that it is consistent to neglect CC NSI in current neutrino data
analysis when combined with the results of the LFC SMEFT fit of ref. [16], as their effects
either cancel due to the normalisation of fluxes and cross sections, are constrained beyond
neutrino data sensitivities by the SMEFT global fit, or only enter beyond the linear order.

The SMEFT analysis is able to simultaneously constrain 65 WC combinations. Since not
all individual WC entering the fit can be independently constrained, the flat directions are
projected out by defining the following hatted coefficient combinations [12, 16]:

[ĉeq]ee11 = [ceq]ee11 + [c(1)
ℓq ]ee11 , (4.2)

[ĉℓu]ee11 = [cℓu]ee11 − [ceq]ee11 , (4.3)
[ĉℓd]ee11 = [cℓd]ee11 − [ceq]ee11 , (4.4)

[ĉeu]ee11 = [ceu]ee11 − [c(1)
ℓq ]ee11 , (4.5)

[ĉed]ee11 = [ced]ee11 − [c(1)
ℓq ]ee11 , (4.6)

[ĉ(3)
ℓq ]ee22 = [c(3)

ℓq ]ee22 − [c(1)
ℓq ]ee22 , (4.7)

[ĉℓd]ee22 = [cℓd]ee22 +
(

5 − 3 g2

g′2

)
[c(1)

ℓq ]ee22 − [ĉeq]ee11 , (4.8)

[ĉed]ee22 = [ced]ee22 +
(

3 − 3 g2

g′2

)
[c(1)

ℓq ]ee22 − [ĉeq]ee11 , (4.9)
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[ĉ(3)
ℓq ]ee33 = [c(3)

ℓq ]ee33 + [c(1)
ℓq ]ee33 , (4.10)

[ĉeq]µµ11 = [ceq]µµ11 + [ced]µµ11 − 2[ceu]µµ11 , (4.11)

ϵdµ
P (2 GeV) = 0.86[cℓedq]µµ11 − 0.86[cℓequ]µµ11 + 0.012[c(3)

ℓequ]µµ11 , (4.12)

ϵdτ
P (2 GeV) = 0.86[cℓedq]ττ11 − 0.86[cℓequ]ττ11 + 0.012[c(3)

ℓequ]ττ11 , (4.13)

[ĉℓℓ]µµµµ = [cℓℓ]µµµµ + 2s2
w[cℓe]µµµµ . (4.14)

With these definitions, a flat direction arises whenever the operator combination of the
r.h.s. conspires to cancel. It is then natural to wonder whether NSI constraints from neutrino
oscillations data are sensitive to combinations of WC that may be able to lift any of these flat
directions. This could be the case of the one associated to semileptonic operators involving
the first leptonic and quark generations, eqs. (4.2)–(4.6), since the rest involve operators to
which neutrino oscillation experiments are not sensitive to. Unfortunately, neither the Earth
propagation NSI ε⊕ee, given in eq. (2.27), nor SNO’s deuterium breakup (see section 2.2.1)
are sensitive to this flat direction. This is a consequence of the fact that this direction is
associated to an axial isoscalar combination of semileptonic operators, and ε⊕ee involves only
vector operators, while SNO is only sensitive to the axial isovector NSI. An alternative way
of seeing this is writing εu,V

ee and εd,V
ee in terms of the hatted coefficients:

εu,V
ee = δgZu

L + δgZu
R +

(
1 − 8

3s2
w

)
δgZνe − 1

2
(
[c(3)

ℓq ]ee11 + [ĉeq]ee11 + [ĉℓu]ee11
)

, (4.15)

εd,V
ee = δgZd

L + δgZd
R −

(
1 − 4

3s2
w

)
δgZνe − 1

2
(
−[c(3)

ℓq ]ee11 + [ĉeq]ee11 + [ĉℓd]ee11
)

, (4.16)

and equivalently for the axial isovector combination of NSIs entering SNO deuterium breakup
cross section (see ref. [40, 53]):

εSNO ≈
∑

α

εu,A
αα − εd,A

αα = 3(δgZu
L − δgZd

L ) − 3(δgZu
R − δgZd

R ) + 2
∑

α

δgZνα

− 1
2
(
2[c(3)

ℓq ] + [ĉℓd] − [ĉℓu]
)

ee11
− 1

2
(
2[c(3)

ℓq ] + [cℓd] − [cℓu]
)

µµ11

− 1
2
(
2[c(3)

ℓq ] + [cℓd] − [cℓu]
)

ττ11
. (4.17)

Since each of the coefficients in eqs. (4.15) and (4.16), as well as the second row of eq. (4.17),
is already bounded by the SMEFT analysis, a constraint on ε⊕ee, ε⊕µµ or εSNO cannot close
any of the blind directions presented above. Nevertheless, as we will show later, they can
improve some of the already existing constraints on the SMEFT WC.

On the other hand, in the τ sector, ε⊕ττ and SNO measurements do provide new inde-
pendent information to the SMEFT global picture, as they probe operators that were not
constrained at all before the inclusion of neutrino data and thus increase the number of
constrained combinations. All in all, the additional information from neutrino experiments
that we will add on top of the already existing constraints is: three constraints on the LFC
effective propagation NSI in Earth (ε⊕ee, ε⊕µµ, ε⊕ττ ), as well as a constraint on the axial NSI
combination that modifies the deuterium breakup cross section in SNO.
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Figure 1. Correlations for the LFC effective propagation NSI in Earth ε⊕αα. The bounds from the
SMEFT analysis without including NSI data [16] are shown in green, the NSI contraints from neutrino
data [40] in blue, while our combination of the two is depicted in red. Darker (lighter) contours show
the 1σ (2σ) allowed regions.

4.1 SMEFT impact on neutrino NSIs

To show the role of the two datasets (NSI constraints from oscillations and CEνNS from [40]
and global constraints on SMEFT operators from [16]), we first project the results to the
effective NSI parameters in Earth given in eq. (2.27), and show also the bounds obtained
from the combination of both sets of data in order to illustrate their complementarity. The
results are shown in figure 1.

On the one hand, the global analysis of neutrino oscillation data and CEνNS provides
similar sensitivities to all flavours, as well as strong correlations between them. The reason is
that neutrino oscillation data alone is sensitive only to flavour differences ε⊕αα − ε⊕ββ , and only
the addition of CEνNS and neutrino-electron scattering allows to break this degeneracy [40].
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NSI
95% C.L. bound

Osc. + CEνNS Non-Osc. + Osc. + CEνNS

ε⊕ee (-0.58, 0.50) (-0.75, 0.16)
ε⊕µµ (-0.61, 0.47) (-0.79, 0.11)
ε⊕ττ (-0.62, 0.43) (-0.80, 0.08)

ε⊕ee − ε⊕µµ (-0.14, 0.27) (-0.14, 0.27)
ε⊕ττ − ε⊕µµ (-0.014, 0.025) (-0.014, 0.025)

Table 2. Summary of the 95% C.L. constraints on the NSI parameters in the LFC scenario obtained
from neutrino data [40] and our combined analysis also including the global SMEFT bounds from
ref. [16]. Note that, for the differences of the NSI coefficients, the inclusion of non-oscillation data
does not lead to any improvement.

On the other hand, the global SMEFT analysis without the inclusion of oscillation and
CEνNS data is not as stringent. It is not sensitive to ε⊕ττ and the bound on ε⊕ee is extremely
loose. The latter is a consequence of the fact that some of the SMEFT operators contributing
to this NSI are only constrained by νe-nucleus scattering in CHARM [55] and, as a result, this
very weak bound dominates the uncertainty in ε⊕ee. The strongest constraint arises for ε⊕µµ, as
νµ scattering in nuclei is more precisely measured experimentally. In fact, as figure 1 shows, it
is comparable to the one obtained in ref. [40] and the combination of both constraints yields
a slightly (∼ 20%) stronger bound. Interestingly, this mild improvement also propagates
to ε⊕ee and ε⊕ττ through the strong correlations present between the NSI, as a consequence
of the fact that their difference is more strongly constrained than their magnitude. This
improvement, and the general results from the combined analysis, are summarized in table 2.

Figure 1 illustrates the synergies between the SMEFT and neutrino oscillation programs,
as combining NSI constraints from neutrino data with low-energy constraints within the
SMEFT framework allows to strengthen the former. This also has the convenient side effect of
smoothing the profiles leading to a more Gaussian behaviour. Indeed, we show in appendix A
that such approximation behaves well, and therefore we will use it in the next section to
study the impact that NSI bounds from neutrino data has in the global SMEFT constraints.

4.2 Neutrino data impact on SMEFT

We focus next on how the global SMEFT picture is affected by the constraints on NSIs
extracted from neutrino experiments and what kind of new information they provide to
the general SMEFT program. For this purpose, as before, we combine the likelihood from
ref. [16] not including COHERENT data with the NSI bounds of ref. [40] under the matching
conditions of eqs. (3.3)–(3.7). In this case, however, the NSI bounds are included using
the Gaussian approximation (see appendix A), as it simplifies the complex combination
for such a large parameter space and allows us to provide combined correlation matrices
as the final result.

Introducing oscillation and CEνNS data has several effects in the SMEFT global picture,
as shown in figure 2. Firstly, the weak bound on the combination of WC coefficients [ĉeq]ee11,
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[ĉlu]ee11

−1.0

−0.5

0.0

0.5

1.0

−0.25 0.00 0.25
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Figure 2. Correlations for the SMEFT operators that are affected by NSI constraints, with the same
color code as figure 1. The addition of NSI bounds [40] to the global SMEFT fit [16] not only improves
the bounds for some operators, but also introduces new and strong correlations between them.

given by eq. (4.2) and mainly coming from CHARM, improves by a factor ∼ 6 with the
inclusion of neutrino data, as previously noted in ref. [16] with the inclusion of data from
the COHERENT experiment.

Secondly, and more interestingly, the inclusion of neutrino data in the analysis allows
for constraining NC semileptonic operators with the third lepton family, which previous
SMEFT analyses were not sensitive to. The origin of this additional sensitivity is twofold.
On the one hand, neutrino oscillations are sensitive to the difference of the effective NSI
in propagation, ε⊕αα − ε⊕ββ, and therefore they propagate the constraints on ε⊕ee and ε⊕µµ

(which involve more experimentally accessible operators) into ε⊕ττ , accessing operators that
would be experimentally very challenging to probe directly at low energy. On the other
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Operators
1σ interval

Non-Osc. Non-Osc. + Osc. + CEνNS

[ĉeq]ee11 0.76 ± 1.80 0.07 ± 0.30
[cℓu]µµ11 0.110 ± 0.091 0.058 ± 0.076
[cℓd]µµ11 0.19 ± 0.27 0.11 ± 0.25
[ĉ(1)

ℓq ]ττ11 Unconstrained 0.07 ± 0.19
[ĉℓu]ττ11 Unconstrained −0.04 ± 0.54

Table 3. Summary of the largest improvements for the global bounds for SMEFT operators after the
addition of information from NSI. Notice, however, that the latter also impact the global analysis
introducing new correlations between operators, as seen in figure 2.

hand, the combination of oscillations and CEνNS does set a direct constraint on ε⊕ττ , as
well as the SNO bound in the deuterium breakup cross section, see eq. (4.17). Translated
to SMEFT coefficients, these two bounds define two new constrained combinations that
were previously unbounded.

ε⊕ττ −→ [ĉ(1)
ℓq ]ττ11 = [c(1)

ℓq ]ττ11 + 2 + Y ⊕
n

3(1 + Y ⊕
n )

[cℓu]ττ11 + 1 + 2Y ⊕
n

3(1 + Y ⊕
n )

[cℓd]ττ11 , (4.18)

SNO −→ [ĉℓu]ττ11 = [cℓu]ττ11 − [cℓd]ττ11 . (4.19)

Note that the other operators contributing to SNO and ε⊕ττ are already bounded by other
observables [16]. These two equations define a new flat direction, which is a combination of
WC previously unconstrained, to be added to the 9 directions already present in the SMEFT
analysis [12] without neutrino oscillations:

(F10) : [cℓu]ττ11 = [cℓd]ττ11 = −[c(1)
ℓq ]ττ11 . (4.20)

This flat direction could be lifted, for example, by measurements of the Drell-Yan di-tau
differential cross section at the LHC [120].

Consequently, neutrino experiments do provide useful and complementary information to
the global SMEFT picture, since they allow to improve the constraint on [ĉeq]ee11, as previously
outlined by ref. [16] using COHERENT data. More interestingly, they provide constraints to
the new operator combinations given by eqs. (4.18)–(4.19). Furthermore, it also generates
correlations where there were previously none, as can be seen in figure 2. For example, [ĉeq]ee11
was uncorrelated with other semileptonic operators prior to the inclusion of oscillation data,
while it is strongly correlated afterwards. This remarkable increase in the correlations within
the coefficients in a global analysis implies that the global bounds on individual WC are more
difficult to saturate, as precise cancellations between different operators are required.

We summarize our results in table 3 with the constraints on the operators that are most
significantly affected by the inclusion of neutrino oscillation and CEνNS data. Our results
show that, neutrino experiments, including neutrino oscillation data, provide important
information for the SMEFT program and should be considered in global analyses.
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5 Global analysis of flavour violating operators

Recently, a global analysis of low-energy charged LFV (cLFV) observables [121–139] was
carried out in [31], identifying the presence of poorly-constrained directions involving semilep-
tonic operators. In the case of the d = 6 SMEFT, the plethora of bounds on different LFV
semileptonic τ decays offer great complementarity so as to efficiently constrain the different
directions in WC space. Conversely, the µ−e sector parameter space has some directions very
stringently constrained but rather loose bounds in others, allowing to relax the global bounds
by many orders of magnitude with respect to those extracted by considering one operator at
a time, when fine tuned cancellations are permitted. This situation is summarized through
figures 3 and 4 where, for the different operators, the empty bands reflect the present bound
when only one operator at a time is considered (and hence no cancellations are allowed), while
the filled red bands show how these constraints are relaxed in the context of the global fit
from ref. [31] due to the poorly constrained directions. It is therefore interesting to consider
whether neutrino experiments may improve these global results.

Neutrinos do indeed provide information about charged lepton operators exploiting their
relation through SU(2)L gauge invariance, which in the SMEFT correlates both, as can be
explicitly seen from the matching conditions in eqs. (3.8)–(3.14) and (3.16)–(3.27). Contrary
to the LFC case, there are no compelling arguments to neglect the impact of CC LFV
NSI in a global neutrino data fit in the SMEFT context. Therefore, it is not consistent to
combine the global fit to NC NSI given in [40] with the cLFV SMEFT analysis given in [31].
Nevertheless, a very effective way of constraining CC LFV NSI is through the zero distance
effect described by eq. (2.13). In particular, KARMEN [140] and NOMAD [141, 142] provide
excellent probes of this effect in the µ − e sector:

P̃ KARMEN
ν̄µ→ν̄e

=
∑

α

pµ
XY εµeX

αe εµeY
αe + dβ

XY εudX
eµ εudY

eµ + 2dβ
XLpµ

Y LεudX
eµ εµeY

ee < 6.5 · 10−4 , (5.1)

P̃ NOMAD
νµ→νe

= pπ
XY εudX

µe εudY
µe + dud

XY εudX
eµ εudY

eµ +2dud
XLpπ

Y LεudX
eµ εudY

µe < 7.0 · 10−4 , (5.2)

at the 90% CL. Here pS
XY and dP

XY are, respectively, production and detection coefficients,
computed for some neutrino source S and detection process P , and summation over repeated
X, Y = L, R, S, P, T is understood. The relevant production/detection coefficients are [38, 43]:

KARMEN


pµ

LL = 1, pµ
RR = 6mµ − 12Eν

3mµ − 4Eν
,

dβ
LL = 1, dβ

SS = g2
S

1 + 3g2
A

, dβ
T T = g2

T

1 + 3g2
A

,

(5.3)

NOMAD


pπ

LL = 1, pπ
P L = m2

π

mµ(mu + md) , pπ
P P = m4

π

m2
µ(mu + md)2 ,

dud
LL ≃ 0.91, dud

SS = dud
P P ≃ 0.04, dud

T T ≃ 0.59,

(5.4)

where KARMEN’s detection coefficients have been computed in the inverse-β regime neglecting
nucleon recoil, and gA, gS and gT are, respectively, the axial, scalar and tensor charges of
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Figure 3. Current 95% bounds on the µ−e LFV low-energy operators, as induced by dim=6 SMEFT,
involving only first generation quarks and left-handed electrons. The empty bars correspond to the
bounds extracted considering the presence of one operator at a time. The solid bars correspond to the
global bounds of [31], derived considering all operators at the same time but including only cLFV
observables. The hatched bars represent the improvement of these global bounds upon the addition of
the zero-distance neutrino oscillation constraints from KARMEN and NOMAD.

the nucleon. As for NOMAD, detection coefficients refer to the DIS regime extracted from
ref. [38]. In both cases we have not shown the detection coefficients involving the operators
with right-handed quark currents as they are either flavour conserving or are higher order
when matching to SMEFT operators [13]. Production via µ and π decay has been assumed for
KARMEN and NOMAD, respectively. We have also neglected the electron mass and, as such,
the interferences between operators with different electron chirality are not present. Notice
that the normalization effects discussed in section 2.1 are subleading in appearance channels.

In figures 3 and 4 we show the improvement upon including the constraints from
KARMEN and NOMAD in the global fit to cLFV in the µ − e sector from ref. [31] by
the hatched red bars.12 It is straightforward to translate the bounds from KARMEN and
NOMAD on scalar, pseudo-scalar and tensor CC NSI into constraints on the semileptonic
cLFV scalar and tensor operators, see eqs. (3.12)–(3.14) and eqs. (3.24)–(3.27). However, the
correlations among CC and NC interactions induced by the vectorial operator [c(3)

ℓq ] are less
straightforward, as the matching to vectorial low energy 4-fermion operators also involves
the vertex corrections with the W and Z bosons. For these Lorentz structures, translating

12Here we restrict to the simplest SMEFT scenario of [31] with only first generation quarks. The discussion
is qualitatively the same for the other SMEFT scenario in [31] also with s quarks.
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Figure 4. Same as figure 3 but for operators with right-handed electrons.

the neutrino bounds to the charged lepton sector is more convoluted. The dependence on
the SMEFT Wilson Coefficients of the CC-NSI relevant for production and detection in
KARMEN and NOMAD is summarized in table 4 (those in grey are more strongly bounded
by non-neutrino data as discussed below).

The cLFV Z-vertex corrections induce LFV Z boson decays [143, 144], which are string-
lently constrainted by LHC [145, 146]. These translate into much stronger constraints on
[δgZe]αβ than the global bounds on cLFV operators from ref. [31], so their contribution
can be neglected. Similarly, 4-lepton operators potentially contributing to production via
µ decay at KARMEN, may be neglected given the stronger constraints from LFV leptonic
decays [31]. On the other hand, the LFV W-vertex corrections are quite loosely constrained,
since the neutrino flavour is not observed. Interestingly, it is precisely experiments such
as KARMEN/NOMAD that are able to observe the flavour in CC interactions, potentially
allowing to disentangle the W-vertex correction from the 4-fermion operator c

(3)
ℓq . In fact,

KARMEN and NOMAD are sensitive to different combinations of the W-vertex [δgW
L ]µe

and 4-fermion operator c
(3)
ℓq contributions thanks to their different production channels (µ vs

π decay). As such, the combination of the two bounds is very complementary and allows
to constrain both operators independently. Together with the bounds on the scalar and
tensor structures appearing in the detection processes and in production via π decay this
leads to the improvement shown in figures 3 and 4.

Since [c(3)
ℓq ]eµ11 enters in the matching of left-handed cLFV vector and axial operators with

u and d quarks, which were only loosely bounded above O(1) in the global fit of ref. [31], the
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Process Low-energy WC SMEFT WC

KARMEN εµeL
ee , εµeL

µe , εµeL
τe [cℓℓ]αeµe, [δgZe

L ]µe, [δgW e
L ]µe

production εµeR
ee , εµeR

µe , εµeR
τe [cℓe]αeµe, [δgZe

R ]µe

KARMEN
εudL

eµ , εudS
eµ , εudT

eµ

[c(3)
ℓq ]eµ11, [δgW e

L ]eµ

detection [cℓedq]∗µe11, [c(1)
ℓequ]∗µe11, [c(3)

ℓequ]∗µe11

NOMAD
εudL

µe , εudP
µe

[c(3)
ℓq ]µe11, [δgW e

L ]µe

production [cℓedq]∗eµ11, [c(1)
ℓequ]∗eµ11

NOMAD εudL
eµ , εudS

eµ [c(3)
ℓq ]eµ11, [δgW e

L ]eµ

detection εudP
eµ , εudT

eµ [cℓedq]∗µe11, [c(1)
ℓequ]∗µe11, [c(3)

ℓequ]∗µe11

Table 4. List of low-energy and SMEFT Wilson coefficients relevant for production and detection
in KARMEN and NOMAD. Those in grey are already (globally) bounded by cLFV observables [31]
beyond the sensitivity of neutrino experiments.

bound derived from KARMEN and NOMAD improves the global bound on vector operators
by an order of magnitude, as it can be seen in figure 3. This improvement also propagates
to scalar operators, due to the strong correlation with vector operators induced by the
experimental constraints as shown in [31]. Unfortunately, this improvement does not affect
axial operators, as the poorly constrained direction that relaxes the global bound corresponds
to the isoscalar u + d combinations, while c

(3)
ℓq only contributes to the u − d combination.

The situation is much different for operators in which the leptonic current is right-handed,
as their SU(2)L singlet nature does not correlate charged leptons and neutrinos for vector
operators. As a consequence, the only correlation present in this sector between neutrinos
and charged leptons is associated to the scalar/tensor operators, as they are, in this case, the
only ones receiving contributions from operators containing SU(2)L doublets. The results
are shown in figure 4. Since scalar and tensor operators are better constrained than vectors,
the improvement obtained by adding KARMEN/NOMAD is not as noticeable as for the
left-handed case, but still shows that neutrino experiments do contribute improving the
bounds in the global SMEFT picture. The marginal improvement in the vector and axial
structures is indirect since, from the global fit to cLFV observables, these operators were
correlated with the scalar and tensor ones respectively [31].

6 Conclusions

The SU(2)L gauge invariance necessarily links new physics involving the neutrino and charged
lepton sectors at some level. Given that the charged lepton sector is much more easily probed
and constrained, neutrino non-standard interactions (NSI) are expected to be bounded beyond
the sensitivity of present and near-future neutrino experiments [11, 30] when induced by
new heavy mediators and barring fine-tuned cancellations. Nevertheless, global constraints
on the SMEFT operators have matured and reached a level of precision where the role
of unconstrained, flat directions is being actively investigated with effort in identifying
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complementary observables able to lift them and make more substantial contributions to
the global picture.

In this context, we have investigated the connection between the NSI formalism and the
Standard Model effective field theory (SMEFT), focusing on how neutrino data contribute
to the global constraints on the latter. Building upon the analyses of refs. [16, 17, 43],
we have first presented the SMEFT operators that contribute to neutrino NSI when the
corresponding mediators are heavier than the electroweak scale. We have also emphasized
how the measurements of neutrino fluxes and cross sections required to extract the oscillation
probabilities in neutrino experiments are also affected by this type of new physics. In
particular, we have clarified how this can lead to indirect contributions that tend to cancel
the sensitivity of these experiments to charged current (CC) flavour-conserving NSI.

We have also investigated the connection between neutrino NSI and charged lepton
flavour violating (cLFV) operators implied by the SU(2)L gauge invariance built into the
SMEFT. This same gauge invariance generally relates CC and NC NSI. As such, to derive
the most comprehensive constraints on these effective operators, a global analysis of neutrino
oscillation and scattering data together with relevant observables involving charged leptons
would be necessary. In this work we have performed the first steps towards this ambitious
goal studying the impact of neutrino data in two meaningful simplified scenarios.

First, we have made the common simplifying assumption of flavour conservation and
started from the comprehensive global fit to flavour-conserving SMEFT operators from LEP
and low-energy observables presented in refs. [12, 16]. Since in this scenario the sensitivity to
CC NSI from neutrino oscillation data is very limited from the indirect effects stemming from
the flux and cross section measurements and the strong constraints from the SMEFT global
fit itself, it is sufficient to consider only NC NSI when analyzing neutrino data. Thus, we have
combined the results from the global fit of [16] (without the inclusion of COHERENT data)
with those on NC neutrino NSI from neutrino oscillation and CEνNS data from ref. [40]. In
both analyses the impact of LFV operators was marginalized thus providing conservative
constraints to a LFC scenario.

We find that, as observed in [16], upon the inclusion of CEνNS data, there is an
improvement of about an order of magnitude on the bound of an operator contributing
to electron and νe scattering with quarks. Moreover, we find that, given the stringent
correlations among different flavours in the neutrino NSI constraints from oscillation data,
this improvement propagates also to the µ and τ sectors. This, together with data on NC
neutrino detection from SNO, allows to derive constraints on two operator combinations
involving the τ flavour that were previously unconstrained in the analysis of ref. [16]. We
also find that, upon the inclusion of the SMEFT constraints in the NSI analysis, the bounds
on SMEFT-generated NSI involving νµ strengthen. Interestingly, the correlations of NSI
constraints with other flavours lead to indirect improvements in the e and τ sectors as well.

For the second scenario, we concentrate instead on LFV operators. Recently, ref. [31]
derived global constraints on LFV SMEFT operators from charged lepton data. Their results
show that, while the different bounds on LFV semileptonic τ decays allow to derive meaningful
global constraints on all the relevant operators of the τ − e and τ − µ sectors, in the e − µ

sector several poorly constrained directions exist. This leads to surprisingly weak global
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bounds on some operator combinations involving e − µ LFV. Here, we have studied how
several of these poorly-constrained directions are improved by about an order of magnitude
with constraints from KARMEN and NOMAD on short-baseline νe appearance.

Our results show that neutrino data, both from oscillation and scattering measurements,
provide significant contributions to the global SMEFT program. They both lead to im-
provements by even an order of magnitude in some operators and provide constraints on
previously unbounded directions involving the more challenging τ flavour. Thus, neutrino
data turn out to be very complementary and valuable and it is worth to incorporate it
to global SMEFT analyses.
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A Gaussian approximation

As it can be seen from ref. [40], the ∆χ2 profiles for the ε⊕αα are very non-Gaussian. However,
upon the combination of these results with the SMEFT bounds from ref. [16] they acquire a
more Gaussian profile. In this appendix, we explore whether the aforementioned combination
is reasonably well approximated by a Gaussian distribution. This will greatly simplify the
exploration of the vast SMEFT parameter space to investigate the impact of the neutrino
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Figure 5. Comparison of considering the Gaussian approximation for the oscillation and CEνNS
data (in green), with respect to using the exact non-Gaussian ∆χ2 (in red). The combination with
the analysis of non-oscillation data, which is Gaussian, smooths the final results, so the Gaussian
approximation leads to a reasonably good agreement.

data on it. The final results of the combination can also be presented in a compact and
comprehensive form through the corresponding combined covariance matrix.

In figure 5 we compare the ∆χ2 profiles and contours of the combination of neutrino
oscillation and CEνNS data with low-energy non-oscillation observables, and a gaussian
approximation of said profiles and contours. The red lines correspond to the direct combination
of the exact fit results of ref. [40] for the NSI coefficients ε⊕αα with the corresponding Gaussian
SMEFT likelihood from ref. [16], where for the latter we have changed from the basis of
SMEFT Wilson coefficients to the basis of ε⊕αα using the matching conditions of eqs. (3.3)–
(3.5). Alternatively, the green profiles and contours are extracted from first fitting the
results on ε⊕αα of ref. [40] to a gaussian and then simply combining with the Gaussian
SMEFT likelihood. We conclude that, after the combination with the Gaussian SMEFT
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likelihood, there is reasonable agreement between the exact combined fit and the Gaussian
approximation, as shown in figure 5.
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