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1 Introduction

Since the discovery of neutrino oscillations, the field of precision neutrino physics has

experienced a formidable rate of progress. Assuming the standard 3-flavor picture, the

mass squared differences between the neutrino eigenstates and all three angles in the mixing

matrix have been determined with a good precision, see ref. [1] for a recent update. The

standard parameters are now overconstrained by multiple independent measurements, with

overall a good consistency. In a way, the situation is similar to that in electroweak precision

physics in the 1990s when, given the wealth of precise and theoretically clean information

from LEP-1, the initial focus on measuring the parameters of the Standard Model (SM)

could be extended to constraining hypothetical phenomena (technicolor, supersymmetry,



etc.). By the same token, neutrino experiments now have a potential to systematically
explore new physics beyond the neutrino masses and mixings.

One such area of exploration are the so-called non-standard interactions (NSI). Oscil-
lation experiments are sensitive not only to neutrino masses and mixing, but also to how
neutrinos interact with matter. The SM makes precise predictions about these interac-
tions, which however can be perturbed by physics beyond the SM (BSM). In particular,
new effective 4-fermion interactions between leptons and quarks may give observable effects
in neutrino production, propagation, and detection, and thus they can be constrained by
experiment. These studies have a long history in the literature, see e.g. [2-19] and [20] for
a recent review.

Previous works were contended with an ad-hoc parametrization of NSI, using the ef-
fective couplings %™ to describe the non-standard effects in production, detection, and
propagation of neutrino states (see appendix B for more details). There has been little
emphasis on connecting these couplings to parameters of concrete BSM models, or to Wil-
son coefficients of a well-defined and systematic framework of effective field theory (EFT).
Consequently, full attention has not been paid to such issues as power counting of NSI
effects, extraction of the mixing angles in the presence of general new physics, or compari-
son between the sensitivity of oscillation and other experiments. We argue here that there
are distinct advantages in embedding NSI in a solid EFT. First, consistent EFTs come
with an expansion parameter, and the Lagrangian, amplitudes, and observables can be
systematically constructed order by order in that expansion. This allows one to compare
different NSI effects in neutrino oscillations, and unambiguously identify the leading order
contributions. Moreover, EFTs may predict correlations between the magnitude of effects
in neutrino oscillation and in other precision experiments, such as nuclear beta transitions,
meson decays, Drell-Yan production at the LHC, etc. In this picture, oscillation experi-
ments become an ingredient in the broad program of precision measurements. Moreover,
sensitivities of the different precision probes can be meaningfully compared.

In this paper we propose a systematic EF'T approach to neutrino oscillations. We focus
on short-baseline reactor neutrino experiments, however the formalism can be readily ap-
plied to experiments with longer baselines and for different neutrino production and detec-
tion processes. Our point of departure is the so-called SMEFT, where higher-dimensional
interactions invariant under the local SU(3)c x SU(2)r x U(1)y symmetry are added to
the SM. They are organized in an expansion in 1/A, where A can be interpreted as the
BSM scale suppressing the higher-dimensional operators. Given the SMEFT Lagrangian,
we derive the effective charged-current interactions between neutrinos, charged leptons,
and nucleons in the low-energy EFT relevant for reactor experiments. This allows us to
calculate the survival probability of an electron antineutrino in short-baseline experiments
in the presence of general dimension-6 (order A=2) SMEFT interactions. We point out that
these experiments offer a unique opportunity to probe, at the linear level, certain SMEFT
operators that are off-diagonal in the lepton-flavor space. We identify the linear combina-
tions of Wilson coefficients that are constrained by reactor experiments at the leading order
in the SMEFT expansion. We then proceed to obtain numerical constraints on these com-
binations using the most recent data from the Daya Bay [21] and RENO [22] experiments.



Our systematic approach puts into perspective some of the conclusions reached in the
prior NSI literature. We will argue that, at the leading order in the SMEFT expansion,
NSI interactions diagonal in the lepton-flavor space are currently not probed by oscillation
experiments. More precisely, any modifications of diagonal V+A interactions are fully
absorbed in the phenomenological extraction of SM parameters (the CKM element V4
and the neutron axial charge g4), while for the scalar and tensor ones stringent model-
independent constraints from nuclear beta decays exclude observable signals in reactor
experiments, given the current precision of the latter. As for NSI off-diagonal in the
lepton-flavor indices, those involving only left-handed leptons and quarks (V-A type) cannot
be constrained by the reactor experiments alone, as they merely renormalize the a-priori
unknown mixing angle 613. Off-diagonal NSI with right-handed quarks (V4A) are in
principle observable in the reactor oscillation experiments, however they do not arise at
O(A~2) from dimension-6 SMEFT operators. On the other hand, reactor experiments
show an interesting sensitivity to off-diagonal tensor and scalar NSI, which were actually
neglected in most prior studies.

This paper has the following structure. In section 2 we review the formalism of the
SMEFT and the resulting EFT below the weak scale. In section 3 we derive the dependence
on the SMEFT parameters of the anti-neutrino survival probability in reactor experiments.
The constraints on these parameters from the Daya Bay and RENO observations are pre-
sented in section 4, and compared in section 5 to the constraints from other precision
experiments. We summarize our findings in section 6 and comment on the significance of
our results on the NSI program in oscillation experiments.

2 EFT ladder

As mentioned above, the oscillation pattern of neutrinos depends not only on their mass
differences, but also on their interactions with other particles. We are interested in the
situation where these interactions deviate from the SM predictions. Our goal is to derive
new constraints on fundamental theories with heavy BSM particles, without referring to a
specific model. For that reason we will use the language of EFT. In this section we review
the crucial elements of EFTs relevant for our analysis.

2.1 SMEFT

If new particles beyond the SM are much heavier than the Z boson and the electroweak
symmetry breaking is linearly realized, then the relevant effective theory above the weak
scale is the so-called SMEFT [23, 24]. It has the same local symmetry and particle con-
tent as the SM, which in particular entails the absence of right-handed neutrinos. But the
SMEFT differs from the SM by the presence of higher-dimensional (non-renormalizable)
interactions in the Lagrangian, which provide an effective description of physical effects of
heavy BSM particles. They are organized in a systematic expansion in operator dimen-
sions, with each consecutive terms suppressed by a higher power of the new physics scale A.
Dimension-5 operators are essential as they give rise to Majorana masses of the SM neutri-
nos. The formulas presented in this work assume the normal ordering of neutrino masses,



but the changes in the case of inverse ordering are trivial, as we will explicitly discuss. Due
to the smallness of the neutrino masses, dimension-5 operators have negligible effects on
production and detection amplitudes of relativistic neutrinos. On the other hand, these can
be significantly affected by dimension-6 operators suppressed by A=2. In particular, some
dimension-6 operators lead to deviations of the couplings of the SM quarks and leptons to
the W boson from the SM prediction; others introduce new contact interactions between
quarks and leptons. In our study we will ignore the effects of operators with dimensions
higher than six, which are suppressed by more than two powers of A. Consequently, we will
only trace new physics corrections linear (order A=2) in Wilson coefficients of dimension-6
operators, and ignore the quadratic effects that are O(A™%).

2.2 WEFT

The SMEFT is a convenient tool when it comes to studying high-energy physics above the
weak scale. However, neutrino oscillation experiments are performed at energies well below
the weak scale. At the scale u < myy, the W and Z bosons, as well as the Higgs boson
and the top quark, can be integrated out from the SMEFT, leading to another effective
theory that we refer to as the weak EFT (WEFT).! Tt has a smaller particle content and
different interactions than the SMEFT. Below we focus on the charged-current 4-fermion
interactions between the up and down quarks and the 3 generations of charged leptons and
neutrinos. At the leading order in the WEFT we can parametrize them as

2V, _ _
Lwerr D — Ugd{ 1+ er]op (@ Prd)(bavuPrvg) + [erlap(uy" Prd)(CavuPrLyg)

1 - 1 B _
+ leslag(ad) (baPrvg) = Sleplas(@ysd)(baPrLys)

1. 3 _
+ Z[GT}QB(UU/WPLd)(eaUuyPLVB) + h.C.} , (2.1)
where v is the VEV of the Higgs doublet, V4 is a CKM matrix element, ¢, = e,u, T
is a charged lepton field, o*” = i[y*,~"]/2, and P r are the usual chirality projectors
(1 F75)/2.2 Above, the fields u, d, ¢, are written in the basis where their mass terms
are diagonal. The flavor neutrino states 1, are connected to the mass eigenstates by
Vo = Uqgvy, wherea = e, u, 7, J = 1,2,3, and U is the unitary PMNS matrix parametrized
by three mixing angles (612,013, 623) and one CP-violating phase dcp:

c12€13 512€13 e "CPsy3
_ i i
U= | —s12c23 — €°CP 12513523 C12c23 — €°°F 512513523  C13523 ) (2.2)

5 i
512823 — €'°CP 12813023 —C12523 — €9CP 812513C23  C13C23

n this work we consider the WEFT as the low-energy theory of the SMEFT. However, the WEFT is
a consistent EFT in its own right, which can be valid even if it is not completed by the SMEFT at higher
energies. See appendix A for the discussion of such a set-up.

®The hat over ér indicates that the normalization differs by a factor of 4 from e used e.g. in [25].
The present normalization is more natural in the sense that typical new physics models generating tensor
interactions will give comparable contribution to ér and €g, p, see e.g. [26].



and s;; = sinb;;, ¢;; = cos ;5. As mentioned earlier, the neutrinos have only the left-handed
components, while right-handed neutrinos are absent in this effective theory. The leading
NSI corrections to the standard neutrino interactions are summarized by the parameters ex
in eq. (2.1), which are 3 x 3 matrices in the lepton flavor space. In the neutrino literature
these are customarily referred to as the NSI. Apart from the SM-like V-A interactions
(1 + €), right-handed (er), scalar (eg), pseudoscalar (ep), and tensor (ér) interactions
between leptons and quarks are allowed at the same order of the WEFT expansion. The
matching between ex and the Wilson coefficients of dimension-6 operators in the Warsaw
basis [24] of the SMEFT at the renormalization scale y ~ myy is given by [27-30]

v’ (3) 3) 3)

[ﬁL}aB ~ ATV, (Vud[CHl]aﬁ + de[CHq]ljfsaﬁ — de[clq ]aﬁlj) ,
02

[erlag ~ m[(ﬁl{ud]n%m

/UQ 1 * *
[€S}aﬁ ~ _m (‘/}d[cge;u]ﬁajl + [Cledq]ﬁodl) )

2

v 1 * *
[€P}a6 ~ _2A2V 4 (de[cgegu]ﬁaﬂ - [Cledq]ﬁan) )
. 202 3) 1x
[erlas ~ ~ ay Vialeap a1 (2.3)

where SMEFT operators are defined in the flavor basis where the up-quark Yukawa matrices
are diagonal. There are three important conclusions from this matching exercise. Firstly,
all the ey parameters in eq. (2.1) arise at O(A~2) in the SMEFT, thus a priori they are
equally important. Secondly, the right-handed interactions are proportional to the unit
matrix in the lepton flavor space, up to corrections from dimension-8 and higher SMEFT
operators [27]. Indeed, at the dimension-6 level er can originate only from the operator
Ofud = z‘HTDMH(ﬂRfy“dR) and its conjugate, which induce the W boson coupling to
right-handed quarks. Integrating out the W exchange between the quarks and leptons
generates €g in eq. (2.3). Since the SM W couplings to leptons are diagonal and flavor
universal, so is eg at O(A72). Off-diagonal and flavor non-universal contributions to eg
can appear only at O(A~%), either from the W exchange (if the W couples to right-handed
quarks and non-universally to leptons at order A~2), or from dimension-8 contact operators
such as e.g (LoH~,LgH)(ury"dr), where Lo = (vr,fL)q are the lepton doublets, and
H is the Higgs doublet. On the other hand, €; g p7 do contain off-diagonal and non-
universal terms already at the dimension-6 level, in general. Finally, ¢, is approximately a
Hermitian matrix in the lepton flavor space, up to corrections suppressed by off-diagonal
CKM matrix elements. This directly follows from the hermiticity properties of the SMEFT

. . 3% 3 3) 14 3 3)1x 3
Wilson coefficients: [cf))%5 = [cil]sas [calie = [cilii, and [el ] 500 = lef ] gans-

2.3 Lee-Yang

At the energy scale characteristic for reactor neutrino experiments the relevant degrees of
freedom are not quarks, but rather their bound states such as nucleons and nuclei. There-
fore, it is advantageous to descend one more step in the EFT ladder, into an effective theory



of protons and neutrons interacting with charged leptons and neutrinos. Matching this EF'T
to the WEFT Lagrangian in eq. (2.1) we obtain the so-called Lee-Yang Lagrangian [31]:

Vi _
fu > =25 v [+ en + ealy () Pus)

— ga [l +er — €r],p (DY v5n) (b PrLyp)

+ gsles]as(Pn) (€aPryg) — gpleplas(pysn) (laPryg)

1 . B _
+ §gT[GT]ag(pO’MVPLn)(EaUuVPLVB) + h.C.}7 (2.4)

where p, n are relativistic proton and neutron fields. The couplings gv, 4.5 p1 are vector,
axial, scalar, pseudoscalar, and tensor charges of the nucleon, which can be calculated on
the lattice or from symmetry considerations. For the vector coupling, one can prove that
gy = 1 up to quadratic corrections in isospin-symmetry breaking [32]. For the remaining
charges we use the numerical values collected in table 1 of [33] (which are taken from
refs. [34, 35]), except for g4, which is taken from the fit in eq. (84) of [33]:

ga=127284£0.0017, gg=1.02+0.11, gp=2349+9, gr=0.987+£0.055 (2.5)

at 1 = 2GeV in the M S scheme, a choice of scale and scheme that will apply as well to the
ex bounds obtained in this work. For our purpose, the charges are known with sufficient
precision, and we will use their central values ignoring the errors.

The processes relevant for neutrino production and detection in reactor experiments
are (inverse) beta decays. While in these reactions neutrinos and electrons are typically rel-
ativistic, the exchanged momenta are much smaller than the masses of nucleons. Therefore,
one can describe the latter using non-relativistic fields v in an effective theory expanded in
powers of the spatial derivatives V1. At the leading (zero-derivative) order, the Lee-Yang
Lagrangian in eq. (2.4) reduces to

Vud , - _ -
LNRLy O _ng<wp¢n){ 1+er+ GR]ag (ga')/OPLV,B) + gs[es]ag(ﬁaPLyﬁ)}
Vud , - -
+T;(¢p0’k¢n){% [1+er— ER]aﬁ (ﬁa’yoszLljg)

*gT[@T]aﬁ(gaEkPLug)} +h.c, (2.6)

where 1, and 1), are non-relativistic fields annihilating protons and neutrons, respectively,
and XF = (0(.)k "Ok) with o being the Pauli matrices. Note that ep does not appear in
eq. (2.6), hence the pseudoscalar interactions do not affect beta transitions at the lead-
ing order. Moreover there are only two independent hadronic structures at this order:
zﬂpwn and Qﬁpakzﬂn, which mediate the Fermi and Gamow-Teller nuclear transitions, respec-
tively. Continuing the non-relativistic expansion, at the next order one would obtain the
interactions with one derivative acting on v, which lead to the so-called first-forbidden
beta transitions.

It is worth noting that the same effective interactions parametrized by ex that can be

probed in neutrino oscillation experiments also affect the phenomenological extraction of



Vug and g4 from nuclear and neutron decays, respectively [33]. Since the latter quantities
are needed to calculate the predicted number of produced and detected neutrino events in
oscillation experiments (see section 4.1 for more details), these effects have to be taken into
account consistently at the chosen order in the EFT expansion. Such a consistent analysis
has never been done in previous NSI literature, to the best of our knowledge. In particular,
it can be shown that neutrino oscillation data does not depend on the flavor-diagonal
vector EFT couplings [er]ee and Re[egr]ee at any order. This is so because their direct
effect is completely cancelled by the indirect effect entering through the phenomenological
determination of V4 and g4. This can be shown at the Lagrangian level, since these
nonstandard contributions only appear in the following two combinations [33]

1+ [GL]ee - [ﬁR]ee
1+ [GL]ee + [ﬁR]ee ‘

Precision experiments that provide the numerical values of V,4 and g4 in fact measure

Vud (1 + [GL]ee + [ER]ee) 5 gA Re (27)

the above combinations of the SM and NSI parameters, when interpreted in the EFT
context.? For this reason the effects of [e1]ce and [eg]ce are completely absorbed into the
phenomenological values of V4 and g4, and thus cannot be accessed in neutrino oscillation
experiments. These observations invalidate bounds on [eL, Rlee Obtained from oscillation
experiments in previous literature (see e.g. table 4 in ref. [20]). Let us note that the
ler,Rr]ee coefficients can be probed in precision beta decay measurements, through a (first-
row) CKM unitarity test and through the comparison of lattice and experimental values
of g4. The resulting bounds are below the permil and percent level, respectively [33].

In the following we will use the Lagrangian in eq. (2.6) to calculate amplitudes of
beta decay processes relevant for reactor neutrino oscillations. We will treat ex as small
parameters of order A~2, as derived from the matching to the SMEFT, and we will ignore
any contributions to observables that are O(A~*) or smaller.

3 Oscillations in EFT

In this section we review the theory of neutrino oscillations in the presence of NSI. We focus
on providing a systematic EFT description of new physics effects in neutrino production
and detection in short-baseline reactor experiments. We neglect matter effects in neutrino
propagation, which would be relevant for long-baseline experiments.

Consider an antineutrino produced with energy F, in the process X* — ¢ oY" and
detected in the process vXP — (ZYP | where £, is a charged lepton: electron, muon, or
tau. Given a neutrino produced in association with ¢, the survival probability is defined
as the probability of it being detected at the distance L from the source in association
with ¢ of the same lepton flavor. Quite generally, the survival probability is given by the
formula [36]:

Am2 L fAP AP* fAD AD*
Pyosva (L, Ey) = ) Chgexp (_iJK)’ Cix = :
; 2 =S TIALP) (S JTAB, )
(3.1)

3In particular, the ga value in eq. (2.5) is extracted from experiment and does include such effects
Of [€L,R]ee~



where the indices J, K, ... label neutrino mass eigenstates v, Am% K= m? L, m,%K, and
Ag 7 and A?a denote the amplitudes for the production and detection of v;:
AP = M(XE = oyt AR = Mo, xP — ety D). (3.2)

In neutrino oscillation experiments, polarization of particles involved in production and
detection is not measured, therefore summation over spins (and any other internal indices)
is implicit in each bracket in eq. (3.1). Likewise, there is an integration over all kinematic
variables (except the neutrino energy), as indicated by [ in eq. (3.1).

We now derive a general expression for the coefficients C'¢) as a function of the Wilson
coefficients ex in the WEFT Lagrangian eq. (2.1). The amplitudes in eq. (3.2) can be
decomposed as

ALy =UME+ Y lexUlasME, AR, =ULMP+ Y (U] MR
X=L,R,S,P,T X=L,R,S,P,T
(3.3)

Here M )1; and M )1(7 are independent of the mass index of the emitted /absorbed antineutrino,
up to totally negligible corrections due to the neutrino masses. Then, keeping only the
linear effects in ex, we can approximate

Cix = UasUjcaUarUJ,

kUL >0 Y {pxlexlanUnsUky + pxUasUL e a } (3.4)
X=L,R,S,P,T v+«

HarlUky D 2 {dlexlanUnicUl, + dxUaicUJ, [eka } + O(),
X=L,R,S,PT v#«

where

_ JMEMpT

JIMEP?

BT app &9)

The first line in eq. (3.4) encapsulates the standard oscillations in the absence of BSM effects
other than the neutrino masses. The second and third lines in eq. (3.4) describe corrections
to the survival probability due to NSI affecting, respectively, the neutrino production and
detection processes. The coefficients px and dx depend on the processes in which neutrinos
are produced and detected, and in general they may be functions of the neutrino energy.
Note that the diagonal elements ex do not enter eq. (3.4); in fact they cancel out between
the numerator and denominator of eq. (3.1). Therefore, only the off-diagonal (in the
charged-lepton flavor basis) Wilson coefficients of the effective Lagrangian eq. (2.1) affect
the survival probability at the leading order. Recall that if the WEFT Lagrangian is derived
from the underlying SMEFT (that is, if new physics is heavier than my and respects the full
SM local symmetry) then eg is a diagonal matrix, leading to the conclusion that the charged
currents involving right-handed quarks do not affect neutrino oscillations at O(A~2).
Specializing to reactor experiments such as Daya Bay and RENO, neutrinos are de-
tected via inverse beta decay on water (practically, proton) targets, with a positron and a



neutron in the final state: p — ne™. Calculating the amplitude for this process starting
from the non-relativistic effective Lagrangian in eq. (2.6) we find the following detection
coefficients

395 — 1 gs Me 39497 e

dEl7d:— 5 = — R e ,
B BT732 41 0T 32 41E,-A" T T 382416, -A

dp =0,

(3.6)
where A = m,, — m, = 1.29MeV and m. ~ 0.511 MeV is the positron mass. The same
result is obtained starting from the relativistic eq. (2.4) in the limit where the proton recoil
is neglected. That calculation reveals that the contribution proportional to ep is suppressed
by the small factor gpm./m, ~ 0.1 in spite of the large value of the pseudoscalar charge gp.
In the following we neglect these subleading pseudoscalar contributions. Note that dg and
dr depend on the neutrino energy, which will be an important handle for constraining the
scalar and tensor Wilson coefficients in reactor experiments. The factor in the amplitude

3 Me ~ Me
proportional to yopeiad ox

goes under the name of the Fierz interference term [37], and
is due to the lepton-chirality flip in the corresponding Lagrangian terms in eq. (2.6).

While non-standard effects on the detection side are calculable to a good accuracy, the
production side is far more involved. There are hundreds of different beta decay processes
contributing to the antineutrino flux in the reactor [38, 39], and the NSI effects on their
amplitudes may be subject to relatively large uncertainties. To tackle that problem, we
have to resort to certain crude approximations. First, we assume that all beta decays
contributing to the reactor antineutrino flux above the detection threshold E, = 1.8 MeV
are of the Gamow-Teller type. With that assumption, the production coefficients are
given by

g me
ga fT(El/)

As before, the pseudoscalar interactions can be neglected at the leading order. In addition

pL = 17 Pr = 71, ps = 07 pp = O) pr = . (37)

the scalar ones do not contribute to Gamow-Teller transitions. The form factor in the
tensor coefficient is given by

fr(E,) = i wi(Ai = By)V/(Ai = By —me)(A; — By +me)
Yy win/ (A = By — me) (A — By + me)
S AAW(A)A - E,)\/(A = B, —me)(A - E, +me)
R AAWANA B, —m)B B tm)

(3.8)

The sum in the first line goes over all § decays resulting from nuclear fission processes in the
reactor, with appropriate weight factors w; determined by the fission yield. Furthermore,
A; are the mass differences of the initial and final state nuclei participating in the beta
processes. As shown in the second line of eq. (3.8), rather than using a detailed reactor
model with all distinct processes explicitly included, to calculate fr(E),) we replace the
sums by integrals over endpoint energies. We use a gaussian distribution for W(A) [40]
peaked at 1.7 MeV and with ¢ = 2.5 MeV, which approximates well the phenomenological
distribution (see e.g. refs. [41, 42]).



In reality, only about 70% of beta transitions in reactors are of the Gamow-Teller
type [43]. Most of the remaining ones are the first-forbidden transitions, whose neutrino
spectrum has considerable uncertainties even in the SM limit, and whose dependence on
non-standard interactions is poorly known (see ref. [44] for recent work in this direction).
These are expected to give a non-negligible contribution to the reactor antineutrino flux,
especially for E, far above the detection threshold [45]. In particular, the first-forbidden
decays may reintroduce some sensitivity to the pseudoscalar interactions. In this paper
we ignore this complication, however we will check the robustness of our results by testing
how much they rely on the events at the high end of the reactor antineutrino spectrum.

In the SMEFT approach one assumes no new degrees of freedom beyond those of the
SM, therefore the sum in eq. (3.1) goes over the 3 neutrino states, and the oscillation
probability in general depends on the two independent mass squared differences Am%l
and Am?%,. However, in short-baseline neutrino experiments one can typically neglect the
effects proportional to Am2, L/E; in particular, this is a good approximation in Daya Bay
and RENO. In such a case eq. (3.1) simplifies to

Ppo—oo (L, Ey) = CF) + O3 + C53 + 2Re (O + Cf5 + C33)

Am3, L
—4 Re (01063 + ng) Sil’l2 <£’/g‘1>

Am2. L Am2 L
—971 « PR 31 21 ) )
2Im (Cf5 + C55) sin ( 5L, > +0 < E, ) (3.9)

For the reactor experiments the relevant observable is the electron antineutrino survival

probability. Taking o = e, and plugging in the expression of C, in eq. (3.4) we obtain

. Am2, L\ .
Pyos5.(L,E,) = 1—sin® <4E33> sin? (2913 + XEL:ST(dX + px)Re [X]>

_sin (ALY oo 3" (dx —px)Im[X] + O(& 3.10
sin( Sg51° )sni@e) 3 (dx —polm[X] + OG0, (310)

where we defined the following combinations of the PMNS and NSI parameters:

[L] = eiﬁcp (323[5L]eu + CQS[GL]eT) s
[S] = €CP (s93[€s]ep + casles]er)
[T] = P (so3(ér]ep + coslér]er) - (3.11)

Using the detection and production coefficients in egs. (3.6) and (3.7), the survival proba-
bility takes the form

Am32,L ~ m m
Py (L, Ey) = 1 —sin? [ —312 ) sin? 2013 — ‘- = 12
. (L, E,) sin ( iE, )sm 13 aDE,,—A anT(E,,) (3.12)
. AmglL . ~ Mme Me 2
2 —
—|—sm( 2, )sm( 613) (ﬂDEV A 5PfT(EV)) + O(ex),
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where

013 = 013 + Re [L],

gs 39491 gr
ap = ——=—Re [S] — —5="—Re [T], ap = Z=Re [T],
D=5 e 81— 50 iR T p= " RelT]
gs 39491 gr
= ——"—Im [S| - ———1Im [T], ==—Im [T, 3.13
B0 = 5y 18— 5"yt ) gp =l [T] (3.13)

The oscillation formula in eq. (3.12) is valid away from Am3,L/E, ~ 0, when the Wil-
son coefficients ex obey the SMEFT scaling: €% ~ O(A™) < ex ~ O(A™?), and for
dx[X],px[X] < 613. In its derivation we assumed that the off-diagonal elements of er
vanish, which is true up to O(A~*) corrections when the SMEFT is a valid effective theory
in some energy regime above myy (see eq. (A.1) for a more general formula). The expression
for P, _,,, would be analogous with the reversed sign of the second line of eq. (3.12). Our
formula agrees with the survival probability written down in ref. [3] after expressing their
effective couplings €% by the Wilson coefficients of the WEFT Lagrangian, see appendix B.
There are several important conclusions one can draw from eq. (3.12):

e As mentioned before, the neutrino survival probability at the leading order depends
only on off-diagonal Wilson coefficients ex. We remark that the total number of
produced and detected events (rather than the survival probability) is in principle
sensitive to the diagonal scalar and tensor [eg7]ee, Which we discuss in more detail
in section 4.1. However, this caveat has no practical consequences due to the very
stringent model-independent constraints on these coefficients from nuclear and meson
decays [33]. As discussed below eq. (2.7), the effects of [e]ce and [€g]ce are completely
absorbed into the phenomenological values of the CKM element V.4 and the axial
charge of the nucleon g4, and are unobservable in neutrino oscillation experiments.

e The sensitivity of reactor experiments to pseudoscalar NSI (ep # 0) vanishes in the
zero-recoil limit of beta decays, and when first-forbidden transitions in the reactor
are neglected.

e At the leading order, reactor experiments alone are not sensitive to off-diagonal NSI
of the V-A type ([ér]ea # 0). The reason is that, as evident in eq. (3.13), their
effects can be fully absorbed into a redefinition of the PMNS mixing angle 6;3 into
the effective mixing angle 615.* That redefinition can in fact be performed including
also quadratic corrections in €y, [5]. Since 13 is an unknown parameter, which in the
standard context was actually measured by Daya Bay, RENO, and Double Chooz,
these experiments cannot separate the effect of the PMNS mixing parametrized by

613 from the new physics corrections contained in [ef]e. To that end, it is necessary

“This issue is well-known in electroweak precision measurements (see e.g. [46]), where some non-standard
effects may be absorbed into a redefinition of the SM parameters. For example, the (9(10_7) measurement
of the Fermi constant from the muon lifetime does not constrain new physics at this precision level, as the
non-standard corrections can be absorbed into a redefiniton of an a-priori unknown electroweak parameter
- the Higgs vaccuum expectation value. For analogous effects in CKM physics, see ref. [47].
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to measure another observable that is sensitive to a different combination of 613 and
€7, than the one defined by 613. This conclusion continues to hold when subleading
terms in Am3, are taken into account in the survival probability.

On the other hand, reactor experiments are sensitive to scalar and tensor charged-
current interactions between leptons and quarks. The survival probability depends
on the real and imaginary parts of the [S] and [T'] combinations defined in eq. (3.11).
Two handles allow us to explore that dependence in practice. One, in the presence
of CP violation (due to dcp in the PMNS matrix or imaginary components of eg 1),
the survival probability acquires a different oscillatory dependence on L/E, than
in the standard case. Secondly, the knowledge of the dependence of the survival
probability on neutrino energy F, allows one to disentangle CP-conserving effects of
scalar and tensor interactions from each other, and from the (energy-independent)
effective mixing angle 6,3.

The survival probability in eq. (3.12) manifestly satisfies 0 < P(¥, — 7) < 1 in its
regime of validity specified below eq. (3.13). Naively, for Am3,L/E, < 1 one could
obtain P(7e — U) > 1 or P(ve — ve) > 1 (depending on the sign and magnitude of
Bx) due to the contribution in the second line in eq. (3.12). In this regime, however,
one can show that the O(€%) contributions cannot be neglected; including the full
non-linear ex dependence in eq. (3.4) one recovers P(7. — 7) < 1 independently
of the magnitude of Bx. Note that the Daya Bay and RENO experiments are de-
signed such that Am%lL /E, ~ 1 for typical E,, therefore this caveat has no practical
consequences for our analysis. Note also that there are no non-oscillatory terms in
eq. (3.12), therefore the so-called zero-distance effects [3, 48] sometimes discussed in
the NSI literature are absent in our approach. This is reassuring, as zero-distance
effects at the linear level in ex would also lead to P(7. — 7.) > 1 for some parame-
ter choices.

The last term in the survival probability in eq. (3.12) is proportional to
sin(Am3,L/(2E,)), which clearly depends on the choice of mass ordering. Through-
out this analysis we assume Am%l > 0. Choosing the inverted mass ordering would
result in the opposite signs for the best fit values of Im [S] and Im [T] compared to
that determined in the next section.

For the sake of illustration, in figure 1 we show the impact of NSI on the ratio of the

far to near survival probabilities as a function of the neutrino energy assuming a far and

near detector distances of L = 1500m and L = 500m, respectively. The left and right

panels show the effects of scalar and tensor interactions. To generate these plots we used

the best fit values of the oscillation parameters Am3; and 613 from the recent global fit of

the neutrino oscillation data in ref. [1]. The orange curves are the SM probability without

any NSI effects. The dashed blue and dotted purple curves show the effect of the real and

imaginary parts of the combination of parameters [S] and [T] defined in eq. (3.11). We
see that in both cases the effect of both Re [X] and Im [X] is not only to shift the survival
probability, but also distort its E, spectrum due to the different energy dependence of
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Figure 1.

The ratio of the survival probabilities at the far and near sites as a function of the
neutrino energy and at distances L = 1500 m and L = 500 m. The solid orange curves are for the
SM best fit value, while the dashed blue and dotted purple curves show the NSI effects.

the scalar and tensor interactions compared to the SM one. Note that, as can be seen
from the right panel of figure 1, reactor neutrino oscillations are more sensitive to tensor
interactions. This is because they interfere with the SM axial interactions, which typically
give larger contributions than the SM vector ones in reactor transitions and inverse beta
decay. In the scalar case (the left panel) the far to near probability is similarly sensitive to
the change in the real and imaginary parts. This is because the contributions of the real
and imaginary parts consist of single terms (coming only from the detection side) which
are of the same order and have similar effects on the probability. This is not the case for
the tensor case (right panel), for which the real and imaginary parts contributions appear
as the sum of two terms: those two terms have opposite sign for the real part but the same
sign for the imaginary part. For this reason the survival probability is more sensitive to
the imaginary part of [T']. These comments are illustrative, as they they are valid for a

fixed value of §13, and they can change in a complete analysis where the latter is also a
floating parameter, as we will see in section 4.3.

4 Constraints on EFT parameters from oscillations
4.1 Observables and NSI sensitivity

Typical reactor experiments detect antineutrinos via the inverse beta decay (IBD) process
vp — eTn. They can measure not only the number of events but also the antineutrino

energy. In the EFT framework the number of detected IBD events with an antineutrino-
energy F, at a distance d is given by

NHO—OSC
AN®(d, ) = p(d, Ey)Pr, 5. (d, Ey) dE,, — p= dT : (4.1)

where P is the survival probability given in eq. (3.12), and dNJ°7°¢ is the differential
number of IBD events that would be detected in the absence of oscillations.?

5We note that zero-distance effects are included in P and not in dN2°~°¢ since they are due to a

mismatch between the source and detector neutrino flavor eigenstates. We recall that these effects do not
appear at O(A™2).
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Note that the latter depends on the distance in a purely geometric form (~ 1/d?). It
also depends on the nonstandard EFT coefficients through the nuclear decays widths and
the IBD detection cross section. However, the situation is the opposite as in the survival
probability, since N2°~° does depend linearly (order A~2) on flavor-diagonal coefficients
[€x]ee, but not on flavor-nondiagonal ones. Moreover, since there is no dependence at
any order in the vector EFT couplings [e, rlce (see discussion at the end of section 2.3),
the only linear BSM corrections in N°~°¢ comes from flavor-diagonal scalar and tensor
coefficients, [eg]ee and [é7]ee. We have taken into account once again that the pseudo-
scalar contribution vanishes in the non-relativistic limit and we neglect the contribution of
forbidden decays.

To reduce systematic errors, reactor experiments use near and far detectors at different
distances from the reactor sources. The ratio of the number of IBD events in the energy
bin around E, = E! in two such detectors is given by

(4.2)

Ei+A _
i _ NPT(y) _ JE dE,p(dj, E,)P(dj, Ey) N <dk>2 Py r.(dj, E})
CONPTHd) B GE, p(dy, B,)P(dy, By) N9/ Paw(drs BY)

where the last approximation is valid for small enough energy bins A. In that case, the
p contributions to the numerator and denominator cancel except for the geometric d-
dependence (flux), and only the EFT corrections entering via the survival probability
Py, 5, have an effect on the ratio Tij /¥ Note however that for large energy bins, EFT
corrections to p with an energy dependence different to the SM one (as is the case for
scalar and tensor interactions) do not cancel. Obviously, this is also the case for the
ratio of the inclusive number of events in two detectors, since one has to integrate over
all energies. Finally, we note that there is an additional linear effect of flavor-diagonal
interactions in the total number of events, which (i) cancels in the far/near ratios and (ii)
suffers the large uncertainty of the total reactor flux.

This introduces a dependence of the inclusive detector rates (and their far/near ratios)
on the diagonal coefficients [eg]ee and [é7]c.. However, given the relatively large (at least
percent level) uncertainties in reactor nuclear processes, and the strong (per-mille level or
better) constraints from “cleaner” beta decays and other precision experiments on these
diagonal coefficients [33], we will simply ignore this effect in our analysis. In fact, for this
same reason, such diagonal EFT coefficients cannot explain the observed deficit of detected
reactor antineutrino fluxes relative to the SM predictions [38, 39], which is often referred
to as the reactor antineutrino anomaly [49].

4.2 Setup and analysis

In our numerical analysis we use the results from the Daya Bay [21] and RENO [22]
experiments with 1958 days and 2200 days of data taking, respectively. The Daya Bay
experiment has 4 near detectors located at Experimental Halls 1 and 2 (EH1 and EH2)
and 4 far detectors located at Experimental Hall 3 (EH3). The weighted distances from
the reactor cores are respectively 516 m, 555 m and 1571 m. The RENO experiment has
one near and one far detector located at 367 m and 1440 m, respectively.
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First we define the following x? function that only uses spectral information

2
Npins RF/N _ RF/N d N\ 2 2 2
i,0b ith b fr €
Xgpectral - E == + E ( Y ) + g <0’T > + <0_ ff> (4.3)

F/N
i=1 o Ri / d Gbkg r flux

where Rf/ N = NF'/NN is the ratio of far to near IBD events in the i-th bin of energy.
For Daya Bay, since there are two sets of near detectors at different distances, one defines
NZ»N = wEHll\fiEH1 + wEHgNiEm, where w1 = 0.05545 and wgps = 0.2057 are the weights

that sample the different fluxes of the different reactors in equal proportions to the two
near experimental halls [50]. The statistical uncertainty 5RZF/ N given by

5RF/N . Ni{:)bs Nzﬁ)bs + Nil,:l’)kg Ni],\(f)bs + Ni],\lf)kg 44
© NN (NE, )2 (NN, )2 7 (4.4)
i,0bs i,0bs i,0bs

where Nj i, is the background expected in each energy bin. The systematic uncertainties
of the background, reactor flux, and efficiency are taken into account by the pull param-
eters b%, f,, and e, respectively, which we take from the original Daya Bay and RENO
publication [22, 50]. The d and r indices refer to the different detectors and reactors. Fi-
nally, we construct Xgpectral separately for RENO and Daya Bay, and combine the two in
our analysis.

In addition to the spectral information in xgpectral, we also take into account the ratio
of the total IBD rate measured in the near and far detectors of Daya Bay and RENO,
following closely the method described in ref. [51]. For our analysis we simply sum the two
likelihoods: x? = Xgpectral + Xte-

4.3 Results

We are ready to extract constraints on the mixing angle 613 and NSI parameters appearing
in eq. (3.12) from a combination of Daya Bay and RENO data.® In our analysis we do not
treat Am3, as a free parameter, but rather use the best-fit value Am%; = 2.52x1073eV? [1]
assuming normal ordering. This is justified because that result is dominated by other
oscillation experiments than the reactor ones, and the new physics effect on the best-fit
value and error is expected to be negligible. We have checked the stability of our results
by letting Am%, vary within its 1o uncertainty.

Consider first the case when only left-handed NSI are present: €7, # 0, €r,s,p7 = 0.
This corresponds to vanishing o and  parameters in eq. (3.12) and the only free parameter
that remains is f13. As explained previously, the reactor experiments alone are not sensitive
to new physics parametrized by [er]e, and [er]er, as these parameters can be absorbed into
the unknown mixing angle 613, and only the 63 combination defined in eq. (3.13) is probed.
After marginalizing the x? with respect to all the pull parameters we find the following
result (all the uncertainties in this section are 68% CL):

sin®(20,3) = 0.0841 =+ 0.0027. (4.5)

SFor completeness, results using separate Daya Bay and RENO data are presented in appendix C.
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Figure 2. Allowed regions in the (sin?26;5 — Re[S]) (first row) and (sin®26;3 — Im [S]) plane
(second row) for the combined data of the Daya Bay and RENO experiments. The 1-, 2-, and 3-0
regions are shown with orange, blue, and purple, respectively. In the left panels only Re[S] (or
Im [S]) is varied at a time, while in the right panels both vary simultaneously.

In this simple case, leaving Amgl as a free parameters would have a negligible impact on
the confidence interval.

Next, we allow the scalar NSI to be non-zero: eg # 0, eg pr = 0. This implies
ap = fp =0ineq. (3.12), but now ap and Sp can be non-zero, that is to say, NSI effects
can appear at the detection side. Of course, now we cannot use the value for 015 in eq. (4.5),
as it was obtained under assumption that eg = 0. Instead, we need to derive simultaneous
constraints on 613 and the combination of NSI parameters [S] defined in eq. (3.11). We
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consider three different cases: 1) only Re [S] is non-zero, 2) only Im [S] is non-zero, and 3)
both are non-zero and independent. We present our results in figure 2. The orange, blue,
and purple contours are the 1-, 2-, and 3-0 allowed regions, respectively. For the real part
we see some degeneracy between 013 and Re [S]. This is expected: while the two lead to a
different energy dependence of the survival probability in eq. (3.12), they carry the same
oscillatory dependence on L/E,. Setting Im [S] = 0 (upper left panel in figure 2), we find
the following constraint

Re[S] =0.54+£0.39. (4.6)

The bounds are very loose, and the validity of the EFT expansion is not assured for the
values of g within these confidence intervals; in particular taking into account O(€%) terms
in the survival probability may significantly change the results. The same holds for the
validity of the expansion carried out to obtain the oscillation formula in eq. (3.12). We
conclude that Re[S] cannot be reliably constrained by the existing oscillation data from
reactor experiments. Moreover, in the presence of sizable Re[S] the constraints on the
effective mixing angle 615 can be considerably relaxed.

The situation is somewhat better for Im [S] for which we can obtain O(0.1) constraints.
Assuming Re [S] = 0 (upper right panel in figure 2) we find:

Im [S] = 0.04 £ 0.13. (4.7)

Comparing the upper and lower rows of figure 2 we see that leaving Re [S] as a free pa-
rameter to be marginalized over weakens the constraints on 3, however for Im [S] only
the central value is slightly affected. In the situation where both Re [S] and Im [S] are free
parameters we find the constraints

Re[S] =0.954+0.37,  Im[S] =0.08+0.14. (4.8)

Let us note that the 1-o region of Re [S] is outside the validity range of the effective theory.
We emphasize that the sign of the best fit value for Im [S] depends on choosing the mass
ordering, and would be flipped for the inverted ordering.

Finally, we allow tensor NSI to be non-zero: ér # 0, eg s p = 0. The effects of tensor
NSI appear on both the production and detection sides. We consider again three distinct
cases, one where only Re [T is non-zero, another where only Im [7T] is non-zero, and where
both are free parameters. Before presenting our results we recall that for calculating the
production coefficients in eq. (3.7) we have assumed that the beta transitions in the reactors
are of the Gamow-Teller type, while in fact almost 30% of the decays are first-forbidden
transitions [43]. These transitions are expected to be more important at the high end of the
neutrino spectrum [45]. Therefore, to test the robustness of our conclusions, we compare
the results obtained using the whole neutrino spectrum with the ones where the neutrino
energies are restricted to F, < 5MeV. We show the results in figure 3, using the same
color coding as in figure 2. For the 30 regions, we show the results using the entire neutrino
energy spectrum (solid contours) and with the 5MeV cut (dashed contours). The cut has
limited impact on the preferred parameter regions, which suggests that the presence of
forbidden transitions in the reactors should not affect our EFT constraints significantly.
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Figure 3. Allowed regions in the (sin®20;3 — Re[T]) (first row) and (sin?26;3 — Im [T]) plane
(second row) for the combined data of the Daya Bay and RENO experiments. The 1-, 2-, and 3-0
regions are shown with orange, blue, and purple, respectively. The best fit values are marked by
x. In the left panels only Re[T] (Im[T]) is varied at a time, while in the right panels both vary
simultaneously. The dashed curves correspond to the 3-o regions in the analysis where only events
with E, < 5MeV are taken into account. We note that the y-axis range is different in the upper
and lower panels.

In this case the sensitivity to Re[T] is much better than for Re[S], with the 1o contours
contained within the validity regime of the EFT. Using the entire neutrino spectrum we
find the following results for Im [T'] = 0:

Re [T] = —0.124 + 0.081, (4.9)
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which changes to —0.079 £ 0.090 after imposing the E, < 5MeV cut. For Re[T] = 0 the
constraint on Im [T] is
Im [T] = —0.003 4 0.043, (4.10)

or Im [T] = —0.030 £ 0.045 after the E, < 5MeV cut. One sees that the nonstandard term
Im [T is the most strongly constrained one by reactor data. When both Re [T] and Im [T]
are free parameters we find the constraints

Re[T] = —0.26 £0.14,  Im[T] = —0.034 4 0.042, (4.11)

relaxed to —0.22 + 0.15, —0.084 + 0.042 after the F,, < 5MeV cut is imposed. Note that
the errors for Im [T'] are a factor of three smaller than those for Im [S].

The last logical step would be to obtain a 5D likelihood function simultaneously for
013, Re[S], Im[S], Re[T], Im[T] treated as independent free parameters. However, in
this general case parameter degeneracies are probably too important to obtain meaningful
constraints on the NSI parameters. One could also try to derive constraints on the com-
bination [P] = e?cp (s23[€plen + c23lepler) of the pseudo-scalar couplings in the effective
Lagrangian. However, since the effects of ep are velocity-suppressed in our approximation,
our analysis would be sensitive only to [P] 2 1, outside the validity range of the effective
theory. As we discuss below in section 5.3, much stronger constraints on ep can be derived
from pion decays.

It is worth mentioning that our constraints on Im[S] and Im[7] are dominated by
Xgpectral’ with x2,. having a small impact on the confidence intervals. On the other hand,
using only the spectral information we find that the degeneracy between Re[S] and 05
is worsened, which translates in weaker marginalized bounds. Last, we also note that the
0(0.1 — 0.4) bounds on Re [S] and Re [T] obtained above do not do justice to the sensitivity
and potential of these measurements. One should keep in mind the large correlation with
013 shown in figure 2. This translates to much more precise measurements in (i) less
general scenarios, like the SM case in eq. (4.5) shows; or (ii) after combination with other
measurements that are sensitive to the same coupling with different correlation.

5 Non-oscillation constraints on EFT parameters

In the previous section we derived a-few-percent-level constraints on linear combinations
of Wilson coefficients [es|eq and [é7]ea, @ = p, 7, from neutrino oscillations in reactor ex-
periments. To see these results in a wider context, in this section we discuss precision
observables that do not involve neutrino oscillations but are sensitive to the same param-
eters. There is one important difference between these two classes. While the oscillations
are sensitive to linear effects [ex]eq, the observables discussed below are sensitive to ab-
solute values squared of these parameters (or their combinations). One consequence is
that they cannot distinguish between real and imaginary parts. Furthermore, the depen-
dence on [ex]eq enters at O(A~1) in the SMEFT expansion. It is in principle possible that
their effects cancel against linear effects in [ex]ce, coming from dimension-6 or dimension-8
SMEFT operators. For illustration we neglect such terms in the discussion below and set
bounds when only one [ex]cq term is present in the Lagrangian at a time. Because of these
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assumptions, the bounds obtained in this section are less robust than the ones from oscil-
lations. Although they may be valid for the SMEFT derived from particular UV models,
it is important to keep in mind that they can be relaxed significantly if several interactions
are present at the same time. A thorough analysis of such scenarios is however beyond the
scope of this work, which is focused on neutrino physics.

5.1 Neutron and nuclear beta decay

Instead of the plethora of S-decay transitions happening inside nuclear reactors, one can
search for nonstandard effects in specific decays that happen to be very clean both exper-
imentally and theoretically [33]. One expects strong bounds on nonstandard interactions
involving wrong-flavor neutrinos from such studies, which has been used sometimes in the
past as an argument to neglect e.g. scalar and tensor interactions. However, to best of our
knowledge, all available beta-decay analysis have focused on interactions involving electron
neutrinos. We amend this situation here, deriving the bounds on scalar and tensor opera-
tors with a wrong-flavor neutrino. Our experimental input are the so-called Ft values of
0T — 0T transitions [52] and neutron data (lifetime and correlation coefficients). We use
the same statistical approach and dataset as in the recent review in ref. [33] (table 4, 5
and 7), but also including the recent PERKEO-III measurement of the beta asymmetry
in neutron decay, A, = —0.11985(21) [53]. We note that the errors of the average lifetime
and beta asymmetries are re-scaled a la PDG to take into account tensions among various
measurements. Assuming only one interaction is present at a time we find the following

90% CL bounds:
[es)eal < 6.4 x 1072, [é7)eal < 4.4 x 1072, (5.1)

We note that the observables depend quadratically on these WEFT coeflicients and thus
the error distribution is highly non-gaussian.

5.2 CKM unitarity

In the beta decay fit discussed above one extracts simultaneously the non-standard scalar
or tensor coupling and the SM parameters (|V,4| and the axial charge g4). It is impor-
tant to note that significant correlations between the scalar coupling and |V,4| appear.
Thus, adding to this analysis the very precise |V,4| value obtained from CKM unitarity:
[Vt | = (1 — |Vis|? — |Vub|2)1/ 2, has a drastic impact on the bound on scalar interac-

tions [33]. Namely:
l[es]eal < 2.0 x 1072 (90% CL), (5.2)

where we used Vs = 0.2243(5) and V,,; = 0.00394(36) [54]. Roughly speaking, the bound
above comes from the comparison of |[V,4|? (1 + g%|[esleal?), extracted from 0T — 0F
transitions, and [V,“7""|2. The former happens to be currently a bit smaller than the latter,
which translates in a bound on |[€g]eq| more stringent than naively expected (because this

interaction can only contribute positively).”

"In order to extract |V,q4| from 3 decays we have used the traditional values for the radiative correc-
tions [52, 55]. Recently, refs. [56, 57] presented new values for various corrections. These values give an even
smaller value for \Vud|2, which translates into stronger constraints for the operators discussed in this work.
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CKM unitarity constrains also the offdiagonal vector coefficients, [ef, gleq. In a one-
operator analysis we find

lez.Rleal < 1.9 x 1072 (90% CL) . (5.3)

The stringent bounds in eq. (5.2) and eq. (5.3) assume (i) the absence of other nonstandard
p-decay couplings, as in the previous section; (ii) the absence of new physics effects in the
extraction of Vs, Vi, and the Fermi constant Gp; and (iii) the 3-family setup, which is
not an extra assumption in the SMEFT.

5.3 Leptonic pion decays

The m — ev, channel is extremely sensitive to pseudo-scalar couplings because the latter do
not suffer the strong chiral suppression of the SM contribution (the SM width vanishes for
zero electron mass). For a pseudo-scalar interaction with a wrong-flavor neutrino, a bound
on |[eplea (it = 2GeV)| can be derived from the clean ratio R of the 7 — eve and m — puwv,,
widths [58-60]. Using the experimental and SM values R, = 1.2327(23) x 10~* [54] and
RSM — 1.2352(1) x 10~* [60], the 90% CL constraint is given by

l[eplealy=2cev < 7.5 x 1076, (5.4)

BSM models generating scalar/tensor interactions often generate pseudoscalar inter-
actions of similar magnitude. More importantly, even if this is not the case at tree-level,
the pseudoscalar interactions is generated radiatively [61]. For instance, the connection
between ep(2GeV) and the coefficients at the EW scale and 1 TeV are given by [30]®

ep(2GeV) = 2.5 x 10 0 eg(My) + 1.7ep(Mz) — 0.0061 é7 (M) (5.5)
= 0.0086 €5(1 TeV) + 2.1 ep(1 TeV) — 0.087 éx(1 TeV) . (5.6)

The larger mixing found in the 1-TeV case is due not only to the trivial larger running but
also because the mixing happen to be larger in the SMEFT than in the WEFT [30].

In full generality ep(2 GeV) represents a different direction in the parameter space with
respect to €g (2 GeV). However, the mixing relations given above imply strong constraints
on the tensor coupling in simplified scenarios where (pseudo)scalar and tensor couplings are
not independent degrees of freedom, since severe cancellations among them are not possible
anymore. For example, if we assume that the pseudo-scalar operator is not generated at
tree-level at the high-scale, we obtain the following 90% CL bounds

[€T]ea + 3 X 10_4[65]60‘#:2 ey < 1.0 1073 (running from p = My),

[é7]ea — 4 % 102 [es]eal ,_y oy < 7-0 X 107 (running from p = 1TeV),  (5.7)

where the ranges correspond to the one-operator and global analysis discussed in eq. (5.4).
Let us note that the derivation of these bounds only takes into account log-enhanced one-
loop corrections and it can be altered by finite pieces, especially if the running is not carried
out to very high-energy scales.

8In this expression ¢s p,r(1TeV) should not be understood as a WEFT coefficient (the WEFT is not
valid above p ~ mz), but as a short notation for a linear combination of SMEFT coefficients, as given in

eq. (2.3).
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5.4 LHC (pp — e+ MET + X)

One can look for the same nonstandard charged-current interactions (or more precisely, for
their SMEFT counterparts) in the Drell-Yan process pp — e + MET + X [28, 62]. This
connection requires additional assumptions such as the validity of the SMEFT at such
high-energies, approximating V;; = ¢;; in the SMEFT-WEFT mapping, and, especially,
neglecting the contributions from dim-8 operators (since LHC bounds are dominated or
very sensitive to dim-6 squared contributions).

Chirality-flipping interactions do not interfere with the SM and then the usual bounds
on operators involving electron neutrinos actually to the incoherent sum over all three
flavor neutrinos. Thus we can reinterpret the results from figure 8 of ref. [63], which used
the 13-TeV ATLAS search with 36 fb=! [64]:

1/2

1/2
<Z |[es]ea2) <2x107%, (Z |[éT}€a|2> <2x1073, (5.8)

at 90% CL and at pu = 2GeV.

5.5 Charged-lepton-flavor violation

In the SMEFT, dimension-six operators that give rise to charged-current interactions be-
tween quarks and leptons also yield neutral-current interactions between quarks and pairs
of charged leptons ¢ = e, u, 7. In consequence, neutrino interactions parametrized by off-
diagonal [ex]co appear in the Lagrangian together with 4-fermion charged-lepton-flavor
violating (CLFV) interactions. The latter mediate at tree- or loop-level such processes
as  — 0'~v, £ — 3¢, or {N — {'N, which for £ # ¢’ have not been observed so far and
are stringently constrained by experiment. The contribution of dimension-6 operators to
CLFV observables arises at O(A~*), which is the leading order in this case because the SM
contributions are absent. The resulting constraints on lepton-flavor off-diagonal SMEFT
operators are typically very severe [65-68]. Using the analytical formula for the p — e
conversion rate in ref. [69] and the experimental bound Br(u — €)ay < 7 x 10713 [70], one
can constrain the SMEFT operators [O(l)

lequ]
nonzero term one finds the 90% CL bound

peil and [Ojedgluern. If their sum is the only

[es)en| S 31070, (5.9)

Furthermore, non-observation of 7 — et 7~ sets stringent constraints [71] on scalar CLFV
interactions involving an electron and a tau. Assuming once again that only the low-energy
scalar coupling [egler is generated, we find the 90% CL bound

lles]er| <4 x 1071, (5.10)

When such stringent limits on [ex]cq hold, observation of the scalar NSI effects in neutrino
oscillation experiments is of course impossible. On the other hand, we are not aware of

3)

lequ

to the tensor parameters [e7]co. We note that the CLFV constraints would not hold if the

similar tree-level bounds in the literature on the SMEFT operator [O;.’ ]ae11 contributing
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WEFT were not UV-completed by the SMEFT (because new physics is not much heavier
than my, or because electroweak symmetry is realized non-linealy in the UV theory), as
then off-diagonal ex are not correlated in general with CLFV interactions.

6 Conclusions

We have proposed a systematic approach to neutrino oscillations in the situation when
neutrino interactions with matter are modified by heavy new physics. To this end we
employed the model-independent framework of the SMEFT, with the Lagrangian organized
into an expansion in powers of 1/A, where A is the mass scale of new particles affecting
the neutrino interactions. The SMEFT framework enables consistent power-counting of
new physics effects and identifying the leading order corrections to the neutrino oscillations
probability. In this paper we applied it to oscillations in short-baseline reactor experiments,
however the formalism can be readily extended to other types of neutrino experiments.

We calculated the survival probability of reactor antineutrinos at O(A™2) in the
SMEFT expansion, that is including linear effects of dimension-6 operators. The main
result of this paper is given in eq. (3.12), from which the dependence of the survival prob-
ability on the PMNS parameters and dimension-6 Wilson coefficients can be read off. We
have taken into account all SMEFT operators that contribute at the leading order. In addi-
tion to operators affecting the SM-like (V-A) charged-current interactions between quarks
and leptons, those mediating scalar and tensor contact interactions contribute at the same
order A=2. The latter lead to a different energy dependence of the neutrino production
and detection amplitudes, which is reflected in eq. (3.12). We also paid due attention
to the interplay between the effects of dimension-6 operators and of the PMNS mixing.
It is a familiar fact in electroweak precision measurements and flavor physics that some
dimension-6 corrections to physical observables can be absorbed into SM parameters, such
as the Higgs vacuum expectation value or the Wolfenstein parameters. In the present case
one observes an analogous effect. It turns out that corrections to the survival probability
due to lepton-flavor off-diagonal V-A interactions parametrized by [ef]eo can be absorbed
into a redefinition of the mixing angle 03 [5]. Since 613 is not known a-priori (other than
from the very reactor experiments we consider here), the existing data only constrain a
linear combination 9~13 of the original mixing angle 613 and dimension-6 Wilson coefficients,
cf. eq. (3.13), but not the two separately. We conclude that, at the leading order in the
SMEFT expansion, reactor neutrino experiments alone only constrain the scalar and tensor
interactions, but not the V-A ones. This explains the origin of the degeneracy between 613
and off-diagonal V-A NSI found in the previous literature.

We pointed out that neutrino oscillations can probe, at the linear (order A~2) level,
the dimension-6 tensor and scalar SMEFT operators that are off-diagonal in the lepton-
flavor space. To our understanding, it is the unique class of observables where this is the
case. Consequently, the oscillation constraints on these operators are robust as long as the
expansion of the SMEFT Lagrangian in powers of 1/A is quickly convergent. The same
operators can be probed by meson and nuclear decays or by production processes at the
LHC, however in those cases they enter quadratically (at order A=%). Such constraints are
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then subject to model-dependent assumptions about other dimension-6 and dimension-8
contributions to the same observables, and are thus less robust.

We identified the linear combinations of Wilson coefficients of scalar and tensor SMEFT
operators that can be constrained by reactor oscillation experiments, cf. eq. (3.11). Using
the most recent data from Daya Bay and RENO, we derived numerical constraints on these
combinations. Under various more or less constraining assumptions, they are presented in
section 4 and illustrated in figures 2 and 3. As of today, constraints at a few percent level can
be extracted from the publicly available reactor experiment data. This is competitive with
the constraints extracted from nuclear decays (which are less robust, as discussed above).
At face value, the LHC constraints on the same operators are at least an order of magnitude
more stringent. However, they are more model-dependent, and rely on the assumption that
the SMEFT is a valid framework at TeV energy scales. We also derived stringent constraints
on scalar and, especially, tensor Wilson coefficients arising due to renormalization group
mixing with the pseudoscalar ones. The latter are strongly constrained by pion decays
thanks to chiral enhancement. Again, those constraints are less robust, in particular they
depend on the starting point of the running, and assume the absence of cancellations
between different contributions. Finally, CLF'V processes typically place severe constraints
on SMEFT operators that are off-diagonal in lepton-flavor indices. In particular, u —
e conversion on nuclei strongly constrains operators contributing to the NSI parameter

*t7~ decays constrain the operators contributing to [eger. To our

leslen, while 7 — em
knowledge, however, CLF'V constraints on the operators contributing at tree level to the
tensor parameters [er]e,, and [er]er (that also affect reactor neutrino oscillations at the
leading order) are not given in the literature.

We note that the main goal of reactor experiments so far has been a precise determi-
nation of the mixing angle A3 in the standard context, and the analyses were certainly
not optimized for constraining SMEFT operators. We believe that with more data, more
detailed spectral information, and targeted analyses, the constraints obtained in this paper
can be significantly improved. Furthermore, in our analysis the constraining power of reac-
tor experiments is weakened by a partial degeneracy between NSI and the effective mixing
angle 013. Designing new observables sensitive to a different linear combination of 63 and
[ex]ea may be another path to increasing senisitivity to new physics.
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A  WEFT without SMEFT

The WEFT is an effective theory below the scale < myy describing interactions of the
SM particles with the exception of the W, Z and Higgs bosons and the top quark, which
have been integrated out. In the main body of this paper we treated the WEFT as the
low-energy theory of the SMEFT. However, the WEFT is a consistent EFT in its own
right, which can be valid even if it is not completed by the SMEFT at higher energies.
This caveat is relevant if the masses of BSM particles are between a few and a 100 GeV, or
if the electroweak symmetry in the BSM theory is realized non-linearly. In this situation
the leading order Lagrangian relevant for neutrino oscillations is still the one of eq. (2.1),
however the parameters ex are no longer related by matching to the SMEFT parameters
at higher energies. The most important practical consequence is that ez may contain
non-diagonal elements at the leading order in the WEFT. Then the reactor antineutrino

survival probability in eq. (3.12) is generalized to

. Am2 L . N me Me
Plje_)pe (L, El,) =1- SIH2 <4_E3V1> Sln2 (2013 — aDm — ap fT(EV)>
. Am%lL . N Me Me 9
20 —— = fp—

+sm< oL, sin(26;3) 'yR—}-ﬁDEV_A Bpr(EV) + O(e%),

(A1)
where the definitions for vz and the (new) effective mixing angle are

613 = 015 + Re[L] — 394 Re [R] (A.2)

13 — V13 39124 +1 ) .

2

= — Im [R] . A3
W= g (A3

The definitions of the coefficients ap p, Bp,p in eq. (A.1) are given in eq. (3.13), whereas
[R] is defined in analogy to [L], [S], and [T7], i.e. [R] = €CP (sas[erleu + cas[er)er)-

In this setting the survival probability acquires dependence on one linear combina-
tion of the er parameters, which is in principle distinguishable from other parameters in
eq. (A.1) due to the distinct L/E, and E, dependence. We show in figure 4 the results of
the combined analysis of the Daya Bay and RENO experiments allowing only the right-
handed NSI to be non-zero: e€g # 0, €5 p7 = 0. Under this assumption we find

Im [R] = 0.034 £ 0.026.. (A.4)

B Traditional NSI formalism

In the neutrino literature, NSI are typically parametrized by the effective couplings €°

and €%, which correspond to non-standard effects in neutrino production and detection,
respectively (see e.g. ref. [3]). In this approach, neutrinos produced at the source and
detected at the detectors are not pure flavor states:

We) = va) + D eialvs) (Wil = (sl + D efhaval , (B.1)

B:e7/'1’7’r a:e1“17—
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Combined
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Figure 4. Allowed regions in the (sin?26;3 — Im[R]) plane for the combined data of the Daya
Bay and RENO experiments. The 1-, 2-, and 3-0 regions are shown with orange, blue, and purple,
respectively. The Daya Bay and RENO 30 regions are shown with the grey dashed and dotted
curves, respectively.

where the first and second indices in €ap correspond to the flavors of the charged lepton
and neutrino, respectively, which is reversed for egﬁ. The oscillation probability is given by

P

d| ,—iHL
vt = | (Whle ) 17, (B.2)

where in the absence of NSI in propagation the Hamiltonian is given by

0 O 0
1 2 f
0 0 Am3
Up to first order in €’s, rewriting €5, = |3, |e/%e and ege = |e%€|ei¢g6, and taking the

limits Am%lL/EV < 1, cosbtiz3 ~ 1, the survival probability of electron antineutrinos
becomes [3, 11]

Am2 L
2 =32 4 9fel, | cos ¢f, + 2|€l, | cos ¢,

.92 .
Pys_pa = 1 —sin” 2013 sin

14
o Am2 L
—4513 sin? 31

[823|€ZM\ cos(dcp — Q%L)
14

+323\6Z6] cos(dcp + ¢Ze) +(p— 7,5 = 0)]
2

. m .
+2s13 sin 275; [823|62M’ sin(dcp — ¢g,,)

—s93]et| sin(0cp + ¢%.) + (= 7,5 > ¢)] ,  (B.A)
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Comparing the probability in eq. (B.4) with the WEFT formula in eq. (A.1), the two agree
given the matching between the effective couplings

s \* Me 9T (.
€ea) — |€LJea — |€RJea — — €T |eas
() = leakea  enleo = e 0L )
394 —1 m gs 39497 .
d A e
= ea — e — e — ex | B.5
e = lerke — A lerleo = 7 (oo leshen — 3 Tl ). (B9

for a = p, 7. On the other hand, matching eq. (B.4) to eq. (3.12) we find Re (626 + ege) =0.
In our formalism, the diagonal EFT coefficients do not enter the survival probability, but
rather the total rate of produced and detected neutrinos (see section 4.1). This way, Pps 5
can indeed be interpreted as a probability, since non-oscillatory terms linearly proportional
to €5 would lead to Pys_pa > 1 for some choices of parameters. It is important to note
that here we compare the “traditional” NSI formalism only to short baseline experiments,
while the matter effects would still need to be included for long base-line experiments.

C Separate RENO and Daya Bay analyses

For completeness, in this appendix we show separate RENO and Daya Bay constraints on
the mixing angle and the NSI parameters in eq. (3.12). This allows us to compare the
constraining power of the two experiments and their relative weight in the combined fit.
We follow the same presentation as in section 4. We consider first the case when only
left-handed NSI are present: e, # 0, €g s pr = 0, in which case the only free parameter is
513. It is constrained as

<sin2 2513) — 0.0841 £ 0.0028 , <sin2 2513) — 0.0843 + 0.0064. (C.1)
Daya Bay RENO

These results are in good agreement with the best fit values end errors for 6,3 reported by
the Daya Bay and RENO collaborations [21, 22].

Next, we allow the scalar NSI to be non-zero: es # 0, eg pr = 0. For Im[S] = 0
we find

Re [S]Daya Bay = 0.56 £0.50,  Re[S]reno = —0.57 £ 0.60. (C.2)
For Re [S] = 0 we find

Im [S]paya Bay = —0.11£0.15,  Im [S]rexo = 0.14 +0.25 . (C.3)
When both Re [S] and Im [S] are free parameters we find

Re [S]Daya Bay = 0.50 +£0.69, 0.87 < Re [S]RENO s
Im [S]paya Bay = 0.03 +0.17, Im [S]rExo = 0.45 + 0.24. (C.4)

Finally, we allow tensor NSI to be non-zero: ér # 0, eg s,p = 0. For Im [T] = 0 we find

Re [T|paya Bay = —0.11+£0.10,  Re[T]rexo = —0.08 +0.14. (C.5)
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Figure 5. Allowed regions in the (sin? 2013 —Re[S]) (first and second rows) and (sin? 20,3 —Im [S])
plane (third and fourth rows), for the Daya Bay (left) and RENO (right) experiments. The 1-, 2-,
and 3-0 regions are shown with orange, blue, and purple, respectively. The best fit values are
marked by Xx.
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For Re [T] = 0 we find

Im [T]Daya Bay — 0.023 £ 0.026 ; Im [T]RENO = —0.003 £0.043. (CG)

When both Re [T] and Im [T] are free parameters we find

Re [T]Daya Bay = —0.09 £0.16, Re [T]reno = —0.91 +£0.25,
Im [T]paya Bay = 0.005 4 0.041, Im [T]grEno = —0.028 £ 0.069 . (C.7)
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