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Coherent elastic neutrino-nucleus scattering (CEνNS) stands out as a pivotal process for precision tests
of the Standard Model electroweak sector, investigations of neutrino properties, and searches for new
physics. Recent experimental measurements by COHERENT, CONUS+, and ton-scale xenon detectors—
including PandaX-4T and XENONnT—underscore the need for a systematic theoretical framework to
bridge high-energy physics scenarios with low-energy observational data. In this work, we develop a
comprehensive end-to-end effective field theory (EFT) framework for CEνNS, encompassing the complete
energy scale hierarchy spanning the ultraviolet regime down to the nuclear sector. We consider the low-
energy EFT (LEFT) operators up to dimension 8, incorporating their QCD renormalization-group running
effects, and employ the systematic spurion method to achieve matching between these operators and the
chiral Lagrangian. A full power counting analysis is performed, extending to nuclear response functions,
which evaluates contributions from LEFT operators up to dimension 8 while accounting for the nucleon
number enhancement effect intrinsic to CEνNS. Moreover, we match the relevant LEFT operators for
CEνNS onto operators up to dimension 8 within the Standard Model EFT. By also providing their complete
tree-level ultraviolet completions, this procedure establishes a consistent top-down theoretical workflow.
Leveraging a broad suite of CEνNS experimental data, this framework enables a combined analysis to
extract constraints on the scales of EFT operators and neutrino nonstandard interaction parameters.
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I. INTRODUCTION

Coherent elastic neutrino-nucleus scattering (CEνNS) is
a process in which the neutrino scatters elastically off an
entire nucleus [1]. It provides a powerful tool for precision
tests of the Standard Model (SM) electroweak sector,
studies of neutrino properties, nuclear form factors, and
astrophysical phenomena [2–29] (see also Ref. [30]). Since

the experimental discovery of this process [31], CEνNS
measurements have been performed across accelerator-,
solar-, and reactor-based neutrino sources and multiple
target nuclei [32–45]. In parallel, ton-scale xenon detectors
have reported the first indications of solar 8B neutrinos via
CEνNS [46,47]. The reactor experiment CONUS has set
stringent constraints [33,38], while recently, CONUSþ
achieved a direct observation of CEνNS [48].
In the SM, CEνNS is mediated by the exchange of the

Z boson, and thus, provides a sensitive probe of neutral-
current neutrino interactions. To fully exploit this sensi-
tivity in precision studies, recent works have emphasized
that reliable predictions for such processes require incor-
porating radiative and hadronic corrections [49,50]. This
process can also be induced by new physics (NP) beyond
the SM, such as the Z0 boson [3,51] or leptoquark [52,53].
While these model-dependent scenarios have been
explored, effective field theory (EFT) offers a systematic
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way to study CEνNS [12,54–56]. In the EFT approach, NP
effects are encoded in a series of effective operators for
which the Wilson coefficients and NP scales are given in
specific ultraviolet (UV) models. Besides, in comparison
with the studies using the weak charge supplemented by
empirical nuclear form factors [57,58], the EFT approach
allows for power countings and controlled theoretical
uncertainties, which enables ab initio calculations of the
nuclear structures [59–64]. A similar EFT framework has
been used in dark-matter phenomenology [65–73] and can
also be extended to CEνNS-like inelastic channels with
dark-sector particles in the final state [74].
The neutrino-matter interactions in CEνNS considered

are shown in Fig. 1. After integrating out possible new
particles, which are assumed to be heavier than ∼100 GeV,
the interactions are given by dimension-5, -6, -7, and −8
operators in the Standard Model EFT (SMEFT) [75–81],
respecting the SM gauge symmetries. At lower energy
scale, CEνNS is characterized by effective interactions
between neutrinos and quarks such as νþ u → νþ u in the
low-energy EFT (LEFT) [82–84], systematically including
neutrino nonstandard interactions (NSIs), electromagnetic
dipole operators, and gluonic operators.
At energy scales down to ∼1 GeV, CEνNS is described

as the scattering between neutrinos and the constituent
hadrons, namely, pions and nucleons. Within the frame-
work of chiral perturbation theory (χPT), the relevant weak
and potential NP interactions involving the neutrino current
are incorporated using the external source method [85–87]

or, more generally, the systematic spurion method [88,89].
The low-energy constants (LECs) that arise from non-
perturbative QCD effects are determined either from
experiments/lattice QCD calculations or estimated using
naive dimensional analysis (NDA) [90–92]. At the scale
below ∼100 MeV, the neutrino interacts coherently with
the entire nucleus. Analogous to dark matter-nucleus
scattering [68,70,71,93,94], the nuclear response in
CEνNS can be described by a limited number of nuclear
response functions [12,18].
In this work, we establish an EFT framework for the

studies of CEνNS with the following key features:
(1) We consider the LEFT operators up to dimension 8

and the corresponding chiral Lagrangian in the
spurion method.

(2) A complete matching of the EFTs for CEνNS across
the relevant energy scales is accomplished, and the
QCD renormalization-group (RG) running effects
are included.

(3) A systematic power counting at different levels is
developed. At the hadronic level, it enables a clear
comparison between contributions from one-body
and two-body currents. At the nuclear level, the
CEνNS cross section is enhanced by the nucleon
number, which is incorporated via the nuclear
response functions.

(4) Full tree-level UV completions for relevant SMEFT
operators are provided, relating CEνNS signals to
the parameters of UV models.

FIG. 1. Comprehensive effective field theory framework for evaluating the cross section of CEνNS.
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(5) New constraints are derived from the latest CEνNS
observation by the CONUSþ experiment.

Therefore, we aim to build a more comprehensive EFT
pipeline compared to Refs. [12,18].
The remainder of this paper is organized as follows. In

Sec. II, we provide the LEFT operators for CEνNS up to
dimension 8, and the QCD RG running or evolution (RGE)
is considered. In Sec. III, we perform the matching of the
relevant LEFT operators onto the chiral Lagrangian using a
systematic spurion method. The power counting from the
electroweak scale down to the hadronic scale is then
discussed using a unified NDA master formula in
Sec. IV. In Sec. V, the neutrino-nucleus scattering cross
section is calculated in the approach of the nuclear response
function framework. In Sec. VI, the constraints on the NP
scales as well as the nonstandard interaction parameters are
derived using the experimental measurements. In Sec. VII,
we match the LEFT operators onto the SMEFT operators
and obtain various kinds of tree-level UV completions. We
conclude in Sec. VIII and provide more details of the

matching, NDA, LECs, and chiral expansion in the
Appendices.

II. LEFT OPERATORS

Starting from the scale below ∼100 GeV, the effective
Lagrangian in the LEFT can be written as

LLEFT ¼
X
d;a

ĈdaOd
a; Ĉda ≡ Cda

Λd−4
EW

; ð1Þ

where Od
a denotes the ath independent LEFT operator of

mass dimension d, and Ĉda is the corresponding Wilson
coefficient with mass dimension 4 − d. Here, Cda is dimen-
sionless, and ΛEW denotes the electroweak scale.
Compared with Refs. [12,18], which included the LEFT

operators up to dimension 7, we consider the lepton-
number-conserving (LNC) operators up to dimension 8
as follows [82–84]:

O6u=d
1 ¼ ðν̄LαγμνLβÞðq̄γμτu=dqÞ; O6u=d

2 ¼ ðν̄LαγμνLβÞðq̄γ5γμτu=dqÞ; ð2Þ

O7u=d
1 ¼ ðν̄LαγμνLβÞðq̄ D

↔

μτ
u=dqÞ; O7u=d

2 ¼ ðν̄LαγμνLβÞðq̄γ5D
↔

μτ
u=dqÞ; ð3Þ

O8u=d
1 ¼ ðν̄LαγμD

↔
ννLβÞðq̄γμD

↔

ντ
u=dqÞ; O8u=d

2 ¼ ðν̄LαγμD
↔

ννLβÞðq̄γ5γμD
↔

ντ
u=dqÞ; ð4Þ

O8u=d
3 ¼ ðν̄LαγμνLβÞðq̄γνTAτu=dqÞGA

μν; O8u=d
4 ¼ ðν̄LαγμνLβÞðq̄γ5γνTAτu=dqÞGA

μν; ð5Þ

O8u=d
5 ¼ ðν̄LαγμνLβÞD2ðq̄γμτu=dqÞ; O8u=d

6 ¼ ðν̄LαγμνLβÞD2ðq̄γ5γμτu=dqÞ; ð6Þ

O8u=d
7 ¼ ðν̄LαγμνLβÞðq̄γνTAτu=dqÞG̃A

μν; O8u=d
8 ¼ ðν̄LαγμνLβÞðq̄γ5γνTAτu=dqÞG̃A

μν; ð7Þ

O8
9 ¼ ðν̄LαγμD

↔
ννLβÞGA

μρG
Aρ
ν : ð8Þ

In the above, the isospin doublet quark field q ¼ ðu; dÞT ,
and νL denotes the left-handed neutrino field, with Greek
indices α and β labeling the neutrino flavors. The isospin
projectors are defined as τu=d ≡ ð1� τ3Þ=2, where τ3 is the
third Pauli matrix. The Hermitian derivative acting on a

fermion bilinear is ψ̄D
↔μ

ψ ≡ ψ̄ðDμψÞ − ðDμψ̄Þψ . The
covariant derivative is

Dμ ¼ ∂μ þ ig3TAGA
μ þ ieQAμ; ð9Þ

where Aμ and GA
μ represent the photon and gluon fields,

respectively, eQ is the electromagnetic charge operator, g3
is the strong coupling constant, and TA (A ¼ 1;…; 8) are
the generators of the SUð3Þ color group. The dual of the
QCD field-strength tensor is defined as G̃A

μν ¼ 1
2
ερλμνGA

ρλ,
with the Levi-Civita tensor ε0123 ¼ −1.
The lepton-number-violating (LNV) operators up to

dimension 7 are [83,84]

O5
1 ¼

e
8π2

ðνTLαCσμννLβÞFμν; O7u=d
3 ¼ mqðνTLαCσμννLβÞðq̄σμντu=dqÞ; ð10Þ

O7u=d
4 ¼ mqðνTLαCνLβÞðq̄τu=dqÞ; O7u=d

5 ¼ mqðνTLαCνLβÞðq̄γ5τu=dqÞ; ð11Þ

O7
6 ¼

αs
π
ðνTLαCνLβÞGA

μνGAμν; O7
7 ¼

αs
π
ðνTLαCνLβÞG̃A

μνGAμν: ð12Þ
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Here, Fμν denotes the electromagnetic field-strength tensor,
αs is the QCD coupling constant, and C ¼ iγ0γ2 denotes
the usual charge-conjugation matrix. The quark mass mq

corresponds to the flavor q ¼ u, d. The LNVoperators O5
1

and O7u=d
3 vanish for the same neutrino flavor, α ¼ β.

The QCD RG running of the Wilson coefficients in
Eq. (1) from the electroweak scale ∼100 GeV to the
hadronic scale ∼1 GeV is given by [95,96]

d
d ln μ

Ĉ7u=d3 ¼ 2CF
αs
4π

Ĉ7u=d3 ; ð13Þ

d
d ln μ

Ĉ7u=d4;5 ¼ −6CF
αs
4π

Ĉ7u=d4;5 ; ð14Þ

d
d ln μ

Ĉ7u=d1;2 ¼ 2CF
αs
4π

Ĉ7u=d1;2 ; ð15Þ

d
d ln μ

� Ĉ8u=d1;2

Ĉ8u=d5;6

�
¼ αs

4π

�− 8
3
CF 0

4
3
CF 0

�� Ĉ8u=d1;2

Ĉ8u=d5;6

�
; ð16Þ

where CF ≡ ðN2
c − 1Þ=ð2NcÞ, with Nc being the color

number. These RG running effects were not considered
in Ref. [12]. Note that the neutrino dipole operator and
operators involving vector or axial-vector currents do not
run in QCD. The RG running for the dimension-8 operators
involving explicit gluon field-strength tensors are not
available in the literature and are, therefore, not considered
in this work.

III. CHIRAL LAGRANGIAN

Having obtained the LEFT operators and considered the
QCD RG running, the next step is to match the quark-level
interactions onto a low-energy hadronic description at the
scale Λχ ∼ 1 GeV in chiral perturbation theory.1

The spontaneous breaking of the chiral symmetry
SUð2ÞL × SUð2ÞR down to its vector subgroup SUð2ÞV
gives rise to three pseudo-Nambu-Goldstone bosons
(pions). Within the Coleman-Callan-Wess-Zumino coset
construction [97,98], these bosons are nonlinearly realized
and are collectively parametrized by a unitary matrix field

uðxÞ ¼ exp

�
iΠðxÞ
2f

�
; ð17Þ

where the Hermitian matrix ΠðxÞ contains the three pion
fields

ΠðxÞ ¼
X3
a¼1

ϕaðxÞτa ¼
�

π0
ffiffiffi
2

p
πþffiffiffi

2
p

π− −π0

�
: ð18Þ

Here, τa are the Pauli matrices and ϕa represent the three
Nambu-Goldstone boson degrees of freedom. Under chiral
transformations, uðxÞ transforms as uðxÞ → RuðxÞV−1 ¼
VuðxÞL−1, with L∈ SUð2ÞL, R∈ SUð2ÞR, and V ∈ SUð2ÞV
being the compensating transformation that preserves the
vector subgroup. The constant f ≃ 92 MeV is the pion
decay constant at leading order (LO) in the chiral
expansion.
The matching between LEFT and χPT has been sys-

tematically performed in Ref. [88]. Following that work,
we define the following building blocks:

uμ ¼ iðu†Dμu − uDμu†Þ;
χ� ¼ u†χu† � uχ†u;

Σ� ¼ u†τu† � uτu;

Q� ¼ u†τu� uτu†;

∇μ ¼ ∂μ þ
1

2
ðu†Dμuþ uDμu†Þ; ð19Þ

where the covariant derivative including the photon field is
given by Dμ ¼ ∂μ þ ieQAμ, and τ is the spurion corre-
sponding to the matrix τu=d appearing in the LEFT
operators. Notice that the covariant derivative ∇μ and
chiral vielbein uμ do not contain the vector and axial-
vector external sources. Since photon contributions from
the expansion are irrelevant for our purposes, we will
simply use the partial derivative Dμ → ∂μ hereafter. We
have also defined

χ ¼ 2B0Mq; Mq ≡
�
mu 0

0 md

�
; ð20Þ

where B0 ≃ 2.8 GeV parametrizes the quark condensate
and is evaluated at the scale μ ¼ 2 GeV. The C and P
transformation properties of the building blocks are sum-
marized in Table I.
In addition, the nucleon is included in χPT and forms a

doublet N in the fundamental representation of SUð2ÞV ,

TABLE I. The P and C transformation properties of the chiral
building blocks.

Σþ Σ− Qþ Q− χþ χ− uμ

P þ − þ − þ − −
C þ þ þ − þ þ þ

1Reference [18] describes neutrino-nucleon interactions in
terms of nucleon matrix elements and form factors, which does
not provide an order-by-order organization of the individual
contributions in the chiral expansion, although some two-body
current effects predicted by chiral EFT are accounted for.
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N ¼
�
p

n

�
; ð21Þ

which transforms as N → VN under the chiral symmetry.
The chiral Lagrangian relies on an expansion in p=Λχ .

However, each operator in the chiral Lagrangian comes
with a LEC. Fortunately, several standard LECs—including
those associated with vector, axial-vector, scalar, and pseu-
doscalar interactions—have been determined in hadronic
physics. The unknown LECs for interactions involving
higher-dimensional LEFT operators can be estimated using
NDA.

A. Mesonic sector

In the mesonic sector, we construct the chiral Lagrangian
from the building blocks ðuμ;Σ�; Q�; χ�Þ, together with
covariant derivatives and neutrino fields. Moreover, LEFT
operators involving gluons need to be matched onto the
chiral Lagrangian. The matching of gluonic operators can
be derived analogously using a systematic spurion method.
As a concrete illustration, we consider the dimension-8

operator O8u=d
3 in Eq. (5). The gluon field-strength tensor

transforms trivially under the chiral symmetry and is

C − Pþ under CP transformations. Thus, the chiral proper-
ties of O8u=d

3 are entirely determined by the quark-bilinear
factor ðq̄γνTAτu=dqÞ. The relevant chiral building blocks are
ðQ�; uμ; χ�; νLÞ, which transform as ðVQ�V†; VuμV†;
Vχ�V†; νLÞ under chiral symmetry. Furthermore, the
quark-gluon component of O8u=d

3 is Cþ Pþ, and the
corresponding chiral operator must likewise possess iden-
tical CP transformation properties.
Chiral operators are constructed order-by-order in the

chiral expansion, i.e., in powers of p=Λχ . At LO, the
operator of type ν2LQ�uμ is constructed by the building
blocks ðuμ; Q�; νLÞ. Using the Young tensor technique
[80,99,100], we obtain two chiral operators,

LO∶ ðν̄LαγμνLβÞhuμQþi; ðν̄LαγμνLβÞhuμQ−i: ð22Þ

However, the hadronic parts of these two operators are
Cþ P− and C − Pþ, respectively, and are therefore
incompatible with O8u=d

3 . Therefore, next-to-leading order
(NLO) chiral operators are required. We then construct the
complete set of independent chiral operators of the types
ν2LQuχ, ν2LQu3, and ν2LQu2∇ as

NLO∶ ðν̄LαγμνLβÞhuμ½Qþ; χþ�i; ðν̄LαγμνLβÞhuμ½Qþ; χ−�i; ðν̄LαγμνLβÞhuμ½Q−; χþ�i;
ðν̄LαγμνLβÞhuμ½Q−; χ−�i; ðν̄LαγμνLβÞhuμQþihuνuνi; ðν̄LαγμνLβÞhuμQ−ihuνuνi;
ðν̄LαγμνLβÞhuνQþihuμuνi; ðν̄LαγμνLβÞhuνQ−ihuμuνi;
ðν̄LαγμνLβÞhQþ½∇νuμ; uν�i; ðν̄LαγμνLβÞhQ−½∇νuμ; uν�i: ð23Þ

Using theCP properties listed in Table I, we identify a single
chiral operator with Cþ Pþ transformation properties:

ðν̄LαγμνLβÞhuμ½Q−; χþ�i: ð24Þ

Analogously, the corresponding chiral operators for
O8u=d

3;4;5;6;7;8 can be derived. It is noted that O8u=d
5;8 and O8u=d

6;7

share identical CP properties and spurion structures with
O6u=d

1;2 . Consequently, these higher-dimensional operators
yield the same chiral operators, and therefore, contribute to
the same physical processes as the dimension-6 operators.
However, the dimension-8 operators are always suppressed
by a factor of order q2=Λ2 relative to their dimension-6
counterparts. For this reason, thematchingbetweenLEFTand
χPT for operators O8u=d

5;6;7;8 is omitted in the present analysis.
In particular, O7

6, O
7
7, and O8

9 contain no quark bilinear,
and therefore, transform in the trivial representation of

SUð2ÞL × SUð2ÞR. Accordingly, the corresponding chiral
building blocks are uμ, χ�, and νL, without additional
spurions. The operatorO7

7 is absorbed into the QCD θ term,
which is removed by an anomalous chiral rotation, and this
mesonic sector is neglected in this work, as it does not
contribute to CEνNS via the leading-order pion exchange.
In addition, the covariant derivativeDμ in Eq. (9) reduces to
∂μ in the matching procedure, owing to the intrinsic
properties of neutrinos.
Different chiral operators may involve different LECs. In

Ref. [88], the spurion method has been compared to the
external source method, which allows us to extract LECs
for the corresponding chiral operators. In addition, LEFT
operators of dimensions 7 and 8 are not included in the
external source method; we therefore use NDA to estimate
the corresponding LECs. Consequently, the matching
results for the full set of LEFT operators in the mesonic
sector can be written as
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Lπ ¼
f2

2
Ĉ6u=d1;2 ðν̄LαγμνLβÞhQ∓uμi þ

f2B0mq

2
Ĉ7u=d4;5 ðνTLαCνLβÞhΣ�iþ Ĉ7u=d3 mqΛ2ðνTLαCσμννLβÞhΣþ½uμ; uν�i

þ Ĉ7u=d1;2 ðν̄LαγμνLβÞfgπ1hΣ�½∇νuμ; uν�i þ gπ2h∇νΣ�½uμ; uν�i þ gπ3hΣ�½uμ;χ−�i þ gπ4hΣ∓½uμ; χþ�i þ gπ5εμνρλhuνuρ∇λΣ∓ig

þ Ĉ76ðνTLαCνLβÞ
�
a1

f2

4
huμuμi þ a2

f2

4
hχþi

�
þ Ĉ8u=d1;2 gπ6ðν̄Lαγμ ∂

↔
ννLβÞhQ�χþihuμuνi þ Ĉ8u=d3;4 gπ7ðν̄LαγμνLβÞhuμ½Q∓; χþ�i

þ Ĉ89gπ8ðν̄Lαγμ ∂
↔

ννLβÞhuμuνi þ � � � ; ð25Þ

where the tensor LEC is determined to be Λ2 ¼
6.0ð3Þ MeV [101–104] and the LECs a1 ¼ 4=27, a2 ¼
2=9 [105], ðνLαγμ ∂

↔
ννLβÞ ¼ ð∂ννLαγμνLβÞ − ðνLαγμ∂ννLβÞ.

The dots denote terms that are of higher orders in the
chiral expansion and are omitted.
The u=d designation of the LEFT Wilson coefficients is

tied to the spurion structure defined in Eq. (2) via τu=d.
Furthermore, the subscript index of each Wilson coeffi-
cient corresponds to the � designation of the associated
spurion. For instance, Ĉ1

6u=d corresponds to the chiral
operator ðνLαγμνLβÞhQ−uμi, and Ĉ2

6u=d corresponds to
ðνLαγμνLβÞhQþuμi. The unknown LECs gπ1; g

π
2; g

π
3; g

π
4;

gπ5; g
π
6; g

π
7; g

π
8 are estimated through NDA as detailed in

Appendix A, and the full results are summarized in Table II.

B. Nucleon sector

In the nucleon sector, the nucleon fieldN is included as a
degree of freedom in the fundamental representation of
SUð2ÞV , which is similar to Ref. [89]. All building blocks

transform as0
BBBBBBBBBBBB@

χ�
Σ�
Q�
N

N̄

νL

ν̄L

1
CCCCCCCCCCCCA

→

0
BBBBBBBBBBBB@

Vχ�V†

VΣ�V†

VQ�V†

VN

N̄V†

νL

ν̄L

1
CCCCCCCCCCCCA
; V ∈ SUð2ÞV ð26Þ

under the chiral symmetry. With the above framework
established, the interactions within the nucleon sector are
systematically constructed through the Young tensor tech-
nique. As a representative example, we consider the type
N2ν2Q. The complete set of chiral operators at LO is
given by

ðν̄LαγμνLβÞðN̄γμQ�NÞ; ðν̄LαγμνLβÞðN̄γμNÞhQ�i;
ðν̄LαγμνLβÞðN̄γ5γμQ�NÞ; ðν̄LαγμνLβÞðN̄γ5γμNÞhQ�i;
ðνTLαCνLβÞðN̄Q�NÞ; ðνTLαCνLβÞðN̄NÞhQ�i;
ðνTLαCνLβÞðN̄γ5Q�NÞ; ðνTLαCνLβÞðN̄γ5NÞhQ�i;
ðνTLαCσμννLβÞðN̄σμνQ�NÞ; ðνTLαCσμννLβÞðN̄σμνNÞhQ�i;

ð27Þ

which correspond to some dimension-6LEFToperators. For
operator O6u=d

1 , we construct the following LO hadronic
operators with C − Pþ symmetry that contain the neutrino
current ðν̄LαγμνLβÞ:

ðν̄LαγμνLβÞðN̄γμQþNÞ; ðν̄LαγμνLβÞðN̄γμNÞhQþi;
ðν̄LαγμνLβÞðN̄γ5γμQ−NÞ; ðν̄LαγμνLβÞðN̄γ5γμNÞhQ−i;

ð28Þ

where only the first two terms are considered, since the
others generate a pion upon expanding Q− and are sup-
pressed in the chiral power counting (see Sec. IV). Thus,
only the interactionswithout pions that contribute directly to
neutrino-nucleon interactions are calculated in the frame-
work of this analysis.

TABLE II. Values of the LECs required for CEνNS. More
details are given in Appendix B. The unknown LECs are
estimated using NDA.

LEC Value LEC Value

f 92.21(14) MeV gA 1.2754(13)
B0mu 6200ð400Þ MeV2 B0md 13300ð400Þ MeV2

L1 1.855(14) L2 −1.017ð15Þ
L3 0.6377(7) L4 −0.220ð10Þ
L5 1.38(17) MeV L6 −0.49ð8Þ MeV
L7 −6.76ð37Þ MeV L8 2.65(18)MeV
L9 11.52(25) MeV L10 24.05(48) MeV
L11 −17.7ð20Þ MeV L12 −13.9ð15Þ MeV
L13 −50.4ð6Þ MeV L14 −0.306ð28Þ GeV
gπ1 OðΛχÞ gπ2 OðΛχÞ
gπ3 OðΛχÞ gπ4 OðΛχÞ
gπ5 OðΛχÞ gπ6 Oð1Þ
gπ7 OðΛ2

χÞ gπ8 OðΛ2
χÞ

g1 OðΛχÞ g2 OðΛχÞ
g3 OðΛχÞ g4 OðΛχÞ
g5 Oð1Þ g6 Oð1Þ
g7 Oð1Þ g8 Oð1Þ
g9 Oð1Þ

LI, SONG, TANG, and YU PHYS. REV. D 114, 055032 (2026)

055032-6



In this work, we also include isosinglet currents in the chiral operators; therefore, the building blocks hQ�i are retained.
We can then obtain the chiral operators for LEFT operators without explicit pions; the corresponding Wilson coefficients
and LECs are included as follows:

LπN ¼ Ĉ6u=d1 ðν̄LαγμνLβÞ
�
ðN̄γμQþNÞ þ ðN̄γμNÞhQþi þ

L1

mN
∂
νðN̄σμνQþNÞ þ L2

mN
∂
νðN̄σμνNÞhQþi

�
þ Ĉ6u=d2 ðν̄LαγμνLβÞfL3ðN̄γ5γμQþNÞ þ L4ðN̄γ5γμNÞhQþig

þ Ĉ7u=d3 ðνTLαCσμννLβÞ
�
L5ðN̄σμνΣþNÞ þ L6ðN̄σμνNÞhΣþi þ

L7

mN
∂νðN̄γμΣþNÞ þ L8

mN
∂νðN̄γμNÞhΣþi

�
þ Ĉ7u=d4 ðνTLαCνLβÞfL9ðN̄ΣþNÞ þ L10ðN̄NÞhΣþig þ Ĉ7u=d5 ðνTLαCνLβÞfL11ðN̄γ5ΣþNÞ þ L12ðN̄γ5NÞhΣþig
þ Ĉ76L13ðνTLαCνLβÞðN̄NÞ þ Ĉ77L14ðνTLαCνLβÞðN̄γ5NÞ þ Ĉ7u=d1 ðν̄LαγμνLβÞfg1ðN̄γμΣþNÞ þ g2ðN̄γμNÞhΣþig

þ Ĉ7u=d2 ðν̄LαγμνLβÞ
�
g3
mN

∂
νðN̄iγ5σμνΣþNÞ þ g4

mN
∂
νðN̄iγ5σμνNÞhΣþi

�

þ Ĉ8u=d1 ðν̄Lαγμ ∂
↔

ννLβÞfg5ðN̄γμ ∂
↔

νQþNÞ þ g6ðN̄γμ ∂
↔

νNÞhQþig
þ Ĉ8u=d2 ðν̄Lαγμ ∂

↔
ννLβÞfg7ðN̄γ5γμ ∂

↔

νQþNÞ þ g8ðN̄γ5γμ ∂
↔

νNÞhQþig þ Ĉ89g9ðν̄Lαγμ ∂
↔

ννLβÞðN̄γμ ∂
↔

νNÞ þ � � � ; ð29Þ

where theLECsL1∼14 can be calculated fromexperiment and
lattice QCD results, and the details of these LECs are
discussed in Appendix B. The other LECs, g1∼9, which
involve derivative dimension-7 and dimension-8 LEFT
operators, can be estimated by NDA. All the relevant LECs
are listed in Table II. It should be noted that the chiral
operators we consider are independent, but their associated
LECs may be related to other LECs. This follows the same
methodology as Ref. [106], which provides the complete list
of chiral operators for the pion-nucleon Lagrangian atOðp4Þ
for the QCD interactions. Moreover, the chiral operators of
O8u=d

3;4 are not presented in Eq. (29), because the chiral

operators ofO8u=d
3;4 cannot contribute to the neutrino-nucleon

interactions directly and are highly suppressed.
Moreover, the chiral expansion p=Λχ is invalid due to the

heavy nucleon mass mN ∼ Λχ of the nucleon field. The
heavy baryon form [107,108] is needed for the nucleon
field. According to the discussion above, the baryon is so
heavy that it is nonrelativistic when interacting with other
degrees of freedom. It is, therefore, natural to expand the
operators containing baryons in terms of the inverse of their
mass, 1=mN . For any timelike vector vμ satisfying v2 ¼ 1,
we can define the projection operators as P�

v ¼ ð1� vÞ=2,
and the Dirac spinors are expressed as

ΨðxÞ ¼ e−imv·x

�
eimv·xPþ

v ΨðxÞ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
≡NvðxÞ

þ eimv·xP−
vΨðxÞ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

≡HvðxÞ

	
: ð30Þ

Then, a general pion-nucleon interaction is expanded as

LπN ¼ N̄vANvþ H̄vBNvþ N̄vγ
0B†γ0Hv− H̄vCHv; ð31Þ

where A, B, C are composed of the mesonic fields.
Integrating out the heavy component Hv, and expanding

C−1 in inverse power of the nucleon mass, the Lagrangian
is expanded in terms of Nv [106,109]:

LπN→ N̄vðAþγ0B†γ0C−1BÞNv

¼ N̄v

�
Að1ÞþAð2Þþ 1

2mN
γ0B†ð1Þγ0Bð1Þþ���

�
Nv: ð32Þ

Then, power counting in chiral Lagrangian for pion-
nucleon interactions is consistent with Weinberg power
counting [110–112]. In the heavy baryon framework, the
nucleon bilinear can be expanded as

N̄1N ¼ N̄v1Nv þ � � � ;

N̄γ5N ¼ 1

mN
∂μðN̄vSμNvÞ þ � � � ;

N̄γμN ¼ N̄vvμNv þ
1

2mN
N̄vði∂

↔μ
− vμ=∂

↔ÞNv

−
1

mN
εμνρλ∂νðN̄vvρSλNvÞ þ � � � ;

N̄γ5γμN ¼ 2N̄vSμNv −
i

mN
vμN̄vSν ∂

↔

νNv…;

N̄σμνN ¼ −2εμνρλN̄vvρSλNv

−
1

2mN
ð2iεμρλσN̄vvσ½Sλ; vν�∂

↔

ρuNv

þ ½vμ; ∂ν�ðN̄vNvÞÞ…;

N̄iD
↔μ

N ¼ N̄vvμNv þ
1

2mN
N̄vi∂

↔μ
Nv

−
1

mN
εμνρλ∂νðN̄vvρSλNvÞ þ � � � ; ð33Þ

where vμ is the four-velocity of the nucleon Nv, Sμ is the
spin operator of the nucleon, and the dots denote terms that
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are of higher order in the chiral expansion. The four-
velocity vμ and spin operator satisfy the relations

Sμ ¼ i
2
γ5σμνvν; S ·v¼ 0;

fSμ;Sνg¼ 1

2
ðvμvν−gμνÞ; ½Sμ;Sν� ¼ iεμνρλvρSλ: ð34Þ

Thus, we consider the nonrelativistic pion-nucleon
interactions in the chiral expansion framework. Here, we
expand the pion-nucleon interactions to 1=mN order in the
heavy baryon approach. Thus, the involved chiral operators
can be selected as

LHB
πN ¼ Ĉ6u=d1 ðν̄LαγμνLβÞ

�
ðN̄vvμQþNvÞþ

1

2mN
ðN̄vi∂

↔
μQþNvÞ−

1þ2L1

mN
εμνρλ∂νðN̄vvρSλQþNvÞ

�

þ Ĉ6u=d1 ðν̄LαγμνLβÞ
�
ðN̄vvμNvÞhQþiþ

1

2mN
ðN̄vi∂

↔
μNvÞhQþi−

1þ2L2

mN
εμνρλ∂νðN̄vvρSλNvÞhQþi

�

þ Ĉ6u=d2 ðν̄LαγμνLβÞ
�
2L3ðN̄vSμQþNvÞ−

L3

mN
ðN̄vvμSνi∂

↔

νQþNvÞ
�

þ Ĉ6u=d2 ðν̄LαγμνLβÞ
�
2L4ðN̄vSμNvÞhQþi−

L4

mN
ðN̄vvμSνi∂

↔

νNvÞhQþi
�

− Ĉ7u=d3 ðνTLαCσμννLβÞ
�
2L5ðN̄vvμSνΣþNvÞþ

L5

mN
εμρλσN̄vvσSλvνi∂

↔

ρΣþNvþ
L5þL7

mN
∂μðN̄vvνΣþNvÞ

�

− Ĉ7u=d3 ðνTLαCσμννLβÞ
�
2L6ðN̄vvμSνNvÞhΣþiþ

L6

mN
εμρλσðN̄vvσSλvνi∂

↔

ρNvÞhΣþiþ
L6þL8

mN
∂μðN̄vvνNvÞhΣþi

�

þ Ĉ7u=d4 ðνTLαCνLβÞfL9ðN̄vΣþNvÞþL10ðN̄vNvÞhΣþigþ Ĉ7u=d5 ðνTLαCνLβÞ
�
L11

mN
∂
μðN̄vSμΣþNvÞþ

L12

mN
∂
μðN̄vSμNvÞhΣþi

�

þ Ĉ76L13ðνTLαCνLβÞðN̄vNvÞþ Ĉ77
L14

mN
ðνTLαCνLβÞ∂μðN̄vSμNvÞþ Ĉ7u=d1 ðν̄LαγμνLβÞfg1ðN̄vvμΣþNvÞþg2ðN̄vvμNvÞhΣþig

þ Ĉ7u=d2 ðν̄LαγμνLβÞ
�
2g3
mN

∂
νðN̄vS½νvμ�ΣþNvÞþ

2g4
mN

∂
νðN̄vS½νvμ�NvÞhΣþi

�
þ Ĉ8u=d1 ðν̄Lαγμ ∂

↔
ννLβÞfg5ðN̄vvμvνQþNvÞþg6ðN̄vvμvνNvÞhQþig

þ Ĉ8u=d2 ðν̄Lαγμ ∂
↔

ννLβÞf2g7ðN̄vSμvνQþNvÞþ2g8ðN̄vSμvνNvÞhQþig
þ Ĉ89g9ðν̄Lαγμ ∂

↔
ννLβÞðN̄vvμvνNvÞþ���; ð35Þ

where the dots denote terms that are of higher order in the
chiral expansion and are omitted.
In addition, the standard pion-nucleon Lagrangian has

been constructed, and we consider the LO for the pion-
nucleon interaction

LπN ¼ ðN̄vivμ∇μ þ gASμuμNvÞ: ð36Þ

There is also the photon-hadron interaction generated
from the QED covariant derivative. These interactions
are given by

LQED
πN ¼ AμðN̄vvμQAþNvÞ þ

εμνρλ
mN

∂
νAμ½gμðN̄vvρSλQAþNvÞ

þ g0μðN̄vvρSλNvÞhQAþi� þ � � � ; ð37Þ

where Aμ is the photon field, and QAþ is the spurion.
The dots denote terms that are of higher orders in the
chiral expansion and are omitted. Here, interactions con-
taining two spurion insertions are not considered, since
they contribute only at higher orders. Moreover, the last
two terms can contribute to the proton and neutron
magnetic moments ðμp=mN; μn=mNÞ. Thus, the values of
the coefficients gμ and g0μ should be fixed to gμ ¼ μp − μn

and g0μ ¼ μp þ 2μn.

IV. POWER COUNTING IN LEFT AND χPT

At low energies, neutrino-nucleus scattering is described
within χPT. Reference [12] considered only the chirally
leading contribution for each LEFT operator. Here, we
adopt Weinberg power counting [65,69,110–114], in
which amplitudes are organized as an expansion in a soft
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momentum scale q relative to the chiral scale Λχ , and use
this counting to estimate the size of different contributions
to CEνNS. The procedure consists of two steps. First, we
determine the chiral order of each vertex by expanding the
chiral building blocks that appear in the operators. Second,
we determine the scaling of the amplitude by combining the
chiral orders of the vertices, propagators, and loop factors
for a given diagram topology.
For each LEFT operator in Eqs. (2), (10), and (29), the

momentum dependence of the associated vertices follows
from the χPT expansion of the building blocks appearing in
the corresponding chiral operators. The standard building
blocks (uμ, Σ�, Q�, χ�, ∇μ) have been introduced
above, and their explicit expansions are summarized in
Appendix C. At leading chiral order, uμ, Σ−, Q−, and χ−
start at OðπÞ, and therefore, contain an odd number of pion
fields, whereas ∇μ, Σþ, Qþ, and χþ contain an even
number of pion fields and include a nonvanishing pion-
independent term. Each pion field attached to a vertex
contributes a factor 1=ð2fÞ, so that a term with nπ pion
fields carries an additional factor ½1=ð2fÞ�nπ. The overall
normalization of the induced chiral operators is fixed using
the NDA matching rules [89,91,92] given in Appendix A;
representative estimates are given in Table II. In addition,
insertions proportional to the light-quark mass mq count
as Oðq2Þ.
As an explicit example of vertex counting, consider the

chiral operator

Ĉ6u=d1 ðν̄LαγμνLβÞhQ−uμi: ð38Þ

According to the NDA matching rule in Eq. (A6), its
overall normalization scales as ðΛχ=ΛEWÞ2, where ΛEW

denotes the scale corresponding to LEFT operators. The
leading nonvanishing contribution arises from the two-pion

term with nπ ¼ 2, which supplies a factor ½1=ð2fÞ�2.
Moreover, uμ contains one derivative, and therefore,
contributes a factor OðqÞ. The leading chiral order of
the two-pion vertex is�

Λχ

ΛEW

�
2
�

q
Λχ

��
1

2f

�
2

: ð39Þ

For the full scattering process, power counting requires
accounting not only for the chiral orders of the vertices, but
also for the orders associated with propagators, loops, and
the diagram topology. In multinucleon systems, intermedi-
ate states can include purely nucleonic configurations in
which nucleons interact through pion exchange and short-
range contact interactions. Analogous two-body current
effects have been discussed in the EFT literature on dark
matter-nucleus scattering [65,93,94]. In Weinberg power
counting, the pion mass is counted as soft, mπ ∼OðqÞ
[111–114]. For irreducible diagrams, i.e., diagrams that do
not contain purely nucleonic intermediate states that can go
on shell, pion and nucleon propagators scale as 1=q2 and
1=q, respectively, and each loop contributes a factor
q4=ð16π2Þ. For reducible diagrams, which do contain
purely nucleonic intermediate states, the nonrelativistic
nucleon propagator scales as mN=q2, each loop contributes
q5=ð16π2mNÞ, and pion propagators still scale as 1=q2 [65].
Different chiral operators contribute to different topol-

ogies in Fig. 2 because the expansions of the operators
contain different numbers of pion fields. Operators whose
leading term involves no pion fields generate one-body νN
contact currents in diagram (a), whereas operators whose
leading term contains a single pion field induce long-range
contributions mediated by single-pion exchange in diagram
(b). In the following, we work at leading order with the
mesonic Lagrangian in Eq. (25) and the pion-nucleon

(a) (b) (c)

(d) (e)

FIG. 2. Diagrams (a) and (b) show the leading-order one-body current contributions. Diagrams (c) and (d) show loop corrections to the
one-body currents. Diagram (e) shows the two-body current contribution.
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Lagrangian in Eq. (35). NP effects enter only through
semileptonic LEFToperators acting on the leptonic current,
while all πN vertices are from the SM.
Separating the operator normalization from the chiral

order generated by vertices, propagators, and loops, we
parametrize the scaling factor of the contributions to the
amplitude as�

Λχ

ΛEW

�
d−4
�

q
Λχ

�
n
�

q
mN

�
m
∼OðΛ4−d

EW Þ ·OðΛ−n
χ Þ ·Oðm−m

N Þ

ð40Þ

for an amplitude induced by a dimension-d LEFT operator,
where the overall factor ðΛχ=ΛEWÞd−4 is fixed by the
operator dimension and follows from the NDA matching
rules. The integer n collects the chiral suppression in
powers of q=Λχ arising from derivatives, insertions of
mπ , and the counting of propagators and loops. For book-
keeping, the integerm tracks explicit 1=mN effects from the
heavy baryon χPT Lagrangian, written as a separate
factor ðq=mNÞm.
Applying this counting to the diagrams in Fig. 2, we

focus on the leading contributions induced by dimension-6
LEFT operators, which carry the electroweak suppression
OðΛ−2

EWÞ. We further retain only the leading term in the
1=mN expansion, i.e., Oðm0

NÞ. Under these assumptions,
the contributions to the amplitude from the tree-level one-
body currents in Figs. 2(a) and 2(b) scale as

OðΛ−2
EWÞ ·OðΛ0

χÞ ·Oðm0
NÞ; ð41Þ

while one-loop one-body current contributions in Figs. 2(c)
and 2(d) scale as

OðΛ−2
EWÞ ·OðΛ−2

χ Þ ·Oðm0
NÞ: ð42Þ

Moreover, the two-body current diagram in Fig. 2(e) is
irreducible and shares the same scaling,

OðΛ−2
EWÞ ·OðΛ−2

χ Þ ·Oðm0
NÞ: ð43Þ

Thus, diagrams (a) and (b) contribute to the amplitude at
the same chiral order, while the one-loop one-body currents
in diagrams (c) and (d) and the tree-level two-body current
in diagram (e) are suppressed by two additional powers of
q=Λχ with respect to the leading tree-level one-body
amplitude. Diagrams with three-body currents or with
two loops are further suppressed in our power counting
and are not considered. The corresponding chiral orders for
one- and two-body neutrino-nucleus currents induced by
different LEFT operators can be expressed in terms of εχ ≡
q=Λχ and εN ≡ q=mN .
Table III shows that all dimension-6 operators contrib-

uting to tree-level one-body currents appear at the same

chiral order as diagrams 2(a) and 2(b), while one-loop one-
body currents and tree-level two-body currents are sup-
pressed by ε2χ. Dimension-7 and dimension-8 operators can
generate chiral structures analogous to those from dimen-
sion-6 operators; despite the additional ðΛχ=ΛEWÞ suppres-
sion, their ultraviolet originmay differ, so their contributions
are not necessarily negligible in well-motivated scenarios.
In summary, the power counting implies that contribu-

tions from one-body currents dominate CEνNS. We there-
fore focus on tree-level one-body contributions hereafter,
leaving the inclusion of one-loop one-body currents and
tree-level two-body currents to future work. In addition to
the one-body currents at leading chiral order, which are
depicted in Figs. 2(a) and 2(b), we incorporate contribu-
tions that are subleading in chiral expansion into the
calculations of the CEνNS cross section. It should be
noted that Ref. [12] omits the mesonic chiral Lagrangian; in
that approach, the chirally leading pion-exchange contri-
butions illustrated in Fig. 2(b) are incorporated through the
form factors, which will be discussed in the next section.

V. NEUTRINO-NUCLEUS SCATTERING
CROSS SECTION

Having established the power counting down to the
hadronic level for CEνNS, we will derive the leading one-
body nonrelativistic neutrino-nucleon interactions from the
chiral Lagrangian and express the scattering amplitude in
terms of nuclear response functions using a multipole
expansion [115,116] to obtain the differential cross section.

TABLE III. Chiral power counting for one- and two-body
neutrino-nucleus currents induced by LEFT operators. Entries
indicate the leading suppression in powers of q=Λχ and q=mN in
the amplitude, as in Eq. (40); we define εχ ≡ q=Λχ and
εN ≡ q=mN . The tree-level one-body currents contribute at the
leading chiral order, while one-loop one-body currents and two-
body currents appear at higher orders. The labels (a), (b), (c), (d),
and (e) refer to the diagrams in Fig. 2. The ellipses indicate the
absence of contributions at the order considered.

LEFT
operator

One-body
(a)

One-body
(b)

One-body
(c, d)

Two-body
(e)

O6u=d
1

1 � � � ε2χ ε2χ

O6u=d
2

1 1 � � � � � �
O7u=d

1
1 � � � ε2χ ε2χ

O7u=d
2

εN � � � ε2χ ε2χ

O7u=d
3

ε2χ � � � ε4χ ε4χ

O7u=d
4

ε2χ � � � ε4χ ε4χ

O7u=d
5

ε2χεN εχ � � � � � �
O7

6 ε2χ � � � ε4χ ε4χ
O7

7 ε2χεN � � � � � � � � �
O8u=d

1
1 � � � ε2χ ε2χ

O8u=d
2

1 � � � � � � � � �
O8

9
1 � � � ε2χ ε2χ
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A. Interactions of neutrinos with nonrelativistic
nucleons

From diagrams (a) and (b) in Fig. 2, the neutrino
interaction with nonrelativistic nucleons is described by
the effective Lagrangian

LNR ¼ ci;NOi;N; ð44Þ

where N ¼ p, n labels the nucleon species. The momenta
of the incoming and outgoing neutrinos (nucleons) are
denoted by p1 and p2 (k1 and k2), and we define

q ¼ p1 − p2; P ¼ p1 þ p2; K ¼ k1 þ k2: ð45Þ

The nuclear recoil energy is defined as Tnr ¼ jq0j, where q0
is the zero component of the momentum transfer q. The
incoming neutrino energy is Eν ¼ p0

1.
The nonrelativistic neutrino-nucleon interactions are

obtained by evaluating the Feynman diagrams (a) and
(b) in Fig. 2 using the chiral Lagrangian introduced in
Sec. III. The neutrino-nucleon interaction terms in Eq. (35)
contribute directly to diagram 2(a). In addition, diagram 2(b)
receives contributions from the neutrino-pion interactions in
Eq. (25) together with the pion-nucleon interactions in
Eq. (36). Moreover, the dipole operator O5

1 induces neu-
trino-nucleon interactions via the photon-nucleon couplings
in Eq. (37). Consequently, the corresponding NR operators
are given by

O1;p ¼ ðν̄LαγμνLβÞvμðp̄vpvÞ; O2;p ¼ ðν̄LαγμνLβÞðp̄vSμpvÞ; ð46Þ

O3;p ¼ ðνTLαCνLβÞðp̄vpvÞ; O4;p ¼ ðνTLαCσμννLβÞvνðp̄vSμpvÞ; ð47Þ

O5;p ¼ ðν̄LαγμνLβÞ
�
p̄v

Kμ

2mN
pv

�
; O6;p ¼ εμνρλðν̄LαγμνLβÞvρ

�
p̄v

qνSλ

mN
pv

�
; ð48Þ

O7;p ¼ ðν̄LαγμνLβÞvμ
�
p̄v

KνSν

2mN
pv

�
; O8;p ¼ εμρλσðνTLαCσμννLβÞvνvσ

�
p̄v

KρSλ

mN
pv

�
; ð49Þ

O9;p ¼ ðνTLαCσμννLβÞvν
�
p̄v

qμ
mN

pv

�
; O10;p ¼ ðνTLαCνLβÞ

�
p̄v

Sμqμ
mN

pv

�
; ð50Þ

O11;p ¼ ðν̄LαγμνLβÞvμ
�
p̄v

qνSν
mN

pv

�
; O12;p ¼ εμνρλðνTLαCνLβÞ

Pμqν

m2
N

vρðp̄vSλpvÞ; ð51Þ

O13;p ¼ ðν̄LαγμνLβÞPνvμvνðp̄vpvÞ; O14;p ¼ ðν̄LαγμνLβÞPνvνðp̄vSμpvÞ: ð52Þ

According to the chiral operators in Sec. III, the
corresponding coefficients are

c1;p ¼ 2Ĉ6u1 þ Ĉ6d1 þ ðg1 þ g2ÞĈ7u1 þ g2Ĉ
7d
1 ; ð53Þ

c2;p ¼ 2ðL3 þ L4ÞĈ6u2 þ 2L4Ĉ
6d
2 ; ð54Þ

c3;p ¼ σpu Ĉ7u4 þ σpd Ĉ
7d
4 þ L13Ĉ

7
6 −

2αĒν

πq2
Ĉ51; ð55Þ

c4;p ¼ 2ðL5 þ L6ÞĈ7u3 þ 2L6Ĉ
7d
3 ; ð56Þ

c5;p ¼ 2Ĉ6u1 þ Ĉ6d1 ; ð57Þ

c6;p ¼ ð2þ 2L1 þ 2L2ÞĈ6u1 þ ð1þ 2L2ÞĈ6d1 ; ð58Þ

c7;p ¼ 2ðL3 þ L4ÞĈ6u2 þ 2L4Ĉ
6d
2 ; ð59Þ

c8;p ¼ ðL5 þ L6ÞĈ7u3 þ L6Ĉ
7d
3 ; ð60Þ

c9;p ¼ ðL5 þ L6 þ L7 þ L8ÞĈ7u3 þ ðL6 þ L8ÞĈ7d3 ; ð61Þ

c10;p ¼ B0gAmN

m2
π − q2

ðmuĈ
7u
5 −mdĈ

7d
5 Þ þ ðL11 þ L12ÞĈ7u5

þ L12Ĉ
7d
5 þ L14Ĉ

7
7; ð62Þ

c11;p ¼ 4ðg3 þ g4ÞĈ7u2 þ 4g4Ĉ
7d
2 ; ð63Þ

c12;p ¼ αmN

3πq2
ð1þ 2L1ÞĈ51; ð64Þ

c13;p ¼ ðg5 þ g6ÞĈ8u1 þ g6Ĉ
8d
1 þ g9Ĉ

8
9; ð65Þ

c14;p ¼ 2ðg7 þ g8ÞĈ8u2 þ 2g8Ĉ
8d
2 ; ð66Þ
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where Ēν is the average energy of the neutrino before and
after scattering. The analogous NR operators and corre-
sponding coefficients for neutrons are obtained from the
above expressions with p → n. The matching relation
between the scalar quark current and the nucleon current
has been described by the nucleon sigma terms σNq , which
can be evaluated through the LECs. The values of sigma
terms are given by [117]

σpu ¼ 18.5ð2.5Þ MeV; σpd ¼ 36.0ð2.5Þ MeV;

σnu ¼ 16.7ð1.2Þ MeV; σnd ¼ 39.7ð2.4Þ MeV: ð67Þ

More details of the relation between LECs and sigma terms
are given in Appendix B. The operatorsO3;p andO12;p can
be generated via photon exchange induced by the QED
dipole operator O5

1. The SM photon-nucleon interactions
are given in Eq. (37). Notably, for neutron scattering, the
contribution mediated by O5

1 does not generate O3;n

because the neutron carries zero electric charge. In addition,
the pseudoscalar current can contribute to the neutrino-
nucleon interactions via the pion exchange, while its direct
contact contributions are at higher chiral order relative to
the pion-exchange channel. Both types of contributions are
included in our analysis. Specifically, the operator O7u=d

5

contributes to the one-body pion-exchange current shown
in Fig. 2(b), which is included in the coefficient c10;p. This
effect corresponds to the pion-pole contribution encoded in
the pseudoscalar form factor Fq=N

P in the approach of
Ref. [12]. By contrast, the axial-vector current contribu-
tions arising from pion exchange are proportional to
the neutrino masses and are, therefore, neglected.
Consequently, the contribution from O6u=d

2 via pion
exchange is not included in the coefficients ci;N above,
in agreement with Ref. [12].

B. Nuclear response

With the one-body neutrino-nucleon interaction speci-
fied, we now incorporate nuclear-structure effects by
performing a multipole expansion of the nuclear current.
The effective operators can be written as matrix elements
between external neutrino and nuclear states. Since the
neutrino is ultrarelativistic while nucleons inside the
nucleus are well described in the nonrelativistic limit, we
factorize the matrix element into leptonic and hadronic
pieces,

hfjOjii ∼ hν0LαjOνjνLβihN0jON jNi; ð68Þ

where hfj and jii denote the final and initial states,
respectively, and jNi ¼ jpi; jni denotes a proton or neutron
state.
We formulate the nuclear dynamics in terms of non-

relativistic three-vector components. In the laboratory

frame, the nucleon four-velocity is vμ ¼ ð1; 0; 0; 0Þ, which
contracts with the neutrino Dirac structures. The spin four-
vector Sμ then reduces to the three-component nucleon spin
vector SN. The momentum transfer qμ can be identified
with its spatial component q, while Kμ corresponds to the
nucleon three-momentum KN . The NR operators are
classified into the charge (l0), axial charge (lA

0 ), axial
vector (l5), vector magnetic (lM), and vector electric
(lE) [70,71], where the l presents the neutrino bilinears
and collects the corresponding coefficients:

l0 · 1N þ l5 · ð2SNÞ þ lA
0 ·

�
K · SN

mN

�
þ lM ·

�
KN

2mN

�

þ lE ·

�
−i

K × SN

mN

�
; ð69Þ

where 1N ¼ N̄N, SN ¼ N̄SN, KN ¼ N̄KN. The operators
containing nucleus information (K, S) can be separated as
follows:

�
1N; 2SN;

K · SN

mN
;
K

2mN
;−i

KN × SN

mN

�
: ð70Þ

The remaining coefficients and the neutrino bilinears do not
carry any information about the nuclear structure, and are
therefore grouped into the leptonic structure introduced
above. In our framework, the operators 1N and 2SN arise
already at leading order in the chiral expansion, which have
been considered in Ref. [12], while the operators with the
momentum-dependent structures K · SN=mN , K=ð2mNÞ,
and −iKN × SN=mN are suppressed by one power
of 1=mN .
The nuclear operators are local density operators in

coordinate space, and the matrix element can be written as a
Fourier transform,

hfjOjii → hν0LαjOνjνLβi
Z

dxe−iq·xhN0jONðxÞjNi: ð71Þ

In neutrino-nucleus scattering, assuming that the nucleus
remains unexcited and in an eigenstate of total angular
momentum jjNi, the nuclear matrix element
e−iq·xhjN0 jONðxÞjjNi can be expanded in multipoles. The
multipole operators can be expressed in terms of eleven
single-particle operators [70,71,115,118,119]:

MJ; Ω̃J;ΔJ;Δ0
J; Δ̃00

J;ΣJ;Σ0
J;Σ00

J; Φ̃J; Φ̃0
J;Φ00

J: ð72Þ

If we restrict the nuclear ground state to have good parity
and CP symmetry, the matrix elements hjN0 jOjjNi vanish
for O ¼ Ω̃J;ΣJ;Δ0

J; Δ̃00
J; Φ̃J. These operators, therefore, do

not contribute to the scattering amplitude. The nonvanish-
ing single-particle operators are [70,71]
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MJ;ΔJ;Σ0
J;Σ00

J; Φ̃0
J;Φ00

J: ð73Þ

The operatorMJ is related to the total number (or charge) of
nucleons in the nucleus, while the operators Σ0

J and Σ00
J are

associated with the nuclear spin. These three responses
receive contributions from leading-order chiral operators
and are not suppressed in the chiral expansion. In contrast,
the operators ΔJ, Φ̃0

J, and Φ00
J arise from NLO chiral

interactions and are suppressed by Oð1=mNÞ.

The many-body nuclear matrix elements can be
expressed in terms of one-body density matrices.2 They
are parametrized through nuclear response functions,

WOO0 ¼
X
J

hjN0 jjOJjjjNihjN0 jjO0
JjjjNi: ð74Þ

In terms of these response functions, the spin-averaged
squared amplitude can be written as

jM̄j2 ¼ 4π

2JA þ 1

X
τ;τ0

��
Rττ0
MMW

ττ0
MMðyÞ þ Rττ0

Σ00Σ00Wττ0
Σ00Σ00 ðyÞ þ Rττ0

Σ0Σ0Wττ0
Σ0Σ0 ðyÞ

	

þ jqj2
m2

N

�
Rττ0
Φ00Φ00Wττ0

Φ00Φ00 ðyÞ þ Rττ0
Φ̃0Φ̃0Wττ0

Φ̃0Φ̃0 ðyÞ þ Rττ0
ΔΔW

ττ0
ΔΔðyÞ

	
−
2jqj
mN

�
Rττ0
Φ00MW

ττ0
Φ00MðyÞ þ Rττ0

ΔΣ0Wττ0
ΔΣ0 ðyÞ

	�
; ð75Þ

where y ¼ ðjqjb=2Þ2, with b the harmonic-oscillator
parameter, and q̂ ¼ q=jqj. The indices τ; τ0 ¼ 0, 1 label
isoscalar and isovector components, and JA denotes the
spin of the target nucleus. Notice that factors jqj2=m2

N and
jqj=mN arise from chiral expansion, and terms accompa-
nied by these factors are not retained in Ref. [12].
In this context, the amplitude squared can be separated

into the kinematic terms (Rττ0) and the nuclear response
functions (Wττ0).3 The expressions of R are

Rττ0
MM ¼ lτ0l

τ0†
0 ;

Rττ0
Σ00Σ00 ¼ ðq̂ · lτ5Þ

�
q̂ · lτ

0†
5

�
;

Rττ0
Σ0Σ0 ¼ 1

2

�
lτ5 · l

τ0†
5 − q̂ · lτ5q̂ · lτ

0†
5

�
;

Rττ0
Φ00Φ00 ¼ ðq̂ · lτEÞ

�
q̂ · lτ

0†
E

�
;

Rττ0
Φ̃0Φ̃0 ¼ 1

2
ðlτE · lτ

0†
E − q̂ · lτEq̂ · lτ

0†
E Þ;

Rττ0
ΔΔ ¼ 1

2
ðlτM · lτ

0†
M − q̂ · lτMq̂ · lτ

0†
M Þ;

Rττ0
Φ00M ¼ q̂ · Re

�
lτEl

τ0†
0

	
;

Rττ0
ΔΣ0 ¼ 2q̂ · Re

�
ilτM × lτ

0†
5

	
; ð76Þ

where lτ0, l
τ
5, l

τ
M, and l

τ
E denote the neutrino matrix elements

(including the corresponding Wilson coefficients) of the
leptonic structures introduced in Eq. (69).
In the long-wavelength limit, the nuclear response

functions WMM, WΦ00Φ00 , and WΦ00M receive coherent
enhancement proportional to the nucleon number (nuclear
number enhancement). In contrast, the responses WΣ00Σ00 ,
WΣ0Σ0 ,WΦ̃0Φ̃0 ,WΔΔ, andWΔΣ0 do not exhibit such enhance-
ment and become phenomenologically important in
regimes where the spin-independent contribution is
suppressed.
Collecting the above results, we can summarize the

relative sizes of the nuclear responses as follows. The
response WMM receives a fully coherent enhancement and
scales as WMM ∼ A2, where A represents the number of
nucleons. The responseWΦ00Φ00 is also coherently enhanced,
but the corresponding term ðq2=m2

NÞWΦ00Φ00 in Eq. (75)
scales as Oðε2NÞ · A2. The additional factor of q2=m2

N
originates from the subleading terms of the chiral
Lagrangian in Eq. (35). Likewise, the interference term
behaves as ðq=mNÞWΦ00M ∼OðεNÞ · A2. In contrast, the
responses WΣ0Σ0 and WΣ00Σ00 do not receive coherent
enhancement and are of order Oð1Þ.
Notice that for heavy nuclei, the scaling Oðε2NÞ · A2 can

become comparable to, or even larger than, Oð1Þ. We thus
assume that Oðε2NÞ · A2 ∼Oð1Þ; the hierarchy of responses
then can be written schematically as

WMM≫
q
mN

WΦ00M≫
�
WΣ0Σ0 ;WΣ00Σ00 ;

q2

m2
N
WMM;

q2

m2
N
WΦ00Φ00

�

≫
�

q
mN

WΔΣ0 ;
q2

m2
N
WΔΔ;

q2

m2
N
WΦ̃0Φ̃0

�
: ð77Þ

2Details of the one-body density matrices are given in
Appendix D.

3We closely follow the approach of Ref. [12], based on the
framework proposed for dark matter-nucleus scattering [71]. A
different decomposition of the amplitude squared is employed in
Ref. [18].
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Incorporating these response-function enhancements
allows us to estimate the overall scaling of the amplitude
associated with different LEFT operators for tree-level
diagram (a)4 in Fig. 2, as summarized in Table IV. In
the last column, we have included the factors in Table III for
the contributions at leading chiral order. For those at higher
chiral orders (e.g., the WΔΔ term associated with O6u=d

1 ),
the relevant chiral factors can be read off from Eq. (75) and
are likewise included. As Table IV shows, the vector LEFT
operators O6u=d

1 induce coherently enhanced contributions
already at leading chiral order. Although the dimension-7
and dimension-8 operators are suppressed by powers of the
electroweak scale, it is possible that new physics contrib-
utes only to these higher-dimensional LEFT operators. The
scalar operators O7u=d

4 are also coherently enhanced at
leading chiral order given mq ∼Oðε2Þ. In contrast, the

tensor operators O7u=d
3 do not receive coherent enhance-

ment at leading chiral order for WΣ0Σ0 ;WΣ00Σ00. However,
NLO chiral operators generate coherently enhanced con-
tributions scaling as Oðε3Þ · A that can even dominate
over the leading chiral order terms, which is consistent
with the finding reported in Ref. [27]. Such coherently
enhanced contributions lie beyond the treatment of
Ref. [12], where only the chirally leading contribution is
retained for each LEFT operator. Besides, we find that the
operators O7u=d

1 , O7
6, O8u=d

1 , and O8
9 are coherently

enhanced.

C. Cross section for neutrino-nucleus scattering

In a typical neutrino detection experiment, the target
nuclei are at rest in the laboratory frame. The differential
scattering cross section with respect to the nuclear recoil
energy Tnr is then given by

dσ
dTnr

¼ mA

8π E2
ν
jM̄j2; ð78Þ

where mA is the mass of the target nucleus. Here, jM̄j2
stands for the squared scattering amplitude summed over
final spins and averaged over the initial nuclear spin
projections.
According to Eq. (69), the neutrino-nucleon interaction

can be organized in terms of the five leptonic Dirac
structures l (l0, l5, lA

0 , lM, lE), each accompanied by
appropriate Wilson coefficients for the specific process
under consideration. The leading one-body contribution to
the scattering amplitude diagrams (a) and (b) in Fig. 2 can
be written as

M ¼ l0 · N̄ N þ l5 · ðN̄ 2SNÞ þ lM ·

�
1

2mN
N̄KN

�

þ lE ·
�
−

i
mN

N̄ðK × SÞN
�
; ð79Þ

where N ¼ p, n.
These different leptonic structures project onto different

kinematic response functions Rττ0
X introduced in Eq. (76). In

particular, l0 contributes to Rττ0
MM and Rττ0

Φ00M; l5 contributes
to Rττ0

Σ0Σ0 , Rττ0
Σ00Σ00 , and Rττ0

ΔΣ0 ; while lA
0 does not contribute at

this order. The magnetic structure lM enters only the
subleading responses Rττ0

ΔΔ and Rττ0
ΔΣ0 , and the electric

structure lE contributes to Rττ0
Φ0Φ0 , Rττ0

Φ00Φ00 , and Rττ0
Φ00M.

The leptonic structure l0, l5, lA
0 , lM, and lE can be

expressed in terms of the underlyingLEFTWilson coefficients as

TABLE IV. Response functions and the corresponding overall
scaling of amplitude associated with different LEFToperators for
the tree-level diagram (a) in Fig. 2. In the last column, we have
incorporated the factors in chiral power counting. Here, A denotes
the nucleon number, and we adopt a common expansion
parameter ε with ε ∼ εχ ∼ εN .

LEFT
operator

Response
function

Overall
scaling

O6u=d
1

ðν̄LαγμνLβÞðq̄γμτu=dqÞ WMM A
WΣ0Σ0 1
WΔΔ ε · 1
WΔΣ0 ε · 1

O6u=d
2

ðν̄LαγμνLβÞðq̄γ5γμτu=dqÞ WΣ0Σ0 1

O7u=d
1 ðν̄LαγμνLβÞðq̄ ∂

↔

μτ
u=dqÞ WMM A

O7u=d
2 ðν̄LαγμνLβÞðq̄γ5 ∂

↔

μτ
u=dqÞ WΣ00Σ00 ε · 1

O7u=d
3

mqðνTLαCσμννLβÞðq̄σμντu=dqÞ WMM ε3 · A
WΣ0Σ0 ;WΣ00Σ00 ε2 · 1

WΦ00Φ00 ε3 · A
WΦ̃0Φ̃0 ε3 · 1
WΦ00M ε3 · A

O7u=d
4

mqðνTLαCνLβÞðq̄τu=dqÞ WMM ε2 · A

O7u=d
5

mqðνTLαCνLβÞðq̄γ5τu=dqÞ WΣ00Σ00 ε3 · 1

O7
6 ðνTLαCνLβÞGA

μνGAμν WMM ε2 · A
O7

7 ðνTLαCνLβÞG̃A
μνGAμν WΣ00Σ00 ε3 · 1

O8u=d
1 ðν̄Lαγμ ∂

↔
ννLβÞðq̄γμ ∂

↔

ντ
u=dqÞ WMM A

O8u=d
2 ðν̄Lαγμ ∂

↔
ννLβÞðq̄γ5γμ ∂

↔

ντ
u=dqÞ WΣ0Σ0 1

O8
9 ðν̄Lαγμ ∂

↔
ννLβÞGA

μρG
Aρ
ν

WMM A

4For diagram 2(b), the nucleon current is proportional to
N̄SμN, and therefore, does not give rise to coherent enhancement.
Its contribution is purely subleading and mainly provides a
controlled correction to the leading-order diagram, 2(a).
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l0;p¼ c1;pðν̄Lα γμ νLβÞvμþc13;pðν̄Lα γμ νLβÞvμvνPν

þc3;pðνTLαCνLβÞþc9;p
qμ
mN

ðνTLαCσμν νLβÞvν;

lμ
5;p¼

1

2
c2;pðν̄Lα γμ νLβÞþc6;p

qρ
2mN

ðν̄Lα γν νLβÞεμνρλvλ

þc11;p
qμ

2mN
ðν̄Lα γν νLβÞvνþ

1

2
c14;pðν̄Lα γμ νLβÞPνvν

þ1

2
c4;pðνTLαCσμν νLβÞvνþc10;p

qμ

2mN
ðνTLαCνLβÞ

þc12;pðνTLαCνLβÞPμqνvν;

lμ
M;p¼ c5;pðν̄Lα γμνLβÞ;
lμ
E;p¼ ic8;pðνTLαCσμν νLβÞvν; ð80Þ

where the subscript N ¼ p, n. Equation (80) contains both
diagrams 2(a) and 2(b).
There are two classes of neutrino bilinears in our

framework, corresponding to lepton-number-conserving
and lepton-number-violating structures,

LNC∶ ν̄Lαγ
μνLβ;

LNV∶ νTLα CνLβ; ν
T
LαCσ

μννLβ; ð81Þ

where νL denotes the left-handed neutrino field and C is the
charge-conjugationmatrix. Throughout thiswork,we neglect
interference between the LNC and LNVamplitudes and treat
the LNC and LNV contributions separately in the rate.
After response expansion, the one-body kinematic terms

[expanded to theq=mA and ðq=mNÞ2 order] can bewritten as

Rττ0
MM ¼

�
4E2

ν − q2 −
2Eνq2

mA

�

cτ†1 c

τ0
1

�þ ð16E4
ν − 4E2

νq2Þ
cτ†13cτ013�þ
�
−
16E3

νq2

mA
þ 2Eνq4

mA

�

cτ†13c

τ0
13

�þ q2ðcτ†3 cτ
0
3 Þ

þ
�
8E3

ν − 2Eνq2 −
6E2

νq2

mA
þ q4

2mA

��

cτ†1 c

τ0
13

�þ 
cτ†13cτ01 �

þ
�
2iEνq2

mN
−

iq4

2mAmN

��ðcτ†9 cτ03 Þ − ðcτ†3 cτ
0
9 Þ

þ �4E2

νq2

m2
N

−
2Eνq4

mAm2
N

�

cτ†9 c

τ0
9

�
:

Rττ0
Σ00Σ00 ¼

�
E2
νq2

m2
N

−
Eνq4

2mAm2
N
−

q4

4m2
N

�
ðcτ†11cτ

0
11Þ þ

q4

4m2
N
ðcτ†10cτ

0
10Þ

þ
�
E2
ν −

Eνq2

2mA

�
ðcτ†4 cτ

0
4 Þ þ

�
iEνq2

2mN
−

iq4

8mAmN

��ðcτ†10cτ04 Þ − ðcτ†4 cτ
0
10Þ



þ
�

E3
νq2

mAmN
−

Eνq4

4mAmN

��ðcτ†11cτ014Þ þ ðcτ†14cτ
0
11Þ

þ � E2

νq2

2mAmN
−

q4

8mAmN

��ðcτ†2 cτ011Þ þ ðcτ†11cτ
0
2 Þ


:

Rττ0
Σ0Σ0 ¼

�
2E4

ν þ
1

2
E2
νq2 −

2E3
νq2

mA
−
Eνq4

4mA

�
ðcτ†14cτ

0
14Þ þ

�
E3
ν þ

1

4
Eνq2 −

3E2
νq2

4mA
−

q4

16mA

��ðcτ†2 cτ014Þ þ ðcτ†14cτ
0
2 Þ



þ
�
2iE2

νq2

mN
−

iEνq4

mAmN

��ðcτ†6 cτ014Þ − ðcτ†14cτ
0
6 Þ



þ
�
1

2
E2
ν þ

1

8
q2 −

Eνq2

4mA

�
ðcτ†2 cτ

0
2 Þ þ

�
iEνq2

mN
−

iq4

4mAmN

��ðcτ†6 cτ02 Þ − ðcτ†2 cτ
0
6 Þ



þ
�
2E2

νq2

m2
N

þ q4

2m2
N
−

Eνq4

mAm2
N

�
ðcτ†6 cτ

0
6 Þ þ

�
1

2
E2
ν −

Eνq2

4mA
−
1

8
q2

�
ðcτ†4 cτ

0
4 Þ:

Rττ0
Φ00Φ00 ¼

�
4E2

ν −
2Eνq2

mA

�
ðcτ†8 cτ

0
8 Þ;

Rττ0
Φ̃0Φ̃0 ¼

�
2E2

ν −
1

2
q2 −

Eνq2

mA

�
ðcτ†8 cτ

0
8 Þ;

Rττ0
ΔΔ ¼

�
2E2

ν þ
1

2
q2 −

Eνq2

mA

�
ðcτ†5 cτ

0
5 Þ;

Rττ0
Φ00M ¼

�
−2Eνjqj þ

jqj3
2mA

�
ðcτ†3 cτ

0
8 Þ þ

�
−
4iE2

νjqj
mN

þ 2iEνjqj3
mAmN

�
ðcτ†9 cτ

0
8 Þ; ð82Þ

where mN is the mass of the nucleon; the nuclear recoil energy Tnr ¼ q2=ð2mAÞ. The isospin τ; τ0 ¼ 0, 1,
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c0i ¼
1

2
ðci;p þ ci;nÞ; c1i ¼

1

2
ðci;p − ci;nÞ: ð83Þ

These kinematic factors, together with the nuclear response
functions discussed above, are used to constrain the LEFT
Wilson coefficients and the associated new-physics scales.
At chirally leading order, our expressions for Rττ0

MM, R
ττ0
Σ00Σ00 ,

and Rττ0
Σ0Σ0 agree with Ref. [12]. At subleading orders,

additional LEFT operators contribute to CEνNS. For in-
stance, the coefficients of dimension-7 operatorsO7u=d

3 enter
Rττ0
MM through the coefficient cτ9.

VI. EXPERIMENTAL CONSTRAINTS

Having derived the CEνNS differential cross section via
the multipole expansion and expressed the neutrino-
nucleus amplitude in terms of nuclear response functions,
the next step is to confront these predictions with data and
extract constraints on new physics. The amplitude is
applied to the experimental analyses by providing the
expected event yields for the different measurements and
performing the corresponding χ2 fits. The experimental
data are used to set lower bounds on the effective scales and
to constrain the electron-flavor NSI parameters.

A. Experiments

The experimental inputs employed in this analysis
originate from accelerator-, solar-, and reactor-based
CEνNS measurements, which differ both in their neutrino
sources and in the detector-level observables used to report
the data. Specifically, the COHERENT experiment detects
neutrinos from the spallation neutron source (SNS) using a
CsI[Na] scintillator [31,42] and Ar detector [43,44].
PandaX-4T and XENONnT probe CEνNS from solar 8B
neutrinos with liquid xenon [46,47], while CONUSþ
measures reactor ν̄e-induced CEνNS using high-purity
germanium detectors [33,38,48]. To treat these different
datasets within a common statistical framework, we first
define a universal recoil-energy rate in terms of the nuclear
recoil Tnr, and subsequently specify, for each experiment,
the appropriate detector response, binning prescription, and
χ2 function adopted in the fit, following the conventions
of Ref. [26].
For an incident (anti)neutrino flux ΦναðEνÞ at the

detector, the differential event rate per target nucleus is

dRνα

dTnr
¼
Z

Eν;max

Eν;minðTnrÞ
dEνΦναðEνÞ

dσ
dTnr

ðEν; TnrÞ; ð84Þ

where Tnr is the nuclear recoil energy, and Eν;minðTnrÞ and
Eν;max are fixed by the source and kinematics. The exposure
amounts of different experiments are included in flux
ΦναðEνÞ. In the following, we apply this common differ-
ential event rate definition to the three experiments

considered here, specifying in each case the corresponding
detector response and statistical treatment.
For the COHERENT (SNS) experiment, we consider the

CsI[Na] [42] and Ar [43] detectors. The predicted CEνNS
counts in the ith experimental bin are obtained by folding
dRνα=dTnr with the efficiency and the energy resolution
function,

Ni
CEνNS ¼ nN

X
να¼νe;νμ;ν̄μ

Z
i
dnPEϵðnPEÞ

×
Z

dTnrPðnPEjTnrÞ
dRνα

dTnr
: ð85Þ

Here, nN denotes the number of target nuclei, nPE denotes
the photoelectron variable, ϵðnPEÞ denotes the detection
efficiency, and PðnPEjTnrÞ denotes the energy resolution
function (including quenching and energy smearing). The
SNS flux components and the COHERENT energy reso-
lution function inputs are taken from Refs. [3,42,44,120].
The impact of systematic uncertainties related to the
quenching factor on the CEνNS cross section measurement
was recently investigated in Ref. [121].
We adopt a binned least-squares function with correlated

normalization nuisances for signal and beam-related
background [10,122],

χ2COHERENT ¼
XNbin

i¼1

½Ni
meas − ð1þ αÞNi

CEνNS − ð1þ βÞNi
bkg�2

ðσiÞ2

þ
�
α

σα

�
2

þ
�
β

σβ

�
2

; ð86Þ

where Ni
meas are the measured counts in the ith bin; Ni

CEνNS
and Ni

bkg are the theoretical predictions for the CEνNS
signal and beam-related background, respectively; and σi
denotes the uncertainty. The numerical values of the
systematic uncertainty σα ¼ 0.125 and the background
uncertainty σβ ¼ 0.35 for CsI [24,26,42], and σα ¼ 0.12,
σβ ¼ 0.146 for Ar [123,124].
For solar 8B CEνNS in liquid xenon (PandaX-4Tþ

XENONnT), we include να ∈ fνe; νμ; ντg and use Eq. (84)
with the solar 8B flux and oscillation-averaged flavor
composition as in Ref. [26]. Given the publicly available
information for the solar 8B analyses, we model both
PandaX-4T (paired + US2) and XENONnT as single-bin
counting measurements in reconstructed recoil energy,
following the treatment in Refs. [26,27].

NðkÞ
CEνNS ¼ nðkÞN

X
α¼e;μ;τ

Z
TðkÞ
nr;max

TðkÞ
nr;min

dTnrϵ
ðkÞðTnrÞ

dRνα

dTnr
;

k∈ fpaired;US2;XENONnTg; ð87Þ

LI, SONG, TANG, and YU PHYS. REV. D 114, 055032 (2026)

055032-16



where the ϵðTnrÞ is the detection efficiency.5 The combined
χ2 is a sum of three independent single-bin contributions,

χ2Solar8B ¼
X
k

χ2k;

χ2k ¼
½NðkÞ

meas − ð1þ αkÞNðkÞ
CEνNS�2

ðσðkÞÞ2 þ
�
αk
σαk

�
2

; ð88Þ

where k labels the PandaX-4T paired and US2 datasets and
the XENONnT dataset. The Nmeas is the measured count,
NCEνNS is the theoretical prediction, and αk parametrizes
the normalization uncertainty for dataset k. The systematic
uncertainty is σαk ¼ 0.12 [127], and the statistical uncer-
tainties for the US2, paired, and XENONnT datasets are
taken to be 37.3%, 37.1%, and 36.9% of the corresponding
measured counts, respectively [26,27], with experimental
details in Refs. [46,47].
For CONUSþ (reactor ν̄e, Ge), we use Eq. (84)

with να ¼ ν̄e [33,38] and the reactor flux model (see
Refs. [128–130]). The comparison is performed in recon-
structed electron-equivalent energy Ereco

ee ; the predicted
binned counts are obtained by folding the recoil spectrum
with quenching and resolution,

Nth
i ¼

Z
Eiþ1
ee

Ei
ee

dEreco
ee

�
nN

Z
dTnrGðEreco

ee ; EeeðTnrÞÞ
dR
dTnr

	
;

ð89Þ

where the EeeðTnrÞ is defined through the adopted quench-
ing model. The GðEreco

ee ; EeeðTnrÞÞ is the energy resolution
function. All detector-response inputs (threshold, resolu-
tion, quenching) are taken from the CONUSþ analyses in
Refs. [48,130].
For binned excess-count data, we adopt a profiled least-

squares function with a global normalization nuisance
parameter α,

χ2CONUSþ ¼
XNbin

i¼1

½Ni
meas − ð1þ αÞNi

CEνNS�2
σ2i

þ
�
α

σα

�
2

; ð90Þ

where Ni
meas and σi are the reported excess counts and

uncertainties [48], and the relative systematic uncertainty is
taken to be σα ¼ 0.169.
For the binned analyses, the reported best-fit CEνNS

signal yields for COHERENT CsI, COHERENT Ar, and
CONUSþ are 306� 20 [42], 159� 43 [43], and 395�
106 [48], from which we can estimate the relative statistical
uncertainties as 6.54%, 27.0%, and 26.8%, respectively.
Together with the relative statistical uncertainties of the
PandaX-4T and XENONnT measurements discussed

above, this indicates that the current sensitivities of
PandaX-4T, XENONnT, COHERENT Ar, and CONUSþ
are limited by statistics, whereas the COHERENT CsI
measurement has reached a regime in which systematic
uncertainties dominate.
For the CsI dataset, the relative systematic uncertainty

σα ¼ 0.125 [26,42] is obtained by combining in quadrature
the contributions from the quenching factor (3.8%), detec-
tor acceptance (4.1%), neutrino-flux prediction (10%), and
nuclear response modeling (5%). The first two are detector-
related systematics, whereas the latter two are theoretical/
modeling uncertainties. As mentioned in Ref. [26], we
assume a universal uncertainty of 5% for the nuclear
response, comparable to that used in the approach of
nuclear form factor [24]. However, the uncertainties asso-
ciated with the nuclear response functions may be even
larger [12]. This highlights the importance of the systematic
chiral expansion and power counting, which provide a
controlled way to assess order-by-order truncation effects
and uncertainties associated with the nuclear response.
Thus, for future precision CEνNS measurements, reducing
both detector-related and theoretical/modeling uncertain-
ties is increasingly important as statistical uncertainties are
reduced.

B. Constraints on NP scales and NSI parameters

We now recast the CEνNS measurements into con-
straints on the LEFT parameter space. For convenience,
the dimensionful Wilson coefficients in Eq. (1) are decom-
posed into possible SM and NSI contributions as

Ĉda ¼ ĈdajSM þ ĈdajNSI; ĈdajNSI ≡
Cda;NSI
Λd−4
a;NSI

; ð91Þ

where the NSI contribution is parametrized in terms of a
dimensionless coupling Cda;NSI and the corresponding
effective NP scale Λa;NSI. Setting jCda;NSIj ¼ 1, the exper-
imental bound on Wilson coefficients is converted into a
limit on Λa;NSI. In this convention, a larger lower bound on
Λa;NSI corresponds to a stronger suppression of the corre-
sponding NP interaction, and therefore, a more stringent
constraint from CEνNS data.
To derive limits, we adopt the single-operator approach:

for a givenoperatorOd
a,we switch ononly Ĉ

d
awhile setting all

other coefficients to zero, andwe perform a one-parameter fit
to the combined CEνNS data. The 90%C.L. lower bound on
Λa;NSI is then obtained by requiring the appropriate one-
dimensional likelihood criterion,

Δχ2ðΛa;NSIÞ≡ χ2ðΛa;NSIÞ − χ2min ≤ 2.71; ð92Þ

where χ2min denotes the minimum of the profiled χ2 for that
operator.

5The Migdal effect can also affect the spectral interpretations
[125,126], which is not considered in this analysis.
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The resulting bounds are summarized in Fig. 3, where
we compare the constraints from the CONUSþ, the
COHERENT CsI and Ar measurements, and solar 8B
CEνNS in liquid xenon (PandaX-4T and XENONnT).
The CONUSþ source is an electron antineutrino flux. In
what follows, we use the notation νe to denote electron-
flavor (anti)neutrinos and do not distinguish νe from ν̄e in
our rate-level constraints. Presenting the results in terms of
Λa;NSI provides an intuitive measure of the reach of each
experiment in the LEFT framework and highlights the
complementarity between reactor-based, accelerator-based,
and solar-neutrino CEνNS datasets across different oper-
ator structures.
In general, operators that contribute to the coherently

enhanced channel and interfere with the SM amplitude lead
to more stringent bounds, whereas operators that are
dominated by spin-dependent responses or lack coherent
enhancement are constrained more weakly. This behavior
can be understood in terms of nuclear response scaling in
the long-wavelength limit: the coherent (spin-independent)
response scales as WM ∼OðA2Þ due to the in-phase
addition of nucleon amplitudes, while spin-dependent
responses scale only as WΣ ∼Oð1Þ, and therefore, do
not benefit from the same parametric enhancement, as
discussed in Table IV. For instance, the vector-current
dimension-6 operator O6u=d

1 couples to the coherent charge
response, and thus, scales as A2, whereas the axial operator
O6u=d

2 is spin dependent and incoherent and lacks the A2

enhancement.
The comparison among experiments further highlights

their complementarity. COHERENT provides spectral
information in multiple bins, and thus, yields robust
constraints on a broad set of coefficients. The solar 8B
liquid-xenon measurements (PandaX-4T and XENONnT)
probe a different neutrino source and recoil-energy regime,

and their combined analysis offers competitive sensitivity
for operators that primarily affect low-energy nuclear
recoils. For instance, dipolelike contributions can be
enhanced at low momentum transfer, so low-threshold
recoil measurements can become particularly sensitive to
such contributions. For higher-dimensional operators
(dimension 7 and dimension 8), the overall reach in Λ is
generically reduced, as additional powers of Eν=Λ or q=Λ
suppress their impact in MeV-scale CEνNS, requiring
higher statistics and tighter systematics to achieve compa-
rable sensitivity.
We also perform an analysis in terms of neutrino

NSIs. At the quark level, the neutral-current NSIs
[21,51,131–133] can be parametrized as

LNC ⊃ −2
ffiffiffi
2

p
GF½ϵqLαβ ðν̄αγμPLνβÞðq̄γμPLqÞ

þ ϵqRαβ ðν̄αγμPLνβÞðq̄γμPRqÞ�; ð93Þ

where PL=R ¼ ð1 ∓ γ5Þ=2; α, β denote neutrino flavors;
q∈ fu; dg; and GF is the Fermi constant.
In the LEFT notation adopted in Eq. (2), the NSI

parameters ϵqLðRÞαβ are related to the dimension-6 Wilson

coefficients Ĉð6Þ1;q and Ĉð6Þ2;q via

ϵqL=Rαβ ¼ −
1

2
ffiffiffi
2

p
GF

�
Ĉð6Þ1;qjNSI ∓ Ĉð6Þ2;qjNSI

�
: ð94Þ

For comparison with existing CEνNS NSI studies, we
focus on the vector combination ϵqVee ≡ ϵqLee þ ϵqRee , which is
related to the Wilson coefficient of LEFT operator as [30]

FIG. 3. For CEνNS processes initiated by an electron-flavor neutrino, we present lower bounds at 90% C.L. on the effective scale ΛNSI

(in GeV) associated with individual LEFT operators O5
1, O

6u
a , O6d

a , O7u
a , O7d

a , O7
6, O

7
7, O

8u
a , O8d

a , and O8
9. The limits are obtained by

turning on one operator at a time. The orange, blue, and green bars correspond to constraints from CONUS+, COHERENT (CsI and Ar
combination), and the PandaX-4T and XENONnT combination, respectively.
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ϵqVee ¼ −
1ffiffiffi
2

p
GF

Ĉð6Þ1;qjNSI: ð95Þ

Figure 4 shows the 90% C.L. allowed regions in the
ðϵuVee ; ϵdVee Þ plane derived from COHERENT (CsI and Ar),
CONUS+, and the combined solar 8B (PandaX-4Tþ
XENONnT) analysis. The contours are obtained using
the two-parameter criterion Δχ2 ≤ 4.61 (2 degrees of
freedom). The resulting regions exhibit the characteristic
elongated, bandlike structure, reflecting the strong corre-
lation between ϵuVee and ϵdVee in CEνNS. For a given
nuclear target ðZ;NÞ, the event rate is primarily sensitive
to an approximately linear combination of the up- and
down-quark vector NSIs entering the response function
WMM, while the orthogonal combination remains only
weakly constrained. Consequently, the allowed param-
eter space extends along a diagonal direction in the
ðϵuVee ; ϵdVee Þ plane rather than forming a compact elliptical
region.
When we compare the widths of the allowed bands,

CONUSþ yields the tightest constraint, followed by
COHERENT, while the solar 8B liquid-xenon combination
is comparatively weaker in the present treatment. This
pattern is driven by the relative fluxes, thresholds, and
dominant systematics: CONUSþ benefits from the intense
reactor flux and low recoil thresholds, COHERENT is
limited by SNS statistics and flux/background uncertain-
ties, and the solar 8B liquid-xenon analyses are further
weakened by the broad neutrino-energy spectrum and
detector-response systematics [130,134].

VII. SMEFT OPERATORS AND UV
COMPLETIONS

Having established the low-energy description of
CEνNS in the LEFT and carried it through χPT to the
nuclear response and differential cross section (see Fig. 1),
we now turn to the ultraviolet side of the same EFT chain.
In particular, when the NP scale Λ lies above the electro-
weak scale, the appropriate starting point is the SMEFT,
defined between Λ and ΛEW with SUð3ÞC × SUð2ÞL ×
Uð1ÞY gauge invariance. The SMEFT operators are first
evolved and matched at ΛEW onto LEFT operators, which
then are incorporated into the hadronic and nuclear match-
ing steps already developed in the previous sections. This
section, therefore, completes the top part of Fig. 1 by
organizing the relevant SMEFT operator basis (up to
dimension 8) and illustrating representative UV comple-
tions that generate them.

A. SMEFT operators

The LEFT describes the theory below the electroweak
scale with the gauge group of SUð3ÞC ×Uð1Þem. When the
NP is heavier than the electroweak scale and contains the
properties of the SM group SUð3ÞC × SUð2ÞL ×Uð1ÞY ,
the SMEFT comes into play to characterize the EFT valid
between the NP scale Λ and the electroweak scale ΛEW.
The SMEFT Lagrangian comprises the SM Lagrangian

of dimension 4, together with a complete set of independent
higher-dimensional operators:

LSMEFT ¼ LSM þ
X
D≥5

X
a

ĈD
aOD

a ; ĈD
a ≡ CD

a

ΛD−4 ; ð96Þ

where D denotes the mass dimension for the ath operator
OD

a . The Wilson coefficient ĈD
a is dimensionful, while CD

a
is dimensionless.
The SM Lagrangian in unbroken phase is

LSM ¼ −
1

4
GA

μνGAμν −
1

4
WI

μνWIμν −
1

4
BμνBμν

þ
X

ψ¼Q;uR;dR;l;eR

ψ̄ iDψ þ ðDμHÞ†ðDμHÞ

− λ

�
H†H −

1

2
v2
�

2

−
�
leRðYeÞH þ Q̄uRðYuÞH̃ þ Q̄dRðYdÞH þ H:c:

	

þ θ3g2s
32π2

GA
μνG̃

Aμν þ θ2g2

32π2
WI

μνW̃Iμν þ θ1g02

32π2
BμνB̃μν:

ð97Þ

The gauge covariant derivative is Dμ ¼ ∂μ þ ig1YBμþ
ig2tIWI

μ þ ig3TAGA
μ . Here, TA ¼ λA=2 and tI ¼ τI=2 are

the SUð3ÞC and SUð2ÞL generators, while λA and τI are the

FIG. 4. The 90% C.L. allowed regions in the ðϵuVee ; ϵdVee Þ plane
are derived from the CONUS+ (orange) and COHERENT (blue)
CEνNS measurements together with the combined constraint
from the PandaX-4Tþ XENONnT (green) solar 8B analysis.
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Gell-Mann and Pauli matrices, and Y is the Uð1ÞY gen-
erator. The complex conjugate of the Higgs field can be
written asH† or H̃. The H̃ is defined by H̃i ¼ ϵijH†j, where
the ϵij is totally antisymmetric with ϵ12 ¼ 1. Fermion fields
Q and l are left-handed doublet fields ðuL; dLÞT and
ðνL; eLÞT . The right-handed fermion fields are uR, dR,
and eR. In addition, the fermion fields haveweak-eigenstate
indices r ¼ 1, 2, 3, and the Yukawa couplings Ye, Yu, and
Yd are 3 × 3matrices. However, only the u and d quarks are
considered in the LEFT operators, such that quark flavor
degrees of freedom are not taken into account; by contrast,
the three flavor indices associated with neutrinos are
considered in the analysis.
The relevant SMEFT operators up to dimension 8 are

listed in Table V. For convenience, the index D is omitted.
The dimension-5 Weinberg operator O5 can contribute to
the LNV process and has been constrained by the mass of a
neutrino. Thus, we neglect the contribution of O5 in this
work. For the LNC dimension-6 and dimension-7 LEFT
operators, we consider only contributions from dimension-6
SMEFT operators, as those from dimension-8 SMEFT
operators are highly suppressed. The latter contributions,
arising from dimension-8 SMEFToperators with two Higgs
insertions, were considered in Ref. [12]. Separately, dimen-
sion-8 LEFT operators receive contributions only from

dimension-8 SMEFT operators at tree-level matching; we
therefore incorporate dimension-8 SMEFT operators in our
analysis. For LNV LEFT operators, by contrast, we restrict
our consideration to SMEFT operators up to dimension 7.
The full set of matching conditions is presented in
Appendix E.
After the SUð2ÞL symmetry breaking, we can obtain the

matching from SMEFT operators to LEFT operators as
Ref [82]. Similarly, the QCD RGEs of the SMEFT
operators are also included; these were not considered in
Ref. [12]. Only the Wilson coefficients ĈuB; ĈuW;
ĈdB; ĈdW; ĈQuLLH; ĈdLQLH1; ĈdLQLH2 need to be consid-
ered. The RGEs of the SMEFT operators are given
by [135–139]

d
d ln μ

ĈuðdÞBðWÞ ¼ 2CF
αs
4π

ĈuðdÞBðWÞ; ð98Þ

d
d ln μ

ĈQuLLH ¼ −6CF
αs
4π

ĈQuLLH; ð99Þ

d
d lnμ

 
ĈdLQLH1

ĈdLQLH2

!
¼ αs

4π

�−6CF 0

4CF −6CF

� 
ĈdLQLH1

ĈdLQLH2

!
;

ð100Þ

d
d ln μ

Ĉð2Þð4Þ
l2q2D2 ¼ CF

αs
3π

Ĉð2Þð4Þ
l2q2D2 ; ð101Þ

d
d ln μ

Ĉl2½uðdÞ�2D2 ¼ CF
αs
3π

Ĉl2½uðdÞ�2D2 : ð102Þ

B. UV completions

There are a considerable number of the UV models that
can contribute to the SMEFT operators. We derive, for the
first time, the complete tree-level UV models and give the
minimal Lagrangian of these models for CEνNS. In the
notation adopted in Refs. [140,141], the ðS; F; V; R; TÞ
correspond to the scalar particles, spin 1=2 fermion
particles, vector particles, spin 3=2 fermion particles, and
spin 2 tensor particles. In addition, the representation of the
SM group is given as ðSUð3ÞC; SUð2ÞLÞUð1ÞY .

1. Dimension-6 UV completions

The UV completions of dimension-6 SMEFT operators
are listed in Table VI. The corresponding gauge invariant
UV Lagrangian for these particles can be obtained, and the
kinematic terms of the particles are

TABLE V. The SMEFT operators for CEνNS process.

Dimension 6 Dimension 5

OH ðH†HÞ3 O5 ϵikϵjlðlT
i CljÞHkHl

OHW H†HWI
μνWIμν Dimension 7

OHB H†HBμνBμν OQuLLH ϵijðQ̄kuRÞðlT
kCliÞHj

OHWB H†τIHWI
μνBμν OdLQLH1 ϵijϵklðd̄RliÞðQT

j ClkÞHl

OHD ðH†DμHÞ�ðH†DμHÞ OdLQLH2 ϵikϵjlðd̄RliÞðQT
j ClkÞHl

Oð1Þ
Hl ðH†iD

↔

μHÞðlγμlÞ Dimension 8

Oð3Þ
Hl ðH†iD

↔I
μHÞðlτIγμlÞ Ol2G2D ðlγμiD↔ν

lÞGA
μρG

Aρ
ν

Oð1Þ
Hq ðH†iD

↔

μHÞðQ̄γμQÞ Oð1Þ
l2q2G

ðlγμlÞðQ̄γνTAQÞGA
μν

Oð3Þ
Hq ðH†iD

↔I
μHÞðQ̄τIγμQÞ Oð2Þ

l2q2G
ðlγμlÞðQ̄γνTAQÞG̃A

μν

OHu ðH†iD
↔

μHÞðūRγμuRÞ Oð3Þ
l2q2G

ðlγμτIlÞðQ̄γνTAτIQÞGA
μν

OHd ðH†iD
↔

μHÞðd̄RγμdRÞ Oð4Þ
l2q2G

ðlγμτIlÞðQ̄γνTAτIQÞG̃A
μν

OuB ðQ̄σμνuRÞH̃Bμν Oð1Þ
l2u2G

ðlγμlÞðūRγνTAuRÞGA
μν

OuW ðQ̄σμνuRÞτIH̃WI
μν Oð2Þ

l2u2G
ðlγμlÞðūRγνTAuRÞG̃A

μν

OdB ðQ̄σμνdRÞHBμν Oð1Þ
l2d2G

ðlγμlÞðd̄RγνTAdRÞGA
μν

OdW ðQ̄σμνdRÞτIHWI
μν Oð2Þ

l2d2G
ðlγμlÞðd̄RγνTAdRÞG̃A

μν

Oð1Þ
lq

ðlγμlÞðQ̄γμQÞ Oð2Þ
l2q2D2 ðlγμD↔ν

lÞðQ̄γμD
↔

νQÞ
Oð3Þ

lq
ðlγμτIlÞðQ̄γμτ

IQÞ Oð4Þ
l2q2D2 ðlγμD↔Iν

lÞðQ̄γμD
↔I

νQÞ
Olu ðlγμlÞðūRγμuRÞ Oð2Þ

l2u2D2 ðlγμD↔ν
lÞðūRγμD

↔

νuRÞ
Old ðlγμlÞðd̄RγμdRÞ Oð2Þ

l2d2D2 ðlγμD↔ν
lÞðd̄RγμD

↔

νdRÞ
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Lkin
UV ¼ −S†1ðD2 þM2

S1
ÞS1 − S†i4 ðD2 þM2

S4
ÞS4i − S†I5 ðD2 þM2

S5
ÞS5I − S†I6 ðD2 þM2

S6
ÞS6I − S†i7 ðD2 þM2

S7
ÞSi7

− S†i8 ðD2 þM2
S8
ÞSi8 − S†a10ðD2 þM2

S10
ÞS10a − S†ai12 ðD2 þM2

S12
ÞS12ai − S†ai13 ðD2 þM2

S13
ÞS13ai − S†aI14 ðD2 þM2

S14
ÞS14aI

þ F̄1ðiD −MF1
ÞF1 þ F̄2ðiD −MF2

ÞF2 þ F̄I
5ðiD −MF5

ÞF5I þ F̄I
6ðiD −MF6

ÞF6I þ F̄a
8ðiD −MF8

ÞF8a

þ F̄a
9ðiD −MF9

ÞF9a þ F̄ai
10ðiD −MF10

ÞF10ai þ F̄ai
11ðiD −MF11

ÞF11ai þ F̄ai
12ðiD −MF12

ÞF12ai

þ F̄aI
13ðiD −MF13

ÞF13aI þ F̄aI
14ðiD −MF14

ÞF14aI

þ V†μ
1 ðgμνD2 −DνDμ þ gμνM2

V1
ÞVν

1 þ V†μ
2 ðgμνD2 −DνDμ þ gμνM2

V2
ÞVν

2 þ V†μ
4 ðgμνD2 −DνDμ þ gμνM2

V4
ÞVν

4

þ V†μ
5 ðgμνD2 −DνDμ þ gμνM2

V5
ÞVν

5 þ V†μ
7 ðgμνD2 −DνDμ þ gμνM2

V7
ÞVν

7 þ V†μ
8 ðgμνD2 −DνDμ þ gμνM2

V8
ÞVν

8

þ V†μ
9 ðgμνD2 −DνDμ þ gμνM2

V9
ÞVν

9; ð103Þ

where gμν is the metric tensor; a is the SUð3ÞC triplet index; and i, I, and i are the SUð2ÞL doublet, triplet, and quartet
indices, respectively. Moreover, the interactions of these particles with the SM field are

Lint
UV ¼ CS1H2ðH†HÞS1 þ CS3

1
ðS1S1S1Þ þDS2

1
H2ðH†HÞS1S1 þDS4H3ðH†HÞðH†iS4iÞ

þ CS5H2ðHτIH†ÞSI5 þDS2
5
H21ðH†HÞS5ISI5 þDS2

5
H22ðτIÞikðτJÞkjH†jHiSI5S

J
5

þ CS6H2ϵkjðτIÞikHiHjS
†I
6 þDS2

6
H21ðH†HÞSI6S†I6 þDS2

6
H22ðτIÞikðτJÞkjH†jHiSI6S

†J
6

þDS7H3ϵklC
ijl
i HiHjH†kS†i7 þDS8H3Cijk

i HiHjHkS
†i
8 þDS10lQϵ

ijðlT
i CQajÞS†a10

þDS12ldϵ
ijðd̄aRliÞS12aj þDS13luϵ

ijðūaRliÞS13aj þDS14LQϵ
jkðτÞikðlT

i CQajÞS†aI14

þDF1Hlϵ
ijðFT

1CliÞHj þDF2HlðFT
2CliÞH†i þDF5Hlϵ

kjðτIÞikðFIT
5 CliÞHj

þDF6HlðτIÞijðFIT
6 CliÞH†j þDF8HQðF̄a

8QaiÞH†i þDF9HQϵ
ijðF̄a

9QaiÞHj

þDF10Hdϵ
ijðd̄aRF10aiÞHj þDF11Hdðd̄aRF11aiÞH†i þDF11Huϵ

ijðūaRF11aiÞHj

þDF12HuðūaRF12aiÞH†i þDF13HQðτIÞijðF̄aI
13QaiÞH†j þDF14HQϵ

kjðτIÞikðF̄aI
14QaiÞHj

þDV1DHðH†DμHÞVμ
1 þDV1l2ðlγμlÞVμ

1 þDV1Q2ðQ̄γμQÞVμ
1 þDV1u2ðūRγμuRÞVμ

1

þDV1d2ðd̄RγμdRÞVμ
1 þDV2DH2ϵijðDμHiÞHjV

†μ
2 þDV4DH2ðτIÞijðτIÞH†jVIμ

4

þDV4L2ðlτIlÞVIμ
4 þDV4Q2ðQ̄τIQÞVIμ

4 þDV5lQðlγμQaÞV†aμ
5

þDV7ldðd̄aRγμCl̄iTÞVμ
7ai þDV8luðūaRγμCl̄iTÞVμ

8ai þDV9lQðlτIQaÞV†aIμ
9 þ H:c:; ð104Þ

TABLE VI. The UV completions for dimension-6 SMEFT operators that contribute to CEνNS.

OH S1ð1; 1Þ0; S4ð1; 2Þ1
2
; S5ð1; 3Þ0; S6ð1; 3Þ1; S7ð1; 4Þ1

2
; S8ð1; 4Þ3

2
; V2ð1; 1Þ1; V4ð1; 3Þ0

OHD S5ð1; 3Þ0; S6ð1; 3Þ1; V1ð1; 1Þ0; V2ð1; 1Þ1; V4ð1; 3Þ0
Oð1Þ

Hl
F1ð1; 1Þ0; F2ð1; 1Þ1; F5ð1; 3Þ0; F6ð1; 3Þ1; V1ð1; 1Þ0

Oð3Þ
Hl

F1ð1; 1Þ0; F2ð1; 1Þ1; F5ð1; 3Þ0; F6ð1; 3Þ1; V4ð1; 3Þ0
Oð1Þ

Hq
F8ð3; 1Þ−1

3
; F9ð3; 1Þ2

3
; F13ð3; 3Þ−1

3
; F14ð3; 3Þ2

3
; V1ð1; 1Þ0

Oð3Þ
Hq

F8ð3; 1Þ−1
3
; F9ð3; 1Þ2

3
; F13ð3; 3Þ−1

3
; F14ð3; 3Þ2

3
; V4ð1; 3Þ0

OHu F11ð3; 2Þ1
6
; F12ð3; 2Þ7

6
; V1ð1; 1Þ0

OHd F10ð3; 2Þ−5
6
; F11ð3; 2Þ1

6
; V1ð1; 1Þ0

Oð1Þ
lq

S10ð3; 1Þ−1
3
; S14ð3; 3Þ−1

3
; V1ð1; 1Þ0; V5ð3; 1Þ2

3
; V9ð3; 1Þ2

3

Oð3Þ
lq

S10ð3; 1Þ−1
3
; S14ð3; 3Þ−1

3
; V4ð1; 3Þ0; V5ð3; 1Þ2

3
; V9ð3; 3Þ2

3

Olu S13ð3; 2Þ7
6
; V1ð1; 1Þ0; V8ð3; 2Þ1

6

Old S12ð3; 2Þ1
6
; V1ð1; 1Þ0; V7ð3; 2Þ−5

6
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where the coupling constants Cs have the mass dimension,
and the coupling constants Ds are dimensionless. We
define the Cijk

i via the relation Cijk
i ¼ 1ffiffi

2
p ðCiÞJkðϵτJÞji,

where the index i takes values 3=2; 1=2;−1=2; 3=2; ϵij

denotes the SUð2Þ-invariant antisymmetric tensor with
indices i, j ¼ 1, 2; τJ (J ¼ 1, 2, 3) are the Pauli matrices;
and the Ci matrices are

ðC3=2ÞIj ¼
1ffiffiffi
2

p

0
B@ 1 0

−i 0

0 0

1
CA; ðC1=2ÞIj ¼

1ffiffiffi
6

p

0
B@ 0 1

0 −i
−2 0

1
CA;

ðC−1=2ÞIj ¼−
1ffiffiffi
6

p

0
B@1 0

i 0

0 2

1
CA; ðC−3=2ÞIj ¼−

1ffiffiffi
2

p

0
B@0 1

0 i

0 0

1
CA:

ð105Þ

The SMEFT operator can be obtained through integrat-
ing out the UV particles. Here, we take the operator Old as
the example. As is shown in Fig. 5, these three particles can
contribute to Old. The Wilson coefficient for Old through
the matching

Cld

Λ2
¼DV1d2DV1l2

M2
V1

þDd†l†V7
Dd†l†V7

M2
V7

þDS12ldDS12ld

M2
S12

; ð106Þ

and the Wilson coefficients of any other SMEFT operators
can be obtained through Eq. (104). The constraints of the
coupling constants and mass would be deduced from the
Wilson coefficients, which contribute to the low-energy
experiments through the above framework.

2. Dimension-7 UV completions

The dimension-7 SMEFT operators would violate the
lepton number, and three types of the seesaw—S6ð1; 3Þ0,
F1ð1; 1Þ0, and F5ð1; 3Þ0—can contribute to the dimension-
7 operators. However, these three types of the seesaw can
contribute to dimension 5 and are highly suppressed. We
exclude these three types of the seesaw models in the
dimension-7 SMEFT operators UV completion. When
considering other UV models, at least two particles should
be added at tree level. We list the pairs of the UV models in
Table VII.
Similarly, the gauge invariant UV Lagrangian involving

these particles becomes

LUV ¼
n
−S†2ðD2 þM2

S2
ÞS2 − S†i4 ðD2 þM2

S4
ÞS4i − S†ai12 ðD2 þM2

S12
ÞS12ai þ F̄a

8ðiD −MF8
ÞF8a þ F̄a

9ðiD −MF9
ÞF9a

þ F̄ai
12ðiD −MF12

ÞF12ai þ F̄aI
14ðiD −MF14

ÞFI
14a þ V†μ

5 ðgμνD2 −DνDμ þ gμνMV2
5
ÞVν

5

þ V†μ
9 ðgμνD2 −DνDμ þ gμνM2

V9
ÞVν

9

o
;

þ
n
DS2l2ϵ

ijðlT
i CljÞS2 þDS4uQϵ

ijðūRQjÞS4i þDS4Qdðd̄RQjÞS†i4 þDS12ldϵ
ijðd̄aR ljÞS12ai þDF8HQðF̄a

8QaiÞH†i

þDF9HQϵ
ijðF̄a

9 QaiÞHj þDF10Hdϵ
ijðd̄aR F10aiÞHj þDF12HuðūaR F12aiÞH†i þDF14HQϵ

kjðτIÞikðF̄aI
14QaiÞHj;

þDV5lQðl̄γμQÞV†aμ
5 − ffiffiffi

2
p

DV9lQðl̄τIQÞV†aIμ
9 þ H:c:

o
þ
n
CS2S4Hϵ

ijHjS4iS
†
2 þDS2F8uðūaR F8aÞS2 þDS2F9dðd̄aR F9aÞS†2 þDS2F10QðFaiT

10 CQaiÞS†2 þDS2F12QðFT
12ai CQaiÞS2

þDS12F9lðFT
9aCliÞS†ai12 þDS12F14lðτIÞijðFIT

14aCljÞS†ai12 þDF12V5lϵ
ijðljγμFi

12aÞðV5Þaμ

þDF12VglϵkjðτIÞki ðljγμFi
12aÞVaIμ

9 þ H:c:
o
; ð107Þ

where the first curly bracket contains the kinetic terms, the second one contains the interactions of new particles and SM
particles, and the last one contains the mixed term for new particles.

FIG. 5. Contributions to Old from the UV completions with S12, V1, and V7 particles.
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There are five pairs of the UV models that can contribute to OQuLLH. After integrating out the UV particles through
Fig. 6, the Wilson coefficient of OQuLLH can be obtained similarly:

CQuLLH

Λ3
¼ CS2S4HDS2l2DS4uQ

M2
S2
M2

S4

þDS2F8uDS2l2DF8HQ

M2
S2
MF8

þDS2F12QDS2l2DF12Hu

M2
S2
MF12

þDF12V5lDV5lQDF12Hu

M2
V5
MF12

þDF12V9lDV9lQDF12Hu

M2
V9
MF12

:

ð108Þ

3. Dimension-8 UV completions

When considering the SMEFT dimension-8 operators, there are considerable numbers of the UV models. Here, we
consider only the UV models that will not generate dimension-6 operators. In the dimension-8 UV completions, the spin
3=2 and spin 2 particles are included. Furthermore, the spin 3=2 and spin 2 particles are considered as Rarita-
Schwinger [142] and Fierz-Pauli [143] fields. Similarly, the UV completions of the dimension-8 SMEFT operators that do
not generate dimension-6 operators are listed in Table VIII. Then, the gauge invariant UV Lagrangian is given by

LUV ¼ F̄Ai
18ðiD −MF18

ÞFA
18i þDF18lGðF̄Ai

18γ
μ
∂
νliÞGA

μν

−
1

2

�
gμλgνρ þ gνλgμρ −

2

3
gμνgρλ

�
−1
Tμν
1 ð□ −M2

T1
ÞTρλ

1 −
1

2

�
gμλgνρ þ gνλgμρ −

2

3
gμνgρλ

�
−1
TIμν
2 ð□ −M2

T2
ÞTIρλ

2

−
1

2

�
gμλgνρ þ gνλgμρ −

2

3
gμνgρλ

�
−1
Taμν
3 ð□ −M2

T3
ÞTaρλ

3 −
1

2

�
gμλgνρ þ gνλgμρ −

2

3
gμνgρλ

�
−1
TaIμν
4 ð□ −M2

T4
ÞTaIρλ

4

−
1

2

�
gμλgνρ þ gνλgμρ −

2

3
gμνgρλ

�
−1
Taiμν
6 ð□ −M2

T6
ÞTaiρλ

6 −
1

2

�
gμλgνρ þ gνλgμρ −

2

3
gμνgρλ

�
−1
Taiμν
7 ð□ −M2

T7
ÞTaiρλ

7

þ R̄A
18μfð=p −MR18

Þgμν − ðγμpν þ pμγνÞ þ γμ=pγν þMR18
γμγνgRA

18ν

þ gT1l2ðlγμ ∂
↔

νlÞTμν
1 þ gT2l2ðlγμ ∂

↔

ντ
IlÞTIμν

2 þ gT1Q2ðQ̄γμ ∂
↔

νQÞTμν
1 þ gT2Q2ðQ̄γμ ∂

↔

ντ
IQÞTIμν

2

þ gT1u2ðūRγμ ∂
↔

νuRÞTμν
1 þ gT1d2ðd̄Rγμ ∂

↔

ντ
IdRÞTμν

1 þ gT7ldðlTCγμ ∂
↔

νdRaÞTaμν
7 þ gT6luðlTCγμ ∂

↔

νuRaÞT†aμν
6

þ gT3lQðlγμ ∂
↔

νQÞTaμν
3 þ gT4lQðlγμ ∂

↔

ντ
IQÞTaIμν

3 þ gT1G2GA
μρG

ρA
ν Tμν

1 þ gR18lGR̄
A
18μðgμν þ zγμγνÞγαlGA

να; ð109Þ

TABLE VII. The UV completions for dimension-7 SMEFT operators that contribute to CEνNS.

OQuLLH fS2ð1; 1Þ1; S4ð1; 2Þ1
2
gfS2ð1; 1Þ1; F8ð3; 1Þ−1

3
gfS2ð1; 1Þ1; F12ð3; 2Þ7

6
g

fF12ð3; 2Þ7
6
; V5ð3; 1Þ2

3
gfF12ð3; 2Þ7

6
; V9ð3; 3Þ2

3
g

OdLQLH1 fS12ð3; 2Þ1
6
; F14ð3; 3Þ2

3
g

OdLQLH2 fS2ð1; 1Þ1; S4ð1; 2Þ1
2
gfS2ð1; 1Þ1; F9ð3; 1Þ2

3
gfS2ð1; 1Þ1; F10ð3; 2Þ−5

6
g

fS12ð3; 2Þ1
6
; F9ð3; 1Þ2

3
gfS12ð3; 2Þ1

6
; F14ð3; 3Þ2

3
g

FIG. 6. Contributions to OQuLLH from the UV completions with S2, S4, F8, F12, V5, and V9 particles.
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where gT1l2::. are the coupling constants, z is a constant, and
the dependence on zwill vanish for the on-shell amplitudes.
Moreover, the propagators of the Rarita-Schwinger and
Fierz-Pauli fields are

Πμν
RS ¼ ð=pþMÞ

�
gμν −

2

3M2
pμpν −

1

3
γμγν

−
1

3M
ðpνγμ − pμγνÞ

	
; ð110Þ

Πμνρλ
FP ¼ i

2

ðPμρPνλ þ PμλPνρÞ − 2
3
PμνPρλ

p2 −M2
; ð111Þ

where Pμν ¼ ðgμν − pμpν

M2 Þ. We take the operator Oð2Þ
l2u2D2 as

the example. The Feynman diagrams are shown in Fig. 7,
and the effective Lagrangian can be evaluated as

LEFT ¼ gT1l2gT1u2

2M2
T1

�
gμρgνλ þ gμλgνρ −

2

3
gμνgρλ

�

× ðlγμ ∂
↔

νlÞðūRγρ ∂
↔

λuRÞ: ð112Þ

Through the matching procedure, the Wilson coefficient of

the operator Oð2Þ
l2u2D2 is obtained:

Cl2u2D2

Λ4
¼ gT1l2gT1u2

M2
T1

: ð113Þ

VIII. CONCLUSION

In this work, we established a comprehensive end-to-end
EFT framework for CEνNS studies, covering the full
energy scale hierarchy from NP scale to the nuclear scale.
We accomplished complete EFT matching across relevant
scales with QCD RG running effects included, developed
systematic power counting to clarify the contributions of
one-body and two-body currents, and provided full tree-
level UV completions for SMEFT operators, bridging the
NP with low-energy observations. Building on a broad set
of CEνNS experimental data—including the latest obser-
vation from CONUS+, multitarget-nucleus results from
COHERENT, and first indications of solar 8B neutrinos via
CEνNS from ton-scale PandaX and XENON detectors—
we derived stringent and comprehensive new constraints on
the scales of LEFT operators up to dimension 8 and
neutrino NSI parameters.
Building on previous systematic studies of CEνNS, this

work presents several methodological innovations to fur-
ther advance the field, with key contributions summarized
as follows:
(1) The LEFT operators up to dimension 8 and their RG

running effects are incorporated, with hadronic
matching achieved via the systematic spurionmethod.

(2) A systematic power counting analysis is performed,
assessing contributions of all relevant LEFT oper-
ators up to dimension 8 and nuclear response
functions, which are presented in Tables III
and IV.

(3) The contributions of SMEFT operators up to dimen-
sion 8 at high scales are incorporated, with their
matching conditions onto the LEFT operators pro-
vided in Appendix E and the full tree-level UV
completions given in Tables VI–VIII, thereby estab-
lishing a comprehensive top-down framework.

Looking ahead to future directions, this framework can
be extended to incorporate an expanded suite of exper-
imental data, including additional measurements from
ton-scale xenon detectors and results from upcoming
accelerator-based neutrino experiments; such expansions
will further tighten constraints on NP scenarios. Moreover,
the present numerical treatment is restricted to one-body
currents. Since the power counting we adopt is consistent
with that employed in the construction of chiral nuclear
forces, the framework can be systematically extended to
include two-body currents in CEνNS. In parallel, the
nuclear response functions used in this work are obtained
from conventional nuclear many-body calculations, while
ab initio nuclear-structure inputs could be incorporated
within this framework. Furthermore, synergizing with
state-of-the-art lattice QCD calculations to refine the
currently unknown LECs and extending the analysis to
LNV scenarios will yield deeper insights into the funda-
mental nature of neutrino interactions and their broader
implications for NP frameworks.

FIG. 7. Contribution to Oð2Þ
l2u2D2 from the UV completions with

T1 particle.

TABLE VIII. The UV completions for dimension-8 SMEFT
operators that contribute to CEνNS.

Ol2G2D F18ð8; 2Þ−1
2
; R18ð8; 2Þ1

2
; T1ð1; 1Þ0

Oð2Þ
l2q2D2

T1ð1; 1Þ0; T2ð1; 3Þ0; T3ð3̄; 1Þ−2
3
; T4ð3̄; 3Þ−2

3

Oð4Þ
l2q2D2

T1ð1; 1Þ0; T2ð1; 3Þ0; T3ð3̄; 1Þ−2
3
; T4ð3̄; 3Þ−2

3

Oð2Þ
l2u2D2

T1ð1; 1Þ0; T6ð3; 2Þ1
6

Oð2Þ
l2d2D2

T1ð1; 1Þ0; T7ð3̄; 2Þ5
6
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APPENDIX A: NAIVE DIMENSION ANALYSIS

The matching between the LEFToperators and the chiral
Lagrangian is not a one-to-one procedure, which means
that every LEFT operator can be matched to several χPT
operators, and each χPT operator receives contributions
from several LEFT operators (as will be clarified in the
subsequent examples). Thus, we need a method to assess all
these contributions systematically. In detail, we want to
distinguish which one is more dominant among the LEFT
operators matching to the same χPT operator and which
one is more dominant among the χPT operators matched
from the same LEFT operator. In this section, we use the
NDA [90–92,144,145] of the effective operators to organ-
ize them, an approach consistent with that adopted
in Ref. [89].
The LEFT Lagrangian is organized as an expansion in

powers of the electroweak scale inverse, 1=ΛEW. The NDA
master formula [90,91] in the four-dimensional spacetime
states that the operators in the Lagrangian are normalized as

Λ4
EW

16π2

�
∂

ΛEW

	
Np
�
4πϕ

ΛEW

	
Nϕ
�
4πA
ΛEW

	
NA
�
4πψ

Λ3=2
EW

	
Nψ

×

�
g
4π

	
Ng
�
y
4π

	
Ny
�

λ

16π2

	
Nλ

: ðA1Þ

For convenience, we express the master formula by
replacing the vector field A with the field-strength tensor
F ∼ ∂A and omitting the renormalizable coupling constants
g, y, λ,

LEFT∶
Λ4
EW

16π2

�
∂

ΛEW

	
Np
�
4πF
Λ2
EW

	
NF
�
4πψ

Λ3=2
EW

	
Nψ

; ðA2Þ

which implies that the 4-fermion operators of dimensions 6,
7, and 8 are normalized as

ð4πÞ2
Λ2
EW

ψ4;
ð4πÞ2
Λ2
EW

∂

ΛEW
ψ4;

ð4πÞ2
Λ2
EW

∂
2

Λ2
EW

ψ4: ðA3Þ

In particular, the spurions are dimensionless in the NDA.
On the other hand, the NDA master formula for the χPT is

χPT∶ f2Λ2
χ

�
∂

Λχ

	
Np
�

ψ

f
ffiffiffiffiffiffi
Λχ

p 	
Nψ
�

F
Λχf

	
NA

; ðA4Þ

where 4πf ∼ Λχ . To relate these two NDA formulae, we
first replace all occurrences of the scale ΛEW in Eq. (A1) by
the scale Λχ ,

Λ4
EW

16π2

�
Λχ

ΛEW

	
Npþ2NFþ3

2
Nψ
�
∂

Λχ

	
Np
�
F
Λ2
χ

	
NF
�

ψffiffiffiffiffiffi
Λχ

p
f

	
Nψ

¼
�
Λχ

ΛEW

	
D
�
f2Λ2

χ

�
∂

Λχ

	
Np
�
F
Λ2
χ

	
NF
�

ψffiffiffiffiffiffi
Λχ

p
f

	
Nψ
�
; ðA5Þ

where D ¼ Np þ 2NF þ 3
2
Nψ − 4. The expression inside

the parentheses is similar to the NDA formula in the χPT,
so we replace it with the χPT NDA formula in Eq. (A4) and
obtain the NDA formula for the matching:

Λ4
EW

16π2

�
∂

ΛEW

	
Np
�
4πF
Λ2
EW

	
NF
�
4πψ

Λ3=2
EW

	
Nψ

∼
�
Λχ

ΛEW

	
D
�
f2Λ2

χ

�
∂

Λχ

	
Np
�

ψ

f
ffiffiffiffiffiffi
Λχ

p 	
Nψ
�

F
Λχf

	
NA
�
: ðA6Þ

APPENDIX B: VALUES OF LOW-ENERGY
CONSTANTS

The numerical values of the LECs L1∼14 are calculated in
this appendix. The LECs L1 and L2 are fixed by the proton
and neutron magnetic moments [146],

2L1 þ 2L2 ¼ 2ðμp − 1Þ þ μn ¼ 1.676ð29Þ; ðB1Þ

2L2 ¼ 2μn þ ðμp − 1Þ ¼ −2.034ð29Þ; ðB2Þ

and the two LECs are

L1 ¼ 1.855ð14Þ; L2 ¼ −1.017ð15Þ: ðB3Þ

The LECs L3 and L4 can be obtained through the axial
vector currents constants:

2L3 ¼ gA ¼ 1.2754ð13Þ;
2L3 þ 4L4 ¼ Σud ¼ 0.397ð40Þ; ðB4Þ

where gA is determined very precisely from nuclear β
decay [146], and the values for Σud follow from averages
of the lattice QCD results [147,148]. Thus, the LECs L3
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and L4 become

L3 ¼ 0.6377ð7Þ; L4 ¼ −0.220ð10Þ: ðB5Þ

The LECs L5, L6, L7, and L8 can be related to the
generalized tensor form factors [149,150], and the relation-
ship can be obtained as follows:

2ðL5 þ L6Þ ¼ muF̂
u=p
T;0 ¼ 1.79ð30Þ MeV; ðB6Þ

2L6 ¼ mdF̂
d=p
T;0 ¼ −0.97ð15Þ MeV; ðB7Þ

2ðL5þL6þL7þL8Þ¼muF̂
u=p
T;1 ¼−6.44ð54ÞMeV; ðB8Þ

2ðL6 þ L8Þ ¼ mdF̂
d=p
T;1 ¼ 4.32ð32Þ MeV: ðB9Þ

The values of LECs L5, L6, L7, and L8 are

L5 ¼ 1.38ð17Þ MeV; L6 ¼ −0.49ð8Þ MeV;

L7 ¼ −6.76ð37Þ MeV; L8 ¼ 2.65ð18Þ MeV: ðB10Þ

The LECs L9 and L10 are related to the LECs c1 and c5 in
Ref. [106]. The following relations [117,151] can be
obtained

L10 ¼ B0c1ðmd þmuÞ ¼ 24.05ð48Þ MeV; ðB11Þ

L9 −
1

2
L10 ¼ B0c5ðmd −muÞ ¼ −0.51ð8Þ MeV: ðB12Þ

Thus, the numerical values of the LECs become

L9¼ 11.52ð25ÞMeV; L10¼ 24.05ð48ÞMeV: ðB13Þ

In addition, the relations between sigma terms in Eq. (67)
and LECs are [117]

σp=nu ¼1

2

�
−4c1M2

π−
9g2AM

3
π

64πf2
þ
�
4c1þ

21g2AMπ

128πf2

�
Δπ

	
ð1−ξÞ

�Bc5ðmd−muÞ
�
1−

1

ξ

�
; ðB14Þ

σp=nd ¼1

2

�
−4c1M2

π−
9g2AM

3
π

64πf2
þ
�
4c1þ

21g2AMπ

128πf2

�
Δπ

	
ð1þξÞ

�Bc5ðmd−muÞ
�
1þ1

ξ

�
; ðB15Þ

where Δπ ¼ M2
π −M2

π0
and ξ ¼ ðmd −muÞ=ðmd þmuÞ ¼

0.357ð6Þ [146].
Similarly, the LECs L11 and L12 are related to the LECs

d18 and d19 in Ref. [106]:

L11 ¼ mNB0d18ðmd þmuÞ ¼ −17.7ð20Þ MeV; ðB16Þ

L12 ¼ mNB0d19ðmd þmuÞ ¼ −13.9ð15Þ MeV: ðB17Þ

In the above, we have adopted the values d18 ¼ −0.97�
0.11 GeV−2 [151] and d19 ¼ −0.76� 0.08 GeV−2, the
latter of which is fixed by the axial radius hr2Ai ¼
0.369ð30Þ fm2 [152].
Moreover, the LECs of gluonic current interaction have

been obtained [73,149] as shown:

L13 ¼ FN
G ¼ −50.4ð6Þ MeV;

L14 ¼ FN
G̃
¼ −0.306ð28Þ GeV: ðB18Þ

APPENDIX C: EXPANSION OF CHIRAL
BUILDING BLOCKS

Using u ¼ eX in Eq. (17), with X ≡ i
2fΠ and Π defined

in Eq. (18), one has X† ¼ −X, and thus, u† ¼ e−X. The
chiral building blocks introduced in Eq. (19) take the form

uμ ¼ iðe−X∂μeX − eX∂μe−XÞ;
χ� ¼ e−Xχe−X � eXχ†eX;

Σ� ¼ e−Xτe−X � eXτeX;

Q� ¼ e−XτeX � eXτe−X;

∇μ ¼ ∂μ þ
1

2
ðe−X∂μeX þ eX∂μe−XÞ: ðC1Þ

Here, τ denotes the spurion associated with the flavor
matrices appearing in the LEFToperators. According to the
Baker-Campbell-Hausdorff formula,

eXAe−X ¼
X∞
n¼0

1

n!
½A�ðnÞX ; ðC2Þ

and

e−XAeX ¼
X∞
n¼0

1

n!
½A�ðnÞ−X ¼

X∞
n¼0

ð−1Þn
n!

½A�ðnÞX ; ðC3Þ

where

½A�ðnÞX ≡ ½X; ½X;…; ½X|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
n

; A�…��: ðC4Þ

Therefore, Q� admit the exact expansions

Qþ ¼
X∞
n¼0

2

ð2nÞ! ½τ�
ð2nÞ
X ;

Q− ¼ −
X∞
n¼0

2

ð2nþ 1Þ! ½τ�
ð2nþ1Þ
X : ðC5Þ
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For the derivative term, one uses

e−X∂μeX ¼
X∞
n¼0

ð−1Þn
ðnþ 1Þ! ½∂μX�

ðnÞ
X ;

½∂μX�ðnÞX ≡ ½X; ½X;…; ½X|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
n

; ∂μX�…��; ðC6Þ

and

eX∂μe−X ¼ −
X∞
n¼0

1

ðnþ 1Þ! ½∂μX�
ðnÞ
X : ðC7Þ

It follows that

uμ ¼ i
X∞
n¼0

2

ð2nþ 1Þ! ½∂μX�
ð2nÞ
X ;

∇μ ¼ ∂μ −
X∞
n¼0

1

ð2nþ 2Þ! ½∂μX�
ð2nþ1Þ
X : ðC8Þ

For e�XAe�X, the Taylor expansion gives

eXAeX ¼
X
n;m≥0

1

n!m!
XnAXm ¼

X∞
k¼0

1

k!
fAgðkÞX ;

e−XAe−X ¼
X
n;m≥0

ð−1Þnþm

n!m!
XnAXm ¼

X∞
k¼0

ð−1Þk
k!

fAgðkÞX ;

ðC9Þ

where

fAgðkÞX ≡ fX; fX;…fX|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
k

; Agg…g: ðC10Þ

Hence,

Σþ ¼
X∞
k¼0

2

ð2kÞ! fτg
ð2kÞ
X ;

Σ− ¼ −
X∞
k¼0

2

ð2kþ 1Þ! fτg
ð2kþ1Þ
X : ðC11Þ

The expansions for χ� are completely analogous.
Retaining terms with, at most, three pion fields yields

uμ ¼ 2i∂μX þ i
3
½X; ½X; ∂μX�� þ � � � ; ðC12Þ

Σþ ¼ 2τ þ fX; fX; τgg þ � � � ; ðC13Þ

Σ− ¼ −2fX; τg − 1

3
fX; fX; fX; τggg þ � � � ; ðC14Þ

Qþ ¼ 2τ þ ½X; ½X; τ�� þ � � � ; ðC15Þ

Q− ¼ −2½X; τ� − 1

3
½X; ½X; ½X; τ��� þ � � � ; ðC16Þ

χþ ¼ 2χ þ fX; fX; χgg þ � � � ; ðC17Þ

χ− ¼ −2fX; χg − 1

3
fX; fX; fX; χggg þ � � � ; ðC18Þ

∇μ ¼ ∂μ −
1

2
½X; ∂μX� þ � � � : ðC19Þ

At leading chiral order, these expansions imply that uμ, Σ−,
Q−, and χ− start at OðπÞ, and therefore, contain an odd
number of pion fields (i.e., 1; 3;…). In contrast,Σþ,Qþ, χþ,
and∇μ contain an even number of pion fields (i.e., 0; 2;…).

APPENDIX D: NUCLEAR RESPONSE

In the eigenstate of nuclear angular momentum, we can
expand the nuclear matrix element in Eq. (71) using a
multipole expansion [115,116]. We define the operators

MJMðjqjxÞ≡ jJðjqjxÞYJMðΩxÞ; ðD1Þ

MM
JLðjqjxÞ≡ jLðjqjxÞYJLM; ðD2Þ

where jJ is the spherical Bessel function, YJM is the spherical
harmonic, and YJLM is the vector spherical harmonic.
To arrive at the nuclear response basis, we express the

one-body operators in coordinate space and Fourier trans-
form them to momentum space. Expanding the plane wave
(and its vector counterpart) in scalar and vector spherical
harmonics projects the charge and current onto definite
multipoles, and the nucleon momentum in Eq. (69) is
replaced by gradients acting on the nuclear wave function,
p → −i∇. For elastic ground-state matrix elements, parity
and time-reversal selection rules allow the multipole
operators to be organized into six independent response
operators fMJM;ΔJM;Σ0

JM;Σ00
JM; Φ̃0

JM;Φ00
JMg, where MJM

is defined above, and the remaining five are given below:

ΔJMðjqjxÞ≡MM
JJðjqjxÞ ·

1

jqj∇; ðD3Þ

Σ0
JMðjqjxÞ≡ −i

�
1

jqj∇ ×MM
JJðjqjxÞ

�
· σ; ðD4Þ

Σ00
JMðjqjxÞ≡

�
1

jqj∇MJMðjqjxÞ
�
· σ; ðD5Þ

Φ̃0
JMðjqjxÞ≡

�
1

jqj∇ ×MM
JJðjqjxÞ

�
·

�
σ ×

1

jqj∇
�

þ 1

2
MM

JJðjqjxÞ · σ; ðD6Þ
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Φ00
JMðjqjxÞ≡ i

�
1

jqj∇MJMðjqjxÞ
�
·

�
σ ×

1

jqj∇
�
; ðD7Þ

which are the response operators in Eq. (73).
The many-body nuclear matrix element can be written as

a sum over one-body density matrices. Using the nuclear
angular momentum (jN) and isospin (T, MT) to label the
nuclear state, we have

hjN ;TMT jj
XA
i¼1

OJ;τ;ijjjN ;TMTi

¼ ð−1ÞT−MT

�
T τ T

−MT 0 MT

� X
jαj;jβj;i

ΨJ;τ
jαj;jβjhjαj..

...
.
OJ;τ;i

..

...
.jβji;

ðD8Þ
where jαj and jβj denote the quantum numbers of the
single-particle basis, Ψ is the one-body density matrix for

the transition between the ground states jαj and jβj, and ..
...
.

indicates the reduced matrix element in spin and isospin
space. The one-body density matrixΨ can be obtained from
a nuclear structure model such as the shell model [116].

For the single-particle matrix elements hjαj......OJ;τ;i
..
...
.jβji,

the harmonic oscillator model provides a convenient frame-
work for calculation. With the harmonic oscillator as the
single-particle basis, these matrix elements can be related to
the response operators OJ → fMJ;ΔJ;Σ0

J;Σ00
J; Φ̃0

J;Φ00
Jg, as

presented in Eq. (75):

Wττ0
MMðyÞ ¼

X∞
J¼0;2;…

hjN jjMJ;τjjjNihjN jjMJ;τ0 jjjNi;

Wττ0
Σ00Σ00 ðyÞ ¼

X∞
J¼1;3;…

hjN jjΣ00
J;τjjjNihjN jjΣ00

J;τ0 jjjNi;

Wττ0
Σ0Σ0 ðyÞ ¼

X∞
J¼1;3;…

hjN jjΣ0
J;τjjjNihjN jjΣ0

J;τ0 jjjNi;

Wττ0
Φ00Φ00 ðyÞ ¼

X∞
J¼0;2;…

hjN jjΦ00
J;τjjjNihjN jjΦ00

J;τ0 jjjNi;

Wττ0
Φ00MðyÞ ¼

X∞
J¼0;2;…

hjN jjΦ00
J;τjjjNihjN jjMJ;τ0 jjjNi;

Wττ0
Φ̃0Φ̃0 ðyÞ ¼

X∞
J¼2;4;…

hjN jjΦ̃0
J;τjjjNihjN jjΦ̃0

J;τ0 jjjNi;

Wττ0
ΔΔðyÞ ¼

X∞
J¼1;3;…

hjN jjΔJ;τjjjNihjN jjΔJ;τ0 jjjNi;

Wττ0
ΔΣ0 ðyÞ ¼

X∞
J¼1;3;…

hjN jjΔJ;τjjjNihjN jjΣ0
J;τ0 jjjNi: ðD9Þ

In the harmonic oscillator basis, the reduced matrix
element hjN jjOJjjjNi can be expressed as a polynomial in

the variable y:

hjN jjOJjjjNi ∝ yðJ−KÞ=2e−ypðyÞ; ðD10Þ

where the operators ðΔ;Σ0;Σ00Þ have abnormal parity
(K ¼ 1), while ðM; Φ̃0;Φ00Þ have normal parity (K ¼ 2).
Consequently, the nuclear responses WðyÞ can be
expressed as functions of y.

APPENDIX E: OPERATOR MATCHING: FROM
SMEFT TO LEFT

In this appendix, we give the matching between SMEFT
and LEFT. We consider only the dimension-6 SMEFT
operators’ contribution for the Higgs and electroweak
gauge boson sector, which was obtained in Ref. [82].
The Higgs field can be written in unitary gauge as

H ¼ 1ffiffiffi
2

p
�

0

½1þ cH;kin�hþ vT

�
; ðE1Þ

where

cH;kin≡
�
ĈH□−

1

4
ĈHD

�
v2; vT≡

�
1þ3ĈHv2

8λ

�
v; ðE2Þ

where cH;kin parametrizes the Higgs kinetic term and vT is
the vacuum expectation value in SMEFT. The gauge field
and coupling redefinitions for SUð2ÞL and Uð1ÞY read

ḡ2 ¼ g2

�
1þ ĈHWv2T

�
; ḡ1 ¼ g1

�
1þ ĈHBv2T

�
; ðE3Þ

WI
μ ¼ WI

μ

�
1þ ĈHW v2T

�
; Bμ ¼ Bμ

�
1þ ĈHB v2T

�
:

ðE4Þ

Thus, the weak mixing of the two neutral gauge bosons and
the weak mixing angle θ̄ can be obtained�

Zμ

Aμ

�
¼
�
c̄ − ϵ

2
s̄ −s̄þ ϵ

2
c̄

s̄þ ϵ
2
c̄ c̄þ ϵ

2
s̄

��
Wμ

3

Bμ

�
;

ϵ≡ ĈHWBv2T; ðE5Þ

cos θ̄≡ c̄ ¼ ḡ2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ḡ21 þ ḡ22

p �
1 −

ϵ

2

ḡ1
ḡ2

�
ḡ22 − ḡ21
ḡ21 þ ḡ22

�	
; ðE6Þ

sin θ̄≡ s̄ ¼ ḡ1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ḡ21 þ ḡ22

p �
1þ ϵ

2

ḡ2
ḡ1

�
ḡ22 − ḡ21
ḡ21 þ ḡ22

�	
: ðE7Þ

After the symmetry breaking, the mass of the neutral
massive gauge boson Zμ and the effective couplings to
the Zμ boson become
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M2
Z ¼ 1

4
ðḡ22 þ ḡ21Þv2T

�
1þ 1

2
ĈHD v2T

�
þ ϵ

2
ḡ1ḡ2v2T; ðE8Þ

ḡZ ¼ ḡ2s̄ − 1
2
c̄ḡ2v2TĈHWB

c̄ s̄

�
1þ ḡ21 þ ḡ22

2ḡ1ḡ2
v2TĈHWB

	
: ðE9Þ

In addition, the fermion couplings to the massive gauge
bosons Zμ are

½ZνL �pr ¼
�
δpr

�
1

2

�
−
1

2
v2TĈ

ð1Þ
Hlpr þ

1

2
v2TĈ

ð3Þ
Hlpr

	
; ðE10Þ

½ZuL �pr ¼
�
δpr

�
1

2
−
2

3
s̄2
�
−
1

2
v2TĈ

ð1Þ
Hqpr þ

1

2
v2TĈ

ð3Þ
Hqpr

	
;

ðE11Þ

½ZuR �pr ¼
�
δpr

�
−
2

3
s̄2
�
−
1

2
v2TĈHupr

	
; ðE12Þ

½ZdL �pr ¼
�
δpr

�
−
1

2
þ 1

3
s̄2
�
−
1

2
v2TĈ

ð1Þ
Hqpr −

1

2
v2TĈ

ð3Þ
Hqpr

	
;

ðE13Þ

½ZdR �pr ¼
�
δpr

�
þ 1

3
s̄2
�
−
1

2
v2TĈHdpr

	
: ðE14Þ

There are direct and indirect contributions in the match-
ing condition. The matching conditions for dimension-5,
−6, and −7 LEFT operators were obtained in
Refs. [82,83,153]. Here, we give the matching conditions
for relevant LEFT operators up to dimension 8. The
relevant matching results for dimension-5, −6, and −7
LEFT operators are

Ĉ51 ¼
ev2T
2

�
ĈLHB þ ĈLHW

�
; ðE15Þ

Ĉ6u1 ¼ Ĉð1Þαβ
lq þ Ĉð3Þαβ

lq þ Ĉαβ
lu

−
ḡ2Z
M2

Z

�
½Zν�αβ½ZuL � þ ½Zν�αβ½ZuR �

�
; ðE16Þ

C6d1 ¼ Ĉð1Þαβ
lq − Ĉð3Þαβ

lq þ Ĉαβ
ld

−
ḡ2Z
M2

Z

�
½Zν�αβ½ZdL � þ ½Zν�αβ½ZdR �

�
; ðE17Þ

Ĉ6u2 ¼ Ĉαβ
lu − Ĉð1Þαβ

lq − Ĉð3Þαβ
lq

−
ḡ2Z
M2

Z

�
½Zν�αβ½ZuR � − ½Zν�αβ½ZuL �

�
; ðE18Þ

Ĉ6d2 ¼ Ĉαβ
ld − Ĉð1Þαβ

lq þ Ĉð3Þαβ
lq

−
ḡ2Z
M2

Z

�
½Zν�αβ½ZdR � − ½Zν�αβ½ZdL �

�
; ðE19Þ

Ĉ7u1 ¼
ffiffiffi
2

p

MZ
δαβ
�
c̄ĈuW − s̄ĈuB

�
;

Ĉ7d1 ¼ −
ffiffiffi
2

p

MZ
δαβ
�
c̄ĈdW þ s̄ĈdB

�
; ðE20Þ

Ĉ7u2 ¼
ffiffiffi
2

p

MZ
δαβ
�
s̄ĈuB − c̄ĈuW

�
;

Ĉ7d2 ¼
ffiffiffi
2

p

MZ
δαβ
�
c̄ĈdW þ s̄ĈdB

�
; ðE21Þ

Ĉ7u4 ¼
ffiffiffi
2

p
vT

mu
Ĉαβ
QuLLH; Ĉ7d4 ¼

ffiffiffi
2

p
vT

2md
Ĉαβ
dLQLH1; ðE22Þ

Ĉ7u5 ¼−
ffiffiffi
2

p
vT

2mu
Ĉαβ
QuLLH; Ĉ7d5 ¼−

ffiffiffi
2

p
vT

2md
Ĉαβ
dLQLH1; ðE23Þ

Ĉ7d3 ¼
ffiffiffi
2

p
vT

2md
Ĉαβ
dLQLH2: ðE24Þ

It should be emphasized that the operators OLHB and
OLHW [78,79] are not presented in this paper, because
only three types of the seesaw can contribute to the two
operators at tree level, which are constrained by Weinberg
operators and neglected in this work. In addition, the
SMEFT operators up to dimension 8 cannot contribute
to O7u

3 at tree level.
Moreover, the matching conditions for LEFT dimension-

8 operators become

Ĉ8u
1 ¼ Ĉð2Þαβ

l2q2D2 þ Ĉð4Þαβ
l2q2D2 þ Ĉð2Þαβ

l2u2D2 ;

Ĉ8d
1 ¼ Ĉð2Þαβ

l2q2D2 − Ĉð4Þαβ
l2q2D2 þ Ĉð2Þαβ

l2d2D2 ; ðE25Þ

Ĉ8u
2 ¼ Ĉð2Þαβ

l2u2D2 − Ĉð2Þαβ
l2q2D2 − Ĉð4Þαβ

l2q2D
;

Ĉ8d
2 ¼ Ĉð2Þαβ

l2d2D2 − Ĉð2Þαβ
l2q2D2 þ Ĉð4Þαβ

l2q2D2 ; ðE26Þ

Ĉ8u
3 ¼ Ĉð1Þαβ

l2q2G þ Ĉð3Þαβ
l2q2G þ Ĉð1Þαβ

l2u2G;

Ĉ8d
3 ¼ Ĉð1Þαβ

l2q2G
− Ĉð3Þαβ

l2q2G
þ Ĉð1Þαβ

l2d2G
; ðE27Þ

Ĉ8u
4 ¼ Ĉð1Þαβ

l2u2G − Ĉð1Þαβ
l2q2G − Ĉð3Þαβ

l2q2G;

Ĉ8d
4 ¼ Ĉð1Þαβ

l2d2G
− Ĉð1Þαβ

l2q2G
þ Ĉð3Þαβ

l2q2G
; ðE28Þ
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Ĉ8u
5 ¼ Ĉð1Þαβ

l2q2D2 þ Ĉð3Þαβ
l2q2D2 þ Ĉð1Þαβ

l2u2D2 ;

Ĉ8d
5 ¼ Ĉð1Þαβ

l2q2D2 − Ĉð3Þαβ
l2q2D2 þ Ĉð1Þαβ

l2d2D2 ; ðE29Þ

Ĉ8u
6 ¼ Ĉð1Þαβ

l2u2D2 − Ĉð1Þαβ
l2q2D2 − Ĉð3Þαβ

l2q2D;

Ĉ8d
6 ¼ Ĉð1Þαβ

l2d2D2 − Ĉð1Þαβ
l2q2D2 þ Ĉð3Þαβ

l2q2D2 ; ðE30Þ

Ĉ8u
7 ¼ Ĉð2Þ

l2q2G þ Ĉð4Þ
l2q2G þ Ĉð2Þ

l2u2G;

Ĉ8d
7 ¼ Ĉð2Þ

l2q2G
− Ĉð4Þ

l2q2G
þ Ĉð2Þ

l2d2G
; ðE31Þ

Ĉ8u
8 ¼ Ĉð2Þ

l2u2G
− Ĉð2Þ

l2q2G
− Ĉð4Þ

l2q2G
;

Ĉ8d
8 ¼ Ĉð2Þ

l2d2G
− Ĉð2Þ

l2q2G
þ Ĉð4Þ

l2q2G
; ðE32Þ

Ĉ8
9 ¼ Ĉl2G2D; ðE33Þ

where someSMEFToperators are not presented inTableV, as
the corresponding dimension-8 LEFToperators either do not
contribute to CEνNS in the one-body state or are suppressed
by dimension-6 LEFT operators with a similar form.
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