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Coherent elastic neutrino-nucleus scattering (CEvNS) 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 CEvNS, 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 CEvNS. Moreover, we match the relevant LEFT operators for
CEvNS 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 CEvNS experimental data, this framework enables a combined analysis to

extract constraints on the scales of EFT operators and neutrino nonstandard interaction parameters.

DOI: 10.1103/klg7-36x7

I. INTRODUCTION

Coherent elastic neutrino-nucleus scattering (CEvNS) 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
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the experimental discovery of this process [31], CEvNS
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 B neutrinos via
CEvNS [46,47]. The reactor experiment CONUS has set
stringent constraints [33,38], while recently, CONUS +
achieved a direct observation of CEvNS [48].

In the SM, CEvNS 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 Z’ boson [3,51] or leptoquark [52,53].
While these model-dependent scenarios have been
explored, effective field theory (EFT) offers a systematic

Published by the American Physical Society
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way to study CEvNS [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 CEvNS-like inelastic channels with
dark-sector particles in the final state [74].

The neutrino-matter interactions in CEvNS 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, CEvNS is characterized by effective interactions
between neutrinos and quarks such as v + # — v + 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, CEvNS is described
as the scattering between neutrinos and the constituent
hadrons, namely, pions and nucleons. Within the frame-
work of chiral perturbation theory (yPT), the relevant weak
and potential NP interactions involving the neutrino current
are incorporated using the external source method [85-87]

SMEFT

~ 100 GeVanfpmmmmmmaa e

LEFT vhu—>vtu 9,@wtu—vtn

0,®0,@W+u—v+u)

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
CEvNS 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 CEvNS with the following key features:

(1) We consider the LEFT operators up to dimension 8
and the corresponding chiral Lagrangian in the
spurion method.

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

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
CEvNS cross section is enhanced by the nucleon
number, which is incorporated via the nuclear
response functions.

Full tree-level UV completions for relevant SMEFT
operators are provided, relating CEvNS signals to
the parameters of UV models.
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Comprehensive effective field theory framework for evaluating the cross section of CEUNS.
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(5) New constraints are derived from the latest CEvNS
observation by the CONUS + 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 CEvNS 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

|

u/d

6u/d — _
O = (Dyarvip) (Gy,a4q),
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Ol / = (VLayﬂDny,[}'>(q7/ﬂDvT /dQ)’

Ogu/d = (Dpar*vip) @y TAe"q) Gy,

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

c

Lyprr = Zéﬁ@ﬁ, @Zl = Ad—4 (1)
d.a EW

where O¢ denotes the ath independent LEFT operator of
mass dimension d, and &g’ is the corresponding Wilson
coefficient with mass dimension 4 — d. Here, CZ is dimen-
sionless, and Agw 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 §
as follows [82-84]:

O3 = (Dparvip) (@r°r,e/q). (2)
07/ = (EL(IV”VL/J)(QVSBW"MCI), (3)
O3 = (01" D) (@r°7,D, 7"/ q). (4)
OV = (Brar'vip) (@r°y* TAT )G, (5)

O = (Dparviy) DGy, 7)., O = rar*vip) DX (ar’y,eq). (6)
Ogu/d = (DL(I},”DL/})(quTATu/dq)G//}w Ogu/d = (DL(I},”VL/)’) (quyDTATu/dQ)G;\w (7)
O8 = (U147 D'v1)GA, G . (8)

In the above, the isospin doublet quark field ¢ = (u, d)7,
and v; denotes the left-handed neutrino field, with Greek
indices a and f labeling the neutrino flavors. The isospin
projectors are defined as 7*/¢ = (1 + %) /2, where 73 is the
third Pauli matrix. The Hermitian derivative acting on a
fermion bilinear is 1/7D”z// =y (D"y) — (D*y)y. The
covariant derivative is

D, =0, +ig;T*G4 + ieQA,, 9)
|

e
O? = @ (U{aCGﬂDVL/i)Fﬂw

Tu/d — u
O = my (V] Cuiy) (a7 q).

a,
Ol = ;‘ (] Cu1p) G, G,

Tu/d - u
OBM/ = mq(yzaco-lwl/L/})(qo-/wT /dq)’

|
where A, and Gj} represent the photon and gluon fields,
respectively, eQ is the electromagnetic charge operator, g3
is the strong coupling constant, and 74 (A = 1, ...,8) are
the generators of the SU(3) color group. The dual of the
QCD field-strength tensor is defined as Gf, = %sﬁ’iGﬁﬂ,
with the Levi-Civita tensor &y;03 = —1.

The lepton-number-violating (LNV) operators up to
dimension 7 are [83,84]

Tu/d -5 u
O = m, (W], Cup)(Gr°c4q),

a -
0l = ;Y (] Cu1p) G, G
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Here, F,, denotes the electromagnetic field-strength tensor,
a, is the QCD coupling constant, and C = iyy? denotes
the usual charge-conjugation matrix. The quark mass m,
corresponds to the flavor ¢ = u, d. The LNV operators (9?
and (’)Z”/ 4 vanish for the same neutrino flavor, a = f.

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 ~Tu/d A ~7u/d

—0C =2Cr—C;"", 13
dlnp > P4n ™ 13
d o — _ge &éh/d (14)
dinpy +3 Fag 45>

d o _ne ﬁ@w/d (15)
diny 12 Fapg12 >

H8u/d »8u/d
d (Cl,z/ ) &<_§CF O><Cl.2/ > (16)

dinp @gf%/d 4r ‘3_‘CF 0 ég%/d
where Cp = (N2-1)/(2N,), with N, 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.

ITI. 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 A, ~1 GeV in chiral perturbation theory.1

The spontaneous breaking of the chiral symmetry
SU(2), x SU(2)g down to its vector subgroup SU(2),
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

u(x) = exp (’gﬁj”) (17)

where the Hermitian matrix I1(x) contains the three pion
fields

'Reference [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.

3 0 Pl
H(x)zgfﬁ“(x)r“: ( Vi ﬁo ) (18)

Here, 7% are the Pauli matrices and ¢“ represent the three
Nambu-Goldstone boson degrees of freedom. Under chiral
transformations, u(x) transforms as u(x) — Ru(x)V~! =
Vu(x)L™', with L€ SU(2),, RESU(2)g, and V € SU(2),,
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 yPT has been sys-
tematically performed in Ref. [88]. Following that work,
we define the following building blocks:

iyt _ T
u, = i(u"Dyu—uD,u"),
xe = ulyu’ uy'u,
>, = u'tu’ + uru,

Q. = u'tu+ uru’,

1
v, zaﬂ—f—i(uTDﬂu—i-uDﬂuT), (19)

where the covariant derivative including the photon field is
given by D, =9, +ieQA,, and 7 is the spurion corre-
sponding to the matrix 7*/¢ appearing in the LEFT
operators. Notice that the covariant derivative V, and
chiral vielbein u, 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 D, — d, hereafter. We

have also defined

0
y=2BM,  My=["" . (0)
q q 0 my

where By ~2.8 GeV parametrizes the quark condensate
and is evaluated at the scale 4 =2 GeV. The C and P
transformation properties of the building blocks are sum-
marized in Table L.

In addition, the nucleon is included in yPT and forms a
doublet N in the fundamental representation of SU(2)y,

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

Xy 2 (O o X+ X- uy
P - - + - + - -
C + + + - + + +

055032-4
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N:(Z), 21)

which transforms as N — VN under the chiral symmetry.

The chiral Lagrangian relies on an expansion in p/A,.
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 (uﬂ,Zi, Q..,x+), 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 (’)8“ /4 in Eq. (5). The gluon field-strength tensor
transforms trivially under the chiral symmetry and is
|

NLO: u[Q+»Z+}>’

)(u

Upal'vip)(w,[Q—, x-]),
DLa7””Lﬂ)<ubQ+>< ),
Dra?'vip)(Q+[Vouy, u']),

Urat" Vip

(@
(
(
(

Using the CP properties listed in Table I, we identify a single
chiral operator with C + P+ transformation properties:

(@rarvip) ([ Q- x4 ])- (24)

Analogously, the corresponding chiral operators for

ssssss

share identical CP propertles and spurion structures with
(9?.”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 g*>/A? relative to their dimension-6

counterparts. For this reason, the matching between LEFT and
¥PT for operators (95 6. 7 ¢ 1s omitted in the present analysis.

In particular, (’)6, (’)7, and (’)g contain no quark bilinear,
and therefore, transform in the trivial representation of

MM[Q+,)(_]>’
(Orar'vip) (w, Q) (u,u”),
(Orar'vip) (u, Q) (w,u”).
(Drar"vip)(Q-[V,u,, u']). (23)

(@rar"vip)(

C — P+ under CP transformations. Thus, the chiral proper-
ties of (98”/ ¢ are entirely determined by the quark-bilinear
factor (qy” TA7"/4g). The relevant chiral building blocks are
(QOx. . ys.vy), which transform as (VQLV', Vu,V7,
Vy+V',v;) under chiral symmetry. Furthermore, the
quark-gluon component of (’)g“/ 4 is C+ P+, 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/A,. At LO, the
operator of type 12 Q. u, is constructed by the building
blocks (u,,Q.,v;). Using the Young tensor technique
[80,99,100], we obtain two chiral operators,

LO: (DLa]/ﬂVLﬂ)<M”Q+>7 (l_/LayMl/Lﬂ)<uﬂQ—>' (22)

However, the hadronic parts of these two operators are
C+ P— and C — P+, respectively, and are therefore
incompatible with Og“/ ?_ Therefore, next-to-leading order
(NLO) chiral operators are required. We then construct the
complete set of independent chiral operators of the types
V2 Quy, v: Qu?, and v2 Qu*V as

(Orar"vip) (u,[Q-. x4 ).
(DLayﬂl/L/i) <I/t” Q—> <uvuy> ’

SU(2); x SU(2)g. Accordingly, the corresponding chiral
building blocks are u,, y, and v;, without additional
spurions. The operator O7 is absorbed into the QCD € term,
which is removed by an anomalous chiral rotation, and this
mesonic sector is neglected in this work, as it does not
contribute to CEvNS via the leading-order pion exchange.
In addition, the covariant derivative D), in Eq. (9) reduces to
0, 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

055032-5
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; F2Bom
‘Clt f C6/ (VLay l/L[)’)<Q:F /4>+ 20 1

7u d(VLayﬂyLﬂ){9ﬂ<Zi[vyuwuv]> + g5 (V'Z. [u,

2
+cz<u{acm>{

+639§(I7La}’” 0 vpp)(uuuy) 4+ -,

where the tensor LEC is determined to be A, =
6.0(3) MeV [101- 104] and the LECs a;, =4/27, a, =

2/9 [105}, (DLayﬂay’/L/}) (a l/Layﬂl/L/}) (I/Layﬂany/})'
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 7/9.
Furthermore, the subscript index of each Wilson coeffi-
cient corresponds to the + designation of the associated
spurion. For instance, CAI6”/ d corresponds to the chiral
operator (Tp,r*v;3)(Q_u,), and C,%/ corresponds to
(Drar"vip)(Q+u,). The unknown LECs gf,d5.4d5. 45,
g5. 9¢. 95, gy 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 field N is included as a
degree of freedom in the fundamental representation of
SU(2)y, which is similar to Ref. [89]. All building blocks

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

LEC Value LEC Value

f 92.21(14) MeV s 1.2754(13)
Bym, 6200(400) MeV? Bymy 13300(400) MeV?
L, 1.855(14) L, —1.017(15)
Ls 0.6377(7) Ly —0.220(10)
Ls 1.38(17) MeV Lg —0.49(8) MeV
L, —6.76(37) MeV Lg 2.65(18)MeV
Lo 11.52(25) MeV Ly 24.05(48) MeV
Ly, —17.7(20) MeV L, —13.9(15) MeV
L3 —50.4(6) MeV L —0.306(28) GeV
g1 o(Ay) % O(A,)

% o(A,) % O(A,)

g5 O(A,) 9% o)

% O(A7) g8 O(A7)

91 O(A;() 9 O(Ax)

93 O(A)() 9a O(A)()

Js o(1) 96 o(1)

97 o(1) g8 o(1)

99 o(1)

@Zf’s/"( LaCVL/J)<Zi> + C7u/dm AZ(’/ZaC"WVL/J)<Z+[“w uy))
uu]> + gg<zi[uﬂ’)(—]> + gﬁ<

a; JjT‘ <M”u”> +a; Z <)(+> } + Cgu/dg”(DLayﬂ(gnyﬁ) <Qi){+> <uﬂuv> + égz/dgg(DLayﬂyLﬁ) <u,u[Q$ 7)(+]>

z“2F [uﬂ ’Z+]> + 97578/41//)/1 <uyuple:F > }

(25)

transform as

P Vy V7

T, Ve Vi

0. Vo,V

N|->]| v |. Vvesu@), (26
N NVT

v vr

7, 7,

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
N?1*Q. The complete set of chiral operators at LO is
given by
U1a?"v1p) (N7, Q2N),
V”VLﬁ)(N7 ny:I:N)
y{aCVLﬂ) (NOLN), (VLaCVLﬁ)(NN) (04),
ViaCrip) (NP QuN).  (v1aCrip) (NP N)(Qs).
{ Gﬂyl/Lﬁ’) (NGﬂIJQﬂ:N)v (U{aCUﬂDVLﬂ) (NGMDN) <Q:t> s
(27)

( (Drar'vip) (NYuN)(Q).

( (DLaJ/”VLﬂ)(NYSVFNMQQ’
(

(

(v

which correspond to some dimension-6 LEFT operators. For

operator (9?”/ 4 we construct the following LO hadronic
operators with C — P+ symmetry that contain the neutrino
current (T qy*vpp):

(rar*vip)(Ny, Q4N),
(Drar*vip) (NP7, Q-N),

(Drar*vip) (N7, N){(Q.),
(Drarvip) (NP y,N)(Q-).
(28)

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. V). Thus,
only the interactions without pions that contribute directly to
neutrino-nucleon interactions are calculated in the frame-
work of this analysis.
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In this work, we also include isosinglet currents in the chiral operators; therefore, the building blocks (Q_.) 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:

N _ _ L _ L _
Loy = C ' (Dpar'vip) { (N7, 0. N) + (Ny,N)(Q.) + m—;a”<Na,,uQ+N> - m—; & (N6, N){ Q+>}

+ O3 0Ly vip) {Ls (N7, 0 N) + Ly(Ny y,N)(Q.)}

A _ _ L _ L _
d
+ O, Corung) | LR 2.N) + Lo(Na W) (E.) + 20, (B2 8) + 220,V M) ) |

+ W Cupp) (Lo (NE,N) + Lig(NN)(Z )} + CL (WL, Curp){Liy (NPZ N) + Lin(NySN)(Z,)}
+ClLy3 (V1 Crip)(NN) + é;Lm(V{aCVL/})(NYSN) + ézu/d(DLaY’lVLﬂ){gl (Ny,ZN)+ g2(Ny,N)(Z,)}

+C ' (Bpar'vLp) {5—3 #(Nir’c,, =, N) + -0 (NiySc,,N)(Z,) }
N

g
my

+ 3 D 0v15) {95 (N7, 0,0, N) + g6 (Ny# 0,N)(Q.)}

+ O3 0y 015) {97 (NP7, 0,0 N) + gs(NY3y, 0 ,NQ.)} + Cogo(Drar™ 0v1) (Ny, O N) + -+ -, (29)

where the LECs L4 can be calculated from experiment and
lattice QCD results, and the details of these LECs are
discussed in Appendix B. The other LECs, g;.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 at O(p*)
for the QCD interactions. Moreover, the chiral operators of

Ogﬁ( " are not presented in Eq. (29), because the chiral

operators of Oglﬁ( ¢ cannot contribute to the neutrino-nucleon

interactions directly and are highly suppressed.

Moreover, the chiral expansion p/A, is invalid due to the
heavy nucleon mass my ~ A, 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/my. For any timelike vector v* satisfying v* = 1,
we can define the projection operators as P = (1 + v)/2,
and the Dirac spinors are expressed as

\P(x) — e—imv-x eimv»xPj;LP(x) +€im1;vxP;\P(x) . (30)

=H,(x)

=N, (x)
Then, a general pion-nucleon interaction is expanded as
‘CIIN :NL‘ANU+H1;BN11+N1/‘7/OBT70HU _ﬂDCHTN (31)

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

C~! in inverse power of the nucleon mass, the Lagrangian
is expanded in terms of N, [106,109]:

L.n—=N,(A+y°B"y°C~'B)N,

~N, <A<1> +A® Lo, 0p0) 4. )N (32)
ZmN

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

NIN =N,IN, + -,

_ 1 _
Ny°N = —a”(NyS”NU) + e,
my

_ _ 1 _ <~ <
Ny“N = NN, + ——N,(id" — " p)N,
sz

1 _
I ”Way(NUUpS,lNU) 4,
my

NySyAN = 2N, S¥N, — mL N, S"9,N,...,
N

No*"*N = =2&""*N ,v,S;N,
1 . _ <
~2my (2ie"”**N ,v,S;, v*]0 ,uN,
+ [0* FI(N,N,))...,
_ < - | S
NiD'N = N, "N, + —N,id' N,
2mN

1 _
- EMDPAOU(NUU/)SAN@‘) +oee (33)
my

where v, is the four-velocity of the nucleon N,, S, is the
spin operator of the nucleon, and the dots denote terms that

055032-7



LI, SONG, TANG, and YU

PHYS. REV. D 114, 055032 (2026)

are of higher order in the chiral expansion. The four-
velocity v, and spin operator satisfy the relations

SH :%ysa"”v”, S-v=0,

1

5.8} =5 (00 =),

5 [S#, 8] = ie"Ph0,S,.  (34)

Sou/d (- Y
‘cll-tlll\? :Cl / (VL(H/MDL/}){(vaﬂQ+N1;)+7
N

_ o 1+2L
(N,i0"Q N, =]

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

8;4upllab(]§]” ’U/,S/1Q+N,,)}
my

. _ 1 - 1+2L _
+C? /d(l/LaV”VLﬂ){(NvaNv)<Q+>+M(Nvla”Nv)<Q+>_#gﬂbplav(vapsﬂNv)<Q+>}

my

~6u B _ L _ <
+Cg /d(yLayﬂyLﬁ){2L3(NUS;4Q+NU) —m—3(N1j’U”SUl auQ+N1;)}
N

Hou/d — X Ly - v e
+3 /"(vmwum){2L4<NL,SMNU)<Q+>—m (N, zaDNﬁ><Q+>}

=4
N

A _ L _ <~
_Cgu/d(y{(lcaﬂnyﬂ) {2L5 (vaySuZ+N'v) +m_5 MMGNvUGSﬂUVi apZ+NU +

N

N _ L _ PN
-3 "(vZaCa””vLﬁ){2L6(NyvﬂSva)<2+>+—"eﬂ”f’<N,}vﬂSﬂvvia,,N,,)<2+>+

my

Ls+ L,

my

aﬂ (N171)I/Z+N17) }

L¢+Lg

L, BN E) |

11

. _ _ ATu L _ L _
+C W Cup){Lo(NZN, )+ Lio(N,N, ) (24)} +C5 /d<u{acVLﬁ>{—m mvvs,,mv)+—m”af<zvvs,,zvv><z+>}
N

N

~ _ ~r L _ ATuld - _ _
+CgL13(I/Izl-otCI/L/i)(]\/1)1\]1)) +C;mil:,(ylyjacyL/})aﬂ(NﬁSﬂNv) Czl /d(l/Lay”’/L/J){gl (NUU;J2+N11) +92(N111)ﬂN’U)<2+>}

ATuld - 2 _ 2 _
+CZ /d(l/LaVMVLﬂ) {ﬂay<N'uS[u”/4]Z+Nv) —"_ﬂay(NvS[vUﬂ]Nv) <Z+> }
my my

+é§u/d(pLayﬂ aDUL/)’){QS (N1;UﬂUuQ+Nv) +g6(NﬂvﬂUDNU)<Q+>}

+é§u/d(DLayﬂ ayVLﬂ){297(NvSvaQ+NU) +298 (NUSﬂUDNU><Q+>}

+ng9(DLayﬂ ayl/Lﬁ)(N@vyvav) +e

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

£7[N = (N,;l.’ljﬂvﬂ + gASﬂuﬂNv)' (36)

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

- Eu —
EI?ISD = A#(NU U#Qﬁ\va) + :17;/16”‘4# [gﬂ (NUUﬂSAQﬁNU)

+ g, (N, " S*N,)(O)] + - - - (37)

(35)

where A, is the photon field, and Q4 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 (u”/my, " /my). Thus, the values of
the coefficients g, and g/, should be fixed to g, = u” — u"
and g, = u? +2u".

IV. POWER COUNTING IN LEFT AND xPT

At low energies, neutrino-nucleus scattering is described
within yPT. 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 g relative to the chiral scale A, and use
this counting to estimate the size of different contributions
to CEvNS. 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 Egs. (2), (10), and (29), the
momentum dependence of the associated vertices follows
from the yPT expansion of the building blocks appearing in
the corresponding chiral operators. The standard building
blocks (u,, X, Q4, y+, V,) have been introduced
above, and their explicit expansions are summarized in
Appendix C. At leading chiral order, u,, £_, Q_, and y_
start at O(x), and therefore, contain an odd number of pion
fields, whereas Vﬂ, 2,, O, and y, 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/(2f), so that a term with n, pion
fields carries an additional factor [1/(2f)]"s. 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 m, count
as O(q?).

As an explicit example of vertex counting, consider the
chiral operator

q

8 Dy ) Q). (38)

According to the NDA matching rule in Eq. (A6), its
overall normalization scales as (AX/AEW)z, where Agw
denotes the scale corresponding to LEFT operators. The
leading nonvanishing contribution arises from the two-pion

v vov v
v v \\//
~
I Lo
\
’ N z
N = > N N > N N p > N

term with n, =2, which supplies a factor [1/(2f)]*
Moreover, u, contains one derivative, and therefore,
contributes a factor O(g). The leading chiral order of
the two-pion vertex is

2 2
) B)G)- @
AEW A){ 2f

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, m, ~ O(q)
[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/¢> and
1/q, respectively, and each loop contributes a factor
q*/(16x). For reducible diagrams, which do contain
purely nucleonic intermediate states, the nonrelativistic
nucleon propagator scales as m, /q>, each loop contributes
¢’/ (16z*my), and pion propagators still scale as 1/g° [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 vN
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

>

N > N N

(@ (®)

14 v
VRN
N p—_ N, N

N N > N

©

14 14
VRN
N p—t LS N

\
\

N > N

(d)

N > = N

(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 LEFT operators acting on the leptonic current,
while all zN 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

D)) o) - o) - O(my)
() () G

Agw my
(40)

for an amplitude induced by a dimension-d LEFT operator,
where the overall factor (A,/Agw)?™ is fixed by the
operator dimension and follows from the NDA matching
rules. The integer n collects the chiral suppression in
powers of g/A, arising from derivatives, insertions of
m,, and the counting of propagators and loops. For book-
keeping, the integer m tracks explicit 1 /m effects from the
heavy baryon yPT Lagrangian, written as a separate
factor (q/my)™.

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
O(Ag%). We further retain only the leading term in the
1/my expansion, i.e., O(m?v). Under these assumptions,
the contributions to the amplitude from the tree-level one-
body currents in Figs. 2(a) and 2(b) scale as

O(Agw) - O(A) - O(m3), (41)

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

O(Agy) - O(A;?) - O(my). (42)

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

O(Agw) - O(A?) - O(m}). (43)

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
g/A, 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 ¢, =
q/\, and ey = g/my.

Table III shows that all dimension-6 operators contrib-
uting to tree-level one-body currents appear at the same

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 ¢/A, and g/my in
the amplitude, as in Eq. (40); we define &, =¢/A, and
ey = q/my. 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 One-body  One-body One-body Two-body
operator (a) (b) (c, d) (e)
b/ 1 . & e
Ogu/d 1 1 . ..
o 1 & &
o ex
o ¢ ¢
0} & & &
Ogu/d ey e, .. ..
o; I S
0] eﬁsN e

o !
Ogu/d 1 .. e
@ 1 & &

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 8)2(. Dimension-7 and dimension-8 operators can
generate chiral structures analogous to those from dimen-
sion-6 operators; despite the additional (A, /Agyw) suppres-
sion, their ultraviolet origin may 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 CEvNS. 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 CEvNS 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 CEvNS, 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.
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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

Lyg = Ci,NOi,N7 (44)

where N = p, n labels the nucleon species. The momenta
of the incoming and outgoing neutrinos (nucleons) are
denoted by p, and p, (k; and k,), and we define

K=k +k. (45)
|

q=pi— D2 P =pi+ p,,

The nuclear recoil energy is defined as T, = |¢°|, where ¢°
is the zero component of the momentum transfer g. The
incoming neutrino energy is E, = pY.

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 O3 induces neu-
trino-nucleon interactions via the photon-nucleon couplings
in Eq. (37). Consequently, the corresponding NR operators
are given by

Ol,p = (DLayﬂl/Lﬁ)Dﬂ(pvpv)’ 02,17 = (DLayﬂl/Lﬁ)(l_)vSﬂpv)v (46)
03,]7 = (VzaCULﬂ)(ﬁvpv)s = (yzaCGﬂDUL/J)vv(vaﬂpv)’ (47)
_ B K _ B qusll
OS-P = (yLayﬂl/L/i) <pv 2pv> ’ 06,17 = MVﬂA(ULaY”VL/i)Uﬂ <pv pv) ’ (48)
my my
_ K S ~ Kps/l
07,]7 = (VLuyﬂl/L/}) <p1/ 'm P1;> s 08,17 = gﬂ/}/lo’(yljjacaﬂny[)’)qua (pv —pv> ) (49)
my my
—(,T Hv = ql‘ _ (T Sﬂqll
O9.p - (ULaCG I/Lﬁ)vu pvminv s OlO.p - (yLaCUL/f) p1 my Pv > (50)
uS , P/tql/ Cw
Oll N7 (ULayMULﬁ) p1/ my Pv | OlZp = /wpll(l/LaCI/Lﬁ) m2 vﬂ(va pv)’ (51)
N
013]7 (DL(IyMVL/f)P U v (p1pl) 014,]) = (EL(lyﬂyLﬂ)Pyvl/(pvsypv)' (52)
According to the chiral operators in Sec. III, the AT o
& P cs.p = (Ls + Lg)C3 + LeC3%, (60)

corresponding coefficients are

crp =200 + 88 + (g1 + 92)C1" + 92C1Y, (53)

Cap = 2(Ls + Ly)C8" +2L,C5¢, (54)
= ohCi" + 6hCi + L5Cl - ”65, (55)
cap=2(Ls+ Le)C3" + 2LeCY, (56)

sy = 209" + 8, (57)

Cop = (24 2L, +2L,)C5" + (1 +2L,y)CY,  (58)

c7.p = 2(L3 + L4)égu +2L,C5, (59)

cop = (Ls+Le+ Ly + Lg)Ci* + (Ls + Lg)C3Y,  (61)

Bogam N AT
Clop = %( m,C5" = maCi) + (Liy + L1p)C3
+ L1zégd + L1407, (62)
ciip =4(g3 + 94)C3" + 4g,C3°, (63)
Crap = ;‘Z;N (1+2L,)C. (64)
cizp = (95 + 96)01 + 96CY + goC3, (65)
Ciap = 2(g7 + g5)C3" + 2955, (66)
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where E, 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 62/ , which
can be evaluated through the LECs. The values of sigma
terms are given by [117]

ol = 18.5(2.5) MeV,
o" = 16.7(1.2) MeV,

ol =36.0(2.5) MeV,
ot =39.7(2.4) MeV.  (67)

More details of the relation between LECs and sigma terms
are given in Appendix B. The operators O3 , and Oy, , can
be generated via photon exchange induced by the QED
dipole operator O3. The SM photon-nucleon interactions
are given in Eq. (37). Notably, for neutron scattering, the
contribution mediated by O] does not generate O,
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 0.*/¢
contributes to the one-body pion-exchange current shown
in Fig. 2(b), which is included in the coefficient ¢y ,. This
effect corresponds to the pion-pole contribution encoded in

the pseudoscalar form factor F%/ N 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 Og"/ 4 via pion
exchange is not included in the coefficients c;y 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,

(f101i) ~ (W14l Oy lvrp) (N'|Op|N). (68)

where (f| and |i) denote the final and initial states,
respectively, and |[N) = |p), |n) 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 v* = (1,0, 0,0), which
contracts with the neutrino Dirac structures. The spin four-
vector S, then reduces to the three-component nucleon spin
vector Sy. The momentum transfer g, can be identified
with its spatial component ¢, while K, corresponds to the
nucleon three-momentum K. The NR operators are
classified into the charge (7), axial charge (fé), axial
vector (€5), vector magnetic (€),), and vector electric
(€p) [70,71], where the ¢ presents the neutrino bilinears
and collects the corresponding coefficients:

K-S K
f0-1N+t’5-(ZSN)+£é-< . N>+£M-<—N)

N 2my

+fE-<—iKXSN), (69)

where 1y = NN, Sy = NSN, Ky = NKN. The operators
containing nucleus information (K, S) can be separated as
follows:

K-S K K S
{IN,zsN, U B o N}. (70)
my 2mN my

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 1y and 2S, 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- Sy/my, K/(2my),
and —iKy xSy/my are suppressed by one power
of 1/my.

The nuclear operators are local density operators in
coordinate space, and the matrix element can be written as a
Fourier transform,

(f10li) - <V’La|(9y|vw>/dxe“q"‘<N/ON(X)|N>- (71)

In neutrino-nucleus scattering, assuming that the nucleus
remains unexcited and in an eigenstate of total angular
momentum  |jy), the nuclear matrix element
e 9% |Oy(x)|jy) can be expanded in multipoles. The
multipole operators can be expressed in terms of eleven
single-particle operators [70,71,115,118,119]:

M;,Q; A A A S, S S D, DD (72)

If we restrict the nuclear ground state to have good parity
and CP symmetry, the matrix elements (jy/|O|jy) vanish
forO = Q Ty 2], A’,, &’j Ko ;. These operators, therefore, do
not contribute to the scattering amplitude. The nonvanish-
ing single-particle operators are [70,71]
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My, A) X, 2D, @ (73)
The operator M is related to the total number (or charge) of
nucleons in the nucleus, while the operators X, and X7 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 A;, @/, and @ arise from NLO chiral
interactions and are suppressed by O(1/my).

M =

WTT

q/?
; Ta )+

+— mN |: T//q)//W(D//q)//( ) + Rg,q),

where y = (|q|b/2)?, with b the harmonic-oscillator
parameter, and § = q/|q|. The indices 7,7/ =0, 1 label
isoscalar and isovector components, and J, denotes the
spin of the target nucleus. Notice that factors |q|?/m% and
|q|/my 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 (R™) and the nuclear response
functions (W*™).> The expressions of R are

A
RMM - ZOIO ’

Ry = (4-15) (@ 15 *’) ’

77 1 lr ITT 125 lfT
R272! E : 5q : 5 k)
77 A T A o7

Rq)”q>” - (q . lE) <q . lET> .
7T 1 I LA " '
REs =5 (05 15 =414 15),
1 / ,
Ry =55 By =154 1)),
R%, =§-Re [1;15’*] :

Ry, =2§-Re [iljw x 1;’7] : (76)

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

“We 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].

A 2|q| /
RAAWIATA<y):| - My Rg/’M oM

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

Woo = Z(JN’H01||JN><JN’||0 [jw)-
7

(74)

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

4 , ,
T 12{ [RZMW,’J,M()/) + RE W (y) + RELWEL (v )}
7.7

)+ REWEO)| b 09

[
where [§, IZ, 13, and 1}; 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 W, Werer, and Wery, receive coherent
enhancement proportional to the nucleon number (nuclear
number enhancement). In contrast, the responses Wyrsn,
Wsrst, Wargs Waa, and Wy 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 W, receives a fully coherent enhancement and
scales as W, ~ A%, where A represents the number of
nucleons. The response W g is also coherently enhanced,
but the corresponding term (g?/m3%)Wergr in Eq. (75)
scales as O(e%) - A% The additional factor of ¢?/m%
originates from the subleading terms of the chiral
Lagrangian in Eq. (35). Likewise, the interference term
behaves as (q/my)Wary ~ O(ey) - A% In contrast, the
responses Wy and Wyryr do not receive coherent
enhancement and are of order O(1).

Notice that for heavy nuclei, the scaling O(e3,) - A can
become comparable to, or even larger than, O(1). We thus
assume that O(e%,) - A% ~ O(1); the hierarchy of responses
then can be written schematically as

2 2
q
T W(yM > {Ww vy s Wi > Wq)”q,”}

N N

2
q q 7
> {m WAZ/ m]zv WAA’ W(D/q)/ } (77)
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TABLE IV. Response functions and the corresponding overall
scaling of amplitude associated with different LEFT operators 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 ¢ with e ~ ¢, ~ ey.

z
LEFT Response Overall
operator function scaling
o/ (Drar*vip)(@r,=q) Wm A
Wz’z/ 1
WAA e-1
WAE' e-1
Ogu/d (DLayﬂyLﬂ)(qysypTu/dq) WZ,Z’ 1
Tu/d B _ " w A
OI (yLayﬂyLﬂ)(q d u® /dQ) M
Tu/d _ _ 2 W s £ 1
0, (DLar*vip)(qr’ 9,7/*q) ¥
03 my(v],Co'vip) (g0, q) Wim e-A
WE/EI’ WZ”Z” 82 . 1
Warar e-A
W&,rdy 83 -1
Wq;”M 83 -A
0, my (Vo Crpp)(qe/?q) Wum e A
oM my(vi,Crip)(gr’eq) W e 1
0§ (’/ZaCVLﬁ){;//}vGA” g Wym e A
0] (V] Cup )G, G Wrsr -1
8u/d _ < _ w A
O (Brar” 0*v1p) (@7, 0,7q) v
8u/d _ <, B Oy Wi 1
O3 By 0'iy)(@ry, 9,7 q) ¥
8 pas
% (Fra" 01)Gly G W A

Incorporating these response-function enhancements
allows us to estimate the overall scaling of the amplitude
associated with different LEFT operators for tree-level
diagram (@* 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 W, term associated with O?“/ d),
the relevant chiral factors can be read off from Eq. (75) and
are likewise included. As Table IV shows, the vector LEFT

operators O?“/  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 OZ”/  are also coherently enhanced at

leading chiral order given m, ~ O(¢?). In contrast, the

*For diagram 2(b), the nucleon current is proportional to
NS#N, 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).

tensor operators (’);"/ 4 do not receive coherent enhance-
ment at leading chiral order for Wyis/, Wsrsi. However,
NLO chiral operators generate coherently enhanced con-
tributions scaling as O(&’) - 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 O]"/4, O O%/? and OF 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 T, is then given by

do my | -
dr,, 8w E2 M

g (78)

where m, is the mass of the target nucleus. Here, |M|?
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 ¢ (¢, €5, £4, €y, €r), 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

_ _ 1 -
2mN

Lty (—LN(K « s>zv>, (79)

my

where N = p, n.

These different leptonic structures project onto different
kinematic response functions R?J introduced in Eq. (76). In
particular, £, contributes to R}J,;W and Rg,’, > €5 contributes
to Rg/z,, Rgzn, and RTAT/Z,; while f{)‘ does not contribute at
this order. The magnetic structure ¢, enters only the

subleading responses RTAT/A and R, and the electric

A
. J / /
structure € contributes to RE ., R, and RE, ;.

The leptonic structure Z,, €s, £4, €y, and €5 can be
expressed in terms of the underlying LEFT Wilson coefficients as
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Cop=Cip(OLa? vip)Vy+cip(Ora?" vip)v, v, P

q
+ 3,1, Crrp) +cop i}(”LaCUWVLﬁ) U

1

r
Z/ﬂlsl 2c2p(VLay ULﬂ)+C6]72 - (UL(IYDUL/})&‘”WMUA

H"

q 1
+C11p2 (DLa¥ vip)vy +2C14p(VLa}’”VLﬁ)P

q’l
+ —C4,p(’/{ac‘7’w Vip)Vy+Crop e (Vg Curp)
my

2
+C12.p(UZ(1CULﬁ)P” qy Uy,
Evp=Csp(OLa¥'vip),

Ho s T v
O, =icg (1, Co™vpp)v,,

where the subscript N = 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: DLa}’Ml/Lﬂ,

LNV: I/{a CULﬁ? I/zacﬁﬂyl/lﬁ, (81)
where v; denotes the left-handed neutrino field and C is the
charge-conjugation matrix. Throughout this work, we neglect

interference between the LNC and LNV amplitudes and treat
the LNC and LNV contributions separately in the rate.

(80) After response expansion, the one-body kinematic terms

[expanded to the q/m, and (q/my )? order] can be written as
|

+ (16E* —

2
Riin = <4E3 -q - 251”(1 >(ch )+
A

6EXq* q*

+ <8E,3, -2E,q%> -

2iE,q> iq*
+<lq iq

my 2mA

B [et) - (5] +

EX’> Eq* ¢\, . q*
z”z":< i 2 " a2 (Cl‘lcll'll)—" (c

RTT

2
my  2mamy  4my 4my,

Eq Eq g
+<E$—2n:1>(cfjc§)+< v__4
A

2mN
<ﬂ¥ Eq*
+ —_
mympy 4mAmN

nmy 4mA

Eq?) (cihefs) + <_
) (et + (e

AE}q® 2E.q\ .
Lo 2E) (o),

SmAmN

E}+-Eq* -

16E3¢> 2Eyq

my my

)( Thets) + @2 (c5 D)

my  mymy

10010>
)[(cchZ) (e ety)]

i / / 12/2 4 T T
Jleitets + (et + (5= oL (e ef) + (ellep)].

TT 1 2El/q l/q4 T
Rz’z’ = <2Eﬁ + EEI%qZ (C1ZC11J4) +

2mAmN SmAmN

1 3E2q> ¢

1B =2 () + (eflep)

+ (BB ety - (e )
+ (25312?2 +23% - ni;;) (cf'eg) + (%Ez —fnf: 0 )( ).
o (485 5,
A
R = (28 -3 -2 ()
Ry, = <2E5 +%q2 ‘:2) (c5'e3).
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where my is the mass of the nucleon; the nuclear recoil energy 7T, =

q?/(2m,). The isospin 7,7 = 0, 1,
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1
(Ci,p + Ci,n)v czl = 5 (Ci,p - Ci,n)' (83)

| =

0 _
¢} =

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 R%7,,, Rg"/z”’
and RY;, agree with Ref. [12]. At subleading orders,
additional LEFT operators contribute to CEvNS. For in-
stance, the coefficients of dimension-7 operators (’);”/ 4 enter

R:7,, through the coefficient c3.

VI. EXPERIMENTAL CONSTRAINTS

Having derived the CEvNS 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 y? 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
CEvNS 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 CEYNS from solar *B
neutrinos with liquid xenon [46,47], while CONUS+
measures reactor ,-induced CEvNS 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 7, and subsequently specify, for each experiment,
the appropriate detector response, binning prescription, and
x> function adopted in the fit, following the conventions
of Ref. [26].

For an incident (anti)neutrino flux ®, (E,) at the
detector, the differential event rate per target nucleus is

dR,

- / b g @, (E) % (B, T,). (84)
dan B Eu,min<an) : . : dan . "

where T, is the nuclear recoil energy, and E,, ;,(7,,) and
E, . are fixed by the source and kinematics. The exposure
amounts of different experiments are included in flux
®, (E,). 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
Csl[Na] [42] and Ar [43] detectors. The predicted CEVNS
counts in the ith experimental bin are obtained by folding
dR, /dT,, with the efficiency and the energy resolution
function,

Negns = My Z , dnpge(npg)
Vo=V olysDy V!
dR
x [ AT\ P(npg|T ) = . (85
[t Pl G )

Here, n, denotes the number of target nuclei, npg denotes
the photoelectron variable, e(npg) denotes the detection
efficiency, and P(npg|T,,) 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 CEUNS 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],

i Nog [Niveas = (14 @)Nigyns — (14 BNy, )*
X COHERENT — Z

i=1 (6:)
() (@) )

where Ni.,s are the measured counts in the ith bin; N, ns
and N {)kg are the theoretical predictions for the CEvNS

signal and beam-related background, respectively; and o;
denotes the uncertainty. The numerical values of the
systematic uncertainty o, = 0.125 and the background
uncertainty o3 = 0.35 for Csl [24,26,42], and o, = 0.12,
op = 0.146 for Ar [123,124].

For solar 8B CEvNS in liquid xenon (PandaX-4T +
XENONNT), we include v, € {v,,v,,v,} and use Eq. (84)
with the solar ®B flux and oscillation-averaged flavor
composition as in Ref. [26]. Given the publicly available
information for the solar ®B 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].

(k) (k) Tf)f.)max dRD
NCEvNS =Ny Z /(k) dang(k)(an) dTn: ’

a=e,u,t nr,min

k € {paired, US2, XENONNT}, (87)
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where the €(T,,) is the detection efficiency.” The combined
x> is a sum of three independent single-bin contributions,

2 _ 2
XSolarsB — D ’
k

k k 2
2 — [Nr(ngds - (1 + ak)NéI%IJNS] _|_ ﬂ 2 (88)
Xk (G(k))z - ’

&3

where k labels the PandaX-4T paired and US2 datasets and
the XENONNT dataset. The N ., is the measured count,
Ncgons 18 the theoretical prediction, and a; parametrizes
the normalization uncertainty for dataset k. The systematic
uncertainty is o, = 0.12 [127], and the statistical uncer-
tainties for the US2, paired, and XENONnNT 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 CONUS+ (reactor 7,, Ge), we use Eq. (84)
with v, =7, [33,38] and the reactor flux model (see
Refs. [128-130]). The comparison is performed in recon-
structed electron-equivalent energy Egx°; the predicted
binned counts are obtained by folding the recoil spectrum
with quenching and resolution,

i+1

ce dR
NP = A dEe [nN / ATy G(ES®, Eqe(Ty))

T’
(89)

where the E..(T,) is defined through the adopted quench-
ing model. The G(EX®, E.(T,,)) is the energy resolution
function. All detector-response inputs (threshold, resolu-
tion, quenching) are taken from the CONUS+ analyses in
Refs. [48,130].

For binned excess-count data, we adopt a profiled least-
squares function with a global normalization nuisance
parameter a,

Nbin [Nl = (1 + a)Nl ]2 o 2
)(éONUS+ = Z 2 CBNSS (_> , (90)

i—1 0i

where Ni . and o, are the reported excess counts and
uncertainties [48], and the relative systematic uncertainty is
taken to be o, = 0.169.

For the binned analyses, the reported best-fit CEvNS
signal yields for COHERENT CsI, COHERENT Ar, and
CONUS+ 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

The Migdal effect can also affect the spectral interpretations
[125,126], which is not considered in this analysis.

above, this indicates that the current sensitivities of
PandaX-4T, XENONnT, COHERENT Ar, and CONUS+
are limited by statistics, whereas the COHERENT CslI
measurement has reached a regime in which systematic
uncertainties dominate.

For the Csl dataset, the relative systematic uncertainty
o, = 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 CEVUNS 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 CEvNS 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

Sd Cd NSI
Calnst = Afj—_4’ (91)
a,NSI

Cl= CZ|SM + CZ'NSI’

where the NSI contribution is parametrized in terms of a
dimensionless coupling Cg’NSI and the corresponding
effective NP scale A, ns;. Setting [C9 ;| = 1, the exper-
imental bound on Wilson coefficients is converted into a
limit on A, g1 In this convention, a larger lower bound on
A, ns1 corresponds to a stronger suppression of the corre-
sponding NP interaction, and therefore, a more stringent
constraint from CEvNS data.

To derive limits, we adopt the single-operator approach:
for a given operator O%, we switch on only éi while setting all
other coefficients to zero, and we perform a one-parameter fit
to the combined CEvNS data. The 90% C.L. lower bound on
A, ngr 18 then obtained by requiring the appropriate one-
dimensional likelihood criterion,

A (Aanst) = 1 (Aanst) = X <271, (92)

where y2. denotes the minimum of the profiled y? for that
operator.
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For CEvNS processes initiated by an electron-flavor neutrino, we present lower bounds at 90% C.L. on the effective scale Aygg

(in GeV) associated with individual LEFT operators O3, O%, 0%, O ©Old, Oé, O;, O3, 084, and (93. 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.

The resulting bounds are summarized in Fig. 3, where
we compare the constraints from the CONUS+-, the
COHERENT CsI and Ar measurements, and solar B
CEvNS in liquid xenon (PandaX-4T and XENONNT).
The CONUS+ source is an electron antineutrino flux. In
what follows, we use the notation v, to denote electron-
flavor (anti)neutrinos and do not distinguish v, from 7, in
our rate-level constraints. Presenting the results in terms of
A, st 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 CEvNS 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 Wy ~ O(A?) due to the in-phase
addition of nucleon amplitudes, while spin-dependent
responses scale only as Wy~ (1), and therefore, do
not benefit from the same parametric enhancement, as
discussed in Table IV. For instance, the vector-current

dimension-6 operator O?“/ d couples to the coherent charge
response, and thus, scales as A%, whereas the axial operator

Og”/ 4 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 *B
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 A is
generically reduced, as additional powers of E,/A or g/A
suppress their impact in MeV-scale CEUNS, 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

[,NC D —2\/§GF[€Z§(Day/‘PLl/ﬂ)(QyﬂPLq)
+ €Z§(Da}’”PLl/p’)(c_1}'ﬂPRq)], (93)

where P = (1 F y5)/2; a, f denote neutrino flavors;
g€ {u.d}; and Gy is the Fermi constant.
In the LEFT notation adopted in Eq. (2), the NSI

parameters eZL(R) are related to the dimension-6 Wilson

coefficients 656; and (Afgﬁg via

qL/R 1

7(6) 7(6)
€ C FC . 94
aff 2\/‘2‘GF< 1,q|NSI 2,q|NSI> ( )

For comparison with existing CEvNS NSI studies we

. . Vv
focus on the vector combination ¢Z, = €ee + eee , which is

related to the Wilson coefficient of LEFT operator as [30]
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FIG. 4. The 90% C.L. allowed regions in the (¢4}, e?Y) plane
are derived from the CONUS+ (orange) and COHERENT (blue)
CEvNS measurements together with the combined constraint

from the PandaX-4T + XENONNT (green) solar ®B analysis.

(95)

Figure 4 shows the 90% C.L. allowed regions in the
(e4Y, V) plane derived from COHERENT (Csl and Ar),
CONUS+, and the combined solar B (PandaX-4T +
XENONNT) analysis. The contours are obtained using
the two-parameter criterion Ay”> <4.61 (2 degrees of
freedom). The resulting regions exhibit the characteristic
elongated, bandlike structure, reflecting the strong corre-
lation between €’ and € in CEuNS. For a given
nuclear target (Z, N), the event rate is primarily sensitive
to an approximately linear combination of the up- and
down-quark vector NSIs entering the response function
Wm, while the orthogonal combination remains only
weakly constrained. Consequently, the allowed param-
eter space extends along a diagonal direction in the
(e4Y,€dV) plane rather than forming a compact elliptical
region.

When we compare the widths of the allowed bands,
CONUS+ yields the tightest constraint, followed by
COHERENT, while the solar *B liquid-xenon combination
is comparatively weaker in the present treatment. This
pattern is driven by the relative fluxes, thresholds, and
dominant systematics: CONUS+ benefits from the intense
reactor flux and low recoil thresholds, COHERENT is
limited by SNS statistics and flux/background uncertain-
ties, and the solar ®B 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
CEvNS in the LEFT and carried it through yPT 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 A lies above the electro-
weak scale, the appropriate starting point is the SMEFT,
defined between A and Agy with SU(3). x SU(2), x
U(1), gauge invariance. The SMEFT operators are first
evolved and matched at Agy 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 SU(3). x U(1),,,.- When the
NP is heavier than the electroweak scale and contains the
properties of the SM group SU(3). x SU(2), x U(1)y,
the SMEFT comes into play to characterize the EFT valid
between the NP scale A and the electroweak scale Agy.

The SMEFT Lagrangian comprises the SM Lagrangian
of dimension 4, together with a complete set of independent
higher-dimensional operators:

Ca
AD—4 ’

Lsmerr = Lsm + Z Z crop,

D>5 a

CP = (96)
where D denotes the mass dimension for the ath operator
OP . The Wilson coefficient C? is dimensionful, while C?

is dimensionless.
The SM Lagrangian in unbroken phase is

— __ (A CAn _
Lsm 4GWG 1

+ Y. wiDy+ (D,H)"(D'H)
y=Q,ug.dg.t.eg

(=L ’
St
- |:?€R(YE)H+ QMR(YM)H+ QdR<Yd)H+HC

2
0,9
.7 B, B".

Lyt wm _Lp g
124 4 Hv

939
s GA GAm/
32 32

— W’ Whe 4 ==
(o7)

The gauge covariant derivative is D, =9, +ig,YB,+
igyt' Wi, 4+ igsTAGy. Here, T* = 2*/2 and ¢/ =1'/2 are
the SU(3). and SU(2), generators, while 24 and 7/ are the
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Gell-Mann and Pauli matrices, and Y is the U(1), gen-
erator. The complex conjugate of the Higgs field can be
written as H' or A. The H is defined by H,; = €;;H"/, where
the ¢;; is totally antisymmetric with €;, = 1. Fermion fields
Q and 7 are left-handed doublet fields (u;,d;)” and
(vp,er)!. The right-handed fermion fields are ug, dg,
and ep. In addition, the fermion fields have weak-eigenstate
indices r = 1, 2, 3, and the Yukawa couplings Y,, Y, and
Y, are 3 x 3 matrices. 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 Os can contribute to
the LNV process and has been constrained by the mass of a
neutrino. Thus, we neglect the contribution of Os 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 SMEFT operators with two Higgs
insertions, were considered in Ref. [12]. Separately, dimen-
sion-8 LEFT operators receive contributions only from

TABLE V. The SMEFT operators for CEvNS process.

Dimension 6 Dimension 5

Oy (H'H)? Os kel (¢TC¢;)H H,
Ouw H'HW!, W Dimension 7

Ong H'HB,, B" Ogurn  €(Q"ug)(¢{CE))H,
Ouws  H'T'HW],B*  Ouyorm €’e!'(dpt;)(QTCY)H,

Oup  (H'D"H)* (HTD”H) Ourormr €™e'(dpt;)(QTCE1)H,
Og; ( Hi iB” H)(bpyy £) Dimension 8

Oy (H'DH) @) O (7D 0)GAGY
Oy (H'D,H)(Qr'Q) Onrg  (r'O(Qr Q)G
Oy (H'iD,H)(Qr'p"Q) Opng  (Cr'O)(QrT'Q)Gy,

Onu (H'iD,H)(fgy" ug) (953;26 (Eriele (Q}/"TAT’Q)GA
Ona  (H'iD,H)(@gydy) Oppg (T OQrT' QG

Ny
X
N

O, (Qc*ug)HB,, oW o

)
)
)
(gy* T*ug)Gy,
(
(
(

Ouw (QG’"’MR)TI[:[W/IM (95223‘26 E?J/”f; MRJ’”TAMR)

Oup (Qo*dR)HB,, OEZIH)[ZG (Zr"¢)(dry* T dg) Gy,

O (Qo™dp)d'HW,, —0OF), = (7 ) d y”TAdR)G,,U
o) Wf 101Q) Oy @D "4)(0r,D,0)
o) (er )(Qm 0) O, (7D )(QyﬂD 0)
Oce (@ O)ixnin)  OFye (@D ) gy, Do)
Oca (G O)drrudr)  OFL, D 0)(@ mD dy)

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 SU(2), 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 @L,B, C’uw,
CdB’ de, CQuLLH? CdLQLHl s CdLQLH2 need to be consid-
ered. The RGEs of the SMEFT operators are given
by [135-139]

d a ~
din s Cu@w) = 2CFECu(d)B(W)v (98)
d
dlnu CQuLLH 6CF 4r CQLtLLH’ (99)
d (édLQLHl ) o <_6CF 0 ) (CdLQLHl>
dinp CdLQLHZ 4n \ 4Cr  —6Cp CdLQLH2 7
(100)
d_ 0@ _ o %08 (101)
dll’lﬂ fz 2p? F3 fz 2p2°
d ag 4
dlnﬂCpr[u d)]ZDZ — CFEsz[u(d)]zDz (102)

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 CEvNS. In the
notation adopted in Refs. [140,141], the (S,F,V,R,T)
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 (SU(3)¢, SU(2),)y(1y, -

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
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kin
‘CUV

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

On S1(L.1)g. S4(1,2)1. 85(1,3)9. S6(1.3) 1, S7(1.4)1, S5 (1.4);, Vo (1.1), V(1. 3),
Onp S5(1,3)9.86(1,3),. Vi (1.1)y, Vo(1.1),, V4(1.3),
ol Fi(1,1)g, F2(1,1),. F5(1,3), F(1.3),. Vi (1.1),
ol Fi(1.1). F5(1,1),. F5(1.3)g. F(1.3),. V4(1.3),
Og; F8(3’1)—%7F9(371)%’F13(3’ 3)—%7F14(3’ 3)_%7‘/1(1»1)0
OS; Fg(3.1) 1. F9(3.1):, F15(3.3) 1. F14(3,3)2. Vu(1.3),
O F11(3.2)1. F12(3.2)1. V(1. 1),

Ona Fi9(3.2) 5. F11(3.2)1. V(1. 1),

(9({2 Si0(3.1) 1. S14(3, 3) L Vi(L1)g. V5(3.1):. Vo (3. 1);
o) S10(3.1) 1. S14(3, 3)g 4(1.3)9. V5(3.1)2. V(3. 3):
O 8513(3.2)7, Vi(1, 1)y, V(3,2)s

Ora $12(3.2)1. Vi(1.1)o. V7(3.2) s

~S}(D* + M3)S, - S“(D2 + M3)Sy; — S (D2 + M3)Ss; — S (D? + M3, )Se; — S3/(D? + M%),
— S§(D? + M3, ) Sy — Si6(D* + M3, )S10a — Si3(D* + M3 )S12ai — Sig(D* + M3, )S13ai — Sid (D + M5,,)S 14ar

)
F(ZD—MFI)F1+F2(1D MF)F2+FI(ID MF)F5[+F6(1D MF)F61+Fa(lD MFS)FS(J
)

+F“(1D Mg, Fo, + F{ (lD—MF,O)Floai+F11(1D—MF..)Fnui+F1§(1D—MF,2)F12ai

iD— MF|3)F13aI + F44(iD — Mg, )F 1401

gm,Dz D,D, + g,,M} V% + Vi(g,D* = D,D, + g,,M} )V4 + V{(g,D* = D,D, + g,, M3} ) V¥
guwD?* = D,D, + g, M3, )V, (103)

Fai(

- V”‘( —D,D,, + guM} V4 + VY (g,,D* = D,D,, + g,,M3}, )V5 + Vi (g,,D* = D,D,, + g, M}, )V
V”‘(
Vi(

where g, is the metric tensor; a is the SU (3)¢ triplet index; and i, 7, and i are the SU(2), doublet, triplet, and quartet
indices, respectively. Moreover, the interactions of these particles with the SM field are

B, = oy (HUH)S, +C(5,518)) + D (HUH)S,S, + Do (HYH) (S
+ Cspp (HT'H')SE + Dz (H'H) S5, 8% + Dipppes (2!) (7)) s HV H S5S4
+ cséHzekj@[)iHiHij + Dngzl (HTH)SéSgI + Dsgfﬂz(Tl)i(TJﬁH-I-jHiS]ﬁSgJ
+ Dy penCY HHH™ ST + Dy s CP HH H S+ Dy, €7 (£7CQ,,;) ST
+ Ds,,ca€ (A% 1) 120 + Dsyeu€™ (8371)S134) + Ds,,106” (1) (£1CQ,y)STY
+ Dp,ur€ (FTCE)H j 4 Dy, (FECE)HY + D et (1)L (FE CE)H
+ Dy (7 )i (F§ CE)HY + Do (F§Qui)H + Drypoe” (F§Qui)H
+ Dr 112" (d%F104i)H ; + Dr, 1a(d4F 110 H' + Dp, € (g F114)H;
+ DFleu(uRFDai)HT + Dp ,uo(t ) (F{4Q,:)H" + DF14HQ€kj( D) (K44 ai)H
+ Dy, pu(H'D,H)V! + Dy, fz(f}’u )Vi + Dy, Q2(Q7ﬂQ>V” + Dy 2 (igy,ug) Vi
+ Dy, 2 (dry dp) Vi + Dy, pie€’(D,H;)H, Vz + Dy, pi(7')i(z )HT’VI”
+ Dy, L2<?Tlf)vlﬂ + Dy, Q2<QT Q)V + Dvsz(?fﬂVﬂQa)VIa”
+ Dv7,f’d( flT)V” + Dy (Uzy, CtT)V, + Dy fQ(fT Qa)VW” +H.c., (104)

Tai
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FIG. 5.

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

define the C* via the relation C/* = 5 (C)H ('),

where the index i takes values 3/2,1/2,-1/2,3/2; €
denotes the SU(2)-invariant antisymmetric tensor with
indices i, j =1, 2; o/ (J =1, 2, 3) are the Pauli matrices;
and the C; matrices are

| 1 0 | 0 1
(C3p)l=—7%| =i 0|, (Cip)V=—72| 0 —=i],
2 6

V2 00 V6 -2 0
| 10 | 01
(Cop)l==—7|i 0|, (Chp)i==—|01i
6 2
f 02 \/_ 00
(105)

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

Contributions to O;; from the UV completions with S,, V|, and V; particles.

@:Dvldﬂ)v,ﬂ+Dd*f*v7pd*ﬁv7+Ds12fdpslzfd (106)
A2 M%,I M%,7 M~2912

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—=S¢(1,3),,
F(1,1),, and F5(1, 3),—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 VIL

Similarly, the gauge invariant UV Lagrangian involving
these particles becomes

Lyy = {—SE(DZ +M5)S, - S{(D? + M3,)S4i — SISHD? + M3, )S12ai + F{(iD = Mp,)Fg, + F§(iD — M) Fo,

+ F(iD = My, ) F iaq + FULGD = My ) Fly, + V(g,,D* = DD, + g, My2) V5

+ V;ﬂ(gﬂsz - DuDﬂ —|—gle%/9)Vl9'},

+ {Ds 2€1(CTCE})S, + Dy, o€ (g Q;)Sai + D&Qd(glRQj)STi + Ds,ca€"(d% €1)S120i + Pryo(FiQu)H
=+ DFgHQ€l](Fa Q.)H; + DFloHdej(d Fi104i)Hj + D, (11 Froi)H™ + Dy, ngkj( D) (Fd4 Q.)H;

+ Dyyro(r,@Q)VE" = V2Dy, 0o (77 Q) V™ + He.}

{Cs s,n€"H 5415 + Dy, pou (i Fg4)S2 + Dy, ppa (dg F9a)S2 + Ds,r,,0(F) CQaI)SZ + DSqFle(Flzm CQ")S,
+ D1y (F3,C €)S18" + Dy, (1) H(FIL,C )85 + D yvor€ (€77, iy ) (Vs) ™

+ DFanfekj<Tl);€(ijﬂFli20)Vglﬂ + HC}

(107)

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

Ogurrn {$2(1.1),.84(1,2)1 {85 (1. 1),. F5(3.1) L1 }{S>(1.1), F12(3.2):}
{F12(3.2)2, V5(3.1):}{F12(3.2), Vo(3.3):}

Ourorm {513, ) Fia(3, 3)}

Oarorm {S2(1.1),, 84(1,2)1}{S> (1, 1), Fy(3. 1) HS2(L1), Fio(3.2). s}

{813 2)1. Fo(3. 1:1{S (3. 2)1. F14(3.3)3}

There are five pairs of the UV models that can contribute to Oy, ;. After integrating out the UV particles through
Fig. 6, the Wilson coefficient of Oy, can be obtained similarly:

Courrn Cs,5,iPs,2Dsu0  Ds,ruPs,Drgio  Ps,r0Ps,2 Priin - Pryyvie DveroDrpyin DF|2V9fDV9fQDFmHu
3 2 A2 2 2 2 2
A M3 M3, M3 Mp, M2 My, M3 M, My My,

(108)

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

Lyy = F?é(ib — Mg )Fls; + D e (Figr'd¢;)Gy,
2 - 1 2 v
PG+ g g — ggﬂ”gﬂﬂ} (0= MG )T =5 {gf“gyﬂ + g — —gﬂ”gﬂﬁ} (0 - M7,)T"
2 ! a v a ! aluv a
g’ + gwlg/dp _ ggﬂvgpﬁ} M <|:| M2 ) pr _ {QM v gvigﬂﬂ _ g/u/gpi} T41/4 (|:| _ M2T4)T41pﬁ

3
{(p— Mg )g™ — (¥"p* + P"7") + v Py + Mg, y*7" IR,

+ ngfz (?yﬂ au?’ﬂ)T;lw + gTzfz (?yﬂ asz[f)Tgw + ng 0? (Q},ﬂ ayQ)T/fy + gTzQ2 (ny auT]Q)Téﬂy

B RRS _ <~ REs <~ +
+ 97,2 (Y, 0 ug) T + g7, 2 (dRy, 0 A AR)TY + g7,0a(€7 Cy,, 0,dra) T + 91,00 (€7 Cy 0, upgy) Te™

2 az v aj az v ai
gﬂﬂ y/)+gyig;4p _ gﬂugpﬂ} 7z (D M%G)T iph {gﬂﬂ y/)+gvig;4p _ g;wg/)i} 7z (D M2 )T ipA

l\.)l»—ﬂ l\.)l»—i l\.)l
_‘:“/—’H/—/Hr—’h\

+ 91,00 (C1,0,0) T + gr,0(P1,0,7 Q)T + 91,62 GG T + gr R, (9 + 277 )7 "€ Gl (109)

ug

FIG. 6. Contributions to Og,;,y from the UV completions with S,, S4, Fs, Fy,, Vs, and Vy particles.
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TABLE VIII. The UV completions for dimension-8 SMEFT
operators that contribute to CEvNS.

Orep Fi5(8.2)_1 Rig(8.2),. T1 (1. 1),
O;zz)quz T,(1,1), T5(1,3),, T5(3,1)_ 27T4(3 3)
Og)quz T1(1.1),.T5(1.3),.T5(3. )27T4(3v3)—§
0% e T1(1,1), T6(3.2),

02, . Ty(1.1)0, T5(3.2);

where g7 2 . are the coupling constants, z is a constant, and

the dependence on z will vanish for the on-shell amplitudes.
Moreover, the propagators of the Rarita-Schwinger and
Fierz-Pauli fields are

ph7—1WW

Mgs = (p+ M) [g”” 3

1
Mﬂpﬂ—ﬂyﬁ (110)
| (PHPPVA L PHAPYPY _ 2 DHVPPA
Hﬁ!)ﬁ:i( E 2 )2 : ) (111)
2 p-—M

where P = (g — ”” =), We take the operator ol 0pe 38

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

91, 2291,2

L
EBFT =~ M3,

(9’”9M +g%g” — %9"”9‘”)

X (?yyauf)(ﬁRypaluR)' (112)

Through the matching procedure, the Wilson coefficient of

the operator O 22 is obtained:

572
Cpr 2 2

fu:Dz :ngf «ZT]M ) (113)

A M 7,
y4 UR

Ty
VA w
FIG. 7. Contribution to O D from the UV completions with

T, particle.

VIII. CONCLUSION

In this work, we established a comprehensive end-to-end
EFT framework for CEUNS 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 CEvUNS experimental data—including the latest obser-
vation from CONUS+, multitarget-nucleus results from
COHERENT, and first indications of solar ®B neutrinos via
CEvNS 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 CEvNS, 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 spurion method.

(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 CEvNS. 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.
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APPENDIX A: NAIVE DIMENSION ANALYSIS

The matching between the LEFT operators and the chiral
Lagrangian is not a one-to-one procedure, which means
that every LEFT operator can be matched to several yPT
operators, and each yPT 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 yPT operator and which
one is more dominant among the yPT 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/Agw. The NDA
master formula [90,91] in the four-dimensional spacetime
states that the operators in the Lagrangian are normalized as

A [ 0 Ve [4rgp]No [4mA VA [dmy | Vo
167° [Apw Agw Agw Aé@,

N N, N,
» FARGRARE A ‘
4 4 1672

For convenience, we express the master formula by
replacing the vector field A with the field-strength tensor
F ~ 0A and omitting the renormalizable coupling constants

9, Vs A

(A1)

LEFT

A 0 |No[4nF|Nr[4 Ny
L ZEw : T (A2)
167~ [ Apw Agw AE{,?,

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

(4r)? 0

(4m)? (4z)> o
Afw Afw

2 ’ 2
Agw Agw Agw

Wt (A3)

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

s sfg] Gl ] oo

where 4zf ~ A,. To relate these two NDA formulae, we
first replace all occurrences of the scale Agw in Eq. (A1) by
the scale A,

Aéw |:AX:|Np+2NF+%NW[i:|NP|:F:|NF[ W :|N,,,

1672 | Apw A A LA

A D d Ny [ FNF Ny
e (][5 [ )
Agw A, Ay A, f
where D =N, +2Np + %NW — 4. The expression inside
the parentheses is similar to the NDA formula in the yPT,

so we replace it with the yPT NDA formula in Eq. (A4) and
obtain the NDA formula for the matching:

Atw [ 0 1Yo [4rFNe [dmy | Ne
167[2 AEW A%W A3/2

] R R (R ) e

APPENDIX B: VALUES OF LOW-ENERGY
CONSTANTS

The numerical values of the LECs L, .4 are calculated in
this appendix. The LECs L and L, are fixed by the proton
and neutron magnetic moments [146],

2L + 2Ly, = 2(u, — 1) +p, = 1.676(29), (B1)
2L, = 2u, + (u, — 1) = =2.034(29), (B2)

and the two LECs are
L, = 1.855(14), L, =-1.017(15).  (B3)

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

2Ly = gy = 1.2754(13),

205+ 4L, = X,; = 0.397(40), (B4)
where g, is determined very precisely from nuclear f
decay [146], and the values for Z,; follow from averages
of the lattice QCD results [147,148]. Thus, the LECs L;
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and L, become

Ly =0.6377(7), L, = -0.220(10). (B5)
The LECs Ls, Lg, Ly, and Lg can be related to the
generalized tensor form factors [149,150], and the relation-

ship can be obtained as follows:

2(Ls + Lg) = m, 4/ = 1.79(30) MeV,  (B6)
2Lg = myFyY = —0.97(15) MeV, (B7)
2(Ls+Lg+Lq+Lg)=m, /P =—6.44(54)MeV,  (B8)
2(Lg + Lg) = mgF9/? = 4.32(32) MeV.  (BY)
The values of LECs Ls, Lg, L7, and Lg are
Ls=138(17) MeV,  Lg = —0.49(8) MeV,
L, =—6.76(37) MeV,  Lg =2.65(18) MeV. (B10)

The LECs Ly and L are related to the LECs ¢ and c5 in
Ref. [106]. The following relations [117,151] can be
obtained

L]O = B()C] (md + mu) = 2405(48) MeV, (Bll)
1
Lg — ELIO = B()C5(md — mu) = —051(8) MeV. (BIZ)
Thus, the numerical values of the LECs become
Lo=11.52(25)MeV, L;,=24.05(48) MeV. (B13)

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

1 92 M3 212 M
i _ge M2 -22Ax JATx VA | (1~
ou 2[ C1%s 647rf2+<cl+1287zf2 x| (1=8)
1
:EBC5(md—mu)<l—E>, (B14)
| 992 M? 212 M
P | _ge M2 -9 E y (ge, 29T A (g
% 2[ “1%z 64ﬂf2+(cl+128ﬂf2 «|(148)
1
j:Bcs(md—mu)<l+E>, (BlS)

where A, = M7 — M2, and & = (my —m,)/(my+ m,) =
0.357(6) [146].

Similarly, the LECs L;; and L, are related to the LECs
dig and d9 in Ref. [106]:

Lll = mNBodlg(md —+ mu) = —177(20) MCV, (B16)

L12 = mNBodlg(md + mu) = —139(15) MeV. (B17)

In the above, we have adopted the values d;g = —0.97 &+
0.11 GeV~2 [151] and d,9 = —0.76 4 0.08 GeV~2, the
latter of which is fixed by the axial radius (ri) =
0.369(30) fm? [152].

Moreover, the LECs of gluonic current interaction have
been obtained [73,149] as shown:

L13 = FZ = —504(6) MeV,

Ly, = FY = -0.306(28) GeV. (B18)

APPENDIX C: EXPANSION OF CHIRAL
BUILDING BLOCKS

Using u = ¢ in Eq. (17), with X = ;7T and I defined
in Eq. (18), one has X" = —X, and thus, u' = ¢~X. The
chiral building blocks introduced in Eq. (19) take the form

(X3 X _ X3 X
u, =i(e™*d,e* —e*o,e™),
yr = e Xye X £ eXyteX,
Y. = e Xre X £ eXreX,

0, = e XreX £ eXre7X,

1
V,=0,+5(e¥0,eX + eXo,e7¥).

. (1)

Here, 7z denotes the spurion associated with the flavor
matrices appearing in the LEFT operators. According to the
Baker-Campbell-Hausdorff formula,

XAe™X = 2% 1%, (C2)
and
XAt = ioi, A% = f; )
where
Al =X, X, ..., [X,A]..]] (C4)
—
Therefore, O admit the exact expansions
¢ 20 (2?1)! "
0. ==Y Gl ()
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For the derivative term, one uses

eX0,eX = g (,i;l)]n)! [0,X]5",
0,X1¥) = [X, X, ... [X,9,X]..]], (C6)
and
—nf; ; i mRA. )

It follows that

o~ 2 ),
X
’Z an 11 %X

B — 1 2n+1)
V,=0d,- gm [0,X)%" . (C8)

iXAeiX

For e , the Taylor expansion gives

1 <1
X X n m __ (k)
eXAe* = E —n'm!X AX" = kEZO _k!{A}X ,

nm>0"""

-X -X _ (_l)ner n m __ - <_1)k
e tAe ™ = Z X"AX _Z o

n'm!

n,m>0 o k=0
(C9)

where

(AW = (X {X, .. {X. A}}..}. (C10)

k

Hence,

p) :f: 2

+ st (2/()' X >

== ;(2k+1)'{ i (C11)

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

W, =20,X +LX.[X 0]+ (C12)
L, =2t +{X.{X,7}} + -, (C13)
- X1 —%{x, (X AX. )+ (Cle)

0, =2+ [X,[X, ]+ (C15)
0= -2~ X XA 4. (Cl6)
r=w KX ()

po= X} AKX e (C18)
V, = 0,5 X0, + (C19)

At leading chiral order, these expansions imply that u,,, ¥_,
O_, and y_ start at O(x), and therefore, contain an odd
number of pion fields (i.e., 1,3, ...). Incontrast, X, , O, y .,
and V,, 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

My (lalx) = j;(lalx)Y (). (D1)

MY (lalx) = ji(lalx) Y Lu. (D2)

where j; is the spherical Bessel function, Y ;;, is the spherical
harmonic, and Y/, , 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 — —iV. For elastic ground-state matrix elements, parity
and time-reversal selection rules allow the multipole
operators to be organized into six independent response
operators { My, Ajpr, Z0rs Zinss @ar, ©ag b, Where My,
is defined above, and the remaining five are given below:

AJM<|q|x>zM%<|q|x>-|%|v, (D3)
S (lalx) = =i {| |VxM%<|q|x>} (D4)
zyM<|q|x>z{| |VM,M<q|x>} (D)

Bullan) = (1 |VXM%<|q|x>) (o7

1
+-M

MY (alx) -0 (Do)
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@y () = (Ml ) - (o 9. (D7)
lql lql
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 (jy) and isospin (7, M) to label the
nuclear state, we have

A
<jN;TMT||ZOJ;T;i||jN;TMT>

i=1

T © T - B
=(=1)TMr lI]J;T al“o e
- (—MT 0 MT)lazl;i ol [0l

),

(D8)

where |a| and |f| denote the quantum numbers of the
single-particle basis, ¥ is the one-body density matrix for

the transition between the ground states |a| and ||, and ::
indicates the reduced matrix element in spin and isospin
space. The one-body density matrix ¥ can be obtained from
a nuclear structure model such as the shell model [116].

For the single-particle matrix elements (|a|::0,...;::|f]),
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 O, — {M,, A;, %), 2/ &) @}, as
presented in Eq. (75):

W}Z/M()’): Z UNIIM e llin) UnlIM g2 [liw)
Wes () = > GwlIZellin) GlIZ]lliw)

o0
W () = > GnllZ5llin) Gl [Z0 i)

J=13,...
(&)
Wi () = > (inlI®ellin) Gl @) i)
J=0.2....

Wery ) = > GnlI@lLin) Gl M |Liw)
Wea ) = D Unll®llin) G| llin)-
(o8]
Win(y) = Z UnlA i) Gnl Az in)
(D9)

Wi () = Y GwllAsellin) Unl[Z).pllin)-

In the harmonic oscillator basis, the reduced matrix
element (jy||O;||jn) can be expressed as a polynomial in

the variable y:

(nl10s]]jn) o yV=52e™ p(y), (D10)
where the operators (A,X,%”) have abnormal parity
(K = 1), while (M,®', ®") have normal parity (K = 2).
Consequently, the nuclear responses W(y) 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_%<[1+CH,]3n]h+vT>’ Y

where

F 2
vy = (1+3CH” )v, (E2)

where ¢y ki, parametrizes the Higgs kinetic term and vy is
the vacuum expectation value in SMEFT. The gauge field
and coupling redefinitions for SU(2), and U(1), read

N 1.
CH xin = <CHD _ZCHD> 2,

B =0 (1 + CHW”%)? g1 = a1 <1 + CHBU%">’ (E3)

WL:W{t(]—i_CHWU%")v B,u:B,Lt(]—i—éHBU%)'
(E4)

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

ZH ¢—55
A) \s5+5e
2

(ES)

- e )
9 €4 92‘91)]
— = |12 (22|, (E6)
\/§%+§§[ 25 (g%+g%
- - /=22
sinf=5=—J__ {I—I-E&(% ?5)} (E7)
Vi + 5 29:\91 + 5

After the symmetry breaking, the mass of the neutral
massive gauge boson Z¥ and the effective couplings to
the Z# boson become
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1

1.
M% = 4_1(92 + 773 <1 + 2CHD vT> + 29192%’ (E8)

5,5 —1cg,0:C +
%) > 692 TCHWB [1+91 gz ZCHWB:| (E9)

gz =
2619,

“l

In addition, the fermion couplings to the massive gauge
bosons Z# are

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
55 e”%
G = 5 (CLHB =+ CLHW) (E15)
CGM _ )aﬂ + C( )ap + C(Iﬁ
g% aff af 1
_W [Zu] [ZuL] + [Zv] [ZMR] s (E 6)
z
C6d q) ap _ C( )ap + C”/"
7
-2 (1z,)72,) + 2)"(20,)).  (E1T)
z
6u N ~(1)ap ~(3)ap
G = Cllf - ng) - ng)

(E18)

C6d _ a/} Cgé)aﬂ‘f' Cg;)aﬂ
(7 )01z,) - Z1912,)). (€19
MZ

V2

é7u :M—Zéaﬂ(ECuW_ECuB>7
~ 2 ~ N
&7 = e (acdw + sch), (E20)
z
A 2 . .
cv = M—\/;(S“/’ (§Cu3 - (‘:Cuw>,
A 2 . o
&l = M—Caaﬁ (acdw n sch), (E21)
Cr=Y=Teb 0 o =2=T¢w . (E22
4 m, QuLLH 2m, dLOLH! ( )
Tu \/EUT ~af 7d \/E/UT 2~
Cs _2—mMCQ/uLLH’ Cs" = _z—mdcdﬁQLHl’ (E23)
~7d \/EUT ~
G = 2—md Cd{QLHZ' (E24)

It should be emphasized that the operators O;yp and
Opruw 178,79] 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 O3 at tree level.

Moreover, the matching conditions for LEFT dimension-
8 operators become

8 g | e e

- 12 2p? 12 2p? 12 2p2

by oD

Célgd = C(z) - C( )b PdPD?

lo 2p? [2 2p? (EZS)

- O, = O

C8u _ C( Jap P2D?

- l2 2D2

C3 = C(Z) ng )zDz + ng)zDz» (E26)

lzd2D2 -

P ee el

A8u _ (1ap
C3 - C 12 2G PulG’

P¢’G

ng _ C( )ap C( Jap 4 C( )afp

lzqu - lzqu PG’ (E27)

- ~(1 ~(1 (3
= il — Et — e

+ R

C8d — C(l)aﬂ _ C(l) o

~ YPPG T T PPG (E28)
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C‘gu — ng )2D2 + CEZ)ZDZ + C§2)2D27
égd = CEZ(}DZ - ng)zDz + Cjzt);zlf)p (E29)
Cgu = C§2>2D2 - C§2>2D2 - 6523)(21{})7
Cyl = e, — i - 0 (E30)
& TRy o AN oy o
C3 =)= C 4+ Cg (E31)

A8u _ ~(2) ~(2) A(4)

C" = Crpg ~ Cope ~ Crpa

P ~(2

ng = ngng CEZ)ZG + C§2)2G7 (E32)
Cg - CIZGZD? (E33)

where some SMEFT operators are not presented in Table V, as
the corresponding dimension-8 LEFT operators either do not
contribute to CEvNS in the one-body state or are suppressed
by dimension-6 LEFT operators with a similar form.
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