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In this work, we use neutrino masses as a probe of the neutrino-light-quark effective scalar interactions.
It is found that neutrinos can acquire masses not only from the usual light quark loop corrections, but also
from the light quark condensates. The latter contribution has been overlooked in the literature. We show
that both contributions are comparable for operators involving u# and d quarks, while quark loop corrections
dominate for operators involving the s quark. Using the low-energy effective field theory extended with
light right-handed neutrinos and matching to chiral perturbation theory, we systematically analyze these
contributions, deriving constraints on the corresponding Wilson coefficients from neutrino mass bounds,
coherent elastic neutrino-nucleus scattering, and light pseudoscalar meson invisible decays. Our analysis
shows that electron neutrino mass measurements provide the most stringent constraints on these scalar
couplings, significantly improving upon limits from other observables. The results highlight the importance
of including both perturbative and nonperturbative contributions in complete phenomenological analyses

of neutrino mass generation mechanisms.
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I. INTRODUCTION

In the Standard Model (SM), neutrinos are massless due
to the absence of right-handed neutrinos or a Higgs triplet.
However, the discovery of neutrino oscillations has dem-
onstrated that neutrinos possess small but nonzero masses
[1-3]. Consequently, neutrino masses must originate from
new physics (NP) beyond the SM. Investigating the origin
of the smallness of neutrino masses provides a promising
avenue for exploring the nature of NP.

Experimentally, the most recent terrestrial constraint
on the neutrino mass from tritium g decay comes from
the KATRIN experiment, which sets an upper limit of

m,, = /> |Us*m; < 0.45 eV at 90% confidence level

(CL) [4]. Additionally, stringent bounds on the effective
Majorana mass, m,, < 28-122 meV, are derived from the
nonobservation of neutrinoless double beta decay by
KamLAND-Zen [5]. Cosmological observations of the
cosmic microwave background also provide a model-
dependent upper bound on the sum of neutrino masses,
> m,, <0.12 eV (95% CL) [6]. In all cases, neutrino
masses are at least 6 orders of magnitude smaller than
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those of all other SM fermions, suggesting that neutrinos
acquire mass through a mechanism distinct from the Higgs
mechanism [7,8].

This paper focuses on constraining the effective cou-
plings of neutrino-light-quark scalar interactions using
neutrino mass bounds. We assume that neutrinos acquire
mass via scalar four-fermion effective interactions involv-
ing neutrinos and light quarks (u, d, s). Within this
framework, we identify two distinct contributions to
neutrino masses: (i) perturbative contributions from light
quark loop corrections and (ii) nonperturbative contribu-
tions from light quark condensates. While neutrinos could
also gain mass from scalar interactions involving heavy
quarks or charged leptons via loop diagrams, we focus on
light quarks due to their unique property: Below the chiral
symmetry-breaking scale (u, ~ 1 GeV), light quarks not
only contribute perturbatively, but also develop a vacuum
condensate, providing an additional contribution to the
neutrino mass [9-11]. Moreover, the same scalar operators
contributing to neutrino masses also contribute to low-
energy processes such as coherent elastic neutrino-nucleus
scattering (CEvNS) and invisible decays of light pseudo-
scalar mesons.’ Thus, constraints derived from neutrino
masses have significant implications for these processes.

'While these scalar operators may modify neutrino oscillations
(see, e.g., Refs. [12—14]), such effects are expected to be
subdominant and are, thus, excluded from our phenomenological
analysis.
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Itis noteworthy that previous studies have considered only
the perturbative contribution, overlooking the nonperturba-
tive effect [15—17]. We demonstrate that both contributions
are comparable for operators involving u and d quarks,
whereas the perturbative contribution dominates for oper-
ators involving the s quark. We discuss both Dirac and
Majorana neutrino cases, as the nature of neutrinos remains
unknown. The analysis is performed using the low-energy
effective field theory extended with right-handed neutrinos
Ny (LNEFT) [18-21], and we include renormalization group
(RG) running effects. The nonperturbative contributions are
obtained by matching LNEFT operators onto chiral pertur-
bation theory (yPT) operators.

The paper is organized as follows. Section II introduces
the scalar interactions in the effective field theories,
including LNEFT, RG running effects, and the matching
to yPT. Section III presents the expressions for relevant
observables: neutrino masses, CEvNS, and light pseudo-
scalar meson invisible decays. Section IV provides a
numerical analysis comparing the perturbative and non-
perturbative contributions to neutrino masses and con-
strains the Wilson coefficients from various observables.
Our conclusions are given in Sec. V.

II. SCALAR INTERACTIONS IN EFFECTIVE
FIELD THEORIES

In this section, we will first describe all the relevant
scalar effective interactions in the Lagrangian of LNEFT at
scale ,uXNI GeV, from which one can calculate the
perturbative contribution to the neutrino masses. We
subsequently match the LNEFT operators onto the yPT
operators to obtain the nonperturbative contribution to the
neutrino masses.

A. Scalar interactions in LNEFT

LNEFT is an effective theory valid below the electro-
weak scale (ugw), invariant under Lorentz transformation
and SU(3)- x U(1),,, gauge symmetries. Its degrees of
freedom include all SM fields except the heavy W, Z, h, and
t, along with light right-handed neutrinos Ny [18-21]. We
consider only the scalar four-fermion operators involving
neutrinos and light quarks.

Depending on lepton number conservation, these oper-
ators are categorized into two classes: lepton-number-
conserving (LNC) and lepton-number-violating (LNV).
For Dirac neutrinos, the relevant LNC Lagrangian is

E%EEFT D L;g"‘?gR(lepNRr) (ﬁLSuRl) + Lfﬁ}fL (IijNRr) (ﬁRsuLt)

2

prst

+ Lbs&fR(ﬂLpNRr)(C_lLstz) + L»Sn}fL(ﬂLpNRr)(adeLz) +H.c., (1)

prst

prst

where the coupling constant L; in front of each four-fermion operator is the Wilson coefficient, which is suppressed by a
factor of =2, L and R denote separately the left and right chirality, and p, r, s, and ¢ denote the generation indices. Since
both v; and Ny carry a lepton number: L(v; ) = L(Ng) = +1, interactions governed by Eq. (1) correspond to the LNC

(JAL| = 0) processes. For Majorana neutrinos, the LNV Lagrangian is

CLNV

INver 2 L3R (0 v (lpsup,) + Ly (0 pvir) (Hstiry)
prst prst

+ LR (7 pvrr)(drsdp,) + LS;:iLL(ﬂEpVLr)(gRSdLI)
prst

prst

+ L (N, Nay) (i sugy) + L3 (NG, Ng,) (iigstig,)

prst

Nu
prst

+ L%fR(N%pNRr)(aLstl) + LE/;SL (N&pNrr)(drydy,) +He., (2)

prst

where the charge conjugation of a left-handed field y{ =
Cyl (C = iyyyp) is actually a right-handed field, and vice
versa. Since the antiparticle of a Majorana neutrino is the
particle itself, operators in Eq. (2) violate the lepton number
by two units (JAL| = 2), interactions governed by which
correspond to the LNV processes.

B. RG running effects

Since there is a large mass gap between scales u, and u,
one has to resum the large logarithms produced by the ratio
of the two scales in the perturbative expansion. This can be

|

obtained solving the relevant RG equations. Note that
LNEFT is merely valid below pugyw, at the range between
upw and u; however, the SM gauge symmetries are still
unbroken, and physics at this range should be described by
the SM effective field theory [22-25] extended with right-
handed neutrinos (SMNEFT) [26-31]. The Lagrangian of
SMNEFT is invariant under Lorentz transformation and
SUB3)exSU(2), xU(1), gauge symmetries, and the
degrees of freedom of which are all the SM fields and the
extended right-handed neutrinos Np. To connect the physics
at u,, to the UV-complete model at 4, a standard procedure is
describing the low-energy physics in terms of LNEFT at y,,,
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evolving the LNEFT Wilson coefficients from s, up to pgw,
matching LNEFT onto SMNEFT at ugw, running the
SMNEFT Wilson coefficients from ugw up to u, and
matching SMNEFT to the UV-complete model at p.
Nevertheless, as we are interested in only the neutrino
mass generation mechanism and the neutrino low-energy
physics, strictly executing such a procedure will be rather
tricky and is out of the scope of our research. For
simplicity, we neglect the RG evolutions for SMNEFT
Wilson coefficients from y down to ugw and consider
only the one-loop RG running effects from ugyw down to
u, for LNEFT Wilson coefficients in this work. This
treatment is reasonable, as the dominant running effect is
mainly obtained from solving the QCD one-loop RG
equations between pgw and p,, with a result by multi-
plying the Wilson coefficients at ugyw a factor of about 2.
By the way, we also neglect the potential operator mixing
that could appear in either LNEFT or SMNEFT, which is
equal to assume that the contribution produced only by
scalar operators.

Working in the MS renormalization scheme, the one-
loop QCD and QED RG equations for the scalar LNEFT
Wilson coefficients read

d  sap Ay ) S.AB
,Ll—L[q, = — 6CFE+6Q[IE L[q/ ,

i=v,N,uN,
d/'l prqq prqq

(3)

where A,B=L, R, ¢ =u, d (When ¢’ = u, ¢ = u, and
when ¢ =d, g=d or s), a, = g?/4r and a = e*/4n
denote separately the coupling constants of strong and
electromagnetic interactions, Q,, is the electric charge for
quark with Q, = +2/3 and Q;, = Q, = —1/3, and Cp =
(NZ—1)/2N¢ = 4/3 with N¢ = 3 being the color number
of QCD. The solution of Eq. (3) is

ﬁng

wgrion = o] ] e @

prqq

where fy = 11 — 2n,/3 with n being the number of active
quarks between y; and p, and by, = —4(3n, +4n, +
ng)/9 with ng, n,, and n, being, respectively, the numbers
of active charged leptons, up-type quarks, and down-type
quarks between p; and p,. Numerically, by quoting the
input a;(mz) = 0.1180(9) and a = 1/137.036 from PDG
[32], one has

L%'(1 GeV) ~ 2.07L5* (my). (5)

prqq prqq

Clearly, the scalar Wilson coefficients get enhanced when
running from a high scale down to a low scale. Note that the
running effects of QED are negligible compared to that of
QCD, which has also been pointed out in Ref. [21].

C. Matching LNEFT to yPT

For energy below u, ~ 4zF, with F, =92.3(1) MeV
being the pion decay constant [33], the observed degrees of
freedom are no longer the light quarks but the pseudosca-
lars (7, K, ), which can be well described by the so-called
xPT. Therefore, to describe physics below p, with con-
tributions from high energies, the LNEFT operators should
be matched onto the ones of yPT.

The yPT is a QCD low-energy effective field theory, in
which the pseudoscalars are the Goldstone bosons corre-
sponding to the spontaneous global chiral symmetries
breaking: SU(3); x SU(3)r = SU(3),. There are pro-
duced eight pseudoscalars, which can be written into the
theory in a nonlinear way:

U=¢e ;P
—exp|i— ],
p Fy

0+ \%7] V2rt V2K
® =1 =| V2r-  —2"+Fn V2K° | (6)
- 0 2
V2K V2K — AN

where F is the pion decay constant in the chiral limit, ¢¢
are the Goldstone bosons, and A (a=1,...,8) are
the Gell-Mann matrices satisfying the trace relation
Tr(A,Ap) = 28,4,. Under SU(3), x SU(3)x symmetries,
the matrix U transforms as U — RUL', with L(R) being
the representation of SU(3), (. The chiral symmetries are
broken by the quark vacuum expectation values or, equiv-
alently, the quark condensates, (0|g¢|0) (¢ = u, d, s),
whose values can be determined through the lattice QCD
calculations [34,35]. It is worth pointing out that the quark
masses softly break the SU(3);, x SU(3)z symmetries
which would result in nonzero masses pseudoscalars.

Beside the pure QCD, one is usually dealing with
interactions between quark bilinears and other fields, e.g.,
the neutrinos along with the accompanying Wilson coef-
ficients in Egs. (1) and (2). These fields can be treated as the
external sources (which are also referred as the spurion fields
[36]), which can be organized into the Lagrangian by
employing the external field method [37-39]:

L= ﬁ%CD + Loy
= [:%CD + Gry*Lgr + arr*ruqr + GrSqr + drStqr
+G10" 1, qr + RO gL, (7)

where ¢ = (u,d.s)" and I,, r,, S, and 1,, are 3x3
Hermitian matrices in flavor space, which stand for the
left-handed, right-handed, scalar, and tensor external
sources, respectively. In writing down Eq. (7), we have
endowed the external sources with the following chiral power
counting:
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L,~O(p), 1,~0(p). S~O(p?). 1, ~O(p*). (8)
For convenience, the external sources can split into two
components [36]:

S S48, ty,>t,+1,,

)
where S, [, r,,, and 1, in the right side of each arrow denote

the quark mass matrlx and the couplings to electromagnetic
field A, in the SM:

Lyl + 1, ry—>r,+7y,

S+ —M", lu — —eQA#, ry > —eQA”, by > 0,
(10)
with M = diag(mu,md,ms)andQ:diag(2/3,—1/3,—1/3);

whereas S, 1 s T and i,w encode the contributions from NP.
Asweare 1nterested in only the scalar interactions between

quarks and neutrinos, we merely focus on the term §; Sqp
|

(and its Hermitian conjugate GzS"¢; ) in Eq. (7). Concretely,
the S matrix in the flavor space can be written as

Suu Swud Sus
§= Sdzt de de : (11)
Ssu Ssd Sss

Therefore, by matching §; Sq to the LNC LNEFT operators
in Eq. (1), one has

S = thISR(ﬂLpNRr) + LENISL*(NRrDLp), (12)

pruu pruu

S'dd = Lde (VLpNRr) + LfNIEL* (Ner/Lp)v (13)

prdd prdd

S — LENI;R (VLpNRr) + L:?N]deL* (Ner/Lp)' (14)

prss prss

Similarly, by matching G, Sqx to the LNV LNEFT operators
in Eq. (2), one obtains

Suu - Lfrf“R (ULpVLr) + L “‘M (iLrUZP) + Lffi’g[R(N%pNRr) + Lf}\,/g,L* (NRrN;?p)’ (15)

Saa = L[S ZR (T pver) + LS LL*(ULrULp) + LerR(NRpNRr) + LfnRL*(NRerep)a (16)

Sgy = L3R5 w,) + L3 (05 ,) + LN (NG, NR,) + L3 (Ng, N, (17)
prss prss prss prss

On the other hand, the yPT counterparts of §; Sqg at the lowest chiral power order [O(p

- 1 -
drSqr — —2By ZF<2)<SU> + L4(D

+2Ls(U'y + 4" U)(SU)

where (---) represents the trace in flavor space, y =
—2B,S" with By = —(0|Gq|0)/F3, and L; (i =4, 5, 6, 7,
8) and H, the low-energy coupling constants of the
corresponding terms. It is clear from Eq. (18) that this
term is proportional to a constant B,, which is actually
connected to the quark condensates, and is, therefore, a
nonperturbative effect. Expanding the first term on the right
side of Eq. (18) at the lowest energy, we will obtain an
effective mass term for neutrinos; for more details, see
Sec. III A. By the way, it is noteworthy that a similar
procedure has also been applied to obtain the nonpertur-
bative effects in other observables, e.g., the charged lepton
and neutrino electric or magnetic dipole moments [36,40].

III. OBSERVABLES

In this section, we will in detail represent the formulas
for the relevant observables, which are expressed in terms

4)] read [36]

U'D'U)(SU) + Ls(SUD,U'D+U)

—2L,(U'y = x'U)(SU) + 2Lg(SUx U) + Hy(Sy) | + O(p®). (18)

of the LNEFT Wilson coefficients. These expressions will
be used for the numerical analysis in the next section.

A. Neutrino masses

As introduced in Sec. I, the neutrinos acquire mass
through two distinct ways: (i) the perturbative contribution
from light quark loop corrections and (ii) the nonperturba-
tive contribution from light quark condensates. In the
following, we will separately display the detailed formulas
for these two sources.

The perturbative contribution is produced from the
Feynman diagrams depicted in Fig. 1.2 These types of
Feynman diagrams were first calculated in Refs. [15,16],

*Note that the scalar effective interactions should be produced
at a scale above ugw, so that the heavy degree of freedom Z can
appear in the two-loop diagrams.
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One- and two-loop Feynman diagrams contributing to the Dirac neutrino masses, where the blob denotes the neutrino-light-

quark scalar effective interactions. Similar Feynman diagrams also apply to generate Majorana neutrino masses.

with an effective neutrino mass at one- and two-loop levels
given, respectively, by

sm'D ~ lNCLS,AB mg

2
e R ,, log”—, (19)
eff 2 pl;]qq (471.)2 mg]

1 m,m> 2\2

émizf)f ~ EgZNCL;;IzB (Zﬂ)f <log %) , (20)
where g is the SU(2), gauge coupling constant. It is found
that the ratio of the one-loop result to the two-loop result is
~50m3/m%, so the one-loop contribution is negligible
compared to the two-loop one; see more details about this
aspect in Refs. [15,16]. Note that, since Ny is an SU(2), x
U(1), singlet, only the first two diagrams have contribution
to the pure right-handed neutrino mass, yet for the sake of
uniformity we keep the same formalism for all the neutrino
mass terms. The relations between the Wilson coefficients
of this work and the ones in Ref. [15] are

S.RR __ q
Lva/ - 2GF(aS pr + aSP pr)

prqq

L3I =2Gp(all - all. ). (21)

uNg'
praq

LS LR - 2GF(aS pr agg pr)
LSD;L = 2GF(aS pr + aSP pr) (22)

prqq

where G is the Fermi constant and the subscripts S and SP
refer to scalar and pseudoscalar, respectively. In the numeri-
cal analysis, we consider only the predominant two-loop
result, and the total perturbative contribution is obtained by
multiplying Eq. (20) with the RG running effect in Eq. (4).

The nonperturbative contribution, on the other hand,
can be obtained from the first term in Eq. (18), which
corresponds to the contribution from the quark condensate.
To see this, we substitute the matching relations in
Egs. (12)—(17) into their yPT counterparts (18) and take
only the vacuum state of the theory, i.e., the 3 x 3 identity

matrix of the U matrix (U =1+ i®/F( + - - -), to obtain
the following effective mass term:
1 S.AB.
omis, = BOF quq = 5 (01410) ZL (23)

P"l‘l

The numerical value of (0|gg|0) will be quoted from the
results of lattice QCD [34,35]. The total neutrino effective
mass is the sum of both the perturbative and nonperturba-
tive contributions. We will numerically compare these two
effects in Sec. IV.

B. CEvNS

In a CEuNS process, the low-energy (anti)neutrinos
can coherently couple to protons and neutrons of a
given nucleus N/, the cross section of which could signifi-
cantly get enhanced and, therefore, allows for much smaller
detectors (see, e.g., the recent proceedings on the CEvNS
measurement in the CONUS+ experiment [41]). For this,
it has been theoretically proposed long ago to use the CEVNS
to probe the weak neutral current [42]. Experimentally,
the CEvNS process was observed by the COHERENT
experiment first in cesium iodide [43] and later confirmed
in argon [44] and germanium [45]; all are consistent with the
SM predictions. One, therefore, can estimate impact on the
CEvNS with influence from various NP sources [21,46,47].
As the same LNEFT scalar operators contributing to neutrino
masses can also contribute to the CEvNS, we will use the
results of the Wilson coefficients constrained from the former
to predict their impacts on the latter.

The incoming (anti)neutrinos in a CEvNS process can be
definitely selected, but the outgoing missing energies
cannot be measured and might be either the left- or
right-handed neutrinos. This allows us to set up a limit
on the NP parameters that could have a contribution to the
process. In the presence of scalar interactions, the differ-

. . =) .
ential cross section for the scattering v N — XA with

o (=)
Xe {(v), N} can be written as [21,46-48]

ds GiM[_, E E,
= = 1- 24
dT Az |: N E;nax + 5\/ E{ﬂnax ’ ( )

where M is the mass of the given nucleus, E, denotes recoil
nucleus kinetic energy with maximal value EP™ =
2E%/(M + E2?) ~2E?/M with E, being the energy of the
incoming (anti)neutrinos, and g and &y, define the effective
parameters describing the neutrino-nucleus interactions for
scalar and vector currents, respectively. The SM contributes
only to the vector parameter &, with
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vem = N = (1=4sin’0y)ZPF*(¢*).  (25)

where Z and N label separately the proton and neutron

denotes the Helm form factor of the nucleus with the coherent
limit F(g*> — 0) ~ 1 [49]. The parameter &g encodes the
contributions from the scalar effective interactions, accord-
ing to different participating neutrinos; one has [21,46,47]

numbers of nucleus N and F(q?) = F,(q*) = F,(¢*)
!

Z( SRR +LS”IRL)( nlpr Nj%f’ﬁ)‘ze(qz)’ for i = vN,
q q

I’VCM prqq

5= (26)
Z gZ(LS“,LR +L% LL) (Z,' fori =u,

Jjipr q praq praq

:,nT:fT +Nmn ) Fz(‘])’

where the subscript j sums over the nucleus of a given molecule that participates the scattering, m, and m, denote,
respectively, the mass of proton and neutron, and

values [50,51]

" are the nucleon form factors for the scalar currents, with numeric
q

P —0.0153, P —0.0191,
u d
no=00110,  f3 =0.0273,

D =0.0447,
7= 0.0447. (27)

C. Light pseudoscalar meson invisible decays
In the SM, the electric neutral light pseudoscalar (z°, 7, and #') which consists of light quarks can decay into a neutrino
pair via exchanging a Z gauge boson. The SM predictions for these decay rates are highly suppressed, and only the upper
limits were obtained from experiments, which, at 90% CL [52,53],

B(z° — invisible) < 4.4 x 107,

B(n — invisible) < 1.1 x 1074,
B(n' — invisible) < 2.1 x 107, (28)
where the missing energy are supposed to be carried by the invisible neutrinos. As the missing energy may be mimicked by
other exotic light degrees of freedom, the aforementioned light pseudoscalar meson invisible decays can be also used to set

bounds on the potential NP parameters.
In the presence of scalar interactions, the decay rate of a pseudoscalar meson P (where P € {z°,5,7'}) invisible decay

reads [21]
2 m2 2
(%)
mp

hll
B(P — invisible) = L7 H (LSRR _ [ SRL

167 L[4m0 T
hq 2 m3, m3 \? nd 2
+ ‘ (LR = L350 (1 -2 ;) (1 —4 ;) + ‘—P (L3 = L35 } (29)
2mq praqq praqq mP mP 2mq prqq prqq
|
where my,, m,, and mp denote the mass of the right- A% = m2f, hd = m2f4, hi =0,
handed neutrino N, constituent quark ¢, and pseudoscalar ¢ .
meson P, respectively, and h% the decay constant which hy = _zh’q7 hy = NG hy = =sghs.
parametrized the hadronization of P via a pseudoscalar Sy 5p
e . d _ -
current transition into vacuum: hZ’ 7§hq’ hn’ 5" hfy, = c¢hs, (31)
hp
0|gysq|P) = —i——. 30
(OlarsalP) 2m, (30) where s, = sin ¢ and ¢, = cos ¢ with ¢ = 39.3° being the
n — 1’ mixing angle in the Feldmann-Kroll-Stech scheme

Especially, [54-56] and
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h, = fq(m%ci + mi,s,zl)) - \/Efs(mi, - m%)s(pc(ﬁ,
Jq
V2

with fi=—fd=F,, fq=151F,, and f;=190F,.
Note that, in the SM, only vector operators which arise
from exchanging a Z gauge boson contribute to the light
pseudoscalar meson decays. However, due to that their
contributions to the decay are helicity suppressed, such
contributions are negligible [21].

2

252) (mn, —m;)sycy (32)

h :fs(mi,cé + mysy) =

IV. NUMERICAL ANALYSIS

In this section, we will first numerically compare the
perturbative and nonperturbative contributions to the neu-
trino mass, then constrain and compare the LNEFT Wilson
coefficients from the neutrino masses, CEvNS, and (7°, #,
1) pseudoscalar meson invisible decays, and finally use the
results obtained from neutrino mass bounds as inputs to
predict the light pseudoscalar meson decay rates. For
convenience, the numerical values for all inputs (and the
corresponding references) used throughout this work are
collected in Table I.

A. Perturbative contribution versus nonperturbative
contribution

As demonstrated in Sec. III A, the LNEFT neutrino-
light-quark scalar operators have two contributions to the
effective neutrino masses: one is the perturbative contri-
bution arising from loop corrections, and the other is the
nonperturbative contribution originating from the quark
condensates. Using inputs from Table I, the total effective
neutrino mass for a single nonzero Wilson coefficient is

(002240 — 0.011,, )L - GeV3, for g = u,

praq

0.047,,0, — 0.011,)L548 . GeV3, for g =d,
oop qe) L q

prqq

(0.944,,, — 0.013,,)L%" - GeV3, for g =,

prqq

eff _
omyt =

where “loop” and “gc¢” above indicate the contribution
induced from loop corrections and quark condensates,
respectively. Obviously, we can conclude from Eq. (33)
that both contributions are comparable for # and d quarks,
while the perturbative contribution dominates for s quarks.
Therefore, in the former case, both contributions should
be taken into account, while we need to consider only the
perturbative contribution in the latter case for which the
nonperturbative contribution is negligible. Note that only
the perturbative contribution has been considered in
Ref. [15], so their results should be refined. Besides, the
updated bounds on the neutrino masses also demand
renewed constraints on the scalar couplings.

It is important to note that the bounds derived in Eq. (33)
rely on a naturalness argument. We require that the con-
tribution to the neutrino mass induced by the neutrino-light-
quark scalar effective interactions does not exceed the
experimentally observed neutrino mass. Mathematically, it
is possible for these effective couplings to be significantly
larger if the effective operator contributions are cancelled by
a dimension-5 Weinberg operator (or other contributions)
with opposite sign. Such a scenario would require a precise
fine-tuning between unrelated model parameters. In the
absence of a symmetry enforcing such a cancellation, we
consider the naturalness bounds to be the most physically
robust constraints.

While we have analyzed the neutrino mass generation
within the framework of LNEFT, the embedding of these
operators into a UV-complete model requires careful con-
sideration of matching effects. In the context of SMNEFT,
integrating out heavy scalars or vectors to generate dimen-
sion-6 operators typically induces a contribution to the
dimension-5 Weinberg operator (or the Dirac Yukawa
couplings and Majorana masses in models with right-
handed neutrinos) at the one-loop matching level.

From a power-counting perspective, the matching
coefficient for an operator of dimension d scales as
c9 b

Pl T where y represents the underlying UV

couplings, n denotes the coupling power depending on
the specific Feynman diagram, and k stands for the loop
order. For a high UV scale y, the matching contribution to

The numerical values for the relevant inputs used in our numerical analysis.

(33)

TABLE L.

G = 1.1663788 x 10~5 GeV~2 [32]
a = 1/137.035999084(21) [32]
m = 134.9768(5) MeV (32]
m, = 547.862(17) MeV [32]
my = 957.78(6) MeV [32]
m, = 2.16(4) MeV [32]
my = 93.5(5) MeV [32]
my = 4.183(4) GeV [32]
(0]au|0)MS (2 GeV) = —(283(2) MeV)? [34]
(0]55]0)MS(2 GeV) = —(296(11) MeV)? [35]

ay(my) = 0.1180(9) [32]
sin? @y, = 0.23129(4) [32]
70 = 843(13) x 1077 s [32]
I, = 1.31(5) keV [32]
I, = 0.188(6) MeV [32]
my = 4.70(4) MeV [32]
m, = 1.2730(28) GeV [32]
my = 91.1880(20) GeV [32]
(0|dd|0YMS (2 GeV) = —(283(2) MeV)? [34]
F, =92.3(1) MeV [33]

055017-7



FENG-ZHI CHEN, JUNLIN HUANG, and FANRONG XU

PHYS. REV. D 113, 055017 (2026)

TABLE II.
pseudoscalar meson invisible decays, respectively.

Constraints on the upper limits of LNC scalar LNEFT Wilson coefficients from mﬁff, CEvNS, and light

0

L; [GeV~?] mgt CEvNS n’ — inv n — inv 7' — inv
L3RR 43107 7.6 x 107 4.8 x 1077 8.5 x 10~ 1.5% 1072
LSeRieL) 12x 107 8.8 x 1077 1.1 % 107 1.8 x 107 3.2 x 102
L%R(RL) 4.8 x 10710 9.4 x107° 5.5 % 10~ 5.6 % 103

eess

the neutrino mass from the dimension-5 operator generally
dominates over the contribution from the dimension-6
operators, unless the underlying flavor symmetries of
the UV theory suppress the dimension-5 operator while
allowing the dimension-6 interactions.

B. Constraints on the Wilson coefficients

Since the same LNEFT Wilson coefficients simultane-
ously contribute to neutrino masses, CEvNS, and pseudo-
scalar meson invisible decays, different upper limits on
these Wilson coefficients can be obtained from various
observables. In this section, we will in detail compare the
constraint capacity of different observables.

Although our effective neutrino mass formulas apply to
neutrinos of all flavors, we merely focus on the electron
neutrino v,, for which the constraints from the muon- (,)
and tau- (v,) neutrinos masses are still very poor, and the
most stringent upper bound to date is from the v, mass. As
the contributions from the scalar interactions of neutrinos
and light quarks are only part of the corrections to the total
neutrino masses, we have the following constraint:

eff _ ) qc eff
omg" = émy + omy, < mj .

(34)

For the effective Dirac v, mass, we will use the 90% CL
upper bound from KATRIN Collaboration [4]:

meT < 0.45 eV, (35)

TABLE III.
light pseudoscalar meson invisible decays, respectively.

While for the effective Majorana electron neutrino mass,
the strongest upper limit is taken from the bound on the
Ovpp decay lifetime for xenon from the KamLLAND-Zen
experiment [5], which at 90% CL is given by
mel < 28-122 meV. (36)
There has been no direct measurement on the light right-
handed neutrino masses, so no available neutrino mass data
can be utilized to constrain the relevant Wilson coefficients.
However, the light pseudoscalar meson invisible decays can
provide an indirect constraint on these Wilson coefficients,
which, in turn, can be translated into the upper limit of
correction to the mass of the right-handed neutrino.

In the following, we will compare the upper limits on the
LNEFT Wilson coefficients obtained, respectively, from
neutrino masses, CEVNS, and light pseudoscalar meson
invisible decays. All the numerical values correspond to the
LNEFT Wilson coefficients at the scale 4 = 1 GeV and are
obtained with the assumption that one coefficient is non-
zero at a time. The constraints from the latter two have been
done in Ref. [21] in the limit of massless right-handed
neutrinos; we will quote their bounds from CEvNS based
on the COHERENT measurement with cesium iodide [43]
but use the updated constraints from the light pseudoscalar
meson invisible decays. The comparisons of upper limits
on LNC and LNV scalar LNEFT Wilson coefficients
obtained from various observables are displayed in detail
in Tables II and III, respectively. From these two tables, it is
clear that neutrino mass bounds provide the most stringent

Constraints on the upper limits of LNV scalar LNEFT Wilson coefficients from mSf, CELNS, and

0

L; [GeV7?] mei CEvNS ¥ — inv n — inv 7' — inv

[ SLL(LR) (1.3-5.8) x 10~ 3.8 x 1077 3.0x 1077 6.0 x 10~ 1.1x 1072

LS LLLR) (3.9-16.9) x 1071° 44 %1077 6.7 x 1077 1.3x 107 23 x 1072
eedd

SR (1.5-6.6) x 10711 47 % 107 3.9 %107 4.0 %107

LS RR(RL) 3.0 x 1077 6.0 x 107 9.2 x 107

[ SRR(RL) 6.7 x 1077 13x 1073 2.0 x 1072
codd

1 S-RR(RL) 3.9x 107 4.0x 1073

Nd
eess
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constraints on both the LNC and LNV scalar LNEFT
Wilson coefficients, surpassing those from CEvNS and
light pseudoscalar meson invisible decays.

From Table III, we see that, among all of the light
pseudoscalar meson invisible decays, the z° invisible decay

provides the most stringent upper bound on the Wilson

coefficients LSA;meL) and LSA;dRMRL)

eeuu eedd

, while the # invisible

decay imposes the most strict upper limit on L5F8*5) A

eess

discussed above, these upper limits can be translated into a
correction to the mass of the light right-handed neutrino,
with

6.6 eV, from LSN’fR(RL)»
omlt < { 482V, from L3 (37)

eedd

0.7 MeV, from LSN'fR(RL)

eess

Future more precise measurement on these light pseudosca-
lar meson invisible decays will improve the current upper
bounds on the mass of the light right-handed neutrino.

V. CONCLUSION

This work has systematically investigated the constraints
on neutrino-light-quark scalar couplings from neutrino
mass measurements, considering both perturbative loop
corrections and nonperturbative quark condensate contri-
butions. We have shown that, for operators involving u and
d quarks, both contributions are comparable and must be
included in complete analyses, while for s quark operators,
perturbative effects dominate.

By comparing constraints from various observables, we
find that electron neutrino mass measurements provide
the most stringent limits on the relevant LNEFT Wilson

coefficients, significantly outperforming constraints from
CEvNS and light pseudoscalar meson invisible decays.
For Dirac neutrinos, the effective electron neutrino
mass bound of 0.45 eV constrains the couplings to approx-
imately 1078-1071© GeV~2, while for Majorana neutrinos,
the more stringent 28—-122 meV bound from neutrino-
less double beta decay provides constraints at the
107°-10""" GeV~? level. It should be stressed that in
deriving these constraints we have assumed the absence of
accidental fine-tuned cancellations between the neutrino-
light-quark scalar effective operator contributions and other
contributions to the neutrino mass matrix, such as the
dimension-5 Weinberg operator.

Furthermore, we have translated the constraints from
light pseudoscalar meson invisible decays into limits on
possible right-handed neutrino masses, obtaining bounds
ranging from eV to MeV scales depending on the specific
operator. Our results update previous analyses that con-
sidered only perturbative contributions and demonstrate the
importance of a comprehensive treatment including both
perturbative and nonperturbative effects.

The methodology developed in this work provides a
framework for connecting UV-complete models with low-
energy observables through effective field theory techniques,
with potential applications to other beyond—Standard Model
scenarios involving neutrino-mass generation mechanisms.
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