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Tensor interaction in coherent elastic neutrino-nucleus scattering
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Neutrino tensor interactions have gained prominence in the study of coherent elastic neutrino-nucleus
scattering (CEvNS) recently. We perform a systematical examination of the nuclear effect, which plays a
crucial role in evaluating the cross section of CEUNS in the presence of tensor interactions. Our analysis
reveals that the CEvNS cross section induced by tensor interactions is not entirely nuclear spin suppressed
and can be enhanced by a few orders of magnitude compared to the conventional studies. The neutrino
magnetic moment induced by the loop effect of tensor interactions is also taken into account due to its
sizable contribution to the CEvNS cross section. We also employ data from the COHERENT experiment
and recent observations of solar ®B neutrinos from dark matter direct detection experiments to scrutinize the

parameter space of neutrino tensor interactions.

DOI: 10.1103/19yb-tstx

I. INTRODUCTION

The discovery of the neutrino oscillation clearly indi-
cates the existence of new physics beyond the standard
model (SM), triggering substantial theoretical and exper-
imental efforts to explore the nature of neutrinos. A model-
independent way to explore new physics in the neutrino
sector is parametrized in the form of generalized neutrino
interactions [1-4], i.e., four fermion operators with scalar,
pseudoscalar, vector, axial-vector, and tensor Lorentz-
invariant structures. Among these interactions, the tensor
interactions historically received comparatively less atten-
tion but have attracted much interest in the literature in
recent years. Neutrino tensor interactions can arise from
leptoquark models [5], left-right symmetric models [6,7],
SM effective field theory extended with right-handed
neutrinos [8,9], and unparticle physics models [10]. The
parameter space of tensor interactions has been explored by
diverse phenomenological channels, including deep inelas-
tic scattering [9,11,12], muon decay [13,14], neutrino mass
[15,16], p decay [17-22], etc.

Recent observations of the coherent elastic neutrino-
nucleus scattering (CEvNS) process, arising from the
exchange of a vector Z boson, provide a novel probe to
new physics in the neutrino sector [23]. The first
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observation of SM CEvNS was achieved in 2017 by the
COHERENT Collaboration through an accelerator-based
experiment [24], confirmed by subsequent experiments
[25,26], and the first indication of solar ®B-neutrino-
induced CEvNS events in the dark matter (DM) direct
detection (DD) experiments was also reported by PandaX-
4T [27] and XENONNT [28] in 2024. Low-energy proc-
esses are less sensitive to the nuclear structure details [29],
meaning that the nucleus can be approximated as a point
particle characterized by a charge and a spin. The nuclear
effect can thus be encoded into spin-independent (SI) and
spin-dependent (SD) form factors. In particular, the nuclear
effect of the SM CEvNS process is well described by a
SI form factor, characterizing the weak charge distribu-
tion within the nucleus [30]. The identical form factor was
widely adopted in studies of neutrino-nucleus elastic scat-
tering with tensor interactions [3,4,9,10,31-39]. However, it
has been known historically that tensor interactions contrib-
ute to SD interactions in low-energy processes, e.g., Gamow-
Teller transitions in /§ decay [1]. Therefore, the nuclear effect
of tensor interactions should be encapsulated into SD form
factors, which was recognized very recently through a
nuclear response framework [40,41].

In the nuclear response framework, the nucleus is mod-
eled by a collective nucleon system, leading to extra internal
interactions between a point particle and a nucleus after the
matching between relativistic interactions and nonrelativistic
(NR) nucleon operators [42,43]. To describe the nuclear
effect, this procedure adopts a complete set of six nuclear
response functions instead of the conventional SI/SD form
factors used in the elastic scattering. The nuclear response
functions reveal the charge or current distribution inside the
nucleus, depending on the underlying interactions and the
corresponding nucleon operators. By matching the tensor
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interactions into the NR operators, previous studies [40,41]
identified the leading-order operator in the momentum
expansion as the spin operator . Consequently, the nuclear
effect is encoded into two nuclear response functions of 6y,
resulting in a suppression of several orders of magnitude in
the cross section compared to scenarios assuming a SI form
factor. This significant suppression arises from the nuclear
response functions, because the amplitude for a neutrino
scattering off paired nucleons with opposite spin directions
cancel with each other. This critical insight was overlooked
for a long time, but has recently been utilized in several
phenomenological studies [44-46].

However, we find that the spin-suppressed result also
inadvertently overlooked other nucleon operators accom-
panied by a momentum suppression, which is quantified by
the ratio of the momentum transfer to the nucleon mass
|g|/my ~ ©(0.01). Specifically, concerning the unit oper-
ator 1 omitted in the spin-suppressed result, the amplitude
for a neutrino scattering off a nucleus arises from the
coherent sum of contributions from each individual
nucleon. This coherent enhancement effect, scaling with
the nuclear mass number, compensates the momentum
suppression factor and simultaneously amplifies the effect
of the other operators through their interference with 1.

In this work, we systematically investigate the tensor
interactions in CEvNS in light of the nuclear response
framework. The cross section can be decomposed into
parity-odd and parity-even components, stemming from the
nucleon operators suppressed by |g|/my and 6y, respec-
tively. We find that the spin-suppressed result only contain
the parity-even part, and the dominant contribution to the
cross section originates from the parity-odd part, which
exhibits no nuclear spin suppression and is coherently
enhanced, thus yielding a few orders of magnitude impro-
vement over the spin-suppressed result. We also discuss the
sizable contribution to the CEvNS cross section from the
neutrino magnetic moment (zMM) induced by a loop
diagram of the tensor interactions [6,47]. In addition, we
perform phenomenological investigations based on the
data from the well-measured COHERENT experiment
and recent solar ®B neutrino observations in the DM DD
experiments at PandaX-4T and XENONnT.

II. THEORETICAL FRAMEWORK

The neutral tensor interactions between quarks q and
neutrinos v, can be described by

eff_ Z Z GTa IJ(IU Va)(q uq) (1)

q=u,d a=e,u,t

with 6#* = L [y*, y*]. Nucleons, rather than quarks, serve as
the effectlve hadronic degrees of freedom in describing
low-energy scattering processes. Transitioning from quarks
to nucleons can be achieved via the tensor interaction’s
nucleon matrix element up to O(|q|/my) [41],

(N, |ao"qN,) =&, | o FIN — ’qu —q")F¥Y |u,

(2)

where nucleon form factors evaluated at zero-momentum
transfer F{') = 0.784(28) and F1 7 =—0.204(11) [48] are
relatlve to the tensor charges, while F37 = —1.5(1.0) and

= 0.5(3) [49] are relative to the tensor anomalous
magnetic moments. Here, we assume the isospin sym-
metry: F'; = F' and F¢; = F!f (i =1, 2). Since the
nucleon form factors can be approximated as constants
within the energy range of CEvNS, the dependence on the
momentum transfer is not explicitly included. Here, kin-
ematics of the neutrino-nucleon scattering is defined by
v(k) + N(p) - v(k') + N(p'), with the momenta of the
incoming (outgoing) neutrino and nucleon being k (k") and
p (p'), respectively, and the momentum transfer being
g = p — p'. After suppressing the lepton-flavor label for
simplicity, we obtain the amplitude at the nucleon level up

to O(|g|/my),

2 : — N1 _uu
I/lk/ l/tklxlp/ |:GT o

=p,n

i
- Gva.zm_N (r'q” — }'”Q”)] Up,, (3)

with nucleon couplings GJ*' =", _, , G 1P (i =1, 2).

In the nuclear response framework, the cross section is
factorized into the leptonic and nuclear parts, where nuclear
response functions are determined by NR nucleon oper-
ators. After performing the following NR expansions of
nucleon-fermion bilinears, we can match Eq. (3) with its
NR form,

Py
LR ="y +15 Gy +1 - (—lz—NxGN>, (4)

N=p.n my

where i’N is the total momentum operator, and I}, Tgv,
and 7% are the leptonic charges or currents associated with
their corresponding operators. According to the remaining
spatial rotational symmetry [50,51], the tensor interac-
tions are decomposed into three parts: E(IO), Egl), and E%()),
where the superscripts denote their derivation from either
the first or second term in Eq. (3) and the subscripts
label their underlying Lorentz structures. For instance,
Gl}/’l U 0" Uy il 6,1, = — 2G1}”1
ﬁk/azl)ukﬁp/a’(l)up)
% elik

(i O'EO) Uy ity ‘720) u, —
_ri 1 SO |
| =Ly + L), with 6 =6, 0()) =
o/k. The matching results are summarized in Table I,
with the derivation details and explicit expressions of Y,
715\’ and 72’ provided in Appendix B. In this decomposition,
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TABLE I. NR expansions of the tensor interactions up to
O(|g|/my), where the nuclear state normalization factor
p~2M, with M being the nucleus mass.

1 1 2
E(O) £ e)) ‘C(O)
Neutrino —Zﬁkfg(()) Uy 217tkr5"(1)uk _Zﬁk’a(())uk
Nucleon iqlNZ:r:—:/X{}N Gva,lp 3NG¥’1P _}% lNGI}]’Zp
Parity Odd Even Odd

the three terms are further decomposed into neutrino
and nucleon components, and the parity of the nucleon
operators is also determined based on their underlying
Lorentz structures. The suppression of 1y by |g|/my
can be attributed to the necessity of preserving the parity.
Sp601ﬁcal{y, the parity of the dimensionless quantities Z—Z,
Gy, and ’i—qN are odd, even, and odd, respectively, aligning
with their relativistic Lorentz structures. Additionally, the
suppression can also be geometrically interpreted as the
rapidity of boosting the initial nucleon to a scattered
nucleon. Note that our analysis in this work is confined
to one-body operators. Two-body currents can be converted
into one-body operators associated with indeterminate low-
energy constants, warranting further exploration in future
studies; see Appendix C for more details.

Since the nucleus is modeled as a composite system, the
nucleon operator O is accompanied by an additional
spatial operator e~*7* [43]. The factor e~*4* can be done by
performing a multipole expansion [52,53], obtained by
expanding the exponential into a series of terms that give
rise to spherical tensor operators. The transition reduced
nuclear matrix element for the multipole operator, i.e., the
nuclear response function, can be evaluated by the large
scale shell model. For example, the multipole operator of
1y is denoted by M ;, where J represents its rank, leading to
the nuclear response function Fy’(|7|?). At the long-
wavelength limit, 1, counts the number of nucleons inside
the nucleus, leading to F°(0) = Z and F)*(0) = N with
the proton number Z and the neutron number N. With the
aid of the parity and time reversal properties of multipole
operators, we find that only four nuclear response functions
remain in our discussion [42,43,54]: F % from 1y, F E,/ and
F7 from the spin operator Gy, and £ from the spin-orbit

operator %, where the nuclear response function is now

denoted by F¢ for simplicity. For an evaluation of nuclear
response functions, please refer to Appendix A.

III. CROSS SECTIONS

The cross section of the tensor interactions can be
derived as in Ref. [43], with further details given in
Appendix B. We find that the differential cross section

in terms of the recoil energy E, is decomposed into P-odd
(O) and P-even (E) terms,

dop do?  do%
dE, dE, dE,’

(5)

where

do? M |q|? Z

' N1
dor _ Ml (cgcg FUFN 4 4chGY FY F
r N N,

N'=p,n

4 /" /7 Er
+4GY'GY TR fg,) <1 —E>, (6)

with ¢} = -GJ"' +2G}* and

d E M g E " "
de:; > {2G¥~]G¥~'<1—E—’)f§f2,
r N.N/:p.n v
, ME, E,\ _
+GYGh! (1 -5 —E>}"§,}'§,} (7)

The P-odd cross section is dominated by the 73 F7, term,
while the F§ FY term, arising from the interference
between 1y and the spin-orbit operator, constitutes a
sizable secondary contribution. This is in contrast to the
vector case, where the contribution of the spin-orbit
operator can be neglected, e.g., in the evaluation of the
weak radius [41,55]. Notice that F3 and F{} are of the
same order in ¢}, leading to comparable contributions from
the tensor charge and the tensor anomalous magnetic
moment. Qualitatively, the nuclear response functions for
P-odd and P-even terms are estimated by the mass number
A and the spin expectation value (Sy) based on their
normalizations. The ratio between the two parts can be
A2 =12
i
with A > 100, given |g|~ 10 MeV, my ~ 1 GeV, and
(Sy)? ~ 0(0.1) [42,56,57]. Consequently, the P-odd part
tends to dominate over the P-even part due to its spin-
dependent suppression. We also verify that the results on
the tensor interactions in Refs. [40,41] align with our
P-even cross section; see Appendix D for further details.

In addition to the tree-level contributions discussed
above, the tensor interactions can naturally induce a
vMM [6,47],

estimated by 62 /6% ~ 2 O(10) for a heavy nucleus

meNc

p R~ G1maQq1 +In(Gimg)|ug. (8)
where N is the number of quark colors, Q, is the quark
electric charge, up is the Born magnetic moment, and
m, and mg are the electron and quark masses, respectively.
The sign of ¥MM is flipped for the antineutrino. Note that
the tensor interaction-induced vMM (TI-vMM) depends on
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the UV behavior of the effective interaction and could be
canceled by other mechanisms that generate YMM [58,59].
It is worth highlighting that TI-vMM would vanish if the
neutrino had similar tensor couplings with u and d quarks,
due to the cancellation resulting from the opposite electric
charges of the two quarks. If we take account of the TI-

vMM, %(Tj in Eq. (6) is modified with the following

replacement:

m
ch — —G‘;'] + 2G’T7'2 + ﬁ e z Uy, 9)
q=u.,d

where e is the electromagnetic coupling constant. Thus,
the quadratic contribution of TI-vMM is proportional to
1/|G|> ~ 1/E,, which dominates at low energies.

Taking '*3Cs and '*'Xe as benchmark targets, the
differential cross section for the tensor interactions with
G} = G is illustrated in Fig. 1 with Gg being the
Fermi constant. The benchmark neutrino energies are 30
and 10 MeV, for a typical muon neutrino energy in the
COHERENT experiment and ®B neutrino energy in the
DM experiment, respectively. It is evident that the P-odd
contribution predominates the cross section, which is
approximately 2 and 3 orders of magnitude larger than
that from the spin-suppressed result for '33Cs and '*'Xe,
respectively. The contribution of MM is also presented.
Since it interferes with the tree-level contributions, as
one can see from Eq. (9), we eliminate the tree-level
contributions by setting Gl}"" =0 in Eq. (5) to show the
contribution of YMM alone. The absence of the suppression
|g|/my makes UMM pronounced for low-energy threshold

1073 FESSSSIo o mmmmm s
---------- 133Cs, SI form factor~~==-._
1313 a |
10740 |
; |
T 10w | 131xe 133Cs
N\ E,=10 MeV E, =30 MeV
€ ———5 P odd
(6]
— === Peven
3 e == —i VMM
1043 |
pM eerrir.n:;r;s COHERENT
10-44 Threshold Ef® Threshol E™
10° 10!
Recoil Energy [keV]
FIG. 1. The differential cross section for '33Cs and 3'Xe with

incident neutrino energies at 30 and 10 MeV, assuming G} = G
and G¢ = 0. The incorrect results (gray dashed lines) calculated
using SI form factors are presented for comparative purposes [4].

experiments such as DM direct detection experiments. The
opposite tensor quark couplings, e.g., G% = —G4 = Gp,
result in a large ¥MM and its overwhelming effect.

IV. EXPERIMENTAL CONSTRAINTS

Based on the COHERENT-2021 data [26] and ®B
neutrino observations in the DM direct detection experi-
ments [27,28], we present the 90% confidence level (CL)
constraints on the tensor interactions, as illustrated in
Fig. 2. For further details on the spectra and the statistical
method, please refer to Appendix E. The COHERENT-
2021 data [26] set the strongest limits on lepton-flavor-
independent tensor couplings for CEvNS experiments.
Because of the interference of proton and neutron cou-
plings in Eq. (5), the cross section diminishes along the
direction of the diagonal strip in Fig. 2, leading to the
formation of the survival strip. Moreover, the constraints
are anticipated to be improved by approximately 1 order
of magnitude in future COHERENT experiments [60]. In
comparison, the large statistical uncertainties in the DM
experiments lead to a less stringent constraint. However, the
neutrino oscillation offers a valuable channel to probe
7-flavor tensor couplings, which are inaccessible through
the COHERENT experiment. In this context, the neutrino
propagation from the Sun to Earth and the matter effect
must be included. The relevant result is also presented

o A CEUNS's constraints op’”’
20 S tensor interactions
104
G
st O
Q]
_10-
—20- ///;,,;,’,,
-20 -1o0 0 10 20
G#IGk

FIG. 2. CEuvNS’s constraints (light purple regions) on neutrino-
flavor-independent tensor couplings: G% and G¢. Blue dashed
lines represent the constraints on G7 . and GIT{,T for only z-flavor
couplings being nonzero, and the axis labels should be modified
accordingly. ®B combined represents the constraints from the
combined data analysis of PandaX-4T and XENONnT.
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in Fig. 2, which might facilitate studies on neutrino-related
new physics within the neutrino fog [61-64].

Moreover, TI-vMM can be probed by alternative experi-
ments [58,59]. Because of its dependence on the energy
scale of new physics, a comprehensive examination of
vMM is beyond the scope of this work. For illustration, we
present two conservative limits on vMM derived from
COHERENT [65,66] and XENONNT [67,68] experiments.
However, due to the opposite electric charges of u and d
quarks, TI-vMM is expected to vanish in the universal
coupling scenario. The skew diagonal strip enclosed by two
dashed lines in Fig. 2 is permitted by the limits of yMM, but
excluded by CEUNS experiments, thereby indicating that
CEvNS experiments complement MM in probing the
tensor interactions.

Furthermore, the stringent constraint on tensor inter-
actions arises from the upper limit on the neutrino mass
[15,16], which also depends on the energy scale of new
physics. This constraint might be alleviated by incorporat-
ing pseudoscalar interactions or alternative neutrino mass
generation mechanisms. Similarly, CEvNS experiments
can exclude the parameter space with opposite couplings
for u and d quarks, where the tensor interaction-induced
neutrino masses are too small to be constrained by the
upper limit on the neutrino mass.

The universal tensor interaction with a light mediator is
also demonstrated. To generalize to the light mediator
scenario, one can substitute the following replacement
in Eq. (1):

2
G, > — (10)
' my +|q

where g7 and my are the universal tensor coupling and the
light mediator mass, respectively. As illustrated in Fig. 3,
the green and blue lines delimit the boundaries of the
90% CL excluded regions derived from the COHERENT-
2021 data and the DM experiments, respectively. In the
high-mass region, the propagator is uniquely determined by
my since |g| < my, leading to diagonal lines proportional
to my. Conversely, in the low-mass region, the flatness of
the boundaries comes from the fact that |g| > my, indicat-
ing that the scattering experiments lose their sensitivities to
lighter mediators. DM detectors, with a lower-energy
threshold, are more sensitive to the smaller momentum
transfer compared to COHERENT experiments. Therefore,
the DM experiments put more stringent constraints on
my <30 MeV. It is undisputed that two types of CEvNS
experiments are complementary in probing neutrino-related
new physics. Moreover, we demonstrate the effect of the
large uncertainty on nucleon form factors. For example,
we vary F Z# within its lo region, presenting the results
as shaded bands in Fig. 3. The uncertainties of nucleon
form factors, particularly for F57 and F37, substantially
affect the CEUNS constraints on the tensor interactions.

107t
10—2.
~
o
10—3-
‘B
COHERENT combined
10-4 Total
—————————————— P even
10° 10! 107 103 104
my [MeV]
FIG. 3. Constraints on the universal tensor interaction with a

light mediator from CEvNS experiments.

These effects could be mitigated by a more precise
evaluation of nucleon form factors in the future. For
comparison, we also present the results for the spin-
suppressed result, which are considerably less stringent
than those of the full contribution.

V. SUMMARY

In this work, we pointed out that the conventional SI
form factor is insufficient to describe the nuclear effect for
the tensor interactions. Utilizing the nuclear response
framework, we analyzed the leading contribution for the
cross section of the tensor interactions that have been
overlooked in previous studies. We found that the anoma-
lous magnetic moment of the tensor plays a role compa-
rable to the tensor charge. Our result revealed that the
tensor interactions evade the nuclear spin suppression,
leading to an enhancement to the cross section by a few
orders of magnitude. We systematically incorporated pre-
viously omitted TI-vMM into our discussion.

Employing COHERENT data and recent solar neu-
trino observations in DM detectors, we demonstrated the
complementarity of constraints from CEVNS and vMM
on the tensor interactions. We also showed that novel
solar neutrino observations advance in probing tensor
interactions with z-flavor couplings and a light media-
tor. Future higher-precision CEuvNS experiments will
undoubtedly improve sensitivities in the search of new
physics. For tensor interactions, it is also crucial to improve
the evaluation of the nucleon form factor. Moreover,
our results motivated revised interpretations on CEvNS
experiments using spin-zero nuclei.
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APPENDIX A: NUCLEAR RESPONSE

To evaluate the nuclear response functions, one needs to
deal with the many-body calculation. Fortunately, the tradi-
tional nonrelativistic many-body description of the nucleus
has been developed in Ref. [69]. The nucleus is modeled as a
quantum mechanical system of point nucleons, where each
nucleon is described by a single-particle Hartree-Fock state
with a definite nodal number and angular momentum. For a
single-nucleon multipole operator O, which is an irreduc-
ible tensor operator with rank J, the transition reduced
nuclear matrix element between initial and final nuclear
many-body states ¥; and ¥ reads [70,71]

> (allO4 18wl

afp

(P10 1) = (A1)

where O} is the second quantization version of 0%, and |a),
|3) represent the single-particle Hartree-Fock state. The
single-nucleon matrix element (a||O%||3) can be evaluated
analytically in a harmonic oscillator single-particle basis,
yielding a form like e ™% p(u), where p(u) is a polynomial in
u = |g|*b?/2 with the oscillator parameter b and the three-
momentum transfer |g| [52,53,72]. The one-body density
matrix element l//f;;}, generated by performing a large-scale
nuclear shell model calculation, encodes the many-body
physics. Forisotopes (1?71, 133Cs, 13'Xe, etc.) discussed in this
work, we adopt GCN5082 [73] as the shell model interaction.
The calculation of the reduced nuclear matrix element can be
readily generated by DMFORMFACTOR [43,74]. In CEvNS,
we define the nuclear response function

477: A 4][ u 0’
OJ — -4 N ]
7, + 110N = a7 e D

(A2)

Oy
Fy (‘12) =

where |) is the nuclear ground state, J; is the angular
momentum of the ground state, and the coefficients
J

c;)” can be derived analytically. We always suppress

the rank label and the nuclear response function is
denoted by F{(q*) for simplicity. In addition, we
provide a PYTHON script for the evaluation of the
nuclear response functions and the cross section of
the tensor interactions [76].

APPENDIX B: DETAILS OF CROSS SECTION
CALCULATIONS

The procedure of the NR expansion on the tensor
interactions is now introduced. As illustrated in Fig. 4,
kinematics of the neutrino-nucleon elastic scattering
is defined by v(k)+ N(p) —» v(k') + N(p'), with the
momentum transfer g=k—k=p—p. At the NR
limit, the Weyl spinor for a nucleon reads u®(p) =

\/“_f(sz pa) ) with a helicity s [77]. Thus,

(2my+p-6)&
nucleon-fermion bilinears #(p’)['u(p) can be com-
puted accordingly, where I represents the Lorentz
structure of the interaction and the helicity s is sup-
pressed. According to the spatial rotational symmetry,
we have iiyotuii, o, u, = —2(iyo Eo)”kﬁ "’éo)”p‘

Oty =
ﬁkroél)ukﬁ raél)up) with 0( 0 = =c" =—i(7 ° )ando(;, =
ye*o/t = (7 7). For the second term in Egq. (3) we have

i 0" Uity (y"q —7q")u, _—2uk/0<0>uku,, q'y°u,. Other

terms are suppressed by O((|g|/my)?), which can be safely
neglected. The results of the NR expansion are listed in
Table 1. Then one can read out the leptonic components
in Eq. (4),

N = iy {—2(GN' -2GY%) ,;,l;’u O o) Uih

l]5V = ﬁk’ (2G1]Y15(1)> up, lg = ﬁk’ (21G¥13(0)) ugp,

(B1)
R v, kK
iv. ©
v, k N \'\
‘/ﬁ\>%
,—”’ N,P

<57
P
¢

FIG. 4. A sketch of the kinematics in the neutrino-nucleon
elastic scattering process.
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where p is the nuclear state normalization factor, arising from the fact that an additional factor 1s necessitated when we
consider the transformation between quantized volumes of a nuclear state and a nucleon state [54]. In addition, the
suppression |g|/my in [ can be geometrically interpreted as the rapidity of boosting p to p’,

N i N ] .
m3, Tmy’

n~sinhy =

where we assume g aligns with p for simplicity and |g| < |p| < my.
Through the matching between the nucleon operators and the nuclear response functions, the averaged squared amplitude
|M|? for Eq. (4) reads [43]

- 2
IMJ? = Z{JNZN’*foM Z' WA FY Fy + |"| Re[lszEVg JFN FMILIY S Fy Fr
N

N.N'

1 = N’ % ’ / /
+5(zgv.zgv —1@51@{;)?%,?@,}, (B3)

where the transverse contribution of 7%’ proportional to F 2’ F f};, is neglected. Recovering the rank label, terms like F¥ F AM,,
should be understood as the incoherent sum of the contributions of the multipole operators with different J:
FNFN =3, F x’ F %’ , since operators with different J are orthogonal. The rank of multipole operators must satisfy
a triangular in-equation 0 < J < 2J; from the Wigner-Eckart theorem. In the low-energy process, rank 0 operators without a
O((|g|/my)”’) suppression always dominate. The next is to evaluate the leptonic parts in Eq. (B3). For example, considering

the incident left-handed neutrino, we have

=12 =12
NI = el @Tr [k/a“PLkaOﬂ =chelf @2]&1&0(1 +kK-2k-gk - q). (B4)
my my

where k; = k;/kY, and § = §/|§| = (K°k' — k°k)/|G|. Assuming the initial nucleus at rest, one can obtain |§|> = 2ME, and

E, = MZYW (1 —cos @), where cos @ = k- k. Through a tedious calculation, the last term in Eq. (B4) can be solved by
A a K°cos@ — k) (K° — kK’ cos @) 1
k-@k’-c}:( cos |ZT2 cos ):E(Cose_l)’ (BS)
q

where the relation (¢°)? = (k%) — 2k°k® + (k"°)? ~ 0 has been used. Consequently, up to O(E,/E,), we have

. 2 E
i — ey g (1 B B6
0to ¢ ;) E )P (B6)

N v

where we use K = k’ = E,. Analogously, other leptonic parts reads
/ E
Re[lfovlfgg} gy 1d 8E2( E—’);ﬂ
v

! ! 4 E
IS = Iy = G’T\"'G]}"116E,%(1 —E—’>p2

v

1 TN N’ 4 N,1~N' 1 MEr Er

5(15 s ljsvsljsv3) =G Gr 8E;(1~- 2E2 _E_y s

1 /v ~ , 1 /=y = ,

(BB - i) =5 (BB - ), (B7)

where [V 3 (a =5, E) are the longitudinal components. Note that the longitudinal direction is aligned with g. Given

do — 1| M, we finally obtain Eq. (5).
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APPENDIX C: TWO-BODY CURRENTS

The two-body (2b) currents can be derived on the basis
of the chiral effective field theory (yEFT). With the external
field method [78,79], we can go from quark couplings to
nucleon couplings. To derive a hadronic Lagrangian, we
need to write down all terms invariant under the chiral
transformation with some proper building blocks. For
instance, U = exp (FLﬂ 7%c”) is a unitary nonlinear repre-
sentation of the Goldstone modes for SU(2) chiral sym-
metry, where z¢ are pions with flavor a and F', is the decay
constant of the pion in the chiral limit. Following the
convention of Refs. [80,81], we have the following building
blocks limited to discussion of tensor interactions:

u, = iuTDMUuT, T = uw'Tu® + uT"u, (Cl1)
where u = /U is the chiral vielbein, and T# is the tensor
source. In our case, the covariant derivative D, can be
simplified as d,, because we do not involve vector or axial-

vector sources here. The tensor source for Eq. (1) is
™ = (G AL —|—G o %>(I70'WI/), where the lepton-

flavor label is omltted. An advantage of these building
blocks is that they transform in the same manner under the
chiral group, i.e., hXh" (X = u,,T""). Hence, it is con-
venient to construct the hadronic Lagrangian.

Given the limited literature on tensor interactions within
yEFT, particularly for 2b currents, we do not provide a
comprehensive analysis here. Instead, we focus solely on
the lowest-order hadronic Lagrangian [81,82]

E;N =c lN O, u

(T"')N + &No,, T''N — ié5(T" u,u,),

(C2)

where ¢; are low-energy constants (LECs), (- - -) means the
trace of the flavor space, 7% = 7% — L(T""), and N is a
doublet in the isospin space. Note that this chiral
Lagrangian is Hermitian and invariant under discrete

|

ke d3 p dQAa
irlr) = Y 128 [ S b
,T)

symmetries such as parity and charge conjugation. The
first two terms contribute to the leading one-body current,
so their LECs can be determined by the tensor nucleon
form factors. We can observe that they are invariant
under the transformation 7 — —z, resulting in u <> u'.
Therefore, the tensor sources have to couple with 2 or more
even number of pions, thus the first two terms can not
contribute to 2b currents. For the ¢5 term, tensor sources

couple with two pions by — ,eabC(T” “)40,470,4°,

illustrated in Fig. 5(a). In neutral processes, we only need to
consider the isovector part, i.e, (7). Together with the
pion-nucleon coupling term in yEFT, the 2b current of

Fig. 5(a) contributes to M}, D (/ |(T")3[1)J ) and reads

~ 2
by _ €394 5 _ =5\3
= — Ty X T
)17 4Fi(l 2)
51'211 6)2 512
G +mz g5 +m;

591920 — (1 < 2) ’ (CS)

where g, is the nucleon’s axial-vector coupling constant,
and m, is the pion mass.

In order to estimate the contribution of the 2b current, we
convert the 2b current into a normal one-body current by
using the independent particle approximation [83], i.e., we
take the initial (final) wave function as the simple product
of one-nucleon states a (f) and the Fock state |F) which
describes the Fermi sea: |F) = [[, < aj|vac), where

denotes a state in the Fermi sea. The two-body matrix
element can be derived by

= Z[<ﬁ’h|J/4v

heF

<ﬁ;F|Jﬂv|a; F>

’ >_ <ﬁvh|']/w

),

(C4)

where the first term is the direct (or Hartree) term and the
second is the exchange (or Fock) term. Moreover, we
average over the direction of the probed nucleons and
replace the discrete sum with the integral

h> - <ﬂv h|J/w h’a>]' (CS)

The one-nucleon state « is on the Fermi surface: |p,| = kg (kg is the Fermi momentum), while /3 is scattered: ps = p, — g.
In the Hartree term, momentum transfers are g; = —g and g, = 0, since the nucleons in the occupied state j,, are identical.

Therefore, Fig. 5(a) only contributes to the Fock term, where g, = p), — p, and ¢, =

the unit operator, the matrix elements read

Pp— DPn = Da — 4 — Dy- Focusing on

ic3q5 [k dPp i -
(B: F|J o F) = — 239 / . / e (B3 y1) 31 - oo — (1 <> 2)]

4,4
Fﬂﬂ'

(Co)

where we assume m2 dominates in the propagators, and we use the following relation:
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Z(ﬂ,hl(?l X 7,)%6,

OpsTh

@)

Since we require J,,

= EPPleG - Golh) (he5 - G |a)

OpsTh
= =2ie*"(BIT(q, - G2 —

to be antisymmetric, ¢;, and g,, must have different indexes. Once the directions of Do and P,

ic - (1 % g»)|a). (€7)

are averaged, we obtain the null result. This outcome is further corroborated by examining the zero-momentum transfer

limit (g = 0). In this scenario, g; =
antisymmetric property.

—g,, leading to a vanishing contribution from the 2b current due to its inherent

Except for the lowest-order chiral Lagrangian, one can also consider the contact term

T B
'Ccontact - dING/w

(T"!)NNN + d,No,, T"'NNN,

(C8)

where d; are new LECs. The corresponding diagram is depicted in Fig. 5(b), and its associated 2b currents that contribute to

v cl v L‘2
M, 2 2 [(T) 1)) + (W |(T4) )L are

J5 =~

ldz(‘th + Q272)

: C9
2y (€9)

where we only consider the contributions relevant to the unit operator. Following the procedure dealing with Fig. 5(a), we
observe that the Fock term vanishes if the directions of p, and p,, are averaged over, since the contribution linearly depends

on gy = p, — Py and q; = P, —

c idipq c ld idypq'
(B Fla4" | F) = — ‘<mm>meﬂmm= 2 (Bl 1vla),

g — Pp- Therefore, only the Hartree term remains,

(C10)

where p = 2k;/37° is the density of symmetric nuclear matter. Therefore, ¢} in Eq. (6) should be modified,

ef = f+ G4 (24 + ) + G4 (24, - &) |,

For normal nuclear matter, kp~1.36 fm™' and p=~
0.17 fm=3 ~ 1.3 x 1073 GeV?. Thus, a substantial contri-
bution from the 2b currents requires the two LECs d; and
d, to be of the order O(10°) GeV >,

In conclusion, we estimate the potential contributions of
2b currents based on yEFT and the independent particle
approximation [83]. Since LECs (d;,d,) are not determined
by experimental data or lattice QCD, we do not include this
analysis in our main text. It is shown that configurations
depicted in Fig. 5(b) could potentially yield sizable con-
tributions once the aforementioned LECs are large enough.

(a) (b)

FIG. 5. Two-body diagrams that contribute to neutrino-nucleus
scattering with tensor interactions: (a) long-range contribution
and (b) short-range contribution. The filled circles represent the
tensor interaction vertices.

o e [G;(zal - &2) + Gf;f(zal + &2)}/;. (C11)

Moreover, our calculation on 2b currents can be further
improved using a naive shell model method instead of the
independent particle approximation [84,85].

APPENDIX D: CROSS-CHECK WITH
SPIN-SUPPRESSED RESULT

Here, we present how to recover the cross section in the
spin-suppressed result [41] with Eq. (7). According to the
convention in Ref. [41], we define four column matrices:

= (gh ha)T 07" = (0 gha)'s P = (FY P,

and F¥r" = (F5 F%)T. Note that, in this convention,
21+

FY(0) = \3/2 2 s ),

nucleon basis to the isospin basis can then be expressed
. ' R .

readily: ¢! = =, 0;;¢7" and Fit=3; o' F; 7", with

0= ;(}_1 ) =3207" =07, leading to a useful relation:

7 / .
S gl Fr T =3 " F7 ", In our conventions, GY | =

gy, and FY(0) =/ UH( Sy) [54]. Thus, a replace-

ment Fy P Fy > 2}611 should be included when converting

our result into others. For the term proportional to Fy Y FY
we have

The transition from the

N>
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/ ME, E 16M / / ME, E,
pn 2 pn pn 2 pn r ry __ 01 =+ 01 2.+
Y (-3 &) ~m Sl e (-G -
16M ME, E, _ ) B}
= 27 +1 (1 Y _E_> [(9%1)25(% +9%191T,1Sg1 + (glr.l)leTl}v (D1)
1 v v

where the left-hand side is from Eq. (7), and we use the relation S7, = (F%)?, 57,

T = (F¥)2,and 87, = 2F% F¥ . This yields

the same transverse contribution of Eq. (108) in Ref. [41]. The longitudinal one can be done in the same way,

32M

" " E
o n Z pn pn E pn2 1__r _
Y (1-%) =2t

APPENDIX E: EXPERIMENTAL ANALYSIS

The total differential cross section for isotope i reads

d(f,’ dO'iSM do—iT
=% ’ El
dE, dE, | d4E,’ (E1)
wher d”’ M s taken from
Ref. [41],
dO"SM G%M ME N
iSM _ 1-220) 2R, (P2 (B2
s (BN

where Q, = Z(1 —4sin?dy,) — N is the weak charge, and
F, is the weak charge distribution inside the nucleus [41].
Note that the form factor parametrization is inconsequential
for current CEvNS experiments, yet it will become relevant
for future high-precision CEUNS experiments [32]. It is
also worthy to note that the weak form factor can be derived
by different methods, including couple cluster theory [86],
relativistic mean-field model [87], solving Hartree-Fock
equations [88,89], microscopic pictures [90], etc.

In COHERENT, the low-energy neutrino fluxes are
generated at the Spallation Neutron Source at the Oak
Ridge National Laboratory. The neutrino fluxes consist of
monochromatic v, coming from 7z decays, 77 — ur Vys
along with delayed v, and 7, from the subsequent y*
decays, u* — e*D,v,. Convoluting the differential cross
section with neutrino fluxes @, the differential rates for the
CslI detector reads

dRC‘I - 1
dE: =2 Zﬁ

i=Cs] «a iJEp®

E™ 4, do,
dE, dE,

dE,, (E3)

where EMM ~ \/ME,/2, Ef™ =m,/2 =528 MeV, M,
is the isotope mass, and summations are OVer @ = v, U, U,.
To accurately predict the total events in the CsI detector
as a function of the reconstructed energy E.. in units
of photoelectrons (PE), quenching, energy smearing,
and detection efficiency must be taken into account.

E,

- ) [+ ah ok 6+ (0 PSE]. (2

A empirically parametrized quenching E,, = E,.(E,)
builds the relationship between the nuclear recoil energy
T and the true quenched energy deposition E,,. Con-
sidering the energy smearing P(E., E,.) and the effi-
ciency €g(E.), we have the differential recoil spectrum as
a function of E,,

dE, dRcy.
dE,, dE,

dR
= [ dE,,P(Eyc. E,,
dEreC / ee ( rec )

(E4)
In addition, because the reconstructed energy and time
are uncorrelated, we simply convolute the time informa-
tion with the time efficiency given by Ref. [26], leading
to e,’,ﬂ =0.997, egﬂ =0.848, and €], = 0.848. Neutrino
fluxes, quenching, energy smearing, and detection effi-
ciency can be found in the Supplemental Material of
Ref. [26]. For the COHERENT-2021 data, we adopt the
following y:

(1+8)Bin|?

i |:aneas - (1 +a)N{h _

1
Otat

Xé Conr = min
a,p =

2 2
A5 (2
(P O Vi
where Ni ., is the measured number of events per energy
bin, Bl is the beam-on background, N/, is the theoretically
predicted number of events per energy bin in the presence
of tensor interactions, o, is the statistical uncertainty per
energy bin, 6, = 0.1195 is the total systematic uncertainty,
and o5 = 0.25 is the systematic uncertainty for the back-
ground. Furthermore, discrepancies emerge in the nuclear
response functions when employing various nuclear
shell model interactions at high recoil energies [91,92].
Given that the dominant contribution stems from F, we
assume the theoretical uncertainty oy ~0.1, yielding
— /03 + 03, ~0.156. N are derived by integrating
Eq. (E4) over the energy bin i. We present the data and
theoretical spectra in Fig. 6.

(ES)
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PE
FIG. 6. COHERENT-2021 data and theoretical predicted spec-

tra. The neutron-induced backgrounds, i.e., beam-related neutron
(BRN) and neutrino-induced neutron (NIN), are presented.

The differential event rates for a xenon-based detector
reads

dRXe Ro dZ(DgB do—i v,
P Fa

zi: aze; M Jgin l:/ dE,dr ealr)dr dE,

x dE,, (E6)

where P,, denotes the neutrino survival probability from
the Sun to Earth, r is the solar neutrino production position,
Ry represents the solar radius, and the summation spans
naturally occurring xenon isotopes in the xenon-based
detector, weighted by their terrestrial abundances: '*Xe
(1.92%), '*°Xe (26.44%), '3Xe (4.08%), 3'Xe (21.18%),

132Xe (26.89%), 3*Xe (10.44%), and '3°Xe (8.87%). The
8B neutrino flux ZECD =
model [93], with a normalization factor of 5.16 x

10° cm™2s~! from the global fits of neutrino data [94].

is taken from BSO5 standard solar

TABLE II. Measurements on ®B from PandaX (paired and
US2) and XENON experiments.

Dataset Energy range (keV) N eas N
PandaX-4T (paired) [1.1, 3.0] 35£13 24
PandaX-4T (US2) [0.3, 3.0] 75 £ 28 443
XENONnT [0.5, 3.0] 10.7£3.95 11.2

In the scenario of the z-only tensor interaction, the matter
effect in the neutrino propagation has been taken into
account. Since the tensor interactions only affect the
neutrino propagation in a polarized medium [2], the matter
effect is exclusively determined by the SM weak inter-
action. For nonstandard neutrino vector interactions, their
influence on the neutrino propagation should be incorpo-
rated [95,96]. Therefore, the neutrino survival probability
can be evaluated by

ZIUI?;?‘(r PIURSSP, (E7)

aﬂ I")

where UPMNS 5 the Pontecorvo—Maki—Nakagawa—Sakata
(PMNS) matrix and U™ can be generated by diagonalizing
the SM matter effect Hamiltonian. One more step to derive
the theoretical predicted ®B event numbers is to convolute
Eq. (E6) with the efficiencies from PandaX and XENONnT
experiments [27,28]. Three measurements are listed in
Table II, as well as our SM predictions. The y* for B
observations is defined by

N e e RO

J

where j labels the dataset in Table II. Analogous to
COHERENT-2021 data, we set 6, = 0.12 to account for
the systematic uncertainty, originating from the prediction
of the neutrino flux [97]. According to Table II, the
statistical uncertainties for three datasets are 37.1%,
37.3%, and 36.9%, respectively.
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