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1 Introduction

In the SM the neutrinos interact with matter through exchanges of W and Z bosons. In
addition, in the presence of new physics, the neutrinos could interact with matter via new
mediators. Such Non-Standard neutrino Interactions (NSI) were contemplated already
40 years ago by L. Wolfenstein in the seminal paper on neutrino oscillations in matter [1].
Since then the NSI were studied extensively, but with a strong focus on neutrino oscillations,
see, e.g., [2-11]. The bounds from neutrino oscillations are limited in scope, since they are



sensitive only to a subset of possible NSI. The common NSI effective Lagrangian relevant
for neutrino oscillations contains only dimension 6 operators, see, e.g., [12],

G - _ _
NSI = 7; Z (VavuPrvp) (E%fVHf + Eﬁ?fv“%f) . (1.1)
f7a76

The dimensionless coefficients 5?1‘5/, si’g parametrize the strength of the NSI relative to the

SM weak force, controlled by the Fermi constant, Gp ~ 1.167 x 107> GeV 2. The indices a
and § run over the three neutrino flavours, and f over light charged fermions, f = e, u, d, s.

Eq. (1.1) does contain all possible dimension 6 NSI operators. Still, these are not
all the possible NSI. In these paper we list a complete basis of NSI operators up to and
including dimension 7. The additional dimension 5 and dimension 7 operators either do
not contribute to neutrino oscillations, because they lead to zero forward scattering matrix
elements, or give contributions that are additionally suppressed by neutrino masses (tensor
operators may be relevant for neutrino oscillations in polarized matter [6]). The dimension 5
and 7 NSI can be probed through neutrino inelastic scattering, and by precise measurements
of solar neutrino scattering rates.

A qualitatively new set of NSI probes is opening up through the coherent neutrino
scattering measurements. The first measurement of coherent neutrino scattering on nuclei
was achieved by the COHERENT collaboration roughly a year ago, ref. [13]. This result,
and similar measurements in the future, now make it possible to probe a wide variety of
NSI at low momenta exchanges.

The aim of present manuscript is to perform a systematic study of such NSI. We assume
the NSI are described by an Effective Field Theory (EFT), i.e., that the new mediators
are heavier than about O(100 MeV). In the analysis we include operators up to and
including dimension 7, covering all possible chirality structures for neutrino currents. Our
work extends previous NSI analyses of coherent neutrino scattering, where a subset of EF'T
operators were discussed [14-21]. For projections of bounds on NSI from neutrino scattering
in DUNE see [22, 23], while the potential of dark matter direct detection experiments
for probing NSI using solar neutrinos was discussed in [20, 24-35]. For the potential of
superbeam experiments to probe NSI, see [36]. For bounds on the neutrino dipole moment
portal to heavy right-handed neutrino, see [37].

The paper is organized as follows. In section 2 we formulate the EFT for coherent
elastic neutrino-nucleus scattering (CEvNS!) in the presence of NSI. The EFT valid at
i~ 2 GeV in which neutrinos couple to light quarks, gluons and photons, is nonperturba-
tively matched onto an EFT with nonrelativistic nucleons in section 3.1, with the resulting
CEvNS cross sections given in section 3.2. Section 4 reviews bounds on NSI from neutrino
oscillations, and section 5 the deep inelastic scattering (DIS) probes of NSI, while section 6
contains our numerical analysis. In section 7 we explore the connection with physics above
the scale of electroweak symmetry breaking, and draw our conclusions in section 8. Ap-
pendix A contains the definitions of nucleon form factors, appendix B the predictions for
the differential rates for various NSI operators, and appendix C the numerical predictions
for differential rates as functions of NSI Wilson coefficients.

"While not all of the NSI scatterings will be coherently enhanced we keep the, by now standard,
CEvNS terminology.



2 Operator basis for NSI

We are interested in the experiments where momenta exchanges are ¢ < O(100MeV), and
thus well below the electroweak scale. The interactions of neutrinos with matter, i.e., with
quarks, gluons, photons, electrons and muons, are described by an effective Lagrangian,
obtained by integrating out the heavy degrees of freedom. These are the heavy SM par-
ticles: t,b,c quarks, 7 lepton, W and Z bosons and the Higgs, as well as any heavy new
physics particles.

The interaction Lagrangian for v, — wvg transition is given by a sum of non-

renormalizable operators,

. cld)
Lopog= Y. CPOD 4he 4.,  where CY= =e (2.1)
a,d=5,6,7

Here the CL(Ld) are dimensionless Wilson coefficients, while A can be identified, for O(1)
couplings, with the mass of the new physics mediators. We consider a complete basis of
EFT operators up to and including dimension seven. The sum in (2.1) runs over operator
dimensions, d = 5,6,7, and operator labels, a, while in the notation we suppress the
dependence on neutrino flavors «, 8. The renormalization scale is fixed to u = 2GeV,
unless specified otherwise.

We first write down the full basis of EFT operators assuming neutrinos are Dirac
fermions, and then comment below on what changes are needed, if neutrinos are Majo-
rana. We use four-component notation, following the conventions of ref. [38]. There is one
dimension-five operator for each v, — vg transition,?

e
872

Qgg)) (VBO"U' PL]/OC)FMV ) (22)

where F),, is the electromagnetic field strength tensor. The dimension-six operators are

Q) = (v PLva) (FS), O} = (g Prva)(fr"sf). (23)

The basis of dimension seven operators can be chosen such that there are four operators
coupling neutrinos to photon or gluon field strengths,

Q" = - (7sPLva) F* Fu, ol — SW(VB PLva)F* B, (2.4)
(7 _ % o apv va (7) apy oya
% = 127 (78 Prva) G Gy < 8w (VBPLVa)G g Guzxa (2.5)
three types of operators with chirality-flipping quark currents,
Q;} my(vsPrva)(ff), Qg} = m(ppPrva)(firsf),  (2.6)
Q") = my (50" Puva) (Jo,uf) @7

*We use the phase convention in which the QED covariant derivative is D, = (9, + ieQqy AL ), with
Q@ the electric charge of ¢. For Majorana neutrinos, for a = 3, one needs to include in the definitions of
the operators an extra factor of 1/2.



and four types of operators with additional derivatives on the neutrino currents,

<~ _ A4 _
o} = (79i0u PLva)(F4"f) . Q) = (7510, Prva) (F1"15.f) (2.8)
Qs = 0u(ms0* Prva)(Fuf) QY s = 0u(750" Pova) (Frusf) - (2.9)
Here G“l, is the QCD field strength tensor, GW = quaG’p its dual (and similarly for

QED, F = 5WPUF P7),and a = 1,..., 8 the adjoint color indices. The fermion label, f =

u, d, s, e, u, denotes the light quarks, electrons or muons, while (I?i%,ﬂ/) = (Di@uy)—(ﬁz%“u).
We assume flavor conservation for charged fermions, while we do allow changes of neutrino
flavor.

For Dirac neutrinos the dimension 5 and dimension 7 operators, eq. (2.2) and egs. (2.4)—
(2.9), have a chirality flipping neutrino current. An incoming left-handed neutrino of flavor
Vo is converted to a right-handed neutrino of flavor v. In contrast, the dimension 6 oper-
ators, eq. (2.3), preserve the chirality of the incoming neutrino For Dirac neutrinos there
are then two additional dimension 6 operators, Q1 7 Q2 q° obtained from (2.3) through
P;, — Pg replacements. These operators cannot be well tested in neutrino experiments,
since the production of right-handed neutrinos through SM weak interactions is neutrino
mass suppressed. We therefore do not consider the operators Ql . ng;, further in our
analysis.

In the case of Majorana neutrinos the dimension 5 and dimension 7 operators, eq. (2.2)
and egs. (2.4)—(2.7), violate lepton number by two units (note that we use the conventions of
ref. [38] also for Majorana neutrinos). Furthermore, for a Majorana neutrino the operators
Q§5) in (2.2), Qg} in (2.7), and Q%)’f, Qg?f in (2.9) vanish identically for « = /3, and thus
only mediate flavor changing transitions. Finally, for « = § we include in the definitions
of the operators an extra factor of 1/2 to compensate for the additional Wick contraction
so that our results for cross sections and the bounds on Wilson coefficients can be used
without change (cf. App A of ref. [39] for explicit normalization of such operators, albeit
for DM interactions).

Note that in general the above operators are not Hermitian, and thus can have complex

(d)

Wilson coefficients, C; /. The exception are dimension 6 operators with o = 3, in which
case the operators are Hermitian, and thus the corresponding Wilson coefficients are real
(for these operators the “h.c.” in eq. (2.1) should be dropped).

Note that the SM neutrino interactions with quarks are also described by the effective
Lagrangian (2.1), though not all the operators are generated. The SM neutral currents
(NC), i.e., due to the tree level Z exchanges, and the SM charged currents (CC), due to
the tree level W exchanges, generate the operators Qf} and ng}, see figure 1. Integrating
out the Z and W bosons gives for the Wilson coefficient relevant for neutrino scattering

on matter, i.e., on light quarks and electrons,

5(6) __Gr 8(4) - 5(6) Gr
Cl,u(d,s)‘SM =+t—7 \/5 < - 3 Sw 50457 2,u(d,s) ‘SM iﬁéaﬂ (210)
o Gr W) _ Gr
ooy = % (1 — 453)ap — 26acdpe) Coo gy = ~ 7 (60 — 200e08e)
(2.11)
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Figure 1. Integrating out the Z and W bosons at tree level NC and CC (left) generates the
effective four-fermions interaction (right). The blob vertex indicates an operator insertion of Qf}

and Qgs})c

where S%V = sin?fw ~ 0.2223 with 6w the weak mixing angle. The second terms in
eq. (2.11) are due to CC, cf. figure 1. In the presence of NSI the above SM Wilson
coefficients are modified to

56) _ 5(6) 5(6) : 5(6) _ Gr v
Cl(2),f = Cl(2),f‘SM + Cl(2),f‘NSI’ with C1(2),f‘NSI = ﬁgaﬁ , (2.12)

where in the last equality we used the € notation of the NSI Lagrangian, eq. (1.1).

In the SM the dimension 5 and dimension 7 EFT operators, eq. (2.2) and egs. (2.4)-
(2.9), are suppressed by the neutrino masses and thus negligible for all practical purposes.
In this case an appreciable Wilson coefficient would immediately signal the existence of NSI.

3 NSI and elastic scattering

This section describes the nuclear response to the elastic neutrino scattering on nucleus A
at low energies, vA — v A, due to either the SM and/or NSI interactions. The calculation
is done in several steps. In section 3.1 we first match onto an EFT describing neutrino in-
teractions with non-relativistic protons and neutrons. The corresponding nuclear response
to elastic neutrino scattering (CEvNS ) is given in section 3.2. For ease of comparison we
also give the naive dimensional analysis (NDA) estimates for CEvNS cross sections induced
by each of the EFT operators, while leaving the detailed numerical analysis for section 6.

3.1 Interactions of neutrinos with nonrelativistic nucleons

The neutrons and protons inside nuclei are non-relativistic and their interactions are well
described by a chiral EFT with nonrelativistic nucleons. The momentum exchange, g,
in CEvNS scattering is small so that nuclei remain intact, while neutrons and protons
are non-relativistic throughout the scattering event. For instance, in the COHERENT
experiment [13], the typical momentum exchange is ¢ ~ 30 — 70 MeV. This is well below
the cut-off of chiral EFT, Acpprr ~ O(1 GeV), so that the effective neutrino interactions
in eq. (2.1) can be included in the chiral EFT framework. We work at leading order in the
chiral expansion for each of the EFT operators in (2.1), counting the light pseudoscalar
masses to be parametrically of the order m, ~ O(q). At leading chiral order the neutrino
interacts only with a single nucleon, while interactions of a neutrino with two nucleons are
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Figure 2. The kinematics of neutrino scattering on nucleons, v(p1)N (k1) — v(p2)N (k2).
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Figure 3. The chirally leading diagrams for the neutrino-nucleus scattering (the first and second
diagrams), and a representative diagram for two nucleon scattering (the third diagram). The
effective neutrino-nucleon and neutrino-meson interactions are denoted by a circle, the dashed line
denotes a pion, and the dots represent the remaining A — 2 nucleon lines.

suppressed by powers of ¢/Achgrr. The exception to this rule are the dimension seven
Rayleigh operators, eq. (2.4), which we discuss separately in section 3.3.
The effective Lagrangian describing neutrino interactions with non-relativistic nucleons
is given by
Lar =D % (@O (+hec.), (3.1)
i,N
where N = n,p, while d counts the number of derivatives in the operator, which gives the
suppression of the operator in terms of soft momenta, O(g%). The momentum exchanged,
q" = (¢°,q), is given by,

q" = ky — ki = pi — ph. (3.2)
with kj(2),p1(2) the incoming(outgoing) nucleon and neutrino momenta, respectively, cf.
figure 2. The nuclear recoil energy, Er = ¢?/2ma4, can, for fixed neutrino energy, be
anywhere between Ep nin = 0 for forward scattering, to a maximal value of Er max =~
2E2 /m 4 obtained in the case of neutrino back-scattering.

The matching of quark and gluon currents onto nonrelativistic nucleon currents is
performed using heavy baryon chiral perturbation (HBChPT) theory [40, 41], while neu-
trino currents maintain their relativistic form. In this way one can explicitly show that
the chiraly leading interactions of neutrinos are with a single nucleon current. We write
the non-relativistic operators in the Lagrangian (3.1) using the heavy nucleon formalism
of HBChPT, where the nucleon mass is effectively integrated out. To the order we are



working, the heavy nucleon field, IV,, is given by

Cimao i),
N=c¢ Zvax<1+iv-3+2mNi€>Nv’ (3.3)
where v* is the nucleon four-velocity, which we may take to coincide with the lab frame,
v = (1,0,0,0), while 8/ = 9" — v#v-9 is the soft momentum. The momentum due to
the heavy nucleon mass, myv*, has been factored out from the definition of N, by the
exponential prefactor.

The nonrelativistic operators in (3.1) are, for proton and with d = 0,

O) = (U7 Prva) (VDo) OF) = (U5 Prva) (DoSps) (3.4)
OF) = (5PLva) (Bopy) 0) = (0, PLva) 5o ). (3.5)

and a similar set of operators for neutrons with p — n. Here we have defined *yﬁL_ = yH —vty,

UT' = %[fyjb_,yi] and the spin operator S% = fymi /2. There are two relevant operators

with a single derivative, d = 1,

S S
(EBPLVQ)< v mNva> ’ Og’l; = (ﬂﬁPLVa) <p,vp12 pr) ’ (36)

(1) _
01 p my

)

and one relevant d = 2 operator,

1quP12,0 , _ o
O = WP (501 1) (pyot py) (3.7)
my

where pY, = py 4+ p5. We work in the isospin limit in which the proton and neutron masses
are equal, so that my = m, = m, ~ 939MeV. Above, the nucleon operators with o/ are
related to the nucleon spin through

NUJTINU = —2eMBy, (NUSN,@NU) , (3.8)

where 7% is the totally antisymmetric Levi-Civita tensor, with €923 = 1. In (3.1) the
Hermitian conjugation is present in the sum for almost all the operators — the exception
are (’)g, (’)(0) for @« = B, in which case the two operators are already Hermitian. The
coefficients of these operators are thus real, while for the other operators they can be
complex in general.

The nonrelativistic coefficients in (3.1) are (summations are over ¢ = u,d, s),

&0 =" e, (3.9)
q
0 5(6
) =25 Fyel), (3.10)

q

2
0 5(7 Z e? 2F,
Cé’z)) = ch?(’ ) + ( Qq47‘(‘2 q

Z Fq/pc7q (3.12)

O FYPC) 4 2B, PP (CS) + c}&)), (3.11)

§ ) — ch(” + > e, (3.13)
q



ZQm FiP(E57 + ¢, (3.14)

e my 5
iy = ZQQLW 20 Fyre?, (3.15)

where E, = (p1 +p2)-v/2 is the average energy of the neutrino before and after scattering.
In COHERENT experiment the incoming neutrinos have energy ~16-53 MeV, so that E,, ~
O(q) < O(my). The coefficients for neutrons are obtained through p — n replacement.
The form factors, F;, describe the hadronization of quark and gluon currents. They are
functions of g2 = —@® only, and their definitions are given in appendix A.

In order to derive the above expressions for the nonrelativistic coefficients in egs. (3.9)—
(3.15) we used the non-relativistic reduction of the nucleon currents summarized in ap-
pendix A. We keep only the leading terms in the ¢/my expansion for each of the non-
standard neutrino interaction operators, egs. (2.2)—(2.9). The leading contributions start
at different orders in ¢ expansion depending on the structure of the NSI operators. For
instance, the operators Qm Q6 a0 Q9 a0 and Qg? 7 all match onto non-relativistic operators
with one derivative, and thus their contributions to the scattering amplitude start only at
O(q). All the other operators have contributions already at O(g").

There are two specific exceptions, where these leading contributions naturally vanish.
For the QED dipole operator, Q§5), the leading scattering on neutrons comes from operators
with two derivatives. This is despite the Q§5) also contributing to the O(¢°) nonrelativistic
operator, see eq. (3.11). The reason is that for the neutron Zq QqF{I/"(O) = 0, so that
in this case the contribution to (3.11) vanishes. Similarly, the absence of valence strange
quarks in nucleons gives F} / N(O) = 0, so that we need to keep the form factor F} / N(q2)
expanded to quadratic order. Note as well, that the contributions from the axial current
form factor Fp/(q?) are proportional to the neutrino masses and thus neglected, even though
Fpi(¢?) is 1/m?2 enhanced due to the pion pole, corresponding to the middle diagram in
figure 3.

In summary, in eqgs. (3.9)—(3.15) most of the form factors are to be evaluated at ¢? — 0,

FN (@) = BN 0) + - (3.16)

since this gives the chirally leading contribution, and we neglect the ¢2/ m?\, suppressed
contributions, denoted above with the ellipsis. The three exceptions are the form factors
Fg./ N, Fé/ N, and Ff/ N where we keep the ¢? dependence. The chirally leading contributions

o} Fg/ N and Fg N have pion and 7 pole contributions (corresponding to the second diagram
in figure 3),
2 2
FQ/N 2y my q/N my q/N . 3.17
P (@) m2 _q2aP,7r m2 — ¢ Pn T (3.17)
Ny 2 'S N 'S N N
FE(q) = —5—=aa + —5 a5, +bs+-, (3.18)

m72r _ q2 G, m% _ q2 G
while for the vector form factor of the neutron we need to go to O(q?),

FI™N(g?) = FN(0) + FIN(0)g? + - (3.19)



since for the strange quark F} s/ N(O) = 0. For simplicity we keep quadratic orders in
qu/ N( 2) also for ¢ = u,d.> The input values of the nonperturbative parameters are
given in [42].

3.2 Nuclear response to nonstandard neutrino interactions

The NSI coupling neutrinos to nonrelativistic nucleon currents, eq. (3.1), are of two types
— the neutrinos either couple to the nucleon number operator, N,N,, or to the nuclear
spin, N, Sk N,. In the notation of ref. [43] the effective Lagrangian is

£NR = (DZOPLV)lN + Z(DE)PLV) . §N + - ) (320)

where the ellipsis denote terms with Pgrv, irrelevant for our case where the incoming flux
is due to left-handed neutrinos.* The two Dirac structures are,

lo = ¢\ + i h (3.21)
R0 (0) ig" ) iphy ) “Japlw A2
I5 = 5%, N C4,N6Wa%vaaﬂ " 2mn C1,N — ImN CaN — Py, mN i N- (3.22)

Note that only the spatial three-vector components of £ enter the leading order nonrel-
ativistic Lagrangian, (3.20). The EFT counting is such that all components of neutrino
momenta count as the neutrino energy, F,, while the nucleon currents are expanded in
q/my, as discussed in the previous subsection. The results for the cgf?, coefficients, that
are in general functions of ¢2, are given in (3.9)-(3.15).

The cross sections for the neutrino-nucleus scattering is

doa daA _ MA 5

—£ = 3.23
dER dq WEZ% ’ ( )

where Eg is the recoil energy of the nucleus and the averaged amplitude square is given
by [44],

M= 2] +1Z| 2J +1 ;l(REW& + R, W + RE Wi ) (3.24)

where J4 is the spin of the target nucleus, the Wy s s (q) are the nuclear response func-
tions and ¢ = ¢/q. The sum is over the isospin, 7,7/ = 0,1, with the kinematic factors

=T (Pep 1§ . p,los). (3.25)
W= Tr (Pop, i p 5 )0 &, (3.26)
W= Te (P, Ep 5 ) (69 — 4 ), (3.27)

3Incidentally, in this way we also capture the first nonzero term in c(O) from CA'(5) for scattering on
neutrons, cf. eq. (3.11). In that case the leading term in C3n O from C( ) cancels because neutron has zero
electric charge. Note that the leading contribution from C; >®) for neutrino scattering on neutrons is described
by cﬁ{, eq. (3.15), while the contribution from céozl is relatively O(q) suppressed.

A contribution to CEvNS from right-handed neutrinos in the incoming flux requires two insertions of
NSI interactions, one in the production and one in the scattering on nucleus, and is thus of second order in

small perturbations.



where the summations over spatial indices, i,j = 1,2, 3, are implied. In the evaluation of
the kinematic factors we only keep the leading terms in Er/E, and E,/my,q/my, which
gives (note that Er = ¢2/(2mA))

RYf = (4B} — @)el)e) + i) ef), (3.28)

e 2 -4 —Q
4 (1) (1) E)q (1) (1)« 2 (0) (0)= 2()()
B = Qg e gt s’ + g (4 = )l + 16E el

Eu * * . Ez_Q * *
20 g (e — ) + 20 () — o) el

my T mampy
Bt ) (e, 1) ()

- 9 / 1)y 329
+ 4mAm%\/‘( 1,7 2,7’ + 61,762,7' ) ( )
1 * *

§ =B+ @) + (48] - ( ) (4cel: %cﬁ?lcflx)
my
-2
o\ 4
a0+ )
N

(4E2 _Q>QQ 1) .MN 1) (0)* 0) (1)*

+W o, 2Cé,3/ _leiA(Cg,Zci;' —051,305,3/) : (3.30)

Here 7,7/ = 0,1 denote the isospin so that,

c%) =5 ( @ (d)>, Z( ) = 3 (c(i) cﬁi) . (3.31)

The non-relativistic coefficients describing neutrino interactions with protons and neutrons,
cl(-:? and CZ(-:Q, are listed in eqs. (3.9)—(3.15).

Before proceeding, we give NDA estimates for the neutrino-nucleus scattering cross
section (3.23), switching on a single NSI Wilson coefficient C} q), egs. (2.2)-(2.9), at a time.
Subtracting the contribution induced by the SM neutrino interactions gives the correction

to the scattering cross section due to the presence of NSI,
Aonst = 0 — ogm ~ O(R W) (3.32)

Note that Aonsr can be negative, if NSI interfere with the SM. In the last equality in (3.32)
we show the parametric dependence on kinematical factors and nuclear response functions,
W,, taking Ep ~ O(E?/m,). The subscript is any of a = M,Y, %", depending on the
Wilson coefficient C’qu)

In the long wavelength limit, ¢ — 0, the nuclear response functions, W,, have the

following parametric sizes,
Wi ~O(AY), W ~0(1), W ~O(1). (3.33)

The response functions ng and Wgﬁl encode the response of nucleus to the transverse and
longitudinal axial operators, and thus measure the spin content of the nucleus. The values
of WETIE,, depend critically on the details of the nuclear wave function and can be much

smaller than (3.33) for nuclei with all protons and neutrons paired. The WJ\T/[T/ response

~10 -



functions count, in the long wavelength limit, the number of nucleons inside nucleus. This
leads to coherent enhancement, also present for neutrino scattering through SM interaction
— the tree level Z exchange, eq. (2.10). The Z boson couples most strongly to neutrons,
so that in the SM case the enhancement is O(N?), where N is the number of neutrons in
the nucleus. Depending on the flavor structure the NSI can be due to couplings to proton
or neutrons or both.

The NSI operators, egs. (2.2)—(2.9), fall into three categories: the operators that in-
terfere with the SM contribution, the operators that do not interfere with the SM but still
lead to coherently enhanced scattering, and the operators that are not coherently enhanced.
The NDA estimates of the scattering cross sections for each of the three sets of operators
are as follows.

The operators that interfere with the SM contribution. These are the operators
with quark vector currents, Q@ in (2.3). The SM contribution to the corresponding Wilson
coefficient is given in eq. (2.10). The NDA estimate of the NSI correction to the scattering
cross section is

(6) (6) 2
AoNsr ~ F(C ) (C )NSIA (3.34)
where we used that the interference with the SM dominates over the purely NP

contribution.

Coherently enhanced but no interference with the SM. The operators that lead
to coherently enhanced scattering, but do not interfere with the SM contribution, are

()

the ones that contribute to c3 nonrelativistic coefficients. These are the dimension 5

magnetic dipole operator, Ql , €q. (2.2), and the set of dimension 7 operators, the Qg)

operator in (2.5) that couples the neutrino current to gluons, the operator Qg; in (2.6) that

couples neutrino and quark scalar currents, and the operators Qg;, Q%{ 4 1D €qgs. (2.8), (2.9)

that involve derivatives on the neutrino currents. The corresponding modification of the
scattering cross section is parametrically,

aEM A

(e +0005)c)) + ET (e +cffy) + 5 5

Aonst ~

E2 my
A A

2
c@] A% (3.35)
Here we counted ¢ ~ O(E,), and only show the parametric dependence, neglecting O(1)

factors. All the Wilson coefficients are due to NP. Above we thus dropped the NSI sub-
scripts on the Wilson coefficients.

No coherent enhancement. The remaining operators do not receive coherent enhance-
ment. The correction to the neutrino scattering cross section is then parametrically given by

E2 ) (©) By [ B} o, N o), Mg 00|
AO-NSI ~ F(CZQ)SM(CZQ)NSI—F A6 C Wc&q + ETCZ(Z . (336)

™

To shorten the expression we did not include additional numerical suppressions present for
the case of strange quarks.
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3.3 Scattering from Rayleigh operators

Finally, we include the estimates for the CEvNS induced by the Rayleigh operators, an
and Qg) in (2.4). The CP even Rayleigh operator Qg) leads to a coherently enhanced
cross section, given by eq. (3.23) with the following matrix element squared [45] (for earlier
work see [46, 47])

— A g am2f V2 a? _
M2 = mqﬂc{ >‘ <6W3/22(Z —1)QoFpp(q)

(3.37)

2
L a)? ©) Oy
—|—3<47T> my Z aF’TaF’T,WM .

7,7'=0,1

The first term is due to a contribution from two-body currents, calculated in ref. [45], where
the two photon lines attach to two different protons in the nucleus, while the second con-
tribution is due to both photon lines attaching to the same proton. The two contributions
to the cross section scale as o oc O(Z1Q%/m3%;) and o < O(Z?), respectively (not showing
the common factors and interference terms). For QQo/my ~ 0.1 the two contributions are
parametrically of the same size for light nuclei Z ~ O(10), while the first term dominates
for heavy nuclei, Z ~ O(50).
For the 2-proton form factor we use the phenomenological ansatz from ref. [45],

3/2
Fpp(q) = e TP+ icl - ;%Q+ <§ B %Cl - 02> qz} 7 (3.98)
with § = |1/Qo and Qo = (0.5 GeV) x (0.3 + 0.94'/3)~1 the inverse of the charge radius
of the target nucleus. In the numerics we set the unknown coefficients to c¢1o = 1, while
varying them in the range ¢; 2 € [—1,1] does not change results appreciably.
The single nucleon matrix elements of the di-photon operators are not well known. We
parametrize them as

@ 0

<Nv]FWF“”]NU> = 47TCLF7NmN<Nv|Nva‘Nv>7 (3.39)
A _ o @ N 1S
(Ny|Fu F*Y|Ny) = 47TaFJV(NU\Nv mNNNv|Nv>, (3.40)

with agoj)\,(qQ) and ag%])V(QQ) the form factors. The NDA estimates for their values are, for

2
q ~0,
0 0 1 1
ag?,; ~ O(1), a%)n ~ 0, and a;) ~ a%) ~ O(1). (3.41)

F,p n
With these definitions the contributions to neutrino scattering due to two photon ex-

(0)

changes with a single nucleon are obtained by setting the coefficient of the (’)3, N operator
to C:(),?J)v = ag)Nm na?/(4872) for contributions from the Qg) operator, while for the CP-odd
Rayleigh operator, Qg), one can set the coefficient of the Oglz)\, non-relativistic operator to
cglj)\, = a%ly)Na2/(32772).

The CP odd Rayleigh operator leads to spin-dependent interactions, both from the
single nucleon matrix element, (3.40), as well as from the 2 nucleon contributions. The two

- 12 —



nucleon contributions arise from one photon interacting with the proton charge, and the
second photon with the magnetic moment of the other nucleon, be it proton or neutron. The
single nucleon and two nucleon contributions to the cross section are parametrically o o
O((g/mp)?) and o o< O((ZqQo/m3;)?) (not showing the common factors and interference
terms). The two-body current contribution is thus expected to dominate for heavy nuclei,
Z ~ 50, while for light nuclei, Z ~ 10 the single current contributions are important. The
formalism for the two-body current contribution was worked out in [45], however, without
deriving estimates for the resulting form factor. In the phenomenological analysis we thus
conservatively ignore the 2-nucleon term and take as nonzero only the a%l)N coefficient,
using the NDA estimate in (3.41). While this estimate for the cross section does not
capture the largest contribution for heavy nuclei, where the NDA suggest the cross section
to be ~ (ZQo/mn)? ~ 20 times bigger for Z ~ 50, the resulting error on bounds on A will
be only ~ (ZQo/mn)?/® ~ 3, which suffices in view of other uncertainties in our estimates
for this particular operator.

4 NSI and neutrino oscillations in matter

Neutrino oscillation data bound a subset of NSI — the ones that result in a nonzero forward
scattering amplitude. The forward scattering of neutrinos on electrons and nuclei gives rise
to matter effects in neutrino oscillations, described by an effective potential [48]. In this
section we review the simplest case — electrically neutral unpolarized medium at rest.
For extension to a polarized medium see [6], while for extensions to sterile neutrinos see,
e.g., [49-51].

In the SM the effective potential receives contributions from both CC and NC. The
NC contribution is neutrino flavor universal. It induces an overall phase shift in neutrino
oscillation that is not observable (though it needs to be considered for oscillations into sterile
neutrinos). The CC contributes to forward scattering of electron neutrinos on electrons.
Electron neutrino scattering on an isotropic, homogeneous gas of unpolarized electrons is
therefore described by the following effective Hamiltonian, see, e.g., [48],

ﬁgﬁc‘SM = \/iGFne (ljeL’YOVeL)a (41)

where n. is the number density of electrons. The resulting potential energy,

(£, — h|pl)

35, dae, (4.2)

(S

V) = (1o, 1) / B HE va(p, ) = VG,
Vv

leads to a change in the oscillation frequency for electron neutrinos. Here p is the neutrino
momentum, « its flavor and h its helicity. The integral is performed over a finite volume V'
which is also included in the normalization of the states, |vq(p, b)) = (2E,V)~1/2aMt(p)|0),
and thus drops out in the final result. Since weak interactions couple to left-handed fields,
the h = —1 ultrarelativistic neutrinos obtain the effective potential energy

Vi) ~ V2G pnebae, (4.3)

while the positive helicity, h = 41, neutrinos are exposed to a negligible effective potential,
+
Vi~ o(m2/E).
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The above SM results are readily extended to NSI that couple neutrinos to the charged
fermion vector current, i.e., the operators Q1 f in eq. (2.3). These lead to nonzero forward
scattering amplitudes and thus induce an effective potential (the dependence on neutrino
flavors is implicit)

‘NSI == (6)‘NSI (éfg‘NSI + 26@‘1\131) Nn — ( (6)‘NSI CAg\NSI) np.  (4.4)

Here n, = n, is the number density of protons, equal to the number density of electrons in

v

an electrically neutral medium, and n,, the number density of neutrons. The global fits to
neutrino oscillation data then lead to severe bounds on the parameters e,z (see section 6).

The other NSI operators are poorly constrained from neutrino oscillations. This is
most easily seen by analyzing the effects of NSI using the nonrelativistic basis, egs. (3.4)—
(3.7). The matrix elements of spin-dependent operators, (’)é ;, ng,};’ (9&2, O; ;, (’)g I)), vanish
for unpolarized medium, and thus are not bounded by global fits of neutrino oscillations.
The two sets of operators that have non-vanishing forward scattering elements are the

operators OS)J)V and O:(;OJ)V. The O%OJ)V leads to the effective potential in (4.4), while the

operator O:(,)O])V results in an effective Hamiltonian

Hef D —C;(g?])VnN(ﬂaRVBL)a (4.5)

where n v is the nucleon number density. This gives the effective potential that is suppressed
by the neutrino mass matrix, Vég) ~ —céOJ)VnNmN(ml,)ag, and thus gives only extremely

weak constraints on NSI.

5 NSI and deep inelastic scattering

For completeness we include the bounds on NSI that arise from deep inelastic neutrino-
nucleon scattering (DIS). While the DIS data were obtained at much higher momenta
exchanges, ¢ ~ O(10 GeV), the constraints are severe enough that the EFT description
may still be valid at least in parts of the parameter space. Throughout this section we
thus assume that the EFT Lagrangian in eq. (2.1) is valid also for DIS. We comment on
the validity of this assumption in section 6 where we confront predictions with data.

In neutrino-nucleus DIS the typical momentum exchange, ¢, is much larger than the
inverse radius of the nucleus. The total cross section is therefore an incoherent sum of
contributions from neutrino scattering on protons and neutrons inside the nucleus,

oy =Zoyy+ (A —Z)oun, (5.1)
where

JVN—/ d{lZ‘ZO'V] z) fin(x) +-- - N =n,p. (5.2)

The ellipses indicate power suppressed corrections to the factorization [52]. The sum runs
over the partons, j = u,d,s,c,g,7, with f; /N(ac) the corresponding parton distribution
functions (PDF) for the nucleon N.
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Ip2

Figure 4. Kinematics in neutrino Deep Inelastic Scattering (DIS).

The kinematics of the process are shown in figure 4, with p;(p3) the incoming neutrino
(outgoing lepton) momentum, ps the incoming nucleon momentum a fraction z of which
is carried by the parton, and we sum over the hadronic final state, X. We work in the
limit of large neutrino energy, E,, and large momentum exchanged, ¢, i.e., E, > my and
> m?\, The usual DIS variables, the partonic center of mass energy squared, §, and the
fraction, y, of incident neutrino energy transferred to the hadronic system, are,

~ 4
§=(p1 +ap2)? ~ 2emyE,, y=1- © (5.3)

where E/ o is the out-going neutrino (lepton) energy.
The double-differential neutrino-nucleon DIS cross section is,

d’o,N |/\/ll,j|
4
dxdy Z 167r:cs (), (54)

where § = xs. We neglect the intrinsic charm content of the proton, take the off-diagonal
CKM matrix elements to zero, while V4, Ves — 1. In vq and vq (rq and vq) scattering,
the total spin of the initial state is J = 0(1), so that the cross section is y independent
(has (1 — y)? angular dependence).

We will be interested in neutrino DIS measurements by the CHARM collaboration [53],
which used the target material that is to a very good approximation isoscalar, i.e., composed
of equal number of protons and neutrons. The average neutrino-nucleon scattering cross
section for an isoscalar target is given by,

d2 v 1 d2 1% d2 vn
TN _ Z (S g ETvm ) (5.5)
dxdy dxdy  dxdy

For an isoscalar target the SM predictions for the CC neutrino-nucleon scattering, vN —
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(=X and N — (X, are,

20(00) 2 mnE, )
M o CENEY L) + d(a) +25(2) + [a() +d@)] (1 9P }. (56)
20@6) 2m L _
M o GFTNESC{Q(%) +d(x) +25(2) + [ule) +d(@)] (1 -y} (657)

where we assumed isospin symmetry,

U(IL') = fu/p(x) = fd/n(x)v d(x) = fd/p(w) = fu/n($)7 S((L‘) = fs/p(x) = fs/n(x>
(5.8)
and similarly for antiquarks, g(z) = fz/,(z). In (5.6), (5.7) we integrated out the W, and
traded the myy dependence for the Fermi constant, Gp.
The NC neutrino-nucleon scattering is, in the SM, given by,

£65)

dxdy = mJ;’rny{ (C'%u + C’%@) q;d (q(:v) +qg(x) (1 - y)2)
* (éﬁ,u + (512?@) Z ((J(fﬂ) (1- y)2 + q(a:)) (5.9)
q=u,d

+2 |2 (s(2) + 5(@) (1 = )°) + Cha(s(@) (1 =) + 5(2))]

where

i 1 s . 5 ) 1 /a6
Cro= 75 (69 +¢9).  Cr= % (¢ -, (5.10)

with the Wilson coefficients given in (2.10). The antineutrino cross section is obtained by
exchanging L < R.

The NSI, eq. (2.1), only affect the NC scattering cross section in (5.9). The matrix
elements squared, eq. (5.4), come from a sum of the EFT operators,
DM,
id

2
My = =S MO+ Y 2Re (MO, ML) (5.11)
1,d

V] kivg
i#k,d,d’

where ./\/ll(ff,)j is the matrix element of the operator di) for neutrino scattering on parton
j. The dimension six operators only interfere among themselves, since the spin average of

the axial-vector Dirac structure and the scalar or tensor currents vanishes. This gives,

i

"2 168 [(éfﬁ)Q 1+ =)+ (E9) (1 + (1 —)?) +2(2 - ymeege;i;*] 7

(5.12)
where the Wilson coefficients contain both the SM contributions and the NSI correction,
cf. eq. (2.12). The matrix elements squared for dimension 5 and dimension 7 operators are

2
€ 5 A~
!M@VF =38 @655) sy, (5.13)
™) 2 as) 51 |* 3 3
‘ 1;1/v(3;1/g)| =16 1271'61(3) Y, (514)
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ML) ) = 16 O;(W) | 8%, (5.15)
|Mgz‘),q;vq‘2 - 8m3 éézf)i),qr 2, (5.16)
Mgl = 64m; ‘qu) ‘2 & (2 (1-y)’+2- y2) : (5.17)
|M5(523)7q;vq|2 =64 ‘éézg):qr §3y(y -1), (5.18)
’M%)(n),q;yq‘z =32 ‘ég)(n),q‘z Fyly—1). (5.19)
The remaining non-zero interference terms are,
Re (ME), M) = 168%(y - 2)m2Re (C5CE))., (5.20)
Re (Még),q;uq/‘/‘%)ﬁl)g;yq) = 648°y(y — 1)Re (éég)’qéfg)(m’q) . (5.21)

In order to calculate DIS cross sections, we use the ManeParse package [54] to get the
quarks and gluon PDFs (we use the CT10 NLO pdf set), while we take the photon PDF
from [55].

6 Constraints on new neutrino interactions

Utilizing the results from sections 3—5 we now derive the bounds on the NSI Wilson coef-
ficients, eq. (2.1), from neutrino oscillations, CEvNS [13], DIS [56] and from searches for
neutrino dipole moment [57]. We also explore the reach of future CEvNS measurements in
reactor experiments [58]. We restrict the analysis to interactions of v, and v, since these
are the NSI probed in CEvNS . The results are summarized in figures 6 and 7.

6.1 Constraints on NSI from oscillations

The oscillation data constrain the NSI contributions to the operators Q56J)f, eq. (2.3). The
global fits to oscillation data allow at 95% C.L. [9] (in the notation of eq. (2.12))

—0.182 < < 0.264, —0.120 <&, < 0.120, (6.1)
—0.008 <% < 0.618, —0.111 <epy < 0.402, (6.2)
—0.012 <8 < 0.361, —0.103 <& < 0.361. (6.3)

There are also bounds on operators that change neutrino flavor, or involve v, (for details
see ref. [9]). The oscillations do not constrain NSI couplings to strange quarks, because
the corresponding forward scattering matrix elements vanish.

The above ranges on ei‘g imply the following lower bounds on the NP scale, for f =

e(u,d), setting CE?} =11ineq. (2.1),

Ve = Vet N> 677(443, 530) GeV, (6.4)
vy = uy: A >1005(549, 580) GeV .
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6.2 Constraints on NSI from CEvNS

Roughly a year ago the COHERENT collaboration measured for the first time the cross
section for coherent neutrino-nucleus scattering [13] (see also data release in [59]). The
target was 14.6 kg of CsI[Na], while stopped pion decays, 7+ — v, (u™ — et v, 1,), acted
as a source of neutrinos. The resulting time integrated neutrino fluxes per energy interval,
¢u,, are well known [19],

192E% (1 E,
b (Ey) =N =~ (2_m>’ (6.6)
64E2 (3 B,
on B =N (F- 10 ) o7
) =No (B, - T 6.8
G, (Ev) = el B (6.8)

Here m, (m,,) is the charged pion (muon) mass, E, the energy of the neutrino, and N =
rNpot/(4wL?) the time integrated neutrino flux, for each flavor, reaching the COHERENT
detector. It depends on Npor = 1.73 x 10?3, the delivered number of protons on target
(POT), on r = 0.08, the number of neutrinos per flavor produced for each POT, and on
L = 19.3m, the distance between the neutrino source and the detector.

The expected number of CEvNS events for each neutrino flavor, o = v, v, 7, is

Ey max
;lgz = Z nN/E A dEV(ﬁa(Eu)do;E(‘?a (69)
Nenp »,min

where Er is the nuclear recoil energy, E, the energy of the incoming neutrino, and ny
the number of nucleons of type N = n,p, in the detector. The lower boundary in the
integration over E, is given by Ey min ~ \/ MaERr/2, the minimal energy neutrinos need to
have in order to induce nuclear recoil energy Er. The upper integration boundary, E, max,
is given by the highest energy in the incoming neutrino flux. The v, and 7, are produced
in muon decay and thus have the maximal energy E, max = m,/2, while v, is produced in
pion decay, and has F, max ~ 30 MeV. The maximal nuclear recoil energy deposited by v,
and 7, in the detector is thus Eg max ~ 47keV, while for v, it is Egmax ~ 15keV. The
differential elastic neutrino-nucleus scattering cross section, do 4 /dFER, is given in eq. (3.23).

The prediction for the total number of CEvNS events expected in the COHERENT
experiment is obtained by integrating eq. (6.9) over Eg € [0,47] keV, convoluted with the
signal acceptance fraction for COHERENT, given in figure S9 of [13] (which has an onset
at about 4.25keV). The experimentally allowed difference from the SM prediction then
translates into bounds on the Wilson coefficients for the NSI operators, é(gd), eq. (2.1),
using egs. (3.24), (3.28)—(3.31), and (3.9)—(3.15).

In the numerical analysis we take only a single NSI Wilson coefficient at a time to be
nonzero (apart from the SM contributions, eq. (2.10)). For simplicity we assume that the

NSI affect either only v, or only v,. To derive the 90 % C.L. allowed ranges for é,gd) we
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opers. F; OF, Oa opers. F; OF, Oa

¢, cﬁ{ o cég 10,0/ Ny 0% 0.28 ol FY(0) 2% 0.28
¢, ¢ . N0y 50% 057 ¢\ F¥(g)  20%  0.39

C O g FANO) 37% 0.34 ¢l (o) 2% 0.34
e e, Moy 16% 037 e F ) 4% 034

e g FeN(0) 2831% 040 ¢n Fil(0)  270% 27

¢sn FMNo)  18% 033 ) aft o A11% 035

Table 1. Form factors uncertainties, op,, and the resulting relative theoretical uncertainties on
CEvNS cross sections, o,, for different Wilson coefficients (f((ld) (see the main text). Unless specified,
the uncertainty is the same for all quark flavors and for both nucleons. For F:?«/ év (0) the quark masses
are fixed to m, = 2.3MeV, mgq = 4.8 MeV, mys = 95 MeV.

follow the COHERENT collaboration [13, 60] and define,

SN (CDY T o)
JCEELTCTED S

2 (4(d)

X (Ca ' Oltat Oa
where Npeas = 142 is the number of detected CEvNS events, ogat = 31 its statistical
uncertainty, and Ny ((fc(Ld)) the number of CEvNS events when Wilson coefficent é,gd) is
taken to be nonzero. The theoretical uncertainties are taken into account by marginalizing
x? over the parameter o. The relative theory error, o,, on the prediction for Nysr (ééd)),
depends on which Wilson coefficent (i(ld) we consider, and is a quadratic sum of errors
from: the uncertainty on signal acceptance (£5%), neutrino flux (£10%), quenching factor
(£25%), from nuclear response functions W; (estimated conservatively, both for scattering
on I and Cs, as £10% for Wy, which multiplies the Ff/N, Fév,Fg/N form factors, and
+20% for Wy sy response functions, multiplying the other form factors), and from the
nucleon form factors (o, listed in table 1). The central values for the form factors and
the uncertainties are taken from [42]. The resulting o, are shown in table 1 for each of
the Wilson coefficients. For the dipole, (ff)), in general two NR operators contribute, Oé(,)z)v
and (’)ﬁ)\, However, for heavy elements the latter is negligible, giving the estimate for o,
in table 1. The central values for W; are taken from [44]. Our estimates for the theoretical
errors on W; are educated guesses. While this suffices at present, since these are subleading
to the other uncertainties, a dedicated study would be desired in the future.

Our prediction for the SM rate in the COHERENT detector is Ny (CA((ld)ISM) =188 &+
53 events. Comparison of this prediction with the COHERENT measurement gives the

following 90% C.L. bounds on the NSI due to dimension 6 operators,

~0.11 < % < 0.49, —0.10 < eV < 0.44, (6.11)
—0.06 < ey, < 0.12, —0.06 < &) < 0.11. (6.12)

This is comparable to the sensitivity obtained in the global fits to the oscillation data,
cf. egs. (6.2), (6.3). The limits on eg‘/g,sf% are corelated, see figure 5 for the case of v..
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Figure 5. The regions allowed at 90% C.L. for electron neutrino NSI with vector up and down
quark currents (1.1). The black, orange and red regions correspond to CHARM, COHERENT and
expected Nal 2T constraints, respectively, see text for details.

For NSI couplings to the strange quark we obtain a relatively weak bound, lsggwl <103,

because the sensitivity comes only from the O(¢?) term in the expansion of Fy / N(qg), see
eq. (3.19). The axial couplings %2 and ezﬁ are also poorly constrained, since they lead to
spin-dependent interactions that are not coherently enhanced.

We collect the 90% C.L. bounds on the NSI coefficients in table 2 for v, — vx tran-
sitions and in table 3 for v, — vx transitions. The bounds on é(ﬁd) = Cc(bd) /Ad_4 are
converted to lower bounds on the NP scale, A, setting the dimensionless Wilson coeffi-
cients to C,gd) = 1. The two tables also contain bounds from deep inelastic scattering,
section 6.3, and the expected reach from the proposed 2 ton Nal experiment [61], cf. ta-
ble 4. For easier comparison the bounds are also illustrated with barcharts in figure 6 for
dimension 5 and dimension 7 operators, and in figure 7 for dimension 6 operators. For di-
mension 6 operators with vector couplings to quarks there are two possibilities. For flavor
diagonal transitions, v, — v, and v, — 1., the NSI contributions interfere with the SM.
The resulting bounds are shown in figure 7 (left). If the transition is not flavor diagonal,
the bounds are weaker, shown in the right panels in figure 7. For all the other operators
the final neutrino, vx, can be of any neutrino flavor, including sterile neutrinos.

The bound on C’gs) is controlled by the s-quark tensor form factor F;/év , which is
not well known. At present it is even consistent with zero, which implies that there is no
reliable bound on the (fgs) In tables 2), (3 we use the central value F;/év /ms =3.2-1074
from [42], with o, = 0, to gauge the rough potential reach of COHERENT, once lattice
determinations of F;év become precise enough. We use a similar approach for the Rayleigh
operators, CA’{Q
for CA'Y), eq. (3.38), (ii) neglect the two-body current contributions for 6’57), and (iii) and

where we (i) use the phenomenological form factor for two body currents
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Lower bounds on A in GeV, v, — vx transitions

¢ COHERENT CHARM  Nal2T (Y COHERENT  CHARM Nal 2T
o 3.3-10° 45 83-10° €7 13 (%)1/3 75 2.9 (%)w
¢ 603 349 993 ) 1. (tshey) v 8.7 2.4 (18MeV) v
¢ 632 349 104-100 ¢ 033 (%)1/3 19 075 - (%)”5
e 1.1 239 48 s 64 75 83.4

v 19.1 349 78.2 én 59 68 86.2

ey 9.8 349 46.4 cn 1.2 56 7.7

s 45 239 15.4 ¢sn) 2.2 75 5.3

¢t 1.7 5.6 2.2 ¢sn 1.4 68 3.7

et 0.01 6.4 0.02 ésn 0.74 56 1.8

g 21 31 27.3 [afis 57 67 83.4

ol 0.9 36 1.6 i, 59 61 86.2

én 11 3.8 17.3 ¢, 2.8 50 7.7

éin 14.4 45 22.3 e, 2.2 67 5.3

¢n 16.4 9.9 237 O, 1.4 61 3.7

ésn 1.3 3.8 2.1 ey, 0.74 50 1.8

s 17 45 2.7 — — — —

¢t 13 9.9 2.1 — — — —

Table 2. The 90 % C.L. lower bounds on A from COHERENT, CHARM, and Nal 2T for v, — vy,
(X # e, for X = e see main text) NSI Wilson coeflicients, cl&d), eq. (2.1), setting cd = 1,
and assuming only one such NSI Wilson coefficient is nonzero. For C‘gs) (6’572)) we use only the
central value of the form factor (NDA estimates) so the bounds are merely indicative, see main text
for details.

use the NDA estimates (3.41) for the non perturbative single nucleon matrix elements, and
do not assign any associated errors to these approximations. The bounds shown are thus
just giving a rough potential reach of CEvNS experiments once theoretical errors will be
under control (with probably a better guesstimate for CA'Y) than CAé?)).

Tables 2, 3 show in the case of dimension 6 operators the bounds for flavor non-diagonal
processes v, — vx with X # e, and v, — vx with X # pu, respectively. For flavor diagonal
transitions, v, — v, or v, — v, the bounds on NSI from the COHERENT measurement
are instead

CO syt A>417(440,1.1) GeV  (w), A >443(458,1.7) GeV (), (6.13)
Cs:  A>229(117,45) GeV (), A >23.1(11.9,4.6) GeV (v,), (6.14)

The relative sizes of bounds in tables 2, 3 are easy to understand using approximate
scalings in egs. (3.34)—(3.36). The O(A?) enhancements of operators QgS), Qﬁ, Q§7), Qg;

~ 91 —



Lower bounds on A in GeV, v, — vx transitions
¢ COHERENT CHARM  Nal2T (Y COHERENT  CHARM Nal 2T
¢ 48-10° 471 12-100 0 14 (“nﬂfﬁ 161 34 (%)1/3
) 726 826 12-108 670 12 (%)1/3 183 27 (%)1/3
) 767 697 13-100 ¢t 04 (%)w 377 09 (%)m
¢ 1.74 463 5.8 o 64.7 160.6 94.5
¢y 23.1 826 94.3 4y 67.5 143.4 97.7
) 11.9 697 55.5 i 3.2 109.1 8.7
¢y 46 463 185 o5 2.4 160.6 6
ol 1.9 12.3 2.5 4y 1.6 143.4 4.2
o 0.01 12.5 0.02 ¢sn 0.8 109.1 2
s 23.7 67.9 31.2 e, 64.7 143.1 94.5
¢ 1 77.8 1.8 ¢, 67.5 127.7 97.7
ésn 12.6 8.2 19.7 e, 3.2 97.2 8.7
¢in 15.6 9.4 255  C7, 2.4 143.1 6
ésn 19 19.3 27.1 ey, 1.6 127.7 4.2
ésn 1.5 8.2 2.4 ey, 0.8 97.2 2
¢in 1.9 9.4 3.1 — — — —
csn 1.5 19.3 2.4 — — — —

Table 3. The 90 % C.L. lower bounds on A from COHERENT, CHARM and Nal 2T for v, — vx
(X # u, for X = p see main text) NSI Wilson coefficients, C’A((fl)7 eq. (2.1), setting C((ld) =1,
and assuming only one such NSI Wilson coefficient is nonzero. For é§7s) (6'572)) we use only the
central value of the form factor (NDA estimates) so the bounds are merely indicative, see main text
for details.

and Qg;,

significantly weaker for the remaining non-enhanced operators. The bounds on operators

Qgg%q, eq. (3.35), translate into more stringent bounds for A. The bounds are

with strange quarks are also weaker, since the corresponding form factors are smaller.

The bounds on NSI from CEvNS experiments are set to improve in the future with a
number of new detectors either already taking data or being planned. The COHERENT
collaboration is operating a 10kg Ge detector, a 22kg single-phase liquid Ar detector,
and a 185 kg Nal[T]] scintillating crystal detector [61]. The liquid Ar may increase to
1ton, and Nal[T]] to 2 tons, in the future [62], cf. table 4. To take full advantage of
these experimental progress an increased precision in the predictions of nuclear response
functions and nuclear form factors will be called for. The sensitivity reach of the proposed
upgrades at COHERENT is studied in details in ref. [63].

In tables 2 and 3 we show the expected improvements in the sensitivity to NSI due
to the 2 ton Nal detector proposed by the COHERENT Collaboration [61], with the same
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Figure 6. Limits from COHERENT, CHARM, Borexino, and projected limits from a Nal 2T
experiment on the scale A of dimension 5 and dimension 7 NSI operators for electron neutrinos
(top) and muon neutrinos (bottom).

neutrino source but with a baseline of 28m and a lower energy threshold of ~ 13keV.
Furthermore, in the projections we assume that the total theoretical uncertainty is reduced
10-fold compared to the present ones, quoted in table 1. This would give the projected
total theoretical uncertainties o, ~ 3 —5%. This will require more precise determinations
of the neutrino flux, which is already planned, as well as a much better knowledge of
the quenching factors, and major advances in the purely theoretical inputs — the form
factors and nuclear response functions entering the SM prediction. While such a decrease
of uncertainties may be aggressive, they do give us a useful gauge of the potential reach of
CEvNS experiments.

In Nal detector the neutrino recoils on both the iodine and sodium nuclei. For the
SM neutrino interactions the scattering on iodine completely dominates. The coherently
enhanced cross section is ~ 40 times larger for neutrino scattering on iodine as it is for
sodium. This is the case also for coherently enhanced NSI interactions, where scattering
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Figure 7. Limits from COHERENT, CHARM, neutrino oscillations and projected limits from a
Nal 2T experiment on the scale A of dimension 6 operators for electron neutrinos (top) and muon
neutrinos (bottom). The two panels on the left correspond to lepton flavor conserving operators
(v; = v;), the ones on the right to lepton flavor violating operators (v; — v;, i # j).

on iodine similarly dominates. Spin-dependent interactions, on the other hand, can be
comparable, depending on the operator. We find that scattering on iodine dominates except

for the operators Qgi;, Qg; and Qg;, for which the main contribution to the scattering rate

is from sodium, while the two cross sections are of the same order for Qgs). The expected
bounds from v, , — vx scattering are shown in tables 2 and 3.

For flavor diagonal transitions, v, , — ve ,, the expected bounds on dimension 6 oper-
ators from the Nal 2T detector are,

6
C0 syt A>993(1040,48) GeV (), A >1200(1300,5.8) GeV (1), (6.15)
C sy A >803(45.2,149) GeV  (v), A >97.6(53.8,17.8) GeV (), (6.16)
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Tin Baseline (m) Target Mass (kg) Source
Nal 2T COH [61]  13keV 28 Nal 2000 SPD
Ge COH [61] 5keV 22 Ge 10 SPD
LAr COH [61] 20 keV 29 Ar 22 SPD
RED100 [58] 500eV 19 Xe 100 3 GW reactor
MINER [64] 10eV 1 2Ge+2Si 30 1 MW reactor
CONNIE [65] 28eV 30 Si 1 3.8 GW reactor
RICOCHET [66] 50-100eV <10 Ge/Zn 10 8.54 GW reactor
NU-CLEUS [67] 20eV <10 CaWO0y,Al,03 0.001 8.54 GW reactor
vGEN [68] 350eV 10 Ge 4%0.4 3 GW reactor
CONUS [69] <300eV 17 Ge 4 3.9 GW reactor
TEXONO [70]  150-200eV 28 Ge 1 2x2.9 GW reactors

Table 4. A list of proposed experiments to detect CEvNS using (anti)neutrinos from Stopped Pion
Decay (SPD) or from reactors, with recoil energy threshold, T;y, the distance from the source, the
target material and its mass given in 2nd to 4th columns.

While COHERENT uses stopped pions as a source of neutrinos, there are also a number
of planned or already operating CEvNS experiments that use reactor antineutrinos, see
table 4 as well as, e.g., refs. [15, 71, 72]. Reactors produce large quantities of low energy
electronic antineutrinos. On average about ~6 antineutrinos are produced per fission, for a
total of ~ 2 x 10%°7, per second per GW of thermal reactor power [72-74], with a maximum
energy of ~ 8 MeV.

As two representative examples of reactor CEvNS experiments we chose the proposed
RED100 [58] and MINER [64] experiments, and checked their respective sensitivities to
different NSI, assuming in both cases a total uncertainty of op ~ 10%. RED100 has a
proposed 100kg target of liquid Xenon, with a baseline of 19m from a 1GW reactor and
an energy threshold of 500 eV. While this energy threshold is lower than for stopped pion
decay experiments, it is the highest among the reactor experiments. MINER [64] has a
proposed 30kg detector composed of "2Ge and 28Si in 2:1 ratio, with a baseline of 1m from
a IMW detector and a very low energy threshold of 10eV.

Because of lower thresholds, both RED100 and MINER would have one to two orders
of magnitude better sensitivity to the neutrino dipole moment, (f?), compared to Nal 2T.

The reach for the vector NSI current operators, CAE(?L( ) could exceed the ones from global
oscillation fits, while there would be also an appreciable improvement on the derivative
couplings, ng),C(g?q.

hand, cannot be probed better in these experiments, since xenon has a smaller nuclear

The operators inducing spin-dependent interactions, on the other

spin than iodine, while ?Ge and 28Si have nuclear spin 0.

Future experiments can improve their sensitivity to specific NSI operators by chang-
ing experimental conditions. As just stated, lowering the energy threshold improves the
sensitivity to the magnetic monopole operator Qg‘r’), whose contribution is enhanced by the
1/¢? photon pole, cf. egs. (3.11), (3.35). For instance, the CONNIE collaboration proposes
a 1kg Si detector with the energy threshold of 28 eV that would be situated 30m away from
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Figure 8. Effect at high recoil energy of the operator Qf), assuming C:(J) = 0.1GeV~3, for four
different neutrino energies, using monochromatic neutrino beams for illustration. The black dashed
line is the SM rate.

the reactor [65]. Taking all the other parameters as in our projection for the Nal 2T limit,
leads to a projected limit for Qg‘r’) of A ~ 50TeV, to be compared with 8.3 TeV at Nal 2T,
table 2.

Varying the neutrino energy, F,, as well as increasing the range of nuclear recoil
energies, ER, can also be beneficial. In this way one could uncover ¢? dependence of
the neutrino scattering cross section that differs from the SM one. We illustrate this in
figure 8, taking as the example the Qf) operator. The QEP operator matches onto the
NR operator (98])\,, whose matrix element squared starts at O(g*) and is independent
of E,, see eq. (3.29). In contrast, the SM matrix element squared grows with neutrino
energy, o< E2. For high enough recoil energies, Ep ~ O(100 keV), and neutrino energies
E, ~ O(100 MeV), there is clear distinction between the scattering rate with and without
the presence of QSZ) (the NP scale was taken very low in figure 8 to exaggerate the effect).

6.3 Constraints on NSI from deep inelastic scattering

The CHARM neutrino detector [75] was composed of 78 plates of marble (CaCOs3) with a
total fiducial mass of 87.4 tons. The target is to a very good approximation an isoscalar —
the correction to the cross section from the isotriplet component is 0(0.2%) [56]. Data were
recorderd exposing the detector to neutrinos and antineutrinos from the CERN 400 GeV
SPS proton beam dump.

In our analysis we focus on the ratio of NC and CC total cross sections for electron
neutrinos and antineutrinos that has been measured to be [53]

 0(VeN = veX) 4+ 0(UeN — 7.X)

= = 0.406 £ 0.140, 6.17
© 0(WeN = e X)+ 0N — et X) (6.17)

where an equal flux of v, and 7, has been assumed, while similarly for muon neutrinos [76]

N =0, X
_ oWN = X)) 2005 40,0031, (6.18)

R,
" o(WuN = pX)
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The ratios R. and R,, are predicted in the SM to be [77, 78]
R3M =0.322140.0006, Ry = 0.3156 4 0.0006. (6.19)

The dominant theoretical uncertainty in the two predictions is due to the approximation
that the target was taken to be an isospin singlet, which is correct within O(0.2%).

Since the neutrino CC cross section is strongly constrained, we can assume that NSI
only affect NC transitions. The ratio R, in eq. (6.19) then receives the NSI correction as

RYS = S DONSL (6.20)
acc
where occ is the total neutrino and antineutrino CC cross section and Aoygr is the NSI
contribution to the NC cross section. In the analysis we take only a single NSI operator at
a time to be nonzero. Similarly, R,, is modified to
Y
RYST = RSM AOGJESI, (6.21)
cC
where the cross sections in the ratios now refer to the muonic neutrino only. Comparing
egs. (6.20) and (6.21) with the experimental results in eqs. (6.17) and (6.18), gives the
upper bound on the allowed sizes of NSI Wilson coefficients, (ff;’), eq. (2.1). Taking the
dimensionless Wilson coefficients to be CC(Ld) = 1, this translates to a 90% CL lower bound
on NP scale A for each NSI operator, given in tables 2 and 3. These bounds are also shown
as dark blue bars in figures 6 and 7.

The relative values of bounds are easily understood from the matrix elements in
egs. (5.13)—(5.17). In particular, the two scalar operators Qg; and Qg; have exactly the
same matrix elements and thus the same bounds for given flavor ¢q. The difference between
the bounds on A for three light quark flavors comes predominantly from the factor m, that
is part of the definition of the operators, leading to ~ (ms/ mu,d)l/ 3 larger A exclusion for
the strange quark. The matrix element of the tensor operator, Q%, is bigger, cf. eq. (5.17),
which translates to roughly factor of 2 more stringent bounds on A.

In the case of flavor diagonal transitions, the bounds on dimension 6 operators are

CO sy A>480(239,198) GeV (), A >826(697,463) GeV (1), (6.22)
Cusy A >301(324,231) GeV (), A >826(697,463) GeV (1), (6.23)

For the reader’s convenience we translate the CHARM bounds on dimension 6 operators
also into the bounds on ¢; parameters, eq. (1.1). For the electron neutrino, one obtains

—0.11 <% < 0.27, —0.38 <"1 <0.69, (6.24)
—0.24 <e¥ < 0.08, —0.59 < e < 0.44, (6.25)
—0.74 <5 < 1.60, — 117 <4 < 1.01, (6.26)

while for the muon neutrino

uV uA
—0.03 <ty < 0.06, —0.11 < el <0.08, (6.27)
av dA
—0.05 <&l < 0.02, —0.31 < el <0.15, (6.28)
—0.20 <&y, < 0.11, —0.54 <5} <0.40. (6.29)
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For the case of the electron neutrino these bounds are comparable, yet somewhat stronger,
than the bounds from oscillations for vector currents involving u and d quarks, eqgs. (6.2)
and (6.3), and are significantly stronger for the case of the muon neutrino.

Note that for a number of operators the bounds on A from the CHARM experiment are
comparable to the momentum exchange ¢ ~ O(10 GeV). This means that the EFT analy-
sis may be applicable only for strongly coupled mediators, with couplings larger than O(1).
Another general comment regarding CHARM constraints on NSI is that for light media-
tors these are comparatively less effective than CEvNS constraints where the momentum
exchange is smaller.

6.4 Other constraints

The contribution to the neutrino scattering rates due to the neutrino magnetic moment has
a pole at ¢ = 0, cf. figure 9 in appendix B. This means that experiments with lower Er
thresholds will have better sensitivity to the magnetic moment. Furthermore, scattering
on electrons will in general lead to lower ¢2. Measurements of solar neutrinos scattering on
electrons in Borexino [57] give the current most stringent limits on the magnetic moment

Iy, Or, equivalently, on the Wilson coefficient C§5),

¢ A>27-10°GeV  (1e); A>18-10°GeV (1) (6.30)

The measured neutrino scattering rates in Borexino can also be translated in a bound on
Rayleigh operators Cg) . The neutrino interactions mediated by the two Rayleigh operators
result either in A — v A scattering through 1-loop matrix elements or in vA — vA~, i.e.,
with an emission of an extra photon. In the Borexino experiment both processes lead to
the same signal. Using the results from section 3.3 for the 1-loop contribution, with NDA
estimates for the single nuclear matrix elements and neglecting two-body currents for Qg)
operator, and adding the cross section for the process with a photon emission, give the
total NSI scattering rate. Comparing it with the Borexino measurement [57] of the solar

neutrino flux gives

¢V A>328GeV (1), A>288GCeV (1), (6.31)
e A>1081 GeV (ve), A >947 GeV (). (6.32)

A different set of bounds on NSI operators (2.3)—(2.9) comes from collider experiments. For
a proper analysis we need to extend the EFT analysis to above the electroweak symmetry
breaking scale, which we do in the next section. However, some of the bounds directly
apply to the operators (2.3)—(2.9). For instance, the searches for dark matter can be re-
interpreted as bounds on NSI operators with two neutrinos replacing the two DM particles
in the final state.
Finally, Borexino Phase II results also bound dimension 6 NSI for couplings to elec-
trons [79]
—0.14 < ¥ < 0.21, (6.33)

where we conservatively quote the combined allowed ranges marginalized over the high-
and low-metallicity input choices for the standard solar model. The resulting bounds are
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somewhat more stringent than from neutrino oscillations, eq. (6.1). In terms of the NP
scale the bound in (6.33) gives A > 0.76 TeV.

The monojet searches at CMS and ATLAS [80-82] thus result in lower limits of
A 2 1TeV for (axial-)vector current operators, eq. (2.3), A 2 200GeV for gluon-gluon
operators, eq. (2.5), A 2 40 GeV for scalar operators, eq. (2.6), and A 2 20 GeV for tensor
current operators, eq. (2.7), after converting to our normalization of the operators. The
monophoton searches bound di-photon operators, eq. (2.4), giving A 2 30 GeV [83]. These
bounds, apart from (axial-)vector current operators, are quite weak, with values of A al-
lowed that are even below the kinematical cuts on pr and/or MET. One may thus question
the applicability of the EFT with the actual bounds from colliders in reality even weaker,
unless the couplings are large. We do not attempt to correct for these effects since this is
beyond the scope of present manuscript, see, however, [84] on how to properly obtain EFT
bounds from LHC searches.

Once the EFT is uplifted above the electroweak scale, the bounds from collider searches
can become more severe. For instance, searches for charged fermion contact interactions at
LEP [85] give constraints on the SU(2)z x U(1)y symmetric operators, defined in eqs. (7.4)—
(7.7) below. These operators result in dimension 6 NSI operators (2.3) below the elec-
troweak scale, but with bounds on A from LEP of about O(1TeV) even when coupling
only to leptons (see section 7 for details).

7 NSI above the electroweak scale

In this section we turn to the question of how the NSI interactions (2.1) are generated.
Since the bounds on many of the operators are relatively mild, cf. tables 2 and 3 , it is
possible that light NP could be responsible for their generation. This interesting direction
was pursued, e.g., in refs. [34, 35, 86, 87].

The other option is that the NP responsible for NSI is heavy, heavier than the elec-
troweak scale. If this is the case, the NP states can be integrated out leading to an EFT
that is valid between the scale of NP, A, and the electroweak scale, vgyw, with the effective
Lagrangian (see also [88-92])

o
Low =) i (7.1)
a,d

where Q% are SU(2) x U(1)y invariant operators. In constructing the electroweak (EW)
EFT operators we add to the SM field content the right-handed neutrino, vgr, which is
a SM singlet. This allows for SM neutrinos to be either Dirac or Majorana. In the rest
of this section we discuss the bounds on operators Qg and their matchings onto the low
energy EFT for NSI, eq. (2.1). We only consider operators that do not violate lepton
number, since the lepton number violating operators are severely constrained by bounds
on neutrinoless double beta decay.

The two dimension 6 operators in EW EFT that lead to an neutrino magnetic dipole
moment are (throughout this section we do not display generational indices on leptonic
fields, and assume flavor conservation for quark currents)

Q' = o (Prow H'LL) B, QY = 225 (Prow H17"Le) W, (7.2)
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where H = iooH*, with H the Higgs doublet, Ly, the lepton doublet, By, and Wy, the
hypercharge and SU(2), field strengths, and 7% the SU(2); generator in the fundamen-
tal representation. Both of the above operators contribute below the EW scale to the
dimension five magnetic dipole operator, eq. (2.2),

5 UVEW 1 6
e = o (cg o 4 20{@), (7.3)

where vpw =~ 246 GeV is the Higgs vev. If either Q( 1)3 or Q1 v are generated in the UV,

the neutrinos will have magnetic moments. The exception is, if the two contributions
cancel against each other, i.e., for 2@%% = —C‘fG&,, in which case the neutrino magnetic
moment vanishes.

The dimension six operators Q 9),f €4 (2 3), can arise from the followmg four-fermion

operators in the EW EFT (for ¢ = j the Q Api; operator is equivalent to Q3 r;; and should
be dropped),

(6)

m] = (L wL’)( ), Q= (L) (@ rQ)) . (1)
3FU = (Lols) (L r]) . QW = Lo rh) (HareLl) . (15)
Q= (’L D (k). Q= EiIh) (whotd) | (7.6)
QYp; = (Lowlh) () | (7.7)

which will then give for the Wilson coefficients of dimension 6 operators below electroweak
scale (u; = u, di = d,ds = s and « the lepton flavor, not displayed on l.h.s.)

4(6 1T 6 1 6 6
0 = iz [ (O + 1C8n ) + O8] )
4(6 1T 6 1 6 6
00, = 53z (O + 108 ) + ] 79)
4(6 1T 6 1 6 6
Cf(%),e = W :‘:<C§F{a1 + 4CiF),a1> + CE(JF),oal:| : (710)

5(6)

The problem with generating large contributions to C1(2) s Wilson coefficients in this way
is that the dimension 6 operators in eq. (7.4) are extremely well bounded. Translating
the results from [78, 93] the bounds for Qfld} for electrons coupling to first generations
quarks, i = 1,5 = 1 are A > 4.7;4.8;3.4;4.4; 3 3; 3.5 TeV, while for muons, i = 2,5 = 1,

A > 1.6;3.1;3.6; 3.6 1.0; 0.4 TeV, where respectively n = 1,2, 3,5, 6,7, and we set C,(L}U =1

(for Qﬂz’m the bound is of the same order as for QZ(SGII*E,ZP but a precise determination would
require a correlation matrix to properly account for the change of basis). For electron-quark
couplings the most stringent bounds come from measurements of d — wev transitions
and atomic parity violation, and are much more severe than the bounds from neutrino
scattering. For muon-quark couplings the most stringent bound for Qgizm is from d — upv

transitions, while for the other operators, Qﬁ%%, ngF)’%, Qg‘}{%, it is mainly from neutrino
scattering. The severe bounds from transitions involving charged leptons can be avoided
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in the special case, where C’S;) ;= 1C’§? , with all the other Wilson coeflicients zero, since

then the quarks only couple to neutrinos.
Another option is that the leading contributions arise from dimension eight operators
with two Higgs insertions (see also, e.g., [94]),

Qggffz’,i = (ELFI’VMEITLL) (Qi'ﬂ“@i:) ) Q2F/ = (EL-FNIWFITLL) (ELV#LL) ) (7.11)

Q;(jw)/ = (L Hv,H'LyL) (Ery"er) , Q4F/ = (L Hy,H'LL) (apy*ur) (7.12)
Q)= (LoBy HLL) (diydy) - (7.13)

After the Higgs obtains a vev only the neutrino is projected out of the lepton doublet,
H'L L — VLUEW/ V2. The Wilson coefficients for low energy dimension 6 operators are in

this case,
2 2
56 0 _ Y (8) (8) 56 _ Y (8) (8)
Cl2yum = Q?XVZ (ichu + C4F’> , Cl2)a = 2?\\2/ (ich' + CsF/) o (714)
2
56 _ Y (8) (8)
C\0e = 2 |2Cf + ) (7.15)

Since these operators only lead to couplings of quarks to the neutrinos and not to charged
leptons, this relaxes some of the bounds. The remaining bounds are “inevitable”, as they
come from processes that involve neutrinos — these are the bounds discussed at the end
of section 6.4.

The gauge-gauge operators in (2.4) and (2.5) can arise from dimension eight operators

(8% o ~ ~
Q) = 121 (7rH'LL)B" By, , QL) = o (PRIT'LL) B By, (7.16)
a ~
QW = To= (FRHTLL) W W, Q% = e (Rl L)W Wy, (7.07)
Oé a ~
Q%) = i o (PRHTT L)W B, Q) = 2 (v L)W By, (7.18)
Qs 5 a,pv FSva
Qie = 1o (PrH'LL) GG, Q%) = 2 (rnfTi L) G Gy, (7.19)
giving the Wilson coefficients
5() _ VEW [ ~(8) ®) L ®) 57) _ VEW ~(8)
Cip) = NGIX (Cl(z)B +Cigw + 203(4)w> v Gy = NGTY Croe (7.20)
The reinterpretation of the 8 TeV ATLAS W+MET search, ref. [95], bounds Q 1w to
A 2 0.7(0.8) TeV [96], while the 7TeV ATLAS Z+MET search, ref. [97], gives bounds on
Qg, e Z(S,%/ operators of roughly comparable strength, but with the details dependening

on the relative sizes of photon and Z exchange contributions [98].
The operators (2.6) and (2.7) can arise from the following dimension six operators

Q@,i = (vrLyr) (QLuk) , Qé?%ﬂ- = (Vrow L) (QLouwul) | (7.21)
Q% = (7rLL) (d5Q%) Q) = (FrowLr) (dhow QL) | (7.22)
Qf—ﬁ% = (vrLp) (erLy) , Qé?% = (Prow L) (ErouwLL) - (7.23)
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The resulting Wilson coefficients are

(6) (6) (6)
57 ReC) 3 R (7)) _ ImCya)p, o _ CoyR.i (7.24)
5,u;(d;) 2mui(di)A2 ) 6,u;(d;) Qmui(di)Az ) 7uq(dy) 2mu(di)A2 ) .
(6) (6) (6)
o _ ReCsp o — Im G5 o _ Cor (7.25)
%€ T omeA2 6e ™ 2meA2 e om A2

The bounds on these chirality flipping operators are quite stringent. For instance, from
pp — £+ Fp + X searches at the LHC we can expect bounds on the NP scale of the oper-
ators (7.21)—(7.23) at the order of A 2 O(5TeV) and at the similar level from semileptonic
decays of light pseudoscalar mesons. (This estimate is based on the bounds for tensor
current SM-EFT operators with left-handed neutrinos obtained in [99], which only give
quadratic corrections to the SM rates, as do the operators (7.21)—(7.23). A dedicated anal-
ysis of operators with right-handed neutrinos is called for, which, however, is beyond the
scope of our work.)
No such bounds exist for dimension eight operators,

QU = (PRATLL) (QF Hul), Qs = (PRow H' L) (QL Hopul), (7.26)
QW) = (AT L1) (QLHilY), QS = (Frow AT LL) (Qu Hopdy),  (1.27)
Q) = (sgH'LL) (L Heg), Q%) = (vrow HLL) (L Hower). (7.28)
sz (PR LL) (Qurofuy), QS = (FRowH'TLL) (Q)r Howul), (7.29)

— (vpH'°Ly) (QrHdY,), ok = (RO H'TLL) (QL T Hoydy), (7.30)
Qgsl)H = (PRHTTGLL) (LLTaHeR), Qg)H = (ﬁRO"uVHTT LL) (LLT HO’MVGR) (7.31)

which, after the Higgs obtains the vev, have the form (g ...v.)(f ... f). The relevant con-
straints on these operators thus come only from neutrino scattering experiments, discussed
in the previous section. In principle there are also constraints from Higgs decaying to four
body final states, h — 2jvv. However, these are at present much less constraining.

The Wilson coefficients of the low energy EFT operators (2.6) and (2.7), generated
from the above operators, are

. 1 v2 1 A 1 o2 1
CE()?6},ui = Ad9 p— Re{I }< §I},i+c§2,i>’ C% = Ao P (Cg,frcg,i)’ (7.32)

7 1 112 8 5(7 1w 8
Cé{)6}d A3 W Re{l }< ?EH)'Z+ ng) ), C;giZEQSJ (Cih)rﬁ Cfo)m> (7.33)

1 v2 A 1 v2
i~ e den). e h (et oo

Finally, the dimension 7 low energy EFT operators with derivatives on the neutrino
current, egs. (2.8) and (2.9), can arise from the following electroweak EFT dimension
8 operators,

<> ~ — . .

Qg,z Ou(rro* HTLL) (Q77.Q1), sz = (7ri0 H'L1)(Q17"Q),  (7:35)
<~ ~ —

Q%) = 0, (7ro™ H' L) (L Li), QY = (7ri0 H'LL) (Liy"Le),  (7:36)
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. . <> ~ . .
QS = Ou(vro™ HLy) (wenuly),  QSp, = (7rid HYLL) (whyuly),  (7.37)

. . <~ ~ _. .
Qih; = Ou(ro™ HLL) (dndiy).  Qup; = (Pridu AT LL) (A ), (7.38)
.
QégD) =0 (I/RO"u HTLL) (eR’yyeR) Qg?))D = (ﬂRiauHTLL) (éR’y“eR). (7.39)

After the Higgs obtains the vev, the operators have the form of (neutrino current) x (charged
fermion current). The most relevant bounds on these operators are, again, due to neutrino
scattering experiments discussed in the previous sections. The matching gives for the low
energy Wilson coefficients

5(7) _ VEW (8) 5(7) _ VEW (8)

Ce(oyus = pa Re{lm}( 2Dz+C6D1>’ Clogunyu = qa Re {Im}( 1D, CSD,i)’ (7.40)
5(7) _ VEW (8) 5(7) _ VEW (8)

Cioya = i Re{tm} (10, +C80,)s Chnya = i Re{lm} (€ +CD,). (T.41)
5(7 UEW 5(7 VEW

Cé{)g},e = Re{Im }( 4D+C§O)D> Cio){ll},e = Re {Im}< 3D +ngp)) (7.42)

8 Conclusions

In this manuscript we obtained predictions for CEvNS in the presence of nonstandard
neutrino interactions described by an EFT at 2GeV. Our analysis covers the complete
basis of EF'T operators up to and including dimension 7, and thus covers most of the viable
models as long as the mediators are heavier than about 100MeV. We recast the recent
measurement of CEvNS by the COHERENT collaboration using a Csl detector to obtain
bounds on the EFT operators, assuming that only one NSI operator at the time contributes
appreciably. The main results are collected in figures 6 and 7, where they are compared
with the bounds on NSI from neutrino oscillations, the solar neutrino flux measurements
at Borexino, and from deep inelastic scattering. The obtained bounds apply to incoming
electron or muon neutrinos scattering either through flavor diagonal interaction, or even,
if the neutrino flavor changes (including scattering to sterile neutrinos).

We see that already now the CEvNS measurements lead to the most stringent limits
for some of the NSI operators, for instance for scalar currents. The NSI reach of CEvNS ex-
periments is set to significantly improve in the future, with a number of new experiments
either already running or being planned. In figures 6 and 7 we also show the projected
limits for the Nal 2 ton detector planned by the COHERENT collaboration, also assuming
that systematic errors can be decreased by an order of magnitude. The new experiments,
as we show in the paper, can also increase their sensitivity to NSI by modifying running
conditions, such as the incoming neutrino energy, the nuclear recoil energy thresholds, but
also by trying to perform measurements at higher recoil energies. For this it will be impor-
tant to investigate how well one can distinguish between NSI and the subleading corrections
to our predictions (for instance from ¢? dependence of nuclear form factors away from zero
recoil point, see, e.g., [100]).

When using our results it is important to note their validity. The DIS bounds assume
that the mediators are heavier than a few 10s of GeV, the COHERENT bounds that they
are heavier than about 100 MeV, while Borexino and oscillation bounds apply also to very

— 33 —



light mediators (a typical momentum exchange in solar neutrinos scattering on electrons in
Borexino is g ~ few 100keV—1 MeV, which sets the lower bound on mediator mass, such
that use of EFT is justified for interpreting Borexino measurement). For light mediators,
with masses below 10 GeV the bounds from DIS would get suppressed, and similarly for
COHERENT bounds for mediators lighter than a few 10s MeV. It is easy to recast our
bounds also in such cases, but one does need at least simplified models for the mediators
in that case (some examples are, e.g., [101-103]). More challenging would be to extend
our work to the intermediate range of ¢> ~ (few) GeV?, where neither ChPT methods
that we used, nor the factorization used for DIS, apply. The benefit, on the other hand, is
that many of the neutrino experiments are taking data precisely in this theoretical difficult
intermediate regime, so that any theoretical advances would be highly desired.
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A  Nucleon form factors and nonrelativistic limits

The nucleon form factors, Fj, in egs. (3.9)—(3.15), are defined as [42],

(V) = [N @ N @ fun, (a)
(N'|av"y5q|N) = aly [FX/N(QQ)V“% + 2”1WF£(N(qQ)'Y5q“} un,  (A2)
(N'lmqqa|N) = FE™ (¢%) wyun . (A3)
(N'|mqdinsg|N) = FEN () wlyinsun (A4)

(N 55=G Gy, IN) = FY () Ty (A.5)
(N'| 2 G G IN) = FY (@) tlyinsun (A.6)

_ _ N { N
(N'|mqgoq|N) = @y | Fi (62) o™ + MV[“QV]F% (a%)

i v
+m—2q[“k1£F;{5V(q2) uy (A7)
N

where we suppressed the dependence of nucleon states on their momenta, (N'| = (N (k2)],
IN) = |N(k1)), and similarly, @)y = un(k2), uy = un(k1), while ki, = k| + k5 and
¢* = kY — k! and yltgYl = yigY — gtaP.
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Figure 9. The v, — vx (left) and v, — vx (right) rates in the COHERENT Csl detector including
Qgs) NSI operator contribution, for CA’(55) = 1/Agmin, where Ag.min is taken to be the corresponding
lower bound in tables 2 and 3, respectively. The SM rate is denoted by the solid black line, dashed
blue line denotes the NSI only prediction, and solid blue line the sum of the two. The vertical red
line denotes the energy threshold of the detector.

The form factors, Fj, are functions of ¢ only.
In the derivations of egs. (3.9)—(3.15) a non-relativistic reduction of nucleon currents
is required. Counting v - 9 ~ O(q?), with ¢ the typical soft three-momentum, the leading
terms are [42]

NN = N,N, + O(¢%), (A.8)

_ 1 _
NinsN — ——0, (NS +0(¢?), (A.9)

N

NA*N — v*N,N, + O(q), ( )
NAtysN — 2N, SN, + O(¢?), (A.11)
No" N — N,o!"N, + O(q), ( )
No"iysN — 2NUS][<;”UV]NU + O(q) . ( )

B The NSI predictions for differential rates in COHERENT

In this appendix we show the differential scattering rates in the presence of NSI, dN/dFER,
for the CsI[T1] detector of the COHERENT collaboration. In the numerical evaluations
only one NSI operator, egs. (2.2)—(2.9), is taken to be nonzero. We set its Wilson coeffi-

d—4
&= () (B.1)

Aa;min

cient to

where Ag.min is the current lower limit for this operator, as obtained in section 6.2 from
the COHERENT measurement, and listed in tables 3 and 2.

The predicted differential scattering rates, dN/dER, eq. (6.9), are plotted in figures 9—
12. For the nuclear response functions, W;, we use the values from [44], while the value of
nuclear form factors are taken from [42]. In figures 9-12 we show separately the scattering
rates due to the v, (left panels) and v, + 7, (right panels) incoming neutrinos. The
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corresponding fluxes are given in egs. (6.6)—(6.8). Note from eq. (3.11) that the operators
Qg; and Q%),q have the same matrix element and will give rise to the same differential
scattering rate; same happens for the operators Qg; and Qg) ¢ See eq. (3.13).

The neutrinos are due to stopped muons, which sets the maximal recoil energy, Er max,
to be around 47keV for v — vx and v, — vx, and about 15keV for v, — vx transitions.
The muon neutrino flux is monoenergetic, with £, ~ 30 MeV. As a consequence, for v,, —
vx scattering there is an abrupt drop in the predicted differential rate, dN/dER, at Er ~
15keV, since none of the 7, can contribute to more energetic recoils. This discontinuity is

clearly visible for Q;ﬁg, see figure 10 bottom right, Qg), cee Qf), see figure 11 right, and

for Qgg, ey Qé?mm, see figures 12 right, and figure 13 upper right.

For SM prediction there is no such discontinuity in dN/dEr at Er ~ 15keV, but
rather only a change in the slope of dN/dEpr. The spin-independent scattering induced by
the SM neutrino interaction with quarks contains the kinematical pre-factor (2E2 — ¢2),
see the coeflicient of cg?lcgor,k in (3.29). This prefactor goes to zero when when the maximal
Er for given value of E, is reached, i.e., when the incoming neutrinos backscatter. This
means that the contribution from 7, — vx to the SM dN/der scattering rate goes to zero
at Er ~ 15keV.

In order to obtain the number of events predicted in the CsI[T1] COHERENT exper-
iment the predictions in the left and the right panels of figures 9-12 need to be added
up, and then convoluted with the signal acceptance fraction of the detector. At present
the acceptance has a lower threshold at around 4.25keV, denoted as a vertical red line in
figures 9-12.

From the figures we see that a number of operators lead to a significantly different
FERr dependece compared to the SM predictions. The magnetic dipole moment leads to
dN/dEp that has a pole at §> = 0, clearly showing a significant increase in the rate
at small values of Fp, see figure 9. Lowering the energy threshold can thus lead to an
increase sensitivity to this NSI operator, as long as the background can be kept low. In
other case probing larger recoils may be beneficial. For instance, the scattering matrix
element due to QS?S) is proportional to FY /N1 (0)@% and thus grows with the increased Ep,
see figure 10 (top). A dedicated analysis is required to see to what extend this contribution
can be distinguished from the subleading corrections in the SM rate that come from the ¢>
dependence of the Flu N and Fld N form factors, and from the uncertainties in the nuclear
response function Wjy.

A very striking difference in the kinematical dependence of dN/dFER arises in the case of
monoenergetic neutrino beams, as already mentioned above. This can be seen in figures 10—
13 (right panels). Observing experimentally any such discontinuity would be a clear signal

7 7
g)’Qi)

for the presence of NSI. The discontinuity if especially pronounced for Q , figure 11,

and Qég, figure 12, since these operators contribute to the non-relativistic operator (’)ﬁv,
see egs. (3.13), (3.40). This leads to an additional ¢* dependence in the scattering rate,

see eq. (3.29). For NSI generated by Qg), fo), or Qg; operators the sensitivity increases

for higher Epr recoils. Qg), Qg), or Qg]) operators the sensitivity increases for higher Er
recoils. This was also illustrated in the main text, in figure 8.
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Figure 10. The v, — v, (left) and v, — v, (right) scattering rates in the presence of a single
NSI operator, either Q(f; (top) or QSZ (bottom), setting C® = 1/AZ, in, where Agimiy is taken
to be the corresponding lower bound in tables 2 and 3, respectively. The SM event rate is denoted
by the black solid line, dashed lines denote NSI only and solid lines the sum of SM and NSI
contributions (with blue, brown and purple representing couplings to up, down and strange quark
currents, respectively). The energy threshold of the experiment is denoted by the vertical red line.

The operators Q§7), Q:(:) and Qg; match onto the nonrelativistic operator Oéoj)v which
leads to a ¢ prefactor in the scattering rate instead of the 4E2 — % one for the SM, see

eq. (3.28). This different Fr dependence clearly shows in figures 11 and 12 (left panels).
Similar comment applies to the QE)Z operator, which matches onto OSJ)\/’ which leads to a
kinematic prefactor EIQ% in the scattering event rate, cf. eq. (3.29), and thus a very different

different recoil dependence compared to the SM rate, see figure 13.

C Numerical values of CEvNS scattering cross sections

In this appendix we provide numerical expressions for CEvNS differential cross sections in
the presence of a single nonzero NSI operator di). We normalize the NSI cross sections
to the SM, so that they take the form

(do/dER)ys

(@0 /dB ) sy 1+ g\(E,, ER)C + fY(E,, ER)|CIV]". (C.1)

a

These expressions are valid for any neutrino flavor scattering on nuclei, v, A — vgA. Here
E, is the energy of incoming neutrino, and Er the recoil energy of the nucleus.
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Figure 11. The v. — vx (left) and v, — vx scattering rates in COHERENT CsI detector in

the presence of NSI operators Qg), Qg), Q§7), 517) (top to bottom) setting e = 1/A

notation is as in figure 9.
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Figure 12. The v. — vx (left) and v, — vx scattering rates in COHERENT CslI detector in the
o (top to bottom) setting ¢ = 1/A3 The notation

7,9 a;min*

presence of NSI operators Qg;, Q(GZ,

is as in figure 10.

Below we give the numerical values for the coefficients g,(ld) and féd) for CEvNS on
nuclei 23Na, Ge, 71 and Xe. For Germanium and Xenon we calculate the average cross
sections for natural abundance of stable isotopes, namely Ge, ?Ge, Ge, ™Ge and
6Ge for Germanium and '22Xe, 1?9Xe, 130Xe, 131Xe, 132Xe and 3*Xe for Xenon. For the

numerical evaluation we use the nuclear response functions from [43, 44]. We only quote

central values for the coefficients g((ld) and féd), but comment when these estimates are

particularly uncertain.

Since only dimension 6 operators interfere with the SM amplitude for CEvNS | these
are the only ones that have both géd) and féd) nonzero, while for dimension 5 and dimension

7 operators gc(bd) = 0. are the dimension six operators. For dimension 6 operators we provide

the g((ld)

notation with the canonically normalized Wilson coefficients. In the results we only keep

and féd) functions both for the NSI notation that uses the € parameters and for our

-39 —



A(7)
V= VX,Cg(mm

dN/dEg

6 lb 26 3‘0 4‘0
ER (keV)

A (7)
V= vk, Cg(mq

6 1‘0 2‘0 3‘0 40
Eg (keV) Eg (keV)

Figure 13. Same as figure 12 but for Qg; (top) and Qg; (bottom).

the lowest order in Eg in the expressions of g((;fq)(E,,, ER) and féflq) (Ey, ERr). These quoted

results for these functions are thus reliable for recoil energies up to Er ~ 10—20keV, while
for higher energies one needs to take into account corrections from higher powers of ER.

C.1 Numerical results for CEvNS on 23Na

To shorten the notation we define the following functions of incoming neutrino energy, E,,
and nuclear recoil, Fg,

D = [(E,/MeV)? — 10.8(Eg/keV)] ', (C.2)

Ra = [(E,/MeV)? + 10.8(Eg/keV)|D,  for CEVNS on **Na. (C.3)

Ry = [(E,/MeV)? — 7.97(Eg/keV)| D, (C.4)

We first give the results for NSI parametrized by ¢;, eq. (1.1). Using ¢;, instead of the

Wilson coefficients CAg(Zq) in eq. (C.1), the corresponding coefficients are

gV =122, UV = 37.0, (C.5)

gV = 125, AV — 392, (C.6)

g2V =320-10"%(Er), £V =256-10712(£8)?, (C.7)

g =1.86-1072Ry, A —1.34-1073Rq, (C.8)

¢ = —6.53- 107 Ry, fIA =1.65-10"*Ry, (C.9)

g = —7.19-107° Ry, 4 =200-1075R4, (C.10)

where the function R4 for CEvNS on #*Na is given in (C.3).
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We give next the results for NSI induced scattering rates for dimension 5, 6 and 7
operators. For dimension 5 operator the nonzero coefficient in the CEvNS scattering cross
section, eq. (C.1), is for Na

2 —1
) _ wan 107 [ _Ev Er
% = 6.36-10 (MeV) <keV> D, (C.11)

with D given in (C.2). For dimension 6 operators the coefficients in eq. (C.1) are for
CEvNS on 23Na

g% = ~1.05 - 10, g\ = ~1.08 - 10°, 9% =0.276 (Ez) (C.12)
A% =275 10" 18 = 2,92 101, 19 =190-10%(L2)%, (C13)
g) =161-10°Rs,  gi") = 563 R4, o) = ~6.20 Ry, (C.14)
£ =996-10°Rs,  f8)=122-10°Ra, [ =149Ry, (C.15)

with the R4 function given in (C.3). For dimension 7 operators the coefficients are, for
CEvNS on ?3Na, given by

2

F0 = 281 (E2)?D ) —2.44.107* (E2)?D, (C.16)
£ =134-10° (E= )D (7) =1.05-107° (£2)'D, (C.17)
foo =8.65-107(£6) D, fm 3.95-108(L8)D, £ =579-10%(L8)D, (C.18)
£ =77.3(E2)%D, 0 =367-10%(Z8)’D,  f) =50.7(E8)°D,  (C.19)
i) =2.79-10 Ry, 1) =80.3 Ry, M _774.102 Ry, (C.20)
while for operators with derivatives on neutrino currents the coefficients are,
10( B, \2 (7) 2
fa 1o>u = 6.88- 10" (3p%) "D, S =430 10%(£8), (C.21)
10(_B, \2 M _
f8 (10),d — =7.29-10 ( v) D, f9(11) = 52. S(ke\/) (C.22)
2(Ep\2 (7)
f8(10) = 1.90- 10~ (MeV) (&%) D, o(11),s = O- 642(kev) (C.23)

The g coefficients are zero for all dimension 7 operators. The D and Rr functions are given
in egs. (C.2) and (C.4), respectively. Note that for the Rayleigh operators in eq. (C.16) we
used the NDA estimates from section 3.3, which are only very approximate.

C.2 Numerical results for CEvNS on Ge

For Germanium we give cross section for natural abundances of Ge in the detector. To
shorten the notation we define the following three functions,

D = [(E,/MeV)? — 34.2(Eg/keV)] ', (C.24)
Ra = [(E,/MeV)? + 34.2(Eg/keV)|D,  for CEVNS on Ge, (C.25)
Ry = [(E,/MeV)? - 25.3(Eg/keV)] D. (C.26)
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We start with the results for NSI parametrized by ¢;, eq. (1.1). Using ¢; instead of

é§63(2 9 in eq. (C.1), the corresponding coefficients for CEvNS on Ge are given by
gV =-10.9, uV =997, (C.27)
ggV = —11.8, &V =35.0, (C.28)
=9.33-107%(£x), SV = 2181071 (L& )?, (C.29)
g = —8.19-107°Ry, ud — _2.42.107°Ry, (C.30)
A =92.02-1074Ry, A4 — _1.46-107*Ry, (C.31)
g = —7.15-107CRy, A = _1.85-107"R,. (C.32)

Next, we give the coefficients in the expression for cross section eq. (C.1) using our
notation for the NSI operators. The dimension 5 magnetic dipole operator does not interfere
with the SM contribution, and thus only has the quadratic term nonzero. For CEvNS on Ge

2 —1
6) _ 1 aa.107 [ Ev Er
fi =1.44-10 <MeV> (keV) D, (C.33)

with D given in (C.24). For dimension 6 operators the cross section coefficients for

we have

CEvNS on Ge are given by

g1 = —9.40, 9 =221 10", (C.34)
g\%) = —1.02 10, 7 i —2.60- 10", (C.35)
9{%) = 0.804(28), £ = 162104 (£p)2, (C.36)
95,611 = —T.06R4, fzu = —1.80-10°R 4, (C.37)
g5 = 1TAR, 38 = ~1.10-10°R 4, (C.38)
g%} = ~0.616R,, () = _1.37-10°Ra, (C.39)

where the R4 is given in (C.25).
For dimension 7 operators only the f¢ coefficients in CEvNS cross section expression
are nonzero. For CEvNS on Ge they are given by

[\

£ = 308 (Ex)?D, £ =227-107* (£8)°D, (C.40)
A7 =3.60-10° (£8)D, <7) —1.54-107 (£8)" D, (C.41)
A0 =230-10%(&2)D, 5(2 =1.07-10°(Ze)D,  f{7) =156-10°(L)D, (C.42)
) =71.8(Lx)’D, ) =341-10°(&2)D, £ =555(L2)°D,  (C.43)
A7) = 25.5Ry, 1) = 141Rr, A0 =714-107Ry,  (C.44)
while for dimension 7 operators with derivatives in the neutrino current, the coefficients are
O =330, S50~ 2065 c15

Sloy.q = 65010 (52%) "D, ;(?1) =150 - 10%(£&), (C.46)

ég(?o) =0. 162(MeV) (1%\2/)21)7 fg (11),s = 0- 188(keV) (C.47)
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The D and Ry functions for CEvNS on Ge are given in (C.24) and (C.26), respectively.
Note that for the Rayleigh operators in eq. (C.40) we used the NDA estimates from sec-
tion 3.3, which are only very approximate.

C.3 Numerical results for CEvNS on 1271

In order to shorten the notation we define functions,

D = [(E,/MeV)? — 59.6(Er/keV)] ', (C.48)
Ra = [(E,/MeV)? + 59.6(Eg/keV)|D,  for CEvNS on "I, (C.49)
Rr = [(E,/MeV)? — 44.0(Er/keV)]|D. (C.50)

The cross section coefficients in eq. (C.1) for CEvNS on 271 for dimension 6 NSI
operators, using the ¢; notation, are given by

gV = -10.3, UV — 96.4, (C.51)
gV = —11.5, 4V — 330, (C.52)
gg =1.56-107°(£x), £V =6.05-10"1 (L&) (C.53)
=3.47-107°Ruy, uA — 347-107°Ry, (C.54)
4=6.60-10*Ry, fdA —2.89-10"*R4, (C.55)
4=-1.20-10"°Ry4, 4 = _0.22.1078Ry4, (C.56)
with R4 for CEvNS on 1271 given in (C.49).
For dimension 5 operator we have, for CEvNS on 271,
2 -1
(5) 6 [ L Eg
=6.80-1 - D .
f1”) =6.80-10 (Me\/) (keV) , (C.57)
and gf’) = 0, while for dimension 6 operators the NSI cross section coefficients are given by
i) = —8.87-10°, 19 =1.96- 10, (C.58)
9\ = —9.90 - 10%, £8) = 2.45- 101, (C.59)
6 6
g1 = 134(Z), 1 = 0449()”, (C.60)
95) = 75.0Ra, 10 =3.63-10°Ra, (C.61)
gy = —5T.7Ra, 10 =215 10°R4, (C.62)
9%} = ~1.03Ra, 1) = 6.854- 10*Ry, (C.63)

with function R for CEvNS on 27T given in (C.49). For dimension 7 operators the cross
section coefficients for CEvNS on 27 are given by

A= —170-10° (E&)?D, f{7 =2.41-107* (£&
A0 =575.10° (E8)D, £V =267-107% (£

£)°D, (C.64)
£)'D, (C.65)

<\<
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£ =365-10%(Ee)D,  f)=172-10°(E8)D, £V =248-10°(£=)D

(C.66)
f) =76.4(LE2)%D, £ =5.16-102(£2)°D,  fi7) =83.9(£=)’D, (C.67)
f7(,3 = 9.06 7, f7(2 = 2.61Rr, 7(2 =251-10"3Ry, (C.68)

while for dimension 7 operators with derivatives in the neutrino current, the coefficients are

2
8((?0) —4.91-10"(&%)*D, fé” L= 49.6(E8), (C.69)
fg(10 =6.12-10"(:E)?D, fg(11 = 1.81(£»), (C.70)
2
S0y = 0449 (%) (£4)° D, Sy = 0-115(£5), (C.71)

The D and Ry functions for CEvNS on 27T are given in (C.48) and (C.50), respectively.

C.4 Numerical results for CErNS on Xe

Here we show the numerical results for NSI induced corrections to CEvNS on Xe targets,
assuming natural abundances of Xe isotopes (for numerical results of cross section on single
isotopes, see [104]). To shorten the expressions we define three functions for incoming
neutrino energy, F,, and nuclear recoil energy, ER,

D = [(E,/MeV)? — 61.3(Eg/keV)] ", (C.72)
Ra=[(E,/MeV)? +61.3(Eg/keV)|D,  for CEVNS on Xe, (C.73)
Rp = [(E,/MeV)? — 44.9(Eg/keV)| D. (C.74)

For dimension 6 operators we have, using &;, notation for CEvNS on Xe,

gV =-10.2, uV =959, (C.75)
ggv = —11.4, AV — 32,6, (C.76)

=1.59- 1075 (£x), V' =6.31-1071 (282, (C.77)
Goun = 1.48 - 10 °Ry, foua = 4.32-107° R4, (C.78)
goaa = —3.74- 10 Ry, foaa = 2.75-107° Ry, (C.79)
gosa = 1.35-107 R4, foen = 3.56- 10 %R, (C.80)

with the R4 function given in (C.73).
For dimension 5 operator the only nonzero coefficient is for quadratic dependence on
the Wilson coefficient. For CEvNS on Xe we have

2 —1
5) _ g 106 [ _Ev Er
% = 6.38-10 (MeV) <keV> D, (C.81)

with the D function given in (C.72). For dimension 6 operators the CEvNS on Xe cross

section coefficients are given by

¥ = _8.77.10%, ) =1.92-10", (C.82)
6
) — —9.85-10%, fl(d) —2.42. 10", (C.83)
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gy = 137(%). 1) = 0469 (£5)”, (C.84)
g5 = 1.28R 4, 1) =3.21-10'Ra, (C.85)
g5 = —3.23Ra, £3%) = 2.05-10°Ry, (C.86)
gi) = 0.116Ry, 19 =2.64- 10°Ry, (C.87)

where the R4 function is given in (C.73). For dimension 7 operators only the fg coefficients
are nonzero,

M —9.92.10% (&)°D, 7 =138.-107*(£8)’D, (C.88)
(0 —582.10°(&8)D, £7 =3.08 107 (E&)"'D, (C.89)
EEQ =3.69-10%(Z8)D, fi7)=174-10°(Z8)D,  fi7) =252-10°(Z8)D, (C.90)
) =43.7(E=)’D, £ =208-10%(E2)°D, £ =338(&%)°D,  (C91)
") = 4.97Ry, " =1.43Rr, A0 =128-10"Ry,  (C.92)

while the operators with derivatives on the neutrino current have the following coefficients
for CEvNS on Xe

{0y = 48010 (86)° D, S0 = T81(E8) (C.93)
f8(10) = 6.06 - 10" (3% ‘D, fé& _498(kev) (C.94)
£y = 0469 (582%)” (12%)°D. Fiy.s = 644107 (£8). (C.95)
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