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1 Introduction

How do neutrinos interact with matter? While the answer to this question is well understood
at the qualitative level, making quantitative predictions for neutrino-nucleus cross sections
has proven to be a daunting task and is a leading source of systematic uncertainty in present
and upcoming precision neutrino experiments. It may therefore seem foolish to even try
to complicate matters further by considering the possible impact of physics beyond the
Standard Model (SM). In this paper, we will nevertheless take a step forward in precisely
this direction. Working in the context of effective field theory (EFT), we will compute
neutrino-nucleus interaction cross sections including new couplings with arbitrary Lorentz
structure. These results can form the cornerstone of future experimental searches for “new
physics” in the neutrino sector, as well as for phenomenological work relating extensions
of the SM to observables.

Our starting point is SM Effective Field Theory (SMEFT) [1, 2], which is defined by
requiring the same gauge symmetries and the same particle content as in the SM, but
adding non-renormalizable operators to parameterize the low-energy footprint of particles
much heavier than the electroweak scale. But while SMEFT is a suitable framework for
new physics searches at the electroweak scale — that is, at the LHC — for lower-energy
probes such as hadron/meson decay and accelerator-based neutrino experiments, it is more
appropriate to work with a different EFT, one in which electroweak-scale degrees of freedom
(W, Z, Higgs, top) have been integrated out. This theory is called Weak Effective Field
Theory (WEFT) or Low-Energy Effective Field Theory (LEFT) in the literature. It can be
ultra-violet (UV) completed by SMEFT, and the two theories can be related to one another
by renormalization group running and parameter matching at the electroweak scale [3—15].
(This is of course assuming that there are no new particles at the electroweak scale or below.
If new physics exists already at a scale lower than the W boson mass, WEFT would be



consistent up to the scale of the new physics, and it would need to be UV-completed by an
extension of SMEFT that includes the new light degrees of freedom.) At even lower energy
scales, namely in the regime of quasi-elastic (QE) scattering, the relevant hadronic degrees
of freedom are nucleons instead of quarks. QE scattering makes a significant and often
dominant contribution to the total detection rate in current and future accelerator-based
long-baseline experiments with GeV-scale beams.

Calculating neutrino cross-sections in the QE regime requires first describing the in-
teractions of the neutrino with individual nucleons, and then taking into account nuclear
effects. Accurate predictions at low and moderate neutrino energies have been achieved
through “ab-initio” methods like Green’s Function Monte Carlo and the Coupled Cluster
approaches [16-19]. For higher neutrino energies, relevant for accelerator neutrino experi-
ments, alternative approaches utilize the factorization of the nuclear final state. The spectral
function (SF) formalism [20-22], adopted in this work, incorporates relativistic effects in
both kinematics and the interaction vertex, while providing a precise depiction of nuclear
dynamics. While the findings presented here are specifically focused on the QE region,
the SF approach has been generalized to describe multiple reaction mechanisms. Previous
works [23, 24] demonstrate its application to phenomena like meson exchange currents and
pion production. Additionally, alternative methods such as SuSA-v2 and the relativistic
mean-field approach also provide predictions of neutrino-nucleus cross sections up to high

neutrino energies, encompassing a diverse array of reaction mechanisms [25-28].

The calculation of neutrino cross sections in the QE regime for arbitrary WEFT interac-
tions and including nuclear effects, as well as the discussion of the associated uncertainties,
are the main topics of this paper. The most important novel challenge we face is that
nucleon-level form factors have to be precisely known for arbitrary WEFT inteactions.

In the past, physics beyond the SM in the neutrino sector has often been discussed in the
framework of “non-standard interactions”, which is similar to WEFT: the relevant degrees
of freedom are those present below the electroweak scale (but above the QCD scale), and
the new operators are dimension-six four-fermion interactions [29-39]. However, this widely
used formalism has several shortcomings (see e.g. the discussion in [12]): (i) it typically does
not take into account renormalization group effects and the necessity of an embedding into a
theory that respects electroweak symmetry. This means that correlations between operators
that would arise from such an embedding are typically neglected. (ii) even more problematic,
some authors treat operators affecting neutrino production and those affecting neutrino
detection separately, even though in many cases, they are the same. First steps in resolving
these shortcomings have been taken in refs. [12, 40], which introduce a comprehensive EFT
framework for neutrino oscillations, offering a systematic approach applicable to experiments
with extended baselines and diverse neutrino production and detection processes. The
practicality of this formalism has been demonstrated in ref. [15] by applying it to the FASERv
neutrino experiment at the LHC, which showcases the capability of FASERv to probe new
physics scales up to ~ 10TeV for certain operators.

In the following, we will first briefly introduce the effective field theory that we work
in (section 2.1) and then proceed to the calculation of first the neutrino-nucleon interaction
amplitudes for all EFT operators (section 2.2), and then the interaction cross sections



including nuclear effects (section 2.3). We will present our results in section 3 and discuss
their uncertainties, before summarizing and concluding in section 4.
Our main cross-section results in tabulated form are available from GitHub [41].

2 Formalism

2.1 Weak Effective Field Theory

In this section we introduce the effective field theory (EFT) formalism in which we will
calculate neutrino-nucleus cross section in the presence of physics beyond the SM. In particular,
we are interested in Weak Effective Field Theory (WEFT), valid below the electroweak scale,
with the electroweak gauge bosons, the Higgs boson, and the top quark integrated out. The
part of the WEFT Lagrangian that is relevant to neutrino-nucleus interactions is given by [15]:

2V, i , 7 i
LWEFT D — UQd{[l + EL}QB(QuVuPLQd)(Eo/y,uPLVB) + [ER]a,B(QU’V#PRQd)(ga')/,uPLVﬁ)
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Here, v = (vV2G ) ~'/? ~ 246 GeV is the vacuum expectation value (vev) of the Higgs field,
Vua is the ud element of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, Pr g = %(1 F9°)
are chirality projection operators, and ¥ = %[’y“,’y”]. The ¢, and gq fields describe up
and down quarks, respectively. The charged leptons are labeled ¢, (with « their flavor
index), and the neutrino fields in the flavor basis are v,. They can be connected to the
mass eigenstates v, using the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix:
Vo = S8_ Ugivi. The first term of eq. (2.1) describes the SM charged current (CC)
interaction between neutrinos, charged leptons and quarks, while the subsequent terms add
the new left-handed (L), right-handed (R), scalar (S), pseudo-scalar (P) and tensor (7)
interactions to the Lagrangian. These terms are dimension-six, and their dimensionless
Wilson coefficients [ex]qs (with X = L, R, S, P,T) describe the interaction strengths of the
new operators relative to SM weak interactions.

It is worth emphasizing that the SM parameters entering this Lagrangian, namely v
and V.4 can also be impacted by new physics. For instance, modifications to the decay rate
of muons will affect the measurement of the Fermi constant, G, from which v is derived.
Similarly, new physics in nuclear beta decays can affect the extraction of V,4. As discussed
in the literature [4, 9, 42, 43], these possible biases can be reabsorbed into a redefinition
of e;. We give these redefinitions explicitly in appendix A. Experimental data analyzed
with v and V.4 set to the measured values as reported for instance by the Particle Data
Group (PDG) [44] would therefore constrain this redefined 7. In the following, e will
be understood in that sense.

2.2 Neutrino-nucleon scattering

We are interested in studying the effects that the new interactions introduced in the Lagrangian
of eq. (2.1) have on charged current quasi-elastic (CCQE) neutrino interactions. At the
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nucleon level, the interactions we are interested in are

vg+n— Ll +pt (2.2)
for neutrinos, and

vg+pt =€ +n (2.3)

for anti-neutrinos.The structure of the WEFT Lagrangian implies that the amplitudes related
to the neutrino-nucleon interactions take the form

Maﬁ = 5aﬁAL,o¢ + Z [EX]QBAX7(X 5 (24>
X=L,R,S,P,T

where the Ax , are the reduced matrix elements from which the WEFT coefficients have been
factored out. In other words, Ax . gives the amplitude for a neutrino to produce a charged
lepton of flavor a via an interaction of type X, assuming this interaction is as strong as SM
weak interactions. We discuss these amplitudes in detail below. Note that no summation
over « is implied in eq. (2.4). For anti-neutrinos eq. (2.4) holds after changing ¢ — €*, and
replacing Ax o by the corresponding anti-neutrino amplitudes. The total neutrino-nucleon
scattering cross section is

1
tot 2
= — g dlIl 2.5
O'aﬁ 2"1 spins/ ‘MQB’ ( )
= 60008+ Y lex]asbl % a0as + O [ex)ing(01% o) 0ap + O [exlaslev]isbxya
X X XY

where the definition x = 4E,m,,, has been introduced, with m,,;, the mass of the target
nucleon. Moreover, [dIT = [[T];d%p;/(2m)3] x (27)*6™ (p; — ps) denotes the phase space
integral. The integral runs over the three-momenta of all final-state particles (indexed by
j), and the d-function ensures energy momentum conservation, with p; the total initial-state
momentum and py the total final-state momentum. Note that on the right-hand side of
eq. (2.6), again no sum over flavor indices is implied. Setting ex = 0 recovers the SM
cross section,

. 1
brra=5-3 / dI [ Ap 2. (2.6)
k spins
The terms describing the interference between the new physics and the SM amplitude are
K 1
on= 5 O [dl(ALaAR ), (2.7)
spins
while the terms quadratic in the new physics interactions are
. 1
UAI)\I(P;/,a = ﬂ Z /dH(AX,aAik/,a)- (28)

spins

In these relations the pre-factor of % comes from averaging over initial state spins.



Let us now compute the reduced matrix elements for the CCQE interaction vg 4+ n —

¢, + pT. They can be expressed as

2Vud
AL,O& = - 'U2

2
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Ag, = Yud
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2

where the u; are the spinor wave functions of the leptons and hadrons (not to be confused

with the up-quark field, u). The reduced matrix elements for the corresponding anti-neutrino

interaction vg + p — ££ + n, are obtained by replacing ug, — vy, u, — vy, , and taking the
complex conjugate of the hadronic current as well as the CKM element V,,4. Note that, as
long as neutrino masses are neglected, these amplitudes do no longer depend on the neutrino

flavor as this dependence has been factored out in eq. (2.4). The hadronic matrix elements

can be parameterized in terms of a set of Lorentz-invariant form factors, one corresponding

to each possible quark bilinear [45, 46]:

Pl @ (o) = () [ G (QP )+
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qM75:| Unp, (pn) ,

(2.11)
(2.12)

(2.13)

MLG§?><Q2><W%—%M Un(pr),  (2.14)
N

where u,, and w,, are the proton and neutron spinors, ¢ = p, —p, is the transferred momentum,

Q* = —q% P = pn + pp, and My = (m,, +m,)/2 is the average nucleon mass.

The crucial task now is to obtain the form factors Gx.

1. Vector current. In this case, there are three contributions, parameterized by the
vector form factor Gy (Q?), the induced tensor-vector form factor @T(V)(QQ), and the
induced scalar form factor Gg(Q?), respectively. In the literature, Gy (Q?) is sometimes

called the Dirac form factor, and GT(V)(QZ) is sometimes called the Pauli form factor,

anomalous magnetic moment form factor, or weak magnetism form factor. Naively,

all terms in eq. (2.10) could be expected to be O(1).

(The prefactors ~ O(q/My)



accompanying G5(Q?) and GT(V)(QQ) are O(1) for GeV-scale neutrino scattering.)
However, in the isospin-symmetric limit (neglecting the differences between the up and
down quark masses), GS(Q2) vanishes, as can be seen by replacing p, <> p, and showing
that this leads to a sign change in the induced scalar current. Isospin symmetry thus
requires Gg(Q?) = 0. (In the language of ref. [45], the induced scalar current is a second-
class current which vanishes in the isospin-symmetric limit). Corrections to isospin
symmetry are of O(1073) and can be safely neglected here in view of uncertainties on
other terms that are much larger.

The vector [Gy(Q?)] and induced tensor-vector [GT(V)(QQ)] form factors are related to
the electromagnetic form factors of the nucleon N = p,n by [47]

Gv(Q®) = FI(Q*) - F1(Q?), (2.15)
Gro) (@) = F3(Q%) - F(Q%). (2.16)

FN(Q?)] and F{¥(Q?), in turn can be related to the Sachs electric and magnetic form

factors:

QQ

GHQ) = FIQ@) -~ {0 P = Go(@?),
G = Q) ~ o Fi =0
Y s (2.17)

Gh,(Q%) = FI(Q*) + FS(Q%) = 1bGp(Q%),

G (Q%) = FI(Q%) + F3(Q%) = 1Gp(Q?)
where p, = 2.79284 is the proton magnetic moment in units of the nuclear magneton,
and p, = —1.91304 is the equivalent for neutrons [48]. Finally, we can parameterize
G p(Q?) as a dipole function,

Gp(Q*) = (2.18)

with My = 0.84 GeV.

Precise knowledge of the nucleon vector form factors can be obtained through high-
statistics electron scattering experiments.

. Axial current. Of the three terms contributing to the axial current, one — namely
the induced tensor-axial form factor, GT( 4) — vanishes in the isospin-symmetric
limit [45]. The nucleon axial form factor, G4, which is not accessible in electron-
scattering experiments, introduces significant systematic uncertainties in neutrino-
nucleus cross-section calculations. Existing experimental constraints on G 4 primarily
rely on beta decay measurements, on neutrino scattering on nuclear targets, and on pion
electro-production. However, the accuracy of these measurements remains relatively
poor compared to measurements of the vector form factors. Beta decay experiments are



sensitive only to the absolute normalization of the nucleon axial coupling, g4 = G 4(0),
while neutrino scattering and pion electro-production experiments face challenges due
to limited statistics and uncertainties in the nuclear modeling.

Historically, the most common parametrization used for the axial form factor is the
dipole form:

Ga(@Q) = —9 (2.19)
5

where the axial mass is m4 =~ 0.961 GeV, used by GENIEv3 neutrino generator for their
nominal 10ap2;1a model [49]) and g4 = 1.2728 £+ 0.0017 [50]. This parametrization,
however, proves incapable of capturing the observed shape of the axial form factor. The
so-called z-expansion parametrization [51],

GA@) = ar (@), (2.20)
k=0

substantially improves the accuracy of the fit to data [52, 53]. Here, z(¢?) is an analytic
function [53-55] motivated by QCD assumptions, while the coefficients aj can be
obtained from lattice QCD or by fitting to neutrino-nucleus scattering and/or pion
electro-production data.

The different parametrizations of the axial form factor — the dipole (dip) form factor
from eq. (2.19), the z-expansion fit to neutrino-deuteron scattering data (D2), and the
z-expansion fit to lattice QCD results — differ substantially, which reflects the large
uncertainty the axial form factor introduces to the cross section. The top panel of
figure 1 compares the different parametrizations and reveals discrepancies by almost an
order of magnitude at large momentum transfer. This illustrates how important it is to
quantitatively assess these systematic uncertainties. For the SM case such a study has
been carried out in ref. [51]. In the present paper, we analyze for the first time how
form factor uncertainties affect the study of new interactions beyond the SM.

. Pseudoscalar current. By using the partial conservation of the axial current (PCAC)
and applying it to the axial current matrix element of the nucleon, one can find a
relation between the axial, induced-pseudoscalar, and pseudoscalar form factors [57]:

2
My ag + LM

mg 2my

Gr(Q?) = Gr(Q?). (2.21)
Here, my = 3.410(43) MeV is the average light quark mass, taken from lattice calculations
(2019 FLAG review, Ny =2+ 141 [58-60]). Note the large prefactors proportional to
My /mg and Q?/(Mym,), which are both of order 103. These prefactors lead to an
enhancement of, e.g., G'p(Q?) compared to other form factors.

We can moreover use the pion pole dominance (PPD) ansatz to derive an approximate
relation between the induced-pseudoscalar and axial form factors. More precisely, we
use the fact that Gp(Q?) is dominated by the pion-pole contribution because the
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Figure 1. The nucleon form factors appearing in eqs. (2.10)—(2.14) as a function of Q% = —¢>.

For the form factors affected by the uncertainty in G4(Q?), the left panel shows results for three
different parametrizations, namely the dipole form factor with m 4 = 0.961 GeV (thin solid lines), the
z-expansion fitted to neutrino-deuterium scattering data (“D2”, shaded bands) [53], and a z-expansion
fit to lattice QCD calculations by the RQCD Collaboration (hatched bands) [56]. In the latter two
cases, the width of the colored bands indicates the uncertainties quoted in the respective references.
The remaining form factors are shown in the right panel. Note the sign change from negative to
o\ (1) s . (2)
positive for G, and from positive to negative for G.".

pseudoscalar current has the same quantum numbers as the pion. This suggests to
write Gp(Q?) = Gp(0)m2/(Q? +m2), where m, is the pion mass. Moreover, in the
low-Q? limit, eq. (2.21) implies G p(Q?) ~ (My/m,)Ga(Q?). Plugging both relations
into eq. (2.21) leads to [14, 61, 62]:

4MN
QQ

For higher accuracy, we will instead use the z-expansion parametrization [51] also for

Gp(Q*) = GA(QQ) (low-Q? limit) (2.22)

the pseudoscalar form factors, and write:

Gp(Q%) = - 4M2 i ap 2( (2.23)
mz Do
and
M 2
GrQ) = N o e l;)k Q) (2.24)

where the akl5 and af coefficients are found by fitting to lattice QCD results. The first
few coefficients in the expansion, taken from ref. [56], are shown in table 1. We have
checked that these lattice QCD results satisfy the PPD and PCAC relations.

4. Scalar current. We can find the scalar form factor by using the conservation of the
vector current (CVC), which relates the divergence of the vector current in (eq. (2.10))



X X X X X X X
ap ai a3 as ay as ag

X
A | 1.009 -—-1.756 —1.059 1.621 3.919 —5.739  2.005
P
P

1.008 —-1.831 -—-1.713 4.994 —-1.522 —-1.984 1.047
1.066 —1.461 —1.053 —2.504 12.446 —12.260 3.766

Table 1. The coefficients of the z-expansion parametrization of the axial (first line) induced
pseudoscalar (second line) and pseudoscalar (last line) form factors, determined by the lattice QCD
calculations from ref. [56].

to the scalar current (eq. (2.12)) and leads to [57]
QCD
SMS

Gs(@) = g (g2 + LM

dmy omyg

Gs(Q%), (2.25)

where 5MJ%CD =m, —my, = 2.58(18) MeV is the difference between the neutron and
proton mass in pure QCD [57]) and dmg = mg — m,, = 2.527(47) MeV [58]. Note that
the induced tensor-vector form factor, GT(V), does not appear in eq. (2.25) because the
divergence of the corresponding term in eq. (2.10) vanishes.

The induced scalar form factor GS(QQ) poses a problem as no robust measurements
or lattice calculations for it exist. This is not surprising, given that, using Weinberg’s
language from ref. [45], it corresponds to a second-class current (that is, a current that
violates GG parity). Such currents vanish in the isospin-symmetric limit, so their physical
effects are always suppressed by small isospin-breaking factor such as dMy or dmy.
In eq. (2.25), however, G's(Q?) appears with a prefactor that is enhanced by 1/6my,
compensating for the smallness of the form factor.

In the absence of robust measurements or lattice calculations for G'g(Q?), we consider
two approaches. The first is to simply set GS(Q2) = 0. The second one is based on the
constituent quark model (CQM) which relates G's to the vector form factor, but suffers
from large theoretical uncertainties. The CQM prediction is [63]

2 My <5M]‘30D 5my
(mu + md)CQM 2M N 9A (mu + md)

Gs(Q?) = o) OV(@). (220)

where in the constituent quark model one takes m, = mg = m,/3.

5. Tensor current. Unlike the vector, axial-vector, scalar, and pseudoscalar currents,
constraining the matrix elements of the antisymmetric tensor current is much more chal-
lenging. While the relevant form factors are not easily determined through experimental
data, Ward identities, or low-energy theorems, lattice QCD techniques and theoretical
considerations can nevertheless provide valuable insights. In the following, we draw
from ref. [64]. In the isospin-symmetric limit, which we adopt here, the Gg? )(QQ) form
factor vanishes, and the following relation between the charged and neutral currents
holds [58]:

(p(pp)|uc™d|n(pn)) = (p(pp)|uc™"u — do""d|p(pp))
= (n(py)|do"d — wo™ uln(p,)) . (2.27)



The two equivalent matrix elements on the right-hand side of this equation can be
evaluated on the lattice. The results can be written as

Gr(Q?) = FI'(Q?) — Fir(QY) (2.28)
G(Q) = F(Q?) — Fip(Q?), (2.29)
GP(Q%) = Fir(Q%) — Fir(Q?), (2.30)

with the F;{T(QQ) (¢ = u,d) functions parameterized by:

1 1
Fip(Q%) = %5 |Fir(0) = Fip(0)| Dy, (@) + 5 [Fir(0) + Fi(0)| iy (Q7), (2:31)
2
F2(Q%) =~ 5 B 0)2G3(Q7) + G(@M)] + 2, N Fia 0D (@), 232
d 2 My 7w P 2 n 2 Mz2v d 2
Fi2(@%) =~ B (0)[GR(Q) + 261 (@) + 205 Fir 0000 (@), (239
My  ru . M%
(@) = 3= B1"(0)[2F(Q%) + F3(Q°)] - mfgﬂ,ﬂowbl(@?), (2.34)
2
F2(Q%) = Y BF O [ + 27(QY)] - Tl (0)Du (@), (2.35)

In the first of these relations, the plus sign corresponds to ¢ = u and the minus
sign to ¢ = d. Numerically, ref. [64] gives F}'(0) = 0.784, F{{T(O) = —0.204, and
B7"(0) = 0.195 for the tensor charges that determine the normalization. The functions
G (Q?) and FJ¥ (Q?) are the Sachs magnetic and Pauli form factors defined in eq. (2.17).

Finally,

2
UL

_hfl (2.36)
mil/h1 + Q2

Dy, 1y (Q%) =

are dipole functions with myj, = 1.166 GeV and my, = 1.229 GeV.

Note that several of the terms in egs. (2.31)—(2.35) benefit from an enhancement factor
My /my ~ 10, which facilitates detection of tensor currents.

The above parametrizations of the form factors — especially the axial vector and tensor
ones — have been derived with momentum transfers /Q? < 1GeV in mind. However,
given their weak dependence on Q2 at O(GeV) momentum transfers, which is evident from

figure 1, we will use them also to extrapolate to larger momentum transfers relevant for

accelerator neutrino experiments.

,10,



We are now ready to express the spin-summed squared amplitudes for CCQE neutrino-
nucleon scattering (v3 +n — ¢, + pT) in terms of the form factors and as functions of
the Mandelstam variables:

(s — )
My |’

S—1U

M7]2V + Da,Xy(QQ) (2.37)

1
B Z Ax aAy o = Co|Ba,xy(Q%) + Caxy (Q7)

spin

where X,Y = L,R,S,P,T and Cy = 4|V,q|>? M3 /v*. The factor % on the left hand side
averages over spin orientations of the initial nucleon. In the approximation that the nucleon
is initially at rest, kinematics dictates that s —u = 4AMyE, — Q% — m%a. Assuming moreover
that proton and neutron masses are identical, the functions B, xy (Q?), Ca, xy (Q?) and

Da’Xy(QQ) arel

2 2 2 2 2 2

my, +@Q 2 Q 2 Q 2 Q
Bapn=—2— 31+ 2 |G- (1- 25| (FA - 2R+ 25 AF
oLl M2 {( +4M]2V> ( oz )\ T o) T

2 2
my 2 - \2 Q <9
2
Co,LL = Mizgv(GA(Fl + Fz)) ; (2.39)
L2 o, @
Do 1 = 1 (GA + I} + M Fy |, (2.40)
Ba,rr = Ba,LL (2.41)
Co,rr = —Ca,LL , (2.42)
Do,rr = Da,rL (2.43)
2 2 2
my, + Q Q 2
B ss = = <1 + ) Gq, (2.44)
“ M3 4M3,
Ca,s8 =0, (2.45)
Dy ss =0, (2.46)
2 2 2
my, +Q° Q 2
Bo,pp = — Gp, (2.47)
“ Mz AMY
Co,pp =0, (2.48)
Do pp =0, (2.49)

!The full expressions without these approximation are given in appendix B. For our numerical results, we
will use the full expressions because nucleons bound in nuclei cannot be assumed to be initially at rest.
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mi + Q° Q? 1 mg 2 2
Bor = —EQWV{GQT aives {+ 4G G — J\j?v (262(Gr - 4G)
+(GP)? - 4(;5})@5?))}
2
My, [ 2 1), A2 1) 2))?
oaf [GT ~ 4G (G + GP) +2(GR +267) ]
Q? >2 (N2 . ML, ()2 }
o 2.50
ca( gy ) (@ Spe?) ) (2.50)
Corr =0, (2.51)
2
1, @ (2) (1) (22 22 [ @
Dorr = §GT + Iz [ - 2G7Gy + (GT +2Gy. ) + 4Gy, o)

for X X-type interactions, and

M? A2 A2 AM? M?
N N N N N
m2 2 N 2 N
o |+ F) = (Ga-Gr) + (1 + &) G%] } , (2.52)
N N
Co,Lr =0, (2.53)
1 2 Q2 2
Da,LR - Z <—G§1 + F1 + MFQ 5 (2.54)
Ba,s =0, (2.55)
m 2
Co,Ls = 2]\5‘;\[ (Fl - 45\242172) Gs, (2.56)
N
Do s =0, (2.57)
2 2 2
my, My +Q Q
Ba,p = _2]\/2\/ KMJQV (GA + %GP> Gp, (2.58)
Ca,p =0, (2.59)
Dq,Lp =0, (2.60)
B M+ Qe [ a0 06 46 1ok
a,LT:—TZQVMN 1( T — 2Gp" — T)+ 26T
2
Q? W) _ A2 M), 4@ @ [ @
O 4R (GY = GD) + Bo( = Gr+6GY +4G7))| + 4RGF o) )

(2.61)
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m . 2
Co, 1T = —Mil; <3GAGT + (GpGr — 4GAG(TI))4?42 ) ; (2.62)
N

Dorr=0. (2.63)

for the interference terms with the SM amplitude (LX-type interactions).

For anti-neutrinos interacting via vg+p™ — £1 +n, the relevant functions for the LL, RR,
LS and LT interactions are (C’m xy) = —(Ca,xv), for the LP interaction we have Ba, LP =
—B,,1p, and the remaining functions are identical to their v counterparts. Finally, for both
neutrino and anti-neutrino scatterings we always have > i, A% (Ay.a = D pin Ax,0 AV -

Let us focus first on the interference (LX-type) terms which are typically more important
than the X X-type contributions because they will be multiplied by only one power of the new
physics couplings ex. We see that among the interference terms, the only ones that are not
proportional to my, /My are of the LR type (interference between the left-handed SM current
and a right-handed new physics current, egs. (2.52)—(2.54)). Therefore, for electron (muon)
neutrinos, for which my_ /My ~ 5 x 1074 (0.1), one might expect right-handed new physics
currents parameterized by egr to be the easiest to detect. However, it turns out that the Fy, Fb,
and G form factors appearing in egs. (2.52) and (2.54) are only O(1), while tensor (egs. (2.61)
and (2.62)) and pseudoscalar interactions (eq. (2.58)) benefit from form factors that are larger
(see discussion below eq. (2.21) and below eq. (2.36)), compensating the smallness of my_ /M.

At quadratic order in the ex’s we do not have any such suppressions and all interactions
contribute, especially the pseudoscalar and tensor ones with their large form factors.

As a final note, in this work we do not consider XY interactions when X # Y and X # L
or Y # L. This corresponds to an interference between two different non-SM like interactions
at the quadratic order with respect to exey, however such term would always be suppressed
with respect to a quadratic term with just one interaction as well as the interference with
the SM. Therefore, we ignore such terms in the remainder of this work.

2.3 Neutrino-nucleus scattering

While interactions of neutrinos with nucleons are already highly non-trivial, the fact that
nucleons are embedded in nuclei adds another layer of complexity. In this section we consider
the scattering of (anti)neutrinos off a target nucleus A. We will focus in particular on
A =16 (oxygen, relevant for water Cerenkov detectors), for which nuclear spectral functions
are available.?

In the limit of moderate momentum transfer (|q| 2 400 MeV), a factorization scheme
can be adopted to describe the hadronic final state [21]. In the quasielastic region, the latter
can be simplified as the product of a single nucleon with momentum p’ = (E’, p’) that is
decoupled, and the A — 1-nucleon residual system:

T8 = [p) @ W) paa) - (2.64)

Here, |p') is the final state nucleon produced at the primary vertex, assumed to be in a
plane wave state, and |\IJ£_1,pA_1> is the wave-function describing the remnant nucleus

2Qur results should to a good approximation be applicable also to scattering on carbon (A =12) and
nitrogen (A = 14), given that these nuclei are similar in mass to oxygen. We plan to repeat our analysis for
scattering on *°Ar once the corresponding spectral functions — currently under development — are published.
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with momentum p4_1. The subscript n labels the possible states of the nuclear remnant,
with n = 0 corresponding to the ground state and n > 0 to excited states. With this
factorization ansatz, and inserting a complete set of free single-nucleon states satisfying
S v [ @pn |N,pn) (pn, N| = 1 (where the sum runs over all nucleons in the target nucleus
and the integral runs over the nucleon 3-momentum), the matrix element of the one-body
current operator is

W) = Y [ dpn [ @ (o NI 01 S o N) - (2:65)
N i

In this expression ]\I/f)4> is the ground state of the initial-state nuclear system, p’ = q + py
is the final 4-momentum of a free nucleon with initial 4-momentum py, and J* =Y, j¥, is
the nuclear current operator, which we write as a sum of one-body currents, each of them
corresponding to one of the quark bilinear operators from egs. (2.10)—(2.14).

Exploiting momentum conservation at the single nucleon vertex we can rewrite the
squared spin-summed amplitudes in the nuclear case. Considering the system where a
nucleon with momentum py is removed, leaving behind a residual nucleus with excitation
energy E*? we have

1 1 dgpN my mn
- AaA*a:f/—P B
2 spz;l Hera T o ) @n) nEN )e(pN) e(q+pn)
X Z ZAX,Q VY d(@+e(pn) —e(a+pn)), (2.66)
spin N

172 "and @ is the effective energy transfer from the neutrino to

where e(py) = (p% + M%)
the nucleon. It is defined in terms of the physical energy transfer w (the zero component

of the 4-vector ¢ = (w,q)) via
O=w+myn—E*—e(pn). (2.67)

The correction terms on the right-hand-side of eq. (2.67) account for the fact that the initial
state nucleon is bound. The one-nucleon spectral function, P, (py, E), can be written as

2

Pa(pw, E) = 3 | (W3] [Ipn) ® [0 ]| 0(B* + B§t = B+ my), (2.68)

n

where the energy of the nuclear ground state is E()4 and the one of the remnant system,
which can be found in any state n, is EA~!. The factors my/e(pn) and my/e(q + pN)
in eq. (2.66) are included to account for the fact that the four-spinors in the relativistic
matrix element are defined using the covariant normalization, whereas the spinors appearing
in the spectral function are normalized to unity.

Various methods can be employed to calculate the spectral function of finite nuclei [65-70].
In this study, we utilize the spectral function of 160 from refs. [20, 71]. This approach employs
a semi-phenomenological method, combining (e, €'p) scattering data with nuclear matter
calculations derived from the Correlated Basis Function formalism.

3In other words, E* is the absolute value of the energy required to remove one nucleon from the nucleus.
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3 Cross section results

Using the formalism outlined in the previous sections, we can now calculate the CCQE
neutrino-nucleus cross-section, including the full set of EFT operators. In the laboratory
frame, where the initial nucleus is at rest, the differential neutrino-nucleus cross-section
is given by

doog dorra dorx,a " doxy,a
10? = 10 aB"‘Z(EXaB 0?2 5a5+h.c.>+;exa5 Eyaﬁ aQ? (3.1)

)

with

doxya 1 1 [ }
O S Ax Al 3.2
dQ> ~ 64n (p, - pw,)? sz;l e 82

Here, N; = n for neutrino interactions (vn scattering) and N; = p for anti-neutrino interactions
(vp scattering). For the scattering on free nucleons, one simply has to replace AX@A’{/, o by
AX,aAﬁ‘/,a' From kinematics we have p, - pn, = My E,. The total cross section (eq. (2.6)) is
obtained by integrating eq. (3.1) over Q?, with the lower and upper integration limits [44]

2 ].

min = 55 M [2MNE§ —mj (My+E,)— Eu\/—QMJQV(s +m? )+ (s—mi )2+ Mﬂ :

(3.3)

1
2 = S [QMNEE—m?a(MN+EV)+EV\/—szv(ermfa)+(s—m§a)2+Mj4V} :

(3.4)

The squared center of mass energy is s = M3 + 2MyE,.

The individual contribution, & xy,q«, to the total cross sections as a function of the neutrino
energy are shown in figures 2 and 3 for scattering on oxygen. Remember that the 6xy, can
be negative — only after multiplying with the [ex]np coefficients and summing according to
eq. (2.6), the result for the total cross section needs to be positive. In fact, o exhibits a
sign change (from negative at lower energies to positive at higher energies) at F, ~ 0.8 GeV.

Our main findings from figures 2 and 3 can be summarized as following;:

1. New interactions can benefit from significant cross-section enhancements, aiding their
detection. This is particularly true for pseudoscalar and tensor interactions, which
benefit from large nucleonic form factors. In the case of pseudoscalar currents, this
is related to the fact that the pion is a pseudoscalar, and nucleons couple strongly to
pions. For the tensor case, the enhancement can similarly be related to the existence of
two-pion intermediate states [64].

2. The axial form factor introduces significant systematic uncertainties to the neutrino-
nucleus cross-section, indicated by the colored bands in figures 2 and 3 and also
summarized in table 2. This affects the SM contribution as well as many types of new
interactions, notably those with right-handed and pseudoscalar Lorentz structures. We
see that using lattice QCD, which predicts a larger form factor, as input leads to cross
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Figure 2. Contributions to the CCQE differential cross sections for muon neutrinos scattering on
an oxygen target, as a function of the neutrino energy. Results for v, scattering are very similar.
The different colored curves correspond to operators with different Lorentz structures, with the SM
(LL) case shown in gray. For interactions depending on the axial form factor, we compare different
parameterizations of that form factor: the dipole from eq. (2.19) (dotted), the z-expansion fitted
to neutrino-deuteron scattering data (dashed), and the z-expansion fitted to lattice QCD results
(solid). For cross sections that depend on the induced scalar form factor G'g, a suffix “0” indicates
that this form factor has been set to zero, whereas a suffix “1” indicates that the form factor has been
determined using a constituent quark model (with O(1) uncertainty). For comparisons, we also show
results for neutrino scattering on free nucleons (thinner dot-dashed lines). Our main cross-section
results in tabulated form are available from GitHub [41].
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Figure 3. Same as figure 2, but for v, scattering.

sections that are larger by O(10%) factor than those based on the dipole form factor or
neutrino-deuteron scattering. Discrepancies are largest in the multi-GeV energy range
which is most relevant to long-baseline experiments like DUNE. Note, however, that
the large uncertainties affect mostly the normalization of the cross section, not the
energy dependence. Therefore, the energy spectrum of observed neutrino events can be
used to distinguish different types of new interactions.

. Nuclear effects are crucial even at multi-GeV energies, in contradiction to the widespread
assumption that neutrino scattering on free nucleons is a good approximation in the
calculation of the CCQE cross sections at large ¢2. This is particularly apparent for
tensor interactions (green lines in figures 2 and 3) at energies 2 6 GeV. The observed

,17,



vr

Vi

|
B, [GeV] [ <1 1<--<4 >4 [ <1 1<---<4 >4 | <4 >4

LL 24 3.1 3.0 2.3 3.1 3.0 3.4 3.4
RR 1.4 2.1 2.6 1.4 2.1 2.6 0.2 2.8
D2 Difference (%) PP 4.9 7.5 7.8 4.5 7.2 7.5 12.1 6.1
LR 10.4 23.5 196 | 9.1 23.5 19.6 8.0 11.7
LP 1.5 0.04 0.2 1.4 0.9 0.05 9.4 4.1
LL 18.3 34.9 35.7 | 178 34.9 35.7 | 70.0 445
RR 11.8 22.4 30.5 | 11.7 22.4 30.5 | 30.8 37.0
LQCD Difference (%) PP 60.5 145.0 162.7 | 56.5 138.6 154.6 | 310.6 90.4
LR 76.8 167.5 176.3 | 76.3 168.1 176.5 | 1564.1 152.3
LP 14.0 10.5 4.1 | 16.3 17.3 10.9 | 974.8 86.0

Table 2. Differences (in per cent) between the energy-integrated cross sections evaluated using axial
form factors based on neutrino-deuteron scattering (top) or lattice QCD (bottom) compared to the
simple dipole form factor from eq. (2.19). Different columns correspond to different energy ranges and
neutrino flavors, while different rows are for interactions with different Lorentz structures.

phenomenon can be attributed to the Fermi motion of nucleons within the nuclear
medium. This introduces additional terms that are negligible when scattering occurs
on a single nucleon at rest in the laboratory frame.

4. For 7 neutrinos, the initial-state momentum of the bound target nucleon lowers the
energy threshold for v, interactions from 3.45 GeV for scattering on nucleons to ~
2.5 GeV for scattering on oxygen nuclei. The effect is expected to be even more significant
in larger nuclei like “°Ar thanks to the larger initial-state momenta. The shift of the
threshold is much larger than the typical experimental energy resolution and should
therefore be clearly visible in the event spectrum, given sufficient statistics.

4 Summary and conclusions

Accurate calculations of neutrino-nucleus interaction cross sections are pivotal for precision
neutrino physics. And while controlling hadronic uncertainties within the Standard Model
already presents a substantial challenge, the task becomes even more daunting when potential
new interactions beyond the Standard Model are introduced

In this work, we have taken an important step forward by deriving, for the first time, a
comprehensive set of neutrino-nucleus cross sections that incorporate all conceivable hadronic
currents within the framework of Effective Field Theory. We have carefully determined the
relevant vector, axial vector, scalar, pseudoscalar, and tensor form factors of the nucleon.
Furthermore, we have established the corresponding nucleon matrix elements and integrated
them with the nuclear spectral function to account for nuclear effects. An emphasis was
placed on understanding systematic uncertainties, particularly those tied to the nucleon
axial form factor.

Our findings show that specific Lorentz structures, especially pseudoscalar and tensor
interactions, exhibit cross sections notably enhanced compared to those of the Standard
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Model. Nonetheless, there exists a considerable margin of uncertainty. Lattice QCD predicts
the axial form factor, and the pseudoscalar one which is derived from it, to be larger by
about 10% compared to the simple dipole parameterization and the z-expansion approach
based on neutrino-deuteron scattering data. We also observed that nuclear effects hold
significance across all Lorentz structures, even at multi-GeV energies. For charged current
v, interactions, factoring in the initial state momentum of the impacted nucleon smears
out the energy threshold.

Our results can be used in future studies of new physics in the neutrino sector to relate
observed event rates to the coupling constants of an underlying theoretical model. Further
recommendations on how to use our results in practice are given in appendix C.

Directions for future work include applying our methods to different target nuclei, as
well as updating form factors and spectral functions with new data from neutrino-nucleus
and electron-nucleus scattering experiments. Attention must be paid to the fact that this
data itself may be contaminated by physics beyond the Standard Model. While the focus
of this work is exclusively on studying the CCQE cross sections, new physics can affect
other processes contributing to neutrino- nucleus scattering above O(1) GeV (namely, deep
inelastic scattering and resonance production). The effects of new physics on the deep inelastic
scattering within the EFT Extensions of the SM is thoroughly discussed in ref. [15]. The
case for the resonance production is much more involved, given how difficult it is to obtain
the corresponding hadronic amplitudes even in the SM, and we leave it for a future work.

Acknowledgments

It is a pleasure to thank Salvador Urrea and Noah Steinberg for very useful discussions and for
collaboration during parts of this project. This manuscript was managed by Fermi Research
Alliance, LLC under Contract No. DE-AC02- 07CH11359 with the U.S. Department of Energy,
Office of Science, Office of High Energy Physics and by the NeuCol SciDAC-5 program (NR).
The work of ZT is supported by the Neutrino Theory Network Program Grant #DE-AC02-
07CHI11359 and the US Department of Energy under award #DE-SC0020250. She also
appreciates the hospitality of Aspen Physics Center where this work was partially developed.
JK would like to acknowledge support from a Fermilab Neutrino Physics Center Fellowship.

A Impact of new physics on Standard Model parameters

As explained in section 2.1 and in refs. [4, 9, 42, 43], the measured values of the SM parameters
entering our calculations, in particular v and V, 4 may themselves be affected by new physics.
The resulting biases can, however, be absorbed into a redefinition of €; as we now show
explicitly. The true values of the SM parameters (which we denote with a superscript ‘0’)
can formally be related to the measured values (for which we use the superscript ‘PDG’) via

oPPG =0 ov,

Al
VEPG = 0 4 5V, (A1)
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Up to first order in the new physics parameters, dv and dV,4 can be absorbed into a
redefinition of €7, according to

20V OV

IR TS (A.2)
wPDG ~ PG

€1, — €, = €1, +

as can be easily seen by directly plugging eq. (A.1) into the WEFT Lagrangian (cf. eq. (2.1))

210 _ -
LWEFT D — ﬁ{[l + GL]ag(qu’y“Pqu)(fa’y,uPLVQ) + ... } (A.3)

Here, ... stands for all new physics terms with Lorentz structures R, S, P, T. We see that,

PDG PDG
» Va

interpreting v as v aas V7, and €, as €r, in eq. (2.1), the effects of new physics

on the Higgs vev and on the CKM matrix elements are absorbed.
B Complete expressions for the squared amplitudes

In this appendix, we present the full expression for the squared amplitudes, without the
approximation of nucleons at rest that was used in egs. (2.38)—(2.63). With the definitions
Dy = 2V2,/v* and P;; = p; - pj, we find

1 . P .
5 Z |‘4L(R)704|2 = DO{ (Péanpl/p"i_lpéaplpun) |:(2F1 +F2)2+ (GP—2GA)2+]\45(F22—G%3):|

spin N
~ ~ P -
- (Péanpun+7)€appup) |:4F1F2+3F22+GP<GP—4GA) _Fg(F§+G%>
:FS(Péan,Pup_PéapPun) GA (Fl +F2)] (B.l)
~M}P 1= P\ (4R Byt P24 G (4G4—G P g2 _c2
Nl M2 1472 2 P A P) M2 ( 2 P)
N N
ratrz-c)
1
5 Z ‘AS,Q‘Z = 2DOG%,PZQV (Pnp+M]2\7) s (B2>
spin
1
5 Z ’AP,oz|2 = 2DOG%JIPZQV (Pnp_MJQV) ) (B3)
spin
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5 Z |Arol* = 4D0{ (PeanpumLPeapPup)

spln

26 +67) (Gr-GY -6)

Prp ( ~(1)2 (2)2
+M—J2V(GT —267") (B.4)

Prp A2 (1) | ~2) Pn
+(Pzan7>,,p+7>eap7>yn) [2MJ§V’G(T) (—GT+2G +G77 | 1+ Mf

+(Gr—G)?

Pn Pn (1) (2) Pnp
+ M3 PgaV[GZ p+2< —p) (G +Gy | 1+ =2
N "M% M)\t T M%

P
x| Gr—aW¥ —g? <1+"p>>”
( T T M]2V

where in eq. (B.1) the — and + signs correspond to |Ay o|? and |Ag|?, respectively. For

the interference terms with the SM we find

. P, -
1 Z Ap oAy a= Do{ (PeanPup+PropPon) [(21?1 +Fy)° = (Gp—2Ga)"+ 177 (F§+G§D)1
N

spln

- P, -
_ (Pganp,mwﬁgapp,,p) [4F1F2 +3F5—Gp(Gp—4Ga)— i (F3— G%)}
N

Pn jod = Pn =
+ M3 Pr, KI—M§> <4F1F2+F22—Gp(4GA—Gp) —W”(F%G%))
N N
+4(F24+G?) } :
(B.5)
,Pnp
1 ZAL 0 A% o = Domy, MG (Pun+Puy) |2F1+Fy =] (B.6)
spm
- Prp
72‘41‘0‘ —DomgaMNGp<73Vn—Pl,p) 2G4—Gp —M7]2V , (B.7)
spin
1
52 AvaAte=—Domy, MN{ (Pon—Pup) [2}?1 (3Gr—46%) —26P) (B.8)
spin
+ B (5Gr—6GY) — 2G5
P Pop
BT 2 (4py (G(l) G = Fy(Gr—6GY) 427G e o ) ]
- Prp
+(PuntPup) [2Ga(3GT—2GY)) ~GpGr+ (4GAGY )+GTGP)M]2V] }
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C Application to oscillation experiments

In this appendix we explain how the results of this work can be used at neutrino oscillation
experiments. We will follow closely the formalism introduced at refs. [12, 40]. The first
important point to note is that the new interactions introduced in the Lagrangian of eq. (2.1)
will in general affect not only the neutrino detection cross sections, but also the production
rate. Let us assume neutrinos are produced at a source S in conjunction with a charged
lepton /g, and that the experiment can have multiply “sources” (e.g. different meson decays,
S =7t Kg, Kg, K#*, etc., in a neutrino beam experiment). Neutrinos scatter off the target
nucleon or nucleus and produce a charged lepton ¢,. The differential event rate in a detector
a distance L away from the source is [15]:

dR,

e = Ny oSM(E Z@SSM ) P (Ey,L). (C.1)

In this expression, N7 is the number of target particles in the detector, the SM neutrino
flux for each source S (in the absence of new physics) is @g’SM(E,,), and the SM detection
cross section is USM(E,,) = 611 The pseudo-probability PSQ(E,,,L) is the oscillation
probability convoluted with terms describing the new physics in neutrino production and
detection. It is given by:

pga (EV>L) = Z eizAmnmL/(QEu)

n,m
gk ik S,k gk k: ik
[UﬁnU6m+ Z Py slex UlsnUsm + Z PX1 ;;U,Bn Ulgm+ Z pX%’,B [ex Ulgnley U]Bm]
X5k X5k X,Y,j,k
X |:UCWIU* Z XL a 6X Z TXSZ a~an eX am+ Z XYa ]an[e;g ]am:| ’
X,r,s X,r,s X,Y,r,s

(C.2)

where Am2,, =m?2 —m?2 are the mass squared differences, Uy, are the elements of the
n m

effective PMNS matrix in matter,? and the sums run over neutrino mass eigenstates n, m,
interactions X = L, R, S, P,T, and quark flavor indices j, k at the source or r, s at the
detector. The impact of the new physics effects is parameterized by the production coefficients,
P X’{f ¥l and the detection coefficients, dj)fy o» Which quantify how strongly a new interaction
affects the neutrino event rate. Roughly speaking, the pXY 5 give the magnitude of the new

physics contribution to the neutrino fluxes relative to the SM flux. The coefficients with

1t is important to keep in mind that, at neutrino oscillation experiments, new charged-current interactions
are often accompanied by new neutral-current interactions once the EFT defined by eq. (2.1) is embedded into
an ultraviolet completion that respects the SM SU(2) symmetry. (For the same reason, they are also often
accompanied by flavor-changing neutral currents in the charged lepton sector, which, however, go beyond the
scope of this work.) If the new neutral-current interactions have an L or R Lorentz structure, they contribute
to neutrino coherent forward scattering, thereby modifying the effective PMNS matrix in matter. In addition,
new scalar (S) interactions lead to an effective modification of the neutrino mass matrix in matter, which
implies modifications to both the PMNS matrix elements U, and to the mass-squared differences Am2,,.
Precision studies should always take into account both neutral-current and charged-current manifestations of
the new physics.
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X #Y describe the interference between operators with different Lorentz structures, whereas

the ones with X =Y describe the non-interfering terms. Notably pi’gkﬁ =1 as LL is the
Lorentz structure of SM weak interactions. Similarly, the dg?Y, ., are the ratios of the (partial)
detection cross sections with and without new physics. As long as only scattering on up

and down quarks is considered, they are given by

d oxy,
dXya = USMa ; (C.3)
o

where 6xy,, are the CCQE partial cross sections including new physics from section 3, and
oM is the total SM CCQE cross section.
For additional details on the production coefficients and the effect of new physics on

various neutrino fluxes we refer the reader to refs. [12, 15, 40].

Open Access. This article is distributed under the terms of the Creative Commons Attri-
bution License (CC-BY4.0), which permits any use, distribution and reproduction in any
medium, provided the original author(s) and source are credited.
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