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ARTICLE INFO ABSTRACT

Editor: B. Balantekin New physics contributions to the (anti)neutrino-nucleon elastic scattering process can be constrained by precision
measurements, with controlled Standard Model uncertainties. In a large class of new physics models, interactions
involving charged leptons of different flavor can be related, and the large muon flavor component of acceler-
ator neutrino beams can mitigate the lepton mass suppression that occurs in other low-energy measurements.
We employ the recent high-statistics measurement of the cross section for v,p — u*n scattering on the hydro-
gen atom by MINERVA to place new confidence intervals on tensor and scalar neutrino-nucleon interactions:
ReCp =—1*13x 107, |SMC;| £ 1.3x 107, and [SmCy| =457 x 1073, These results represent a reduction in
uncertainty by a factor of 2.1, 3.1, and 1.2, respectively, compared to existing constraints from precision beta
decay.

1. Introduction

Charged-current elastic (anti)neutrino-nucleon scattering is the basic interaction process underlying many fundamental neutrino measurements.
At low (1-10 MeV) energies, it serves as the main detection channel of reactor antineutrinos [1-10] and solar neutrinos [11-22]. At higher energies,
this process is the underlying reaction of quasielastic (anti)neutrino-nucleus scattering [23-25].

Precise knowledge of (anti)neutrino-nucleon amplitudes at GeV energies is required for the analysis of current [26,27] and future [28-30]
neutrino oscillation experiments, which aim to determine neutrino oscillation parameters, discover charge-parity violation in the lepton sector, and
conclusively establish the ordering of neutrino masses. Beyond their important role as input to neutrino-nucleus cross sections, these neutrino-nucleon
amplitudes can also be used directly for fundamental physics analyses. Nucleon-level amplitudes are free from nuclear modeling uncertainties,
and recent advances have improved our knowledge of Standard Model predictions for these quantities: electron-proton scattering [31-33] and
muonic atom spectroscopy [34,35] measurements have improved constraints on nucleon vector form factors; and lattice-QCD computations [36-41]
are reaching the accuracy of experimental constraints on the nucleon axial-vector form factor from deuterium bubble-chamber [42-47], pion
electroproduction [48-53], and muon capture [54,55] data.

Motivated by these advances, we consider the application of (anti)neutrino-nucleon scattering data as a probe of new physics in neutrino
interactions. In a large class of models, new physics contributions to (anti)neutrino-nucleon processes are suppressed by m, /M, where m, and M
denote the charged lepton and nucleon masses, respectively. Thus even very precise measurements of nuclear beta decay rates, where m, = m,, can
lead to only mild new physics constraints. Muon-based observables can mitigate the lepton mass suppression. Related examples include using energy
levels in muonic hydrogen to measure the proton electromagnetic radius [34], and using the muon capture rate in muonic hydrogen to measure
the nucleon axial-vector radius [55]. Since accelerator neutrino beams are predominantly muon flavor, this lepton mass enhancement is naturally
present for (anti)neutrino-nucleon scattering measurements.

The MINERVA Collaboration has presented [56] the first high-statistics measurement of the Vup — uTn cross section, using a kinematic selection
to separate scattering events on hydrogen from those on carbon, in a hydrocarbon target. In this paper, we consider the most general parameterization
of the charged-current elastic antineutrino-proton amplitude and determine the impact of MINERVA data on possible new physics contributions.
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2. Theoretical framework

We restrict attention to left-handed neutrino fields. In the limit of massless charged lepton, the Standard Model matrix element for charged-
current elastic antineutrino-proton scattering can be written as [57]

mp=0
Vep—€tn

_ _ _ _ K
= \/EGFV;; ny“p]_f+ X il [yﬂ (gM +fAy5) - (f2 +2fA3y5) ﬁﬂ] D, (@D)]

with the CKM matrix element V4, the Fermi coupling constant Gg, the averaged nucleon momentum K, = (ky + k; ) /2, and the averaged nucleon
mass M. For massive charged leptons when m, # 0, four additional invariant amplitudes are required,

my=0 mgy fT: _ = _ F I .fR }’”P”

Ty ptn = Tpffy_»mn + \/EGFV;; 53 [T"N”VPRW 71G,,p =V PRe ™ it (f3 HIers = 15 ) Pl 2
with the averaged lepton momentum P, = ( Pyt p:‘) /2. All invariant amplitudes are functions of two kinematical variables: the crossing-symmetric
variable v=E /M — 7 — ri, with the neutrino energy E,, and the momentum transfer 0r=- ( p—7r )2 =— (k 4 )2, where we define
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Electric and magnetic amplitudes g5 and g,, are defined in terms of the amplitudes f; and f, as

ge=fi—th du=hHi+1. “

The eight amplitudes f| 3 4 43 p.z T represent the most general Lorentz invariant structure. In the Standard Model at tree level (i.e., neglecting
QED radiative corrections), the invariant amplitudes f; and f vanish, and the remaining six amplitudes are real-valued functions of the squared
momentum transfer Q?, corresponding to the general matrix element of the left-handed quark current [58-62]. The “second-class” amplitudes f5
and f,; are proportional to the small isospin-violating quark mass difference, (mu - md) /M. QED radiative corrections contribute to all eight
invariant amplitudes [63,64]. In the Standard Model, the invariant amplitudes f3, fp, fr, and f; enter physical observables with a factor of the
charged lepton mass m,. This property will hold for any new physics contribution described by a second-class quark current [58,65-67], and also
holds for scalar and tensor interactions in the class of new physics models with Minimal Flavor Violation in the lepton sector [68].] We focus our
attention on this case and compare constraints from the scattering data to the corresponding bounds from beta decay observables, which describe
interactions involving the electron flavor. We note however that our results can be immediately translated to bounds on muon-specific neutrino
interactions, which have no corresponding beta decay constraint.

Using the representation of Egs. (1) and (2), the charged-current elastic antineutrino-proton unpolarized scattering cross section in the laboratory
frame is expressed as [57,58]

2 2 2
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The structure-dependent quantities A, B, and C are functions of E, and O and are expressed in terms of the invariant amplitudes as
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3. Analysis

Let us consider experimental constraints on the amplitudes f3 43 r 7, which vanish up to small corrections in the Standard Model, as discussed
above. We consider eight fits where we include the real or imaginary part of one additional amplitude, represented as

_ Re 770) +iSmf7 (0)

2
Q2
(1+%)
For simplicity, we describe the Q% dependence of the new amplitudes using the dipole ansatz [45,66,69,70] with the dipole parameter A ~ 1 GeV.

In each fit, only the real part or the imaginary part of one invariant amplitude is allowed to float. Standard Model amplitudes are allowed to float
within their uncertainties.

7 (v.0%)

)

1 Exact proportionality to m, holds for the allowed quark-level scalar and tensor operators in the quasi-degenerate neutrino mass limit, Am?> < m%, where Am?
denotes the difference of squared neutrino masses, and ms is the absolute neutrino mass scale, cf. Egs. (18) and (21) in Ref. [68]. Away from the quasi-degenerate
limit, computable corrections involving neutrino mass and mixing parameters relate electron and muon flavor interactions.
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Table 1
68% shortest Bayesian credibility intervals with uniform prior for the real parts of
the amplitudes from the vp fit are compared to constraints from beta decay.

Refy Re fr Refys Refr

Vp scattering  88.473>> -0.513% 10704 & 1.0103  —80.1730¢

beta decay 0.0+18[72] =93+103[73]  0.0+0.075 [66]

Table 2
68% shortest Bayesian credibility intervals with uniform prior for the imaginary
parts of the amplitudes from the vp fit are compared to constraints from beta

decay.
Smf, Imfy ISmfysl [Sm fl
vp scattering  —82.1733¢ & 82.1*73%  0.0+£4.9 100703 69.9%309
beta decay 13.0 +£54.0 [73] —1.9+15.4[73]

For f| and f, at tree level, we take the nucleon vector form factors F| (Q?) and F, (Q?) from the fit of Ref. [71] that included electron-proton
and electron-deuteron scattering data, and constraints from the muonic hydrogen Lamb shift and neutron scattering length. For f, and fp at tree
level, we take the nucleon axial-vector form factor F, (0?) from the fit of Ref. [47] to deuterium bubble-chamber data, and the standard (partially
conserved axial-vector current and pion pole dominance) ansatz for the pseudoscalar form factor:

2M?F, (0?)

8
m2 +Q? ®

Fp(Q?)
Standard Model uncertainties from £, 1.2.4,p are subleading compared to experimental errors in the current analysis. QED radiative corrections [63,64]
can be incorporated [57] but are also a subleading effect in the current analysis.

For the experimental data, we take the fifteen data points and the corresponding covariance matrix from the antineutrino-hydrogen cross-section
measurement by the MINERVA Collaboration [56]. We integrate Eq. (5) over the incoming antineutrino NUMI flux, and put kinematical cuts on the
recoil muon scattering angle 0” <20° and momentum 1.5 GeV < py < 20 GeV [56]. Floating the normalization of one of the invariant amplitudes,
we calculate fifteen cross-section predictions and the corresponding covariance matrix. Subsequently, for each invariant amplitude in Eq. (7) we
perform a log-likelihood minimization accounting for bin-to-bin correlations both in data and in theory and present 1o (68% confidence level)
intervals for each parameter. We present plots with log-likelihood functions in the Supplementary Material.

4. Results

In Tables 1 and 2, we provide results of our fits for amplitudes f3 43 7 at 0? =0, and compare to the bounds obtained from beta de-
cay measurements [66,72-78]. As the tables illustrate, the MINERVA antineutrino-proton data provide improved bounds on Ref;, Smfr, and
Smf; in the assumption of lepton flavor dependence from Section 2. Identifying Lee-Yang coefficients [73,79] as Cy = (me /2M) fr (0) and
Cs = (—m,/M) f3(0), these new bounds translate to ReCr = —1*13x 1074, |SmCy| <1.3x 1073, and |SmCg| =45 |3 x 10~3 compared to the fit
of beta decay observables ReCr = —0.0025 (28), ImCr = —0.0005 (42), and ImCg = —0.007 (30) [73]. Based on the length of the 15 confidence
interval, the new bounds represent an improvement in sensitivity to ReCr, |[SmCy|, and |[SmCg| by factors 2.1, 3.2, and 1.2, respectively.

Using the scalar charge gg = 1.02 + 0.10 and the tensor charge gy =0.989 + 0.034 at the renormalization scale y =2 GeV [73,80-83], the
above results can alternatively be interpreted as direct constraints on muon-specific interactions: Re (s'gd )W = —9.82:‘7‘, |Sm (5l§d)w | = 9.11%3,
Re (5'}‘1)”” = 7J:,6]? x 1073, and |Sm (5'}‘1)”” | <7 % 1072, in the notation of Refs. [73,75,79,84-95].

Compared to the existent constraint from the neutrino-deuterium scattering data of the experiment at the Brookhaven National Laboratory [45],

[Ref sl <2.0 (90% C.L.), MINERVA provides a constraint of the same order of magnitude: |Ref ;| = 0.2 — 1.4 (90% C.L.). Sensitivity to this
amplitude was also investigated in the bubble-chamber experiment at the Argonne National Laboratory [43].

5. Discussion

In this paper, we constrain low-energy nucleon contact interactions with neutrino scattering data, using the recent antineutrino-hydrogen
measurement by the MINERVA Collaboration. We significantly improve the neutron beta decay constraint for the real and imaginary parts of
the tensor interaction, and slightly improve the constraint for the imaginary part of the scalar interaction. We provide the first-ever constraints on
the amplitudes Sm f,3, Refg, and Im fp. Several directions related to this work are interesting to pursue:

» We have used the recent MINERVA data, which provides a complete error matrix. It is interesting to consider other possible datasets. Deu-
terium bubble-chamber measurements at ANL [42-44] and BNL [45] were performed at lower neutrino energies where sensitivity to the
scalar interactions increases. It is interesting to revisit these fits. The future DUNE/LBNF experiment may provide new high-statistics data for
antineutrino-hydrogen scattering. This possibility has been investigated in the context of Standard Model axial-vector form factor determina-
tion [96] and it is interesting to consider sensitivity to potential new physics. Neutrino-nucleus scattering may also be considered, bringing
considerations of nuclear modeling [97]. Enhanced sensitivity to pseudoscalar and tensor interactions was recently found for neutrino-nucleus
cross sections on the oxygen nucleus in Ref. [98].

It is interesting to explore the implications of Minimal Flavor Violation beyond the quasi-degenerate neutrino mass limit, where exact propor-
tionality to the lepton mass holds in Eq. (2), including corrections from electron-flavor neutrino flux on muon charged-current production.
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+ Uncertainties in our fits are dominated by MINERVA experimental errors. We have taken Standard Model vector and axial-vector form factors
from fits to experimental data assuming the absence of new physics [47,71]. It is interesting to consider external theoretical input, e.g., from
lattice QCD, for the Standard Model amplitudes, in order to consistently separate potential new physics. Currently, this would result in a loss of
sensitivity from lattice uncertainties in the vector form factors. With more precise data, it is also interesting to include a more complete form
factor description beyond the dipole ansatz employed in Eq. (7).

For amplitudes f3, A3.rT> We have performed separate fits taking a single nonvanishing amplitude (and either its real or imaginary part). It
may be interesting to investigate simultaneous fits of multiple amplitudes in the context of specific new physics models. It is also interesting
to investigate the range of models for which comparison can be made between neutrino scattering at ~GeV energies and LHC constraints at
much higher energy, which assume the applicability of quark-level contact interactions to high momentum scales. Tensor interactions with

ud
€sr

flavor are weaker than the bounds within the electron flavor from meson decays and LHC data [87-89]. Bounds within the muon flavor
can also be obtained from the analysis of pp -» X LHC data with missing transverse energy [99]. Scalar interactions can be constrained
within the assumption of SU(2); gauge invariance of the Standard Model Effective Field Theory from bounds on the electric dipole moments
(EDMs) [99-102].

the muon flavor can be constrained at FASERv [93] but with a looser bound than we have found. Our bounds on ( ) within the muon
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