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The weak mixing angle provides a sensitive test of the Standard Model.

We study SBND'’s

sensitivity to the weak mixing angle using neutrino-electron scattering events. We perform a detailed
simulation, paying particular attention to background rejection and estimating the detector response.
We find that SBND can provide a reasonable constraint on the weak mixing angle, achieving 8%
precision for 10! protons on target, assuming an overall flux normalization uncertainty of 10%.
This result is superior to those of current neutrino experiments and is relatively competitive with

other low-energy measurements.”

I. INTRODUCTION

The weak mixing angle, sin? fyy, is a crucial parame-
ter in the Standard Model (SM). Precise measurements of
sin? Oy across different energy scales—guided by quan-
tum corrections—are essential for testing the electroweak
sector and probing light, weakly coupled new physics.
Deviations from the SM-predicted running can indicate
the presence of new particles or interactions [1, 2].

Neutrinos are a valuable tool for probing the gauge
structure of the SM, as they interact only via electroweak
interactions. However, measuring sin? Ay with neutrinos
is challenging. Neutrino-nucleus scattering is the typical
signature in neutrino experiments due to its large cross
section, but this channel is limited by theoretical uncer-
tainties [3] and cross section mis-modeling [4]. Current
and future neutrino experiments operate at an energy
range around 0.1 — 10 GeV, where challenges related to
cross section modeling are prominent. For example, data
from the MINERVA [5] and NOvA [6] experiments reveal
significant discrepancies from theoretical model predic-
tions, highlighting the limitations of current models. Ad-
ditionally, tuning these models to fit near-detector data
complicates their use for performing precision tests [4].

Despite the theoretical challenges, the NuTeV experi-
ment has provided the most competitive neutrino mea-
surement of the weak mixing angle. By using the ratio of
charged- to neutral-current neutrino-iron scattering cross
sections at high energies, E, ~ 100 GeV [7], NuTeV
reported a measurement of sin®fy, = 0.2277 %+ 0.0016,
showing a 30 discrepancy with the SM prediction based
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on LEP results. However, several factors not accounted
for in the NuTeV analysis could help explain this dis-
crepancy [1]. These include strange-quark parton dis-
tribution functions (PDFs), isospin symmetry breaking
in PDFs and splitting functions, and nuclear shadowing.
The NuTeV result underscores the need for an alterna-
tive measurement of sin? @y in neutrino experiments that
does not suffer from nuclear cross section modeling un-
certainties.

Neutrino-electron scattering offers such an alternative.
This process has a well-understood cross section and re-
liable event reconstruction in detectors. The primary
drawback is the small cross section, resulting in low
statistics, with neutrino-nucleus interactions serving as
the main background. The Short-Baseline Near Detec-
tor (SBND) experiment [8] is well-suited to leverage this
channel, as it will collect a substantial amount of data to
mitigate statistical limitations. Furthermore, as a liquid
argon time projection chamber, SBND is poised to re-
ject backgrounds effectively using cuts on hadronic activ-
ities and angular distributions of electromagnetic show-
ers [9]. Another advantage of SBND is its proximity to
the Booster Neutrino Beam (BNB) target, which makes
it sensitive to the beam’s angular spread. This spread,
primarily due to the kinematics of charged mesons and
their decay products in the beam, can be utilized to re-
duce systematic uncertainties through the SBND-PRISM
technique [10].

In this paper, we analyze SBND’s sensitivity to the
weak mixing angle. We assess the statistical limitations
of measuring sin? @y at SBND and estimate the exposure
required for a measurement competitive with atomic par-
ity violation and other methods. We also investigate the
role of SBND-PRISM in mitigating flux uncertainties.
This paper is organized as follows. In Sec. II, we de-
scribe neutrino-electron scattering cross sections at tree
and one loop level and define the running of the mix-
ing angle used throughout the discussion. In Sec. III, we
outline the main assumptions regarding measuring the
mixing angle at SBND and the statistical procedure ap-
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plied. In Sec. IV, we present the results of our analysis,
and finally, we draw our conclusions in Sec. V.

II. NEUTRINO ELECTRON ELASTIC
SCATTERING

We measure the weak mixing angle by using neutrino-
electron scattering events, v + e — v + e. This process
probes sin? Oy at a scale of the momentum transfer Q2 =
2m¢T, where T' and m, are the kinetic energy and mass
of the recoil electron, respectively. Because the BNB
peaks around 1 GeV neutrino energy, this allows for the
momentum transfer @ < 20 MeV, enabling a low-energy
measurement of the weak mixing angle.

The tree-level cross section for the scattering of a neu-
trino of flavor « off an electron at rest is given by

do 2GZm.
dr T
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?

(1)
where the flavor dependence of the cross section is en-
coded in the parameters g;, and gr, namely

1
—§—sin29w for v,,
gL = 1

5~ sin? Oy for v, vr, (2)

gr = —sin? Oy for ve, vy, vr.

One-loop corrections to the tree level process introduce

running of sin? fy, and modify Eq. (1) to [11, 12]
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where g1, p are now given by
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pNC {2 — #4(Q?, ) sin® 9w(u)} 0= p,T,
gr = —pnck'(Q%, ) sin? Oy (n) 0=e,p,.
(4)

The corresponding antineutrino cross section can be ob-
tained from Eq. (3) by the replacement g < gr. All
quantities are computed within the MS renormaliza-
tion scheme. The loop corrections are encoded in three
main parameters: the Fermi coupling constant G, used
to absorb the majority of charged-current loop correc-
tions [13] and fixed from muon decays, the parameter
pnc = 1.014032, which is a flavor-independent correc-
tion to neutral-current processes [13-15], and &%(Q?, i)
that encodes the flavor-dependent part of loop correc-
tions to processes mediated by neutral currents [13-16].

The functions 74, n—, and 4 account for the QED cor-
rections and can be found in Appendix A. The cross sec-
tion, when expressed in terms of these combinations, be-
comes finite as all divergences cancel.

While sin? Gy (1) can be used for electroweak preci-
sion measurements, it is a function of the renormaliza-
tion scale p (the t"Hooft parameter in dimensional reg-
ularization), which is not a physical parameter. In the
literature, it is common to define a weak mixing angle as
a function of the momentum transfer, which is measured
experimentally. To understand how this is done, we note
that although both #% and sin® 0y depend on the scale
i, their product is p-independent [11, 12, 14-18]. This
means we can choose any value of p, and we do so in a
way that simplifies the expressions for these quantities.
Specifically, we choose p = myz. From here on, we will
adopt the common practice in the literature and define
#4(Q?) = #%(Q? mz). Note that, at this point, we could
define a flavor-dependent weak mixing angle: the prod-
uct #4(Q?)sin? Oy (mz), but it would be inconvenient to
compare different experimental results.

A flavor-independent definition of the weak mixing an-
gle is accomplished by extracting the flavor-independent
part of #(Q?) into a new parameter #(Q?) [14, 19]. We
follow Ref. [19], which introduced the effective weak mix-
ing angle sin? 0 (Q?), such that at Q2 = 0, we have

sin? 051 (Q? = 0) = #(0) sin? Oy (m ), (5)
where
#(0) = 1.03232 + 0.00029, (6)

is a process-independent correction.

In a nutshell, to extract the flavor-independent weak
mixing angle, one needs to measure the neutrino-electron
cross section experimentally, fit the value of sin® éW (b=
myz) using Eq. (3), and infer the effective weak mixing
at low scales with Eq. (5). By using sin? Oy (u = myz) =
0.23129 derived from collider data, including LEP, we ob-
tain sin? éﬁ{f(O) = 0.239 as the SM prediction for the ef-
fective weak mixing angle at SBND. To avoid cluttering,
we will always refer to the effective weak mixing angle as
the weak mixing angle, and we will use this quantity in
all our plots and analyses.

III. THE WEAK MIXING ANGLE AT SBND

The SBND experiment is a liquid argon time projec-
tion chamber (LArTPC) neutrino detector downstream
Fermilab’s BNB line [8, 21]. SBND is located 110 m from
the beam target. Its proximity to the target will allow
it to collect unprecedented statistics. Figure 1 shows the
neutrino fluxes in the detector [20]. The flux is domi-
nated by the v,, which peaks at about 0.8 GeV. There
is a 5% 7, contamination and a 0.5% v, component. We
note that in its proposal, there is no plan to run SBND
in antineutrino mode [8].
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FIG. 1. Volume-integrated flux at SBND, from Ref. [20]. We
do not show the subdominant #. component.

The rate of v — e events depends on the flux composi-
tion through the flavor dependence of the cross section.
Neutrino- and antineutrino-electron scattering cross sec-
tions exhibit a different dependence on the weak mixing
angle, specifically g7, > gr as vy > 7p in Eq. (3). The
sensitivity of SBND to sin? @y is, therefore, boosted by
the high statistics it will collect and affected by the flavor
dependence of the cross section.

A. Event simulation and experimental cuts

For the mock analysis, we generate signal events in the
following way. We implement a Monte Carlo to generate
the neutrino-electron scattering signal using the next-to-
leading order cross section in Eq. (3). Our signal corre-
sponds to a single electromagnetic (EM) shower produced
by the recoiled electron. We then apply detector smear-
ing of the outgoing electrons with an angular resolution
of 2°. This provides a E.§? spectrum in agreement with
Ref. [22], where E. and 6. are the outgoing electron’s
energy and angle with respect to the beam direction. We
neglect energy smearing of the electron in our analysis
because its effect is subdominant compared to that of
angular smearing in the E.02 distribution.

The dominant background events come from neutrino-
nucleus scattering. These events can mimic our signal
if the only visible final state particle—the particle above
the energy threshold—is either an electron or a photon.
Both of these particles would generate EM showers in the
TPC. We simulate the background using NuWro [23, 24].

Although the neutrino-nucleus event rate is over 1,000
times larger than that of the neutrino-electron signal,
we benefit from several features of the latter to improve
the signal-to-background ratio. Outgoing electrons in
neutrino-electron scattering are very forward. Kinemat-
ics constrain E.0? < 2m,.. This is a powerful cut that
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FIG. 2. SBND’s E.02 spectra for neutrino-electron signal for
two different sin? @y values (blue and grey) and neutrino-
nucleus background events (red) after cuts.

rejects most of the neutrino-nucleus background. Be-
sides, neutrino-electron scattering events do not involve
hadrons, so cutting on any visible hadronic activity can
also strongly suppress backgrounds.

Precisely, we mock detector responses by assuming en-
ergy thresholds of 30 MeV for protons, 500 MeV for neu-
trons, and 15 MeV for electrons and photons. We decay
70 — ~v before applying cuts. Events with any vis-
ible hadronic activity are rejected. Events with more
than one EM shower can also be rejected, but we need to
estimate the number of events with distinguishable EM
showers. To that end, we also smear the direction of out-
going photons by 2° and cut events with two EM showers
with opening angles above 3°. In principle, the experi-
ment could also cut on visible displaced EM vertices, but
this would be challenging for showers with small angular
separation. Therefore we do not consider this possibil-
ity here. We then apply a cut E.0? < 1.5 MeV, which
further reduces backgrounds.

In Fig. 2, we present the E.0% spectrum for signal
events: blue for the SM value sin26 Ow = 0.239, gray for
sin? Oy = 0.269, and red for the background. These
are expected for 102! protons on target (POT). We note
that varying the weak mixing angle changes both the
shape and the normalization of the events spectrum, and
the cuts lead to essentially a background-free neutrino-
electron sample while still retaining most signal events.

B. SBND-PRISM

The PRISM concept is a potential way to mitigate sys-
tematic uncertainties related to the neutrino flux, possi-
bly improving the sensitivity to sin?fy,. It utilizes the
fact that neutrino fluxes have a geometrical dependence,
meaning that there is a nontrivial correlation between the
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FIG. 3. Layer-dependent v, flux from Ref. [20]. The top
panel depicts the front view of the SBND experiment and the
eight slices associated with the different layers (adapted from
Ref. [25]). The main panel shows the fluxes in each layer,
with the color matching that of the corresponding layer.

outgoing neutrino angle relative to the beam axis and the
neutrino energy profile [10] (see also Refs. [26, 27]). Con-
sequently, different detector regions see different neutrino
fluxes with varying spectra. This technique provides
more opportunities to use the recoil electron’s spectral
information. The proximity of the detector to the neu-
trino source makes SBND especially suitable for utilizing
the PRISM technique.

In greater detail, the SBND detector is logically di-
vided into 8 concentric layers around the beam axis.
Figure 3 displays the v,, flux across different layers for
SBND-PRISM from Ref. [20], with the layers depicted
by the colored circles above the plot (adapted from
Ref. [25]). The most important feature of the flux that
changes across different layers is the peak energy. It de-
creases as we move to the outer layers, effectively low-
ering the flux-averaged cross section and hence impact-
ing the total count of events in each layer. Figure 4
shows the number of neutrino-electron scattering events
in each SBND-PRISM layer for the planned exposure of
10! POT, for two benchmark values of sin®#fy,. The
number of events is computed similarly to SBND, but
using the neutrino flux for each layer accordingly. The
larger number of events in the middle layers is a volume
effect. The lower panel shows the ratio of events be-
tween these benchmarks. The ratio changing as a func-
tion of the layer indicates that utilizing signal differences
in different layers should, in principle, better constrain
sin? fyy. However, the mild layer dependence also sug-
gests that the advantage of PRISM will be modest. In
addition, the PRISM technique could also help improve
sin? Oy sensitivity because it can mitigate the overall flux
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FIG. 4. Top: Number of neutrino-electron scattering events
in each SBND-PRISM layer for two values of sin 0. Bot-
tom: Ratio between the number of events for the two values
of sin? 0w in each layer.

uncertainty.

To implement PRISM in our analysis, we need the neu-
trino fluxes of all flavors in each layer. This information
is not public yet. Reference [20] provides the ratio of
Ve + U, to v, + 7, scattering events on argon, for each
off-axis position. We detail in Appendix B two methods
we developed to obtain the missing fluxes from this ra-
tio and the public SBND fluxes. Nevertheless, as we will
discuss later, our analysis shows that for realistic expo-
sures, there will be little advantage in using the PRISM
concept, and therefore, our results do not depend on the
way we derive the missing fluxes.

C. Statistical analysis

For the statistical analysis, we define a Gaussian log-
likelihood ratio as our test statistic,

=ATYIA, (7)

where A = N°bs — NPred js 5 vector of the difference
between mock data N°" and theory prediction NPred,
containing 20 bins in the E.0? spectrum for each of the
8 layers (i.e. a 160 = 8 x 20 dimensional vector). ¥ is a
simplified covariance matrix that we assume to be of the
form

Sij = (02 + 8o ) NPINP™d 4 5, NPt (8)
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FIG. 5. The sensitivity of SBND considering multiple bench-
mark values for exposure and correlated systematic uncertain-
ties. The black line represents the mixing angle running as
expected from the Standard Model. We denote the correlated
and uncorrelated flux uncertainties by o. and o, respectively.

where o, and o, refer to uncorrelated and correlated sys-
tematic uncertainties, respectively.

One of the main goals of our analysis is to evaluate how
statistics, systematic errors, and the PRISM technique
interplay with each other and what contributes the most
to the sin? Oy sensitivity. We will study two benchmark
scenarios regarding the exposure: the planned exposure
of 102! POT and the optimistic scenario with 10?2 POT.
We choose the uncorrelated systematic uncertainties to
be o, = 1%. As for 0., we also study two benchmark
cases of 5% and 10%, where the latter value is motivated
by the official MicroBooNE flux uncertainties [28].

IV. RESULTS

In Figure 5, we present the estimated SBND sensitivity
to sin? @y for various benchmark scenarios. The SM pre-
diction for the scale dependence of sin? 8y is represented
by a black line. For the nominal 102! POT exposure,
a conservative 10% correlated systematics would yield a
sin? By sensitivity of 8%. The measurement is primarily
driven by the total event count and the shape of the E.0?
spectrum. The sensitivity is mainly limited by the cor-
related uncertainty o.. An improvement of systematics
to 5% would improve the sensitivity to 6%. Meanwhile,
if SBND could increase the exposure, e.g., to 1022 POT,
there would be a much more significant improvement to
sin? By sensitivity, to 3%, which comes from better uti-
lization of the spectral shape information.

To see how the PRISM technique impacts the deter-
mination of sin? @y, we show in Fig. 6 the evolution of
the sensitivities with exposure, with and without PRISM.
For the realistic exposure of 102! POT, PRISM offers lit-

0.30
] — PRISM
0.28 1 —— No PRISM
. 0.26
< ]
7]
*0.24+
0‘22‘_ o, = 10%
] oy = 1%
020- LA | LA | T T rorrTTT
0% 10" 10 10® 10 10%
POT

FIG. 6. SBND’s uncertainty on the weak mixing angle as a
function of the exposure with and without SBND-PRISM.

tle advantage. Each PRISM layer contains only about
O(100) events or fewer, providing insufficient additional
information from the layer-dependent E.02 spectrum.
However, for an exposure of 10?2 POT or higher, the
PRISM concept can enhance the sensitivity by up to a
factor of two, effectively leveraging systematic uncertain-
ties through the additional layer-dependent E6? infor-
mation. While reaching this exposure would require an
extended data-taking period, the upcoming upgrade to
the Fermilab accelerator complex, particularly the BNB,
may allow for a higher annual POT delivery [29].

Figure 7 shows how SBND sensitivity compares with
other experiments [1, 9, 30-40]. We can see that SBND
has the potential to be the most competitive neutrino
measurement of the weak mixing angle below the GeV
scale until DUNE takes sufficient data. Only then will
neutrino measurements be competitive with other low-
energy methods, such as atomic parity violation.

V. CONCLUSIONS

We have estimated SBND’s sensitivity to the weak
mixing angle sin” Ay, at the Q = 20 MeV scale, by mea-
suring neutrino-electron scattering. We performed a de-
tailed analysis, implementing reconstruction and cuts on
an event-by-event basis. Cutting events with E.6? above
1.5 MeV, any visible amount of hadronic activity, and
more than one visible electromagnetic shower allows for
a virtually background-free search.

Our results show that SBND can place a strong con-
straint on sin? @y, competitive with current and future
neutrino experiments. Nevertheless, observing running
from myz down to 20 MeV would require a longer-than-
planned exposure of order 10?2 POT. Even though there
is no concrete plan to reach such an exposure, Fermilab’s
Accelerator Complex Evolution plan could pave the way



B
0.30+
COHERENT
PV4 CsI+LAr (i)
0.25 | COHERENT FLAIE
(é : N‘I;PV TeVatron
SLC
o IsoDAR W
= APV SoLID FIC LEP1  LH(
2] 12301 COHERENT —
SBND CsI+LAr (i)
> 21
. 2 4 P ()Tfl‘li
O O Dresden-II (ii)§ c= w%
on=1%
Dresden-II (i)
] Not an official SBN result
0.15 —2 —1 ) \1 02
10~ 10~ 10 10 10
Q (GeV)

FIG. 7. Sensitivity to the weak mixing angle for SBND com-
pared to other measurements [1, 9, 30—40]. Dark blue points
illustrate existing measurements and light blue projection.
We displace COHERENT CsI+LAr (i), Dresden-II (i) for vis-
ibility, TeVatron, and LHC for visibility.

to this possibility. We have also studied the relevance of
SBND-PRISM to this measurement and shown that it is
more relevant for larger exposures.
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Appendix A: QED corrections to the neutrino
electron elastic scattering

In this Appendix, we provide the expressions and val-
ues of quantities defined in Egs. (3) and (4). The process-
dependent coefficients relevant to our analysis are given
by [L1]

A(T) = 0.9791 + 0.00971(T)) % 0.0025, (A1)
#(T) = 0.9970 — 0.000371(T") % 0.0025, (A2)

where T is the electron recoil,

I(T) = % {; (312 [;clog (ifiﬂ } (A3)

and z = /1 +4m./T.

The QED correction functions [11, 12] are given by
ny =14+ (a/m)fy, n- =1+ (a/m)f- and ny =1+
(a/7) f+. The functions fi, f_ and fi are defined as
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FIG. 8. Our estimate for the layer-dependent 7,, flux, con-
sidering the approach from Eq. (B2). The color coding corre-
sponds to the layer associated with the flux.

where 2z =T/FE,, E. =T+me,l = \/E?—m2, 3 =1/FE,
and L(zx) is defined as

L(z) = /O Tt (A7)

t

Appendix B: Details of SBND-PRISM fluxes
1. SBND-PRISM fluxes

To estimate SBND'’s sensitivity to sin® fy, we need the
flavor composition of the neutrino flux at each off-axis
layer, specifically v,,, 7,,, and v.. Reference [20] presents
the layer-dependent v, flux and the ratio of v, +v. to v,+

1
i1 =42 _ z
In” (1-—2) (12+ )ln(l z)+z{lnz+2ln

2F, 31 1 11 22
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FIG. 9. Comparison of SBND sensitivities using two different
approaches to extract neutrino flux/composition in each layer.
The v, shift (v, and 7,, shift) assumption corresponds to case
1 (case 2) in the Appendix. The result for case 2 is artificially
dislocated to the left-hand side.

U, scattering events on argon in each layer. Neglecting
the subdominant 7, contamination and assuming that
the v,-Ar and v.-Ar cross sections are approximately the
same, we can express this ratio R; as

¢i
Ri ~ ,76.7 (Bl)
¢, + o5
where i denotes the SBND-PRISM layer. Consequently,
we need to infer the v, and 7, fluxes in each layer from
v, fluxes and R;.

We first make the assumption that the v, flux shape
is the same in each layer and determined by the SBND
ve flux, i.e., the total v, flux without accounting for any
SBND-PRISM effect. In other words, ¢i = N;¢SBND.
The normalization factor NN; can be easily found by im-



posing the correct number of v, events in each layer as
presented in Ref. [20]. This layer-independent assump-
tion is reasonable: because v, comes mainly from three-
body kaon decays, their spectra exhibit only a mild de-
pendence with the off-axis angle [22].

We test two methods to infer the 7,, component. In the
first case, we assume it behaves like the v, meaning it
remains constant across different layers and is determined
by the total 7, flux. The only adjustment comes from the
layer volume effect, ¢f, = N;¢3PNP. Figure 8 shows the
resulting 7,, flux for this case. Here, any layer dependence
in R; comes from the v, flux ¢/,. Since Ref. [22] provides
the normalized v, flux in each layer, which we denote as
NZ, we take ¢/, = a,-Nid;L. The layer-dependent constants
a; can be determined from R; as

¢§BND

Case 1: _—
ai}, + oF°NP

R, = (B2)

An alternative way to extrapolate the 7, flux is the
following. We assume that both v, and 7, fluxes change
with off-axis angles by the same amount, that is, ¢, =
bZ—NZ-foL and 4% = bZ-Nid>g. In this case, the constants b;
are determined from

. " HSBND B
ase 2: = 3

bi(}, + i°NP) B9
In reality, the muon antineutrino flux should behave
somewhere in between the v, and v, fluxes. This is what
happens, for example, to the DUNE beam, although it is
higher in energy than SBND.

Figure 9 show the sin? Ay sensitivities for cases 1 and
2 in Egs. (B2) and (B3). Both are slightly displaced
for better visibility. We see that there are only slight
differences between the two cases.
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