PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: March 21, 2022
REVISED: September 12, 2022
ACCEPTED: September 14, 2022
PUBLISHED: October 6, 2022

Using DUNE to shed light on the electromagnetic
properties of neutrinos

Varun Mathur,* lan M. Shoemaker® and Zahra Tabrizi®’
@Center for Neutrino Physics, Department of Physics, Virginia Tech University,
Blacksburg, VA 24601, U.S.A.

b Northwestern University, Department of Physics € Astronomy,
2145 Sheridan Road, Evanston, IL 60208, U.S.A.

E-mail: varun@vt.edu, shoemaker@vt.edu, ztabrizi@vt.edu

ABSTRACT: We study future DUNE sensitivity to various electromagnetic couplings of
neutrinos, including magnetic moments, milli-charges, and charge radii. The DUNE PRISM
capabilities play a crucial role in constraining the electron flavored couplings. We find that
DUNE will be able to place the strongest beam based constraint on the muon-neutrino
magnetic moment by improving on LSND’s bounds by roughly a factor of two, although
Borexino’s constraint from solar neutrinos will be stronger. For the muon neutrino milli-
charge DUNE can place the leading beam based bound, with two orders of magnitude
improvement compared to the existing COHERENT constraint, suggesting that DUNE can
be useful for light mediators more generally. Despite this strength, the millicharge bounds
are not competitive with strong bounds from stellar cooling, beta-decay, and matter stability.
Finally, DUNE may be able to test the SM prediction for the muon neutrino charge radius,
by placing a constraint two times better than CHARM-IT and CCFR experiments.
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1 Introduction

Exploiting the information that can be gained from neutrino-electron (v — e) scattering to
understand the electromagnetic properties of the neutrinos goes back nearly 90 years, to
a 1932 paper by Carlson and Oppenheimer [1] which considered probes of the magnetic
properties of the neutrino (then called a “neutron”). Moreover the notion that neutrinos may
have non-trivial electromagnetic properties is as old as the neutrino itself, given that Pauli’s
original letter in 1930 supposed that neutrinos may have detectable magnetic moments. The
purpose of the present paper is to explore the extent to which the upcoming DUNE near
detector complex can further this story, and shed light on the electromagnetic properties
of neutrinos.

Of course the most intriguing known property of neutrinos is that they are massive.
As such, neutrinos require additional physics beyond the Standard Model (SM) of particle
physics. In many such extensions of the SM, neutrinos acquire electromagnetic interactions
as a result of loops of charged particles at high mass scales. Furthermore, neutrinos
offer a relatively clean experimental probe of new physics since unlike the rest of the SM
fermions they do not participate in known electromagnetic or strong nuclear interactions.
In most experiments the main neutrino electromagnetic property which has been studied is
its magnetic moment, with many stringent bounds from several short and long baseline
experiments put on them. However, there are several models beyond the SM that assume
neutrinos have a very small electric charge, often called the neutrino “milli-charge” (see
e.g. [2, 3]). On the other hand, even if the electric charge of neutrinos are zero, they can
still have a finite charge radius. While refs. [4, 5] contain a through review of the theoretical



and experimental impact of neutrino electromagnetic properties up to around 2014, many
additional experimental probes are available today. The general electromagnetic properties
of neutrinos in their mass basis is discussed in ref. [6]. Moreover, the observation of coherent
elastic neutrino-nucleus scattering by the COHERENT collaboration has provided new
strong bounds on the neutrino milli-charge [7] and the transition magnetic moment [8].

Although the data of decades of neutrino experiments are in good agreement with the
standard picture of neutrinos, there are still unanswered questions, like the CP violating
phase or the octant of the f23 mixing angle. Future experiments like DUNE are planning
to answer some of these questions. The near detectors of these experiments are designed to
mainly control the systematic uncertainties, but thanks to their large fiducial mass and the
extremely large neutrino fluxes that reach to the near detectors, we can use them to search
for physics beyond the standard model, or study rare neutrino properties. In this work we
use the v — e interaction at the DUNE near detector complex to study the electromagnetic
properties of neutrinos and get constraints on the magnetic moment, the neutrino electric
milli-charge and the charge radius of neutrinos. We study the sensitivity of DUNE to
neutrino electromagnetic properties by using the PRISM concept, a near detector which
can move perpendicular with respect to the beam axis.

The remainder of this paper is organized as follows. In section 2 we discuss the
neutrino-electron scattering predictions from the SM. In section 3 we discuss the DUNE
flux and near detector performance assumptions we make. In section 4 we introduce the
electromagnetic properties we will focus on, the impact these have on the v — e scattering,
and our resulting projected sensitivities. Finally in section 5 we conclude and discuss
possible future extensions of our work.

2 Neutrino-electron scattering

At the SM the tree-level differential cross-sections for neutrino-electron (v — e) scattering is
given by

doSM 3 B meG3 [, y , ) Ep\?

2T Eu
Vo Vo meER
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Here me and ER are the mass and the recoil kinetic energy of electron, F, is the incoming

Vo

neutrino energy and Gy is the Fermi constant. The vector (gy*) and axial (¢'y*) couplings

for neutrinos are:

ge" = (95™)" +dac,  (a=V,A), (22)
where (giM)Ye = —1 + 252 and (¢5M)"> = —1. The term &, appears because the electron

neutrinos interact with both W and Z bosons, while the muon and tau neutrinos only
interact with Z. We fix the weak mixing angle s2, = sin?,, = 0.2385 [9], which corresponds

to the average energy scale (Q2) ~ (50 MeV)? in the MS scheme relevant for DUNE. Finally,
the — (+) sign in the first (second) term denotes to anti-neutrinos.
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Figure 1. The neutrino fluxes in the on-axis and two off-axis positions we have considered in this
work, based on [11]. For each neutrino (solid) or anti-neutrino (dashed) modes we have shown the
fluxes for v, (blue), v, (green), v, (red) and . (cyan).

Kinematics dictate the following relation between the angle of the scattered electron, 6,
and the energy of the outgoing electron, F:

l-y
1—cos = me—2. 2.
cos m B (2.3)

where E, = m. + Eg, y = Fr/E, is the inelasticity with ymin = E%l J/E, and ymax = 1,
and Egb is the threshold energy set by the energy resolution of the detector. The signature
of a v — e scattering event is a forward going electron with small 6, hence E.0% < 2m, is
imposed. This is of course only true for a perfect energy resolution of the detector. In
reality the reconstructed and the true electron energies are different and we can have events
even for E.0? > 2m,.. Hence, we do a binning with respect to E.6? with the reconstructed
electron energy, which also helps in improving the background rejection (more details in
section 3). In this case the differential cross section becomes [10]

do E, doy,e

- 2.4
d(E.0%) ~ 2m. dEg (24)

Ep=E, (1— E¢62 )

2me

Finally, using this differential cross section we calculate the expected number of v — e events
at each bin of E.6? based on eq. (A.5).

3 DUNE setup

To estimate the number of v — e events at the DUNE near detector we assume 50-ton fiducial
mass of liquid argon time projection chamber (LArTPC) located 574 m from the source.
For the neutrino fluxes we use the intense neutrino beam at the Long-Baseline Neutrino
Facility (LBNF) fluxes assuming 1.2-MW, 120-GeV proton beam with 1.1 x 10?! protons on
target (POT) per year taken from ref. [11], as described in the DUNE Conceptual Design
Report [12]. For the lifetime of the experiment we assume two cases: i) The experiment



Channel ‘ Om‘lSm‘30m‘

vue — vue | 5,915 | 573 175
864 161 65
vue — vye | 593 102 39
4,515 | 409 126
Vee — Vee | HT74 108 39
285 54 23
Ve — Ve 78 21 9

173 35 13

Total 7,160 | 804 262
5,837 | 658 227

Table 1. The total expected number of v — e events per year for different on/off axis locations for
each flavor. In each entry the top (bottom) number belongs to the (anti)neutrino mode.

runs for 7 years equally in the neutrino and anti-neutrinos modes (3.5 years each), but all
the time in the on-axis location (0 m); ii) The experiment runs for 3.5 years in the on-axis
location (0 m), and 3.5 years in the off-axis locations of 18 m and 30 m of the PRISM
concept, equally divided between the neutrino and anti-neutrino modes. We have shown
the relevant fluxes for each case in figure 1.

For the 7-year exposure, The DUNE collaboration expects to observe 4.5 x 10* v — e
events if the experiment is all the time in the on-axis location, or 2.6 x 10* events in the
PRISM concept. We have shown in table 1 the expected number of v — e events per year
for each neutrino flavor at each detector location, for both the neutrino and anti-neutrino
modes. The cyan shaded regions in figures 2, 5 and 7 show the expected SM number of
v — e events per year at each bin of E.0%. The LArTPCs can have a great angular resolution
O(1°) for electromagnetic showers [12]. To estimate the expected number of events at
each bin we have assumed an angular resolutions of oy = 1° and an energy resolution
of 0/E = 10%/+E. Finally, we have assumed a threshold energy of Ef = 30 MeV (see
appendix A for details).

Although the neutrino fluxes at DUNE will probably have very large uncertainties, the
DUNE-PRISM concept can reduce the flux uncertainties by looking into the ratios of on-axis
to off-axis fluxes, for which the uncertainties would be only dictated by better understood
meson-decay kinematics. On the other hand, although due to the off-axis location of the
PRISM detectors the expected number of events decreases for all the neutrino flavors, the
ratio of the electron to muon neutrino events increase by going to the off-axis locations
(See e.g. figure 1 of [13]). Therefore, in PRISM the v, events become more relevant, and we
expect to get better constraints on its electromagnetic properties.

The main background sources for the v — e events are the misidentified 7° events which
do not have any hadronic activity (misID 7°), as well as the charged-current quasi-elastic
(CCQE) v, events. For our analysis we use the simulated background rates from ref. [13].
We have shown the expected backgrounds per year in figures 2, 5 and 7 at each bin of E.6?
for each detector location, for CCQE (in dashed green) and misID 7° (in dashed orange).



The DUNE flux in the (anti-)neutrino mode consists of approximately 95% of v,, (v,,)
and 5% of the wrong components, approximately 4% of ,, (v,,) and 1% of v+ .. Therefore,
we consider three different systematic uncertainties for the expected v —e events: 10% overall
uncertainty in the whole beam, 1% systematic uncertainty for anti-neutrinos (neutrinos) in
the neutrino (anti-neutrino) beam, and 1% uncertainty for the electron (anti-)neutrinos
in each beam, with f, f, and f. as the corresponding pull parameters, respectively. In
order to estimate how well DUNE can measure each electromagnetic property of neutrinos
(described in the next section) we use the following x? function in each mode:

X CCQE 70\2
(NSM = N — acequB; % — aoBY)

2
X =
2 22 a2op+a
Ly de T GCoep T O (3.1)
Uf Ufu Ufe agg

where NPM and B; are the simulated SM number of events (the mock data) and the expected
background at each bin of E.0?, respectively. We include a pull parameter (o) for each
background term with an uncertainty of 10%. All the o’s are the relevant uncertainties for
each pull parameter. For the neutrino mode, the expected number of events is defined as

(]

NP (X) = (14 f) [N/(X) + f N[ (X) + F NP (X) + fefu NP (X)] (3.2)

where X is the electromagnetic parameter we constrain each time. The same expression
holds for the anti-neutrino beam, after changing v < v.

4 Electromagnetic properties of neutrinos

4.1 Neutrino magnetic moment

Although we do not have right handed neutrinos in the SM and the neutrinos masses are
predicted to be zero, since neutrinos oscillate they need to be massive, and these nonzero
masses imply that neutrinos have non-zero electromagnetic dipole moments. The SM value
of the neutrino magnetic moment was calculated in refs. [14, 15], and is far below the
magnitude that DUNE will be able to probe. As such, DUNE will only be able to probe
magnetic moments which are enhanced in BSM scenarios. For the Dirac neutrinos this
interaction is described by the dimension-five interaction’

LD piap (UaouwvgF*) + h.c., (4.1)

where the parameter p is the magnetic moment, conventionally reported in units of the
Bohr magneton, up = e/(2m,). In the SM a non-zero magnetic moment can be generated
at the loop level and we find the upper bound [14]:

3eGG _ m
Hap < ﬁmu ~3x 10 ¥ g (0 1 2V> ; (4.2)

IFor the Majorana neutrinos we have 7 — v.
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Figure 2. Here we are plotting the event distributions, binned in the variable E.0?, for v-mode
(top row) and r-mode (bottom row) for on-axis (left column), 18 m off-axis (middle column), and 30
m off-axis (right column). The shaded cyan region represents the SM prediction, while the dashed
light blue and dashed orange represent the CCQE and mis-identified 7 backgrounds. The dark blue
solid (dark blue dot-dashed) include the contributions the magnetic moment with 1, = 107° ugp
(pp =107% pp and pe =5 x 1079 pp).

which is orders of magnitude far from the reach of the sensitivity of the current or near
future neutrino experiments. On the other hand, many models beyond the SM predict that
the neutrino has a magnetic moment (e.g. [16, 17]), hence the observation of a non-zero
neutrino magnetic moment in the foreseeable future can imply the existence of physics
beyond the SM.

Neutrino-electron scattering via a magnetic moment is modified via adding the following
term to the SM cross section of eq. (2.1) [18]:

do™ T [ 1 1

it e B (43
where ER is the electron recoil energy, F, is the incoming neutrino energy and « is the QED
fine structure constant. In this work we only focus on the diagonal moments po, = piaa. We
have shown the expected number of v — e events in the presence of the magnetic moment
term in figure 2.

The strongest terrestrial bounds on the magnetic moment include LSND [19],
fiy, < 6.8 %1071 pp, and GEMMA [20], 1, < 3.2x 107" pp. We note that Borexino [21]
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Figure 3. Here we summarize our projected 90% C.L. constraints from DUNE on the neutrino
magnetic dipole moment in both a fully on-axis scenario (solid cyan) as well as an off-axis DUNE-
PRISM setup (dashed red). See text for details about the DUNE-PRISM assumptions.

has also obtained constraints from solar neutrinos: g, < 3.9 x 107! g, My, < 5.8 X 10~
pp, and p,. < 5.8 x 10711 pp.

From DUNE analysis with 3.5 years at each mode, assuming the experiment would be
done 100% on axis, we find:

fiy, < 32x 10710 pp, fy, < 3.3x107% ugp, (4.4)

with 90% C.L.. To get these upper bounds we turn on one magnetic moment at a time.
With the PRISM concept we find

fo, <34x 107" pp, py, <28 x1077 pp. (4.5)

These results are summarized in figure 3 where we show DUNE’s expected sensitivity to
electron- and muon-flavored magnetic moments. We note that DUNE will be able to place
the leading beam-based constraint on the v, magnetic moment by exceeding the current
bound from LSND [19]. We emphasize that this constraint will depend on accelerator
neutrinos although it will be worse by an order of magnitude worse than Borexino which uses
solar neutrinos. While PRISM can improve the bound on the electron neutrino magnetic
moment, because of the lack of v, statistics this constraint can never compete with the
existing bounds and is at least two orders of magnitude weaker.

4.2 Neutrino milli-charge

In the SM neutrinos are predicted to be electrically neutral, but scenarios beyond the SM
exist in which the neutrino may have a small electric charge [5]. The relevant part of the
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Figure 4. The ratio of different terms of the milli-charge cross section over the SM cross section for
the muon neutrinos (left panel) and electron neutrinos (right panel). We have shown the different
contributions with the SM (purple), interference between the SM and the milli-charge contribution
(Int, orange), the quadratic term with respect to the milli-charge (EM, blue) and the total cross
section (red) curves. The solid (dashed) curves belong to (anti-)neutrinos. The vertical line is the
30 MeV threshold energy at DUNE and we have fixed the neutrino energy to 10 GeV.

low-energy physics concerning us here is described by the following Lagrangian
L D qu, VoYV, (4.6)

where A" is the electromagnetic field and g,,, is the neutrino milli-charge. In this case the
total differential v — e cross section that takes the milli-charge contribution into account is
given by

do™me dO’SM dO.Int dO’EM

Va€ — Vo€ Vo€ V€ 4'7
dEp _ dEp | dEn | dEp (4.7)

where the first term is the SM contribution given in eq. (2.1), the second term comes from
the interference between the SM and the milli-charge part of the Lagrangian and is given by:

da,I,r;te _ V2aGyqy,

T = g 9V (2B + B — Br (2B + Br)| 7 oif [B(2E, - Ep)l} . (48)

where the +(—) sign denote to (anti-)neutrinos, the vector and axial couplings are given
in eq. (2.2) and we have neglected the electron mass. In the E, > Eg limit only the first
term matters and one finds daizte(ﬂee)/dER o (1 + 452)q,, /ERr, while dair;te(ﬂue)/dER x
(1—452)qy,/ER (see e.g. [22]). Therefore, one can sce that although for both cases the cross
sections are enhanced by the smaller electron recoil energy, for the muon neutrinos there is an
extra suppression due to the weak angle dependence. For the energies relevant to the DUNE
experiment this simplification does not hold, the interference term becomes important for all

neutrino flavors and becomes dominant compared to the EM term, quadratic with respect
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Figure 5. This is the neutrino milli-charge version of figure 2, with the exception that here the
BSM contributions are broken into an interference (Int) and total (Tot) contributions. The dark blue
curves (dark red) correspond to milli-charge q,, =107 e (¢, = 107 e and ¢,, = 107% €). The
solid (dashed) curves denote to the interference (total) number of events. See the text for details.

to the milli-charge, which is given below:

dobM , <2E3 + E2 — 2E,,ER>

dEp e meELE2

(4.9)

In the F, > FEr limit the above cross section simplifies to dagi\g JdER ~ 27rozq12,a /meE?%,
which is the term that usually appears in the literature [23, 24]. We have shown the different
terms of the milli-charge cross section in figure 4. We have also shown the expected number
of v — e events in the presence of different milli-charge contributions in figure 5.

From the neutrino experiments, reactors appear to offer the strongest constraints on
an electron neutrino milli-charge with ¢, < 10712 e [23, 24]. From the solar and the red

giant cooling [25, 26] one constrains, ¢, < 10714 e, which applies to all neutrino flavors.
The experimental bound on the muon neutrino is a lot weaker, with q,, < 1078 e, coming
from the COHERENT experiment [7], which is the only existing laboratory bound in the
literature on the milli-charge of the muon neutrinos. However, one can compare the cross
section in eq. (4.9) with relevant expression for the general U(1) extensions of the SM
(see e.g. ref. [27]) and estimate the Borexino constraint on neutrino milli-charge as well,

resulting in ¢, < 107! e.? Lastly note that an updated compilation of bounds on light

~y

2To get this constraint we have used the Borexino upper bound of 107° on the kinetic mixing [28]. A
more careful analysis using the Borexino data is still necessary, which is beyond the scope of this work.
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Figure 6. Here we summarize our projected 90% C.L. constraints from DUNE on neutrino milli-
charge in both a fully on-axis scenario (solid blue) as well as an off-axis DUNE-PRISM setup
(dashed red).

millicharged particles (thus applying to neutrino millicharge) can be found in ref. [29].
Additional bounds on the electron-neutrino millicharge arise from the stability of matter,
electric charge conservation in beta decay, as well as bounds on the neutron charge [25, 30].

From DUNE analysis with 3.5 years at each mode, assuming the experiment would be
done 100% on axis, we find:

-93x107 M e< g, <91x107 e,  -15x10%e<gq, <1.2x1077¢ (4.10)

with 90% C.L.. Please note that since the interference term is dominant at the range of
energy of DUNE, we can also probe the sign of the milli-charge, and hence, we can report
the bounds in this way. To get these upper bounds we turn on one milli-charge at a time.
For the PRISM concept, we find these 90% C.L. bounds:

~11x107"%e < g, <11x107"%e,  —12x10""e<q, <0.94x10 " e. (4.11)

Similar to the previous section, in the PRISM case we see worse bounds for the muon
neutrinos, but slightly better results of the electron neutrinos. We have summerised the
milli-charge results in figure 6 where we have shown the DUNE’s sensitivity to v, and v,
milli-charges. From this we see that DUNE will be able to put the leading laboratory bound
on the muon neutrino milli-charge, almost two orders of magnitude better than the bound
from the COHERENT experiment. However, given Borexino’s strength in probing the
magnetic moment interaction of the neutrino, it is quite likely that Borexino data can also
be utilized to obtain stringent new limits on the neutrino milli-charge.

~10 -
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Figure 7. This is the neutrino charge radius version of figure 2, with the same plotting conventions.

4.3 Neutrino charge radius

Unlike the magnetic moment and the milli-charge of neutrinos, their charge radii has a
non-zero value even at the SM. They are induced by the radioactive corrections and are
given by [31, 32]:

G m?
2 f (]
T = 3—2lo , 4.12
< Va>3M 4\/§ 2 [ g 2 ] ( )

where my (¢ = e, ju, 7) and myy are the masses of the charged leptons and the W gauge
boson, respectively. Numerically this equation gives:

(ri gy =41 x 1075 cm?, (4.13)
(rp )y = 24 % 107% cm?, (4.14)
(rt )oy = 1.5 x 107% cm?. (4.15)

Within the SM the neutrino charge radii are flavor diagonal. This is because of the
conservation of the lepton numbers. Some BSM scenarios can predict off-diagonal charge
radii as well (see e.g. [7] and references there in). We ignore these off-diagonal elements in
this work.

A non-zero value of the neutrinos charge radii also has an effect on their scattering on
charged particles. Vogel and Engel [33] found that the modifications to neutrino scattering

- 11 -
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arising from a neutrino charge radius (r?) could be written as:®

2
gee — gyt + gm%,v <r12,a> s%u ) (4.16)
Therefore, the cross section of v — e scattering in the presence of the charge radius is the
same as eq. (2.1) after we use the above modification. Figure 7 shows the expected number
of v — e events in the presence of the charge radius.
From a global fit of the low-energy measurements of v, — e and v, — e presented in [35]
we find:

—2.6 x 1073 < (r2 ) < 6.6 x 10722, (4.17)

assuming 90% CL. The best constraint on the muon neutrino charge radius comes from a
combination of the CCFR [36] and CHARM-II [37] data analysed in ref. [38]:

—52x 107 < (1] ) <6.8x107%. (4.18)

The COHERENT bounds are also given in ref. [7], however they are an order of magnitude
weaker that the current constraints. It is important to note that while the SM value of

3This differs by a factor of 2 with another convention which has been advocated in ref. [34], wherein
2 — 82+ (%’;") <r2>. In comparing the DUNE results with the existing ones in the literature we take

this difference into account.

- 12 —



<r12,H> mentioned in eq. (4.13) is within the current experimental bounds, the bound on the
Ve charge radius is in tension with the SM.
From DUNE analysis with 3.5 years at each mode, assuming the experiment would be

done 100% on axis, we find:
—23x107% < (1} ) <22x107%,  —14x107° < (1} ) <1.4x107%, (4.19)

with 90% C.L.. To get these upper bounds we turn on one charge radius at a time. For the

PRISM case we find
—32x107P < (r} ) <3.0x107%,  —1.2x107* < (r} ) <1.3x107°". (4.20)

We can see that using DUNE the bound on v, charge radius can be improved with a factor
of two compared to the current experiments. An interesting thing to note here is that with
7-year data of DUNE at the on-axis mode it will be possible to probe the SM value of the
v,, charge radius for the first time, and either do a measurement or find an upper bound
which can exclude the SM expectation. This result is summarised in figure 8. We note that
earlier work also studied neutrino charge radius sensitivity at the DUNE near detector [39].

5 Conclusions

We have considered the ability of the DUNE near detector to improve our understanding of
neutrino properties. To examine this, we have considered three classes of electromagnetic
properties: magnetic moments, milli-charges, and charge radii.

In the case of magnetic moments, DUNE will be unable to supersede GEMMA’s
sensitivity to the magnetic moment of v, which is at the sub-O(10~! up) level. However,
our analysis has revealed that DUNE will be able to place the strongest constraints on
the v, magnetic moment using a terrestrial neutrino source, by improving on LSND’s
bounds by roughly a factor of 2. We note that solar neutrino constraints from Borexino are
stronger yet.

For possible neutrino milli-charges we have been careful to include the effects of
interference with the SM contributions to neutrino-electron scattering. DUNE will not be
able to compete with the existing constraints on v, milli-charge from reactors. However it
will be able to significantly extend experimental sensitivity to v, milli-charge, by improving
over COHERENT"s existing constraints by around two orders of magnitude. We note that
the strength of DUNE’s sensitivity to neutrino millicharge, may bode well for probing light
mediators more generally. Nevertheless, it is important to stress that these bounds are
still not competitive with those arising from stellar cooling, beta-decay, and the stability of
matter [25, 30].

Lastly, the neutrino charge radius is the only EM property with a SM prediction that
may be within reach of DUNE. Although the SM prediction for the v, charge radius is
vastly too small to be seen at DUNE, the SM prediction for v, is just within its reach.

Looking beyond the interactions considered here, a natural extension would be con-
sidering DUNE inelastic neutrino-electron scattering. One simple example would be to
derive constraints on active-sterile transition magnetic moments which have recently at-
tracted significant attention (e.g. [40-54]). In this case the outgoing heavy sterile neutrino

~13 -



would modify the recoil spectrum compared to the diagonal magnetic moment, requiring a
detailed study.

Similarly, models including Z" extensions with heavy sterile neutrinos may also induce
non-trivial inelastic neutrino-electron scattering. Examples of this possibility include a dark
U(1) coupled to heavy SM singlet fermions [55-57] as well as gauged U(1) p_, extensions [58].

Finally we note that given the similarity of the neutrino beam the MINERvVA experiment
may be able to carry out an analogous study of the neutrino’s electromagnetic properties via
neutrino-electron scattering measurements [59]. We note however that the large uncertainties
on the cross section and detector understanding may will need to be significantly improved
in order for our 10% systematic uncertainty to be warranted.
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A Energy and angular resolutions at DUNE

In this appendix we provide details on how to calculate the expected number of v — e events
with respect to the parameter E.0%2. We have to take into account the angular and energy
resolutions of the electron measured by the experiment. We call the true parameters EY,
(E.6%)! and E!, and we consider three random variables 61, ¢ and E, which correspond to

the following distribution:

1
p(p2,01, Ee) = %N0,09(91)NE5,2E6(E3), (A.1)
where )
1 (s —a)
Na70—(8) = % eXp [—M] . (A2)

Here oy = 1° is the angular resolution of the outgoing electron and we have
1
=op Fe———,
« OB B JGeV

where og, = 0.1 is its energy resolution.

Xg (A.3)

The next step is finding the relation between the binning parameter (E.6?) that the
experiment can measure and the true (Eéﬁtz), where 6 is the angle of the outgoing electron
with respect to the direction of the neutrino beam, which we take 2. The true electron
vector Pl = (sin6; #,0,cosf; 2) are related with

Pe = Ry(0;) Rz (¢2) Ry (61) Ry(—0,)p. , (A.4)

where R;(c) is the rotation matrix about the axis 7 through the angle . Therefore, the
measured angle 6 is given by 6 = cos™!(2.p,).
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The expected number of events at each bin of E,.6? with respect to the true and random
variables can be found by
t do (EY) do

dE., d(E.0%)"" (4.5)

N;=T / dos by dE. p(¢s,01, EBe) x dEL d (E.0%)

where T = 1.5 x 10°2 is the number of electron target particles at DUNE (assuming 50-

tonnes of fiducial mass), while d“Z(EEt‘t’) and @ &%Q)t are the differential flux and cross section

respectively, with respect to the true parameters. We do the above integral using a Monte
Carlo method. To find the number of events in each bin of the measured E.0? (where 0
is a function of the variables ¢2 and 6;), we do as following. First we choose n =5 x 108
random points for each of the parameters and we calculate the integrand of eq. (A.5) for
these random variables, and sum all these integrands for all the n points. We call this Fr.
Then we calculate the integrand only for the random variables which satisfy the condition
E.0? = E.Jcos™!(2.p.)]? in each bin i, sum the result and call this F;, where for the binning
we have divided 0 < E.0? < 6m, into 12 equal bins. The number of events at each bin is
then given by

F;
B
where Nt is the total number of events which one can calculate without taking any of the

N; = N (A.6)

uncertainties into account, shown in table 1. It is clear that the more random variables we
choose the integration will be more accurate.
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