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Precision tests in future long-baseline experiments will measure neutrino oscillation properties with high accuracy. Besides, with their near
detectors will be possible to perform measurements with high statistics, such as neutrino scattering with electrons, among other neutrino
interactions. Near detectors will give the chance to measure the radiative corrections of this process with unprecedented precision. This work
will discuss how the test of the radiative corrections in the neutrino-electron scattering may measure the neutrino charge radius.
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1. Introduction

The standard model (SM), proposed by S. Glasgow, S. Wein-
berg, and A. Salam in the ’60s, has proven to be an accurate
theory. This theory has been verified in several physical ob-
servables by multiples experimental collaborations. Nowa-
days, we are in a period in which it is necessary to perform
precision tests to confirm the SM predictions and therefore
be able to search for new physics reliably. In the neutrino
sector, we can use several scattering processes involving pre-
cision tests to make accurate measurements of SM parame-
ters. One of these processes is the neutrino scattering with
electrons [1, 2], due to its pure leptonic character, has been
helpful to provide clear signatures in different predictions of
the SM, such as the existence of Neutral Currents [3–6] in the
Gargamelle experiment of CERN in 1973 [7]. Furthermore,
due to its purely leptonic nature, it can provide us with several
precision tests on electroweak (EW) parameters such as ac-
curate measurements of the weak mixing angle. In addition,
most of the Next Leading Order (NLO) radiative corrections
of this scattering process can be evaluated analytically and
therefore can serve as a prototype for more complex scatter-
ing cases such as the neutrino-nucleus scattering.

In addition, the neutrino-electron scattering radiative cor-
rections have flavor-dependent contributions that are particu-
lar to neutrino interactions. Typically, this flavor-dependent
correction is related to the neutrino charge radius and, by it-
self, is a new test of the SM [8–12].

Once Takaki Kajita and Arthur B. McDonald confirmed
the neutrino oscillation mechanism, the experimental devel-
opment in this sector has been stunning, and we expect
high precision measurements in the near future. In particu-
lar, the search for the existence of a CP-violating phase has
motivated the building of long-baseline experiments, where

we expect intense neutrino beams. Measurements of the
neutrino-electron scattering process with a high sensitivity
to measure their radiative corrections will take place in their
near detectors (ND).

In this work, we will explore the sensitivity to the radia-
tive corrections of the neutrino-electron scattering that one of
this future near detectors (such as DUNE-PRISM [13, 14])
will have and discuss the possibility of identifying the contri-
bution of an effective neutrino charge radius [10, 12] that is
gauge independent. A more detailed explanation of this work
can be found in Ref. [15].

2. The neutrino-electron scattering

As already mentioned, neutrino-electron scattering is a pro-
cess predicted by the SM. For the case of the electron neu-
trino, there is a charged component in this interaction. In this
work, we will focus on the process of muon-(anti)neutrino
scattering with electrons. This interaction only involves lep-
tons and is a neutral current process mediated by theZ bo-
son. This process can test the SM at low energies of the weak
mixing angle, and with it, we can search for the possible ex-
istence of an effective neutrino charge radius (NCR).

At tree-level, an expression of the differential cross-
section of theνµ(ν̄µ)e− scattering in terms of the electron
recoil energy,T , is as follows
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2meG
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whereme is the electron mass,GF is the Fermi constant, and
Eν is the energy of the incident neutrino. For this equation,
the coupling constantsgL andgR are defined as

gL =
1
2
− sin2 θW , (2a)
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and
gR = − sin2 θW , (2b)

for the case ofνµe−, with θW the weak mixing angle. While
for ν̄µe− we interchange the coupling constants,gL ↔ gR.

2.1. Radiative corrections

If we move to the NLO, the radiative corrections of the
neutrino-electron scattering can be divided in two, depend-
ing on their dynamic origin. Refs. [16–24] present a more in-
depth study on the corrections of this process. One of these
is the quantum electrodynamic (QED) corrections, which in-
volve creating and absorbing photons in the electronic cur-
rent, e.g., as illustrated in Fig. 1a). The other is the elec-
troweak (EW) corrections due to the exchange ofW andZ
bosons, as we can see in Fig. 1b).

Considering the corrections mentioned above to this pro-
cess, the expression of the differential cross-section for the
νµe− scattering is
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whereα is the fine-structure constant, the contribution of the
QED corrections is enclosed into thef(z) functions, that de-
pend onz = T/Eν . Refs. [15, 16] show the explicit forms
of these functions. On the other hand, the EW corrections
contribution is into the new coupling constants that depend
on the electron recoil energyT :

g′L(T ) = ρNC

(
1
2
− κνl

(T ) sin2 θ
(mZ)
W

)
(4a)

and
g′R(T ) = −ρNCκνl

(T ) sin2 θ
(mZ)
W , (4b)

wheresin2 θ
(mZ)
W is sin2 θW calculated at themZ scale. Note

that the expression of the differential cross-section for the
ν̄µe− scattering is similar to Eq. (3), but the coupling con-
stants must be swappedg′L ↔ g′R, while the functionsf(z)
stay unswapped.

FIGURE 1. Illustrative Feynman diagrams for high order radiative
corrections from a) QED,eγe vertexes and b) EW,µWνµ vertices.
Adapted from Ref. [15].

In this approximation,ρNC is independent of the elec-
tron recoil energy,T , and has a numerical value ofρNC =
1.014032 (see Refs. [15,19] for its analytical expression). On
the other hand,κ(νµ,e)(T ) depends onT or, equivalently, to
the square 4-momentum transferq2 = −2meT and will be
expressed as [19]:
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wheres andc represent the sine and cosine ofθW , respec-
tively, and the hats over the parameters indicate their calcu-
lated values at themZ scale,̂cγ = (19/8)− (17/4)ŝ2 + 3ŝ4.
The sum is over all the charged fermions, and an additional
factor of three has to be considered for the quarks color de-
gree of freedom, hereQi represents the electric charge,C3i

is twice the third component of weak isospin and

Ji(q2) =

1∫
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Z

)
, (6)

wheremi is the mass of thei fermion. The2Jk(q2) term of
Eq. (5) plays an essential role since it contains the flavor de-
pendence of the incident neutrino. For this work, we assume
aνµ flux, thus we will have2Jµ(q2).

In a first approximation, taking a monoenergetic neutrino
beam, and considering the differential cross-sectional devia-
tion at tree level defined as:

RX :=
dσ′X
dT − dσ

dT
dσ
dT

, (7)

whereX represents the EW, QED, or the sum of both correc-
tions, we observe an asymmetric relation between neutrino
and antineutrino scattering in the case of EW radiative cor-
rections [15], while for the QED corrections, the neutrino
case is the same as for the antineutrino, as shown in Fig. 2.
Considering both EW and QED radiative corrections, the an-
tineutrino electron scattering process always has positive be-
havior, as opposed to the case of neutrinos, where the effect
of both contributions causes a change of sign at a certain en-
ergy threshold.

2.2. Neutrino charge radius

We focus now on theκνl
(q2) of Eq. (5). This correction de-

pends on the process under study,e.g., on the neutrino flavor.
Therefore, we can decompose this expression into two parts.
On the one hand, the common expression for all neutrino fla-
vors,κν(q2), is
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ĉ2

3
+

ĉγ
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FIGURE 2. Radiative corrections ratio for neutrino and antineutrino beam modes for fixed neutrino energy of 10 GeV. a) EW corrections
contribution, b) QED corrections contribution, and c) total contributions. Adapted from Ref. [15]

FIGURE 3. κν andκνµ dependence onQ ≡ −q2. The solid blue
line corresponds toκν , Eq. (8), while the dashed magenta line cor-
responds toκνµ , Eq. (5). The shaded area shows the electron recoil
energy region where we study the radiative corrections effect and
the experimental sensitivity to the NCR. Adapted from Ref. [15].

while the contribution that depends only on the neutrino fla-
vor will be

− α

2πŝ2

(
−2Jl(q2) +

1
2

)
. (9)

If we evaluate the content in parentheses inq = 0, we
have
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=
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, (10)

and we obtain an expression associated with the neutrino
charge radius (NCR):
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whose numerical value for theµ neutrino flavor is
〈
r2
νµ

〉
=

2.4× 10−33 cm2 [25].
The common contribution for all neutrino flavors,κν(q2),

has a value of1.0176 at q2 = 0. On the other hand, if we in-
clude the term associated with theµ flavor NCR, we have
κνµ(q2) = 0.9925. We can see the behavior of theseκs
in Fig. 3. It is possible to see the contribution of the NCR,
which is around3 %.

3. The DUNE near detector case

One of the neutrino experiments with the most challenging
neutrino physics program for the near future is the Deep Un-
derground Neutrino Experiment (DUNE), whose main moti-
vation is to search for the existence of a CP-violating phase.
The baseline is related to the distance and the neutrino energy
ratio (L/E) of the experimental setup. DUNE will consist of
two neutrino detectors corresponding to a long and a short
baseline. The far detector (FD), [26, 27] will be located at
the Sanford Underground Research Laboratory with 40 kt at
1,300 km downstream of the source. One of the configura-
tion options for the near detector (ND), is the PRISM detec-
tor [13,14,28], which will be set up at574 m from the beam
target located in Illinois at the Fermi National Accelerator
Laboratory (Fermilab). PRISM would use the same Liquid
Argon Time Projection Chambers (LAr TPC) technology as
the DUNE FD and movable off-axis up to3.6◦. This moving
detector peculiarity allows different fluxes and spectra (as il-
lustrated in Fig. 4). In this way, the systematic uncertainties
of the flux and cross-section would be decreased, thus ob-
taining high sensitivity in the measurement of neutrino inter-
actions.

We computed the expected number of events for neutrino
scattering off electrons to explore the feasibility of using the
DUNE-PRISM detector to study its radiative corrections. For
this, we consider the expected fluxes in PRISM at different
angular locations reported in Ref. [29] and shown in Fig. 4.

For the number of targets, we consider the electrons con-
tained in the mass of 75 t of Liquid Argon that PRISM ex-
pects to have [14]; the number of protons on target per year
equal to1.1 × 1021 POT/year [29]; and an estimation to run
for 7 years, dividing half of the period in neutrino mode and
the other half in antineutrino mode.

With these considerations, in the next section, we will dis-
cuss the results of having calculated the expected number of
events of the neutrino-electron scattering process at tree level
and considering the radiative corrections, with and without
the NCR contribution.

Supl. Rev. Mex. Fis.3 020711
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FIGURE 4. Fluxes at several off-axis locations [29]. Left panel: Neutrino mode. Right panel: antineutrino mode. The different symbols
stand for the simulated data, while the lines show the corresponding interpolation. Adapted from Ref. [15].

4. Results and discussion

Radiative corrections always increase the expected number
of events for the antineutrino channel; this is opposite to the
neutrino case, where we expect a decrease in the number of
events, starting around0.7 GeV. For this reason, we consider
two different electron recoil energy thresholds: One with a
0.2 GeV energy threshold and the other with0.7 GeV. These
selections will maximize the differences between the number
of events expected at the tree level and the one with radiative
corrections for the neutrino case.

In the antineutrino case, for an energy range from
0.2 GeV to10 GeV and an on-axis flux, the expected num-
ber of events with radiative corrections is higher than the
expected at tree level, as shown in Table 1. When includ-
ing the NCR contribution into the corrections, the number of
events is still higher than at the tree level but is lower than ex-
pected without this contribution. We illustrate this behavior
in Fig. 5b), where for the first bin is clear that the differences
between the number of events with corrections and at tree
level are bigger than the statistical error.

TABLE I. The first two rows are the number of events forν̄µ and
νµ scattering with electrons respectively for an energy range of 0.2
to 10 GeV, while the third and last row is the number of events for
νµe scattering for an energy range of 0.7 to 10 GeV. In all cases,
the number of events at the tree level is considered and with and
without the NCR. Hereσstat is the statistical error and∆ is the
difference between the number of events at tree level and radiative
corrections (with and without NCR).

Number of Events

Without NCR With NCR

Tree-level σstat EW+QED ∆ EW+QED ∆

ν̄µ 18775 137 19931 1156 19447 672

νµ 27134 165 25859 -1275 26567 -567

νµ 19947 141 18715 -1232 19318 -629

On the other hand, in the neutrino case, for an energy
range from0.2 GeV to10 GeV, and for an on-axis flux, we
observe in Table I that the number of events with radiative
corrections is lower than expected at tree level. While in-
cluding the NCR contribution to the corrections, the number
of events is still lower than the tree level but higher than ex-
pected without this contribution. We show this behavior in
Fig. 5a). Now, as mentioned before, for theνµe− taking an
energy range from0.7 GeV to10 GeV maximizes the differ-
ence between the number of events expected with radiative
corrections and at tree level, we see this effect in the last row
of Table I.

A more detailed study [15] observed that the difference
between the number of events with radiative and tree-level
corrections is larger than the statistical error up to an off-axis
flux of (anti)neutrinos at1.8◦. In this work, we present only
the on-axis case, but the results to the off-axis positions can
be found at [15].

To conclude this study, we performed aχ2 analysis to es-
timate the sensitivity to radiative corrections that we would
have in an experiment such as PRISM. To do so, we defined
the function

FIGURE 5. Comparison among the number ofνµ a) andν̄µ b) event
expectations at tree-level (solid black line) and considering radia-
tive corrections, with and without neutrino charge radius (dashed
magenta and dot-dashed blue line, respectively). Adapted from
Ref. [15].
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FIGURE 6. Expected sensitivity to NCR, for a3 % systematic er-
ror, to the electroweak radiative corrections. Brown dashed and
magenta dot-dashed lines show the case of a 0.2 GeV threshold for
theν andν̄ scattering. The blue line considers a0.7 GeV ν scat-
tering threshold. Adapted from Ref. [15].

χ2 =
5∑

i=1

(N exp
i −N theo

i )2

(σ2
stat+ σ2

syst)i
, (12)

and∆χ2 = χ2 − χ2
min, whereχ2

min is the minimum value
of χ2, i stands for the energy bin,N exp defines the number
of events predicted by the SM, considering the radiative cor-
rections, andN theo denotes the theoreticall number of events
calculated for different values ofκ (Eq. 5). σstat =

√
N exp

i

are the statistical uncertainties andσsysti represent the sys-
tematic uncertainties.

If we take a systematic error of3%, we observe that at1σ
precision, an experiment like PRISM could be sensitive to

distinguish the NCR for the antineutrino channel in a range
from 1.0 to 4.0 ×10−33 cm2. In constrast, the neutrino chan-
nel is sensitive in a range from1.1 to 3.9 ×10−33 cm2 con-
sidering an energy threshold of 0.2 GeV, while for an en-
ergy threshold of 0.7 GeV is sensitive in a range from1.1
to 3.8 ×10−33 cm2. Thus, with these assumptions, it can
achieve a higher than90% confidence level of NCR sensitiv-
ity, as shown in Fig. 6.

Interestingly, the current constraint reported in the PDG
for theνµe− is in the range of−5.3 to 6.8 ×10−33 cm2 [22],
which is still consistent with the absence of NCR.

5. Conclusions

We have studied the sensitivity of the DUNE-PRISM-like de-
tector as an example of future near detectors, to the radiative
corrections in the neutrino-electron scattering process. Due
to its higher statistics, the neutrino beam mode will better
determine the radiative corrections and possibly the NCR if
the systematic uncertainties are under control. While for the
antineutrino beam mode, despite the lower statistics, com-
pared to the neutrino mode, our analysis shows a reasonable
possibility of measuring the radiative corrections and even
the NCR with the lower energy bin. We illustrated that a
systematic error of the order of3 % gives reasonable ex-
pectations to measure the NCR with an error of the order of
1.5× 10−33 cm2.
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