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CrossMark
Abstract
We describe an extension of the NuWro Monte Carlo neutrino event generator
with the neutrino—electron scattering processes. This new dynamical channel
includes the charged current and neutral current interactions, together with their
interference, for vye and vpe (¢ = e, pu, T) scatterings, resulting in ten possible
final states. We illustrate the performance of the new functionality on few phys-
ical examples, including an estimation of the background in the T2K v, — v,
oscillation experiment. We show that the background events arising from the
neutrino—electron interactions occupy mostly a distinct region of the phase
space and can be easily separated.

Keywords: neutrino interaction, Monte Carlo simulations, neutrino oscillations,
neutrino electron exclusive reaction, antineutrino electron scattering, neutrino
flavour

(Some figures may appear in colour only in the online journal)

1. Introduction

Neutrino flavour oscillation experiments provide a unique opportunity to investigate basic
assumptions of the standard model (SM) of elementary particles and its extensions, includ-
ing measurements of the yet unknown CP-violating phase in the leptonic sector [1]. These
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experiments strongly rely on precision in describing neutrino interactions with matter.
Although the majority of interests lie in neutrino—nucleus reactions, experimental signals
also contain a small contribution from rare neutrino—electron interactions. The success of
future high statistics long-baseline experiments such as DUNE [2] and hyper-Kamiokande [3]
depends on a substantial reduction of all sources of systematic uncertainties. Thus, the inclu-
sion of neutrino—electron scattering events in the oscillation analyses may become relevant.
Apart from the long-baseline experiments, which use accelerator neutrino beams in the few-
GeV energy region, neutrino—electron interactions play a vital role in studies of solar (e.g. the
super-Kamionade [4], SNO [5], and Borexino [6] experiments) and supernovae neutrinos [7]
with energies in the ~1-50 MeV range.

Monte Carlo (MC) neutrino event generators [8] are indispensable tools in the neutrino
oscillation analyses, providing theoretical predictions of neutrino interactions in particular
experimental environments, accounting for the specific neutrino fluxes and detector complex-
ity. There are several independently developed codes, such as NEUT [9] and GENIE [10],
which are used for the actual oscillation analyses and optimized for the energy range of acceler-
ator neutrinos. Other MC generators or simulation tools, such as NuWro [11] and GiBUU [12],
developed by theorists, have been used in numerous comparisons and neutrino cross section
studies. Monte Carlo neutrino event generators, serving as a bridge between theoretical mod-
els and experimental measurements, have to be further improved to facilitate the progress in
neutrino physics [13].

In this work, we describe an implementation of the neutrino—electron interaction dynam-
ics in the NuWro generator, extending the range of its possible applications and increasing
the precision of the background estimation in neutrino—nucleus scattering. MC implemen-
tation of such a channel has been recently discussed in reference [14], aiming to add this
interaction mode into the GEANT4 package. This software predominantly conducts detec-
tor simulations, where neutrino interactions have no practical importance. The neutrino event
generators GENIE and NEUT also have this interaction channel implemented, yet the actual
oscillation studies usually neglect it. Neutrino—electron scattering, being a purely leptonic pro-
cess, can be calculated directly from the SM. Its interaction cross section is precisely known,
offering a clean experimental signature with a uniquely small cross section uncertainty. Thus,
neutrino interactions with atomic electrons, despite their rarity, are used in long-baseline exper-
iments for constraining neutrino fluxes [15, 16], and it is essential to have neutrino—electron
scattering mechanism implemented in the used Monte Carlo simulation tools.

Having validated the new NuWro functionality with a series of necessary tests, to demon-
strate the advantages of having the new interaction channel in a Monte Carlo neutrino event
generator, we performed a study in the context of the T2K [17] long-baseline oscillation exper-
iment. We calculated the contribution from neutrino—electron events in the overall sample of
electron events registered in the super-Kamiokande (SK) detector. Then, we showed that in the
future hyper-Kamiokande experiment, among hundreds of events with an electron in the final
state, as used in the future investigations of the v, — v, appearance signal, there should exist
events coming from the v + e — v + e processes, but with distinct kinematical characteristics
that allow for their clear identification and rejection.

Our paper is organized as follows. In section 2, the analytical expressions for neutrino scat-
tering off electrons are summarized. Then, in section 3, we describe shortly the construction
of the NuWro Monte Carlo generator and explain technical details of the new functionality. In
section 4, we present a few validation tests of the discussed implementation and exemplify its
application in the evaluation of the leptonic background in the T2K oscillation experiment. We
conclude in section 5 with our final remarks.
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Figure 1. Feynman diagrams with leading contributions to neutrino—charged lepton
scattering.
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2. Neutrino scattering off charged leptons

2.1. Lagrangian

In the SM, neutrinos scatter off charged leptons via W* and Z° boson exchanges, which is
represented by the Feynman diagrams shown in figure 1. Neglecting the intermediate bosons
four-momenta, much smaller compared to their masses, the tree-level low-energy effective
Lagrangian for this interaction [18, 19] can be written as

Lo =—co | Y NiOyulcl’ PL+ cxPr)! + > Njy Iy, P | (1)
o (£

where Njf, , = Vpy"' Py is the neutrino current, { = e, p, T denotes the charged lepton, and vy
is a neutrino of the respective flavour. Py, and Py are the left and right chirality projectors. The
numerical coefficients are

" 1
co = 2\/§GF, céLé = sin® Ow — 3 + Ogprs CR = sin® Ow, 2)

where §,, is the Kronecker symbol, 6y is the Weinberg angle, and

2

8
Gr=———— 3
"4, )

is the Fermi constant relating the weak coupling constant g and W-boson mass My . In this
paper, we do not discuss non-standard neutrino interactions [20].

In what follows, we focus on the neutrino—electron scattering processes. There are six chan-
nels corresponding to all possible incoming neutrino and antineutrino flavours, with a total of
10 subchannels differing by the set of final leptons:

v.e — Uge, v,e — {ve, veut, vye — {vre,v,7},
Vee = {Vee, U1, U:T}, Ve — vye, vre — Use. )
The six processes with final states identical to the initial ones are called ‘elastic’ in the literature.

In these considerations, we safely neglect neutrino masses. The atomic binding energy
of electrons 10 eV < EP™ < 10 keV is much smaller than the electron mass m,, and to

3
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good approximation, one can take the target electrons to be at rest. We also assume that the
polarization of the target and outgoing electrons is not measured.

For the initial particles four-momenta: p, = (E,, p,), |p,| = E, and p, = (mg,ﬁ), the
invariant mass squared is

s = (p, + po)* = 2E,m, + m_, (5)

and production of the charged lepton ¢ requires neutrino beam energy above the threshold
values of
2 2
m; —m
Ei,thr — 4 e . 6
v T (6)
In particular, for muon and tau lepton production, the respective thresholds are
Er1r ~ 10.9 GeV and E7™ ~ 3.09 TeV. There is no neutrino energy threshold for the elastic
scattering off an electron. Similarly, at the energy of

2 2 2
EW:MW_mKNMW
v

~ ~ 6.3 PeV, 7
2m, 2m, @)
resonant exchange of the W-boson can occur in electron antineutrino scattering off an atomic
electron. For this characteristic Glashow resonance [21, 22] energy, the ,—e interaction dom-
inates over the ¥,-nucleus one. We plan to add this PeV-energy effect in a future NuWro
update.

2.2. Scattering cross section

The leading order (LO) differential cross section of the neutrino—electron scattering
[18, 23, 24] can be written as

d vylvgle=vylvgle El/me e le
om0 = S huw + el + et erli) @®)

for the elastic processes, and

E, m,
4

d vpe—vel 2 E, m, d Dee—siipl 2
EGLO = ¢ 4 I, d*ULo =<
< (e a < (e

I €)

for the remaining reactions listed in equation (4). In the formulas above, the final to initial
neutrino energy ratio denoted as z = E!,/E,, varies in the range of

Zmin =

M, AM? | AM?

- < g - = Zmax> 10
me + 2E,  2E,(m, +2E,) > ° 2E,m, © (10)

where AM? = m? — m? is the charged lepton mass splitting with the final charged lepton mass
of my = m,, m,,, m,. The kinematical factors in equations (8) and (9) take the form of

AM?
L((E)=1— —| 11
L(E,) SmiE, (11)
AM?
REE,2)=7 (1 , 12
R(E,,2) =2 ( +2meEyz> (12)
ny AMZ
INE,)=——(1—-7z— . 13
R(Er2) E( ‘ sz> (13
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Table 1. The kinematical factors J of equations (14)—(16), in the generic form and in
the limit of large incoming neutrino energy (right column).

my = my, n; mg=me My = me,my,,mr; E, >m,
N 2

Ju 2F F 1

BR({_2_ FH 1{1_ 172 1
Jr 12 (1 3 + 3 3 3 3

1 1 1

JL _rhmy _2r _1lmy
R 2 F% Me 72 2 Ey

‘We write the total LO cross sections as

(le—vilogde _ Evle ¢ o0 2 le. oL
op e = ir {1 Iur) + cgdriy + crerJg ) (14)
vpe—vel 2 E, m, Dee—siigl 2 E,m,
= Ji, o = JR, 15
Lo e ™ 70 45 Lo ezr ™ 70 4g (15

with the dimensionless factors
JE,) = / I(E,.2)dz (16)

that we show explicitly in table 1, defining

Fi=2+r, F, = (2 —rR)%, F3=Q+3R, (17)
and
AM? M,
R = e r=g (18)

In the MC implementation considered in this paper, we do not include radiative corrections
discussed in, e.g. references [18, 23-26]. For the neutrino energies up to ~50 GeV, the overall
O(«) corrections are of the order of 2%—3%, making the total cross section slightly smaller.
At even higher energies, these corrections are not large, rising logarithmically with neutrino
energy. More significant is the impact of radiative corrections on the spectrum of electron ener-
gies, which soften due to the emission of bremsstrahlung photons. In an MC implementation,
one should explicitly include such photons while generating final states and it is a challenging
task that requires a dedicated study. For most purposes, one can neglect the effects of radiative

corrections in neutrino—electron scattering and use the NuWro implementation for energies up
to ~100 GeV.

3. NuWro update

3.1. NuWro interaction modes

The neutrino Monte Carlo generator NuWro [11, 27] has been developed at the Wroctaw Uni-
versity by a theory group since 2005. Currently, NuWro covers the neutrino energy range from
~100 MeV to ~100 GeV. It includes the following neutrino—nucleon interaction modes which
can be individually switched on and off:
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e Charged current quasi-elastic (CCQE) and neutral current elastic scattering
vi+n—{0 +p, Up+p—C0T4+n, and v, +N =1 +N, (19)

where N is either proton (p) or neutron (n);

e CC/NC single-pion production, most importantly through the excitation of the A(1232)
resonance;

e CC/NC deep-inelastic scattering, defined by the condition Wj,, > 1.6 GeV, where Wiy, is
the invariant hadronic mass.

For nuclear target reactions, NuWro offers many possibilities to describe the initial state
bound nucleon: local and global Fermi gas, spectral functions, effective density and momen-
tum dependent nuclear potential. Nuclear targets also bring in two new possibilities for the
interaction modes:

e CC/NC coherent pion production;
e CC/NC meson exchange current process.

NuWro contains a homegrown intranuclear cascade model for the final state interactions
(FSI) of outgoing hadrons [28]. In modelling purely leptonic processes, FSI is not needed.

3.2. Neutrino—electron scattering

We have implemented the new dynamics within the existing NuWro framework, using the
differential cross sections given in equations (8) and (9).

For each neutrino—electron scattering channel with a known value of the incoming neutrino
energy, at every run a point z from the phase space defined in equation (10) is selected at random
with a uniform distribution. With this value of the variable z, we calculate the event ‘weight’,
for each neutrino—electron scattering channel, as the differential cross section evaluated using
the formulas (8) and (9) multiplied by the Monte Carlo phase space volume zZmax — Zmin. We
use the weights for two purposes. Firstly, their average value converges to the process cross
section and is reported in the output file. Secondly, a sample of events of required quantity is
generated through the accept-reject algorithm.

The value of z contains sufficient information to determine a neutrino—electron scattering
event. The event kinematics is first generated with the known beam direction and an arbitrary
choice of the interaction plane. As no information about electron polarization is explored, there
is no constraint on the interaction plane, and in each event, it is selected as a rotation around
the neutrino beam direction by a random angle ¢.

Assuming that the neutrino flux is oriented along the axis Z, after the rotation, the energy-
momentum four-vectors of the final state neutrino and charged lepton are given as

P, = (E,z, E,z sin 0, cos ¢, E,z sin 0, sin ¢, E,z cos 6,), (20)
Py = (Ej, —E,z sin 0, cos ¢, —E,z sin 0, sin ¢, E,(1 — z cos 6,)), (21)

where

E,=E,(1—-2)+m, (22)
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Figure 2. Cross sections for neutrino—electron reactions as a function of neutrino
energy. All the results are obtained with NuWro. Two neutrino energy ranges are cho-
sen: (i) E, € (0,0.2) MeV, comparable to the electron mass (upper left), (ii) £, € (0, 50)
GeV (remaining three plots), allowing us to see the effects around the threshold for muon
production. In two lower figures, we show the breakdown of the v, (left) and v, (right)
cross sections into separate contributions from the subchannels. « stands for y or 7 for
the processes where, in a shown energy range, cross sections for corresponding neutrino
or antineutrino are identical. Normalization is ‘per electron’.

is the final charged lepton energy, and

2E27+2m.E,(z — 1) + AM?
2F2z

cos 0, = (23)
is the cosine of the angle between the incoming and outgoing neutrino momenta.

From the channel list in equation (4), we see that for the v,, v, and 7, scattering, there
are two or three possible final configurations (elastic and non-elastic subchannels). In such a
case, for each subchannel, we select a point from the respective phase space independently and
calculate the subchannel weights W; using the procedure described before. The overall event
weight Wy is defined as a sum of weights W; of all available subchannels, and the event output
configuration is selected to be that of ith subchannel with the probability P; = W;/Wiq.

One can activate the new dynamics by setting the option dyn lep = 1 in the input
params . txt file. In the output file, the neutrino—electron cross section is given in the same
normalization as remaining interaction modes, i.e. ‘per nucleon’ in the target. Samples of events
with neutrino interactions on nucleons and electrons can be produced together with relative
quantities determined by corresponding average cross sections.

In figure 2, we show the total cross sections of all leptonic channels in equation (4) for
the noteworthy ranges of incoming neutrino energy, including low energies where they exhibit
non-linear behaviour. This is due to several reasons: the effect of electron mass (upper left
entry), and the energy threshold of equation (6) for muon production. For the incoming neutrino
energies above ~3 TeV, the new subchannels with tau lepton production occur in v.e and U,e
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Figure 3. v.e — v, e scattering cross section calculated by NuWro (black line) versus
the allowed regions extracted from the data collected in LAMPF [29] and LSND [30]
experiments.

scatterings, but they are not seen because we restricted the neutrino energy range to below
50 GeV.

4. Numerical analysis

We have performed an entry validation of our implementation by checking its ability to repro-
duce the analytical total cross sections given by the equations (14) and (15), see figure 2.
In the following subsections 4.1 and 4.2, we compare performance of the new implementa-
tion with some published results on the accelerator and solar neutrinos. As the application, in
subsection 4.3, we discuss the background of neutrino—electron events in the T2K v, — v,
appearance measurement.

4.1. Validation: Los Alamos accelerator data

For the normalization test, we chose the measurements done by the Los Alamos National Lab-
oratory experiments LAMPF [29] and LSND [30]. Both of them used low energy electron
neutrino beams. The reported, as energy-dependent formulas, results for v.e~ — v.e™ elastic
scattering cross section were:

oLampr = [10.0 + 1.5 (stat) £ 0.9 (syst)] x E,(MeV) x 10°% cm?,
oLsnp = [10.1 £ 1.1 (stat) + 1.0 (syst)] x E,(MeV) x 10~% cm?. (24)

In figure 3, we show experimental results as colour bands, together with the NuWro simulation
results presented as a black line. The agreement is adequate.

4.2. Validation: solar neutrinos

A possible application of the new NuWro interaction mode is in the studies of solar neutri-
nos oscillations. The detectors such as SK, SNO or Borexino are sensitive to the v,e — vje
reactions.
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Figure 4. The SK expectation [31] marked with stars, versus NuWro distribution (blue
histogram) of electron energies arising from v,e — v,e scattering of the hep solar neu-
trinos. The NuWro results are normalized to the same area, allowing for a shape-only
comparison.

We have performed a comparison to the SK expectation [31] for the non-monochromatic
hep solar neutrinos, which come from the *He + p — *He + ¢™ + v, reaction. The spectrum
of such hep neutrinos can be approximated by the formula from reference [32]:

v 2.33 x 107°(18.8 — E,))'"%9E! 92, (25)
dE,

In figure 4, the stars mark predicted event rates for the v,e — v,e scattering of the hep neu-
trinos in the SK detector [31], neglecting oscillations. The histogram shows the respectively
normalized NuWro distribution for 107 generated events. The agreement between the two
computations is accurate.

4.3. Application: T2K experiment

Tokai-to-Kamioka (T2K) [17] is a long-baseline neutrino oscillation experiment in which
the neutrinos produced in the J-PARC accelerator centre in Tokai travel a distance of about
295 km, aiming to interact in the SK laboratory. The neutrino flux is composed mostly of
muon neutrinos or antineutrinos.

T2K performs experimental analyses aiming to measure parameters of the neutrino oscilla-
tions model [8]. The disappearance signal v, 4 v, is used to measure the \Am%\ and sin?, #3
oscillation parameters. The dominant oscillation mode at T2K is v, — v, yet the neutrino
energies are too low to produce a charged lepton 7 at the oscillation maximum. Instead, one
can measure the subleading appearance mode v, — v,, which is sensitive to the values of
013 and CP-violating phase. Electron neutrinos are measured in the SK detector mostly via the
CCQE scattering. The SK identifies electron neutrinos ‘electron-like’ events because it can dis-
tinguish electron and muon Cherenkov rings. Hence, it is important to estimate the background
coming from the ve — ve interactions.

The predicted unoscillated T2K flux in the neutrino mode, taken from references [33, 34],
is shown in the top plot of figure 5, while the bottom panel presents the oscillated one. To

9
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Figure 5. The unoscillated (upper) and oscillated (lower) T2K beam flux in the neu-
trino mode at the SK detector. The oscillation parameters used in the computations are:
sin®f3 = 2.241 x 1072, sin’fp3 = 0.558, and Am3, = 2.449 x 1073 eV? [8].

compute the oscillated flux, we used the best fit values of neutrino oscillation parameters for the
normal ordering of neutrino masses [8]: sin” 63 = 2.241 x 1072, sin? #,3 = 0.558, Am%2 =
2.449 x 1073 eV?, and neglected the effects of the smaller parameter Am3,, whose contribution
to the effective neutrino mass splitting is less than 2% [35], and the CP violation.

In table 2, we collect information about the composition of the T2K neutrino beam at the
SK and show the predicted fractions of electron-like events broken down according to their
origin. The overall protons-on-target (POT) normalization is arbitrary, and we are concerned
only about the relative fractions. We present the distribution of the electron-like events with
the breakdown into interaction modes as a function of neutrino energy in figure 6.

In figures 7 and 8, we show distributions of the signal from CCQE electron-like events and
the leptonic background in the final electron kinetic energy, and the cosine of outgoing electron
angle relative to the direction of the neutrino flux, respectively. From these comparisons one
can deduce that the only kinematical region where the background events can contribute sig-
nificantly to the overall signal is that of forward (relative to neutrino beam) moving low energy

10
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Table 2. The breakdown of electron-like events at SK with the T2K neutrino flux for
the same oscillation parameters as in figure 5. The second row shows the composition
of the flux in the energy range from 0 to 6 GeV. The fourth row shows the average cross
sections for various interaction modes, and the last row shows their relative contributions
to the overall number of events.

Neutrino type Ve v, vy v
Flux contribution in % 4.38 24.92 64.46 6.24
Scattering channel CCQE Ve—e v,—e v,—e v—e
(o) x 10" (cm?) 3220 4.27 1.07 0.551 0.833
Event number in % 99.41 0.13 0.17 0.25 0.04

Normalized event distribution

Incoming neutrino energy (GeV)

Figure 6. NuWro prediction for the T2K experiment signal of electron-like events
measured in superKamiokande detector. For details, see table 2.

electrons. This observation can be verified with the analytic computations using the relation
between the final electron angle 6 and energy E.:

EE, —m.(E, — E,) —m; _ eEy+m,)

ENE} —m? CENE+2me

where we introduced the electron kinetic energy e: E, = m, + €. At T2K energies E,, >> m,
and the relation simplifies as

2m,\ 2
cm&z——i——:<H—?> . 27)

\ €2+ 2m,e

Hence, for € >> m,, one obtains cos ~ 1 —m, /e =~ 1.

To investigate this region of phase space in more detail, in figure 9, we show the ratio
Nigp/(Nccge + Nigp), where Nigp is the number of neutrino—electron events and Nccgg is
the number of CCQE events, calculated in 2D (E., cos ) bins. One can see that the neu-
trino—electron and the CCQE events are mostly separated. The regions which are almost

cos 0 = (26)

1
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Normalized event distribution

2 25 3.5 4 4.5 5
Final electron energy (GeV)

Figure 7. A distribution of electron-like events at SK with the T2K v, flux, as a func-
tion of the final electron energy. The contributions from the CCQE and purely leptonic
interactions are shown separately.

107" L L L B B B B L
102

10°°

Normalized event distribution

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
coso

Figure 8. The same as in figure 7 but the distribution is drawn as a function of cos 6.

entirely populated by neutrino—electron events, i.e. those in the most forward bin and with
low values of the final state electron energy E, < 300 MeV account for ~ 40% of the total
number of Ny gp events. With a sufficient detector resolution in terms of electron energy and
angle, one could reject this fraction of neutrino—electron events. Assuming total statistics of the
order of 102 POT by the end of T2K commissioning, we expect to find a few neutrino—electron
events. In the future hyper-Kamiokande oscillation experiment with the statistics higher by a
factor of 20, this number will grow, making such considerations reasonable. We showed that
almost half of this background to electron-like events populate a distinct region of the phase
space and can be subtracted. The complete study of the background events in SK measure-
ment of the appearance oscillation signal goes far beyond the scope of this paper. Background
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Figure 9. NuWro prediction for the two-dimensional E/, — cos  distribution of the ratio
of the leptonic to total (CCQE plus leptonic) electron-like events at the SK detector:
Nvrep/(Nceqe + Nigp).

events also originate from the NC 7° and single-photon production. The former plays a crucial
role in the experimental analyses, and there have been many exhaustive studies of methods to
distinguish e and 7° signatures at SK [36]. Here, we emphasize a source of the background
that can result in a similar final state already at the interaction vertex level and cannot be tack-
led otherwise. For the latter, reference [37] yielded a calculated amount of about 1.5% of the
overall oscillation signal coming from this mechanism. Photons arising from the NC1+ reac-
tion populate a large region in the (E,, cos 6,) plane and contrary to the ve scattering events,
cannot be kinematically separated.

Finally, we notice that due to radiative corrections, the fraction of neutrino—electron events
in the low electron energy bins becomes slightly higher. As explained in section 2, electrons
tend to lose energy due to emission of bremsstrahlung photons [24].

5. Conclusions

In this paper, we describe the implementation of neutrino—electron reactions in the NuWro
Monte Carlo neutrino event generator. Using this new functionality, we compared the NuWro
outcome with a selected sample of experimental data and theoretical computations. The most
elucidative example is that of electron-like events detected in the SK detector in the T2K
experiment. Using NuWro results, we argue that in the future hyper-Kamiokande oscillation
experiment, such interactions should be included in the analysis.
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