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Novel event generator for the automated simulation of neutrino scattering
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An event generation framework is presented that enables the automatic simulation of events for next-
generation neutrino experiments in the Standard Model or extensions thereof. The new generator combines
the calculation of the leptonic current based on an automated matrix element generator and the computation
of the hadronic current based on a state-of-the-art nuclear physics model. The approach is validated in
Standard Model simulations for electron scattering and neutrino scattering. Furthermore, the first fully

differential neutrino trident production results are shown in the quasielastic region.
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I. INTRODUCTION

Neutrino physics is entering an era of precision mea-
surements. The development of the Deep Underground
Neutrino Experiment (DUNE) [1,2] and of the
Hyperkamiokande (HyperK) [3] detector will allow us to
probe neutrino interactions to unprecedented precision and
will allow for tests of beyond the Standard Model (BSM)
scenarios such as proton decay, sterile neutrinos, and heavy
neutral leptons, as well as rare Standard Model (SM)
processes such as neutrino tridents [1,4]. The excess of
electronlike events in measurements at LSND [5] and
MiniBooNE [6—11] has demonstrated the need for a toolkit
which allows the physics community to quickly test
different hypotheses against experimental data. While
calculations can be done on a case-by-case basis, such
as in Refs. [12-32], a dedicated analysis for each new
physics model becomes impractical when there is a wealth
of ideas and a large number of measurements that present
simultaneous constraints, such as the recent MicroBooNE
results [33]. In such cases an end-to-end simulation should
be attempted, starting with the Lagrangian of the under-
lying new physics hypothesis, and leading to particle-level
events that are generated fully differentially in the many-
particle phase space by means of Monte Carlo methods. In
addition, it must be possible to implement this simulation
pipeline as part of experimental analysis frameworks, such
that detector effects can be fully included.
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The accurate simulation of particle-level events based on
an underlying physics model has been a cornerstone of
high-energy physics experiments for many decades. In the
context of Large Hadron Collider (LHC) physics, the
problem of an end-to-end simulation pipeline has been
encountered long ago, and it was successfully addressed
through the development of FeynRules [34,35], specific event
generator interfaces [36,37], and eventually the UFO file
format [38]. A complete toolchain has been developed,
starting with the conversion of the Lagrangian to Feynman
rules [34,35], followed by the perturbative calculation of
cross sections and event simulation by Amegic [39], Comix
[40], Herwig++ [41,42], MadGraph [43], or Whizard [44], and
finally leading to particle-level event simulation with Herwig
[41,42], PYTHIA [45,46], or Sherpa [47,48]. The flexibility of
the aforementioned tools plays a major role in the explora-
tion of model and parameter space by the LHC experi-
ments. In anticipation of similar needs at next generation
neutrino experiments, we develop a simulation framework
that allows for the generation of particle-level events in
arbitrary new physics models, while at the same time
appropriately including nuclear effects. We validate our
new framework in Standard Model electron- and neutrino-
nucleus scattering. We also calculate the first results for
fully differential neutrino trident production in the quasie-
lastic region.

This manuscript is structured as follows: Section II
presents an introduction to the problem of neutrino-
nucleus scattering and lays out the general framework
for the calculation. Section III introduces our technique to
compute the leptonic tensor, and Sec. IV reviews the
techniques for phase-space integration. Section V outlines
the computation of the hadronic tensor. The first numerical
results are presented in Sec. VI, and Sec. VII contains an
outlook.
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II. THEORY OVERVIEW

In neutrino experiments, the majority of events of
interest can be described via an exchange of a single
gauge boson. In this case, the differential cross section
factorizes as

d
d_:! o L, WH, (1)

where L, (W#) is the leptonic (hadronic) tensor.

The leptonic tensor can be calculated using methods
developed for collider event generation and will be dis-
cussed in detail in Sec. III. On the other hand, when
dropping spin dependent terms, the hadronic tensor can be
written using the most general Lorentz structure as

UV N Y2
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q2 a’ Pa
(2)
where p, is the momentum of the initial nucleon, ¢ is the
momentum of the probe, p = plh — %q", 0% = —¢?, and

W; are the nuclear structure functions.

Factorizing the differential cross section in this manner
allows us to separate the BSM effects that would be
dominant in the leptonic tensor from the complicated
nuclear physics calculations of the hadronic tensor.
Moreover, neutrino event generators have already imple-
mented many nuclear models into their codes [49-52],
making the calculation of W a straightforward process.
Therefore, we can leverage the work done on the nuclear
side to make accurate predictions for different BSM
scenarios at DUNE, HyperK, MicroBooNE, and
MiniBooNE.

While Eq. (1) works when a single type of gauge boson
exchange dominates the total cross section (i.e., the photon
for electron scattering, the W boson for charged-current
neutrino scattering, and the Z boson for neutral-current
neutrino scattering), this approximation breaks down when
interference is important. In this case, the differential cross
section can be obtained through an extended factorization
formula that reads

dU ii i
0" ZL;U.{)W( v (3)
i

where the sum over i, j is for each allowed boson in the
process. For example, adding in the Z boson contributions
to electron scattering would result in

(Cil_g - L%”w(w)uv + L/(j;z) WD 4 L,(,fy) W (Znw

T LDy, (4)

This formulation of the problem quickly becomes unwieldy
as the number of allowed bosons in the process increases.
In these situations, it is better to write the differential cross
section as the square of a product of leptonic and hadronic
currents:

2

; (5)

do (0) yy i
E:’ZL” Wik

where the interference terms are automatically included by
taking the square of the sum of amplitudes. In this work,
we will use Eq. (5) for our calculations, but in the cases
when the nuclear physics cannot be written as a current,
we provide the option to work with the leptonic tensor
in Eq. (3).

The BSM calculations we intend to automate involve
only the leptonic current and are independent of the exact
nuclear model. We will therefore focus on the quasielastic
region in this work for concreteness. Specifically, the
hadronic current will be computed in the impulse approxi-
mation (IA), using the spectral function formalism as
discussed in Refs. [53,54]. In this approximation, the
nuclear current can be expressed as a sum of one-body
currents, and the nuclear final state can be written as a
struck nucleon and an A — 1 spectator nuclear remnant.
Given the initial nuclear ground state |y ) and the nuclear
final state (y7|, the current operator can be rewritten

through the insertion of a complete set of states
(_p, [Pa){Pa)) in the TA as

we = (T i) = Yl
Pa

® (Palllwt)(pa + quﬂlpa% (6)

where J* is the current operator of the boson probing the
nucleus and 7" ’,’ is the current operator contribution from
the ith nucleon in the IA. The incoherent contribution to the
hadronic tensor can then be calculated as

d*p,
WH — / E dE,S(p.- E)Y (Pl T |pa + q)

1

* (pa+a|T{ |pa)d(@ = E, +m — E'), (7)

where o is the lepton energy loss, E, is the excitation
energy of the A — 1 nucleon system, E’ is the outgoing
nucleon energy, and S(p,,E,) is the spectral function
which gives the probability of removing a nucleon with
three-momentum p, and excitation energy E,. The spectral
functions of finite nuclei have been obtained using different
nuclear many-body approaches [55-59]. In particular,
those computed within the correlated-basis function
(CBF) theory, self-consistent Green’s function (SCGF),
and variational Monte Carlo (VMC) methods have yielded
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consistent inclusive lepton-scattering cross sections on
different nuclear targets [54,60-62]. The CBF spectral
function used in this work is given as a sum of two terms.
The first term, which describes the low excitation energy
and momentum region, uses as input spectroscopic factors
extracted from (e, ¢’ p) scattering measurements. The sec-
ond term accounts for unbound states of the A — 1 spectator
system in which at least one of the spectator nucleons is in a
continuum state. This contribution is obtained by folding
the correlation component of the nuclear matter spectral
function obtained within the CBF theory with the density
profile of the nucleus [63].

The nuclear one-body current operator can be expressed
in general as the sum of the vector (V) and axial-vector (A)
terms given as

T = (T + T4),
th'a
H o Ta P Uy 2
Ty =7r"F{ +io %2M7
f'a
T = —1"7sF4 — 4"7s ﬁp (8)

where F¢ are the process dependent nuclear form factors
for the exchange of the boson a and M is the nucleon mass.
Since the pseudoscalar form factor (F%) is multiplied by
the mass of the outgoing lepton in the cross section, we
neglect the contribution from it in this work. The values for
the form factors considered here are detailed in Sec. V.

III. CALCULATION OF THE LEPTONIC
CURRENT

Employing a dedicated version of the general-purpose
event generator Sherpa [47,48,64], we construct an interface
to the Comix matrix element generator [40] to extract the
leptonic current. In Comix, the matrix element is computed
using the color-dressed Berends-Giele recursive relations
[65], which can be understood as a Dyson-Schwinger—
based technique [66,67]. In this technique, the full tree-
level scattering amplitude is determined from off-shell
currents which are composed of all subdiagrams connect-
ing a certain subset of external particles. These currents
depend on the momenta p,..., p, of external particles
1,...,n, and on their helicities and colors.

The off-shell currents satisfy the recursive relations

Jo(7) = Py(n) Z Z S(zy. m) Ve (71, m5)

Vol 2 Py (x)
X J o, (1) o, (72), )

where P,(r) denotes a propagator, which depends on the
particle type a and the set of particles, z. The term
Vo' (my,m,) represents a vertex, which depends on the
particle types a, a;, and @, and the decomposition of the
set of particle labels, 7, into disjoint subsets 7, and z,.

The quantity S(z, 7,) is the symmetry factor associated
with the decomposition of z into z; and =z, [40].
Superscripts refer to incoming particles at the vertex,
and subscripts to outgoing particles. The sums run over
all vertices in the interaction model and over all unordered
partitions P, of the set 7z into two disjoint subsets. Since we
will use the above recursion only to compute the leptonic
current, we can suppress color indices. Helicity labels are
implied. The initial currents J, (p;) can be determined
based on the spin of the ith external particle. The external
currents are given by

1 spin = 0
Jo(pi) = § ulp;) oru(p;) spin=1/2, (10)
ea(pink) spin = 1

where u(p;) and v(p;) are the solutions to the Dirac
equation, ¢, is the polarization vector, and k is an auxiliary
vector to define the polarization.

A complete list of interaction vertices for the Standard
Model can be found in Ref. [40]. For completeness, we also
list the nontrivial expressions for the natively implemented
Lorentz structures in the Appendix. Comix allows one to
include Feynman rules for nearly arbitrary new physics
scenarios in Eq. (9) by means of a generic interface to the
UFO file format [38], and an automated generator for the
Lorentz (and color) structures [68,69]. This extension of
Comix to BSM calculations also discusses the extension
of Eq. (9) from containing only three-point vertices to
arbitrary N-point vertices. The generation of UFO files can
be accomplished through the use of the FeynRules program
[34,35], which can take any Lagrangian and obtain the
needed Feynman rules for tree-level calculations.

In order to compute the leptonic current needed to
evaluate Eq. (1), we introduce pointlike nucleons into
the theory, which act as auxiliary particles that are needed
only for bookkeeping purposes and to construct a formally
complete scattering amplitude. The off-shell currents cou-
pling to these nucleons are then used to define the leptonic
current or the leptonic tensor as

L, om)y =001, m),
Lo, ..

~—
o~
(=)
=
—
—~
—

m)=JP(1,m om), (1)
where the particles 1, ..., m are the nonstrongly interacting
particles that contribute to the leptonic current.

Through the use of the recursion relations, and the
interface with UFO files generated from FeynRules, this
generator can calculate almost any leptonic current that
may be of interest. The only limitations on the leptonic
currents that can be calculated are the following: (i) they
cannot currently handle any spin > 1 particles; (ii) they
cannot have any color charged particles; (iii) only spin-1
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particles can probe the nucleus; and (iv) only tree-level
diagrams can be calculated. Of these limitations, only the
exclusion of the color charged particles cannot be resolved
with future work. Allowing color charged particles to
interact with the nucleus breaks the assumption that the
degrees of freedom in QCD are protons and neutrons.
Implementing other probes of the nucleus involves updat-
ing the nuclear physics to include the appropriate form
factors for the different spin probes. Handling particles
with spin > 1 requires implementing the needed external
particle states and appropriate propagators. The automation
of one-loop diagrams has been discussed in detail in
Refs. [70-72].

IV. PHASE-SPACE INTEGRATION

We employ the recursive phase-space generation tech-
niques of Ref. [73] in combination with the multichannel
method of Ref. [74] and the adaptive multidimensional
integration algorithm Vegas [75] in order to perform the
phase-space integrals. Considering a 2 — n scattering
process with incoming particles @ and b and outgoing
particles 1,...,n, the n-particle differential phase-space
element reads

d®,(a.b;1,....n) = [H ((;Sgé(pg—mf)@(p,-o)}
i=1

x (27451 (pa +py— Zm) . (12)
i=1

where p; and m; are the momentum and on-shell masses of
outgoing particles, respectively.

For concreteness, consider the 2 — 2 process [ + '’C —
' + N + X in the quasielastic regime. In this case, we have
to consider not only the final state lepton and nucleon but
also the initial state of the system. In the quasielastic
regime, the initial momentum of the nucleon can be
generated by considering an isotropic three-momentum
and a removal energy of the nucleon inside the nucleus.
Furthermore, if the lepton is not monochromatic, then the
momentum of the lepton can be generated according
to the initial flux. Putting all the components together,
the full differential phase-space element is given as
d®,(a, b; 1,2)d*p,dE,d*p,, where d®, (a, b; 1,2) is given
in Eq. (12), p,(E,) is the three-momentum (removal
energy) of the initial nucleon, and p,, is the three-momen-
tum of the initial lepton. This process will proceed through
a t-channel exchange of a gauge boson. Therefore, it is
efficient to rewrite the two-body final state phase space
such that it appropriately samples a t-channel momentum
distribution as

A(Sab’ S, 52)

d0x(a. b1 2) = = o

dcos@,d¢p;, (13)

where 6, (¢,) is the polar (azimuthal) angle with respect to
the axis formed by p, + p;,. Here we have introduced the
Killen function

12(Savsb’sc) = (sa _Sb_sc>2 —4SbSC, (14)

where s; denotes the invariant mass of the particles i. The
differential phase-space element d*p, can be rewritten as

d3pa = |pa|2dpadCOS gad¢av (15)

where E, is the removal energy, 6,(¢,) is the polar
(azimuthal) angle with respect to the beam direction, and
the energy of the nucleon is given as E, = my — E, to
convert the quasielastic energy conservation é-function given
inEq. (7)to 5(E, + E, — E, — E,), which is consistent with
the energy conservation of Eq. (12). The initial distribution for
the lepton depends on the experiment being considered and is
typically given as a probability distribution given some initial
momentum (and position in the case of fluxes from NuMI
beam simulations [76]). Events can be generated according to
this probability distribution with various MC techniques. In
this work, we consider only monochromatic beams, so details
of these methods are left to a future work.

To generalize the phase-space integration to higher
multiplicities, we follow Ref. [77], factorizing Eq. (12) as

d®,(a,b;1,...,n) =d®,_,, . (a,b;a,m+1,...,n)
ds
xz—;d¢m(ﬂ;1,...,m). (16)
In this context, # = {1,...,m} corresponds to a subset of

particle indices, similar to the notation in Sec. III. We use
overlined letters to denote the missing subset, e.g.,
a=1{a,b,1,...,n}\a. Equation (16) allows the decom-
position of the complete phase space into building blocks
corresponding to the propagatorlike term ds,/(2z) and the
s- and f-channel decay processes

Sp.zr\p _ ’I(Szrv Sps sl[\/))
i 162725,

/I(Sabﬂ Sz S%)
167225,

dcosd,dg,,

TZ:ZTﬂ — dcos0,d¢,, (17)

where Tg:gb " is the same function as in Eq. (13). In addition,

an overall factor of (27)*d*p—5“(p, + p, — pz) guar-
antees four-momentum conservation. The basic idea of
Ref. [73] is to match the indices in the virtuality integrals of
Eq. (16) and the lower left indices in the T functions to
indices of z-channel currents in the hard matrix element.
In this manner, one obtains an optimal integrator for a
particular Feynman diagram in a scalar theory that contains
propagators with all these indices. An optimal integrator for
all scalar diagrams can then be constructed using the
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multichannel technique [74]. Finally, the spin dependence
of the hard matrix element can be mapped out more
carefully with the help of adaptive MC algorithms [78-80].

V. NUCLEAR MATRIX ELEMENT INTERFACE

While the UFO file is extremely flexible, it is missing a
way to easily define the nuclear form factors involved
within the interaction. We propose to use an extension to
the UFO file format that provides a way to consistently
interface with the form factors used in the neutrino event
generators and other neutrino-nucleus interaction codes.
This extension will only be valid as long as the conserved
vector current (CVC) hypothesis is valid. The CVC
provides a method to relate the vector form factor for an
arbitrary model to the electromagnetic form factors (F,
F,). The electromagnetic form factors F; and F, can be
defined in terms of the electric and magnetic form factors as

p.n p.n
Gg +1Gy,

Fp,n _
! 1+7
n Gy" -Gy’
Fy :7E1+1M : (18)

with 7= —¢?/(2M)?. In this work, we consider the
Kelly parametrization for the electric and magnetic form
factors [81].

Additionally, we will consider a global axial-vector form
factor as well. While it is straightforward to implement any
form factor, such as the “z-expansion” [82], we choose to use
the dipole parametrization to allow for a fair comparison to
Ref. [54]. The standard dipole parametrization is given as

= ")

where the nucleon axial-vector coupling constant is taken
to be g4 = 1.2694 and the axial mass is taken to be
M, = 1.0 GeV. Studying the impact of different paramet-
rizations of the axial-vector form factor are beyond the scope
of this work.

The form factors for an arbitrary process can be
expressed in the form factors given above through the
use of their isospin dependent interactions. Here we work
out the form factors for the Standard Model photon,
Z boson, and W boson, but the process can be applied
similarly to any BSM scenario. Since the form factors
are defined in terms of the coupling to the photon, the
photon form factors [F”; see Eq. (8)] are straightforward
and given as

FA:

Flen = FL =0, (20)

The W+ boson couples via isospin through the 7+ operator,
which leads to the form factors

J’:'W(Pvn) — F{’ _ F;-l,

; FY =Fy. (21)
The Z boson also couples via isospin, and the form factors
are

1 1 1
fZ(p) = <§—281n29W> Ff? —EF?, ]_'i(!ﬂ :EFA,

1

Z(n 1 . n 1 Z(n
Fr = <§—251n29w) Fi—3Fl F{"=—Fy (22)

20 i

where sinfy is the weak mixing angle. We leave the
examples of working out the form factors for specific BSM
scenarios to a future work.

VI. RESULTS

We consider the processes of electron and neutrino
scattering off carbon, and neutrino trident production off
carbon. The electron scattering and neutrino scattering are
used as a means to validate the code. The trident production
is the first fully differential calculation of tridents in the
quasielastic region using nuclear spectral functions, to
demonstrate the ability to extend the predictions beyond
2 — 2 processes. For simplicity, we only consider a
monochromatic beam for the incoming particle, but it is
straightforward to include appropriate fluxes. Additionally,
we do not include any final state interaction effects,
which are known to shift the location of the peak of the
distribution, reduce the height of the peak, and broaden
the tails of the distribution. For all the calculations,
we set our electroweak parameters in the (a, Gp, M)
scheme, and the values are chosen as o= 1/137,
Gr = 1.16637 x 1075 GeV~2, and M, = 91.1876 GeV.
Throughout the calculations, all leptons are considered
massless particles. Furthermore, we include the full propa-
gator and do not take the infinite mass limit for the
contributions from W or Z bosons. This differs from
previous works in which the four-point Fermi interactions
are used to model the neutrino-nucleus interactions.

A. Electron scattering

There is a plethora of electron scattering data on a carbon
target that has been collected. Here we compare to a select
few experimental results, along with the predictions based
on Ref. [83]. The data are the double differential cross
section in solid angle and the energy transfer (w) versus the
energy transfer to the nucleus.

First, we consider the electron scattering off carbon with
an electron beam energy of 961 MeV and 37.5 deg
scattering angle [84]. The comparison between the data,
the results based on Ref. [83], and our work can be seen in
Fig. 1. We observe that the calculation is consistent with the
original theory calculation. Furthermore, the difference in
the quasielastic peak region between the theory calculation
and the data can be explained by including final state
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FIG. 1. A comparison between our calculation, the data from

Ref. [84], and the theory calculation based on Ref. [83] for a
961 MeV electron scattering off carbon at an angle of 37.5 deg.
The two theory calculations are consistent with each other, and
the difference from the data can be explained by including final
state interaction effects.

interaction effects, as shown in Ref. [83]. The high energy
transfer tail can be explained through the inclusion of two-
body currents, resonance production, and deep-inelastic
scattering [83].

Figure 2 displays the comparison between the two theory
approaches and data for electron scattering off carbon with
an electron beam energy of 1300 MeV and 37.5 deg
scattering angle [84]. Again, we observe that the two
theory calculations are consistent. There is an overall
agreement between the theory prediction based on
Ref. [83] and the data in the quasielastic region; the small
difference at low w has to be ascribed to final state

2000 T T T T T
—— This Work
1750 —— SF 1A
+ data

1500 -

1250

1000

(nb / (sr MeV))

750

do
dQdw

| | | | |
100 200 300 400 500 600
w (MeV)

FIG. 2. A comparison between our calculation, the data from
Ref. [84], and the theory calculation based on Ref. [83] for a
1300 MeV electron scattering off carbon at an angle of 37.5 deg.
The two theory calculations are consistent with each other, and
the difference with the data can be explained by including final
state interaction effects.

interaction effects as in Fig. 2. These can be accounted
for as demonstrated in Ref. [83] but their inclusion is
beyond the scope of this work.

B. Neutrino scattering

For neutrino scattering, we consider both neutrino and
antineutrino beams. Since there are no high-energy mono-
chromatic beams of neutrinos, we only compare our results
to those from Ref. [54], but do not compare to any
experimental data. For both neutrino and antineutrino
beams, we consider both the total cross section as a
function of incoming neutrino energy, along with the
double differential cross section in the outgoing angle
and energy of the outgoing lepton versus the energy transfer
to the nucleus. We consider only charged-current (CC)
interactions here. In order to compare to the results of
Ref. [54], we include the effects from Pauli blocking by
ensuring that the outgoing nucleon has a momentum
greater than the Fermi momentum kp = 225 MeV.

As shown in Fig. 3, the calculation using the current
approach agrees (up to statistical uncertainties) with the
calculation based on Ref. [54].

Additionally, the differential cross section is compared in
Fig. 4 for the CC interaction at a fixed outgoing lepton
angle of 30° (left) and 70° (right) for an incoming 1 GeV
neutrino and antineutrino. Here we again see consistency
between our method and that of Ref. [54].

C. Neutrino tridents

To demonstrate that this generator is not limited to the
2 — 2 process only and that it can handle interference
terms, we consider the neutrino trident process yMIQC -
v,ete”X with a fixed neutrino beam energy of 1 GeV,
including both the Z and photon interactions with the
nucleon. Additionally, this process is an important back-
ground to understand for multiple lepton final state BSM
explanations of the MiniBooNE excess. The Feynman
diagrams for this process can be found in Fig. 5. In order
to regulate the electron propagator pole, we set a minimum
opening angle between the two electrons of 5°. In addition
to this cut, we also require that the electrons have a
minimum energy of 30 MeV and have an angle from the
neutrino beam axis greater than 10°. The electroweak
parameters and form factors are identical to those used
in the electron and neutrino scattering results section.
With this setup, we obtain a total cross section of
3.973 x 10714 £ 2.764 x 1077 nb, which is consistent
with the results of Ref. [85]. In addition, we show the
results for the electron pair opening angle, the leading
electron energy, the subleading electron energy, and the
invariant mass of the electron pair. The electron pair
opening angle can be seen in Fig. 6 and is defined
as the angle between the two electrons. This observable
is important in understanding the ability of the

096006-6



NOVEL EVENT GENERATOR FOR THE AUTOMATED ...

PHYS. REV. D 105, 096006 (2022)

T T T T T T T T
—— This Work
5 — SFIA B

0 (10738 cm?)

Neutrino -

1.005 &
1.000 = —
0.995 — —

Ratio to SF IA

| | |
200 400 600 800 1000 1200 1400 1600 1800 2000

E, (MeV)

FIG. 3.

3.0 T T T T T T T T
—— This Work

25 — SFIA _

o (10738 cm?)

1.005 1
1.000 = =

0.995 - —
| | |
200 400 600 800

Ratio to SF IA

I Il 1 1 1
1000 1200 1400 1600 1800 2000
E, (MeV)

A comparison between our calculation and the SF IA based on Ref. [54] for the total cross section for charged current

scattering off a carbon nucleus versus neutrino energy. On the left is the neutrino channel, while on the right is the antineutrino channel.
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—— This Work
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dcosfdw

N
o

0 100 200 300 400 500

T T
L p— This Work
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3
IS
E
o 61
)
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w (MeV)

FIG. 4. A comparison between our calculation and the SF TA based on Ref. [54] for the double differential cross section for a 1 GeV
neutrino on a carbon target, with a fixed outgoing lepton angle of 30 deg on the left and 70 deg on the right.

next-generation experiments to observe this process for the
first time based on their resolution for separating the two
electrons from a single electron. The leading and sublead-
ing electron energy can be seen in Fig. 7. In comparing the
leading and subleading energies, we see that one electron
tends to be significantly softer than the other electron.

Vp — U Vi — Uy

Z Z
. o A .
A
s e —4— T
Z/y Z/y

N—»—p»— N N—»—p»— N

FIG. 5. The two Feynman diagrams representing the neutrino
trident cross section.

Finally, the electron pair invariant mass can be seen in
Fig. 8. This is an important observable to distinguish
neutrino trident processes from BSM scenarios that have

350
300
250
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150

100

dZ‘gM (10~% ¢m?/radians)

50

III|IIII|IIII|IIII|IIII|IIII|IIII|T

0 11 11 ‘ 11 11 ‘ Il 11 Il ‘ Il 11 Il ‘ 11 11 ‘ 11 Il
0.5 1 1.5 2 2.5
AB, (radians)

o
(8]

FIG. 6. The opening angle between the two electrons in the
neutrino trident process with an incoming neutrino beam of
1 GeV. A cut is placed on the minimum opening angle of 5°, and
the electrons are required to have a minimum energy of 30 MeV.
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FIG. 7. The leading (left) and subleading (right) energy for the outgoing electrons in the neutrino trident process with an incoming
neutrino beam of 1 GeV. A cut is placed on the minimum opening angle between the electrons of 5°, and the electrons are required to

have a minimum energy of 30 MeV.

(10™%° cm?/MeV)

do
e

o 200 400 600 800
M. (MeV)

FIG. 8. The invariant mass of the electron pair from the neutrino
trident process with an incoming neutrino beam of 1 GeV. A cut is
placed on the minimum opening angle between the electrons of
5°, and the electrons are required to have a minimum energy of
30 MeV.

a pair of electrons in the final state, such as Ref. [22]. In the
case of Ref. [22], the Z" will create a bump in the invariant
mass spectrum, which would easily be distinguishable from
the standard neutrino trident prediction. We leave a detailed
analysis of separating the standard neutrino trident from Z’
models to a future work.

VII. CONCLUSIONS

We developed a novel event generation framework for
the automated simulation of neutrino scattering at next-
generation neutrino experiments. The framework takes
inspiration from similar tools developed for the automatic
simulation of events for the LHC community. The major
complication that does not exist at the LHC is the handling
of the nuclear physics effects, which we address by
interfacing to a dedicated code for nuclear physics models
in the quasielastic scattering region. Adding in the two-
body currents, resonance production, shallow inelastic
scattering, and deep inelastic scattering contributions is a

logical extension of this work. This would require updating
the handling of the initial states for the nuclear side,
modifying the energy conserving delta function such that
the phase-space techniques described here can be applied,
and implementing the additional nuclear effects. We leave
this to a future work.

We demonstrate that we reproduce the expected results
for the commonly studied processes of electron scattering
and neutrino scattering off nuclei. Furthermore, we dem-
onstrate the ability of the framework to compute processes
beyond 2 — 2 scattering by studying neutrino tridents. This
process is important for multilepton final state explanations
of the MiniBooNE excess. We show a variety of differential
distributions demonstrating that this framework is capable
of simulating full-differential events for subsequent analy-
sis in the experimental simulation pipelines.

With the development of our new event generator, it
becomes straightforward to study possible beyond Standard
Model physics scenarios in a rigorous manner. Since the
results obtained from the generator are fully differential in
the many-body phase space and include the complete
nuclear effects, our framework can assist the experiments
in defining improved search strategies to separate various
BSM scenarios from the Standard Model and from
each other. We leave the details of this procedure to a
future work.

The source code for our event generator will be
provided upon request and made public upon publication
of this work.
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APPENDIX: NATIVELY SUPPORTED LORENTZ
STRUCTURES

To exemplify the generality of our code, we list in this
Appendix the nontrivial expressions for the natively
implemented Lorentz structures, not including those that

|
. 1 5
\F.r/ uj'u,y 5

\{/’ =T (p,q) jajl = j5' (p —

\\'\é_rff _ (29/,1,1/9)\;1 . gu)\guf-c o guNgV/\

correspond to simple contractions of external polarization
vectors or spinors. The building blocks given here can be
extended to nearly arbitrary interactions (also including
higher-point functions) by means of the interface to
FeynRules and UFO published in Ref. [68]:

= (0,0,t0j~ — U1j1, —toji + urj") , (A1)
0
0
) . , A2
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