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We analyze the distributions of energy, the opening angle, and the invariant mass in muonic neutrino

trident production processes, v, — v,

ufi, in a minimal gauged U(1) 1,-1, model, in which the discrepancy

of the anomalous magnetic moment of muon can be solved. It is known that the total cross section of
neutrino trident production has parameter degeneracy in the new gauge boson mass and gauge coupling
constant, and therefore other observables are needed to determine these parameters. From numerical
analyses, we find that the muon energy and invariant mass distributions show the differences among the
new physics parameter sets with which the total cross section has the same value, while the antimuon
energy and opening angle distributions are not sensitive to the parameters.
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I. INTRODUCTION

The anomalous magnetic moment of muon is a long-
standing discrepancy between experimental measurements
[1,2] and theoretical predictions [3-6]. The recent result
of the Standard Model (SM) prediction [4] shows that
the difference of the anomalous magnetic moment,
a, = (g, —2)/2, from the measurements reaches to [6]

Aa, = " — aM = (27.06 £7.26) x 10710, (1)

Thus the SM predictions are 3.7¢ lower than the exper-
imental measurements. Extensive studies on the theoretical
side have been made, however the discrepancy cannot be
resolved within the SM of particle physics (for review, see
[7] for an example). The E989 experiments at Fermilab [8]
and the E34 experiment at J-PARC [9] are ongoing and will
reduce experimental uncertainties by a factor of four, which
could confirm the discrepancy at the 5¢ level. Once the
discrepancy is confirmed, it will be a clear signature of new
physics (NP) beyond the SM.

Many new physics models have been proposed to
explain the discrepancy of a, by extending the SM. One
of the simplest extensions in this regard is to impose an
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extra U(1) gauge symmetry on the SM, so that the
contribution of a new gauge boson accounts for the
deviation of the muon anomalous magnetic moment.
Among such extensions, the U(1) symmetry gauging muon
flavor number minus the tau flavor number, or L, — L,
[10-12], has been gaining attention in recent years. In [13],
it was shown that a gauge boson of the U(1) L,-L, Symmetry

can explain the deviation without conflicting experimental
searches, provided that the mass and gauge coupling are
0O(100) MeV and O(107*), respectively. Possibilities of
searches for this light and weakly interacting gauge boson
have been studied in [14-22]. Other studies based on the
L, — L, symmetry have also been done, such as the cosmic
neutrino spectrum observed at IceCube [23,24], neutrino
mass and mixing [25-28], dark matter [29-31], the baryon
asymmetry of the Universe [32], and meson decay [33-35],
for recent works. Light gauge bosons interacting with
muonic leptons can contribute to neutrino trident produc-
tion (NTP) processes such as v, + N - v, +u+p+N
[36-43]. It was shown in [13,44] that the NTP processes
can set severe bounds on the gauge boson mass and the
gauge coupling. Utilizing the results of the CHARM-II
[45], CCFR [46], and NuTeV [47] experiments, one finds
that the region of the mass above O(100) MeV and the
gauge coupling above O(1073) are excluded. The analyses
of the NTP processes in the SM or new physics models
have also been done for future planned experiments, DUNE
[48-53], SHiP [48,49], MINOS, NOvA, MINERVA [51],
and MicroBooNE [54], and ongoing experiments, T2K
[15,51] and IceCube [55-57], taking into account coherent
and diffractive processes. In particular, the liquid argon
detector at the near site in the DUNE experiment is
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expected to observe (O(100) events of muonic NTP
processes [51-53]. As presented in [13,52,53], the contours
of the total cross section of the NTP processes are obtained
as a function of new physics parameters, i.e., the mass and
coupling constant of the new gauge bosons. This results in
the fact that the new physics parameters cannot be uniquely
determined by using the single value of the total cross
section. In other words, the total cross section has param-
eter degeneracy in the new physics parameters. To deter-
mine or further constrain the new physics parameters, one
needs other observables in addition to the total cross
section. One of these observables will be the differential
cross sections that are generally measured simultaneously
in experiments. When the differential cross sections show
the differences of the new physics parameters for the fixed
values of the total cross section, we can determine or
constrain the parameters by combining the information
from the differential and total cross sections. As a first step
for this purpose, we analyze the parameter dependences of
the differential cross sections with respect to the energies,
the opening angles, and the invariant masses of the final
state muons in a minimal L, — L, model. Our results will
show which distributions should be used for detailed
analyses for the determination of the parameters.

This paper is organized as follows: In Sec. II, we briefly
review a minimal gauged L, — L, model and present
relevant interactions. The amplitudes and cross section
of NTP processes are given in Sec. III. Then, we show our
numerical results for the distributions with respect to the
energy, the opening angle, and the invariant mass of the
muon pair in Sec. IV. Section V is devoted to summary.

II. MINIMAL L, -L, MODEL

We start our discussion by reviewing a minimal gauged
L, — L, model. The gauge sector of the SM is extended by
adding the U(1) 1,1, gauge symmetry under which mu and

tau flavored leptons among the SM fermions are charged.
The charge assignment for leptons under this symmetry is
shown in Table I. In the table, e, i, and 7 represent charged
leptons, and v,, v,, and v, are corresponding left-handed
neutrinos, respectively. Up-type and down-type quarks as
well as the Higgs boson are singlets under the U(1) L-L.
gauge symmetry.

The relevant interaction Lagrangian for the NTP proc-
esses is given by

TABLE I The charge assignment of the gauged U(1) L-L
model.

T

Uy, _, 0 1 -l 0 1 -1

" T

4Gy ]
Lin = €A, Jem — TZF We, v ove,|[627" (9P + grPr)¢1]

+92,1",, (2)

where e, A?, and J4, are the elementary electric charge,
photon field, and electromagnetic current of the SM,
respectively. In the second term of Eq. (2), Gy is the
Fermi coupling constant, and ¢ , represent charged leptons
(e, u, 7) and Vg,, represent neutrinos (v,, Uy v,). The left-
handed (right-handed) projection operator is denoted as
Pp(r)- The constants g; and gg are given by

1 .
9L = (—5 + sin? 9w> 8¢,.0,00,0, T 07, 2,00, ¢, (32)

dr = sin’ 6W5f1f251f’3,f4v (3b)

where 6y, is the Weinberg angle and each 7; (i = 1-4)
represents the flavor of the charged leptons or neutrinos.
From Eq. (3), g, for muonic (v, — v,uji) and tauonic
(v, = v,77) NTP processes is

(4a)

—% + Sinzew

T4sin?Oy (v, = vui),
gL = _
(v, = v,77),

respectively, while from Eq. (3b), gg is sin’ @y, for both
processes. The third term of Eq. (2) is the interaction of the
L, — L, gauge boson Z' with the gauge coupling constant

¢. The L, — L, gauge current, J%,, is given by

S =y u =7y’ + UyPy, — 0y (5)

In this work, we consider a minimal L, — L, model in
which the gauge kinetic mixing term between the U(1),
hypercharge and the U(1) L,-L, symmetries is absent at

tree-level, even though the gauge kinetic mixing can be
generated radiatively via loop diagrams in which muon,
tau, and neutrinos propagate. The loop-induced kinetic
mixing parameter between the photon y and Z' can be
obtained at the one-loop level by evaluating Fig. 1 as

)= o | oot -010e (=S ©

where ¢ is the four momentum carried by y and Z’, and m,
and m, are the masses of muon and tau, respectively. The
approximate expression of Eq. (6) is given by
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FIG. 1. Loop-induced kinetic mixing between the photon y and
the Z' boson.
. 3?:}‘[/)2 log:n"—;, (> <4m?),
elq’) = beg [ (m2_mi\ y . (mi_m 2 2
_W{(q_{_?)+l”(q_41_?)}’ (q >>4m,).

(7)

This loop-induced kinetic mixing parameter is about two
orders of magnitude smaller than ¢ for ¢> < 4m?. It is
further suppressed by a power of m2,/q* for ¢* > 4m?.
For the intermediate ¢ (4m;; < g* < 4m3?), the real and
imaginary parts are also two orders of magnitude smaller
than ¢. Therefore, it is negligible compared with ¢’. We
drop the loop-induced kinetic mixing parameter in our
analyses. There also exists the loop-induced kinetic mixing
between Z' and the neutral weak boson Z. However, since
the energy of the incident neutrinos we consider is smaller
than the Z boson mass my,, such a mixing is practically
negligible because it is suppressed by m.

We also assume that the L, — L, symmetry and the
electroweak symmetry are appropriately broken without
conflicting with all existing experimental data so that Z’ can
acquire a mass my of order 0.01-10 GeV. We do not
specify the scalar sector of the model and treat m as a free
parameter in the following analyses. Thus only two
parameters, my and ¢, are newly introduced to the SM
in our setup.

III. NEUTRINO TRIDENT
PRODUCTION PROCESSES

In this section, the amplitudes and cross sections of
the NTP processes in the SM and the minimal gauged

ve(k')
ve(k) /

= (p)

P

v(q) )

N@) T N@)

(a)

U(1) 1,~1, model are presented, as well as a brief summary

of the experimental results. Depending on the virtuality of
the photon ¢?, the appropriate picture of a hadronic target is
different. Based on the appropriate hadronic picture, the
NTP can be classified by three processes: coherent,
diffractive, and deep inelastic, where the incoming neutrino
scatters off the nuclei, nucleons, and quarks, respectively.
According to Ref. [48], the deep inelastic contribution
accounts for at most 1% of the total NTP cross section, and
therefore we do not consider this contribution. For relevant
energies of the initial neutrino, the coherent and diffractive
processes give comparable contributions. As the first step,
we focus on the coherent process in this work.

In the following subsections, the four momenta of the
incident neutrino (v,) and nucleus (N) are assigned to k and
Q while those of outgoing ones are assigned to k¥’ and Q’,
respectively. For the lepton (£7) and antilepton (£7), the
four momenta are assigned to p and p, and for the virtual
photon, the momentum is denoted as g. The Feynman
diagrams of the NTP processes in the SM are shown
in Fig. 2.

A. Experimental results

The muonic NTP, v, — v,uji, has been measured by the
CHARM-II [45], CCFR [46], and NuTeV [47] experiments.
The results are given as the ratio of the observed cross section
to the SM prediction, ogy,

OCHARM-IL _ | 58 4 (57, (8a)
OsMm
OCCR _ ()82 + (.28, (8b)
Osm
ONTEY _ (79173 (8¢)
OsMm ‘

The CHARM-II and CCFR results are consistent with the
SM prediction within the error. The NuTeV result has
relatively large uncertainty and includes a null result.
Therefore we use the CHARM-II and CCFR results as
constraints for our analyses.

(b)

FIG. 2. Feynman diagrams of the NTP processes in the SM and four momentum assignment.
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B. Amplitudes

From Eq. (2), the SM amplitude of the NTP processes in
Fig. 2 is given by

My = 4; T )7 Pty ()2 () Ot ()]
x qi (@1, (-)|0). (9)

where u,(v,) and u, are the spinor of the charged (anti)
lepton and neutrino, respectively. The operator O% repre-
sents the charged lepton current part which is defined by

Yy+qg+m
OﬁZV”mYa(QLPL+QRPR)
7
—p—q+m,

" (10)
(p+q)* —m?

+Ya(9LPL + grPr)
where m, is the mass of the charged lepton. Throughout this
paper, neutrinos are assumed to be massless. Note that O,
satisfies the current conservation condition, g, O4 = 0[38].
The operator J, in the bracket product is the electromag-
netic current for the nucleus.
From Egs. (9) and (10), the squared amplitude with
summing over spins is obtained as

2 646%‘ nv
Z|M5M| = 2q4 .]aﬁLaﬂJ/Aw (11)
spins
where j%, L’ and J,, represent neutrino, charged lepton,
and nucleus contributions, respectively. These tensors are
defined as

JP = 8(kKP + KK — k- K g — i Pk kL), (12a)
Lby, = 4Tx[(p + me)Wa(gL Py, + grPr) (B — my)

x V(g1 PL + grPr)], (12b)
L = {(Q'17,(0]Q)(QITE(1]Q"). (12¢)

where ¢ is defined by t = —¢*> = —(Q' — Q)2 For conven-
ience, we express the contraction of three tensors as

JPLT = 9L P My + |gr* Mg = (9L9% + 9 98)M L
(13)

where the concrete forms of M;, Mg, and M, p are given in
Appendix A. Since the cross term of g; and gg, M, is
proportional to m2, it is subleading when the lepton mass
m, is small compared to the energy scale of the NTP
process. Each term in Eq. (13) is invariant under the
exchange of the lepton momenta, (p,k) < (p,k').
Furthermore, under the exchange of either p <> p or
k < k', M; and My are exchanged with each other,

MY < MY, (14)

while M , remains the same. The nucleus tensor, Eq. (12¢),
can be expressed in terms of a nuclear form factor. For the
spin-0 nucleus,

Jw =220+ Q),(Q+ Q) IF(1). (15)

where Z is the atomic number of nucleus, F(¢) is the
nuclear form factor given by

siny/tr

Vir

and p(r) is the nuclear density. The normalization condition
for p(r) is

F(r) = 47:/)‘” drip(r) (16)

47r/)00 drr’p(r) =1, (17)

and the integral variable r is a distance from the center of
the nucleus.

According to Refs. [51-53], the DUNE experiment will
provide us with a large number of NTP events, where liquid
argon is used at the near detector. In our numerical analysis,
we consider argon to be the target nucleus. Following
Ref. [58], we parametrize p as

(18)

where p, is a normalization factor. The parameters are
given as ¢ = 3.73 fm, z = 0.62 fm, w = —0.19 for “°Ar,
The Z' contribution to the NTP processes is shown in
Fig. 3. The amplitude has the same spinor structure as
Eq. (9). The only difference between the SM amplitude and
the Z' amplitude is the propagation of Z’ instead of Gp.
Thus, the total amplitude squared of the NTP processes in

ve(k')

N(Q)

FIG. 3.

N(Q')

The Z' contribution of the Feynman diagrams of NTP.
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FIG. 4. Left: Incident neutrino beam energy dependence of the total cross section of v, — v,uji in the L, — L, model. The mass and
gauge coupling constants to each curve are indicated in the figure. The blue curve represents the total cross section of the SM. Right:
Contour plots of the total cross section in the m-¢ plane. The values of the total cross section for (m),, ¢') = (0.1 GeV, 9 x 107*) are
given in Table II. The pink band represents the favored region of muon g — 2 within 2, and the gray areas are the exclusion region by the

Borexino, CHARM-II, CCFR, and BABAR experiments.

our model, | Mo |?, is obtained by simply replacing g; and
gg in Eq. (12b) as

V2 g

IL(r) F 4Gp gt —m2’

9dLR) — (19)

for v, = v,up (-) and v, - v,77 (+). From Eq. (19), the
NP parameter dependence disappears when

TABLE II. Parameters for the same value of the cross sections
for v, — v,puji. The units of £, and my are GeV, and that of ¢ is
107! cm?, respectively. The first row for each E, is the cross

section in the SM.

Ez/ mgz g, (4

1 1.33x1073
0.020 5.869x107* 5.54%1073
0.10 9.000x 10~* 5.54x 1073
0.20 1.299%x 1073 5.54x1073
1.0 4.972x1073 5.54%x 1073

5 1.38x 107!
0.020 6.584x107* 0.328
0.10 9.000x 1074 0.328
0.20 1.177x1073 0.328
1.0 3.632x1073 0.328

20 1.8945
0.020 7.009% 10~ 3.097
0.10 9.000x 10~* 3.097
0.20 1.111x1073 3.097
1.0 2.824x 1073 3.097

40 5.61
0.020 7.18x 1074 8.08
0.10 9.000% 10~* 8.08
0.20 1.084x 1073 8.08
1.0 2.513x1073 8.08

2
g% | +m2, >>£g’21 (157 MeV)2<

Pren g >2. (20)

9% 10~

As we will see in the next section, the Z’ contribution is
negligible in the tauonic NTP process. This fact suggests
that |g2,| will become larger as the final state leptons
become heavier. Then, the cross section is almost the same
as that of the SM for the tauonic NTP process. In the next
subsection, we show the dependence of the total cross
section on the new physics parameters ¢’ and m .

C. Trident production cross section

The total cross section of the NTP is given by

spins

TABLE III. Parameters for the same value of the cross section
for v, — v,77. The units of E, and m are GeV, and that of o is
10~* c¢m?, respectively. The first row for each E, is the cross
section in the SM.

E, my q c

10 1.94)(10_8
0.020 9.53 x 10~* 1.98 x 1078
0.10 9.00 x 107* 1.96 x 1078
0.20 9.29 x 1074 1.95x 1078
1.0 1.47 x 1073 1.94 x 1078

40 o e 1.87
0.020 9.09 x 1074 1.87
0.10 9.00 x 1074 1.87
0.20 9.13x 1074 1.87
1.0 1.20 x 1073 1.87
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Contour plots of the distribution in the E, — E}; plane for v, — v,uji in the SM. The color bar and contours are in the unit of

10~** cm?/GeV?2. The solid (white), dashed (black), and dotted (black) curves are the contours of 8,5, and 2 for E, = 1 GeV, and 20,10,

and 5 for E, =5, 20, 40 GeV, respectively.

where s = (k + Q)? is the center of mass energy and dI1 is
the phase space integral measure given by

I — d3 K d3p dSp d3 Q/ (2”)4
(27)*2Ey (27)°2E, (27)*2E; (2m)*2Ey

x WK +p+p+Q—k-0).

(22)

By the energy-momentum conservations and rotational
symmetry, the number of integrals can be reduced from
twelve to seven. Then, we perform the phase space
integrations numerically using the changes of the integral
variables shown in Appendix B.

The cross sections of the muonic NTP in the minimal
L, — L, model are shown in Fig. 4. The left panel shows the
cross sections with m, = 50, 100 MeVand ¢ = 5 x 1074,
9 x 10~* as a function of the incident neutrino energy E,.
The right panel shows the contours of the muonic NTP cross
section in our model. In the left panel, the parameters
(my,q) are taken from the right panel as illustrating
examples. The red curves correspond to mz = 100 MeV
and the green ones to 50 MeV, respectively. For comparison,
we also show the cross section in the SM with a blue solid
curve. Our results of the total cross section in the SM are in
good agreement with previous studies [41,42] and [48,51]. It
can be seen that the NP contributions become smaller when

compared with the SM cross section as E, becomes higher.
This behavior generally holds even for Z' with a much
lighter mass than E,. As we explained in the previous
subsection, this is because |q%,| can take larger values than
m?, for higher E,; the NP contribution or the propagator of
7' decreases as ¢/ (GFqé,). Thus, the cross section is less
sensitive to the NP parameters for higher E,, which has
been shown in Ref. [15]. Higher resolutions on momentum
and/or energy measurements are required to solve the
degeneracy in higher beam experiments like DUNE. On
the other hand, for smaller E£,, the NP contributions to the
cross section become larger, but the cross section itself
becomes smaller. For example, for £, = 1 GeV, the cross
section is O(107#) cm?.

In the right panel of Fig. 4, the red, blue, green, and
orange curves correspond to the same cross sections
for E, =40, 20, 5, and 1 GeV, respectively. We chose
(ml,d) = (0.1 GeV,9 x 107*) as a reference parameter
set to determine the values of the cross section. Thus all
curves intersect at this point. The pink band represents the
muon g — 2 favored region within 2¢ and the gray shaded
regions are excluded by Borexino [15],1 CHARM-II [45],

"The constraints from Borexino are discussed in [59-61] in
various different scenarios of new force. The constraint is
translated from a B — L gauge symmetric model in [15].
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FIG. 6. Contour plots of the deviation from the SM in the E, — Ej distribution of v, — v, uji. The red, blue, green, and orange curves
correspond to the parameter sets in Table II. The solid, dashed, and dotted curves are the contours of R(E”, Eﬁ) with their values
indicated near each curve. The background gray color is the SM distribution shown in Fig. 5.

CCFR [46],” and BABAR [62]. This plot clearly shows that
the cross section is degenerate in m, and ¢ over a wide
range. As we mentioned in the Introduction, for the
determination of the parameters, one needs additional
information besides the cross section value.

For this purpose, we analyze the distributions in the
energies, opening angle, and invariant mass of the final
state charged leptons in the next section. The analyses are
performed on the parameter sets shown in Table II for the
muonic trident. The first row for each E, in Table II is the
trident cross section in the SM. We chose (my,q) =
(0.1 GeV,9 x 107) as a reference parameter, which can
explain (g — 2),, within 2¢. Other parameter sets are chosen
so that the cross sections have the same values with that of
the reference set for each E,. Note that some parameter sets
are outside the 26 region of (g —2) , Or in the gray region.
However, we include those parameter sets to see the
behavior of the distributions for comparison.

We also show the cross sections of tauonic NTP,
v, = v,77, in Table III for E, =10 and 40 GeV. One
finds that the cross sections for the reference point are

*The exclusion regions by CHARM-II and CCFR are taken
from [13].

almost the same as those in the SM. This suggests that the
new physics contributions are very small. For a tauonic
trident to occur, the momentum transfer |g%,| will be of
order m? and hence the new physics contribution is much
suppressed, as shown in Eq. (20). In fact, we have
performed the same analyses for the tauonic NTP as for
the muonic one in the next section, and found that the
distributions show tiny differences among the NP param-
eter sets in Table III. Therefore, we show our numerical
results only for the muonic NTP in the next section.

IV. NUMERICAL RESULTS

We show the distributions of the energies E, and Ej,
invariant mass mﬁﬁ and opening angle 6,; of the muon and
antimuon in the SM and our model for the parameters given
in Table II. To obtain the total cross section of the NTP
processes, we have to perform the phase space integral over
seven variables. For such high-dimensional integrals, the
Monte Carlo integration is known to be useful due to its
quick convergence compared to quadratures by parts.

To investigate the NP effect in the charged lepton
distributions, we calculate the differential cross section
with respect to some observables. In general, it is

035022-7
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The E, distribution (upper panel) and the shape of the distribution in the L, — L, model. The color of the curves are the same

as in Fig. 6. The black, dashed curve represents the SM distribution.

complicated to select an arbitrary observable as one of
integral variables. However, when we use the Monte Carlo
integration, we do not need to make the complicated
variable transformation to obtain the differential cross
section with respect to the favored observable.

Let f(y) be a function of variables y, which satisfies
o= [dyf(y). Here, treating y as integral variables, we
consider performing the Monte Carlo integration. To obtain
do/dx, we prepare discretized bins of a variable x, which are
labeled by a and have an interval Ax,. In this integration, we
sample the variables y from the uniform probability distri-
bution N times. At the i-th step of the sampling, x; is
calculated as well as f (y;) for the generated y;. Then, one can
approximate the distribution in the variable x by

N

do D Ax,
)= i 2090 (x4 55)
x@(xa —I-A;a —x,-), (23)

where D is the total width of the x bins and N is the number of
samples. The function 6(z) is a step function, which is a unity
for z > 0 and zero for z < 0. The total cross section can be
obtained by summing Eq. (23) over x as

o~ ZAxa % (xq). (24)

A. Energy distributions

First, we show the SM distributions of E u and E i for the
process of v, — v, puji in Fig. 5. The energy of the incoming
neutrino is taken to be E, =1, 5, 20, and 40 GeV,
respectively. The color bar on the right indicates the
value of the double differential cross section in unit of
10~* cm?/GeV?. The solid (white), dashed (black), and
dotted (black) curves are the contours of 8,5, and 2 in
10~* cm?/GeV? for E, =1 GeV, and 20,10, and 5 in
107* cm?/GeV? for E, = 5, 20, 40 GeV, respectively.

In each panel, one can see that the distribution has a peak
near the kinematical edge for £, = 1 GeV. As E, becomes
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higher, the peak moves to the lower E, region. For
E, > 5 GeV, E, is more uniformly distributed than Ej
is. We can understand this asymmetry of the distribution
in the E, — E; plane as follows: As we explained in
Eq. (14), the terms M; and My in the lepton tensor
are exchanged under p <> p. Thus, the double differential
cross section differs under the exchange of E, < Ej
if the coupling constants g; and gy are different as in
the SM. It should be noticed that the distribution becomes
symmetric in the E,-E; plane for the case of g; = g, such
that the L, — L, contributions dominate over the SM
couplings.

To see the parameter dependence of the NP model, we
show the deviation of the differential cross section in our
model from the SM, which is defined by

JZUSM
dE,dE;

d*c
R(EwEn) = G
u4Ep

(25)
In Fig. 6, the solid, dashed, and dotted curves are the
contours of R(E,,E;) while the red, blue, green, and
orange colors represent the parameter sets in Table II. In

—. 25 : ;
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Ej; distributions in the L, — L, model.

each panel, the values of R(E,, E;) are indicated near each
curve, and only the Z' mass is shown to specify the
parameter sets. The gray background represents the SM
distribution shown in Fig. 5.

In Fig. 6, the parameter dependence can be seen clearly
in the contours of R(E,, E;) in the high E, or E; region.
The contours extend to larger values of E, or Ej as the Z'
mass becomes heavier. It is also shown that E, is more
uniformly distributed than Ej;, due to the interference
between the NP and SM contributions. We note that
R(E,.E;) is positive for all (E,,E;) in v, = v,uii in
our calculation. The L, — L, contribution enhances v, —
v,pji because both g; and gy are effectively enlarged by the
propagator of the Z' boson as seen in Eq. (19).

Figures 7 and 8 show that the distributions (upper panel)
and difference of shape of the distribution from the SM
(lower panel) in E, and Ej, respectively. The colors of the
solid curves are the same as in Fig. 6 and the black dashed
curve is the SM distribution. In the upper panels of Fig. 7,
the parameter dependence of the distributions can be seen
in two regions: around the peaks in the lower E,, and at the
tails in the higher E,. The parameter dependence is clearer
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FIG. 9. my, distributions in the L, — L, model.

around the peaks than at the tails. In each panel, one can see
that the peaks become higher as the Z' mass becomes
lighter. It is also seen that the E,, corresponding to the peak
slightly differs among the parameter sets in each energy. On
the other hand, in the upper panels of Fig. 8, the Ej
distribution is less dependent on the parameters compared
to the E, distributions. These results imply that the E,
distribution is more useful to determine the new physics
parameters.

To see how the NP contributions modify the shape of the
distributions, we define

Ox

T 6dX ogy dX

(26)

for an arbitrary kinematical variable X. In the lower panels
of Figs. 7 and 8, we plotted 65, and 6 , respectively. These
are the difference of the normalized distributions, and
become zero when the shape of the distributions are the
same between our model and the SM, even if overall
magnitudes are different. One can see in Fig. 7 that o, is

positive in the lower E,, and negative in the higher E, for all

parameter sets. On the other hand, in Fig. 8, 65, shows the

opposite behavior. Thus, the distributions are shifted to the
lower E, and the higher E; by the NP contribution. The
shape of the distribution also depends on the NP parameter
set. In the E,, distribution, |5 | is larger for the lighter Z'

mass. Such information can be used to determine the
parameters.

B. Invariant mass distributions

The invariant mass of the outgoing muon and antimuon

is defined by

My = (p + p)*. (27)
In Fig. 9, we show the invariant mass distribution (upper
panel) and the shape difference of this distribution from the
SM (lower panel).

We can see from each panel that the distribution clearly
depends on the parameters in the lower value of the mﬁﬂ
region. The peaks of the distributions become sharper as the
7' mass is lighter and the dependence becomes more
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FIG. 10. Muon opening angle distributions of the cross section in the L, — L, model.

significant as FE, is higher. It is shown that the m,%ﬂ
corresponds to the peak changes for the parameter sets.
From the lower panels, one can also see that 6,%, defined
by Eq. (26), can take positive and negative values in the
lower value of mﬁﬂ depending on the parameters, which
shows different behaviors from the energy distributions.

C. Opening angle distributions

The opening angle of the outgoing muon and antimuon
can be defined by

Pp

pllp|”

where p and p are the momenta of the muon and antimuon,
respectively. Figure 10 shows the distributions of 6,;
(upper panel) and the shape (lower panel). From this
figure, one finds that the opening angle distributions show
the parameter dependences around the peaks for the higher
E,. It is also seen that the angle for the peaks becomes
smaller as E, becomes higher. Similar behavior can be seen
in the shape of the distributions.

cosf,; = (28)

=

In this analysis, we have considered only the coherent
NTP processes assuming argon as a target material. Since
the kinematical distributions depend on the form factor, the
nuclear dependence is worth investigating for finding the
best target material to identify the NP parameters.

We also understand that the diffractive NTP processes can
be relevant for the available neutrino energy in experiments.
We should check whether the diftractive contribution causes
positive or negative effects for the measurement of NP
parameters. We will study these topics in our future works.

Before closing this section, we comment about the SM
background events to the muonic NTP process. The main
background for the muonic NTP consists of charged-
current, single-pion production events, v,N — uzN’, in
which the muon and pion tracks can be misidentified. Such
backgrounds were studied for DUNE in [51-53]. It was
shown that the number of the total background events are
comparable to or larger than those of the signal events,
which can be reduced by applying kinematical cuts for the
invariant mass and angle of the muons. These backgrounds
would affect the resolution for the determination of the
new physics parameters and therefore should be taken into
account.
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V. SUMMARY

We have considered the minimal gauged L, — L, model,
and studied the dependences of the distributions of the
neutrino trident production process on the new physics
parameters, m, and ¢’. We analyzed the distributions of
energies, opening angle, and invariant mass of muons and
their shapes in v, — v, uji.

We have found that the distributions can be different
among the NP parameter sets for which the total cross
section is the same. In E,-E; distributions, the differences
can be seen in larger E, or Ej regions. We also found that
the parameter dependences in the £, and m 5 distributions
are clearer compared with those in the E; and 6,
distributions. Therefore the E, and mW dlstnbuuons w111
be useful to determine the NP parameters. The shapes of the
distributions were also presented, which shows the param-
eter dependence.

The determination of the new physics parameters by
combining the information of the total cross section and
distributions will be the next step of our work. Such a study
will need more detailed information including a resolution,
efficiencies, and SM backgrounds in experiments. We leave
such analyses for the next work.
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APPENDIX A: LEPTON TENSOR

In this Appendix, we present the analytic formula of the
amplitude squared for v, — vﬂf?. The lepton and nucleus
parts are written as a neutrino tensor j%, charged lepton
tensor L’;; and nucleus tensor J,,. Then, the amplitude

|

squared is given by jYLiSJ,,
Using the expression of the charged lepton tensor, (12b),
it can be classified by the chirality of outgoing charged

leptons as

up to overall factors.

Z;J;w lgr|*M 1, + |grI*Mg — gL9xM g — 9; 9rMe .
(A1)

where
My =4, jPTe[pWep ViPL], (A2)
My =47, jP Tr[pWap Vi Prl, (A3)
M;r = 4m§JWj"’ﬁTr[WZV’[;PR], (A4)
My, = 4m2J, V]"/’Tr[W’;V;PL]. (A5)

Here, W% and V7, are the propagators of leptons given by

2 pht H 2 pht H
Wg:zp;yq}/a_}/azpi7 (A6)
q-+2p-q q-+2p-q
and
2pY + gqy* 2p +7r'd
VE =1 Wiro =7 rp- (A7)
’ P +20-9 ¢ +2p-q

Due to the parity conservation of the electromagnetic
interaction, J,, must be symmetric with respect to x4 and
v, regardless of the detail of the nucleus. Thus, it is enough
to calculate the symmetric part of j% L’;; under y <> v. The
concrete form of the nucleus tensor J,,, is determined by the
target nucleus, as given in Eq. (15) with (18).

By straightforward calculation, we obtain the
explicit formula for M; in terms of lepton momenta as
follows:

M7 MY M7
M, = (=256J D){ 2 ~ _ } (A8)
t NP 209 (@ +2p-9)° (@ +2p-9) (P +2pq)
MY =k-plg™“(2q-Kq-p—q*k' - p) + (p"k" + p*k*)(¢* +2p - q)
—2(p"q" + p*q" +2p*p){K - (p + @) }]. (A9)
MY = ({p,k} < {p,k'} exchange of M%), (A10)
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My =2¢"{p-q(K -pq-k—q-pk-K)+q-K(q-pk-p—p-pg-k)+q*(p-pk-K —p-kp-k')}
+ (p"p* + p*p*)(4k - pK' - p 4+ 2k - gk' - g — ¢’k - K + 2k - pq - kK + 2k - pq - k)

In the case of V — A interaction, the amplitude squared is
only M; which was given in [38].

Next, moving on to the explicit form of Mg, one can
easily derive it by taking the charge conjugate of materials
in the trace

My = 4J;wja/jTr[p/W;ﬁVgPL]

=4, /" Tr[pWap V’[;PL]. (A12)
One notices that the form in the last line is the same as that
of M except for the superscripts of the neutrino tensor j*.
According to Eq. (12), the exchange of x4 and v in j*
clearly corresponds to the exchange of k and k’. Therefore,
M, is obtained as
My = (k <> k' exchange of M ). (A13)
At last, we present M, and My, . By using the explicit
forms of Wi and Vj, one obtains J, Tr[WeViys] =0,
which means M;r = Mp;. Then, the terms are given by

MLR = MRL
M M*
= (_256J;w>{ 2 LA 2 2 — 2
(¢°+2p-q)° (¢°+2p-q)
M ]
+ - , (A14)
(¢*+2p-q)(¢*+2p-q)
v m% 2
Mig =50 k-Kiq*g" +2[p"q" + p*q"] +4p"p"},
(A15)
My'%, = (p <> pexchange of My'%,),  (Al6)

MYy =m2[g" (2k-qk' - g — ¢’k - k') = 2k - k' (p" p* + p*P*)
—k-K(p"q" + p'q" + p'q" + p*q")
+ g (kK + ke KY) — K - q (K q* + Kk q")

—k-q(k"q" + k" q")]. (A17)

(P'k* + p“k*) (2K - pq - p +2q-pg-K — g’k - p) — (p"k* + p*k*)(2k - pq - p +2q - pq-k—gq*k- p)
'K +q'K)(p-pg-k -k -pg-p-k-pq-p)+(¢"k" +q'k*)(p-pq-k—k-pq-p—k-pq-p)

+(p*q" + p*q") (k- pg-K +q-pk-K —q-kk'-p+2k- pk-p)

+(p"q" + p*q*)(K' - pq-k+q-pk-k'—q-Kk-p+2k-pk'-p)

+ (

+ (kK" + kk"*)(2q - pg-p— ¢*p - p) + (¢"q" + q*q*)(K' - pk-p—k-k'p-p+ K - pk- p).

(Al1)

When the incident neutrino is an antineutrino, the result
can be obtained by replacing k <> k' in the above formulas.
Note that the obtained transition density is invariant under
the simultaneous replacement of k <> k" and p <> p. These
facts imply that the roles of emitted charged leptons are
completely exchanged in the antineutrino case.

APPENDIX B: PHASE SPACE INTEGRALS

We perform the Monte Carlo method in calculating the
four-body phase space integral [36,37,41]. To achieve
enough convergence of the integration, we choose suitable
integral variables to flatten the integrand. The phase space
integrals for the four-body final state are

dSk/ d3p d3[_7 d3 Q/
(2m)*2Ey (27)°2E, (27)*2E; 27)*2Ey
x 2n)*8W (K +p+p+Q —k-Q).

(B1)

Although the number of the integration variables are
3 x4 =12, the net number is only eight because of the
energy-momentum conservation.

In general, we can rewrite the phase space integral as

/m:/°dx0/‘dxl/2dx2/3dx3
Xo Xy X X3
%y %5 %6 %
X / dxy / dxs / dxg / dx;
Xy X5 X6 X7

X X(xg, X1, X2, X3, X4, X5, Xg, X7), (B2)
where X is an overall factor depending on the integral
variables x; (i =0, 1, ..., 7). The upper and lower limits of
x; are represented by X; and x;, respectively. Since it is
difficult to find the range of arbitrary integral variables,
we have to choose a useful set of integral variables. In
our analysis, we use the following set of the integral
variables x;s:

x0 = ¢y (B3)
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R / * du{F ()}, (B4)

:
X =8, =(p+p+Kk) (BS)
X3 = sp = (p+K)2, (B6)
x4 = u, =log (= =2p - q), (B7)
xs =y, (BS)
X = up =log(=¢* = 2p - q), (B9)

exp (u,, +up)

X =y (B10)

gbg‘,), ¢E,B), and ¢E—,C> are rotation angles defined as follows:
¢(QA,) is the rotation angle of Q" around k in the center-of-
mass frame of k and Q, which we call frame A. ¢§,B’ is the
rotation angle of p around ¢ in the frame where

p +p + k' =0, which we call frame B. ¢%c) is the rotation
angle of p around q in the frame where p + k' = 0, which
we call frame C. This choice of variables is useful because
all of the three angles trivially run from O to 2z. Here, we
obtain the overall factor,

(B11)

(4)3(s = M2 s (1 + 1P )¢ + 10O PYF ()Y

For the NTP processes, the differential cross sections
have the rotational symmetry around the neutrino beam
axis. Then, the integral of [ dq’) () can be simply replaced
by 2z, and practically the other seven integral variables are
relevant.

The variable 7z, defined by Eq. (B4), runs over

/‘” du{F(u)}? <7 < [” du{F(u)},  (BI2)

max min

where 7, (tmin) is the maximum (minimum) value of
t = —q°. tymax and t,;, are given by

s M? M? M? 4m>
e =3 (1515 ()

(B13)

4m2 M?
Imin = mf_' (B14)

[max s

Since we do not have the analytic representation of 7 as a

function of 7, we prepare the numerical correspondence

table between ¢ and 7 for the phase space integration.
The ranges of the rest variables are as follows:

—M*)\/t l‘—4M2 M2
dm < sy < M) o GEMIE (gys)
m% < spr < (V/Sppe — my)?, (B16)

[

w, = log 1~ S22 =S G
- N
m2 Sy
—%,,,—,kul( =L )(t+|qo ). ®17)
Sppk’ Sppk’
i, = log t—s”‘_’k/_s’_’k/er; (B)
p o 0
m2
+\/Smsk’/1< e, ”k)(f+| y).  (B18)
Sppk' Sppk'
Spk My ¢y Spe —my ©)2
up = log (1= O — V1 +lag ).

0
S[)k’ S[)k

(B19)

—m2
Lyt+ Iq(()c)lz),

0
Spk’ \/ S pk

2
Spr + My (c) n Spk

iy = log (t —
(B20)
(B) C)

where g, ' and qf) are the time components of g in frames

B and C, respectively. In principle, we can derive the

analytic formulas for q(()B> and qéq, which are a little

complicated. However, we do not need the analytic for-

mulas because we easily obtain the numerical values of q(()B)

and q(()c) using the step-by-step Monte Carlo integration. At

each step, the upper and lower limits of u, are determined
after 7, 5,51/, and s, are fixed. Then, the upper and lower

limits of uj are determined after u, and ¢§,B) are fixed.
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