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Background: The neutrinoproduction of photons and pions from nucleons and nuclei is relevant
to the background analysis in neutrino-oscillation experiments [for example, MiniBooNE; A. A.
Aquilar-Arevalo et al. (MiniBooNE Collaboration), Phys. Rev. Lett. 100, 032301 (2008)]. The
production from nucleons and incoherent production with E, < 0.5 GeV have been studied in [B.
D. Serot and X. Zhang, Phys. Rev. C 86, (2012) 015501; X. Zhang and B. D. Serot, arXiv:1206.6324].
Purpose: Study coherent productions with E, < 0.5 GeV. Also address the contributions of two
contact terms in Neutral Current (NC) photon production that are partially related to the proposed
anomalous w(p), Z boson and photon interactions. Methods: We work in the framework of a
Lorentz-covariant effective field theory (EFT), which contains nucleons, pions, the Delta (1232)
(As), isoscalar scalar (o) and vector (w) fields, and isovector vector (p) fields, and incorporates a
nonlinear realization of (approximate) SU(2); ® SU(2)y, chiral symmetry. A revised version of the
so-called “optimal approximation” is applied, where one-nucleon interaction amplitude is factorized
out and the medium-modifications and pion wave function distortion are included. The calculation
is tested against the coherent pion photoproduction data. Results: The computation shows an
agreement with the pion photoproduction data, although precisely determining the A modification
is entangled with one mentioned contact term. The uncertainty in the A modification leads to
uncertainties in both pion and photon neutrinoproductions. In addition, the contact term plays
a significant role in NC photon production. Conclusions: First, the contact term increases NC
photon production by ~ 10% assuming a resonable range of the contact coupling, which however
seems not significant enough to explain the MiniBooNE excess. A high energy computation is
needed to gain a firm conclusion and will be presented elsewhere. Second, the behavior of coherent
neutrinoproductions computed here is significantly different from the expectation at high energy by
ignoring the vector current contribution.

PACS numbers: 25.30.Pt; 24.10.Jv; 11.30.Rd; 12.15.Ji

I. INTRODUCTION

This is the third of a series of studies about neutrinoproduction of photons and pions with neutrino energy F, < 0.5
GeV where the A excitation is important [1-3]. The focus of this article is the coherent production. As we know,
in the neutrino-oscillation experiments, for example MiniBooNE [4-6], the photon and pion neutrinoproduction from
nuclei and nucleons are potential backgrounds. It is still a question whether NC photon production might explain
the excess events seen at low reconstructed neutrino energies in the MiniBooNE experiment, which the MicroBooNE
experiment plans to answer [7]. In Refs. [8-11], the authors argued that the anomalous interaction terms involving
w(p), Z boson, and photon may increase NC photon production. So the cross-section calculation for these processes
becomes necessary.

In Ref. [1], we introduce the A resonance as a manifest degrees of freedom in a Lorentz-covariant EFT with a
nonlinear realization of the SU(2); ® SU(2)g chiral symmetry *. In Ref. [2], we study both neutrinoproductions from
free nucleons and calibrate our theory. Because of various symmetries built in, the conservation of vector current
(CVC), and the partial conservation of axial current (PCAC) are satisfied automatically, which is crucial for photon
production calculation. In Ref. [3], we work on the incoherent productions from nucleus. The previous studies show
that the contributions due to the two terms mentioned above [10] are tiny in the NC photon production from both
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free nucleons and nucleus. This article is devoted to the study of coherent productions from '2C, which is the major
target nucleus in the MiniBooNE’s detector, and also to addressing the significance of the two mentioned terms.

Here we apply the so-called “optimal” approximation, in which one-nucleon interaction amplitude can be factorized
out from the full nuclear matrix element leading to great simplification of the calculation. Meanwhile both CVC and
PCAC are preserved. The nuclear ground state is calculated by using the mean-field approximation (see Ref. [14]
for the details). The “optimal” approximation was first illustrated generally for projectile-nucleus scattering in
Refs. [20, 21]. It has been applied quite successfully to nucleon-nucleus scattering in a relativistic framework [22—
25]. Moreover, similar approximation has been applied in pion-nucleus elastic scattering [26-28] and coherent pion
photo- and electro-production [29-35]2. It was realized that the medium-modification of the one-nucleon interaction
amplitude plays a key role in the coherent production, which is also included in our revised approximation. In the
QHD EFT model, baryons interact with each other via. exchanging the mesons (in space-like region). Because these
bosonic fields develop finite expectation values in the medium, the real part of the baryon self-energy is modified on
the mean-field level [12]. Meanwhile the change of the A width has been studied in the nonrelativistic framework both
phenomenologically [36, 37] and theoretically [38], but it is not completed in the relativistic framework [3, 39-42].
Here we continue our simple treatment proposed in Ref. [3]. Another important factor related to the A is the distorted
pion wave function in the pion production, which is included here by using the Eikonal approximation. Such effect
can be ignored for photon production. Comparing the two may be used to disentangle the medium-modification and
the pion wave function distortion.

To benchmark the approximation scheme, we calculate various differential cross sections for pion photoproduction.
We are able to get an agreement with existing data [43-45]. The approximation is then applied to study the photon
and pion neutrinoproduction. Unfortunately, existing neutrino experiments, for example Refs. [46, 47], do not put
a strong constraint on pion productions with E, < 0.5 GeV, since most of them have only spectrum-averaged
measurement, and the mean neutrino energy is 1 ~ 2 GeV. On the theoretical side, there are other microscopic
calculations on pion productions [48-58]. In most of them, the “optimal” approximation is in one way or another
applied. The A dynamics is taken into account by using the nonrelativistic models. The final pion wave function is
calculated either in the Eikonal approximation or by solving the Schroedinger equation with pion optical potential.
The key difference between our work and others is that we work in a Lorentz-covariant EFT, which has been applied
successfully to nuclear many-body problems and also has been calibrated for neutrinoproductions from free nucleons.
The medium-modification of baryons can be calculated on the mean-field level. We can address the power counting
of different diagrams in this EFT, although the theory can only be used at low energy region (E, < 0.5GeV). More
importantly, coherent NC photon production has rarely been discussed in the microscopic approach. In addition, there
exists a macroscopic approach, which treats the nucleus as a whole and makes use of the forward scattering behavior
of coherent pion production in the high energy scattering. In the forward scattering kinematics, PCAC leads to a
relation between the pion neutrinoproduction and pion-nucleus elastic scattering. This is initiated in Refs. [59, 60],
used in the NUANCE event generator [61, 62], and revised recently in Refs. [63-65]. This approach has also been
applied to compute coherent photon neutrinoproduction at 2 GeV region and beyond [66]. The NUANCE output on
coherent pion production shown throughout this article, with which we will compare our results, are obtained from
the NUANCE v3 event generator with the calibration applied from the experimental data [47, 61, 67] °.

The article is organized as follows. In Sec. II, the approximation scheme is discussed, and the difference between
our approach and others is emphasized. Sec. III presents our results. At first, differential cross sections for pion
photoproduction are compared to the data. The effect of the two contact terms are discussed. Then, we show the
results for pion neutrinoproductions. Since there is the uncertainty in our model, results of using different parameters
are compared. Finally, we focus on NC photon production and discuss the relevance of our results to the MiniBooNE
low reconstructed energy excess events. The two contact terms are again discussed in this context.

2 Ref. [35] pointed out that using different one-nucleon interaction amplitudes that are equivalent on shell can lead to quite different
results. Here such ambiguity does not exist because we have a unique free interaction amplitude. This will be addressed later.

3 The experimental analysis indicates that to be consistent with the coherent NC pion production data, a 35% reduction needs to be
applied to the orginal NUANCE output [47, 67].



II. APPROXIMATION SCHEME
A. Kinematics

The formula needed for computations are shown here. For the 7° photoproduction,
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Here ¢* and k, are the momentum of the incoming photon and outgoing pion, and ¢° = E, is the photon energy in
the Lab frame. Because the nucleus A remains in the ground state and is heavy enough to ignore its recoil, we can
have kY = ¢°. 1/m. is used to properly normalize the quantum state. The definition of transition probability is
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where JJ! . is the Electromagnetic current involved in this process, and ); is the photon polarization.
For the neutrinoproduction,
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We define py;, piy as the momentum of incoming and outgoing leptons. ¢ = p;; — pif, P = E, (the incoming lepton
energy in the Lab frame). Here we also have k0 = ¢°. The nuclear matrix element is
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Here G is the Fermi constant; V4 is the u and d quark mixing in the CC, and is 1 in the NC; [, (pi;, pif) is the

corresponding lepton current. Moreover, J}., , = Ji\; = 5J5%+ VO for the photoproduction, Ji‘éd = L(Vir+ AW, i =
+1 for the CC, and J} ; = (VO + A%) —sin®0,, Jk&,, for the NC (6., is the weak mixing angle).
For NC photon production, zero mass of photon should be taken into account in Eq. (3), and (A, x|J}' ,|4) in

Eq. (4) needs to be changed to (A,~|J}, 4| A).

B. The “optimal” approximation

The current matrix element can be written as
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Only the one-body current contributions are included coherently. We apply the “optimal” approximation to simplify
the calculation [29-35]:
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Refs. [20, 21] argued that in the center mass frame of the projectile and the nucleus, the nuclear matrix element
can be expressed as the product of a proper density and the free one-nucleon interaction amplitude calculated in the
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FIG. 1: The Feynman diagrams for pion production. Here C stands for various types of currents including vector, axial-vector,
and baryon currents. Some diagrams may be zero for some specific type of current. See Ref. [2] for the details.

Breit frame of the projectile and the nucleon. Ignoring the recoil of the nucleus leads to the Eq. (6). For NC photon
production, we can use Eqgs. (5) and (6) with a proper current inserted.

The calculation of the one-body current matrix element for both pion and photon production in Eq. (6) has been
discussed in Refs. [2, 3]. There are two basic types of Feynman diagrams contributing here, as shown in Fig. 1: diagrams
with the A [(a) and (b)] and all the rest called as nonresonant diagrams here. The diagrams for the photon production
can be viewed as those in Fig. 1 with the final pion line changed to the photon line. The medium modification on the
one-nucleon interaction amplitude, as introduced in Ref. [3], is based on the mean-field approximation. The effective
mass is introduced for the baryon to include the modification on the real part of its self-energy:

M* = M_98<¢> ) (7)
m* = m— hs(o) , (8)
Pn = P+ 9u(VO) = VM2 452 + g,(V) 9)

PR = pR 4+ ho(VO) = \/m*2 + 5 + h, (VO) . (10)

Here gs. (hsyw) are the couplings between the scalar and vector mesons and the nucleon (the A). Figs. 2 and 3
show the calculated gs{¢) and g,(V°) in 12C (we approximate it as a spherical nucleus). “G1” and “G2” label two
parameter sets about g, g, and others [14]. In this work, we use “G1” as in Ref. [3]. For the A width, we follow
Refs. [3, 36, 37]. Above the pion threshold,

FA - I‘W+Psp7
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where I'; is the A pion-decay width in the nucleus, and can be found in Refs. [38, 41, 68]. T', is the width of other
channels, which has been fitted in Refs. [37, 56]. We set Vo = 80 MeV [3, 37, 56]. p(r) is the baryon density at radius
r. Below the pion threshold in the photon production,

p(r)

TaxTy =V X —p(O) .

In the cross channel of the A diagram, we set width to be zero.

In addition, since pions interact strongly with nucleus, it is necessary to treat final pion wave function in a realistic
way. As shown in Eq. (5), the Eikonal approximation is used to calculate the distorted wave function [48], which is
labeled as DW, while the PW calculation is without such distortion. For NC photon production, we only apply the
PW calculation. In Eq. (5), II(p(7), z) is the pion polarization insertion in the nuclear medium with baryon density
p(7), as calculated in the local Fermi gas approximation. Following Refs. [48, 49, 51], we use the following formula
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FIG. 2: (Color online). The proton and neutron densities in '2C' as calculated in the mean-field approximation by using G1
and G2 parameter sets [14].
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FIG. 3: (Color online). The field expectation values in >C, (gs¢) and (g,V°), as calculated in the mean-field approximation
by using G1 and G2 parameter sets [14].

for IT in symmetric nuclear matter:
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where ¢’ = 0.63, XA is the A self-energy insertion, and I'; is the A pion decay width as discussed before. We take
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FIG. 4: (Color online). The photon energy dependence of the total cross section for coherent 7° photoproduction from 2C.
In both calculations, we set (rs, 7v) = (1, 1), which controls the A medium modification. The explanation for different
calculations can be found in the text.

the results from Ref. [49] for the XA and ReXao (See Refs. [68, 69] for the details) 4.

C. The approximation used in Ref. [35]

It is interesting to compare our calculation with that in Ref. [35] where the relativistic mean-field theory is also
used. Instead of using Eq. (6), the authors there project the one-nucleon interaction amplitude to independent basis,
and then convolute the amplitudes of each basis with the corresponding current densities calculated in the relativistic
mean-field theory. Take the proton contributions for instance. First decompose the free proton interaction matrix
element:
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and then multiply the amplitude, for example Fl;_, with the proton vector current density (A, (z)7*¢,(x)|A). The
sum of different terms’ contributions in Eq. (12) is the proton contribution to the nuclear matrix element. For the
closed shell nucleus, the only relevant amplitudes are Fg, Fyy and Fp, because the densities associated with other
amplitudes in Eq. (12) are zero for a spherical nucleus. We have compared the calculations for the pion production
by using Eq. (12) with those by using Eq. (6). Fig. 4 shows the comparison on the total cross section of coherent
70 photoproduction: the “current decomposed” uses Eq. (12), while the other uses Eq. (6). In the two calculations,
we include the same medium-modification to the one nucleon matrix element (Ref. [35] uses the free amplitude)
and the same Eikonal approximation to calculate final pion wave function. For the A medium modification, we set
(rs, o) = (1, 1) [rs = hs/gs, rv = hy/gv, see Egs. (7) to (10)]. Only the A diagrams are considered, because including
the others needs extra care of the Electromagnetic current conservation in the “current decomposed” calculation. We
see the difference between the two is small. As we have checked, this is also true for differential cross section and for
the cross section of the neutrinoproduction.

In addition, it was pointed out in Ref. [35] that there exist other amplitudes that have the same on-shell behavior
in nucleon scattering but give quite different results for nucleus scattering through using Eq. (12). There is no such
ambiguity in our approach, because we have a unique interaction amplitude derived from the QHD EFT Lagrangian.
This shows the importance to have a consistent framework describing both nucleon and nucleus scattering.

4 We essentially treat Eq. (11) as an analytical expression for pion optical potential, but it is not used to deal with the A modification in
the one-nucleon interaction amplitude.
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FIG. 5: (Color online). The photon energy E. dependence of do/dQ, for coherent 7° photoproduction from *2C. The finalv
pion angle is fixed at 6, = 60° £ 10°. The explanation for different calculations can be found in text. The data are from [43].

III. RESULTS
A. Coherent 7° photoproduction

Fig. 5 shows five different calculations for the photon energy dependence of do/df2, of pion photoproduction from
12¢ with pion angle fixed at 6, = 60°£10° (relative to the incoming photon direction). All the variables are measured
in the Lab frame of the nucleus. The data are from Ref. [43]. These calculations include diagrams up to v = 3 order
(v = 2 terms do not contribute in this production) [2]. Again in the labellings of different curves, (r4, 7,) are defined
as (hs/gs, hy/gy). Since the two couplings are not precisely known, we simply show results with three different
choices: (0, 0), (1, 1) and (1, 0.9) 5. As discussed in Refs. [1-3], there are two low-energy contact terms involving
photon, nucleon, and Z boson (or 7) that contribute at v = 3 order in NC production of photon:

C1

T ~p=(+) €l = ~vaArF
NN T (a 7 ) , L NAMENT,,,

uv M?2

Here F;(ut) and f, v are related to the photon field, and a” is related to both Z boson and pion field. Interestingly in
Ref. [33], it is shown that ¢; term plays a significant role in coherent pion photoproduction. Refs. [8-10] point out the
anomalous interactions of w and p° meson can induce such contact terms at low energy with ¢; = 1.5 and e; = 0.8
6. However, as argued in Ref. [2], ¢; can also be induced by the off-shell interactions involving the A, which leaves
its value unfixed. In our calculations shown in Fig. 5, we use ¢; = 1.5, except those labeled with (¢; = 3) where we
double ¢;. (Since the e; term’s contribution vanish for an isospin 0 target, we focus on ¢; in the following.)

We can see that the first two calculations with “(0,0)” fail to give the right predictions around the peak. “(1, 1),v =
3 (¢ = 3)” and “(1, 0.9), v = 3” give the best predictions. In Ref. [33], it is also noticed that fixing the real part
of the A self-energy is correlated with ¢;. However when the photon energy is above 0.3 GeV, all the calculations
underestimate the cross section. The shapes of different curves are controlled by the nuclear form factor, e.g. the
Fourier-transformation of nuclear densities [see Eqgs. (5) and (6)], and hence they are similar. So we expect the
underestimation to be generic for all the one-body-current calculation. To resolve this issue, two-body currents may
need to be considered. In addition, around the peak, the (0, 0) result is smaller than the (1, 1) and the (1, 1) smaller
than the (1, 0.9) (¢; = 1.5 in all the three). The same pattern has been found in the incoherent productions [3]. It
was argued that among the three, the (0, 0) requires the most energy to excite the A, while the (1, 0.9) requires the
least. In the coherent production, the nuclear form factor makes them even more sensitive to rs; and r,. This will
also be seen for the total cross section of pion neutrinoproduction.

5 Tt has been shown that (rs, r,) = (0,0) can not explain the A spin-orbit coupling. Detailed discussions about the two can be found in
(3]-
6 In Ref. [33], the authors use w’s pion-decay vertex to generate the c1 coupling (cy is also around 1.5).
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FIG. 6: (Color online). The angle 6, dependence of do/dQ~ of coherent 7° photoproduction from '2C with the photon energy
fixed at Ey = 0.173, 0.235, and 0.29 GeV. The explanation for different calculations can be found in the text. The data are
from Refs. [44, 45].
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FIG. 7: (Color online). The total cross section for coherent CC 7™ production in neutrino-'>C' scattering. The calculation
ingredients are the same as those in Ref. [48]. See the text for the explanation of different curves.

In Fig. 6, we show our calculations for the scattering angle 6, dependence of do/d2, with the photon energy fixed
at B, = 0.173, 0.235, and 0.29 GeV. All the variables are measured in the Lab frame of the nucleus. The data are
from Refs. [44, 45]. Each plot shows the same five calculations as those in Fig. 5. Systematically with ¢; = 1.5, the
(0, 0) prediction is smaller than the (1, 1) and the (1, 1) smaller than the (1, 0.9). In the forward kinematic region,
i.e. small 0., both “(1,1),vr =3 (¢; = 3)” and “(1, 0.9), v = 3” agrees with data for the three cases. However for
larger 6, the calculations fail: for E, = 0.235 GeV, the two overestimate the cross section when 20° < 6, < 60°
and underestimate it when 6, > 60°; for £, = 0.29 GeV, the two gives too big results compared to the data when
0, > 40°. Nevertheless, we expect our calculations to work better at higher energy region, because the cross section
is more dominated by the forward production.

B. Coherent pion neutrinoproduction

Fig. 7 shows the repeated calculations in Ref. [48] for CC nF production from 2C. Only the diagrams with the
A in s and u channel are included. We use the N < A transition form factors in Ref. [48] to extrapolate our
calculation to E, > 0.5 GeV 7. The A self-energy modification and the pion optical potential are also the same as in
Ref. [48]. This plot shows three different calculations. The “A unmodified, PW, 1/2 ¢” calculation does not apply
medium-modification to the A self-energy; treats pion wave function as plane wave; and scales the total cross section
by 0.5. In the “A modified, PW, 1/2 ¢”, medium-modification for the A is included. Finally, the “A modified, DW”
calculation includes both medium-modification and distorted pion wave function. A good agreement between these
results and those in Ref. [48] is achieved, which is a justification for our numerical calculation.

Now let’s turn to our results for the total cross section of CC nt (77) production in (anti)neutrino—'2C' scattering
as shown in Fig. 8. Here we make use of the meson-dominance form factors that are discussed in Ref. [2] 8. All
the calculations include diagrams up to v = 2 [2], with different (rs, r,). We also show the NUANCE output for
coherent pion production, which is scaled by 1/4. (In NUANCE, no wave function distortion is applied for the pion
while pion absorption and rescattering are included in the subsequent step of NUANCE code [67]; neutrino-induced
and antineutrino-induced coherent pion production have the same cross section.) In both 7+ and 7~ production, the
(1, 0.9) prediction is bigger than the (1, 1) and the (1, 1) bigger than the (0, 0). By comparing the differences among
the three calculations with those in the incoherent productions [3], we see the coherent processes are more sensitive
to (rs and 7,) than the incoherent. This is consistent with the discussion in Sec. IIT A. Moreover, our results are
much smaller than the NUANCE output in the two plots ?. As we know, the previous calculations [60], implemented

7 Ref. [48] labels form factors as C¥2’3 and Cff273’4.

8 With the meson-dominance form factors, the conservation of the Electromagnetic currant is automatically satisfied in the free nucleon
scattering calculation and in the coherent production calculation by using the “optimal” approximation.

9 In NUANCE, an over all 15% reduction is expected after the pion absorption is included [67].
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FIG. 8: (Color online). The total cross sections for coherent CC 7 (77) production in (anti)neutrino—'2C' scattering. The
explanation for different curves can be found in the text.

by NUANCE, give bigger cross sections for coherent pion productions than the measured [47]. It is noticed in the
Fig. 7 and Refs. [48-54, 56] that including the medium-modification on the A and the distortion of pion wave function
reduces the cross section significantly.

Fig. 9 shows our results for NC 70 production in neutrino— and antineutrino—'2C scatterings. Three different
calculations are presented in the same as way as in Fig. 8. The systematics in them are the same as in the CC
productions: first, the (1, 0.9) gives the biggest cross section and the (0, 0) gives the smallest; second, cross sections
are sensitive to s and r,, compared to incoherent NC productions in Ref. [3]; finally our results are much smaller
than the NUANCE output even after including the pion absorption (15% reduction).

In addition, as mentioned in Ref. [60], the coherent production is dominated by the forward production at high
energy region. By using the conservation of vector current (the leptonic current should be proportional to momentum
transfer in the forward kinematics), the contribution of vector current in the full hadronic current is small [see Eq. (4)],
and hence the interference between vector current and axial current is small. As the result, neutrino-induced and
antineutrino-induced production should have similar cross sections (see the NUANCE output shown in the plots).
However this is clearly violated in the energy region of this work (see results in Fig. 8 for the CC production and in
Fig. 9 for the NC production). Second, for an isoscalar nucleus like 2C, the axial current in the hadronic CC and in
the hadronic NC should have the same strength by using the Wigner-Eckart theorem. In the leptonic current, this
ratio is v/2 : 1. Because axial current dominates in both CC and NC production at high energy region, the ratio for
the cross sections between them should be 2 : 1 in both neutrino and antineutrino scatterings (ignore the w and d
quark mixing) [63], which is also represented by the NUANCE output in the plots. But this ratio is not satisfied at
low energy, if we compare the (anti)neutrino results in Fig. 8 with the (anti)neutrino results in Fig. 9. So, it will be
interesting to extrapolate our low-energy results to high energy and find out the transition region where the predicted
high-energy behavior starts to emerge.
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FIG. 9: (Color online). The total cross section for coherent NC 7° production in both neutrino- and antineutrino—'*C
scatterings. The explanation for different curves can be found in the text.

C. Coherent NC photon production

In Fig. 10, we show our results for coherent NC photon production in both neutrino— and antineutrino—2C' scat-
terings 0. In accordance with the low detection efficiency for low energy photon in the MiniBooNE experiment, we
require the photon energy in the lab frame to be bigger than 0.15 GeV in the calculation, which on the other hand
simplifies the calculation because of the absence of the infrared singularity. The labeling of curves is the same as in
pion production. Here all the necessary diagrams up to v = 3 are included. As we know in Refs. [2, 3], all the v = 2
contact diagrams do not contribute in NC photon production, and the v = 3 diagrams are due to ¢; and e; coupling
mentioned in the previous pion photoproduction calculation (the e; contribution vanishes for an isoscalar target). We
can observe the effect of ¢; coupling, by comparing the “(1, 1),v = 3” curve with the “(1 ,1),v = 3,(c; = 3)” curve
[c1 = 1.5 in the calculations without (¢; = 3) labeling]. It increases the total cross section by roughly 10%. So, at low
energy the contributions of the contact terms is not negligible, and similar observation is made in photoproduction
of pion as shown in Fig. 5. But the possibility of introducing such couplings to explain the low reconstructed energy
excess events in MiniBooNE is not quite promising at least considering only low-energy neutrino contributions [8—10).
(In Ref. [5], the number of the excess event at low reconstructed neutrino energy is roughly two times bigger than
the number of the A radiative decay estimated in the MiniBooNE’s background analysis.) The contributions of these

10 Tn NUANCE, there is no manifest coherent photon production channel. But in the MiniBooNE’s analysis [62], the total photon
production is computed by scaling the total pion production, set from the total NC 7 production data, by a proper branching ratio,
which in principle has the contribution from the coherent production.
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FIG. 10: (Color online). The total cross section for coherent NC photon production in both neutrino— and antineutrino—'*C
scatterings. E, > 0.15 Gev is applied. The explanation for different curves can be found in the text.

terms at high energy region still need to be studied. Moreover, the hierarchy among cross sections using (1, 0.9),
(1, 1), and (0, 0) (with ¢; = 1.5) is also consistent with the discussion for the Fig. 5. However the difference among
them is less significant than that in pion production, which is probably due to the absence of the distortion of photon
wave function. The spreading between “(1 ,1),v = 3,(¢c; = 3)” and “(1,0.9),v = 3” gives a sense of uncertainty of
these calculations. Furthermore, the cross section in neutrino scattering is bigger than that in antineutrino scattering,
which is different from the expectation about them at high energy region.

IV. CONCLUSION

In this article, we have studied coherent neutrinoproduction of photons and pions with F,, < 0.5 GeV. This work,
combined with those in Refs. [2, 3] about the productions from free nucleons and the incoherent productions from
nuclei, complete the study on these processes at low energy. The series is motivated by the low reconstructed energy
excess events in the MiniBooNE experiment. The QHD EFT (with the A introduced) has been used in these works.
It is a Lorentz-covariant, meson-baryon EFT with nonlinear realization of the chiral symmetry. The U(1)gy gauge
symmetry and chiral symmetry guarantee the conservation of vector current and partial conservation of axial current.
These constraints seem trivial at nucleon level, but important in many-body calculations. For example, various
procedures would have to be applied by hand to make sure the vector current conserved, if gauge symmetry is not
manifest. Even worse, this procedure can be entangled with the specific approximation scheme. Another advantage of
working in the EFT is the power-counting of diagrams, through which we can address the relevance of some interaction
vertices. In incoherent NC photon production, we see the two contact terms ¢; and e;, which can be partially related
with the newly proposed meson’s anomalous interactions, are negligible (they are at next-to-next-to-leading order).
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Their contributions do show up in the coherent productions, e.g. coherent pion photoproduction and NC photon
production, as demonstrated in this work, but do not seem to increase the photon production as substantially as
needed to explain the excess in the MiniBooNE experiment.

After discussing this work in a big context, let’s proceed to summarize the specifics. The so-called “optimal” ap-
proximation is introduced to simplify the calculation of nuclear matrix element, in which the one-body current matrix
elements are factorized out. Meanwhile the modification on the one-body interaction amplitude is taken into account.
The real part of the nucleon and the A self-energies is calculated by using the mean-field approximation of this model.
The change of the A width is parameterized in a phenomenological way according to pion-nucleus scattering data.
The medium-modifications have been tested in incoherent pion production in Ref. [3]. The Eikonal approximation is
used to handle the distortion of final pion wave function. Moreover, we have compared our approximation with the
one used in [35] in which the authors introduce other densities besides the baryon density used in our approximation.
It is shown in Fig. 4 that the two methods give similar results.

We calculate the differential cross sections for pion photoproduction, which serves as the benchmark for our ap-
proximations, and then calculate the total cross sections for pion neutrinoproductions. The results are sensitive to r,
Ty, and contact term ¢;. The disagreement at high energy with fixed pion angle shown in Fig. 5 and at big pion angle
with fixed photon energy shown in Fig. 6, seems to indicate that it is necessary to go beyond the one-body current
approximation to explain the full data. However, to resolve the disagreement, both the A dynamics and the distortion
of pion wave function should be understood better as well. In addition, we also compare our neutrinoproduction re-
sults with those in literature to check our numerical calculation. Finally in photon neutrinoproduction, the total cross
sections also depend on rg, 1, and ¢;. Changing ¢; from 1.5 to 3 increases both neutrino- and antineutrino-induced
photon production by roughly 10%.

Now, let’s come back to the question about the photon production being the excess events in the MiniBooNE
experiment. One tricky point should be pointed out here. The reconstructed neutrino energy is based on CC quasi
elastic scattering kinematics, which can underestimate the neutrino energy in the photon production. So the high
energy neutrino contribution to the photon production should be addressed before drawing a definite conclusion for
this question. The calculations in Ref. [3] and this work illustrate the approximations used in both incohernet and
coherent productions, and provide important calibration for the modification of the one-nucleon interaction amplitude
in nuclei. The sensible extrapolations of current results to high energy region will be pursued in the future work.

Acknowledgments

X.Z. would like to thank Joe Grange, Teppei Katori, William C. Louis, Rex Tayloe, and Geralyn Zeller for their
valuable information and useful discussions. This work was supported by the Department of Energy under Contract
No. DE-FG02-87ER40365.

=

. D. Serot and X. Zhang, Advances in Quantum Field Theory, Sergey Ketov, ed. (InTech, Croatia, 2012), ch. 4.
. D. Serot and X. Zhang, Phys. Rev. C 86, (2012) 015501.

. Zhang and B. D. Serot, arXiv:1206.6324

. A. Aguilar-Arevalo et al., (MiniBooNE Collaboration), Phys. Rev. Lett. 98, (2007) 231801.

A. Aguilar-Arevalo et al., (MiniBooNE Collaboration), Phys. Rev. Lett. 102, (2009) 101802.

. A. Aguilar-Arevalo et al., (MiniBooNE Collaboration), Phys. Rev. Lett. 105, (2010) 181801.

. Katori (for the MicroBooNE collaboration), AIP Conf. Proc. 1405, (2011) 250.

. A. Harvey, C. T. Hill, and R. J. Hill, Phys. Rev. Lett. 99, (2007) 261601.

. A. Harvey, C. T. Hill, and R. J. Hill, Phys. Rev. D 77, (2008) 085017.

ichard J. Hill, Phys. Rev. D 81, (2010) 013008.

. S. Gershtein, Yu. Ya. Komachenko, and M. Yu. Khlopov, Sov. J. Nucl. Phys. 33, (1981) 860.

. D. Serot and J. D. Walecka, Adv. Nucl. Phys. 16, (1986) 1.

. D. Serot and J. D. Walecka, Int. J. Mod. Phys. E 6, (1997) 515.

. J. Furnstahl, B. D. Serot, and H.-B. Tang, Nucl. Phys. A615, (1997) 441; A640, (1998) 505 (E).
. J. Furnstahl and B. D. Serot, Nucl. Phys. A671, (2000) 447.

. J. Furnstahl and B. D. Serot, Nucl. Phys. A673, (2000) 298.

. J. Furnstahl and B. D. Serot, Comments Mod. Phys. 2, A23 (2000).

. D. Serot, Lecture Notes in Physics 641, G. A. Lalazissis, P. Ring, and D. Vretenar, eds. (Springer, Berlin Heidelberg,
4), p. 31.

. D. Serot, Ann. of Phys. 322, (2007) 2811.

. A. Gurvitz, J. -P. Dedonder, and R. D. Amado, Phys. Rev. C 19, (1979) 142.

)
SERHE AT

0TS W~ OO0
[se R gesiy=cii=vii=c]=vQvslos

== = = = = = e e e e —

o
o

[19]
20]

n



14

Gurvitz, Phys. Rev. C 20, (1979) 1256.

McNeil, J. R. Shepard, and S. J. Wallace, Phys. Rev. Lett. 50, (1983) 1439.

Shepard, J. A. McNeil, and S. J. Wallace, Phys. Rev. Lett. 50, (1983) 1443.

McNeil, L. Ray, and S. J. Wallace, Phys. Rev. C 27, (1983) 2123.

Clark, S. Hama, R. L. Mercer, L. Ray, G. W. Hoffmann, and B. D. Serot, Phys. Rev. C 28, (1983) 1421.

AL
LA
. R.
LA

. C.
. H. Landau, S. C. Phatak, and F. Tabakin, Ann. Phys. 135, (1973) 78.

. Mach, Czech. J. Phys. 33, (1983) 549.

. Gmitro, and J. Kvasil, Phys. Rev. C 31, (1985) 1349.

. Tiator, A. K. Rej, and D. Drechsel, Nucl. Phys. A333, (1980) 343.

. A. Chumbalov, R. A. Eramzhyan, and S. S. Kamalov, Z. Phys. A 328, (1987) 195.

. A. Eramzhyan, M. Gmitro, and S. S. Kamalov, Phys. Rev. C 41, (1990) 2685.

. C. Carrasco, J. Nieves, and E. Oset, Nucl. Phys. A565, (1993) 797.

. Peters, H. Lenske, and U. Mosel, Nucl. Phys. A640, (1998) 89.

. Drechsel, L. Tiator, S. S. Kamalov, and Shin Nan Yang, Nucl. Phys. A660, (1999) 423.

. J. Abu-Raddad, J. Piekarewicz, A. J. Sarty, and R. A. Rego, Phys. Rev. C 60, (1999) 054606.
irata, J. H. Koch F. Lenz and E. J. Moniz, Ann. of Phys. 99, (1976) 374.

orikawa, M. Thles and F. Lenz, Nucl. Phys A 345, (1980) 386.

set, L.L. Salcedo, Nucl. Phys. A468 (1987) 631.

ehrgerger C. Bedau and F. Beck, Nucl Phys. A504, (1989) 797.

ehrgerger, and R. Wlttman Nucl. Phys. A513, (1990) 603.

erbert, K. Wehrgerger, and F. Beck, Nucl. Phys A541, (1992) 699.

ehrgerger Phys. Rept 225, (1993) 273.

chmitz, Dissertation, Johannes Gutenberg-Universitdt Mainz, Mainz 1996

othe et al., Phys. Lett B 355, (1995) 59.

ends et al., Z. Phys. A 311, (1983) 367.

asegawa et al., (K2K Collaboration), Phys. Rev. Lett. 95, (2005) 252301.

. Aguilar- Arevalo et al., (MiniBooNE Collaboration), Phys. Lett. B 664, (2008) 41.

K Singh. M. Sajjad Athar and Shakeb Ahmad, Phys. Rev. Lett 96, (2006) 241801.

. Alvarez-Ruso, L. S. Geng, S. Hirenzaki, and M. J. Vicente Vacas, Phys. Rev. C 75, (2007) 055501.
. Alvarez-Ruso, L. S. Geng, S. Hirenzaki, and M. J. Vicente Vacas, Phys. Rev. C 80, (2009) 019906.
. Alvarez-Ruso, L. S. Geng, and M. J. Vlcente Vacas, Phys. Rev. C 76, (2007) 068501.
A
. E.
.H

Q@gmggom:

>m?

lvarez-Ruso, L. S. Geng, and M. J. Vicente Vacas, Phys. Rev. C 80, (2009) 029904.
Amaro, E. Herndndez, J. Nieves, and M. Valverde, Phys. Rev. D 79, (2009) 013002.
erna’ndez J. Nieves and M. J. Vicente-Vacas, Phys. Rev. D 80, (2009) 013003.
. Leitner, U. Mosel, and S. Winkelmann, Phys. Rev. C 79, (2009) 057601.
. X. Nakamura, T. Sato T.-S. H. Lee, B. Szczerbinska, and K. Kubodera, Phys. Rev. C 81, (2010) 035502.
. S. Gershtein, Yu. Ya. Komachenko and M. Yu. Khlopov Sov. J. Nucl. Phys. 32, (1980) 861.
u. Ya. Komachenko and M. Yu. Khlopov Sov. J. Nucl. Phys. 45, (1987) 467.
. Adler, Phys. Rev. B 135, (1964) 963.
ieter Rein and Lalit M. SehgaL Nucl. Phys. B 223, (1983) 29.
. Casper, Nucl. Phys. Proc. Suppl. 112, (2002) 161.
. A. Aguilar-Arevalo et al., (MiniBooNE Collaboration), Phys. Rev. D 81, (2010) 092005.
. A. Paschos, A. Kartavtsev and G. J. Gounaris, Phys. Rev. D 74, (2006) 054007.
. Ri
.B

<wwemubbbbw>29wzxawmm<zbogwm>bzwwwuuuw

ein and L. M. Seghal, Phys. Lett. B 657, (2007) 207.
erger and L. M. Seghal, Phys. Rev. D 79, (2009) 053003.
. Rein and L. M. Seghal, Phys. Lett. B 104, (1981) 394.
rivate communcation with Dr. Geralyn Zeller.
. Nieves, E. Oset, and C. Garcia-Recio, Nucl. Phys. A 554, (1993) 554.
. L. Salcedo E. Oset, M. J. Vicente-Vacas, and C. Garma—Remo Nucl. Phys. A 484, (1988) 557.

ﬁuwooom>oow



