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We have developed a model for neutrino-induced coherent pion production off nuclei in the energy
regime of interest for present and forthcoming neutrino oscillation experiments. It is based on a
microscopic model for pion production off the nucleon that, besides the dominant A pole contribution,
takes into account the effect of background terms required by chiral symmetry. Moreover, the model uses
a reduced nucleon-to-A resonance axial coupling, which leads to coherent pion production cross sections
around a factor of 2 smaller than most of the previous theoretical estimates. In the coherent production, the
main nuclear effects, namely, medium corrections on the A propagator and the final pion distortion, are
included. We have improved on previous similar models by taking into account the nucleon motion and
employing a more sophisticated optical potential. As found in previous calculations the modification of
the A self-energy inside the nuclear medium strongly reduces the cross section, while the final pion
distortion mainly shifts the peak position to lower pion energies. The angular distribution profiles are not
much affected by nuclear effects. Nucleon motion increases the cross section by ~15% at neutrino
energies of 650 MeV, while Coulomb effects on charged pions are estimated to be small. Finally, we
discuss at length the deficiencies of the Rein-Sehgal pion coherent production model for neutrino energies
below 2 GeV, and, in particular, for the MiniBooNE and T2K experiments. We also predict flux-averaged

cross sections for these two latter experiments and K2K.
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I. INTRODUCTION

Neutrino-induced one-pion production off nucleons and
nuclei in the intermediate energy region is a source of
relevant data on hadronic structure. Pions are mainly pro-
duced through resonance excitation and these reactions can
be used to extract information on nucleon-to-resonance
axial transition form factors. Besides, a proper understand-
ing of these processes is very important in the analysis of
neutrino oscillation experiments. For instance, 77° produc-
tion by neutral currents (NC) is the most important
v,-induced background to experiments that measure
v, — v, oscillations in the neutrino energy range around
1 GeV [1]. This is because NC 7° events can mimic v,
signal events when, for example, one of the two photons
associated with the 7 — 7y decay is not detected. This
can happen when a photon exits the detector before show-
ering or does not have enough energy to initiate a shower.
Similarly, 7" production by charged currents (CC) is an
important source of background in »,, — v, disappearance
searches [2].

In reactions on nuclei, pions can be produced incoher-
ently or coherently. In the latter case the nucleus remains in
its ground state. Coherent reactions are controlled by the
nucleus form factor and are more forward peaked than
incoherent ones. CC coherent pion production has been
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studied at higher energies in a number of experiments [3—
8]. The results could be satisfactorily explained by the
Rein-Sehgal model [9], which is based on the partially
conserved axial current (PCAC) hypothesis [10]. The
K2K Collaboration has recently conducted a search for
CC coherent pion production induced by muon neutrinos
with a mean beam energy of 1.3 GeV [11]. Contrary to
expectations, they found no evidence for CC coherent pion
production, setting an upper limit of 0.60% for the coherent
to total CC pion production ratio. The data show a deficit of
forward muons in the kinematical region where a sizable
coherent production is expected. An attempt to explain this
deficit has been done by Rein and Sehgal in Ref. [12] by
including in their model the usually neglected finite muon
mass effect [13,14]. In this way they find a 25% suppres-
sion caused by the destructive interference between the
axial vector and pseudoscalar (pion-pole) amplitudes, re-
ducing in this way the discrepancy between theory and
experiment, though it still persists. This correction affects
only CC processes and its relevance is reduced as the
neutrino energy increases [12]. The negative K2K results
are consistent with a very recent search performed by the
SciBooNE Collaboration [15].

NC coherent pion production was observed by the
Aachen-Padova group [16] on a %’Al target with both the
muon neutrino and antineutrino CERN PS beam with
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average energy of 2 GeV. Positive evidence was also seen
by the PS-Gargamelle neutrino and antineutrino Freon
experiments [17]. Very recently, the MiniBooNE
Collaboration announced the first observation of NC co-
herent 77° production below 2 GeV [18]. When integrated
over the MiniBooNE flux, they find a ratio of coherent
plus diffractive production over all exclusive NC 7 pro-
duction given by 19.5 = 1.1(stat.) = 2.5(sys.)% for a min-
eral oil target (CH,). By using Monte Carlo they estimate
the coherent rate for a pure '’C target to be 20.3 *+
2.8(stat.)%.

On the theoretical side the Rein-Sehgal model [9] men-
tioned above assumes that coherent pion production is
dominated by the divergence of the axial current [19-22]
and can thus be related to the pion-nucleus coherent scat-
tering via PCAC. Extrapolation to nonforward angles is
done by including a propagator term (1 + Q*/m3)~? with
my = 1 GeV. The effects on the model of considering a
finite muon mass was recently analyzed in Refs. [12,14]
and, as stated above, they give rise to a 25% reduction
of the CC coherent pion production by muon neutrinos
at low neutrino energies. However, one should note that
the Rein-Sehgal model does not account for nuclear pion
absorption, since it does not consider two body mecha-
nisms which are those responsible for the absorption of
the outgoing pions, and it does not correctly treat quasi-
elastic collisions either. Besides, the corrections to the
outgoing pion angular dependence predicted by the model
become quite important for the low neutrino energies
relevant in MiniBooNE and T2K experiments, as we will
show in Sec. IV B.

The PCAC approach was also used in the models of
Refs. [23-27]. In Ref. [27] the authors take into account the
muon mass effect and include a small non-PCAC trans-
verse current contribution. In all cases the distortion of the
final pion was included. There are other approaches that do
not rely on PCAC. In Ref. [28] coherent pions are produced
by virtual A-h excitations in the nucleus. The model in-
cludes the modifications of the nucleon and A propagators
in the medium, evaluated in a relativistic mean field ap-
proximation, but no final pion distortion was taken into
account. Kelkar et al. [29] improve on the above calcula-
tion by doing a more sophisticated evaluation of the A self-
energy in the medium and treating the final pion distortion
in a realistic way by solving the Klein-Gordon (KG) equa-
tion for a pion-nucleus optical potential. The model of
Ref. [30] uses similar medium corrections and improves
on the description of the elementary reaction. On the other
hand the final pion distortion is treated in the eikonal
approximation which is known to fail at low pion energies.
In Refs. [31,32] the authors follow the Kelkar et al. calcu-
lation in the treatment of the final pion distortion while
using, as in Ref. [30], a more complete and fully relativistic
elementary amplitude.

In a recent publication we have developed a model for
CC and NC neutrino- and antineutrino-induced pion pro-
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duction off the nucleon in the intermediate energy region
[33], which represents the natural extension of that devel-
oped in Ref. [34] for the electron analogue eN — ¢/N'#
reaction. Most previous studies [35—43] of these processes
considered only the dominant A pole mechanism in which
the neutrino excites a A(1232) resonance that subsequently
decays into N7r. In our model we have also included
background terms required by chiral symmetry (see
Fig. 1 below). Some background terms were considered
before in the works of Refs. [44—46] although none of
these models was consistent with chiral counting. In
Ref. [33], we found that background terms produced sig-
nificant effects in all channels. As a result we had to
readjust the strength of the dominant A pole contribution.
The least known ingredients of the model are the axial
nucleon-to-A transition form factors, of which Cg‘ gives
the largest contribution. This strongly suggested the read-
justment of that form factor to the experimental data,
which we did by fitting the flux-averaged v, p— u ™ p7*
Argonne National Laboratory (ANL) g?-differential cross
section for pion-nucleon invariant masses W < 1.4 GeV
[47,48]. Our full model, thus obtained, leads to an overall
better description of the data for different CC and NC,
neutrino- and antineutrino-induced, one-pion production
reactions off the nucleon. This reduction of the Cg‘ (0) value
is consistent with recent results in lattice QCD [49], quark
model [50] and phenomenological studies [51].

Here, we shall apply our model to evaluate CC and
NC coherent pion production in nuclei, including the
chiral background terms in the elementary amplitude.
We follow a scheme similar to that advocated in
Refs. [31,32],' but improving the results of these latter
references by properly taking into account the motion of
the nucleons and correcting for some numerical inaccura-
cies that affected the calculations of these two referen-
ces [52]. Our model should work better close to
threshold, and hence we will concentrate in the neutrino
energy range of MiniBooNE and the future T2K experi-
ment where the neutrino peak energy is expected to be
around 0.6 + 0.7 GeV [53]. This work is organized as
follows: in Sec. II we discuss our model for the evaluation
of CC coherent pion production, including the most rele-
vant aspects of medium corrections for the A and the
evaluation of the final pion distortion. In Sec. III we find
the corresponding expressions for the NC coherent pion
production case. Finally, in Sec. IV we present and discuss
our results.

II. CC NEUTRINO AND ANTINEUTRINO-
INDUCED REACTIONS

We will focus on the coherent CC pion production
reaction induced by neutrinos,

Vl(k) + AZlgs(pA) - l_(kl) + AZ

os(Pl) + 7 (k). (D)

The process consists of a weak pion (7") production
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followed by the strong distortion of the pion in its way out
of the nucleus. In the coherent production the nucleus is
left in its ground state by contrast with the incoherent
production where the nucleus is either broken or left in
some excited state.

The unpolarized differential cross section, with respect
to the outgoing lepton and pion kinematical variables, is
given in the Laboratory (LAB) frame by

Cow KNG s
dQF)dE'dQ(k,) || 4m> 1T CCm

with k and k' the LAB lepton momenta, E' = (K + m2)!/?
and m; the energy and the mass of the outgoing lepton,
G = 1.1664 X 10! MeV~2 the Fermi constant, k, and
E, = (k2 + m2)"/2 the LAB momentum and energy of the
outgoing pion, and L and W the leptonic and hadronic
tensors, respectively. The leptonic tensor is given by (in our
convention, we take €313 = +1 and the metric g*” =

(+, = = -
L) = Kk + Kok, — 8ok - K + i€, 005k kB, (3)

and it is not orthogonal to the transferred four-momentum

g = k — k' even for massless neutrinos, i.e., Liff),q” =
—_ 2k

mik,.

The hadronic tensor includes all the nuclear effects and
it can be approximated by

noo |k77|

CC_+ - W ﬂg+ (q’ kw)(ﬂZ+ (q’ kﬂ))* (4)

Ak (g ke) = [ T, (DTS Fi )]

+ (AT (7 g, k)] (&)

with M the nucleon mass, p,, the nuclear proton (neu-
tron) density, normalized to the number of protons (neu-
trons). Since we have neglected the recoil energy of the
final nucleus we have ¢°=k%(=E,). Finally
T4 +(Fiq, k;) stands for the nucleon helicity averaged
W*N — N7t amplitude evaluated inside the nuclear me-
dium as explained below. Our model for the coherent
nuclear process is built up from the coherent scattering of
the W* boson with each of the nucleons of the nucleus
producing an outgoing 77 *. The nucleon state (wave func-
tion) remains unchanged in the dispersion, and thus after
summing over all nucleons we obtain the nuclear densities
which appeared in the hadronic tensor W . of Eq. (4). In
the elementary W N — N process, energy conserva-
tion is accomplished by imposing ¢° = E,, while the
transferred momentum g — Eﬂ has to be accommodated
by the nucleon wave functions. Thus, the coherent pion
production process is sensitive to the Fourier transform of
the nuclear density for momentum g — /2,, (see Eq. (9))
This nuclear form factor gets its maximum value when ¢
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and 12,, are parallel, but for this particular kinematics the
vector contribution of the 7% amplitudes, which is purely

transverse l;, X ¢, vanishes. This is the reason why for
electron and photon induced reactions, the coherent pion
production cross section turned out to be a quite small
fraction of the total inclusive nuclear absorption one
[54,55]. For neutrino-induced reactions, the axial contri-
bution of the amplitudes is not suppressed for kinematics
where ¢ and 1;7 are almost parallel. Thus, the reduction
induced by the nuclear form factor is much less important,
and one might expect a larger relative contribution of the
coherent pion production channel, as it is the case for some
purely hadron reactions (for instance, coherent pion pro-
duction in the (CHe, f) in nuclei [56]). This dominance of
the axial contributions has been extensively exploited,
through the PCAC hypothesis, to relate the neutrino co-
herent pion production cross section with the pion-nucleus
elastic differential one [9,12,27].

For the elementary process we have used the model
recently derived in Ref. [33]. In addition to the A pole
(AP) mechanism (weak excitation of the A(1232) reso-
nance and its subsequent decay into Nr), the model also
includes background terms required by chiral symmetry. It
consists of seven diagrams (see Fig. 1): Direct and crossed
A(1232)—(first row) and nucleon (second row) pole terms
(AP, CAP, NP, CNP) contact (CT) and pion-pole (PP)
contribution (third row) and finally the pion-in-flight (PF)
term. It provides a fairly good description of all available
data for pion production off the nucleon at intermediate
energies, driven by CC and NC and induced by both
neutrino and antineutrino  [33]. To  compute

FIG. 1 (color online). Model of Ref. [33] for the W N — N’
reaction. The circle in the diagrams stands for the weak tran-
sition vertex.
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T4+ (F1q, k), we will need to evaluate

1

~Sa (T (),
24 ’N ©6)
i=AP,CAP,NP,CNP, CT, PP, PF

where the u’s are Dirac spinors for the nucleons, normal-
ized such that #u = 2M, and the four-vector matrices
I‘ff v+ can be read from the explicit expressions of the

pion  production  amplitudes (N7 "|j%  (0)|N) =
Y a(prY, . u(p) in Eq. (51) of Ref. [33]. Finally, p
and p'=p+ g — 127, are the initial and final three mo-
menta of the nucleon. Those momenta are not well defined

and we approximate the four-momentum of the nucleon N
which collides with the W by

1 - ok, — 3
(s b a0 o

Hence we assume that the initial nucleon momentum is
(k, — G)/2 and the final one is —(k, — §)/2, with both
nucleons being on-shell. The momentum transfer is
equally shared between the initial and final nucleon mo-
menta. This prescription was firstly used in Refs. [54,55]
for coherent 77° photo- and electroproduction, respectively.
The approximation is based on the fact that, for Gaussian
nuclear wave functions, it leads to an exact treatment of the
terms linear in momentum of the elementary amplitude. In
Ref. [54] it was shown that this prescription provided
similar results as the explicit sum for the nucleon momenta
performed in Ref. [57]. More recently it has also been
employed in Refs. [58,59] for coherent 7° photo- and
electroproduction and in a recent work on neutrino coher-
[31,32]. Setting p=—p' =
(k, — §)/2, with energies p® = p given by Eq. (7), elim-
inates some nonlocal contributions, and it greatly simpli-
fies the sum over all nucleons, which can be cast in terms of
the neutron and proton densities (see Eq. (5)). Furthermore,
the sum over helicities in Eq. (6) can be also easily per-
formed for p = —p' since u,(p' = —p) = Y'u,(p), so
that

ent pion production

3 SP = P ) = T+ MY, )
i=AP,CAP,NP.... (8)
Thus finally, we will use
T g, kn) = 3 Tty (724, k),

i = AP, CAP, NP, CNP, CT, PP, PF (9)

N 1 M
T i (P a0 kr) = 5 Tr(p + M)yol“ffNﬁ+)F, (10)
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expressions that we shall evaluate numerically. Note that
the PF term does not contribute to the process since the
trace above is zero in this case. Within this approximation,
the averaged W*N — N7* amplitude inside the nuclear
medium, J ZW+ (F; q, k), does not depend on 7. Below, we
will include further medium corrections to the dominant
AP mechanism which will induce an explicit 7
dependence.

Given the importance of the A-pole contribution and
since the A properties are strongly modified inside the
nuclear medium [60-63], we consider some additional
nuclear corrections to this contribution to include the effect
of the self-energy of the A in the medium 2, (p(7)). Here
we follow the same approach as in Ref. [31], which is
based on the findings of Refs. [62-64]. Thus in the
A-propagator, we make the substitutions M, —
My +ReX, and Iy/2—TE%/2 —Im3, and take
3a(p(7) and TE™i/2 as explained in Sect. II B of
Ref. [31].

So far the formalism has used the bound wave functions
of the nucleus, which appear via the proton and neutron
densities, and has considered only a plane wave for the
pion. Pion distortion effects are important, especially for

|I€7T| < 0.5 GeV [29-32], and are considered here by re-
placing in Eq. (5)

e T — Bt (R k) (11)
kpe kT — iV (Fi k). (12)

The pion wave function ¢”.(7; k,) corresponds to an
incoming solution of the Klein-Gordon equation,

[—V2 + m2 + 2E, Vo (P1@% (7 k) = EL8% (7 k),
(13)

with V., (7) the optical potential which describes the
7" -nucleus interaction. This potential has been developed
microscopically and it is explained in detail in
Refs. [63,64]. It contains the ordinary lowest-order optical
potential pieces constructed from the s- and p-wave N
amplitudes. In addition second-order terms in both s- and
p-waves, responsible for pion absorption, are also consid-
ered. Standard corrections, as second-order Pauli rescatter-
ing term, angular transform term (ATT), Lorentz-Lorenz
effect and long- and short-range nuclear correlations, are
also taken into account. This theoretical potential reprodu-
ces fairly well the data of pionic atoms (binding energies
and strong absorption widths) [63] and low-energy
m-nucleus scattering [64]. At low pion energies, it is an
improvement over the one used in [31,32], which was
based on A dominance of the 7N interaction. Another
possible improvement would be the inclusion of the
Coulomb interaction between the outgoing pion and the
nucleus. This can be taken into account by means of the

013002-4



THEORETICAL STUDY OF NEUTRINO-INDUCED ...
replacement

E7T_)E7T - VC(;) (14)

in the right-hand side of Eq. (13), where V() is the
Coulomb potential created by the nucleus, including finite
size and vacuum polarization effects, see [63,64]. We will
discuss the effect of this correction in Sec. I'V.

The replacement in Eq. (12), which takes into account
the fact that the pion three-momentum is only well defined
asymptotically when the pion-nucleus potential vanishes,
induces some nonlocalities in the amplitudes. To treat these
nonlocalities we have adopted the following scheme:

(i) In Eq. (4), we approximate |k, |, which arises from
the phase space integrations, by the modulus of the
asymptotic three momentum (E2 — m2)!/2.

(ii) Inthe AP, CAP, NP, CNP terms, we note that there
exist either a NN 7 or a NA 7 vertex (see Eq. (51) of
Ref. [33]), which induces a factor k% in the ampli-
tudes. Indeed, for those terms we could rewrite

Tt B0, k) = (k) o Tty (73 0, k),
i = AP, CAP, NP, CNP. (15)

We do not consider any nonlocality in the tensor
J*y -+~ and we use the prescription of Egs. (11) and

(12) to account for 1;7 in the contraction between k%
and J f‘ 137+ in Eq. (15). This approach to treat the
nonlocalities is equivalent to that assumed in
Refs. [31,32].

(iii) We do not consider any nonlocality for the CT and

PP contributions.
Antineutrinos induce the coherent production of nega-
tively charged pions. To study these processes, we use [33]

Ly =LY (16)

T a8 k) = Ty (Fra k) (A7)
and implement the appropriate changes in the pion-nucleus
Vopt and V¢ potentials to properly account for the distortion
of the outgoing 7~ [64].

Differences between neutrino and antineutrino induced
cross sections are proportional to the interferences among
the axial and vector current contributions. Since the latter
ones are suppressed by the nuclear form factor, as we
discussed after Eq. (5), we expect roughly similar neutrino
and antineutrino cross sections. This will also be the case
for the NC driven processes studied in the next section.

III. NC NEUTRINO AND ANTINEUTRINO
INDUCED REACTIONS

To extend the above formulae to the case of NC 7°
coherent production,

PHYSICAL REVIEW D 79, 013002 (2009)

V](k) + AZlgx(pa) - Vl(k/) + AZlgs(pil) + 7T0(k7r) (18)

we have,
dPo |]g’| G2
_ Vv _ L O_W,“O' o
dQR)dEdQ(k,) |k 167> 7 Nea? (19)
NC7? 64 3M2 70 q, k. —olq, (20)

A(q k) = [ @77 PTG . )

+ p (LT (s q, k) BEE, (Fs ) (21)

nw

with k" and E' = |K'| the LAB outgoing neutrino momen-
tum and energy. The leptonic tensor is given in Eq. (3) and
it is now orthogonal to g* = (k — k’)* for massless neu-
trinos, i.e., Lﬁf,)fq“ = L;f,)rq" =0.

Both lepton and hadron tensors are independent of the
neutrino lepton family, and therefore the cross section for
the reaction of Eq. (18) is the same for electron, muon or
tau incident neutrinos. Furthermore, the hadron tensor is
the same for neutrino and antineutrino induced reactions,
and thus to study antineutrino reactions we just have to
change the sign of the antisymmetric part of the leptonic
tensor (see Eq. (16)).

To evaluate the hadronic tensor, we use the model for the
NC pion production off the nucleon derived in Ref. [33]
and thus we have

J(F;q, ky) = ZJ (P54 k),

i=AP,CAP,NP,CNP,CT, PP,PF (22)

1
T (7. r) = 3 THl(p + M)y

lN7TO) 0 ’ (23)

with the same prescription for the nucleon momentum as in
the CC case. Within this model the PP, PF and CT
diagrams do not contribute to the NC 77° production off
the nucleon. The AP and CAP terms provide equal Z°p —

pm’ and Z°n— na® amplitudes, with T} poyo and
¢ py o Obtained from Iy pipme and I'Z, p., .+ multiplying

these latter matrices by the overall factors 2\/_ 2/(3cosb)
and 2+/2/ cosf, respectively, and multiplying the vector
form factors by (1 — 2sin?6y,), being 6 the Cabibbo angle
and Ay, the Weinberg angle. Direct and crossed nucleon
pole terms lead to
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i+ M
G — _jpNP8A 4
A VRl P e VR
X (VZN(Q) - A/ZL;N(Q)),
1 0
DNF = b7 (24)
-1 n#d
r“ — —iDNP 34 (B () — AL (g))
CNP;N#° 2f LN q zn\d
(p—k) =M +ie ™
1 0
DOVP = br (25)
-1 n#d

with f, =93 MeV the pion weak decay constant, g, =
1.26 the axial nucleon coupling, and

mzFi?)
|l ——————— O

Ve, =2 X | F4(g%)y* +
Z:N [ 1(9)7 M

a]. @

q

a5 = [GH@ys + (G + By T

+ Gfa(qz))qavs ]N- (27)

The pseudoscalar part of the axial current, which is pro-
portional to g*, does not contribute to the differential cross
section for massless neutrinos. Besides the ZNN form
factors are given by [65]:

1
(Ffpm = +F) = 25?0 F{" = SF} - (28)

: P
(IU“ZFg)p’n = iILLVF%/ B ZSIHZHWIU’p,an, o EMSFE
29)

(G = =G, = G, (30)

For isoscalar nuclei, the direct and crossed nucleon pole
terms do not contribute because the existing cancellation
between neutron and proton contributions, and we have
total dominance of the A mechanisms. If we neglect the
vector current contributions,” finite lepton mass effects and
approximating cosf. = 1, we find that the CC coherent
pion production cross section is twice the NC one, as
deduced from the relevant isospin factors and the factor
of 4 of difference between Egs. (2) and (19), for CC and
NC driven processes, respectively.” For nonsymmetric nu-

*They will be suppressed by the nuclear form factor (see
discussion after Eq. (5)).

3For the case of isoscalar nuclei, the approximate relation
occ = 20 is far more general and it can be directly deduced
from PCAC and isospin invariance.
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clei, as long as the A dominance holds, we will reach the
same conclusion. Nevertheless, we reiterate here that for
low and intermediate muon neutrino energies (=
1.5-2 GeV), one should expect sizable corrections (25%
at 1.3 GeV, and greater at smaller energies) to the approxi-
mate relation occ = 20nc due to the finite muon mass
[12].

To evaluate pion distortion effects we compute the 79—
wave function by using the appropriate pion-nucleus opti-
cal potential [64] and setting V- = 0. Nonlocalities in the
amplitudes are treated as in the CC case.

IV. RESULTS

We shall always use the full model of Ref. [33] where
the dominant Cg‘ nucleon-to-A axial form factor was fitted
to data resulting in C5(0) = 0.867 and M, = 0.985 GeV.
Note that the Goldberger-Treiman relation, traditionally
assumed in the literature, implies a larger value of C2(0) ~
1.2. We will come back to this point below.

First, we compile in Table I the input charge densities,
taken from Ref. [66], used in this work. For each nucleus
we take the neutron matter density approximately equal
(but normalized to the number of neutrons) to the charge
density, though we consider small changes, inspired by
Hartree-Fock calculations with the density-matrix expan-
sion [67] and corroborated by pionic atom data [68].
However, charge (neutron) matter densities do not corre-
spond to proton (neutron) pointlike densities because of the
finite size of the nucleon. This is taken into account by
following the procedure outlined in Sec. 2 of Ref. [68] (see
Egs. (12)—(14) of this reference).

A. General results

First, in Fig. 2 we show the pion momentum distribution
(LAB) for CC and NC coherent pion production induced
by v, and 7, on a '®O (CC case) and *C (NC case)
targets. In the upper panels we show the CC case for a
v,, v, beam energy of 600 MeV, which is in the expected
peak energy region of the future T2K experiment. In the
lower two panels we show NC results for a v, ¥ beam
energy of 850 MeV. In all panels, the short-dashed line
corresponds to our results in plane wave impulse approxi-

TABLE L. Charge (r),, a) and neutron matter (r,, ) density
parameters for different nuclei as given in Ref. [66]. For carbon
and oxygen we use a modified harmonic oscillator density,
p(r) = po(1 + a(r/ry)?) exp(—(r/ry)?), while for lead, we

use a two-parameter Fermi distribution, p(r) = py/(1 +
exp((r — ry)/a)).

Nucleus r, [fm] r, [fm] a
2c 1.692 1.692 1.082
160 1.833 1.833 1.544
208pp 6.624 6.890 0.549 fm
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FIG. 2 (color online).

Pion momentum differential cross section in the LAB frame for different coherent pion production reactions.

Short-dashed line (in blue) has been calculated using planes waves for the outgoing pion and without including any in-medium
correction for the A. Results with A nuclear medium effects are shown in the upper-left panel by the long-dashed line (in green). Our
full model calculation, including medium effects on the A and the distortion of the outgoing pion wave function, is shown by the solid
line (in red). Finally, the effect of putting the nucleons at rest is shown in the upper-left panel by the dotted line (in magenta).

mation (PWIA), in which we use a plane wave for the
outgoing pion and neglect medium effects on the dominant
A contribution. Medium effects introduced through the A
self-energy play a very important role largely reducing the
PWIA results. This is shown by the long-dashed line in the
upper-left panel. When the pion distortion is also taken into
account (via the substitutions of Eqgs. (11) and (12)) the
cross section is further reduced, and the peak is shifted
towards lower energies reflecting the strong absorption and
the higher probability of a quasielastic collision of the
outgoing pion by the nucleus in the A kinematical region.
The total cross section reduction is around 60% for a beam
energy of 600 MeV. Our full model results thus obtained
are shown by the solid line. Medium and pion distortion
effects in coherent pion production were already evaluated
in Refs. [31,32]. However in these works the motion of the
nucleon was neglected. This is to say, though the authors of

these references also use the prescription p = —p' =

(k, — §)/2 to compute the elementary W*(Z°)N — 7N’
amplitude, however the nucleon momenta in the Dirac’s

spinors appearing in Eq. (8) are neglected. The effect of
putting the nucleons at rest can be clearly seen in the dotted
line of the upper-left panel and results in a ~15% decrease
of the total cross section. Results obtained for the antineu-
trino CC induced reaction are shown in the upper-right
panel. The cross section is some 30% smaller than in the
neutrino case due to the sign change in the axial part of the
Iepton tensor which results in a different vector-axial in-
terference. Similar effects are seen for NC reactions shown
in the lower panels of Fig. 2. In this case the antineutrino
cross section is reduced by just 10% with respect to the
neutrino one.

In Fig. 3 we show the effect of Coulomb distortion on the
outgoing charged pion. One can see the expected shift in
the peak towards higher (lower) energies of the positive
(negative) pion distribution when the Coulomb distortion is
taken into account. The net effect in the total cross section
is nevertheless small, amounting to a 5% change for beam
energies in the 500 MeV region. For higher energies the
effect is expected to be less important.
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We now study, for CC reactions, the effect of including
the background terms on top of the dominant direct (AP)
and crossed (CAP) A pole contributions. As mentioned
before, the PF term does not contribute to the coherent
cross section. Besides, the direct (NVP) and crossed (CNP)
nucleon pole term contributions partially cancel each other,
while the chiral background terms CT, PP vanish for
isospin symmetric nuclei due to an exact cancellation
between proton and neutron contributions. This latter can-
cellation is partial for asymmetric nuclei. In the left panel
of Fig. 4 we show the results for '>C. As seen in the figure
the effect of the background terms, both in the PWIA and
in the full calculation (including medium effects and pion
distortion), is very small, thus corroborating the findings of
Ref. [32]. In the right panel of the figure we show full
calculation results for 2°Pb , which is the most asymmetric
nucleus with possible experimental interest. In this latter
case the inclusion of the background terms reduces the
cross section in an appreciable way. We find similar con-
clusions for NC driven processes.

This predominant role played by the A mechanism,
in conjunction with the findings of Ref. [33] and the fact
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FIG. 4 (color online).
coherent pion production induced by a 500 MeV v
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Coulomb distortion effects on the pion momentum differential LAB cross section for CC coherent pion

that the coherent pion production reaction in nuclei is
mostly driven by the axial part of the interaction,
allows us to conclude that most of the previous theoretical
studies [9,12,27,30,31] of the pion coherent channel
might be overestimating the cross section roughly by a
factor of 2. This can be easily understood as follows.
Background terms turned out to be very important at the
nucleon level and because of them, the flux-averaged
vup— B pmt  ANL g’-differential cross section
[47,48] is described with an axial form factor C4(0) of
around 0.9 [33], significantly smaller than the traditionally
used value of about 1.2, deduced from the Goldberger-
Treiman relation. This reduction of the contribution of
the A pole mechanism in the weak pion production off
the nucleon is compensated by the nonresonant terms.
However, when one studies the neutrino coherent pion
production in isoscalar nuclei we find a negligible contri-
bution of the nonresonant terms, and thus the cross section
is determined by the axial part of the A mechanism of
which C% gives the largest contribution. Thus, we predict
cross sections around a factor of (1.2/0.9)> ~ 2 smaller
than those approaches which assume the Goldberger-

1.4 T T T T

vy 208Pb — 208Pb Tt

E, =500 MeV
0.8 |

0.6 -

do/dk, (10738cm?/GeV)

0.2

0.2
kr (GeV)

Pion momentum differential LAB cross section, calculated with and without background terms, for CC
« beam. The curves labeled as ““Only A stand for results obtained from the A P and

CAP mechanisms. Left panel: results for a '>C target and PWIA and full calculations; Right panel: results for a 2°*Pb target.
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FIG. 5 (color online). Differential do/dg*> and LAB do/dq?.
distributions from carbon target, calculated both within the
PWIA and using our full model. In the x-axis, —¢> or LAB
—q2. values are displayed, depending on the curve.

Treiman relation.* This fact was first pointed out by the
authors of Ref. [32], who used for the very first time the
background terms derived in Ref. [33] for the elementary
reaction. However, we improve here the results of this
reference by properly taking into account the motion of
the nucleons, as discussed above, and correcting for some
numerical inaccuracies [52] (of the order of 20% in the
total cross section, and larger at the peak of the do/dk,
differential distribution) that affected the calculations of
this reference and those of a previous work by the same
authors [31].

Next we pay attention to the g differential cross section,
and in Fig. 5 we show this distribution for v, CC driven
processes in the energy region of the future T2K experi-
ment. There, we also show do/dgZ., where g2, is calcu-
lated, under the assumption of a Quasi-Elastic (QE)
neutrino—nucleon interaction, from the measured outgoing
lepton energy and scattering angle in the LAB frame,

qrzec = _ZM‘]?ec = _ZM(EE/SC - E/) (31)

—m?/2

M — E' + |K'| cos#’
The g2 distribution as compared with the g> one is clearly
shifted to lower absolute values and peaks roughly at 0.
This fact might be used to reduce the QE background by
requiring that coherent events should have a reconstructed
gZ.. value smaller than some appropriate cut, as was done
in the K2K analysis carried out in Ref. [11].

eC —
14

(32)

*A word of caution is required here. There exists some degree
of inconsistency among the ANL [47,48] and BNL [69] mea-
surements of the integrated v, p — u~ pmt cross section, the
latter being larger than the former one. The model of Ref. [33],
including nonresonant background terms, with C2(0) = 1.2
(consistent with the off diagonal Goldberger-Treiman relation)
would lead to a better description of the BNL data than if the
lower vale of around 0.9 is used. Thus, if one favors BNL data
one could still use a high value of C2(0) = 1.2, which would
lead to larger coherent pion production cross sections.

PHYSICAL REVIEW D 79, 013002 (2009)

We turn now to angular distributions of the final pion
and muon in v, induced CC reactions. In Fig. 6 we show
the pion angular LAB distribution with respect to the
incoming neutrino direction. As expected, and due to the
nucleus form factor, the reaction is very forward peaked.
Inclusion of medium effects on the A propagator and the
final pion distortion largely reduce the cross section. The
angular distribution profile keeps its forward peaked be-
havior, although less pronounced once the pion distortion
is included. This can be seen on the right panel where the
angular distributions are all equally normalized to one.
Such a behavior can be understood by taking into account
that the pion wave function @%(7; k,) does not have well-
defined momentum, in contrast with the plane wave e =7,
Putting the nucleons at rest has some effect on the cross
section but hardly affects the angular distribution profile.
The situation is very similar for the muon angular distri-
bution, shown in Fig. 7 for CC coherent pion production by
a0.65 GeV energy v, beam on a '2C target. In this case the
angular distribution profile is completely unaffected by the
nuclear effects on the A and the pion distortion.

B. The Rein-Sehgal model and the NC MiniBooNE
E (1 — cos#,,) distribution

We have also examined the NC differential cross section
with respect to the variable E_(1 — cosé ), proposed by
the MiniBooNE Collaboration in its recent analysis of
coherent 77 production of Ref. [18]. Pion variables are
referred to the LAB frame. Results are shown in the left top
panel of Fig. 8 for a neutrino beam energy of 800 MeV
(close to the v, energy peak of the MiniBooNE experi-
ment) on carbon. Our differential cross section is appreci-
ably narrower than that displayed in Fig. 3b of Ref. [ 8].°
Indeed, our distribution at E£_(1 — cosf..) = 0.1 GeV has
already fallen off by a factor of 18, while the MiniBooNE
distribution has fallen off by less than a factor of 4 at
0.1 GeV, and even at 0.2 GeV the reduction factor is still
smaller than 15. We find it hard to understand this discrep-
ancy. Since the excitation of A(1232)-resonance mecha-
nism is dominant, we expect the outgoing pion to have a
total energy of around 0.25-0.35 GeV (see for instance left
bottom panel of Fig. 2). On the other hand, we find that the
cross section is almost negligible for cosé, > 0.7, as can

>Note however, that the E, (1 — cosf,) distributions shown in
Ref. [18] are not proper differential cross sections. This is
because they have not been corrected for acceptance or cut
efficiencies and are plotted for reconstructed kinematic quanti-
ties. So they include the effects of the selection criterion (the
efficiency of which can vary as a function of E_(1 — cosf.,)), as
well as reconstruction effects in the MiniBooNE detector.
Currently, the MiniBooNE Collaboration is working to have
all of the effects of the detector, event reconstruction, and
selection removed. The new results will follow in an upcoming
paper, where actual differential cross sections will be available
[70].

013002-9



AMARO, HERNANDEZ, NIEVES, AND VALVERDE
1.2 T T T T T

i
160 — w 160 7+ .,'

0.8 -
0.6 E, = 650 MeV S

04 B

do /d cos O, (10738cm?)

021

O L

0.4 0.5 0.7 0.8

cos O

0.6

FIG. 6 (color online).

PHYSICAL REVIEW D 79, 013002 (2009)

16 T T T T T
bk Full Model g
A in medium ----- /]
1
o 12r PWIA ------ -
;E 10 Nucleons at rest = "
S sl ’
=
~ . N
< 6F v160 — p= 10 7t
4 FE, = 650 MeV —
2 - -
0 i e 1
0.4 0.5 0.6 0.7 0.8 0.9 1
cos 0,

Pion angular differential cross section for CC coherent pion production by a v, beam of 650 MeV energy on a

160 target. Left panel: absolute differential cross section; Right panel: differential cross sections normalized to one. The 6, angle is

referred to the incoming neutrino direction in the LAB frame.

be inferred from the pion angular LAB differential cross
section displayed in the right top panel of Fig. 8. Thus, we
easily understand why we find that the E_(1 — cosf,,)
distribution becomes quite small above 0.1 GeV. To have
non-negligible signals in the E,.(1 —cosf,.) = 0.1-0.2 GeV
region would require, approximately, values of cosé . in
the interval 2/3 — 1/3, which would translate into values
of 0. in the range 50°-70°. Since ¢ is strongly aligned to
the incoming neutrino direction, such high pion angles
look hardly compatible with the forward character of the
coherent reaction, which is just imposed by the nucleus
form factor (Fourier transform of the nuclear density for
momentum § — k,) and the G-k, dependence of the
amplitudes (dominated by the axial contribution).

The strong disagreement between our prediction and the
MiniBooNE histogram in the region below E_(1—
cosf) <0.1 GeV is even more worrisome, because there
the cross sections are much larger. We are aware that
within the »,, MiniBooNE flux, there exist neutrino energy

components higher and smaller than the 800 MeV consid-
ered in the top panels of Fig. 8. In the left bottom panel of
Fig. 8, we show the E_(1 — cos6,,) differential cross sec-
tion for three more neutrino energies (300, 550 and
1300 MeV), in addition to that of 800 MeV considered in
the top panels. In all cases, we find very small signals for
E.(1 — cosf,) above 0.05 GeV. Also in this panel, we
show our E_(1 — cosf,,) differential cross section convo-
luted with the v, MiniBooNE flux (solid line), and we
certainly find a distribution definitely narrower than that
published in Ref. [18].

Since the MiniBooNE analysis relies on the Rein-Sehgal
model for coherent 77° production [9], the strong shape
difference should be understood in terms of the differences
between our model and that of Ref. [9].

1. The t-dependence of the Rein-Sehgal model

Rein and Sehgal made use of the Adler’s PCAC formula
[10] and approximated (both for neutrino or antineutrino-
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FIG. 7 (color online).

Muon angular differential cross section for CC coherent pion production induced by a 650 MeV energy v,

beam on a '?C target. Left panel: absolute differential cross section; Right panel: differential cross sections normalized to one. The 6 P
angle is referred to the incoming neutrino direction in the LAB frame.
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pion (G. Zeller private communication).

induced processes) the coherent 77° production differential
cross section by

( do,, ) _ G°ME,
dxdyd|tl) =0

SV - y>(|Fﬂ<t>|2Fabs

77.2
) (33)
q():E,,,IZO

with x = —¢?/2Mq°, y = ¢°/E,, and t = (¢ — k,)* =
—(§ — k)% Besides, the nuclear form factor is calculated
as F4(1) = [ d*Fel@ k) Hp () + p, (7}, and finally Fp
is a r-independent attenuation factor.® The above expres-
sion was deduced in the so-called parallel configuration,

do(7m°N — 7ON)
d|t|

“In the original work of Ref. [9], it is stated that F,, takes into
account effects of pion absorption in the nucleus. As defined in
Ref. [9], F,, only removes from the flux pions that undergo
inelastic collisions but, as explained below, no true absorption is
actually included.

for which the k,, and k), four momenta are proportional
(therefore ¢> = 0) and cosf,  (angle formed by 12# and )
and II;,I /1g| are approximated to one everywhere except in
the nuclear form factor. It was continued to nonzero g>
values by including a propagator term of the form (1 —
q*/m3)~2, with m, = 1 GeV. The model should work
well close to this parallel kinematics, and constitutes a
good approximation at the high neutrino energies, above
2 GeV, explored in the original work of Ref. [9]. However,
the approximations in which this model is based become
less justified as the neutrino energy decreases. For the
energies relevant in the MiniBooNE and T2K experiments,
nonparallel configurations turn out to be more important,
and the Rein-Sehgal model predictions are less reliable.
Actually, we see from Eq. (33) that the Rein-Sehgal
differential cross section depends on cosf, or ¢ only
through the nuclear form factor, and any further cosé
and/or ¢ behavior induced by the dependence of the am-
plitudes on k. is totally neglected. However, it is reason-
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able to expect that these additional angular dependences
might play a role when the pion emission is not completely
forward. To illustrate this point, we have rederived Eq. (33)
from our model. We have considered the dominant C%
axial contribution of the AP mechanism and made use,
in this case, of the Goldberger-Treiman relation to express
C4(0) in terms of the #NA coupling, f*, and the pion

decay constant f,.[C2(0) = sz = f*]. Besides, we have

considered neither the in-medium A-self-energy, nor the
pion distortion effects. On the other hand, we have used the
NA7r Lagrangian’

L _ya= f—ﬁrﬁ*(aﬂé)\lf + H.c. (34)

3
3

to compute do(7°N — 7°N)/d|t|. To further simplify, we
have worked in the nonrelativistic limit for the baryons.
Apart from F g, we reproduce Eq. (33), but with an extra
(cosf,; ) factor in the right-hand side of the equation,
which for the case of parallel kinematics is equivalent to
(cosf,)?. At high neutrino energies, the pion is emitted
strongly forward, and thus it is consistent to approximate
this factor by one, as it was done in the original work of
Ref. [9] to obtain Eq. (33). For MiniBooNE neutrino en-
ergies, relatively large 6, angles are allowed, especially

for low pion momenta (|/€,,| < 0.2 GeV) [71], and this
factor (cosf,)* could make the E,(1 — cos@..) distribution
significantly narrower than that predicted by the Rein-
Sehgal model. For a fixed value of E_ (1 — cosf,), the
effect becomes more important as the pion energy de-
creases. For instance, if we fix E_(1—cosf,) =
0.05 GeV, we find that (cosf,)> = 1/2 or 3/4, for an
averaged pion energy of 0.17 or 0.375 GeV, respectively.
As it was shown in the talk of J. Link at Nuint0Q7 [71], in the

Rein-Sehgal model, low-energy pions (|k,| < 0.5 GeV)
produce wider E (1 — cosf ) shapes than those of higher

energies (Il;,l > (0.5 GeV), and thus we expect this type of
correction to be important. In addition, there also exist
corrections that vanish in the g> — 0 (or equivalently
1G1/¢° — 1) and/or |k,|/|Gl — 1 (also implied by the ¢ =
0 approximation in the amplitudes) limits.

Another way to see the limitations of the Rein-Sehgal
model is the following. As mentioned, this model assumes
no further dependence on 7 than that encoded in the nuclear
form factor. Since t = 0 implies ¢ = k., we have replaced
k% in Eq. (15) by ¢*. That is to say, we replace k. by ¢ in
the pion emission vertex.® To better compare with the Rein-

"Here, (]5 is the pion field, W, is a Rarita Schwinger J7 =
3/2% field, and TTisthe i isospin transmon operator (vector under
isospin rotations and its Wigner-Eckart irreducible matrix ele-
ment is taken to be one) from isospin 1/2 to 3/2.

81f we were to repeat with this replacement the derivation of
Eq. (33) as explained above, we will recover it exactly (apart
from Fy), and the correction factor (cosf, )* would not
appear.

PHYSICAL REVIEW D 79, 013002 (2009)

Sehgal predictions, we have again just considered the
dominant Cg‘ axial contribution of the AP mechanism,
without considering pion distortion and A in-medium ef-
fects. v, MiniBooNE flux convoluted results are displayed
in the right bottom panel of Fig. 8. We see that the new
E (1 — cosf,,) distribution is significantly wider than that
obtained without implementing this replacement, and that
it reasonably describes the MiniBooNE published distri-
bution (solid histogram in the plot). The agreement is much
better, when we compare with some preliminary
MiniBooNE results (dashed histogram) obtained with a
different treatment of the outgoing pion Final State
Interaction (FSI), as we will explain in the next subsub-
section.” Without giving a special meaning to this agree-
ment, this simple calculation serves the purpose of
illustrating the uncertainties associated with the =0
approximation at low energies, for which the nuclear
form factor still allows some deviations from the com-
pletely forward scattering.

We conclude that the Rein-Sehgal pion coherent pro-
duction model for MiniBooNE and T2K experiments is not
as reliable as for the case of neutrino energies above 2 GeV.
We expect sizable corrections to the predictions of this
model, both for differential distributions and for integrated
cross sections. Our model provides an E_(1 — cosf,.)
distribution much more peaked around zero, and thus it
might improve the description of the first bin value in
Fig. 3b of Ref. [18]. Moreover, the drastic change in the
E (1 — cosf,) distribution shape might produce some
mismatch between the absolute normalization of the back-
ground, coherent and incoherent yields in the MiniBooNE
analysis. On the other hand, and besides the issue of the
used value'? for C4(0), the Rein-Sehgal model, adopted by
the MiniBooNE Collaboration in Ref. [18], overestimates
by a large factor the coherent integrated cross section for
MiniBooNE energies. This is due first to the # = 0 approxi-
mation in the amplitudes assumed in this model that pro-
duces a too wide E_(1 — cosf ;) distribution, which leads
to cross sections larger by about a factor of 2 than those
obtained when the r-dependence is properly taken into
account (see for instance the different areas below the solid
and dashed-dotted curves in the right bottom panel of
Fig. 8). Second, because all sorts of in-nuclear-medium
effects, like pion absorption or modification of the elemen-
tary 7N — 7N cross section' inside of the nucleus, which

"We are indebted to G. Zeller for providing us with these
preliminary results.

'"®Within the Rein-Sehgal model, this constant is implicitly
fixed to approximately 1.2, since the Goldberger-Treiman rela-
tion is used to express the coherent 770 production cross section
in terms of the elastic 7°N — 77°N one.

""Within our model, we include these modifications by means
of the consideration of the A-self-energy, by considering the
Pauli blocking in the computation of A-decay width in the
medium, and by using the pion wave function, @, instead of
a plane wave.
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are not accounted for in the Rein-Sehgal model, and that
turn out to be relevant at MiniBooNE energies.

2. The E_(1 — cosf,) > 0.1 GeV region and NUANCE
FSI

We turn now to the region E_(1 — cosf,) > 0.1 GeV.
Also in this region, the bulk of the discrepancies among our
predictions and the MiniBooNE results can be understood
in terms of the inaccuracies of the Rein-Sehgal model at
low energies, as can be appreciated in the right bottom
panel of Fig. 8. But here, the outgoing 7° FSI effects,
incorporated by the analysis of Ref. [18], induce some
additional discrepancies. The MiniBooNE analysis relies
on the Rein-Sehgal models for incoherent (resonant) [72]
and coherent [9] 770 production, which are implemented in
the NUANCE event generator [73]. In the case of coherent
production, the Rein-Sehgal model includes an absorption
factor F,,, to effectively account for the pion wave func-
tion distortion from a plane wave (see Eq. (33)). This
Glauber-type factor decreases exponentially with the
pion-nucleon inelastic cross section (see Eq. 24 of
Ref. [9]) and thus it neither accounts for pion absorption,
which is a two nucleon mechanism, nor it does for quasi-
elastic distortion. Quasielastic steps, induced by elastic
pion-nucleon collisions and not forbidden by Pauli block-
ing, excite and/or break the nucleus, and are not removed
by this factor F,,. This Glauber factor only removes
events where the 77¥ suffers an inelastic collision with a
nucleon, and as a result changes its charge, or other mesons
are produced in the final state.

The procedure followed in Ref. [18] to describe coherent
pion production is somewhat different. They set F to 1 in
the Rein-Sehgal model of Ref. [9], and implement absorp-
tion as part of the FSI. In our understanding, the coherent
pion production cross section cannot be calculated from a
Monte Carlo cascade algorithm. This is because, by defi-
nition, the coherent production is a one step process,'* and
the quantum mechanical transition matrix element gives
the amplitude probability for producing a pion outside of
the nucleus, which is left unchanged. The coherent con-
tribution should be incoherently added to that due to the

'>The nomenclature here might be confusing. There exist
multiple step contributions to the coherent reaction. For instance,
a A is formed in an NC scattering; it decays with the nucleon
falling back into the hole created by A formation; the decay 7°
creates a subsequent A, which in turn decays emitting a 77° that
escapes the nucleus and the associated nucleon also drops into
the ground state configuration. The point we want to make here
is that such contributions cannot be taken into account in a
Monte Carlo cascade algorithm. This is because it would require
the coherent sum of the multiple step amplitudes, while a
Monte Carlo algorithm uses probabilities (cross sections). We
do include these multiple step contributions within our formal-
ism thanks to the use of a pion wave function solution of the
Klein-Gordon equation, with an optical 7%-nucleus potential,
instead of using a plane wave.
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inelastic channels to find out the total pion production cross
section.

Nevertheless, one could still reasonably estimate the
total coherent cross section from the NUANCE FSI cas-
cade, if it would be used to eliminate from the flux of
outgoing neutral pions, not only those which get absorbed
or those that suffer inelastic processes, like multiple pion
production, meson production or pion charge exchange,
but also those that undergo quasielastic steps, induced by
elastic pion-nucleon collisions, in their way out of the
nucleus. However, to our knowledge, these latter events
are accounted for in the MiniBooNE analysis, despite the
fact that they are not coherent since the final nucleus, as a
result of the secondary collisions, is not left in the ground
state. We believe this is acknowledged by the authors of
Ref. [18] when they say ‘.. .that rescattered events with a
7° in the final state may be misclassified in NUANCE, as
would be the case when a coherently produced 7 rescat-
ters elastically through a resonance.” As a result of these
collisions, the 7°’s might change their direction and give
rise to events in the NUANCE cascade at significantly
larger values of 6. Indeed in the right bottom panel of
Fig. 8, we observe significantly less events for E_ (1 —
cosf,) > 0.1 GeV when the NUANCE FSI is turned off
(dashed histogram). 13 The effects below 0.1 GeV are much
smaller, and in total, the change in the shape leads to a
reduction of around 20% in the integrated cross section.

In our calculation of the coherent cross section, we
certainly remove those secondary events by means of the
optical potential employed to compute the pion wave
function. The imaginary part of the pion-nucleus potential
is responsible for the removal of flux of the outgoing pions
on their way out of the nucleus. This imaginary part is due
to pion absorption, but also to pion quasielastic steps.
Hence, the use of the full optical potential will eliminate
the pions which are absorbed and also those which scatter
quasielastically. We might try to theoretically estimate this
effect by switching off the quasielastic contribution to the
pion-nucleus optical potential induced by elastic pion-
nucleon collisions, and using an optical potential with an
imaginary part due to absorption and inelastic channels
alone. In this way, we will remove the absorbed pions and
those that undergo inelastic collisions, but not those which
scatter quasielastically, which will still go out of the nu-
cleus and are accounted for by the MiniBooNE
Monte Carlo generator. This was considered in the past

BNote that when the NUANCE FSI is turned off, besides
getting rid of the unwanted quasielastic steps, pion absorption
is not taken into account. However, although this latter effect
produces a diminution of events, it does not significantly change
the shape of the E (1 — cosé,,) distribution. On the other hand,
since the histogram has been rescaled down, the overall normal-
ization is not an issue anymore. Nevertheless, we should point
out that there could be some minor differences in the acceptance
or cut efficiencies with respect to those used in the published
histogram [18].
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in the study of the pionic decay of A-hypernuclei [74,75],
leading to moderate enhancements of the decay widths of
the order of 10-15% in '>C [76]. We find here similar
effects, and for the MiniBooNE flux-averaged cross sec-
tion, we find an enhancement of around 20% (see Table II),
in good agreement with the effects observed by turning off
the NUANCE FSL

C. K2K, MiniBooNE and T2K flux-averaged cross
sections

In Table II we show our predictions for the K2K [11] and
MiniBooNE [18] flux-averaged cross sections as well as
for the future T2K experiment. In Fig. 9, we show some
results for K2K and MiniBooNE experiments. In all cases,
we normalize the neutrino or antineutrino flux ¢ to one. In
principle, we would like to compute the corresponding
convolution with the neutrino or antineutrino flux

Tow (35)
i = K2K, MiniBooNE, T2K

7= f e JEGi(E)o(E),

with E!

lows Efligh the lower and upper flux limits, and o(E)
the corresponding CC/NC muon/electron neutrino/anti-
neutrino-induced nuclear coherent cross section, as a func-
tion of the neutrino/antineutrino energy.14 In practice, the
predictions of our model become less reliable when the
energy increases, since the model neglects all resonances
above the A(1232). Sophisticated recent calculations, as
those of Refs. [30-32], suffer from exactly the same limi-
tation. That is the reason why we have set up a maximum
neutrino energy (E ) in the convolution, and approxi-
mated

J5m dEG! (E)or(E)
5o~ _ (36)
Jei dES'(E)

where we fix the upper limit in the integration (neglecting
the long tail of the neutrino fluxes) to E,, = 1.45 and
1.34 GeV for CC and NC muon neutrino/antineutrino
driven processes, respectively. The phase space for the fifth

. . do
differential YA

constants, is determined by II?III;WI (see Egs. (2), (4),
(19), and (20)). For CC processes, for instance, and
muon neutrino energies of around 1.45 GeV, the phase
space peaks at pion energies of around 730 MeV, which
leads, neglecting the nucleon momentum, to 7N invariant
masses below 1.5 GeV. Up to these energies, one can
reasonably assume A(1232) dominance.

cross section, up to irrelevant

“Note that the cross section trivially vanishes for neutrino/
antineutrino energies below the pion production threshold, which
obviously is different for CC and NC driven processes because
of the final lepton mass.
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In the case of the K2K experiment a threshold of
450 MeV for muon momentum was imposed as an addi-
tional selection criterion [11]. We have implemented this
cut also here, and in that case we have been able to go up to
ESSFK = 1.8 GeV. In these circumstances, we still cover
about 90% of the total flux in most of the cases. For the
T2K antineutrino flux, we cover just about 65% of the total
spectrum, and therefore our results for the convoluted cross
sections are less reliable.

For neutrino energies above 1 GeV, and though the A
contribution plays a central role in pion production [72],
one should bear in mind that other resonances could cer-
tainly be also important. This would affect the results
presented in Table II and Fig. 9. Taking into account that
the T2K and MiniBooNE fluxes peak at neutrino energies
of around 0.6-0.7 GeV, where the A resonance contribution
is much more dominant, it is reasonable to expect correc-
tions (higher cross sections) of around 20-30% to our
results for these two experiments. Certainly, the correc-
tions could be larger for the K2K case, since in that case the
neutrino energy spectrum peaks at higher energies, around
1.2 GeV.

We see that our prediction, subject to some uncertain-
ties, lies well below the K2K upper bound, mainly thanks
to the use of a low value for C4(0), while we predict a NC
MiniBooNE cross section notably smaller than that given
in the PhD thesis of J.L. Raaf [77]. However, this latter
value should be taken with extreme caution. It was ob-
tained from a preliminary analysis that since then has been
notably improved. Moreover, the MiniBooNE Collab-
oration has not given an official value for the total coherent
cross section yet, and only the ratio coherent/(coherent +
incoherent) has been presented [18]. Nevertheless, as we
have discussed at length, we believe the MiniBooNE
analysis might overestimate this ratio, not only because
some of the 7°’s which undergo FSI collisions are ac-
counted for as coherent events instead of being removed,
but more importantly because the Rein-Sehgal model pre-
dicts an incorrect (wider) E (1 — cosf ) shape for coher-
ent 77°°s. The first of the effects produces an enhancement
of the coherent cross section of the order of 20% (see the
MiniBooNE NC* entry in the table), while it is much more
difficult to quantify the second of the effects. This is
because, in addition to the variation of the integrated
area, it might produce a possible mismatch between the
absolute normalization of the background, coherent and
incoherent yields in the MiniBooNE analysis. To finish this
discussion, we would like to point out that the K2K cross
section and the value quoted in Ref. [77] seem somehow
incompatible with the approximate relation occ = 20nc,»
expected from A-dominance and neglecting finite muon
mass effects (see discussion at the end of Sec. III).

Our predictions are about 20-30% smaller than those
obtained in Ref. [32] from model II, which uses our value
C4(0) = 0.9. This discrepancy is due to different facts: the
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TABLE II. NC/CC muon neutrino and antineutrino coherent pion production total cross sections for K2K, MiniBooNE and T2K
experiments. In the case of CC K2K, the experimental threshold for the muon momentum IE'I > 450 MeV is taken into account. To
convert the cross section ratio given in [11] into a coherent cross section (K2K), we use the value of 1.07 X 1073% c¢m? /nucleon for the
total CC cross section, as quoted in [11]. For the MiniBooNE NC* entry, we present our results when an optical pion-nucleus potential
with an imaginary part due to absorption and inelastic channels alone is used to compute the distortion of the outgoing pion (see text
for more details). The absolute NC 77° coherent cross section quoted in the PhD thesis of Ref. [77] should be taken with extreme
caution, since in the published paper (Ref. [18]) it is not given. There, it is quoted the ratio of the sum of the NC coherent and
diffractive modes over all exclusive NC 770 production at MiniBooNE. Some details on the flux convolution are compiled in the last
three columns.

Reaction Experiment & [107% cm?] oy, [107%0 cm?]  El,, [GeV] fgm“ dE¢'(E)o(E) [107%° cm?] fglf““‘ dE¢'(E)
CCy, +'2C K2K 4.68 <7.7 [11] 1.80 3.84 0.82
CCvy, + I2C MiniBooNE 2.99 1.45 2.78 0.93
CCvp, + I2c T2K 2.57 1.45 2.34 0.91
CCv, + 160 T2K 3.03 1.45 2.76 0.91
NC v, + 12C MiniBooNE 1.97 7.7 1.6 +3.6[77] 1.34 1.75 0.89
NC* p, + 12C MiniBooNE 2.38* 7.7 *+1.6+3.6[77] 1.34 2.12% 0.89
NC v, t I2c T2K 1.82 1.34 1.64 0.90
NC v, + 160 T2K 2.27 1.35 2.04 0.90
CCy, +1'2C T2K 2.12 1.45 1.42 0.67
NC v, + I2c T2K 1.50 1.34 0.96 0.64

existence of some numerical inaccuracies affecting the
results of Refs. [31,32], the inclusion of the nonzero mo-
menta in the nucleon spinors, different ranges in the flux
convolution, etc.

For the future T2K experiment, we get cross sections of
the order 2 — 2.6 X 107%° ¢cm? in carbon and about 2.3 —
3.0 X 107%° cm? in oxygen, considerably smaller than
those predicted by the Rein-Sehgal model.

The SciBooNE Collaboration has recently set 90% con-
fidence level upper limits on the cross section ratio of CC

coherent pion production to the total CC cross section at
0.67 X 1072 at mean neutrino energy 1.1 GeV and 1.36 X
1072 at mean neutrino energy 2.2 GeV [15]. If we use a
value of 1.05 X 1073 cm?/nucleon for the total CC cross
section, as quoted in [15], the SciBooNE upper limit for the
ratio will transform in a upper bound of about 8 X
1074 cm? for the coherent cross section at 1.1 GeV. At
1.1 GeV, our prediction for the CC coherent pion produc-
tion cross section in carbon is 5.7 X 1074 ¢cm? (see points
in the left panel of Fig. 9), which is totally compatible with
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FIG. 9 (color online).
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E (GeV)

CC (left) and NC (right) coherent pion production cross sections in carbon. We also show predictions

multiplied by the T2K (left) and MiniBooNE (right) »,, neutrino energy spectra. In the region of neutrino energies around 0.6 GeV, the
lower curves stand for the T2K and MiniBooNE v, fluxes normalized to one.
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FIG. 10 (color online).
(right) targets as a function of the neutrino/antineutrino energy.

the SciBooNE bound. However, according to the Rein-
Sehgal model [9,12] implemented in the SciBooNE simu-
lation, the cross section ratio of CC coherent pion produc-
tion to the total CC cross section is calculated to be
2.04 X 1072 in Ref. [15]. The SciBooNE limits correspond
to 33% and 67% of the Rein-Sehgal model prediction at
1.1 GeV and 2.2 GeV, respectively [15]. From our discus-
sion in Sec. IV B (see last paragraph in Sec. IVB 1), we
easily understand why the Rein-Sehgal model overesti-
mates the coherent cross sections by a large factor at
neutrino energies around 1 GeV (approximately a factor
of 2 because of the value'® of C2(0), and approximately
another factor of 2 because of the t = 0 approximation in
the amplitudes, in addition to all sorts of in-nuclear-
medium effects, like pion absorption or modification of
the elementary N — 7N cross section in the medium,
which are not accounted for in the Rein-Sehgal model). We
also understand why at the higher neutrino energy of
2.2 GeV the Rein-Sehgal model works better, since the
larger the energy, the better the + = 0 approximation in the
amplitudes and the smaller the nuclear effects become.
Note also that at 2.2 GeV we expect heavier resonances
than the A(1232) to play an important role, and thus the
issue of the value of C4(0) is less relevant.

To conclude this section, in Fig. 10 we show muon
neutrino/antineutrino CC and NC coherent pion production
off carbon and oxygen targets. We see that both for CC and
NC driven processes, the ratio of neutrino over antineutrino
cross sections approaches one as the neutrino energy in-
creases. This is due to the nuclear form factor which
reduces the vector contribution to the amplitudes (and
therefore the interference between the vector and the axial
parts) as the neutrino energy increases. Besides, and as a

SNote, however that, Cg‘(O) will partially cancel out in the
ratios measured by the SciBooNE Collaboration.
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Muon neutrino/antineutrino CC and NC coherent pion production off nuclei from carbon (left) and oxygen

consequence of the nuclear form factor and other nuclear
in-medium effects, we also see that cross sections do not
scale as A2, A being the nuclear mass number, as expected
from a coherent reaction. This is in good agreement with
the findings of Refs. [9,31]. Indeed at 1 GeV, oxygen and
carbon cross sections turn out to be in a proportion of
around 6 to 5, instead of 1.8 to 1, as it would be deduced
from an A2-type scaling law. Finally, we observe sizable
corrections to the approximate relation occ = 20nc for
these two isoscalar nuclei in the whole range of neutrino/
antineutrino energies examined in this work. As pointed
out in Refs. [12,14], this is greatly due to the finite muon
mass, and thus the deviations are dramatic at low neutrino
energies. In any case, these corrections cannot account for
the apparent incompatibility among the CC K2K cross
section and the NC value quoted in Ref. [77], mentioned
above.

V. CONCLUSIONS

We have developed a model for neutrino/antineutrino
CC and NC coherent pion production off nuclei which is
based on a microscopic model for neutrino/antineutrino-
induced one-pion production off the nucleon derived in
Ref. [33]. The model of Ref. [33] includes the dominant A
production mechanism, but it also takes into account back-
ground terms required by chiral symmetry. In its applica-
tion to coherent production we have further taken into
account the main nuclear effects expected to be important
in reactions off nuclei. While the model presented here is
similar to the one in Refs. [31,32], we have improved on
that calculation by taking consistently into account the
nucleon motion, and by using a more sophisticated pion
optical potential. The consideration of the nucleon motion
increases the cross section by a non-negligible amount,
while Coulomb effects on the emission of charged pions
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lead to small changes in the cross section. Moreover, we
have corrected for some numerical inaccuracies [52] (of
the order of 20% in the total cross section, and larger at the
peak of the do/dk,, differential distribution) that affected
the calculations carried out in Refs. [31,32].

In agreement with Refs. [31,32], we find a strong reduc-
tion of the cross section, mainly due to the modification of
the A self-energy in the nuclear medium, and a shift to
lower energies of the outgoing pion distribution due to the
final pion distortion. The angular distributions of both pion
and muons with respect to the incoming v, direction are
forward peaked due to the nuclear form factor. While the
muon angular distribution profile is almost unaffected by
nuclear corrections, in the pion case, part of the strength is
shifted to larger angles due to the distortion of the final
pion wave function. Nonresonant terms, which turned out
to be very important at the nucleon level [33],'® give small
contributions to the coherent pion production off isospin
symmetric nuclei. This leads us to find coherent pion
production cross sections around a factor of 2 smaller
than most of those previously published.

We have also performed a detailed discussion of the
MiniBooNE results of Ref. [18] and the analysis performed
there to identify NC coherent 77° events. We have shown
that the Rein-Sehgal model used in this analysis is not
accurate enough in this case. This is because the
MiniBooNE flux mainly consists of neutrinos below
2 GeV, and for such low neutrino energies, the corrections

1Their inclusion made it necessary to reduce the nucleon-to-A
resonance axial coupling.
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to the outgoing pion angular dependence predicted by the
Rein-Sehgal model become quite important. As a conse-
quence, the Rein-Sehgal model leads to distributions nota-
bly wider and integrated cross sections much larger than
those predicted in this work. Finally, we have predicted
muon neutrino/antineutrino CC and NC coherent pion
production off carbon and oxygen up to neutrino energies
of the order of 1.4 GeV, and convoluted those cross sec-
tions with the K2K, T2K and MiniBooNE fluxes. Our cross
sections are considerably smaller than those predicted by
the Rein-Sehgal model.

We expect the present model to provide accurate coher-
ent pion production total and differential cross sections in
the first resonance region, where the A(1232) plays a
relevant role. This energy region is very important for the
analysis of present and forthcoming neutrino oscillation
experiments for which good and reliable theoretical calcu-
lations are needed.
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