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We have developed a model for neutrino-induced coheremt pioduction off nuclei in the energy regime
of interest for present and forthcoming neutrino oscitlatexperiments. It is based on a microscopic model for
pion production off the nucleon that, besides the domidaipble contribution, takes into account the effect of
background terms required by chiral symmetry. Moreoveg,ttodel uses a reduced nucleondaesonance
axial coupling, which leads to coherent pion productionssreections around a factor two smaller than most
of the previous theoretical estimates. In the coherentymiioh, the main nuclear effects, namely medium
corrections on the\ propagator and the final pion distortion, are included. Weehenproved on previous
similar models by taking into account the nucleon motion emgbloying a more sophisticated optical potential.
As found in previous calculations the modification of theself-energy inside the nuclear medium strongly
reduces the cross section, while the final pion distortiommahifts the peak position to lower pion energies.
The angular distribution profiles are not much affected bglear effects. Nucleon motion increases the cross
section by~ 15% at neutrino energies of 650 MeV, while Coulomb effects oarghd pions are estimated to
be small. Finally, we discuss at length the deficiencies @Rkin—Sehgal pion coherent production model for
neutrino energies below 2 GeV, and in particular for the BooNE and T2K experiments. We also predict flux
averaged cross sections for these two latter experimedt&2K.

PACS numbers: 25.30.Pt,13.15.+9,12.15.-y,12.39.Fe

. INTRODUCTION

Neutrino-induced one-pion production off nucleons andeiun the intermediate energy region is a source of reledatd
on hadronic structure. Pions are mainly produced throughrm@nce excitation and these reactions can be used totextrac
information on nucleon-to-resonance axial transitiomfdactors. Besides, a proper understanding of these prexéssery
important in the analysis of neutrino oscillation expennse For instancer® production by neutral currents (NC) is the
most important/,-induced background to experiments that measyre» v, oscillations in the neutrino energy range around
1 GeV [1]. This is because N&° events can mimie, signal events when, for example, one of the two photons &gsdowith
thenr® — v decay is not detected. This can happen when a photon exitietbetor before showering or does not have enough
energy to initiate a shower. Similarty;” production by charged currents (CC) is an important soufrbackground inv,, — v,
disappearance searches [2].

In reactions on nuclei, pions can be produced incoherenttpberently. In the latter case the nucleus remains in dsigul
state. Coherent reactions are controlled by the nucleus factor and are more forward peaked than incoherent ones. CC
coherent pion production has been studied at higher ersdrgienumber of experiments [3,/4,/5/ 6| 7, 8]. The resultsctbal
satisfactorily explained by the Rein—Sehgal model [9] whicbased on the partially conserved axial current (PCA@pltye-
sis [10]. The K2K Collaboration has recently conducted acefor CC coherent pion production induced by muon neugino
with a mean beam energy 03 GeV [11]. Contrary to expectations, they found no evidemeeXC coherent pion production,
setting an upper limit of 0.60% for the coherent to total C@&npproduction ratio. The data show a deficit of forward muons
in the kinematical region where a sizable coherent prodandsi expected. An attempt to explain this deficit has beere dign
Rein and Sehgal in Ret. [12] by including in their model thaall neglected finite muon mass effect|[13, 14]. In this wagyt
find a25% suppression caused by the destructive interference betive@xial vector and pseudoscalar (pion-pole) amplitudes
reducing in this way the discrepancy between theory andrerpat, though it still persists. This correction affectdyoCC
processes and its relevance is reduced as the neutrino/énergases [12]. The negative K2K results are consistetfit awery
recent search performed by the SciBooNE Collaboration [15]

NC coherent pion production was observed by the AachensRegioup [15] on &7Al target with both the muon neutrino
and antineutrino CERN PS beam with average ener@y@éV. Positive evidence was also seen by the PS-Gargameliérnee
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and antineutrino Freon experimentsi[17]. Very recentlg, MiniBooNE Collaboration announced the first observatibNG
coherentr® production below2 GeV [18]. When integrated over the MiniBooNE flux, they findaio of coherent plus
diffractive production over all exclusive N&" production given byl19.5 + 1.1(stat.) 4 2.5(sys.)% for a mineral oil target
(CHzy). By using Monte Carlo they estimate the coherent rate farra {¥C target to be0.3 + 2.8(stat.)%.

On the theoretical side the Rein—Sehgal model [9] mentiaiee assumes that coherent pion production is dominated by
the divergence of the axial current [19, 20} 21, 22] and cas the related to the pion-nucleus coherent scattering visCPC
Extrapolation to non-forward angles is done by including@pagator tern{l + Q2/m?)~2 with m4 ~ 1GeV. The effects
on the model of considering a finite muon mass was recentllysedin Refs.[[12, 14] and, as stated above, they give rise to
25% reduction of the CC coherent pion production by muon neagrist low neutrino energies. However, one should note that
the Rein—Sehgal model does not account for nuclear piorrpiiso, since it does not consider two body mechanisms wéuieh
those responsible for the absorption of the outgoing piand,it does not correctly treat quasielastic collisionsezit Besides,
the corrections to the outgoing pion angular dependendatigieel by the model become quite important for the low neotri
energies relevant in MiniBooNE and T2K experiments, as wkeshow in Subseci. TV B.

The PCAC approach was also used in the models of Refs. [2222426, 217]. In Refl[27] the authors take into account the
muon mass effect and include a small non-PCAC transverserdurontribution. In all cases the distortion of the finadrpi
was included. There are other approaches that do not reN\CHTPIn Ref. [28] coherent pions are produced by virtdah
excitations in the nucleus. The model includes the modiéioatof the nucleon and propagators in the medium, evaluated in a
relativistic mean field approximation, but no final pion digion was taken into account. Kelkaral.[29] improve on the above
calculation by doing a more sophisticated evaluation ofhgelf-energy in the medium and treating the final pion digtort
in a realistic way by solving the Klein-Gordon (KG) equatifor a pion-nucleus optical potential. The model of Ref. [30]
uses similar medium corrections and improves on the dagmripf the elementary reaction. On the other hand the firai pi
distortion is treated in the eikonal approximation whichrngwn to fail at low pion energies. In Refs. [31] 32] the augfollow
the Kelkaret al. calculation in the treatment of the final pion distortion lghising, as in Ref.[30], a more complete and fully
relativistic elementary amplitude.

In a recent publication we have developed a model for CC andh&i@rino- and antineutrino-induced pion production off
the nucleon in the intermediate energy region [33], whigit@sents the natural extension of that developed in Reffg84he
electron analogueN — ¢’ N'w reaction. Most previous studies [35] 36}, 37,/138, 39, 40, 4]44] of these processes considered
only the dominanA pole mechanism in which the neutrino excited @1232) resonance that subsequently decays ta In
our model we have also included background terms requirezhivgl symmetry (See Fil] 1 below). Some background terms
were considered before in the works of Refs. 44,145, 46]caigh none of these models was consistent with chiral cogintin
In Ref. [33], we found that background terms produced sigaifi effects in all channels. As a result we had to re adjest th
strength of the dominank pole contribution. The least known ingredients of the madelthe axial nucleon-tdx transition
form factors, of whichCZ' gives the largest contribution. This strongly suggestedréadjustment of that form factor to the
experimental data, which we did by fitting the flux-averaggd — .~ pr* ANL ¢*-differential cross section for pion-nucleon
invariant massedl’ < 1.4 GeV [47,148]. Our full model, thus obtained, lead to an ovdvatter description of the data for
different CC and NC, neutrino- and antineutrino-inducet-pion production reactions off the nucleon. This redurctf the
CZ£(0) value is consistent with recent results in lattice QCD [4@iark modell[50] and phenomenological studies [51].

Here, we shall apply our model to evaluate CC and NC cohetientgroduction in nuclei, including the chiral background
terms in the elementary amplitude. We follow a scheme sirtoléhat advocated in Refs. [31,/32pbut improving the results of
these latter references by properly taking into accountrtbon of the nucleons and correcting for some numericaldneacies
that affected the calculations of these two references [£2)jr model should work better close to threshold and hence we
will concentrate in the neutrino energy range of MiniBooNteldhe future T2K experiment where the neutrino peak enexgy i
expected to be arourid6 0.7 GeV |53]. This work is organized as follows: in sectidn Il wiealiss our model for the evaluation
of CC coherent pion production, including the most relewaspects of medium corrections for theand the evaluation of the
final pion distortion. In section Il we find the correspongliexpressions for the NC coherent pion production casellfiima
sectior 1V we present and discuss our results.

Il. CCNEUTRINO AND ANTINEUTRINO INDUCED REACTIONS

We will focus on the coherent CC pion production reactioruicet] by neutrinos,

(k) + Azlgs(pa) — 17 (K') + Azlgs (0a) + 7 (kx) (1)

1 We use a realistic description of the self-energy in the medium and treat quantum mechanicadyittal pion distortion.
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The process consists of a weak piart§ production followed by the strong distortion of the pioritsiway out of the nucleus.
In the coherent production the nucleus is left in its groutatiesby contrast with the incoherent production where thedaus is
either broken or left in some excited state.

The unpolarized differential cross section, with respedthe outgoing lepton and pion kinematical variables, i®giin the
Laboratory (LAB) frame by

d®o,, |k | G?
AQ(ENAE dQ(ky) |k | 472 2

D WS o )

with ¥ and &’ the LAB lepton momentaf’ = (E’Q + ml?)l/2 andm,; the energy and the mass of the outgoing lepton,

G = 1.1664 x 10~ MeV~2 the Fermi constant;, andE,, = (k2 +m2)'/2 the LAB momentum and energy of the outgoing
pion, andL andW the leptonic and hadronic tensors, respectively. The teéptensor is given by (in our convention, we take
€o123 = +1 and the metrig"” = (4, —, —, —)):

L) =K ko + K,k — guok - K +i€uoapk’ k" (3)
and it is not orthogonal to the transferred four momeniumk — &’ even for massless neutrinos, iIE,‘;;)q“ = —m?k,.
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FIG. 1: Model of Ref. [38] for thel¥ * N — N’= reaction. The circle in the diagrams stands for the wealstian vertex.

The hadronic tensor includes all the nuclear effects anarithe approximated by

Wecns = 64|k3]|\/[2 AL (a,kx) (A7 (g, k) )
A (g k) = /d?w i(q—Fa) 7 {pp(F)[j;;Jr(F;q,kﬂ)} ¥ pn(7) {jﬁﬂ+(f’;q7kﬂ)}} 5)

with M the nucleon mass,(,,) the nuclear proton (neutron) density, normalized to the memof protons (neutrons). Since
we have neglected the recoil energy of the final nucleus we hav= k%(= E,). Finally T+ (750, k), stands for the
nucleon helicity averaged’ ™ N — N amplitude evaluated inside the nuclear medium as expldietmv. Our model for
the coherent nuclear process is built up from the coherattesing of thel’ ™ boson with each of the nucleons of the nucleus
producing an outgoing™. The nucleon state (wave function) remains unchanged imligpersion and thus after summing
over all nucleons, we obtain the nuclear densities whicleapgd in the hadronic tenstirf,’, . of Eq. (4). In the elementary
W+N — Nzt process, energy conservation is accomplished by impagirg E,., while the transferred momentugh— ko

has to be accommodated by the nucleon wave functions. Theisgherent pion production process is sensitive to thei€our
transform of the nuclear density for momentgm K (see Eq.[{b)). This nuclear form factor gets its maximum ealtneng
andk, are parallel, but for this particular kinematics the vectontribution of the7\;. amplitudes, which is purely transverse
ke X q, vanishes. This is the reason why for electron and photoncied reactions, the coherent pion production cross section
turned out to be a quite small fraction of the total inclusiuelear absorption one [54,/55]. For neutrino induced reast the
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axial contribution of the amplitudes is not suppressed foetnatics wherg and k, are almost parallel. Thus, the reduction
induced by the nuclear form factor is much less importard, @me might expect a larger relative contribution of the cehe
pion production channel, as it is the case for some purelydmackactions (f.i., coherent pion production in tR&l€,t) in
nuclei [56]). This dominance of the axial contributions hagn extensively exploited, through the PCAC hypothesigslate
the neutrino coherent pion production cross section wighpibbn-nucleus elastic differential one [9] 12}, 27].

For the elementary process we have used the model recenitlgdlen Ref. [33]. In addition to thé\ pole (A P) mechanism
(weak excitation of theA(1232) resonance and its subsequent decay Ntg), the model also includes background terms
required by chiral symmetry. It consists of seven diagrasese Fig[]L): Direct and crosseéd1232)— (first row) and nucleon
(second row) pole termg\P, CAP, NP, CN P) contact C'T) and pion pole PP) contribution (third row) and finally the
pion-in-flight (PF) term. It provides a fairly good description of all availaldata for pion production off the nucleon at
intermediate energies, driven by CC and NC and induced Hy hedtrino and antineutrino [33]. To compu&; . (7; ¢, kx),
we will need to evaluate

1
3 > (7" )Ty un(#), i=AP, CAP, NP,CNP, CT, PP, PF (6)

where theu’s are Dirac spinors for the nucleons, normalized such#hat= 21/, and the four-vector matricdg’,, . can be
read from the explicit expressions of the pion productiopktodes(N 7™ |j%  (0)|N) = >, u ‘(“’)F“Nﬁu( 7) in Eq. (51) of

Ref. [33]. Finally,p’andp’ = g+ ¢ — k, are the initial and final three momenta of the nucleon. Thosmenta are not well
defined and we approximate the four-momentum of the nucdéavhich collides with théV ™ by

(o )

Hence we assume that the initial nucleon momentufh,js— 7)/2 and the final one is- (k. — ¢)/2, with both nucleons being
on-shell. The momentum transfer is equally shared betweeimitial and final nucleon momenta. This prescription wessl§i
used in Refs/[54, 55] for coherenf photo- and electroproduction, respectively. The appratiom is based on the fact that,
for Gaussian nuclear wave functions, it leads to an exaatrtrent of the terms linear in momentum of the elementary énojg.

In Ref. [54] it was shown that this prescription provided gamresults as the explicit sum for the nucleon momentagreréd

in Ref. [57]. More recently it has also been employed in R&g, 59] for coherent® photo- and electroproduction and in a
recent work on neutrino coherent pion production [31, 3AttiBgp = —p’ = (E,r — q)/2, with energiep® = p’° given by
Eq. (@), eliminates some non-local contributions, andé@agly simplifies the sum over all nucleons, which can be cattrims
of the neutron and proton densities (see Ef. (5)). Furthegntioe sum over helicities in Eq.](6) can be also easily pavéal for

p = —p’ sinceu,.(p’ = —p) = vu,.(p), so that

1
—Zurp = ) petn (@) = 5T (b M) 'Thy ), i = AP ,CAP,NP... (8)

Thus finally, we will use

Th (Fak Z Yyt (Fiq kx), i=AP, CAP, NP, CNP, CT, PP, PF (9)
. 1 , M
Thvwe (P r) = 5T (B MYy ) 5 (10)

expressions that we shall evaluate numerically. Note HeaPtF' term does not contribute to the process since the trace above
zero in this case. Within this approximation, the averagedV — N7 amplitude inside the nuclear mediugfy_. (7 ¢, k),
does not depend af Below, we will include further medium corrections to thenioantA P mechanism which will induce an
explicit ¥ dependence.

Given the importance of thé\—pole contribution and since thA properties are strongly modified inside the nuclear
medium [60/) 61, 62, 63], we consider some additional nuaeanections to this contribution to include the effect of elf-
energy of theA in the mediumXa (p(7)). Here we follow the same approach as in Refl [31], which igtam the findings of
Refs. [62| 63, 64] . Thus in thA —propagator, we make the substitutians, — Ma + ReXa andl'a /2 — ['Fau /2 —TmX A
and takeX A (p(7)) andT'R*w /2 as explained in Sect. 1I-B of Ref. [31].

So far the formalism has used the bound wave functions ofubkens, which appear via the proton and neutron densitiets, a
has considered only a plane wave for the pion. Pion distogffects are important, specially fkfrﬁ| < 0.5GeV [29/30, 31, 32],
and are considered here by replacing in Ef. (5)

—iky T

e — @ (Fikr) (11)

Fne Fn T iV G (P Ky ) (12)
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The pion wave functiog* . (7; k) corresponds to an incoming solution of the Klein Gordon ¢éiqna

—

T 2 2B Vg (7)] B (7 ) = B3G5 (7 ), (13)

with Vo, (7) the optical potential which describes th&-nucleus interaction. This potential has been developedascopically
and it is explained in detail in Refs. [63,/64]. It containe trdinary lowest order optical potential pieces consediétom the
s— andp—waver N amplitudes. In addition second order terms in bethandp—waves, responsible for pion absorption, are
also considered. Standard corrections, as second-ordir@acattering term, angular transform term (ATT), Laize-Lorenz
effect and long and short range nuclear correlations, acetaken into account. This theoretical potential repreddairly well
the data of pionic atoms (binding energies and strong abiearwidths) [63] and low energy—nucleus scattering [64]. At low
pion energies, it is an improvement over the one used in [3]1 tBat was based o dominance of the N interaction. Another
possible improvement would be the inclusion of the Coulontbraction between the outgoing pion and the nucleus. Hms ¢
be taken into account by means of the replacement

Ex — Ex — Vo(7) (14)

in the right hand side of EJ._(1.3), whevg (7) is the Coulomb potential created by the nucleus, includimtgfisize and vacuum
polarization effects, see [63,/64]. We will discuss the @ffef this correction in Sedt_ IV

The replacement in Eq.{IL2), that takes into account thelliatthe pion three momentum is only well defined asymptlyica
when the pion-nucleus potential vanishes, induces somdauatities in the amplitudes. To treat these non-locaditive have
adopted the following scheme:

e In Eq. (4), we approximatkl?,r|, which arises from the phase space integrations, by the lmedfithe asymptotic three
momentun(E2 — m2)z

e

e Inthe AP, CAP, NP, CN P terms, we note that there exist eitheNav« or a N Ar vertex (see Eq. (51) of Ret. [33]),
which induces a factdt? in the amplitudes. Indeed, for those terms we could re-write

Ttgns (750 kn) = (k)T s (70, kr), i = AP,CAP,NP,CNP. (15)

5

We do not consider any non-locality in the tensfﬁ]‘\”,ﬁ, and we use the prescription of Eds.](11) dnd (12) to account

for k, in the contraction betweetf! andj}’f&T+ in Eg. (I5). This approach to treat the non-localities isieajant to that
assumed in refs, [311, B2]. '

e We do not consider any non-locality for ti&" and P P contributions.
Antineutrinos induce the coherent production of negagieblarged pions. To study these processes, we use [33]

L) = L) (16)
«7# (T ¢, kz) = j#,ﬁ[p,ﬁ](ﬁ%kw) (17)

and implement the appropriate changes in the plon-nuﬂg,gsandvc potentials to properly account for the distortion of the
outgoingr— [64].

Differences between neutrino and antineutrino inducedssections are proportional to the interferences amongxiat
and vector current contributions. Since the latter onesappressed by the nuclear form factor, as we discussed=ftdh),
we expect roughly similar neutrino and antineutrino cressiens. This will also be the case for the NC driven processalied
in the next section.

Ill.  NC NEUTRINO AND ANTINEUTRINO INDUCED REACTIONS

To extend the above formulae to the case of N@oherent production,

vi(k) + Azlgs(pa) — vi(K') + Azlgs(py) + 7° (kx) (18)
we have,
5 ! 2
@””A=@G#%W& (19)
dQ(k"dEdQ (k) |k | 16m
log |k | o *
WIGCﬂ'O = 6473 M?2 An-f) (q7 ) (AWO (q, kﬂ)) (20)

Al,:o (Qa krr) = /dBF iz {Pp( ) [jpl;,o (Fa q, kﬂ)] + pn ('F) [\7#,70 (1?, q, kﬂ)] } &:0 (1?, Err) (21)
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with ¥ andE’ = |k’ | the LAB outgoing neutrino momentum and energy. The leptterisor is given in Eq[{3) and it is now
orthogonal taj* = (k — k')* for massless neutrinos, ibﬂf,)q“ = L(”) =0.

Both lepton and hadron tensors are independent of the netlm;nton family, and therefore the cross section for thetiea
of Eq. (I8) is the same for electron, muon or tau incidentnees. Furthermore, the hadron tensor is the same for meugind
antineutrino induced reactions, and thus to study antimeuteactions we just have to change the sign of the antisgtmcopart
of the leptonic tensor (see E.{16)).

To evaluate the hadronic tensor, we use the model for the N grioduction off the nucleon derived in Ref.|[33] and thus
we have

TE (7 g,k ZJZ vro(F 0, ke), i= AP, CAP, NP,CNP, CT, PP, PF (22)
1 M
Tlwo(Fa he) = 5T (0 + M2 Tl o) 5 (23)

with the same prescription for the nucleon momentum as irCiecase. Within this model the PP, PF and CT diagrams do
not contribute to the NG° production off the nucleon. ThA P andC AP terms provide equaZ’p — pr° andZ%n — nx®
amplitudes, WIthFAP N0 and FCAP N0 Obtained fromFZ -+ and FCAP . multiplying these latter matrices by the

overall factor2v/2/(3 cos ) and2+v/2/ cos A respectively, and multiplying the vector form factors(y- 2 sin 6y, ), being
f¢ the Cabibbo angle antly, the Weinberg angle. Direct and crossed nucleon pole teraakstte

— NP 9A ﬁ""é"'}\/f 4 NP _ 1 pﬂ'o
Flji/P Nm0 —iD 2fﬁk 75 (p + q)2 — M2 + e (VZI;N(Q) - A%;N(Q)) ’ D - —1 nx0 (24)
" _ CNP YA (1 o p—kr+ M CNP _ 1 pr®
Lenpivgo = —1D 2f, (VZ%N(q) AZ;N(q)) (p—kn)? = M2 + ielkﬂ%’ b “\ -1 @3)
with f. ~ 93 MeV the pion weak decay constapty = 1.26 the axial nucleon coupling, and
o o H2FE (@) o
Vw = 2x [F@ne iy, (26)
(07 o S é S (67
v = |GAn ™ + ((GA) + G + () ) s @)
T N

The pseudoscalar part of the axial current, which is pramaat to ¢**, does not contribute to the differential cross section for
massless neutrinos. Besides #1&V N form factors are given by [65]

n 1
(FOY'" = +FY — 2sin® Oy FP™ — 5 (28)

s . n 1 s
(MZFQZ)p = +uyFy —2sin® Owpp o FE™ — §usF2 (29)
(GA)"" = £Ga - G5 (30)

For isoscalar nuclei, the direct and crossed nucleon polestdo not contribute because the existing cancellationdet neu-
tron and proton contributions, and we have total dominaftfesa\ mechanisms. If we neglect the vector current contribufions
finite lepton mass effects and approximating - =~ 1, we find that the CC coherent pion production cross sectitwitse
the NC one, as deduced from the relevant isospin factorstenfactor of four of difference between Eds. (2) and (19) Gor
and NC driven processes, respectivellfor non symmetric nuclei, as long as thedominance holds, we will reach the same
conclusion. Nevertheless, we remind here that for low atefmmediate muon neutrino energies (.5 — 2 GeV), one should
expect sizable corrections (25% at 1.3 GeV, and greateratenenergies) to the approximate relatiafe ~ 2on¢ due to the
finite muon mass [12].

To evaluate pion distortion effects we compute #fe- wave function by using the appropriate pion-nucleus opfioten-
tial [64] and settind/ = 0. Non-localities in the amplitudes are treated as in the C&.ca

2 They will be suppressed by the nuclear form factor (see dision after Eq[{5)).
3 For the case of isoscalar nuclei, the approximate relatipa ~ 20 ¢ is far more general and it can be directly deduced from PCAOswspin invariance.



Nucleusr, [fm] r,[fm] a

12¢ 1.692 1.692 1.082
60 1.833 1.833 1.544
208ppy  6.624 6.890 0.549 fm

TABLE I: Charge t,, a) and neutron matter,, a) density parameters for different nuclei as given in Ref] [6-or carbon and oxygen we use a modified
harmonic oscillator density(r) = po(1+a(r/rn)?) exp(—(r/rn)2), while for lead, we use a two-parameter Fermi distributjer) = po/(1+exp((r—

TN)/a))-

IV. RESULTS

We shall always use the full model of Ref. [33] where the danirCZ' nucleon-toA axial form factor was fitted to data
resulting inC2(0) = 0.867 and Maa = 0.985 GeV. Note that the Goldberger—Treiman relation, tradaignassumed in the
literature, implies a larger value @¢f£(0) ~ 1.2. We will come back to this point below, at the end of the distws of the
results shown in Fid.14.

Firstly, we compile in Tablg | the input charge densitieketafrom Ref.[[66], used in this work. For each nucleus we thke
neutron matter density approximately equal (but normédlieehe number of neutrons) to the charge density, thougtonsider
small changes, inspired by Hartree-Fock calculations thiéhdensity-matrix expansion [67] and corroborated by igiatom
data [68]. However, charge (neutron) matter densities deoiwespond to proton (neutron) point-like densities bseaof the
finite size of the nucleon. This is taken into account by felly the procedure outlined in section 2 of Ref.|[68] (see.Eqs
(12)-(14) of this reference).

A. General Results

First, in Fig[2 we show the pion momentum distribution (LAB) CC and NC coherent pion production inducedhyand
v, 0nalf0 (CC case) ant?C (NC case) targets. In the upper panels we show the CC caae,for,, beam energy 6§00 MeV,
which is in the expected peak energy region of the future TAbeement. In the lower two panels we show NC results forra
beam energy o850 MeV. In all panels, the short-dashed line corresponds ta@esults in plane wave impulse approximation
(PWIA), in which we use a plane wave for the outgoing pion aedlact medium effects on the dominaistcontribution.
Medium effects introduced through th® self-energy play a very important role largely reducing FWIA results. This is
shown by the long-dashed line in the upper-left panel. Wherpton distortion is also taken into account (via the ststins
of Egs. [11) and(12)) the cross section is further reduced the peak is shifted towards lower energies reflecting tiloeng
absorption and the higher probability of a quasielastiigioh of the outgoing pion by the nucleus in thekinematical region.
The total cross section reduction is arouiid for a beam energy of 600 MeV. Our full model results thus atgdiare shown
by the solid line. Medium and pion distortion effects in codrg pion production were already evaluated in Refs. [3], 32
However in these works the motion of the nucleon was neglectdis is to say, though the authors of these references also
use the prescriptiop = —p’ = (E,r — q)/2 to compute the elementaiy *(Z°)N — 7N’ amplitude, however the nucleon
momenta in the Dirac’s spinors appearing in [Ed. (8) are mégte The effect of putting the nucleons at rest can be glsagn
in the dotted line of the upper-left panel and results i d5% decrease of the total cross section. Results obtainedhdor t
antineutrino CC induced reaction are shown in the uppédrtpgnel. The cross section is some 30% smaller than in theimeu
case due to the sign change in the axial part of the leptomtervisich results in a different vector-axial interferen&milar
effects are seen for NC reactions shown in the lower pandfgod. In this case the antineutrino cross section is redibige
just 10% with respect to the neutrino one.

In Fig.[3 we show the effect of Coulomb distortion on the oirigacharged pion. One can see the expected shift in the peak
towards higher (lower) energies of the positive (negaftpieh distribution when the Coulomb distortion is taken iattcount.
The net effect in the total cross section is neverthelesdl semaounting to a5% change for beam energies in the 500 MeV
region. For higher energies the effect is expected to bdrgssrtant.

We now study, for CC reactions, the effect of including thekzaound terms on top of the dominant direét®) and crossed
(CAP) A pole contributions. As mentioned before, tAé' term does not contribute to the coherent cross sectiondBgsihe
direct (V P) and crossed({ N P) nucleon pole term contributions partially cancel eactegtivhile the chiral background terms
CT, PP vanish for isospin symmetric nuclei due to an exact cantiefldetween proton and neutron contributions. This latter
cancellation is partial for asymmetric nuclei. In the leéinel of Fig[4 we show the results f&fC. As seen in the figure the
effect of the background terms, both in the PWIA and in theédalculation (including medium effects and pion distonfipare
very small, thus corroborating the findings of Ref./[32]. le tight panel of the figure we show full calculation resutis??®Pb
, Which is the most asymmetric nucleus with possible expemital interest. In this latter case the inclusion of the gacknd
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FIG. 2: Pion momentum differential cross section in the LAB framediferent coherent pion production reactions. Shorthgasline (in blue) has been
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terms reduces the cross section in an appreciable way. Weifimidr conclusions for NC driven processes.

This predominant role played by tie mechanism, in conjunction with the findings of Ref.|[33] ahd tact that the coherent
pion production reaction in nuclei is mostly driven by théahyart of the interaction, allows us to conclude that mdshe
previous theoretical studies [9,/112, 27, 30, 31] of the pioharent channel might be overestimating the cross seatioghty
by a factor of two. This can be easily understood as followeckground terms turned out to be very important at the nucleo
level and because of them, the flux-averaggd — .~ pr™ ANL ¢*-differential cross section|_[47, 48] is described with an
axial form factorC#'(0) of around0.9 [33], significantly smaller than the traditionally used walof aboutl .2, deduced from
the Goldberger—Treiman relation. This reduction of thetdbuation of the A pole mechanism in the weak pion production
off the nucleon is compensated by the non-resonant termaietry, when one studies the neutrino coherent pion praotucti
in isoscalar nuclei we find a negligible contribution of ttenrresonant terms, and thus the cross section is deterrbintae
axial part of theA mechanism of whictC:! gives the largest contribution. Thus, we predict crossisestaround a factor of
(1.2/0.9)% ~ 2 smaller than those approaches which assume the Goldb&rganan relatiof. This fact was firstly pointed
out by the authors of Refl. [32], who used for the very first tithe background terms derived in Ref.|[33] for the elementary
reaction. However, we improve here the results of this egfee by properly taking into account the motion of the nutieas
discussed above, and correcting for some numerical inacias152] (of the order of 20% in the total cross section, langer
at the peak of thdo /dk,. differential distribution) that affected the calculatgoaf this reference and those of a previous work

4 A word of caution is required here. There exists some degdreansistency among the ANL [47.148] and BNL [69] measurataef the integrated,,p —
u~prt cross section, being the latter larger than the former o riodel of Ref.[[33], including non-resonant backgrourchge with Cg“ (0) =1.2
(consistent with the off diagonal Goldberger-Treimantietg would lead to a better description of the BNL data thfahe lower vale of around 0.9 is used.
Thus, if one favours BNL data one could still use a high vamé‘g(o) = 1.2, which would lead to larger coherent pion production cressiens.
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by the same authors [31].
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Next we pay attention to th¢® differential cross section, and in Fig. 5 we show this disttion forv,, CC driven processes in
the energy region of the future T2K experiment. There, we sii®owdo /dq>.., whereg?,. is calculated, under the assumption of
a Quasi-Elastic (QE) neutrino—nucleon interaction, frova measured outgoing lepton energy and scattering anghe inAB
frame,

Gree = —2Mape. = —2M (B — E) (31)
ME' —m2/2

EIBCC — -
M — E' + |K'| cos ¢/

(32)

The g2, distribution as compared with thg one is clearly shifted to lower absolute values and peakghigiat 0. This fact
might be used to reduce the QE background by requiring tHagremt events should have a reconstrugfedvalue smaller
than some appropriate cut, as was done in the K2K analysiedarut in Ref.[11].

We turn now to angular distributions of the final pion and mirm, induced CC reactions. In Figl 6 we show the pion
angular LAB distribution with respect to the incoming néutrdirection. As expected, and due to the nucleus form fatite
reaction is very forward peaked. Inclusion of medium efemt theA propagator and the final pion distortion largely reduce
the cross section. The angular distribution profile keepfoitward peaked behaviour, although less pronounced tiecgion
distortion is included. This can be seen on the right panelrekhe angular distributions are all equally normalizeaite. Such
a behaviour can be understood by taking into account thatidrewave functiong? (7 Eﬂ) has not well defined momentum,

in contrast with the plane wave *~ 7. Putting the nucleons at rest has some effect on the croserséat hardly affects the
angular distribution profile. The situation is very simitar the muon angular distribution, shown in Hig. 7 for CC cam pion
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production by .65 GeV energy,, beam on &C target. In this case the angular distribution profile is ptetely unaffected
by the nuclear effects on thi and the pion distortion.

B. The Rein—-Sehgal Model and the NC MiniBooNEE (1 — cos 6 ) distribution

We have also examined the NC differential cross section regpect to the variablE (1 — cos 6, ), proposed by the Mini-
BooNE Collaboration in its recent analysis of coherehproduction of Ref.[[18]. Pion variables are referred to tiélframe.
Results are shown in the left top panel of Hiy. 8 for a neuttieam energy of 800 MeV (close to thg energy peak of the
MiniBooNE experiment) on carbon. Our differential crosstsm is appreciably narrower than that displayed in Fig.o8b
Ref. [18P. Indeed, our distribution af, (1 — cosf,) = 0.1 GeV has already fallen off by a factor 18, while the MiniBooNE
distribution has fallen off by less than a factor 4 at 0.1 Gawl even at 0.2 GeV the reduction factor is still smaller than
We find hard to understand this discrepancy. Since the eixeitaf A(1232)—resonance mechanism is dominant, we expect
the outgoing pion to have a total energy of arolrizb — 0.35 GeV (see for instance left bottom panel of Hify. 2). On the othe

5 Note however, that th&, (1— cos @, ) distributions shown in Refl. [18] are not proper differehtianss sections. This is because, they have not been carect
for acceptance or cut efficiencies and are plotted for reoeeted kinematic quantities. So they include the effetth® selection criterion (the efficiency of
which can vary as a function df~ (1 — cos 6r)), as well as reconstruction effects in the MiniBooNE deiec€urrently, the MiniBooNE Collaboration is
working to have all of the effects of the detector, event nstauction, and selection removed. The new results wilbfoin an upcoming paper, where actual
differential cross sections will be available [70].
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hand, we find that the cross section is almost negligibledet,. > 0.7, as can be inferred from the pion angular LAB differ-
ential cross section displayed in the right top panel of BigThus, we easily understand why we find that £yg1 — cos 6;)
distribution becomes quite small abavé GeV. To have non-negligible signals in tf& (1 — cos ) = 0.1 — 0.2 GeV region
would require, approximately, values afs 6. in the interval2/3 — 1/3, which would translate into values 6f in the range
50° — 70°. Sinceq'is strongly aligned to the incoming neutrino direction,lsthggh pion angles look hardly compatible with the
forward character of the coherent reaction, which is jugideed by the nucleus form factor (Fourier transform of thelear
density for momentuny — EW) and they - Ko dependence of the amplitudes (dominated by the axial ¢anion).

The strong disagreement between our prediction and theBdoNE histogram in the region belo®, (1 — cos#,) < 0.1
GeV is even most worrying, because there, the cross seai@ensiuch larger. We are aware that within theMiniBooNE
flux, there exist neutrino energy components higher andlenthlan the 800 MeV considered in the top panels of [Hig. 8. In
the left bottom panel of Fid.18, we show tlg, (1 — cos 6, ) differential cross section for three more neutrino ener@eo,
550 and 1300 MeV), in addition to that of 800 MeV considered in the top panén all cases, we find very small signals for
E.(1 — cosf,) above).05 GeV. Also in this panel, we show ol (1 — cos 8,) differential cross section convoluted with the
v, MiniBooNE flux (solid line), and we certainly find a distrilboin definitely narrower than that published in Ref./[18].

Since the MiniBooNE analysis relies on the Rein—Sehgal miadeoherentr® production[[9], the strong shape difference
should be understood in terms of the differences betweemodel and that of Refl [9].

1. Thet—dependence of the Rein—Sehgal model

Rein and Sehgal made use of the Adler's PCAC formula [10] aptaximated (both for neutrino or antineutrino induced
processes) the cohererft production differential cross section by

do G*ME, ,, do (7N — 79N)
— =—f1- FA(t)|* Fabs 33
(da?dyd|t|)q2_0 2 (=) (l ()" Fap dJt| qO—E,r,t—0> (33)
with z = —¢2/2M¢°, y = ¢°/E,, andt = (¢ — k) = —(7 — k»)2. Besides, the nuclear form factor is calculated as

Fat)y=[ &7 (TFx)7 {pp(7) + pn(7)}, and finally F,;5 is at—independent attenuation factohe above expression was
deduced in the so called parallel configuration, for whiahith andk;, four momenta are proportional (therefafe= 0) and

cos by, (angle formed by andq) and|l_f',r|/|c7| are approximated to one everywhere except in the nuclear flactor. It was
continued to non-zerg? values by including a propagator term of the fofin— ¢*/m? )2, with m, ~ 1 GeV. The model

6 In the original work of Ref.[[9], it is stated thdg, . takes into account effects of pion absorption in the nucléssdefined in Ref[[9]F,1,s only removes
from the flux pions that undergo inelastic collisions butegglained below, no true absorption is actually included.
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should work well close to this parallel kinematics, and ¢itates a good approximation at the high neutrino energibsye 2
GeV, explored in the original work of Ref./[9]. However, thepaoximations in which is based this model become lesdfigdti
as the neutrino energy decreases. For the energies reievhatMiniBooNE and T2K experiments, non parallel configimas
turn out to be more important, and the Rein—Sehgal modeigireds are less reliable.

Actually, we see from Eq[(33) that the Rein—Sehgal difféeteross section depends ook 6. or ¢ only through the nuclear
form factor, and any furthetos 6. and/ort behaviour induced by the dependence of the amplitudés. as totally neglected.
However, it is reasonable to expect that these additiorgilan dependences might play a role when the pion emissinatis
completely forward. To illustrate this point, we have redded Eq. [33) from our model. We have considered the dontiGgh
axial contribution of theA P mechanism and made use, in this case, of the Goldbergemdineielation to expresS: (0) in
terms of ther N A coupling, f*, and the pion decay constafit {05;4(0) = \/gni,_:f*} Besides, we have considered neither

the in mediumA —selfenergy, nor the pion distortion effects. On the othexchave have used th¥ Ar Lagrangiar

*

Liona = —U,T1(8"$)¥ + h.c. (34)

My

to computedo (7N — 7°N)/d|t|. To further simplify, we have worked in the non-relativistimit for the baryons. Apart
from F,1,s, we reproduce EqL(B3), but with an exti@s 6, )* factor in the right hand side of the equation, which for theeca
of parallel kinematics is equivalent toos ). At high neutrino energies, the pion is emitted stronglyvard and thus, it is
consistent to approximate this factor by one, as it was domies original work of Ref. [9] to obtain Ed._(B3). For MiniBbi&
neutrino energies, relatively large angles are allowed, in special for low pion momerhk?;K< 0.2 GeV) [71], and this factor
(cosf,)? could make theF, (1 — cos @, ) distribution significantly narrower than that predictedthg Rein—Sehgal model.
For a fixed value off; (1 — cos 6, ), the effect becomes more important as the pion energy degse&or instance, if we fix
E,(1—cosf,) = 0.05GeV, we find thatcos 6,)? ~ 1/2 or 3/4, for an averaged pion energy of 0.17 or 0.375 GeV, is@dy.

As it was shown in the talk of J. Link at NuintO7 [71], in the ReBehgal model, low energy pior1§4| < 0.5 GeV) produce
wider E (1 — cos 6, ) shapes than those of higher energlés |(> 0.5 GeV), and thus we expect this type of corrections to be

important. In addition, there also exist corrections thatish in the;2 — 0 (or equivalentlyi7|/¢° — 1) and/or|k,|/|7| — 1
(also implied by the = 0 approximation in the amplitudes) limits.

Another way to see the limitations of the Rein—Sehgal magltie following. As mentioned, this model assumes no further
dependence onthan that encoded in the nuclear form factor. Sinee 0 impliesq = k., we have replaced® in Eq. (15)
by ¢“. Itis to say, we replacé, by ¢ in the pion emission vertéx To better compare with the Rein—Sehgal predictions, we
have again just considered the dominasgt axial contribution of theA P mechanism, without considering pion distortion and
A in medium effects.v, MiniBooNE flux convoluted results are displayed in the rilottom panel of Fig.18. We see that
the newE, (1 — cos f,;) distribution is significantly wider than that obtained vatit implementing this replacement, and that it
reasonably describes the MiniBooNE published distribu{snlid histogram in the plot). The agreement is much betteen
we compare with some preliminary MiniBooNE results (dashistbgram) obtained with a different treatment of the ourigo
pion Final State Interaction (FSI), as we will explain in thext sub-subsectidn Without giving a special meaning to this
agreement, this simple calculation serves the purposéusfriiting the uncertainties associated to#the 0 approximation at
low energies, for which the nuclear form factor still allos@me deviations from the completely forward scattering.

We conclude that, the Rein—Sehgal pion coherent productagtel for MiniBooNE and T2K experiments is not as reliable as
for the case of neutrino energies above 2 GeV. We expectsizalrections to the predictions of this model, both fofetintial
distributions and for integrated cross sections. Our mpdgtides anF,. (1 — cos 6,) distribution much more peaked around
zero, and thus it might improve the description of the first alue in Fig. 3b of Refl[18]. Moreover, the drastic change i
the £ (1 — cosd,) distribution shape might produce some mismatch betweeatikelute normalization of the background,
coherent and incoherent yields in the MiniBooNE analysisie @he other hand, and besides of the issue of the used'Yalue
for C#(0), the Rein—Sehgal model, adopted by the MiniBooNE Collatimnan Ref. [18], overestimates by a large factor the
coherentintegrated cross section for MiniBooNE enerdibss is due first to the = 0 approximation in the amplitudes assumed
in this model that produces a too widi& (1 — cos 8, distribution, which leads to cross sections larger by albdattor of two
than those obtained when thedependence is properly taken into account (see for instidnecdifferent areas below the solid

7 Here,&is the pion field, ¥, is a Rarita Schwingey™ = 3/27 field, Ttisthe isospin transition operator (vector under isospiations and its Wigner-Eckart
irreducible matrix element is taken to be one) from isospihta 3/2.

8 If we were to repeat with this replacement the derivation of 83) as explained above, we will recover it exactly (afiamn F,y.), and the correction
factor (cos Oz, )2 would not appear.

9 We are indebted with G. Zeller for providing us these pratiany results.

10 within the Rein—Sehgal model, this constant is implicitiyefil to approximately 1.2, since the Goldberger—Treimaaticel is used to express the coherent
70 production cross section in terms of the elasttaV — 79N one.
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and dashed-dotted curves in the right bottom panel of Figs&yondly, because all sort of in-nuclear-medium effdiges pion
absorption or modification of the elementariyy — 7N cross sectiott inside of the nucleus..., which are not accounted for in
the Rein-Sehgal model, and that turn out to be relevant atBdwNE energies.

2. TheE:(1 — cosfr) > 0.1 GeV region and NUANCE FSI

We turn now to the regioft; (1 — cos 6, ) > 0.1 GeV. Also in this region, the bulk of the discrepancie®ag our predictions
and the MiniBooNE results can be understood in terms of theduaracies of the Rein—Sehgal model at low energies, as can
be appreciated in the right bottom panel of FiYy. 8. But heme, dutgoingr® FSI effects, incorporated by the analysis of
Ref. [18], induce some additional discrepancies. The MdBE analysis relies on the Rein—Sehgal models for incotiere
(resonant) [72] and coherent [8] production, which are implemented in the NUANCE event gatwer[73]. In the case of
coherent production, the Rein—Sehgal model includes aorptisn factorF,,, to effectively account for the pion wave function
distortion from a plane wave (see EQ.X33)). This Glaubpetiactor decreases exponentially with the pion-nucleelastic
cross section (see Eq. (24) of Ref. [9]) and thus it neithepants for pion absorption, which is a two nucleon mechanism
nor it does for quasielastic distortion. Quasielastic sté@pduced by elastic pion-nucleon collisions and not fidien by Pauli
blocking, excite and/or break the nucleus, and are not reshby this factorf,;,s. This Glauber factor only removes events
where ther? suffers an inelastic collision with a nucleon, and as a tehidnges its charge, or other mesons are produced in the
final state.

The procedure followed in Rel. [18] to describe coherenhpicoduction is somewhat different. They g6t to 1 in the
Rein—-Sehgal model of Ret./[9], and implement absorptionaas @f the FSI. In our understanding, coherent pion producti
cross section cannot be calculated from a Monte Carlo casagdrithm. This is because, by definition, the cohererdypection
is a one step proce’¥s and the quantum mechanical transition matrix elementsgive amplitude probability for producing a
pion outside of the nucleus, which is left unchanged. Thesperit contribution should be incoherently added to thattduke
inelastic channels to find out the total pion production sreection.

Nevertheless, one could still reasonably estimate thédoteerent cross section from the NUANCE FSI cascade, if itlo
be used to eliminate from the flux of outgoing neutral piore, anly those which get absorbed or those that suffer inelast
processes, like multiple pion production, meson productiopion charge exchange, but also those that undergo tpsigie
steps, induced by elastic pion-nucleon collisions, inrtey out of the nucleus. However, to our knowledge, thegerlat
events are accounted for in the MiniBooNE analysis, degpig are not coherent since the final nucleus, as a resulteof th
secondary collisions, is not left in the ground state. Wéelrelthis is acknowledged by the authors of Refl [18] whexy gay
“...that rescattered events withrd in the final state may be misclassified in NUANCE, as would &edlse when a coherently
producedr® rescatters elastically through a resonaficés a result of these collisions, the’’s might change their direction
and give rise to events in the NUANCE cascade at significdatiyer values of.. Indeed in the right bottom panel of Fig. 8, we
observe significantly less events abavg(1 — cos ) > 0.1 GeV when the NUANCE FSlI is turned off (dashed histogtdm)
The effects below 0.1 GeV are much smaller, and in total, tenge in the shape leads to a reduction of around 20% in the
integrated cross section.

In our calculation of the coherent cross section, we cdsta@move those secondary events by means of the opticahiiaite
employed to compute the pion wave function. The imaginary giathe pion-nucleus potential is responsible for the reaho
of flux of the outgoing pions on their way out of the nucleus.isTimaginary part is due to pion absorption, but also to pion
quasielastic steps. Hence, the use of the full optical iatenill eliminate the pions which are absorbed and alsséwhich
scatter quasielastically. We might try to theoreticallyiraate this effect by switching off the quasielastic cdmition to the
pion-nucleus optical potential induced by elastic piomiaan collisions, and using an optical potential with angmary part
due to absorption and inelastic channels alone. In this waywill remove the absorbed pions and those that undergastiel
collisions, but not those which scatter quasielasticalligich will still go out of the nucleus and are accounted forthg

11 within our model, we include these modifications by meansefdonsideration of thé —selfenergy, by considering the Pauli blocking in the corapiah
of A—decay width in the medium, and by using the pion wave funct@gh instead of a plane wave.

12 The nomenclature here might be confusing. There exist pheiltitep contributions to the coherent reaction. For imnstaaA is formed in a NC scattering,
it decays with the nucleon falling back into the hole credigd\ formation, the decay® creates a subsequefyt, which in turn decays emitting a° that
escapes the nucleus and the associated nucleon also dimplsarground state configuration. The point we want to make tsethat such contributions
cannot be taken into account in a Monte Carlo cascade diguriThis is because it would require the coherent sum of tHépieustep amplitudes, while a
Monte Carlo alogorithm uses probabilities (cross secjiovse do include these multiple step contributions withim farmalism thanks to the use of a pion
wave function solution of the Klein-Gordon equation, with@ptical 7°-nucleus potential, instead of using a plane wave.

13 Note that when NUANCE FSl is turned off, besides of gettinhai the unwanted quasielastic steps, pion absorption igakeh into account. However, this
latter effect though, produces a diminution of events, ésinot significantly change the shape of Big(1 — cos 0 ) distribution. On the other hand, since
the histogram has been re-scaled down, the overall noratializis not an issue any more. Nevertheless, we should potrihat, there could be same minor
differences in the acceptance or cut efficiencies with reisth@se used in the published histogram [18].
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MiniBooNE Monte Carlo generator. This was considered inghst in the study of the pionic decaydf-hypernucleil[74, 75],
leading to moderate enhancements of the decay widths ofrtlee of 10 — 15% in *2C [76]. We find here similar effects, and
for the MiniBooNE flux averaged cross section, we find an enbarent of around 20% (see Tablk IlI), in good agreement with
the effects observed by turning off the NUANCE FSI.

C. K2K, MiniBooNE and T2K Flux Averaged Cross Sections

In Table[dl we show our predictions for the K2K [11] and MiniBNE [18] flux averaged cross sections as well as for the
future T2K experiment. In Fid.]9, we show some results for K&l MiniBooNE experiments. In all cases, we normalize the
neutrino or antineutrino fluy to one. In principle, we would like to compute the corresgogaonvolution with the neutrino
or antineutrino flux

Blign .
5= / " dE¢!(B)o(E), i =K2K, MiniBooNE, T2K (35)
Ei

low

with Ef ., B}, the lower and upper flux limits, and(E) the corresponding CC/NC muon/electron neutrino/antirieuit

induced nuclear coherent cross section, as a function afe¢b&ino/antineutrino enerédfy In practice, the predictions of our
model become less reliable when the energy increases thimogodel neglects all resonances abovethie232). Sophisticated
recent calculations, as those of Refs| [30, 31, 32], suftenfexactly the same limitation. That is the reason why wests&t up
a maximum neutrino energy{, . .) in the convolution, and approximated

[ dE' (B)o(E)

o~

1. _ (36)
[ dEgi(E)

low

where we fix the upper limit in the integration (neglecting thng tail of the neutrino fluxes) tb,,,., = 1.45 and 1.34 GeV for
CC and NC muon neutrino/antineutrino driven processepesely. The phase space for the fifth diﬁeren%

cross section, up to irrelevant constants, is determinetkby:, | [see Eqs[(2),[14) and (19)_{20)]. For CC processes, for
instance, and muon neutrino energies of around 1.45 Ge\gtthse space peaks at pion energies of around 730 MeV, which
leads, neglecting the nucleon momentumsf¥ invariant masses below 1.5 GeV. Up to these energies, oneeaannably
assumeA (1232) dominance.

In the case of the K2K experiment a threshold of 450 MeV for mamomentum was imposed as an additional selection
criterion [11]. We have implemented this cut also here, anthat case we have been able to go ugfd’;X?X=1.8 GeV. In
these circumstances, we still cover about 90% of the totaliflimost of the cases. For the T2K antineutrino flux, we coust j
about 65% of the total spectrum, and therefore our resultthéconvoluted cross sections are less reliable.

For neutrino energies above 1 GeV, and thoughAheontribution plays a central role in pion production|[72heoshould
bear in mind that other resonances could certainly be alpmitant. This would affect the results presented in Tab&End
Fig.[d. Taking into account that the T2K and MiniBooNE fluxesh at neutrino energies of around 0.6-0.7 GeV, wheréthe
resonance contribution is much more dominant, is reasenat#@xpect corrections (higher cross sections) of aroursQ®e to
our results for these two experiments. Certainly, the aiges could be larger for the K2K case, since it that casaé&utrino
energy spectrum peaks at higher energies, around 1.2 GeV.

We see that our prediction, subject to some uncertainteswell below the K2K upper bound, mainly thanks to the use of
a low value forC# (0), while we predict a NC MiniBooNE cross section notably seathan that given in the PhD thesis of
J.L. Raaf|[7/7]. However, this latter value should be takethwixtreme caution. It was obtained from a preliminary asialy
that since then has been notably improved. Moreover, theBdoNE Collaboration has not given an official value for the
total coherent cross section yet, and only the ratio coh&oamerent+incoherent) has been presented [18]. Nesledh, as we
have discussed at length, we believe the MiniBooNE anaiygigt overestimate this ratio, not only because some ofrtre
which undergo FSI collisions are accounted for as coheranite instead of being removed, but more importantly bexthes
Rein—Sehgal model predicts an incorrect (widBg)1 — cos ) shape for coherent”’s. The first of the effects produces an
enhancement of the coherent cross section of the order of2884he MiniBooNE NC* entry in the table), while it is muchrao
difficult to quantify the second of the effects. This is besmun addition to the variation of the integrated area, ghthproduce

14 Note that the cross section trivially vanishes for neufdntineutrino energies below the pion production thresshwhich obviously is different for CC and
NC driven processes because of the final lepton mass.
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a possible mismatch between the absolute normalizatiomeabackground, coherent and incoherent yields in the MioNgE®
analysis. To finish this discussion, we would like to point iiat the K2K cross section and the value quoted in Ref. [@&hss
somehow incompatible with the approximate relatier: ~ 2oxc, expected fromA—dominance and neglecting finite muon
mass effects (see discussion at the end of Sekt. III).

Our predictions are about 20-30% smaller than those oltamRef. [32] from model Il, which uses our valdg* (0) ~ 0.9.
This discrepancy is due to different facts: the existencgoofie numerical inaccuracies affecting the results of Ha15!32],
the inclusion of the non zero momenta in the nucleon spimiferent ranges in the flux convolution, etc...

For the future T2K experiment, we get cross sections of tHerd2—2.6x 10~*°cm? in carbon and about 2-:33.0 x 10~*°cn?
in oxygen, considerably smaller than those predicted byr#sia—Sehgal model.

The SciBooNE Collaboration has recently set 90% confidegesl lupper limits on the cross section ratio of CC coherent
pion production to the total CC cross section#t7 x 10~2 at mean neutrino energy 1.1 GeV and6 x 10~2 at mean neutrino
energy 2.2 GeV/[15]. If we use a value df05 x 10~3® cm?/nucleon for the total CC cross section, as quoted._in [1%, th
SciBooNE upper limit for the ratio will transform in a uppeound of abouB x 10~ c¢m? for the coherent cross section
at 1.1 GeV. At 1.1 GeV, our prediction for the CC coherent giooduction cross section in carbonig x 10740 cm? (see
points in the left panel of Fi§]9), which is totally compagilwith the SciBooNE bound. However, according to the Reghgal
model [9/12] implemented in the SciBooNE simulation, thessrsection ratio of CC coherent pion production to the ©©GlI
cross section is calculated to @4 x 102 in Ref. [15]. The SciBooNE limits correspond to 33% and 67%hefRein-Sehgal
model prediction at 1.1 GeV and 2.2 GeV, respectively [15pnf our discussion in SubseCi. TV B (see last paragraph in the
sub-subsection IV BI1), we easily understand why the Relmg8emodel overestimates the coherent cross sections bge la
factor at neutrino energies around 1 GeV (approximatelyctofaof two because of the valtreof C#(0), and approximately
another factor of two because of the- 0 approximation in the amplitudes, in addition of all sortfriuclear-medium effects,
like pion absorption or modification of the elementaty — w/N cross section in the medium,... which are not accounteahfor i
the Rein-Sehgal model). We also understand why at the higghdrino energy of 2.2 GeV the Rein-Sehgal model works hette
since the larger the energy, the better the 0 approximation in the amplitudes and smaller the nucleactsfbecome. Note
also, that at 2.2 GeV, we expect heavier resonances thah(ttiz32) to play an important role, and thus the issue of the value
of C£(0) is less relevant.

To conclude this section, in Fig. 110 we show muon neutrinidentrino CC and NC coherent pion production off carbon
and oxygen targets. We see that both for CC and NC driven psesethe ratio of neutrino over antineutrino cross segtion
approaches one as the neutrino energy increases. Thisie theenuclear form factor which reduces the vector contigloLto
the amplitudes (and therefore the interference betweewvdtiter and the axial parts) as the neutrino energy incre@sssdes,
and as a consequence of the nuclear form factor and otheraruslimedium effects, we also see that cross sections dealet s
asA?, beingA the nuclear mass number, as expected from a coherent reattics is in good agreement with the findings of
Refs. [9, 31]. Indeed at 1 GeV, oxygen and carbon cross section out to be in a proportion of around 6 to 5, instead of 1.8
to 1, as it would be deduced from at? —type scaling law. Finally, we observe sizable correctianthe approximate relation
occ =~ 20nc for these two isoscalar nuclei in the whole range of neutantineutrino energies examined in this work. As
pointed out in Refs. [12, 14], this is greatly due to the fimtaon mass, and thus the deviations are dramatic at low neutri
energies. In any case, these corrections can not accouthief@pparent incompatibility among the CC K2K cross secioth
the NC value quoted in Ref. [[77], mentioned above.

V. CONCLUSIONS

We have developed a model for neutrino/antineutrino CC a@cchiherent pion production off nuclei which is based on a
microscopic model for neutrino/antineutrino-induced-@i@n production off the nucleon derived in Ref. [33]. The dabof
Ref. [33] includes the dominak production mechanism, but it also takes into account backyt terms required by chiral
symmetry. In its application to coherent production we hiawvther taken into account the main nuclear effects exgetcide
important in reactions off nuclei. While the model presertere is similar to the one in Refs. [31, 32], we have imprawed
that calculation by taking consistently into account thelaon motion, and by using a more sophisticated pion oppictntial.
The consideration of the nucleon motion increases the @eson by a non negligible amount, while Coulomb effects on
the emission of charged pions lead to small changes in thes @ection. Moreover, we have corrected for some numerical
inaccuracies [52] (of the order of 20% in the total crossieactnd larger at the peak of thle/dk.,. differential distribution)
that affected the calculations carried out in Refs! [31, 32]

In agreement with Refs| [31, 32], we find a strong reductiothefcross section, mainly due to the modification of the
self-energy in the nuclear medium, and a shift to lower eiesrgf the outgoing pion distribution due to the final piortalison.

15 Note, however tha()g‘(o) will partially cancel out in the ratios measured by the SciR& Collaboration.
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FIG. 8: LaboratoryE (1 — cos 6 ) andcos 8 distributions for thes 2C — v 12C 70 reaction, at MiniBooNE energies. Different models are @ered

in the upper panels, while our full model is always used inléfiebottom one, where we also show th& (1 — cos ) distribution convoluted with the,
MiniBooNE flux (solid line). Details of the convolution arg@ained in the text (see EQ.(36) and Tdble I1). In the righttdim panel, we show results from the
Cg4 axial contribution of theA P mechanism, neglecting pion distortion andin medium effects (see the text for the explanation of the dwwes). In both
bottom panels, we display the MiniBooNE published histaggaolid), conveniently scaled down, taken from the rightedaf Fig.3 in Ref.|[18]. Finally, in
the right bottom panel, we also show MiniBooNE results (éashistogram) obtained by turning off the NUANCE FSI of thégming pion (G. Zeller private
communication).

The angular distributions of both pion and muons with resgeihe incoming/,, direction are forward peaked due to the nuclear
form factor. While the muon angular distribution profile isnast unaffected by nuclear corrections, in the pion caad, gf
the strength is shifted to larger angles due to the distodiche final pion wave function. Non-resonant terms, theied out

to be very important at the nucleon level [33]give small contributions to the coherent pion productitfismspin symmetric
nuclei. This leads us to find coherent pion production cresti@ns around a factor of two smaller than most of thoseipusily
published.

We have also performed a detailed discussion of the MiniBooékults of Ref.[[18] and the analysis performed there to
identify NC coherent® events. We have shown that the Rein—Sehgal model used iarthlgsis is not accurate enough in
this case. This is because the MiniBooNE flux mainly cons$tseutrinos below 2 GeV, and for such low neutrino energies,
the corrections to the outgoing pion angular dependenatdigiesl by the Rein—Sehgal model become quite important. As a
consequence, the Rein—Sehgal model leads to distributiotadbly wider and integrated cross sections much larger tthase

16 Their inclusion made necessary to reduce the nucleah-tesonance axial coupling.
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Reaction Experiment & Texp El fffi“:x dE¢ (E)o(E) fffi“:x dE¢'(E)
[10~*cn?] [10~"°cm?] [GeV] [10~*%¢cm]
CC y,+2C  K2K 4.68 < 7.7[11] 1.80 3.84 0.82
CC v,+'2C MiniBooNE  2.99 1.45 2.78 0.93
CC v, +2C  T2K 2.57 1.45 2.34 0.91
CC v, +'0  T2K 3.03 1.45 2.76 0.91
NC v,+'2C MiniBooNE 197 7.7+16+3.6[77] 1.34 1.75 0.89
NC* v,+'2C MiniBooNE 2.38 7.7+16+3.6[77] 1.34 2.12 0.89
NC v, +'?C  T2K 1.82 1.34 1.64 0.90
NC v, +'0  T2K 2.27 1.35 2.04 0.90
CC 7,+C  T2K 2.12 1.45 1.42 0.67
NC 7,+2C  T2K 1.50 1.34 0.96 0.64

TABLE II: NC/CC muon neutrino and antineutrino coherent pion pradodbtal cross sections for K2K, MiniBooNE and T2K experimg In the case
of CC K2K, the experimental threshold for the muon momentﬁm > 450 MeV is taken into account. To convert the cross secttio given in [11] into

a coherent cross section (K2K), we use the valué.of x 10~38 cm?/nucleon for the total CC cross section, as quoted_ih [11]. tFe MiniBooNE NC*
entry, we present our results when an optical pion-nucletergpial with an imaginary part due to absorption and in@ashannels alone is used to compute
the distortion of the outgoing pion (see text for more dsjail he absolute NG° coherent cross section quoted in the PhD thesis of Ref. filld be taken
with extreme caution, since in the published paper (Ref}) & not given. There, it is quoted the ratio of the sum & tC coherent and diffractive modes
over all exclusive NCr® production at MiniBooNE. Some details on the flux convolatare compiled in the last three columns.
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FIG. 9: CC (left) and NC (right) coherent pion production cross isest in carbon. We also show predictions multiplied by thé& T&ft) and MiniBooNE
(right) v, neutrino energy spectra. In the region of neutrino enemjiesnd 0.6 GeV, the lower curves stand for the T2K and MiniB&a,, fluxes normalized
to one.

predicted in this work. Finally, we have predicted muon neofantineutrino CC and NC coherent pion production offoce
and oxygen up to neutrino energies of the order of 1.4 GeV,@myoluted those cross sections with the K2K, T2K and
MiniBooNE fluxes. Our cross sections are considerably sm#tlan those predicted by the Rein—Sehgal model.

We expect the present model to provide accurate coherentgrimduction total and differential cross sections in thst fir
resonance region, where thg1232) plays a relevant role. This energy region is very importantlie analysis of present and
forthcoming neutrino oscillation experiments for whichogaand reliable theoretical calculations are needed.
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