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In this article, we study the coherent pion production in the neutrino-nucleus interaction in the
resonance region using the formalism based on the partially conserved axial current (PCAC) theo-
rem which relates the neutrino-nucleus cross section to the pion-nucleus elastic cross section. The
pion nucleus elastic cross section is calculated using the Glauber model in terms of pion-nucleon
cross sections obtained by parameterizing the experimental data. We calculate the differential and
integrated cross sections for charged current coherent pion production in neutrino carbon scattering.
The results of integrated cross-section calculations are compared with the measured data. Predic-
tions for the differential and integrated cross sections for coherent pion productions in neutrino-iron

scattering using above formalism are also made.

PACS numbers: 13.15.4+g, 11.40.Ha, 25.30.Pt

I. INTRODUCTION

The neutrinos generated in the upper atmosphere are
the best tools for studying the phenomena of neutrino
oscillations considered by many experiments planned
worldwide [IH6]. For a review of neutrino oscillation ex-
periments see Ref. [7]. The flux of atmospheric neutri-
nos rapidly falls with energy [§]. Typically, the detectors
measure recoil muons which are produced by charged cur-
rent interaction of neutrinos inside the detector medium,
e.g., carbon. In work at the India-Based Neutrino Obser-
vatory (INO), the medium is iron [6]. The intermediate-
energy neutrinos (between energies of 1 and 3 GeV) pro-
duce the bulk of the signal. The neutrino interaction
with matter in the intermediate-energy range gets con-
tribution from many processes which include quasi elas-
tic scattering, interaction via resonance pion production,
and deep inelastic scattering [9]. One of the most im-
portant processes in the resonance production region is
coherent pion production. In this process, the nucleus in-
teracts as a whole with the neutrino and remains in the
same quantum state as it was initially before the interac-
tion. It happens when the four-momentum transfer |¢| to
the nucleus remains small. The characteristic signature
of coherent scattering is a sharp peak in the low |¢| region.
The cross section for this process is proportional to the
square of the mass number of the nucleus and has log-
arithmic dependence on neutrino energy [10]. Coherent
pion production plays an important role in the analysis
of data of neutrino oscillation experiments. The neutral
current 7% production is one of the largest background
sources in muon-neutrino experiments [I1, 12] because
one of the photons from 7% can mimic electron events.
The charged current coherent pion production was one of
the most rigorously studied background processes in K2K
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experiment [I3]. Charged current coherent pion produc-
tion has been observed experimentally at higher energies
and for several nuclei [I4H19].

The most common theoretical approach for describ-
ing coherent pion production is based on Adler’s Par-
tially Conserved Axial Current (PCAC) theorem which
relates the neutrino induced coherent pion production
to the pion-nucleus elastic scattering [0, 20H26]. The
PCAC model has been successful in describing coherent
pion production at high energy [20] 21]. Work with the
same assumption has been used at low energy in Ref.
[10]. There are several microscopic models as well for
coherent scattering, e.g., in Refs. [27H32].

In this work, we calculate the differential and inte-
grated cross sections for charged current neutrino nu-
cleus coherent scattering using the PCAC-based model
developed by Kopeliovich and Marage [33]. The pion nu-
cleus elastic cross section is calculated using the Glauber
model in terms of pion-nucleon cross sections obtained
by parametrizing the experimental data. The differen-
tial and integrated cross sections for charged current
neutrino-carbon coherent scattering are calculated and
compared with the measured data. Predictions for the
differential and integrated cross sections for neutrino-iron
coherent scattering using the formalism above are also
given.

II. PCAC BASED MODEL

The scattering process of charged current coherent
pion production is given as

vu(k) + Ap) = p= () + 7 (pe) + A®). (1)

The schematic diagram of coherent pion production is
shown in Fig. Here k and &k are the 4-momenta of
the incoming neutrino and outgoing lepton, respectively,
and p, is that of the produced pion. If F, and F, are
the energies of incident neutrino and outgoing lepton,
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FIG. 1. Charged current coherent pion production.

respectively, then v (= E, — E,) is the energy and ¢ (=
k— k/) is the 4-momentum transfer between the incoming
neutrino and outgoing lepton. The momentum transfer
Q? is calculated as: Q% = —¢% = q®> — v? . The features
of the coherent pion production are characterized by the
variable |¢| which is the squared momentum transfer to
the nucleus from the neutrino-pion system
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In coherent scattering |¢| remains small.
The differential cross section for the charged current
coherent pion production scattering process [25] B3] is

do®C G%COSQGCﬁuvl( 1 Q2 )2

dQ2dvdt 272 lal AT+ m2)

III. ELASTIC PION NUCLEUS CROSS
SECTION

A. Berger-Sehgal (BS) Model

In the Berger-Sehgal (BS) model [25], the elastic pion-
nucleus scattering cross section is obtained from the pion-
nucleon scattering cross section as

dog(m+A—=7m+ A) _ 42 doe;

—bt
Flp. .
dt dt ™" Faps - ()

t=0

The differential elastic pion-nucleon cross section in the
forward direction is determined by the optical theorem

as
- 2
— L O'ZTOJ;;D + O';,Totp (6)
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and the slope of the exponential ¢-distribution is calcu-
lated as b = (1/3)R3A%/3 with Ry = 1.057 fm. A is the
mass number of the nucleus. Fj;s describes the average
attenuation of pions in a nucleus,
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where
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The total elastic pion-nucleus cross section is calculated

as :

Oinel =

v 2 A2
Here Gr (=1.16639 x107° GeV~2) is the Fermi cou-
pling constant and cosfc (= 0.9725) is the matrix el-
ement in Cabibbo-Kobayashi-Maskawa (CKM) matrix.

The kinematic factors v and v are given by : u,v =
(El, +E, £ |q\)/(2 E,). The pion decay constant

is fr (= 0.93 m,) and do(rT A — 7+ A)/dt is the pion-
nucleus differential elastic cross section. The high en-
ergy approximation to the true minimal Q2 is given by
Qz, = m? v/(E,—v). The axial vector form factor can be
defined as G4 = m?%/(Q? + m%) [25] with the axial vec-
tor meson mass my4 (=0.95 GeV). The first term inside
the brackets of Eq. corresponds to outgoing muons
with negative helicity (helicity nonflip) whereas the sec-
ond term is the helicity flip contribution which vanishes
at 0° scattering angle. The v integration should be done
in the range [10]

max(&/@, z/min) <V < Vnmax - (4)

Here vpin and vyax are given in appendix. In our calcu-
lation, we use & = 1 and 2.

Q2, ] do(nTA— 7T A)

) A2Fus (o + o)
Bl(r+A—r+ A= i < : ) . (9)
The pion-nucleon cross sections are taken from Particle
Data Group [34]. We fit the pion-proton data with the
superposition of a Breit-Wigner (BW) function and a
Regge inspired term ag + a1/\/pr + az/Px up to 4 GeV.
Above 4 GeV, the form by + b1 /\/Pr + ba/pr is taken.

B. Glauber model : Present

To calculate the differential elastic scattering cross sec-
tion, the BS approach assumes exponential ¢ dependence
and models pion absorption with the term F,;, in Eq. .
In the Glauber model such assumptions are not required.
The scattering matrix S; is given by [35]

Sy = exp(ix(b)), bk= (l + %), (10)

where the Glauber phase shift x(b) can be written as

x(b) = %UWN (CVWN + i)AT(b) =x1+ixe. (11)



Here o,y is the average total pion-nucleon cross section
and a,y is the ratio of real to imaginary part of the
mN scattering amplitude. In momentum space, T'(b) is
defined as [35]

0)= 5= [ W@)S@fx(@ads.  (12)
Here S(q) is the Fourier transform of the nuclear den-
sity p(r) and Jo(gb) = (1/2m) [exp(—gbcos ¢)dg is the
cylindrical Bessel function of zeroth order. The function
frn(g) is the Fourier transform of the profile function
T(b) for 7N scattering which is taken as the Gaussian
function of width 7 as [35]

exp ( — bz/(2r8))
T(b) = pr ) (13)

Thus

frn(q) = exp (_TngQ). (14)

Here ro (= 0.6 fm) is the range parameter and may have
a weak dependence on energy.

The pion-nucleus differential elastic cross section is cal-
culated as

dO’el
dt

where f(t) is given by

£(t) = ﬁ 3 (21 + 1) <Sl - 1)Pl(cos€). (16)

Here t = 4k? sin®#/2 and k is the momentum of pion.
The total elastic cross section is calculated as

o = ;g (21 + 1) (sl - 1)2. (17)

= S0P, (15)

2
Here (Sl - 1) =1+4+e2X2 —2e X2 cos ;.

The reaction cross section is calculated as [35]

oR = %i<2l+1) (1— |Sl\2) . (18)
&

The total cross section is calculated as oot = 0¢; + OR-
The values of a,y for pion-carbon scattering are ex-
tracted by fitting the total pion-carbon cross section (ob-
tained by experiment at low pion energies) and assumed
to be Ao,_n at higher pion energies. For carbon, we
obtain ay= 1.5 for £, < 5 GeV and 1.4 for E, > 5
GeV. For iron, we obtain a,y= 1.8 for F, < 10 GeV
and 1.75 for B, > 10 GeV.

The nuclear density function for carbon nuclei is taken
as the harmonic oscillator type as given by

2 r2

p(r) =po<1+a%) eXp(—aj), po = —=—-3(19)
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FIG. 2. (Color online) Total elastic cross section ¢ of pion-
carbon scattering as a function of pion momentum p.

The values of a (= 1.247 fm) and a (= 1.649 fm) are
taken from the Ref. [36].

The nuclear density function for iron nuclei is taken as
a two-parameter Fermi form as

1+ exp (r;c) 4med (1 + ﬂzdz)

02
The values of ¢ (=4.111 fm) and d (=0.558 fm) are taken
from the Ref. [37].

The BS approach assumes that the differential pion-
nucleus cross section is an exponential distribution in t.
The factor Fjps in Eq. which represents the absorp-
tion of pions in a nucleus has been obtained in a geomet-
rical model assuming the nucleus as a sharp sphere. In
the Glauber (present) model, the ¢ distribution given by
Eq. with Eq. is obtained from scattering theory.
Realistic forms of nuclear densities are used as given by

Eqgs. and .

p(r) .(20)

IV. RESULTS AND DISCUSSIONS

Figure 2] shows total pion Carbon elastic scattering
cross section o,¢ as a function of pion momentum p,.
The broken line is obtained using the Berger-Sehgal ap-
proach according to Eq. @ while the solid line represents
the Glauber calculation according to Eq. . The o,¢
according to the BS approach sharply peaks at p, = 0.3
GeV. Above 1 GeV pion momentum, o,¢c from both the
approaches vary slowly as a function of pion momentum.

We calculate differential cross section do/d@? for the
charged current coherent neutrino-carbon scattering us-
ing the PCAC-based model at different energies to study
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FIG. 3. (Color online) Differential cross section do/d@? for the charged current coherent v, — C' scattering as a function of Q?
obtained using the PCAC-based model (BS and Present) at neutrino energy 1 GeV for (a) £=1 and (b) £=2.
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FIG. 4. (Color online) Differential cross section do/d@? for the charged current coherent v, — C' scattering as a function of Q?
obtained using the PCAC-based model (BS and Present) at neutrino energy 3 GeV for (a) £=1 and (b) £=2.

the effect of parameter £ for both the approaches used in
the present work. Figure (a) shows do/dQ? as a func-
tion of the square of momentum transfer 2 obtained us-
ing the PCAC-based model (BS and Present) at 1 GeV
neutrino energy for £=1. The cross sections from both
the approaches peak at low Q? with the present calcu-
lation giving smaller cross sections than the BS calcu-
lations. Figure [3[b) shows do/dQ? as a function of Q?

obtained using the PCAC-based model at 1 GeV neu-
trino energy but for {=2. Here also the present calcula-
tion gives smaller cross sections than the BS calculation
while at higher values of Q? it crosses the BS calcula-
tions. From Figs. [3a) and [3(b) we can see that with
increasing the value of &, the cross section is reduced in
both approaches.

Figure a) shows do /dQ? as a function of Q? at 3 GeV
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FIG. 5. (Color online) Total cross section o for the charged current coherent v,, — C scattering as a function of neutrino energy
E, obtained using the PCAC-based model (BS and Present) for (a) £&=1 and (b) {=2.
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FIG. 6. (Color online) (a) Differential cross section do/d@? for the charged current coherent v, — Fe scattering as a function
of @? obtained using the PCAC-based model (Present) for £=1 and 2 at E, = 1 GeV. (b) Total cross section o for the charged
current coherent v, — Fe scattering as a function of neutrino energy E, obtained using the PCAC-based model (Present) for

&=1 and 2.

neutrino energy for £=1. At low Q?, the present calcula-
tion gives smaller cross sections than the BS calculation
while at higher values of Q2 the present calculation gives
larger cross section. Figure[d|b) shows do/dQ? as a func-
tion of Q2 at 3 GeV neutrino energy for £&=2. For higher
values of £, both calculations sharply peak at low Q? with
the sharpness of the peak greater for the BS approach.

Figure a) shows total cross sections ¢ for the charged
current coherent neutrino-carbon scattering as a function
of neutrino energy F, obtained using the PCAC model
(BS and present) for £&=1. The calculations are compared
with the data recorded by the MINERvA experiment
[38]. At lower neutrino energies (E, < 4 GeV), both
calculations are compatible with the data. At higher en-



ergies (E, > 5 GeV), the present approach gives better
description of the data. Figure[5|(b) shows the total cross
section o for the charged current coherent neutrino car-
bon scattering as a function of neutrino energy E, ob-
tained using the PCAC model (BS and present) for {=2.
The calculations are compared with the data recorded by
the MINERVA experiment [38]. At lower energies (E, <
4 GeV), both calculations are compatible with the data
within experimental error. With increased value of £, the
present approach gives excellent description of the data
in all energy range.

We also give predictions for cross sections in neutrino-
iron coherent scattering. Figure @(a) shows differential
cross sections do/dQ? for the charged current neutrino-
iron coherent scattering as a function of Q2 obtained us-
ing the PCAC-based model (present) at 1 GeV neutrino
energy for {=1 and 2. For the case of iron we do not find
drastic change with changing the value of £. Figure @(b)
shows total cross section o for the charged current coher-
ent neutrino-iron scattering as a function of neutrino en-
ergy E, obtained using the PCAC-based model (present)
for £=1 and 2. With increasing value of £, the total cross
section is slightly reduced and is not very sensitive to the
value of &.

V. CONCLUSION

We presented the differential and integrated cross
sections of coherent pion production in neutrino-nuclei
scattering using the formalism based on partially con-
served axial current (PCAC) theorem which relates the
neutrino-nucleus cross section to the pion-nucleus elas-
tic cross section. We study the behavior of the cross
sections as a function of neutrino energy and the param-
eters of the model. The pion-nucleus elastic cross section
is calculated using the Glauber model in terms of the
pion-nucleon cross sections obtained by parameterizing
the experimental data. The results obtained using this
approach have been compared with those obtained using
the Berger-Sehgal approach. The calculated integrated
cross sections are compared with the measured data. At
lower energies (E, < 4 GeV) both the approaches are
compatible with the data. The present approach gives
good description of the data in all energy range. Pre-
dictions for differential and integrated cross sections for
the coherent pion productions in neutrino-iron scattering
using the above formalism are also made.

VI. APPENDIX : KINEMATIC LIMITS FOR
INTEGRATIONS

The integration range over ¢ is given as [I0]:

ltmin] < —t < 0.05 GeV?, (21)
where
2
(@ +m2) — [VA - V|
tmin - 4W2 )
2
Q%+ m3
~ — (21/ . (22)
Here

Al = )\(Wzv 7Q2a Mfl) ’
/\2 = /\(WQ,mfr,Mfl) s
Ma, b, c) = a® + b* + ¢ — 2ab — 2ac — 2bc . (23)

The kinematical minimum and maximum values of v
are :

(Wihin + Q* — M3)

R 24
szn 2MA ) ( )
_ (W'r%zam + Q2 - ME\)
Vmaz = 2MA 9 (25)
where
Wi = (Ma +mg)?, (26)

“|

W%M:{isQ (1 - W‘>2<1 _ mi)

2

o i) )]
—1

X ( - Mf‘) (Q2+mi)_1. (27)

Here s = M3 + 2M4 E,,.
The v integration should be done in the range [10]

max(f\/@, I/min) < V < Vpax- (28)

The kinematically allowed minimum value of Q2 is :

) ) s

mn 2 s

2 m n min “w

1 M3
- = [WQM + m? - —AW2,, — mQ)] (30)
S
Q? region for coherent scattering is :

2o < Q< 20GeVE (31)

min
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