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Our starting point is the general formula for neutrino
scattering off a nucleus or nucleon at rest

dCC’ G2 20 2
o - Gfocos CKLEQ— 2

2
i0%dy o e or, +viop + 2uvog (1)

already derived by Lee and YangP for zero mass of the
outgoing lepton®. For Q? — 0 only the term ~ og survives.
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do¢t B G% cos? O Q2

10%dy 2 kE q|2 uor + viop + 2uvog (1)

already derived by Lee and Yang® for zero mass of the
outgoing lepton®. For Q? — 0 only the term ~ og survives.

Here Adlers forward scattering theorem® based on PCAC
predicts

O-S,I/N—>Z/F(W) — T 5 7TO-7TN—>F(W) . (2)
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resulting in

do®C _ Gcos*Ocff E

~N(W 3
dQ?dy Q20 272 |q|uv0 N( ) (3)




resulting in
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resulting in

d cC G2 20 2 E
02 _ Fcos2 clz oo (W) (3)
and®
doNC G%f2 E
2 = "I oy (W) (4)
dQ=dy Q2—0 472 |q|

For CC the limit Q% = 0 cannot be reached. Therefore and
for comparison with experiments we extrapolate to finite
values of Q% by introducing a formfactor

Ga =m%4/(Q*+m%). In addition we include a correction
(already contained in Adlers paper) due to the nearby pion
pole in the hadronic axial vector current’

ef7ro — 7T+/\/§
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With Q%. = miy/(1 —y) the pion pole term vanishes for

min

mypy = 0, 1t IS a lepton mass correction.
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With Q%. = miy/(1 —y) the pion pole term vanishes for
mypy = 0, 1t IS a lepton mass correction.

Coherent scattering Coherent w/N scattering is strongly
peaked in forward direction distinguishing it from
incoherent background. We therefore expect coherent
single pion production by neutrinos to be well described by
the PCAC Ansatz. Like in the original Rein Sehgal (RS)

paper? this approximation is assumed to hold also for the
differential cross section

INucl.Phys. B223,29(1983)
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dQ2dydt 272 q|

do(ntN — 7t N)
dt

2
do¢C ez 20~f2 E 1 2
v _ 7 GOk Cfﬂ' UV (GA = min ) (6)

X

This extension is by no means trivial. t is the four
momentum transfer squared between the incoming virtual
boson and the outgoing pion. Therefore t =0 cannot be
reached. t,in = f(Q?) results in a very effective Q° cutoff
for cross sections ~ Aexp(—bt). The t-integral of (6)
approaches (5) only for Q? — 0.



Black histogram calculated
from integrating (6) over
(t,y), red histogram from
integrating (5) over y.
Hadronic toy model: con-
stant cross section (80mb),
constant slope (40 GeV ™~ ?).
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Black histogram calculated
from integrating (6) over
(t,y), red histogram from
integrating (5) over y.
Hadronic toy model: con-
stant cross section (80mb),
constant slope (40 GeV ™~ ?).
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The RS paper evaluates the kinematical factor always at
Q* =0, i.e. Euv/|q] — (1 —y)/y. At high energies the
differences are negligible. At threshold they are very
important (hadronic toy model). Note also the strong
violation of isospin symmetry.
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The elastic 7N cross section The RS paper contained
a simple model for elastic pion nucleus scattering, which
can be easily implemented into MC generators. Starting

from
do(mN — wN) 42

dt dt 1t=0

doe

e_thabs (7)



The elastic 7N cross section The RS paper contained
a simple model for elastic pion nucleus scattering, which
can be easily implemented into MC generators. Starting

from
do(mN — wN) 42

dt dt |t=0
the elastic differential cross section at ¢t = 0 is calculated

via the optical theorem

doe

e_thabs (7)

+ _
TP TP
doe 1 Otot Otot

dt li=0 167 2

(8)

where the total pion nucleon cross sections are taken from
data. The slope b is determined via the optical model



1
b= §R8A2/3 e.g. Ry = 1.057fm .

(9)



1
b= 5}23142/3 e.g. Ry = 1.057fm . (9)

Finally using a simple geometrical picture the absorption

9A1/3
Fabs — €XP <_ 167‘(’R% Uinel) (10)

factor

IS calculated from data for inelastic pion nucleon
scattering.
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1
b= gR(%AQ/S e.g. Ry = 1.057fm . (9)
Finally using a simple geometrical picture the absorption

factor
9A1/3
Faps = — ine 10
b eXp< T6nR2° 1) (10)

IS calculated from data for inelastic pion nucleon
scattering.
1 P+ o

Tinel = 1ne > 1nel . (11)

Although this model has its limitations (e.g. it predicts
oc— 0 for A — oo0) it has been very successful in describing
high energy coherent neutrino scattering.
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The updated hadronic RS
2009 model uses detailed
fits to the 7N cross sections
which is important for low
neutrino energies.
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The updated hadronic RS
2009 model uses detailed
fits to the 7N cross sections
which is important for low
neutrino energies.

This can, however, not
explain the differences
between various
iImplementations of the RS
model.



For the resonance region with its rapidly varying cross
sections and angular distributions the RS model is
probably too simple. It describes badly the experimental
data on elastic 7!'?C scattering. Instead of refining it we —
In the spirit of Adlers theorem — directly revert to the
measured 7C cross sections.
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We use data with 30 < 7T < 870 MeV which have been
subjected to a phase shift analysis by the Karlsruhe
group”. The forward scattering is fitted by a Aexp (—bt)
Ansatz resulting in energy dependent coefficients A, b.
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Using this parameterization
the pion carbon elastic cross
section is below the hadronic
RS model but approaches it
quickly at higher p;
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Using this parameterization
the pion carbon elastic cross
section is below the hadronic
RS model but approaches it
quickly at higher p,

We thus get a substantial
modification of the PCAC
prediction for pion production
off carbon nuclei for NC and
CC reactions at low neutrino
energies.
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Our results are compatible with other PCAC based calcu-
lations' and remarkably close to some variants of micro-
scopip nuclear physics models (Singh et al., Amaro et al.))

'Kartavtsev et al., Phys.Rev. D74, 054007 (2006)
JPhys.Rev.Lett. 96,24801,(2006); Phys.Rev. D79,013002 (2009)
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Our results are compatible with other PCAC based calcu-
lations' and remarkably close to some variants of micro-
scopip nuclear physics models (Singh et al., Amaro et alJ)

At this moment the model can be applied to other nuclei
by using a A2%/3 scaling law.

'Kartavtsev et al., Phys.Rev. D74, 054007 (2006)
JPhys.Rev.Lett. 96,24801,(2006); Phys.Rev. D79,013002 (2009)




b
EEN

do/dp [10°* cm*/GeV]

©
i
T

o
[=)
> £}

““““““““““““““““ e ol Differential distributions are
| R more sensitive to model
details (Alvarez-Ruso et al.¥).
The red points are BS 20009.
et T ] KPhys.Rev. C76, 068501 (2007)



O e A N i i i B e S B
- 12
12 F vp-%-"zc — p+r'+Cat 1 GeV -
i Impulse approximation
= 0k Impulse approximation with A in medium _|
% ' = Fyll calculation
w - === Ejkonal approximation
o 4
N 0.8 |-
£
©
<
% 06
o
=
L)
[
Q. 04
°
3
0.2 |-
A Y ) IEIEEERER. - ot R EESEERNCS BE W EPEE SIEEF w ;’F“?‘ﬂﬂx vvvvvv

00 01 02 03 04 05 06 07 08 09

p_[GeV]

do /dE.(1 — cos ©,) (107*cm?/GeV)

- — BS 2009
80 —— RS 2009 norma lized
——  BS 2009 extended, PRELIMINARY
70 H

Coherent 7° production, I, =1 GeV

0.3 04 05
E.(1 —cos®,)/GeV

Differential distributions are
more sensitive to model
details (Alvarez-Ruso et al.¥).
The red points are BS 20009.

“Phys.Rev. C76, 068501 (2007)

More on differential
distributions: The
MiniBooNE variable
E(1 —cosB;) and a first
look at future results.




do/dE,(1 — cos ©,) (107%cm?/GeV)

4 ,{ e Inclusion of the full
angular distribution
measured in 72C
scattering produces fat
tail.
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do/dE.(1 — cos ©;) (107cm?/GeV)

i o Inclusion of the full

| o angular distribution
measured in 72C
scattering produces fat
tail.
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Our results agree with all published experimental limits on
coherent «* production. Like everybody else we have a
problem with the MiniBooNE 7° result. Before claiming
that this falsifies the PCAC model one would like to
clarify several questions, e.g. how the experiments ensure
the coherence of the process.
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Summary and conclusions

We have extended the RS model to hold for low
energy neutrino beams by kinematic modifications
and direct appeal to pion nucleus scattering data.

At low energies the model is practically parameter
free. It thus can be eaysily falsified by experiments.

Things to come:

Inclusion of the full angular distribution
Better interpolation scheme

More nuclei

Improved transition to the high energy RS model



