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This report describes how uncertainties in neutrino interactions, particularly at neutrino energies of a few
GeV, can contribute to uncertainties in measurements of neutrino oscillation parameters for experiments using
calorimetric devices. Uncertainties studied include those on final state multiplicities, cross sections, electron-

hadron calorimeter differences, and nuclear rescattering.

1. Introduction

Now that both the solar [1] and atmospheric
[2] neutrino anomalies have been confirmed
with good confidence with earth-based experi-
ments [3],[4], the next step is to measure precisely
the parameters that govern those relatively large
effects. The ultimate precision with which the
mass splitting between different neutrino types,
often denoted as Am?, can be determined may
limit, among other things, how well the effective
mixing angle can be measured. This may even
ultimately make the difference as to whether or
not CP violation and the neutrino mass hierarchy
can be measured. Measuring the mixing angle 653
itself is important also, since how different it is
from 7/4 will give us insight into what could be
breaking the v,v; symmetry (consider how dif-
ferent our understanding is because we know now
that the long-lived neutral Kaon K7, is not simply
an even admixture of K° and K°!).

In order to determine the neutrino mass hier-
archy in the first place, it is important that at
least one experiment covers more than several
hundred kilometers, and uses neutrino energies
above a few GeV. Although water Cerenkov de-
vices have also had a long and glorious history
in neutrino physics, calorimeters are likely to be
strong contenders for this higher energy regime
because they can more completely reconstruct
events with many final state particles, which con-

stitue the bulk of the cross section above neutrino
energies of one GeV.

In this report we discuss first how calorime-
ters measure the energies of the final state par-
ticles in a neutrino interaction, and then discuss
how uncertainties in neutrino interactions, cou-
pled with calorimeter performance, can lead to
uncertainties in measurements in oscillation pa-
rameters. This report does not attempt to evalu-
ate the actual systematic errors arising from these
sources, but merely describes how neutrino inter-
action characteristics will affect the extrapolation
from a near to far detector. What this report will
also show is that the extent to which these char-
acteristics affect the extrapolation is a function of
the mass squared splitting itself.

2. Calorimeters in Neutrino Physics

Calorimetry, loosely defined as segmenting
large quantities of passive material with active
detectors to measure the passage of charged par-
ticles, has played an important role in the history
of neutrino physics. Experiments which have used
this technique include Frejus [5], CHARM-II [6],
Soudan [7], CCFR [8], and /NuTeV [9]. Cur-
rently both the MINOS and OPERA detectors
are calorimeters (albeit augmented with either a
magnetic field or planes of emulsion). By sam-
pling the charged particle flux several times in the
course of a hadronic or electromagnetic shower,
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Figure 1. Particle lengths for various particle
types and energies, incident on a calorimeter con-
sisting of 2.54cm steel plates separated by lem
thick planes of scintillator.

one can build a device that gives a very nearly
linear response to the “available” (or kinetic) en-
ergy of the particle in question. Many aspects of
the calorimeter contribute to the response func-
tion, including the ratio of responses to electro-
magnetic to “purely” hadronic interactions. The
exact response function versus charged particle
kinetic energy is usually measured in a test beam
of known momentum and particle composition,
since it is difficult to predict precisely. The test
beam data can then serve as a check of the valid-
ity of the detector simulation, or it can be part of
the simulation by providing a library of hadronic
and electromagnetic showers.

By making a device with fine segmentation
both longitudinally and transverse to an incom-
ing neutrino interaction, a calorimeter can even
track multiparticle final states. By using the
track lengths combined with the energy deposi-
tions of various particles one can determine if they

are most likely to be charged pions, electrons, or
protons. Figure 1 shows a GEANT prediction for
the length distributions for these various parti-
cles between 0.5 and 2GeV, for a calorimeter con-
sisting of 2.54 cm steel planes instrumented with
lem scintillator planes [10]. The muon lengths
are on average proportional to the muon kinetic
energy, while for pions and protons, a small frac-
tion behave like muons but most have consider-
ably shorter lengths.

3. Neutrino Interaction Simulation

To understand the effects that neutrino inter-
action uncertainties play in measuring Am? in
calorimeters, a simple simulation was used which
considered as inputs the NuMI neutrino beam
spectra available in the “Low Energy” configura-
tion, shown in figure 2 [11]. Although the event
rates may vary, the two kinds of fluxes cover the
range of what is being considered: either an on
axis neutrino flux which has a very broad range
of available energies, or an off axis neutrino flux
which is almost monochromatic. The primary
motivation for siting a detector off the NuMI
beamline axis is to search for v, — v. [12], but
given the existence of a detector many times the
mass of the MINOS detector at some off axis an-
gle, it will also have a very important role to play
in measuring Am? through a v, disappearance
measurement. The initial detector which will be
located at this off axis location is likely to be a
calorimeter, although the longitudinal segmenta-
tion (in terms of both interaction and radiation
lengths) will be much finer than what is being
considered in the analyses described in this re-
port. Furthermore, the nuclear effects may be dif-
ferent, since the detector is likely to be comprised
of a lower Z material than the steel assumed here.

For every neutrino event predicted in any near
or far detector, the NEUGEN neutrino interac-
tion monte carlo was called [15], with the target
assumed to be steel, and final state nuclear in-
teractions turned on ulness noted. The visible
energy recorded for each event is simply the ki-
netic energy of all the final state particles, and the
detector is assumed to have perfect energy resolu-
tion, to see the neutrino interaction effects before



detector smearing. Also, unless noted the detec-
tor is assumed to have identical energy response
for electromagnetic and hadronic particles, which
again is typically not the case. The ratio of elec-
tromagnetic to hadronic response varies as a func-
tion of energy, but the ratio can deviate from 1
by as much as 30% for many calorimeters [16].
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Figure 2. Charged current neutrino event rates
for the NuMI Beamline, both on axis (left) and
at 15mrad off axis (right), for detectors located a
distance of 735km from Fermilab.

4. Signal and Background in Disappear-
ance Measurement

In order to cleanly see an oscillation signature,
a calorimeter will have to distinguish between
neutral current and v, charged current neutrino
interactions. The higher the neutrino energy, the
easier this is to do. The most straightforward way
to reject neutral current events is to first cut on
the length of the longest track in the event, in
other words the number of readout planes that
were hit for that track. A later step could be
to compute a likelihood for that track being con-
sistent with a minimum ionizing particle. Using
the distributions shown in figure 1 and NEUGEN
the length distributions of neutrino interactions
were simulated for the steel-scintillator detector
described above. Again this is only a first order
estimate of what this distribution might look like,

many other detector effects will modify these dis-
tributions.

For a given visible energy bin, the length dis-
tribution will be very closely related to the y dis-
tribution for the v, charged current event sam-
ple, where the length is roughly proportional to
(1—y). However, the neutral current event length
is only logarithmic with the energy of the most
energetic pion in the event. Furthermore, at
energies below the A formation threshold pions
are likely to deposit all their energies through
dE /dz rather than through nuclear interactions.
In those cases, the neutral current length may ac-
tually be proportional to the kinetic energy of the
leading pion in the neutral current event.
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Figure 3. Length distributions for a far MINOS-
like detector, for neutral and charged current
events, with and without oscillations.

Although monte carlo predictions are that the



neutral current background can easily be removed
in v, charged current analyses, the precision with
which it can be predicted may in fact be limited
by how well we understand the y distribution of
low energy charged current interactions. This is
due to the simple fact that the length distribu-
tions in a given energy bin in the near detector
will be very different than those in the far detec-
tor, in the case of oscillations. Figure 3 shows
the lengths in two visible energy bins between
1GeV and 2GeV, for both neutral current and
charged current events, with and without oscil-
lations (where the latter would be similar to the
near detector length distributions).

Note that for the values of Am? shown, the ex-
pected ratio of signal to NC background in the far
detector is close to unity at high lengths in these
low energy bins, yet in the near detector the high
length neutral current events will be swamped
even at high lengths by regular charged current
events. This neutral current background is drop-
ping rapidly, however, so that at only slightly
higher visible energies the neutral current back-
ground is much lower. In principle the y distribu-
tions could be measured at these higher energies,
and then the error on the measurement of the
neutral current background would only contain
the uncertainty in the extrapolation from mod-
erate (3-4GeV) energy to low (1.5-2.5GeV) en-
ergy. However, it should be noted that there is
a huge uncertainty in those cross sections them-
selves, and so large errors may accrue in the ex-
trapolations.

For the remainder of the analyses described in
this document, a length cut of 20 (16) planes
was placed on events with visible energies greater
(less) than 1.5GeV, for both near and far detec-
tors.

5. Multiplicity of Final State Particles

For events with many final state particles, indi-
vidual particle tracking may be difficult, but the
sum of the kinetic energies of the final state par-
ticles can nevertheless be measured by the active
readout. For high energy neutrinos the difference
between the total kinetic energy of the final state
particles and the total hadronic energy is negligi-

ble, but in the one to two GeV regime, the multi-
plicity and rest masses of the final state particles
become important [13]. The resulting neutrino
energy smearing for various energy regions rele-
vant to the NuMI neutrino beams can be seen in
figure 4, which shows the distribution of the ra-
tio between the total kinetic and true neutrino
energy. This smearing can be reduced for a very
fine-grained detector which has good particle ID
by including the final state particle rest masses
into the energy calculation, as was done with the
Soudan detector [14].
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Figure 4. Ratio of visible to true neutrino energy
for various energy ranges. The structure in the
distribution is due to different multiplicity final
states.

To see what the size of the overall effect of
“neutrino energy smearing” is, one can compare
the predicted ratio of far detector energy spectra
with and without oscillations, before and after
this neutrino energy smearing. Figure 5 shows
this ratio for two different values of Am?, for
the on axis NuMI beam. Note that the effect
will change not only where the dip in the energy
spectrum is, but will also change dramatically the
height of the dip itself.

If the total reconstructed kinetic energy of the
event is a fraction f of the total true neutrino en-
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Figure 5. Ratio of far detector event predictions:
for the case of oscillations divided by the case of
no oscillations. Solid lines indicate the ratio ver-
sus true neutrino energies, and the dashed lines
indicate the same ratio but as a function of re-
constructed neutrino energy.

ergy, then one can study uncertainties in the dis-
tribution of f (shown in figure 4) in a simplistic
way by changing f to f + 0.2(1 — f), but assum-
ing in the extrapolation from near to far that the
near to far ratio does not change. Neutral current
and charged current events are treated identically,
although a cut on the maximum track length is
made to remove the neutral current backgrounds.
This is not an appropriate way to evaluate the to-
tal systematic error coming from uncertainties in
f, but merely an exercise to determine roughly
how well one must understand the f distribution.
Figure 6 shows how different the predicted far de-
tector energy spectra would be for two values of
Am?, for the on axis beam, if the smearing were
changed in this way. Ultimately this corresponds
to about a 3% systematic error in the measured
Am?, which is less than the expected MINOS er-

ror, but well above the next generation proposals.
Off-axis neutrino experiments are also subject to
this problem, as shown in figure 7 and again a
20% change in the ratio f leads to about a 3%
change in the reconstructed Am?2.
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Figure 6. Difference between “true” and “extrap-
olated” on axis far detector spectra, for the case
where the neutrino energy smearing, described in
text, is 20% larger than the simulation assumes.
Also shown in the lower plot is the ratio of true
to extrapolated, for two different values of Am?,
along with the statistical error on that ratio for
20kton-years of nominal NuMI running.

6. Cross Section Uncertainties

One often hears in discussions of oscillation ex-
periments that the near detector is used to cancel
out the cross section uncertainties, since the cross
section as a function of neutrino energy should
be identical if the two detectors are comprised of
the same material. In fact this statement is true
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Figure 7. Difference between “true” and “extrap-
olated” off axis far detector spectra, for the case
where the neutrino energy smearing, described in
text, is 20% larger than the simulation assumes.
Also shown in the lower plot is the ratio of true
to extrapolated, for two different values of Am?2,
along with the statistical error on that ratio for
100kton-years of nominal NuMI running.

only in the limit of a detector in which the visible
energy in the detector is identical to the incom-
ing neutrino energy. However, cross sections may
change dramatically as a function of energy, and
as we have seen, even a perfect calorimeter cannot
perfectly reconstruct the actual neutrino energy.
Finally, the energy smearing combined with po-
tentially a very large difference between the near
and far detector fluxes means that cross section
uncertainties can be quite important.

Figure 8 shows visible energy distribution for
charged current events after an event length cut
is applied to remove neutral current events, and
what the relative contributions are of Quasielas-
tic, Resonance, or Deep Inelastic Scattering pro-
cesses. The top is for the near detector, and the

Figure 8. Left: Visible CC energy distribution
broken down into the three different components:
Quasielastic, Resonance, and Deep Inelastic Scat-
tering; Right: the ratio of Resonance and DIS to
the total event rate, at the near detector (top)
and far (bottom), assuming oscillations.

bottom is for the far detector, in the case of os-
cillations at Am? = 2.5 x 10~3eV2. Note that as
expected, the Deep Inelastic Scattering process
contributes significantly more to the far detector
event rate than that of the near detector, since
the lowest energy neutrinos are osclilating to v,
events where the charged current interaction does
not, occur due to the 7 mass suppression.

Figure 9 shows the ratios between the “extrap-
olated” and the “true” neutrino event spectra for
the case where the DIS cross section is actually
different from what the Monte Carlo assumes by
30%, (left plots), and where the resonance cross
section is different by 50% (right plots), and for
the on (top) and off (bottom) axis beams shown in
figure 2. These are certainly not the uncertainties
at high neutrino energies, but for neutrino ener-
gies of a few GeV they are not unreasonable. For
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Figure 9. Ratio of true to extrapolated neutrino
event rates as a function of visible energy for
on axis (top) and off axis (bottom) for uncer-
tainties in DIS (left) and Resonance (right) cross
sections. The dark (grey) lines are for Am? =
3(2) x 10=3eV2, and the On (Off) axis statistical
errors are shown for 10 (100) kton years.

different values of Am? the far detector predic-
tion can change by up to 5 or 10 per cent, most
notably in the locations where the near and far
detector event distribution shapes are the most
different. Also shown on the plot in dotted lines
is the statistical error in each neutrino energy bin
assuming 10kton-years for the on axis case, and
100kton-years for the off-axis case. In both cases
a length cut is made to reduce the neutral current
background, and the detector assumed is a steel
scintillator detector. Note that for the off axis
case, because of the higher detector mass assumed
and the sharper neutrino spectrum, the cross sec-
tion effects tend to be larger, and in some cases as
large as the statistical error in relatively impor-
tant energy bins. Although in the on axis case
the effects are never as large in any single bin as

the statistical error, and as such they would not
affect the sensitivity on Am?, they would con-
tribute to a significantly higher minimum 2 on
any oscillation fit. Also, note that the system-
atic errors in these cases are 100% correlated bin
to bin, yet the statistical error is completely un-
correlated. So averaging over many (say 10 or
15) high energy neutrino bins would in fact lead
to systematic error comparable to the statistical
one.

7. Electron-Hadron Differences in

Calorimeters

Another effect which has not been studied in
detail but which should be mentioned in pass-
ing is the fact that calorimeters typically do not
on average register the same amount of signal
for an electromagnetic and a hadronic particle of
the same energy. This is due to the fact that
hadronic showers, which can lose energy by elec-
tromagnetic processes, also tend to lose energy
through transfer to neutrons, which do not leave
much signal in a calorimeter. So on average an
electromagnetic particle of a certain kinetic en-
ergy will leave as much as 30% more signal in
a calorimeter than a hadron of the same kinetic
energy. When neutrinos are energetic enough to
produce either charged or neutral particles in the
same final state (i.e. vn — p~nnt as opposed to
vn — p~pr®), the energy measured can vary by
up to 30% of the total non-muon energy. These
differences could also arise in the predictions of
the neutral current backgrounds as a function
of visible energy. As an overestimate of the ef-
fect, we consider here the difference in the ex-
trapolated far energy spectrum for two scenarios—
one where the detector has equivalent electron to
hadronic response, and the other where the de-
tector has an electron to hadron response of 1.3.
The double ratio of far over near neutrino energy
spectra, (e/m = 1.3/e/m = 1.0) as a function of
Am? is shown in figure 10. This seems to be
a bigger effect for an on axis beam than an off
axis beam. In an on axis beam it has an effect
at about one GeV where the spectrum is quickly
falling, and for the off axis beam the effect seems
to be one mostly of changing the level, not the



shape of the near/far extrapolation.
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Figure 10. Ratio of true to extrapolated neutrino
event rates as a function of visible energy for on
axis (top) and off axis (bottom) if one assumes
an e/m of 1.3 compared to 1.0.

8. Nuclear Effects

Still another important effect which is related
to the visible energy smearing for a given true
neutrino energy is nuclear effects. As has been
measured in neutrino scattering, there is some
probability that a pion produced in a W or Z
exchange in a nucleus may be absorbed before it
gets out of the nucleus [17]. Of course if that
pion is absorbed it will not deposit energy in the
calorimeter, resulting in still lower reconstructed
energy for a given true neutrino energy. The ef-
fect of pions rescattering was included in figures
4 and 5 but if it were not accounted for, the dif-
ference in the far over near prediction is shown in
figure 11. .
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Figure 11. Ratio of true to extrapolated neutrino
event rates as a function of visible energy for on
axis (left) and off axis (right) if one assumes nu-
clear rescattering compared to no nuclear rescat-
tering, as modeled in NEUGEN.

9. Conclusions

All of the neutrino interaction uncertainties
that will ultimately plague precision measure-
ments of Am? have not been mentioned in this
report, however several possible sources of uncer-
taintes in a calorimetric measurement have been
described. Table 1 gives a brief summary of these
studies, where for each effect considered the pos-
sibility of a shape or a level change in the far
detector event rate is noted, for the case of Am?
being equal to 2 x 10~ 3eV2. The most impor-
tant thing that should be noted is that for most
of the neutrino interaction uncertainties consid-
ered, the systematic error associated with the far
detector prediction depends on what Am? is be-
ing assumed. In particular, if one compares the
systematic error in the absence of oscillations to
that in the presence of oscillations, the errors are
always larger in the presence of oscillations, at
least when the disappearance probability is large,
as is the case for all future proposed experiments.
The effects considered can bring about errors in
a far detector extrapolation of anywhere from a
few per cent to 20 or 30 per cent in a narrow en-
ergy window (which tends to be around the 1 or
2 GeV region). It is clear that ultimately to get
to precisions of a few per cent on Am? itself, we



as a field have to acquire a much better under-
standing of neutrino interactions and their cross

sections.
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Table 1: The far to near extrapolation change due to various neutrino interaction effects

Off Axis
Type of Change

On Axis
Type of Change

Shape (%)
20% at 1.5GeV

Size of

Level (%)

Shape (%)
25% at 1.0GeV

Level (%)

Change

Effect Considered

Extra 20%

30% off

v Energy Smearing
DIS Cross Section

5% 10% at 2GeV 5%

25% at 2GeV

10% at 1GeV

20% at .5GeV
10% at 1.5 GeV

50% off

Resonance Cross Section

3% below 2GeV

3% below 3GeV

13—=+1.0
On/Off

electron/hadron difference

50% at 1.5GeV

25% at 1GeV

Nuclear Rescattering




