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Abstract

Samples of v,-CC and v,-CC QEL events are selected in the ND and MC truth information
is used to calculate resolutions and biases in the reconstruction of a number of variables.

1 Sample Definitions

The analysis uses cedar phy _bhcur v dai kon04 MC with the appropriate energy corrections
applied and no beam, hadron production, detector parameter or generator weighting has been used.
The total exposure of the MC sample is 5.84e19 POT and the following pre-selection criteria have
been applied:

e Fiducial volume: the event vertex must be located within a 1m radius about the beam spot
and between 1 and 5m along the z-direction.

o Number of tracks: the event must contain one or more tracks.

e Track quality: the reconstructed track must either pass the internal checks of the track fitter
or satisfy all of the following conditions (track reclamation scheme):

— The difference in the track vertex plane between the U and V views is less than 6
planes.

— The difference in the track end plane between the U and V views is less than 41 planes.

— The number of the track end plane must be less than 270.
A further two cuts are applied to define a v,-CC-like sample:

e Track charge-sign: the reconstructed track must have negative charge-sign.

e CC-like: the reconstructed events must take a KNN PID value of greater than 0.3.

In addition to these selection cuts, MC truth information is then used to select the samples of true
V,-CC and true v;,-CC QEL events that are used in the resolution fitting analysis.



2 Resolution Fitting Method

The resolution analysis proceeds by considering distributions of reconstructed minus truth (R—T)
or reconstructed minus truth all divided by truth ((R—T)/T) variables in a number of slices of a
certain truth variable. In each of these slices the R—T or (R—T)/T distribution is fitted with a
log-normal distribution which may be written as:
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where K = 4/log(4), X is the variable in question, [ is the mean, O is the width, t is a tail parameter
and N a normalisation factor. This functional form describes a Gaussian distribution with a one-
sided tail. In the limit that t ~0 the fitted function is given by:
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Figure 1 shows an example of the fitted R — T Q?Z distributions for true v-CC events in the CC-like
sample in a number of slices of true Q2.

In most cases the log-normal form provides a better estimate of the mean and width than can be
obtained either directly from the distributions (or via a standard Gaussian fit) by neglecting the
contributions of the tails of the R—T or (R—T)/T distributions. The Gaussian means from the
log-normal fits correspond to the pull on the resolution and provide an estimate for the accuracy
of the reconstruction. The Gaussian widths provide an estimate of the resolution (precision of
the reconstruction) for the variable in question. The fit results for the R — T distributions provide
estimate of the absolute resolution and bias in each variable whereas the fit results for the (R —
T)/T distributions provide estimates of the fractional resolutions and biases. The Gaussian widths
fitted in each slice can then be plotted as a function of the truth variable in question and this
distribution fitted to provide a functional form to describe the detector resolution.

3 Results

3.1 Event Vertex Position Resolution

Figures 2 and 3 show the fitted resolutions and biases in the reconstruction of event vertex positions
as a function of the X and y coordinates. Similar plots as a function of the z coordinate are not
shown due to the inherent quantisation introduced by the spectrometer portion of the detector.
It can be seen that the vertex resolution for true v-CC QEL events is slightly better than that
for the whole true v|;-CC event sample and this difference is attributed to the cleaner hadronic
environment associated with QEL interactions. It is also worth noting that the vertex position
resolution is flat as a function of both the X and y coordinates and the bias is everywhere much
smaller than the resolution.



2 2 2 2
10 1<Q?, <105 (Gev?) " 1.05< @, <1.1(Gev?)
s0F htries 17160 45 tries 16091
0.0775 40 0.0757
a0} sk
0.4468 0.4689
ol 67.1349/ 33 OF 50.4479 /33
0.0454 £ 0.0005 5F 0.0428 + 0.0005
2ok -0.0301:+ 0.0053 20F -0.0391+ 0.0060
0.3335 + 0.0029 5F 0.3549 + 0.0034
10 F 0.1339+ 0.0137 10F 0.1453+0.0158 7
3 "
0 = . *'f"‘"-u-___._ K T

-20 -15 -1.0 -05 0.0 05 10 15 20

O-2.0 -15 -10 -05 00 05 10 15 20

«10° 11<Q <115 (GeV?) 10° 115< Q@ <12 (GeV?)
A Aaamaaaa AR 45 [T
A F tries 15389 ries 14532
a0 F
40F 0.0770 0.0880
35 F
3BF 0.4715 0.4989
30F E
30F 57.4484 133 46.8639 /33
1 25 F E
25 0.0419 + 0.0005 0.0402 + 0.0005
20F -0.0252 + 0.0063 20F -0.0349+ 0.0070 }
15F 0.3576 + 0.0035 5 0.3726+0.0040 §
10F 0.1109+ 0.0166 0 1450+ 0.0186
sk sk ",

S

0 . . . . .
-20 -15 -10 -05 00 05 10 15 20 25

[}
B s

0 . . . .
-20 -15 -10 -05 00 05 10 15 20 25

Qo - Q. : Truev -CC Events

reco  “true

Figure 1. Distributions of R — T Q?Z for true v,-CC events in the CC-like sample in four slices of true
Q?. The red lines show the fitted log-normal distributions and the parameter p0 corresponds to the overall
normalisation, p1 to the Gaussian mean, p2 to the Gaussian width and p3 to the tail parameter.
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Figure 2: The left-hand figures correspond to true v,,-CC events in the CC-like sample whilst the right-hand
figures correspond to true vy-CC QEL events in the CC-like sample. The figures show the Gaussian widths
from the log-normal fits to the R — T distributions as black circles along with the RMS values of the R— T
histograms as red triangles. The top plots correspond to the vertex x coordinate whilst the bottom plots
correspond to the vertex y coordinate. All points are plotted at the mean value of the true vertex position
in a given slice rather than at the centre of that slice and the differences between the black circles and red
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Figure 3: The left-hand figures correspond to true v,,-CC events in the CC-like sample whilst the right-hand
figures correspond to true v,-CC QEL events in the CC-like sample. The figures show the Gaussian means
from the log-normal fits to the R — T distributions as black circles along with the mean values of the R— T
histograms as red triangles. The top plots correspond to the vertex x coordinate whilst the bottom plots
correspond to the vertex y coordinate. All points are plotted at the mean value of the true vertex position
in a given slice rather than at the centre of that slice and the differences between the black circles and red
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3.2 E, Resolution for Stopping Muons as Measured by Range

The muon energy resolution is broken down into two classes; the resolution for muons that stop
in the detector and whose momentum is measured using range and the resolution for muons that
exit the detector and whose momentum is measured by curvature in the magnetic field. Figure 5
shows the fitted Gaussian means and widths for stopping muons as a function of true muon energy
for true v,-CC events in the CC-like sample and for v;-CC QEL events in the CC-like sample.

It can be seen that generally there is good agreement between the resolutions and biases for true
V-CC and true v-CC QEL events although the resolution is slightly better for the true v-CC
QEL events at low muon energies. This is again attributed to the cleaner hadronic environment
of the QEL interactions with mis-placement of the vertex being more likely for RES and DIS
interactions. At higher muon energies the resolution becomes slightly worse because a greater
fraction of tracks are ending in the spectrometer where accurate determination of the track end
plane is more difficult.

3.3 E, Resolution for Exiting Muons as Measured by Curvature

Figure 6 shows the fitted Gaussian means and widths for exiting muons as a function of true muon
energy for true v,-CC events in the CC-like sample and for v-CC QEL events in the CC-like
sample. It can be seen that the log-normal fits for the true v-CC QEL events in the true muon
energy region around 5 GeV do not result in a good fit and figure 4 shows that the lack of statistics
is the cause of this problem.
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Figure 4: Distributions of R — T E, for true v,-CC QEL exiting muon events in the CC-like sample in four
slices of true E,,.. The red lines show the fitted log-normal distributions and the parameter p0 corresponds to
the overall normalisation, p1 to the Gaussian mean, p2 to the Gaussian width and p3 to the tail parameter.
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Figure5: Stopping muon energy resolution. The left-hand figures correspond to true v,-CC events in the
CC-like sample whilst the right-hand figures correspond to true v,-CC QEL events in the CC-like sample.
The top figures show the Gaussian widths from the log-normal fits to the R — T distributions as black circles
along with the RMS values of the R — T histograms as red triangles. The black curves correspond to a
fitted third order polynomial parameterisation of the detector resolution and all points are plotted at the
mean value of the true muon energy in a given slice rather than at the centre of that slice to make the
parameterisations more accurate. The second row of figures show the fractional fitted Gaussian widths and
(R—T)/T histogram RMS values whilst the bottom row of figures show the fractional fitted Gaussian means
and (R—T)/T histogram means. The differences between the black circles and red triangles correspond to
the influence of the tails of the R—T or (R —T)/T distributions.
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Figure 6. Exiting muon energy resolution. The left-hand figures correspond to true v,,-CC events in the
CC-like sample whilst the right-hand figures correspond to true v,-CC QEL events in the CC-like sample.
The top figures show the Gaussian widths from the log-normal fits to the R — T distributions as black circles
along with the RMS values of the R — T histograms as red triangles. All points are plotted at the mean
value of the true muon energy in a given slice rather than at the centre of that slice. The second row of
figures show the fractional fitted Gaussian widths and (R —T)/T histogram RMS values whilst the bottom
row of figures show the fractional fitted Gaussian means and (R — T)/T histogram means. The differences
between the black circles and red triangles correspond to the influence of the tails ofthe R—T or (R—T)/T
distributions.



The resolution for the energy of exiting muons has an interesting structure which corresponds to
low energy muons that exit through the sides of the detector and higher energy muons that exit
through the end of the detector. Fractionally the resolution is worst for the side-exiting lower
energy muons for which there is a greater chance of a curvature mis-measurement due to the short
track length. For end-exiting muons the fractional resolution becomes worse as the true muon
energy increases because the tracks become straighter making an accurate curvature measurement
more difficult.

3.4 Egw Resolution

Figure 8 shows the fitted Gaussian means and widths as a function of the true shower energy for
true v,;-CC events in the CC-like sample and for v,-CC QEL events in the CC-like sample. Note
that up to true shower energies of 300 MeV the R—T and (R—T)/T distributions are dominated
by events where no hadronic energy was reconstructed inside the detector, as demonstrated in
figure 7, and as such the log-normal form cannot adequately describe these distributions.

The fractional shower energy resolution improves with true shower energy as might be expected
given that the mis-reconstruction of small numbers of strip hits has a smaller relative impact on
the total reconstructed shower energy. It can also be seen that the resolution and bias are worse
for the true v-CC QEL events, as opposed to the full v,-CC sample, and this could be because
often a large fraction of the shower energy in QEL interactions is contained in a single proton strip
hit near to the event vertex which can more easily be mis-reconstructed as belonging to the main
muon track.
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of true Eghw. The red lines show the fitted log-normal distributions and the parameter p0 corresponds to
the overall normalisation, p1 to the Gaussian mean, p2 to the Gaussian width and p3 to the tail parameter.
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Figure8: Shower energy resolution. The left-hand figures correspond to true v,-CC events in the CC-like
sample whilst the right-hand figures correspond to true v,-CC QEL events in the CC-like sample. The
top figures show the Gaussian widths from the log-normal fits to the R — T distributions as black circles
along with the RMS values of the R — T histograms as red triangles. The black curves correspond to a
fitted second order polynomial parameterisation of the detector resolution and all points are plotted at the
mean value of the true muon energy in a given slice rather than at the centre of that slice to make the
parameterisation more accurate. The second row of figures show the fractional fitted Gaussian widths and
(R—T)/T histogram RMS values whilst the bottom row of figures show the fractional fitted Gaussian means
and (R—T)/T histogram means. The differences between the black circles and red triangles correspond to
the influence of the tails of the R—T or (R —T)/T distributions.
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3.5 Muon Angle Resolution

The resolution and bias for the reconstruction of the muon opening angle with respect to the
neutrino direction is shown both as a function of the true muon energy (in figure 9) and as a
function of the true opening angle (in figure 10). The figures show that the bias for true v-CC
QEL events is generally smaller than that of the true v,-CC events (which is again attributed to the
cleaner hadronic environment) whilst the resolutions are fairly comparable for the two samples. It
should also be noted that, as with all of the variables considered so far, the fractional bias in the
angle reconstruction is everywhere smaller than the fractional resolution.

3.6 E, Resolution

The next series of resolution and bias plots correspond to combined quantites that are defined in
terms of the measured quantities whose resolutions and biases are presented above. Figure 11
shows the resolution and bias for the reconstructed neutrino energy (via the addition of the muon
and shower energies) for true v,-CC and true v,-CC QEL events.

3.7 Q? Resolution

Figure 12 shows the resolution and bias for the reconstruction of Q? for true Vu-CC and true v-CC
QEL events where:

Q* = 2EyEy(1 —cos(8y)) 3)

3.8 QEL-Assumed Kinematic Quantities

The final resolutions and biases to be presented in this document correspond to the QEL-assumed
reconstruction of neutrino energy and squared four-momentum transfer and as such are only shown
for the true v,-CC QEL sample (see figure 13). These quantities are constructed using muon
kinematics (and assuming that the hadronic system consists of a single proton) and, as can be
shown via the conservation of four-momentum, are given by:
2

QEL Mnuc Ep - %
v Mnuc — Ep+ pucos 6,

“)

where terms involving the binding energy of the struck nucleon in the nucleus have been neg-
elected, and:
EL
QQeL = —2ERES(E, — pucosBy) + M )
It can be seen from figure 13 that the resolution (and to a lesser extent the bias) in the reconstruction

of the neutrino energy is improved by the use of the QEL assumption whereas both methods of
reconstructing the squared four-momentum transfer have similar resolutions and biases.
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Figure 9: Muon angle resolution as a function of true muon energy. The left-hand figures correspond
to true vy,-CC events in the CC-like sample whilst the right-hand figures correspond to true v,-CC QEL
events in the CC-like sample. The top figures show the Gaussian widths from the log-normal fits to the
R —T distributions as black circles along with the RMS values of the R — T histograms as red triangles. All
points are plotted at the mean value of the true muon energy in a given slice rather than at the centre of that
slice. The second row of figures show the fractional fitted Gaussian widths and (R —T)/T histogram RMS
values whilst the bottom row of figures show the fractional fitted Gaussian means and (R—T)/T histogram
means. The differences between the black circles and red triangles correspond to the influence of the tails
ofthe R—T or (R—T)/T distributions.

12



True vH—CC Events True vu-CC QEL Events

0.08 | : 007 E
F —— Fit Gaussian Width —— Fit Gaussian Width ]
0.07 | E 0.06 |- ) E
) s —a— Histogram RMS =) —=— Histogram RMS [ ]
€ 0.06 F E g ]
= g 2hogod < 0,05 R
e o f sandte 30"} 3 a2 ® ]
© 0.05 [ 800887 58T s E =t Lt ; ]
£ b e g0 E 004 N E
= r Al 0© = A
»n 0.04 | ab 000 b 7] A ° 1
Ll F a 00° w N o ]
F AR 50° 0.03 F A o © E
£ 003 2" 50° g £ 0 t o ]
S Tk RS ooo" S s b o ]
F A o A o
2 002 % 0" ] S 002f ¢ ° ]
E o E ]
0.01 o 0.01 % ]
000 |y RO O U I
00 01 02 03 04 05 06 07 08 00 01 02 03 04 05 06 07 08
True 6, Slice (rad) True 6, Slice (rad)
True vH—CC Events True vu-CC QEL Events
0.25 T 0.25 T T
) | —o— Fit Gaussian Width ) —e— Fit Gaussian Width 1
g 0.20 I —— Histogram RMS _g 0.20 - —— Histogram RMS ]
B I ? %
w [ w
: b = |
° e} - .
2015 . S o015 9
= L = . ]
< yx-) = 5%
5 %8 5 ® e
B 808520080, B o010l ey -
g 010" ] g 55
iy 00%0000002§L“AMM [ oy St A,
©0%°5000 ¢ ©feos 5,0 |
005 b i 005 T
00 01 02 03 04 05 06 07 08 00 01 oO. 03 04 05 06 0.7 038
True 6, Slice (rad) True 6, Slice (rad)
True vH—CC Events True vu-CC QEL Events
T 0.08 T T
0.081 o Fit Gaussian Mean ] 007 ¢ —e— Fit Gaussian Mean E
) _ o) E
é —— Histogram Mean ‘g 0.06 [ —— Histogram Mean E
= 0.06 1 2 0.05 | E
i w E
g i, g oo ] ¢ ]
@ 0.04 a ] a .
= [ “os “0sin,,, = 0.03 . E
= 69 LYV = A ]
2 I LI S84, 4 2 002F - E
- — 2
§0.02 I (>§{>§%® 5 {)AALA § o1k % {) 3 g L % % : ]
o 58 gbao . AERE R H;%; ]
6— A e SN S S -
0.00 [Frrormmmsmmm e e 000 { % ]
L L L L L L L L -0.01E L L L L L L L L]
00 01 02 03 04 05 06 07 08 00 01 02 03 04 05 06 07 08
True 6, Slice (rad) True 6, Slice (rad)

Figure 10: Muon angle resolution as a function of true muon angle. The left-hand figures correspond
to true vy,-CC events in the CC-like sample whilst the right-hand figures correspond to true v,-CC QEL
events in the CC-like sample. The top figures show the Gaussian widths from the log-normal fits to the
R —T distributions as black circles along with the RMS values of the R — T histograms as red triangles. All
points are plotted at the mean value of the true muon energy in a given slice rather than at the centre of that
slice. The second row of figures show the fractional fitted Gaussian widths and (R —T)/T histogram RMS
values whilst the bottom row of figures show the fractional fitted Gaussian means and (R—T)/T histogram
means. The differences between the black circles and red triangles correspond to the influence of the tails
ofthe R—T or (R—T)/T distributions.
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Figure 11: Neutrino energy resolution. The left-hand figures correspond to true v,,-CC events in the
CC-like sample whilst the right-hand figures correspond to true v,-CC QEL events in the CC-like sample.
The top figures show the Gaussian widths from the log-normal fits to the R — T distributions as black circles
along with the RMS values of the R — T histograms as red triangles. The black curves correspond to a
fitted third order polynomial parameterisation of the detector resolution and all points are plotted at the
mean value of the true muon energy in a given slice rather than at the centre of that slice to make the
parameterisation more accurate. The second row of figures show the fractional fitted Gaussian widths and
(R—T)/T histogram RMS values whilst the bottom row of figures show the fractional fitted Gaussian means
and (R—T)/T histogram means. The differences between the black circles and red triangles correspond to
the influence of the tails of the R—T or (R —T)/T distributions.
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Figure 12: Q? resolution. The left-hand figures correspond to true vu-CC events in the CC-like sample
whilst the right-hand figures correspond to true v,-CC QEL events in the CC-like sample. The top figures
show the Gaussian widths from the log-normal fits to the R — T distributions as black circles along with the
RMS values of the R — T histograms as red triangles. The black curves correspond to a fitted second order
polynomial parameterisation of the detector resolution and all points are plotted at the mean value of the
true muon energy in a given slice rather than at the centre of that slice to make the parameterisation more
accurate. The second row of figures show the fractional fitted Gaussian widths and (R —T)/T histogram
RMS values whilst the bottom row of figures show the fractional fitted Gaussian means and (R—T)/T
histogram means. The differences between the black circles and red triangles correspond to the influence
of the tails of the R—T or (R—T)/T distributions.
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Figure 13: QEL -assumed kinematic resolutions. All figures correspond to true v,-CC QEL events with
the left-hand figures showing the QEL-assumed neutrino energy and the right-hand figures showing the
QEL-assumed squared four-momentum transfer. The top figures show the Gaussian widths from the log-
normal fits to the R — T distributions as black circles along with the RMS values of the R — T histograms
as red triangles. All points are plotted at the mean value of the true muon energy in a given slice rather
than at the centre of that slice. The second row of figures show the fractional fitted Gaussian widths and
(R—T)/T histogram RMS values whilst the bottom row of figures show the fractional fitted Gaussian means
and (R—T)/T histogram means. The differences between the black circles and red triangles correspond to
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the influence of the tails of the R—T or (R —T)/T distributions.
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