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Abstract
This report outlines the process of neutrino production in NuMI and
describes the off-axis simulation of event rates at SciBooNE from NuMI
Monte Carlo output. A Pauli-suppression parameter, κ, introduced by the
MiniBooNE collaboration in their description of muon neutrino charged
current quasi-elastic scattering on Carbon, is applied to see its effect on
the prediction of NuMI events at SciBooNE. A geometric acceptance restriction on the events is utilized to single out events leading to the capture
of the outgoing muon in SciBar. Finally, the MiniBooNE NuMI trigger
timing is summarized for its relevance to a possible SciBooNE NuMI trigger.

1

Neutrino Production from the NuMI Beam

The Neutrino at the Main Injector (NuMI) project at Fermi National Accelerator Laboratory was base-lined in November 1998. The primary goal of NuMI
is to provide a high intensity and nearly pure muon neutrino (νµ ) beam to the
MINOS far detector in Soudan, Minnesota. To achieve this, a 120 GeV proton
beam is extracted from the Main Injector and directed at a production target.
The primary proton beam is converted into a beam of neutrinos via a threestep process. Protons interact with nuclei of the target to create mesons, especially pions (π) and kaons (K). Then, these mesons are guided down an extended
pipe line using focusing horns. Along this line, a portion of them decays into
neutrinos. Finally, a hadron absorber at the end of the line permits only neutrinos, resulting in a nearly pure neutrino beam directed at the MINOS far
detector.

1.1

Target

The protons interact with nuclei in the 2 interaction length graphite target to
produce π’s and K’s with varying transverse and longitudinal momenta. This is
important for the off-axis simulation in SciBooNE because the greatest fraction
of neutrinos that hit SciBar originate here. The target is designed to maximize
the creation of neutrinos, while minimizing secondary interactions of π’s and
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K’s. This is done by requiring that the target be sufficiently long to allow the
protons to interact, but narrow enough to allow secondary particles to escape.
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Figure 1: The NuMI Beam Line

1.2

Horn Focusing System

Down the line from the target, two focusing horns are utilized to direct the
secondary particles along the decay pipe axis. The horns have a parabolic
shape and they create toroidal magnetic fields to bend charged particles of a
single sign (+ for neutrino mode). The horns act, to a good approximation, as
lenses, with focal length proportional to the pion momentum. Therefore, the
target position can be changed to focus pions of a certain momentum in the
first horn. The second horn extends the influence of the system by focusing an
even greater fraction of pions with different momentum.

1.3

Decay Pipe

Some of the focused secondary particles decay into neutrinos along the 675 m
long decay tunnel. Figure 11 outlines the major features of the entire NuMI
beam line from above and shows the distance from the target to the hadron
absorber. The most common decay modes that produce muon neutrinos in the
beam are π + → µ+ + νµ and K + → µ+ + νµ . Figure 22 shows the distribution
of neutrinos with different momenta and initial positions, i.e. the location of
the parent particles at the time of decay. Also, figure 2 shows this distribution
with a color separation by parent type. It’s apparent that kaons mostly decay
earlier than pions which more readily decay along the entire extended length of
the beam line. The sudden local maximum at ∼ 72,500 cm is due to the parent
particles hitting the beam stop.
1 Image

from S. Kopp 2007 NuInt presentation, ‘The NuMI facility’
from the ntuple located at ∼ jduarte1/Ntuple/fluka05 le010z185i 1.paw 200cm
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Figures 3 and 4 give further information about the off-axis beam. Neutrino
production angle θν is calculated as p~.ν p~χ /|~
pν ||~
pχ |, where χ is the primary parent
particle, χ = π + , K + , etc. This angle peaks around 0.55 rad indicating that
the off-axis decay of pions moving forward through the pipe gives the greatest
contribution of neutrinos. Figure 4 shows the transverse momentum, pT , versus
longitudinal momentum, pZ , plot of pions (the most common parent particle)
that decay to neutrinos at the target.
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Figure 2: Neutrino position and momentum distribution along NuMI beam line,
separated by parent: red = π + parent, blue = K + parent. This was generated
from a single ntuple file output from NuMItoBooNE.
The hadron absorber is composed of an aluminum core surrounded by steel.
All hadrons, including initial protons that do not interact are stopped by the
hadron absorber at the end of the decay pipe. A muon shield of dense rock
between the end of the pipe and the MINOS near detector is also utilized to
stop all the resultant muons coming from the decay pipe.

1.4

Estimated Proton on Target Delivery to NuMI

To date, NuMI has received approximately 3.29 × 1020 P.O.T. and the rate at
which it will continue receiving protons is ∼ 3 × 1020 P.O.T. per year. After the
2007 shutdown, NuMI should continue to receive close to 3 × 1020 P.O.T. per
year, resulting in about 6 × 1020 P.O.T. delivered to NuMI in the next 2 years.
Figure 1.4 shows the total integrated protons over the last three years.3

3 Taken from R.Dixon, ‘Accelerator Operations and Strategies’ 2007 Users’ Meeting Presentation
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Figure 3: Angle between neutrino momentum and parent momentum at point
of decay. Histograms were stacked.
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Figure 4: Scatter plot of the parent particle transverse momentum versus longitudinal momentum. This information is taken from a single ntuple file with
information from 2.5 × 105 P.O.T.
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2

The Path from NuMI to SciBooNE

As stated above, the greatest contribution to the neutrino flux in SciBooNE
from the NuMI beam is from the proton-nuclei interactions at the target hall.

2.1

Geometry

In order to calculate rates, the position of SciBooNE in NuMI coordinates is
needed as input. So, some simple vector algebra was performed to transform
between different bases. I began with the positions of the objects of interest in
~
the Fermilab site coordinate system, as displayed in table 1 [5]. The vector S
Object
NuMI Target
NuMI Beam Stop
MiniBooNE Detector
MiniBooNE Target
SciBooNE Target

X(easting)
100308.90
98221.11
98097.99
99222.44
99014.72

Y(northing)
97790.20
98891.75
98860.11
97485.26
97739.32

Z(elevation)
614.15
476.25
729.22
723.00
723.00

Table 1: Positions in site coordinates in feet (1 foot = 0.3048 meters)
was defined as the NuMI target position vector minus the SciBooNE position
vector (in site coordinates).


−1294.18 ft
→ −−→
~=−
S
SB − N M tgt =  −50.882 ft 
108.85 ft
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(Coordinates in feet)

MB Detector:
MB Target:
NuMI Target:
NuMI Dump:
NuMI Near:
SB Detector:

X
Easting
98,098
99,223
100,309
98,206
97,306
99,015

Y
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98,860
97,484
97,790
98,899
99,375
97,739
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Figure 5: This map shows the relevant objects with their relation to one another.
Note the angle shown (525 mrad ≈ 30o ) is between the projections of the NuMI
beam line and NuMI-to-SciBooNE line onto the site XY-plane. The total angle
between the two lines is 543 mrad.
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The NuMI coordinate frame is defined as follows: the NuMI z-axis is parallel to
the beam line, the NuMI y-axis is perpendicular to the z-axis, pointing toward
the sky, and the NuMI x-axis is such that the system is right handed. The
NuMI basis vectors, {x̂nm , ŷnm , ẑnm }, were calculated in site coordinates. For
example:


−0.46645367 ft

−0.884444516 ft
x̂nm = 
−18
−1.13942832 × 10
ft
~ was converted into NuMI coordinates
Finally, S


trix T = x̂nm ŷnm ẑnm and multiplied by
factor.

19779.26 m
~ =  5304.54 m
TS
33912.97 m

using the transformation mathe meter per foot conversion



The off-axis angle from the NuMI beam line up to the SciBooNE detector, given
~ · ẑnm /|S|),
~ is 543 mrad.
by cos−1 (S
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The Processing Chain from NuMI to nuance-rates

Since this procedure is described in detail in [6], I will simply give a brief
overview. Figure 6 depicts the important points of the chain in a flow chart.

3.1

NuMItoBooNE

The chain begins with the 190 gnumi Monte Carlo files, which are ntuples that
contain information such as the decay position of the parent meson along the
NuMI beam line. These files correspond to a total of 47,500,000 P.O.T. (250,000
P.O.T per file) and are located at:
/e898-data/Links/beamMC_buffer/numi/
NuMItoBooNe is a fortran routine that transforms the information from the format of NuMI into the format that is normally output by BooNEG4Beam. I ran the
translator code NuMItoBooNE on the 190 ntuples with the position of SciBooNE
in NuMI coordinates as input and set the rgen variable equal to 154 cm. The
input file can be located at
∼jduarte1/NuMItoBooNE/infile fixmat.txt
Effectively, this assumes the volume we’re interested in is a sphere of radius
154 cm centered at the position of SciBar. NuMItoBooNe transforms the information from the format of NuMI into the format that is normally output by
BooNEG4Beam.
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3.2

FluxForNuance and nuance-rates

The neutrino flux histograms are generated by running FluxForNuance on the
resultant ntuples. The following files can be found in the area:
∼jduarte1/FluxForNuance/
Figure 6 shows the SciBooNE neutrino flux histograms in units of neutrinos per
POT per bin width as well as the corresponding MiniBooNE fluxes. I smoothed
the histograms using the PAW macro
mynew-smooth-numi-flux.kumac
and before generating rates, I altered some settings in the nuance_defaults.card
file. By changing the ’BOONE’ detector dimensions from 610 to 154, the detector is assumed to be a sphere of radius 154 cm filled with mineral oil (CH2 ).
3
I left the density setting unchanged, ρCH2 = 0.855 g/cm , so that the effective tonnage of the simulated detector is 13.08 tons. In this way, the number
of targets at SciBooNE is accounted for within NUANCE. I created the rates
file containing all the necessary information for event rates, with the script
generate_rates_presmoothed. The information in the rates file is projected
into an hbook file using nuplot.exe. I converted this into a root file and in
the final step, I used the program nuance-rates.exe to calculate event rates
for 6.0 × 1020 P.0.T. delivered to the NuMI target. The event rates are shown
in table 2. In the table, CC stands for charged current events, indicating those
mediated by a W − or W + boson , while NC means neutral current events, i.e.
those involving the exchange of a Z 0 boson. The exact number of expected
muon neutrino charged current quasi-elastic (CCQE, νµ n → µ− p) events is 328.
Neutrino Type
νµ
νµ
νe
νe

Total Events
581
143
28
7

CC
381
85
20
5

NC
200
57
8
2

Table 2: Estimated number of events expected at SciBooNE for 6.0×1020 P.O.T.
in a sphere of radius 154 cm.

4

MiniBooNE νµ CCQE Analysis

In MiniBooNE, charged current quasi-elastic (CCQE, νµ n → µ− p) events dominate neutrino interactions at energies between 200 - 2000 MeV because this
process has a large cross section in this energy region. The MiniBooNE collaboration found that with appropriate adjustments, a simple Fermi gas model
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Figure 6: The processing chain from gnumi to nuance-rates.

(a) The neutrino flux histograms
at the SciBooNE detector from the
NuMI beam line.

(b) The corresponding flux histograms from the MiniBooNE simulation for comparison.

Figure 7: The smoothed histograms in red are processed by NUANCE to produce rates files. These are shown truncated to 2 GeV. the y-axis is in units of
neutrinos per P.O.T. per bin width.
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accurately characterizes the CCQE events observed in the carbon-based detector [1]. Here I summarize their findings. Their adjustment of certain parameters
may further be put to the test using SciBooNE’s NuMI events.

4.1

CCQE Kinematics

All CCQE kinematic information is specified from two observables: the muon
energy, Eµ and the muon scattering angle, θµ . The neutrino energy, Eν and the
4-momentum transfer, Q2 are reconstructed from these observables.
Eν =

2
2(Mn − EB )Eµ − (EB
− 2Mn EB + m2µ + ∆M 2 )
2[(Mn − EB ) − Eµ + pµ cosθµ ]

Q2 = −q 2 = −m2µ + 2Eν (Eµ − pµ cosθµ )
Here, mµ is the muon mass and ∆M 2 = Mn2 − Mp2 . The reconstructed neutrino
energy Eν is formed assuming the target nucleon is at rest inside the nucleus.

4.2

Relativistic Fermi Gas Model

NUANCE implements the Relativistic Fermi Gas (RFG) model formalism of
Smith-Moniz to calculate bound cross sections [2]. Carbon is described as a
collection of incoherent Fermi gas particles, that is, the model assumes a flat
nucleon momentum distribution up to some Fermi momentum (pF ) and assigns
a nuclear binding energy (EB ) to account for nuclear interactions in the initial
and final states. The RFG model as implemented in NUANCE uses EB = 34
MeV and pF = 220 MeV. All details come from the hadronic tensor:
Z Ehi
(Wµνµ )ab =
f (~k, ~q, ω)Tµνµ (F1 , F2 , FA , FP )dE
Elo

Above, f (~k, ~q, ω) is the nucleon phase space density function and Tµνµ (F1 , F2 , FA , FP )
is the nucleon tensor. The axial-vector form factor is assumed to have a dipole
form as a function of Q2 with the single adjustable parameter MA , the “axial
mass”:
FA (Q2 ) = gA /(1 + Q2 /MA2 )2
This simulation assumes gA = 1.2671. The MiniBooNE CCQE Analysis group
realized that the data-model discrepancy was a function of Q2 , i.e., there was a
data deficit at low Q2 and a data excess at high Q2 , so they modified the CCQE
model. This required the adjustment of two parameters, MA and Elo . The Elo
variable is the lower bound of the integral over the initial state nucleon energy
and is paired with an upper bound Ehi :
q
q
Ehi = p2F + Mn2 , Elo = p2F + Mp2 − ω + EB
In the preceding equations, Mn is the target neutron mass, Mp is the outgoing
proton mass, and ω is the energy transfer. Ehi is the energy of an initial nucleon
10

on the Fermi surface, while Elo is the minimum energy of an initial nucleon that,
given a Q2 , leads to a final nucleon, with momentum greater than pF . This lower
bound on initial nucleon energy exists due to the Pauli exclusion principle. An
initial nucleon below this minimum energy is not allowed to interact for it would
lead to a final nucleon with momentum less than pF and thus multiple nucleons
would occupy the same state, which is not permitted by the exclusion principle.
Therefore in order to describe the smaller cross section observed in the data at
low Q2 , a simple scaling of Elo was implemented by introducing the parameter
κ:
q
Elo = κ( p2F + Mp2 − ω + EB )
This scaling by κ only affects the low Q2 region whereas MA has more influence
in the high Q2 region. These parameters were fit using the least-squares method
to the reconstructed Q2 distribution of the measured data in 32 bins from 0 to
1 GeV2 . Then the total prediction is normalized to the data, making this
procedure sensitive only to the shape of the Q2 distributions. The χ2 /dof of the
fit is 32.8/30 and the parameters extracted from the MiniBooNE CCQE data
are:
MA = 1.23 ± 0.20GeV ;
κ = 1.019 ± 0.011
The MiniBooNE collaboration acknowledges that this modification is most likely
compensating for an inadequate nucleon momentum distribution in the RFG
model.

5

Pauli Suppression in SciBooNE NuMI Events

Due to the low energy nature of the neutrino flux that reaches SciBooNE from
NuMI, this study only looks at the effect of the Pauli blocking parameter, κ
on event rates. The axial mass, MA was left constant at the NUANCE default
value of 1.23.

5.1

Effect of κ on Event Rates

Table 3 shows NuMI event rates at SciBooNE with κ = 1.022; Compare to
Table 2, which has κ = 1.00. Again, the exact number of expected νµ CCQE
events is 270.

5.2

Low Energy to High Energy event comparison

Instead of comparing the absolute event rates, a relevant ratio may be examined.
The ratio of low energy events to high energy events (with the cutoff at 450
MeV), or Lo/Hi, is a helpful quantity to measure because some confounding
variables, like detector efficiency, cancel out. With this modification of κ Lo/Hi
changes by 19 %, a large enough difference to be noticed.

11

Neutrino Type
νµ
νµ
νe
νe

Total Events
490
115
21
6

CC
323
71
15
4

NC
167
44
6
2

Table 3: Event rates for 6.0 × 1020 P.O.T., κ = 1.022 (The new NUANCE
default setting), and r = 154 cm.
νµ n → µ - p (CCQE) Events for κ = 1.022
Events

Events

νµ n → µ - p (CCQE) Events for κ = 1.00

40
35

40
35

30

30

25

25

20

20

15

15

10

10

5

5

0
0

200

400

600

800

0
0

1000 1200 1400 1600 1800 2000

Neutrino Energy Eν (MeV)

200

400

600

800

1000 1200 1400 1600 1800 2000

Neutrino Energy Eν (MeV)

(a) Lo/Hi = 1.08 for κ = 1.00

(b) Lo/Hi = 0.88 for κ = 1.022

Figure 8: Events as a function of Energy, calculated by Φν (E)σ(E); Lo/Hi ratio
changes by 19% with this adjustment of κ
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Momentum Transfer and Geometric Acceptance

The only geometric requirement on these generated event rates is that the interaction vertex occur within a sphere (r = 154 cm) around the center of the
SciBar detector. This is an inaccurate method as some of these events occur
outside of the physical SciBar. The procedure also does not take into account
that some outgoing muons have enough energy to completely exit the 1.7 m x 3
m x 3 m SciBar, which has a dE
dx = 2.2 MeV/cm [3]. Figure 6 shows the SciBar
detector along with some of its major features. In order to compensate for these
inaccuracies a geometric restriction was put in place.

6.1

Cuts Procedure

First, I used NUANCE to generate events within a large sphere (r = 610 cm) to
ensure that SciBar was completely contained. NUANCE generates an ntuple of
interaction kinematics, such as the 4-momentum transfer, final neutrino energy,
initial muon energy, initial muon momentum, and interaction vertex position,
12

Figure 9: SciBar; Image taken from SciBooNE experiment proposal.
which I denote as Q2 , Eν , Eo , p~µ , and ~xo , respectively. We can determine the
final energy of the muon Eµ as a function of distance traveled through SciBar:
Eµ = Eo −

dE
(∆x)
dx

Setting Eµ = 0 MeV, we can calculate the distance the muon traverses ∆x
were it to continue traveling through the material of SciBar (i.e. assuming a
constant dE
dx ). Then projecting this distance along the direction of the initial
muon momentum and summing with the position of the interaction vertex gives
the muon’s final position:
~xµ = ~xo + ∆x ·

p~µ
|~
pµ |

Note that ~xµ is the actual final position of the muon only if it lies within the
extent of SciBar. Finally, using an ntuple loop function, I cut all events in which
the muon’s final position is outside of SciBar.

6.2

Q2 Distribution

The momentum transfer distribution of events for both settings of the Pauli
blocking parameter is shown in figure 10(a) with the geometric cuts in place.
Figure 10(b) shows the ratio of Pauli-suppressed events to unmodified events.
This cut reduces the total number of accepted νµ CCQE events, i.e. with µ−
capture, to:
Pauli Blocking
κ = 1.00
κ = 1.022

Total νµ CCQE Events
328
270
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Accepted νµ CCQE Events
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Figure 10: The 4-momentum transfer Q2 distribution is taken from the ntuple
of kinematics generated by NUANCE.
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The NuMI-in-MiniBooNE Trigger

A description of the NuMI event trigger defined in the MiniBooNE DAQ is
added for completeness and to aid in the creation of a similar event trigger in
the SciBooNE DAQ. The NuMI event trigger’s purpose is to identify events
coming from the NuMI beam line. The implementation of this trigger is fully
described in [4].

7.1

NuMI trigger hardware

In the NuMI beam cycle, the Main Injector Beam Synchronization event (MIBS)
$74 is the signal to extract beam from the Main Injector using kicker magnets.
This signal has a fixed time delay relative to the physical firing of the extraction
magnets of 222.00050 µs. The MIBS clock and event $74 originate at the location MI-60. One branch of the clock heads to the Main Accelerator Controls
(MAC) room where it triggers several reflected TCLK events, particularly $A9.
Another branch of the clock follows the path to MI-60 North, MI-62, MI-65,
MI-8, MI-10, MI-12, Teletubby, and the MINOS detector building in series.
The TCLK event $A9 (that originate in the MAC room) has one branch
heading directly to MI-60, where it branches again and one leg follows the same
path as MIBS events to MiniBooNE and MINOS. The elapsed time between
MIBS $74 and TCLK $A9 at MI-60 is 14.5 µs. At that point, the timer on the
NuMI kicker has counted down from 222.0005 µs to 207.5 µs. The $A9 then
travels along the fiber optics path toward MINOS following the $74, and will
take ∼ 8µs to reach the MiniBooNE vault.
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The $A9 is extracted from the IRM (Internet Relay Monitor) at the MiniBooNE detector, which takes 1.6 µs, and input as an OR with the Debuncher,
ZeroBias, and Strobe triggers into the E2 bit of the DAQ electronics Rack 13.
For more information, see [7]. The NuMI trigger signal is differentiated from
the other E2 inputs by setting the pulse width to 750 µs, translating to either
7 or 8 DAQ clock ticks during this period.
The delay is set using the ACNET console and the following values:
1. $74 and kickers firing 222.0005 µs
2. Beam time of flight form kickers to NuMI target: 1.5 µs
3. $74 to $A9 at MI-60: 14.5 µs
4. $A9 fiber optics travel from MI-60 to MB vault: ∼ 8µs
5. Decode time of $A9 at IRM in MB vault: 1.6 µs
6. Open window 5 µs early to see rise
E:MBDTE3 = 222 (kicker delay) + 1.5 (beam T.O.F.) - 14.5 ($74 to $A9) - 8
($A9 travel to MB) - 1.6 (IRM decode) = 199.4 µs.
In the E25 page #1, devices E:MBDT3, E:MBDTW3, and E:644T3E are set to the
delay (0.1994 ms), the pulse width (1 ms), and the name of the event (00A9),
respectively. Additionally, the 5 µs delay might be used to open the window
earlier and see the rise of the beam window. This was extra time is used to
make up for the uncertainty in encode/decode time at the MI-60. Figure 11
offers a schematic view of the path traveled by the trigger signals.

Figure 11: Trigger signals path
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Conclusions and Acknowledgments

This off-axis NuMI beam in SciBooNE simulation predicts accepted event rates
on the order of 102 for 2 years of operation, or 6 × 1020 protons on target.
Though this is not an enormous amount, it is a significant number. The physics
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that can be done with these events is both interesting and essential as confirmation of MiniBooNE’s analysis of CCQE events. Further, these events may be
useful for other purposes, for example a measurement of ∆s, the strange quark
contribution to nucleon spin in the proton.
I wish to acknowledge the guidance and support of my Columbia-Nevis REU
advisers Janet Conrad and Mike Shaevitz, who always made to time to oversee my progress. I also want to thank Alexis Aguilar-Arevalo for his patience
and advice, and Morgan Wascko for his continuous involvement and concern
throughout this project. Finally, I thank the NSF for funding the Research
Experience for Undergraduates program.
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