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Detector Requirements for a Neutrino Factory

A neutrino factory stores µ+ and µ−.
Extract decay products: νµ, ν̄µ, νe, and ν̄e.
Long baseline oscillations used to probe CP violation.

Oscillation Appearance Channel: νe(ν̄e)→ νµ(ν̄µ)

Easily identified signal: wrong sign muon.
Background species are

I νe(ν̄e),
I ν̄µ(νµ),
I and neutral current events.

Need to differentiate µ+ from µ−.
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MIND Design for Neutrino Factory

100 kTon detector
14 m×14 m×140 m.
X and Y views from 2 cm thick lattice of
1 cm×3.5 cm scintillator bars.
~B field from 3 cm Fe plates, induced by
120 kA current carried by 7 cm diameter
SCTL

Superconducting Transmission Line
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MIND Simulation
Events simulated with GENIE.

Full geometry & ~B field in GEANT 4

Realistic field map generated by Bob
Wands at FNAL

I default positive focussing.
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Dimensions of detector
easily altered for

I optimization.
I testing variations.
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MIND Event Reconstruction

Simulated events digitized.
I Hits positions smeared and

energy deposition
attenuated.

I Edep clustered into
3.5 cm×3.5 cm units.

Tracks identified by Kalman
Filter or Cellular automata.
Kalman fitting used to
determine momentum and
charge.
Algorithms from RecPack.

I supported by
Cervera-Villanueva et al.

50 ν̄µ CC events.
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50 νµ CC events.
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Fitted hits in red others in black.
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Golden Channel Analysis for 10 GeV Stored µ

Cuts designed to select muon
in CC event

I Select good quality tracks.
I Optimized to reject NC-like

events.

Still under development.
Trying to recover low neutrino
energy events.
Re-evaluating pattern
recognition and event
classification.
Investigating multi-variate
analysis for event selection.

Preliminary: Detector behaviour
and CP Precison
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Golden Channel Analysis for 10 GeV Stored µ

Cuts designed to select muon
in CC event

I Select good quality tracks.
I Optimized to reject NC-like

events.

Still under development.
Trying to recover low neutrino
energy events.
Re-evaluating pattern
recognition and event
classification.
Investigating multi-variate
analysis for event selection.

Preliminary: Detector behaviour
and CP Precison

13θ22sin
0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15

(d
eg

)
C

P
δ

-150

-100

-50

0

50

100

150
 sensitivityσ1

 sensitivityσ3

 sensitivityσ5

 sensitivityσ1

 sensitivityσ3

 sensitivityσ5

 sensitivityσ1

 sensitivityσ3

 sensitivityσ5

 sensitivityσ1

 sensitivityσ3

 sensitivityσ5

 sensitivityσ1

 sensitivityσ3

 sensitivityσ5

 sensitivityσ1

 sensitivityσ3

 sensitivityσ5

 sensitivityσ1

 sensitivityσ3

 sensitivityσ5

 sensitivityσ1

 sensitivityσ3

 sensitivityσ5

 (Deg)CPδ
-150 -100 -50 0 50 100 150 200

 (
D

eg
)

C
P

δ∆

0

1

2

3
4

5

6

7
8

9

10

R. Bayes (University of Glasgow) MIND and TASD CERN May 2012 7 / 14



MIND Variant: νSTORM Far Detector

1cm thick iron plates.
5 m dia. circular cross-section.
1 kTon mass→ 20 m length.
Stored µ energy: 3.8 GeV.

Efficiency and Backgrounds
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TASD Concept

Detector composed entirely of
scintillator bars.
High granularity detector
Can identify electron and
muon tracks.

External Field: Magnetic cavern

Field induced by many turns of
SCTL around cavern walls.
Engineering is incomplete.
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TASD Simulation and Reconstruction

Produced using MIND framework.
I Upgraded with discrete scintillator bars
I Parametrized model of detector response

Benchmarking done with single particles.

TASD_report_3 ¡ Page 28-/81

6.3. “Reconstructed” Hits

The following figures show the distribution of “reconstructed hits”, which are the positions 
of the centre of the scintillator bar that was hit. The “reconstructed” hit information is only 
in 2 dimensions and as it will feed into the digitization and subsequent pattern recognition 
and track fitting, it does not attempt to use charge sharing or any other technique to 
improve the position resolution.

In each figure the marker and colour codes indicate the energy deposited in each bar:

• Small black dots represent hits with less than 0.2 MeV deposited in total.

• Black triangles represent hits with a total between 0.2 MeV and 0.5 MeV.

• Green triangles represent hits with a total between 0.5 MeV and 1 MeV.

• Blue triangles represent hits with a total between 1 MeV and 5 MeV.

• Red triangles represent hits with total energy deposited above 5 MeV.

The figures show a single νµ  charged current interaction in the XZ and YZ planes with one 
figure showing the majority of the event and the second zooming into the region around 
the primary vertex.

As these figures show the information that will be passed to the digitization and 
subsequent reconstruction, they give a feeling for the amount of information that will be 
available for event reconstruction.

Figure 6.2 - NUANCE event seen in the bending plane.Example: 10 muons in a TASD-like detector

TASD_report_3 ¡ Page 42-/81

Figure 10.2: Detail of the single module model based on MINERvA.

One X plane and one Y plane can be seen from the side.

Figure 10.3: Simulation of 10 muons with different initial energies passing through the TASD-like 
model based on MINERvA.

10.3. Digitization Performance

Figure 10.4 shows the light yield for all hits in all parts of the single MINERvA module for muons 
generated with an initial momentum ranging between 100 MeV and 5 GeV.

Figures 10.5 – 10.8 show the light yield measured in photo-electrons per MeV deposited in the 
scintillator as a function of position along the length of the scintillator bar for the case of double-
ended readout. These plots are all showing the signal in each end of the bar, with no attempt to 
combine the signals (that is performed in the low level reconstruction). 

Figures 10.9 - 10.12 show the same plots as for 10.5-10.8 however this time the total light yield in 
photo-electrons is what is plotted.

Figure 10.13 – 10.14 show the light yield as a function of position along the scintillator bar for 4 
values of mirror reflectivity. The four histograms and fits are colour coded such that the black 
histograms are for 90% reflectivity, red represents 95%, green is 98% and blue is 99%.
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TASD Performance

Muon
Reconstruction

TASD_report_3 ¡ Page 65-/81

12.3 TASD performance on Muons and Electrons

Figures 12.1, 12.2 and 12.3 show the fitted χ2 per degree of freedom, reconstruction efficiency and 
charge identification efficiency for muons respectively. Figures 12.4-12.6 show the same plots for 
electrons.

Figure 12.1: Fitted χ2/DOF for muons.

Figure 12.2: Track reconstruction efficiency versus initial momentum.
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Figure 12.3: Charge identification efficiency versus initial momentum.

Figure 12.4: Fitted χ2/DOF for electrons.
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Figure 12.5: Track reconstruction efficiency versus initial momentum.

Figure 12.4: Charge identification efficiency versus initial momentum.
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Figure 12.5: Track reconstruction efficiency versus initial momentum.

Figure 12.4: Charge identification efficiency versus initial momentum.
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which are
reconstructed.
Charge ID
Efficiency is
fraction of
reconstructed
events with the
correct charge.
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Near Detectors for a Neutrino Factory
1% precision ν flux extrapolation
Charm production for non-standard interaction searches
Cross-sections and other measurements.

Detail: Vertex Detector

Detail: Scintillating Fibre High Resolution Detector

2 near
detectors at
neutrino
factory (one
per straight).
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Near Detector Flux Measurements
Simulation of SciFi detector done by Sofia group.
Flux determined from Neutrino-Electron scattering.

ES+ signal extraction
ES+ signal extraction in (µ+ decay mode)
Use linear extrapolation of event rates in region between cut1 and cut2 to
estimate background under the signal peak.

Selection Overall Purity All Signal Signal events µ decays
e↵. e↵. events events from fit

83 % 37 % 63 % 16964 10607 10512 ± 131 2.3⇥ 1019

Bogomilov, Karadzhov, Matev, Tsenov (UniSofia)SciFi near detector October 18, 2011 20 / 22

ES− signal extraction
ES� signal extraction (µ� decay mode)
Use linear extrapolation of event rates in region between cut1 and cut2 to
estimate background under the signal peak.

Selection Overall Purity All Signal Signal events µ decays
e↵. e↵. events events from fit

70 % 32 % 61 % 7355 4491 4479 ± 86 2.3⇥ 1019

Bogomilov, Karadzhov, Matev, Tsenov (UniSofia)SciFi near detector October 18, 2011 19 / 22

Event Selection Overall Purity All Signal Signal events
sample eff. eff. events events from fit
ES− 70% 32% 61% 7355 4491 4479±86
ES+ 83% 37% 63% 16964 10607 10512±131
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Summary

Magnetized detectors are essential for the measurement of CP
violation at a neutrino factory.
MIND type NF far detector well developed.

I Engineering of the detector is advanced
I Simulation and reconstruction software well developed.
I Progress still to be made in reconstruction&analysis

Low mass — low energy TASD also considered.
I Magnetization extremely difficult.
I Reconstruction&analysis not so advanced as MIND.

Near detectors are essential for control of flux systematics
I Design and simulation of high resolution detectors (i.e. SciFi) are

advanced.
I Demonstrated to have 1% precision from electron scattering

measurements.
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