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The NOA experiment is a future second-generation experiment on Fermilab’s NuMI beamline.  It is optimized for the detection of 
[image: image1.wmf]oscillations and it seeks to improve the sensitivity for the study of this reaction by approximately an order of magnitude from that of the first-generation MINOS experiment.  The unique characteristic of the NOA experiment is its long baseline, which allows it access to matter effects that can be used to determine the ordering of the neutrino mass states.  The experiment has two detectors, both located 14.5 mrad off the axis of the NuMI beamline.  The Near Detector is located on the Fermilab site approximately 1 km from the NuMI target.  The Far Detectors is located 810 km from Fermilab near Ash River, Minnesota.  They are totally–active, tracking liquid scintillator calorimeters with transverse segmentation of 4 cm and longitudinal segmentation of 0.15 radiation lengths.  The NOA project includes improvements to the Fermilab accelerator complex and the NuMI beamline to allow 700kW of beam power.  A further project is expected to increase the beam power to 1.2 MW.

1.
Introduction
Measurement of the presently unknown parameters of neutrino oscillations, the mixing angle 
[image: image2.wmf], the sign of 
[image: image3.wmf], and the CP-violating phase ,  will require studies of 
[image: image4.wmf] oscillations at the atmospheric oscillation length.  The NOA experiment will attempt to study these oscillations with approximately an order of magnitude better sensitivity than that of the presently running MINOS experiment.  NOA has been optimized to have maximum sensitivity to the sign of 
[image: image5.wmf], that is, whether the doublet of mass eigenstates responsible for the solar neutrino oscillation length lies higher or lower than the third mass eigenstate,  This quantity the can only be determined through the measurement of matter effects, the coherent forward scattering of neutrinos off the electrons in the earth.  Of the presently planned experiments, NOA is the only one with a sufficiently long baseline to have sensitivity to these effects.

The order of magnitude increase of sensitivity over that of the MINOS experiment is obtained through four features of the NOA experiment: 

(i) The siting of the experiment off of the beam axis.  This increases the neutrino flux near the oscillation maximum and reduces the backgrounds.  

(ii) The optimization of the detector for the identification of 
[image: image6.wmf] charged current events by decreasing the longitudinal segmentation from 1.5 radiation lengths to 0.15 radiation lengths.

(iii) The increase in the mass of the detector by a factor of 3.33.

(iv) The increase in the NuMI beam power by a factor of 6 over its present value.

2.
Detector Siting
The NOA Far Detector will be located 11.8 km off the NuMI beam axis, 810 km from the NuMI target, off the Ash River Trail in northern Minnesota.  The Ash River Trail is the most northern road in the United States near the NuMI beam line.  

The reason for siting the experiment off of the center of the beamline is due to a feature of relativistic kinematics. A pion of energy E produces a neutrino at laboratory angle  with energy
[image: image7.wmf]according to the formula 

[image: image8.wmf]
Fig. 1. Neutrino energy versus pion energy for different laboratory angles.

[image: image9.wmf]
Fig. 1. Neutrino energy versus pion energy for different laboratory angles.



[image: image10.wmf].
(1)

[image: image11.png]il

v, CC events/kt/3.7E20 POT /0.2 GeV

30

25

20

15

10

Medium Energy NuMI Beam Tune

7ratesforL 810kn “"

e Omrad «

7 mrad
— 14 mrad
"""" 21 mrad

hdl





Fig. 2. Beam spectra for off-axis, “medium energy tune” NuMI beams with different off-axis angles.  The dots show the on-axis beam and the shaded region shows the NOA beam.  The insert on the bottom shows the relative 
[image: image12.wmf]oscillation probability as a function of energy.

Thus, while in an on-axis beam the energy of the neutrino is proportional to pion energy, in an off-axis beam the energy of the neutrino is approximately independent of the pion energy and depends largely on the off-axis angle, yielding a narrow-band beam.  This is illustrated in Figs. 1 and 2.  An off-axis beam provides more flux in the region of the oscillation than the corresponding on-axis beam.  It also suppresses backgrounds since higher-energy neutral current events, which can be confused with lower energy 
[image: image13.wmf]charged current events, are largely absent.

The reason for siting the Far Detector as far from Fermilab as practical is to enhance the matter effects, which allow the mass ordering of neutrino states to be determined.  The off-axis angle was also chosen to maximize sensitivity to the mass ordering.  Maximum sensitivity to the measurement of 
[image: image14.wmf] occurs at a slightly lower off-axis angle.

3.
The Far Detector
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Fig. 3. A cartoon of the NOA Far Detector.  The first plane is cut away to show the alternating planes of horizontal and vertical modules.  Note the figure in the lower right corner for scale.

3.1.  Structure and Assembly

The NOA detectors can be described as being totally active, tracking, liquid scintillator calorimeters.  The basic cell of the Far Detector is a column or row of liquid scintillator with approximate transverse dimensions 4 cm by 15.7 m and longitudinal dimension 6 cm encased in a highly-reflective polyvinyl chloride (PVC) container.  A module of 32 cells is constructed from two 16-cell extrusions glued together and fitted with appropriate end pieces.  Twelve modules make up a plane, and the planes alternate in having their long dimension horizontal and vertical.  

The planes are grouped into 31-plane blocks.  Our present plan (as of April 2007) is to build 38 blocks, a total of 1178 planes, corresponding to 18 kT.  This mass could expand to as much as 20 kT if we have excess contingency.  A cartoon of the detector is shown in Fig. 3.

The Far Detector is assembled by gluing a block of 31 planes together on a flat horizontal table and then hydraulically pivoting the block to a vertical position.  Five blocks are placed next to each other to form a  superblock.  There is a small gap between the superblocks to allow for a bulging near the bottom of the detector due to the hydraulic pressure. After the full detector is assembled and filled with scintillator, it is encased by “bookends” to prevent creep of the PVC modules.  Note that the Far Detector is filled with scintillator as it is being constructed, so that data taking can begin before the entire detector is completed.

3.2.  Enclosure
The Far Detector enclosure will be largely below grade to provide full secondary containment of the liquid scintillator.  

Simulations have shown that the photon component of the cosmic-ray background is the only part that can be misidentified as 
[image: image16.wmf] charged-current events to a significant extent.  To reduce this background to an insignificant level, the roof of the enclosure will be composed of a combination of normal concrete and barite-enhanced concrete to form a twelve radiation length overburden.

3.3.  Readout
Light is extracted from each Far Detector cell by a U-shaped 0.7-mm wavelength-shifting fiber, the ends of which terminate on a pixel of a 32-pixel avalanche photodiode (APD), which is mounted on the module.  The APD is custom-made for the NOA experiment by the Hamamatsu Corporation to optimize the match to the two fiber ends per pixel.  

Light from the far end of the cell is preferentially attenuated at the lower wavelengths, so that the peak of the spectrum is at about 540 nm.  The use of APDs is crucial for the experiment since they have a quantum efficiency of approximately 85% at this wavelength compared to 10% for a photomultiplier with a bialkali photocathode.

The system is designed to produce a minimum of 20 photoelectrons from the far end of the cell for the passage of a minimum ionizing particle at normal incidence.  The APD is run at a gain of 100, so low noise is required for efficient operation.  The APD is cooled to –15 C by a thermoelectric cooler to reduce the thermal noise of the APD to an acceptable limit.

The output of the APD is sent to a custom application-specific integrated circuit (ASIC), which consists of a low-noise amplifier and shapers.  The electronic noise will be equivalent to 2.3 photoelectrons.

The front-end electronics runs in continuous digitization mode at 2 MHz.  The output of the ASIC is multiplexed to an external analog-to-digital converter (ADC) running at 16 MHz.  Its output is sent to a field-programmable gate array (FPGA), which performs multiple correlated sampling to reduce noise and increase time resolution. 

[image: image17.png]



Fig. 4. x and y views of a 2 GeV electron track (left) and a 2 GeV muon track in the NOA Far Detector.

3.4.  Data Acquisition
The data acquisition system (DAQ) receives GPS time-stamped, pedestal subtracted, and zero-suppressed data from the FPGAs and buffers it for up to 20 seconds while awaiting a beam spill time message from Fermilab via Internet.  All data within a 30 µs window around the 11 µs beam spill will be recorded for offline analysis.

3.5.  Data Quality
 Figure 4 shows a simulation of a 2 GeV electron and a 2 GeV muon track the NOA Far Detector.  The muon appears as a straight minimum ionizing track while the electron appears as a fuzzy track with the typical longitudinal and transverse electromagnetic shower profile.

4.
Near Detector

The NOA Near Detector will be located on the same off-axis angle as the Far Detector in a cavern off the MINOS Near Detector hall, about one km from the NuMI target.  The NOA Near Detector is identical to the Far Detector, except that it is considerably smaller.  Its transverse dimensions are two 32-cell modules wide and three modules high.  It has 200 planes, which are logically divided as follows: six planes for a veto of particles coming from the front cavern wall, 108 planes for the fiducial region, 76 planes for shower containment, and 10 planes for a muon catcher.  The muon catcher has 10-cm iron plates inserted in front of each of the active planes.  The fiducial volume is logically further defined as having transverse dimensions of 1.17 m by 2.45 m, leaving a 70-cm border on all sides for event containment.  The mass of the fiducial volume is 20 T; the total active mass of the Near Detector is 129 T and the total mass is 212 T.  Figure 5 shows a drawing of the Near Detector.


[image: image18.png]



Fig. 5. The NOA Near Detector.  From left to right, the drawing shows the veto region, the fiducial region, with the fiducial volume shown in darker shading, the event containment region, and the muon catcher.

The will be multiple neutrino events in the Near Detector in each 11 µs beam pulse.  These events must be disentangled using temporal and spatial information.  In order to obtain more temporal precision, the Near Detector electronics will run with a sampling time of 125 ns, compared to the 500 ns in the Far Detector, with a corresponding reduction in the shaping time.

5.
NuMI Beam Upgrades

Fermilab will take advantage of the parts of the accelerator complex that will become available due to the termination of the Tevatron Collider program at the end of 2009 to upgrade the beam power in the NuMI beamline.  This will occur in two steps.  The first step will increase the beam power to 700 kW.  It is part of the NOA project and is referred to simply as Accelerator and NuMI Upgrades (ANU).  The second step will increase the beam power to 1.2 MW and is referred to as Super NuMI (SNuMI).

5.1.  Accelerator and NuMI Upgrades

The currently the NuMI beamline runs by extracting bunches from the 8- GeV Booster at 15 Hz into the Main Injector and then ramping the Main Injector to 120 GeV and extracting the beam.  A maximum of 11 Booster batches can be slip-stacked into the Main Injector in this mode.  The Main Injector must sit at 8 GeV for 11/15 = 0.733 s in this mode to allow it to be loaded with the Booster batches.  

The key to increasing the power of the NuMI beam is to overlap the Main Injector loading time with its ramping time.  This can be done after the termination of the Tevatron Collider program by slip stacking 12 Booster bunches into the Recycler, an 8-GeV permanent-magnet ring in the Main Injector tunnel.  The stored Recycler beam can then be loaded into the Main Injector in a single turn.  Combined with decreasing the Main Injector ramp time to 1.33 s, this will yield a beam power of 700 kW.

5.2.  Super NuMI

A further gain in beam power can be obtained by using the Accumulator ring in the Antiproton Source.  Three Booster batches will be momentum stacked into the Accumulator and then transferred to the Recycler.  This will be done six times for a total of 18 Booster batches, which will be then loaded into the Main Injector.  With a small increase in the number of protons in each Booster batch, a beam power of 1.2 MW can be achieved.

6.
Physics Capabilities

NOA’s physics capabilities for 
[image: image19.wmf]oscillations are based on a full simulation including generated raw data in the Far Detector, reconstruction, and event type identification through a artificial neural net.  The capabilities are calculated assuming the 1.2 MW beam for 3 44-week years of each neutrino and antineutrino running.  However, based on experience with the NuMI beam, a derating factor of 0.61 is applied to give an average beam power of 730 kW.  The derating factor is a product of three factors: accelerator uptime (0.85), accelerator average to peak power (0.90), and NuMI uptime (0.80).

[image: image20.wmf]
Fig. 6. Three standard deviation sensitivity to 
[image: image21.wmf] as a function of the CP-violating phase  and the sign of 
[image: image22.wmf] for a six-year run as described in the text.

6.1.  
[image: image23.wmf]Oscillations

Figure 6 shows the three standard deviation sensitivity to 
[image: image24.wmf], i.e., an observation of 
[image: image25.wmf]oscillations three standard deviations above the small contribution from the solar-length oscillation term.  The sensitivities are plotted as a function of the CP-violating phase  and the mass ordering.  Running both neutrinos and antineutrinos reduces the sensitivity on these two parameters for this measurement.  The three standard deviation sensitivities are approximately an order of magnitude beyond the 90% confidence level set by the Chooz reactor experiment of 
[image: image26.wmf] at 
[image: image27.wmf].1

[image: image28.wmf]
Fig. 7. 95% confidence level sensitivity to the sign of 
[image: image29.wmf] as a function of the CP-violating phase  for a six-year run as described in the text.

Figure 7 shows the 95% confidence level sensitivity to the mass ordering, i.e., the sign of 
[image: image30.wmf], as a function of .  Because of the inherent ambiguity between true CP violation and the apparent CP violation caused by matter effects in the earth, NOA data alone can only determine the mass ordering for about half the possible values of , those in which the two effects go in the same direction.  For the other values of  a third measurement is required, either of the second oscillation maximum at the same baseline or the first oscillation maximum at a different baseline.  In principle, a combination of NOA and T2K data2 would do this, but for the first phase of both these experiments, the mass ordering in this region can only be resolved if 
[image: image31.wmf]is near the Chooz limit.

[image: image32.wmf]
Fig. 8. One, two, and three standard deviation contours in d and 
[image: image33.wmf] for the starred point.

Figure 8 shows an example of the kind of information NOA will be able to obtain on the CP-violating phase .  The figure shows the one, two, and three standard deviation contours for a test point at 
[image: image34.wmf], 
[image: image35.wmf] and normal mass ordering. The mass ordering is resolved for this point, but if it were not, then there would also be contours for the alternative ordering.  Since the relative size of the CP-induced asymmetry between neutrinos and antineutrinos grows as the inverse of 
[image: image36.wmf], the resolution in  is almost independent of 
[image: image37.wmf]. 

If the dominant atmospheric oscillation is not maximal, it is interesting to determine whether 
[image: image38.wmf] is greater than or less than 
[image: image39.wmf], which measures whether e’s oscillate more strongly to  's or 's.  This can be done most easily by comparing the results of the NOA experiment with a reactor experiment, such as Daya Bay3, since a reactor experiment will measure the oscillation of 
[image: image40.wmf]’s into the sum of 
[image: image41.wmf]’s and 
[image: image42.wmf]’s while an accelerator experiment will measure the oscillation of  's into e’s.

[image: image43.wmf]
Fig. 9. The 
[image: image44.wmf]regions to the right of the curves are those in which the sign of 
[image: image45.wmf]can be resolved at the 95% confidence level by a comparison of data from NOA and a reactor experiment that can achieve a one standard deviation sensitivity of 0.005 in.  The regions are sensitive to  the mass ordering, and the sign of 
[image: image46.wmf];  the curves represent an average over the parameter space

Figure 9 shows the region of 
[image: image47.wmf]-
[image: image48.wmf]parameter space for which this measurement can be made at the 95% confidence level assuming that a reactor experiment can reach a one standard deviation precision of 0.005.  The limits are functions of , the mass ordering, and the sign of cos(223); the values in Fig. 9 are averages over the parameter space. 

6.2.  
[image: image49.wmf]Disappearance

Although the primary NOA physics goal is the study of 
[image: image50.wmf]oscillations, NOA will also be able to make significant measurements of the dominant mode oscillation parameters, 
[image: image51.wmf] and 
[image: image52.wmf].  

It appears that the best way to meet these requirements is to limit the analysis to totally contained quasielastic events, i.e., those events in which the geometrical pattern of energy deposition is consistent with the presence of only an energetic muon and a possible recoil proton. 

So far we have only performed a preliminary study of how well NOA can use these events to measure 
[image: image53.wmf] and 
[image: image54.wmf]using a parametric representation of the energy.  This procedure is justified by the nature of these events, which are extremely clean. 

The calculated one and two standard deviation contours are displayed in Figure 10 for assumed values of 
[image: image55.wmf] of 0.95, 0.98, and 1.00. The energy resolution has been assumed to be 2%, but the contours do not change markedly as one increases the resolution to 4%.  

Note that the precision of the 
[image: image56.wmf]measurement increases as the value of 
[image: image57.wmf] approaches unity.  For maximal mixing, the error on the measurement of 
[image: image58.wmf]is less than 0.002. 

[image: image59.wmf]
Fig. 10. One and two standard deviation contours for a simultaneous measurement of
[image: image60.wmf] and 
[image: image61.wmf] for a six-year run at 1.2 MW beam power equally divided between neutrinos and antineutrinos.  The three input values are indicated by a star and the best fit for each is indicated by a plus sign.

7
Schedule

The NOA Far Detector is modular and can begin taking data as soon as a significant part is installed.  Assuming a project start in October 2007, as envisioned in the President’s FY2008 budget request, we expect this to happen by January 2012.
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