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Chapter 13: Satisfying the Physics Requirements
Satisfying the Physics Requirements
The Mu2e experiment is aiming for sensitivity to the μ− N e− N conversion process that is several orders of magnitude better than anything that has come before it. This ambitious goal leads to a set of technical requirements, described in a number of Requirements Documents (Table 2.2) and a list of physics requirements, summarized in Section 3.6. The conceptual designs for the accelerator, the Mu2e solenoid systems, and the Mu2e detector sub-systems have been developed to satisfy these requirements and have been discussed in detail in Chapters 5 - 12. A description of how each Physics Requirement is satisfied by the current design appears below.

Suppression of prompt backgrounds requires a pulsed proton beam where the extinction, the ratio of beam between pulses to the beam contained in a pulse, is less than 10–10. 
 
The accelerator scheme discussed in Chapter 5 will deliver protons to the Mu2e production target in pulses that are approximately 200 ns wide and spaced 1695 ns apart (center-to-center). In between pulses the number of protons reaching the production target is suppressed using a system of collimators in the Debuncher to remove momentum tails (cf. Section 5.5.1).  The number of out-of-time protons is further suppressed by employing a fast AC dipole to sweep clean the inter-pulse beam.  The AC dipole will reside in the beam line that brings the protons from the Debuncher to the Mu2e production target (cf. Section 5.8.1). Simulations estimate that this design achieves an extinction of 10-12.

To suppress backgrounds from muon decays in orbit, the width of the conversion electron peak, including energy loss and resolution effects, should be on the order of 1 MeV FWHM or better with no significant high energy tails.

The Tracker design discussed in Chapter 9 consists of 36 planes of straw tubes.  Each plane consists of multiple straw layers in order to improve efficiency and to resolve left-right ambiguities in the drift distance. Every effort is made to minimize the amount of material in the fiducial volume of the Tracker.  The straws will be kept thin (e.g. the total thickness of the straw walls is 15 mm) and the gas manifolds, front-end electronics, and associated cooling are placed at large radii, outside the active fiducial volume. The intrinsic high-side resolution (ignoring the effect of the target and all other material upstream of the tracker), which is the most important for distinguishing conversion electrons from backgrounds, has a core component sigma of 115 KeV/c, and a significant tail sigma of 176 KeV/c. The net resolution is significantly less than the estimated resolution due to energy loss in the upstream material. 

Using a full tracker simulation that includes occupancy effects from background events, energy loss, straggling, detector resolution and a prototype pattern recognition and track fitting algorithm an overall resolution function of about 1 MeV FWHM is achieved (Figure 3.11).

To suppress backgrounds from beam electrons the field in the upstream section of the Detector Solenoid must be graded. The graded field also increases the acceptance for conversion electrons.  

As discussed in Chapter 7, the field in the Detector Solenoid starts at 2.0 Tesla just after the transition from the Transport Solenoid. The field then decreases linearly down to 1.0 Tesla over roughly five meters. This graded field largely eliminates background from beam electrons that scatter in the last collimator or stopping target by pitching them forward, thus reducing their transverse momentum so that they fall out of the geometric acceptance of the Tracker. The stopping target is approximately centered in this graded region, which nearly doubles the geometric acceptance for electrons from the μ− N e− N conversion process.

Suppression of backgrounds from cosmic rays requires a veto surrounding the detector. The cosmic ray veto should be nearly hermetic on the top and sides in the region of the collimator at the entrance to the Detector Solenoid, the muon stopping target, tracker, and calorimeter. The overall efficiency of the cosmic ray veto should be 0.9999 or better.

Simulations show that cosmic ray induced background events are initiated along the tops and sides of the Detector Solenoid and also along the tops and sides of the Transport Solenoid straight section that interfaces with the Detector Solenoid. The veto system discussed in Chapter 11 provides hermetic coverage along the entire length of the Detector Solenoid and the adjacent half of the Transport Solenoid for the tops and sides. The current design employs three layers of scintillator and will employ a 2-out-of-3 veto logic. Test beam studies demonstrate that an efficiency of >99.99% can be achieved with the current design (cf. Section 11.4.1).

Suppression of long transit time backgrounds places requirements on the magnetic field in the straight sections of the Transport Solenoid. The field gradient in the three straight sections of the Transport Solenoid must be continuously negative and the gradient must be relatively uniform.  

The conceptual design for the Transport Solenoid focused on satisfying these complex field requirements. A 3D model of the Transport Solenoid field was implemented using OPERA. The field in the straight sections is always negative and the gradient is within the specifications (cf. Sec 7.3.2 and Figs. 7.29-30). 

A thin window is required to absorb antiprotons.

The Muon Beam Line includes a thin Kapton window placed in the middle of the collimator located in the central straight section of the Transport Solenoid. Simulations show that this window reduces background from antiprotons by over two orders of magnitude (Section 3.5.4) to a level that is negligible. 

The capacity to take data outside of the search window time interval must exist.

The DAQ has been designed to handle the higher rates that are present at earlier times in the spill cycle. This capacity is required to determine backgrounds using data, in particular, electrons from radiative pion capture.

The capacity to collect calibration electrons from p+   e+n is required. 

The Muon Beamline, discussed in Chapter 8, is optimized to efficiently transport negatively charged low momentum muons from the production target to the stopping target. It can be made to efficiently transport positively charged particles by rotating the middle collimator. The design discussed in 8.3.2 has a rotating central collimator for the purpose of selecting and transporting positively charged pions to the stopping target.  Stopped p+ can decay to p+  e+n providing a mono-energetic source of e+ that can be used to calibrate the absolute momentum scale of the spectrometer.  The Tracker is designed in a charge symmetric way (cf. Chapter 9) and the reconstruction efficiency and resulting momentum resolution for e- and e+ are expected to be comparable.  The Trigger and DAQ system can be configured to trigger on high energy e- or e+ or both simultaneously (cf. Chapter 12).

The Mu2e conceptual design satisfies the full set of physics requirements and currently yields a single event sensitivity of 5.4  10–17 using our current set of algorithms. This includes a preliminary track recognition package that met the interim goal of 50% of the eventual anticipated reconstruction efficiency. Obvious improvements, which have yet to be studied in detail, can improve the sensitivity to about 2.4  10–17. This represents an improvement of about 4 orders of magnitude over the current world’s best limit on the μ− N e− N conversion process and provides discovery sensitivity over a broad range of new physics models including Supersymmetry, Little Higgs, Extra Dimensions, generic 2HDM, and Fourth Generation models.
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