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Chapter 2: Project Overview
[bookmark: _Ref151194703][bookmark: _Ref151194725][bookmark: _Ref151194737][bookmark: _Ref151194749][bookmark: _Ref151194809][bookmark: _Toc165011042]Executive Summary
[bookmark: _Ref146961404][bookmark: _Toc165011043]Introduction
Fermi National Accelerator Laboratory and the Mu2e Collaboration, composed of about 135 scientists and engineers from 26 Universities and Laboratories around the world, have collaborated to create this conceptual design for a new facility to study charged lepton flavor violation using the existing Department of Energy investment in the Fermilab accelerator complex.

Mu2e proposes to measure the ratio of the rate of the neutrinoless, coherent conversion of muons into electrons in the field of a nucleus, relative to the rate of ordinary muon capture on the nucleus:

The conversion process is an example of charged lepton flavor violation (CLFV), a process that has never been observed experimentally. The significant motivation behind the search for muon-to-electron conversion is discussed in Chapter 3. The current best experimental limit on muon-to-electron conversion, Rme <  7  10–13 (90% CL), is from the SINDRUM II experiment [1]. With 3.6 1020 delivered protons Mu2e will probe four orders of magnitude beyond the SINDRUM II sensitivity, measuring Rme with a single event sensitivity of 5.4  10–17. Observation of this process would provide unambiguous evidence for physics beyond the Standard Model and can help to illuminate discoveries made at the LHC or point to new physics beyond the reach of the LHC.

The conversion of a muon to an electron in the field of a nucleus occurs coherently, resulting in a monoenergetic electron near the muon rest energy that recoils off of the nucleus in a two-body interaction.  This distinctive signature has several experimental advantages including the near-absence of background from accidentals and the suppression of background electrons near the conversion energy from muon decays.

At the proposed Mu2e sensitivity there are a number of processes that can mimic a muon-to-electron conversion signal.  Controlling these potential backgrounds drives the overall design of Mu2e. These backgrounds result principally from five sources:
 
1. Intrinsic processes that scale with beam intensity and include muon decay in orbit (DIO) and radiative muon capture (RMC). 
2. Processes that are delayed because of particles that spiral slowly down the muon beamline, such as antiprotons.
3. Prompt processes where the detected electron is nearly coincident in time with the arrival of a beam particle at the muon stopping target. 
4. Electrons that are initiated by cosmic rays.
5. Events that result from reconstruction errors induced by additional activity in the detector from conventional processes. 

A general description of these backgrounds can be found in Section 3.2 and a detailed description combined with estimates of background rates in Mu2e can be found in Section 3.5.
[bookmark: _Toc165011044]Scope
To achieve the sensitivity goal described above a high intensity, low energy muon beam coupled with a detector capable of efficiently identifying 105 MeV electrons while minimizing background from conventional processes will be required. The muon beam is created by an 8 GeV, pulsed beam of protons striking a production target. The scope of work required to meet the scientific and technical objectives Mu2e is listed below.

· Modify the accelerator complex to transfer 8 GeV protons from the Fermilab Booster to the detector while the 120 GeV neutrino program is operating. To accomplish this the existing Recycler and Debuncher Rings will be modified to re-bunch batches of protons from the Booster and then slow extract beam to the Mu2e detector. 
· Design and construct a new beamline from the Debuncher Ring to the Mu2e detector.  The beamline includes an extinction insert that removes residual out-of-time protons.
· Design and construct the Mu2e superconducting solenoid system (Figure 1.1) consisting of a Production Solenoid that contains the target for the primary proton beam, an S-shaped Transport Solenoid that serves as a magnetic channel for pions and muons of the correct charge and momentum range and a Detector Solenoid that houses the muon stopping target and the detector elements.
· Design and construct the Mu2e detector (Figure 1.1) consisting of a tracker, a calorimeter, a stopping target monitor, a cosmic ray veto, an extinction monitor and the electronics, trigger and data acquisition required to read out, select and store the data. The tracker accurately measures the trajectory of charged particles, the calorimeter provides independent measurements of energy, position and time, the stopping target monitor measures the characteristic X-ray spectrum from the formation of muonic atoms, the cosmic ray veto identifies cosmic ray muons traversing the detector region that can cause backgrounds and the extinction monitor detects scattered protons from the stopping target to determine the fraction of out-of-time beam.
· Design and construct a facility to house the Mu2e detector and the associated infrastructure (see Figure 1.2). This includes an underground detector enclosure and a surface building to house necessary equipment and infrastructure that can be accessed while beam is being delivered to the detector.

[image: ::Screen shot 2012-01-23 at 11.05.48 AM   Jan 23.png]
[bookmark: _Ref166559850][bookmark: _Ref166559646][bookmark: _Ref166299284][image: :Screen shot 2012-02-13 at 6.18.16 PM   Feb 13.png]Figure 1.1. The Mu2e Detector.  The cosmic ray veto, surrounding the Detector Solenoid is not shown.

[bookmark: _Ref166559862][bookmark: _Toc166232179]Figure 1.2. Depiction of the above-grade portion of the Mu2e facility.  
Mu2e is integrated into Fermilab’s overall science program that includes many experiments that use the same machines and facilities, though often in different ways.  Because of the overlapping needs of several experimental programs, the scope of work described above will be accomplished through a variety of mechanisms.  The NOvA and g-2 Projects both include upgrades to the Recycler Ring that will be used by Mu2e. In addition, there is infrastructure required by both Mu2e and g-2 that will be funded as common Accelerator Improvement Projects (AIPs) and General Plant Projects (GPPs).  These common projects will be managed by Fermilab to ensure completion on a time scale consistent with the Lab’s overall program plan and to guarantee that the needs of the overall program are satisfied.  The scope of the Mu2e Project and the common projects will be described in Chapter 2.
[bookmark: _Toc165011046]Cost and Schedule
The total project cost for Mu2e is in the range $208M - $287M. This includes the base cost plus contingency and overhead, escalated to actual year dollars. There is very little scope range associated with the Mu2e. A schedule range of 60 - 84 months is proposed for the range of the construction project from CD3a – CD4.
[bookmark: _Toc165011047]Acquisition Strategy
The acquisition strategy relies on the Fermi Research Alliance (FRA), the Department of Energy Managing and Operating (M&O) contractor for Fermi National Accelerator Laboratory (Fermilab), to directly manage the Mu2e acquisition.  The design, fabrication, assembly, installation, testing and commissioning for the Mu2e Project will be performed by the Mu2e Project scientific and technical staff provided by Fermilab and the various Mu2e collaborating institutions.  Much of the subcontracted work to be performed for Mu2e consists of hardware fabrication and conventional facilities construction.
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The primary mission of the Mu2e Project is to design and construct a facility that will enable the most sensitive search ever made for the coherent conversion of muons into electrons in the field of a nucleus.  Mu2e will measure the ratio of muon conversions to conventional muon captures:
[image: ]

with a single event sensitivity of 5.4 10–17 (90% C.L.).  Mu2e will be 10,000 times more sensitive to this process than previous experiments. Observation of this process would provide unambiguous evidence for physics beyond the Standard Model and can help to illuminate discoveries made at the LHC or point to new physics beyond the reach of the LHC.

To achieve this significant leap in sensitivity, Mu2e requires an intense low energy muon beam and a state-of-the-art detector capable of precision measurements in the 
presence of high rates. 
Scope Required to Satisfy the Mission Requirements
A conceptual design has been developed for the Mu2e Project that meets the Mission Requirements described in Section 2.1.  The scope includes the following:

· A proton beam that can produce an intense secondary muon beam with a structure that allows time for the muons to decay before the next pulse arrives.
· A pion capture and muon transport system that efficiently captures charged pions and transports negatively charged decay muons to a target where they can be stopped. The momentum spectrum of the transported muon beam must be low enough to ensure that a significant fraction of the muons can be brought to rest in a thin target.
· A detector that is capable of efficiently and accurately identifying and analyzing conversion electrons with momenta near 105 MeV/c while rejecting backgrounds from conventional processes.
· A detector hall facility to house the experimental apparatus.

Mu2e is one of three new experiments at Fermilab that require modifications to the existing accelerator complex. Mu2e, g-2 and NOvA all require modifications to the Recycler Ring.  Mu2e and g-2 both require modifications to the Debuncher Ring and to the transfer lines that will carry beam from the Recycler to the Debuncher. Additionally, Mu2e and g-2 both require a new beamline to transport beam from the Debuncher Ring to their experimental halls. NOvA is scheduled to begin taking beam in 2013, g-2 in 2016 and Mu2e in 2020. Modifications to the accelerator complex will be made by all 3 Projects.  The scope of the modifications depends on the exact needs of the experiment and the time at which they are needed. Additionally, some of the modifications that are required by both Mu2e and g-2 will be accomplished by a set of common projects. The set of common projects required by both Mu2e and g-2 include one Accelerator Improvement Project (AIP) and two General Plant Projects (GPPs).  By taking advantage of numerous synergies between Mu2e and g-2, Fermilab can support two unique, world-class muon experiments for less than the cost of the individual programs executed independently.

The full Mu2e scope of work required to execute the Mu2e experiment will be described in the sections that follow. The funding source will be identified in each case. The majority of this Conceptual Design Report will be confined to the scope of work included in the Mu2e Project, but it is important for Fermilab and the funding agencies to understand the full scope of the work required.
Primary Proton Beam
Mu2e requires a high intensity, pulsed proton beam to produce an intense beam of low energy muons with the time structure required by the experiment. As shown in Figure 2.1, batches of protons from the Booster will be transported to the Recycler Ring where they will be re-bunched by a new RF system. The re-bunched beam will be kicked out of the Recycler into existing transfer lines that will deliver the protons to the Debuncher Ring. A resonant extraction system in the Debuncher will slow extract protons to the Mu2e detector through a new external beamline.
Recycler Ring Modifications
Mu2e, g-2 and NOvA all require the ability to transport protons from the Booster to the Recycler Ring.  Currently, the MI-8 line connects the Booster to the Main Injector, which resides in the same beamline enclosure as the Recycler Ring. Part of the scope of the NOvA Project is to connect MI-8 to the Recycler Ring and to construct and install a kicker system to inject Booster batches into the Recycler.  Mu2e and g-2 will also use this new injection system.

[image: :Screen shot 2012-01-25 at 11.16.34 AM   Jan 25.png]Both Mu2e and g-2 require the ability to re-bunch beam in the Recycler Ring.  A new 2.5 MHz RF system will divide batches of protons from the Booster into four smaller bunches that will be transferred one-at-a-time to the existing P1 line.  A new connection is required from the Recycler Ring to the P1 line, which currently connects to the Main Injector. A new extraction kicker is also required.  The RF system, Recycler to P1 connection and the extraction kicker are part of the g-2 Project scope.
[bookmark: _Ref188946101]Figure 2.1. Layout of the Mu2e facility (lower right) relative to the accelerator complex that will provide proton beam to the detector.  Protons are transported from the Booster through the MI-8 beamline to the Recycler Ring where they will circulate while they are re-bunched by a new 2.5 MHz RF system. The reformatted bunches are kicked into the P1 line and transported to the Debuncher Ring where they are slow extracted to the Mu2e detector through a new external beamline.
Transfer Lines and Debuncher Injection
[bookmark: _Toc165011051]Proton bunches formed in the Recycler Ring will be kicked into the P1 line and transported to the Debuncher Ring through a series of existing transfer lines. For Mu2e running, protons will traverse the P2, AP1 and AP3 lines before being injected into the Debuncher Ring by a new Debuncher injection kicker. The proton bunches will be captured in the Debuncher by a new 2.4 MHz RF system consisting of RF modules that are identical to the RF modules needed for the Recycler Ring.  For g-2 running, protons will traverse the P2 and AP1 lines before intersecting a production target at AP0. Muons from the target will be collected and transported through the AP3 line and injected into the Debuncher Ring using the same Debuncher injection kicker required for Mu2e. A proton abort system is required in the Debuncher for Mu2e should it become necessary to dump proton bunches for operational reasons and to clean up the ring at the end of a resonant extraction cycle.  The abort system will also be used by g-2 to eliminate residual protons circulating with their muon beam.  After traversing the Debuncher Ring several times the protons lag behind the muons and can be kicked into the abort.  Stochastic cooling tanks and other equipment used for antiproton production will be removed from the Debuncher Ring to open up the beam aperture as much as possible.  Because these modifications are required for both Mu2e and g-2, they will be funded as an Accelerator Improvement Project (AIP) and managed by the Accelerator Division Muon Department. 
Debuncher Modifications exclusive to Mu2e
Mu2e requires slow extracted proton beam to be delivered to the Mu2e detector. A new resonant extraction system is required that delivers narrow microbunches to the detector that are separated by the revolution period of the Debuncher Ring (~1.7 ms).  The resonant extraction system consists of sextupoles, quadrupoles, an RF knockout device and an electrostatic extraction septum along with the controls and instrumentation necessary to operate and control the resonant extraction process. Internal shielding at loss points in the beamline tunnel and Debuncher Ring are also required for Mu2e operation.  This scope is all funded as part of the Mu2e Project.
Muon Campus Beamline Enclosure
The final run from the Debuncher Ring to both the Mu2e and g-2 detectors requires a new external beamline.  The beamline enclosure scope includes excavation, the concrete enclosure itself, utilities, lighting and the above grade berm. g-2 requires only the upstream portion of the beamline and their schedule calls for the beamline to be in place several years before the full beamline is needed for Mu2e. However, it is most efficient from a cost and management perspective to construct the entire enclosure as part of a single construction package.  This avoids paying twice for mobilization, eliminates the overhead associated with multiple bid processes and avoids potential interface issues. The Beamline Enclosure is funded as a General Plant Project (GPP) and will be managed by Fermilab’s Facilities Engineering Services Section (FESS).
Muon Campus External Beamline
Most of the components required for the Muon Campus External Beamline will be recycled from the Accumulator Ring, which is not used by either Mu2e or g-2.  This results in a significant cost reduction compared to fabrication of new components.  Mu2e will transport 8 GeV protons through the entire external beamline while g-2 will transport 3 GeV muons through just the upstream section. g-2 requires extra quadrupoles for stronger focusing in the upstream section of the external beamline to compensate for the larger transverse size of the lower energy muon beam. The upstream section of the beamline will be funded by the g-2 Project and the Mu2e Project will fund the downstream section. The downstream section required for Mu2e will be assembled and commissioned several years after the upstream section is assembled for g-2.

Mu2e requires well-defined pulses of protons separated by about 1.7 ms with very little residual beam between pulses. An extinction system, in the form of a high frequency AC dipole (see Chapter 5), will be constructed to suppress unwanted beam between successive microbunches.  The extinction system is funded as part of the Mu2e Project.
[bookmark: _Toc165011052]Superconducting Solenoids
The 8 GeV protons provided by the Fermilab accelerator complex will be used to produce a high intensity, low energy muon beam.  A significant fraction of the muons will be brought to rest in a stopping target made from a series of thin foils.  Electrons that emerge from the stopping foils will be accurately momentum analyzed. These tasks will all take place in the evacuated inner bore of a series of superconducting magnets.

The Production Solenoid is a high field magnet with a graded solenoidal field varying smoothly from 4.6 Tesla to 2.5 Tesla. The gradient will be formed by 3 axial coils with a decreasing number of windings, made of aluminum stabilized NbTi. The solenoid is approximately 4 m long with an inner bore diameter of approximately 1.5 m. The Production Solenoid will be used to capture pions and the muons into which they decay. 8 GeV protons striking a production target near the center of the Production Solenoid initiate this process. A heat and radiation shield, constructed from bronze, will line the inside of the Production Solenoid to limit the heat load in the cold mass from secondaries produced in the production target and to limit radiation damage to the superconducting cable. 

The S-shaped Transport Solenoid consists of a set of superconducting solenoids and toroids that form a magnetic channel that efficiently transmits low energy negatively charged muons from the Production Solenoid. The Transport Solenoid consists of five distinct regions: a 1 m long straight section, a 90° curved section, a second straight section about 2 m long, a second 90° curved section that brings the beam back to its original direction, and a third straight section of 1 m length.  The major radius of the two curved sections is about 3 m and the resulting total magnetic length of the Transport Solenoid along its axis is about 13 m.  The inner warm bore of the Transport Solenoid cryostat has a diameter of about 0.5 m.  A relatively tight specification exists on the fields in the three straight sections where negative field gradients must be maintained at all places to eliminate backgrounds from late arriving particles. High energy negatively charged particles, positively charged particles and line-of-sight neutral particles will nearly all be eliminated by the two 90° bends combined with a series of absorbers and collimators.  

The Detector Solenoid is nearly 11 m long with a clear bore diameter of about 2 m.  The Detector Solenoid will provide a graded field for the muon stopping target located upstream and a uniform field downstream for the detector elements that analyze conversion electrons.

The solenoids are the cost and schedule driver for the project. The Production and Detector Solenoids will be designed and constructed in industry, likely by different vendors. The relatively unique Transport Solenoid will be designed and fabricated at Fermilab, though many of the components (superconducting cable, cryostats, etc.) will be procured from industry.  The make-buy decisions are based on the similarity of the Production and Detector Solenoids to other solenoids fabricated in industry and to the limited availability of resources at Fermilab. The superconducting cable and the tooling required for fabricating the solenoids are long-lead items that must be procured early.

Significant infrastructure is required to support the operation of the solenoids.  This includes power, quench protection, cryogens (liquid nitrogen and liquid helium), control and safety systems as well as mechanical supports to resist the significant magnetic forces on the magnets. 
Muon Campus Cryoplant
Both Mu2e and g-2 require liquid helium to cool superconducting magnets. Rather than construct independent cryogenic facilities for each experiment, a common facility will be constructed to service both. Existing Tevatron compressors will drive compressed He from the Tevatron ring to a low bay attached to the g-2 detector hall (MC1).  The low bay will contain 3 recycled Tevatron satellite refrigerators that can handle the dynamic loads of both experiments simultaneously. Cold lines will run from the refrigerators to each experimental detector hall. The Muon Campus Cryo facility will be funded as a General Plant Project (GPP).
The Mu2e Detector
The Mu2e detector contains components that operate in the evacuated warm bore of the Detector Solenoid as well as components outside of the Detector Solenoid.  It must accurately and redundantly measure the energy of 105 MeV electrons that signal muon conversions in aluminum while eliminating backgrounds. This requires good momentum resolution and particle ID in the presence of high rates. The detector will consist of a tracker and a calorimeter that will provide redundant energy/momentum, timing, and trajectory measurements. A cosmic ray veto surrounds the Detector Solenoid to tag incoming muons and a stopping target monitor is located outside the downstream end of the detector solenoid to detect X-rays from the formation of muonic atoms.

The Mu2e tracker is designed to accurately measure the helical trajectory of electrons in a uniform magnetic field in order to determine their momenta. The accuracy with which the trajectory can be determined is limited by multiple scattering in the tracker. To meet these requirements the alternative selected for the Mu2e tracker is a low mass array of straw drift tubes aligned transverse to the axis of the Detector Solenoid. The Mu2e straw tubes are 5 mm in diameter, constructed from two layers of 6 mm thick Mylar and filled with an 80-20 mixture of Argonne-CO2 gas.  Approximately 21,600 Mylar tubes will either be procured from a vendor or assembled by Mu2e. Each straw will have a wire inserted along its axis that will be securely terminated on a plate attached to a gas manifold at each end. The straws will then be accurately assembled into planes and tensioned to prevent sagging. One or two assembly factories will be established for these tasks.  The tracker electronics will be located on or near the straws, inside of the Detector Solenoid vacuum.  This requires low power electronics and a cooling system to remove the heat.  The tracker electronics will be a mix of custom and commercial parts.

High rates of hits in the tracker may cause pattern recognition errors that add tails to the resolution function and result in background. Accidental hits can combine with or obscure hits from lower energy particles to leave behind a set of hits that might reconstruct to a trajectory consistent with a higher energy conversion electron. Extrapolating the fitted trajectory to the downstream calorimeter and comparing the calculated intercept with the measured position in the calorimeter may help to identify backgrounds that result from reconstruction errors. The calorimeter may also be used in a hardware, software or firmware trigger. The proposed calorimeter consists of approximately 1936 LYSO crystals located downstream of the tracker and arranged in four vanes.  Each crystal is 3  3  11 cm3 and will be equipped with two Avalanche Photodiodes (APDs) for operation in the magnetic field of the Detector Solenoid.  The crystals will have to be cooled to increase the light output.  

Cosmic ray muons are a known source of potential background for experiments like Mu2e.  Elimination of this background requires a large area cosmic ray veto surrounding the active detectors.  Because of the large area required, the selected detector technology must be relatively inexpensive.  The preferred alternative is a detector constructed from extruded scintillator with embedded wavelength shifting fibers read out into photodetectors.  The scintillator will be produced at the Fermilab scintillator extrusion facility and shipped to an assembly factory where fibers will be inserted, silicon photomultipliers (SiPMs) attached and the counters packaged into self-contained modules.  After testing, the modules will be shipped to Fermilab for installation.

The rate of muon captures at the muon stopping target must be determined as a normalization for muon conversions, should they be observed.  A Muon Stopping Target Monitor consisting of a germanium crystal will measure the muon stopping rate during the live time of the experiment by measuring the characteristic X-ray spectrum from the formation of muonic atoms.  The capture rate is derived from the stopping rate.
[bookmark: _Toc165011054]Conventional Facilities
The conventional facilities for the Mu2e Project include the site preparation, Mu2e surface building and the underground enclosure to house the Mu2e detector. Routing of utilities from nearby locations and installation of new transformers to power the facility are included in the scope of the conventional facilities work. Together the conventional facilities comprise approximately 25,000 ft2 of new construction space. 

The optimized length of the external beamline required for Mu2e results in a location for the Mu2e Detector Hall that intersects Kautz Road. As a result, it is necessary to re-route Kautz Road to the northwest of the Mu2e facility. This will be combined with some required utility work for g-2 and funded as a General Plant Project (GPP) so that it can be executed in a timely fashion and coordinated with other work in the area. This will reduce the overall cost.  The Mu2e conventional facilities are shown in Figure 2.2. 
Sustainable Design and LEED
[bookmark: _Toc165011055]The Mu2e Project is not required to meet the Leadership in Energy and Environmental Design (LEED)-Gold certification due to the function and operation of the facility. Specifically, the facility will not be occupied on a regular basis.  In lieu of LEED-Gold certification, the Project plans to utilize guiding principles and ASHRAE recommendations to meet sustainability goals. A paper describing this approach [1] will be submitted to DOE-SC.
Summary of Scope Required to Satisfy the Mission Requirements
The scope of work required to produce an operational Mu2e experiment that satisfies the Mission requirements includes the scope of the Mu2e Project as well as the scope contained in several common projects that overlap with g-2. The common work is contained in one Accelerator Improvement Project (AIP) and two General Plant Projects (GPP). The AIP is for modifications and improvements to existing transfer lines and the Debuncher Ring. The GPPs are for the Muon Campus Beamline enclosure and the Muon Campus Cryogenic facility.  Mu2e will also take advantage of functionality provided by the NOvA and g-2 Projects to inject, bunch and extract beam from the Recycler Ring.  The operational scope required for Mu2e is summarized in Table 2.1.  In each case the funding source is identified.  The focus of this Conceptual Design Report will be on the [image: :Screen shot 2012-02-27 at 10.03.50 AM   Feb 27.png]items included in the Mu2e Project.
[bookmark: _Ref189294144]Figure 2.2. The Fermilab Muon Campus includes the detector halls for the Mu2e and g-2 experiments.
Project Organization
The Mu2e Project consists of nine subprojects coordinated by a central Project Office located at Fermilab.  The subprojects, or Level 2 systems, are:

1. Project Management
2. Accelerator Systems
3. Conventional Construction
4. Solenoids
5. Muon Beamline
6. Tracker
7. Calorimeter
8. Cosmic Ray Veto
9. Trigger and DAQ.

	Item
	Description
	Funding Source

	Recycler upgrades
	· MI-8 to Recycler Connection
· Recycler injection kicker
	NOvA

	Recycler upgrades
	· 2.5 MHz RF system
· Recycler to P1 connection
· Recycler extraction kicker
· MI-52 extension
	g-2

	Transfer Line and Debuncher Modifications
	· Beam transport from Recycler Ring to Debuncher
· Debuncher injection kicker
· Proton abort system
· Removal of Collider equipment
	AIP

	Mu2e specific Debuncher modifications
	· 2.4 MHz RF system
· Resonant extraction system
	Mu2e

	Muon Campus Beamline Enclosure
	Beamline tunnel to house external beamline elements for g-2 and Mu2e.
	GPP

	Muon Campus Site Preparation
	· Site prep
· Diversion of Kautz Road
· General Utility work
	GPP

	Muon Campus Beamline (upstream)
	Upstream elements, including increased quad density required for g-2
	g-2

	Muon Campus Beamline (downstream)
	· Downstream elements required for Mu2e
· AC dipole extinction system
· Proton beam dump
	Mu2e

	Conventional Construction
	· Surface Building
· Underground enclosure to house detector
· Utilities
	Mu2e

	Solenoids
	· Production Solenoid
· Transport Solenoid
· Detector Solenoid
· Power
· Quench protection
· Cryo distribution
	Mu2e

	Muon Campus Cryo Plant
	· Cryo refrigerators
· Warm lines for compressed Helium
· Cold lines to Mu2e and g-2 detector halls
	GPP

	Detector
	· Tracker
· Calorimeter
· Cosmic Ray Veto
· Stopping Target Monitor
· Trigger and data acquisition system
	Mu2e


[bookmark: _Ref189042399]Table 2.1. The scope of work required to produce an operational Mu2e experiment. This includes the scope of the Mu2e Project as well as the scope contained in several common projects that overlap with g-2. 


The Fermilab Project Office is headed by the Project Manager and assisted by a Deputy Project Manager and two Project Engineers. Project office support staff includes a Financial Manager, Project Controls Specialists, an ES&H Coordinator, a Risk Manager, a Quality Control Manager, a Configuration Control Manager and administrative support. Fermilab provides additional ES&H support and oversight. The Mu2e Project Office has developed overriding plans for project management, risk management, configuration control and quality assurance [1][3][4][5].
[bookmark: _Toc165011056]Work Breakdown Structure
The Mu2e Project has been organized into a Work Breakdown Structure (WBS).  The WBS contains a complete definition of the Project’s scope and forms the basis for planning, executing and controlling project activities.  The Project WBS is shown in Figure 2.3 and Figure 2.4 down to level 3.  Items are defined as specific deliverables (WBS 1.2 – 1.9) or Project Management (WBS 1.1).

1.1 Project Management – Project Office administrative and management activities that integrate across the entire project (management, regulatory compliance, quality assurance, safety, project controls, budget, risk management, etc.)
1.2 Accelerator – All phases of R&D, design, procurement, installation, integration and testing of the accelerator systems that are part of the Mu2e Project.
1.3 Conventional Construction - All phases of design, procurement, construction and integration of the conventional construction facilities including site preparation and access to utility systems.
1.4 Solenoids – All phases of R&D, design, procurement, installation, integration, testing and commissioning of the superconducting solenoid system and associated infrastructure including systems to distribute cryogens, power and quench protection.
1.5 Muon Beamline – All phases of R&D, design, procurement, installation, integration, testing and commissioning of the series of deliverables associated with the Muon Beamline system.
1.6 Tracker – All phases of R&D, design, procurement, assembly, installation, integration, testing and commissioning of the tracker, tracker electronics and associated support infrastructure.
1.7 Calorimeter – The project scope for the calorimeter includes procurement, testing and processing of 1/3 of the crystals as well as the R&D, design, construction and installation of the calibration system and the front end electronics. The rest of the calorimeter will be provided in-kind by INFN. 
1.8 Cosmic Ray Veto - All phases of R&D, design, procurement, assembly, installation, integration, testing and commissioning of the cosmic ray veto, the veto electronics and associated support infrastructure.
1.9 [image: ::Screen shot 2012-03-29 at 2.46.50 PM   Mar 29.png]Trigger and DAQ - All phases of R&D, design, procurement, assembly, installation, integration, testing and commissioning of the data acquisition system.
[bookmark: _Ref146359337][bookmark: _Ref156365789][bookmark: _Toc164937026]Figure 2.3. Mu2e Project WBS to Level 3 for Project Management, Accelerator, Conventional Construction, Solenoids and Muon Beamline. 
[bookmark: _Toc165011057]Project Management
[bookmark: _Toc165011058]Project Controls
[bookmark: _Ref193427701][bookmark: _Toc165011059] The Mu2e Project will be in full compliance with the DOE certified FRA Earned Value Management System (EVMS). The Earned Value Management System is used to monitor, analyze, and report project performance.  Mu2e’s EVMS implementation uses Primavera P6 scheduling software for the resource loaded cost and schedule, Cobra for escalation, burdening, and earned value reporting and analysis and Fermilab’s Oracle Project Accounting system for tracking obligations and actual costs. The Fermilab EVMS description can be accessed through the Fermilab Office of Project Management website [6]. EVMS reporting is not required at the CD-1 stage of the Project, but the cost and schedule for CD-1 is being constructed with this eventual requirement in mind.
[bookmark: _Ref194652406][image: ::Screen shot 2012-03-29 at 2.47.01 PM   Mar 29.png]Figure 2.4. Mu2e Project WBS to Level 3 for the Tracker, Calorimeter, Cosmic Ray Veto and the Trigger and DAQ.
ES&H Management
The Laboratory Director has overall responsibility for establishing and maintaining Fermilab's ES&H policy. It is Fermilab's policy to integrate environment, safety and health protection into all aspects of work, utilizing the principles and core functions of the Integrated ES&H Management System and implemented through the appropriate lines of management.  The Mu2e Project Manager reports to the Fermilab Director or his designee and is responsible for implementing Fermilab’s ES&H policies into all aspects of the Mu2e Project. The draft Mu2e Project Management Plan [1] includes a section on Integrated Safety Management that describes how the Mu2e Project ES&H policies fit within the DOE approved Fermilab ES&H program.

[bookmark: _Toc165011060]The philosophy of Integrated Safety Management (ISM) will be incorporated into all work on Mu2e, including any work done on the Fermilab site by subcontractors and sub-tier contractors. Integrated Safety Management is a system for performing work safely and in an environmentally responsible manner. The term “integrated” is used to indicate that the ES&H management systems are normal and natural elements of doing work. The intent is to integrate the management of ES&H with the management of the other primary elements of work: quality, cost and schedule. 
Quality Assurance
Quality Assurance and Quality Control (QA/QC) systems are designed, as part of the Quality Management Program, to ensure that the components of the Mu2e Project meet the design specifications and operate within the parameters mandated by the requirements of the Mu2e physics program.  The Mu2e Project Manager is responsible for achieving performance goals. The Mu2e Quality Assurance Manager is responsible for ensuring that a quality system is established, implemented, and maintained in accordance with requirements.  The Quality Assurance manager will provide oversight and support to the project participants to ensure a consistent quality program.

The QA/QC elements in place for the Mu2e Project draw heavily on the experience gained from similar projects in the past. Senior management recognizes that prompt identification and documentation of deficiencies, coupled with the identification and correction of the root causes, are key aspects of any effective QA/QC Program.  The Project Manager endorses and promotes an environment in which all personnel are expected to identify nonconforming items or activities and potential areas for improvement.
[bookmark: _Toc165011061]Configuration Management
Configuration Management is a formalized process to manage proposed system changes and provide an audit trail to manage and maintain the evolution of system configurations. A Configuration Management Plan establishes a baseline, defines the rules for changing that baseline and records changes as they occur.  The origin of changes and their status at any subsequent point should be readily identifiable.

The Mu2e Project uses several tools to achieve this objective, including a document control system that supports versioning and document signoff to “approve” a version, drawing management systems, and software control with a versioning and release system based on a software repository.
[bookmark: _Toc165011062]Risk Management
Project risk in Mu2e is mitigated through a structured and integrated process for identifying, evaluating, tracking, abating and managing risks in terms of three risk categories: cost, schedule and technical performance. A Risk Management Board, chaired by the Project Manager, meets regularly to identify risks and develop mitigation plans.

Any project faces both threats and opportunities and must strive to exploit the opportunities while ensuring that the threats do not derail the project.  Numerous informal and formal approaches are used to identify threats and opportunities, assessing their likelihood and prioritizing them for possible mitigation or exploitation. The key to successful risk management is to implement a deliberate approach to accepting, preventing, mitigating or avoiding them. The Mu2e Project becomes aware of potential risks in many ways, notably during work planning, meetings and reviews as well as via lessons learned from others. Risk is managed during the planning and design phase by implementing appropriate actions, such as ensuring adequate contingency and schedule float, pursuing multiple parallel approaches and/or developing backup options. Every effort must be made to specify these actions in a manner that reduces the risk to an acceptably low level.

Risks that are identified will be managed as early as possible to assure that they do not delay the timely completion of the project or stress its budget in unexpected ways. The Mu2e Risk Management Plan [3] is under configuration management.
Conceptual Design and Alternatives Analysis 
The Conceptual Design process is the exploration of concepts, specifications and designs for meeting the mission needs, and the development of alternatives that are technically viable, affordable and sustainable. The conceptual design provides sufficient detail to produce a more refined cost estimate range and to evaluate the merits of the project. 

The starting point for the Mu2e conceptual design is the Project Mission described in Section 2.1 and the scientific proposal developed by the Mu2e Collaboration [7]. Based on the Mu2e sensitivity goal and an evaluation of all known sources of potential backgrounds, a set of physics requirements was developed. These are described in Section 3.6. A series of detailed requirements documents were developed to describe the functionality needed from the various detector and facility subsystems to satisfy the physics requirements. 

A list of the Mu2e requirements documents appears in Table 2.2 along with the assigned document database number. Requirements documents are under configuration management and have been electronically signed by the relevant subsystem managers responsible for developing a conceptual design that satisfies the requirements.  Signatories are automatically notified by the document database anytime a change is made to a requirements document.  A modified document must be re-signed to become official. 

Alternatives have been evaluated for satisfying the mission need as well as the set of requirements defined in the documents in Table 2.2. The goal of an alternatives analysis is to choose the most efficient, cost effective path to satisfy the requirements. Evaluation of alternatives may be made in terms of the three components of a project baseline: technical performance, cost and schedule. 

	Topic 
	Document Database Number

	Proton Beam
	Mu2e-doc-1105

	Extinction
	Mu2e-doc-1175

	Extinction Monitoring
	Mu2e-doc-894

	Production Target
	Mu2e-doc-887

	Heat and Radiation Shield
	Mu2e-doc-1092

	Proton Beam Absorber
	Mu2e-doc-948

	Conventional Facilities
	Mu2e-doc-1088

	Production Solenoid
	Mu2e-doc-945

	Transport Solenoid
	Mu2e-doc-947

	Detector Solenoid
	Mu2e-doc-946

	Cryoplant
	Mu2e-doc-1509

	Cryo Distribution
	Mu2e-doc-1244

	Quench Protection
	Mu2e-doc-1238

	Solenoid Power System
	Mu2e-doc-1237

	Magnetic Field Mapping
	Mu2e-doc-1275

	Stopping Target
	Mu2e-doc-1437

	Stopping Target Monitor
	Mu2e-doc-1438

	Transport Solenoid Collimators
	Mu2e-doc-1129

	Muon Beam Stop
	Mu2e-doc-1351

	Vacuum System
	Mu2e-doc-1481

	Proton Absorber
	Mu2e-doc-1439

	Neutron Absorbers
	Mu2e-doc-1371

	Muon Beamline Shielding
	Mu2e-doc-1506

	Detector Support and Installation System
	Mu2e-doc-1383

	Pbar Window
	Mu2e-doc-941

	Tracker
	Mu2e-doc-732

	Calorimeter
	Mu2e-doc-864

	Cosmic Ray Veto
	Mu2e-doc-944

	Calibration
	Mu2e-doc-1182

	Trigger and DAQ
	Mu2e-doc-1150


[bookmark: _Ref193349573]Table 2.2. List of Mu2e requirements documents.
Programmatic alternatives have been evaluated and are discussed in detail in the Mu2e Acquisition Strategy document [8]. Fermilab is the best choice among alternative sites for Mu2e because of the use of existing infrastructure and the ability to share common costs with g-2. 
[image: ::Screen shot 2012-05-21 at 7.54.35 PM   May 21.png]The Mu2e conceptual design consists of the set of technical alternatives selected as the result of the alternative analysis. The alternatives that have been considered for each subsystem are discussed in Chapters 5-12. In each case the relevant requirements are listed, the basis for the alternative selection is described and an assessment of how well the selected alternative satisfies the requirements is made. The conceptual design process is shown pictorially in Figure 2.5.

[bookmark: _Ref191628272]Figure 2.5. The Mu2e design process and flow-down of requirements.
The Mu2e schedule is determined in the early stages by the time required to navigate the CD process and in the later phases by the time required to construct and install the solenoids. This is true for any set of alternatives, so schedule has not played a significant role in alternative selection.

The technical performance of the Fermilab accelerator complex is well understood and the technical risks associated with the required accelerator modifications are relatively small. Evaluation of technical risks played a significant role in the selection of alternatives for several Mu2e subsystems including the tracker, the calorimeter crystals and the cosmic ray veto photodetectors. 
Key Performance Parameters required to Obtain Expected Outcome
Project completion (CD-4) will be accomplished when the scope defined in the WBS dictionary has been completed and the apparatus has been demonstrated to be functioning by achieving Key Performance Parameters (KPP) listed below. The WBS dictionary is under change control. After achieving the Key Performance Parameters, the Project Manager will request acceptance and approval of CD-4. The Key Performance Parameters are those that demonstrate functionality of the system while achievement of beam parameters required for the experimental program will be obtained after routine tuning and operation of the accelerator complex. 
Key Performance Parameters for CD-4: 

· Beamline is ready for commissioning with beam, as demonstrated by acceptance testing of individual components.

· Superconducting solenoid system is capable of producing a low energy muon beam and analyzing 105 MeV electrons, as demonstrated by acceptance testing.

· [bookmark: _GoBack]Detector system is ready for commissioning with beam, as demonstrated by identifying tracks from cosmic rays.

The Key Performance Parameters will evolve as the project matures and will be finalized and approved as part of the Performance Baseline at CD-2.
[bookmark: _Toc165011063]Cost and Schedule
A preliminary high-level summary of the cost range for the Mu2e Project, at the second level of the Work Breakdown Structure, is shown in Table 2.3. The cost range was developed from an initial bottoms-up midpoint estimate of the base cost plus estimate uncertainty. The overall estimate uncertainty for the technical component of the Project (not counting the largely Level-of-Effort Project Management subsystem) is 36%. The cost range is applied on top of this estimate uncertainty. The cost range was developed around the midpoint estimate by evaluating the risks and opportunities catalogued in the Mu2e Risk and Opportunity Registry [9]. The total Project cost for Mu2e is in the range $208M - $287M. The cost range, broken down by Level 2 subsystem, is shown in Table 2.4. A preliminary Level 0 milestone schedule to construct Mu2e is shown in Table 2.5. A schedule range of 60 - 84 months is proposed for the range of the construction project from CD3a to Project completion. 18 months of programmatic float has been added to the estimated Project completion date to arrive at a CD-4 date.
Life Cycle Cost Assumptions
The life cycle costs for Mu2e are based on known costs for other operational experiments and facilities.  The costs are then appropriately scaled to Mu2e [10]. The costs are in FY12 dollars.
Accelerator and Beamline costs
Mu2e will run simultaneously with the 120 GeV neutrino program at Fermilab, using booster batches that are available while the Main Injector is ramping. Therefore, the differential cost of running Mu2e is limited to the cost of running the antiproton facility and the Muon Campus External Beamline.  

	[bookmark: _Ref137869714][bookmark: _Toc164937059]WBS
	L2 Cost Element
	Base Estimate ($k)
	Estimate Uncertainty ($k)
	Estimate Uncertainty % 
	Total

	1
	Project Management
	20,491
	83
	0%
	20,574

	2
	Accelerator
	35,362
	9,939
	33%
	45,301

	3
	Conventional Construction
	18,535
	5,979
	33%
	24,514

	4
	Solenoids
	71,713
	26,520
	39%
	98,233

	5
	Muon Beamline
	10,944
	3,118
	33%
	14,062

	6
	Tracker
	6,971
	1,915
	33%
	8,886

	7
	Calorimeter
	4,294
	1,270
	26%
	5,391

	8
	Cosmic Ray Veto
	4,418
	1,359
	33%
	5,777

	9
	Trigger & DAQ
	4,941
	1,461
	32%
	6,402

	 
	Total
	$177,669
	$51,644
	32%
	$229,313


[bookmark: _Ref194133964]Table 2.3 Level 2 midpoint cost estimate (base cost + estimate uncertainty) breakout for the Mu2e Project. Costs are fully burdened and escalated into actual year $k. Estimate uncertainty percentage is for the work remaining. Completed work has an estimate uncertainty of 0%.

	[bookmark: OLE_LINK6] 
	 
	Total Cost
	 
	Cost Range

	WBS
	L2 Subsystem
	Base + Estimate Uncertainty
	Estimate Uncertainty % (on Remaining Work)
	Low End
	High End

	1
	Project Management
	20,574
	0%
	16,696
	30,699

	2
	Accelerator
	45,301
	33%
	42,779
	56,607

	3
	Conventional Construction
	24,514
	33%
	21,197
	30,165

	4
	Solenoids
	98,233
	39%
	95,933
	111,458

	5
	Muon Beamline
	14,062
	33%
	13,582
	21,152

	6
	Tracker
	8,886
	33%
	8,123
	10,442

	7
	Calorimeter
	5,391
	30%
	0
	10,700

	8
	Cosmic Ray Veto
	5,777
	33%
	3,669
	8,009

	9
	Trigger & DAQ
	6,402
	32%
	6,128
	7,551

	 
	Total
	$229,313
	32%
	$208,107
	$286,783


[bookmark: _Ref194137116]Table 2.4. The Mu2e Project Cost Range, by level 2 subsystem. Costs are fully burdened and escalated into actual year $k. Estimate uncertainty percentage is for the work remaining. Completed work has an estimate uncertainty of 0%.
Solenoids
Based on the expected operating currents of the planned power converters, the Mu2e solenoids would require about 300 KW of power. The solenoids require both liquid nitrogen and liquid helium.  The liquid helium will be recycled while the liquid nitrogen will not.  Based on estimates, we will consume about 60 liters/hr of liquid nitrogen.
Based on experience with CDF and D0, the Mu2e cryo system will need constant monitoring and oversight. Dealing with small problems before they turn into big problems prevents downtime, loss of data and money. We estimate that 2 people will be required to monitor the cryo system 24/7 during data taking. This corresponds to about 8.5 FTEs of technician effort totaling about $1.2M per year in FY12 dollars.

	Major Milestone Events
	Preliminary Schedule

	CD-0 (Approve Mission Need)
	1st Qtr, FY10 (A)

	CD-1 (Approve Alternative Selection and Cost Range)
	4th Qtr, FY12

	CD-2 (Approve Performance Baseline)
	2d Qtr, FY14

	CD-3a (Approve Start of Long-lead Procurement)
	2d Qtr, FY14

	CD-3b (Approve Start of Construction)
	4th Qtr, FY15

	Key Performance Parameters Satisfied
	4th Qtr, FY19

	CD-4 (Includes 18 months of programmatic float)
	2d Qtr, FY21


[bookmark: _Ref137799846][bookmark: _Toc164937060][bookmark: _Ref147823887]Table 2.5 Preliminary Level 0 Milestone Schedule. Note that satisfying the Key Performance Parameters is not a Level 0 milestone but is added to provide context for the CD-4 milestone.
Detector Hall
The power requirements for the Mu2e detector hall, not including the power required to power the solenoids, assumes a 15% duty factor on 500 kW and a cost of $0.06/kWH resulting in a cost of $40k/year.  This includes a $0.015 kW/h charge for the social cost of carbon imposed by the DOE. We assume a cost of $5.61/sq. ft. per year for the cost of facility maintenance.  This is the day-to-day cost to sustain a property in a state that allows one to realize the anticipated useful life of a fixed asset [11].  The total cost of facility maintenance for the detector hall (15,500 sq. ft.) is $87k/year.

The annual operating costs for mu2e are listed in Table 2.6.
Decontamination and Decommissioning Costs
Decontamination and decommissioning of the Mu2e detector is relatively straightforward by Fermilab standards. The proton production target and the Production Solenoid heat shield will experience significant irradiation. Remote handling will be required to remove these devices and they will be stored at a safe location at Fermilab along with similarly irradiated materials.

Mu2e is a relatively unique experiment and much of the equipment is unique to this application. The scintillating crystals for the calorimeter could potentially be used for another experiment, though their short length may limit their applicability. Other equipment that could be reused includes power supplies, cryo equipment, vacuum pumps, photo detectors and scintillator.

	[bookmark: OLE_LINK1]Item
	$k per year

	Accelerator and Beamline
	$3800

	Power costs, detector hall
	$40

	Maintenance cost
	$87

	Phones and networking
	$25

	Solenoid power
	$158

	Liquid nitrogen
	$60

	Cryo plant power
	$158

	Cryo System operation and monitoring
	$1200

	Chamber gas (argon/CO2)
	$20

	Data storage
	$17

	Total
	$5565


[bookmark: _Ref191395424]Table 2.6. Annual operating costs for Mu2e.
The base cost to install the Mu2e detector is about $10M in AY dollars (assume installation in 2019-2020). We assume that the cost to remove the Mu2e detector from the detector hall is equal to the cost to install it.  In AY$, where we assume D&D in 2030, we estimate the base cost to be $12.8M. A 30% contingency added to this estimate would bring it up to $16.6M. This is consistent with the estimate to disassemble the BaBar detector of $9.4M (FY07) [12].
Total Life Cycle Costs
The total life cycle cost for Mu2e assumes a 4-year run to commission the accelerator and detector and accumulate data followed by two years of data analysis [10]. When the experiment is operating and taking data all of the costs included in Table 2.6 are applicable. When the experiment is not operating only the detector hall power, maintenance, phone, networking and data storage costs apply. The life cycle cost for Mu2e, including D&D, is shown in Table 2.7 and totals about $39M.

	Activity
	Duration
	Annual Cost ($k)
	Total Cost ($k)

	Data taking
	4 years
	$3765
	$22,260

	Data analysis
	2 years
	$169
	$338

	Data processing infrastructure
	1 time charge
	
	$130

	D&D
	
	
	$16,600

	Total
	
	
	$39,328


[bookmark: _Ref191633701]Table 2.7. Life cycle costs for Mu2e assuming a 4 year run followed by 2 years of data analysis.
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