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1. INTRODUCTION 
It is expected that in the next decade discoveries at colliders will help illuminate more fully the 

particle content of whatever New Physics (NP) model best describes Mother Nature. To get a more 

thorough understanding of the underlying dynamics responsible for the NP requires a plethora of 

measurements the colliders can’t do. These include determining the parameters of the PMNS matrix, 

probing the parameters of the CKM matrix, searching for evidence of mixing in the charged lepton 

sector (charged lepton flavor violation – CLFV), searches for baryon number violating processes, and 

direct searches for dark matter candidates.  

The muon anomalous magnetic moment aµ is a low-energy observable, which can be both 

measured and computed to high precision. The comparison between experiment and the SM  therefore 

provides a sensitive search for NP. At present, both measurement and theory have sub-part-per-

million (ppm) uncertainties, and the “g-2 test” is being used to constrain SM extensions. The 

difference between experiment and theory, Δaµ(Expt- SM) = (274 ± 76) × 10
-11

 (3,6 σ), is a highly 

cited result and a possible harbinger of new TeV-scale physics. Potential explanations of the deviation 

include: supersymmetry, lepton substructure, dark matter loop etc., all well motivated by theory and 

consistent with other experimental constraints. Fermilab Proposal-989[1] has a plan to reduce the 

experimental uncertainty by a factor of 4 or more. This reduction will lead to a more definitive result - 

Δaµ > 5σ “discovery-level” deviation from the SM - if the central value remains unchanged. A precise 

g-2 test, no matter where the final value lands, will sharply discriminate among models and will enter 

as one of the central observables in a global analysis of any SM extensions. 

The recently proposed Mu2e experiment at Fermilab [2] is a dedicated search for the CLFV 

process   e , which is the coherent conversion of a muon into an electron in the vicinity of 

a nucleus. Strictly speaking this process is forbidden in the SM. Once neutrinos masses are included, 

the process is allowed but effectively still absent since the rate is proportional to   222 / wij Mm ,    

where 
2

ijm  is the mass difference squared between ith and jth neutrino mass eigenstates, and MW  is 

the mass of the W-boson. For example, the predicted rates for the   e  and    e   

CLFV processes are less than 10
-50

 each [3]. This makes these processes a very theoretically clean 

place to search for NP effects. In many NP models that include a description of neutrino mass, the 

rates for these processes are enormously enhanced so that they occur at a level to which next 

generation experiments will have sensitivity. An ambitious experiment to study this physics was 

proposed for the AGS at Brookhaven. Called the  Muon to Electron COnversion (MECO) experiment, 

it was based on a muon beam line concept that was first proposed for the MELC experiment [4] at the 

Russian Institute for Nuclear Research (INR) a few years earlier. 

 There are a variety of CLFV experiments with sensitivities approaching theoretically 

interesting regions. These include CLFV tau lepton, muon, kaon, and b-meson decays. Among these 

the   e  process has sensitivity to the broadest array of NP models. Like the    e  , 
  eee  , or     processes,   e   is sensitive to NP contributions via loops, 

such as those expected in Supersymmetry via slepton mixing, induced in seasaw models of Heavy 

Neutrinos, and present in two Higgs doublet models. In addition, the   e  process is also 

sensitive to NP contributions via contact interactions, such as those expected in Compositeness, 

Leptoquark, and GUT models with additional gauge bosons and/or anomalous couplings [3]. The 



2 

above models predict rates as large as 10
-15

 in regions of phase space that overlap with LHC discovery 

sensitivities. For Phase-I the target discovery sensitivity on the rate of the   e  process, Rμe,  

     
                   

                     
 

is less than 10
-16

 and offers the Mu2e experiment great discovery potential over a wide array of NP 

models and enables it to probe mass scales as large at 10
4
 TeV, well beyond what will be explored at 

the LHC. The ratio of rates among various CLFV processes is model dependent and can differ by 

orders of magnitude. Measuring the rates of several CLFV processes will be important in elucidating 

the details of the underlying NP model. 

A muon-to-electron conversion experiment at Fermilab could provide an advance in 

experimental sensitivity of four orders of magnitude. The experiment could go forward in the next 

decade with a modest evolution of the Fermilab accelerator complex. Such an experiment could be the 

first step in a world-leading muon-decay program eventually driven by a next-generation high-

intensity proton source. Development of a muon-to-electron conversion experiment should be 

strongly encouraged in all budget scenarios considered by the Fermilab. 

 

1.0 Mu2e-II is the next perspective stage of experiment  
Proton Improvement Plan-II (PIP-II) is the centerpiece of Fermilab’s plan for upgrading the 

accelerator complex to establish the leading facility in the world for particle physics research based on 

intense proton beams. PIP-II has been developed to provide 1.6 MW of proton beam power at the start 

of operations of the Long Baseline Neutrino Facility (LBNF), while simultaneously providing a 

platform for eventual extension of LBNF beam power to >2 MW and enabling future initiatives in 

rare processes research based on high duty factor/higher beam power operations. PIP-II is based on 

the construction of a new 800 MeV superconducting linac, augmented by improvements to the 

existing Booster, Recycler, and Main Injector complex. To achieve another factor of ten improvement 

in sensitivity, Mu2e-II will require about 100-kW. The linac will have the possibility of being further 

upgraded to proton energies as high as 3-GeV. The present Mu2e design is optimized for 8-kW of 

protons at 8 GeV.  

 

1.1 Muon g-2 and Mu2e works together 
The muon g-2, together with searches for charged lepton flavor violation, electric dipole moments, 

and rare decays, provides such a complementary tool to probe the high energy frontier. 

The complementarity between these different measurements can be obviously seen. G-2 

corresponds to a favor- and CP-conserving interaction which is sensitive to and potentially enhanced 

by chirality flips.  Many high-energy collider observables are insensitive to chirality flips. Many other 

low-energy observables are chirality-flipping but flavor-violating (b- or K-decays, μ→e conversion, 

etc) or CP-violating (electric dipole moments). If charged lepton-flavor violation exists, observables 

such as μ→e conversion can only determine a combination of the strength of lepton-flavor violation 

and the mass scale of NP.  

  

Figure 1.1.1.: The supersymmetric 

contributions to the anomaly, and to μ→e 

conversion, showing the relevant slepton 

mixing matrix elements. The MDM and 

EDM give the real and imaginary parts of 

the matrix element, respectively. The × 

indicates a chirality flip. 

 

 

 

 

 



3 

In that case, g-2 can help to disentangle the nature of the NP. This implies that a more precise αµ- 

measurement will have significant impact on such models and can even be used to measure model 

parameters. Supersymmetric models are the most well-known examples, so muon g-2  would have 

substantial sensitivity to the supersymmetric particles. Compared to generic perturbative models, 

supersymmetry provides an enhancement to αµ(SUSY) by a factor tanβ (the ratio of the vacuum 

expectation values of the two Higgs fields). The SUSY diagrams for the magnetic dipole moment, the 

electric dipole moment, and the lepton-number violating conversion process μ→e in the field of a 

nucleus are shown pictorially in Fig. 1.1.1 

 
1.2 Status of the Muon g-2 and Mu2e experiments 

The Fermilab E989 experiment ( Muon g-2)  is on schedule to release its first result (with the BNL 

E821 statistics) of the measurement of the anomalous magnetic moment of the muon in  2018. The 

modification of Fermilab accelerator complex will be done by Spring 2017 when the commissioning 

of the storage ring will start. By that time the various detector subsystems will be installed with the 

ring inside the experimental hall. The passive shimming of the magnet to produce a highly uniform 

magnetic field is currently well underway and should complete in the following months, leaving the 

floor open for the active shimming to start. The final result anticipated for 2020 aims to reduce the 

total uncertainty of the BNL E821 experiment by a factor four. 

 The Mu2e experiment design and construction proceeds well and is on schedule to be 

commissioned with a beam by the end of 2020. The Mu2e experiment has received full CD-3 

approval and is preparing to enter full scale production. The detector hall and beamline construction is 

well under way. Its goal is to probe CLFV with a single event sensitivity of  2.9 × 10
−17

 or set an 

upper limit on the conversion rate < 6 × 10
−17

 at 90 % C.L., thus improving the previous sensitivity by 

four orders of magnitude. For the long term future ( > 2025 ) the possibility of a Mu2e phase-2 is 

being explored with the goal of increasing the sensitivity by an additional factor of 10. This can be 

obtained with a higher beam intensity and a detector capable of handling the the accidental activity 

occuring from muon capture. 

 
2. Muon g-2  Experiment 

    2.1 Goal of the Muon g-2 project 

It was proposed to measure the muon anomalous magnetic moment, aµ, to 0.14 ppm - a 

fourfold improvement over the 0.54 ppm precision obtained in the Brookhaven E821[5] experiment. 

The muon anomaly is a fundamental quantity and its precise determination will have lasting value. 

The current measurement was statistics limited, suggesting that greater precision can be obtained in a 

higher-rate, next-generation experiment. We outline a plan to use the unique Fermilab complex of 

proton accelerators and rings to produce high-intensity bunches of muons, which will be directed into 

the relocated BNL muon storage ring. The goal of the experiment is a precision on the muon anomaly 

of 16×10
-11

, which will require 21 times the statistics of the BNL measurement, as well a factor of 3 

reduction in the overall systematic error. 

The measurement of the muon anomaly has steadily improved over more than five decades, with 

increased experimental precision being matched by commensurate advances in theory. Figure 2.1.1 

shows the evolution in the reduction of uncertainty, along with the new goal for the proposed 

Fermilab experiment. The current experimental uncertainty, determined by Brookhaven E821, has an 

uncertainty of 63 × 10
-11

 (0.54 ppm), which is dominated by the statistical error (0.46 ppm). This 

suggests that a further increase in precision is possible if a higher integrated number of stored muons 

can be obtained. 

It is anchored by the re-use of the existing precision muon storage ring, an efficient and 

parasitic use of the Fermilab proton complex. During the same time period required to mount, run and 

analyze the New g-2 Experiment, a vigorous worldwide effort to reduce the uncertainty on the SM 

contributions will continue. 
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A new measurement of the anomalous magnetic moment of the positive muon aµ is also 

proposed with a novel technique utilizing an ultra-cold muon beam accelerated to 300 MeV/c and a 

66 cm-diameter muon storage ring without focusing-electric field at J-PARC[6]. The proposed 

experiment aims to achieve the statistical errors down to 0.1 ppm like in Fermilab Muon g-2 

experiment. 

 

 

Fig. 2.1.1: a) Graphical display of the achieved uncertainties in the measurement of the muon 

anomaly, beginning with the Nevis lab experiment in 1960. The goal of our Fermilab experiment 

improves on the Brookhaven result by a factor of 4. b) History of the precision of the measurements 

of aµ at CERN and BNL, compared with the SM prediction. 

2.2 Experimental  technique 

The experiment will be performed by injecting polarized muons into the storage ring, 

relocated from BNL to Fermilab, and observing the spin precession. The directly measured quantities 

are the anomalous precession frequency ωa - the difference frequency between the spin and the 

cyclotron frequencies - and the magnetic field seen by the muons, which is expressed as the Larmor 

frequency of a free proton, ωp. The ratio R of the two leads to the muon anomaly through the relation 

aµ = R/(λ - R), where ¸ λ= µµ/µp is the muon-to-proton magnetic moment ratio, determined from 

muonium hyperfine level splitting [7]. 

 The new experiment will operate in parallel with the high-energy neutrino operation, using a 

30% share of protons from the upgraded 8-GeV, 15-Hz Booster. Four short bunches of 10
12

 protons 

each will be formed for each injected Booster batch. A 3.1 GeV/c positive pion beam will be directed 

out of the target and along the 290-m AP2 beamline. Most of the pions will decay along the way and 

the forward-going (0-degree) highly polarized, muons will be captured in the line.   

  

Fig. 2.2.1: Schematic of the Fermilab 

layout for g-2. A proton batch is 

delivered from the Booster into the 

Recycler where it is divided into four 

smaller bunches by a new rf system. Each 

bunch is kicked out one-at-a-time and 

directed to the “antiproton” target at AP0. 

The pions produced there travel out along 

the red path toward the Pbar complex and 

back again to the new MC-1 (Muon 

Campus one) building, which is located 

adjacent to the AP0 building. 
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The decay muons are directed around the antiproton accumulator complex, and then back toward the 

target region along the parallel transfer line AP3. 

 The total distance from target to storage ring is approximately 900 m, which allows for 

efficient muon collection in the forward direction and a sufficient suppression of undecayed pions that 

enter the storage ring and initiate hadronic showers. The layout is shown in Fig. 2.2.1. 

 
The muon storage ring [8] is a superferric “C”-shaped magnet, 7.112 m in central orbit radius, 

and open on the inside to permit the decay electrons to curl inward to the detectors (Fig. 2.2.2). A 5 V 

power supply drives a 5177 A current in the three NbTi/Cu superconducting coils. Feedback to the 

power supply from the NMR field measurements maintains the field stability to several ppm. The 

field is designed to be vertical and uniform at a central value of 1.4513 T. Eighty low-current surface 

correction coils go around the ring on the pole piece faces for active trimming of the field. The 

opening between the pole faces is 180 mm and the storage region is 90 mm in diameter. 

 
Fig. 2.2.2: A 3D engineering 

rendition of the E821 muon 

storage ring. Muons enter the 

back of the storage ring 

through a field-free channel at 

approximately 10 o'clock in 

the Figure. The three kicker 

modulators at approximately 2 

o'clock provide the short 

current pulse, which gives the 

muon bunch a transverse 10 

mrad kick. The regularly 

spaced boxes on rails 

represent the electron detector 

systems. 

 

 

The measurement of ωa is made by recording the arrival times and energies of decay positrons in a 

suite of 24 segmented electromagnetic calorimeters.  Coincident events, which penetrate two or 

three adjacent calorimeter stations, serve as “lost muon” detectors. At three locations around the ring 

suites of straw chambers, placed upstream of the calorimeters and inside the vacuum chambers, 

provide detailed beam dynamic information and serve as the basis for a parasitic electric dipole 

moment measurement. 

 The detectors, electronics and DAQ, are designed to accept sustained rates per fill up to 3 

times as high as BNL E821. The rate comparison is important because it guides upgraded or new 

systems. First, the instantaneous rate near fit start time determines the pileup fraction, which is a 

critical systematic uncertainty. Second, the total data flow determines the details of the electronics and 

DAQ systems, their data transfer rates and the total data storage required. Higher data rates lead to the 

conclusion that segmented electromagnetic calorimeters are required to reduce the pileup fraction per 

channel. 

   

 

Fig. 2.2.3: Distribution of electron counts versus 

time for the 3.6 billion muon decays. The data 

are wrapped around modulo 100 µs. 
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Positron decays are recorded individually and are sorted by energy and time. For each positron 

recorded at time t and having energy greater than Eth, a single count is incremented in a histogram, 

such as the one shown in Fig. 2.2.3. The asymmetry  A is determined by the choice of threshold, and 

the statistical power is proportional to NA
2
, where N -number of decay electrons per unit energy. 

Optimizing this figure-of-merit implies setting Eth between 1.8 and 1.9 GeV. 

 

DAQ  
The detector data acquisition system will provide continuous readout, event building and data storage 

of the 12-bit, 800 MSPS digitizers instrumenting the 24x54 calorimeter segments, straw tracker and 

auxiliary detectors. Onboard memories in the digitizers will buffer the raw data and allow its 

asynchronous readout over 10 Gbit ethernet, thus decoupling the DAQ event cycles from storage ring 

fill cycles. The frontend layer includes 12 multicore-CPUs with 24 Nvidia Tesla K40 GPUs (288 

GB/s bandwidth, 2880 CUDA cores per one GPU) for the calorimeter, one tracker frontend and one 

frontend for the auxiliary detectors. The frontends will process the digitized records of individual fills 

into several derived datasets, while a backend layer of multicore CPUs will handle the assembly and 

storage of the event fragments from the frontend layer. Each stored event will represent a complete 

record of the activity in the detector systems for each storage ring fill. The DAQ is implemented as a 

modular, distributed system on a parallel, layered array of networked, commodity PC's running 

Scientific Linux (SL). The DAQ software is based on the MIDAS data acquisition framework and the 

ROOT data analysis framework. Data quality monitoring (DQM) software (online analysis layer) will 

be continuously converting a partial sample of the MIDAS data on-the-fly to ART format, which is 

standardly used in FNAL for offline data processing and simulation. The online ART data will be 

processed by a DQM server and the resulting histograms will be accessible via a web interface. So the 

same ART based programs could be used both for offline and online analysis. The design will also 

offer the flexibility to construct the T, Q and other datasets at the software level in the frontend 

CPU/GPU layer. The T-method data will be constructed by saving individual “islands" of above-

threshold calorimeter signals and the Q-method data will be constructed by accumulating histograms 

of fully-digitized fills. This scheme will reduce the 20 GByte/s rate of continuous digitization by a 

factor of 100. The size of the full data on tape after 2 years of running will be about 2 PB.A separate 

MIDAS based field DAQ system not tied to muon fills will perform both continuous B-field 

measurements 

at fixed points 

and record data 

from trolly 

runs. A custom 

JavaScript for 

online data 

display and 

MIDAS history 

for simple trend 

plot display will 

be used. 

 

 

Fig. 2.2.8   Data 

flow in the g-2 

experiment 
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3. Mu2e  Experiment 

3.1 Charged Lepton Flavor Violation 

Globally there is a very active program searching for CLFV processes using rare decays of muons, 

taus, kaons, and B-hadrons. The ratio of rates among various CLFV processes is model dependent and 

varies widely depending on the underlying physics responsible. Thus, it is important to pursue 

experiments sensitive to different processes in order to elucidate the mechanism responsible for LFV 

effects. The most stringent limits come from the muon sector because of the relative “ease” with 

which an intense source of muons can be produced.  Three rare muon processes stand out, 

   e  ,   eee  and   e . Searches for these processes have yielded null 

results and set upper limits on the corresponding decay rates.  At the 90% confidence level the 

branching ratio for    e  must be less than 1.2  10
−11

 [9], the branching ratio for
  eee  must be less than 1.0  10

−12
 [10], and Rμe(Ti) (μe conversion on titanium) must be 

less than 6.1 x 10
−13

 [11]. In the next decade significant progress on improving these sensitivities is 

expected only for two of these processes.   

 The MEG experiment [12] operating at PSI, has a target sensitivity in the range of 10
−13 

– 

10
−14

 for the    e branching ratio, while the proposed COMET experiment [13] at JPARC and 

Mu2e at Fermilab would each reach sensitivities of 10
−16 

– 10
−17

 on  Rμe(Al).  It’s important to note 

that these two decay processes have complementary sensitivity to NP effects and the results from both 

are helpful in order to untangle the underlying physics.  To illustrate this one can estimate the 

sensitivity of a given CLFV process in a model independent manner by adding lepton-flavor-violating 

effective operators to the SM Lagrangian,  

 
     

  

                 
   

 
     

             
         

 

where Λ is the scale of NP and k is an arbitrary parameter controlling the relative contribution of the 

two terms.  If k<<1, the first term, a dimension five magnetic-moment-type operator, is dominant.  If 

k>>1, the second term, a four-fermion interaction-type operator, is dominant. The    e  

process is predominantly sensitive to NP described by the first term, while the   e  (and 
  eee ) process is sensitive to NP described by either term.   The NP scale, Λ , to which these 

two processes are sensitive as a function of k is shown in Figure3.1.1. The projected sensitivity of the 

MEG experiment will probe  Λ values up to 2000 - 4000 TeV for k<<1 scenarios, while having little 

sensitivity for k>>1 scenarios.   The projected sensitivity of the Mu2e experiment will probe Λ values 

from 3000 to over 10000 TeV over all values of k.  It should be noted that these effective operators 

provide a good description of most the NP scenarios in which large CLFV effects might appear in 

   e + 
 and   e  decays and the conclusions regarding relative sensitivity are 

generically true.  As demonstrated by Figure 3.1.1, a 

Mu2e experiment sensitive to rates in the range of 10
–16 

– 

10
–17

 is interesting and important in all MEG scenarios.    

 
Fig. 3.1.1 The sensitivity to the scale of NP, Λ, as a 

function of k, for a muon-to-electron conversion 

experiment with a sensitivity of 10
-16

 – 10
-17

 is compared 

to that for a muon–to-electron-gamma experiment with a 

sensitivity of 10
-12

 – 10
-13

. See the text for a definition of 

k. The excluded region of parameter space, based on 

current experimental limits, is shaded. 
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3.2  Signal and Backgrounds for muon conversion experiments 

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 absence of 

accidental backgrounds and the fact that background from muon decay electrons are strongly 

suppressed near the conversion energy. 

 When a negatively charged muon is stopped in a target it rapidly (~10
−16

 s) cascades down to 

the 1S state.  Capture, decay or conversion of the muon takes place with a mean lifetime that has been 

measured in various materials and ranges from ~100 ns to over 2 μs [14].  Neutrinoless conversion of 

a muon into an electron will produce an electron with an energy that is slightly less that the rest mass 

of the muon and that depends on the target nucleus: 

Ee = mμc
2
 – Bμ(Z) – C(A), 

where Z and A are the number of protons and nucleons in the nucleus, Bμ is the atomic binding energy 

of the muon and C(A) is the nuclear recoil energy.  In the case of muonic aluminum the energy of the 

conversion electron is 104.97 MeV and the muon lifetime is 864 ns [14].  An electron of this energy, 

detected in a search window delayed with respect to the muon stop, signals the conversion.  

At the proposed Mu2e sensitivity there are potential background processes that can mimic a 

muon-to-electron conversion signal.  Controlling these backgrounds drives the overall design of 

Mu2e. These backgrounds result principally from four sources: intrinsic processes that scale with the 

number of stopped muons and includes muon decay in orbit (DIO) and radiative muon capture 

(RMC), prompt processes where the detected electron is nearly coincident in time with a beam 

particle arriving at the stopping target, electrons that are induced by cosmic rays, and mis-

reconstructed events that result from additional activity from conventional processes that can add tails 

to the momentum resolution function. 

While a free muon decaying at rest can produce an electron whose energy is at most half of 

the muon rest mass, the decay of a bound muon can result in an electron with energy approaching that 

of a conversion electron. At the kinematic limit of the bound decay, the two neutrinos carry away no 

momentum and the electron recoils against the nucleus, simulating the two-body final state of muon-

to-electron conversion.  The differential energy spectrum of electrons from muon decay in orbit falls 

rapidly  near  the  endpoint,  proportional to  (Eendpoint-Ee)
5
.  The nuclear recoil slightly distorts the 

Michel peak and gives rise to a small recoil tail that extends out to the conversion energy.  

 Radiative muon capture is an intrinsic source of high energy photons that can convert to an 

electron-positron pair in the stopping target or other surrounding material.  Photons can also convert 

internally.  These two rates are approximately equal. Radiative muon capture can produce photons 

with energies approaching that of the muon rest mass but falling slightly short because of the 

difference in mass of the initial and final nuclear states and the nuclear recoil energy.  The shape of 

the photon spectrum and the rate of radiative muon capture are not well known for medium mass 

nuclei and experiments have not had enough data to observe events near the kinematic endpoint of 

102.4 MeV.  The electrons that result from converted photons cannot exceed the kinematic endpoint 

of the photons, so sufficient electron energy resolution can render this background negligible.  
 Most low-energy muon beams have large pion contaminations.  Pions may produce 

background when stopping in the target or surrounding material through radiative pion capture (RPC) 

which takes place with a probability of ~ 10
−2

.  The RPC photon spectrum extends beyond the energy 

of electrons produced by muon-to-electron conversion, so electrons that result from photon 

conversions in material can produce background.  Since pionic atoms decay promptly through the 

strong interaction, RPC background can be suppressed with the help of a veto counter in the beam, by 

using a pulsed proton beam or by suppressing the number of pions in the muon beam.  Electrons in 

the beam that scatter in the target and the decay in flight of a muon in the region of the stopping target 

are other examples of prompt backgrounds. 

 Cosmic rays (electrons, muons, photons) are a copious source of electrons with energies near 

100 MeV.  If such electrons have trajectories that appear to originate in the stopping target they can 

fake a muon conversion.  With the exception of a cosmic ray photon that produces an electron by 
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converting in the stopping target or other nearby material, these events can be rejected by identifying 

the incoming particle.  Passive shielding and veto counters around the spectrometer help to suppress 

this background that scales with the experiment’s live time rather than with beam intensity. 

 Low energy electrons combined with random accidental activity in the detector can 

reconstruct to fake conversion electrons.  Additional activity in the detector can originate from the 

muon beam, from multiple DIO electrons within a narrow time window, and from muon capture on a 

target nucleus that results in the emission of photons, neutrons and protons.  The protons from muon 

capture have a very small kinetic energy and are highly ionizing, so the large pulses they leave behind 

in tracking chambers can shadow hits from low energy electrons, potentially adding to the likelihood 

of reconstruction errors.  While the rate of accidental background scales with beam intensity, the level 

ultimately depends on the details of the detector design and the reconstruction software[15,16]. 

 

Category Background process Estimated yield 

(events) 

Intrinsic Muon decay-in-orbit (DIO) 0.199  0.092  

Muon capture (RMC) 0.000
-0.000

+0.004  

   

Late Arriving Pion capture (RPC) 0.023  0.006 

Muon decay-in-flight (-DIF) <0.003 

Pion decay-in-flight (-DIF) 0.001  <0.001 

Beam electrons 0.003  0.001 

   

Miscellaneous Antiproton induced 0.047  0.024 

Cosmic ray induced 0.082  0.018 

 Total 0.36  0.10 

 
TABLE 3.2.1. Summary of background and error estimates. 

 3.3   Overview of Mu2e 

The proposed Mu2e apparatus [15,16] is shown in Figure 3.3.1. An integrated array of 

superconducting solenoids form a graded magnetic system that includes the Production Solenoid, the 

Transport Solenoid and the Detector Solenoid.  The Production Solenoid contains the production 

target that intercepts an 8 GeV, high intensity, pulsed proton beam.  The S-shaped Transport Solenoid 

transports low energy μ
-
 from the Production Solenoid to the Detector Solenoid, allows sufficient path 

length for nearly all of the pions to decay to muons and attenuates nearly all high energy negatively 

charged particles, positively charged particles and line-of-sight neutral particles. The Detector 

Solenoid provides a graded field for the stopping target and a uniform field for the tracker and the 

calorimeter.  The tracking detector is made from low mass straw tubes oriented transverse to the 

solenoid axis and the calorimeter consists of lead tungstate crystals arranged in four vanes.  The 

electron energy resolution from simulations is ~ 900 keV (FWHM) and is dominated by fluctuations 

in the energy lost in the target, proton absorber and from multiple scattering in the tracker.  

 To increase the sensitivity to muon-to-electron conversion by a factor of 10,000 the muon 

beam intensity for Mu2e will be increased to 10
11

 Hz.  This significant increase in intensity is 

achieved by placing the production target into a graded solenoidal field that varies from 2.5 - 5.0 T, 

similar to a strategy investigated for the muon collider.  A proton beam enters the production solenoid 

moving in the direction of increasing field strength, opposite the outgoing muon beam direction and 
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away from the detectors.  Pions and decay muons moving in the forward direction but outside the loss 

cone for the field gradient (~30) will be reflected back by the higher field and will join the backward 

produced pions following helical trajectories. A large fraction of the confined pions decay, producing 

muons that accelerate out of the low field region and into another solenoid that transports them to the 

stopping target. The resulting efficiency is ~0.0025 stopped muons per incident proton. 

 At the rates required for Mu2e, beam counters can no longer operate efficiently to identify 

prompt backgrounds.  To eliminate prompt backgrounds the Mu2e proton beam will be pulsed.  By 

taking advantage of the relatively long lifetime of the muon in the stopping target it is possible to 

search for conversion electrons between proton pulses during times when the flux of particles in the 

secondary muon beam is relatively low.  The Fermilab accelerator complex will provide narrow 

pulses of protons, separated by about twice the muon lifetime in aluminum, with little or no beam 

between pulses.  The beam structure and the delayed search window are shown in Figure 3.3.2. 

  

 
 
Fig. 3.3.1: The proposed Mu2e apparatus. The Cosmic Ray Veto that surrounds the detector Solenoid  

and absorbers inside the Detector Solenoid are not shown. 

 
 The muon stopping target will be located in a graded solenoidal field that varies smoothly 

from 2.0 to 1.0 Tesla.  The active detector will be displaced downstream of the stopping target in a 

uniform field region.  This configuration increases the acceptance for conversion electrons, suppresses 

backgrounds and allows for a reduction of rates in the active detector. 

 Conversion electrons are produced isotropically in the stopping target.  Electrons that emerge 

from the target in the direction opposite the tracking detector (upstream) see an increasing field that 

reflects them back towards the detector where they can be observed.  This essentially doubles the 

acceptance for conversion electrons.  Conversion electrons emitted at 90  30 with respect to the 

solenoid axis (pt > 90 MeV/c) are projected forward in helical trajectories with large radii that 

intercept the tracking detector.  Beam particles and decay electrons with smaller pt, representing the 

vast majority of the rate, pass undisturbed through the evacuated center of the detector.  In addition to 

nearly doubling the acceptance for conversion electrons, the graded field helps to reject background 

by shifting the transverse momentum of electrons passing through it. Conversion electrons within the 

acceptance of the detector originate from the stopping target with transverse momenta  > 90 MeV/c.  

The graded magnetic field shifts the transverse momentum of the conversion electrons that reach the 

tracker into the range between 75 MeV/c < pt < 86 MeV/c.  Electrons with a total momentum of 105 

MeV/c that are generated upstream of the stopping target cannot reach the tracking detector with more 

than 75 MeV/c of transverse momentum because of the effect of the graded field, eliminating many 

potential sources of background. 

 The active detector is displaced downstream of the stopping target, reducing the 

acceptance for neutrons and photons emitted from the stopping target and allowing space for 

absorbers to attenuate protons from the stopping target.  This helps to reduce accidental 

backgrounds.  The active detector consists of low mass straw tubes oriented transverse to the 
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Detector Solenoid, a calorimeter constructed from crystals arranged in 2 disks and a cosmic 

ray veto that surrounds the Detector Solenoid. 

 

 
Fig. 3.3.2 The Mu2e spill cycle for 

the proton beam and the delayed 

search window that allows for the 

effective elimination of prompt 

backgrounds when the number of 

protons between pulses is 

suppressed to the required level. 

 

 

3.4  Mu2e Cosmic Ray Veto.  
One major background source for Mu2e is related to cosmic ray muons producing false conversion 

signal’s when interacting with the detector materials. Cosmic-ray muons striking the muon stopping 

target and other materials in the detector region can produce delta rays that will occasionally be of the 

right energy and fall within the detector acceptance, producing conversion-like background events. 

Cosmic ray muons can also decay, producing electrons that could be mistaken for a conversion signal. 

 The background from cosmic rays is directly proportional to the live time of the experiment, 

so the first layer of protection is the pulsed beam structure and the restricted time window when 

events are accepted. Passive shielding, including the overburden  above and to the sides of the 

detector enclosure, and the neutron shield surrounding the Transport and Detector Solenoids, 

eliminates background sources other than penetrating muons, which cannot be suppressed, but rather 

must be identified. Approximately one conversion event per day from cosmic-ray muons is produced: 

to reduce that rate to 0.05 events during the entire running period the active shield must suppress the 

rate by a factor of 10,000. 

  The CRV surrounds the Detector Solenoid on 3 sides and extends up to the midpoint of the 

Transport Solenoid. Comprised of four staggered layers of  scintillation counters , the CRV utilizes 

two embedded Wavelength Shifting Fibers, each readout by means of 2×2 mm
2
 Hamamatsu SIPM.  

To reduce the background from cosmic rays to 0.05 events over the live time of the 

experiment the Cosmic Ray Veto must be essentially 100% hermetic on the top and sides. In the 

region of the muon stopping target the cosmic ray veto must be 99.99% efficient. 

 The Cosmic Ray Veto must survive an intense neutron flux coming primarily from the muon 

stopping target. Most of the neutrons have kinetic energies below 10 MeV, with the most probable 

energy about 1 MeV. Polystyrene scintillator (C8H8) is sensitive to neutrons that elastically scatter on 

the hydrogen protons, although quenching (Birk’s Rule) reduces the light output by an order of 

magnitude. Studies show that the rate in the counters comes primarily from gammas that are produced 

from neutron capture on hydrogen. Passive shielding outside the Transport and Detector Solenoids 

will moderate and capture most of the neutrons. The magnitude and pattern of energy deposition in 

multiple layers of scintillator is expected to be different for neutrons and muons, which can further 

help to eliminate false veto signals from neutrons. 

 The scintillation counters are grouped into modules, with each module having four layers of 

counters. There are 82 modules, of seven different sizes. Full-size modules contain 64 total 

scintillation counters, 16 per layer, and are 0.859 m wide, whereas narrow modules have half that 

number of counters, and are 0.443 m wide. Besides these two different widths, the only difference 

between modules are their lengths, which range from 0.9 m to 6.6 m. Module masses range from 

128 kg to 939 kg. The modules are deployed into six geographical sectors: the upstream (CRV-U) and 

downstream (CRV-D) regions, the right (CRV-R) and left (CRV-L) sides, and the top sector (CRV-T) 

( see Fig. 3.4.2).    
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Figure 3.4.2. The cosmic ray veto covering 

the Detector Solenoid looking downstream, 

showing the upstream (CRV-U), right (CRV-

R), and top (CRV-T) sectors. 
 
 

 
3.5 Electromagnetic Calorimeter 

The electromagnetic calorimeter is used to form the experimental trigger, to provide a reference time 

of about 1 ns and space point resolution of about 1 cm for track reconstruction, and a redundant 

measurement of the electron energy. The calorimeter must operate in a high-rate environment with a 

radiation dose of about 200 Gy/year. Its response must be suffciently fast that when the detector is 

turned on 700 ns after the start of the prompt flash, little residual light remains. The calorimeter must 

be able to operate with no untoward effects in the 1T magnetic field of the detector solenoid. It should 

have little acceptance for the enormous rate of decay-in-orbit elections coming from the stopping 

target, and large acceptance for  ~100MeV electrons coming from the stopping target. Its energy 

resolution must be good enough to enable the trigger to operate at a rate of  ≤1 kHz. 

 

 
Fig. 3.5.1: a) 3D view of the Mu2e detector showing the straw tracker and the electromagnetic 

calorimeter, along with the track of a conversion electron. b) CAD drawings of the calorimeter disks. 

Calorimeter innermost (outermost) radius is of 351 mm (670 mm) with a crystal length of 200 mm. 

Layout of the FEE and digitization crates is also shown. 

 
 The electromagnetic calorimeter system  is composed by two disks of scintillating crystals 

and is placed downstream of the tracker. Similarly to the tracker, the inner circular hole allows to be 

insensitive to the DIO electrons up to 55 MeV/c momenta. The calorimeter tasks are that of providing 

a powerful particle identification between muons and electrons, an independent trigger system and a 

seed for tracking in a complicated reconstruction environment. In order to fulfill these requirements 

the calorimeter must provide an energy resolution of O( 5% ), a time resolution < 500 ps and a 

position resolution better than 1 cm for 100 MeV electrons. The selected crystals should survive a 

dose of 100 krad and a fluence of up to 10
12

 n/cm
2
. The photosensors are shielded by the crystals 

themselves and should only sustain a fluence of up to 3 × 10
11

 n1MeV/cm
2
. 

 In the 100 MeV energy regime, a total absorption calorimeter employing a homogeneous 

continuous medium can meet the resolution requirement. This could be either a liquid such as xenon, 

or a scintillating crystal; we have chosen the latter. Three types of crystals have been considered in 

detail for the Mu2e calorimeter: lutetium-yttrium oxyorthosilicate (LYSO), barium fluoride (BaF2) 

and un-doped Cesium Iodine (CsI). The final selected design for the Mu2e calorimeter uses an array 

of CsI crystals arranged in two annular disks, as shown in Fig.3.5.1.. Electrons following helical 

trajectories spiral into the front faces of the crystals, as shown in Fig.3.5.1.right. The crystals are of 

parallelepiped shape, with a transversal dimension of 34x34 mm
2
 and a length of 200 mm; there are a 

total of 1348 crystals. Each crystal is read out by two large-area silicon photomultipliers (SiPM); 

solid-state photo-detectors are required because the calorimeter resides in a 1 T magnetic field. Front-

end electronics is mounted on the rear of each disk, while voltage distribution, slow controls and 
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digitizer electronics are mounted in crates located on top of each disk. A laser flasher system provides 

light to each crystal for relative calibration and monitoring purposes. A circulating liquid radioactive 

source system provides absolute calibration and an energy scale. The crystals are supported by a 

lightweight carbon fiber support structure in the inner region and by an aluminum support in the outer 

region.  

 

4. JINR CONTRIBUTION 

 
 The aim of the current PROJECT is to continue the process for JINR to participate in the 

Muon g-2 and  Mu2e experiments.  This includes R&D and design activities, simulations, data 

acquisition, data taking and data analysis.  JINR physicists stationed at Fermilab would play a role in 

the integration, installation and commissioning of the Muon g-2 and  Mu2e detectors. 

 This is a follow-up to MoU between FERMILAB and JINR concerning scientific cooperation 

in Muon g-2 and Mu2e experiments in particular. This MoU was signed by JINR and FNAL 

Directorate. The present PROJECT will cover the activities and commitments detailed bellow. 

 The detailed description of the contribution of JINR scientists in experiments over the past 3 

years and plans for the future is given in the project, see also ref. [d1-d18,c1-c8]. Here we restrict 

ourselves to the cumulative  tables. 

 

Working status and plan  (summary)                Muon g-2 experiment 
Done In progress New 

 

Online data quality 

monitoring (DQM) software 
for the calorimeter prototype 

using the ROME (Root based 

Object oriented Midas 

Extension) framework has been 

developed and successfully 

used during test run at SLAC in 

April 2016. 

 

Prototype of the straw  

tracker with 1 mm longitudinal 

space resolution was created 

and tested successfully. 

 

 

A development of an online 

event display program based 

on PARAVIEW data analysis 

and visualization software is in 

progress. The real time data 

from the detector will be 

transferred to a special server 

where the MIDAS data are 

converted on-the-fly to the ART 

format.(2018-2019)  

 

MIDAS  online alarm system  

development and support. 

Integration of all required 

alarms from different 

experiment subsystems into the 

central MIDAS DAQ. Testing 

and debugging of the new alarm 

system during engineering runs 

before data taking. Support of 

the alarm system during beam 

runs. (2018-2020)  

 

MIDAS ODB support and 

interfacing 
Development of new custom 

JavaScript web pages for the 

MIDAS ODB control. Special 

applications scripts for checking 

ODB integrity and correcting 

possible errors. (2018-2020) 

 

Participation in the test and 

data taking runs 
Participation in final integration 

and testing of the full DAQ 

system .Expert support of the 

MIDAS software during 

physical runs 2018-2020. 

 

Analysis of the physical data 

(2018 -> ) 

 

 
Working status and plan  (summary)          Mu2e experiment ( calorimeter) 

Done In progress New 

 

E.m. calorimeter simulation 
Lyso, CsI  crystals and matrix 

simulation: time, energy 

resolution,  longitudinal 

 

E.m. calorimeter simulation 
Calorimeter in situ calibration 

methods ( 2018-2020) 

 

 

CsI crystals QA tests at 

Yerevan electron accelerator ( 

15-40 MeV e
-
 beam) and data 

analysis (2018-2020) 
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uniformity 

 

prototype Lyso crystal matrix  
( 3x3) tests  at electron beams 

and data analysis 

 

prototype CsI crystal matrix 

(3x3) tests ( with PMT ) at 

Yerevan electron accelerator 

(15-35 MeV) and data analysis 

 

prototype CsI crystal matrix 

(3x3) tests ( with SiPM)  at 

Frascati electron accelerator 

(70-105 MeV) and data analysis 

 

Radioactive sources test of 

CsI crystals at DLNP lab. 

Longitudinal response 

uniformity and  ratio fast to 

total scintillation component  

 

Preparation to the crystal 

tests at JINR electron 

accelerator  LINAC-800.   
Testing the accelerator in the 

low intensity operation and 

background conditions. (2018-

2020) 

 

RnD with BaF2 crystals and 

solar blind photodetectors. ( 

2018-2020)  

 

 

 CsI crystals QA tests at  

Frascati electron accelerator 
(70-120 MeV) (2018-2020) 

 

CsI crystals QA tests at DLNP 

lab on radioactive sources and 

cosmic muons (2018-2020) 

 

Participation in the 

calorimeter assemble and 

commissioning (2020) 

 

Participation in the data 

analysis ( 2021 -> )  

 

 

Working status and plan  (summary)          Mu2e experiment ( CRV) 
Done In progress New 

 

Simulation of the CRV 

counters characteristics under 

different test conditions and 

optical resin filling 

 

Increasing the light yield from 

scintillation strips . The 

method of parallel filling of 

several fiber channels is 

developed. The measured light 

yield of the strip filled with 

optical resin SKTN-MED(E) in 

average is 1.5-1,8 times higher 

than that of the “dry” strip 

 

Test beam of the CRV 

counter prototypes. 

Participation in the tests at 120 

GeV proton beam and data 

analysis  

 

Technology of the CRV 4-

layers module assembly is 

developed and  pilot module is 

produced  
 

 

Simulation of the CRV 

efficiency in the experimental 

setup (2018-2019)  

 

Radiation hardness tests of 

the scintillator strips and filler 

samples at the JINR IBR-2 

facility are performing (2018)  

 

 

Test beams of the SKTN filled 

counters  (2018)  

 

Design and creation of the 

stand for QA testing of the 

produced CRV 4-layers 

modules up to 6.6 m length 

(2018) 

 

Control on the CRV modules 

production and  

QA tests of the  manufactures 

CRV modules (2018-2020) 

 

Participation in the CRV 

system assemble and 

commissioning (2020) 

 

Participation in the data 

analysis ( 2021 -> )  
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