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probability to be transported to the target from where they
may scatter into the acceptance of the spectrometer. Pion
decay in flight is another source of electrons in the beam.

2.4 Cosmic ray background

Cosmic rays (electrons, muons, photons) are a copious
source of electrons with energies around ≈ 100 MeV. With
the exception of γ→ e+e− pair production in the target
these events can be recognized by an incoming particle.
In addition passive shielding and veto counters above the
detection system help to suppress this background. From
the analysis of data recorded over the years during exten-
sive measuring periods without beam we found that it is
possible to suppress this background below the level of 0.1
events at the cost of a loss in sensitivity of O(10%). See
Sect. 6.2 for further details.

3 Experimental setup

The experiment was performed with the SINDRUM II
solenoidal spectrometer at the PSI secondary beam line
πE5. Figure 2 shows the experimental layout including pro-
ton beam, pion production target, secondary beam line,
transport solenoid and SINDRUM II spectrometer. Vac-
uum is maintained all the way from the proton channel to
the exit of the spectrometer. A thin window at the exit of
πE5 keeps radio-active gases produced by the proton beam
away from the detectors.

3.1 Muon beam

The 590 MeV proton beam has a time structure of 0.3 ns
wide bursts every 19.75 ns. The πE5 secondary beam line
extracts particles emitted in backward direction from the

Fig. 2. Plan view of the experiment. The 1 MW 590 MeV proton beam extracted from the PSI ring cyclotron hits the 40 mm car-
bon production target (top left of the figure). The πE5 beam line transports secondary particles (π, µ, e) emitted in the backward
direction to a degrader situated at the entrance of a transport solenoid connected axially to the SINDRUM II spectrometer. Inset
a) shows the momentum dispersion measured at the position of the first slit system. The momentum was calculated from the flight
time through the channel and the distributions show the increase when opening one side of the slit. Inset b) shows a cross section
of the beam observed at the position of the beam focus

pion production target with a solid angle acceptance of
150 msr. Since practically all muons transmitted by the
beam line originate from pion decay in the vicinity of
the production target the delay between the time when
the protons hit the production target and the time when
a muon arrives at the beam exit is to good approximation
given by the muon time of flight. As a result the muon
momentum distribution can be deduced from the distribu-
tion of muon arrival times relative to the cyclotron rf sig-
nal. The experiment was performed at central momenta of
52 MeV/c and 53 MeV/c which is sufficiently low to avoid
background from muon decay in flight.

The beam line is symmetric about the middle where the
beam is focused in the vertical plane. Dispersive horizontal
foci are found at two other positions. Slit systems at these
locations (see Fig. 2) allow to define the momentum band.
As has been discussed in Sect. 2.3 a narrow band is required
for an efficient π−µ separation using the different range in
matter. The momentum dispersion in the plane of the first
horizontal (x) slit shown in inset a of Fig. 2 has been de-
termined from the distributions of the muon time of flight
for different slit positions. A momentum band of ±2% was
selected during most of the data taking.

The beam spot at the end of the beam line was meas-
ured with the help of a slab of scintillating material viewed
with a camera (inset b of Fig. 2). A further focus is found
about 1 m behind the entrance of the transport solenoid,
a 9 m long superconducting magnet operated at a field
strength of 1.1 T. Here a lead collimator is situated with
a diameter of 60 mm followed by an 8 mm thick CH2 de-
grader which is used to remove pions from the beam (see
Sect. 2.3). Because of the large momentum band behind
the degrader and the many turns the muons make in the
transport solenoid no beam focus exists inside the spec-
trometer. Still beam particles periodically return to the
solenoid axis, i.e. every ≈ 65 cm for a typical momentum
after the degrader of 35 MeV/c and for this reason the gold
target was made in the form of a 65 cm long tube.340 The SINDRUM II Collaboration: A search for µ− e conversion in muonic gold

Fig. 3. The SINDRUM II spec-
trometer. Typical trajectories
of a beam muon and a hypo-
thetical conversion electron are
indicated

3.2 SINDRUM II spectrometer

Figure 3 shows a vertical cross section through the SIN-
DRUM II spectrometer in the configuration used for this
experiment. Beam is entering from the solenoid (A in
Fig. 3) on the left. The gold target (B) with a radius of
≈ 20 mm and a wall thickness of 75 mg/cm2 was produced
in a galvanic process to ensure the high purity required to
suppress background from MIO in low and medium Z con-
taminations. Due to the lower muon binding energy such
background reaches beyond Eµe for gold.

As is illustrated in Fig. 3 hypothetical µ− e electrons
are contained radially in the tracking region of 1.35 m
diameter and 1.8 m length, making one or several turns
before reaching an end-cap detector. The wall of the vac-
uum chamber inside the tracking region (C) consists of
two concentric carbon fiber tubes separated by honeycomb
and covered with aluminum foil giving a total thickness
of only 0.325 g/cm2 [19]. Two drift chambers DC1 and
DC2 (F and G, respectively) were used to measure the he-
lical trajectories. They extend radially between 37.6 and
44.1 cm and between 44.9 and 66.8 cm, respectively. In
both tracking detectors the ionization electrons drift ra-
dially towards the amplification regions situated on the
outside of the detectors. The spectrometer acceptance is
defined by the requirement that the particles reach the
DC1 sense wire plane at least once before crossing one of
the end-cap hodoscopes. In this geometry half turns of the
particle trajectories are recorded which minimizes the im-
pact of multiple scattering on the momentum resolution.

The main tracking detector DC1 uses CO2 -isobutane
(70/30) as a drift gas. In this mixture electrons from ioniza-
tion tracks have a drift velocity of≈1 cm/µs at the 1 kV/cm
drift field resulting in a moderate 6◦ Lorentz deflection. The
768 anode wires are situated at a radial position of 44.7 cm.
Every second anode wire is a sense wire so 50% of the ion-
ization electrons are collected.Thewall separatingDC1and

DC2 is made of low-density foam sandwiched between alu-
minized Kapton foils and has a density of only 35 mg/cm2.
To stabilize its position DC1 is kept at an overpressure of
1 mbar relative to DC2. The aluminum on the inside of the
wall is divided into 4.4 mm wide helical strips which al-
lows 3-dimensional track reconstruction.There are separate
strips for the upstream and downstream halves of the de-
tector (2×192 strips in total) oriented at ±72◦ relative to
the sense wires. The angle has opposite signs for the two
hemispheres such that electrons never move in the direction
along the strips. See [20] for further details.

The second tracking detector DC2 uses He-isobutane
(85/15) as a drift gas. This gas mixture was chosen for its
large radiation length of 1140 m with minimal impact on
the momentum resolution of the spectrometer. About 30%
of the ionization electrons are collected and amplified in 96
detector modules situated at a radial position of 65 cm.

Two plastic scintillator hodoscopes of 3 mm thickness
(D) and a 3 cm thick plexiglass Čerenkov hodoscope (E)
are used for triggering and for timing information. The
main scintillator hodoscope situated just inside DC1 has
64 elements with photomultipliers at both ends. This de-
tector is used in the trigger for data readout and off-line
it defines the start time for the drift chambers and the di-
rection of motion of the particle along the trajectory. Two
end-cap hodoscopes are situated at both ends of the track-
ing region. These detectors are used for triggering and help
to resolve ambiguities in the event reconstruction.

The procedures of the event reconstruction are de-
scribed in Sect. 6.1 below. Figure 4 shows as an example
the tracks left by a≈ 100 MeV/c electron together with the
reconstructed trajectory. The electron made two turns be-
fore reaching the Čerenkov hodoscope at the downstream
end of the spectrometer. As will be discussed in Sect. 6.1
events with more than one turn can be reconstructed very
reliably by testing the continuity of the trajectory between
the first two turns.
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Fig. 11. Momentum distributions of electrons and positrons
for the two event classes. Measured distributions are compared
with the results of simulations of muon decay in orbit and µ−e
conversion

decay in orbit (MIO) which is the dominant source of
background. Figure 11 shows momentum spectra of elec-
trons and positrons for the two event classes introduced
in Sect. 6.3. In general the electron distribution of sam-
ple 1 is well described by muon decay in orbit. Whereas
no events are observed with energies expected for µ− e
conversion at higher energy an electron and a positron
event have been found. Since cosmic ray background con-
tains much more electrons than positrons these events
are most likely caused by pions. In sample 2 the elec-
tron distribution shows in addition to muon decay in or-
bit a more or less flat component as expected from pion
induced background. One should conclude that the meas-
urement shows no indication for µ− e conversion. The cor-
responding upper limit on Bµe has been obtained with
the help of a likelihood analysis of the momentum distri-
butions shown in Fig. 11 which avoids arbitrary cut pa-
rameters. The following four contributions were taken into
account:

– muon decay in orbit,
– µ− e conversion,
– a contribution taken directly from the observed positron

distribution describing processes with intermediate
photons such as radiative muon capture,

– a flat component resulting from π−→ e−νe in flight or
some remaining cosmic ray background.

The likelihood analysis results in likelihood distributions
for the expectation values for the number of events from
each of these contributions which are the basis for the cal-
culation of the upper limit on Bµe for any given confidence
level.

Fig. 12. Bµe likelihood distributions for the two event classes
and their combination. The distributions are arbitrarily nor-
malized to 1 at Bµe = 0 where they peak. Also shown are the
integral distributions normalized to 1 over the full region. The
lower panel gives an enlarged view of the region where the 90%
confidence level is reached

7.1 Results

Whereas the shape of the electron momentum distribution
is well reproduced by the MIO simulation the number of
events found in the likelihood analysis is about 10% less
than expected from the total number of stopped muons
(see Sect. 3.3 and Sect. 6.4). Although this discrepancy is
not significant we decided to normalize the measurements
to the MIO events, i.e. raise the estimated µe single event
sensitivities given in Sect. 6.4 to S1

µe = (2.8±0.2)×10−13

and S2
µe = (3.7±0.2)×10−12 where the errors are reduced

since most of the uncertainties cancel in the normalization
procedure.

Figure 12 shows the resulting likelihood distributions
L(Bµe) for both event classes separate (L1 and L2) and for
the total (Ltot = L1×L2). Also shown in Fig. 12 are the
distributions of the integrals

∫ B
0 LdB normalized to their

asymptotic value
∫∞
0 LdB = 1. The upper limit at 90%

confidence level B90%C.L.
µe is thus given by:

∫ B90%C.L.
µe

0
Ltot dB = 0.9 , (3)

which leads to the following result for the branching ratio
of µ− e conversion in muonic gold relative to the nuclear

346 The SINDRUM II Collaboration: A search for µ− e conversion in muonic gold

capture probability:

BAu
µe < 7×10−13 90% C.L. (4)

This limit is more stringent by two orders of magnitude
than the best previous limit on a heavy target [26]. It is the
final result of the research program on rare π and µ decays
with the SINDRUM I and II spectrometers at PSI. The
search for LFV in rare muon decays is continued at PSI by
the MEG collaboration [27] aiming at a sensitivity of 10−13

for the µ→ eγ decay.
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Abstract. We report on a search for µ−e conversion in muonic gold performed with the SINDRUM II spec-
trometer at PSI. The measurement resulted in Γ (µ−Au→ e−Aug.s.)/Γcapture(µ

−Au) < 7×10−13 (90%
C.L.).

PACS. 13.35.Bv; 13.60.-r; 36.10.-k; 36.10.Dr

1 Introduction

Mixing of leptonic states with different family number
as observed in neutrino oscillations [1] does not necessar-
ily imply measurable branching ratios for lepton family-
number violating (LFV) processes involving the charged
leptons. In the standard model (SM) the conservation of
lepton family number follows directly from the assumption
of vanishing neutrino masses. In the minimal extension of
the model neutrino oscillations are associated with non-
diagonal elements of the neutrino mixing matrix in close
analogy to the well-known quark mixing matrix even when
the numerical patterns of the two matrices are totally dif-
ferent. The rates of LFV decays are suppressed relative to
the dominant family-number conserving modes by a fac-
tor (δmν/mW )4 which results in branching ratios which
are out of reach experimentally. Note that a similar fam-
ily changing quark decay such as b→ sγ does obtain a very
significant branching ratio of O(10−4) due to the large top
mass.

In almost any further extension to the standard model
such as supersymmetry, grand unification or extra dimen-
sions additional sources of LFV appear. See [2–5] for re-
views. For each scenario a large number of model calcula-
tions can be found in the literature with predictions that
may well be accessible experimentally. Improved searches
for charged LFV thus may either reveal physics beyond the
SM or at least lead to a significant reduction in parame-
ter space allowed for such exotic contributions. Charged
LFV processes, i.e. transitions between e, µ, and τ , might
be found in the decay of almost any weakly decaying par-
ticle. Searches have been performed in µ, τ , π, K, B, D,
W and Z decay [6]. Whereas highest experimental sensi-

tivities were reached in dedicated µ and K experiments, τ
decay starts to become interesting as well [7–9].

LFV muon decays include the purely leptonic modes
µ+→ e+γ [10] and µ+→ e+e+e− [11], as well as the semi-
leptonic µ− e conversion in muonic atoms. Whereas the
more fashionable models favor µ+→ e+γ, this mode has
a serious disadvantage from an experimental point of view
since the sensitivity is limited by accidental e+γ coinci-
dences and muon beam intensities have to be reduced now
already. Searches for µ− e conversion, at the other hand,
are limited by the available beam intensities and large im-
provements in sensitivity may still be achieved.

Although theoretical predictions generally depend on
numerous unknown parameters these uncertainties tend to
cancel in the relative strengths of these modes. Once LFV
in the charged lepton sector would be found the combined
information from many different experiments would allow
us to discriminate between the various interpretations.

In this paper we describe the final experiment per-
formed with SINDRUM II, a magnetic spectrometer built
especially for the search for µ− e conversion. Data taking
took place at PSI in the year 2000 and preliminary results
have been presented at various conferences [12, 13].

2 General considerations

When negatively charged muons stop in matter they
quickly form muonic atoms which reach their ground states
in a time much shorter than the life time of the atom.
Muonic atoms decay mostly through muon decay in orbit
(MIO) µ−(A,Z)→ e−νµνe(A,Z) and nuclear muon cap-
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COMET Phase-I Muon Beam Line6. Muon Beam

Figure 26: Overview of the COMET Phase-I Muon Beam line.

The COMET Phase-I muon beam line consists of a section for pion production and capture, a muon
transport section and a muon collimation section;. These three elements are descibed in the following
sections. At the ‘downstream’ end of the muon beam line is the detector solenoid. The schematic
layout of the COMET Phase-I muon beam line is shown in Fig. 26.

6.1 Pion Production

The COMET experiment uses negatively-charged low-energy muons, which can be easily stopped in
a suitable thin target. The low-energy muons are mostly produced by in-flight decay of low energy
pions. Therefore, the production of low energy pions is of major interest. Conversely, we wish to
eliminate high-energy pions, which could potentially cause background events.

6.1.1 Comparison of different hadron production codes

In order to study the pion and muon production yields, different hadron production simulations were
compared. The comparison of the backward yields of π− and µ− three metres away from the proton
target for different hadron production codes is given in Table 3. It is found that there are a factor of 2.5
difference between different hadron production programs. Among them, the QGSP BERT and FTFP BERT

hadron production models have the lowest yield. Therefore, to make a conservative estimation, the
QGSP BERT hadron production model is used to estimate and optimize the muon beam.

Figure 27 shows the momentum distributions for various particles produced by 8 GeV proton bom-
bardment at the location of the end of the pion capture solenoid sections.

6.1.2 Adiabatic transition from high to low magnetic fields

The pions captured at the pion capture system have a broad directional distribution. In order to
increase the acceptance of the muon beamline it is desiarable to make them more parallel to the beam
axis by changing the magnetic field adiabatically. From the Liouville theorem, the volume in the phase
space occupied by the beam particles does not change. Under a solenoidal magnetic field, the product
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the detector to be read out.

A key feature of COMET is to use a pulsed beam that allows for elimination of prompt beam back-
grounds by looking only at tracks that arrive after the beam pulse. Therefore, a momentum tracking
device should be able to withstand a large flux of particles during the burst of “beam flash” particles.
The time window for the measurement of electrons from µ−N → e−N conversion in COMET will
start after several hundred nanosecond after the prompt.

The dimensions of the CyDet are shown in Fig. 91. The length of the CDC at the inner wall is
1490.3 mm. The inner wall of the CDC is made of a 500 µm thick carbon fibre reinforced plastic
(CFRP). The endplates will be conical in shape. The thickness of the endplate is about 10 mm to
rigidly support the feedthroughs. The outer wall of the CDC is made of CFRP which is 5 mm thick.
Trigger hodoscopes are placed at both the upstream and downstream ends of the CDC. In addition,
to reduce protons emitted from nuclear muon capture, a cylindrical absorber that is also made CFRP
will be placed concentrically with respect to the CDC axis. A preliminary thickness of the proton
absorber is 0.5 mm. 13 14

CDC

Beam duct

3210

Stopping target

Return yoke

Superconducting coils

Shielding

Proton absorber

Trigger hodoscope

CDC inner wall CDC outer wall

Vacuum window

CDC endplate
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Figure 91: The CyDet geometry used in the CyDet simulation studies in this TDR.

13All calculations presented in this report are based on this design except design of the inner wall and the absorber;
the inner wall and the absorber are modeled as a 100 µm thick aluminised Mylar and a 1 mm thick CFRP, respectively.
Total amount of mass is almost same. The thickness of absorber might change in further optimization in future.

14The geometry in Fig. 91 has no support structure of the trigger hodoscope, which is illustrated in Fig. 101. Opti-
mization of the geometry of the CDC including design of the collimator and the detector solenoid is underway. The final
geometry will be determined in near future considering engineering aspects.
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54 CHAPTER 5. THE DETECTOR

Figure 5.8: Layout of electron detector. It consists of five stations of straw-tube gas
chambers, followed by an electron calorimetric detector.

The electron tracking detector consists of five stations of straw-tube gas chambers,
where each station is composed of two views (x and y), and one view has two staggered
layers of straw-tubes; the distance between each station is 48 cm for all and each of
the straw-tubes is 5 mm in diameter and 25 µm in thickness. An anode wire is
strung at the center of the straw-tube and is applied high voltage and a gas mixture
is filled inside the straw-tube. A radial hit position is determined by a drift time of
avalanche charges. A prototype chamber was constructed and was tested to study
the performance of the prototype chamber by using a π-beam at KEK. As a result,
the position resolution of 100 µm was obtained.

The tracker performance including its momentum resolution and reconstruction
efficiency, has been studied by GEANT Monte Carlo simulations. The energy and
spatial distribution of electrons from the electron transport system were given by
the g4beamline simulation code. With this electron information, helical motions in
the tracker region were simulated by GEANT 3. From the simulation with 250 µm
position resolution, a momentum resolution of 230 keV/c is obtained. The momentum
reconstruction is performed by χ2 fitting, assuming the helical motion in a uniform
magnetic field of 1 T.

To estimate the effect of multiple scattering in the tracker, the genuine momen-
tum resolution was examined without the tracker material, but only with the position
resolution of 250 µm. The momentum resolution of 50 keV/c in sigma was achieved.
Then, simulation calculation was performed with the tracker materials. Figure 5.9
shows the residual distribution between the reconstructed momentum and true mo-
mentum, where the momentum resolution of 203 keV/c in sigma, is obtained. As
a result, it is verified that multiple scattering dominate the momentum resolution.
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•  Background	
  =	
  0.25	
  
–  RPC	
  ~	
  0.24	
  
–  DIO	
  ~	
  0.01	
  

•  SES(Phase-­‐I)	
  ~	
  3.1x10-­‐15	
  
•  SES(Phase-­‐II)	
  ~	
  2.5x10-­‐17	
  

Mu2e	
  
•  Net	
  acceptance	
  =	
  8.5%	
  

–  Detector	
  acceptance	
  96%	
  
–  Reconstruc?on	
  9.3%	
  

•  Background	
  =	
  0.37	
  
–  DIO	
  ~0.20	
  
–  RPC	
  ~0.02	
  
–  An?	
  proton	
  ~0.05	
  

•  SES	
  ~2.6x10-­‐17	
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number of CDC hits are applied firstly. Here, tracks passing though the 4th-sense layer and more and
leaving 20 CDC-hits are accepted. After that track finding procedure follows. Track finding efficiency
is estimated to be 80% in case that averaged hit occupancy is 20%. In the next, a cut on reduced
chi-square is applied to remove tails on reconstructed momenta. Here, tracks whose reduced chi-square
is 2.0 and less are accepted. Finally, cuts on residual of the first hit CDC positions in x and y axis are
applied, which also help to remove the tail events. Here, 2.0 mm is used for both x and y axis. The
efficiencies for each cuts as a function of transverse momenta, PT is shown on the right in Figure 162.
It is found that net track reconstruction efficiency is 66%.

16.1.3 Momentum window for signal

A momentum cut can be used to reduce contamination from the DIO electrons. Figure 163 shows the
reconstructed momentum spectrum for the µ−N → e−N conversion signal events that were generated
using Monte Carlo simulations and the DIO electron spectrum. In Fig. 163, the vertical scale is
normalized so that the integrated area of the signal event curve is one event, assuming a branching
ratio of B(µN → eN) = 3.1× 10−15. A detailed description of the estimation of contamination from
the DIO electrons is presented in Section 18.1. In this study, the momentum cut of 103.6 MeV/c <
Pe < 106.0 MeV/c, where Pe is the momentum of electron, is determined as shown in Fig. 164 [64].
According to this study, the contamination from DIO electrons of 0.01 events is expected for a single
event sensitivity of the µ−N → e−N conversion of 3.1× 10−15.
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Figure 163: Left: Distributions of the reconstructed µ−N → e−N conversion signals and reconstructed DIO
events. The vertical scale is normalized so that the integrated area of the signal is equal to one event with its
branching ratio of B(µN → eN) = 3.1× 10−15. Right: The integrated fractions of the µ−N → e−N conversion
signals and DIO events as a function of the low side of the integration range and the high side of the integration
range is 106 MeV/c. The momentum window for signals is selected to be from 103.6 MeV/c to 106 MeV/c so
that the DIO contamination would be 0.01 events.

16.1.4 Time window for signals

The muons stopped in the muon-stopping target have the lifetime of a muonic atom. The lifetime
of muons in aluminium is about 864 nsec. The µ−N → e−N conversion electrons can be measured
between the proton pulses to avoid beam-related background events. However, some beam-related
backgrounds would come late after the prompt timing, such as pions in a muon beam. Therefore,
the time window for search is chosen to start at some time after the prompt timing. As discussed in
Section 16.2, the starting time of time window of measurement is assumed to be 700 nsec, although it
would be optimized in the future offline analysis.
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Estimate of the DIO background yield and CE acceptance 
We predict the DIO background and CE yield using the same detailed simulation and 
reconstruction software for both the DIO and CE events as described in Section 3.5.  To 
improve the statistical resolution, the DIO momentum is generated flat between 95 and 
105 MeV, and events are weighted according to the cross section predicted by the 
formula in [23].  Flat generation plus weighting provides better statistical precision in the 
high-momentum part of the spectrum, where the background tracks are most likely to 
originate. To emulate realistic tracker occupancies, the DIO and CE events are overlaid 
with the mixed events (cf. Section 3.5.1) and the track reconstruction algorithm is run, 
exactly the same for DIO and CE events.  The selection criteria of Section 3.5.3 are 
applied. 
 
Figure 3.18 shows the reconstructed momentum spectrum of selected tracks, measured at 
the entrance of the tracker, from the DIO background.  Overlaid is the expected signal 
from conversion electrons assuming Rµe = 1 x 10-16, predicted by the full Mu2e 
simulation.  Both plots contain many hundreds of times more data than are expected for 
Mu2e, but are normalized to the 6.7�1017 muon stops expected in the nominal Mu2e run. 
Selecting tracks with momentum between 103.75 and 105 MeV/c results in a DIO 
background of 0.22�0.03 events, and a CE Single Event Sensitivity (SES) of 2.6�0.07 
�10-17, where the quoted uncertainties are due to limited Monte Carlo statistics and 
corrections for particle-ID and cosmic veto requirements have not yet been included. 

 
Figure 3.18 The simulated reconstructed momentum spectrum for DIO events (blue) and 
conversion electron (CE) events surviving the track selection criteria and assuming Rµe=10-16. 
The distributions are each normalized to the total number of muon stops expected for 3.6×1020 
protons on target. 



Schedules	
  

COMET	
  
•  Proton	
  beam	
  line	
  construc?on	
  

complete	
  in	
  2017	
  
•  Phase-­‐I	
  physics	
  data	
  taking	
  in	
  

2018	
  or	
  2019,	
  depending	
  on	
  
budget	
  situa?on	
  
–  Was	
  2017	
  or	
  2018	
  in	
  original	
  

schedule	
  

•  Phase-­‐II	
  R&D	
  in	
  parallel	
  with	
  
Phase-­‐I	
  R&D	
  and	
  data	
  taking	
  

•  Phase-­‐II	
  physics	
  data	
  taking	
  in	
  
2021	
  

•  ~	
  1	
  year	
  data	
  taking	
  	
  

Mu2e	
  
•  Strong	
  support	
  by	
  P5	
  in	
  2014	
  
•  CD	
  (Cri?cal	
  Decision)	
  -­‐3c	
  for	
  

approval	
  start	
  of	
  construc?on	
  in	
  
FY2016	
  2/4	
  	
  
–  CD-­‐3a	
  (long	
  lead	
  procurement)	
  at	
  

FY2014	
  ¾	
  
–  CD-­‐2	
  (baseline)	
  /	
  3b	
  (phased	
  

construc?on)	
  at	
  FY2015	
  ¼	
  	
  
•  Beamline	
  ready	
  at	
  FY2020	
  4/4	
  
•  DAQ	
  start	
  in	
  FY	
  2021	
  ¼	
  	
  
•  ~3	
  years	
  data	
  taking	
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New	
  
Phys
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  at	
  
LHC?	
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?ng	
  power	
  
to	
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Yes	
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  pp17-­‐94	
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LFV	
  
observed

?	
  

Need	
  to	
  explore	
  
higher	
  mass	
  range	
  

Discrimina?ng	
  
power	
  to	
  theories	
  

Yes	
  
	
  
	
  
	
  

No	
  
	
  
	
  
	
  

Collect	
  more	
  data	
  with	
  	
  
x10~100	
  muon	
  beam	
  

Change	
  target	
  and	
  redo	
  	
  
experiment	
  



Future	
  projects	
  
•  Need	
  >x10	
  ?mes	
  intense	
  muon	
  beam,	
  >1012	
  muons/sec	
  

–  Stronger	
  proton	
  beam	
  for	
  more	
  muons	
  

•  Keep	
  the	
  current	
  background	
  rate	
  (<1	
  BG)	
  even	
  in	
  the	
  
increased	
  muon	
  rate	
  
–  Note	
  :	
  x10	
  beam	
  does	
  not	
  mean	
  x10	
  BG	
  

•  Mu2e-­‐II	
  
–  Increase	
  proton	
  beam	
  intensity	
  x10	
  
–  Use	
  Mu2e	
  detector	
  (with	
  minor	
  modifica?on)	
  

•  PRISM/PRIME	
  
–  Intense	
  muon	
  beam	
  using	
  storage	
  ring	
  muon	
  cooling	
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Mu2e-­‐II	
  

•  Originally	
  studied	
  for	
  Project-­‐X	
  (arXiv:1307.1168)	
  
•  Target	
  SES	
  ~	
  2x10-­‐18	
  (x10	
  improvement),	
  BG<1	
  event	
  
•  Minor	
  modifica?on	
  on	
  detector	
  

–  Such	
  as	
  readout	
  electronics,	
  DAQ	
  
–  To	
  reduce	
  cost	
  
–  However,	
  requires	
  careful	
  redesign	
  on	
  pion	
  produc?on	
  solenoid	
  

•  x100	
  improvement	
  should	
  be	
  “Mu2e-­‐III”	
  
– Major	
  detector	
  modifica?on	
  

•  Can	
  Mu2e-­‐II	
  survive	
  from	
  background?	
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Mu2e	
   Mu2e-­‐II	
  @	
  Project-­‐X	
  

Proton	
  beam	
  energy	
   8	
  GeV	
   3	
  GeV	
   1	
  GeV	
  

Beam	
  power	
   8	
  kW	
   Up	
  to	
  MW	
  

Beam	
  width	
   200	
  ns	
   100ns	
  

Required	
  Proton	
  on	
  Target	
  (POT)	
  (*)	
   3.6x1020	
   8.7x1021	
   4.0x1022	
  

Duty	
  factor	
   0.32	
   0.90	
  

Ex?nc?on	
   <	
  10-­‐10	
   ?	
  

Muon	
  stops	
  /	
  POT	
   1.7	
  x	
  10-­‐3	
   6.7	
  x	
  10-­‐4	
   1.4	
  x	
  10-­‐4	
  

Muon	
  stops	
  /	
  kW	
   7.6	
  x	
  1016	
   8.0	
  x	
  1016	
   5.2	
  x	
  1016	
  

Required	
  beam	
  power	
   72	
  kW	
   112	
  kW	
  

Total	
  muon	
  stops	
   6.1	
  x	
  1017	
  (**)	
   5.8	
  x	
  1018	
  

Background	
  (DIO	
  dominated)	
  	
   0.41	
   2.34	
  /	
  0.79	
  (***)	
  

(*)	
  Assuming	
  the	
  same	
  beam	
  ?me	
  
(**)	
  9x1017	
  at	
  TDR,	
  depending	
  on	
  simula?on	
  setup	
  
(***)	
  Aluminum	
  /	
  Titanium	
  
Ref:	
  arXiv:1307.1168	
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(*)	
  Assuming	
  the	
  same	
  beam	
  ?me	
  
(**)	
  9x1017	
  at	
  TDR,	
  depending	
  on	
  simula?on	
  setup	
  
Ref	
  :	
  hfps://indico.fnal.gov/getFile.py/access?contribId=1&resId=0	
  
&materialId=slides&confId=10235	
  

Mu2e	
   Mu2e-­‐II	
  @	
  PIP-­‐II	
  
Proton	
  beam	
  energy	
   8	
  GeV	
   800	
  MeV	
  
Beam	
  power	
   8	
  kW	
   8	
  –	
  100	
  kW	
  
Beam	
  width	
   200	
  ns	
   (<	
  200	
  ns)	
  
Proton	
  on	
  Target	
  (POT)	
  (*)	
   3.6x1020	
   3.6x1021	
  –	
  4.5x1022	
  

Duty	
  factor	
   0.32	
   0.90	
  
Ex?nc?on	
   <	
  10-­‐10	
   <10-­‐12	
  ?	
  
Muon	
  stops	
  /	
  POT	
   1.7	
  x	
  10-­‐3	
   1.0	
  x	
  10-­‐4	
  

Muon	
  stops	
  /	
  kW	
   7.6	
  x	
  1016	
   4.7	
  x	
  1016	
  

Total	
  muon	
  stops	
   6.1	
  x	
  1017	
  (**)	
   4.7	
  x	
  1018	
  @100kW	
  



Mu2e-­‐II	
  @	
  PIP-­‐II	
  
•  7.7	
  ?mes	
  more	
  muons	
  possible	
  for	
  Mu2e-­‐II	
  

–  Not	
  that	
  higher	
  number,	
  detector	
  may	
  survive	
  

•  Less	
  beam	
  background	
  because	
  of	
  lower	
  beam	
  energy	
  
–  Ex.	
  no	
  an?-­‐proton	
  background	
  
–  Less	
  radia?on	
  effect	
  at	
  pion	
  produc?on	
  	
  

•  Background	
  (a�er	
  reconstruc?on),	
  detector/electronics	
  
occupancy	
  requires	
  careful	
  check	
  

•  Driving	
  LINAC	
  beam	
  to	
  muon	
  campus?	
  	
  
–  Not	
  PIP-­‐II	
  original	
  plan	
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PRISM	
  	
  
Phase	
  	
  
Rotated	
  	
  
Intense	
  	
  
Slow	
  	
  
Muon	
  	
  
source	
  

PRIME	
  
PRISM	
  
Muon	
  to	
  
Electron	
  
conversion	
  
	
  

Ref:	
  hfp://prism.phys.sci.osaka-­‐u.ac.jp/research/r003.html	
  



FFAG	
  Muon	
  Storage	
  Ring	
  
•  To	
  get	
  more	
  intense,	
  monochroma?c,	
  pure	
  (from	
  pion)	
  

muon	
  beam	
  
•  Use	
  Altena?ng	
  electric	
  field	
  	
  

–  Faster	
  muon	
  lose	
  energy,	
  slow	
  muon	
  get	
  energy	
  
•  Storage	
  ring	
  

–  Pion	
  decays	
  away	
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FFAGS	
  @	
  Osaka	
  university	
  

Ref:	
  hfp://prism.phys.sci.osaka-­‐u.ac.jp/research/r003.html	
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SpecificaPon	
   COMET	
   PRISM/PRIME	
   Comments	
  on	
  PRISM/PRIME	
  

Muon	
  
intensity	
  

~1011	
  muons/
sec	
  

1011	
  –	
  1012	
  
muons/sec	
  

~1011	
  muons/sec	
  

Muon	
  
momentum	
  

0-­‐140MeV	
  
(70MeV	
  peak)	
  

68	
  ±	
  2	
  MeV/c	
   3%	
  spread	
  
(Enhanced	
  from	
  30%	
  by	
  phase	
  rota?on)	
  
Less	
  than	
  70MeV	
  to	
  suppress	
  DIF	
  

Beam	
  
repe??on	
  

~1	
  MHz	
   100-­‐1000Hz	
   Due	
  to	
  kicker	
  
Befer	
  to	
  reject	
  cosmic	
  ray	
  origin	
  BG	
  	
  

PRISM Specifications

• Intensity : 

• 1011-1012 muons/sec.

• for a MW proton beam 

power

• Central Momentum : 


• 68 MeV/c

• lower than 77 MeV/c


• Momentum Spread : 

• ±3% (from ±30% after phase 

rotation.)

• Beam Repetition


• 100 - 1000 Hz 

• due to repetition of kicker 

magnets of the muon 
storage ring.


• Beam Energy Selection

• 68 MeV/c ±3%

• at extraction of the muon 

storage ring.

5  m

Capture  Solenoid

Matching  Section
Solenoid

RF  Power  Supply

RF  AMP

RF  Cavity

C-­shaped
FFAG  Magnet

Ejection  System Injection  System

FFAG  ring
Detector

Ref:	
  Y.Kuno,	
  Mu2e	
  workshop	
  (2016)	
  



How	
  to	
  get	
  x100	
  	
  improvement?	
  

•  x(1/2)	
  from	
  reduced	
  beam	
  acceptance	
  from	
  solenoid	
  to	
  
FFAG	
  

•  x3	
  from	
  removing	
  detec?on	
  ?me	
  window	
  (no	
  pion)	
  
•  x3	
  from	
  pion	
  capture	
  improvement	
  
•  x20	
  from	
  56	
  kW→1MW	
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MulP	
  MW	
  proton	
  source	
  is	
  criPcal!	
  

Ref:	
  Private	
  communica?on,	
  Y.Kuno	
  @	
  Osaka	
  



Instead	
  of	
  Summary:	
  Much	
  less	
  chance	
  
than	
  “needle	
  in	
  haystack”	
  

•  Or,	
  handful	
  of	
  grains	
  out	
  of	
  earth	
  beach	
  
–  Earth	
  coastline	
  length	
  =	
  ~800,000km	
  
–  Assuming	
  width	
  =	
  50m,	
  depth	
  =	
  1m,	
  grain/cm3	
  ~	
  8000	
  
–  Total	
  grains	
  in	
  earth	
  beach	
  ~	
  3x1020	
  	
  

•  SES~10-­‐19	
  is	
  a	
  few	
  finger	
  ?ps	
  out	
  of	
  earth	
  beach	
  
•  MW	
  proton	
  source	
  is	
  cri?cal	
  to	
  explore	
  O(104)	
  TeV	
  

energy	
  scale
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