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SINDRUM II experiment
Measurement of muon conversion on gold
Removal of pions from beam through 
degrader and subsequent transport 
solenoid
Some residual background events from 
pions observed through timing (mostly 
from degrader)
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ture (MC) µ!(A,Z)! !µ(A,Z"1)" which in lowest order
may be interpreted as the incoherent sum of elementary
µ!p! n!µ captures. The MIO rate decreases slightly for
increasing values of Z (down to 85% of the free muon rate
in the case of muonic gold) due to the increasing muon
binding energy. The MC rate at the other hand increases
roughly proportional to Z4. The two processes have about
equal rates around Z = 12. In the case of muonic gold
a capture probability of 97.17(2)% can be deduced from
the observed 72.6(5) ns lifetime of the atom [14]. As will be
discussed in Sect. 2.2 below both decay and capture pro-
cesses are potential sources of background in a search for
µ" e conversion.

2.1 µ!e Conversion in muonic atoms

When the hypothetical µ" e conversion leaves the nu-
cleus in its ground state the nucleons act coherently which
boosts the process relative to the incoherent processes with
exited final states. The resulting Z dependence has been
studied by several authors [15–18]. For Z ! 40 all calcula-
tions predict a conversion probability relative to the MC
rate which follows the linear rise with Z expected naively.
The predictions may, however, deviate by factors 2–3 at
higher Z values.

As a result of the two-body final state the electrons
produced in µ" e conversion are mono-energetic and their
energy is given by:

Eµe = mµc
2"Bµ(Z)"R(A) , (1)

where Bµ(Z) is the atomic binding energy of the muon and
R(A) is the atomic recoil energy for a muonic atom with
atomic number Z and mass number A. In first approxima-
tion Bµ(Z) # Z2 and R(A) #A!1. For muonic gold Bµ =
10.08 MeV and R = 0.025 MeV give Eµe = 95.56 MeV.

2.2 Muon induced background

Muon decay in orbit (MIO) constitutes an intrinsic back-
ground source which can only be suppressed with su!cient
electron energy resolution. The process predominantly re-
sults in electrons with energy EMIO below mµc2/2, the
kinematic endpoint in free muon decay, with a steeply
falling high-energy component reaching up to Eµe. By
using a magnetic spectrometer the vast majority of MIO
electrons can be kept away from the tracking detectors still
maintaining a $ 50% acceptance in the region of interest
around 95 MeV. In the endpoint region the MIO rate varies
as (Eµe"EMIO)5 and a resolution of 1–2 MeV (FWHM)
is su!cient to keep MIO background under control (see
Sect. 6.4 below). Since the MIO endpoint rises at lower Z
great care has to be taken to avoid low-Z contaminations
in and around the target.

Another background source is due to radiative muon
capture (RMC) µ!(A,Z)! "(A,Z" 1)"!µ after which
the photon creates an e+e! pair either internally (Dalitz
pair) or through "! e+e! pair production in the target.
The RMC endpoint can be kept below Eµe for selected iso-

topes. For muonic gold the endpoint energy of electrons
from RMC is 93.81 MeV. The process can be studied ex-
perimentally since it gives the same contribution to the
positron distribution where it is the dominant process.

2.3 Pion induced background

Most low-energy muon beams have large pion contamina-
tions. Pions may produce background when stopping in the
target through radiative pion capture (RPC) which takes
place with a probability of O(10!2). Most RPC photons
have energies above Eµe. As in the case of RMC these
photons may produce background through "! e+e! pair
production.

Since pionic atoms decay promptly through the strong
interaction RPC can be suppressed with the help of a veto
counter in the beam or by using a pulsed proton beam.
A third option which is the one chosen in these measure-
ments is to keep the total number of #! stopping in the
target during the live time of the experiment below 104–5.
To meet that requirement at most 1 out of 109 of the pions
in the beam may reach the target. The pion suppression
is then based on the di"erent range distributions for pi-
ons and muons at given momentum. Figure 1 shows the
probability of 52 MeV/c pions and muons to cross a CH2

moderator of given thickness. As can be seen from the fig-
ure the mean range di"ers by about a factor two and range
straggling can be neglected so perfect separation should be
expected with an 8 mm thick CH2 degrader. In practice the
distributions are broadened by the finite momentum band
transmitted by the beam line. Settings of the beam mag-
nets and slits have to be carefully adjusted to minimize the
tails in the pion range distribution. At the cost of $ 30%
loss in muon intensity the pion stops in the target could
be suppressed to the required level. A simulation using the
measured range distribution shows that about one in 106

pions cross the moderator. Since these particles are rela-
tively slow 99.9% of them decay before reaching the target
which is situated some 10 m further downstream.

RPC may produce background even when taking place
in the moderator. The resulting electrons have $ 10%

Fig. 1. Fraction of pions and muons with a momentum of
52 MeV/c that cross a CH2 moderator as a function of the mod-
erator thickness. GEANT [23] simulation
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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 !" 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
"E5. 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
"E5 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 "E5 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 !E5 beam line transports secondary particles (!, 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 su!ciently 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 e!cient "#µ separation using the di"erent 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 di"erent 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.

344 The SINDRUM II Collaboration: A search for µ! e conversion in muonic gold

Fig. 10. Prompt beam induced background. Electron and
positron events were selected with total momentum above
87 MeV/c but outside the main signal region 92.5–95.5 MeV/c.
Panel a: spectrometer timing relative to the 50.6 MHz cy-
clotron rf signal. Time di!erences with respect to both the
previous and the next rf bucket are incremented. Shown is
the di!erence between the distributions with cos ! > 0.4 and
cos ! < !0.4. Panel b: cos ! distribution. Shown is the distri-
bution corresponding to the phase enhancement by the pion
induced events. The arrows indicate the region populated by
pion induced events. See the text for a discussion of the nature
of these events

cosmic background can be distinguished. Most common
is a high momentum muon which knocks out an atomic
electron either from the target or from the vacuum cham-
ber. These events, observed typically once every second,
are recognized by the signals left by the high momentum
muon. In the second class of events the electron enters
the tracking region from the outside. The vast majority
of these events is recognized since the reconstructed tra-
jectory does not originate in the target. The rest of these
events can be rejected on the basis of an early signal in one
of the hodoscopes. In the third type of event a photon from
a cosmic ray shower creates an asymmetric e+e! pair in
the target. This background is suppressed very e!ectively
by the magnet return yoke on top of the spectrometer and
by 10 cm lead shields on the sides. Some photons, however,
penetrate through a hole in the yoke containing the liquid
Helium supply lines (see Fig. 3). Thanks to the low-mass
target this background is reduced by an order of magni-
tude compared to our earlier measurements on lead [26].
Still a few events are expected so the ! 4% acceptance cut
removing this component was maintained.

6.3 Pion induced background

Potential pion background has been discussed in Sect. 2.3.
Pion stops in the target have been reduced to a negligible
level by careful beam tuning so what remains are radiative
pion capture (RPC) in the degrader and decay in flight in
the region just before the degrader. Since these processes
are associated with large angle scattering o! the target the
events are peaked in forward direction and show a time cor-
relation with the cyclotron rf signal. RPC background is
charge symmetric after taking into account that for ener-
gies around 100 MeV scattering cross sections on gold are

typically twice larger for positrons than for electrons [25].
Simulation shows that decay in flight is dominantly !!"
e!"e shortly before the pion would have reached the mod-
erator. O(10) background events are expected with a flat
energy distribution between 80 and 100 MeV. The decay
chain !!" µ!"µ, µ!" e!"µ"e has a similar yield but the
energy distribution falls steeply and is for all energies neg-
ligible compared to MIO.

As is illustrated in Fig. 10 there is indeed a beam corre-
lated signal which is strongly peaked in the forward direc-
tion and which does contain more electrons than positrons.
The observed time spread is ! 10 ns explained mainly by
the momentum spread in the beam.

To cope with !! induced background two event classes
have been introduced based on the values of polar angle
and rf phase:

– Class 1 contains events with cos # < 0.4 or |trf#10 ns|>
4.5 ns which are practically free of pion induced back-
ground.

– Class 2 contains events with cos # > 0.4 and |trf#
10 ns|< 4.5 ns which are contaminated by pion induced
background.

6.4 Single-event sensitiviy

The single-event sensitivity for µ# e conversion Sµe which
is defined as the value for the branching ratio Bµe $
$ (µ!Au" e!Aug.s.)/$capture(µ!Au) corresponding to an
expectation value of one event in one of the two final event
classes described above can be calculated using

Si
µe =

1

Nµ ·Rcapt ·% · &i
, i = 1, 2 (2)

with Nµ = (4.37±0.32)%1013 the total number of muons
that stopped in the gold target during the live time of the
measurement (see Sect. 3.3), Rcapt = (97.17±0.02)% [14]
the probability for nuclear muon capture in muonic gold,
% = 0.44 the spectrometer acceptance and &i the e"ciency
factor for each of the two event classes accounting for var-
ious losses associated with the detector e"ciencies, the
trigger, event reconstruction and event selection. The eval-
uation of &1 = 0.21±0.01 and &2 = 0.015±0.002 was done
with the help of the event simulation (see Sect. 4) where
most parameters a!ecting the sensitivity were adjusted to
the measurement. When studying the nature of the over-
all e"ciency factor &1 + &2 = 0.225 one finds that detector
ine"ciencies, r%' track reconstruction, z reconstruction,
cosmic background suppression and event selection intro-
duce similar losses of ! 20% each. As a result S1

µe = (2.5±
0.2)%10!13 and S2

µe = (3.6±0.4)%10!12.

7 Likelihood analysis

The search for µ# e conversion is based primarily on the
analysis of the electron momentum which is the only ob-
servable that allows to distinguish the signal from muon
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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 o!-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.

Eur. Phys. J. C 47, 337–346 (2006)
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Why high-Z?

Scaling of branching ratio of 
muon conversion as a function of 
Z differs depending on underlying 
physics 
-> allows to understand 
underlying physics in the case of 
a discovery

High-Z atoms not ideal for pulsed 
beams due to short lifetimes
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Muon conversion at HIMB

Muon rates:
SINDRUM II: ~ 2e6 μ-/s at 52 MeV/c (not written explicitly, but estimated from beam 
power at that time and given muon stops on target)
HIMB: ~ 1e8 μ-/s at 40 MeV/c (highest momentum with good transport efficiency)

Sensitivity:
SINDRUM II:
HIMB: Can increase the sensitivity by a factor 100 if backgrounds can be reduced 
accordingly

5
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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 ! 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" e" decay.
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Muon conversion at HIMB
Pion contamination:

HIMB: Can also use degrader at 40 MeV/c (less 
efficient compared to 50 MeV/c, but due to 
lower momentum ~10x less pions in the beam)
Add bend in transport section after degrader to 
reduce backgrounds coming from moderator
With better detector, active target, and the 
above background reduction, can probably 
keep pion backgrounds low enough to capitalise 
on higher muon rate
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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 !!" e!"e 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

Eur. Phys. J. C 47, 337–346 (2006)



Andreas Knecht

Mu2e/COMET

Mu2e and COMET will perform their measurements with expected muon rates of 
around 1e10 μ-/s
They will improve the sensitivity over SINDRUM II by a factor 104

Changes in expected branching ratio as a function of Z are on the level of <4

Conclusion:
It is probably not worthwhile to pursue a muon conversion experiment at HIMB, if 
Mu2e and COMET reach their targeted sensitivity
However, if a signal is observed by either Mu2e or COMET at a relatively high 
branching ratio such a measurement at PSI might become again attractive
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