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Abstract The Ordinary Muon Capture for Double-

Beta Decay project, or OMC4DBD, is aimed to measure

the ordinary muon capture (OMC) in order to inves-

tigate neutrino nuclear responses for isotopes relevant
for neutrinoless double-beta (0νββ) decay . The results

of OMC measurements help improving 0νββ nuclear

matrix element (NME) calculations and understand-

ing of the gA quenching, thus advancing the physics

of next-generation 0νββ searches. This work extends

our previous program of OMC measurements to heavy

0νββ daughter nuclei, namely to 136Ba, 76Se and 96Mo.

We present the first results obtained during the 2021

measurement campaign at PSI, including the absolute

muon lifetime and the relative strength distribution for

the three isotopes. –More specifics about the results–

. These results will help improving 0νββ shell model

calculations in the heavy mass region.
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1 Introduction

Neutrino nuclear responses are crucial for neutrino stud-

ies in nuclei. Neutrino properties, such as the Majorana

nature and the absolute mass scale, can be studied by

neutrinoless double-beta (0νββ) decay [1–5, 7]. This

process is typically represented as a two-stage transition

including the parent, intermediate and daughter nuclei,

with the β− and β+ responses as its two branches. Their

detailed studies are necessary in order to access quan-

titatively the neutrino properties beyond the standard

model using the 0νββ experimental data. The nuclear

matrix element (NME) of 0νββ decay,M0ν , is expressed

in terms of the product of β− and β+ matrix elements

(M(β−) and M(β+)) via the neutrino potential [6].

The search for 0νββ decay has recently been rec-

ognized as a top priority in particle and astroparticle

physics by the AstroParticle Physics European Consor-

tium (APPEC), which recommends a dedicated experi-
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Fig. 1: 0νββ and muon charge exchange reaction

schemes.

mental effort, in collaboration with the nuclear physics

community, to improve the determination of NMEs [11].

An open problem in translating the half-life (rate)

of 0νββ decay into the absolute neutrino mass scale

is the potential quenching of the axial-vector coupling

constant, gA, in this process [19–21]. While it is es-

tablished that strong quenching is needed to reproduce

the rates of many β and 2νββ decays, one cannot di-

rectly compare them to the 0νββ decay due to the much

larger momentum transfer occurring during the latter

process. Serendipitously, a similar momentum transfer

occurs during ordinary muon capture (OMC) process,

making it an attractive tool to experimentally study

this topic.

OMC (see Fig. 1) is a charge exchange reaction me-

diated by a W boson. It involves the capture of a neg-

ative muon by a proton in a target nucleus, resulting

in production of a neutron and a muon neutrino. The

response represents the square of the nuclear matrix el-

ement, M(µ), which is equivalent to the M(β+) side

of the M0ν [33, 34]. The unique feature of OMC is the

large energy and momentum transfers, on the order of

E=0-50 MeV and p= 20-100 MeV/c, which are simi-

lar to the ones involved in 0νββ decays and medium-

energy supernova neutrinos. The negative muons are

first trapped in an atomic orbit and cascade down to

the muon K-shell. Simultaneously with the muon stop,

muonic X-rays are emitted. After that, there are two

paths for the muon, which is either capture by the nu-

cleus or decay to an electron and two neutrinos. In the

first case, prompt γ-rays can be emitted. In the second

case, a high-energy electron (Michel electron) is emit-

ted.

In OMC, a well-bound proton in the target nucleus
A
ZX is shifted up to a vacant neutron shell, which re-

sults mostly in the excitation of the nucleus A
Z−1Y

∗ with

the excitation energy E. If the excited nucleus is in a

bound state, it decays by emitting γ-rays to the ground

state A
Z−1Y. On the other hand, if A

Z−1Y
∗ is unbound, it

de-excites by emitting a number (x) of neutrons. In the

case of medium-heavy nuclei, proton emission is mostly

suppressed by the Coulomb barrier. Finally, the residual

nucleus A−x
Z−1Y is obtained. If it is radioactive, we iden-

tify it by measuring characteristic γ-rays of the residual

nucleus. The number of the emitted neutrons reflects

the excitation energy E, with larger x corresponding to

a higher E region.

The OMC reaction A(µ, ν) normally is an order of

magnitude less intense than a similar one followed by

the emission of one or more neutrons. As a result, even a

small contamination of the target with heavier isotopes

(A+1) or (A+2) could lead to a parasitic population of

the same excited states of the daughter nucleus. There-

fore, from the experimental point of view, it is very

important to use isotopically enriched targets without

a significant content of the (A+1) or (A+2) isotopes.

Previously, we studied OMC on several isotopes rel-

evant for 0νββ decay. Among them are 48Ti, 150Sm,
76Se, 106Cd, 82Kr [45]. In this work, we continue the

measurement program by studying OMC on 136Ba, 76Se.

The description of the used set-up, detectors, their

holder frame, muon veto trigger system are presented

in Sections 2.2. Two data acquisition (DAQ) systems,

called LLAMA and MIDAS, used in parallel, have

been incorporated into the setup (see Section 3).

In October 2021, we had a beam time for four weeks.
The first week of the experimental campaign was dedi-

cated to mounting of the setup and tuning of the beam.

The energy calibration of the detector array was per-

formed during a beam-off period in the second week, fol-

lowed by the measurements with isotopically enriched
136BaCO3 and 76Se. More details are provided in Sec-

tion 2.1.

Time and energy gamma spectra have been con-

structed and analysed. The total muon capture rates

for the measured isotopes have been extracted. The re-

sults for 136Ba and 76Se are shown is Section 6.

2 Measurement principle

The idea of µ-capture experiments is based on a precise

measurement of the time and energy distributions of the

γ-rays following the µ-capture. These distributions pro-

vide rich experimental information, all of which serves

as a useful input to the ββ NME calculation. The total
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muon capture rates of specific isotopes are extracted by

analyzing the time distribution of delayed γ-rays. The

measured intensities of the delayed γ-rays give partial

muon capture rates to the bound states. The yields of

the short-lived isotopes are obtained using the beam-off

and off-line measurements. An important by-product

of the measurements is the µX-rays data. It helps to

identify the type of atoms by which the muons were

captured and serves as a normalization for the total

number of stopped muons.

2.1 Targets

As was mentioned above, isotopically enriched targets

are strongly preferable. On the other hand, measure-

ments with the natural targets are also important for

comparison and identification of numerous γ-lines in

all measured spectra. Table 1 lists the targets which we

used to investigate in this study.

Two grams of elemental selenium in powder form

were press formed by applying 20 MPa of pressure. The

resulting tablet has dimensions of 20 mm in diameter

and 1.8 mm thickness.

Table 1: List of targets used in the present µ-capture

experiment in 2021. In the fourth column the element

mass of the target itself is given.

target enr-ment composition element

136Ba 95.27% BaCO3 powder 2.0 g
natBa – BaCO3 powder 2.0 g
76Se 99.68% Se elemental 2.0 g
natSe – Se elemental 2.0 g

The natural-abundance and enriched barium targets

were made using natBaCO3 and
136BaCO3 salts in pow-

der form. After several attempts to develop a suitable

technology, we settled on a process of depositing a solu-

tion of barium carbonate in isopropanol onto a plastic

holder and allowing it to dry before closing the holder

securely with a lid.

2.2 Description of the setup

The target unit, sketched in Fig 2, consists of an active

muon veto counter, C0, placed at the entrance of the

target enclosure, two thin (0.5 mm) pass-through coun-

ters, C1 and C2, and the actual target area surrounded

by a cup-like counter, C3.

The C3 counter together with the pass-through coun-

ters are used to define a µ-stop trigger:

µstop = C0 ∧ C1 ∧ C2 ∧ C3 (1)

as well as to discriminate high-energy electrons coming

from the muon decays. Since it is made from a low-Z

material, C3 does not affect the measurements of low

energy (20-100 keV) γ-rays by the external germanium

detectors.

The beam momentum and position were tuned to

maximize the intensity of µX-rays from the target and

minimize the background from the surrounding mate-

rial. Under optimal conditions, more than 95% of the

collected data should correspond to muons stopped in

the target. Typical µstop rates during the experiment

were between 104 s−1 and 4×104 s−1.

Fig. 3 shows the setup used in the 2021 measure-

ment campaign. The set consists of a total of nine HPGe

detectors. Eight of them are placed around the target,

while the ninth is a standalone detector placed under

the setup in order to monitor the background. The eight

detectors surrounding the target are of the following

three types:

1. Four large-volume n-type coaxial detectors (REGe

detectors) with thin beryllium entrance windows.

2. Two large-volume p-type coaxial detectors (COAX

detectors).

3. Two relatively large-volume p-typeBEGe detectors

with thin beryllium entrance windows.

The eight main detectors are mounted to an alu-

minum frame at a distance of about 15 cm from the tar-

get. The frame is made of a standard industrial 40x40

mm aluminum profile that allows one to adjust the po-

sition of the detectors around the target.

3 Data acquisition system

During our measurements in 2021 campaign two inde-

pendent DAQ systems have been used. One based on

the muX experiment, which is belong to PSI (described

in 3.1), and second new DAQ system has been incor-

porated in parallel with the MIDAS (see 3.2). Here we

present the results from the data taken with the MI-

DAS DAQ system. The analysis from the LLama DAQ

is in progress.

3.1 MIDAS DAQ

The DAQ system and software from the muX experi-

ment have been used during the 2021 µ-capture mea-

surements to collect and analyze the data, specifically
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Fig. 2: Picture of the solid target unit with the scintillation counters

Fig. 3: Picture of the setup showing the germanium detector array mounted around the target at the end of the

πE1 beamline.

the energy and time of incoming events (muons and

gammas).

The DAQ system is based on a Struck SIS3316 dig-

itizer module [24] with 16 channels, 14-bit resolution,

sampling rate of 250 MHz, and a selectable input range

of 2 to 5 V. The firmware of the FPGAs allow one to use

the trapezoidal filtering during the pulse height analy-

sis of the HPGe signals. The operation and settings of

the module are fully integrated into the MIDAS ac-

quisition system [25], which provides for a robust and

reliable tuning and data taking.
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3.2 Llama DAQ system for OMC4DBD

This text should be corrected/ written by TUM group

4 Online data taking

The online data taking was started with natBa. Dur-

ing this measurement, the beam tuning and energy and

efficiency calibrations were performed. The beam mo-

mentum was tuned to maximize the stopping of muons

exactly in the target. 136Ba was measured after natBa

for 96 hours. Since both the natural and enriched bar-

ium targets have the same composition, the beam tun-

ing did not need to be repeated. 136Ba was then moved

to the offline measurements and replaced with 76Se. The

two grams of isotopically enriched 76Se were measured

for 105 hours. The data analysis is described below.

4.1 Data acquired with MIDAS DAQ

TheMIDASDAQ data were converted for further anal-

ysis to ROOT trees. Each event contains non-calibrated

energy, timestamp (improved offline for the HPGe de-

tectors), precalibrated energy (only for the HPGe de-

tectors), detector ID and technical information about

overflows, underflows, and pileups during pulse digiti-

zation by the Struck FADC.

A simple way to identify muons stopped in the tar-

get is to require a coincidence within the 100 ns window

between the C1 and C2 counters, C1 ∧ C2. To remove

muons that miss the target and get captured by the

surrounding materials, the C0 condition 1440 ns before

the C1 ∧ C2 is used. The latter time window is driven

by the dead time of the digitizer.

The two conditions are used as a “soft” muon trig-

ger. Further improvement is achieved by requiring both

C0 and C3 during 1440 ns before the C1 ∧ C2. This

“hard” muon trigger may additionally remove some of

the background from high-energy electrons associated

with muons decays. Fig. 4 shows the statistics of trig-

gers by the individual scintillator counters of the target

unit, as well as the (anti)coincidences between them.

4.2 Data acquired with Llama DAQ

This text should be corrected/written by TUM group

5 Data analysis methods

The experimental procedures used in this work are dis-

cussed in detail separately in the following subsections.

Fig. 4: Events statistics from C counters and some co-

incidences between them (MIDAS DAQ).

5.1 Spectra reconstruction and γ-line identification

The first step in data processing is the reconstruction of

gamma spectra of various types and the identification of

γ-lines to assess the experimental conditions and statis-

tics accumulated. HPGe detector events are selected by

special conditions relating to the hard software trigger

with the 1440 ns time window, which was described

earlier. The selected events are sorted into the follow-

ing distinct types:

1. HPGe events occurring during the time window fol-

lowing the main trigger (and no other trigger from

any of the C counters) form the Correlated spec-

tra.

(a) HPGe events occurring in the first 100 ns from

the main trigger form the Prompt spectrum.

(b) Events within the time window that occur later

than 100 ns since the main trigger form the De-

layed spectrum.

2. HPGe events with the main trigger and an addi-

tional trigger from any of the C counters during the

selected time window form the Rejected spectra.

3. HPGe events occurring outside of the selected time

window opened by a trigger in any of the C counters

form the Uncorrelated spectra.

4. HPGe events not subject to any of the conditions

form the All spectra.

The sum of the Prompt and Delayed spectra is

equal to the Correlated spectrum, while the sum of

the Correlated, Uncorrelated, and Rejected spec-

tra is the All spectrum. As an example, such spectra

for 76Se are presented in Fig. 5.

Events from the HPGe detectors collected during

the online measurements can be divided into two types

– events correlated and uncorrelated in time with the

incoming muons. If an event from the HPGe detectors

is not preceded within some time window by a muon

that stopped in the target, then the event is considered
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(a)

(b)

Fig. 5: (a) – 76Se spectra for correlated events (detector #2); (b) – 76Se spectra for all events (detector #2).

uncorrelated. A typical Uncorrelated spectrum in-

cludes γ-lines from natural (40K, U, and Th chains) and

man-made (60Co, 137Cs) backgrounds, as well as beam-

induced (n, γ)-reactions. These lines could be used to

calibrate the detectors.

Correlated events are those that occur within the

time window immediately after the µ-stop. They are

more informative. Mostly of such events are caused by

a cascade of the muonic X-rays (µX) – high energy pho-

tons emitted by a muonic atom during its transition to

the 1s state from a Rydberg stage. The de-excitation

process takes place within picoseconds, so that µX-ray

can be considered a prompt radiation.

In addition to these prompt events, delayed corre-

lated events correspond to the nuclear γ radiation fol-
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lowing muon capture in the (µ−, ν xn) reactions. This

particular radiation is the main subject of our work.

The relative intensity of the delayed lines (with re-

spect to the µX-rays) allows one to extract the par-

tial capture rates to the individual excited states of the

daughter nucleus. In order to simplify the γ-line iden-

tification, the Prompt and Delayed spectra shown in

Fig. 5(a) are partially separated from each other by a

time cut.

The muon lifetime in a muonic atom of the tar-

get under study is determined by the competition of

two processes: i) muon decay with emission of a muon

neutrino and a Michel electron, ii) muon capture by a

proton of the target nucleus with emission of a muon

neutrino.

Both processes can be used to determine the muon

lifetime on the atoms of the target under study, and

both processes are actually used by us to determine the

muon lifetime by two independent methods, discussed

in detail below.

5.2 Determination of the muon lifetime from the OMC

In the process of OMC, the energy of 100MeV is trans-

ferred to the reaction products, which leads to the for-

mation of excited daughter nuclei that emit character-

istic γ-lines during de-excitation. Measuring the expo-

nential time evolution of these γ-lines makes it possi-

ble to determine the OMC probability by a dedicated

method described in [27, 45].

At the first step of data processing, we obtain two-

dimensional (E,t)-spectra of the studied characteristic

γ-lines (see Fig. 6). The subsequent analysis consists of

the following steps (see Fig. 7).

A) Construction of a 1D-energy spectrum by the

projection of a 2D-histogram onto the energy axis and

its fitting with the Gauss plus a linear background model.

The obtained peak position E0 and its resolution (σ)

are used as fixed parameters in further fits.

B) Construction of a successive series of energy slices

along the time axis, each of which is fitted by the Gauss

+ linear background model at fixed position and reso-

lution parameters obtained in step A). The output is

the dependence of the intensity of the γ-line on time

after OMC.

C) Fitting the obtained dependence with an expo-

nential function f = A ∗ exp(−λ ∗ t) + C, where the λ

is the parameter of interest.

Carrying out this analysis for a number of the strongest

characteristic gamma lines of the target under study al-

lows a precise determination of the muon lifetime in the

isotope under study.

Fig. 6: Part of the (E,t) distribution around 135Cs 249.7

keV line measured with the 136Ba target.

An example of fitting the 136Ba 250 keV line is

shown in Fig. 8

5.3 Determination of the muon lifetime from muon

decay

The concept of the proposed methodology is shown in

Fig. 9. The muon passes through the system of coun-

ters and stops in the target under study (µ-stop is deter-

mined by C̄0&C1&C2&C̄3 trigger logic). After the for-

mation of a muonic atom (the formation time of which

can be considered instantaneous for our case), a part of

the muons decays with the emission of a muon neutrino

and a Michel electron, registered by the C3 counter.

This method is described in [40] and was used to de-

termine the muon lifetime in various substances at the

early stage of the mu-capture physics. The main prob-

lem in this technique is the possibility of stopping and

decaying muons not in the target material, but outside

it (counters, air, etc.). Since the muon lifetime in mate-

rials outside the target can differ greatly from the muon

lifetime in the material under study, this introduces a

significant systematic error, which is difficult to control.

In order to get rid of this problem, in our exper-

iment, we have the opportunity to impose an addi-

tional cut - the coincidence of the µ-stop in the tar-

get region with the registration of the characteristic

µX-ray in a HPGe corresponded to the studied isotope

(C̄0&C1&C2&HPGe(µX)&C̄3 trigger logic).

One should emphasize that the coincidence of the µ-

stop with the characteristic muon X-ray of an element

makes it possible to isolate the formation of the muonic

atom of that particular element and to register a Michel
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Fig. 7: Determination of the muon lifetime by the OMC method: a) fitting of the γ-line in the total energy

spectrum, b) slicing along the time axis and fitting, c) fitting of the exponential attenuation in time of the γ-line

under study.

Fig. 8: Final stage fit of the 136Ba 250 keV line in the

OMC method.

electron from the decay of a muon from this muonic

atom.

This makes it possible to obtain and fit a pure (in

terms of isolating a particular muon decay process un-

der study) time spectrum of Michel electrons, an exam-

ple of which is shown in Fig. 10.

6 Results and discussion

6.1 Muon lifetime in 136Ba

The OMC approach. By investigating the intensities

of the strongest γ-lines of 135Cs and 136Cs emitted after

the OMC in 136Ba we extract the value of the muon

lifetime in 136Ba:

λtot = 86.2(55) µs−1(68%CL) (2)

The muon decay approach We have obtained a value:

λtot = 90.0(65) µs−1(68%CL), (3)

which is consistent with the one (2) obtained earlier

from the OMC.

Thus, the two independent approaches give the same

results within errors, which indicates the robustness of

the estimate obtained.

6.2 Muon lifetime in 76Se

text will be applied later

6.3 Muon lifetime in natural barium

text will be applied later

6.4 Muon lifetime in natural selenium

text will be applied later

7 Summary

The presented experiment unravels the gross features of

weak responses (β+ strength distributions) with Jπ =

0±, 1±, 2±, ... and p=30–100 MeV/c in E = 0-70 MeV
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Fig. 9: Determination of the muon lifetime by the muon decay method: scheme (figure on the left) and logic of the

searched event.
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Fig. 10: Time distribution of Michel electrons from

muon decay in a muonic 136Ba-atom (blue curve) and

its exponential fit (red curve) with the results presented

in the legend.

for isotopes of 136Ba and 76Se, which is the daugh-

ters nuclei of the DBD nuclei of 136Xe and 76Ge, re-

spectively. It is used to get and/or evaluate the 0νββ

responses (|M0ν |2) and astro-ν responses for medium

heavy nuclei.

As a result of that work the total µ-capture rates in
136Ba and 76Se have been determined. For the 136Ba it

was made first time, for the 76Se it was corrected and

made with the 99,97% of the enrichment of 76Se. The

future extraction of the partial µ-capture probabilities

(rates) to the bound states in 136Cs and 76As will be

based on these results. Related to this, important infor-

mation about the weak coupling constants and nuclear-

theory aspects will be obtained from the muon-capture

strength function and the associated giant resonance

[43] when compared with the presently available [44]

and future calculations of the strength functions. In

this way the partial µ-capture rates results will be an

important contribution to a more accurate theoretical

evaluations of the 0νββ NMEs.
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