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The photon spectrum from radiative absorption of negative muons in ' 0 has been measured with

a high-resolution pair spectrometer. The integrated branching ratio for photons with energies
greater than 57 MeV relative to the total muon absorption rate is (3.8+0.4) &(10 . The data are
consistent with nuclear model calculations for a value of the induced pseudoscalar coupling in ' 0
of gp/g„= 13.5+1.5.

I. INTRODUCTION

We have recently reported the results of an experi-
ment' in which we measured the photon spectra and in-
tegrated rates for radiative muon absorption in various
nuclei, ranging from ' C to Bi. From the comparison
of this data with nuclear model calculations, some in-
sight could be gained on the evolution of the induced
pseudoscalar coupling of the semileptonic weak interac-
tion in a nuclear environment. For the lightest systems
studied the values extracted for the induced pseudoscalar
coupling constant gz slightly exceed the nucleonic value

gp
——(7.0+1.5)g„, but are still consistent with it within

the large error bars. For the medium-heavy system Ca
a 50% quenching is observed, while the heavier target
data indicate a complete absence of this coupling. In this
experiment we used a double-arm total absorption NaI
spectrometer with moderate photon energy resoluation
(hE /E = 15% FWHM) and reasonable acceptance
(b 0/4»»=4 X 10 ) rendered neutron insensitive by pho-
ton conversion and subsequent identification of the
electron-positron pairs with a threshold Cerenkov
counter.

Prior to these data, experiments had concentrated on
Ca. For this nucleus our data agree well with data of a

previous experiment employing a technique similar to
ours and more precise older data of our own group. In
this latter experiment photons were detected in a high-
resolution magnetic pair spectrometer ( b.E/E = l.5%)
with a low acceptance (EQ/4m. =6X 10 ) but inherently
insensitive to the copious neutron background in muon
absorption. We emphasize the difference between the ex-
perimental tools, since it is in particular the neutron
background, which, combined with the low radiative
branching ratio made this type of experiment notoriously
difficult and led to quite a few conflicting early results.

In this paper we address a remaining discrepancy con-
cerning the radiative muon capture branching ratio in
' O. Preliminary analysis of data from our pair spec-

trometer run and the final analysis of the data from the
NaI spectrometer run' gave conflicting results,

B» =A(p, v„y;E» ) 57 MeV/A(p, all)

=(6.2+0.8 ) X 10

and

B,=(2. 5i0. 5)X10 '

(Refs. 6 and 1, respectively). The pair spectrometer cali-
bration data taken for the Ca experiment allowed also
a final evaluation of the ' O(p, v„y)' N spectra taken
with that instrument and their normalization. We report
on this reanalysis here and summarize the relevant steps
below. With the result B»=(3.820.4)X10 the
discrepancy is reduced but not completely removed.

II. EXPERIMENTAL DETAILS

A. Setup

In our experiment muons from the most intense muon
beam at the Swiss Institute of Nuclear Research (SIN)
were brought to rest in a 7-cm-thick, 13.3-cm-diam, thin
plastic container filled with light water from the early
part, and heavy water from the major part of the experi-
ment. Apart from the target, the setup otherwise was
completely identical to that used with the Ca target.
During most of our run the average muon intensity was
6.2&(10 sec ', but part of the data were taken in a
period where the primary proton beam was pulsed with a
frequency of 400 kHz. This beam structure was required
for a rare muon conversion experiment. The detailed
time dependence of the beam intensity is given in this
Ref. 7 (typically a nearly Gaussian pulse with FWHM 0.6
@sec and peak intensity 17)&10 sec ' appearing every
2.5 @sec). During these periods we consequently divided
our data into two nearly equal time gates, one overlap-
ping the beam pulse, the other one covering the beam off
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phase. During the latter gate still nearly half of the
events occured, since the muon lifetime in ' 0 [1.80 psec
(Ref. 8)] is still long enough, but the part of the photon
spectrum induced by the pion- and electron-beam con-
tamination was absent. Photons were detected in the
Lausanne-Munchen-Zurich pair spectrometer described
in details elsewhere. To shift the peak in the acceptance
to lower energies we worked with a 0.6 T magnetic field
and used a 600-pm Pb foil followed by a thin multiwire
proportional chamber and a 176-pm Au foil to convert
the photons. The chamber between the two converters
allows to determine the origin of the pair. The details of
the pattern recognition in the multiwire proportional
chambers and the selection of genuine electron-positron
pairs originating from a converter are described in Refs.
5 and 9. The calibration procedure with stopped poins in

hydrogen and the details of the response function are
given also in Ref. 5. The ' 0 data presented here were
bracketed by the early Ca data, taken with two 88-pm
Au converters and a later set taken in the configuration
described above. In Fig. 1(f) the acceptance curve and
resolution function for both converters is reproduced.

B. Radiative muon capture spectrum and backgrounds

In Fig. 1 samples of different spectra are shown, which
already indicate the principal source of background in
this experiment. Since only 18.3% of all muons are cap-
tured by the nucleus, while the remainder decays in orbit,
since furthermore the radiative pion capture branching
ratio in ' 0 is 2.2% (Ref. 10) or 580 times larger than the
radiative muon capture branching ratio, we found about
seven times as many (n, y ) com.pared to (p, , v„y ) pho-
tons in the energy region above the muon decay brems-
strahlung continuum endpoint, despite the fact that the
pion contamination in the beam is only 0.12%. For the
runs taken with unpulsed primary beam of 5.4)&10
sec ' stopping muons in D20 which constitute 60% of
our total event sample, we recorded 6.2)&10 events in
144 h of data taking leading to 9.6X10 reconstructed
photons, 1300 radiative muon capture, 9200 radiative
pion capture, and 86000 muon decay bremsstrahlung
events, i.e., a rate of nine good events per hour was
achieved.

Pion-induced events are tagged via a prompt 20- (in
some runs 30-) nsec wide time gate opened by an arriving
beam particle. The efficiency of this tagging method can
be judged again from Fig. 1. In the energy region beyond
the muon mass nearly all events are prompt. The content
of the two spectra can be written (N =dN& IdE& ) as

prompt: Nt" =f3N"+f,N",

nonprompt: N"~'=( I f3)N +(I f i )N", — —

N=N +N"=N '+N" '.
f3 represents the efficiency of the prompt tag, typically
80—90% (see Table I), determined for Er &90 MeV,
where Ni'=0. f i represents the fraction of muon events
appearing during the early part of the muon lifetime or
together with random, second muons during the prompt
gate. This factor varies between 0.03 (beam off, pulsed
beam) and 0.25 (see Table I). Below 50-MeV photon en-

ergy nearly all events are due to muon decay electrons ra-
diating due to interaction in the target and therefore
N «N", which allows to determine f, in this region.

For each run period we construct four photon spectra,
i.e., for each converter
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FIG. 1. Various photon spectra relevant to this experiment.
Right: 176-pm Au converter; left: 600-pm Pb converter.
(a)-(c) Raw photon spectra for the two different beam periods
(3-MeV bin width). The data points with error bars indicate the
full spectrum, the histogram represents the prompt contribu-
tion, coming mainly from the pion contamination in the beam.
(a) Unpulsed beam, heavy-water target. (b) Pulsed beam, light-
and heavy-water targets summed during beam pulse. (c) Pulsed
beam, between beam pulses (note the near absence of the
prompt contribution). (d) Spectrum of muon-induced events,
target container not subtracted (1-MeV bin width). The solid
line shows the folded theoretical prediction for ' O(p, v„y) (Ref.
11). (e) Spectrum of pion- (and electron-) induced events (1-
MeV bin width). The histogram shows the ' O(vr, y)' N (Ref.
10) spectrum folded with our acceptance and resolution. (f) Rel-
ative acceptance curve (normalized to 1 at 130 MeV) and typical
resolution curves (area normalized to 1) for 50-, 70-, 90-, 110-,
and 130-MeV photon energy deduced from pion calibration
data with a hydrogen target (Ref. 5).
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TABLE I. Consistency check for the different data sets. f,—efficiency of prompt tag; f t
—fraction of muon events in prompt

gate; N'"—total number of events in the energy region 56—89 MeV (Au converter) and 55—88 MeV (Pb converter); N ', N", and
N —number of prompt, muon, and pion events in the same energy regions (see text). The "beam-off" sample is a subset of the
pulsed beam data (see text). For all event samples a cut on the origin of the photon along the beam axis has been applied (see text); no
target out subtraction has been made. B(p,v„y )—radiative muon-capture branching ratio for photon energies above 57 MeV corn-

puted from N" using appropriate normalization factors. The error includes only the statistical error from each data set, not the sys-
tematical error of the normalization factor, common to all sets. Corrections for target-out contributions and losses of good events in
the cut are included in the normalization factors.

Target
(converter)

Unpulsed
D20 (Au)
D,O (Pb)

Pulsed
H20 (Au)
HqO (Pb)
D20 (Au)
DpO (Pb)
Beam o8'

H20+D20 (Au)

H20+D20 (Pb)
All (AU)

All (Pb)

0.2481+0.0015
0.8824+0.0060

0.0870+0.0018
0.7950+0.0133
0.1655+0.0022
0.8744+0.0116

0.028+0.012
0.717+0.047

0.2012+0.0011
0.8638+0.0050

N all

1174
1359

418
489
329
436

149
148

1921
2282

675
965

238
314
188
285

11
42

1100
1564

604+32
990+39

285+21
384%24
188%17
301+21

10+ 5

54+10
1077+42
1667+58

570+32
369+29

133+17
105+17
141+15
135+16

139+13
93+12

844+39
615+38

B(p,v„y))(10

4.09+0.23
3.89+0.31

3.06+0.38
3.55+0.58
3.19+0.34
4.46+0.52

3.58+0.33
3.52+0.45
3.72+0.18
3.98%0.24

N"=[N" ftNV(f3 —ft »—
N" = [N" ' (1 f3 )N—]I(f—3 f, ) . —

The pion spectra [Fig 1(e)] are well represented by the
folded ' O(tr, y)' N spectrum of Strassner et al. ' In
the low-energy region between 50 and 80 MeV there is a
small excess of events in these spectra, which we ascribe
to wide-angle bremsstrahlung from the electron contam-
ination in the beam. In fact with 1% contamination' we

expect about 50 events each in the p-capture region of
these spectra based on an electron photon shower Monte
Carlo simulation (EGS) (Ref. 13) with 115 MeV/c elec-
trons colliding with a 22% radiation length water target.
In the spectra taken during the "beam-oF' gate in the
pulsed beam mode [Fig. 1(c)] the prompt background is
nearly absent, apart from a few events induced by the
tails of the beam pulse. The muon-induced events [Fig.
1(d)] follow the predicted theoretical shape folded with
the spectrometer response function.

From the electron and positron momentum vectors the
photon direction and its intersection with a vertical plane
containing the beam line can be reconstructed. In our
previous experiment with a thinner converter we used a
cut on this quantity to reject nearly all nontarget associ-
ated photons. The multiple scattering in the thicker con-
verter foils employed here leads to a deterioration of the
resolution and consequently to a large loss of good
events, too, as Fig. 2 demonstrates. We therefore sub-
tracted the target empty spectra normalizing to the num-
ber of incoming muons for the final spectra shown in Fig.
3. The overall target empty contribution is only 3.2%,
but in the p-capture region it is 10% for muon- and 32%
for pion-induced events, since the muon decay brems-

strahlung is suppressed for the empty container.
The average energy loss of the electron positron pair in

the Pb converter is 6.4 MeV and 1.8 MeV in the Au con-
verter. With EGS-shower code simulations' of the
bremsstrahlung spectrum (see also Refs. 1 and 5) we es-
tablished that the measured (unshifted) energy regions
above E;„=55MeV (Pb) and E;„=56MeV (Au) are
free from this background, even considering tails of the
resolution function. The maximum photon energy for
' O(p, v y )' N (ground state) is En =94.3 MeV, but due

p,
2to the phase-space factor 1 (Er lEo) the—yield above 90

MeV is essentially zero. From these considerations we
selected for fits and consistency checks between different
data subsets the regions 55 to 88 MeV (Pb) and 56 to 89
MeV (Au), respectively, and treated always both convert-
ers separately, apart from the final, unfolded spectrum of
Fig. 3(c).

C. Normalization and results

The background subtracted spectra were fit to the fol-
lowing expressions:

dX""=B No J B(E)A„,(E)R(E,E )dE

in the region E;„&Er&E,„. B(E) is given by the
theoretically predicted differential photon spectrum, nor-
malized such that

8 E dE=1,
57 Mev

dA~r(Er )B(E)=
B theorY A(+

—
all )



38 RADIATIVE MUON ABSORPTION IN OXYGEN 1999

events
2cm

Pb-converter events
2cm

—600
Au-converter

400-
full target -400

200—

100— empty target empty target
n

i ~mW~ R.
-30 -20 -10 0 10 20 30 -50 -20 -10 0 10 20 50

(cm)

FIG. 2. Reconstructed origin of photons with energy exceeding 50 MeV along the beam axis measured relative to the target
center. The arrow marks the end of the degrader (and last beam defining counter) and the position of the target cut used for the data

of Table I. The target width is 7.7 cm in beam direction. The data are from the unpulsed beam period with a D20 target. The shad-

ed areas indicate the prompt part of the events.
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FIG. 3. (a) Final radiative muon-capture spectra with target empty background subtracted for both converters compared to the
folded theoretical spectra [best-fit results (Ref. 11)]. (b) and (c) unfolded and normalized radiative muon-capture spectra. All run
periods (b) and both converters (c) were added after shifting the Au converter data upwards in energy by 1.8 MeV and the Pb con-
verter data by 6.4 MeV and dividing out the energy-dependent detector efficiency. The solid curves represent the best-fit theoretical
prediction (Ref. 11).
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We used the theory of Christillin and Gmitro" with the
standard value of gp/g„=6. 8 for B (E) in our fits. The
value of gz influences the shape of B (E) very little. Con-
sequently the free parameter for the fit Bz does not de-

pend on this particular choice for gz. With B we direct-
ly obtain the desired integrated yield above 57 MeV,
which all previous experiments quote, provided that the

I

normalization parameter No is properly chosen (see
below). B can then be compared to B'""'",the integrat-
ed theoretical yield, which depends strongly on gz.
R (E,Ey ) is the normalized resolution function and

A„&(E) the relative acceptance of the spectrometer. The
absolute acceptance Ao at 130 MeV is contained in No,
which can be written as

No ——p;„xf,«, xf,»X(1—f», )x &0

Ao=(5. 92+0.21)X10 ' (Pb) (Ref. 5)=(2.44)+0. 10)X10 (Au) (Ref. 5),
p=number of incoming muons=5. 3&10' for the full data set,

f,«~
——0.87+0.02=fraction of muons stopping in the target,

f„~=1—y„(' 0)/y„(free) =0.183+0.001 (Ref. 8)

=fraction of muons captured by the nucleus,

f,b, =0.12+0.02=fraction of photons absorbed in the target .

The number of muons p has been corrected for count-
ing losses and counter inefficiencies. At 6.2)(10 sec
beam intensity, where most of our data were taken, this
correction is 23+7%%uo. It was determined from the rate
dependence of the photon yield (a low statistics run at
0.3, the majority of the runs at 6.2, and the pulsed runs at
peak intensity 17X10 sec ') and three special runs
recording the positive muon decay bremsstrahlung spec-
trum at 2.7, 16, and 23)&10 sec ' beam intensity. The
uncertainties in the parameters of the relative acceptance
function contribute +4. 6%%uo relative error. Summing all

independent contributions in quadrature gave a total sys-
tematic normalization error of 9%. The latter includes
also +2.5% from the +200-keV uncertainty in the abso-
lute energy scale.

Using the fact that

By ——(3.90+0.24) X 10 (Pb),

By ——(3.60+0.25) X 10 (AU),

respectively, for the integrated theoretical curve and

B =(3.97+0.33)X 10 (Pb),

By (3 72+0 29) X 10 (Au)

respectively, from summing the data as done for Table I.
For the final result we average the two statistically in-

dependent results for the two converters to obtain

B =A(p, v„y;E & 57 MeV)/A(p, all)

=(3.8+0.2) X 10 (statistical)

=(3.8+0.4)X10-'

(including systematic errors) .

with P=0.413 (Pb) and P=1.242 (Au), we may simply
sum all events between E;„and E,„and divide by PNO
to obtain an estimate of the integrated yield for the
different data sets. This was done for the data summa-
rized in Table I. To avoid the contribution of target-out
subtraction to the statistical error, we used for this con-
sistency check data with a target cut (see Fig. 2). This
implies a 15%%ug upward correction for the Pb converter
data to account for the excess of good events lost in the
cut, while for the Au converter the latter balance with
the target-out background kept in the spectrum. There is
no significant trend visible in these results. Independent
of the respective pion-to-muon ratios, the beam periods
or the converter type, the results are consistent with the
average values within their statistical errors.

The fit to the summed and background subtracted
spectra of Fig. 3(a) yields

As in our previous pairspectrometer experiment on
Ca we also deduce unfolded spectra by shifting the

spectra by the average energy loss and dividing by the
normalization constant and the relative acceptance. The
results are shown for both converters individually in Fig.
3(b) and summed in Fig. 3(c). A fit to the latter spectra
yields an average value By =(3.9+0.2) X 10 (statistical)
again consistent with the above result. However this pro-
cedure is only approximately correct and is done solely to
facilitate the comparison with future theoretical calcula-
tions. In particular the first bin of the Pb-converter spec-
trum can be seen to be already affected by tails of the
bremsstrahlung spectrum feeding into the muon-capture
region because of the broader resolution function. To ob-
tain the differential radiative muon-capture rate the data
of Table II should be multiplied by A(p, all) —102300
+600 sec
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TABLE II. Differential photon spectrum for ' O(p, v„y) with resolution and acceptance unfolded.

A +9%%uo uncertainty in the overall normalization is not included in the errors given for the individual

ponts. The energy refers to the center of the 2-MeV bin.

Energy
(MeV)

58
60
62
64
66
68
70

dN /dE ~10'
(Me V ')

4.20+0.42
2.32+0.39
2.53+0.31
1.89+0.25
1.72+0.24
1.60+0.21
1.48+0.21

Energy
(MeV)

72
74
76
78
80
82
84

dN /dE~y10
(MeV ')

1.30+0.17
0.86+0.16
0.60+0.15
0.53+0.15
0.45+0.14
0.40+0.13
0.34+0.11

Energy
(MeV)

86
88
90
92
94
96
98

dN /dE~X10
(Me V ')

0.27+0.10
0.13+0.12
0.19+0.09
0.27+0.07
0.07+0.11

—0.03+0.11
0.02+0.09

III. DISCUSSION

Using the model of Gmitro and Christillin" our exper-
imental value for B~ corresponds to a value of
gp/gz ——13.5+1.5. We determine the value and its error
by linear interpolation of the two values given in Ref. 11,
namely B'""""=2.08 X 10 for gp/g„= 6.8 and
B'""'"=3.84)& 10 for g~/gz ——13.6, respectively. If
we take the weighted average of our present and the NaI
data, ' B~=(3.3+0.6) X 10 (increasing the error be-
cause the two data sets disagree by two combined stan-
dard deviations), we would obtain gp/g„=11. 8+2.4, as
shown in Fig. 4. This result is consistent with the
analysis of muon capture [' O(p, v„y)' N(0 )] and P
decay [' N(0 )(e v, )' 0] involving the lowest 0 state
in ' N, ' which gave gp/g„=12. 5. It is furthermore
consistent with the only other rneasurernent in a light sys-
tem from ' C(p, v„}' B (ground state) polarization
quantities, which gave gp/g„=9. 0+1.5. ' The reasons
why all these measurements seem to imply an enhance-
ment of the pseudosca1ar coupling in light nuclear sys-
tems are, however, not clear.

The combination of our present data and those of Ref.
1 have furthermore resolved the major discrepancy be-
tween experiment and theory discussed in detail in the re-
view of Gmitro and Truol. ' 0 is a particularly attrac-
tive model case, since the wave functions used in the cal-
culations"' ' has been well tested against data from
other weak and electromagnetic processes, e.g. , inelastic
electron scattering and radiative pion capture. The nu-
clear response is dominated by spin-isospin states
J =0,1,2, with the T = 1 magnetic quadrupole
states being most important. Their structure is primarily
of

~
ld, /& Ip3/p, /p ) nature with strong 2p2h admixtures.

With these configurations it was shown that the modified
impulse approximation (MIA) calculations, ' where
current conservation was imposed at the electromagnetic
vertices via Siegert's theorem, lead to a considerable
reduction of the predicted rate compared to the standard
impulse approximation (IA) results, using the same wave
functions. ' The results brought the calculations into
agreement with the phenornenological ansatz used by
Gmitro and Christillin, "which we referred to above. In
the latter calculation the nuclear response is split into the
' N bound-state quartet (0 to 3 } and a dipole part, as-

Ar (sec '
)

c rrrw
/~//~l~&/i

120

100-

80- A+(10 se

A" (&o') (c)
A~

~~/ A

12 g /g

A„(sec'), p (d)
0

2
D

-1

o~-~-'
A+ (10 sec ) O

Q2
I I

60 100
I

140

FIG. 4. (a)—(c) influence of the induced pseudoscalar cou-
pling constant gz on the radiative (A~) and ordinary (A„)
muon-capture rate in ' O. The nucleonic value is indicated, too.
(1) Shell-model and standard impulse approximation (IA) (Ref.
17). (2) Modified impulse approximation (MIA) with shell-
model (Ref. 16) and/or phenomenological response function
(Ref. 11). A, data of Ref. 1; B, this experiment; C average of A

and B; D, Ref. 8. (d) A~ vs A„. The points labeled —1, 0, 1, and
2 refer to gz/g„ in units of the standard value gp/g~ =6.8.
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suming degeneracy of the isospin giant-dipole photonu-
clear resonance and the spin-isospin levels mentioned
above, and measured form factors for these structures are
used to obtain predictions. With the higher, preliminary
radiative capture rates at the time of the review the
whole approach needed to be questioned. This is now no
longer necessary. However, it is clear that further fine

tuning of the calculations is required, because as evident
from Fig. 4, no calculation can reproduce the ordinary
muon-capture rate A„and the radiative muon-capture
rate A~ at the same time. The ratio of these two quanti-
ties, which vary with gz in opposite directions, is howev-
er believed to be less model dependent, if both rates are
computed within the same frame.
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