
VOLUME 77, NUMBER 22 P H Y S I C A L R E V I E W L E T T E R S 25 NOVEMBER 1996
Radiative Muon Capture on Hydrogen and the Induced Pseudoscalar Coupling
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The first measurement of the elementary processm2p ! nmng is reported. A photon pair
spectrometer was used to measure the partial branching ratios2.10 6 0.22d 3 1028 for photons of
k . 60 MeV. The value of the weak pseudoscalar coupling constant determined from the partial
branching ratio isgpsq2 ­ 20.88m2

md ­ s9.8 6 0.7 6 0.3d gas0d, where the first error is the quadrature
sum of statistical and systematic uncertainties and the second error is due to the uncertainty inlop, the
decay rate of the ortho to parapmp molecule. This value ofgp is ,1.5 times the prediction of partial
conservation of axial current and pion-pole dominance. [S0031-9007(96)01754-1]

PACS numbers: 23.40.Bw, 11.40.Ha, 13.60.–r, 14.20.Dh
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In theV 2 A description of semileptonic weak intera
tions the strong force can, in general, induce four coupl
in addition to the usual vector (gy) and axial vector (ga)
couplings: weak magnetism (gm), pseudoscalar (gp), scalar
(gs), and tensor (gt) [1]. G-parity invariance predicts nu
values forgs and gt , in agreement with experiment [1
3]. The conservation of vector current (CVC) predict
for gm [4] also agrees with experiment [5]. Theore
cal calculations [6] of 3% precision are available forgp,
but no measurement approaching such accuracy has
reported.

It is difficult to measuregp in beta decay because
the small value of the 4-momentum transfer,q. In muon
capture the pseudoscalar coupling contribution is lar
Capture on the proton allows a reliable calculation si
this case is free of nuclear structure uncertainties. Ass
ing partial conservation of the axial current (PCAC) a
pion-pole dominance of the pseudoscalar coupling,gp can
be related togas0d [7]. In Fearing’s notation [8],

gpsq2d ­ 6.77gas0d
sm2

p 1 0.88m2
md

sm2
p 2 q2d

, (1)

wheremp is the charged-pion mass andmm is the muon
mass. In ordinary muon capture (OMC),m2p ! nmn,
q2 ­ 20.88m2

m, which is far from the pion pole. Thu
ga dominatesgp in the transition probability, and a ra
measurement of 4% precision [9] yields a 40% uncerta
in gp. Combining many different OMC results yield
only 25% precision [9] forgp.
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In radiative muon capture (RMC),m2p ! nmng,
q2 can be much closer to the pion pole, since
momentum transfer at the weak vertex isq2 ­ m2

m for the
maximum photon energy (k , 100 MeV). The relative
gp contribution to the RMC amplitude is then more th
3 times its contribution to the OMC amplitude. Offsettin
this long known, promising sensitivity togp is the fact
that, in hydrogen, the partial branching ratio is,1028.
Because of this small probability and the many potentia
large background sources, no previous measuremen
been reported.

The experiment was performed using the M9A mu
beam at the TRIUMF cyclotron. Negative muons
63 MeVyc were selected by an rf separator, counted
four beam scintillators, and stopped in a liquid hydrog
target. Them2 stop rate was,6.5 3 105 s21 and thep2

contamination waspym # 2 3 1024. Photons emerging
from the target were detected byg ! e1e2 conversion
in a cylindrical lead sheet and analyzed by tracking
e1 and e2 paths in cylindrical drift and wire chamber
An axial magnetic field allowed the determination
the photon energy from the curvature of thee1 and
e2 paths. Concentric segmented cylinders of pla
scintillators just inside the lead converter radius (theA,
A0, and B rings), just outside the lead converter rad
(the C ring), and just outside the drift chamber out
radius (theD ring) provided the photon trigger via th
logic A ? A0 ? B ? C ? D. Lastly, two layers of plastic
scintillators and drift chambers surrounding the mag
© 1996 The American Physical Society
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were used to identify cosmic-ray backgrounds. For mo
details on the experimental setup, see Ref. [10].

Even a smallp2 contamination in the beam could giv
rise to a potentially dangerous background, since eachp2

produces photons from the charge exchange or cap
reactions,

p2 1 p !p0 1 ns60.7d, (2)

↪! g 1 g sk , 55 83 MeVd,

p2 1 p !g 1 n s39.3%, k , 129 MeVd. (3)

Although these pion-induced photons were,104 times
more plentiful than RMC photons, they were prompt a
could be vetoed by a timing cut. They were, howeve
useful for measurement of the acceptance and quantita
comparison to Monte Carlo modeling of the detecto
For this measurement the beam was periodically tun
for 81 MeVyc p2, which stopped at the same plac
in the target as the63 MeVyc m2. The pion-induced
photons were subjected to the same geometry cuts
were the photons fromm2p, but not to the timing cuts.
Excellent agreement with Monte Carlo was obtained [1
especially in thep0 region which overlaps the RMC
region, providing an energy calibration to,0.25 MeV.

The spectrometer energy resolution,,11% FWHM for
photons, was sufficient to eliminate most of the bac
ground fork . 60 MeV from m2 decay with internal or
external bremsstrahlung,m2 ! e2nenmg. These pho-
tons have a maximum energy ofmmy2, which prevents
study of RMC at lower energies. Furthermore,m !
enng events could leak from the regionk , 60 MeV
into the regionk . 60 MeV due to the high-energy tail
of the spectrometer resolution function. To determine t
high-energy tail background the photon spectrum fro
m1 stops, where decay is present but capture is abs
was measured. Comparison of the normalizedm1 and
m2 photon spectra, accounting for in-flight annihilatio
of decay positrons (which contributes to the former b
not the latter), yielded as17.2 6 2.5d% high-energy tail
background in the RMC spectrum fork . 60 MeV.

Some fraction of the cosmic-ray induced events we
not identified in the cosmic-ray detectors surrounding t
spectrometer magnet, and thus survived the software v
The residual background was measured under experim
tal conditions when the beam was off. This and any “bea
related” background associated with the primary prot
beam of the cyclotron was measured when the second
beam was diverted to other channels. The combined m
beam-off background photon energy spectrum, normaliz
by time and integrated proton current, agrees with the
served muon beam-on spectrum in the range100 , k ,

200 MeV. This energy range is above the RMC range a
allowed a reliable extrapolation and subtraction of the
backgrounds,s10 6 4d%, in the RMC region.

Muon capture occurs on the Au flask containing th
liquid H and on the surrounding Ag heat shields much mo
rapidly than on H. Au was chosen for the flask mater
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because it can be made into a very pure thin-wal
container. Also, the disappearance time form2 in Au is
73 ns, in Ag 89 ns, while in H it is 2195 ns [11]. Even
which occurred within 365 ns (5t

m2

Au ) following the lastm2

stop were “blanked” in software. A fit to the unblanke
time spectrum fork . 60 MeV enabled a determination
of the part of this background which occurred more th
365 ns after a stop. The net background from the Au a
Ag wass10 6 4d% for k . 60 MeV.

Impurities of deuterium or heavy elements in the li
uid hydrogen could have been a serious source of ba
grounds. In liquid hydrogen them2 is rapidly captured
into the singlet atomic state. This small neutral syst
quickly forms apmp molecule, usually in the ortho state
which can decay [lop ­ s4.1 6 1.4d 3 104 s21 [9] ] to
the para state. However, if there are contaminants,
m2 can transfer from the proton to form amA atom.
Heavy impurities were reduced toø1029 by thorough
bakeout and pumping, and by passing the gas throug
palladium filter [12]. If deuterium is present, amd atom
can be formed, followed by apmd molecule. The latter
can form am3He system via muon-induced fusion. Na
ural H contains.100 ppm deuterium, and since captu
on 3He occurs at a much higher rate than on H, the ba
ground from3He RMC would be larger than the H signa
Our liquid was obtained from the electrolysis of two sam
ples of deuterium-depleted H2O. For half of the data tak-
ing it contained1.4 6 0.2 ppm deuterium [13], while for
the other half this contamination was,0.1 ppm. A total
3He RMC background for the two targets ofs1.1 6 0.3d%
was determined from a short run with natural H.

Other background sources were explored. These
clude: (1)p2 and m2 capture in the Pb beam collima
tors without hits in the beam counters. As these co
mators were located quite far from the target such eve
were vetoed by geometry cuts. (2) Beamp2 could de-
cay in flight to high-energym2 which would capture on
the AuyCu backplate of the target. The beam simulati
which reproduced the observed stopping distribution in
cated that the number of such events was small and a
ometry cut further reduced them. (3)m2 which stopped
in the veto scintillators would capture on C which has
disappearance time similar to H. The stopping simulat
indicated this background was,1%. (4) Before form-
ing a pmp molecule themp atom could diffuse into the
Au and capture after a long time, thereby defeating
blank cut. The beam simulation showed very few sto
within 2 mm of the Au flask. The mean free path of su
atoms isø1 mm and thus this background is predicte
to be negligible. (5) Multiple single tracks in near co
incidence could imitate high-energy pairs. However,
trigger counters were connected to multihit time-to-digi
converters (TDCs), which allowed a straightforward ve
of these spurious events. The net contribution from
these background sources wass3 6 2d%.
4513
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Data taking took place over a 3.5 year period. T
total number ofm2 stops examined was3.6 3 1012.
The uncut photon energy spectrum is shown in Fig.
The peaks are from bremsstrahlung and pion-indu
reactions. The hatched region shows the spectrum a
application of the prompt cut, indicating elimination o
pion events (the inefficiency of the prompt veto was,

1 3 1025). The number of RMC photons observed (k .

60 MeV), after all cuts and background subtractions,
N0 ­ 279 6 26.

The open histogram in Fig. 2 shows the photon sp
trum after all cuts were imposed. The overlayed da
shaded region shows the remaining bremsstrahlung b
ground, obtained from the normalizedm1 spectrum (with
annihilation in flight removed). The light shaded r
gion shows the photon spectrum after the residual A
Ag, 3He, cosmic ray, “beam-related,” and bremsstrahlu
backgrounds have been removed. This represents the
observation of a signal from RMC on hydrogen.

In order to extractgp from the data, a calculation o
the RMC branching ratioRg and photon energy spectrum
in terms ofgp was made using the theory of Fearing a
Beder [14]. This is a relativistic approach based on tr
level Feynman diagrams. Monte Carlo [15] events we
generated from the theoretical photon spectrum fork .

50 MeV, t . 365 ns, and several values ofgp, and then
analyzed like experimental events. Theq2 dependence of
gp assumed was that of Eq. (1). The values of the par
branching ratio andgp were obtained when the number o
surviving Monte Carlo RMC eventsN was equal to the
number of experimental RMC eventsN0.

The number of Monte Carlo events generated was

N ­ RgkNmecrPFa . (4)

Nm is the number of beam counter coincidences (stop
corrected for multiplem2 in a beam burst. ecr is the
fraction of events predicted to survive cuts to elimina
multiple single particles and cosmics (these cuts w
not applied to pion-induced photons from which th
acceptance was obtained, nor to simulated photons). T

FIG. 1. Photon energy spectrum before cuts are applied; b
m2 and p2 induced events are observed. Hatched regi
prompt cuts applied, pion events are eliminated.
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fraction is 0.93 6 0.01 and was obtained by noting th
effect of these cuts onm2 beam events which were
rejected by the prompt cut, i.e.,p2-induced events which
came in them2 beam. Pileup muons blank a fractio
1 2 P of real and background events which are captur
more than 365 ns after a stop, whereP ­ 0.750 6 0.011
was calculated from knowledge of the timing logic an
the incident beam rate.Fa is the ratio of the measured
acceptance in each run period to the simulated accepta
The acceptance was independent of beam rate and w
a running period was constant to within a few perce
but there were variations of up to 10% between runni
periods.

The factork ­ 0.88 6 0.01 is a run-independent prod
uct of several small, measured, or calculated correctio
The largest,0.926 6 0.005, is the fraction of muons in
Nm that stopped in the liquid. It was measured by repla
ing the liquid with a scintillator of appropriate shape an
counting coincidences with the beam counters; the m
sured value agreed with Monte Carlo predictions of t
beam. Other factors ink, each of which had less than
2% effect, included small measured inefficiencies in t
beam and trigger counters, random vetoing in the trigg
due to the singles rates in theA, A0, B veto scintillators,
and muon miscounting related to electrons in the beam
from the target.

Because of the spin dependence of the weak interact
the extraction ofgp from the data depends on knowledg
of the relative fraction of muons in the ortho and pa
pmp states. Thus the Monte Carlo, which includes a
the muonic atomic and molecular processes, was run

FIG. 2. Open histogram: Photon energy spectrum after
cuts were applied. Shaded histogram: final spectrum a
background subtraction; the dark shaded overlay shows
largest of these backgrounds, that due to bremsstrahlung
text). Curve: theoretical spectrum [14] for the best-fit value
gpyga.
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various values oflop. The sensitivity to the rates of th
other atomic and molecular processes was negligible.

Our measured partial branching ratio for photons
k . 60 MeV is s2.10 6 0.20 6 0.09d 3 1028, where the
first error is statistical and the second systematic. T
branching ratio arises from the mixture of muonic sta
relevant in the experimental time window (t . 365 ns):
6.1% in the singletmp state, 85.4% in the orthopmp state,
and 8.5% in the parapmp state [17]. The shape of the e
ergy spectrum in the experimentally accessible region i
good agreement with the theoretical prediction (see Fig
The results forgp are shown in Fig. 3, wheregpyga is plot-
ted versuslop . The expected theoretical result [Eq. (1)]
6.77 gas0d, at q2 ­ 20.88m2

m. RMC yieldsgpygas0d ­
9.8 6 0.7 6 0.3, a factor,1.5 times the expected value,
the experimental valuelop ­ s4.1 6 1.4d 3 104 s 21 [9]
is used. The first error includes statistical and syste
tic errors added in quadrature, while the second is du
the error inlop . The present result forgp is independen
of energy cut,k . 60 MeV, blank time cut,tb . 365 ns,
and is not very sensitive tolop .

In Fig. 3, “Saclay” refers to the most recent and ac
rate OMC measurement [9], while “World” refers to th
world average of OMC (including older bubble chamb
data [9]. It should be noted that this average was
tained from many different experiments with widely var
ing conditions and results. Within large errors, OMC
in agreement with the expected value ofgp if one adopts
the measured value oflop . However, the OMC results ar
generally more sensitive tolop than the present measur
ment, especially the Saclay result, and the extracted v

FIG. 3. gpsq2dygas0d, evaluated atq2 ­ 20.88m2
m, vs the

ortho to para transition ratelop for OMC and RMC on
hydrogen (see discussion in text).
f

is
s

-
in

2).

a-
to

-

r)
b-
-
s

-
lue

of gp would decrease significantly if the theoretical val
lop ­ s7.1 6 1.2d 3 104 s 21 [16] is correct.

In conclusion, we have made the first measurem
of the elementary radiative muon capture process,
determined a partial branching ratio ofs2.10 6 0.22d 3

1028, for photons ofk . 60 MeV. We have assume
that the measured values oflop and othermH parameters
are correct, theq2 dependence ofgp is given by (1), the
Rg and energy spectrum for RMC on H are correc
predicted by a relativistic perturbation theory calculat
[14] based on tree-level Feynman diagrams, and
a large background has not eluded detection in
experiment. Based on these assumptions, a substa
deviation ofgp from the predicted value is obtained.
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