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Measurement of the induced pseudoscalar coupling using radiative muon capture on hydrogen
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The photon energy spectrum from the elementary progess— v, ny was measured using a photon
pair-spectrometer at the TRIUMF cyclotron. Various sources of backgrounds are discussed in detail and
evaluated. From the final spectrum the partial branching fatjcand the pseudoscalar coupligg were
extracted. The values obtained aRg(k>60 MeV)=(2.10=0.21)x 10 ® and g,(q?=—0.88m’)=(9.8
+0.7+0.3)g,(0), respectively. The first error is the quadrature sum of statistical and systematic errors, while
the second error is due to the uncertainty\if),, the transition rate of theup molecule from ortho to para
states. This measurementgyf, the most precise to date, agrees with all but one of the previous measurements.
However it is 1.46 times the value predicted by the partially conserved axial current hypothesis and pion pole
dominance[S0556-28138)03601-3

PACS numbsgs): 23.40.Bw, 11.40.Ha, 13.66r, 14.20.Dh

I. INTRODUCTION which the pseudoscalar coupling was extracted. Additional
details can be found in RefR2,3].
Muon capture provides a powerful, weakly interacting
probe of the proton’s structure. The momentum transfer val- Il. THEORY
ues typical in radiative muon capture correspond to distances i ) _
of the order of 2 fm, thus yielding information about the The standard model describes weak interactions at the
outer part of the pion cloud. This information is contained induark-lepton level in terms of a puré-A coupling. For
the weak form factors induced by the strong interaction ofPUrely leptonic interactions this is sufficient but for hadron-
the hadrons. The pseudoscalar form factor, which is the Sudepton interactions, the quarks are not free but confined, lead-
ject of this report, is assumed to be dominated by a pole df'd to complex hadron structure. In the absence of a work-
the pion mass. Radiative muon capture provides momentuf@P!e, fundamental theory of hadronic structure, the weak
transfer values close to the pion pole, thereby allowing dnteraction at the hadron-lepton level must be described phe-
sensitive test of this assumption. Hence a study of the radidiomenologically in terms of form factors. The vector and
tive muon capture rate on the proton may allow the mosg@Xial-vector form factors modify the basic electroweak inter-
precise determination of the pseudoscalar coupling. A briefction. Four additional “induced” form factors may also be
report of the first observation of radiative muon capture on Horesen{4]. Hence the operator of the Lorentz invariant had-
has already been publishét]. The present report is a de- "onic current has a forriy — A, which consists of two parts
tailed description of the experiment and the methods b)[s]:
. q” ax
_— Va=0,(@) nFigm(@®) onu 57 + 0500, ()
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and proton, respectively. These form factors are real pro-

©w v H v I3
vided that time reversal invariance holds. The vector and
weak magnetism form factorg,(q%) andgn,(q?) are related
by the conservation of the weak vector curré@¥/C) to the
nucleon’s electromagnetic form factof§] which are well
n p n P
(o) (0)

measured up to large momentum transfer by electron scatter-
ing. At low momentum transfeg,(g%) has been measured
using B8 decay[7]. G-parity invariance requires that the ten- u

sorg,(q?) and scalagy(q?) form factors both vanish. Their CoA ’
current valuesg,(g%) = —0.06+0.49 [8] and g4(q?=0)=
—0.4+2.3 [9], are consistent with the absence of such
second-class currents. The axial-vector form faagfg? ! 4
=0)=1.2601t0.0025 is well known from neutro decay
P n P
f

n p
() (d)

=3

[10]. Its g2 dependence is determined by pion electroproduc- ¢ n n
tion [11-13 and quasielastic neutrino sczatterifﬂgﬁl]. The () (@)
rkir(‘;lvil:'lng form factor, the pseudosca%(q ) is notas well . FIG. 1. Feynman diagrams for RMC on H. See text for discus-
The g? dependence of, has recently been predicted us- sion.
ing the chiral Ward identities of QCD and heavy-baryon chi- ) o B
ral perturbation theory15]: very small branch!r]g ratio in hydrogen of or(_jer fODue to
this small probability and the many potentially large back-
om,g.nFr 1 ground sources no previous measurement has bee_n at-
9p(q%) = Mz—’fz’f_gga(o)mMM re. (3) tempted. RMC has been measured many times in n[@%&i
=4 where the branching ratio is much larger than in H. However,

the interpretation of the results in termsg@y is clouded by
Here,M is the nucleon mass; is the mean square nucleon nuclear structure effects and the possible renormalization of
radius in the axial nucleon form factd¥,, is the pion decay the weak form factors in nuclei.
constant, andy,ny is the pion-nucleon coupling constant. =~ RMC on hydrogen was first calculated in 19%6]. Opat
The same result was derived much earlier using the partiallj27] was the first to include the hyperfine effects in the sin-
conserved axial current hypothe$BRCAC) [16,17. Follow-  glet and tripletup atomic states and in the doublet ortho
ing the calculation of Ref[15] which uses the most recent [pup] molecular state. The most recent calculation of Beder
values ofF ., g,nn, andr,, expression(3) gives the pre- and Fearing 28,29 is a relativistic approach based on the
dicted value tree-level diagrams shown in Fig. 1. Diagrafag, (b), and
(c) represent the photon coupling to the charge and magnetic
gp(q2= - 0.88112) =6.79,(0)=8.44+0.23 (4) moments of the initial and final state particles. Diagrabnis
a gauge term. Diagrarte) represents radiation from the in-
at the fixed momentum transfer of ordinary muon captureernal pion in the diagram responsible gy. Diagrams(f)
(OMC). By convention, whem,, is referred to as a coupling and(g) represent the contribution df excitations.
constant, it is actually the form factg{)(qz) evaluated at the For the case of muons captured in a liquid hydrogen tar-
OMC momentum transfer. The precision of this predictionget, muonic molecular effects must also be considered. The
far exceeds that of any previous experiment, the most preciseeasured RMC rate will then be the weighted sum of the
of which [18] has a 40% error. By comparison, the presenftrates in each of the singlet and triplet atomic and ortho and
experiment has resulted in a precision of 10%. para molecular states, with the weights determined by mea-
Previous measurements @f [18—24 have used ordinary sured transition rates from state to state. All rates to and from
muon capture u~p—wv,Nn, in which g® is fixed at the atomic and molecular muonic hydrogen states are well
—0.88ni. While OMC offers a larger momentum transfer known except foi,,, the rate at which the orthpwp mol-
and therefore much greater sensitivity dg than, for ex- ~ecule decays to the para state. Its measured Vdl@pis
ample, 8 de(;ay,q2 is still far from the pion pole and a 4% (4.1:1.4)X 10* s~ 1, which is smaller than the theoretical
rate measurement yields a 40% uncertaintgji18]. Com-  prediction (7.11.2)x 10* s™* [30]. Fortunately the RMC
bining many different OMC results yields only 25% preci- rate is not strongly dependent ag,.
sion[18]. A more recent experimefil3] used pion electro-
production to deducg,, at severaby? values further from the
pion pole @?>=m2). In this case the polelike behavior of

9p(0?) was verified. The very small branching ratio of RMC on hydrogen
In radiative muon capturéRMC), u~ p—w,ny, g° is  (~108) places very stringent requirements on any experi-
variable and can be much closer to the pion pole, ugto ment designed to measure it. High muon flux, a very pure
=mi at maximum photon energyk{-100 MeV). The re-  hydrogen target, large detector solid angle, reasonable pho-
sulting contribution ofg, to RMC is more than three times ton energy resolution, and efficient background rejection are
its contribution to the OMC amplitude so that a 20% changeall required. The present experiment was performed by stop-
in g, results in a 113)% change in the RMCOMC) rates.  ping a pure, negatively charged muon beam in a liquid hy-
This long known, promising sensitivity 1, is offset by the ~ drogen target. Liquid H, rather than high-density gas, was

IIl. EXPERIMENTAL SETUP
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FIG. 2. Liquid hydrogen target and collimator arrangement. ‘mm“mﬂ l|||mlllll. Drift chamber

chosen in order to stop nearly all incident muons in the tar
get, thus increasing the count rate for the rare RMC proces:
Photons from the target were detected in a cylindrical drift
chamber pair spectrometer which incorporated a charged-
particle veto of electrons from muon decay. Good energy FIG. 3. The RMC pair spectrometer at TRIUMF.
resolution allowed background photons arising from the
bremsstrahlung of muon decay electrons to be eliminatedre given elsewhergd4].
from the signal energy range 60—100 MeV. The use of a drift Photons were converted te*e™ pairs in a 1.08-mm
chamber to detect converted photons insured insensitivity téhick, dodecahedral lead sheet surrounding the target at a
the large background of neutrons from ordinary muon capfmean radius of 157 mm. The pairs were then momentum
ture. Backgrounds from cosmic-ray-induced photons wer@nalyzed in a cylindrical pair spectrometg84] which is
rejected in part by an active veto consisting of planar wireshown in Fig. 3. The spectrometer consisted of two concen-
chambers and plastic scintillators which surrounded the spedric, cylindrical chambers, which together provided charged-
trometer. track reconstruction in three dimensions. The inner chamber
The M9A channel at TRIUMH31] provided muon and (IWC), with a radius of 270 mm, was placed outside of and
pion beams for the experiment. These beams were produc@dncentric with the Pb converter. It was a dual-coordinate
by a primary beam of 500-MeV protons, with a typical cur- cylindrical proportional chamber which providedy, andz
rent between 100 and 14@A, striking a 10-cm Be produc- coordinates for a single point on each track passing through
tion target. The beam had a macroscopic duty factor of 99%.
and a microstructure due to the cyclotron rf consisting of a5- The outer chambe(DC) was a large volume cylindrical
ns pulse every 43.3 ns. Negative muons of 63 Mel{ a  drift chamber with inner and outer radii of 302 and 580 mm,
typical rate of 6.5 10° s~ * with 6P/P=10% were counted respectively, and consisted of four superlayers of drift cells.
by a stack of four plastic scintillation counters each 1.6-mmLayers 1, 2, and 4 were axial and providegd coordinates
thick and located 12 cm upstream of the front face of thefor tracks while layer 3, which was stereo, providedoor-
target flask. Electron and pion contaminations were reducedinates. The chambers were enclosed within a magnet coil
toe/u=5x10 2 andw/u=2x10" by an rf separatdi32]  and return yoke which provided a uniform axial field of 0.24
about 10 m upstream of the hydrogen target. Beams of posiF parallel to both the beam axis and the spectrometer axis.
tive muons for background studies were provided by revers€ombining coordinates from both chambers resulted in a
ing the channel polarity. By retuning the channel and sepaspatial resolution for single tracks of 140m in x,y and 400
rator, 81 MeVt =~ beams were produced for energy um inz. The active region of the DC defined the solid angle
calibration and acceptance measurements. In this case tsgbtended by the spectrometer at the target center to be

T m

typical beam composition was 96% , 3%e~, and 1%u~.  ~3m st. The large solid angle combined with a photon con-
Pulse heights in the beam counters were used offline to funersion efficiency of about 10% yielded a large average ac-
ther reduce the effects of beam contaminants. ceptance for photons in the energy range 60 to 100 MeV. As

Muons and pions were stopped in 2.7 liters of chemicallydiscussed below, this acceptance was measured using the
pure, isotopically separated liquilH,. The protium was known photon spectrum of pions stopping in hydrogen.
contained in a thin-walled gold vessel 15-cm long and 16 cm The chamber readout was triggered by a set of azimuth-
in diameter which was placed at the geometric center of th@lly segmented, concentric layers of plastic scintillator pan-
pair spectrometer. Because the probability of RMC variels labeledA, A’, B, C, andD in order of increasing radius.
roughly asZ* and because muons jmH atoms are easily TheA andA’ counters were located immediately outside of
transferred to heavier, contaminant nuclei, great care wakhe target while the8 counters were located just inside the
taken to avoid chemical impurities. A low concentration of Pb converter. Their purpose was to veto charged particles
deuterium was also necessary to reduce the rate of muagriginating in the target. Th€ counters, immediately out-
catalyzed fusionpud— u3He, which causes a background side of the Pb converter, and tBecounters, just outside the
from RMC on 3He. To prevent loss and maintain purity, a DC, provided pattern information on events in the chambers
gas recycling systerf33] was developed for use with this which was used in the first level trigger. In a typical con-
target. A schematic diagram of the target and beam collimaverted photon event a sing{@ counter and one or two non-
tion system is shown in Fig. 2 and details of its constructionadjacentD counters would fire but né, A’, or B counters
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Scintiliators before they can be captured, bremsstrahlung represents a co-

pious source of photons with a maximum energyngf/2.

LK, target The RMC signal at lower energies is therefore insignificant

compared to this background. However, the spectrometer en-
FIG. 4. X-Y view of converted photon event. Extra lines parallel €rgy resolution, ~11% full width at half maximum
to the scintillator panels indicate which C and D counters fired(FWHM), was sufficient to eliminate most of this back-
during the event. Six instrumented sense wires are located along tiggound for photon energies above 60 MeV. Leakage into the
vertical midplane of each drift cell. RMC region due to resolution effects was determined by
tuning the beam fow™. These can only decay so that a
would fire. Such an event was accepted by the primary trigProPerly normalized subtraction of the" photon spectrum
ger condition from the u photon spectrum removed the leakage events.
This subtraction was corrected for the fact that positrons
- from u™ decay can produce photons from annihilation-in-
3(A+A’) -3B-3C-=1D. (5)  flight, whereas the electrons from™ decay cannot.
Photons can also be produced by cosmic rays and beam-
Higher-level trigger conditions were placed on events byelated backgrounds. Two additional layers of scintillators
comparing combinations o€ andD counter hits to preset and drift chambers placed outside the magnet yoke were
patterns stored in programmable logic modules. In additionUsed to veto cosmic ray events in software. The beam-related

crude pattern recognition was performed by recording thd@ckground was measured extensively under experimental
number of cells hit in each layer of the 0@5] and accept- conditions when the beam was off and when the secondary

ing only those events having hit distributions consistent withbeam was magnetically diverted, just upstream of the sepa-

e*e” pairs. Anxy view of a typical photon event is shown rator, to the ad]ace_nt M9B Chaf_‘”e'- . .
in Fig. 4. For muon stopping rates typical of this experiment, there

For an incident muon rate of 610° s~ the primary were often more than one muon in the target at a time. Due

. 1 , to the finite memory time of the drift chamber single particle
trigger rate[I_Eq. (5] was about 1000's. The higher Ievel_ tracks related to different muon decays at somewhat different
conditions discussed above reduced the rate_ of events V.Vr'ttefpmes could appear superimposed in the same event, imitat-
;Oe:eligegit\?eib(glzte\}v?\%r% 4'? complete discussion of the trig- ing a converted photon. However, the trigger counter time

' signals, which were read out with multihit TDCs, allowed
the identification of such spurious near coincidences.
IV. BACKGROUND REDUCTION METHODS RMC occurred on the gold flask containing the liquid H
and on the nearby silver heat shield/collimator much more
The photon spectrum from RMC extends from 04400 55y than on H ¢~ Z%), creating a potentially huge back-
MeV and is susceptible to several backgrounds which arg.q,nq. The first step in reducing this background was to
described in this section. A quantitative discussion of thedesign a target flask large enough so that very few muons
actual background subtractions is given in Sec. V. stop near the walls. Au was chosen for the flask material
The small pion contamination remaining in the beam aftefyo-5use it can be made into a very pure thin-walled con-
rf separation gives rise to a potentially dangerous baCkfainer. Since the disappearance times dor in Au and Ag
ground since each negative pion produces photons frorp73 and 89 nsare short compared to that in (2195 n3, it

charge exchange or capture: was possible to wait until nearly all photons from Au and Ag
had traversed the spectrometer before selecting any events.
7 +p—a’+n (59.8%), (6)  Therefore events occurring within 365 (Br,,) following
the lastu ™ stop were removed in software. A fit to the uncut
—y+y+n (k~55-83 MeV), (7)  time spectrum foE,> 60 MeV, enabled a determination of

the fraction of this background which occurred more than
B 365 ns after au™ stop.
7 +p—y+n (39.3%k~129 MeV). ®) The presence of deuterium or heavy element impurities in
liquid hydrogen would also be a serious background source.
Although these pion-induced photons ard0’ times more  The various pathways open towa in liquid H, when im-
plentiful than RMC photons, they are prompt and can bepurities are present are illustrated in Fig. 5. In liquid the
efficiently vetoed by timing and pulse-height cuts. is rapidly captured into the singlet atomic state. This small
The largest irreducible photon background is due to muomeutral system will quickly form @up molecule, mainly in
decay with a subsequefduten bremsstrahlung of the decay the ortho state, which can decay to the para state. RMC can
electron proceed from any of these states. However, if there are con-
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distancex, weighted by expressiofi3), over the target vol-
ume. This calculation showed th&t=4.5x10 ¢ and that
up atoms formed more than 0xZm from the wall do not
contribute to the background. The size of this background
relative to the RMC branching ratio was estimated to be

FILa,/TH=0.13%, (14)

where I',,=6Xx 10 is the estimated branching ratio for
RMC in Au for photon energies above 57 MeV, ahg,
=2.1x10"8 is the RMC branching ratio on hydrogen re-
ported in this work. This estimate would be reduced by an-
other two orders of magnitude if the actual stopping distri-
butions and solid angle corrections were used.

Other sources of background photons were due to the fi-
nite extent and divergence of the incoming beam. Muons and
pions in the muon beam might have stopped outside the hy-
drogen targetin the beam counters, heat shields or collima-
tors, for examplgand caused backgrounds due to muon and
pion capture. Such events were effectively eliminated by
geometrical cuts on the origin of the photon. The possibility
that stray muons could enter the target region without first
passing through the beam counters was also studied. Exten-
sive beam tests determined the number of such muons to be
negligible.

FIG. 5. Muon atomic and molecular states in liquid hydrogen.

taminants withA>1 the = will rapidly transfer from the
proton and form auA atom. Heavy impuritiesA>2) were
reduced to<10 ° per hydrogen atom by thorough bakeout
and pumping and by passing the gas through a palladium
filter. If deuterium is present in the hydrogenua atom is V. DATA ANALYSIS
formed and subsequently gud molecule. The latter can
form a u®He system via muon-induced fusion. Natural H Raw data from the cylindrical drift chamber and inner
contains> 100 ppm?H and since RMC or?He is predicted Wire chamber were used to reconstruct electron and positron
to occur at about 20 times the rate on H, the backgroun@aCkS in three dimensions. Poorly fitted tracks were rejected
from 3He would be larger than the signal. Our liquid, which and the remaining electron and positron tracks were paired to
contained 2 ppntH or less, was obtained from the electroly- form candidate photon events. Candidate events which satis-
sis of two samples of deuterium-depleted® The effect of ~ fied several geometrical and kinematic conditions constituted
this 3He background was determined by a run with natural Hthe raw photon spectrum. TDC and ADC information from
(see Fig. 16 both the beam and trigger scintillators was used to remove
A related background involves the possibility that jlap the background photons described in the previous section.
atom, before it decays or formspa.p molecule, may driftto ~ The resulting sample of RMC events V\./as.then normalized to
and diffuse into the Au target wall. There it could capturethe number of muons stopped in the liquid hydrogen target.
after a long time and defeat the time cut described aboveits to the data with the theoretical RMC spectrum convo-
This background was estimated using several parameters ajpted with the detector response yielded the experimental
propriate for a liquid hydrogen target at 16 K. At this tem- value ofg,. This section describes each of these steps in

perature theup atom has an average velocity of detail.
v=+3kT/m,,=3.45< 10" cm/s. (12

A. Event selection

Its mean free path =3.6x 10 8 cm was estimated from the The event reconstruction and selection process was de-
number density of H molecules in the liquid target. The signed to(1) identify e*e™ track pairs with the correct to-
probability that the atom drifts to the wall before disappear-pology for photon conversion in the Pb she@) optimize
ing is given by photon energy resolution to reduce the number of photons
from inner and outer bremsstrahlung with reconstructed en-
, (13)  ergies above 60 MeV(3) reject photons originating from
outside the target, an@) maintain the largest possible ac-
wherex is the distance from the wall and=3.33x10 " sis  ceptance for RMC photons. Cuts made to achieve these goals
the lifetime for aup atom to be captured into pup mol-  were tested by comparing their effect on real and simulated
ecule. Pessimistically assuming that muons are stopped uniz~ p data[Egs.(6)—(8)]. The chosen cut values left the same
formly throughout the target volume and thap atoms drift ~ percentage of surviving events for real and simulated data
only toward the nearest wall and not away from it, the frac-sets. The final set of cuts was then applied identically to real
tion F of atoms reaching the wall is given by averaging thex ™, ™, and7~ data.

e—Xz/U)\T
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TABLE I. Conditions of acceptance for wrap-around and TABLE Il. Conditions of acceptance for photons containing a
non-wrap-around electron and positron tracks. wrap-around track and photons that do not. The value.gfis the
centroid of the muon stopping distribution.

Track nonwrap wrap nonwrap wrap
Parameter et et e e Photon parameter nonwrap wrap
S;, (cm?) <0.0048 <0.027 <0.0038 <0.021 dy, (cm) <3.6 <25
S (cm?) <0.07 <2.00 <0.14 <2.00 d, (cm) <5.0 <5.0
dywe (cm) <0.8 <0.8 <0.8 <0.8 Reiose (€M) <7.0 <9.0
Nyy >11 >10 >11 >11 |Zejose— Zcend (€M) <12.0 <12.0
N, >2 >2 >2 >2 |Zraq— Zcent (€M) <16.0 <16.0
Qapex (CM) >53.0 >53.0 Ap, <0.7 <0.8

Bopen(°) <31.0 <50.0

1. Tracking cuts

Two distinct track types occurred in the spectrometertarget wall, andip,., the difference of the momentum frac-
ons|(p,/Pwdet — (P2/ P e-|. The values of these cuts for

higher momentum particles which escaped through the outel
layer of the drift chamber, and lower momentum partlclesfhh;ttg?ds nv;?lgrelgﬁgjvgﬁ?naT\gtr)?g Izlalround track and for those
which spiraled around inside it. In order to maximize detec-
tor acceptance both types were kept but different values of
the tracking cuts were applied to each. Both track types were 3. False photons
subjected to cuts oﬁfy and Sﬁ, the variance of the drift The charged particle rate in the cylindrical drift chamber
chamber hit coordinates from the fitted trackxy andz, = was about 300 kHz and consisted mainly of electrons from
respectively, the numbeM,,, of drift chamber hits per track muon decay. Thé, A", andB scintillator rings vetoed these
in the xy plane, the numbe, of hits per track inz and the  tracks with a combined inefficiency of>510®, making it
distanced,yc of the xy projection of the drift chamber track highly unlikely that two such tracks could survive to make
to the nearest hit in the inner wire chamber. To the spiral, oan accidental, or false, photon. If, however, an electron un-
wrap-around tracks a cut o, the distance from the derwent hard bremsstrahlung before reaching the veto rings
center of the drift chamber to the most distant track pointand the subsequent photon converted asymmetrically, the
was also applied. The cut having the largest effect on thgositron could have been accidentally paired with an unre-
energy resolution Wa§x The values of these cuts for lated decay electron. Other false photons could be dig)to
wrap-around and nonwrap-around tracks are shown in Tablelectrons which leaked through the veto and crossed the drift
l. chamber in the same region as a true photon, leading to a
Cut values fore™ ande™ tracks are slightly different due potential mispairing of tracks, and @) positrons produced
to the 5.5° Lorentz angle of the drift electrons in the chambePy photon conversion in the target paired with electrons pro-
cells. Because the curvaturesef ande™ tracks are oppo- duced by photon conversion or muon decay in the Pb con-
site, the angle betwees tracks and the drift direction was Verter. All such spurious tracks were removed by considering
always closer to 90° than it was fe™ tracks. Thus there the time of a given track relative to the event time as defined
were more wire hits per drift cell and a better fit¢o tracks. by the C counters. The small coincidence windd80 n9

The cuts one” tracks were therefore generally tighter thanand the low singles rate<{40 kH2) in any individualC
for et tracks. counter contributed to a well defined trigger time. An addi-

tional track could be removed if it occurred outside of the
+30 ns coincidence window, but withirc 250 ns of the
trigger time. The 250 ns interval represented the “memory
Satisfactory electron and positron tracks were paired taime” of the drift chamber determined by the maximum drift
form photon candidates which were selected if they hadime in the chamber cells. If fewer than two tracks survived
conversion-pair-like topologiesee Fig. 4 For true photons  this restriction, the event was discarded. Using the veto
the distance between the two tracks where they intersect things’ efficiency it was estimated that, for the entire data
lead converter must be small. This distance was resolved intsample, less than 0.1 false photon event would survive this
two componentsl,, andd,. The opening angle in they  cut in the region between 60 and 100 MeV.
plane 6,,e, must also be small. Large opening angles and/or
large converter distances were strong indications that the
electron and positron tracks had been mismatched and did
not represent a true photon, or that multiple scattering had Nearly all events surviving the above cuts are true pho-
distorted one or both of the tracks. A photon satisfying thetons, the vast majority of which are due to the various back-
above conditions could still be rejected if it did not point grounds described in Sec. IV. Some of these backgrounds
back to the liquid hydrogen target. Indicators of this werewere identified and eliminated event by event using addi-
Reuoses the shortest distance between the reconstructed phdional cuts, while others were estimated and subtracted using
ton momentum vector and tieaxis of the targetzse the  subsidiary measurements or calculations. The removal of
longitudinal component oR .56 Ziag the z coordinate of the each of these backgrounds from the raw photon spectrum is
intersection point of the photon momentum vector with thepresented here, roughly in decreasing order of importance.

2. Photon cuts

B. Background subtraction
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1. Pion capture 2. High-energy talil

As mentioned above, photons from pion capture on H The background component of the high-energy tail con-
[Egs. (6)—(8)] are ~10’ times more likely than those from sists of photons from inner and outer bremsstrahlLEgs.
RMC on H, hence the need for very efficient rejection of (9)—(11)] which are reconstructed at energies above 60 MeV.
pion-induced events. The rf separator reducedﬁhe ratio  The most straightforward characterization of this background
in the beam toRge;=2X 10" 4 while a “prompt” cut re- is derived from a measurement of the photon spectrum gen-
moved photons due to pions which survived the separatoerated by stopping. ™, which contains the same bremsstrah-
This cut rejected all events in which the photon trigger oc-lung events but no RMC events. However, the positron from
curred between 60 ns before and 10 ns after the pion or muon™ decay can also annihilate in flight, thereby producing a
had arrived at the beam counters. Its effect, shown in Fighigh-energy photon. Thg™ andu~ background spectra are
6(a), was to remove from the photon spectrum nearly alltherefore not identical for the same number of particles
events above 60 MeV. The remaining events were due tstopped in the target. Monte Carlo studies have shown that
inner and outer bremsstrahlung, cosmic rays and RMC othe shape of the simulated® photon spectrum is in good
Au, Ag, and H. The steep falloff below 40 MeV representsagreement with the experimental ofse=e Fig. 7, and that
the lower limit of the detector acceptance. Figukb)ds a  the ratio of . *-induced photons t@. ~-induced photons
portion of a histogram of all beam counter pulse times within
a 1 us window around the trigger time and shows that the .
prompt events fell within a well-defined peak. The prompt NY  ToutTint ann
cut efficiency was measured by applying it to a pion data N = Tout L'in
sample of more than ®Gevents withE ,<85 MeV. No pho- Y
tons survived, indicating a cut |neff|C|ency ef 107 5. For
pion-induced photons in muon data samples the prompt cut 10° , | :
efficiency was estimated by noting that no prompt photons I

survived in the regiorE,>100 MeV [see Fig. 6a)]. With 0 r
6.5x 10° photons in th|s region of the raw spectrum the cut
inefficiency at 67% C.L. Wagpomp< 1.54% 1077,

Pions in the beam have the same momentum as muons butg 107 -
lose about twice as much energy in the beam counters before 2
stopping in the hydrogen target. Therefore they stopped fur- § C
ther upstream than the muons and a cut on the photon origin © o' L
(Zelose@Ndz, 54 OF Table Il) reduced the pion-induced photons I
by an additional factor of twoRyeor=0.5. A conservative 10° - .
cut on the larger pion pulse-height in the beam counters pro- -, H ‘ HH H H|
vided another factor of 2 reductiomRe,ss=0.5. The total 20 40 60 80 100 120
relative reduction of pion-induced photons was thus Photon Energy (MeV)

(16)

Riot< RsegfprompRgeonReloss= 7-7X 10” 12 (15 FIG. 7. u" photon spectrum showing the high-energy téil
> 60 MeV). The Monte Carlo simulation of the high-energy tail is

indicating that this background was eliminated. shown in black circles.
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is, within errors, constant as a function of reconstructed enfired in coincidence. The energy cutoff at 56 MeV was cho-
ergy above 52 MeV. Her€, I';,, andI',,,represent the sen to improve the statistics of the time spectrum which in
probability that a stopped muon produces a photon fronturn allowed a better determination of the RMC background
outer bremsstrahlung, inner bremsstrahlung, and positron adue to Au and Ag. In obtaining the final RMC spectrum
nihilation, respectively. So, while the number of high-energy(60<E, <100 MeV), only the background counts above 60
tail photons produced per stoppgd is larger than that for MeV were subtracted. For ¥0t<<365 ns the shape of the
u, the shapes of the two spectra are the same. spectrum is dominated by the muon lifetimes in Au and Ag,

This allowed the direct background subtraction from ther,,= 73 ns andrag=88 ns[36]. Fort>365 ns the spectrum
n~ photon spectrum using the scalged photon spectrum. is flat and due largely to pileup events in which the muon
In the w~ spectrum an energg=52 MeV was chosen, as arrival time is uncorrelated with the trigger time. Also in-
low as possible, where the relative RMC contribution wascluded in this region are events due to RMC in H which has
negligible, but where the slope of the spectrum was not yea nearly flat distribution because of the long muon lifetime in
too steep. Thet* spectrum, shown in Fig. 7, was first cor- H 7;=2195 ns[37]. Events witht<—60 ns are due to
rected for cosmic-ray and beam-related backgro{seg be- pileup when the muon stops in the target after the photon
low) and then normalized so that the data bikat 52 MeV  trigger. The gap at-60<t<<10 ns is due to the removal of
contained the same number of events as the corresponditige prompt events.
bin in the ™ spectrum. The normalized™® spectrum above Keeping only events with>365 ns removed the bulk of
60 MeV thus represented the high-energy tail corrected exRMC events from Au and Ag as shown in the photon spec-
perimentally for positron annihilation. The number of eventstrum in Fig. 8b). Background events occurring &t 365 ns
in the tail above 60 MeV was found to be #Z. were removed by fitting the uncut time spectrum in Fig) 8

A second method used to obtain the high-energy tail wasvith the known time behavior of muons in Au and Ag
to generate a Monte Carlo photon spectrum containing inner
and outer bremsstrahlung as well as RMC, fit this to the dN —ir —tr
measuredu~ spectrum, and then subtract the RMC spec- H:AAge Aot A TP 17)
trum. The amplitude of the RMC spectrum was a free param-
eter in the fit but its shape was taken from theory. In thisand subtracting from the integrated photon spectrum the
case, the number of high-energy tail events above 60 Me\dmount
was 48t7, in agreement with the previous method. The
high-energy tail spectrum obtained with this method is com- < /dN

kag: Pft ( )dt

pared with the RMC spectrum in Fig. 11. TR (18

b

3. RMC in Ag and Au Heret,=365 ns is the blanking time is the rate of time-
The background from RMC on the Au target walls andindependent background events, including pileup. It was
the Ag collimator and heat shields was reduced by dixed by fitting thet<—60 ns part of the time spectrum
“blank” cut on the time at which muons pass through the where there is no RMC on Au or Ad\,g, the relative con-
beam counters relative to the photon trigger time. Figéag 8 tribution of RMC on Ag, was a free parameter in the fit.
shows the distribution of these times for photons with enerA,,, the contribution of RMC on Au, was then fixed by the
gies above 56 MeV and for which at least two beam countergitegral under the fit. Because of the relative scarcity of
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TABLE lIl. Background from RMC on Au and Ag fot>365  trons were found to be a greater background since they un-

ns as a function op. dergo hadronic production af%s in the iron of the detector
magnet. With the cyclotron off the photon trigger rate in the
P Ang Aau Nbkg detector was roughly 0.1°¢, clearly non-negligible com-
(counts/2 np (counts/2ng  (counts/2 np pared to the rate of RMC in hydrogen. With the cyclotron on,
50 94+ 15 20+ 20 56+ 5 ambient activity, mainly from production target neutrons,
56 51+ 15 76+ 20 41-5 was another backgr_ound source. _
6.2 7415 12520 2645 The bulk of cosmic-ray-induced photons were removed in

software by noting that they were usually accompanied by
charged particle tracks. Photons were removed if a charged
RMC on H events, no term for the muon lifetime in H was particle track in the same event fired a cosmic ray drift cham-
included in the fit. A maximum likelihood fit of the flat re- Der and the cosmic ray scintillator directly beneath it. Can-
gion of the time spectrumt&—60 n9 yielded p=5.6 dldate.e+e* pairs were also rejected if thé or D counter
+0.6 counts/2 ns with most of the error due to statistics. FitOPPOSite the pair fired. ,

of the uncut time spectrum fop=5.0, 5.6, and 6.2 gave  When high-energy neutrons from cosmic rays or the M9A
values forAn,, Aag, and henceNy,, which are shown in production target .produce s, the resyltlng photons might
Table IIl. Since the error ip dominated the evaluation of NOt P& accompanied by charged particles and therefore they
Nokg: the error inNy,; was enlarged to include the extreme cannot be directly vetoed. Since the source of these photons

values determined fop=5.0 andp=6.2. Thus, forE,>56 -

is not localized, cuts on their direction and origin will distin-

MeV, Ny, =41+ 15. Under the RMC signal region 6(E guish them from RMC photons which originate at the center
<106 I\/tl)é%/ ka_:2'9+ 11 Y of the liquid hydrogen target. However this would not re-
) g — .

The factorP is introduced by the effective dead time of move all background events. To do so, backgrqgnd data runs
365 ns after the trigger time. It is the probability that a sec-Vere taKen under beam-off and beam-on conditions and ana-
ond beam muon does not arrive within the blanking time an yzed using the same cuts as for nonbackground runs. During
veto the event. Ideally is given by Poisson statistics eam-off runs the cyclotron was O.ff’ s0 only cosmic ray
background could be present. During beam-on runs there
P=g "4t=0.786, (190  Wwas current in other beamlines but not in M9A, so that the
sum of cosmic and beam-related backgrounds was sampled.
whereAt=365 ns and =658 kHz, the incident muon rate The two components were then separated using the relation
averaged over all running periodd.was measured for each
running period by finding the ratiB of the number of events Nbkg= Reosmidiive + Roeanf?: (23
after to those before the blank ciR.is given by the prob-
ability that a muon decays after the blanking time, tinkes
In principle, P can be extracted using

where t; is the live time or total time in days that the
experiment was accepting trigge®. is a measurement of
the total charge striking the production target in the main

R=Pe 365m=0.847P (200  beamline during the run, and is corrected for experiment
dead time. Its units are arbitrary but proportionajta h. Q
or was also assumed to be proportional to the ambient flux of
beam-related activity through the detector. The rate of
P=11&. (21 cosmic-ray-related photonR.,smic and the rate of beam-

related photonsR., Were determined by sampling back-
round photons in the range<tE <200 MeV over a four-
ear period. After cuts there were 60 beam-off events over a

However, due to such effects as dead time in the bea
counters, beam microstructure, the prompt cut and the fa

that not all muons passing through the beam counters st eriod of 92 days Wit =0, S0 thaR . Was found to be

and decay in the target, corrections to Ezfl) are required. 0.65+0.08 events per day. Under beam-on conditions there

These were performed in a Monte Carlo simulation of MUON, ore 111 events over a period of 102 days vk 8703

arrival times as a function of incident muon rate. The resu'%olving for R yielded 0.005%0.0015 events per ur.1it

. K \p . beam ' '

is that Eq.(21) is modified, and can be rewritten as chargeQ or 0.44 beam-related events per day for the typical
P=1.3R—0.19. (22) beam currents QUring t_he experiment. . _

Over the entire period of RMC data taking, the experi-
The value ofR, averaged over all data runs, was 0.676ment was live for 66.85 days and collected a total charg_e
+0.008. Substituting into Eq22) yielded P=0.75+0.011, Q=6326. The number of background photons expected in

only 5% smaller than expected from E4.9). the RMC data was therefore
4. Cosmic rays and beam-related radiation Npkg= (Reosmidiive T RoeanQ) P (24
The intensity at sea level of cosmic ray muons above 1 —10.65% 66.85+0.0051X 6326075
GeVlc is 70 m™2 s~ ! sterad ! [38]. These can cause back- (0. : : g0.
ground photons from electromagnetic showers when they en- =57*8, (25

ter the detector. Photons induced by muons or other charged
particles were, in part, removed through the use of the coswhereP=0.75 is the blank-pile-up correction described ear-
mic ray active veto described earlier. Hence cosmic ray neuier. Assuming that the shape of the cosmic and beam-related
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70 l <—5 cm were removed by a cut dR ., Photons with
60 - i Zose> — 5 €cm were centered or=0 as expected for RMC
events from the hydrogen target. Due to imperfect position
50 - _ and momentum resolution, some photons originating up-
stream of—5 cm may have been reconstructed as photons
040 = originating inside the target, thereby introducing a back-
°C>’ ground from stops outside the target. The estimated number
830 1 of such events was95.
20 L i The few pions in the muon beam which were not rejected
by pulse height and timing in the beam counters could have
10 k _ decayed in flight to produce muons which stopped and cap-
tured in the Au/Cu backplate of the hydrogen target. The

0 = beam simulation which reproduced the observed stopping

—36 730 —2e -8 _1<2<:m)_6 o 6 2 distribution in the target indicated that the number of such

close events was small and cuts on the photon origin reduced them

FIG. 9. Distribution ofz.s, thez component of the point of to a neglgglble level. Slmllarly rt]he RMCbbackkgl;round fr]?m d
closest approach of the photon momentum vector ttheis. The uncounted muons stopping in the target backplate was foun

shaded region represents those events which are removed by a {gtbe negligible due to the same restrictions on photon origin.
0N Rejose. It was also possible that a few stray muons from the

fringes of the beam passed through the vent holes upstream

background was the same for the RMC data runs and thgf the beam counters without passing through the beam

beam-on background runs, 29 of these photons fell in the Counters(see Fig. 2 If they subsequently stopped in the

RC signal region, 6B, 100 eV, and had 1o be sub- &1, 18 f veo Serilors Imedaely i o e
tracted. 2% 7 events were expected to occur in the region g g 9 J '

100<E, <200 MeV. The error bars on these numbers re—then underwc_ant RMC, the resu]tmg _photons would appear to
Y have a flat time spectrum, mimicking RMC on H. Monte

flect, in part, the uncertainty in the shape of the backgroun : X 0
spectrum. As a check on this subtraction, events in the RM rgrrrl]o AblerEj séuvc\i;:j dezggla:tﬁdugqaotfinl n/:usrl:ic ct))ta:(:)k?r:gund
spectrum between 100 and 200 MeV, where no RMC event 9 . . 9

g and veto counters without being counted. In order to look

should occur, were analyzed. After the same cuts wer or uncounted muons, beam tests were performed in which a
placed on these events as on those below 100 Me.524 cintillator replaced tﬁe hydrogen tar etpThe beam counters
events remained, in agreement with the 23 backgrouna P ' (né hydrogen target. -1he

were placed in anti-coincidence with the scintillator so that

events expected in that region. ;
only muons not passing through the beam counters would be
The above procedure was repeatedddr data so that the ;
collected. Over several beam test periods no such events

subtraction of the high-energy tail could be done correctly. ; e
) were found, setting an upper limit on uncounted muons of
In this case the beam-on background run was the same ex

- -5 9 is indi -
cept that the polarity of the M9A channel magnets was ncNv<1.6>< 107> at 67% C.L. This indicated that the total back

positive. Based on the measured rates for 14.85 days oof_round from this source was less than 0.2% of the RMC
livetime, the number of beam-on background photons in thgﬂgnal.

u™ spectrum was predicted to be 48 between 0 and 200 6. Target impurities

MeV. Of these, & 2 were between 60 and 100 MeV and 5
+ 2 were between 100 and 200 MeV. The observed value of.
7*3 events between 100 and 200 MeV is in agreement witﬁ'f‘lte
prediction. S

In impure liquid hydrogen the rate at which muons disso-
fromup atoms to formuA atoms is of the order 18
which greatly enhances the probability of RMC on
heavy (A>2) impurities in the target. Impurity levels of
=109 per hydrogen atom were therefore required. Re-
peated bakeout of the target vessel and a special hydrogen
Monte Carlo beam transport calculations estimated thagjas storage and purification systE®3] were used to achieve
35% of the incident muon beam stopped in the Pb collimatothe necessary purity. Since gas impurities of 1@er atom
which is located immediately upstream of the beam counterare not measurable using mass spectrometers, an indirect test
(see Fig. 2 These muons, and contamination pions, couldvas performed. The pressure change at the output valve of
then produce photons through RMC or radiative pion capturghe palladium purifier was measured with an ion gauge as
(RPQ in Pb. The photon would likely pass through the beamlikely target contaminants such as N, Ar, and Ne were ad-
counters without firing them, thus adding a photon back-mitted at the input valve. The very small pressure change
ground flat in time and very similar to RMC in H. Since indicated that the target contamination could be no more than
these photons originated well upstream of the normal muon atom in 183, In the unlikely event that impurities did enter
stopping location the cuts on the photon origigandz.,se  the target, they would have frozen to the target walls at the
removed most such events. This is demonstrated by the digperating temperature of 16 K.
tribution of zy,se Shown in Fig. 9. As described in Sec. VA,  The palladium purifier will, however, pass deuterium. For
Zeoose 1S the longitudinal component of the vect&;se, this reason deuterium-depleted wafd8] was electrolyzed
which is the point of closest approach of the reconstructedo obtain isotopically pure hydrogen gas which was later
photon momentum vector to theaxis. Photons witle,.se  purified of heavy gases and liquified in the target vessel.

5. Stops outside the LK target
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Throughout the course of the experiment gas samples were TABLE IV. Summary of subtracted backgrounds.
extracted directly from the target and the deuterium levef
was measured using a mass spectromet@}. For the two Source Counts

sources of water used during the experiment, the deuteriu

Yotal photons after cut
levels were 2 ppm anek0.1 ppm(below the 0.2 ppm sen- o'l photons after cuts

sitivity of the mass spectromejeiThe weighted average for (60<E,=100 MeV) 39720
these samples was @:®.1 ppm. This deuterium concentra- High-energy tail 487

tion was low enough to guarantee that the photon backEosmic ray-beam related 299
ground from the chaipp— ud— u*He—RMC onHe was  RMC in Au and Ag 20-11

small relative to RMC in hydrogen. While this chain is ex- 7, . stops away from target 95

pected to be dominant, other deuterium-related branches mayc in 3He 3+1
contribute. To measure and subtract all deuterium-related

backgrounds another RMC data sample was taken using liRMC in *H 279+26

uid hydrogen with natural deuterium abundance, in this case

117 ppm. The number of photons from RMC 8He could In the 63 MeVt incident muon beam, the electron con-

then be found by extrapolation to zero deuterium concentrag mination is about 5%. Some of these electrons may un-
tion. Using the measured rat¢41—49 for the transitions  gergo hard bremsstrahlung, producing photons up to 62
betweeru-atomic andu-molecular species shown in Fig. 5, \ev. Such events are very efficiently suppressed by cuts on

the ratio low pulse height and prompt timing in the beam counters.
T The electron-induced events which survive are further sup-

d:y =(0.77+0.11) X 102 (26)  pressed by a factor twy the charged-particle veto counters.
I'ii7—Tos This background is therefore negligible. The backgrounds

. ) _ subtracted from the after-cuts RMC spectrum are summa-
was calculated. HerE, is the theoretically predicted branch- |i;aq in Table IV.

ing ratio for RMC in 'H andI'ys and I';; are the total

theoretical branching ratios for RMC in all atomic and mo- C. Normalization
lecular species for deuterium concentrations of 0.6 and 117
ppm, respectively. Because the muon transfer rate fugm
to ud (1.0x 10'°s™ 1) is large compared to that fropap to
pup (2.5x10° s~ 1), which in turn is large compared to the dr
many other transfer and reaction rates involved, the branch- N,= NstopaKf dk’f dkﬁ(k)A(k”k)’ (28)

ing ratiosT” are nearly linearly dependent on the deuterium

concentration. The rati®, effectively removes all depen- whereNgopsis the number of muons stopping in the target

dence on the other parameters, including the expected RMgnq k s the product of various corrections and efficiencies
rates in“H (0.03 s77) and *He (0.676 s [50]. Variation  (see Sec. V D A(k’, k) is the measured detector response to
of the RMC rates over wide ranges and of the transfer rateg photon of energy, and k’ is the reconstructed photon

over their measured uncertainties yielded the value and to@nergy.dl“/dk is the RMC branching ratio, the integral of
uncertainty inRy given in Eq.(26). Experimental values of | pi-b"con be extracted onée, has been measured.

The number of photons detected after cuts and back-
ground subtraction can be written analytically as

T'o¢andl'y;; were used along witRy to calculate the’He The number of stops in the liquid hydrogen target could
background not be measured directly but had to be related to the mea-
_ sured flux of muons through the beam counter scintillators
Fog=To=Ru(I'117~Toe)- 27 located 17 cm upstream of the center of the target. For a

muon to be counted it had to pass through all four beam

scintillators in time with the cyclotron rf and in anticoinci-

dence with the master veto from the data acquisition system.

The sumNyeam vy Was then corrected for each data run by
About 0.1% of negative muons entering the liquid hydro-several factors to get the true number of stops in the target:

gen target and becoming bound in atomic orbitals undergo

capture on the proton. The rest decay while bound, produc- Nstops= Nbeam rimv om0 7u7m/ €bm- (29

ing a decay electron which may have energies umjcand fpm IS the fraction of muons passing through all four beam

which may undergo bremsstrahlung causing a potential back- : :
ground for RMC. However, it has been sho@si. 52 that IEounters which also stop in the target. Due to several effects

. h m divergen multipl ring and muon de-
the electron spectrum falls rapidly abog=m, /2, so that such as beam divergence, multiple scattering and muon de

; ! . cay,f,,<1. It was measured in a test run in which the liquid
the rate for this process above 58 MeV is 15 times less tha y )
the rate for RMC on H. In addition, the rate of such event Hydrogen target was replaced by a copper-walled mock-up

Starget of the same size and shape. A plastic scintillation
would be suppressed by a factor of ordef Iiaecauge the ounter was fitted tightly inside the target and its signal was
photon would be accompanied by a charged patrticle trac

from the target. The spectrum for bound radiative muon de- ken in coincidence with the four beam counters and the
cay has not been calculated but should be reduced by a fact8¥C|0tron It signalfom was then given by
a from the nonradiative case and therefore will also be a  fy;,=Npeam v 761/ Nbeam rivv=0.926+ 0.005.

negligible background. (30

For E,>60 MeV this was 31 events.

7. Other backgrounds
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This measured value was found to agfeewithin 1% with as the muon-induced photons, but not to timing cuts. The
a REvMoc [53] Monte Carlo simulation of the beam and resulting spectrum was used to obtain the response function
target arrangement. The same exercise was performed for 84k’ ,k) of the spectrometer to the well known photon spec-

MeV/c pions with the result trum from pion captur¢Egs.(6)—(8)]. This was done with a
GEANT [54] Monte Carlo simulation which reproduced the
fomr=0.8520.01, (3)  shape and absolute magnitude of the experimentap

. . . . spectrum. It was then assumed that the response function
?"50 in 1% agreement with th_e Monte Cgrlo_smulaﬂbd?m determined for pion-induced photons was the same as that
is smaller th?mbmﬂ dug to pion decay_ln f.l'ght and to thg for muon-induced photons. Included in the Monte Carlo
fact that the incident pion momentum is higher than the injy 1ation was a careful reproduction of the entire spectrom-
udent_muon momentum. . eter geometry and mass distribution, a detailed treatment of
70 1S @ correction for the overcounting of muon Stops. g|ectron drift characteristics in each cell of the drift chamber,
Some electrons from muon decay in and around the target, on and pion beam parametrizations verified by beam tests

may have passed through and fired all four beam countersy g relevant physical processes down to 1 MeV for pho-
thus registering spurious muon counts. The beam counter;f

l le of f h ; dns and electrons and 100 keV for muons. Not included
subtend an average solid angle of 0.0318 from the point Qvere theC-counter efficiencies, various corrections due to

muon decay, assuming isotropic decay, and the probability s - myon pileup, electronic noise and changes in accep-
that an effectively random decay electron coincides with th‘?ance over time, all of which comprise the factorof Eq

rf time is 0.58. 7, is therefore 1-0.0318(0.58)=0.980 (28). The effects not included, discussed below, were mea-

+0.007 and is independent of beam rajg.corrects for the g4 girectly and then applied to the Monte Carlo generated
undercounting of stops due to the location of the rf t'm'”gspectra to get the final response function.

window used to reject pions and electrons in the beam. Mov-
ing the window to efficiently reject beam electrons meant 1. Response function

that some muons may miss the coincidence and not be L ,
counted. The size of this effect was estimated using pre- 1h€ response function includes the geometrical accep-

scaled beam-sample events which record beam counter affy’c€ Of photons in the spectrometer, the probability that
trigger information in the absence of a photon trigger. ThePhotons from the target are converted iretoe~ pairs and
fraction of muons missed is given by the number of beamth? energy resolution line shape. It is determined byﬁgener-
counter pulses whose heights are consistent with muon eing Monte Carlo photons sampled from the knownp
ergy loss and which are out of coincidence with the rf win-SPectrum of Eqs(6)—(8), whose origins in the target are
dow. That fraction was found to be 1.6% leading 4q identical with the_ pion stoppmg_dlstnbunon. Normahzmg by
—1.016+0.009. This correction is also independent of theth® number of pions stopping in the target and applying ef-
beam rate. ficiencies and cut corrections analogous to the faktan
A further correction was required to account for multiple Ed- (28) yields the photon spectrum
muons per beam burst and the microstructure of the beam.

7m IS rate dependent and is given by Poisson statistics: N,(k")= NwstopiKﬂ'f dk%A(k’,k). (34)
nmthAzl.OM, (32 HeredI' ./dk is the known differentialm"p photon spec-
1-e " trum andN ,50psiS Calculated in the same way &lqps Of

) Eq. (29), but with corrections and efficiencies measured for
wherer =658 kHz is the average beam rate aid=43.3ns  ions. If the efficiencies, corrections and number of stops are

is the time between beam bursts. For pion calibratiqn ruN$neasured correctipy (k') will be identical to the measured
the beam rate was lower and the effect smaller with - spectrum. Figure 10 compares the Monte Carlo spec-

=1.005. Finally,epp, is the combined efficiency of the four v,y with that obtained in a particularp calibration run.
beam counters for muons and is 0.88%003. For pions itis  agreement between the two is excellent, especially in the
1.00. ey is the product of the individual beam counter effi- Rpc signal region of 60—100 MeV. The energy scale of the
ciencies, each measured by taking the ratio of the apprOpriaEebectrometer is determined by the response to both monoen-

threefold coincidences to the fourfold coincidences. USingergetic photons fromr~p— yn and the sharp upper edge of
Eq. (29), the number of true stops in the target for all dataq photon distribution fromr~p— 7°n, 7% yy. The un-

runs 1s certainty in the measured energy scale, which was found to
be 0.25 MeV, introduces a 2% error in the measured RMC
rate (or =6 events.
where the number of muons counted by the beam scintilla- DPuring the course of the experiment the shape of the spec-
tors Nyear vy Over all data runs was 3.63710'2 trum remaln_eo_l cons_tant but_ t_he ovgrall n(_)rmallzanon did npt.
Due to variations in amplifier noise, trigger counter effi-
ciency and event reconstruction efficiency, this factor varied
by as much as 10% over a four year period, but never more
Over the course of the experiment the beam was periodithan a few percent over any one running period. In all cases
cally tuned for 81 MeW¢ =, which stopped in the target at the RMC spectrum for each running period was corrected for
the same place as the 63 Me&V[.~. The resulting pion- the change in acceptance measured in#hg calibration
induced photons were subjected to the same geometrical cutgns. For all data taking periods the average acceptance, rela-

Nitops= (3.46+0.05) X 10", (33

D. Detector response
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400 — T T T T T T T T change in the targ¢Egs.(6),(7)]. The fraction of such pho-
550 |- { i tons surviving the cut was;=0.97%*+ 0.005.
A small number of events taken during  running ex-
- 300 - - hibited prompt timing with respect to the beam counters and
§25o B | yet were not removed by the prompt cut because only a
0 single beam counter fired. These may have been due to beam
L1200 ] electrons undergoing hard bremsstrahlung and producing de-
2 150 L | tectable photons or to radiative muon decays in which the
§ decay electron struck one of the beam counters. A single-hit
100 - 7 prompt cut was added to the normal multihit prompt cut in
=0 | i order to reject these events. The correction to be applied to
Monte Carlo data was measured by applying the modified
035 45 55 65 75 85 95 105 115 125 13'5" 145 prompt cut to the coincidence time spectrum in a region

Photon Energy (MeV) where only random coincidences occurred. The probability
€ that a valid event survived this cut was found to be
FIG. 10. The Monte Carlo spectrometer respofisistogram 0.997+0.006.
compared to datébars for photons fromm ™ p reactiondEgs.(6)— The correction factoP was discussed in Sec. V B. lIts
(8] value is 0.756:0.011.
The trigger efficiency of the spectrometer is given by the
tive to Monte Carlo, was found to b& =0.960+0.016. Us-  product of theC-ring counter efficiency and th®-ring
ing this same photon spectrometer, a measurement of RMgounter efficiency since one or mo@ counters and one or
on Ca[25] obtained excellent agreement with earlier mea-more D counters had to fire to trigger an event. The mea-
surements, indicating that the detector’s response functiogyred D counter efficiencies were incorporated into the
was well understood. Monte Carlo simulation while theC counter efficiencies
were not. The probabilitg.. that aC counter was fired by a
converted photon was measured by collecting two-photon
Cuts applied to the RMC data sample to remove backevents from#° decays from# p—7°n. Two spatially
ground events also removed a small number of valid eventseparated, converted photons were required—one to trigger
The background-free Monte Carlo data must then be corthe event and the other to measure @eounter efficiency.
rected for the removal of good events. The standard photon trigger, described earlier, was modified
The correctione.,, is the efficiency of the cut used to to bias in favor of such events by requiring that four or more
remove cosmic-ray-induced photon events. As discussed i counters fired in conjunction with one or maCecounters.
Sec. V B, this cut was applied only to events in which noe.. was then taken to be the ratio of the number of events in
accompanying charged particle was recorded in the cosmighich two nonadjacen€C counters fired to the number of
ray veto detectorse.,s Was measured using pion-induced events in which the same tw® counters should have fired
prompt photons with energies between 100 and 140 MeVbased on the reconstructed photon conversion points. For all
These photons are above the RMC energy region and arigeelve counters in the rings.. was found to be 0.975
from pions in the muon beam which produce monoenergetic- 0.002.

2. Cut corrections and efficiencies

photons throughr~ p— yn. The fractione.,s of photons be- Combining the above efficiencies yields
tween 100 and 140 MeV which survived the cosmic cut was
found to be 0.920.01. Because the cosmic cut removed Erot™ €cc€t€cosEsE, = 0.854+0.012. (39

valid events largely due to accidental coincidences, it was. |\ din . . .
. g the corrections due to pileup and relative accep-
assumed that the value ef,s was energy independent and tance yields
applied as well to photons in the RMC signal region of 60 to
100 MeV. K = €oP A = 0.615+0.016. (36)
The fraction - €, gives the probability that a valid event
was vetoed by uncorrelated charged parti¢lesually from
normal . decay striking theA, A’, or B scintillator rings.
An event was vetoed if it was in timgvithin 60 n9 with the The RMC spectrum after all cuts have been applied but
firing of one or more of the above scintillator rings, , before any backgrounds have been subtracted is shown in
which depends linearly on the stopping rate, was measurelig. 11. Also shown is the spectrum of the high-energy tail,
by determining the number of events in which a scintillatormainly due to bremsstrahlungee Sec. V B which is the
ring fired more than 150 ns before or after the event timelargest single background to be subtracted.
This was far enough from the coincidence window to ensure The net RMC spectrum after all cuts and background sub-
that the time spectrum of the charged particles was flat. Avtraction is shown in Fig. 12 and contaildgn,— 279+ 26
eraged over all runs, was found to be 0.9750.005. RMC events above 60 MeV. In order to extragf and the
A cut which removes false photons was discussed in Seqartial RMC branching ratio from this spectrum the calcula-
V A. The correction due to this cut; was measured using tion of Fearing and Beddi29] was used. Taking the ratio
prompt photons with energies between 50 and 85 MeVg,/g, and the ortho to parpup transition rate\,, as in-
overlapping the RMC energy range. These photons arogeuts, the Fearing-Beder code generated the differential
from pions in the muon beam which underwent charge exbranching ratialI’/dk. The product of the integrated branch-

E. Extraction of RMC branching ratio and g,



386 D. H. WRIGHT et al. 57

40 | ] | T . 3.5 | | \ T I | |
35 . ———- A, = 7.10% s Rl
5230 F —— A, = 40t s /// —
30 B \9/ ______ A, =0 ///
> . e
%25 B % 25 [~ //// —
@20 - = 7
5 @ 20 [ ]
o 15 _ A .
|©] \Ln-_l/ ///
10 7 s 4 4
5 |
0 —— 1 1 1 A IIJ_Ll—l 1.0 ! ! ‘ ‘ I L 1
60 65 70 75 80 85 90 95 100 6 78 9 19 noo12 13
Photon Energy (MeV) 9/ 9

FIG. 11. Photon energy spectrum after all cuts but before back- " 'G- 13. Integrated RMC branching ratioX365 ns,E,>60

ground subtraction(unshadell and bremsstrahlung background MeV) as a function ofg, /g, for three values of the ortho to para
spectrum(shadedt transition rate\,,. The solid line box indicates the valug, /g,

=9.8 which corresponds to the branching rdip=2.10x 1078 for

— -1
ing ratio, the measured number of stopped muons and thisop=4-1% 105

measured correction factors discussed in the previous section

gives the number of RMC photons produced in the target Herél's, I'c, andT', are the time-independent branching
ratios fork>60 MeV for the singlet, ortho, and para states,

Nrmc= Ry NsiopK. (37  andfs=0.061,f,=0.854, andf,=0.085 are the relative oc-
cupancies of the muon in these three states. These occupan-
The number of RMC photons detected is given by cies were calculated using the measured transfer fdfies
Nggna= R Nego A (38) 49] betweenu-atomic andu-molecular species shown in
signal™ Ty Vstops™ a1 Fig. 5, and integrating over all times longer than 365 ns.

whereA, is the absolute spectrometer acceptance for phoWhiIe th_e _sur_n_of the relative occupan_cies is constrained to
tons. The branching ratio one, their individual values depend mainly ®g,. Thus the
value ofg, deduced from the measur&, also depends on
dr’ max *® 2 )\op-
Ry:f dkgx = L dk | dtg g (39 The Monte Carlo simulation generated “1(@hotons

0 365 sampled from the calculated spectrum shape and propagated

is the ratio of the number of photons produced above 6dhem through the spectrometer. The surviving sample of
MeV and after 365 ns, to the number of muons present afteMonte Carlo events, reconstructed with the same routines
365 ns. Herek, is the endpoint photon energy100 Mev.  used fo7r actual data, was then normalized by a factor
R, includes the contributions to RMC from thep singlet ~ Nruc/10" and compared to the measured spectrum of Fig.

atomic state and thpup ortho- and para-molecular states 12. The value ofg,/g, was then changed and the above
process repeated until the best fit with the data above 60

R,=fls+ Tl o+ 10, (40 MeV was attained. The curve and corresponding value
gp/9a= 9.8 which gave the best fit is also shown in Fig. 12.
25 . . | | The shape of the spectrum is well reproduced by the theoret-
ical curve, indicating that theg? dependence is reasonably
20 well understood. The dependenceRof(k>60) ong,/g, is
shown in Fig. 13 for three values af,,.
> For g,/9,=9.8 and the experimental value of,,
= 15 =4.1x10* s ! the partial RMC branching ratio is
310 R,(k>60 MeV)=(2.10+0.2)x 108, (41)
O
5 The error inR,(k>60) was obtained by solving E(38) for
R,, takingA, to be its Monte Carlo value and propagating
the combined statistical and systematic errors fidgg,s, K,
0

andNgjgna. These errors are summarized in Table V.
Referring to Fig. 13, an error of 0.21x 10 8 in the par-
tial branching ratio yielded an error of0.7 ing,/g,. For

78 .
FIG. 12. Photon energy spectrum after all cuts and backgroun®,(k>60) constant at 2_-3@10 K the 30% error in,, led
subtraction. Theoretical RMC spectra are shown for the best fit0 & separate systematic errorgp/g, of =0.3. Hence

value of g,/g,=9.8 (solid curve and for g,/g,=6.6 (dashed
curve. 9p/92=9.8£0.7£0.3. (42

60 65 70 75 80 85 90 95 100
Photon Energy (MeV)
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TABLE V. Summary of contributions to the error R, . 12 T . .

Source of error % error 1L |
Net RMC eventdNggna 9.3
Relative acceptanca, 1.7 S BN I D R R B
Blank-time correctiorP 1.5 s
Efficiencies and corrections,, 14 ;a g L )
Number ofu stopsNggps 14
Total percentage error iR, 9.8 8 L i
In generalg, is influenced not just by, but by other muon 7 ' \ \ ‘

9 Yo J Xop y 300 400 500 600 700 800

transfer and capture rates, a summary of which is given in Blank time (ns)

[1]. However, variations of each of these rates over their

experimental error bars produced negligible effects. For ex- FIG. 15.9,/g, as a function of blanking time fdg,> 60 MeV.
ample, the value of theup formation rate used in the For reference the dashed line indicatggg,=9.8.

present analysis was,,,=2.5x 10° s~ 1, an average of ex-

perimental value$41—44. Using the most recent measure- Is in the up singlet atomic state, thpup para molecular

N ) : state, and the@up ortho molecular state are 0.061, 0.085,
ment, X, =3.21x10° s~* [55], resulted in only a 2.3% 147 g5g respectively, at the time of muon capture. These

increase in the RMC rate. _ probabilities allow a comparison of any new calculation of
The extracted values @, /g, andR, are independent of o nartial branching rati®?,,, which for photons in our

variations in the low-energy photon cutoff and the blankingenergy window was measured to be (2£021)x 10" 8.
time used in the analysis. Figure 14 shows tijatg, does The extraction of the pseudoscalar couplggrom R, is
not vary with values of the low-energy cutoff greater than 60pased on the latest calculati§@9] of the branching ratio

MeV, indicating that backgrounds due to the high-energy tailsing g, as a parameter. BoR, anddR,/dk were evalu-
of bremsstrahlung and radiative muon decay have been propted in terms oby, with a q? dependence given by

erly removed. Figure 15 shows thgt/g, is also indepen- ) )
dent of the blanking time,, . Figure 16 shows that the num- . mZ+0.88m,
ber of RMC events per muon stop, and therefggég, , is 9p(a%) =Agpga(0) m2 — g2
constant within statistics over all running periods. The data m

point for run period 3 was taken using a hydrogen target witHor each of the contributing muonic states. The value of
natural deuterium abundance. It was used as a calibration wfgp=gp(q2: —O.88ni)/ga(0) which gives best agreement
the deuterium contamination in the target and was not inwith R, is 9.8-0.7+0.3, where the first error is the quadra-

(43

cluded in the final hydrogen RMC data sample. ture sum of statistical and systematic errors and the second
error is due to the error in the experimental valuengf,.
VI. RESULTS AND CONCLUSIONS This result forg, is independent of both energy and time

cuts as shown in Figs. 14 and 15. It is also relatively inde-
The relevant energy and time windows for our experimenpendent of\,,, decreasing by<5% if the higher theoretical
tal results arek>60 MeV andt>365 ns, wherek is the  value of \, is used. However, it is 46% higher than the
detected photon energy ahds the time of detection relative predicted value. Removing the terms ) and (@) of Fig. 1
to the time of the last muon stop. In this time window and for

the experimental value of,, the probabilities that the muon 20 , , , [ , . .
17 ppm d
12 T T :I/-\16 B 4
=t
" . =
Al -
@
(S S O S N S S I A N } -
o> ) { %
> 5 pe-cbeedeg poofrootees
9r 7 o o4 | _
8 1 0 | 1 1 1 1 I |
1 2 3 4 5 6 7
7 | | | | | | Run period

58 60 62 64 66 68 70 72
Energy cut (MeV) FIG. 16. Number of RMC event§>365 ns,E>60 MeV) per

muon stop versus run period. All run periods except number 3 had
FIG. 14. 9,/9, as a function of low-energy photon cutoff. For deuterium impurities of less than 2 ppm. The dashed line indicates
reference the dashed line indicatgs/'g,=9.8. the average of all deuterium-depleted runs.
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FIG. 17. The TRIUMF RMC value, from th_is work, cg‘p/ga_ | W experimental A,
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from Beder and Fearing’s calculation has a small effect: Moo (37)

from the measured branching ratio 2400 8 the extracted
value ofg,/g, increases from 9.8 to 10.1. Earlier calcula-  FIG. 18. g,(9?)/g,(0) evaluated at’=—0.88m7, versus the
tions of RMC on H[27,56] agree with Beder and Fearing to ortho to para transition rate,, for OMC and RMC on hydrogen.
within 10%, which would seem to rule out differences in The result of the present RMC experiment is shown by the dark-
theory as the cause for the discrepancy. shaded band, the Saclg}8] result by the light-shaded band and the
Considering the complexity of the hyperfine structure ofworld average of OMC results by the medium-shaded band.
the pup ortho- and para-molecular statg0], and the fact
that most of the capture goes through the ortho state, it igcal value of\,, should be correct, the Saclay would fall
possible that some of the observed discrepangy,iiy, may by about a factor of 3 and be far below the theoretical value.
be due to the presence of bound vibrational excited states or In conclusion, the first measurement of the elementary
uncertainty in the muon wave function overlap with the pro-RMC process is reported. At thed level the extractedy,
ton. However, th@up molecule has been investigated theo-value is consistent with all previous measurements except
retically by many authors using a number of different calcu-one; however, its deviation from expectation is substantial.
lational approaches7-66. The binding of the para ground This is cause for concern because the prediction for the value
state and the bindings and hyperfine structure of the orthof g, is on firm theoretical ground; the chiral perturbation
excited state appear to be well determined, and there are nbeory prediction has a precision of 3%. Provided that a large
other bound excited states. The muon wave function overlapackground has not eluded detection and that parameters
with the proton(expressed by the so-calledfactors is also  used in the analysis are not grossly in error, some assump-
well determined, indicating a negligible effect on the valuetions used in the calculation &, from g, need to be ques-
of g,/ga extracted here. tioned. One of these is the pion pole dominance of the mo-
The result from this experiment is compared to previousmentum dependence of the pseudoscalar form factor. For the
OMC results in Fig. 17. At the & level it is consistent with  range of momentum transfers accessible to RMC, deviations
all other measurements except the Sadld§| value. The from the simple pole behavior are much more likely to be
world average ofg,/g, measurements, 74814, is taken seen than they are in OMC. Another assumption to be ques-
entirely from OMC experiments and includes the oldertioned is whether a calculation based on tree level Feynman
bubble chamber data. It is dominated by the Saclay resuliiagrams is adequate. Opg7] anticipated a situation in
which is the most recent and most precise OMC measurewhich g, measured using RMC would be higher than that
ment. If the Saclay result were not included in the worldmeasured with OMC. He cautioned that the calculation of
average, the latter would have a very large uncertainty, a faghultiple pion exchange terms may not have been properly
which motivated the present experiment. The present RMGandled. It is also possible thatandp exchanges need to be
result is 26% higher than the OMC world average valueconsidered, although their contributions are expected to be
Including the RMC result, the world average becomes9.3 small. Finally, it has been assumed throughout the foregoing
0.7. analysis that the tensor form factgy is zero for momentum
Figure 18 shows the dependence of RMC and OMC retransfers typical of3 decay, OMC and RMC. Itg? depen-
sults on\,,. The world average was derived from many dence is, in fact, unknown, so that it could possibly be small
experiments with widely different conditions and results. Inor zero for@ decay and OMC, but large enough for RMC to
particular the\,, dependence is much larger for the Saclayexplain some or all of the observed departurggfrom the
data than for the present RMC or older OMC results becausBCAC prediction.
that group used a lifetime technique to measure the capture Work in progress may shed light on this apparent discrep-
rate. The Saclay result agrees with the expected valgg of ancy. New calculations of RMC on H are underw#y,68
only if the experimental value of,, is used. If the theoret- which are based on chiral perturbation theory. A measure-
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ment at TRIUMF of the ortho-to-para transition ratg, [69]
will soon have results which may affect the valuegpfex-
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