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The results of muon capture experiments in hydrogen, deuterium, and *He were analyzed by
comparing the observed capture rates to their theoretical expressions. From each experimental result,
assuming conserved-vector-current, an allowed region of variation was obtained for the
possible pairs of the axial-vector (g, ,) and induced pseudoscalar (g, ,) coupling constants. Assuming
gp, as given by one-pion exchange dominance, a limited range of variation for g, , was then derived

from each experimental result.

I. INTRODUCTION

Within the framework of the V — A weak inter-
action coupling theory,' dropping second-class
currents, the rate of the elementary process

LHp=ntyy, (1)

which occurs whenever a negative muon is cap-
tured by a nucleus, can be expressed as a func-
tion of four coupling constants, i.e., the polar-
vector (gy,,), axial-vector (g,,,), induced-pseu-
doscalar (gp ), and weak-magnetism (gy,,) cou-
pling constants. Determining these form factors
only from experiments on reaction (1) is a most
appealing objective of muon physics.? This can
be achieved provided several independent measure-
ments are performed, the results of which are
foreseen to depend on significantly different com-
binations of gy ,, &4.u, &p.u» and g ,. Unfor-
tunately, when muons are captured by high-atomic-
number nuclei, the comparison between experi-
mental results and theoretical predictions be-
comes more difficult, since a precise knowledge
of the nuclear physics effects on the observable
quantities for process (1) is generally missing.
Therefore, the most favorable starting point to
extract information on the four coupling constants
is represented by the observation of muon nuclear
capture in hydrogen, which is the only case in
which the complications due to the nuclear struc-
ture are totally absent.

Experimental results on the nuclear capture
rate of muons by hydrogen, in fact, were ob-
tained by several groups,®™ yielding strong support
to the V — A character of the weak interaction of
muons with matter.?”” In these measurements,
however, reaction (1) was observed starting es-
sentially from the singlet state of the muon-proton
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system, which means that the different experi-
mental results actually refer to very similar
combinations of the four coupling constants. To
get information on gy ,, &4 4, &p,u> and gy,
starting from experiments on reaction (1), one is
then compelled to take into consideration muon
capture from heavier nuclei, even if the present
lack of knowledge of the nuclear physics effects
represents an apparent drawback for the purpose
of singling out the weak-interaction coupling.

We report here an analysis of the results pres-
ently available on the muon nuclear capture rates
by hydrogen,®™® deuterium,’' !° and *He nuclei,* ™
which was performed by comparing the observed
rates to their theoretical expressions given as a
function of the coupling constants,'™'¢ and looking
at the range of values for g, , and gp , which are
allowed by the different experimental results.
Deuterium and *He were chosen as very light
elements, where the complications of nuclear
structure are expected to be substantially reduced.
Furthermore, the analysis was suggested by the
following recent advances of experimental inves-
tigation:

(i) The accuracy of the experimental results
on muon capture in hydrogen and deuterium has
sensitively improved in the past few years.”'®'1°

(ii) It has recently been proved that about 5%
of the muons stopped in helium form the (uHe),s
metastable system, which has a fairly long life-
time even at pressures as high as 50 atm.!” The
experimental results on the muon nuclear capture
by 3He, which are referred to the theoretical value
for the 1S ground state of the (uHe)" muonic ion,
can now be corrected for the 5% admixture of
long-lived 2S states, where the capture process
occurs at a rate which is smaller than in the 1S
state by a factor of 8.
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An outline of the experimental results, and of
the physical conditions to which they refer, is
given in Sec. II. The analysis and its results are
presented in Sec. III, and discussed in Sec. IV.

It will be seen that, due to the initial systems in
which the capture processes were observed, and
to the nature of the theoretical relations involved,
the most significant information one obtains by
the present analysis concerns the axial-vector
coupling constant g, , as determined from the

Il. GENERAL REMARKS ON THE RESULTS OF EXPERIMENT

A. Muon capture in hydrogen

A most important feature of the nuclear capture
process of negative muons in hydrogen is that the
rate at which reaction (1) takes place is strongly
dependent on the total spin state of the muon-pro-
ton system!'!* (see Table I). This is due to the
fact that the capture rates are expressed as a

different muon capture experiments. function of the coupling constants through equations

TABLE I. Summary of the experimental results on the muon nuclear capture rates (A) by protons, deuterons, and
%He, and average values (A, assumed for the present analysis. Some theoretical predictions () are also presented
for reference, as obtained for currently accepted values of the coupling constants.

BTH+p—n+v, p+d—n+n +y, pT+3He—~3H+y,
Liquid H, target Gaseous H, target
Symbol Rate (sec™) Symbol Rate (sec™!) Symbol Rate (sec™!) Symbol Rate (sec™)
Ao 2 428+85" AR 651571 Ag K 36596 ! Agt © 1410140 P
Aoe 450+ 50 © As 686+ 881 Ag 44560 ™ Agt 1572469
At 1465+ 677

(o) av 444+43 As,av 662 £48 A, av 42351 Agt,av 1529 + 37
Moo 5224 As 650 ¢ Agth 312.7" Ast.th 1438°
Ay © 515+85f At th 14.82¢ A ¥ 12"
Ay 464428 (st.n) na 122"
Moy 474137
M 493 ¢

2\, is the effective rate of muon capture in hydrogen bubble chambers, in which the nuclear capture proceeds from
the pup muonic ion (rate Ay; see e) and partially from the up muonic atoms before they form the muonic molecule.

b See Ref. 3.

¢ See Ref. 4.

dSee Ref. 14.

EA=2Y, [(%)As+(z‘i)7\,] is the capture rate in the ortho state of the pup muonic ion; here A; and A; are the capture
rates in the singlet and triplet state of the muon-proton system, respectively, and v, is a constant.

f See Ref. 5.

€ See Ref. 6.

" Values referring to the singlet state of the pp muonic atom.

! See Ref. 1.

i See Ref. 8.

k A4 is the capture rate in the doublet state of the muon-deuteron system, whereas A, is the one referring to the
quartet state; (Ag ), is the muon nuclear capture rate for a system of ud atoms in a statistical mixture of doublet
and quartet states.

! See Ref. 9.

MSee Ref. 10.

" See Ref. 15.

° A is the capture rate in the statistical mixture of triplet and singlet states of the (u°He)js muonic ion.

P See Ref. 11.

9 Corrected value from Ref. 12, allowing for a 5% admixture of (u He)js states (original value: Ay =1505 + 46).

' See Ref. 13.

* See Ref. 16 (a typical value of Ay, is reported in this table).
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which are significantly different for the singlet
and triplet hyperfine structure states, as follows
from the V - A character of the interaction.

A complete experimental outlook would be
achieved if process (1) were observed in hydrogen
starting separately from the triplet and from the
singlet state. Nowadays, the results of experiment
provide two different equations, which correlate
the coupling constants to the observed rates of
muon nuclear capture in the following initial sys-
tems:

@) The pup molecular ion (liquid hydvogen tar-
gets). Reaction (1) proceeds at an effective rate

M =270(3N +57,) (2)

[here 2y,=1.005+0.005 (see Ref. 14) and v, is the
ratio of the muon density at either proton in the
pup ion to the muon density at the proton in the
up atom in its ground state; Ag and A, are the
nuclear capture rates of muons by free protons
in the singlet and triplet states, respectively,
see Table I]. The pup systems are formed
through the reaction

up+p—pup, (3)

which occurs at a rate X,,=(2.25+0.13) X 10° sec™
at the density of liquid hydrogen.!® Equation (2)
holds provided the pup molecular ions are all
formed in the ortho state,'® and if the ortho- to
para-state transition rate is negligible compared
to the free muon decay rate A,=4.5x10° sec™,

as is foreseen by theory.?

() The up muonic atom (gaseous hydrvogen tar-
gets). Stopping negative muons in low-density
hydrogen yields two advantages. First, the forma-
tion of pup molecular ions is reduced to a small
fraction of the up atoms initially formed (5% at
8 atm and 293 °K) (see Ref. 7); reaction (1), there-
fore, is observed within the up atom, which is
a system free of p-molecular complications.
Second, the initial (statistical) fraction of triplet
states in the up atoms is promptly depopulated in
favor of the lower-lying singlet states,?! which
means that process (1) is observed for a well-
defined hyperfine structure state.

Although process (1) takes place in cases (a)
and (b) for different total spin combinations of the
muon-proton system, it is seen from Eq. (2),
and from the theoretical values for A, and A, given
in Table I, that also in case (a) the contribution of
the singlet state to the nuclear capture process is
dominant. As far as regards the determination of
the different coupling constants, therefore, the
two sets of measurements do not supply the pos-
sibility of considering two significantly independent
equations. For more decisive results, with special
regard to the determination of gp ,, one still has

to observe process (1) starting from the triplet
state of the pup muonic atom, which remains an
urgent experimental problem.

B. Muon capture in deuterium

As a second step to obtain information on the
coupling constants from the experimental results
available on very light nuclei, the case of muon
capture by deuterons was considered, according
to the process

Lr+d-=n+n+y, . (4)

Owing to the presence of two neutrons in the final
state, and to the Pauli exclusion principle effects,
reaction (4) is an almost pure Gamow-Teller
transition,?? i.e., more specifically related to
ga T

Also in this case, the rate at which the reaction
occurs is very much dependent on the spin state
of the muon-nucleon system (see Table I). The
experimental results presently available pertain
to the following muonic systems:

(a) the pud molecular ion (liquid target of
deuterated hydrogen)®;

(b) the pd muonic atom (gaseous target of
deuterated hydrogen).'

Both these results are referred to the doublet

spin state of the muon-deuteron system. Measure-
ments of the rate of process (4) starting from
other combinations of the total spin states are
missing.

C. Muon capture in 3 He

The third process which was considered here is
the muon nuclear capture by *He. For the present
purpose, in fact, the results on the rate of the
superallowed transition

u”+°He—-°H+vy, (5)

are quite relevant for the following facts:

(a) Fairly accurate estimates of the nuclear
matrix elements are possible, so that the theo-
retical predictions for the rate of process (5) have
an acceptable degree of accuracy.

(b) Process (5) takes place within the (u%He)"
muonic ion in the 1S state, for which it is generally
assumed that the initial statistical population of
the hyperfine structure (singlet and triplet) states
is conserved. Strong support to this basic as-
sumption was given by Winston and Telegdi,?® who
calculated that Auger effects, which represent the
only possible way of transition between the two
hyperfine structure levels, are absent for the
(uHe)* ion in the 1S state. Moreover, an upper
limit of 4x10* sec™ for the rate of triplet-to-
singlet transition was derived by Zavattini,? looking
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at the time distribution of the recoiling tritons
from process (5) observed by Clay ef al.'* Even
with such maximum transitionrate, a correctionof
only 3% would be introduced in the theoretical value of
the capture rate referring to the statistical mixture
of the triplet and singlet states. (It should be
noticed that, opposite to the case of hydrogen and
deuterium, the capture rates in the triplet and
singlet states differ by only about 30%.)

The results of the measurements on the rate of
process (5) are listed in Table I. The only exper-
iment which was performed with a target of pure
helium is the one by Auerbach et al.’? The result
by these authors was corrected to allow for a 5%
admixture of long-lived (uHe),s states,'” where the
nuclear capture rate (which goes like n73, where
n is the principal quantum number) is depressed
by a factor of 8 with respect to the (uHe)}s state.
This correction takes the original value
[A,; = (1505 + 46) sec™*] to the value of (1572 + 46)
sec”! listed in Table I. Since the result by Auer-
bach ef al. is the most precise one on muon nu-
clear capture by *He, the correction seems worth-
while being retained.

As to the other counter experiment,'* which for
technical reasons was carried out in He targets
contaminated by xenon, no correction was intro-
duced, since from recent results®* it appears
that minor xenon concentrations will neutralize
the (uHe),s ion through the electron-transfer re-
action

(uHe);s +Xe ~ [(uHe)}se ™|+ Xe", (6)

followed by prompt Auger transitions to the 1S
state. No correction was introduced also for the
result by Folomkin ef al.,}! which was carried out
in a gas-filled diffusion chamber, since this ex-
periment too was not performed in a pure *He
medium.

IIIl. ANALYSIS AND RESULTS

The experimental results presented in Sec. II
were treated in the following way:

(i) Among the many theoretical studies,!*”¢ the
analytical expressions for the capture rates in the
various muonic systems were assumed as given
by Pascual ef al,'*71¢

(ii) By comparing each experimental rate with
its theoretical expression, we can determine a
region containing the possible pairs of values for
two of the coupling constants, provided the other
two are fixed by some suitable choice. Here we
chose to look for the regions which the different
capture rates observed allow for possible pairs
of g4,, and gp,,. Assuming the validity of the con-
served vector current hypothesis (CVC),?® the

values
gv,u=0.968, (7)
Eu.u=3.6 (8)

were retained for gy , and gy, in units of the 8-
decay coupling constants

gv.5=1.1484x1071 MeV 2 =g% , .

The data from the measurements on muon cap-
ture in hydrogen were considered first, analyzing
separately those results which pertain to different
physical conditions, and need therefore to be
treated by different equations.

The average result A, ,, from the experiments
in gaseous hydrogen (see Table I) was compared
to the theoretical expression for the muon nuclear
capture in the singlet state of the muon-proton
system. The average result A, ,, from the counter
experiments in liquid hydrogen was compared to
the theoretical expression for the rate of muon
capture in the pup molecular ion [see Eq. (2)].
Finally, the average result (\,.), from the bubble-
chamber experiments was compared to the ex-
pression

o) =0.17x, +0.83 9)

to keep into account that a fraction of the nuclear
capture events observed when muons are stopped
in a hydrogen bubble chamber occurs within the
wp muonic atoms before they form the pup mol-
ecule'; Eq. (9) is based on the value previously
given for the rate A,, of reaction (3).

The regions so obtained, which contain the pos-
sible pairs of g,,, and gp , in a (g4 ,,8p,4) Plane,
are shown in Fig. 1. It is seen that all the exper-
imental results are compatible with a range of
&4y values which is much reduced in size with
respect to the one allowed for gp ,. This has to
be expected since the measured rates are deter-
mined by the capture process in the singlet state
of the muon-proton system, which is not sensitive
to the value of gp,, .''*

The dashed curve, which represents the pairs
of values corresponding to the theoretical rate'*
for the muon nuclear capture in the triplet state,
shows how important a measurement of such a
rate would be, even with a limited accuracy, to
obtain an intersection region with the results of
the present analysis in the (g4 ,,£&p,,) Dlane, i.e.,
a limited range of variations for both coupling con-
stants.

Given the poor significance of the results shown
in Fig. 1 with respect to gp,,, the further step
undertaken was to look for the values of g, , which
are allowed if gp,, is fixed by a proper hypothesis.
Disregarding the Goldberger-Treiman relation,?®
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which predicts the value of the ratio gp /g4, We
chose to fix gp , as given by the one-pion exchange
dominance (OPED),*" i.e.,

8p . u/8Y . u=-9.1, (10)

a value which will be retained also for the analysis
of the deuterium and *He experiments. Assuming
the value (10), the following set of values for

ga .,y are obtained from Fig. 1:

(g4 )y =~(1.07£0.07) (11)
(resulting from the bubble-chamber experiments),
(gA_“)H2=—(1.IGiO.05) (12)

(from the liquid hydrogen counter experiments),
and

(g4 .4)n, ==(1.22£0.05) (13)

(from the experiments with gaseous hydrogen
targets). From Eqs. (11)-(13) one obtains the
world-average value

(gA,u)Hz,av=_(1'17i0-03)’ (14)

which is the quantity we shall compare to the cor-
responding values for g, , suggested by the results
of the deuterium and *He muon capture experi-
ments.

Going to the case of deuterium, the two existing
experimental results refer both to the doublet spin
state of the muon-deuteron system, as was pre-
viously mentioned. For the present analysis,
therefore, their weighted average was compared
to the theoretical expression for A, (see Table I).'®
It should be noticed that theoretical uncertainties
in the evaluation of A; can be as high as 10%, if
the various inaccuracies due to the nuclear struc-
ture effects on the rate of reaction (4) are taken
into account. Therefore, an additional uncertainty
of 10% was folded with the experimental error on
A4, in Table I while comparing it to the theoreti-
cal expression.

This procedure led to the results shown in Fig.
2, where the region containing the possible pairs
of g4,, and gp , allowed by the measurements of
the muon nuclear capture by deuterons is shown,
together with some significant results obtained
from the hydrogen experiments. A most interest-
ing feature of these results is that no intersection
exists between the regions obtained by analyzing
the deuterium experiments and the hydrogen ones.
This is true even if only the results obtained in
gaseous hydrogen are considered, which supply
the nearest region to the one suggested by the
deuterium experiments. Assuming for gp , the
value (10), one gets from Fig. 2

(84 )py 0= —(1.39£0.10), (15)

which is in disagreement with the value (14).

Finally, the average result A, ,, for the muon
nuclear rate by *He (see Table I) was compared
to the theoretical expression for the reaction pro-
ceeding from the statistical mixture of singlet
and triplet states in the 1S level of the (uHe)*
ion.’ Also in this case, the theoretical inaccura-
cies due to the different approximations by which
the theoretical expression Ay, , is obtained were
folded with experiment; this correction introduced
an important dispersion on the allowed pairs of
&a., and gp ,, since the experimental error on
the average capture rate is very small.

The region containing all possible pairs of g4 ,
and gp , allowed by the muon nuclear capture ex-
periments in *He is presented in Fig. 3, together
with those obtained from the gaseous hydrogen and
deuterium experiments. In correspondence with

-20
-16

FIG. 1. Results obtained from the analysis of the
experiments on the muon nuclear capture in hydrogen.
The regions between the full lines contain the possible
pairs of values for g,,, and gp, , which are allowed by
different experiments. Region 1: experiments performed
with gaseous hydrogen targets; Region 2: bubble-
chamber experiments; Region 3: (dashed area): counter-
experiments in liquid hydrogen. The dashed curve repre-
sents the pairs of values corresponding to the theoreti-
cal rate for the muon nuclear capture in the triplet state
of the muon-proton system.
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the OPED value for gp , [see Eq. (10)], one gets
from the *He muon capture experiments

(84 )ay , = ~(1.27£0.06), (16)

which is somewhat intermediate between the re-
sults (14) and (15).

IV. DISCUSSION AND CONCLUSIONS

The most striking result which has been obtained
by the present analysis is the apparent inconsis-
tency between the range of values for g, , which
are allowed by the muon nuclear capture experi-
ments in hydrogen and deuterium, respectively,
for reasonable values of gp ,. Considering that
the corresponding measurements were performed
during a period of more than 10 years, and em-
ploying markedly varying techniques, this can at
first sight be attributed to systematic experimental
errors.

As far as regards the hydrogen experiments,

-2

-8

0
V.

L

14+

-18 -16 14 -12 -1.0
9 [0

FIG. 2. The dashed area (Region 1) contains the pos-
sible pairs of values of g, , and gp, , allowed by muon
capture experiments in deuterium. The point in the
figure represents the average value (g, ) Hy, av obtained
(assuming gp , as given by OPED) from the whole set
of experiments in hydrogen. The dashed lines enclose
the allowed region (Region 2) obtained by the separate
analysis of the experiments of muon capture in gaseous
hydrogen.

however, the possibility of systematic errors of
measurement is hard to maintain, since quite
consistent experimental results were obtained by
different techniques. In the case of deuterium,
moreover, the most likely source of systematic
misinterpretation of the experiments is due to the
fact that, in the recent measurement in the ud
muonic atoms,° the fraction of those atoms which
are actually in the doublet state at the moment of
capture is not well known. Nevertheless, for any
value of such fraction smaller than unity, the
range of allowed values for g, , extracted from
the deuterium experiments would shift towards
even larger numbers than the one given by Eq.
(15). This is made evident if one compares the
experimental value A, ,, in Table I to the theoret-
ical rate (As,',h)u,, referring to the statistical mix-
ture of doublet and quartet states, instead of
comparing it to the theoretical prediction for the
capture rate in the doublet state.

-2
-8
2
o>
o
~— -
3
a
o

-4

gA,M /ge,u

FIG. 3. The dashed area (Region 1) represents all
possible pairs of values for g, , and gp , allowed by
the average experimental result on the muon nuclear
capture by *He nuclei. Also the possible values allowed
by the deuterium experiments (Region 2) and by the gas-
eous hydrogen experiments (Region 3) are shown for
reference.
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A second possibility which can be taken into
account is that the quoted inconsistency might be
due to inadequacy of the theoretical predictions,
which seems more likely to be present in the cal-
culation of the muon nuclear capture rate by
deuterons since this is based on a set of more
complex assumptions. On the rate of process (4),
however, a number of different calculations
exist,'® which show a substantial agreement among
themselves. It is then difficult to call into account
either wrong assumptions on the deuteron wave
function (which is reasonably well known for the
present purposes) or trivial computational errors,
which would most likely have been evidenced out
by the different approaches followed. As for the
n-n final state interaction, its influence on the
rate of capture of muons by deuterons is about
4% only.'®

If one trusts the results of experiment, there-
fore, one is led to suspect that the present status
of the theory is for some other reasons inadequate
to account for the measured value of the muon
nuclear capture rate by deuterons.

A second result of the present analysis is that,
having corrected the experimental result on the
capture rate of muons by 3He nuclei, and taken
into account the theoretical inaccuracies on the
rate itself, we obtain a value of g, , [see Eq. (16)]
which is more compatible with the one obtained by
analyzing the deuterium experiments than with
the one suggested by the hydrogen ones.

One can now make the following concluding re-
marks:

(i) An analysis of the available experimental
results on the muon nuclear capture rates by hy-
drogen, deuterium, and *He nuclei has been per-
formed, with the aim of improving the present
knowledge on the two coupling constants g, , and
gp.u- As a result of the analysis, the possible
values of g, ,, allowed by the different experiments
for reasonable choices of gp , [i.e., those gp "
values which correspond to g4, values in prox-
imity of those suggested by the universal Fermi
interaction®® (UFI)] show an inconsistency. In
particular, the value of g, , extracted from the

experimental results on muon capture in hydrogen
[see Eq. (14)] is lower than the corresponding
values obtained by analyzing the deuterium and
*He experiments [see Egs. (15) and (16)]; taken
altogether, the x* value for results (14), (15), and
(16) is 6.

(ii) The above-mentioned inconsistency sug-
gests, as an interesting possibility to be examined,
that some so far unconsidered nuclear structure
effects may modify the effective value of the axial-
vector coupling constant g, ,, even in very light
nuclei. One such possible effect would be asso-
ciated with the meson exchange graphs in nuclear
physics®®; the theoretical situation, however,
still needs improvement on this specific point.

(iii) It is interesting to point out that the value
for g, , obtained from the present analysis of the
muon capture experiments in gaseous hydrogen
[see Eq. (13)] is in good agreement with the values
supplied by the experimental results on the neutron
B decay®® and on the (7— uv)/(7 - ev) branching
ratio.’! This fact, provided one assumes that
gp.u, is in support of the muon-electron univer-
sality.

For this reason, the muon capture experiments
in gaseous hydrogen represent a very effective
tool of reference to investigate the nuclear phys-
ics effects on the processes of muon capture by
other nuclei. From this standpoint, new and more
accurate measurements of the muon nuclear cap-
ture by deuterons are necessary, since the nuclear
structure plays such a disturbing role that even in
a nucleus as light as *He the experimental accuracy
is already beyond the theoretical one.
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