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We utilize precise weak interaction experiments on atomic muon capture and beta decay in the
A =3 nuclei and take into account the effects of nuclear “anomalous thresholds” to extract the
pseudoscalatr-*He-*H coupling parameterGef(m2) = 45.8 = 2.4. This is an order of magnitude
improvement in precision over that from the use of pion-nuclear scattering data and dispersion
relations. [S0031-9007(96)02021-2]

PACS numbers: 21.30.Cb, 23.40.—s, 25.80.Hp, 27.10.+h

Weak interaction processes, in which atomic muonsHe nucleus. This yields a precise capture rate:
are captured by the nucleus [1], or nuclear muon capture »
(NMC), are clean ways to study the semileptonic hadron Ao =1496 x4 s, 3)

form factors at lowg? in a nuclear environment of interest _ , . .
to QCD [2]. These also give important insights into This can be nicely understood theoretically in terms of the

meson exchange currents (MEC) [3]. NMC can be inweak and electromagnetic form factors that are known in

special cases, useful to give precise information on thé€A = 3 nuclei [4]. The importance of the MEC is also
strong pion-nuclear coupling strength, as we demonstra emonstrated by the fact that the impulse approximation

below in theA = 3 nuclear system. 4] yi_eIQs a rate about 15% smaller than (3), and the
_ margin is provided by the MEC [3].
The process [3-5] S . .
3 B 3 This brings us to the subject of this Letter: use of the
He + u (1) = "H + », (1) newly obtained precise NMC rate (3) to determine the

is attractive theoretically for a number of reasons: (a) ThéHe-"H coupling strength at & characteristic of the
weak hadronic current in (1) has the same Lorentz strudProcess (1). We shall compare this to its value from the
ture as the fundamental nucleon procgsst u~(15) —  B-decay process (%)’ and that at .the pion pole as extracted
n + v, [1]. (b) The nuclear physics of the = 3 system from the strongz*-*He scattering [8-13]. Contrary
has been carefully studied. Thus explicit wave functiond0 our naive expectations, the present precision of the
can be computed with great reliability [3,6]. (c) The MEC extracted coupling strength from the strong processes
contributions [3] can be determined in a parallel fashion(Table 1) is actually much worse than that obtained from
to that of the nucleag decay [7]: the NMC and the nuclear beta decay. The main point
Mo He 4 o 4+ 7 @) of this Letter is the following: Even though this pion-
e nuclear coupling strength parameter makes a relatively
Recently an experimental breakthrough has beesmall contribution to the muon capture rate, through the
achieved [5] for the study of (1) at the “muon factory” induced pseudoscalar form factor, the recent PSI experi-
of the Paul Scherrer Institut (PSI). The atomic boundaryment on the®He is so precise that it can be used to
conditions in the2S and 1S states [1] have been carefully yield a value of this parameter that is not only consistent
controlled, confirming a statistical hyperfine atomic with its values extracted from the pion-nucleus scattering
population in thelS state before muon capture by the experiments,but far more accurate. All we need is

TABLE I. A comparison of the effectiver-*He-H coupling parameter obtained from
different processes: the strong”-*He scattering and dispersion relation (first column), the
Goldberger-Treiman relation and weagk decay (second column) and via the pseudoscalar
coupling from nuclear muon capture (third column). References, from which the numbers
in the first column have been extracted, are explicitly given. The second and third columns
contain results of this work, yielding a coupling parameted®B *+ 2.4 at the pion pole, to

be compared with entries in the first column.

G from G from G from
7 3He scatt. B decay muon capture
38 = 16 (Spencer [10]) 36.8 = 0.2 319+ 1.3

45 = 19 (Mach and Nichitiu [12])
49 * 14 (Nichitiu and Sapozhnikov [12])
57 = 13 (Kopeliovich [11])
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the hypothesis of the partial conservation of the nucleapion field:

axial current (nuclear PCAC) [4,13] to obtain the NMC ;
obervables in the so-called “elementary particle approachD(z) = [2MFA + —Fp}
(EPA) [13]. One consequence of the nuclear PCAC, the m

Goldberger-Treiman relation (GTR) between the®He- ~ V2famiGQ) L1 +°°d ,Im[D(¢")] 7
H coupling parameters, the nucle@rdecay axial form - t — m2 T ), ! H—t (7)

factor and the pion decay constant, will be exploited in the
presence ofanomalous thresholdf8—12] in theA = 3  For the muon capture reaction ()~ —0.96m>, f is
nuclei. The latter are obviously absent for the nucleorthe pion decay constant30.8 + 0.3 MeV [15]); G(z) is
[1], and its GTR is known to be largely immune from ef- the 77-*He-*H pseudoscalar coupling parameter, related
fects of the three-pion cut [14] or chiral symmetry break-to the pseudovector one by the usual [11] way. The
ing corrections [15], making it an excellent test for PCAC.integration thresholda above is set by the so-called
Given the nuclear PCAC and GTR, we shall determinéanomalous” cuts [8,9,11] beginning at= (1.8m,)* and
the pion-nuclear coupling parameter accurately at the piof2-1m)*, coming from the deuteron-nucleon and three-
pole from weak processes, by a linear extrapolation. Corucleon breakup thresholds, respectivelhese are new
versely, by comparing this extracted coupling parametefeatures of the nuclear process (1gpmpared to the
with that from pion-nuclear scattering and a suitable disNMC by the proton. Lettings = 0, and ignoring the
persion relation, we can, in effect, test theclearPCAC  contribution from all cuts, we get the standard GTR:
and GTR. Despite large structural differences between the Fy
nucleon and the = 3 nuclei (He, *H), PCAC and GTR fr = \/EMG—. (8)
- (0)
may work well in both.
We begin with the nuclear weak hadron current for the At this stage, we recall the nucleon case of the GTR.
process (1). It is characterized by a Lorentz structuré’here are no anomalous cuts here. Estimating the three-
identical to that of the nucleon, since both the= 3  pion cut following Wolfenstein [14], its effect is found to
nucleus and the nucleon a™ = 1+ I = 1 objects. be small. Thus the relation (8) can be used to estimate
This is exploited in the EPA. The hadron current is giventhe value ofG(0). Taking G(0) = G(m,?) by PCAC,

by [3] t = m2 corresponding to the physical pion pole, using
_ _ . okrg, s the neutronB-decay value ofF4(0) = 1.2601 = 0.0025
j* = u(k)[Fvy“ +iFy—y— + Fayty [16], and[G (m2)]*/47 = 14.28 + 0.36 [17], the GTR is
u found to be fulfilled within 5%. Using (7), one can then
+ prsq_}u(k)’ (4) estimateF, = 7.25 = 0.09 for muon capture by protons,
m for which + =~ —0.88m2. At present, this prediction

with g# = (k' — k)*, m, the muon mass¥ is the mean for the nucleon is poorly tested through NMC [1]. In
nucleon (nuclear) mass(k’), u(k) are the spiré- nucleon radiative muon capture (RMC), there is a disagreement
(nuclear) spinors, and;’s are the usual [1] weak form With it in a pioneering RMC experiment at TRIUMF [18].
factors. We assume conserved vector current (CVC) and Returning to the nuclear system= 3, let us rewrite
ignore “second-class” terms [1]. The muon capture ratéhe dispersion relation (7) as

(3) is given by V2f wm2G(m2)
G? v D(t) = — T——[1 + 8(1)], )
A= Fvapneele 0P (1 - 26t ©) (= mk

where §(¢) is the nuclear correction from the anomalous
cuts. Thus we can introduce affectivepion-nuclear
coupling parameteG< (¢) by the relation [9,11]

where we follow the notation of Congleton and Fearing
(CF) [4]. The weak interaction physics from nuclei is
contained in the effective coupling constant squaggd

Gi = G} + 2G3 + (G — Gp)*. (6) G (1) = G(m,H)[1 + 6(r)]. (10)

The effective vector, axial vector, and pseudoscalar couypig yields for the nucleas decay an effective GTR

pling combinations in terms of the;’s in (4) are standard 4t takes implicitly into account the effects of the nuclear
[1,4]. Our interest first lies in the determination 6%  5,0malous cuts:

from (3), fixing Gy and G4 from experiment, and trans-

lating it into F». From this we shall extract the-3He-*H GEIT(0) = V2MF4(0) (11)

coupling parameter for the NMC. The GTR will give us f= '

E.“S par?met(_ertfrom thﬁ r}ILJclc?[ﬁrder:?y._tlt:r(?[Ln thgse tWIO by substituting (10) in (9) and taking the— 0 limits,
inematic points, we shafl extrapolate 1t to In€ pion Poie. \hara a7 is the mean®He-*H mass,M ~ 2808.7 MeV,

To proceed further, we write the dispersion relation [9] ; . .
by exploiting the PCACAnsatzthat the divergenc®(z) andF(0) s obtained from?H 4 decay [7)

of the hadronic axial-vector current is proportional to the F4(0) = 1.212 = 0.004 . (12)
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This gives, using (12) in (11), and are summarized in Table |, along with the values
G7e'rf3fHe3H(0) — 3681 + 0.15. (13) obtained from the weak interaction processes (1) and

) i ) . (2). An important point to note here tbe large errors
Note that this extractiordoes notrequire our explicit  555qciated with the strong interaction determinatiads

knowledge of the anomalous cut contributia (). the G ;..; parameter, compared with the precision at
We now discuss the NMC reaction (1) and see howe weak interaction values of 1 = 0, ands = t.q, for

thefflatest precision measurement/of yields a value of the 8 decay and muon capture, respectively.

Goyern (feap), Wherete,, is the characteristic value of Let us now return to the significance of the determi-
in the capture process (1). Using Egs. (7), (9), and (10)nation of theG*"f from the weak interaction in (13) and

we get a nuclear PCAC equation, implicitly including the(16) and their implications at the pion pole. Direct in-

effects of anomalous cuts: vestigations of the effects of anomalous cuts have been
Gef (fews) = — (teap — m3) made by Jarlskog and Yndurain [9] and Kopeliovich [11].
m*He H cap 2f mm2 They both find significant variations between= 0 and
; t = teap in the value ofG*'T, due to the presence of these
X [2MFA(tcap) + %Fp(tcap)] cuts. Thus
(14) Grnen(0) = 109G yonlcp),  (182)
) ._according to Jarlskog and Yndurain, and
Using the newly measured rate (3), we can determine off off
a range of theleast knownweak nuclear form factor Grnen(0) = 119G yeon (feap) » (18b)

Fp(teap), holding the others to their known values [4]. 5ccording to Kopeliovich. We find, from (13) and (16),
To do this, we exploit the experimentally known vector

form factors and take the dependence ofF, from Goinen(0) = (115 = 005G yep(teap) ,  (19)
the vector one [4], as is conventionally done. (Futurein qualitative agreement with both theoretical estimates
neutrino experiments at facilities like KARMEN [19] (18a) and (18b), but are unable to distinguish between
would eliminate this approximation.) This yields, usingthem. Howeverthe deviation from unity in the value
(3), (5), and (6), of the numerical coefficient on the right-hand side of
Fp = 2080 + 1.6, (15) Eg. (19) is a confirmation, from the weak interaction

with the parameteC, the correction factor in (5) due to 3exp(93r|ments,_ of the role of the anomalous cuts in#he
He-*H coupling.

}Dhg :gcéeigt'iglrge(iz)e ?\tfee;tutsaken tobe 0.98. The nuclear \ye " can now use our pion-nuclear coupling values,
q 9 obtained from the weak interaction studies, to extrapolate

Glyen(—0.954m?) = 31.9 * 1.3. (16)  to the pion pole. With a linear extrapolation [9],
Equations (13) and (16) are two crucial results of this Glteap) = G(0) + tcﬂ[G(mz) - G(0)], (20)
Letter. The effects of anomalous cuts in the= 3 nuclei mZ, 7
areimplicitly includedin these numerical values. we get therr-*He-*H coupling constant at the pion pole:

Before discussing the significance of these results, we off
come to the determination of the-3He-*H coupling Goinen(my) = 45.8 = 2.4, (21)
parameter from the strong interaction process inAhe  consistent with the numbers obtained from thé3He
3 system directly. The principle has been reviewed byscattering (Table I), but far more accurate. Here we have
Ericson and Locher long ago [8]. One writes down aachieved an improvement in precision of the determination
dispersion relation for the amplitude, antisymmetric undemnf the strong pion-nuclear coupling by an order of magni-

crossing [8]: tude, compared with the current accuracy of its inference
B Qwr; 2w JImf~ (') from the pion-nuclear scattering. This extraction of a pre-
Ref (w) = Z W — o + ?Pf dw o2 — o2’ cise pion-nuclear coupling parameter from the weak inter-

i ! action processes is tleentral resultof this Letter.

(17) Further theoretical studies are needed to understand
wherew is the pion lab energy, the poles come from thethe dynamical significance of the value of the coupling
neighboring nuclei, and; is the residue of théth pole, constant in Eq. (21). This much is already cleafhe
the coupling constant of interest. Several authors [10square of the coupling constant obtained above is about
12] have made use of the*3He total cross section data 30% bigger than the impulse approximation estimate of
in the physical region and analytic extrapolation in theEricson and Locher [8].
unphysical region, using relation (17), wherein the sum In summary, we have studied here the weak interaction
overi gets replaced by a single term, the effective residu@bservables, the nucle@-decay rate ofH to *He, and
at the pion pole, earlier denoted by us(GéffHegH)z. The the inverse muon capture rate, recently measured at PSI
results of these authors yield a broad range of valuewith a great precision, and used them to determine the
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