PROCEEDINGS

OF SCIENCE

Theoretical studies of muon capture on light nuclei

Laura E. Marcucci*

Dipartimento di Fisica “E. Fermi”, Universita di Pisa
INFN, Sezione di Pisa

[-56127 Pisa, Italy

E-mail: | aura. marcucci @If . uni pi.it

We review the present status of theoretical studies of maptuce reactions on light nuclei. In
particular we consider the two reactioftd(u—, vy)nn and3He(u, vu)3H, and the most recent
calculations performed within the chiral effective fielcetiny framework. The unresolved dis-
crepancies among the different calculations and futureldgwments are also discussed.

The 7th International Workshop on Chiral Dynamics,
August 6 -10, 2012
Jefferson Lab, Newport News, Virginia, USA

*Speaker.

(© Copyright owned by the author(s) under the terms of the @e&ommons Attribution-NonCommercial-ShareAlike Licen http://pos.sissa.it/



Muon capture on light nuclei Laura E. Marcucci

1. Introduction

In the past few years there has been a significant body ofetieal work on muon captures
on light nuclei, in particular on the reactions

U +d—n+n+v,, (1.1)
P+ 3He— 3H+ v, . (1.2)

This large interest is motivated by the fact that these m®ae®are related to astrophysically relevant
reactions, such as the weak captures on proton*bied(the pp and hepreactions), whose rates
cannot be measured experimentally [1].

The observables of interest for the two reactions are théldbeapture raté® for reac-
tion (1.1), i.e., the rate obtained when the stopped muoasaptured from the initial doublet
hyperfine state, and the total capture rBtefor reaction (1.2). The experimental situation for
reaction (1.2) is quite clear: a very precise determinafi@ided g = (14964 4) sec! [2], a
value consistent with those of earlier measurements, udtinthese were affected by considerably
larger uncertainties. On the other hafd, is poorly known: the available experimental data are
(365+96) sec! [3], (4454 60) sec! [4], (4704 29) sec! [5] and (4094 40) sec! [6]. These
measurements, while consistent with each other, are ngtprecise, with errors in the 6 10
% range. However, there is hope to have this situation @drifiy the MuSun Collaboration [7],
which is performing at present an experiment at the Paul teahinstitut, with the goal of mea-
suring "'® with a precision of 1.5 %. Part of the renewed interest on #puwre processes (1.1)
and (1.2) has been indeed spurred by this experiment.

Theoretical work on reactions (1.1) and (1.2) is very extens The statusante 2012 has
been recently reviewed in Ref. [8], where the theoreticahfism and the details of the different
calculations are clearly discussed. Here, we briefly rexdgain only the latest work of Refs. [9,
10].

In Refs. [9, 10], reactions (1.1) and (1.2) are simultanostudied within two different
schemes: the “potential model approach” (PMA), also knowristandard nuclear physics ap-
proach”, and the approach known as the “hybrid” chiral di¥ecfield theory §EFT), often in-
dicated withyEFT*. In PMA, Hamiltonians based on conventional two-nocéNN) and three-
nucleon (NNN) potentials are used to calculate the nuclearewunctions, and the weak tran-
sition operator includes, beyond the one-body contrilbufitbe impulse approximation—IA) as-
sociated with the basic procegst- u~ — n+ v, meson-exchange currents as well as currents
arising from the excitation dh-isobar degrees of freedom [11]. In ty&FT* approach, the weak
operators are derived igEFT, but their matrix elements are evaluated between wavetitins
obtained from conventional potentials. Typically, the PMAd xEFT* predictions are in good
agreement with each other. For example, the PMA @BET* calculations fof ® give 391 sec?!
and (3934 1) sec’!, respectively [9]. Fof o, the PMA andyEFT* calculations give 1486 set
and (14844 4) sec!, respectively. Note that in Ref. [9] the radiative correns of Ref. [12] were
not included. These would increase the PMEFT*) central values of Ref. [9] to 392 (395) séc
for reaction (1.1), and 1496 (1494) sédor reaction (1.2). In summary, the combined PMA and
XEFT* results of Ref. [9] provide foF® andlo a conservative range ¢8935+ 3.9) sec! and
(14934 19) sec'!, when radiative corrections with their uncertainties avesidered [12].
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Note that just one year before the work of Refs. [9, 10], aotalculation off ® was per-
formed in Ref. [13] within the PMA, although the meson-exad@ currents were of different ori-
gin. The results of Ref. [13] differ from those of Refs. [9] by 7— 10 %. Only very recently, the
origin of this discrepancy has been understood, as it vsttussed in the next section.

The present paper continues as follows: in Sec. 2 we revieldiscuss the results of the first
“non-hybrid” xEFT calculation of reactions (1.1) and (1.2). Some conaolgidemarks are given in
Sec. 3.

2. The “non-hybrid” xEFT study of muon capture

The first “non-hybrid”x EFT study of reactions (1.1) and (1.2) has been performeainR4].

The nuclear interaction consists of NN and NNN potentialee NN potential has been derived
in Refs. [15, 16] up to next-to-next-to-next-to leading erdN3LO). It consists of one-pion- and
two-pion-exchange and of contact terms. The low-energptemts (LEC’s) entering the contact
terms have been constrained by accurate fits to the NN dogt@atabase at energies below the
pion production threshold. The NNN potential, which firshtridoutes at next-to-next-to leading
order (N2LO), include& andP-wave two-pion-exchange —i&wave piece is the familiar Fuijita-
Miyazawa NNN potential—a one-pion-exchange plus NN cdniren with LECcp and a NNN
contact terms with LEQe. The N2LO NNN potential used in Ref. [14] is the local version
obtained in Ref. [17].

The vector part of the weak current has been derivegERT up to N3LO by several groups.
However, only in Refs. [18] and [19] a consistent model fothbthe vector and axial pieces of
the weak current has been constructed up to N3LO. Therefioisemodel has been considered
in Ref. [14]. In this model, the one-body operators are thmesas those obtained in the PMA
by retaining, in the expansion of the covariant single-eaclfour-current, corrections up to order
(v/c)? relative to the leading-order term [11]. The two-body opensin the axial current include
a one-pion-exchange contribution, involving the known L€ andc, (determined by fits to
the NN data [16]), and one contact current, whose strengfiaiametrized by the LEGr (see
below). In the axial charge, only one-pion-exchange cbutes, and the associated operator is
proportional toga/F2, wherega (Fp) is the single-nucleon axial coupling constant (pion decay
constant). The vector weak current is related (via the CV@staint) to the electromagnetic
current, which includes at N3LO one-pion- and two-pionfextge (i.e., one-loop corrections),
as well as isoscalar and isovector contact terms, whosegstie are parametrized by the LEC’s
denoted, respectively, ags andgay [18, 19]. No two-nucleon vector charge operators are ptesen
at N3LO. Finally, we notice that due to the power-law behafoolarge momenta of both potentials
and currents, these have been regularized by introducingnaemtum-cutoff function, with cutoff
N\ taken to be 500 MeV and 600 MeV.

The mentioned LEC’slg, Cp, Cg, g4s, andgay have been determined as follows: as it has been
observed in Refs. [20] and [21], the LEQIg andcp are related to each other via the relation
= /\'\ngcw%M|\|(03+204)Jrzl3 :
where My is the nucleon mass amly = 700 MeV is the the chiral-symmetry-breaking scale.
Then, the calculation is implemented as follows. Preand®He ground state wave functions are

R (2.2)
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calculated with the hyperspherical-harmonics method Refe[22] for a review) using the chiral
NN+NNN potentials of Refs. [15, 16, 17] fok = 500 and 600 MeV. The corresponding set of
LEC’s {cp,ce} is determined by fitting thé = 3 experimental binding energies, BE)=8.475
MeV and BE@He)=7.725 MeV, corrected for small contributions (+7 keVih and -7 keV in
3He) due to then-p mass difference [23]. Then the range € [—3,3] is considered, and, in
correspondence to each in this range,ce is determined so as to reproduce either #8(or
BE(He). The resulting trajectories, shown in Fig. 1 of Ref. [1die nearly indistinguishable.
Then, for each set ofcp,ce}, the triton and®He wave functions are calculated and, using the
XEFT weak axial current discussed above, the Gamow-Tell@rxrelement of tritiumf-decay
(GT™) is determined. The ratio G1/GTEXP is considered, for both = 500 and 600 MeV, with
GTEXP = 0.955+ 0.004 [9, 14], and the range af values, for which GT" = GTEXP within the
experimental error, is found to Ipe 0.20, —0.04] for A =500 MeV, and—0.32, —0.19] for A =600
MeV. The corresponding ranges for are[—0.208 —0.184 and[—0.857,—0.833, respectively.

For the minimum and maximum values{ab, ce } in the selected range, i.¢5-0.20, —0.208}
and{—0.04,—-0.184} for A = 500 MeV, and{—0.32,—0.857} and{—0.19,—0.833} for A = 600
MeV, the isoscalar and isovector LECs andgay, entering the NN contact terms of the electro-
magnetic current, are determined by reproducing/Ahke 3 magnetic moments. These LEC's are
listed in Table | of Ref. [14]. At this point, the potentialdourrent models are fully constrained,
and the results fof® andly are xEFT predictions. They are found to b€ = (399+ 3) sec’!
andlo = (14944 21) sec’!, including electroweak radiative corrections [12]. Thessults are in
good agreement with those of Refs. [9, 10], as well as wittegrental data, but not with those
of Ref. [13], for which the discrepancy remains of the ordie4 e 9 %. We now discuss in some
detail the origin of this discrepancy. Some of the authorRef [13] have performed in Ref. [24]
a XEFT calculation of® very similar to the one presented in this section and in faotempo-
rary to it. In this calculation]'® has been found in the range 383 3924 sec!, depending on
the YEFT two-nucleon potential used. This result is very differescom the previous PMA cal-
culation of Ref. [13], and it is in much better agreement wiita results of Refs. [9, 10, 14]. In
fact, the study of Ref. [24] has a very interesting histoggarding to the two different versions
of the manuscript, still present on the archiwewv. ar Xi v. or g. In the very first version of the
manuscript,”® was found in the range 4®— 40938 sec?, in good agreement with the results
of Ref. [13], and again in disagreement with those of Refs1{® 14]. The printed version of the
manuscript, which corresponds to the second version of riygript on the archive, however, re-
ported the range quoted above, 333924 sec!. Therefore, we can conclude that one or more
computational errors were found before the submissioneogéitond version, suggesting that very
likely the results of Ref. [13] were also affected by the saers. For this reason, they should
be disregarded. Finally, it should be pointed out that thia@s of Ref. [24] consider, besides
the XEFT potential mentioned here of Ref. [15], also two otheeptals, labelled EGM(204) and
EGM(205), taken from Ref. [25]. The quoted range 3833924 sec! is obtained excluding the
EGM(205) results. Such range would become.8834191 sec! when all theyEFT potential
models are considered, with a theoretical uncertainty otiaB %. The authors, though, do not
provide any explanation on why the EGM(205) results shoel@éXcluded. Such a large theoreti-
cal uncertainty, as argued by the authors themselves, ssiprably due to the fact that tlog — cg
fitting procedure is not always applied including the NNNapttial. In any case, the results of
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Ref. [24] and the ones discussed here [9, 10, 14] are in agmtanithin few %.

3. Conclusions

The most recent theoretical studies of the muon capturgioeacon deuteron antHe have
been reviewed and discussed. They are performed eithegy peenomenological potentials and
currents, or phenomenological potentials in conjunctidth weak currents derived igEFT, or
finally using both potentials and currents obtained coastht within the xEFT approach. The
calculated values for the doublet capture rate (total ceptate) for muon capture on deuteron
(®He) are in agreement with each other and in agreement witlah#able experimental data.
Furthermore, the theoretical uncertainty is reduced tddhel of a %, even for the latest “non-
hybrid” xEFT calculation. The differences between the calculatrewgewed here and those of
Refs. [13, 24] have been discussed. In particular, we hawvagubout that the results of Ref. [13]
were clearly affected by some computational errors andldhoe disregarded. We expect the
authors of Ref. [13] to publish one day arratum eventually.

We would like to conclude with the following observationd:tlie present “non-hybrid¥ EFT
framework can be used to calculate reactions of astropdiyisiterest, as th@p or hepreactions,
as well as the proton-deuteron radiative capture reactark along this line is strongly pursued.
(i) Some small inconsistencies are still present in whahase called “non-hybrid’yEFT frame-
work. In fact, the NN and NNN potentials are derived at twded#nt chiral order (N3LO and
N2LO, respectively), and the momentum-cutoff functionsdutr the NNN potential and nuclear
currents are different than those present in the NN potenki@wever, if these inconsistencies
were significant, we would have expected, as a general trey&BT calculations, a strong cut-
off dependence of the results. Instead, the cutoff-depa®lef the presented results is extremely
weak.
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