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Ordinary and radiative muon capture in liquid hydrogen reexamined
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A simultaneous analysis is made of the measured rates of ordinary muon d&@pt@ and radiative muon
capture(RMC) in liquid hydrogen, using theoretical estimates for the relevant atomic capture rates that have
been obtained in chiral perturbation theory with the use of the most recent values of the coupling constants. We
reexamine the basic formulas for relating the atomic OMC and RMC rates to the liquid-hydrogen OMC and
RMC rates, respectively. Although the analysis is significantly influenced by ambiguity in the molecular state
population, we can demonstrate that, while the OMC data can be reproduced, the RMC data cannot be
explained with the use of realistic values of the inputs; the degree of difficulty becomes even more severe when
we try to explain the OMC and RMC data simultaneously.
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Ordinary and radiative muon captul®@MC and RMQ on  is robust. The key quantities in analyzing OMC and RMC
a proton are the atomic rates\; and A, whereA (A,) is the cap-
ture rate for the hyperfine singlétriplet) state of theu-p
atom?! The atomic rates for OMC and RMC have also been

are fundamental weak-interaction processes in nuclear phy&Stimated in the framework of HE>T [9-185|. The expres-
ics and a primary source of information ga, the induced ~ SIONs obtained in HBPT have been_ found to be essentially
pseudoscalar coupling constant of the weak nucleon currerif) agreement with those of the earlier paper6-20. It has
see, e.g.[1,2]. The most accurate existing measurements oflso been confirmed that the chiral expansion converges rap-
the OMC and RMC rates have been carried out using #ly, rendering estimates of the OMC and RMC rates ob-
liquid-hydrogen target, which unfortunately makes the analyiained inyPT extremely robust. As for the numerical results,
sis of the data sensitive to the molecular transition rates ifmowever, the earlier estimates of the atomic OMC rates, e.g.
liquid hydrogen. We denote h¥ i, the OMC rate in liquid [16,17], need to be revised because some values of the input
hydrogen. The experimental value obtained by Baetial.  parametersd,, g.,n, €tc) used in those estimates are now
[3]is obsolete. In Ref[10], we provided updated estimates of
- A2MC andAPMC based on HRPT (up to NNLO). A notable
Aﬁ§p= 460+20 (s™1). 2 fir?ding in[10] is that the use of the recent larger value of the
Gamow-Teller coupling constagi, gives a value oA 9M©,
which is significantly larger than the older value commonly
quoted in the literature, see Ref40,15.

To make comparison between theory and experiment, one
needs to relate the theoretically calculated atomic OMC and
RMC rates toA;; andR,,, respectively. For convenience,

REXP=(2.10+0.22) X 10" 8. (3y  We refer to this relation as tha-L (atom-liquid formula.
7 Bakalov et al. [21] made a detailed study of th&-L for-
Surprisingly, the value ofp deduced if4,5] from the RMC ~ mula, and they gave an explicit expression gy, [see Eq.
data is~1.5 times larger than the partially conserved axial-(560 in Ref. [21]]. In our previous worK10] we analyzed
vector curren{PCAC) prediction[6]. By contrast, the value Ajiq using theA-L formula of Bakalovet al. and found that
of gp deduced i 7] from the OMC data is in good agree- the best available estimates of the atomic capture rates based
ment with the PCAC prediction. on HBYPT would lead to a value ok, significantly larger

On the theoretical side, the early estimationgef was thanAﬁgp. We also reported that, by introducing a molecular
made using PCAC. Heavy-baryon chiral perturbation theonstate mixing paramete¢ considered by Weinberf22], it
(HBXPT), a low-energy effective theory of QCD, allows us was possible to reproducéiz” and RS simultaneously.
to go beyond the PCAC approach, but the results of detailetiowever, theA-L formula of Bakalovet al. does not corre-
HBxPT calculationd8] up to next-to-next-to-leading order spond to the experimental condition of OMC; to compare
(NNLO) essentially agree with those obtained in the PCACwith A{XP, the time sequence of the actual measurement

- . . liq
approach. Thus the theoretical framework for estimatipg should be considered3]. In this work we reexam-

pmotp—ntv,, @ +p—nty,ty (1)

As for RMC, Jonkmanst al.[4] measured the absolute pho-
ton spectrum folE, =60 MeV and deduced therefrom the
partial RMC branching ratioR,, which is the number of
RMC events(per stopped mugnproducing a photon with
E,=60 MeV. The measured value &, is [4,5]

*Email address: sando@nuc003.psc.sc.edu The ratesA and A, are generic symbols for OMC and RMC.
"Email address: myhrer@sc.edu When we need to distinguish OMC and RMC, we use the symbols
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where  No=No+Npp FAIMCHARYC Na=No+Nop

PP

Wp +AOMC L ARMC )\4=)\O+A'§|’XC+AR,¥'C. Here \, is the
singlet muon natural decay rate\g,'© and A;'¢ are the OMC

rates in the ortho-molecular and para-molecular states, re-
spectively; similarly forA )¢, andARY© ? These rates are
Ao given by

ortho
Abm=2v0GGAE+3AD),  Ab=2yp(3AE+3AD),
puUp Aop (5)

molecule
. para where F stands for “OMC” or “RMC,” and 2y,=1.009,
2yp=1.143[21].

FIG. 1. Atomic and molecular states relevant to muon capture in At this point we discuss the numerical values\gf,, and
liquid hydrogen;\ ,, is the transition rate from the atomic singlet \,,. The former shows a wide scatter in the literature, rang-
state to the orth@-u-p molecular state, antly, is that from the  ing from \,,,=(1.89£0.20)x10° s to (2.75-0.25)
ortho to para molecular state. X 10° s 1[23]. In this work, for the sake of definiteness, we

employ the averaged value,,,=2.5x10° s* (the main
ine Ay, and R, by incorporating into our analysis the ex- point of our argument is not affected by this choicghis
perimental conditions as well as the updated estimates of théalue is comparable to the muon decay ratg=0.455
atomic capture rates. x10° st As regards\,,,, there is a significant difference

To evaluate\ ;;; andR,, from the calculated atomic OMC between the experimental and theoretical valua§yP
and RMC rates, we need to know the temporal behavior of=(4.1+1.4)x10* s™! [7] as compared With)\ghp=(7.1
the variousu-capture component&apture from the atomic  +1.2)x10* s 1 [21].
states and capture from-u-p molecular states Figure 1 The dominant state for the OMC and RMC measurements
schematically depicts various competing atomic and molecuis the ortho-molecular state as is evident from E4. In
lar processes occurring in liquid hydrogen. A muon stoppedoth measurements, data collection starts=at, # 0, and it
in liquid hydrogen quickly forms a muonic atomu{p) in is essential to incorporate this aspect into fé formula
the lowest Bohr state. The atomic hyperfine-triplet st&8e ( (see below. Furthermore, in the OMC experiment the time
=1) decays extremely rapidly to the singlet sta&=(@0), dependence of the population of each state plays an impor-
with a transition rateh;o=1.7x10 s~ 1. In the liquid- tant role.
hydrogen target a muonic atom and a hydrogen molecule The discussion so far is common for both OMC and
collide with each other and form @ u-p molecule with the  RMC, but we now turn to the individual discussion of each
molecule predominantly in its ortho state. We denote bycase. In the OMC experimeiisee Fig. 4 in Ref[3]), u~
Nppy the transition rate from the atomic singlet state to thebeams arrive at the target on the average inias3eng burst
ortho p-u-p molecular state. The orthp-u-p state further  with a repetition rate of 3000 Hz. The data collection typi-
decays to the parp-u-p molecular state. This rate is de- cally starts 1 us after the end of the 3s-long beam burst,
noted by\,,. Let Ng(t), Noy(t), andN,(t) represent the and the measurement lasts until 3@ after the end of the
numbers of muons at timein the atomic singlet, ortho- beam burst. As mentioned, the cascade processes leading to
molecular, and para-molecular states, respectively. They sathe u-p ground state and the transition between the atomic
isfy coupled kinetic equations, see Ef449 in Ref.[21]. To  hyperfine states are extremely fast. One therefore can safely
integrate these coupled differential equations, we need tignore a time lag between the muon arrival time and the time
know the initial conditions. at which thew-p atomic hyperfine-singlet state is formed. To

For illustration purposes, let us consider a case in whictproceed with the consideration of OMC, we assume that the
there is one muon in the singlet statetatO; i.e., Nj(0)  average time intervals of Rdf3] cited above are actual time
=1 andN,(0)=N,,(0)=0. We then have intervals. Then, provided all the muons arrive at the same

time, we can choose with no ambiguity that arrival time as
the origin of time (=0) and lett=t;, the starting time for
Ny(t)=e 2!, Ny (t)= M(eﬂst_e—xzt), Qata collection, refer to that origin. However, the finite dura-
A2~ A3 tion (t,=3 us) of the beam burst causes uncertainty in the
value oft=t; to be used in Eq(4); t; can be anywhere
between 1.0us and 4.0 us. To account for this muon pulse
N (1) = NopX ppu e\t duration timet,, we assume for simplicity that the beam
P (A3=Ng)(N2—Ny) pulse has a rectangular shape. Then, at tintlee average
number of residual muons are

_ NopMppp
(A2—N3)(A3—Ny)

Y “Since ASMC, ARNC, ARWC are very small, they can be ignored
oPPpu e Mot (4)  inthe calculation oNg o om(t). In evaluating the RMC rate itself,
(A2=A3)(N2—Nyg) however, we need these capture rates; seg®delow.
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TABLE I. Coupling constants and the atomic capture rates)s
used in the present analysis.
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TABLE Il. Ajq (s andR, (x10°8) calculated for various
values of¢ and for the choice ok o,=Ng5P Or {1

ga O.n  AIMC  APMC ARMC ARMC & 1.00 0.95 0.90 0.85 0.80
1.267 13.40 695 11.9  0.8%110°° 20.1x10°2 Ajig(NEX 460 439 419 399 379
Ajig(Agh) 421 404 386 369 352

1w , Ry(xtghgp) 1.41 1.55 1.68 1.82 1.95

NM(t)=E . dt'N,(t—t"), 6 R, 1.54 1.67 1.80 1.93 2.06

where N, (t) = Ng(t) + Nom(t) + Npm(t). The OMC experi-
mentLS] counts the number of electrons produced by

— € vev,, andA i, is deduced from the difference between

ues agree with\{;P=460+20 s '. Meanwhile, if we em-
ploy Ay, we obtainA;q=421 s * with Eq. (7), and A

— _1 . . .
the muon decay rate in liquid hydrogen and that in vacuum=419 s with the formula of Bardinet al. Thus, Ajjq is
the latter is determined from the number of positrons prolighly sensitive tok,. On the other hand, the use of the

duced inu"—e"ver,. We use the expression of R¢8]
(andt;=4 us)

= dNg
fti dtW
Nig=| ——= | A

7
3 aN. (7
fti t(t—ti)F

Whereﬁe(t) is the averaged number of electrons produced
time t anddNg(t)/dt=AoN,,(t). Here we have used the fact

that the duration of the measuring time (3@6) is long
enough to be treated as.
On the other hand, for the RMC experimddt5|, the

A-L formula of Bakalowet al.[21] gives too large a value for
Ajiq regardless of whether we useg.” or )\})hp; Ajiq
=532 s for AP, and A ;g =518 s for Ajj}. As men-
tioned before, thé\-L formula of Bakalovet al, which was
adopted in our previous woffk0], corresponds to the choice
of t;=0, and this choice does not simulate the experimental
condition.
An estimate oR, is obtained from Eq(8) and the atomic
RMC rates given in Table I. With the use Bf", the calcu-
alated value oR, is significantly smaller thaRS*"in Eq. (3);
ROPRY'~1.5. If in Eq.(8) we use\y, instead of\ 55, then
R, is enhanced by about 9% but the increase is not large
enough to reconciléztyh with RSP Thus it is not possible to

reproduceRS” in the existing theoretical framework with

muons essentially arrive one by one and the data taking bébe use of the standard set of input parameters. In addition,

duration time in the RMC case, and we obtain

:Ny(oo)_Ny(tl)

TN ®

to Ao, is comparable to that of j .2

Next, we discuss the sensitivity df;;; andR,, to possible
changes in the value of the molecular mixing paramétés
discussed by Weinber22], the possible mixing of the
ortho-moleculamp-u-p spin 3/2 state and spin 1/2 state, pa-

HereN,(t) is the number of photons obtained by integratingrametrized by, may change the molecular capture rates to

the photon spectrum over the interval,<6H,<99 MeV,
and the production of photons in RMC is determined by

dN,(t)

g = AN+ AGH Nor(t) + Agm Now(1),

€)
whereN,(0)=0.

Aph=ENS (112 +(1= ) A5(3/2), (10)
where F stands for “OMC” or “RMC”; Af (1/2)=AF
[see Eq(5)] and A% (3/2)=2y,Af . Although the existing
theoretical estimate favos=1 [21,25, we treat it here, as
we did in Ref[10], as a parameter to fit the data. In Table Il

We give the numerical values of inputs to be used in whawve showA;; andR,, calculated for various values ¢&f (¢
follows. Table | presents the values of the coupling constants=1.00, 0.95, 0.90, 0.85, 0.8Gand for the cases ok,
and the atomic capture rates. The OMC and RMC rates for= X" and )\op=)\f,hp. We can see that, to explaR}®, a
the hyperfine-singlet and -triplet states have been calculatddrge deviation of¢ from unity is needed but this deviation

in HBYPT up to NNLO[10,14 and with the use of the most spoils the agreement with {;XP;

recent values of the coupling constants discussdd(h

liq » No value of¢ can explain

Afg" andRS*P simultaneously. This conclusion should super-

We estimate\ i, by using the atomic OMC rates in Table sede the one given ifL0].

I. Besides théA-L formula in Eq.(7), we consider two others

for the sake of comparison; these teL formulas are that
of Bardin et al. [7] and that of Bakalowet al. [21]. For the
ortho-para transition rate we employ eith«%’gp or )\ghp. The
use of)\gi‘)p leads toA;;;=460 s* with Eq. (7) and A
=459 s - with the A-L formula of Bardinet al. These val-

Our findings are largely in the nature of reconfirming the
conclusions stated in one way or another in the literature, but

3The result of a more precise measuremen gf at TRIUMF
[24] will shed much light on this issue.
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a coherent treatment of OMC and RMC in liquid hydrogenillustrative purposes. Definitive analyses can be done only by
as described here is hoped to be useful. Our treatment e people who carried out the relevant experiments. Finally,
characterized by the use of the best available atomic captute remark that a precise measurement of the OMC rate in
rates obtained in HBPT, and by an improved-L formula.  hydrogen gas is planned at A2B]. This experiment would
As mentioned, the atomic capture rates calculated using @liminate the ambiguity of the molecular transition rate dis-
phenomenological relativistic tree-level mod@B] are con- ~ cussed in this paper and directly test the HH prediction
sistent with those of HBPT [13-15,26 (provided the (10.15.

former uses the updated valuegy and the PCAC value of  1hjs \york was motivated by Dr. T. Gorringe's criticism
gp). Therefore, the above conclusions are not necessarily.ommunicated to us by Dr. H.W. Fearingbout the as-
unique to HBPT. However, since HBPT givesAsandA;  symptiont;=0 made in our earlier work. We are deeply
with high precision(primarily because the value @p is  grateful to these two colleagues for that information and also
strictly restricted by chiral symmetryit allows us to draw  for other illuminating remarks. Thanks are also due to Dr.
much sharper conclusions than the phenomenological apr.-S. Park for useful discussions. This work was supported in
proach. Although we have presented examples of simulatiopart by the U.S. National Science Foundation, Grant Nos.
of the experimental conditions, they are only meant to servé@®HY-9900756 and No. INT-9730847.
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