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Capture rate and neutron helicity asymmetry for ordinary muon capture on hydrogen
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Applying heavy-baryon chiral perturbation theory to ordinary muon cagfdMC) on a proton, we calcu-
late the capture rate and neutron helicity asymmetry up to next-to-next-to-leading order. For the singlet
hyperfine state, we obtain the capture rRig=695 s ! while, for the triplet hyperfine state, we obtain the
capture ratd’;=11.9 s* and the neutron asymmetey;=0.93. If the existing formalism is used to relate
these atomic capture ratesltg, , the OMC rate in liquid hydrogen, thdry, corresponding to our improved
values ofl’y andI'; is found to be significantly larger than the experimental value, primarily due to the updated
larger value ofg, . We argue that this apparent difficulty may be correlated to the specious anomaly recently
reported foru™+p—n+wv,+ vy, and we suggest a possibility to remove these two “problems” simply and
simultaneously by reexamining the molecular physics input that underlies the conventional analygis of
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I. INTRODUCTION If we combine these estimates with the existing atom-liquid
translation formulas, the resultin@}% agrees with Fﬁ;p
Muon capture on a proton is a valuable source of infor-within the experimental errof3]. In HBChPT, I, and I';
mation abougp, the pseudoscalar coupling constant of thewere calculated up to next-to-leading ord®i.O) by Ber-
nucleon weak curreritl]. One can study two processes, or- nard et al. [5]; it was also reported that a one-loop level

dinary muon captur¢OMC) and radiative muon capture cajculation reproduces the known analytical PCAC correc-

1.
(RMC)™: tion for gp, see Refs[6,7]. On the other hand, the precise
p~+p—v,+tn (OMC), (1) .empei)tical determipqtion og(p is hgmpered by the 5% error
in F,iqp; the sensitivity oﬂ“”q”to Op is rather modest because

u-+p—v,tnt+y (RMC). (2)  the fixed momentum transfer in OM@{= —O.88n;i) sup-

presses the contribution of thgg term, which contains the
Heavy-baryon chiral perturbation theofldBChPT) is well ion-pole structure- 1/(g%—m?).
suited for describing these processes, which involve smaﬁ) Since RMC is free from thq?s kinematic constraint. it can
enqugh enctialrgy-momenu:mv\;ransfer? ;[10 render;E%#PBTChF:Ee a more sensitive probe gf, despite its extremely small
Series rapidly convergent. YWe report here our ca branching ratio. A recent TRIUMF experiment succeeded in

culation for OMC up to next-to-next-to-leading order. To .

) . o . . measuringdl'guc/dE,, the absolute photon spectrum for
explain the motivation and significance of our work, we f'rStRMC in liquid hvd Y 8.9l If e RMC
describe briefly the current status of OMC and RMC Vit N liguid y roger[ 9. If one uses at.0m|c VIR am-

The OMC rate in liquid hydrogeri’.. has been r.nea- plitudes calculated in the phenomenological minimal cou-
sured with 5% accura(?BQ]' yarogen. jiq . pling method 10], and if one adopts the existing atom-liquid
0 ' translation formulas, then the observébyc/dE, cannot
I&P=460-20 [s1]. (3) be reproduced unlesgp is artificially increased from its
a PCAC value by as much as 50%. However, such a large

Theoretically, one first calculates the atomic OMC rates for &leviation ofgp from its PCAC value is extremely unlikely
proton,I'y andT';, where the suffix “0” (“1” ) refers to the ~ according to an HBChPT calculatid]. This very astonish-
singlet (triplet) hyperfine state of the hydrogen atom. To ing feature reported fodI'ryc/dE, motivated reexamina-
compare with experiment, one needs a theoretical frameworkon of the formalism used in Reff10] to calculate the RMC

to relatel’y andI’; to I'j . For convenience, we refer to this amplltudeZ and several calculations basgd on HBChPT have
framework as the “atom-liquid” translation formulas. A been carried ouf5,11,13. A next-to-leading orde(NLO)
great deal of experimental and theoretical effort has beefalculation[11] indicates that HBChPT essentially repro-
invested on these translation formu[&3. In Refs.[1,4], [,  ducesdl'ryc/dE, given in Ref.[10]. A next-to-next-to-
and I'; were calculated using the phenomenologically paleading order(NNLO) calculation[12] has confirmed that
rametrized weak nucleon form factors with the valuegef ~ the HBChPT expansion converges rapidly and that loop cor-

obtained from the partially conserved axial curré@€AC).  rections todI'ryc/dE, are tiny. Furthermore, a recent cal-
culation[5] that incorporates the explick degrees of free-

dom into a tree-diagram HBChPT calculation suggests that

*Electronic address: sando@nuc003.psc.sc.edu the inclusion of theA modifies the spectrum only by 5%, a
'Electronic address: myhrer@sc.edu result consistent with the earlier finding of Beder and Fearing
*Electronic address: kubodera@sc.edu [13]. This change is not large enough to remove the above-
!n this article OMC and RMC always refer to capture in a hy- mentioned anomalouge value. Thus the systematic analy-
drogen target. ses based on HBChPT strongly indicate that no drastic
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Changes in the atomic RMC amplitudes from the eXiStingThe Subscripadenotes the order of term;,:d-{- n/2—2,
estimates should be eXpeCted. It then seems ||ke|y that thﬁheren is the number of nucleon lines amdthe number of
dI'ruc/dE, problem is caused by the currently adoptedderivatives or powers ah,. involved in a vertex. The terms

atom-liquid translation formulas. relevant to our calculation are
Meanwhile, an experiment that uses a hydrogastarget

to directly measurd’, with 1% accuracy is planned at PSI
[14]. The use of the gas target eliminates ambiguities due to

Lo=N[iv-D+2ig,S- AN+ ffTTr( —A~A+)%) , (5
the molecular capture processes. The envisaged 1% accuracy

will significantly increase precision with which the empirical 1

value ofgp is determined. We note, however, that, to make 51=HN[(U'D)2—D2+ 2ga{v-A,S-D}
comparison between theory and experiment at the 1% level, N

the existing estimate df, based on an HBChPT calculation —i(1+bs)[S*%S1f 41N, (6)

up to NLO needs to be improved. First, one must ascertain
that the input physical constants such fagsand g, have
sufficient precision. Second, NNLO loop corrections need to C
be evaluated.

In this article we present an HBChPT calculation for
OMC up to NNLO in which the influence of uncertainties in +iC149aS Do x - JIN+ Lyjm2, (7)
the low-energy constants is carefully examined. In addition
toI'y andI';, we calculate the neutron helicity asymmetry Whereﬁl,mﬁl is the 1m§ Lagrangian given in Ref.12]. Fur-
(to be defined later It is found thatI', obtained here is thermore
significantly larger than the previous estimdtégl], whereas
I'; essentially agrees with the literature values. The larger D,=d,+I,, (8
value of I'y is primarily due to the updated larger value of _ _
ga- A second main point of our paper is to discuss the ob- 1 1 L S R
servational ramifications of our new estimates. If we use the F#_E[g €] Eé Fué— EfFﬂé '
new values ol"y andI'; together with the “standard” atom-
liquid translation formula$3], the resultingl"fig turns out to r o
be significantly larger thali;” in Eq. (3), another possible W o (aray), 9
indication that the existing atom-liquid translation formulas
may require reexamination. We shall argue that this diffi- 1 i i
culty is probably related to the above-mentioned “anomaly” AM=§{§T,aM§}— §§*FE§+ EgF'};gT, (10)
in RMC, and that there is possibility to resolve these two

fmﬁ[csv (D1} 5]+ C150aS (DA T 4]

problems simply and simultaneously by invoking a molecu-

o . . L1
lar mixing parameter discussed by Weinbgid). f;y:z(g‘rpivgi gFleg‘r),
Il. HEAVY-BARYON CHIRAL PERTURBATION THEORY FRE=, FRL_g FRE_j[FRL FRL] (12)
(HBChPT) a a a
*_ —_ 2 _ iz
HBChPT is a low energy effective field theory of QCD, X =& x&'=&x"é, x=m>, ¢=explit mi2f,).

which has a systematic perturbative expansion in powers of (12)
Q/A,, whereQ is a small typical four-momentum scale

characterizing a process in question, or the pion nmass In these expressions, anda, are the isovectoryector and
A, is the chiral scalep ,~4xf ~my=1 GeV. A typical axial-vector external fields, respectively*=(1,0) is the
scaleQ in muon capturéboth OMC and RMCis the muon  velocity four vector, ands*=(0,5/2) is the nucleon spin
massm,,=105.7 MeV, and henc®/A,~0.1. One therefore operator. We ignore the isospin breaking effect andrage
expects a rapid convergence of relevant chiral perturbatior- (m,+m;)/2 as the nucleon mas<ur effective Lagrang-
series for muon capture; the explicit HBChPT calculationsian contains théow energy constantd. EC'’s), bg, c3, C13,
[7,12,16—18 are consistent with this expectation. andcy,.* The LEC’s,bg, ¢35, andcyy, are finite constants
The effective chiral Lagrangian is expanded as

3In calculating the transition amplitudes we ignore isospin break-
(4) . ; ; . i
ing but, in evaluating the phase space, we do retain the neutron
proton mass differencesee later.
4Our notations for the LEC's are different from those in R&8].
The relations between them are

L=, L;=Lo+ Lo+ Lot

2The transition amplitude of OMC was calculated in HBChPT up
to NNLO by Fearinget al. [17], but the capture rate was not ex- be= _ _ 2 —

=Cg, C3=Big, C13=2(47f_)Boa/ga, C14=Bos.

plicitly given in that work. 56 81 13= 2(471 ) Baslga e

015203-2



CAPTURE RATE AND NEUTRON HELICITY ASYMMETRY . . . PHYSICAL REVIEW C 63 015203

fixed by experiments. To one-loop orderbs=«ky,  nucleon weak form factors are given in the Appendix. Note
+gam,my/4mf2 , wherek, =3.706 is the isovector anoma- thatf} andfy are in fact related by current conservation.
lous magnetic moment. The constany is fixed by the mean The NR form factors calculated up to one-loop order in
square axial radius deduced frdanti) neutrino-proton scat- HBChPT read

tering, (ro)=0.65 fm [19]; its numerical value iscy3

=(4mf,)%((rA)?/3)=4.88. The parameter,, is fixed by the Vo1 cy , 1+ 1793 , 1 ( 5
Trei i i = - + - 5+«k
Goldberger-TreimanGT) discrepancy defined by 1 (47wa)2q 18(47wa)2q 4mﬁ > Tkv|q
2
gaMmy 2my 502
AGTE 1— = — Cl41 (13) I 2 2 _ gA 2
f.9.n (4mf )2 (nf.)? 53(1+2g)m7 5 4 |fola), (18)
whereg .\ is the wNN coupling constant. The one-loop dia- )
grams are renormalized hbyg. Integrating ind=4—2¢ di- . 1 (1+ Ky) + 9n 9
mension, we have 271 2my V' 4mtZm,
1 1 A’ g \27(4m3—q?) .
__ - 2 R ; _ 1 A o
c3=—g(1+5gn)R+cy, with R=—+1—y+In x + 47wa) am_ mo(a) |lal, (19
(14
wherey=0.5772 . .., and thenass scal@ is a parameter in f§/= al , (20)
dimensional regularization. Note that we inclydénto c5 to 2my

avoid theu dependence in the amplitudes. The param@er

is fixed by the empirical radius of the isovector Dirac A 13 1 )

form factor (ry)2=0.585 fnf [20]. Thus, from (r})?/6 fr=gal 1+ 2402 8 as|, (21)
=cR/[(47f,)%]— (1+792)/96mw%f2 , we deducec§=5.39 i N

(5.42) with ga=1.26 (1.267.

2 2
Ci3 2micy, ¢ -
f§=gA——————;+Aw«v(1——————5+——;)|q%
lll. ATOMIC OMC RATES AND NEUTRON HELICITY 2(47f,) (4wt )e  8my
ASYMMETRY: FORMALISM (22)
The OMC process is effectively described by the current- g
current interaction. Thus the transition amplitude reads féz#(l—AW(q)qZ) lal, (23
N
G,V . . .
M =—221) g (15  where A (q) *=(q?—mZ%)"! is the renormalized pion
V2 propagator, and the one-loop functions are given by

whereG ,V,q=Gy is the Fermi constant, , is the leptonic 1
weak current, and® is the nucleon weak current. The lep- fo(q)= Jo dxIn[1—x(1-x)g?/m2], (24)
tonic current is simply given byL,=u,y,(1-ys)u,,
whereas]® is a much more complex object reflecting hadron
dynamics. Here we evaluat¥ in HBChPT up to NNLO
(one-loop chiral order.

Since in HBChPT the nucleon curredit is expanded in
terms of 1My, it is convenient to writeJ* in the Pauli-
spinor form. The time and spatial components of the nucleo
currentJ*=Jy—Jx are written as

1

_ 1
mdm=1—de (25

\/1+x(1—x)52/m727.

The total OMC rate from a muonic hydrogen atom in a
rnyperfine stateS is given as

0 vV - e ALy Ay TABLE I. Numerical values of the OMC form factors in EgQs.
W@ =Ffi(q), JIu(aq)=ioxafs(q)+af3(q), (16)  (16) and(17), calculated for each chiral order with the usegf
=1.267 andy,y=13.4.

R =0-af5(q), Ja@=0f(q)+q(a-q)f5aq),

17 il 5 f 2
where we have suppressed the initial- and final-nucleofr® é.OOO (?248 8053 2267 _0':26 00 045
spinors as well as the common factamg. The form fac- ' : :
NNLO —0.030 —0.004 O —0.021 0.006 O

tors, f’ and f* (i=1,2,3), introduced here may be referred
to as the nonrelativistiNR) form factors. The relations be- Total 0.970 0.244 0.053 1.246—0.419 0.045
tween the NR form factors and th&tandard relativistic
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TABLE Il. Comparison of calculated atomic OMC ratd, (I';) is the capture ratfin s~ ] for the initial
singlet(triplet) hyperfine state. The entries for the columns labeled “This wWbiNLO)” and “This work
(NLO)” have been obtained with the use gf = 1.267 andg,.n=13.4.

This work  This work  Bernardtt al.[26] Bernardet al.[5]  Primakoff[1]  Opat[4]

(NNLO) (NLO) (NNLO) (NLO)
I 695 722 687.4 711 66420 634
Iy 11.9 12.2 12.9 14.0 11:90.7 13.3

Z 5 where B=4G;myym,E,. Correspondingly, we have
Fs=K-2571 &, IM(iS S @8 ry(L)=K[M(L:0,0)% To(R)=0(L)=K3M(L;1,0)?,
, andI'y(R)=K3|M(R;1,—1)|2.

with

IV. ATOMIC OMC RATES AND NEUTRON HELICITY

|$,(0)[?
: 27) ASYMMETRY: NUMERICAL RESULTS

16mm, m,

E,

K
E,+Vmi+E?

As emphasized above, at the level of precision of our
The helicity amplitudeM (h;S,S,) in Eq. (26) is specified by concern, we need to be particularly careful about the accu-
the final neutron helicityh (h=L, R), the initial hyperfine racy of the input physical parameters. The most updated
spin S, and itsz components,. In Eq.(27), E, is the final  value ofG is G4/\/2=0.8030+0.0008< 10" ® GeV 2. For
neutrino energy given By ga andg,n, We use as the standard valugs=1.267[21]
9 2 andg,y=13.4.

_(m,+mp)"—my ~99.15 [MeV] (28 Since the momentum transfer for OMC is fixed, we cal-

Yo2(my,+mp) ' ' culate the NR form factors forlg|=E, and g?=m?
—2m,E, . The results for each order of HBChPT expansion
are given in Table I. The table clearly shows that the chiral
perturbation series converges very rapidly. As for the
helicity-dependent amplitudes, we obtain

The factore,(0) appearing irK is the value at the origin of
the radial wave function for the. -p ground state; thus
|¢,.(0)]?=(am’,)® 7, wherea is the fine structure constant
andm’, =m,mg/(m,+mp).

When the neutron helicity is monitored, we define the M(L;0,00=3.458, M(L;1,0=-0.778,
neutron helicity asymmetry as
i TL)-Ts(R) 9 M(R;1,—1)=0.158. (33
S_ 1
I's(L)+T's(R) In Table Il we give our numerical results for the atomic

capture rated;; andIl";, along with HBChPT calculations of

atomic spin stateS leading to a final left-handedright- Bern:’;}rd etal. [5,26. The seconq colymn labeled “This

handedl neutron® vyork repres_ents t_he results o_btalned in our NNLO calgula—
In calculating the capture rates for different neutron he-:'r?en'rgsourlrtlgir;n&ﬂ\?ﬁg'g;}&ﬁ:g?ﬁg'Ldofglﬁ]n;tnt;h:tNg&vLeos

licities, it is convenient to choose the direction of the emittedCorrections decreade. sianificantl ’(3 9%. Thus it is clear

neutrino as thez axis. In general there are eight helicity that, in order to acs:ﬁevg theoret?/cal. pre.cision that matches

li ith thi icul hoi h | ’ i
amplitudes, but with this particular choice we have on ythe 1% accuracy of the planned PSI experimeni’gn14],

three nonzero amplit . Th r .
ee nonzero amplitudes ey are one must take into account the NNLO terms.

whereI'g(L) [T's(R)] is the rate of OMC from an initial

B We now turn to comparison with the other calculations
M(L;0,00=—=(fY+2fY+fy+3f2+f4+f4), (300 quoted in Table Il. The estimates of Primakpfff and Opat
V2 [4] are based on the phenomenological parametrization of

the weak nucleon current with, fixed at its PCAC value;
v V. oV eA A A Primakoff retained the relativistic kinematics, whereas Opat
M(L;1,0)=E(fl— 2f,+f3—f1+15+13), (3D ysed a nonrelativistic expansion of the amplitudes in terms of
1/my . Bernardet al’s results come from an NLO calcula-
cq _1v— arfVo £V fA_cA_ A tion [5] and an NNLO calculatioi26]. The results of the
M(RiL=1) =BT+ =T~ f3), (32) two NNLO calculations, the second and fourth columns in
Table II, exhibit a 1% difference. Bernagt al. used a dif-
ferent value oy, (ga=1.26). They also expanded the phase

B

5See footnote 3. space and atomic wave function in E®@7) in powers of
®Thus, if the neutron helicity is not monitored;s=T'g(L) M, /my. For the sake of comparison, suppose that, in our
+T'«(R). NNLO calculation we apply expansion @f,/my to the
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TABLE lIl. The LEC cy,, atomic capture rate§, and I';
[s1], and the neutron helicity asymmetry;, calculated in HB-
ChPT up to NNLO for various choices ofy andg.,y -

] gan Cia Ty ry aj

1.22 13.40 —2.59 656 11.3 0.865
1.24 13.40 —-2.07 672 11.6 0.893
1.26 13.40 —1.54 689 11.9 0.918
1.26 13.05 —0.65 692 11.6 0.927
1.267 13.40 —1.36 695 11.9 0.925
1.267 13.05 —-0.47 698 11.7 0.934

phase space, while keeping the exact atomic wave functio
but ignoring neutron-protonn¢p) mass difference. Theh,
2
calculated up to 1A% would becomd’é’mN=708 s, which
is to be compared witl'y= 695 s ! in Table II. If we
expand both phase space and wave function, ignamipg
2
mass difference, we obtaiﬁélm'\‘=705 s 1. The different
1/my expansion schemes show only a tiny numerical differ

ence, but, the rates in both cases are enhanced ®»%
compared with the exact phase space case. This is due

ignoring the nucleon mass difference; the rate is proportiona

to Eﬁ andE, increases by 1% when threp mass difference

is ignored. In the present work we retain the exact final phas

space and atomic wave functidénjiz., we apply HBChPT

expansion only to the transition amplitudes. On the othe

hand, the 1% difference between the two NNLO calculation

in Table Il may stem from differences in input parameters as

well.

According to Table II,I'y’s calculated in HBChPTour
present result and those of Bernatdal.) have significantly
larger values than the earlier theoretical estimates. This

primarily due to the fact that the modern HBChPT calcula-

tions employ an updated value gf, which is larger than
the older values. Primakoffl] usedg,=1.24, while Opat
[4] usedg,=1.22. In order to illustrate the sensitivity of our
results to the input physical parameters, we show in Table |
the values of’y andT"; corresponding to different values of
ga andg,y; the LECcq4, which is determined bg, and

g,y Via Eq.(13), is also listed. As can be seen from the last

four rows in the table, for a given value gf, variations in

PHYSICAL REVIEW C 63 015203

have both left- and right-handed helicity components, and
therefore @; can have a nontrivial value; our calculation
gives @1 =0.925. Thus almost all outgoing neutrons are po-
larized left handedly, a result consistent with Weinberg’s ob-
servation[15].

V. OMC RATES FOR LIQUID HYDROGEN TARGETS

As mentioned, in order to relate theoretical estimates of
the atomic OMC rates to the capture rate measured in liquid
hydrogen, one needs our terminology the “atom-liquid”
translation formulas. We briefly describe here the atomic and
molecular physics input that underlies these formulas. A
fgnuon stopped in liquid hydrogen quickly forms a muonic
atom (u-p) in its Bohr orbit. The atomic hyperfine triplet
state &=1) is rapidly transformed into the singlet state (
=0); this hyperfine transition rate is known to hey=1.7
x10% s71 [3], indeed a very large value. A muonic atom
and a hydrogen molecule collide with each other to formp a
m-p molecule, predominantly in its ortho stdiith the two
_proton spins parallel to each othetet A, be the rate of
transition from the atomic hyperfine singlet state to the ortho
Fo,u-p molecular state. Meanwhile, the ortpeu-p molecu-
gr state decays to the lower-lying papau-p molecular
State. Let\,, stand for this decay rate. Taking into account
these atomic and molecular processes, one relgies the
OMC capture rate in liquid hydrogen, to the atomic capture
Jates (o andI'y) via the formula] 3]

S
)‘pp,u Ao
Aot Appu Mot Agp

)\Op)
O )

o
(34

I'y+ FomtTpm

Where A, is the muon decay rate,,=0.455<10° s 1. In
this equationl’,, (I, represents the rate of muon capture
from the ortho(parg p-u-p molecular state. These rates are
usually calculated using the formula

. 3 1 1 3
Fom=270| 7Tt 7T1], Tom=27p| 7Tt 7T1].
(39

g,n Ccauses only minor changes in the capture rates; evehhe factors 2 and 2yp account for modifications of the

though these variations lead to a difference of a factor 8f

muon wave function as it changes from the atomic Bohr

in c14, the corresponding changes in the rates in the last fouerbit to the p-u-p molecular state; according to Ref],

rows are modest; 1.3% fdr, and 2.5% forl";. Thus the
most crucial input parameter heregs .
Finally we discuss the helicity asymmetry. Due to e

2y5=1.009 and Zp=1.143. The validity of Eq(35) will
be discussed later in the text.
As for Ny, . there are several conflicting experimental

— A weak interaction the final neutron is purely left handedresults, see, e.g., Reff14]. We quote here the lowest and
when an initial atomic state is in the hyperfine singlet statehighest reported valuesi;i? =1.89+0.20x10° s™*, and

(S=0); thus we havexy=1 as a trivial identity. For the
initial hyperfine triplet state $=1), the final neutron can

Aph,=2.75+0.25x 10° s~ 1. The current theoretical estimate
AEhpM=1.8x 10° s lies near the lower edge of the lowest
experimental value, which is a rather uncomfortable situa-
tion. Furthermore, the current experimental and theoretical

We do not, however, include the finite-nucleon-size effect on the/alues folr)\Op do not :i\hgree with each othelrg);p=4.li 1-‘_1
atomic wave function; this effect is known to reduce the captureX 10* s™* [23] and Nop=7.1x1.2X 10* s7* [3]. Thus it

rate by~0.4%, see, e.g., Appendix 1 in R¢R2].

seems fair to say that the existing “atom-liquid” formulas
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[sec'1 eV’

dr/dE,
o
w

40 60 80 100
E, [MeV]

0 20

FIG. 1. The RMC photon spectrum['gyc/dE, . The solid line
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TABLE IV. The OMC rate in liquid hydrogenl';, [s*], cal-
culated for five different values of the molecular mixing parameter
&, Eq. (36), and for two typical choicegexplained in the textof
Nop, the ortho-to-para transition rate in @u-p molecule. The
second(third) row corresponds to the use ﬁﬁ,hp:Y.lx 10" st
(A\oP=4.1x10" s71).

3 1.0 0.95 090 085 080
TigA%) 518 499 480 461 442
Lig(AED 532 512 492 472 452

where I'; (1/2)=T",, of Eq. (35 and I',(3/2)=2ycI";.
According to Weinberd15], the mixing parametef can be
in the range of 0.5¢<1. Only theoretical estimates df

labeled “1.5PCAC" is the result one would obtain from Fearing’s exist, and its literature value i&=1 [24,3]; to our knowl-
model if the value ofgp is assumed to be 1.5 times the standardedge ¢ has never been measured experimentally. To study
PCAC value. The other curves represent the results of NNLOthe consequences @k 1, we have calculateﬂnq with the

HBChPT calculations witkE=1.0, 0.9, and 0.8.

use of Eqs(34)—(36), for several values of. ForI'y andI";
we have used the results of our NNLO calculation while for

are not totally free from uncertainties and that these ambigu;iOp we have considered the two representative values dis-
y ) . N o /

hydrogen.

In the following we use foh ,,, the value adopted in Ref.
[3], Nppu=2.5X10° s™1; for N4, We use two representative
values:xf)hp and\gy. Using the OMC rates of Primakoff in
Table Il and Ag‘p, Bakalov et al. [3] obtainedI';;=490
+10 s %, in good agreement with the dathj;"= 460+ 20
s~ 1. However, if we use the values b, andI'; obtained in
our NNLO-HBChPT calculation together Wil?kﬂ‘ , then Eq.
(34) gives a much larger ratd;;;=518 s *. If we adopt
Nop=Nop s T'iq becomes even largeF. i, =532 s L. Thus
the use of the updated valuesld§ andI'; as obtained here

in combination with the commonly used “atom-liquid trans-

lation formulas” spoils the previously reportegbod agree-

ment betweer]l“,‘i'g4 andI'jP. So, in addition to the problem of

op
IV. The table indicates that, if 0s8£<0.9, the theoretical

and experimental values &, are in good agreemefit.

We next argue that the introduction @fin this range
leads to resolution of the RMC problem as well. We first
remark that Eqs(34)—(36), can be used, mutatis mutandis,
for RMC as well, in particular, for calculation of
dl'rmc/dE,, the photon spectrum for RMC in liquid hydro-
gen. With the atomic RMC transition amplitudes previously
obtained in a NNLO-HBChPT calculatiofl2], we have
evaluateddI'gyc/dE, for various values of¢; the other
atomic and molecular population parameters are kept fixed at
the values used in Ref9]: 6.1% atomic hyperfine singlet
state, 85.4% orth@-u-p state and 8.5% parp-u-p state.
The results are shown in Fig. 1. The dashed ljlmvest

the RMC photon spectrum discussed in the Introduction, ancurve represents the no-mixing casg=1, which corre-
other serious problem seems to be lurking in the OMC secsponds todl'ryc/dE, obtained in Ref[12]. For compari-

tor.

VI. A MIXING MOLECULAR PARAMETER TO FIT THE
OMC AND RMC DATA

son, we also show in the figurghe solid ling the result
obtained in a modified version of the Fearing mof&0]
whereingp is taken to be 1.5 times the PCAC value. This
line represents the best fit curve to the obsewEdyc/dE,

in the analysis reported in Ref8,9]. One can see from the

In view of the fact that these two problems occur in thefigure thaté in the range of 0.8-0.9 leads to a photon spec-
experiments involving liquid hydrogen targets, it seems oftrum that is satisfactorily close to the “observed” spectrum
interest and of importance to reexamine the reliability of the(solid line) for E,=60 MeV.
formulas hitherto used in the literature to relate the atomic

capture rates td’';,. Although a thorough investigation of

this issue is beyond the scope of this article, we wish to

VIl. DISCUSSION AND CONCLUSIONS

discuss here a particular aspect of molecular physics input We have considered in our HBChPT calculation up to
which seems relevant to the present issue but so far has NRINLO contributions. Some remarks on possible higher order
been fully examined. Taking up an early observation madesffects are in order here. As discussed in R8f. a one-loop

by Weinberg[15], consider the possibility that in liquid hy-
drogen two ortho moleculap-u-p spin statesS,,,=1/2
and 3/2 may be populated. If this indeed happéhs, in Eq.
(35) should be replaced with

Fémzfrom(1/2)+(1_g)rom(‘?’/z)- (36)

81f one replaces Eq34) with an older and simpler “atom-liquid”
formula of Ref.[23], the OMC data can be fit wit§=1, and the
RMC data withé=0.95 within the framework of an NLO-HBChPT
calculation, see Ref26].
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diagram in N°LO which contains a vertex with the anoma- APPENDIX

lous magnetic moments,m, /my~0.5, can be comparable .
g kv N P Assuming the absence of the second-class current, one

in size to the NNLO d|agrams This means that the correc-
can express the nucleon vector and axial currents in terms of
tion to the capture rate due to thélMD terms may reach the four form factors:

1-2 % level. Thus, for a more precise theoretical prediction

of the OMC rates, it can in principle be important to include .

the N’LO corrections, although the existing uncertainty in Jy=un(p")
the values ofy, andg,.n may not warrant the effort. More-

over, at the level of RLO, the isospin breaking effects as

well as QED correction$25] are expected to give sizable ngjn(p/)
contributions.

In conclusion, we have carried out a HBChPT calculation
of the atomic OMC rates to next-to-next-to-leading order,WNe€re Gv(d), Gu(d), Ga(a), and Gp(q) are the vector,

Our result indicates that, once the measurement of thgeak magnetism, axial-vector, and pseudoscalar form factor,

hyperfine-singlet atomic OMC rate reaches 1% accuracy, a$SPectively,g=p’ —p andu, (u) is the Dirac spinor for
envisaged in a PSI experiment, theoretical predictions bas e proton(neutron. These standard relativistic form factors

ap

Gy(q)y*+Gu(q) >m Up(p), (A1)

GAQ) Y75+ Gpl0) 2 ¥4 |u(p), (A2)

on HBChPT must include at least NNLO corrections, Fur-are related to the NR form factory’s andf{"'s, defined in
thermore, we have shown that both the OMC rate and th&d- (17). Up to O(1/my)
RMC photon energy spectrum measured in liquid hydrogen 5 )
can be reproduced by introducing the molecular mixing pa- fV G 1— av N CI_G
rameter¢ in the range o£~0.8-0.9. It seems interesting to v(a) 8m?2 4m?2 m(Q),
examine whether this range éfis realistic. N N
Finally, we have shown that the neutron helicity asymme- 1 _ 1
try for OMC from a hyperfine triplet state is 93%. f\z’zz—m[GV(qHGM(q)ﬂq |, fi= 2 —Gy()|a],
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