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Radiative muon capture in hydrogen
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We analyze the radiative capture of the negative muon in hydrogen using amplitudes derived within the
chiral Lagrangian approach. Besides the leading and next to leading order terms, given by the well-known
Rood-Tolhoek Hamiltonian, we extract from these amplitudes the corrections of the next order (IMLis
the nucleon magsin addition, we estimate within the same formalism also A{@232) isobar excitation
effects and processes described by an anomalous Lagrangian. The model we consider allows us tb put the
isobar off-shell. Our calculations show sensitivity of capture rates and photon speZirane of the off-shell
parameters, related to theNA vertex. We have found that the model can provide the photon spectra, which
are in the interval 60 Me¥k=<k,, (k is the photon momentuntlose to the experimental one.
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[. INTRODUCTION where A7(q?) is the pion propagatorg,y=13.05 is the
pseudoscalatrNN coupling constant, anfl.=92.4 MeV is

It is well known [1] that the charged weak interaction of the pion decay constant.
the nucleon with a lepton is described by the weak hadron The matrix element of the axial Curreﬂi should sat-

current isfy partial conservation of the axial curre®CAQC). It is

easy to obtain that
I, (A1) =37 (a1 + I3 .(ap), (1.0

YN ja
where the vector part is given by the matrix element of the U(P") G dn, ,(P)

isovector Lorentz four-vector current operator between the

— 2 gP(ql) a
nucleon states, =u(p")| 2MgaFa(ad) — ———0f | ys 5 u(p).
X . gm(a?) 7 (1.5
3, (q1)=l<gv(q§)v g w5 (1.2
" oM 2 It is seen from this equation that if
and the axial-vector part is analogously
~ 5 1 Mga )
2 9p(A1) =~ 2gnnf-m—| 1+ ————Fa(qp)| (1.6
Ja : Op (q ) O oh 9annT #
Ja (A1) =1 gA(Q1)7,L Y5t ———01,7s 5
(1.3 is subtracted frongp(qf), then indeed, PCAC is valid. Here
we put
Here a is the isospin indexm, is the lepton mass, and the 2 5
four-momentum transfer is given by, =p/,—p,, where 9a(a1) =9aFa(qy), 1.7

pl’L(pM) is the four-momentum of the findinitial) nucleon.
The least known of the four form factors entering the
currents, Egs(1.2) and (1.3), is the induced pseudoscalar

with ga=g(0)=—1.267. In the chiral mode[2,3], the
axial form factor is of the monopole form

form factorgp(qf) in the axial-vector currenAIiY . - Actually, m2

its presence in the axial-vector currdt3) tests our under- Fa(gd)= 4 (1.9
i ; ” ) Aldg o 5 .

standing of the basic strong and weak interaction processes, mg, a1

such as the strongrNN vertex and the weak pion decay.

Elementary calculations lead to wherem, is the mass of the axial-vector mesap(1260).

(1.4  Then for thegp(q?), Eq. (1.6), we have

Tol )= — 20t 1 1+ g“) } 2(g2).
*Email address: truhlik@uijf.cas.cz P TNNT Iq% gnnf !

TEmail address: khanna@phys.ualberta.ca (1.9

9p(0%) = — 29 nf - MAF(Q),

2
g1t
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However, this equation fagp(q3) cannot be used because of  Very flat dependence of the capture rate @ in the
the singularity forg?=0, which shows its presence in the O©MC by the proton, Eq(1.11), provides its world average
hadron radiative part of the radiative muon capt(R#1C) value[9] with an error of~20% and particular experiments
amplitude for large photon momenturksand it is close to have an error larger by a factor ef 2.
the physical region for ordinary muon captW@MmC), be- Recesntly, a very precise experimental study of muon cap-
cause of the large value of the axial meson mass. So odfre by “He[10,11],
model cannot be used beyond the exact Goldberger-Treiman .3 3
relation and we take p+ He—v, +7H, (1.18
~ ay, 2 yielded the transition rate
9p(91) = — 29 nnf-mALH(D), (1.10
[eyp= 14944571, (1.19
which is in agreement witf4].
The best way to search for the effect of the form factorwhich allowed[12] an extraction of the value @fp with an
gr(q9) is the muon capture. In the elementary process oficcuracy of~20% from this experiment alone,
OMC in hydrogen,
dp
- ——=1.05+0.19, (1.20
uotp—v,tn (1.11 gSMC(3He)
according to Eq(1.4); the value of the induced pseudoscalar

form factorgs is where for the reactiof1.18),

9p"'“(*He)=gp"(d;=0.954n7)=6.68),. (1.2

OMC/ 1y 2_ oo 29anfam,
g (P)=0p(qy=0.877M,) = — 0.87 72 + m2 Analogously with Eq(1.14), this value ofgp differs slightly
oo from that demanded by PCAC by about the same amount as
=6.8Tgp=—8.71, (1.12 for the reaction(1.11). A contribution of 20% due to the
meson exchange current effect turned out to be essential to
and forgp(q3), Eq. (1.10, we have get the calculated transition rate
_ ~ 29t [y,=1502:32s 1, (1.22
52" %(p) =Tp(aF=0.871M2) = — —TT__ | |
0.87M, + ma, in agreement with the datd.19. Let us note that a further
improvement of the extracted value @f is hindered by an
=0.13,=—0.16, (113 uncertainty of~2% in calculationg12], which will be dif-

o ) omc ficult to improve. The main uncertainty arises from the less
which is a correction 0f=2% togp ™ ~(p), Eq.(1.12. The  known parameters of thé excitation processes.

resulting value is Another interesting tool to extract the value g€ is

~ the RMC by the proton,
9p ") =gg"(p)—ggM(p)=—8.55. (1.1

The axial form factor of the nucleon has recently been mea-

sured by thep(e,e’ =*)n reaction in Ref[5]. The dipole As is well known[13], the RMC amplitude contains the
form of the form factor was used and the extracted axiapseudoscalar form fact@p in the form
massm,=1.077+-0.039 GeV. For this form factor,

moFp—v,ty+n. (1.23

29..nnf M 0.877M° + m?
L(N)_ _ m K OMC o T
- m2+q? 9 =X 2.2 X% (P To 2
Gp(a) = ~20mnfamy 7, (119 S (-0V)2+m?
AT X[1=({g" M2+ m2)F({g-M}3)], (1.24

and analogously with Eqg1.13 and(1.14 we have where we implemented the correction of Eg.6) and

95MC(p)=0.349,=—0.43, (1.16 F({q-M12)=1/({q-M}2+ m2)) (1.25
and for the chiral mode[2,3] and
g™ p)=—8.28, t19 F(A02)= ({02 + 2mR)/ ({0 2+ )2
PCAC (1.26

respectively. Both values of,~"~(p) are in reasonable

agreement with the calculations @f5*“(p) within the  for the dipole form of the form factor. As it is seen from Eq.
framework of the heavy baryon chiral perturbation theory(1.24), the form factogy depends either on the square of the
(HBChPT) [6-8]. four-momentum transfeg*=p—p’=v+k—u=—q; (char-
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acterizing the muon radiation proceéssr on gN=v—pu In our opinion, the variation ok can be considered as a
=q"—k (for the hadron radiationFor large photon momen- tool to study the uncertainty in our knowledgegy due to a
tums k,(q")?~+m’,, whereas ¢")?>~-m’, which en- restricted experimental accuracy. Any real difference from
hances the hadron radiation amplitude by a factor&.  X=1 would mean violation of PCAC.
This enhancement makes the reactigr23d particularly in- Searching for the processes enhancing the high energy
teresting. On the other hand, the dependencegpnf the  part of the photon spectrum has recently been performed
effective form factorsy;, entering the effective RMC Hamil- within the concept of HBChPT by several auth¢29-33.
tonian, appears only up (1/M), which makes the isola- Ando and Min[31] considered one-loop order correlations to
tion of the dependence of the photon spectrum gy the tree approximation and confirmed the existing discrep-
difficult. The factorx in Eq. (1.24) is used to study the ancy. Bernard, Hemmert, and Meissn&HM) calculated
change of the photon spectrum and capture rates by scaling] both ordinary and radiative muon capture on the proton
Op. in an effective field theory of pions, nucleons, akdsobars
The theory of the RMC was elaborated by many authordy using the small scale expansif84]. According to[29)],
during the past yearsee Refs[4,13,15—2¢ and references the most probable explanation of the problem is a combina-
therein. tion of many small effects. Besides the photon spectra, BHM
The nuclear Hamiltonian, suitable for use in nuclear phys{resent the numerical results also for the singlet)(and
ics calculations of the RMC processes, was provided first byriplet (A) capture rates. This will enable us to compare our
Rood and Tolhoek19]. It contains the leading and the next calculations with those by BHM in greater detail. Here we
to leading order terms in M derived from the conserved only note the difference of~10% in A;. As we shall see
RMC amplitude given by a set of Feynman diagrams. Chrislater, about half of this difference arises from the use of an
tillin and Servadid21] rederived in an elegant way the RMC approximate equation for the neutrino energy in R2€].
amplitude obtained earlier by Adler and DotHd using the In Ref. [32], a possible explanation of the discrepancy
low energy theorems. This amplitude is written in terms ofwas the suggestion that a fraction of the spin 3/2 orthomo-
elastic weak form factors and the pion photoproduction amlecularpup state in liquid hydrogen can exist. The analysis
plitude, up to terms linear ik andq. It was also found21]  of the experimental photon spectrurf27,28 yielded
that higher order terms cannot be obtained using this method0—20 % of this state. However, this is in sharp contrast with
Recently, this amplitude was produckg] from a chiral La-  the existing calculationg35,36], which give a zero fraction
grangian of theNmpwa, system. It satisfies the correspond- Of this state. As noted very recently in R¢83],> a new
ing continuity equations and the consistency condition ex@nalysis restricts the fraction of spin 3/2 orthomolecplap
actly. Higher order terms follow without any restriction. It State to at most 5%.
was shown that the leading order terms coincide with those Finally, let us comment on Ref37], where Cheon and

given by the low energy theorems. However, higher orderCheoun reported on the derivation of an additional term from
terms differ, which is given by a different prescription to a chiral model, which does not appear in t_he standard ap-
pass towards higher energies. proach to the RMC on the proton and which generates a

The above mentioned set of the relativistic Feynman dia!arge contribution to the photon spectrum. As it was shown

d by Fearifig?] t lculate the phot in Ref.[38], Ref.[37] suffers from two flaws. First, the deri-
grams was used by Fear @_ 0 calcuiate the photon €N- - a4ion of this term contains an algebraic error due to an
ergy spectrum for the reactiofl.23. This work was later

: L incorrect application of the covariant derivative in E4).
extended by Beder and Fearifig6] by considering also the - after removing it, the effect is reduced by a factor 6.

contribution from theA excitation processes. A recent com- The second flaw in Ref37] is related to the introduction of
parison of the TRIUMF experimei27,28 with the Beder- ¢ pseudovectorrNN coupling by the vertex’; of Eq.
Fearing calculations provided a value g§"'“(p) that is  (18), which yields the desired term. However, the equivalent
enhanced by=50% in comparison with the value of Eq. passage from one type afNN coupling to another one is
(1.12, which corresponds to usings from Eq.(1.24 with  guaranteed only by the Foldy-Dyson unitary transformation.
x=1.5. This is the so-calledd}, puzzle.” As shown in Ref[38], when this transformation is applied to
In connection with the presence of the factoin Eq. a chiral model with the pseudoscala™NN coupling, the
(1.24), it should be noted thdt) referring only to the change pseudovectormrNN coupling appears in the resulting La-
of ggMC(p) is confusing—as it is seen from E@L.24, the  grangian, which does not contain the incriminating term,
whole form factorgp is scaled;(ii) in the experiment of however. Besides, the presence of this term in the RMC am-
Refs.[27,28, the high energy part of the photon spectrum isplitude violates the Ward-Takahashi identity derived in Ref.

measured, then increasingsimulates processes enhancing[3]- A later attempt to improve the situati¢89] suffers from
this part of the spectrur. the same shortcomings. Referefi8&] was also criticized in

Ref. [40].
This situation makes the expectation of the result from the
Yin Ref.[14], it has been proposed to isolate the effect due to thext TRIUMF experiment on helium,
hadron radiative amplitude in a very difficult polarization experi-
ment.
2See also the discussion in RE29]. 3See also a discussion in REL4].
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pw +3He—v, +y+3H, (1.270  small scale expansidi84]. However, the dependence of the
results on these parameters was not exploited in any of the

somewhat tense. However, one should keep in mind alsealculations performed within the framework of HBChPT.
complications analogous to those in reactidri8), and non- Let us note that besides the adopted m¢da+45, other
negligible meson exchange current effects are to be exmodels[50,51] were developed to describe the production of
pected, which makes the analysis much more difficult. It ispions on protons by the electromagnetic interaction. All these
clear that the Beder-Fearing relativistic formalism is not ap-models consider the same nonresonant Lagrangian of the
plicable in calculations with the realistid\Bwave functions, Nwpw System, but differ principally in the treatment of the
and a consistent nonrelativistic approach should be develd isobar and in the method of unitarization of thdl am-
oped. Here we make an independent step in this direction bglitude.
performing the nonrelativistic reduction of the amplitudes We have also analyzed the contribution due to amplitudes
derived in Ref[3] from a chiral Lagrangian of thmpwa;  constructed from an anomalous Lagrangian of thewa,
system. As a result, we get an effective Hamiltonian, whichsystem[52,53. We have found that the influence of this
is close to that obtained by Rood and Tolhdé®] but not  contribution on the photon energy spectrum is not signifi-
identical with it. We also apply the constructed effective cant. An earlier estimate of a contribution that arises from the
Hamiltonian to compute both the capture rates and the phdAess-Zumino-Witten part of the anomalous Lagrangian was
ton energy spectra for the reactith23 and for various spin  reported in Ref[54].
states. Our reduction provides more terms of the ordevi {1/ One can find in the literature an attempt to study the form
and (1M?) than Rood and Tolhoek present. Added to thefactorgp in the reaction of electroproduction of charged soft
leading order terms they should reproduce, with a good adgpions off the protor{29,55,
curacy, the results given in RdR2].% Another set of terms
O(1/m2)~O(1/M?) is produced by reduction of additional et+p—e' +a+n. (1.29
relativistic amplitudes following from our chiral Lagrangian. . . . ) ) .
We shall call it hard pion(HP) correction. Numerically, it The starting point of this attempt is the soft pion production

enhances the photon spectra by 2—4 %. amplitude given a$56]
Next we include the\ isobar using again the formalism
of chiral Lagrangians developed in Ref&,42], which we nj a-0 , 4y, migqyTr AN .
extend by adopting results of Refé3—45. Then the result- [ =Mx (A.K) — g\ p f dlye TLIa (Y)W (0)]p

ing NA7rpa; Lagrangian consists of three terms and is char- A R
acterized by three couplings and four arbitrary parameters +&"™(p’[IA\(0)[p). (1.30
A, X,Y,Z. In its turn, each term contains a tensor of the form
The matrix element of the time-ordered product of the two
currents is related to the RMC amplitude by the time rever-
YuYvs B=XY,Z, sal. The form factogp is contained on the right-hand side of
(1.28 Eg. (1.29 in the matrix element of the axial current. If one
admits that in the soft pion limit only the nucleon Born terms
which ensures the independence of theontribution to the  contribute to the divergence of the current-current ampli-
S matrix on the parametek. The choiceA=—1 simplifies  tudes, then one has the pion production amplitude that can
the A propagator considerably. The parametetsy,Z, provide information orgp. However, when one of the cur-
which reflect the off-shell ambiguity of the massive spin 3/2rents is axial, a contribution to the divergence of the current-
field, were found[43—47 by analyzing the data on pion current amplitudes from the pion pole term in the t-channel
photoproductiori. The values of these parameters depend orsurvives even in the soft pion limf57—-60. A part of this
how the pion photoproduction amplitude is unitarized. Thiscontribution cancels the induced pseudoscalar term in the
model does not require the use of the Breit-Wigner form ofaxial current and the remaining part is just the pion pole
the A propagator. production amplitude, as one can expect intuitively. Then in
In the calculations of thé excitation effect in the reac- the soft pion regime, the reactidf.29 is suitable to study
tion (1.23, Beder and Fearinf26] took a model for needed the weak axial nucleon form factdi,(k®) and the electro-
vertices with®,,=6,,, the Breit-Wigner form of theA magnetic form factor(the electromagnetic radiusof the
propagator, and the neededNA coupling from Ref.[44],  charged pion, but not to extract any information g#.
thus introducing an inconsistency into calculations. In our opinion, the RMC reactions and particularly reac-
The #NA and yNA vertices including the off-shell pa- tions(1.23 and(1.27) are at present the only available tools
rametersX,Y,Z were discussed in Ref49] and thewNA  to study the form factoge as a function of the momentum

vertex of the form of Eq(1.28 was considered also in the transfer.
In order to compare our effective form factors with the
results of Ref[19], we define in Sec. Il the effective Hamil-

“These corrections up to the order %) were discussed in Ref. tonian analogously and we consider the velocity independent

1
5(1+4B)A+B

0,.,(B)=6,,*

[41]. part only. Then in Sec. lll, we present the results for the form
5This model describes well also the latest data ontfelectro-  factors following from our amplitudef3] up to O(1/M?).
production on the protof48]. Further, we deal with the contribution t@’'s from the A
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excitation amplitudes of our model and we compare our eftoproduction [44—47 vyields an enhancement up to
fective weakNA vertex with that used in Ref26]. Finally, =~ ~7-14%5 which is up to~1/3 of the enhancement sup-
we discuss the RMC amplitudes stemming from the anomaposed by the datdjii) the choiceY=1.75Z= —1.95 leads
lous Lagrangian. to an enhancement25—-43 %, which turns out to be of the
In Sec. IV, we give the numerical results for the captureright size to describe the experimental photon spectrum.
rates and present various photon spectra. Without\tligo- In obtaining the above mentioned results, we kept the
bar effect included, our triplet capture rate is close to thainduced pseudoscalar form factqu§N, given in Eq.(1.24),
calculated earlier by Fearin@2]. However, it agrees with gs predicted by the PCAGE1).
that calculated very recently by BHM only within 10%. Half ~ We also note that taking the parameters of the model for
of this discrepancy can be attributed to an incorrect integrathe case(ii) above, an uncertainty of 20% m‘;CAC, and a
tion over the phase volume in R¢29)]. 5% admixture of thes=23/2 orthomoleculapup state, also

Besides other results, we have found for the spectra, cofyrovides a photon spectrum close to the experimental one.
responding to the mixture of muonic states in the experi- our conclusions are presented in Sec. V.

ments of[27,28, and for the interval 60 Me¥k<Kk, .y
that (i) inclusion of the on-shellA isobar provides an en-
hancement of=3.3—-8.7 %, which is~=1/8-1/5 of the en-
hancement needed to explain the experimental spectiim;
Putting theA isobar off-shell and using the values of the In presenting the effective Hamiltonian, we follow Rood
off-shell parameters from the interval fixed in the pion pho-and Tolhoel{19]. Then the velocity independent part is

II. EFFECTIVE HAMILTONIAN FOR RMC

H(©)

B 1
eff™ \/§mM

(1-a-nHE

- A

1 oA IR N I . I e A oA
= (1-01-v)[91(01-8) +9o(0- &)+ gsi(0-e X)) +94(0y-€)(a-K) +gy(0y-€) (0 v) +gs(ay-K) (g v)
\/ZmM

+ge(e- 1)+ 0yi(a-kxe)+gyi(o - vXe)+gs(ay-K) (o €)+gs(a-v)(0- &) +4(a)- )

+91 oK) (e v)+gifo V(e v)+aiy(a-K) (oK) (e v)+ 9740 k) (o v) (- 1)]. (2.2)

Here (;-l((;-) are the |ept0r(nuc|e0r) Spin Pauli matrices and derived earlier in Reﬂ:3] without A’s, ref_erring for deFa”S to
(k) is the unit vector in the direction of the neutrifgho- Sec. 3 of that paper. Then we deal with the amplitudes de-

¢ ¢ on(K). Not all the f fact scribing theA excitation processes and we compare our ef-
.on) momentum vec on( ) ot all the torm factors aré  ¢qtive vertices with those of Ref26]. Finally, we discuss
independent. Using equations

the amplitudes stemming from the anomalous Lagrangian.

- A - -1 .
ey=—iN(kXey), s)\=T(i -\j), (2.2 A. The RMC amplitude without A’s
2 Besides the muon radiative pavt?(k,q), the amplitude
one gets redefinitions, T?(k,q) [3] consists of three terms representing the hadron

radiative amplitude
92— 02— N(g7+Y97), 0109107 07,

eG
ol ! T2k, @) =—={M?(k,a) +1,.(0) €, (K)[M};;7(k, )
9g—09stA03, 0s3—0;—AGs, 2.3 V2 g g
wherey=(v-k). The last two terms in Eq2.1) are new in +ML(mka)+ ML, (as sk a) ]} 3.9

comparison witH19]. ) Ba )
The amplitudeM ;,’(k,q) consists of the nucleon Born terms

lll. CONTRIBUTION TO  H'®) FROM THE AMPLITUDES :‘Anf °f_kS°me re'?‘wdhcontaa .amp"“;.dejémlﬂe _al‘(mp"t“de
OF THE CHIRAL LAGRANGIAN OF THE w(mK.q) contains the mesonic amplitudé,,"(k,q)

NAmpwA, SYSTEM

Here we discuss our amplitudes and contributiong; & 5The enhancement of7-14% was obtained fo¥=1.75, Z
We start by presenting briefly the part of the RMC amplitude=—0.8.
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and all contact terms where the electroweak vertex is con- 0z= _>\+9k+ QKIMWL g\'\/‘n_gm)\ Nits,
nected with the nucleon by the pion line. The amplitude
Mj‘w(al;k,q) has graphically a similar structure as the am-

14
plitude M% (7;k,q) with the pion line changed for tha, 9a=\ i~ OVA 7uyv+Op L 2L
meson one. These amplitudes satisfy separately continuity a
equations when contracted with the four-momentum transfer K »
q, of the weak vertex. gg=g4m, gZ=g4m,

Since our model respects vector dominance and PCAC,
the sum of the hadron radiative amplitudes satisfies exactly ,
the following Ward-Takahashi identities: U5= N1y + gy 7ay T O 7ay+ Oy 7, g§=g5m,
QuMER+ME, () + M3 (ay)]
L A s ) th 96 =Ny +(gp+GRN 7y +In7— 9y 7(1+20p),
=if mZAE(MZ +ie™Pu(p’)jw,,(d)u(p),

3.2 e
gG Os 2M’
KIME R+ M3, (m) + M2, (a1)]=i%%u(p) ]y . (a)u(p).
S g k3 97= N (9y+0m) + (I8 + NN iy — 9y 7,
Besides, the monopole electroweak form factors wit , k , v
=m, and Ma= M, appear naturally in our amplitudes. Let 97—97m: 97—97m,
us note that Eq(3.3) guarantees the gauge invariance of the
model. The consistency conditi¢@1] for our amplitudes is oL N , k
98= — N+ (9y+9m) —OyA 7us, 98=9s 50
Fak, M5, =AF(a)ie*M]. (3.4
14
Here M ‘j‘m is the radiative pion absorption amplitud«é,’,’T is gg= SEETVE

the pseudoscalatrNN vertex, andg=k+q;.

The leading amplitudes are the nucleon Born terms _ L. N N N
MB5:2(k,q) [corresponding toM(b),M(c),M(d) in Ref. Go=N+(QvTgu) (9v + gmIN 715~ 20n 74,
[19]]," the amplitudesM? (7,1),M% (7,2), and M52(5)

[the sum of them correspondstb(e) in Ref.[19]], and the
mesonic amplitud®".°? [in correspondence witM (f) in

Ref. [19]]. As discussed above, besides these amplitudes,
other contact terms appear. , k . v

The low energy theorems allow o1fé,21], by applying 9107 105710 Y10~ G105
current conservation and PCAC to a general amplitude, to
determine consistently the amplitude for the RMC in terms " K v
of elastic weak form factors and pion photoabsorption am- gll=)\+g,%—, gilzgllm, g’l’lzgllm.
plitude, up to terms linear ik andq. As shown in Ref[21], My,
higher order terms cannot be predicted. Since our amplitudes
satisfy exactly current conservation and PCAC, we can obhere our notations mostly follow Ref19],
tain terms of any desired order. We now present the expan-
sion of our nonresonant amplitudes up®§1/M?). m

S=Ris p=e \L=laen
A TV A b

, v N 4AM v
99:96m, glo:gpﬂmz+—

14
L 2+)\+gI|5_1
(9-) my

(3.5

1. Corrections up toO(1/M)

The nonrelativistic reduction of these amplitudes yieldsIn addition we have

the following contributions up t&@(1/M) to the form factors
g =1+ pp—pupn=1+xy, Ms:1+Mp+Mszl+K(s3- 5

>

1+ S -k Besides the obvious momentum dependence of the form fac-
2M

tors g';,(P) given in Eq.(1.24), all other nucleon weak vector
and axial-vector form factors are assumed to have either the
O2=—A,05—gh 7+ g\ nuy—gh7, monopole momentum dependence, which naturally appears

in our model, withmy,=m, andm,= Mg, , O, for the sake of

comparison, the dipole one witim,=0.843 GeV andmp
For notations see Sec. 3 of REB]. =1.077 GeV[5].

g1=—\. 0y -9Vt g 7y,
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: 2 - o . .
2. Corrections up toO(Y/M*) HereT is the operator of the transition spin. Another possible
Here we have two groups of contributions. The first oneterm in thepNA vertex is suppressed by one order i1/
arises from the expansion of the amplitudes considerednd it does not contribute in any sizable manfs]. We

above by one order or more inM/ which leads to take the operato©®,,,(B) in the following form[43—-43:
2M Ou(B)=6,,+C(B)y.7., (3.10
3 Agy =gy (k= pyv-K) = (gl ms— ghN nug) (s k),
C(B)= L (1+4B)A+B. (3.1
2M “ N
( ; )Agz— —gNA(p-K) +2un(ghN+ gy —g)(s-k), A choiceA= —1 simplifies considerablj@3] the propagator

of the A.
The coupling constant _y, is not well known and the
(ﬂ)Aggz —g,’:‘,,k+ 29/’1)\%(5' ﬁ)—Zg\'\,‘,un(;' &), values forffTNAlé}qr from.the interval between 0.23 and _0.36
n can be found in the literatur€l2]. From the dispersion
theory[61], f2,,/47~0.30 andf2,,/47w~0.35 from the de-
2M Agl— — N aN cay width[62]. Also a good fit to the 33 phase shift was
D | A9aT T OmhssT 2GvA i, obtained in Refg44,45 by usingf2,,/47~0.314. The new
data on pion photoproduction preféf,,/4m~0.371[47].

M yN The ranges of the other relevant parameters of the model are
) Agg=0gyA i, [45-47

-0.8<Z=<0.7, —-125<Y=<1.75, 1.9&G;=<2.65.
M Aglo=(gN—gh) (3.7 (3.12
v 910=(9p—0a) Mn - .
Our radiative amplitude with thA excitation can be written

The main part of the contribution to the photon spectrumanalogously with the nucleon Born termnB 4(1) [3] as
arises from the terms proportional g\ and gl in Ag,.

These terms appear due to the neutron recoil induced by thd\/l —u(p’ )[{JW wa(— A} SEY( Q)]emw(k)(T*)aT3
time component of the weak current. Actually, the terms

Agj,Ag}, andg}, contribute up tad(1/M?). We have veri- +{Jem iy~ K} SEP) ol @ (TT)3T2u(p).
fied that they change the singlet capture rate~h}0% and (3.13

the triplet capture rate by=0.8%, which is the reason to
keep them. They also arise presumably from the neutron redere the weakNA vertex reads
coil.
The second group of correctioﬂ%(l/mﬁ)w(’)(l/M 2) (the jW,Ma(q):jV,;La(q)_jA,Ma(q)l (3.14
HP correction stems from some contact terms present in the
hadron radiative part of the amplitud@.l). It is discussed in  with the vector part defined as
Sec. 4 of Ref[3]. Here we quote the results of the nonrela-

tivistic reduction 20 p
mpAF(Q)(fos,m_ 01 6,8) Oup(Y) ¥5W\

) G,
‘]V,,ua(q)zl W

2M\2 ko Oh[2M\? 2k+yw (3.15
(3.9  and the axial-vector part of the form
. . , 2 fﬂ'fﬂ'NA a; T
B. The RMC amplitude with A’s Inpald) = “m. [malAM(q)—quxAF(q)]OM(Z).
We derive the RMC amplitudes arising due to theex- (3.16

citations from chiral Lagrangiang2—-45. They correspond
to the standard nucleon Born terms with theésobar instead Further, the electromagnetigNA vertex is
of nucleon in the intermediate state. The needed Lagrangian

reads Jemuy(K)=—3y,,,(k,k2=0)
M _ fﬂ'NA . Gl K K
L NAmpa; — \Ir TOMV(Z)‘I, (‘9 7T+ 2f7rgpa ) =l V ( 351})\_ )\51/[3) O'yﬁ’(Y) Y5V -

(3.17

Finally, S£”(p) is the A isobar propagator. With the choice
(3.9  O,5=08,p, our amplitudes, Eq93.149—(3.16, coincide in

Gi— -
-9, M‘I’ TO ) vsy,¥-p,,+H.c
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P p k
FIG. 1. (a),(b) The radiative hadron ampli-
/S w tudes obtained from the anomalous Lagrangian of
the mpwa, system, Eq(3.23); in (a) B= 7 or a;.
AN (c) The associated radiative pion absorption am-
W plitude. These amplitudes satisfy PCAC.
N7
p p g\
C
form with those optained in Re[26] fro[n tf? sgudy of the Ag,=—Ags=(C,+C_)C,
weakN—A vertex in the reactiond—x~ A" "n.
For the divergence of the resonant amplitudé;f‘ from » gN
Eq. (3.13 we have Age= Mgz g—E(C+—C,)C{1+(1—R)[C(Y)
A
M22=if m2AZ(g?)M22, 3.1
Bl RAFAIM, (319 +C(2)+2(2+R)C(Y)C(2)]},
Here the associated resonant radiative pion absorption ampli-
tudeM22 is v ogp
’ Ag;=(C,+C_)C —
Aa_ _ oA +eay 7 +yaT3 6M g)
MZo=—u(p ){MZ o( =D} SE7(Q)Iem,,(K)(TT)T
A o X{1-2(1-R)[C(Y)+C(2)
+{emuy(— K SEUPIMZ o(@)(TT)*T*u(p) o ,
+2(2+ )
(3.19 (2+R)IC(Y)C(Z)]}, (3.2
and thewNA vertex reads where
oA Fana co—dldlmag b RemiM
M3 o) =1~ =00 (2). (3.20 T3 m, Gk REMIMy,
We now present the contributions from the amplit@el3 1 »
to the form factorgy;. They are Ci=1(My=M)+ MaiM| ™Y oM

Agl=§)\(C_—C+)C{1+(1—R)[C(Y)+C(Z)
+2(2+R)C(Y)C(2)]},

1

X

I

2v
2v—mﬂ— m—(V+yk)
w

C21=[(MA—M)+

Myt M

Ag,==(C"+C_)C(1-R)[—(1+2R)+2(1-2R)C(Y) (3.22

"3
+2(1-R)C(Z)+4(2—R)C(Y)C(2)]

N
+(CT+C)C e
6M

S (—[(1-R)(1+2R)k+yv]

A

+2(1—R){[(1—2R)k+yr]C(Y)+[(1-R)k+yw]

XC(Z)+2[(2—R)k+(2+R)yv]C(Y)C(2)}),

Agg=§)\(C++C_)C{1+(1—R)[C(Y)+C(Z)

+2(2+R)C(Y)C(2)]},

8For a recent study of this reaction J&3].

According to the concept developed in Ref43-45, we
take the mass of thA isobar real.

C. The RMC amplitude from an anomalous Lagrangian
of the mpwa,; system

We have considered so far the amplitudes where a natural
parity does not change in any vertex. The natural parity of a
particle is defined aB(—1)’, whereP is the intrinsic parity
andJ is the spin of the particle. Some amplitudes of this kind
relevant for the process under study are presented in Fig. 1.
The starting point is an anomalous Lagrangian ofipeoa;
system[53,52 constructed within the approach of hidden
local symmetrie$64,65. The electromagnetic interaction in
such a system was first considered in Ré6] and the rel-

evant constants; were extracted from the data as well. The
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weak interaction was incorporated explicitly in Rg§2] and

eG ~ ~
the refit of the constants to the modern d#&# was made in Tan="=1,(0)g,(C7+Co)[META(1) + META(2)].
Ref. [53]. 2
The Lagrangian reads (3.28

1 In Ref. [8], a contribution arising from the Wess-Zumino-
9,0, — §eBK) Witten anomalous Lagrangia\L) was estimated. Graphi-
cally, it corresponds to our Fig.(l) with the pion instead of

Lan=2i0,8 x| (0,0))(9,pp,—€V,) +

the p meson and with the vector interactioh? instead of

- ~ (1 - .\ (1 . -

X(\pp) C7(E‘9V7+6AV +Ce EeA,,—gpaV the axial one. The associated amplitude depﬂends on the mo-
mentum transfeg- and, therefore, it does not possess the

4 2ies 1& B |(g.p.—eV.) enhancement factor3 for large photon momentums. For

rhpr | 3 TR 9oPu © illustration, we present the contribution to one of the form
factors
1 . ~ (1 -
+ ( gpr_ §eBK)((9)\VM) Cg(f—&,,'n'—f— eA,,) kz )\k—{—yy
77 ’ L
Agf‘ﬂm om, 97 (3.29

; (3.23

~ (1 . .
all other contributions have a similar structure. It is also seen
where besides the meson fields, the external vector isoscaldrat these contributions a@(1/M*%) because &2f2~M?.

B, and isovectol), and axial-vector isovectod , fields are In our case, it is the amplitude related to the graph of Fig.
allfso included Thg constar'ﬂ;:s are[53] K 1(a) that is gV dependent. We present from the calculated
' contributions tog; arising from the amplitudeé3.25, only
T,=8.64x10°3, Tg=—1.02x10"1, that fo_r the form factog,, the others are suppressed by one
order in 1M,

€g=9.23<10 3%, ¢;p=1.29x10 1. (3.24

. . - 92 [2Mm)?2 s? 92 2M\?2
The axial RMC amplitudes arising from the anomalous Ag,=— —2 | —| (1+ k) 7— —— N+ 22 ——
02 3 ( V)nzM ZgP 3
Lagrangianl,,, Eq.(3.23, are gal m, 4M m,
an,a P glz’ T p T Eg
M;u/, (1):|?8nVBUkan'q,u,AF(q)Aﬁ)\(ql)u(p ) X(1+KV)7’W' (33@
|y Y g )Tau(p) For comparison, we keep also thgh-dependent con-
No2m et ' tribution. Using the Kawarabayashi-Suzuki-Riazuddin-

Fayyazuddin relation £,g2=m’, we can rewrite this con-

2
.9 — ., tribution in the form
Mir:/’a(z): =1 ?pgnvﬁﬂknAg)\(ql)u(p )

1+ Ky k §2
Ky a - TM 1o¢2
T o0 Tralia T u(p) (3.29 gan M 122

N
< 9p-

and they correspond to the processes presented in Rigs. 1 Taking into account that ¥2~M?/10 we can see that the
and ib). Together with the radiative pion absorption ampli- gp—dependent contribution is larger than tg-dependent

tude of Fig. 1c) one for large values d{, by a factor~20. However, it is not
enough to influence the photon spectrum, because of an ad-
g — . -~ ~ . .
Mana— _ 2P o K A% u(p’ ditional factor €;+cg) in the amplitude Eq(3.28 (see be-
™ 3f, 7P 7oA (G)U(P) low). It is seen from Eq(3.30 that the first term on the

« right-hand side is suppressed in comparison with the second
n——VUAaQM)TaU(D)' (3.26  one arising from the contact amplitudd®}%(2). As we

2M shall see later, the second term contributes to the triplet cap-
ture rate by an amount —0.2%.

Let us note that the sum of the vector RMC amplitudes
q,[M2%3(1)+ Mi’ba(2)1=ifwmiAE(q)M?,”f- arising from the anomalous Lagrangian, £8.23, is zero
" (3.27  Wwith a good accuracy.
One can obtain a more general result Aqy,, Eq. (3.30,

The contribution from the anomalous amplitud@?29 to by using the change
the total hadron radiative amplitud®.1) for the reaction
(1.23 is given as 1/3—-9,1/901,  Kv—0p2/9p1,

X

the amplitudeg3.25 satisfy PCAC,
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which corresponds to the model used in Réf1,45 for  ment[27,28. The orthomolecular A,) and paramolecular
describing the pion photoproduction amplitude in tlehan-  (A,) capture rates are given in terms of and A as[36]
nel. In this model, therpy and rwy amplitudes are effec-
tively the same as those obtained from our anomalous La- Ao=0.756As+0.253\;, A,=0.286\+0.857A,
grangian, Eq(3.23, and theoNN andwNN vertices contain (4.9
four constantgy,1,9,2.9,1, ahdd,», Which are the free pa- :
rameters obtair’;ed ItJogether with other free parameters of tl”[%];j 2t%e i(;apture ratér, relevant to the TRIUMF experiment
model from a fit to the data. =

Compared with the sets of the form factors given in Egs. A7=0.061A+0.854\ ,+0.085\ . (4.6)
(3.7 and(3.9), theg;’s, Eq.(3.30, are even larger. However,

due to the values of;, Eq. (3.24, the factor €;,+cg)  Now we present numerical results for the capture rates.
~1.8x 10" 2 makes the contribution from the amplitu@g,,
Eq. (3.28, small. A. Capture rates

Here we present the results for the capture rates calculated
IV. RESULTS for the interval Gsk<k,,, in various models. If not stated

Using the Hamiltonian-l,(sof)f, Eq.(2.1), and the sets of the otherwise, we use the monopole form factors and wexput

form factorsg;, Egs.(3.5), (3.7), (3.8, and(3.21), we have =1 in Eq.(1.24.

calculated the capture rates and the photon energy spectra f; r(a) We first discuss the results obtained in the model with
the RMC in a mBon-h drogen s stgm describe%ybpa s irt1 e A isobar kept on-shell. We give the singlet and triplet

) . - ydrog y y P capture rates in greater detail in order to see explicitly vari-
density matrixp,({=s,t),

ous contributions,

dA{ 1 2 2
Tk = 73 (@?Gecosfcm/m,) mMak

AX10°=0.400)+1.65 —1)+1.29 —2) + 0.1 HP)

—0.0MAL)+0.05A)=3.433.5)s ™, (4.7
2

+1 vy oA B B B
XJldyWy_l)Tr{(l—mv) Ax10°=43.710)+53.1(—1)+3.7—2)+ 0.9 HP)

5 5 —0.2AL)+2.2A)=103.0103.4s L. (4.9
<P HE} (4.2) , _

Here on the right-hand sides of Eqel.7) and (4.9), the
Here « is the fine structure constar®g is the Fermi con- numbern(n=0,—1,—2) in the brackets means the order of
stant, co9, is the Cabibbo anglan is the reduced mass of the contribution®(1/M") and HP(AL) and A mean the
the up system, the neutrino energy is determined by thecontributions from the hard pion form facto®.8) [from the
energy conservation, form factors(3.30] and from the form factor$3.21) due to
the A isobar excitation processes, respectively. These were
calculated using the parameters

Vozm(kmax_ k) .

f
K K A =0.371, G;=2.525, Y=Z=-05. (4.9
4
~| 1+ A=y W(y—l)
P P The choice of the paramete¥sand Z is such that only the
terms proportional tas,,, in Eq. (1.28 contribute(the A is
X[m,+ k(y—1)]l(kmax— k), (4.2  on-shel). The contribution of theA excitation to A; is
~2%, which is in agreement with BHM. The numbers in the

brackets on the right-hand sides of E¢4.7) and (4.8) are
obtained using Eq(1.24 for g5™) without the correction
W2— M2 95™ included.

kmax:Wn, W=M,+m,, 4.3 For the other capture rates we have

where the maximum photon energy is given as

: . _ Ao=28.7x10"% 71, A,=89.3x1073 s
andM, is the proton(neutron mass. The singlet and trip- ° P

let spin density matrices af86,68 A7=32.3x107% s L, (4.10
_ - _ i For the dipole form factors, analogously with E¢4.7) and
=—(1-o- =—|1+=0-0|. 4.4
ps=z(1m0wo), p=g| 1t 3o "') 4.4 (4.9 we obtain
We have also calculated the capture rates and spectra for the A=3.28350x103 s,
orthomolecular and paramoleculaup states and for the
mixture of muonic states relevant to the TRIUMF experi- A=101.5102.5%x10 % s 1. (4.11
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Let us compare our results with available calculations. The A=8.35x10"3% s A,=116.6x10"3 s
singlet and triplet capture rates without theisobar excita-
tion were calculated earlier by Opgl8] and Fearingd22].
Opat obtainedA=4.96x10 % s™! and A;=90.0x103
s !, while Fearing’s calculations provida =3.23x103
s1andA,=99.8<10°3 s L. As it can be seen from Egs. The strong dependence of the capture rateggmwas al-
(4.7) and (4.8), Fearing’s results are close to ours. ready known to Opaitl8].

Very recent calculationg29] yield A.=(2.90-3.10) (d) The capture rates, calculated for the same parameters
X103 s and A,=(112-114)x10°3 ssfl. Having in 2% in(a), but with Y=1.75 andz=—0.8, are

mind thatA ¢ results as the difference of two large and almost

A7+=39.8x10"3% s71. (4.15

— -3 o1 — —3 o1
equal numbers, the agreement between our value(40, Ag=3.28X107" 577, A=106.0<10""° s,
of A5 and the BHM value can be considered as satisfactory.
However, the difference of10% between the triplet cap- Ar=33.0x10"3% gL, (4.16

ture rates is too large. Half of this discrepancy can be under-

stood by checking the integration over the phase volume. W this case, the effect of th& isobar excitation is, for the
use for the neutrino momentum, B¢.2) with ki, from Eq.  values ofY andZ allowed by the inequalities of E43.12),
(4.3, while BHM employed for thekp,, equation(4.37,  maximal and it is~5% for A, and~4% for A, as follows

which is, in our notations, from comparing Eqgs(4.14) and (4.16).
(e) The capture rates, calculated as (i), but with Z
. . m, 1. m,\ ! =—1.95, are
max= Ml 1 o 11 My,
Ag=5.93x10"°% 57, A=116.7x10%s %,
1 7 m, (4.12
~m — , )

" 2My - 2M3 A1=38.1x10"3s71, (4.17)

where My=(M,+M,)/2 is the nucleon mass. From Eq. These capture rates are close to those calculated in the case
(4.3), one obtaink,,,=99.15 MeV, while from Eq(4.12  (c) without theA isobar excitation effect, but faor=1.5. It

one has kpa,=100.3 MeV and instead ofA;=103.0 follows thatin order to achieve the same enhancement in the
X102 s one obtainsA,=108.0<10 % s which is rates as by scalinge by 50%), one should use the values of
larger by ~5%. Using in Eq.(4.2) for v, the expansion the parameteZ that are outside of the intervéd.12 found

(4.12 for k4, ONe obtains in the pion photoproduction processes. However, it is well
known [43-47 that the values of the off-shell parameters
m? K X,Y,Z depend strongly on whether the pion production am-
vo=m,—K— ZMM +M—(1—y)(mM—k) plitude is unitarized or not and on the method of unitariza-
N N tion. On the other hand, our RMC amplitudes wiifs are
related by the continuity equatid3.18 only to the nonuni-
+ 5 [m,+ k(y—l)][mi+ 2k(m,—k)(y—1)]. tarized radiative pion absorption amplitude, and the restric-
N tion to use the off-shell parametek§Y,Z only from Eqg.

(4.13 (3.12 may not be mandatory in our case. But it should also

be noted that the need for a too large absolute value of the
parameteZ to explain the data can be a consequence of the
presence of some effects such as possible systematic errors
in the experimen{27,28 or molecular phenomena, which
are not yet fully understood.

Let us note that our choice of the parameters of the model
is not optimal. In order to extract an optimal set of these
parameters from the data, one should use a minimization
procedure.

Similar enhancement in the capture rates as in the (@se
can be achieved by considering thasobar on-shell, but by

Ar=31.6x10"° s, (4.14  taking f2,/4m~20 orG,~20, which is an amplification of
~7 in the #NA coupling and of~8 in the constant,,
(c) We now present the capture rates for the same case as\hich is much more than the enhancement factor=@.5
(b), but for the value of the parameter=1.5. The rates are needed to change the paramefer — 0.8 in the caséd) to
Z=—1.95 in the casée). So our calculations show that the
capture rates for the RMC in hydrogen are sensitive to the
There is a factor 2 missing in the denominator of the third termchange in the off-shell paramet&r We show in the follow-
on the right-hand side of this equation. ing section that the photon spectra also possess this feature.

In Ref.[29], Eq. (4.39 is used fory. It retains terms up to
O(1My),? which yields in our casé\,=107.2x10 % s 1.
But the source of the remaining difference~eb% between
the results for the\, is not clear.

(b) The results of calculations without the isobar exci-
tation effect are

A=3.38<10"% s!, A,=100.8<10"% s,
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FIG. 2. Photon spectra calculated in mo@®l of the preceding FIG. 3. Relative difference in percent for the spectra calculated

section, theA isobar excitation effect is included; the dotted, long- with [model(a)] and without{model(b)] the A excitation included;
dashed, dot-dashed, and dashed curves correspond, respectivelytie dotted, long-dashed, dot-dashed, and dashed curves correspond,
the singlet, triplet, ortho, and pamup molecule spin combina- respectively, to the singlet, triplet, ortho, and pajap molecule

tions, the solid curve corresponds to the mixture of muonic statespin combinations, the solid curve corresponds to the mixture of
relevant to the TRIUMF experimefi27,28. muonic states relevant to the TRIUMF experimg2it,2§.

B. Photon spectra lated within model(c) (no A,x=1.5). We have found that

Photon spectra corresponding to the capture rates cach—‘iS Curve, nc;rmalized to 14.5 c_ountska% 60 MeV, follows
lated in model(a) of the preceding section are presented inc/0Sely fork=60 MeV the solid curve of Fig. 428]. Al

Fig. 2. TheA isobar is included, but the choice of the pa- other curves in this and in the next figure are multiplied by
rametersy— 7= — 0.5 is such that the isobar is on-shell. As this normalization factor. The long-dashed curve closely fol-

it is seen from Fig. 2, our spectra are in a close correspon®Ws the solid curve fronk~60 MeV, which corresponds to

dence with those of Fig. 3 of Ref26]. However, our spec- model(e): theA isobar is off-shell, the paramet¥r=1.75 is
trum for the triplet state of theu-p system(long-dashed the Same as m_cae_{el), th? p_arameteZ= _l'.95' .
curve differs from the analogous spectrum of Fig. 5 of Ref.  Evidently, this picture is in agreement with that obtained
[29], as it should, because the triplet capture rates differ sigt—Jy comparing the Beder—Fearmg mod26] with the experi-
nificantly. ment Qf Refs[Z?,ZEﬂ: the expgnmental photon spectrum can
The percentage change in the spectra whenthecita- be satisfactorily described withs of the form Eq.(1.24) for
tion effect is taken into account is presented in Fig. 3. &he
excitation effect was calculated according mo@l of the
preceding section. The case without this effect correspond: 20| ]
to model(b). This change in the spectra due Aowas first 15 F
calculated by Beder and Fearif@g]. Our Fig. 3 is in a good
agreement with Fig. 4 of Ref26], but it differs from the

(%]

analogous Fig. 6 of Ref29]. g

Similar calculations are presented in Figs. 4 and 5 usingg or- ;
instead of modela) the spectra of the modelsl) and (e), AN -
respectively. As it is seen, by putting tleisobar off-shell, % ol ]
both the singlet and triplet spectra are changed sensibly. £

In Fig. 6, we show how the photon spectra, relevant to the [ ]

mixture of the muonic states for the TRIUMF experiment, -20 1
depend on the parameters of our model. The dotted curve _ss ]
corresponds to modéb) (no A,x=1), the dashed curve is a0 L . .

the photon spectrum for casé) (A on-shell, Y=Z 0 20 40 60 80 100
=—0.5), and the dot-dashed curve is calculated using mode: k [MeV]

(d): A is off-shell, the parameterg=1.757=—0.8 are at FIG. 4. Relative difference in percent for the spectra calculated
the boundary of the regio(8.12) allowed by the pion pho- ith [model(d)] and withoufmodel(b)] the A excitation included:
toproduction datd44-47. In this case, about two times the dotted, long-dashed, dot-dashed, and dashed curves correspond,
more enhancement is achieved in comparison with theespectively, to the singlet, triplet, ortho, and parap molecule
dashed curve. The dependence of the photon spectrum on tbgin combinations, the solid curve corresponds to the mixture of
change ingp is illustrated by the long-dashed curve, calcu- muonic states relevant to the TRIUMF experimg2it,2§|.
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FIG. 5. Relative difference in percent for the spectra calculated

FIG. 7. Dependence of the photon spectra, corresponding to the
with [model(e)] and withouf model(b)] the A excitation included; P P P ponding

he dotted. | dashed. dot-dashed. and dashed mixture of muonic states relevant to the TRIUMF experiment
the dotted, long-dashed, dot-dashed, and dashed curves correspo ,28, on various parameters of the calculations; the dotted curve

respectively, to the singlet, triplet, ortho, and paap molecule ¢ Tloc o oo corresponds to mo@®l (32.3/7.1/198; the
spin combinations, the solid curve corresponds to the mixture oi‘

X | h X ong-dashed curve is calculated for modd), but £&=0.95 (36.3/
muonic states relevant to the TRIUMF experimg2i,28. 8.1/225; the dot-dashed curve is obtained within mo¢#l| but x

=1.2 (35.9/8.6/23% the dashed curve is for modét), but x
x~1.5 and only a small part of the enhancement could be=1.2 andé=0.95 (39.4/9.3/259, the solid curve corresponds to
explained by calculating the spectra by including the on-sheltnodel(c) (39.7/9.9/27% For the details see the text.

A isobar. However, as it is seen from the solid curve, putting
the A isobar off-shell, one can describe the experimental dat@nhancement supposed by the data. It is also seen from Fig.

quite well. 6 that the solid curve, obtained in mode) with Y=1.75
The numerical analysis of the photon spectra, presented iihd Z=-1.95 provides the needed enhancement of
Fig. 6, shows that in the interval 60 Me&lk<K,,, the ef- ~~25-43%.

fect from the on-shell\ isobar excitation yields an enhance-  In Fig. 7, we show the dependence of the calculations on
ment of ~3.3-8.7 % of the spectrum, which is 12—20 % of uncertainties in our knowledge gt and of the admixture
enhancement demanded by the experiment. However, if thef the S=3/2 orthomoleculapup state. As discussed re-
A isobar is taken off-shell, an enhancement of the spectrurgently[33], the admixture of th&= 3/2 orthomoleculapup

up to~7-14% can be obtained, if the off-shell parametersstate changes the molecular capture ratgs8}

Y,Z are taken from the interval of E¢3.12), fixed in the ,

pion photoproductiorf44—47), which ig~28—30 % of the Ao=EAo(1/2+(1-£)Ao(3/2), (4.18

whereA ,(1/2) is A, of EQ. (4.5 and A ,(3/2)=1.00A;. It
' was found i 33] that the data on OMC in hydrogen requires
gp=1.295°AC or ¢=0.95. This restriction onyp is in agree-
ment with our Eq.(1.20 for the OMC in 3He. The depen-
_ dence on the uncertainty oy and oné is illustrated by the
long-dashed, dot-dashed, and dashed curves. The numbers in
the brackets are for the capture rate in the full interval O
<k=Kkna for the partial capture rate in the interval
60 MeV=k=Kk,,,, and for the capture rate in counts for
this interval, respectively. Otherwise, the unit for the capture
rates is 10° s~1. For the sake of illustration, we assigned a
] 10% errorf 28] to a set of “data” represented by 14 points of
the spectrunic). The number of counts 276, related to this
curve, is to be compared with the number of counts 286,

\ which can be read off the histogram presented in Fi®8].
05 o p pn m 0 As it is seen, all curves lie already inside the Bound.
k [MeV]

20 T T T

15

10 |

counts / MeV

) V. SUMMARY
FIG. 6. Influence of theA isobar parameters on the photon

spectra corresponding to the mixture of muonic states in TRIUMF  In this paper, we have presented the capture rates and the
experiment{27,28. For the explanation of the curves see text. photon energy spectra for the RMC in hydrogen, calculated
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using the effective Hamiltoniab 3}, Eq. (2.1), where the ~=—1.95 alone also leads to an enhancement, which is of the
form factorsg; are obtained from the amplitudes derived right size to describe the experimental photon spectrum
from the chiral Lagrangian of thdlA mpwa, system. The [27,28], using for the induced pseudoscalar form facty,
nonresonant part of the Lagrangian contains the normal anaf Eqg. (1.24 without any scaling X=1). It would be diffi-
anomalous Lagrangians of thémrpwa, system interacting cult to find any physics behind the scaling @f, which

with the external electromagnetic and weak fields throughvould mean a violation of PCAC.

the associated one-body currefgs3,42,52,538 In the ex- It follows from our results that the too large absolute val-
pansion of the amplitudes in NI/, we keep all terms up to ues of the parametet needed to explain the existing data on
O(1M?). the photon spectrum can simulate the presence of some ef-

For the resonant part of our Lagrangian, we have exfects such as some other systematic errors in the experiment
tended the currently used modg,26,29,42 by adopting [27,28 besides those that were already taken into account, or
results of the model developed by Olsson and Osypowskinolecular phenomena, which may not be well understood at
[43] and by Davidson, Mukhopadhyay, and Wittra4,45  present. Evidently, independent verification of the TRIUMF
for the 7N scattering and pion photo-production and electro-data would be of great importance. On the other hand, the
production off the nucleon, which allows one to consider thepart of our full model containing the electroweak interaction
A isobar off-shell. of the off-shellA isobar is widely used to describe success-

Without the A isobar excitation included, our capture fully the pion photo-production and electroproduction data
rates agree well with these calculated earlier by Fed@a off the nucleon, which provides a solid basis for confidence
However, the calculated triplet capture rate differsso§0%  in our results. For the reaction of the RMC in hydrogen, Eq.
from that one derived quite recently within the HBChPT ap-(1.11), it is the only model known so far, providing enough
proach in Ref[29]. About half of this discrepancy can be €nhancement in the high energy region of the photon spec-
understood by the use of an approximate equation for th&um.
neutrino momentum in Ref29]. The origin of the rest of the In conclusion we note that the reactions of the RMC in
discrepancy is not clear. hydrogen and®He are at present the only available effective

In the model, restricting tha isobar on-shell, our spectra tools for the study of the form fact@p as a function of the
are close to those obtained earlier by Beder and Fef2ifly momentum transfer. Therefore, more efforts in investigation
Our full model, including the\ isobar off-shell, turns out to  Of these reactions, both theoretical and experimental, are
be sensitive to the off-shell parametetsZ. For the type of  highly desirable.
the photon spectrum measured in the experinmet28,
this model provides up to 30% of enhancement needed to
explain the experimental photon spectrum, if the parameters B
Y,Z are taken from the interval of E¢3.12, found in the This work was supported by Grant No. GARC202/00/
pion photoproduction. This is about two times more than1669. The research of F.C.K. is supported in part by
what one can obtain from the model with theisobar on- NSERCC. A part of this work was done during the stay of
shell. If, in addition, we take into account the existing 20% E.T. at the Theoretical Physics Institute of the University of
uncertainty in the constagh“““ and a 5% admixture of the Alberta. He thanks Professor F. C. Khanna for the warm
S=3/2 orthomoleculapup state, we find that the generated hospitality. The help with computations by R. Teshima is
photon spectrum is close to the experimental one. acknowledged. We thank Professor R. Davidson for the cor-

In addition, we have found that the choide=1.757 respondence and Dr. O. Dragoun for discussions.
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