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Polarized photons in radiative muon capture
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We discuss the measurement of polarized photons arising from radiative muon capture. The spectrum of left
circularly polarized photons or equivalently the circular polarization of the photons emitted in radiative muon
capture on hydrogen is quite sensitive to the strength of the induced pseudoscalar coupling constantgP . A
measurement of either of these quantities, although very difficult, might be sufficient to resolve the present
puzzle resulting from the disagreement between the theoretical prediction forgP and the results of a recent
experiment. This sensitivity results from the absence of left-handed radiation from the muon line and from the
fact that the leading parts of the radiation from the hadronic lines, as determined from the chiral power
counting rules of heavy-baryon chiral perturbation theory, all contain pion poles.
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I. INTRODUCTION

The first measurement of radiative muon capture~RMC!
on hydrogen

m21p→nm1n1g ~1!

has been reported by a TRIUMF group@1#, and the value of
the induced pseudoscalar constantgP was deduced to be
about 1.5 times larger than that predicted by the partia
conserved axial current~PCAC! or that obtained from one
loop order heavy-baryon chiral perturbation theo
~HBChPT! calculations@2,3#. In Ref. @4# the photon spec-
trum from RMC on a proton was obtained within the conte
of HBChPT up to next-to-next-to leading order~NNLO!, i.e.,
to one-loop order. The results simply confirm a next-
leading order~NLO! HBChPT calculation@5# and the earlier
theoretical predictions@6–10# based on a phenomenologic
tree-level Feynman graph approach. Furthermore, the re
of Ref. @4# indicated that the chiral series converges rapid
and thus suggest that the discrepancy between experi
and theory observed for RMC on a proton cannot be
plained by higher order corrections within HBChPT. Sin
then, many analyses have been reported, incorporating a
riety of new elements and suggestions, but all have es
tially confirmed earlier results for the photon spectru
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@11–15#.1,2 Thus we conclude that the existing discrepancy
still unexplained.

As it appears that a NNLO calculation which includes
diagrams through one-loop order converges sufficiently,
only possibilities for significant improvement would seem
come from effects outside the context of HBChPT, or p
haps from terms originating in the Wess-Zumino Lagrangi
These Wess-Zumino terms turn out to be negligible, ho
ever, as shown in Ref.@11#. Furthermore, all possible expres
sions in the amplitude which can be composed of the ch
acteristic operators involved in the reaction, namely
polarization vectors of the photon and the lepton current,
three-momenta of the outgoing photon and of the exchan
weak vector boson, and the spin operator of the nucle
emerge already in the one-loop order. Therefore, higher o
contributions in the HBChPT perturbation series will giv
corrections only to the coefficients of these operator exp
sions and should be small, in view of the rapid converge
of the chiral series in this reaction. This led us to the conc

1The authors of Ref.@15# claim to have resolved part of the dif
ference between theory and experiment based primarily on a
tribution of the D. However they find, using their best set ofD
parameters, a contribution in basic agreement with previous ca
lations and essentially the same as that already included in
analysis of the TRIUMF experiment. They show it is possible
increase theD contribution by arbitrarily varying one of the param
eters, but to approach the experimental result this parameter
be far outside the range they say is allowed by other data. Thus
latter explanation seems unlikely.

2A sea-gull term was introduced in the RMC amplitude in R
@16#, which could reproduce the experimental data. However, it w
shown@17# that this term was not gauge invariant and in additi
that it was already present, together with the additional pie
needed for gauge invariance, in the HBChPT approach of Ref.@4#
and in the standard Feynman graph method of, e.g., Ref.@7#. This
sea-gull term was also criticized in Ref.@18#.
©2001 The American Physical Society02-1
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sion that something other than the ingredients of the hadr
vertices may in fact be the source of the problem. For
ample, there may be difficulties in our understanding of
atomic and molecular states of the muonic atom in hydrog
In particular the dependence of the photon spectrum on
initial muonic atom states is non-negligible, so that it is im
portant to try to find a quantity which is less sensitive to t
atomic and molecular states but, at the same time, is se
tive to the pseudoscalar constant.

Quite recently, some alternative scenarios for poss
resolution of the ‘‘gP puzzle’’ have been suggested by tw
groups. In Ref.@19#, the photon spectrum corresponding
the experiment of Ref.@1# was fitted by adjusting a param
eter j, with (12j) giving the fraction of spin 3/2 ortho
p-m-p molecular state in liquid hydrogen. A valuej50.8
;0.9 was obtained, which is smaller than the theoret
prediction j51 @20,21# and would correspond to a 10 t
20 % component of the spin 3/2 state.3 In Ref. @14#, on the
other hand, the authors employ HBChPT, using expl
D(1232) degrees of freedom and the so called ‘‘small sc
expansion scheme,’’ to estimate the photon spectrum
RMC up to tree-level. Their results basically confirm t
estimates made earlier which include theD(1232) phenom-
enologically@9,10#. They also speculate that the ‘‘gP puzzle’’
can be explained by accumulation of small effects and va
tions of parameters, or perhaps by an isospin breaking ef

As we have observed, the present situation viewed fr
the context of HBChPT can be summarized as follows.
symmetries of QCD are respected order by order in
theory and the chiral expansion is rapidly converging. T
rapid convergence is fortunate, since to improve the the
by calculating higher orders would require including all
the many possible diagrams of the chiral order under con
eration and would normally introduce a large number of n
low energy constants which would have to be constrained
experiments. Furthermore, the HBChPT results agree fa
well with those obtained from the standard diagram
proach, so that all theoretical approaches are reasonably
sistent, and unable to explain the RMC data with the p
dicted value ofgP .

It is probably important to remeasure the photon spectr
in RMC, or to measure more precisely the rate for ordin
muon capture~OMC!, m1p→n1n, as has been propose
@25#. Alternatively, one could consider performing a rath
more sophisticated experiment which would be sensitive
some different combination of the ingredients of the pro
lem. In that vein, we want to propose here to measure
polarization of the outgoing photon.

3The authors of Ref.@19# also considered ordinary, nonradiativ
muon capture~OMC! and originally found there the same value
j found for RMC. That result was obtained, however, using a f
mula relating the states in the liquid hydrogen and the atomic O
rates which did not correspond to the experimental conditions of
OMC experiment@22#. Using an appropriate formula@23,24# one
finds thatj51 results in a value which is in good agreement w
the OMC data.
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Measuring the photon polarization enables us to cho
the most important graphs which involve pion poles a
therefore to enhance the dependence of the result on
pseudoscalar coupling constantgP . In the usual transverse
gauge4 by far the most important diagram for RMC is th
one where the photon is emitted from the leptonic curre
The pseudoscalar coupling constant is an important contr
tor to this diagram, sincegP is so much larger thangV or gA ,
but its importance is not enhanced by the pion pole beca
the momentum transfer in this diagram is always spacel
Therefore, to concentrate on the pseudoscalar constant
would like to find the channel where this diagram is blocke
The polarization experiment blocks this channel.

The rationale is simple and transparent. Since the neut
is left-handed, the photon emitted from the leptonic curr
is right-handed. This was shown forV and A couplings in
Ref. @26# and generalized to include the induced couplings
well in Ref. @27#. A measurement of a left-handed photo
filters out the photon from the leptonic current, and is th
sensitive to radiation from the hadronic current. The sen
tivity to gP comes from the fact that some parts of the ha
ronic current, and in particular some parts containing p
poles, are of leading order by the power counting rules
HBChPT.

The photon circular polarization in RMC~to be defined
explicitly below! has been considered before in the cont
of a phenomenological treatment of the weak nucleon c
rent parametrized by form factors@27#. There it was shown
that the circular polarization~and also the photon asymmetr
relative to the muon spin! could be written as 11O(1/mN

2 )
wheremN is the nucleon mass and where the coefficient
the O(1/mN

2 ) term involves the various coupling constan
We will discuss below the expansion scheme in powers
1/mN

2 corresponding to this theorem and its connection to
power counting scheme of HBChPT.

II. LEPTON MATRIX ELEMENTS OF RMC WITH
POLARIZED PHOTON

The Feynman graphs contributing to RMC on a prot
can be classified into the two classes shown in Fig. 1:~a! the
first corresponds to those graphs where the muon radia
and ~b! the second to the graphs where the hadron radia
The amplitude of the process can then be written as the
of two diagrams

M f i5
eGFVud

A2
ea* @M abJb1J bMab#, ~2!

wheree is the electric charge,GF is the Fermi constant,Vud

is a Kobayashi-Maskawa matrix element, andea* is the po-
larization vector of photon. The hadron matrix elements w

-
C
e 4Note that individual diagrams are not gauge invariant by the
selves, so any comments about relative sizes are gauge depen
We will always assume the transverse gauge for any such com
sons.
2-2
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POLARIZED PHOTONS IN RADIATIVE MUON CAPTURE PHYSICAL REVIEW C65 015502
three and four legs are denoted byJb andMab . Their prop-
erties have been studied in Ref.@4#, and are briefly discusse
in the next section.

The lepton matrix elements with three and four legs,Jb
andMab are given by

Jb5ūngb~12g5!um , ~3!

Mab5ūngb~12g5!
g •~m2q!1mm

2m•q
gaum , ~4!

wherem ~q! is four momentum of muon~photon!, mm is the
muon mass, andum (un) is the Dirac spinor for the muon
~neutrino!.

First, we study the lepton matrix elements involving
polarized photon. In the laboratory frame we assume that
z axis of our coordinate system coincides with the neutr
direction and thex-z plane includes the photon trajector
Thus we have

n̂5~0,0,1!, q̂5~sinu,0,cosu!, ~5!

wheren̂ (q̂) is the unit vector of the neutrino~photon! mo-
mentum andu is the angle between neutrino and photo
n̂•q̂5cosu. In the transverse~Coulomb! gauge the polariza
tion vectors of the photon are given by

eWL* 5
1

A2
~2cosu,2 i ,sinu!, eWR* 5

1

A2
~cosu,2 i ,2sinu!,

~6!

where subscriptsL andR stand for the left- and right-hande
polarization state, respectively. In this frame we can rew
Eqs.~3! and ~4! in terms of components of four vectors fo
each spin state,

J b~1 ![«T
b52A2mmEn~0,21,2 i ,0!, ~7!

J b~2 ![«L
b52A2mmEn~1,0,0,1!, ~8!

M b~1,R!52AEn

mm
~11cosu,sinu,i sinu,11cosu!,

~9!

FIG. 1. Diagrams for radiative muon capture;~a! diagram with
radiation from the muon line. The matrix element of the we
nucleon currentJb is matched with the lepton matrix eleme
M ab. ~b! Diagram with radiation from the hadronic current who
matrix elementMab is matched with the lepton matrix elementJ a.
01550
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M b~2,R!52AEn

mm
~sinu,12cosu,i ~12cosu!,sinu!,

~10!

M b~6,L !50, ~11!

where M b(6,h)[eh,a* M ab(6). Signs (6) and h
5(R,L) in the parentheses of the left-hand side of the eq
tions denote, respectively, up and down muon spin s
along thez axis, and right- and left-handed photon polariz
tion state.5 Equations.~9!, ~10!, and~11! show that the pho-
tons radiated from the muon line are totally right-hand
polarized@26,27#.

If one measures the left-handed photons, the amplitud
Eq. ~2! is reduced to

M f i
(L)5

e GFVud

A2
J bMb~L !, ~12!

whereMb(L)[eL,a* Mab is the part ofMab producing only
left-handed photons, where the spin indices of proton a
neutron are suppressed. Therefore we can investigate the
of the hadron four-point matrix elementMb(L) which pro-
duces left-handed photons, without the interference of
lepton radiating diagram containing the weak nucleon c
rent Jb , by measuring the left circularly polarized photon
The circular polarizationb, which is defined by

b[
NR2NL

NR1NL
, ~13!

whereNR (NL) is the spectrum of right-handed~left-handed!
photons,6 has the property thatb51 for the muon radiating
diagram of Fig. 1~a! @26,27#. Therefore, forb511Db, the
deviation from one,Db522NL/(NL1NR), should come
entirely from the contribution ofMb(L).

III. CHIRAL COUNTING RULE AND HADRON MATRIX
ELEMENTS OF RMC

HBChPT @29# is a low energy effective field theory o
QCD, which has a systematic expansion scheme in term
Q/Lx , whereQ is a typical four-momentum scale characte
izing the process in question,Lx is the chiral scale with
Lx.4p f p;mN.1 GeV, and wheref p is the pion decay
constant.Q must be small, typically of the order of the pio
massmp . A typical scaleQ in muon capture~both OMC and
RMC! is the muon massmm5105.7 MeV, and hence
Q/Lx.0.1. One therefore expects a rapid convergence
relevant chiral perturbation series for muon capture and
explicit HBChPT calculations are consistent with this expe
tation @2–5,14,19#.

5We define the polarization vectors for the lepton current«T
b and

«L
b , as depicted in Fig. 1, via Eqs.~7! and ~8!.
6The unpolarized spectrumdG/dEg is obtained bydG/dEg5NR

1NL.
2-3



inate

SHUNG-ICHI ANDO, HAROLD W. FEARING, AND DONG-PIL MIN PHYSICAL REVIEW C65 015502
FIG. 2. Feynman diagrams contained inJb andMab through the next-to-next-to-leading order. The photon is denoted byg, the weak
current is decomposed intoV,A parts, and a dashed line denotes an exchanged pion. Vertices without blobs are fromL0, those with ‘‘X’’ are
from L1 and those with ‘‘d ’’ are from L2 or the one-loop corrections. The five diagrams in the first line are diagrams of LO, which orig
from L0. The next ten diagrams in the second line are those of NLO, which contain one ‘‘X’’ ofL1. The following 19 diagrams in the third
and fourth lines are those of NNLO, which contain two ‘‘X’’s ofL1 or one ‘‘d ’’ of L2 or a one-loop correction.
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The effective Lagrangian is expanded as

L5( Ln̄5L01L11L21•••, ~14!

where the subscriptn̄ denotes the order of terms,n̄5d
1n/222, with n the number of nucleon lines andd the
number of derivatives or powers ofmp involved in a vertex.
L0 , L1, andL2 are the leading order~LO!, next-to-leading
order ~NLO!, and next-to-next-to-leading order~NNLO!
parts of the Lagrangian, respectively, and their explicit fo
has been given in Ref.@4#. Note that our Lagrangian contain
pion and nucleon degrees of freedom only. In passing,
should note that theL1 includes the terms ofO(1/mN) which
are corrections to the leading order Lagrangian. In the NN
Lagrangian we have seven unknown constants, the so-c
low energy constants~LEC’s!, which are not determined b
symmetry but must be fixed by experiments. Three of
seven LEC’s appear in the three point vertex functions ofJb ,
and they are fixed by the vector and axial vector radius
the Goldberger-Treiman discrepancy@3,4,14,19#. One of the
remaining four constants is fixed via a rare pion decay@30#,
and the remaining three constants are estimated using
D(1232) andr saturation method@31#.7 Therefore there are
no undetermined parameters in the calculation.

Let us look at the diagrams involving the hadron mat
elementsJb andMab in Fig. 2. ~See the caption of the figur
for more details.! The LO, NLO, and NNLO diagrams ar
drawn in the first line, the second line, and the third a
fourth lines in Fig. 2, respectively. Since, as noted earlier@4#,
the series converges well, we expect those diagrams in
first line to be the most important. Both left- and righ

7Recently, these LEC’s have been determined using data fo
diative pion capture@32# and employing the Lagrangian of Ecke
and Mojžiš @33#.
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handed photons are emitted from the hadron matrix elem
Mab , and all the leading order diagrams ofMab

(M0a,M0b,M0c) contain a pion pole.
Observe that two different momentum transfers appea

the pion poles in theM0 diagrams. ForM0c and the lower
pole of M0b, the momentum transferqJ5m2n2q is rel-
evant.qJ

2 is always spacelike, has no significantEg depen-
dence, and is generally;2mm

2 . On the other hand for the
M0a diagram and the upper pole ofM0b the relevant mo-
mentum transfer isqW5m2n. This depends onEg via qW

2

.2mmEg2mm
2 and becomes;1mm

2 near the upper end o
the photon spectrum. Thus one is much closer to the p
pole for these diagrams. This means that, other factors b
equal, these diagrams will be enhanced relative to those
volving qJ .

Now let us discuss the theorem of Ref.@27# and the con-
nection between the standard Feynman diagram approac
RMC and the HBChPT approach described here. In HBCh
the most important diagram contributing to the hadro
pieces of Fig. 2 is the seagull diagram,M0a. This is just the
standard Kroll-Ruderman term, which, however, is not e
plicitly seen in the diagrams of the relativistic phenomen
logical model~Fig. 1 of Ref. @7#!, since that model used
pseudoscalar pion-nucleon coupling. Had pseudovector c
pling been used it would have appeared explicitly. It c
however be directly identified as part of the diagramMb in
Fig. 1~b! of Ref. @7# where the photon radiates from proto
the proton propagates, and interacts with the lepton curr
where the vertex of the weak nucleon current is described
the weak form factors. TheM0a diagram is included in the
contribution from the negative energy propagation of t
proton in theMb diagram.@M0b andM0c can be also iden-
tified as parts of~d! and ~e! in Fig. 1 of Ref. @7#, respec-
tively.#

In the phenomenological model the amplitudeMb can be
expanded in terms of 1/mN as

a-
2-4
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Mb5
1

2mN
xn

†H gV@eW* •JW 1~11kp!J 0isW •eW* 3q̂2 isW •eW*

3JW #1gA@J 0sW •eW* 2~11kp!~ i q̂•eW* 3JW 1sW •eW* q̂•JW

2sW •q̂eW* •JW !#1gP~qW!
qW•J
mm

sW •eW* J xp1O~1/mN
2 !,

~15!

where the nucleon weak form factors are denoted bygV for
vector, gA for axial vector, andgP(qW) for pseudoscalar
form factors.kp is the proton anomalous moment. We co
firm the result of the theorem@27# that all the terms in Eq.
~15! are 1/mN corrections. In this approach the form facto
are phenomenological parameters. ThegP dependent term is
formally of order 1/mN , but the form factorgP happens to be
numerically large.

The connection to the HBChPT approach can be made
the Goldberger-Treiman relation which tells us that the ps
doscalar form factor has the structure due to pion propa
tion, i.e., a pion pole, and is given explicitly bygP(q2)
52mmmNgA /(mp

2 2q2). In HBChPT this expression, rathe
thangP , will appear in all the pion pole terms and themN in
the numerator will cancel themN appearing in the denomi
nator, thus pushing this term to one lower order in the
pansion than it is in the expansion of the phenomenolog
relativistic model@27#.

We are now in a position to discuss what is known rega
ing the polarization observables of the muon capture.
mentioned before, a general theorem tells us thatDb is for-
mally O(1/mN

2 ) @27#. Using a phenomenological treatment
the weak nucleon current parametrized by the form fac
one can show that hadron matrix elements are of orderJb
5O(1) andMab5O(1/mN) in the 1/mN expansion@27,28#.
Hence, NL;uMb(L)u25O(1/mN

2 ) and the leading part o
NR;uJbu25O(1) and thusDb5O(1/mN

2 ) in this model.
However,Db is not particularly small, as also noted in Re
@27#, because it contains a term proportional togP

2 , andgP is
large, as is explained in the previous paragraph.

So to summarize, one can understand the connection
tween the theorem derived by expansion of the relativi
phenomenological model in Ref.@27# and the corresponding
HBChPT expansion by noting that there is a one to one c
respondence between the 1, 1/mN , and 1/mN

2 terms in the
expansion of the model and the LO, NLO, and NNLO ter
of HBChPT, except for the pion pole terms which appear
one lower order in HBChPT because themN in the numera-
tor of gP has been explicitly extracted.

IV. NUMERICAL RESULTS

In Figs. 3, 4, 5, and 6 we plot our results for the spectr
and circular polarization of photons, all calculated in H
ChPT up to NNLO. There are two major issues to discu
First, what is the sensitivity togP of the spectrum of left-
handed photons and the circular polarization and, sec
how sensitive are these results to uncertainties in our kno
edge of the muon atomic states.
01550
-

ia
-

a-

-
al

-
s

rs

e-
c

r-

s
t

s.

d,
l-

Let us first study the sensitivity of the polarization obse
ables to the value ofgP . In Figs. 3 and 4 we plot the spec
trum of left-handed photons and the photon circular polari
tion, respectively, in the ‘‘experimental state’’~6.1% atomic
hyperfine singlet state, 85.4% orthop-m-p state, and 8.5%
parap-m-p state! reported in Ref.@1# for the photon energy
Eg560 to 100 MeV. We plot three lines which are obtain
by using the HBChPT up to NNLO and the relativistic ph
nomenological model@7# with two gP valuesgP /gP

PCAC51
and 1.5, wheregP

PCAC[gP(20.88mm
2 ) is the Goldberger-

Treiman prediction forgP at the momentum transfer corre
sponding to OMC in hydrogen.

One finds that the results are quite sensitive to the va
of gP as expected. The results of HBChPT and the mo
with gP5gP

PCAC are in good agreement in the both figur
which confirms that the same basic ingredients are in b
models and that the other higher order corrections
HBChPT and terms not included in the relativistic model a

FIG. 3. The spectrum of left-handed photons in the ‘‘experime
tal state’’ is plotted for the photon energyEg560 to 99 MeV. The
solid line is the result of HBChPT up to the NNLO, and the dash
and dotted lines are results for the relativistic model@7# with two gP

values,gP /gP
PCAC51 and 1.5, respectively.

FIG. 4. Circular polarization in the ‘‘experimental state.’’ Se
the caption of Fig. 3.
2-5
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SHUNG-ICHI ANDO, HAROLD W. FEARING, AND DONG-PIL MIN PHYSICAL REVIEW C65 015502
in fact small. The case ofgP /gP
PCAC51.5 gives a photon

spectrum larger by about a factor of 3 than the case
gP /gP

PCAC51. Therefore our result shows the strong sen
tivity of the polarized photon spectrum to the different valu
of the pseudoscalar coupling over the experimentally ac
sible photon energy region. This is in contrast to the un
larized photon spectrum where the difference of photon sp
tra with the two different values ofgP is only of the order of
30–40 % in the measurable region. The circular polarizat
is also sensitive and differs for the two values ofgP by a
more or less constant amount 0.2 over the whole relev
region of photon energy.

Consider now the question of the sensitivity of the resu
to aspects of the muon’s atomic or molecular state. The p
ton spectrum can always be represented by a linear co
nation of the spectrum of singlet and that of triplet sta
capture. The coefficient of each state is determined by

FIG. 5. The spectrum of left-handed photons is plotted for
photon energyEg560 to 99 MeV for each spin state. The lines a
the results of HBChPT up to NNLO. The solid, long-dashed, sh
dashed, and dotted lines correspond to triplet, statistical, ortho,
singlet states, respectively.

FIG. 6. The spectrum of right-handed photons for each s
state. See the caption of Fig. 5.
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particular target, liquid or gas, by the amount of delay b
tween the muon stop and the beginning of counting, and
the formulas incorporating the various atomic and molecu
transition rates which describe the transitions from captu
through singlet, orthop-m-p and parap-m-p molecular
states. It is known that there are some ambiguities in
parameters of these formulas, particularly with regard to
ortho-para transition rate@1# and to the possible inclusion o
a spin 3/2 component in the ortho molecule@19#.

In Figs. 5 and 6 we plot our results for the spectra of le
and right-handed photons, respectively, for each spin st
The solid, long-dashed, short-dashed, and dotted lines co
spond to triplet, statistical, ortho, and singlet states, resp
tively.

From these figures one can see immediately some gen
features. The spectrum of right-handed photons, which
also essentially the spectrum of unpolarized photons, is m
larger than that for left-handed photons. Specifically by co
paring the two figures we find that the rate for right-hand
photons is about 2.5 times larger than that for left-hand
photons for the singlet state and 17.3 times larger for
triplet state, when the spectra are integrated over the ph
energyEg560 to 99 MeV. Under the experimental cond
tions of the TRIUMF experiment@1#, the orthop-m-p mo-
lecular state is dominant, so that in these conditions
would have about one-tenth as many left-handed photon
right-handed ones. Presumably this enhancement of ri
handed photons is due to the strong enhancement of the
let state and to the fact that the muon radiating diagr
dominates, and, as was noted above produces purely r
handed photons.

More specifically, with regard to the question of sensit
ity to the atomic and molecular states, we note that if
spectra of singlet and triplet states were the same, the rela
amounts would not matter and there would be no sensitiv
From the figures we see that, while this is not the case,
singlet is in fact much more important, and closer to t
triplet, for the left-handed photon case than for the rig
handed one. Numerically the ratio of the singlet to trip
state spectra, when integrated over the photon energy, is
for left-handed photons and 0.05 for right-handed photo
This means that the left-handed photon case will depend
strongly on the relative amounts of singlet and triplet th
the right-handed case. But one should also take into acc
the result above that the left-handed spectrum is much m
sensitive togP than the right-handed~or unpolarized! spec-
trum. Thus one concludes that a measurement of the s
trum of left-handed photons, or equivalently the circular p
larization of the photons, as we propose here, should
significantly less sensitive to the atomic and molecular a
biguities per unit of sensitivity togP than is the right-handed
or unpolarized spectrum.

V. SUMMARY AND DISCUSSION

We have discussed RMC on the proton in the case w
the measured photon is polarized and have shown that
spectrum involving left-handed photons and the photon
cular polarization are quite sensitive to the pseudoscalar c
pling constantgP . They are somewhat less sensitive than
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unpolarized case to the atomic and molecular spin stat
well. This is because the dominant diagram with radiat
from the muon vanishes when only left-handed photons
considered and because the chiral counting rules of HBC
select only the pion poles in the leading order contribut
from the other diagrams. Thus these observables include
various ingredients of the problem in a different way th
does the unpolarized spectrum and so their measurem
may help resolve the current disagreement between th
and experiment based just on the unpolarized spectrum.

On the other hand, the value ofgP can be deduced in
other ways, particularly through more precise OMC expe
ments. For instance, the measurement of OMC in3He has
provided a value ofgP in agreement with the PCAC predic
tion within 20% @34,35#, and the new measurement of th
OMC rate in the singlet atomic state proposed at PSI sho
also provide a relatively precise value ofgP @25#.

Nevertheless RMC is a different process, which involv
the electromagnetic interaction in an intimate way, and c
tains form factors for both timelike and variable momentu
transfer, in contrast to the fixed spacelike momentum tran
in OMC. It may very well be that there is some missin
ingredient in RMC rather than a problem with the fundame
tal value of gP , but still there has been a long standin
difficulty both in nuclei and for hydrogen in describing RM
with the PCAC value ofgP @36#. Thus measurements o
RMC ~both for polarized and unpolarized photons! are both
interesting and important.

The measurement of polarized photons in RMC on
proton is however technically extremely challenging. T
spectrum of left-handed photons is only one order of mag
tude smaller than that of the unpolarized photons. Howe
to measure the polarization of the photon one needs an
ditional scattering through an electromagnetic interaction
alternatively needs to measure the angular distributions
the electron-positron pair produced when the photon
stopped. Hence to obtain the same order of precision as
of an unpolarized RMC experiment, the polarization expe
ment must accumulate more events, say by as much as
e

cl
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orders of magnitude, than the unpolarized experiment. S
measurement is probably impossible with current mu
beams and techniques, but may become feasible with
very intense muon beams which are now being discusse

One should also note that there is an alternative quan
which could be measured, namely, the angular asymmetr
the photon relative to the muon spin. By virtue of the gene
theorem of Ref.@27# this quantity has generally the sam
features and sensitivities as doesb. It is much easier to mea
sure, since one does not need to rescatter the photon, a
fact has been measured in nuclei@37#. However in the case
of the proton, the muon loses almost all of its initial pola
ization as it is captured into atomic orbit. Hence the suppr
sion factor, due now to the low residual polarization of t
muon, may be just as large as for the polarized photon
servables we have considered here.

On the other hand, in nuclei the capture rate for RM
increases proportional toZ4, whereZ is the number of pro-
tons in the nucleus. This makes measurements of the u
larized rate in nuclei relatively easy@38,39#. So it may be
feasible to measure the polarized photon observables
RMC on heavy nuclei. Indeed, the pion pole still gives t
leading contribution and the general features remain
same, although there are the not insignificant complicati
in both calculations and interpretation introduced by t
nuclear structure as well as by many-body effects such as
meson exchange current.
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