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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 genstant
measurement of either of these quantities, although very difficult, might be sufficient to resolve the present
puzzle resulting from the disagreement between the theoretical predictigp fand 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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[. INTRODUCTION [11-15.22Thus we conclude that the existing discrepancy is
still unexplained.
] o As it appears that a NNLO calculation which includes all
The first measurement of radiative muon captR#C)  gjagrams through one-loop order converges sufficiently, the
on hydrogen only possibilities for significant improvement would seem to
come from effects outside the context of HBChPT, or per-
haps from terms originating in the Wess-Zumino Lagrangian.
uotp—v,tnty (1)  These Wess-Zumino terms turn out to be negligible, how-
ever, as shown in Refl1]. Furthermore, all possible expres-
sions in the amplitude which can be composed of the char-
has been reported by a TRIUMF gro[f, and the value of acteristic operators involved in the reaction, namely the
the induced pseudoscalar constapt was deduced to be polarization vectors of the photon and the lepton current, the
about 1.5 times larger than that predicted by the partialljthree-momenta of the outgoing photon and of the exchanged
conserved axial currenPCAC) or that obtained from one- Weak vector boson, and the spin operator of the nucleon,
loop order heavy-baryon chiral perturbation theory®merge already in the one-loop order. Therefore, higher order
(HBChPT) calculations[2,3]. In Ref. [4] the photon spec- contnbyuons in the HBChP.T. perturbation series will give
trum from RMC on a proton was obtained within the contextcorrections only to the coefficients of these operator expres-

of HBChPT up to next-to-next-to leading ord&NLO), i.e sions and should be small, in view of the rapid convergence
to one-loop order. The results simply confirm a next-to-Of the chiral series in this reaction. This led us to the conclu-

leading ordefNLO) HBChPT calculatiol5] and the earlier
theoretical predictiong6—10] based on a phenomenological

t level E h h. Eurth th | 1The authors of Ref[15] claim to have resolved part of the dif-
ree-level Féynman graph approach. Furthermore, the resu Fgrence between theory and experiment based primarily on a con-

of Ref. [4] indicated that the c.:hlral Series converges rapl.dly'tribution of the A. However they find, using their best set Af

and thus suggest that the discrepancy between experimepirameters, a contribution in basic agreement with previous calcu-
and theory observed for RMC on a proton cannot be extations and essentially the same as that already included in the
plained by higher order corrections within HBChPT. Sinceanalysis of the TRIUMF experiment. They show it is possible to
then, many analyses have been reported, incorporating a veicrease the\ contribution by arbitrarily varying one of the param-
riety of new elements and suggestions, but all have essemters, but to approach the experimental result this parameter must

tially confirmed earlier results for the photon spectrumbe far outside the range they say is allowed by other data. Thus this
latter explanation seems unlikely.
2A sea-gull term was introduced in the RMC amplitude in Ref.
[16], which could reproduce the experimental data. However, it was
shown[17] that this term was not gauge invariant and in addition
that it was already present, together with the additional pieces

*Email address: sando@nuc003.psc.sc.edu needed for gauge invariance, in the HBChPT approach of [Rgf.
TEmail address: fearing@triumf.ca and in the standard Feynman graph method of, e.g., [RefThis
*Email address: dpmin@snu.ac.kr sea-gull term was also criticized in R¢18].
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sion that something other than the ingredients of the hadronic Measuring the photon polarization enables us to choose
vertices may in fact be the source of the problem. For exthe most important graphs which involve pion poles and
ample, there may be difficulties in our understanding of thetherefore to enhance the dependence of the result on the
atomic and molecular states of the muonic atom in hydrogerseudoscalar coupling constagi. In the usual transverse

In particular the dependence of the photon spectrum on thgaugé by far the most important diagram for RMC is the
initial muonic atom states is non-negligible, so that it is im-one where the photon is emitted from the leptonic current.
portant to try to find a quantity which is less sensitive to theThe pseudoscalar coupling constant is an important contribu-

atomic and molecular states but, at the same time, is sendfr t0 this diagram, sincgp is so much larger thagy or ga,
tive to the pseudoscalar constant. but its importance is not enhanced by the pion pole because

dhe momentum transfer in this diagram is always spacelike.
Therefore, to concentrate on the pseudoscalar constant, we
would like to find the channel where this diagram is blocked.
The polarization experiment blocks this channel.

The rationale is simple and transparent. Since the neutrino

Quite recently, some alternative scenarios for possibl
resolution of the §p puzzle” have been suggested by two
groups. In Ref[19], the photon spectrum corresponding to
the experiment of Ref.1] was fitted by adjusting a param-

eter ¢, with (1-¢) gving _thg fraction of spin 3/2 ortho is left-handed, the photon emitted from the leptonic current
P-p-p moIecuIa_r state "? I'ql_“d hydrogen. A valug=0.8 . Is right-handed. This was shown f&f and A couplings in
~0.9 was obtained, which is smaller than the theoreticakef [26] and generalized to include the induced couplings as
prediction ¢=1 [20,21] and would correspond to a 10 to \e|| in Ref. [27]. A measurement of a left-handed photon
20% component of the spin 3/2 stétén Ref.[14], on the filters out the photon from the leptonic current, and is thus
other hand, the authors employ HBChPT, using explicitsensitive to radiation from the hadronic current. The sensi-
A(1232) degrees of freedom and the so called “small scalgivity to g comes from the fact that some parts of the had-
expansion scheme,” to estimate the photon spectrum ofonic current, and in particular some parts containing pion
RMC up to tree-level. Their results basically confirm the poles, are of leading order by the power counting rules of
estimates made earlier which include thé1232) phenom- HBChPT.
enologically[9,10]. They also speculate that thgps puzzle” The photon circular polarization in RMQo be defined
can be explained by accumulation of small effects and variaexplicitly below) has been considered before in the context
tions of parameters, or perhaps by an isospin breaking effecef @ phenomenological treatment of the weak nucleon cur-
As we have observed, the present situation viewed fronfent parametrized by form factof7]. There it was shown
the context of HBChPT can be summarized as follows. Alithat the circular polarizatiotand also the photon asymmetry
symmetries of QCD are respected order by order in thigelative to the muon spincould be written as + O(1/my)
theory and the chiral expansion is rapidly converging. Thevheremy Is the nucleon mass and where the coefficient of
rapid convergence is fortunate, since to improve the theorjh® O(1/my) term involves the various coupling constants.
by calculating higher orders would require including all of We 2WI" discuss below the expansion scheme in powers of
the many possible diagrams of the chiral order under considl/My corresponding to this theorem and its connection to the
eration and would normally introduce a large number of newPower counting scheme of HBChPT.
low energy constants which would have to be constrained by
experiments. Furthermore, the HBChPT results agree fairly || LEPTON MATRIX ELEMENTS OF RMC WITH
well with those obtained from the standard diagram ap- POLARIZED PHOTON
proach, so that all theoretical approaches are reasonably con-
sistent, and unable to explain the RMC data with the pre- The Feynman graphs contributing to RMC on a proton
dicted value ofgp . can be classified into the two classes shown in Figallthe
It is probably important to remeasure the photon spectrunfirst corresponds to those graphs where the muon radiates,
in RMC, or to measure more precisely the rate for ordinaryand (b) the second to the graphs where the hadron radiates.
muon capturdfOMC), u+p— v+n, as has been proposed The amplitude of the process can then be written as the sum
[25]. Alternatively, one could consider performing a ratherof two diagrams
more sophisticated experiment which would be sensitive to
some different combination of the ingredients of the prob- eGrVyg
lem. In that vein, we want to propose here to measure the My = 2 €[ M P+ T M, 2
polarization of the outgoing photon.

wheree is the electric chargesg is the Fermi constany/,q

3The authors of Ref[19] also considered ordinary, nonradiative 1S @ Kobayashi-Maskawa matrix element, adfglis the po-
muon CapturéoMC) and Origina”y found there the same value of |aI’I2atI0n vector Of phOtOI’] The hadron mat”x e|ementS W|th
¢ found for RMC. That result was obtained, however, using a for-
mula relating the states in the liquid hydrogen and the atomic OMC
rates which did not correspond to the experimental conditions of the *Note that individual diagrams are not gauge invariant by them-
OMC experimen{22]. Using an appropriate formul23,24 one  selves, so any comments about relative sizes are gauge dependent.
finds thaté=1 results in a value which is in good agreement with We will always assume the transverse gauge for any such compari-
the OMC data. sons.
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i [E
M HJJ) v TR v MP(— R)=2 m—M(sin 6,1—cosb,i(1—cosb),sinb),

ve (10
qr Qdw
q MAB(+,L)=0, (12)
n p n where MP(+ h)=e; M*(x). Signs () and h
(a) (b) =(R,L) in the parentheses of the left-hand side of the equa-
(WNN) (VWNN) tions denote, respectively, up and down muon spin state

along thez axis, and right- and left-handed photon polariza-

FIG. 1. Diagrams for radiative muon captufe) diagram with tion state’ Equations(9), (10), and(11) show that the pho-

radiation from the muon line. The matrix element of the weak . . .
. ; : tons radiated from the muon line are totally right-handed
nucleon currentl; is matched with the lepton matrix element larized 26 2
M *E_(b) Diagram with radiation from the hadronic current whose po ?nze [26,27. he left-handed oh h litude of
matrix elemenM ,z is matched with the lepton matrix elemefit'. l one measures the left-handed photons, the amplitude o
Eq. (2) is reduced to

three and four legs are denoted hyandM 4. Their prop-

erties have been studied in Rpf], and are briefly discussed M(-L):e GFVudj MA(L) (12)
in the next section. fi N ’
The lepton matrix elements with three and four legs,

and M, are given by whereM?(L)=¢f ,M*# is the part ofM“# producing only

_ left-handed photons, where the spin indices of proton and

Tp=U,vp(1=ys)Uy, (3 neutron are suppressed. Therefore we can investigate the part

of the hadron four-point matrix elemeM?(L) which pro-

MQBZUﬂﬁ(l— yS)V'(M—Q)+mu Yo, 4) duces left-handed photons, without the interference of the

21-q lepton radiating diagram containing the weak nucleon cur-
. ] rentJgz, by measuring the left circularly polarized photons.
whereu (q) is four momentum of muofphoton, m, isthe  The circular polarizatior8, which is defined by

muon mass, and, (u,) is the Dirac spinor for the muon

(neutring. NR—NL
First, we study the lepton matrix elements involving a =—, (13
polarized photon. In the laboratory frame we assume that the N"™+N

z axis of our coordinate system coincides with the neutrino R Ly )
direction and thex-z plane includes the photon trajectory. WhereN™ (N°) is the spectrum of right-handeteft-handed

Thus we have photons® has the property thgg=1 for the muon radiating
diagram of Fig. 1a) [26,27]. Therefore, forB=1+Ap, the
7=(0,0,), q=(sin6,0,cos4), (5)  deviation from one,AB=—2N"/(N"+NF), should come

entirely from the contribution oM#(L).

wherev (q) is the unit vector of the neutringphoto) mo-
mentum and@ is the angle between neutrino and photon, Ill. CHIRAL COUNTING RULE AND HADRON MATRIX

v-q=cosé. In the transverséCoulomb gauge the polariza- ELEMENTS OF RMC

tion vectors of the photon are given by HBChPT[29] is a low energy effective field theory of

QCD, which has a systematic expansion scheme in terms of
-, 1 P -, 1 ; ; Q/A, , whereQ is a typical four-momentum scale character-
€ =—(—cosh,—i,sinf), es=—=(cosh,—i,—sindh), NIy, typical T _ _ (
J2 J2 izing the process in questiony, is the chiral scale with
6  A,=4nf.~my=1 GeV, and wherd , is the pion decay
. ) constantQ must be small, typically of the order of the pion
where subscripts andR stand for the left- and right-handed ,559m. Atypical scaleQ in muon capturéboth OMC and
polarization state, respectively. In this frame we can rewritquC) Ts the muon massm, =105.7 MeV, and hence
Egs.(3) _and (4) in terms of components of four vectors for Q/A,~0.1. One therefore expects a rapid convergence of
each spin state, relevant chiral perturbation series for muon capture and the

Bl e B . explicit HBChPT calculations are consistent with this expec-
JH+)=er=2y2m,E,(0-1,71.0), ™ tation[2-5,14,19.
JP(—)=ef=2y2m,E,(1,0,0,0, (8)
E SWe define the polarization vectors for the lepton currepand
B . . . .
B(+ P i + : P + el , as depicted in Fig. 1, via Eqé7) and(8).
MA+R)=2 m#(1 cosg,sinéi sing, 1+ cosd), ®The unpolarized spectrunil’/dE, is obtained bydl'/dE,=NR
(9) + N,
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FIG. 2. Feynman diagrams containedJig andM .z through the next-to-next-to-leading order. The photon is denoteg, lilge weak

current is decomposed in¥,A parts, and a dashed line denotes an
from £, and those with @ are from £, or the one-loop corrections.

exchanged pion. Vertices without blobs ark ftbose with “X” are
The five diagrams in the first line are diagrams of LO, which originate

from L,. The next ten diagrams in the second line are those of NLO, which contain one “X7j.oThe following 19 diagrams in the third

and fourth lines are those of NNLO, which contain two “X"s @f; or

The effective Lagrangian is expanded as

L=, L;=Lo+ Li+ Lo+ (14)

where the subscriptr denotes the order of terms;=d
+n/2—2, with n the number of nucleon lines ardl the
number of derivatives or powers of, involved in a vertex.
Ly, L4, and L, are the leading ordelLO), next-to-leading
order (NLO), and next-to-next-to-leading ordegiNNLO)
parts of the Lagrangian, respectively, and their explicit form
has been given in Reff4]. Note that our Lagrangian contains

one “@” of L, or a one-loop correction.

handed photons are emitted from the hadron matrix element
M.z, and all the leading order diagrams dfl,gz
(M0a,M0b,MO0c) contain a pion pole.

Observe that two different momentum transfers appear in
the pion poles in théV0 diagrams. FoMOc and the lower
pole of MOb, the momentum transfey;=u—v—q is rel-
evant.q§ is always spacelike, has no significdhj depen-
dence, and is generalry—mi. On the other hand for the
MOa diagram and the upper pole d0b the relevant mo-
mentum transfer ig|,= u—v. This depends oit,, via q\z,\,

~2m,E,—m? and becomes-+m’, near the upper end of

pion and nucleon degrees of freedom only. In passing, wéhe photon spectrum. Thus one is much closer to the pion

should note that th€, includes the terms aP(1/my) which

pole for these diagrams. This means that, other factors being

are corrections to the leading order Lagrangian. In the NNLCequal, these diagrams will be enhanced relative to those in-
Lagrangian we have seven unknown constants, the so-callelving q;.

low energy constantd_EC's), which are not determined by

Now let us discuss the theorem of REZ7] and the con-

symmetry but must be fixed by experiments. Three of thenection between the standard Feynman diagram approach to

seven LEC’s appear in the three point vertex functiond.of

RMC and the HBChPT approach described here. In HBChPT

and they are fixed by the vector and axial vector radius anghe most important diagram contributing to the hadronic

the Goldberger-Treiman discrepand;4,14,19. One of the
remaining four constants is fixed via a rare pion de2g],

pieces of Fig. 2 is the seagull diagrampa. This is just the
standard Kroll-Ruderman term, which, however, is not ex-

and the remaining three constants are estimated using thicitly seen in the diagrams of the relativistic phenomeno-

A(1232) andp saturation metho@31].” Therefore there are
no undetermined parameters in the calculation.

Let us look at the diagrams involving the hadron matrix
elementsl; andM 4 in Fig. 2.(See the caption of the figure
for more detailg. The LO, NLO, and NNLO diagrams are

logical model(Fig. 1 of Ref.[7]), since that model used a
pseudoscalar pion-nucleon coupling. Had pseudovector cou-
pling been used it would have appeared explicitly. It can
however be directly identified as part of the diagrsfy in

Fig. 1(b) of Ref.[7] where the photon radiates from proton,

drawn in the first line, the second line, and the third andthe proton propagates, and interacts with the lepton current,

fourth lines in Fig. 2, respectively. Since, as noted eafér

where the vertex of the weak nucleon current is described by

the series converges well, we expect those diagrams in tHée weak form factors. Thil0a diagram is included in the

first line to be the most important. Both left- and right-

contribution from the negative energy propagation of the
proton in theM, diagram[MOb andMOc can be also iden-
tified as parts of(d) and (e) in Fig. 1 of Ref.[7], respec-

"Recently, these LEC'’s have been determined using data for rdively.]

diative pion capturg¢32] and employing the Lagrangian of Ecker
and Mojs [33].
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In the phenomenological model the amplitudg can be
expanded in terms of &l as
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1 0.07 r . .
7 RO e HBChPT
M bzz_mNXx gyl e* - T+ (1+ Kp)jol o-e*Xq—io-€e* 0.06 e, Gp/Gp CAC=T  samersnen |
R '.,_.'.‘. =15 oo
XTI+ gl 0 € —(1+ k) (iq- € X T+ o€ q- T — 005} .
S
> A N qW j., N L 0.04 ."'-‘. T
—-0e* - )]+ ge(qu)——0 € (xp+ O(LIMY), e
Z 8 003t 1
15 s k
(19 z 0.02 1
where the nucleon weak form factors are denotedypyor 0.01 | ]
vector, g, for axial vector, andgp(qy,) for pseudoscalar

form factors.«, is the proton anomalous moment. We con- 0 N
firm the result of the theored27] that all the terms in Eq. 60 65 70 75 80 & 90 95 100
(15) are 1My corrections. In this approach the form factors Ey [MeV]

are phenomenological parameters. Hpedependent term is
formally of order 1y, but the form factogp happens to be
numerically large.

FIG. 3. The spectrum of left-handed photons in the “experimen-
tal state” is plotted for the photon enerdy,= 60 to 99 MeV. The

. -solid line is the result of HBChPT up to the NNLO, and the dashed
The connection t_o the HBC.:hPT a_pproach can be made Vlénd dotted lines are results for the relativistic mddéwith two gp
the Goldberger-Treiman relation which tells us that the pseu- PCAC__ .
. values,gp/gp “ =1 and 1.5, respectively.
doscalar form factor has the structure due to pion propaga-
tion, i.e., a pion pole, and is given explicitly byp(q?)

_ Zm#mNgA/(mi—qZ). In HBChPT this expression, rather Let us first study the sensitivity of the polarization observ-

thange , will appear in all the pion pole terms and th, in ables to the value ofp. In Figs. 3 and 4 we plot the spec-
gp, WIT appear | pion p R, | trum of left-handed photons and the photon circular polariza-

the numerator will cancel theny appearing in the denomi- . velv. in the . | 104 ;
nator, thus pushing this term to one lower order in the exOn: respectively, in the “experimental staté8.1% atomic

pansion than it is in the expansion of the phenomenologicatl1yperfine singlet state, 85."4% ortay.-p state, and 8.5%
relativistic model[27]. parap-u-p state reported in Ref[1] for the photon energy

We are now in a position to discuss what is known regard.E»=60 t0 100 MeV. We plot three lines which are obtained

ing the polarization observables of the muon capture. AQY using the HBChPT up to NNLO and the relag‘(’:'/fé'c phe-
mentioned before, a general theorem tells us tatis for- nemenological mggsj:ﬂ with two 9p valuesgp/gp =

mally O(1/mZ) [27]. Using a phenomenological treatment of &1d 1.5, wheregp=""=gp(—0.88m,) is the Goldberger-
the weak nucleon current parametrized by the form factord 'éiman prediction fogp at the momentum transfer corre-
one can show that hadron matrix elements are of odger sponding to OMC in hydrogen. . N

= (1) andM ,z=O(1/my) in the LMy expansior{27,2§. One finds that the results are quite sensitive to the value
Hence, NL~|MB(L)|2:O(1/mﬁI) and the leading part of of Op as eg&eccted. The results of HBChPT and the. model
NR~|JB|2:O(1) and thusAﬁ’:O(l/mﬁ,) in this model. W|t_h gp=gp " arein good agreer.ne.nt in t_he both f|_gures
However,A 3 is not particularly small, as also noted in Ref. which confirms that the same basic ingredients are in both

[27], because it contains a term proportionagﬁa, andgp is models and that the 'other hlgher O“’GF .co'rrecnons in
large, as is explained in the previous paragraph. HBChPT and terms not included in the relativistic model are

So to summarize, one can understand the connection be-
tween the theorem derived by expansion of the relativistic 0.9
phenomenological model in R4R7] and the corresponding

HBChPT expansion by noting that there is a one to one cor- 0.8 i
respondence between the 1mj/, and 1r‘n§ terms in the 07 b |
expansion of the model and the LO, NLO, and NNLO terms '
of HBChPT, except for the pion pole terms which appear at 0.6 ]
one lower order in HBChPT because timg in the numera- e .,
tor of gp has been explicitly extracted. 05 i
04 t .
IV. NUMERICAL RESULTS
In Figs. 3, 4, 5, and 6 we plot our results for the spectrum 0.3 ]
and circular polarization of photons, all calculated in HB- L
ChPT up to NNLO. There are two major issues to discuss. 0'260 65 70 75 80 85 90 95 100
First, what is the sensitivity tgp of the spectrum of left- E, [MeV]

handed photons and the circular polarization and, second, !

how sensitive are these results to uncertainties in our knowl- FIG. 4. Circular polarization in the “experimental state.” See
edge of the muon atomic states. the caption of Fig. 3.
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0.06 — il — particular target, liquid or gas, by.thg amount of_ delay be-
Statist?cal e tween the muon stop and the beginning of counting, and by
0.05 | Ortho . the formulas incorporating the various atomic and molecular
Singlet transition rates which describe the transitions from capture,
004 P _ through singlet, orthop-u-p and parap-u-p molecular
> h states. It is known that there are some ambiguities in the
% 0.03 | i parameters of these formulas, particularly with regard to the
o \ ortho-para transition rafel] and to the possible inclusion of
= 0.02 b | a spin 3/2 component in the ortho molec{il&].
T ) In Figs. 5 and 6 we plot our results for the spectra of left-
0.01 b | and right-handed photons, respectively, for each _spin State.
: The solid, long-dashed, short-dashed, and dotted lines corre-
0 L s spond to triplet, statistical, ortho, and singlet states, respec-
60 65 70 75 80 85 90 95 100 tively. _ , _
E, [MeV] From these figures one can see immediately some general

features. The spectrum of right-handed photons, which is

FIG. 5. The spectrum of left-handed photons is plotted for the@lSo essentially the spectrum of unpolarized photons, is much
photon energyE ., =60 to 99 MeV for each spin state. The lines are larger than that for left-handed photons. Specifically by com-
the results of HBChPT up to NNLO. The solid, long-dashed, short-paring the two figures we find that the rate for right-handed
dashed, and dotted lines correspond to triplet, statistical, ortho, anghotons is about 2.5 times larger than that for left-handed
singlet states, respectively. photons for the singlet state and 17.3 times larger for the

triplet state, when the spectra are integrated over the photon
CAC=1.5 gives a photon energyE, =60 to 99 MeV. Under the experimental condi-

spectrum larger by about a factor of 3 than the case orions of the TRIUMF experimerfl], the orthop-u-p mo-
gp/gECAC=1. Therefore our result shows the strong sensil€cular state is dominant, so that in these conditions one
b .

o : ; would have about one-tenth as many left-handed photons as
tivity of the polarized photon spectrum to the different value ight-handed ones. Presumably this enhancement of right-

of the pseudoscalar coupling over the experimentally acce% X X

; ; e anded photons is due to the strong enhancement of the trip-
S'b.le photon energy region. This is In contrast to the unpoéet statepand to the fact that the gmuon radiating diagran?
larized photon spectrum where the difference of photon spe dominates, and, as was noted above produces purely right-
tra with the two different values afp is only of the order of ’ '

30—40 % in the measurable region. The circular polarizatiorbandeoI pho“?'?s- . . .
is also sensitive and differs for the two valuesgyf by a More specifically, with regard to the question of sensitiv-

more or less constant amount 0.2 over the whole relevar 8 T2 S0 1 A SEIR 1 TN VS e
region of photon energy. P 9 P ’

Consider now the question of the sensitivity of the result amounts would not matter and there would be no sensitivity.

to aspects of the muon’s atomic or molecular state. The ph(s)sEil:rPetthii fllr? L:‘;ecst Vr;eu;?emtgsé, ivr\Tllhll)ertg]rln? IzsanndOtctlgge(;atSoe,ﬂ:ge

ton spectrum can always be represented by a linear Combtifi ?et for the left-handed hotoﬁ case' than for the right-

nation of the spectrum of singlet and that of triplet state piet, . P . . '9
handed one. Numerically the ratio of the singlet to triplet

capture. The coefficient of each state is determined by thgtate spectra, when integrated over the photon energy, is 0.34

for left-handed photons and 0.05 for right-handed photons.

in fact small. The case ofip/gp

1.2 T "Triplet — This means that the left-handed photon case will depend less
Statistical =--e---m-m strongly on the relative amounts of singlet and triplet than

1r Ortho = 1 the right-handed case. But one should also take into account

Singlet e the result above that the left-handed spectrum is much more

sensitive togp than the right-handecbr unpolarizedl spec-
trum. Thus one concludes that a measurement of the spec-
trum of left-handed photons, or equivalently the circular po-
larization of the photons, as we propose here, should be
significantly less sensitive to the atomic and molecular am-
biguities per unit of sensitivity tgp than is the right-handed

or unpolarized spectrum.

NP [(sec GeV) ]

V. SUMMARY AND DISCUSSION

We have discussed RMC on the proton in the case when
E, [MeV] the measured photon is polarized and have shown that the
spectrum involving left-handed photons and the photon cir-
FIG. 6. The spectrum of right-handed photons for each spircular polarization are quite sensitive to the pseudoscalar cou-
state. See the caption of Fig. 5. pling constangp . They are somewhat less sensitive than the
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unpolarized case to the atomic and molecular spin state awders of magnitude, than the unpolarized experiment. Such
well. This is because the dominant diagram with radiationrmeasurement is probably impossible with current muon
from the muon vanishes when only left-handed photons arbeams and techniques, but may become feasible with the
considered and because the chiral counting rules of HBChPVery intense muon beams which are now being discussed.
select only the pion poles in the leading order contribution One should also note that there is an alternative quantity
from the other diagrams. Thus these observables include thehich could be measured, namely, the angular asymmetry of
various ingredients of the problem in a different way thanthe photon relative to the muon spin. By virtue of the general
does the unpolarized spectrum and so their measuremetiteorem of Ref[27] this quantity has generally the same
may help resolve the current disagreement between theoffgatures and sensitivities as dg@slt is much easier to mea-
and experiment based just on the unpolarized spectrum. sure, since one does not need to rescatter the photon, and in

On the other hand, the value gf can be deduced in fact has been measured in nudl@v]. However in the case
other ways, particularly through more precise OMC experi-of the proton, the muon loses almost all of its initial polar-
ments. For instance, the measurement of OMClite has ization as it is captured into atomic orbit. Hence the suppres-
provided a value ofjp in agreement with the PCAC predic- sion factor, due now to the low residual polarization of the
tion within 20% (34,35, and the new measurement of the muon, may be just as large as for the polarized photon ob-
OMC rate in the singlet atomic state proposed at PSI shouldervables we have considered here.
also provide a relatively precise value g [25]. On the other hand, in nuclei the capture rate for RMC

Nevertheless RMC is a different process, which involvesincreases proportional &*, whereZ is the number of pro-
the electromagnetic interaction in an intimate way, and contons in the nucleus. This makes measurements of the unpo-
tains form factors for both timelike and variable momentumlarized rate in nuclei relatively ead88,39. So it may be
transfer, in contrast to the fixed spacelike momentum transfeieasible to measure the polarized photon observables in
in OMC. It may very well be that there is some missing RMC on heavy nuclei. Indeed, the pion pole still gives the
ingredient in RMC rather than a problem with the fundamendeading contribution and the general features remain the
tal value ofgp, but still there has been a long standing same, although there are the not insignificant complications
difficulty both in nuclei and for hydrogen in describing RMC in both calculations and interpretation introduced by the
with the PCAC value ofgp [36]. Thus measurements of nuclear structure as well as by many-body effects such as the
RMC (both for polarized and unpolarized photprase both meson exchange current.
interesting and important.
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