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Subleading corrections to parity-violating pion photoproduction
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We compute the photon asymmetBy, for near threshold parity-violatingPV) pion photoproduction
through subleading order. We show that subleading contributions involve a new combination of PV couplings
not included in previous analyses of hadronic PV. We argue that existing constraints on the leading order
contribution toB ,—obtained from the P\y-decay of 8F—suggest that the impact of the subleading contri-
butions may be more significant than expected from naturalness arguments.
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[. INTRODUCTION Since these processes involve one- and few-body systems,
one anticipates new constraints on the RW interaction
The parity-violating(PV) wNN Yukawa coupling con- free from many-body uncertainties related to complex nuclei
stanth®" is a key ingredient to the understanding of the PVsuch as cesium or fluorine.
nuclear interactiofil—5] (historically, this constant has been  If the new experiments were to confirm the preséfit
denoted ad .. in the literaturg. A number of hadronic PV constraints oﬂnf,ﬁ, then one should attempt to understand the
experiments have sought to determine the vaIuIe:B[Z,S— nucleon structure dynamics responsible for the reduction
9]. A particularly significant result has been obtained fromfrom its “natural” size. At the same time, it would become
measurements of photon polarizatiBy in the PV y decay =~ necessary to account for the subleading chiral structure of the
of 18f: PV 7NN Yukawa interaction and its related observables. To
that end, we recently computed the subleading chiral contri-
heff=(0.73+2.3g,,, (1)  butions toh?" [17]. At leading orderh®" is identical to the
low-energy constan{LEC) h}r appearing in the PV pion-
whereg_=3.8x 108 gives the scale af_. in the absence of nucleon chiral Lagrangiai®]. The subleading contributions,
weak neutral Current@l]_ An exp”Cit SuG)/quark model which vanish in the chiral limit, involve a host of new LEC’s
analysig 1], as well as “naturalness” argumer(isee belowy, whose effect orinf,ff is fortuitously enhanced. A similar set of
would suggest thahff should be closer to f).. The results LEC’s appear in anapole moment contributions to the radia-
of the % measurement, which has been repeated by fivéive corrections to backward angle Rp scattering. These
different groups, is therefore surprising. The nature offfe ~ corrections, which have recently been determined by the
puzzle is further complicated by two additional observations SAMPLE Collaboration[19], appear to be considerably
(i) The governing PV mixing matrix element #F can be larger than one’s theoretlcal expectaybtﬁ]. Thus_,, there
related by isospin symmetry to two body component of the2PPear to be several hints that the c_hlral expansion for had-
experimental rate for the analg§ decay ®Ne— 8F+e* ronic PV may not behave as one naively expects.

+ 1, [10,12. SinceP.(1%F) is dominated by its sensitivity to With this situation in mind, we consider in this article the
heffe the’ bounds inyEq(l) appear to be robust from the subleading chiral contributions to another PV observable: the

standpoint of many-body nuclear thedgj. polarization asymmetr,, for the charged pion photopro-

(ii) A measurement by the Boulder group of the nucleardUCtIon process
spin-dependent PV effects in 6S-7S transitions in fi€s R
atom has been used in order to extract a value for the cesium y(g*; €*)+ p(PH)— 7 * (k*)+n(P¥), 2
nuclear anapole mome(AM ) [8]. Recently, a full two-body
calculation of the cesium AM has been used to extract congyhich will be the focus of the proposed JLab study. Here,
straints on the long- and short-range components of the P¥u _ B = © _of-
NN interaction[11]. When combined with the constraints on gnasé(:‘)c’)ﬂ)r:mzlrﬁerﬁta o(prﬂh’;)c;nag(rjo%n apriir: r;endcigﬁrr;: re-
the short-range PWN interaction, the cesium resuilts imply a gpoctively, ande” is the phot;)n pola’rization vector. The

central value for.h‘ff of ~10g,, in agreement with the asymmetryB.,, which arises from the interference of PV and
“naturalness” esUmf;’;\te. parity conserving(PC) amplitudes, was first studied in the
The status ofh?" may be clarified by a slate of new context of the conventional meson-exchange framework for
experiments—suggested, planned, or currently underwayiadronic PV in Refs[23,24. Recently, Chen and JCJ)
np—dy at LANSCE [13], y*,yd—np at Jefferson Lab proposed a measurement®f at the Jefferson Lab and re-
[14], the rotation of polarized neutrons in helium at NI®T  cast the earlier analyses in the context of heavy baryon chiral
as well as polarized Compton scattering proce$4ésl§. perturbation theoryHBCPT) [21,22. The authors empha-
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sized that PVar photoproduction accesses the RN in- In the remainder of this paper, we discuss the calculations
teraction directly, whereas in nuclear observables it is conleading to our conclusions. In Sec. Il, we summarize the
tained within the PWN potential. For the threshold region, formalism for treating hadronic PV in HBCPT. Section Il
where all external momenta are well below the chiral sym-gives the calculation of the subleading contributions to the
metry breaking scalé\,=4xF_~ 1 GeV, CJ obtain the PV photoproduction amplitude. In Sec. IV, we discuss a field
“low-energy theorem” for the asymmetry redefinition, first suggested in R¢R9], which expresses the
results of Sec. Ill in a compact manner. In Sec. V, we con-

\/EFﬂ-(/—Lp_,ufn) sider the expected magnitudes of the PV LEC’s, relate these

B (o, 0)= gam h% () estimates to the earlier work of Ré¢24], and summarize our
AN conclusions.
and the corrections from terms higher order in the chiral
expansion were estimated to be around 2[®@]. The ex- Il. HADRONIC PARITY VIOLATION IN CHIRAL
pression in Eq(3) is consistent with thdﬂ‘f,ff dominance of PERTURBATION THEORY

B, found in Ref.[24]. CJ also explored the kinematic behav-
ior of B, indicating that it could be large enough to be ful
observed in a polarized photon beam experiment at Jefferscp%I
Laboratory.

In this paper, we show that inclusion of subleading con-
tributions to the PV photoproduction amplitude leads to a

Before considering the heavy baryon expansion, it is use-
to review the relevant PC and PV Lagrangians in the fully
ativistic theory. For simplicity, we consider onty, N, and

v interactions. In this case, for PC interactions one has

: ) . 1 _
chirally corrected low-energy theorem: EPC=ZFiTrD“2DuET+ N(iD v~ my)N
J2F m,\] . 4V2m
By(wthia): Mp_/J“n 1+ hﬂ'_ C’ NI € — +
gAmN mN gAAX ( ) +gANAM‘y#'y5N+A_N(Cs+CUT3)0-#VNF,LLV+' -
4 b%

where them_/my represents the first recoil corrections to ®
the leading order PV and PC photoproduction amplitudesvhereD,, is the chiral and electromagnetiEM) covariant
andC is a new PV LEC defined below. In terms of chiral derivative,S = exp(r @/F,)=&, N is the nucleon isodoub-
counting, the result of CJ appearsGp®) while the correc- et field and

tions arising in Eq(4) occur atO(p). We note that the recaoll

andC terms shown explicitly in Eq(4) constitute the com- i
plete set of subleading contributions to the PV photoproduc- A,FE(éTﬁMé— £0,€h, (6)
tion amplitude, since the effects of loops as well as pole
diagzrams involving decuplet intermediate states arise at .
O(p?) and beyond. s to o
At face value, the expression in E@) indicates thaB,, F“”_EF“”(gApg *&Apd), @)
is governed by two, rather than one, PV LEC’b}T—andC,
with associated kinematic factors of nearly equal magnitude.
The actual situation, however, is more subtle. The natural-

ness arguments which impry,lT should be~10g, also lead
one to expec€~g, . Thus, if these two LEC's were to have

1
Ap=5(1+75). (8)

The relevant PV Lagrangians dr4,18]

their natural size, the subleading contributionsBtp would hi

generate the anticipated 10% effécthe results of the'®F LPV= h?,ﬁAMy”N-I— —VﬁyﬂNTr( AMX3+ )
experiment, on the other hand, imply tHn?h is strongly sup- 2

pressed from its natural scale. In this case, one would expect 1 1

h}T andC to be of comparable importance. Given the present - —Aﬁy“yE,NTr(A#Xi) -— F,TWX?N
lack of a first principle QCD calculation of these two LEC’s, 2 2\2

it is up to experiment to settle the question. As noted in CJ, 2 A va b wa by
if hl were to have its natural size, then a 20% determination TV NIXRAXR T XCALXCTYN
of B, may be feasible at Jefferson Lab. On the other hand, a hi o
null result at this precision would be consistent with i - ?ZabN[XﬁAMXE—Xf‘A#XE]y”yE,N
experiment and would imply the need of additional measure-

ments to separate’ andC.

Ci— ., Co— -
+ 5 No* [F;V,X§]+N+A—Ncr“ F.N

X X
We thank the authors of CJ as well as J.L. Friar for clarification + &ﬁgw[p— 'XihN: 9
of this point. AX mr
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where ate nucleon field redefinition. The reason is that when one
integrates by parts the action corresponding tohthéerm in
Xp=¢'7¢, (100 Eq.(13), the integrand vanishes by the nucleon equations of
motion. At 3= order and beyond, however, the effects of the
Xg=&7ET, (1) i, terms in Eq.(9) cannot be absorbed into other effective
4 oa.va interactions via field redefinition. Thus, in the context of the
Xi=X[*Xg, (12 complete nonlinear PV Lagrangian, thé remain distinct
and where we follow the sign convention of Reff$8,17). bvigtibﬁgxzequemly' we keep thg dependence explicit in
The corresponding PC and PV Lagrangians involvitg '
fields are given in Ref.18].
familiar and has received the most extensive theoretical scru- ASYMMETRY

tiny [1-5]. In the context of chiral perturbation theory, the | order to maintain proper chiral counting, we use the

radiative corrections .tdﬁ, were discussed extensively in. heavy baryon expansion of EqS) and(9). The motivation
[17], where it was pointed out that what nuclear PV experi-pehind the use of heavy baryon chiral perturbation theory
ments measure is an effective couplinff [17], whichis a  (HBCPT) is explained in detail if20], and we follow the
linear combination of LEC&® ,h, ,h{, etc. The commonly notations of this reference. Since we work in the near-
used “best value”—!—h},|:5>< 10" ‘—quoted in[1] corre-  threshold region, we use the so-called “small-scale” expan-
sponds to a large extent to a simple tree-level estimate withsion[25], i.e., we treatw,w ., |k|,m,,6=my—my, etc., as
out loop corrections. Estimates féw, and h}y have been small quantities and characterize amplitudes by the number
discussed in Refg§4,17], though no analysis similar to that of powers of these terms, e.g., we count the terpiq-k as
of [1] has been performed. To date, there have appeared ring O(p~1). The photon asymmetry arises from the inter-
estimates of the PWNy constants;. Nevertheless, one ference of the parity conservir@C) and PV amplitudes. In
expects the magnitude of these LEC’s to be roughly a fewRef.[20] the asymmetry was truncated at leading order, i.e.,
timesg,, . O(p°). In the present work we include tf@(p) correction,
For purposes of computinB,,, it is necessary to expand which arises dominantly from the PV vectsNN couplings.

the nonlinear Lagrangians of Eq$) and(9) through oner  As we show below, chiral loops contribute to the asymmetry
and oney order. The results for the PC interactions are fa-only atO(p?) and higher. Hence, our truncation of the chiral
miliar and we do not list them here. For the PV Lagrangiansexpansion of the asymmetry is consistent and complete up to
we also include the leading 2 terms proportional th,:  terms ofO(p).

The PC amplitudes which describe the charged photopro-

oy 1 hy — . duction reaction are defined via
LT'=—ih_7m"p'n— N py*nD,m
m TPC=N[iA - e+iA,o-qe-k
hi+hR T
+|?py“75p7r*Dﬂw’ +idzo-ke-k+ Ase- qxXK]N, (15
h(Al)_H(Z)_ where N is trle pro}on Pauli spinorg; are the Pauli spin
+i —zny“ysnrr*D,m’ matrices, and] andk are the unit vectors in the photon and
Fo pion directions, respectively. At leading order in HBCPT, we
- have A;=egn/\2F,, A,=Ajolkl/q-k, As=—AK?/
—ieA F pO‘MVFMVnW++H.C., (13 g-k, and A,=0 [26,27]. As explained in[20] one also re-
X quires the nonvanishing subleading order resultAgr
where
. AL [M w)M}
= gy~ | —
hy=h%+ zhZ, 2\2F,my "7 log /7"
2e09,naG K| [ o 1)
. _ 2€0ana 1||(w_5+w+5’ (16)
C=-2\2¢c,+ 5% (14) 9V2F ;my 4

L _ _ where theA (1232) contribution has been included explicitly.
Note that the LEChy does not contribute taC”¥ at this  Here G, is the M1 transition moment connecting the

order. As noted in Ref29] and discussed in detail below, the nucleon and delta, ang_y, is the m-N-A coupling [25].
effects of theh,, Lagrangians on processes involving up to Note thatA; 5 is O(p°) while A, is O(p).

two pions and one photon can be absorbed into effe@ive ~ To O(p) in the chiral expansion, the P\{yp—m*n
andh), type Lagrangians throughs2order via an appropri- T matrix can be written as
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HLL&’/ ,’/ L_H .7 L‘:’ - FIG. 1. The relevant Feyman diagrams for PV
_—— 7+ photoproduction. The circle filled with a
a) b) ) d)

cross is the PV vertex.

TPV=NY[Fk-e+iFo - exq+iFso-exK]N. (17)  generated by théy, andC interactions is identical when a
fully relativistic framework is used to compute the PV am-

We then have the asymmetry plitudes. The result in this case is
sir? 6 =
B,~ Aot — T AsFo— Ay F1— Ay F3]+ cos0A Fa _2eCo
Y 2 Fo= B (21)
(18) X
where#= cos 1q-k. (Note that the nominally leading piece with
from the interference terrd;_3F; vanishes if the proton A B
target is unpolarizegl. C=C+ x| Ko *n hy . (22)
The leading, nonvanishing contributionsBq, which oc- Myl 442

cur at O(p°), are generated by th®(p°) terms in.A;_;

interfering with theO(p°®) terms inF,, and by theO(p) Here «; are the anomalous nucleon magnetic moments, as

term in A, interfering with theO(p~?1) term in ;. The distinguished from the full momentg; used to this point.

leading order PV contributions t&7 , arise from the inser- The apparent difference between E¢80) and (21) is an

tion of the PV YukawarNN vertex of Eq.(13) in Figs. 1a), artifact of truncating the ify expansion at this order in

1(c), and 1d). The results, given in Ref20], are HBCPT—to this order of the chiral expansion the photon
and pion energies are equal. In what follows, then, we adopt

eht|K| eht w the result in Eq(21).
1= gk 277 2my Mp— o, mnls (19 In addition to theO(p) contributions fromhy, andC, F,
receives arD(p) contribution involvingh! generated by the
where 7, 7, areO(p~1),0(p°), respectively. 1/my, corrections to the nucleon propagator apidN vertex

Subleading contributions t&,, are generated b{D(p)  in the pole amplitudes. We include these corrections in the
and O(p?) terms in.4;_3 and.A4,, respectively, interfering asymmetry formulas below. Other possible contributions to
with the amplitudes in Eq(19), and byO(p) contributions  the PV amplitudes arise from tree-level graphs contaiting
in F, 3 interfering with theO(p®) terms in.4;_3. The sub-  intermediate states and from loops. The former require either
leading PC contributions have been computed2id]. We PV yNA or #NA couplings. As discussed in R¢fL7], there
refer to the detailed expressions for these corrections in thaixists no PVirNA coupling at leading order in iy, so that
work, which we employ in our numerical analysis below. Of the corresponding amplitudes first appeaOz{xpz). Indeed,
greater interest are th®(p) PV amplitudes involving new angular momentum arguments require that the7A cou-
LEC’s. These contributions, which are generated bytpe pling must beD-wave and henc®(p?). Similarly, the am-
andC terms in Eq(13), contribute to both the pole diagrams plitude generated by the PWNA coupling goes as
Figs. Xc) and 1d) and the seagull diagram Fig(k. We amF“‘Wy#N, yielding O(p?) contributions to the?; . Chi-
have ral loop contributions ta4,_,,F;,%,,F; appear aD(p?),

Fy=F5=0, O(p), O(p? or higher, respectively. In particular, the PV
amplitudes receive no contributions from loops containing
the leading order PVrNN Yukawa coupling and the PC

fzzﬂ O o~ i/—Ln— el + zicﬂ_ (20) ym or PCyarN interactions. Such loops require bothra
2my \/EFW @ @r Ay Fa in the intermediate state and emission ofrd from the

intermediate nucleon, and therefore must vanish by charge
conservation. The analogous loop containing amtermedi-
ate state and the P\WAA coupling is nominallyO(p).

The contribution from Fig. (b) cancels exactly those from
Fig. 1(c) and 1d) where the yNN vertex is minimum

H 2
coupling” o However, using an explicit calculation, we find that the inte-
According to the expression in Eq20), thehy andC o5 yanishes at this order due to the spacetime structure of
contributions to/ carry distinct kinematic dependences, a e jntegrand. All remaining loop contributions contain either

feature which might sugg,est using tkedependence 0B, (i) PV #aNN or ym#NN couplings or(ii) the PV 7NN
to separate the two LEC’s. Such a program would be miSyyawa interaction with ay-insertion on the intermediate
guided, however. As we show below, the kinematic behavioy, ,cieon line. All such diagrams generate sub-sub-leading
contributions. Consequently, chiral loops do not contribute to
the asymmetry until at lea®(p?) and need not be included
2We thank J.-W. Chen and X. Ji for pointing out this cancellationin the present analysis.
to us. The resultant photon asymmetry at or@p) reads then
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V2hiF ® ® |k|? k)2 _ 2
800 |1 g o= 2] - ] -5 0« Gt o o
1) ® o\ |K]| . wlk| 4,2C ) 2)
X _w—5+—w,,+5 +2(w—w)m—N;Ln(cos¢9— sin? H_Zq-k T UG 1- sir? 0_2q-k +---, (23

where the ellipses indicate the P@n/ contributions ofTP¢
in Ref.[27] and

At threshold,|k| =0, Eq.(23) becomes the low energy theo-
rem for the photon asymmetry given in Ed).

2

o,k (q—k)?
g—1—st¢9ﬁ

1= 2g-k

(24)

IV. FIELD REDEFINITION AND PHYSICAL
OBSERVABLES

In response to an earlier version of this paper, CJ ob
served that one may obtain the subleading PV contribution
to B, involving C entirely from the diagrantb) in Fig. 1
after a suitable redefinition of the nucleon fiel®9]. This
simplification arises because thg terms in Eq.(13) vanish
for on-shell nucleons after integration by parts. As discusse
in Ref.[30], the effects of interactions which vanish by the

equations of motion can always be absorbed into contact
interactions via field redefinition. In the present case, the

redefinition proposed by CJ is

p:B_ \/EF h\/7T+‘F|,
- i -
n=n-— N hy7 ™ p, (25
The resultant PV Lagrangiaf®" is
- — hithi— _
LPV=—ihlmz*pn+i AFz Apy“yg,prr*D#Tr’
hi—h2—  _
+i AF2 Aﬁy“'ySnﬂ'JrDMTF
—ie po'F N +H.ct - - -, (26)
A, 2
where
— A, ky— K
—p@_ A Gy Sx[ KT K
A A 2 \Y mN 4\/5 \Y ( 7)

Note that inZPY, the hy terms have been eliminated, and
their effect absorbed into the LEC and h{?) introduced

earlier In terms of physical observables involving up to two
7 and oney, it is not possible to determinie, from C. In
particular, as noted in Refl18], the PV NN potential con-
tains no dependence d, . _

The question remains as to whether Hgeconstitute dis-
tinct LEC’s in the context of the full nonlinear Lagrangian of
Eqg. (9), or whether their effects can be entirely absorbed into
other LEC'’s. In the following, we address this question using
the simplest unitarized version of the transformation in Eq.
(25). We show that at 3 order, it is not possible to eliminate
the h|, effects in terms of other LEC’s. We give a general
proof of this result in the Appendix. In principle, then, one

Es:ould use an appropriate PViri3procesge.g., the analyzing
power forw*5—> w7~ n) to separate thke, andC. In prac-

tice, measurements of multipion processes would be ex
tremely difficult at best.

ﬂ To illustrate this result, consider the unitary transforma-
on

(28)

to eliminate the leading linear term after expansion of PV
vector pieces in Eq9). The explicit expression 0¥, is

Vy=e (FF0ioyg (hy/Fon°, (29
V=g (/Fn0, (30)
0,=0+h}#°1, (32)
+
a
270
L V2
O—77T T+§hv B (32)
™ — 240
2

The difference between the field redefinition Eg5) and
Eq. (28) is twofold. The latter is unitary and also takes into
account the PV vectorr®NN interaction.

It is useful to collect some relevant terms of the redefined
Lagrangians containing the nucleon fidld For the strong
and electromagnetic part we have

30ur relative phase betwe@andh,, in C differs from Ref[29].
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my)N+N[VIID ,V 17N+ N[VTiV ,V]y“N+gaN[ VA V] v ysN

e = -
+ A—N[VT(CS+ C, 7)o F L VIN+ - - -, (33
X
whereV , is the chiral connection.
For the originally weak interaction we have
ZPV=hINV'A Vy#N+ = hVNy“NTr(A x3)- —hAN'y ysNTr(A,X3)— \/_hqlTF,,I\ZI[VTX%V]N
=~ ~ 1 ~ ~
+hIZaNVIIXBA X3+ XPA XP TV y“N — EhiIabNVT[XaAMXE— X2A,XPIV ¥ ysN
1 v 3 1 v 1 7 3 N
+A—C1Ncr" [Fr, X321 N+ A—CZNU" Fo N+ A—CgNa'“ [F., X31:N (34)
X
|
Now expand Eqs(33) and (34) in 1/F,. The leading 9
term arising from - F[W,[W,D,ﬂ]], (36)
N[VIiD ,V,]y*N (35) Wherer=37'7', while (3) yields
v
in Eq. (33) entirely cancels the # hi, terms in Eq.(34), + 6?[77,[7T,DM7T]]- 37
recovering the results of Eq$§26) and (27). The potential g
sources of 3r PV interactions include the following. Their sum is
(1) Expansion of the term in Eq33) N[inDle] YN o
in Eq. (33). The result isO(G2). LY [m[m.D 7] (39)
(2) Expansion of the term in Eq33) N[VT|V V]y“N, 3F3 LT

which is linear mhv, i=0,2 only[O(Gg)].

(3) Expansion ofA,, Xi X2 LR Operators in Eq(34) to
third order, which is I|near |mv (i=0,1,2) andhA,h1 (i
=1,2)[O(Gg)].

(4) Expansion otV andV' operator in Eq(34) to second
order, which is cubic |r‘nv, =0,2 onIy[O(GF)]

(5) Expansion of theN[VTA V]y#y5N and N[V'(cq
+cv7-3)<r‘”FWV]N terms in to third order[O(GF) and
O(Gg), respectively.

(6) Expansion of thec; terms in Eq.(34) to third order
[O(GH)].

Prior to the applying the transformatiof28),(29), the
only PV NN#7m contact interactions arise from tHs,
terms in(3). After field redefinition, one must add up all six
contributions. Note that those arising frof®) and (6) and
the h! ,h), terms in(3) contain a different Lorentz structure
than theh‘V terms in (3) and therefore cannot cancel the
latter. Similarly, since thei\, 3w terms in(3) arise atO(Gg),
they cannot be cancelled by the contributions frtinand
(4). Thus, atO(Gg), the only 37 contributions involving
NyMN arise from(2) and thehV terms in(3). Note that(2)
contains no terms mvolvmbv Hence, the & term propor-
tional tohy, appearing in3) cannot be removed by the trans-
formation Eq.(28).

For the terms proportional tb?, we obtain from(2)

The 37 PV vectorh{ contact term does not vanish after field
redefinition. A similar result holds fdn? . _

As we show in the Appendix, one may remove the 4,
terms by a more general field redefinition than given by Egs.
(28) and(29). Nevertheless, it is still not possible to remove
the 3 terms proportional to thé\, (the arguments of the
proof are similar to those above, but more tedious in the
detaily. Thus, we conclude that thie|, constitute distinct
and, in principle measurable LEC’s in the nonlinear chiral
theory of Egs(5) and(9). While one could compute observ-
ables in either formulation of the theotwith or without the
field redefinition and obtain identical results, the structure of
Lagrangian is more cumbersome after application of Eq.
(28): there appear several new interaction vertices, including
small[O(G2)] parity-conserving nonderivative interactions;
the chiral transformation properties are less transparent than
in the original version of the theory; and the fielsanni-
hilate nucleon states of mixed parity. Consequently, we retain
the original form ofZ PV given in Refs[4,18].

V. SCALE OF THE LEC’'S

Given thath® and C appear inB,, with nearly equal
weight, it would be useful to have in hand a theoretical ex-
pectation for the magnitudes of these LEC'’s. A simple esti-
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mate can be obtained by applying the “naive dimensional
analysis” of Ref.[31]. For strong and EM interactions, ef- /

7

fective interactions scale with, and A, as

) (27
AF2)\FL VA

X

(AXFW)ZX( (39

wherek,|,m are integers an® , is the covariant derivative.

For weak interactions, the same counting applies, multiplied

by an overall scale of
GeF2
9n~ .
2\2

Thus, one would expect the strength of the RM# Yukawa
interaction to be given by Eq$39) and (40) with k=1, |
=1, n=0:

(40

A

—X =
F 9-=470,.

m

(41)

Since the definition of the Yukawa interaction in E§) con-
tains no explicit factors oA or F ., one expects the natural

size of this LEC to be given by Eq41). Similarly, theC

7

et

1
X)—

FIG. 2. Thet-channelp-meson exchange diagram used to esti-
mate the PV LECC.

whereG,;=3d,pz— dgp, . From thep radiative decay width
[28] we have|g,,,,|=0.6, and for the P\LNN interaction
we follow Ref.[1], writing

h? | _
PV _ 0 P
LN JE( ho— %) [Py, ¥sp n+H.CA -]

interaction, which involvek=1, |=1, m=2, should scale (44)
as

Invoking VMD we have

1
AXngW. 42 ~ 9pmy AwamW 0 h127
C~- 2 . p—ﬁ ~—0.3%,, (49

However, since the PN N7y contact interaction in Eq34) P
alrfagdy contains the explicit factor.sAy and 1F _, the co- where we have used the DDH “best valueshg
efficient, C, should be roughly of sizg, . =—30g, ,h2=—25g, [1]. Presumably, other heavy mesons

It is useful to compare these expectations with results 0fqntripute with comparable strength. In this simple vector
model calculations as well as with experiment. The bench-

. : meson saturation picture, then, the sizeQfis consistent
g;: K é;.{GZgllézrkam‘(‘Jk()je(asltsalecslﬂer;t;z o:olr?hi[ﬁl],o;xpgaiefz;n with the expectation in Eq42). We note that the authors of

% g.—roughly commensurate with the expectation of Eq.Ref' [24] adopted similar picture for the short-distance PV

(41). That analysis, however, allows for the Yukawa couplingphyS'Cs’ treating the and» as explicit dynamical degrees
i of freedom.
to be as small as zero and as large as (20><3f)), owing to

tainti iated with various (8Ureduced matri As stated at the outset of this work, the quandary for the
uhcertainties assoclated with various (Sireduced matix - eftective field theory treatment ., is that the constraints

elements and quark model inputs. To date, no estima@ of ;n hl from the P (*%F) measurements imply that this cou-
. . ™ Y
has been performed. A simple estimate can be made, how;jing'is considerably suppressed from its “natural” schle.

ever, by assuming the short-distance PV physics is saturatfwh”e the analysis of Refd1,3] can accommodate th&F

by t-channel vector meson exchange. In the purely MESONIfesult, one has a more difficult task of explaining this result
sector, one may understand the magnitudes of@p")  ysing effective field theory alone, without reference to the
LEC's L; using vector meson saturation. For the baryon secynderlying dynamics of strong and weak interactions. Nev-
tor, the same framework was used to estimate the subsheless, taking thd®F result at face value implies that in
leading contributions to the nucleon anapole monfi8l I he HBCPT treatment of one- and few-body PV processes
the present instance, an illustrative contribution in this CONfominally sensitive to the PMNN Yukawa coupling, one
text is given in Fig. 2, where thé-amplitude is generated by must also take into consideration subleading PV contribu-
the PV pNN interaction. For thepmy vertex we use the

Lagrangian

“The 8F result is also consistent with the combined results of PV
(43) asymmetry measurements witfF, p+ a, andpp processegsee,

ﬁPC _EMG”VH'BF VG;BW++ .
b K e.g., Ref[11]).

Ty 4m
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tipns as we _have done.dey. Disentangling.the short- @3:(b17T+7T—+bzwowo)woi+(bsw+w—+b4wowo)77073
distance physics responsible for these subleading effects then

remains an interesting and unsolved problem for both theory ~ +(bs7t 7~ + b’ #0) (7wt 7 + 7 7_)

and experiment.

Note added in proofA measurement oB,, has been pro-
posed for Jefferson Lab: PR-01-005, R. Suleiman, spokes-
person. wherea; _g,b;_g are real numbers.

Now perform the unitary transformation

+i(bymtm +bgmlmO)(wtr, — ), (AB)
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vestigator Grant. In addition, we must also expand t& along with A, in

item (3). As was done previously, we may neglect those

APPENDIX terms whose Lorentz structure differs fraty,,N. Thus, we
consider only the vector terms arising frd)—(4) (with V
—U). From (1) we obtain the threer contribution

N=UN. (A7)

We present here a general proof that the P¥ Bector
interaction vertex(proportional to thehy) cannot be re-
moved by any unitary transformatidd. To simplify nota-
tion, we absorb the factor B/ into the pion field. Fromnow  0'iD,0=D,03+i[0;,D,0,]-i[D,0;,0,]+0(03),
on it is understood that (A8)

i -

J— Fiwi%' (A1)  Where theO? term is O(G2) and may be neglected. Since
g the component oD, proportional tdw\l, is independent of the

72, it does not contribute to the commutators in E48).

) Hence, we may replac®,—O in the expression above.

U=e'F, (A2)  Since theO, ; are may be oD(Gp), item (1) will generate

relevant 3r terms under the general unitary transformation.
E=FT. (A3) From item(2) we obtain

Since the transformation is unitary, we have

The operatorli can be expanded in terms of the number of lAJTiVMLAJ - _[(‘)1’\/512)]4r = _[(“)’VELZ)]Jr -
pions. Since~ should not carry explicit Lorentz indices, any (A9)
derivatives should appear in pairs. Because we are discussing
3w PV vertex with only one derivative in the present case,whereV(® denotes the 2 terms inV . .
the possible derivative terms are irrelevant here. Conse- Next, consider the contributions ?rom ite(®), including
quently, we omit them from th(()alfollow_ing_discussion. We the expansion of th&3 . The term proportional th [we
also c0n3|der_ exp2I|C|tIy or_lly_ thay contrlbgtlons; the argu- neglect theO(Gﬁ)] terms is
ments involvinghy, are similar, but considerably more te-
dious. 1 2
. Tt 39_ Sphlr i 0_.,0_ [
ExpandF: 2hVTI’[A#XJr]— 3hv[’7T mD,m =7 mD '],
(A10)

F=0,+0,+03+---, (A4)
where®,, contains products ofi fields. The leading term Which does not contain..., 5. In order to remove the above
O, is needed to remove themlPV vector linear term. Its term we also need similar terms withstructure from Egs.
structure is fixed and db(Gg) as discussed in Sec. IV. The (A8) and(A9). The commutators never contribute tettuc-
remaining term®,,, n>1 could, in principle, be oO(GE). ture. So the only possibility is the isoscalar pieceCof
In the present case, we need to consider only the terms
throughn= 3. The most general forms &@,, O, read D, [by7" 7~ 7%+ b,mOmOn0], (A11)

Oy=(aym m +apm’n®) 1+ (agm’ m~ +aym’n%) g which is a total derivative of 3 fields, and each term is
symmetric under field permutations. However, E410)
does not display such permutation symmetry. In other words,
(A5) Egs. (A10) and (A1l) cannot completely cancel each other.

tagm(mir, +m ) tiagn(wt . —w ),

035502-8
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Thus, the 3r h\l, piece will remain under any unitary trans-

formation.
Now consider theh?, term in item(3). Expansion of the

. "T A
A, operator inU'A U in Eq. (34) leads to

1 0
-~ ghv[’iT,[’JT,D’uW]]

1 T3 _ _
:ghg 5[277*77 DMWO—’FODM(WJrW )]

-
+—+[—7T+(7T+DM77_—7T_D#7T+)

V2

+ ’770(7TODlu7T+ — 7T+DM7T0)]

T_
+ —[—777(7T7DM7T+—7T+DM7T7)

2

+ 77D, 7" — 7 D, 7] (A12)

Finally, from item(4) we obtain for thdﬁ?, contribution

~ihJ[0,.A,1+0(0}) + - - - =ih[0,,A,]+0(GY)

+.. (A13)
Now we require the explicit threer expressions from
Egs.(A8), (A9), and(A13) [items (1), (2), and(4)] in addi-

tion to the expression in EnjAlZ) [item (3)]. These expres-

sions are linear in the; and 1 For clarity, we first focus on
the terms involvingr;. From Eq.(A8) we have

ND,U,©3|7'3+ih?/[W!D,uOZ:”T?,_ih?/[D,uﬂ-!éZ“T?,

=D ( byt w0+ b, w070 70) 3

+iy2ag

+ \/§a6h3W+ T Du77073 ,

4
hd+ §h\2,) [7'D,m — 7T_DM7T+]’7TOT3
(A14)

where have used the following identity:

as
= —[7T+DM’7T_— 7T_DM7T+]’7TO7'3

V2

[W-D#©2]|73

la
— T;[2W+777DM7TO+ 7D (m*7)] 73

(A15)

The contribution from Eq(A9) [item (2)] is

PHYSICAL REVIEW 4 035502

1
.V#]|73= - Zh3[2ﬂ'+ 7T_DM’7TO_ WODM(W+7T_)]T3,
(A16)
while from Eq.(A12) [item (3)] we obtain
+ 1_2h3[277+ '7T_Dlu770— 77'ODM(7TJr 7 )]73. (AL7)

Finally, Eqg. (A13) [item (4)] gives

ih9[D,m,0,|,,=—ih) =[7"D, 7 —a D,7" ]n’"

\r

D (7w ), (A18)

J—

The sum of all four possible sources, i.e., E¢a14),
(A16), (A17), and(A18), yields

Dlu(b377+77_770+b47r0770770)73
1o + - 0_.0 -
—ghV[ZW 7 D, —mD, (77 )73

+ \/Eaﬁh?,ﬂ'+ T D#’]TOTg

a 0 +
+Ehv'n' D(m 7 )73
+ihg 5[7T+D 7~ D,w 7% (AL9)

"5

In order for the transformatiofA7) to eliminate the 3r
vector vertex, the sum in EqGA19) must vanish. Note the
first four lines and the last line of EGA19) are, respectively,
symmetric and antisymmetric under the exchange— 7.

The symmetric and antisymmetric terms must vanish sepa-
rately. The solution is

2
b3: - §h8,

(A20)

Before considering the remainiritf, terms, we observe
that the contributions from iten3) involves only expres-
sions involving the pion fields ang;, 7. multiplied by real
coefficients. The operatof)z, which contributes via items
(1) and (4), only appears in commutators. As a result, the
three 7 terms involvinga, _s carry factors ofi and, thus,
cannot cancel the contributions (8). Consequently, we set
a;_5=0 in what follows.

035502-9
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Now we consider the terms linear h{’/ and 7, (the ar-
gument forr_ is identica). The sum of these contributions is

2
(bg+ibg)D ,( w0mlm™)— \/%h?,ﬂ'o( 77'ODM7T+ -7t DMTrO)
- aeh?,[ 7T07TODM7T+ + 707t D#'n'o]

2
+ \[gh?,ﬂ'Jr(TrJrDMw—WDMTrJr)

+(b5+ib7)D’u(7T+7T+7T7). (A21)

Clearly the last two linesinvolving only chargedsr fields)

PHYSICAL REVIEW C64 035502

1
= — E
2
be=— \[gh?,,
bg=0 (A22)

Note that the requirements ag in Egs.(A20) and(A22) are

not consistent. Thus, it is not possible with the transforma-
tion (A7) to remove thm?, 37 terms from the PV Lagrang-
ian. Moreover, as observed in REt], Eg.(9) gives the most
general PV7NN Lagrangian up to one derivative of pion
field. There exist no additional PV vectatNN contact in-
teraction terms which start off with three pions. Conse-

can never cancel each other. The solution for the first twajuently, theh‘v cannot be absorbed as part of other LECs at

lines to vanish is

three pion order.
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