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Octet baryon charge radii, chiral symmetry, and decuplet intermediate states
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We compute the octet baryon charge radii(ml/A)z(MN) in heavy baryon chiral perturbation theory
(HBxPT). We examine the effect of including the decuplet of s;iuibaryons explicitly. We find that it does
not improve the level of agreement between the\#®8 and experimental values for tRe charge radius.
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The study of electromagnetiEM) form factors is an im-  the chiral expansion for the charge radii does not appear to
portant tool used in developing a theoretical understandingge under control. Moreover, attaining further progress is
of the internal structure of hadrons. In particular, the appli-hampered by the lack of available data. Although a compu-
cation of chiral perturbation theoryyPT) to this study al- tation of the next order non-analytic contributions is feasible,
lows one to disentangle the long- and short-range QCD dythe new LEC'’s arising at this order could not be determined
namics governing the behavior of form factors at lowfrom experiment. Thus, when baryons are treated in a non-
momentum transfers. The long-range effects appear in theglativistic framework, a chiral analysis of baryon charge ra-
guise of nonanalytic loop contributions while the short-rangedii is viable only for the nucleon isovector radius in the
dynamics are subsumed into phenomenologically determined
low-energy constantd_EC’s).

An important issue in the viability of this program is the
convergence of the chiral expansion. A key consideration in
obtaining proper convergence is the treatment of the large

baryon mass. In many cases, one obtains adequate conver- (a) (b)
gence by employing a nonrelativistic versiomyd@T, involv-

ing a second expansion in inverse powers of the baryon

mass. In addition, it has been found that for some observ- )

ables, explicit inclusion of the decuplet of spinbaryons is
necessary in order to achieve the expected convergence be-

havior. For the octet of axial vector currefid, for example,

the contribution of the decuplet is comparable to that of the

octet and opposite in sign, leading to sizable cancellations. In (©) ()
the case of the octet baryon magnetic moments, this conver- §

gence has been a subject of controvef2y3]. Recently,

however, it was shown that inclusion of decuplet intermedi-
ate states—together with the full set oM, corrections—
produces the expected behavior of the expangidn

In contrast, the behavior of the corresponding expansion § (e)

for the baryon octet charge radii has not been extensively
studied. Existing calculations have worked only to leading
order in 1A, where A =4wF ~1 GeV is the scale of
chiral symmetry breakinfb,6]. The recent SELEX measure-

ment of theX ~ charge radiu§7] makes further investigation v " - v
of the chiral convergence for the octet radii timely. In this
paper, we address this issue by computing the radii through f) ()

subleading order. As in the case of the magnetic moments,

we consider the impact of explicit inclusion of decuplet in-  FIG. 1. Loop diagrams contributing to charge radius at
termediate states as well advlly corrections. We find that at  ©(1/Heavy). The single internal line denotes an intermediate octet
order 1/Heavy, where “Heavy” denotes eithed, or My, state while the double line denotes a decuplet state.
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context of SU2).1 The relevant one-loop graphs which arise at order

xPT is an effective field theory of the strong interactions@(l/A)z() are shown in Figs. (b)-1(f), where the vertices
which exploits the approximate chiral symmetry of the QCDarise from the Lagrangiaji2]:
Lagrangian. The spontaneous breakdown of this symmetry
gives rise to eightnearly) massless Goldstone bosons. These
are identified with the octet of pseudoscalar mesons. In the
meson sector a well-defined low-energy expansion in terms
of the meson 4-momentum can be constructed to describe the
dynamics. Here low-energy is defined relative to the scale of
chiral symmetry breaking\ , =47F ~1 GeV, whereF  is
the pion decay constant. The baryons can be included in a 2
consistent manner as shown in REf] The nonrelativistic + fTr((D”“E)*DME). (4)
version of yPT including the baryons—heavy baryon chiral
perturbation theory (HBPT)—has many simplifying fea-
tures. A review of these features can be found in R@f.  In the following we takeD =.75, F=.50 andC= —1.5.
HByPT has proven useful in the calculation of low-energy ~The loop corrections to the charge radius at 1/(He#vy)
observables such as baryon masses, Compton scattering a@te represented by the grapfts—(g) in Fig. 1. The contri-
plitudes, nucleon polarizabilities, sigma terms, axial currentputions to the charge radii fror), (e) and (g) vanish in-
and hyperon decay40]. The important point for the present dentically since these graphs have afodependence at this
study is that HRPT introduces a second expansion scaleorder in the chiral expansion. With the inclusion of the coun-
My commensurate with\, . Thus, one should include all terterm and the M3 correction, the charge radii have the
contributions to a given order in 1/Heavy, where “Heavy” form
denotes eithen , or My. In Ref. [3] three-flavor HE(PT

5

Lo=iTr(B,v-DB,)+2D Tr(B,S4{A, ,B,})
+2F Tr(B,SL[A, B, ) —iT (v D)T, ,+ 6T4T,,

+C(THA,B,+B,A,T,,) +2HTISIAT,,

was used to calculate the EM form fatcors for the octet. The
analysis there was carried out @(1/Heavy) and did not (
include the decuplet as an explicit degree of freedom. Our
approach differs from theirs in two respedt$) inclusion of -
the decuplet(2) inclusion of 1M corrections. 3ag 3Qs
The formalism of HB/PT is by now well known and we 2A My - 4'\/'%1.
refer the reader to Ref4] for our conventions and notation.
As in Ref.[3] we define the charge radius by

2\ 1 dGE(qZ) § g
YOTR T |, W

2
m

g— > ( £ — + BaF (my 8, )
X=m,K 72

2
re)= "z
Ay

where Gg is the Sachs electric form factor amdis a nor-

malization constanfdefined below. The tree-level contribu- (®) (®)
tions to the charge radii a®( 1/A)2() in the chiral expansion
and are generated by the Lagrangjad]
e — _
Lr=——{c,Tr(B,{Q,B,})+¢c_Tr(B,[Q,B,D}v ,d,F"". §
AX () (d)
2
There is an additional tree-level contribution at 1/(Hedvy) ‘ . . .
that arises from the M correction of the kinetic term of §
the lowest order Lagrangian and is given by 5 6
e
Lipm2=— ! Tr(B,[D*,[v-D,[D*,B,]]]) (3)
llMN 4M,%| v ’ ’ 1 =2u ’
whereD,, =D, ~v,v-D. ; A / Y
(2) ()

For an analysis of nucleon EM form factors in relativistic baryon ~ FIG. 2. Loop diagrams contributing to charge radius at
xPT, see Ref{8]. O(1/Heavy). The “X" denotesO(1/M,) vertex.
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TABLE I. Magnetic couplings appearing in the Foldy term of
the charge radius.

HereN is a normalization factor which is equal to the charge
of the baryon if it is charged or 1 otherwise aQg is the
charge of the baryon. The coefficientg are linear combi-

nations of the counterterm couplings from Eq. (2), while O(LAY) O(UAZMY)

the B9 and g™ are products of the meson charge and®T o O+D O O+D
Clebsch-Gordon coefficients arising from the one-loopy, 2.999 361 1.975 3.104
graphs in Fig. 1. The second to last term is the so calleq)i 1571 1571 1.042 1.393

“Foldy” term [8] and arises from the definition of tHeg.
This term depends on two magnetic couplings which we call
b. and are contained in theg’s [3,8]. The last term in Eq.
(5) is the relativistic correction from Ed3). O(1/Heavy), the contributions from several vanish. The
We note that the coefficientgg,™ , for the graph con- amplitude of Fig. 1e) again has nog? dependence. The
taining the decuplet have not been computed before. All oft/My contribution from Fig. 1d) combines with those of
these coefficients are listed in the Appendix. The analytid-igs. 4c) and 2d) to sum to zero. A similar cancellation
structure for this graph is given by takes place between theMy, correction to Fig. lg) and
Figs. 2e) and Zf). The graphs in Figs.(8) and Zh) vanish
at this order. Thus, only those in Figgcland Xf) and Fig.

Although there are thirteen graphs which appear at

F(m, 6, ) 2(a) and Zb) actually end up contributing to the charge ra-
( 1 - 5 dius. Taking into account these contributions the charge ra-
— arcta , dius now has the form
\/mz—éz(z m?—§ )
m2 m= 4, 6N mZ  237m
=In — +26 <ré>:P ag— X [ Bl In—+ 24MX
p 1 [e+ m} cl ek w N
o "o 109 E(my,8.) — ——G(my, &
+ [ —
\ m<5 ﬁB (mX! vlu“) N (le 1M)
6 ~
© 3ap 3Qs
. - . 2A M~y A2’ ®
where § is the octet-decuplet mass splitting apdis the XVINGAMy
renormalization scale. h
The contributions a®(1/Heavy) are all proportional to where
1/AMy . There are no terms proportional toAf} with the
correct spacetime structure and terms proportional to m? 2
1//\2‘{M2 or 1M3, vanish atg2=0. The terms proportional to  C(M:d:4)= 5|”M_+(25 m?)
1/A;My are of two types. First the graphs in Fig. 1 can be
expanded as functions @f and they contain contributions ( 1 - 5
proportional tog?/2M . The graphgc), (d), (f) and(g) are — E—arcta ||
of this type and contribute to the charge radius at this order. m°— & m°—¢&
There are also graphs that contain an explicit factor bfd/ m= 4,
which arises for the heavy baryon expansion. These are the X (9)
graphs shown in_ Fig. 2, which contain vertices generated 1 5+ 52— m?
from the Lagrangiah3] ,
52_ m2 m
\ m<é.

! Tr(B[v-D,[v-D,B]]-B[D*,[D,,B]])

Lu=om,
iD
2M Tr(B [D¥{v-A, B}]+B {v-A[D*,B]})
TABLE II. Couplings for leading order charge radius counter-
i E term.
2M Tr(B [ D, [v-A,B]]
O(1/A%) O(1/AZMy)
_ 1 CT (0] O+D o O+D
+BS,[v-A,[D#, B]])+—
c. —4.089 —4.620 0.202 0.286
c_ 1.410 —0.211 2.888 1.051

XTHD*Dy—v-Dv-D)T,,

@)
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TABLE lIl. Calculated values charge radii from fit of counter- tions and include a plethora of new LEC'’s. The lack of suf-

terms to nucleon experimental values.

(rg) (fm?)

O(1/A%) O(1A2My)

0 O+D o) O+D
p 0.735 0.735 0.735 0.735
n -0.113 -0.113 -0.113 -0.113
=A 0.251 —0.001 0.112 -0.122
= 0.599 0.851 0.763 0.997
st 0.647 1.522 0.781 1.366
3 0.851 0.977 0.681 0.798
A 0.102 —0.150 —0.050 —0.284
SOA -0.021 -0.021 0.074 0.074

We now turn to the determination of the LEQs . First,

ficient data would require the use of a model to determine the
latter.

In short, we conclude that the heavy baryon chiral expan-
sion of the baryon octet charge radii is not yet under control.
One must include the octet radii in a growing list of observ-
ables for which the convergence of the nonrelativistic chiral
expansion appears problematic at bisse, e.g., Ref§13—
15].) In this regard, a reanalysis of the octet magnetic mo-
ments and charge radii may prove more successful when a
relativistic framework is adoptefB]. It remains to be seen
whether such a framework sufficiently reduces the number of
LEC’s incurred in the heavy baryon expansion and circum-
vents the need to work beyond sub-leading order in analyz-
ing octet EM moments.

This work was supported in part under U.S. Department
of Energy Contract No. DE-AC05-84ER 40150 and the Na-
tional Science Foundation’s Young Investigator Program.

we need values for the magnetic couplifgs which appear
in the Foldy term. These are obtained from a fit of the octet
anomalous magnetic momerj#| and are given in Table |

for the cases considered below. With these, we use the mea- Here we tabulate the coefficients appearing in the expres-

sured values of the nucleon charge radii to deterngine  sions for the charge radii.

We consider two casegl) octet intermediate states only
(O); (2) both octet and decuplet intermediate states included

(O+D). The values for the counterterm couplings and charge
radii in each case are shown in Tables Il and Ill, respec-
tively.

We see that the effect of the decuplet is large and, except
for 2% andA, tends to increase the value(@§). In the case
of the 3~ at O(llAi) both the O and @D calculations
produce a value for the charge radius that is much larger than
the SELEX measurement Qf§,>=0.60i 0.08. The 1M

corrections tend to reduce this result, with tﬁellAiMN)
octet only value being very close to the measured value.
Here again, however, the addition of the decuplet increases
the predicted value away from the measured one. We also
note the fluctuations in sign for the calculated valuesE8r

A and the3°A transition moment.

The effect of including both the decuplet and thé1l/
corrections on the LEC’s is also dramatic. While in all cases
c.. are of natural size, they change considerably, both in sign
and in magnitude, between orders and with the addition of

the decuplet. No clear pattern emerges and the values do net
appear to be converging.

We contrast the above behavior to the magnetic moment
case as analyzed in Rg#]. There, inclusion of both the
decuplet and the 1/(Heal)y terms played a essential role
obtaining the proper convergence behavior of the chiral ex-
pansion. In that case, it was possible to work two orders
beyond tree-level since there is ample data to fit higher order
counterterms and no two-loop contributions. For the charge
radii, however, the lowest order loop and tree-level contribu-
tions arise at the same order. Moreover, there exists consid-
erably less data for the charge radii than for the magnetic
moments. Consequently, it is impossible to analyze the radii
beyond sub-leading order in HBPT without introducing
strong model assumptions. Indeed, at next-to-next-to-leading
order, one must compute the full set of two-loop contribu-
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