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Decuplet reexamined in chiral perturbation theory
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This paper deals with two issues. First, we explore the quantitative importance of higher multiplets f
properties of theD decuplet in chiral perturbation theory. In particular, it is found that the lowest order
one-loop contributions from the Roper octet and theD(1600) to the decuplet masses and magnetic moments
are substantial. The relevance of these results to the chiral expansion in general is discussed. The exact v
of the magnetic moments depend upon delicate cancellations involving ill-determined coupling constan
Second, we present new relations between the magnetic moments of theD decuplet that are independent of all
couplings. They are exact at the order of the chiral expansion used in this paper.@S0556-2821~96!04321-4#

PACS number~s!: 12.39.Fe, 14.20.Jn
t.
I. INTRODUCTION

The success of chiral perturbation theory (xPT! @1# for
understanding properties of the pseudoscalar mesons is
well established@2#. The approach is based on the existen
of a systematic expansion in derivatives of the pion’s fie
and the pion’s mass, wherebymp divided by some large
scale, generated by the theory itself and typically;4p f p ,
becomes the perturbative expansion parameter. For
purely mesonic sector this expansion is, in fact, quadratic
the pion’s mass, so that even for the SUf(3) generalization,
(mK/4p f p)

2 is still a reasonably small parameter.
The application to the baryon sector has, however, fro

the outset been confronted with a variety of difficulties@3#.
For example, how to handle the nucleon’s mass was a pr
lem solved only relatively recently@4,5#. One unavoidable
complication when including baryons is that the chiral e
pansion is itself more complicated@3,4# than that in the
purely mesonic case, and the expansion parameter is
only linear inmp (mK). A second pertinent complication
involves the issue of resonances.1

Originally, it was conjectured@4# that all such resonance
~and most notably theD) need not be included as an explic
degree of freedom, i.e., that they could be ‘‘integrated ou
One notably active group@6# has maintained this viewpoint.2

Others@7–12# have included the decuplet on the same foo
ing as the octet, assigning@13# chiral power 1 to the mass
differenceM102M8. TheD degree of freedom was first in
troduced intoxPT by Jenkins and Manohar in Ref.@7#. Re-
cently, the importance of theL* (1405) for understanding
threshold kaon–nucleon scattering lengths has also been
alized @14–16#.

1Because of the large mass difference between ther and the pion,
as well as the quadratic nature of the chiral expansion, this is
does not arise when considering the sector of purely pseudosc
Goldstone bosons. The effects of ther and other such states ar
incorporated as part of the needed input coupling constants of
theory.
2Arguing that for a very limited region near threshold in th

SUf(2) defined theory, theD-nucleon mass difference can be con
sidered large.
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In this paper we discuss the role of higher multiplets for
the properties of theD decuplet at the one-loop level in
xPT. We consider theO(p3) correction to the decuplet
masses and theO(p2), one-loop correction to the magnetic
moments of the decuplet~the electromagnetic vertex has chi-
ral power21, excluding whatever power may be assigned to
electric charge!. Our criterion for which multiplets to con-
sider is that the average mass splittingdh between the mul-
tiplet and theD decuplet be less than the mass of the kaon:3

dh5uMH2M10u,mK . ~1!

This criterion is based on the fact that when it is met, an
expansion inmK /dh is not justified so that loop effects in-
volving these higher-multiplet members as intermediate
statescannotbe absorbed into higher-order terms inxPT.4

Such loop effects place a limitation on any formulation of
xPT that omits the higher multiplet as an explicit degree of
freedom,even if the chiral expansion was then executed to
all orders.

Following the convention of Ref.@13#, we set the chiral
power of alld to be 1. For the case of the nucleon octet Eq.
~1! is clearly met,

dN5M102M85226 MeV ~2!

(M1051377 MeV andM851151 MeV!, and is indeed the
driving phenomenological reason for expecting that theD
cannot be ignored for descriptions of the nucleon.

We focus here on the properties of theD decuplet as
opposed to those of the nucleon octet because of the simple
reason that the mass splittingdh satisfies the criterion speci-
fied by Eq.~1! for at least two resonances.

We will show that the Roper andD(1600) @the so-called
‘‘Roper’’ of the D(1232)# has a nontrivial effect on both
decuplet mass splittings and magnetic moments. We should
also note that these results lead to a more general statemen
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3mh is obtained at this order inxPT using the work of Gell-Mann,
Oakes, and Renner~GMOR! @17#.
4It may be possible to formally sum the contributions to all orders.

Such an approach is, however, beyond the context ofxPT.
5804 © 1996 The American Physical Society
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When adding a loop one must also add resonances wh
masses are within a kaon mass of the resonances alre
included.

The rest of this paper is organized as follows. In Sec.
we enumerate the various multiplets considered and th
interactions~and experimentally obtained couplings! with
theD decuplet utilizing the heavy baryon formalism of Je
kins and Manohar@5#. In Sec. III we present the one-loop
O(p3) contributions to the decuplet masses focusing on
violation to the decuplet equal spacing~DES! rule @18#, the
sole quantity for whichxPT makes a prediction at this orde
in the chiral expansion@8,13#. In Sec. IV we consider the
one-loop,O(p2) results for the magnetic moments of th
decuplet, a subject first discussed inxPT in Ref.@10# where
though adherence to the order of the chiral expansion w
not strictly maintained. We demonstrate later that strict a
herence is crucial for renormalizability. The focus in bo
Secs. III and IV is the quantitative importance of the high
multiplets. In addition, new relations for the magnetic m
ments at this order inxPT are derived that are independe
of the intermediate multiplets considered. Their violatio
would be a clear measure of the importance of higher-ch
power terms in the expansion. In Sec. V we conclude with
discussion of the consequence of these results to the l
expansion, in general, inxPT.

II. HIGHER MULTIPLETS:
DEFINITIONS AND COUPLINGS

A number of multiplets5 satisfy the criteria equation~1!.
Fortunately, most of these can be eliminated due to symm
try constraints. For example, flavor singlets such as
L* (1405) do not couple to a decuplet via an SUf(3) octet
~the Goldstone bosons!. Only slightly less straightforward, a
1/22 octet@e.g., theN(1535) multiplet# couples only through
the lower components of the baryon spinors,

Li;T̄mg5AmB* , ~3!

which vanishes to lowest order in the heavy baryon exp
sion @5#. ~Such states would, in principle, need to be cons
ered in higher-order calculations.! Coupling to the 5/22 octet
likewise vanishes at lowest order. With these elimination
we conclude that only octets or decuplets of baryons w
quantum numbers 1/21, 3/21, 3/22, and 5/21 need be con-
sidered.

The most important 1/21 multiplet ~beyond, of course, the
nucleon’s! is the octet containing the Roper,N~1440!. A
slight difficulty arises in determining

dR5M8~1440!2M10 ~4!

5See, e.g., Table 30.4 in the Particle Data Group@19#. As we are
at present only concerned with the average coupling of these m
tiplets with theD decuplet, we ignore potentially interesting que
tions as to the exact SUf(3) composition of any particular excited
state@23#. We also omit from consideration possible exotics.
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because one member of the Roper multiplet, theJ* , has not
yet been identified. To get a reasonably approximate value
for its mass, we use the corresponding Gell-Mann–Okubo
~GMO! relation @24#

MJ*5 3
2 ML* ~1600!1 1

2 MS* ~1660!2MN* ~1440!, ~5!

by which one estimates thatMJ*51790. The average value
of the Roper multiplet is thereby

M8*5 1
8 ~2MJ*13MS*1ML*12MN* !51630 MeV,

~6!

from which one gets that

dR5253 MeV. ~7!

For theDN*p interaction one has

Li5C̃~ T̄mAmB*1H.c.! ~8!

in complete analogy to the leadingDNp interaction in the
heavy Fermion limit@7#. The couplingC̃2 can be obtained
from the observed decay of theN* (1440)→Dp. For these
purposes we use Hoehler’s determination@19,20# of the Rop-
er’s pole position~1385 MeV! and absorptive part of the
propagator~22 3 imaginary part! 5 164 MeV and Manley
and Saleski’s determination@19,21# of the branching ratio
BN*→Dp50.22. We similarly use Hoehler’s pole position of
theD ~1209 MeV! and takemp5mp

05135 MeV ~as most of
the mass differencemp12mp0 is of electromagnetic
origin!.6 Comparing this with the decay of theD, GD→Np

one obtains that

C̃2'
1

2
C2. ~9!

In principle, one other 1/21 multiplet meets our criteria, the
octet containing theN~1710!, with a dh'470 MeV. How-
ever, best estimates@19# for the partial width forN~1710!
→Dp is'30 MeV, which implies that the relevant coupling
constant is significantly suppressed compared to that in Eq
~9!. We, therefore, ignore this multiplet in our subsequent
calculations as it amounts to only a small correction to those
of the Roper octet.

The most important 3/21 resonance for the properties of
theD decuplet is theD(1600), the so-called ‘‘Roper’’ of the
D(1232). Unfortunately, no other member of the decuplet
has been identified,7 so that all properties of the full decuplet
must be inferred from this single state. For the mass splitting
we take

ul-
s-

6There is little difference between the extracted value ofC̃2 thus
obtained and the value obtained from the naive use of ‘‘resonance’’
masses and widths reported by the Particle Data Group~PDG! @19#
for the N* , i.e., GN* (1440)→D(1232)p(139)'350/4 MeV. However,
there is a significant difference in the results of the two methods
when analyzing theD(1600).
7Indeed, the PDG only lists theD(1600) itself as a three star

resonance.
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d105341 MeV, ~10!

the difference of the pole positions of theD(1600) and
D(1232) as determined by Hoehler@19,20#. The coupling
between the two 3/21 decuplets is identical in form to tha
within each decuplet:

Li5H̃~Dmgng5A
nDm*1H.c.!. ~11!

We determineH* from the decayGD*→Dp . Unfortunately,
no single analysis in the literature provides all the data
need. For the position of the pole we use 1550 Me
@19,20,22#. For the decay width we use Manley and Salesk
result @19,21# thatGD*→Dp'300 MeV. We thus obtain that

H̃252.66. ~12!

As in the values of other couplings, it must be emphasiz
that there is a significant uncertainty in this result.

For the lowest lying 3/22 octet, we obtain directly from
the experimentally measured masses@19# that8

d8*5296 MeV. ~13!

The interaction with theD decuplet is, to leading order in the
chiral Lagrangian,

Li5C* ~ T̄mgnA
nTm*1H.c.!. ~14!

The couplingC* can be determined from the observed dec
of theN* (1520),G@N* (1520)→Dp#'25 MeV, when one
finds that

S C*
C̃

D 2' 1

25
. ~15!

This relative suppression results both from the smal
branching width as well as overall kinematic factors that o
erwise tend to enhanceN* (1520)→Dp with respect to
N* (1440)→Dp.

There are two other 3/22 multiplets, one octet and the
other decuplet, listed in the Particle Data Group that co
potentially satisfy our criteria, Eq.~1!. Each is very poorly
determined, containing merely one member each,
N~1700! and theD(1700), respectively. In the case of th
N~1700!, its coupling to theDp is experimentally negligible
and hence can be safely ignored. On the other hand,
coupling with theD(1700) is not so readily ignored, havin
a decay widthG@D(1700)→Dp#'120 MeV. We, therefore,
explicitly keep this decuplet, assigning for its intermultipl
spacing with theD decuplet a value

d10*51700212325468 MeV. ~16!

From the aforementioned decay width, and an interaction
the form equation~14!, we obtain for theD2*Dp coupling

H* 2'0.15. ~17!

8As a self-consistent test of the assignment of hadrons to
multiplet, note that the violation to the corresponding GMO relati
for this octet is only 15 MeV.
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Here, we have used the convention of Ref.@8# for the
SUf(3) algebra factors~whereby, for theDDp coupling,
H2'4 is typical!. As in the case of theN(1520) overall
kinematic factors, in addition to the available phase spac
yield a rather suppressed value of the coupling. Indeed, as w
will soon see, due to Eqs.~15! and ~17! little would have
been lost had we ignored the 3/22 multiplets altogether.
Nevertheless, they have been included for completeness.

We come finally to the 5/21 states. The lowest such mul-
tiplet is theN~1680! octet. It has an intermultiplet mass split-
ting with theD decuplet ofdh5496 MeV. We conclude that
there is no 5/21 multiplet that meets our criteria equation~1!.

This then concludes our examination of the relevant mu
tiplets. By far, the most important, as we will presently see
are the Roper octet andD(1600) decuplet.

III. DECUPLET EQUAL SPACING RULE

The one-loop,O(p3) results for the masses of the de-
cuplet involving intermediateD decuplet and nucleon octet
states have been published previously@13#. The contribution
dM10 from the 3/22 multiplet, for the casem.d8* , is

dM105
23bd8*

16p2f p
2 F S d8*

2
2
1

2
m2D S 1e 2gE1 ln~4p!

122 ln
m2

m2D 12d8*Am22d8*
2

3S p

2
2arctan

d8*

Am22d8*
2 D G , ~18!

where b represents SU~3! algebra factors@8,13#. As dis-
cussed in Ref.@13#, the counterterms necessary to renormal
ize these terms are either of the formd8*

2 L0pN ~for the d8*
3

divergences! or d8*L1
pN ~for thed8*m

2 divergences!. As the
decuplet equal spacing~DES! rule is exact for all terms
throughm2, all counterterms~divergences! cancel at this or-
der of the chiral expansion in violation to the DES rule.

Including all multiplets, the one-loop,O(p3), violation to
the DES rule is

~MS*2MD!2~MJ*2MS* !

5~MJ*2MS* !2~MV22MJ* !

5
1

2
$~MS*2MD!2~MV22MJ* !%

5
2

9
@C2V~2dN!1C̃2V~dR!1~C* !2V* ~d8* !#

2
20

81
@H2V~0!1H̃2V~d10!1H*2V* ~d10* !#. ~19!

his
n



.

n

e

r-
.

te

-
e
s

l

-

54 5807DECUPLET REEXAMINED IN CHIRAL PERTURBATION THEORY
V andV* are given9 by

V~d!5W~mK ,d,m!2
3

4
W~mh ,d,m!

2
1

4
W~mp ,d,m!,V* ~d!

5W* ~mK ,d,m!2
3

4
W* ~mh ,d,m!

2
1

4
W* ~mp ,d,m!, ~20!

wherein the functionW(m,d,m) is @25,26#10

d50, W~m,d,m!5
1

16p f p
2 m

3,

m.udu, W~m,d,m!5
1

8p2f p
2 ~m22d2!3/2

3S p

2
2arctan

d

Am22d2
D

2
3d

32p2f p
2 Sm22

2

3
d2D lnm2

m2 , ~21!

udu.m, W~m,d,m!5
21

16p2f p
2 ~d22m2!3/2

3 ln
d2Ad22m2

d1Ad22m2

2
3d

32p2f p
2 Sm22

2

3
d2D lnm2

m2 , ~22!

andW* (m,d,m) is

m.udu, W* ~m,d,m!5
3d2

8p2f p
2Am22d2

3S p

2
2arctan

d

Am22d2
D

2
3d

16p2f p
2 S d22

1

2
m2D lnm2

m2 ,

udu.m, W* ~m,d,m!5
3d2

16p2f p
2Ad22m2

3 ln
d2Ad22m2

d1Ad22m2

2
3d

16p2f p
2 S d22

1

2
m2D lnm2

m2 . ~23!

9Note that unlike our convention in@13#, all dh are now strictly
positive and hence the explicit sign in the functionV above.
10Note the correction from@13# regarding the arctangent term in

the casem.udu.
As was already mentioned in Sec. II, the contribution
from the 3/22 multiplets is essentially negligible due to their
suppressed coupling constants, Eqs.~15! and~17!. Explicitly,
we find that

2

9
C* 2V* ~1d8* !'20.06 MeV,

2
20

81
H* 2V* ~1d10* !'10.3 MeV, ~24!

which are indeed negligible. Hence, we omit further consid-
erations of the 3/22 multiplets.

This is not true of the Roper octet orD(1600) decuplet.
There is a tendency for these two contributions to cancel
Taking C252.6 @5# ~andH254.6 to obtain the average ex-
perimental result for the GMO of 6.8 MeV! and using results
~9! and ~12!, one obtains that

2

9
C̃2V~1dR!527.4 MeV,

2
20

81
H̃2V* ~1d10!5115.2 MeV. ~25!

Added together they are, in absolute magnitude, greater tha
the average, experimental value of 6.8 MeV. They clearly
cannot be ignored.

We have described the algorithm we followed to evaluate
the four coupling constants,C* 2, H* 2, C̃2, and H̃2. While
our method is reasonable we do not suggest that it cannot b
improved. We are dealing with transitions of broad reso-
nances. There are many sources of ambiguities and unce
tainties. The experimental inputs may also undergo revision
These uncertainties are not so material for the contributions
of the odd parity 3/22 octet and decuplet as their contribu-
tions are small. But for the contributions of the Roper octet
and decuplet the issue is more serious. One should anticipa
possible revisions of the numbers appearing in Eq.~25!. But
the facts that the individual contributions are comparable to
the experimental value of the violation of the DES rule and
that the two contributions tend to cancel each other will con-
tinue to be valid.

IV. DECUPLET MAGNETIC MOMENTS

The topic of the magnetic moments of the decuplet in the
context of chiral perturbation theory was first discussed in
the work of Ref. @10#. Apart from the inclusion of other
resonances as an intermediate state, our work differs from
Ref. @10# in the treatment of SUf(3) symmetry. In our cal-
culation, the symmetry of the decuplet states is broken
through the meson masses appearing in the one-loop calcu
lation. The meson masses are taken to be proportional to th
current quark masses with the up- and down-quark masse
being equal. The strangeness@8# and charge dependences
@12# of the baryon masses are regarded as effects of chira
power 1 or more. The quantityf K2 f p has chiral singularity
;mp

2 lnmp
2 @2# and has chiral power 2. Our calculations of

the decuplet mass splittings and magnetic moments are lim
ited to chiral powerO(p3) andO(p2), respectively. Hence,
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we setf K5 f p and do not include in one-loop calculation t
sigma terms fromL1 which produce strangeness depende
of baryon masses at the tree level. We ignore charge de
dence of the masses altogether. The advantage of this
egy in the calculation of baryon masses is well known@8,13#.
The counterterms which appear at one-loop level sim
renormalize the sigma terms. We find a similar result in
magnetic moment calculation at one-loop level, namely,
the counterterms are strictly proportional to the bary
charge and hence renormalize the tree-level decuplet m
netic moment term, Eq.~26! below. These advantages a
lost if f K is not set equal tofp @10#.

The lowest order term in the chiral Lagrangian for t
magnetic moment of thei th member of theD decuplet is
given by @9#

LM52ı
e

MN
mcqi T̄i

mTi
nFmn , ~26!

where qi is the charge of thei th member. The one-loop
O(p2) corrections to the magnetic moments result from v
tex corrections in which the external photon attaches to
meson propagator@10# and receives contributions from inte
mediate states with either a 3/21 or 1/21 baryon. Photon
attachments to the intermediate baryon aremp /MN further
suppressed as are also the contributions from 3/22 baryons.
These latter are, hence, ignored as they form part of
higher-order contribution in the chiral expansion. Note t
the h meson, being electrically neutral, also does not c
tribute at the order being considered.

Following the notation of@9#, the magnetic moment of th
decuplet membersm i

10 at theO(p2), one-loop contribution in
the chiral expansion is, in nuclear magneton un
(e/2MN):

m i
105qimc1 (

j5p,K

MN

32p2f p
2 S a j

i F49H2F~0,mj ,m!

2
4

9
H̃2F~d10,mj ,m!Gb j

i @C2F~2dN ,mj ,m!

1C̃2F~dR ,mj ,m!# D . ~27!

The functionF(d,m,m) is ultraviolet divergent and give
by

m.udu,

F~d,m,m!5dF2
1

e
1gE2 ln~4p!2

4

3
1 lnSm2

m2D G
22Am22d2S p

2
2arctan

d

Am22d2
D ,

udu.m,
he
nce
pen-
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F~d,m,m!5dF2
1

e
1gE2 ln~4p!1 lnSm2

m2D G
1Ad22m2ln

d1Ad22m2

d2Ad22m2
. ~28!

The expression for the nonanalytic terms inF(d,m,m) ap-
peared in Ref.@10#.

The coefficientsa j
i andb j

i are simply related to the coef-
ficientsa i j andb i j of Ref. @10#. We multiply the coefficients
a i j by 3 so that they add up to the charge of decupleti .
Unlike Ref.@10#, we use the same mass for all members of a
baryon multiplet. Accordingly, we add the contributions of
p6 and ofK6. The sum overj in Eq. ~27! runs over two
terms,p andK. The resulting coefficients have a surprising
simplicity. First,a j

i5b j
i . Second, they may be expressed in

terms of any two of the following three, chargeqi , isospin
I 3
i , and hyperchargeYi of decupleti . All three are traceless
in any SU~3! multiplet space. We choose to use charge and
isospin:

ap
i 5bp

i 5
2

3
I 3
i , ~29!

aK
i 5bK

i 52
2

3
I 3
i 1qi , ~30!

ap
i 1aK

i 5bp
i 1bK

i 5qi . ~31!

Equation~31! is the key result for renormalizability. As a
consequence of these relations, the counterterm for the ultr
violet divergences inF(d,m,m) ~which arem independent!
is simply proportional todLM , Eq. ~26!, and, therefore, ab-
sorbed into a redefinition ofmc . Note that this is precisely
the same procedure as for the one-loop,d-dependent contri-
butions to the masses. We emphasize that this procedure, a
hence renormalizability, is tightly wedded to the systematics
of the chiral expansion@wherebyd and fp have fixed values
in Eq. ~27!#.

The simplicities of the coefficientsa j
i and b j

i allow a
great simplification of Eq.~27!. We introduce the combina-
tion:

Gj5
MN

32p2f p
2 F49H2F~0,mj ,m!1

4

9
H̃2F~d10,mj ,m!

2C2F~2dN ,mj ,m!2C̃2F~dR ,mj ,m!G , ~32!

and rewrite the decuplet magnetic moments in the form:

m i
105qi~mc1GK!1 2

3 I 3
i ~Gp2GK!. ~33!

Note that the form of Eq.~33!, in particular the modification
of the coefficient of charge, reflects the choice of charge an
isospin as the two traceless quantities. The form would b
different if we chose charge and hypercharge or some othe
combination of isospin and hypercharge. The second term
present only because the SU~3! symmetry of the states is
broken through the difference inp andK masses. If we had
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used the same masses the states would be pure decuplet
the Wigner-Eckart theorem for SUf(3) would ensure that the
magnetic moments are simply proportional to the charge

At the tree level the decuplet magnetic moments a
proportional to the charges only. The main one-loop res
is the appearance of the second term of Eq.~33!. Now, we
need two magnetic moments to fix the two coefficients in E
~33!, viz., mc1GK andGp2GK . The only decuplet magnetic
moment which has been measured ismV2521.94
60.1760.14 nbm@19#. It fixes the coefficient of charge in
Eq. ~33!. For the other magnetic moment we choosemD0.11

While not measured yet, it is given entirely by the loop e
fect.

mV252mc2GK , mD05
1

3
~GK2Gp!. ~34!

We can express the magnetic moments of all other
cuplets in terms of these two magnetic moments. Spec
cally, we derive the new relation that

m i
1052qimV222 I 3

i mD0. ~35!

Explicit predictions for the eight other decuplet magne
moments at the one-loop,O(p2) level are listed below:

mD11522mV223mD0, mD152mV22mD0,

mD25mV213mD0, mS*152mV222mD0,

mS*25mV212mD0, mJ*25mV21mD0,

mJ052mD0, mS* 050. ~36!

Independent of the explicit multiplets included as interme
ate states, violations to these relations arestrictly due to
higher-order terms in the chiral expansion.

Note that the magnetic moment of theS* 0 continues to
be zero at this order in the expansion. Analogous relatio
follow for the quadrupole moments@27#. We note that these
relations are not obeyed by quenched lattice QCD@28#. This
last result is perhaps not surprising as the quenched calc
tions do not contain disconnected, quark loop diagrams@29#.

The explicit expression formD0 in terms of the functions
F(d,m,m) is given below.

mD05
MN

96p2f p
2 HH2

4

9
†F~0,mK ,m!2F~0,mp ,m!‡

1H̃2
4

9
†F~d10,mK ,m!2F~d10,mp ,m!‡

2C2„F~2dN ,mK ,m!2F~2dN ,mp ,m!…

2C̃2
„F~dR ,mK ,m!2F~dR ,mp ,m!…J . ~37!

11The V2, decaying only weakly, is sufficiently long lived to
allow such measurements. Since all other members of the decu
decay through the strong interaction, it is a challenge to extract th
magnetic moments from experiment.
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.
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With the help of Eqs.~28! it is easy to verify thatmD0 is
renormalization scale independent.

Since the magnetic moment of theD0 is given strictly by
loop effects, it is an appropriate measure of the relative im
portance of the Roper andD(1600) at the one-loop level.
Explicitly, one has from Eq.~37! that

mD0520.057H220.035H̃210.229C210.086C̃2. ~38!

As in the case of the masses@8# there is a strong cancellation
between theD decuplet and nucleon octet intermediate
states. This implies thatmD0 is a very delicate function of
H2 and C2 and, therefore, potentially very sensitive to the
Roper andD(1600) contributions. Ambiguity in this regard
resides in the fact thatH2 and C2 are not sufficiently well
known that a reliable prediction ofmD0 can be made. To
illustrate this point, we quote the results using two ‘‘repre-
sentative’’ values for the couplings, both with and without
the Roper andD(1600) included. For the couplings used in
the previous section, that fit the average DES violation, on
obtains only a mild dependence on these resonances:

mD0~H254.5,C252.6,H̃25C̃250!50.33,

mD0~H254.5,C252.6,H̃252.66,C̃251.3!50.36, ~39!

while for the couplings used by Ref.@10#, we find

mD0~H254.84,C251.44,H̃25C̃250.0!50.05,

mD0~H254.84,C251.44,H̃252.66,C̃250.72!50.02.
~40!

The difference inmD0 from these two parameter sets is
clearly sizable, as is the relative importance of the Roper an
D(1600) .

If instead, we chose to use as input the recent, mode
dependent extraction@30# of the magnetic moment of the
D11,mD1154.560.5 to infermD0 using the relations~36!,
one then obtains thatmD0520.260.2. If this is indeed the
data, then by Eq.~38! the contribution of the Roper and
D(1600) is, in absolute magnitude, significant. As in the cas
of the mass splittings, a formulation ofxPT without this
resonance as an explicit degree of freedom is intrinsicall
incapable of predicting such ‘‘data.’’

V. CONCLUSIONS

From the results of the last two sections a few points ar
worth discussing. First, we should remind the reader that w
have calculated the lowest-order, one-loop contributions t
the DES rule violations and theD decuplet magnetic mo-
ments. These expressions have corrections at next order
the chiral expansion due to higher-order terms in the chira
Lagrangian, including 1/M corrections to the heavy Fermion
limit. Beyond that, there are two-loop renormalization ef-
fects, including SU~3! breaking in decay constants. For-
mally, these corrections should be of the orderm/M ,d/M
and (m/M )2,(d/M )2 respectively. Unfortunately, as we have

plet
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discussed elsewhere@13,31# the convergence of the expan
sion is by no means ensured.

Second, while the magnetic moment of theD0 depends
sensitively on the cancellation between terms depending
relatively ill-determined coupling constants, the relations b
tween the magnetic moments of theD decuplet given in Eq.
~36! are rigorous predictions ofxPT atO(p2). We urge ex-
perimental activity to confront these predictions with data.
new measurement ofmV2 with higher precision will be most
useful. At least two other decuplet magnetic moments ne
to be measured, hopefully with a precision of;0.1 nm.

Third, that on the level of one-loop corrections inxPT,
the contributions of the Roper octet andD(1600) decuplet to
properties of theD decuplet is as important as contribution
from the nucleon octet or delta decuplet itself. We have se
this result quantitatively in the case of the DES rule and t
magnetic moment of theD0. Both of these quantities are
good measures of the one-loop effects as they are each
at lower order in the chiral expansion. We expect that the
results are illustrative and that they generalize to all one-lo
calculations for theD decuplet. Since the mass splittingdR
between the Roper octet andD decuplet@or d10, between the
D(1600) andD decuplets# is less than that of the kaon’s
mass, a Taylor expansion inmK /dR is not permissible.
Hence, these loop effects cannot be absorbed within high
order terms of the chiral expansion of a theory not contain
the Roper as an explicit degree of freedom. In such a the
it is indeed difficult to justify going to one loop or highe
without inclusion of the Roper. Phenomenologically succe
-

on
e-

A

ed

s
en
he

zero
se
op

er-
ng
ory

s-

ful results would have to be considered merely fortuitous
unless shown to be a result of more general consideration
@as in the relations of Eq.~36! for the magnetic moments#.

The above argument can be repeated in kind for the one
loop corrections to the Roper resonance andD(1600). That
is, even higher multiplets, separated bydh in mass from the
Roper octet@D(1600) decuplet# by an amount less than the
kaon mass, will bea priori as important quantitatively as the
D decuplet for properties of the Roper@D(1600)# at the one-
loop level. Since such corrections are necessary for a two
loop calculation12 of the baryon masses, we are led to con-
clude that the loop expansion in general in the baryon secto
of xPT is inevitably wedded to the necessity of including
more and more multiplets in the theory as fundamenta
fields. While such a result may not be valid in a particular
limit of QCD ~e.g.,mu,d,s→0 or Nc→`), it is a conse-
quence of the experimental fact that, on the average
mp'dh .
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12See, though,@13# for a discussion as to the likely feasibility of
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