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Electromagnetic properties of the baryon decuplet in quenched
and partially quenched chiral perturbation theory
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We calculate the electromagnetic properties of the decuplet baryons in quenched and partially quenched
chiral perturbation theory. We work at next-to-leading order in the chiral expansion, leading order in the heavy
baryon expansion, and obtain expressions for the magnetic moments, charge radii, and electric quadrupole
moments. The quenched calculation is shown to be pathological since only quenched chiral singularities are
present at this order. We present the partially quenched results for boSUt® andSU(3) flavor groups
and use the isospin limit in the latter. These results are necessary for proper extrapolation of lattice calculations
of decuplet electromagnetic properties.
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[. INTRODUCTION culations is that they are performed with unphysically large
quark masses. Therefore, to make physical predictions, one
The study of hadronic electromagnetic properties providesnust extrapolate from the heavier quark masses used on the
important insight into the non-perturbative structure of QCD.lattice (currently on the order of the strange quark mass
A model-independent tool to study QCD at low energies isdown to the physical light quark masses. For quenched QCD
chiral perturbation theoryxPT), which is an effective field (QQCD) lattice calculations, where the fermion determinant
theory with low-energy degrees of freedom, e.g., the mesothat arises from the path integral is set equal to one, one uses
octet inSU(3) flavor. yPT assumes that these mesons arequenched chiral perturbation theory ¥BT) [9-15] to ex-
the pseudo Goldstone bosons that appear from spontaneotngpolate. The problem with the quenched approximation is
breaking of chiral symmetry fron8U(3), ® SU(3)g down that the Goldstone boson singlet, thé, which is heavy in
to SU(3)y. Observables receive contributions from bothQCD, remains light and must be included in the
long-range and short range physics;xRT the long-range QxPT Lagrangian. This requires new operators and hence
contribution arises from théon-analytig¢ pion loops, while  new low-energy constants. Thus in general, the low-energy
the short-range contribution arises from low-energy con-<constants appearing in X®T are unrelated to those in
stants. The number of these low-energy constants is con¢PT and extrapolated quenched lattice data is unrelated to
strained by symmetries but their values must be determine@CD. In fact, several examples show that the behavior of
from experiment or lattice simulations. meson loops near the chiral limit is frequently misrepre-
Progress in measuring the proton and neutron form factorsented in QPT [16-21. We find this to be true for the
has been madésee[1,2] for referencef including recent decuplet electromagnetic observables. Indeed, to the order
high precision measurements for the prof8h Experimen-  we work only quenched chiral singularities are present in the
tal study of the remaining baryons, in particular the decupleguenched electromagnetic moments; the charge radii have no
baryon resonances, however, is much harder. Experimentgiark mass dependence at all.
measuring the decuplet magnetic moments are anticipated in The unattractive features of QQCD can be remedied by
the foreseeable future. The Particle Data Group lists valuessing partially quenched lattice QCIPQQCD. Unlike in
for theA™ " magnetic momeri#4] but with a sizable discrep- QQCD, where the “sea quarks” are neglected by setting the
ancy and uncertainty, even among the two most recent resulfsrmion determinant to unity, in PQQCD these sea quarks are
[5,6]. A report of the initial measurement of tde” magnetic  kept as dynamical degrees of freedom and their masses can
moment[7] has recently appeared, and further data are eabe varied independently of the valence quark masses. For
gerly awaited. computational reasons they are usually chosen to be heavier.
Although more experimental data for the other decuplefThe low-energy effective theory of PQQCD is RRT [22—
electromagnetic moments can be expected in the futur€9]. Since PQQCD retains d(1), anomaly, the equivalent
progress will be slow due to significant experimental diffi- to the singlet field in QCD is heavyon the order of the
culties. Theory, however, may be able to catch up. Whilechiral symmetry breaking scal&,) and can be integrated
lattice calculations using the quenched approximation haveut[26,28. Therefore, the low-energy constants appearing in
already appearefB], we expect partially quenched calcula- PQyPT are the same as those appearing®T. By fitting
tions for decuplet observables in the near future. One probPQyPT to partially quenched lattice data one can determine
lem that currently and foreseeably plagues these lattice cathese constants and actually make physical predictions for
QCD. PQYPT has been used recently to study heavy meson
[30] and octet baryon observablgxl,31-34.
*Email address: arndt@phys.washington.edu While there has been a quenched lattice calculation of the
TEmail address: betiburz@phys.washington.edu decuplet magnetic momen{8], there are currently no par-
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tially quenched simulations. However, in light of the Mg = diag'm,,my,ms,m; ,m;,m, ,m,,mg,my) (5)
progress that lattice gauge theory has made recently in the

one-hadron sector and the prospect of simula_ltions in the twasg that diagrams with closed ghost quark loops cancel those
hadron sectof35-39, we expect to see partially quenched yth valence quarks. Effects of virtual quark loops are, how-

the near future. _ o m;=m,, m;=my, andm, =m; one recovers QCD.

The paper is organized as follows. First, in Sec. Il we "The jight quark electric charge matri@ is not uniquely
review PQ(PT including the treatment of_ the_ baryon octet yefined in PQQCO45]. The only constraint one imposes is
and decuplet in the heavy baryo_n approximation. In Sec. ll¢or the charge matrixQ to have vanishing supertrace, so that
we calculate the electromagnetic moments and charge radify pnew operators involving the singlet component are subse-

of the decuplet baryons in both®T and PQPT up to  gyently introduced. Following the convention[id], we use
next-to-leading NLO) order in the chiral expansion. We use

the heavy baryon formalism of Jenkins and Mandd&r41], o 1 1

and work to lowest order in the heavy baryon expansion. Q:dia4§’_§’_§’qi ,a,0r,9;,9 .0 |- (6)
These calculations are done in the isospin limitSdfi(3)

flavor. Expressions for form factors with thg dependence )

at one loop are given in Appendix A. For completeness weVhenm;—m,, m—my, andm,—ms, QCD is recovered
also provide the PQPT result for the baryon quartet elec- independently of they's.

tromagnetic moments and charge radii for &6(2) chiral

Lagrangian with nondegenerate quarks in Appendix B. We A. Mesons

conclude in Sec. IV. For massless quarks, the Lagrangian in @&g.exhibits a

graded symmetnsU(6|3), ® SU(6|3)g®U(1)y that is as-
Il PQXPT sumed to be spontaneously broken down StJ(6|3)y
In PQQCD the quark part of the Lagrangian is written as®U(1)y. The low-energy effective theory of PQQCD that
[22-29 emerges by expanding about the physical vacuum state is
PQyPT. The dynamics of the emerging 80 pseudo Goldstone
_ = - mesons can be described at lowest order in the chiral expan-
L= X . Qa(iD—Mg)aplo+ >, Galil —M5)z505 sion by the Lagrangian

ab=ud, ab=u,d,s

2

f
- _ + Tyt
+ S Gsean(iD — Msedanlsea L 8str(D"E D,2)+\st(mgX +mg2 ")

a,b=j,l,r
B +adtDyd, - ujds 7
= > Q;(iD —Mg);kQx - (1)

j.k=u,d,s,u,d,s,j,Ir where

Here, in addition to the fermionic light valence quarksd, ,
) . ~ T~ ~ 2id

and s, their bosonic counterparts, d, and s (the ghost S=exp —| =&, (8)

quarks and three light fermionic sea quarkd, andr have f

been added. These nine quarks are in the fundamental repre-

sentation of the graded gro®U(6|3) [42—44 and appear M X'

in the vector o= Y

: €)

Q=(uds].l.ru.ds) @ f=132 MeV, and the gauge-covariant derivative Dg,
that obeys the graded equal-time commutation relation = 9,>+i€A,[Q,%]. The stf) denotes a supertrace over fla-
vor indices. TheM, M, andy are matrices of pseudo Gold-
Qr()QF (y) = (= 1) QT (y)Qf(x) = 8*£ 5 %(x~y), stone bosons with quantum numbers ¢ pairs, pseudo
©)) Goldstone bosons with quantum numbersgof pairs, and
. ) o pseudo Goldstone fermions with quantum numbergjof
wherea and 3 are spin and andj are flavor indices. The pajrs, respectivelyd is defined in the quark basis and nor-
graded equal-time .commutatlon relations for .t\@ds and  malized such thatb,— 7" (see, for examplé31]). Upon
two Q"'s can be written analogously. The grading factor  expanding the Lagrangian in E€f) one finds that to lowest

order the mesons with quark conteRQ’ are canonically

1 for k=123458, (4) normalized when their masses are given by

=10 for k=7,8,9

reflects the different statistics for fermionic and bosonic m? =4—)\(m +mo) (10)
. . QQ’ 2 Q Q' /-
quarks. The quark mass matrix is given by f
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The flavor singlet field given byb,=str(®)/\/6 is, in i, ], andk are restricted to 1-3. They transform asl8,(,1)
contrast to the @QPT case, rendered heavy by thE1), underSU(3)\,a|®SU(3)Seag§§>SU(3)ghoSt Because of Eq¥3)
anomaly and can therefore be integrated ou¢RT. Analo-  and(14), T;j is a totally symmetric tensor. Our normaliza-
gously its massu, can be taken to be on the order of the tion convention is such thaf;;=A*". For the spin-3/2
chiral symmetry breaking scalg,,— A, . In this limit the  baryons consisting of two valence and one ghost quark or
flavor singlet propagator becomes mdependent of the couwo valence and one sea quark, we use the states constructed

pling « and deviates from a simple pole fori26,28. in [31].
At leading order in the heavy baryon expansion, the free
B. Baryons Lagrangian for the3;; and 7 ;. is given by[15]

Just as there are mesons in PQQCD with quark content = I(Bv DB)+2aM(BBM )+2,8M(B/\/l B)
n
Q Q; that contain valence, sea, and ghost quarks, there are

baryons with quark compositio®;Q;Q, that contain the +20M(EB)str(M+)—i(Fv~DTM)+A(T—”TM)
various types of quarks. Restrictions on the baryon figlgs - o
come from the fact that these fields must reproduce the fa- +2ym(TH*M T ) —20m(THT ,)St(M,), (15

miliar octet and decuplet baryons when, k=1-3 [15,31].

To this end, one decomposes the irreducible representatiomgnere M =3 (£'mqé"+ Emgé). The brackets in Eq(15)

of SU(6|3)y into irreducible representations &U(3),,  are shorthands for field bilinear invariants originally em-
®SU(3)sef2 SU(3)gnos® U(1). Themethod to construct the  ployed in[15]. To lowest order in the chiral expansion, the
octet baryons is to use the interpolating field terms with coefficientsyy, By, om, Ym, andoy do not

B wa b contribute to the masses Bfand7 ; thus Eq.(15) gives the
B~ (Q"*Q —Q"?Q)“Qk"™) €and C¥5) ap -(11) propagators

i iprv
vk v-k—A

The spin-1/2 baryon octé;; = B, where the indices, |,
and k are restricted to 1-3, is contained as &1(1) of
SU(3)va® SU(3)sed® SU(3)gnost IN the 240 representation.
The octet baryons, written in the familiar two-index notation

(16)

for the spin-1/2 and spin-3/2 baryons, respectively. Heiis,
the velocity andk the residual momentum of the heavy
baryon which are related to the momentyrby p=Mgv

1 1
— A+ —=>0 St p +k. Mg denotes thédegeneratemass of the octet baryons
G V2 andA the decuplet-octet mass splitting. The polarization ten-
1 sor
B= 37 —A—-—=3° n :
V6 2 4
P =(v“v”—g“")—§S“S” (17)
=i =0 _ iA
NG reflects the fact that the Rarita-Schwinger fiel X) ;. con-

(12 tains both spin-1/2 and spin-3/2 pieces; only the latter remain
as propagating degrees of freedpfi].
The Lagrangian describing the relevant interactions of the
Bijjx and T ;. with the pseudo Goldstone mesons is

are embedded iB;j as[15]

1
Bijk:%(filekl"_filejl)- (13
Besides the conventional octet baryons that contain va-
lence quarksgqg, there are also baryon fields with sea andThe PQQCD low-energy constarits andC are identical to
ghost quarks contained in 180, e.g.,q0s.q. The baryon those appearing in QCD. The axial-vector and vector meson
states needed for our calculation have at most one ghost ¢ields A* andV* are defined as in QCD:
one sea quark and have been constructed explicitf$1h
Similarly, the familiar spin-3/2 decuplet baryons are em- M_i wt st M_l wsts gtop
bedded in thel38 Here, one uses the interpolating field Al=Z(EME—£'0%E)  and VH=5(£9"ET+E10%E).

@ (19
T ¢~ (Q2QP QL+ QP Q) Qi
The latter appears in EQL5) in the covariant derivatives of
,cAa,anp.b
+QQ" Qi) €and Cv*) gy (14) Bijx and T j; that both have the form

L=2H(T"S*A,T,)+ \EC[(FAVB) +H.cl. (19

that describes thel38 dimensional representation of DHEBY = g1 B+ (VA Bry + (— )T 1) (VB) . B,
SU(6|3)y . The decuplet baryon;;, are then readily em- ( Vi ikt VBt (=) (V) jmBim
bedded in7" by constructionT;;, =T ; , where the indices + (=)t ) Omet 7Vn)(Vl‘)knBijn . (20)
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Ill. DECUPLET ELECTROMAGNETIC PROPERTIES

i L (r3)=6—Geo(0)] 20
The electromagnetic moments of decuplet baryons in E do? a
xPT have been investigated previously 46,47). Addition-
ally there has been interest in the decuplet electromagnetic

properties in the Iargexlc limit of QCD [48—5]} In this — dFl(O) _ 1 [2Q_3F2(0)_Gl(0)]
section we calculate the decuplet electromagnetic moments do? 12M§ '
and charge radii in PPT and Q(PT. The basic conven- o4
tions and notations for the mesons and baryons in (24)
PQYPT have been laid forth in the last sectiony®I has the magnetic moment
been extensively reviewed in the literatyige-15]. Addition- 9
ally the decuplet charge radii pPT are provided since they _ A
have not been calculated before. First we review the electro- #=GCu1(0)=Q=F(0), (25)
magnetic form factors of heavy spin-3/2 baryons. d the electri d | i
Using the heavy baryon formalisfd0,41], the decuplet and the electric quadrupole momen
matrix elements of the electromagnetic currdfitcan be 1
parametrized as )=Gg,(0)—Q=— EGl(O)- (26)
(TP T(p))=—u,(p") O u,(p), (21)  To the order we work in the chiral expansion, the magnetic
octupole moment is zero.
where u,(p) is a Rarita-Schwinger spinor for an on-shell
heavy baryon satisfying“u,,(p)=0 andS*u,(p)=0. The A. PQXPT
tensorO#*” can be parametrized in terms of four indepen- | et us first consider the calculation of the decuplet baryon
dent, Lorentz invariant form factors electromagnetic properties in RET. Here, the leading tree-

level contributions to the magnetic moments come from the
dimension-5 operator

v v 2 [g’yST] 2
O#Pr=g"" vPF4 (A7) +——a.F2(q%) :
B 3ie —
L=pey - (THRT ")F . (27
9“q” | | . [$.,57] 5 B
+ 7| v7CG1(a%) +——0,Ga(a%) | .
(2Mp) B which matches onto thgPT operatof53]
22
(22) eQ,
‘C:IM’CM_BTi Ti FIU,VI (28)

where the momentum transfegr=p’ —p. The form factor
F1(g?) is normalized to the decuplet charge in unitseof
F,(0)=Q. At NLO in the chiral expansion, the form factor
G,(q?%)=0.

Extraction of the form factors requires a nontrivial iden-
tity for on-shell Rarita-Schwinger spinof$2]. For heavy
baryon spinors, the identity is

when the indices in Eq27) are restricted to 1-3. Hefg; is

the charge of théth decuplet state. Additional tree-level con-
tributions come from the leading dimension-6 electric quad-
rupole operator

3e —
L= —QCP(T{MQT N9 ,F e (29
Uo(p")(q"g"# =g *)us(p) X
— q? op g , Here the action oft ...} on Lorentz indices produces the
=Uu(p") _ng v#+29*7[$4,S"]q, symmetric traceless part of the tensor, vi®){*"=O#”
+O"*—3g**O*,. The operator in Eq(29) matches onto
1 the yPT operatof46]
+ - a7a o ug(p). (23)
B
eQ—
L= —QC—QZ.'Ti{“TiV}v“&MFm. (30)
Linear combinations of the abovéirac- and Pauli-like A

form factors make the electric charg®z,(q?), magnetic

dipole Gy1(0?), electric quadrupol&g,(g?), and magnetic The final tree-level contributions arise from the leading
octupoleG3(q?) form factors. This conversion from cova- dimension-6 charge radius operator

riant vertex functions to multipole form factors for spin-3/2

particles is explicated irf{52]. For our calculations, the

charge radius "We useF ,,=d,A,—d,A,.
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2 2 2 F2(0)=p

] \’ ’ \ ’ N M Hz m2 A
\ P 1 \ 1 \ B X
=2u.Q+ —— Ax| Alog— —m R(—)
(‘\ /’-\\ /’~\\
\_/' 1/ M 1/ ) CZMB
S — AyMy, 34
S 3 g 8rf2 ; xMx (349
|><‘, /'X\\ /'X\\ and
\ J \ S
$ $ § G,(0)=-20
,‘\ - - 2M2 MZCZ mZ
(. PLaini PRl _ o B| Ms My
\ i TN TN =4Q| pet0e A2 | T ; Axlog 2
MZH? mi  Amy ( A)
4 + — Ayl log— — — .
7 Al P 27?2 ; X gMZ AZ—mg T\ my
v / X / X
Wi 4

4 (35

FIG. 1. Loop diagrams contributing to the decuplet electromag-
netic moments and charge radii. Octet mesons are denoted by Ehe only loop contributions kept in the above expressions
dashed line, singletéhairping by a crossed dashed line, and the are those nonanalytic in the quark masses. Thedfiltle-
photon by a wiggly line. A thicKthin) solid line denotes a decuplet pendence at one loop has been omitted from the above ex-
(octed baryon. The diagrams in the first row contribute to the elec-pressions but is given in Appendix A. The functi®(x) is
tromagnetic moments and charge radii. The remaining diagramgjven by
with a photon have ng? dependence. These, along with the wave
function renormalization diagrams, ensure nonrenormalization of

—\Vx?—1+ie

the electric charge. X
R(X)=Vx?—1log———. (36)
3 X+Vx2—1+ie
e ——
L=c.—(T 79T 5)v,d,F"" (31
Ay The sum in the above expressions is over all possible loop

mesonsX. The computed values of the coefficiert$ that
appear above are listed in Table | for each of the decuplet
statesT. In the table we have listed values corresponding to
e_Ql? T Py (32) the loop meson that has masg for both yPT and PQPT.
A2 LT In particular, theyPT coefficients can be used to find the
X QCD decuplet charge radii, which have not been calculated
before. Using Eq(24), the expression for the charge radii is

which matches onto thgPT operator

L=cC,

Notice that the PQQCD low-energy constapts, ()., and
c. have the same numerical values as in QCD.

The NLO contributions to electromagnetic observables in ) 2mc—1 (.+6c.| 19+5C2 mi
the chiral expansion arise from the one-loop diagrams shown(rg)=Q > > ~3 ) E Axlog—2
in Fig. 1. Calculation of these diagrams yields Mg Ay 1677~ X K
25 H? mi A A
27 16722 °X w?  A?—mi My
2 A2 2
M Q4 Ccq
I REETVERETCARY: (39
B X X In the absence of experimental and lattice data for the low
1 3402 m2 energy constant§, andc., we cannot ascertain the contri-
- —¢? > AXIog—X butions to the charge radii from local countertermsyiAT.
6" 16722 X w? We can consider, however, just the formally dominant loop
5 contributions. To this end, we choose the valdes—2D
1, HP S Al my  Amy » A and H=-3D with D=0.76 [41], and the masses\
549 g2z & ™92 T pa I my =270 MeV, m, =140 MeV, andm, =500 MeV. The loop
contributions to the charge radii ipPT are then evaluated
+0(q%), (33)  for the decuplet at the scale=1 GeV and plotted in Fig. 2.
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TABLE I. The coefficientsA)T( for SU(3) for each of the decuplet statesi®T and PQPT. The indexX corresponds to the loop meson
that has maseny . Here, we have useq|,;=q;+q,.

xPT PQYPT

T K T K 7s ju ru is rs

+4 1 1 4 2
A 1 1 —37t0q 310 0 374 370 0 0

+ 1 2 2 1
A § § n n n §7qjl 3 qr n n

1 1
AO -3 i ” ” ” _qjl —-q, ” ”
A~ _ 0 ” ” ” _%_q_ 1 ” ”
jl 370,

+ 2 1 1,2 1 1,1 8 2 4 2 2 1 11
* 5 3 s+3505 5350, 1305 5130 9= 50 550, -§—30  —5 30
E*,O 0 0 " " ” é_%qjl %_ gqr ” "
Sk _% _% " ” " _g_%q_l _%_gq ” ”
=0 1 1 1,1 1,1 2 2,2 4_1 : 2_1 ' 4_2 2_2
= 3 —3 —g3t+3q; —51+30,+30q; 5t 30; 3~ 30 5 30r — 37 30j —9—30r
=%, _1 _2 " ” " _2_1 11 ” ”
= 3 3 . 95— 30 9~ 30r ) )

Q 0 -1 0 3t a 310 0 0 —3—q; -37q
B. QxPT are of the same order in the chiral expansion. As explained in

The calculation of the charge radii and electromagneti¢ >4} the axial hairpins do not contribute. In the diagrams
moments can be correspondingly executed foiP®. The shown in Fig. 3, one sees that there are contributions from

operators in Eqs(27), (29), and (31) contribute, however, the electromagnetic moments of the decuplet and octet bary-

their low-energy coefficients cannot be matched onto QCDONS s well as their transition moments. These interactions

Therefore we annotate them with a “Q.” The loop contribu- &€ described by the operators in E(a7) and (29) (now
tions encountered iyPT and PQPT above no longer con- With guenched coefficientsalong with

tribute because in PT A>T<=0 for all decuplet stated. o

This can be readily seen in two ways. The quenched?iafit L= QB S*.S*1BO) + uQ( B[ S*.S'1OB)\F

the coefficients in Table | makes immediate the vanishing of ZMB{M“( [S,S'1BQ)+ ug(BS,S'IQB)F
A>T(. Alternately one can consider the relevant quark flow 3 e

diagrams with only valence quarks in loops. Due to the sym- + \ﬁ,u?—[(ESf‘QT " +H.CIF,,

metric nature off'i, these loops are completely canceled by 2" 2M3g

their ghostly counterparts. For the charge radii, there are no

adgit[onal diag'rams to cqnsider at this order from singlet + \ﬁ@?i[(ES{MQT V})+H_C.]va(9ﬂFm. (39)
hairpin interactions. Thus in gPT, the charge radii have the 2 A)Z(

form

Itis easier to work with the combinations? and .2 defined
2ug—1 0F+6cd by
J’_

M3 A%

(r5)=Q , (39)

2 5
MS:§M8+2#S and ,ug=—§,u8+#8- (40)

where the dependence on the quark mass enters at the nextTo calculate the quenched electromagnetic moments, we

order. also need the hairpin wave function renormalization dia-
Additional terms of the formu3log my involving hairpins  grams shown in Fig. 1. These along with the diagrams in Fig.

[15,18 do contribute to the electromagnetic moments as the are economically expressed in terms of the function

Y(mMg, Aq,u)+Y(My, Ap, ) =Y (Mg, Ap, ) = Y(My,Aq, 1)

|(m1,m21A17A21/~L): (mi_mg)(Al_Az)

1677 dPk k?—(k-v)?
i @

3 ) @mP (k-md)(k2—m3)(k-v—Ap)(k-v—Ay)’

2In this case, the quenched limit simply means to remove sea quarks and to fix the charges of the ghost quarks to equal those of their light
quark counterparts.
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1
p +
A
X
0.5 .t — FIG. 2. The charge radii of the
’ decuplet baryons inyPT. The
—_ A+ )¢ contribution from counterterms
“g L X £0 - has been set to zero. The radii
= .0 =’ (squaredlhere come from the one-
A 3 X loop diagrams only and are plot-
Bl Qs P s — ted in units of fnf. For reference
Vol we have shown both the proton
n K _
0 _X_ and neutron charge radiisolid
3 A X Q s and dashed lines, respectively
X =%
X o B
05 - -
A
where w= ZM Qz
7% 1
2 m? 2 A 2 = (Qul+ apud)(C)?Cyylxx
Y(m,A,u)=Al m?— ZA2|log— + =m(A2—m?)R| = 167T2f2)§’ 3 (Qur+ epup)CE) Cooxlxx
3 u? 3 m
(42) 5 22 ,
Q 2 . AA

and we have kept only nonanalytic contributions. The fol-

lowing shorthands are convenient 2 A
9 —~5COH Dl (45)
|,7q,7q,=|(mnq,m,,q,,o,om, .
and the quenched electric quadrupole moment
A _
I,7q,7q I(m,] M. LA Ou),
0=—2Q| u +0Q e z
AN _
l nqMg I (mnq,mqu,,A,A,/.L). (43 " A
B (8 ‘ A
— 2 | 5CH 0Dy )
Specific limits of the functionl, , = appear in[18]. The 167T2f2 3 X
wave function renormalization factors arising from hairpin /!«2 M2
1 (o]
diagrams can then be expressed as _ - 2 (HQ)?| = _QQ QBxx'|xxr
16m7-f XX’ X
Iu“(z) 1 Q\2 2 Q A
Z=1- o XEX (€Y% Cx b — 3COH D0l |- (46)
5 ; TABLE Il. The SU(3) coefficientsByy: andCyy/ in QyPT.
4 §(HQ)ZBXX,|§§, _ (44) XX XX
Byx Cyxx
The coefficientsBy and Cxx, are listed in Table Il The ..\, o - ”;”u ’75”5 ”8”5 ”B’N ”B”S ’73’75
sum in Eq.(44) is qverxx’: N> Muss s s - Comb.in- sH 3 02* - 4 1 2 4 2
ing these factors with the tree-level contributions and includZ "=, 9 2 9 9 9 9
ing the corrections from the diagrams in Fig. 3, we arrive at’ EY 9 9 9 9 K 9
Q- 0 0 1 0 0 0

the quenched decuplet magnetic moment
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IV. CONCLUSIONS

We have calculated the electromagnetic moments and
charge radii for the S(B) decuplet baryons in the isospin
limit of PQYPT and also derived the result for the baryon
quartet away from the isospin limit for th8U(2) chiral
Lagrangian. They? dependence of decuplet form factors at
one loop appears in Appendix A. We have also calculated the
QxPT results.

Knowledge of the low-energy behavior of QQCD and
PQQCD is crucial to properly extrapolate lattice calculations

FIG. 3. Hairpin diagrams that give contributions of the form from the quark masses used on the lattice to those in nature.

~,u§Iogr'nq to decuplet electromagnetic moments iryX. The

For the quenched approximation, where the quark determi-

square at the photon vertex represents the relevant operators frofynt is replaced by unity, one useg®T to do this extrapo-

Egs.(27), (29), and(39).

In Eq. (45) the required values for the constamf are: ap
=1 for 3*F, 3*¥0 S*~ andE*; and ap=—2 for
E* 0 The coefficientDyy are listed in Table lIl. If a par-
ticular decuplet state is not listed, the valueDfy: is zero
for all singlet pairsXX'.

The above expressions can be used to properly extrapola;
guenched lattice data to the physical pion mass. For exampl%i
the expression for the quenched magnetic moments fak the

baryons[Eq. (45)] reduces to

4 ,uz
—°(HQ)2|§,UA,IU). (47)

17 27 16212

pn=2Qud

In the above expression we need

A
my

Amy

2 2
A _mx

+e. (49)

AA _ X
IXX—Iog—Z—
o

where the ellipses denote terms analytianig. Utilizing a
least squares analysis and using the valuesl GeV and
A=270 MeV, we extrapolate the quenched lattice d&tado
the physical pion mass and find for theresonances

p=2.8R pn]-

This is in contrast to the valug~2.49Q[ uy] found from
carrying out ayPT-type extrapolatio55]. Notice that for
many of the decuplet states, in particular thébaryons, the

(49

lation. QQCD, however, has no known connection to QCD.
Observables calculated in QQCD are often found to be more
divergent in the chiral limit than those in QCD. This behav-
ior is due to new operators included in the QQCD Lagrang-
ian, which are nonexistent in QCD. For the decuplet baryons’
electromagnetic moments and charge radii such operators en-
er at NNLO in the chiral expansion. Hence, formally our
O result is not more divergent than its QCD counterpart.
s, however, does not mean that our result is free of
quenching artifacts. While the expansions about the chiral
limit for QCD and QQCD charge radii are formally similar,
(r¥)~a+ Blog mo+---, the QQCD result consistsntirely

of quenched oddities: for all decuplet baryons, diagrams that
have bosonic or fermionic mesons running in loops com-
pletely cancel so thaB=0. In other words, the quenched
decuplet charge radii have the behav{of)~a+ - -- and

the result is actually independentof, at this order. For the
quenched decuplet magnetic moments and electric quadru-
pole moments, expansions about the chiral limit are again
formally similar: u~ a+ glogmg+yymg+--- and O~a

+ Blogmg+---. However, quenching forceg=0 and both

B’s arise from singlet contributions involving the parameter
Mo, Which is of course absent in QCD. Thus the leading
nonanalytic quark mass dependence that remains for these
observables is entirely a quenched peculiarity.

PQQCD, on the other hand, is free of such eccentric be-
havior. The formal behavior of the electromagnetic observ-
ables in the chiral limit has the same form as in QCD. More-
over, there is a well-defined connection to QCD and one can
reliably extrapolate lattice results down to the quark masses

guenched magnetic moments and electric quadrupole m&f reality. The low-energy constants appearing in PQQCD

ments are proportional to the char@e(unlike the yPT and

are the same as those in QCD and by fitting them in

PQYPT results. This elucidates the trends seen in thePQPT one can make predictions for QCD. Our

qguenched lattice dafa].

TABLE Ill. The SU(3) coefficientsDyy: in QyPT. Decuplet
states not listed havByy =0.

D

NuTu NuTs NsMs

St 2 _1 _1
9 9 9

3.0 1 _ 1 _ 1
9 18 18

=*,0 1 1 _2
— 9 9 9

PQYPT result will enable the proper extrapolation of
PQQCD lattice simulations of the decuplet electromagnetic
moments and charge radii and we hope it encourages such
simulations in the future.
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APPENDIX A: THE g2 DEPENDENCE OF DECUPLET R
FORM FACTORS Po=/1— —zq_ (A1)
my

For reference, we provide thg® dependence of the
decuplet electromagnetic form factors defined in Sec. Il at
one-loop order in the chiral expansion. To do so we define Then we have

2 m2 1
%Iogﬂ—:—Zmifo dxPZlog Py

Fl(qz):Q 1 Ax

2 09 cq?| 3+c?
_/Jch2 _chz i c(l _ 2
2Mg 2A% AL 1677f? X

72 11 miZ 5 A
—_——— -~ 2 5 a =
247252 ; Ax 367 log u? * 3AmXR mx)
Jld 10( mg a2 M 0 g Pyt APy 2 Gl § - he
~J o3 7 8 ggxam0a foapcr ameb| 5 Gl Rl | "~

the delta quartet. We keep the up and down valence quark
masses nondegenerate and similarly for the sea quarks. Thus
; SU2) _ g _
the quark mass matrix readsig diag(m, ,mg,m, The decuplet fieldZ ;. , which is totally symmetric, is nor-

m;,m,,mg). Defining ghost and sea quark charges is COMalized to contain thes resonance; =7 with i, j, k

strained only by the restriction that QCD be recovered in therestricted to 1 or 2. Our states are normalized so That
' 1

limit of appropriately degenerate q“?‘”‘. masses. Thus th%A”. The construction of the octet and decuplet baryons
most general form of the charge matrix is

containing one sea or one ghost quark is analogous to the
SU(3) flavor casd32] and we will not repeat it here.

. [2 1 The free Lagrangian foB and7 is the one in Eq(15)
QSU(Z):d'a‘\{?_ 394,941 - (B1) [with the parameters having different numerical values than
the SU(3) casé. The connection to QCD is detailed [iB2].
Similarly, the Lagrangian describing the interaction of the
and 7 with the pseudo Goldstone bosons is the one in Eq.
(18). Matching it to the familiar one in QCDby restricting
the B;j and 7' to theqqq sectoy,

Fo(q?)=2 QCZMBZA fldP+MBH22A Al m>2<+f1d 2A log P PR(A)
= - m X og— X o -m — |1,
2(q M gnf2 5 XM, XT 3em2i2 % X g,uz o g Fx—MxFx MyPy
(A3)
and
2M3|  M3C? 1 m: (1
Gi(g»)=4 +Qc— | — Ay zlo —+f dx2x(1—x)log P
1(0%)=4Q| uc gcAi Zszzg (5109 2 * |, X2x(1-x)logPy
ZMEHZEA ! mi+fld (1-x)| 2 logP AmxPx ( - ) (A4)
_— —log— XX(1—x o - .
o2tz & X802 Jo I A2 mzp2  myPy
|
APPENDIX B: A ELECTROMAGNETIC PROPERTIES IN where the indices, j andk are restricted to 1 or 2 and the
SU(2) FLAVOR WITH NONDEGENERATE QUARKS SU(2) nucleon doublet is defined as
In this section, we consider the case3f(2) flavor and
calculate the electromagnetic moments and charge radii of N:(p) (83)

The symmetry breaking pattern is assumed tcSth#4|2),
®SU(4|2)g®@U(1)y—SU(4|2)y®U(1)y. The baryon
field assignments are analogous to the casgld(f3) flavor.
The nucleons are embedded as

_ TKjipv TV “
L=gan(T AN €+ H.C)+20aaT (i SLANT ik

1
Bijc=—=(€jN+ €iN;), (B2

6

+ ng?ﬁjiSuTy,ijktr(A”), (B4)
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TABLE IV. The SU(2) coefficientsA; in xPT and PQPT.

XPT PQPT

T uu ud dd ju lu jd Id
AT 1 ~%+q 3ta 370j 370 0 0
A" 3 —5+3q; 39;+3a st3d 9730, s—3G  —5—309  —g5—30
A° -3 —§t3aq - tigptzan §t3a §-3qp §-sa —§-3q  —§-3q
A- -1 0 ~%+q; 3t+aq 0 0 ~3-q -3-q

one finds at the tree levél= —g,y and H=gxa, With gx
=0. The leading tree-level operators which contributé\to
electromagnetic properties are the same as in 3%. (29),

those above Eq$34), (35), and(37) with the SU(2) identi-
fications made fo€ andH above. The S(2) coefficientsA;
appear in Table IV for particulak-resonance statds In the

and (31), of course the low-energy constants have different@ble, we have listed values corresponding to the loop meson

values.

that has massny for both yPT and PQPT. Again, the
xPT coefficients can be used to find theresonance charge

Evaluating theA electromagnetic properties at NLO in radii in two-flavor QCD. These have not been previously
the chiral expansion yields expressions identical in form tocalculated.
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