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Motivated by recent remarks on tie” mass and comparisons between the quark model and relations based
on largeN, with perturbative flavor breaking, two sets Af masses consistent with these constraints are
constructed. These two sets, based either on an experimentally determined mass splitting or a quark model of
isospin symmetry breaking, are shown to be inconsistent. The model dependence of this inconsistency is
examined, and suggestions for improved experiments are made. An explicit quark model calculation and mass
relations based on the lardé: limit with perturbative flavor breaking are compared. The expected level of
accuracy of such relations is realized in the quark model, except for mass relations derived by combining
others which correspond to different 8) representations. It is shown that th8 andA ™" pole masses and
A°—A*T=(AT—A"")/3=1.5 MeV are more consistent with model expectations than the analogous Breit-
Wigner masses and their splitting§0556-282(99)02301-3

PACS numbe(s): 14.20.Gk, 11.15.Pg, 12.39x, 13.40.Dk

I. INTRODUCTION tions of our quark model for isospin splittings and compare
with relations based on lardé; and perturbative flavor
The standardh masse$1] have been used in a number of breaking, and with the “experimental” masses, to see where
comparisons with predictions based on laMewith pertur-  they differ. Comparisons of a similar nature have recently
bative flavor breaking2,3] and the quark moddK,5]. The  been completed by Rosngb]. The present study extends
agreement generally has been poor. WhileA#232 reso-  this work through the use of a dynamical quark model which
nance has been extensively studied in both strong and eleallows for SU6) symmetry breaking in the baryon wave
tromagnetic reactions, only th&° and A** masses have functions, and also for non-spectator effeft®,4], where
precise values, and th®~ mass has never been determined.the interactions of a pair of quarks with a given flavor and
Values for theA® andA* * masses come mainly from analy- total spin are allowed to depend on the flavor and spin of the
ses of elastic pion-nucleon scatterifig—8], and theA* remaining quark. Our study also differs numerically through
mass has been extracted from analyses of pion photoproduthe use of different experimental input.
tion data[1,9]. We will show that these two different approaches give
In this paper, we first note that the agreement with theoryguite different results for theéd masses, which implies an
is much improved when th&* mass of Ref[9] is removed.  inconsistency between the measurements of\thandA * *
The justification for doing so has recently been clarifigd]. ~ Breit-Wigner masses, the extracted valueDgfand our pre-
Having done this, we require a pair of additional constraintgiction based on largdl. and the quark model. In Sec. IV,
to determine the full set oA isobar masses. The first con- we will show that theA®— A** mass splitting based on pole
straint is the most reliable relation based on lakgeand mass values is more consistent with quark model and large
perturbative flavor breaking given by Jenkins and Lef@dd N, expectations.
and involves onlyA masses. We will consider the different
sets of A isobar masses which arise from the choice of a II. A MASSES
second constraint. One possibility is to use a linear combi-
nation of A masses determined from an analysis of elastic In the work of Jenkins and Lebg@], relations between
~ scattering from the deuteron. A value for this linear com-the masses of octet and decuplet baryons are estimated at
bination various orders of a perturbative expansion in flavor breaking
and in powers of M;. The first constraint that we will use
_ 1 to determine a set af masses is
D=A —A+++§(A°—A+) (1.2
Ag=ATT—3A"+3A°—A"=0. (2.1
(a particle’s name is used for its mass here and in what
follows) has been extracted by Pedratial. [11]. This relation is predicted2] to have an accuracj13] of
Another possibility is to use a theoretically reliable rela-order €”e’/N2, wheree’ is an isospin-symmetry violating
tion between thel and>* masses from Ref.2], together parameter for the strong interaction mass splittings, &hd
with a quark model estimate of trdifferencebetween the =€’ is an isospin symmetry breaking parameter for electro-
>* and3 mass splittings. As justification for this latter ap- magnetic mass splittings. With the parameters of R2¥.
proach, in Secs. Il and Ill we carefully examine the predic-this means tha\; is expected to be of order 18 MeV or
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smaller. We will show below that our quark model, which
breaks flavor and isospin symmetry explicitly, satisfies Eq.

el E 9D/10
(2.1) to a similar degree of accuracy. - : |
A set of A masses can be constructed with minimal theo- A+ A~
retical input by using the value dd extracted by Pedroni A ; A ;
et al.[11] and the accurate relation E@.1), E
3D/10 !
3D !
A%—AT=-5=1.3850.06 MeV, P A2
A‘—A++—g—4 14+0.18 MeV (2.2 | + 0 | -
= 10 =4.147 0. ev. . Z* zk : Z*
If these relations are combined with Breit-Wigner masses '2*2/2'
[1,6,14 for the A° (1233.6:0.5 MeV) andA™ " (1230.9
+0.3 MeV), we have FIG. 1. A and 3* mass splittings, incorporating the relations
A"=1232.2:0.5 MeV, of a given type within the ground state octet and decuplet
baryons. This amounts to the assumption of(@Ulavor-
A~ =1235.0-0.35 MeV. 2.3 spin symmetry in the wave functions, although the interac-

tions must be allowed to depend on the light-strange quark
) mass difference and so break SU(3)This is the spectator
Although theA™ mass is poorly known, we note that the approximation of Franklif12], where the strong and elec-
current range of values, given in the Review of Particle Proptromagnetic interactions between a given pair of quarks do
erties[1] (1231.5-0.3 MeV, excludingthe value of Ref. not depend on the flavor or spin of the remaining quark in
[9]), is consistent with this value. This exercise has also beege baryon. Models of this kind give% =3,. Dynamical
performed by Lebed15], with slightly different results. odels such as that used héis] and by Isgui17] allow
However, we will show in what follows that this prescription ¢q, breaking of SW6) symmetry in the wave functions and
leads to a set of masses which is in conflict with a resulg 4jj0w for and calculate non-spectator effects. However,
based on a combination of relations derived from the largghese models neglect potentially important additional effects
N¢ limit with perturbative flavor breaking and the quark §,e to electromagnetic box and penguin graphs, as shown by
model. _ _ Stephenson, Maltman, and Goldm§t8], and these may
A relation given by Jenkins and Lebéd], also contribute to non-spectator effects.
A,=25* 2.4 It is pointed out in Ref[4] that isospin splittings of thal
2 ' ' and A baryons are much smaller than those of the hyperons
because of pair terms which cancel in equal mass systems,

between the quantities .
q but not in the hyperons. As a consequence,rthep and A

A, =(ATT+A7)—(AT+AY) (2.5 splittings are more sensitive to non-spectator effects which

cannot be written as pair terms, and which may not neces-

and sarily show the same cancellations. It is, therefore, important
to include these effects when examining themass split-
y=3*T4+3*T-23*0 (2.6)  tings in a modeksuch as oupsconstrained to fin—p and

) . . other isospin splittings. Note that certain of the mass rela-
[with X*=%(1385)], can also be used to constrain th3e tions based on largh, and perturbative flavor breaking
masses. This relation is expected to be accurate’&N;  mentioned here are either satisfied by construction or by vir-
=3X10"°, wheree is an SU(3) symmetry violating pa- tye of the assumption of S6) symmetry in the wave func-
rameter(with e>¢'=¢€"), so that[2] corrections to this re- tijons of the model of Refg4] and[5], and that our model
lation should be of order 0.15 MeV. Figure 1 illustrates theg|iows for explicit breaking of these relations.
pattern ofA andX* Spllttlngs which results from impOSing AS an examp|e of such an effect, any model which con-
Egs.(2.1) and(2.4). sistently treats the hyperfine contact interaction and the isos-

Since the current valu&;=2.6+2.1 MeV extracted pin splittings will predict that theA®—A* splitting is
from data[1] is quite uncertain, our approach is to estimateslightly larger tham—p, because the effect @fiy;—m,>0
3% by using the value 2,=3%"+3"-23%°=171 on the quark kinetic energy is less diluted by relativistic
+0.18 MeV, also extracted from the d4td, and a dynami-  effects in theA. Explicitly, (m3+p?)Y?—(m2+p?)'? is
cal quark model prediction of the differen2g —=.,. smaller thanmy—m, for a finite quark momentunp. The

The pairing models of baryon isospin splittings of Cutko- nucleon has a net attractive contact interaction which gives
sky [4] and Rosnef5] assume the universality of splittings the quarks a larger mean momentum, whereasAtheas a
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repulsive contact interaction. Slight differences in the mag-A;=0.002 MeV andA,—23% =—0.026 MeV for this fit.
nitude of the electrostatic and magnetic interactions introQur quark model explicitly breaks $8) symmetry, which
duce almost no difference between these two splittings. Alallows a slight differences} —>,=0.046 MeV, with 3,
though they are somewhat reduced in magnitude in the larget 1.70 MeV, consistent with the measured value of 1.71
A state with slower moving quarks, these two terms come int0.18 MeV. These results suggest that it should be a good
with opposite sign and so the differences largely cancel. Thapproximation to constrain, using Eq.(2.4) and our quark
relation A°~A*=n—p from Jenkins and Lebe@2] and  model prediction thak} should be only slightly larger than
Rosner[5] has an expected accuracy ef/N3=e’e/NZ, 2.,. As a result, we will adopt the value
which is lower order than, say, EQ.4).

The quark model predictions given here are made within a A;=2(1.71+0.18+0.049 MeV=3.51+0.36 MeV.
model similar to that of Refl16], with some important dif- 27
ferences noted below. The strong contact interaction used in This value ofA, is quite different from the value implied

the baryon spectrum calculation of REf9] was convoluted oy first set of masses, which are based on the Breit-

with a Gaussian smearing function with the form \yignerA® andA** massesA;=0, and the extracted value
exp(~afr}), wherer;; is the separation of quarksandj,  of D. To illustrate this point, we eliminate eithdr or A+
and the smearing parameter; was 1.83 GeV for a light- from Egs.(2.1) and(2.5) to obtain

guark pair(the smearing parameter is taken to depend on the

quark mass; see R¢gfL9] for detail9. This can be interpreted . AP+ATT A,

as a strong form factor for the light constituent quarks, and AT= 2 4

this smearing parameter implies a relatively small strong size

for the constituent quark. On the other hand, relativistic cal- _ 3A%-ATT 3A,

culations of the electromagnetic form factors of the nucleon AT= Tz (2.8

carried out with light-cone techniques require a substantially
larger electromagnetic size for the constituent quark in ordewhich give the expressions
to fit the nucleon form factors using the resulting wave func-

tions[20-22. The magnetic component of the electromag- 0 A+ AP—A*T A,

netic interactionbetweenquarks, which is one source of AT-A :T+T’
isospin-violating mass splittings, was smeared in RE6],

also with a substantially smaller smearing paramejgy, A —ATT=3(A—A"), (2.9

than that used for the strong contact interaction.

This implies that smaller smearing parameters should bevhere the last relation follows trivially frond;=0. Com-
used in the strong contact interaction, coupled with a largebining the valueA°—A**=2.7+0.3 MeV, which results
strong couplingas(Q?=0) to preserve the size of the con- from the Breit-Wigner masse$l4], and Eq. (2.2 for
tact splittings. This reduces the level of high-momentumA®—A* which is based on the value Bf of Pedroniet al,
components in the nucleon, and therefore reduces the elegre see that Eqg2.9) requireA,=0 and saX3 =0, in con-
tromagnetic size of the quarks required to fit the nucleorflict with Eq. (2.7).
moments, bringing the strong and electromagnetic constitu- Equivalently, inserting our value fah, from Eq. (2.7)

ent quark sizes into rough agreement. and the Breit-Wigner masses fa® andA " * into Eq. (2.9
Wave functions have been generated for the ground staige find

octet and decuplet baryons with a strong contact interaction

which is smeared withr;;=0.9 GeV for light quark pairs A°—A*t=22+0.2 MeV. (2.10
[with similar reductions for the-(u,d) ands-s quark pairs,

and with an increased(0), which result in a fit to the Comparing to Egs(2.2) we see that the effect of this ap-
ground state baryon and the entire light-quark baryon spectri@roach has been to adopt a valDe=10(A°~A*)/3=7.5

of similar quality to that of Ref[19]. The resulting wave =1 MeV which is significantly larger than that extracted by
functions for the nucleons have been shown to give an adPedroniet al.[11]. A value ofD this large is also disfavored
equate fit to the nucleon elastic form factors within a light-in our quark model.

cone mode[21,27. The parameters of the isospin spliting  This suggests that there is an inconsistency between the
model of Ref.[16] have been readjusted to fit the measuredBreit Wigner values for thé\® and A ** masses, the value
splittings, yielding dm=my—m,=3.6 MeV and vy, D=4.6+0.2 MeV, and the analysis combining E¢R.4)
=1.0 GeV, with an unchanged magnetic relativistic suppreswith our quark model result. Note that this argument is based
sion factoreyaq~= —0.297. The results for light-quark bary- on the difficulty of accommodating substantially unequal
ons are n—p=13MeV, D=A"—-AT"+(A°-AT)/3 values ofS3 andX, in the quark model. In our quark model
=4.9 MeV, andA,=3.5 MeV. Our results confirm within a both X, andX% have negligible contributions from the de-
dynamical model(constrained by the baryon spectrum, pendence of the kinetic energy and strong interactions
nucleon form factors, and the measured isospin splittingson themy—m,, mass difference. Their positive values result
the expected accuracy of the best of the relations based drom a cancellation between a positive Coulomb term
largeN. and perturbative flavor breaking of R€2]; we find (=3.4MeV) and a negative magnetic term
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(=—1.7 MeV). Although the Coulomb and magnetic terms IV. BREIT-WIGNER VERSUS POLE MASSES

are slightly larger in the spatially smallérom the net nega- It is interesting to note that our quark model itthout
tive contact interactionground stateX, the cancellation is  jmposition of constraints from thd masses gives a value
more complete irk,, which results in%,<X7 . In Cutko-  p=4.9 MeV, close to the valueD=4.6x0.2 MeV of
sky’s pairing mode[4], themy—m, terms are exactly zero, Ppedroniet al. This is also true of the fit of Cutkoskiy]. If

and the same partial cancellation between electric and maghstead of using the Breit-Wigner masses to determine
netic terms occurs, but by fidt; =3 ,. A value for33 close A%~ A** we use the pole mass¢$,8,10,23, we find a

to zero whileX., is close to the value extracted from experi- smaller splitting

ment is, therefore, inconsistent with such quark models. We

will return to this point in Sec. IV. AP—ATT=1 MeV. 4.1
A similar result for this splitting was found by Cutkosk#]
IIl. ACCURACY OF MASS RELATIONS in a fit to the octet and decuplet baryons which excluded the
' IN THE QUARK MODEL A masses. Evaluating E(R.9) with the pole mass difference

and our value ofA, gives
As our analysis of thé isobar masses depends crucially

on the relations in Eqg2.1) and(2.4), it is of some interest A°—A*=15 MeV,
to test the predicted accuracy of these and other relations
based 2] on largeN. and perturbative flavor breaking with a AT=A""=45 MeV, (4.2

dynamic quark model which includes SU¢3Dreaking ef-
fects, as well as S(8) symmetry breaking and effects higher Which is at least compatible with our quark model expecta-
order in the isospin-symmetry violating quantities such adion that A°~A* should be slightly larger tham—p
sm/m=2(my—m,)/(m,+mgy). Certain of these relations =1.3 MeV, though the uncertainty associated with pole
cannot be compared to experiment due to large experiment8lass splittings cannot support any more quantitative conclu-
uncertainties, particularly in the splittings of the states. Sions. This naturally leads one to consider whether pole or
Our quark model can provide estimates for the level of acBreit-Wigner masses should be used in mass relations. As
curacy of such relations. has been pointed out by Hter [24], the pole positionand

We have already seen above that the most highly sup?ot the Breit-Wigner magss a quantity which can be most
pressed =2 andl =3 operators from Ref2] yield relations ~ rigorously associated with a resonance.
(A,=23% and A;=0 respectively with predicted accura- One obvious way to address this 'questlon is to use the
cies which are realized in our model. There are also sever&est! =0 mass relation from Ref2] with an expected ac-
=1 mass relations. One id,—105%+102%=0, with ~ curacy ofe’/Nc,
A=3ATT—AT)+AT-A% 3,=3"-37, and E}
=E2*0—=*". In our quark model we have\,— 103}

+ 10:_’{6: _0_'20 MeV, which correspon_ds toan accuracy Ofwhere By is the average of the isobar masses of bargon
610", which compares favorably with thf pgedmtiag aC-This leads, unfortunately, to a central value betweenihe
curacy of this relation from Reff2] of €'e /ch 107 Breit-Wigner and polé1210 Me\) masses. Dillon has noted
Similarly, the Coleman-Glashow relatidfy —3,+Z,=01is  [25] that the consistency of E¢4.3) with the A pole masses
satisfied by our quark model to within 0.03 MeV, which js improved if pole valuef26] are used consistently for each
corresponds to an accuracy 40f<8076, and is predicted to  particle. This distinction has no effect on tik mass, but
be accurat¢?] to e’e/N;=10""in the largeN; and SU(3)  does shift theS* and EX terms slightly. However, the
limit. - _ _ agreement with Eq(4.3 is about the same, and within the
Two additionall =1 relations from Ref[2] with an ex-  expected accuracy, if either Breit-Wigner or pole masses are
pected accuracy ok'e/N; are A;—3%}-457=0 and consistently used. Here, again, improved values forite
31 —2E71=0. These relations are fourl@] by eliminating  (and Z*) Breit-Wigner and pole masses would lead to a
the unmeasured\>° mixing mass from mass relations corresponding improvement in our understanding ofAhe
which correspond to different 8) representations, and are  While theA “mass” has been variously quoted near 1210
both rather poorly satisfied by our dynamical model, whichMeV, 1232 MeV, and even 1241 Me}25,27,2§, the dif-
has A, —33%7 —4E7 =6.1 MeV, which corresponds to an ferences are mainly due to the model dependence in the sepa-
accuracy of 410 %, and>} —2ET=-0.91 MeV, which  ration of resonance and background contributions. The pole
corresponds to an accuracy oka0 *. A similar lack of  position remains stable near 121060 MeV in all of these
agreement is obtained for a wide range of parameters. Thiworks. As an exercise, we have repeated our quark model
suggests that some mass relations which span more than of@lculation of the isospin splittings but with the strong con-
SU(6) representation, and those derived from them, may notact interaction altered to fits — N evaluated with the\ pole
be consistent with our dynamical model. This problem couldmass, leaving all other details of the model unchanged. The
likely be avoided by calculating the mixing magk7] and  resulting values oh—p, D, andA, were largely unchanged
using the original relations from Reff2] which correspond at 1.3 MeV, 4.8 MeV, and 3.5 MeV respectively, although
to a single SW6) representation. the magnitudes of the splittings,, 7, and =, were re-

Ap=3(2¢—E&)+Qo, 4.3
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duced. This simple exercise suggests that it may be possible We support Rosner’s assertion that impro®d and Z*
to accommodate the average pole masses and their differenoesses are vitally important. These would sharpen compari-
in a quark model of this kind. sons between the lardé: and quark model predictions and
allow more quantitative comparisons between mass relations
using Breit-Wigner and pole masses. With one additianal
V. CONCLUSIONS mass, we could use Eq2.1) to determine the remaining
) ) ) state, bypassing the deuteron data. WhileAemass deter-
Two different constructions for thé isobar masses are mined from pion photoproduction data is the most obvious
compared. Both are based on the well determidédand  candidate, we should point out a potential problem. This is
A™* masses, and a relation based on perturbative flavahost obvious if we rewrite Eq2.1) in the form
breaking and largé{., with an expected very high degree of
accuracy realized in our dynamical quark model. The addi- A =ATT+3(A°-AT), (5.1
tional constraint is taken to be either a combinationAof
masses extracted from™ deuteron elastic scattering data or which would be utilized, given thé\® and A** masses.
a second larg®¥; relation in combination with a quark Since A° has a larger uncertainty thak™* and the “ex-
model calculation. The expected high degree of accuracy gfected” A°—A* splitting is only about 1.5 MeV, we could
this second largé¥ relation is also realized in our explicit easily have an experimentad®—A* splitting consistent
quark model. If the Breit-WigneA® and A** masses are with zero. This uncertainty would then be magnified in our
adopted, these two different constructions are in conflict. Thestimate of the\ = mass. While a direct measurement of the
quark model relation, upon which this conflict is based, is aA\ =~ mass would have the greatest impact, it is unfortunately
basic consequence of the type of model used, and does ngfe least favorable experiment, involving the extraction of

depend sensitively on parameter values. 7~ n scattering from a deuteron target.
The accuracy of certain relations based on perturbative

flavor breaking and larghk, is unknown because of uncer-

tainties in the masses extracted from the data. We have found

that in most cases the predicted accuracy is realized in our

model. The exceptions are relations derived from combining One of us(S.C) would like to acknowledge helpful dis-
mass relations which correspond to different(®Uepresen- cussions with Professor N. Isgur and Professor D. Robson
tations. We have also shown that the relations betweeabout the contact interaction in baryons. This work is sup-
masses based on perturbative flavor breaking and IMbgge- ported by the U.S. Department of Energy under Contract
and those derived from the quark model are more consistemE-FG02-86ER40273 and the Florida State University Su-
with the A pole masses than the corresponding Breit-Wigneipercomputer Computations Research Institute which is par-
values. This suggests thatA®—A*=(A"—A**)/3 tially funded by the Department of Energy through Contract
=15MeV and the pole mass differenca®—A** DE-FC05-85ER250005.C), and by the U.S. Department of
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