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Pole versus Breit-Wigner resonance description of the orbitally excited baryons
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We consider the masses used in recent studies involving the nonstrange sector of thel 51 baryons. The use
of T-matrix andK-matrix poles versus the conventional Breit-Wigner masses is discussed within the context of
a large-Nc fitting scheme.@S0556-2813~99!01206-6#

PACS number~s!: 24.85.1p, 12.38.Bx, 14.20.Gk
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While the mass and charge of a particle are typically
easiest quantities to determine experimentally, the pro
way to define and extract the mass of an unstable state
tinues to be controversial. This issue has been extensi
debated in studies of theZ0 mass@1# and has been discusse
in the context of baryon resonances, by Ho¨hler @2#. While
resonancelike behavior is, in principle, possible withou
pole in theS matrix @3#, the pole position has many feature
one would associate with the physical mass. These inc
@1,4# independence from the production process, factoriza
ity of the residue, and gauge independence. Other poss
ties include the bare,K-matrix, and Breit-Wigner~BW!
masses.

The Particle Data Group~PDG! has until recently listed
only the BW masses and widths in its Baryon Summ
Tables @5#, though pole positions have been added in
most recent edition. Most fits involving either quark mod
or large-Nc formalisms have been carried out using the
BW values. However, as emphasized by Ho¨hler @2#, the BW
values quoted by the PDG are inherently model depend
This has led us to ask two important questions.~1! Are the
above fits influenced by differences between the BW a
pole masses?~2! Which definitions of the mass actually co
respond to the quantities being calculated?

The first question can be answered most easily. For
purpose, we have examined several fits to resonance pro
ties utilizing the large-Nc formalism. In a series of papers
the orbitally excited SU~6! 70-plet baryons have been an
lyzed in terms of their BW masses@6#, and strong@7# and
electromagnetic@8# decays, within the framework of large
Nc QCD. While such fits necessarily involve a large numb
of free parameters, a comparison of the parameters d
mined in these independent fits reveals a remarkably con
tency. This is particularly evident if one compares the m
ing angles associated with, inpN notation, theS11 andD13
resonances. The twoS11 mass eigenstatesN(1535) and
N(1650) and two D13 mass eigenstatesN(1520) and
N(1700) are mixtures of states,Ni j , with total quark spini /2
and total angular momentumj /2, as parametrized by mixing
angles:

FN~1535!

N~1650!G5F cosuN1 sinuN1

2sinuN1 cosuN1
GFN11

N31
G ~1!

and
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FN~1520!

N~1700!G5F cosuN3 sinuN3

2sinuN3 cosuN3
GFN13

N33
G . ~2!

The mixing anglesuN1 anduN3 have been determined inde
pendently in Refs.@6–8#. Results for the angles are identica
within the quoted uncertainties, in these fits to the mas
and decay widths~both strong and electromagnetic!. This
self-consistency adds considerable weight to the large-Nc fit-
ting scheme.

We have repeated the mass fit of Ref.@6# using instead a
set of pole masses@9–11#, where the mass was taken to to b
the real part of the pole position. For these resonances,
difference in definition is quite important. This is apparent
one notes that the heaviest and lightest of the orbitally
cited SU~6! 70-plet baryons are separated by only about 2
MeV, whereas the difference between BW and pole mas
can be 50 MeV or more.

While any comparison necessarily depends upon the n
ber of operator coefficients varied in the fit, an interesti
result follows if one fits the seven masses with six para
eters and predicts the two mixing angles. These parame
scale the O(Nc) and O~1! contributions and the largest term
of O(Nc

21). A detailed description of this method and a com
plete set of relations between the parameters and masse
given in Ref.@6#. In the present Brief Report, we retain th
notation@6# in order to aid comparison. The six-parameter
of Ref. @6# was able to successfully reproduce the B
masses and mixing angles in agreement with the result
Refs.@7,8#. A nine-parameter fit, including the mixing angle
as data, did not give qualitatively different results@6#. ~The
values given in Ref.@6# were first verified before considerin
the effect of pole masses@12#.! Our fits, using both BW and
pole masses, and the resulting parameters and mixing an
are given in Tables I and II.

While the mixing angles resulting from the pole fit a
quite different from those found in Refs.@6–8#, the other
parameters display a number of similarities. The relat
signs have not changed and the coefficientc2 remains small
and consistent with zero. Apart fromc2, the coefficients
found in the pole-mass fit are of the same magnitude. T
other terms of O(Nc

21) listed and considered in Ref.@6# ap-
pear to be unimportant in both the BW and pole-mass fits
is also interesting to see that, using either set of masse
significant part of the overall chi squared is due to t
N(1700). This state has a very weak coupling to thepN
3441 ©1999 The American Physical Society
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3442 PRC 59BRIEF REPORTS
channel, and has not been detected in all analyses of el
pN scattering data. As a result, its mass and pole posi
are not well determined.

In an expanded version of Ref.@6#, the relative sizes of
the fitted coefficients have been used to suggest that the
derlying dynamics is due to effective pseudoscalar-me
exchanges among the quarks@13#. As the pole mass fit
chooses a different set of dominant coefficients, we see
differences in definitionare important. Thus we are forced t
consider the second~much harder! question: Which ‘‘mass’’
is most appropriate?

We first assume that the pole positions are eigenvalue
an operatorM2( i /2)G in the sense that

S M2
i

2
G D uA&5mAuA&, ~3!

wheremA is complex. The connection with most model a
proaches is a neglect ofG, resulting in real mass values. Fo
the states under consideration, terms of orderNc , 1, andNc

21

have been included in fits to the masses. As the widths
expected to enter at O(Nc

22) @14#, the neglect ofG appears to
be completely consistent.

In order to more closely examine the mixed sta
N(1535) andN(1650) orN(1520) andN(1700), we follow
an argument given by Aitchison@15# for overlapping reso-
nances. In this case,M2( i /2)G is an effective Hamiltonian
matrix. In terms of states, denoted by Greek indices, wh
diagonalizeM ~but not the full Hamiltonian!, the T matrix
has the form@15#

TABLE I. Six-parameter fit to BW masses. The predicted m
ing angles areuN150.53 rad anduN353.06 rad.~Values from Ref.
@7# are uN150.6160.09 rad anduN353.0460.15 rad.! Here
x2/NDF50.23. Mixing angles were not included as data.

Fit ~MeV! Expt. ~MeV! Parameters~MeV!

D(1700) 1712 1720650 c1 : 466614
D(1620) 1643 1645630 c2 : 229.5639
N(1675) 1678 167868 c3 : 3036141
N(1700) 1712 1700650 c4 : 69699
N(1650) 1660 1660620 c5 : 63646
N(1520) 1523 152368 c6 : 424686
N(1535) 1539 1538618

TABLE II. Six-parameter fit to pole masses. The predicted m
ing angles areuN152.63 rad anduN350.35 rad. Herex2/NDF

50.005. Mixing angles were not included as data.

Fit ~MeV! Expt. ~MeV! Parameters~MeV!

D(1700) 1655 1655610 c1 : 497613
D(1620) 1585 1585615 c2 : 21.7618
N(1675) 1660 1660610 c3 : 196687
N(1700) 1647 1650650 c4 : 186626
N(1650) 1670 1670620 c5 : 104621
N(1520) 1510 151065 c6 : 212670
N(1535) 1510 1510610
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Ti j 5 f iaSab8 f b j , ~4!

where

Sab8215Sab
212Sab ~5!

and

Sab
215~ma2m!dab , Sab5

i

2 (
i

2pr i f a i f ib . ~6!

In the above,m is the energy,f a i is the coupling between the
resonant statea and the continuum statei, and r i is the
phase space factor for channeli. The T matrix can then be
written, in terms of theK matrix, asT5K(12 iprK)21,
wherein theK matrix has the form

Ki j 5 f iaSab f b j . ~7!

The neglect ofG results in the approximationTi j .Ki j .
Therefore, as one might expect,K- and T-matrix poles are
equivalent in the absence of a width.

At this point a few comments are necessary. First, it
known that theK- and T-matrix masses are separated
amounts similar to the difference between the BW a
T-matrix pole masses@11,16#. Thus, one or both of theK-
andT-matrix masses must shift significantly in the presen
of a width. From the fits in Tables I and II, we see that t
masses can be reproduced, to the few MeV level, with
O(Nc

22) terms. As a result, we expect theK-matrix mass to
remain relatively stable. However, in Eq.~3! we see that a
width alters both the effective Hamiltonian and the ba
states. As this width is not small, being typically 150 MeV,
moderate shift in the real part ofmA should be expected. In
matching phenomenological masses from data fits to the
malism of Refs.@6,13#, we require a quantity which remain
stable as the width is turned on. As a result we suggest
the~real! K-matrix poles are most closely associated with t
large-Nc formalism of Refs.@6–8,13#. While K-matrix pole
positions are not tabulated by the PDG, a recent study@11#
finds that, at least for theN(1535), the BW andK-matrix
masses are in reasonable agreement.

In summary, after comparing the various definitions us
to extract masses from experimental data, at least for
considered set of resonances, we find theK-matrix definition
to be most appropriate when comparing with large-Nc re-
sults. One might object that large-Nc QCD should be giving
the more physicalT-matrix result. This is not a problem, a
the above argument implies that a comparison of phen
enological K-matrix masses is essentially equivalent to
comparison ofT-matrix masses to O(Nc

21). One final point
should be emphasized. In this study, we have comple
ignored the effects of nonresonant background contributio
This would not have been a problem had theT-matrix pole
been favored. However, theK-matrix pole is influenced by
background contributions, and thus a degree of model dep
dence appears unavoidable@17#. As a final point, we mention
that some recent studies@18# have found photodecay ampl
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tudes for theN(1535) andN(1520) which strongly contra
dict the PDG values fitted in Ref.@8#. In the author’s opin-
ion, it would be extremely useful to determine whether the
results preserve the consistent picture found in R
@6–8,13#.
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