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D. J. Ernst
Department of Physics and Astronomy, Vanderbilt University, Nashville, Tennessee 37235
and Jefferson Laboratory, 12000 Jefferson Avenue, Newport News, Virginia 23606
(Received 15 February 2001; published 26 July 2001

Pion-nucleon elastic scattering in the dominBgg channel is examined in the model in which the interac-
tion is of the formm+ N+ N, A(1232). New expressions are found for the elastic pion-nucleon scattering
amplitude which differ from existing formula both in the kinematics and in the treatment of the renormalization
of the nucleon mass and coupling constant. Fitting the model to the phase shiftsRg;ttieannel does not
uniquely fix the parameters of the model. The cutoff for the pion-nucleon form factor is found to lie in the
rangeB=750+=350 MeV/c. The masses of the nucleon and thevhich would arise if there were no coupling
to mesons are found to tmﬁlo)=1200t 200 MeV andm{®’=1500+200 MeV. The difference in these bare
masses, a quantity which would be accounted for by a residual gluon interaction, is foundnd%e 350

+100 MeV.
DOI: 10.1103/PhysRevC.64.035201 PACS nunierl4.20.Dh, 25.80.Dj, 13.75.Gx
I. INTRODUCTION nucleon pole term, both because such a term has long been

One of the most challenging problerfts facing contem-  known to be physically present in the amplitude and because
porary physics is the understanding of quantum chromodythis is how we will be able to extract information on the
namics(QCD) in the region of confined quarks. Lattice QCD nucleon itself from the model. We believe we should begin
has made great progress in its ability to calculate physicalith the spin-isospin channel which is dominant at low en-
guantities but it remains far distant from being able to calcu-ergies, theP;; channel. In this channel, we assume that the
late something such as the nucleon wave function. Models alominant physics arises from the crossed nucleon pole, Fig.
the nucleon and the excited baryons are thus necessary. It1¢b), and the directA production, Fig. Ic), utilized as the
possible that the relationship between lattice gauge calculdewest order driving terms of the theory. The model is then
tions and nature may initially proceed through phenomenoeonceptually the same as the cloudy bag m¢8glIExpres-
logical models, chiral expansions, and effective Lagrangiansions for the scattering amplitude within this model have
that produce parameters that are more amenable to lattideeen derived in Ref$5,20]. We find here that a more com-
calculations than might be the measurable quantities thenplete treatment of the renormalization of the nucleon mass
selves. and the pion-nucleon coupling constant provides a new result

Models of baryons based on confined qualRs5] are  which when fit to the data gives qualitatively different results
capable of producing a number of the measured properties dfom these previous works.
the baryons. We are here interested in a specific question. The model is formulated in such a way as to produce an
How do you model the piofand other mesagrcloud contri-  interesting piece of information concerning the structure of
butions [5,6] to the structure of the nucleon and the the nucleon and tha. The physical picture of the nucleon
A(1232)? We take the approach that the meson-nucleon irthat underlies the model is that there is a core composed of
teraction cannot be treated perturbatively. The results we finthe valence quarks surrounded by a mesonic cloud. Within
are consistent with this assumption. There exist very accuratidte model, one can calculate the mass of a baryon in the
data[7] for pion-nucleon scattering. In understanding the _

pion-nucleon system, we believe that these data must be use *« A S L7
as a constraint. The elastic scattering pion-nucleon amplitude . ) T~ i
contains the nucleon pole which occurs at a pion mass belov "o o *——e
elastic threshold. The residue of the pole is the square of the (a) (b))

physical nucleon wave function. Thus the mesonic cloud
contribution to the nucleon is intimately related to the scat-
tering data, just as the scattering wave function from a po-

tential is not independent of the bound state wave functions. L - e
for that same potential. The question is how to use the pion- ™. / e, g
nucleon data to constrain models of the pionic cloud of the \i "' i:’«\i
single nucleon and tha?

A first step in answering this question is presented here. (e )
We adopt a model in which the coupling is of the form FIG. 1. Driving terms for pion-nucleon scatterin@) the direct

+N«<N, A. We then investigate how to calculate pion- nucleon term(b) the crossed nucleon terr(g) the directA term,
nucleon scattering given this model of the interaction. Thereind (d) the crossed\ term. The combined model for scattering in
exists a large numbdi5,8—19 of models of pion-nucleon the P, channel developed here includés and(c) as driving terms
scattering. We require a model which contains the pion4or the linear equations.
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absence of the coupling to the mesons. This mass, here r@ith i labeling theN* baryon,bipT, the creation operator for

ferred to alternately as the bare mass or unrenormalize - ;RN :
y garyonl with momentump’, b, the destruction operator for

mass, is a property of the valence quarks only. Sy”?me‘“é nucleon with momentump, a, the destruction operator for
arguments should apply well to the valence quarks, which we pion of momentunk, and H.c. the Hermitian conjugate of

assume to have a reas_onably_5|mple structure, and not Re previous term. We reintroduce spin and isospin labels,
well to the physical particles, given we find they have sig-

o ; I nd use Lorenz covariance, rotational invariance, and isospin
nificant mesonic cloud contributions. Thus the process o

. . Lo L nvariance, to write the interaction as
modeling the mesonic cloud and removing its contribution to
baryonic properties can provide insight into the simpler va-

lence quark structure. (p'.J:Jai7 7l HilpS3 75 1K, 75)

We here address the question, given the model interaction, _ 1
of how can one best solve for elastic pion-nucleon scattering. =2E, 6(p' —p— k)if}ﬂC(E.Tgl,l,Tg i, 73)
There is a second important question which we do not ad- )
dress. How does one generate the underlying model of the Xy|“3( 0q,¢q)*q'vff(q2), )

pion-nucleon interaction from meson-quark or quark-quark

interactions. For example, in the cloudy bag mods| the with j and 7 the spin and isospin of thi* and where

pion-nucleon coupling is generated by coupling the pion to

the valence quarks at the surface of an MIT bélgin such a ) 1

way as to preserve chiral symmetry. Such a model is of the y|”3( Oq,bq) = E C(I,m,—,sg;jjg)Ym( Oq.%q)- (3

type we envision underlying this work. The underlying m,sy 2

model of the coupling produces the form factor for the

+N«<N, A interactions. Pion nucleon scattering does notNote the factor E, which accompanies the momentum

seem to be sensitive to the exact function chosen for the forrﬁonservin95 function to insure covariance, and the exp"(;it

factor, so we defer discussion of the source of the pionconstructions introduced to maintain rotational invariance

nucleon coupling as a separate problem, and treat the for@nd isospin invariance. For our model we take two terms in

factor as a phenomenological quantity whose range is to bghe interaction, one that couples to a particle withl/2, 7

determined from data. =1/2 and one withj =3/2, 7=3/2, providing a coupling to
The formalism developed here has a finite mass targethe nucleon and to thA, respectively. The momentumpis

uses invariant phase space and normalizations, and workgfined as the momentum of the pion in the reference frame

with the invariant amplitude that is free of kinematic singu-yhere the total momentum is ze# k=0. The factor' is

larities. In Sec. Il we provide expressions for quantitiesincorporated to produce the correct threshold behavior. For

needed to develop the model—the model interaction, the agne couplingm+ N« N, this may be written in a more famil-
proximate crossing relation used, and the pole terms of thgyr form by using

pion-nucleon scattering amplitude. In Sec. Il we review

separately the Chew-Low model, where the couplingris 1 1

+N<N, and the Lee model, where the coupling s q> C( l,m,i,sg';i,ja)Yfqu ' 9q)

+N<«—A. A relationship between the models is found which m,s}

leads us in Sec. IV to a new solution for the scattering am-

plitude when both interactions are present. In Sec. V, the :_L 1. >.qls? (4)
parameters of the model are fit to tRg; pion-nucleon phase Jam\2 370153 -

shifts. In the Conclusions, the results of this work are sum-

marized and thoughts on future work are presented. The construction given in Eq2) is general and can be used

for any value of the spin and isospinr of the intermediate

baryon. The construction of the stdtes?;k) and the defi-

nition of the statdq,s?) including Wigner spin precession,
We first need a model interaction, an approximate crosswhich we do not include here, is described in detail in Ref.

ing relation, and expressions for the pole terms in the pionf21] for a spin 1/2 particle and in Ref22] for particles of

nucleon scattering amplitude. For pion-nucleon scattering@rbitrary spin.

we propose using an interaction composed of three point The pion-nucleon amplitude will contain the direct pion-

functionse+ N« N* . In the P55 channel that we will exam- nucleon pole, Fig. (8), given by

ine here, the dominate physics arises froih=N, A. An-

ticipating future applications to the higher baryon reso- bl v (@)v (q)

nances, we will for now tred* as any baryon state. A three (@'t D = 00N ey =i )

point coupling is given by 4 N

II. MODEL INTERACTION AND CROSSING RELATION

The subscriptr is an abbreviation foj, 7, |. The residue
f d3p’ d3p dk of the nucleon pole term in the,, channel is related to the

Efz—w<p’|H‘,|p,k)bEprak+ H.c. (1)  conventional definition of the pion-nucleon coupling con-
proP

I __
=
stantf? by \;=12(m /m,)f? .
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In addition to the direct nucleon pole term, there will alsowith AX(*) calculated from\ (%) using Eq.(6). Since these are
be crossed nucleon pole terms, Figh)l These crossed of the form of an energy dependent separable potential, the
nucleon pole terms arg channel singularities while the di- solution for the scattering matrix follows by inserting the
rect term is ars-channel singularity. In dynamic models, itis effective potential into the Lippman-Schwinger equation
very difficult [13,23 to work with the crossed channels as
U-channels. We will here approximate tblechannel crossed "
terms by anS-channel singularity. The simplest approxima- {9’ [ta(Wo)[a)=(a'[ V5 (W)[a) +
tion is

q//(l)qu
(0’ Ve (Wo)la"Xa"|ta(We)la)
(altu(-W+2m 1) =3 Auualts(Wla), @ 8 Wy~ Worti 7 |

(11
with the crossing matrix given by . S
The phase space factor arises from the use of invariant nor-

1 -8 -8 16 malizations and working with the invariant amplitude. This
o 1 8 a4 equation is also knowfR25] as the Kadyshevski equation.
1

B Parametrizéq’|t,(Wg)|q) by
=gl -2 8 -1 4| ()
4 4 4 1 (@' [ta(Wla) =AD" qu ,(a")v (@)D 5W,),

A

12

If we apply Eq.(6) to the direct nucleon pole term in E@F)  with A?) replaced byAX(%) if the driving term is the crossed
to generate the crossed nucleon pole terms, we find for thierm, Eq. (10). The result for the denominator function

total D';(Wq) is, for the direct driving term of Eq9),
a'qu (9o (@)  q'qu (q")v (a) g 9"%2,.(q")
(@' [t090) = 8,1\ o — N : DLW, =W,—m©@— )@ [ 9% v ,
Wq—m, Watm, «(Wa)=Wa =My~ R 4Eqrwqr Wo—Wgr +i7

(8) (13

with X% given by{1/9,—2/9,—2/9,4/3\,, for «a=1,4 repre-  or for the crossed driving term of E(L0)
senting theP;, P13, P3;, andP33 channels.
DL(Wg)=—Wg+2m —m(D 1%

Ill. CHEW-LOW AND LEE MODELS Vo 2
o . . q’dg’ 9"v.(d")

Before investigating the model with both couplings X —. (14
+N«~N and7w+ N+« A, we examine models where only one 4Eqrwqr W= Wgrt+i7
coupling is present. By investigating these, particularly how . . :
each model handles the renormalization of the nucleon mass The quesﬂon we ne;eq to address is what h?ppens It the
we will learn how to solve the combined model. The I_eelﬁtermedlate state, thd*, is actually the nucleon itself. For

model [24] consists of choosing an interaction of the form the remamder of this sect_|on, we dét =N. In t.h's case we
7+ N+ A. We will also need to consider the case where thewou.Id rewrite the results in terr_ns of the physical, i.e., renor-
coupling ism+ NN and thus us&* to represent eithe malized, nucleon mass. The direct and crossed nucleon pole

. L _
or A. The second order diagram is of the form of an energy-te[ms’ Eq.(8), arise f.rom. a zero oD (W) at Wq=m,, or
dependent separable potential D (Wg=m )=0. This gives

qHZd qr/ q"zv ﬁ( q”)

4Eqr/(1)qu mN_un '

a'qu.(q")v,.(q)

0
Wy—m(®

(@ vefay=r{ , ) m®=m —\{ (19

and serves as a driving term for the linear Lippman-and thesameresult (with A{? replaced byaX(?)) for the
Schwinger equation. We have attached superscript zeros @fossed driving term. We can substitute Ef5) into Egs.
the coupling constant and the mass of Mie to remind us  (13) and(14) to eliminate the unrenormalized nucleon mass
that these are not renormalized quantities. We also examine | )

the case where the second order term is of the form of a D a(Wq)=Wq—m —(Wg—m A,

crossed Lee type interaction. From E§), this would be
qrerq// q”zvﬁ(q”)
q,qUN*(qI)UN*(q) 4Eqanu (Wq/r_ mN)(Wq—un-l-i 7])

- —m©
W+2m —m (16)

(@' Vela)y=ri®
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for the direct driving term, and for the crossed driving term z-plane
find

L - _ _ _ (0)
D o(Wg)=—Wgt+m —(Wg—m )\,

q/Iqu// q”zvﬁ(q”)
4Eqquu (qur_ mN) (Wq_ qur + | 7])
17

If we now make a change in notation, and define a couplinqud

FIG. 2. Analytic structure of the pion-nucleon scattering ampli-
e in the compleXV,— z plane. The cut along the right-hand axis

(0
constanix ) by is composed of an elastic scattering contribution which starts at an
0) energy ome+ m,, together with an inelastic contribution starting at
~ Ng the inelastic threshold. There is a polezatm_ as given in Eq(8),
\(0)— (18 | N
a _)\2(0)' and a cut along the left-hand axis, the crossed cut. In the model

developed here, the left-hand cut is approximated by an increase in
then both cases, the direct and crossed driving terms, can [§ee residue of the pole term.

accommodated by using E(L6) with X(?) as the coupling Itis interesting to note that the two L dels. direct and
constant. The minus that arises from the crossed diagram IS interesting 1o note that the two Lee models, direct an

propagator has been absorbed into the coupling constant f&rossed, d!ffer in form when written in terms Of. unrenormal-
notational convenience ized quantities, but produce the same algebraic results when
Finally, we identify tHe residue of the nucleon pole as theWritten in terms of renormalized quantities. Even when writ-
renormali,zed coupling constaﬁta This implies ten in terms of renormalized quantities, however, the direct

and crossed models are not equivalent. For the crossed driv-
ing term, the coupling constant, is negative; it has been

i_ i: q"dq q"*0(q") ) (19) redefined to absorb the minus sign from the crossed propa-
Ne AO 4Eqrwq (Wor—m )2 gator for the purpose of giving an algebraic similarity of the
two models.
Substituting this back into EqSlZ) and (16) gives the scat- The renormalization of the nucleon mass, however, is the
tering matrix same for the two models when written in terms of the cou-

pling constants\ (%) or AX(¥) | This is important as this rela-
"Itlay=X.q"qv (9" )v IDCH W), 20 tion maintains for both cases the physical requirement that
(@lte]a) @'qv\(a)0 (/D (Wo) 29 m(NO)>mN, i.e., the addition of a degree of freedom, here the

with DS (W,) given by pion-nucleon channel, lowers the energy of a state.
DM (Wo)=(Wg—m) IV. COMBINED MODEL
P We now return to the question of solving for the scattering
5 q""dq amplitude for an interaction which contains both 7a
X 1=N(Wg—m ) [ ——— P Y
N AEgroqr +N<N and ar+N—A. We limit the problem to the “no

crossing” approximation. This approximation includes
crossed terms through second order and their iterates. It is
. (21  best understood in terms of the Low equati@Y] where
crossing symmetry is manifest. We can understand why
dropping the crossed term is a reasonable approximation,
This is the result for the Chew-Low modg26] in the no  even though its contributiof28] to the scattering is not neg-
crossing approximation generalized for a finite nucleonligible. Examine the analytic structure of the pion-nucleon
mass. What we have found is that the Lee model, @y. amplitude in the compleXV, plane. We picture this structure
and its crossed generalization, Efj0), are equivalent to the in Fig. 2, where we have employed the approximate crossing
Chew-Low model if the intermediate state in the Lee modelrelation of Eq.(6). The no crossing approximation that we
is taken to be the nucleon. The relation of the Lee model t@re using sets the left-hand cut to zenod compensates by
the Chew-Low model with a direct driving term was first increasing the residue of the nucleon pole. The physics we
noticed in Ref[12]. The generalization here to the crossedare examining is given by the scattering amplitude evaluated
driving term is important as it will be needed in the next with the complex energy approaching the right-hand cut
section. The Lee models, direct and crossed, are written natfrom above. In this region, the energy dependence of the
rally in terms of the unrenormalized mass and coupling conactual nucleon pole term plus the crossing cut can be reason-
stant while the Chew-Low result is the equivalent written inably approximated by a pole with a modified residue. This
terms of renormalized quantities. approach does, however, preclude the use of the physical

1 qﬂzvf‘(q”)
X
(un_ mN)2 Wq_Wq”+ 7]
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pion-nucleon coupling constant in the model. with i =1,2 representing\ and A, respectively, and
We begin with a combination of Lee model driving terms,

Egs.(9) and(10). In the no crossing approximation, the scat- (—=W+ 2m — mf\lo))‘1 0

tering amplitude for a single interaction requires the solution (0)_ O -1

of a linear equation. The solution for the scattering amplitude ! 0 (W=my”)

for an interaction which is the sum of the two terms is also a

linear equation. In this work we will treat the domina®y,

channel. The model combines the diagrams of Fi¢js). dnd

1(c), with unrenormalized couplings and masses, as the driv-

ing terms. We believe this to be the dominant physics in the

P35 channel. o .
For the P43 channel, the driving term for the combined Defining theT matrix as

model is

(24)

and

qquN(ql)UN(q) <q,|t(W)|q>:% Ui(q,)q,Tij(W)Uj(q)qa (26)

’ Veff W :)\(0)
<q | ( )|q> N —Wq+2mN—quO)

and inserting this and E¢23) into the Lippman-Schwinger
a'qu,(a')v,(q) equation, Eq(11), gives a 2<2 matrix equation

+A O
Pow,- m(®

@ {{GOW) ]t =Ne(W)} (W)=, (27)

where we have dropped the spin-isospin indexvith the  where invertingG(®)(W) is trivial since it is diagonal, and
understanding that we are addressing specifically Rgg ¢ (W) is defined by

channel. The algebra simplifies if we write the effective po-
tential, Eq.(22), as

HZd " n2. .. " i "

eyw= [ IS TENE)
’ ’ ’ ” ” - n+1
(q lvefflow:iEj vi(q')q (g Gfﬁ’)(wwk?))v,-(q)q @ar=a ¢
(23)  The matrix7;;(W) is given explicitly by
|
AIIW=mP =\ e s (W)] AN Ds sy (W)
Tij(W): )\E\IO))\(AO)SNA(W) )\(AO)[_W_l_ZmN_mf\lO)_)\,(\IO)SNN(W)] /D(W), (29)
T
with KLO))\(AO)/'SNASAN

(m)— :
o o NN m — m(AO)_ )\(AO)S aa(my)
DW)=[W—m{O =1 Le 1 (W)] (31)

X[=W+2m —m©O—\Og (W)]
N N N NN

m@=m —\©g
N N N

Algebraically eliminating the unrenormalized nucleon mass
—)\(AO))\E\‘O)sNA(W)sAN(W). (300 by substituting Eq.(31) into Egs.(29) and (30) does not

yield any simplification. We thus adopt the numerical ap-

proach of using Eq31) to calculate numerically the value of

Within our approximation of replacing the crossed M and then use this value in calculating E€29) and(30).
U-channel pole by ar§-channel pole, the unrenormalized We also do not find any simple expression for the renormal-
nucleon mass can be removed as a parameter of the model kaed pion-nucleon coupling constant. Rather than using com-
fixing the location of the(approximate nucleon pole. The plicated algebraic expressions, we calculate the renormalized
exact treatment of the crossed nucleon diagram would findoupling constant numerically by calculating the scattering
that the singularity occurs at a valMég(q’,q) which depends amplitude near the nucleon pole.
onq’ andgq. In these variables the singularity is actually a In Refs.[5,20] approximate expressions for the scattering
short cut. Our approximation replaces this cut with a poleamplitude arising from the same Hamiltonian as is being
located at the midpoint of the cut. This pole occurs whenused here were derived. In RE%), the Chew serieg29] was
D(W=m )=0, which gives summed approximately, while in Ref20] a matrix N/D
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approach was adopted. If we ignore the coupling to inelastimel. First, an extension of the model is to be made. For sepa-

channelgset =1 in Ref.[20]), these two approaches pro- rable potential model§8], the Chew-Low mode[10-12,
duced identically the same answer, something that seems &nd the Lee mode]12], the coupling of the pion-nucleon
have been overlooked probably because of misprints in bothhannel to inelastic meson-production channels was found to
manuscripts. The question is how does this earlier result difbe significant. In both casebl/D arguments were used to
fer from that found here? The approximate summation of théncorporate into the model the effect of this coupling without
Chew series in Ref5] is equivalent to the use here of the having to model explicitly the inelastic channels. Since our
approximate crossing relation given in E). Although the  model is equivalent to an energy-dependent potential model,
derivations are different, both produce the same approximahe arguments from the original wofR] apply. The on-shell
tion of theU-channel Singularity as aBchannel Singularity, t matrix in channekr is parametrized as
so this is not a source of the resulting differences.
However, there are two differences between the earlier 4ﬁ2Wq _

works and our result. The first is simply kinematic. The in- (qta(We)|a)=— pv/ sing,e'’. (32
variant phase space used here produces a faggria the q
|n_termed|ate integration that is absent in the earlier workyy include the effects of coupling to inelastic channels, the
Since the earlier works treat the form factoNr(q) phenom- integral s;; (W) in Eq. (28) is to be replaced by
enologically and adjust it to fit data, the form factor in these
works contains implicitly this extra factor. This is true of a
number of early model§10]. Not explicitly including this sij(W)Ef
phase space factor means that it is implicitly included in the
definition of UN(q)' The rahge parametgr associated WlthThe change is the inclusion in the integralgfq) ~*, where
v (g) would then necessarily be constrained to be near the : :

N _ 7(q) is defined by
nucleon mass, or approximately 1 GeV/

In addition, the earlier models treat the renormalization of ain(q)

the nucleon mass differently than is done here. In the previ- 7(q)= Q"
ous models, the renormalization of the nucleon mass would Ttol @

be given by Eq.(15); the last term in Eq(31) would be i . (4) [ (q)] the measured inelastic cross section

absent. Renormalization is most easily understood in the akﬁotal cross sectionin channele. The most general form of
sence of crossing. Think of a model for tRe; channel with a potential which leads to this result is given in RES]

a direct nucleon pole and a Roper resonanceNthg1440). X .
The physical nucleon would be a linear combination of theWhlle for the Lee model, this form resul{d2] from .the .
orway concept—the system couples only to the inelastic

bare nucleon, the bare Roper, the bare nucleon plus a pi . d .
cloud, and the Roper plus a pion cloud. The mass renormaf annels by first proceeding through a resonant state. Unitar-

ization would necessarily depend on the coupling constarffy In the presence of inelastic channels as embodied in Eq.
A% and the form factov ,(q). The residue of the nucleon (32 is identically satisfied by the use of E(3).

pole must also contain terms with ,(q) to reflect that the We assume that thg form factor for coupling to the
: N . _ tnucleon and to the are identical. We choose

physical nucleon wave function contains an admixture o

N*. Since Eq.(15) is independent oh() andv ,(q), it

cannot be a complete and correct description of the mass

renormalization. Thés3 channel is more subtle. In @ com- e jgentity of these form factors follows from the assump-

plete model, the crossed nucleon pole term must have g o+ the bare nucleon and the bareare composed of

physical nucleon with a mass renormalization that is 'dent"valence quarks with the same spatial structure, differing only

pal ;0 thehrerr:ormahzatéon mlthe d|re|ct nucle(?]n p;!e term. Ity their spin-isospin structure. The selection of a Gaussian as
Is through the crossed nucleon pole term that sn€eso-  pe fynctional form could be motivated by a constituent
nance enters the mass renormalization. The underlying physg, a1k mode[2]. However, previous work has indicated little
ics Is that j[he nucleon contains a pion .CIOUd plus t_)are deltgensitivity to the specific function chosen for the form factor.
coupled toj = 1/2 component. The additional terms included ; is pest to view this simply as a choice of a convenient

in the mass renormalization in this work produce a moreynction that provides a cutoff with a range parameter to be
physical, more complete, and more complex model of theyatarmined by the data
nucleon. However, as can easily be s¢28] in the simple Before examining the combined model, we first examine

Chew-Low model, the renormalization of the nucleon massqqits from the Chew-Low model and the Lee model sepa-

and coupling constant will only be independent of the Spiny ey This will help us to understand the results that emerge

isospin channel if the model is fully crossing symmetric. ¢, 'the combined model. Once the coupling to the inelastic

Thus a definitive understanding of mass renormalizationyannels has been incorporated into the Chew-Low model, it

awaits the construction of such a model. produces resultsl0—12 which are an excellent reproduction

of the data. We depict this in Fig. 3 where we plot the phase

of the scattering amplitudeSss(q), Eq. (32), versus the
These results, Eq$26), (29), (30), and(31), are applied center-of-momentung. The dots are the data from R¢7]

to elastic pion-nucleon scattering in the domin&gt chan-  and the solid curve is the result of the Chew-Low model.

qNqu/l 1 qHZUi(qH)Uj(qN)
4(1)q//Eq// ﬂ(q’,) W— Wq//+ | n

(33

(34

o (@=vs(@)=v(g)=e I, (35)

V. RESULTS
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FIG. 3. The phase shiffz; in the P35 channel versus the center- FIG. 4. The same as Fig. 3 except the quanq'?ycot«‘i/(Wq
of-momentum momentury. The dots are the result of the phase —m) is presented.
shift analysis of Ref[7]. The solid curve is the results of the Chew-

Low model and the dashed curve is the results for the Lee mOde|Width of the A but not the data below and above the reso-

nance. The fit presented here is a compromise at fitting rea-
This two parameter, a coupling constant and a range for theonably the data both below and above the resonance. One
form factor, model not only fits well the region dominated by can fit well the data below the resonance, for example, but
the A, q=300 MeV/c but continues to fit well for several then the fit just above the resonargze 200 MeV becomes
hundred MeV above thid region. The data in the region very poor. This is even though the model has three free
from threshold toq=300 MeV/c are determined by three parameters—the coupling constant, the form factor cutoff
parameters—the position and the width of th€l232) and range, and the bare mass of the The range of the form
the behavior of the phasés;; as it approaches zero. The factor for the fit presented i8=400 MeV/c.
Chew-Low model, generalized to include the coupling to in-  The question that these results present is how can a model
elastic channels, naturally reproduces with two parametenghich combines the two interactions+ N«—N, A(1232),
the three parameters which characterize the data. be accommodated by the data? The answer is given in Fig. 5

The difficulty with the Chew-Low model is that it does where we present four curves which are all reasonable fits to

not contain a quark\ state and the excellent fit resu[ts2]  the data. The curves correspond to four values of the cutoff
from a cutoff given by=2285 MeVk. This is a much parameter8=400, 500, 800, and 1100 Me¥/ These are
higher momentum cutoff than is indicated by any other data.
Earlier [10] applications of the Chew-Low model did not - . - -
include the nucleon phase space factor and thus they gav
B~1 GeV, but this was because the nucleon phase spac 150 |
had been implicitly contained in the definition of the form
factor in these works.

The Lee model alone is not expected to fit well the data.
This is because the low-energy data are dominated by tht__ 450 L
nucleon pole and the scattering amplitude from this model
does not contain this pole. It has been pointed[ddi that =
the data can indeed be fit but that this requires a factor ol
wg Y2 in the form factor, i.e., an artificially low momentum
cutoff. The best fit for the Lee model is shown as the dashec
line in Fig. 3. In order to better understand this result, we
plot in Fig. 4 the quantityq3cot5/(Wq—mN). This quantity

removes tha® threshold behavior and also removes the en- 0 Leoe . . .
ergy dependencen,— mN)*l induced by the nucleon pole. 0 100 200 300 400 500

The solid curve in Fig. 4 is again the Chew-Low curve. This q(MeVre)

curves demonstrates better the quality of the fit tpr FIG. 5. The same as Fig. 3 except the curves are the results of

<300 MeV, and emphasizes more the difference betweethe combined model. The solid curve corresponds fo
the data and the model at the higher energies. The dashed1100 MeVk, the long-dashed curve t@=800 MeVic, the
curve in Fig. 4 is the best fit results for the Lee model. Thisshort-dashed curve =500 MeV/c, and the dot-dashed curve to
demonstrates that this model is able to fit the position and thg=400 MeV/c.
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TABLE I. Typical sets of parameterghe form-factor cutoff3, the unrenormalized coupling constants
A9 and unrenormalized massm{”’) which produce fits to th@; phase shifts. Also given for each fit are
two calculated parametels, the renormalized pion-nucleon coupling strength mﬁ@’, the bare nucleon
mass. These sets of parameters correspond to the curves depicted in Figs. 5—7. The numbers are given to an
accuracy such that the results of this work can be reproduced.

B (MeV/c) A0 (Mev™) A (Mev?) A, (Mev™H) m(® (MeV) m{® (MeV)
400 8.28< 1072 1.02x 1072 1.03x10°3 962 1294
500 7.7% 1078 6.62x10°3 1.17x10°3 1005 1372
800 5.34< 1072 1.98x10°3 1.19x10°3 1198 1662
1100 45K 103 3.33x10°4 1.12x10°3 1397 1623

four values from the continuum set of values @fwhich  |imit on B8 of 400 MeV/c is firm. Going lower than this
produce good fits to the data. The values for the paramete@veS results which are not compatible with the data dor
of the model that correspond to these valuegaire given <300 MeV/c. Our choice of an upper limit of
in Table . 1100 MeVk is not so firm. If we were to include only data
As the Chew-Low model already reproduces well thepe|ow 300 MeVE then excellent fits would result fg8 ex-
data, we find a continuum of solutions for the Comb'nedtending all the way up to the Chew-Low results of

model. The combined model contains four free parametersosg Mevie. The upper limit of 1100 MeW results from

the range of the form factor, two coupling constants, and th‘?equiring a fit in the region 0§j~500 MeVic.

bare mass of tha\. The data are able to fix three out of the i gre fitting phase shifts which are not data themselves,
four parameters, but not all four. In Fig. 6 we again presenpt parameters extracted from data. This prohibits a statisti-
the quantityq”cotd/(Wy—m,). We see that the fits are excel- 3| analysis of what is an acceptable fit. However, the results
lent for g=<300 MeV/c. Above this region, we do not re- given in Ref. [7] indicate that the phases abowg
quire an exact fit to the phase shifts. Comparing Figs. 4 ane-300 MeV/c are well determined so we include a criterion
6 we see that the curves for the combined model vAth of areasonabldit to these data, where we defireasonable
=400 MeV/c and B=1100 MeVk are inferior to the by making a judgment from the results in Figs. 5 and 6.
Chew-Low model. In this case we have found a local mini-Allowing 3 to be larger than 1100 MeY/ gives curves
mum as the true minimum would be to set thecoupling to  which are significantly further away from the data in the
zero and use the Chew-Low results. regiong~500 MeVlc.

We believe Fig. 6 to be somewhat misleading. Above the Another consideration is that there are theoretical system-
resonance, thé3; amplitude is quite small and does not atic errors. The assumption we have made for the underlying
contribute significantly to pion-nucleon scattering. This isinteraction does not include a small four-point interaction
illustrated in Fig. 7 where we plot the total elastic crosswhich might be important fog=400 MeV/c. We have as-
sectionoly'. The four curves for the four values @ are  sumed an infinite nucleon mass form for the crossed driving
plotted, but because they differ only by an amount that igerms; there might be small corrections to this in this region.
about a line width, they are hard to distinguish. The lowerWe have used the no crossing approximation assuming that

10 T T T T T T T T
200 | .
0 =
- 150 [ .
E
= _10 } =)
£ E
=3 3, 100 | |
%=
8 20
o
50 .
=30 }
1 1 1 1 0 PAPPS 1 1 1 >
0 100 200 300 400 500 0 100 200 300 400 500
q(MeV/c) q(MeV/c)
FIG. 6. The same as Fig. 5 except the quanq'ﬁpot(S/(Wq FIG. 7. The same as Fig. 5 except the total elastic cross section
—m) is presented. o in the P45 channel is presented.
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FIG. 8. The coupling constants as a function of the form-factor F|G. 9. The bare masses, i.e., the masses in the absence of
cutoff parametep for values which fit theP,3 data. The solid curve  meson couplings, of the nucleon, solid curve, and shedashed
is the unrenormalized nucleon COUplimQO), the dashed curve is curve, as a function of the form-factor cutoff parameger
the unrenormalized\ coupling constanh'”, and the dot-dashed
curve is the renormalized nucleon coupling constant The renormalization constarZTcE)\N/)\LO) gives an indi-

cation of whether the mesonic cloud effects can be treated

increasing the residue of the nucleon pole term would comperturbatively. We findZ.=1.25 for 8=400 MeV/c and
pensate. This is true over a limited momentum region, and .51 for 3=500 MeV/c. From there it rises rapidly to a
we do not know how accurately and over what region this isyalue of 2.46 for 3=1100 MeVk. Thus a perturbative
valid. Thus a value fog greater than 1100 Me¥/cannot  treatment of the mesonic cloud is not adequate except in the
be absolutely excluded. region of low cutoffs below about 500 Me¥/

What is certain is that the data in tf; channel are not Invoking SU6) would fix the ratio of the coupling con-
sufficient to uniquely determine the parameters of the modektants
This data will fix three of the parameters as a function of a

fourth. We find, if we impose a fit to the phase shifts in the N0 [ §(0) |2
region nearq=400 MeV/c, B=750+350 MeV/c. The A _ | AN7 (36)
same criteria would also allow the Chew-Low model as a NO LR

satisfactory fit to the data. The values of the unrenormalized

coupling constanta(? and\{” are depicted in Fig. 8 as @ Tpjs would provide one additional relationship among the
function of the cutoff parametes. We see that for the larger parameters and give a unique solution for the model, as was
values ofg the theory is fitting the data with a model that is done in[5]. However, none of the solutions which we find
primarily the Chew-Low model; the small differences be-has a value oR as large as the S6) prediction.

tween the Chew-Low model and the data is being corrected Of the continuum of solutions which we find, those with
by a small addition of the coupling to the. As the cutoff3  smallerg are of the same character as the solution proposed
decreases, the balance shifts. At the lowest valugpf in Ref.[5]. These solutions have a relatively low momenta
400 MeVlc, the interaction is predominantly the coupling to cutoff and describe the physical resonance as predominantly
the A but with a not negligible contribution from the Chew- arising from theA with small corrections from the Chew-
Low interaction. In Fig. 8 we also depict the renormalized|ow interaction.

pion-nucleon coupling constant as a function &f For 8 The model developed here allows one to extract the bare
greater than about 500 Mev/ the renormalized coupling mass of the nucleon and te The mass of these baryons in
constant is reasonably independent®fThe renormalized the absence of the coupling to mesons can be associated with
coupling constant obtains from an extrapolation of the lowthe mass of the state made up only of valence quarks. Sym-
energy data to the subthreshold enelyy=m and thus metry arguments should be more valid for the simple valence
should be approximately independent of the model. We findluark states than for the more complex physical particles. In
for f2,, the rangef2,,=0.142+.004 if we restrict the Fig. 9 we present the bare mass of the nucleon andths
range of 8 to 500 to 1100 MeVé. This is larger than the & function of the cutoffs. The bare mass of the, m{, is
value [30], f2,=0.076, recently extracted from nucleon- one of the parameters fit to the data. The bare mass of the

w

nucleon scattering. The difference arises, as mentioned edpucleonm(® is calculated from Eq(31). The nucleon bare
lier, because we have neglected the left-hand crossing cubass rises nearly linearly witB reaching a value of about
depicted in Fig. 2 and compensated by an increase in th&£300 MeV for 3=1100 MeVk. On the other hand, tha
coupling constant. bare mass rises to a maximum of 1700 MeV f®rnear
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850 MeV/c and then falls slowly. Fog=1300 MeVk the <500 MeV/c. Of the continuum of solutions found, a sub-
curves cross and the batemass becomes smaller than the set with a low momentum cutoff and & resonance that is
bare mass of the nucleon. predominantly the bare\ is qualitatively similar to the
An important number is the difference in the bare massescloudy Bag solutiorf5]. An important feature of the model
5m(0):m(0)_m(AO) In a quark model this difference would is its ability to calculate the unrenormalized masses of the
Y .

. . ~_nucleon and theA. For the nucleon, we finan(®=1200
be accounted for by a residual gluon exchange interaction. N

We find sm©=330 MeV for 3400 MeVic, as compared =200 MeV, and for the\, m{)=1500+200 MeV. The dif-
to 294 MeV, the difference between the energy at which thd€'€NCe in the bare masses, a quantity which would be ac-
A resonance occurs and the nucleon mass. The mass diffe ounted for by a residual gluon interaction, is found to be

- (0)—
m{®)=350+100 MeV.
ence reaches a peak value of 450 MeV b+ 850 MeV/c . . i
and falls to 225 MeV foi3=1100 MeVk. Since theP4; data alone are not capable of uniquely de

. . termining the parameters of the model, a further generaliza-
For the Chew-Low model, the incorporation of the cou g b g

ling to the inelastic ch 40 bled th del to fit “tion of the model is needed. If we are to use pion-nucleon
piing o ne inelastic ¢ annel _] enabied the modet to T scattering to determine the parameters of the model, then the
well the data. We find that setting(q) equal to one in Eq.

i : : . next step would be to include additional spin-isospin chan-
(33), thus neglecting the coupling to inelastic channels, doeﬁels. A crossing symmetric model would require the simul-

not prevent excellent fits to the data. Although no Iongertaneous treatment of tHe,;, Pys, Pay, and Ps; channels.

necessary for a gqod fit, the coupling to the i_nelast_ic Chan'Several technigues have been develof28] to solve the

nelﬁ is a real ﬁhysmlal pr:jer:o_lrphenpn Ian(_j thus mclud;(xg;)l infinite nucleon mass, crossing symmetric Low equation for

!St € more physical model. The inciusion 9(a) general- - the Chew-Low interaction. The model used here is already

izes the model effectively to include the c_oupllng of the 1 qe complex than the simple Chew-Low model and in or-

nuclean an(_jA to any.meson-baryon or mukiimesan ba_ry.on der to produce physical results would have to be expanded to

channels without having to model those channels explicitly;, . ,de them+ N N* (1440) interaction. Ways of general-
izing the formalism of Ref[28] to this more complex situa-

VI. CONCLUSIONS tion are being investigated.

We have examined the question of how to solve for the_ N Ref. [12] the Lee model was used to fit ta- and
elastic scattering amplitude when the underlying Hamil-F-wave pion-nucleon resonances. The unrenormalized reso-

tonian is assumed to be of the form+N<—N, A(1232). nant mass were observggll] to be more nearly degenerate

We provide a new solution that is an extension of the work int@n the physical resonance energies. The model did not use
orm factors which were consistent with each other. Each

Refs.[5,20]. The model makes use of the observation tha - ;
the Chew-Low model in the no crossing approximation, With_channel had a G_aussmn form_ factor with a range that was
either a direct or crossed driving term, is a linear model wheri?dependently adjusted. Crossing symmetry was also not in-
written in terms of the unrenormalized mass and coupling'uded- The model was developed as input for pion-nucleus
constant. The new model, although quite similar to the eargalculatlons[SZ] and not intended to address the question of

lier models, differs in the way that it treats the renormaliza-th€ bare masses of the baryons. It will be interesting to see if
tion of the nucleon mass. a more consistent model produces bare masses which remain

The phase shifts in the dominaRt; channel were fit by More nearly degenerate.
the model. However, the data are not capable of uniquely
determining the parameters of the model. Good fits to the
data are found for a continuum of values for the model pa- This work was supported in part by the U.S. Department
rameters. We find the cutoff range for the pion-nucleon formof Energy under Grant No. DE-FG02-96ER40975. The
factor to be given byB=750+350 MeV/c. Perturbative Southeastern Universities Research Associai®idRA) op-
treatments of the mesonic cloud are found not to be accuraterates the Thomas Jefferson National Accelerator Facility un-
unless the cutoff parameter is in the low rangg der DOE Contract No. DE-AC05-84ER40150.
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