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The nucleon mass shift is calculated using chiral counting arguments and a virial expansion, without and
with the D. At all temperatures, the mass shift and damping rate are dominated by theD. Our results are
compared with the empirical analysis of Leutwyler and Smilga, as well as results from heavy baryon chiral
perturbation theory in the largeNc ~number of color! limit. We show that unitarity implies that the concepts of
thermal shifts are process dependent.@S0556-2821~96!03317-6#

PACS number~s!: 13.75.Cs, 11.10.Wx, 12.39.Fe, 13.75.Gx
-

-

-

I. INTRODUCTION

In dilute many-body systems, particles undergoing m
tiple rescattering behave as quasiparticles. As a result, t
mass and width depart from the vacuum values. While va
ing widths are a direct measurement of quasiparticle abso
tion, and may be important for transport properties, varyi
mass shifts may have fundamental consequences on thr
old behaviors, and particle spectra@1#.

Nonperturbative model calculations at finite temperatu
and/or density support the idea that hadronic masses
widths change as a function of temperature and density@2#.
The idea that a changing rho mass in the hadronic med
@3#, may be key in understanding the excess of dilepto
~CERES@4#! and dimuons~HELIOS @5#! below the rho mass
in present relativistic heavy-ion collisions.

The definition of quasiparticle masses is, however, p
cess dependent. At finite temperature a quasiparticle m
can be defined by using the free energy~energy mass!,
spacelike correlation functions~screening mass!, or timelike
correlation functions~pole mass!, to cite a few.

The purpose of this work is to investigate the effects
temperature on nucleons in a heat bath of pions. In Sec
we exploit a virial type expression for the mass shift and t
damping rate in terms of the forward scattering amplitud
This amplitude is obtained following arguments based
chiral power counting arguments and on-shell Ward iden
ties @6#. In Sec. III, we give a full account of the role playe
by the D resonance. A comparison with results based
empirical data is achieved@7#. In Sec. IV, we discuss the
large-Nc limit of our results, then compare with recent re
sults from heavy baryon chiral perturbation theory~HBxPT!
@8#. In Sec. V, using a variant of the Bethe-Uhlenbeck arg
ment, we show that for the nucleon its mass shift is distin
from its energy shift. In general, unitarity implies that th
concepts of thermal shifts are process dependent. In Sec
we summarize our conclusions.

II. WARD IDENTITY

A nucleon immersed in a heat bath of pions undergo
rescattering and absorption. For temperaturesT;mp , the
pion mean free path is about 2–3 fm. As a result the p
thermal density is about~1/3!3 fm23. The pion gas is dilute.
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Hence, pion-nucleon collisions in the heat bath may be or
ganized in terms of the pion density~virial expansion!. To
leading order in the pion density, the nucleon pole mass re
ceives a coherent shiftDmN(p) and damping rateg N

T(p)
given by

DmN~p!2
i

2
gN
T~p!52 (

a51

3 E d3k

~2p!3
1

evk /T21

Taa~p,k!

2vk
,

~1!

whereTaa is the forward pion-nucleon scattering amplitude,
andvk5Ak21mp

2 . Throughout this work, we, respectively,
denote the pion momentum byk andq in the laboratory and
center-of-mass frame.Taa is available from pion-nucleon
scattering data@9#, and was used by Leutwyler and Smilga to
assess the shift in the nucleon mass at zero momentum@7#.
Here, we will instead rely on on-shell Ward identities and
chiral power counting to derive an expression for Eq.~1! at
tree level. This will help us assess the various thermal con
tributions to the mass and width of the nucleon, as well as
the importance of theD.

FIG. 1. Nucleon-pole contribution to pion-nucleon scattering.
5536 © 1996 The American Physical Society



54 5537NUCLEONS AT FINITE TEMPERATURE
We note that the pion-nucleon scattering amplitudeT can
be reduced using Weinberg’s formula@10#. Taking (k,a) as
the incoming pion and (k,b) the outgoing pion, the ampli-
tude, associated to the scattering process of Fig. 1, read
s

T5TV1TS1TAA , ~2!

where
TVab51
i

f p
2 kmebac^N~p!uVm

c ~0!uN~p!&, ~3!

TSab52
mp
2

f p
dab^N~p!us~0!uN~p!&conn51

spN

f p
2 dab, ~4!

TAAab51
i

f p
2 kmknE d4xe2 ik•x^N~p!uT* jAm

a ~x!jAn
b ~0!uN~p!&conn. ~5!

HereV is the quantum vector current,s the quantum scalar density, andj Am
a the quantum one-pion reduced axial-vector

current. Their form can be found in@6,11# for QCD ands models. In the forward amplitude~2!, the isovector charge of the
nucleon~3! drops, and one is left with thes-term contribution~4! and the one-pion reduced axial-axial correlator~5!. Thus,

(
a51

3

Taa53
spN

f p
2 1

i

f p
2 kmknE d4xe2 ik•x(

a51

3

^N~p!uT* jAm
a ~x!jAn

a ~0!uN~p!&conn. ~6!

Inserting Eq.~6! into Eq. ~1! we obtain, for the mass shift and damping rate,

DmN~p!2
i

2
gN
T~p!523np~T!

spN

f p
2 2 (

a51

3 E d3k

~2p!3
1

2vk

1

evk /T21

i

f p
2 kmknE d4xe2 ik•x^N~p!uT* jAm

a ~x!jAn
a ~0!uN~p!&conn,

~7!

where

3np~T!5 (
a51

3 E d3k

~2p!3
1

2vk

1

evk /T21
5 (

a51

3 E d4k

~2p!4
2pd~k22mp

2 !
1

euk0u/T21
~8!

counts the number of pions per unit energy and per unit volume in the heat bath. For massless pions, this is justT2/4. To assess
the role of the one-pion reduced axial-axial correlator, we will use power counting in 1/f p as discussed in@6,11# with and
without theD.

In the absence ofD, the one-pion reduced axial-current at tree level reads@11#

jAm
a 5gAC̄gmg5

ta

2
C1

spN

mp
2 ]m~C̄ig5t

aC!1OS 1f p
2 D , ~9!

wheregA51.357 is the nucleon axial-vector coupling andC is the nucleon-field. We takemp5139 MeV andmN5939 MeV
for the pion and nucleon mass, the empirical valuespN54568 MeV and the pion decay constantf p594 MeV. Our expansion
is on shell, so all the parameters in our expressions are set at their physical~on-mass-shell renormalization!. The corrections
follow from pion and nucleon loops@11#. Inserting Eq.~9! into the scattering amplitude~5! yields

TN~n!5 (
a51

3

TAAaa52
3

4 f p
2 F4gA~2spN2gAmN!2

~spN2gAmN!2

2mN
S 4n

n2nN
1

4n

n1nN
D G1OS 1f p

4 D , ~10!
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wheren5p•k/mN5(Eqvq1q2)/mN and nN5mp
2 /2mN . If

we note that to this order the pion-nucleonS-wave scattering
length is given by

4pS 11
mp

mN
Da15

spN

f p
2 1

1

3
TN~mp! ~11!

then the nucleon mass shift and damping rate~7! read to
orderO~1/f p

2!, in terms of real and imaginary parts of the
scattering amplitude

DmN~0!523np~T!S 11
mp

mN
D4pa1

2E d3k

~2p3!

1

2vk

1

evk /T21
Re@TN~vk!

2TN~mp!#

1OS 1f p
4 D ~12!

and

gN
T~0!52E d3k

~2p3!

1

2vk

1

evk /T21
Im@TN~vk!

2TN~mp!#1OS 1f p
4 D . ~13!

This is an exact result of chiral symmetry. At the tree leve
and in the absence of the isobar, there is no absorption
the damping rate vanishes. Each contribution from both t
scattering length term and the nucleon is displayed in Fig.
For temperaturesT,mp , they are opposite in sign and of the
order of 1 MeV resulting in a nucleon mass shift which
negative and less than 1 MeV over this range of temperatu

III. D RESONANCE

The role of theD with a finite width cannot be assesse
uniquely in the formalism developed in@6,11#. Given its im-
.

l,
nd
he
2.

s
re.

portance in the axial-axial correlator, we will try to approxi-
mately assess its contribution in this section. We will assum
that theD has a zero width~exact argument! and then assign
by hand a width in the final result~approximate argument!.
With this in mind, the pion-nucleon-delta coupling will be
taken to be pseudovector with strength

gpND

2mD
~]mpa!~C̄Qm,a1H.c.!, ~14!

where pa is the quantum PCAC~partial conservation of
axial-vector current! pion field @6,11#, andQm,a is a Rarita-
Schwinger field@12# with vector indexm and isospin index
a. The ~omitted! Dirac and isodoublet indices are contracted
over with the nucleon field. The transition matrix element
between the nucleon with momentump and isospinb, and
the isobar with momentump8 and isospinb8, induced by the
one-pion reduced axial-vector current takes the general form

FIG. 2. The various contributions to the nucleon mass shif
(a1,N,D) are plotted in solid lines. The dotted line exhibits the
sum total of these contributions.
^N~p,b!u jAm
a ~0!uD~p8,b8!&5ū~p,b!~F~k2!gmn1G~k2!gmkn1H~k2!kmkn1 i I ~k2!sm

lklkn!Un,a~p8,b8!, ~15!
where k25(p2p8)2 and U is a Rarita-Schwinger spinor
The general structure~15! follows from Lorentz invariance,
P andT invariance@13#. At tree level, the form factors obey
a Goldberger-Treiman relation

gpND

2mD
5
F1G~mD2mN!

f p
, ~16!

whereF5F~0! andG5G~0!. The contribution of theD to
the one-pion reduced axial-axial correlator in the nucleon~7!
can be evaluated using Eq.~15! and theD propagator

Dmn
ab~p!5S dab2

1

3
tatbD 1

p”2mD
S 2gmn1

1

3
gmgn

2
2

3mD
2 pmpn1

1

3mD
~gmpn2pmgn! D . ~17!

In Fig. 3, we exhibit the scattering process considered in the
heat bath. The resulting amplitude is
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TD~n!52
4

3 f p
2 L~n!S 2G2~n1mD2mN!

1
gD
2

2mN

n1mD1mN

n2nD
D 1~n→2n!1OS 1

f p
4 D ,

~18!

where nD5(mD
22mN

22mp
2 )/2mN , g D

25[F22G2(mD

2mN)
2] and

L~n!5mp
22

~mNn1mp
2 !2

mD
2 . ~19!

This is to be compared with the nucleon contribution~10!
discussed above.

In terms of Eqs.~10! and ~18! the contribution to order
O~1/f p

4! to the isospin-averaged pion-nucleon scattering
plitude ~6! reads

(
a51

3

Taa~n!512pa1S 11
mp

mN
D1@TN~n!1TD~n!2TN~mp!

2TD~mp!#, ~20!

where theS-wave scattering length now receives a contrib
tion from the isobar through

4pa1S 11
mp

mN
D5

spN

f p
2 1

1

3
TN~mp!1

1

3
TD~mp!. ~21!

In terms of the real and imaginary parts of the scatter
amplitude in Eq.~20!, the nucleon mass shift is given b
~p50 is understood!

DmN523np~T!S 11
mp

mN
D4pa1

2E d3k

~2p3!

1

2vk

1

evk /T21
Re~TN~vk!1TD~vk!

2TN~mp!2TD~mp!!1OS 1f p
4 D ~22!

FIG. 3. D-pole contribution to pion-nucleon scattering.
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and the damping rate by

gN
T512E d3k

~2p3!

1

2vk

1

evk /T21
Im„TN~vk!1TD~vk!

2TN~mp!2TD~mp!…1OS 1f p
4 D . ~23!

This result relies on the choice of the interaction~14!, and as
such is not unique. Since theD sits in the continuum, Eq.
~22! diverges. In nature,D has a widthGD and Eq.~22! is
finite. To account for this width, we parametrize the resonan
part of the scattering amplitude~17! in the P33 channel by a
Breit-Wigner form.

To this end, we decompose the amplitude~18! as @14#

TD~n!53~AD,p
1 1nBD,p

1 1AD,np
1 1nBD,np

1 !, ~24!

where the pole parts

AD,p
1 ~n!5AD,dp

1 ~n!1AD,cp
1 ~n!5

gD
2

9mN
a1S 1

nD2n
1

1

nD1n D ,
~25!

BD,p
1 ~n!5BD,dp

1 ~n!1BD,cp
1 ~n!5

gD
2

9mN
b1S 1

nD2n
2

1

nD1n D ,
~26!

and the nonpole parts

AD,np
1 ~n!52

4gD
2

9mD
„~ED1mN!~2mD2mN!

1mp
2 ~21mN /mD!…1

4G2

9 f p
2 2~mD2mN!

3Smp
21

mN
2n21mp

4

mD
2 D , ~27!

BD,np
1 ~n!52

4gD
2

9mD

mNn

mD
1
16G2

9 f p
2

mNnmp
2

mD
2 , ~28!

with

gD
25„F22G2~mD2mN!2…/ f p

2 ,

a153~mN1mD!~ED
22mN

2 !1~mD2mN!~ED1mN!2,

b153~ED
22mN

2 !2~ED1mN!2,

ED6mN5
1

2mD
„~mD6mN!22mp

2
…. ~29!

The procedure for introducing the width of theD follows the
approach in@15# and is discussed in details in the Appendix.

Using the empirical valuesspN54568 MeV @16#,
a152~864! 1023/mp @9#, and the SU~3! relation
gpND53gpNN/&, the Goldberger-Treiman relation~16! and
expression~21! of the scattering lengtha1 in terms of
threshold amplitudes allow for a determination of the isoba
axial-form factorsF andG. We have examined the resulting
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amplitude opposite to the experimental data@14# and noticed
a very poor fit at low energy. Instead, we rely on the empi
cal values at threshold ofA1(q50)5227.3 GeV21 and
B1(q50)521639 GeV21. The results areF51.382 and
G54.23531024 MeV21. The first is to be compared with
F53gA/2&;1.31 from largeNc arguments@13#. In Figs. 4
and 5, we display both real and imaginary parts ofA1~n! and
B1~n! opposite the empirical data from@14#.

The mass shift of theD follows from Eq.~22! after insert-
ing Eq. ~20! and reexpressing the phase-space integral fr
the nucleon rest frame, to the center-of-mass frame. T
various contributions to the nucleon mass shift, stemm
from the scattering length, the nucleon Born term, theD
Born term~with width!, and the combined sum, are shown
Fig. 2. In Fig. 6, the total mass shiftDmN ~full line! is com-
pared to the one~dotted line! obtained from the empirical
scattering amplitude@14#. The rise in the nucleon mass a
temperatures of the order of the pion mass is conditioned
the resonance. The width of theD yields an imaginary part to
the mass shift. Nucleons in the heat bath undergo str
absorption throughpN→D. In Fig. 7, we display the damp-
ing rategN

T ~full line! opposite to the empirical one~dotted
line!. We point out that the nucleon mass shift was obtain
in the same manner by Leutwyler and Smilga@7#. For the
damping rate, use of the totalp p cross section was made in

FIG. 4. In ~a! and ~b!, we, respectively, display in full line the
real parts ReA1 and ReB1 opposite to the experimental dat
points ~dotted line! @14#.
ri-

om
he
ing

in

t
by

ong

ed

@7#. Overall, we can observe that our chiral counting argu-
ment for the scattering amplitude allows us to reproduce
quantitatively both the nucleon mass shift and damping rate
up to temperatures of the order ofmp . As already pointed

a
FIG. 5. In ~a! and ~b! we, respectively, display in full line the

imaginary parts ImA1 and ImB1 opposite to the experimental data
points ~dotted line! @14#.

FIG. 6. The nucleon mass shift is plotted~full line! opposite to
the one obtained from the experimental data points~dotted line!
@14#.
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out in @7# for higher temperatures, we would expect othe
contributions like theN* to play a role. In this regime, how-
ever, the pion gas is no longer dilute and the use of the fi
two terms in the virial expansion is no longer justified.

IV. LARGE- Nc LIMIT

In this section, we will examine the forward scatterin
amplitude in the large-Nc limit. As we will see below, the
contribution of the width being subleading inNc , we will
ignore it in the discussion for the mass shiftDmN . WithmN ,
mD , spN , gA , f p

2 , F, andG all of orderO(Nc) and denoting
m5mD2mN5O(1/Nc), we can write, for the forward scat-
tering amplitude for the nucleon,

TN~n!;
3gA

2mN

f p
2

nN
2

n22nN
2 5O~Nc

0! ~30!

and, for theD,

TD~n!;
4

3 f p
2 n2S 22G2m1

F2

mN
1

F2

mN

2mNm

n22m2D5O~Nc
0!.

~31!

The contribution from thes term is

Ts~n!;
3spN

f p
2 5O~Nc

0!. ~32!

Setting mp50, we express the mass shiftDmN5DmN,np
1DmN,p where the subscripts np andp, respectively, indi-
cate nonpole and pole contributions. The nonpole part rea1

1Note that the termm/T in DmN,p , is subleading in 1/Nc in our
power counting and should be effectively dropped. We have kep
to make the comparison with@8# immediate, sincem/T was counted
of orderNc

0.

FIG. 7. The nucleon damping rate is plotted~full line! opposite
to the one obtained from the experimental data points~dotted line!
@14#.
r

rst

g

ds

DmN,np52
T2

4p2f p
2 E

0

` xdx

ex21 F3spN

2
4

3
x2T2S 22G2m1

F2

mN
D G . ~33!

The pole part reads

DmN,p5
2F2

3

mT2

p2f p
2 E

0

`

dx
x3

x22m2/T2
1

ex21
. ~34!

Both pole and nonpole contributions are of orderO(Nc
0).

The mass shift obtained can be compared to the result quoted
in @8#, where heavy baryon chiral perturbation theory
~HBxPT! arguments were used. The nonpole term is absent
in @8# and the result quoted for the pole term has 2F2/3
substituted byxNg

2/12 wherexN515 andg53(F1D)/5.
This mismatch in the factor 2F2/3 and the absence of a non-
pole term may explain a mass shift with essentially the same
trend as ours, however from@8#, DmN is larger than zero for
T.80 MeV. In Fig. 8, we display the pole and nonpole con-
tributions to the mass shift. The short-dashed line represents
the sum of the pole and nonpole contribution and the long-
dashed line the mass shift from chiral power counting of Fig.
6.

In order to examine the damping rate in the large-Nc
limit, we first write theP33 wave for the direct term in the
forward scattering amplitude~see the Appendix!

f 33
P ;

F2

12p f p
2

q2

nD2n
. ~35!

Using a Breit-Wigner form to describe the width of theD
and keeping in mind that this is valid at resonance, the
imaginary part of theP33 wave reads

Im f 33
P 5

GD

2q

GD/2

~nD2n!21~GD/2!2
, ~36!

where, in the large-Nc limit, the width reads

t it

FIG. 8. The pole (p) and nonpole~np! contributions to the mass
shift are displayed. The short-dashed line represents the sum of the
pole and nonpole contribution and the long-dashed line the mass
shift from chiral power counting of Fig. 6.
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GD5
F2

6p f p
2 m35O~1/Nc

2!. ~37!

Because of the order ofGD in Eq. ~37!, we can further write
theP33 wave

Im f 33
P 5

GD

2q
pd~q2m!. ~38!

It is remarkable that the leading term inNc for Im f 33
P is

exactly the result obtained from the pole approximation a
proach to the width of theD as a narrow resonance@17#.
With this in hand, it is not difficult to obtain the leading term
in Nc for the imaginary part of the forward scattering amp
tude. The result is

Im TD~k!5
4p

3

F2

f p
2 m2d~k2m!. ~39!

The damping rate follows from Eq.~23! and is of order
O(1/Nc

2):

gN
T5

2F2

3

m3

p f p
2

1

em/T21
. ~40!

Again, if we attempt a comparison with@8#, we need to sub-
stitute 2F2/3 by xNg

2/12 in agreement with our observatio
in Eq. ~34!. In Fig. 9, we display the damping rate~40! ~full
line! opposite the result obtained from chiral power counti
~long-dashed line!.

The present large-Nc results for the nucleon mass shi
and damping rate, can be effectively tested in the Skyr
model. This point will be discussed elsewhere@18#.

V. PROCESS DEPENDENCE

The above definition of the mass shift relies on the po
mass definition. Is it definition~process! independent? In this
section we will show that in general unitarity forces the co
cept of thermal shifts to be process dependent, weakly w
‘‘perturbative’’ cuts are involved and strongly when ‘‘reso
nant’’ cuts are involved. Our argument is generic, althou
we will use the nucleon for illustration.

Let DEN , be the shift in the energy of a single nucleo
immersed in a dilute heat bath of pions. To first order in t
pion density, the shift is
p-

li-

n

ng

ft
me

le

n-
hen
-
gh

n
he

DEN5E
0

1` dk

p (
I ,l

~2l11!d I ,l8 ~k!
vk

evk /T21
, ~41!

wheredl ,I is the phase shift of a pion partial wave carrying
angular momentuml and isospinI , expressed in the rest
frame of the nucleon. Equation~41! is just the thermal zero-
point energy if we recall that in a spherical box of sizeR, the
boundary condition on thel th partial wave is

kR2 l
p

2
1d I ,l~k!5np, ~42!

wheren is integer. Hence, the change in the number of state
per unitk is dn/dk5d I ,l8 (k)/p. Hence Eq.~41!. In terms of
the partial phase shiftsdI ,l , the scattering amplitudeTI(k) for
fixed isospinI ~our Taa above!, is given by the conventional
spherical expansion

TI~k!5 i
2p

k (
l

~2l11!~e2id I ,l ~k!21!Pl~ k̂!. ~43!

Using Eq. ~43!, we can rewrite Eq.~41! in terms of the
scattering amplitude, a procedure known from the work o
Bethe and Uhlenbeck@19#. The result is

FIG. 9. The damping rate~40! in the large-Nc limit is displayed
in full line opposite the result obtained from chiral power counting
~long-dashed line!.
DEN51(
I
E d3k

~2p!3
ReT~k!

2vk
S 1

evk /T21
2

vk

T

evk /T

~evk /T21!2D2
i

8p (
I
E d3k

~2p!3
~TITI* 82TI* TI8!~k!

vk

evk /T21
.

~44!
s

e

A comparison between Eqs.~1! and~44! shows that the real
part of the mass shift is in general different from the therm
energy shift, for complexT. This is always the case if the
amplitude satisfies unitarity. At low temperatures, howeve
the pion unitarity cuts are suppressed by powers of (T/ f p),
and one may argue that the tree calculations may be su
al

r,

ffi-

cient. Hence a thermal energy shift becomes a pole mas
shift ~their difference being an entropylike term!, both of
which are real. This argument, however, is incorrect given
the nearness of theD resonance to the pion-nucleon thresh-
old, and we conclude that the concept of mass shift for th
nucleon is process dependent.
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VI. CONCLUSION

We have analyzed the effects of temperature on t
nucleon mass, using the pole-mass definition. To leading
der in the density, the mass shift and damping rate we
determined exactly to order 1/f p

2 using chiral counting argu-
ments with and without the isobar. For temperatureT below
the pion massmp where the validity of the virial expansion
holds, the role of theD resonance has proved to be the cru
cial contribution in the mass shift and damping rate of th
nucleon. Other effects, like theS-wave scattering length and
the one-pion coupling to the nucleon, yield small contribu
tions ~of the order of a few percent! compared to this reso-
nance. This result, is in agreement with a virial calculatio
using the pion-nucleon scattering data@7#, and sum rule cal-
culations @20#. A large-Nc investigation of our results has
confirmed the results obtained for the mass shift and dam
ing rate in a heavy baryon chiral perturbation theo
~HBxPT! @8#. We have shown that unitarity implies that th
concept of a mass shift is process dependent.
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APPENDIX

In this appendix, we elaborate on how we introduce th
width of the D resonance. We adopt the notations of@14#
throughout this appendix. We start with the partial wave d
composition of the direct term in 1/~nD2n! in the pole part of
the invariant amplitude in Eq.~18!:

Al
6~s!5E

21

1

dzPl~z!AD,dp
6 ~s,t !, ~A1!

wherez5cosu, u being the scattering angle in the center-o
mass frame.s and t are the usual Mandelstam variables an
Pl(z) the Legendre polynomial of orderl . We can also write
a similar expression forB l

6(s). We note that thet depen-
dence in the amplitude is kept in order to correctly proje
out the waves. This requires the respective chan
a1→a11a2t andb1→b11b2t in Eqs. ~25! and ~26! where
a253q D

22(ED1mN)
2 andb253/2. We obtain

A0
6~s!5S 2

21D gD
2

18mN
2~a122a2q

2!
1

nD2n
~A2!
he
or-
re

-
e

-

n

p-
ry
e

.

e

e-

f-
d

ct
ge

and

A1
6~s!5S 2

21D gD
2

18mN

2

3
a2q

2
1

nD2n
. ~A3!

The respective expressions forB 0
6(s) and B 1

6(s) are ob-
tained fromA 0

6(s) and A 1
6(s) with a1,2→b1,2. All other

higher waves vanish. Furthermore, we now write the partia
waves of the spin no-flip and spin flip of the full amplitude
as ~the s dependence is understood!

32p

3
As f31S 51~E1mN!„A0

11~As2mN!B0
1
…

1~E2mN!„2A1
1~As1mN!B1

1
…,

32p

3
As f31P 5~E1mN!„A1

11~As2mN!B1
1
…

1~E2mN!„2A0
11~As1mN!B0

1
…,

32p

3
As f33P 5~E1mN!„A1

11~As2mN!B1
1
…, ~A4!

32p

3
As f33D 5~E2mN!„2A1

11~As1mN!B1
1
…. ~A5!

The width of the isobar is constructed through a Breit-
Wigner form for theP33 channel: namely,

f 33
P ~q!→

f 33
P ~q!

12 iq• f 33
P ~q!

. ~A6!

With this in hand, we reconstruct the pole part of the ampli-
tudeA D,dp

1 (n)[B D,dp
1 (n)] by inverting the equations for each

channela in f a Eq. ~A5!. In turn, we can combine these
terms with the crossed terms of the pole part
A D,cp

1 (n)[B D,cp
1 (n)], the nonpole partA D,np

1 (n)[B D,np
1 (n)]

and the nucleon contributionAN
1(n)[BN

1(n)]. In Figs. 4~a!
and 4~b! we, respectively, display in full line the real parts
ReA1 and ReB1 and in Figs. 5~a! and 5~b! the imaginary
parts ImA1 and ImB1 opposite to the experimental data
points @14#. Our procedure is artificial in the sense that it
mimics the data in the low-energy regime. For instance, th
width of theD turns out to beGD;90 MeV with the mass
mD51220 MeV. This is in contrast with the known values
GD;114 MeV andmD51232 MeV.
n
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