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Roper excitation in p¢ 1a˜p¢ 1a1X reactions
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We calculate differential cross sections and the spin transfer coefficientDnn in the pW 1a→pW 1a1p0

reaction for proton bombarding energies from 1 to 10 GeV andp02p invariant masses spanning the region of
the N* (1440) Roper resonance. Two processes—D excitation in thea particle and Roper excitation in the
proton—are included in an effective reaction model which was shown previously to reproduce existing inclu-
sive spectra. The present calculations demonstrate that these two contributions can be clearly distinguished via
Dnn , even under kinematic conditions where cross sections alone exhibit no clear peak structure due to the
excitation of the Roper resonance.@S0556-2813~99!03003-4#

PACS number~s!: 14.20.Gk, 25.40.2h, 13.75.2n
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I. INTRODUCTION

An important goal of theoretical approaches to nonper
bative QCD is to reproduce the spectrum and propertie
nucleon resonances in terms of quark and gluon constitue
Excited baryons with the same quantum numbers as
nucleon—e.g., theN* (1440) Roper resonance and th
N* (1710)—are particularly poorly understood at present
has been difficult to understand in models why an exci
configuration of three constituent quarks with the same qu
tum numbers as the nucleon would lie as low in mass
1440 MeV @1#. This problem has opened the door to spe
lative alternative interpretations of the structure of the Ro
resonance, e.g., involving collective excitations of t
nucleon@2# or hybrid states with more valence constituen
than three quarks@3#. Tests of such structure models ha
been impeded by experimental difficulties in exciting t
Roper selectively.

Recent experiments at the Laboratoire National Satu
@4# have provided encouraging signs that the (a,a8) reaction
on the proton may provide a method for such selective e
tation. Two distinct peaks observed in small-angle inclus
a-particle inelastic scattering spectra atTa54.2 GeV were
interpreted as arising, respectively, fromD excitation in the
a projectile~DEP! and Roper excitation in the proton targ
@4#. A subsequent theoretical analysis@5# demonstrated tha
this picture is indeed qualitatively consistent with the me
sured inclusive spectra. The above two mechanisms, il
trated in Fig. 1, were shown@5# to dominate over other pos
sible mechanisms, such as Roper excitation in the proje
or excitation of twoD particles. However, it was also foun
that the interference between the two mechanisms in Fig.
appreciable and necessary to consider for a quantitative
count of the data. In other work@6#, the identification of the
second observed peak ina-p inelastic scattering as arisin
entirely from the Roper resonance has been called into q
tion, on the basis of multipole decompositions of a high s
tistics sample of events from theK2p→K2pp1p2 reac-
tion.

It is thus interesting to consider, within the framework
PRC 590556-2813/99/59~3!/1735~8!/$15.00
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the same reaction model@5#, whether other experiments i
the p-a system may exhibit enhanced sensitivity to t
Roper excitation amplitudes. For example, it was sub
quently predicted@7# that the signal for Roper excitatio
should be strongly enhanced with respect to the DEP ba
ground inp(a,a8) reactions by raising thea-particle bom-
barding energy to 10–15 GeV. In the present paper, we d
onstrate the value ofpolarization transfermeasurements in

exclusivepW 1a→pW 1a1X reactions for distinguishing the
Roper~isoscalar, non-spin-flip! excitation fromD ~isovector,
spin-flip! excitation. The utility of polarization transfer mea
surements for distinguishing analogousnuclear transitions
has been clearly demonstrated in medium-energy pro
nucleus reaction studies@8#.

In the present case, if the reaction proceeds through
intermediateD, we expect a negative valueDnn,0 for the
transfer of normal polarization from the incident proton
the final-state proton@9#, in analogy with the results for
Gamow-Teller transitions in nuclei withA(pW ,nW ) reactions at
moderate momentum transfer@10#. In contrast, the simple
spin structure for the direct excitation of the Roper by ana
particle, 011 1

2
1→011 1

2
1, requiresDnn51 by parity con-

servation@11–13#. Furthermore, for the Roper decay mod
N*→N1p, the polarization of the Roper is complete
transferred to its daughter proton when the proton is emi
along the Roper polarization axis in the Roper rest fram
Thus, for a restricted region of phase space in a coincide
measurementpW 1a→pW 1a1X, one can expect to distin
guish the Roper contribution from theD contribution by ob-
servingDnn , even if one does not see a clear peak in cr
section spectra. These ideas have been described previ
@9#, but only in a qualitative manner.

In the present work, we carry out quantitative calculatio
for differential cross sections andDnn in the exclusivepW

1a→pW 1a1p0 reaction at several bombarding energie
including both mechanisms in Fig. 1. In our model, we i
clude proton-a distortions using a spin-independent eikon
approximation. We expect this model to be reasonably g
for predicting cross sections andDnn , since theDnn value
1735 ©1999 The American Physical Society



n
ha
on
ble

th

e
p

lu

re
ec

r,
he
r

e,

er-
and

of
m
heir
ctra

for
of

-
rgy
ake
an

lly

-
c-
l

n

-
n

1736 PRC 59S. HIRENZAKI, A. D. BACHER, AND S. E. VIGDOR
for Roper excitation is fixed by parity conservation, indepe
dent of distortions and other details of the production mec
nism. On the other hand, this simple treatment of distorti
may be inadequate for other, less robust spin observa
such as the analyzing powerAy .

The paper is organized as follows. Section II describes
theoretical model for thepW 1a→pW 1a1X reactions. Section
III presents the numerical results of the reaction model. S
tion IV summarizes the results and indicates possible ap
cations of this technique to other nucleon excitations.

II. MODEL FOR THE p¢ 1a˜p¢ 1a1X REACTIONS

We use the same model developed in Refs.@5,7,14# and
refer the reader to these references for details. We inc
the two dominant processes shown in Fig. 1—D excitation in
thea-particle and Roper excitation in the proton—which a
necessary to reproduce the inclusive cross section sp
from Ref. @4#. We can write the amplitudes as

2 iTm8m
D

52
16

9
FaS f *

m D 2S f

m DGDA2q2

qW D
2 @~Vl 82Vt8!

3~pW D•q̂D!q̂N1Vt8p
W

D#•^m8usW um& ~1!

FIG. 1. Diagrams for thepW 1a→pW 1a1X reactions considered
in this paper. They are~a! theD excitation in thea @14# and~b! the
Roper excitation in the proton@5#. The s exchange must be inter
preted as an effective interaction in the isoscalar exchange cha
@5#.
-
-
s
s,

e
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li-
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and

2 iTm8m
* 524FaS f 8

m DG* gsNN* DsFs
2gsNNpW * •^m8usW um&,

~2!

whereGD and G* are the propagators of theD and Roper
resonances,Ds is the propagator of thes meson,Fa is the
4He nuclear form factor,m is the pion mass, andFs is the
sNN vertex form factor.Vl 8 and Vt8 stand for the longitu-
dinal and transverse parts of theNN→ND effective interac-
tion which includesp, r, andg8 contributions. Thef ’s and
g’s in Eqs.~1! and ~2! are coupling constants. In particula
f 8 is determined to reproduce the decay width of t
N* (1440)→pN channel. All details, including paramete
values, are given in Refs.@5,14#. In Eqs. ~1! and ~2!, the
subscripts on momenta,D, N, and *, indicate the coordinate
system where the momenta are to be evaluated: theD rest
frame, the initial proton rest frame, and the Roper rest fram
respectively. The magnetic quantum numbersm andm8 for
initial and final protons refer to a spin quantization axis p
pendicular to the reaction plane formed by the beam
outgoing proton orN* directions.

In the amplitudes we include onlyp1a1p0 as the final
state. Inp-a coincidence experiments, the missing mass
the p0 can be reconstructed to eliminate contributions fro
2p decay channels of the Roper resonance. However, t
neglect in the calculations reported here for inclusive spe
is expected to yield an underestimate of the cross section
the Roper process in the higher-excitation-energy region
the inclusive spectra. The 2p decay channels mainly contrib
ute to the inclusive cross section at higher excitation ene
because of the larger available phase space. They will m
the Roper contribution to inclusive spectra broader th
shown here, especially at the higher incident energies@7#.

The nuclear form factorFa contained in Eqs.~1! and ~2!
is defined as

Fa~kW !5
1

4E d3rra~rW !expF2
1

2E2`

`

sNNra~bW ,z8!dz8GeikW•rW

3expF2
i

2E0

` 1

pp
P„pp ,ra~rW8!…dlG , ~3!

where

rW85rW1
pW p

upW pu
l ,

kW5pW a2pW a8 , ~4!

andbW is the impact parameter. We writeFa(kW ) normalized
to unity atkW50 and in the absence of distortion, as is usua
done. The momentapW a ,pW a8 ,pW p appearing in Eqs.~3! and~4!
are evaluated in the frame where the initiala particle is at
rest. In Eq.~3!, ra(rW) is a harmonic oscillator density distri
bution of 4He, sNN is the nucleon-nucleon total cross se
tion andP(pp ,r)/2vp is the pion nuclear optical potentia
with the relativistic pion energyvp . In this definition of the
Fa(kW ), we apply the eikonal approximation, which is know

nel
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FIG. 2. Definitions of the kinematical variables used in this paper. The scattering plane is determined bypW andpW a8 . As indicated in this

figure,pW pN is in the plane, whilepW 8 andpW p can be out of the plane. The incident proton polarization is perpendicular to the plane. Defin
of the scattering angles are also shown.
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to be a good approximation at intermediate energies
evaluate distortion effects. In addition, we neglect nonloc
ity due to meson exchange, and also the propagation oD
andN* , because of their large widths and prompt decay

The observed inclusive cross sections led the author
Ref. @4# to interpret the Roper resonance as theE0 monopole
excitation of the nucleon. However, in our theoretical mod
the monotonic decrease of the observed angular distribu
@4# is mostly a consequence of the4He form factor and not
an intrinsic property of the Roper resonance. Our calcula
results reproduce the trend of all of the experimental res
quite well @5# without treating the Roper as the monopo
excitation of the nucleon. We think that the limited inform
tion in the data obtained so far does not allow one to ext
such precise information on the structure of the Roper.

Using the amplitudes shown in Eqs.~1! and~2!, the coin-
cidence cross section can be written as

ds

dEa8dVa8dVp8

5
pa8

~2p!5

Ma
2M2

l1/2~s,M2,Ma
2 !

3
p82

p8vp1E8~p82ppNcosu2!
(
m

2

(
m8

uTm8m
D

1Tm8m
* u2,

~5!

whereM is the nucleon mass,Ma is the mass of the4He,
andl(•••) is the Kallen function, defined as

l~a,b,c!5a21b21c222ab22bc22ca.

All kinematical variables are evaluated in the laborato
frame and defined in Fig. 2.

The normal spin transfer coefficientDnn is defined as
to
l-

of

l,
on

d
ts

ct

Dnn5
~dsuu1dsdd!2~dsud1dsdu!

~dsuu1dsdd!1~dsud1dsdu!
, ~6!

where the indicesu and d indicate the up and down spi
states of the proton in the initial and final states. Here,
cross sectionsdsm8m are defined by Eq.~5! without taking
the spin sum and average.

III. NUMERICAL RESULTS

We first calculate cross sections for the inclusive react
p1a→a1X, which is the same inclusive reaction consi
ered in Ref.@5#, except for altered kinematics. In the prese
case, the proton is the projectile and the recoilinga particle
is observed in the final state. We use the sameT matrix
defined in Sec. II and the same phase factors as in Ref.@5#.
Since we may also have then1a1p1 final state in the
inclusive reaction, we have multiplied by an additional iso
pin factor of 3 the cross sections which are obtained us
the T matrix from Sec. II. We calculate the inclusive cro
sectionds/dEa8dVa8 as a function ofTa8 at differenta8
anglesu1 ~see Fig. 2 for the definition ofu1). The calculated
results are shown in Figs. 3 and 4 for incident proton en
gies of 1 and 10 GeV. We also show the contributions to
inclusive cross section from the Roper excitation proc
alone.

In Fig. 3, we show the calculated results forTp
51 GeV, which corresponds toTa54 GeV in the inverse
kinematics of the Saturne experiment@4#. It is interesting to
compare our present results with the measurements from
urne. The shape of the energy spectrum atu1520° in Fig.
3~b! strongly resembles that observed in the inverse kinem
ics @5#. We find, however, that the angular dependence of
cross section is much milder in the present case than for
case of ana-particle projectile: in going fromu150° to
60°, the cross section decreases by only about a factor o
This mild angular dependence is due to the behavior of
a-a8 transition form factorFa in Eqs.~1! and~2!. We evalu-
ate the form factor using the momentum transfer for thea
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FIG. 3. Calculated energy spectrum~solid line! and contribution from Roper excitation process alone~dashed line! for the inclusivep
1a→a1X reaction atTp51 GeV as a function of recoila-particle energyTa8 . The recoila angles~in degrees! in the laboratory frame
correspond to values ofu1 defined in Fig. 2, and are indicated for each spectrum.
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particle in the initiala rest frame. In the present kinematic
the momentum transfer does not depend on the angleu1 , but
only on the energyEa8 . Thus,Fa , which caused the stee
angular dependence observed in the case of inverse kine
ics, does not produce an angular dependence of the en
spectrum calculated here. The observed dependence o
spectra in Figs. 3 and 4 onu1 arises instead from kinemati
effects described below.

In Fig. 3 we can see the cross sections from the Ro
process alone at different values ofu1 for Tp51 GeV. As
u1 increases, the Roper peak moves to largerTa8 and be-
comes weaker and broader. This behavior reflects chang
the invariant mass of the finalpN system. Since the invari
ant mass changes more slowly as a function ofTa8 for larger
angles, the peak position moves to largerTa8 and the peak is
broader when we plot cross sections as a function ofTa8 .
For larger Ta8 , the transition form factorFa makes the
Roper peak weaker. Furthermore, atu1540° and 60° with
Tp51 GeV, the invariant mass cannot reach 1440 MeV,
that the Roper contributions are much smaller than at m
forward a-particle angles.

The contribution from theD process has a different angu
lar dependence, as can be seen in Fig. 3, since the inva
mass of theD system is determined in a different way~see
Ref. @14#!. Nonetheless, theD peak also moves to largerTa8
for largeru1 , and decreases in strength as a result ofFa .

For higherTp ~see Fig. 4!, the Roper contribution is large
than theD contribution, since the Roper peak moves
at-
rgy
the

er

in

o
re

ant

smaller Ta8 , where Fa is larger. This is also the case i
inverse kinematics, as reported in Ref.@7#. At the same time,
the Roper peak is sharper because the invariant mass cha
more rapidly as a function ofTa8 . In the present case, how
ever, the Roper andD peaks strongly overlap for higherTp ,
and cannot be distinguished in inclusive spectra alone.

The angular dependence of the cross section for both
Roper and theD excitation processes in Fig. 4 is much flatt
than at lowerTp , because of thepa8 included in the phase
space factor of the cross section. The increase ofpa8 at
larger u1 overcomes the effect ofFa in this narrow energy
range close topa850, making the cross section larger.

The inclusive spectra shown in Figs. 3 and 4 indicate t
the a-particle recoil energy is quite small in the laborato
frame, and that good energy resolution is needed to selec
portion dominated by Roper excitation. This fact favors t
use of a thin, windowless gaseous4He target in an experi-
ment. The use of a storage ring and internal target envir
ment, as proposed in Ref.@9#, seems to be most suitable t
obtain sufficient luminosity.

Before presenting the numerical results forexclusivere-
actions, we need to clarify the kinematic configurations
which we calculate the exclusive cross sections. As
scribed in Sec. I, we are interested in the restricted ph
space in the final state where the spin transfer coefficientDnn
of the Roper process is equal to 1. In the present reaction
energy and momentum of the Roper are determined uniq
for each finalpW a8 . Furthermore, the normal polarization o
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FIG. 4. Same as Fig. 3 except forTp510 GeV.
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the proton beam is transferred completely to the produ
Roper. When the Roper decays into thep1p system, we can
determine the desired momenta and energies of thep andp
uniquely by imposing the additional condition that the prot
be emitted along the polarization axis of the Roper within
Roper rest frame. This condition guarantees full transfe
the Roper polarization to its daughter proton. The final p
ton energy and emission angles in the laboratory frame~see
Fig. 2! are then obtained by a Lorentz transformation fro
the Roper rest frame to the laboratory frame. In this
stricted kinematic configuration, we always getDnn51 for
the Roper contribution. As an example, Fig. 5 shows, for
case of Tp52 GeV, the final proton emission angle
(u2 ,u3) and kinetic energies as a function ofTa8 for several
values ofu1 . All of our results for the exclusive reaction ar
obtained in this kinematic condition. Thus, the final prot
energy and angles in the laboratory frame vary with those
the finala, so as to satisfy the conditions described abo
Note, however, from Fig. 5 that the final proton remains le
than 20° out of plane (u2,20°) over the entire range o
interest, so that its polarization is always predominan
transverse to its motion in the laboratory frame. Furthermo
the decay proton energies in the laboratory frame are
range near that where high-figure-of-merit proton polari
eters have already been developed at LAMPF@15#.

Experiments will, of course, average over finite angu
and energy acceptances for the decay proton. Thus, we
also considered final protons emitted at nonzero angles f
the polarization axis in the Roper rest frame. We find,
example, that in theTp52 GeV, u1520° case, one main
tains Dnn.0.95 for the Roper process at its peak if dec
d

e
f
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e

f
.
s

y
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a
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r
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protons are detected over a60.5° angular and625 MeV
energy range in the laboratory, centered around the optim
values.

In Figs. 6 and 7 we show the calculated exclusive react
cross sections and the spin transfer coefficient@defined in
Eqs. ~5! and ~6!#, for Tp51 GeV. Since the phase spac
factor of Eq.~5! diverges at the threshold for one pion pr
duction, the total cross sections are larger at smallerTa8 . At
the threshold,Dnn for the D process is21 since both the
proton and the pion in the final state are in the scatter
plane, so that the momentum transfer to the nucleon is
pendicular to the spin polarization.Dnn for the Roper pro-
cess is always 1 in the kinematic configuration describ
above. TheDnn associated with the interference between
two contributions is also always 1, because the interfere
makes a finite contribution only when the amplitude for t
Roper process is nonzero. In Fig. 6, whereu1520°, we see
that the calculated cross section does not exhibit a clear p
due to the Roper contribution, but rather only a should
Nonetheless, in the spin transfer coefficient one sees a c
indication of the Roper excitation process:Dnn clearly
changes from negative to positive (;1) in the energy region
where the Roper contribution becomes dominant. This f
ture allows the Roper contribution to be identified even wi
out a clear corresponding peak in the cross section. I
interesting to note the very differentDnn behavior in Fig. 7
for u1560°, where the Roper process provides a minor c
tribution over the entireTa8 range.

Figure 8 shows results forTp52 GeV and u1520°.
Here, Roper excitation is manifested clearly in both the cr
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1740 PRC 59S. HIRENZAKI, A. D. BACHER, AND S. E. VIGDOR
sections andDnn . Figure 9 reveals the real utility of theDnn
signature, unveiling a Roper contribution at relatively hi
Ta8 , where the net cross section is smooth and monot
cally decreasing.

In Figs. 10 and 11, we show the results for a much hig
energy,Tp510 GeV. In these figures we can see thatDnn
reaches a maximum value around the peak of the Roper
tribution, before decreasing toward higherTa8 , because the
D contribution has a longer tail in the cross section than
Roper contribution. In such situations,Dnn measurements
may yield information on theTa8 dependence of the contrib
uting production processes far from the regions where t
are kinematically maximized.

IV. SUMMARY

We have studied Roper resonance excitation in both
inclusive p1a→a1X reaction and the exclusivepW 1a

FIG. 5. Final proton emission angles~a! cos(u2), ~b! cos(u3),
and ~c! final proton kinetic energies as a function of the fin
a-particle kinetic energyTa8 for Tp52 GeV. The curves corre
spond to different scattering angles of thea, u1 , in the laboratory
frame in units of degrees. See Fig. 2 for a definition of the scat
ing angles.
i-

r

n-

e

y

e

→pW1a1X reactions atTp51 –10 GeV. We have used
reaction model developed previously to understand exis
inclusive cross section measurements. The model inclu
the D excitation process in thea particle as well as the
Roper excitation process in the proton. We have calcula
the differential cross sections and the normal spin tran
coefficientDnn for various energies and angles of the rec
a particle.

The inclusive reaction sometimes exhibits a peak from
Roper resonance excitation. The magnitude of the cross
tion does not have a strong dependence on the recoila angle,
in contrast to the case with inverse kinematics, since
momentum transfer to thea particle does not depend on it
recoil angle. Instead, the shape and strength of the Ro
contribution to the inclusive spectrum depend on the recoa
angle because of its kinematic implications for the invaria
mass of the finalpN system.

In the exclusivepW 1a→pW 1a1X reactions, we have cal
culated both the cross section and the spin transfer co
cient. The simple spin coupling for Roper production dicta
that the incident proton’s polarization normal to the produ
tion plane will be transferred completely to theN* . In the
restricted part of phase space described in Sec. III, we h
consequently found that the spin transfer coefficient clea
shows the contribution from the Roper excitation proce
even when there is no corresponding peak structure in
cross section. By observingDnn , one can distinguish the
Roper process from theD background even when the energ
spectrum is rather flat. We conclude that the spin trans
coefficient is a robust observable for identifying the Rop
contribution.

If the polarization transfer measurements propos
here were to confirm the dominance of Roper excitat
in p1a collisions under appropriate kinematic condition
then coincidence experiments with polarized bea
offer several potential advantages over other methods
determining so far rather poorly known properties
the Roper resonance. By changing the proton bombard
energy and thea-particle recoil angle, one can vary th
invariant mass of the excited nucleon independently
the momentum transfer to thea particle. In this way, one
can measure the resonance shape and improve upon ex
determinations of its mass and width. Furthermore,
a priori knowledge of theN* polarization will help to
determine the relative branching ratios for decay chann
other thanpN. For example, by gating onp1a missing
mass one could selectively study theNpp channels,
which are known to have substantial contributions fro
Dp, Nr, andN(pp)s-wave intermediate states. The differen
intermediate states have different spin coupling and he
different characteristic spin transfers fromN* to daughterN.
Measurement of the polarization transfer from incident
final proton, as a function of the reconstructed emiss
angle in theN* rest frame, could then allow an improve
decomposition of thepp channel strength. The couplin
strength of theN* to these various channels is essential
formation for constraining theoretical models of the Rop
structure.
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At the higher bombarding energies considered here,
of course also possible to produce heavier baryon re
nances, which have not been included in the present ca
lation. The cross sections for such production processes
also be sizable, since for lowa-particle kinetic energies, the

FIG. 6. ~a! Differential cross section and~b! spin transfer coef-

ficient Dnn of the pW 1a→pW 1a1X reaction as a function of the
recoil a-particle kinetic energyTa8 at Tp51 GeV andu1520°.
The dashed, solid, and thick solid lines show the results of thD
process, the Roper process, and the combination of the two~includ-
ing the interference!.

FIG. 7. Same as Fig. 6 except forTp51 GeV andu1560°.
is
o-
u-
ay

a-particle form factor does not suppress the cross sect
There are also possibilities to use the same kind of spin
tering for certain heavier resonances as applied to the R
resonance in the present case. In particular, similar pa
constraints onDnn to N* resonances, produced in exclusiv
p1a reactions, exist whenever the spin and parity of t
resonances are12

1 (Dnn511) or 1
2

2 (Dnn521). Further-
more, the full polarization transfer to the daughter bary
when it is emitted along the resonance’s spin quantiza
axis, applies equally well top1p, p1h, and L1K final

FIG. 8. Same as Fig. 6 except forTp52 GeV andu1520°.

FIG. 9. Same as Fig. 6 except forTp52 GeV andu1560°.
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states. In the latter case@relevant, for example, in the
N* (1710) decay#, the polarization of the daughter baryo
can be readily measured via theL ’s subsequent self
analyzing decay topp2. Thus, polarization transfer mea
surements in multi-GeVp1a collisions may help in the
search for 1

2
1 and 1

2
2 strengths in the nucleon resonan

continuum.

FIG. 10. Same as Fig. 6 except forTp510 GeV and u1

520°.
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FIG. 11. Same as Fig. 6 except forTp510 GeV and u1
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