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Enhancement ofpA˜ppA threshold cross sections by in-mediumpp final state interactions
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We address the problem of pion production in low-energyp-nucleus collisions. For the production mecha-
nism, we assume a simple model consisting of a coherent sum of single pion exchange and the excitation—
followed by the decay into two pions and a nucleon—of theN* (1440) resonance. The production amplitude
is modified by the final state interaction between the pions calculated using the chirally improved Ju¨lich meson
exchange model including the polarization of the nuclear medium by the pions. The model reproduces well the
experimentally observedpA→ppA cross sections, especially the enhancement with increasingA of the
p1p2 mass distribution in the threshold region.@S0556-2813~99!50203-3#

PACS number~s!: 25.80.Hp, 13.75.Gx, 13.75.Lb, 21.65.1f
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The past ten years have witnessed a considerable incr
in our understanding of thepp interaction. The success o
chiral perturbation theory@1,2# in describing the near
threshold behavior of thepp amplitude is a clear success fo
the effective field theory approach to the problem. Unfor
nately, at energies above a few hundred MeV, where eff
of unitarity become important, chiral perturbation theory b
comes unwieldy and other approaches must be used to o
a good description of the freepp scattering. One such ap
proach is the meson exchange model developed by the J¨lich
group @3#, which gives an excellent quantitative descripti
of pp andpK scattering phases up to about 1.5 GeV to
cm energy. Another is the inverse amplitude method—a v
ant of theK-matrix approach—of Osetet al. @4#. Here we
will consider the application of the former to the problem
pion production by pions on nuclei in order to investiga
some of the predictions of the model for the behavior of
pp scattering amplitude in the presence of a nuclear m
dium. The latest version of this model, which we refer to
the chirally improved Ju¨lich model @5#, respects the con
straints on theS-wave scattering length imposed by chir
symmetry, while maintaining the quality of fit to the freepp
scattering data. We briefly summarize here the main feat
of the model and present some of the results of the mode
pp interactions in nuclear matter. For details of the mod
we direct the reader to Refs.@5,6#.

In the chirally improved Ju¨lich model, the interaction is
driven by the exchange ofr mesons plus contact interac
tions, as in the Weinberg Lagrangian@7#. This Lagrangian is
chirally symmetric in the massless pion limit. The Born a
proximation for this interaction is used as the potential in
three-dimensional scattering equation of the Blankenbec
Sugar form@8#. The solution of the scattering equation d
stroys chiral symmetry through both the partial summat
of diagrams and the use of form factors, which are neede
ensure convergence of the integral equation. However,
off-shell behavior of the potential is prescribed in such a w
as to preserve the scattering length constraint required
chiral symmetry.
PRC 590556-2813/99/59~3!/1237~5!/$15.00
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The motivation to ‘‘chirally improve’’ the original Ju¨lich
model resulted from studies of the behavior of thepp inter-
action in nuclear matter as a function of density@9#. In these
studies, the polarization of the medium by the pion, prin
pally through the production of nucleon-hole andD-hole
configurations, significantly reshaped thepp scattering am-
plitude. It was observed that models in which the poten
term is not chirally symmetric in the limit of zero pion mas
led to a rapid increase in attraction between the pions a
function of density, resulting ultimately in spontaneo
S-wave pion pair condensation at densities about that of n
mal nuclear matter. Further studies@10,5,6# showed that the
onset of this instability could be shifted to higher densities
the pp potential term were required to satisfy the low
energy chiral constraints, or if the amplitude calculated fro
the scattering equation could be forced to obey the sa
constraints. However, the buildup of attractive strength in
threshold and subthreshold region persisted. In Fig. 1
show theS-wave pp scattering amplitudes at low energie
in free space and at half nuclear matter density using
chirally improved Ju¨lich model from Ref.@5#, which will be
employed in the following. Whereas the isospinI 50 ampli-
tudes~upper panel! undergo substantial reshaping in the m
dium, theI 52 channel~lower panel! is hardly affected. In
the I 50 channel, the combination of the attractivepp in-
teraction and the softening of the in-medium single-pion d
persion relation leads to a substantial accumulation
strength in the imaginary part of the in-medium amplitu
~notice, however, that the real part is actually only enhan
for Mpp<300 MeV). In contrast, the purely repulsive inte
action in theI 52 channel prevents essential modification

Since the in-medium scalar-isoscalarpp amplitude is the
main mediator of the intermediate range attraction in
nucleon-nucleon interaction, it is of prime importance fo
e.g., nuclear saturation. In fact, in Refs.@11,12# the use of the
chirally improved Ju¨lich model in the Bonn potential for the
NN interaction@13# has been shown to be compatible wi
the empirical nuclear saturation point once medium mod
R1237 ©1999 The American Physical Society
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cations in the vector mesons exchanges~providing short-
range repulsion! are also included. Here we are interested
a more direct assessment of the in-mediumpp S-wave cor-
relations.

A challenging testbed for the in-medium modifications
the two-pion interaction discussed above has been se
recent experimental data taken by the CHAOS Collabora
@14,15# at TRIUMF. An incoming pion beam of nomina
kinetic energy Tp5282.7 MeV was directed at variou
nuclear targets, and two outgoing pions were detected in
incidence. With increasing nuclear mass number, the co
sponding invariant mass spectra show a strong enhance
of p1p2 pairs just above the two-pion threshold ofMpp

52mp , whereas only very minor variations are observed
p1p1 pairs.

That thep1p2 strength in the scalar-isoscalar channel
a nuclear medium can be strongly enhanced at threshold
predicted in Ref.@16#, based on inclusive data from th
CHAOS Collaboration@17#. A first indication that this
threshold enhancement can account for the meas
(p1,p1p2) cross section at low invariant mass was o
tained from a schematic calculation in Ref.@18#. A clue to
the possible underlying mechanism for this dramatic effec
provided by the isospin decomposition of the charged sta
For S-waves one has

M p1p25 2
3M I 501 1

3M I 52

M p1p15M I 52, ~1!

showing that while thep1p1 channel is pure isotensor, th
p1p2 channel is predominantly isoscalar. Thus, the
mediumpp amplitudes@5# shown in Fig. 1 clearly exhibit
desirable features: little modification of the scalar-isoten

FIG. 1. DimensionlessS-wavepp scattering amplitudes for to
tal isospin 0~upper panel! and 2~lower panel!; the short-dashed an
dashed-dotted lines correspond to the real and imaginary parts
spectively, in free space, and the long-dashed and full lines co
spond to the real and imaginary parts, respectively, at a nuc
density ofr50.5r0 .
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amplitude, and a significant low-energy enhancement of
scalar-isoscalar amplitude. To quantify the comparison,
actual cross sections for thepA→ppA production process
must be calculated, including the experimental acceptanc
the CHAOS spectrometer, which is crucial to reproduci
the precise shapes of the observed spectra.

Since our emphasis here is on possible medium effect
thepp interaction, we will treat the pion production proce
in a simplified manner. First, we assume that it always p
ceeds as an elementary process on a single nucleon. Se
we account only for the two most important contributio
which, according to Refs.@19,15#, are the one-pion exchang
~OPE! reaction~contributing to both isoscalar and isotens
channel! and theN* (1440) resonance formation~leading to
isoscalarpp states only!.

Let us first discuss the OPE contribution. The correspo
ing 4-differential cross section is given by

d4spN→ppN
OPE

dMppdtd cosuc.m.dfc.m.

5
Mpp

2

16p2plab
2

IF f pNN
2

4pmp
2

utu
uMpp~Mpp ,q,q8,cosuc.m.!u2

32pMpp
2

3q8Dp~ t !2, ~2!

where Mpp is the two-pion invariant mass,Dp(t)5@ t
2mp

2 #21 the propagator of the exchanged pion,plab the in-
coming pion laboratory momentum, andq,q8,fc.m.,uc.m. the
in/outgoing pion momentum and their relative angles in
two-pion c.m.s. (f pNN51.01 andIF 52 for charged pion
exchange!. Azimuthal symmetry in thepp interaction
makes thefc.m. integration trivial. Furthermore, since ou
focus will be on the near threshold region, theS-wave con-
tribution is expected to be dominant. This is supported
experimental angular distributions in cosuc.m. which do not
show any trace of other than~isotropic! S-wave components
@14#. We will thus neglectP- and higher partial waves. Th
invariant mass spectra are then given by

dsOPE

dMpp
54pE

tmin

tmax
dt

d2spN→ppN
OPE

dMppdt
Acc~ t,Mpp ,stot!. ~3!

For a meaningful comparison with the experimental spec
it is essential to include the acceptance of the CHAOS sp
trometer, represented by an ‘‘acceptance facto
Acc(t,Mpp ,stot) in Eq. ~3!. We evaluate it by Monte Carlo
techniques: in the two-pion c.m.s. we randomly gener
pairs of angles (fc.m.,cosuc.m.), uniformly distributed over
the sphere due to theS-wave nature of thepp amplitude.
~To include higher partial waves, one would need to weig
the polar angles with the corresponding angular distribut
obtained from the total amplitude for the particul
Mpp ,q,q8.! For given t,Mpp ,stot , one can then determin

the total momentumPW of the pion pair in the laboratory
frame and apply the corresponding Lorentz boost to tra
form the two generated tracks into the lab system. In
latter, the experimental acceptance cuts can then be rea
applied, i.e.,Fpp50°67 or Fpp5180°67 for the out-of-
reaction plane opening angle of the pion pair andQp6

re-
e-
ar
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510°2170° for the in-plane angle of both single pion trac
accounting for the dead regions around the beam direct
At fixed t,Mpp and stot the acceptance probability is the
determined as Acc5Nacc/Ntot , with Ntot the number of trials
andNacc the number of events that fall into the experimen
acceptance.

In order to assess theN* (1440) contribution, we mode
the two-pion production amplitude as proceeding via an
termediate scalar-isoscalar resonances̃ of invariant mass
Mpp , which subsequently decays into two pions, i.e.,pN

→N* (1440)→s̃N→ppN. Since in the Ju¨lich model, there
is no low-lying genuines resonance@the ‘‘s(550)’’ being
chiefly generated through attractivet-channelr exchange,

and the f 0(980) being realized as aKK̄ bound state#, we
identify the s̃ with the e resonance located at aroundMpp

.1400 MeV. Its coupling topp states is well determined
by a satisfactory fit to thedpp

00 phase shifts above 1 GeV@5#.
For theN* (1440)Ne vertex, we assume scalar coupling,

LN* Ne5gN* NeCN*
† eCN1H.c. ~4!

and estimate the corresponding coupling constantgN* Ne
from the experimentally measured branching ratio of 5–1
for N* (1440)→N(pp)S2wave

I 50 @20#. Similarly, for the en-
trance channel, we employ the usual interaction vertex

LN* Np5
f N* Np

mp
CN*

† sW •qW tapaCN1H.c., ~5!

and adjust theN* Np coupling constant to the branchin
ratio for N* (1440)→Np of 60–70%@20#. In Born approxi-
mation, the cross section forpN→N* (1440)→eN with an
e of invariant massMpp and 3-momentumP is then ob-
tained as

spN→N*→eN~stot ,Mpp!5
uMN* eu 2̄MN

8pplab
2 E

Pmin

Pmax
dP

P

Ee~P!

~6!

with the spin averaged invariant matrix element in thepN
c.m.s.

uMN* eu 2̄5
IF

2

f N* Np
2

mp
2

gN* Ne
2 qin

2

uAstot2MN* 2 iGN* /2u2
.

~7!

The decay of thee is now included by folding the cross
section Eq.~6! over the fully dressede spectral function
which automatically accounts for the final state interaction
the pion pair@10#:

spN→N*→ppN~stot!

5E dMppMpp

p
Ae~Mpp!spN→N*→eN~stot ,Mpp!.

~8!

with
n.

l

-

f

Ae~Mpp!5@De
0~Mpp!#2pvepp

2 q8Mpp

3@12pq8MppImM pp
00 ~Mpp!#, ~9!

wherevepp denotes theepp vertex function andM pp
00 the

full pp scattering amplitude in theJI500 channel. After a
variable transformation,dP5Ee(P)/(2MNP)dt, and inclu-
sion of the experimental acceptance, we finally obtain
differential mass spectrum

dsN*

dMpp
5

uMN* eu 2̄MppAe~Mpp!

16p2plab
2 E

tmin

tmax
dtAcc~ t,Mpp ,stot!.

~10!

The cross section we wish to calculate requires a cohe
sum of the OPE andN* (1440)amplitudes. The result of this
yields theMpp differential cross section

dsOPE1N*

dMpp
5

q8

16p3plab
2

3E
tmin

tmax
dtAcc~ t,Mpp ,stot!uMOPE1MN* u2,

~11!

where the amplitudesMOPE andMN* can be read off by
comparison with Eqs.~3! and ~10!, respectively.

In the upper panels of Figs. 2 and 3 our results for deu
rium target are displayed. The cross sections are calculate
absolute units using the freepp interaction. The full lines
correspond to a calculation with the Monte Carlo–simula
acceptance as described above. In thep1p2 channel, the
theoretical curves somewhat overestimate the data forMpp

<320 MeV, and underestimate them forMpp

>350 MeV, a feature that is also shared by the model c

FIG. 2. Results for pion production cross sections in thep1p2

channel using the chirally improved Ju¨lich pp interaction from
Ref. @5#; upper panel: on the deuteron target using the Mo
Carlo–simulated acceptance~full lines! and the parameterized, ‘‘ef
fective’’ acceptance; lower panel: on Calcium, using the effect
acceptance, for two different densities. The2H and 40Ca data are
from Refs.@15# and @14#, respectively.
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culations shown in Ref.@15#; in the p1p1 channel, the
agreement is quite satisfactory. To check our determina
of the experimental acceptance, we also performed calc
tions with an ‘‘effective acceptance’’~dashed lines in the
upper panels!; this was extracted from a fit to a phase spa
simulation given in Ref.@15#, which, after dividing out the
phase space, leads to a simpleMpp-dependent acceptanc
factor Acc(Mpp). Whereas the description of thep1p2

channel turns out to be somewhat improved, the oppo
trend is found in thep1p1 channel. In general, both way
of implementing the experimental acceptance agree rea
ably well—within 20 percent.

When moving to finite nuclei, the effect of the nucle
Fermi motion has to be included. In principle this is ve
complicated, even if everything about the location of t
interaction within the nucleus were known. We adopt inste
a simplified procedure that, as we will see, can adequa
account for the observed cross sections. First, we assume
the production of the pion pairs occurs at a definite dens
In principle one should then average over all mome
within the Fermi sphere for that density, which would me
calculating the cross section for noncollinear collisions, a
we should also account for the effective mass of the nucl
as a function of momentum. This is computationally tedio
and, given the precision of the data, largely unnecess
One can show that sufficient accuracy—on the order of
percent or better—is obtained if the average is perform
only over the component of the nucleon momentum alo
the beam direction. In this case one has

S dsOPE1N*

dMpp
D

av

5
3

4kF
3E

2kF

1kF
dkz~kF

22kz
2!

dsOPE1N*

dMpp
@stot~kz!#,

~12!

with stot(kz)5mp
2 1MN

2 12@vplab
EN(kz)2plabkz# and the

Fermi momentum given in terms of the local density byrN

52kF
3/3p2. ~In fact, we adopted the same procedure for

FIG. 3. Results for pion production cross sections in thep1p1

channel using the chirally improved Ju¨lich pp interaction; identical
line identification as in Fig. 2.
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deuteron calculations with an ‘‘effective’’ Fermi momentu
representing the kinematical limit where the two nucleo
recoil together.!

Of course pions undergo substantial absorption in
nuclear medium—an effect which, as implied in the previo
paragraph, we did not include in the present analysis. H
we address instead the question of whether the med
modifications of the final statepp interaction can accoun
for the dramatic reshaping of the mass distribution obser
in the CHAOS experiment. To fix the units for the in
medium results, we assume that our theoretical total cr
sections account for the same fraction of the measured c
sections as on the2H target ~note again that our deutero
results are in absolute units!, which ranges between 80% an
;100%. The use of the in-mediumpp amplitudes in the
differential cross sections then leads to the results show
the lower panel of Figs. 2 and 3, where we have emplo
the parameterized, ‘‘effective’’ experimental acceptance.

In the p1p1 channel, the density dependence is ve
weak, the major effect being a smearing of the cross sec
due to the nuclear Fermi motion. However thep1p2 chan-
nel exhibits very substantial medium effects; in particul
the strong threshold enhancement observed in the da
nicely accounted for by our model, being entirely due to t
effects in the in-medium isoscalarS-wave pp amplitude
M pp

00 . The average nuclear density which seems to rep
duce the40Ca data best turns out to be slightly above half t
saturation density (r50.5–0.7r0). This is in line with the
average density of40Ca and the fact that the two pions a
probably created near the surface. One should, however
alize that the two outgoing pions are at rather low energ
and can therefore pass the nucleus with little attenuat
Also note that the ratio of the threshold peak to the m
maximum atMpp.350 MeV increases within rather sma
increases of density, a trend that is also clearly seen in
experimental data when going to heavier nuclei~from 12C to
40Ca to 208Pb) @15#, where one would expect to prob
slightly increasing average densities.

To summarize, we have analyzedA(p1,p1p6) produc-
tion cross sections on the deuteron and nuclei at low ener
using a realistic model of thepp interaction which accu-
rately describes freepp scattering over a wide range o
energies and incorporates ‘‘minimal chiral constraints.’’ O
emphasis was on theS-wavepp final state interaction and
in particular, its modifications by the medium. The latt
were included in terms of the standard renormalization
pion propagation through nucleon/D-hole excitations enter-
ing a Lippmann-Schwinger-type equation for thepp ampli-
tude. Many aspects of the complicated reaction dynam
have been treated approximately—e.g., the pion produc
process, the nuclear Fermi motion and absorption—or
glected altogether—e.g., Coulomb interactions and the
pendence of the medium corrections on the total two-p
3-momentum. Nevertheless, we find that our calculatio
including experimental acceptance, agree reasonably
with recent data taken by the CHAOS Collaboration
TRIUMF in both thep1p2 and thep1p1 channel. In par-
ticular, the strong enhancement of thep1p2 cross section
very close to the free two-pion threshold can be well rep
duced by ascribing it to the medium-modified scala
isoscalarpp interaction. Such an enhancement is absen
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the isotensorp1p1 interaction, which is also consisten
with the data. The physical origin of these features is rat
simple: the softening of the in-medium single-pion disp
sion relation acts coherently with the attractive interaction
the isoscalar channel, but is not effective in the purely rep
sive isotensor channel.

The outgoing two pions being on-mass-shell preclu
any statement as to whether the threshold enhanceme
the in-medium isoscalarpp amplitude entails substantia
subthreshold effects at higher densities, as predicted in v
ous pp models. However, since thep1p2 correlations in
the J5I 50 channel are of great importance for the und
.

. B
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standing of nuclear binding, further experimental and th
retical studies of the subject will certainly be of great inte
est.
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