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Final state interactions in pion production from nuclei
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We have calculated the effect of the inclusion of final state interactions on pion production from nuclei with
incident pion beams. We find that the effect of absorption, along with geometric considerations, explains much
of the enhancement at low invariant mass seen in recent data for invariant-mass spectra with increasing atomic
number. While the variation among nuclei is well reproduced for all charge states, the enhancement for the
ratio for heavy nuclei to deuterium for the” 7~ final state is only partially understood.
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[. INTRODUCTION strength in ther ™ 7=~ channel fol =J=0 near the threshold
was suggested by Schuekal.[7] based on an analogy with
The pion induced pion production on both a free nucleonCooper pairs.
and a nucleon within nuclear material provides an opportu- Recently, several studies have placed emphasis on me-
nity to study the mechanism for pion production. In a seriegdium effects to explain the strength enhancemenMaf,
of papers[1-5] the results of experiments done at thedistribution in thew™ 7~ channel g-meson channgl The
CHAOS (Canadian High Acceptance Orbit Spectrometdr  calculation of Rappet al. [8] is based on a simple model in
TRIUMF were presented on pion production with pion which the pion production takes place as an elementary re-
beams for several nuclei. Specifically, the collaboration reaction. In their model two contributions were included, a
ported data for ther"A— 7" 7 X andw"A—x 7" X re-  single pion exchange reaction and the excitation followed by
actions on?H, 1%C, “%Ca and2°®Pb at an incident pion ki- the decay of thé* (1440) into two pions and a nucleon. The
netic energy of 283 MeV. The results showed that the shape final state interaction is included by using the chirally
of the invariant-mass distribution of the two final pions improved Jlich model[9] and several medium effects were
changes with atomic mass number. included. There is reasonable agreement of their calculation
An examination of the changes among the heavy nucleand the CHAOS data in both the 7~ and 7" 7" chan-
(carbon and heavigreveals that the variation is about the nels.
same for the two final charge states. The shape of the spec- Vicente-Vacas and Os¢iL0] used a microscopic model
trum for the case of a deuteron target is very different for thgfor the pion production with final state interaction among the
two cases. pions included in the nuclear medium. Several nuclear ef-
A striking feature of the raw spectra is a large peak atfects were taken into account in their study including an
small invariant mass of the two-pion system. This peak is agpproximate treatment of pion absorption, Pauli blocking,
least partly the result of the experimental conditions and caand Fermi motion. Their calculation reproduced the CHAOS
be regarded as a Jacobian peak related to the acceptancedata for calcium in ther ™" channel reasonably well and
the spectrometer. Since the correction for this large instrualso gave a reasonable agreement for the deuteron. In con-
mental effect is difficult to make, the results are often pre-trast, this model failed to reproduce the CHAOS data in the
sented as ratios, in the expectation that the acceptance effext =~ channel except fofH.
will cancel. Thus, Ref[3] gives ratios to the deuteron cross  The enhancement of strength in the=J=0 channel
section, a common way to normalize. However, in this caser™ 7~ channel near the threshold was argued by Hatsuda
since the deuteron results are very different for the two finakt al. [11] to be due to the partial restoration of chiral sym-
charge states, this procedure results in very different spectrahetry in nuclear matter. Davesret al. [12] included the
ratios for them. If one instead takes ratios to the carbon crosaffect of chiral symmetry restoration and the influence of
sections, the calcium and lead results are about the same foollective nuclear pionic modes and found an enhancement
the two final charge states. of the spectral function to be a small energy. Aouigssadl.
Shortly after these first data, experimeff$ done by the [13] argued that the combination of effects of the restoration
Crystal Ball Collaboration at Brookhaven National Labora-of chiral symmetryf11] in nuclear matter and standard many
tory produced data on the production of two neutral pions fobody correlation could explain the strength of the spectrum
D, C, Al, and Cu with a negative pion beam. One sees a veri .. near threshold7].
similar trend for the ratios in these data to that of the While these considerations may be correct there may also
CHAOS data. be more prosaic reasons for the increasing strength at low
Since the basic conclusion of these data sets is that thavariant mass. We investigate the effect of the final state
heavier the nucleus, the more the invariant-mass spectrum isteraction of the two individual pions with the nucleus, es-
peaked toward lower values of invariant mass, a number gbecially the absorption of the pion. Our calculation contains
groups have seen in this data possible evidence for a supo free parameters and pays special attention to the geometry
posed modification of thersr interaction in nuclear matter. of the reaction.
In early work, a theoretical expectation of an enhancement of We make two simplifying assumptions.
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(i) The energy of the recoiling nucleons is neglected. This
can be justified, to some extent, because the nucleus carrie
off the remaining energy and momentum as a single entity to
the extent that it stays together. This is true fofl of the
nucleons[2] and the single nucleon can still be co-moving
with the A-1. Since the nucleons are much heavier than the
pions, they can carry a large amount of momentum with a
negligible amount of energy. In this extreme case the total
beam energy is passed on to the two-pion system. The altel
native to this assumption would be a considerably more com-
plicated calculation, perhaps warranted but beyond the scop
of the present work. The invariant mass of the two-pion sys-
tem is given by

M=2\u’+0°, 1)

whereu is the pion massgcharged or neutral as appropriate

andq is the momentum of one of the pions in the two-pion  \wjth these simplifying assumptions we may now consider
rest frame, the internal momentum. The above assumptioghe effect of the absorption of the pions in the final state on
then leads to the relation the shape of the invariant-mass spectrum. Figure 1 shows
two cases. The left portion of the sketch corresponds to the
w=M?+Q?, (2)  situation where the invariant mass is small, so the internal
momentum is small and the momentum of the total two-pion
where w is the initial beam energy an@ is the total mo- system is large, leading to a narrow cone representing the
mentum of the two-pion pair. This assumption will lead to paths of the two pions. It is seen that the pions are exposed to
some overestimate of the energy carried by the pion pairelatively little interaction with nuclear matter. In the limit of
changing the shape of the spectrum of produced pions. Thiéae internal momentum becoming zero, the pions would en-
most significant difference can be expected at high invariantounter no higher nuclear density than that in which they
masses. We restrict the present study to the lower half of thevere formed. In this limit the size of the nucleus would
spectrum where we have verified that the shape of the promatter very little.
duction spectrum makes a negligible difference to the ratios. In the right portion of the diagram a case is illustrated in
(i) We assume that the production takes place at a fixewhich the invariant mass and internal momentum are larger.
point on the surface of the nucleus in a plane at the equatdn this case it is seen that a large fraction of the pions must
perpendicular to the beam direction. The reaction probabilityraverse a significant amount of nuclear matter. The larger
is greatly enhanced in this region for two reasons. First, theréhe nucleus, the larger the probability that one member of the
is a simple geometrical factor of the distance to the center opion pair would get absorbed. Hence, we can anticipate that
the nucleus. Second, if the incident pion comes in with ahe geometry of the absorption in the final state leads to a
small impact parameter either the initial pion will be scat-depletion of the higher values of the invariant-mass spectrum
tered (even a moderate loss of energy will make the pionand that the effect becomes more important with increasing
production impossibleor one of the final pions will very A
likely be absorbed, having to pass through the entire nucleus
to escape. Thus, the reactions in which the incident pion has B. Calculation
a small impact parameter are greatly suppressed. This point
is discussed in Refl10].

FIG. 1. Schematic view of the basic effect.

The method used here is very similar to that of Oset and
Vicente Vacag14]. However, they calculated the effect only
for calcium and used an eikonal approximation for the propa-
Il. TECHNIQUE gation of the final pions.

We assume that the pion pair is formed quickly at short
range by the strong interaction, and that this formation is

It is possible to see in a simple qualitative manner thaindependent of the nucleus that it is near. Also, we assume
pion absorption in the final state will lead to a relative en-that the final total momentum of the two pions is in the same
hancement of the invariant-mass spectrum at low pion indirection as the incident beam. This assumption of exact for-
variant masses. For a first orientation we will assume that thevard propagation of the pair was investigated by calculating
pion pair proceeds forward in the direction of the initial with finite angles. It was found that the dependence on this
beam since the distribution of the momentum of the pair isangle was very small. We define the spherical anglead ¢
expected to be very forward peaked. For the purposes of thigom the beam axis as the direction of thé in the center of
diagram only(see Fig. 1 we also take the momentum of one the mass of the pair.
pion in the frame of the two-pion system, to be perpen- After formation the pions are allowed to propagate inde-
dicular to the beam direction. pendently in Coulomb and strong nuclear potentials with

A. Qualitative overview
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relativistic motion. Their momenta and coordinates areBecause the derivative in the denominator is sometimes zero,

propagated with the equations sharp peaks appear in the spectra for individual values of the
momentum directions. The integration over the angles results
p(t+ ot)=p(t)+Fot (3 in a smooth spectrum but, since the integration is done nu-

merically, some care is required to obtain a presentable

and curve. The lines shown in the figures have been smoothed
o(t) since the final calculated values still show a small residual
r(t+8t)=r(t)+ —-dt, (4) ripple. We use as a simple model for the initial spectrum two
E(t) body phase space.

whereF is the resultant of the Coulomb and strong interac-

tion forces. We take the electric charge distribution of the
nucleus to be Pion absorption is an important factor during the passage

of pions through the residual nucleus. It reduces the cross

Po section for pion production and affects the shape of the spec-
m- () trum. We include the effects of absorption by calculating the
factor of the probability that the pion has not been absorbed,

The values ofy anda were taken from Ref15] and are(in P_(r), at the pointr as follows. The probability of survival is
fm) (2.44, 0.5, (3.07, 0.519, (3.65, 0.54, (4.252, 0.589  diven by
and (6.6, 0.55 for C, Al, Ca, Cu, and Pb, respectively. The r
constanipy was fixed by normalizing the integral of the den- P(r)y=1- f N(r")P(r")dl, (10
sity to the total charge Ze. fo

The nuclear potential is given by

C. Absorption factor

pc(r)=

wherer, is the formation point, and the initial value &f
=1. The integral is taken along the trajectory of the patrticle.

2
Vy(r)=— m—Z(Nf,ﬁZf,,p)p(r), (6)  The probability of survival can also be written as

whereN, Z are the number of neutrons and protons And P(r)=ex;{ —fﬁo)\(r’)dl). (11

the atomic mass numbes(r) is the nuclear strong density,

i.e., the density of the centers of the nucleons, As in Ref.[14], the absorption probability per unit length is

assumed to be proportional to the square of the nuclear den-
Po sit
p(r)= PR (7 Y

(1) =No(E)p*(r). (12)

The values ofc anda were (2.25, 0.3, (2.95, 0.3, (3.55,  Thg ), parameter depends on the energy of the pion and is

0.54, (4.23, 0.55 and(6.5, 0.55, for C, Al, Ca, Cu, and Pb,  ,pained by fitting to absorption data. For light nuclei we

respectively, and ,, andf , are the real parts of the forward fist cajculated the eikonal expression for the total absorption
amplitudes of themn and 7p amplitudes[16]. This real . oss section

potential is modeled after the pion-nucleus optical potential.

We will see later that these nonabsorptive strong interactions *© "
play a minor role in the result. 0'()\0)=27Tf0 ada[l—ex;{ — [ dnp*(VZP+a%) ||
For each initial value of the invariant massl{) we cal- (13)

culate the internal momentum, the total momentum of the

two-pion pair, and, with values of the angles of these twoBy comparing the values af(\() with experimental values
guantities, the initial values of the momenta for each pionof o,,(E) [17—22 we inferred the values ofy(E) needed
can be determined. The pions are then propagated to a large fit the data(see Fig. 2 We found that the values af,(E)
distance(into free spackeand a new invariant mass is calcu- had little dependence on the atomic mass nurdbfar light

lated for the pair ;). In this way the function nuclei.
For the case of calcium we compared calculations using
M:(X,é,M;), (8)  the Woods-Saxon density and a shell model density for cal-

cium [23]. The difference was scarcely visible on a plot.
wherex=cos#, is established. It depends on the angles of For heavy nuclei it is important to follow the trajectory
bothqg andQ but we suppress the dependence on the anglegstead of using Eq:13). Figure 3 shows the result of the fit
of Q. for gold. The\y used in this case is also given in Fig. 2. It is
The final spectruntwithout absorptionwill be given by unfortunate that tha,'s determined in these two regions of
A are so different. There are possible physics reasons that
Si(X, M) = do _ do / dMy ~S(x, ¢ M-)/ % they are different but the data fits are from different groups
T dM; dM dm; B dMm;” and use different techniques as well. Only values below
9 about 100 MeV are important for our results.
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FIG. 2.\ determined for light nucleisolid curve and for gold

(dashed curve

Denoting the result of following the trajectory of thth
pion into free space by,;(x,¢,M;) the final spectrum is
given by the integral over all possible decay angles,

Si(My) =

50

100 150 200
T (MeV)

1 1 27
Ef—ldxfo d¢Sf(X, ¢; M f)

X Pl(x!¢!Mi)P2(X!¢!Mi)'

Ill. RESULTS
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do/dM

280 320 360 400 440
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FIG. 4. Variation of the basic spectrum for carbon, calcium, and
lead. The solid curve shows the shape the initial free spectrum and
the long-dashed curve represents the modification due to the non-
absorptive interactions only.

pare with ratios. Since we are interested in the increase of the
spectrum ratios near small values of invariant mass we nor-
malize the ratiogtheoretical and experimenjalo unity at
330 MeV.

The CHAOS group calculated the ratfts_ . /°S,.. for
both #* 7~ and 7*#* to show the effect of the nucleus.
The strong enhancement near threshold is due to the fact
that the invariant-mass distribution oD (?H) and
A (*°C,*Ca2%pPb) change dramatically near the threshold

Figure 4 shows the resulting spectra as well as the originayhere is a much smaller peak in tBedistribution. In our
model spectrungsolid ling). Also shown is the spectrum with stydy we calculated the ratio of heavier nuclei to carbon
only the strong and Coulomb potentials. These spectra cafnstead of deuterium and found that the ratio increases with
not eaS”y be Compared d|reCt|y to the data for two reaSOHSA for all Charge channels by almost the same amount.

(i) Our initial model spectrum represents only roughly the

Figures 5 and 6 show the ratios of the cross sections for

free spectrum form* 7" and does not represent well the 208p ang49Ca to that of2C. The calculated ratios are seen
spectrum form* 7. In fact, the free spectrum is not well g reproduce the experimental data in thé7* and w7~
known. Even if it were, we cannot be sure that it is thechannels. The two charge channels show similar behavior.

appropriate starting spectrum in the nuclear case.
(ii) There is a large instrumental acceptance correction to

be made.

For these reasons we, like the experimental group, com-
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FIG. 3. Comparison of the absorption cross section computed
with the dashed curve in Fig. 2 with the absorption data of Nakai FIG. 5. Ratios for lead and calcium to carbon for thé 7+

et al. (Ref. [18]).

final state compared with the CHAOS ddRef. [3]).
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" R=8,./8, R=S,,/S,

06 -  , 0.6

280 300 320 340 360 280 300 320 340 360
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FIG. 6. Ratios for ther" 7~ final state compared with the FIG. 8. Comparison of results for different charge states for the
CHAOS data(Ref. [3]) (squares and (Ref. [1]) (triangles. The  |ead to carbon ratio. The solid curve corresponds tortfier ™ final

solid line is the result of a calculation with=c and the dashed line  state, the short dash to the neutral final state, and the long dash to
was made witlr=c+a. the =" 7~ final state.

Figure 6 also shows the effect of varying the assumed radiugrium for the =" 7 final state. The comparison between
at which the production takes place. theory and experiment is satisfactory.

Figure 7 shows the difference seen in the lead to carbon Figure 12 shows the ratio of the lead spectrum to that of
ratio using the value of, determined from the gold data and deuterium for ther™ 7~ final state. The effect considered
that obtained from the light element fit. Figure 8 shows thehere is able to explain only a little less than half of the
dependence on the final charge state of the calculations. It ishserved experimental effect.
seen that the effect is moderate.

Figure 9 shows the ratio of the cross sections for Cu and
Al to C compared to the experimental data in ther® chan- V. DISCUSSION

nel. Although the error bars are large, the trend of the data is \we have seen that the variation in the spectral shape from
clearly reproduced. nucleus to nucleugsabove deuteriumncan be understood in

The estimate of the interaction potential to use in a clasterms of the interaction of the produced pions with the
sical calculation by a quantum model must, of course, be

approximate. Figure 10 shows that this potential plays a mi-

nor role by comparing with calculations with it set to zero. 3.0 p o R=8.,/S,
Figure 11 shows the ratios of the heavy elements to deu- 25
2.0 - } }
T I T
. - 1.5
wtn R=S,./S, \,\%\
TR —— %\%»H—{J
05
200 ————1— :
R:SAI/SC
~ 2.0
1.5
1.0 5 B f =
ik
05
| | | |
280 300 320 340 360 00 -V—m—rt—r—r»>t—~t——t
MM(MeV) 260 280 300 320 340 360
M_ (MeV)
FIG. 7. Comparison of the ratio calculated using values of
obtained from the fit to goldsolid) and the light nuclei{dashed FIG. 9. Results for the ratios for the®s? final state compared
The data is the same as in Fig. 6. with the Crystal Ball datdRef.[6]).
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10 T T T
R:SPb/SC it Pb

do/dM

0
260 280 300 320 340 360
M_(MeV) M_(MeV)

FIG. 10. Results showing the effect of setting the strong poten- FIG. 12. Ratio of the lead spectrum to the basic spectrum for the
tial to zero for thew* 7~ final state. The solid curve is calculated #* 7~ final state.
with the strong potential and the dashed curve has it set to zero.

_ _Hatsuda and collaboratofd1] along with a guess of the
nucleus. The size of the nucleus plays a strong role in thighange in nuclear density, the result is of the same order as
explanation. Thus, there is little or no evidence in these ratiog,e discrepancy seen in the upper part of Fig. 6 or in Fig. 10.
for a modification of the pion production or pion-pion inter- o wever, one must be very careful about trying to draw any
action. It is not clear that one should expect an effect of thig:gncjusion from this since this is also about the same order
type in any case. As has been discussed, the point at whicly the gifference between the two choices\jnas seen in
the production takes place is largely determined by the der\:ig_ 7, and not far outside experimental errors.
sity. Thus, as one moves to heavier nuclei there will be 2 "Of course, one might try to compare the production on the
strong tendency for the reaction to occur at the same densitycieon with production in the nucleus which is close to
Since the average density is the major parameter used {Phat has been done before. One would have to assume that
determine the medium effect, and it tends to remain constanf,e mechanism was simply production from one of the nucle-

one _might believe that no nuclea_r matter effect on the PO%ns in the nucleu§?]. In the present experiments the com-
duction would be seen in comparing among heavy nuclei. parison has been made with the deuteron.

Having said that, one must admit that there is some varia- |; has long been knowfsee Ref[22], for examplé that
tion in the expected density going frofsay carbon to lead.  he shape of the invariant-mass spectrum forttier ~ final
If we use the linear dependence of the condensate on the::. is different from that of ther* =" pair at low incident
density of Cohen, Furnstahl, and Grie¢2#] with the cal-  gnergy According to Ref10] the sharp decrease in the low
culation of the change in the shape of the spectrum by,aqq region is due to a cancellation in diagrammatic contri-

butions. These authors suggest that an alteration of the can-

=0 N cellation due to interaction with the surrounding nucleons
might lead to a modification in this cancellation and thus to a
5l change in shape of the production spectrum in the direction
seen.
- It is also clear(see again Ref22)) that themr* 7~ spec-
ol trum shape changes to more closely resemble 7ther*
5 distribution (and phase spageas the energy increases. As
. one goes from the reaction on a single nucleon to that on a
0.5 | . ] nucleus the effective energy at which the reaction takes place
: becomes higher due to the possibilities of coherent produc-
tion. Thus, one should also expect an increase of strength in
0.0 ! ! ! ! the low mass part of the spectrum from this effect as well.
260 280 300 320 340 360
M_(MeV)
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