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We report a helicity analysis of subthreshqi®i production onH, 3He, and!?C at low photoproduction
energies. The results are indicative of a large longitudifigdolarization(I=1,m=0) and are consistent with a
strong helicity-flip production mechanism. This signature is used to extract in-mepﬁu'mwariant mass
distributions for all three nuclei in a manner which is less model dependent than previous measurements. The
results are compared to kinematic and phenomenological models pf 8pectral function. ThéH and3He
data distributions support the role b (1520 excitation in shaping the in-mediupf invariant mass distri-
bution, while the'?C distributions are consistent with quasi-frﬁeproduction. The data support an in-medium
modification of thep invariant mass distribution.
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I. INTRODUCTION Wambach{4]. Here, the strong coupling of the with 77~
states in the nuclear medium, ap¥baryon scattering, lead

tion with regard to medium modifications. Since tfecar-  © & series of “rhosobar” excitations. This results in an en-
fies the quantum numbers of the conserved vector current, ifi2ncement of the low invariant mass portion of Hiespec-
properties are related to chiral symmetry, and can be invedr@! function. This model has been applied to the high tem-
tigated with a variety of models. Most models predict a re-Perature and high density regime of high energy heavy ion
duction of the renormalized vector meson mass in the&ollisions with great success. This picture has been refined
nuclear medium. A review of the field, up to 1999, is given inand extended by other groups in recent years, such as the
Ref. [1]. One of the first models was “Brown and Rho scal-relativistic-model calculation by Post, Leupold, and Mosel
ing” [2], in which the in-mediunp® mass is rescaled accord- [5]. These and other models will be discussed in more detail
ing to the relation later in the paper.
Experimental evidence for in-mediup? mass modifica-

f tion has been widespread, but all interpretations suffer from
paliadsuaiiodevaliadsuaiiadirat significant model uncertainties. For example, CERN dilepton
production data from S+Au and S+W collisions at
This relation is based on chiral symmetry and scale invari200 GeV/nucleon yield a significant enhancement at iy
ance, and predicts that the mass of feshould drop by [6], indicative of a density-dependenf mass reduction
~15% from its free mass value at standard nuclear denwhich is consistent with chiral symmetry restoration as well
sity. This is supported by lattice QCD calculatiof],  as with p®-medium rescattering. An IUCFESI(B, p’)?8Si po-
which suggest that chiral symmetry will be fully restored larization transfer experiment found an effective isovector
at T.=150 MeV and/orp.=5 pyce NN interaction strength consistent with,~615 MeV£? [7],

In addition to mass rescaling, the in-medium shape of th@nd a KEK 12-GeVp+A collision experiment yielded@ e
p® may be changed by resonant interactions. One well-knowspectra which indicate a significant enhancement for Cu
model of these interactions is that of Rapp, Chanfray, anavhich is not present fot’C, consistent with=200 MeVL?

Of all particles, thep meson has received the most atten-
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plo mass shiff8], but both these suffer from ambiguities in attractive test case for comparisons with data and with the
interpretation due to the use of a proton probe. Frasgati freepCline shapel?C is a “benchmark” test of nuclear modi-
total photoabsorption cross sections on C, Al, Cu, Sn, Pb dications, because of its combination of nuclear size and den-
0.5-2.6 GeV are smaller than expected, indicative of inSity. Unlike the simpler targets, the number of nucleons
creased shadowing. These results are best explained in teripggsent in*?C raise potential complications due to FSI, in-
of a reduced in-medium mass,~610-710 MeVé2, which cluding absorption. The effects of such FSI will be investi-

increases the coherence lengifF 2. [9]. However, due ~ dated in detail later in this papeftie may be expected to
to the inclusive nature of the experiment, this can only bé;epresent the “nuclear "",SDECIS]&C with the simplicity of
H, as far as FSI and pion absorption corrections are con-

considered an indirect observation of in-medipfhproper- . .
wrprop cerned. The low relativg®-N and p°-3He momenta of this

ties. . :
Finally, the TAGX Collaboration has investigated the experiment largely compensate for the. short nuplear_ radius
disadvantage, compared to more massive nuclei, by increas-

3 + = i P ; :
He(y, Tf ™) .reag“"” n Fhe .subthreshold region. In th.'s ing the probability ofp® decay within the nuclear volume
case, diffractivep” production is suppressed, as the reactlon[ll]

must utilize Fermi momentum to produce% The resulting This paper is organized in eight sections. In Sec. II, the
p°s are produced with low boost with respect to the nuclealgy nerimental setup and analysis procedure are reviewed.
medium, so that they decay within 1 fm of their production gection |11 discusses the MC simulations and presents repre-
point(i.e., still within even a small nuclejisThese two prop-  sentative characteristics of the reaction channels considered.
erties of the subthreshold region reaction enhance thgection IV compares the data distributions with the MC
nuclear-medium effect. The effects oN final state interac-  simulation results, with particular emphasis on the effects of
tions (FSlg are minimized by the choice of a small nucleus the kinematic cuts on the observed helicity angle distribu-
(®He). An energy-dependent mass reductiorm:, tions. In Sec. V, the helicity analysis is used to quantify and
~640-680 MeV¢? was found for 806<E,<1120 MeV  subtract the proportion of nopf- events surviving the kine-
[10-13, with evidence for even lowgi® mass at lower pho- matic cuts, yielding the experimental in-mediyfhinvariant

ton energy[13]. Of these, Ref[12] used an analysis tech- mass distributions. Section VI compares the experimental
nique significantly different than Ref$10,11], and yielded distributions to a series of model calculations, and Sec. VII
nearly the samen, value. A limitation of these results is the compares the helicity angle analysis result to the previous
model-dependent separation of tp® channel from other TAGX Collaboration results. Finally, in Sec. VIII the discus-
processes leading to thef7~ state. Experimental data which sjon and conclusions are presented.

can be interpreted in a less model-dependent fashion are

highly desirable, and this is the goal of the study reported
here. Il. EXPERIMENT AND DATA ANALYSIS

0 A technique which may allow a cleaner separation of the - 16 analysis presented here is based on data taken in three
p-—m @ contribution from competing processes has re-ggparate running periodsl,14,16. Together, they comprise
cently been reported by the TAGX Collaboratid®]. There,  j5ia with2H. 3He. and2C targets. The(y, 7*n) experi-

the p° degay an?ular distribution is reconstructed for sub-ments were carried out using the tagged photon beam of the
threshold’H and*“C(y, =*=") reaction data, and it is found 1 3.Geyv Electron SynchrotrofES) at the Institute of

that when kinematic cuts which enhance the relative populagcjear Study at Toky@INS) and the TAGX magnetic spec-
tion of p°— #*7~ decay compared to competing Processes; ometer.

such asA7 production, are applied to the data, a strong

co§0;+ distribution results. The only mechanism compatible

with the features of the data is the decay of longitudinally A. Tagged photon beam

polarizedp?, consistent with a strong helicity-flip mechanism  The photon beam is produced utilizing the 1.3-GeV To-

of p° production. This result forms the motivation for this kyo Electron Synchrotron with a duty factor of10%

work. Such helicity-flip amplitudes are interesting, becausg17,18. Figure 1 displays the tagged photon energy distribu-

they may be related to thé’ production mechanism and so tions used in this work. As the data for the different targets

assist in such investigations. Here, the emphasis is placed atere obtained at different times, and under slightly different

the use of the longitudinal polarization of tb%to isolate its  experimental conditions, the shapes of the resulting tagged

contribution to ther*# data, with the goal being to extract photon energy spectra are significantly different for tHe

the p? in-medium line shape and compare it to various phe-and CD, targets. ThéHe target data are from Refd1] and

nomenological models. A preliminary analysis using this[16], which used ES nominal energies of 800 and 1220 MeV,

technique was presented in REE5] and this work presents respectively. The Cptarget data were taken with three ES

our final results and conclusions fé, *He, and*?C. energies of 1040, 1180, and 1220 MeV, with overlapping
The deuteron comprises an important element in the intagged photon energy distributions.

vestigation of medium modifications. Its low Fermi momen- The data were divided into three tagged photon energy

tum and nuclear matter density reduce the probability of mebins of 600—-800 MeV, 800—960 MeV, and 960—1120 MeV.

dium modifications and/or nucleonic effects. However, theThe choice of the limits of these bins was motivated by the

low binding energy and the better defined final states fophoton energy thresholds fp? production via the quasi-free

Monte Carlo(MC) simulations also make the deuteron anand non-quasi-free mechanisms in nuclei. ®inthe thresh-
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FIG. 2. Top view of the TAGX spectrometer elements in place
during the?H and*°C data taking.

600 20 1200 obtained together, via the use of a solid deuterated polyeth-
Photon Energy (DMeV) ylene and research grade graphite target assembly. The
graphite target0.069 g/cm) was positioned at the nominal
FIG. 1. Tag_gt_ad phqton energy distr_ibutions used in this work.center of the TAGX magnetic field, with two deuterated
Data were divided into threeE, bins of 600-800 MeV, nolyethylene targetéotal thickness 0.618 g/chnflanking it
800-960 MeV, and 960-1120 MeV. upstream(-16.8 mm and downstreant+15.8 mn) relative
to the photon beam. Th#H data were obtained by subtrac-

old for production OfPO with mass oneo lower than the  on of the graphite target data from the €Rrget data, via
nominal 770 MeV# (i.e., 705 MeVt?), is 971 MeV. The e procedure discussed in Sec. Il F.

division between the mid- and high-energy photon bins is
placed near here, and so the highest photon energy bin is
expected to receive a significant contribution from quasi-free
o° production on all three targets. OfC, the corresponding ~ The TAGX spectrometer has an acceptanceraoér for
photoproduction threshold is 723 MeV, while for thecen- ~ charged particles. It consists of a dipole magfeb kG),
troid it is 797 MeV. This motivates the division between the drift chambers for tracking, and plastic scintillation counters
low- and mid-energy bins to be 800 MeV. In this case, thefor time-of-flight (TOF) and trigger information. Figure 2
middle photon energy bin may contain contributions fromdisplays the layout of the TAGX system for tRel and *C
the low-mass components of th& (more than oner below ~ Measurements. A brief description of the detectors follows.
mean in a quasi-free production mechanism, as well agAn extended description of the TAGX spectrometer is found
nominal p° production from the nucleus as a whole. Thein Ref.[18]. _ . _
mid-energy bin also has the best photon luminosity and event Directly surrounding the target is the inner hodoscope
statistics for all three nuclear targets. The lowest photon endH), made of two sets of six scintillator counters, one on
ergy bin is deeply subthreshold and so will be the most senach side of the beam. The IH is used in the trigger, as well
sitive to low-mass components of th8 in a nuclear envi- s in measuring the TOF of the outgoing partidie8,2Q.
production cross section is small, and any interpretation oPn Opposite sides of the beam. Their operation greatly im-
the data will be complicated by significant phase-space reProves the vertex resolution capability of the system, which
strictions and non® contributions. aids in the suppression of experimental background. The
SDC were designed to preserve the TAGXSr acceptance
prior to its installation, to not impose extensive modifications
of the spectrometer, and to not induce significant energy
The *He data were obtained with the use of a cryogenidosses to traversing particles by keeping its thickness to mini-
liquid target of 5 cm diameter and 0.0786 gfodensity[19]. mum. The SDC is explained in detail in R¢20].
This necessitated an empty-target background subtraction Surrounding the SDC are two semicircular cylindrical
procedure, explained in RdfL1]. The?H and'’C data were  drift chambers(CDC), subtending angles from 15° to 165°

C. TAGX spectrometer

B. Targets
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on both sides of the beam in the horizontal plane, and +18.3°G 55,
in the vertical plane. Together with the SDC, they are used to;
determine the planar momentum and in-plane emission anghg
of the traversing charged particles, and the vertex position ot~
the trajectory crossings.

The outer hodoscop@H) is a set of 33 scintillator ele-
ments placed after the CDC. Each scintillator is oriented ver-
tically, with photomultiplier tubegPMTs) attached at top
and bottom to determine the track angle relative to the me-
dian plane. The two sets of hodoscopes, IH and OH, measur
the TOF of the tracked particles. v : ,

Finally, for the?H and'?C data taking, a pressurized GO & o Lo 't vt vy vl v by v
Cerenkov detector was added to further improve the suppres® 0 z 4 B
sion of beam-related electromagnetic background. The ga. Time of Flight (ns)

pressure was slightly higher than atmosphere, rvesulting in an FIG. 3. Data distribution of the product of charge and momen-
electron threshold of 17 MeW/ An aerogel Cerenkov  m versus time of flight through the spectrometer. The solid lines
counter withn=1.030 was located at backward angle onjngicate the selected regions from whiefi, 7, and proton candi-
beam right. The pion threshold for this detector wasdates were selected for further analysis. ®ie™ background is
570 MeVk. Because of their proximity to the TAGX mag- restricted primarily to the region of small TOF and small momen-
netic field, neither detector was used in the on-line triggetum.
decision.

The remaining components of the TAGX spectrometer are E. Particle identification

four 155x50x 5 mn? scintillator counters, with a primary Figure 3 shows the observed correlation between the

function to vetoe'e” background. These veto counters aréi,ree-dimensional momentum and the TOF between the IH
positioned along the OH arms in the median plane, and,q oH. particle identification boxes were created as shown

?Iiminate charged-particle tracks registering withdz  j, {he figure to select pions and protons for further analysis.
=+2.5 mm, mostly affecting forward-focusede™ pairs pro-  This method does not allow*(e") to be cleanly separated

duced cop|+ou_sly downstream of the target, but having a smaff.oyy 7+(77) because of the limitation set by the timing reso-
effect onz 7 events. lution. Therefore, in the case of the gBxperiment, TDC
information from the forward ga§erenkov detector was
used to additionally suppress tle&(e”) background. The
aerogelCerenkov detector suffered from poor gain due to the
As our interest lay withm" 7~ production from the decay TAGX magnetic field, and was not used in the analysis.
of the p® meson, the experiment trigger was set up to record Events were only kept if a* and an~ were detected on
two charged particle coincidences on opposite sides of thepposite sides of the beam line, a requirement consistent
beam axis. with the experiment trigger. Because of the larger probability
The reconstruction of the TAGX data is briefly reviewed of one or more protons from th&C target also intercepting
here; a detailed account is in REL8]. In the analysis, a lab the spectrometer, events in which a proton was detected in
system of coordinates was used, in which xhexis is taken addition to the left-right-goingr*«~ pair were also accepted
to be along the direction of the photon beam andzhgis is  for the CD, experiment, only.7"# p events meeting this
taken along the TAGX magnetic field. The trajectory of acondition comprised 6% of the GDtarget event sample.
charged particle reconstructed by the SDC+CDC drift cham*Three-track” events with a" =~ pair detected on the same
ber system defined the horizontal component of the momerside of the beam line were excluded from further analysis in
tum, P,,, the horizontal tracked trajectory length, and the  all cases.
tangential direction of the track in the horizontal plae,
The resulting planar momentum resolution is given by the F Back d subtracti q _
relation U(ny)/PXy:0.090[Ge\/'1]PXy+0.12>< 103 [21]. . Background subtraction and target separation
The timing difference of the PMTs mounted on both ends  For the®He experiment, the cryogenic target was housed
of each OH scintillator gave the tlecomponent of the hit in a low-mass target cell with 18@m-thick mylar walls, a
position, which measured the trajectory length along zhe mylar-aluminum laminate superinsulator, and a/58-thick
axis (1), and allowed the magnitude of the momentum inaluminum radiation shiel¢i19]. This necessitated the use of
three dimensions to be calculated. The out-of-plane trajecdedicated empty-target cell data acquisition runs, for the pur-
tory length resolution was approximatelyl,)~1.4 cm. The  pose of background subtraction. The result of#e empty-
resulting three-dimensional momentum resolution is domitarget cell subtraction is shown in R¢fl1].
nated byo(P,)/P,, above. Dedicated empty-target subtraction runs were not neces-
The information from each of the two tracks is combinedsary for the CD experiment, as no target container was used.
to provide the vertex position of each event in thg plane.  In this case, thex-y vertex position provided the means to
The SDC+CDCx traceback resolution is 1.0 mfa) [21]. identify whether the event originated from the graphite tar-
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D. Event reconstruction
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' * ' to box 2, the box 2 data were subtracted from the box 1 and
10 1 2 3 3 box 3 data to yield théH event sample. As air is predomi-

] : nantly composed of N and O, which will be nearly indistin-
guishable from'*C in the physics analysis, the decision was
made to take all of the events within box 2 as th@ event
sample.

Events

IIl. MONTE CARLO SIMULATIONS

The MC simulations constitute an integral part of the
analysis, as they provide the best means to take into account
the effect of the limited experimental acceptance upon the
observed data distributions. A detailed comparison of the ob-
served data distributions with those predicted by the MC
simulations will help determine the kinematic regions popu-
lated by the respective reaction channels, and how best to

FIG. 4. (Color onling Distribution of thex component of the separate their contributions. Two key observables in this
vertex position for the CBexperiment data, and compared to a comparison are the lab frame pion-pion opening arfjle
series of MC simulations taking into account all experimental pa-and the missing mags,;ss It is necessary for us to investi-
rameters. The curves are experimental ¢atdid line), sum of MC  gate the effects of analysis cuts on these two variables and
simulations(dashed ling simulated?H contribution (dotted line, any possible interdependence between them. Finally, it is im-
and air(Shaded regio)’.l To aid the Clarity of the figure, the simu- portant to show that the cuts Suppress mgm}ackground in
lated'°C contribution is not shown. The three indicated regions arean understood fashion and that they do not induce distortion
the limits of the target cuts used in the analysis. in the spectra that can imitate the signature of a longitudi-

nally polarizedp?.
get, the deuterated polyethylene target, or elsewhere. MC
simulations incorporating the known target densities and po-
sitions, and taking into account the variation of the traceback
resolution upon the two-track opening angle and the TAGX 1. p° production
tracking resolution, were normalized to the data to provide
the target subtraction parameters to extract’thelata from

the CD target yield. Figure 4 compares thecoordinate mechanism, wher8l: is the participating struck proton with
distribution of the data to the sum of three MC simulations,. ... ;! F P pating P
initial Fermi momentunpg and the remainder of the nucleus

in which the#* 7~ production was from eithéH, 1°C, or the . : .
atmosphere between the solid targets. The inferred contribd 2 spectator. Several differept line shapeg22-2§ were

tions of each source to the events within each target bo zfrnrselgﬁlrtesd zlirlll tQiiiTll;L?élr?gzh\gvngerfgfeyL?s”eylcﬁlg I\i/r?éy;'g“;
shown in Fig. 4 are listed in Table I. » 4P P

The three simulations provide an excellent description on Benayouret al. [23] unless specified otherwise. This line

. : shape is based on tHel partial-wave analysisPWA) of
the CD, target regions, and a poorer but still acceptable de=, ™~ = ~ r .
scription of the"®C target region. In all three cases, the level© & 7 T data fromm, =350 to 1000 MeW#, and so is

s . L the most authoritative description of the frg@ low-mass
0,
of agreement is within the 5% systematic uncertainty in theta”_l The o° then proceeded to decay intorda pair. For

MC simulation of the detector, and so it was concluded tha . . - S .
e simulations assuming longitudinally polariz€d1,m

it was not necessary to add an arbitrary background source 99) 9 vroduction. the decay distribution was weiahted b
describe the target traceback data. After application of a corgoszg iﬁ the o0 res:t frame- fo?/un olarized® roductign the y
rection to account for the variation in TAGX acceptance with g P ' P P

x coordinate(values 1.06 and 0.87 for boxes 1 and 3 relativedec"’ly distribution was taken to be isotropic.

—4 g 0 V. 4
Vertex x—Coordinate (cm)

A. @@ production channels considered

We first discuss the® production generatop? production
was assumed to occur via a quasi-frgé-— p°N— 7" 7N

) L ) 2. o° production
TABLE |. Estimated contribution of the various event sources to P

each of the target boxes, defined in Fig. 4, for the,@Rperiment. Quasi-freevs®— 7" 7~ production and its decay is included
The difference between the sum of the contributions and 100%&S a representative scalar process with Breit-Wigner width
indicates the level of agreement between the MC simulations andnd centroid as listed in Ref26].? This decay is isotropic in

the experimental data. the ¢° rest frame and it is a vital test to investigate whether
any cut-inducedl=1,m=0)-like signatures appear in the MC

Box Observed 2H 2c Air (%) Sum simulations.

No. events (%) (%) (1 atm (%)

1 38487 39 59 1 99 'Referencg25] by the same authors is based on the same data,

2 9484 5 85 5 95 and yields a nearly identical line shape.

3 49873 38 61 1 100 The actual values used ane=800 MeVE2 and T=800 MeVk2,

which are in the middle of the range given for thg(400—1200.
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3. Baryon resonances 7+Ng— 7' +N’, where the pion initial energy and angle are

from the production and decay MC generator, and the

For the baryon resonances, we follow the work of Refs. , , I8
[10,11,13, where a variety of other reaction channels leading™I/€0n has appropriate Fermi momentum f&. The rep-

to =t were identified and simulated. Thus, quasi-free re_resentative processes for which FSI were studied were quasi-

actions leading to the production of\™m, Amt, e p° production,p® production viaN"(1530 — p°p decay,
N'(15207, N'(1520—A**7, and N'(1520 —pg° were A™ 7, and A*™*A". The #N amplitudes are taken from the

considered here. The line shapes of the baryon resonancRB@se shift analysis parametrization of R&f].

were assumed to be described by Breit-Wigner distributions '€ €ffect of absorption FSI on thé line shape was also
with centroids and widths taken from Re®6], while the con5|de_red. In this case, a parametrization of the total pion
shape of thep® from N'(1520 decay uses the PWA shape absorption cross_sectlons of_ Re[f32,33 was used to calcu-
from Ref.[23]. In addition,A**A™ production was simulated late the absorpt|pn .prpbablhty. as the pion traveled.from
in a yA— AA(A—2) mechanism, wherA-2 was a spectator some random point inside a uniform density sphere with ra-

) 1 ) . .
recoiling in some excited state with the appropriate Fermflius Of °C to the exterior. Inelastic processes such as pion
momentum. induced pion production were not considered sincenthgs

As only quasi-free mechanisms have been simulated?Ut Will éliminate them.

Myiss CUtS Must be placed on both the experimental data and In all cases, the simulated particles were transported

the MC simulated data to exclude regions populated by mord'rough the detection apparatus UusiBgANT [34]. The
complicated reaction mechanisms involving additional TAGX detector performance evaluated in the event recon-

nucleons or those producing three or more piaks.is the struction process was utilized to accurately simulat.e the
lowest mass mechanism involving more than one targef ACX detection efficiency and to reproduce the experimen-

nucleon which leads to the*s~ final state, and so it serves tal resolution. All experimental thresholds and acceptance
as an important test case. Any kinematic cuts which elimi-cuts were applied, and the simulated data were analyzed in
nate theAA process should be even more effective at elimi-the Same manner as the experimental data.

nating yet more complicated multinucleon mechanisms.

The single-nucleon Fermi momentum distributions in the B. Representative characteristics of the reaction channels
quasi-free simulations were chosen appropriate to each re-
spective target nucleus. FGH, a parametric fit to the
H(e, €'p) data of Bernheirret al. [27] by Saha and Ulmer
[28] was used. FofHe, a parametrization from a variational
calculation using the Argonne potentj2B] for the two-body
breakup®He(e, €' pp)n was used. Fot’C, the PWIA param-
etrizations of van Orden and UImé¢B0] for the 1p;, and
1s,,, shells of %0 was used, and the recoil nucleus was
placed in the corresponding excited state. The remainin N o
nucleon or nucleus, as the case may be, was assumed to b&RgCt 0P~ in the lab frame is formed2) both p, and p
spectator recoiling with equal and opposite momentum to thé'€ transformed to the" =~ center of mass frame, an@

Figure 5 shows representative kinematic distributions
from four MC simulations with the’He target and for the
800-960 MeV tagged photon energy range. The observables
plotted are the missing mass,,s, the dipion invariant mass
m,., the 7*7 lab frame opening anglé, ., and, of particu-

lar importance to this work, the helicity angﬁf;:;+, calculated

in the dipion rest frame in the following manngt) the
bongitudinal componenp,+ of the #* momentum with re-

reaction product. 6 . is then calculated from
4. N final state interactions (FSI) D+
* T
For all processes leading 0"z~ production in the 600 cosé .= HLL
-

<E,=<1120 MeV energy range, the emitted pions are in the
resonant energy region and pion rescattering as well as ab- The 3He nucleus was chosen for a detailed discussion on
sorption have large cross sections. Although FSI in the fornthe effects of the cuts on the MC simulations for a number of
of absorption may play a role in the extraction of the fipal reasons. FirstHe exhibits features common to all three nu-
invariant mass distribution and will be discussed in moreclei and most of the conclusions drawn from its analysis
detail later, rescattering is of particular concern because hepply to the other two. Second, there are previously pub-
licity signatures are used to extract thcontent, to assign lished works on the same target, but based on a different
confidence levels and to define the actual background shapesalysis methodology, that this work can be directly com-
and strengths to be subtracted from the data. While one capared to. Third, the data quality and statist{ésr the MC
argue that foPH and®He rescattering FSI should be a small simulations to be compared)tare good, and this improves
contribution, their effect cannot be ignored in the cas&6f  the reliability of any conclusions made. Ther and AA
For the subthreshold region considered here, our simulatiorgimulations are selected as representative baryonicpfion-
indicate a meannN center of mass momentum of processes and the® simulation is a representative mesonic
230 MeVk, which yields an approximate 50% probability simulation which will mimic ap® in all respects except for
that one of twon* originating in the center of a uniform thel=1,m=0 helicity signature.
density nucleus with the radius &iC will undergo rescatter- The A, o andp? simulations make use of a quasi-free
ing. mechanism, as evident by their very similar missing mass
Therefore, a series of MC simulations were made indistributions, indicating the escape of a single, energetic
which a pion was randomly selected to scatter with a protonnucleon. TheAA simulation involves two energetic nucleons,
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and so its distribution peaks at slightly higher missing masslated c050;+ distributions. The latter form the basis of the
For the remainder of the discussion, only events with missgytraction of thQOE yields and distribution from the data.
ing mass between 2629 and 2919 MeMkere accepted for Figure 6 shows the same MC simulations as in Fig. 5 after
further analysis. The upper limit of range is placed aty,jjication of the MM110 missing mass cut. As expected,
110-MeV' excitation energy of the reS|dur_:1I r_1uclear system[he removal of the high missing mass events has depopulated
ar_1d SO V.V'" be referred to as the MM110 missing mass cut. IEhe lowm_+_- region, and so each of the respective invariant
\II;U\I/ eerhlrinnl1?3 It: ggt?iggg?ugggr; spr(l);c:esje\/;/sél-lrgzlc\)/\?\/lut%e?; the mass distributions have shifted slightly upward in mass. The
' P opening angle distribution of th&# simulation has shifted

ground state. o . oo
The quasi-freer® and o processes have similar lab-frame to lower values off,... This is a desirable effect, as it will

opening angle distributions, as each rely on back-to-bac2use the addition of the opening angle cut to be more effec-
#*n decay in the meson rest frame. Ther and AA pro- tive in reducing the contribution of this very important pro-
cesses have significantly more strength in éhe<100° re- ~ Cess from the data. The effect of the MM110 cut upon the
gion, and this is characteristic of baryonic decay into pon- Other opening angle distributions is much smaller. Finally,
channels. The cutoff in the distributions fér_<50° is due =~ We see that the effect of this cut upon the helicity angle
to the experimental requirement of two detected tracks oslistributions is small.
opposite sides of the photon beam line. Helicity angle distributions for the same four simulations
The bottom row of Fig. 5 shows the respective helicityare shown in Fig. 7, this time with the application of a series
angle distributions of the four processes. Even though th€f opening angle cuts of increasing tightness. The>70°
o®— "7 angular distribution is intrinsically isotropic in cut is shown for comparison to the previously reported re-
cosd_. due to itsJ=0 nature, once all experimental consid- sults of Ref.[11]. . o _
erations are taken into account the resulting distributions areh One St.“k'ng observation, by comparing Flgs. 5and 7, is
not isotropic. The decay of a longitudinally polarize® is the effectiveness of the two CULS In suppressing _p‘bpro-
the only process which produces a ¢édike signature. The ~C€SSes such asm andAA. The difference in thg-axis scale

: ; ; f each figure gives a rough measure of the effectiveness of
30% forward-backward asymmetry in the S|mulat€dd|s- 0 ' S
tribution and the fact that the distribution maximum is nOttmh;assicr?g;rasa{)s()sng&rt]gn?jutt% Tgizgsgﬁl?:ct;ggegihri XAMMO
[ +1 ff f the TAGX . i ’ L
quite at +1 are understood effects of the TAG acceptanceandOD processes by factors of 6.2, 5.2, and 5.0, respectively,
while reducingp yield by only a factor of 2.4. These factors
are in addition to the inherent selectivity of the TAGX spec-
The purpose of this section is to observe the effect therometer to coplanas*z~ processes such a8 decay. The

missing mass and opening angle cuts have upon the simTAGX limited out-of-plane acceptance discriminates against

1. Investigation of the effects of the s and @, cuts
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two-stepn* 7~ production processes and uncorrelateidr™
production when forming the experiment trigger. This com-the distributions is evident in tha**z~ and o° channels.
bination of favorable spectrometer acceptance and analysWhile these two distributions do not resemblp wave, they
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tribution is featureless, one may argue that some biasing of

cuts accounts for the experiment’s ability to extraglaig- ~ do indicate that some population at the extremes of the
nal with small cross section out of a comparatively largecosé_. distributions can be accounted for by nphdecay
background. Depending on the production processes conand that care, as well as some additional criteria, may be
pared, the relative enhancementg8fsignal can be as much necessary to separgifrom nonp? processes. Nonetheless,
as a factor of 10. for 6,..>120°, no background process can create the “edge-
The next observation to be made from Fig. 7 is that onlyto-center” ratios thapE decay exhibits. In fact, the popula-
the p? simulation produces a strorgwave signature. It is tion at the center of the distribution is a measure of the non-
clear that an opening angle cut as tightlgs>120° cannot pE contributions and can be used as an input to further analy-
artificially induce a co% @ distribution in any production pro- sis. We also investigated whether the combination of any two

cess. In thed,.>120° row, while the simulated**A~ dis-

AT

>
o
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simulated processes can mimic the obserpﬁedistributions.
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We found that no combination of ngi¥-reactions leading to  well as quasi-freg® production, both with and without the
*7~ production can reproduce the ce} distribution, and  effect of rescattering FSI. The upper limit of the missing
the response @, and My CuUts, characteristic gf? pro- ~ mass cut applied, 10 970my,<11 305 MeV£?, corre-
duction. Any admixture oA**A~ together with the other two sponds to 130-MeV excitation of the recoil system, and so is
background channels will only move the distribution furthertermed the MM130 cut. This higher upper cut value chosen
away from beingoE-Iike. (as opposed to MM110is to maximize the data statistics,
In conclusion, we see that the,.s and 6,,>120° cuts  which are more limited fot?C than the other nuclei, while
together provide a good means of enhancing the proportiostill remaining below 3 production.
of p® events in the data. This combination of cuts does not With only the MM130 cut applied, all nop? processes
appear to induce a false cogdistribution to the data, and if exhibit distributions which peak near the center of the

used in concert with the “edge-to-center” ratio of the distri-cos ¢, range. With six protons and six neutrons present, the
bution, can provide a unique means to identify ﬁﬂwleld. charge symmetria**=~ and A~#* reactions should contrib-

\é\g;il?/;hif gwgiuljze(r)lt %Jt(:ﬁf?ﬁ:rdsatg &eofjigs\é?él\;v?hg% ':r?itsute at approximately the same rates. However, the inclusion
Beyond this point, the degraded statistics of the survivin of rescattering Sl and the slightly different TAGX accep-

+ _ . X
data and the restricted kinematics caused by the cut beco%%r:rgz fg;/ﬂr:ent(rji: drir;?r)i/bluntidouncse ?\lg:f;ﬁr;ggsbe:gezgiftiza
progressively more important factors. p-wave behavior is seen as a result of the MM130 cut. This
cut is also very effective in suppressidg\ processes.

For the nong? processes, the application of thg,>120°

For the?H target nucleus, the effects of the two cuts oncut results in the suppression of yield in the regions bgtween
the cosd._.. distributions for the various reaction processes=0.7 and 0.7, and the remaining population about £gs
lead to conclusions very similar to those presentecPiite. =0 is a measure of the total surviving background. All of the
However, given the more complex nature'éE, two specific ~ Simulations in Fig. 8 were run for the same number of simu-
investigations are worth exploring in some detail. One islated TAGX triggers, so the poor statistics for the FSI simu-
based on the fact that this nucleus consists of six protons arlgtions indicate their low survival probability after the cuts.
six neutrons and charge symmetric background processddie mean cut survival probability of FSI processes is less
may have differing distributions, due to triggering require-than 25% of that of non-FSI processes, enhancing the ex-
ments. The other is exploring the effects of FSI, an effect thapected relative proportion of non-FSI to FSI events in'fi@
also has its basis on the larger number of nucleons preseflta by a factor of 4. It is interesting to note that the
compared to the other two nuclei. channels exhibit distributions that may be fitted by a func-

Figure 8 shows simulations for three nphichannels as tion, such asA+Bcos 0:T++Ccos2 0;, which has ap-wave
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2. Application of cuts to?H and '°C simulated data
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component. It is also worth noting that the “skewness” ob-applied. The effect of the cut upon,,sis small. There is a
served for theA™ =~ reaction(forward-backward asymme- shift in the mean of the distribution of approximately
try) will give different values for the three coefficients than 30 MeV/c? as the cut is changed from 70° to 120°. The low
that expected for the{ decay process. These aspects of themissing mass region is most affected, due to the elimination
analysis will be pursued for all three nuclei in a later sectionof two pion events with low relative momenta. The effect on
of this work. the invariant mass,,, is also small. Neither the peak nor the
shape of the distributions change appreciably for the four

IV. DATA DISTRIBUTIONS AND COMPARISONS
WITH MC SIMULATIONS

In this section, the effects of the two cutg,,ssand 6.,

values ofé,_,, cut. The low-mass tail of the distribution, be-
low 500 MeVi?, is affected a little more greatly, resulting in
a slightly more symmetric shape for the distribution. Gener-
ally, invariant mass distributions for such multichanget

on _the dat:_:\ distributions are_investigated and dEtai.|Ed.Comélusive3 processes are not sensitive variables on their own.
parisons with the MC simulations are made. The objective ISrhis is because they represent phase-space and acceptance

to establish the consistency of the conclusions derived fror?mitations compounded with broad and overlapbing reso-
the application of the cuts on the data and the simulations. Irr{lances P pping

subsequent sections in this paper, this will lead to the iden- . . -
tification of ap? component in the experimental data and its The effect of the MM.110 missing mass cut, in addmon 0
the opening angle cut, is shown in Fig. 10. A comparison of

extraction and separation from the nghbackground. Figs. 9 and 10 reveals that the application ofilpg,scut has

a larger effect oom,.,. than thed,.,. cut had alone. By elimi-

nating three pion production and suppressing the emission of
The effect of thed,,. cut upon the’He data distributions  energetic nucleons, the missing mass cut helps to isolate two

for myissand other variables is shown in Fig. 9. Four succesenergetic pion events adding up to larger invariant mass. As

sive 6, cut values of 70°, 90°, 110°, and 120° have beenan example, the peak o, corresponding to the 120° cut

A. The effects of the cuts upon the’He data
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has shifted from approximately 580 Me¥/in Fig. 9 to ap- In conclusion, the two kinematic cuts, applied to both data
proximately 665 MeVé in Fig. 10. Similar behavior was and MC simulations, have been shown to be largely uncor-
observed in Ref[14] for 2H. These shifts become a signifi- related, each selecting different features of the dataset. They
cant factor in the discussion on th@ invariant mass distri- help to establish that the only self-consistent process identi-
bution and comparisons with theoretical models in the relfied as the source of thewave-like distribution in cosﬁ;+ is
evant sections of this work. X the decay of a longitudinally polarizes. By comparing the
The effect of the opening angle cut upon @gs is quite  edge-to-center ratios of the distributions in Figs. 7 and 10, it
dramatic. The effect of the additional MM110 cut has been tgs clear that the nomﬁ background under the 120° cut is
make the resulting c89 distribution more symmetric. It is  minimal. This is established by the MC simulations for the
instructive to compare the corresponding cut plots in Figs. Az, AA, and o processes and the small number of data
and 10. The MC simulations show cés. distributions for  events at co#_,=0. Since this “pedestal” is an accumulation
all background processes that are radically different from theyf surviving events from all background processes, it estab-
data. Furthermore, no combination &fr, AA, ando® pro-  Jishes an absolute measure of the contribution of these pro-
cesses WithoutpE content can reproduce the shape andcesses to the data.
change of population of the data in going from the 70° to the  One question that arises as a result of the comparison of
120° cut. The “edge-to-center” ratio is an additional piece ofthe simulations and the data is that of helicity conseryifig
information, as the MC simulations indicate that the bulk Ofor unpo|arizedp0 content in the data and their Signatures in
the background processes are located in the “center” regiofhe data and simulations. Both unpolarize¥ and trans-
of the cosd_. distribution. Thus, this ratio is a measure of the versely polarizedp$ events, the latter with a distribution
p? to nonp contributions to the observed data yield, and apeaking at zero values of c@s, would add to the “pedestal”
comparison of Figs. 9 and 10 indicates that the effect of thet the center of the distribution. As such, it is clear that there
Mpiss CUt has been to remove additional nefhprocesses, is little or no evidence for such polarization stategdin the
such as @ production. data sample. The argument agaip%tsignatures is particu-

6,> 70° 6.,> 90° 6,,>110° 6,,> 120°
150 — - c
L 100 M 75 |- W E W
100 — dmw *&#h 3 : #* 60 £ #
L f *# 50 L *t Q‘% 50 - t ﬂ# a0 - :H m»
50 - b L & Y " 20 F 4
0 I“II Il ‘I‘.\ 0 l‘)ll\ ll‘.\ 0 _1‘ 111 ‘ I\\ 0 —_Tl.)e\l L ‘ | |
11000 11500 11000 11500 11000 11500 11000 11500
2
m_.. (MeV/c?)
150 — FIG. 12. 2C data distributions
wo £ & 200 £ # I +++++++ 100 - M for 800<E,=<960 MeV. The indi-
8 E . o b +.+ " 100 - +++ H* - ++ ++~ cated opening anglé,. cuts have
S 100 4 4 EA 50 [~ ¥ " 50— 4 Ny been applied to the data.
L A . L s r
m 0 _Il.T\ll\\\ll\\.i 0 7||“\\‘|\H‘I\\f¢ 0 I\'T\‘I\I\‘I\\ﬂv 0 \\'1‘\‘\II\‘\I\¢
250 550 850 250 550 850 250 550 850 250 550 850
2.
m_. (MeV/c®)
200 £ +++ A f A { R f
m+++++m+ ++§+ 150 gx it 150 f; 4 150 5 "
100 [ 100 ”m*ﬁ* 100 [+ dt | 100 [ &
F 50 - 50 [ Pt 50 [ pupngtt
0 | ‘ 1111 0 | - ‘ L1l 0 L1 11 | L1 1l 0 L1 1] | |
-1 0 1 -1 0 1 -1 0 1 -1 0 1
cos 6,

065202-11



G. M. HUBER et al. PHYSICAL REVIEW C 68, 065202(2003

,> 70° 6,,> 90° 6,,>110° 6,,> 120°
- t 100 ! 60 =
132 E *+++++++ 7 +++++ w b #ﬂﬂ :g 3 N
of f Y| mE t I IR
; 4 25 + = E
22 brgelbrmingll o P oifrelon o bndotiie 13 FNCATR. FIG. 13. 12C data distributions for 808 E
_g 250 550 850 250 550 850 2502 550 850 250 550 850 <960 MeV and 10 976 Mypisss 11 305 Mth:%
g m,, (MeV/c’) (MM130 cup. In addition, a series of opening
w . + ; _ ] _ ] angle 6, cuts have been applied to the data, as
60 %++++++++ M‘rﬂ ib %ﬁ ++++++ ” f+ ++ - % + indicated.
:g ? i 20 ++++*’+++ 20 }+++++ . ++++ 20 }"ﬂ 4
o El]l IllJJ 1 0 :IIIJ |\ 111 0 :JJ I+J§[‘\.\ 11 0 :Jlﬁﬁw‘pﬁ*ﬁl
-1 0 1 -1 0 1 -1 0 1 -1 0 1
cos 0,

larly strong because such a helicity state would otherwise Application of the MM130 cut results in the distributions
share all other responsesag, andm,sscuts withp?. In this  in Fig. 13. The reduction in the number of surviving events is
case, increasing thé__ cut limit would result in a central dramatic, compared to the other two nuclei. Application of

enhancement, an expectation completely in variance with thée same cut oAH resulted in a survival fraction of 54% for
data. the 6,.,=120° cut. In the’He case, the surviving fraction is

34% while in this case the fraction is 19%. This severely
restricts the surviving statistical precision. However, compar-
ing the c050;+ distributions for the 90°, 110°, and 120° cuts
The *H data distributions respond to th#,, cuts in a in Figs. 12 and 13, the MM130 cut reduces the pawave
manner similar to those in Fig. 9, except that thgs dis- background in a very effective manner.
tributions show a peak at the deuteron mass with a narrower ) i
distribution than théHe distributions, and then,,,. distribu- D. Conclusions from the comparison of the data
tions have slightly higher centroids, a manifestation of the to the simulations
smaller phase space available and the more well-defined final Overall, the effect of the two cuts on all the variables
state. Application of the missing mass MM130 cut results ininvestigated and for all three different nuclei do not result in
the data distributions of Fig. 11. The effect of thg;,ccut on  any significant differences in the distributions among the
m,,,. is similar to that already shown o#le. The low invari- thrge target nuclei. It should also be mentioned that the
ant mass regions below 500 Ma¥/are essentially elimi- €OS 6.+ distributions for the three photon energy bins of
nated; the means of the distributions are approximatelp00—800, 800-960, and 960—-1120 MeV are also very simi-
25 MeV/c2 below their corresponding distributions in Fig. 1 A sample plot of thé“C data for the full photon energy
10. This is consistent with the lower center-of-mass energie§nge is shown in Fig. 14. Application of ti&,>120° cut
available for pion production due to the lower Fermi mo-removes most of the yield near cés.=0, resulting in the
menta of the struck nucleons. p-wave-like distributions in the second column. Application
The MM130 cut does not have the same quality of im-of only the MM130 cut eliminates events across the distri-
provement in thg-wave-like behavior of the COS:# data as butions, without altering their shapes. The final column dis-
it did for 3He. This is partly due to the fact that the deuteriumPlays the final distributions after the application of both cuts.
data are the result of a subtraction, SC, and partly due The surviving events are consistent with processes domi-
to the MM130 cut itself. This cut is perhaps too generous fonated byp-wave-like distributions. The two-step processes
such a loosely bound nucleus, and will be tightened in sub&n@logous to those simulated in Fig. 6 cannot be the main
sequent sections of this work. Nevertheless, the edge-tgontributors, as they have different responses to the cuts than

center ratios of co#. . distribution for the 120° cut are good. € foreground channels and the data respond to the cuts as
g the simulations predict. There is little evidence that back-

ground processes dominate the dataset after application of
C. The effects of the cuts upon theé“C data the two kinematic cuts, each with their own unique effects on
Figure 12 shows the effect of thég,,. cuts on the'”C data.  both the data and the MC simulations. In fact, a direct com-
The my,issandm,,,. distributions are similar to the two lighter parison of Figs. 6 and 10 indicates that the total background
nuclei, but with broader, smoother distributions, reflectingis a small fraction of the total event sample. However, the
the larger phase space available to the pions due to the highexact contribution of the background in the ags distribu-
Fermi momentum in this nucleus. The overall effect ontions needs to be determined in a quantitative manner, and
cosd_. is also similar for all three nuclei. One minor differ- this is the subject of the following section.
ence observed in this figure is that the loss of acceptance
observed at the extremes of the distribution is even less pro-
nounced fort?’C compared tdHe. This is consistent with the
MC simulations. The-wave signature is clearly observed as  The purpose of this section is to investigate the relative
a result of the opening angle cut. contributions of the various® 7~ production processes to the

B. The effects of the cuts upon théH data

V. INVESTIGATION OF NON- pE BACKGROUND VIA
HELICITY ANALYSIS
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observed co§;+ distributions, to subtract the contributions essary to ensure sufficient statistics per bin to allow infer-
of the background processes in as model-independent mafiDces to be formed, while preserving sufficient invariant
ner as possible, and in so doing to obtain a better measure Bass resolution to make these inferences interesting and use-

the observe@ distribution versus invariant mass for each of ful. The three coefficient#, B, C were determined for each

the target nuclei. In order to gain more insight into the naturd®" for both the data and the various MC-simulated pro-
of the nonp? background remaining after the missing massc.=>c>" and tabula_ted accordmg_to the magpwalue of the

oL 9 9 . 9 respective population in each bin. Thus, although the data
a.nd opening e}nglg c.uts,. both the gxpgrlment anq the MCand simulations used the same binning scheme, nthe
simulated cod . distributions were fit with a function that tapylated values for each differ slightly according to the dis-
contains ap-wave term, as-wave term and an interference tributions of the populations of each. Checks were made to
term. In this manner, all of the elements of the distributions ensure that the resulting parameter distributions vensys
namely, a uniform event distribution, a symmetgevave  were not sensitive to the bin size and stagger offset used.

distribution about9;+=90°, and an asymmetric interference  If the noan processes had cq&;+ distributions described

term are represented in the fit. The fitted function is by only the flatA and skewed terms of the fitting function,
and if the pE process had a pure ("30877+ distribution with
Events =A+Bcos 6 . + Ccog 0 _+. (1)  only theC coefficient being nonzero, then a plot@fversus

. o . ] . invariant mass would give a precise measure of the observed
This function is not intended to provide a perfect fit to the ;0 gistribution for each of the target nuclei. To first order, this
observed distributions, but rather to provide a means t¢s'in fact a good approximation. However, as we have seen in
quantify the relevant features of the observed distribusgec [11B 1. the TAGX acceptance modifies the expeqi%d

tions. distribution from a pure 0650:# function, and the back-

If the data show high fractions op-wave content, it .
means that the coefficienf, which is the pedestal at gr(()jund processes contribute somewhaCtas well as t0A
' andB.

cos 6 .=0, is very small. This can either mean that the back- If one integrates Eq(L) from cos¢ .=-1 to +1, one ob-

ground is negligible and the data are almost punﬁﬂyin . 2 . . .
content, or that there may be significant background, but it iéams 2+3C. The ratio C/(3A+C) thus provides a r(a.lat{ve
measure of the 06397# component in the observed distribu-

almost purelyp-wave-like due to the cuts imposed. None of " o )
the background processes in Fig. 7 appear to reflect suchti@n. The skewness coefficieBt d9es not contribute to the
possibility. integral as this term is odd in ca@s.. However, as we have

In order to extract the in-mediurp{f invariant mass dis- seen in Fig. 9, certain background processes have signifi-
tribution, one needs to investigate the data and MC simulacantly skewed distributions, so the valueBtould assist in
tions as a function ofn,, and possibly extract different con- the discrimination betweep® and nong? processes. This
fidence levels for differentm,, values. Both the conclusion was confirmed after further analysis, and so a
experimental and MC-simulated data were binned according-wave shape ratio
to 77~ invariant mass, and a cqi‘c;+ distribution formed for C
eachm,,,. bin. Each invariant mass bin was 90 Me¥ide, Ro-wave = m
staggered in 30 Me\¢f increments. Thus, the first bin was 2
360<m,,<450 MeVk?, the second was 390m,. was formed for further study. This weighs the skewed
<480 MeVK?, and so on. This binning procedure was nec-coefficient as if the absolute value of the skewness term
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SHe and 6., cuts. For example, at 960E,<1120 MeV theo

12 : : : and A7 channels display highp-wave ratios between
600<m,_ <700 MeVk?, but lower ratios in most other re-
gions.

For 800—1120 MeV, the data hayewave ratios which
are midway between thﬂ?-producing and background simu-
lations. This means that after the application of tigg,sand
0., cuts, the data still contain some contribution from rpﬁn-
processes. The effect of the background processes is to dilute
the p-wave shape ratio observed for the data. For example,
between 800 and 960 MeV tagged photon energy, a less than
10% contribution of thes® process to the remaining data
would be sufficient to account for the degradation of the ratio
from that of the purepf process to that observed for the data.
At 600—800 MeV, however, the degradation of the observed
ratio is more severe, and a more significant contribution by
background processes to the remaining data after the cuts
would be necessary to account for the observed ratio. For the
higherE, region of 960-1120 MeV, the picture is even more
complicated. Within the data error bars, the 600,
<740 MeVK? region has a higlp-wave shape ratio, but at
the same time, the background chann@specially theo®
channel also have high ratios. Thus, the level of confidence
in this region is not as high as that of the mid-energy region.
. ) Thus, the confidence in the accurate extraction ofghe
600 700 800 900 component, and therefore its invariant mass distribution, de-

m,_ Invariant Mass (MeV) pends on botlE, andm,,. In the midE, range, where the

most and highest quality data have been obtained, the degra-
dation in the observeg-wave ratio appears to be small, and
o) pE events may be extracted with high confidencerfgt,

600—-800

800—-960

P—-Wave Shape Ratio

960—-1120

FIG. 15. (Color onling p-Wave shape ratios for théHe data
(W), quasifreep? simulation(long-dash ling N'(1520 — pp° simu-

lati hort- h ling A**7 simulati h-dot li . .
ation (short-dash ling " simulation (dash-dot ling, and o values between 550 and 730 Me%¥/The confidence in the

simulation(dotted ling, for the three tagged photon energy bins, as . T . .
indicated. The solid lines are normalized fits of the simulations toIOW'Ev region, which is deeply subthreshold, is not as high,

the Rywae data, as described in the text. The regions of largestVhile the situation at the high end of the tagged photon en-
discrepancy between fit and data are generally on the tails of th&'9Y range is similar.

event distributions. All distributions shown are withy,,>120° and Figure 16 displays thp-wave shape ratio for théH data
2629< Myss<2919 MeVL2 (MM110) cuts applied. and the equivalent four MC simulations. In this case, the
imposed missing mass cut is at 90 MeV excitation energy

had been taken in the integral. The absolute values in thequivalent(MMO090), in order to improve the foreground to
denominator ensure that cancellation between oppositéackground ratio of the data. The opening angle cut remains
sign coefficients cannot artificially boost the value of the &t 120°. The’H data exhibit ap-wave ratio which is diluted
ratio. in comparison to the purpﬁl channels, which indicates that a
portion of the data remaining after the cuts is due to back-
ground processes. This is particularly true for the low-energy
panel, where the 550-620 Me¥/invariant mass data have
Figure 15 displays the observgewave shape ratio for a ~40% ratio, while the puref channels have ratios in ex-
the ®He data and several MC simulations. The tpﬂ)pro- cess of 80%. In this case, the dilution of the ratio could be
ducing channels considered are quasi-tb%eroduction and explained by attributing=40% of the data to background
N'(1520 — p°N decay, while the two benchmarks for npﬁ- processes, while the background proportion would be much
dipion production are the quasi-fre€ and A7 processes. less for the other two energy bins.
The elimination of theAA process from further consideration  Finally, a measure of the reliability of the helicity analysis
is based on the observation that it haspawvave-like struc-  for *2C can be pursued with the same methodology in Fig.
ture independent of any cuts applied, and that the proportioa7. The data display larggrwave shape ratios than either of
of AA events surviving the cuts is smatiee Figs. 7 and)8  the ?H or *He data, consistent with a smaller proportion of
For the quasi—freefLJ simulation, R,.,,e deviates from 1.0 background reactions surviving the two cuts.
because of the finite TAGX acceptance, primarily due to the Simulations both with and without the effects of rescatter-
inability to detect pions emitted between 0 and 15° in the laking FSIs are also displayed in Fig. 17. In the 600—800 MeV
frame. As expected, th&l"(1520 — p°N simulation yields photon energy bin, the data and FSI-modifﬁdprocesses
similar results. The ratios for the two background processesre in excellent agreement for all values mf. .. This is
however, show much greater variation, as a result ofifjgs  likely a fortuitous agreement, as it would indicate a 0% con-

A. Comparison with data
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24 tive of the two choices. The 960-1120 MeV energy bin is

12 : : less definitive, due to poorer statistics. Even here, the data
exhibit p-wave ratios consistent witf dominance, although
the background contribution is likely higher than in the two
lower tagged photon energy bins.

It is interesting to note that among the three nuclei, the
more massive and complex target exhibits the cleanest
p-wave signature overall. This analysis simply underscores
the observations made by comparing Figs. 10, 11, and 13,
which arem__-integrated distributions for the data surviving
the cuts from each nucleus. It appears that the missing mass
cut is very effective in eliminating background, more so in
the case ofC.

The response of the MC simulations to the two cuts pro-
vides a good description of the response exhibited by the
experimental data. While all three nuclei seem to be domi-
nated by the same production mechanisms, as indicated by
the distributions of several important observables, and all
three show clear signatures pfwave attributed tcpE pro-
duction and decay, the relative background proportion is dif-
ferent for the three nuclei. It is important to emphasize here
that the information obtained for the background channels
includes relative ratios, since absolute cross sections are not
known under these conditions. However, they are valuable
- . 1! inputs to the robustness of the conclusion tbfaEVents are
600 700 800 900 correctly identified for specific regions of photon energy and
m,. Invariant Mass (MeV) invariant mass. They also provide an additional, and inde-
pendent, tool to compare the results of this analysis with
previous publications on the subjed0,11,13 by forming

600—-800

800—-960

P—-Wave Shape Ratio

960—-1120

FIG. 160. (Color onling p-Wave shape ratios for tHél data(l),
quasifreep s!mulaion_(lo_ng-da_sh ling, N (152_0—>pp° suml_JIatlon the foundation upon which the extraction of tb\‘_éinvariant
(short-dash ling A**#~ simulation(dash-dot ling and ¢® simula- T - -
tion (dotted ling, for the three tagged photon energy bins, as ingi.mass distribution is accompllshec_j. For all three nuclel,_th_e
cated. The solid lines are normalized fits of the simulations to thesoo_960 MeV tagged €energy regions have the_ best S_tatIStICS
Rowae data, as described in the text. All distributions shown are@nd cleanesp-wave signatures associated with1,m=0

with 6. >120° and 1745 m, <1966 MeV£2 (MMO90) cuts ap-  duantum states. This is also the energy region of increasing,
plied. but still subthresholdp® production. Thus, this is the region

where one expects noncoherent production signatures to

tribution due to background processes in this energy regiommanifest themselves, if they are to be present at all. Finally,
an expectation at variance with our findings for the twothe analysis and FSI simulations shown here have not altered
lighter nuclei. Moreover, in the 800—960 MeV energy range,the conclusions in Refl14], that no background processes
the data display g@-wave shape ratio which ikrger than  have been identified which can account for or explain the
that expected for the FSI—modifiqof processes. To be in helicity signatures observed in the data.
agreement with the data ratiosnagativenumber of back-
ground process events would have to be subtracted in this B. NO”'PE background subtraction
region, which is unreasonable.

Simulations without FSIs are shown in the left panels of
Fig. 17. There, the data show largavave ratios which are

Based on the analysis of thpwave shape ratios of the
different contributing processes, the portion due to pEJn—

consistent with or degraded slightly from those expected fopackground can be e.st|mated. anq subtracted. The basic pro-
purep? processes. Our expectation from Fig. 8 is that a Iarggedure was that relatc:ve contrlbu_tlonsoof the foreground pro-
fraction of the rescattering FSIs will be removed by theC€SSESIN (1+5+29pr Oand quasifreep ] and background
analysis cuts. If one assumes that 100% of FSI process 0cessegA™a andg™) Were fit 1o theRy, ya,e distributions
have been eliminated, the ngfi-contribution to the remain- of the data, yielding two relative normalization factoysfor

ing 600—800 MeV and 800-960 MeV tagged photon binthe foreground andl'—np) fqr thg bac!< ground, re;pgctlyely.
yield is still less than 10%. A more likely scenario is that _Our estimate of the m-medlumif invariant mass distribution
some FSI contribution remains after the cuts, but since th& then obtained from

rescattering processes do not significantly affectpiveave
shape ratio, their contributions are relatively difficult to dis-
tinguish. In this case, however, the assumption of no rescaf single normalization factor was thus obtained for each
tering FSls actually leads to the subtraction of a greatetagged photon energy bin; the values are tabulated in
amount of norp, background, and so is the more conserva-Table Il. To minimize model sensitivity, tha,B,C coef-

pE(mTrm Ey)DiStribUtion :Cdata_ (1 - ﬂp)cbackground
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“« _ No FsI . _ w/FsI

FIG. 17. (Color onling
P-wave shape ratios for th&C
data (W), quasifreepﬁ simulation
(long-dash ling N'(1520 — pp°®
| simulation  (short-dash  ling
400 500 600 76(%1; - 400 500 860 760 Ao smulatpn (dash-dot I_mﬁ

: : ; ; and ¢° simulation (dotted ling,
for the three tagged photon energy
bins, as indicated. The panels on
the left assume no rescattering fi-
nal state interactions, while those
on the right assume that one of the
two detected pions has rescat-
tered. The solid lines are normal-
ized fits of the simulations to the
Rowae data, as described in the
text. All distributions shown are
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ficients for the two foreground processes, quasifsgand Figure 18 shows the cézﬁ; fit coefficient ‘C" versus

N'(1520 — pp°, and for the two assumed background pro-invariant mass for all three nuclei. The shaded regions are for

ce_sseis, f.(th.JaS";LeAR & ag.dto.b' \{\_/ere averaged together yhe egtimated background contributions to the? s coef-

prior to Titting the Ry yae distributions. ) ficient distributions resulting from thB,,,,c analysis. With
The solid lines in Figs. 15-17 indicate the fits to thethe exception of the 600—800 Me¥e distribution, the es-

Rowave distributions for the three target nuclei. It is clearly . L o
seen that the MC simulation sums do not perfectly descripdmMated backgré)und contribution is nearly negligible ¥4,
a bit larger for®He, and larger yet fofH. This systematic

all of the features of the data. However, thavave shape I ) ) e .
ratios are relative ratios, independent of the actual yield oP€havior is despite the tightest missing mass cut being ap-

the data within each invariant mass bin, and the discreparflied to the’H data, and the most generous cut applied to the
cies between the fits of the simulations and the data are C data. In most cases, the shaded contributions to be sub-
largely confined to the tails of the invariant mass distripy-tracted are relqtlvely small, quantl_fylng the earI!er discussion
tions. To avoid unwarranted sensitivity to these regions, thdhat the qlataodlsplay largewave signatures which are con-
Rywave fits were weighted according to the data yield within Sistent withp,_ decay[14]. S
each invariant mass bin. In many cases, the fit to the data Regarding the 600-800 MeV distribution féHe, one
could have been improved by choosing one of the backShould note from Fig. 1 that the photon energy mean and
ground or foreground processes alone in the fit and excludingistribution for this bin are markedly different than fé
the other, rather than averaging them. If this was done, thénd '%C, and so substantial differences are to be expected.
obtained normalization factors would not vary outside theBecause of the 60 MeV lower mean photon energy,ithe"
uncertainties listed in Table II. Nonetheless, which back-Cross section oriHe is reduced, and the data have poor sta-
ground or foreground process to choose to obtain the best fiistical confidence. The large data error bars preclude any
would depend on target nucleus and photon energy bin, andgeaningful conclusions to be drawn with this analysui tech-
so the averaging procedure was maintained to ensure uniforique. Even with these limitations, the value of the’cés.
mity of approach for all of the data distributions. coefficient form,,>575 MeVk? indicates the presence of
. ) . somepE contribution to the data. The maximuRy.4,e val-

TABLE 1. Relative proportion of foreground processegiasi- - es of the 600—800 Me¥H data are nearly double those of
free p_ and N (1520 —ppy] in the data, after missing mass and the packground processes, and this can be accommodated by
opening angle cuts applied, as determined from fittingRiGxe  assuming a foreground/background proportion of @Fdble
distributions of the data. Il). The background contribution to be subtractstiaded
region of the top-left panel of Fig. 1&as nearly the same

Nucleus Tagged photon energy titdeV) invariant mass distribution as the data, and so the resulting
600-800 800-960 960-1120 gistribution is not particularly sensitive to errors in the sub-

2H 0.66+0.06 0.75+0.04 0.87+0.06  tracted proportion normalization. The 600—800 MeX%C

3He 0.25+0.11 0.91+0.02 0.83+0.05 data are fitted quite well by the sum of the MC simulations,

12¢ 0.90+0.01 0.98+0.02 096+014  and this is reflected in a substantially smaller uncertainty in

-
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As has been already discussed, the 800—960 MeV regioagreement is more than adequate. The earlier discussion for
is one of good statistical precision and one of high confi-the *°C Ro-wave distribution applies here as well; the data are
dence in thep-wave shape analysis. This is reflected in theconsistent with a negligible background contribution.
fits of the simulations to the data, and the low uncertainties
in the 77, normalization factors. In all cases, the portion to be C. Self-consistency checks
subtracted is approximately centered beneath the data, and so , . . . . -
the background subtraction will appreciably alter neither the It s of interest to investigate the validity and se_lf-
centroid nor the width of the extracted in-mediyfhinvari- consistency of the analysis followed above. Our method is to

ant mass distribution. While tHéi and®He data are fit quite check whether the fit coefficient values, used to determine
well. the 12C data diéplay R, ratio which is slightly the background contribution to be subtracted, are able to re-
I -Wave

larger than any of the MC predictions. Recall that for theProduce the cog . data distributions for a number of differ-
simulations including FSls, this discrepancy was even large€Nt Mz, bins. For example, iR,,ae Was not a sufficiently
As the maximumR, ya,e value of theN' (1520 —pp? simu-  accurate measure of the shape of the data'sfgadistribu-
lation equals that of the data, just at a different invarianttions, theA,B,C coefficient values determined from fits to
mass value, the discrepancy could be in part due to the fré@em would not provide good descriptions of the data, and
¢° line shape assumed in the simulations. The data indicatet®€ Validity of the background subtraction just performed
very small nong® proportion to be subtracted, and this is Would be in doubt. The 800-960 MeV photon energy region
reflected in the near-unity value of the obtainggfactor. was chosen for this check, as it has the best statistical preci-
The quality of the fits to 960—1120 MeV energy bin dataSion, and_so any systematic deviations from the data may be
is poorer than at 800—960 MeV. At this higher energy, ~Mmost easily discerned. _
—a*a decay is more likely to result in missing mass and Figure 19 shows the distributions for fom.,m bins cen-
opening angle values which do not pass the physics analys{§'ed at=552, 602, 646, and 695 Mew As discussed ear-
cuts, resulting in the poorer statistics of the surviving datdier, €ach invariant mass bin is 90 Me¥fAvide, and so there
sample. The number of incident tagged photons for this biS Partial overlap between adjoining bins. The long-dashed
also is smaller, especially for the GBxperiment. With the in€ in each panel is the best fit to the data with the
exception of the extreme tails of the distribution, the fit to thetB cos 6_.+C cos 6. function. The short-dashed line is a
’H Ro.wave distribution generally follows the trend of the data, result of the sum of thcpE and background contributions, as
given the size of its error bars. For the purpose of estimatingliscussed in the preceding section. The agreement of the two
the size of the background to be subtracted, the level o€urves is a direct measure of the reliability of the identifica-
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tion of the foreground and background components in thenature of the experiment, the role of the limited kinematic
data. For all three nuclei, the curves agree quite welphase space is significant, and must be accounted for. In
throughout them, ;. range. While it is to be expected that the addition, although every effort has been made to quantify
Iong—dashed curves will be better descriptions of the data, agnd remove nom)E background contamination from the data,
they have been directly fit to them, the deviations of thethe effects of the TAGX spectrometer acceptance and detec-
short-dashed curves from the data are comparable to the siggp thresholds still remain. Similarly, the model prediction
of the data error bars. The 602- and 646-M&Wbin data  ghoyld be subjected to the sarfig. and m,.. cuts as the
have the smallest statistical error, and the two Curves are igynerimental data. The best way to take these effects into
the best agreement. The 552- and 695-M8Wins have sig-  »ccount is to embed the model calculation within a MC
nificantly fewer events, and the discrepancy between th imulation of the experiment, and analyze the simulated

curves is larger, as e'xpect(.ad.. The overall conclusion is thaevents in the same manner as the data. Only by following a
there is no systematic deviation of the short-dashed curves j

from the data which is outside the statistical error of the dat%iﬁid;;?am this manner can reliable comparisons be made

and analysis, and so the reliability of the background sub- In thi _ il fi : f
traction method is validated. The overall self-consistency N this section, we will first present a comparison of our

achieved for thé?C data is quite impressive. This is a direct data to two kinematic models utilizing the frpéline shape

result of the very effective suppression of the backgroun®Ptained from PWA analysis of the'e”— "z reaction
processes by the two cuts. [23]. This free line shape provides a superior description of

the low-massp® tail, significantly better than the standard
parametrization of Refl26]. This will investigate the roles
of kinematic phase space and Fermi momentum and will
provide the first indication of the reaction mechanism re-
sponsible for the significant longitudinaf polarization ob-
Before our extracted invariant mass distributions can beserved here. Then, we will compare our data to three phe-
compared to any model, a number of effects must be takenomenological models of the in—mediupﬂ. We believe this
into account in its prediction. Because of the subthresholavill provide the most rigorous comparison to date between

VI. COMPARISON OF THE EXTRACTED IN-MEDIUM pE
INVARIANT MASS DISTRIBUTIONS WITH MODEL
CALCULATIONS
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model and observation of the in-mediysfl characteristics. The same broad conclusions are also true for the compari-
In all cases, the simulated events were tracked through theon between MC and data féHe. Here, the widths of the
simulated TAGX spectrometer and have all acceptance andata and MC distributions are nearly the same, but the data
threshold effects applied. The simulated events were theare consistently peaked at about 20 Me\lbwer mass. Sur-
analyzed in exactly the same manner as the data, and thpgisingly, the deviations between data and simulation are
quadratic fit coefficient to the c®#._. distribution extracted, greatest for’H. In both the 600-800 and 800—960 MeV

just as for the data. bins, the data distributions are narrower than those of the
simulations, and there is a progressive shift in the centroids
A. Comparison with the yNF—>pEN kinematic model of the data distributions away from the simulations as the

oton energy is increased.

In Fig. 20, the extracted invariant mass distributions forph ; : : o
In conclusion, while there is qualitative agreement be-

all three nuclei are shown together with the quasifse&C . . o
g q ﬁ% tween the data and the calculated invariant mass distribu-

simulation discussed earligfong-dash linep Overall, we éions, the deviations merit further study. The higher centroids

see that the simulation provides a good description of th . . S o
data for all three nuclei and all tagged photon energy bins?nd broader widths of the quasifree MC distributions may

This is a convincing statement that indeed pheave signa- |ndicate more phase.space available to th.e assumed produc-
tures isolated are those of subthreshpfdproduction. The tion and decay reaction than the data justify.
probability that uncorrelated* s pairs from unrelated pro-
duction processes could result in an invariant mass distribu-
tion similar to the partial-wave analysi8 and respond in the
same manner to the applied kinematic cuts is simply too Figure 20 also compares the data distributions to the qua-
remote to be credible. sifree N*(1520—>pr mechanism MC presented earlier
Upon closer inspection, we observe deviations betweefshort-dash lines The assumed fre@® line shape is the
the data and quasifrgg model distributions. The agreement same, but the effects of kinematic phase space and Fermi
between data and simulation is best f®C. For the momentum are different, due to the more constrained reac-
600—-800 MeVE,, bin, the agreement between th&c MC  tion mechanism. For théH 600—800 MeV energy bin, the
simulations and the data is excellent for the whole range ofigreement between data and the simulation is much im-
the invariant mass values. For the 800—-960 MeV bin, theproved from the quasifreg’ MC and it is now quite impres-
width of the simulated distribution is the same as that of thesive. The different phase-space available to the resujiing
data, but it is peaked at slightly higher mass. In the case dfias narrowed the calculated distribution and the overall
the 960-1120 MeV bin, the quasifreﬁ distribution is  agreement extends throughout tihg, range. It is the stron-
slightly broader than the data and peaked at a higher invargest evidence yet that'(1520 decay is the dominan,
ant mass. It appears that the trend barely discernible in thproduction mechanism in this energy range for this nucleus.
800-960 MeV bin has become more pronounced in this en- The improved agreement between th&(1520-based
ergy region. production mechanism and tHfél data carries over to the

B. Comparison with the yNF—>N*(1520—>pEN kinematic
model
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800-960 MeV energy range. In comparison to ﬂﬁeMC, plex nuclei, more recent results from photoabsorption studies
the simulated distribution has a more similar width to theon carbon and more massive nuclei shed new light on this
data, although the centroids disagree. For thesubject[35]. Even though the photon energies did not exceed
960-1120 MeV energy bin, the data aNd1520 MC dis- 800 MeV in that work, its primary subject was th&(1520
tributions appear shifted by=40 MeV/c? from each other, excitation and its possible medium modifications, including
with the data being lower than the model distribution. Thebroadening, in nuclei. The lack of experimental signatures of
precise reason for this is not clear but it may be related to théhe resonance in total photoabsorption cross sections in nu-
quasifreeN" (1520 assumption, admixture of coherently pro- clei such as carbon thus remains a not-understood phenom-
duced p® and/or admixture of quasifrepf production. We enon.
conjecture that this admixture may also be responsible for Finally, a detailed comparison of the data with the simu-
the small bump neam_,=800 MeVk? in this energy bin. lation results indicates deviations from the simple kinematic
Now moving on to the’He distributions, we see that the models considered here, which are likely due to higNer
N"(1520 production mechanism gives a much better descripand A resonances and/or reaction mechanism admixtures.
tion of the 800—960 MeV data than the quasif@esimula- The comparison of the data with the phenomenological mod-
tion. As expected from the experience withH, the els to follow may shed further light on these discrepancies.
N'(1520-based distributions are both narrower and shifted tdOf the three models presented, two are based on established
lower values compared to thﬁ quasifree simulation. For hadronic interactions that do not involve quark or QCD ele-
the 960—1120 MeV energy region, tRele data are also in ments. While both models share a similar philosophy and
better agreement with the¥' (1520 process, but the level of share some common elements, there are substantial differ-
agreement is less impressive than for the lower-energy binences between them. The third model is also phenomenologi-
Finally, for 2C the level of agreement with the calin nature, butitis based on quark degrees of freedom and
N(1520-based production mechanism is worse than withits foundations are thus completely different from the other
the quasifree p° mechanism for the 600-800 and tWO.
800-960 MeV bins. For the 960-1120 MeV bin, the cen-
troid of the distribution is given better by tié (1520 simu-
lation, but the width is given better by the quasifﬁESimu-
lation. While the two lighter nuclei are broadly consistent
with dominance of th&"(1520 channel, fort?C, only in the This model [4] has two main contributions to the in-
960-1120 meV energy regime can some evidence for theedium spectral shape of theFirst, the interactions of the
N*(1520 channel be found. pions with the surrounding nucleons amds accumulate
substantial strength in the spectral function for the lower
regions of the invariant mass. This renormalization of the
pion propagation in arNA gas was first proposed in Refs.
The general agreement of the experimenfalinvariant  [36,37. Second, the contributions to the spectral shape
mass distributions with the expectations from the PWA-from in-medium p-baryon scattering are evaluated. This
based parametrization verifies that the analysis has indegflodel reproduces the experimental datgpemave 7 scat-
identified pions originating fronp? decay. The small Fermi tering in free space as well as the pion electromagnetic form
momentum distribution of a single nucleond allows sub-  factor in the timelike region.
threshold production of thg®, while the small nuclear den- The first element of the model accounts for medium
sity is expected to result in minimal, if any, medium modifi- modifications of thep by considering the interaction of the
cations. As such?H is an ideal nucleus to use as proof of intermediate two pion states, in other words, theis
principle of the analysis that indeed th&has been identified “dressed” by the two-pion intermediate state. The single-pion
and been isolated in the event sample. This analysis, thegelf-energy in these intermediate states is evaluated within
should lay to rest any question whether ffehas been in- the particle-hole excitations at finite temperature. Specifi-
deed identified at subthreshold energies. cally, the pions interact with the surrounding nucleons and
The2H and®He data invariant mass distributions faygr  with the thermally excited states through excitations of the
production via the quasifre®N’(1520 —p N mechanism. type NN'%, AN"L, AA~% andNA™L Evaluation of these types
The two quasifree mechanisms investigated here have invarpf interactions leads to substantial broadening ofdlspec-
ant mass distributions that are significantly different fromtral function. The peak is shifted to slightly higher values for
each other, allowing these comparisons to be meaningfuthe invariant mass, however, significant strength is added to
The comparison with the kinematic models has thus given #e low-mass region below 600 Med#/
strong experimental indication of the Iikeh{ production The second element of the model treats the scattering of
mechanism at these photon energies. Regarding the lack tfe p in-medium. The sizable strength of th&IN and pNA
evidence in thé?C data to support even a modest content ofcoupling constants, and the large branching ratids(@720
the latter mechanism, we note that the role N¢1520 and A(1905 decays topN final states, led the authors to
plays in nuclei, and its in-medium mass and width, is anconsider pN(1720N™! and pA(1909N™ particle-hole-like
ongoing debate. Our simulation made use of t&€1520 states called “rhosobars.” Such states have been extended to
parameters from Ref26]. While there is good evidence to include theA(1232 resonance. The calculated contributions
suggest that th&l"(1520 is significantly broadened in com- of the overlapping states of such rhosobars result in an ap-

D. Comparison with the Rapp-Chanfray-Wambach (RCW)
model

C. Conclusions from comparison to kinematic models
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preciable enhancement of the invariant mass distribution bézed p mesons, theN'(1720 resonance plays a dominant
low 600 MeVkE? while, at the same time, leading to a deple-role. In the longitudinal channel, thd" (1520 is the main
tion of the p invariant mass peak. contributor. For some of the resonances, there is considerable
These two main sources pfmedium modifications lead variation among different parametrizations of the coupling
to an enhancement of the two-pion invariant mass spectrurstrength to thepN decay channel.
below the region accounted for by freeand » mesons and This model concludes that thé (1520 plays a large role
they appear to account very well for the experimental data oon the propagation gb mesons in nuclei. While in the lon-
dilepton production in high-energy heavy ion collisions gitudinal channel the differences between relativistic and
[6,38. As such, the model provides an alternate explanatiomonrelativistic calculations are small, in the transverse chan-
of the dilepton spectra to that of the chiral phase transitiomel and at large momenta there are significant differences and
[39,4Q. Although the model is particularly suited to condi- this model leads to pronounced broadening ofglevariant
tions of nuclear matter at high densities and temperaturemass peak.
(heavy ion collisions at high energje# can also find appli- Details on how the PLM model was implemented in the
cation to nuclear matter at lower densities such as thos€AGX simulation are discussed in Sec. A 2 of the Appendix.
found in the nuclear core. It is a nonrelativistic model andThe PLM-model authors felt that the model could only be
this is the main difference from the model of Post-Leupold-applied reliably to'*C, and so a comparison will only be
Mosel [5]. made to the data for that nucleus, in Fig. 22. For the
Details on how the RCW model was implemented in the600—800 MeV tagged photon energy bin, the PLM model
TAGX simulation are discussed in Sec. A 1 of the Appendix.provides a good description of the width of the data distri-
The RCW-model simulation is compared to the data in Figbution, but the centroid is shifted to slightly lower, . val-
21. In comparison to the two kinematic models in Fig. 20,ues. No other model has underestimated the centroid of this
the RCW model provides a good description of the data ovedata distribution. The agreement between the PLM model
the full energy range and for all three nuclei. Its descriptionand the 800-960 MeV data is improved, but is not nearly as
of the ’C data is similar to the quasifrg® kinematic model ~good as that provided by the RCW model. The agreement
while at the same time its description of tAele data is with the E,=960-1120 MeV data is not as good as for the
similar to theN" (1520 kinematic model. For théH data, it  mid-energy region, with the model distribution being broader
does better than thef quasifree model, but still not as good and shifted to higher invariant mass values.
as theN'(1520 model. This could be due to the limited Nuclear absorption of one or both pions may distort the
number of spectral functions providg¢see Sec. A 1 of the spectral shape due to different absorption rates in different
Appendiy, which are insufficient to describe the high- density regions of the nucleus, while medium modifications
density regions of the deuteron. As with the kinematic mod-also depend on nuclear density. The effect of pion absorption
els, the agreement with the data is worst for thein the medium was considered via the method described in
960—1120 MeV bin. The model curves give broader distri-Sec. Il A4 and is shown via the dotted curve in the figure.
butions than the data justify and this is perhaps indicative offhe simulation indicates that after thg,s;and @, cuts are
the role of theN" (1520 in the model. Although\’s andN™"s  applied, the effect of pion absorption #C is to remove
are included, the latter are of higher mass thanNh@520 events in an equal proportion from all parts of tine,. dis-
and play little, if any, role at our relatively low photon ener- tribution, resulting in an invariant mass distribution which is
gies. almost indistinguishable from the simulation in which pion
absorption is not considered.

E. Comparison with the Post-Leupold-Mosel (PLM) model

This model is made in the low-density approximation, F. Comparison with the Saito-Tsushima-Thomas (STT) model

where the in-medium self-energy of tihds completely de- The foundations of this model lie in the quark-meson cou-
termined by thepN forward scattering amplitude. This is a pling (QMC-Il) version of the original QMC model of Refs.
critical element of the model and th#N forward scattering [42,43 utilizing the MIT quark-bag model. Here, quarks in
amplitudes are extracted fromN— 77N processed41].  nonoverlapping nucleon bags interact self-consistently with
The model is relativistic and it thus avoids the problems ofboth scalar and vector mesons in the mean-field approxima-
various components of the theory being evaluated in differtion. The vector mesons are themselves described by meson
ent frames of reference, as in other phenomenological modquark bags, and the bag parameters are fixed to reproduce
els. In addition, the problem of the noncoupling of longitu- the free nucleon mass and radius. Since the vector mesons
dinal p states tqp-wave resonances in nonrelativistic modelsare described by quark bags as well, additional parameters
is resolved in this model. have been introduced to fit their fr¢eacuum masses. The

An essential ingredient of this model is the connection viain-medium masses are then given in terms of the mean-field
unitarity between the matrix element for the decay of a resovalue of thes meson at that density, which is given by a
nanceR into a nucleon and @ of a given polarization parametrizedphenomenologicalifunction.
IMg? to the imaginary part of the forward scattering am- It is worth noting that no pion op? interactions with the
plitude T ImTT’L~|ME’,';b|. All the baryon resonances with nucleons in the nuclear medium, and N* excitations in-
sizable couplings to theN channel have been included with cluded, are incorporated in this model. Tpfeinteracts with
relevant parameters from Re#1]. For transversely polar- the scalar field of the nucleus and the two pions emerge with
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their original four momenta. Thus, this model provides aspecific predictions for our experiment; their predicted result
description of the modification of the® mass due to nuclear for ®He was a 40-MeV reduction in the mass of tfe The
mean of the 800 960 MeV data distribution is lower than

Details on how the STT model was implemented in thethe pred|ctedn o value by=20 MeV. The STT model is the
TAGX simulation are discussed in Sec. A 3 of the Appendix.only one to prowde a good description of thde data dis-

binding effects only.

The simulation is compared to the data in Fig. 23. There is dribution at 960—1120 MeV. As the model has no sensitivity
slight shift between théH and*He data and model distribu- to spectral shape modifications, this agreement would imply
tions, but overall the agreement is impressive, especiallyhat thep line shape is largely unaffected by the nuclear
given the model’s lack of any in-mediup? width or shape medium, a fact consistent with the good agreement with our

modification. Referenc@2] was the only work to provide PWA-based kinematic models.

]
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FIG. 22. Invariant mass distributions of tb%strength extracted from the dggymbolg compared to the quasifree simulatiqash-dot
lines) incorporating the Post-Leupold-Mosel modg] in—mediumpE spectral function. The dotted lines indicate the result wheabsorp-
tion is added to the simulation. The data error bars reflect both the statistical precision of the data, as well as the uncertainty in the
background subtraction.
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For 1°C, the agreement between model and data is alsthe data distribution with energy, the PLM model predicts a
quite good. At 800-960 MeV, the theoretical curve haslarger energy dependence than the data portray. The better
shifted to slightly lower values compared to the data, and haggreement between the PLM model and the data at
a narrower distribution. This is the only case where a modeB00<E, <960 MeV is due, in part, to the fact that it is
distribution is sharper than the data indicate. This trend bebracketed by two energy ranges where the simulated distri-
comes more pronounced in the 960—1120 MeV range and, &utions are, respectively, at too low and too high mass com-
the same time, the distribution has become significantlypared to the data. Given the inputs and complexity of both
broader than the data. This behavior is unlike all other theomodels, the identification of possible factors that allow one
retical or calculated responses and it is unique in its energjnodel to give a better description than the other is not an
dependence. It is interesting to note that, in comparison t€asy task. However, the clear superiority of the quasiffee
the 960-1120 MeV data distribution, the STT and RCW-kinematic simulation over thd' (1520 for *2C may provide
PLM models exhibit shifts in opposite directions. A model @ helpful indication of why the RCW model does better.
which incorporates both the nuclear binding effect of STT asSince the higher-mass resonances in both models are largely
well as the spectral function modifications of RCW-PLM hassuppressed due to phase-space in this experiment, we con-

the potential to provide the best description of 1€ data. ~ jecture that the significantly different treatments of the
N'(1520 in the RCW and PLM models may be of relevance.

_ _ PLM model may overestimate the role tN&(1520 plays in
G. Conclusions from comparison to phenomenological 120 odel may overestimate the role the 0 play

models Given its simplicity, the STT model does a surprisingly

The first model compared to the data, RCW, provides ajood job of describing the data. Because the fitwidth is
reasonable description of the data from all three nuclei oveassumed in our simulation, the good agreement of the STT-
all energy bins. The invariant mass distributions from thissimulated distribution with théHe data, for example, raises
simulation exhibit some of the characteristics of the quasithe possibility that what is observed for this nucleus is the
free p° and quasifreeN’ (1520 kinematic simulations, pre- combination of a fre@? spectral function and a central mass
sumably a reflection of the rhosobar nature of the model. shift. For'?C, the STT model underpredicts tpgmass, and

The second model, PLM, is fully relativistic. Where they it might seem reasonable that the combination of the STT
can be directly compared, the differences between the RCWand RCW-PLM models will together provide a good descrip-
and PLM-model simulations are small. While the RCW-tion of the data, i.e., a central mass shift in addition to a
simulated distribution fot?C tracks the changing shape of spectral function modification.

065202-23



G. M. HUBER et al. PHYSICAL REVIEW C 68, 065202(2003

VII. COMPARISON WITH OUR PREVIOUS RESULTS a||y Supportive of an effective mass value Oh;()o

=682+56 MeVLt?, whereas the data in the 1040-1120 MeV
region were consistent with np® mass modification. A
change in the width of thg® was briefly investigated in Ref.
11] and it was concluded that “these exploratory fits verify
e preference for a reduced mass, but are inconclusive,
ithin the sensitivity of the data, as to whether a width modi-
cation is supported in addition.” Finally, in Ref44] we

This work reports new results ofH and *°C and a re-
analysis of ourHe data in light of the helicity analysis re-
ported in Ref.[14]. Our earlier work on*He [10-13 re-
ported significant mass modifications and, in the process,
proved to be controversial. It is of interest then to comparg,
the older results with the analysis reported here and investiﬂ

gate th(gir differences. suggested that the observed effectiflenass could either be
The *He analysis in Refs[10,11,13 was based on the y,6'g the proximity of the? to the struck nucleon and the

simultaneous fitting of a number of quasifree simulationsshorterpo mean decay length at lower energy, or due to the
resulting in#*7~ production to data for five different kine- jjective excitation of AN (1520N! state.

matic observables. ReferenfEs] was for the tagged photon  An independent analysis of tiele data was published in
energy range of 380—700 MeV, while Ref30,11 reported  Ref [12]. Cuts were placed to identify the exclusig pro-
results for 800-1120 MeV. In comparison to this work, thesey,;ction (Myiss~Meye) and the quasifreg? production re-
analyses used relatively loose cuts to enhancettentri- gions [Myiee< (Me*+m.)] for further analysis. The® line
bution relative to the background channels. For example, th@hape was taken as a Breit-Wigner form and pdiack-
analysis of Ref[11] was based on a simultaneous fit to theground was modeled via a phase-space mechanism. The in-
observables from the entire data samie physics cutsas  igrferences between free massreduced masg’, and non-

well as to a set of observables to which a sepbénhance- o contributions were taken into account via the Sodig]

ment  cuts  (70°<6,,<180° and  2708Mpnss  model. For the exclusive production region, the extracted
<3050 MeV?) were applied. Because nearly the entire datapnyariant mass distribution was consistent with fréepa-
sample was used in the analysis, a mass modlflcatlon_ res%meters; presumably these events originated near the pe-
could even be extracted for ttie, <700 MeV range, while (jshery of the nucleus. The analysis of the quasifree produc-
this was not possible for the more restrictive helicity analysis;go, region, expected to correspond to production deeper

reported here. On the other hand, because the conclusiofiginhin the nucleus, yielded a line shape significantly at odds
were explicitly based on the fit of a series of MC simulations,yith the freep® parameters, implying a reduced-mass value
to the data, the results of Refgl0,11,13 are more model ¢ ' =55+8 MeVE2.

dependent than the helicity analysis reported here. So, the Fgr comparison with the present work, we restrict our

two independent analyses have their respective strengths aQdention toHe. The good agreement of the free PWA line-

weaknesse_s, and taken tog_ether they can _provide a mog‘ﬁape-based simulations with the déa., Fig. 20 supports
complete view of the properties of the in-mediyfimeson. e conclusion that the? width has not been substantially

. Reft_azerz)ces[lq,ll,lij restricted their attention to the cnanged from its free value. This is consistent with the the-
best fit" p” effective mass value, after accounting for back-gretical expectations of the RCW and PLM models, where

ground process contributions, free-massproduction, and  he gominant width modification is restricted to transversely
kinematic phase-space effects. Since the emphasis was o larized p$ Comparison of the PWA line-shape-based
on the extraction of the most-probable reduced-mass value, &, ,iations With the 960—1120 MeV data Supports a mass

G%uks]siarr]l_ "nﬁ _shap;allwas htakenh forbt,bfé usi_n.g. thg fgee h shift. Similarly, comparison of the RCW modg!] with the
widt 'fT IS choice OI' mei ape has een.cr|t|C|z'e , but t E’data(Fig. 2] indicates that the data support a slightly lower-
use of a Lorentzian line shape was investigated in Rl <5 yajue than the model predicts. This conclusion is also

and yielded almost identical results. Even though these two.; <0 .o by the comparison of the STT mof#g] with the
line shapes have quite different low and higfy, tails in oo (Fig. 23, which support a reduction of the® mass

unrestr?cted(free) phase space, when the TAGX thresml.dswhile using the free width. The STT model predi¢t®] a

andE, imposed phase space effects are taken into conS|de5f—0_MeV reduction in thep® mass in3He, and essentially

ation, the resulting distributions are nearly identical. Theagrees with the 960—1120 MeV data in,Fig 23, confirming

conclusion of these studies was that the “effectig®’mass % 2 _ L e

in He was reduced substantially from its free value. mp—.730.Mel\//c . For the 300 960 MeV bin, the STT 'm'odel
distribution is~20 MeV high compared to the data, giving a

Reference [13] found an effectve mass of reduced-mass value no higher thamp~710 MeVE2. Al-

490+40 Me\/bz for 460<E, <700 MeV..However, no fur- Fthough these values are obtained with reference to the STT
ther comparisons to the present analysis can be pursued. fols

. ! odel, they are consistent with our expectations from the
Lr;ivrg%lir{?r??ﬁ%ﬁgfagfég’fﬁ?{ﬁg] Igzlérrfa:ihce dlii'iﬁgﬁiicl)nr; kinematic and RCW models, and so are listed in Table Il as
. . representative “effective m " for this work. It is difficul
at 800-880 MeV, with the next largest improvement for the epresentative "effective masses™ for this work. Itis difficult

. Do to place an error bar on these masses within the context of
880-960 MeV hin. Referencgll], which included several the STT model, and so we refrain from doing so.

improvements, concluded that t'h'ese. two energy regimes are 1o compare the old and present analyses, we must not
the only ones where mass modification could be reliably ex-Only use the same tagged photon energy bin limits, but we

tracted, with effective mass valu*es 0f,=642+40 MeVE? st also keep in mind that the old analysis separated the
for 800<E,<880 MeV and m;=669+32 MeVt? for  free-mass and reduced-mag8 components, while the
880<E,=<960 MeV. The 960-1040 MeV data were margin- present results are for the total observpgi yield. At
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TABLE III. m; results for®He from this work and from Ref. tions nearly indistinguishable from the unsubtracted distribu-

[11]. For this work, the masses shown are determined via comparijons. Thus, the systematic uncertainty in the extraqj%d
son to the STT-modgh?2] simulation. Referencpll] presented the  gjstributions due to the background subtraction is small.

data contributions from “free-mass” and “reduced-masSsiompo- The 600—960 MeV2H target data favor production via

nents separately, and so they must be combined in a yieId-weighte[?j]e N —>N*(1520—>p0N’ production mechanism. For the
i Its of thi k. F L . . L

manner before comparison to the results of this wor 960<E,=<1120 MeV bin, neither of the kinematic produc-

STT modelm; Yield-weightedm:, t@on mechanism models account fqr the observed distribu-
E, (MeV) This work (MeV) Ref. [11] (MeV) tion. T_he agreement of the d_ata with quels based on the
PWA line shape for the freg® is a conclusive statement of
800-960 700-710 672431 the identification of the? events in the data sample, and of
960-1120 730 74317 the reliability of the analysis.

The ®He distributions are also consistent with production
via the N"(1520 mechanism, over the full observed photon

800—-960 MeV, free-masg’ production is very small, con- .
. : ) ; energy range of 800-1120 MeV. Two phenomenological
sistent with the 971-MeV threshold fgs® production I odels[4,42) are quite successful in describing the data.

below nominal mass on the proton, and then its contributio omparison with the STT-model simulation, using the free

grows rapidly thereafter. Yield-weighted averages of the Ref. 7 width and line shape indicates that the data provide no

11] results, including the observed free-ma8somponent, AL : ' TR .
‘[are] listed in Table ”ﬁ s P evidence of an in-mediun’ distribution that is broader than

Given their substantially different analysis techniques, thé€ free distribution. This is consistent with model expecta-
two sets of results in Table Il are in broad agreement. Thdions, which predict that the m-nged_lup_ﬁ’- distribution will
m, values from the present work are slightly higher than oue significantly wider than they distribution. The/CZS_TT
earlier results from Ref11], but agree within &. While the gnodel [42] predicts a modified mass of730 MeVE® in
results of the present work are intrinsically less model de-H&, and it is in excellent agreement with the
pendent, they rely on tight cuts upon the data, and so w&60-1120 MeV data. For the 800—*960 MeV bin, the data
were unable to extract any result for the 600—800 MeV enSupport a somewhat lower mass)o=700-710 MeVe®.
ergy bin, unlike our earlier works. This work verifies the These results are slightly higher than the older analyses of
conclusions from Refqd10-17 that there is significant me- the same data in Ref§10-13, but they confirm the obser-
dium modification observed on thile target as a result of vation of medium mass modifications in tfide case.
the subthreshold production technique. A second conclusion The 2C distributions are consistent with quasifreg
regards the issue gf° width modification. While our old (PWA) production over all three tagged photon energy bins.
analysis was unable to make any statement on this issue, tie data are in excellent agreement with the RCW mptiel
agreement of the PWA-based simulations with the data disfor the two lower energies, but RCW predicts a wider distri-
tributions appears to rule out any substanpividth modi-  bution in the 960—1120 region than the data support. The

fication, in accordance with model expectations. PLM model [5] does well overall, but results in a larger
variation in them__ distribution with energy than the data
VIII. DISCUSSION AND CONCLUSIONS show. The STT modef42] predicts distributions narrower

_ , , o than the'?C data for the two lower-energy bins and it is the

Employing the unique signature of longitudinally polar- 1y one of the three phenomenological models that predicts
ized p{ in the cosd_ . distributions established in Refl4],  a |ower-mass value than the data exhibit. This indicates that
this work has identified and isolatqtﬂ events from tagged a model which incorporates both the nuclear binding effect
photoproduction on ?H, *He, and 'C in the E, of STT as well as the spectral function modifications of
=600-1120 MeV energy region. The analysis led to the exRCW-PLM has the potential to provide the best description
traction of the invariant mass distributions of thgfor all  of the *°C data.
three nuclei over three bins of tagged photon energy.2Ror This very line of argument has already been raised by
and2C, this is the first time such results are reported. TheBrown and Rho[46] in the context of recent results from
3He data were reanalyzed in the same manner and the resuRHIC. The Brown-Rho scaling of medium-dependent
compared with our previously published results in Refs.mas:sesn;/mp~f;jf7T is combined with the spectral function
[10-13. modification of RCW in a unified picture. In this case, e

The effects of the two cuts used in the helicity analysismass in the phenomenological Lagrangian used by RCW is
have been studied by comparison to a series of MC simulareplaced with what is essentially the Brown-Rho scaling
tions with the same cuts applied. It has been shown that thesaassm’ . For the temperatures and densities appropriate to
cuts cannot create artificial longitudinal helicity signaturesthis work, the two mechanisms push tpfemass in the same
mimicking ap contribution to the data. -wave-like com-  direction, and so result in a loweP mass than either model
ponent from norpE residual background was identified with alone predict, nearly doubling the density effg£T].
the assistance of p-wave shape ratio and then subtracted, The physical mechanism for the dramatic helicity flip re-
yielding the experimental in-mediumpd(m,, E,) distribu-  mains an open issue. These data do not support either trans-
tions. This background component was found in most casegersely polarizedpd or unpolarizedp® production. Either
to be quite small, and its subtraction yieldey,, distribu- would have manifested as &-like background associated
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with some strength at the central region of the éosdistri- ~ asN'— p°N, as these are already taken into account via
bution. In Ref.[14], one explanation offered for the observed the in-medium spectral function. To do otherwise would
longitudinally polarizedp? was the largdt| in that work as- lead to “double counting” of resonance effects. The Fermi
sociated withp® production® Rapidly increasing helicity-flip Mmomentum distributions of Ref28-30 were used.
amplitudes had been observed in R@#3] for values of|t| The nuclear density at the production location was calcu-
larger than 0.4 Ge\ An alternate explanation is that the lated in the following manner.
subthreshold reaction mechanism may be responsible for the “°C. The electric charge distribution data of RES0] was
observed helicity flip. parametrized as

Finally, the production mechanism seems to depend on - 2\ a2
the nucleus in question. Even thouly(1520 excitation in pr) = ag(1 +ar e pouc
2H is both broader and quenched with respect to the freehere a,=1.2550, a;=0.537 65 fm?, a,=-0.394 86 fm?,
proton, it constitutes a well-identified contribution to the sec-and r is in femtometers. Note that the standard nuclear
ond resonance group in pion photoproduction studigs  density profile formula, used in Ref42], does not apply
(and references therginFor theE, energies of this work, for A<40.
one expects significar’ (1520 excitation. The strong de- 3He. We followed the parametrization given in R§42],
cay channel intg? [26] makes this a favorable production which assumedHe has a Gaussian density profile with core
mechanism of the low invariant mass part of fleThe data  density of 0.93,,.and o of 1.11 fm.

are consistent with this expectation. 2H. It is perhaps not quite meaningful to considét a
dense enough nucleus to expect theoretical models of me-
ACKNOWLEDGMENTS dium modifications to be applicable. However, several theo-

retical models have all the right ingredients @fmedium
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for the use of the CPtargets. We also acknowledge the do reproduce the vacuum spectral shape correctly. Further-
valuable interactions with G.E. Brown, W. Cassing, M. Post,more, while the average density of the deuteron is low, recent
U. Mosel, and R. Rapp. Their assistance and theoretical irmodels utilizing modertNN potentials indicate that the deu-
sight have contributed much to this work. This work wasteron is primarily a toroidal structure with a nearly hollow
partially supported by grants in aid of research by NSERCcore and a maximum density of nearly,g. at r~1 fm.

and INS-ES. Here, theS andD-wave deuteron wave-functions from Ref.
[51] using the Argonne AV18 potential were parametrized
APPENDIX: THE IMPLEMENTATION and used to calculate tHﬂd:O StatEp(r, 0)
OF THE PHENOMENOLOGICAL MODELS This density information was used two ways. First, it is
IN THE TAGX SIMULATION used to select the appropriate spectral functioj(pé) for

the event. Second, the generated event is weighted according
to the density at the reaction vertex, so that production at the
diffuse edge of the nucleus is less probable than from the
In-medium p° spectral functions were obtaingd9] for  denser core, consistent with the requirement of a quasifree
cold nuclear matter at three matter densitip§=pg/pn,c ~ eaction mechanism.
=0.5, 0.7, and 1.0, wherg, indicates the standard nuclear ~ To determingj, the produce@® is Lorentz transformed to
density of 0.155 fri. Longitudinal, transverse, and spin- the struck proton plus recoil-fragment rest frame, thus speci-
averaged functions were provided, but as the data stronglfying the p° propagator value for the event, D‘b(pé, M, ).
support the production o, only the longitudinal spectral This value was incorporated into the statistical weight for the
function was used here. The in-mediyh propagator for simulated event. As the spectral function varies rapidly with
each density is given in matrix form as functions of invariantm,., but slowly with p; and g, the propagator was interpo-
mass and three-momentumn whereq is the momentum of lated from the closest. bin, but no interpolation was per-

1. The Rapp-Chanfray-Wambach model

the p® with respect to the nuclear medium, formed either ovepg or . The simulated events were then
tracked through the simulated experimental detectors and
ImD; = ImDj(pg, M,..., Q). analyzed in the same manner as the data.
For each simulated event, the tagged photon enepﬁy, 2. The Post-Leupold-Mosel model

massm,_,, and reaction location within the nucleus were
randomly chosen and an event generated via the quasifrefﬁ-

. O . . . .
mechanism yNe—p.N, where N is the participating were provided52] in matrix form for nuclear densities from

struck proton with initial Fermi momenturpe and the ¢4 4515, Aswith the RCW model, longitudinal, trans-
remainder of the nucleus is a spectator. It should not b%

The PLM model was implemented in a manner similar to
e RCW model. In this case, 15 in-medium propagators

. X ) erse, and spin-averaged functions were provided, but only
necessary to consider any other kinematic channel, suGe resylt using the longitudinal spectral function is shown
here. The propagators were provided as a functiop] &n-
*The data range of| values given in Ref[14] is incorrect; the — ergy w, in the nuclear medium rest frame, as well s
actual range displayed by the data is 0.2«(G&V/c)2. invariant mass,
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AS=AS(pg, My, ).

and A; was interpolated from the closest_. bin, but no
interpolation was done oves, or pg. The same'“C den-
sity profile and Fermi momentum distributions were used

as before.

3. The Saito-Tsushima-Thomas model

In the STT model, the® mass is a function of the local
density at its production point. We use their parameteBset

for the mean-field value of the meson

PHYSICAL REVIEW C 68, 065202(2003

— 2 3
0,0 =S1pg+ Sopp” + Sapg s

wheres; =214.0,5,=-44.3 ands;=1.9 andg,o is in MeV.
The p® mass is then given by

8.58x 1074 (MeV™?)
2

The complex manner in which the® mass and width are
incorporated into the PWA parametrization of RE23]
precludes its use here, and so the simpler parametrization
of the p° line shape of Ref[26] is used, instead. In all
other respectsPE are randomly generated within the
nuclear medium via the quasifree mechanism already de-
scribed.

. 2
mp = mp - é(gao-) 1 go.O')

1] G. Q. Li, Prog. Part. Nucl. Phys43, 619(1999.
2] G. E. Brown and M. Rho, Phys. Rev. Let6, 2720(1991.
3] X. Jin and D. B. Leinweber, Phys. Rev. 82, 3344(1995.
4] R. Rapp, G. Chanfray, and J. Wambach, Nucl. Ph4617,
472 (1997).
[5] M. Post, S. Leupold, and U. Mosel, Nucl. Phy&a689, 753
(2001).
[6] Th. Ulrich et al, CERES Collaboration, Nucl. PhysA610,
317¢(1996.
[7] E. J. Stephensoet al, Phys. Rev. Lett.78, 1636(1997).
[8] K. Ozawaet al, Phys. Rev. Lett.86, 5019(2001.
]
]

[
[
[
[

[9] N. Bianchiet al,, Phys. Rev. C60, 064617(1999.
[10] G. J. Loloset al, Phys. Rev. Lett.80, 241(1998.
[11] M. A. Kagarliset al, Phys. Rev. C60, 025203(1999.

[12] K. Maruyama, inProceedings of the Second KEK-Tanashi In-

59 (1996.

[25] M. Benayounet al,, Eur. Phys. J. C2, 269(1998.

[26] Particle Data Group, D. E. Groost al, Eur. Phys. J. C15, 1
(2000.

[27] M. Bernheimet al, Nucl. Phys.A365, 349(1981).

[28] A. Saha and P. E. Ulmgprivate communication

[29] R. Schiavilla, V. R. Pandharipande, and R. B. Wiringa, Nucl.
Phys. A449, 219(1986).

[30] J. W. van Orden and P. E. Ulm@private communication

[31] G. Rowe, M. Salomon, and R. H. Landau, Phys. Revl&
584 (1978.

[32] D. Ashery and J. P. Schiffer, Annu. Rev. Nucl. Part. S2#,
207 (1986.

[33] M. K. Joneset al, Phys. Rev. C48, 2800(1993.

[34] ceanT Detector Description and Simulation Tool, CERN
Laboratory, Geneva, copyright 1993.

ternational Symposium on Hadron and Nuclear Physics with[35] B. Kruscheet al, Phys. Rev. Lett.86, 4764(2001.

Electromagnetic Probes, Tokyo, 19%@lited by K. Maruyama
and H. Okuno(Elsevier, New York, 2000 K. Maruyama,

Nucl. Phys. A629, 351¢(1998.

[36] G. Chanfray and P. Schuck, Nucl. Phys555, 329(1993.
[37] G. Chanfray, R. Rapp, and J. Wambach, Phys. Rev. [7&t.
368(1996.

[13] G. M. Huber, G. J. Lolos, and Z. Papandreou, Phys. Rev. Lett[38] R. Rapp and J. Wambach, Eur. Phys. J6A415(1999.

80, 5285(1998.
[14] G. J. Loloset al, Phys. Lett. B528, 65 (2002.

[39] W. Cassing, W. Ehehalt, and C. M. Ko, Phys. Lett.3B3 35
(1995.

[15] G. M. Huber, inProceedings of the Ninth International Con- [40] G. Q. Li, C. M. Ko, and G. E. Brown, Nucl. Phy$\606, 568

ference on the Structure of Baryons, Newport News, Virginia

2002, edited by C. Carlson and B. Meckiforld Scientific,
Singapore, 2003

[16] D. G. Wattset al, Phys. Rev. C55, 1832(1997).

[17] K. Yoshidaet al, IEEE Trans. Nucl. Sci32, 2688(1985.

[18] K. Maruyamaet al, Nucl. Instrum. Methods Phys. Res. A

376, 335(1996.

[19] M. Haradaet al, Nucl. Instrum. Methods Phys. Res. 276,
451 (1989; S. Katoet al, ibid. 290, 315(1990); S. Katoet
al., ibid. 307, 213(1991).

[20] G. Garinoet al, Nucl. Instrum. Methods Phys. Res. 388
100 (1997).

21] A. Shinozaki, Ph.D. thesis, University of Regina, 2002.

22] P. Estabrooks and A. D. Martin, Nucl. PhyB79, 301(1974.

23] M. Benayounet al, Z. Phys. C58, 31 (1993.

[
[
[
[24] D. V. Bugg, A. V. Sarantsev, and B. S. Zou, Nucl. Phizl71,

(1996.

[41] D. M. Manley and E. M. Saleski, Phys. Rev. B5, 4002
(1992.

[42] K. Saito, K. Tsushima, and A. W. Thomas, Phys. Revs&
566 (1997).

[43] K. Saito and A. W. Thomas, Phys. Rev. &1, 2757(1995.

[44] Z. Papandreou, G. M. Huber, G. J. Lolos, E. J. Brash, and B.
K. Jennings, Phys. Rev. 69, R1864(1999.

[45] P. Soding, Phys. Lettl9, 702(1966.

[46] G. E. Brown and M. Rho, nucl-th/0206021.

[47] G. E. Brown(private communication

[48] J. Ballamet al, Phys. Rev. D5, 545(1972.

[49] R. Rapp(private communication

[50] R. Hofstadter, Annu. Rev. Nucl. Sct, 231 (1957%).

[51] J. L. Forestet al,, Phys. Rev. C54, 646(1996.

[52] M. Post(private communication

065202-27



