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A large reduction of the® mass in the nuclear medium is reported, inferred from dipion photoproduction
spectra in the 1 GeV region, for the reactitide(y, =" 7 )X with a 10% duty factor tagged-photon beam and
the TAGX multiparticle spectrometer. The energy range spanned<(BQ& 1120 MeV) lies mostly below
the freep® production threshold, a region which is believed to be sensitive to modifications of light vector-
meson properties at nuclear-matter densities. The values pfthmass extracted from the Monte Carlo fitting
of the data werem’,=642+40, 66932, and 68256 MeV/c* for E, in the 800-880, 880-960, and
960—-1040 MeV regions, respectively. These values were independently corroborated in a qualitative fashion
by a measured, assumption-free, kinematical observable. This mass shift, far exceeding current mean-field-
driven theoretical predictions, may be suggestive of a nucleonic source of modification or of a bound state in
the nuclear mean fieldS0556-28189)01608-§

PACS numbgs): 12.38.Qk, 13.60.Le, 25.20.Lj, 14.40.Cs

[. INTRODUCTION quark. On the low-energy side of the spectrum, matter is

probed on a scale where pions and baryonic resonances are

Hadronic dynamics has until recently been comprised othe relevant constituents. These have been rather successfully
two nonoverlapping domains, distinctly separated along themployed by quasiphenomenological models in providing
lines of their respective description of matter as hadronic oprescriptions for free and in-medium hadronic interactions.
At the higher-energy end, far above energies typical of bary-

onic resonances, quark degrees of freedom become acces-
*Present address: GSI, KPl/Leptonen, Planckstrasse 1, D-642&ible and matter tends asymptotically towards quark-gluon

Darmstadt, Germany. plasma. In this regime, described by perturbative QCD,
TCorresponding author. Electronic address: guarks become deconfined and chiral symmetry is restored.

zisis@latour.phys.uregina.ca Although the origin of quark confinement is not known, it
tpresent address: Department of Physics, University of Evanss evident that, whatever the reasons, it must induce sponta-

ville, Evansville, Indiana 47722. neous breaking of chiral symmetfg]. The two phenomena
$present name: KEK-Tanashi Division. are therefore linked and in the limit of chiral symmetry res-

0556-2813/99/6(2)/02520317)/$15.00 60 025203-1 ©1999 The American Physical Society



M. A. KAGARLIS et al. PHYSICAL REVIEW C 60 025203

toration, as quark masses tend to zero, vector-meson massegonsequence of the strong coupling of fffemeson with

and widths are also expected to charfigé The transiton # 7~ states in the nuclear medium.

from hadronic to quark matter and the effect of increasing Another theoretical model, which combines chiral (SJJ

the density and temperature on the properties of light vectodynamics with vector-meson dominance in an effective La-
mesons have been addressed in the context of QCD sufifangian, has shown that chiral restoration does not demand
rules[3] as well as effective Lagrangiafé]. In particular, a @ drastic reduction of vector-meson masses in the nuclear
temperature- and density-dependent lowering ofghenass ~ medium [14]. This model, in qualitative agreement with

is regarded as a precursor of the chiral phase transition, eki@dronic-phenomenological workl1,13, predicts a sub-
pected to be measurable even at normal nuclear deffity stantial enhancement of the’ spectral density below the

Thus, the energy region from hadronic phenomenology t(Qominal resonance mass, Wit_h onl%/ ;1 marginal mass redlﬁc—
the domain of perturbative QCD has come to the foregroundi©n- Moreover, an interpretation of the CERES data as the
utcome of either medium-modified hadronic interactions or

as the study of vector-meson property modifications in thig ; 4 ; .
Y property 1iteractions of dissociated quarks in the quark-gluon phase

range appears to hold the key to understanding the mech4!
nisr% of F():ﬁiral symmetry restoryation. g yields consistent results in the framework of Rdf], lead-

The recent advent of high-duty-cycle photon beams, oring to the conjecture that both the hadronic and quark-gluon

the one hand, and high-resolution dilepton spectrometers, J'2S€S must be presefit4]. The latter conclusion is also

the other, have opened up the possibility of reconciliatiord"@Wn by @ synthesis of the mass-scaljsg and hadronic-

between the hadronic and quark depictions of matter. Hagehenemenologicdll3] models, leading to the prediction that
ronic probes coupled with hadron spectrometers had beefynamical-hadronic effects that are dominant up to about

extensively used in the past for energies up to sheeso-  nuclear density, mainly via the highly collective

-1 ; 0
nance, but higher up, where multipion production channeld\” (1520N " state, gradually give way tp"-meson mass
increasingly dominate, the combination becomes rapidlfcal'ng as the quark degrees of freedom become increasingly

cumbersome due to medium distortions from initial and final'¢/€vant. _ . .

state interactions. For the study of the vector mesons that Other less directly related ‘experimental conjectures of
couple to multipion states, the photon is ideally suited. For€dium modifications of the™ mass have been deduced
this reason, we have chosen a tagged-photon beam for offP™ an anomalous/y, suppression, reported by the NASO
investigation. This paper is a followup to our earlier pub- Collaboration for Pb-Pb collisions[15], enhanced K-*C

lished resultg6], and provides additional details on the ex- Scattering cross sectiorj46], and an IUCF experiment of
periment as well as results of an improved analysis. polarized proton scattering offSi, though in the latter the
medium renormalization of the® mass required for agree-

ment with the data is inconsistent for different observables
A. Relativistic heavy-ion results measured in the same experimght].

The quest to delineate the vector-meson field in the In summary, the experimental results discussed so far are

nuclear medium has generated activity in a variety of fields!ncor.]CIUSIVe with “?.ga“?' to the magnltyde of tp%fmgson
At relativistic energies, under extreme conditions of tem-medium mass modification, and underline the limitations en-

perature and density, the quest for signs of a phase transitio??untered in complex processes, where the probe interacts

from hadronic matter to quark-gluon plasma is at the heart o it_h nu_clear matter via the strong i_nteraction and the channel
experimental programs using heavy-ion bearesg., at eing |nve_st|gated may not be disentangled from conven-
CERN, GSI, and RHICand dilepton spectrometers. A series tional medium effects.

of pioneering studies from the CERES, HELIOS-3, and _

NA50 Collaborations at SPS/CERN, with centraiSu, B. Electromagnetic probe results

S+W, Pb+Au, and Ph-Pb collisions, have largely been in-  These difficulties are largely overcome with the use of
terpreted as indicative of a downward shift of fffemass in photons, which do not suffer from initial state interactions.
the nuclear mediunj7,8]. The invariant mass spectra for The availability of high-flux photon beams, which have com-
dilepton production that have been measured in these expeftensated for the low interaction cross sections with nuclear
ments, when compared with the respectipeA spectra, matter, complemented by wide-angle multiparticle spectrom-
show a large enhancement at low-invariant-mass regiongters, has made possible a new generation of experiments. In
The excess dileptons are thought to originate from the decaghe E,~1 GeV region, matter is probed at short distances
of mesonic resonances produceddn 7~ annihilation and, (<1 fm), which is at the gateway of the energy range where
in the mass region 02m;+;-<0.5 GeVk?, the models ad- vector-meson properties are expected to undergo modifica-
vocating vector-meson medium modifications attribute thetions. In this domain, baryons and mesons are still the rel-
enhancement to the decay of #tmeson with a downward- evant constituents for the description of matter, yet their
shifted mas49,10]. In another approach, an explanation in quark content becomes increasingly manifest, a fact which is
terms of conventional phenomenologigdt-meson medium reflected in QCD-inspired phenomenological modé&B,19.
modifications is also consistent with the CERN ddta—13.  The p° meson is the best candidate among the light vector
In this more conservative approach, ffspectral function mesons?*, w, and¢ as a probe of medium modifications,
below 0.6 GeV¢? in dilepton invariant mass is appreciably since, due to its short lifetime and decay len@¢ttB fm), a
enhanced from the contributions of “rhosobar”-type excita- large portion ofp® mesons produced on nuclei will decay in
tions such as thAN~1, N*(1720N "%, andA* (1905N",  the medium.
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For effective measurements with photons in the 1 GeMtherefore a large probability for decay within the nuclear
region, kinematically complete experiments are requiredyolume. Thus, in the case of the exclusive channel, a large
which in turn necessitate the use of high-duty-cycle taggednuclear radius is not necessary, and the larger nuclear density
photon beams and large-acceptance multiparticle spectronof a heavier target is predicted to have only a marginally
eters. These requirements were met by the TAGX detectagnhanced effect on the® meson masg19]. Furthermore, if
[20] at the Institute for Nuclear StudyINS), where the the breakup process is dominated by the nucleonic field, the
TAGX Collaboration has completed a series of experimentsize of the target nucleus is largely irrelevant. Finally, the
on the *He(y,#" 7 )X reaction with a 10%-duty-cycle °SHe target is the lightest nucleus where a nuclear medium
tagged-photon beam. First, a lower-energy experiment (386ffect may be discernible, without the complexity of over-
<E,<700 MeV) measured the single- and douldlecon-  whelming final state interaction&SI's).
tributions to #* 7~ production [21]. Having established The p° detection is further aided by the inherent selectiv-
these important nop® dipion processes, the kinematics of ity of the TAGX spectrometerSec. |1 B to small-angle
the 3He(y, 7w+ 7~ )X reaction were investigated in the range emission, for the primary reactions, leading to coplanar
800<E,=<1120 MeV, aiming at the®— 7" 7~ channel. m* 7~ processef0]. This is due to the limited out-of-plane

Coherentp®-meson photoproduction on nuclei is charac-acceptance of the spectrometer, which preferentially selects
terized by small four-momentum transfers, resultingpfh  the p®— 7" 7~ channel, at the expense of two-step pro-
mesons which mostly decay outside of the nuclg@® and  cesses(e.g., FSI'$ and uncorrelatedr™ 7~ production at
are of limited utility in probing vector-meson medium modi- distinct reaction vertices, the latter accounting for the major-
fications. The 80&E,<1120 MeV region in this experi- ity of non-p° background eventSec. IV A). This favorable
ment was in fact chosen in order to largely suppress thigeature of the spectrometer promotes an otherwise small
process, which has a threshold Bf~1083 MeV. On the component of the total amplitude, namely, the subthreshold
other hand, for a nominal®° mass of 770 MeW?, quasifree  breakup channel, to a sizable experimental signal.
p° photoproduction is dominated by thet N— p°+ N’ re- The mass of the® meson in the nuclear medium was
action in the nuclear medium, and this process is relevant iextracted from the dipion spectra of the 808,
the energy region of interest. For 3#e target, the energy <1120 MeV experiment with the aid of Monte Car(®IC)
threshold of this process E,~873 MeV, whereas the 1083 simulations[6]. The reported mass shift was far larger than
MeV energy threshold of the elementagry photoproduction  the predictions of any mean-field driven model pertaining to
reaction on a nucleon is lowered for the quasifree channel ithe exclusive process fotHe [19]; a calculation based on
the nuclear medium, as the Fermi momentum of the struckQHD assuming a deep scalar potential yielding%®He
nucleon may be utilized to bring the® meson on shell. bound state, on the other hand, produced much better agree-

Quasifree  subthreshold photoproductiorE £ 1.083 ment[23]. Along similar lines, another theoretical work in
GeV) on the one hand warrants that the interaction tookRef.[24] argues that the explicit inclusion of the tensor cou-
place in the interior of the nucleus, since the nucleon Fermpling of thep meson to the nucleon results in a large reduc-
momentum is required to produce tp8, and, on the other tion of the p° mass, in general agreement with the observa-
hand, produces slowg® mesons, also more likely to decay tions of Refs[6,25].
inside the nucleus. Moreover, this process can be investi- The result of Ref[6] led to a reanalysis of the lower-
gated for two different final states, depending on whether thenergy measuremer{1] including thep®— =+ 7~ channel
target nucleus remains bound in the final st@eclusive- and allowing forp® production with a shifted mass. The
quasifree channgbr decomposes to its constituent nucleonsoutcome of this reanalysis was an even larger dia],
(breakup-quasifree chanpeBoth channels producg® me-  possibly indicating a mechanism other than those previously
sons which are slow relative to the struck object and mayonsidered. A nucleonic medium effect, as sketched earlier,
travel distances shorter than the nucleonic radius before denay be consistent with a largé-mass reduction, although a
caying(Sec. V B. Thus, large densities in the interior of the theoretical model has yet to be fully developed fife
nucleon may become accessible, amounting to a nucleon[@6,27.
medium effect, although a boune® decaying within the Though more work is needed to firmly establish and bet-
nucleus may also result in the breakup of the nucleus eveter understand these resu[t38], the SHe(y, 7" 7 )X ex-
though the primary interaction is mean-field driven. It shouldperiment for photon energies in the range
be emphasized here that a nucleonic medium effect may alss 1120 MeV constitutes the first direct measurement of the
include the formation of a “rhosobar” state, which clearly p® mass in the nuclear medium. In this paper, a new and
involves the excitation of a nucleon to that state. In the deepnore thorough analysis is presented, including the first direct
subthreshold region, and for large momentum transfers to thevidence of the characteristie= 1 signature of th@® meson
target nucleus, the coherent and exclusive-quasifree channealscay in the subthreshold region, as well as refinements in
are suppressed, and the breakup-quasifree process becorttes simulations and fitting procedure, relative to the analysis
dominant. It is this region that motivated the 80H,  of Refs.[6,21,25, leading to higher confidence in the extrac-
<1120 MeV p° photoproduction experiment. tion of the in-mediump® mass.

The aim of the experiment being as stated above, the The paper is organized in six sections. In Sec. I, the
choice of 3He as the target becomes almost ideal. The lowexperimental setup and the calibration procedure are re-
photon energies utilized to induce subthreshold photoproducfiewed. In Sec. Ill the data-analysis algorithm is outlined in
tion result in slowp® mesons with a small Lorentz boost, and conjunction with the experimental aspects of Sec. Il. Section
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y beamline onto a thin platinum radiator where bremsstrahlung
photons are produced, while the scattered electrons are bent
away from the beam by a rectangular analyzer magnet of

x 1.17 T. The magnet settings of the extraction beamline vary
sinusoidally in time, in phase with the; energy. An array
of 32 scintillator electron-tagging counters, each with
a 10 MeVkt momentum acceptance, detect the scattered
electrons. The position of the tagger registering the scattered
electron determines its energy and, consequently, that of the
bremsstrahlung photon asE,=E.—E. with AE,
~=*5 MeV accuracy. A second set of 8 backing taggers
participates in the coincidence triggering signal, along with
the 32 frontal ones, and is discussed in the following section.
The tagged photon intensity was maintained at an average of
~3.5x10° /s, well within the tolerance of the data acqui-
sition system for accidental triggers. The photons, distributed
over a beam spot of-2 cm in diameter, are subsequently
incident on a liquid®He target. The target is at a temperature

Outer Hodoscope of 1.986+0.001 K, corresponding to a 0.0786 gftmen-

sity, and is contained in a cylindrical vessel 90 mm in height
and 50 mm in diameter at the center of the TAGX spectrom-

. eter[30].
FIG. 1. Components of the TAGX spectrometer: Radially out- . A
wards from the target vessel at the center are seen the IH, SDC The tagger hits are related to the photon flux incident

) N Upon the target after efficiency corrections. In particular, due
CDC, and OH. The TAGX coordinate frame has ihaxis pointing 1 the collimation of the photon beam downstream from the
in the direction of the photon beam, and thaxis pointing outward

C 1oton 190 taggers, some of the tagged photons do not reach the target.
frpm the page in the direction of the 0.5 T me_lgnetlc.fleld of the T4 determine the tagging efficiency, and consequently the
dipole analyzer magnet. Veto countémt shown in the figureare 0 flux, a lead-glasseBenkov counter is placed in the
positioned along the OH arms in thy plane, fore"e™-pair rejec-  oh 100 heam, with reduced flux, downstream from the target
tion, mainly at forward angles. and the tagger scalers are periodically recorded both with

. - and without the platinum radiator in place. The efficiency per
IV focuses on the MC techniques and the fitting of the datatagger counter iz determined by theprelation yp

leading to the extraction of the mass shift. In Sec. V the data

Straw Drift Chamber

er Hodoscope

Cylindrical Drift Chamber

0

are compared with the MC calculations, and f#femass [C-T.0in—[C T, Jou—[Cace Tilin
shifts are discussed. Finally, the conclusions are presented in Tel1,32]= T -7 , Y
Sec. VI. fin "o

Il APPARATUS whereT, is the scalar count for each of the frontal taggers.

The term[f:-T,]Out corresponds to the coincidences between
The INS tagged photon beam and the TAGX spectrometes tagger-counter and a lead-glasaréhkov hit from a spuri-

(Fig. 1) [20], the new straw drift chamb¢R9], and different  ous photon not originating from the platinum radiator, and
aspects of the data-analysis proced2@,21] have all been Jé*
h

e radiator in place, but with thee@enkov hit registering

a more extensive discussion. In this section, a brief overviev\\;vith a delay of the order of 100 ns with respect to the tagger
of the experimental apparatus is provided, as it applies fOpq, \ner signal. These two terms turn out to be negligible
the 3He(y, 7' 7~ )X measurements, stressing the elements lative to the t &.T.1.. in Eq. (1), which g th
that were either introduced for the first time in this experi-rea've 0 the term{C-T,];x In Eq. (1), which gives the

ment, or that are important for the data analysis. efficie_ncy-corrected number of tagged photons per tagger
' reaching the target as

A. Photon beam and®He target

The photon beam is produced utilizing the 1.3 GeV To- Nicpag=nT,,
kyo Electron Synchrotron. A series of innovative technical
improvements led, in 1987, to the upgrading of the photon o ) . .
beam to one of medium-duty cycle. In the present experithe efficienciess, and radiator out/in ratioR,=T, /T,
ment, the end-point electron ener@y is 1.22 GeV at an for the 32 frontal taggers are recorded in a number of dedi-
average 10% duty factor, correspondingat5 msextraction — cated runs, in regular intervals throughout the experiment,
time. The instantaneous energy of the extracted electrons hasd they are used, along with E®), in the empty-target
a sinusoidal dependence, and it is known by measuring thikackground subtraction procedure applied to the measured
extraction time. The extracted electrons are directed via apectra(see Sec. I\

T'out
1- T ) . (2

in
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B. Spectrometer opposite sides of the beam axis were required of the trigger.

The TAGX spectrometer has an acceptancerosr for Two levels of trigg(_ar!n_g are implgmented in or.der to opti-
charged particlegneutral-particle detection was not utilized Mize the data acquisition electronics. The pretrigger

in the present experimentand has been in use at INS since 8
1987. It consists of several layers of detector elemé&fits _ =7
1) positioned radially outwards from the target vessel, which PT=IH_IH R.Zl TAG, 7 EM front ©)

is located at the center of the 0.5 T field of a dipole analyzer

magnet. _ o ) is generated within 100 ns from the occurrence of an event.
Directly surrounding the target container is the inner ho-a coincidence of a left and right IH hit with a backing tagger

doscope (IH), made up of two sets of six scintillator pt js required, and not rejected by the forwasde™ veto
counters, one on each side of the beam. The IH is used in thg) inters. The main trigger

trigger, as well as in measuring the time of fligfitOF) of

the outgoing particleg20,29. As it is placed inside a strong 32
magnetic field, the light signal is carried by optical fibers to MT=PT OH, OHr>, TAG, Xinhibit (4)
the photomultiplier tubes, which are located at the fringes of =1 front

the magnetic field two meters away.

Next is the straw drift chambefSDC), operating since requires the coincidence of the pretrigger with a left and right
1994 and installed expressly for the measurement opthe OH hit and a forward tagger hit, not rejected by the computer
mass in°He, with the objective of improving the momentum inhibit signal. A window of 400 ns is available between the
resolution for the detection of the— =" 7~ decay channel PT and theMT, after which the CAMAC is cleared for the
[29]. The SDC consists of two semicircular cylindrical sec- nextPT. Typical counting rates are 2 kHz and 30 Hz for the
tions, each containing four layers of vertical cells. ThepT and MT, respectively.

“straw” cells have tube-shaped cathodes which induce a ra- The calibration of the scintillation counters and the CDC
dial electric field, and consequently have a regular field defiand SDC have been the subject of extensive effort
nition and high position resolution~150 um). The SDC  [20,29,3]. More recently, a series of modifications imple-
was designed to preserve thesr large acceptance prior to mented in the track fitting algorithms has resulted in signifi-
its installation, to not impose extensive modifications of thecant improvements, mainly in the planar-momentum resolu-
spectrometer, and to not induce significant energy losses t@on [32]. It is the tracking that is discussed next.

traversing particles by keeping its thickness to minimum. The CDC consists of four groups of three-wire layers
The installation of the SDC required, nonetheless, the re(Fig. 1). The last layer of wires for each group was intended
placement of the IH from an earlier set of scintillators with for charge division readout and had not been employed in the
the one described above. past[20]. Instead, hits from the eight remaining CDC layers

Surrounding the SDC are two semicircular cylindrical were used for the reconstruction of the planar momentum
drift chamberg(CDC’s) subtending angles from 15° to 165° p,. , emission anglé, and vertex positiorisee also Sec.
on both sides of the beamline in the horizontal plane, andii B). This earlier eight-layer tracking procedure did not in-
+18.3° in vertical out-of-plane angles. Each CDC is com-corporate the SDC information either, thus resulting alto-
posed of 12 concentric layers of drift cells, yielding a gether in a less-than-optimal momentum resolution. Since
~250-300 um horizontal and 1.5 cm vertical resolution. longer effective lengths of reconstructed tracks result in
Together with the SDC, they are used to determine the planaiigher-quality fits, however, time-to-digital converter
momentum and emission angle of the charged particles trgTDC’s) from the last layer of wires of the fourth group have
versing them, and the vertex position of trajectory crossingsbeen implemented for the first time in the present analysis.

The outer set of 33 scintillator elements comes next, servFurthermore, the SDC data have also been used for the first
ing as the outer hodoscop@H), with photomultiplier tubes  time, a combination which yields an overall improvement in
(PMT’s) attached at both ends to help determine the trackhe planar momentum resolution estimated todq)gy/pXy

angle relative to the median plane. The two sets of hodo- 0.0892,,+0.0057, compared With"pxy/pxyzo-llsq)xy

scopes, IH and OH, measure the TOF corresponding to the .
tracked trajectories. +0.0078 from the eight-layer CDC analy$B2]. For a par-

: _ ) o i i
Other components of the TAGX spectrometer includethIe qf Pxy=300 MeVic, this amountg to a 40% improve-
four sets of 155 mm 50 mmx5 mm counters with a pri- ment in the planar momentum resolution. The corresponding
mary function to vetoe'e  background. These veto improvement in the vertex position is _reflected in l_:|g. 2, and
counters are positioned along the OH arms in the media as allowed for more stringent tests in the selection of two-
rack events which originate from the target area. A minor

plane, and eliminate charged-particle tracks registerin : o
within Az=+2.5 mm, mostly affecting forward-focused provement has also been noted in the emission angle reso-
. ! lution, which stays relatively constant at,~0.3° through-

e*e” pairs produced copiously downstream from the target ;
; - out the range of typical planar momenta 100 Me¥/p,,
but having a small effect om™ 7~ events. <500 MeVic [32],

The steps involved in the tracking of trajectories through
the SDC and CDC may be summarized in the following: The

The channel of interest being® =~ production from the CDC TDC'’s operate in “common-stop” mode, with the start
decay of thep® meson, two-charged-particle coincidences ondetermined from each CDC sense wire and the stop from the

C. Data acquisition and calibration
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ning period, resulted in better statistics and a higher ratio of
77~ to accidental triggers for the second phase. This is
reflected in the tagger efficiencies and radiator out/in ratios,
defined in Eq(2), which during the later part of the experi-
ment were generally improved. A total of 16,366 7
events have been identified from the analysis of two-track
events, comprising 73% of the total number of reconstructed
events, the remaining being of thré23%) or more tracks
(<4%). With the extraction of ther™ 7~ yield Y, the total
cross sectiorrt is determined from the relation

- -2‘§ R e i I3 |2.5| 1
x (em) X (em)

Y
FIG. 2. The vertex position is plotted, reconstructed from the TT NN T, ®)

eight-layer CDC data onlyleft pane), and from the nine-layer ymm e

CDC and SDC datdright pane], for a set of empty-target runs whereN; (nuclei/cnf) is the He target density seen by the
[32]. The evident improvement in the resolution is discussed in theshoton beam, and, is the incident photon flux. The effi-
text. The components of the target vessel, visible in the figure, haVEienciesnda andz, .+, account for the data-acquisition live
been discussed elsewh29,30. The inner ring corresponds to the ime andar 7 detection efficiencies. The latter, which is in
Mylar wall containing the liquid®*He target, a cylinder 50 mm in the range of 2.7—6.8 % for thé) channels, is det’ermined by

diameter. A circle indicating the position of the target container has,_ . . . . i~
been drawn, centered at,{/)=(2.8 mm—1.5 mm) in the TAGX gi?l?ggﬁ;j MC routines and is reaction-channel spe@te

coordinate frame.

IH [20]. The CDC drift times are first corrected by the cor- A. Empty target background

responding TDC timing offsets. The drift-length to drift-time  In Sec. Il A, the extraction of the tagger efficiencies and
relation is determined next, per layer of CDC wires, as a&he normalization of the tagger scalers to reflect the number
fifth-order polynomial. This is an iterative process, where arpf photons incident on the target were discussed. These are
initial set of parameters is used to reconstruct a sample ditilized in determining the appropriate factor by which
well-defined high-momentum tracks. The reconstructed traempty-target spectra are scaled prior to their subtraction from
jectories yield a new set of parameters, and the procedure e correspondingHe-target spectra, for the removal of tar-
repeated until the convergence condition is reached, namelget background counts. The procedure is briefly summarized
that the residual root mean squai®RMS) improvement in the following steps.
over the final two cycles is no better than 0.5%. At regular intervals throughout each of tAele-target and
Once a CDC track has been reconstructed, a similar preempty-target running periods, the lead-glaserébkov
cedure is followed for the SDC, where first the TDC timing counter is employed in dedicated reference runs to determine
offset is determined, and subsequently a SDC length-to-timghe quantitiesy, andRR,, as described in Sec. Il A. The total
relationship is extracted. This accomplished, “best” SDCnumber of photons incident on the target per experiment is
tracks are identified, which qualify as candidate extensiongxtracted as the sum of the raw scaler countsrecorded
of a selected CDC track. Typically, two to four SDC tracks for each run, corrected by the efficiency and out/in ratios for
are selected as possible extensions of a reconstructed COMat run, according to Eq2), and weighted by the normal-
track when all four SDC layers have registered a hit, to a@zed energy distribution of the scattered electrons. In particu-
maximum of eight candidate tracks if one SDC layer islar, », and R, for each run are calculated from the corre-
missed. The SDC tracks are approximated by straight-lineponding quantities of the reference runs, on the assumption
segments, since the error in the position of even the sloweshat they vary linearly with the raw scaler counts accumu-
particles which may be expected to result in valid two-tracklated between runs. The ratios of photon fluxes between each
events is within the 150um tolerance of the SDC. Finally, 3He-target and its corresponding empty-target experiment
the SDC candidates are matched with the CDC reconstructedeld the scaling factors by which the latter are normalized
track, by requiring the minimal CDG SDC RRMS of the  prior to subtraction from the former. Thecoordinate spec-
combined track. trum of the two-pion crossing vertex after background sub-
The obtained TOF resolutiom, is better than 380 g0].  traction, indicative of the accuracy of this procedure, is
The TOF is used for particle identification, as well as for theshown in Fig. 3.

determination of the particles’ OH positigalong thez axis
in the TAGX frame as shown in Fig.)1 B. Experimental observables

The calibration procedure, discussed in Sec. Il C, allows
the extraction of the planar momentym, , the polar emis-
sion angle in the median plare the planar trajectory length

The data presented in this report were collected in twd,, from the SDC-CDC particle tracking, and the time of
periods, with3He- and empty-target measurements in eachflight and z coordinate(OH position from the IH and OH
The superior quality of the photon beam, and a longer runscintillators:

IIl. DATA ANALYSIS
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FIG. 3. Thex coordinate of the vertex position after background TOF (ns)

subtraction is shown, along with the target-vessel walls indicated as FIG. 4. The TOF-vs-planar momentum spectra, displaying pro-
lines. Only7w* 7~ events from this target region are considered inton (upper-most 7= (in the box cuty ande™ (adjacent to the
the analysis. pyxy="0 axig bands, are used for particle identification. The sign of
the momentum corresponds to the charge of the particles.
— 1 up dow
t= Q(IOHHOH AR the time-of-flight versus planar momentum spectra are used
for particle identificatior{ (PID), Fig. 4]. The great majority
1 down ,up of events including a proton c_lafi are thus_ discarded. Cuts
z=5(toy —ton)Ve- (6)  on the tagger TDC spectra reject events induced by spurious
photons, not corresponding in timing with the beam pulse.
The up-down indices correspond to the timing measurementsast, pairs with low-confidence trackdarge RRMS or
at the two ends of the OH, and. is the effective light Wwhose vertex falls outside the target alé&y. 2) are elimi-
transmission velocity in the scintillator material. These yield

the primary observable$-igs. 4 and b ® ©
a
7 1500 — 1000~
fgp=tan * |>,
Xy 1000 [
500
P=Pxy/COSbip, 500 ) .
T T
I =1yy/coSbyp, [ S W ‘ 0 Lo, 1
Z "o 200 400 600 800  -1000 -500 0 500 1000
B = /Ct, § m, (MeV/cz) p (MeV/c)
>
m= p/B »-)/C, 4000 — ©) 1500 — @)
D 3000 w0
1000 —
6= cos | cos Xy) 7
SC ¢ p (7) 2000
. . 500
where 6y, is the out-of-plane dip anglgy and| the total 1000
momentum amplitude and three-dimensional trajectory | | | | R L |
length, andéy. the scattering angle with respect to the inci- TR TEE 00 o 100
dent bean(Fig. 5). A left-right asymmetry noted in the scat- TOF (ns) 8, (deg)
tering angled. spectrum Fig. 5d)] has been reproduced in
the MC simulations. FIG. 5. Some of the kinematical observables #of 7~ events,

A coincidence of two charged particles, one on either sidejescribed in the text, are shown. The sign of the momentum corre-
of the photon beam, signifies the occurrence of an evendponds to the pionic charge. The sign of the scattering afgle
(Sec. 11 Q. A series of tests and cuts in the data set subsedepends on whether the track registered to the ef®) or right
quently eliminates all but the* 7~ pairs. In particular, first (<0) of the beam(see Fig. 1
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nated, thus completing a first-level selection based on di- 400 - 500 MeV/c? 300 500 - 600 MeV/c* -
rectly measured observables. 150 1= )

For the two-track events that have cleared the tests above,
and have been identified as™ 7~, additional kinematical 100
observables are calculated. At this stage, the few surviving
two-track events involving a proton @* that had been pre- 50 (- 100 -
viously misidentified asr* 7~ by the PID cuts are elimi- @ ®)
nated as well. The calculated observables include the dipion
invariant massan_+ .-, the laboratory production angle of
the dipion systen®, , the missing mass,issand momen-
tum ppiss, the 77 -7~ laboratory opening anglé .+ .-, and 300 F 600-700 MeV/&_ 700 - 500 MaV/

1Y) I I W N 1Y) I I I
-1 05 0 0.5 1 -1 05 0 0.5 1

* -
cos,, cosO,

events

the 7" production angle in the dipion center of ma@f;h 100 -
employed as variables in the MC fitting proced(gec. 1\V).
Among these observables, the production angle for either
one of the two pions in the dipion center-of-mass frame, for 50
example,aj‘#, is a unique experimental observable which 10017
points to the presence of the® production channel well © @
below the nominal threshold energy. This is accomplished 0 oo 0 oo s
without the aid of simulations or assumptions, and is dis- cos6’ cos6’
cussed in the next section. FIG. 6. The cos¢9f7+ distribution captures thé=1 signature of
) the p’—=tx#~ decay. Panels(b) and (c) display the A
C.J=1 signature of the p° +B co¢ ¢-.. dependencédashed curve expected on the basis of

Among the dominant production channels participating inthe J=1 angular momentum, and the deviation towatds is due
7@~ photoproduction in theE,~1 GeV region (Sec. !0 the spectrometer acceptance.
IV A), only the p°— 7" 7~ channel results in two pions
being produced at a single reaction vertex with the charackack emission in the dipion c.m. franigee Sec. IV B This
teristicJ=1 angular correlation from the decay of th& In  cut affects only events from background processes, thereby
the dipion center-of-mas&.m) frame, this translates into a boosting thep®— 7+ 7~ amplitude relative to the back-
cos ¢ distribution, wheref? . is thew" production angle ground (Fig. 6). As such,6”. is a model-independent ob-
with respect to the dipion momentum, the direction definedservable, free of any assumptions about the process behind
by the latter in the laboratory frame. This techniquepdf each event.
identification via the study ob*., has been extensively ~ The 7" 7~ events in the range of 400-800 Me/in

used in many previous analys@sg., Refs[34,35), and the  dipion invariant mass have been divided into four
0*. spectrum is expected to be well described As 100 MeV/c? bins, which is the finest binning allowed by the
i data statistics. The 500—600 and 600—700 M#\tegions

+B cog §". in the vicinity of the dipion invariant mass cor- - . )
res ondinﬁ+ 0 the? me}s/,on massp where the—m* 7~ [Figs. @b) and Gc)] clearly demonstrate thé= 1 fingerprint
PC 9 ® - o " of large opening angle pion pairs resulting from the
amplitude peaks. In other words, this angular distribution is d The deviation f 2 d=1 |
expected to be symmetric around 265.=0, on the as- ° -meson decay. The deviation from 09%)' toward =1 Is
xP . y : " u_ LA ! reproduced in MC simulations of the’— 7" 7~ process,
sumption OOf a slowly varyingr” = bagkground Interfering 54 it is shown to be the effect of the TAGX detection effi-
with the p™ amplitude. Away from the" mass, the resonant iency, stemming from the two-track detection requirement

amplitude vanishes and the background processes dictate thg acceptance restrictions in the forward and backward di-
shape of the spectf&3]. This implies that, above and below rections where the photon beam precludes CDC and SDC
the p°-meson mass, the angular distribution is expected t overage(see Sec. IV B and Fig.)7The p®— 7+ =~ ampli-
follow a quasi-isotropic shape due either to the uncorrelate de, over the 506_700 Meb? r.ange, points to a substan-

!{or:ons prode(t:re]d at tWOt or frPhore retz_ac_tlo? Ve{)thekS, this dbe'nQially reducedp® massbeyondthe trivial apparent lowering,
€ case for the majorily of the participating backgrouna Pros,picp, s the artifact of probing the lower tail of the mass
cesses, or frons-wave correlated pions, possibly resulting

from the decay of ther meson(Sec. IV A. distribution with low-energy photonec. V B.

Furthermore, thep®— 77~ channel is the only one
which results in back-to-back emission of two pions in the
dipion c.m. frame. The low Lorentz boost of the dipion c.m.  The MC simulations constitute an integral part of the data
frame, in turn, preserves this large opening angle, betweegnalysis by determining the process-dependent detection ef-
the 7" and then ™, in the laboratory frame of reference. ficiencies of the spectrometer, guiding the assignment of the
Thus, in the examination of’ ., only a single cut was ap- weight to each of the contributing production mechanisms,
plied to the data, as determined from the MC simulationsand, ultimately, leading to the extraction of the medium-
which eliminated thoser* 7~ events with too small a labo- modifiedp® mass. The steps involved in the simulations and
ratory opening angle to have been the outcome of back-tditting algorithm can be outlined as follows.

IV. SIMULATIONS
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medium—modifiednzo mass(Sec. V A.

(d) Exploratory fits are attempted, decoupling ttée and
breakupppn final states with respect tm’p‘o, as well as
modifying the widthI™’, (Sec. V B.

The principal aspects of this algorithm are elaborated be-
low.

14

1.2

events (arbitrary units)

0.8 A. Production channels

- Several mechanisms are known to contributertorm

(SR A photoproduction. Recent experiments for photon energies be-

0.6

I tween 450 and 800 MeV at MAMI, using the large-
o4k : acceptance spectrometer DAPHNE and high-intensity tagged
L : photon beams, and in the range 1-2.03 GeV with the
e SAPHIR detector at ELSA36], have provided accurate
- measurements of the reactigp— 7" 7~ p [37—39. These
T e have motivated several theoretical models, which concur in
%0 08 06 04 02 0 0z 04 06 08 1 their interpretation of the data as* 7~ photoproduction
cosé,, predominantly through therA(1232)— =" 7N, and the

* + =
FIG. 7. Simulated events from different processes, taking intoN (1520)>7A—a7"7"N channels [40-42. In the

account the spectrometer acceptance, have one of three characteﬁé’-_de""r med'”?“a the Dr0p§gatorséocl>_1t" baryonic r%sc()jnan?fes re-
tic cos&fﬁ profiles. The simulations shown are differential cross dUI"€ renormalization, and, In addition, many-body eflects

sections normalized to unity &,=920 MeV, and they display the caused by pion rescatteringSI's) are known to interfere

cos#. dependence for three representative reactit@sy+>He with the Ipwest—order reaction mechanism qf two—pioln_ pho-
— p°ppn— 7" 7~ ppn with the nominalm,o (solid curve, (b) y toproduction on the nucleof3]. These medium modifica-

+3He—m A**pn— a7 ppn (dashed curve and(c) y+3He  tions affect both the strength and the peak position of the
—oppn—a"a ppn (dotted curvi cross-section spectra for the various interfering channels,
relative to the corresponding processes on a free nucleon.
o .o ) Nonetheless, tha(1232) and N (1520) resonances remain

(@ Eleven individual ="~ production channels are he |eading channels in photon-induced reactions in the
coded into MC generatortSec. IV A). These 11 processes pyclear medium, as has recently been verified by total pho-
are considered to account for the fail" 7~ photoproduction toabsorption cross-section measurements on n{tdi In
yield in the y+>He reaction. Twelve distributions of six ki- the latter, substantial contributions were also attributed to the
nematical observables, with cuts aiming to separate thRucleonic excitations;(1440) andS;;(1535), primarily,
bound 3He from the dissociategpn final state, are simu- \which largely overlap with theD,5(1520) resonance in
lated for each production channel and each of fd&r, en-  medium-modified mass and width.
ergy bins(Sec. IV B). The analysis of the MC events is  The doubleA is another channel that has been verified in
identical to that of the experimental data, and yields thephotoabsorption measurements on the deutéddnde, a
process-dependent spectrometer acceptédee. 1V B). process that has also been modeled theoreti¢all§. The

(b) The simulated spectra for nine of the above elemenphoton is absorbed on two nuclei, excitidg1232) reso-

tary processesSec. IV A), including background ang’  nances in the reactiopNN—AA, which subsequently de-
production channels with the nominah,o=770 MeV/c? cay to producer ™7~ pairs.

mass, are combined. The 12 spectra of each process are ad-|n addition, three-pion* 7~ #° production, associated
justed with a common strength parameter within each of thgith 3He disintegration, is kinematically feasible in the en-
four AE, bins before being added together. Subsequently, albrgy range probed by the present experiment. However, the
12 simulated SpeCtra are fitted SimultaneOUS|y to the COIrgimited 0ut-of-p|ane detector acceptance Coup|ed with appro-
sponding experimental ones, yielding the nine strength papriate missing-mass cuts minimize the contributions of this
rameters independently for eadtE, bin. From the latter mechanism. The experimental measurements available are
and the spectrometer acceptances, total cross sections @Farse for this process in the energy regime of interest
extracted for each of the nine production processes, and com37 48,49,
pared with independently established ones. Adjustments t0 Other possible contributions to the background 7~
the starting values and fitting constraints are made in iterayje|d, which, however, were not found to improve the quality
tive steps until satisfactory agreement is reached. of the fit and are presently not included in the simulations,
(c) The procedure is repeated for these nine productiofnay come from nonresonant three-, four-, and five-body
Channels, inCIUding the addition of two more proces{m. phase space, Corresponding to ﬁm remaining intact’ or
IVA) with a modified p° mass m:o in the range preaking up intadp andppn, respectively. These multibody
500-725 MeVE?, but common for both the®He and  phase-space processes are governed solely by energy and
breakupppn final states. The® mass corresponding to the momentum conservation, each with a constant transition ma-
best fit for eachAE, bin is quoted in this report as the trix element[50]. They are, most likely, a superposition of

-
L LA LA L L L

0.2
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all the other remaining possible production channels, whiclnection with TAGX 7" 7~ photoproduction dat§6,21,23.

are too weak and too broad to be individually identified.  In Ref. [6] in particular, wherer " 7~ photoproduction via
The contributions of the mechanisms discussed so fathe p° channel was first considered, the background pro-

have been previously considered in MC simulations, in coneesses

(1) Am(NN),
(i) N*(1520)(NN)gp— A(1232) (NN,

'y+3He—> (iii) N*(1520)7T(NN)SP —>ppn77'+'n'_
(iv)  AAN
(v) ppnwtaa°
|
were included in simulations of ng 7" 7~ contribu- Additional improvements in the fitting procedure, relative

tions, as well as final state interactions following ffede-  to the analyses of Reff6,21,25, include the modification of
cay[see proceséix) below]. The index “sp” signifies spec- the MC generators to account for the angular momentum of
tator nucleons. The empirical values from Rpf4] were  all p°— 7% 7~ and intermediatéx-resonance channels. Fur-
used for theA (1232) mass and width and for tiN& (1520)  thermore, motivated by recents phase-shift analyses,
mass, but the fit improved with tHé* (1520) width doubled which increasingly show evidence sfwave contributions
relative to Ref[44]. This ad hocincrease effectively incor- from the o meson, the quasifree-decay channel

porates the nearby resonancBg,(1440) andS;4(1535),

which largely overlap with theD5(1520), but cannot be (vi) y+3He—oppn—=ta ppn

resolved within the sensitivity of the data. Alternate fits were

performed with the N*(1520) replaced by the Roper has been added, with the mass and width parameters from
N*(1440) and including five-body phase space. The twdRef.[51].

methods yield comparable masses for pebut the former Last, p°— " 7~ photoproduction has been simulated by
is preferred as it results in a better fit. means of five distinct generators, namely,

((vii)  p°+°He— 77~ *He

(viiiy  p’ppn—wtappn m =770 MeV/c?,
y+He ¢ (ix) p’ppn—at @ ppn+(FSI)
(x) p’+3He— 7t 7~ *He

500 MeV/c2sm;§os725 MeV/c?,

| () p°ppn—aT T ppn

where to channelévii)—(ix) and (x),(xi) are ascribe¢p® de-  tions, and, in any event, are not necessary for an estimate of
cay outside and inside the nuclear medium, respectively, théhe background. A lengthier discussion of FSI effects is pre-
latter probing the medium effect on the’® mass. The sented in Sec. VA.

breakup channels have the reaction taking place on a single

nucleon, subject to its Fermi motion, with the remaining two B. Fitting procedure

nucleons as spectators. Final staté interaction with one of In modelingz* 7~ photoproduction on nuclei, the distri-

the two spectator nucleons is included in chartnel Simu-  putions of five kinematical observabléSec. 11l B) were si-
lations of FSI's in the backgrounghonp®) processes were multaneously fitted to the data in Ref6,21,29. These are
not performed, as they bear no qualitative effect on thesg1) the dipion invariant mass,+ .-, (2) the laboratory pro-
processes other than to dilute the features of their distribuduction angle of the dipion systei®,,,, (3) the missing
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massMp,iss: (4) the missing momenturp,,,iss, and(5) the
7" — 7~ laboratory opening anglé .+ .-, to which one ad-
ditional kinematical observable has presently been added
(Sec. 11 O, namely, (6) the #* production angle in the

dipion rest frame cog’. .

0.016 [ E,=920 MeV )

0.014 |-

ry units)
S
3

0.012
0.01

events (arbitral
e o £
2 2 B8
W ™~ n

Moreover, in Ref[21] it was determined that dividing the 0.008 -
data sample iME,=80 MeV bins provided the optimal 0.006 |-
compromise between the presumed constancy of the reaction 001 0004 F-
matrix elements, implicit in the MC simulations which only n
depend on the kinematics, and the requirement of sufficient E o 0.002 ; L
statistics. TheAE, partitioning_ of the data is necessary in 00‘“ ol ob 2500 3000 —
order to account for the varying energy dependence of the Missing Mass (MeV/c?)

Tl cross sections from egch_ of the individual production FIG. 8. The effects of théa) = -m— opening-angle andb)
mechanisms. The 80 MeV binning B, has been retained, mjissing-mass cuts, indicated as arrows in the figure, are shown for
resulting in four sectors of the data sample from 800 to 112Qne respective simulated spectra of thd 3He, p°ppn, and
MeV, to be referred by their respective centi) values  7~A**pn channeldsolid, dotted, and dashed lines, respectiyely
(840, 920, 1000, and 108040 MeV). The calculations are foE,=920 MeV and the integral of each
The addition of the coej;+ distribution, though not no- distribution is normalized to unity.
ticeably affecting the overall quality of the fit, nonetheless
provides an additional physical constraint which aids the Mcfrom the breakupppn final states. The former is @7~
fitting algorithm to converge to a more realistic solution. In Opening-angle cut determined from MC simulations, namely,
particular, this kinematical observable uniquely captures &0°<¥,+,-<180°, eliminating two-pion events that could
characteristic feature of the contributing mechanisms, whiclot have been produced back to back fromgRelecay(Fig.
may be classified into three types according to their resped(@]. This cut is most effective at the higher end of photon
tive dependence on cd%. (Fig. 7): energies covered by the experiment, Wher_ept%ejentlflc_a-
(8) The channel of interest, diffractivg®—m* 7, is tion becomes difficult by an increasingly deteriorat-

. 0 . . . .
unique in producing twg-wave correlated pions. The spec- N9 P -to-background ratio with mcreaks‘lnﬁ_y. The latter
trometer response to this mechanism is consistent with th€Ut [Fig. 8b)] separates events with missing mass i
J=1 dependence, and the deviation from the anticipated® Proximity of the target massm, ~2.8 GeVk

cog 6. distribution towards~ +1 reflects the acceptance (I-€- 2700 MeVE? < Myjss< 2865 MeVLE?), from those as-

cut, stemming from the kinematical conditions, setup geomSociated with the breakup of the target nucleup o in the

§ 2 2
etry, and the two-pion detection requiremdoompare the final state (2865 MeWd"<mys<3050 MeVE?). The
solid curve of Fig. 7 with Figs. ®) and &c)]. combination of the two types of cuts is applied to three of the

(b) The background hadronic channdi3—(iv) of Sec. kinematical observables, resulting in six additional spectra,

IV A produce two uncorrelated pions at two or more reaction®€Sides the unselected” 7~ distributions(1)—(6) enumer-
vertices. The angular correlations of these pions are averag&ied earlier. These are

out over 47 sr in simulations, resulting in featureless 3
* (7) m_+_-
cosd ., spectra. The spectrometer geometry, however, sup- T
presses the pion acceptance away froméos-0 (see, e.g., (8) Pmiss [ p°-enhanced low-missing-mass data,
the dashed curve of Fig. 7 for the singleproduction chan- (9) cosé*.
nel). This is a consequence of the fact that chanfiglgiv) "
involve the decay of intermediate baryonic resonances, ac- (10) M.« )
companied by energetic nucleons, which are rejected in the "
analysis. (1) Pmiss p°-enhanced high-missing-mass data.
(c) Three-pion production and the quasielastiprocess, (12) cosafﬁj

(v) and (vi) of Sec. IV A, are characterized by featureless

cost?fr+ acceptances, as no energetic nucleons are emitted \y/hije the contributingp® photoproduction mechanisms
(dotted curve of Fig. Ji _ “may not be experimentally distinguishaliec. ), the cuts
The combination of improvements relative to the analysisgjm at partitioning the data in biased samples favoring pro-
of Ref.[6], namely, accounting for the angular momentum incesses which are more prone to probing either the nuclear
the A and p° channels, and imposing additional physical mean-field effecfi.e., coherent and exclusive quasifree pho-
constraints via the new kinematical observable &fgs re-  toproduction via the distribution§7)—(9)] or a possible
sulted in a more accurate treatment of the process-dependemicleonic effecfi.e., the breakup quasifree channel via the
spectrometer acceptances. spectra(10)—(12)]. The three kinematical observables which
The data have been subjected to two additional cuts, oneere subjected to the cuts, namely, the dipion invariant
of which enhances thg? relative to the background chan- mass, missing momentum, and dipion-c.m’ production
nels, and the other facilitates the separation of the bditel ~ angle, were selected empirically from the kinematical ob-
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servableg1)—(6) as more sensitive to the mass, and there- own behalf. This may become possible following the analy-
fore more susceptible to possible medium effects. sis of three charged-particle events from TAGX experiments,

With a range ofm, values spanning the region 500725 currently in progress.

MeV/c?, and each value kept common for the unselected, as DeSPite the caveats above, the medium-modified
well as the ®He andppn selected data, the 12 simulated masses extracted from the MC fitting procedure have re-

spectra were fitted simultaneously to the corresponding e)gpalned remarkably stable with respect to variations .Of the
. L . . strength parameters of the constituent reactions, within each
perimental ones, by minimizing a standayél function with

R ) : of the fourAE,, bins. This is all the more significant consid-

the strengths of the 11 individual procesges-(xi) (Sec. . Y N .
. ering that the data are fit simultaneously for 12 spectra of s
IVA) as the fit parameters. Each of the fowE, 9 " simu usy P x

- : : ; kinematical observables. In conjunction with the dirdct
=80 MeV bins was fitted independently from the Other:l fingerprint discussed earlier, the insensitivity of the fit,

. * — .
three. The optimain , for each bin is that corresponding to \ithin physical constraints, adds confidence to the premise

the minimum value of thec® function (Sec. V A. that the medium-modifie®-meson masses extracted from
~ Insummary, the MC fitting procedure satisfies the follow-the MC simulations reflect genuine features of the data
ing requirements. sample.

(@) The AE, =80 MeV binning restricts the energy de-  One of the concerns voiced over the use of tfe
pendence of the participating processes to the narrowest bin, -+~ channel, instead of the®—e*e~ channel to in-
possible without loss of sufficient statistics. vestigatep® medium modifications, has been the effect of

(b) The six kinematical observables utilized in the fitting Fs)’s. Suchm-nucleon andm-nucleus interactions can alter
are complementary and account for different physical atipe energy and momentum of the detected pion, and may
tributes of the data sample. This imposes far more stringerfesylt in a lower invariant mass of the dipion system. Three
constraints than an analysis based on only the invariant magg,ch r-nucleus interactions are possible for the pion ener-
distribution, as in the case of the CERES dath gies in this work:(a) 7N elastic scatteringb) 7-N inelas-
~ (c) The extracted cross sections for the background reagic scattering, andc) pion absorption on a pair of nucleons.
tions in Sec. IV A are compared and/or constrained by pubpjon absorption and charge exchange will simply remove the
lished or extrapolated cross sections from the literature.  pion from the final state, thus eliminating the event from the

(d) The simultaneous fitting of selected and unselecte%nalysis_ Since the extraction of the fimal, does not de-

. ) ) . \
e e L Sl 5 107 e ot s M8on o th totlcross scto of e rocess, ion absarp-
L : r ' . tion does not alter the conclusions. Inelastic pion scattering
corporating in the f't.t.he bulk ofr™ events produced in will produce at least another pion and missing mass cuts will
processes less sens[tlve to such ?ffECtS' . ifia eliminate such events from further analysis. The only pion
The outcome of this procedure is the medium-modified interactions which may manifest themsleves in the final

meson mass. - ) : :
eson mass 77~ event samples as FSI's areN elastic scattering, as

V. RESULTS
A. Quality of fit and uncertainties

-

relative x2

Beyond the statistical and other experimental uncertain- ~ g95 L--=
ties which are folded into the calibration and analysis of the
measuredr " 7~ yields, additional sources of uncertainty are
generated by the MC simulations and fitting algorith(m.
The MC event generators depend exclusively on kinematical
parameters, assuming a constant production matrix element s
for each 80 MeV photon energy bin. Thus, other aspects of
the interaction are not explicitly included. As an example,
the channely+3He—(np)sAm is modeled asy+3He
—(np)sA " "7, normalized by an isospin scaling factor to

0.9

account for the remaining hadronic charge states. This intro- g5 | 2Fins:

duces an uncertainty in the amplitude of this process, the | @ 840+40Mev

type of which is also present in other background hadronic A 920140 MeV

channels(ii) Independent total cross-section measurements &7 ™ 1000£40 Mev

of the constituent reactions, serving to anchor their relative - © l“’s"*‘“’ Ve | | | |
strengths in the fullz™ 7~ production process, are sparse 500 550 600 60 10 7m0
(e.g., the quasielastiac channel. The strength for some of m, (MeV/c’)

the individual channels was inferred from indirect sources. FIG. 9. The dependence of & function of the MC fits on the
(ii ) Additional quasifree channels and independent measureariation of thep® mass is shown for the foutE,=80 MeV bins.
ments to fix their strength are required in order to extractThe MC calculations are indicated as points, and fits to third-order
precision cross sections for the background hadronic charpolynomials as curves. The fitting procedure yields the bésper
nels from the data, processes which merit attention on theisE, bin, and estimates of the respective uncertainties.
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FIG. 10. The dipion invariant-magpanels(a) and (d)], #*-7 laboratory opening-anglganels(b) and(e)], and missing-momentum
[panels(c) and (f)] spectra are shown for the fulinselectefidata atE, =840 MeV. The solid squares are the data, showing only one
representative error bar for clarity. The remaining error bars are comparable and have been included in the fitting. The MC fits shown are:
full reaction(upper solid lines nonp® background processédotted liney, p° contributions with unshifted magkower solid lines, andp®
contributions withm*,=650 MeV/c? (dashed lines The latter are included only in the calculations represented by the top gahels),
and(c). The improvement from bottom to top reflects the effect of includingothemedium modifications and is even more pronounced for
the pO selected data set, not shown.

simulated in reactioriix) of Sec. IV A. data sample tp° mass modifications, within each of the four
The MC simulation of reactiofix) includes the kinemat- AE, bins. Using this as a qualitative criterion, the fittings of

ics of the produced pion from th,e(_) decay on a randomly the 840 and 920 MeV samples, and to a lesser extent of the

selected nucleon from the Fermi distribution of a singlejggo Mev sample, have converged to a “bestﬁzo,

. 3 . . . .
nucleon in®He. Once all the possible incident and final four whereas the fit for the 1080 MeV bin is essentially insensi-

. he distributi for the i : he .
momenta are considered, the distributions for the mvanan]ive o variations Ofm:o (Fig. 9.

mass, missing momentum, and opening angle for this FSI ar .
quite featureless. Thus, even though FSI's remove events FOr €ach of the 840, 920, and 1000 MeV bins individu-

from the regions expected from an unperturh€ddecay, ally, the MC fits(dark circles, triangles, and squares, respec-
they do not alter the shape of these distributions. In fact, FStively, in Fig. 9 yield the bestmzo and an estimate of its
signatures in the distributions bore many similarities to thoseincertainty. This is achieved as follows) The uncertainty
of the sswave 77 interaction simulated by reactiofvi) in 0,2 is assumed common within each bin. This is justified by
Sec. IV A, but the MC fitting chose thewave distribution the fact that both the data set and the reaction matrix ele-
over that of the FSI's on the basis of better ovesdll ments used by the MC algorithm are common within each
Finally, the conclusions from the MC fitting procedure bin. (b) A polynomial expansion of the MCy? about
and the minimal effect of FSI's are further emphasized by(m:O-mo), with mg in the proximity of the apparent mini-
the J=1 signature shown in Fig. 6. Any FSI's which would mum, is assumed to describe well the dependence of the
affect the scattered pion four-momentum enough as to resuformer on the latter. Subsequently a ng#? minimization
ina Iowermzo, would also destroy thp-wave correlation in  yields the rank and the coefficients of the polynomial. A
the cod ¢* distribution, since scattering angle and momen-third-order polynomial gives the best result for the two
tum transfer are uniquely related. The fact thatdkel sig- lower-energy bins, and it is also assumed to provide the best
nature is clearly displayed in the invariant mass region ofiescription of the parent population for the 1000 MeV data
500-600 MeVt?, after implementation of just the simple Sample. This procedure also leads to conservative estimates
opening angle cut, is further proof of information originating for o2, in particular 0.019, 0.013, and 0.017 for the 840,
from the primaryp® decay, free of FSI contamination. 920, and 1000 MeV bins, respectivelg) The polynomial
Following the procedure discussed in Sec. IV, several mMceoefficients andr, 2 estimates are used to derive the optimal
fits have been performed witrrm’p‘o taking on values from a mzo and an estimate of its uncertainty for each bin. These are
mesh in the range 500-725 Me)/(Fig. 9). The steepness (i) m’=642-40 MeV/c?, 800 MeV<E,<880 MeV,
of the Xz-vsm:o curve is indicative of the sensitivity of the (ii) m:0=669i 32 MeV/c?, 880 MeV<E, <960 MeV,
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FIG. 11. The data and curves shown are as in Fig. 10, but fdE {#€920 MeV bin, andn’,=675 MeV/c?. It is stressed that the fitting
was done independently for each of the fduE =80 MeV/c? bins, as discussed in the text.

and (i) m*,=682+56 MeV/c2, 960 MeV<E, driven by phase space, most pronounced at lower photon
<1040 MeV. P energies. This is due to the fact that, at low photon energies,

The improvement in the medium-modified over the un-only the lower wing of thep® mass distribution is kinemati-
modifiedp® mass fits is evidenced to varied degrees in all thef@lly accessibl¢see Fig. 1a)]. The shape and the centroid
fitted spectra. The order of the improvement is illustrated forOf the mass distribution for the resultind mesons are pri-
the full (unselectel data in the dipion invariant-mass, marily dictated by the kinematics, and to a lesser extent by
7+-m~ laboratory opening-angle, and missing-momentumthe spectrometer acceptance for the particpfaproducing
distributions for the 8440 MeV and 92640 MeV bins,

which are most affected by modifications of tp& mass 100 ! ! 100 L .

(Figs. 10 and 11 3 () (b)
The dipion invariant-mass spectra are not the most sensi- - 75 / \ — i

tive to variations of the® mass, among the 12 distributions *é l ‘\

of six kinematical observables that were employed in the fit. = | “

This is seen, for example, in comparing the improvement 5 50 - : | - 50 -

between the unmodified- and modified-mass dipion 5 I “

invariant-mass with the opening-angle and missing- 8 25 | . i

momentum spectréFigs. 10 and 1j, where the latter two = ‘\

observables are seen to display a greater sensitivity. This \ \

underlines the advantage of a fitting procedure that utilizes 0 2=l 0 . .

multiple complementary kinematical observables as opposed 400 600 800 1000 400 600 800 1000

to only the invariant mass, thus capturing additional at- Invariant Mass (MeV/c?)

tributes of the physical process, and resulting in a more re-

s ) FIG. 12. The trivialp® mass shift due to kinematic phase-space
alistic analysis.

limitations is illustrated for the quasifreey+3He— p°ppn
— 7 w ppn process aE,=840 MeV, (a) for the nominal and
B. Discussion (b) for a loweredp® mass. The MC generator randomly selgels

The J=1 angular momentum signal, discussed in Secmasses from the Gaussian distributigdashed curvgsA Lorent-

Il C (Fig 6), as well as the dipion invari’ant-mass spectruleianpo mass distribution was also attempted, but was found to yield
By L . almost identical results, due to the dominance of kinematic phase-

T”:]%rgiftizzgg E:]:Es'siga\:z/{;ig]o;ﬁ ZE&Z?&A}VZ:?S;?E?‘G%?%%?_ space effects in this subthreshold region. The solid curves are the

) N ) resultingm o spectra whose integrals are normalized to unity, after
quoted earliefe.g., comparen ,=642-40 MeV/c” forthe  yerification that the reaction is kinematically feasible with the se-

840 MeV bin with the centroid suggested by the dashedected mass and that the photoproduced pions are accepted by the
curve of Fig. 10a)]. This apparent discrepancy is mislead- spectrometer. The dotted curve in pangisthe result of a simu-
ing, and has its origin in a trivial effective mass lowering lation of theN* (1520)— Np° decay, at the nominal mass of th&
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process. This effect is implicit in the MC-generaigtispec-
tra, and it is by no means sufficient to account for a mass
lowering of the order explicitly observed in the experiment.
This is manifest, for example, in comparing the lower solid
curve of Fig. 10a) with the J=1 fingerprint of thep® in
Fig. 6. The locus of the former curve, consistent with the
mass distribution indicated by the histogram of Fig(al2
for the nominalp® mass, is far too high to be compatible _ 075
with Fig. 6, with a p° signal peaking in the range of P -
500-600 MeV£?. In contrast, the histogram of Fig. (8 025 W 025
for a loweredp® mass and the dashed curve in Fig(aGire YEEE—
consistent. Furthermore, even the formation of a “rhosobar” 1, (fm) | I, (fm)
via theN*§1529W 1 part|cle—hqle state.cannot result iNan 5 13 The mean decay lenglly distribution, of the p°
appa_lre_nt Invariant mass c_on_S|stent with the_: da_ta, W'thOUt—>7r+7r‘ decay, is indicative of the distances probed for vector-
modifying the p® mass. This is also shown in Fig. (B meson modifications in this experiment. Thespectra are illus-
where the invariant-mass distribution of a frg®(solid line) trated for(a) E, =840 MeV and(b) E,=1000 MeV. The histo-
is indistinguishable from that of a “rhosobar” with the grams are for MC-generated events accepted by the spectrometer in
vacuum value of 770 Me\¢? (dotted line. the y+3He—p°p(pn)sy— 7" 7 p(pn)s, (solid curves and y

Alternate fits were also attempted, to possibly discern ad°*He— p° *He— =" 7~ *He (dashed curvésreactions, with their
ditional features from the 840 and 920 MeV bin samplesintegrals normalized to unity. The mean decay length is for the
Decoupling the exclusivéHe from the breakuppn final formgr_reaction in the rest frame of the participating prqme two
states, with respect o, yielded identical masses for the remaining nL;cIeons being spectadprand for the latter in the rest

. P frame of the®He nucleus.

920 MeV bin and a somewhat smaller mass for the latter

relative to the former channel for the 840 MeV bin. The shorter than the nucleonic radius. One possible exception to

refﬁlrt]'rt'ﬁe'mnpggr\f[:rzfntes'pmt:tz g)fuallty of fit, however, is this general statement is the effect of a boyfddecaying
wi Tlhe effgct of all yossié)le widtﬁzmodification in nuclear within the nucleus, in which théHe nucleus breaks up into
P gwﬂr‘ppﬂ final state. To illustrate the range of thé

m.atter*wgs also mvestlg_ated. Slmulatlons were performe rocesses in different energy regions, we consider the mean
with Fpo fixed to the predicted width at half nuclear density decay lengtH,, of the p°,

extracted for’He from Ref.[14], which is 2.3 times as large

(a) E,=840 MeV (b) E =1000 MeV
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as the free width" 0. These simulations resulted in a siz- |o:,3t0:L,
able improvement iny? with this modified width for any mpol joC
modifiedp® mass, compared to the free mass and width case. p
In all cases, however, thg? is consistently 5-10 % larger B= Mo’
I . . . ,0Y
with ' than with the vacuum value df o for a givenmy .
This consistency indicates that there is no preference in the fom e i ®)
data for a large width modification fotHe. Equally impor- 0= ¥70= VFPO’

tant, however, is the finding that within the uncertainty in

* *
(T]Qfo ger}[etLatecilhby su((j:.r;. a:jlargB;O, é:]e prgferhrednpo S o 0 the rest frame of either the interacting nucleon, or tHe
rierent than the moditie magso_ taned when assuming g, cieys, for the breakup or bound final states, respectively
free width. This means that g~ minimization on the same (Fig. 13

data set yields effectively the same reduced-mass value, in- At low photon energiege.g.,E, =840 MeV, Fig. 13a)]
dependently of the assuméo. In summary, these explor- the ynn channel dominateg® photoproduction. This is veri-
atory fits verify the preference for a reduceltimass, butare fied by the fact that the low-missing-mass selected data rep-
inconclusive, within the SenSitiVity of the data, as to Whetherresent less than 10% of the total unselected eventS, whereas
a width modification is supportemh addition This conclu-  the high-missing-mass selected data contribute the great ma-
sion is reinforced further by thé=1 signature as a function jority of the p° events and their corresponding distributions
of the dipion invariant mas&~ig. 6), which points to a well-  are generally consistent with the filinselectegidata. With
localized signal, contrary to what one would expect if thethe p° mesons produced on the nucleon, and a mean decay
width I"%, was dramatically increased. length of under 0.5 fm for a substantial portion of them, there
The absence of a conclusip® mass-modification depen- is a large overlap of the volume traversed before their decay
dence from the 1000 and 1080 MeV bins, in contrast to thend the nucleonic volume. To the extent that the medium
strong signal from the 840 and 920 MeV bins, is telling asmodifications of the vector-meson properties depend on the
well. Whereas the former are more prone to probing the exdensity of the surrounding nuclear matter, it is conceivable
clusive channel, and therefore the nuclear mean-field mehat the induced medium effect is dominated by the large
dium effect, the latter are deeper into the subthreshold redensities encountered in the interior of the nucleon. Con-
gion, dominated by the breakup channel, and probe distancersely, it is easy to see why such a dynamie&inucleon

with the nominal masgn,o and widthI" ,o for the p° meson,
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geometry will also enhance the probability of the formationindependently supported by the assumption-free experimen-
of a “rhosobar,” which is perhaps an alternate way of ex-tal J=1 signature, is substantially beyond typical predictions
pressing the same nucleonic nature of fenucleon inter-  of most mean-field models. Whereas modest mass modifica-
action at lower photon energies. tions that have been put forward by the latter models may
At higher photon energiefe.g.,E,=1 GeV, Fig. 18b)]  arguably be attributed to phenomenologidahdronig me-
the mean decay length increases. Whereas nucleonic densium effects, which affect the spectral function gifdwidth
ties become increasingly inaccessible, a large overlap of thia the nuclear medium but induce minimal modifications to
volume traversed by thg®, before its decay, with théHe  the p® mass itself(Sec. ), this work points to a different,
nucleus, may still induce a weaker nuclear medium effectunexplored as yet, mechanism at play. Though the simula-
Moreover, the possibility of a medium-induced increase intions are inconclusive regarding the size of a possible
the widthI" 0 is in favor of shorter decay length&g. (8)], medium-induced modification of the® width, any such
and therefore further increases the likelihood of accessingiodification up to the extreme case of doubling the vacuum
regions of large densities either in the nucleon or the nucleawidth has practically no effect on the preferrptl masses.
core. The present results may therefore be suggestive of Ehe lack of sensitivity of the data to a width modification, in
moderate medium effect in the realm of the nuclear mearonjunction with the range of the” mesons that appears to
field at near-threshold photon energies, probing normabe compatible with the nucleonic size in the deep subthresh-
nuclear densities, turning to a drastic reduction of e  old region, seems to suggest an effect which might be most
mass in the deep subthreshold region, wherepghelecay appropriately formulated in terms of quark degrees of free-
may be induced in the proximity of the nucleon. These im-dom.
plications, however, need to be further investigated and veri- In the absence of a well-established theoretical frame-
fied by higher precision and large solid angle experimentsvork, the discussion of a possible nucleonic effect in this
[28], where different signatures of various processes, such agork has been kept in the more familiar, though perhaps less
bound statef23], tensor coupling24], and nucleonic effects accurate, terms of a medium effect where the nucleonic mass
[27], may be separated and identified. distribution takes up the role of the nuclear medium. Clearly,
if such an effect is verified, quark degrees of freedom will
inevitably provide a more physical description in processes
with a range below 0.5 fm. The pattern of decreasing sensi-
In summary, the kinematics and final state of thetivity with increasing photon energy, with the 1080 MeV bin
SHe(y, " 7 )X reaction have been studied with the TAGX showing no evidence of a° mass-modification signal, hints
spectrometer and a tagged photon beam in the subthreshadtla moderate mean-field nuclear effect at near-threshold en-
p° photoproduction region. The bountHe and breakup ergies, which could be understood in terms of more conser-
ppn components of thg® channel have been investigated, vative, hadronic-phenomenological models.
aiming at the distinction between a nuclear and a possible Further analysis, currently in progress, for photoproduc-
nucleonic medium effect on the mass. The° channel has tion on both heavier and lighter target®g, 2H) and for
been aided by the inherent selectivity of the TAGX spec-background contributiongle.g., the Aw channel from
trometer tor" 7w~ events from the®— 7" 7~ decay and by TAGX experiments, as well as future experiments planned
the choice of*He as a target with minimal FSI effects with- for TINAF [28], may more accurately isolate thg®
out suppression of the® amplitude. In any case, the size of —a "7~ channel from the background processes, and shed
target appears to have little effect in the subthreshold regioright on the nature of the medium modifications on light
The J=1 fingerprint of thep® has been observed in the vector-meson properties at the interface of hadronic and
dipion invariant-mass region 500—700 Me¥/ pointing to  quark matter. The foremost limitations, which hampered the
a substantial reduction beyond a trivial, phase-spaceoverall agreement of the fits with the observed distributions
governed, apparent lowering. This has been verified by Mdn the analysis presented in this paper, are believed to be an
simulations, incorporating the exclusive and breakefp inaccurate knowledge of the process-dependent acceptances
channels, the latter both with and without FSI's, as well agnherent for the TAGX spectrometer, as well as a coarse
background hadronic channels agd/ave correlations. tagged energy affecting the assumed constancy of the rel-
The extractedp® medium-modified masses, 6420, evant matrix elements in the simulated reactions. On both
669+ 32, and 682-56 MeV/c? for the 840, 920, and 1000 counts, future experiments guarantee an improvement.
MeV data bins suggest a strong medium effect in the deep
subthreshold region, requiring large densities that are incom-
patible with a nucleus as light a¥He, but that are more
consistent with the probing of the nucleonic volume. It is The authors wish to thank H. Okuno and the staff of
clear that the observed effect is not a simple kinematic shifiNS-ES for their considerable help with the experiment. Fur-
nor an unmodified “rhosobar.” Whether it is a hadron den-thermore, the authors acknowledge the very insightful dis-
sity effect, an additional element in t8-nucleon coupling, cussions with P. Guichon, M. Ericson, A. Thomas, and A.
or ap® bound state irfHe, the fact remains that a substantial Williams during the Workshop on Hadrons in Dense Matter
lowering of thep® mass is required by the experimental re- (Adelaide, 1997, as well as the discussions with N. Isgur at
sults. Jefferson Lab. This work has been partially supported by
The extent of this apparent mass modification, which isgrants from INS-ES, INFN/Lecce, NSERC, and UFF/GWU.
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