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Abstract

We propose to investigate the subthreshold photoproduction of the three lowest

mass vector mesons, V = �0, !, and � mesons. In the subthreshold energy region,

de�ned here as the energy region below the +N ! V +N reaction threshold on the

free nucleon, VMD-driven vector meson production is suppressed and the inuence

of hadronic matter on the masses of the vector mesons is emphasized. This method

is the optimum vehicle for the study of in-medium modi�cations and, speci�cally for

the �0 meson, experimental evidence already exists for a dramatic reduction in m�o,

which is dependent on the incident photon energy or the �0�N relative momentum.

This points to a potentially new and unexpected aspect: di�erent regions of phase

space enhance, alternatively, the �0 �N and �0 � A interactions and this approach

is particularly attractive as a means to separate nucleonic from nuclear (mean �eld)

e�ects. This assertion will be tested for the �0 ! �+�� channel and the study will

be extended also to the unexplored domains of the ! ! �+���0 and �! �+���0

vector mesons. In addition, the hypothesis of vector mesons forming bound states

in nuclei will be explored.

An attractive nuclear target for this investigation is 3He. The minimum trigger

requirement is the detection of two charged particles (with an open neutral trigger).

We request 420 hours of nominal tagger photon beam ( 107=s ) in Hall B, in the

tagged photon region between 320 MeV and 1520 MeV, of which 150 hours can be

collected in the already approved g3 period.

This is a Hall B Collaboration experiment.
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The Proposal at a Glance

The scienti�c goals of this proposal are, in order of priority:

1. To carry out de�nitive measurements on the medium modi�cations of the �0

meson's mass and width in 3He and to constrain the numerous theoretical

predictions on this subject. In addition, to pursue the separation between

nucleonic and nuclear �eld e�ects, which is a new �nding of the TAGX exper-

iments that is completely unaddressed in the theoretical literature.

2. To measure, for the �rst time, the medium modi�cation of the mass and width

of the ! meson in 3He and compare it to that of the �0 and to theoretical

expectations. In particular, the ! is considered as the ideal vector meson to

investigate bound states in nuclei, which also result in mass modi�cations.

3. To establish the feasibility of extracting the medium modi�cations of the �,

via its pionic decay mode, from remote regions of phase space where the prob-

ability of it decaying inside the nuclear medium is maximized.

The main features of the proposed experiment are:

� The above reactions will be pursued in the subthreshold energy regime. This

is the most unambiguous and direct manner in which vector meson medium

modi�cations may be probed and the di�erent possible contributing mecha-

nisms identi�ed and separated.

� The �0 production reactions will be 3He(t; V )
3He, 3He(t; V )p(pn)sp, and

3He(t; V p)(pn)sp via the �0 ! �+�� channel, which will be collected with

a minimum requirement of two charged pions in the trigger.

� The ! and � reactions will be the same as those for the �0 but via the ! !

�+���0 and �! �+���0 channels, with two charged pions in the trigger and

the neutral pion as part of an open neutral trigger.

� The tagged photon energy range is: 320 � Et
� 1520 MeV. The required

tagged photon ux is � 107=s.

� The detector is CLAS in Hall B, which will be optimally operated with the

main torus at one quarter strength, B=0.25B�.

� We have determined that 420 hours of tagged photon beam on a 3He target is

required for the desired statistical and systematic precision. This beam time

does not include DAQ deadtime and any other sources of beam time losses.

Our trigger and torus �eld requirements are partially compatible with those of

the g3 period: 150 hours of beamtime can be common with g3, and 270 hours

will require dedicated beamtime.
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1 Introduction

Recently, much attention has been directed to the coupling of vector mesons to

nucleons, especially under conditions of high nuclear matter density where it is

expected that this coupling will be modi�ed in comparison to the situation on an

unbound nucleon. Clearly, the �0 � N coupling in nuclei, for example, must be

known accurately as it is an important ingredient in the calculation of the N � N

interaction.

Examples of this interest in vector mesons range from e � A and  � A physics

at Je�erson Lab, to relativistic heavy ion collision experiments at CERN, GSI and

in the future at RHIC (with an implication on the transition from normal hadronic

matter to the conjectured but elusive quark-gluon plasma [1]). The latter has cos-

mological signi�cance, since the universe was in this decon�ned phase a few mi-

croseconds after the Big Bang. Other �elds of interest include the determination of

the equation of state for nuclear matter in connection to the underlying mechanism

of supernovae explosions [2] and the properties of remnant neutron stars [3]. All the

experiments above involve e�ects in systems which transit from nucleonic to quark

degrees of freedom.

A transition of this nature occurs already in normal nuclear matter. Our aim is

to photoproduce the light vector mesons in the interior of the nucleus, below the

free production threshold, by exploiting the Fermi momentum of nucleons. We will

demonstrate that this is the most direct method in the study of in-medium vector

meson coupling.

2 Scienti�c Motivation

2.1 Theoretical Overview

The interior of a nucleus belongs to the long-range and non-perturbative transition

region of QCD, which is largely unexplored. Here, QCD-driven interactions among

nuclei and mesons a�ect fundamental particle properties such as masses, lifetimes,

and coupling constants. At high hadronic matter temperatures, T � 150 MeV,

lattice QCD calculations [4] support the expectation that the scalar quark (chiral)

condensate < �qq > vanishes, an e�ect which signi�es the transition of nuclear matter

from a spontaneously broken symmetry phase to a chirally restored one. However,

the condensate itself is not an experimental observable, and therefore other physical

quantities associated with it need to be measured to test hadronic medium e�ects.

The masses of the light vector mesons are excellent candidates for this task.

The theoretical basis for mass modi�cation of hadrons in the nuclear medium is

overwhelming. Various theoretical methods have been employed in this e�ort: QCD

sum rules (QSR), chiral pertubation theory (�PT ), quark-meson coupling (QMC)

model, e�ective Lagrangian theories, Nambu-Jona-Lasinio models, etc. Several re-

view articles have appeared in print on this topic recently [5, 6, 7], and the reader
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is referred to the signi�cant number of publications in these review articles. Even

though either high temperature T or high nuclear matter density �nuc will result

in vector meson mass modi�cation, there are signi�cant di�erences between these

two conditions. For the mass modi�cation to take place, the hadronic medium tem-

perature must approach a critical temperature Tc � 150 MeV [8, 9]. On the other

hand, while chiral restoration is expected to take place at nuclear matter densities

� � 5 �nuc [7], substantial changes in the < �qq > condensate (of � 30%) can take

place even at normal nuclear matter densities �nuc=0.16 fm
�3.

In other words, the vacuum energy in the hadron sector must be raised enough to

make the quarks massless before the transition can take place. This transition occurs

when the scalar �eld energy reaches a value of 250 MeV/fm3, which corresponds to

an energy density of � = 1 GeV/fm3 [8]. Such a density can be reached in heavy

ion collisions or inside a nucleon. Clearly, experiments probing such density e�ects

stand to yield valuable information.

The e�ect of mass modi�cations on hadrons has been postulated [10]. This is the

original scaling argument by Brown and Rho, who predict that the masses of other

light vector mesons scale approximately like those of hadrons:

m�

N
=mN � m�

�
=m� � m�

V
=mV � f �

�
=f� (1)

where the � denotes the medium-modi�ed quantities.

Numerical predictions for the m�

V
=mV ratio have been produced by a large spec-

trum of other models. It should be noted that most authors treat the �0 and the

! in the same manner, whereas they quote a di�erent modi�cation of the � meson.

The latter is of particular interest since it is modulated by the strangeness content

of the nucleon (OZI-breaking parameter), y = 0:1 � 0:2, in QCD [11, 12]. The

modi�ed masses obey the following relations:

m�

�;!
=m�;! = 1� (A� �A)(�=�nuc) (2)

m�

�
=m� = 1� (B � �B)y(�=�nuc) (3)

where

y = 2 < �ss >N = < �uu+ �dd >N (4)

and the quantities A, �A, B and �B are shown in Table 1. It should be noted that

since most models treat the modi�cation ratios A and B in a similar manner, an

estimate for y can be obtained by determining A in an experiment and measuring

m�

�
=m�.

The di�erent calculations are in relatively good agreement as far as the �0 and

the ! are concerned, with an average decrease of � 20% predicted, at �=�nuc. A

smaller result is predicted for the � [13, 14], although not all authors agree [16].

Nevertheless, a consensus appears to be emerging from the theoretical community
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Table 1: Vector Meson Mass Decrement. The uncertainties in the calculations arise

from the density dependence of the condensates.

Theoretical Prediction m�

�;!
=m�;! m�

�
=m�

Model Reference A �A B �B

QSR+Walecka [13] 0.16 0.06 0.15 0.07

QSR+MC [14] 0.22 0.08 0.06 0.07

QMC [15] 0.17

Average 0.18 0.11

that the masses of the light vector mesons will decrease in nuclear matter, but

the extent of the mass modi�cation is still an open question. This is best shown

in Figure 1, where the range of the m�

V
=mV ratio is plotted as a function of the

hadronic matter density ratio �=�nuc as calculated by various QSR based models.

Finally, the width of the vector mesons was also found to decrease in QSR [14, 17],

as the density increases: for the �0 this implies that the phase space suppression

from the �0 ! �+�� process overcomes the collisional broadening at �nite density,

while an opposite result has been concluded by the work of Klingl et al. [18] who

�nd a large width increase and a small mass change.

The mediummodi�cations described above assume that the vector mesons are on-

shell and free (in ight) within the nuclear medium. Very recently, however, another

source of mass modi�cation has been postulated, namely that of bound states of the

vector mesons in nuclei, in the context of quantum hadrodynamics (QHD) [19]. This

theory has met with considerable successes in describing nuclear charge distributions

and spin observables in proton-nucleus scattering [20, 21, 22], and involves large

scalar (S) and vector (V) �elds in the nucleus. These deeply attractive and repulsive

�elds, respectively, largely cancel out, and their superposition gives rise to the typical

nuclear attractive potentials. Nucleons are sensitive to both S and V �elds, thus

they cannot realize the individual deep �eld components.

Vector mesons, on the other hand, couple only to S �elds and if the vector meson

kinetic energy is below that of the binding energy between it and the scalar �eld, a

bound state is formed, and its mass is reduced by the same amount as the binding

energy. A recent calculation in reference [23], which is based on the QMC model

[15], predicts a large mass modi�cation of the !, even for as light a nucleus as
6He, by the formation of a !-6He bound state. Furthermore, a di�erent calculation

based on QHD and assuming Brown-Rho scaling, as in equation (1), resulted in a

large binding energy of the �0 in 3He. The resultant mass reduction agrees well

with experimental results, thus providing evidence that the �rst such vector meson

bound states may have been observed [24].

The physics origins of bound vector meson states in nuclei are di�erent than the

corresponding ones for mass and/or width modi�cations expected by the interaction
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Figure 1: Masses of the �0, ! and � mesons predicted in QSR models [6]. The

hatched region expresses the theoretical uncertainties.
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of free �0 and ! mesons in the interior of nuclear matter. In general, the expected

mass modi�cation for bound states is larger than those predicted for the free in-

teraction, at least for normal nuclear matter densities. It is possible, of course,

that both phenomena occur in nuclei and this may complicate the interpretation of

experimental results.

It is clear that vector meson modi�cations are expected in some form or another,

and while theoretical calculations do cover the whole spectrum of possible mass and

width modi�cations, experimental input is urgently needed.

2.2 Experimental Overview

In Appendix A, we provide the reader with a description of vector meson medium

modi�cation results from the last ten years, using hadronic probes. In this subsec-

tion, we only highlight these results, and present in more detail what we consider

to be the most de�nitive measurements, carried out with photons. This overview is

meant to set the stage for the scienti�c justi�cation of our proposal.

In Appendix B we compare and contrast the proposed experiment to that of

E94-002, approved to run in Hall B, which is similar in its objectives. Finally, in

Appendix C we discuss proposed experiments on vector meson mediummodi�cations

at various facilities, utilizing di�erent probes and methodology, to impress upon the

reader the interest on this topic in diverse sub�elds of subatomic physics.

2.2.1 Hadronic Probes

There has been a urry of recent experimental results from a number of accelerator

facilities, employing hadronic probes, which have found evidence of a modi�ed �0

meson mass in the nuclear medium. The most notable are: heavy ion collision

experiments at CERN, which have seen an unexpected enhancement in dilepton

invariant mass spectra at low invariant masses [25, 26, 27]; K+ �12 C elastic cross

section measurements at 800 MeV/c that have also revealed an enhancement which

may be attributed to a shifted �0 mass [28]; and a ~p � A scattering experiment at

IUCF that has evoked shifted meson masses in an attempt to explain spin-transfer

observables [29]. Although these types of experiments have inferred the presence

of medium modi�cations, they were not entirely conclusive, as other conventional

mechanisms could also explain the data, at least in part.

2.2.2 Photon Probes

The �rst \direct" measurement of the �0 mass modi�cation was performed at INS-

ES, via the photoproduction reaction 3He(t; �
0 ! �+��), with tagged photons in

the energy range 800-1120 MeV and with the two pions detected in the TAGX1

1For the interested reader, a detailed description of the TAGX System is presented in refer-

ence [30].
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Figure 2: The dependence of the �2 as a function of m�

�o
, resulting from the MC

�tting to the data [33], for four di�erent tagged photon energy bins. The MC calcu-

lations are indicated as points, and the curves display third-order polynomial �ts to

these points. The extracted masses from the two lowest curves are 642�40 MeV/c2

and 669�32 MeV/c2 for the 800-880 MeV and 880-960 MeV tagged photon energy

bins, respectively.

magnetic spectrometer. The analysis was consistent with a 17% reduction in the �0

mass [31], which is illustrated in Figure 2. A subsequent reanalysis of older TAGX

double-pion production results, at lower tagged photon energies (380-700 MeV),

con�rmed the large mass shift [32]. Moreover, the characteristic p-wave distribution

of the �0 ! �+�� decay has been observed and is shown in Figure 3, further assuring

the validity of the �0 signature among all the competing channels [33]. This p-

wave signature only manifests itself in the 500-600 and 600-700 MeV/c2 invariant

mass regions, as seen in panels (b) and (c) of this �gure, clearly indicating that

the mass of the �0 is shifted from its free value of 770 MeV/c2. The conclusions

from reference [31] were that the reduction, �m�0 , of the �
0 mass was much larger

than any theoretical prediction, and that the mass shift increased as the experiment

probed deeper below threshold. This analysis will be discussed in further detail in

Section 4.2, as it will form the basis for the analysis of the experiment proposed

here.
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Figure 3: The cos��
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distribution is shown in the invariant mass regions of a) 500-

600 MeV/c2, b) 600-700 MeV/c2, c) 700-800 MeV/c2 and d) 500-600 MeV/c2 after

a subtraction of the `at' 400-500 MeV/c2 distribution. Panels a), b) and d) capture

the l = 1 signature of the �0 ! �+�� decay.
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3 Physics Objectives of this Proposal

The principal properties of the three lowest mass vector mesons are displayed in

Table 2, with the boxed numbers indicating the decay modes that will be measured

in this experiment.

Table 2: Vector Meson Properties

Particle Width c� BR( �+�� ) BR(3�) BR(��) BR( e+e� )

(MeV/c2) (MeV/c2) fm % % % %

�0 (770) � 151 1.3 � 100 < 1:2� 10�2 - 4:5� 10�3

! (782) � 8.5 24 2.2 � 89 - 7:1� 10�3

� (1020) � 4.5 45 8� 10�3 2.5 � 13 3� 10�2

We begin by reiterating the aims behind the study of each of the three vector

mesons. We stress that di�erent emphasis and priority is placed on each meson,

with the �0 and ! comprising the main objectives of our study, as will be explained

in detail below.

� The �0 meson: We seek to provide quantitative and de�nitive information on

the physics origin (nuclear or nucleonic) of the downward shift of the mass of

this meson - as compared to its vacuum value. From our TAGX experience,

we are con�dent that the extraction of this information will be accomplished

with a high certainty and will be much more constraining to theory than the

TAGX results, which had certain limitations, as explained further in Section 4.

Clearly, since the �0 has a short decay length, its populated phase space related

to medium modi�cations will be large, which implies that any modi�cations

measured will carry a high con�dence. However, due to the large width of this

resonance and the broad shapes of competing mechanisms, a small modi�ca-

tion of its width may not become readily apparent. In the process, this will

exclude theoretical claims of minimal mass but large width e�ects. Depending

on the invariant mass binning that can be achieved, the experiment will be

sensitive to a change in ���0 as low as 20 MeV/c2.

� The ! meson: This particle has not been investigated as far as medium mod-

i�cations are concerned. Whereas some models expect the �0 and ! masses to

be similarly modi�ed [11, 14], others predict a smaller mass decrease for the !

[34]. Furthermore, the small width of the ! and its three-pion decay mode is

a unique signature among mechanisms in its mass range and establishes it as

a sensitive probe of even small mass and/or width modi�cations. This comes

at the expense of reduced in medium decay probabilities, which, with some

care, can be enhanced in selected regions of phase space.
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It is, however, the investigation of the bound state of vector mesons in nuclei

which places additional emphasis on the photoproduction of the ! meson. A

bound ! will result in nearly 100% in medium decay probability if produced

essentially at rest or with very low momentum with respect to the nucleus.

The long in-ight decay length of the free ! in the nucleus, even at very low

kinetic energies, will result in a small number of modi�ed ! mesons, while

a bound state will result in a large fraction with respect to natural mass

! decaying outside of the nuclear medium. Thus, the observed fraction of

modi�ed to unmodi�ed detected ! mesons will separate these two di�erent

e�ects. Furthermore, unlike the in-ight modi�cations which have an energy

dependence as a function of e�ective �c� , bound states exhibit more or less a

threshold type of energy dependence as either bound or free ! mesons within

the nuclear S �eld. Clearly, under these conditions, the ! is the ideal vehicle

to probe such bound states in nuclei.

� The � meson: QSR predict a decrease in the � mass, which is further modu-

lated by the strangeness content of the nucleon (see equations (3) and (4)). In

addition, as a pure �ss state, the � is sensitive to the < �gg > gluon condensate,

and thus the scope of medium modi�cations is expanded by including gluonic

contributions to the interaction matrix elements [35]. Speci�cally, it has been

shown that if a �rst order QCD phase transition occurs in ultrarelativistic

heavy ion colisions, a double � peak will appear in the dilepton invariant mass

spectrum. This peak persists even when the transition from quark to hadronic

degrees of freedom is a smooth crossover, and as such the double peak is a

viable signal for the formation of quark-gluon plasma [36]. Having stated this,

however, it should be emphasized that it is unknown whether such a peak will

manifest itself in the chiral transition accessible in the subthreshold region

of this experiment. Furthermore, the populated phase space production of

the � is very small, and whether it is realistically measurable depends on the

statistics we will be able to accumulate in remote regions of phase space. The

drawbacks notwithstanding, the physics motivation of � mass modi�cations is

compelling enough to warrant a serious look, in the very least, at the possibil-

ities and limitations. Our aim in this regard is to perform a feasibility study

which will serve as input to future experiments.

We propose to use CLAS to investigate the 3He(t; V )
3He, 3He(t; V )p(pn)sp, and

3He(t; V p)(pn)sp reactions, where V = �0, !, or �mesons, by detecting the hadronic

decay modes indicated in Table 2. These modes were selected over the leptonic ones

mainly because of their favorable branching ratios. Clearly, each reaction channel

and each vector meson probe di�erent aspects of mediummodi�cations. Fortunately,

the data for all these will be accumulated simultaneously in CLAS. The choices of
3He as the nuclear target and 320-1520 MeV tagged photon energy contribute to

the suppression of competing channels, including those which involve �nal state

interactions of the decay hadrons.
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Figure 4: Diagrams contributing to the �o meson channel: (a) and (b) refer to

the exclusive and breakup channels in the text, respectively, and contribute in the

subthreshold region.

3.1 Vector Meson Production in the Subthreshold Region

The general physics topic of our proposal is similar to that of proposal E94-002 [37],

however, the subthreshold emphasis in this proposal is unique. A detailed comparison

of the two methods is outlined in Appendix B.

The diagrams that contribute to the vector meson production processes of interest

to this proposal are shown in Figure 4. The interaction vertex can be driven by the

exchange of a pomeron, pion or vector meson. The exact mechanism, which depends

on the four-momentum transfer, is not relevant to the investigation of this proposal;

rather, only the kinematics of the reaction and the �nal state are of interest here,

since the physics of vector meson medium modi�cations alone already de�ne the

scienti�c motivation of this proposal.

Above the threshold of vector meson photoproduction o� a proton, the single

nucleon amplitudes contribute coherently to the total vector meson production cross

sections on nuclei, and as a result yield large cross sections. This was veri�ed by �0

production on nuclei at photon energies in the 2.6-6.8 GeV region [38]. However,

in that energy region, where the momentum transfer to the struck nucleon is very

small, �0 mass modi�cations could not have been observed for two reasons: �rst, as

t! 0 in coherent (di�ractive) �0 production, the �0-mesons are produced essentially

outside the nucleus and only a fraction of them is expected to penetrate its interior

region; second, among the ones that do penetrate, only a very small fraction will

decay within the nuclear volume due to the �c� factor. The latter argument is

even more compelling for the ! and � mesons, which have c� factors of 24 fm and

45 fm, respectively.

This e�ect is clearly illustrated in Table 3, for 5 GeV photons impinging on a
3He nucleus as compared to the 1 GeV case. Clearly, any attempt to produce vector

mesons o� nuclei signi�cantly above threshold greatly decreases the sensitivity to
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medium modi�cation e�ects.

Table 3: Fraction of �0 , ! and � decays inside each nucleus, f = (1� e
�
R
A

c� ).

E Target RA [fm] �;! �c� [fm] f� (%) f! (%) f
y

�
(%)

5 GeV 3He 1.7 6.51 8.46 18 1.1 0.8

1 GeV 3He 1.7 1.23 1.60 66 5.6 3.5

1 GeV 4He 1.9 1.24 1.61 70 6.2 3.7

1 GeV 12C 2.74 1.29 1.68 80 8.5 5.1

1 GeV 208Pb 7.11 1.29 1.68 99 21 12.5

y E is 1.2 GeV for the � meson.

On the other hand, below the photoproduction threshold on a free nucleon,

termed the subthreshold region, we essentially \force" the interaction vertex to

occur within the nuclear volume, thus enhancing the probability of medium modi-

�cations. In this situation, the vector meson can be brought on-shell mainly in one

of two ways:

1. By employing a small momentum transfer in the reaction, one probes primar-

ily the low region of the Fermi-momentum distribution of the participating

nucleon. This process is mainly associated with a bound 3He nucleus in the

�nal state, as shown in Figure 4(a). We term this as the exclusive channel

and a mass modi�cation is essentially a nuclear mean �eld e�ect. This is done

in order to avoid confusion with the same reaction above threshold, which is

termed the coherent production. As the momentum transfer increases in the

subthreshold region, the exclusive cross section decreases rapidly, falling with

the 3He elastic form factor. The �0, of course, can also be produced coherently,

but at E = 840 MeV, for example, only half of the �0 resonance mass can be

populated, which means that this process is suppressed.

2. By requiring a large four-momentum transfer in the reaction, compared to the

average single (bound) nucleon's Fermi four-momentum, the region of large

momentum components in the single nucleon wavefunction is probed. This

process is represented diagramatically in Figure 4(b). This, of course, results

in small cross sections, compared to the total �0 cross section above threshold,

but nevertheless it dominates the cross section in the subthreshold regime, and

corresponds to a short-distance �N interaction. We refer to this reaction as

the breakup channel and medium modi�cations are dependant on the �eld

of the interacting nucleon, due to the short-range nature of the interaction.

An additional and important bene�t of subthreshold production is connected to

the low photon energy employed. This involves a small Lorentz boost from the
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center-of-mass to the lab frame and thus vector mesons emerge with small velocities

relative to the participating nucleon (nucleus), which results in an increased prob-

ability of the vector meson decaying within the nucleonic (or nuclear) �eld. This

is dramatically illustrated in Figure 5. Furthermore, the small kinetic energies of

the produced �0 and ! will also allow the investigation of possible bound states in
3He. Such investigations can e�ectively take place only at threshold or subthreshold

energy regimes to assure the formation of bound states.

In short, in our proposed experiment we aim to selectively examine regions of

phase space where diagrams 4(a) and 4(b) are alternatively enhanced/suppressed, as

they probe nuclear versus nucleonic �eld modi�cations, respectively. Both channels

will be presented in further detail, following the discussion on the target nucleus.

It should be emphasized here that the physics nature of the nuclear and nucleonic

medium modi�cations is the same. The only di�erence is the e�ect each has on the

magnitude of the measured �nal mass modi�cation.

3.2 The Choice of Nuclear Target

In principle, one desires as massive a target as possible (high �nuc and large charge

distribution radius) in order to amplify the expected nuclear medium modi�cations.

However, in subthreshold production, where the vector meson is produced essentially

at rest, the fraction of in-medium decays is high enough for light nuclei that a heavy

nuclear target does not provide much of an advantage, as is evident in Table 3

and Figure 5. This point is also reected in the expected mass modi�cation of

the �0 in a �nite nuclear density distribution as calculated in [39]. In this reference,

unlike all other calculations which involve in�nite nuclear matter, the experimentally

parameterized charge density distributions for 3He, 4He, and 12C were used. The

values of �m�0 were calculated to be 40, 80, and 50 MeV/c2, respectively. In other

words, the mass modi�cation di�erence between 3He and 12C is not signi�cant, while

the larger one for 4He reects its higher core density. Additionally, in the context of

�nal state interactions (FSI), a heavy target is disadvantageous for hadronic decays

which, for the three vector mesons in this proposal, dominate the branching ratios.

Finally, if the large �m�0 observed in the TAGX results is indeed nucleonic in origin,

nuclear size will not matter.

The chosen target, 3He, is an attractive choice on physics grounds, and it also

allows a direct comparison with the TAGX results. There is an additional, practical

reason why 3He is the ideal �rst nuclear target for the study of the modi�cations of

vector mesons: the scienti�c motivation of E93-044 [40] is centered on the investiga-

tion of all photoreaction channels (except subthreshold vector meson production).

In essence, the foreground reactions of E93-044 are our background channels. Such

an ideal symbiosis of experiments is only achievable with the CLAS spectrometer in

Hall B.
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Figure 5: Simulated mean decay length l0 distribution, of the �
0 ! �+�� decay, is

indicative of the distances probed for vector meson modi�cations in the TAGX ex-

periment. The l0 spectra are illustrated for a) E = 840 MeV and b) E = 1000 MeV.

The histograms are for MC generated events accepted by the spectrometer in the
3He(t; �

0)p(pn)sp (solid curves) and 3He(t; �
0)3He (dashed curves) reactions, nor-

malized to unity. The mean decay length is for the former reaction in the rest frame

of the participating proton (the two remaining nucleons being spectators), and for

the latter in the rest frame of the 3He nucleus.
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3.3 The Exclusive 3He(t; V )3He Channel

This reaction, for the �0 and !, is one of our two primary objectives.

The exclusive reaction is, in principle, the most sensitive way to investigate vector

meson medium modi�cations in the mean �eld of the nucleus. We refer to this as

the nuclear e�ect. As a test of the theoretical calculations, this is the reaction to

compare with, at least for light nuclei.

Here the aim is to isolate diagram 4(a), which constitutes 15% of the cross section

at subthreshold energies. This is accomplished by imposing selection criteria on

the missing mass spectra, as will be explained in detail in Section 4.2. This, in

e�ect, allows access to regions of phase space where the relative velocity between

the produced vector meson and the intact nucleus maximizes the probability of the

meson decaying within the nuclear density distribution, as shown in Figure 5.

The TAGX experiments [31, 32] spurred speci�c theoretical calculations, based

on the QMC model of Saito, Tsushima and Thomas [39, 41]. The results of the

calculation for 3He were consistent with �m�0 = 40 MeV/c2, which is much smaller

than the extracted values from the TAGX experiments of 130 and 250 MeV/c2, cor-

responding to 800-1120 MeV and 380-700 MeV tagged photon energies, respectively.

Figure 6 shows the calculations for 3He. Since the 3He nucleus has a radius of 1.7 fm

and a mean density equal to 0.4 �nuc, the calculation predicts a mass modi�cation

of about 8%, whereas the data supports a number closer to 17%. This discrepancy

is signi�cant and must be pursued further with CLAS, since the model of Saito et

al. includes an explicit parameterization of �nite nuclear properties.

3.4 3He(t; V )p(pn)sp and
3He(t; V p)(pn)sp Breakup Reactions

This reaction, for the �0 and !, is the second of our two primary objectives.

As reported in references [31, 32, 33], the breakup reaction in diagram 4(b) dom-

inates the total �0 photoproduction cross section in the deep-subthreshold region,

and the obtained dramatic �0 mass modi�cation results are consistent with the onset

of a new mechanism. Speci�cally, the relative momentum between the �0 and the

struck nucleon is such that the majority of the �0 particles will decay within the

hadronic �eld of the nucleon [42]. As an example, for the lowest TAGX energies,

the mean decay length between the produced �0 and the struck nucleon is approxi-

mately 0.3 fm. In essence, the �0 decays at its production vertex [32]. Even at E =

840 MeV, approximately 70% of the produced �0 mesons decay within 0.5 fm from

the production vertex, as shown in Figure 5.

In this situation, nuclear matter density considerations like those reported in ref-

erence [39] are not relevant, but the nucleonic density may be at play instead [42].

These conclusions seem to be supported by the �ndings of reference [8], in which

energy densities of 1 GeV/fm3 result in chiral symmetry restoration. Such densities

are manifested within the nucleonic domain. It turns out that, at V � N relative

coordinates of 0.5 fm or less, the nucleon's hadron matter density is high enough
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Figure 6: The modi�ed to unmodi�ed mass ratio for the �0 meson, as a function of

nuclear radius, from reference [39].

to exceed �nuc, and thus induce a mass modi�cation that cannot be realized in the

context of the nuclear mean �eld. If this is indeed the case, in deeply subthreshold

vector meson production, the mass modi�cation should be nearly independent of

mass number. This nucleonic e�ect has not been considered in any of the theo-

retical calculations, and has been reported for the �rst time in reference [31]. The

experiment planned with CLAS will greatly increase the con�dence in the separation

of these two di�erent diagrams.

For the other two mesons, due to their longer c� , it is even more critical to be

selective in terms of phase space, in order to probe low V � N relative velocities.

In these regions, we not only expect to maximize the mass modi�cation but to also

increase the ratio of modi�ed to unmodi�ed V -mesons, as well. For the bound !

case, the �nal state will follow a six-body phase-space distribution, unlike the !

reaction in Section 3.3 which follows a four-body distribution.



G.J. Lolos et al.: Medium Modi�cations of Vector Mesons 16

3.5 Future directions

The results of the proposed experiment will resolve the issue of the nucleonic modi-

�cation of the �0 and ! and will determine the magnitude of the modi�cations more

reliably than the TAGX results have for the �0 meson. They will also deconvolute

the contributions of ���0 and �m�0 to the overall (compounded) m
�

�o
extracted from

the TAGX analysis. As an extension of the investigation of the nuclear density e�ect

of �0 and ! modi�cation (via the exclusive reaction), a next logical target would

be 4He, for its simplicitly and high nuclear density. The separation of exclusive

and breakup channels, in particular, is much simpli�ed by the 22 MeV separation

between the 4He ground state and the onset of excitations and break up. While an

experiment on 2H and 12C has been completed at INS-ES using the TAGX detector,

the advantages of CLAS dictate that these investigations need to be pursued as a

function of mass number for selected light nuclei.

Although the emphasis of this experiment is the investigation of the �0 and !

mass modi�cation, we will also attempt to extract similar information on the �

meson. A successful outcome in the latter case will naturally lead to future dedicated

experiments.

The next candidate in this search is the J= . It has been predicted that J= 

suppresion would unambiguously signal quark gluon plasma formation. There is

an extensive set of measurements from experiments NA38 and NA50 at CERN [43]

that indicates that the J= production rate is suppressed by nearly a factor of two

with respect to the Drell-Yan production cross section. It has been suggested that

this is evidence of the onset of a new, very dense state of matter. At JLab/Hall B,

further down the road, similar investigations with the subthreshold production of the

J= open up. These will allow us to reach into the c�c-interactions with the nuclear

medium [35].

In this context, the present proposal is the �rst step towards a potentially rich

program of investigations of subnucleonic degrees of freedom in the nuclear medium,

thus ful�lling the original statement of this physics as one of the last frontiers of

QCD. These experiments are not easy and the analysis of the data is very complex.

A step by step approach is required, building the case of each experiment on the

solid results of the previous one.

4 Experimental Methodology at Hall B

4.1 Comparison of INS-ES and Hall B Systems

Beam: The maximum endpoint energy of INS-ES is 1.22 GeV. This precludes the

mapping of the � meson, which can be achieved in Hall B. Furthemore, the quality

of the electron beam at JLab far exceeds that of INS-ES (a 100% duty factor as

opposed to 10% at INS-ES) which shortens the running period and makes it easier

to control the systematics.
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Tagged Photons: The Hall B tagger can provide a ux of 107=s, nearly two

orders of magnitude improvement over the INS-ES facility. This will allow the

accumulation of statistically signi�cant data in regions of phase space where the

physics are particularly interesting and otherwise inaccessible. It will also allow for

a �ner tagged photon energy binning than used in the TAGX analysis, which will

further constrain the MC simulations, reduce uncertainties in the assumed constancy

of the matrix elements, and signi�cantly improve the reliability of the MC �ts to

the data.

Acceptance and Coplanarity: A nearly 4� sr detector like CLAS has both ad-

vantages and disadvantages over a 1� sr device such as TAGX. In the latter case,

the restricted, in-plane coverage simpli�ed the extraction of the �0 channel from

competing data, as this is the only inherently coplanar �+�� process in this en-

ergy range. By presenting a small overall acceptance for two-step processes and

double-pion production due to multibody phase space processes, TAGX naturally

suppressed such background [32].

Once this is accomplished, however, the limited out-of-plane acceptance makes

extrapolations over unmeasured regions of phase space somewhat uncertain. In

fact, our �tting procedure relied on such extrapolations: agreement with total cross

sections from the literature was used as a constraint to the �ts, and this translated

in a large uncertainty in the determination of �m�0 . CLAS may not improve the

�0 ! �+�� detection all that much over TAGX, but the experimental con�dence

associated with the actual detection of � and N� decay products out of plane will

be invaluable in the �nal determination of �m�0 , without the uncertainties present

in the TAGX results. Moreover, ! detection capability eluded TAGX, while it will

be quite satisfactory with CLAS, due to its neutral capability in detecting the two

photons from the �0 !  decay.

One should also note that, in selected regions of phase space, the participating

nucleon can also be detected in CLAS, which will further enhance the reliability

in reconstructing the reaction and assuring kinematical completeness, as discussed

in Section 4.2 below. This feature is valuable in the de�nition of coplanarity and

missing momentum criteria, which are powerful signatures for the �0 production

process.

Resolution: The resolution of TAGX is approximately 3.5% �p=p for pions of

350 MeV/c momenta. The CLAS momentum resolution (ca. 1%) will allow a more

precise determination of the particle tracks, which will result in an even \cleaner"

data set, as the PID de�nition is expected to be sharper than that of TAGX. This will

undoubtedly aid in the separation of the ! from the �0 and will also have advantages

in the missing energy spectrum. If any conclusions could be drawn from the data

on a possible � mass modi�cation, the available resolution with CLAS will play an

important role. Finally, it is certain that an investigation of mass modi�cation as

a function of V �N relative momenta (or coordinates) requires the high statistical

precision and resolution achievable only in Hall B. The large in- and out-of-plane

coverage of CLAS will also provide angular distributions which will assist in the
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deconvolution of the data.

Conclusions: Clearly, the advantages of the Hall B/CLAS system are numerous.

The proposed experiment will address the new e�ects in �0 mass modi�cations sug-

gested by the TAGX results, and improve the quality of the results on vector meson

medium modi�cations substantially over the existing TAGX data, while allowing a

careful study of both ! and � mesons that was not feasible at INS-ES.

4.2 Extraction of the V mass from the data

At present, we propose to extract the modi�ed vector meson mass from the CLAS

data in a manner similar to our already published TAGX analyses [31, 32, 33]. Our

analysis method is under constant re�nement, and any subsequent improvements

will be considered and incorporated in the CLAS analysis. For the sake of brevity,

the following discussion will consider V= �0 only.

As will be explained below, we plan to analyze two-, three- and four-track CLAS

data, including �+��, �+��p and �+��p(p) events, in addition to events containing

a detected �o. This is because the di�erent physics processes which contribute signif-

icantly to �+�� photoproduction in this energy region can also result in the emission

of one or more energetic nucleons. The extraction of these multitrack data, from the

large CLAS acceptance, together with the greatly improved statistical precision, will

provide a striking advance over the previous TAGX experiment.

The particles will be identi�ed from the TOF versus momentum information, as

shown in Figure 7. From this �gure we see that protons (upper band) and pions

(lower band) are cleanly separated.

In the remainder of this section, we will present the physics background processes,

the cuts which reduce their contribution to the data, and the analysis philosophy to

isolate the �0 contribution from both the �+�� and �+��p event samples.

4.2.1 Physics Background Processes

Briey, the physics background processes that we have to consider here are:

� 3He(;��) on a nucleon, followed by �� ! �+��N (the two other nucleons

are spectators). This is the dominant �+�� production mechanism in the

1 GeV region [44]. As this process usually results in the emission of an energetic

nucleon, it will contribute to both the two- and three-track event samples.

� Quasifree N� production, 3He(;N��) on a nucleon, which decays via either

N� ! �N or N� ! �� ! ��N . Here N� includes the Roper, the N�

1520,

and other higher nucleonic resonances, as appropriate. These processes gain

importance as the incident photon energy is raised to the 1-1.5 GeV region,

otherwise they are similar to the quasifree �� channel.
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Figure 7: Simulated TOF versus momentum for CLAS. The upper band is protons

and the lower band is pions. Some muons (below the pion band) are visible.

� 3He(;��) on a nucleon pair, followed by �� ! �+��NN . This reaction

has been measured on both 2H [45, 46] and 3He [47] targets, and is the second

most important process at 1 GeV.

� Incoherent �+���0 production. At 1 GeV, this channel is fairly weak, but at

TAGX it was found to contribute to the high missing momentum region (the

�0 escaped undetected). The neutrals capability of CLAS should aid in the

understanding of this portion of the data set, and will be especially helpful in

the ! and � analyses.

� Final state interactions, of the form �N ! �0N 0, can occur between the pion

produced from �0 decay and one of the nucleons, possibly mimicking the sig-

nature of a medium modi�ed �0 mass, and leading to an erroneous conclusion.

Therefore, this process (for an unmodi�ed �0 mass) will be modelled and in-

cluded in the �tting procedure. However, 3He was chosen as a target in order

to minimize FSI complications, and the TAGX analysis has con�rmed that

the contribution of the FSI process to the data is minimal. The issue of FSI

will be dealth with, in more detail, in Section 4.2.4.
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4.2.2 Analysis of the �+�� Events

The analysis of these CLAS events will be very similar in philosophy to the TAGX

analysis [31, 32, 33]. Our 3He(t; V ) foreground processes have signi�cantly smaller

cross section than the sum of those listed above. However, there are several factors

in our favor which will greatly ease the extraction of the �0 signature from the data:

1. The �0 ! �+�� process is intrinsically coplanar, whereas the background

processes listed above generate noncoplanar as well as coplanar pion pairs.

Cuts on the relative azimuthal angles will be placed on the data, to take

advantage of this natural feature. In the case of ! ! �+���0 and �! �+���0

channels, four-momentum and invariant mass criteria, coupled to the narrow

width of these resonances, will su�ce to suppress the background processes

even without the coplanarity criteria.

2. A cut on the opening angle between the two pions preferentially selects pions

from the �0 decay, since the pions emerge back-to-back in the �0 rest frame.

3. A cut on missing mass can be placed to separate the contributions of the
3He(t; V )

3He and 3He(t; V )p(pn)sp channels.

4. Simulated events from foreground as well as background processes, having

taken into account the e�ects of detection threshold and �nite acceptance,

will be �t to the data. The vacuum values for the masses and widths of all

resonances will be used in the simulations, with the exception of the �0 meson,

for which simulations with both free and modi�ed mass and width will be

carried out. The MC �tting procedure is expounded below.

MC Fitting Procedure

The MC physics generators are purely phase-space driven, in the sense that the

matrix element is constant in each narrow tagged photon energy bin. As with the

TAGX analysis, the �tting procedure will be an iterative and simultaneous �tting of

several experimental observables, with the data from each photon energy bin treated

completely independently of the others.

These experimental observables are: the dipion invariant mass m��, the missing

mass mmiss, the opening angle between the two pions ���, the missing momentum

pmiss, the emission angle of the �� system �IM , and the cosine of the pion angle,

��
�
, in the dipion rest frame. The �tting will also be carried out simultaneously in

three missing mass regions, one focusing on the breakup channel of 3He, one on the

exclusive ( 3He ) region, and the �nal one unrestricted. Such a �t is not optimized

just on the �+�� invariant mass, as with the CERES analysis, but takes into account

the distribution of the data over a wide range of experimental observables. This

intends to reduce the chance of a fortuitous �tting to the data, and the extraction
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of an erroneous modi�ed �0 invariant mass. Essentially, we plan to take advantage

of the full power of the data set obtainable with a large solid angle detector.

For the TAGX analysis, we simulated the 3He(t; V )
3He and 3He(t; V )p(pn)sp

�nal states with several di�erent shifted �0 masses from 500-725 MeV/c2. The good-

ness of �t was calculated for each combination of free and modi�ed �0 masses, and

it was found that the best �t was obtained with a reduced �0 mass of approximately

642�40 MeV/c2 and 669�32 MeV/c2 for the 800-880 MeV and 880-960 MeV tagged

photon energy bins, respectively, (see Figure 2) and a free width. However, a combi-

nation of smaller mass modi�cation accompanied by substantial width modi�cation

[18] is also consistent with the data [33]. Finally, we observed �0 ! �+�� con-

tributions from both modi�ed and free mass �0 mesons in the same data set, as

expected if the �0 is sometimes produced and decays in the 3He interior (resulting

in an observed mass reduction), and is sometimes produced and decays on the 3He

periphery (resulting in little or no mass shift). The interested reader is referred to

[31, 32, 33, 47] for additional details of the INS-ES analysis.

4.2.3 Analysis of the �+��p(p) Events

In addition to the �+�� method described in the previous section, in the analysis of

the CLAS �+��p(p) events the simultaneous detection of one or more nucleons will

allow us to place even more stringent conditions, once again e�ectively enhancing

the �0 channel.

1. The two main �0 production channels, 3He(t; V )
3He and 3He(t; V )p(pn)sp

generate predominantly two-track events, and so the detection of one or more

nucleons associated with FSI, � or N� decay inherently discriminates against

these physics background processes. This is particularly true for the exclusive

reaction. In addition, there are regions of phase space where the recoiling 3He

may be detected.

2. The coplanarity criteria for the �+��p(p) events which we will employ, in re-

gions of phase space where the recoiling nucleon(s) from the 3He(t; V p)(pn)sp
reaction fall within the CLAS acceptance, are:

( ~p � ~pp) � ( ~p�+ + ~p��) (5)

( ~p � ~pp) � ( ~p�+ � ~p��) (6)

( ~p � ~p�+) � (~pp � ~p��): (7)

For events coming from vector meson production on a single nucleon, we expect

the angle de�ned by equation (5) to be a narrow peak centered at 90� with a

width determined from the Fermi momentum of single protons in 3He and the

experimental resolution. For competing multi-nucleon background processes,

this correlation should be much weaker. This is shown in Figure 9, where the
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Figure 8: Coplanarity angle, from equation (5), for �+��p events. The solid line

is for the �0 production reaction, the dotted line is for the �� reaction and the

dashed line is for the FSI a�ected process. These are MC simulations using the

CLAS simulation package, as explained in Section 5.3.

Figure 9: MC simulations, as in the above �gure, of the coplanarity angles for �+��p

events. Panels (a) and (b): the coplanarity angle calculated from equation (6) versus

that of equation (7) for the �0 production reaction, and quasifree N� plus single �

reactions, respectively.
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solid curve is for the �0 reaction discussed here, and the other curves are for

�� and �0-driven FSI background reactions.

On the other hand, the combined information from equations (6) and (7) can

be used as a �lter in the analysis to separate the �0 from the quasifree N� and

single-� processes. This is illustrated in Figure 9, where these two coplanarity

angles are plotted against one another in panels (a) and (b) for the �0 meson,

and quasifree N� plus single � channels, respectively.

3. Invariant Mass Tests. Again, for �+��p events we may accentuate the fore-

ground reaction by placing suitable cuts on the correlation of the invariant

mass of the p�+ and p�� pairs. One such example is shown in Figure 10. The

left plot is for the �0 reaction discussed here, and the right hand plot is for the

�� reaction.

Figure 10: Invariant mass of the p�+ pair versus that of the p�� pair for: left, the

foreground (�0) and right, the background ( �� ) processes. These are simulated

events, as in Figure 9.

4.2.4 Final State Interactions

One of the prime motivating factors in the pursuit of the leptonic V ! e+e� decay

channel is the lack of pronounced FSI compared to the hadronic channel. In this
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section, we present physics arguments which support the TAGX MC �tting results

that show no preference for FSI processes in the hadronic channel reactions.

1. One of the dominant FSI processes in nuclei is pion absorption, �+NN ! NN .

This results in the removal of the event from our trigger and does not represent

a problem, as our method of m�

�o
extraction is independent of ��.

2. In the 3He(t; V )
3He reaction, the forward peaked �N ! �0N 0 scattering is

suppressed by simple DWIA arguments, as it involves essentially zero mo-

mentum transfer. Inelastic �N scattering (pion production) is discriminated

against by missing mass cuts.

3. In the 3He(t; V p)(pn)sp reaction, if the four-momentum is large enough to

change the extracted m�o, the FSI and �
0 ! �+�� channels can be separated

based on their di�erent kinematical signatures which result in the population

of di�erent regions of phase space. Indeed, this has been veri�ed in the TAGX

analysis of the 3He(t; V )p(pn)sp reaction, which is less restrictive, and, in

principle, more di�cult to analyse than the 3He(t; V p)(pn)sp channel.

4. Finally, if �N ! �0N 0 events survive all cuts and if the momentum transfer

to the struck nucleon is large enough to a�ect m�+��, the p-wave signature of

the dipion system will also be lost. A clean p-wave signature is �nal proof of

minimal FSI.

5 The Experiment

5.1 Experimental Parameters

In Table 4, we list the basic requirements for the experiment. This information

was employed in the Monte Carlo simulations and count rate estimates, discussed

later in this section. A matter of importance is that the tagger should be operated

using the entire tagging range from 20% to 95% of the endpoint energy. This will

allow us to probe deep into the subthreshold region and will permit access to regions

where background reactions dominate, providing information that will be used in

the deconvolution of the data. It will also lead to coherent production of the �0 and

!, which will be used as a check of the experimental consistency and resolution. The

coherent ! signature will also assure us that the � can also be identi�ed subthreshold,

since coherent � production is not accessible in the range of photon energies speci�ed

here.

5.2 Trigger

As already mentioned above, the optimum condition for this experiment requires

two charged particles in the trigger, and an open neutral trigger. This will ensure
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Table 4: Proposed Experimental Parameters.

Electron Energy 1.6 GeV

Photon Energy Range 0.32 - 1.52 GeV (0.20-0.95Eo)

Beam current 8 nA

Number of tagged photons 107=s

E93-044 Target density 1.0 g/cm2

E93-044 Target material liquid 3He

that events of the types �+��, �+���0 and �+��p will be accepted, as well as

those where additional nucleons/pions emerge. The sorting of the di�erent reaction

channels will be performed o�-line. A detailed trigger simulation along the lines of

that performed for E93-031 [48] has been performed and continuous re�nements are

being incorporated.

The optimal trigger as such is rather restrictive. However, as veri�ed in the

\leptonic-background free" conditions encountered in the g6 running period (which

ran with a two-particle trigger), if the accidental rates and the DAQ deadtimes are

low while the photon ux is maintained high, then a single charged particle trigger

may be also considered. The recent CLAS achievement of 1.5 KHz DAQ rate at

20% deadtime, is indeed very encouraging. If, in addition, the accidental rates due

to leptonic background can be kept low, then a single charged particle trigger can

be employed.

5.3 Acceptance Studies

The events were generated with codes based on the GENBOD package. For each

reaction considered, 50000 events were generated, taking into account the 3He Fermi

distribution for single nucleons in 3He. These events, in turn, were fed into the

CLAS detector simulation package, GSIM. The resulting pristine output �le was

then analyzed with the Hall B analysis package, RECSIS, the �nal result being an

ntuple �le for each generator. We note that no trigger requirements were imposed

in the RECSIS analysis; this was handled entirely within the subsequent ntuple

analysis.

5.3.1 Optimal Magnetic Field and Tagger Energy

The objective of these studies is to optimize the acceptance for the foreground

reactions by looking at its dependence on the magnetic �eld of the torus and the

tagged photon energy region. In general, with positive particles bending outward,

the geometrical acceptance for protons is not drastically a�ected by choice of �eld
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strength. However, this is not necessarily the case for pions, where the �+ are bent

outward and the �� inward and away from the detectors.

We de�ne the acceptance in the usual way:

� =
Nacc

Ngen

(8)

where Ngen is the total number of events generated and Nacc represents the numbers

of events accepted after passing all cuts.

We simulated � at E = 0.8, 1.0 and 1.2 GeV, and at B-�eld values of +0.25, +0.50

and +0.90 times the nominal �eld strength for the 3He(t; �
0)p(pn)sp reaction, and

for a shifted �0 mass of 600 MeV/c2. The results are shown in Table 5 and plotted

in Figure 11. The columns are labelled according to the particles detected in CLAS.

The �nal column, is the total geometrical acceptance for the combined �+��, �+��p

and �+��p(p) events.

Table 5: Magnetic �eld acceptance studies for m�

�0
= 600 MeV/c2.

3He(t; �
0)p(pn)sp

B/B� ��+�� ��+��p ��+��p(p) Total � (��0)

E = 0.8 GeV

+0.25 12.8% 8.8% 0.7% 22.3%

+0.50 9.4% 6.4% 0.4% 16.2%

+0.90 4.2% 2.2% 0.2% 6.6%

E = 1.0 GeV

+0.25 8.5% 11.0% 3.0% 22.5%

+0.50 6.5% 7.9% 2.0% 16.4%

+0.90 3.1% 3.1% 0.7% 6.9%

E = 1.2 GeV

+0.25 5.8% 11.3% 6.0% 23.1%

+0.50 4.2% 7.8% 3.4% 15.4%

+0.90 2.1% 3.1% 1.3% 6.5%

From this table, we note several important features. The �rst is that the accep-

tance of the �+�� channel drops by a factor of two from 0.8 GeV to 1.2 GeV, whereas

that for the �+��p channel increases by 30% over this region and the �+��p(p) also

increases, but by a factor of eight. These features are understood by noting that

events that are lost from the �+�� sample end up in the �+��p events because the

participating proton gains enough energy to make it into the CLAS acceptance. A

similar exchange occurs between the �+��p and �+��p(p) subsets. The combined

gain and loss of events in the �+��p channel, due to its two neighbor channels,

results in an overall 30% gain.
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Figure 11: Simulated CLAS acceptance for the 3He(t; �
0)p(pn)sp reaction as a func-

tion of magnetic �eld. The circles, stars and squares represent the E at 0.8, 1.0

and 1.2 GeV. The top and middle panels are for the �+�� and �+��p channels,

respectively, whereas the bottom panel represents the total e�ciency from Table 5.
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The second { and most important { point is that the acceptance for both �+��

and �+��p drops dramatically as a function of B=B�: we lose a factor of three

in acceptance from +0.25 to +0.90. Moreover, this loss is not uniform: it a�ects

di�erent regions of phase space in a di�erent manner, which is detrimental to this

experiment, especially for the ! and � analyses. As explained above, detecting

one or both of the �nal state protons is an essential advantage in suppressing the

background processes. Finally, we have examined the a�ect of the �eld on the energy

resolution and we have determined that it is rather insigni�cant.

We conclude that the optimal �eld for the �0 channel is at B=B� = +0:25. The

same will hold for the ! due to the extra �0 in the decay, which participates in the

sharing of the available kinetic energy. Any signi�cant reduction in the ! mass,

either due to in-ight or bound state mechanisms, will further reduce the mean pion

momenta, thus making the low �eld setting even more critical for acceptance max-

imization. The low �eld constraint dictates the amount of dedicated beamtime re-

quested.

5.3.2 Geometrical Acceptance Studies

In Table 6, we list the acceptances of the foreground and background reactions, as

described in Section 4.2, for the �+�� events, the �+��p events, and the sum of the

two. As is apparent in this table, the acceptance for the foreground channels is quite

satisfactory. As a further check of our MC analysis procedure, the ! ! �+���0

and the breakup �0 production leading to the �+��p channel were also simulated

with the FASTMC code [49], and the results were in agreement with those shown

in Table 6.

Table 6: Geometrical Acceptance of CLAS for Channels Described in Section 4.2,

for B/B�=+0.25, E = 1.0 GeV and m�

�o
= 600 MeV/c2.

Label ��+�� ��+��p Sum

Exclusive �0 production 18% 0% 18%

Breakup �0 production 9% 11% 20%

Exclusive ! Production 5% 0% 5%

Breakup ! production 4% 3% 7%

Single � production 9% 9% 18%

Quasifree N� production (�) 5-8% 3-8% 8-16%

Double � production 6% 11% 17%

Incoherent �+���0 (Exclusive) 14% 0% 14%

Incoherent �+���0 (Breakup) 3% 2% 5%
(�) indicates di�erent resonances considered
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5.4 Beam Time Estimate

In our beam time estimate, we have used the acceptance of the �+��p channel

at E=800 MeV (�=0.12, Figure 11), which was calculated for m�

�o
=600 MeV/c2.

Furthermore, we have estimated that the e�ciency of survival of the di�erent o�ine

cuts (coplanarity, missing momentum, angular correlations, missing mass, etc.) is

�=0.5.

The MC �tting procedure assumes constant matrix elements within each tagged

photon energy bin. In this experiment, we plan to use 20 MeV bins. This �ner

photon energy bin, compared to the 80 MeV used in the TAGX analysis, will allow

a more reliable �tting of the simulations of di�erent processes, both because the

matrix elements vary very little in such small increments, and because the larger

number of data allow a higher �tting con�dence in the overall MC �tting algorithms.

Furthermore, an accurate determination of m�

�o
from the l = 1 angular distribution

analysis (see Figure 3) can be obtained by binning the invariant mass in 50 MeV/c2

(or even �ner) intervals, compared to 100 MeV/c2 of the TAGX analysis, for each

of the 20 MeV energy bins around the critical subthreshold regions for nucleonic and

nuclear sources of modi�cation. This will allow a more de�nitive interpretation of

the collected data. With this binning in mind, a 5% (high con�dence) measurement

in each bin may be achieved by requiring N�0=10000 �
0 events (after most of the

cuts have been imposed).

The precision of the proposed experiment will far exceed the TAGX results, as

shown in Figure 12. In this �gure, the results from the two TAGX experiments on
3He are shown [31, 32], and are compared to a simple model calculation which as-

sumes production on a nucleon in 3He by folding the nucleon density distribution, the

single nucleon Fermi momentum distribution in 3He, and the phase space available

due to the beam energy and TAGX acceptance [24]. As a comparison, the expected

CLAS results are also shown, as if they follow the simple model curve. Such quality

data sets can be e�ectively used to investigate speci�c physics processes leading to

medium modi�cations, and this capability comprises another unique feature of this

experiment.

The photon ux from Table 4 is spread over a 1200 MeV wide bite, and we have

scaled it to the 20 MeV wide bin assuming a at distribution of photons in this

tagging energy region. We have also assumed an average cross section �= 4 �b for a

modi�ed mass m�

�o
=600 MeV/c2 at 800 MeV, which is consistent with the analyses

of references [31, 32] and is shown in Figure 12. The cross sections for ! and � have

been normalized to that of the �0 assuming the cross section ratios derived from

photoproduction on the proton for �0, ! and � scale similarly in the subthreshold

region. This results in �!= 0.44 �b and ��= 0.11 �b, respectively.

The beam time required under the assumptions and criteria above, is calculated

using the following relation:

� = N�0=[R � t � � � � �Nnuc � �] (9)
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Figure 12: The cross section for the 3He(t; �
0)p(pn)sp channel, assuming a mass of

600 MeV/c2 for the shifted �0 meson. Filled boxes and circles represent the numbers

extracted with the MC �tting technique from references [31] and [32], respectively.

The open triangles depict the expected CLAS results from the 3He(t; V p)(pn)sp
channel, assuming that they follow the simple model calculation, which has been

arbitrarily normalized to the data distribution. A 10% overall systematic error for

the CLAS results has been assumed in this simulation.

where Nnuc = 2 � 1023 nuc/cm2 and R = 1:7 � 105=s, are the number of target

nuclei and photon ux, respectively, in a 20 MeV wide photon energy bin. The

branching ratio for the particular decay is represented by the variable �.

From the above equation, we determine the beam time t required is 420 hours. It

should be emphasized that, at the same time, the number of ! (�) mesons detected

via the �+���0 channel will be approximately 500 (30), under the same E binning.

Thus, the beamtime on target calculated for the �0 (our primary objective), is the

minimum beam time required for a serious e�ort on the ! and a conclusive feasibility

study for the �. The ! and � events will clearly need to be binned in larger E and

invariant mass bins in order to improve statistics, but unless the width is increased

in the medium, only a few modi�ed � mesons are expected to be observed.

This amount of beam time will also assure a well populated sample of �+��
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events coming from the exclusive �0 production on 3He. In the case of a bound

! decay into �+���0, the result will most likely be the breakup of 3He, therefore

the total acceptance of 7% will represent the most likely scenario. As a result, the

quoted number of events of 500 per 20 MeV E bin is actually a lower estimate.

We request 420 hours for 3He running in Hall B with the CLAS magnetic �eld

at 0.25B�, and E=320-1520 MeV. This estimate does not include data acquisition

dead time nor CEBA and Hall B beam delivery ine�ciencies. As this proposal is

being written, we believe that 150 hours can be collected in parallel with the already

approved g3 beamtime. This would reduce the hours of beamtime requested for

this experiment to 270 hours.

6 Conclusions

Subthreshold photoproduction of vector mesons o� nuclei is the most precise and

promising method of investigating mass modi�cations in the presence of hadronic

matter. Unlike the heavy ion results from CERN, where only invariant mass dis-

tributions of dilepton production were considered in the analysis, the experiment in

this proposal will analyze several additional sensitive variables simultaneously, which

e�ectively constrain the alternative interpretations of the results. The hadronic de-

cay channel has the advantages of large branching ratios, good �nal signal to noise

ratio, and it carries information inherent to the �0 meson, via its spin in the angular

distributions. This spin property can provide an assumption independent m�

�o
ex-

traction via the l = 1 signatures, and can also probe possible spin dependent e�ects

on mass modi�cation. The nucleonic origin of large mass modi�cations reported by

the TAGX collaboration and the subject of possible bound states for vector mesons

in nuclei can only be probed by such subthreshold production experiments. Finally,

the selection of 3He as our target, together with the multi-observable analysis, min-

imizes FSI interactions which could interfere with the sought-for modi�ed V -meson

signatures.

The experience from the TAGX analysis, coupled with the intrinsic advantages

of CLAS and the extensive MC simulations in this proposal, clearly show that the

�0 signal can be successfully extracted from the background generated by other pro-

cesses. The large phase space acceptance of CLAS and the coplanarity possibilities

open in the �+��p data sets, allow analysis methods unique to this �eld. The ex-

traction of mass modi�cations for the ! and � is more di�cult, but given su�cient

statistics in appropriate regions of phase space, the chances of success are good,

more so for the former than the latter.

Even though the TAGX results point to an unexpectedly large mass reduction

for the �0, several important questions are still unanswered and some new ones have

been brought forward and which can only be answered by the proposed experiment:

� Precision of expected CLAS data: The quality and quantity of the CLAS

data will be so much better than that from the TAGX experiment, that we



G.J. Lolos et al.: Medium Modi�cations of Vector Mesons 32

expect to be able to provide a de�nitive and precise m�

�o
measurement, and

the results will serve as valuable input to theoretical models in terms of the

vector meson mass dependence as a function of hadron density. They will also

help decide which, of all the theoretical works, is worth pursuing further.

� Separation of mass and width modi�cations: The TAGX experiment

could not make �rm conclusions on the relative roles that the mass and/or

width modi�cations play. The proposed measurements will provide conclusive

results for the �0 because of the more surgical nature of the analysis, especially

in connection to the pion emission angle (the l = 1 signature) in the dipion

center of mass, a�orded by an invariant mass binning of 50 MeV/c2 or better.

The CLAS out of plane acceptance and the analysis of three-track events will

be instrumental in this e�ort.

� Nucleonic versus nuclear sources of modi�cations: The separation of

the e�ects on mass and width for the �0 in the exclusive and breakup reactions,

respectively, with increased statistics and con�dence, will provide answers to

the questions raised by the TAGX results. Namely, do we indeed observe

mass modi�cation due to the nucleonic e�ect, which masks the weaker nuclear

e�ect?

� Bound ! states in 3He: The issue of bound vector meson states in nuclei is

a very recent one and it greatly a�ects our understanding of nuclear physics.

A bound vector meson state is a direct signature of deep scalar �elds which are

intrinsic to QHD, and the subthreshold production of the ! will be the testbed

of such assertions. It is beyond doubt that if the ! is produced at rest with

respect to the nucleus and it becomes bound, the signature of such a bound

state will show up very clearly. The background to the ! ! �+���0 reaction,

either by itself or associated with detection of emitted nucleon(s), is so small

that even an in-medium decay fraction of a few percent will be observed with

con�dence. A bound state, by its very own nature, will result in large in-

medium decay fractions, compared to in-ight medium modi�cations. As a

result, these two di�erent physics phenomena will have di�erent experimental

signatures.

� The modi�cations for the � meson: Due to long decay length and small

expected mass modi�cation due to low strangeness content of the nucleon, as

well as low production cross section, the search for � modi�cations is more

exploratory in nature. If, however, theoretical calculations which predict large

modi�cation of the width of the � to 30 MeV/c2 [34] or 45 MeV/c2 [18] are

accurate, the in-medium decay fraction of the produced � mesons will increase

substantially. Such an observation is very valuable on its own merit and it

becomes even more exciting in combination with the other two vector mesons,

due to the strangeness content of the �. Nevertheless, � modi�cations will be

very di�cult to extract.
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Appendix A - Modi�cations Probed with Hadrons

The experiments below have inferred the presence of medium modi�cations but

were not entirely conclusive, as other conventional mechanisms could also explain

the data, at least in part. Nevertheless, they are noteworthy because they hint at

medium modi�cations in a variety of nuclear systems.

The Earliest Results: The DLS collaboration at the BEVALAC [50] was the

�rst to look for vector meson mass modi�cations in heavy ion experiments. The

dilepton production cross sections were analyzed in terms of conventional transport

mechanisms which did not include any �0 mass modi�cations, but provided agree-

ment with the data [51, 52]. Recently, however, a reanalysis has resulted in an

increased dilepton production cross section [53]; whether the new results can still

be accommodated within similar conventional transport mechanisms or whether �0

mass modi�cation is required, is not yet known.

Heavy Ions at CERN: The most interesting heavy ion results come from the

CERES [25, 26] and HELIOS-3 [27] collaborations at CERN. The p+Be and p+Au

results at 450 GeV/u did not exhibit any unusual invariant mass features. On the

other hand, the corresponding S+Au, S+W , and Pb+Au data are quite di�erent:

their most striking feature is an enhancement in the invariant mass of the dilepton (

e+e� or �+�� ) system. Conventional calculations underpredict the data in the 250-

500 MeV/c2 region, unless �0 mass modi�cations are included [54]. However, there

are many caveats connected to this result that are associated with re�nements to the

conventional picture [55]. Nevertheless, these heavy ion results are inconsistent with

a mere superposition of p-p interactions, a fact that possibly indicates a collective

phenomenon: partial restoration of chiral symmetry. Improvements in the energy

resolution of CERES have been approved and a follow-up experiment is eagerly

awaited.

K+-nucleus scattering: The Brown-Rho scaling in equation (1) was �rst ap-

plied to explain an enhancement in theK+-12C elastic cross section [28]. Apparently,

it was conjectured that both the elastic and total cross sections of this reaction are

sensitive to the nuclear density dependent e�ective masses of the light vector mesons.

Results from IUCF: Polarization transfer measurements in ~p�28 Si scattering

have been carried out at IUCF [29] in order to investigate whether the e�ective

N � N interaction is altered in the nuclear medium. DWIA calculations showed

that only the in-plane spin-transverse di�erential cross section was predicted well,

whereas the spin-transverse and spin-longitudinal cross sections were underpredicted

by 20% and overpredicted by a factor of two, respectively. The investigation of strong

relativistic mean �elds and Pauli blocking were insu�cient to rectify the situation

on their own accord. Only the inclusion of a reduction of the �0 mass in the t-matrix

resulted in a substantial improvement in the description of the data, although the

changes suggested by the data did not correspond to the same reduced mass for

each amplitude. Further work needs to be done on such indirect measurements by

applying more sophisticated calculations.
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Appendix B - Comparison to E94-002 at Hall B

The approved Hall B experiment E94-002, \Photoproduction of Vector Mesons o�

Nuclei", is similar, in topic, to the one proposed here. There are, however, also

major di�erences in both the physics objectives and the methodology.

The energy range of the photons in E94-002 is 1.2-2.2 GeV. The three vector

mesons will be detected by their leptonic decay channels V ! e+e� at energies

above threshold for the �0 and !. The � meson, on the other hand, is open to

subthreshold production, although this mechanism was not an original intention.

It is the very nature of the subthreshold energy regime that really sets our pro-

posal apart from E94-002. The mass modi�cation induced by the nucleonic density

can only be probed at subthreshold energies. As such, we will investigate this new

medium e�ect, which cannot be probed at higher energies and higher Lorentz boost

regimes for the vector mesons. In a similar argument, investigation of postulated

vector meson bound states for the �0 and ! mesons are not e�ectively probed at high

E regions. However, the nuclear mass modi�cation e�ect is accessed in a similar

way between this proposal and E94-002, but with a totally di�erent methodology.

With the TAGX results pointing to a large mass modi�cation, the present proposal

is less exploratory and more precision oriented in nature than the earlier E94-002.

The choices of energy range and massive targets in E94-002 bring that experiment

in the coherent production regime, which dominates vector meson production. These

coherent events can be suppressed to an extent by imposing cuts on -t. The detection

of the leptonic decay products, has, on one hand, the bene�t of allowing the use of

heavy nuclei as targets, in order to maximize the probability of vector meson decay

within the nuclear target. The experiment is also more sensitive to �0-! mixing,

than our proposed experiment. On the other hand, however, the leptonic channel

imposes a severe penalty on the �nal statistics due to the very low branching ratios

and due to the production of e+e� pairs via the Bethe-Heitler process, which is

also more pronounced for heavier nuclei. The latter process can be suppressed by

demanding the detection of the recoil nucleon in the production process, a technique

which also suppresses coherent production to a degree. The penalty of this technique

is that a further loss of acceptance by almost 50% is imposed.

Both experiments are capable of pursuing � production at subthreshold ener-

gies. Even though the � modi�cation is the most di�cult to extract, an agreement

between the two experiments will provide valuable and veri�able information on

strangeness e�ects in nuclear physics. This will be particularly true if the large

increase in the width of the � meson in nuclei, as have been proposed by [18, 34],

turn out to be correct.

E94-002, then, will attempt to measure the nuclear e�ect of the vector meson

mass modi�cation and as such, it is seeking to determine the same e�ect as the

exclusive 3He(t; V )
3He reactions in our proposal. In this last respect only, the two

approaches are complementary. Each one has its own unique technical problems

and each one uses a di�erent approach in probing nuclear medium e�ects.
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Appendix C - Experiments at Other Facilities

Experiments pursuing the study of modi�cations of vector mesons in nuclear matter

have been proposed or are being carried out at a number of diverse accelerator

facilities. These are explained here briey. The list below is impressive in that it

demonstrates the interest on this topic in several sub�elds of subatomic physics.

1. KEK: Very similar in nature to the Hall B experiment: lepton pairs in heavy

nuclei will be examined in KEK-PS experiment E325 [56]. One interesting fea-

ture is that this group proposes to measure the �(�! e+e�)=�(�! K+K�)

ratio. Since m� is very close to 2mK in the vacuum, any modi�cation of the �

or K masses will a�ect this ratio substantially as a function of mass number.

Experiments at GSI also plan to investigate this ratio.

2. GSI, Darmstadt: The HADES [57] di-electron spectrometer will be used to

investigate lepton pair emission in relativistic heavy ion collisions and dilepton

production in elementary reactions. In several cases, these experiments need

to detect photons as well from the �-Dalitz decays, by using the TAPS photon

detector.

3. CERN: The CERES/NA45 and NA50 experiments [26] continue to study both

the e+e� and �+�� channels, over the invariant mass region from threshold

to the mass of the J= .

4. BNL: Preliminary data from AGS-BNL has been reported [58] on the K+K�

decay channel of the � meson, indicating a possible (less than 1%) downward

shift in the � mass in central Si+ Au collisions.
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